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Abstract

All living cells are covered by a layer of glycans at the interface between the
environment and the celiembrane, capable of mediating cellular behavior, including
critical mechanisms in immunoregulation and pathological procédsesnolecular
recognition of glycoconjugates from several proteiitggjersa plethora of biological
functions, especially in thinfection process, immune response, and inflammation
Within this frame, interactions between glycans ahdir binding partners at
molecular levehave beerstudied, usinga multidisciplinary approactof advanced

NMR techniques, includindijgand and poteirnbased approaches combination

with biophysical and computational methodologies, such as dockingnatetular
dynamicsimulations

Siglecs (Sialic acibinding immunoglobulirtype lectins) exploit a major application

in the immune system regulati, recognizing glycans containing sialic acid. Indeed,

in their cytoplasmic region, Siglecs contain one or multiple tyrelsased signaling
motifs that trigger cellular signaling, inhibiting the immune cell activation. In this
thesis the molecular bindingf different inhibitory Siglecsn particularSiglec2 and

-7, containing cytosolic immunoreceptor tyrosiesed inhibition motifs (ITIMs),

have been investigated with several glycoconjugates. Although the inhibition of
immune sygeem plays a fundamental role in some aberrant events, such as the over
reaction of response against smiblecules that often leads to produce autoimmune
diseases, it is worth knowing that many pathogens have evolved the ability to cover
their surfaces o$ialic acids, subverting the immune system and dampening the host
immune recognition. Thus, Siglecs have been studied as attractive targets for the
design of therapeutic agents, such as antibodies or glycomimetics, for the treatment
of inflammatory, autoimmune, and infectious diseasds.the case oBiglec2, or
CD22, the binding mode with compl¢ype N-glycanshas beerassessed, showing

the possibility todform CD22 homeoligomers on the Bell surface, favoring theis
interactions on the same cells for Siglec7, mainly located on NK cells, novel

structural insightdiave beemprovided on its binding to sialylated lipopolysaccharides



on different strains of the oncogenic patho§emucleatumwith the aim to develop
therapies for the modulation of bdiiglec7 activity and hospathogen binding.

On the other hand, bacterial adhesins, also implicated in the biology of infection, as
in the bacterial pathogenesis, have been studied in interaction with their cognate
ligands. In particular, Siglelike adheins, similar to Siglecs in the-setN-terminal
domain of sialoglycan recognition, are sefiieh repeat glycoproteins involved in

the pathogenesis of infective endocarditis. In this context, the binding site of-Siglec
like adhesins expressed on differatrains ofStreptococchas been investigated
interaction with a variety of sialylatéd andO-glycans.

Partially relatedsystemshave beeralso investigated during the PhD, invioly the

study of the interactions between monoclonal antibodies (mAb) against bacterial
glycoconjugates (and mimetics).

Therefore the molecular details of different glycans recognized by mammalian and
bacterial proteins, as well as monoclonal antibodies, phay roles inhealth and
diseaseor hostpathogen interactionsave been unveiled torovide a tool for the

designof glycomimetics for therapeutic targetstafman diseases
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Chapter I:

Introduction



|. Introduction

1.1 The relevanceof glycansin biological functions

Glycocalyx isa matrix of complex glycansand glycoconjugategglycolipids and
glycoproteins)at theinterface between plasma membranes and the surrounding
environmenpresent irall mammalian cells surfadeThehugecomplexity of glycans
resuls from the many combinations in which monosaccharides, the sugar building
blocks can be connectethdeed, contrary to the linear organizatioraaiino acids

and nucleotides, building blocks of proteins and nucleic agigsansare highly
hetegogeneous;zan bdinear or branchednade up oflifferent monosaccharides with
various glycosylation positions and anomeric configuratisusstituted witlaglycon
groups ésacety| sulfate)or with proteins or lipidg34

Among the biologicaftoles, glycans are key actors inodulatoryactivity, including
cell-adhesion and compartmentalization, molecular trafficking, protein folding and
stability, andplay a crucialrole in recognition of proteinfvolved in theregulation

of immune systerh Indeed, sveral glycarprotein interactions are involved in the
critical balance between immune tolerance and generation of a strong immune
responsen this context, dring the evolutiorthe glycocaly>has developed the ability

to distinguish betweeendaenougself) and exogenousibn-sel) componentsThe
innate norspecific response is the firstefense againstnonself foreign
microorganismsHere,proteins expressed by cells of the innate immune sy@&eam
macrophages, dendritic cells, neutrophils, monocytes and epithelial cells), called
Pattern Recognition Receptors (PRR&)e activat@l againstmicrobial organisms,
including microbe associated molecular patter@g AMPS), mostly composed of
bacterial glycaonjugates, dangessociated molecular patterns (DANIRsd cell
deathassociated molecular patterns (CDAMSJhese interactions lead to the
activation of cellular mechanisms which trigger proinflammatoyyokines and

promote the stimulation of adaptive immurfity.
1



Beyond the role ithe regulation of immuneesponses, glycarsn be alsimplicated
in tumor progression and metastdsiadeal, pecular glycosylation patternge.g.,
truncatedO-glycans, branching and bisectihgglycans, fucosylatioor sialylation

areoftenrelated to the presence of malignant cells.

1.11 The structure of glycoconjugates

Glycans linked to lipids (glycolipids) or to proteins (glycoproteins) are the most
abundant glycoconjugates fouimdluids andat the extracellular surface of the plasma
membrane(figure 11). Due to their amphiphilic nature, glycolipids form stable
micelles in aqueous solution. The major classes of glycolipids in manameals
glycosphingolipids,where a glycan is linked to ceramide (lipigdomposed of
sphingosineand fatty acids)and mainly involved in cell-cell interactions or cell
adhesionevents and ii) glycoglycerolipid, composed ofjlycerol, lipids and
carbohydrateghatexhibit structural functionkke membrane bilayer stability, serve
as precursors for the formation of complemembrane components, medidke
anchorage of proteins to membrane cdllse presence of substitugnsuch as
phosphate and sulphate groups, catbe negative charge to glycolipids. An
example igheganglioside, glycosphingolipidmainly found in tle brain thashows
negative charge due to the presence of sialic®acid.

Glycosylation on proteins is an important ptrainslational modification occurring in
mammalsThe saccharide portion can be attached througtglycosidic linkageo

an asparagine residu® form N-glycans or viaO-linkage to a serine or threonine

residue, resulting in thiermationof O-glycans(figure 1.2).1°
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Figure 1.1. Representation of dgycoconjugates.Glycans can be found attached to lipids or
proteins to giveglycolipids and glycoproteins, respectiveBlycoproteins can be synthetized
asN-glycans and/oD-glycans.The main glycolipids in mammals agé/cosphingolipids and
glycoglycerolipics.

The biosynthesis of glycoproteins occurs between the endoplasmic reticulum (ER)
and the Golgi apparatus. A lipid dolichol pyrophosphate on the ER membrane is the
starting point of the ctranslational modificatin process from which the
oligosaccharide chain arises. The first phase of\Hgtycosylation is the anchorage

of two GIcNAc and five mannose residues to the lipid dolidesiving fromspecific
nucleotide sugars, UDBIcNAc and GDPMan, in the cytoplasatic region of ER.

The early oligosaccharide chain continues to growth in the lumen, where other
monosaccharides are added until a chain composed byM&IGICNAC, is
generated. After glycosyltransferases have assembled 14 sugar residues of the glycan,
an oligosaccharytransferase moves the oligosaccharide chain from the dolichol
pyrophosphate to an asparagine, located in the lumen of ER, belonging to consensus
sequence AsiX-Ser/Thr (where X is any amino acid except proline)a second

stage, called tmming, the core region ®¥-glycan is subjected to modifications based

on the removal of three glucose residues and one mannose from the chain by specific
3



glycosidases, to translocate the glycoprotein to Golgi apparatus. In this region, the
glycoprotein undergoes further modifications bygpecific glycosidases and
glycosyltransferases depending on forthcoming biological functions they are going to
conduct Theseaesult ina significantheterogeneity oiN-glycans structures.

N-linked glycansare classified in three groupsharinga common regionthe
chitobiose corge constituted of three mannoses and tweadgtylglucosamines
(GlIcNAC), one of which is covalently linked tlesparagineesidue high-mannose,
complextype and hybrid (figurd.2 A).1

A B

Complex-type b1,3 al,3
core1 O—{F—senthr Core5 1 —serThr

High-mannose Hybrid ; ;ﬁ
b1,3| b1,6 b1,6
Core 2 Ser/Thr Core 6 Ser/Thr
b1,3
core3 B—Tl—senmhr Core 7 al6
Ser/Thr

T il
p1,3 b1,6 al,3
Core 4 .—%*Serfl'hr Cores O—1F—senhr
o

Figure 1.2. Classification of N-glycan structures and O-glycans core A) During the
biosynthesis ofN-glycans, three structures can be formed, all shatieghitobiosecore
(dashed)high-mannoseype, complextypeand hybrid glycanddigh-mannoseype glycans
enrichedby themannoseesiduesn theentirestructure are often expressed dummorcells?

Complex glycans are branchsttuctures, usually endingwith2 , 6 or U2link8d si al i
to agalactosginvolved in the recognition bjectins A mixture of thehighhrmannose and
complextype N-glycans constitutelybrid structuresassociated with several diseases and
implied in the regulation of the immune systétlf B) The core structures of muetgipe

glycans. The common structural feature is the presence of GalNAc residue linked to Ser/Thr
amino acid.

O-linked glycansare alsohighly heterogeneous structurééheir biosynthesis does
not requirea precursor ttransfer the oligosaccharide chain to prgteisteadyarious
enzymes can connect the first GaINAc monosaccharida gerine or threonine
residuethat does nobelong to a consensu3-glycosylation sequencalifferently

from the oligosaccharyltransfem®of N-glycans. Furthermordghe O-glycosylation
4



pattern is considered a pdastinsductional modification because, even if the synthesis
of protein occurs in the ER, the single sugars, starting from the GalNAc residue, are
added step by step in the Golgiparatus.

The most common @Onked proteinsare mucinsglycoproteins representing the main
components of mucus. Mostly linear, the muigipe Oglycans contaira GalNAc

unit covalently linkedto a serine/threonine amino acifigure 1.2 B). O-linked
glycans arémplicatedin inflammation processemdcell signaling eventsThe high
density ofO-glycans found on mucireanserve adarrieragainspathogensvasion.
However interactions betwee@-glycans generally sialylatendbacterial adhesins
also lead to colonization onthe host cell causng infections and triggering the
pathogenesis.

1.1.2 Sialic acid

Sialic acids are a family ahore than 5tine-carbonulosonic acidslecorating the
outemost part of N-glycans,O-glycans and glycosphingolipid&igure 1.3).° The
anomericC-2 positionis generallyt-(2,3)- o r -(2,6)-linked to a hydroxyl group ai
galactose oN-acetylgalactosaminesidue Nevertheless,ialyltransferases can also
form disialyl core structures, common in gangliosides, whacesialic acid residues
are conn-e2t &R, 6Y28Wglycodidic linkagesThe other positions
of the backbonecan besubjected to modificationse(g, acetylation, sulfation,

methylaton, and phosphorylation) to originate a variety of structures (fiy3je
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Figure 1.3. Diversity in theSialic acics. The ninec ar bon backbone isn
shown, with the most common structures in mammtis acetylated (Neu5Ac) and
glycolylated (Neu5Gc) neuraminic acidSome variations can occuas indicated: at
physiological pHthe carboxylatgives the negative charge of SRt can form lactones with
hydroxyl groups on the same molecule or on other glyoalastams with a free amino group
at G5. R2 = alphdinkage to Gal (3/4/6), GalNAc (6), GIcNAc (4/6), Sia (8/9), 65
Neu5Gc R4 = H;-acetyl; Fuc; GalR5 = Amino;N-acetyl;N-glycolyl; hydroxyl; N-glycolyl-
O-acetyl;N-glycolyl-O-methyl. R7 = H;-acetyl. R8 = H;-acetyl;-methyl; -sulfate; Sia; Glc.
R9 =-H; -acetyl;-lactyl; -phosphate;isulfate; Sia.

The most common sialic acid in manals is the &cetamide2-keto-3,5-dideoxyD-
glyceroD-galactonononic acid (fdcetylneuraminic acid, Neu5Achhe presence of
CMAH (Cytidine monophosphdl-acetylneuraminic acid hydroxylase) geie
mammals like mice and chimpanzeés responsible for the expression of the
glycolylneuraminic acid (Neu5GgcYhat catalyze the biosynthesis of aydroxyl
group to Nacetyl moiety at 8 position of Neu5AcAlthoughthe inability of humans
to produceNeu5Gg¢ sinceCMAH is inactivated it can be metabolically assutby
diet'® and isoften associated with carcinortd’181°

Given their variability, mlic acids are essential in many biological functiéi$22

including cel signalingand modulation of immune respos$eg Interestingly, the

6
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ipersialylation pverexpression of sialic ad@n cellsurface)anbe an indicatiornof
the presence of canc&rThus, targeting sialylated glycaesuld be important in
noveltherapeutic approaches against cancer and autoimmune diseases.

1.2 Glycoconjugates on bacterial cell wall

Cell wall microbial glycoconjugates play fundamental roles in the dynamigjoest
recognition with implications in normal and pathological proce$se

Lipopolysaccharide

‘)ioool 0[001 OMO Peptidoglycan
AN

Wall teichoicacid Lipoteichoicacid

0909 69000000 60 ooo 0009
Protein

P50, 553990880y,

ogo ’0 2000000000000000Q - -

000009000900 000g0Q0 09

= Cell membrane<
0009 0900 0900 0Q0Q0O0Q 000 ~0Q0Q 0900 0U0Q 000000 6060

Gram-negativebacterial wall Gram-positive bacterial wall

Figure 1.4. Structural eganization of cell membrarseof Gramnegative (left) and Gram
positive (right) bacteriaThe main differenceamong these bacteri@ the thicknessof
peptidoglycanswhich repetitive unit is shown.

Glycoconjugates found on the bacterial cell wall, such as lipopolysaccharides
peptidoglycans, tehoic acids, can act as virulence factors called PAMPs (Pathogen
Associated Molecular Patterns) due to tladility to activate host immune response
and thei inflammatory potential with implications in immunoevasion and
immunosuppreson. The peptidoglycan (PG or murein) is the main component of the
bacterial cell wal(figure 1.4), towhich provides rigidity and structure. It is composed
of a network of glgan strands of repeating-&tetylglucosamine (GIcNAc) arld-

acetyl mur ami c -(B4¢linked uhitel LAlte&iog)L arfd D amino acids
7



(4 or 5 residues) are linked to the lactyl group of the muramic acid. The peptidoglycan
composition depends on liadal species. In Gram positive bacteria, it forms a thick
layer, constituting 480% of the bacterial wall (shell of BDOO nm), while
peptidoglycan in Gram negative species constitutes a thin layer covered by an outer

membrane, mainly composed of lipdygaccharides and lipoproteins.

