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ABSTRACT

ABSTRACT

Carbohydratespne of the mostabundantclassof biomolecdes in nature serve as energy
source as well as structural material in plants. They play a significant role Heeltell
communicationand recognition cellular differentiation and in immune response, both in

healthy and disease states of living organisms

Glycoconjugates, in which carbohydrates are covaldiked to other biomolecules such as
proteins, lipids opeptides have manifold functions in cedell interaction. The investigatioog
their biological functions are of high interest and thusnthetic methods to fomm
glycocconjugates are required. The conjugation throuGtgéycosidic linkage promiséo be an
attractive approach, as it was recognized that tkiglycosides could serve as functional
analogues of the corresponding more comma@hras well asN-glycosides, whereathe
Gglycosidic linkagshow an increased stabilitpwards enzymatic or chemical hydrolysis

compared to theO- andN-glycosidic bonds.

In this thesis, the Amadorirearrangemeitreaction between aldoses and amines which leads
to Gglycosyl type damino-1-deoxy ketosesvithout the requirement of protecting group
manipulations- was investigated as awew conjugation method for the synthesis of
Gglycosyl type neoglycoconjugatde scope and limitation of this rearrangement reaction in
terms of the amino componentas well asthe sugar moiety have been a part of the
investigation. In order to optimize the reaction conditions, the commelgialailable
D-glycereD-guloaldoheptase was employed as model substrate, which gave accesghaco

configured Amadori products.

Furthermore, the Amadori rearrangement was applied to syntheBimeanno configured
Gglycosyl typs glycoconjugates, whidiave beennvestigated in terms of their biological

interaction with variou®>-mannose specific lectins.
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KURZFASSUNG

KURZFASSUNG

Eine der haufigsten Klagseon Biomolekilen in der Natuiredl Kohlenhydrate, die sowohl als
Energiequelle als auch @srukturmateriafir Pflarzen fungierenSie spielen eine wichtige Rolle
in Prozessejwie der Kommunikation und Erkennung von Zellen, der Zelldifferenzierung undder

Immunreaktion, im gesunden als auch im kranken Stadium von lebenden Organismen

In Glycdonjugaten sindKohlenhydrag¢ kovalent an andere Biomolekile wimEeinen, Lipiden
oder Peptidegebunderundweisen eine vielfaltige Funktion in der Z2#ll Interaktion aufAus
diesem Grund ist die Untersuchung und die Aufklarung der biologischen i&uinidn
Glycolonjugaen vongroliem Interesse und diesiederum erfordert die Entwicklung von
entsprechenderMethoden fur deren Synthes&ine vielversprechende Moglichkeit liefert die
Konjugation Uber ein€-glykosidische Verknipfung. Die€d5lykoside kbnnen als synthetische
Analo@ zu dematurlichenN- als auchO-Glykosiden fungierefpedoch besteht deren Vortei
darin, dass dies€-glykosidische Bindung eine erhdhte Stabilitat gegentber enzymatischer und

chemischer Hydrolyse aufweist.

Im Rahmalieser Arbeit wurde die Amadori Ungarungg eine Reaktiozwischen Aldosen und
Aminen die zu4Amino-1-deoxyketose fihrtwobei keine Schutzgruppenstrategie notwendigist
¢ alsneueMethodefir die Synthese vo@-glycosyl Neoglycanjugatenuntersucht Durchdie
Verwendung von unterschiedlien Aminokomponenten und Zuckersubstratemrde die
Amadori Umlagerungn Hinblik auf inren Anwendungsberei@ruiert und die Limitierunge
dieser Umlagerungsreaktion untersuchElr die Synthese voim-gluco konfigurierten
Umlagerungsprodukten als auclirfdie Optimierung der Reaktionsbedingungen wurde als

Modelsubstrat die kommerziell erhéltlictizglycereD-gulo aldoheptoseherangezogen.

Des Weiteren, wurde die Amadori Umlagerung fur die Syntheseovoannokonfigurierten
Glycokonjugaten herangezogen, die im Hinblick auf deren biologischen Wechselwirkung mit

unterschiedlicherb>-mannosespezifischen Lectinen untersucht wurden.

VIII
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INTRODUCTION

1. INTRODUCTION

1.1.Carbohydrates

Carbohydratesepresent one of the mosabundantclassof biomoleculedbesides proteins,
peptides and nucleosides onagh. Nearly all organisms synthesize and metabolize
carbohydrates! They &rve as energy source and stsuctural material in plants. Even more
important is theimrole in intra and intermolecular communication procesd8<arbohydrates
are present at botthe surface and inside the cell, mediating vegdtiological processes which

are essential for theell functioningout also fordiseased stages of living organisis.

The tem carbohydate was first implementedn 1844 by Carl Schmidivho included all
substances with the empirical formula,ELO), I & & KSRMWNJI OB Nibt@igally ®
carbohydrates consist of carbon, hydrogen and oxygen in a ratio of 1:2:1, howtieiger
definition is notstrictly applicable since many naturally occurring carbohydratgter in this
atom ratio. Infact, there are many compounds showing the sachemical formulasuch as
lactic acids (§0s) and acrylic acid @,0,) that vary sigrficantly intheir properties compared
to those of carbohydratedzurthermore, many sugars are knowmn containheteroatoms for

example nitrogeror sulphur!

