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Viruses are obligate intracellular parasites that are fully reliant on the cell’s intracellular 

resources for their reproduction. Infected cells are reprogrammed and transformed into 

virus-producing factories that are capable of making large numbers of new viruses. Viruses 

come in many different types and can be classified based on their nucleic acid content 

(RNA versus DNA), capsid symmetry (icosahedral, helical, or complex), and the presence 

or absence of a lipid envelope (enveloped versus non-enveloped). The virus’ biology is 

critically depended on each of these properties. 

 A crucial problem that all viruses must overcome before viral replication can commence 

is the delivery of their genomic material across the target host cell membrane into the 

cytosol. Infection by all viruses is initiated with their attachment to a cell-surface receptor 

determinant, i.e. proteins, carbohydrates or lipids (1). Whereas some of these receptors 

function as attachment factors that promote infection by concentrating virus on the cell 

surface, others are (co-)receptors required for virus entry. After the initial binding event, 

enveloped viruses may fuse directly with the plasma membrane, but more commonly, 

virions are internalized and penetrate the cell by fusion with the limiting endosomal or 

lysosomal membrane. For attachment and entry, viruses from over 11 families use the 

sugar sialic acid (Sia) as receptor, making it arguably the most important viral receptor 

(2). This thesis will focus on the interaction of a subset of nidoviruses with Sia, not only to 

learn more about the biology of these viruses themselves, but also as a model system to 

study virus-Sia interactions in general.

Sialoglycobiology

The Sialome
Sia are 9-carbon sugars, generally found as terminal, non-reducing residues of glycans 

attached to glycoproteins and glycosphingolipids. Discovered approximately 80 years ago 

by Gunnar Blix, Alfred Gottschalk and Ernst Klenk, sialic acid derives its name from the 

Greek σίαλον, which translates as ‘saliva’, an allusion to the fact that the first Sia were 

isolated from salivary glands (3–5). The full sum of Sia’s remarkable structural diversity, 

in complexity surpassing that of any other monosaccharide, is referred to as the ‘sialome’ 

(6). The immensity of the sialome derives from: i) differential modification of the Sia core 

structure, ii) the identity of, and type of linkage to the underlying sugar, iii) structure of the 

underlying glycan, and iv) the spatial organization of sialyated glycans on the cell surface 

(7). 

 The Sia core structure can be modified in an intricate number of ways. The C5 atom can 

be substituted by a hydroxyl group (Kdn), an N-acetyl group (Neu5Ac), or a hydroxylated 

N-acetyl group, referred to as a glycolyl (Neu5Gc) (Fig. 1). Neu5Ac and Neu5Gc make up 
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^ Figure 1. Structural diversity of the sialic acids. The N-acetylneuraminic acid core structure 

(top panel) is a 9-carbon sugar (nonose) that is characterized by the presence of a negative-

ly charged carboxylate group (orange circle), a glycerol moiety (blue circle) and an N-acetyl 

group attached to C5 (in red). Linkage to the penultimate sugar (indicated with ‘R’) occurs via 

the C2 oxygen atom (green circle). C5 modifications are shown in the lower left panel and in-

clude hydroxylation, N-acetylation and N-glycolylaton. The hydroxyl groups at C4 and C7-C9 

can be modified by a number of different functional groups (lower right panel). 
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the most common types of Sia in mammals. Interestingly, humans, but not the great apes, 

and a number of other species lack expression of Neu5Gc because of mutations in the 

cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) that catalyzes 

the conversion of Neu5Ac into Neu5Gc (8–12). Additional substitutions of the hydroxyl 

groups attached to C4, C7, C8 and/or C9 add to the diversity. These substitutions include 

O-acetylation, O-methylation, O-sulphation, O-lactylation, O-phosphorylation and 

combinations thereof (Fig. 1) (7). The identity of, and type of linkage to the penultimate 

residue in the glycan chain provides the next level of complexity. Sia are linked via their 

C2 atom to underlying sugars in either an α2-3 (to galactose), α2-6 (to galactose or 

N-acetylgalactosamine) or α2-8 (to sialic acid) manner. The type of Sia linkage dictates the 

level of conformational freedom a glycan has, with α2,3-linked Sia resulting in restricted, 

cone-shaped glycan structures and α2,6-linked Sia resulting in more flexible, umbrella-

shaped structures (13). These different linkages are the work of a dedicated family of 

sialyltransferases, resident to the lumen of the Golgi complex, that use CMP-activated 

Sia as donor (14, 15). The identity of the underlying glycan chain forms yet another level 

of complexity. Sia can be found on glycans attached to glycoproteins either as part of 

simple O-linked glycans, or, as part of highly complex, branched, N-linked glycans. Sia 

can also be found on the glycans attached to glycosphingolipids. These lipids carry 

short glycan moieties attached to a ceramide backbone, and are found on the plasma 

and mitochondrial membranes from where their sugar head groups protrude into the 

extracellular environment. The last level of complexity comes from the spatial organization 

of sialylated glycans on the cell surface. Viral lectins typically do not bind monovalent 

glycans with high affinity, and as such, multivalency is often pivotal for binding (16, 17). In 

the case of Sia, such multivalency arises from the exceptionally high numbers of O-linked 

sialoglycans attached to certain protein backbones (e.g. mucins), or from the formation of 

clustered glycan microdomains on the cell surface (18, 19).

 Their exposed topology and structural diversity make sialoglycotopes key determinants 

during cell recognition events and permits them to play fundamental roles during 

development (20). With their ubiquitous presence and abundance at the cell surface (up 

to 100 mM in the glycocalyx (21)), Sia also have a major biophysical effect by creating 

considerable negative charge repulsion between cells, thus altering the biophysical 

properties of cellular interactions (22). However, Sia not only play fundamental roles 

in normal physiological processes, they are also receptor determinants of choice for a 

variety of pathogens, ranging from bacteria, fungi and protozoa to viruses (23). The spatial 

presentation and modifications of the Sia core structure as well as the identity of the 

underlying sugar chain determine whether or not Sia-binding lectins of cellular, microbial 

and viral origin can bind.
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O-acetylation, the most common Sia modification, involves the substitution of an acetyl 

group for an active hydrogen atom of the hydroxyl groups attached to carbon atoms 

C4, C7, C8 and/or C9 (Fig. 1). The presence of this hydrophobic moiety changes the 

sugar’s biophysical and chemical properties like size, hydrogen bonding capabilities and 

conformation of glycoconjugates, and, as a result, it modulates Sia’s biological functions 

(24). 

 Sia O-acetylation levels are regulated through the opposing activities of two types of 

enzymes: sialate-O-acetyltransferases (SOATs) and sialate-O-acetylesterases (SOAEs) 

(25). At the start of this PhD project, no mammalian SOATs had been identified. However, 

previous studies had shown that O-acetylation takes place in the Golgi apparatus and 

involves the transfer of acetyl groups from acetyl-coenzyme A (acetyl-CoA) (26–28). Logic 

dictates that there are at least two types of mammalian SOATs, one that O-acetylates 

C4 and one that is responsible for O-acetylation of the glycerol side chain at atoms C7, 

C8 and C9. Under physiological conditions, an O-Ac group attached to C7 will migrate 

spontaneously towards the C9 position, yielding 9-O-Ac-Sia (29). The same, C7-specific 

SOAT could then acetylate C7 again, creating 7,9-di-O-Ac-Sias, and, ultimately 7,8,9-tri-

O-Ac-Sias (29). Alternatively, a scenario in which dedicated SOATs exist for O-acetylation 

of C7 and C9 is also imaginable. Whereas several bacterial SOATs have been identified 

and characterized in detail, no mammalian SOATs have been identified thus far. Several 

attempts of expression cloning were unsuccessful and the apparent sensitivity to 

membrane solubilization made purification of the functional protein impossible (30). 

In 2011, Arming and colleagues identified Cas1 domain-containing protein 1 (CASD1) 

as a potential SOAT by a bioinformatics approach (31). While the authors showed that 

increased CASD1 expression levels lead to higher O-acetylation levels of GD3, SOAT 

activity could not be unequivocally proven due to endogenous SOAT activity.

 Most mammalian sialidases can only remove O-Ac-Sia after prior de-O-acetylation 

by dedicated SOAEs. SOAEs are serine hydrolases that can either remove O-Ac groups 

attached to C4 or C9. In humans, 9-O-AE activity is mediated by SIAE, an enzyme of which 

two different splice variants have been found, one of which localizes to the cytosol and 

the second of which localizes to the lysosome . No SOAEs with 4-O-AE activity have been 

identified, however, the enzyme has been shown to be present in liver extracts of horse 

and guinea pig (32, 33). 

 Sia O-acetylation is thought to play an important role in modulating sialoglycan 

recognition events. For example, among the gangliosides, a family of sialylated 

glycosphingolipids, O-acetylation of the ultimate Sia residue is involved in neural precursor 

cell migration, peripheral nerve regeneration and apoptosis (34–39). The ganglioside 

GD3 induces apoptosis upon translocation from the plasma membrane (and/or from 
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trans-Golgi network) to the mitochondria via a microtubule-dependent mechanism (40). 

