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Abstract

Noroviruses (NVs) are among the most common viral pathogens which target the
gastrointestinal (GI) tract and cause severe diarrhea, vomiting and episodes of
abdominal cramps with fever. Millions of people around the world get infected with
NVs annually, of which 200,000 cases are estimated to be fatal. Yet for decades, the
failure of propagating the human NVs in a cell-culture model has hampered NV
infection research and consequently treatment and vaccine development. Thus, the
research has mainly been focused on epidemiology and studies on the interaction of
model virus-like particles (VLPs) with potential host receptors or attachment factors to
gain understanding of the first steps of the infection in order to successfully pave the
way for effective clinical therapy or prophylaxis. Motivated by this theme, the
emphasis of the present work is mainly on protein-carbohydrate interactions of host
glycans with NV VLPs. About 80 % of NV outbreaks reported to date are caused by
GIIL.4 genocluster of NVs. Therefore, due to its dominating clinical importance GII.4
NV-like particles and capsid protein dimers are used for in vitro and in silico studies
included in the thesis work.

NVs have been shown to recognize host histo-blood group antigens (HBGAs) as viral
receptors or attachment factors. To investigate the molecular details of interactions of
GII.4 NVs with a repertoire of fucosylated HBGAs, molecular dynamics studies were
initially carried out based on the crystal structure of B-trisaccharide HBGA in complex
with VA387 GIL.4 norovirus P dimer. The results, which were later confirmed by
crystallographic studies, could explain, on an atomic level, the binding characteristics
from a mutagenesis study carried out earlier on the same NV strain. Along with the
modelling studies theoretical binding energies were also estimated for different
HBGAs binding to VA387 P dimers. The atomic details of binding modes revealed
how a single fucose binding site could exploit two different binding modes of the same
glycan. This was supported by a literature review of the occurrence of similar fucose
binding sites and modes observed in nature for fucose binding lectins and antibodies.

One of the objectives of the thesis was to understand the dynamics of virus host
interactions at the cell surface membrane, as it holds clues to very early steps of virus
infection. Therefore, total internal reflection fluorescent microscopy (TIRFM) was
developed to study the binding events of glycosphingolipid (GSL)-containing vesicles
to single NV like particles bound to a supported lipid bilayer (SLB). The advantage of
this single vesicle binding assay is the ability to analyze the attachment-detachment
kinetics both in transient and steady state conditions. Therefore, it enabled us, for the
first time, to discriminate between compositionally different GSL-containing vesicles
based on their detachment activation energy. This relates directly to the binding
strength of the virus-vesicle complex thereby providing new insights into the
characteristics of binding virus-like particles to various lipid bound glycans. Moreover,
the differences in the distribution of detachment energy of activation for different
GSL-containing vesicles were also analyzed.



Microdomains or clustered patches of GSLs with or without cholesterol are dynamic
integral parts of most of the plasma membranes. Their role has been implicated in
virus infection of HIV and influenza virus but not in NVs. However for the first time,
NVs were shown to recognize galactosylceramide (GalCer) microdomains in
supported lipid bilayers. The atomic details of the binding mode of these interactions
are, however, still to be clarified.

In conclusion, the thesis describes details of viral protein - host carbohydrate
interactions at the molecular level, of relevance for understanding virus infection and
design of novel anti-viral strategies.

Keywords: norovirus, molecular dynamics, molecular docking, total internal
reflection fluorescent microscopy, desorption activation energy, virus-host
interactions, histo-blood group antigens, fucose
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Sammanfattning pa svenska

Norovirus (NV) riknas som en av de vanligaste gastrointestinala patogenerna.
Norovirus infektioner leder ofta till kortvariga episoder av diarréer, krikningar och
magkramper med feber. Miljontals minniskor runt om i vérlden smittas arligen med
NVs och i ca 200 000 fall har infektionen en dodlig utgdng. En av de storsta
utmaningarna for NV-forskningen dr kopplade till svérigheterna att odla det méanskliga
viruset 1 cellkulturer. Detta utgor ett stort hinder for infektionsforskningen och darmed
utvecklingen av nya terapeutiska strategier och vacciner. Sélunda har forskningen
hittills varit frimst inriktad pé de epidemiologiska aspekterna av NV infektionen. Det
forekommer dven en intensiv forskning kring grunderna for adhesion och interaktion
med olika vérdfaktorer som kan vara kritiska under de fOrsta stegen av en infektion.
Sadana studier dr av stor betydelse for att bana vig for en effektiv klinisk profylax.
Motiverad av detta tema ligger tyngdpunkten i detta avhandlingsarbete frimst pd
studier av protein - kolhydrat- interaktioner av fukosylerade vérd glykaner med s.k.
virus-liknade-partiklar (VLPs). Cirka 80% av NV-utbrotten orsakas av stammar
tillhorande GII.4 genoklustret. P4 grund av dess dominerande kliniska betydelse har
dven vi anvint GII.4 NV liknande virus partiklar och protein dimerer f6r vara in vitro
och in silico studier.

Flera olika studier har visat att NV kan anvidnda blodgruppsantigener (HBGAs) som
receptorer eller adhesionsfaktorer. For att borja undersoka de molekylédra detaljerna av
dessa interaktioner genomforde vi initialt molekyldynamikstudier av ett GIL.4 NVs
med en bred repertoar av fukosylerade HBGAs. Studien utgick fran kristallstrukturen
av en HBGA B-trisackarid 1 komplex med VA387 GII.4 NV protein dimeren. Vara
resultat gav oss insikt i de strukturella grunderna for bindning pa atomirnivd och
lyckades dessutom forklara resultaten frdn en mutagenes studie som tidigare
genomforts pd samma NV-stam. Dessa teoretiska insikter bekréiftades senare med en
kristallografisk studie fran en annan grupp. Efter modellering fortsatte vi med att
berdkna de teoretiska bindningsenergierna for interaktionen mellan olika HBGAs och
VA387 P dimeren. Vi lyckades nu visa hur ett enda fukos-bindningsstille pa
virusproteinet kan utnyttja tva olika bindningssétt for samma glykan. Detta stoddes av
en litteraturgenomgang av forekomsten av liknande fukos-bindningsstdllen pd andra
fukosbindande lektiner och antikroppar.

Ett av malen med avhandlingen var att forstd dynamiken av virus-vird interaktioner
vid cellmembranet, nagot som kan ge ledtradar om de tidiga stegen i en virusinfektion.
Déarfor anvdande vi en nyutvecklad metod, Total Intern Reflektion Fluorescens-
mikroskopi (TIRFM), for att studera bindningen mellan glykosfingolipid (GSL)
innehéllande vesiklar med NV-liknande partiklar bundna till modellmembraner
(supported lipid bilayers). En stor fordel med denna analys var att vi kunde folja
bindningskinetiken for enskilda vesiklar under olika experimentella forhdllanden. Pa
sa sdtt kunde vi diskriminera mellan olika GSL-innehéllande vesiklar, med olika
glykolipid sammansittningar, genom att berdkna aktiveringsenergin for dissociationen
av vesiklar frin VLP. Denna parameter dr direkt relaterad till bindningsstyrkan av
virus-vesikel komplexet vilket gett oss nya insikter i bindningsegenskaperna av virus-
liknade partiklar till olika lipidbundna glykaner.
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Mikrodomédner av GSLs, med eller utan kolesterol, forekommer i1 de flesta
plasmamembran. De har visat sig vara av betydelse for olika virala infektioner sdsom
HIV och influensa. Om de kan vara viktiga for norovirus &r hittills oként. I detta
sammanhang visade vi ocksd for forsta gingen att NV interagerar med
galaktosylceramid (GalCer) 1 mikrodoméner 1 artificiella lipidmembraner. Ytterligare
studier behovs dock for att klargéra mekanismen bakom denna observation.

Sammanfattningsvis beskriver denna avhandling detaljerna bakom virala protein-
kolhydrat interaktioner pa molekylir nivd, ndgot som &r relevant for att forstd de forsta
stegen vid norovirusinfektioner och for att kunna utforma nya antivirala strategier mot
dessa.
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1. Introduction

Infectious diarrhea or gastroenteritis is a major global public health concern (Krenzer,
2012). The etiological agents identified are mainly bacteria (Bishop and Ulshen,
1988), viruses (Krenzer, 2012; Steinhoff and John, 1980) and parasites (Guerrant and
Bobak, 1991). The viral pathogens infecting human gut, mostly in children, are mainly
from four families; Caliciviridae (Norovirus and Sapovirus), Reoviridae (Rotavirus),
Adenoviridae (Adenovirus) and Astroviridae (Astrovirus).

The advent of modern molecular biology techniques has attributed the majority of
gastroenteritis cases, previously of unknown origin, to noroviruses (NV) as the major
etiological agent (Atmar and Estes, 2001). Today, noroviruses are identified to cause
about half of all gastroenteritis outbreaks worldwide (Patel et al., 2009). Due to the
extremely contagious nature, noroviruses to this day pose great threat to all kinds of
community settings including hospitals, day care centers, nursing homes, schools,
restaurants and cruise ships (Fankhauser et al., 2002; Lindesmith et al, 2008;
Matthews et al., 2012). During the last decade, there has been an increase in the
number of reported norovirus outbreaks and a new variant has appeared every 2-3
years causing large epidemics worldwide (Donaldson et al., 2008) with Sydney 2012
being the most recent one (Eden et al., 2014).

There 1s a well-established body of evidence that human noroviruses recognize histo-
blood group antigens (HBGAs) as potential receptors or attachment factors (Shirato,
2011). Although studies showing their role in virus infection and cellular entry are
virtually lacking in the absence of cell culture model, in vitro binding studies are still
helpful in designing much needed antiviral therapeutics. Following this theme, the
current thesis aims at revealing novel insights into the norovirus-HBGA interactions to
facilitate the understanding of very early steps of virus recognition over the cellular
membrane and design of novel antiviral strategies.

1.1. Norovirus

1.1.1. Historical perspective

The phrase “winter vomiting disease” was first coined by Zahorsky in 1929 who
described a disease which was previously unknown. The symptoms included vomiting,
diarrhea and abdominal cramps which all faded off in only a couple of days and with
full recovery (Zahorsky, 1929). During the next few decades, several outbreaks with
similar symptomatic description occurred but none could be attributed to the viral
etiology because of the failure of classical tissue-culture virology approaches
(Kapikian, 2000). It was not before 1972 that the clear serological evidence of virus
infection was shown by Kapikian et al., through immune electron microscopy where
they identified a 27 nm virus particle from infectious stool specimen (Kapikian et al.,
1972). Kapikian and co-workers later demonstrated a clear difference between the
quantities of antibody coating of this 27 nm virus particle using pre-challenge and
convalescent sera of the same individual (Kapikian ef al., 1975). The virus was named
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Norwalk virus based on the outbreak in an elementary school in Norwalk, Ohio, 1968
(Adler and Zickl, 1969) from which the samples for virus identification were prepared.
In addition to Norwalk virus, other names like “Norwalk-like virus” or “small rounded
structure virus” have also been used over the years (Appleton, 1987). However, in
2002 the international committee on taxonomy of viruses (ICTV) standardized the
name as “Norovirus”.

1.1.2. Clinical features

General symptoms

The general characteristic clinical manifestations of a norovirus infection are sudden
onset of vomiting and watery diarrhea. The constitutional symptoms include nausea,
abdominal cramps, myalgias and fever (37-45% of cases) (Glass et al., 2009). The
incubation period of the virus is 10-51 hours and the illness lasts typically for 2-3 days
but could be longer in case of children (< 11 years), elderly or immunocompromised
individuals (Lopman et al., 2004a; Lopman et al., 2004b; Rockx et al., 2002). The
virus can be identified in stools for 8 weeks post infection (Atmar et al., 2008) and in
some cases months or even years (Milbrath et al., 2013; Nilsson et al., 2003).
Norovirus induces a self-limiting disease and the symptoms usually disappear without
sequelae. In otherwise healthy individuals only rehydration is enough treatment for
total restoration. However, for the vulnerable population (children, elderly and
immune compromised) complications may occur which include renal insufficiency,
electrolyte imbalance and high loss of body fluids (Mattner et al., 2006). Even
fatalities have been reported for a number of outbreaks involving
immunocompromised and elderly individuals (Desai et al., 2012; Harris et al., 2008;
Trivedi et al., 2013; van Asten et al., 2011). Indeed, it has been estimated that more
than 200,000 deaths among children (< 5 years) are caused annually by noroviruses in
developing countries (Patel et al., 2008).

Unusual symptoms

Several reports have described set of symptoms which are not manifested in common
cases of norovirus infections. For e.g. the famous outbreak of norovirus associated
gastroenteritis among British soldiers in Afghanistan resulted in symptoms like
headache, neck stiffness and photophobia. Even disseminated intravascular
coagulation was observed for one of the patients (Centers for Disease and Prevention,
2002). Necrotizing enterocolitis was also observed in patients in a neonatal intensive
care unit, half of which were norovirus positive (Turcios-Ruiz et al., 2008). Moreover,
norovirus gastroenteritis has also been associated with exacerbations of inflammatory
bowel disease (Khan et al., 2009). Apart from otherwise healthy persons, the
immunocompromised individuals, particularly the recipients of organ or stem cell
transplant have shown extremely complicated syndromes (Nilsson ef al., 2003; Roddie
et al., 2009; Westhoff et al., 2009).

Subclinical symptoms

The norovirus symptoms may vary from person to person. Some individuals may
observe only vomiting or only diarrhea, while others may not present any symptom at
all. In one of the challenge studies, around one third of the infected population did not
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develop the disease (Graham et al., 1994). Such illness-free carriers of virus do
develop a serological response and shed the virions in stools (Hutson et al., 2004a).
The asymptomatic infections have been identified in several outbreaks of prototype
Norwalk virus and other norovirus strains (Bucardo et al., 2010; Gallimore et al.,
2004; Huynen et al., 2013; Ozawa et al., 2007).

1.1.3. Classification

Norovirus together with Lagovirus, Sapovirus, Nebovirus and Vesivirus constitute the
known genera of the Caliciviridae family (Green et al., 2000; Kaplon et al., 2011).
Following the discovery of novel caliciviruses in rhesus monkey, chicken and swine,
new genera have been proposed but not yet officially approved (Farkas et al., 2008;
Wolf et al., 2011).

Figure 1.1 Norwalk agent as visualized by electron microscopy for the first
time in 1972. Modified from (Kapikian, 2000).

The name “calici” (derived from greek work calyx
meaning cup) comes from the distinct morphology of
these viruses showing “cup-like” structures when
visualized under the electron microscope (Hansman et
al., 2010) (Fig. 1.1).The prominent clinical symptoms
associated with animal caliciviruses include upper
respiratory tract infections, gastrointestinal infections
W8 and severe haemorrhagic syndromes (Hansman et al.,
2010) (Fig. 1.2). Noroviruses and sapoviruses infect humans and serve as etiological
agents for acute, mild and asymptomatic gastroenteritis. Noroviruses belong to the
genetically diverse group of caliciviruses. Since at present a cell culture to propagate
all noroviruses is not available, the conventional serotypes based method to cluster the
genetically relevant strains is not possible (Duizer et al., 2004). Therefore, several
classification schemes have been proposed based on the genetic diversity (Ando et al.,
2000; Kroneman et al., 2013; Vinje et al., 2000; Zheng et al., 2006). The most widely
used system of classification for noroviruses considers pairwise sequence similarity
between whole capsid proteins (Zheng et al., 2006). Using this system, noroviruses
were segregated into as many as 5 genogroups and more than 30 genotypes within
these genogroups (Patel et al., 2009). More recently, a sixth genogroup (GVI) has
been proposed to represent newly discovered dog noroviruses. The most widely used
system of classification for noroviruses considers pairwise sequence similarity
between whole capsid proteins (Zheng et al., 2006). Using this system, noroviruses
were segregated into as many as 5 genogroups and more than 30 genotypes within
these genogroups (Patel et al., 2009). More recently, a sixth genogroup (GVI) has
been proposed to represent newly discovered dog noroviruses (Mesquita et al., 2010).
Human noroviruses are combined in genogroups I, II and IV. Genogroup III mainly
infects cattle, while genogroup V includes murine noroviruses (Donaldson ef al., 2010;
Patel et al., 2009). The cutoff value for the capsid protein sequence similarity is 14.1
% between the variants within single genotype and 15 % between the two nearest
genotypes (Zheng et al., 2006).




Caliciviridae

Lagovirus Sapovirus Norovirus Vesivirus Nebovirus
(systemic haemorrhagic (Gastroenteritis) (Gastroenteritis) (Upper respiratory tract/ (Gastroenteritis)
syndromes) systemic infection)

Figure 1.2 Known genera in Caliciviridae family with their clinically defined syndromes.
1.1.4. Epidemiology

Norovirus outbreaks and sporadic cases

Norovirus is estimated to cause half of all gastroenteritis outbreaks worldwide and is
the leading cause of acute non-bacterial gastroenteritis in humans (Atmar and Estes,
2006). The unique combination of long periods of virus shedding both in symptomatic
and asymptomatic infections, low infectious dose, high degree of environmental
contamination, viral stability and extreme antigenic variability enable these pathogens
to efficiently dominate the outbreaks in all kinds of community settings (Hansman et
al., 2010) mainly including, but not limited to, hospitals (Fretz et al., 2009; Hoffmann
et al., 2013; Kanerva et al., 2009; Leuenberger et al., 2007, Ohwaki et al., 2009;
Verbelen et al., 2004), day care centers (Lyman et al., 2009), military settings (Grotto
et al., 2004; Mayet et al., 2011; Wadl et al., 2010; Yap et al., 2012), cruise ships
(Morillo et al., 2012; Wikswo et al., 2011; Vivancos et al., 2010), restaurants (Baker
et al., 2011; Centers for Disease and Prevention, 2006; Smith et al., 2012) and schools
(Centers for Disease and Prevention, 2008; Gomez, 2008; Morioka et al., 2006;
Oogane et al., 2008).

Although, norovirus outbreaks are usually more efficiently reported, sporadic
norovirus cases are also common among family settings with a high prevalence among
young children and elderly all around the world (Gao et al., 2011; Kele et al., 2009;
Muhsen ef al., 2013; Park et al., 2012; Patel et al., 2009; Tan et al., 2010; Yoneda et
al., 2014). These cases could be complicated if medical care, especially for children
and elderly, is not provided in time (Desai et al., 2012). Yoneda et al. reported the
norovirus detection rate of 39.5 % (in both bacterial and non-bacterial gastroenteritis
combined) among infants in a study conducted over the period of 5 years in Japan
(Yoneda et al., 2014) while a similar study in Israel found noroviruses in 17.3 % of
stool samples collected over 3 years period for children under 5 years (Muhsen et al.,
2013), only second to rotaviruses for which a detection rate of 21% was observed.
Similar trends have been observed in several other studies. It is clear that the disease
burden for norovirus is much higher in developing countries. Patel et al. has estimated
that in these countries 200,000 deaths among children under five years are caused by
noroviruses annually (Patel er al, 2008). Individual deaths for elderly as a
consequence of norovirus infection have also been reported (Lopman et al., 2004b;
Okada et al., 2006).



Transmission modes

Noroviruses are highly contagious with 50% human infectious dose of as low as 1320
genomic equivalents (Atmar et al., 2013). The fecal-oral route is the preferred mode of
transmission which is facilitated by the high loads of norovirus shedding in stools of
infected individuals (see section 1.1.2). Person to person contacts have been reported
to be associated with a majority (70-80%) of the enteric and norovirus outbreaks
(Greig and Lee, 2009; Kroneman et al., 2008b). The control strategies targeting to
neutralize person to person transmission routes have proven to be most effective
(Friesema et al., 2009). Noroviruses do exploit their ability to sustain the
environmental conditions for transmission. An infected individual could potentially
contaminate everything in close contact including common households, computer
keyboards, door handles and alike (Clay et al., 2006). This is potentially dangerous if
not taken care of (Evans et al., 2002; Kuusi et al., 2002) particularly in healthcare
facilities and hospitals. Perhaps it also contributes to norovirus being one of the most
common reasons to close down the hospital wards (Hansen et al., 2007). Furthermore,
projectile vomiting, a common norovirus symptom, has also been shown to
contaminate relatively larger areas (Caul, 1995). Food and water-borne outbreaks are
also reported but their proportion varies in different countries (Doyle et al., 2009;
Hamano et al., 2005; Kroneman et al., 2008a; Lynch et al., 2006). Among food related
diseases, noroviruses are estimated to cause 67 % of the cases (Koopmans and Duizer,
2004). Foodborne or water borne norovirus transmission could potentially infect a very
wide range of populations from small restaurants (due to an ill food handler) to even
across the continents (de Wit et al., 2007; Simmons et al., 2007). Oysters, frozen
berries, salads and mussels are well known vehicles for norovirus transmission
(Hjertqvist et al., 2006; Makary et al., 2009; Simmons et al., 2007).

Direct zoonotic transmission has not been shown for noroviruses. However, potential
risks cannot be denied as an increased number of animal noroviruses closely related to
human strains, particularly in pigs, have been reported in recent past (Mattison et al.,
2007; Wang et al., 2005). Furthermore, the GIV human norovirus strains, which are
not common in human populations, have been identified in different animals (Martella
et al., 2007; Martella et al., 2008). Also, cattle and swine have been shown to be
susceptible to human noroviruses (Cheetham et al., 2006; Souza et al., 2008). The
most striking finding of human GII.4 norovirus particles in the stools of pig raises
several questions (Mattison et al., 2007).

Molecular epidemiology

The advancement in the sequencing techniques with more sensitive and rapid virus
detection methods has enabled many laboratories to report genetically relevant data
together with the epidemiological information. As mentioned before, GI, GII and GIV
norovirus strains cause human infection. Irrespective of outbreaks or sporadic cases,
GII.4 noroviruses outnumber other norovirus strains in causing the disease in human
populations. Patel et al. has reported around 75-100 % of sporadic cases are caused by
GIIL.4 noroviruses (Patel et al., 2009). A recent literature review nicely describes the
association of different genogroups in norovirus outbreaks and their impact on
outbreak characteristics like modes of transmission, outbreak settings and attack rates
(Matthews et al, 2012). The authors found that GII noroviruses dominated the
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outbreaks (563/754; 75%) with GIL.4 strains observed in every third GII norovirus
associated outbreak (Matthews et al., 2012). Interestingly, the authors could also find
the correlation between different genogroups and modes of transmission and outbreak
settings. For instance, waterborne transmission was more likely to be facilitated by GI
noroviruses as compared to GII norovirus strains which were predominant in the
foodborne, person to person and environmental outbreaks (Matthews ef al., 2012). A
high number of water- and foodborne outbreaks were associated with the mix of both
GI and GII strains. Similarly, GII.4 noroviruses were more likely to cause outbreaks in
healthcare centers than other community settings (Matthews et al., 2012). The
norovirus outbreaks have also been reviewed elsewhere with fairly similar findings
(Fankhauser et al., 2002; Kroneman et al., 2008b; Lopman et al., 2003a).

Seasonality

Norovirus cases are diagnosed throughout the year but usually peak during the winter
and adjacent seasons (Ahmed et al., 2013) with some exceptions (Boga et al., 2004;
Lopman et al., 2003b). Interestingly, in a recent study this peak was shown to be
associated with the rainy season in Cameroon (Ayukekbong et al., 2013), where the
minimum temperatures are usually at least as high as in the Scandinavian summer. The
reason behind the norovirus seasonality is poorly understood. However, it is likely that
the virus transmission and survival are facilitated by the change in human behavior
and environment during this time of the year resulting in more closed settings and
increased person to person contacts (Rohayem, 2009).

1.1.5. Genetic diversity

Norovirus genome

Noroviruses are small non-enveloped single stranded positive-sense RNA viruses
(Donaldson et al., 2010; Thorne and Goodfellow, 2014). The norovirus genome is
divided in to three open reading frames (ORFs) with the exception of murine
noroviruses in GV genocluster which has an alternative fourth ORF (Thorne and
Goodfellow, 2014). The genome is covalently linked to a viral genome protein (VPg)
at the 5° end and is polyadenylated at the 3° end (Thorne and Goodfellow, 2014). The
non-translated region of the human norovirus genome at the 5’ end is typically 48
nucleotides long (Gutiérrez-Escolano et al., 2000; Pletneva et al., 2001) and represents
evolutionary conserved RNA secondary structures which are repeated throughout the
genome. These secondary structures are implicated to have important roles in virus
replication, translation and pathogenesis (Bailey et al., 2010; Simmonds et al., 2008).