1.2.1Lipopolysaccharides(LPSs)

Lipopolysaccharides (LPS) are the major outer surface membrane components of
Gramnegative bacteria. They play important roles in the integrity of the -outer
membrane permeability, serving as a barrier for bacterial protection, and act as
stimulators of inate or natural immunity, due to their extensive participation iri host
pathogen interplay. LPS structure varies depending on bacterial strains and defines
the immunopotential functiorThe LPS isan amphiphilic macromolecule composed

of three defined regian(figure1.5): the lipid A, the core oligosaccharide (core OS)
and a polysaccharide portion{Bain). The complete form of LPS is named smooth
type LPS (SLPS), but some others can terminate with the core oligosaccharide, and
they are called rougtype LPS (RLPS) or lipoligosaccharide (LOS). The
hydrophobic lipid A allows theanchoring to the outer bacterial membrane and
represents the endotoxin portion of LP®sponsible of itammunostimulatory
potential Indeed, it can trigger the release of pr@infmatory mediators via Telike
receptor 4 (TLR4Yependent signaling on macrophages and endothelial cells,
developing a variety of biological effeatp tosepsis and septic shotLipid A is
compos ed-(dfY-bnked ®-glUzosamine unityariously acylated by fatty

acids of different length anghosphorylated aanomeric position of theeducing
(GIcND) unitandat 4 6 p o sdnteducng (Gicl) residee (figurg5). The

inner core OS contains characteristic monosaccharides such ashdptolycerc

D-manno heptose or -BlyceroD-manno heptose) and Kdo-@&oxyD-manne

8



octulosonic acid), the latter representing a marker of all Gregative bacteriand
covalently linked to the GIcN of the Lipid A. The outer core OS is usually compase
of hexoses and deoxyhexosasonic acids and aminosugars. The external portion of
LPS is constituted by the hydrophilic-gdlysaccharide, a polymer sfccharide
repeating units (up to eight sugars) which can be repeated up to 50 timeschaia O

is highly variable andheterogeneousndeed it can be linear or branched, honay
heteropolymeric, and can be composed by-cembohydrate substituents.

- O-antigen
S5
- Polysaccharide o
HO! °,
o ¢ o o< NH i
Outer o o o o=,
core HO
Inner
LOS - core
§§g i - Lipid A

Figure 1.5. Representation of LPS structuen Gramnegative membraneThe main
components of LP&re:lipid A, core and Gantigen. Structures lacking @ntigen consist of
LOS. On the rightan example of Kdd}(2Y 4)-Kdo (in red)c o n n e ¢ 41¥ @)-linkex D-b
glucosamine residues (GIcN | andih blu@ of the LPS oE. coli.

1.2.2 Teichoic acid glycopolymers

Cell envelope components attached to PG in Quasitive bacteria can be capsular
polysaccharides (CP) and polyanionic polymers called teichoic acids (TAs),
promising targets for aninfective therapies and vaccines due to their key role in host

cell interactions. There are two different kinds of TAs: lipoteichoic acids (LTA) that

9



are tethered to the membrane via glycolipids, and cell wall teichoic acids (WTAS),
instead covalently anchored to peptidoglycan in the cell wall. The chemical structure

of both dycopolymers varies among Grapositive organisms.

@ b ® D-alanylation
(O]
‘ngjgb. O‘ /'WTA (® Phosphategroup
@ %® @ Glycosylation
(O LTA repeatunit
.g .@8 O WTA repeatunit
e . .
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©00Q 00000009 6300

Figure 1.6. LTA and WTA structures on Grammositive cell membrandhe commorpart of
aWTA linkage unit consists of a GraanNAc-GIcNAc-phosphate covalently attached to

peptidoglycar(right bottom)

LTA structure is generally composed of a polyglycerobsphate chain linked to a
glycolipid in the membrane. WTAs are typically composed of a consédived
acetyl man n o s-N-atetylgucosarhiridypHoyphate (ManNA¢ b 1)Y 4
GIcNAc-1P) disaccharide unit. The reducing end is connected to PG by a
phosphodiester bond, while the A@ducing sugar is linked to a polymeric backbone
of phosphodiestdinked polyol repeat unit§,with the bestcharacterized containing
repeat units of 1/®-ribitol-phosphate (RboP) or 1[3U-glycerokphosphate (GroP).

The presence of phosphate groups imparts the anionic charges to the glycopolymers.
The main chain polymer in TAs can be enriched by sugazetias, depending on
bacterial species. Moreover, glycopolymers are often decorated veillinihe esters
occurringat C2 position of the backbonghosepositive charges neutralize the

negative charges of phosphate groups. These sugar and alanineatiodgion TAs

10



have been implicated in different functions in cell physiology and infeétitins

well known, for example, the TAs glycans recognition by some lectingh as
langerin and macrophage galacttgee lectin (MGL) on immune celf.Due the
involvement of TAs in many biological functions, including cell adhesion, host
colonization, virulence, and pathogenesis, they are considered attractive targets for

therapeutics against the antibiet&sistant infection®

1.2.2.1 Wall techoic acids inStaphylococcusureus

Staphylococcus aureus a Grampositive bacterium that cause severe infections,
including bacteremia, staphylococcal toxic shock syndrome, endocarditis and
osteomyelitis$*2 The matrix of peptidoglycans (PG) condiitig Staphylococcus
aureuss functionalized up to 60% with WTAs, which are composed of up to 40 RboP
subunits®**modified with D-alanine and Macetylglucosamine (GIcNAc).
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Figure 1.7. S. aureusNTA structures and their variation by different GICNAc transferases.
The three identified RboP WTA variants generated by the glycosyltransferases TarS, TarP and
TarM are shown.

The sugar modification o.. aureuss mediated by specific Tar (teichoic acid ribitol)
glycosyltransferasesyhose activity plays crucial roles in cell shape formation,
regulation of cell division and other crucial aspectsGrampositive bacterial
physiology***¢The glycosylation canazuratposition 3 or 4 of RboP backbone, with
Gl ¢ NAc r e s i dourecoffiguratiore(fijurél. ). U

I n particul ar, Tar-MGd rtdNATaliaSlaNAcHt vehiley z et
TarP modifies REtRAchOYy posiacthomg348b t he
GIcNAc) " leading to a less immunogenic WTA polynigr.These sugar
modifications are differently recognized by both innate and adaptive immune system,

thus impacting the capacity of hesediated immune detection adléarance?

S. aureusWT As have desaetdmogntdhidtic tediseance) causing the
infection difficult to treat. Therefore, nesmtibiotic therapeutic based strategies are

urgently needed. For this reason, vaccines and therapeutic antibodiesfsbera
12



currently in clinical trials, are promising treatments to overcome this bacterial

infection.

1.3 Structure and function of antibodies

Antibodies or immunoglobulins are -¥haped globular proteins involved in the
recognitionof non-self molecules, called antigens. Structurally, antibodies contain a
larger subunit (50 kDa), called heavy chain and indicatétl, and a smaller portion
(23 kDa), called light chain, known &s associated to another identical heterodimer,
all linked throughdisulfide bondgfigure 1.8).% Digestion with papain cleaves the
antibody in three parts: two identidéab arms (fragments of antigdsinding) atthe
N-terminal part of H and L chains containing the antigamding determinants, thus
important in the sektivity of the antibody, and thec stem (fragment crystallizable),
not involved in theantigen recognition, but important to define the biological
functions of the immunoglobulin. In some antibodies, the arasonnected to the
stem by flexible hinge regions. Each heavy and light chain carddarge constant
(C) region with amino acids sequences in thtefninal domain and smaller but
similar-sized variable\() region. The variability in the V region isvgn by the so
called hypervariable regions or complementadgi¢germining regions (CRDs), each
containing approximately 10 amino acid residues, that form a cleft between H and L
chains and define the antigbinding sites. In particular, three CRDs arealed in
each V domain, denoted as CRI2, CRDH2 and CRDBH3 in the heavy and CRD

L1, CRD-L2 and CRDBL3 in the light chain. Among the CRDs sequences, conserved

amino acids, named framework segments, represent about 85% of the V region.
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Figure 1.8. Representation of 1gG antibody. The variable domains of the heavy and light
chains are indicated asi\dnd \{, respectively, and contaihe complementaritgdetermining
regions forthe antigerrecognition Constantdomains for each chain are present ia Hab

(C4l and @), whereas G2 and Gi3 belong only to the Fc of the heavy chain.

The constant and variable regions of the antibody are defined as domains, all having
roughly 110 amino acids iength folded in antip a r a -sheetslto fdym a compact
and gl obul ar structsurrea.n dBe poerngdairsheptad m o b
between the domains, the V region results less compact with longer loops with respect
to the C domair® Although the domains of different antibodies are folded in similar
manner, changes in amino acid residues at position of the cavity between H and L
chains @fined by the CRD regions change the shape and the specificity of the entire
antibody. Among the regions, CRHEB shows high diversity in amino acids sequence
and conformation, indeed it is mainly involved in the antigen recognition. In this
context, the atigenic determinants of the antibodies, which induce the immune
system activation, show three levels of variability, classifying these molecules as:
isotypes, allotypes and idiotypes.

Isotype antibodies are speci@spendent since all members of given ggemherit

constant regions genes in a normal individual and define the antibody classes and
14



subclasses of heavy chains and subclasses of light chains. Humans express five classes
of antibody, known as IgG, IgA, IgM, IgD and IgE, which show different dhaim

and serological properties. The heavy chain determinants of these isotypes are in turn

dvided in subclasses indicated with Gre
chains, there are only t w60:4@ratidih mumang) t i s
and 95:5 in mice. Fab regions containin
respect to those having o |ight <chain,

V and C domains can assume a wider range of values. Isotype aggiboglimportant

in the measurement of Ig levels, in the identification of B cell tumors or in the
detection of an imemodeficiency.

Allotypic antigenic determinants are found @onstant regions of heavy and light
chainsand depend on the allelic form afgiven antibody gene. Indeétlis possible

that members of a species inherit the same set of gene with a modification in one or
multiple alleles. These allotypes are observed for example during pregnancy or blood
transfusion and are important in foranapplication, pternity testing or to monitor

bone marrow grafts.

Idiotypic determinants are individuapecific. They are found in the V region because
determine the antigen binding specificity. In this regari$, known their import role

in the treatment of B cell tumors and vaccines.

1.3.1 Classes of antibodies

Thehuman serum is mainly composed of IgG antibodies (80%), important molecules
involved in coating antigens and enhancing their phagocytosis by macrophages and
neutrophils. This immunoglobulin is a dimer of 150 kDa with two heavy chains with
four o ssuabncdl atswsoe | i ght c¢chains (8 or &),
held by disulfide bonds and n@ovalent interactions. In particular, the single variable

domain of each heavy chainMs coupled to the corresponding variable domain of

15



the light chan (VL). Since the constant portion of the IgG antibody has one domain in
the light chain and three domains in the heavy chaf,l®nds occur between the
respective Cand G;1 domains in the Fab fragment and among eaghatd G3 in

the Fc fragment (figre 1.9 A).

A Antigen-binding clefts B

Ny

chein ﬂ[ i | ]\\\

—i

o [

“ L Jchain Ve
Disulfide bridge /

for secretory Secretory component
component

Figure 1.9. Examples of antibodies structurd) IgG, B) IgA (dimeric form), C) IgM
(pentameric form).

Additionally, hydrogen bonds can occur at th{x2 interface, due to the presence

of a carbohydrate residue covalently bound to Asn297 of each Fc fragment. Moreover,
the hinge region of IgG antibodies connects Fabs and Fcs and is located in the middle
of C41 and G2 domains, helping both Fab to inter&mtmultiple targets and Fc to

independenthicommunicate with other elements of the immune system.

Among the classes of antibodies, only I1gG, IgA and IgD have the flexible hinge
regions. Furthermore, additional amino acids, called tail pieces, are presbat®
terminal of the @3 domain of the heavy chain of IgM, IgA and IgD. These residues

allow antibodies to interact with other molecules to form multimeric structures, also
16



stabilized by their disulfide interactions with the joining (J) chmitypeptide found
on IgM and IgA.

IgA is another class of human antibodies, that has two subclasses, called IgA1 and
IgA2. Generally, IgA is found as dimeric form of 390 kDa (figi@B), with the two
monomers linked by a 15 kDa chain in the Fc. Only 18%erum contains IgA, but

it is prevalently found in extravascular secretions (respiratory, gastrointestinal and
urogenital tracts), indeed this antibody is also known as secretory IgA, and plays a
fundamental role in the immune function of mucous memdsa

The largest antibody is the IgM, a 950 kDa pentameric polypeptide found for 8% in
the serunfigure 1.9 C). The Fab fragments are oriented outward, while Fc tails are
crosslinked by disulfide bonds that can be connected by the J chains. Due ighthe h
avidity to bind different antigens at the same time, IgM represthg first
immunoglobulin appearing in the immune response and a crucial activator of
complement. IgM is also the first antibody formed by a developing fetus.

The monomeric forms of [ (175 kDa) and IgE (190 kDa) are the lowest components
of the serum, with percentagasiow1% and 0.003% respectively. €apressed with

IgM, 1gG antibody is found on B cells surface, thus taking part in the activation of the
immune system through antigenternalization. It is also known the ability of IgD to
bind to and activate basophils and mast calproduceantimicrobial factors in
respiratory tractlefense IgE is an antibody found only in mammals and triggers the
symptoms of allergies.

Antibodies play crucial roles in protecting the body from bacteria and virus entry and
activatinga longlastingimmune response. The action is mediated by the recognition
(neutmalization) of foreign molecules from the V region of the antibody that
detemines the specificity toward the antigen and that can activate complement. Then,
theimmunologicalactivities can be triggered by the interactions between Fc domains

and specific E receptors (FCR). However, in aberrant situations immune systgm
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react against théselfd molecules, producing antibodies (autoantibodies) to attack
them, causing autoinflammatory diseases, such as rheumatoid arthritis and multiple
sclerosisil A pharmacological tools for the treatment of autoimmune diseases, firstly

introduced for cancer therapy, is the use of monoclonal antibBdies.

