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Abstract

Cell surface glycans play an important role in glycobiology since they are essential in cell
recognition and cell adhesion. Furthermotteey decide about the health status of
mammalians. For instance, bacterial adhesion is mediated by carletspireific

bi nding of bacteria t o gl ycosyl ated cel |l
Consequently, essential questions in glycobiology are dedicatéé ¢onstitution and
conformatioml propertief the glycaalyx in the context of their biologic&linctionin

general and iparticular, inbacterial adhesion processes. Scientists are driven by the need

of new inventive tools and methods to gain a deeper and comprehensive insight into the
biological role of glycans. This is also the motivation for pinejects presented in this

thesis.

One of the most common species of bacteria is the pathdgecherichia col(E. col)
bacterium. They account for several serious diseases such as urinary tract infections,
neonatal meningitis and gastroenteritis. fSuefections usually start with an initial
contact between bacterial fimbriae (adhesive organelles) and the glycosylated cell surface
of the target cell. This interaction is mediated by carbohydaeeific proteins (lectins)

which are located at the fimhl tips. In case of uropathogerttc coli (UPEC) the lectins

FimH and PapG are of utmost importance for the adhesion process. Whereas the lectin
PapG is highly AgMGh)stecic,sthedeetin FiGH birdg Highly
specificU-p-mannogles and is the focus of this work. For a deeper understanding of the
binding mechanisms one has to focus on the adhesive surfaces on the one hand and the
adhesive organelles on the otherdhafccordingly, the first part of this thesis deals with

glycosylated surfaces and the second part deals with the lectin FimH.

In the first project photoswitchable glycolipid mimetics were syn#ieeisind investigated
regarding their photochemical propegiand their structural changes resulting fromight
inducedE/Z isomerisation These experiments were complemented InayXscattering

methods and Langmuir isotherm measurements.

In the second project of this thesis the concept of glycoarrays and$fe was
deepened by establishing new assayupst The first assay has the advantage that any
glycan type can be easily immoBk#idvia a lightinduced insertion reaction, whereas the

second investigated bacterial adhesion assay utilises a polysacclsaridee,
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resembling, to some extent, a disordered sweet surface, which might be closer to the
natural glycocalyx than a wetirdered and rather artificial gly€sAM.

The third project aims at enabling photoswitching of marispseific adhesion by
chemicalmodification of the adhesive protein FimH. Therefore, azobenzene precursors

were synthesedwhi ch shall work as photsokichpnasi ti ve (
block the binding site of the lectin in one photochemical state and leave it open in its
isomeric form. To realize such a sitirected approach the azobenzene precursors were
synthessed with a thioester moiety and can thus be transferred onto an appropriate
nucleophile in the proximity of the binding site in a DM&Rtalysed acyl transfer

reacton. All azobenzene precursors were tested with respect to their suitabdifgtas

keeped moieties by investigation of the photochemical properties and molecular

modelling.

The fourth project presents a versatile method for the preparation efhifead

azobenzene derivatives by tetrdho-chlorination which featur&/Z isomerisatiorwith

visible light. Thus, damage due to UV light can be prevented in photoswitching
experiments in biological systems. This approach widens the application potential of

simple azobenzene glycoconjugates. A great advantage of the chosen approach is, that
the chlorination can be performed at a oI at

adapted to other applications.
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Kurzzusammenfassung

Extrazellulare Glykanstruldten spielen eine whtige Rolle in der Glykobiologie, da sie

fur die Zellerkennung und Zelladhasion unerlasslich sind. Somit wird auch der
Gesundheitszustand von Saugetieren von Glykanstrukturen bestimmt. Beispielsweise
wird bakterielle Adhéasion kohlenhyatspezifisch vermittelt: Bakterien adharieren mit
hoher Spezifitat an glykosidische Strukturen auf Zelloberflachen. Diese auliere
Kohlenhydrathille von eukaryontischen Zellen wird auch als Glykokalyx bezeichnet.
Aus diesem Grund befassen sich die viel isutehten Fagestellungen der Glykobiologie

mit der Konstitution und der Konformation der Glykokalyx und vor allem auch mit dem
Aspekt, welcher Zusammenhang daraus fur die biologische Funktion im Allgemeinen
und im Kontext der bakteriellen AdhasionsprozesseSpeziellen resultiert. Dabei
werden Naturwissenschaftler vor allem von der Notwendigkeit neuer Methoden und
Instrumente zur Untersuchung kohlenhydratbasierter Prozesse angetrieben, um
langfristig ein genaues und allumfassendes Verstandnis der biolegistblle von
Glykanstrukturen zu erlangen. Dies ist auch die Motivation derer Projekte, die im

Folgenden in dieser Dissertation prasentiert werden.

Eine der am héaufigsten \ammenden Bakterienanist de degpathogene Escherichia

coli (E. col) Bakteriuns. Dieseist fur eine Vielzahl von ernsthaften Krankheiten
verantwortlich zu denen Harnwegsinfekte, Hirnhautentziindung bei Neugeborenen und
Gastroenteritis zéhlen. Solchefektionen beginnergewohnlich mit einem initialen
Kontakt der Dbhteriellen Fimbrien (Adh&sionsorganelle) mit der glykosylierten
Zelloberflache der anvisierten Zelle. Diese Wechselwirkung wird von kohlenhydrat
spezifischen Proteinen (Lektinen), die sich an der Spitze eines Fimbriums befinden,
vermittelt.Im Falle von uropathogenée. coli Bakteriensind hauptsachlich die Lektine
FimH und PapG von besonderer Bedeutung fur den Adh&sionspri¢aseend das
Lektin PapG spezifisch Galabioside (GAWA 4)Gal) bindet,zeichnet sich das Lektin
FimH durch eine hoh&-pD-Mannosspezifitit as. Diese Arbeit konzentriert sich auf das
Lektin FimH. Um cn bakteriellen Bindungsmechanismus genauer aufzuklaren, ist es
notig, sowohl die adhasiven Oberflachen als auch die adhasiven Organellen zu
untersuchen. Daher befasst sich der erste Teil diesseation mit glykosylierten

Oberflachen und der zweite Teil mit dem Lektin FimH.

Im ersten Projekt wurden photoschaltbare Glycolipidmimetika synthetisiert. Diese

wurden im Hinblick auf ihre photochemischen Eigenschaften ured ddraus
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resultierenden stkiurellen Anderungen wahrend de#/Z-lsomerisierung untersucht.
Diese Experimente wurden durch RoOntgenstreuungsexperimente und Messungen der

Langmuirisothermen erganzt.

Das zweite Projekt dieser Arbeit erweiterte das Konzept der Glycoarrays um zwei neue
Assaykonzepte. Der erste Assay hat den Vorteil, dass beliebige Glykanstrukturen ohne
spezielle Funktionalisierung einfach durch eine lichtinduzierte Insertionsreaktion
immobilisiert werden kénnen. Der zweite untersuchte bakterielle Adhasionsassay nutzt
eine Polysaccharidoberflache, die in gewisser Hinsicht einer ungeordneten,
glykosylierten Oberflache ahnelt, die folglich die natirliche Glycokalyx besser

mimikrieren kdnnteals es den streng geordneten glykosidischen SAMs mdglich ist.

Das Ziel des dritten Rojekts war es, ein lichtinduziertes Schalten der
mannosespezifischen Adhasion des Proteins FimH durch eine chemische Modifikation
zu etablieren. Fur diese Modifikation wurden Azobenzolderivate synthetisiert, die als
photosensitive arorhitedMolekile fungieren sollen: In einem der beiden
photochemischen Zustande wird die Bindetasche des Lektins durch den
Azobenzolliganden verschlossen und in der isomeren Form wird die Bindetasche wieder
geoffnet. Fur die Durchfuhrung diesermtsspezifischen Ligatnsstrategie wurden die
Azobenzolderivate als Thioester synthetisiert, die in einer DMatlysierten Reaktion

mit einer geeigneten Aminoséure in der Nahe der Bindetasche des Proteins ligiert werden
kénnen. Alle synthetisierten Azobenzolderivate wurderinblick auf ihre Eignung als

a T o r hMplelale untersucht, indem ihre photochemischen Eigenschaften ermittelt

wurden und computergesttitzte molekulare Modellierungen durchgefiihrt wurden.

Das vierte Projekt bietetiree vielseitig anwendbare Methode, die es ermdglicht,
Azobenzolderivate zu synthetisieren, die in allen wigho Positionen chloriert sind.
Diese Chlorierung hat zur Folge, dass Big Isomerisierung durch langwelliges Licht
induziert werden kann, sodaSchéaden durch die Verwendung von UV Licht, wie es bei
herkdbmmlichen Azobenzolderivaten Ublich ist, vermieden werden kénnen. Dies ist vor
allem bei der Anwendung bei Photoschaltungsexperimenten in biologischen Systemen
ausgesprochen vorteilhaft. Diesersatz stellt eine betrachtliche Erweiterung der zuvor
synthetisierten Azobenzolderivate dam grof3er Vorteil ist zudem, dass dibl@ierung
kompletter Azobenzelund Azobenzolglykosidderivate am Ende der Synthesesequenz
durchgefuhrt werden kann, sodad® Methode ohne grol3en Aufwand fir andere

Anwendungen tbernommen werden kann.
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A guide to thisthesis

This thesis comprisagnechapters as follows:

The first chapter provides a general introduction with basic information about the field of
glycobiology and bacterial adhesion. This chapter is especially recommended to all
readers who are not familiar with this subjexbe able to fully appreciate thkescribed

research.
Chapter2 explains the objectives of this thesis.

Chapters3-6 present the individual projects. Each chapter starts with a specific

introduction followed by a section 6Results
Chagper 7 provides a comprehensive conclusion.

The experimental procedures and the UV/Vis as well as the NMR spectra related to all

subprojects are complied in chap&
Abbreviations are given on page X&nd references in chapt@r

For the sake of clarity, molecule numbering for each individual project start&.with
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day
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dicyclohexylcarbodiimide
N,N-dimethylacetamide

dichloromethane
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General introduction 1

1 General introduction

In the attempt to reach a fundamental understanding of life and its regulatory processes,
a great number dfey achievements bame famous, such as the findingd/éhtson and

CRICK in 1953 who revealed the helical structure of the DNA (deoxyribonucleic!3cid).
Their work paved the way for many more new discoveries within the field of protein
biochemistry in the second half of the"2@entury. Several Nobel Prizes were awarded
for research on decoding of the genetic E&ddad protein biosynthesi8.One reason for

the great success in this field of research may well lie in the clear structural basis of the
investigated moleculesA limited number ofnucleotidescan be linked in a defined
manner. A sequence of threecleotidsformsa so-called codon. Each codon then again
represents one amino acid. The number of naturally occurring amino acids is limited and
the subsequent conneaantiof amino acids for the formation of peptides can just occur via
an amide bond. Eventuallthe protein biosynthesis is a wellgansedsystem with an
assembly plan which doesndt |ieaaleastna @sac e
much structuradiversity as we can find for oligosaccharide structures, called glycans.
The structural variability of glycans is determined by the connection of monosaccharides
to oligo- and polysaccharides and the possible modifications with varying functional
groups on the monosaccharide building blocks. Thus regiad stereochemistry
contribute to the huge variety of glycdfisAlthough carbohydrates represent a majority

of the organic mass aarth the structural diversity and the resulting functions are not yet
fully explained®>® The potential of carbohydrates as energy storage and energy source
had already been discovered by the pharm&@mpstSTANTIN KIRCHHOFFin 181117 At

the same timeEmIL FISCHER also investigated carbohydrates such as glucose and
published the corresponding structure eluciddfidf.Also the photosynthesis research
made progress at this tirtd. The knowledge about carbohydrates was limited to the field

of energy and nutrition for a long time. Step by step also the connection béteadtn

and glycans was perceivedLAUDE BERNARD mentioned diabetes in 1845 for the first
time and opened the field of research about metabéifsmlany findings about the
intermediary metabolism were published in the beginoinpe 2" century!'>7 Also

the realisation that the specific blood groups of the human ABO system are defined
according to their individual saccharide decoration illustrated once more that
carbohydrates play an essential role in every area and stage §f-f#f€accharides even

play a decisive role in the first second of life since glycans are said to be involved in many

stages of the reproductive procéskor instance they influence the sperm migration to

O |
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the site of fertilsation ¥ Nowadays it is known that carbohydrates also play fundamental

roles in biological recognition processes as it is the case in cell recogitfn
communicatiof¥ and invasiol? i either by commensal or pathogenic speties

