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Abstract

Abstract

Noroviruses (NoV) from the family of calicivirus@se an emerging viral threat that after
their first detection in 1968 became the major eaafsnon-bacterial acute gastroenteritis.
Epidemic outbreaks in social settings such as kaispinursing homes, schools and
military impose a huge socio-economic burden woididw Transmission of NoV is facili-
tated by its extremely high contagiousness andqumoced stability towards environmental
influences and disinfectants. Symptoms of vomitngl diarrhea typically abate after two
to three days which often prevents the build-u@ dbng-term immunity. Medication or
vaccine development has been hampered by the dinaitailability of cell culture or
animal models for human NoV. Broadband vaccinatsoadditionally limited by the high
strain diversity and the genetic drift of NoV tHaad to escape from the so-called ‘herd
immunity’ in the population and the frequent app@ae of new epidemic strains.

An alternative strategy for disease prevention eodtrol is the development of entry-
inhibitors directed against the non-enveloped chgsoV infection critically depends on
attachment to histo-blood group antigens (HBGAs)ttmn surface of the gastrointestinal
mucosa. In this work the binding of synthetic HBGAson-infectious so-called virus-like
particles (VLPs) of a NoV strain from the currentipminating subgroup GIl.4 was
investigated. Saturation transfer difference (SEDY nuclear Overhauser enhancement
(NOESY) NMR experiments furnished detailed bindimpdels and revealed a strict
specificity for fucosylated HBGAs. Amino acids diet capsid protein recognizing the
L-fucose moiety were found to be strictly consensdong Gll.4 strains from the last
three decades. This encouraged the attempt tordesigy-inhibitors targeted against the
HBGA binding site of a large group of NoV and catugés the second part of this work.
L-fucose and hits from two different library screenapproaches served as starting point
for the design of divalent and multivalent inhibgoNMR and surface plasmon resonance
(SPR) titration experiments as well as hemaggltibnaassays were employed to compare
the binding strength of HBGAs and prototype intolst An avidity increase by a factor of
100 to 1000 compared to the monovalent interaci@s determined for multivalent
polyacryl-amide-based inhibitors. Chemical derxatiion and optimization of linker
lengths will likely lead to further increase of ibhion efficiencies.

In conclusion, the experiments with NMR and othephysical methods presented in this
thesis provide a comprehensive view on the HBGA iahdbitor binding properties of a

human NoV strain.
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Zusammenfassung 1]

Zusammenfassung

Noroviren (NoV) aus der Familie der Calicivirentaga erstmals 1968 in den USA auf und
haben sich seitdem zur Hauptursache nicht-baKtariakuter Gastroenteritis entwickelt.
NoV Epidemien treten insbesondere in sozialen &mwingen wie Krankenhéausern,
Altersheimen, Schulen und im militdrischen Bereacth und verursachen weltweit grof3en
soziobkonomischen Schaden. Die Verbreitung von M@d begtinstigt durch ihre extrem
hohe Ansteckungsrate und eine ausgepragte Stalgégentuber Umwelteinflissen und
Desinfektionsmitteln. Symptome wie Erbrechen undribide dauern typischerweise zwel
bis drei Tage an, sodass haufig keine Langzeitinit@uaufgebaut wird. Die Entwicklung
von Therapie- oder Impfstrategien wird erschwernicdulie begrenzte Verfligbarkeit von
Zellkultur- oder Tiermodellen fir humane NoV. Diehte Variabilitdt und genetische Drift
von NoV-Stammen stellen eine zusatzliche Limitigrdiar Impfungen mit breiter Wirk-
samkeit dar. Sie fuhren auch zum Durchbrechenatgreannten ,Herden-Immunitat* und
dem Auftreten neuer epidemischer Virusstamme ielne@l3igen Abstanden.

