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Abstract

A critical event in the life cycle of a virus is its initial attachment to host cells. This involves
recognition by the viruses of specific receptors on the cell surface, including glycans. Viruses
typically exhibit strain-dependent variations in recognizing specific glycan receptors, a feature that
contributes significantly to cell tropism, host specificity, host adaptation and interspecies
transmission. Examples include influenza viruses, noroviruses, rotaviruses, and parvoviruses. Both
rotaviruses and noroviruses are well known gastroenteric pathogens that are of significant global
health concern. While rotaviruses, in the family Reoviridae, are the major causative agents of life-
threatening diarrhea in children, noroviruses, which belong to Caliciviridae family, cause
epidemic and sporadic cases of acute gastroenteritis across all age groups. Both exhibit enormous
genotypic and serotypic diversity. Consistent with this diversity each exhibits strain-dependent
variations in the types of glycans they recognize for cell attachment. This chapter reviews current
status of the structural biology of such strain-dependent glycan specificities in these two families
of viruses.

Introduction

Initial attachment of a virus particle to the host cell membrane represents a critical stage in
the viral infectious cycle. Such an attachment is often mediated by the interactions of the
virus surface protein with specific glycan components of cell-surface glycoproteins,
glycolipids, or proteoglycans[1]. Viruses employ a wide variety of glycans for initial cell
attachment ranging from charged glycan moieties such as sialic acid (Sia), recognized by
influenza viruses [2], orthoreoviruses [3] and rotaviruses [4], heparan sulfate by
parvoviruses [5-7] and herpes viruses [8], to neutral glycans such as histo-blood group
antigens (HBGAS) by noroviruses [9-11] and rotaviruses [12, 13]. Within a particular virus
species, significant variations in recognizing specific glycans resulting from genotypic
alterations is a common feature that provides an underlying basis for cell tropism, host
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specificity, host adaptation, interspecies transmission and pathogenesis [14, 15]. Together
with classical methods such as agglutination and cell-blockade assays, and volunteer studies,
recent advances in glycan microarray screening [16-18] have been most useful in
systematically profiling cell attachment glycans for viruses. Concurrently, crystallographic
studies of viral cell attachment proteins in complex with glycans have provided valuable
structural insight into how genotypic variations alter glycan specificity. Here, we review
recent advances in our understanding of the structural basis of strain-dependent glycan
specificity in rotaviruses and noroviruses, which represent two important gastrointestinal
pathogens of global health concern.

Strain-dependent glycan specificity is rotaviruses

Rotavirus (RV), a multi-segmented dsRNA virus in the family Reoviridae, is the major
cause of infantile gastroenteritis leading to ~450,000 deaths annually worldwide [19]. These
viruses exhibit enormous genetic and strain diversity. In addition to point mutations and
gene rearrangements, genetic reassortment between co-circulating strains, similar to
influenza viruses, contributes to the expanding diversity of RVs [20, 21]. Current evidence
indicates that many of the human RV (HRV) strains originated from animal reservoirs
through reassortment and inter-species transmission [21, 22]. RVs have a complex
icosahedral architecture with three concentric capsid layers encapsulating the eleven
genomic dsRNA segments [23-25] (Fig. 1A). Based on neutralization specificity of the
outer layer proteins (Glycoprotein VVP7 and Protease-sensitive VVP4), RVs are classified into
G (VP7) and P (VP4) genotypes following a binary nomenclature system similar to
influenza viruses [26]. Productive infection requires proteolytic-priming of the virus that
results in the cleavage of VP4 into VP8* and VP5* [27, 28] (Fig. 1A inset). RV cell entry is
a multistep process involving cellular glycans in the initial cell attachment step and multiple
receptors during post-attachment steps [29, 30]. VP8* of the VP4 spike mediates
interactions with cellular glycans, whereas VP5* is implicated in interactions with
downstream receptors.

The cell attachment protein VVP8* exhibits a galectin-like fold with two twisted 3-sheets
separated by a shallow cleft (Fig. 1B). Although structurally well conserved, sequence wise
VP8* is the least conserved among RV structural proteins giving rise to a phylogeny
consisting of at least 35 P genotypes. In animal RV (ARV) strains, for which infectivity is
sensitive to sialidase treatment of cells, sialoglycans with terminal Sia are implicated in the
initial attachment through its interactions with VP8*[4, 31, 32]. In contrast, the majority of
HRV strains are insensitive to sialidase treatment[33]. Using cell-based assays and NMR, it
was shown that one of the HRV strains (Wa) belonging to P[8] genotype, binds to
gangliosides such as GM1 using internal Sial34]. These studies led to the suggestion that
while the sialidase-sensitive (s-s) strains recognize glycans with terminal Sia such as GDl1a,
the sialidase-insensitive (s-i) human strains bind to gangliosides such as GM1 with internal
Sia, and that Sia is the key determinant for host cell recognition in all rotaviruses. Recent
studies, however, called into question such a general paradigm for rotavirus cell attachment.