However, when the terminal Sia residue is O-acetylated, GD3 loses its pro-apoptotic 

activity (41). Over-O-acetylation of GD3 has been observed for certain tumor cells and 

is linked to increased resistance to apoptosis and thus to cancer cell survival (42–45). 

O-acetylation can also function as an on-off switch for lectin binding by the members of 

the Sia-binding immunoglobulin-type lectin family (Siglecs). Siglecs are found mainly on 

the plasma membrane of immune cells where they function in cell adhesion, signaling 

and activation (46). The glycerol moiety of Sia forms part of the epitope recognized by 

Siglecs, and as such, modifications of the hydroxyl groups, e.g. by O-acetylation, disrupt 

binding. CD22, a Siglec found on B cells, binds α2,6-sialylated glycans and then sets a 

threshold for B cell receptor activation, thereby preventing over-activation of the B cell 

arm of the immune system (47, 48). The interaction between CD22 and Sia is blocked by 

O-acetylation and over-O-acetylation of B cells has been linked to aberrations in peripheral 

B cell development and to reduced tolerance (48). 

 As previously alluded to in this introduction, Sia’s exposed topology makes them ideal 

receptor determinants for viruses. The best known examples of this are Influenza A and 

B viruses, which bind Sia in a linkage-dependent fashion with their hemagglutinin (HA) 

protein and that negate irreversible binding through the receptor-destroying sialidase 

activity of their neuraminidase (NA) protein (49). Whereas O-acetylation of Sia prevents 

binding by Influenza A and B virus, it is actually required for binding by Influenza C and D 

viruses (50–53). These latter viruses bind O-Ac-Sia in a reversible manner through their 

hemagglutinin-esterase fusion (HEF) protein (54). Interestingly, O-Ac-Sia binding is not 

only found in Influenza C and D viruses, but also in a subset of betacoronaviruses (βCoVs). 

These viruses bind O-Ac-Sia with their hemagglutinin-esterase (HE), a protein that is 

evolutionary related to HEF (55, 56). In some cases they also bind O-Ac-Sia with their 

Spike (S) protein (57, 58). The attachment of βCoV’s to O-Ac-Sia is the main topic of this 

thesis and will be introduced in more detail below.

 As outlined above, many questions regarding the biosynthesis, catabolism and 

function of O-Ac-Sia remain unanswered, at least in part because of the lack of adequate 

tools to study distinct O-Ac-Sia species in a non-invasive manner (i.e. in the absence of 

harsh chemical derivatization). In this thesis we will aim to develop nidovirus HE-based 

tools to alleviate this deficiency and to allow the study of different O-Ac-Sia species in 

situ (Chapter 2). Moreover, we will use these tools to solve the mystery surrounding the 

identity of the mammalian sialiate-9-O-acetyltransferase (Chapter 3).

Coronaviruses
Coronaviruses (subfamily Coronavirinae, family Coronaviridae, order Nidovirales, Fig. 2A) 

are enveloped, positive-stranded RNA viruses of mammals and birds that can cause 
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^ Figure 2. Phylogenic overview of the Nidovirales. (A) A cladogram depicting the taxo-

nomic relationships within the order Nidovirales. Genera containing HE-expressing species 

are shown in red. (B) A rooted neighbour-joining tree of the coronavirinae, with the genus 

betacoronavirus further divided into groups A-D. Among coronaviruses, HE is exclusively 

found in group A betacoronaviruses (indicated with a red box). The tree was generated from 

amino acid sequence alignments of coronaviridae-wide conserved domains in replicase poly-

protein 1ab. The figure was adapted from (71).
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severe disease in animals and humans (59). The subfamily Coronavirinae is divided 

into four genera: the alpha, beta, gamma and deltacoronaviruses, of which the genus 

betacoronavirus is further divided into 4 distinct lineages (groups A-D) (Fig. 2B) (59). 

Coronaviruses are infectious agents of considerable veterinary importance and include 

members like feline infectious peritonitis (FIP) virus, porcine epidemic diarrhea virus (PEDV) 

and avian infectious bronchitis virus (IBV) (59). As we will see, coronaviruses also pose a 

significant zoonotic threat, as demonstrated by a number of cross-species transmission 

events. Coronaviruses predominantly target the epithelia of the respiratory and intestinal 

tracts and are thus associated with respiratory and gastrointestinal infections. Although 

they have long been implicated as pathogens of veterinary importance, they were not 

considered of great importance to human health. The first coronaviruses isolated from 

humans were human coronavirus (HCoV)-OC43 and HCoV-229E during the 1960s, which 

belong to the genera beta-, and alphacoronavirus, respectively (59). Both viruses are 

respiratory pathogens that are associated with the common cold (60). While generally 

mild, especially HCoV-OC43 is nowadays increasingly associated with more severe 

upper respiratory tract infections in children, immunocompromised individuals and 

the elderly (61–63). Nonetheless, the dogma that HCoV’s were of only modest human 

clinical relevance persisted, and it was only with the 2002-2004 outbreak of Severe 

Acute Respiratory Syndrome CoV (SARS-CoV), that this view radically changed (64). The 

zoonotic origin of the SARS-CoV, which entered the human population via Chinese food 

markets, was established by the identification of SARS-like coronaviruses in Chinese bats 

(65–67). The outbreak of SARS-CoV lead to a renewed interest in (human) coronaviruses 

and intensified the search for novel species. It was not long before this search resulted 

in the identification of two additional HCoV species, NL63 and HKU1, belonging to the 

alpha- and betacoronaviruses, respectively (68, 69). Whilst HCoV-NL63 and HCoV-HKU1, 

like HCoV-OC43 and HCoV-229E, present with relatively benign respiratory disease in 

healthy individuals, a more severe coronaviruses was reported from Saudi Arabia in 2012. 

This virus, Middle East Respiratory Syndrome coronavirus (MERS-CoV), was isolated from 

the lungs of a patient that presented with pneumonia and acute kidney injury (70, 71). 

Identified as a group C βCoV, MERS-CoV is believed to have originated in bats, and to have 

subsequently spread to camels in the (distant) past (72, 73). The epidemiology of MERS-

CoV is typical of a zoonotic pathogen, with recurrent spill-overs from dromedary camels, 

the likely reservoir host, into humans and limited human-to-human transmission (74). 

Morphology
The coronavirus virion is a spherical, pleiomorphic structure of 120-160 nm, that contains 

a minimum of four structural proteins (Fig. 3A). The nucleocapsid protein (N) packages 

the 5‘-capped, poly-adenylated, positive-sense RNA genome into a compact core. The 
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membrane protein (M) and the small hydrophobic envelope protein (E) are required for 

virion assembly (75). The M protein has a triple-spanning membrane topology with its short 

N-terminus protruding out of the membrane, and a C-terminal endodomain that contains 

an amphipathic stretch that is thought to associate with the inner membrane leaflet 

to form a matrix-like lattice (76, 77). The E protein is a pentameric integral membrane 

protein that has been linked to viroporin activity (78). The name coronavirus stems from 

the observation that the virions have a fringe of large surface projections reminiscent of 

^ Figure 3. (A) Schematic composition of a group A betacoronavirus virion. The nucleocapsid 

is surrounded by a lipid bilayer, containing the membrane (M) protein, the minor envelope 

(E) protein, the spike (S) protein, and the hemagglutinin-esterase (HE) protein. (B) Electron 

micrographs of MHV virions showing particles without (MHV-HE-, left panel) or with (MHV-

HE+, right panel) the HE protein (adopted from (79)). (C) Schematic representation of the 

betacoronavirus and torovirus genome structures. ORFs are represented by boxes; the ribo-

somal frameshift sites in ORF1 are aligned; numbers refer to the mRNA species from which 

the ORFs are expressed; the poly(A) tails are indicated with A(n). The figure was adopted 

from (59).



16

the solar corona (Fig. 3B). This likeness is due to the presence of the spike protein (S), a 

fourth key structural protein that forms large, 17-20 nm, protrusions on the viral envelope. 

The S protein is a homo-trimeric class I fusion protein that mediates receptor binding 

and subsequent fusion of the viral and host cell membranes. Whereas the N, M, E and S 

proteins form the minimal set to form an infectious coronavirus virion, a fifth structural 

protein is found in lineage A βCoV‘s (Fig. 2B). This protein is the hemagglutinin-esterase 

(HE), a homodimeric glycoprotein that forms small, 5-7 nm, protrusions on the envelope 

(Fig. 3A and B) (79). HE is not only found in group A βCoV’s, but also in the toroviruses (Fig. 

2A), and even in some orthomyxoviruses (50, 52, 80). HE is the main focus of this thesis 

and will be discussed in more detail below.

Genome structure and replication
Nidoviruses have the largest genomes of all known RNA viruses, ranging in size from 20.2 

up to 33.5 kb (59, 81, 82). Their genome is a 5’-capped, positive-sense, RNA molecule. Two 

large open reading frames (ORF1a and ORF1b), encoding the proteins responsible for viral 

replication, make up two thirds of the viral genome at the 5’-end (Fig. 3C) (83). The genomic 

RNA of the virus functions directly as mRNA for the translation of ORF1a and ORF1b into 

two large precursor polyproteins, pp1a and pp1ab. Whereas ORF1a is translated in the 

canonical way, ORF1b translation is the result of a programmed ribosomal frame shift 

(84). Both polyproteins are auto-catalytically cleaved by virus-encoded proteases to yield 

functional replicase proteins (84). 