Eine alternative Strategie zur Pravention und &michung von NoV-Epidemien ist die
Entwicklung von ,Entry-Inhibitoren”, die gegen dasmbehillte NoV-Kapsid gerichtet
sind. Fur die Infektion ist die Erkennung von Higlutgruppenantigenen (HBGAs) auf
der Oberflache der Darmmucosa erforderlich. In efie&rbeit wird die Bindung von
synthetischen HBGAs an nichtinfektiose virusdhrdi€tartikel (VLPs) eines NoV-Stamms
aus der derzeit vorherrschenden Untergruppe Glh#ersucht. Sattigungs-Transfer-
Differenz- (STD-) und Kern-Overhauser-Effekt- (NOEENMR-Experimente lieferten
detaillierte Bindungsmodelle und ergaben eine h®pezifitat flur fucosylierte HBGAS.
Die Aminosauren in der L-Fucose-Bindungstasche Kigssidproteins sind unter Gll.4-
Stammen aus Uber drei Jahrzehnte hochkonservims. @6ffnete die Mdglichkeit zum
Design von Entry-Inhibitoren gegen die HBGA-Bindstagche dieser grof3en Gruppe von
NoV, welches den zweiten Teil dieser Arbeit datsté-Fucose und Verbindungen aus
zwei verschiedenen Bibliotheks-Screeningverfahreantdn als Ausgangspunkt fur die
Entwicklung divalenter und multivalenter InhibitoreTitrationsexperimente mit NMR und
Oberflachen-Plasmonen-Responanz-Spektroskopie (SBBWie Hamagglutinations-
versuche dienten zur Bestimmung der Bindungsstarte HBGAs und Prototyp-
inhibitoren. Eine Erh6hung der Bindungsstarke uneizhis drei Grofenordnungen im

Vergleich zur monomeren Bindung wurde fur multivaée Polyacrylamid-basierte



v Zusammenfassung

Inhibitoren ermittelt. Eine Optimierung der Linkénige sowie chemische Derivatisierung
werden in Zukunft zu einer weiteren Verbesserurrg/diekstoffeffizienz fuhren.
Zusammenfassend liefern die in dieser Arbeit vasdésn NMR- und SPR-Experimente

ein umfassendes Bild der HBGA- und Inhibitorbind@mgeinen humanen Norovirus.
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Abbreviations

Ast6139: human norovirus strain Ast6139/01/Sp

bp: base pair

COosY: Correlation Spectroscopy

cssf: chemical shift selective filter

Da: Dalton, unit of the molecular weight, 1 Da g/inol

EGso: effective concentration of a drug (agonist) cagdialf of the maximum
response in a biological system, measure for tiengy of a drug

Fc: flow cell on an SPR sensor chip

Fuc: fucopyranose

Gal: galactopyranose

GalNAc: N-acetylgalactosamine (pyranose)

Glc: glucopyranose

GIcNAc: N-acetylglucosamine (pyranose)

Ka: equilibrium association constant [M]

Kp: equilibrium dissociation constant [{i

Kot: dissociation rate constants

Kon: association rate constant fts™]

HBGA: histo-blood group antigen

HSQC: Heteronuclear Single Quantum Coherence

HTS: High Throughput Screening

1Cso: concentration of an inhibitory compound causiadf bf the maximum
inhibition, measure for the inhibitory efficiency ® compound

ILOE: Interligand Overhauser enhancement

LacNAc: B-D-Gal-(1,4)-D-GIcNACc (type 2 precursor)

Le* Lewis’ trisaccharidep-D-Gal-(1,3)-p-L-Fuc-(1,4)]$-D-GIcNAc

Le®: Lewis’ tetrasaccharidey-L-Fuc-(1,2)$-D-Gal-(1,3)-p-L-Fuc-(1,4)]$-
D-GIcNAc

Le: Lewis' trisaccharidep-D-Gal-(1,4)-p-L-Fuc-(1,3)]$-D-GIcNAc

Le: Lewis’ tetrasaccharidey-L-Fuc-(1,2)$-D-Gal-(1,4)-p-L-Fuc-(1,3)]B-
D-GIcNAc

ManNAc: N-acetylmannosamine (pyranose)

MD: molecular dynamics



X Abbreviations

MMC: Metropolis Monte Carlo (algorithm applied ttasstical distributions)