Crystal structures of VP8* of s-s ARV in complex with Sia (Fig. 1C) have shown that Sia
binds near the cleft region. In the VP8* structures of some s-i HRV strains, particularly
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those that are globally dominant, such as DS1 and Wa belonging to P[4] and P[8] genotypes,
respectively, this cleft is noticeably wider. In addition, there are significant differences in the
amino acids that line the cleft (Fig. 1B) Although the crystal structure of a human VP8* with
a wider cleft in complex with a glycan has not been yet reported, NMR and computer
modeling studies propose that a wider cleft allows binding of gangliosides with internal Sia
[34].

The recently determined structure of VP8* of an s-i HRV strain (HAL1166), belonging to
G8P[14] genotype [33, 35], showed a narrow cleft similar to that observed in the \VP8* of
the s-s ARV strains. The P[14] strains, with their origins in even-toed ungulates [36], are
being increasingly documented in human infections by global rotavirus surveillance [36—
38]. Superimposition of ARV VP8* and P[14] HAL1166 VP8* structures showed that
despite a narrow cleft, the amino acid composition in the cleft of P[14] VP8* is not
compatible with Sia binding. To identify the type of glycans preferentially recognized by
this VP8*, Hu et al., [12] carried out a glycan array screen comprised of 611 different
glycans, including a variety of glycans with terminal or internal Sia and showed that P[14]
VP8* specifically recognizes glycans with a terminal oligosaccharide sequence that is
typical of A-type histo blood group antigens (HBGASs). HBGAs are genetically determined
glycoconjugates present in mucosal secretions and epithelia and on red blood cells [39].
They are synthesized by sequential addition of a monosaccharide to a precursor disaccharide
motif by glycosyl-transferases such as the fucosyl-transferases FUT2 and FUT3, and
enzymes A and B to generate A-, B-, H- and Lewis (Le) HBGAs (see Fig 3A. in the review
article by Le Pendu et al. in this volume). The relevance of A-type HBGA interaction with
HAL1166 HRV VP8* in the context of virus infection was clearly established by infectivity
assays to provide a novel paradigm for initial cell attachment of HRV strains [12].

The crystal structure of P[14] VP8* in complex with A-type HBGA [12] (Fig. 1D), which
shows that the ligand binds in the same location in the cleft as Sia in the animal VP8*
structure, demonstrates how subtle changes within the same structural framework of \VP8*
can lead to altered glycan specificity. Consistent with the observation that most of the
residues in P[14] VP8* involved in binding to A-type HBGA are well conserved in the
VP8*of feline origin P[9] HRV, cell-based assays showed that A-type HBGA is also the cell
attachment glycan for P[9] genotype. Although crystal structures of other VP8* with glycans
are yet to be determined, recent studies have clearly emphasized that HRVs show genotype-
dependent glycan specificity and that binding to sialo-glycans is not obligatory [13]. These
studies have shown that P[4] and P[8] HRVs recognize H-type HBGAS; whereas, a neonate-
specific P[11] HRV, which is a bovine-human reassortant virus, specifically recognizes
glycans, which are the precursor of H type 2 HBGA, also referred to as type Il glycans [40].