 The ORFs encoding the structural proteins and a variable number of accessory 

proteins, make up the remaining third of the virus genome at the 3’-end and are translated 

from a set of nested, sub-genomic (sg) mRNA’s (83, 84). During minus-strand RNA 

synthesis, the virus’ replication machinery is thought to dissociate from the template 

upon encountering a transcription-regulating sequence (TRS), transfer to the 5’-end of 

the genome, accomplished via sequence complementarity between the anti-TRS on the 

nascent strand and the genomic TRS, and then subsequently complete RNA synthesis 

(59, 83). This process results in chimeric, minus-strand RNAs that form the template for 

continuous synthesis of leader-containing sg mRNAs. Coronavirus replication takes place 

on host-derived membranous structures in the cytoplasm and involves double membrane 

vesicles (85). The formation of new virions starts in the cytoplasm with the encapsidation 

of full-length genomic RNA by the N protein and proceeds with the budding of these 

nucleocapsids at smooth intracellular membranes of the endoplasmic reticulum and/or 

the Golgi intermediate compartment. Mature, newly formed viruses are released through 

the exocytosis pathway (86).
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Coronaviruses are generally transmitted via aerosols or via the fecal-oral route. Since both 

receptor recognition and fusion are carried out by the S protein, it is considered to be the 

most critical determinant of host tropism. The S protein is an 1100-1500 amino acids long, 

heavily N-glycosylated, type I membrane protein that organizes in trimers (Fig. 4A and B) 

(87). A transmembrane domain near the C-terminus anchors the protein in the membrane. 

Interactions between the C-terminal endodomain and the M protein are required for 

incorporation of the S protein into virions (75, 88, 89). The S ectodomain is proteolytically 

cleaved during virus maturation by host cell proteases into two functionally and structurally 

distinct subunits: an N-terminal subunit, named S1, and a C-terminal subunit, named S2 

(Fig. 4C). The S2 subunit contains a highly conserved stretch of hydrophobic amino acids 

that form the fusion peptide, and two heptad repeat (HR) regions that are typical for class 

I fusion proteins and which are pivotal for inducing the conformational changes that are at 

the basis of membrane fusion (Fig. 4C) (90, 91). Three S2 subunits coming together in the 

quaternary arrangement of the S trimer form the fusion machinery (92, 93). The S1 subunit 

is composed of four distinct subdomains that mediate binding to either glycans (executed 

^ Figure 4. (A) Structure of the MHV-A59 S protein as determined by single-particle cryoEM 

(EMD ID: EMD-6526; (93)). The S trimer is colored according to monomer (in orange, green 

and blue), and shown either from the side (left panel), or from the top (right panel). (B) The 

structure of the MHV-A59 S protein trimer, with two monomers shown as surface representa-

tion in grey, and the third monomer as cartoon representation colored according to structural 

domains as in C. (C) Schematic representation of the S protein. Distinct structural domain are 

shown as colored boxes, the β-hairpin (BH), central helix (CH), cytoplasmic tail (CT), fusion 

peptide (FP), heptad-repeats (HR1 and HR2), transmembrane domain (TM) and upstream he-

lix (UH) are indicated. Grey boxes denote regions that were either not present or unresolved 

in the structure. The figure was adapted from (93). 



18

by domain A), or to proteinaceous receptors (executed by domain B, except for MuCoV 

where domain A mediates protein receptor binding). Within the alphacoronaviruses, 

members of the species alphacoronavirus-1 (αCoV-1 ) bind aminopeptidase N (APN) 

(94, 95), as does HCoV-229E (96), but others, including HCoV-NL63 bind angiotensin-

converting enzyme 2 (ACE2) (97). ACE2 is also used as entry receptor by SARS-CoV (98). 

Examples of other βCoV protein receptors are carcinoembryonic antigen-related cell 

adhesion molecule-1 (CEACAM1a), bound by MuCoV (99–101), and dipeptidyl peptidase-4 

(DPP4), bound by MERS-CoV (102) and bat coronavirus HKU4 (103, 104). MuCoV are 

closely related to the species Betacoronavirus-1 (βCoV-1), a species prototyped by Bovine 

Coronavirus (BCoV), that also includes HCoV-OC43, equine coronavirus (ECoV), porcine 

hemagglutinating encephalomyelitis virus (PHEV), canine respiratory coronavirus (CRCoV) 

and rabbit coronavirus (RaCoV) (105–107). Whereas MuCoV bind CEACAM1a, the βCoV-

1 members appear to use 9-O-Ac-Sia as entry receptor (57, 108, 109). Also HCoV-HKU1, 

another group A βCoV, was recently shown to bind 9-O-Ac-Sia with its S protein (110). 

Other examples of CoV that bind to glycans include IBV, a gammacoronavirus that binds 

Neu5Ac (111), and transmissible gastroenteritis virus (TGEV), a member of the species 

αCoV-1 that uses APN as entry receptor, but that uses Sia as attachment factor (94, 112). 

For an overview of coronavirus attachment factors and entry receptors, see table 1.

Hemagglutinin-esterases

Discovery and evolution
In the 1980s when Luijtjes et al sequenced the genome of MuCoV strain A59, a tissue-

cultured adapted murine coronavirus, they found an unknown gene upstream of the  

S protein (55). Its predicted product had ~30% sequence identity with the N-terminal 

domain of influenza C virus HEF. In MuCoV-A59 the gene was not expressed because of 

a mutation in the preceding TRS, leading to the absence of its dedicated mRNA2b, and 

because of a non-sense mutation at codon 15. When they went on to sequence a related 

virus, BCoV, they soon identified the intact gene (113). Later on, HE homologs were also 

found in other group 2b coronaviruses (but not in any other coronavirus), toroviruses,  

a family within the nidoviruses distantly related to coronaviruses (114), and even in 

isavirus, an orthomyxovirus of teleosts (80, 115). 

 One of the key questions that arose in these early days while working on HE was the 

HE gene flow. How can HE be found in such a wide array of RNA viruses, both positive 

and negative-stranded, while being absent in closely related species? Phylogenetical and 

structural data support a model in which HE originated in Influenza C, or an Influenza C-like 

virus, and was introduced on two separate occasions by recombination in the genomes 
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1of corona- and toroviruses. The ancestral protein of the nidovirus HEs is likely to have 

been a HEF-like protein, as inferred from structural similarities between the MP-domain 

of HE and the fusion domains of HEF and HA (56, 116). Indicating that the remnants of 

the HEF fusion domain where re-appropriated to form part of the HE dimer interface. The 

second hypothesis, that HE was introduced at least twice, is supported by the notion that 

the location of HE in the virus genome differs among nidoviruses. Whereas HE is found 

upstream of the S protein in coronaviruses, it is upstream of the N protein in toroviruses 

(Fig. 3C). Furthermore, phylogenetic analysis of the primary structure of corona- and 

toroviruses HEs shows that they are equidistant to HEF (Fig. 5) (117). 

 Interestingly, whereas HEF is a trimeric protein, HE is a dimeric protein (Fig. 6). 

Based on previous published structures of HEF, BCoV HE and PToV HE, we know that 

this transition in quaternary organization involved substantial changes in the monomer-

monomer interfaces (54, 56, 116). Since the monomer-monomer contact regions are 

^ Figure 5. Neighbor-joining tree demonstrating the phylogenetic relationships between 

representative members of influenza C, D, toro-, and coronavirus HE proteins (virus families 

are shaded in orange, red, blue and green, respectively). HEs specific for (7,)9-O-Ac (Type I) 

are enclosed in a blue line, and 4-O-Sia-specific HEs (Type II) are enclosed in a red line.
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quite different between coronavirus and torovirus HEs, the change from trimer to dimer 

is thought to have occurred at least twice (56, 116). The driving force that motivated this 

transition to occur on (presumably) two separate occasions remains unknown. However, 

it is suggestive of the selective advantage these viruses gain by expressing an HE protein.

HE structure and specificity
HEs are homodimeric glycoproteins with a trimodular organization that mediate reversible 

binding to O-acetylated Sia through the concerted action of a Sia-binding lectin domain, 

with binding critically dependent on the presence of specific sialate-O-acetyl moieties, 

and of a receptor-destroying O-acetylesterase domain (Fig. 6) (56, 116, 118). The ancestral 

protein of HEs, whether this was HEF or a HEF-like protein, is thought to have used 

9-O-Ac-Sia as receptor (117). The uptake of HE in the proteome of corona- and toroviruses 

as an accessory protein opened the door for the divergence of HE. During this process 

subtle and less subtle differences in HE substrate and ligand specificity and affinity arose, 

most likely as a consequence of HE adaptation to the sialome of their respective hosts. 

