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General Introduction

Chapter 1
Viruses are small infectious agents incapable of independent reproduction.
The ultimate intracellular parasites, they target organisms of all three domains
of life, hijacking the cellular machinery to have their progeny produced. The first
and perhaps most critical step of any viral infection is the attachment of the
virion to the cell surface. Specialized virion proteins mediate binding to specific
cell surface receptors. Often, these receptors are glycoproteins with virion
binding relying on protein-protein interactions. Many viruses, however, use
glycan-based receptors for attachment. In fact, viruses from 11 different virus
families use one particular type of sugar, sialic acid (Sia), either as their primary
receptor or as an initial attachment factor (Table 1).

A BRIEF INTRODUCTION TO SIALOGLYCOBIOLOGY
The sialic acids comprise a large family of negatively charged nine-carbon
sugars that generally form the reducing ends of glycoconjugates (for a review,
see [3]). Sia can be linked to either carbon atom 3 (C3) or C6 (giving rise to
α2,3- and α2,6-linkage, respectively) of galactose (Gal) or to C6 of Nacetylgalactosamine (GalNAc). In addition, Sia can also be added to another Sia
residue at C8 (α2,8-) or C9 (α2,9-) in the glycerol side-chain. Whereas α2,3and α2,6-linkages are mostly observed in N- and O-linked glycans, the α2,8linkage is common in glycolipids.
As a result of differential modification of the neuraminic acid (Neu)
backbone, the diversity of Sias exceeds that of any other monosaccharide (Fig.
1). Sia molecules can be divided into three core structures depending on the
substituent at C5, which may be either a hydroxyl- (Kdn), an N-acetyl(Neu5Ac), or an N-glycolyl group (Neu5Gc). Furthermore, the hydroxyl groups
at C4, C7, C8 and C9 can be substituted by O-acetyl, O-lactyl, O-phosphate, Osulfate and/or O-methyl groups (Fig. 1). Among these modifications, Oacetylation is most common [83].
Fig. 1. Structural diversity of the sialic
acids. The neuraminic acid backbone can be
modified at multiple positions indicated by R4,
R5, R7, R8, and R9. The R5 can either contain a
hydroxyl, N-acetyl, or N-gycolyl group. R7
contains either a hydroxyl or O-acetyl group
while the hydroxyl group at R8 can be
substituted for an O-acetyl, O-methyl or Osulfate group. The ultimate position (R9) can
contain a hydroxyl, O-acetyl, O-lactyl, Ophosphate or O-sulfate group.
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Table 1. Viruses that use Sia either as main receptor or initial attachment factor
Family

Virus

Orthomyxoviridae

Human Influenza virus A
Avian influenza virus A

Influenza virus C

[58, 63, 124]

[116]

Sendai virus

[102]

[194]

Mumps virus

[103]

Porcine rubulavirus LPM

[177]
[121-122]

Reovirus type 1

[60]

Reovirus type 3

[10, 48, 53]

Porcine rotavirus group A OSU

[126]

Porcine rotavirus group C AmC-1

[163]

Porcine rotavirus CRW-8
Human rotavirus KUN, MO, Wa
Simian rotavirus RRV

[59]
[55, 59, 86]
[39, 100, 185]

Simian rotavirus SA11

[37]

Bovine rotavirus NCDV

[37, 82]

Bluetongue virus

[44, 196]

Mouse hepatitis virus S

[90, 120, 149]

Mouse hepatitis virus DVIM

[90, 149, 156]

Bovine coronavirus

[87, 179, 195]

Human coronavirus OC43

[87]

Porcine hemagglutinating encephalomyelitis virus

[137]

Porcine transmissible gastroenteritis coronavirus

[138]

Avian infectious bronchitis coronavirus

[133]

Porcine torovirus
Bovine torovirus

[91, 133]

Bovine enterovirus 261

[155]

Human enterovirus type 70

[110]

Human enterovirus type 71

[191]

Human rhinovirus type 87

[170]

Human coxsackievirus A24v

Adenoviridae

[1, 160]

Parainfluenza virus 5 (SV5)

Parainfluenza virus 2 and 4

Picornaviridae

[45, 49]

Newcastle disease virus

Human parainfluenza virus 3

Coronaviridae

161]
[162, 190]

Human parainfluenza virus 1

Reovirida

[71, 125, 128,

Influenza virus B

Isavirus
Paramyxoviridae

Ref

[109]

Equine rhinitis A virus

[51, 153]

Theiler’s encephalomyelitis virus

[197-198]

Encephalomyocarditis virus

[46, 165]

Mengovirus

[2]

Adenovirus type 37

[5]

Adenovirus type 8, 19a

[6]

Canine adenovirus 2

[141]

Bovine adenovirus 3

[95]
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Table 1. Continuous
Parvoviridae

Adeno-associated virus type 1

[74]

Adeno-associated virus type 5

[74, 182]

Adeno-associated virus type 6

[188]

Bovine adeno-associated virus

[132]

Minute virus of mice

[105]

Feline panleukopenia virus
Canine parvovirus
Bovine parvovirus
Polyomaviridae

Mouse polyoma virus

[84, 97]
[40, 146]

Monkey B-lymphotropic papovavirus

Hepadnaviridae

[166]
[20, 50, 169]

BK polyomavirus

Simian virus 40

Rhabdoviridae

[8, 168]

JC polyomavirus

Merkel cell polyomavirus

Herpesviridae

[188]

Adeno-associated virus type 4

[47]
[107, 169]
[80-81]

Human cytomegalovirus

[98]

Mouse cytomegalovirus

[119]

Rabies virus

[158]

Vesicular stomatitis virus

[26]

Hepatitis B virus

[85]

O-acetylated sialic acid. Sia O-acetylation is regulated through the
expression of two types of enzymes with opposite activities; sialate-Oacetylesterases (O-AEs; [118, 130]) and sialate-O-acetyltransferases (O-ATs;
[99, 167]). Of the latter type of enzyme, at least two distinct variants exist, one
transferring an O-Ac group to Sia C4 [73, 167] and the other to C7 [172]. Under
physiological conditions, the 7-O-Ac group will migrate spontaneously towards
the C9 position yielding 9-O-Ac-Sia [75]. Further O-acetylation at the C7
position might then give rise to 7,9-di- and 7,8,9-tri-O-Ac-Sias [70]. Whether
multiple O-acetylation of the glycerol side-chain is achieved by a single type of
7-O-AT or requires two or more distinct enzymes is not known. In cultured cells,
the existence of at least two different O-AT pathways has been suggested to
control Sia O-acetylation of distinct glycoconjugates [41]. It remains an open
question, however, whether this would entail two different O-ATs or the
involvement of target-specific co-factors. Several bacterial O-ATs have already
been characterized in detail [12, 23, 38, 66, 93, 152, 178], but identification of
mammalian O-AT genes has proven to be far more difficult [76, 112, 129, 144].
Only recently, the Cas1 domain-containing protein 1 (CasD1) gene was
proposed to encode a potential O-AT [4]. Increased levels of CasD1 enhanced
Sia O-acetylation of GD3 gycolipids, but the effect of upregulation of CasD1
expression on the O-acetylation of the Sias on O- and N-linked glycans has not
been investigated well.
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The O-AEs are involved in the regulation of Sia O-acetylation by
hydrolyzing the O-Ac groups and considered essential in Sia catabolism. Genes
for O-AEs have been identified and their expression products have been studied,
albeit still very poorly. Mammalian O-AEs are serine hydrolases [65] and come
in two types that hydrolyze either an O-Ac group at C4 (4-O-AE) or C9 (9-O-AE)
[131]. The latter activity has been detected in rat [18, 64], mouse [154, 164],
human [142, 176, 199], bovine [99] and horse tissues [131]. Of these 9-O-AEs,
two different splice variants have been described, one localizing to the
lysosomes, the other to the cytosol [143, 164]. So far, 4-O-AE activity has been
detected only in liver extracts of horse and guinea pig [72, 131]. This enzyme
has been referred to as the “missing link” [131] in the catabolism of 4-O-Ac-Sia
as there are no sialidases known that can release this type of modified Sia from
the penultimate residue [28]. There is little doubt, related O-AE enzymes are
expressed in mouse [123], rat [83] and salmon [108] as also these species
produce 4-O-Ac-Sia.
Function of sialic acid. In vertebrates, Sias are expressed on nearly
every cell type. Expression of these negatively charged sugars is particularly
high on the luminal surface of vascular endothelium cells [15]. As blood cells are
negatively charged as well, it is believed that the strong electrostatic repulsion
between the circulating cells and endothelia prevents inadvertent adhesion [15].
Cell surface Sia expression also seems to determine the life span of erythrocytes
[17]. As red blood cells age and their surface Sia density decreases, they are
recognized by galactose-specific lectins on macrophages and eliminated through
phagocytosis [104]. Sias are also extremely ubiquitous in mucin-type
glycoproteins as a result of which these proteins are capably of retaining water
to form an almost impermeable hydrogel, protecting the airway and gut epithelia
against dehydration and invasion by pathogens [181].
Sias are also believed to be involved in various intra- and intercellular
signaling events and in the regulation of the immune system by functioning as
ligands for complement factor H, selectins and siglecs (for reviews, see [30,
173-174]). Factor H, the first vertebrate Sia binding protein to be identified,
functions as negative regulator of the innate immune system [78]. The Factor H
lectin binds Sia on the cell-surface and prevents activation of the alternative
complement pathway. Selectins are C-type lectins and function in the
recruitment of blood cells to sites of infection [89]. Selectins on stimulated
vascular epithelial cells enhance adsorption of lymphocytes and platelets by
binding Sia determinants on these cells. Siglecs (signalling lectins) are Sia
binding proteins that belong to the I-type lectins of the immunoglobulin
superfamily. Many siglecs are expressed on cells of the innate immune system
such as monocytes, macrophages, NK-cells and granulocytes [31]. In most
cases, their function is not known. However, Siglec-2 (CD22, expressed on B13
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cells) is believed to serve as a repressor of B-cell activation via Sia-dependent in
cis interactions with the B-cell receptor [111]. Binding of CD22 to Sia-containing
receptors in trans has also been reported [24]; whether this interaction
influences B-cell activation as well is unclear.
The importance of sialic acid O-acetylation. The function of Sia Oacetylation is not well known, nor do we fully comprehend the regulation of the
enzymes involved in this modification. Nonetheless, the modification of Sia
seems to be cell specific and dependent on cell or tissue developmental stage,
as exemplified by for instance the tightly controlled expression of 9-O-acetylated
Sia during maturation of the brain [14, 25, 92, 171]. Moreover, in mice,
transgenic expression of a viral 9-O-AE under control of the metallothionein
promotor (active in nearly every cell; [115]) to reduce Sia 9-O-acetylation,
proved lethal, arresting embryonic development at the 2-cell stage. When
expression of the viral O-AE was placed under control of the more restricted,
tissue-specific phenylethanolamine-N-methyltransferase promoter (active in
retina and adrenal gland; [7]), the transgenic mice showed developmental
abnormalities in the respective tissues [175]. Recent work by the group of Pillai
[21, 159] shows that diminishing cellular 9-O-AE activity, which enhances 9-Oacetylation of Sia, affects B-cell activation by masking Sia ligands of CD22 [13,
147]. The resulting imbalance in B-cell activation apparently gives rise to
autoimmune disease [159]. 	
  
Altered expression of O-acetylated Sia has been observed in several forms
of cancer. Blood cells of acute lymphoblastic leukemia patients show increased
levels of 9-O-acetylated Sia [114, 145], while in colon cancer the extent of Sia
O-acetylation is reduced [19, 27, 142].
Sialoglycovirology. Because of their topology in the sugar chain, Sias
are not only essential components of the glycotopes of many different regulatory
cellular lectins, but -for the same reason- they have also become prime targets
for viral attachment. As a rule, viruses have evolved to bind specific types of Sia
receptors. Yet despite their fastidiousness, viruses may still bind to these Sias
when present on off-target cells, in extracellular components like mucins, and
even on the viral progeny. Irreversible binding to such decoy receptor
determinants would result in a considerable loss of infectivity. To ward against
this hazard, some viruses bind Sia only with low-affinity, placing themselves at
the mercy of the biological equilibrium to escape non-productive attachment.
Other viruses, however, developed a strategy that entails high affinity reversible
binding through the use of virion-associated receptor-destroying enzymes
(RDEs).
RDEs have been identified in influenza viruses [61-62, 67], in
paramyxoviruses like Newcastle disease virus and mumps virus [68], in certain
14	
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coronaviruses [180] and in toroviruses [29]. George Hirst [67] was first to
describe the neuraminidases (NAs) of influenza virus A and B -enzymes that
hydrolyze the glycosidic bond between Sia and the adjacent residue (Fig. 2;
[54])- and he immediately grasped the function and importance of RDEs in the
biology of these viruses. Soon after this important discovery, a similar activity
was reported in paramyxoviruses [68].
Another type of RDE was identified in influenza C virus. In contrast to
influenza A and B viruses, influenza C virus uses 9-O-acetylated Sia as primary
receptor. Lacking an NA, it possesses a single type of spike protein, the
hemagglutinin-eserase fusion protein (HEF), that (i) acts as a receptor-binding
protein, (ii) mediates fusion and (iii) displays sialate-9-O-acetylesterase (9-OAE) activity (Fig. 2; [62]). Instead of targeting the glycosidic linkage of Sia, this
type of RDE only hydrolyzes the O-acetyl modification to render the receptor
non-functional (for a review, see [32]). Similar RDEs have been identified in
infectious salmon anemia virus [61], an orthomyxovirus of fish, as well as in a
subset of coronaviruses [180] and in toroviruses [29]. The last two groups of
viruses both belong to the family Coronaviridae.
Fig. 2. Two types of
virion-associated
receptor-destroying
enzymes.
Sialidase
(Neuraminidase) RDE
activity acts on the
glycosidic
linkage
between the sialic acid
and penultimate sugar
molecule. The sialateO-acetylesterase RDE
comes in two types,
one specifically hydrolyzing the Sia 9-Oacetyl
group,
the
other targeting the 4O-acetyl group.

Sialate-9-O-acetylesterase:
Bovine Coronavirus
Mouse Hepatitis Virus DVIM
Torovirus
Influenza C Virus

Sialate-4-O-acetylesterase:

Sialidase (Neuraminidase):

Mouse Hepatitis Virus S
Infectious Salmon Anemia Virus

Influenza A, B Viruses
Parainfluenza viruses

A BRIEF INTRODUCTION TO CORONAVIROLOGY
Coronavirus taxonomy. The family Coronaviridae (order Nidovirales)
comprises a group of evolutionary related, enveloped, positive-strand RNA
viruses of mammals, birds and fish. It consists of two subfamilies, the
Torovirinae encompassing the genera Torovirus and Bafinivirus and the
Coronavirinae, with three genera Alpha-, Beta- and Gammacoronavirus (until
recently commonly referred to as group 1, 2 and 3, respectively; Fig. 3A).

15
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Within each coronavirus genus, distinct lineages or phyloclusters can be
distinguished. For example, the genus Betacoronavirus is comprised of lineages
A (represented by the species Murine coronavirus [MuCoV], Human coronavirus
HKU1 [HCoV-HKU1] and Betacoronavirus-1), B (represented by the Severe
Acute Respiratory Syndrome [SARS]-related coronaviruses; SARSr-CoVs), and C
and D (represented by recently described bat coronaviruses [187]; Fig. 3B).

A
order:

Nidovirales

family:

subfamily:

genus:

Coronaviridae

Coronavirinae

Alpha
CoV

B

Beta
CoV

Rondiviridae Arteriviridae

Torovirinae

Gamma
CoV

Torovirus

Bafinivirus

Okavirus

Species

Arterivirus

Lineage

Betacoronavirus-1
Murine coronavirus

A

Human coronavirus HKU1
SARS-related coronavirus

B

Rousettus bat coronavirus HKU9

D

Tylonycteris bat coronavirus HKU4
Pipistrellus bat coronavirus HKU5

C

0.1
Fig. 3. Phylogenic relationships among the different taxa in the order Nidovirales. (A) Phylogram depicting
the relationships between various genera in the order Nidovirales. Genera of which particular members express HE,
are indicated in blue. (B) Phylogenic relationships among species within the genus Betacoronavirus. A NeighbourJoining tree was generated from amino acid sequence alignments of parts of the replicase genes. The distinct
lineages A through D are indicated (see http://talk.ictvonline.org/media/g/vertebrate-2008/default.aspx).

Virion morphology. Among the different taxa within the family
Coronaviridae, there are large differences in virion architecture (particularly in
the structure of the nucleocapsid), but there are similarities in virion
composition. Toroviruses (from the Latin torus; a term used in geometry for a
three-dimensional structure in the shape of a hollow donut) were named after
16	
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the peculiar morphology of the nucleocapsid (a tubulus bend in an open torus)
as observed in a subset of spherical particles [183]. Recent observations,
however, suggest this to be an electron microscopy artifact and it is thought
that the virions of toroviruses, under physiological conditions, are bacilliform like
those of the closely related bafiniviruses (acronym; bacilliform fish nidoviruses
[140]). The virions of coronaviruses, as they appear in cryo-electron
tomographs, are distinctively spherical (envelope outer diameter 85 ± 5 nm)
with an exceptionally thick membrane (7.8 ± 0.7 nm) and a nucleocapsid in the
form of a loosely-wound helix, tightly folded to form a compact core [9]. The
particles of toro-, bafini- and coronaviruses are all typically decorated with large
15-to-20-nm long club- or petal-shaped surface projections (the “peplomers” or
“spikes”) that are composed of the homo-trimeric class I fusion protein S (Fig.
4). In electron micrographs of spherical particles, these spikes create an image
reminiscent of the solar corona (Fig. 4B), which, as a matter of fact, inspired the
name of the ‘true’ coronaviruses. Remarkably, the virions of group A
betacoronaviruses (Fig. 4C) and toroviruses display a second type of surface
projection, 5-7 nm in length. As will be detailed below, these minor spikes,
comprised of the homo-dimeric hemagglutinin-esterase (HE) glycoprotein, their
function, evolution and role in the infection process are the main topics of this
thesis.

A
Nucleocapsid
(NC)

Membrane
protein (M)

B

C
-HE

+HE

50nm

50nm

Envelope
protein (E)
Hemagglutininesterase (HE)

Spike
protein (S)

Fig. 4. Composition of the coronavirus virion. (A) Schematic representation of the coronavirus virion. The
nucleocapsid (NC) is surrounded by a lipid bilayer, containing four different viral proteins, the spike protein (S), the
hemagglutinin-esterase protein (HE), the membrane protein (M), and the minor envelope protein (E). Note that the
HE and E proteins are not expressed in all members of the Coronaviridae. (B and C) Electron micrographs of MHV
virions showing particles with or without the HE envelope glycoprotein, respectively (adopted from Lissenberg et al.
[96].

Genome organization. In terms of genetic complexity, viruses of the
Coronaviridae family are the largest RNA viruses identified so far, their genomes
ranging in size from 26 to 32 kb. They share a common genome organization
(Fig. 5). The 5’-most two-thirds of the genome is taken up by two large open
reading frames (ORFs) 1a and 1b that encode the replicase proteins. These

17
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ORFs are directly translated from the genomic RNA into two large polyproteins
1a and 1ab that are autocatalytically processed by viral proteinases to yield -in
the case of the true coronaviruses- 15 or 16 nonstructural proteins [200].
Downstream of ORFs 1a and 1b, and in strictly conserved order, are the genes
for the structural proteins, i.e. the spike (S), membrane (M), and nucleocapsid
(N) proteins, and -in coronaviruses exclusively- the minor envelope (E) protein
(Fig. 5).
In coronavirus genomes, the genes for the structural proteins are
interspersed by ORFs encoding so-called accessory or niche-specific proteins.
These ORFs, which include the group A Betacoronavirus gene for HE, are genus-,
lineage- or sometimes even virus-specific. Their number differs widely among
the various coronavirus species (Fig. 5) and there can be as many as eight in
the case of SARS-CoV [106]. In general, the deletion of accessory genes has
little to no effect on viral replication in vitro -if anything, it even increases
replication efficiency- [96], but not so in vivo. Inactivation of accessory genes
generally results in reduced virulence and attenuation [34, 56, 113]. Thus, the
encoded proteins seem to play key roles in virus-host interactions, even though
for most of them their function and mode of action are unknown. One exception
is the HE protein. An accessory protein of group A betacorona- and toroviruses
(Figs. 3 and 5), it mediates the reversible attachment of virions to O-acetylated
Sia receptor determinants (for a review, see [32]).

Alphacoronavirus

1b

1a

S

(FIPV)

Betacoronavirus

1b

1a

7ab

S

EM N

2a
1b

1a

4ab 5a
S

(IBV)

EM
3ab

1a

1b

S

Torovirus

N
An

5ab

M HE N
An

1a

Bafinivirus

An

3abc

An

(MHV)

Gammacoronavirus

HE

EM N

1b

S

MN
An

Fig. 5. Schematic representation of the viral genome of Coronaviridae family members. Boxes represent the
genes for the replicase (ORFs 1a and 1b), spike (S), envelope (E), membrane (M), nucleocapsid (N), and accessory
proteins. Cap structure and polyA tail are indicated by a blue dot and An, respectively. The box representing the HE
gene is shaded in blue.

Corona- and torovirus attachment and receptor usage. Both in
corona- and toroviruses host cell attachment is dominated by the S protein, a
type I membrane glycoprotein that, in most instances, becomes proteolytically
cleaved into an N-terminal subunit, S1, and a C-terminal subunit, S2 [22]. The
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latter is membrane-anchored and contains the heptad repeat regions that are a
hallmark of class I viral fusion proteins [33, 148]. As has been shown for
coronavirus S proteins, the S1 subunit comprises the receptor-binding site. In
most if not all cases, binding of S to its receptor is a prerequisite for subsequent
fusion of the viral envelope and a host cell membrane [16, 52]. Because of its
overriding role in attachment and entry, the S protein is a main determinant of
host tropism [57, 88].
As of yet, no primary receptor for ToV attachment has been identified, but
several CoV receptors are known. Many members of the Alphacoronavirus genus
use aminopeptidase N (APN; [11, 36, 192]) as primary receptor, while human
coronavirus strain NL63 (genus Alphacoronavirus) as well as SARS-CoV (genus
Betacoronavirus) employ angiotensin-converting enzyme 2 [69, 94]. Murine
coronaviruses (genus Betacoronavirus) utilize carcinoembryonic antigen-related
cell adhesion molecule (CEACAM) as their receptor essential for cell entry [4243, 52, 184].
Some CoVs, however, do not bind to a specific glycoprotein, but rather
attach to glycans. Infectious bronchitis virus (genus Gammacoronavirus) and
viruses that belong to the species Betacoronavirus-1 (genus Betacoronavirus)
bind to Sia [77, 136, 180, 186, 189]. Moreover, MuCoVs (genus
Betacoronavirus) and transmissible gastroenteritis virus (TGEV; genus
Alphacoronavirus) bind not only to their specific “main” receptors (CAECAM and
APN, respectively), but also to Sia [134, 138, 157]. At the start of this thesis
project, it was generally assumed that for MuCoV and for the members of the
species Betacoronavirus-1 binding to Sias was mediated by the S protein [87,
135, 189].

THE HEMAGGLUTININ-ESTERASE PROTEIN
As already alluded to, the members of Betacoronavirus phylogroup A are
unique among coronaviruses in that they possess not one but two types of
surface projections (Fig. 4C), the additional ones being comprised of the HE
protein. While the discovery that the CoV HE protein displays 30% sequence
identity to influenza C virus HEF already caused a stir [179], the surprise
became even bigger when a related protein, evolutionary equidistant to CoV HE
and influenza C virus HEF (Fig. 6), was found in toroviruses [29]. It was clear
from onset that the presence of related proteins in two widely different groups of
RNA viruses (orthomyxoviruses with a segmented negative-stranded genome
and nidoviruses, with a unimolecular positive-stranded genome) could only be
explained by horizontal gene transfer through heterologous RNA recombination
[150]. Moreover, although CoVs and ToVs share a common evolutionary
ancestry [35, 151], the presence of HE in only one lineage of CoVs (Fig 3B), the
19
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different genomic position of the HE genes in the CoV and ToV genomes (Fig. 5),
and the evolutionary distance between the CoV and ToV HE proteins (Fig. 6) all
suggest that corona- and toroviruses must have acquired HE via two separate,
relatively recent gene transfer events [29, 101, 150]. The origin of the nidovirus
HE proteins and the direction of gene flow remained obscure, however.
When this research project was initiated, HEF was still the bestcharacterized member of this remarkable protein family. Biochemical analysis
had shown HEF to assemble into a non-covalently linked homotrimeric protein,
the monomers of which become proteolytically cleaved into two subunits [127].
The C-terminal subunit HEF2 forms most of the fusion domain, while the Nterminal subunit HEF1 possesses two functional domains that are responsible for
receptor-binding and sialate-O-AE RDE activity. The HEF crystal structure was
solved [127], which revealed an elongated stem comprising the fusion-domain
and a bulky head domain encompassing the receptor-binding and esterase
domains. Soaking the HEF crystals with the non-hydrolysable 9-S-Ac-Sia analog
showed the positioning of the sugar molecule in the catalytic pocket as well as in
the receptor-binding site. The receptor is bound in a similar way as in the HA
protein of influenza A virus. Yet, unique to HEF is a non-polar pocket
Fig. 6. Neighbor-Joining tree
illustrating the phylogenetic
relationships among corona-,
toro-, and influenza C virus HE
proteins. Colored clouds indicate
the different enzyme preferences
with 9-O- (blue), 4-O- (light
gray),
and
7,9-di-O-acetylesterase activity (in dark gray).
Adapted from Smits et al. [149].
Note that the recently identified
HCoV-HKU1 HE has not been
characterized yet.
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accommodating the 9-O-Ac moiety critical for receptor recognition. Furthermore,
comparison of the HEF structure to that of HA, which lacks esterase activity,
revealed structural elements in HA strongly resembling parts of the HEF esterase
domain. These observations were taken to indicate that HA has arisen from an
HEF-like protein and lost most of its esterase domain in the course of evolution
[127].
Nidovirus HE proteins share sequence identity only with HEF1 and
sequences corresponding to HEF2 are lacking, consistent with the fact that the
nidovirus HE proteins do not mediate membrane fusion. Moreover, in contrast to
HEF, the CoV assemble into disulfide-homodimers [29, 32]; at the time this
research project commenced, the quaternary structure of the ToV HE was
unknown.
HE RDE specificity. Early biochemical analysis of CoV and ToV HEs
established that these proteins, like influenza C virus HEF, are sialate-Oacetylesterases [137, 139, 179]. More recent studies also showed that CoV and
ToV evolution had resulted in notable differences in HE substrate preference [32,
120, 149]. The most striking example is the existence of two MuCoV biotypes
represented by mouse hepatitis virus (MHV) strains DVIM and S. The HE protein
of MHV-DVIM, like influenza C virus HEF, is a 9-O-AE (Figs. 2 and 6; [149,
157]). In contrast, MHV-S HE hydrolyzes specifically the O-acetyl group from the
Sia C4 position, thus displays sialate-4-O-acetylesterase (4-O-AE) activity (Figs.
2 and 6; [120, 149, 189]). More subtle differences in O-acetylesterase activity
were found among ToV HEs [149, 189]. While all ToV HEs characterized so far
display sialate-9-O-acetylesterase activity, those of porcine toroviruses (PToVs)
have a strict specificity for 9-mono-O-acetylated Sia whereas those of bovine
toroviruses (BToVs) prefer 7,9-di-O-acetylated Sia (7,9-di-O-AE) substrates
(Fig. 6; [149]).
Function and evolution of HE. The role of HE in the viral life cycle
remains largely unknown. During propagation of MHV in cultured cells, mutant
viruses with an inactivated HE gene are selected [96]. Conversely, under natural
conditions the CoV and ToV HE genes are maintained. Moreover, as indicated by
comparative sequence analysis, both in the course of betacorona- and torovirus
evolution, HE coding regions have been exchanged between different viruses via
intergenotypic homologous RNA recombination [149]. The combined findings
indicate that expression of the HE protein provides a strong selective advantage
during the natural infection [29, 149]. In animal experiments using recombinant
MuCoVs expressing heterologous S and HE proteins in the context of MHV strain
A59, HE promoted viral spread in mouse brain [79]. The mice, however, were
inoculated intracranially, which is clearly a non-natural infection route.
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Elucidation of the role and importance of HE for MuCoV infection in vivo would
require a more natural infection model.
As HE displays RDE activity, it was proposed that in group A
betacoronaviruses and in toroviruses, S and HE would play roles in reversible
attachment to Sia receptor determinants similar to those of influenza virus HA
and NA, with S mediating binding and HE mediating virus elution through
receptor-destruction [87, 135, 189]. A number of observations seemed at
angles with this, and suggested that HE also functions as a Sia-binding protein.
For example, HEs, heterologously expressed in cultured cells, cause
heamabsorption [117, 193] and erythrocytes can be agglutinated by HE,
extracted from coronavirus virions [139, 157]. In a more virological approach,
stably transfected cells producing the HE protein of BCoV were infected with
MHV-A59, a virus that lacks HE and does not hemagglutinate [101]. The authors
showed that BCoV HE-pseudotyped MHV-A59 now did agglutinate mouse
erythrocytes. Even so, when we started our work, the view that HE merely
functions as RDE while the S protein serves as the main Sia binding protein was
still the prevailing one in the field.
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OUTLINE OF THIS THESIS
As outlined in this introduction, the nidovirus HEs are intriguing viral
envelope glycoproteins. In comparison to other nidovirus structural proteins that
have been studied in considerable detail, the corona- and torovirus HE proteins
received little attention so far. At the onset of my PhD project, many questions
regarding HE structure, evolution, and function remained. What is the origin of
the corona- and torovirus HE proteins? What is the quaternary structure of the
torovirus HE protein? How can proteins as closely related as corona- and
influenza virus HEs yet adopt such widely different oligomeric organizations?
What is the molecular basis of sialate-O-acetylesterase substrate specificity?
What is their biological function? Do the nidovirus HEs primarily act as RDEs or
do they also mediate virion attachment to O-acetylated Sias like HEF does? Do
they possess separate receptor-binding domains? Do they actually function as
lectins? If so, do RDE substrate preference and lectin ligand specificity
correspond? And last but not least, might there be practical applications for
these viral proteins as novel tools to further the field of sialoglycobiology?
To answer these and many other questions, we took a multi-disciplinary
approach entailing protein crystallography, structure-guided mutagenesis, in
silico structure modeling, sialoglycobiology, enzymology, immunohistochemistry,
and molecular virology. In this endeavor, the contributions and expertise of
many people, but first and foremost that of our close collaborators of the
Crystallography (Qinghong Zeng and Eric Huizinga) and Glycoscience and
Biocatalysis (Gerrit Gerwig and Hans Kamerling) sections of the Bijvoet Center
for Biomolecular Research proved invaluable.
In Chapters 2 and 3, the crystal structures of the HEs of bovine
coronavirus strain Mebus, porcine torovirus strain Markelo and bovine torovirus
strain Breda are presented, the first high resolution structures reported for any
nidovirus structural protein. A study into the relative contributions of HE and S
glycoproteins to MuCoV virion attachment to O-Ac-Sia receptors is described in
Chapter 4, while in Chapter 5, the first (partial) structure of 4-O-Ac-Sia-specific
HE (that of MuCoV strain S) is presented. In Chapter 6, nidovirus HEs were
studied and compared for their substrate and ligand preferences. We
demonstrate that select HE proteins can be applied as high-affinity, highspecificity virolectins allowing -again for the first time- detection of distinct OAc-Sia species in situ in mammalian cells and tissues. These results and a
number of unpublished observations are discussed and put into broader
perspective in the summarizing Chapter 7. The reader might find that while we
may have succeeded in answering some of the questions we asked ourselves in
the beginning, our findings leave us with a multitude of new ones.
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ABSTRACT
	
  
The hemagglutinin-esterases (HEs) are a family of viral envelope
glycoproteins that mediate reversible attachment to O-acetylated sialic acids by
acting both as lectins and as receptor-destroying enzymes (RDEs). Related HEs
occur in influenza C, toro- and coronaviruses apparently as a result of relatively
recent lateral gene transfer events. Here we report the crystal structure of a
coronavirus (CoV) HE in complex with its receptor. We show that CoV HE arose
from an influenza C-like hemagglutinin-esterase fusion protein (HEF). In the
process, HE was transformed from a trimer into a dimer, while remnants of the
fusion domain were adapted to establish novel monomer-monomer contacts.
Whereas the structural design of the RDE-acetylesterase domain remained
unaltered, the HE receptor-binding domain underwent remodeling to such extent
that the ligand is now bound in opposite orientation. This is surprising as the
architecture of the HEF site was preserved in influenza A hemagglutinin (HA)
over a much larger evolutionary distance, a switch in receptor-specificity and
extensive antigenic variation notwithstanding. Apparently, HA and HEF are
under more stringent selective constraints than HE, limiting their exploration of
alternative binding-site topologies. We attribute the plasticity of the CoV HE
receptor-binding site to evolutionary flexibility conferred by functional
redundancy between HE and its companion spike protein S. Our findings offer
unique insights into the structural and functional consequences of independent
protein evolution following interviral gene exchange and open new potential
avenues to broad-spectrum antiviral drug design.
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INTRODUCTION
Many different respiratory and enteric viruses initiate infection by binding
to sialic acids. These 9-carbon amino-sugars are common terminal residues of
glycoconjugates and occur in a wide variety, which arises from differential
modification of the parental molecule, 5-N-acetyl neuraminic acid (Neu5Ac), as
well as from differences in glycosidic linkage [3]. Although viruses may attain
host and cell specificity by being selective for particular sialic acid subtypes [3,
19, 26, 30], even these receptors may still occur abundantly on off-target host
cells (including the infected cell), on viral progeny and on soluble and insoluble
molecules in the extra-cellular environment. To prevent irreversible binding to
“decoy receptors” and consequent loss of infectivity, orthomyxo-, paramyxoand coronaviruses encode virion-associated receptor-destroying enzymes (RDEs)
[6, 40, 43]. In turn, RDEs make prime targets for antiviral intervention, as
exemplified by the influenza A virus neuraminidase [21, 22, 38].
The coronaviruses are a group of enveloped (+)strand RNA viruses that
comprises several important pathogens of human clinical and veterinary
importance, including SARS-coronavirus, human respiratory coronavirus (HCoV)
OC43 and its proposed zoonotic ancestor [34], bovine coronavirus (BCoV).
HCoV-OC43 and BCoV use 9-O-acetylated sialic acids as receptor and
correspondingly possess sialate-9-O-acetylesterases as RDE [36, 37]. Enzymatic
activity is associated with the hemagglutinin-esterase (HE), a homodimeric class
I membrane protein (for a review, see [6]). Although among coronaviruses, HE
is exclusive to members of group A betacoronaviruses [6], closely related
proteins do occur in toroviruses [5, 32, 33] and in orthomyxoviruses of
mammals [11] and fish [8]. Best studied is the influenza C virus hemagglutininesterase fusion protein (HEF), a homo-trimeric multifunctional spike protein that
mediates virion attachment, receptor-destruction as well as membrane fusion
[9, 10, 27, 35].
The presence of homologous HE genes in the genomes of viruses from
three distinct taxa is generally ascribed to RNA recombination and would have
required two lateral gene transfer events at the minimum [6, 18, 33]. The
source of the HE module and the direction of gene flow remain to be
established, however [6]. Moreover, the influenza, toro- and coronavirus
hemagglutinin-esterases followed independent evolutionary trajectories, the
functional and structural consequences of which are poorly understood. Unlike
HEF, CoV HEs lack membrane fusion activity and in the virion they are accessory
to the spike protein S, a receptor-binding fusion protein. Furthermore, although
CoV HEs do bind to sialic acid, their role in virion attachment is subject to
debate [6]. Reportedly, CoV HEs serve primarily as RDE [29], but this view is at
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variance with observations that esterase-deficient HE promotes viral spread in
vivo [14]. Intriguingly, there is no obvious sequence homology between the HEF
receptor-binding site and corresponding regions in HE, raising the question of
whether CoV HEs possess a separate receptor-binding site or mediate sialic acidbinding and catalysis through a single site in the esterase pocket [6].
To further our understanding of the function and evolution of coronavirus
HEs, we expressed BCoV HE and solved its structure, free and in complex with
its receptor.
Fig. 1. BCoV HE-Fc chimeras
retain esterase and lectin
activity.
(A)
HE-Fc
displays
sialate-9-O-acetylesterase activity.
Purified HE-Fc was assayed for
substrate specificity as described
[32] with the synthetic di-Oacetylated sialic acid analogue
αNeu4,5,9Ac32Me as substrate.
Graphs show total ion current gaschromatograms. Sialic acids were
identified by mass spectrometry:
αNeu4,5,9Ac32Me
(peak
1),
αNeu4,5, Ac22Me (peak 2); peak 1’
and 3 represent non-sialic acid
compounds. (B) HE-Fc, but not
esterase deficient HE0-Fc, destroys
BCoV receptors on the surface of
tissue culture cells. MDBK cell
monolayers were mock-treated,
treated neuraminidase (NA) or
with the HE-Fc chimeras and
subsequently infected with BCoV.
Infected cells were visualized by
an in situ acetylesterase staining.
(C) HE-Fc destroys BCoV receptors
on rat erythrocytes. Erythrocytes
were mock-treated or treated with
HE-Fc and subsequently subjected
to hemagglutination assay with
two-fold dilutions of BCoV (+) or
with PBS (−). (D) HE0-Fc lectin
activity
allows
immunohistochemical
detection
of
9-Oacetylated
sialic
acid
on
monolayers of polarized MDBK
cells (green). Cell contacts were
visualized by staining for PANCadherin (red) and nuclei by
staining with HOECHST 33258
(blue).
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RESULTS AND DISCUSSION
Expression, Purification and Biochemical Analysis of CoV HE. We
produced the ectodomain of BCoV HE (residues 19-388) in enzymatically-active
(HE) and inactive form (HE0, containing an active site Ser40Ala substitution) as
Fc-fusion proteins by transiently transfecting N-acetylglucosaminyltransferasedeficient HEK293S cells with expression plasmids encoding the respective
molecules. Soluble CoV HE was purified by protein A-affinity chromatography of
the Fc chimeras followed by on-the-bead thrombin digestion. The proteins were
tested in a series of assays to confirm that biological functions had been
retained also as an indication for proper folding. Indeed, in cleavage assays with
a synthetic di-O-acetylated Sia (5-N-acetyl-4,9-di-O-acetylneuraminic acid αmethylglycoside, αNeu4,5,9Ac32Me) as substrate, HE-Fc displayed sialate-9-Oacetylesterase activity (Fig. 1A). In addition, HE-Fc, but not its esterasedeficient derivative HE0-Fc specifically destroyed BCoV receptors on rat erythrocytes and on MDBK cells (Figs. 1B and C). Moreover, HE-Fc and HE0-Fc retained
lectin activity as demonstrated by hemagglutination assay (Figs. 1C and 6E) and
by Sia-specific immunofluorescence staining of tissue culture cells (Fig. 1D).
Fig. 2. Structure of HE and
comparison to HEF. (A) Ribbon
representation of the BCoV HE
dimer. One HE monomer is colored
grey, the other by domain: lectin
domain (R, blue) with bound
αNeu4,5,9Ac32Me (cyan sticks) and
potassium ion (magenta sphere);
esterase domain (E, green) with
Ser-His-Asp
active
site
triad
(magenta
sticks);
membraneproximal domain (MP, red). (B)
Structure of the influenza C HEF
trimer. One monomer is colored by
domain with domains R and E colorcoded as in A; the fusion domain F
is
shown
in
red.
Remaining
monomers are shown in pink or
grey. (C) Linear order of the
sequence segments in HE and HEF
color-coded by domains as in panels
A and B. Grey segments indicate the
transmembrane domain in HE and
the fusion peptide in HEF. The
arrowhead
indicates
the
HEF
cleavage site. (D) Top views
showing the arrangement of the
lectin domains in the BCoV HE
homodimer (left) and the influenza
C HEF homotrimer (right). The four
stranded
β-sheets
forming
a
continuous eight-stranded β-sheet in
the HE dimer are emphasized by
darker coloring.
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Fig. 3 Electron density of the
receptor. (A) Difference electron
density calculated from the final
model from which the ligand had
been omitted. The contour level is
3.0 σ. (B) 2Fo-Fc map of the final
model contoured at the 1.0 σ
level.

