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Viral surface glycoproteins
in carbohydrate recognition:
structure and modelling

Jeffrey C. Dyason and Mark von Itgstein

SUMMARY

The importance of carbohydrate-recognizing
viral surface glycoproteins in a range of clinically
important viral infections has been identified and
a number of these proteins have been investigated
as possible drug discovery targets. As a part of
these investigations several of these proteins have
had their three-dimensional structures determined
by either nuclear magnetic resonance spectroscopic
or X-ray crystallographic methods. This structural
information has provided an excellent basis for
structure-assisted inhibitor design using computational
chemistry methods. This chapter describes some
of the most significant developments in the field of
structure-based investigations of viral surface-resident
carbohydrate-recognizing proteins. Specifically,
an overview of these carbohydrate-recognizing
proteins from four important human viruses, including
influenza, dengue, rotavirus and parainfluenza,
and associated structural investigations will be
presented.

Keywords: Virus; Carbohydrate; Molecular modelling;
Influenza; Dengue virus; Rotavirus; Parainfluenza
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1. INTRODUCTION

For viruses to be able to replicate, they need
to be able to adhere, then bind and invade and,
finally, to escape from a susceptible host cell.
Animal host cell surfaces are highly decorated by
a range of glycan structures that are made up of
both charged and neutral carbohydrates (Gagneux
and Varki, 1999). These carbohydrates are
involved in a range of different functions, includ-
ing cell protection, a host of recognition events
and cell—cell communication (Gagneux and Varki,
1999). As a consequence of this elaborate host cell
surface carbohydrate display, viruses have had to
develop a variety of strategies that can deal with
this protective barrier to enable successful viral
propagation. In fact, many viruses actively use
these carbohydrates in the recognition and inva-
sion process of their life cycle. Understanding the
structure of these viral surface proteins is vital not
only to help understand their function but also to
enable the design of new drugs capable of miti-
gating the effects caused during infection.

© 2009, Elsevier Inc.
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2. INFLUENZA VIRUS

Influenza virus has been an affliction of
mankind for centuries, with several major pan-
demics being reported, including the Spanish
Flu which, at the end of World War I (1918-
1919), killed an estimated 40 million people
(Taubenberger et al., 2001). More recently, the
emergence of the highly pathogenic avian influ-
enza virus strain, H5N1, although not easily
transmissible between humans, has a reported
mortality rate in man of over 50% (WHO, 2008).

Influenza virus contains a single-stranded
segmented RNA genome and is a member of
the orthomyxoviridae family that is further
subdivided into three distinct types, influenza
virus A, B and C (van Regenmortel et al., 2000).
Of most concern to the human population are
types A and B, with type A the most likely to
cause pandemics (Luscher-Mattli, 2000). Both
types A and B have two surface-based carbohy-
drate recognizing proteins involved in the infec-
tious cycle of the virus, namely haemagglutinin
(HA), which has a lectin and fusion function
and sialidase (also known as neuraminidase,
NA) which has a glycohydrolase function. Type
C has only one major carbohydrate recognizing
protein and that is haemagglutinin-esterase-
fusion protein (HEF), which combines the roles
of the HA and NA of influenza A and B (Herrler
et al., 1988).

Currently, the major way of combating influ-
enza virus A and B infection is via an annual vac-
cine injection, however, this is not foolproof and
generally provides no protection against new
strains of influenza virus, like that which may
arise from the avian H5NI1 strains. Also avail-
able are several drugs, the most successful of
which are the NA inhibitors (von Itzstein, 2007),
Relenza® and Tamiflu® (see below). However,
mutant influenza strains resistant to Tamiflu®
have been recently detected that potentially
limit the available armament and clearly neces-
sitates the ongoing search for new treatments
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(von Itzstein, 2007). While influenza virus C is
not common, it can cause respiratory tract infec-
tions generally in young children, however, in
some cases, this may lead to more severe infec-
tions such as bronchiolitis and pneumonia
(Wagaman et al., 1989; Crescenzo-Chaigne and
van der Werf, 2007). There is currently no vac-
cine or specific drug treatment for influenza C.

2.1. Haemagglutinin as a drug
discovery target
Influenza virus HA is a homo-trimeric glyco-

sylated protein located on the surface of the vir-
ion (Figure 15.1) and is responsible for the initial

FIGURE 15.1 The secondary structure of an influenza
virus haemagglutinin trimer is shown with a translucent
surface. The surface is coloured by electrostatic potential
with red denoting areas of negative charge while blue
denotes areas of positive charge. (See colour plates section.)