1.3.2 Monoclonal antibodies

A monoclonal antibody (mADb) is an artificial antibody with a singlatigenic
determinant that specifically targed certain antigen. In 1975, the immunologists
Georges Kohler and Cesar Milstein fused antigeecific B cells from the spleen of
an immunized mouse with myeloma cells to fornmybridoma a cell with the
spei ficity of l ymphocyteds antibody an
Hybridoma cultures can be an easy source of monoclonal antibodies that, alone or
joined to other molecules (drugs or radioactive isotopes), recognize a single antigenic
site on almostany molecule, avoiding tdnvolve other sites. For this reason,
monoclonal antibodies are often used for diagnostic purposes, as in the identification
of tumor cells, and therapeutic goals, for example against inflammatory and immune
diseases. A method twumanize the monoclonal antibody is the transfection of the
hybridoma cell s, t hat is the integratio
recombinant DNA technique is based on the isolation of the gene encoding for the
antigen specificity of the antilly and subsequent fusion with a human DNA
encoding for an antibody. The hybrid antibody is then grown in bacterial media.
Another way to produce human mAb is the phage display technique, that uses
bacteriophages to produce fusion proteins on plagéace which leads to a
combinatorial library344
There are different kinds of mAb: Muring that are produced from mouse proteins
(drugs end inromab); 2)chimeric that are a combination of mouse and human
proteins (treatments end #imab); 3) humanized nonhuman species from small
parts of mouse proteins whose sequences have been modified to increase the similarity
18



to human antibody (end ireumab) and 4human,fully human proteins (drug
treatments end irumab).An example was the adalimumahge first human mAb
approved in 2002 for rheumatoid arthritis therapy.

It is not excluded that mAb can be trigger allergic reactions or immune responses in
the body that recognizes themfamnselfo molecules. Although these side effects

for some patients, the potentiality of the monoclonal antidmayed method in cancer,

infections and immune diseases is constantly developing.

14 1-type Lectins: Siglecs

Glycanbinding proteins (GBPs) bind carbatrates exposed on cell surfaces and
their interaction play significant roles in several cellular mechanisms, including cell
cell communicationimmunomodulation and inflammation proces®¥é%:%4’ Among

GBPs, lectins are ubiquitous macromolecules that modulate immune responses to
pathogens and interact with carbohydrates to mediate adhessgnalingevents.

The major lectin families include-§pe lectins, dtype lectins, Rype lectins, andr

Stype lectins or galectins (figure 1.10), classifiedccording to their structure,

specificity for carbohydrates and species location.
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Figure 1.10.Classification of lectinsC-type lectinshind sialoglycangn a calciumdependent
mechanisml-type lectinscontain an immunoglobulifike carbohydrate recognition domain
(CRD); P-type lectins are specific to glycoproteins containing manngsde6phate; gectins

are thiotdependensoluble proteinandspecifict o-gafactosidesC-type lectin CRD (CL),
galectin CRD (GL), Rype lectin CRD (MP),-type lectin CRD (IL), EFQ@ike domain (EG),
immunoglobulin C2set domain (IG2), complement regulatory repeat (C3), transmembrane
region(TM).

Among the ltype lectins,Siglecshave attracted a lot of interest the innate and

adaptative immune systefif&495051

1.4.1 Structural features of Siglecs

Siglecsare transmembrandly pe r ecept ors that vary i
sialic acid containing ligand$2° To date, 15 Sigledsave been identified in humans,
and 9 in murine species (figutell), dl contairing an extracellular Nerminal \-set

lg (Ig-V) domain, responsible for the binding of sialoside ligands, connectéd € 1

C2-set Ig domains by a disulphide brid§&*>® In the cytoplasmic region, Siglecs
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contain one or multiple tyrosiAgased signaling motifs, variable cytosolic tails that
trigger cellular signaling.

The extracellularN-terminal Igl i k e d o ma i nstraids $namadi /8)e b
assembled with a distinct tolmgy, has close sequence homology to Ig V regions and

is the region where sialic acid containing ligands are selectively accommétiated.
critical arginine on the F strand plays a key role in theogiatans recognition,

forming a bidentate salt bridgeith the ionzed carboxylic group of sialic acfdThe
formation of CH pi contacts between aromatic side chains of the proteirCard
bonds of the carbohydrateds rlegudimgothérobi c
Siglecs recognitiof® Indeed, adi sul fi de bond oceswands, bet v
all owi ng s epar asheets and wansequent exposute eof afbomatic
residues on the A and G strarttlestablishing CHpi interactions with lateral glycerol

chain andN-acetyl group of sic acid®*A conserved | oop (CCo |
G strands also contributes to the ligand recognition, especially in the interaction with
longer glycan chain® and sometimes undergsa conformational change upon sialic

acid binding, as observed f@iglec7 in complex with the GTbl ganglioside
containing Neu5Ad}(2i 8)-Neu5Ac®®

Most of Siglecscontain cytosolic immunoreceptor tyrosibased inhibition motifs

(ITIMs) that can function in inhibitory capacitiésin this case, the interaction
between Siglecs and sialylated ligands drives the ITIM domain to execute the signal

to the downstream reptor, inhibiting the immune cell activation. The mechanism
involves the binding and activation of phosphatases, such as Src homology region 2
domaincontaining phosphatagde(SHR1) and Srehomology2c ont ai ni ng i noa
phosphatase (SHIP§>°%°Sudh signalingpathway is initiated by thehosphorylation

of the tyrosine residues on ITIMs by the Src family kind&&sThus, inhibitory
Siglecscontrol immune reactions serving as negative regulators of immune cells to

limit an excessive inflammation state in the host and preveritautmne diseasées.
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On the other hand, few Siglecs, such as SifjecSigleel5 and Sigled6 contain

immunorecepr tyrosinebased activation motifs (ITAMs). Here, the signaling is

activated viegByk family tyrosine kinasehrough the association of ITAMs to adapter

proteins such as DAP12 (DNAXctivating protein of molecular mass 12

kDa) .4853,61,62

OtherSiglecs, such as Sigldcand Sigleet, feature neutral transmembrane domains,

without signalingcytosolic motifs, and their function is only related to sialic acid

binding, for example for cell adhesibif364

Classic Siglecs
Conserved among species

Siglec -1
Sialoadhesin

Siglec -2
CD22

Siglec -5 Siglec -7
Siglec -6 Siglec
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Oligodendrocyte l $
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Microciglia
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Figure 1.11. Scheme ofhuman Siglecs
c o n s et (Sigedsdl, -2, -4 and-15)

proteins.
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Therefore, Siglecs are proteins expressed on the surface of immune cells and their
binding to sialoglycanallows cell cell communication and regulation of innate and
adaptive immune systetf*®52including tolerance in Bymphocytesmodulation of

T-cell activationhomeostasis and inflammatiét{86268

1.4.2 The Siglecssialoglycansinteraction

Siglecs can bind sialylated ligands present on the same cell that expresses the receptor
(cisinteraction) or with sialylated structures found on different cell or proteins
(transinteraction)(figure 1.12)*° This is a dynamic competition that depends on the
ligand affinity and accessibilitCisinteractions commonly occur because oftilggh

local concentration of sialoglycans present on immune cell surfaces.
o °U

Sialylated ligand

Cis interaction
& NG

Siglec

Trans interaction

Siglec Sialylated ligand

2%
N

=9 =

Figure 1.12. Siglecsialoglycan binding modeiglecs can interact with a ligand expressed on
the samedjs) or a different(trans) cell surface.

Here, Siglec, expressed on the same cell of ligands, results 'masked'

by cisinteractions thereby preventing nespecific celicell interactions that could
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trigger unnecessary signalifigThus, Sigleesialoglycan binding on the same cell is
essential for the modulation of teignaling

On the other hand, since Siglecs show relatively Iffimity for their endogenous

ligands, when higher densiof ligands is found in proximity of another cell, such as

a pathogertransinteractions prevail. In this case, the biological function of the Siglec

is activated?

The modulation of immune response from Siglecs is correlated to their ability to

di scriminate between fisseellffdd ((eexnodgoegneonuosu)s
Worthy, some human pathogens, including grougtri@ptococci(GBS), Neisseria
speciesCampylobater jejuni have evolved the ability to subvert the host immune
response. Indeed, these exogenous molecules mimic SAMPsagsetfiated
molecular patterns) structures, for example coated themselves of sialylated capsular
polysaccharides (CPS) or lipoatigaccharides (LOS), and result mistakenly
recogni zed as fisel fo mol ecul eesponseand oi di r
promoting the host colonizatidf/t2"3

Moreover, aberrant glycosylation can also occur on malignant cells.oder-
expression osialic acids is typical ofumor cells and is strictly related to immune
suppressiof*’>Thus, Siglecs have been studiecgtrsactivetargets for the design of
therapeutic agents, such as antibodies or glycomimetics, fortrélagment of
inflammatory, autoimmune, and infectious diseases and for the reduction of cancer

progressiory®’®

1.4.3 Siglee2

Siglec2 or CD22 is an evolutionary conserved inhibitory Siglec expressed on B cells
involved in the inhibition of the B cellrtigen receptor BCR signals and inducing
tolerance teeltantigengo prevent autoimmune diseas#$®’"’8The N terminal V

set domain of Sigle2 sel ecti vel y -(B6)hnked tos igadactose a cC i
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residue on endogenous glycoproteins of mammalian cells. The crystal structure of
human CD22 i n-26 sialyladtosexandwirthehcoribrmational sesli

of complextype N-glycans show that the terminal Neu5Bk{2-6)-Gal disaccharide

is the only portion recognized the recepfo?.

In resting B cells, CD22 binds adjacent self sialylated glycansisiateractions,
forming CD22 homeoligomers®® When trans interactions occur, the presence of
ITIMs in the cytosolic tails of CD22 triggers the activation of phosphatases which
dephosphorylate positive components of theeB antigen receptor (BCRjgnaling
cascade. This provokes the disruption of CD22 oligomers, increasing-BOR2
association and enhancingCanhibition upon antigM stimulation, consequently
leading to suppression of immune response.

The correlation of Siglec2 to the modulation of Bell tolerance and to many
autoimmune diseases, such as rheumatoid arthritis, Systemic Lupus Erythematosus
(SLE) and hairy cell leukemia in humaté? makes this inhibitory receptor a

candidate target in immunomodulation therapté?384

1.4.4 Siglec7

Siglec7 is an inhibitory receptor belonging to t8®33 related Siglecamily. This
protein is mainly expressed on innate lymphoid natural killer NK cells, but is also
found on T cells, eosinophils, monocytes and dendritic cells. The extracellular domain
is characterized by the presence of two C2 Ig spacers artéranithal V set dorain

t hat pref er xnHinkad disiaylated ligadds, gederally found as
terminal portions of various gangliosiddhe crystal structure of the Sigl&cV-set
domain was the first to be solved among Cb&ated Siglecs aritl has been widely
studied in complex with different sialylated ligapd®ntainingthe key Argl24

residuethat establislesa conserved contact with sialic acls mentioned before,

Sigec7 undergoes a signifi caR6FWEBHoogdupon mat i c
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binding b GT1b gangliosidecontaining the Neu5AtH(2,8-NeusAcU | i nkage,
favorite epitope of Sigle@.>® Worthy, a second binding site has been recently
discovered, comprising Arg67 in addition to Argl8dggesnhg that the two ligand
binding sites are potentially controlled by each other due ttbetkible conformation

of the CCNj-7FPoop of Siglec

Transinteractons between Sigle€ and cognate ligands lead to the phosphorylation

of ITIM sites recruiting phosphatases SHP1/2 which impede the NK cell activating
pathways. Thus, the immune system allows the evasion of tumor cell and consequent
migration within the aiculatory system. Therefore, as a negative regulator of NK cell
mediated functions, crucial within tumor immunosurveillance, Sigléas recently
emerged as target molecule for cancer immunotherapy.

Although the central role in cancer, Sigiéds also mvolved in other diseases and
pathologies, such as HiY, obesity, hepatitis, as emerged over the last y&#rs.
Interestingly, GQ21H4ike epitopes containing LOS Gfampylobacter jejuninvolving

in Guillain-Barré syndrome (GBS), can becognized by Sigle@, leading to the
modulation of hostpathogen bindin§® Moreover, the presence of sialylated
lipopolysaccharide on certafFusobacterium nucleatustrains, oncogenic pathogen

in different human tissues, may induce the activation gle8i7, causing immuno

suppression that may promote its carcinogenic beh&vior.

1.4.5 Siglee10

The presence of one ITIM domain in the cytosolic tail of Sidleallows to define it

as an inhibitory protein belonging to CD88ated Siglecs famil2 As CD22, Siglee

10 is expressed on B cells surface, but it can be also found on myeloid and dendritic
cells and on subsets of human leukocytes, such as neutrophils and
macrophage¥-°2%% However , whil e CDh22 i -62,6) hi ghl

sialoglycans, Siglee 0 can r e c-02 n 6 2(23) habylktdd lighnds. The
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crystal structure of this inhibitory Siglec has not been soletd but our recent
homology modelingtudieshavesuggested a 3D structure of human Siglé™ In

particular, differently from CD38 el at ed Si gl ecs, we obser
conformation of Sigled0 points outward to the binding residues, allowing to
accommodate sialoglycans with different shapedemgths.

Siglec10 is associated to several pafttyysiological processes, for example, it is

known that its binding to CD24 cells promotes the tumor immune ev&sidorthy,

Siglec10 is also able to bind sialic acid analogues, such as pseudaminignacid
Campylobacter jejunilagella modulates dendritic cell L0 expression via Siglec

10 receptor promoting an asitiflammatory responsg.

1.5 Bacterial adhesins

Adhesinsarevirulence factorénvolved in bacteria attachment to host cellbese
bacterial proteinplay important roles in someell signalingprocesses, in mediating
cellicell and cellextracellular matrix interactions and the infection process

Adherence is indeed the crucial step in bacterial pathogéfesis.

\
\ Bacterial Bacterial
\ adhesion internalization
\
000 aow%wﬁ %Wwoom%w
G0, o" 904,
o cp;p c@aawomm‘, °°°°o o°°@ e@gewobwo%c Oo%%q

Adhesini bacterium /
interaction %

Figure 1.13. Bacterial adhesiofieft) on host celand subsequent internalization in internal
vesicle(right).
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Hostpathogen interactions argypically required for bacterial colonization or
internalization andre mediated by adhesins on thicrobial surface(figure 1.13)
The binding event may involandtriggera complex signal transduction cascade in
the host cell that can lead to the activation of innate host defenses or the subversion
of cellular processes facilitating bacterial colonization or invagde@pending on the
biochemical role, the nateirof the adhesion can vary: the binding may be weak and
nonspecific, with hydrophobic interactions establishing to the host surface; other
adhesins can make highly specific interactions giving rise todfighity and stable
interactions’®
Most pathogens possess more than one adhesin on their saffacegcting in co
operative mannethus the interaction between the pathogen and the host will depend
on which receptor or sequential combination of receptors is eng@gedcterial
adhesingre attached to thin thredile structures, calledili or fimbriage that extend
outward from théacterial celsurface. These protein appendages vary in lengths
(generally onemicron long) and diametersi(20 nm) and consist of several hundred
major subunits tipped or interspersed with minor subuoit® or more of which
carries the adhesive functié¥ Fimbriae are classified depending on the hosi
receptomwith which they interact. The adherenand the colonization of sorsam
positive bacteria are usually mediated by the presence of surface adhesins that interact
with host proteins found on the surface of damaged valves. The adhe&renef
positive bacteria are attached on the surface tigrdht mechanisms. One includes
the anchoring of the adhesin through covalent linkage via its LPXTG moitif to the cell
wall peptidoglycan. Another mechanism is the association of adhesins with surface
proteins, as for lipoteichoic acid (LTA) that forms ABbinding proteins complexes
(e.g., M protein), which together bind the streptococci to fibronectin on the animal
cell surface. The lectioarbohydrate recognition is the type of adhesion shared by
most bacterial pathogens. Indeed, many bacterial adhesadectins, a family of
sugarbinding proteins that recognize carbohydrate moieties of glycolipids or
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glycoproteins on the mammalian host cEle opposite case can alsappen, where
polysaccharides on either the capsule or the outer membrane lipapblysdes of
bacteria bind to cognate lectins on the host cell surface. Othey ddirgteractions
can involve a bacterium surface protein to a complementary protein on the mucosal
cell surface, and, the last characterized, the binding interaction betyeephobic

moieties of proteins with lipids on the other ¢éfl.