Comparison of the available HRV VP8* structures suggest two distinct divergent patterns,
one with a narrow cleft as found in the VP8* of P[14] and likely in that of P[9] HRV strains,
and the other with a wider cleft as observed in the VP8* of Wa-like P[4] and DS1-like P[8]
HRVs, which are suggested to have bovine and porcine origins, respectively (Fig. 1B).
Although these two sets of RVs have found their way into human population, they have
taken different evolutionary paths influenced by several factors such as interactions with co-
circulating strains and types of animals they were able to infect. The wider cleft strongly
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correlates with a deletion at amino acid position 136, and a significant change at position
101 (Fig. 2A), which is a conserved residue contributing to glycan interaction in the VP8*s
with a narrow cleft. From this correlation, together with known sensitivity to sialidase, RVs
can be grouped into four classes (Fig. 2B). From the observation that A-HBGA binding site
in s-i human P[14]-VP8* (class A) overlaps with Sia binding site in s-s ARVs (class C), we
can predict that all VP8*s with a narrow cleft likely share the same site for glycan binding,
although their glycan specificity may differ. A relevant question is what type of glycans are
recognized by s-i ARVs (class D) which are predicted to have a narrow cleft. This is indeed
a significant question considering that one of the genotypes, P[5], in this class is the
predominant genotype in one of the RV vaccines, Rotateq™ currently in use [41]. Thus far,
all the structures that have been determined with bound glycans have been only with VVP8*s
that have a narrow cleft. The glycan binding site for VP8*s in class B, which are predicted
to have a wider cleft, and contain globally dominant strains as well as a geographically
restricted neonate—specific P[11] and P[6] strains, remains to be characterized structurally.

Strain-dependent glycan specificity in noroviruses

While the discovery that HBGAs function as cell attachment factors for some of the HRV
strains is recent, involvement of these polymorphic glycoconjugates not only in cell
attachment but also in conferring susceptibility has long been known in the case of human
noroviruses (HNoVs) [9-11, 42]. These icosahedral viruses with a positive-sense RNA
genome exhibit enormous genetic diversity and are classified into six genogroups (GI-GV1),
and each genogroup is further subdivided into one or more genotypes [43]. Genogroups Gl,
Gll and GIV contain human pathogens [44]. The HNoVs belonging to genogroup Il and
genotype 4 (Gl1.4) are the most prevalent, accounting for 70-80% of the noroviral outbreaks
worldwide [45]. It is suggested that these GI1.4 NoVs undergo epochal evolution, analogous
to A/H3N2 influenza viruses, with the emergence of a new Gl1.4 variant every 2—4 years
coinciding with a new epidemic peak [46, 47].

HNoVs are resistant to cell culture; however, co-expression of the major capsid protein VP1
and the minor protein VP2 results in the formation of virus-like particles (\VLPs) that
preserve the morphological and antigenic features of the authentic virions. The NoV capsid
exhibits a T=3 icosahedral organization formed by 90 dimers of VP1 (Fig. 3A and 3B) and
has two major domains, the S domain that forms the shell, and the P domain, with P1 and P2
subdomains, that protrudes from the S domain [48-51]. HNoVs bind to HBGAs through the
distally-located hypervariable P2 subdomain (Fig. 3B). HNoVs provide an exquisite
example of how genotypic variations allow for exploitation of the polymorphic nature of
HBGAS in host population to counter herd immunity and cause epidemics. Bacterially-
expressed P domain is used in all the crystallographic studies to characterize HNoV-HBGA
interactions, as it duplicates the P domain dimeric structure observed in the capsid as well as
the HBGA binding properties [52, 53]. Although the core structure of the P2 subdomain is
composed of a six-stranded antiparallel B-barrel (Fig. 3C) that is invariant between the
genogroups and within the genotypes, sequence variations allow for differences in strand
lengths and loop structures to not only differentially alter the HBGA binding profiles
between the strains but also alter the electrostatic surface topography contributing to
antigenic variation [54, 55].

Curr Opin Virol. Author manuscript; available in PMC 2014 December 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Prasad et al.

Page 5

A fascinating observation from the crystallographic studies of various GI and GIl genotypes
with HBGA:s is that the carbohydrate binding sites in GI and Gl are distinctly different both
in their locations and in their structural characteristics [49, 53-59] (Fig. 3C and 3D). This is
consistent with observed differences in their HBGA binding profiles, and also is well borne-
out by minimal sequence conservation in their P2 subdomains, including the amino acid
residues that participate in the HBGA interactions. While the majority of interactions with
HBGA in the GI P domain dimer are localized within each subunit of the dimer (Fig. 3C),
they are shared between the opposing subunits in the GII P dimer (Fig. 3D). Another
distinguishing feature is that the HBGA binding in Gl is primarily centered around a Gal
moiety (Fig. 4A), whereas in GlI, it is centered around a Fuc (particularly the Fuc added by
FUT2 during the synthesis of ABH HBGAs, referred to as SeFuc, which is differente from
the Fuc, LeFuc, added by FUT3 during the synthesis of Lewis HBGAS) (Fig. 4B). In Gl, in
addition to conserved interactions with Gal, another exceptionally well conserved feature is
the hydrophobic interaction between the Fuc moiety (as in the H-type) or the N-acetyl arm
of N-acetylgalactosamine (in the A-type) with a conserved Trp residue in the P2 subdomain
(Fig. 4A). This combinatorial requirement of Gal and hydrophobic interactions places
restriction on the variety of HBGAs that GI HNoVs can bind. Many studies have failed to
find binding of GI HNoVs to B-type HBGAs. Although B-type has a terminal Gal moiety, it
lacks a group that could be involved in the hydrophobic interactions because of which the
affinity for the B-type is significantly reduced. Such a combinatorial requirement does not
appear to be the case for HBGA binding in GllIs allowing many of these HNoVs to bind all
ABH HBGAs, which could be one of the factors in the greater prevalence of Gll,
particularly GI1.4 HNoVs.