I. MICROBIAL GLYCOLIPIDS, GLYCOPROTEINS AND GLYCOPOLYMERS
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attachment of the virion to the host cell surface,
by recognition of terminal sialic acid moieties.
A change in conformation of the protein is then
responsible for the initiation of fusion with the
cell membrane. The first structure of influenza
virus A HA was published in 1981 (Wilson
et al., 1981). Since that time, over 70 structures of
various influenza virus HAs have been depos-
ited in the Research Collabatory for Structural
Bioinformatics (RCSB) Protein Data Bank (PDB)
(Berman et al., 2000). During the 1980s and early
1990s, there were a number of attempts at using
the available crystal structures of influenza virus
HA to design small molecule HA binders that
would hopefully inhibit the replication of influ-
enza virus. A number of excellent reviews have
appeared that detail these attempts (Luscher-
Mattli, 2000; Matrosovich and Klenk, 2003).

However, it was realized that the low affinity
of the sialic acid binding site would not produce
the tight binding inhibitor required for a drug,
leading to the design and synthesis of multiva-
lent and polymeric inhibitors. These inhibitors
have, however, not produced a suitable drug
candidate, although work is still being under-
taken (Ogata et al., 2007; Marra et al., 2008). A
recent study by Nandi (2008) described an in
silico search of a small subset in the ZINC data-
base (Irwin and Shoichet, 2005) and led to the
suggestion of some possible small molecule
inhibitors of HA binding, although biologi-
cal evaluation of these compounds is not yet
reported.

Avian influenza virus HA preferentially rec-
ognizes terminal o-(2—3)-linked sialic acid
containing glycoconjugates, whereas human-
adapted influenza virus HA preferentially rec-
ognizes terminal o-(2—6)-linked sialic acid
glycoconjugates. More recently, the crystal struc-
tures of HAs from the virus responsible for the
1918-1919 pandemic (Gamblin et al., 2004) and
from the highly pathogenic avian influenza
H5N1 strain (Stevens ef al.,, 2006) have been
elucidated. Knowledge of these structures has
led to a greater understanding of the sialic acid
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specificity of these strains and it appears as if
only a few amino acid mutations are needed to
enable the avian influenza virus HA to switch
its specificity and recognize human recep-
tors (Stevens et al., 2006; Yamada et al., 2006).
Recent reports that influenza virus may recog-
nize receptors other than the accepted o-(2—6)-
linked sialic acids observed in the human lower
respiratory tract (Rapoport et al., 2006; Nicholls
et al., 2007), has inspired studies that may more
completely characterize novel asialoglycan rec-
ognition by HA. For example, the von Itzstein
group described a nuclear magnetic resonance
(NMR) spectroscopy-based study that enables
the interrogation of H5 (from H5N1), as a sur-
face protein of virus-like particles, with novel
inhibitors and potential novel glycan structures
(Haselhorst et al., 2008).

2.2. Sialidase as a drug discovery target

The NA of influenza virus A and B has been
the major focus in the development of drugs
to combat influenza infection with two drugs
already available on the market, namely the
structure-based designed zanamivir (Relenza®,
GlaxoSmithKline) and oseltamivir (Tamiflu®,
Roche). The development of these drugs has
been adequately reviewed elsewhere (Laver,
2006; von Itzstein, 2007, 2008). Influenza virus
NA is a receptor-destroying enzyme which
cleaves the HA receptor, sialic acid, from a
range of sialyloligosaccharides allowing newly
formed viral progeny to escape the surface of
infected cells and go on to infect more cells.

Influenza virus NA is a glycosylated homo-
tetramer which is tethered to the virus sur-
face by a long protein stalk at its C terminal
(Figure 15.2). The first structure of influenza
virus NA was published in 1983 (Colman et al.,
1983; Varghese et al., 1983) and there exists
nearly 100 structures in the current PDB,
including a number of mutant proteins as well
as a number of inhibitor-enzyme complexes.

I. MICROBIAL GLYCOLIPIDS, GLYCOPROTEINS AND GLYCOPOLYMERS
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FIGURE 15.2 The influenza virus sialidase tetramer is
shown with a translucent surface, coloured by electrostatic
potential overlaying the monomer secondary structure.
Each monomer has six four-stranded anti-parallel 3-sheets
arranged as if on the blades of a propeller. (See colour plates
section.)