StreptococcuandStaphylococcuspecies produce heathalktype adhesins, for
example seringich repeat proteins (SSRP)that are anchored into the cell wall and
bind to sialylatedjlycoconjugate$®In S. aureusin particular, the adhesins can be
covalently bound to celvall peptidoglycans, and are known as MSCRAMMs
(Microbial Surface Component Reacting with Adhesive Matrix Molecifés) can

be secreted and reboumadl the bacterial surface, knonvas SERAMs (secretable
expanded repertoire adhesive molecul&s)

Due to the role of adhesins in the pathogenesis, several vaccines have been developed.
The activity of antiadhesin antibodies can indedidruptthe interaction between
bacterium and host cell, rendering it Apathogenic. For example, the aatihesin

vaccine to enterotoxigente. coli, that usually attaches to upper intestinal mucosa in
humans, leading tiarrheaand infection, has been provieighly effective. However,

some issuemustbe addressed, includitige variety and the large number of bacterial

adhesins anthe factthat they depend on the local environment.

In the next paragraph the serreh repeat proteins (SSRP) found on différen
Streptococcal bacteria strains, called Sidikee adhesins, have been described,
highlighting their role in the colonization of heart valves and in the pathogenesis of

the infective endocarditis.
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15.1 Sigleclike adhesins

Streptococcal speci@svolved in the pathogenicity of the infective endocarditis (IE)
can contain seringch repeat glycoproteins (SRRP%)named Sigledike adhesins,

or, as recently found, the-salled AsaA proteins (associated with sialic acid adhesion

A) present in IEsolates lacking SRRP% A novel sialic aciebinding adhesin
present in multiple species contributes to the pathogenelis'®fThe pathogenesis

and etiology of IE have been partially defined and typically originate when
commensal bacteria transit intiee bloodstreantf® Whereas some species such as
Staphylococcus aureusay infect native or prosthetic valves and cause acute disease,
the Mitis group of oral streptococci tend to infect damaged valves and cause more
chronic, subacute diseasg&®!!! Piecesof evidence suggest that the adherence of oral
streptococci to platelets represents a crucial step in the pathogenisianaf this
process is mediated in part by the presence of sednerepeat (SRR) proteins
anchored to the bacterial cell wéfigure 1.14).

Depending on the organism to which the SRR adhesins belong, the BRs can vary in
amino acid length and sequence, and in secondary structure and folding, and these

characteristics define the ligand specificity for different bactetrains.
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aSectransport cellwall
signal sequence anchoring motif
|
u ‘
SRR1 SRR2

SP: signal peptide

SRR1-SRR2 serinerich repeat regions
BR: binding region

CWA: C-terminal cell wall anchor

CnaA Siglec Unique

Figure 1.14. Representation of serifrech repeat glycoproteins (Sigldike adhesins)SRR

adhesins are organized with artétminal around 90 amino acid signal peptide (SP), followed

by a short seringich region (SRR1), a ligand binding regi¢BR), a long serineich repeat

region (SRR2), and a-@rminal cell wall anchor (CWAY he @A Si gl ecdo and AUNi
are involved in the sialoglycans (in green) interaction.

Generally, BR is composed of two conserved domains importargidtoglycan
binding: a \/set Ig fold Siglec subdomain, highly similar to that found in mammalian
Siglecs in terms of topol ogy anldi ketérba n
adhesins), and the Unique domain, not directly involved in the interaction with
carbohydrates, though possibly modulating the conformation of the nearby Siglec
domain. A third domain, called CnaA, can also be present in the se&ale repeat
adhesins (e.gGspB inS. gordoniiM99 strain), but it does not contribute to glycan
binding!? The Unique and Siglec subdomains of SRR adhesins play key roles in
mediating bacterial recognition of host sialoglyc&#i&' In particular, a YTRY
consensus sequence, further refineddd RX motif in the broader family of SLBRs,
is presenon the F strand of the Siglec domain (figurd5), establishing crucial
contacts with Neu5A¢k(2,3)-Gal containing ligands.
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In this thesis, the Sigldike adhesins SLBHB and SLBRH expressed b§. gordonii
strains M99 and DL1, and SLBR from NCTC1071Xstrain of S. mitis have been
investigated.Previous aalysis on the protein structures (PDB: 5I1UC, 6EFD and
6EFF) and chimeragenesis experiments showed that the sialoglycans binding is

strongly affected by the protein loofs.

s, D
57, ol
Nrq T\
&J(l??/ SLBRB “}»&"i £¢\\ SLERN
14 \( 3
‘ X‘ _ J/N:

Figure 1.15.3D structure of the Siglelike adhesins studied in the thesis: A) SL-BRB)
SLBR-H, C) SLBRN. The Siglec and Unique domains were colored in pink and grey,
respectively. CD, EF and FG loops were colored in green, blue and yellow, respectively. The
F-strand containing YTRY consensus sequence was highlighted in orange.

In particular, CCand FG loops have a fundamental role in the ligand selectivity, while
EF loop adjusts the ligand orientation to promote the interactions with the protein.
The role of the Sigletike adhesins in the pathogenesis of infective endocarditis has
been widely émonstratedn vitro andin vivo. Among bacteria found in the oral
cavity, Streptococcus gordonii and mitge associated to the bloodstream infection
and to the progression of IE. Althoutifemoderate sequence identitfithe proteins
studied especially between SLBR and SLBRN (80%), the selectivity of their BRs
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toward sialoglycan structures is differétt;indeed, SLBRB strictly recognizes
sialyl-T-antigen (sTa), while SLBRI and SLBRN bind a repertoire of glycamgth

di fferent shapes and -dioploy load telkg) amidi nncel u (
related structure®! Interestingly SLBR-N seems to prefer disialylated structut¥s.
Furthermore the impact of the Sigldike adhesins on the virulence of these
streptococcal pathogens differs with respect to the bound sialoglycan: for example,
strains that bind sialyT-antigen are more virulent compared with a strain that binds

core 20-glycanst'? This emphasizes the need for selective inhibition of binding to
theformer O-glycan structure.

1.6 Objectives

Given the fundamental roles of glyecprotein interactions in various biological
functions, including celdhesion, modulation of immune responses, development of
diseases and tumor progression, the investigation of the binding of different human
and badatrial proteins to their cognate ligands has bemmied outin this thesidy a

combination of several techniques.

In the context of the immune regulation, Siglecs have been revealed as key actors for
the treatment of inflammatory, autoimmune, and infect diseases.

The inhibitorySiglec2, expressed on-Bells and involved in tolerance and prevention

of autoimmunity was investigated with Neu5AcU(2,6)-Gal containing
carbohydrates, including compkype N-glycans typically found on cell surfaces
(Chapter Ill). The outcomes revealed the structural features for potential design and
development of higlaffinity ligands to mediate the Siglk&cbiological functions.

Another inhibitory lectinthe Siglec7, mainlyfound on NK cells was investigated in
interactions with certain strains froRusobacterium nucleatynoncogenic pathogen

involved in the development of colorectal candghdpter I\J. The expression of
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glycosylated forms of Sigle€ in human embryonic kidney (HEK293S)Is&lnd the
molecular interactions witlFusobacterium nucleatur®PSled the basis for the
development of cancer therapeutic approaches targ&ingucleaturaSiglec7

interaction.

Since adhesins are implicated in the biology of infecsmmeSigleclike adhesins,
serinerich repeat glycoproteins expressed on several streptococcal strains and
involved in the pathogenesis of infective endocardit$, were studied in interaction

with differentN- andO-glycans(Chapters WI). The aim washe descption of the
binding modesit molecular level together with the dynamic range of conformations
adopted by the SLBRialoglycan complexe#\ comparison betweeiglecgSiglec

like adhesin®inding siteavas also exploredrheoutcomes provided the basis tbe
identification of novel therapeutics to prevent or treat IE disease, such as the
development of specific inhibitors that do not interferdh Siglecsinteractions.

Partially relategrojects(Chapters V1] Appendi®, also investigated during the PhD,
involvedthe study of the interactions between monoclonal antibodies (mAb) against
bacterial glycoconjugates (and mimeti€3) one hangthe wall teichoic acids (WTA)
decorating the cell surface of the Grpsitive Stgphylococcus aureusin the other

hand the peptidomimetic othe lIpooligosaccharide (LOS) exposed on Gram
negativeNeisseria gonorroheaeSince these bacteria have developed resistance to
antibiotic drugs rhethicillin for S. aureusand ceftriaxone fomlN. gonorroheag
different therapies, as the development of vaccines, are urgent for the prevention and
treatment of the diseas@he resultallowedto define the ligand epitopes crucial for

the mAb recognition in order to give the basis for the synthdsipecific and

effective targets.
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Chapter II:

Unveiling the protein-ligand molecular binding



II. Unveiling the protein-ligand molecular binding

The architecture of proteiigand 3D complexes in biological systems is a
prerequisite in structurkased drug design processes, for developing new therapeutic
approaches and strategies. Specific-oowalent interactions in solution are the
fundamental bsis of molecular recognition processes, characterize plgeaird
interface and contribute to the complex formation. Due to the presence of hydroxyl
groups, hydrogen bonds dominate binding forces in carbohydrates. In some cases, OH
groups can also adnsultaneously as a hydrogdrond donor and acceptor, resulting

in cooperative hydrogen bonding, often found in glydactins complexes. In this
regard, a further important polar interaction is the ionic bond between charged
residues (salt bridge), as ors with Siglecs recognizing the carboxylate moiety of
sialic acids. On the other hand, carbohydrates are also composeepuiiaopatches.
Indeed, aliphatic protons of the sugar ring and the presence of glycerol moiety, as in
sialic acids, are usuallygpc k e d a g a i n-aldctron dioad of asomatic amino -
acid residues, forming stalled stacking interactions.

Thus, an ensemble of heterogeneous techniques, including biophysical, spectroscopic
and computational methods, is required representingegolmools to unveil the
complex interactions occurring at molecular leMlin this thesis the molecular
binding of proteirglycoconjugates has been investigated by means of NMR
spectroscopy in combination with biophysical approachesnesitico methals, such

as docking and molecular dynamics.

2.1 Nuclear Magnetic Resonance NMR spectroscopy

NMR spectroscopy is a useful technique to dissect recognition and binding events, as

those occurring in case of protaitycoconjugate interactiortg
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The equilibium of a smalmolecule ligand (L) that binds to a large receptor protein
(P) to form a complex (PL) follows a bimolecular association reaction with second

order kinetics:

Kan
P+L = PL

With konand k¢ the association and dissociation constants respectively, whose ratio

(koii/kon) determines the rate constant, iefined as follows:
0 _ — [2.1]

Two limiting cases can occur, depemglion the K value: slow and fast chemical
exchange between free and bound forms. In the slow exchange regiar@(iid 10

5 M), the lifetime of the complex is longer than the chemical shift difference between
the free and bound states, resulting in twelR signals. Conversely, in the fast
exchange regime @around 1& M), the process is fast compared to the time scale
of the chemical shift difference of the two statexd the signals collapse in one single
peak that represents the average of the clamitfts in the free and bound forms.
Since some of the NMR techniques depend on the prligaind exchange regime,
the selection of the appropriate NMR experiment to study a pHigeind interaction

is crucial®*Table 2.1 shows thapplicability of some NMR techniques here used and

described in the following paragraphs.

Table 2.1.Typical range of applicability of the main NMR techniques for the study of protein
ligand interactions.

Kp Target MW Typical Labeledtarget | Target binding | Ligand epitope Ligand
[M] [kDa] protein/ligand required site mapping selectivityin a
ratio mixture
Tr-NOE 1067 10° No limit 1:5/1:50 No \%
STD NMR 107 103 >15 1:50/1:200 No \%
WaterLOGSY 1067 10° No limit 1.5/1:50 No \Y \%
Diffusion 107 103 No limit 1:1/1:20 No \Y
experiments
CSP 10°7 10°% <100 1:1/1:10 Yes \%
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Most of the screening methods based on nuclegmneii resonance (NMR) are
effective in the identification of small molecules interacting with macromolecular

receptors. Screening may proceed by ligandgroteinbased methods.

2.1.1 Ligandbased NMR approaches

Besides the liganbased NMR techniques used for protigand interactions, the
ligand NMR assignment is required and can be achieved combining- rando
bidimensional NMR spectraH and®*C NMR experiments are useful to define the
monosaccharide comgos i o n , the U or b anomeric
pattern, the nature of naglycidic substituents. In particulaiti NMR experiments
give information about signahultiplicity, scalar interactions between vicinal and
geminal nuclei propagated tugh the bond electrons, measured by the coupling

constant (J), a value used to gain important structural information.

Table 2.2.Typical *H and*3C chemical shift values of sugar compounds.

g (ppm)|™H

85175 Ammide resonances

5.57 4.2 Anomeric protons

4571 2.8 Sugar ring protons

26118 Umethylene protons of deoxy sugars

1.01 2.0 Methyl protons of the @leoxy sugars and of the acetyl groups
g (ppm)|®=C

1607 180 Carbonyl carbons

9571 105 Anomeric carbons

6071 80 Sugarring carbons

4571 60 Nitrogen bearing carbon signals

~30 Aliphatic methylene carbons of deoxy sugars
207 17 Methyl carbons of deoxy sugars, acetyl groups
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For example, 8mmabove 8 Hz i scorfigued pyranbse ving withf  a
gluco or galactoconfiguration;*Jyicb el ow 3 Hz i s -configargdn o st i
sugar. The magnitude &dc1 11 is diagnostic of the anomeric configuration and is a
method applicabletop| et hora of sugar moieties (b
anomer and ab canemer).7TBéH &dCo ft ypm c@!l chemi c
regions are listed in the table below (table 2.2).