An excellent example of this is the fine specificity of porcine and bovine ToV HEs. While 

both HEs are critically depended on the presence of the 9-O-Ac moiety, the porcine ToV 

HEs will exclusively bind 9-mono-O-Ac-Sias, whereas the bovine ToV HEs have a strong 

preference for 7,9-di-O-acetylated Sias (116, 119). However, a far more dramatic shift in 

specificity has arisen in the murine coronaviruses. Whereas influenza C and D, toroviruses 

and most βCoV’s (including some MuCoV) all bind to 9-O-acetylated Sia (‘Type I HEs’), 

a clade of MuCoVs switched to using 4-O-Ac Sia as receptor (‘Type II HEs’) (Fig. 5) (118, 

120). Since this binding specificity switch also necessitated a concomitant change in 

substrate specificity, adaptations were required in the Sia-binding sites of both the lectin 

and esterase domains. The crystal structure of the lectin domain of the Type II HE of MHV 

strain S revealed that the switch in specificity involved relatively minor adaptations in 

the lectin domain but that the ligand adopts a very different topology (118). However, 

the structural basis for this change in esterase-substrate specificity remained an open 

question.

Function
Depending on the virus species, HE appears to play different, yet incompletely understood, 

roles during the virus life cycle. One important distinction to make is whether HE is an 

essential protein or an accessory protein. In the case of MHV and toroviruses, HE expression 

actually proves detrimental in cell culture and is lost upon passaging of the virus (79, 121). 

For these viruses, HE probably functions as an attachment factor in vivo and may help to 

penetrate the mucus layers lining the intestinal tracts (117). A previous study using MHV 

strain A59 showed that HE promotes viral dissemination in the brain, irrespective of the 
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presence or absence of esterase activity (122). However, because these experiments were 

performed with a cell-culture adapted virus, and because an unnatural inoculation route 

was chosen (intracranially), these results cannot be extrapolated directly to the naturally-

occurring enterotropic MuCoVs that transmit via fomites and/or the fecal-oral route.

 Whereas HE expression is detrimental for murine coronaviruses in cell culture, in 

members of the species βCoV-1, HE expression is strictly conserved upon passaging. This 

difference can be attributed to the fact that these viruses also bind with high affinity to 

O-Ac-Sia with their S protein (57, 123). Therefore, HE is crucial for the release of newly 

produced viruses from infected cells, and, at least in the host body, to also prevent 

S-mediated irreversible binding to sialylated decoy targets (124). 

 Irrespective of HE being an essential protein versus an accessory protein, in either 

case HE probably functions as a ‘molecular timer’ that governs the dynamic interaction 

between virus and O-Ac-Sia receptor determinants (117). For this system to work properly, 

HEs not only require that their lectin and esterase domains are of the same specificity, 

^ Figure 6. Cartoon representation of the crystal structures of Influenza C HEF (PDB ID: 

1FLC), BCoV HE (PDB ID: 3CL5), and PToV HE (PDB ID: 3I1L). One monomer is colored by 

domain (lectin domain (blue); esterase domain (green) with Ser-His-Asp active site triad (in 

sticks); fusion domain (HEF) / membrane proximal domain (HE) (red)), the other monomer(s) 

are in gray. The bound 9-O-Ac-Sia is shown in sticks (carbon in gray; oxygen in red; nitrogen 

in blue).
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but also that the receptor-binding affinity of the lectin domain, and the RDE activity of 

the esterase domain, are carefully balanced. The time a virion spends on a sialylated 

surface would be a function of lectin binding affinity of HE (and, in the case of βCoV-1, 

also of S), esterase activity and O-Ac-Sia density in the target host. As such, the observed 

differences in these characteristics among different viruses, might well reflect adaptations 

to the sialome of the respective host.

Aim and outline of this thesis
Sialic acids are found throughout the tree of life, from animals to plants, fungi and 

bacteria. As such, they play a major role in cell biology and tissue homeostasis. Saliently, 

they also form the most commonly used viral receptors. As explained in this introduction, 

sialome diversity is the result of different levels of variation (7). With the most common 

Sia modification being O-acetylation of carbon atoms 4 and 7-9, influenza C and D, toro-, 

and group A βCoV’s have evolved to dynamically bind O-Ac-Sia with their HEF and HE 

protein, respectively. To fully understand the interaction of these viruses with O-Ac-Sia we 

need to understand the pathways involved in sialate-O-acetylation and the distribution of 

these sugars in a cell, tissue and species dependent manner. This thesis will explore the 

many open questions regarding the structure and function of HE, and the process and 

function of mammalian Sia-O-acetylation itself. For example: What is the structural basis 

for esterase substrate specificity of Type II HEs? How is HE lectin affinity and specificity 

regulated? What are the consequences of differences in lectin affinity on dynamic virion 

attachment? How does this influence virus fitness in the natural host? Can HEs of defined 

specificity be used to study O-Ac-Sia in tissues? What is the identity of the mammalian 

sialate-9-O-acetyltransferase?

 In chapter 2, we explore the use of a set of recombinant HEs as tools to study 

sialobiology. By first biochemically characterizing their substrate and ligand specificity, 

and then using them on cells and tissues, we venture into the largely unexplored field 

of O-acetyl-sialobiology. Building on this approach, we participated in a collaborative 

study described in chapter 3, that uses the HE of BCoV to identify, and biochemically 

characterize, the mammalian sialate-(7/)9-O-acetyltransferase. In chapter 4, we present 

the crystal structure of MuCoV strain New Jersey HE, the first complete type II HE 

structure. These data, together with a structure of the esterase domain of a MuCoV type 

I HE and an in depth mutagenesis approach, were used to study the structural changes 

that led to the switch in esterase specificity from type I to type II. In chapter 5, we set 

out to investigate how HE lectin function influences the dynamic binding of βCoV-1 

virions to O-Ac-sialylated surfaces. We postulate that re-balancing of the βCoV-1 virion 

adhesion/release kinetics might have been critical for the adaptation of HCoV-OC43 to the 

human respiratory system. This study is further corroborated with the crystal structure 
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1of a naturally-occurring HCoV-OC43 HE. In chapter 6, we were prompted to investigate 

why the type II HEs of MuCoV field strains continually display sub-maximal Sia-binding 

lectin affinity. The crystal structure of such an HE in complex with 4-O-Ac-Sia reveals in 

minute detail how amino acid changes in the carbohydrate-binding site influence binding 

and lead to intermediate binding affinities. Furthermore, using a newly developed in 

vitro virion binding-release assay, we show that recombinant MuCoV’s expressing HEs 

with either reduced or increased lectin affinity display aberrant binding-release kinetics. 

Finally, in chapter 7 we summarize the results presented in this thesis and place them in 

a broader perspective. Special interest is given to the structural prerequisites that govern 

recognition of O-acetylated sialic acid and to the effect of receptor-destroying enzymes 

on dynamic glycan binding.
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Genus Species Receptor References

Attachment Entry

α-
Co

V

Alphacoronavirus-1

        Canine coronavirus APN (95)

        Feline coronavirus Sialic acid APN (125, 126)

        Porcine respiratory coronavirus APN (126)

        Transmissible gastroenteritis virus Sialic acid APN (94, 95, 112)

Porcine epidemic diarrhea virus APN (?*) (127)

Human coronavirus 229E APN (95, 96)

Human coronavirus NL63 ACE2 (97)

β-
Co

V

Betacoronavirus-1

        Bovine coronavirus 9-O-Ac-Sia (?) (57, 108, 128)

        Human coronavirus OC43 9-O-Ac-Sia (?) (57, 108)

        Porcine Hemagglutinating Encephalomyelitis virus 9-O-Ac-Sia (?) (109, 128)

Human coronavirus HKU1 9-O-Ac-Sia (?) (110)

Murine coronavirus

        Mouse hepatitis virus 4-O or 9-O-Ac-Sia CEACAM1a (58, 100, 101, 117, 120)

        Rat coronavirus 4-O-Ac-Sia CEACAM1a (58, 100, 101, 117, 120)

Severe Acute Respiratory Syndrome coronavirus ACE2 (98)

Middle East Respiratory Syndrome coronavirus DPP4 (102)

Tylonycteris bat coronavirus HKU4 DPP4 (103, 104)

γ-
Co

V

Avian coronavirus

        Infectious bronchitis virus Sialic acid (111)

        Turkey coronavirus
Complex N-acetyl-
lactosamines

(129)

Beluga whale coronavirus Unknown

* Indicates unconfirmed or debated observations.
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Abstract

Sialic acids (Sias), 9-carbon-backbone sugars, are among the most complex and 

versatile molecules of life. As terminal residues of glycans on proteins and lipids, Sias 

are key elements of glycotopes of both cellular and microbial lectins, and thus act as 

important molecular tags in cell recognition and signalling events. Their functions in such 

interactions can be regulated by post-synthetic modifications, the most common of which 

is differential Sia-O-acetylation. The biology of O-Ac-Sias remains mostly unexplored, 

largely owing to limitations associated with their specific in situ detection. Here we show 

that dual function hemagglutinin-esterase envelope proteins of nidoviruses distinguish 

between a variety of closely related O-Ac-Sias. By using soluble forms of hemagglutinin-

esterases as lectins and sialate-O-acetylesterases, we demonstrate differential expression 

of distinct O-Ac-sialoglycan populations in an organ-, tissue- and cell-specific fashion. Our 

findings indicate that programmed Sia-O-acetylation/de-O-acetylation may be critical to 

key aspects of cell development, homeostasis and/or function. 
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Introduction

Cells are covered by a dense thicket of glycans. Though attached to proteins and lipids, 

these oligo- and polysaccharides are more than decoration. With a structural complexity 

vastly exceeding that of proteins and nucleic acids, they act as molecular tags in cell 

recognition and signaling events. Mammalian glycans form linear and branched chains 

of variable size and composition, yet commonly with sialic acids (Sias) as terminal, 

surface-exposed residues. In consequence of this topology, Sias are key elements of 

the glycotopes of many regulatory cellular lectins (1, 2). For the same reason, they have 

become attachment factors of choice for a range of pathogens including protozoa, fungi, 

bacteria and viruses. 