The inhibitor-enzyme complexes in particular
allow further study to understand the interac-
tions involved and the design of new inhibitors
to combat the existence of mutated influenza
viruses that are less susceptible to the exist-
ing drugs, particularly Tamiflu®. This wealth
of structural information has facilitated the
use of structure-based drug design techniques,
such as docking, molecular mechanics/Poisson-
Boltzmann surface area (MM/PBSA) simula-
tions, comparative molecular field analysis
(CoMFA), etc., in providing not only an expla-
nation of how inhibitors bind to the influenza
virus NAs but also in the design of new inhibi-
tors. A selection of publications gives an over-
view of the use of these techniques (Stoll et al.,
2003; Masukawa et al., 2003; Armstrong et al.,
2006; Platis et al., 2006; Zhang et al., 2006; Abu
Hammad et al., 2007).

15. VIRAL SURFACE PROTEINS AS DRUG DISCOVERY TARGETS

Glu276

Arg224

Aspl51
Trpl78

FIGURE 15.3 Superimposition of two complexed N9
sialidase structures of influenza virus showing the induced
fit of Glu276 when oseltamivir carboxylate (orange carbon
atoms) is bound, compared with Neu5Ac2en (green carbon
atoms). (See colour plates section.)

One aspect that is not handled consistently
in many of these studies is the ability of the
protein to undergo induced-fit when the glyc-
erol side chain of the sialic acid-based inhibi-
tor zanamivir is replaced with a hydrophobic
group, e.g. the active form of oseltamivir, osel-
tamivir carboxylate (Figure 15.3). In this exam-
ple, to accommodate the hydrophobic group of
oseltamivir carboxylate, glutamic acid residue
276 (Glu276) flips to form an internal interac-
tion with arginine 224 (Arg224) that results in
a hydrophobic pocket where, previously, there
was a negatively-charged hydrogen bonding
group. Such induced-fit phenomena are not eas-
ily predicted or indeed adequately handled by
theoretical models. Relying on this induced fit,
as oseltamivir carboxylate does, also makes it
a “hot-spot” for the virus to generate mutants
that render the drug less able to inhibit the
receptor-destroying enzyme function of the NA.
This outcome has already been observed in a
histidine-tyrosine (His274Tyr) N1 mutant where
oseltamivir carboxylate is 265-fold less potent
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A

FIGURE 15.4 Crystal structures of the influenza virus
N8 sialidase. The surface and the magenta coloured 150
loop are from a structure of the uncomplexed protein while
the Neu5Ac2en and green-coloured 150 loop are from a
structure where Neu5Ac2en was soaked into the protein
crystals. The surface is coloured by electrostatic potential.
(See colour plates section.)

compared to zanamivir which is only a factor of
2 less potent (Collins et al., 2008).

One of the most interesting advances to come
from recent NA structure determination and
analysis is the existence of two distinct groups
of influenza virus NAs, group 1 and 2 (Russell
et al., 2006). The main difference between the
groups appears to be a very flexible active site
loop that includes one of the main catalytic resi-
dues, aspartic acid 151 (Asp151). The group 1
NAs consisting of N1, N4, N5 and N8 subtypes
have the very flexible 150-loop which opens
up a large new pocket in the active site in their
uncomplexed form, whereas the group 2 NAs
consisting of N2, N3, N6, N7 and N9 show no
movement of this 150-loop (Figure 15.4). While
the current commercially available NA-targeting
drugs have all been designed against the group
2 NAs, they generally appear to be equally
effective against the group 1 NAs (Govorkova
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et al., 2001; Mishin et al., 2005), although some
strain variability has been observed. A com-
plication with the current avian H5N1 strain
(an example of a group 1 NA) induced disease
is that in humans it manifests differently to the
normally observed human influenza disease
resulting in a higher mortality. In fact, the H5N1
strain appears to have more in common with the
Spanish flu strain of 1918-1919 (HIN1) where
healthier individuals appear to be more suscepti-
ble than the usual influenza target population of
the old, young and immunocompromised. It has
been proposed that this is a direct consequence
of these pandemic or pandemic-like viruses’
ability to cause an immune event referred to as a
cytokine storm (Peiris ef al., 2007).