To build the sugar sequence, a series of 2D NMR experingergguired. Home

nuclear COSY (Correlation Spectroscopy) and TOCSY (Total Correlation
SpectroscopY) correlate chemical shifts (resonance$j aficlei with geminal and

vicinal couplings and those belonging to the entire spin network, respectively.
NOESY (Nuclear OverhauseEffect SpectroscopY) measures the spins eross
relaxation rates and reveals which protons are close to each other in ggace; t
corresponding NOESY measured under dpaked conditions is called ROESY
(Rotatingframe Overhausdfffect SpectroscopY}hatalways gives a positive signal,

and is often used when NOE is close to zero (e.g., for small oligosaccharides, as in
many treaccharides). Regarding the cadmwaton correlation, HSQC (Heteronuclear

Single Quantum Correlation) correlates directly coupl€ and H, HMBC
(Heteronuclear Multiple Bond Correlation) utilizes multijblend couplings over two

or three bonds (J=25 H2) for determining longange!H-3C connectiviy.

Following ligand assignment, ligafithsed NMR methods are performed. It is worth
knowing that this approach renders the molecular weight of the receptor molecule
irrelevant. However, ligandased NMR expements rely on the exchangeediated
transfer of bound state information to the free state. Thus, the requisite to perform
ligand-based methods is the fast protégand exchange regime, witholO  1eM0

in the mediurilow affinity range,dissociation rateonstant in the range 1000 sk

< 100 000 3and the use of large ligand molar excesses.
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2.1.2 TransferredNOESY

NOE effects (NOEs) are awfully practical for the determination of 3D structure of
molecules in solution. The transferred NOE effect is based on the different behavior

of a ligand in the free and bound state
binding. Lowmedium molecular weight molecules (e.g., ligands lower than 2 KDa)
exhibit fast tumbling i n.amdchnassumepositvad st
NOE, no NOE or small negative NOE, depending on MW, experimental conditions

and strengtlof magnetic field. Conversely, high molecular weight molecules, such as
proteins, have slow tumbling dshowsgpl ut i

negative NOE (Figure 2.1).

Hd —

> Ho_ . He— /‘
N\ /,/ — N\ /
' Ha - N~
o (Ho Hb ,,:\\
Free state Bound state
“=> NOE NOE
100% Small
molecules
Ha N Hb Hc
o= ~
Hb  Hc < S
\
O 0% :
\\ Log(¥to)
NOESY Hel -50% \ Tr-NOESY Hel
\ Large
Hd \ molecules Hd
-100% S o
° He . NOE He
o Hb Hb
Ha© ° Ha

Figure 2.1.Schematic representation of NOE effetiighe free state psall molecules exhibit
positive NOEs (crospeaks with opposite sign to the diagonal peaks in the NOESY spectrum);

in the bound state, small molecules adopt negative NOEs, behaving as the large protein, as
shown in the tNOESY spectrum.
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Interestingly, a small molecule that binds to a receptor protein behaves as part of the
macromolecule, adopting the corresponding NOE, called transferred NNBE).

The ligand, freely andapidy exchanging between the bound and free forms, retains

the NMR properties of the protein and stores information on the bound%tate.

The discrimination of NOEs between the free and bound states can be also achieved
by the buildup rate, that is the time required to achieve maximum intensity of the
NOE.Themaxmm NOE is a function of modiecul a
Wi tobery ng t he spectr omet etherotdtisnal comedation o n f
time, connected to the molecular size. The maximum enhancemertNOES is
observed at significatt s hor t er mkinxange of 5@ td 0@ rss) tifakifor
unbound ligands (foutto tentimes as longer).

The analysis of NO#lerivedinter-protons distances allows to detect conformational
changes of the ligand upon binding and to obtain thealedbioactive conformation

(the conformation adopted by ligand in the bound stéte).

The construction ofNOE buildup curves accurately determindd-*H nuclear
distances. Upon integration of the NOEs of spectra acquired at different mixing times,

the buld-up curves are fitted to a double exponential function:
Q OQ p Q [2.2]

wheref is the crosgpeaks integral, a, b and ¢ are adjustable parameters and t is the

mixing time. The initial slope is determined from the first derivative at time t=0:
NO) SEEATATA) [2.3]

From the initial slope, thiater-proton distances are derived by using the isolated spin

pair approximation:

T E— [2.4]
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where | is the distance to calculatessr s a known di st apise us
the crosg el ax at i oinis theatosselaxatiom time Ghat gives the desired

distances.

2.1.3 Saturation Transfer Difference

Saturation transfedifference (STD) NMR spectroscopy is a powerful NMR
technique for the detection and characterization of transient redepaod
interactions in solutiof?>?° Based on the magnetization transfer from the protein to
the ligand protons by spin diffusion dumtermolecular NOE, STD NMR allows to
verify the occurrence of proteligand interaction and investigate the binding process

at molecular level, by deriving the ligand epitope map. STD NMR is acquired as a
pseude2D experiment, resulting from the sulatian of two monedimensional

NMR spectra: 1) theff-resonancewhere a region far from the protein and ligand
signals (usually at around 40 ppm) is irradiated to detect the reference spectrum, and
2) theonrresonancewhere the protein signals are satad (usually in the aromatic

or aliphatic spectral region) by applying a selective low power radio frequmnisy

train in the range of seconfsaturation time)The saturation is therefore transferred
from the receptor to the interacting ligand duritggresidence time in the protein
binding pocket by intermolecular saturation transfer and fast chemical exchange. In
the onresonance, the enthalpic relaxation)(Bf the free ligand is slower than the

kor, an accumulation of saturated free ligand in the bulk solution occurs, and protons
that receive magnetization from the receptor decrease their signals intensities. Since
the STD is the subtraction of thé- and onresonancepectra, ligand protons closer

to the protein binding site will receive a higher degree of magnetization by
intermoleculatH-H cross relaxation pathways, showing higher STD signals; on the

other hand, ligand protons farer from the protein will receive little or no saturation,
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resulting in lower or in absence on STD signdigire 2.2). The STD intensities{b)

are calculated as follows:

o J— [2.5]

wherelpis the intensity of a signal in the efsonance experimemixis the intensity

of the signal in the enesonance experiment. Depending on the degree of saturation
of the protons, it is possible to map the interacting epitope of the ligaDdce set

the most intense STD signhal as 100%, all the other proton®amalized to obtain
STD% values.

r.f. .
o ues
o ™ prsL PL Pt ———  P*+L*
/o~
Y NN
d \
Receptor - A3\ ‘ \
P @\ @ Kon Receptor | )
( L
- B — 77;\,‘, ~
@ &)
-® «
Off-resonance spectrum On-resonance spectrum

HaHbHcHdHe\ /HaHbHcHd He
®STD 4 0®

Differencespectrum (STBNMR)

Ha Hb Hc Hd He

Figure 2.2 Schematic representation of STD NMR technique. In theesfbnance spectrum,
acquired by irradiating far from both protein and ligand signals, ligand signalbiifHtc-

Hd-He) do not show a decrease in thetemsities. In the omesonance spectrum, the receptor

is selectively saturated with RF pulses and the magnetization is transferred to the ligand
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protons by intermolecular NOE. Only the ligand signals involved in the binding process will
show STD signals ithe spectrum.

To overcome possible artifacts correlated to the relaxation times, STD NMR spectra
can be recorded at different saturation tirfiggs usually from 0.5 s to 5 &) obtain

the STD buildup curves.

The initial growth rates are obtained deriving the Siifensities close at the limit of
zero saturation time, where no liganebiading or relaxation takes place. STD build

up curves are calculated from the STD amplification factarrfAfollowing the

eqguation:

! 2z —=—— 72 [2.6]

where krdlo is the relative STD effect at total ligand (fL]Jand protein [R]
concentrationsAsrp is calculated for each proton involved in the interaction at each

saturation time. Data are fitted to the foliagg moneexponential functiod?®
STD O 34%$ zp A@GBPE 20 [2.7]

where STD (&) is the observed STD intensity, SHis the asymptotic maximum

of the buildup curve, dxis the saturation time, and.Ks the rate constant related to

the relaxation properties of a given proton that measures the speed of the STD build
up. The parameter STDrepresents the slope of the STD build curves when
saturation time is 0 and pends on the proximity of the ligand to the protein. To
obtain the epitope map of the ligand, the $Malues are normalized with respect to
the highest one, set to 100%.

Therefore, STD NMR is a useful method to get information on the binding epitope of
the ligand in interaction with a macromolecule, of primary importance, for example,
in the development of drugs and/or mimetics. Worthy, sample containing a low

concentration of macromol ecule (in the
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excess of fjand is required (typically from 1:10 up to 1:1000). As mentioned above,
STD NMR technique is only applicable to protdigand systems in fast exchange,
with a mediumweak affinity to the receptors, exhibiting a dissociation constant

generally in the milmolar to micromolar range @10 102 M).

2.1.4 WaterLOGSY

Water molecules play as mediators of hydrogen bonds between sugar and protein,
especially in lectircarbohydrate complex structures. Water sites are defined as space
regions close to theceptor surface where the probability to find a water molecule is
significantly higher than in the bulk solveidtWater molecules can form hydrogen
bonds with both protein and ligand, sometimes remaining at their interface as fixed
structural elements. herefore, important information can be obtained performing
hydration NMR experiments, by using the WaterLOGSY (Whtgand Observation

with Gradient SpectroscopY) technique, where the source magnetization originates
from bulk solvent (HO) protons insteadf target receptor (figure 2.3). Being a NOE
based experiment, the fastchange regime is required to describe prdigand
binding events via bulk waté#®

Ligand >
@ 9 &
= Q‘o $ O-H K O-H+" @
off 0
o,,‘ Q 3‘0 '?m Py ‘q \ Selective excitation
H-N ]
Labile g SQT - L " @ Irradiated water molecule
proton @ Receptor (] WaterLOGSY (WL) spectra @ Bound water molecule
d ° Binders @ Free water molecule
BT I Bound WL J! 1 Magnetization transfer
Q —s  Non-binder atoms
H Non-binder .
Free WL — Binder atoms
@

Figure 2.3. Schematic representation of WaterLOGSY principW&ater molecules,
surrounding he receptor surface or in chemically exchange with the protein groups, are
selectively irradiated; then, the magnetization is transferred from the receptor to the ligand,

which interacting protons will assume the NOE properties of the macromolecule. Tére wa
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suppression is carried out by either excitation sculpting with gradient suppression scheme or
WATERGATE, hard pulse water suppression by gradient tailored excitation.

The WaterLOGSYs conventionally acquired as 1D N&PHOGSY pulse sequence,
based on three steps: 1) the selective excitation of the bulk water with the inversion
of resonance, 2) the magnetization transfer via NOE and spin diffusion (NOE mixing
time) and 3) the watemuppressiort®! Conventionally signals in the WaterLOGSY
spectra are fAupside downo phHindes maleculed i gan
show negative signals, while binder resonances will appear as positive in the
spectrum. However, depending on the eietigand exchange regime, binders can
remain negative in the WaterLOGSY spectrum, only decreasing their intensity. Thus,
to avoid artifacts is necessary the acquisition of a WaterLOGSY spectrum of the
ligand in absence of the protein (as reference) amecdommendable to perform the
experiments by using a mixing time in the range-8fsl Comparing the ligand signals

in the free and bound states, resonances that undergo changes in sign or relative
intensities are indicative of presence of resident watdecules in the proteiligand

complex.

2.1.5 Other NMR techniques

Relaxation and diffusion can also provide further information on the prligeind
complexes in solution. Several conditions influence these parameters, such as
molecular size and shape as well as temperature, viscosity of the solvent and strength
of theNMR magnetic field.

A relaxationbased NMR method studied in this thesis is the
CarrTPurcel |l T Mei boomi!&WHeh a sm&lmddr@ )interactsp e r i

with a macromolecule, a decrease of r€laxation time occurs, resulting in an
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observation of a line broadening and lower signal intensities in the CPMG spectrum.

Thus, this phenomenon is indicative of the complex formafigare 2.4).

Ha Hb  Ho CPMG experimentin the free state
’ A
i | CPMG experimentin the bound state

Ha Hb Hc

Receptor

Figure 2.4. Schematic representation of Carr Purcell Meiboom Gill (CPMG) experifignt.

relaxdion measurements are carried out for the ligand in absence and in presence of the
protein. The ligand protons that bind to the receptor will assume the relaxation properties of

the macromolecule, resulting in a decrease of signal intensities.

Information on the potential proteiligand complex formation can be also achieved

by measuring the diffusion properties of molecules in solution, by means of their

Brownian motions. The NMR technique used in this thesis is called DOSY (Diffusion

Ordered Spectroscd. The experiment is performed using a sequence based on
shorttime PulseeField Gradient (PFG) that generates local variation of the magnetic

field, allowing molecules to be spatially labeled in the NMR ttib&he diffusion
coefficients of the moleculesan be calculated following the StokEmstein

equation:
D=kT/ ( §0d— [2.8]

where D represents the diffusion coefficient/é) k is theBoltzmannconstant, T is

the temperatur e, d i s dishtlee hydrodyramis radiuy.

46

of



Differently from the previous ligandased NMR techniques, the protdiffand ratio

is low, usually going from 1:1 to 1:10. Before the acquisition of 2DSY NMR
experiments, diffusion time and gradient parameters must be optimized depending on
the system. Indeed, these parameters affect the diffusion decay and the attenuation of

NMR signal intensityfigure 7A), defined as follows:
) ) A YT [2.9]

where | represents the NMR signal intensityislthe reference intensity is the

diffusion coefficients is the gyromagnetic ratio amplis the gradient strength.

The analysis of the binding is thenonitored by the calculation of all diffusion
constants of each species in solution. Thus, a variatidhe diffusion coefficient
values observed passing from the free ligand to the bound state will indicate changes
in the diffusion properties and mayggiest the formation of proteligand interaction

(figure 2.5)!34
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Figure 2.5. Schematic representation of Diffusion Ordered Spectrosc¢POSY)
experiment. A) Measurement of signal decay for the optimization of gradients and diffusion
time parameters prior the acquisition of the 2D DOSY experiments. B) Example of 2D DOSY
NMR spectra in the free and bound states, showing differencesdifftieon coefficient and
properties.

2.2 Proteinbased NMR approaches

Proteinbased NMR methods permit the direct observation of receptor signals to
characterize the interactions with cognate ligands, detecting the receptor binding site,
when unknowr®® For the acquisition of these NMR experiments, a previous
assignment of the protein NMR resonances is required. A soluble aratjgmegated

isotopelabelled protein€.g.1C, **N, 2H) must be expressed and purified and then
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characterized by specific 3DIMR experiments for the assignment of protein

backbone and lateral chailt.