MW: molecular weight in Dalton or g/mol

NB2: bovine norovirus strain Bo/Newbury2/1976/UK

Neu5Ac: N-acetylneuraminic acid

NMR: Nuclear Magnetic Resonance

NOE: Nuclear Overhauser Enhancement

NOESY: Nuclear Overhauser Enhancement Spectroscopy

NoV: norovirus

ORF: open reading frame

ppm: parts per million

RBC: red blood cell

RF: radiofrequency used in NMR spectroscopy (ca- 8000 MHz)

RHDV: rabbit hemorrhagic disease virus

RKI: Robert Koch-Institut

ROESY: Rotational Overhauser Effect Spectroscopy

rpm: revolutions per minute

RU: Response Units, 1 RU = 1 pg/mm?2

sLe" sialyl-Lewis, a-D-Neu5Ac-(2,3)B-D-Gal-(1,4)-p-L-Fuc-(1,3)]B-D-
GIcNAc

sLée* sialyl-Lewi€, a-D-Neu5Ac-(2,3)p-D-Gal-(1,3)-p-L-Fuc-(1,4)]$-D-
GIcNAc

SPR: Surface Plasmon Resonance

STD: Saturation Transfer Difference

Ty Longitudinal relaxation time

To: Transversal relaxation time

Trm: mixing time in two-dimensional NMR experiments

TOCSY: Total Correlation Spectroscopy

trNOE: transferred Nuclear Overhauser Enhancement

TSP: trimethylsilyl-2,2,3,3-tetradeuteropropionaca

VLP: virus-like particle

VP1: major capsid protein of caliciviruses (virabfein 1)

WATERGATE: Water Suppression Through Gradient TradbExcitation
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1 Introduction

1.1 Caliciviruses

Noroviruses (NoV) are non-enveloped (+)-singlerslesd RNA viruses from the family
Caliciviridae. They cause acute gastrointestinal infectionsuimans and animals and are
well-known as ‘gastric flu’ or ‘winter vomiting démase’. In general, caliciviruses infect a
broad range of hosts causing a variety of disef&Sesenet al, 2001; Thiel & Konig,
1999) (Table 1.1). Caliciviruses are grouped inte fenera, namely Lagovirus, Vesivirus,
Sapovirus, Norovirus and Nebovirus (Internationahtnittee on Taxonomy of Viruses,
http://ictvonline.org/). Lagovirus comprises therguean brown hare syndrome virus and
the rabbit hemorrhagic disease virus (RHDV). RH@4ds to devastating hemorrhagic
disease and liver damage in rabbits leading tohdead period as short as 48 hours. Since
its first occurrence in 1984 in China (Let al, 1984; Parra & Prieto, 1990) it caused
epidemic outbreaks on all continents killing 90%naid rabbit populations. It is therefore
regarded as an emerging virus that was found te baginated from an avirulent ancestor
by mutation (Kerret al, 2009; Mosst al, 2002). Vesiviruses cause vesicular lesions and
abortion in sea mammals and swine (Neillal, 1995), respiratory infections in cats
(Geissleret al, 1997) and were also found in a broad range dadratinimals (Neillet al,
1998). Sapoviruses are responsible for sporadid¢ragageritis in humans and were
detected in diarrheic pigs and minks (Gial, 2001; Reuteet al, 2010). Norovirus is by
far the largest and best-studied genus that cagastsoenteritis in humans, cows, pigs and
mice. It is divided into 5 genogroups Gl to GV dfileh Gl, Gll and GIV cause infections
in humans. GIlll and GV comprise bovine and murirmeoriruses, respectively, while
porcine NoV strains belong to genogroup GlI (Sawpiet al, 2008; Zhenget al, 2006).
Nebovirus comprises only one species, Newbury-iusyimnd similar to bovine NoV
causes gastroenteritis in cows (Olietral, 2006). A sixth genus named Recovirus (rhesus
enteric calicivirus) has been proposed (Faetaa, 2010; Farkagt al, 2008).