 Sias occur in a wide variety, their diversity resulting from differences in glycosidic 

linkage as well as from differential modifications (3). In most mammals, humans excluded, 

the parental Sia N-acetylneuraminic acid (Neu5Ac) can be enzymatically converted 

to N-glycolylneuraminic acid (Neu5Gc) (4, 5). Another common modification is Sia-O-

acetylation substituting the hydroxyl groups at carbon atoms C4, C7, C8 and/or C9 (6, 

7) (Figure S1). In lock-and-key interactions, the presence or absence of these O-acetyl 

moieties can block or promote binding of cellular and microbial lectins, and their controlled 

addition and removal through sialate-O-acetylesterases (SOAEs) and -transferases 

(SOATs), may thus act as a molecular switch to control downstream processes and events. 

This principle is illustrated by the regulation of peripheral B cell tolerance. Repression of 

antigen receptor signaling through Sia-dependent binding of Siglec 2/CD22 to the B cell 

receptor is modulated by Sia-9-O-acetylation/de-O-acetylation (8), and defects in SOAE 

expression may be associated with autoimmunity (9, 10). Defective (de-)O-acetylation of 

Sias has also been implicated in cancer to correlate with metastatic potential, escape from 

apoptosis and drug resistance (11-14). 

 There is 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 major hurdle for advancement of this field is a lack of convenient experimental 

approaches that would allow detection of, and distinction between, Sia variants in situ. 

Viruses that use Sias as receptor determinants come with a treasure trove of lectins 

and sugar-modifying enzymes (15). For example, the hemagglutinin-esterase proteins 

(HEs) of toro-, corona- and orthomyxo-viruses are envelope glycoproteins that mediate 

reversible virion attachment to O-Ac-Sias through the concerted action of distinct lectin 

and receptor-destroying (SOAE) domains (Figure S1A) (16-19). Here we investigated the 

biochemical and structural properties of toro- and coronavirus HEs with particular focus on 

their receptor specificity, and their potential use as tools in explorative sialoglycobiology. 

We demonstrate that the nidovirus ‘virolectins’ have evolved to bind different O-Ac-
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Sia variants selectively, and with such affinity as to allow detection of distinct O-Ac-

sialoglycan populations in mammalian cells and tissues. We show that O-Ac-sialoglycans 

are expressed differentially in a species-, organ-, tissue- and cell type-specific fashion and 

that their expression is regulated even at the level of the individual cell. 

Results and Discussion

Toroviruses and group A betacoronaviruses (Order Nidovirales, family Coronaviridae; 

collectively referred to as ‘nidoviruses’ throughout) are positive strand RNA viruses 

of mammals. Their HEs share a common evolutionary origin with the influenza C 

hemagglutinin-esterase fusion protein (HEF), and were added to the respective virus 

proteomes relatively recently (16, 19). In the course of evolution, nidovirus HEs with novel 

SOAE substrate and lectin ligand specificities arose. In one lineage of rodent coronaviruses, 

HE ligand and substrate specificity shifted towards 4-O-Ac-Sias. Most nidovirus HEs, 

however, 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 (16). Yet, even among 

this latter group of HEs, subtle but salient differences in SOAE substrate preference are 

apparent. For instance, porcine torovirus (PToV) HEs preferentially cleave 9-mono-O-Ac-

Sias, while those of bovine toroviruses (BToVs) display a preference for 7,9-di-O-acetylated 

substrates (17, 20). Also, the HEs of bovine coronavirus (BCoV) and influenza C virus, while 

more promiscuous in SOAE substrate usage, do show a predilection for 7,9-di- or 9-mono-

O-acetylated substrates, respectively (Figure S2A). All HEs readily cleave O-acetyl groups 

both from 5-N-Gc- and 5-N-Ac-Sias, with some HEs displaying a modest preference for the 

latter type (Figure S2B; for a summary of HE SOAE substrate specificities see Figure S2C).

To investigate whether SOAE substrate preference for 7,9-di- or 9-mono-O-Ac-Sias 

reflects lectin ligand fine specificity, we expressed a comprehensive set of nidovirus HEs as 

Fc fusion proteins (Table S1) with the esterase inactivated through an active site Ser-to-Ala 

substitution (HEs with inactive SOAE are referred to as ‘HE0’ throughout; enzymatically 

active HEs are referred to as ‘HE+’)

Nidovirus HEs: virolectins of different receptor specificity. HE0-Fc virolectins were 

tested for Sia binding and ligand specificity by hemagglutination assay with rat red blood 

cells (RBCs), and by solid-phase lectin binding assay (sp-LBA) with bovine submaxillary 

mucin (BSM), a natural O-glycosylated sialoglycoconjugate exceptionally rich in (α2-6)-

linked O-Ac-Sias (for an extensive analysis of BSM Sia content, pivotal to this study, see 

the supplemental experimental procedures, Figures S1C and D, Tables S2 and S3).
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Hemagglutination was observed for all nidovirus HEs. Pre-treating RBCs with sialidase 

prevented hemagglutination, indicating that in each case agglutination was Sia-dependent 

(data not shown). Selective depletion of 9-mono-O-Ac-Sias from the cell surface with PToV 

HE+ prevented hemagglutination by HE0-Fc of PToV strains Markelo and P4, but left that 

by BCoV, equine coronavirus (ECoV) and BToV virolectins largely unaffected. Conversely, 

depletion of 7,9-di-O-Ac-Sias with BToV-Breda HE+ prevented hemagglutination by BCoV, 

ECoV and BToV HEs, but did not reduce agglutination by PToV HE. De-O-acetylation with 

BCoV HE+, which accepts both 9-mono- and 7,9-di-O-acetylated substrates (Figure S2) 

(17, 19), abrogated hemagglutination by all virolectins (Figure 1A). 

 In solid-phase assays, all HEs, except for 4-O-Ac-Sia-specific MHV-S HE0 (18), bound 

to BSM in a 9-O-Ac-Sia-dependent fashion (data not shown), albeit with markedly varied 

affinities (Figure 1B). Those of ECoV-NC99, BCoV-Mebus and -LUN, and PToV-P4 bound 

exceptionally well, and were therefore studied further.

 In accordance with the hemagglutination analyses, binding of ECoV-NC99, BCoV-

Mebus and BCoV-LUN HE0 was lost upon SOAE predigestion of BSM with either BCoV or 

BToV HE+, but relatively resistant to de-O-acetylation of Sias by PToV HE+. Conversely, 

binding of PToV-P4 HE0 was highly sensitive to pretreatment of BSM with PToV HE+, less 

sensitive to BCoV HE+, and even far less so to BToV HE+ (Figure 1C). 

 Apparently, the differences between the ECoV and BCoV HEs on the one hand and 

PToV-P4 HE on the other, arise from a preference or intolerance for di-O-acetylation at 

the Sia glycerol side chain. As a direct test, we performed sp-LBA with BSM, chemo-

enzymatically converted to carry 9-mono-O-Ac-Sias exclusively (Figure 1D). To this end, 

BSM was first digested with excess BCoV HE+ to selectively remove all Sia-9-O-acetyl 

moieties, while leaving 7-O-acetyl groups attached. In result, binding of both BCoV-LUN 

and PToV-P4 HE0 was lost (Figure 1D), formally demonstrating that Sia-9-O-acetylation 

is a strict requirement, and that 7-mono-O-Ac-Sias do not serve as ligands. Upon pH/

temperature-induced C7-to-C9 migration of O-acetyl moieties (Kamerling et al., 1987) as 

to produce 9-mono-O-Ac-Sias, binding of PToV-P4 HE0 was restored to levels even beyond 

those in native BSM (note that in native BSM, the amount of 7-O-Ac- and 7,9-di-O-Ac-Sias 

combined is almost twice that of 9-mono-O-Ac-Sias; Tables S2 and S3). Binding of BCoV-

LUN HE0
,
 however, was restored only partially (Figure 1D). The results show that PToV-P4 

HE0 is a high-specificity lectin for 9-mono-O-Ac-Sia. Conversely, BCoV-Mebus and BCoV-

LUN HE0 accept 9-mono-O-Ac-Sias, but bind to 7,9-di-O-Ac-Sias with much higher affinity 

(Figure 2A, B). 

 While the BCoV and ECoV HEs would seem to favor 7,9-di-O-Ac-Sias, their binding 

characteristics in sp-LBA indicate a difference in ligand preference. The ECoV-NC99 

binding curve is suggestive of high affinity binding to select glycotopes, that are present 

in BSM in amounts, considerably lower than those of BCoV HE (Figure 1B). Thus, ECoV 
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^ Figure 1. Nidovirus virolectins distinguish between 9-mono-O- and 7,9-di-O-Ac-Sias. (A) 

Hemagglutination assay with 2-fold serial dilutions of esterase-inactive HE0-Fc virolectins. 