Although the field of carbohydrate search- also referred to as glycobioldgy - is

growing since the late 1980s there are stititaof question marks concerning the impact

of glycans for lifd® Thus there is a great interest to achieve a deeper insight into the
function and biology of natural occurring glycans. Howevek ass-JOACHIM GABIUS
stated in hTheSbpak €ewnded, etdhe di versity of
blessing and a ¢se. More ingenious tools for the analysis and synthesis of glycans are

still required for the investigation of the diversity of glycoconjugates and their role in

naturel?’-28

1.1.1 Bacterial adhesion as one form of carbohydratgrotein interaction

Cell surface glycans play an important rolglycobiology since they are essential in cell
recognition and cell adhesiéh.More precisely cell recognition can occur if one
counterpart e.g. bacteria can recognimsglycandecoration of a targeted celh special
carbohydratévinding proteins, saalled lectind?® The glycan layer on eukaryotic cells

is referred [&3®Thagycodatytisan appraximgtedydam thick layer

of inhomogenously arranged glycoconjugatds.Those oligosaccharides can be
embedded into the cell membrane either through proteins (glycoproteins and
proteoglycans) an the form of glycolipids (cf. chapt®rl.1).*3 Glycoproteins can occur
either asN-linked or O-linked oligosaccharidedN-linked means that the respective

s a ¢ ¢ h a 4glycasilicailydinkdd to the side chain of aspginel®¥ Wherea-linked
means that the particulgtycani which has a\-acetylgalactosamine (GalNAc) moiety
within its structure i s-glycosidically linked to the side chain hydroxyl group of serine

or threonine, respectivelyFigure 1). O-Glycans are often referred to as mudffis.
Interestingly, the composition of the glycocalyx is highly individual and differs for every
cell type. It also changes due to aging processes and in difeade. functionof the
glycocalyx and the connected biological processes are not yet fully understood and thus

are the subject of current research.
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Proteoglycan
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O Galactose (Gal) . Glucose (Glc) ‘ N-Acetylneuraminic acid (Neu5Ac) A Fucose (Fuc)
D N-Acetylgalactosamine (GalNAc) . N-Acetylglucosamine (GIcNAc) . Mannose (Man) * Xylose (Xyl)
0 Iduronic acid (TdoA) Q Glucuronic acid (GlcA)

Figure 1. Schematic presentation of a eukaryotic cell membrane with embedded gly¢agstayl cyox 6 ) .
Glycan structures are commonly linked to the membrane either as prdtgyeeproteins and
proteoglycans) GPI anchors or glycolipids. The carbohydrate moieties are depicted according to the
conventions introduced by the Consortium for &ional Glycomics (CFGI®

The glycocalyx enables the adhesion of bacteria to eukaryotic cells. This process is
essential for mammals. The hunrancous membranes are coktlby a multitude of
commensal bacteria. Those are part of the immune system since they inhibit the
colonisation of pathogens. But as soon as those commensal bacteria colonize body
regions in which t he yconditom thbse lactariau becomen d e r
pathogens as well? A well researched example de coli (Escherichia coli bacteria.

Those grarmegative bacteria belong to the family of Enterobacteriaceae and colonize the
gastrointestinal tract as commensal baatéi NeverthelesssomeE. coli strains are
pathogens and cause diseases like urinary tract infsc{ioropathogenicE. coli,
UPECJ®*¥, meningitis (neonatal meningitis causifig coli NMECY*? or diarrhoe
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(enteohemorrhagicE. coli, EHEC)!“Y The adhesion of bacteria on cell surfadasth

commensal and pathogenis mediated by adhesive organelles theaited fimbriae.

The surface of bacteria is decorated with different kinds of fimbriae. For example UPEC

show a large quantity afpe 1 fimbriae which are encoded by the fim gene cluster and

P fimbriae which are encoded by the pap gene cluster. The process of bacterial adhesion

is mediated by special protejriee sacalled lectins. They are either located directly at

the surface fothe bacterium or at the tip of fimbriae. Lectins are classified with regard to

their structure and function in groups of € and Rtype lectins and galectins for animal

lectins for instanc&? Bacterial type 1 fimbriae consdably contribute to adhesion and

virulence. Those fimbriaeareZl ¢ m | o n g rm@mddiamateo. TypédimbFiae

can be divided into two units: the fimbrial shaft and the tip. The shaft is built by up to

3000 FimA subunits which are arranged hdlyca he pilus rod carries one FimF and one

FimG unit on top and the last unit of this chain is the lectin Fifdigufe 2). FimH

consisting of two domain$ the lectindomain and the pilin domain acts as the
carbohydrate recogniti oip-mahoosepecific®*CTRED) whi c
entrance of the CRD is flanked by two tyrosine residues (Tyr48 and Tyr137) which form

the secalled tyrosine gaté® Therefore ligands with an aromatic aglycone show an
increased affinity for the lectiFimMHdue to ~° i1 nteractions with
correlation can be c o-pmanmbsdrased FiniHeantagoniste sy nt F

as antiadhesives in andhesive therapies to prevent bacterial infectit/ffg.

The synthes of type 1 fimbriae is controlled by the chaperone/usher pathway. The
protein FimC as scalled chaperone ensures the correct protein folding of the pilin
subunits within the periplasm. As soon as a suitable conformation is obtained the subunits
can passhe outer membrane via the protein FimD which therefore is called the usher.
Subsequently the passed subunits are integrated in the growing fimb#&l rod.
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Figure 2: (a) AFM (atomic force microscopy) picture Bf coli®¥; (b) Schematic representation of a type
1 fimbria of E. coli. The fimbria consists of differemt subunit
mannosespecific CRD at thé&p. Fimbriae are formed via the chaperone/usher pathway in the peripdasm.

Although the process of cell adhesimas elucidated as outlined above, many of its
details are not yet fully investigated. Glycoarrays have been proven to sealeades

tools for the investigation of carbohydraieotein interactions, but there is room for
further improvement. Indeed, the glycoscience is still in need of new methods and
techniques to provoke significant progress in the field of glycomics as dlie di

proteomics already experiendéd?d
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2 Objectives

The focus of this thesikes on carbohydrates as mediators of baatemdhesion. The
process of bacterial adhesiaasaddressed from two perspectives regarding the bacteria
and their adhesive organelles on the one hand and considering the adhesive glycosylated
surfaceon the other hand~{gure3). Hence, the first part of this thesis deals with various
glycosylated surfaces in the context of Fimtédiated bacterial adhesion. The
glycosylated surfaces were investigated both on theeecntdr level and in a broader
context as glycosylated lipid layers. For the investigation of glycosylated surfaces as
adhesive films, polystyrene surfaces weradified with different glycosie derivatives

(cf. chapte®d). This projectvasfocussed on the different parameters which influence the
binding process. The density of the glycosidic layer, the arrangement as well as the
orientation were considered as welhasv close the respective glycoarray resemble their
natural counterparts. The focus of the project dealing with lipid layers (cf. cl3aptas
motivated by the yhamic processes occurring lipid bilayers. In this context, the
influence of carbohydrate moieties of special tait@de glycolipid mimetics was
investigated regarding structure and dynamics. As functional handle the glycolipid
mimetics were equipped it an azobenzene moiety to make the structure of those
amphiphiles sensitive to irradiation with UV light. The incorporation of the glycolipid
mimetics creatda dynamic membrane system which is an interesting model system for
the mimicry and investigatioof processes occurring within cell membranes. This work
was performed in collaboration with DBRIDGET MURPHY at the Institute of

Experimental and Applied PhysiasKiel University.

The project dealing withifhH as adhesive organelle (cf. chapirtook an approach
which comprises organic synthesis drdchemistry. The goal of this projeatas to
enable photoswitching of mannespecific adhesion by chemical modification of the
adhesie protein FimHThe project aimed at attachiag azobenzene at the entrance of
the FimH carbohydrate binding site by a sfeecific bioorthogonal reaction. The
azobenzene moieitg meant to functioms a photosensitiv@gate keep@&molecule that

can bbck the binding site in one photochemical state and leaves it open in its isomeric
form. Thus, labelling and the control of adhesivity can be achieved in one step and will
enable new methods for the investigation of the binding mechanism of the lectin FimH
In the course of this projeca library of potentiakigate keepérmoieties as thioester

precursors were synthesd The synthesis was accompanied by molecular modelling
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studies and molecular dynamaistudies for the investigation of the opening arasbicig
process of the binding site by photoswitching. In addition, photochemical properties of
all synthetic molecules were investigated to validate their intended use. Eventually, the
biochemical ligation will be performed ByARINA SPORMANN under the supwgision of

Prof. Dr.THISBE K. LINDHORST at the Otto Dieldnstitute of Organic chemistry at Kiel
University.

surface modification
glycoarrays

photoswitchable labeling

model
membranes

‘Gate keeper’ 4

Control of
bacterial
adhesion

Figure 3. Overview of the interdisciplinary projects of this thesis.

Finally, work aiming at the synthesis of fshlifted azobenzene glycoconjugates was also
performed (cf. chaptes). (5459
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3 Photoswitchable glycolipids for the investigation in lipid

layers

3.1 Introduction

Glycolipids areamphiphilic molecules and important constituents of cell membranes.
Membranes as special representatives of lijgiaid interfaces are of great importance
for biological systems. They do not only operate as barrier between cells but also play a
key role in regulatory processé¥® Whereas solid interfacesvere thoroughly
investigatedliquid interfaces offer a wide sphere of aspects for research. Hence, it is
known, for example, that there is a direct link between the lipid environment of ion
channels in membranes and their structure and furiéfld®hotoisomerizable molecules

are valuable tools in investigating the details for such important biologicaeégses.
Therearestudies about rather artificial amphiphilic molecules which can indeed mimic
dynamic changes within membranesiégmerisatiorof a photoswitchable unit but lack

the comparability to naturally occuring lipids thougff On these grounds we designed
photoswitchable glycolipid mimetics for spectroscopic studies and for the investigation
of Langmuir Blodgett films composed tleef (Figure4). The integration of tailemade
photoswitchable glycolipids into phospholipid membranes will enable the analysis of

biologically relevant characteristics of the ntaanehost system regarding structure and

A D

—
hv,

. Hydrophilic Azobenzene Lipophilic diacyl- ——
\ N glycoside switch glycerol moiety

kinetics.

:

Figure 4: Light-induced switching of azobenzene glycolipids embedaeda DPPQ1,2-dipalmitoyl-sn-
glycero3-phosphocholine monolayer can mimic dynamic changes within lipid monolayers.
Conformational changes can be triggered due td&tAésomerisatiorof the azobenzenmoiety and can

be investigated regarding structure and kinetics.
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3.1.1 Amphiphiles and lipid layers in biological systems

Lipids are one of the main groups of functional biomolecules in addition to carbohydrates,
nucleotides and amino acids. Whereas the threerlastioned classes build up polymers

by covalent bonds, lipids form macromolecular entities by supletular interactions.
Lipids can be categorised into fatty acids, triglycerides, wax, isoprenoids, phospholipids
and glycolipids. Many lipids resemble amphiphiles, namely phospholipids and
glycolipids!®$1 Amphiphiles are charactegdby a hydrophilic headgroup on the one
hand, and on the other hand by a lipophilic tailgrddence, amphiphilic lipids aggregate

in water to form micelles or lipid bilayers, respectively. Lipid bilayers form compartments
both between cells theirselves and between
essential for many processes lofe e.g. signalling, regulation, transport and cell
communication®? Since every system seeks for a state of equilibrium which is
charactesedby a minimum of lowesGiBBs free energy, membranes are essential for
living systems as they function as fundamental barriers. Membranes provide distinct
cellular regios which come along with a differential of various concentrations for
instance ATP, the currency of energy in cells. Those concentdgioendent potentials

are the impetus for life. In absence of barriers both cellular ingredients like proteins,
nucleic &ids, nucleotides and carbohydrates and ATP would diffuse away from the cell
totally uncontrolled. The scattered diffusion would happen so fast that live would not be
possible®d

As already mentioned above cell membranes are constituted by phospholipids,
glycolipids and cholesterol, which is an important structure factor. Due to its rigid
structure, cholesterol makes the membrane less, fluiléed but at the same time it
prevents a too large density of the hydrocarbon residues which belong to the other
membrane constituents and therefore precludestallisatiorof the bilayert®¥ The class

of phospholipids includes glycerophospholipids and sphingophospholipids.
Glycerophospholipids feature a glycerol core structure. In contrast to triglycerides just
two of the three hydroxyl groups are esterified with fatty acids, whereas the third hydroxyl
group of the glycerol unit is connected via a phosphordiester bond with either
aminoalcohols, more precisely choline, serine or ethanolamine or polyols, forcastan
inositol. Sphingophospholipids in contrast to glycerol lipids are composed of a sphingosin
(1-amino4-trans-octadecend,3-diol) backbone which is just monoacylated at the amino
functionality (ceramide structure). One of the hydroxyl groups remains difieth

whereas the second OH group is either esterified as a phosphordiester resulting in
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sphingomyelins or it is glycoslated, resulting in glycosphingolipids. The simplest
representatives of glycosphingolipids are cerebrosides, which are functionatisgdstv

one carbohydrate moiety which is in most cases glucose or galactose. More complex
derivatives are called gangliosides which are equipped with complex oligosaccharides
containing sialic acid derivatives. In particular, those negatively charged aad
residues give distinction to the cell surfaBeg(ire5s).*2

Gl hospholipid o o]
yeerophospholipt /\/\/\/\/\/\/\)LO O,F{\/O\/LCOO@ @
o T
phosphatidylserine \/\/\/\/\/\/\/\WO
(o]
Sphingophospholipid OH o ®
L i
= 0"y | > (Za)
sphingomyelin VW\/\/MNH
(o]
. . OH
Glycosphingolipid HO
WO
cerebroside \/WWMNH OH (Z2b)
o} o]