The ORF1 (~5 kb) of the genomic RNA covers around 60% of the genome and
encodes a ~200 kD polyprotein. At least 6 non-structural proteins are produced by
cleavage of this polyprotein by a 3C-like protease, also encoded by the virus
(Sosnovtsev et al., 2006). Starting from 5’ end these proteins include: p48 (~48 kDa),
which is important in replication complex formation; nucleoside triphosphatase; p22
(~22 kDa), 3A-like protein which is also implicated in replication; VPg, suggested to
be involved in translation and replication (Daughenbaugh er al., 2003); 3C-like
protease (viral protease) and RNA-dependent RNA polymerase (Donaldson et al.,
2010; Hardy, 2005; Hyde and Mackenzie, 2010; Thorne and Goodfellow, 2014). The
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major capsid protein, viral protein 1 (VP1, 57 kDa), is encoded by ORF2 whereas,
ORF3 encodes a minor structural protein (VP2) which has been shown recently to
associate with VP1 (Vongpunsawad et al., 2013). The ORF4 in murine norovirus
encodes virulence factor 1 (VF1) which has been shown to have effects on the innate
immune response in infected mice (McFadden et al., 2011).

< ORF1 > €— ORF2 —> €ORF3 >
>—— p48 NTPase p22 VPg 3C-Pro RdRp-Pol = VP1 - VP2  —AAAAAA(n)

VPg
>— VPI - VP2  —AAAAAA(n)

VPg

&

Figure 1.3 Organization of genomic and subgenomic RNA of noroviruses. The norovirus genome is positive sense single
stranded non-segmented RNA that is covalently attached to VPg (viral- protein genome) at the 5’ end and is polyadenylated
at the 3’ end. ORFI encodes for non-structural viral proteins that are important mainly in replication and translation. The
major capsid protein (viral protein 1, VPI1) is encoded by ORF2 and ORF3 codes for the minor structural protein VP2.

Human norovirus recombination

Intra- and inter-genogroup recombination

The first study showing the natural recombination in noroviruses was reported in 1997
when the capsid region of GII snow mountain virus was shown to be 94% identical to
that of the Melksham strain, another GII norovirus, with 79% identity in the RdRp
region (Hardy et al., 1997). The study demonstrated that snow mountain virus was a
naturally occurring recombinant through phylogenetic analysis. The recombination
breakpoints in noroviruses are commonly located at the junction of ORF1 and ORF2
resulting in strains which contain capsid structure (ORF2) from one strain while RdRp
(ORF1) from another. Among the human noroviruses (GI, GII and GIV) recombinant
strains have been found mostly in GII and less frequently in GI noroviruses, whereas
GIV norovirus recombinants have not been identified so far. The GI recombinant
strain, WUG1/01/JP was first found in Japan in 2001 which contained GI.2 RdRp and
GI.6 capsid regions (Katayama et al., 2002). Later on, between 2001 and 2004 several
other WUG1/01/JP-like recombinant strains were isolated from Japan and the US
(Bull et al., 2007). For GII noroviruses, more than 40 recombinant strains have been
isolated which are a mix of RdRp from one of at least 12 different genotypes and the
capsid region from one of at least 17 distinct genotypes. Apart from these intra-
genogroup recombinants, there is one report on inter-genogroup recombination as well
(Nayak et al., 2008). The recombinant strain was found in Kolkata, India and
contained GI.3 RdRp and GII.4 capsid region with the breakpoint at ORF1/ORF2
overlap.

Gll.4 intra-genotype recombination

Over the last 15 years, GII.4 noroviruses have seen a critical rise both in the number of
reported outbreaks and the number of intra-genotype recombinant strains. This is
mainly attributed to the number of circulating GII.4 noroviruses since 2002 which is
doubled as compared to the early 1990s (Eden et al, 2013). Higher number of
circulating strains increases the probability of co-infections and hence recombinations.
A recent study has analyzed the GII.4 intra-genotype recombinants from 1974 to 2012.
The temporal analysis of 10 different recombinant strains demonstrated the expansion

7



in genetic variability of these human noroviruses with time (Eden et al., 2013). The
authors have also shown that since 2002, after the Farmington Hills strain was
isolated, these recombinations have influenced the newly emerging strains either as
being recombinant or giving rise to the recombinant circulating strains. Interestingly,
the last two pandemic GII.4 strains, i.e. New Orleans 2009 and Sydney 2012, are also
actually intra-genotype GII.4 recombinant strains (Eden ef al., 2013).

The overall genetic diversity of human noroviruses, and GII.4 noroviruses in
particular, is the result of recombination events and mutations under evolutionary
pressure due to host factors (section 1.2.5). The recombinant strains have also been
reported for animal noroviruses (Bull et al., 2007). However, despite the finding of
human noroviruses in the pig stools (Mattison et al., 2007), no human/animal
recombinant norovirus strain has been reported in the literature so far. It is clear that a
mix between human and animal norovirus will have potentially greater impact in terms
of pathogenesis and virulence on the human population (de Jong et al., 1997; Nguyen-
Van-Tam and Sellwood, 2007; Stincarelli et al., 2013). The understanding of the
origin and impact of genetic variability due to recombination may lead to the
prediction of newly emerging pandemic strains and to improved strategies to
neutralize such norovirus perils (Hansman et al., 2010).

1.1.6. Cell culture and animal models

Norovirus propagation in cell culture

The research on human norovirus pathogenesis and consequent prophylaxis has long
been hampered by the lack of an in vitro cell culture system to cultivate the virus,
despite of extensive efforts by several laboratories (Duizer ef al., 2004). The virus was
shown to bind to cultured cells (White et al., 1996) but later on was lost upon several
passages suggesting that the cause of failure was not related to the initial binding step
(Duizer et al., 2004). Furthermore, a later study has shown replication of viral RNA
following transfection and thereafter subsequent release with virus particles from
human hepatoma cells (Guix et al., 2007). This suggests that the viral RNA is also
infectious in vitro and that the block of replication might be related to cellular entry or
uncoating. Moreover, the virus inoculum used from the infectious stools was
demonstrated to be sufficient to observe replication of other human enteric viruses
(e.g. adenovirus, echovirus) present in the same inoculum suggesting that the lack of
replication was specific to noroviruses despite of high titers in the virus inocula
(Duizer et al., 2004).

Apart from developing conventional cell culture systems, attempts have been made to
replicate human noroviruses in 3D-cell culture systems with limited success (Straub et
al., 2007). The assay using human colon carcinoma cell line (HT-29) and small
intestinal enterocyte-like cell line (caco-2) did not show evidence of any successful
replication. However, conflicting results have been reported for 3D-organoid intestinal
cell culture model using differentiated human embryonic small intestinal cell line INT-
407 underlining the complexity and challenges to cultivate human noroviruses in vitro
(Papafragkou ef al., 2013; Straub et al., 2007).



Animal models

Noroviruses have been identified in bovine, porcine, canine and murine species
(Mesquita et al., 2010; Scipioni et al., 2008). In the absence of a human norovirus
propagating cell culture system, several animal models have been developed in an
attempt to increase the understanding of biology and pathogenesis of human
Nnoroviruses.

Murine norovirus discovery (Karst et al., 2003) and subsequent cell culture
propagation (Wobus et al., 2004) were important breakthroughs for norovirus research
(Wobus et al., 2006). To date murine norovirus remains the only norovirus to be
cultivated successfully in a conventional cell culture system. The virus was shown to
produce a systemic infection in immunocompromised hosts which initiated in the
small intestine and subsequently reached liver, lungs, lymph nodes and spleen (Wobus
et al., 2006). The symptoms including encephalitis, vasculitis in cerebral vessels,
pneumonia and hepatitis were observed in immunocompromised mice. The wild type
mice despite of serological response did not show any clinical symptoms except mild
diarrhea (Liu et al., 2009). The virus could be identified in stools and had a tropism for
macrophages and dendritic cells in vitro (Wobus et al., 2004) contrasting to human
norovirus tropism which is thought to be distinct from any immune cells (Lay et al.,
2010).

Gnotobiotic pigs and calves have been shown to be experimentally sensitive to human
GII.4 noroviruses and develop diarrhea, virus shedding in stools, intestinal lesions and
viremia (Cheetham et al., 2007; Souza et al., 2008). The pigs share with humans the
expression of H and A HBGAs on mucosal surfaces which are implicated in both
human and porcine norovirus infections (Shirato, 2011; Tian ef al., 2007). Likewise,
norovirus challenge studies have also been conducted on non-human primates
including chimpanzees (Bok et al., 2011; Wyatt ef al., 1978) and macaques (Rockx et
al., 2005b; Subekti et al., 2002). In these studies immunocompromised and newborn
monkeys were shown to develop serological response to the infection along with
moderate diarrhea while immunocompetent hosts remained mostly asymptomatic.
Virus shedding was also observed in stools and in some cases the duration was
comparable to that in humans (Bok et al, 2011). In one of the studies, chimpanzees
were also shown to be protected from homologous norovirus infection for longer
periods of time but not from heterologous infection following immunization using
virus-like particles (Bok et al., 2011). Similar study on mice did not demonstrate long
term protection even from homologous infections (Liu ef al., 2009).

1.1.7. The viral capsid

In Norovirus genomic RNA (see section 1.1.5) is surrounded by a capsid protein
which is mainly composed of 60 kDa polypeptide called VP1 (Bertolotti-Ciarlet et al.,
2002; Thorne and Goodfellow, 2014). In early 90s, it was shown that, when expressed
in recombinant baculovirus transfected insect cells, copies of VP1 can self-assemble to
form non-infectious “virus like particle” (VLP) lacking the nucleic acids (Jiang et al.,
1992). The VLPs were shown to be immunogenic and morphologically similar to the
native virions. The only difference is the presence of VP2, a minor structural protein
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which was recently shown to be associated with VP1 (Vongpunsawad et al., 2013),
and VPg-linked viral genome (section 1.1.5) in the native virions. However, some labs
have produced norovirus VLPs with intact VP2 and 3’ untranslated region as well, for
instance see methods section in Larsson ef al. (2006).

Figure 1.4 The GL.1 Norwalk VLP capsid reconstructed from crystallographic data. The capsid is composed of an N-
terminal arm (blue), S (grey) and P (P1: yellow; P2: red) domains, where P2 subdomain is surface exposed and contains the
antigenic and glycan recognition sites. The capsid displays T=3 icosahedral symmetry and could be reconstructed by 60
equilateral triangles of 3 monomers of VPI protein (single subunit), 90 copies of VP1 homodimers or 180 copies of VP1
monomeric units.

A major breakthrough in the field of norovirus research was the crystallization and
reconstruction of human GI.1 Norwalk VLP at 3.4 A resolution (Prasad et al., 1999).
Prasad and co-workers demonstrated that this VLP is composed of 180 copies of VP1
and exhibits a T=3 icosahedral symmetry which essentially means that the VLP can be
geometrically reconstructed using 60 identical equilateral triangles each consisting of 3
copies of VP1 (Prasad ef al., 1999). The VLP crystal structure demonstrated that VP1
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contains an N-terminal arm (residues 10-49 in Norwalk virus) followed by a shell (S)
domain (residue 50-225 in Norwalk virus) which forms the interior of the capsid and
provides stability to the VLP through a B-sandwich motif (Prasad et al., 1999). The
protruding (P) domain forms the rest of the capsid structure. The P domain is further
divided into two subdomains P1 and P2. The P1 subdomain is connected to the S
domain with a flexible stretch of amino acids while the P2 subdomain forms the
outermost part of the capsid. Sequentially, the P2 subdomain (residues 279-405) is an
insertion between the N and C termini of the P1 subdomain. The degree of sequential
and structural variation is lowest in the S domain and highest in the P2 subdomain
(Chakravarty et al., 2005). The S domain is involved in the highest number of inter
subunit contacts in 3-fold, 5-fold and 6-fold rotational axes of symmetry whereas the
P1 or P2 sub domains in one subunit interact with only a single adjacent subunit at 2-
fold rotational axis of symmetry (Hansman et al., 2010; Prasad et al., 1999). The P2
subdomain is particularly solvent exposed and contains immunogenic and ligand
binding sites which later have been pinpointed through several structural determination
methods and mutagenesis studies (for further discussion, see section 1.2.5) (Bu et al.,
2008; Cao et al., 2007; Tan et al., 2008b).

Cryo-electron microscopy reconstructions of VLPs from norovirus GII Grimsby strain
along with the VLPs and native virions of several other caliciviruses demonstrate a
common structural arrangement of VP1 (Barcena et al., 2004; Bhella et al., 2008;
Chen et al., 2004; Prasad et al., 1996). However, the crystal structure of native murine
norovirus has demonstrated that the P domains are projected away from the spherical S
domain organization in this virion (Katpally et al., 2008). This structural feature is
unique to murine noroviruses. All other caliciviruses are observed to have P domain
connected to S domain by a short stretch of amino acids and folds directly above the S
domain sphere in the virions (Hansman et al., 2010).

1.1.8. Histopathology

In the absence of virus propagation cell culture systems, the knowledge of human
norovirus tropism for a specific target cell is limited. However, several intestinal
biopsies from volunteer challenge studies involving both GI (Norwalk) and GII
(Hawaii) human noroviruses have demonstrated histological lesions (Agus et al., 1973;
Schreiber et al., 1973, 1974). The early studies showed alterations in the jejunal villi
cells with intact mucosa. The jejunal lesions were also observed for infected
individuals who did not develop the clinical illness (Schreiber et al., 1973, 1974).
These findings were further strengthened later on by another challenge study (Troeger
et al., 2009) where reduction in the height of duodenal villus but not in the length of
the crypt was observed along with an increase in CD8+ lymphocytes belonging to a
unique T-cell population, i.e. intraepithelial lymphocytes (IELs). This was in line with
the previous findings of an increase in mononuclear cells infiltrating lamina propria of
small intestine in biopsies (Schreiber et al., 1973, 1974). Although the duodenal villi
damage was mainly attributed as a consequence of direct viral infection the increased
level of a cytotoxic molecule, perforin, in IELs suggested that IELs might also
contribute to the observed blunting of villi via epithelial apoptosis (Troeger et al.,
2009).
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Despite the histological lesions observed in the reports summarized above, no virus
particles could be visualized in the tissues. However, there are reports on binding of
virus-like particles and virions to histological sections of human duodenal tissues.
Norwalk (GI) VLPs were shown to bind exclusively to gastroduodenal epithelial cells
(Marionneau et al., 2002). In contrast, a recent in vitro whole virus binding study
performed on human adult duodenal tissues revealed that the virus (stool filtrate of
norovirus GII.4 Sakai variant) attached mainly to the cells in lamina propria and not to
the duodenal epithelial cells (Chan et al., 2011). The apparent discrepancy may be
explained by the use of different norovirus strains (GI vs. GII) having distinctly
different binding characteristics (Donaldson et al, 2010). This is particularly
interesting in the light of a recent finding from the chimpanzee norovirus model where
tissue tropism to the cells of small intestinal lamina propria was demonstrated in
chimpanzees infected with human GII.4 norovirus (Bok ef al., 2011).

It is not surprising that different strains of human noroviruses could potentially have
different tissue tropism for small intestinal cells because of the variety of binding
specificities to HBGAs exhibited by different strains (Shirato, 2011). The expression
of these histo-blood group antigens on different cells in the small intestine may direct
the tissue tropism of different norovirus strains. This could potentially explain the
differences in the observed clinical symptoms as well (see section 1.1.2).

1.1.9. Immunity

Natural Immunity

In the absence of a cell culture system to propagate noroviruses in vivo the markers for
natural immunity are challenging to investigate and explain the scarcity of available
data on the subject. In particular, there are extremely few studies characterizing the
role of various pattern recognition receptors (PRRs), e.g. TLRs, in human norovirus
infections. However, one vaccination study has recently demonstrated that TLR7 and
TLRY agonists when used as adjuvants with VLPs elicit a stronger immune response
indicating their potential role in norovirus infection (Hjelm et al., 2013). Another
preliminary study has suggested that retinoic acid reducible gene 1 (RIG-1) pathway is
not important in inhibiting human Norwalk RNA replication in human hepatoma Huh-
7 cells (Guix et al., 2007). Most of the studies on human immune responses to
norovirus infections have mainly relied on volunteer challenges following infection or
vaccination (Debbink ef al., 2012b; Lindesmith et al., 2005; Lindesmith et al., 2010;
Tacket et al., 2003). In norovirus infection challenge studies, the analysis of pre- and
post-challenge peripheral blood mononuclear cells (PBMCs) from volunteers have
shown that norovirus infection induces CD4+ Thl responses leading to IFN-y
production and IL-2, but not IL-6, up regulation. Similar results have been reported in
an ex vivo study using human PBMCs which were stimulated with VLPs (Ponterio et
al., 2013).

Acquired immunity

The first indication of short term immunity came from early challenge studies (Dolin
et al., 1972; Parrino et al., 1977, Wyatt et al., 1974). In one cross challenge study this
immunity was shown to be genogroup specific using GI (Norwalk) and GII (Hawaii)
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viral agents for challenges and re-challenges (Wyatt ef al., 1974). Similar lack of cross
protection was reported quite recently in a chimpanzee norovirus model after infection
with GI and GII norovirus agents (Bok et al., 2011). A recent vaccination study
demonstrated at least 3 weeks protection from clinical Norwalk virus infection using
the corresponding VLP as a vaccine (Atmar et al., 2011).

While there is some evidence for short term immunity, the long term immunity against
human noroviruses seems to be more complicated. In one of the reports all of the
individuals who were symptomatically infected with norovirus fell ill again upon
challenge with the same virus 2-4 years later (Parrino et al., 1977). In contrast, another
study showed that almost half of genetically susceptible individuals were protected
against noroviruses upon re-infection suggesting long-term acquired immunity
(Lindesmith et al., 2003). These contradictory results might be indicative of the fact
that protective immunity might be confounded by the pre-exposure to a norovirus
strain in circulation and the frequency of infection before challenge. Earlier challenge
studies suggested that individuals with high pre-challenge antibody titers to
noroviruses were more prone to getting infected than those with lower antibody titers
before challenge, suggestive of herd immunity (Baron et al., 1984; Gray et al., 1994;
Okhuysen et al., 1995). Moreover, since noroviruses are extremely prevalent in all
populations almost everyone has been exposed to circulating norovirus strain during
his lifetime (Donaldson et al., 2010). This exposure history severely complicates the
interpretation of human norovirus immunity studies.

Antibody cross-reactivity has been observed within the GI and GII genogroups but not
in between (Cannon et al., 2009; Lindesmith et al., 2010; Lindesmith et al., 2011,
Lindesmith et al., 2008; Rockx et al., 2005a). In general the GI antibody response has
been shown to be extended to heterologous strains within the GI genogroup
(Lindesmith et al., 2010) however, GII antibodies have more restricted homologous
cross reactivity (Lindesmith ez al., 2011).

1.2. Glycobiology and pathogenesis

Glycans, for the most part of 20™ century, were in the shadow of great advances in the
research on proteins and nucleic acids as principle biomolecules of life. It was only
recently that glycans were recognized as major biomolecules through considerable
developments in the still growing and expanding field of Glycobiology (Varki and
Sharon, 2009). Over the last few decades the physiological roles of glycans, soluble or
membrane bound on the surface of cells, have been established in a wide range of
biological functions including protein maturation, protein folding, cell signaling,
adhesion and recognition (Hakomori, 1990; Helenius and Aebi, 2001; Lichtenstein and
Rabinovich, 2013; Molinari, 2007; Sakuma et al., 2003; Sarter et al., 2007; Sharon and
Lis, 1989, 1993; Zanetta et al., 1992). The biological and functional roles of glycans
are manifested through (i) protein-carbohydrate interactions (Collins and Paulson,
2004; van Kooyk and Rabinovich, 2008) (ii) carbohydrate-carbohydrate interactions
(Hakomori, 2004) (ii1) aggregation of lipid-linked carbohydrates in microdomains or
lipid rafts in cellular membranes (Hakomori, 2000). These features, particularly
protein-carbohydrate interactions are specifically exploited by several pathogens to
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adhere and subsequently invade the host cells (Karlsson, 1995; Skehel and Wiley,
2000; Smith and Helenius, 2004). Moreover, several reports have linked impairment in
glycan expression and biosynthesis to severe health disorders including atherosclerosis
(Shrikhande et al., 2010), Alzheimer’s disease (Schedin-Weiss et al., 2014), muscle
dystrophies (Kanagawa et al., 2013; Saito et al., 2005), lysosomal storage diseases
(Futerman and van Meer, 2004) and a growing list of congenital disorders of
glycosylation (Cylwik et al., 2013a; Cylwik ef al., 2013b).

1.2.1. Glycan diversity

Glycans, carbohydrates or sugars are “hydrates of carbon” with the empirical formula
Cy(H,0), where x is typically between 3 and 9. All living organisms synthesize and
metabolize glycans which play a multitude of physiological roles and serve as energy
sources for different cellular functions. The hallmark of Glycobiology is the diversity
of carbohydrate structures found in living systems. This heterogeneity which is unique
to sugars comes from several characteristics of glycans including their capacity to
form glycosidic bonds with different types and numbers of sugars, the differences in
their sequence, configurations and positions of anomeric bonds and their ability to
form branched structures. To appreciate the complexity in glycan structures one can
compare them with proteins. For example two identical amino acid residues can
produce only a single peptide while two identical hexose monosaccharides, like
glucose, can produce more than 12 unique sugar molecules. This combinatorial
diversity increases exponentially with the number of monosaccharides. For e.g. four
different amino acids can produce 24 different peptides while 4 different hexose
monosaccharides can theoretically give rise to at least 35,560 unique glycans.
However, in living cells only a subset of these possible structures have been found to
date but it gives some idea of the potentially enormous information coding capacity of
glycans and the challenges of structural Glycobiology (Bertozzi and Rabuka, 2009;
Ghazarian et al., 2011; Taylor and Drickamer, 2011).

1.2.2. Glycan biosynthesis

In contrast to proteins, glycans are not primary gene products. The biosynthesis of
glycans is instead carried out by the sequential action of glycosyltransferases which
catalyze the glycosylation reactions of the substrate nucleotide donors or transporters,
which are essentially for delivering the activated form of monosaccharides in the right
place and time, and of substrate acceptors which commonly include to
oligosaccharides, proteins and ceramides. In eukaryotes, most of the biosynthetic
pathways characterized for the assembly of the main classes of glycans are confined to
the cellular compartments of the Golgi apparatus and the endoplasmic reticulum (ER)
with the exception of some cytoplasmic and nuclear glycans which assemble in
cytoplasm or on plasma membranes. In analogy to proteases, glycans are also cleaved
at specific glycosidic linkages by glycosidases for recycling purposes or to form
intermediates for other glycan processing enzymes. The regulation of glycan
expression and diversity is governed primarily by the specificity, availability and
competition between glycosyltransferases and other glycan processing enzymes. The
level of gene expression, post translational protein modifications and the subcellular
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localization of expressed glycosyltransfeases and glycosidases together with sugar
donors and substrate availability thus controls glycan biosynthesis (Freeze and Elbein,
2009; Rini et al., 2009; Taylor and Drickamer, 2011; Varki et al., 2009a).

1.2.3. Glycoconjugates

Most of the biomolecules in eukaryotic cells are transported through Golgi apparatus
after originating in ER. During this passage lipids and amino acids are often covalently
modified or glycosylated by a selection of glycosyltransferases to form
glycoconjugates. The cellular membrane of a eukaryotic cell is densely covered by
these glycoconjugates which include glycolipids, glycoproteins and proteoglycans.
The latter two are abundant in body fluids including saliva, serum and cerebrospinal
fluid (Halim et al., 2013; Ramachandran et al., 2008; Wu et al., 2014). Nuclear and
cytoplasmic glycoconjugates are also common. However, their biosynthesis is distinct
from the secretory and cell surface glycoconjugates (Varki et al., 2009a).