2.3. Haemagglutinin esterase fusion
protein

The HEF of influenza virus C is structur-
ally very similar to HA found on the surface
of influenza virus A and B, in that it is a homo-
trimeric glycosylated surface protein. The major
differences are in:

(i) the receptor that is recognized, sialic acid-
containing glycoconjugates are recognized
by HA while 9-O-acetylated sialic acid-
glycoconjugates are recognized by HEF; and

(ii) the fact that HEF contains both a lectin
function as well as a receptor-destroying
enzyme, in contrast to influenza virus A
and B that have two distinct proteins for
these functions.

The receptor-destroying enzyme of HEF is an
esterase and cleaves an O-acetate group from
the 9’-position of sialic acids. The crystal struc-
ture of HEF was published in 1998 (Rosenthal
et al., 1998) with the receptor-destroying enzyme
active site being very similar in nature to a ser-
ine esterase and being completely separate to the
receptor-binding site. Modelling experiments
using a forced glycosidic angle torsion search
have helped explain NMR results obtained
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recently within the von Itzstein group (Mayr
et al., 2008) for both HEF and bovine coronavi-
rus esterase. This led to the understanding of
the essential pharmacophoric groups required
for binding to the receptor-destroying enzyme
active site and the knowledge that the aglycon
group does not appear to be involved in sub-
strate binding to this site. Similar haemaggluti-
nin esterases (=30% homology) have also been
identified in corona and toroviruses (de Groot,
2006) and, although these viruses are not closely
related to influenza virus C, an understanding
of the structure and function of the haemagglu-
tinin esterase will provide more information on
the mechanism of cell recognition and entry.

2.4. Future directions

Influenza virus is very adaptable, with resist-
ant mutants already appearing for at least one of
the commercially available NA inhibitors. The
ongoing structural and computational studies
on the surface-resident carbohydrate recognizing
proteins will help not only to identify new and
potent drugs but also to understand more fully
the mechanism of action of these proteins. This is
especially of interest to the group 1 NAs includ-
ing the current avian influenza (H5N1), where
a flexible loop in the active site provides anti-
influenza drug designers with another target to
improve the potency of existing drugs and the
chance to develop new group 1-specific drugs.

3. PARAINFLUENZA

The paramyxoviridae family includes as mem-
bers the human parainfluenza viruses, Newcastle
disease virus and the measles and mumps
viruses (Lamb et al., 1996). Of particular interest
are human parainfluenza viruses and Newcastle
disease virus, both of which have a surface-res-
ident carbohydrate recognizing protein known
as haemagglutinin-neuramindase (HN) which
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is involved in both cellular recognition and as a
receptor-destroying enzyme (Lamb ef al., 1996).
There are four human parainfluenza viruses
(hPIV) strains identified, hPIV-1, hPIV-2, hPIV3
and hPIV-4, all of which cause respiratory tract
symptoms, e.g. coughing and wheezing, pre-
dominantly in infants. The human parainflu-
enza viruses are considered the second most
important cause of lower respiratory tract dis-
ease in young children, behind respiratory syn-
cytial virus (Henrickson, 2003). Strains hPIV-1
and hPIV-2 are commonly associated with the
respiratory tract disease croup, while hPIV-3 can
cause bronchiolitis and pneumonia and hPIV-4
is rarely detected (Henrickson, 2003). Newcastle
disease virus is also known as avian paramyxo-
virus 1 and has a devastating effect on the poul-
try industry worldwide (Seal et al., 2000).

3.1. Haemagglutinin-neuraminidase
as a drug discovery target

Similar to the HEF of influenza virus C, HN
includes both a recognition element for terminal
sialic acids as well as a receptor-destroying (sial-
idase/neuraminidase) function to facilitate vir-
ion budding. The first crystal structures of a HN
from Newcastle disease virus were published in
2000 (Crennell et al., 2000), showing it to be very
similar to the influenza virus NA in its overall
shape and active site configuration, however,
the active site appeared to be more flexible,
probably allowing it to function as both a sialic
acid-recognizing lectin and a NA. A more recent
Newecastle disease virus HN structure (Zaitsev
et al., 2004) has revealed the presence of a sec-
ond sialic acid binding site which is proposed to
be involved in the fusion process but not in the
initial recognition of sialic acids. At that time,
these Newcastle disease virus HN structures
were the only available structures for structure-
based drug design of inhibitors against human
parainfluenza viruses and led to two reports
of designed inhibitors for this enzyme system
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(Alymova et al., 2004; Tindal et al., 2007). These
studies made use of the 2-deoxy-2,3-didehydro-
N-acetylneuraminic acid (Neu5Ac2en) template
which was also the precursor of the influenza
virus NA inhibitor Relenza® and both also tar-
geted a large cavity around the O-4 binding
region of the Neu5Ac2en template. The best
of these inhibitors led to micromolar inhibi-
tion of the NA function of the most serious of
the human parainfluenza viruses (i.e. hPIV-3).
A crystal structure has been reported for one of
these designed inhibitors (Ryan et al., 2006) in
complex with Newcastle disease virus HN and
demonstrates that the ligand is bound into the
active site in the predicted manner (Figure 15.5).