Structure Determination and Overall Structure. Crystals of free HE
and of a complex of HE0 with αNeu4,5,9Ac32Me diffracted to 2.1 and 1.8 Å
resolution, respectively. The structures were solved by molecular replacement
using influenza C HEF residues 35 - 410 as search model (for detailed
crystallographic statistics see Table 1). The data reveal that the CoV HE
monomer is composed of three modules, each with an equivalent in influenza C
HEF subunit 1 (HEF1): a receptor binding domain (R), an acetylesterase domain
(E) and a membrane-proximal domain (MP; Figs. 2A-C). There is no equivalent
HEF subunit 2 (HEF2), which in HEF comprises the bulk of the fusion domain (F)
(Figs. 2B and C). Bound to the R
Table 1. Data collection and refinement statistics
domain is a well-defined ligand
	
  
molecule (Fig. 3) providing first
BCoV HE without BCoV HE S40A with
ligand
ligand
and direct evidence for the
Spacegroup
P6522
P6522
presence of a genuine receptorCell dimension (Å) 88.8, 88.8, 282.4
89.3, 89.3, 280.4
binding site. This observation
Resolution (Å)*
2.1-30 (2.10-2.21) 1.8-50 (1.80-1.90)
unambiguously defines BCoV HE
Completeness (%) 99.6 (99.9)
97.2 (86.6)
Multiplicity
8.4 (8.5)
20.7 (19.0)
as a receptor-binding protein per
Rmerge (%)
13.5 (80.4)
9.2 (86.6)
se. In the virion, CoV HE forms
I/σ
12.8 (2.5)
25.5 (3.5)
dimers that are disulphide-linked
#Reflections
37791
57018
through Cys385 near the CRfactor/Rfree (%)
18.0/21.2
17.0/18.8
terminal membrane anchor [6].
Average B-factors
(Å)2
This bond, though present in HE
Protein
35.1
34.4
crystals (Fig. 4), was not visible
Ligand
45.2
in electron density maps due to
Water
45.5
39.7
rmsd bond lengths
disorder of residues 377-388.
0.017
0.012
(Å)
The
biological
dimer
could,
rmsd bond angles
1.6
1.3
(º)
however, be identified uniquely
#Protein atoms
2860
2860
(monomer)
from the proximity of carboxyl
#N-glycosylation
6
6
termini and size of interaction
sites
#Glycan units
7
7
surface. It consists of identical
#Waters
257
283
molecules, related by two-fold
* Values between brackets refer to the highest resolution
shell of data
crystallographic symmetry, with
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interface comprised of two
major protein contact regions
(CRs). CR1, associated with
952
Å2
buried
solventaccessible surface, involves a
continuous 8-stranded β-sheet
bridging the two R domains
(Fig. 2D). CR2 buries 1182 Å2
solvent-accessible surface and
involves MP.

Fig. 4. HE crystals contain
disulphide-bonded dimers.
HE was subjected to SDSPAGE analysis under nonreducing (lanes 1 and 2) and
reducing conditions (lane 3)
and visualized by Coomassie
Brilliant Blue staining. Lane 1,
protein
solution
used
for
crystallization; lane 2, washed
crystals;
lane
3,
protein
solution used for crystallization
after disulfide-bond reduction
with DTT.

	
  

Origin and Evolution of CoV HE. The structure of MP provides a
decisive clue to the origin of CoV HE. As shown in Fig. 5, MP is strikingly similar
to the F1/F2 globular region of HEF1 [27] and the F’ subdomain in the influenza
A virus hemagglutinin (HA) [31]. In the native metastable forms of HEF and HA,
these subdomains pack against a heptad-repeat loop that -as a prelude to
membrane fusion- refolds into an α-helix at endosomal pH [31]. HEF and HA are
evolutionary related, but diverged long ago; their fusion domains are similar in
structure, as are their R domains, but overall sequence identity has dwindled to
only 12% [27]. In contrast, HEF1 and CoV HE share 30% identity, indicative of a
more recent split-off [6, 18]. The presence in HE of an element that already
must have been part of a fusion protein ancestral to HA and HEF [27] thus
indicates that CoV HE originates from an HEF-like fusion protein and strongly
argues against evolutionary models in which orthomyxo- and coronaviruses
independently acquired an HE module solely comprised of R and E [6]. In the
simplest scenario [18], a group A betacoronaviruses progenitor obtained
through recombination the 5’-end of an HEF gene, including the coding sequence
for the fusion peptide that came to serve as transmembrane domain (Fig. 2C).
Fig. 5. MP is a remnant of a fusion
domain. (A) Ribbon representations
of MP in the HE dimer and of the
fusion domains of the HEF and HA
monomers. MP and corresponding
subdomains in HEF and HA are shown
in red; the remainder of the HEF and
HA fusion domains are shown in grey.
A conserved disulfide bond is shown in
yellow
stick
representation.
(B)
Superposition of HE MP (red) and
corresponding HEF (magenta) and HA
subdomains (cyan). Sequence identity
and rms deviations on Cα positions for
HE-HEF and HE-HA are 33% and 1.9
Å, and 22% and 2.5 Å, respectively.
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Without the HEF2 helical subdomain to direct trimerization, fortuitous
interactions between transmembrane and/or F2 segments might have caused
the novel HE protein to assemble into dimers instead; of note, the face of MP
involved in dimer formation is equivalent to that of HEF segment F2 contacting
the heptad repeat loop (Fig. 5). A four-stranded β-sheet in the R domain that
remains unpaired in HEF and HA trimers [27] may have been remodeled
subsequently to create a second, membrane-distal inter-monomer contact in
order to increase dimer stability (Fig. 2D).
Fig. 6. HE and HEF display
conserved enzymatic, but
divergent receptor-binding
sites. (A) Superposition of
active site residues of HE
(green) and HEF (grey). An
acetate ion occupying the
oxyanion hole in HE is shown
in stick representation (carbon,
cyan; oxygen, red). Catalytic
triad
and
oxyanion
hole
hydrogen bonds are indicated
by dashed black lines. Also
shown is an adjacent loop that
is highly variable also among
CoVs. (B) Comparison of the
receptor-binding regions of HE,
HEF, and HA. Bound ligands,
αNeu4,5,9Ac32Me
in
HE,
αNeu5,9Ac22Me in HEF, and
αNeu5Ac2Me in HA are shown
in stick representation (carbon,
cyan; nitrogen, blue; oxygen,
red). Proteins are depicted in
similar orientations obtained by
superposition of their conserved
central
cores. (C)
Ligand bound to the HE
receptor-binding site in stick
representation. Water molecules are shown as red
spheres, a potassium ion as
magenta sphere. Hydrogen
bonds with receptor are shown
as black dashed lines. (D)
Surface representation of the
HE
receptor-binding
site
revealing two pockets accommodating the 9-O- and 5-Nacetyl groups of the receptor.
(E)
The
effect
of
Ala
substitutions
on
receptorbinding.
Relative
binding
affinity of wild-type HE and its
derivatives was assessed by
hemagglutination assay with
rat erythrocytes and two-fold
serial dilutions of each of the
HE-Fc chimeras (1000 to 0.5
ng per well, arrow).
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The Esterase Domain. The E domain of CoV HE, harboring the RDE
activity, has an SGNH-hydrolase fold [20] highly similar to that of HEF (1.4 Å
rms deviation on Cα positions at 34% sequence identity). In fact, the active site
architecture of the HEF sialate-9-O-acetylesterase is fully conserved in BCoV HE
with Ser40, His329 and Asp326 as catalytic triad and with the side chain of Asn104
and the NH groups of Ser40 and Gly75 forming an oxyanion hole (Fig. 6A). HE
crystals soaked with 9-O-acetylated sialic acid did not contain this substrate in
the enzymatic pocket. Instead, the oxyanion hole was occupied by an acetate
ion, i.e. one of the catalytic products. The HEF and HE E domains do differ in
size and structure of an extended surface loop (residues 47-54) that shields the
catalytic pocket and that may prevent antibodies from accessing the functionally
important esterase site (Fig. 6A). This loop is highly variable even among
coronavirus HEs [6], tentatively identifying it as a site of antigenic variation.
A Novel Receptor-Binding Site in CoV HE. The R domain mediates
receptor recognition (Fig. 1D). While its core, an 8-stranded “Swiss roll”, is
structurally well-conserved and closely resembles that of HEF and HA (Fig. 7),
its receptor-binding region is unique. This region is shaped by five variable
loops, four grafted on the conserved core and one extending from the E domain.
Differences between HE and HEF in loop-size and conformation result in
dramatically different binding sites that engage 9-O-acetylated sialic acid in
nearly opposite orientations. In comparison to the HEF-receptor complex, the
receptor analogue bound to HE is rotated by 147° and shifted by 4 Å (Figs. 2D
and 6B). Conversely, HEF and HA are similar with respect to receptor orientation
and binding site topology [27] (Figs. 6B and Fig. 7). In HE a β-hairpin, replacing
an α-helix in HEF and HA, interacts with the receptor through hydrogen bonds
from main chain atoms of Leu212 and Asn214 to the 5-N-acetyl- and carboxylate
Fig. 7. HE, HEF, and HA R
domains
display
conserved
“Swiss roll” cores and divergent
receptor-binding
sites.
Ribbon
representations
of
R
domains.
Indicated
are
structure-based
sequence conservation and rms
deviations on Cα positions calculated
for core residues and loops at the
“lower face” of the R domain (blue).
Meaningful
values
cannot
be
calculated for the highly divergent
“upper face” (magenta) that shapes
the receptor binding site. Bound
ligands, αNeu4,5,9Ac32Me in HE,
αNeu5,9Ac22Me

in

HEF,

and

αNeu5Ac2Me in HA are shown in stick
representation
(carbon,
nitrogen, blue; oxygen, red).

cyan;
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groups, respectively, and from the side chain of Ser213 to O-8 (Fig. 6C). The α-2O-methyl group of the receptor analogue points into the solvent, of relevance,
as at this position the natural ligand would be linked to the penultimate residue
of the sugar chain. The 5-N-acetyl group fits into a pocket, its methyl interacting
with a hydrophobic patch formed mainly by Phe211 (Fig. 6D). The 9-O-acetyl
methyl of the receptor analogue docks into an adjacent hydrophobic pocket,
formed by Tyr184, Phe211, Leu266 and Leu267 (Figs. 6C and D), with the latter two
residues in a loop stabilized by a potassium ion coordinated by Asp220, Ser221,
Gln222, Ser263, Glu265, Leu267 and one water (Fig. 8). Given that the 9-O-acetyl
moiety is a prerequisite for receptor-binding and serves as a switch for virion
attachment and release, this hydrophobic pocket must be key to ligand
recognition. Indeed, Ala substitution of Phe211 or of Leu266 and Leu267 in tandem
abrogated receptor-binding, while substitution of Tyr184 decreased affinity
significantly (Fig. 6E).
Fig. 8. Close-up of the HE-potassium bindingsite. Shown are the potassium ion (magenta
sphere), coordinating residues in stick representation
(carbon, blue; oxygen, red; nitrogen, dark blue) and
a coordinating water molecule (red sphere).
Coordination distances to the potassium ion are:
Asp220-Oδ1, 2.6 Å; Ser221-O 2.8 Å; Gln222-Oε1, 3.1
Å; Ser263-Oγ, 2.8 Å; Glu265-O, 3.0 Å; Leu267-O, 2.7
Å; water, 3.1 Å. To illustrate its proximity to the
receptor-binding site the receptor analog is shown in
stick representation (carbon, cyan; oxygen, red;
nitrogen, blue).

	
  
Plasticity of the CoV HE Receptor-Binding Site. HEF also binds 9-Oacetylated sialic acid by contacting the 5-N-acetyl group through a hydrophobic
patch and by burying the 9-O-acetyl in a non-polar pocket [27]. So, despite the
considerable differences in receptor-binding site architecture, HEF and HE
employ similar strategies to discriminate functional receptors from non-Oacetylated sialic acids. It is, however, surprising that the HE receptor-binding
site has changed to this extent at all. Over a much larger evolutionary distance,
the architecture of the HEF receptor-binding site has been preserved in HA,
despite differences in receptor specificity (Neu5,9Ac2 versus α2,3- or α2,6-linked
Neu5Ac, respectively) and throughout antigenic variation [27, 28, 31] (Fig. 6B).
Unlike HA and HEF, however, CoV HE acts in concert with another receptorbinding protein, S, a fusion protein essential for entry, and while HE-mediated
virion attachment may be advantageous [14], it is not vital [14, 17, 32]. We
propose that redundancy in function between S and HE [29] afforded CoVs
leeway to explore new HE binding site topologies and even to shift in coreceptor-usage from 9-O- to 4-O-acetylated sialic acids in one branch of murine
coronaviruses [15, 25, 32, 42].
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The plasticity of the CoV HE receptor-binding site contrasts with the strict
conservation of the E domain and the esterase catalytic site. From a pragmatic
point of view, this may potentially allow the development of broad-spectrum
antivirals targeting both orthomyxo- and coronavirus sialate-O-acetylesterases.

MATERIALS AND METHODS
Construction of Expression Plasmids. A synthetic codon-optimized
sequence for the HE ectodomain of BCoV strain Mebus (amino acid residues 19388) was cloned in a derivative of expression plasmid S1-Ig [16]. The resulting
construct, pCD5-BCoVHE-T-Fc, encodes a chimeric HE protein provided with an
N-terminal CD5 signal peptide and at its C-terminus, separated by a thrombin
cleavage site, the Fc domain of human IgG1. To allow expression of an
enzymatically-inactive HE-Fc chimera (HE0-Fc), we generated a derivative of
pCD5-BCoVHE-T-Fc in which the codon for the esterase catalytic residue Ser40
was substituted by Ala by site directed mutagenesis using the QuikChange XL II
kit (Stratagene). Ala-substitutions of key residues in the HE receptor-binding
site were made like-wise.
Protein Expression and Purification. HEK293S cells lacking Nacetylglucosaminyl-transferase I (GnTI) activity [24] were transiently
transfected with the expression plasmids using polyethyleneimine. At 18 h after
transfection, the transfection mixture was replaced by 293 SFM II expression
medium (Invitrogen), supplemented with sodium bicarbonate (3.7 g/l), glucose
(2.0 g/l), Primatone RL-UF (3.0 g/l), penicillin (100 IU/ml), streptomycin (100
µg/ml), glutaMAX (Gibco) and 1.5% DMSO. Tissue culture supernatants were
harvested 5 to 6 days after transfection and HE-Fc and HE0-Fc were purified by
protein A-affinity chromatography (GE Healthcare). For crystallography, the HE
and HE0 ectodomains were cleaved-off by on-the-bead thrombin digestion,
concentrated to 10-15 mg/ml and dialyzed against crystallization buffer (TrisHCl pH 8.2, 50mM NaCl).
Biological and Biochemical Characterization of HE-Fc Chimeras.
Molecular weights of the proteins were determined by SDS/PAGE (under
reducing and non-reducing conditions) and by gel filtration chromatography. Oacetylesterase activity was routinely measured by pNPA assay [35]. Enzymatic
de-O-acetylation of αNeu4,5,9Ac32Me was analyzed by GC-MS [13, 32]. To
assess esterase-activity of the expression products towards cell-bound 9-Oacetylated sialic acids, MDBK cell monolayers in 16-mm diameter wells were
treated with 20 µg/ml HE-Fc or HE0-Fc in PBS for 2 h at 37ºC and subsequently
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infected with BCoV strain Mebus. Monolayers, mock-treated or treated with
Vibrio cholerea neuraminidase (NA; 0,6 U/ml), were includes as controls.
Infected cells were visualized by staining using an in situ acetylesterase assay
[39]. Receptor-destroying activity towards 9-O-acetylated sialic acids on rat
erythrocytes was assessed by incubating the cells with 20 µg/ml HE-Fc in PBS
for 2.5 h at 37ºC, prior to hemagglutination assay with two-fold serial dilutions
of BCoV. In situ detection of 9-O-acetylated sialic acids in cultured cells was
demonstrated by performing a standard indirect immuno fluorescence assay.
Briefly, monolayers of polarized MDBK cells, grown on glass coverslips, were
fixed with 2% paraformaldehyde and successively incubated with ~25 µg/ml
HE0-Fc in PBS, 0.05%Tween20 and with FITC-conjugated anti-human IgG1
(Nordic, 1:100) as secondary antibody. The samples were mounted on glass
slides in FluorSave (Calbiochem) and examined by confocal fluorescence
microscopy (Leica TCS SP2).
Crystallization. Crystallization conditions were screened by the sittingdrop vapor diffusion method using a Honeybee 961 (Genomic Solutions). Drops
were set up with 0.1 µl of HE protein solution in 10 mM Tris-HCl pH 8.0 and 0.1
µl reservoir solution. Diffracting crystals were obtained from JCSG solution D12
(0.04 M KH2PO4, 16% (w/v) PEG 8000, 20% (w/v) glycerol) (JCSG
TECHNOLOGIES) and PEGIon-lite solution 89 (0.1 M KH2PO4, 10% (w/v) PEG
3350) (Hampton Research) at 18 °C. Crystals for diffraction experiments were
grown with the hanging drop vapor diffusion method set up by hand with 0.8 µl
of reservoir solution and 0.8 µl of protein solution at 18 °C. Under both
crystallization conditions crystals of wild type HE and HE0 grew within two weeks
with the shape of hexagonal bipyramids to a size of ~0.25 x 0.16 x 0.16 mm.
Their space group is P6522. Crystals of wild type HE grown at 0.1 M KH2PO4,
10% (w/v) PEG 3350 were flash-frozen in liquid nitrogen using reservoir solution
with 22.5% (w/v) glycerol as the cryoprotectant.
Data Collection and Structure Solution. To determine the HE structure
in complex with its receptor analog Neu4,5,9Ac32Me [32], HE0 was used to
prevent substrate degradation during soaking. Crystals obtained from 0.1 M
KH2PO4, 10% (w/v) PEG 3350 cracked during ligand soaking and the flashfreezing procedure. Therefore, we used for substrate-soaking crystals of the
mutant grown from 0.04 M KH2PO4, 16% (w/v) PEG 8000, 20% (w/v) glycerol,
which did not require addition of cryoprotectant. Soaking was performed by
adding 2 µl reservoir solution with 10 mM Neu4,5,9Ac32Me directly into the
margin of the drop with crystals, resulting in a final substrate concentration of
about 7 mM. Crystals were flash-frozen after 5 to 10 minutes.
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Diffraction data of native and ligand-soaked crystals of BCoV HE were
collected at ESRF station ID14-3 and ID 23-1, respectively. Diffraction data were
processed using XDS [12] and scaled using SCALA from the CCP4 suite [1].
Molecular replacement was performed using PHASER with Influenza C HEF
residues 35 - 410 as template (PDB ID: 1FLC). Density modification was carried
out using RESOLVE (PHENIX package [2]) and CNS [4]. About 280 residues
were built automatically by ARP/WARP [23], the remaining residues were built
manually with Coot [7]. Refinement was carried out using REFMAC [41]; water
molecules were added using ARP/WARP. Molecular graphics were generated with
PYMOL (http://pymol.sourceforge.net/).
The structure of HE0 in complex with Neu4,5,9Ac32Me was solved by
molecular replacement using the wild-type HE structure as template. The
structure was refined as described for wild-type HE. The library file for
refinement of the ligand in REFMAC was made by adding chemical and
geometric descriptions of the 4- and 9-O-acetyl groups to that of sialic acid
(SIA) in the monomer library of the CCP4 suite using the program SKETCHER
(CCP4 Suite).

ACKNOWLEDGEMENTS
We acknowledge the European Synchrotron Radiation Facility for providing
beamline facilities and the beamline scientists at ID-14-EH3 and ID23-1 for their
help with data collection. Peter Rosenthal is acknowledged for providing
coordinates of the HEF-inhibitor complex. We thank P. Gros, J. de Groot-Mijnes,
B. Bosch, P. Rottier and P. Rosenthal for advice and for reading this manuscript,
G. Gerwig and J. Kamerling for their help in preparing the sialic acid analogue,
and P. Reeves and M. Farzan for sharing HEK293S GnTI(-) cells and expression
plasmids, respectively. This work was supported by ‘Pionier’ program and ECHO
grants of the Council for Chemical Sciences of the Netherlands Organization for
Scientific Research (NWO-CW) and by a grant of the Mizutani Foundation for
Glycoscience.

49

Chapter 2

REFERENCES
1.
2.

3.
4.

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

16.

17.

50	
  

1994. The CCP4 suite: programs for protein crystallography. Acta Crystallogr D Biol
Crystallogr 50:760-3.
Adams, P. D., R. W. Grosse-Kunstleve, L. W. Hung, T. R. Ioerger, A. J.
McCoy, N. W. Moriarty, R. J. Read, J. C. Sacchettini, N. K. Sauter, and T. C.
Terwilliger. 2002. PHENIX: building new software for automated crystallographic
structure determination. Acta Crystallogr D Biol Crystallogr 58:1948-54.
Angata, T., and A. Varki. 2002. Chemical diversity in the sialic acids and related
alpha-keto acids: an evolutionary perspective. Chem Rev 102:439-69.
Brunger, A. T., P. D. Adams, G. M. Clore, W. L. DeLano, P. Gros, R. W.
Grosse-Kunstleve, J. S. Jiang, J. Kuszewski, M. Nilges, N. S. Pannu, R. J.
Read, L. M. Rice, T. Simonson, and G. L. Warren. 1998. Crystallography & NMR
system: A new software suite for macromolecular structure determination. Acta
Crystallogr D Biol Crystallogr 54:905-21.
Cornelissen, L. A., C. M. Wierda, F. J. van der Meer, A. A. Herrewegh, M. C.
Horzinek, H. F. Egberink, and R. J. de Groot. 1997. Hemagglutinin-esterase, a
novel structural protein of torovirus. J Virol 71:5277-86.
de Groot, R. J. 2006. Structure, function and evolution of the hemagglutininesterase proteins of corona- and toroviruses. Glycoconj J 23:59-72.
Emsley, P., and K. Cowtan. 2004. Coot: model-building tools for molecular
graphics. Acta Crystallogr D Biol Crystallogr 60:2126-32.
Hellebo, A., U. Vilas, K. Falk, and R. Vlasak. 2004. Infectious salmon anemia
virus specifically binds to and hydrolyzes 4-O-acetylated sialic acids. J Virol
78:3055-62.
Herrler, G., I. Durkop, H. Becht, and H. D. Klenk. 1988. The glycoprotein of
influenza C virus is the haemagglutinin, esterase and fusion factor. J Gen Virol 69 (
Pt 4):839-46.
Herrler, G., and H. D. Klenk. 1991. Structure and function of the HEF
glycoprotein of influenza C virus. Adv Virus Res 40:213-34.
Herrler, G., R. Rott, H. D. Klenk, H. P. Muller, A. K. Shukla, and R. Schauer.
1985. The receptor-destroying enzyme of influenza C virus is neuraminate-Oacetylesterase. Embo J 4:1503-6.
Kabsch, W. 1993. Automatic processing of rotation diffraction data from crystals of
initially unknown symmetry and cell constants. J. Appl. Cryst. 26:795-800.
Kamerling, J. P., and J. F. G. Vliegenthart. 1989. Carbohydrates, p. 176-263. In
A. M. Lawson (ed.), Clinical Biochemistry - Principles, Methods, Applications, Vol. 1,
Mass Spectrometry, vol. 1. Walter de Gruyter, Berlin.
Kazi, L., A. Lissenberg, R. Watson, R. J. de Groot, and S. R. Weiss. 2005.
Expression of hemagglutinin esterase protein from recombinant mouse hepatitis
virus enhances neurovirulence. J Virol 79:15064-73.
Klausegger, A., B. Strobl, G. Regl, A. Kaser, W. Luytjes, and R. Vlasak. 1999.
Identification of a coronavirus hemagglutinin-esterase with a substrate specificity
different from those of influenza C virus and bovine coronavirus. J Virol 73:373743.
Li, W., M. J. Moore, N. Vasilieva, J. Sui, S. K. Wong, M. A. Berne, M.
Somasundaran, J. L. Sullivan, K. Luzuriaga, T. C. Greenough, H. Choe, and
M. Farzan. 2003. Angiotensin-converting enzyme 2 is a functional receptor for the
SARS coronavirus. Nature 426:450-4.
Lissenberg, A., M. M. Vrolijk, A. L. van Vliet, M. A. Langereis, J. D. de GrootMijnes, P. J. Rottier, and R. J. de Groot. 2005. Luxury at a cost? Recombinant
mouse hepatitis viruses expressing the accessory hemagglutinin esterase protein
display reduced fitness in vitro. J Virol 79:15054-63.

Structure of coronavirus hemagglutinin-esterase
18.
19.
20.
21.
22.
23.
24.

25.
26.
27.
28.
29.
30.
31.
32.

33.

34.

35.

Luytjes, W., P. J. Bredenbeek, A. F. Noten, M. C. Horzinek, and W. J. Spaan.
1988. Sequence of mouse hepatitis virus A59 mRNA 2: indications for RNA
recombination between coronaviruses and influenza C virus. Virology 166:415-22.
Matrosovich, M. N., T. Y. Matrosovich, T. Gray, N. A. Roberts, and H. D.
Klenk. 2004. Human and avian influenza viruses target different cell types in
cultures of human airway epithelium. Proc Natl Acad Sci U S A 101:4620-4.
Molgaard, A., S. Kauppinen, and S. Larsen. 2000. Rhamnogalacturonan
acetylesterase elucidates the structure and function of a new family of hydrolases.
Structure 8:373-83.
Moscona, A. 2005. Neuraminidase inhibitors for influenza. N Engl J Med
353:1363-73.
Palese, P., J. L. Schulman, G. Bodo, and P. Meindl. 1974. Inhibition of influenza
and parainfluenza virus replication in tissue culture by 2-deoxy-2,3-dehydro-Ntrifluoroacetylneuraminic acid (FANA). Virology 59:490-8.
Perrakis, A., R. Morris, and V. S. Lamzin. 1999. Automated protein model
building combined with iterative structure refinement. Nat Struct Biol 6:458-63.
Reeves, P. J., N. Callewaert, R. Contreras, and H. G. Khorana. 2002.
Structure and function in rhodopsin: high-level expression of rhodopsin with
restricted and homogeneous N-glycosylation by a tetracycline-inducible Nacetylglucosaminyltransferase I-negative HEK293S stable mammalian cell line. Proc
Natl Acad Sci U S A 99:13419-24.
Regl, G., A. Kaser, M. Iwersen, H. Schmid, G. Kohla, B. Strobl, U. Vilas, R.
Schauer, and R. Vlasak. 1999. The hemagglutinin-esterase of mouse hepatitis
virus strain S is a sialate-4-O-acetylesterase. J Virol 73:4721-7.
Rogers, G. N., and J. C. Paulson. 1983. Receptor determinants of human and
animal influenza virus isolates: differences in receptor specificity of the H3
hemagglutinin based on species of origin. Virology 127:361-73.
Rosenthal, P. B., X. Zhang, F. Formanowski, W. Fitz, C. H. Wong, H. MeierEwert, J. J. Skehel, and D. C. Wiley. 1998. Structure of the haemagglutininesterase-fusion glycoprotein of influenza C virus. Nature 396:92-6.
Russell, R. J., D. J. Stevens, L. F. Haire, S. J. Gamblin, and J. J. Skehel. 2006.
Avian and human receptor binding by hemagglutinins of influenza A viruses.
Glycoconj J 23:85-92.
Schultze, B., H. J. Gross, R. Brossmer, and G. Herrler. 1991. The S protein of
bovine coronavirus is a hemagglutinin recognizing 9-O-acetylated sialic acid as a
receptor determinant. J Virol 65:6232-7.
Shinya, K., M. Ebina, S. Yamada, M. Ono, N. Kasai, and Y. Kawaoka. 2006.
Avian flu: influenza virus receptors in the human airway. Nature 440:435-6.
Skehel, J. J., and D. C. Wiley. 2000. Receptor binding and membrane fusion in
virus entry: the influenza hemagglutinin. Annu Rev Biochem 69:531-69.
Smits, S. L., G. J. Gerwig, A. L. van Vliet, A. Lissenberg, P. Briza, J. P.
Kamerling, R. Vlasak, and R. J. de Groot. 2005. Nidovirus sialate-Oacetylesterases: evolution and substrate specificity of coronaviral and toroviral
receptor-destroying enzymes. J Biol Chem 280:6933-41.
Snijder, E. J., J. A. den Boon, M. C. Horzinek, and W. J. Spaan. 1991.
Comparison of the genome organization of toro- and coronaviruses: evidence for
two nonhomologous RNA recombination events during Berne virus evolution.
Virology 180:448-52.
Vijgen, L., E. Keyaerts, E. Moes, I. Thoelen, E. Wollants, P. Lemey, A. M.
Vandamme, and M. Van Ranst. 2005. Complete genomic sequence of human
coronavirus OC43: molecular clock analysis suggests a relatively recent zoonotic
coronavirus transmission event. J Virol 79:1595-604.
Vlasak, R., M. Krystal, M. Nacht, and P. Palese. 1987. The influenza C virus
glycoprotein (HE) exhibits receptor-binding (hemagglutinin) and receptordestroying (esterase) activities. Virology 160:419-25.

51

Chapter 2
36.
37.
38.

39.
40.
41.
42.
43.

52	
  

Vlasak, R., W. Luytjes, J. Leider, W. Spaan, and P. Palese. 1988. The E3
protein of bovine coronavirus is a receptor-destroying enzyme with acetylesterase
activity. J Virol 62:4686-90.
Vlasak, R., W. Luytjes, W. Spaan, and P. Palese. 1988. Human and bovine
coronaviruses recognize sialic acid-containing receptors similar to those of influenza
C viruses. Proc Natl Acad Sci U S A 85:4526-9.
von Itzstein, M., W. Y. Wu, G. B. Kok, M. S. Pegg, J. C. Dyason, B. Jin, T. Van
Phan, M. L. Smythe, H. F. White, S. W. Oliver, and et al. 1993. Rational design
of potent sialidase-based inhibitors of influenza virus replication. Nature 363:41823.
Wagaman, P. C., H. A. Spence, and R. J. O'Callaghan. 1989. Detection of
influenza C virus by using an in situ esterase assay. J Clin Microbiol 27:832-6.
Wagner, R., M. Matrosovich, and H. D. Klenk. 2002. Functional balance
between haemagglutinin and neuraminidase in influenza virus infections. Rev Med
Virol 12:159-66.
Winn, M. D., M. N. Isupov, and G. N. Murshudov. 2001. Use of TLS parameters
to model anisotropic displacements in macromolecular refinement. Acta Crystallogr
D Biol Crystallogr 57:122-33.
Wurzer, W. J., K. Obojes, and R. Vlasak. 2002. The sialate-4-O-acetylesterases
of coronaviruses related to mouse hepatitis virus: a proposal to reorganize group 2
Coronaviridae. J Gen Virol 83:395-402.
Yuan, P., T. B. Thompson, B. A. Wurzburg, R. G. Paterson, R. A. Lamb, and
T. S. Jardetzky. 2005. Structural studies of the parainfluenza virus 5
hemagglutinin-neuraminidase tetramer in complex with its receptor, sialyllactose.
Structure 13:803-15.