Crossing of species barriers has been observeahforal caliciviruses (Bank-Wokt al,
2010; Koopmans, 2008; Smitkt al, 1998; Thiel & Konig, 1999). Shared attachment
factor specificities can facilitate such inter-gpsctransmissions although other host cell
factors may prevent reproductive infections. Zoaniifections in humans especially with
the closely related porcine Gll NoV seem possihié ave not been reliably reported
(Scipioniet al, 2008).



2 Introduction

Table 1.1. Disease and species range of caliciesus

Genus Species Virus Disease symptoms

European brown hare syndrome

_ hares virus (EBHSV) hemorrhagic disease, necrotic hepatitis
Lagovirus ) o ] o ) N
. Rabbit hemorrhagic disease virus hemorrhagic disease, necrotic hepatitis,
rabbits ;
(RHDV) organ failure
sea mammals San Miguel Sea Lion virus (SMSV) véaidasions, abortion
swine Vesicular exanthema of swine Virusvesicular lesions
Vesivirus (VESV)
cats Feline calicivirus (FCV) respiratory ;ymptoms, conjunctivitis,
oral ulceration; severe systemic disease
Sapovirus humans, Sapporo and Sapporo-like viruses acute gastro@igteliarrhea
P swine, mink PP PP 9
humans, acute gastroenteritis, vomitin
Norovirus cows, swine, Norwalk and Norwalk-like viruses . 9 ' 9
. diarrhea
mice
Nebovirus cows Newbury-1 gastroenteritis
Recovirus rhesus Tulane virus unknown pathogenicity
macaques

1.2 Norovirus Epidemiology

NoV was first detected as infectious agent in adespic outbreak of gastroenteritis 1968
in Norwalk, Ohio (Kapikiaret al, 1972). Since then NoV became the major causeuwita
non-bacterial gastroenteritis in humans certaiglydering them as emerging infectious
disease (Patett al, 2008; Siebengat al, 2009). NoV infections have caught up with
rotavirus infections that are still the major caudesevere gastroenteritis in children
<5 years (Jiangt al, 2010). NoV infection is diagnosed utilizing the-clled ‘Kaplan
criteria’: 1) mean illness duration of 12 to 603),an incubation period of 24 to 48 h,
3) more than 50% of infected people displaying syms of vomiting, and 4) the absence
of a bacterial agent. All four criteria are a shfat towards NoV infections although a
significant portion does not meet each of the fouteria. Symptoms are rapid onset of
watery diarrhea and vomiting, nausea, abdominahpsa headaches, myalgia and fatigue
(according to Robert Koch-Institute (RKI), BerlinNoV infections are usually self-
limiting with symptoms typically lasting for 12 lo three days. However patients can shed
infectious virus particles for several days to weeaker recovery (Siebengd al, 2008;

Tu et al, 2008). Moreover, chronic NoV infections are fregtly observed in immuno-

compromised long-term hospitalized patients thapldy prolonged virus shedding for
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month or even years (Beersned al, 2009; Saifet al, 2011; Sukhrieet al, 2010;
Wingfield et al, 2010). Together with shedding from asymptomatfedtions this may be
the basis for maintaining a basal level of NoV atien in the human population.

Strains from genogroups Gl and GllI cause the ovelmwimg majority of NoV infections
in humans with 270 million reported and innumeremseported cases worldwide each
year (Donaldsoret al, 2008). In Germany 100.000 to 150.000 cases weperied
annually by the RKI in the past five years consiiigl a nearly doubling of cases since the
early 2000s. This may only in part be related toreased public awareness and hence
higher diagnosis rates (Lopmanal, 2004; Siebengat al, 2010). Since NoV are highly
contagious, epidemic outbreaks are likely to o@ewwocial settings such as nursing homes,
hospitals, childcare centers, schools, restaurgmtisons, military and cruise ships
(Fankhauseet al, 2002; Lindesmitlet al, 2008; Matthewst al, 2012). In addition to the
enormous socio-economic losses (Johngbal, 2007) NoV can become a life-threate-
ning disease in children, elderly and immunocompsenh patients causing one million
hospitalizations and 200,000 deaths in young obldper year (Patedt al, 2008). An
increased incidence in the winter season initil@ty/to the label ‘winter vomiting disease’
and ‘gastric flu" with reference to influenza viassthat display a similar seasonality
(Greeret al, 2009; Lopmaret al, 2004; Lopmaret al, 2008; Mountset al, 2000).