Glycoproteins

More than 50% of eukaryotic proteins have been estimated to be glycosylated
(Apweiler et al., 1999). The sugars could be covalently attached to proteins through
the amide group of asparagine (N-linked) or hydroxyl group of serine, threonine or
tyrosine (O-linked). The asparagine in N-linked glycosylation is usually present in the
sequence motif Asn-X-Ser/Thr. Both N- and O-linked glycosylations have distinct
pathways and functions (Brockhausen et al., 2009; Hart and Akimoto, 2009; Stanley et
al., 2009). N-glycosylations are important in protein folding and quality control
(Helenius and Aebi, 2001) but has also fundamental biological roles in cell signaling,
adhesion and migration. O-linked glycans are most commonly found as mucin
glycoproteins both in membrane bound and soluble secretory form (Hattrup and
Gendler, 2008). These proteins are heavily glycosylated at multiple sites and
contribute in hydrating and protecting the underlying epithelium from bacteria, viruses
and other particles. Another major class of O-linked glycoproteins consists of
proteoglycans which are also heavily glycosylated and contain extremely long sulfated
sugar chains (Esko et al., 2009). Their glycan moiety is characterized by linearly
arranged repeated disaccharide units which are named after their histological origin.
Examples include hyaluronic acid, chondroitin sulfate, dermatan sulfate and keratan
sulfate (Taylor and Drickamer, 2011). Some proteoglycans are typically found both on
membranes and in the extracellular matrix and are characterized by extremely compact
molecular arrangements that help resist compression under pressure, for example in
case of cartilage. Defects in the biosynthesis of N- and O- glycans have been
assembled in the group of inherited diseases termed congenital disorders of
glycosylation which appear with severe but varying clinical symptoms due to the loss
of normal glycosylation (Cylwik et al., 2013a; Cylwik et al., 2013Db).

Glycosphingolipids (GSLs)

GSLs are based on ceramides, composed of a sphingolipid and a fatty acid core, which
together constitute the lipid character of such molecules. The length of glycans in
GSLs can vary from one to as much as 60 monosaccharide residues in complex
polyglycosylceramides (Miller-Podraza et al., 1993; Podraza et al., 1997). Based on
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the chemical composition, more than 300 known species of glycosphingolipids have
been characterized (Lingwood, 2011). Almost 90 % of all GSL species are based on
glucosyl-ceramide whereas, galactosyl-ceramide serves as precursor for the rest of the
GSLs. The major core glycan structures that define the GSL series are lacto-, neo-
lacto, globo- and ganglio-series (Hakomori, 2003; Lingwood, 2011). The
heterogeneity in GSL ceramides comes from the level of hydroxylation, unsaturation
and the length of the fatty acid and sphingosine derivatives. The functional aspects of
this heterogeneity are yet unknown but its role in membrane organization and GSL
receptor functionality are implicated (Hakomori, 2003). Several studies have
established the role of glycosphingolipids as receptors, facilitators of cellular adhesion
and signal transduction (Hakomori, 2003). The multitude of biological functions
performed by GSLs seem to be crucial for development as mice lacking
glucosylceramide synthase die during embryonic development (Yamashita et al.,
1999). GSLs have also been shown to be important for intracellular trafficking
(Pasquini et al., 1989).

1.2.4. The ABO(H) and Lewis histo-blood group systems

The ABO blood group antigens on red blood cells were discovered in the early 20"
century by Karl Landsteiner and colleagues (Landsteiner, 1900). Later, it was realized
that these antigens are not specific to erythrocytes but are also found in epithelial
linings of gastrointestinal, respiratory and urogenital tracts along with biological
secretions such as saliva. Therefore these terminal sugar epitopes, which are produced
as result of tissue specific glycosylation of glycolipids and glycoproteins (Clausen and
Hakomori, 1989) were termed as histo-blood group antigens (HBGAs). The structure
of these antigens is determined by the expression of genes that encode different
glycosyltransferases. Subsequently, any individual would present HBGAs depending
upon the total activities of corresponding glycosyltransferases.

Biosynthesis

The HBGAs are synthesized by the sequential action of sets of different
glycosyltransferases corresponding to the respective blood group systems (Lowe,
1993; Stanley and Cummings, 2009). Both ABH and the closely related Lewis HBGAs
are terminal carbohydrate structures present on the sugar chains of oligosaccharides,
glycolipids and glycoproteins. The most common pre-cursors which are glycosylated
to form HBGAs are type 1 (Galf1,3GIcNAcB1-R), type 2 (GalB1,4GlcNAcB1-R), type
3 (Galpl,3GalNAcal-R) and type 4 (GalB1,3GalNAcB1-R) sugar chains. The type 1-3
chains are common for glycolipids and glycoproteins whereas type 4 chains are
typically found only in glycolipids. The biosynthesis of ABO HBGAs utilizes all 4
precursors discussed here while Lewis antigens are synthesized only on the type 1 and
type 2 chains.

The human ABH antigens

The biosynthesis of ABO blood group system begins with the action of one of two
al,2-fucosyltransferases which adds al,2-linked fucose to one of the precursor chains.
This produces the H antigens (Fig. 1.5). There are two active al,2-fucosyltransferases
encoded by human genome at FUT! and FUT?2 loci denoted by FucT-I and FucT-II,
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respectively (Kelly et al., 1995; Le Pendu et al., 1985; Rajan et al., 1989). The FucT-I
is expressed in red cell precursors and has a somewhat strict preference for type 2 and
type 4 chain glycans. The FucT-II is mainly expressed in the epithelial lining of
gastrointestinal, respiratory and urinary tracts along with salivary glands and catalyzes
the addition of al,2-linked fucose preferentially to type 1 and type 3 chain precursors,
although type 2 chain activity has also been reported (Lowe, 1993; Ravn and
Dabelsteen, 2000).
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Figure 1.5 Biosynthetic pathways of HBGAs. The precursors from (a) typel/2 and (c) type 3/4 chain are considered. The
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A and B epitopes are subsequently formed by the action of glycosyltransferases
encoded by the ABO gene. The A allele at ABO locus encodes an al,3-GalNAc
transferase which adds al,3-linked GalNAc to the Galf of the H epitopes thereby
producing the A antigens. Similar action by an al,3-Gal transferase encoded by the B
allele gives rise to the B antigens (Fig.1.5). The O allele encodes for an inactivated
form of the A or B glycosyltransferase. Blood group A individuals express at least one
A allele at the ABO locus (genotype: AA or OA) whereas, those of blood group B
express at least one B allele (genotype: BB or BO). Similarly, individuals who are
heterozygous for both A and B alleles are classified as blood group AB (genotype:
AB). Blood group O individuals are homozygous for inactive O alleles at the ABO
locus and consequently express neither A nor B antigens. Both A and B blood group
determinants require the type 1, type 2, type 3 or type 4 H antigen precursors as
acceptors for the corresponding A and B glycosyltransferases (Watkins, 1980).
Therefore, the biosynthesis of A/B epitopes on type 1 chain glycans primarily depend
upon the expression of FUT2 gene whereas, for type 2 chain structures the
biosynthesis depends upon the cellular expression of either FUTI or FUT2 genetic loci
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(Lowe, 1993; Marionneau et al., 2001; Ravn and Dabelsteen, 2000; Stanley and
Cummings, 2009).

Individuals who do not express active FUT2 gene consequently lack ABH antigens in
the epithelial cells or biological secretions such as saliva (Marionneau et al., 2001).
Since the soluble or secreted form of these antigens cannot be detected in the saliva of
these individuals they are denoted as non-secretors. On the other hand, individuals
with at least one functional form of FUT?2 allele are termed secretors. Almost 20% of
the Caucasian population comprises of non-secretors (Gaensslen et al., 1987) with
both the FUT2 alleles inactive (Marionneau et al., 2001; Stanley and Cummings,
2009; Watkins, 1980). The most common inactivating mutation for the FUT2 gene in
this population is G428 A which codes for a pre-mature stop codon (Kelly et al., 1995).
Several other mutations found at FUT2, and at other related genetic loci, have been
reported from various ethnic populations and are available in the blood group antigen
gene mutation database (dbRBC) (Blumenfeld and Patnaik, 2004).

Mutations in FUTI are relatively rare but do exist. Since FUTI and FUT?2 genes both
lie close to each other on chromosome 19, several inactivating mutations in FUT] are
linked to mutations in FUTZ2. For instance, there is a mutation T725G which was
identified in FUTI gene together with a deletion mutation at FUT2 locus. These
individuals with homozygous inactivating mutations at both FUTI and FUT?2 loci do
not express A, B or H antigens. This typical phenotype was termed Bombay, after the
place from where it was initially reported (Bhende ef al., 1952; Fernandez-Mateos et
al., 1998; Koda et al., 1997). The Bombay phenotype is extremely rare with the
estimates of one in a million in Europe to one in ten thousand in the genetically
relevant Indian population.

In the early postnatal period, IgM antibodies are generated by the immune system
against the non-self ABH antigens which probably is the consequence of presentation
of similar glycan epitopes by bacteria and fungi (Springer, 1971). For instance, blood
group A individuals produce high IgM antibody titers against B antigens but not
against A antigens and vice versa for blood group B and O individuals. Therefore, to
escape the severe implications of acute transfusion reactions (Mollison, 1952) the
blood transfusion procedures must match the blood groups between the donors and
acceptors according to “the Law of Landsteiner”. The blood transfusion is therefore
performed in the direction from O to O, A, B or AB and not from A, B or AB to O.
This makes blood group O the universal donor and AB the universal receiver (Stanley
and Cummings, 2009).

The Lewis antigens

The Lewis blood group system is named after a family who suffered from blood group
incompatibility that aided in identifying these antigens. As noted earlier, the
biosynthesis of Lewis antigens is restricted to type 1 and type 2 chain glycans
(Fig. 1.5). The Lewis epitope is characterized by the presence of an al,3 or al,4-
linked fucose onto the GIcNAcP of type 1 or type 2 chain structures (Lowe, 1993;
Stanley and Cummings, 2009). Initially the term Lewis antigens were restricted to only
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the type 1 chain structures, but later the term has been used for both type 1 and -2
chain structures.

The addition of the al,4-linked fucose to the GIcNAcP in type 1 chain precursor or
type 1 H determinant, respectively, gives rise to the Lewis a (Le®) or Lewis b (Le)
antigens. The addition of the Lewis epitope to the type 1 blood group determinants is
catalyzed by a al,4-fucosyltransferase encoded by FUT3 gene. The expression of Le®
and Le” antigens is more or less restricted to the same epithelial cells that express the
al,2-linked fucose encoded by FUT2 gene (Oriol, 1990; Oriol et al., 1986; Watkins,
1980). Therefore soluble forms of Lewis antigens are also secreted in mucins and are
easily detectable in saliva. The Lewis antigens are also found on red blood cells, not
because of the glycosylation in red cell precursors but through the passive adsorption
of Lewis positive glycolipids from plasma lipoproteins (Hanfland and Graham, 1981;
Hanfland et al., 1986; Marcus and Cass, 1969).

The type 2 chain glycans that belong to Lewis blood group systems include Lewis x
(Le") and Lewis y (Le”), which are biosynthesized by the action of al,3-
fucosyltransferases on the type 2 precursor or on the type 2 H determinant,
respectively (Fig. 1.5). While there are only two al,4-fucosyltransferases (coded by
the FUT3 and FUTS5 genes) there are several al,3-fucosyltransferases (coded by the
FUT3, FUT4, FUTS, FUT6, FUT7 and FUT9 genes). The gene product of FUT3 thus
preferentially fucosylates type 1 chain glycans but can also be active on type 2 chain
structures (Johnson et al., 1992; Johnson and Watkins, 1992; Kukowska-Latallo et al.,
1990; Prieels et al., 1981). Likewise, the FUTS5 encoded fucosyltransferase has the
preference for type 2 chain acceptor substrates (Mollicone et al., 1994) but may also
fucosylate the type 1 chain structures. Fucosyltransferases encoded by FUT4, FUT®6,
FUT7 and FUTY9 genes are exclusive for type 2 chain activity (Kumar et al., 1991;
Lowe, 1991; Weston ef al., 1992a; Weston et al., 1992b) but all have their own unique
acceptor specificities. For instance, the FUT7 gene encoded al,3-fucosyltransferase
accepts only the a2,3-sialylated type 2 precursor [catalyzed by ST3Gallll/IV/VI gene
coded enzymes (Okajima et al., 1999)] making Sialyl Lewis x while the FUT4 gene
coded al,3-fucosyltransferase has a preference for fucosylating an internal GIcNAc in
a polylactosamine chain (Natsuka et al., 1994).

It should be noted, however, that the erythrocyte Lewis phenotype is strictly denoted
by the action of the FUT3 gene product and hence Le® and Le” are the true Lewis
antigens, which are synthesized exclusively by this enzyme (Johnson et al., 1992;
Johnson and Watkins, 1992; Kukowska-Latallo et al., 1990; Prieels et al., 1981). The
individuals who lack the active fucosyltransferase encoded by FUT3 gene are thus
termed ‘Lewis negative’ and express the phenotype of Le (a-b-) whereas, those with
one functional allele at FUT3 locus are denoted as ‘Lewis positive’ with the phenotype
Le (at+b-) or Le (a-b+) corresponding to non-secretors or secretors, respectively.

Biological roles of ABO and Lewis blood group system

The ABO and Lewis histo-blood group systems have undergone more than 50 million
years of primate evolution. The question of why they are still there is challenged by
the fact that human individuals with the Bombay phenotype who are devoid of all A, B
and H antigens appear completely healthy which demonstrates that the biological roles
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of these antigens, if any, are not intrinsic or directly relevant for the single individual.
However, a complete block of fucosylation, as found in some genetically deficient rare
cases, leads to a severe immune defect called Leukocyte adhesion deficiency type 11
(i.e. LAD-2, CDG-IIc or SLC35C1-CDG) which proves the importance of
fucosylation for the immune response. The role of al,3-fucosyltransferases in the
biosynthesis of Sialyl Lewis x structures and their involvement for the correct homing
of immune cells or spread of cancer cells through the interaction with endogenous
selectins (a family of mammalian lectins) will not be discussed in this thesis. Instead
focus will be put on the role of ABO and Lewis HBGAs in relation to their interactions
with pathogens (Marionneau ef al., 2001; Stanley and Cummings, 2009).

Polymorphisms at ABO, FUTI, FUT2 and FUT3 genetic loci have been largely
reported for humans. The manifestations of these mutations produce distinct and
diverse antigenic populations which express a selection of different ABH glycans on
the surface of red cells (Clausen and Hakomori, 1989; Mollicone et al., 1986; Oriol et
al., 1986) and more importantly on the epithelial lining of tissues facing the external
environment including those in respiratory tract, urogenital tract and the gut
(Marionneau et al., 2001; Ravn and Dabelsteen, 2000; Rouger et al., 1986). Since
many pathogens are known to exploit this diversity of glycans on the surface of the
cell, it is beneficent for a particular species to express different glycan profiles so that
the infection from one pathogen does not wipe out the whole population (Marionneau
et al., 2001; Stanley and Cummings, 2009). Over the past few decades, several
observations in the support of this theory have been made where it is shown that
certain pathogens actually recognize HBGA glycans. Consequently the individuals
who do not present these glycan epitopes are somewhat protected from the infection.
For instance, the R45 strain of Escherichia coli recognizes glycans from type 4
precursor in non-secretor individuals. These glycans are modified by the addition of an
al,2-linked fucose in secretor individuals thereby hiding the binding epitope and
consequently protecting them from infection (Stapleton et al., 1992). Similarly, the
precursor structures have been shown to be recognized by Streptococcus pneumonia
and Salmonella typhimurium (Barthelson et al., 1998; Giannasca et al., 1996). More
recently, FUTI and FUT2 polymorphisms have also been shown to be important in
viral infections caused by caliciviruses (Abrantes et al., 2012; Rydell et al., 2011) and
rotaviruses (Ramani et al., 2013; Yazgan et al., 2013). Similar examples exist for
FUT3 polymorphisms as well, which are responsible for Lewis positive and Lewis
negative phenotypes.

1.2.5. Norovirus and histo-blood group antigens

Over the last few decades, the fact that noroviruses recognize histo-blood group
antigens both in vitro and in vivo has been quite well established. Earlier clues of a
genetic cause being involved in resistance or susceptibility of noroviral infection came
from the observation that certain individuals were resistant to the infection despite of
the absence of norovirus antibodies (Johnson et al., 1990). This resistance is now
attributed to the polymorphisms at the genetic loci responsible for HBGA diversity in
humans. A few years later, the successful production of the virus-like particles (Jiang
et al., 1992) provided the major breakthrough in revealing several binding
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characteristics of noroviruses in vitro. While challenge and outbreak studies associated
HBGA diversity to resistance or susceptibility to noroviruses, the norovirus VLP
binding and crystallographic studies revealed the potentially responsible molecular
interactions.

Outbreak and challenge studies

Several outbreak and challenge studies have investigated the role of HBGA
polymorphisms in norovirus infection and disease. The secretor status or FUT2
polymorphism is the most extensively studied genetic factor in susceptibility or
resistance to norovirus infections. The 4BO and Lewis (FUT3) genetic loci have also
been associated with the susceptibility to different strains of noroviruses.

FUT2 polymorphism: The secretor status

In 2002, Marionneau and co-workers demonstrated that norovirus VLPs from GI.1
Norwalk strain recognized the H antigen in epithelial cells from the gastroduodenal
junction of secretor positive individuals but not from non-secretors. Moreover, only
type 1 and type 3 chain H antigens but not type 2 chain structures were recognized,
suggesting that the binding was due to FUT2 gene dependent HBGAs (Marionneau et
al., 2002). Later on, challenge studies on the same GI.1 Norwalk strain demonstrated
that non-secretors are resistant to norovirus infection (Graham et al., 1994; Hutson et
al., 2005; Lindesmith et al., 2003). In one of these studies (Hutson et al., 2005), the
authors genotyped archived sera of a challenge study performed earlier (Graham et al.,
1994). Overall, Lindesmith et al., reported 34 out of 55 secretors to be infected with
Norwalk virus whereas, Hutson et al., found evidence of infection in 42 out of 43
secretor positive individuals. On the other hand, none of 30 non-secretors were found
to be infected, collectively in the two studies. Together these studies were able to
demonstrate clearly that the secretor status, derived by FUT2 polymorphism, is a
susceptibility factor in Norwalk virus infection and that non-secretors are protected
from the disease.

The first challenge study to investigate the effect of secretor status on susceptibility to
clinically dominant GII.4 norovirus infection was recently reported (Frenck et al.,
2012). Among 40 prospectively randomized subjects (23 secretors, 17 non-secretors)
the norovirus infection was defined by either the presence of the virus in stools or
seroconversion to GII.4 antibody or both. The subjects were required to have low
levels of norovirus antibody to avoid the pre-existing serological effects on infection.
The virus shedding and seroconversion to GII.4 antibody was observed in 10/23
secretors and in 0/17 non-secretors. However, one non-secretor individual shed the
virus in one stool sample on day 2 post infection but did not develop illness or
serological response. Another non-secretor developed illness but it could not be
associated to norovirus due to the absence of GII.4 antibody response or virus in stools
(Frenck et al., 2012).

Several outbreak studies have also addressed the subject of FUT2 polymorphism as
susceptibility factor for norovirus infections. One such study was reported from
Sweden in 2005 (Thorven et al., 2005). The study included 53 symptomatic and 62
asymptomatic individuals from three nosocomial and three community outbreaks of
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noroviruses from GI.6, GII.6 and GII.4 strains. The secretor status was determined by
genotyping for polymorphisms of FUT2 genetic locus on nucleotide 385, 428 and 571
of which mutations were observed only at position 428, characteristic of 20% non-
secretors in European and American populations. The authors found that all
symptomatic individuals were secretor positive while none of the secretor negative
individuals (n=18) showed any gastroenteritis symptoms (Thorven et al., 2005).
Following the same trend, studies analyzing GII.4 norovirus outbreaks in China and
Denmark found all symptomatic individuals to be secretor positive and none to be
secretor negative (Kindberg ef al., 2007; Tan et al., 2008a).

Additional studies have demonstrated that the evidence of secretor status to be the
absolute susceptibility factor for noroviruses in general is diluted by the fact that non-
secretors were actually found to be infected in several reports in a strain specific
manner. For instance, a very recent study on acute gastroenteritis outbreaks in China
during 2009 caused by GII.4 and GII.3 noroviruses reported 6 non-secretor individuals
to be infected, based on virus identification in stools through RT-PCR (Jin et al.,
2013). Similarly, a retrospective study reported 4/7 non-secretors to be infected with
GL.3 norovirus in a waterborne outbreak during 2002 (Rockx et al., 2005¢). Another
study reported an outbreak in Jonkoping, Sweden during October 2007 also caused by
GI.3 norovirus strain. Interestingly, 7/15 non-secretor individuals were found to be
infected in contrast to 26/68 secretors who showed norovirus gastroenteritis symptoms
(Nordgren et al., 2010). The authors could not statistically establish secretor status as a
susceptibility factor for this particular noroviral strain. Although the dataset was
limited, another study failed to correlate secretor status with susceptibility to GII.2
snow mountain norovirus strain (Lindesmith ef al., 2005). Likewise, a recent cross-
sectional study conducted among children hospitalized with gastroenteritis in northern
Vietnam found 5/28 symptomatically infected children to be non-secretors (Trang et
al., 2014). A recent study from Burkina Faso in Africa, reported two cases of GII.4
and GIL.7 noroviral infection in non-secretor children suffering from diarrhea
(Nordgren et al., 2013). A GII.4 norovirus infection was also identified in a non-
secretor individual during an outbreak in Valencia, Spain (Carlsson et al., 2009).
Although in most of the outbreak studies summarized above the frequency of noroviral
infection in secretor positive individuals is considerably high, the resistance to
noroviral infection in non-secretors is not absolute but rather relative. This fact was
further established by an IgG antibody prevalence study that was conducted on plasma
samples of 105 Swedish blood donors which were previously genotyped for secretor
status based on FUT2 polymorphisms. The study revealed that non-secretors do have
antibody titers against GII.4 noroviruses, albeit at significantly lower levels when
compared to secretor positive individuals suggesting that non-secretors are relatively
but not absolutely protected from GII.4 norovirus infections (Larsson et al., 2006).

Polymorphisms at ABO and FUT3 genetic loci: diversity in ABH and Lewis
antigens

Several studies have addressed the influence of polymorphisms at ABO and FUT3
genetic loci on the susceptibility or resistance to different norovirus strains. For
instance studies have demonstrated that blood group O individuals are significantly
more likely to be infected with GI noroviruses while blood group B individuals are
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underrepresented (Bucardo et al., 2009; Hennessy et al., 2003; Hutson et al., 2002;
Lindesmith et al., 2003). The inverse has been reported for GII noroviruses where
blood group A or B individuals are reported to be at higher risk than blood group O
individuals (Jin et al., 2013; Tan et al., 2008a). Similarly, the Lewis status has also
been investigated for susceptibility to noroviruses but any associations are not clearly
established (Bucardo ef al., 2009; Carlsson et al., 2009; Tan et al., 2008a).

The associations described above between HBGA polymorphisms and susceptibility to
noroviruses are dependent on the genogroup, and in some cases on the genotype. If a
certain group of individuals is susceptible to a particular norovirus strain, that group
might very well be resistant to the infections from other norovirus strains. The
ignorance of this fact in interpreting the data has resulted in conflicting reports and
disputed conclusions (Chan et al., 2008; Halperin et al., 2008; Hutson et al., 2004b;
Meyer et al., 2004; St Clair and Patel, 2008; Tan and Jiang, 2008). The basis of this
diversity and the way norovirus exploits this variation to evade the host immune
response and to infect potentially all HBGA polymorphic populations is further
discussed in the following sections.

The binding studies

A number of binding methodologies including both solution based and membrane
based assays have been employed to study norovirus HBGA interactions in vitro. In
the following text some of the important findings are highlighted which, in some
cases, explain the associations of polymorphic HBGAs to noroviral infection at a
molecular level. The binding trends of different human noroviral strains to HBGAs are
summarized in Table 1.1 and Table 1.2.