Chapter 3

Structural basis for ligand and substrate
recognition by torovirus hemagglutininesterases
Martijn A. Langereis1*, Qinghong Zeng2*, Gerrit J. Gerwig3,
Barbara Frey4, Mark von Itzstein4, Johannis P. Kamerling3,
Raoul J. de Groot1 and Eric G. Huizinga2
*

Both authors contributed equally to this work

1

Virology Division, Department of Infectious Diseases & Immunology, Faculty of
Veterinary Medicine, Utrecht University, Utrecht, The Netherlands
2
Crystal and Structural Chemistry Department, Bijvoet Center for Biomolecular
Research, Faculty of Sciences, Utrecht University, Utrecht, The Netherlands
3
Department of Bio-Organic Chemistry, Bijvoet Center for Biomolecular Research,
Faculty of Sciences, Utrecht University, Utrecht, The Netherlands
4
Institure for Glycomics, Gold Coast Campus, Griffith University, Queensland,
Australia

Proc Natl Acad Sci USA. 2009 Sep 15;106(37):15897-902

Chapter 3

ABSTRACT
Hemagglutinin-esterases (HEs), closely related envelope glycoproteins in
influenza C, corona- and toroviruses, mediate reversible attachment to Oacetylated sialic acids (Sias). They do so by acting both as lectins and as
receptor-destroying enzymes, functions exerted by separate protein domains.
HE divergence was accompanied by changes in quaternary structure and in
receptor and substrate specificity. The selective forces underlying HE diversity
and the molecular basis for Sia specificity are poorly understood. Here we
present crystal structures of porcine and bovine torovirus HEs in complex with
receptor-analogues. Torovirus HEs form homo-dimers with sialate-Oacetylesterase domains almost identical to corresponding domains in
orthomyxo- and coronavirus HEs, but with unique lectin sites. Structure-guided
biochemical analysis of the esterase domains revealed that a functionally, but
not structurally conserved Arginine-Sia carboxylate interaction is critical for the
binding and positioning of glycosidically-bound Sias in the catalytic pocket.
Though essential for efficient de-O-acetylation of Sias, this interaction is not
required for catalysis nor does it affect substrate specificity. In fact, the distinct
preference of the porcine torovirus enzyme for 9-mono- over 7,9-di-Oacetylated Sias can be explained from a single residue difference with HEs of
more promiscuous specificity. Apparently, esterase and lectin pockets coevolved: also the porcine torovirus HE receptor-binding site seems to have been
designed to use 9-mono- and exclude 7,9-di-O-acetylated Sias, possibly as an
adaptation to replication in swine. Our findings shed light on HE evolution and
provide fundamental insight into mechanisms of substrate binding, substrate
recognition and receptor selection in this important class of virion proteins.
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INTRODUCTION
To initiate infection, viruses must find and attach to suitable host cells.
This process involves the specific recognition of cell surface determinants by
dedicated receptor-binding proteins on the virion. Ideally, the receptors would
occur exclusively on cells that support viral replication, but this is not always the
case. Sialic acids (Sias), which serve as receptors/attachment factors for a
multitude of mammalian and avian viruses, are common terminal residues of
carbohydrate chains on glycoproteins and glycolipids [2]. Consequently, they are
found on many different cell types and even on non-cell-associated
glycoconjugates. To escape from irreversible attachment to such “decoy”
receptors, some viruses produce envelope glycoproteins with receptordestroying enzyme (RDE) activity. For example, toro- and group A
betacoronaviruses (both members of the family Coronaviridae, order
Nidovirales; collectively referred to as “nidoviruses” throughout) and influenza C
virus (family Orthomyxoviridae) attach to O-acetylated Sias and encode
hemagglutinin-esterase proteins (HEs) with sialate-O-acetylesterase RDE activity
to reverse off-target attachment [3, 4, 7, 22, 23].
The HEs of toro- and coronaviruses are ~65kDa class I glycoproteins (for
a review, see [4]). They share 30% sequence identity and are equally identical
to subunit 1 of the influenza C virus hemagglutinin-esterase fusion protein
(HEF). While the toro- and coronaviruses are of common ancestry, they
apparently acquired their HE genes through horizontal gene transfer on separate
occasions after the torovirus-coronavirus split-up [4]. There is structural and
bioinformatic evidence to suggest that the nidovirus HEs originated from trimeric
HEF-like fusion proteins (Chapter 2 [25] and [12, 17]). In the course of events,
the coronavirus (CoV) HE was converted into a disulfide-bonded homo-dimer
and remnants of the fusion domain were adapted to establish new intermonomeric contacts (Chapter 2 [25]). The quaternary structure of torovirus
(ToV) HEs is not known; whether it is trimeric like HEF, also transformed into a
dimer or adopted another oligomeric structure alltogether is an open question.
The toro- and coronaviruses that acquired HE each diverged to give rise to
several new (sub)species in various new hosts. Concurrently, their HE proteins
evolved to yield several distinct types with 30-50% intertypic variation [20, 21].
HE divergence was accompanied by extensive changes in the architecture of the
receptor-binding domains and in RDE substrate preference (Chapter 2 [25] and
[4]). While most CoV HEs are specific for 9-O-acetylated Sias (i.e. Sias carrying
O-acetyl groups at carbon atom C9 in the glycerol side chain), one branch of
murine CoV HEs rather targets 4-O-acetylated Sias (i.e. with the O-acetyl
attached to C4 in the pyranose ring; [11, 16, 20]). The ToV HEs identified so far
all display sialate-9-O-acetylesterase activity, yet whereas those of bovine
toroviruses (BToVs) will cleave both 7,9-di-O- and 9-mono-O-acetylated sialic
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acids, porcine torovirus (PToV) HEs have a strong preference for the latter
substrate ([20]; vide infra).
Here we present and compare the crystal structures of two torovirus HE
proteins, namely those of PToV strain Markelo and of BToV strain Breda. The
data show that ToV HEs form dimers that in overall structure closely resemble
those of CoV HEs with esterase domains highly similar to those of HEF and
bovine coronavirus (BCoV) HE, but with unique functional receptor-binding sites.
Guided by the crystal structures, we biochemically probed the ToV HE esterase
domain. Our data shed new light on HE evolution and provide fundamental
insight into the mechanisms of esterase substrate binding and substrate
selection.

RESULTS AND DISCUSION
Overall Structure Torovirus HE. We determined the crystal structures
of soluble HE ectodomains of PToV strain Markelo (residues 24-393) and BToV
strain Breda (residues 15-392) to resolutions of 2.1 and 1.8 Å, respectively
(Table 1). The PToV and BToV HE monomers share 67.7% sequence identity and
display a root mean square difference (rmsd) on main chain Cα atoms of 0.87 Å.
The data reveal that ToV HEs form symmetrical dimers (Fig. 1A) remarkably
Fig. 1. Overall structure of ToV
HE and comparison to CoV HE.
(A) Ribbon representation of the
PToV HE dimer. One HE monomer
is colored grey, the other is colored
by domain: lectin domain (R: 143284,
blue)
with
bound
Neu4,5,9Ac3α2Me (cyan sticks);
esterase domain (E: 38-142 and
285-350, green) with Ser-His-Asp
active site triad (magenta sticks);
membrane-proximal domain (MP:
25-37 and 351-386, red). The
overall structure of the BToV HE
dimer (not shown) is very similar.
(B) Ribbon representation of the
BCoV HE dimer colored as in panel
A. (C) Top views of the R domains
in the PToV (left) and BCoV HE
dimer (right). A continuous eightstranded β-sheet (emphasized by
darker coloring) is formed across
the dimer interface in BCoV HE, but
not in PToV HE. Superposition
(middle) of β-strands at the
interface shows that strands in
PToV HE (wheat) are more twisted
than in BCoV HE (magenta), which
prevents formation of a continuous
β-sheet.
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Table 1. data collection and refinement statistics

	
  
	
  

Spacegroup

BToV HE

BToV HE with
ligand

PToV HE S46A

PToV HE S46A
with ligand

P212121

P212121

C2

C2

Cell dimension (Å)

67.8, 113.4, 273.5

67.6, 112.9, 273.0

156.3, 104.5, 97.5

156.0, 103.7, 97.1

Resolution (Å)*

50-1.8 (1.89-1.80)

50-2.0 (2.11-2.00)

58-2.1 (2.21-2.10)

48-2.8 (2.94-2.79)

95.3 (86.3)

99.6 (99.0)

100 (100)

94.3 (95.3)

187089

141604

90957

36150

5.9 (5.8)

3.7 (3.7)

3.8 (3.8)

2.7 (2.6)

Rmerge (%)

7.1 (48.6)

7.5 (34.1)

11.0 (72.0)

8.6 (48.7)

I/σ

18.0 (3.6)

12.8 (3.9)

10.6 (2.2)

10.5 (2.2)

Rfactor/Rfree (%)

Completeness (%)
#Unique Reflections
Multiplicity

18.2/22.2

17.5/21.2

16.9/21.1

19.3/24.1

rmsd bond lengths (Å)

0.027

0.017

0.024

0.007

rmsd bond angles (º)

2.1

1.7

2.0

1.3

11347**

11347**

9088***

8463***

4

4

3

3

#Protein atoms
#N-glycosylation sites
(monomer)
#Glycan units
#Waters

17

18

4

4

1374

1148

571

10

* Values between brackets refer to the highest resolution shell of data
** Three monomers
*** Four monomers

similar to those of CoV HE (Fig. 1B). There are no indications from the crystal
packing that ToV HE dimers associate to form larger oligomers. We therefore
assume that the ToV HE spikes as they occur in virions [3] are homo-dimeric.
ToV HE monomers, like those of CoV HE, consist of three domains: a
central esterase domain (E) displaying an α/β hydrolase fold with a Ser-His-Asp
catalytic triad, a receptor-binding jelly-roll lectin domain (R), and a small
membrane-proximal domain (MP) (Fig. 1). The presence of the MP domain,
structurally homologous to the F2 segments in the fusion domains of influenza C
virus HEF and influenza A virus hemagglutinin (HA; [17, 19]), indicates that ToV
HE, like CoV HE, originated from an HEF-like fusion protein (Chapter 2 [25]).
The overall arrangement of the ToV HE dimer is very similar to that of
BCoV HE. Yet, structure-based sequence alignments (Table 2) show that the
dimeric ToV and CoV HEs and trimeric influenza C virus HEF-1 are essentially
“equidistant” with rmsds on Cα atoms of the monomers ranging from 1.6 Å to
1.8 Å and sequence identities between 30-36%. Most conservation is in the E
domains (rmsds 1.1-1.4 Å), whereas, as was already evident from comparative
sequence analyses [20], the R domains are most variable (rmsds 2.0-2.2 Å).
Upon closer inspection of ToV and CoV HE dimers, several differences become
apparent, particularly in monomer-monomer interactions. In both types of
protein, the dimer interfaces are made up of two contact regions (CRs), CR1
involving the R domains and CR2 predominantly involving the MP domains with
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Table 2. Structure and sequence similarity between different HEs

	
  

Domain

Overall

Item*

PToV and
BToV HE

PToV and
BCoV HE

BToV and
BCoV HE

PToV HE
and HEF

BToV HE
and HEF

BCoV HE
and HEF

sequence
identity (%)

67.7

33.2

32.4

35.5

33.6

29.5

rmsd(Å)

0.87

1.56

1.81

1.64

1.77

1.82

353

319

321

318

327

315

85.7

28.3

26.1

21.3

25.5

33.0

0.88

1.65

1.71

1.14

1.44

1.85

49

46

46

47

47

46

71.4

41.0

40.4

42.6

40.4

34.0

0.51

1.09

1.07

1.2

1.2

1.4

171

161

161

162

161

157

56.3

22.6

22.6

27.8

27.4

21.7

rmsd(Å)

1.07

2.07

2.07

2.16

2.01

2.20

aligned
residues

135

124

124

126

124

120

aligned
residues
sequence
identity (%)
MP

rmsd(Å)
aligned
residues
sequence
identity (%)

E

rmsd(Å)
aligned
residues
sequence
identity (%)

R

*Sequence identities and rmsd values were calculated for all residues whose Cα atoms superimpose within 5.0 Å

a small additional contribution of the E domains in the ToV HEs (Table 3). The
buried surface in CR2 of CoV HE is much smaller than in its ToV homologue, but
this appears to be compensated by a disulfide bond, absent in ToV HEs, that
links monomers near the membrane C-terminal from the MP domains. The βsheet of the R domain that contributes to CR1 in the nidovirus HEs is also
present in HEF, but remains unpaired in the trimer (Chapter 2 [25] and [17]). In
ToV HEs, this β-sheet is more twisted than in CoV HE (Fig. 1C) and whereas in
the CoV HE dimer two R domain β-sheets interact to form a continuous intermolecular β-sheet across the dimer interface, those of the ToV monomers are
oriented at angles. This has consequences both for the CR1 contact area, which
is significantly smaller in ToV HE, and for the relative position of R domains,
which in ToV HE are shifted along the β-strands (Fig. 1C).
From their quaternary structure (dimers rather than trimers) it would be
tempting to assume that the ToV and CoV HEs are more closely related to each
other than to influenza C virus HEF1. However, the current data do not permit
definitive conclusions about the course of
Table 3. Surface area buried in dimer
HE evolution and the direction of gene flow. interface (Å2)
Trimer-to-dimer
transition
may
have
Protein
Total
CR1
CR2
occurred only once and a gene for an
PToV HE
2563
686
1877
BToV HE
2044
661
1383*
ancestral dimeric HE may have found its
BCoV HE
2075
910
1165
way into the CoV and ToV genomes (or
*Reduction of the buried surface area in CR2 by
may even have been passed on from one about 500 Å2 with respect to PToV HE is caused
by Glu365 a residue that is unique to BToV HE
nidovirus to the other). However, the
(see Fig. 2).
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Fig. 2. The CR2 dimer interface in BToV
HE is destabilized by Glu365. Superposition
of MP domain dimers of PToV HE (red) and
BToV HE (grey) reveal a larger distance
between the MP domains in BToV HE. Due to
this ~1.3 Å distance-increase the amount of
buried surface area in BToV HE is about 500
Å2 less than in PToV HE (Table 2). We
attribute the destabilization of the BToV HE
dimer-interface to Glu365 whose negative
charge is buried in the dimer interface,
without charge compensation. In PToV HE an
isoleucine is present at this position.
Interestingly, one of of four BToV HE
monomers in the asymmetric unit of the
crystal, displays considerable mobility, which
confirms that the dimer interface does not
	
  provide a stable link between monomers. TLS analysis [18] is consistent with this monomer undergoing a rigid body
rotation with a mean square displacement of about 2.4° around an axis approximately parallel to the two-fold dimer
axis. Since the position of Glu365 is occupied by a neutral amino acid in all other HEs reduced dimer-stability is likely
a unique property of the HE of BToV strain Breda.
	
  

differences between CoV and ToV HE structure, in particular those in monomermonomer interaction, still allow for scenarios in which these proteins arose
independently from trimeric HEF-like ancestors to transform into dimers through
convergent evolution.
The Receptor Binding Site. To study ToV HE-Sia interactions, we
soaked crystals of an esterase-deficient PToV HE Ser46Ala mutant with 10 mM of
the synthetic Sia analogue Neu4,5,9Ac3α2Me (Fig. 3) and solved the structure of
the complex to 2.8 Å resolution (Table 1). Clear ligand density was visible in the
receptor binding (lectin) domains, but not in the esterase catalytic pockets (Figs.
4A and B). Crystals of BToV HE mutant Ser37Ala soaked likewise did not bind
Neu4,5,9Ac3α2Me. However, when crystals of wildtype BToV HE were soaked at
a higher concentration (30 mM) of the non-hydrolysable Sia analogue
Neu5N,9SAc2α2Me (Fig. 3), a complex formed, the structure of which was solved
to 2.0 Å resolution. Again, the Sia analogue was found exclusively in the
receptor-binding site (Figs. 4C and D).
Fig. 3. Chemical structures of αNeu5,9Ac2, αNeu5,7,9Ac3 and synthetic HE receptor analogs.
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Fig. 4. Electron densities of
receptor analogs. (A) PToV HE:
Difference
electron
density
calculated from the final model from
which the ligand had been omitted.
The contour level is 3.0 σ. (B) PToV
HE: 2Fo-Fc map of the final model
contoured at the 1.0σ level. (C)
BToV
HE:
Difference
electron
density calculated from the final
model from which the ligand had
been omitted. The contour level is
2.5 σ. (D) BToV HE: 2Fo-Fc map of
the final model contoured at the
1.0σ level. In BToV HE density for
the ligand was observed at the
receptor binding site in only one of
four HE molecules present in the
asymmetric unit: two sites were
blocked by crystal contacts, whereas
electron density in the aforementioned flexible monomer could
not be interpreted.

	
  

The receptor-binding sites of PToV and BToV HE are similar in overall
architecture and mode of ligand binding. They are formed by residues from four
segments of the R domain together with a single E domain residue -Tyr118 in
PToV HE and Trp109 in BToV HE- located at the tip of a long loop (Figs. 5A and
B). Prominent protein-receptor interactions are provided by an internally
disulfide-linked β-hairpin (residues 218-225 in PToV HE and 206-213 in BToV
HE; Fig. 6A). At the base of this hairpin is a Phe residue (Phe219 and Phe207 in
PToV and BToV HE, respectively) that is conserved in all ToV HEs [21] and in
most CoV HEs [4] and becomes sandwiched between the Sia 5-N- and 9-Oacetyl groups when ligand is bound (Figs. 5A and B and 6). In the ToV HEs and
BCoV HE alike this interaction is critical, as in all cases substitution of the Phe
residue by Ala abrogates lectin activity (Fig. 5C; Chapter 2 [25]). Additional βhairpin-receptor interactions in the ToV HEs are provided by hydrogen bonding
from main chain atoms (PToV HE: Glu220 and Ser222; BToV HE: Thr208 and Gly210)
to the Sia 5-N-acetyl and carboxyl groups. In BToV HE, the Sia carboxyl group
receives an additional hydrogen bond from the side chain of Thr209. A
hydrophobic patch composed of Phe219, His250 and Tyr118 in PToV HE and of
Trp109 and Phe207 in BToV HE further accommodates the Sia 5-N-acetyl group.
The 9-O-acetyl group, i.e. the one Sia modification essential to receptorbinding, docks into a conserved hydrophobic pocket formed by Phe219, Ile182,
Leu180 and Phe272 in PToV HE and by Phe207, Leu170, Leu168, and Phe264 in BToV
HE (Figs. 5A and B). The importance of each of these residues was confirmed by
mutational analysis; their individual substitution by Ala reduced receptor binding
of BToV and PToV HE, in most cases to levels below detection (Fig. 5C).
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The architecture of the ToV HE lectin site is essentially different from
those of influenza C HEF and BCoV HE (Fig. 6). Although the ToV and CoV lectin
sites do share the β-hairpin and its phenylalanine -an element noticeably absent
in influenza C HEF-, they are distinct in all other respects. (i) The degree of
divergence in the HE and HEF R domains is illustrated by extensive differences in
disulfide-bonding pattern [4]. Saliently, the disulfide bridge that stabilizes the
ToV β-hairpin is absent in CoV HEs; it involves one cysteine residue conserved
only in HEF (Cys213 and Cys225 in PToV and BToV HE, respectively), and one
unique to ToV HEs (PToV HE Cys206 and BToV HE Cys218). (ii) The binding site of
BCoV HE is organized by a potassium-binding loop that orients two adjacent
leucines to interact with the Sia 9-O-acetyl group (Chapter 2 [25]). While
residues that coordinate the metal ion are conserved -with rare exception- in
CoV HEs (Chapter 2 [25] and [4]), they are absent from ToV HEs. (iii) Finally
and perhaps most strikingly, although BCoV HE and the ToV HEs employ a
common strategy to specifically bind 9-O-acetylated Sias by fitting the critical 9O-acetyl group into a hydrophobic pocket, the residues from which these
pockets are comprised are not conserved and even derived from different
segments of the respective proteins.
Fig. 5. Receptor binding sites
of PToV and BToV HE. (A)
Stick (left) and surface (right)
representations of the PToV
receptor-binding site (carbon,
gray)
bound
to
receptor
analogues
Neu4,5,9Ac3α2Me
(carbon, cyan; nitrogen, blue;
oxygen, red). Hydrogen bonds
are shown as black dashed lines.
(B) Stick (left) and surface
(right) representations of the
BToV
receptor-binding
site
(carbon,
gray)
bound
to
receptor
analogues
Neu5,9Ac2α2Me (carbon, cyan;
nitrogen, blue; oxygen, red,
sulfur; yellow). (C) Effect of Ala
substitutions on receptor binding
of PToV and BToV HE. The
relative binding affinity of wildtype PToV (left) and BToV HE
(right) and their derivatives was
assessed by hemagglutination
assay with rat erythrocytes and
twofold serial dilutions of each
of the HE-Fc chimeras (5,000 to
2 ng of PToV and 10,000 to 5 ng
of BToV HE per well, arrow
indicates direction of dilution).
Of note, the PToV HE Phe272Ala
and BToV HE Phe264Ala mutants
were poorly secreted, indicative
for protein miss-folding. All
other
HE
mutants
were
expressed to levels comparable
to those of the wildtype HEs.
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As the orthomyxo- and nidovirus HEs diverged, the influenza C HEF
receptor-binding site seems to have changed least. Despite the considerable
evolutionary distance between influenza C HEF and influenza A hemagglutinin
(HA), the Sia-binding pockets of these proteins are still very much alike in
architecture (Chapter 2 [25] and [17]). The relative plasticity of the nidovirus
HE receptor-binding domains may be attributed to evolutionary flexibility
conferred by functional redundancy between HE and the companioning spike
protein S (Chapter 2 [25]).
From another perspective, however, the fact that nidovirus HEs with new
functional receptor-binding sites did evolve on more than one occasion,
reinforces the view that HE-mediated attachment to Sias provides a strong
selective advantage to both the toro- and group A betacoronaviruses.
Fig. 6. Common and unique
features of ToV and CoV HE
receptor-binding sites. (A) Ribbon
diagrams of the receptor-binding
sites of PToV HE and (B) BCoV HE (R
domain blue; E domain, green) with
bound Neu4,5,9Ac3α2Me shown in
stick representation (carbon, cyan;
nitrogen, blue; oxygen, red). Shown
in magenta is a common and
essential phenylalanine located in a
β-hairpin that is stabilized by a
disulfide bridge (yellow sticks) in ToV
HEs. In CoV HEs a metal binding site
stabilizes the receptor binding site
(potassium ion, grey sphere; water,
red sphere; bonds to metal ion black
dashed lines). Proteins are depicted
in orientations that were aligned by
superposition of their conserved
phenylalanine.

	
  
The Catalytic Site; Arg-Sia carboxylate interaction, a conserved
strategy for HE substrate binding. The esterase active site of PToV HE
closely resembles those of BCoV HE and HEF (Fig. 7A). BToV-Breda HE,
however, displays a number of intriguing amino acid differences that set it apart
from most other nidovirus HEs (Fig. 7B; discussed further below). Although we
did not succeed in obtaining ToV HE structures with a substrate analogue in the
catalytic pocket, the similarity to influenza C HEF justifies the use of a low
resolution HEF-inhibitor structure [17] to assess the potential role of individual
amino acid residues in substrate binding. In influenza C HEF, the side chain of
Asn117 and the NH groups of Gly85 and Ser57 create an oxyanion hole to stabilize
the tetrahedral intermediate formed after nucleophilic attack by Ser57. In PToV
HE, the residues comprising the oxyanion hole are conserved (Asn108, Ser46 and
Gly74), but in BToV HE, the Gly residue (Gly74) is replaced by Ser. Mutagenesis
of PToV and BToV HE showed that this substitution and its back-mutation do not

62	
  

Ligand and substrate recognition by torovirus HE
affect enzyme activity towards natural and synthetic substrates nor do they
affect substrate preference (data not shown).
The structure of influenza C HEF revealed that in particular the Sia 9-Oacetate and carboxylate groups are involved in major contacts with the protein
(Chapter 2 [25] and [17]) and we recently proposed that these groups in correct
spatial arrangements are required for strong substrate interaction [13].
Especially, HEF Arg322 would aid in binding and orientation of Sias by engaging
into a double hydrogen bond interaction with the Sia carboxylate group.
Remarkably, however, while this Arg is conserved in PToV HE (Arg302) and, in
fact, in most nidovirus HEs (including those of BToV type III strains; Fig. 8;
[21]), it is substituted for Tyr (Tyr294) in BToV-Breda HE and in the HEs of type
II BToV strains. The Tyr294 side chain is directed away from the active site and is
Fig. 7. Structure of the PToV
and BToV HE esterase site and
comparison to BCoV HE and
HEF. (A) Superposition of PToV
HE (orange), BCoV HE (green)
and
HEF
(grey).
Substrate
analogue 9-N-acetyl sialic acid
(Neu5,9NAc2α2Me) present in the
structure of HEF is shown in stick
representation
(carbon,
grey;
nitrogen, blue; oxygen, red).
Hydrogen bonds in the catalytic
triad and oxyanion hole of HEF
are indicated by dashed black
lines. Residue labeling refers to
PToV HE0 that carries an active
site
Ser46Ala
mutation.
(B)
Superposition of the active sites
of BToV HE (green) and PToV HE
(orange). As shown, swapping of
the active-site arginine between
positions 294 and 103 in BToV HE
would preserve hydrogen bonding
to the sialoside carboxylate; note
that optimal bidentate hydrogen
bonding between Arg103 and the
Sia carboxylate would require a
~50° rotation and a 1.5 Å shift of
the substrate’s pyranose ring.
Hydrogen bonds are indicated as
in B. Residue labeling refers to
PToV HE / BToV HE. (C) Surface
representation of the PToV HE,
BToV HE, BCoV HE and HEF
active sites with surface patches
contributed by Thr73, Ser64, Ala74
and Ser84 in the respective
proteins colored in orange. Note
that the presence of Thr in PToV
HE reduces the amount of free
space available for substituents at
the Sia C7-position, which, as
shown by enzymatic analysis (Fig.
4), fully determines PToV HE
substrate preference for 9-monoO-acetylated Sias.
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Fig. 8. Phylogenetic relationships among different toroviruses. (A) Neighbour-joining
tree was constructed for the
torovirus
HE
genes
(one
representative
for
each
genotype) with the Kimura-2
parameter method and influenza
C HEF gene as root. Confidence
values calculated by bootstrap
analysis (1,000 replicates) are
indicated at the major branching
points. Branch lengths are drawn
to scale; the scale bar represents
0.1 nucleotide substitution per
site.
(B) Representation of
genome organization of torovirus
genotypes.

	
  

thus unlikely to interact with the substrate. When introduced in PToV HE, the
Arg302Tyr
substitution
severely
reduced
enzymatic
activity
towards
glycosidically-bound 9-O-acetylated Sias (Fig. 9A). This result showed that in
the context of PToV HE the Arg residue is essential for efficient cleavage of
natural substrates, but at the same time it raised the question why this
substitution is tolerated in BToV HE. Interestingly, in BToV HE an arginine is
found at position 103 (His112 in PToV HE), the side chain of which adopts an
extended conformation and points toward the position that would be occupied by
the sialoside carboxylate. This prompted us to ask whether the role of an Arg
head group in substrate binding might still be essential and preserved in BToVBreda HE, i.e. whether loss of Arg at the original location may have been
compensated by ectopic introduction of a new one (Fig. 7B). Indeed,
substitution of Arg103 by His in BToV HE strongly reduced its enzymatic activity
towards both 7,9-di- and 9-mono-O-acetylated Sias. This defect, however, could
be suppressed by a Tyr302Arg substitution; correspondingly, PToV HE with
Arg302Tyr mutation regained enzymatic activity upon replacement of His112 by
Arg (Fig. 9A). Importantly, the Arg residues are not essential for general folding
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of the esterase domain or for the catalytic process. PToV HE Arg302Tyr and BToV
HE Arg103His mutants still cleaved p-nitrophenylacetate (pNPA) and -if anythingdisplayed enhanced activity towards this small synthetic substrate (Fig. 9B).
Also of note, the location of the Arg residue did not affect substrate specificity;
mutant proteins PToV HE Arg302Tyr/His112Arg and BToV HE Arg103His/Tyr302Arg
were identical to their parental proteins with respect to their preference for 9mono- and 7,9-di-O-acetylated Sias, respectively (Fig. 9A). Our observations
provide experimental evidence that the bidentate Arg-Sia carboxylate interaction
is of overriding importance for efficient cleavage of glycosidically-bound (αanomeric) Sias, apparently by fixing the Sia pyranose ring in an orientation that
would bring the O-acetyl moiety on the C9 of the glycerol side chain in close
proximity to the esterase active site nucleophile.

	
  

A

Receptor destruction (%)

Fig. 9. Molecular basis of HE
substrate
specificity.
(A)
Enzymatic activity of BToV and PToV
HE and their derivatives towards Oacetylated
Sias
of
bovine
submaxillary
mucin
(BSM)
as
determined by GC-MS. Receptor
destruction in percentages (y-ax)
was as-sessed by integrating masschromatogram peak surfaces of BSM
treated for different times (x-ax)
compared to mock treated BSM.
Open squares repre-sent Neu5,9Ac2,
closed circles Neu5,7,9Ac3. (B)
Esterase
activity
towards
the
synthetic substrate pNPA.
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The Catalytic Site; substrate selectivity of PToV HE determined by
a single active site residue. The close similarity between the esterase pockets
of the various HEs is remarkable given the differences in substrate preference.
BToV HE, BCoV HE and Influenza C HEF readily accept both 9-mono- and 7,9-diO-acetylated Sias as substrates (Fig. 9A; Langereis and de Groot, unpublished
observations). In contrast, PToV HEs display a strong preference for 9-mono-O65
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acetylated Sia (Fig. 9A; [21]). Scrutiny of the PToV HE esterase site revealed a
subtle yet conspicuous difference with the other HEs in the region proximal to
the predicted position of C7 of bound Sia (Fig. 7C). In PToV HE, Thr73 replaces
the slightly smaller orthologous residues Ala74, Ser64 and Ser84 in BCoV HE,
BToV HE and HEF, respectively. Biochemical analysis showed that these single
residue differences, modest as they might seem, greatly affect substrate
specificity. Substitution of PToV HE Thr73 by either Ala or Ser resulted in a loss of
substrate preference and yielded enzymes that now accept di- and mono-Oacetylated Sia substrates apparently with equal efficiency (Fig. 9A). Conversely,
the reversed substitution Ser64Thr in BToV HE greatly diminished enzymatic
activity towards 7,9-di-O-acetylated Sias and significantly enhanced cleavage of
9-mono-O-acetylated Sia. Thr73 is conserved in all known PToV HEs including
those of PToV type II strains (Fig. 8; [11]). Our findings thus provide a general
molecular explanation for substrate selection in PToV HEs.
In the case of influenza A viruses, the ligand specificity of the viral lectin
(HA) and the substrate specificity of the receptor-destroying enzyme,
neuraminidase (NA) closely match, apparently as a result of HA-NA co-evolution
during host adaptation [24]. Conceivably, a similar relationship between lectin
and RDE preference might exist in the HE proteins. Comparison of the PToV and
BToV HE lectin pockets suggests that in both cases the Sia glycerol side chain
atom C8 and the C8 hydroxyl group are buried. This finding supports the notion
that any major modification at this position would hamper binding by either HE.
The lectin pockets do however differ, particularly with respect to the area near
Sia glycerol side chain atom C7. Whereas in BToV HE there appears to be ample
room to accommodate modifications at this position, in PToV HE the side chains
of Val166 and Tyr118 would, in principle, obstruct binding of 7-O-acetylated
ligands. Our combined observations suggest that porcine toroviruses have
evolved to use 9-mono-O-acetylated Sias and to exclude di-O-acetylated
receptors possibly as an adaptation to replication in swine. Viral Sia usage and
the consequences thereof for host specificity, cell tropism and pathogenesis
merit further investigation.

MATERIALS AND METHODS
Expression and purification of ToV HE. Codon-optimized genes
encoding the HE ectodomains of PToV strain Markelo and BToV strain Breda
(residues: PToV 24-393, BToV 15-392) [21] were cloned in expression plasmid
S1-Ig as described (Chapter 2 [25]). To allow expression of an enzymaticallyinactive HE-Fc chimera (HE0-Fc), the esterase catalytic residue (PToV Ser46;
BToV Ser37) was substituted by Ala by site directed mutagenesis using the
QuikChange XL II kit (Stratagene). Ala-substitutions of selected residues in the
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HE receptor-binding site were made like-wise. HE-Fc chimeric proteins were
expressed in HEK293 GnT-I(-) cells [15] and purified on protein A beads (GE
Healthcare), cleaved by thrombin to remove the Fc fusion and concentrated to
10-15 mg/ml for crystallization as described.
Crystallization. Crystallization conditions were screened as described
(Chapter 2 [25]). Crystals of BToV HE with space group P212121 grew to a final
size of up to 0.30 x 0.25 x 0.25 mm within one or two weeks from 0.2 M sodium
malonate, 0.1 M Bis-Tris propane, pH 8.5, 25% (w/v) PEG 3350 at 18 °C. For
data collection, crystals were flash-frozen in liquid nitrogen using reservoir
solution containing 12.5% (w/v) glycerol as the cryoprotectant. To determine
the BToV HE structure in complex with ligand, crystals were soaked with 30 mM
of the non-hydrolysable sialic acid analogue methyl 5-N-acetyl-9-S-acetyl-α-9thioneuraminoside (Neu5N,9SAc2α2Me; Fig. 3; [8]) in cryoprotectant solution for
about half an hour.
PToV HE crystals with space group C2 were obtained from 0.2 M
potassium acetate, 18% (w/v) PEG 3350 at 18 °C and grew to a final size of up
to 0.35 x 0.1 x 0.05 mm. For data collection the fragile crystals were transferred
to reservoir solution containing 17.5% (w/v) glycerol and flash-frozen in liquid
nitrogen. For data collection of receptor-analogue complexes, crystals of PToV
HE0 were soaked in cryoprotectant solution containing 10 mM methyl 5-Nacetyl-4,9-di-O-acetyl-α-neuraminoside (Neu4,5,9Ac3α2Me; Fig. 3; [6]) for
about 2 minutes.
Data collection and structure determination. Diffraction data of
native and ligand-soaked crystals of BToV HE and PToV HE were collected at
ESRF station ID14-3 and ID 23-2, respectively (Table 1). Diffraction data were
processed using XDS [9] and scaled using SCALA from the CCP4 suite [1].
Molecular replacement was performed using PHASER with BCoV HE as template
(PDB ID: 3CL4). Molecular replacement of ToV HE ligand complexes was
performed using the refined PToV or BToV HE structures. Models were built by
hand using Coot [5]. Refinement was carried out using REFMAC (CCP4 package).
Water molecules were added using ARP/WARP [14]. Molecular graphics were
generated with PYMOL (http://pymol.sourceforge.net/).
Hemagglutination assay. Hemagglutination assay was performed in Vshaped 96-well plates (Greiner Bio-One). Two-fold serial dilutions of each of the
HE-Fc chimeras (PToV 10 µg; BToV 20 µg) were made in 50 µl phosphate
buffered saline supplemented with 0.1% bovine serum albumin. Rat blood was
washed with phosphate buffered saline and 50 µl 0.5% rat blood suspension was
added to each well and incubated for 2 hours on ice.
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Enzyme analysis. Substrate preference of wildtype and mutant ToV HEs
was determined by enzymatic de-O-acetylation of bovine submaxillary mucin
(BSM) essentially as described previously [20]. Briefly, BSM (1 mg/ml in
phosphate buffered saline, pH 6.5) was treated with 0.5 µg/ml HE-Fc for 10-240
minutes at 37 °C or mock-treated. Sialic acid analysis by gas-liquid
chromatography-electron impact mass spectrometry was performed as
described [10], using a Fisons Instruments GC8060/MD800 system
(Interscience, Breda, The Netherlands) and an AT-1 column (30 m x 0.25 mm,
Alltech, Breda, The Netherlands). Chromatograms were analyzed and
quantitated with MassLab software and graphs were made with GraphPad.
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ABSTRACT
The members of Betacoronavirus phylocluster A possess two types of
surface projections, one comprised of spike protein S, the other of hemaglutininesterase HE. Purportedly, these viruses bind to O-acetylated sialic acids (O-AcSias) primarily through S with HE merely serving as receptor-destroying
enzyme. Here, we show that, in apparent contrast to human and ungulate host
range variants of betacoronavirus-1, murine coronaviruses actually bind to OAc-Sias via HE exclusively. Apparently, expansion of group A betacoronaviruses
into new hosts and niches was accompanied by changes in HE ligand- and
substrate preference and in the roles of HE and S in Sia receptor usage.
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Receptor specificity is a major viral determinant of host preference, cell
tropism and pathogenesis. In coronaviruses (CoVs; family Coronaviridae, order
Nidovirales), enveloped, (+)strand RNA viruses of clinical and veterinary
relevance, receptor-binding is mediated by class I fusion protein S. Often, the
receptors employed are glycoproteins and virion-receptor binding involves
protein-protein interaction. Some CoVs, however, specifically bind to glycans
[10, 19, 26, 30, 38]. For example, members of phylocluster A in the genus
Betacoronavirus use O-acetylated sialic acid (O-Ac-Sia) either as primary
receptor or as initial attachment factor. Among them are human coronavirus
OC43 (HCoV-OC43), bovine coronavirus (BCoV) and porcine hemagglutinating
encephalomyelitis virus (PHEV) –host range variants of the species
Betacoronavirus-1–, and mouse hepatitis virus (MHV; sp. Murine coronavirus,
MuCoV; [22, 28, 34, 38]). Interestingly, these viruses differ from all other CoVs
in that they code for an additional spike protein species, the hemagglutininesterase (HE) [1, 3, 9, 11, 17, 18]. HE possesses sialate-O-acetylesterase
receptor-destroying enzyme (RDE) activity (Chapter 2 [43] and [20, 29, 37,
42]) that allows virions to elute from sialylated surfaces [29, 34, 38]. It may
thus facilitate the release of viral progeny from infected cells and provide virions
with an escape ticket from irreversible attachment to non-cell-associated
sialoglycoconjugates and off-target host cells.
Remarkably, group A betacoronaviruses differ among each other in their
dependency on O-Ac-Sia cell surface expression. For the infection of cultured
cells, HCoV-OC43, BCoV and PHEV critically require 9-O-Ac-Sias as receptor
determinants [13, 38], whereas MuCoVs rely exclusively on their primary
receptor CAECAM1a [4-6, 39]. As a likely reflection of this biological difference,
HE expression is dispensable in MHV and rapidly lost during serial passage in
vitro [17, 41]. Indeed, many MHV laboratory strains, including best-studied
variant MHV-A59, carry a defective HE gene [18]. As inferred from phylogenetic
analyses, however, the HE gene is preserved in MHV field strains implying that
HE expression does offer a selective advantage during the natural infection.
These studies also revealed a relatively recent gene flow event during which the
ancestor of one branch of MuCoVs exchanged its HE coding sequence for that of
an as yet unknown coronavirus [31]. As a result, two MuCoV biotypes exist,
exemplified by isolates MHV-DVIM and MHV-S, that differ primarily in their HE,
the first possessing sialate-9- and the latter sialate-4-O-acetylesterase activity
[22, 31, 34, 40].
Although CoV HEs function also as lectins (Chapter 2 [43] and [21, 34])
and even possess dedicated receptor-binding domains (Chapter 2 [43]), their
contribution to host cell attachment remains subject to debate. Reportedly,
HCoV-OC43, BCoV and MHV bind to O-Ac-Sias primarily via their S proteins [14,
27, 29, 32, 40]. Whereas there is strong evidence in support of this view for
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betacoronavirus-1 variants, the roles of the MuCoV HE and S proteins in O-AcSia receptor usage has not been studied in great detail.
To determine which MHV envelope protein (S, HE or both?) mediates
attachment to Sia, we constructed by targeted RNA recombination [15] a set of
recombinant MHV-A59 derivatives in which the autologous genes for HE and S
were replaced by those of MHV-S or MHV-DVIM (Fig. 1A). The construction of
rMHV-A59-HES was described previously [17]. Sequence analysis confirmed that
all genetic modifications were as intended and no inadvertent mutations were
introduced (data not shown). Synthesis of RNA2b (the HE mRNA), lost in MHVA59, was restored in recombinant viruses rMHV-A59-HES [17] and rMHV-A59HEDVIM (Fig. 1B).
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Virus stocks were prepared by pelleting virus particles from the
supernatants of infected LR7 cells [15] through a 20% sucrose cushion (80,000
x g, 2 hr, 4˚C). For proper comparison of the viruses, it was crucial to confirm
that the heterologous envelope proteins become incorporated into recombinant
virions in amounts similar to those in the parental viruses and to perform Siabinding assays with equivalent numbers of virus particles. As there were
consistent differences in specific infectivity between MHV-DVIM, MHV-S and
MHV-A59 (vide infra), uncorrected infectious titers are not a reliable indication
for the amount of virions. Instead, the number of genome copies as determined
by semi-quantitative TaqMan RT-PCR was taken as a measure. RNA, isolated
from purified virus using the QIAamp Viral RNA Mini Kit (Qiagen), was subjected
to real-time RT-PCR using an ABI Prism 7700 sequence detector (Applied
Biosystems) with primers MHV1b-F (5’-ACGGTGACGATGTTATCTTCAGC-3’) and
MHV1b-R (5’-TTACCTTGTGGGCTCCGGTA-3’) and a fluorescent probe (5’-FAMATGGCTCGGTTCAAGGCTCCCTGTA-TAMRA-3’) to amplify and detect a conserved
ORF1b region. The relative number of genome copies in each virus stock was
calculated from a standard curve determined for purified MHV-A59 genomic RNA
(data not shown).
As shown for rMHV-A59-HEDVIM in Fig. 1C and reported for rMHV-A59S
HE [17], HE proteins were incorporated into the recombinant virions in
quantities similar to those in the respective wild type donor viruses. As an
additional quantitative measure for HE incorporation in rMHV-A59-HEDVIM, we
determined virion-associated O-acetylesterase activity using p-nitrophenyl
acetate as substrate [22, 36]. O-acetylesterase titers for rMHV-A59-HEDVIM,
when corrected for virus particle concentration, corresponded to those for MHVDVIM (relative enzyme activity in mU, 1.0 ± 0.05 versus 1.5 ± 0.14,
respectively).
The S protein is present only in small quantities in virus particles,
heterogeneously glycosylated, subject to partial proteolytic cleavage and easily
lost during virus purification [17]. Consequently, the amount of S protein in
virions cannot be assessed reliably by SDS-PAGE. As the S protein is the sole
determinant of MHV entry in vitro [5, 6], the specific infectivity provides an
indirect measure of the amount of functional S protein in the virion. Relative
specific infectivity (RSI) of each virus was calculated from the ratio of the
relative number of viral particles, determined by TaqMan RT-PCR, to plaque
forming units (PFU), with the RSI of parental virus MHV-A59 set at 100% (Fig.
1A). The RSIs of MHV-DVIM and MHV-S were consistently 11- and 4-fold lower,
respectively, than that of MHV-A59, possibly reflecting differences in adaptation
to propagation in vitro. Notably, rMHV-A59-SDVIM and rMHV-A59-SS had RSIs
comparable to those of their respective donor viruses, MHV-DVIM and MHV-S,
and, thus, apparently incorporate wildtype amounts of S protein into their
virions.
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Parental and HE-expressing recombinant viruses were tested in solidphase whole virion binding assays [22, 44] against bovine submaxillary mucin
(BSM) and horse serum glycoproteins (HSG); these natural sialoglycoconjugates
are rich in 9-O- or 4-O-Ac-Sias, respectively [7, 23]. Virion binding was detected
by HE-associated O-acetylesterase activity towards 4-methylumbelliferyl acetate
[25]. The HEs of MHV-S and MHV-DVIM cleave this substrate to comparable
rates (Fig. 2B) allowing direct comparison of these viruses and their
recombinant derivatives in the solid-phase assay.