Recent crystallographic studies of different genotypes in Gl and GlI have also highlighted
how sequence alterations in the P domain within the genogroup members also contribute to
varied HBGA binding profiles [49, 53-60]. A striking observation from these studies
leading to a generalizable concept is that HBGA binding in HNoVs involves two sites; one
that is highly conserved, allowing the preservation of Gal and Fuc dominant nature of
interactions in GI and Gl|, respectively, and the other that is highly susceptible to structural
alterations because of sequence variations, allowing for differential binding to Lewis
HBGASs. In Gl HNoVs, sequence changes differentially alter their ability to bind non-
secretor Lewis HBGA, Le. Although in general secretor-positive status is strongly
correlated with HNoV infection, recent epidemiological studies show an increase in the
prevalence of Gl outbreaks worldwide, with different genotypes such as Gl.4, G1.6, GI.3,
and GI.7 predominating in different geographical regions (9-13). By comparative analysis
of the crystal structures of the GI.1 [53], which does not bind Le?, with that of G1.7 [55] and
G1.2 [58], which show binding, Shanker et al, [55] have proposed that the threshold length
and structure of the P loop are the critical determinants for Le? binding (Fig. 4C). Similarly,
comparative analysis of the P domains structures of 1996 and 2004 Gl1.4 temporal variants
show that structural changes in the T loop modulate the binding strength of difucosyl Lewis
HBGAS between the variants (Fig. 4D), and thus contribute to epochal evolution, perhaps by
differential targeting of the GI1.4 variants to Lewis-positive secretor-positive individuals
[54].
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Another prominent feature highlighted by these comparative analyses is that A and B loops
are susceptible to significant changes [54]. Interestingly, in GI.1 NV, the B loop contains a
residue critical for binding of HBGA blocking antibodies [61], and the corresponding loop
in the P domains of murine NoV (GV) [62], and rabbit hemorrhagic disease virus (animal
calicivirus) [50] contains the neutralization antigenic sites. Thus, this region is potentially a
major site for differential antigenic presentations contributing to serotypic differences
among not only in NoVs but caliciviruses in general.

Concluding remarks

Strain-dependent recognition of polymorphic HBGAs by gastroenteric viral pathogens
HRVs and HNoVs is rather unique among human viruses. Of note here is that the microbial
pathogen Helicobacter pylori, which causes gastric cancer, also exhibits strain-dependent
binding to HBGAs for colonization. An interesting question is whether this is a mere
coincidence or that there is a larger evolutionary significance. For both HNoVs and H.
pylori it is well recognized that these glycans are susceptibility determinants. In the case of
HRVs, it is yet unclear if HBGAS are susceptibility factors; although some recent data [63,
64] indicate the possibility, more studies are needed. Recent advances in our understanding
of glycan specificity for these viruses raise several questions. Current available data indicate
that these viruses use HBGAs for initial attachment to host cells; however, whether
interactions with HBGA also affect downstream signaling pathways as a part of the virus
entry process requires further investigation. A fascinating discovery is that a neonatal HRV
specifically recognizes type Il glycans, which is abundantly present in human breast milk.
What is the significance of this specific binding in the context of pathogenesis, will be
subject of further studies. The structural basis of how VP8* of HRVs with a wider cleft,
observed in the globally dominant strains and also in the neonate-specific strains, bind to
glycans needs to be elucidated. Although there has been extensive structural studies on how
HBGASs are recognized by HNoVs, structural understanding of how antibodies, particularly
those that block HBGA binding [65], interact with NoVs require future studies. Importance
of such ‘neutralizing’ antibodies is underscored by recent studies showing circulating
antibodies that block HBGA binding correlate with protection from NoV-associated illness
[66].
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Figure 1.
Rotavirus cryo-EM structure and the crystal structures of cell attachment protein VP8*. (A)