After the principle observation of Norwalk virus binding to gastroduodenal epithelial
cells containing H antigen carried on type 1 but not on type 2 chains (Marionneau et
al., 2002), several studies were performed to characterize the binding of GI.1 Norwalk
and other norovirus strains to HBGAs using saliva and neoglycoproteins (Harrington
et al., 2002; Huang et al., 2003; Huang et al., 2005; Marionneau et al., 2005). These
studies used ELISAs with immobilized saliva or neoglycorproteins to study VLP
HBGA interactions. In one of the studies VLPs were also immobilized and
biotinylated polyacrylamide conjugated HBGAs were used in solution (Harrington et
al., 2002). Together these reports were able to establish at least 7 strain specific
binding patterns of 14 different norovirus strains to HBGAs. The norovirus strains
showing similar binding properties are clustered in the same region of the phylogenetic
tree. The secretor gene (FUTZ2) dependent HBGAS or saliva from the secretor positive
individuals was recognized exclusively for most of the norovirus strains which was in
line with the associations derived from outbreak and challenge studies (see previous
subsection). The GI.1 noroviruses strongly bound to saliva from blood group O and A
individuals while blood group B saliva was poorly recognized in agreement with the
earlier study where red blood cells bearing A and H antigen but not B antigens were
haemagglutinated using Norwalk VLPs (Hutson et al., 2003). Similarly, some of the
GII norovirus strains (GII.5 MOH, GII.3 Paris Island) recognized saliva from blood
group A and B individuals but not from blood group O individuals.
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Table 1.1 HBGA and Saliva binding patterns of norovirus VLPs.

Norovirus Saliva Synthetic HBGAs / Glycosphingolipids Binding
Strains Se s¢ H A B seLe Le Ass ayReference
A B O 1 2 31 2|1 2] L& Le* SLe*| Le® Le!
ELISAl’Z’M’”’lS’ZO,
Norwalk (GL.1) | + - +| - |+ + +|+ +|- / - - - + + Crystallography®,
CBA"”, QCMD?*!
Aichil24(GL1) | + + +| - |+ + +|+ +|- -| - / / + /| ELISA*, SPR*
West Chester (GL1) |+ - +| / |+ / -|+ /|- /| - / / - /| ELISA®
C59(GL2) |+ - -| - |/ /1 /|1 /|1 / / / /| ELISA?
Crystallography™,
FUV258(GL.2) | + + +| + |+ - +|+ +|- - + / / + / EL}{S A”,gSPI;{Z}‘:
Honolulu (GL3) | + - +| / |- / -|+ /|- /| + / / - /| ELISA®
Kashiwa645(GL.3) | + + +| + |- + - |+ +|- -| + - ELISA*, SPR*
DSV(GL3) |- - -| - |/ [/ /|- /|- /| / / / - /| ELISA?
VAL15(GL3) | - - - A A / / - /| ELISA?
Chiba407(GL4) | + + +| + - + |- -]+ / / + /| ELISA*, SPR*
TCH-060 (GL7) |/ / /| / |+ + /|+ +|/ /] + + / / | ELISAY, ,
Crystallography”
Boxer (GL8) | + - +| + |- - -|- - | - - / + + | ELISA?
WUGI(GLS) | + + +| + |- - -|+ +|+ +| + / / + /| ELISA*, SPR*
Hawai (GIL1) | - - -| - |- - -|+ /|+ / + / + - | ELISA**"
Noda485 (GIL1) | - - -| - |- - -|- /|- /]| - / / - /| ELISA*
SMV(GIL2) |- + -| - |/ [/ |/ |/ /]| [ / / / /| ELISA™
BUDS(GIL2) [+ - -| - |- - -+ /|+ /| - - / - - | ELISA?
Matsudol8 (GIL.3) [+ + -| - [- - +[- /|- /| - / / - /| ELISA*
Kashiwa336 (GIL3) | + + -| - |- - +|- /|- /] - / / - /| ELISA*
Mexico (GIL3) | + - -| - [- - -+ /|+ /] - / + ELISA’
ParisIsland (GIL.3) | + + -| - |- - -|+ /|+ /| - - / + - | ELISA?
Toronto (GIL3) |/ / /| / |- - +|+ /|- /| - - / - - | ELISA®
Chronl (GIL3) | + + +| - |+ - /|- /|- /| - - + + - | ELISA®
Ichikawa754 (GIL5) | + + -| - |- - -|+ /|+ /| - / / - /| ELISA*
MOHGIL5) |+ + -| - |- - -+ /[+ /| - - / - - | ELISA'?
Ueno7k (GIL6) | + + +| + |- + +[- /|+ /] + / / + /| ELISA*
Sanbudds (GIL6) | + + +| - |- - +|- /|- /] - / / - /| ELISA*
Osakal0-25(GIL7) |+ + +| + |- - +[- /[+ /| + / / + /| ELISA*
VA207 (GILY) | + - +| + |- - - ] - + + - ¢ |ELISAZY
Crystallography12
Vietnam026 (GIL10) | / / /| / |/ + /|+ /|+ /| - - 2N I g;ﬁ?}ﬁ%{%phy’
Wortley (GIL12) | - - -| / |+ / +|+ /|+ /]| - / / + /| ELISA®
Chitta(GIL12) | - + -| - |- - -|- /|- /| - / / - /| ELISA*
Hiro (GIL12) |/ / /| / |/ / /|1 /|+ /| 1/ / / / /| Crystallography"
OIF (GIL13) | - - +| + |- - -|- /|- /| + - / - - | ELISA?
Kashiwa47 (GIL14) | - - - - - / / - /| ELISA*

P particles/dimers are included only in case of crystallographic studies. The HBGAs from type 1, 2 or 3 pre cursor sugar
chains are indicated by numbers 1,2 and 3 in column headers. The grey boxes indicate GSL binding. In case of contradiction
among different studies, positive results are selected. Signs “+’ and —’ indicate binding and no binding, respectively and */’
means “not determined”. Se = Secretor, se = non-secretor, seLe = Lewis positive non-secretor, Le = Lewis positive. The
references: 1 - (Huang et al., 2003), 2 - (Huang et al., 2005), 3 - (Bally et al., 2011), 4 - (Bok et al., 2009), 5 - (Bu et al.,
2008), 6 - (Cannon et al., 2009), 7 - (Cao et al., 2007), 8 - (Chen et al., 2011), 9 - (Choi et al., 2008), 10 - (de Rougemont et
al.,, 2011), 11 - (Fiege et al., 2012), 12 - (Hansman et al., 2011), 13 - (Hansman et al., 2012), 14 - (Harrington et al., 2002),
15 - (Kubota et al., 2012), 16 - (Lindesmith et al., 2008), 17 - (Lindesmith et al., 2003), 18 - (Marionneau et al., 2005), 19 -
(Nilsson et al., 2009), 20 - (Rydell et al., 2009b), 21 - (Rydell et al., 2009a), 22 - (Shanker et al., 2014), 23 - (Shanker et al.,
2011), 24 - (Shirato et al., 2008), 25 - (Uusi-Kerttula et al., 2014)
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However, the most “generic” binding pattern was observed for clinically dominant
GIL.4 VLPs (VA387 and Grimsby) which demonstrated binding to all secretor gene
dependent HBGAs. Lewis binding pattern was also observed for GIL.9 (VA207)
noroviruses which showed binding to all Lewis positive HBGAs regardless of secretor
status. Interestingly, similar trends of secretor gene independent binding were later
observed for GII.4 noroviruses as well.

Lindesmith et al., analyzed the evolutionary relationships between GII.4 norovirus
strains over the period of 1987 to 2005 (Lindesmith et al., 2008). The authors were
able to express the capsid region of GII.4 strains from 5 representative evolutionary
clusters and assay them with saliva from secretors and non-secretors. GII.4 norovirus
strain 2002a was found to recognize non-secretor saliva and different binding
properties were established for the same GII.4 genocluster over the period of 20 years.
On a similar note, de Rougemont and co-workers also studied HBGA interactions of 6
different GII.4 norovirus strains from 1987-2007 (de Rougemont et al., 2011) and
found different binding patterns for the GII.4 norovirus strains separated over time.
These studies suggested that GII.4 noroviruses have undergone so called “epochal
evolution” which has allowed them to alter amino acid composition of the binding site
in order to escape host immunity under the selection pressure from different
polymorphic HBGAs. This subject is further discussed later in the current section.

Binding patterns other than ABH antigens have also been reported. For instance, GII.3
and GII.4 noroviruses recognizing Sialyl Lewis x (SLe") was reported by Rydell and
colleagues (Rydell et al., 2009b). The VLP ELISA was used for GII.3 Chronl, GII.4
Dijon and GI.1 Norwalk norovirus strains with immobilized HSA-conjugated SLe*
neoglycoproteins. The binding was observed for GII.3 and GII.4 noroviruses but not
for GI.1 Norwalk norovirus strain. No interactions could be identified with the
structurally related Lewis x or Sialyl Lewis a antigens suggesting the binding to SLe"
to be specific for this antigen. Similarly, three GII strains have been reported to bind
heparan sulfate glycosaminoglycan. The binding was reported to be specific to heparan
sulfate as pre-treatment of the cells using heparanase resulted in reduced binding
(Tamura et al., 2004), while the same was not observed for chondroitinase. Likewise,
the principle finding of GIL.4 noroviruses binding to galactosylceramide GSL in
microdomains is reported in paper V.

Apart from ELISAs to characterize binding of different strains of noroviruses to
HBGAs, several other binding techniques have been used to study the VLP HBGA
interactions. Shirato et al., used surface plasmon resonance to characterize binding of
immobilized glycans to noroviruses (Shirato et al., 2008). The authors used 5 GI and
11 GII VLPs to investigate the difference in binding of these VLPs to type 1 and type
2 chain glycans. Type 2 chain structures demonstrated faster detachment than type 1
chain HBGAs suggesting that type 1 chain glycans bind noroviruses more tightly than
type 2 chain structures. This aspect of tightness, or binding strength, is discussed in
detail in paper IV. The study from de Rougemont et al., discussed above also used
SPR to study HBGA binding to different GII.4 norovirus strains (de Rougemont et al.,
2011). The authors found that post 2002 GII.4 norovirus strains (Hunter, Den Haag,
Osaka, Yerseke) bind A and B antigen much stronger than older GIL.4 strains. More
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recently, STD NMR have also been used to study GII.4 norovirus interactions with
synthetic oligosaccharides in solution (Fiege ef al., 2012).

Table 1.2 HBGA and Saliva binding patterns of norovirus GII.4 VLPs.

' Saliva Synthetic HBGAs / Glycosphingolipids o
Norovirus Binding
Strains Se se H A B selLe Le AssayReference
A B O 1 2 31 2|1 2| L& Le* SLe*| Le* L&
Sydney 2012 (GIL4) | + + +| / |+ / +|+ /|+ /| + / / + /| ELISA®
New Orleans (GIL.4) | + + +| / |+ / +|+ /|+ /| - / / + /| ELISA®
Minerva (GIL4) |/ / /| / |- - +|+ /|+ /| - + / + + | ELISAS
TCHOS (GIL4) |/ / /| [/ |+ / [ |+ 1|/ /| [/ / / + /| Crystallography*
Narital04 (GIL4) | + + +| + |+ + +|+ +|+ +| - / / + /| ELISA*, SPR*
VAT (GILA) |+ + +| - |+ - +|+ /|+ / / L4 |ELSAY
Crystallography
004-95SM (GIL4) | + + +| / |+ / +|+ /|+ /| + / / + /| ELISA®
Ast6139 (GIL4) |/ / /| / |+ + /|+ /|+ /| + + + + + | STD NMR"
Bristol (GIL4) | + + +| - |+ - +|+ /|+ /| - - + + + | ELISA'?, SPR?
Hunter (GII4) | + + +| - |+ - +|+ /|+ /| - - + + + | ELISA', SPR"
Yerseke (GIL4) | + + +| - |+ +l+ S+ - + + | ELISA'?, SPR?
DenHaag (GIL4) | + + +| + |+ - +|+ /|+ /| - + + + + | ELISA', SPR"
Osaka (GIL4) |+ + +| + |+ - +|+ /| + /| - + + + + | ELISA', SPR"
FH2002 (GIL.4) | + + + e A - - - - | ELISA'
FH2002a (GIL4) | + + +| + |- - - |+ /|- /| / + + - - | ELISA'
Dijon (GIL4) | + + +| - |+ - +|+ /|+ /| - + + [ + + gl{%ﬁi’ géﬁﬁﬁ’m’
Grimsby (GIL4) | + + +| - |- - +|+ /|+ /] 7/ - - + + | ELISA>'
Camberwell (GIL4) | + + +| - |- - +|- /|- /| / - - + | ELISA'®
CHDC5191 (GIL4) |/ / /| / |+ - +|- /|+ /| - + / + | ELISA*
CHDC4871 (GIL4) |/ / /| / |- - +|- /|+ /| - - / - + | ELISA*

The symbols and referencing are same as in Table 1.1

Studies on norovirus VLP HBGA interactions have also been carried out using
glycosphingolipids (Bally et al., 2012; Bally et al., 2011; Nilsson et al., 2009; Rydell
et al., 2009a). Nilsson et al., used GSLs for the first time to study radiolabelled
Norwalk VLP binding to type 1 and type 2 chain glycans using a chromatogram
binding assay. The authors characterized specific binding to A and H antigens and
their extended structures but no binding was observed for B antigens and their
extensions (Nilsson et al., 2009) which was in agreement with the previous findings
(Hutson et al., 2003). Rydell ef al., used Quartz Crystal Microbalance with dissipation
monitoring (QCM-D) to study binding of Norwalk GI.1 and Dijon GII.4 norovirus
strains to H type 1 and Lewis a GSLs embedded in a planar supported lipid bilayer
(Rydell et al., 2009a).

The VLPs of both strains bound H type 1 but no binding to Lewis a was observed.
The authors found that a threshold of 2 % (weight) GSL was needed to detect binding
of H type 1 to Dijon strain while in case of Norwalk strain 0.25 % (weight) GSL was
enough to measure the binding suggesting that Norwalk virus bound H type 1 GSL
with higher affinity as compared to the Dijon strain. A more sensitive binding assay to
characterize interactions of multivalent proteins with membrane bound ligands was
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developed by Bally and colleagues (Bally ef al., 2011). The assay was based on total
internal reflection fluorescent microscopy (TIRFM), which was used to selectively
illuminate the interactions in the vicinity of the model membrane. First, the unlabeled
VLPs were immobilized on a planar supported lipid bilayer using GSLs already
embedded in the bilayer. The bound fraction was then detected by fluorescently
labelled vesicles containing GSLs. Using TIRFM, the authors could actually record the
attachment and detachment events of single vesicles to VLPs in real time. Both
transient and steady state quantitative binding data could be obtained using
conventional data analysis. GII.4 norovirus VLPs were used as model protein and the
binding to H type 1 and Lewis b GSLs was studied. The details of underlying binding
kinetics of a series of type 1 and type 2 GSLs using this TIRFM technique are
discussed in paper V.

Although the binding studies summarized above are based on VLPs and not the
infectious virus particles, the credibility of these studies is established (1) through the
near perfect correlation between the infection patterns observed in outbreaks or
challenge studies and the VLP binding studies (Lindesmith et al., 2003; Nilsson et al.,
2009), and (i1) the reasonable agreement with the binding patterns observed through a
handful of binding studies conducted on native virions obtained through purification of
stool samples (Harrington ef al., 2004; Thorven et al., 2005).

The crystallographic studies

Since the structural determination of the Norwalk capsid with crystallography in 1999
(Prasad et al., 1999), several norovirus P domain structures in complex with the bound
HBGAs have been solved, which include three GI (Bu et al., 2008; Choi et al., 2008;
Kubota et al., 2012; Shanker et al., 2014) and four GII norovirus strains (Cao et al.,
2007; Hansman et al., 2011; Shanker ef al., 2011). The general observation from these
studies is that the overall structural fold of P domain dimers is similar in both
genogroups and that the binding sites for GI and GII noroviruses are different in a
genogroup dependent manner. Additionally, subtle differences in the binding site
residues have resulted in altered specificities towards the binding of HBGAs within the
same genotype.

The norovirus Gll binding site

Earlier computational studies together with mutagenesis data indicated the presence of
a potential binding pocket on the surface of the highly variable P2 domain
(Chakravarty et al., 2005; Tan et al., 2003). The exact location of the binding site was
however, not revealed until the first norovirus P domain structure of GII.4 VA387
strain was solved in complex with HBGA A and B saccharides (Cao et al., 2007). The
crystal structure at 2.2 A resolution demonstrated that the binding site is located at the
dimer interface and al,2-linked fucose, representative of secretor phenotype, was
observed to be involved in direct hydrogen bonding and hydrophobic interactions. This
also explained on the level of atomic resolution the basis for the preference of GII.4
noroviruses to bind secretor gene dependent HBGAs. However, it was not clear how
the extensions of ABH antigens would be recognized by the P domain and which
residues would be important for such binding modes.
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Figure 1.6 The GII norovirus binding site. The P dimer of VA387 GII.4 norovirus strain is shown as (a) ribbons (with
partially transparent surface) and (b) solid surface in complex with B-trisaccharide (Cao et al., 2007). The zoomed in views
of binding sites of norovirus VA387 in complex with B-trisaccharide (c, d), GIL.9 VA207 (Chen et al., 2011) in complex with
Sialyl Lewis x (e) and GII.10 Vietnam (Hansman et al., 2011) in complex with B-trisaccharide (f) are illustrated as studied
through crystallography. Panel (c) shows the surface view of the VA387 binding site with the labeled residues identified to be
influential for HBGA binding (Tan et al., 2008b). For all figures, the fucose binding pocket is colored red, the flexible loop
region is colored green, whereas the adjacent binding pocket for the ABH extensions is colored purple. The interacting
fucose binding site residues are shown as sticks and hydrogen bonds are indicated by yellow dashed lines. Note the
conservation of R345, D374 (VA387 numbering) and an aromatic residue (Y or H) in the fucose binding pocket which
together define the key fucose norovirus interactions. Also, clearly visible is the flexibility in the loop region (green) which
defines the specificity of fucosylated HBGAs interacting with GII noroviruses (see the main text).
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The following year, the same group published a mutagenesis study in which some
residues in or around the binding site were shown to be essential for binding (Tan et
al., 2008b). More importantly, mutations in some residues around the principal fucose
binding site resulted in loss of binding to A antigens but not to B or H antigens. This
provided clear insights into the regions that were important for the specificity of this
particular strain to bind HBGAs. The potential binding modes for the extensions of
ABH antigens in complex with VA387 P dimers, for some of which there is still no
available crystallographic data, are discussed in Paper I.

Other GII norovirus strains which were studied through crystallography showed
exactly the same binding pose for secretor gene dependent HBGAs with the al,2-
linked fucose exhibiting most of the direct interactions with binding site residues. The
analysis of the crystal structure of another GII.4 variant from 2004 [TCHOS5] (Shanker
et al., 2011), suggested that, as compared to the 1996 variant, the amino acids in
contact with the Lewis fucose might improve the binding to the Lewis b HBGAs.
Furthermore, the electrostatic landscape of this 2004 variant was also found to be
substantially different from that of the 1996 variant suggesting that the variation in
GIIL.4 noroviruses over time not only affects the binding affinity and specificity but
also the manner in which the whole capsid protein is recognized at the cell surface.
Some of the residues responsible for the altered electrostatics of P domain dimers were
previously identified as evolutionary hotspots for GII.4 noroviruses (Donaldson et al.,
2010). This further suggested that these amino acid changes could also have
implications in antigenic variation of GII.4 norovirus strains. Following the same trend
as GII.4 noroviruses, GII.10 and GII.12 noroviruses have also been demonstrated to
recognize al,2-linked fucose in the principal fucose binding site through recent
crystallographic studies (Hansman et al., 2011).

The norovirus Gl.I binding site

In contrast to GII noroviruses, the binding site in GI norovirus strains is not highly
specific for any single sugar residue (Bu et al., 2008; Choi et al., 2008; Kubota et al.,
2012; Shanker et al., 2014). Furthermore, the location of this binding site is typically
found on one of the P-monomers, distinctly different from the GII noroviruses, where
the binding site is observed at the dimer interface. The difference in the location and
structural characteristics of GI and GII norovirus binding sites explains their different
binding specificities. For GII noroviruses, which bind to all ABH antigens, the central
sugar residue defining this specificity at a molecular level is a-L-fucose. All the
HBGAs, which have been shown to bind GII norovirus strains, consistently fit into a
binding pose specific to this sugar moiety. L-fucose has been observed in all structural
studies to be involved in strong hydrogen bonding and hydrophobic interactions.
However, for GI noroviruses this is not the case. GI noroviruses do not bind to blood
group B glycans but only to blood group A and O HBGAs. It has been demonstrated
that only two hydroxyls from the Galp residue of the precursor sugar chain are
involved in hydrogen bonding with the binding site residues. The crystallographic data
further elucidated that for H antigens, this binding of Galf residue positions the
hydrophobic moieties of al,2-linked fucose in favorable orientation to exhibit
hydrophobic interactions with tryptophan in the binding site. Similarly, when binding
A HBGA, these hydrophobic interactions are instead observed by the methyl group of
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GalNAca (Fig. 1.7). Since for B HBGAs the GalNAca of the A antigen is replaced by
Gala, which lacks the methyl group, no binding is observed for this particular antigen.

The structural basis of recognition of secretor gene-independent Lewis antigens by GI
and GII noroviruses has also been demonstrated (Chen et al., 2011; Kubota et al.,
2012; Shanker et al., 2014). The general conclusion from these studies was that the
strains demonstrating binding to Lewis antigens show variability in the loop regions
around the binding site, which results in the different binding specificity, while the
main binding site residues remain strikingly similar.

a) b)

Figure 1.7 The Norwalk (GI.1) binding site. The binding poses of Norwalk GI.1 norovirus strain in complex with (a) H type
1 and (b) A trisaccharide (Choi et al., 2008) are illustrated with the interacting residues in stick representation. Hydrogen
bonds are indicated by yellow dashed lines. Note the hydrogen bonds between 3,4-OH of Galfp and OH of S377 in H type 1
which are replaced by the 3,4-OH of GalNAca and S377 in case of A trisaccharide. These hydrogen bonds position the
subsequent hydrophobic moieties (CH at positions C1 and C2 in fucose of H type 1 and methyl group in the GalNAco. of A
trisaccharide) in the vicinity of W375 (~4 A) for hydrophobic interactions (Choi et al., 2008).

For instance, the binding mode observed for the secretor gene-independent Lewis
antigens in GII noroviruses was identical to the one observed in case of secretor gene
dependent HBGAs with the fucose being involved in most of the hydrogen bonding
and hydrophobic interactions in the conserved fucose binding site. However, this time
the al,3-linked Lewis fucose exhibited the key interactions instead of the al,2-linked
secretor fucose (Chen ef al., 2011). The possibility of recognition of both the secretor
and the Lewis fucose residues in HBGAs by the clinically dominant GII.4 noroviruses
and its implication on binding strength are further discussed in Paper II.

The norovirus epochal evolution within the pandemic GII.4 lineage

The GII.4 noroviruses recognize a wide variety of ABH antigens. As described earlier,
the binding mode for these interactions has been consistently based on a fucose
binding pocket that has remained reasonably conserved for several decades (Bok et al.,
2009). However, sequence variations around this binding pocket and elsewhere in the
surface exposed P2 domain are frequently reported and are presumably the
manifestations of the observed epochal evolution of GII.4 noroviruses. The
phenomenon of epochal evolution refers to mechanism in which the virus undergoes
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periods of “epochs” or stasis, where it accumulates several mutations probably in
immunocompromised hosts (Debbink et al., 2014), followed by sudden emergence of
a new epidemic strain dominating the outbreaks worldwide. This phenomenon has
been observed clearly for GII.4 noroviruses where a new pandemic strain has emerged
every 2-3 years. The US 1995/96 strain caused the first reported global epidemic
outbreak in 1996 followed by Farmington Hills in 2002, Hunter variant in 2004,
Minerva or 2006b in 2007-2008, New Orleans in 2009 and the most recent Sydney
2012 at present.