Actually carbohydrates aredefined as polyhydroxyaldehydegolyhydroxyketones or
compounds which provide these productdter hydrolysisCarbohydrate®xist in a large
elemental as well as sterochemical diversity and are builtup from monosaccharides, compounds
which cannot be converted through hydrolysis into smalieits. These ronosaccharides are
linked togethervia a glycosidic linkagéorming a large variety of linear or brahed

oligosaccharides as well pslysaccharide.®

Monosaccharides can be classified according to the number of carbon atoms, including triose (3
C), tetrose (4 C), pentose (5 C), hexose (6 C), hepioSe Depending on the nature of the
carbonyl group, monosaccharides are called aldose when containing an aldehyde function and

those monosaccharides that contain a keto function are called ketose.

Polysaccharideare constitutedf typically more than @ monosaccharide unitédmong the
most important polysaccharides are starcfl) and glycogen(2), with D-glucose as
monosaccharidic unstconjugatedviaah -1,4-glycosididinkage, whictpossess the function of
energy storage for plants and mammais plants, the major constituent of supporting tissues

is cellulose(3)z  k1,4glycosidially linked polysaccharide built ugrom D-glucoseas
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monosaccharitt unit (Figurel). Furthermore carbohydrates are also essential as structural

components. Chitirid), for instance, is found as a major component of the exoskeleton of

arthropods (Figurd).

OH

OH — 8
0 HO
HO S OH HO o)
o) 0 — Q
HO HO ~ OH
OHO o o)
1 n HO

starch OH

2 -

L glycogen —_Ihn

OH HO
HO 0} HO O
(0) (0]
HO OH AcHN OH
3
cellulose n chitin n

Figurel: Stucture ofstarch (), glycogen 2), cellulose(3) and chitin 4).

Since carbohydratepossesst least one carbonyl functioseveral hydroxgroups andften

other kinds of functional groupssuch asamines, phosphate or sulfates, the structural
appearance offtis compound clags highly divers(Figure2). Carbohydrateare not only found

as most common5- and émembered heterocyclic rings but also as open chain alditols,
carboxylic acidanddeoxy derivativesBythe replacement of the endocyclic oxygen by a carbon
or nitrogen so-called carbaor iminosugars are obtained Additionally, carbohydrateare
found to belinked covalently to dier biomoleculessuch aslipids, peptidesor proteins
geneaating various glycoconjugates which are subdivided into glycolipids, glycopeptides or

glycoproteins.
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aldaric acid alditol
COOH HO
HO HO
HO HO uronic acid

HOOC
iminosugar HO Q

OH
NH OH OH HO OH
HO
HO OH COOH OH HO

OH OH C-glycoside
OH HO o]
HO HO N/WOH
carbasugar HO OH AcHN H
OH o
OH _oH OH N-glycoside
(o]
NH
2

inositol OH
m glycoside &/ O-glycoside
(o}

glycolipid

Figure2: Examples of different structural appearance of carbohydra®es

Historically carbohydrates were thought to be important mainly aseegy source for
metabolism and wer@enly seen as structural componentsrwdtural products The biological

roles ofcarbohydrates especially that of oligosaccharidage been underestimated for along

time compared with the roles of proteins and nucleic aci@lse structuralcomplexities of
carbohydtrates, such as the appearance of isomers, and the synthetic challenges facing glycans
have complicated efforts to invesgate their multifaceted role and the utilization in drug
developmentDue to the increased knowledge of biological processes and the emerging field of
glycobiology, while integratestraditional carbohydratechemistry and biochemistry with a
modern understanding of theelland molecular biology of glycans and their conjugates with
proteinsand lipidsthe role of carbohydrates in biological procesdesame accepted and

elucidated and consequenttipeir synthesis became of enormous interé%t.

Due to the structural complexity of carbohydrates, synthesis of carbohydrate and their analytical
characterization is dighlydemanding field for organic chemists. The biggest challémge
carbohydrate chemistry ithe regian- and stereoselective foration of the glycosidic linkage.
Moreover, the conceptual design of straightforward strategies for protecting group
manipulations on saccharidiaubdding blocks followed byime consuming purification and

characterization stepsioften a big challengé.
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INTRODUCTION

Neverthelessafter the effect of carbohydrates in biological processes became known, such as
in cancer biology, celtell adhesion in metastasis, diabetes as well as inflammation,
investigations in the field of carbohydrate chemistry in terms of their synthesis, acsafytd

their biochemical functionbecamerelevant.

1.2.Glycoconjugats

In nature,oligosaccharidegglycanshpre typically found as glycoconjugates, where the glycan

core is covalently linked to other biomolecules, such as lipids, proteins or pefiidgse 3)°

0

Ho%
x—R

X=0orN
R = lipid, peptide, protein, saccharide

Figure3: Structure of glycoconjugates.

Glycoconjugateare very important biomolecules in cell biolodyigure 4pndare responsible
in particular for ceHcell interaction, recognition and communication evétend processes like
cellular differentiation!¥ cell signalling regulatidt¥ as well as immune respong&é.Complex

I ~ z

oligosaccharidesfound imygoconjugatescanoccliry &2 € dzof S F2N¥Y | & ¢

nano-dimesioned sugar layer on cell surfacgly¢ocaly).t®

EXTRACELLULAR FLUID

Figure4: Glycoconjugates in cell membraé

4

S

t

t
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The oligosaccharide moieties of glycoconjugaissist of up to 20 monomeyand although
there is avery high variety opossiblemonosaccharide sterecisomemly arelativelysmall set
of monosaccharide building blocksutilized by natureén the biosynthesis oflgcoconjugate
oligosaccharidesDue to that, common oligosaccharides patternsas well aslinking

stereochemistriesare found in glycoconjugate@rable 1)

Tablel: The main moaosaccharides used in biosynthis of glycoconjugateligosaccharidesnd their
stereochemistries