More recently, several crystal structures
of the HN from hPIV-3 have been published
(Lawrence ef al., 2004), although, to the best of
our knowledge, no structure-based drug design
studies have been reported. Furthermore, crys-
tal structures of the HN from PIV5, formerly

FIGURE 15.5 Crystal structure of 4-O-benzyl-Neu5Ac2en
soaked into the haemagglutinin-neuraminidase of Newcastle
disease virus, showing the large pocket targeted by the
benzyl group of the designed inhibitor. (See colour plates
section.)
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known as simian virus 5, have been published
(Yuan et al., 2005) and reveal an overall archi-
tecture that appears to be similar to those of
Newcasle disease virus and hPIV-3.

3.2. Future directions

In addition to providing drug design oppor-
tunities, these HN structures, along with struc-
tures of the fusion (F) protein, provide more
information on the mechanism of cell entry by
this family of viruses. This will lead to a greater
understanding of how these viruses propagate,
making it easier to combat their spread. The
original structure-based drug design studies for
an anti-human parainfluenza virus drug were
based on the available Newcastle disease virus
HN structures, more detailed design work can
now be undertaken using the hPIV-3 structures.
Also, there are a number of non-sialic acid based
templates that have been used in the develop-
ment of influenza virus NA (e.g. cyclohexene,
cyclopentane and pyrrolidine), these alternative
templates could be used in the structure-based
drug design process to extend the range of com-
pounds as potential HN inhibitors.

4. DENGUE VIRUS

The flaviviruses are members of the
Flaviviridae family and are transmitted to humans
by either mosquito or tick bites (Solomon and
Mallewa, 2001). Flavivrus infection can lead to a
number of severe and debilitating symptoms, e.g.
fever-arthralgia-rash, viral haemorrhagic fever
and neurological disease (Solomon and Mallewa,
2001). The mosquito-borne viruses include
Dengue virus (DENV), of which there are four
strains (DENV1, DENV2, DENV3 and DENV4),
yellow fever virus, West Nile virus and Japanese
encephalitis virus, while the tick-borne viruses
include tick-borne encephalitis virus, Langat
virus and Omsk haemorrhagic fever virus.
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4.1. E-Glycoprotein and E-glycoprotein-
domain 3

The surface of flavivirus is predominantly
covered by E-glycoprotein (EGP) which forms
dimers that are tethered to the surface by a
stalk region. The EGP-associated glycan of
the virus has been shown to be important for
DENV infection through its interaction with
dendritic cell-specific ICAM-3-grabbing non-
integrin, DC-SIGN (Navarro-Sanchez et al., 2003;
Tassaneetrithep et al., 2003) (see Chapter 34).
This interaction and its involvement in the life
cycle have been recently reviewed (Perera et al.,
2008). Of note, EGP is the major site of host cell
receptor binding and of host-mediated antibody
neutralization. Both the mosquito and tick-
borne virus EGPs share significant sequence
and structural homology. The crystal struc-
tures of EGP from several sources show that it
is comprised of three distinct domains (Figure
15.6); namely DENV2 (Modis et al., 2003; Zhang
et al., 2004), DENV3 (Modis et al., 2005) and tick-
borne encephalitis virus (Rey et al., 1995). After
binding and during the fusion process, the
EGP dimers dissociate and reform as trimers;
the structures of this trimeric fusion state are
also available, i.e. DENV2 (Modis et al., 2004),
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tick-borne encephalitis virus (Bressanelli et al.,
2004) and West Nile virus (Nybakken et al., 2006).

Of these three domains, it has been found
that Domain 3 (D3) is mostly responsible for
the virus binding to target host cells (Crill and
Roehring, 2001). Also, D3 by itself has been
shown to block virus binding. In addition to the
crystal structures mentioned above, there have
been structures of the D3 sub-unit from DENV2
(Huang et al., 2008), DENV4 (Volk et al., 2007),
West Nile virus (Volk et al,, 2004), Japanese
encephalitis virus (Wu et al., 2003), Langat virus
(Wu et al., 2003) and haemorrhagic fever virus
(Volk et al., 2006) determined by NMR spectro-
scopic techniques.