It has been hypothesized that the epochal evolution of GII.4 noroviruses is driven by
(1) the antigenic drift in an attempt to escape the host immunity (Debbink ef al., 2012a;
Debbink et al., 2013; Lindesmith et al., 2013; Lindesmith et al., 2008) and (ii) the
relatively lower selection pressure on the residues around the fucose binding pocket in
response to highly polymorphic HBGA human populations (Donaldson et al., 2010;
Shanker et al., 2011; Tan et al., 2009). Therefore, on one hand the virus manages to
escape the herd immunity through changing the composition of antigenic sites and on
the other hand the mutations around the binding site give rise to novel binding
specificities of GII.4 noroviruses thereby additionally infecting previously unaffected
subpopulations and dominating the outbreaks worldwide.

The separate evolutionary analyses of amino acids in S, P1 and P2 domains of GII.4
noroviruses over a period of 20 years has demonstrated that the S domain does not
undergo major persistent amino acid changes, whereas the P1 and particularly P2
subdomain show accumulated mutations which establish a linear relationship between
the emerging variants meaning that every new variant within the distance of 1-2 years
has emerged as a result of mutations in the previous epidemic strain (Lindesmith et al.,
2008). The protein residues involved in the direct interactions with fucose have
remained largely conserved during this evolution. This is in agreement with the
observation that a vast majority of the human population, including secretors and non-
secretors, produces fucosylated glycans as HBGAs, which would explain the selection
for interacting amino acid residues in the fucose binding site. However, the residues
around the binding site are relatively less conserved and the accumulated mutations in
these regions result in strains with altered binding specificities possibly affecting host
susceptibilities (de Rougemont et al., 2011; Lindesmith et al., 2008; Shanker et al.,
2011). For instance, the insertion of threonine at position 395 is an epidemiological
feature of GII.4 norovirus strains that emerged after the year 2002 (Dingle and
Norovirus Infection Control in Oxfordshire Communities, 2004). In one study (de
Rougemont et al.,, 2011), the saliva and synthetic oligosaccharide binding
characteristics of different pre-2002 GII.4 norovirus strains were compared with those
of post-2002 variants. It was observed that all six GII.4 noroviruses temporally
distributed over the period of 20 years recognized saliva from secretor positive
individuals. However, two post 2002 variants, Den Haag and Osaka, additionally
recognized non-secretor saliva. Moreover, the deletion of T395 resulted in decreased
binding to A and B antigens and gained strong binding to Lewis x and Sialyl Lewis x
HBGAs (de Rougemont et al., 2011). Finally, it was demonstrated through SPR that
post 2002 variants showed higher binding affinity towards A and B antigens as
compared to the pre 2002 GII.4 strains (de Rougemont et al., 2011).
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The GII.4 noroviruses are reported to be consistently causing pandemic outbreaks
worldwide for almost two decades. The most recent GII.4 norovirus epidemic strain,
Sydney 2012, has been shown to recognize all ABH antigens along with Lewis a
HBGA in vitro (Uusi-Kerttula et al., 2014), suggestive of broader target population for
this particular norovirus strain. The studies on epochal evolution of GII.4 noroviruses
have addressed the aspects of antigenic drift and changes of binding behavior and
susceptibility as a consequence of accumulated mutations over time. However, in
order to predict the future epidemic norovirus strains, there is globally a need for more
effective and complete outbreak surveillance particularly for GII.4 noroviruses.

331 343 373 389 440/441
CHDC5191/1974 Q...STRAHK...ND...IQDGD-HH...CSGY
CHDC4871/1977 Q...STRAHK...ND...IQDGD-HH...CSGY
Bristol/1987 Q...STRAHK...ND...IQDGD-HH...CSGY
Camberwell/1987 Q...STRAHK...ND...IQDGD-HH...CSGY
Dijon/1996 Q...STRAHK...ND...IQDGN-NH. . .CSGY
Narital04/1997 Q...STRAHK...ND...IQDGN-NH...CSGY
VA387/1998 Q...STRAHK...ND...IQDGN-NH...CSGY
Grimsby/1998 Q...STRAHK...ND...IQDGN-NH...CSGY
004-95M/1999 Q...STRAHK...ND...IQDGN-NH...CSGY
Ast6139/2001 Q...STRGHK...ND...IQDGN-NH. ..CSGY
FH2002/2002 Q...STRGHK...ND...IQDGNGTH...CSGY
FH2002a/2004 Q...STRGHK...ND...IQDGNGAH...CSGY
Hunter/2004 Q...STRGHK...ND...IQDGSTTH...CSGY
TCH05/2005 Q...STRGHK...ND...IQDGSTTH...CSGY
Minerva/2006 Q...STRGHK...ND...IQDGSTTH...CSGY
DenHaag/2006 Q...STRGHK...ND...IQDGSTTH...CSGY
Yerseke/2006 Q...STRGHK...ND...IQDGSTTH...CSGY
Osaka/2007 Q...STRGHK...ND...IQDGSTTH...CSGY
New-Orleans/2009 Q...STRGHK...ND...IQDGSTTP...CSGY
Sydney/2012 Q...STRGHK...RD...IQDGGTTH...CSGY

* *kk k% L * Lkkk * % k%

Figure 1.8 Multiple alignments of GII.4 norovirus binding site residues. The coloring is the same as in Fig. 1.6. The major
capsid proteins (VP1) of strains with known binding characteristics (Table 1.2) are considered for the alignments performed
by ClustalW2. The binding sites of both Ast6139 and Dijon norovirus strains (bold and underlined; used for in-vitro binding
studies in Papers IlI, IV and V) are similar to both the pre- and post-2002 GII.4 strains including VA387 which has been
used in the modeling studies of Paper I and II. The numbering following forward slash applies to post-2002 strains with T/G
insertion at position 394 (bold).

The Ast6139/01/Sp GI1.4 norovirus strain

In 2004, a study was conducted to investigate the etiology of acute gastroenteritis
among children in Asturias, Spain (Boga et al., 2004). A total of 363 stool samples
were analyzed and norovirus was classified as the causative agent for 8% (16 cases) of
179 cases where a known pathogen could be found. The identified Ast6139/01/Sp
norovirus strain was classified as GII.4 norovirus based on whole genome
phylogenetic analysis where it appeared in the same cluster as the Bristol 1993/UK
GII.4 strain.
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The multiple alignment of binding site residues of GII.4 norovirus strains with known
binding characteristics indicate that Ast6139/01/Sp binding site resembles both pre-
and post-2002 norovirus strains (Fig. 1.8). Interestingly, the Ast6139/01/Sp norovirus
associated disease symptoms in studied pediatric cases demonstrated the peak during
summer time and no case was observed in colder months in contrast to the generally
conceived notion of norovirus seasonality (section 1.1.4). The binding characteristics
of Ast6139/01/Sp GIL.4 norovirus VLPs were more recently reported through STD
NMR study (Fiege et al., 2012) demonstrating that this particular GII.4 norovirus
strain could afford the binding of all synthetic fucosylated HBGAs. The saturation
transfer was observed for mainly the L-fucose moiety of glycans in solution with the
VLP. This was in agreement with the observed crystallographic and evolutionary data
summarized above, which indicated that fucose is the major binding epitope and that
the residues in the fucose binding site are remarkably conserved among GII.4
noroviruses. In case of difucosylated Lewis antigens the saturation transfer was
observed for both the secretor and the Lewis fucose residues shedding light on the
possibility of alternate binding poses specific to one of these two fucose moieties in
the principal fucose binding site. For Lewis b the saturation transfer signal for both
fucose residues was comparatively similar. However, for Lewis y the signal for al,2-
linked fucose was stronger than for the a1,3-linked fucose. This possibility of alternate
binding poses specific to either the secretor or the Lewis fucose is further explored in
detail in Paper II.

1.2.6. Binding strength of protein-carbohydrate interactions

The protein-carbohydrate interactions are characterized by low affinities that generally
yield dissociation constants (K4) in the low mM range (Collins and Paulson, 2004),
although exceptions have been reported (Perret et al., 2005). The hallmark of low
affinity binding in protein-carbohydrate interactions is apparently the basis of their
diverse functional roles in cellular adhesion and signaling processes (see page 13).
However, this low affinity, sometimes complemented with non-specificity, may allow
for e.g. the viral capsid, to hover on the surface of the cell until it reaches the high
affinity receptor specific for the viral uptake.

The monovalent protein-carbohydrate interactions

At the heart of momnovalent (one binding site: one ligand) protein-carbohydrate
interactions is the interplay between favorable enthalpy (AH) gains (the heat release)
and the unfavorable entropic (TAS) costs due to conformational restrictions at the
atomic level (Dam and Brewer, 2002; Garcia-Hernandez and Hernandez-Arana, 1999).
The Gibbs free energy of binding (AG) can be represented by the following principle
equation:

AG = AH — TAS (1)

The enthalpy primarily stems from hydrogen bonds, van der Waals and electrostatic
interactions between the protein and the carbohydrate residues. Although the
intermolecular interactions give rise to the favorable enthalpy gain they also restrict
the conformation of the ligand increasing the unfavorable entropic costs. In order to
reduce the entropic costs and increase the binding affinity, conformationally
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constrained oligosaccharides in complex with protein have been studied. The results
demonstrated that the same reduction in the degree of glycan flexibility which
decreased the entropic costs also decreased the enthalpy gains for the observed
protein-carbohydrate interactions (Navarre et al., 1999). This is called the entropy-
enthalpy compensation effect. In severe cases, this effect seems to limit the affinity for
protein-carbohydrate interactions.

In comparison to many protein-protein interfaces the protein-carbohydrate interactions
are characterized by smaller interaction area which can explain their overall relatively
lower affinity. However, this is not the case if the interactions per unit area of the
binding interface are analyzed in which case the protein-carbohydrate interactions are
actually stronger than the corresponding protein-protein interactions (Garcia-
Hernandez et al., 2000). One such analysis of 32 lectin-glycan complexes in
comparison to 32 protein homodimers from the Protein Data Bank (PDB) revealed that
in case of protein-carbohydrate interactions the intermolecular polar-polar contacts are
more frequently observed per unit area of the binding interface. Moreover, the protein-
carbohydrate complexes are relatively closely packed due to the shorter hydrogen
bond distances in the binding site in comparison to the protein-protein interfaces
(Garcia-Hernandez et al., 2000).

The reorganization of solvent or water molecules in the bulk solvent or at the protein-
carbohydrate binding interfaces has consequences on the entropy and enthalpy of the
system (Lemieux, 1996; Mammen ef al., 1998). Water molecules have high tendency
to form hydrogen bonds with other water molecules or the polar surfaces in proteins or
carbohydrates, whereas the non-polar or hydrophobic regions have lower water
densities. The release of water molecules from the carbohydrate binding site of a
protein is often a favorable reaction due to increases in the entropy of the system. On
the other hand, partial dehydration of protein-ligand interface due to the lack of
complementarity in the polar surface of the protein and the ligand may give rise to the
overall lower binding affinities (Bryce et al., 2001).

The multivalency effect

Several proteins, for e.g. virus capsids, have multiple glycan recognition sites which
enable them to bind to many ligand molecules simultaneously. Multivalency for
proteins can also be achieved through clustering of the membrane associated proteins
on cell surface (Varki et al., 2009b). Similarly, glycan epitopes can also be presented
multivalently to the receptor molecules in several ways. For instance, glycans can be
branched and the terminal ends could contain multiple copies of the binding epitope or
highly glycosylated proteins, for instance mucins in saliva, could allow for multivalent
glycan presentation. Glycans in glycosphingolipids could also be multivalently
presented in microdomains in the cellular membrane. The AG of multivalent binding is
basically the sum of the AGs of individual monovalent affinities (Mammen et al.,
1998). This leaves an exponential effect on the K4 which substantially decreases the
dissociation rate of interaction. In this scenario the formation of the first monovalent
ligand contact with the receptor could position the other ligands in the vicinity of the
binding sites on the multivalent receptor resulting in the formation of the second
contact and so on. In a typical case the loss of entropy for binding of the ligand would
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be significantly reduced after establishing the first monovalent interaction. The result
is a very strong binding of multivalent protein-ligand complex where the participating
monovalent interactions stabilize each other. The overall affinity of the multivalent
interaction is termed as avidity. The avidity of such protein-ligand complex can be 10-
1000 folds stronger than the corresponding monovalent affinities (Mammen et al.,
1998). One such example of multivalent effect has been reported in the context of
norovirus inhibition (Rademacher ef al., 2011) and is further discussed in Paper I'V.

Epitope crypticity and glycan presentation

The availability of the glycan epitope to the receptor molecule is essential for protein-
carbohydrate interactions to take place. Usually two to four sugar residues participate
in the protein binding where not only the interacting residues but the internal sugar
saccharides can also be detrimental in defining the ligand conformation. In one study,
the binding affinity of protein-ligand complex is shown to be influenced by the
internal saccharide, not directly involved in binding (Maaheimo et al., 1995). This
observation has been supported by an extensive modeling study in which the presence
or absence of non-terminal GlcNAc in oligosaccharides was shown to influence the
conformation of the whole sugar (Imberty et al., 1995). Similarly, it was also shown
that monoclonal anti-blood group antibodies recognize the conformationally dependent
micro-epitopes of histo-blood group antigens (Imberty et al., 1996; Mollicone et al.,
1996). In paper II, the changes in the conformation of Sialyl Lewis x are shown to
influence the estimated binding energy through molecular dynamics simulations.
Similarly, in paper IV the preference of GII.4 norovirus VLPs towards type 1 chain
sugars is shown while type 2 chain structures are mostly not recognized. This is
explained by the conformational change in type 2 chain glycans where the GIcNAc of
the type 2 chain precursor is ~180° flipped as compared to type 1 chain structures
(section 4.1.1).

The multivalent protein-ligand interactions have very delicate structural requirements
and the presentation effects can be highly pronounced in these systems. If the
multivalent ligand geometries are not well matched with the receptor binding sites, the
enthalpic and entropic effects may diminish binding. For instance, the backbone
structures used to synthesize the multivalent carbohydrate ligands might not always
present the epitope in the most favorable conformation which might result in lower
enthalpic gains and higher entropic costs thereby tipping the entropy-enthalpy balance
towards lower avidity. The understanding of these aspects of multivalent interactions
is important for the design of the backbone or the carbohydrate linker. A rigid
backbone may result in the enthalpy loss. However, too flexible linkers might have
consequences on the entropy of the association.

In the lipid bilayer systems the presentation of the saccharide of GSLs is limited by the
membrane surface (Nyholm ef al., 1989) and by the conformational preferences of
saccharide-ceramide linkage (Nyholm and Pascher, 1993). This should lead to a
preference of only a subset of oligosaccharide orientations. In these systems the glycan
epitope is presented in a substantially different way than in solution which might result
in distinct receptor binding patterns. The presentation effects of membrane associated
glycolipids observed in Paper IV are further discussed in section 4.3.2.
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1.2.7. Glycan interactions in pathogenesis

The carbohydrate structures presented on the surface of the cell in the form of
glycoconjugates provide a dense structural code which is deciphered by glycan
binding proteins, i.e. lectins in a multitude of intracellular and extracellular
physiological and pathophysiological events. Several viral, bacterial and fungal
pathogens also exploit this glycan code for host cell attachment through recognizing
different carbohydrate structures present on the cell surface (Imberty and Varrot, 2008;
Olofsson and Bergstrom, 2005).

Most of the identified viral glycan receptors or attachment factors are negatively
charged including sialic acids and glycosaminoglycans. Sialic acids are also
recognized by a number of bacterial lectins. For viruses, a well-studied example
includes influenza virus which has a preference for 02,6 and a2,3-linked sialic acids
for human and avian strains, respectively. This glycan specificity actually explains that
the site of infection for most human influenza viruses is in human upper respiratory
tract where sialic acid in a2,6-linkage but not the one in a2,3-linkage is abundant.
Interestingly and unfortunately, more than 300 human deaths from avian influenza
virus have been reported by World Health Organization during the years 2003 to 2013
(WHO, 2013). The studies have shown that the avian influenza virus infections in
humans occur in the cells belonging to lower respiratory tract where sialic acid in a2,3
linkage is relatively more abundant (Shinya et al., 2006; van Riel et al., 2006). Other
examples of viruses recognizing sialylated glycans include, but are not limited to,
coronaviruses (Schwegmann-Wessels and Herrler, 2006) causative agents of
respiratory and gastrointestinal syndromes, Simian virus SV40 (Neu et al., 2008) and
adenoviruses (Cashman et al., 2004). Heparin sulfate is also recognized by several
viral agents including Herpes simplex virus type 1 (Copeland et al, 2008) and
papillomavirus L1 (de Witte et al., 2007).

A number of viruses, mostly non-enveloped, have also been shown to recognize
neutral glycan epitopes or histo-blood group antigens. Rabbit hemorrhagic disease
virus (RHDV) produces fatal hemorrhage in rabbits and was shown to bind A antigen
and H type 2 in epithelial cells of respiratory and gastrointestinal tracts (Ruvoen-
Clouet et al., 2000). Also it was shown that rabbits with impairment in expression of
HBGAs were relatively resistant to the lethal infection (Nystrom et al., 2011).
Likewise rotavirus, the most dominating cause of gastroenteritis in children and infants
worldwide, was more recently shown to recognize histo-blood group antigens (Huang
et al., 2012). This was in addition to the previously reported binding of animal
rotaviruses to gangliosides (Delorme ef al., 2001). The structural basis of A type 2
binding to a human rotavirus strain was also recently reported (Hu et al, 2012).
Similarly, Parvovirus B19, which is the cause of persistent anemia in
immunocompromised individuals and very often results in fetal death following
infection during pregnancy, has been shown to recognize globotetraosylceramide on
thin layer plates (Brown et al., 1993). The globotetra- and globotriaosylceramides are
expressed on erythrocytes of blood group P; and P, individuals. It was also shown,
based on serological evidence in the later study, that individuals from blood group p,
devoid of these GSLs, are completely resistant to the infection (Brown et al., 1994).
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Similar examples of glycan binding bacterial lectins are reviewed elsewhere (Ernst and
Magnani, 2009; Imberty and Varrot, 2008).

Figure 1.9 Examples of fucose binding sites. The hydrogen bonds are indicated by yellow dashed lines and interacting
residues are labeled and shown in stick representation. Note the common hydrophobic interactions in all 4 cases involving
the methyl group of fucose situated in the proximity (~4 A) of an aromatic residue (W or Y) in the binding pocket.(a) heat
labile toxin of enterotoxigenic E. coli strain in complex with blood group A analog (Holmner et al., 2007), (b) fruiting body
lectin, CCL2, in complex with fucosylated trisaccharide (Schubert et al., 2012), (c) BambL lectin from the fungal pathogen
Burkholderia ambifaria in complex with fucose (Audfray et al., 2012), (d) BC2LC lectin from bacterium Burkholderia
cenocepaica in complex with methylselenofucoside (Sulak et al., 2010).

Fucose specific recognition sites of importance for pathogenesis

The fucose monosaccharide is characteristically different from other carbohydrate
residues due to the presence of a methylated C6 instead of a hydroxyl group making it
a deoxy hexose sugar with a distinct hydrophobic anchor. This unique feature of
fucose has been exploited rigorously by fucose binding bacterial lectins and viral
proteins. Most of the fucose specific binding modes studied through crystallography
have demonstrated the presence of an aromatic protein residue in the vicinity of the
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fucose methyl group which is involved in hydrophobic interactions while the hydrogen
bonds are usually formed between the polar binding site residues and the sugar
hydroxyl groups (Fig. 1.9). The fucose binding site features are further discussed and
reviewed in chapter 4 and in Paper II of this thesis.

The remarkable feature of GII.4 noroviruses, which has been under positive selection
for more than 3 decades, is the conservation of fucose binding site residues and
consequently the recognition of fucosylated HBGAs (section 1.2.5). RHDV is another
example of a virus recognizing fucose as the minimal structural requirement for
binding HBGAs (Rademacher et al., 2008). Rotaviruses are shown recently to
recognize HBGAs but the binding mode specific to a fucose residue has not been
reported so far. Among bacterial lectins, PA-IIL which is a virulence factor for an
opportunistic pathogen Psudomonas aeruginosa has unusually high affinity for fucose
(kg = 200 nM for Le") (Perret et al., 2005). The structural characterization of PA-IIL in
complex with fucose (Mitchell et al., 2002) has demonstrated a unique binding mode
where 2 calcium ions mediate the fucose interactions with the lectin. Heat labile toxin
(hLT) of enterotoxigenic E. coli strain which has been co-crystallized with blood
group A analog also demonstrates a fucose specific binding mode (Holmner et al.,
2007). Similarly BambL, a fucose binding lectin from an opportunistic fungal
pathogen Burkholderia ambifaria, was more recently crystallized with H type 1 and
other fucosylated oligosaccharides (Audfray et al.,, 2012). The structural data
demonstrated fucose to be the main interacting residue. The crystallographic binding
poses of some of these fucose binding proteins in complex with fucosylated structures
are depicted in (Fig. 1.9).

1.2.8. Microdomains or lipid rafts

Cellular membranes are lipid bilayers mainly composed of (glyco) sphingolipids,
phospholipids, cholesterol and a selection of several transmembrane proteins. The
distribution of these structural units in the fluid bilayer is asymmetrical and results in
lateral patches with high density of sphingolipids and cholesterol on the apical surface,
which are called rafts. The concept of these lipid rafts or microdomains was first put
forward by Simons and Ikonen more than a decade ago (Simons and Tkonen, 1997) but
the current form of this concept is still debated among some cell biologists (Leslie,
2011). Lipid rafts are believed to be involved in a number of physiologically and
immunologically relevant cellular processes mainly including the regulation of signal
transduction pathways and protein trafficking (Lingwood and Simons, 2010;
Yoshizaki et al., 2008). Furthermore, rafts are also involved in protein-carbohydrate
interactions between pathogens and their host cells.

The role of microdomains, particularly in viral entry and egress, has been implicated in
a number of enveloped and non-enveloped viruses (Manes et al., 2003). For enveloped
viruses, the very early steps of virus infection include viral attachment and membrane
fusion followed by viral entry. Most of the studies have investigated cholesterol
dependence for these processes in either the cellular or the viral membrane or both.
The requirement of cholesterol in either membrane for viral entry is attributed to the
dependence on microdomains or lipid rafts. For instance, in case of Human Herpes
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Virus 6 (HHV-6) it has been demonstrated that cholesterol in both viral (Huang et al.,
2006) and cellular membranes (Tang et al., 2008) are required for successful viral
entry. In contrast, for influenza virus it has been shown that cholesterol is required
only in viral membrane but not in the cellular membrane (Sun and Whittaker, 2003),
while the inverse has been reported for murine leukemia virus (Lu et al, 2002).
Similarly, for HIV, the membrane fusion requires the presence of cholesterol in both
viral and cellular membrane. Also HIV glycoprotein gp120 recognizes CD4 localized
in lipid rafts. The subsequent binding of gpl120 to CD4 induces conformational
changes in the glycoprotein which exposes the co-receptor binding site. At the same
time, the CD4-gp120 binding also promotes clustering of microdomains containing co-
receptors. The insertion of gp41 fusion peptide into the host cell is then induced by
gp120-CD4-co receptor complex (Manes ef al., 2003). Simian Virus 40 (SV40), a non-
enveloped virus, is internalized through clathrin independent caveolin-mediated
endocytosis and binds to MHC class 1 molecules which are not present in lipid rafts.
The virus-MHC-1 complex is then either trafficked to caveolae enriched
microdomains or caveolae are recruited around the virus MHC-1 complex. The virus is
then compartmentalized to ER. This pathway has been shown to be cholesterol
dependent since depletion of cholesterol inhibits viral entry (Manes et al., 2003). Apart
from viruses, bacteria and protozoa are also reported to exploit lipid rafts for cellular
entry, survival and signaling. These are also comprehensively reviewed in Manes et
al., 2003. The principle finding of noroviruses binding to galactosylceramide in
microdomains of planar supported lipid bilayers is discussed in Paper V.