NoV outbreaks are facilitated by an extremely higiection rate on the fecal-oral route
via contaminated water and food, contaminated eesfaand direct person-to-person
contact. An infectious dose of 10 to 100 virus iples was reported (Atmar & Estes,
2006). A more recent study even yielded an aveirasfigetion probability of 0.5 per single
NoV patrticle (Teuniset al, 2008). Additionally, NoV display a high environntel
stability and resistance towards many disinfectavitech is directly linked to the high
capsid stability (Ausaet al, 2006; Cuellaet al, 2010; D'Souzat al, 2006; Duizert al,
2004a; Fengt al, 2011). NoV are therefore classified as categobyd@lefense agents.

Due to the rapid clearance of the infection usuatiylong-termed immunity against NoV
Is established. Moreover, antibodies induced oféek cross-reactivity with other highly
diverse NoV strains (see section 1.3). Immunityirsgaone strain may not protect against
infection with another strain. However, the highM\prevalence and hence widespread
short-term immunity in the human population is megd to create a so-called ‘herd-
immunity’ (Lindesmith et al, 2008; Siebengaet al, 2007). The resulting negative
selection by the host immune response force Nouniergo antigenic drift (Bulét al,
2010; Donaldsoret al, 2008; Lindesmithet al, 2011; Siebengat al, 2007). A linear,
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epochal evolution of antigenic sites of the NoV sidpcauses the appearance of new
epidemic variants every two to three years (Shaakaf, 2011; Siebengat al, 2007). In
seasons of particularly high NoV incidence rateais$ from the subcluster (genotype)
Gll.4 were shown to dominate while in other seasmtsoader range of both Gl and Gl
strains are detected (Koopmans, 2008; Kronestaal, 2008). This indicates differences
in the infectiousness and/or pathogenicity of défe genoclusters.

No medication is yet available for NoV infectiongeatment of hospitalized patients is
limited to water and electrolyte replenishment anttitional support. Clearance of chronic
NoV infections in immunocompromised patients usuediquires recovery of the immune
system (Saikt al, 2011). Vaccination strategies for NoV diseaseshasen developed but
the fast antigenic drift of NoV creates certainitations (see section 1.9). The limited
availability of cell culture and animal model syst for human NoV hampered the
development of medical treatments and vaccinesz@ueit al, 2004b; Layet al, 2010).
The development and testing of so-called entrybidis directed against initial host cell

attachment during NoV infection is the central essfi this work.

1.3 Genomic Organization and Variability of Noroviruses

NoV are non-enveloped icosahedral viruses contgi@n7.5 to 7.7 kB positive-sense
single-stranded RNA genome. Early studies revetiiedpresence of three open reading
frames (ORFs) in the NoV genome (¢t al, 1990) (Figure 1.1). ORF1 encodes
nonstructural proteins, including a nucleotide hopphatase (NTPase), the VPg protein
that is covalently linked to the 5 end of the gamo RNA, a 3C-like cysteine protease
(Pro) and an RNA-dependent RNA polymerase (Pol)is lexpressed as a ~200 kDa
polyprotein and further processed by the viral @ase. ORF2 encodes the 60 kDa major
capsid protein VP1 of which 180 copies form thestypORF3 encodes for a smaller
22 kDa structural protein that is present in a loa@gy number per virus particle. It may
play a role in enhancing VP1 expression and stalfiiertolotti-Ciarletet al, 2003). Both
structural proteins are expressed from a 2.3 t&kB.Subgenomic RNA that is transcribed
from the genomic RNA by the non-structural protejAsanakaet al, 2005; Bertolotti-
Ciarletet al, 2003).

The major capsid protein VP1 is divided into andixtinal shell (S) domain responsible

for spherical particle formation and a protrudi®y lomain. The outmost P2 domain is an
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insert of the P1 domain. It contains antigenicames and binding sites to host attachment
factors that have been identified as histo-bloazigrantigens (HBGAS) on the surface of
the gastrointestinal epithelium (Hutsenal, 2003; Marionneaet al, 2002) (see sections
1.4 and 1.5).