Steroid

&)

cholesterol

Figure 5. Representatives for the three classes of membrane lipids: Glycerophospholipids,
e.gphosphatidylserinelj, theclass of sphingolipids, which can be divided into sphingophospholipids, e.g.
sphingomyelin 2a) andglycosphingdipids, e.g. cerebrosid@l)) and steroids, e.g. cholesters).(2

Membrane features are influenced by different parameters such as pressure, temperature
and the composition of the hydrophilic as vasithe lipophilic parts. Depending on these
parameters, membranes adopt various phases and phase transitions. Phase transitions are
connected to function and in order to elucidate such struftitnction relationships,

suitable model systems are requirdtbnolayers are outstanding model systems for
membranes since lipid bilayers consist of two interacting monol&{étsif amphiphilic

lipids are deposited on a water surface, they arrange due to their bipolarity. The
hydrophilic headgroup orients towards thetevasurface and the lipophilic tailgroup

angles off towards the air. The resulting monomolecular insoluble films are called
Langmuir monolayers. Langmuir monolayers can be studied with respect to various

(thermodynamical) variables. Langmidtodgett troudps for example are used to
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investigate the surface pressure of an amphiphilic monolayer on a specific subphase
(commonly water) by varying the surface dimension by a movable barrier. The results
can be depicted in the form of a Langmuir isoth€fA schematic Langmuir isotherm

is shown inFigure 6. Monolayers with a spacious allocation of molecules on the
subphase, where the area per molecule is large, can be describeddandngional

gases. By increasing the surface pressure amcelgecreasing the area per molecule on

the subphase the monolayer can be converted intecalled liquid expanded phase.
Continuing compression leads in the first instance to a plateau of surface pressure despite
compression. This fact indicates a fostler transition. After transcending this plateau,

the monolayer converts into a condensed phase. Further compression leads to a kink of
the isotherm and ends in an untilted condensed phase. The kink originates from a
decreased compressibility. The umilt condensed phase is often referred to as solid
phase. But in both cases of condensed phases the hydrocarbon chains of the lipophilic
part are straightened in parallel merely differing in their orientation in relation to the
subphasé&l

§% %% E% %% E% E% untilted condensed

B o
P41

liquid expanded

Area per molecule

Surface pressure

phase
coexistence:
Condensed and
Liquid expanded

v

Figure 6: A schematic Langmuir isotherm for some monolayer of amphiphiles on a water subphase. A
horizontal trend of the isotherm shows an area in which two phases can coexist dg¢dodefitransition.
The kink in contrast suggests a continuous transition

Lipid bilayers can also be classified with respect to their occurence. A distinction is drawn
between lamellar and ndamellar phases. Whereas there are different lamellar phases

there is just one nelamellar phase, the liquidrystalline Lyphase. Many biologically
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relevant processes happen in the liquid crystallinepthase and therefore many
investigations focus on thistate of bilayers. Nevertheless, it is worth mentioning that
those processes occur in dependence of temperature or surface pressure as already
discussed before for monolayers. In the context oflanellar bilayers the terms subgel

Lc gel phase b.and Ly, @&s well as rippled phase Rre commonly used. The subgels L

are characterised by a high organisation of the hydrocarbon chains, therefore also referred
to as liquid ordered phaseojland a tilt angle with respect to the bilayRy. increasing

the temperatutdor instancethe system can be converted to a lamellar gel phasar (L

Ls » In analogy to theilted condensed phase in case of monolayers, the lipids lipophilic
parts are arranged with a tilted angle relating to the dxilagrmal in case ofglphases.

In the Lp phase the lipophilic parts are disposed parallel to the bilayer normal. When the
temperature is further increased, a transition to a liquid crystalline phase occurs which is
charactesed by a disordered arrangem@f the lipid tails. The transition from the gel
phase to the liquid crystalline phase can arise either directly or via a rippledRshase

For that purposehe gel phase first converts to the rippled phase which is not just rippled
but also tremendolysswollen; neverthelesshe lipophilic tails are still ordered. During

further increase of the temperature the rippled phase can melfhade Figure7).["3

T 2oy T T 7oy
LU WL G Ul ek

(A) L, phase (B) Ly phase (C) Ly phase (D) Pg. phase (E) L, phase

Figure 7: Schematic representation of known membrane patterns. The state of bigfaestation is the
L. phase (A) followed by the lamellar gel phasggR) andLs {C). The lamellar gel phases can convert
into a liquid crystalline kphase (E) either directly or via a rippled phasg[P).l"4

All descriptions outlined above are models which apply best for homogenous lipid layers.
However, biological relevant membranes always consist of different constituents such as
glycolipids and cholesterol. This mixed composition leads to variatdeactions of the
various components and therefotlee naturally occurring membranes are not always
homogenous as described above in a simplified way. Often, membrane lipids build
domains due to their heterogeneity. Lipid domains differ from the surrounding parts of
the bilayer. Domains of high glycosplolipid and cholesterol concentration are called

lipid rafts. Whereas sphingolipids interact via weak attractive forces between the
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glycosice headgroups, occurring voids are filled by cholesterol molecules. Lipid rafts are
more ordered and more tightly ga&c than the surrounding and moreover, they float
freely within the bilayeF? ">78 Until to date, lipid rafts are not conclusively understood
and especially photoswitchable lipid derivatives might be valuable tools for their further

investigations and thus the key for remaining questor.

3.1.2 Azobenzenes as molecular switching lever of biological function

Molecules which can function as switchable hinges or molecular joint, respectively,
triggeredby distinct stimuli are of great importance and interest in research fields ranging
from material science to biological chemistry. Molecular switches can be toggled between
at least two distinct thermodynamically stable states by exposure to an exteraliss

As stimuli light, heat, mechanical strE9sand pH canbe considere? Molecular
switches open a wide field of fascinating applications. They can be used for optical
devices and for imaging¥ as molecular maching&®® and for tailormade functional
materials like polymer$%89 Furthermore, a lot of promising applications can be
considered in the field of life sciences where especially photoswitches find applications
owing to non or little invasive stimulation. In addition, they are beneficial due to their
high temporal ath spatial resolution. Photoswitches can be used in photopharmacology
e.g for drug deliver{?®®¥ or as modulators of protein activifi#®® Current
photoswitches are spiropyranes, diarylethenes, fulgides and probably the most famous
and longest investigated representative of molecular photoswitches are azob&fzenes.
They show favarable photochromic properties, as azobenzenes are chaettayian
effective E/Z isomerisation The planaiE-isomer is thehermodynamicallynore stable

form which can be corarted to its benZ-isomerby irradiation with UV light®™%® The
backisomerisationZ A E can be triggered either by heat leading to thermal relaxation
by irradiation with visible ligptt® or electrochemicall{t®® Not only the angle of the
molecules does chge upon irradiation but also the dipole mom#nis the polarity and

the volume expansion change upsemerisationWhereas the enh-end distance of the
E-isomer adds up to A, for the Z-isomer this value is reduced to R51°%1%4 |deally,

the properties of azobenzene derivatives can be tuned with regard to the requioéments
the targeted applicatidt>1%@ For instance, azobenzenes can be grouped into slow and
fast switches depending on their Hik. Thevelocity oftheswitchingprocessn turn is

dependant on the mechanism isbmerisation A distinction is drawn between four
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proposed mechanisms, namely rotation, inversion, concerted inversion and inversion
assisted rotationSchemel).l1°%113 @ast switchecan be addressed by short pulses of

light and are characteedby a short halife due to immediate thermal relaxation.
Consequently after withdrawal of the stimulus Eastate can be retrieved in the range of
microseconds time scdféd Those properties are ideal fdhe use as optical
oscillator$'¥ and for applications like data exchange and real time information
transmitting™*¥ Neverthelesghe focus on science is on the development of even shorter

time scaleof nana, respectively picoseconds whickvererealised for spiropyrariét”

19 and diaryletheri&?d derivatives up to now but not for azobenzeh&s.dast

switche® are in many ways of great importancecsirtheymight be used for future

applications in cell communication proces8és!?3 for the imitation & cilia
movement?*124 and as molecular musclé€s'?? In contrast,é&low switche8 like
photoswitchablelerivatives for data storageseda long durability and prevention of
photobleaching to enable countless switching cyétés2¢132 To adapt the language of

data storage the Owritten stated should be
many biological, medical and pharmaceutical applications such as the manipulation of

ion channels for the regulation of nociceptiti™®™ 6 Fast switches6 can b
pushpull azobenzene derivatives which are equipped with a strong electitonaothe

para-position of one phenyl ring and a strong electron acceptor on the fapasialie
position of the second phenyl ring. This su
state and thus promotes therizig| E relaxation!'3 In addition to the substitution pattern

which can increase the dipole chardétrof those moleculeshe thermal relaxation is

also favoured by polar solveRfd and increased pressuté®4d Due to the asymmetric

electron distribution and the s@lting high dipole moment, pugiull azobenzene

derivatives undergsomerisationalbeit much discussétf}**3 in many cases pursuant

to a rotational isomerisationmechanism $cheme 1).1143148 pyshpull azobenzene

derivatives withanespecially fast therm&A E relaxationwereintroduced by ELASCO

and coworkers. Those molecules are in shape of bithionylpywesied azo dyg&’

azopyridines and azopyrimidinB$? cationic azo dyé¥9 and cationi bisazo

derivatived148
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Schemel: Proposed mechanisms for tBed Z isomerisatiorof azobenzenes. All steps are supposed to
be reversible in case of thermal or lightluced backsomerisatiorz A E.[*13

Biological applications for instance require photoswitches which can be excitated by
|l onger wavealherfdtdoh (tdr epdr event damage on
surrounding tissue in case @i vivo applications*®51 Furthermore, azobenzene
derivatives for use in biological systems alswenhto fulfil further requirements besides

the wavelength foisomerisationnamely water solubility, biocompatibility and stability
towards hydrolysis and reductiff? Besides this, not just the litéme of an azobenzene
compound in general is of scientific interest but also thelifi@lis in focus of potential
applications. As every material, molecular switches must also pass a quality check and
have to be chactersedand evaluated in view of the requirements mentioned above. For
that purpose a variety of analytical methods can be executed. Some methods which are

relevant for this project are presented in the next chapter.

3.1.3 Tools for the investigation of lipd layers

Many publications are known reporting about the effects and processes which azobenzene
derivatives can evoke when embedded to a lipid layer like membranes or lipé¥bmes.
153163 MoRrGAN et al. for instanc@évestigated the release of a fluorescent marker from a
liposome due to photoinducedomerisationof azobenzene derivatives which are

embedded in the respective liposofid. Although the effect of the photoswitches in

t
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those experimentare known it still has to be encoded which events run down during
isomerisation on the nanoscale of the lipid systéffiszor those investigation methods

like X-ray reflectivity in @mbination with Langmuir Blodgett troughs, atomic force
microscopy (AFMW65168 gnd differential scanning calorimetry (DS} lend
themselves. Xay reflectivity is an interferometric method to analyse surfaces, thin films

and multilayers$®®1¢9 The basic concept of this method is that an incomingybeam

with a wave vectorka n d e nt r annsaedlectadnog theinteiface between two
layersnand@ For fl at angles of incidenge total
exi t adnghdahe ldtensity of the emergent beam can be deteeigar€8). This

setting which assumes a perfectly flat surface and excludes absovpidheoretical

described by¥resSNELIY" Since many surfaces are rough by natanel besidest is not

trivial to prepare perfectly flat surfagebe FRESNELequitation has to be considered as a

model which needs modifications to describe real systems. One reliable roughness model

has been proposed BiEvoT andCroce!*"Y Two aspects have to be considered in case

of larger angles. First of albne has to consider that not the complete incoming lieam
reflected but a minor lot can pass the interface and transmission of the other phase can
occur. Secondlyin case of surfaces which are not perfectly flat e.g. rough surfaces or

| i pid layers the beamin% sdbutscatteegp. Basitles somé y r e f |
percentage of the beam is also subjected to transmission. This part is clsadinyesi

wave vector kand enters the second phasevi t h  an e nt Refattoein angl e
dependence of the material befalls the transmitting beamXHays the refractive

indexn is defined as:

n=17 4i ib
The real number O terms the dispersion whi
cl assical el ectron radi us and t he wavel en

absorption which is dependaort the wavelength and the linear absorption coeffigent

The electron density is the crucial parameter for the reflectivity of an intétfadeirst

and foremost Xay reflectivity is a good method to investigate the thickness of films and
also to provide a profile of layer thickness. From the measured data it is also possible to
determinethe electron densitwith the aid of computelbased models and the surface
roughness. The surface roughness is defined as a statistical deviation of the local surface
from the mean surface. Thus the roughness can be mathematically considered as the root

mean square deviation from the mean surf&ce.
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Figure 8: Schematic representation of the interaction of an incoming beanitl an interface between
one phase with a refractive index n amgtaond phase with a refractive indexThe entrance bean s
partly reflected (k) and partly scattered gk