mM 4-MUAc were incubated at
ambient temperature and hydrolysis of
the substrate was followed over time.
MHV-DVIM, black squares; MHV-S,
black dots; rMHV-A59-HEDVIM, open
diamonds;
rMHV-A59-HES,
open
triangles.
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As described [22], MHV-S bound to HSG, but not to BSM. Conversely,
MHV-DVIM exclusively bound to BSM. Importantly, recombinant virus rMHVA59-HEDVIM also tested positive in the binding-assay, but like MHV-DVIM, bound
only to BSM. Binding was abolished by pre-treating BSM with bacterial
neuraminidase or purified sialate-9-O-acetylesterase, while treatment with the
sialate-4-O-acetylesterase was ineffective. rMHV-A59-HES, like MHV-S, only
bound to HSG. Its binding was sensitive to sialate-4-O-acetylesterase treatment,
but resistant to treatment with sialate-9-O-acetylesterase or neuraminidase
(note that 4-O-Ac-Sias are resistant to all neuraminidases described to date
[2]). These observations confirm and extend previous findings [22, 34] by
showing that (i) both biotypes of MHV attach to Sia, (ii) binding is critically
dependent on specific Sia modifications, i.e. 4-O- or 9-O-acetylation, (iii) MHV
Sia receptor binding specificity corresponds to the sialate-O-acetylesterase
substrate preference of HE and (iv) HE is sufficient to mediate virion binding to
natural sialoglycoconjugates.
As can be inferred from the complementary binding profiles of rMHVS
A59-HE and rMHV-A59-HEDVIM, the S protein of MHV-A59 does not mediate
virion binding to Sia. However, the results do not allow conclusions about the
Sia-binding properties of the S proteins of MHV-DVIM and MHV-S, strains less
adapted to tissue culture conditions and, presumably, more representative for
naturally occurring MuCoVs. As an alternative to the solid-phase binding assay,
viruses were tested for hemagglutination. In accordance with the literature [3335], MHV-DVIM readily agglutinated rat erythrocytes (Fig. 3). Surprisingly and
in contrast to earlier reports [35], we also observed hemagglutination by MHVS. Agglutination was only observed when using fresh erythrocytes and rapidly
decreased during storage of the red blood cells at 4°C. Assays performed with
neuraminidase- or sialate-O-acetylesterase-treated erythrocytes confirmed that
MHV-DVIM and MHV-S specifically bound to cell surface 9-O- or 4-O-Ac-Sias,
respectively. In fact, removal of 9-O-acetyl groups even led to a ~4-fold
increase in MHV-S hemagglutination titers, suggesting that MHV-S prefers 4mono-O- over 4,9-di-O-acetylated Sia species (Fig. 3). MHV-DVIM and rMHVA59-HEDVIM, when tested at equal particle concentrations, agglutinated rat
erythrocytes to identical titers. No agglutination was observed for rMHV-A59SDVIM. Likewise, MHV-S and rMHV-A59-HES hemagglutinated to similar extents,
while rMHV-A59-SS tested negative. The combined findings conclusively show
that MHV-DVIM and MHV-S bind to O-Ac-Sias via their HE and not via their S
proteins. As these isolates have a limited passage history in cultured cells and
are representative for the two MuCoV biotypes, we submit that our observations
can be extrapolated to all naturally-occurring MuCoV variants.
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Fig. 3. Attachment of wildtype
and recombinant MHVs to O-AcSias as measured by hemagglutination assay. Rat erythrocytes
(Rattus Norvegicus strain Wistar)
were mock-treated (mock) or treated
with 9-O-acetylesterase (9-O-AE), 4O-acetylesterase (4-O-AE) or A.
Ureafaciens neuraminidase (NA) prior
to hemagglutination assay with twofold serial dilutions of virus. Assays
were performed in PBS with final
dilution of erythrocytes to 0.2% and
with equal amounts of virus particles
(starting amounts equivalent to 1.0 x
107 PFU of MHV-A59). The arrow
indicates the direction from low to
high virus dilutions. Grey circles
indicate wells displaying hemagglutination.
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HE appears to be a recent addition to the betacoronavirus proteome and
as it originated from an influenza C-like hemagglutinin-esterase fusion protein
(Chapter 2 [43]) it would have come with 9-O-Ac-Sia-binding activity [8, 24,
36]. It may thus be envisaged that the acquisition of the HE by the
betacoronavirus group A ancestor at once led to a two-protein strategy for virion
attachment with S mediating binding to the main receptor -a specific
glycoprotein- through protein-protein interactions, and HE mediating binding to
O-Ac-Sias. While some group A betacoronaviruses, for example MHV, apparently
continued to use this strategy, others seem to have taken the next step. In
contrast to MHV, BCoV and related viruses united in the species
Betacoronavirus-1 critically require O-Ac-Sias for infection and bind to these
receptor determinants also via their S proteins [13, 38]. It is tempting to
speculate that in the course of betacoronavirus-1 evolution, the S protein
extended or maybe even completely shifted receptor specificity from protein to
glycan moieties to recognize a new receptor determinant, 9-O-Ac-Sia, originally
used by HE alone.
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Chapter 5

ABSTRACT
The hemagglutinin-esterases (HEs), envelope glycoproteins of corona-,
toro- and orthomyxoviruses, mediate reversible virion attachment to Oacetylated sialic acids (O-Ac-Sias). They do so through concerted action of
distinct receptor-binding (“lectin”) and receptor-destroying sialate Oacetylesterase (”esterase”) domains. Most HEs target 9-O-acetylated Sias. In
one lineage of murine coronaviruses, however, HE esterase substrate and lectin
ligand specificity changed dramatically as these viruses evolved to use 4-Oacetylated Sias instead. Here we present the crystal structure of the lectin
domain of mouse hepatitis virus strain S HE, resolved both in its native state
and in complex with a receptor analogue. The data show that the shift from 9-Oto 4-O-Ac-Sia receptor usage primarily entailed a change in ligand binding
topology and, surprisingly, only modest changes in receptor-binding site
architecture.
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INTRODUCTION
To initiate infection viruses must bind to an appropriate host cell.
Selectivity of binding is ensured by attachment proteins on the virion, tailored to
recognize one -or at the most- a limited number of cell surface molecules.
Remarkably, a large number of viruses, representative of at least 11 distinct
families several of which of clinical and/or veterinary importance, use sialic acid
(Sia) as receptor determinant (Chapter 1). Owing to differential modification, Sia
structural diversity exceeds that of any other monosaccharide [3]. The most
common type of Sia substitution, O-acetylation at carbon atoms C4, C7, C8
and/or C9, occurs in a host-, organ- and even cell-specific fashion such that
even individual cells of the same type and tissue may differ in their Sia
expression profile [9, 19, 20]. Viruses have evolved to selectively use particular
Sia variants and their attachment proteins are high-specificity sialolectins, the
binding of which might depend on the identity of the penultimate residue in the
sugar chain, the type of glycosidic linkage and/or the presence or absence of
substitutions [8, 13, 15, 28, 33]. Ultimately, this preference in Sia receptor
usage affects host-, organ-, and cell-tropism [2, 4, 21, 25, 29], the course and
outcome of infection [5, 6, 26, 27] as well as the efficacy of intra- and crossspecies transmission [29, 37], all to extents not yet fully appreciated.
The hemagglutinin-esterases (HEs) are a class of Sia-binding envelope
glycoproteins found in some negative-stranded RNA viruses, namely in influenza
C and infectious salmon anemia virus (family Orthomyxoviridae; [14, 33]), but
also in toro- and coronaviruses, positive-stranded RNA viruses in the order
Nidovirales [7, 36]. From phylogenetic and comparative structural analyses it
appears that toro- and coronaviruses acquired their HE proteins separately via
horizontal gene transfer, with an HEF-like protein as progenitor (Chapter 2 [40],
Chapter 3 [23] and [35, 36]). Like HEF, most nidovirus HEs bind to 9-Oacetylated
(9-O-Ac)
Sias
and,
correspondingly,
display
sialate-9-Oacetylesterase receptor-destroying enzyme activity [35]. Murine coronaviruses,
however, occur in two closely related biotypes that differ in HE ligand/substrate
Fig. 1. Stereochemical differences between 9-O- and
4-O-acetylated sialic acid.
Stick representation of (left)
Neu5,9Ac22Me
and
(right)
Neu4,5Ac22Me.
Backbone
Neu5Ac2Me is colored in gray
(carbon), red (oxygen) and
blue (nitrogen). The 9-O-Ac
group of Neu5,9Ac22Me and 4O-Ac group of αNeu4,5Ac22Me
are
highlighted
(carbon).

in

cyan

9"O"Ac"Sia(

4"O"Ac"Sia(

9"O"Ac(

4"O"Ac(
5"N"Ac(

5"N"Ac(

85	
  

Chapter 5
preference. One of these -represented by mouse hepatitis virus (MHV) strain
DVIM- still targets 9-O-Ac-Sias, while the other -represented by MHV strain Sevolved to use 4-O-Ac-Sias instead [31, 35]. Given the stereochemical
differences between these Sia variants (Fig. 1) and the essentially different
requirements for ligand and substrate recognition by the respective HEs, the
question arises how this major shift in receptor usage was achieved and what
changes must have occurred in the receptor-binding and O-acetylesterase
domains to make this transition possible.
The crystal structures of a number of 9-O-Ac-Sia specific nidovirus HEs
have been solved (Chapter 2 [40] and Chapter 3 [23]). Unlike the receptorbinding site (RBS) of influenza C virus HEF [34], the RBSs of the corona- and
torovirus HEs seem to be exceptionally plastic as they appear to have undergone
significant changes and adaptations that altered their overall architecture in a
relatively short evolutionary time span. Based on these observations, we
anticipated and speculated (Chapter 2 [40]) that this plasticity might have
allowed for even more substantial adjustments in the RBS of the murine
coronavirus HE as to produce an entirely novel binding site specific for 4-Oacetylated Sias.
We now present the crystal structure of the MHV-S HE receptor-binding
domain, both in its native state and in complex with a receptor analogue. The
data reveal in exquisite detail how the RBS changed to accommodate 4-Oinstead of 9-O-acetylated Sias. Surprisingly, however, this shift in receptor
usage seems to have involved primarily a change in ligand binding topology and
relatively modest changes in RBS architecture.

RESULTS AND DISCUSSION
Expression, purification, and biochemical characterization of MHV-HE.
We produced the ectodomain of MHV-S HE (residues 25-403) as an Fc-fusion
protein, either in enzymatically active (HE-Fc) or inactive form (HE0-Fc), by
transient transfection of HEK293 cells. MHV-S HE0-Fc bound to horse serum
glycoproteins (HSG), which are decorated with 4-O-acetylated sialic acids (4-OAc-Sias), but carry little to no 9-O-Ac-Sias (Fig. 2A; [12]). The receptor
determinants in HSG could be destroyed by treatment with MHV-S HE-Fc, but
not by treatment with BCoV-Mebus HE-Fc (a sialate-9-O-acetylesterase; Fig.
2B). No binding of MHV-S HE0-Fc was observed to bovine submaxillary mucin
(BSM), a glycoconjugate devoid of 4-O-Ac-Sias (Fig. 2A; [32]). The MHV-S HE
ectodomain, released from HE-Fc by thrombin-cleavage, retained proper sialate4-O-acetylesterase activity when assayed for substrate specificity with a
synthetic di-O-acetylated Sia (5-N-acetyl-4,9-di-O-acetylneuraminic acid α-
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methylglycoside, αNeu4,5,9Ac32Me; Fig. 2C). In hemagglutination assays, MHVS
HE0 specifically bound to 4-O-acetylated Sias (Fig. 2D). The combined findings
show that the recombinant MHV-S HE proteins are biologically active, both as Fc
fusion proteins (Figs. 2A and B) and after the removal of the Fc tail by thrombincleavage (Figs. 2C and D), which we take as an indication for proper folding and
protein stability.
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Fig. 2. HE-Fc fusion protein displays proper receptor-binding and enzymatic activities. (A) Binding of twofold serial dilutions (starting at 100 µg/ml) of esterase-deficient Fc-fusion proteins (HE0-Fc) of BCoV-Mebus and MHVS in a solid-phase lectin-binding assay towards horse serum glycoproteins (HSG) and bovine submaxillary mucins
(BSM). Relative binding in percentages is calculated with the binding of the highest concentration lectin set at a
100%. Wells incubated without lectin (“mock”) were included as negative control. (B) Receptor destroying enzyme
activity towards HSG. Coated HSG was treated with two-fold serial dilutions (starting at 100 ng/ml) of enzymaticallyactive BCoV-Mebus and MHV-S HE Fc-fusion proteins and 4-O-Ac-Sia content was detected by solid phase lectin
binding assay with MHV-S HE0-Fc. Decrease in signal as compared to untreated HSG is plotted in percentages. (C)
MHV-S HE ectodomain displays sialate-4-O-acetylesterase activity towards the synthetic di-O-acetylated sialic acid
analogue αNeu4,5,9Ac32Me. Graphs show total ion current gas-chromatograms and Sia subtypes were identified by
mass spectrometry: Sia (Neu5Ac2Me [peak 1]), 4-O-Ac-Sia (Neu4,5Ac22Me [peak 2]), 9-O-Ac-Sia (Neu5,9Ac22Me
[peak 4], 4,9-di-O-Ac-Sia (Neu4,5,9Ac32Me [peak 5]). Peak 3 represents a non-sialic acid compound. (D) Receptor
binding activity of MHV-S HE ectodomain was assessed by hemagglutination assay with rat erythrocytes and twofold
serial dilutions of the HE proteins (10,000 to 5 ng per well, arrow).
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Structure determination and overall structure. Crystals of free MHVS HE and of a complex of HE0 with αNeu4,5Ac22Me diffracted to 2.1 and 2.5 Å
resolution, respectively. The structures were solved by molecular replacement
by using BCoV-Mebus HE (PDB ID 3CL5; Chapter 2 [40]) as template (BCoVMebus and MHV-S HE share 59% sequence identity; for crystallographic details,
see Table 1).
Fig. 3. Overall structure and
comparison to BCoV-Mebus HE.
(A) Ribbon representation of the
dimeric MHV-S (residues 25-395)
and BCoV-Mebus HE (residues 19376) structures. One monomer is
colored grey, the other by domain:
lectin domain (R, blue) with bound
αNeu4,5Ac22Me (MHV-S HE) or
αNeu4,5,9Ac32Me
(BCoV-Mebus
HE; cyan sticks) and potassium ion
(magenta
sphere);
esterase
domain (E, green); membraneproximal domain (MP, red). (B)
Structure- (MHV-S and BCoVMebus)
and
sequence-based
(MHV-DVIM) alignment of HE
sequences. Colored boxes above
the sequences indicate domain
organization and black lines show
loops involved in receptor binding.
Note that in MHV-S HE two
insertions increase the length of
loops R3 and R4. Asterisks indicate
the highly conserved residues of
the potassium binding site and
boxes indicate the critical serine,
histidine and aspartic acid residues
of the catalytic site. Residues that
interact with the ligand are
highlighted
in
bold;
those
conserved among all three HEs are
indicated by shaded background.
The disordered loops of the
esterase domain are indicated in
light
gray.
(C)
Ribbon
superposition of the MHV-S and
BCoV-Mebus HE receptor binding
sites. BCoV-Mebus HE is colored
gray, coloring of MHV-S HE as in
panel A. Bound receptor analogues
are shown as cyan sticks and
potassium
ions
as
magenta
spheres. The five surface exposed
loops and the RBS-hairpin that
interact with the receptor are
indicated. Note that only the R3and
R4-loops
differ
in
conformation. (D) Close-up of the
HE-potassium binding-site of MHVS HE and BCoV-Mebus HE. Shown
in ribbon representation are the
R3-loop (salmon) and RBS-hairpin
(purple) that interacts with the
potassium ion (magenta sphere).
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In overall Fig. 4. Electron density
structure, the HE of the receptor. (A)
Difference
electron
of MHV-S closely density map calculated
resembles
that from the final model
from which the ligand
of BCoV-Mebus. had been omitted. The
It
assembles contour level is 3.0 σ. (B)
2Fo-Fc map of the final
into homodimers model contoured at the
and the mono- 1.0 σ level.	
  
mers are composed of three modules: a small membrane-proximal (MP), a receptor-binding
(R), and a central esterase (E) domain (Figs. 3A and B; Chapter 2 [40]). The MP
domain is virtually identical to that of BCoV-Mebus HE with a root mean square
difference (rmsd) on main chain Cα atoms of only 0.48 Å. Unfortunately,
residues in the E domain, that form the catalytic site were disordered in both
crystals. Hence, the molecular basis for the unusual substrate specificity of MHVS HE remains unknown. The structure of the R domain, however, was resolved,
and in the complex the ligand molecule is well-defined (Fig. 4). The R domains
of MHV-S and BCoV-Mebus HE are highly similar with an rmsd on main chain Cα
atoms of 0.79 Å.
MHV-S HE has a unique receptor binding-site. The receptor-binding
sites of BCoV-Mebus and MHV-S HE are very much alike in architecture. This is
particularly surprising given the
Table 1. Data collection and refinement statistics	
  
considerable
differences
in
MHV-S HE
MHV-S HE0 with
ligand preference and in their
without ligand
ligand
requirements for binding (i.e.
Spacegroup
P212121
P212121
binding of 9-O-Ac-Sia in a 9-OCell dimensions
a,b,c (Å)
92.8,108.8,125.1
91.6,106.6,135.6
Ac-dependent fashion versus
α,β,γ (o)
90.0, 90.0, 90.0
90.0, 90.0, 90.0
30-2.1
54.5-2.5
binding of 4-O-Ac-Sia in 4-OResolution (Å)*
(2.22-2.10)
(2.64-2.50)
Completeness
Ac-dependent fashion, respec99.5 (96.8)
100.0 (100.0)
(%)
tively; Fig. 1). The MHV-S HE
#Unique
73858
46607
Reflections
receptor-binding site (RBS), like
Multiplicity
7.4(7.4)
7.4 (7.4)
that of BCoV-Mebus HE, is
Rmerge (%)
10.3 (70.1)
12.2 (90.2)
composed of 5 surface exposed
I/σ
12.9 (2.9)
12.7 (2.1)
loops, four of which extend
Rfactor/Rfree
from the conserved 8-stranded
18.8/22.2
21.3/24.9
(%)
rmsd bond
“Swiss
role”
core-structure
0.010
0.009
lengths (Å)
(loops R1 through R4; Figs. 3B
rmsd bond
1.3
1.2
angles (º)
and C) and one originating from
#Protein atoms
5676
5457
the E-domain (E-loop). Whereas
#Glycan units
31
28
the R1-, R2- and E-loops of the
#Waters
291
77
BCoV-Mebus and MHV-S HE * Values between brackets refer to the highest resolution shell of data
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sites are almost identical, the R3- and R4-loops adopt different conformations in
the two proteins as result of amino acid insertions in MHV HE (Figs. 3B and C).
Two other conspicuous elements of the MHV-S HE RBS are the RBS-hairpin and
a conserved metal-binding site with a potassium ion that stabilizes the R3-loop
and the RBS-hairpin exactly as in BCoV-Mebus HE (Fig. 3D). The potassium ion
is coordinated by main chain oxygen atoms of Ser231, Glu280 and Leu282 and side

Fig. 5. MHV-S HE has a unique receptor-binding site that binds specifically 4-O-acetylated sialic acid. (A)
Surface and (B) stick representation of the MHV-S HE receptor-binding site in complex with a receptor analogue. The
ligand bound to the HE receptor-binding site is shown as sticks and potassium ion as magenta sphere. Hydrogen
bonds between HE and the receptor are shown as black dashed lines. Surface representation of the MHV-S HE
receptor-binding site reveals two pockets accommodating the 4-O- and 5-N-acetyl groups of the receptor,
respectively. Note that crystals were soaked with αNeu4,5,9Ac32Me, but most likely as result of the low pH
crystallization conditions, the 9-O-Ac group was lost. (C) Surface and (D) stick representation of the BCoV-Mebus HE
receptor-binding site. Note that the topology of the two hydrophobic pockets is conserved, except they bind different
substituents of the receptor analogue. (E) The effect of Ala substitutions on receptor binding. Relative binding affinity
of wild-type HE0 (wt) and its derivatives was assessed by hemagglutination assay with rat erythrocytes and twofold
serial dilutions of each of the HE0-Fc chimeras (5,000 to 10 ng per well, arrow). (F) Binding of twofold serial dilutions
of wild-type (wt) HE0-Fc chimera and its derivatives in a solid-phase lectin-binding assay towards horse serum
glycoproteins (HSG) as described in Fig. 2A.
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chain oxygen atoms of Asp230, Gln232 and Ser278. These residues are conserved
in BCoV-Mebus HE and in all other coronavirus HEs with the exception of HCoVHKU1 HE (Chapter 2 [40]).
While the overall organization of the MHV-S RBS is similar to that of
BCoV-Mebus HE, the orientation of the receptor analogue with respect to the
RBS is strikingly different (Figs. 3D, 5A and B). As compared to the ligand in the
BCoV-Mebus HE binding site (Fig. 5C and D), the αNeu4,5Ac22Me receptor
analogue is rotated by about 90° and shifted by about 2.5 Å. Figs. 5A and B
show how residues from the four R-loops, the E-loop and the RBS-hairpin
interact with the Sia receptor molecule. Two hydrogen bonds are formed
between the nitrogen and oxygen main-chain atoms of Lys217 and the oxygen of
the C4 acetyl group and the nitrogen of the 5-N-acetyl group, respectively. The
Ser220 main chain nitrogen accepts an additional, weak hydrogen bond from the
C8 hydroxyl group of the ligand (Fig. 5B).
Most remarkably, the hydrophobic pocket that in BCoV-Mebus HE
accommodates the 9-O-acetyl moiety of the receptor (comprised of Leu161,
Tyr184 Leu266 and Leu267) -arguably the most crucial element of the BCoV HE
RBS- is conserved in MHV-S HE (comprised of Ile166, Tyr189, Tyr281, and Leu282),
but it now accepts the Sia 5-N-acetyl group, while the Sia glycerol side-chain is
solvent exposed (Fig. 5A). Moreover, the hydrophobic patch in the BCoV-Mebus
HE RBS that interacts with the Sia 5-N-acetyl group (Fig. 5C) apparently
changed into a shallow pocket that accommodates the Sia 4-O-acetyl moiety
(Fig. 5A). The residues orthologous to BCoV-Mebus HE Thr114, Leu161, Phe211,
and Leu266 were replaced by Leu119, Ile166, Ser216, and Tyr281, respectively, and
Leu260 was recruited from the R4-loop, which in MHV-S HE is reoriented as
compared to the one in BCoV-Mebus HE (Fig. 3C). These residues, together with
conserved Phe212, form the hydrophobic lining of the newly shaped pocket (Figs.
5A and B). As the Sia-4-O-acetyl group is crucial for ligand recognition by MHVS HE, this pocket must be key to receptor-binding. In accordance, single Ala
substitutions of Leu119, Ile166, Phe212, Leu260, or Tyr281 all reduced receptorbinding activity (although that of Ile166 to lesser extent) as shown by
hemagglutination assay (Fig. 5E) and solid-phase lectin binding assay (Fig. 5F)
Relatively modest changes in the MHV receptor binding-site
changes ligand specificity. The data reveal in minute detail not only the mode
of interaction between MHV-S HE and its cognate receptor determinant, but also
clarify how a CoV HE RBS for 9-O-Ac-Sia might have transformed into one that
now specifically binds 4-O-Ac-Sia. The most striking observation is that this
major shift in ligand specificity required only minimal changes in the protein and
that the binding site architecture was essentially maintained. How this was
possible can be explained from the mode of lectin-ligand interaction, based
largely on the docking of the methyl groups of the Sia-acetyl moieties into
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Fig. 6. Comparison of the BCoVMebus and MHV-S Sia ligands. Stick
representation of αNeu4,5,9Ac32Me in
gray with (left) the 5-N-Ac and 9-O-Ac
or (right) the 4-O-Ac and 5-N-Ac
groups colored in red (oxygen), blue
(nitrogen) and cyan (carbon). The
arrow indicates the distance between
the methyl groups.

	
  

hydrophobic pockets, and from the structures of the two types of ligands. The
juxtaposition of the Sia 5-N- and 9-O-acetyl moieties is quasi-similar to that of
the Sia 4-O- and 5-N-acetyl groups. The distance between the groups may be
different (7.1 versus 5.7 Å as measured between the methyl carbon atoms,
respectively), but for each combination the acetyl groups are located in roughly
the same plane and at roughly similar angles (Fig. 6). Thus, it can be envisaged
that a pre-existing site for 9-O-Ac-Sia was converted to accommodate 4-O-AcSia instead by (i) having the ligand rotate (with binding of the ligand in the
novel orientation facilitated through hydrogen bonding with residues introduced
by substitutions and/or insertions in the R3 loop) and (ii) by bringing the original
9-O-acetyl binding pocket and 5-N-acetyl binding patch more closely together so
that they now can accept the 5-N- and 4-O-acetyl moieties, respectively (Fig.
6). From attempts to fit αNeu5,9Ac22Me into the MHV-S RBS by in silico
modelling, the 9-O- and 5-N-acetyl groups would seem to be spaced too far
apart to conveniently dock into the acetyl-binding pockets. Moreover, were the
ligand to bind in this orientation, the Sia carboxylate would clash with the
modified R3-loop (date not shown). These findings thus provide an explanation
for exclusion of the original ligand and for the specificity of MHV-S HE for 4-OAc-Sias.
The structure of the MHV-S HE-receptor complex allows guarded
predictions only of how glycosidic linkage or additional Sia modifications might
affect ligand binding. The C2-oxygen through which glycosidically-bound Sia
would be linked to the penultimate residue of the glycan chain is exposed to the
solvent and we would therefore expect the lectin to bind Sias in a linkageindependent fashion. Still, the R4- and/or E-loops, as they are proximal to Sia
C2 (Fig. 3C), might affect ligand binding such as to cause a preference for a
particular linkage type. The pocket for the Sia 5-N-acetyl group would seem
sufficiently wide to also accommodate the slightly larger 5-N-Gc substituent (Fig.
5A); whether the lectin does accept 5-N-glycolylated Sias as ligands remains to
be shown, however. Finally, from the topology and orientation of
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αNeu4,5Ac22Me in the RBS of MHV-S HE, ligand binding would seem to be
tolerant to modifications at the Sia glycerol side chain (Fig. 5A). Yet, as
demonstrated by hemagglutination assay with native and sialate-9-Oacetylesterase-treated erythrocytes, MHV-S HE apparently prefers 4-mono-Oover 4,9-di-O-acetylated Sias (Chapter 4 [22]).
The occurrence of two distinct MHV lineages –exemplified by strains S and
DVIM– that through their HE proteins bind to widely different Sia subtypes poses
an interesting conundrum. While the structure reported here provides clues to
how an HE protein ancestral to that of MHV-S may have changed to bind to 4-Orather than to 9-O-acetylated Sias, the conditions that selected for this shift in
ligand specificity and the biological consequences thereof are unknown. The
limited data available on the in vivo role of HE suggests that it promotes viral
spread [18]. Conceivably, HE-mediated early virion attachment to cell-surface 4O- or 9-O-acetylated Sias might facilitate subsequent interaction between the S
protein and principal receptor CAECAM1a [10, 38]. If so, HE would appreciably
contribute to host cell selection and its ligand preference would affect host-,
organ- and cell tropism. Our findings pave the way to study the function of CoV
HE and to assess the importance of ligand and substrate specificity through an
approach of structure-guided mutagenesis, reverse genetics and animal
experimentation in a natural infection model.