_ Glycosidic _ _
Monosaccharide Occurrencein glycoconjugates

linkage

D-Glucose ' 2 NJ | Mainlyin collagen

D-Galactose h 2 NJ Ubiquitous

D-Mannose h- 2 NJ | Ubiquitous

N-AcetytD-glucosamine h- 2 NJ | Ubiquitous

N-AcetytD-galactosamine h 2 NJ i Hardlyin plantsblood group
determination

N-Acetytneuraminic acid h Only in higher invertebrates and
vertebrates

L-Frucose h Ubiquitous

D-Xylose i In plants and proteoglycans

3-DeoxyD-manno-octulosonic h In lipopolysaccharides

acid

The synthesis of oligosaccharideBased on theirinherent chemical properties very complex,

as carbohydrates exhibit several different hydroxyl groups which can be glycosylated. Thus,
protecting group manipulation of the hydroxyl groups is essential for the synthesis of glycans.
The selective exmure of one hydroxyl group allows the regioselective addition of another
monosacbaride unit, which leads to the formation of comm@randN-linked glycans. Another
synthetic challenge in glycan synthesis is to generate stereospecific glycosidic limkages,
depends on the steric and electronic nature of the glycosylating agent (glycosy! (& m=od

the nucleophilic hydroxyl group on the glycoagteptor(6) (Schemel).*4
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OR i -linkage
RO 0
RO 0
OR OH OR Ro%
RO G RO oR -LG OR 7
OR OR RO 0
5 6 RO
donor acceptor OR )
0 h-linkage
RO 0
RO

8

Schemel: Stereospecific formation of glycosidic bonds as eithethari linkage. (LG: Leaving grodg}?

In nature, enzymes control the regioand stereospecific coupling of monosaccharide units to
form dycans. In contrast to thehemical synthesis, which allows the preparation of various
natural and nomnatural structures with the need of sophisticated protecting group
manipulation, the enzymatic synthesis does not require protecting gr@mngsyenerate tle

desired glycosidic linkage with perfect stere@md regiospecificontrol [*4
Typicallythree Inkagesare found in glycoconjugatéEigue 5):

1 O-glycosidic linkag): The resulting conjugates are callegj§cans, where the glycans
are attached to a hydroxyl oxygerfie.g. serie, threonine or an oxygen on lipids

1 N-glycosididinkageg(10): Glycans arattachedviathe nitrogen of asparagine or arginine
side chains

1 Caglycosidiclinkaggll): Aycansare attached to the carbon on atryptophan side chain.

This kind of glycosidic linkage is rather rar@ature.*¢

O-glycan N-glycan C-glycan
OH _oH OH
O HO O
HO HO
AcHN AcHN
o
9 - 0., 10
H ™ Asn/Arg
o Trp
Ser/Thr

Figure5: Three glycosiditinkages in glycoconjugatds!
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1.2.1. Glycolipics

Lipidswhich are attached covalentty a carbohydrate moietyiaa glycosidic linkage, are called
glycolipidsTheseglycolipidsare membrane components and are omnipresent in all organisms,
such asbacteria, plants andnammals Theyrepresentamphiphilic molecules comprising a
hydrophilic and a lipophilic patFigure6). The apolarhydrophobichydrocarbon (acyl) chain
consists of acylglycerol oeramide, whereas the hydrophilic headgroup of the lipid is provided
either by a phgphate group forming glycerophospholipaswell ashingophosphoalipids, or by

a monosaccharide obtaining glycoglycerolipids and glycoshingofiidfie hydrophobic
moiety, like ceramide, anchors the molecule ie thuter half of the plasma membransothat

the carbohydrate part isexposedto the cell™ Due to the polar hydroxyl groups of
carbohydrates, glycolipids are able to be soluble in the agueous environment surrounding the
cell1*9 Besides the function of membrane stabilization and cell surface rigidization, glycolipids
play a significantrole in diver® biological processesncludingcell-cell communication,

photosynthetic electrortransport in plantsreceptor modulation or single transductidtf!

(0]
"7 ~oH )W
0 HN
HO O\/Y\/\/\/\/\/\/\/
OH

OH 12
hydrophilic moiety hydrophobic moiety

Figure6: Examplesof aglycolipid: galactosyl cerebrosid&2) and1-palmitoyl2-oleoyksn-glycero3-phosphocholine
(13).
Because of the structural variety of both the lipophdhairas well ashe carbohydrate moiety,

there exist a vast numbeaf different dycolipids.

1.2.2.Glycopeptides
Carbohydrate moietieshicharecovalently bound tahe side chain o& specific amino acid
the peptide amino acid sequenege calledjlycopeptidesAlthough,glycopeptidesre rather
smallin size and complexitythey exhibitrelevantproperties, such as antigenicif! For
example,vancomycin(14) (Figure7), teicoplanin and telavancibelong to the family of
glycopeptide antibioticswhich areessentiafor the control of infectizisdiseases caused by

Grampositive pathogenic bacteria.
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14

Figure7: Glycopeptide antibiotic vancomycini4).24

The structures of such glygpeptide antibiotic are remarkablethe core heptapeptides are
highly crsslinked and variously modified@hese heptapeptidesare synthesizedby large

G aa S Y olikemuttignzfrBeécomplexes, theonribosomalpeptide synthetases (NRPS)
whichassembé amino acids through diverse modul@he NRPS modules are the repetitive
building blocks of these megasynthetases. One module corresponds to one amino acid and
consequently the primary structure of the peptide product is dictated by the order of the
modules in the NRPS. These modules can @&cearious catalytic domains including
condensation C), adenylation (A), thiolatigfT, also known as peptidyl carrier protein (PCP)),
epimerization (E) and thioesterase (Te) domatfisThree domains are necessary for each
module, the A, C and PCP domajRigure 8) which catalyzed the elongatiorf geptidic
intermediatesDomain As responsible for substrate recognition and activation. The PCP domain
covalently binds all substrates and intermediates of the NRPS assembly line ardbthai@is

responsible for the peptide bond formation between two R@RInd units??