ORF1 ORF2 ORF3
5'|-[ Nterm NTPase p20 VPg Pro Pol ]—[ VP1 ]—[vpz]—w

| s [
222 275 418 539

1

Figure 1.1. Structural organisation of the NoV gaeoand the VP1 protein. Top panel: NoV
genome with three ORFs encoding for non-structprateins (blue) and the major and minor
capsid proteins (green). Bottom panel: domain degdion of the major capsid protein VP1

that can be divided into a shell (S) and a protrgdiP) domain separated by a small hinge;
residue numbers indicate domain boundaries foGtihé strain Ast6139 used in this study.

The major capsid protein is under high pressuevtae the host immune system resulting
in a fast mutation rate especially in the P2 don{Biok et al, 2009a; Bullet al, 2010;
Nilsson et al, 2003; Rohayenet al, 2005). The resulting antigenic drift creates rda
sequence diversity (Lindesmitit al, 2011) that probably contributes to rapid worldevid
distribution of NoV and that leads to many new epit variants (Lindesmitkt al, 2008;
Siebengeet al, 2007). A high mutation rate seems to be a comfeature of emerging
viruses that are most often single-stranded RNAsés of either positive sense (e.g. SARS
coronavirus, Chikungunya virus and West Nile viras)hegative sense (e.g. Ebola virus
and reassorted influenza viruses).

NoV are clustered into five genogroups Gl to GV adeast 29 genotypes based on
phylogenetic analysis of the major capsid proteRil\(Zhenget al, 2006). Recently NoV
with recombinant genomes of different genogroupsehbeen characterized as well
(Motomuraet al, 2010; Rohayenet al, 2005). The sequence variation within a genogroup
is 20% to 40% while different genogroups differ49f6 to 60% (Bolet al, 2009a; Zheng

et al, 2006). The best-studied NoV group is the curyedtbminating Gll.4 genotype.
Analysis of the full length capsid protein sequenoé 185 GlI.4 strains from a period of
34 years (1974 — 2008) revealed a mutation rat.f10° nucleotide substitutions per
site per year (Bolet al, 2009a) which is close to the average evolutice@ od RNA viru-
ses of about®410° (Duffy et al, 2008). One half of the 13.5% variable sites ofl\ifrere
located in the P2 domain that constitutes only foneth of the protein length (Figure 1.2).
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Despite the high sequence diversity, a strict caagi®n of residues directly involved in
HBGA recognition was found by multiple sequencegraient of Gll.4 strains from the
past three decades (Bek al, 2009a; Lindesmitret al, 2008). The HBGA binding site
was identified previously by co-crystallization thie Gll.4 strain VA387 in complex with
A and B antigens (Caet al, 2007) (see section 1.8). It is proposed that Nidéction
strictly requires binding to HBGAs and the respextiesidues are therefore under high
selective pressure. Nevertheless, mutation of wesid¢lose to this binding site can modify
the attachment factor specificity. The invasion rdw host populations by altered
attachment factor specificities is thought to be o the driving forces that lead to the
emergence of new epidemic NoV strains every twihtee years (Donaldsaet al, 2008;
Lindesmith et al, 2008). The high variability of surface exposedidaes also reflects
antigenic epitope variation. Escape from herd immydvy antigenic drift is even proposed
to be the main evolutionary pressure to NoV (Limdi¢is et al, 2011; Siebengat al,
2007).

The informative and conserved sites of the maj@sichprotein of representative Gll.4
strains are depicted in Figure 1.2 (see Figurei.the appendix for a full sequence
alignment). The Gll.4 strain Ast6139 studied irsthiork is included for comparison.