MATERIALS AND METHODS
Protein expression and purification. A synthetic DNA with human
codon-optimized sequence for the HE ectodomain of MHV strain S (MHV-S;
amino acid residues 25-403) was cloned in pCD5-Ig (Chapter 2 [40] and
Chapter 3 [23]), a derivative of expression plasmid S1-Ig [24]. The resulting
construct, pCD5-MHV-S-HE-T-Fc, codes for a chimeric HE protein provided with
an N-terminal CD5 signal peptide and, at its C-terminus, preceded by a
thrombin cleavage site, the Fc domain of human IgG1 (HE-Fc). The QuikChange
XL II site-directed mutagenesis kit (Stratagene) was used to construct pCD5MHV-S-HE-T-Fc derivatives that code for an enzymatically inactive HE-Fc with
the esterase catalytic residue Ser45 replaced by Ala (HE0-Fc), and for HE0-Fc
mutants with Ala substitutions in the receptor-binding site. For analytical
purposes, HE-Fc fusion proteins were produced by transient expression in
HEK293T cells and then purified from the cell culture supernatants by protein Aaffinity chromatography (GE Healthcare) and low-pH elution (0.1M Citric-acid pH
3.0). The pH of the eluate was neutralized by adding Tris pH 8.0 to a final
concentration of 0.2 M and the protein solution was dialyzed against phosphatebuffered saline (PBS). For crystallography, HE-Fc fusion-proteins were
transiently expressed in HEK293 GnTI(-) cells [30] and the MHV-S ectodomain
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was purified by protein A-affinity chromatography and on-the-beads thrombin
cleavage as described (Chapter 2 [40] and Chapter 3 [23]).
Solid-phase lectin binding assay (SLBA). Maxisorp 96-well plates
(Nunc) were coated for 16 hrs at 4°C with horse serum glycoproteins (HSG;
10% v/v horse serum in PBS) or bovine submaxilary mucin (BSM; 10 mg/ml;
Sigma) at 100 µl per well. The wells were washed with washing buffer (PBS,
0.05% Tween-20) and treated with blocking buffer (PBS, 0.05% Tween-20, 2%
bovine serum albumin, BSA) for 1 hr at RT. Two-fold serial dilutions of HE0-Fc
lectins were prepared in blocking buffer (starting concentration 100 µg/ml) and
100 µl samples of these dilutions were added to the glycoconjugate-coated
wells. Incubation was continued for 60 min after which unbound lectin was
removed by washing three times. Bound lectin was detected using an HRPconjugated goat anti-human IgG antiserum (1:10,000 in blocking buffer;
Southern Biotech) and TMB Super Slow One Component HRP Microwell
Substrate (BioFX) according to the instructions. The staining reaction was
terminated by addition of 0.3 M phosphoric acid, the optical density was
measured at 450 nm, and graphs were constructed using GraphPad software. To
assess and compare the enzymatic activities of BCoV-Mebus and MHV-S HE-Fc
towards 4-O-acetylated Sias, HSG coated in Maxisorp plates was treated with
samples from two-fold serial dilutions of either enzyme (starting at 100 ng/ml in
PBS, 100 µl/well) for 2 hrs at 37°C. The destruction of 4-O-Ac-Sia receptor
determinants was determined by SLBA with MHV-S HE0-Fc (5 µg/ml in blocking
buffer) as described above. Enzymatic de-O-acetylation of αNeu4,5,9Ac32Me
was analyzed by gas-chromatography-electron impact mass-spectrometry (GCMS) as described (Chapter 3 [23] and [17, 35]).
Hemagglutination assay. Hemagglutination assay was performed in Vshaped 96-well plates (Greiner Bio-One). Two-fold serial dilutions in 50 µl PBS,
0.1% BSA of HE0-Fc or of purified HE0 ectodomains (starting amounts indicated
in the text) were mixed with 50 µl of a rat erythrocyte suspension (Rattus
norvegicus strain Wistar; 0.5% in PBS) and incubated for 2 hours on ice.
Crystallization. Crystallization conditions were screened by the sittingdrop vapor diffusion method using a Honeybee 961 (Genomic Solutions). Drops
were set up with 0.2 µl of HE protein solution in 10 mM Tris-HCl pH 8.0 and 0.2
µl reservoir solution. Crystals with space group P212121 were obtained from 0.2
M KH2PO4, 0.2 M sodium malonate, 15% (w/v) PEG3350 and 0-5% (w/v)
glycerol at 18 °C. Crystals for diffraction experiments were grown with the
hanging drop vapor diffusion method set up by hand with reservoir and protein
solution ratio 1:1 (1.6 µl total) at 18 °C, and grew to a final size of up to 0.25 x
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0.20 x 0.20 mm within one week. For data collection, crystals were flash-frozen
in liquid nitrogen using reservoir solution containing 20% (w/v) glycerol as the
cryoprotectant. To determine the HE structure in complex with its receptor,
crystals of HE0 were soaked by adding 2 µl of 10 mM αNeu4,5,9Ac32Me in
cryoprotectant solution directly into the margin of the drop, resulting in a final
substrate concentration of about 7 mM. Crystals were flash-frozen after 5 to 10
minutes.
Data collection and structure solution. Diffraction data of crystals of
MHV-S HE and its complex (Table 1) were collected at ESRF station ID-14-1 and
ID-14-3, respectively. Diffraction data of native and ligand-soaked HE crystals
were processed using XDS [16] and scaled using SCALA from the CCP4 suite
[1]. Molecular replacement was performed using PHASER with BCoV-Mebus HE
as template (PDB ID: 3CL5; Chapter 2 [40]). Models were built manually with
Coot [11] and refinement was carried out using REFMAC [39]. Water
molecules were added using ARP/WARP, graphics generated with PYMOL
(http://pymol.sourceforge.net).
In the Ramanchandran plot 94.6% of the residues are found in most
favored regions, 4.7% in allowed regions, and 0.48% in disallowed regions. The
electron density of the three residues in the disallowed region supports the
modeled conformation. In both HE monomers present in the asymmetric unit of
the crystal structure of free as well as ligand-bound HE, the active site region of
the esterase domain is largely disordered. No electron density is observed for
esterase domain residues A52-A59, B51-B59, A108-A114, A308-A314, A335A347 and B338-B346, while residues 44-50, 60-72, 332-334, and 348-358
adopt different conformations in the two monomers. Modeling of chain A
residues 397-401 and chain B residues 334-337 and 394-398 should be
considered tentative. C-terminal residues 396-403 followed by the 7-residue
thrombin recognition sequence of the cleavable Fc-fusion are stabilized by
crystal packing interactions suggesting that the observed conformation is not
physiologically relevant.
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ABSTRACT
	
  
The sialic acids (Sias), a diverse family of 9-carbon sugars, are among the
most important molecules of life. Commonly occurring as terminal residues of
glycan chains on proteins and lipids, they are key elements of glycotopes of
cellular lectins and there is accumulating evidence for them to act as chemical
messengers in cell recognition and signaling events. Their function in such
interactions may be modulated through specific modifications, the most common
of which is O-acetylation at Sia carbon atoms C4, C7, C8 and/or C9. These
modified Sias have not been studied in great detail, at least in part because of
technical hurdles and limitations associated with the analysis of these elusive
sugars. Viruses that use Sias as receptor determinant come with a treasure
trove of lectins and Sia-modifying enzymes. Here we show that the
hemagglutinin-esterase envelope proteins of toro- and coronaviruses can be
used as high-affinity, high-specificity probes allowing specific detection of and
distinction between closely related O-acetylated Sias in mammalian cells and
tissues. Differential expression of these Sias, as observed amongst others in the
human and murine cerebellum, suggest that regulation of Sia-O-acetylation is
crucial to the development, homeostasis and function of the brain and that of
other organs and tissues. The insight into the mechanism of HE-receptor
recognition gained from the present study holds promise for rational design of
virolectins of even higher affinity and even more circumscribed ligand specificity.
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INTRODUCTION
Cells are covered by a dense thicket of glycans. While generally attached
to proteins and lipids, these oligo- and polysaccharides are more than
decoration. With a structural complexity exceeding that of proteins and nucleic
acids by far, they act as chemical messengers in cell recognition and signaling
events [4, 5, 40, 42] both under physiological conditions as well as during
disease. The glycans of mammals are composed of nine types of
monosaccharides, forming linear and branched arrays commonly with sialic acids
(Sias) as terminal residues. In consequence of their topology in the sugar trees,
Sias are key elements of the glycotopes of many regulatory cellular lectins (for
reviews, see [9, 31]). For the same reason, they have become attachment
factors of choice for a wide range of pathogens including parasitic protozoa,
bacteria and viruses [2, 3, 10, 15, 16, 26].
Sias occur in a wide variety, their diversity resulting from differences in
glycosidic linkage to the penultimate residue in the sugar chain as well as from
differential modification of the parental molecule, neuraminic acid [1]. One of
the most common Sia modifications is O-acetylation substituting the hydroxyl
groups at carbon atoms C4, C7, C8 and/or C9 [19]. In lock-and-key
interactions, the presence or absence of these O-acetyl moieties may block or
promote binding of cellular and microbial lectins, and their controlled addition
and removal may thus act as a molecular switch to modulate downstream
processes [5, 34, 40]. We have limited understanding of how O-acetylation of
Sias is regulated and the role of distinct O-acetylated (O-Ac-) Sias in health and
disease remains largely unexplored. A main hurdle for the advancement of this
emerging field is a general lack of tools and methods that would allow detection
of and distinction between Sia variants in situ.
Viruses that utilize Sias as receptor determinant come with a treasure
trove of lectins and sugar-modifying enzymes. Among these are the
hemagglutinin-esterase proteins (HEs) of toro-, corona- and orthomyxoviruses,
envelope glycoproteins that mediate reversible virion attachment to O-Ac-Sias
through the concerted action of lectin and receptor-destroying enzyme (sialateO-acetylesterase) domains (Chapters 2-4 [22, 23, 46] and [11, 14, 43]). As
demonstrated for the influenza C virus hemagglutinin-esterase fusion protein
(HEF), these proteins may be used as a probe for the detection of 9-O-Ac-Sias
[18]. Here we investigated the biochemical and structural properties of toro- and
coronavirus HEs with particular focus on their receptor-fine specificity. We show
that these “virolectins” have evolved to selectively bind distinct Sia subspecies,
some of which even with such high affinity as to allow -for the first time- specific
detection of and differentiation between 9-mono-O-, 7,9-di-O-, and 4-O-Ac-Sias
in mammalian cells and tissues. Differential expression of O-acetylated Sias, as
observed amongst others in the human and murine cerebellum, suggests that
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tight regulation of Sia O-acetylation is crucial to the development, homeostasis
and/or function of the brain and that of other organs and tissues.

RESULTS AND DISCUSSION

Receptor destruction (%)

Nidovirus HEs: virolectins of different receptor specificity. The HEs
of toroviruses and group A betacoronaviruses originated from (an) influenza C
HEF-like fusion protein(s) and apparently were added to the proteomes of these
nidoviruses through separate horizontal gene transfer events relatively recently
(Chapter 2 [46], Chapter 3 [23] and [24, 39]). In the subsequent course of
evolution, HEs with novel esterase substrate and lectin ligand specificities arose
(Chapter 2 [46] and Chapter 3 [23]). In one lineage of rodent coronaviruses, HE
substrate/ligand specificity shifted towards 4-O-Ac-Sias (Chapter 4 [22] and
[28, 37, 45]). Most nidovirus HEs, however, still resemble influenza C virus HEF
in that they bind to 9-O-Ac-Sias in a 9-O-acetyl dependent fashion and function
as sialate-9-O-acetylesterases (Chapter 2 [46] and [37, 44]). Yet, even among
this latter group of HEs, subtle
PToV-Markelo HE+
BToV-Breda HE+
but salient differences in esterase
100
substrate
preference
are
75
apparent. For instance, the HEs of
50
25
porcine
toroviruses
(PToVs)
0
preferentially cleave 9-mono-Oacetylated Sias, while those of
BCoV-Mebus HE+
influenza C virus HE+
bovine
toroviruses
(BToVs)
100
display a distinct preference for
75
7,9-di-O-acetylated
substrates
50
(Chapter 3 [23] and [37]). Also,
25
0
the HEs of bovine coronavirus
HE+-Fc enzyme
(BCoV) and influenza C virus,
9-O-Ac-Sia
7,9-O-Ac-Sia
while
more
promiscuous
in
substrate usage, do show a
Fig. 1. Enzymatic activity of nidovirus and influenza
virus C HE enzymes towards O-acetylated Sias of
predilection for either 7,9-di-O- or
bovine submaxillary mucin as determined by GC-MS.
9-mono-O-acetylated substrates,
Open squares represent 9-mono-O-Ac-Sia, closed circles 7,9di-O-Ac-Sia.
respectively (Fig. 1).
To investigate whether esterase substrate preference reflects lectin ligand
specificity, we expressed a comprehensive set of nidovirus HEs as Fc fusion
proteins (Table 1), either in the enzymatically active form (HE+-Fc) or as
virolectins exclusively, with the esterase inactivated through an active site Serto-Ala substitution (HE0-Fc). The HE0-Fc chimeras were tested for Sia binding
and ligand specificity by hemagglutination assay with rat red blood cells (RBCs)
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Table 1. Expressed and purified HE proteins
Residues

BCoV-

19-388

HA titer

64

Mebus
BCoV-

19-388

64

15-392

16

LUN
BToV-

O-AE

Lectin

Affinity to

Affinity to 9-

specificity

specificity

BSM (KD)

O-Ac-Sia (KD)

9-mono- and

7,9-di-O-

7,9-di-O-AE

Ac-Sia

9-mono- and

7,9-di-O-

7,9-di-O-AE

Ac-Sia

7,9-di-O-AE

7,9-di-O-

Breda
BToV-

15-391

32

7,9-di-O-AE

3,08 x 10-7 M

6,60 x 10-6 M

N.D.

N.D.

7,9-di-O-

N.D.

N.D.

N.D.

N.D.

7,63 x 10-8 M

5,96 x 10-8 M

N.D.

N.D.

N.D.

N.D.

Ac-Sia
24-393

4

9-mono-O-AE

Markelo
PToV-P4

3,33 x 10-5 M

Ac-Sia

B150
PToV-

7,29 x 10-7 M

9-mono-OAc-Sia

24-393

64

9-mono-O-AE

9-mono-OAc-Sia

MHV-S

25-403

32

4-mono-O-AE

(Chapter 5)
Influenza

15-446

C virus

32

4-mono-OAc-Sia

9-mono-O-AE

9-mono-OAc-Sia

N.D. : Not determined

	
  

and by solid phase lectin binding assay to bovine submaxillary mucin (BSM), a
natural O-glycosylated sialoglycoconjugate exceptionally rich in α-2,6-linked Oacetylated Sias ([29]; for an exhaustive analysis of BSM Sia content, pivotal to
this study, see Supporting Information Chapter 6, SI Figs. 1-3 and SI Table 1).
Hemagglutination, as observed for all nidovirus HEs included in this
study (Fig. 2A and data not shown), could be abolished by sialidase
pretreatment of the RBCs, indicating that in each case agglutination was Siadependent (data not shown). Treatment of RBCs with PToV HE+ to deplete
preferentially 9-mono-O-acetylated Sia populations prevented hemagglutination
by the HE0 lectins of PToV strains Markelo and P4, but left that by BCoV and
BToV HE0 lectins unaffected. Conversely, pretreatment of RBCs with BToV HE+ to
selectively remove 7,9-di-O-acetylated Sias, did not affect hemagglutination by
PToV HE0 lectins, but prevented that by the BCoV and BToV HEs . De-Oacetylation with BCoV HE+, a more promiscuous enzyme (Fig. 1), abrogated
hemagglutination by the torovirus virolectins, but affected hemagglutination by
the PToV HEs to lesser extent (Fig. 2A and data not shown).
In the solid phase assay, all HEs, except for 4-O-Ac-Sia-specific MHV-S
HE0, bound to BSM in an O-acetyl-Sia-dependent fashion, though mostly with
low affinity (Fig. 2B). Those of BCoV strain Mebus and PToV strain P4, however,
displayed exceptionally high binding affinities (KD’s, of 7.3 x 10-7 and 7.6 x 10-8
M, respectively; Figs. 2B and 3C; Table 1) and were therefore studied in further
detail. In accordance with the results of hemagglutination analysis, binding of
BCoV-Mebus HE0 was lost upon predigestion of BSM with the BCoV-Mebus and
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Fig. 2. PToV-P4 and BCoVTreatment:
BCoV-Mebus HE0 lectin
PToV-P4 HE0 lectin
Mebus HEs are high-affinity
high-specificity lectins for 9Mock
mono-O- and 7,9-di-O-Ac-Sias,
BCoV HE+
respectively. (A) Rat erythrocytes
PToV HE+
were either mock-treated, depleted
for O-acetylated Sias with BCoVBToV HE+
Mebus
HE+-Fc,
or
selectively
depleted for 7,9-di-O- or 9-monoO-Ac-Sias with BToV-Breda or
PToV-Markelo HE+-Fc, respectively
100
mock
prior to hemagglutination assay.
BCoV-Mebus HE0
75
Erythro-cytes were mixed with
PToV-P4 HE0
two-fold serial dilutions of the
PToV-Markelo HE0
50
esterase-inactive
HE0-Fc
BToV-Breda HE0
derivatives, arrows indicating the
BToV-B150 HE0
25
influenza C virus HE0
direction from low to high dilutions.
0
Wells
scoring
positive
for
hemagglutination are encircled. (B)
HE0-Fc lectin
Nidovirus HEs bind to O-Ac-Sias in
BSM but with widely different
affinities. Equal amounts of lectins
BCoV-Mebus HE0
PToV-P4 HE0
100
listed were used to prepare twofold serially dilutions (starting at
75
0.1µg/µl) and com-pared for their
binding to BSM by solid phase
50
lectin binding assay. Relative
BToV-Breda HE+
25
BCoV-Mebus HE+
binding (in percentages) was
PToV-P4 HE+
calculated with the OD450 value
0
obtained
for
the
highest
concentration PToV-P4 HE0-Fc set
HE+-Fc enzyme
at 100%. Note that all virolectins
bind to BSM, but that those of
Treatment
Migration
7-, 9-, and 7,9-O-Ac-Sia
only 7-O-Ac-Sia
only 9-O-Ac-Sia
PToV-P4 and BCoV-Mebus do so
100
with exceptionally high affinity. (C)
The PToV-P4 and BCoV-Mebus
75
virolectins differ in ligand speci50
ficity and preferentially bind to 9mono-O- and 7,9-di-O-Ac-Sias,
25
respectively. BSM, coated in 96wells, was depleted for BCoV0
Mebus and PToV-P4 receptors by
HE0-Fc lectin
enzymatic de-O-acetylation with 2BCoV-LUN HE0
PToV-P4 HE0
fold serial dilutions of BCoV-Mebus
(open circle), BToV-Breda (blue
square) or PToV-P4 (red triangle)
HE+-Fc. Subsequently, destruction of specific receptors was assessed by solid-phase lectin binding assay with the
BCoV-Mebus or PToV-P4 lectins at fixed concentrations (5 ng/µl and 1 ng/µl, respectively). (D) PToV-P4 and BCoVMebus HE differ in ligand preference. BSM was treated with excess BCoV-Mebus HE+-Fc at pH 6.5 to effectively
remove all 9-O-acetylation such that only 7-O-Ac-Sias remained (middle panel). This material was then subjected to
conditions (pH 8.0, 65°C for 30 minutes) to promote C7-to-C9 migration of the O-acetyl moiety and restore Sia-9-Oacetylation (right panel) to levels identical to those in native BSM (left panel; see also SI Fig. 4). The two BSM
preparations and native BSM were then used for solid-phase lecting binding assay with two-fold serial dilutions of
HE0-Fc proteins of BCoV-Mebus (black squares) and PToV-P4 (open circles). Relative binding (in percentages) was
calculated with the binding of undiluted HE0 to native BSM set at 100%. Note that binding of PToV-P4 HE binds
equally well to native BSM and to 9-O-Ac-BSM, indicating that this virolectin binds to 9-mono-O-Ac-Sias exclusively.
In contrast, BCoV-Mebus HE binds far less efficiently to 9-O-Ac-BSM than to native BSM, demonstrating that 9-monoO-Ac-Sia is a low affinity receptor.

A

Lectin binding (%)

B

Receptor destruction (%)

C

Lectin binding (%)

D

	
  

BToV-Breda sialate-O-acetylesterases, but insensitive to de-O-acetylation of
BSM Sias by PToV-P4 HE+ (Fig. 2C) Binding of PToV-P4 HE0, on the other hand,
was highly sensitive to pretreatment of BSM with PToV-P4 HE+, less affected by
treatment with BCoV-Mebus HE+ and even less so by treatment with BToV-Breda
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HE+ (Fig. 2C). Digestion of BSM with an excess of BCoV-Mebus HE removed all
sialate-9-O-acetyl moieties, leaving only the 7-O-acetyl groups attached (SI Fig.
4). As a result, binding of both BCoV-Mebus and PToV-P4 HE0 was lost (Fig. 2D),
demonstrating that in either case ligand binding strictly dependents on 9-Oacetylation. Upon subjecting the HE+-treated BSM to conditions that promote Sia
C7-to-9 migration of the O-acetyl moieties as to produce 9-mono-O-acetylated
Sias exclusively, binding of PToV-P4 HE0 was restored completely, but that of
BCoV-Mebus HE0 only partially (Fig. 2D and SI Fig. 4).
The combined results unequivocally establish that the BCoV-Mebus and
PToV-P4 lectins differ in ligand specificity and distinguish between closely related
O-acetylated Sia subspecies. PToV-P4 HE is a high-specificity lectin for 9-monoO-acetylated Sia and binds to this ligand with an affinity that is at least 500-fold
higher than that for 7,9-di-O-acetylated Sia (Table 1). BCoV-Mebus HE0 displays
the reverse ligand specificity. Although, it will bind to 9-mono-O-acetylated Sia
(Chapter 2 [46]), it does so with ~50-fold lower affinity than to its preferred diO-acetylated ligand (Fig. 4A and Table 1). Preliminary results of glycan array
analysis suggest that both lectins are tolerant to modification at Sia C5 and will
accept both 5-N-acetylated and 5-N-glycolylated Sias. Also, their binding
appears to be independent of the type of glycosidic linkage (Varki, personal
communication).
For all HEs included in this study (for MHV-S HE, see Chapter 4 [22] and
Chapter 5), the ligand specificity and sialate-O-acetylesterase substrate
preference are in perfect accord, indicative of co-evolution of the HE lectin and
esterase domains. Remarkably, for the bovine and porcine nidovirus HEs, Sia
subtype preference apparently correlates with viral host tropism. The HEs of
PToV strains Markelo and P4 are highly divergent [37, 38], yet both display a
binding preference for 9-mono-O-acetylated Sias. In contrast, the HEs of BCoV
and those of two distinct BToV lineages (represented by strains Breda and B150;
[37, 38]) all preferentially bind to 7,9-di-O-acetylated ligands instead. It would
thus seem that for the ungulate nidoviruses, selectivity for Sia receptor subtype
arose as an adaptation to their respective hosts.
Molecular basis for BCoV HE receptor binding affinity and
specificity. As illustrated for PToV strains P4 and Markelo, considerable
differences in binding affinity may exist even among HE proteins from variants
of the same virus (Fig. 2B). This led us to compare the HE proteins from
naturally-occurring BCoV variants, representative of three distinct phylogenetic
lineages (SI Fig. 5). Whereas those of strains KWD3 and KWD11 displayed
binding affinities similar to that of BCoV strain Mebus (data not shown), the HE
protein of BCoV strain LUN bound to BSM approximately 2.5-fold more strongly
(KD 3,1 x 10-7; Fig. 3C and Table 1).
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BCoV-Mebus HE

BCoV-Mebus HE T114I
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Fig. 3. Molecular basis for BCoV
HE receptor binding affinity. (A)
Surface representation of the
native receptor binding site of
BCoV-Mebus HE in complex with
ligand analogue Neu4,5,9Ac3α2Me
(Chapter 2 [46]; PDB ID 3CL5)
(left)
and
with
the
T114I
substitution modeled by PYMOL
(right).
Surface
patches
contributed by T114 or I114 are
colored in orange. (B) Difference in
lectin binding affinity between HEs
of BCoV strains Mebus and LUN
attributed to a single amino acid
change in the Sia binding pocket.
Equal amounts of BCoV-Mebus HE0
(blue triangle), BCoV-LUN HE0 (red
square) and BCoV-Mebus HE0 T114I
(open circle) were two-fold serially
diluted (starting at 0.1 µg/µl) and
compared for their binding to BSM
by solid phase lectin binding assay.
Relative binding (in percentages)
was calculated with the binding of
undiluted BCoV-LUN HE0 set at
100%.
(C)
Surface
plasmon
resonance
analysis
of
the
interaction between nidovirus HEs
and
O-Ac-Sias
of
BSM.
Sensorgrams of the binding of
BCoV-Mebus HE0, BCoV-Mebus HE0
T114I, BCoV-LUN HE0 and PToV-P4
HE0, at two-fold serial dilutions
from 1600 to 12,5 nM, to
immobilized BSM, corrected by
substraction
of
the
blank
(sensorgrams obtained with asialoBSM; upper panel). Saturation
values of the sensograms were
plotted against lectin concentrations and KD values were
calculated using non-linear curve
fit (lower panel).
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The HEs of BCoV strains Mebus and LUN are 98% identical with only 7 aa
differences, one of which located in the lectin domain in a loop at the rim of the
Sia binding pocket, proximal to the Sia 5-N-acetyl moiety (Fig. 3A). This single
amino acid difference -Thr114 in BCoV-Mebus, Ile114 in BCoV-LUN HE- fully
accounts for the difference in binding affinity between these proteins (Figs. 3B
and C). Conceivably, a hydrophobic interaction between the Sia-5-N-acyl moiety
and the side chain of Ile, more bulky and hydrophobic than that of Thr, would
strengthen binding affinity for Sia per se, but would seem unlikely to contribute
to ligand fine specificity. Indeed, the Thr114Ile substitution in BCoV-Mebus HE
increased high-affinity binding for 7,9-di-O- and low-affinity binding for 9-monoO-acetylated Sia to similar extents (Fig. 4A).
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To study the molecular basis for BCoV HE ligand fine specificity, 7,9-diO-acetylated Sia was modeled into the lectin binding pocket. Thus, a potential
interaction was revealed between the Sia 7-O-acetyl methyl moiety and the
Leu161 side chain (Figs. 4C and D). In the context of both BCoV-Mebus and in
BCoV-LUN HE, the Leu161Ala substitution strongly decreased binding to BSM
(Figs. 4A and B). Strikingly, as best demonstrated for BCoV-LUN HE, the highaffinity binding to 7,9-di-O-Ac-Sias was affected more than the low affinity
binding to 9-mono-O-Ac-Sias such that ligand fine specificity was lost, the
substitution causing the BCoV-LUN HE L161A mutant to now bind to both types of
receptors equally poorly (Fig. 4B). The insight into the mechanism of HE
receptor-binding gained from present and previous studies (Chapter 2 [46] and
Chapter 3 [23]) holds promise for rational design of virolectins of even higher
affinity and even more circumscribed ligand specificity.
Fig. 4. Molecular basis for BCoV
HE receptor-binding specificity.
BCoV-Mebus HE0
BCoV-LUN HE0
PToV-P4 HE0
(A) BSM preparations, mono100
specific for 9-mono-O-Ac-Sias (975
O-Ac-BSM; blue dots), 7,9-di-OAc-Sias
(7,9-O-Ac-BSM;
red
50
triangles) or devoid of all O-Ac25
Sias
(non-O-Ac-BSM;
black
diamonds), were produced by
0
enzymatic and chemical treatment
HE0-Fc lectin
(for a qualitative and quantitative
analysis of the Sia composition of
each preparation by GC-MS, see
BCoV-Mebus HE0
BCoV-LUN HE0
sFig. 8). The 9-O-Ac- and 7,9-di-O100
L161A
L161A
Ac-BSM
preparations
were
75
calibrated thus that the amounts of
the
respective
remaining
Sia
50
species were identical to those in
native BSM (open squares) and
25
lectin solid phase assay was
0
performed as in Fig. 2B, with twofold serial dilutions of HE0-Fc
HE0-Fc lectin
native BSM
7,9-O-Ac-BSM (9-O-Ac depleted)
proteins of BCoV-Mebus, BCoVnon-O-Ac-BSM (O-Ac depleted)
9-O-Ac-BSM (7-O- and 7,9-O-Ac depleted)
LUN, and PToV-P4. (B) Effect of
L161A substitution on BCoV-Mebus
and
BCoV-LUN
HE0
bindingspecificity. Solid phase assay was
performed as described in A. (C)
Y184
Surface representation of the
BCoV-Mebus HE lectin pocket in
complex with Neu4,5,7,9Ac4α2Me remodeled from Neu4,5,9Ac3α2Me
L266
(Chapter 2 [46]; PDB ID 3CL5) by
211
L267
F
PYMOL. Note the close proximity of
161
the L
side-chain (surface patch
colored in blue) and the Sia-7-OL161
T114
acetyl
moiety.
(D)
Stick
representations of the BCoV-Mebus
HE residues (carbon, purple; nitrogen, blue; oxygen, red) involved in the binding of Neu4,5,9Ac3α2Me receptor
analogue (carbon, cyan; nitrogen, blue; oxygen, red) with additional Sia-7-O-Ac group modeled. The L161 residue
critical for binding of 7,9-O-Ac-Sia is high-lighted by a red circle.
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Differential expression of 4-mono-, 9-mono- and 7,9-di-Oacetylated Sias in cultured mammalian cells. A recombinant soluble form of
the influenza C HEF ectodomain with the esterase inactivated by
diisopropylfluorophosphate treatment has been used for in situ detection of 9-Oacetylated Sias in mammalian cells and tissues [5, 18, 20, 32, 33, 36]. Of note,
however, HEF ligand fine specificity has not been studied in detail and its binding
affinity is much lower than those of the BCoV-LUN and PToV-P4 HEs (Fig. 2B).
So, not only do the latter virolectins bind more strongly to their respective
ligands but, in combination with previously characterized MHV-S HE0 (Chapter
5), they should also allow specific detection of 4-mono-, 9-mono- and 7,9-di-Oacetylated Sias in situ.
Screening of mammalian continuous cell lines by lectin-immunofluorescence assay (L-IFA) revealed that the three Sia sub-types are expressed
differentially and that there are considerable differences in Sia expression
among cell lines and -within the same cell population- even among individual
cells. All cell lines expressed 9-mono-O- and 7,9-di-O-Ac-Sias (Table 2), most
often intracellularly in a compartment reminiscent of the Golgi complex and, as
shown for HeLa cells, co-localizing with established Golgi markers (Fig. 5). For a
select number of cell lines (HRT18, MDCK and MDBK cells), extensive cell
Fig. 5. Colocalization of PToV-P4
lectin (green) and localization
markers (red) in permeabilized
HeLa cells. Nuclei were staining with
Hoechst-33258 (blue). 9-O-Ac-Sias as
detected by the PToV-P4 virolectin in
the merge representation colocalize
with GM130 and partially with COP-I.

PToV-P4 HE0

COP-1

Merge

PToV-P4 HE0

GM130

Merge

PToV-P4 HE0

GM130

Merge

PToV-P4 HE0

EEA1

Merge
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surface expression
Table 2. Expression of O-acetylated Sias in continuous cell-lines
of these Sias was
Cell-line
Species
4-mono-O-Ac9-mono-O-Ac7,9-di-O-AcSia
Sia
Sia
observed, but, surHeLa
human
Intracellular
Intracellular
prisingly, only in a
HEK293T
human
Intracellular
Intracellular
subpopulation (1- HRT18
human
Intracellular and
Intracellular and
Cell-surface
Cell-surface
10%) of cells. Most
MDCK
canine
Intracellular and
Intracellular and
of these produced
Cell-surface
Cell-surface
MDBK
bovine
Intracellular and
Intracellular and
both types of Sia,
Cell-surface
Cell-surface
murine
Intracellular
Intracellular
Intracellular
but
at
different LR7
equine
Intracellular and
Intracellular
Intracellular
relative expression Ederm
Cell-surface
FHK
equine
Intracellular
and
Intracellular
Intracellular
levels as evident
Cell-surface
from L-IFA double
staining of HRT18 cells (Fig 6A). Expression of the O-Ac-Sias was sensitive to
benzyl -N-acetyl-α-D-galactosamide, but resistant to N-butyl-deoxynojiri-mycin,
N-butyldeoxy-galactonojirimycin and N-butyl deoxymannojirimycin, suggesting
that they are attached largely to O-linked glycans rather than to N- linked
Fig. 6. Differential expression
of O-Ac-Sias in cultured human
cells (A) Surface expression of 9mono-O- and 7,9-di-O-Ac-Sias in
HRT18 cells as detected by L-IFA
with PToV-P4 (green) and BCoVLUN (red) HE0-Fc, respectively.
Cells were paraformaldehyde-fixed
and
non-permeabilized.
Nuclei
were staining with Hoechst-33258
(blue). Arrowheads indicate cells,
predominantly expressing 9-monoO-Ac-Sia; asterisks point out cells
expressing mostly 7,9-di-O-Ac-Sia.
Note that in the majority of cells,
O-Ac-Sias are not detectable. (B)
Sensitivity of cell surface Sia-Oacetylation
to
glycosylation
inhibitors.
Benzyl-N-acetyl-α-Dgalactosamide (Benzyl-GalNac), Nbutyl-deoxynojirimycin (NB-DNJ),
N-butyl-deoxygalactonojirimycin
(NB-DGJ),
and
N-butyl
deoxymannojirimycin
(NB-DMJ)
were added to the tissue culture
supernatant
of
HRT18
cell
monolayers for 3 days. Cells were
subsequently stained for 9-monoO- and 7,9-di-O-Ac-Sias as in A.
(C) Double L-IFA staining of
permeabilized HEK293T cells (left)
and HeLa cells (right) for 9-monoO- and 7,9-di-O-Ac-Sias as in A.

A

HRT18
Hoechst-33342

9-O-Ac-Sia

7,9-di-O-Ac-Sia

Overlay

Zoom
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+ Triton X-100
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High O-Ac-Sia expression (%)

sugars or glycolipids (Fig
Neu5,9Ac2
6B;
[13,
27]).
The
Neu5,7,9Ac3
70
50
Sorted
60
phenotypic heterogeneity
40
Depleted
50
in Sia expression in cell
30
40
30
20
populations of clonal cell
20
10
10
lines may be attributed
0
0
0
1
2
3
4
5
6
7
0
1
2
3
4
5
6
7
to
stochastic
gene
Days after sorting/depletion
expression
[6].
In
Fig. 7. HRT18 subpopulations, selected for O-Ac-Sia surface
accordance, HRT18 subexpression or lack thereof, revert to Sia heterogeneity. HRT18
populations selected by
populations were enriched (“Sorted”) or “Depleted” for cells expressing high
levels of 9-mono- or 7,9-di-O-Ac-Sias by magnetic-activated cell sorting
lectin-MACS for O-acetyl
with PToV and BCoV-LUN HE0-Fc virolectins, respectively. The cells were
Sia surface expression
then cultured for 3, 5 or 7 days and cell-surface O-Ac-Sia expression was
analyzed by flow-cytometry.
or lack thereof, reverted
to Sia heterogeneity, albeit over multiple cell generations (Fig. 7), in agreement
with observations of persistent memory for protein levels reported in other
systems [35].
In two other human cell lines, HeLa and HEK293T, expression of O-AcSias appeared more homogeneous in that virtually all cells produced 9-mono-Oand a significant proportion of cells also 7,9-di-O-Ac-Sia, but exclusively
intracellular (Fig 6C). Why HeLa en HEK293 cells fail to express O-Ac-Sias at the
cell surface is not known. It will be interesting and important to study whether
this is due to of a lack of expression of specific cell surface glycoconjugates that
become selectively decorated with these modified sugars or because of de-Oacetylation of decorated glycoconjugates in an intracellular, post-Golgi, preplasma membrane compartment.
All human cell lines tested negative by L-IFA with MHV-S HE0-Fc (Table 2).
This virolectin, did bind, however, to cells of mouse (LR7 cells) and horse (FHK
and Ederm cells) origin, animal species known to express 4-O-Ac-Sias [8, 17].
Whereas in murine LR7 cells, 4-O-Ac-Sias were detected exclusively
intracellularly (data not shown), in the equine cell lines both intracellular and cell
surface expression was seen (Fig. 8 and SI Fig. 7). Approximately 1% of the
Ederm cells expressed 4-O-Ac-Sia on the cell surface, whereas in 3-5% cells this
Sia species was detected only intracellularly (Fig. 8A). L-IFA double staining of
Ederm cells for 4-O-, 9-mono-, 7,9-di-O-Ac-Sias showed that in fact all three Sia
subtypes were expressed albeit again at rates that varied from one individual
cell to another (Fig. 8). In contrast to 4-O-Ac-Sias, the 9-O-acetylated species
were retained intracellularly.
Sialidase treatment of Ederm cells with Arthrobacter ureafaciens
neuraminidase (NA) yielded an unexpected result in that most, but not all 9mono-O- and 7,9-di-O-Ac-Sias were cleaved. These NA-resistant 9-O-Ac-Sia
variants were found invariably in cells that also produced 4-O-Ac-Sias that are
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Ederm cells
4-O-Ac-Sia

9-O-Ac-Sia

Merge

NA

mock

A

HE + NA

Fig. 8. Differential expression
of O-Ac-Sias in equine dermis
cells. (A) Expression of 4-O- and
9-O-Ac-Sias in Ederm cells as
detected by L-IFA with MHV-S
(green) and PToV-P4 (red) HE0Fc,
respectively.
Fixed
and
permeabilized cell monolayers
were subjected to enzymatic
treatment with MHV S HE+-Fc
(HE), A. ureafaciens neuraminidase (NA), or both (HE+NA) or
mock-treated prior to L-IFA
staining.
(B)
Differential
expression 9-mono-O- and 7,9di-O-Ac-Sias in Ederm cells as
detected by lectin-IFA with PToVP4 (green) and BCoV-LUN (red)
HE0-Fc, respectively. Cells were
paraformaldehyde-fixed
and
permeabilized prior to staining.
Nuclei
were
staining
with
Hoechst-33258 (blue).

B

Hoechst-33342

Overlay

9-O-Ac-Sia

7,9-di-O-Ac-Sia

Zoom

refractory to NA cleavage. Upon enzymatic cleavage of sialate-4-O-acetyl groups
with MHV-S HE+ in combination with NA treatment, all 9-O-Ac-Sias were
effectively removed (Fig. 8A and data not shown). These experiments provide
indirect, but persuasive first evidence (i) that equine cells produce also 4,9-diand 4,7,9-tri-O-acetylated Sias and (ii) that the PToV-P4 and BCoV-LUN lectins
will bind to ligands carrying an O-acetyl moiety at the Sia C4 position. The
combined results conclusively show that the virolectins can indeed be used to
detect and distinguish between different forms of O-acetylated Sias in individual
mammalian cells. Moreover, they illustrate how, by using viral and microbial
sialate-O-acetylesterases and sialidases in combination with L-IFA, the
occurrence of novel types of multiply-modified Sias can be demonstrated.
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Differential expression of 4-mono-, 9-mono- and 7,9-di-Oacetylated Sias in mammalian tissues. The nidovirus virolectins also allowed
	
  
in situ detection of O-Ac-Sias in mammalian tissue sections (SI Figs. 8 and 9;
Table 3). All human tissues tested negative for 4-O-Ac-Sias (Table 3),
suggesting that humans do not produce this modified Sia species. It cannot be
excluded, however, that 4-O-Ac-Sias are expressed, but infrequently and
specifically in distinct types of tissues and cells absent in our tissue arrays.
Conversely, in mice, 4-O-acetylated Sias were detected in multiple organs and
cell types, most prominently in the colon (SI Fig. 8 and Table 3).
Table 3. Human and mouse tissue array staining
Human Tissue Array
Neu5,9Ac2
Neu5,7,9Ac3
+
+
+++
++
+
++

Adrenal gland
Aorta
Bladder
Breast
Colon
Cerebellum
Esophagus
Eye
Gray matter
Heart
Kidney
Liver
Lymp node
Lung
Ovary
Pancreas
Prostate
Salivary gland

N.D.
N.D.
-

N.D.
+
N.D.
+
+
++

N.D.
++
N.D.
+
++
++

N.D.
+
-

+
+
+
+
++
+
N.D.
+++
+
++
+
+++

+
++
+++
+
++
+
N.D.
+++
+
++
++
+++

Skeletal muscle
Skin
Small Intestine
Spleen
Stomach
Thymus
Testis
Tonsil
Thyroid
Umbilical cord
Uterus

N.D.
-

N.D.
-

+
N.D.
-

++
++
+
+
N.D.
N.D.
N.D.
+

+
+
+
++
++
+
N.D.
N.D.
N.D.
++

+
+
+
++
++
+
N.D.
N.D.
N.D.
++

-

-

-

N.D.

N.D.

N.D.