While the receptor for EGP has not been
definitively established, previous studies have
identified the glycosaminoglycan, heparan sul-
fate and a range of protein species as proposed
mammalian cell surface receptors (Clyde et al.,
2006). A recent work (Aoki et al., 2006) has
shown that there is an association between
DENV and the mammalian cell surface glycoli-
pid, paragloboside. This suggests that EGP and,
in particular D3, are carbohydrate-recognizing
proteins with small variations in sequence
between the members of this family leading to
differing cell receptors.

FIGURE 15.6 Crystal structure of the E-glycoprotein dimer of dengue virus. The red-coloured ribbon is Domain 1, the
yellow-coloured ribbon is Domain 2, while the blue-coloured ribbon is Domain 3. The surface is coloured by electrostatic

potential. (See colour plates section.)
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The available D3 structures from different
flaviviruses also allows us to come to a greater
understanding of how various neutralizing
antibodies bind to D3 and EGP (Wu et al., 2003;
Nybakken et al., 2005; Kaufmann et al., 2006;
Gromowski and Barrett, 2007) and facilitate the
design of possible therapeutics capable of halt-
ing the spread of these arthropod-borne viruses
(Figure 15.7).

4.2. Future directions

Access to the available structures and molec-
ular modelling techniques, for example blind
autodocking (Hetenyi and van der Spoel, 2002)
and saturation transfer difference (STD-) NMR
spectroscopic techniques (Mayer and Meyer,

FIGURE 15.7 Superimposition of the available flavi-
virus Domain 3 structures. Green, DENV2; red, DENV3;
blue, Japenese encephalitis virus; cyan, Langat virus;
magenta, Omsk haemorrhagic fever virus; yellow, tick-
borne encephalitis virus; and brown, West Nile virus. The
surface represents the remaining portion of the EGP dimer
and is coloured by electrostatic potential. A major difference
can be seen in loop 1 for tick-borne encephalitis virus, Omsk
haemorrhagic fever virus and Langat virus which bulges
out because there is a 4 residue deletion in the loop 2 por-
tions of these proteins. (See colour plates section.)
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2001; Haselhorst et al., 2007a,b) in combination
with glycan array studies (Day et al., 2007), will
provide exciting opportunities for the identifica-
tion of not only the host cell based glycan receptor
but also characterization of the binding site on
D3. This information combined with structure-
based drug design techniques can then be
applied to search for a possible inhibitor of the
initial recognition and binding events involved
in cellular invasion by these arthropod-borne
viruses. As presented in the influenza virus HA
example above, small molecule-based inhibitors
may not bind with sufficient affinity to produce
an entity capable of preventing virus replica-
tion, however, multivalent inhibitors may pro-
vide valuable alternatives.

5. ROTAVIRUS

Rotavirus is a member of the Reoviridae fam-
ily and is the most frequent causative agent of
severe diarrhoea in young children accounting
for 25-55% of all hospital admissions for diar-
rhoea and 600000 deaths every year (Glass
et al., 2006). While advances in the development
of vaccines have been made (Heyse et al., 2008)
for the human population, questions about
safety and efficacy still remain (Franco and
Greenberg, 2001). Furthermore, rotavirus also
impacts on productivity in the livestock indus-
try (Yu et al., 2008) and therefore further work is
needed to better understand the rotavirus life-
cycle and carbohydrate involvement for drug
and new vaccine development opportunities.

5.1. VP8*

The rotavirus virion surface spike protein
VP4 is responsible for receptor binding and
cell penetration (Ludert et al.,, 1996; Zarate
et al., 2000; Arias et al., 2002). The protein VP4
is cleaved by trypsin into the N-terminal VP8*
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fragment which has been shown to be respon-
sible for haemagglutination and the VP5*
fragment which is believed to be involved
in cellular fusion (Fiore et al.,, 1991; Ciarlet
et al., 2002; Graham et al., 2003). There has been
some controversy over the absolute require-
ment of sialic acid in the initial binding of
VP8* of the virus to the cell surface (Delorme
et al., 2001; Ciarlet et al., 2002; Isa et al., 2006).
Currently, rotavirus strains are classified as
either sialidase-sensitive, ie. they no longer
infect sialidase-treated cells inferring a sialic
acid dependence of infection, or sialidase-
insensitive as they infect cells regardless of sial-
idase treatment, thereby suggesting sialic acid
independence of infection.