3D HNCO 3D HNcaCO 3D HNcoCA 3D HNCA
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Figure 2.6. Representation of 3D NMR experiment used for the backbone resonances
assignment. Each 3D experiment correlates HN resonances of each amino acitiémibal
shifts of CO, CU and Cbhb belonging to the sai

For this reason, the limit of the protddased technique is the macromolecule size
(typically < 50 kDa). Since the molecular weight impacts the relaxation times, thus
resuling in low quality *>N-HSQC spectra for large macromolecules, several
methodologies have been developed in the last decades. The minimization of signals
overlap can be accomplished by the reduction of-spin relaxation, by using the
triple labelling preein expression{N, *C, 2H), where deuteration considerably
extends the JFrelaxation times, allowing narrower lines in NMR spectra. Another
solution is the TROSY (Transvers&elaxation Optimized Spectroscoly)
implementation of triple resonance expenit® that selects a single component of
different relaxation Tmechanisms (due to the dipal@ole mechanism and chemical
shift anisotropy) leading to a single and sharp peak in the spetftarthis thesis,

3D NMR experiments were used for the protein backbone assignment, as depicted in
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figure 2.6. Spectra were analyzed by us@gRA (Computer Aided Resonance
Assignment) softwar&€8 The progranallows to identify each resonance and associate
it to a nuclear spinpeak peakingand assign each spin system to a specific residue of

the protein sequencenétching.

2.2.1 Chemical Shift Perturbation

Chemical shift perturbation (CSP) or chemical tshilapping (CSM) is the most
common proteirbased NMR experiment, which is used to map the chemical shift of
a™N labelled protein when it is titrated with a ligatief*°Indeed, if the interaction
occurs, the chemical shifts of the amino acids involvedercomplex formation with
ligand are subjected to perturbation. CSP analysis of a protein/ligand complex
requires the acquisition of tHeN-HSQC spectrum for the apo protein as reference.
Then, sequentidPN-HSQC spectra are performed upon additiomofeasing ligand

concentrations, ideally until the protein binding site is completely saturated.

Fastexchange Slow exchange

\4
\4

Ligand [eM] Ligand [eM]

Figure 2.7. Chemical shift perturbation in proteased NMR experiments. By adding
amounts of ligand to the protein, the chemical shift can vary itMeHSQC spectrum,
depending on the proteligand exchange regime.
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A fundamental prerequisite for chemical spiérturbation analysis is that the protein

and the ligananustbe dissolved in the same buffer and the measurements during the
titration must be acquired under the same conditions. This is important because
chemical shifts are very sensitive to differenitetemperature, pH value and buffer
composition, especially those of amide proténs.

The chemical shift perturbation depends on the prdigamd exchange regime
(figure 2.7): in the fast exchange limit, the chemical shift represents the population
averged value between the free and bound forms, and the peak move linearly by
adding amounts of ligand; in the slow exchange limit, a decrease in intensity of the
peaks affected by the interaction is observed and, in some cases and at large excess of
ligand, t is possible to see the appearance of new cross peaks. When ligand binds to
multiple protein binding sites with different affinities, the chemical shift does not
move linearly in thé®N HSQC spectra.

Although most of the peaks affected by a variatiothefchemical shift determines

the binding site of the protein that accommodates the ligand, conformational changes
of amino acids also lead to differences in resonance frequencies. Thus, the shifting of
a signal is not always indicative of the vicinityttee binding interface, but it could

give information about allosteric changes in the protein structure when a ligand is
bound. This kind of conformational change usually happens to protein residues that

are buried in the 3D structure or located far fromhnding pocket.

2.3 Computational methods

Molecular modelling encompasses all computational methods used to model or mimic
the behavior of molecules. 3D complexes have been investigated using computational
approaches combined to experimental techniques of structural biology, such as NMR

spectroscpy, X-rays crystallography and crneM. Additionally, in silico methods
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can elucidate the structural characteristics of molecules when experimental data are

missing. Here, molecular docking and dynamic simulations were used.

2.3.1 Docking

In the field ofmolecular modelling, molecular docking is a method widely used for
the structurébased drug design, thanks to the ability to predict the binding
conformation of small molecule into appropriate protein binding site, providing a
model of the interaction. Igeneral, computational docking protocols allow to find
the possible binding poses of a small molecule within a particular receptor, adjusting
their conformati-bnt ©o adabéisweeonhtesfibpsi
the resulting binding posgeso the energy evaluation of the ligalagget complex.
Although these two steps are common in all the programs available for docking
calculations;*the main differences rely on the algorithm used for the computational
search and the nature of the scgrfanction applied to rank the docked po¥gs'?
Moreover, each program diverges for the maximum numbeotatablebonds of
ligand, and therefore entails a different accuracy and computational cost. Three types
of algorithms for the conformational ligand search can be chosen: shape matching,
systematic search and stochastic algorithms.

Shape matching algorithms codei the geometrical overlap between two molecules,
identifying the possible binding sites of a protein by a macromolecular surface
searcht** Systematic search algorithms are usually used for flekidpend docking,

and all possible binding conformationszagenerated by exploring all degrees of
freedom of the ligand. The most time efficient are the stochastic algorithms, such as
Monte Carlo (MC) method and evolutionary programming (EP) where random
changes in the ligand are executtd.

Regarding the eneygevaluation, three scoring functions can be classified: {fioetet

based, knowledgbased and empiricélased scoring functions. Forfield based
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scoring functions employ nelmonded terms of classical force fields to compute the
direct interaction energs, considering van der Waals and elestadic energies as

well as stretching, bending, and torsional energies. Knowdbdged scoring
functions are based on the statistical analysis of interacting contacts fromiprotein
ligand complexes identified frorstructure databases. Empirical scoring functions
make use of several intermolecular interaction terms, such as hydrogen bond and
hydrophobic interactions, for pose and affinity prediction so that fitted theoretical
values are as close as possible to expartal data.

To perform a docking calculation, the 3D structure of the protein of interest is needed,
and it can be provided by experimental techniques, suchrag &rystallography or

NMR spectroscopy, or it can derive from homology modelling methodsth&r
important, but not mandatory, requisite is the information about the protein binding
site. In Autodock#*® used in this thesis, information on the binding site helps to build
the AutoGrid grid box, that is the grid volume where the ligand rotately freven in

its most fully extended conformation. If the binding pocket is unknown, a grid volume
big enough to cover the entire protein surface is necessary, resulting in more
computational costs. In this cases, preliminary docking experiments could be
performed to investigate if some regions of the protein are preferred by the ligand, in
a process known as #dAblind dockingo. [ r
calculations allows to choose a smaller grid where ligand can move around the protein.
In Autodock program, evolutionary programming (EP) algorithms are considered,
where computational models are treated as evolutionary biological processes. In
particular, Autodock uses the Lamarckian Genetic Algorittinan EP algorithm
based on the combinatiohtbe genetic algorithm (GA) and local search (LS) method
that tries to find the closest conformation of the global energy minitffuim.this

hybrid method, the ligand variables (translation, orientation, and conformation) are

considered ashaaadégenepnethatigenotypeo (
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atomic coordinates correspond to the #dap
by mutation and crossover, whereas phenotypic space is established by the energy
function to be optimized. Individual oformations search their local minima,
inheriting the information to later generatiohsufharckianaspect).

AutoDock, that uses a Lamarckian Genetic Algorithm and-sengiirical free energy

force field to score docked binding poses of small molecules tyom@lecular

targets, creates a set of docked conformation with the sum of intermolecular and
internal energy components. The conformation with the lowest docked energy could
be considered as O6besté docking result.

2.3.2 Molecular Mechanics and Dynamics siulation

Molecular mechanics and dynamics simulation are methods to calculate the structure
and energy of molecules based on nuclear motions. According to the Born
Oppenheimer approximation, nuclei are considered much heavier than electrons,
moving much more slowlyin this assumption, atoms, characterized by a mass and
size (van der Waals radius), are represented as hard and impenetrable spheres,
covalently connected by elastic bonds (
law and characterized by ndmondednteractions (van der Waals and electrostatics).

The sum of these energies defines the potential energy surface of a molecule. The
atomic interactions can be modelled with simple parameterized functions determining
mol ecul ebs pot ent i clledfoeca geldgtlyat cannbd obtained me t r
either fromab initio or semi empirical quantum mechanics (QM) calculations or by
fitting of experimental data. Thus, the choice of the force field is the core of the

validity of any Molecular Mechanics and Moldar Dynamics simulation.

For carbohydrate structures, the major force fields used are Amber/GLYEan
CHARMM.*°Both force fields cover the majority of common monosaccharides and

contain different glycosidic linkages. GLYCAMOB suitable for D and L
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enantiomers, monand oligosaccharides, and for all glycosidic linkages, including
N-glycosylation. It is the only force field in which the same atom type (Cg) at the
anomeric carbon (Cl) is assigned in botl
of ring-flipping and having equilibrium between conformers with axial and equatorial

substituents at the anomecenter

Figure 2.8.Representation of a protein backbone, with the dihedral angles which are defined
in Amber ff14SB force field.

Regarding proteins, the force field mostly used is Amber ff1#SBhere parameters

are usually calculated bgb initio method$? and then fitted and validated with
experimental results. Protein backbone, for example, is represented as two dihedral
angles, G4 (CiNTcUicCc) and y (N1 cUiTC1N),
2.8).

2.3.2.1 Molecular mechanics of sugars

The 3D structure of carbohydrates is characterized by the sugar composition and
glycosidic linkage, parameters that allow to descshhape and conformation. Ring
shapes can be defined in terms of reference conformations (chair, C, twist, T, boat, B,
envelope, F, skew, SThe sugar conformation is mainly described by glycosidic
torsion a@0.iCe s ain dOML-Hx)However, when the glycosidic
bond does not involve an endocyclic carbon (atom not located in the ring), such as for
1,6 | i nkag&£606]adnge isxcongidergd (figure 2.9ampling of the
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¥ torsion angle was described by means of the papntaof the gauchaegauchegg),

gauchétrans @t), and transgauche tg) rotamersg>3

L’]
Y
\ / o
0 OH
o OH
HO HO'
_— Q
¥ HO. OH

OH

Figure 2.9 Representation of a sugar torsion angles.

The additional flexibility of theU-(1Y 6)-linkages makes it more challenging to
determine thepreferential conformation in solution of oligosaccharides containing
these linkaged: The three cases of staggered rotamers in Newman projections are
shownin Figure 2.10.

H5 H5 H5
HeS O¢ HgR HgS O¢ HgR
C4 Oring C4 Oring Cs4 Oring
HeR Os HgS
gt © 60A gg © -60A tg © 180A

Figure 2.10 Newman projections aftaggered rotameric states of the omega torsion angle
along the C&C5 bond:gg (gauchegauche)gt (gauchetrans) andg (transgauche).

Various met hods exi st f odefing theeenecgyg Mmapu | at |
generally applied to each disaccharide unit in a glycan ¢faiM3 is the main force

field used to calculate local minima and flexibility of glycosidic torsis@$°but free
carbohydrate databases (such as http://glycosciengeasedalso available. Thus, the
potenti al energy surface showing confor

angles can be plotted on fAadiabaticodo ma
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Ramachandran plots used for proteins, that show the eicellyetfavorable

conformations of a carbohydrate dimef.

2.3.2.2 Molecular dynamics

Molecular dynamic simulation (MD) is one of the main tools in the computational
study of biological molecules, that provides detailed information on the dynamics and
conformational changes of molecules and their complexes.

In a MD simulation, the initiakelocities and positions of all atoms in the biomolecular
system are set up. The forces acting on each atom are calculated and, following the
Newtonbés second | aw of motion, the spat
function of time!>®Giventhea om @i 0 wot dndnasar fies,ixam po
represents the force acting on the atom during the time t:

— — [2.10]

Theiter is repeated for defined time intervals and thetjprzsand velocity of each

atom in each step is evaluated, producing a trajectory that describes thelataic
configuration of the system at every point over the fith@he first step of a MD
simulation is the energy minimization. A common methodhésdteepest gradient in
which geometry optimization of the system is executed until reaching the local
minimum°During this phase, the best approach is the inclusion of the environment
in the simulation, for example considering the MD with explicit watetecules or

other surrounding molecules. In this context, due to the presence of hydroxyl groups
that establish several hydrogen bonds, carbohydrates have a very high affinity towards
water molecules. By using explicit water, the simulation of complexrsowithin a

box of solvent molecules, under periodic boundary conditions (PBC) to avoid surface
artefacts. Among the models that take into account of water molecules, the most used

is the TIP3P® The infinite electrostatic interactions are calculatedising particle
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mesh Ewald summation (PME) in which the summation into shod longrange

parts is split. The second step is based on the heating phase to remove the unfavorable
contacts between solvent and solute, such as steric clashes. Here, dhe ekthe

atoms is increased and calculated with standard tempetspendent Maxwell
Boltzmann distribution. The following step is the equilibration. It consists of the
system relaxation under controlled energy, temperature, pression and volume

conditons. The last step is the production of the final trajectories.

Molecular dynamics simulations represent a promising tool for the investigation of
carbohydrates, in free and bound states, and are usually used in combination with
NMR data €.9g.NOE and residual dipolar couplifitased experiments) to describe in
detail the conformational behavior of ligands as well as to build validated 3D models

of complexes.

2.3.3 CORCEMA-ST program

CORCEMASST (Complete Relaxation and Conformational ExcharMatrix
Analysis of Saturation Transfer) is a software that allows quantitative analysis of
saturation transfer difference NMR (STNIMR) datal®? This tool is based on a
modification of the CORCEMA theory and enables the prediction of STD intensities
from the Cartesian atomic coordinates of the ligasdeptor compleX?
CORCEMAST can predict theoretical ligand STD intensities from a given molecular
model of the proteifligand complex, if specific system properties, such as
dissociation constant.#& rotatonal correlation times of the receptor and ligand, are
known. In this way, CORCEM#ST results a valuable program for the quantitative

structural interpretation of experimental STD NMR data.
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Experimental
STD intensities

¥

R-NOE factor

¥

Validation of 3D complex

Figure 2.11.Schematic representation of CORCEMA protocol for the determination of
theoretical STD and the validation of 3D protégand complexes.

The comparison between experimental STD bupdcurves with theoretical ones
allows predictions for a model oh& complex that could be obtained by use of
different techniques (e.g.,-May crystallography, NMR, docking simulation@he
method uses the matrix calculations, in which the Cartesian coordinates of all the
protons of ligand and protein are considerethiwia given cubff distance. The
quality of molecular model that reproduces the experimental NMR data can be
quantified by the scalled RNOE factor. Given the proton k,-ROE is calculated

as follows:

Y 0060 i i [2.11]
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where STR« and STDRak are the experimental and calculated STD intensities,
respectively. A good fit between experimental and theoretical data is achieved at low
R-NOE values, meaning a good lidation of the 3D complex. Thus, different
structural models, e.g., from different docking runs or clusters of MD, can be ranked
according to how well they explain the experimental STD NMR data in order to obtain
the best model. The -ROE factor can be @8l as a scoring function to drive a
conformational search for the ligand bound in the protein binding site. Moreover, after
the identification of a good starting pose, thdNRE value can be minimized by
optimizing some key torsion angles via simulatedeating in order to find the global
energy minimum of the ligand bound to the receptor. Another procedure is the
refinement of the ligand geometry into the binding site by experimental STD data.