White matter

Neu4,5Ac2
N.D.
N.D.
N.D.
++++
-

Mouse Tissue Array
Neu5,9Ac2
Neu5,7,9Ac3
N.D.
N.D.
N.D.
N.D.
+
+++
N.D.
N.D.
+++
++
+
+++

Neu4,5Ac2
-

N.D. : Not determined
	
  

The 9-mono-O- and 7,9-di-O-Ac-Sias were detected in various tissues of
both mouse and human. In general, these Sias occur more ubiquitously in the
mouse and in many cases appear to be expressed in a species/tissue-specific
fashion (Table 3). A number of tissues, however, tested positive in both species.
Among these was the colon, where high levels of 9-mono- and 7,9-di-O-Ac-Sias
were detected in secreted mucus, while the mucin-producing goblet cells only
predominantly stained for 9-mono-O-Ac-Sias (SI Fig. 9). In the small intestine,
low levels of 9-mono-O- and 7,9-di-O-Ac-Sias were seen, mostly in the crypts,
and, in the mouse, 4-O-Ac-Sia was detected close to the muscular layer (SI Fig.
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4-O-Ac-Sia

9-O-Ac-Sia

7,9-di-O-Ac-Sia

Fig. 9. Differential expression of O-Ac-Sias in mouse prostate. Epithelial cells of mouse prostate tissue
apparently express modest quantities of 9-mono-O- and high levels of 7,9-di-O-Ac-Sias. 4-O-Ac-Sias are mostly
detected in fibromuscular stromal cells.

10). Perhaps most importantly, in a number of organs and tissue types there
was evidence for differential expression of 9-mono-O- and 7,9-di-O-Ac-Sias. For
example, in the human and murine prostate, the epithelial cells lining the ducts
display low-level expression of 9-mono-O-Ac-Sias and high-level expression of
7,9-di-O-Ac-Sias (Fig. 9 and SI Fig. 9). Note that in the murine prostate, 4-OAc-Sias were abundantly present in fibromuscular stromal cells (Fig. 9).
Differential expression of 9-mono- and 7,9-di-O-Ac-Sias was most conspicuous
in the brain, in particular in the cerebellum. Individual Purkinje cells of both
mouse and human differed widely in O-Ac-Sia profiles, with cells seemingly
devoid of O-Ac-Sias adjacent to ones containing large quantities of 9-mono- and
7,9-di-O-Ac-Sias in granular inclusion in the cell body. Most strikingly, the
dendritic arbors of O-Ac-Sia-producing Purkinje neurons stained for 7,9-di-O-AcSias exclusively, creating a striated pattern in the molecular layer in the
cerebellar cortex (Fig. 10 and SI Fig. 11).
Concluding remarks. While sialic acids are indisputably among the most
important molecules of life, sialoglycobiology remains an underdeveloped and
underappreciated field. This may be explained at least in part because of the
perceived technical hurdles and limitations associated with the analysis of these
elusive sugars, which has made the field the domain of a select group of
specialists. Viruses are experts at reading the “glycan code” [12] and encode
proteins that recognize, bind to and modify Sias with exquisite specificity. The
findings presented here illustrate how such proteins can be exploited. We
demonstrate that nidoviruses are more fastidious with respect to Sia receptor
usage than appreciated so far. By using HEs as high-affinity high-specificity
virolectins, we could detect and distinguish between closely related O-Ac-Sias in
cells and tissues and could show these sugars to be expressed ubiquitously, but
in a seemingly well-coordinated tissue-specific fashion. Comparative analysis of
mouse and human cells and tissues revealed important differences in Sia
expression repertoire and Sia expression profiles between the two species. For
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Fig. 10. Differential expression
of O-Ac-Sias in the human and
murine
cerebellum.
(A)
Immunohistochemical staining of
a cross-section of the mouse brain
for 9-mono-O- and 7,9-di-O-AcSias with PToV-P4 (diaminobenzidine, DAB) and BCoV-LUN
HE0-Fc (VectorRed). Images were
subjected to spectral analysis to
distinguish DAB and VectorRed
staining and to create a composite
fluorescent-like image in pseudocolors with 9-mono-O-Ac-Sias in
red and 7,9-di-O-Ac-Sias in green.
Note that while erythrocytes
possess large quantitities of both
types of O-Ac-Sias and hence
stain with both virolectins (see
blow-up in B and also SI Fig. 12).
The molecular layer of the
cerebellum apparently expresses
7,9-di-O-Ac-Sias exclusively. (B)
Close-up of a part of the mouse
cerebellum as analyzed in A. (C)
Differential expression of 9-monoO-, and 7,9-di-O-Ac-Sias in the
human cerebellum as detected by
conventional immunohistochemical staining or (D) by double lectin
staining and spectral analysis as in
A.
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7,9-di-O-Ac-Sia

9-O-Ac-Sia
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RGB
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Hematoxylin

7,9-di-O-Ac-Sia
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9-O-Ac-Sia
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example, 4-O-Ac-Sias, abundant in mouse (and also in horse), were not
detected in human cells and tissues, consistent with the notion that humans
may not produce this type of Sia [19, 30]. Humans are also deficient in
synthesis of 5-N-glycolylated Sias, a trait that sets us apart even from our
closest non-human relatives [7]. With respect to tissue distribution of 9-Oacetylated Sias, differences were noted between human and mouse. In general,
these sugars are more widely and uniquely expressed in the latter species. More
importantly, however, in a number of key organs and tissues, particularly in the
brain, mouse and human share highly similar 9-O-Ac-Sia expression profiles,
which we take as an indication for evolutionary and functional conservation. The
challenge now will be to answer the many questions raised by our present
observations. For example, how is O-acetylation of Sias regulated at the level of
the individual cell? What are the cues to activate or inactivate the cellular
sialate-O-acetyl-transferases and -esterases to establish and maintain a
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particular sialylation profile? Which enzymes and how many different ones are
involved in the first place? What are the glycoconjugates to become decorated
with these modified sugars? How does sialate-O-acetylation and the regulation
thereof relate to cell function? Are there, for example, functional differences
between the cerebral Purkinje cell populations that express O-acetylated Sias
and those that do not, and why is there a preference for 7,9-di-O-acetylated
over 9-mono-O-Ac-Sias in these neurons? We believe that the tools and the
methodology described here may help to settle at least some of these
outstanding issues.

MATERIALS AND METHODS
Protein Expression and Purification. Nidovirus HE ectodomains,
influenza virus C HEF subunit 1 and derivatives thereof were transiently
expressed in HEK293T cells as Fc fusion proteins, provided with a C-terminal Fc
tail of either human IgG1 or that of mouse or bovine IgG2a as described
(Chapter 2 [46] and Chapter 3 [23]). The HE-Fc proteins were purified from the
tissue culture supernatants by protein A-affinity chromatography (GE
Healthcare), and were eluted from the beads using mild acid (0.1 M Citric-acid
pH 3.0) and immediately neutralized with Tris pH 8.8 (0.2 M final
concentration). Purified proteins were dialyzed for 16 hr at 4°C against
phosphate buffer saline (PBS).
Enzyme analysis. Substrate preferences of nidovirus and influenza virus
C HEs were determined by enzymatic de-O-acetylation of bovine submaxillary
mucin (BSM) as described (Chapter 3 [23]). Briefly, BSM (1 mg/ml in PBS pH
6.5) was treated with five-fold serial dilutions of each HE+-Fc (starting at 25µg
of BToV-Breda, PToV-Markelo and influenza virus C HE+-Fc or at 5µg BCoVMebus HE+-Fc) for 2 hours at 37 °C. Sialic acids were released from BSM using
Arthrobacter ureafaciens neuraminidase (NA; manufacturer; 100 mU/ml) for 4
hours. Samples were freeze-dried and analyzed using gas chromatography-mass
spectrometry (GC-MS). Chromatograms were analyzed and quantitated with
MassLab software (Fisons Instruments). Graphs were made in GraphPad
(GraphPad Software, San Diego, CA, USA).
Hemagglutination assay. Hemagglutination assay was performed in Vshaped 96-well plates (Greiner Bio-One). Rat erythrocytes (Rattus Norvegicus
strain Wistar) were mock-treated or treated with BCoV-Mebus, MHV-S, PToVMarkelo or BToV-Breda HE+-Fc (0.2 µg/µl erythrocytes) for 2 hours at 37°C prior
to hemagglutination assay. Hemagglutination assays were set up using two-fold
serial dilutions of each of the HE0-Fc chimeras (starting with 0.1 µg/µl) in PBS,
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supplemented with 0.1% bovine serum albumin. Rat erythrocytes were washed
with PBS, added to the HE0-Fc protein to a final concentration of 0.25% (final
volume 100 µl) and incubated for 2 hours on ice.
O-acetyl migration assay. BSM (2mg) was dissolved in 2 ml PBS pH 6.5
and incubated with BCoV-Mebus HE+-Fc (20 µg/ml) for 2hours at 37°C to
deplete all 9-O-acetyl groups leaving only 7-mono-O-acetylated Sia. Half of the
reaction (1 ml) was incubated 30 minutes at pH 8.0 and 65°C, conditions that
favors migration of the 7-O-acetyl group to the C9 position. Half of each BSM
preparation (500 µl) was used for analysis of Sia content by GC-MS (SI Fig. 4);
the remaining material was used for solid-phase lectin binding assays.
BSM preparations with altered O-Ac-Sia content. BSM (1 mg) was
dissolved in 1 ml PBS pH 6.5 or PBS pH 8.0 and either mock-treated (Native
BSM) or treated with HE+-Fc enzyme. A BSM preparation devoid of all O-Ac-Sias
(non-O-Ac-Sia) was made by subjecting BSM dissolved in PBS pH 8.0 to Sia-deO-acetylation by a mixture of BCoV-Mebus (10 µg/ml) and PToV-P4 (10 µg/ml)
HE+-Fc for 2 hours. To obtain a BSM preparation devoid of 9-mono-O-Ac-Sias
but with 7,9-di-O-Ac-Sias preserved (7,9-di-O-Ac-Sia), BSM was incubated
exclusively with PToV-P4 HE+-Fc at pH 6.5. BSM containing 9-mono-O-Ac-Sia
(9-O-Ac-Sia), but devoid of all other O-Ac-Sias, was prepared by sialate-Oacetylesterase treatment with BToV-Breda HE+-Fc (25µg/ml) for 2 hours at pH
6.5, followed by a 30 minutes incubation at pH 8.0. Half of each BSM
preparation (500 µl) was used for analysis of Sia content by GC-MS (SI Fig. 6);
the remaining material was used for solid-phase lectin binding assays.
Solid-phase lectin binding assay. Native BSM or preparations, depleted
for certain O-Ac-Sias, were coated in 96-well maxisorp plates (Nunc) in 100 µl
PBS pH 6.5 (10 µg/ml) and incubated for 16 hours at 4°C. After washing three
times with washing buffer (PBS + 0.05% Tween-20), 100 µl per well was applied
of two-fold serial dilutions of HE0-Fc lectins (starting at 0.1 µg/µl) in blocking
buffer (PBS + 0.05% Tween-20 + 2% bovine serum albumin) and binding of
virolectins was allowed to proceed for 1 hour at 37°C. The wells were then
washed thrice with washing buffer and incubation was continued with goat-αhuman-IgG-HRPO conjugate (diluted 1:10.000; Southern Biotech) in 100 µl
blocking buffer for 30 minutes at 37°C. Binding of HE0-Fc was detected using
TMB Super Slow One Component HRP Microwell Substrate (BioFX) and optical
densities (OD) were measured at 450nm.
For on-the-plate depletion of O-Ac-Sia receptors, native BSM coated in
96-well maxisorp plates (Nunc) was either mock-treated or treated with two-fold
serial dilutions of BCoV-Mebus, PToV-P4 (starting with 0.1 ng/µl) or BToV-Breda
(starting with 5 ng/µl) HE+ enzymes in 100 µl PBS for 2 hours at 37°C. Solid116	
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phase lectin binding assay with BCoV-Mebus (5 ng/µl) and PToV-P4 (1 ng/µl)
lectins was performed as described and the depletion of O-Ac-Sia receptors was
calculated using the inverse of lectin binding results, expressed in percentages.
Surface Plasmon Resonance. Binding of HE0-Fc lectins to BSM was
monitored in real-time with a BiaCore 2000 (GE healthcare). A CM5 chip (GE
Healthcare) was activated by injection of 35 µl 0.4 M 1-ethyl-3-(3dimethylaminopropyl)carbodiimide
hydrochloride
and
10
mM
Nhydroxysuccinimide at a flow rate of 5 µl/min. Asialo-BSM and BSM (in 20 mM
sodium acetate buffer pH 4.0) were passed through the flow cells at a
concentration of 120 µg/µl at a flow rate of 5 µl/min, thereby covalently linking
the substrates to the dextran matrix via their primary amines. Manual injection
of the ligands was discontinued around 1600 RU. Subsequently the chip was
capped by 35 µl 1 M ethanolamine pH 8.5 at a flow rate of 5 µl/min, after which
approximately 500 RU remained. Prior to each run, the chip was equilibrated
with equilibration buffer (PBS pH 7.4 + 0.005% Tween-20). Lectins were twofold serially diluted in equilibration buffer to concentrations from 1600 to 12.5
nM. Each run encompassed the injection of 40 µl diluted HE0-Fc onto the sensor
surfaces of the asialo-BSM and BSM channels at a flow rate of 20 µl/minute,
followed by a 120 second dissociation period. The chip was regenerated by
injection of 50 µl 1 M MgCl2. Saturation values were calculated by using the
BIAevaluation 3.0 software (Biacore AB, Sweden) and KD’s were calculated by
analysis of the saturation values in GraphPad (GraphPad Software, San Diego,
CA, USA)
Lectin-immunofluorescence staining of cultured cells. HEK293T,
HRT18, HeLa, MDBK, MDCK and LR7 cells [21] were maintained in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum,
penicillin (100 IU/ml) and streptomycin (100 µg/ml). Equine dermis (Ederm)
and fetal horse kidney (FHK [25]) cells were maintained in DMEM, supplemented
with 20% fetal calf serum, penicillin (100 IU/ml) and streptomycin (100 µg/ml).
Cell monolayers, grown on glass coverslips, were fixed with paraformaldehyde
(3.7% in PBS) for 15 minutes, either left non-permeabilized or permeabilized
with PBS, 0.1% Triton-X100 for 10 minutes, and successively incubated for 1
hour each with blocking buffer and with HE0-Fc lectins in blocking buffer (MHVS, 50 µg/ml; PToV-P4, 20 µg/ml; or BCoV-LUN, 100 µg/ml), and then, for 30
minutes, with goat-α-human-Dylight488 (Jackson ImmunoResearch; 1:100),
goat-α-bovine-Dylight549 (Jackson ImmunoResearch; 1:100), and Hoechst33258 (1:200) diluted in blocking buffer. In between and after the incubation
steps with the virolectins and secondary antibodies, the cell monolayers were
washed, thrice each time, with PBS, 0.05% Tween20. Finally, the cells were
washed twice with distilled water. The coverslips were mounted on glass slides
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in FluorSave (Calbiochem) and examined by standard fluorescence microscopy
(Leica DMRE).
To de-O-acetylate or remove cell surface Sias prior to immunofluorescence staining, paraformaldehyde-fixed Ederm cells were treated for 2
hours at 37ºC with 20 µg/ml MHV-S HE+-Fc (HE) or with 100 mU/ml
Arthrobacter Ureafaciens NA in PBS, respectively.
For colocalization studies, double stainings were performed with PToV-P4
lectin and with MAbs or mono-specific antisera for TGN-46, EEA-1, Calreticulin,
COP-1, GM-130, LAMP-1, and clathrin localization markers. Images were
analyzed using ImageJ Software (http://rsbweb.nih.gov/ij/).
Sensitivity of cell surface Sia-O-acetylation to glycosylation inhibitors was
performed by adding inhibitors to the tissue culture supernatant of HRT18 cell
monolayers and incubation was continued for 72 h; benzyl-N-acetyl-α-Dgalactosamide (Benzyl-GalNac), 2.5 mM; N-butyl-deoxynojirimycin (NB-DNJ),
0.2 mM; N-butyl-deoxygalactonojirimycin (NB-DGJ), 0.1 mM, and N-butyl
deoxymannojirimycin (NB-DMJ), 0.1 mM. Cell monolayers were fixed with
paraformaldehyde and stained with PToV-P4 and BCoV-LUN HE0-Fc lectins as
described above.
Lectin staining of mammalian tissue sections. Paraffin sections of
mouse tissue array (Gentaur, AMS541), mouse brain tissue (Gentaur,
T2334035), human tissue array (Gentaur, AC1), and human cerebellum
(Gentaur, T2234039) were dewaxed in xylene and rehydrated. Endogenous
peroxidase activity was inactivated by incubation in methanol, 0.3% peroxide for
30 minutes. The sections were successively incubated for 1 hour each with
blocking buffer and with PToV-P4 (20 µg/ml), BCoV-LUN (40 µg/ml), or MHV-S
HE0-Fc (50 µg/ml; all lectin solutions prepared in blocking buffer). The sections
were washed three times with washing buffer, incubated with goat-α-humanbiotin (Sigma; 1:250) in blocking buffer for 30 minutes and washed three times
again, after which peroxidase staining was performed for 30 minutes using the
ABC-PO staining kit (Thermo Scientific), according to the instructions of the
manufacturer. Finally, the tissue sections were washed thrice with PBS,
incubated with 3,3’-diaminobenzidine (Sigma) for 15 minutes, and
counterstained using Mayer’s Hematoxillin, mounted on glass slides and
examined by standard light microscope.
Double lectin staining of tissue sections and spectral analysis.
Human tissues were successively incubated for 1 hour each with blocking buffer
and with blocking buffer containing PToV-P4 (20 µg/ml) and BCoV-LUN (40
µg/ml) virolectins that had been provided with mouse and bovine Fc-domains,
respectively. The tissue sections were then washed three times and incubation
was continued with a combination of goat-α-mouse-PO and goat-α-bovine-AP
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conjugates (Jackson ImmunoResearch; 1:100) in blocking buffer for 30 minutes.
The tissue sections were then washed three times with washing buffer and once
with 100 mM Tris pH 8.2, after which the AP conjugate was detected by using
the VectorRed AP Substrate kit (Vector) according to the instructions. The
sections were then washed once in 100mM Tris pH 8.2, twice with ddH2O and
stained for PO with diaminobenzidine (Sigma) for 15 minutes. After two final
washing steps in ddH2O and counterstaining with Mayer’s Hematoxylin, the
coverslips were mounted. Mouse tissues were stained similarly, but with
virolectins provided with human and bovine Fc-domains.
Spectral analysis of the double-stained slides was performed as described
[41] using a Leica BM5000 microscope (Leica Microsystems; Wetzlar, Germany)
with a Nuance VIS-FL Multispectral Imaging System (Cambridge Research
Instrumentation; Woburn, MA). Spectra were acquired from 460 to 660 nm at
10-nm intervals and images were analyzed with Nuance software version 2.4.
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Analysis of sialic acid composition of BSM. The sialic acid (Sia)
composition of bovine submaxillary mucin (BSM) as analyzed by gas
chromatography-mass spectroscopy (GC-MS) has been reported [2]. However,
as O-acetyl (O-Ac) groups are unstable and subject to C7-to-C9 migration [1],
large differences may exist in O-A-Sia content among different batches of BSM.
Moreover, in order to perform GC-MS, Sias have to be released from the
penultimate sugar residues, the classical procedure for which is incubation with
2 M proprionic acid at 80°C. These harsh conditions are known to have a
dramatic effect on the labile Sia-O-Ac groups in terms of loss and migration. For
our analyses, it was crucial that the O-Ac-Sia composition as measured by GCMS reliably reflected that of native BSM. We therefore established an alternative
protocol to release the Sias enzymatically with neuraminidase (NA) from
Arthrobacter ureafaciens, with all experimental procedures performed under
conditions that would minimize O-Ac migration.
BSM (500 µg) was dissolved in 500 µl PBS pH 6.5 and treated with 50 mU
of neuraminidase (Arthrobacter Ureafaciens; Sigma) for 4 h at 37°C. For
comparison, the same amount of BSM was dissolved in 500 µl 2 M propionic acid
and incubated at 80°C for 4 h. Samples were freeze-dried and Sia analysis by
gas-liquid chromatography-electron impact mass spectrometry (SI Fig. 1) was
performed as described [3].
Either approach resulted in
complete loss of BCoV-Mebus and
PToV-P4 HE0-Fc lectin binding,
demonstrating efficient removal of
O-Ac-Sia
receptors
(data
not
shown). Analysis of the Sia species
by GC revealed 13 distinct peaks
(SI Fig. 1A) and MS analysis (SI
Figs. 1B, 2 and 3) resulted in the
identification of 17 different Sia
species (SI Table 1). As expected,
propionic acid release of Sias
resulted in loss of O-acetylation and
in migration of the 7-O-Ac group to
the C-9 position (shifting of peaks
1, 3, 8 and 9 to 4, 7, 12 and 13,
respectively; SI Fig. 1A). The mild
enzymatic release protocol was
used throughout.
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SI Table 1: Allocation of GC-MS
peaks
Peak

	
  

Relative retention time

Allocation

(RNeu5Ac)
1

0.96

α-Neu5,7Ac2

2

1.00

β-Neu5Ac2

2’

1.01

α-Neu5,7,9Ac3

3

1.03

β-Neu5,7Ac2

4

1.06

β-Neu5,9Ac2

5

1.08

β-Neu5,7,9Ac3

6

1.09

α-Neu5,9Ac2

7

1.11

β-Neu5,8,9Ac3

7’

1.13

α-Neu5,8,9Ac3

8

1.54

α-Neu7Ac5Gc

9’

1.68

α-Neu7,9Ac25Gc

9

1.69

β-Neu7Ac5Gc

10

1.72

β-Neu5Gc

11

1.77

β-Neu7,9Ac25Gc

12

1.78

β-Neu9Ac5Gc

12’

1.78

β-Neu7,8Ac25Gc

13

1.81

α-Neu9Ac5Gc
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SI Fig. 1. GC-MS analysis of BSM sialic acid composition. (A) Gas-chromatograms of sialic acid released from
BSM using either propionic-acid (top) or Arthrobacter Ureafaciens neuraminidase (bottom). Total ion-current as
analyzed with MS was plotted at the y-ax with the highest peak set at 100%. Retention time was plotted on the x-ax
and peaks were numbered in order of appearance. Note, peaks 1, 4, 3, 7, 8, 9, 12 and 13 differ between analysis
methods. (B) Mass spectra of representative peaks for Neu5Ac, m/z 624 black line; mono-O-Ac-Neu5Ac, m/z 594
gray line; di-O-Ac-Neu5Ac, m/z 564 light gray line; Neu5Gc, m/z 712 black line; mono-O-Ac-Neu5Gc, m/z 682 gray
line; di-O-Ac-Neu5Gc, m/z 652 light gray line.
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Peak #1

Peak #2

Peak #3

Peak #4

Peak #5

Peak #6

Peak #7

sFig.3

SI Fig. 2. Mass spectra of each GC peak of the Neu5Ac species used for the identification of BSM
sialic acid composition.
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Peak #8

Peak #9

Peak #10

Peak #11

Peak #12

Peak #13

SI Fig. 3. Mass spectra of each GC peak of the Neu5Gc species used for the identification of BSM
sialic acid composition.
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Total ion current (%)
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Retention time (min)

B
Treatment
7-, 9-, and 7,9-O-Ac-Sia

Migration
only 7-O-Ac-Sia

only 9-O-Ac-Sia

SI Fig. 4. PToV-P4 HE0 binds specific to 9-mono-O-Ac-Sia as determined by migration experiment. (A) GCMS profiles of native BSM and of BSM depleted for 9-mono-O- and 7,9-di-O-Ac-groups by BCoV-Mebus HE+
treatment, before and after C7-to-C9 migration of the labile 7-mono-O-Ac-group. (B) Schematic representation of OAc-Sias present in (i) native BSM, (ii) BSM treated with excess BCoV-Mebus HE+ (“Treatment “) and (ii) this material
after induced “Migration” of the 7-O-Ac to C9.

sFig.5

SI Fig. 5. Rooted Neighbour-Joining tree based upon an ClustalW alignment of BCoV and HCoV-OC43 HE
amino acid sequences with the MHV-S HE sequence as outgroup. Confidence values calculated by bootstrapping (500 replicates) are indicated at the major branching points. Branch lengths are drawn to scale; the scale
bar represents 0.005 amino acid substitution/site. Red boxes indicate HEs of BCoV strains tested for lectin binding.
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SI Fig. 6. GC-MS profiles of BSM preparations used for solid-phase lectin binding assay. Total ion-current as
analyzed with MS was plotted at the y-ax with the highest peak set at 100%. Retention time was plotted on the x-ax
in minutes (min).

FHK cells
4-O-Ac-Sia

9-O-Ac-Sia

Overlay

7,9-di-O-Ac-Sia

9-O-Ac-Sia

Overlay

SI Fig. 7. Lectin-immunofluorescence detection of O-Ac-Sias in equine FHK cells. Detection of 4-mono-O-AcSia by MHV-S lectin, 9-mono-O-Ac-Sia by PToV-P4 lectin and 7,9-di-O-Ac-Sia by BCoV-LUN lectin. Nuclei were
staining with Hoechst-33258 (blue).
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9-O-Ac-Sia

7,9-O-Ac-Sia

Eye

Esophagus

Cerebellum

Colon

Bladder

4-O-Ac-Sia

SI Fig. 8. Expression of O-Ac-Sias in mouse tissues. Paraffin coupes were either mock-stained or stained with
MHV-S, PToV-P4 or BCoV-LUN lectins for the detection of 4-mono-O-, 9-mono-O- or 7,9-di-O-Ac Sia, respectively.
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SI Fig. 8. Continuous.
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SI Fig. 8. Continuous.
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SI Fig. 8. Continuous.
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9-O-Ac-Sia

7,9-O-Ac-Sia

Pancreas

Gray matter

Colon

Cerebellum

Adrenal gland

mock

SI Fig. 9. Expression of O-Ac-Sias in human tissues. Paraffin coupes were either mock-stained or stained with
PToV-P4 or BCoV-LUN lectins for the detection of 9-mono-O-Ac Sia or 7,9-di-O-Ac Sia, respectively.

134	
  

Supporting Information Chapter 6

mock

9-O-Ac-Sia
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SI Fig. 9. Continuous.
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mock

4-O-Ac-Sia

9-O-Ac-Sia

7,9-O-Ac-Sia

SI Fig. 10. Differential expression of O-Ac-Sias in mouse small intestine. Frozen tissue sections of the
mouse small intestine were either mock-stained or stained with MHV-S, PToV-P4 or BCoV-LUN lectins for the
detection of 4-mono-O-, 9-mono-O- or 7,9-di-O-Ac Sia, respectively.
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mock

9-O-Ac-Sia

7,9-O-Ac-Sia

SI Fig. 11. Expression of O-Ac-Sias in the human cerebellum. Paraffin sections of human cerebellum were
either mock-stained or stained with PToV-P4 or BCoV-LUN virolectins for detection of 9-mono-O- or 7,9-di-O-Ac
Sia, respectively. Note that the dendritic arbors stain exclusively for 7,9-di-O-acetylated Sias.
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RGB