To examine carbohydrate recognition fur-
ther, the first structures (NMR and X-ray) of a
VP8* from a Rhesus rotavirus strain (sialidase-
sensitive) was published in 2002 (Dormitzer
et al., 2002). Subsequently, the crystal structures
of a number of native and site-directed mutant
Rhesus rotavirus VP8* proteins have been
reported (Kraschnefski et al., 2009). The only
other VP8* structure from a sialidase-sensitive
strain that has been published is from the por-
cine CRW-8 strain (Blanchard et al., 2007). All of
the crystal structures of the above VP8* proteins
have included the ligand NeuSAca2Me (Figure
15.8). The binding site shows that the sugar
ring is positioned between two tyrosine (Tyr)
residues, while the carboxylic acid moiety of the
sialic acid forms hydrogen bonds with a serine
(Ser) residue and finally an arginine (Arg) resi-
due forms hydrogen bonds to the glycerol side
chain of the sialic acid. This sialic acid binding
motif is different to that seen in influenza virus
haemagglutinin and sialidase, but it has been
reported in several sialyl-Lewis X recognizing
bacterial toxins (Baker et al., 2007).

Further to these structural investigations, and
more relevant to human rotavirus infection, two
structures of VP8* proteins from the sialidase-
insensitive human strains Wa (Kraschnefski
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FIGURE 15.8 Crystal structure of NeuSAca2Me (cyan-
coloured carbons) bound to the VP8* protein of rotavi-
rus strain CRW-8. Hydrogen bonds to the serine (Ser) and
arginine (Arg) are shown with magenta-coloured dotted lines
while the two tyrosine (Tyr) residues which help position the
sugar ring are also shown. (See colour plates section.)

et al., 2005; Blanchard et al., 2007) and DS-1
(Monnier et al., 2006) have been determined.
Finally, a recent publication (Yu et al., 2008) has
described the crystallization and preliminary
X-ray diffraction analysis of VP8* protein from
the sialidase-sensitive bovine rotavirus strain
NCDV.

Molecular modelling and STD NMR experi-
ments within our group (Haselhorst et al,
2007a) have shown a very good correlation
between the binding of a number of sialic acid
derivatives to Rhesus rotavirus VP8* and the
degree to which these compounds can inhibit
rotavirus infection of cells. Also, information
obtained on the binding epitope of sialic acid
disaccharides showed that the penultimate
sugar residue does not interact with the protein,
but remains predominantly solvated. This is in
very good agreement with molecular dynamics
calculations that showed that this sugar (galac-
tose) was unable to adopt a conformation where
it is in close proximity to the surface (Haselhorst
et al., 2007a).
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RESEARCH FOCUS
BOX

¢ Identification of next generation influenza
virus sialidase inhibitors is required to replace
existing drugs as resistance develops.

¢ Understanding the carbohydrate recognition
processes involved in dengue virus and
rotavirus infection is necessary to enable the

development of useful chemotherapeutic
agents.

* A systematic investigation of host—virus
carbohydrate recognition phenomena would
greatly enhance the field.

5.2. Future directions

The knowledge of the binding site and lig-
and for the VP8* protein from human rotavirus
strains provides exciting opportunities for the
design of inhibitors to prevent virus entry and
infection. For example, the use of computa-
tional chemistry methods in exploring the avail-
able structural data in combination with other
techniques, such as NMR spectroscopy, will be
invaluable in advancing the role of carbohy-
drates in the rotavirus lifecycle.

6. CONCLUSIONS

A large number of clinically important
viruses utilize carbohydrate viral surface pro-
tein interactions to propagate infection and
disease. The identification and structural char-
acterization of the proteins and glycans essential
in these recognition phenomena opens up new
avenues for both drug discovery and vaccine
development. While only a limited number of
viral surface protein structures have been deter-
mined, already structure-based drug design
techniques have afforded new classes of drugs.
Although significant advances have been made
in targeting virus surface glycoproteins for the

discovery of drugs, there remains an urgent
need for further investigations (Research Focus
Box). The science of glycovirology is still in its
infancy but shows great promise for the deliv-
ery of new weapons against pathogens that
have very few drug treatments available.
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