Prior to hemagglutination assay, RBCs were mock-treated, depleted for O-Ac-Sias with BCoV-

Mebus HE+-Fc, or selectively depleted for 7,9-di-O- or 9-mono-O-Ac-Sias with BToV-Breda 

or PToV-Markelo HE+-Fc, respectively. Wells positive for hemagglutination are encircled. (B) 

Nidovirus HEs bind to O-Ac-Sias in BSM with widely different affinities. Lectins (in 2-fold serial 

dilutions, starting at 0.1 μg/μl) were compared by sp-LBA for relative binding to BSM (OD450 

value for 0.1 μg/μl PToV-P4 HE0-Fc set at 100%). Data presented as mean +/- SD. Descending 

concentrations of HE0-Fc virolectins, plotted on the x-axis, are schematically indicated by black 

descending triangles. (C) sp-LBA with BSM, after on-the-plate depletion for distinct O-Ac-Sia 

populations with BCoV-Mebus, BToV-Breda or PToV-P4 HE+-Fc. Receptor destruction was 

assessed by sp-LBA with BCoV-Mebus or PToV-P4 HE0-Fc at fixed concentrations (5 ng/μl 

and 1 ng/μl, respectively). (D) Differences in receptor preference between BCoV-LUN and 

PToV-P4 HE revealed by chemo-enzymatical modification of BSM O-Ac-Sia content. Upper 
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panel: experimental outline. Middle panel: gas-liquid chromatography-electron ionization 

mass spectrometry (GLC-EIMS) profiles of corresponding BSM preparations (peaks are 

numbered as in Table S2: peak 3; β-Neu5,7Ac2, peak 4; β-Neu5,9Ac2, peak 5; β-Neu5,7,9Ac3, 

peak 9; β-Neu5Gc7Ac, peak 11; β-Neu5Gc7,9Ac2, peak 12; β-Neu5Gc9Ac). Bottom panel:  

sp-LBA as in (B). See also Figure S1 and Table S1.

^ F.1 Continued
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HE may preferentially bind to a subpopulation of the BCoV HE ligands, or bind a distinct 

9-O-Ac-Sia variant altogether. The combined results establish that the ECoV-NC99, BCoV-

Mebus/LUN and PToV-P4 virolectins each have distinct ligand preferences and distinguish 

between closely related 9-O-Ac-Sia populations.

Structural evidence that BCoV HE preferably binds 7,9-di-O-Ac-Sias. The structure of 

BCoV-Mebus HE, complexed with a synthetic 9-O-Ac-Sia analog, was solved to 1.8 Å (19). 

BCoV-LUN HE differs from that of BCoV-Mebus in only seven residues, one of which is 

in a loop at the rim of the Sia binding site (Figure 2C). This single amino acid variation 

(T114 in BCoV-Mebus, I114 in BCoV-LUN HE) fully accounts for the observed 3-fold difference 

in binding affinity towards BSM (Figures 1B and 2D). Apparently, the Thr/Ile substitution 

does not alter lectin ligand preference for 7,9-di-O- over 9-mono-O-Ac-Sias: as compared 

to BCoV-Mebus HE, LUN HE displays equally increased affinities for either Sia type (Figure 

2A). Based on the position of T114 relative to the bound ligand, its exchange by Ile may 

affect, directly or indirectly, binding site interactions with the Sia-5-N-acyl moiety. While 

not immediately obvious from replacement modeling how this would be achieved, such 

interactions may raise binding affinity for Sia per se, but, as indicated by glycan array 

analysis (vide infra), also alter the lectin’s relative preference for 5-N-Ac- or 5-N-Gc-Sias.

 To determine the structural basis for BCoV HE’s ligand preference for di-O-Ac-Sias 

over 9-mono-O-Ac-Sias, we examined the lectin-Sia interface with particular focus on 

protein-sugar interactions at the Sia glycerol side chain. The Sia 9-O-Ac group, crucial to 

receptor binding, docks into a hydrophobic pocket. The vicinity of Sia glycerol atom C8 

is crowded such that substitution of an O-Ac moiety for the C8 hydroxyl is not possible 

without introducing steric strain. Hence, the structure of the BCoV HE receptor binding 

site appears incompatible with binding of 8-O-Ac-Sias. There is, however, ample space 

to accommodate modifications at C7. Moreover, modeling of Neu5,7,9Ac3 in the lectin 

binding site revealed potential interactions between the Sia-7-O-Ac moiety and the side 

chains of F211 and L161 that could contribute to the lectin’s preference for 7,9-di-O-Ac-Sias 

(Figure 2E). Accordingly, L161A substitution strongly decreased binding to BSM, yet, as 

demonstrated for BCoV-LUN HE, high-affinity binding to 7,9-di-O-Ac-Sias was affected 

more than low affinity binding to 9-mono-O-Ac-Sias (Figure 2A). In effect, ligand fine 

specificity was lost, the substitution causing the BCoV-LUN HE L161A mutant to now bind 

each receptor type equally poorly. 

 

Glycan microarray analysis of nidovirus virolectins. Conceivably, HE ligand preference 

could be influenced by (i) the presence or absence of other Sia modifications such as 

5-N-glycolylation, (ii) the type of glycosidic linkage, and/or (iii) the overall composition 

and structure of the underlying glycan (3). We therefore systematically compared the 
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^ Figure 2. Nidovirus virolectins display distinct O-Ac-Sia specificity. (A) sp-LBA as in (1B) with native 

and mutant virolectins (HE0-Fc of PToV-P4, BCoV-Mebus and BCoV-LUN and BCoV-LUN/L161A) and 

BSM preparations of defined Sia content. Non-modified BSM (native); BSM, mono-specific for 

9-mono-O-Ac-Sias (9-O-Ac-BSM), or 7,9-di-O-Ac-Sias (7,9-O-Ac-BSM); BSM, depleted for all O-Ac-

Sias (de-O-Ac-BSM). Relative binding (in percentages) was calculated with binding to native BSM 

set at 100%. BSM preparations were calibrated by dilution in coating buffer such as to ensure that 

the amounts of remaining O-Ac-Sia species in 9-O-Ac- and 7,9-di-O-Ac-BSM preparations were 

comparable to those in native BSM. (B) GLC-EIMS profiles of corresponding BSM preparations 

(peaks numbered as in Table S2: peak 2; β-Neu5Ac, peak 3; β-Neu5,7Ac2, peak 4; β-Neu5,9Ac2, peak 

5; β-Neu5,7,9Ac3, peak 6; a-Neu5,9Ac2, peak 9; β-Neu5Gc7Ac, peak 11; β-Neu5Gc7,9Ac2, peak 12; 

β-Neu5Gc9Ac, peak 13; a-Neu5Gc9Ac). (C) Surface representation of the receptor binding site of 

BCoV-Mebus HE in complex with α-Neu5,9Ac22Me (PDB ID 3CL5); the patch, contributed by T114, 

is colored in orange. (D) Difference in affinity between BCoV-Mebus and -LUN HE0 attributed to a 

single amino acid change in the Sia binding site. Virolectins were compared for relative binding to 

BSM by sp-LBA as in (1B). (E) Surface and stick representations of the BCoV-Mebus HE lectin site in 

complex with α-Neu5,7,9Ac32Me as modeled by molecular docking (Trott and Olson, 2010). L161 is 

highlighted. Note the proximity of the L161 side-chain to the Sia-7-O-Ac-methyl (~3.8Å), favorable 

for Van der Waals interaction, and the burying of hydrophobic surface. 
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binding properties of the HEs of BCoV-LUN, BCoV-Mebus, ECoV-NC99 and PToV-P4 

towards paired (Neu5Ac- or Neu5Gc-based, and α2-3 or α2-6-linked) 9-O-Ac and non-O-

Ac-sialoglycans by glycan microarray analysis (21, 22). The results, summarized in Figures 

3A and S3, indicate that all four lectins accept both α2-3- and α2-6-linked 9-O-Ac-Sias, 

though with noted exceptions apparently related to overall glycan structure/composition. 

The most prominent and consistent difference was in the relative binding preference for 

Sias, differentially modified at C5. The PToV-P4 and ECoV-NC99 lectins displayed a clear 

binding bias, and strongly favored 5-N-Ac-Sias. Conversely, BCoV-LUN and Mebus HEs 

more readily accepted both 5-N-Ac- and 5-N-Gc-Sias, albeit depending on the underlying 

glycan structure. Of the two lectins, BCoV-LUN HE bound more strongly to all ligands, 

in accordance with sp-LBA data (Figure 1B), and displayed a higher apparent affinity 

for 5-N-Gc-Sias. The results provide a clue to the observed difference between BCoV 

and ECoV-NC99 HEs in sp-LBA (Figure 1B). BSM predominantly carries sialyl Tn type 

O-glycans ((23), represented in the microarray by glycans #23 and #24. In contrast to the 

BCoV HEs, ECoV-NC99 HE binds 9-O-Ac-5-N-Ac-sialyl Tn exclusively (Glycan #23, Figure 

3A) and not to its 5-N-glycolylated variant (Glycan #24), and hence would recognize only 

a subpopulation of the BCoV HE glycotopes.