To gain dependable results fromrXy reflectivity measurements of liquid interfaces a
high-grade surfacenustbe prepared. Such reseadan be performed within Langmuir
Blodgett troughs. These are temperaitwatrolled troughs which are filled with a carrier
material, usually water, to create a licuainl interface. After addition of molecules to be
investigated, e.g. lipids, those indrents can align themselves with the interface, in case

of lipids the polar headgroups dip into the water surface and the lipophilic tail portions
straighten up towards the air forming monolayers. Furthermore, Langmuir Blodgett
troughs are equipped with larrier which can be piloted within the trough for
compression of the layer. The resulting surface pressure can be detected with a Wilhelmy

plate. The resulting Langmuir isothermerealready discussed in chaptef.1
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3.2 Resultsand discussion

3.2.1 Synthesis of azobenzene glycolipid mimetics

The targeted photoswitchable glycolipids are composed of two parts, a hydrophilic
oligoethylene glycol glycoside headgroup and a lipophilieO-dzobenzene
diacylglycerol ether tailgroup. Botomponents were functionalised to allow ligation by
copper(ycatalysed 1, @i pol ar cycl oaddition (6éclick che
the glycoside was equipped with an azido substituent, the azobenzene moiety of the
tailgroup was alkyndunctionalsed. In addition, control compounds were designed
lacking the azobenzene or the carbohydrate moiety, respectively. This molecular design
is the basis for a library of three different hydrophilic building blocks on the one hand
and four different lipophit components on the other haiiglre9). Their combination

by click chemistry resulted in a library of twelve different (glyco)lipid mimetics which
were compared garding their physicehemical properties. As hydrophilic headgroup,
D-glucose and D-lactosefunctionalised oligoethylene portions were chosen. The
hydrophilic component was based on a glycerol ether, esterified either with lauric acid
(C12) or palmitic aid (C16)(*"4

‘/‘ rr— %
el osm— - [ QX‘,’V"

//f m

/

OEG

Figure 9: Schematic representation of the building blocks for amphiphile synthiesidick chemistry
Hydrophilic parts are shown on the left and lipophilic parts are shown on the right.

For the synthesis of the hydrophilic part medosylated triethylene glycd@ was
synthessed according to the literatureS¢cheme?2).!™¥ Tosylate2 was then easily
converted into the respective azB&>"3 by nucleophilic substitutiorwith sodium
azide. However glycosylationto form glycoside® and 7, respectively,was best
performed with the tosylatrather than witl8. Theglycosylation step ishe limiting
factor of theenire synthetic sequence. As glycosyl donors, glucose pentaat¢etate

lactose octaacetafewere used as anomeric mixtures. The boron trifluoride diethyl
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etheratecatalysed reaction yielded the glycosiesnd 7, respectively,as pure
b-anomers in yieldsof 58% and 50%, respectively. The following nucleophilic
substitution with sodium azide gave the azidoctionalised glycoside8 and 9,
respectively, in high yield$’8 Subsequent deacetylation un@@EvpLEN conditions:”?
quantitatively led to the desired compoud@sand11. (Scheme2).[178

pTsCl, NEts, NaN, TBAI,

dry CH,Cl, dry DMF, 65°C o
HO OH —— > HO oTs —_._ . > HO N3
St 16 h —r1t,16 h 2
50 % 66 % 3
; OAc i
BF4Et,0, dry GH,Cly, | | 0 ACO§OAC o |
3-ELO, dry CHyCl,, AcO OAc oOr 0 :
0°C —>rt, 16 h i AcO ¢ 7 A0 o 2 -0Ac!
; OAc Aco AcO :
i OAc !
: 4 5
L
6 R'=R?=Ac, R®=0Ts (58 %)
OR2 1_ 2 _ 3 - o, /]
7 R'=R-D-Gal(OAc)s, R? = Ac, R® = OTs (50 %) NaN,, TBAI, dry DMF,
R'O 0 65°C,5h —>rt, 16 h
R%0 OvtRs 8 R'=R2=Ac, R®=N; (89 %) S
3 i
R?0 9 R'=R-D-Gal(OAc)s, R? = Ac, R® = N3 (93 %) NaOMe,
dry MeOH,
10 R'=R?=H, R®=N; (93 %) -] ™ 16h
11 R'=R-D-Gal, R? =H, R® = N; (96 %)

Scheme2: Synthesis of azidéunctionalised hydrophilic building block$, 10 and 11 for amphiphile
synthesis.

Next, the lipophilic tailgroups which were based ob-@-[(propargyloxy)azobenzene]
diacylglycerol ether core were synthe=il (Scheme3). For that purpose, first the
propargylated azobenzef® was prepared according to the literatt?? and employed
in a WILLIAMSON ether synthesis with the tosylated isopropylidpnatectedglycerol
derivativel3in the next step to obtall#in a high yield of 88%. The glycerol dévative

13 was synthesedas enantiomeric mixture oR}- and §)-configured sterecisomers
according taPFAENDLER.[*8Y For the removal of the isopropylidene protecting grdup,
was treated with hydrochloric acid in THF to furnish the the desired 8iwl a yield of
56 % together with the starting materif!, which was recovered in a yield of 3@ For
the synthesis of the required lipophilic building block, diblwas subjected to a
STEGLICH esterification using dicyclohexylcarbodiimide (DCC) and
dimethylaminopyridine (DMAPY2 Lauric acid (C12 derivative) and palmitic acid (C16
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derivative)were employed for esterification to obtdhre diacylglycerol derivatives6
andl17in a yield of 48% and 80 %, respectivelp¢hemes).

OR!

/©/OH TsO\/OK//Vo @/O”ORZ
/©/N:N 13 N=N
K,COs, dry DMF, /©/
//\O 2L03, dry _ o

Z 12 80°C,8h—rt, 16 h 4

14 R'+R2=isopro
86 % ProP 1 HCI/THF,
rt,3h
15 R'=R2=H 56 %

O oo O“C—)ft,16h

//\O/©/ 16 n=10 (48 %)

Z 17 n=14 (80 %)

O\)\/O 5 E DCC, DMAP,
Q "CMs { n=100r14 © | dry CH,C,
N=N

Scheme3: Preparation of the lipophilic building block: Synthesis of th®-l(propargyloxy)azobenzene]
diacylglycerolethersi6 and17 was performed according 8recLicHd s pr B edur e .

Finally, the targeted photoswitchable amphiphiles were obtained by ligation of the
hydrophilic azidefunctionalised derivative3, 10 and 11, respectively, with the
lipophilic 1-O-[(propargyloxy)azobenzene] diacylglycerol eth&éand17 by copper(l)
catalysed 1&lipolar cycloaddition $chemed4). Addition of pentamethyldiethylene
triamine (PMDTA) as an copper {idn stabilising reagerit®d was essential to improve
poor yields (~1®%) to 83% and 734, respectively, for the photoswitchable Gdidcyl
b-D-glucoside20 and the respective Cdbi a cDyglucofide2l. Hence, PMDTA was
used for all click reactions in connection with this project. The photoswitchable C12
d i a cDyldctositle amphiphil@2 was obtained in a yield of 71 % and the respective
Cl6d i a cpyldctosie amphiphil@3in a yield of 70%. To facilitate the investigation

of the influence of the carbohydrate headgroups in lipid layers in context of dynamics and
structural changes, two derivativEBand19with just an oligoethylene glycol headgroup,
lacking the carbohydrate portion, were syntbedas well and obtained in yields of 8¢

for the C12 derivativd8 and 85% for the respective C16 derivati¥®.
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n=10 =N o n=14

' 18 R= H, (87 %) : 119 R=H (85%)

! 20 R= p-D-Glc (83%) ' ! 21 R= B-D-Glc (73%) !
1 22 R= B-D-Lac (71%) ! i 23 R= B-D-Lac (70 %) :
\ ! \ ,

Scheme4: Synthesis of photoswitchable target amphiphiles by click chemistryrdpidic building
blocks3, 10 and11 wereligatedvia copper(lJcatalysed 1,3dipolar cycloaddition with lipophilic building
blocks16 and17to achieve amphiphiles3-23.

For a reliable evaluation of the photoswitchable properties of amphid&i23 control
compounds, lacking the azobenzene moi2®34 were required. Therefore, the
synthetic pathwagutlined above was modified accordingchemeb. Starting from the
isopropylideneprotected glycerol derivativ®4, theknown propargyl glycerol eth@5

was synthesied as RS) mixture accordingto a procedure of ATXAGUE et all'84
Removal of the isopropylidene protecting group with hydrochloric acid in THF amounts
to diol 26in a yield of B %. Then, the dioR6 was subjected to esterification with lauric
and palmitic acid in analogy to the preparation of the respective photoswitchable diacyl
glycerol derivatived 6 and17. The resulting propargyl diacyl derivativegand28were
utilised n a 1,3dipolar cycloaddition using the hydrophilic counterp&td0, 11 to
obtain the C12 diacyl glycerol mimeti28, 31, 33and the respective C16 diacyl glycerol
mimetics30, 32 and34.
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: (0]
5 Ho)k(vrcH3 5 i
X N er OR! E "o OJ\HCH3
o O \/K/OR2  n=10o0r14 | Od\/on
0) S '
- > \”/HECH3
KOH, dry DMF, DCC, DMAP, dry CH,ClI,, o)
OH 50°C,16h ‘l OOCA)I't,16h H 27 n=10(48%)
0,
24 69 % 28 n=14 (51 %)
25 R'+ R?=isoprop HCITHE
rt,3h
26 R'=R?=H 75 %

J\H/CHg { 3 R=H 0 E
0™ My © 10 R= B-D-Glc RO{/\/ 1\z/\"‘ai
S’JO\)\/O CH, | 11 R= D-Gal(p-14)-p-D-Glc :

J S PMDTA, CuBr,
{ n=10 tin=14 ; dry DMF, rt, 16 h

120 R=H, (72%) 1130 R=H,n=14 (61%) .
131 R=pD-Glc, (60%)|:32 R= B-D-Glc,n=14 (62%)!

Schemeb: Synthesis of noiphotaswitchable control compoun@9-34.

3.2.2 Results ofmolecular modelling

For the validation of measured data irray and Langmuir Blodgett film experiments it

is important tohave an idea about thkreedimensonal structureof the amphiphilic
molecules Therefore molecular dyamics simulations for amphiphile$8 to 23 as well

as the nosphotoswitchable control compoung8 to 34 were performed For this,the
programMacroModel*®¥ as implemented in th8chrédingeMaestrosoftware package
was used®d The calculations provided the atomic distances of different conformers and
their occurence. For dlvelvesynthessedmolecules18to 23and29to 34, 3D structures
werefirst setup with Maestrd'®® andthen theirenergywasminimisedwithin an OPLS
2005 force fieldwith MacroModel*®3 In addition the MacroModelsoftware has the
feature to perform molecular dynamisimulations which are based on classical
mechanics (Newton's equitation of motioffhe results of the molecular dynamic
simulations delivered the occurence of single conformeas charactesed by their
intramolecular distanceand are depicted belown Figure 10 to Figure 27. The
photoswitchable C12 i a c yo-glucofide20 is depicted in Figure 10.

The molecular dynamssimulations are focused on four parts of the molecule which are
shown n Figure10. The intramolecular distances were screened for the hydrophilic part
(highlighted in blue), the azobenzene moiety (highlighted in grey) and two lipophilic
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parts, starting from the central part (N=N double bond) of the azobenzene moiety towards
one or the other alkyl chain (highlighted in yellow and red, respecliffelyure10). The
numbering of the atomadicatedin Figurel0to Figure27was adapted from the Maestro

softwarel188

atoms 31-79 ‘

OH

HO \/\O/‘v \_/\N A R
CH r‘q -
=N 0—{: :}—N

A\ o

& ) .

‘ atoms 32-153

Figure 10: Molecular dynamis simulation with the photoswitchabl@l2-d i a c¢Drdluco$ide20. The
molecul was divided into four parts: the hydrophilic headgroup (blue), the azobenzene moiety (grey), and
two lipophilic parts, one for each alkyl chain (yellow and red, respectively).

The distribution of occurring intramolecular distances for the azobenzene portion
(measured from atom 26 to 37) is depictedFigure 11. The E-state showd possible
distances from 11.8 up to 12.1A with a highest probability around 1148 As expected

a contraction of the intramolecular distam@sobserved for th&-isomer of the molecule

with distances from 8.6 A up to 9%andapproximatelyd.0 A as he most probable one.

40000 - 10000 -

| © o
35000 e
0000  Aatoms 26-37 ; R | atoms 26-37
4 /‘.'
25000
3] ] 3
& 20000 o & 5000
& 1 g
-
5 15000 =
Q Q
Q 1 Q
© 10000 - o
5000
0 t * — T g T g T T g 1 0 = T T + 1
1.0 1.2 1.4 1.6 1.8 12,0 122 ] 7 8 9 10 1
distance (Angstrom) distance (Angstrom)

Figure 11: Intramolecular distanceand their occurencas determined forthe possible conformers of
amphiphile20. The distances were screened for the azobenzene rfroigtyatom 26 to 3AsE-isomer
(left, (a)) and the related-isomer(right, (b)).
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The distribution of occurring intramolecular distances for the hydrophiliqipaasured
from atom 31 to 79pf the inspected molecud as E-isomerand the lipophilic tails

(measured from atom 38 153 and32to 128 respectivelyare depicted ifrigurel2.