1.3. Anti-noroviral strategies

A number of antiviral approaches have been used for different viruses which include
vaccination, design of anti-adhesion molecules to block the virus attachment to the
host cell and inhibitor design specific for enzymes essential in viral replication. Each
virus presents new challenges for the development of antiviral therapeutics and
therefore no single common approach has been identified to be successful for several
different viruses unlike antibiotics in the treatment of bacterial infection.

In the absence of cell culture systems, but with access to detailed structural
information on noroviral HBGA binding modes, the design of norovirus entry
inhibitors seems a very interesting and practical approach. More recently, there have
been some reports on the use of sugar-like compounds to inhibit Norovirus-HBGA
interactions using both VLPs and P particles (Dou ef al., 2012; Dou et al., 2011; Feng
and Jiang, 2007; Hansman et al., 2012; Pokhrel et al., 2012; Tamura et al., 2003;
Zhang et al., 2012; Zhang et al., 2013). In one of the studies, VLP-Saliva ELISA was
blocked using a library of 5000 glycomimetic compounds out of which 14 compounds
were identified with I1Csy value of < 15 uM (Feng and Jiang, 2007). An STD NMR
study was of particular interest where authors designed multivalent entry inhibitors for
VLP-HBGA interactions using Ast6139/01/Sp GII.4 norovirus VLPs. A library of 430
compounds was screened for candidates with inhibition activity against o-methyl
fucose monosaccharide, H type 1 and blood group B antigens binding to the VLPs
through competitive NMR experiments. The identified highly potent glycomimetic
compounds were then conjugated with several fucose residues using polyacrylamide
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backbone linker (Rademacher et al., 2011). When measured through SPR, the authors
could show that the ICs, value for the designed multivalent fucose inhibitors was
around 1000 folds less than that observed with monovalent a-methyl fucose. For one
of these inhibitors the ICs, value was observed to be in pM to nM range if the
molecular weight of the whole compound including the polyacrylamide spacer was
considered. These compounds are the most promising candidates identified so far for
norovirus anti-adhesion therapy.

Vaccine design for noroviruses faces several challenges. The mechanisms of
persistence of noroviruses in human populations together with complex long term and
short term immunity, antigenic drift in the face of herd immunity, genetic diversity and
changing host specificity are to name a few (Atmar and Estes, 2012; Donaldson et al.,
2010). The lack of effective and robust animal models and inability to grow the virus
in cell culture systems have been the main barriers for successful noroviral vaccine
design. Nevertheless, efforts are still underway to neutralize norovirus infection
through effective vaccine development and vaccine candidates are currently under
evaluation. The phase 1 clinical trials demonstrate that the use of GI.1 VLPs at least
when administered orally is safe and elicits humoral, cellular and mucosal immune
responses (Ball et al., 1999; Tacket et al., 2003). Several animal models have also
been used to study the immunogenicity of vaccine candidates including VLPs and P
particles. The norovirus VLPs engineered from the consensus of three naturally
occurring GII.4 strains were shown to be immunogenic in rabbits when given
intramuscularly (Parra et al., 2012). The authors could show that the infected animals
developed high serum antibody titers against the GII.4 and showed weaker cross-
reactivity towards GI.1 VLPs. However, the antibody cross-reactivity towards GI.1
noroviruses increased when multivalent vaccine (both GI.1 and GII.4 VLPs) was given
instead. A similar GII.4/GI.1 bivalent vaccine candidate has recently been submitted
for evaluation in clinical trials. In another study, chimpanzees were intramuscularly
vaccinated with GI.1 and GII.4 VLPs separately (Bok et al., 2011). The authors noted
that long term homologous protection (6-18 months post vaccination) was achieved in
case of GI.1 but not GII.4 VLPs. More studies are needed to address the questions of
heterologous protection within and between genogroups for effective vaccine design
that could cover maximal human populations.

Moreover, the epochal evolution observed for GII1.4 noroviruses has probably enabled
them to target previously resistant populations. Single amino acid change in the P2
domain of the capsid region has resulted in altered binding specificities and diverse
antigenic strains. This implies that the predominantly circulating GII.4 norovirus
strains have to be considered individually for vaccine development. A multivalent
vaccine with several GII.4 VLPs therefore seems essential for effective neutralization
(Donaldson et al., 2010).
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2. Aims

The general aim of the thesis is to aid the development of anti-adhesion strategies
against the clinically dominant GII.4 norovirus strains. This can be achieved only from
a deeper understanding of multivalent norovirus-ligand interactions, taking place
during viral binding to saliva glycoproteins and their subsequent transport to the
gastrointestinal tract and the final viral uptake through the target cell plasma
membrane. The specific aims of the thesis include;

To study in-silico the binding site of GII.4 norovirus strains for possible
interactions with the ABO and Lewis histo-blood group antigens.

To specifically investigate the potential role of L-fucose, regardless of its
positional linkage, in binding to GII.4 noroviruses through in-silico studies
using difucosylated histo-blood group antigens.

To describe the specificity of protein-glycan interactions of Ast6139/01/SP
GII.4 norovirus VLPs binding to glycosphingolipids carrying ABH and Lewis
histo-blood group antigens in a novel lipid bilayer assay system using the
TIRFM technique and to study the interaction dynamics by characterizing the
underlying kinetics of the system.

To describe the binding of Dijon 171/96 GII.4 norovirus VLP to
galactosylceramide in fluid and non-fluid membranes.
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3. Methodological considerations

The detailed description of reagents and methods are found in the respective published
papers and manuscripts included in the thesis. Here, a brief summary and some
important aspects of the techniques and reagents are discussed without repetition of
detailed methodological procedures.

3.1. Virus-like particles (VLPs) and P dimers

The VLPs (section 1.2.5) used in Papers III and IV were prepared from Ast6139/01/Sp
GIL.4 strain (GenBank accession number: AJ583672.2) isolated in Asturias, Spain
(Boga et al., 2004), while those used in Paper V were from the Dijon171/96 GIIL.4
strain (GenBank accession number: AAL79839) which were isolated from an outbreak
in France during 1995-1996 winter season (Nicollier-Jamot et al., 2003). The VLPs
were recombinantly expressed in insect cells using a well established baculovirus
expression system (Jiang ef al., 1992). The coding region of major capsid protein VP1
(ORF2, 1620 bp) was used for directional cloning followed by co-transfection in S9
insect cells with the baculovirus transfer vector and subsequent VLP production
through the infection of High five cells as described elsewhere (Fiege et al., 2012;
Nicollier-Jamot et al., 2003). Since the VLPs are produced in two different
laboratories minor differences exist in their protocol, activity and prescribed handling.
The Ast6139/01/Sp VLPs were stored at 4 °C before use while Dijon VLPs were kept
at -80 °C after snap freezing under liquid nitrogen. Moreover, it has been observed that
at a given concentration Ast6139 VLPs show at least 5 times higher coverage of bound
vesicles than the Dijon VLPs. It should also be pointed out that the coordinates of P
dimers used in the modeling studies of Papers I and II were from the data of crystal
structure GII.4 norovirus strain, VA387 (Cao et al., 2007) since we did not have access
to crystals of the other GII.4 strains.

The choice of GII.4 norovirus VLPs and P dimers is justified by their dominating role
in pandemic outbreaks caused by noroviruses among human populations for more than
15 years. Moreover, these strains are unique in their broadness of binding specificities
which makes them interesting and useful targets to study VLP-glycan interactions.

3.2. Glycans

Carbohydrate structures used in the experimental binding assays in Papers III, IV and
V were membrane associated glycosphingolipids while the ones studied in-silico in
first two papers were monovalent energy minimized structures. All the glycans
considered in the thesis were fucosylated with the exception of galactosylceramide
(Paper V) and neo-lacto tetraosylceramide (Paper V).

3.2.1. Glycosphingolipids (GSLs)

The GSLs used in Papers III, IV and V were purified as described previously
(Karlsson, 1987). The preparations were primarily purified as to their glycan
structures.
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Table 3.1 Glycan structures used in the thesis to study the binding properties of GII1.4 noroviruses.

Binding Assay
Thesis or
Glycan Structural Formula .
Papers | Computational
Technique
Membrane bound glycosphingolipids
Lc4-Cer GalB3GIcNAcB3Galp4Glep-Cer - -
H type 1-Cer Fuco2GalB3GlcNAcB3Gal4Glep-Cer | 1L IV, V TIRF, CBA
B type 1-Cer Galo3(Fuco2)Galp3GlcNAcB3Galp4Glep-Cer 1L, vV TIRF, CBA
A type 1-Cer GalNAca3(Fuca2)Galp3GlcNAcB3Galp4Glep-Cer 1L vV TIRF, CBA
Lewis a-Cer GalB3(Fuca4)GlcNAcB3Galp4Glep-Cer 1L, IvV TIRF, CBA
Lewis b-Cer Fuco2GalPB3(Fuca4)GIlcNAcB3Galp4Glep-Cer 1L, IvV TIRF, CBA
B Lewis b-Cer Galo3 (Fuca2)GalB3(Fuca4)GIlcNAcB3Galp4Glep-Cer - -
A Lewis b-Cer | GalNAco3 (Fuca2)GalB3(Fuca4)GlcNAcB3Galp4Glcp-Cer I, IV TIRF, CBA
nlLc4-Cer Galp4GIcNAcB3GalB4Glep-Cer v CBA
Lewis x-Cer Galp4(Fuca3)GlcNAcB3Galp4Glcp-Cer v TIRF, CBA
Lewis y-Cer Fuco2GalB4(Fuca3)GIlcNAcB3Galp4Glep-Cer I, 1v TIRF, CBA
A Lewis y-Cer | GalNAca3(Fuca2)Galp4(Fuca3)GlcNAcB3GalB4Glcp-Cer v TIRF, CBA
Gal-Cer Galp-Cer \% TIRF, CBA
Monovalent Glycans
H type 1 Fuca2GalB3GlcNAcp I Molecular Dynamics
B type 1 Gala3(Fuco2)Galp3GIcNAcB 1
B-Tri Galo3(Fuco2)Galp I Molecular Dynamics
B-Tri-O-CH3 Gala3(Fuco2)GalB-O-CH3 I
A type 1 GalNAca3(Fuca2)Galp3GIcNAcH .
A-Tri GalNAco3(Fuca2)Galp I Molecular Dynamics
Lewis a (Le?) GalB3(Fuca4)GlcNAcp I Molecular Dynamics
Lewis b (Le") Fuca2Galp3(Fuca4)GIcNAcp I .
Le*-O-CH3 Fuco2Galp3(Fuca4)GleNAcB-O-CH3 I Molecular Dynamics
ALe® GalNAca3(Fuca2)Galp3(Fuca4)GlcNAcp I Molecular Dynamics
ALe"-O-CH3 GalNAca3(Fuca2)Galp3(Fuca4)GlcNAcB-O-CH3 II yn
BLe® Galo3(Fuco2)Galp3(Fuco4)GIcNAcB I Molecular Dynamics
Lewis x (Le*) Galp4(Fuca3)GIcNAcB 1 .
Le*-0-CH3 Galp4(Fuca3)GlcNAcB-O-CH3 1 Molecular Dynamics

Lewis y -O-CH3

Fuca2Galp4(Fuca3)GlcNAcB-O-CH3

II

Molecular Dynamics

Sialyl LSX (SLe") Neu5Aco3Galp4(Fuca3)GlcNAcp I Molecular Dynamics
SLe*-O-CH3 Neu5Aca3GalB4(Fuca3)GlcNAcB-O-CH3 I

ALe"-O-CH3 GalNAca3(Fuca2)Galp4(Fuca3)GlcNAcB-O-CH3 II Molecular Dynamics

H type 3 Fuca2GalB3GalNAca I Molecular Dynamics

A type 3 GalNAca3(Fuca2)Galp3GalNAca I Molecular Dynamics

43




nLC4-Cer

Figure 3.1 On the presentation of sugar epitopes in glycosphingolipids. The orientation of glycans were prepared based on
the crystal structure of B-1 in complex with the lectin domain of F18 fimbrial adhesion FedF (PDB: 4B4R) (Moonens et al.,
2012) and GlcCer in complex with GLTP (Samygina et al., 2011). Glycans are shown as sticks (Carbons for al,2-linked
fucose: blue, al,3-/ol,4-linked fucose: orange; other saccharides: yellow) or spheres (in case of H-1) and ceramide
(d18:1,C18:1) as spheres (carbons and hydrogens: white; oxygen: red and nitrogen: blue ). It should be noted that other

conformations of the Glc-ceramide linkage will lead to different presentations of the fucose epitopes (Nyholm and Pascher,
1993).
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Structural differences in the ceramide composition among these GSLs are expected not
only due to the differences in the sources from which the GSLs were prepared but also
from the complexity of each tissue and cell type. All the type 1 chain GSLs were
purified from human meconium samples of either a single individual or individuals
pooled according to their ABO blood group phenotype. The rest of the GSLs were
obtained from pooled samples of human erythrocytes or from canine small intestine
(Nilsson et al., 2009). The GalCer glycolipid was obtained in a monospecies form
from Avanti and also kindly provided from prof Jan-Erik Ménsson, University of
Gothenburg. The purity and identity of these GSLs was confirmed through 'H-NMR
spectroscopy and mass spectrometry analyses (Angstrom et al., 1982; Karlsson and
Larson, 1981; McKibbin et al., 1982). The glycosphingolipids used in, or related to,
the thesis are listed in Table 3.1 and depicted in Fig. 3.1.

3.2.2. Oligosaccharides for in-silico studies

The glycan structures used in Paper I and II were obtained either from the SWEET?2
server (Bohne et al., 1999) or through the LEAP utility provided by Amber Tools
version 1.4. The SWEET2 server generates glycosidic dihedrals based on the
information from the available crystallographic data (Lutteke ez al., 2005), whereas the
LEAP utility uses the set of parameters provided by GLYCAM, the AMBER
forcefield for carbohydrates (Kirschner et al, 2008). In both the cases, the final
structural optimization was performed using GLYGAL program (Nahmany et al.,
2005) or molecular mechanics MM3 or MM4 forcefield in TINKER (Ponder, 2014),
respectively.

3.3. Inhibitors

A multivalent entry inhibitor P1 (Rademacher et al, 2011) was provided by prof.
Thomas Peters to be tested in Paper IV to block the interactions of GSL-containing
vesicles with the VLPs. The inhibitor was constructed using a polyacrylamide
backbone linker attached to an estimated 20 L-fucose residues. Based on geometric
calculations the P1 inhibitor could potentially reach the two binding sites of the
dimeric units in the VLPs. Also, it was shown in the same paper, through SPR, that the
inhibitor blocked VLP-glycan interactions with 1000 fold better 1Cs, value as
compared to monovalent a-methyl-fucose. Other free monovalent oligosaccharides
were also used as inhibitors in Paper IV. Specifically, H type 1 pentaose, A Lewis b
hexaose, Sialyl Lewis x hexaose and a-methyl fucose monosaccharide were tested for
inhibition activity. The synthetic glycans were purchased from Elicityl Oligotech,
France.

3.4.1In silico modeling of protein-carbohydrate interactions

Molecular modeling is a collection of computational methods and techniques which
can be applied to biological systems in order to study the behavior of atoms through
mathematical estimation of the forces of interactions leading atomic motions.
Subsequently, the behavior of the whole system can be studied based on such

45



estimations. Leaving aside the ab initio molecular modeling, studies on protein-
carbohydrate interactions performed using molecular docking and molecular dynamics
techniques have provided valuable results aiding the drug design and discovery
process (Durrant and McCammon, 2011; Ge et al., 2013; Meng et al., 2011; Stark and
Powers, 2012).

At the heart of both these approaches are mathematical algorithms to calculate forces
and potential energies on each and every atom in the system. Forcefield, is then termed
as the set of parameters and expressions defining these potential energies, which are
based on a combination of bonded and non-bonded interactions including van der
Waals and electrostatic interactions among others (Durrant and McCammon, 2011;
Fadda and Woods, 2010). Some docking programs use empirically modified forms of
the forcefield as their scoring function which are used to calculate the interaction
energies of receptor ligand complex. The results from molecular modeling studies
depend largely on the design of these forcefield parameters which in turn depends
upon the atomic interaction model used to derive these parameters. Clearly, there is a
tradeoff between the accuracy of the interaction model and the CPU time. The more
detailed and accurate the model is, the more CPU time it will take to process the
calculations.

3.4.1. Molecular docking

The aim of docking is to the accurately predict the binding pose of a ligand in the
receptor binding site in order to estimate the binding strength based on the scoring
function (Halperin et al., 2002; Taylor ef al., 2002). A typical docking procedure starts
by searching for “suitable” protein sites which can potentially bind ligand in an
energetically favorable pose. The conformational space of the ligand is then explored
in the proposed binding regions of the receptor protein and each protein-ligand
conformation is then ranked according to the interactions energies calculated using the
scoring function employed by that program. Usually, the receptor protein
conformation is taken from crystallographic or NMR studies. The process of docking
the ligand to receptor is not trivial. The key step in the whole workflow is the
estimation of interaction energy. The factors that influence its mathematical
description include enthalpic and entropic estimations, solvation effects and charge
calculations. Some of the more commonly used docking programs include Glide
(Friesner et al., 2004; Halgren et al., 2004), Autodock (Morris et al., 1998), FlexX
(Rarey et al., 1996) and GOLD (Jones et al., 1997). The dockings using Glide XP,
after energy minimization with the OPLS2001 forcefield, has been used in Paper I and
Paper 11 to score the proposed binding poses of HBGA extensions in complex with P
dimers of GII.4 norovirus VA387 strain (Cao et al., 2007).

3.4.2. Molecular dynamics

In the summer of 1977, there was an article published in Nature from the group of
Martin Karplus in the department of chemistry at the Harvard University, reporting a
8.8 picosecond molecular dynamics simulation of bovine pancreatic trypsin inhibitor
(450 atoms) in implicit solvent model (McCammon et al., 1977). This was the first
molecular dynamic study which was conducted on a bio-molecular system. Today, this
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simulation would not take more than a couple of minutes on an Intel Core 17 personal
laptop which indicates the enormous progress both in terms of computational power
and modeling technique over the last four decades. In the recognition of pioneering
work in the field, Martin Karplus, Michael Levitt and Arieh Warshel were honored
with a nobel prize in chemistry in 2013.

Molecular dynamics approach has been extensively and successfully applied to model
protein-carbohydrate interactions over the years. The simulation presents a dynamic
view of, for example, protein atoms through estimating atomic motions in a biological
system for a given period of time. This is done in a deterministic fashion by solving
the Newtonian equations of motion simultaneously for all the atoms in the system in
order to calculate the position and velocities for the next following time point. The
process is repeated many times in order to generate a trajectory of 3D conformations
for certain duration of time. Usually, 1 femtosecond time steps are used. Since, the
calculations performed at each time point are computationally demanding, even with
today’s computer power, the commonly sampled simulation time is in the nanosecond-
microsecond range. Recently millions of dollars were spent and a dedicated computer
architecture had to be employed to break the millisecond barrier (Borrell, 2008; Shaw
et al., 2009). Forcefields, as described above incorporate mathematical expressions
and parameters for potential energy function which could be used to deduce the force
on each atom. Some of these forcefields are compatible with proteins, carbohydrates
and nucleic acids while others are specific for only one class of biomolecule such as
sugars (Fadda and Woods, 2010). For molecular dynamics study to produce good
results, the choice of an appropriate forcefield is clearly an important aspect to be
considered.

The fundamental working principle of molecular dynamics simulation is based on the
Ergodic hypothesis, according to which, if simulated for sufficiently long time, the
resulting average state of the system should be comparable to the time independent
statistical average, indicating convergence. This means that converged molecular
dynamics simulation would provide an ensemble of structures comparable to the
experimental data. This also means that the ideal molecular dynamic simulation should
not depend upon the initial state of the system. However, with limitations on the length
of the simulation time, the use of crystallographic data to represent the initial state of
the system can decrease the number of time steps before convergence is achieved.

Molecular dynamics simulations have aided our understanding of the dynamic nature
of proteins, sugars and nucleic acids at timescales pertaining to small atomic vibrations
of the system to larger conformational changes, including protein folding (Shaw et al.,
2010). The time-averaged and thermodynamic properties of the system such as entropy
and interaction energy estimation are also possible to deduce from molecular dynamics
simulations. Apart from their usage as a rational tool to understand the biological
process at molecular level, molecular dynamics has been successfully used to refine
the results from X-ray or NMR techniques. Commonly used molecular dynamics
packages include AMBER (Cornell et al., 1995), CHARMM (Brooks et al., 1983),
GROMOS (Scott et al., 1999) and NAMD (Nelson et al., 1996).
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It is important to consider that before the computational techniques discussed above
could be applied, the feasibility of the system under study must be analyzed. As these
approaches are theoretical therefore the limitations of the techniques should be
considered. First, the gaps in our understanding of molecular interactions and
inaccuracies of mathematical models demand continuous refinement and improvement
of the employed algorithms, second, the demands on computational power needed to
perform the calculations behind these techniques increases largely with the number of
atoms involved in the system. Considering these and other factors for a good study
design, based on solid experimental observations, will produce better results.

Molecular dynamics with both implicit and explicit solvation models has been used in
Papers I and II to model the interactions of HBGAs in the fucose binding site of
VA387 GIL4 norovirus P dimers. The AMBER suite of programs was used to carry
out simulations with the forcefields ff99/ff99SB (Hornak et al., 2006; Wang et al.,
2000) for proteins and GLYCAMO6 (Kirschner et al., 2008) for carbohydrates. In
Paper II the binding energy estimates from Glide and MM-GBSA approach are also
compared.

3.5. Chromatogram Binding Assay (CBA)

CBA is nowadays a classical binding assay in which the GSLs are chromatographed
and assayed for binding to protein of interest over a thin layer plate. The binding is
then detected using either immune staining in case of non-labelled protein or
autoradiography in case of iodine-125 labelled proteins (Karlsson and Stromberg,
1987). The assay was first used to study binding of cholera toxin to GM1 ganglioside
(Magnani et al., 1980) in which the polar compound polyvinylpyrrolidone (PVP) was
used to coat the plates before assaying for the proteins. Although the technique worked
successfully for characterizing the interactions of monoclonal antibodies (Magnani e?
al., 1981), an optimization step where PVP was replaced by poly-isobutyl
methacrylate (P28) was introduced later (Brockhaus ef al., 1981; Hansson ef al.,
1983). The suggested role of plastic coating was to avoid dissociation of the silica gel
from the solid support and to introduce a hydrophobic film to promote better
presentation of hydrophilic oligosaccharides in the amphipathic GSLs (Hansson et al.,
1984). This treatment presumably makes CBA fairly analogous but not identical to
membrane based binding systems. CBA has been successfully utilized to study the
GSL binding characteristics of several proteins, e.g. mono- and polyclonal antibodies,
lectins, bacterial adhesins and toxins and also a few viruses including norovirus
(Nilsson et al., 2009; Rydell et al., 2009a), parvovirus B19 (Brown ef al., 1993; Nasir
et al., 2014) and Sendai virus (Hansson ef al., 1984) to name a few. It is here
interesting to note that in case of norovirus (both GII.4 and GI.1 strain) and parvovirus
B19 no contradiction has been observed between the results obtained from membrane
based assays and CBA. Parvovirus B19 VLPs were initially shown to recognize
globoseries GSLs, which were identified through CBA as potential viral receptors
(Brown et al., 1993). Later a study reported that the membrane associated form of
globoseries GSLs is not recognized by the virus (Kaufmann et al, 2005) thereby
questioning their role as viral receptors. However, this controversy has recently been
resolved and the parvovirus B19 VLPs are indeed shown to recognize both
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globotriaosyl and globotetraosyleceramides (globoside) on planar supported lipid
bilayers (Nasir et al., 2014).

CBA was used in Papers IV and V to study the binding of Ast6139/01/Sp and Dijon
GIIL.4 norovirus VLPs to GSLs. The binding assay with purified GSLs and total GSL
fractions from small intestine was performed essentially as described (Karlsson and
Stromberg, 1987). The antibody detection principle in CBA used in Papers IV and V
was recently introduced (Nilsson ef al., 2009).