 Although glycan array analysis provides insight into the binding properties of the lectins, 

caution is warranted as the number of glycans included in the array is limited and does not 

reflect the full spectrum of natural O-Ac-sialoglycans. Sias with multiple O-Ac moieties 

are absent, as are multi-antennary sialoglycans. Furthermore, differences in binding as 

detected by glycan array analysis may occur from differences in presentation and/or 

flexibility of the printed glycans, and from how such variables would affect multivalent 

lectin-Sia interactions (22). Finally, the biophysical and biological consequences of modest 

differences in binding preference as detected by glycan array analysis are difficult to 

predict. Such differences may be augmented and of major significance during multivalent 

HE-mediated virion attachment in vivo. Conversely, viral attachment to suboptimal ligands 

may well occur, if such glycans are present in high local densities. At any rate, the 9-O-Ac-

sialoglycan populations recognized by the PToV, BCoV and ECoV virolectins cannot be 

defined in absolute terms. Their binding profiles, while unique, partially overlap. PToV-P4 

would seem to be the most specific in that it displays a strong predilection for 9-mono-

O-acetylated, 5-N-acetylated Sias, and BCoV-LUN HE the least (for a summary of binding 

profiles see Figure 3B). 

Differential expression of 4-O- and 9-O-Ac-Sias in cultured mammalian cells. Various 

reagents have been used to detect O-Ac-Sia species, including lectins of the African landsnail 

Achatina fulica (12, 13) and Californian crab Cancer antennarius (14), salmon infectious 

anemia virus HE extracted from infected cells (24), and the heterologously expressed 
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^ Figure 3. Glycan array analysis. (A) Differential recognition of 9-O-Ac-sialoglycans by the 

HEs of PToV-P4, BCoV-LUN, BCoV-Mebus and ECoV-NC99. The library of glycans tested 

(n=40; listed in Figure S3) was designed to test the influence on lectin binding of (i) glycosidic 

linkage of 9-O-Ac-Sia (α2-3 versus α2-6) and (ii) modifications at Sia atom C5 (N-acetylation, 

5-N-Ac, versus N-glycolylation, 5-N-Gc) (lower panel). Data presented as mean +/- SD. (B) 

HE0-Fc virolectins: summary of ligand preference profiles based on present and published 

observations (Zeng et al., 2008, Langereis et al., 2009; Langereis et al., 2012). N.A., not 

analyzed. See also Figure S3.
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ectodomain of influenza C HEF (8, 25-29). The present study extends previous work in that 

it builds on a comprehensive set of viral lectins and SOAEs, extensively characterized both 

in terms of structure and ligand/substrate fine specificity. In combination with MHV-S HE0, 

the virolectins of PToV-P4, ECoV-NC99, and BCoV-LUN should allow detection in situ of 

4-O-Ac-Sias, three distinct populations of 9-O-Ac-sialoglycans and combinations thereof. 

For convenience and clarity, we refer to the virolectins and their glycotopes according to 

virus strain designation (MHV-S, P4, LUN, and NC99) in the remainder of the text. 

 Screening of mammalian continuous cell lines by lectin-immunofluorescence assay 

(L-IFA) revealed that the Sia populations as detectable by the four virolectins are expressed 

differentially (Figures 4 and 5; Figure S4). There are considerable differences in expression 

of Sia subtypes among cell lines, and, more remarkably, even among individual cells within 

the same clonal cell population. All cell lines expressed P4- and LUN-type 9-O-Ac-Sias 

(Table S4), most often in an intracellular compartment reminiscent of the Golgi complex. 

Indeed, in HeLa cells, 9-O-Ac-Sias co-localized with established Golgi markers (Figure 

S4A). 

 For a select number of human (HRT-18) and animal cell lines (MDCK and MDBK), 

extensive surface expression of 9-O-Ac-Sias was observed, but, again, only in 

subpopulations of the cells (1-10%; Figure 4A). HRT-18 sublineages (n=3) obtained 

through single-cell cloning by limiting dilution were indistinguishable from the parental 

cell line, indicating that the observed Sia expression patterns did not result from genetic 

heterogeneity (data not shown). Synthesis of cell surface P4- and LUN-type 9-O-Ac-Sias in 

HRT-18 cells was sensitive to benzyl N-acetyl-α-D-galactosaminide (Benzyl-GalNAc), but 

resistant to N-butyl-deoxynojirimycin (NB-DNJ), N-butyl-deoxygalactonojirimycin (NB-

DGB) and N-butyl-deoxymannojirimycin (NB-DMJ), suggesting that they are attached 

mainly to O-linked glycans rather than to N-linked sugars or glycolipids (Figure 4B; (30, 

31). As a rule, P4 glycotopes were most abundant and those of NC99 least. Most cells 

expressing NC99 glycotopes also expressed LUN-type Sias, and in turn, most cells stained 

< Figure 4. Differential expression of O-Ac-Sias in cultured human cells as detected by L-IFA. 

(A) Surface expression of P4- (green) and LUN-type (red) Sias in PFA-fixed, non-permeabilized 

HRT-18 cells. Nuclei (N) stained with Hoechst-33258 (blue). M, merged images. (B) Sensitivity 

of cell surface Sia-O-acetylation to glycosylation inhibitors. Cells were stained for P4- and 

LUN-type Sias after drug treatment (merged images). (C) Double L-IFA on HEK293T and 

HeLa cells stained for P4- and LUN-type Sias (merged images). (D) HRT-18 cells, selected for 

O-Ac-Sia surface expression or lack thereof, revert to Sia heterogeneity. HRT-18 populations, 

enriched or depleted for cells expressing high levels of P4- or LUN-type Sias by magnetic-

activated cell sorting (MACS), were cultured for 3, 5 or 7 days. Cell surface O-Ac-Sia expression 

was analyzed by flow-cytometry. See also Figure S4 and Table S4.
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by LUN also produced Sias detectable by P4 (Figure 4A). However, relative expression 

levels of each 9-O-Ac-Sia subtype varied widely from one cell to another, and cells that 

would seem to express LUN- or NC99-type Sias predominantly or even exclusively were 

also readily detected (Figure 4A). These findings demonstrate that P4, LUN and NC99 can 

detect and distinguish between distinct 9-O-Ac-Sia populations also in cultured cells. 

 In two other human cell lines, HeLa and HEK293T, expression of 9-O-Ac-Sias appeared 

more uniform in that virtually all cells produced P4-type Sias, and a significant proportion 

of cells LUN-type Sias as well. These Sias, however, were found exclusively intracellular 

(Figure 4C and Figure S4B). Why HeLa and HEK293T cells do not express detectable levels 

of 9-O-Ac-Sias at the plasma membrane is not known. Clearly, an apparent failure of 

virolectins to bind to the cell surface as determined by L-IFA does not necessarily mean 

absence of their cognate ligands. Bearing the dynamics of lectin-ligand interactions 

in mind, in particular the vast incremental effect of ligand valency on apparent lectin 

affinity (32, 33), the virolectins may predominantly bind to multivalent glycoconjugates 

with clustered binding sites. Thus, the lack of cell surface staining in HeLa and HEK293T 

cells might be explained from a lack of expression of specific cell surface mucin-type 

glycoproteins that are selectively (and profusely) decorated with O-Ac-Sias. 

 All human cell lines were tested negative by L-IFA for MHV-S-type 4-O-Ac-Sias (Table 

S4). This virolectin did bind, however, to cells of mouse and horse, i.e. animal species 

known to express 4-O-Ac-Sias (24, 34, 35). Whereas in murine LR7 cells, 4-O-Ac-Sias were 

detected exclusively intracellular (data not shown), in equine cell lines both intracellular 

and cell surface expression were seen (Figure 5 and S4C). Approximately 1% of these 

cells expressed 4-O-Ac-Sias on the surface, whereas in 3-5% this Sia was detected only 

intracellular (Figure 5A). L-IFA double staining showed that Ederm cells also express LUN- 

and P4-type 9-O-Ac-Sias, albeit again at relative levels that varied from one individual 

cell to another (Figures 5A and B). In contrast to 4-O-Ac-Sias, 9-O-Ac-Sias were retained 

intracellular.

 Interestingly, upon treatment of equine cells with Arthrobacter ureafaciens sialidase 

(AuS), most, yet not all, P4-type 9-O-Ac-Sias were cleaved (Figure 5A). AuS-resistant 

9-O-Ac-Sias were present invariably in cells that also produced 4-O-Ac-Sias. As 

4-O-acetylation protects Sias against cleavage by AuS and other sialidases (36), we 

< Figure 5. Differential expression of O-Ac-Sias in equine 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) HE0-

Fc, respectively. Nuclei stained with Hoechst-33258 (blue). Permeabilized cells were treated 

with MHV-S HE+-Fc (HE), sialidase (AuS), or both (HE++AuS) or mock-treated, prior to L-IFA. 