3500

atoms 31-79
3000 4 | atoms 32-153

2500
2000
1500 -] N

1000

occurrence

500

distance (Angstrom)

Figure 12: Intramolecular distanceand their occurencas determined forthe posible conformers of
amphiphile20 (E-isome). The distances were screened tfee parts of the molecule: thedrophilic
headgroup (blueand two lipophilic partspne for eaclalkyl chain (yellow and red, respectively).

In Figurel13, the distribution of occurring intramolecular distances for the three molecular
parts (as detailed above)6R20is depicted. The distribution of possible distances for the
alkyl chains is sggested to be rather broad for both Essomer and the&-isomer
resembling a multitude of sterically unhindered conformers. A slight contraction for the
C12 chain length can be observed for Zhsomerin comparison to th&-isomer The
curve of the hgirophilic part (blue) shows a clear maximum at approxima2¥# in the
E-state wherasthe distance range is broadened tA1® 24 A for the Z-isomer
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2500 4 | atoms 31-79
atoms 32-153
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Figure 13: Intramolecular distanceand their occurencas determined forthe possible conformers of
amphiphile20 (Z-isome). The distances were screened tfuee parts of the molecule: thedrophilic
headgroup (bluednd two lipophilic parts, one for each alkyl chain (yellow and resheetively).

As beforealsomolecule21 was divided into far parts for distance analysis.

atoms 31-87
i <CT|II

‘ atoms 32-175

Figure 14: Molecular dynamis simulations with the photoswitchab&l6-d i a cDyglucofide2l. The
molecuk was divided into four parts: the hydrophilic headgroup (blue), the azobenzene moiety (grey), and
two lipophilic parts, one for each alkyl chain (yellow and red, respectively).

The distribution of occurring intramolecular distances for the azobenzemheofpar
compound?1 (determinedrom atom 26 to 37) idepicted inFigurel15. In this case, the

simulation led to nearly the same data as with comp@0nd
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Figure 15 Intramolecular distanceand their occurete as determined forthe possible conformers of
amphiphile2l. The distances were screened for the azobenzene rfroietyatom 26 to 37 aE-isomer
(left, (a)) and the related-isomer(right, (b)).

The distribution of occurring intramolecular distances for the hydrophilic part (measured

from atom 31 to 87) and the lipophilic tails (measured from atom 32 tarid@?to 175,

respectively for theE-isomer of21 aredepicted inFigure16.
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Figure 16: Intramolecular distanceand their occurencas determined forthe possible conformers of
amphiphile21 (E-isomej)). The distances wergcreened fothree parts of the molecule: thgdrophilic
headgroup (bluednd two lipophilic parts, one for each alkyl chain (yellow and red, respectively).

The distribution of occurring intramolecular distances for the three paiZs21 as

exemplifiedabovearedepicted inFigure17. For the one lipophilic part (highlighted in

yellow) the distribution of occurring distances shows botlef@i andZ-21a rather clear

maximum. The second lipophilic tail (highlighted in red) showgather broad

distribution of conformers for th&-isomerand a even broader distribution for the
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Z-isomet with a maximum emerging at&Q In comparison with the shorter C12
derivative20, the alkyl chains of compouril in the threedimensional representation

are obviously shortened due to clumping. The hydrophilic part shows a distance
maximum at approximately 22 for the E-isomer and a slightly reduced distaficethe
Z-isomer (2QR).

itoms 31-87

25007} atoms 32-175

2000

1500

1000 ~

occurrence

500 IRy

distance (Angstrom)

Figure 17: Intramolecular distanceand their occurencas determined forthe possible conformers of
amphiphile2l (Z-isome). The distances were screened tfimee parts of the molecule: thgdrophilic
headgroup (blueand two lipophilic parts, one for eaclky chain (yellow and red, respectively).

The results of the molecular dynam&mulations with the nephotoswitchable C1-2

d i a cpyglucofide3l are depicted ifrigure 19. The molecular dynamgcsimulation

was focused on three parts of the molecule which are showmigare 18. The
intramolecular distances were screened for the hydrogdali (highlighted in blue), and
two lipophilic parts, starting from the central glycerol ether moiety towards one or the

other alkyl chain (highlighted in yellow and red, respectively

o atoms 26-64 ‘ atoms 26-132
OH 0 132

N
64 Hb Q o
HO O‘\./\‘O/\‘\/O‘\_/'\ 0. I

OH i

N:N 26

(=
=
{re)

Figure 18: Molecular dynamis simulationwith the nonphotoswitchableC12d i a cDrdlucofide31
regarding three parts of the molecutee hydrophilic headgroup (bluahd the twdipophilic parts(yellow
and red)starting from the glycerol ether moiety.
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The distribution of occurring intramolecular distances for the three parts of C12 control
compound3lis depicted inFigurel9.
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Figure 19: Intramolecular distanceand their occurencas determined forthe possible conformers of
amphiphile31. The distances were screened tfree parts of the molecule: tidrophilic headgroup
(blue)and two lipophilic parts, one for each alkyl chain (yelland red, respectively).

Non-photoswitchable C18 i a ebyglucofide32is depicted irFigure20.

) he1s
atoms 26-72 ‘ atoms 26-156
OH o

,n\«/\»/*xw/\\/hxg/\w/~\,’\%f ? 127
7 HOfsgzo o -
HO \/\0/\’0\/\”’\}_/0 ?
OH \
Ny 26

Figure 20: Molecular dynamis simulation with the noiphotoswitchable C1@iacyl b-D-glucoside32
regarding three parts of the molecute hydrophilic headgroup (bluaihd the twdipophilic parts(yellow
and red) starting from the glycerol ether moiety.

The distribution of occumg intramolecular distances for the three parts of C16 control

compound32 aredepicted inFigure21.
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Figure 21. Intramolecular distanceand their occurencas determined forthe possible conformers of
amphiphile32. The distances were screened tfmee parts othe molecule: théwydrophilic headgroup
(blue)and two lipophilic parts, one for each alkyl chain (yellow and red, respectively).

In coincidence with the increasing chain length, both the distribution for the one chain
(yellow) and the other chain (redjeashifted to longer distances in case of the C16
derivative32. It is conspicuous that the one alkyl chain (yellow) shows a broad
distribution of conceivable distances whereas the other one shows a narrow range of
possible distances, highlighted by a nmaxim at about 18 for the C12 compoundl

and 20A for the C16 compound@2. The hydrophilic part of the molecuBd shows a

rather broad distribution of occurring distances fromA1®» 18.5A whereas the long
chained analogue shows a compacted range f@#nto 22 A with a maximum at about

20A.

Furthermore, the distances of the lactose derivafi2e23, 33 and34 as well as for the
solelyethylene glycolequippedderivativesl8, 19, 29 and30 were calculated similarly.
The results for the lactose deatives are given ifrigure22to Figure24. The distances
for the azobenzene moiety for all three kinds of amphiphiles are the same as shown

exemplarily for compoun@0 (Figurell) and21 (Figurel5), respectively
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Figure 22: Molecular dynamissimulations with the photoswitchabtoside22. Top: The molecut was
divided into four parts: the hydrophilic headgroup (blue), the azobenzene moiety (grey), and two lipophilic
parts, one for each alkyl chain (yellow and red, respectivBlgitom: Intramolecular distanceand their
occurenceasdetermined fothe posible conformers ofimphiphile22. The distances were screened for
three parts (as detailed above) of the moleEt®2 ((A), left) andZ-22 ((B), right), respectively.

The distribution of the occurring distances for Exesomer of compoun@2 resembles

that one of the respective glucose derivali0e The curve of the distances of the
hydrophilic part (blue) is shifted to longer distances between 17 akdd2@ to the
increased size of the carbohydrate moiety. The same shift could be observed fd@ the C1
derivatives with a lactose moietlyiure23). It is noteworthy that also the curves for the
lipophilic alkyl chains are shifted to increased distances. This meghilt from the
increased hydrophilicity of the lactose moiety which might result in a more unbent

structure of the chains.
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Figure 23. Molecular dynamissimulations with the photoswitchaletoside23. Top: The molecut was
divided into four parts: the hydrophilic headgroup (blue), the azobenzene moiety (grey), and two lipophilic
parts, one for each alkyl chain (yellow and red, respectivBigitom: Intramolecular distanceand their
occurenceasdetermined fothe posible conformers ofimphiphile23. The distances were screened for
three parts (as detailed above) of the moleEt®3 ((A), left) andZ-23 ((B), right), respectively.

The results for the nephotoswitchable derivatived3 and34 are given irFigure24.
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Figure 24. Intramolecular distancesvere determined by molecular dynarmsicsimulations for
compoung 33 (left) and 34 (right). The different possible conformeasd the respectivedistancesvere
observed by occurence. The distanaesescreened for three parts of the molecule (atoms are marked in
blue, red and yellow)
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The results for the solethylene glyccelequippedderivatives are depicted ifrigure25
to Figure 27. Both for the C12 and the C16 derivas 18 and 19, respectivelythe
occurring distances for the hydrophilic moiety are lower due to the reduced size.
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Figure 25: Bottom: Intramolecular distancewere determined by molecular dynamisimulations for
compoundL8in its E-state (A) as well as for th&isomer(B). The different possible conformeasdthe
respectivelistancesvere observed by occurrendep: The distanceserescreened for three parts of the
molecule (atoms are markéadblue, red and yellow).

Also, the lipophilic alkyl chains of compouriB and19 show lower distances. It seems
thatthe alkyl chains can form more bundled structudes to the reduced size of the

hydrophilic counterpart within themphiphilic structures
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Figure 26. Bottom: Intramolecular distancewere determined by molecular dynarsisimulations for
compoundl9in its E-state (A) as well as for théisomer(B). The different possible conformeasndthe
respectivalistancesvere observed by occurrendep: The distanceserescreened for three parts of the
molecule (atoms are marked in blue, red and yellow).

The results for the nephotoswitchable derivative2d and30 are given inFigure27.
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Figure 27: Bottom: Intramolecular distancewere determined by molecular dymécs simulations for
compoung 29 (left) and 30 (right). The different possible conformeasd the respectivedistancesvere
observed by occurenctop: The distancewerescreened for three parts of the molecule (atoms are marked
in blue, red and yellow)
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3.2.3 Photochemical properties

For the evaluation of every potential photochemical application the photochromic
properties of the azobenzene derivati¥823 are essentialTherefore, photochromic
data were obtained by UV/Vis spectroscoplge photoirradiation was performed using
a UV LED (2.7mW, a=365nm for E Y Zisomerisatioh and a blue LED (2.6nW,
a=455nm forZ Y B, respectivelyFor UV measurements tleconfiguredazobenzene
derivatives18-23 were dissolved in BClz at 1 mMand irradiated at 365 nnE(Y Z
isomerisatioly, respectively 455m (ZY E isomerisatioh for 1 min. Detailed setup
informationaccording the procedure of the UV/Vis measuremeatsbe found irthe
literaturel*®? UV/Vis spectra were recorded immediately afterwafdee photochromic
properties of the synthetic azobenzene derivath®23 were investigated with a Cary
4000doublebeamspectrometefVarianinc.).

The UV/\Vis spectra figure 28 to Figure33) were collected with 1 nm resolution from
260 nm to 600 nmAfter irradiation with 3651m the absorption spectrshowed an
increase of the absorbance in thé*rtransition and simultaneous decrease in thé
transition, indicating the formation of the respectvssomer The E-isomer absorbance
maxima of all compoundgq18-21) were measure@round355 nm and the&-isomer
absorbance maximum was determined at 312fommeach compoundA slight shift
towards higher wavelength was detected for lactoside deriv@®asd23. (Figure32
andFigure33)
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Figure 28: UV/Vis spectra for the steadstateof compoundl8: The E-isomer is shown in blue and the
Z-isomer in red. Irradiation was performed with 366 (EY Z) and 465nm Y E) in chloroform.
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Figure 29: UV/Vis spectra for the steady state of compo@f@dThe E-isomer is shown in blue and the
Z-isomer in red. Irradiation was performed with 368 EY Z) and 465nm @Y E) in chloroform
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Figure 30: UV/Vis spectra for the steady stateasfmpound20: The E-isomer is shown in blue and the
Z-isomer in red. Irradiation was performed with 368 (EY Z) and 465hm (ZY E) in chloroform

3.0

- 21 Z

25 — 21 E

2.0

1.5

absorbance

1.0

0.5

0.0

300 350 400 450 500 550 600
wavelength [nm]

Figure 31: UV/Vis spectra for the steady state of compogadThe E-isomer is shown in blue and the
Z-isomer in red. Irradiation was performed with 366 (EY Z) and 465nm Y E) in chloroform
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Figure 32 UV/Vis spectra for the steady stateasfmpound22: The E-isomer is shown in blue and the
Z-isomer in red. Irradiation was performed with 368 (EY Z) and 465hm Y E) in chloroform
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Figure 33: UV/Vis spectra for the steady state of compo@8dThe E-isomer is shown in blue and the
Z-isomer in red. Irradiation was performed with 368 EY Z) and 465nm @Y E) in chloroform

The knetic behaviar of thethermalZ Y Erelaxation proceswas alsoinvestigatedby
UV/Vis spectroscopyby monitoring the intensity of the E-isomer at maximum
wavelength.The mean lifetimg was determined ad @i 6z p Q1  with time o,
absorbenceéd & iand amplitudé. The halflife "Y; was calculatedising”y;, 1 £z t.
Regarding the hallife, an influence of the chain length of the azobenzene derivatives
could be observed. A longer chain length triggers a longerlifalfLikewise, an
influence of the carbohydrate nety was observed.he glucosié residues oR0and21
increasd the half-life whereaghe lactose moieties 22 and23 decrease the half-life
compared to the neglycosylated reference lipid8and19. Besidesall six azobenzene

equipped glycolipid mimetic¥8to 23 showeda half-life greater thas h and hence both
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isomeric states can be investigated independdrdly one anotherTable 1). Thus
photochromic properties of the azobenzene derivatives enable the performance of planned

X-ray experiments as well as Langmuir fiisothermexperiments.