3.6. Total Internal Reflection fluorescent microscopy
(TIRFM)

Although the glycan profile of mucins in individual saliva is similar to the
carbohydrates expressed on intestinal epithelial cells (Ravn and Dabelsteen, 2000),
their complex glycan profiles are not identical, and the studies performed on saliva
assays suffer from differences in the presentation of the glycan epitope when
compared to membrane bound ligands. The fluidity of the membrane together with the
potential lateral diffusion of membrane proteins and GSLs, in the context of
microdomains or lipid rafts (section 1.2.7), adds layers of complexities to protein-
carbohydrate interactions, which are beyond the working scope of conventional
binding assays. The glycan binding profile of a virus obtained from conventional
binding assays is relevant in terms of studying specificity, for example in case of
noroviruses, how the virus attaches to saliva glycoproteins and how the resulting saliva
“capsule” is transmitted to the site of infection. However, in order to stipulate the role
of certain glycoproteins or specific GSLs in viral entry one should consider the
membrane based assays which, not only unravel the very early steps of viral infection
on a cellular membrane but, are also appropriate tools to screen for true receptors or
attachment factors. This was one of the motives for the development of TIRFM
methodology used in the thesis (Bally et al., 2011).

3.6.1. The working principle

TIRFM uses evanescent waves to selectively illuminate the region just above the glass
surface resulting in zero background from solution. When an incident beam of light is
projected at the glass/water interface of the sample at an angle greater than the critical
angle, the resulting beam of light is totally internally reflected. This leaves the
electromagnetic evanescent waves on the surface of the glass, which exponentially
decay as a function of perpendicular distance from the interface. Therefore the
penetration depth of these waves is only ~ 150 nm which sets the axial resolution of
the TIRF microscope. This unique feature of selective illumination of TIRFM has been
exploited rigorously since its first use in 1950s (Ambrose, 1956) to study the
properties of events at the cellular membranes (Axelrod, 1981) and of transmembrane
biomolecules (Sako et al., 2000; Zenisek et al., 2000).

49



i/ Fluorescently
| Labelled Vesicle

Intensity

Residence Time

Time

Figure 3.2 The TIRFM technique. The working principle of TIRFM based binding assay used in the thesis is shown (top
left). The VLPs are immobilized on lipid bilayer containing H-1 GSL. The fluorescently labeled vesicles, which also contain
the GSLs of interest, are used as probes to interact with the bound VLPs. This setup is used to detect the vesicles bound to
VLPs as spots in TIRF images (right) where each spot represents a vesicle-VLP complex. The association and dissociation
kinetics are recorded based on the residence time analysis. The membrane structure is obtained from (Tieleman et al., 1999)
and is the result of 2.6 ns of molecular dynamics simulation done in the presence of water molecules which are shown as red
balls in the bilayer image with lipids molecules colored cyan. The 5% H-1 glycans were set manually into the POPC lipid
head groups. The blowup view of crystal structure of GI.1 Norwalk virus capsid (Prasad et al., 1999) (P domain: red, shell
domain: grey, binding sites: yellow) is also shown (middle) together with the parts of vesicular and solid supported bilayers.
The glycolipids can be seen as small protrusion from the surface of the membrane. The relative molecular scales in this
illustration are real and all reconstructions are done based on the molecular structures.

3.6.2. The experimental setup

The setup for the TIRFM technique is discussed at length in Papers III and IV. In
summary, the wells in a glass bottom 96 well microtiter plate were used for the
binding/inhibition assays. For binding experiments, the bilayer was formed in wells
through spontaneous rupture of vesicles containing 5 % (weight percentage) H type 1
GSLs in the buffer (PBS: 100 mM NaCl, 1 mM CaCl,; pH 7.2) suspension. This was
followed by the VLP incubation in the wells. The unbound fraction was washed away
and binding to the irreversibly bound VLPs were detected through fluorescently
labelled vesicles containing GSLs of interest (Fig. 3.2). For inhibition experiments,
additional steps of inhibitor incubation were performed after establishing the VLP
binding setup. The measurements at the microscope were taken at least 30 minutes
after the injection of vesicles and/or inhibitors.

The average diameter of vesicles used both for detection and binding was ~ 145-170
nm regardless of the chemical composition and size of GSLs used (unpublished data).
The vesicles were prepared from GSL fractions which were mixed with the lipid
solution (Avanti Polar Lipids Inc.), lyophilized under light N, stream and vacuum
treated for at least 2 hours. Thus obtained lipid films were then hydrated in the buffer
suspension, vortexed for at least 3 minutes and extruded 21 times through a 100 nm
polycarbonate membrane (Whatman, UK). The vesicle solution was stored at 4°C until
use within a week. (For further details see methods in Papers I1I and 1V)
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3.6.3. Measurements and analysis

The measurements for TIRFM were performed with Nikon Eclipse Ti-E inverted
microscope with 60X magnification oil immersion objective (Numerical Aperture:
1.49). The final readout of TIRFM binding assay is a collection of images with
spatially resolved spots. Each spot represents a VLP-liposome complex. The
population of spots thus obtained is assumed to be predominantly composed of single
VLP-vesicle complexes; however two small vesicles could also fuse to form a larger
aggregate to bind the VLPs. The coverage of the irreversibly bound VLPs at the
surface of the bilayer is controlled primarily by the concentration of the GSLs in the
vesicles used to form the bilayer together with the VLP concentration and incubation
time for binding. Since 5 % of GSLs were used in the vesicles for bilayer formation,
assuming one to one binding ratio between VLPs and GSLs, at most 5 % of the total
lipid molecules in the planar bilayer could theoretically bind the VLPs. However, this
is likely to be an overestimate due to the fact that multivalency of the VLPs and lateral
diffusion of GSLs in the fluid bilayer increase the number of acquired GSL-VLP
contacts. This number was estimated to be between 6 and 12 based on simple
geometric considerations (Bally ef al., 2011).

The data on vesicle association was obtained simply through counting the number of
arrived vesicles as a function of time. The slope of resulting cumulative plot represents
the rate of association which can be used to calculate the association rate constant. For
dissociation analysis, the residence time is defined as the duration for which a vesicle
remains bound to the surface fixed VLP. There were two sets of measurements
performed in order to cover both shorter and longer residence times pertaining to
lower and higher dissociation energies of bound vesicles, respectively. To control for
the unspecific binding of vesicles to the bilayer surface, the minimum residence time
was fixed to 3 seconds for lower energy and 30 seconds for higher energy time
windows. Vesicles staying less than the minimum residence time were removed from
the analysis. Through counting the number of vesicles still bound as a function of
residence time one can arrive at the dissociation plot. Ideally, this curve should be
exponential with the exponent representing the rate of dissociation. However, it had
been noted previously that this was not the case. Instead, the resulting curve shows
decay with multiple rates of dissociation and cannot fit with the single exponential
curve. This heterogeneity is attributed primarily, but not exclusively, to the broad size
distribution of the detecting vesicles (Bally ef al., 2011). Therefore, the multiple rates
of dissociation are the consequence of several distinct populations of vesicles with
different propensities and hence different tendencies to make GSL mediated contacts.
In the original paper, describing the TIRF methodology (Bally et al., 2011), this
distribution of dissociation energies was approximated by the simplest rectangular
distribution. The complete mathematical treatment of vesicle dissociation dealing with
this heterogeneity and the dissociation energy distribution function extending the
previous work is done in Paper III and discussed further in section 4.3.3. The image
analysis is performed in Matlab as described in detail elsewhere (Gunnarsson et al.,
2008).

51



3.6.4. Pros and cons of TIRFM binding assay

Among several advantages of the TIRFM technique is the low material consumption
and high sensitivity. As noted earlier, the technique has the potential to detect
association and dissociation events of vesicles binding to single VLPs over a lipid
membrane. In fact, it has been recently shown that TIRFM technique can be used as
virus biosensor with the limit of detection in low fM regime sufficient to detect
noroviruses, for example, from stool samples (Bally et al., 2013). Furthermore, the
high sensitivity of TIRFM technique was recently put to work in order to detect
weaker carbohydrate-carbohydrate interactions (Kunze et al., 2013). The TIRFM setup
is simple and the readout is rich in quantitative kinetics data, including apparent rate
constants and estimates of activation energies. On one hand these data provide means
to discriminate different VLP-GSL interactions based on their binding strength and on
the other hand, the ability to monitor the real-time kinetics behavior of the GSL
population over different durations of residence times. This separates the TIRFM
technique from the rest of the assays which largely rely on endpoint measurements.
Finally, TIRFM technique may be greatly useful for lead optimization in drug design
where the effect of inhibitors on the VLP-vesicle kinetics data might be important in
filtering out the most interesting leads.

The mathematical analyses performed to model the interactions of VLPs with GSL-
containing vesicles might be challenging for experimentalists, especially in the context
of dissociation energy calculations which are directly related to binding energies of
VLP-vesicle complex. Although TIRFM technique can distinguish between different
GSL-containing vesicles based on relative differences between dissociation energies of
activation, the calculation of the absolute value of binding energies (AG) is not
possible under current settings. Isothermal titration calorimetry still remains the most
relevant technique to study the binding energy of protein-ligand complexes. Also, the
TIRFM setup, although simple, is currently not fast enough to be suitable for a high-
throughput inhibitor screening protocol.

3.7. Quartz crystal microbalance with dissipation (QCM-
D) monitoring

QCM-D is a particularly suitable and well established technique to study the protein-
ligand interactions on the surface of lipid bilayer as it provides specific signatures for
bilayer formation and the binding of biomolecules. The working principle of QCM-D
relies on the piezo-electric properties of a quartz crystal (Janshoff et al., 2000). More
specifically, if an alternating electric field is applied across the electrodes of a quartz
crystal, properly cut at a specific angle, mechanical oscillations or vibrations can be
induced at fundamental or overtone resonant frequency. The resonant frequency, f, is
mathematically related to the thickness and subsequently the mass of the crystal. The
increase in adsorbed mass increases the thickness resulting in decrease of the resonant
frequency. The changes in the mass, which include the mass of the solvent attached to
the film, can be detected by observing the frequency shift Af of the oscillating crystal
(Rodahl et al., 1995). This is particularly useful, for instance in case of the bilayer
formation process where the vesicles first accumulate on the surface of the crystal
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(Si0,) resulting in a negative frequency shift followed by their rupturing and release of
the solvent which subsequently increases the resonant frequency. Similar frequency
shifts are also observed when, for instance, a VLP is bound to the GSL-containing
bilayer (Rydell et al., 2009a).

The nature of the bound mass, i.e. its viscoelastic properties, can also be studied by
monitoring the energy dissipation or the extent of damping, D, of the oscillating
crystal (Hook et al., 1998). This gives information about the rigidity of the adsorbed
mass which can be useful for instance in distinguishing the intact bound vesicles
which induce more damping from the fluid lipid bilayer (Keller and Kasemo, 1998).
The combined analysis of f and D makes QCM-D suitable for studying real-time
attachment and detachment kinetics of unlabeled biomolecules.

QCM-D has been used to study the interactions of noroviruses with glycosphingolipids
(Rydell et al., 2009a). A similar setup has been used in Paper V to study the
interactions of membrane bound galactosylceramide with the Dijon norovirus VLPs.
The bilayers were formed at 37°C and the binding to Dijon VLPs was measured both
at 22°C and 37°C.

53



4. Results and discussion

When this thesis was started in 2010, the only available structural information on the
GIL.4 norovirus-glycan interactions was a crystal structure of VA387 P dimer in
complex with an HBGA B-trisaccharide (Cao et al., 2007). The binding studies had
shown previously that the ABH antigens are indeed recognized by VA387 and other
GIIL.4 noroviruses (section 1.2.5) but the structural aspects of these interactions were
unknown. It was realized quite early in our modelling studies with these HBGAs
(Paper I) that L-fucose could potentially play a central role in these interactions not
only in al,2 linkage but also in a1,3 and al,4-linkage (Paper II). The following year a
crystal structure of VA209 (GII.9) norovirus P dimer was solved in complex with
Lewis y and Sialyl Lewis x (Chen et al., 2011). The reported crystallographic pose
was in complete agreement with the observations made through the modeling studies
for GII.4 VA387 P dimer with al,3/al,4-linked fucose residues in the fucose binding
site.

The next step was to characterize these interactions of GII.4 noroviruses with extended
ABH structures over a lipid membrane. During the initial phase of the thesis, the
research group was involved in the development of a technique to study the nature of
interactions between individual VLPs and glycosphingolipids in lipid bilayers (planar
membranes and vesicles) using total internal reflection fluorescent microscopy
(TIRFM) technique (Bally et al., 2011). This seemed a well-suited system to study the
interactions of VLPs with membrane associated glycosphingolipids. The detailed
kinetics data was obtained through TIRFM for Ast6139/01/Sp GII.4 VLPs interacting
with membrane GSLs (Paper IV) and in the thesis work, the mathematical treatment of
TIRFM raw data, particularly the dissociation analysis, was also extended (Paper III).

Intrigued by the role of galactosylceramide (GalCer) as a means of transcytosis and
thus a facilitator for HIV infection (Lingwood and Branch, 2011), the nature of
potential interactions with GII.4 noroviruses with GalCer was also investigated.
Particularly, GalCer in membrane domains but not in fluid membranes was shown to
bind Dijon 171/96 GII.4 norovirus VLPs indicating a need for multivalency in binding
(Paper V).

4.1. Paper I — Potential interactions of GII.4 norovirus
VA387 P dimers with ABH extensions

The susceptibility to GII.4 norovirus infections is mainly dependent on the expression
of a secretor (FUTZ2) gene dependent minimal glycan structure (Fuca2Galf3GIcNAc)
and crystallographic data has demonstrated that the “secretor” fucose is the major
interacting residue in VA387/B-trisaccharide (Gala3(Fuca2)Gal) interactions.
Therefore, al,2-L-fucose is expected to bind with high affinity and to contribute with
the majority of the interaction energy. Glide XP dockings of a-L-fucose
monosaccharide in complex with P dimers of VA387 reproduced the crystallographic
binding pose with a Glide XP score of -6.0 kcal/mol while the score for the
crystallographic pose of B-trisaccharide in complex with VA387 was -7.3 kcal/mol.
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This demonstrated that theoretically a-L-fucose indeed contributed the major part of
the binding strength of interactions. The Glide XP dockings for A- and B-
trisaccharides in complex with VA387 were however not successful. Therefore,
molecular dynamics simulations of ABH extensions in complex with GII.4 norovirus
VA387 P dimers both in implicit (250 ps) and explicit solvation models (2.3 ns) were
carried out to explore the computational fit of these ligands in the fucose binding site.
The initial protein-ligand complexes were obtained through superimposition of al,2-
linked fucose of the ABH antigens on the secretor fucose of the VA387/B-
trisaccharide crystal structure complex (Cao et al., 2007).

4.1.1. Clashing in type 2 structures

All ABH antigens considered in this study shared an al,2-linked fucose residue. The
binding poses produced through computational fitting assumed the same interactions
for al,2-linked fucose as reported by the crystallographic data. The initial ABH
structures were immediately accommodated in the VA387 binding site except H type 2
which showed steric clashes with residues Q390 and D391 around the fucose binding
pocket. Preliminary computational fittings with other type 2 structures also indicated
clashing in the same region of the binding site. The GIcNAc in type 2 structures is
conformationally flipped by almost 180° as compared to the type 1 structures which is
the apparent reason for this clashing. These clashes were however relieved after brief
minimization in line with a somewhat reduced affinity for ABH type 2 antigens as
compared to the ABH type 1 antigens in binding to GII.4 noroviruses (Paper I'V).

4.1.2. Interaction dynamics of ABH extensions in the VA387
binding site

The analysis of simulated protein-ligand complexes demonstrated that the amino acid
residues around the fucose binding pocket are indeed involved in several hydrogen
bonds and hydrophobic interactions which were not directly apparent from
crystallographic data. However, a mutagenesis study had reported these interactions to
be important and in some cases essential for binding ABH extensions (Tan et al.,
2008b). For instance, residues 1389, Q331 and K348 were shown to be essential for
binding to HBGA of A but not of B synthetic oligosaccharides using VA387 P
proteins. The analysis of simulated complexes showed that these residues were indeed
involved in hydrogen bonds and hydrophobic interactions with the GalNAca residue in
A antigens. These interactions were not reported in the crystal structure in which the
A-trisaccharide structure was erroneously reported with strained geometry. In the
simulations, the residue 1389 was exclusively involved in hydrophobic interactions
with the methyl group of terminal GalNAca in A structures. For residue Q331, less
frequent hydrogen bonds were observed with the terminal Galf of the B structures
along with the GalNAca of A antigens. The interactions of K348 were observed in
both HBGA A and B structures and therefore the mutagenesis data for this specific
interaction could not be explained by the simulations. However, in-silico mutagenesis
study with the perspective of systemic analysis of intramolecular interactions might
hold some clues.
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The residues surrounding the fucose binding site were also predicted to be important in
binding the extended ABH structures (Tan et al., 2008b). Specifically the mutations of
residues Q390, D391 and G392 to alanine reduced the optical density in ELISA
observed for binding A and B antigens to VA387 P proteins. The simulations indicated
that these residues are indeed consistently involved in some hydrogen bonding
interactions with the al,4-linked fucose residue in difucosylated ABH antigens bound
with the secretor fucose in the fucose binding site. However, for monofucosylated
structures some of these interactions are instead observed with either the internal Galf3
residue or with the GIcNAcp residue at the reducing end.

4.1.3. Glide XP scoring of simulated protein-ligand complexes

Protein-ligand complexes from the later part of implicit solvent molecular dynamics
simulations were scored using Glide XP “score and refine” function. B Lewis b, B
type 1, A Lewis b and A type 1 were suggested to be the best binders with the Glide
XP scores in the range of -8 to -12 kcal/mol. B antigens were scored slightly higher
than the A structures indicating that the acetamido group of the terminal GalNAca
residue adds negatively to the binding energy. This might be due to the inherent
flexibility of the acetamido group as observed by the detailed analysis of simulated
complexes and indicated by the weaker electron density in the crystal structure (Cao et
al., 2007). The Glide XP scores of H structures suggested them to be the weakest
binders with H type 2 scoring almost equally as the single docked fucose
monosaccharide (-6.0 kcal/mol). The difference between H and A/B structures was
explained by the interactions of terminal Gal/GalNAc residues. Lewis b
tetrasaccharide with the Glide score of -8 kcal/mol was suggested to be an
intermediate binder.

Together these results offered an explanation of the binding and mutagenesis data at
the atomic level. It is striking that the a1,2-fucose binding site in GII.4 noroviruses can
accommodate a range of structures from small trisaccharides to pentasaccharides all
binding with the same binding mode specific to a-L-fucose. Furthermore, terminal and
internal sugar structures bind to the amino acid residues around the fucose binding
pocket. The mutations in this region have therefore resulted in altered binding
specificities. This feature of the fucose binding site has been instrumental in shaping
the dynamics of epochal evolution in GII.4 noroviruses (For detailed discussion and
references see section 1.2.5).

4.2. Paper II — The Lewis fucose mediating GIIL.4
norovirus binding

It was realized already during the simulations of Paper I that also the al,3/al,4-linked
fucose residues could potentially interact with the GII.4 norovirus binding site with
exactly the same interaction profile as reported for secretor fucose in the crystal
structure (Cao et al., 2007). To computationally analyze this possibility, molecular
dynamics simulations with a series of type 1 and type 2 difucosylated carbohydrate
structures in complex with VA387 P dimers were carried out with explicit water
molecules for at least 5 ns. The protein-ligand complexes were prepared as in Paper 1.
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The accepted binding poses so-obtained were specific for either al,3/al,4-linked or
al,2-linked fucose and were termed as Lewis or secretor poses, respectively.

4.2.1. The secretor and the Lewis poses1 found in lectins and
antibodies

The observation of the secretor and the Lewis poses in binding of difucosylated
structures is not limited to noroviruses (Chen et al., 2011; Shanker et al., 2011).
Similar trends have been observed in a number of lectins and antibodies with both the
secretor and the Lewis poses for difucosylated structures such as Lewis b and Lewis y.
To substantiate this observation, an analysis of Protein Data Bank (PDB) coordinate
files was carried out in which the protein-ligand complexes with Lewis b or Lewis y
were studied. The results revealed 6 out of 8 difucosylated structures were recognized
in the Lewis pose. Since the number of available protein-ligand complexes in PDB is
limited no conclusion could be drawn on the preference of the Lewis or the secretor
pose. The observed Lewis and secretor poses might have implication in cross-
reactivity of anti HBGA and Lewis antibodies. For instance, the cases of Lewis b/y
antibodies cross reacting with H type 1/2 might be explained by the binding of these
antigens in the Lewis and the secretor poses, respectively. Finally, the characteristics
of fucose binding sites observed in these lectins and antibodies were strikingly similar
to GII.4 norovirus binding sites which further strengthen the possibility that these
poses might be observed in the same noroviral strain depending upon the presentation
of the epitope.

4.2.2. Stable 3D trajectories for the secretor and the Lewis poses

The analysis of 5 ns molecular dynamics simulations revealed no major
conformational changes or steric hindrances in either of the two binding poses. The
interactions observed in Paper I for the secretor poses of Lewis b and A Lewis b were
retained in the current simulations as well. However, the simulations of the Lewis
poses for Lewis b and A Lewis b structures demonstrated that the region with amino
acid residues Q390, D391 and G392 was observed to be involved in hydrogen bonds
with the secretor fucose instead of the Lewis fucose. For type 2 chain structures Lewis
X, Lewis y and A Lewis y, similar interactions were observed. The GIcNAc residue in
type 2 chain structures is flipped by ~180° therefore minor differences in the
interactions of this residue with VA387 P dimers were observed. The chain
continuation points faced the bulk solvent, in both binding poses. In fact for the Lewis
poses of both type 1 and type 2 chain structures, the O1 atoms of GIcNAcp residues at
the reducing end of the two ligands in same dimer pointed towards each other. This
indicates a possibility of a branched structure, for e.g. in saliva mucins, binding to the
same dimeric unit of GII.4 noroviruses.

' The terms “secretor” and the “Lewis” poses are used unconservatively in this context since, for instance,
biosynthesis of Lewis y can be derived from FUT! and FUT4,5,6 or FUT9 gene products which are distinct from
FUT?2 (secretor genotype) and FUT3 (the Lewis genotype) coded enzymes that make the true secretor and the
Lewis antigens, respectively (section 1.2.4).
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4.2.3. The proposed interactions of Sialyl Lewis x with VA387 P
dimer

The observation of Sialyl Lewis x binding to GII.4 noroviruses has been reported
multiple times (de Rougemont et al., 2011; Fiege et al., 2012; Rydell et al., 2009b).
The binding mode and the interaction details of this binding specificity were up to
some extent characterized through an STD NMR study (Fiege et al., 2012) during the
writing of this paper. Also during this study, the structure of VA207 (GIIL.9) norovirus
P dimers in complex with Sialyl Lewis x and Lewis y were solved (Chen ef al., 2011).
The crystal structure demonstrated that both the antigens were recognized by VA207
in the Lewis pose. The interaction profile of the al,3-linked fucose in the binding site
was almost indistinguishable from that of secretor fucose in VA387 binding site. The
02,3 NeuSAc linkage of Sialyl Lewis x antigen was found to be in gauche
conformation [¢ (C1-C2-O3-C3) = 190°] but the NeuSAca residue demonstrated no
interactions with the binding site. Shortly afterwards, the STD NMR study reported the
conformational flexibility in this 02,3 linkage which was observed to switch between
gauche and trans [¢ (C1-C2-03-C3) = -70°] conformations in solution.

The simulations of Sialyl Lewis x in complex with VA387 P dimer also demonstrated
this switch between the two conformations of the a2,3 linkage. Moreover, it was
observed that in gauche conformation Neu5SAca residue in Sialyl Lewis x exhibited
several water mediated interactions with amino acids N393, G392 and D391 around
the fucose binding pocket. Since this loop region is both sequentially and structurally
distinct from VA207 GII.9 norovirus, no such interaction was observed between the
Neu5SAca residue and the VA207 binding site.