Therefore, the ensemble of experimental techniques, asrtteg®ned above, with
computational approaches, such as molecular docking, dynamics simulations and
CORCEMAST has been considered useful for the determination of the 3D structures

of ligandreceptor complexes.
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Chapter lll:

Unveiling the murine and human CD22

recognition towards sialoglycans



[l . Unveiling the murine and human CD22 recognition towards
sialoglycans

3.1 Introduction

Siglec2, or CD22, an inhibitory glycoprotein mainly expressed omells (see
Chapter I, 84. 3) , upon s pe c-26linked sralegtycaggibits heo n o f
B cell antigen receptor (BCR) signal, developing tolerance teas¢ijens and
avoiding autoimmune processes and diseases. Siglecs, and in particular CD22, are
considered effective glyeimmuno checkpoints within cancer immunother&fy.

The main sialoglycans expressed on mammalian tissue comaacetylated
(Neu5Ac) and its derivativl-glycolylated (Neu5Gc) sialic acid (see Chapter I, §
1.1.2); importantly, several studies showed the presence of Neu5Gc on fetal tissues
and tumor celld%51%8 Although humans lack the CMAH enzyme for the synthesis of
Neu5Gc, they can incorporate it from dietary sources. Indeed, low levels of Neu5Gc
were found on the surfaces of human secretory epithelia and amallargeblood

vessels endothelfd’ Both murhe and human CD22 can bind acetylated and
glycolylated sialoglycans, with 1€D22 preferring Neu5Gc over Neu5A€Since
changes in the Neu5Gc/ Neu5Ac ratio can
signaling properties, understanding the basis of thageractions may have
therapeutic implications. Thus, we here elucidated the molecular binding of CD22 and
ad hocsynthesized completype N-glycans and the role df-glycolyl neuraminic

acid (Neu5Gc) in the interaction with both orthologues (murine anthhuCD22).
Moreover, our results could enable the development of glycomimetics for modulating

the activity of Siglee2 in autoimmune diseases anda@| derived malignancies.
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3.2 Insights into the affinity of the interaction between hCD22 and acetylated
N-glycans

Both human and murine CD22-¢D22, mCD22) were expressed by Prof. Paul
Crocker (University of Dundee, UK) as recombinant soluble IgG Fc chimeras. The
interaction oh-CD22 with the trisaccharide N&#ic-U-(2,6)-Gakb-(1,4)GIcNAc-b-
(CH2):NH2 ( 6 6 S L rfigstly asaessedepresenting the terminal end of complex
type N-glycans, typicallyexposed on the surface of mammalian calspugh
biophysical techniques, includj surface plasmon resonance (SPR) and alpha
(Amplified Luminescent Proximity Homogeneous Assay) screen assays -ligaed
NMR methods and MD simulations. Then, the binding-6f22 with complextype
N-glycans was characterized, providing the ligandfamwonational features and 3D

views of the complexes by the ensemble of NMR and computational data.

3.2.1 Biophysical techniques for detecting the binding between®D22
and N-glycans
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Figure 3.1. SPR analysis. A) Overlay plot of SPR sensograms from stgatly affinity
analysis of RCD22 binding to trisaccharidd)( at different concentrations. The sensorgrams
were reference subtracted and blank subtracted. B) The equilibrium SPR responsétedas plo
against the analyte concentration. Solid line represented the nonlinear curve fitting to the data
(squares).
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In collaboration with Prof. Antonio Randazzo group (Farmacy Department,
University Federico 1l), SPR binding experiméfitsvere acquired to detect the

affinity of the interaction betweenr@D2 2 and 66SLn. The prot «
on the sensor surface and different concentrations of ligand, ranging from 0.031 mM

to 0.5 mM, were injected. A dissociation constapbK250 uM wasvaluated (figure

3.1).

/\/ Untagged Ligand

l (competitor)
Excitation Emission
680 nm 520-620 nm
(] p == C =
P 4
Biotinylated Fc-tagged
ligand protein
Streptavidin -coated Anti -Fc Acceptor
Donor Beads u Beads
102

4

Figure 3.2.Scheme of an alpha screen experiment. Donor bead contained a photosensitizer
(phthalocyanine) which converted ambient oxygen to an excited singlet oxygen, upon
excitation at 6 8 0 difey.the Wadvehform of iQt ceuld 4iffuges hal
approximately 200 nm in solution. If during this time an acceptor bead was within that
distance, the energy transfer from the singlet oxygen to thioxene derivatives in the acceptor
bead produced a luminescent signal at-620 nm (alpha signal). The presence of the
untagged ligand interacting with the protein competed to the biotinylated ligand, leading to a
decrease of the light production.

Alpha screen experimentéwere also performed for the determination of the apparent
ICso of different ligands binding to-€D22 (figures 3.2 and 3.3). This technique was
based on the competition of a ligand of interest to a biotinylated ligand, coated on
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streptavidin donor bead, interacting with the protein of interest, captured on an
acceptor bead. Upon illumination at 680 nm, the energy transfer from one bead to
another produced a luminescent signal at-620 nm. The decrease of the alpha
signal, measured asid§ was detected when an untagged ligand (the ligand of interest)
bound tothe protein.The lower the 1§ value the stronger the binding between h
CD22 and the competitor. Our results showed the specificity of the protein towards
U-2,6 sialylated ligands and a preference for compJpr N-glycan containing two

sialic acids (lgand2, figure 3.3), suggesting the involvement of both residues in the

recognition.
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§ 2CHNH, < 26 23

1 2 3 4

Log[competitor] (M)

ICq, (M) 6.6(6.19 - 7.08) 4.1(3.94 -4.27) 10.7 (936 - 12.35) 13.4 (12,18 — 14.94) NA

Figure 3.3.Alpha assay on4€D22 and different sialoglycan§-6). A) 3D bargraph of the
alpha counts in absence of the competitor to determine the optimedntrations of protein
and biotinylated ligand. B) Dosesponse plot of alpha counts at different concentration of
the ligand competitor (structure at the bottom) to determine the(V@lues shown in the
table), calculated using GraphPad Prism. 96#fidential interval (95% CI) were listed inside
parenthesis. Measurements were done in triplicate.
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3.2.2 Molecular binding betweeniCD2 2 and acetyl ated 6

STD NMR experiments were carried out (
trisaccharide (figure 8). Interestingly, STD enhancements were detected only for

sialic acid and galactose residues (figure 3.4 A). The strongest STD effect belonged

to the acetyl group of the sialic acid (AcK), while no STD response was observed for

the N-acetylglucosamine rétue, indicating it pointed far from the protein binding
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Figure 3.4.STD NMR analysisof{C D22 and 66SLn. A) STD-NMR sy
resonance (black) acquired at saturation ti
(loT dad/lo, where (b1 da) was the intensity of the signal in the SNMR spectrum andylwas

the peak intensity of the unsaturated reference spectrumegifhance). The highest signal
belonging to AcK was set as 100% of STD response and the other proton signals were
calculated accordingly. C) STD builgh curves at different saturation timmgfrom 0.5 to 5 s).

STD AF intensities on the y axis were calculated according to the equation [2.7] (Chapter II,
§2.1.3).

An accurate epitope mapping of the ligand was obtained by acquisition of the STD
signals at different saturation times (figure B4and C). Indeed, because the
intensities of the observed STD signals were correlated not only on their proximity to

the receptor but also on longitudinal relaxation timg,(The use of STD buildp
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curves was used to prevent possible misinterpretatiuh to overcome possible
artifacts due to differences in capability to accumulate saturation in the fre&’state.
The slope of the STD buddp curve close to saturation time of 0 (SdD
corresponded to the STD intensity influenced solely by the proxinfithe ligand

proton to the protein (see Chapter I, § 2.1.3).

The epitope map of the trisaccharide was obtained by normalizing all the values of
different protons ligand to the largest ST;@iving STDQ:pitopes fit(table 3.1). Since the
acetyl groupf the sialic acid were the protons with maximum magnetization transfer,
the STD intensity of this peak was set to 100% as a reference and the relative STD
intensities for the other protons were normalized based on this peak inténsity.

Table 3.1. Measured STD intensities dhe trisaccharidébound to hCD22 at different
saturation times. STRx values were calculated by fitting the data to a mexjonential
equation:STD (ta) = STDnad* (11 exp € Ksat™ tsap).

1H STDmax Ksat STD (fit) STDgiﬁ’)'tOpes
K Ac 2.0593 0.3725 0.7671 100%
K3ax 0.4342 0.4799 0.2083 27%
K3eq 0.4431 0.4853 0.2150 28%
K5 0.6731 0.3493 0.2351 30.6%
K6 11775 0.4381 0.5159 67.2%
K7 1.0562 0.4245 0.4483 58.4%
K8 0.6790 0.4431 0.3001 39.1%
K9R 0.5748 0.5763 0.3313 43.2%
H4 Gal 0.9346 0.4757 0.4445 57.9%
H6R Gal 0.8157 0.4578 0.3734 48.6%
H5 Gal 05122 0.6201 0.3176 41.4%

In order toobtain information about the bioactive conformation of the trisaccharide,
the conformational behavior of the ligand was initially studied in the free state. The

relative orientations of saccharide units are expressed in terms of the glycosidic
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linkage tosion anglesa (OSNCINO6I C6) andq (CINO6i C6i C5). For (¥ 6)
linkages, an additional torsion angle, (O61 C6l C5 O5), associated to the
hydroxymethyl group, provided additional flexibility to the glycosidic linkages (see
Chapter II, § 2.3.2.1).

To unveil the conformational distribution of thetorsion angle, and discriminate
betweergt (staggered conformation at 60gp (T 60°), andg (180°) orientations, the
equation proposed by Thibaudestal.”*was considered:

200 plt w plv ©£1i  ofp i Q2 [3.1]

The heteronuclear coupling cost&8atO R was calculated bHSQGHECADE

(heteronuclear couplings from e.CO$)pe cross peaks) experiment (Figure 3.5).
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Figure 3.5.HSQC and HSQ@HECADE spectra. Projections over each cross peak yield the
active heteronuclear coupling in antiphase in both dimensions. In contrast, the homonuclear
proton couplings were exclusively displayed in the proton dimension (F2). Since therzhe
coupling could be assumed to be positive, the signs of the other couplings resulted from the
tilt of the respective crogseak pattern. For negative peaks, only one contour level was
plotted!’
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The experimental value & O , found by HSQEHECADE NMR experiment,
was-4.1. Resolving the eq. 3.1, thetorsion angle calculated was ato® 60°, that
corresponded to thgt conformation. Moreover, the large value of & nepror0f 8,7

Hz confirmed the preference for tgeconformer since it implied the antiperiplanar
orientation of the proton 48proR with respect to 3. The preference for the gt
conformation was also detected by molecular dynamics (MD) simulation and
molecular mechanics (MM) analysis (figure 3.6), perfedrby Prof. Sonsoles Martin

Santamaria (CSIC, Madrid).
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Figure 3.6.MD (A) and MM (B) analysis confirmed the preference for the gt conformation in
the free state.

The highergt population of trisaccharide suggested the interaction between the
terminalNeuAc and the internal sugar residues to stabilizggtieenformation, and

gave a fnbent®®conformation.

For the determination of the bioactive conformation of ligand upon binding to h
CD22, trNOESY/t-rROESY experiments were performed and comparethé¢o
corresponding spectra in the free state (figure IMGNOESY experiment acquired

on the ligand alone resulted close to zero; passing to the bound state, negative NOEs

were observed, confirming the binding betweed 22 and 66 SLn (fig
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(right). B) ROESY NMR spectrum in the free (left) and bound states (right) at 600 and 250
ms, respectively. The key ROE between the proton at position 5 of the sialic acid and the acetyl
group of the Nacetylglucosamine residue (red circle in the spestrad indicative of the

ligand bent conformation.

Comparing the free and bound states (figure 3.7 B), no significative differences were
detected. Notably, the key ROE contact betweeh df the sialic acid (K5) and the

acetyl group of the GIcNAc (AcA) wasdicative of the ligand bent conformation, as

suggested by the main population for o f. The @vAluation ofnter-glycosidic

NOE/ROE contacts allowed the description of the binding mode. The cross peaks

intensities, measured at different mixing timgem 100 to 600 ms, were used to

extract thetHt *H

residual distances (table 3.2).
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Table 3.2. Experimental and theoreticaH-'H distances. The experimental inf@oton
distances were calculated by ROESY anBR@ESY in the free and bound state (estimated
error 510%). The theoretical distances were calculated from MD simulation on the
trisaccharide in the free stafistances wre calculated in Angstromd\j.

Calc. Calc

Distance | Exp. Free state| Exp. Bound state 4 -80° (bent Ei :' 1

conformation)

B1-B5 2.56 2.55 2.60 2.60
B1-Ad 2.52 2.40 2.40 2.40
B6S-B5 2.97 2.89 2.90 2.90
K3ax-B6R 4.10 4.10 4.20 2.30
K3ax-B6S 4.20 4.30 4.40 2.50
K3eq-B6R / / 4.60 3.37
K3eq-B6S / / 4.90 3.80
K3ax-K5 2.70 2.60 2.60 2.60
Al1-A5 2.57 2.56 2.60 2.60

Comparing the NOE build up curves in the free and bound state (figure 3.8), it was

possible to observe the maxi mum intensi
to hCD22.
ROE Tr-NOE ROE Tr-NOE

K3ax-K3eq K3ax-K3eq AL-AS c . ALAS

e @) N g i () g e )
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

K3ax-K5

K3ax-K5 s B i

[ROE %]
[NOE %]

mixing time (s) mixing time (s)

B6S-B5 . . B6S-85 . B1-BS B1-BS

[ROE %)
[NOE %]

‘‘‘‘‘‘‘‘‘‘‘‘‘‘ mixing time (s) mixing time (5)

Figure 3.8. NOE and ROE buildip curves. As expected, the maximum enhancerfognt
trNOEs was observed at significantly shorter mixing timgd$dr the complex with respect to
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the ligand alone in solution. The mixing time values were: 0.10, 0.12, 0.15, 0.20, 0.25, 0.35,
0.45 and 0.60 s.

Indeed, the ligand interacting with the protein underwent a rather sluggish tumbling
characterized by a longer molecular correlation time with respect to the small ligand

in the free stateAs detected above, intproton distances of the ligand in freedan

bound states did not differ significantly, meaning that no large conformational
changes were observed upon binding, and
maintained (figure 3.9).