Table 1. Photochemicatharacterisationf the E- andZ-isomers of the azobenzene lipitlB and19 and
the corresponding azobenzene glycolif28go 23.

Compound Amax (NM) Amax (NM) E/Z (PSS) Half-life T2 (min)
(E-isomer) (Z-isomer)

18 356 312 0/ 100 411

19 355 312 0/ 100 516

20 356 312 0/ 100 686

21 355 312 0/ 100 1119

22 355 314 0/ 100 343

23 355 315 5/95 443

To examine the feasibility of the glycolipid mimetics for Langmuir film isotherm
experimentgpreliminary testavere performedFor this,a Langmuir film was produced

from 95% 1,2-dipalmitoytsnglycero3-phosphocholine (DPPCand 5% of the
syntheticglycolipid mimetic20 and compared with pure DPPC Langmuir films on the
one hand and a pure water surface on the other hand. Those produced Langmuir films
were subjected to Brewster angle microscagyshown inFigure 34. The pure water
surface is depicted on the leRigure 34A) showing a clear difference to the other two
micrographs. The azobenzene derivatd@employed in a 5:95 mixture with DPPC
(Figure34C) shows no difference from the pure DPRR@(re34B) matrix and therefore

it can beconcluded that a stable Langmuir film is formed which is suitable for eventual

X-ray experiments.
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C

Figure 34: Pictures recorded on a Brewster angle microscope of pure water (A), a DPPC monolayer (B)
and a monlayer containing 95 DPPC and 346 of compound0.

The results of the Brewster angle microscopy as well as the photochemical data obtained
from the UV/Vis spectroscopy are very promising. On the one hand, thifésif all
Z-isomers of the synthetic glycolipid mimetiegere long enough to be investigated
independently from th&-isomer. On the other handiso the formation of monolayers

with embedded mimetics woek nicely as shown ifrigure 34. This in turn will allow

future experiments whidbothfollow structural changes in a membrane on the nanoscale
during photoswitching and study the dynamics viara}{ investigations. Those
experiments partlywere and party will be performed byoNAs WARIAS under the
supervision of DrBRIDGETMURPHY at thelnstitute of Experimental and Applied Physics

atKiel University.
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3.2.4 Next generation of photoswitchable glycolipid mimetics

To further extend the work with photoswitchable glycomimetics, an azobenzene
derivative was targeted in which a pyshll azobenzene is ligated to form one-ak
derivative Figure35). This work is based on research published/leyascoet al. (cf.
chapter3.1.2.[148

. 4

N
QL
OMe

Figure 35: (a) Structure of the biszo derivative synthesed by VELASCO et al; (b) Two reference
moleculesveresynthessedwhich ae comparable to the constituent p&i3.

Photoswitchable materials which are based on azobenzene photoswitches are typically
fabricated by incorporation of one kind of azobenzene derivatives. Depending on the
employed stimulus the entire molecular entity is triggered to result in a specificteffec
which all incorporated azobenzene moieties add synergistically. Such materials can just
perform one function at a time. In order to establish multifunctionality in the field of
photoswitchable material¥,ELASCOet al. synthesieda bisazo derivativeas shown in
Figure35. They combined an azobenzene unit with a slow thermal relaxation rate with a
pushpull derivative, which shows a fast thermal relaxation. Thimbination furnished

a new photoswitch featuring a high temporal resolutiomol @ times between the rates

for thermalZ A E isomerisatiorof both building blocks. Such ba&zo photoswitches can

be orthogonally addressed by two different wavelengtite&iA Z isomerisatiorof the

60sl owd part llightwthreirgegpesr ddhebyYyfl\dt 6 part can
light.[*48 To tie in with the idea o¥ELASCOet al. to perform isochronous switching on

two different timescales, we designed -B® glycolipids to enhance the
multifunctionality of photoswitching in the field of lipid bilayerSigure 36).
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Figure 36: Chemical structure of thargetedbis-azo glycolipid

The lipophilic building block for the second generation of photoswitchable glycolipids

was synthesedin analogy to the ghway for the synthesis of compountand 17

(SchemeB). Starting from literaturénown compound@®5,14é 188 the glycerotequipped

azobenzen86 was obtained as &(S) mixture in a yield of 8Q% via etherification with

the tosylatel 3. Successive acidic deprotection of the isopropylidene protection group led

to diol 37 which was subsequently submitted to esterifacatvith lauric, respectively

palmitic acid. The esterification produ#® was obtained with a yield of @ and the

corresponding longhain fatty acid este89in 79% (Schemeb).

o
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38 n=10 61%
39 n=14 79%

L —

K,COs, dry DMF,
35 100 °C, 7 h, 80 %

N~
36 R'+R?=isoprop HCUTHE
rt, 16 h
— 37 R'=R?=H 64 %

\H)LOH
n

DCC, DMAP, dry DCM/ dry DMF,

0°C—rt,3d

Schemeb: Preparation of the lipophilic building bloskor glycolipids of the second generatidmpophilic
component88 and 39 were deluced fromp-phenylazopyridineg5 via ether synthesis with the glycerol

core structurd 3 and subsequent esterification
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Since amphiphile20 and 21 showed good results duringitial investigations,the
h'y d r o poiglutosidel0twvasemployedfor the preparation ohe second generation
of glycolipids. Thereforethe glucosidel0 was conjugatedto the azobenzendO in a
PMDTA (pentamethyldiethylenetriamipesupported 1&lipolar cycloaddition. The
resulting glycoconjugatélis equipped with a bromirubstituenandcan thus undergo
substitution with the pyridiea moiety of the lipophilic building blocB8 and 39,
respectively The nucleophilic substitution was performed in dry acetonitrile &C80
After cooling the reaction mixture to room temperatglgcolipid 42 precipitated in a
yield of 75%. Surprisingly, the longhained analogué3 did not precipitate from the
reaction mixture and could thus not be obtairfchémey).

OH
HO O\/\O/\/O\/\N3 =/ N4<;>7R1
OH
10
PMDTA, CuBr, 12 R'=OH K,CO3, dry DMF,
dry DMF, rt, 16 h, 8h,80°C
7% 40 R'= OCH,CH,Br ] 45 %
H
\ 0
HO ° N h
HO 0 0 0’@ B
on o SN
N 41
N

S ;

' J\H/ ' dry MeCN,

; o . ; 80°C,10h —rt, 16 h,

O\)\/O\WH\ : 75 %
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. N /©/ :
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IN_ 38 n=10

OH e 3_ 9_ ______ 1_%___
o) \

42 n=10 75%

o}
=N
43 no product N Z: Mn n
0 0]

Scheme’: Thehydrophilic building block41 for glycolipid formation was synthesadvia click chemistry.
Both building blocks aréndividually photoswitchable and can be combined via nucleophilic substitution
to one photoswitchable glycolipid.
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To confirm that the synthes2d bis-azobenzene glycolipid mimet#2 has similar
photochemical properties as the model systenvafasco et d.,[**8 photochemical
investigations were performed both for the target molet2bnd the building block38
and41 The UV/Vis spectrunof the bisazo derivativet2 is shown inFigure 37. After
irradiation with 365hm the absorption spectshowed an increase of the absorbance in
the n’* transition aad simultaneous decrease in th€* transition, indicating the

formation of the respectiv&isomer

Z-isomer
— E-isomer

Absorbance

T T T T T
300 400 500
Wavelength [nm]

Figure 37: UV/Vis spectra for the steady state of compod@dThe E-isomer is shown in blue and the
Z-isomer in red. Irradiation was performed with 368 (EY Z) and 465hm (ZY E) in chloroform

Half-lifes were determined by NMR spectroscopy according to the procedure described
in chapter5.3.4 The halflife for the target moleculé2 was determined as 1612 For

the glycosidetl the halflife was 25.4h. For the second building block, the
phenylazopyridine derivativé8, no halflife could be determined, neither via NMR
spectroscopy nor via UV/Vis spectroscopy. UV/Vis spectroscopy features the advantage
that the measurement can be performed with solutions of low concentrations. Thus, the
suppression of photoswitching due to higincentrations can be excluded. Presumably
the thermal relaxation of compouB8 proceeds in a very short time which is too fast to

be detectable by NMR or UV/Vis measurements. Indeed, for phenylazopyridinum
derivatives haHifes of less than one secondieeeported*'® Nevertheless, the obtained
results already indicate that the Jaigobenzene derivativ® has two constituent parts

with different haltlifes. The NMR spectra of compoud@ for the E- and theZ-isomer

are shown ifrigure38. Although the preliminary NMR spectrum of the building bl@&k
suggested a thermal relaxation which cannot be detected, the spectrum of codfound
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shows that all aromatic signals are shifted. Themical shift in the aromatic region of
the Z-isomercan be traced to the switching of the azobenzene derivative located on the

triazole moiety, the slowly switching moiety.
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Figure 38: NMR spectra othe Z- and theE-isomerof compound42 in DMSO-d6: The spectrum of the
E-isomer was recorded after keeping the probe &C4for 16 h (bott) and the spectrum of ttieisomer
was recorded after irradiating the probe with a B66LED for 15min (top).
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3.3 Conclusion

In the course of this suroject, a series of novel photoswitchable glycolipids and
corresponding nophotoswitchable derivatives was prepare®hotochemical
investigations showed that both the nature of the hydrophilic headgroup and the chain
length of the lipophilic tail influence the hdife of the thermal relaxation. Especially the
influence of the carbohydrate moiety shows a clear impagbhmtoswitching: The
glucosice residues of compoundX) and 21 almost double the relaxation time for both
chain lengths whereas theb-lactoside moiety of compoun@2 and23 diminished the
half-lifes. For derivatives with longer chain length, therdg| E relaxation is slowed
down. The glycolipid mimetic$8-23and42 can now be embedded into lipid monolayers

for the investigation of the effects of photoswitching. Since all derivatives form stable
Z-isomers, Langmuir isotherm andray investigations carelperformed for each isomer
independently from one another. The examination of the conformational changes
triggered by photoswitching will create a useful model system on the nanoscale for the
investigation of dynamic transformations of and within memlsanée bifunctional
glycolipid 42 will be a special tool for triggering dynamic changes within a membrane.
Since the molecule has two azobenzene moieties with different photochromic properties,
both photoswitches can be addressed orthogonally and this may result in the induction of
specid dynamic processes within the lipid layér.special focus will eventually lie on

the influence carbohydrates play within membranes regarding sasibiii of the lipid

layer for instance. In addition, the application of glycolipid derivatives will niytaiow

new insights into the field of membrane dynamics but can also open the field of potential

applications, for example in drug delivery.
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4 Assay systems for bacterial adhesion studies

Carbohydrates play an essential role in-cell recognition, ngrobial adhesion and
microbe invasion as well as for pathogenity. All three processes are based on the specific
interactions of lectins and cell surface carbohydrdtd® elucidate such processes and

to get a deeper insight into biological function of glycoconjugates and lectins much effort
has been spent to date. Nevemis| the mechanisms of carbohydratdiated
interactions are not yet conclusively understood. Also, it has to be stated that in
comparison to the field of nucleic acids and proteins the field of the glycosciences is still
lacking versatile methods for stitural and functional investigatioff§. Whereas the

fields of proteomics and genomics hold valuable tools like polymerase chain reaction
(PCR), automated sequencing or automated synthesis ready, much more effort has to be
spent for investigations in the fiebf glycomicsd?? First of all, glycoconjugates have to

be either isolated from naturally occurring sources or syrsbd@sbecond}, gained
carbohydrate derivatives must be analysed and characterised and finally the interactions
with proteins, e.g. lectins, bacteria, cells or virusesst be investigated. For the
exploration of carbohydrateell interactions different methods are yided for selection
depending on the individual objective. Particularly with regard to structure determination
either of the glycoconjugate or the carbohydiatgin complex, mass spectrométfy

%1 and nuclear magnetic resonance spectroscopy (MREF°3 are appropriate.
Besides, isothermal titration calorimetry (IT&¥1°3 surface plasmon resonance
spectroscop (SPRI%61°7 and atomic drce microscopy (AFMJ®3 are expedient tools.