(7]

©Ce25e882I33s e IRRS2ISR D 2333ITSSSESIsISIIea
————————————— N QNN T T YT T T T TITTITTTODL OO OO

CHDC (1974) SNTISS I I TGLFAHSLKDITSYS ACS GYNSAAHSIPYVSKYV
Camberwell (1987) SNAI GSVVTGLFSHSLKDITSYS ACSGYNLAAHSIPFVTRA
Grimsby (1997) NNTVGAIVAGLFSNSIKDITSYS ACSGYNQAAYSVPHVARA
VA387 (1998) NSTVGAVVYVY T TGLFSNSIKDITSYS E ACS GYNQAAHSVPHVARA
Ast6139 (2001) NNTVGATVTGPFSNPIKDITTFN g VCSGYNQAAHSVPHVTRA
Farmington Hills (2002) N N TV G A I VT GL FLNPI KE I TTFG ACS GYNQAAHSVQHVTRA
Hunter (2004) NTTVGAIVTVLLSNPIRDMSTEFEFS ACSGYNQSAHSVYQHI ARA
Sakai (2005) NS TVGAIVTGLFSNSIKDITTFS ACSGYDQASHAVYQHVARA
Den Haag (2006) NTTVGAIVTGLFSNPIRDISTEFES ACS GYNQSAHSVQHVARA

8883358855828 32583888333398858858 10858888 3883858 8¢

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm TI T
CHDC (1974) ANRVGISHDTVNIKLTRASTRASHTVFTNDFQTNKI@QDGD-HQNTSG
Camberwell(1987) A NH | VGSHDTAS | KLTRASTRASHTVFTNDFQTNKI QDGD-HQNRTG
Grimsby (1997) ATHIAGSHDTANIKMTRESTRASHIVYTNDFQTNKIQ@QDGN-NQNRTG
VA387 (1998) ATHIAGSHDIANIKMTRESTRATHTVYTNDFQTNKI Q@DGN-NQNRTG
Ast6139 (2001) PTHIAGTHDTANIKVSRGSTRGSHTVYTNDLEASKVYQDGN-NQNRTG
Farmington Hills (2002) P T H | AGTHNTAN I RMTRGS TRGDHT I FNNDFETNKVYQDGNGTQSRTG
Hunter (2004) PTHIAGAQNTANIKVTRRISTRGSHTVFSSDFETNRYVQDGSTTQDRDS
Sakai (2005) PTHIPBGTRTRANIKMTKGSTRGSDTVFIAIDDFETNRI QDGSISIAIRDR TV
Den Haag (2006) PTHIAGTQNTANVKVTRGSTRGSHTVFSSDFETNRVYQDGSTTaDRDNMN

Figure 1.2. Variable and conserved sites of Gll.dVNmajor capsid proteins. Multiple
sequence alignment of prototype strains of mairstehs from 32 years as well as strains
VA387 (Grimsby cluster) and Ast6139 (Farmingtonl$iitluster) was created with ClustalwW
(Larkin et al, 2007). Red coloring indicates accumulation ofatiohs at variables sites; green
color marks conserved sites in the HBGA bindingkgbcModified from (Boket al, 2009a).
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Each strain except VA387 and Ast6139 represent&dentically named Gll.4 cluster:
CHDC (1974-1977), Camberwell (1987-1994), Grimsb§96—2001), Farmington Hills
(2002-2004), Hunter (2002—2006), Sakai (2004-20a87) Den Haag (2006-2007)
(Bok et al, 2009a). Post-2002 strains are characterizeddiyghe amino acid insertion at
position 395, most often a threonine. This inseri® reported to cause enhanced HBGA
binding affinity and hence undergoes positive dalac(de Rougemonet al, 2011;
Siebengaet al, 2010).

The strain Ast6139 investigated in this work mdesely belongs to the Farmington Hills
cluster although it lacks the T395 insertion. Thik.45strain VA387 from the Grimsby
cluster has 95% sequence identity with Ast6139.rdfloee the experimental results for
Ast6139 will be compared to previously publishedadaf VA387 attachment factor
binding (Cacet al, 2007; Huanget al, 2005).