INTRODUCTION

A.
Domain A catalyzes adenylation
and transfers to S-PCP.
Adenylation Transfer onto S-PCP
R } i‘ R R
%OH =L O—AMP S
NH, NH, ; NH, E
FavaVal Va¥aVal AMP PAVAVAN AN
A PCP
Aminoacyl-S-PCP
B. H2N

R,
; O
NH, Domain C catalyzes N
R condensation and elongation.
1

-§=O PCP is recharged R24§=0
HoN by activated
amino acid. HN
Ry
o ‘ o{
{ S Transfer of

- R;R,onto R, =H S
% é elongating chain E é
ANN N ' AN
PCP C A PCP PCP C A PCP
Peptidyl-S-PCP Aminoacyl-S-PCP Peptidyl-S-PCP

Figure8: Elongation of nonribosomal peptided

1.2.3. Glycoproteirs
Glycoprotins areenzymesvhich @ntaincovalentlyconjugatedcarbohydrate moieties anare
found in all living organism in both soluble and insoluble forms. They are fundaligémtalved
inmany importanbiological processes includimgmunedefense, viral replication, fertilization,
parasitic infection, cell growth, cetlell adhesion, degradation of blood clots and

inflammation[23

Proteins are macromolecules which are built up with four different levels of structprasary,
secondary, tertiary and quaternary. The primary structure of a protein is made up by a linear
sequence of anmo acids in a polypeptide chaifihesecondary structure describes the highly
regular local sullomain on the actual polypeptide backbone chain. The two main types of
secondary structures are tHe-helix and the -sheet. The tertiary structure describes the overall

three-dimensional shapef an entire protein molecule, wheréhe secondary structures are

9
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folded into acompact globular structure to achieve maximum stability or lowest energy state.
And the quaternary structure refet® the three-dimensonal structure of a multsubunit
protein and describes how these subunits interact with each other and arrange themselves to

form a larger aggregate protein compl&®

In glycoproteins, where carbohydrates are attached to proteinsiferent carbohydrate side
chainsare presentandthey are classified according to the linkage betwdba carbohydrate
moiety and amino ad residue(Figure9), depending on whether the binding occuvsa an
oxygen atom of the amino acid@X{glycosidic linkag&5), via the nitrogen atom N-glycosidic
linkagel6) or viaan ethanolamine phosphate (GBihchorl?7). These glycans differ notonly in

their structure but also accomplish different functions.

wwwwww

Glycan core

o

0-P-00 Phospholipid tail
&
H.

15 16 17

Figure9: Bacterial glycan$-linked glycar(15, N. meningitidey27 N-linked glycan 16, C. jejuni?l, GPl anchd#®
with ethanolamine phosphate linkag@?).

1 N-glycans In N-glycansthe carbohydrate moieties ar covalently attached to ra
asparagine residuenithe protein chain by an N-glycosididinkage The linkagebetween
asparagine andN-acetylglucosamine (GIcNAEAsn) is the most common linkage.
N-Gycosylation is a modification performed during the translation of mMRNA to proteinis and
available to all proteins withthe Asx{ SNk ¢ KNJ 44 Sljd2yaé¢s 6KSNBoe&
exceptproline 29 The asparagine residue of this sequence binds covalently to the SoRalla O2 NB
NB I A 2 y ¢ Zlinked peifasaiharideSfragment which aN-glycoproteins consist of. This

pentasaccharidic region incluga branched structure of Mad " mZ c-0 bom k -6 B @ & y'0
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GlcNAed i mZn 0 Df Ob! O gNkdsatylglocdsanic@ECNAYS BV R §fli E OKSR A Y

form viaaN-glycosidic linkage to the asparagine residue of the peptide qtfagurel0).it4

HO OH .
_0O protein
HO N-glycosidic linkage N-terminus
HO
QHp

¢ O OH
HO OH

HO HO
AcHN HO

protein
C-terminus

AcHN

core region asparagine
residue

Man-(h 1.6)IMan(h1.3)IMan(i 1.4}GIcNAefi 1.4)GIcNAc
Figure10: N-glycan with thecore molecule Mam h mZ cH thamlz g6 8 GlgNRed | MmZn 0O Df Ob! O

AlthoughN-glycans possss the same core réan, they show an extraordinary diversitythe
structuredue to the variety of monosaharidedeading to branched or unbranched molecules,
sothat N-glycans of the same proteaxist of manylifferentisoforms Therefore N-glycans are
classified into three groupsith respect to thedt K A KNSR dhdzdl Frbohydrate moiety,
VEYSE e VRYyRKSIKG8LIST (KS habdd Y UEREREmoE N LIS |y R
glycan chaiacan differ in the number of side charforming branched structuresvhich are
Ol f farieRnady h highmannosetype oligosaccharides, the simplelstglycansonly D-
mannose(Man) residues are attached to the core, while in complex oligosacchainite sr
more artennae are attached to the cor@hey contairdiverse numbers of both sialylatédt
acetyllactosamine unitandL-fucose residues linked t@IcNA@&nd a bisecting GNAc residue