Composite

Hematoxylin

BCoV-LUN HE0

PToV-P4 HE0

SI Fig. 12. Differential expression of O-Ac-Sias on mouse erythrocytes in the brain. RGB image of the
original mouse brain tissue section showing 7,9-di-O-Ac-Sia detected by BCoV-LUN lectin in brown (DAB), 9-monoO-Ac-Sia detected by PToV-P4 lectin in red (VectorRed), and nuclear counterstain in blue (Hematoxylin). After
unmixing with spectral imaging, a composite fluorescent-like image in pseudo-colors clearly shows differential
expression of O-Ac-Sia on erythrocytes (with 9-mono-O-Ac-Sias in red and 7,9-di-O-Ac-Sias in green).
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Chapter 7
The preceding chapters describe the results of a series of experimental
studies that were aimed to elucidate the structure, function and evolution of the
corona- and torovirus hemagglutinin-esterase (HE) proteins. Here, these
findings as well a number of unpublished observations not described in previous
chapters will be integrated and discussed to show how much progress has been
made, to identify the important questions remaining and to give suggestions for
future research.
On the origin and evolution of the nidovirus hemagglutinin
proteins. In the mid 1980’s, while sequencing the genome of mouse hepatitis
virus (MHV) strain A59, Willem Luytjes and coworkers discovered a pseudogene
upstream of the gene for the S protein [38]. To their surprise, its deduced
amino acid sequence proved 30% identical to that of subunit 1 of the influenza C
virus hemagglutinin-esterase fusion (HEF) protein. As predicted and confirmed,
this mystery gene was conserved and functional in MHV-A59 related
coronaviruses [29, 59, 66, 67]. It encoded a 65K dimeric envelope glycoprotein,
designated HE, that was accessory to the receptor binding spike (S) protein and
displayed sialate-O-acetylesterase receptor-destroying enzyme (RDE) activity.
The occurrence of HE turned out to be restricted to a subset of viruses in the
genus Betacoronavirus, namely to those of phylocluster A (Murine coronavirus,
the Betacoronavirus-1 subspecies human coronavirus OC43 [HCoV-OC43],
bovine coronavirus [BCoV], equine coronavirus [ECoV] and porcine
hemagglutinating encephalitis virus [PHEV], and Human coronavirus HKU-1 [50,
62, 65]. Not long thereafter, however, yet another HE gene was found, but now
in the genome of a torovirus (that of equine torovirus [EToV] strain Berne [56]).
In the cell culture-adapted strain EToV Berne, the gene was -again- inactive, but
it is intact in all torovirus field strains characterized since [13, 16, 42, 54, 55].
As was obvious early on [38, 56], the presence of such closely related genes in
three distinct viral taxa should be ascribed to horizontal gene transfer through
heterologous RNA recombination. Still, it did raise questions of how this situation
had arisen, where the genes had come from, and what the direction of gene flow
might have been. Although it was proposed that corona- and toroviruses had
gained their HE genes from influenza C virus, the precise course of events was
in fact not that evident. The observations left room for alternative explanations,
including complicated ones with the HE module having originated not in
influenza C, corona- or toroviruses, but in another yet unknown virus or even in
a cellular organism. To add further spice, as the HE gene module had been
passed on from one genome to another, the encoded protein had changed in
quaternary structure. Whereas influenza C virus HEF is a trimer, the corona- and
torovirus HEs form homodimers. A large part of the puzzle has now been solved
and the relationships between the influenza A and B virus hemagglutinins (HAs),
HEF and the nidovirus HEs have become clear, not through bioinformatics and
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phylogenetic analysis, but through protein structure analysis (Chapter 2 [68]
and Chapter 3 [36]).
It is well established that protein structure is more conserved than
sequence [26]. The orthomyxovirus spike proteins HEF and HA are evolutionary
related but so distantly that their sequences have diverged “into the twilight
zone of statistical sequence similarity” (as cited from Illergard et al. 2009 [26]).
Unlike HEF, HA lacks sialate-O-acetylesterase activity. In influenza A and B
viruses there is evidently no need for such a RDE activity as these viruses
preferentially bind to non-O-acetylated Sias in a glycosidic linkage-dependent
fashion [24, 25]. They differ from influenza C virus in that they posses not a
single but two types of surface projections, one functioning as receptor-binding
protein (HA), the other, the neuraminidase (NA) serving as RDE. Yet,
comparative analysis revealed in HA several elements with obvious structural
homology to segments of the HEF esterase [47], apparent remnants of a
catalytic domain no longer functional (Fig. 1). Thus, from these findings, HA
seems to have arisen from an HEF-like ancestral protein and models in which
HEF originated from HA through the insertion of an HE module [13] can be
discarded.
Fig. 1. Overall structures
and domain comparison
of HEF, HA, and HE
proteins.
(A)
Ribbon
representation
of
the
influenza C virus HEF trimer,
influenza A virus HA trimer,
and coronavirus HE dimer.
One protein monomer is
colored by domain: lectin
domain (R, blue) with bound
receptor ligand (cyan sticks)
and
potassium
ion
in
coronavirus HE (magenta
sphere); esterase domain or
remnant element (E or E*,
green)
with
Ser-His-Asp
active site triad in HE and
HEF (magenta sticks); fusion
domain
or
membraneproximal domain (F or MP,
red). Remaining monomers
are shown in grey or pink.
(B) Linear representation of
the sequence segments in
HEF, HA, and HE color-coded
by domains as in panel A.
Grey segments indicate the
transmembrane domain in
HE and the fusion peptide in
HA and HEF. The arrowhead
indicates the fusion protein
cleavage site.
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So where do the nidovirus HEs come from? The corona- (CoV) and
torovirus (ToV) HE monomers are essentially identical in their domain
organization to HEF1 (Fig. 1), but differ from the latter in that each possesses a
membrane proximal domain (MP) that forms one of two or three main
monomer-monomer contact regions. As explained in Chapter 2 [68] and Chapter
3 [36], the structural similarity of the MPs to the F1/F2 globular region of HEF
and the F’ subdomain of HA identified them as remnants of an ancient fusion
domain. We interpret these findings to indicate that the nidovirus HEs arose
from an HEF-like fusion protein. While most of the fusion domain was lost, the
F1/F2 region was maintained, modified and adopted to form a novel monomermonomer contact region as the HE quaternary structure changed from trimerto-dimer. The limited sequence similarity between HEF and HA provides an
indication for the extent of sequence space these types of proteins might occupy
(i.e. how much amino acid sequence divergence may be tolerated) without loss
of function. This reinforces the notion that HEF and the nidovirus HEs, as they
still share 30% sequence identity, must have split relatively recently, in any
case long after HEF and HA separated.
Whereas these observations seem to settle the origin of the nidovirus HEs,
the question remains how to explain the presence of HE proteins both in coronaand in toroviruses. Although these viruses are evolutionary related [6, 7], there
are several arguments against scenarios in which the HE gene was acquired by a
common ancestor and then passed on through vertical descent. (i) It would be
difficult to explain why the HE gene was maintained in only one lineage of
betacoronaviruses and lost in all other coronaviruses (including the three other
betacoronavirus lineages), why it was conserved in toroviruses (despite the
huge evolutionary distance that separates them from the coronaviruses) and yet
lost again in the bafiniviruses (toroviruses’ closest relatives [52]). The huge
variety in accessory genes seen in coronaviruses points to the highly dynamic
nature of the coronavirus genome and argues against models in which an
ancestral virus possessing all of these genes gave rise to a wide range of
descendants through selective gene loss. Instead, in the course of evolution
different CoV lineages seem to have acquired their own specific set of novel
accessory genes (including that for HE in the group A betacoronaviruses)
through heterologous RNA recombination [15]. (ii) It would be difficult to explain
the disproportionally high degree of sequence identity (30%) between the HEs
of toro- and coronaviruses. The ToV and CoV spike and membrane proteins are
also assumed to be evolutionary related but share little to no sequence identity.
Finally, (iii) the nidovirus HEs are no more closely related to each other than
they are to influenza C virus HEF1 and (iv) their genes are located in different
genomic locations [56]. The combined observations suggest that corona- and
toroviruses acquired their HE genes independently, that is via two separate
horizontal gene transfer events.
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At least four scenarios for these events can be envisaged, outlined
schematically in Fig. 2. With crystal structures of several corona- and torovirus
HEs now available, we asked whether comparative structural analysis might
provide leads to decide between these models. In particular, the structures
might tell whether toro- and coronaviruses both acquired their HE gene directly
from a donor with a trimeric HEF-like fusion protein, in which case the transition
from trimer-to-dimer would have occurred twice, or whether, as in scenarios B
through D (Fig. 2), this happened only once. Clearly, such a significant change
in quaternary structure would have required major adaptations. The original
monomer-monomer interactions as they existed in the trimer would be of little
use in the new dimeric constellation and alternative monomer-monomer contact
points would have had to be created de novo. Initial dimerization might have
been promoted by protein segments fortuitously prone to auto-interact after
which, through a process of selection for stable dimerization (its direction
determined by chance), the monomer interface would have been rapidly
modified and optimized for the formation of novel contact points. Once an
optimal strategy for monomer-monomer interaction would be established, there
would seem little evolutionary incentive to radically change it again. From this
perspective, if corona-and torovirus HEs would be identical in the way their
monomers interact, this would be suggestive, barring convergent evolution, for
the transition from trimer-to-dimer having occurred only once, (Figs. 2B-D). If
however, the modes of monomers interaction would be essentially different, this
might be taken as an indication that the shift in quaternary structure happened
on two separate occasions (Fig. 2A).
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Fig. 2. Possible scenarios of
HE protein evolution. (A)
Model of convergent evolution
where both CoV and ToV have
acquired the HE protein from a
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The CoV and ToV HE monomer interfaces at first glance look very much
alike. In both cases, major contact regions (CRs) involve the four-stranded βsheet in the R-core domain (CR1) and the MP domain (CR2) (Fig. 3A). On closer
inspection, however, the ToV dimer appears to be more densely packed. In CoV
HEs, the R-domains engage to form a continuous eight-stranded β-sheet, while
in ToV this structure is twisted with the interacting β-strands placed at angles
(Fig. 3B). In consequence, the contact surface area of ToV HE CR1 is only twothirds of that of CoV HE (~650 versus ~900 Å2, respectively). However, the ToV
HE has a unique third contact region (CR3) comprised of loops of the esterase
domain that increases the interface surface (Fig. 3A). Finally, an intermonomeric disulfide bond that is located close to the membrane stabilizes CoV
HE, but not ToV HE dimers. From these findings, it seems at least plausible that
ToV and CoV acquired their HE truly independently and that a change from
trimer-to-dimer occurred at two separate occasions (Fig. 2A). Nevertheless, the
differences in monomer-monomer interaction are not such that scenarios in
which the change in quaternary structure was a one-time event can be
discarded. If the HE gene was passed on from one nidovirus to another (Figs.
2B-D), it must have been an early event as in either nidovirus HE traits of HEF
have been conserved that have been lost in the other. To elucidate the
evolutionary connection between the CoV and ToV HEs further research is
Fig.
3.
Differences
in
contact-regions
between
corona- and torovirus HE
homodimers.
(A)
Ribbon
representation of the coronavirus (CoV) and toro-virus
(ToV) HE homodimers. One
protein monomer is colored by
domain as in Fig. 1A, the other
is shown in grey. CR1, CR2, and
CR3 regions are indicated. Note
that the CR3 is restricted to only
the ToV HE proteins. (B) Ribbon
representation of the CR1 region
of corona- and torovirus HE
monomer shown in cyan. The
orientation of the torovirus βsheet is twisted in comparison
to the horizontally orientated
coronavirus β-sheet as indicated
by the red arrow. This different
orientation
results
in
a
decreased
contact
area
of
torovirus CR1.
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General Discussion
required. One option is a quantitative structural analysis to determine the
conservation of nidovirus HE interfaces relative to that of other HE domains and
in comparison to the conservation of interface domains in other oligomeric viral
protein families. Also the elucidation of the crystal structure of the HE of HCoV
HKU1 may provide important clues. This protein shares only 57% sequence
identity with the other CoV HEs and on the basis of its phylogenetic position
(Chapter 1), may more closely resemble the ancestral CoV HE.
The discovery of an HE protein in infectious salmon anemia virus (ISAV;
Family Orthomyxoviridae) suggests that the HE family may be more extended
and varied then previously appreciated [17, 40]. The ISAV HE is only remotely
related to the other HEs, sharing 15% sequence identity with influenza C virus
HEF and the nidovirus HE proteins. Like the CoV and ToV HEs, ISAV HE lacks a
fusion domain. On the basis of structural modeling, ISAV HE was proposed to
form homodimers [41]. However, in view of the limited sequence identity
between ISAV and nidovirus HEs the conclusions drawn from these modeling
studies should be considered with caution. The relationship between the ISAV
and the nidovirus and influenza C virus HEs will only become clear once also the
structure of the ISAV protein is solved.
Substrate preferences and ligand specificities of the nidovirus HEs.
The nidovirus HEs, as revealed by the studies described in this thesis, are (with
possibly few exceptions; see below) dual function proteins that mediate
reversible attachment of virions to O-acetylated Sia receptor determinants
through the concerted action of their O-acetyl-Sia-binding lectin and sialate-Oacetyl esterase domains. The exact function(s) of HE and its role during infection
is not known, the only in vivo data available suggesting that HE promotes viral
spread [28]. One may envisage, in analogy to what has been proposed for the
influenza HA-NA combination, that the esterase activity facilitates virus release
from the infected cell at the end of the infectious cycle (for a review, see [64])
and/or that the dynamic interaction of HE with Sia receptor-determinants
translates into virus motility with virions rolling across sialylated surfaces or
perhaps even penetrating mucus layers through the repetitive action of
receptor-binding and receptor-destruction [13]. Presumably, however, HE’s
main role is during the very early stages of the infectious cycle when it might
work as a molecular timer for temporary virion attachment. It would allow virus
particle to bind with high avidity to sialylated surfaces. Ideally, this attachment
should lead to successful infection of host cells. Due to the esterase activity,
virion binding will lead, however, to rapid local depletion of Sia receptor
determinants and eventually to virus elution. Thus, the time allowed for virions
to remain attached would be a function of HE binding affinity/avidity, esterase
activity and local Sia density.
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Virions by binding to the ubiquitous and highly accessible Sias in the
glycocalix would buy time for the S protein to find and bind to the main receptor
at the cell’s surface, a prelude to penetration. This strategy would be
advantageous particularly under conditions of low receptor density or poor
receptor accessibility. If within the allotted time, HE-mediated virion attachment
would not progress to this next stage of entry (for example, because the particle
attached not to a susceptible cell, but to decoy receptors on a non-cellassociated glycoconjugate), the default would be for the virus to elute and “take
its business elsewhere”. For this scenario to work, the properties of HE’s lectin
and esterase domains would have to be fine-tuned with respect to ligand and
substrate specificity and to lectin binding affinity and enzyme activity, all
optimized to meet the conditions at the sites of infection in the natural host.
Early studies of the HEs focused on esterase activity. Influenza C virus
HEF, the first to be characterized [22], was identified as a sialate-9-Oacetylesterase (9-O-AE), but its fine-specificity was not studied in further detail.
Subsequent work revealed intriguing differences in substrate preference among
nidovirus HEs [29, 45, 54]. In Chapter 6, we confirmed and extended these
findings, solving many of the technical problems that plagued previous
experiments. For our analyses, we tested substrate preference using bovine
submaxillary mucin (BSM; a natural glycoconjugate, exceptionally rich in α2,6linked O-acetylated Sias [46]) under conditions that prevent loss of O-acetylated
Sias and spontaneous migration of Sia O-acetyl moieties from the C7 to C9
position. Most nidovirus HEs are sialate-9-O-acetylesterases, but whereas some
prefer 9-mono-O-Ac-Sias (PToV HE), others preferentially target 7,9-di-O-AcSias (BToV HE; Chapter 3 [35] and [54]). Others still are more promiscuous
(BCoV HE and influenza virus HEF) and will readily accept both types of
substrates (Chapter 6). Finally, one lineage of murine coronaviruses expresses
an HE of different substrate preference altogether and displays sialate-4-Oacetylesterase (4-O-AE) instead of 9-O-AE activity [45]. From the phylogenetic
evidence it appears that the original hemagglutinin-esterase was a 9-O-AE and
that the switch to 4-O-acetylated Sias must have occurred only recently
(Chapter 5 and [54]).
As already alluded to, for HE to function as a mediator of reversible virion
attachment, the ligand specificity of the lectin domain should match the
esterase’s substrate preference. As shown in Chapter 4 [35], Chapter 5 and
Chapter 6 this is indeed the case. For each HE that we studied, ligand and
substrate preferences were in perfect accord, indicating that the receptorbinding domains and acetyl-esterase domains co-evolve. How among the
various nidovirus HEs the differences in Sia (fine-)specificity arose (in particular,
what conditions selected for them and what the selective advantage of a
particular Sia preference might be) is not known, but it seems fair to assume
that they represent adaptations that occurred as the group A betacoronaviruses
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and toroviruses spread to new hosts and new niches. This view is strongly
supported by our observation that two groups of nidoviruses of cattle, bovine
corona- and toroviruses (and among the bovine toroviruses, two distinct
lineages with different HEs), use 7,9-di-O-Ac-Sias, while porcine torovirus
lineages with widely different HEs selectively target 9-mono-O-Ac-Sias (Chapter
4 [35] and Chapter 6).
Our observations raise yet another interesting question. For HE to function
properly, it would seem a prerequisite that the lectin domain exclusively
recognizes Sias that serve as substrate for the esterase. The reverse, however,
is not necessarily true as, theoretically, an esterase of much broader substrate
specificity, cleaving different types of O-acetylated Sias with equal efficiency,
should work equally well. So why is substrate specificity of most nidovirus HEs
so narrow? Why have the esterase domains of the PToV HEs evolved to exclude
di-O-acetylated Sias from their catalytic pockets and why have those of the
BToV HEs evolved to preferentially target di-O-acetylated Sias and to cleave
mono-O-acetylated Sias far less efficiently (Chapter 3 [36] and [54]) One
possibility is that excessive and indiscriminate cleavage of O-acetylated Sias
would have adverse physiological or immunological consequences and thereby
affect virus propagation. Alternatively, it might be related to the Sia composition
at the infection site and a simply a matter of minimizing substrate competition.
For example, if a virus would bind to a relatively rare type of Sia and other types
of O-acetylated Sias would be present in excess at the site of attachment, nonspecific enzyme activity would significantly reduce the rate of virus release, i.e.
increase the time required for viruses to elute and reverse non-productive
binding to decoy receptors.
Protein-Sia interactions in the HE esterase domain. Comparative
structural analysis of HE proteins revealed in exquisite detail the molecular basis
for Sia binding and for the observed differences in substrate and ligand
preferences. The esterase domains are strongly conserved in HEF and the
nidovirus HEs. At a sequence similarity of only 40%, the root main square
difference on Cα atoms is just 1.1 Å. The catalytic site comprises the strictly
conserved Ser-His-Asp catalytic triad, the oxyanion hole, and a crucial Arg
residue (Arg322 in HEF) engaging into a double hydrogen bond with the Sia
carboxylate. The bidentate Arg-Sia carboxylate interaction is not required for
catalysis per se, but is critical for de-O-acetylation of Sias, apparently as it
specifically binds and orients the Sia residue in the appropriate position in the
catalytic pocket (Chapter 3 [36]).
The importance of this interaction is demonstrated by observations we
made for the HE of BToV-Breda. It differs from all other HEs in that at the
orthologous position of HEF Arg322 there is not an Arg but a Tyr residue (Tyr294).
However, the loss of the Arg at this location apparently was compensated by
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introduction of an Arg residue elsewhere. Although BToV-Breda Arg103 is located
in a completely different part of the protein, it extends its side chain into the Sia
binding pocket such that its guanidyl head group is properly positioned to
restore the bidentate interaction with the Sia carboxylate (Chapter 3 [36]).
Interestingly, this type of Arg-Sia carboxylate interaction is not unique to the
HEs (Fig. 4), but is also seen in other viral Sia-modifying enzymes [14, 47, 61],
in viral [53, 57] and bacterial Sia binding proteins [8, 27], and in mammalian
lectins [2, 27]. It apparently represents one of a limited number of ways to
specifically recognize and fix Sias in a binding pocket as it was adopted by a
wide range of non-related Sia binding proteins through convergent evolution.
Fig. 4. Arginine-sialic acid
carboxylate
interaction
through
double
hydrogen
bonds: a common strategy to
bind Sias. Stick representations
of viral, bacterial, and mammalian sialic acid interacting
proteins. Amino acids contributing to sialic acid interactions
are shown in gray with the
arginine colored in green. The
sialic acid molecule is shown in
cyan sticks and hydrogen bonds
are shown as black dashed lines.

Influenza Neuraminidase
R292
E276
E277

Canine Adenovirus Fiber knob
R515

I222

S419

N417

R371
Y406

E119

S416

152
D151 R

I377

W178

R118
Bacterial TRAP
E67

Tetanus neurotoxin
R1226

R127

Y1229
N187

D49
D1214

R147
N10

Mammalian Siglec-1
R97
L107
V109
R105
W106

W2

Our analyses further revealed that the observed differences in substrate
specificity among the various HEs is brought about not by major changes in the
catalytic site, but rather by subtle, single amino acid residue substitutions
(Chapter 3 [36]). In PToV-Markelo HE a threonine residue (Thr73) at the rim of
the esterase’s Sia binding pocket effectively blocks binding of 7,9-di-O-Ac-Sia
148	
  

General Discussion
through steric hindrance, the Thr side chain positioned such that it would clash
with the Sia-7-O-Ac moiety. In BToV HE, at the orthologous location, a serine
(Ser64) would allow easy access of both 9-mono- and 7,9-di-O-Ac-Sias (Chapter
3 [36]). It is not known, however, why the latter enzyme still prefers the di-Oacetylated substrate. Possibly, the affinity for 7,9-di-O-Ac-Sia is increased
through the formation of a hydrogen bond from the side-chain of Ser64 to the
oxygen of the acetyl-group at the C7 position. It will be interesting to test
whether a Ser64-to-Ala substitution, that would destroy this hydrogen bond,
would produce an enzyme that now hydrolyses 9-mono- and 7,9-di-O-Ac-Sia
substrates equally well.
Unfortunately, our analyses were limited to Sia-9-O-AEs as our attempt to
also determine the structure of MHV-S HE, a Sia-4-O-AE, was only partially
successful (in the crystal, most of the esterase domain was disordered; Chapter
5). Given the large (stereo)chemical difference between 9-O- and 4-Oacetylated Sias, these substrates would have to enter and bind into the esterase
catalytic site in totally different topologies. As compared to the 9-O-Ac-Sias, it
would require a 4-O-Ac-Sia to rotate about 180 degrees either around its
horizontal or vertical axis in order for the 4-O-acetate carbonyl carbon to
become available for nucleophilic attack by the catalytic Ser residue.
Remarkably, although one would expect the Sia binding site of the Sia-4-O-AEs
to be quite different from that of the Sia-9-O-AEs, these enzymes are in fact
highly similar in primary sequence. All key residues involved in Sia binding in
the latter class of esterases including the Sia-binding Arg are conserved in the
former. It is will be interesting to identify the changes that took place in the 4O-Ac-Sia-specific MHV HEs and to determine how, with apparently only modest
structural changes, this major shift in substrate specificity was brought about.
Protein-Sia interactions in the HE lectin domain. As demonstrated in
this thesis, the nidovirus HEs, originating from a HEF-like protein, maintained
fully functional receptor-binding lectin domains, at least in most cases. However,
comparison of the crystal structures of the corona- and torovirus HEs to those of
the orthomyxovirus spike proteins HA and HEF revealed huge differences in the
architecture of the Sia binding sites between (and among) HEF and the nidovirus
HEs, and, paradoxically, a strong preservation of binding site architecture in HEF
and HA (even though the latter two proteins are only remotely related and bind
to widely different receptors [Fig. 5; [47]). We attribute the apparent plasticity
of the nidovirus HE receptor-binding sites to evolutionary flexibility conferred by
functional redundancy between HE and its companion spike protein S (Chapter 2
[68] and Chapter 3 [36]). Whereas the nidovirus S proteins, like HEF and HA in
their respective viruses, are essential for virus entry, the nidovirus HEs are
advantageous but not vital for virus survival. This puts more stringent limits on
the variation of binding sites of S, HEF and HA, as any change resulting in loss
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Fig. 5. Receptor binding
site of orthomyxo- and
nidovirus
Sia
binding
proteins.
Ribbon
representations of the R domains of
influenza C (HEF), influenza A
(HA), coronavirus (CoV HE),
and
torovirus
(ToV
HE)
receptor-binding proteins in
cyan. Sia molecule is shown in
purple sticks. Topology of the
Sia ligand in the receptorbinding site is conserved
between influenza A HA and
influenza C HEF proteins but is
different
in
coronaand
torovirus HE protein (red
arrow).
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or even partial reduction of receptor-binding activity would be detrimental to the
virus. In the case of the HE proteins, as they are dispensable, there would seem
to be more leeway to explore alternative receptor-binding site topologies. As
temporary loss of HE binding activity would not be immediately lethal to the
virus, large changes in HE-binding site might have occurred and become
selected, for example under immunological pressure. HE Sia binding might thus
have been lost and subsequently recovered again, sometimes in a completely
new fashion. Conceivably, such a scenario may have led to the shift in coreceptor usage from 9-O- to 4-O-Ac-Sias in one branch of murine coronaviruses
(Chapter 4 [35], Chapter 5 and [45]), most likely with the changes in the
receptor binding domain occurring first, and the esterase-domain following suit.
A similar principle may also explain observations made for rotaviruses.
These viruses apparently use integrins as their main receptors with Sia acting as
primary attachment factor; of note, also in these viruses attachment to Sia is
not essential for cell entry [10, 19, 20]. Remarkably, while porcine rotavirus
CRW-8 and human rotavirus Wa both bind to Sia [21], the CRW-8 Sia binding
pocket is not conserved in the Wa strain. Apparently, the latter virus has a novel
Sia binding site in a different part of the receptor-binding protein.
With few but notable exceptions (vide infra), we could demonstrate lectin
activity for all nidovirus HEs included in our studies. However, there was a
considerable variation not only in receptor specificity, but also in affinity. Most
nidovirus HEs bind with low affinity, though in general strongly enough to allow
detection of binding by a solid-phase lectin-binding assay (SLBA) with the
recombinantly expressed proteins. Remarkably, however, a subset of HEs, those
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of MHV-S, PToV-P4 and BCoV-LUN, bind to their receptors (4-mono-O-, 9-monoO- and 7,9-di-O-Ac Sia, respectively) with exceptionally high affinities with Kds
of 10-7-10-8 M (Chapter 5 and Chapter 6), several orders of magnitudes more
strongly than Sia-binding lectins of other viruses do (for comparison, for
influenza A virus HA binding affinities are in millimolar range [48]).
Comparative structural analysis of nidovirus lectin domains showed in
unprecedented detail how ligand specificity is achieved and how binding affinity
modulated. Although the major differences between the receptor binding sites of
toro-, corona- and influenza virus HEs suggest a remarkable flexibility, the
binding site architecture among coronavirus HEs and among torovirus HEs is
actually quite conserved and the differences in ligand preference and affinity can
be attributed to relatively minor structural variations, similar to what was seen
for the esterase domains. For example, the preference of PToV-Markelo HE for
9-mono- over 7,9-di-O-Ac-Sias can be mainly ascribed to only two residues,
Val166 and Tyr118, the side chains of which would exclude the di-O-acetylated
ligand from the binding pocket (Chapter 3 [36]). Similarly, the preference of
BCoV HE for 7,9-di- over 9-mono-O-Ac Sia seems to be determined mainly by a
single residue at the binding site’s perimeter. Although BCoV HE is able to bind
to 9-O-Ac-Sias (Chapter 2 [68]), its affinity for 7,9-di-O-Ac-Sias is
approximately 10-fold higher because of Leu161 contacting the Sia 7-O-Ac moiety
(Chapter 6).
Even between related viruses infecting the same host species, like PToVMarkelo and PToV-P4, large differences in Sia binding affinity may exist. We do
not know how these differences arose and what in biological terms the
consequences of high and low HE binding affinity might be, nor do we know the
molecular basis for the difference in binding affinity between the two types PToV
HE proteins. We determined the structure of PToV-Markelo HE only and the
sequence similarity with PToV-P4 HE is too low (79%) to allow reliable modeling
of the latter protein. How binding affinity might be modulated became clear,
however, from comparative analysis of BCoV HE proteins. The HE of field strain
BCoV-LUN binds to its substrate three times more strongly than BCoV-Mebus
HE. Again this results from a single critical amino acid difference (Thr114 versus
Ile114, respectively) that forms an interaction with the sialate 5-N-acetyl moiety.
As would be expected, this interaction increases the high affinity binding to 7,9di-O-Ac-Sia and low affinity binding to 9-mono-O-Ac-Sias to similar extent
(Chapter 6).
Of note, not all nidovirus HEs may act as receptor-binding proteins; there
is accumulating evidence that some have lost Sia binding activity (Langereis and
de Groot, unpublished observations). For instance, the HE of HCoV-OC43, which
shares 97% sequence identity with BCoV-Mebus HE, fails to hemagglutinate
erythrocytes [33]. Also, no binding of HCoV-OC43 HE could be detected by
SLBA. Even the most sensitive approach, i.e. the use of recombinant MHV-A59
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virions carrying HCoV-OC43 HEs to detect low affinity-high avidity binding (see
Chapter 4 [35]) failed to show any binding to Sias. From the comparison of
BCoV-Mebus and HCoV-OC43 HE sequences and structure modeling, the
apparent loss of Sia-binding seems to have resulted from the introduction of an
N-glycan in combination with several amino acid substitutions in the receptorbinding domain (Langereis and de Groot, manuscript in preparation).
All other viruses in the species Betacoronavirus-1 that we included in our
studies (various BCoV field strains, canine respiratory coronavirus [CRCoV]
strain 240/05, equine coronavirus [ECoV] and porcine heamagglutinating
encephalitis virus [PHEV]) possess HEs that retain O-Ac-Sia binding activity
(data not shown). Thus, among Betacoronavirus-1 members, HCoV-OC43 seems
to be the sole exception. Intriguingly, however, when we tested the HE of
another human coronavirus, HCoV-HKU1, by hemagglutination and SLBA, we
also could not detect attachment to O-Ac-Sias (data not shown; note that it
does retain sialate-9-O-aceteylesterase RDE activity; Fig. 6). This raises the
question whether loss of HE Sia binding properties might be an adaptation to
replication in humans. If so, virion attachment to Sias must be mediated by
another virion protein, with the S protein as sole candidate. Indeed, the S
protein of HCoV-OC43, like those of other Betacoronavirus-1 members, is a 9-OAc-specific lectin [32, 49, 63], but whether the S protein of HCoV-HKU1 binds to
Sias is not known.
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Fig. 6. HCoV-HKU1 HE enzyme displays 9-O-acetylesterase activity. HKU1 HE displays sialate-9-Oacetylesterase activity towards the synthetic 4,9-di-O-Ac-Sia (αNeu4,5,9Ac32Me) substrate analogue. Graphs show
total ion current gas-chromatograms and Sias were identified by mass spectrometry: Sia (αNeu5Ac2Me [peak 1]), 4O-Ac-Sia (αNeu4,5Ac22Me [peak 2]), 9-O-Ac-Sia (αNeu5,9Ac22Me [peak 4]), 4,9-di-O-Ac-Sia (αNeu4,5,9Ac32Me
[peak 5]), and peak 3 represent a non-sialic acid compounds.

While there is strong evidence for loss of the lectin binding site in HCoVOC43 HE (from the structural modeling studies and from our biochemical and
mutational analyses; Langereis and de Groot, manuscript in preparation), other
explanations should be taken into account for our failure to detect Sia-binding
by HCoV-HKU1 HE. Our findings are particularly puzzling given that HCoV-HKU1
infection is most likely not dependent on 9-O-Ac-Sia. Cultured cells that support
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propagation of Betacoronavirus-1 strains, like human colorectal adenocarcinoma
(HRT-18) and Madin-Darby canine kidney (MDCK) cells [32, 43, 50, 51, 58]
cannot be infected by HCoV-HKU1 [44, 65]. One possibility is that HCoV-HKU1
binds via its HE to a rare O-Ac-Sia variant not present in BSM or on HRT-18 and
MDCK cells. As shown recently, human ciliated airway epithelial (HAE) cell
culture can be infected by HCoV-HKU1 [44] and this cell-culture system may
thus allow studies to identify the cell surface determinants that are used by this
virus and establish the role of its HE protein during attachment. Another, more
trivial explanation for our observations is that the recombinantly expressed
HCoV-HKU1 HE protein is not folded correctly. We know of one example where
this seems to have occurred. The HE of MHV strain DVIM was first to have its
structure solved. Only after elucidation of the BCoV-Mebus HE structure it
became evident that in the crystal the MHV-DVIM HE sialic acid binding site of
the lectin domain was collapsed (Zeng, Langereis, de Groot and Huizinga,
manuscript in preparation). It is not known whether this happened during
crystallization, during heterologous expression of the protein in HEK293 cells or
whether the MHV-DVIM HE Sia binding site is inherently instable.
In any case, these findings do provide an explanation why we could not
detect binding of MHV-DVIM HE-Fc fusion protein by SLBA and also for earlier
observations made by Smits et al. [54] with respect to the peculiar enzymatic
properties of the recombinantly expressed MHV-DVIM HE esterase. These
authors noted that while the HEs of MHV-DVIM and BCoV-Mebus HEs are equally
active towards monovalent substrates like pNPA and free Sias, MHV-DVIM HE is
far less active towards the polyvalent substrate BSM than BCoV-Mebus HE is.
The intact HE with its bimodular structure in fact resembles various cellular
hydrolases in that the enzyme module is provided with a non-catalytic
carbohydrate-binding module that targets the enzyme to its substrate. In the
BSM digestion assays, a functional receptor-binding domain of HE would
increase the esterase concentration at the polyvalent substrate surface and
thereby drive efficient hydrolysis (for a review see [5]). Thus, the poor
enzymatic activity of recombinant MHV-DVIM HE is likely to be related directly to
the inactivation of its Sia-binding site. In support, we found that inactivation of
the BCoV-Mebus HE receptor binding site by site-directed mutagenesis resulted
in at least a 100-fold decreased enzymatic activity towards BSM (Langereis and
de Groot, unpublished observations).
Remaining questions and future perspectives. The studies presented
in this thesis have yielded a wealth of new information about the evolution,
structure and function of the nidovirus HEs. This knowledge can now be applied
to tackle the one remaining key question concerning HE: what is its role and
relevance during the natural infection? For example, it will be extremely
interesting and important to understand how HE promotes viral infection,
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whether and, if so, how it affects host cell tropism, what the relevance of Sia
specificity might be and how Sia specificity affects host and organ tropism, the
course of the infection, shedding and inter-host transmission. Very few studies
have ventured to explore the function of HE in vivo. Those that did were
performed with murine coronavirus and suffered from major caveats in that
highly-adapted laboratory strains were used and that virus was inoculated via
unnatural routes, mostly by intracranial injection [28, 67]. To establish the in
vivo function of HE, one should use an infection model that resembles the
natural infection as closely as possible, that is as it occurs in the field in wild
mouse populations. Such a model system has been described by Compton and
coworkers [11, 12] and involved oral inoculation of mice with a virus strain of
limited in vitro passage history. Mice infected with MHV strain Y showed acute
subclinical infection of the gastrointestinal tract with viral shedding lasting from
2 to 4 weeks depending on the type of mice used. For MHV-Y, no reverse
genetics system is available. We did however establish a reverse genetics
system based on targeted RNA recombination [34] for MHV-DVIM, a strain
closely related to MHV-Y (Langereis and de Groot, unpublished results). Pilot
experiments showed that recombinant wildtype MHV-DVIM causes subclinical
enteric infections with viral shedding continuing for at least 14 days after
inoculation (data not shown). This viral infection model can now be used to
investigate the role of HE in MHV infection and transmission with recombinant
viruses that express HE derivatives carefully designed and constructed by
structure-guided mutagenesis.
The observations that we have made are not only of virological relevance,
but can also be applied to further the field of sialoglycobiology. There is
increasing evidence that sugars, and in particular Sias, play a crucial role as
chemical messengers in intercellular communication events that control and
regulate a plethora of physiological processes. Studies into the expression, the
regulation and role of O-acetylated Sias have been hampered by lack of suitable
reagents. Varki, Schauer and co-workers were first to explore the use of
influenza C virus HEF as a lectin for the detection of 9-O-Ac-Sias in biological
materials [30]. This virolectin, however, is a low affinity binder, far less stable
than the nidovirus HEs and its fine-specificity has not been studied in sufficient
detail. Another lectin, AchatininH, isolated from the African land snail (Achatina
fulica), is also thought to be specific for 9-O-Ac-Sia [39]. A serious disadvantage
of this lectin is its complicated isolation procedure from hemolymph [3]. In
addition to these lectins, a number of monoclonal antibodies (MAbs) has been
described that would be directed against 9-O-Ac-Sia, including H185 [1], P-Path
[37], JONES [4], D1.1 [9], A2B5 [18], ME311 [60], 493D4 [69] and UM4D4
[23]. All of these MAbs, with the exception of H185, seem to recognize 9-O-AcSia only on specific types of glycolipids. Similarly, a MAb was identified that
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recognized 7-O-Ac-Sia, but on GD3 glycolipids only [31]. To our knowledge, no
MAbs have been described that are directed against 4-O-Ac-Sias.
The virolectins described in this thesis are high-specificity, high affinity
reagents and allow us to distinguish for the first time between 4-mono-, 9mono- and 7,9-di-O-acetylated Sias in cells, tissues and bodyfluids. This toolbox can be readily extended by characterizing additional HEs. But perhaps more
interestingly, it may be possible to develop custom-made HE-based lectins of
even higher affinity and/or with altered specificities by structure-based
mutagenesis. Such designer virolectins may be produced to allow detection of
other or more specific forms of O-Ac-Sia. There is little doubt that the novel
virolectins described already will find wide application in sialoglycobiological
research.

155

Chapter 7

REFERENCES
1.
2.

3.
4.
5.
6.

7.
8.
9.
10.

11.
12.
13.
14.
15.
16.
17.

156	
  

Argueso, P., and M. Sumiyoshi. 2006. Characterization of a carbohydrate
epitope defined by the monoclonal antibody H185: sialic acid O-acetylation on
epithelial cell-surface mucins. Glycobiology 16:1219-28.
Attrill, H., A. Imamura, R. S. Sharma, M. Kiso, P. R. Crocker, and D. M. van
Aalten. 2006. Siglec-7 undergoes a major conformational change when
complexed with the alpha(2,8)-disialylganglioside GT1b. J Biol Chem 281:3277483.
Basu, S., M. Sarkar, and C. Mandal. 1986. A single step purification of a sialic
acid binding lectin (AchatininH) from Achatina fulica snail. Mol Cell Biochem
71:149-57.
Blum, A. S., and C. J. Barnstable. 1987. O-acetylation of a cell-surface
carbohydrate creates discrete molecular patterns during neural development.
Proc Natl Acad Sci U S A 84:8716-20.
Boraston, A. B., D. N. Bolam, H. J. Gilbert, and G. J. Davies. 2004.
Carbohydrate-binding
modules:
fine-tuning
polysaccharide
recognition.
Biochemical Journal 382:769-781.
Cavanagh, D., D. A. Brian, M. A. Brinton, L. Enjuanes, K. V. Holmes, M. C.
Horzinek, M. M. Lai, H. Laude, P. G. Plagemann, S. G. Siddell, and et al.
1993. The Coronaviridae now comprises two genera, coronavirus and torovirus:
report of the Coronaviridae Study Group. Adv Exp Med Biol 342:255-7.
Cavanagh, D., and M. C. Horzinek. 1993. Genus Torovirus assigned to the
Coronaviridae. Arch Virol 128:395-6.
Chen, C., Z. Fu, J. J. Kim, J. T. Barbieri, and M. R. Baldwin. 2009.
Gangliosides as high affinity receptors for tetanus neurotoxin. J Biol Chem
284:26569-77.
Cheresh, D. A., A. P. Varki, N. M. Varki, W. B. Stallcup, J. Levine, and R. A.
Reisfeld. 1984. A monoclonal antibody recognizes an O-acylated sialic acid in a
human melanoma-associated ganglioside. J Biol Chem 259:7453-9.
Ciarlet, M., J. E. Ludert, M. Iturriza-Gomara, F. Liprandi, J. J. Gray, U.
Desselberger, and M. K. Estes. 2002. Initial interaction of rotavirus strains with
N-acetylneuraminic (sialic) acid residues on the cell surface correlates with VP4
genotype, not species of origin. J Virol 76:4087-95.
Compton, S. R., L. J. Ball-Goodrich, L. K. Johnson, E. A. Johnson, F. X.
Paturzo, and J. D. Macy. 2004. Pathogenesis of enterotropic mouse hepatitis
virus in immunocompetent and immunodeficient mice. Comp Med 54:681-9.
Compton, S. R., L. J. Ball-Goodrich, F. X. Paturzo, and J. D. Macy. 2004.
Transmission of enterotropic mouse hepatitis virus from immunocompetent and
immunodeficient mice. Comp Med 54:29-35.
Cornelissen, L. A., C. M. Wierda, F. J. van der Meer, A. A. Herrewegh, M. C.
Horzinek, H. F. Egberink, and R. J. de Groot. 1997. Hemagglutinin-esterase,
a novel structural protein of torovirus. J Virol 71:5277-86.
Crennell, S., T. Takimoto, A. Portner, and G. Taylor. 2000. Crystal structure
of the multifunctional paramyxovirus hemagglutinin-neuraminidase. Nat Struct
Biol 7:1068-74.
de Groot, R. J., R. J. ter Haar, M. C. Horzinek, and B. A. van der Zeijst.
1987. Intracellular RNAs of the feline infectious peritonitis coronavirus strain 791146. J Gen Virol 68 ( Pt 4):995-1002.
Duckmanton, L. M., R. Tellier, P. Liu, and M. Petric. 1998. Bovine torovirus:
sequencing of the structural genes and expression of the nucleocapsid protein of
Breda virus. Virus Res 58:83-96.
Falk, K., E. Namork, E. Rimstad, S. Mjaaland, and B. H. Dannevig. 1997.
Characterization of infectious salmon anemia virus, an orthomyxo-like virus
isolated from Atlantic salmon (Salmo salar L.). J Virol 71:9016-23.

General Discussion
18.

19.

20.
21.

22.
23.

24.
25.
26.
27.

28.
29.

30.

31.
32.
33.
34.

Farrer, R. G., and R. H. Quarles. 1999. GT3 and its O-acetylated derivative are
the principal A2B5-reactive gangliosides in cultured O2A lineage cells and are
down-regulated
along
with
O-acetyl
GD3
during
differentiation
to
oligodendrocytes. J Neurosci Res 57:371-80.
Graham, K. L., F. E. Fleming, P. Halasz, M. J. Hewish, H. S. Nagesha, I. H.
Holmes, Y. Takada, and B. S. Coulson. 2005. Rotaviruses interact with
alpha4beta7 and alpha4beta1 integrins by binding the same integrin domains as
natural ligands. J Gen Virol 86:3397-408.
Graham, K. L., Y. Takada, and B. S. Coulson. 2006. Rotavirus spike protein
VP5* binds alpha2beta1 integrin on the cell surface and competes with virus for
cell binding and infectivity. J Gen Virol 87:1275-83.
Haselhorst, T., F. E. Fleming, J. C. Dyason, R. D. Hartnell, X. Yu, G.
Holloway, K. Santegoets, M. J. Kiefel, H. Blanchard, B. S. Coulson, and M.
von Itzstein. 2009. Sialic acid dependence in rotavirus host cell invasion. Nat
Chem Biol 5:91-3.
Herrler, G., R. Rott, H. D. Klenk, H. P. Muller, A. K. Shukla, and R.
Schauer. 1985. The receptor-destroying enzyme of influenza C virus is
neuraminate-O-acetylesterase. EMBO J 4:1503-6.
Higgs, J. B., W. Zeldes, K. Kozarsky, M. Schteingart, L. Kan, P. Bohlke, K.
Krieger, W. Davis, and D. A. Fox. 1988. A novel pathway of human T
lymphocyte activation. Identification by a monoclonal antibody generated against
a rheumatoid synovial T cell line. J Immunol 140:3758-65.
Hirst, G. K. 1942. Adsorption of Influenza Hemagglutinins and Virus by Red
Blood Cells. J Exp Med 76:195-209.
Hirst, G. K. 1950. Receptor destruction by viruses of the mumps-NDV-influenza
group. J Exp Med 91:161-75.
Illergard, K., D. H. Ardell, and A. Elofsson. 2009. Structure is three to ten
times more conserved than sequence--a study of structural response in protein
cores. Proteins 77:499-508.
Johnston, J. W., N. P. Coussens, S. Allen, J. C. Houtman, K. H. Turner, A.
Zaleski, S. Ramaswamy, B. W. Gibson, and M. A. Apicella. 2008.
Characterization of the N-acetyl-5-neuraminic acid-binding site of the
extracytoplasmic solute receptor (SiaP) of nontypeable Haemophilus influenzae
strain 2019. J Biol Chem 283:855-65.
Kazi, L., A. Lissenberg, R. Watson, R. J. de Groot, and S. R. Weiss. 2005.
Expression of hemagglutinin esterase protein from recombinant mouse hepatitis
virus enhances neurovirulence. J Virol 79:15064-73.
Klausegger, A., B. Strobl, G. Regl, A. Kaser, W. Luytjes, and R. Vlasak.
1999. Identification of a coronavirus hemagglutinin-esterase with a substrate
specificity different from those of influenza C virus and bovine coronavirus. J Virol
73:3737-43.
Klein, A., M. Krishna, N. M. Varki, and A. Varki. 1994. 9-O-acetylated sialic
acids have widespread but selective expression: analysis using a chimeric dualfunction probe derived from influenza C hemagglutinin-esterase. Proc Natl Acad
Sci U S A 91:7782-6.
Kniep, B., C. Claus, J. Peter-Katalinic, D. A. Monner, W. Dippold, and M.
Nimtz. 1995. 7-O-acetyl-GD3 in human T-lymphocytes is detected by a specific
T-cell-activating monoclonal antibody. J Biol Chem 270:30173-80.
Kunkel, F., and G. Herrler. 1996. Structural and functional analysis of the S
proteins of two human coronavirus OC43 strains adapted to growth in different
cells. Arch Virol 141:1123-31.
Kunkel, F., and G. Herrler. 1993. Structural and functional analysis of the
surface protein of human coronavirus OC43. Virology 195:195-202.
Kuo, L., G. J. Godeke, M. J. Raamsman, P. S. Masters, and P. J. Rottier.
2000. Retargeting of coronavirus by substitution of the spike glycoprotein
ectodomain: crossing the host cell species barrier. J Virol 74:1393-406.

157

Chapter 7
35.
36.

37.

38.

39.
40.
41.

42.
43.
44.

45.
46.
47.
48.

49.
50.