4.2.4. Glide XP and MM-GBSA scoring of simulated protein-
ligand complexes

The simulated protein-ligand complexes were scored using Glide XP scoring and MM-
GBSA methods. A total of 10 frames from the last parts of simulated trajectory were
used for scoring and binding energy estimation. Both the secretor and Lewis poses for
Lewis b and Lewis y showed similar scores and binding energies, which were
comparable to corresponding values for Lewis x. This was in agreement with the
reported binding of Lewis x to GII.4 noroviruses (de Rougemont et al., 2011; Fiege et
al., 2012). Also, it suggested that the a-L-fucose, other than the one in the binding
pocket, theoretically does not add substantial binding strength. The secretor poses of A
Lewis b and A Lewis y had slightly better Glide scores and MM-GBSA binding
energies than the Lewis poses. This was explained by the fact that terminal GalNAca
residue in the secretor pose interacts mainly with the amino acids 1389, Q331 and
K348 adjacent to the fucose binding pocket. When switched to the Lewis pose, these
interactions are lost. However, the Lewis poses of HBGA A structures were still better
in Glide XP scores and MM-GBSA binding energies than Lewis b and Lewis y. Sialyl
Lewis x in gauche conformation of 02,3 linkage was estimated to be the best binder
among all the ligands in the Lewis pose by both Glide scores and MM-GBSA
interaction energies. The difference between the predicted scores and energies of
Lewis x and Sialyl Lewis x were explained by the protein interactions of sialic acid in
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gauche conformation. For trans conformation of the 02,3 linkage of sialic acid, when
no interactions of Neu5Aca residue with protein are observed, the estimates of Glide
scores and MM-GBSA interaction energies are almost similar for both Lewis x and
Sialyl Lewis x.

The results reported in this study have implications in understanding the nature of
norovirus-glycan interactions both in the design of anti-adhesion molecules and the
dynamics of norovirus evolution. This is especially interesting in the context of recent
reports demonstrating that new strains of GII.4 noroviruses have evolved to recognize
secretor gene independent Lewis antigens and non-secretor saliva (de Rougemont et
al.,2011; Fiege et al., 2012; Uusi-Kerttula et al., 2014).

4.3. Paper III and IV — On the study of the interaction
kinetics of membrane associated HBGAs binding to
GI1.4 norovirus VLPs using TIRFM technique

Dynamic studies on model membrane systems targeting norovirus-glycan interaction
are virtually lacking. The power of the TIRFM technique comes from its ability to use
planar supported lipid bilayer and lipid vesicles to probe the multivalent interactions of
unlabeled VLPs with GSLs at single particle resolution. This allows for the calculation
of apparent kinetics data both on association and dissociation of the vesicle from the
VLPs bound on a supported lipid bilayer. The interactions of Ast6139/01/Sp (AST)
GIIL.4 norovirus VLPs with GSLs were characterized using TIRFM methodology and
CBA was used as a complementary method for such characterization. Furthermore, the
TIRFM technique in the present study was also utilized to estimate the inhibition
activity (ICsp) of multivalent and monovalent inhibitors targeted against norovirus-
glycan interactions.

4.3.1. AST VLPs recognizes GSLs on thin layer plates (Paper IV)

The results from chromatogram binding assay (CBA) demonstrated that AST VLPs
recognize all tested type 1 chain GSLs. For the GSLs belonging to the type 2 chain,
Lewis y but neither Lewis x nor A Lewis y were recognized by the VLPs. This is
particularly interesting in the context of biosynthesis of these HBGAs. The type 1
chain HBGAs are biosynthesized predominantly dependent on FUT2 (secretor) and
FUT3 (Lewis) gene products whereas those from type 2 chain are predominantly
catalyzed by enzymes coded for by FUTI (al,2-linked fucose) and FUT4/5/6/7/9
(al,3-linked fucose) (see section 1.2.4). Since the tissue specificity of these
fucosyltransferases defines the expression of resulting HBGAs in saliva or other body
secretions, or on mucosal cells, these results could have implications on the
susceptibility to GII.4 noroviruses. The only frue Lewis non-secretor antigen which
was recognized weakly by AST VLPs on thin layer plates was Lewis a. The discussion
on this structure will follow in the subsequent sections.
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4.3.2. Characterization of AST VLP-GSL interactions using
TIRFM (Paper 1V)

The qualitative binding pattern observed from CBA demonstrated the preference of
VLPs towards type 1 chain GSLs. The same GSLs were also tested in TIRF for
binding activity which resulted in identical binding behavior for these GSLs towards
AST VLPs. The VLPs were bound to H type 1 in the bilayer followed by the detection
with different GSL-containing vesicles. The association and dissociation events of
these vesicles binding to AST VLPs were then recorded in two time windows to
capture both stronger (longer) and weaker (shorter) interactions. The analysis of
association data revealed that vesicles with Lewis b and H type 1 GSLs had the highest
rate of association along with those with Lewis a while the vesicles with A Lewis b
demonstrated the slowest rate of attachment. The rest of the fucosylated GSL-
containing vesicles had intermediate rates of association. The vesicles with GSLs
Lewis x and A Lewis y did not associate as concluded from the fact that their rate of
association was no better than the negative control (without VLPs). The corresponding
Ko, values for different GSL-containing vesicles were also calculated.

The association analysis provides one side of the picture in protein-carbohydrate
interactions which is perhaps not relevant in drawing any conclusions on the binding
strength of these interactions. In the current context, the different association rates
demonstrate the differences in the activation energy of binding i.e. the energy barrier
which must be broken by the liposomes in order to attach to the VLPs. The process of
attachment is governed by random diffusion of the liposomes in the vicinity of the
VLPs and starts with the formation of one or a few weak GSL mediated contacts. In
case of the vesicles containing GSLs which are easily recognized by the VLPs the
contact formation and subsequent attachment will occur depending upon the structural
(binding site and ligand conformation) and thermodynamic (entropy and enthalpy)
feasibility of the binding event which defines the activation energy barrier. However,
for the vesicles which do not have the appropriate GSLs, that are recognized by the
VLPs, the random diffusion of vesicles will not result in any contact formation.

Once the ligand (here GSL-containing vesicles) is bound to the receptor (VLPs), the
estimates on the binding energy can be made. The time the vesicle stays bound to the
VLP is then directly proportional to the binding strength with which it is recognized.
This gives us the parameter of residence time as a tool for analysis of the binding
strength of the interactions. Fortunately, in TIRFM technique the calculation of this
parameter is quite trivial since one can record the time the vesicle docks onto the VLP
and the time when the vesicle leaves. The vesicles that were bound before the
measurement and remained bound until the end of the experiment are then termed as
irreversibly bound vesicles which are recognized by the VLPs with the highest binding
affinity. The residence time not only defines the strength of interactions, it can also be
used to filter out the unspecific binding events by applying a threshold value. The
vesicles staying less than a minimum residence time can be excluded from the analysis
to filter for these events.
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The dissociation analysis of the GSL-containing vesicles binding to the VLPs revealed
that vesicles with A Lewis b, which were demonstrated to have the slowest rate of
association, had the highest number of irreversibly bound vesicles and slowest rate of
dissociation. On the other hand vesicles with Lewis a, which had rather high rate of
association, dissociated faster than the rest of the GSL-containing vesicles. Similarly,
the vesicles with Lewis b showed slower dissociation when compared to the ones with
Lewis y, the corresponding type 2 GSL. It is interesting that the only type 2 structure
which is recognized by AST VLPs, ie. Lewis y, binds weaker than all the
corresponding type 1 chain structures. Unfortunately, we did not have access to Sialyl
Lewis x glycolipid.

These results also demonstrated that AST VLPs have the preference for type 1 chain
HBGAs which is in line with our modeling data where we observed steric hindrances
in accommodating the type 2 structures in VA387 binding site (see section 4.1.1). The
observation of no binding of Lewis x and A Lewis y to GII.4 norovirus in a membrane
based system might appear as a contradiction to the reported literature (Fiege et al.,
2012) including the modeling data in Paper II. However, it must be realized that in
both cases (Fiege et al., and Paper II) the binding was either observed in solution or
modelled as a monovalent interaction where the binding epitope is suitably presented
without any restrains to the protein. However, in the membrane based settings the
glycans are naturally presented with some conformational restraints at the ceramide
linkage which affect the subsequent projection of the binding epitope (Nyholm et al.,
1989). This means that the conformational space of a lipid linked glycan epitope is
limited (Nyholm and Pascher, 1993) and might not contain the conformation required
for optimal binding. This might explain the nonbinding behavior of the type 2 chain
GSLs membranes (Fig. 3.1).

The characterization of AST VLP binding to membrane associated GSLs also
demonstrated that Lewis a, the secretor gene independent GSL, binds weakly to the
VLPs. It is known that the resistance to norovirus infection is largely driven by the
polymorphisms in the FUT2 gene. The individuals expressing inactive form of FUT2
gene coded fucosyltransferase are inherently relatively protected from infection.
However, as noted previously this resistance is not absolute and several cases of non-
secretor infections have been reported (see section 1.2.5). Furthermore, studies have
shown that secretor positive individuals are more susceptible to GI than to GII
noroviruses (section 1.2.5). Since GII noroviruses have a conserved fucose binding site
which might result in binding to other fucosylated structures, including those
expressed by non-secretors (e.g. Lewis a), it might explain somewhat weaker
relationship between GII norovirus susceptibility and secretor status. However, the
resistance of non-secretor individuals to GII.4 norovirus infection can also be analyzed
by considering the following facts. 1) Only 20% of European and American
populations are comprised of non-secretors (population bias). 2) The variety of HBGA
glycan epitopes in secretors, available for virus attachment, is considerably larger than
that of non-secretors where only Lewis a epitope is present (individual bias). 3) Lewis
a on the model membrane is shown to be the weakest binder for GII.4 noroviruses.
Therefore, as a consequence of the natural population bias in 1, it might be speculated
that norovirus has adapted to the secretor population where HBGA expression,
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although diverse, is dependent on the fucosylation, a niche that has been exploited
rigorously by GII.4 noroviruses after decades of evolution. Although the attachment
and virus uptake in secretor negative individuals might be possible through Lewis a
epitope, its role as receptor mediating cellular entry remains questionable due to its
weak binding avidity in the lipid bilayer.

4.3.3. The desorption energy of activation (Paper III)

A cellular membrane is characterized by the heterogeneous mix of glycolipids and
glycoproteins of different chemical compositions and sizes (Alberts et al., 2013).
Another level of heterogeneity is introduced by the microdomains or lipid rafts which
are characterized by the clustering of GSLs in specific regions of the membrane.
Finally, the ability of different GSLs to laterally diffuse in the membranes further adds
to the complexity of the system. When using model membranes to probe multivalent
interactions in a fluid membrane environment, one faces the challenges of dealing with
some aspects of this heterogeneity. TIRFM assay was no exception (see section 3.6.3).
The heterogeneity in dissociation energy of activation observed in TIRFM was
attributed primarily to the broad size distribution and propensity of the vesicles which
presumably results in different multivalent options to make GSL mediated contacts
with VLPs. This may lead to subpopulations of identical types of vesicles with
different dissociation energies which implies that multiple rates of dissociation would
be observed based on these subpopulations of vesicles. The distribution of
corresponding dissociation energies pertaining to different subpopulations of vesicles
was previously estimated (Bally et al., 2011) using the rectangular distribution
function. The principle equation used for dissociation analysis was;

ln(%) =1n(129—;)—1nt (1)

where —dn/dt is the dissociation rate of the vesicles, n(0) is the initial number of
bound vesicles, kg is the Boltzmann’s constant, T is the temperature, AE represents
the range of dissociation energies and t denotes time. Eq. (1) implies that the term
In (—dn/dt
n(0)
current analysis when binding of a series of different GSL-containing vesicles with
AST VLPs was studied the resulting dissociation kinetics for some of the vesicles did
not accurately fit the mathematical model. The approximation of rectangular
distribution works reasonably well for “bell shaped” distributions (e.g. normal) but in
case of underlying skewed distributions the approximation is no longer accurate.
Therefore, the rectangular box distribution function was modified with a 2™ degree
polynomial, eq. (2), which could approximate the skewed distribution of the
dissociation energies in the system.

) depends linearly on the logarithm of time with the slope of -1. During the

f(E) = a—b(E - E)? 2)
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where a, b and E, are the fitting parameters. The final equation for dissociation
analysis was then derived as;

no b

3 _ 2 _ 2 _é 3 2 _ 2
0 = 3E(t) bE.E(t)* — (a — bE.*)E(t) 3 Emax + DE,Epmax” + (@ — bE,*)Epax 3)

where E(t) is the dissociation energy which is related to the bound fraction of
n(t)
(0’
demonstrated that different GSL-containing vesicles have quite different distribution
of dissociation energies and could not have been accurately estimated using the simple
rectangular distribution. If the vesicle sizes are assumed to be similar for different
GSL-containing vesicles along with the distribution of GSLs in the membrane then
among different vesicles, the differences in activation energies of detachment
predominantly stem from the atomic interactions, such as hydrogen bonds and
hydrophobic contacts, between GSL and VLP which are studied through
crystallography (see section 1.2.5), modeled in Paper I and Paper II and reflected in
the energetic landscape of this multivalent protein-ligand system.

liposomes, through degree 3 polynomial. The energy distribution plots indeed

It should be noted that the analysis performed here gives piecewise information on the
actual heterogeneity in the system. Since the experimental time is limited the binding
reaction in reality could be shorter than the minimum residence time probed by the
experimental settings or longer than the actual experimental time, the effect of such
binding events cannot be tracked and hence is not estimated in the present calculations.
However, the current mathematical treatment is suitable for comparative analyses
where, for instance, the effects of induced microdomains or lipid rafts on VLP-GSL
interactions could be studied.

4.3.4. Inhibition of AST VLP-GSL interactions on the membrane
(Paper 1V)

The TIRF setup was also used to test monovalent and multivalent sugar compounds
for inhibitory activity against AST VLPs. The difference in rates of association before
and after inhibition was used to calculate the ICs, values for inhibitors. The results
demonstrated that monovalent a-methyl-fucose inhibited GSL containing vesicles at
ICs9g ~ 10 mM. In contrast, the multivalent JG34 (P1) inhibitor, which contains on
average 20 fucose residues on a polyacrylamide backbone linker, showed at least 100
times lower 1Csy value. Among monovalent HBGAs, A Lewis b showed at least 10
times lower 1Cs, value than the rest of the glycans which demonstrated ICs, value of
~10 mM, including H type 1, Sialyl Lewis x and a-methyl-fucose. This was in line
with the binding experiments suggesting A Lewis b as the strongest binder. The almost
similar ICs, values for a-methyl-fucose and monofucosylated antigens further supports
the role of a-L-fucose monosaccharide in the binding of HBGAs to human GIL.4
noroviruses.
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4.4. Paper V — Human noroviruses recognize galactosyl-
ceramide (GalCer) in GSL microdomains

The studies on histopathology of noroviruses have suggested that intestinal epithelial
cells in upper small intestine are the likely sites of infection (see section 1.1.8). The
true target cell however, has not yet been identified. The apical plasma membrane
domains of intestinal epithelial cells are rich in glucosyl- and galactosyl ceramide
(GalCer) (Simons and van Meer, 1988) along with HBGA fucosylated GSLs (Bjork et
al., 1987; Breimer et al., 2012), which have already been identified as potential
receptors or attachment factors (see section 1.2.5). In this study the binding of Dijon
171/96 GII.4 VLPs to GalCer was investigated. The CBA was performed with Dijon
VLPs and the total non-acid fractions from human intestinal epithelial cells of small
and large intestines of secretor and non-secretor blood group O individuals. The results
demonstrated that monoglycosylceramides, a mixture of GlcCer and GalCer, were
recognized by Dijon VLPs together with H type 1 GSL from secretor individual. A
separate Dijon VLP CBA with pure GalCer and H type 1 further confirmed the
binding to these GSLs.

It is known that GalCer is present in the phase-separated domains as it has been
isolated from detergent resistant membranes (Brown and Rose, 1992; Thompson and
Tillack, 1985). The GalCer rich microdomains have also been observed in model
membrane systems. To visualize such microdomains, atomic force microscopy (AFM)
was utilized allowing high resolution imaging of GalCer domains. GalCer bilayers
were produced through lipid vesicle fusion on silicon dioxide substrate with 10%
(w/w) GSL content. At a higher temperature (37°C), i.e. greater than the liquid-gel
phase transition temperatures, homogenous bilayers were obtained and the coverage of
the microdomains was only 0.4%, However, this coverage increased to 7 % in the gel
phase when the miscibility was diminished by lowering the temperature (22°C). The
GalCer rich domains thus visualized had an average area of 21 um”.

The effect of microdomains on GalCer binding to the Dijon VLPs was investigated
through quartz crystal microbalance with dissipation monitoring (QCM-D), which is
an effective technique in tracking the real time bilayer formation and interactions of
membrane associated GSLs with multivalent proteins like VLPs. The bilayer
formation was performed at 37°C which was confirmed by the signatures of frequency
and dissipation shifts reflecting the accumulation and subsequent rupturing of the
vesicles to form a high quality bilayer. VLP binding was then monitored at 22°C,
presumably in the presence of domains, after heating the system to 50°C and gradually
cooling it down. The binding was confirmed with the decrease and increase in
frequency (Af = -8.7Hz) and dissipation (AD = 0.85%10°°), respectively and reached
saturation within 15 minutes without rinsing. The binding at 37°C (liquid phase) was
also monitored which resulted in a substantially decreased binding signal (Af = -
1.2Hz). These results clearly demonstrated that the microdomains are required for
binding of Dijon VLPs to GalCer in lipid bilayer. For the control experiment, H type 1
bilayers (5% GSL; w/w) were formed at room temperature and the binding to Dijon
VLPs was also monitored through QCM-D. The resulting frequency shifts were in the
excess of -20 Hz both at room temperature and at 37°C. Also, saturation was not
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reached before rinsing. The fact that GalCer binding was saturated within 15 minutes
without rinsing suggests that all the conformationally favorable GalCer molecules
were bound to the VLPs during this time and that only a fraction of the total GalCer
population was recognized by the VLPs, since the total amount of GalCer was more
than H type 1.

Finally, fluorescence microscopy was used to further characterize the binding of Dijon
VLPs to membrane associated GalCer. The domains were clearly visualized in the
bilayers with 20 % or 35 % GalCer at room temperature (gel-phase) while above 37°C
(liquid-phase) the bilayers were observed to be homogenous in agreement with the
AFM experiments. Moreover, the fluorescence recovery after photobleaching (FRAP)
experiments demonstrated the GalCer domains to be in the gel phase while the rest of
the bilayer was mobile and post bleaching lateral diffusion of fluorescent lipids was
observed in the bilayer, however restricted by the immobile GalCer microdomains.
The binding of Dijon VLPs to GalCer rich domains was detected through fluorescently
labeled vesicles. Strikingly, the VLPs demonstrated binding to the edges but not to the
center of the domains. This can be explained by presentation effects of the glycolipids
in the microdomains. If the GSLs are too densely packed then it is likely that steric
hindrance by the surrounding GSLs could inhibit the binding altogether whereas on the
edges of the domain the favorable conformational pose could be found with relative
ease.

The microdomains or lipid rafts are not only involved in cell signaling or trafficking
but could in some cases serve as the sites suitable for pathogen invasion (see
section 1.2.7). The finding of GII.4 norovirus binding to GalCer microdomains is
particularly interesting in the context of plasma membrane GSL composition of
intestinal epithelia which includes GalCer and is dominated by fucosylated type 1
chain glycans, known to recognize human GII.4 noroviruses. Furthermore, it has been
shown that GalCer acts as a substitute receptor for HIV (Harouse et al., 1991) and
binds to membrane glycoprotein gp120 in the cells lacking CD4 (Cook et al., 1994;
Fantini ef al., 1993). The virus binds to neural, colonic or vaginal CD4 negative cells
through GalCer or to sperm cell through a GalCer glycerolipid analogue, i.e.
galactosylalkylacylglycerol (Gadella et al, 1998). The so-infected cells can then
transport the virus to CD4 positive lymphocytes or to macrophages where further virus
propagation leads to Autoimmune deficiency syndrome (AIDS). The results of
reported herein are both novel and thought provoking in the context of norovirus
infection in which not only GalCer can act as a receptor or attachment factor but also
the GSL clustering might be a key player.

4.5. Concluding remarks

This thesis gives a detailed account on the host carbohydrate - Norovirus VLP
interactions both at atomic and molecular levels in monovalent in silico binding
system and in multivalent experimental (in vitro) VLP binding assays based on model
bilayers as cell membrane mimics. The computational studies (Papers I and II) provide
insights into the dynamics of atomic interactions based on the crystallographic studies
and provide reasonable explanations for the binding data at an atomic level. These
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studies also suggest that the Lewis fucose monosaccharide in secretor gene dependent
and independent HBGAs can interact with the fucose binding site of the VLP even in
the presence of al,2-linked fucose. The role of different sugar moieties in relation to
their potential impact on binding energies is also analyzed. These data could aid the
process of anti-adhesion molecular design for GII.4 noroviruses.

The TIRFM technique (Papers III and IV) has revealed novel kinetic features of
multivalent GSL-VLP interactions. These kinetics data provide valuable insights in the
real time binding behavior of specific GSL populations to GII.4 VLPs. This enabled us
to distinguish between GSLs with higher and lower desorption energy of activation
which is not possible through conventional end-point measurements. Furthermore, the
incorporation of the native bilayer-like environment makes it possible to study
specialized features of the lipid membrane, e.g. microdomains. Some aspects of
heterogeneity of cellular membrane are also modeled in the current TIRFM setup and
the subsequent mathematical treatment, although challenging (Paper III), has enabled
us to distinguish between different GSL-containing vesicles based on the desorption
energy of activation. The mathematical treatment also gives an appreciation of the
underlying complexity of the native cellular membrane and the subsequent interactions
which take place in extremely heterogeneous environments. The conformational
difference in glycan epitope presentation in solution and over the lipid bilayer gives
rise to different GSL binding patterns for the VLPs. The results may be useful in
understanding the evolutionary dynamics of the pandemic GII.4 lineage and in the
development of antiviral strategies.

For the first time the interactions of galactosylceramide with GII.4 norovirus VLPs
have been identified. The observation that these interactions take place in
microdomains, when GalCer is in gel-phase while the rest of the bilayer is mobile,
may have profound implications on the study of norovirus infection and treatment
since both GalCer and microdomains have been shown to play crucial role in the
pathogenesis of other viral pathogens, such as HIV.
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5. Outlook and future perspective

5.1. TIRFM binding assay

The unique features of the TIRFM technique including the ability to probe membrane
dynamics, single vesicle sensitivity, quantitative analysis of binding kinetics and low
material consumption, make this assay suitable for studying virus host interactions.
The natural extension of TIRFM technique in this application would be to use different
live viruses with different glycosphingolipid and glycoprotein receptor structures
imbedded in model vesicles or vesicles from target cells. Currently, studies on
infectious parvovirus B19 virions binding to globoseries glycosphingolipids using the
TIRFM setup are ongoing. Similar studies with caliciviruses are intended in the future.

Another application area of TIRFM is to probe for weak carbohydrate - carbohydrate
interactions which are essential for cellular adhesion. The first study with Lewis x-
Lewis x interactions was reported last year using the TIRFM technique (Kunze et al.,
2013). However, an immediate extension would be to study the roles of different
glycan and ceramide structures in defining these interactions. Comparisons could be
made based on both the degree of hydroxylation and saturation of sphingosine base or
fatty acid lipid chains of sphingolipids as it could be associated with the hydrogen
bonding capability of the lipids which may have implications on the functional role of
these lipids along with the way these lipids are localized in the plasma membrane
(Karlsson, 1982). Also, the cholesterol and sphingomyelin effects can be studied
through the current TIRFM setup. These studies are currently in planning phase.

5.2. All atom molecular dynamics membrane simulations

To complement the TIRFM methodology and to investigate the atomic details of the
interactions at the surface of the bilayer, molecular dynamics membrane simulations
are being planned. The presentation effects of glycan epitopes in the membrane and
their effect on the binding of the GII.4 P dimers will be investigated at the level of
atomic interactions. In this context the recent development of lipid forcefields from
AMBER and Schrdodinger seems very promising (Dickson et al., 2014; Maciejewski et
al.,2014).
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