I 441 OKS Rinké®ManioKtBe coreAlsothere are hybridtype oligosaccharides, which
have the characteristic featuref both other classes. They have one or two comgipe
antennae bound on thea I y-1,3residueof the core and furthermore, a high mannose
FYydSyylrS £ Ay{l,6dthdicBrgRigkrél1).8 y h
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GalNAc []
GlcNac .
Gal O
Glc .
Man .
Fuc A

4
Xyl 3¢

Sialic Acid ¢
GlcA &
IdoA
Figurell: The three types ol-glycansN-glycans added to protein at AsfaSer/Thr sequons are of three general

types ina maturglycoproteinhigh-mannose complex, and hybrid. Eabhglycancontains the common core Man
OhmIcHhamEgdH6 aGlgNAed | M3 n 0PBIOL ! O

Highhmannose

Biologically, the synthesis of all eukarydiglycansstarts on the cytoplasmic face of the
endoplasmatic reticulum membrane. GlcNRedirst transferred from UDRGICNAGo the lipid-

like precursor dolichol phosphate (DoP), where dolichol pyrophosphate
N-acetylglucosaminésformed. Gradually, fourteen sugar residues are added to-BoTlhe
entire glycan structuren blocis then transferred to the nitrogen of asparagine in a nascent
peptide chain by oligosaccharyltransferase (OST), which is a glycosyltransfaiagmotein
bound N-glycan is trimmed and processed by several memb#iaoend glycosidases and

glycosyltransferaselg? 34

1 O-glycans These glycoconjugates consist of sugar moieties which are covalently linked
viathe oxygen of a serine, threonine tyrosineresidueon apeptide backbonevhich occurs in
lower and higher organismén contrast to N-glycosylation, thebiosynthesif an O-glycan
occurs posttranslationallyin the Golgi apparatusith the addition of a single monosaccharide.
Thisprecursolis then transferred from UDBalNAconto the peptide chain to a hydroxyl group
of a serire or threonine residué® The enzymes, which are responsible for the initiation of
mucintype O-linked glycosylation, are Golgisident polypeli A RGaIN& transferase§1233
Due to their high structural diversit@)-glycosidiaylycoproteins exhibit no common core
A0NHzZOGdzNBod ¢KSe OF y 0doupd(Figuied)h WhictScBn be judher S A I K
elongated or modifiedThe most common form oD-linked glycosylation in eukaryotes is the
& Y dzO type &dre 1) whereN-acetyl-h -D-galactosaminéGalNAc)s attached covalentlyy y-  h

positionto the hydroxyl group of serine or threonin®.
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N-acetylgalactosamine core

Corel: RI' | é@alZ o0

HO __oRg Core2: RI' | é@alzfRdf0 | 6 MmZc 0 Df
Q Core3: RI' | éQkNACy

Rs0 Ak Core4: RI' | &QIkNACOR 1 6 MZc0
O +CHa/H Core5: RI' h 4QIcHACU
protein. j\”/protein Core6: RT 1 6GIcNACO
N Core 7. RI' h éQalNAc)

o Core8 RI' h éQalZ o0

serine or threonine residue

Figurel2: Core structures o©-linked glycangd

Mucinesare glycoconjugates which are heavily glycosylated and of high molecular Thags
are found as protective biofilmon the surface of various types of epithelial celigpically, they

occur in clusters and are found in mucin domains on membiaoend and secreted proteins.

¢CKS Ga@FNRI Ot S ydzyo S NirepdatedgepfiteStetcHeds tiiSHallméark 6

of mucinswhicharerich in serine or threonin®-glycan acceptor site¥hey shovan abundance
of clustered mucirO-glycans comprising 80% the molecular weightBecause of the rich
proline residues in this regiowhichitsroleisi 2 SELR &S &aSNAY S | y-R
turn conformation leading to a more efficie@glycosylationthe O-GalNAc glycosylatiaran

be facilitated, up to hundreds ofO-GAINac glycans'hese glycanare attached to serine or
threonine residues ithe VNTR regions adopting an extéh® ottt S 06 NHz& K €

(Figure B).[29334

O-glycans
Cysrich

Cysrich
D domain

Figurel3:! aAYLI S Y2RSt 27F | I NHS aSONBGSR YdzOAyY ¢KS

rich in serine, threonine and proline residues, and therefore hightblycosylated29a 34

Besidesh -O-glycosidically linked GaRdresiduespther carbohydrates caalsobe attachedto

amino acidssuch asGIcNAdn a GIcNA¢ -Ser/Thr linkagewhich is found in nuclear and

cytoskeletal proteins. In contrast to most other peptide linked monosaccharides, the GleNAc
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Ser/Thrunit does rot becomefurther substituted by other sugarsikewise, tycosylation can

also occur with galactose, glucose, xylose, arabinose or mariffose.

Besides thé-glycosidic linkage toesine or threonine residues, also the linkage to tyrosine
residues is known. For example, in glycogenin, the priming enzyme of glycogen synthesis,
3t dzO 2-hnked to the hydroxyl group of atyrosine residé@a 2 NB 2 @r@bidbfuranose

is attached to hydroxyprolin&? and found in plant glycoproteins.