158	
  

Langereis, M. A., A. L. van Vliet, W. Boot, and R. J. de Groot. 2010.
Attachment of mouse hepatitis virus to O-acetylated sialic acid is mediated by
hemagglutinin-esterase and not by the spike protein. J Virol 84:8970-4.
Langereis, M. A., Q. Zeng, G. J. Gerwig, B. Frey, M. von Itzstein, J. P.
Kamerling, R. J. de Groot, and E. G. Huizinga. 2009. Structural basis for
ligand and substrate recognition by torovirus hemagglutinin esterases. Proc Natl
Acad Sci U S A 106:15897-902.
Leclerc, N., G. A. Schwarting, K. Herrup, R. Hawkes, and M. Yamamoto.
1992. Compartmentation in mammalian cerebellum: Zebrin II and P-path
antibodies define three classes of sagittally organized bands of Purkinje cells. Proc
Natl Acad Sci U S A 89:5006-10.
Luytjes, W., P. J. Bredenbeek, A. F. Noten, M. C. Horzinek, and W. J.
Spaan. 1988. Sequence of mouse hepatitis virus A59 mRNA 2: indications for
RNA recombination between coronaviruses and influenza C virus. Virology
166:415-22.
Mandal, C., and S. Basu. 1987. An unique specificity of a sialic acid binding
lectin AchatininH, from the hemolymph of Achatina fulica snail. Biochem Biophys
Res Commun 148:795-801.
Mjaaland, S., E. Rimstad, K. Falk, and B. H. Dannevig. 1997. Genomic
characterization of the virus causing infectious salmon anemia in Atlantic salmon
(Salmo salar L.): an orthomyxo-like virus in a teleost. J Virol 71:7681-6.
Muller, A., T. Markussen, F. Drablos, T. Gjoen, T. O. Jorgensen, S. T.
Solem, and S. Mjaaland. 2010. Structural and functional analysis of the
hemagglutinin-esterase of infectious salmon anaemia virus. Virus Res 151:13141.
Pignatelli, J., M. Jimenez, J. Luque, M. T. Rejas, A. Lavazza, and D.
Rodriguez. 2009. Molecular characterization of a new PToV strain. Evolutionary
implications. Virus Res 143:33-43.
Popova, R., and X. Zhang. 2002. The spike but not the hemagglutinin/esterase
protein of bovine coronavirus is necessary and sufficient for viral infection.
Virology 294:222-36.
Pyrc, K., A. C. Sims, R. Dijkman, M. Jebbink, C. Long, D. Deming, E.
Donaldson, A. Vabret, R. Baric, L. van der Hoek, and R. Pickles. 2010.
Culturing the unculturable: human coronavirus HKU1 infects, replicates, and
produces progeny virions in human ciliated airway epithelial cell cultures. J Virol
84:11255-63.
Regl, G., A. Kaser, M. Iwersen, H. Schmid, G. Kohla, B. Strobl, U. Vilas, R.
Schauer, and R. Vlasak. 1999. The hemagglutinin-esterase of mouse hepatitis
virus strain S is a sialate-4-O-acetylesterase. J Virol 73:4721-7.
Reuter, G., R. Pfeil, S. Stoll, R. Schauer, J. P. Kamerling, C. Versluis, and
J. F. Vliegenthart. 1983. Identification of new sialic acids derived from
glycoprotein of bovine submandibular gland. Eur J Biochem 134:139-43.
Rosenthal, P. B., X. Zhang, F. Formanowski, W. Fitz, C. H. Wong, H. MeierEwert, J. J. Skehel, and D. C. Wiley. 1998. Structure of the haemagglutininesterase-fusion glycoprotein of influenza C virus. Nature 396:92-6.
Sauter, N. K., M. D. Bednarski, B. A. Wurzburg, J. E. Hanson, G. M.
Whitesides, J. J. Skehel, and D. C. Wiley. 1989. Hemagglutinins from two
influenza virus variants bind to sialic acid derivatives with millimolar dissociation
constants: a 500-MHz proton nuclear magnetic resonance study. Biochemistry
28:8388-96.
Schultze, B., and G. Herrler. 1993. Recognition of N-acetyl-9-Oacetylneuraminic
acid
by
bovine
coronavirus
and
hemagglutinating
encephalomyelitis virus. Adv Exp Med Biol 342:299-304.
Schultze, B., K. Wahn, H. D. Klenk, and G. Herrler. 1991. Isolated HE-protein
from hemagglutinating encephalomyelitis virus and bovine coronavirus has
receptor-destroying and receptor-binding activity. Virology 180:221-8.

General Discussion
51.
52.
53.

54.

55.

56.

57.
58.

59.
60.

61.
62.
63.
64.
65.

Schultze, B., G. Zimmer, and G. Herrler. 1996. Virus entry into a polarized
epithelial cell line (MDCK): similarities and dissimilarities between influenza C
virus and bovine coronavirus. J Gen Virol 77 ( Pt 10):2507-14.
Schutze, H., R. Ulferts, B. Schelle, S. Bayer, H. Granzow, B. Hoffmann, T.
C. Mettenleiter, and J. Ziebuhr. 2006. Characterization of White bream virus
reveals a novel genetic cluster of nidoviruses. J Virol 80:11598-609.
Seiradake, E., D. Henaff, H. Wodrich, O. Billet, M. Perreau, C. Hippert, F.
Mennechet, G. Schoehn, H. Lortat-Jacob, H. Dreja, S. Ibanes, V. Kalatzis,
J. P. Wang, R. W. Finberg, S. Cusack, and E. J. Kremer. 2009. The cell
adhesion molecule "CAR" and sialic acid on human erythrocytes influence
adenovirus in vivo biodistribution. PLoS Pathog 5:e1000277.
Smits, S. L., G. J. Gerwig, A. L. van Vliet, A. Lissenberg, P. Briza, J. P.
Kamerling, R. Vlasak, and R. J. de Groot. 2005. Nidovirus sialate-Oacetylesterases: evolution and substrate specificity of coronaviral and toroviral
receptor-destroying enzymes. J Biol Chem 280:6933-41.
Smits, S. L., A. Lavazza, K. Matiz, M. C. Horzinek, M. P. Koopmans, and R.
J. de Groot. 2003. Phylogenetic and evolutionary relationships among torovirus
field variants: evidence for multiple intertypic recombination events. J Virol
77:9567-77.
Snijder, E. J., J. A. den Boon, M. C. Horzinek, and W. J. Spaan. 1991.
Comparison of the genome organization of toro- and coronaviruses: evidence for
two nonhomologous RNA recombination events during Berne virus evolution.
Virology 180:448-52.
Stehle, T., and S. C. Harrison. 1997. High-resolution structure of a
polyomavirus VP1-oligosaccharide complex: implications for assembly and
receptor binding. EMBO J 16:5139-48.
Storz, J., G. Herrler, D. R. Snodgrass, K. A. Hussain, X. M. Zhang, M. A.
Clark, and R. Rott. 1991. Monoclonal antibodies differentiate between the
haemagglutinating and the receptor-destroying activities of bovine coronavirus. J
Gen Virol 72 ( Pt 11):2817-20.
Sugiyama, K., M. Kasai, S. Kato, H. Kasai, and K. Hatakeyama. 1998.
Haemagglutinin-esterase protein (HE) of murine corona virus: DVIM (diarrhea
virus of infant mice). Arch Virol 143:1523-34.
Thurin, J., M. Herlyn, O. Hindsgaul, N. Stromberg, K. A. Karlsson, D. Elder,
Z. Steplewski, and H. Koprowski. 1985. Proton NMR and fast-atom
bombardment mass spectrometry analysis of the melanoma-associated
ganglioside 9-O-acetyl-GD3. J Biol Chem 260:14556-63.
Varghese, J. N., W. G. Laver, and P. M. Colman. 1983. Structure of the
influenza virus glycoprotein antigen neuraminidase at 2.9 A resolution. Nature
303:35-40.
Vlasak, R., W. Luytjes, J. Leider, W. Spaan, and P. Palese. 1988. The E3
protein of bovine coronavirus is a receptor-destroying enzyme with acetylesterase
activity. J Virol 62:4686-90.
Vlasak, R., W. Luytjes, W. Spaan, and P. Palese. 1988. Human and bovine
coronaviruses recognize sialic acid-containing receptors similar to those of
influenza C viruses. Proc Natl Acad Sci U S A 85:4526-9.
Wagner, R., M. Matrosovich, and H. D. Klenk. 2002. Functional balance
between haemagglutinin and neuraminidase in influenza virus infections. Rev Med
Virol 12:159-66.
Woo, P. C., S. K. Lau, C. M. Chu, K. H. Chan, H. W. Tsoi, Y. Huang, B. H.
Wong, R. W. Poon, J. J. Cai, W. K. Luk, L. L. Poon, S. S. Wong, Y. Guan, J.
S. Peiris, and K. Y. Yuen. 2005. Characterization and complete genome
sequence of a novel coronavirus, coronavirus HKU1, from patients with
pneumonia. J Virol 79:884-95.

159

Chapter 7
66.
67.

68.
69.

160	
  

Wurzer, W. J., K. Obojes, and R. Vlasak. 2002. The sialate-4-Oacetylesterases of coronaviruses related to mouse hepatitis virus: a proposal to
reorganize group 2 Coronaviridae. J Gen Virol 83:395-402.
Yokomori, K., M. Asanaka, S. A. Stohlman, S. Makino, R. A. Shubin, W.
Gilmore, L. P. Weiner, F. I. Wang, and M. M. Lai. 1995. Neuropathogenicity of
mouse hepatitis virus JHM isolates differing in hemagglutinin-esterase protein
expression. J Neurovirol 1:330-9.
Zeng, Q., M. A. Langereis, A. L. van Vliet, E. G. Huizinga, and R. J. de
Groot. 2008. Structure of coronavirus hemagglutinin-esterase offers insight into
corona and influenza virus evolution. Proc Natl Acad Sci U S A 105:9065-9.
Zhang, G., L. Ji, S. Kurono, S. C. Fujita, S. Furuya, and Y. Hirabayashi.
1997. Developmentally regulated O-acetylated sialoglycans in the central nervous
system revealed by a new monoclonal antibody 493D4 recognizing a wide range
of O-acetylated glycoconjugates. Glycoconj J 14:847-57.

Nederlandse samenvatting
voor niet-ingewijden

Nederlandse samenvatting
Virussen zijn zeer kleine ziekteverwekkers, volgens het “van Dale”
woordenboek. Dit is echter niet in alle gevallen een goede definitie. Virussen zijn
namelijk overal en komen in een extreem grote diversiteit voor. Slechts een deel
van deze virussen is daadwerkelijk ziekmakend. Maar waarom kan een bepaald
virus sommige gastheren (mens, dier, plant of zelfs een bacterie) wel infecteren
en andere, soms zeer nauw verwante organismen, niet? En waarom wordt je
van het ene virus wel ziek en merk je niets van andere virus infecties? Dit zijn
een aantal van de vragen waar onderzoekers binnen het veld van de virologie
zich mee bezig houden.
Introductie in de wereld van de virologie. Het grootste deel van de
virussen zijn zo klein dat je ze zelfs met een normale microscoop niet kunt zien.
De meest “eenvoudige” virussen bestaan uit slechts een zeer kleine hoeveelheid
RNA of DNA (het genetisch materiaal dat dient als blauwdruk voor de
bouwstenen, “eiwitten”, van het virus), verpakt in een mantel van deze
bouwstenen. Andere virussen zijn een stuk complexer, ze bevatten tientallen
verschillende eiwitten en omvatten soms nog een membraan (extra omhulsel)
van lipiden (vetten). Hetgeen wat deze virussen allemaal gemeen hebben is dat
ze zichzelf niet kunnen reproduceren, hiervoor hebben ze een gastheer nodig.
De eerste stap in de levenscyclus van het virus is het binnenbrengen van
het genetisch materiaal in de gastheer cel. Dit RNA of DNA wordt vervolgens
gebruikt, door veelal mechanismen van de gastheer cel, voor het produceren
van virale eiwitten. Deze eiwitten zijn in staat het genetisch materiaal van het
virus te kopiëren. Het nieuwe genetisch materiaal wordt vervolgens verpakt in
een eiwit mantel en soms voorzien van nog een extra membraan. Deze virus
deeltjes worden soms netje naar buiten getransporteerd, of komen vrij door het
barsten van de gastheer cel, waarna ze weer nieuwe cellen kunnen infecteren.
Meestal kan een bepaald virus maar één of hoogstens een selecte groep
van organismen infecteren. Een belangrijke factor die mede deze selectiviteit
bepaalt is de aanhechting van het virus aan de gastheer cel voordat het de cel
kan binnen dringen.
Receptor en gastheer tropisme. Het fenomeen dat een virus
bijvoorbeeld wel een varken kan infecteren maar niet de mens wordt gastheer
tropisme genoemd. Een goed voorbeeld hiervan is het beruchte “Mexicaanse
griep” virus. Tot 2 jaar terug was het virus niet in staat de mens te infecteren,
echter, spontane veranderingen in het virus heeft geresulteerd in een wijziging
van gastheer tropisme, met als gevolg dat het virus nu wel mensen kan
infecteren. Een van de veranderingen heeft geresulteerd dat het nu kan
aanhechten aan een nieuwe groep van receptoren (moleculen voor aanhechting)
die veel voorkomen in de luchtwegen van de mens.
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Virussen binden meestal aan één specifieke soort receptor aan het
oppervlak van de gastheer cel. Zo komen er veel verschillende eiwitten voor aan
de buitenkant van de cel die kunnen dienen als receptor. Maar er is ook een
groep van moleculen, de suikers, die kunnen fungeren als aanhechtingsfactor.
Het veld waar onderzoek wordt gedaan naar deze suikers heet de glycobiologie
(suiker biologie).
Het veld van de glycobiologie. Suikers komen voor als korte en lange
ketens van negen verschillende soorten moleculen (onderdelen). Deze ketens
vormen grote complexen aan het oppervlakte van cellen, maar komen ook voor
als "versiering" op eiwitten en lipiden. Siaalzuur is een van deze suikers en door
de positie in de suikerketen, uitsluitend aan het uiteinde, en de aanwezigheid op
nagenoeg alle cellen, fungeert siaalzuur als ideale receptor voor het aanhechten
van virussen.
Siaalzuur kan je in opbouw vergelijken met een auto-aanhanger
combinatie, waar de auto de ring-structuur van 6 koolstof atomen (C1->C6) is
en de aanhanger een extra zijketen van nog eens 3 koolstof atomen (C7->C9,
ook wel glycerolstaart genoemd). Er zijn veel verschillende soorten siaalzuur
door extra modificaties, soort van aanvullende opties zoals een spoiler of
lichtmetalen velgen. De meest voorkomende modificatie is een O-acetyl groep
(een kleine chemische groep) die zich kan bevinden op verschillende plekken
van het siaalzuur molecuul; C4 van de ring-structuur en elke positie in de
glycerolstraat (C7, C8 en/of C9). De functie van deze siaalzuren met extra
opties is grotendeels onbekend. Echter, veel corona- en torovirussen maken
gebruik van deze zeer specifieke suikers als receptor en zijn onderwerp van dit
proefschrift.
De Coronaviridae familie. De corona- en torovirussen zijn
ondergebracht in de Coronaviridae familie (order Nidovirales). Deze groep van
virussen zijn verwant aan elkaar en kunnen verschillende gastheren (zoals
vogels, dieren en de mens) infecteren. In de mens veroorzaak het humane
coronavirus meestal een milde verkoudheid. Niettemin, in sommige gevallen,
meestal bij mensen met een verminderd immuunsysteem, kan het resulteren in
een meer ernstigere luchtweg infecties.
Corona- en torovirussen (samengevoegd als nidovirussen) bevatten een
membraan en zijn de grootste RNA-virussen die tot nog toe bekend zijn. Toch
bevat het virus deeltje slechts 4 tot 5 verschillende eiwitten. Het spike eiwit is
een van deze eiwitten en speelt een cruciale rol in de aanhechting van het virus
aan de gastheer cel. De receptor (molecuul voor aanhechting) van torovirussen
is niet bekend, daarentegen voor sommige coronavirussen is gevonden dat het
spike een interactie aan gaat met bepaalde eiwit receptoren op het oppervlakte
van de cel. Een andere groep van coronavirussen gebruiken expliciet siaalzuur
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als aanhechtingfactor, terwijl een bijzondere klasse van nidovirussen alleen bind
aan siaalzuur als er een extra O-acetyl modificatie aanwezig is (O-acetylsiaalzuur, een auto met extra spoiler).
Toch is het binden aan siaalzuur niet zonder risico’s. Zoals al eerder is
beschreven komt siaalzuur overal voor, ook op cellen die niet geïnfecteerd
kunnen worden. Als het virus deeltje onomkeerbaar aan een dergelijke cel bind
kan het zich niet meer reproduceren. Om zichzelf te beschermen tegen nietproductieve binding bevatten deze nidovirussen ook een hemagglutinin-esterase
(HE) eiwit. Het HE eiwit bevat receptor vernietigende enzym activiteit die de Oacetyl groep, essentieel voor binding, afbreekt. Deze activiteit zorgt er dus voor
dat de binding van nidovirussen aan O-acetyl-siaalzuur tijdelijk is. Naast de
receptor vernietigende activiteit is het gesuggereerd dat HE ook receptor
bindende activiteit bevat, echter de dogma bij de start van dit project was dat
deze bindingsactiviteit alleen door het spike werd vervuld.
Het hemagglutinin-esterase eiwit. HE is niet uniek voor corona- en
torovirussen, maar is nauw verwant aan een soortgelijk eiwit (het
hemagglutinin-esterase fusie [HEF] eiwit) in een geheel ongerelateerd virus, het
influenza C virus. De aanwezigheid van soortgelijk HE eiwitten in drie
verschillende groepen virussen is het resultaat van recombinatie (het doorgeven
van genetisch materiaal tussen virussen), iets dat relatief recent moet zijn
gebeurd. Het was echter niet bekend in welke richting deze recombinatie had
plaats gevonden.
Veranderingen in HE. Tijdens en na deze recombinatie gebeurtenis zijn
er veranderingen opgetreden in de structuur en functie van deze HE eiwitten.
Het meest in het oog springende aanpassing is dat HEF van influenza C virus
voorkomt als trimeer (complex van 3 eiwitten), terwijl HE van coronavirussen
een dimeer vormt (complex van 2 eiwitten). Wat voor compositie het HE eiwit
van torovirussen vormt was aan het begin van dit project nog onbekend.
Naast deze grote verandering in structuur van de HEs zijn er ook kleine
aanpassingen opgetreden die effect hebben op de receptor vernietigende enzym
activiteit. In alle gevallen verwijderd het enzym de O-acetyl groep van het
siaalzuur molecuul. Influenza C virus HEF en de meeste nidovirus HE enzymen
verwijderen de O-acetyl groep op de C9 positie (9-mono-O-acetyl-siaalzuur),
echter een kleine groep van coronavirussen die voorkomen bij de muis
verwijderen de 4-mono-O-acetyl groep van het suiker molecuul, een modificatie
die zich nagenoeg op tegenoverliggende positie bevind ten opzichte van de 9-Oacetyl groep. De HE eiwitten van runder torovirussen hebben weer een voorkeur
om de 9-O-acetyl groep te verwijderen als er ook nog een extra 7-O-acetyl
groep aanwezig is (7,9-di-O-acetyl-siaalzuur).
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Hoe deze HE eiwitten zijn veranderd, maar vooral ook waarom deze
aanpassingen hebben plaats gevonden, is niet duidelijk. Om deze en andere
vragen met betrekking tot de evolutie en de functie van HE te beantwoorden,
hebben we ervoor gekozen de kristal structuur van diverse HE eiwitten op te
lossen.
Eiwit kristallografie en röntgen diffractie. Om de structuur van een
eiwit in groot detail in kaart te brengen bestaat er een techniek die heet “eiwit
kristallografie” en “röntgen diffractie”. Met behulp van eiwit kristallografie is het
mogelijk eiwit moleculen te “stapelen” zodat ze een geordend kristal vormen
(zoals bijvoorbeeld de moleculen in keukenzout). Eiwit kristallen kunnen dan
gebruikt worden voor röntgen diffractie, een techniek die gebaseerd is op het
feit dat atomen (de kleinste bouwstenen van het leven) in een ordelijk kristal
röntgen straling kan laten afbuigen. Elke soort atoom doet dit op zijn eigen
manier, en op deze wijze is het te bepalen waar welk atoom zich bevind binnen
een eiwit molecuul.
Inhoud van dit proefschrift. In Hoofdstuk 2 beschrijven we de eerste
kristal structuur van een coronavirus HE eiwit. De vergelijking van het
coronavirus HE met het HEF eiwit van influenza C virus brengt een interessant
structureel element aan het licht. Dit element is ook aanwezig in een viraal eiwit
dat veel eerder in de tijd afstamt van HEF. De aanwezigheid van een dergelijk
“oud” element levert overtuigend bewijs dat coronavirussen het HE eiwit hebben
verkregen van het influenza C virus en niet andersom.
Ook bevat het HE een receptor bindingsplaats voor O-acetyl-siaalzuur, dus
HE is wel degelijk een receptor bindend eiwit. Dit geld niet alleen voor dit
coronavirus HE, want in Hoofdstuk 3 en Hoofdstuk 5 beschrijven we de
structuren van nog drie andere HE eiwitten, en in alle gevallen bevatten deze
een unieke O-acetyl-siaalzuur bindingsplaats. Aanvullende data beschreven in
Hoofdstuk 4, laat zelfs zien dat in het geval van muizen coronavirussen alleen
het HE, en niet het spike eiwit, nog binding aan O-acetyl-siaalzuur verzorgt.
In Hoofdstuk 3 worden twee HE structuren gepresenteerd, die van
torovirusen van het varken en van runderen. In de kristallen vormen de
torovirus HEs een dimeer (complexen van 2 eiwitten) zoals coronavirus HE. De
enzym specificiteit van deze HEs verschilt, waarin het varkens torovirus HE
specifiek de O-acetyl groep vernietigd van 9-mono-O-acetyl-siaalzuur en het
runder torovirus HE een sterke preferentie heeft voor siaalzuren met twee Oacetyl groepen (7,9-di-O-acetyl-siaalzuur). De kristal structuur in combinatie
met biochemische en glycobiologische analyse methodes brengt een zeer klein
maar belangrijk verschil aan het licht die ten grondslag ligt voor deze enzym
voorkeur. Ook worden er belangrijke interacties beschreven tussen het HE eiwit
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en het O-acetyl-siaalzuur molecuul die als basis kunnen dienen voor de
ontwikkeling van nieuwe antivirale middelen.
In Hoofdstuk 5 beschrijven we de structuur van de receptor bindingsplaats
van het muizen coronavirus HE eiwit dat specifiek aan 4-O-acetyl-siaalzuur bind.
Verbazingwekkend kleine aanpassingen in de structuur hebben geleid tot de
potentie om een interactie aan te gaan met dit geheel ander soort O-acetylsiaalzuur.
In Hoofdstuk 6 zijn diverse technieken gebruikt om de receptor
preferentie van een grote groep nidovirus HEs beter te karakteriseren. Een
aantal van deze eiwitten binden zeer sterk aan nauw verwante O-acetylsiaalzuur moleculen. Deze HEs, voorzien van een “kleurtje”, zijn vervolgens
toegepast om 4-mono-O-acetyl-siaalzuur, 9-mono-O-acetyl-siaalzuur en 7,9-diO-acetyl-siaalzuur van elkaar te onderscheiden in weefsels van mens en dier.
Deze verschillende siaalzuur moleculen komen niet zomaar overal voor, maar
zitten op het oppervlakte van hele specifieke weefsels en cellen in het lichaam.
Heel interessant is bijvoorbeeld de aanwezigheid van 7,9-di-O-acetyl-siaalzuur,
maar niet 9-mono-O-acetyl-siaalzuur, op Purkinje cellen (zeer speciale cellen die
een cruciale rol spelen in de hersenen).
Hoe nu verder? De resultaten die zijn gepresenteerd in dit proefschrift
beantwoorden veel vragen met betrekking tot de evolutie van deze interessante
virale eiwitten. Ook geeft het nieuwe inzichten in hoe deze eiwitten onderscheid
kunnen maken tussen verschillende siaalzuur types voor aanhechting. De initiële
resultaten laten ook zien dat deze HE eiwitten kunnen worden gebruikt om de
distributie en functie van de siaalzuur O-acetylering (modificatie) te
onderzoeken, iets dat voorheen nagenoeg niet mogelijk was.
Ondanks al deze nieuwe bevindingen zijn er ook nog steeds een groot
aantal vragen niet beantwoord. Een van de meest belangrijke vraag is de functie
van HE tijdens de infectie. Een voor de handliggende hypothese is dat O-acetylsiaalzuur binding effect heeft op de ziekteverwekkendheid of de verspreiding van
het virus. In dit geval is het zeer interessant om te onderzoeken of de voorkeur
voor bepaalde O-acetyl-siaalzuren effect heeft op de gastheer tropisme. De
kennis verkregen met het onderzoek beschreven in dit proefschrift geeft een
voortreffelijke basis voor dergelijk vervolg onderzoek in de nabije toekomst.
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En nu het best gelezen deel van het proefschrift, het dankwoord. Er zijn
maar weinig promotie trajecten die zonder problemen verlopen. Deze was
(helaas) geen uitzondering. Wetenschappelijk gezien ging het meestal voor de
wind, op het persoonlijke vlak helaas weer niet altijd. Toch heb ik hier een
belangrijk les van geleerd; het komt allemaal goed, ook al is het niet altijd op de
manier zoals je het had gewild of had verwacht.
Experimenten bedenken en uitvoeren dat is echt “mijn ding”. Maar
wetenschap draait niet alleen om dingen uitvoeren, maar ook de resultaten zo
goed mogelijk op papier te zetten. Dit laatste is jammer genoeg iets minder mijn
ding. Maar het eind resultaat mag er wezen (vind ik zelf), en zeker iets waar ik
trots op mag zijn. Maar zoals je wel zult begrijpen heb ik dit niet alleen gedaan,
integendeel! Er zijn veel mensen die essentiële bijdrages hebben geleverd, op
veel verschillende vlakken.
Beste Peter, ook al hadden we aan het begin van het project een valse
start gehad, het is toch allemaal goed gekomen. Ik vond het daarom ook heel
erg jammer dat ik niet wat langer kon blijven bij de afdeling omdat er geen geld
meer was voor dit geweldige project, maar mede dankzij jou lovende
aanbevelingsbrief kan ik nu aan de slag op een Rubiconbeurs in Nijmegen.
Raoul, mijn baas (zoals ik je niet mag noemen), mijn begeleider maar ook
iemand met wie ik alles kan delen. We hebben veel dingen meegemaakt in de
afgelopen 6 jaar, van hoge pieken tot diepe dalen. Altijd de anekdotes over “het
vechten aan de frontlinie” en “pas op voor de valkuilen” heeft zo zijn vruchten
afgeworpen. Hoewel we het niet altijd met elkaar eens waren, en jij meestal
gelijk had, hebben we wel echt baanbrekend onderzoek verricht. Maar toen
kwam het opschrijven van die mooie data, dat is toch echt weer een kunst
apart. Ik ken niemand die het zo mooi, duidelijk en elegant kan verwoorden als
jij, maar dat kost tijd. Ik hoor je nog zeggen “schrijven moet pijn doen”, en ik
hoop dat ik hiervan geleerd heb, de tijd zal het leren.
Beste Eric en Qinghong, zonder jullie was dit promotie onderzoek niet
mogelijk geweest. Jullie hebben een groot aantal kristallen weten te maken van
mijn eiwitten en vervolgens de structuur weten op te lossen. Ik denk dat de
combinatie van jullie structuur-biologische expertise en onze virologische kennis
3 geweldige artikelen hebben voortgebracht. Ik heb altijd met heel veel plezier
met jullie samengewerkt, bedankt!
Hans en Gerrit zijn twee experts in hun vakgebied, de glycobiologie. Ik
weet nog goed dat ik tijdens mijn studie de cursus “Glycobiology” van Hans heb
gevolgd. Bij het examen was het overduidelijk dat mijn chemische achtergrond
beperkt was, maar wat betreft de functie en biologische relevantie scoorde ik
heel goed. Gelukkig hebben jullie ons heel erg veel geholpen met de synthese
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en analyse van verschillende suikers. Ik hoop dat wij weer zo ons deel hebben
kunnen bijdragen aan het vergroten van de kennis wat betreft de biologische
functie en relevantie van deze interessante suikers.
Natuurlijk een extra bedankje voor de collega’s van virologie en de MM in
het bijzonder. M1 (Monique), M2 (Matthijs) en M3 (Mijke), jullie zorgde voor een
warm bad toen ik bij virologie als M4 begon. Het was natuurlijk wel even
wennen, maar na een paar keer wat eten en drinken tijdens het M-overleg (de
bonnetjes moeten we nog steeds declareren) ben ik jullie wat beter leren
kennen, en jullie mij ook. Jullie hebben het allemaal met groot succes afgerond
al kan ik me niet meer zoveel herinneren van de promotie van M3. Op 27
oktober is M5 (Marne) ook aan de beurt en de hekkensluiter van de MM is M6
(Matthijn) met wie ik de laatste tijd de kamer heb mogen delen. Toch
verbazingwekkend dat we allebei zijn opgegroeid in Apeldoorn (niet Ugchelen),
samen op dezelfde MAVO hebben gezeten, elkaar uit het oog zijn verloren en na
10 jaar elkaar weer tegen komen op het lab in Utrecht. En dan de andere AIOs;
Robbert, Oliver, Christine en Qiushi, toch jammer dat jullie naam niet begint met
een M. Allemaal heel veel succes met jullie promotie!
Willem, mijn andere kamer genoot. We zijn rond dezelfde tijd begonnen
bij virologie en ook bijna dezelfde tijd weer vertrokken, toeval? Ik denk dat 5.07
met stip de meest gezellige en luidruchtigste kamer van virologie was en ook
met de mooiste posters aan de muur. Menig VrijMiBo, filmavond en andere
feestjes werden beraamd in deze kamer. Heel erg bedankt voor deze
gezelligheid!
En dan partner in crime nummer drie, Arno! Vanaf het begin van mijn
stage tijd hebben we samen op een kamer gezeten. Naast kamergenoot was je
ook steun en toeverlaat op het lab en jij hebt me enorm veel geholpen met mijn
onderzoek. Zelf zo veel dat je eigen project af en toe moest blijven liggen. Ik
ben je echt enorm dankbaar voor alles! Nu rest er nog een ding, mij bijstaan als
paranimf.
De studenten die af en aan kwamen op de afdeling virologie hebben ook
een belangrijke bijdrage geleverd aan de resultaten en de geweldige werk sfeer.
In chronologische volgorde; Imo, Ana, Isa, Wilco, Alex, Eric, Coline, Jasper,
Stephin, Stefanie, Balthasar, Irina en Willemijn. Imo en Ana waren mijn
medestudenten tijdens mijn stage tijd, en ik denk dat we veel van elkaar
hebben geleerd. Isa, Wilco en Alex vormde het leger in de tijd dat ik in Australië
zat. Eric was mijn eerste “echte” student die ik mocht begeleiden, en natuurlijk
een speciaal woordje voor hem aangezien hij (op Willemijn na) de laatste was
die zijn verslag had ingeleverd. Nu Willemijn nog! Fijn om te horen dat een
groot deel van jullie is verder gegaan in de academische wereld, en we komen
elkaar gegarandeerd nog wel tegen.
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Maar naast de collega’s en andere mensen van het lab zijn er veel
personen daarbuiten die ik zou willen bedanken. De vrienden van de HLO, Gert,
Esther, Niki, Anja, Patrick en Eric, wat ben ik blij dat ik af en toe nog kan
ouwehoeren over nutteloze wetenschap weetjes en slechte labhumor! Ook al is
Gert de enige die nu nog in Utrecht woont, ben ik blij dat we elkaar nog steeds
regelmatig zien. De pokeravonden met “de mannen” vergezeld met veel bier en
slechte volwassen films, de jaarlijkse reünie en andere feestjes maakt het leven
als wetenschapper dragelijk.
Rick en Lori, ook wij hebben een wetenschappelijke band, ook al heeft
Rick deze wereld alweer verlaten. Lori, jij heel veel succes met de laatste loodjes
van je promotie, en op naar het volgende avontuur; moeder worden!
Een groentje in de medische wereld is Dyonisius alias ”de rooie”. Zo ben
je huizenverkoper en zo ben je vertegenwoordiger van insuline spuiten. Toch fijn
dat ik je een beetje kan helpen met je medische scholing, en vanaf 21 oktober
mag je me nu eindelijk echt “doctor Langereis” noemen.
Wat extra aandacht voor Erwin, want wat ken ik die jongen toch alweer
lang. Al gauw zo’n 15 jaar! Samen veel getrommeld en nu een nieuwe hobby;
“golfen”. Ik ben benieuwd of we dit net zo lang gaan volhouden als trommelen,
maar met een biertje op de 19de hole moet het zeker gaan lukken. En dan het
geklaag over het verschil tussen de universiteit en het bedrijfsleven. Ja ik vind
het nog steeds leuk om voor minder geld te werken, en dat is nog steeds niet
veranderd!
Mijn familie heeft ook een bijzondere bijdrage geleverd. Pap en mam,
mede dankzij jullie was het mogelijk om zover te komen. Jullie hebben me altijd
gesteund en interesse getoond, ook al snapte je meestal niet waar ik mee bezig
was. Jeroen, je bent mijn tweelingbroer, mijn paranimf en ook iemand van wie
ik kon afkijken hoe het allemaal moest. Jij bent vorig jaar gepromoveerd en nu
is het eindelijk mijn beurt. En mijn drie zusjes; Karijn zag ik bijna elke week als
ik op donderdag in Apeldoorn ging eten, Paula zag ik minder vaak terwijl ze ruim
2 jaar lang zo’n 200 meter van me vandaan woonde, en Sandra was naar
Australië gegaan in de meest moeilijke tijd van mijn promotie. Maar toch zijn
jullie allemaal fantastisch! Iets waar ik heel erg trots op ben is dat mijn oma op
85 jarige leeftijd nog altijd interesse toont in mijn onderzoek en dat ze er
vandaag ook bij kan zijn.
En natuurlijk Sofie, mijn lieve vriendin! Ook al vonden sommige mensen
van de virologie afdeling het niet gepast, ik ben nog steeds heel blij dat ik die
stap heb gezet om je beter te leren kennen. We wonen nu heel gelukkig samen
in ons huisje in Nijmegen, en hopelijk blijven we hier de komende jaren nog
samen zitten.
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Martijn Langereis werd geboren op 23 september 1979 te Tiel. In 1996
behaalde hij het MAVO diploma aan de Christelijke Scholengemeenschap de
Heemgaart te Apeldoorn, waarna hij startte met de Middelbare Laboratorium
Opleiding (MLO) aan het ROC Aventus in Deventer. In de zomer van 2000, na
een stage van 9 maanden bij Notox B.V. te ’s-Hertogenbosch, werd het MLO
diploma “Klinische Chemie” behaald.

	
  

In datzelfde jaar begon hij de Bachelor studie “Moleculaire Biologie” aan
de Hogeschool Utrecht. In het laatste jaar van deze studie heeft hij 9 maanden
stage gelopen in het lab van Prof. dr. Van Wilson onder begeleiding van Dr.
German Rosas-Acosta aan de Texas A&M University te College Station in de
Verenigde Staten. Hier deed hij onderzoek naar de post translationele
modificaties van het papillomavirus E1 eiwit. Na het behalen van het Bachelor
diploma in mei 2003 is hij voor 6 maanden terug gegaan om te gaan werken als
onderzoeker.

	
  

In februari 2004 is hij begonnen met de Master studie “Biomolecular
Sciences” aan de Universiteit van Utrecht en heeft deze opleiding in juni 2005
“cum laude” afgerond. Tijdens deze studie heeft hij stage gelopen bij de afdeling
virologie van de faculteit diergeneeskunde onder de supervisie van Dr. Raoul de
Groot waar hij de functie van het hemagglutinin-esterase eiwit van nidovirussen
onderzocht. De resultaten van deze stage, vastgelegd in zijn verslag, werd in
november 2005 bekroond met de “Organon Young Talent Award”.
Alvorens hij is begonnen met zijn promotie onderzoek heeft Martijn
Langereis 6 maanden gewerkt als onderzoeker in het lab van Prof. dr. Johnson
Mak aan het Burnet Instituut te Melbourne in Australië. In deze tijd onderzocht
hij verschillende aspecten van HIV. In september 2006 is hij begonnen als
assistent in opleiding aan de Universiteit van Utrecht onder begeleiding van Dr.
Raoul de Groot. De resultaten van dit onderzoek staan beschreven in dit
proefschrift.

	
  

Sinds januari 2011 is Martijn Langereis werkzaam als post-doctoraal
onderzoeker in het lab van Dr. Frank van Kuppeveld aan het St Radboud
Universitair Medisch Centrum te Nijmegen. Hier onderzoekt hij hoe RIG-I en
Mda5 sensoren “non-self” viraal RNA van “self” RNA onderscheiden.
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