Figure 3.9.STD-derived epitope mapping on the molecular envetofe 6 6 SLn i n its
conformation, with color code according to the observed STD effects. Wiveas 60° (gt
conformation) the ligand was characterized by an umblellak e t opol ogy wi t h
defined by the C2, C1, and C1 atoms of the resitleeHAc, Gal, and GIcNAc, respectively

(going from the nonreducing end to the reducing end) smaller than 110° (see on the right).
Regardinga (H1-C1-O-Cx6 ) @ (€6d0-Cx&Hx0 plycosidic torsion angles, the
conformational spaceas defined by molecular mechanics (MM) calculations using
Maestro (Schrédinger). First, the two disaccharidesa5AcU(2,6)-Gal and Gab-
(1,4yGalNAc were constructed for analyzing the energetically accessible
conformational regiori$(figure 3.10. Given theabove NMR data, the GBH group

of the galactose moiety was set in gieonformation, the most stable conformation

for agalactoconfigured sugar unit. The corresponding adiabatic energy maps for

andqwere shown in figur8.10.The NeuAeU-(2,6)-Gal disaccharide populated three
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energetic minima in the free ~@8Ffawhde, cha

U oscillated between three minima.
— GalGIcNAc
Min | o
T Minm Minll /7 -
Voo © O

Figure 3.100LAdi abati c energy maps of the glycosi di
mi ni ma, in the frde state, were indicate as

In collaboration with the group of Prof. SonsdMartin Santamaria (CSIC, Madrid),

MD simulations were performed on the trisaccharide alone and bound to the protein
(PDB: 5VKM). By comparing the NOE derived distances with the calculated ones
(table 3.2) it could be concluded that, although there wasqaiiibrium between

different conformational states (figure 3.10), Minimum |, characterized by the
foll owing di-6@Ay al Janb8 @ApAc-U@E)-cE8aANA) f or
u(~60A), Q(-@01-5aNAE was the3rost populated both in fiee and

the bound states.

In order to predict a 3D model of the protdéimand complex (figure 3.11 A), the most
representative model obtained from MD was usegregict the theoretical STD
effects by means of CORCEMST protocol (see Chapter II, § 2.8.3he program

was implemented on MATLAB and the theoretical STD were compared with the
corresponding experimental STD NMR results (figure 3.11ACyood accordance
between experimental and theoretical values were observed (figure 3.11 B). Indeed,
consisent with STD NMR data, the CORCEMST prediction showed several
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protons of the sialic acid exhibiting high STD valuesnfirming their strong

contribution to the interaction with the protein.

GIcNAcC

54 | —e— theoretical STD -

v ] 2 4 6 8 10 12 14 16 18
MET
@ proton number

() CHARGED (negative)

() CHARGED (positive)

U Hydrophobic

Figure 3.11.Molecular interaction betweenr®D22 and6 6 S L 3D be#t yiew of KCD22

and 66SLn obtained by MD si m8T B)t2Z2D ioteractomsmp ar e
occurring in the complex. C) Plot of the theoretical and experimental STD calculated by
CORCEMA:ST. The RNOE of 0.25 validated the 3D corgplof hCD2 2 and 606 SLn.
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Galactose unit showed lower STD effects and the predicted STD values fér the
acetylglucosamine moiety were negligibly small, confirming that it was not in
intimate contact with the protein; thus, the 3D complex was validated wit
CORCEMA (figure 3.11). In particular, the highest STD response found for the acetyl
group of sialic acid (AcK) was explained by the close contacts with Trp24, Trp128

and Glul26 side chains, and in particular by tHeodd between the NH of the sugar
andthe carbonyl group of Lys127he glycerol chain of the sialic acid was also
pointed toward the4CD22 binding pocket, with the high STD effect found for the

H7 makingCH" i nteraction with Trpl28. Regard
methylene protosiwas oriented towards Trpl128 indole group, whereas the other H9

was solvent exposed.

Interestingly, 3D models containing lower populated dihedral angles of the
trisaccharide were considered in the CORCEBIA program (data non shown);
however, the INOE values was very high, and thus the corresponding complexes
excluded.

3.2.3 Molecular binding between RCD22 and complextype N-glycan

Once the binding between@D22 and the undecasacchariéeresenting a typical
complextype N-glycans was assessed by alpha screen assay (see § 3.2.1), the
molecular features of the interaction were characterized by NMR. Interestingly, STD
NMR spectrum and ligand epitope mapping (figure 3.12) indicated thatsiatic

acid and galactose units were involved in the binding, following a recognition pattern

comparable to shorter ligands (§ 3.2.2).
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Figure 3.12.STD NMR analysis of {CD22 and complexypeN-glycan.A) The STD signals

(red spectrum) and the epitope mapping of the undecasaccharide revealed the recognition of
only sialic acid and galactose residue fror@b22. The strongest STD signal was observed

for the acetyl group protons (Ac) of the sialic acid B) Siuild-up curves.

STD buildup curves were also acquired (figure 3.12 B) by collecting spectra at
different saturation times (from 0.5 s to 5 s). The acetyl group protons of the sialic

acid gave the maximum magnetization transfer and was set to 10086318l

Since the STD NMR of the undecasaccharide (figure 3.12) did not allow to
discriminate between the arms of the ligand, STD NMR experiments on the
corresponding monosialylatéttglycans, whose alpha screen assays were previously

shown (8 3.2.1), weralso performed (figure 3.13).
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Table 3.3 Experimental STD intensities dFglycan bound to {€D22 at different saturation
times. STQaxVvalues were calculated by fitting the data to a mexonential equatior8TD
(tsaa = STDnax* (1 T eXp (' ksat* tsaa).

H STDmax Ksat STD (fit) STD epitopes (fit)
K Ac 1.6192 0.1484 0.2402 94.6%
K5 0.3232 0.4965 0.1605 63.2%
K6 0.5310 0.4778 0.2537 100%
K7 0.5933 0.3566 0.2116 83.4%
K8 0.3158 0.5034 0.1590 62.7%
k9R 0.3666 0.3560 0.1305 51.4%
H4 Gal 0.5473 0.3739 0.2045 80.6%
H5Gal 0.3895 0.4410 0.1719 67.7%
H6R Gal 0.4495 0.3851 0.1731 68.2%

(" stom
20-100% O
00k QO
so70% ©
\s0E O,

e o)
50 45 40 35 30 25 20 pm 50 45 40 35 30 25 20  ppm

Figure 3.13. STD NMR spectra and epitope mapping of th€D22 with monosialylateti-
glycansA) Sialic acid containing branch on the Mak1,6)}-Man glycosidic linkage. B) Sialic
acid containing branch on the M&h(1,3)}-Man glycosidic linkage.

The STD NMR profilesvere comparable, indicating a similar recognition of the two

ligands from RCD22. Thus, it was possible to deduce that the sialicgaliactose
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units of both arms of the undecasaccharide (figure 3.13) were both and similarly

recognized by {€CD22.
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Figure 3.4. Conformational analysis of compldype N-glycan into hCD22. A) The
flexibility of the ligand was given by the presence of Ma(l,6)}Man glycosidic linkage,

|l eading to the equilibrium of diff eandeadocon
and fAifoldedd shapes. B) MD simul ations, per
(CslI C, Madri d), in the free (left) and boun

selected. C) 3D complexes of the undecasaccharide witb2? via its1-6 branch (green)

and its 13 branch (blue), showing the involvement of only sialic acid and galactose moieties.
D) A snapshot from MD simulation showinghtnd interactions (dashed lines) between the
residues of each branch of undecasaccharide (blugraed) into RKCD22 binding site.

77



Regarding the conformational analysis of the comp}geN-glycan, the presence of

the additional ¥ (O571 C51 C4qL6pliakdge addedras i o n
major flexibility to the ligand. Indeed, among thetwo ughl y gr ouped A
ifextende’dGthefcambinaion of NMR and MD results demonstrated that

the biantennary sialylated-glycans in complex with4€D22 preferentially chose an
extended conformation, with the lactosamine branches adopngrtiorellalike

topology (figure 3.14)7°
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Figure 3.15. The extended geometry of the ligand allowed the simultaneous interaction with
two hhCD22. A) 3D top view of the ternary complex of@D22) 7 complextype N-glycan.
The stability of the complex was monitored by MD simulations. B) 2D plot showing
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hydrophobic and polar interactions occurring between the undecasaccharide and the two
proteins. The two branches of the ligand were recognized in the same way.

Interestingly,the extended gg conformation of the compigxe N-glycan allowed

the simultaneous interactions with tweCiD22 proteins. MD simulations confirmed
the stability of this ternary complex (figure 3.14), that maintained amino acids
contacts analogously to tb@ bound to the trisaccharide (§ 3.2.1).

Moreover, it was observed that complype N-glycan belonging to glycosylation
pattern of RCD22 could interact with two-€D22 proteins, forming a quaternary
complex (figure 3.15), leading to implications in bigical aspects in the formation

of CD22 homeoligomers on B cells, favoring tloés interactions (Chapter I, 88 1.3.2
and 1.3.3).

JJJJJJJJJJJJJJJJJJJJJJJJJJJJ

Self Trans ligands
Antigen

homo-oligomers

Figure 3.16. Quaternary complex of {€D22) 1 complextypeN-glycan. A) 3D top view of

the complex obtained by MD simulation. B) Biological effects of the quaternary complex
allowed to the formation dfis interactions. Here, the glycosylation site of the protein was at
position Asn112.
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3.3 Comparison of human ad murine CD22 interactions with N-glycans

The molecular interactions of human and murine CD22 to acetylated and glycolylated

N-glycans were further investigated.

3.3.1 Determination of the binding affinities of h and m-CD22 to
acetylated and glycolylateds 6 SL n

Firstly, the binding affinities were evaluated by fluorescence analysis (figurg 3.1
Fluorescence titrations of increasing amounts of sialoglyciams a fixed
concentration of the proteins were performed and binding constaptswigte
calculated. The results indicated a similar recognition of the sialoglycans fiama h

m-CD22, all exhibiting a binding constant in the micromolar range.
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Figure 3.17. Fluorescence titrations experiments edhd mCD22 with acetylated (Neu5Ac)
and glycolylated (Neu5Gc) sialoglycans. The binding isotherm and the values of the binding
constants () were also reported.
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3.3.2 Comparison of human and murine CD22 interactions with
acetylatedN-glycans by NMR

A B
6
STD % < Ch
Wo. (o @ 50100% S, NeuSAc
CO,H @ 6080% 5
p-- L
© s060% 2}
° 0 ° -4 o = He
N o] = NeusA¢
HO ’ S : H4 Gal
< =
] oH oH s,
2
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N

g
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2 3 B
Saturation time (s)

Figure 3.18. Analysis of the interactions betweer@D2 2 and the acetyl ate
STD NMR spectra betweenthedandmCD2 2 i nteracting with the a
the same epitope mapping. STD effects lower than 10% were not indicated. B) STDgbuild
curvesoftherCD22 and acetyl ated 66SLn. C) Bent <co
color code.

The comparison of NMR spectra whenamd mCD22 bound to Neu5Ac containing
glycans revealed a similar binding epitope (figure83table 3.4); a compable
behavior was detected for compiigpe N-glycans (not shown).
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Table 3.4 Experimentally measured STD intensitiesaof e t y | a tbaund to6GrCS22 n
at different saturation times.

1y STDmax Keat STD (fit) % STD epitopes (fit)
AcK 5.7320 0.4884 2.7995 100%

K6 3.7105 0.5080 1.8849 67.3%

B4 2.9244 0.5187 1.5169 54.2%

B5 2.1719 0.5580 1.2119 43.3%

B6R 1.5247 0.6170 0.9407 33.8%

K5 1.6331 0.5256 0.8584 30.8%
K3E 1.4283 0.3632 0.5188 18.5%

3.3.3Comparison of human and murine CD22 interactions with
glycolylated N-glycans
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Figure 3.19. STD NMR analysis of A) rRCD22 and B) KCD22 with the glycolylate® 6 SL n .
The epitope maps were calculated from the ragids{)/lo, where (b-1sa) was the STD signal

and b was the peak intensity of the unsaturated reference spectrum. STD effects lower than
10% were not indicated.
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STD NMR experiments revealed thlage glycolylated ligand was similarly recognized
by both h and mCD22, giving a comparable epitope mapping (figure 3.19) (tables
3.5 and 3.6).

Table3.5 Experi mental STD intensiti-€B22o0f glycoly

1y STDmax Kt STD (fit) % STD epitopes (fit)
CH2 Neu5Gc 9.4963 0.8017 7.6132 100%
H7 Neu5Gc 6.9388 0.6038 4.1897 55.0%
H4 Gal 6.1757 0.6239 3.8530 50.6%
H5 Gal 5.7199 0.6108 3.4937 45.9%
H9S Neu5Gc 4.1764 0.7117 2.9723 39.0%
H6R Gal 3.5266 0.7722 2.7232 35.8%

Table36.Experi mental STD intensiti-€D2.of glycoly

1y STDmax Kot STD (fit) % STD epitopes (fit)
CH2 Neu5Gc 8.3838 0.6205 5.2021 100%
H7 Neu5Gc 6.6503 0.5120 3.4049 65.4%
H4 Gal 5.4644 0.4935 2.6967 51.8%
HOS Neu5Gc 3.8238 0.6113 2.3375 44.9%
H6R Gal 3.0547 0.7042 2.1511 41.3%

As found for the ace0ygdaedsemoiet§ @aSthaonlyt he
determinant of the binding to both@D22 and mCD22 (figure 3.9). The highest
STD was attributed to the glycolyl moiety of Neu5Gc, set to 100%. Then, H7 sialic

acid was saturated more than 50%. Protons H5, H6, and H8 of Neu5Gc and H5 and
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H4 of Gal showed %STD in the range of 4®8%. The lowest STD effects were
detected for the ditereotopic H3 protons of sialic acid. The GIcNAc residue (A) was

solventexposed sinceo STD signals were found.

Regarding the conformational analysis of the glycolylated ligand, MD simulations on

the free state were firstly run (figure28). Differently from the Neu5Ac trisaccharide,
where the G torsion angle around Neub5Ac
minima (60°/60°/180°), the Neu5Gc glycan preferentially adopted a conformation
with G4 of @®Wmnthefreestatet el y

Gal-GIcNAc
of o Yy

Neu5GcGal
A of o y BW

Dihedral angles
Dihedral angles

Frame number Frame number

Figure 3200MD si mul ati ons of the glycolylated 620:¢
around Neu5G¢)(2,6)-Gal linkage. B) Torsion angles around ®a(1,4)GIcNAc linkage.

The analysis of th#H-H inter-proton distances calculated by the NOESY experiment
also confirmed a population correspondingtbat or s i o0-60° (Agnrg 3.2 o f
and table 3.7). Mor eo v e r and gmCDR2 auldpted aa t e d

similar bioactive conformation, &videnced by NOE experiments.
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