1.4 Host Attachment Factors: Histo-Blood Group Antigens

Human NoV were discovered to exploit so-calleddilsibod group antigens (HBGAS) as
attachment factors (Harringt@t al, 2002; Hutsoret al, 2002; Lindesmittet al, 2003).
HBGAs are the carbohydrate entities of glycoprateamd glycolipids on the surface of
many cell and tissues types (Marionnedwal, 2001; Milland & Sandrin, 2006; Stanley &
Cummings, 2009). They form the ca. 100 nm wide @tatyx that plays a role in
protection against physical and chemical damageglircell adhesion and communication,
embryogenesis and identification of ‘self’ and ‘peelf’ by the immune system (Reitsma
et al, 2007). HBGAs are present in mucosal epithelighef gastrointestinal, respiratory
and genitourinary tracts. On red blood cells angcukar endothelia they determine the
blood group of an individual. The formation of dadies against ‘foreign’ HBGAS not
present in an individual is the reason for immugaloshock syndromes after erroneous
blood transfusions as well as graft rejection aftegan transplantations (Milland &
Sandrin, 2006). HBGAs are also present as freeosdigcharides in body fluids such as
saliva and milk where they may function as decayepeors for pathogens (Le Pendu,
2004). Epidemiologic anih vitro data indicated a blocking effect of mother millaegt a
range of pathogens including caliciviruses offerprgtection of breast-fed infants (Jiang
et al, 2004; Morrowet al, 2005; Ruvoen-Clouett al, 2006).
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HBGAs can be generally divided into ABH and Lewypd antigens (Stanley &
Cummings, 2009) that are synthesized from six wfie precursor types (Marionneat
al., 2001; Meloncelli & Lowary, 2009) (Table 1.2). Tihbiosynthesis is accomplished by
a range of glycosyltransferases that are speasficttie type of the donor and acceptor
sugar as well as for the created linkage. The mpghways for the biosynthesis of
HBGAs in humans are illustrated in Figure 1.3. Gien@olymorphism and variable
expression patterns of glycosyltransferases crgatpie glycosylation patterns in different
tissues, individuals and species. Especially theraction with pathogens that exploit host
carbohydrates as attachment factors and recepsothiought to be the evolutionary
selection force for the diversification of HBGAsd@eux & Varki, 1999).

Table 1.2. HBGA structures present in humans. nilidates the position of backbone elongations.

HBGA Structure Symbol?
backbone precursor

type 1 precursor D-G#i(1,3)$-D-GIcNAc-R o’mr
type 2 precursor D-G#(1,4)$-D-GIcNAc-R omtr
type 3 precursor D-G#i(1,3)-w-D-GalNAc-R oPmR
type 4 precursor D-G#(1,3)$-D-GalNAc-R o®mr
type 5 precursor D-G#i(1,3)$-D-Gal-R o”o’r
type 6 precursor D-G#(1,4)$-D-Glc-R o“eLr
ABH antigens

H-disaccharide L-Fue{1,2)$-D-Gal-R o
A antigen D-GalNAca(1,3)-[L-Fuc«(l,2)]-8-D-Gal-R ~O-R
B antigen D-Gaky(1,3)-[L-Fuc«(1,2)]$-D-Gal-R “O-R

Lewis antigens

Lewis® (L") D-Gal$(1,4)-[L-Fuca(l,3)]B-D-GlcNAc-R C%TER
Lewis® (Le®) D-Gal$(1,3)-[L-Fucu(1,4)]$-D-GIcNAc-R = R
Lewis’ (Le") L-Fuc-(1,2)-D-Gal$(1,4)-[L-Fucu(1,3)]-B-D-GlcNAc-R %R

k5
Py

Lewis® (Le") L-Fuc-u(1,2)-D-Gal$(1,3)-[L-Fuca(1,4)]8-D-GIcNAc-R

N
IS

@

=

=
Py

sialyl-Lewis‘ (sL&) D-Neu5Ac«(2,3)-D-GalB(1,4)-[L-Fuca(1,3)]$-D-GIcNAc-R

w

@

=

)
)

sialyl-Lewis' (sL€) D-Neu5Ac«(2,3)-D-Galf(1,3)-[L-Fucu(1,4)]$-D-GIcNAc-R

>

[a] Sym