1 GPtAnchors Proteins attached to glycosylpghatidylinsitol molecules (GRiiptheir
carboxyl terminare found in the outer leaflevf the cell membranend face the extracellular
environment.They are functionally diverse and are involved in numerous biological and
physiological processesiuch asn signakransduction, prion diseaspathogenesis, imme
responseandinthe pathobiology of trypanosomal parasité3 All reportedGP+anchors show
the same basic core structurencluding gphosphoethanolamine linkel glycan coreand a
phospholipid tai(Figure #). The glycan para linear tetrasaccharide attached to tip@sition
O-60f inositol- with phosphoinositolglucoseamine and mannose residues can be modifited
speciesspecific carbohydrates, like phosphoethanolamine groups and by variation in the lipid
moiety. Proteins or glycoproteinare linked to the nofreducing mannose residue by the&ir
termini orviaan ethanolamine phosphate bridge between 1G& hydroxyl group of mannose

and theh -carboxyl group of the carboxtgrminal amino acid® 2°33°

0 3 .
o-P G-"‘Hu--"nf’- Phosphoethanolamine

linker

HO O 0
® "3 2 .
H3N'“v"“‘o—al':—u 0 NH;
0o HIEXR r
Q, 0
o TR Glycan core
o 02
HO O oH
HO
Q
o)
Hoévﬁ
"0 0
Ho O-P-0S Phospholipid tail
HO 0 .
HO, T OCigHar
— (0]
0

NCigHy =0
CagHa

Figurel4: Structure of the GPI anchor from human erythrocyte acetylcholinestefése.
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1 Gglycanscompounds in which the exoylic oxygerfanomeric oxygenyf the sugar
moiety is replacedby a carbon atomand are attached to anotherbiomoleculevia a
Gglycosidic linkage, are of high interest, as it weagnized that teseC-glycosides could serve
as functional analogues of the correspondifgglycoside$i® The differencebetween
G and O-glycosides is found within the chemical reactivities. Besides the absence of anomeric
effects, Gglycosides ar@ot sensitive toward$iydrolytic or enzymatic cleavage cellular
environmentand therefore, they exhibit a chemical stability comparable to that of cyclic
acetals“*4 The sugar moiety d¥-glycoside can be furanose and pyranose and the aglycon can
be an aliphatic or an aromatic residif@.Due to the chemically stable nature Gfglycosides,
this compound class became important for pharmaceutical and biotechnology industries as
stable pharmacophores.

For examplein phlorizin(18), which is an inhibitor for thesodiumglucose cotransporter 2
(SGLT2) in kidneythe O-glycosidic linkagegendersphlorizin susceptible to rapid clearanice
vivo. In contrast the G-glycosidic analogue dapaglifloZi®) was designed as new inhibitor class
exhibiting the advantaged the enhanced chemical stability of the glycosidic banditsdrug

like propertiesi*3d

OH OH
w OH Cl O\/
HO HO
OH
19

Figurel5: O-glycoside phlorizinl®) and theGglycosidt analogue dapagliflozinlg).l

GMannosylation is a unique glycosylation in proteins. Hereih,-enannosyl residue is directly
attached at itsG-1 positionviaa Gglycosidic linkage to the-Zatom of a tryptophan residue
(Figure B). ThisCGglycosidic linkage was first recognized in ribonuclease 2 (RNas 2) in human
urine,“'whereas this modification can also take place in the cell, as RNagfydhnocytesalso

contain thisGmannoylated tryptopha.*s

C-glycosidic bond

Mannose  HO2C

Tryptophane
20

Figurel6: Structure ofGMan-Trp @0).117

15



INTRODUCTION

GMannosylation usually takes place at the first tryptophan in the armaonm sequence
Trp-X-X-Trp motif, where X could be any amiaoid and the second Trp can be replaced with
another aromatic amino acid such as FHEThe transfer of the mannoside moiety to the target
protein is catalyzed by the enzyrflamannosyltransferasé® The acceptor sequendep-XXx
Trpis encountered on multiple proteinsuch as ithe thrombospondin type 1 repeat (TSR) and

type | cytokine receptor superfamiliés!

To date, the function o&-mannosylation is not fullglucidated However, it has been revealed
that Gmannosylation is required farotein folding as well as fanolecular recogrion in the

cell and plays an important role in the functional regulatidriavget proteinsi”

Additionally, here are differenhatural G-glycosideknownto be present idiverse plant gees

namelyScoparin21), Aloin @2) (Figure ¥), Saponarin and CucumeriHg

Moreover,manyefforts have been devotetb investigate appropriate synth&sroutesfor the
preparation of comple-glycosides which show potentantibiotic activity, such as the synthesis
of Showdomycin*1 VineomycinB21“8 Aurodox!*? Herbicidi®® and the hyperfunctionalized

moleculesSpdongistatiri®y and Palytoxif®d

21 22

Figurel7: Natural Gglycosides: Scoparif2l) and Aloin(22).

1.3.Bioconjugation methods

Bioconjugation involves the coupling of two or mdwiemoleculesviaa covalent linkage to fm
bioconjugates, which exhitlithe propertiesof each individual componenRioconjugation is an
important and growing field ahterestwhich covers a wide range of science between chemistry
and molecular biology. The goal bioconjugation chemistry is to develop an efficient and
straightforwardchemical strategyor the linkage oimolecules to biomolecuge In additionto

the fusion of two biomolecules forming differetyipesof bioconjugatesuch agprotein-protein

or protein-carbohydrate conjugates, bioconjugation also involves the linkage of synthetic labels
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(such assotope labels, fluorescent ég as well as affinity tags) to biological moieties (such as

carbohydates, peptides, proteins, glycasts.) 53

Due to the enormous number of reactions and components used to form bioconjugates, the
strategies to develop bioconjugates for particular apgtiicns can be very manifol@herefore,

the choice of the appropriate compounds, methods well as the proper crosslinking reagents
should be carefully consideréd! Furthermore, the condition under which the bioconjugates
will be used should be t&n under accounflypicallybiological systems furnish best inaqueous
solution. Thus, reagentswhich are required for bioconjugation should be stable in water as well
as the ligation method/reaction need to proceed in water. In addition, due to the low
concentration in which biomolecules and their reactive groups are present, the reaction rate

should be fast enough to oain significant modifications withimsadequate time spaft®