Last but not leastglycoarrays have to be mentioned necessarilythis context
Glycoarrays are an advancement of microarrays which have been applied for the
investigation of DNA,proteins, tissues and antibodies since the early 18803he
benefit of glycoarrays lies in their feasible handling which can be combined with different
analytical proceduresanging from surface investigations e.g. via SPR spectroscopy
reflection absorption infrared spectroscopy or by mass spectrometry via MALIFPToF

207 to biochemical procedures like adhesion stu#i®g®d |n addition, they are not very
much timeconsuming and can be performed with just little quantities of precio
glycans'?® Albeit it is extremely challenging to imitate the complex structures of
naturally occuring glycan structures, glycoarrays represent versatile model systems for
the mimicry of such glycosylated surfase their molecular interactions and
supramolecular relations on cell surfal83. It permits the reverse conclusion that

glycoarrays at least constitute wdkfined systems which can be investigated with a view
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to particdar glycosides as well as defined parameters as density, orientation, pH,
temperature and ionic concentrati@lycoarrays are composed of immobilised glycans.
Immmobilisation can be reaed either norcovalently by adsorption or covalently by
chemical lgation!?°8 In most casegyold, glass or polystyrene surfaces are employed.
The noncovalent fixation is based on ionic and hydrophobic interactf8hsn case of
non-amphiphilic compounds this method isited by the molecular weight which has to
amount to 3.2000kDa, consequently small monor oligosaccharides can only be
immobilisedin the form of glycoconjugates like glycoproteins or glycoligfd® A range

of well-established methods for thevatentimmoblisationof glycosides is shown in
SchemeB. Most common glycans are immolsiéidon prefunctionated surfaces either
by amide formation on amisfunctiondised surfacd€®? or by depoging amines to
active esters e.gmmobilisedpyrrolidine derivative$?:®2'4 Further methods are based
on thiokmaleimide ligatioff*>?1 or on cyloaddition ranging fom click chemistri?*3
218221 to Diels-Alder reaction$?®3 An interestig method is shown under entry (f)
(SchemeB) which shows the covaleimhmoblisationon a norprefunctionalsed surface

by light-induced insertion to the surface maaeii?3
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SchemeB: Methods for the immobilisation of glycans (R) on surfaces: (a) amide formation via active ester;
(b) thiol maeimide ligation; (c) (3+2yycloaddition; (d) DielsAlder reaction; (e) amide formation; (f)
photochemical fixatiof?%8

To gain reliable results from glycoarrays such as in adhesion studies, somameqts

must be fulfilled. As a start, unspecific interactions of the adhering species, e.g. bacteria,
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with the pristine surface must be supressed by using blocking agents or intrinsically little
adhesive materials. Secondly, during glycoarray fabricatieroccurrence of clustering
effects which would lead to an irregular density of glycans on the surface should be
avoided. For comparability of results it is important that glycosides are arranged regularly
and homogenously so that every immaatglycosice ligand has the same accessibility

for adhering species. Finally, one has to keep in mind to choose a surface which is
applicable for common investigation meth®dd.To fulfill all these aspects, the concept

of selfassembled monolayers (SAMs) was introduced to the field of glycoarray
fabrication some time adé*? SAMs can be constructed on metal or metal oxide surfaces
eitherby covalent lond formation with the respectiveolecules or by their adsorption or

by hydrophobic interactions. Established systems for SAM fabrication are silanes on
silicium, carboxylic acids on metal oxides and especially organosulfur compounds on
gold 2% For glycoarray fabrication, glycans thus have to be equipped with a hydrophobic
residue for adsorptiorAlternatively,the glycoarray can be gparedstarting withSAM
formation of linker moleculesvhich are equipped with a functional group for subsequent
ligation with glycosice derivatived??4 Unspecific binding can be prevented by using
oligoethylene glycol linkerg%4 218222225231 The experience from glycoarray stucdiess

also transferred to investigations of molecular interactioh®rganisms with glycan
decorategarticles of different shape and material to enlarge the variety of methods and
applications. The scope varies from nanodiam®id&® quantum doté*+?*3 and gold
bead¥3d to polymer beads which can feature fluorescBAter magnetisni34 233
Although the beads concept gives more experimental flexibility, all mettescribed

prior to this lack the ability to mimic convincingly the adhesive recognition processes
which take place in every eukaryotic cell in every second of life. Therefore, one general
aim in science is to establish glycoarrays with higher flexibditg a surface decoration
which can describe and imitate nature more satisfactorily. For this purpose, two
approaches were taken. In the first approach, glycoarray fabrication is facilitated to
produce glycoarrays with formidable glycan decoration. In ¢gbeond approach,
glycosylated surfaces were preparetiich are on a par with naturally occurring
glycosylated surfaces. In connection with earlier works performed i INEHORST
group?®*244 we performed adhesion assayith type 1 fimbriatedE. coli, mediated by

the lectin FimH. Lectin FimH mediates the adhesion of UPEC (uropathodgeodti) to

Ub-mannosides which are displayed on urothelial epithelial G&ls.
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4.1 Simple fabrication of glycosylated surfaces for bacterial adhesion

studies by usingpentafluorophenylazides as linkers
4.1.1 Introduction

Pentafluorophenylazides (PFPA) are known for their reliable -&ownomic
photochemistry. Hence, PFPA linkers can be used for giyeamobilisationwithout the

need of priofunctionalisationof the glycan. Therefore, it was the objective of this-sub
project to utilise PFPAfunctionalised surfaces for glycoarray fabrication. The azido
functional group of PFPAS is photoactivatable and in addition, PFPAs can be further
functionalised inpara-position with great eas&3 Hence, PFPA ilding blockswere
usedfor many applications in material sciences includngface functionalisation and
their implementationin polymer synthesis[?43253 With regard to glycobiologyPFPA
chemstry found applications for the fabrication of glycosylated surf&®e8+2%3 and
glyconanoparticlé$®+2%9 in order to investigate biomolecular recognition processes and
also antiviral antibodies were produced by PFPA ligdf8hPFPAchemistryprovides

the opportunity for simple glycoarray fabrication with unmodifggycoconjugates since

light triggers the chemoselective ligation. This also embraces the possibility for spatial
resolution Advantageously, PFPA chemistry works under mild reaction conditions in
agueous mediand does not requirany additional reagen@nd in additiondoes not
release any side produtt$? Besides, the probability of effective insertion of PFPA
functionalsed molecules to substrates increases with the number of CH bonds within a
molecule (Figure 39). Therefore, PFPA chemistry for glycoarray formation was also
employed to glycoclustergigure40) since multivalent ligands have increased numbers

of CH bonds for photochemical insertion reactighs’?
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Figure 39: Schematic representation of the glycoarray fabrication by PFPA chemistry. Carbohydrates can
be immobilsedto a pentdluorophenylazideprefunctionalsed surface by UV lightUnder irradiation with

UV light of 250nm, PFPAs releasglementary nitrogen resulting in a highly reactive nitrene intermediate
which can undergorainsertion reaction to CH bonds

4.1.2 Results and discussion

Glycoarray synthesis was focussed on mpuid and trivalent mannosides to look at
possible multivalency ahdensity effects. Finally, those arrays were subjected to bacterial
adhesion studies with type 1 fimbriated coli (PKL1162 strain) Figure 39). First, the
synthetc part of the project is described belotv.photoreactive linker molecul@
composed of a biorepulsive ethylene glycol unit and a termidb dunctionality for
light-driven insertion was synthesidaccording to literature procedurdg:>’3 Methyl
pentafluorobenzoatl was equipped with an azido groupiara-position by substitution.
After deprotection of the methyl est2under basic conditions, the resulting aBidias
converted to a NHS\-hydroxysuccinimide) active estérSince the PFPA compoudd

shall be usd as a functional coating of surfaces, a functional group for the immobilisation
of the respective surface is required. Therefore triethylene glycol deriatiees
synthessed?’¥ which is biorepulsive and accessorily suppresses unspecific binding of
bacteria to the polystyrene fare!l?’d Active estedd and aminé were reacted to yield
compound which was subsequently deprotected to produce amimigh an overall

yield of 85% afterfive steps $cheme).
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£ 0 F O F O F O
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Scheme9: Synthesis of PFPA linkéf: (a) NaN;, acetone/bD,  @@,95%8 (b) NaOH, MeOH/ HO, rt,
20h, 95%; (c) NHS, DCC, DCM, rt, 19, 99%; (d) DCM, rt, 16h, 95%; (e) TFA, DCM, rt, 4h, quant.

To test pentafluorophenylazidemediated glycoarray fabrication, four different
glycosides were prepared, tio monovalentglycosices 12 and 13 and and two
mannoside clusters, the divalel@rivative30 andthetrivalentcluster31. All glycosides

are equipped with an alkyl chain for the photochemical ligation. Both monomeric
compounds were synthesdaccording taheliteraturel?’273 Starting fromthe glycosyl
donors8 and9, respectivelyl-octanol (0) wasglycosylatedunder Lewis acid catalysis

to obtainthe mannosidel1l and the glucosidel2 in 81% and 77 % respectiveyields
Following deprotecion under ZEMPLEN corditiond!”® gave the unprotected
glycosidesl3and14in quantitative yields§chemel0).

R3 R1 Ho/lf\l}/\ R3 R1
R3 o) 10 5 -0
R3 a or B o = RRS QOr B A NN
) BF,-Et,0, dry DCM, )
R J=CCls ¢ 5 1t 16 R
HN 11 R'=R®=0Ac, R2=H (a-Man) 81 %
8 R'=R3=OAc, R? = H (a~Man) 5‘,;];,6,(,'}3""‘: 12 R'=H,R?=R%=0Ac (B-Glc) 77 %
9 R'=H, R?=R%= OAc (B-Glc) | dry MeOH,,
i, 5h 2| 13 R'=R3=0H,R%?=H (a-Man) quant.

14 R'=H,R?=R3%=OH (B-Glc) quant.

Schemel0: Synthesis of monovalent glycoside3and14 via BR-Et,O promoted glycosylatioft/8

Di- and trivalent cluster mannosides were designed according to work publisRed by
et all?’®28d as shown irFigure40. Two different synthetic pathwaysere considered,

one starting with the construction of the cluster and subsequent functionalisation of the



Assay systems for bacterial adhesion studies 51

molecular coreKigure40, (A)), in the other approach, the cavasfunctionalised first
and then the clustevasbuilt up Figure40, (B)).

(A = 4 h A (B)

o ﬁ hf ﬂ
HZN{O o =

— M- o H{O
/N \‘W — MO\
%:N /H\/O O, \\Q

Q

, . y
?g Tolg | ol
7 Y s

8 )(\L\O‘N f N
Lf'\\; \ H _N /
N

Figure 40: Schematic representation of the approaches for glycocluster formation. The first synthetic
pathway stagdwith the construction of the cluster and subsequent core functatiati (A). The second
approach providgthe functionakation of the cordirst and then the buildip of the cluster (B).

P

Z\%

The first considered reaction pathwé) is advantageous as #lows to equip the
synthessedglycoclusters with any required focal moiety afterwards. Here, alkyl chains
were desired,to facilitate glycoarray functionaation by photochemical nitrene
insertion. Starting fromserinol15 and tris(hydroxymethyl)aminomthane(TRIS) 16,
Boc protection was performed initialith high yields?83 Theresulting alcohold 7 and

18, respectivelywere equipped with alkyne functionalitiesWyLLIAMSON etherification
with propargyl bromideéo obtain vesatile core molecule20 and21in 83% and 41%
respective yield&’® 223 Next, 20 and 21 were employed in a click reaction withe
azidoethylmannosid22283 under copper (I) calgsis by using sodium ascorbate and
copper sulphateQuSQ-5H.0) which led tothe desired clustei23 and24 in yields of
72 % and86 %, respectively?®¥ Then, the focal amino functionality was liberated with
trifluoroacetic acid to yield free amin@8 and26in quantitative yields§chemel 1).1284
The introductionof the desired alkyl chains was then attempted with hexanoi@#cid
and DCC buR5 gave only minor amounts of the expected deriva2®and the trivalent
analogue was achievadunsatisfactory 19. Nevertheles£8and29 were deprotected

to furnish30and31, respectively.
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,
R HN\/{/\ORz

N OAc OPS:
OAc §
15 R'=H,R2=H n=2:80% ACO io AcO &
16 R'=H,R2=H n=3:89% AcO AcO
o

a
[17 R'=Boc,R=H n=2:88% o)

18 R'=Boc,R?=H n=3:89% 22 I N

, . Ney
N
Br/w\ sodium ascorbate, N, =
b CuS0,.5H,0 o
20 R'=Boc, R2=propargyl n=2:83% DMF,rt, 16 h
21

NEN.
R" = Boc, R? = propargyl n=3:41% NHR

— —n
23 R'=Boc,n=2 72%

12 - o
TFA,DCM,[“ R'"=Boc,n=3 86 %

h
. — 0] 6 25 R'=H,n=2 quant.