The triple layered particle (TLP) is colored with VP4 spikes in red, the VP7 layer in yellow,
and the VP6 layer in blue. The cartoon representation of a VP4 spike (PDB ID: 31YU) is
shown with the VP8* domain colored in red and the VP5* domain in orange. (B) Structural
overlay of sialidase insensitive P[14] VVP8* structure (blue, PDB ID: 4DRV) with VVP8* of
sialidase-insensitive HR strain Wa (green, PDB ID: 2DWR). The width of the cleft between
two twisted B-sheets in the P[14] VP8* is narrower (red arrow) than in the Wa VP8*
structure (black arrow). Amino acid 136 is shown in stick and indicated by a black arrow.
(C) Interaction between the P[3] VP8* of sialidase sensitive animal strain RRV (PDB ID:
1KQR) and Sia. The P[3] VVP8* structure in presented in orange ribbon with the amino acid
residues interacting with Sia shown as sticks, and bound Sia is shown as green sticks with
oxygen and nitrogen atoms in red and blue, respectively. (D) Interactions between the P[14]
VP8* of sialidase insensitive human strain Hal1166 with A-type HBGA. The P[14] VP8*
structure in presented in blue ribbon with the amino acid residues interacting with A-HBGA
shown as yellow sticks with oxygen and nitrogen atoms colored as in (C). Network of
hydrogen bond interactions (dashed lines) are shown.
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(A) Sequence alignment of representative VP8*s of different genotypes. The amino acids
are colored using Clustal protein color scheme in Jalview [insert ref later]. (B) Classification

of VP8* into A-D classes.
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Figure3.
(A) X-ray structure of Norwalk virus capsid (PDB ID: 1IHM). The shell domain (S) is

shown in blue, the Pl and P2 subdomains of the protruding P domain are shown in red and
yellow, respectively. (B) Cartoon representation of the P-domain dimer (side view) from the
GI1.1 HNoV bound to H-type HBGA (PDB ID: 2ZL6). The HBGA binding site lies on the
distal P2 subdomain. The P2 subdomain of the individual subunits of the dimer are colored
in green and magenta respectively (here and subsequent Figs), and their P1 subdomains are
colored in dark and lighter grey. (C) Topology diagram of the P domain highlighting the
locations of HBGA binding sites in GI NoVs (yellow box) and GIl NoVs (yellow box with
lines). The antiparallel p strands (1-6) forming a barrel-like structure in the P2 subdomain
are indicated by vertical arrows (magenta) and those in the P1 subdomain (7,8) that
contribute to HBGA binding are indicated by grey. The variable loops connecting the p-
strands are denoted A-D, P, T and S. (D) Surface representation (top view) of GI P-dimer
(PDB ID: 2ZL5) showing distinct HBGA-binding sites (yellow circle) in each of the
subunits. Residues that interact with Gal and Fuc moieties of the HBGA (shown in yellow
stick representations) are shown in blue and gold colors, respectively. (E) Surface
representation (top view) of the GIl P domain dimer (PDB ID: 3SLN) showing the HBGA
binding site shared between the opposing subunits in the dimer. Residues that interact with
the Fuc moiety of the HBGA (shown in yellow stick representations) are colored in yellow.
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GalNAc

Figure 4.
(A) Gal-centric HBGA interactions in GI NoVs. Shown here as an example is interactions

between Gl.1 and H-type HBGA. A-type HBGA makes similar interaction with its Gal and
N-acetamido groups of N-acetylgalactosamine similar to the Gal and Fuc moieties of the H-
type. (B) Fuc-centric HBGA interactions in GII NoVs, shown here as an example is
interactions between Gl1.4 P domain and A-type HBGA (PDB ID: 3SLD). (C) Alterations in
length and structure of the P-loop that allows G1.7 bind non-secretor Le? (PDB 1.D. 4P3l),
G1.1 with a shorter P-loop cannot make similar interactions (D) Structural alterations in the
T-loop that allows 2004 Gl1.4 variant to interact additionally with di-fucosyl secretor Lewis
HBGA (LeP) (PDB ID: 3SLD), similar interactions with LeP are not possible in the 1996
GI1.4 variant (cyan). The interacting P domain residues are shown as sticks with oxygen and
nitrogen atoms in red and blue, respectively.
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