Generally, two types of covalentdronjugation strategies exighe random (modification at
multiple siteg and the sitespecific (modification at a single site) bioconjugati®raditional
bioconjugation methods preclude control over the regiochemistry of reaction which leads to
heterogeneous reaction products ankis often results in the loss of the biological function of
the target biomolecule A promising approach to overcome these limitations was the
development of sitespecific,bioorthogonalconjugation strategies, which need to be selective
for their target and should nogive crosgreactivity with any of the naturally occurring functional
groups.With bioorthogonal reactions controlled introduction of labels is possible and not only
in single proteins, but also on cedurfaces, in living cells as well aliwe animals which enable

new opportunities for studying biological processes.

The most weHknown reactions that have been employed in bioconjugation methodology
Ay Ot dzRS { G dzR A ¢h@rSisty, Digisddenligagoy, Native Otferhicalligation and

Tetrazine ligationwhich will be described in the following sections.

1.3.1. Staudingerligation
The bimrthogonal Staudinger ligation wése first example of lmorthogonal ligation reactions
and derived from the Staudinger reductibf (Scheme 2) in which an azid#g) reacts with a
phosphine 24) generating a phosphazide) which decompose with the loss of & form an
iminophosphoraneZ6). This iminphosphorane carries a very nucleophilic nitrogen atom which

can react with a range of electrophilic reagents. In terms of aqueous -wpykthe
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iminophosphorane is hydrolyzed quickly to form the primary amiw &nd phosphane oxide
(28).57

N=
- Ph R - ' ]
Risy N\ 1 1 - N=N N--PPh N,
1 A\BSN'/—*\ R-Ph — N._pPhy — | R ’
NH, Ph R * R,
23 24 25
ek NH
“N—PPh, N=PPhs | H20 2
R R 3 + O=PPh
~ ~ R)\ ) 3
R R
26a 26b 27 28

Scheme2: Staudinger reactioff’

In 2006 the biorthogonal Staudinger ligatimasfirst introduced by Bertozzi and emorkers.
The aza-ylide (31) undergoesspontaneous hydrolysis whichddsto the formation of a primary
amine and tle corresponding phosphine oxide as side produs®rtozzi ad coworkers
modified the phosphine reagebly introduction ofan intramolecular electrophilic trap, such as
an ester moietywhich captures the nucledplic azaylide intermediate by amitramolecular

cyclization generating a stable areidlond (33) after hydrolysis in watefScheme).[58

electrophic amide bond

rap OCH, . OCH, OCH, O formation
o - i o — e N
o N o - 0, -
p: N=N—-N—__) P70 3 “CHy p=0
M Ph” L araiide P L Pn7 A
Ph Ph ¥ Ph Ph
29 30 I 31 32 33
OCH, O = exogencus probe (1. e fluorophore,
biotin, FLAG efc )
(o] [: = endogencus sample (I e. proteins.
p,/ND peptices, kpids etc )

d
P s"n phosphinenine

Scheme3: Non-traceless Staudinger ligatioaf anortho-phosphine terephthalic acid derivatiVe)

This nontraeless Stadinger ligation works well ibiological environment, however, the so
called traeless Staudinger ligatiéi{, in which an amide bond is formed between the two
coupling partnersand subsequent removal of the phosphine oxide from the final adiitted
product in the hydrolysis step was getting even more attractive, as this reattianes no

residual atoms in the produ¢Scheme 47
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2 transferable =)
cleavable acyl group P o
linker X~ 0O X @ ox O{O

x
e QR — Q| — Qi
N—M i

s N= Nz o o
T N= Fh s
Ph* i 3 Ph - N
stabilized iminophosphorane i i
phosphine (aza-ylide) tetrahedral intermediate amidophosphonium salt
+H;0
A A A N l o
Q i D - g oo o 4
= atty acids, fluorophores,
N " & Lp_ biotin, FLAG et Q + O)J\H—[:'
PH 4 Ph™ L PR 1 PR 4 - i - p=0
A Ph B Bh [:l e.¢. proteins, peptides, PH L

lipids etc. FPh

Schemed: Traceless Staudinger ligati d#l.

This ligation methods used for the conjugation of two peptide fragmefftd and enablsthe
selective labeling of biomolecules ivihg cels 2 Furthermorethe traceless Staudinger ligation

is an attractive conjugation method for the synthesis of glycoamino acids. David and
co-workerd®d developed the threecomponent Staudinger ligation which alle the formdion

of biologicaly relevantN-linked glycopeptide§Schemeb).

0
._R
RO 2
Ny ——> No T . N M
R 8 N, R “PBus R WH\NHR

O

Schemeb: Threecomponent Staudinger ligatiofid

Lindhorst and cavorkers®4 investigatedhis ligation method for the synthe si$ amide-linked
glycomimetics, such &&glycosyloctanamidg4), N-mannosyloxyethydmino acid$35) as well

as togenerate trivalent glycocluster amid€36) (Figurel8).
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0

RM
o H
R/\mN (CH2)e-CH3 HN.__O
34 o) o) 0
N NHR
RO— OR ﬁ H o
~0
RO R N
H
36

35 O\/\N)J\/amino acid 2

H

R

Figure18: N-glycosyloctanamide3d), N-mannosyloxyethyl amino acid8%) and trivalent glycoclusteamide
(36).1¢4