OR HO)kM/ 26 R'=H,n=3 quant.

oR a * |

DCC, dry DCM, 0°C—rt, 16 h

1w
“ N 28 n=2 6%
\;k/o o 29 n=3 10% ] NaOMe,
NS dry MeOH,
N 30 n=2 95% rt,5h
H/Zﬁ\ﬁ; 31 n=3 quant

Schemell: First synthetic strategyi- and trivalent cluster molecul@$ and26 weresynthessedstarting
from serinoll5 and TRIS 16, respectively The amimw functionality alloned adjacent functionadation of
the molecules with a fawed coreReacction conditions: (a) Bgo, MeOH, rt, 42 %; (b) KOH, dry DMF,
0°CA 35°C, 4h.

The subsequent attempts to improve the alkyl functionalisation at tted pmwint of
glycocluster26 are summasedin Schemel2. First, amide bond formation was further
investigated. Hence, the amigé was reacted with the known NHS active ester of
hexanoic aci®2 (Scheme12(A)[?85288 ynder three different conditions. The first
reaction was performed with,RQOz in dry acetonitrile. The reaction stirred under reflux
for 15h.[287 The second reaction requirg-diazabicyclo[5.4.0]Junde@-en(DBU). The
reaction mixture in dry acetonitrile was stirred forHLé@t room temperatuféd Both
reactions showedo conversion according to thin layer chromatography (TL&#¢.third

entry used triethylamine (Ngtat 0°C. After warming up to room temperature, the
mixture was stirred for another #0at room temperatut€? This approach also only
gave a small amount of the crude product which does not justify the longer synthetic
pathway via the NHS active ester. Then, another coupling reagent, namely HATU ((1
[Bis(dimethylamino)methiene}1H-1,2,3triazolo[4,5b]pyridinium 3oxid
hexafluorophosphate) and DIPEAN,(\:Diisopropylethylaming were employed for
amide formation. The reaction was performed in dry DMF ahided at room
temperature for 16 to yield 17% of the crude producSchemel2(B)). When26 was
dissolved with hexanoyl chlorid#3 and NEg in dry DCM and reactt at room


https://en.wikipedia.org/wiki/N,N-Diisopropylethylamine
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temperaturé?® no product was obtaind@chemel2(C)). Since functiona$iationat the
focal point 0f26 via amide bond formation was not successful, thiourea bridging as
alternative ligation chemistry was tried out ne&tliemel2(D)).[?°d However, also this
reaction did not yield the expected product neither \#@hnor with25 as starting
material. Finally, the focal amino function was converted into arodaittctionality by

the azide transfer reagent imidadesulfonylazide hydrochlorid85 (Schemel2(E)),

however, TLC control indicated no conversion even aftdr.16

(B) 27 \l‘\{ 0o
Y N o
0 Q@ o
33 N”
amine 26 (€) >
~o~~NCS § 29 (A),(B) (C)
R = ‘1%/
(D) 34 N Tol/\/\/
NS N H\/\/\/ 36 (D)
N—S—Ns - HCI U
SAN S
(E) 35 N
o0 a7 (E)

Schemel2 Overview of the approaches whigkereinvestigated to findan effective route towards the
fabrication of cordunctionalised glycoclustersSeveral reagents and conditions were tested commencing
from amine26.

As all attempts made here to functionalise tocal point of glycoclusteband26were
unsuccessful, the synthetic strategy waangedand the core molecule functiorssd

prior to sugar conjugatio(Figure 40 (B)). It can be anticipated that also during this
strategy all performed syntheses worked successfully in case of divalent molecules, but

some effort was made fmally obtain a trivalentluster(Schemele6).
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Hence, the core molecul@® and21 were deprotected with trifluoroacetic déd to
obtain amines38 and 39 which were utilised for amide bond formation with hexanoic
acid27 with DCC as coupling agent. Core maldes40 and41 were obtained in 5%
yield (40) and 68% (41). The successive synthesis of the cluster with mannagiéé
was performed underopper (1) catiysis by using sodium ascorbate and CuS&.0.
The divalent cluste?28 was obtained with an auspicious yield of %4with slight
impurities after column chromatograp{§chemel3). However, the same click reaction
with the trivalent core molecuk&l gave no product at all, neither when the catalytic
system for the cycloaddition was changed to CuBr RMDTA (cf. chapter3.2.1).
Although the results for the divalent clusi& were promising, further efforts were

needed for the synthesis of the trivalanalogue

0]

Jw

TFA, DCM,

20 _— HZN\/[/\ ] \/\/\n/ \/[/\ ]
21 rt, 6 h n DCC, dry DCM,
38 n=2 quant 0 CMt 16N 40 n=2:51%
39 n=3 quant. 41 n=3:68%
OAc OAc
OAc OAc
AcO g AcO gle)
AcO (/;A\Co
O\L 0
N 22 I
N N N,
\?K/O o
Ner N\ )J\/\/\
N -
— —n H sodium ascorbate,
28 n=2 74 % (raw product) CuS0,.5H,0,
29 n=3 no product DMF. rt 16 h

Schemel3: Second strategy for cluster synthesis: Starting from compdthded 21, respectivelythe
alkyl chainwasfirst introducedand the cluster constructed secondly.

To try thiouwea bridging next, the alkyl chasquipped core moleculd8 and 49,
respectively, were prepared according to two synthetic pathways. The first synthesis
started with serinal5, respectively 16 and hexyl isothiocyanatell to obtain
moleculesA3 and44. Then, the diand trivalent alcohold3 and44 were employed in a
WILLIAMSON ether synthesis with propargyl bromitie Etherification yielded the

divalent core moleculd8 in 74% yield, but no product was obtained in case of the
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trivalent alcoho#4. The same outcome resulted from the second reaction pathway which
started from amindunctionalised compoun88 and39, respectivelyFirst, both amines
were converted to the correspondingtiBocyanates using thiophosgene. The reactions
provided the desired products in@6yield for compound5and 73% for compound!6.

To avoid thiophosgene as reagent, andidevas first converted into the azi8@ with
imidazot1-sulfonylazide hydrochlode 35 and afterwardseacted with carbon disulfide

and triphenylphosphine to yield isothiocyandéein an excellent yield of 8%. With

both isothiocyanate45 and 46 in hand, thiourea bridging was performed with
hexylamine4?7. The divalent core molecu#8 was obtained in 7% yield whereas the
synthesis of the trivalent analogue remained unsuccessful. Continuing from the divalent
core moleculel8, glycoclustersl was obtained by click reaction with azido
functionalised mannosid22?%3 in 62 % yield (Schemel4).

SCN
- M7 42 H H
— AP .
TRIS 16 pipEA dry DMF, 73( n B’ 19
rt, 16 h KOH, dry DMF
43 n=2091% 40°C, 4h 1t 16h
44 n=353% _ ’
n = 2: raw product,
50 R=N3n=3 43% n = 3: no product
(a)T HoN
R ? MZ47 HoH
\/{/\o/\ln DIPEA, e 07N .
(b) dry DCM, S
38 R=NH, n=2 quant. rt, 16 h 48 n=2 74%
39 R=NH,,n=3 quant. 49 n=3 no product
(c)
45 R=NCS,n=2 26%
——> 46 R=NCS,n=3 89% OAc
O%c
— 7 AQ -
C
OAc
OAc o
AcO e 22 \L
AcO N
0
Ton -
N N sodium ascorbate,
\9&0 S CuS0,.5H,0
\/\N)LN/\/\/\ DMF, rt, 16 h
H H

— —n
51 n=2 62%

Schemel4: Synthesis of glycoclustérl starting with the functionadation of the core via thiourea bridging
and subsequent builgp of the cluster through click chemistry with az#fe Conditions: (ajmidazol1-
sulfonylazide hydrochloride35, CuSQ-5H;0, MeOH, rt, 1éh; (b) CS, PPh, CHCE, rt, 16 h; (c)
thiophosgene, NEtdry DCM, rt, 16 h.
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In conclusion, the synthests divalent glycoclusters could be easily achieved whereas
syrthesis of the trivalent analogue remained problematic. The next attempts which were
made are depicted Bchemel5. Therefore amine$5andl6were employed in a reaction

with butyl chloroformatés2 to form carbamates3 and 54, respectively?®d Both
molecules were submitted WILLIAMSON ether synthesis with propargyl bromiti@e

Again, just the divalentmolecule delivere®5 in a yield of 36%. The following click
reaction proceeded without difficulty to yield clusigrin 76 %.

Cl o
oM
serinol 15 © 52 ~_o~_O HV{/\OHI —
TRIS 16 pipEA, dry DMF, I n |8 19
rt, 16 h KOH, dry DMF
53 n=288% o Y
54 n=339% 40°C,4h—>rt, 16 h
OAc
o} 22 o R
AcO - NN \/{/\ ]
AcO sodium ascorbate, Wg o/\ n
O CUSO4.5H20, .
DMF, rt, 16 h 55 n=2 36%
’N\‘N 56 n=23 no product
N
\9&/ o]
o)
NN\

57 n=2 76% -n

Scheme 15: Synthesis towards glycoclustef employing butyl chloroformat&2 for ligation with
aminesl5and16, respectively

In a next attempt, carbamate formation was tried with glycoclugeesd 26, which

were deacetylated beforehand due to solubility issues. In this approach, ultimately th
trivalent core molecule could also be functiosetlat the focal point allowing to finally
proceed with the project in bacterial adhesion studies as outlined dbeviacal points

of 25 and 26, respectively,were functionabed with an alkyne chain bgarbamate
formationwith butyl chloroformate52 making carbamateS7 and 60 available with a
yield of 72% and59 %, respectivelyAcetylation was performed for facile purification.
The last step of the synthesis route was the removal &f-tetylated protecting groups
under ZEMPLEN condition$!™ resulting in compoun@&1 and 62 in quantitative yields

which were then applicable for bacterial adhesion sty&ielsemelo).
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B OH ] o
o]
g 1,
HQ, & CI)J\O/\/\
25 NaOMe, (0] 52
26 O NaHCO3,
dry MeOH 1 H,0, Dioxan, rt,16 h
rt,6h N’N“N
— 2. Ac,O, rt, 4 h
\/&o\/
NH,
L —n

58 n =2 quant.

59 n = 3 quant.
OH OAc

o)
H ,% NaOMe, AcO Q%)c
0 dry MeOH AcO
o] o
rt, 6 h I
- © \;&o
NH N

61
62

n=2 quant.
n=3 quant.

57
60

n=2 72%
n=3 59%

Schemel6: Successful synthesis of glycoclustéisand 62 via carbamate formation between amib8s
and59, respectivelywith butyl chloroformates2.

In summary, ér the fabrication of glycosylated surfaces for bacterial adhesion studies by

light-induced pataluorophenylazidemediated insertion reaction four different
glycosideswere prepared, thevb monosaccharides3 and14 and thedi- and trivalent

glycocluster61 and62, respectively.

For glycoarray formationcommerciallyavailable preactivated Nunclgstyrene 96 well
microtiter plateswere used After incubation withthe amine 7, the PFPAmodified
surface63 was formedwvhich was then applicable for subsequent immobilisatiotihef
preparedarbohydratesl3, 14, 61and62which were employed igerial dilutions in PBS
buffer. (Schemel?).
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/ OH OH HO oH 1
: o \ Ho g\ /" 1
OH 1
1 HQMO\/\/\/\/ H?{O Ho HO & I
1 OH 1
O HO HO.
Carbohydrates ! o 14 J/ S, N wog o !
for 1 o /\‘/’\N /OH HoMO N / OH f
photochemical 1 HD/“ 2 C = oH L !
s 1 HO ¢ 1
ligation: X ) Oﬁ,N\/ o { SN o X
1 TSNS ~ W “o _ o \‘, | I
— o / K S —
! 13 7N O,LN')CS P !
\ N=N 61 /\/‘ H N 62 fl
AY N 7’
N e e e -
N T
A e o T
[ 3. A
Ay M =N F
F o J\/w/
F oo L N OH
HN_ IS { oH
] F o H ~ HO-  _oH
7 N bl %0 HO £\ /
o I} . Qi OH
L PBS.t, 16 h y -
N T I SN

(e} 4
o N PBS, mt, "
N N

Schemel7: Synthesis of the PFRAInctionalsed surfacé3 and schematic picture of the gbarray
surface after irradiation. All four immobilised carbohydrate derivatiB44, 61 and62 areshown in the
box above.

The microtiter platewas irradiated with a mercury vapour discharge lamp with a
wavelength of 254m for 30 minutes. Photofixation was followed by washing steps with
PBST (phosphate buffered saline with tween) to remove unreacted glycoconjugates and
incubation with ethanolamine to block unreacted surface groups. Finalftyttoarrays

were used inbacterial adhesion wdies. Microtiterplates were incubated with type
fimbriatedE. coli (PKL1162 straij. Since the PKL 1162 strain contains the GFP (green
fluorescent protein) gene, bacterial adhesias quantified by fluorescence read out in

the end*%27d The results of adhesion studies are depictddgnre41.

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