132. a/ f A01 ¢ OKSYAalNE
One of the mostvidely usedioorthogonal reactiosA & (i K $eadidd¢ aicyafpaddition
reaction between azides and alkyneswvhich was first reported in 1890s by Michd@l.
However, he Huisgen 1:8lipolar cycloaddition is undoubtedly th&$t example ot Of A O ¢
reaction!® Due to the slow kinetics and the extreme reaction condifiahe conventional
cycloaddition isnot suitable asa bioconjugation method®®” Meldal®? and Sharpsd®
demonstratedthat the reaction could be dramatically accelerated in aqueous solution when
Cu(l)is appliedas catalyst(Scheme6) and that under these reaction conditions several
functional groupsare completely stableWith this biorthogonal reactiofvarious biomolecules
including DNA, proteins, peptides, oligosaccharides and glycoconjugsatdselabeledwhich

are applied as tools for studyifgological system&?

Cu(l) N
Ri—N3; + =R, )I//N
R N

R4 * R, : biomolecules, bioactive molecules, fluorophores, affinity tags, etc.

Schemeb: Coppercatalyzed alkyneazide cycloaddition.

CKS aOf AO1 ¢ NBIF Od A 2 yimnoailizatigh oficarbipiydirades an@foteind JLINE |- C
as this ligation method do not generate unwanted side prodifétdJsing clickable self

assembled monolars (SAM), the coupling with azido sugars including rowe, or
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trisaccharidesan berealized using standard Cu¢htalyzed condition§Schem@). These glyeo

SAMsarepowerfultoolsfor example ohighthroughput characterization of carbohydratecin

interactions!”d

/
N

/

. N.

\N -~

| N

NH O 0,

N
|
NH Oy NH NH

i s

| N
Os NH O, NH O, NH O
R=Nj
e
Cul, DIPEA, MeCN
> s s S

|
s s s s s
Ay

As

v\o

R %\;O%cm > WOO:
OH

OH

Scheme7: Surface modification of a mixed SAM on gold by couplingzifies

However due to the toxicity othe Cu(l) catalyst this ligation methodicompatible with living

cells. Since both alkyne as well as azide groups can be introduced in biomolecules without
changing their function or metabolic processifiiseveral ligands have beeninvestigated which
can increase the reactivity of Cu(l) and as a consequence reduce the amount of the catalyst

decreasing itsoxicity (5872

To overcome the use od Cu(l) catalyst, alkyne substrate activatimas investigated to

accelerate the rate of azidalkyne cycloaddibn, which is known as coppd NBE S & Of A O
chemistry. Bertozzi and ewmorkers™ introduced strained cyclooctynes instead of linear

alkynes. This activated reaction partner is highly reactivea&od|erateshe reaction with azide

under physiologicanvironmens. To improve thekinetics of the activated reaction partner,

several chemical modifications on &yactyne have been investigated, such as introduction of

fluoride substituents or fusion of two benzene rings to cylcoocty#idhis coppeifree cclicke

ligationis widely usedor bioconjugation in living cellg¥
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=
CO0 Ly OM
_OH Fluoreseei
o -”.*\-\,Q_‘T—lh—ﬁ;ﬁ: urescein
OH
i
s} ’\N3 {5 uM)
cell 5 min, rt

Flusresceln

SchemeB: Bioorthogonal labelingiastrainpromoted azidetalkyne cycloadditionemploying a fluorescently
labelledbiarylazacyclooctynonas cyctooctyne componeritd

1.3.3. DielsAlder ligation
The reaction betweeran electronicalf matchedpair of a double bond (dienophile) and a
conjugated diene generating a sixembered unsaturated ring is callefter theirdiscoverer
DielsAlderreaction”® Due to its high velocity and selectivithis reaction can be performed in
water and is compatible with many biomolecules which makes this reactionvadugbleasa
bioconjugation or immobilization method of oligonucleotides and other biomoledfles.
Pozsgagt all’?demonstrated that the Diel#\lder cycloaddition reaction issuitablemethod

to conjugate saccharides and proteins under biocompatible reaction condifi®ctseeme9).

NF - 3
H
CH3 N}— ALBUMIN
H pH5.7-85 N -
HO  OH . @ &
2a%¢
i ,\/YH ALBUMIN (CHi7 0
(o) m L. HO OH Jn

Scheme9:5 A St a-type by &bition of saccharidinked conjugated dienes and a dienophi¢guipped
protein yields in the formation of neoglycoproteingl.

To characterize carbohydraggrotein interactions, Houseman and Mrksi¢hemployed the
DielsAlderligation method for the immobilization of carbohydrateyclopentadiers
conjugatedo selfassembled monolayemn a gold surface containiriienzoquinone groups
(Schemel0Q). Such carbohydratearrays are widely used today for the investigation of

carbohydrate interactions.
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H H
Carbo-Cp OIo
H o
H O; HO Ooj H
OHO OH OH O OH OH
o G QLA &
ENER RRJEX E
oxidation 0 ¢
VeI = Yoo SO 9
S0 57 Tedwtion S0 S
0.0 .0 .0 0 .0 .0 o}

b 4

e SO SIS S

Schemel0O: Carbohydrate arrays by employing the DiedAkdlermediated immobilizatior’8

1.3.4. Nativechemicaligation
The native chemical ligatigh CL)s a chemoselective ligation method which allows the coupling

of two peptide units one peptide carries a thioester and the second e presents a\-
terminal cysteineunit, which lead via a transesterification reactiorfollowed by an

intramolecular amidation to the ligation of the two peptide moieti€dcheme 1).[79

Schemell: Native chemical ligatiof9
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