(B) Differential expression of P4- and LUN-type Sias in Ederm cells. (C) Expression of P4- and 

LUN-type Sias in FHK cells. See also Figure S4 and Table S4.
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hypothesized that the AuS-resistant Sias detected by P4 were both 9- and 4-O-acetylated. 

Accordingly, in cells treated with AuS and sialate-4-O-acetylesterase (MHV-S HE+), all 

9-O-Ac-Sias were removed (Figure 5A), providing compelling evidence that equine cells 

produce 4,9-di-O- in addition to 4-mono-O-Ac-Sias. The results (i) show that nidovirus 

virolectins can indeed be used to detect and distinguish between different forms of 4-O- 

and 9-O-Ac-sialoglycans in individual cells, and (ii) illustrate how novel types of multiply 

modified Sias can be discovered and demonstrated in situ, by using viral and microbial 

SOAEs and sialidases in combination with L-IFA.

Differential expression of 4-O- and 9-O-Ac-Sias in human and murine tissues. Nidovirus 

HEs also allowed in situ detection of O-Ac-Sias in mammalian tissues (Table 1 and Figures 

S5 and S6). In accordance with analytic chemical findings (35), 4-O-Ac-Sias were readily 

detectable in multiple organs and cell types in mice (most abundantly in the colon; Table 1 

and Figure S5). All human tissues, however, were negative (Table 1). 

 9-O-Ac-Sias occur in various tissues in both human and mouse, albeit more profusely 

and widespread in the latter species (Table 1 and Figures S5 and S6). Among noted species 

differences in Sia expression, murine but not human erythrocytes are covered with LUN 

and P4-type 9-O-Ac-Sias. In various organs and cell types, however, humans and mice 

display similar 9-O-Ac-Sia profiles, with P4 and LUN glycotopes differentially expressed in 

comparable fashion. For example, in the prostate, epithelial cells lining the ducts display 

low-level expression of P4- and high-level expression of LUN-type Sias (Figures S5 and 

S6). In both species, secreted colonic mucus contains high levels of P4- and LUN-type 

Sias, but the mucin-producing goblet cells predominantly stain with P4 (Figures S5 and 

S6). Differential expression of P4 and LUN glycotopes was most conspicuous in the brain, 

particularly in the cerebellum (Figures 6, S5 and S6). In human and mouse, individual 

Purkinje cells differed widely in 9-O-Ac-Sia profile, with cells seemingly devoid of 9-O-Ac-

Sias, adjacent to ones containing large quantities of P4- and/or LUN-type 9-O-Ac-Sias in 

granular inclusions in the cell body (Figure 6D). Even within single cells, P4- and LUN-

type 9-O-Ac-Sias were often found in different compartments (Figure 6E). Most strikingly, 

in the mouse, the dendritic arbors of 9-O-Ac-Sia-producing Purkinje neurons stained for 

LUN-type 9-O-Ac-Sias only, creating a striated, bar code-like pattern in the molecular 

layer in the cerebellar cortex (Figures 6A-C, F, and S5; note the robust staining of RBCs by 

P4). This pattern was less conspicuous in the human cerebellum, but also here dendritic 

arbors stained with LUN and not with P4 (Figure S6). NC99- and LUN-staining of Purkinje 

cells resulted in identical patterns in serial sections of mouse cerebellum (Figure 6F) 

arguing against the lack of P4-binding resulting from exclusive expression of 5-N-Gc-Sias 

(Figure 3). In fact, Neu5Gc is exceedingly rare even in the murine brain (37) and completely 

absent in humans (4). To test whether lack of P4 binding was due to prevalent Sia-7,9-di-
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Table 1. Virolectin staining profiles of human and murine tissues. See also Figures S5 and S6.

Human Tissue Array Mouse Tissue Array

MHV-S P4 LUN MHV-S P4 LUN

Adrenal gland - + + N.D. N.D. N.D.

Aorta - - - N.D. N.D. N.D.

Bladder - - - - + +++

Breast - - - N.D. N.D. N.D.

Colon - +++ ++ ++++ +++ ++

Cerebellum - + ++ - + +++

Endothelium - - - ? +++ -

Erythrocytes - - - ? +++ +++

Esophagus - - - - + +

Eye N.D. N.D. N.D. - + ++

Gray matter - + ++ - + +++

Heart - - - - + +

Kidney - - - - ++ ++

Liver - - - - + +

Lymph node - - - N.D. N.D. N.D.

Lung - - - - +++ +++

Ovary N.D. N.D. N.D. - + +

Pancreas - + + - ++ ++

Prostate - + ++ + + ++

Salivary gland - ++ ++ - +++ +++

Skel. muscle - - - - + +

Skin - - - ++ + +

Small Intestine - - + - + +

Spleen - - - ++ ++ ++

Stomach - - - + ++ ++

Thymus - - - + + +

Testis N.D. N.D. N.D. - - -

Tonsil - - - N.D. N.D. N.D.

Thyroid - - - N.D. N.D. N.D.

Umbilical cord - - - N.D. N.D. N.D.

Uterus - - - + ++ ++

White matter - - - N.D. N.D. N.D.

N.D. Not determined
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O-acetylation in Purkinje cells, sections of mouse cerebellum were enzymatically depleted 

for 9-O-Ac-Sias, while preserving 7-O-Ac-Sias. In consequence, staining of Purkinje cells 

and RBCs by both P4 and LUN was lost. Subsequent pH/temperature-induced C7-to-C9 

migration of the remaining Sia-7-O-Ac moieties restored staining of RBCs by P4, but 

saliently, that by LUN as well. While these findings provide independent confirmation that 

erythrocytes do express 7,9-di-O-Ac-Sias (presenting a source for 9-mono-O-Ac-Sias upon 

experimentally induced C7-to-9-O-Ac migration), they also show that in tissue sections, 

under the conditions applied, LUN binds 9-mono-O-Ac-Sias too (Figure 6F). Importantly, 

the conditions that restored Sia 9-O-acetylation on RBCs did not generate P4 glycotopes 

in Purkinje cell dendrites, nor salvaged LUN binding. It would thus appear that the Sias in 

the mouse cerebellum are mainly 9-mono-O-acetylated, and that the differential staining 

of Purkinje cells by P4 and LUN must be ascribed to a particular glycan structure and/or to 

Sia modifications, additional to 9-O-acetylation, that are tolerated by LUN, but not by P4. 

Although the LUN glycotopes in the cerebellum await definitive identification, our findings 

do underscore the diversity and complexity of naturally occurring O-Ac-sialoglycans and 

their cell(-type)-specific differential expression. It is fair to assume that like the virolectins 

used here, cellular lectins distinguish between these Sia populations, and that regulation 

of lectin binding, through controlled Sia-O-acetylation/de-O-acetylation, may have far-

reaching biological effects and consequences.

 

Viral preference for O-Ac-sialoglycan receptor determinants and host tropism. Many 

viruses encode proteins that recognize, bind to and modify Sia-glycotopes with exquisite 

specificity (15, 38, 39). Here, we demonstrate that nidoviruses are even more fastidious 

with respect to Sia receptor usage than appreciated so far. For all nidovirus HEs studied, 

the ligand specificity and SOAE substrate preference are in close accord (Figures 3B and 

S2C), indicative of co-evolution of lectin and esterase domains. Apparently, Sia subtype 

preference correlates with viral host tropism. The HE proteins of PToV-Markelo and -P4 

are highly divergent, with only 77% identity in their ectodomains, yet both display a 

< Figure 6. Differential expression of P4 and LUN-type Sias in human and murine cerebellum. 

(A) Immunohistochemical staining of cross-sections of mouse brain with P4 (DAB) and LUN 

(VectorRed). Images in pseudo-colors (hematoxylin (Htx), blue; P4 and LUN in red or green as 

indicated) were created by spectral analysis. (B) Blow-up of (A). (C) RBCs in blood vessels stain 

with P4 and LUN. (D) Differential expression of O-Ac-Sias in human Purkinje cells detected 

by conventional light microscopy, or (E) by double lectin staining and spectral analysis as in 

(A). (F) Serial sections of mouse cerebellum stained with virolectins after mock-treatment 

(left), enzymatic depletion of 9-O-Ac-Sia moieties (middle), or subsequent C7-to-C9 O-acetyl 

migration (right).
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preference for 9-mono-O-Ac-Sias. In contrast, the HEs of BCoV and those of two distinct 

BToV lineages (represented by strains Breda and B150), all preferentially bind to 7,9-di-

O-acetylated ligands instead (Figure 3B). It would seem that in toroviruses and lineage A 

betacoronaviruses, HE selectivity for O-Ac-Sia receptor subtypes arose as an adaptation to 

the ‘sialomes’ of the target tissues in their respective hosts, and that the shared preference 

of bovine corona- and toroviruses for 7,9-di-O-Ac-Sias resulted from convergent evolution.

Cell-to-cell variability in O-Ac-sialoglycan synthesis: stochastic gene expression or 

determinism? Our results not only advance the understanding of virus-Sia interactions 

and virus evolution, but, more importantly, also show how virolectins can be exploited as 

tools in sialoglycomics and explorative glycobiology. One of our most striking observations 

is the phenotypic heterogeneity among individual cells of homogenous clonal cell lines. 

Cells differed not only in the extent to which they expressed O-Ac-Sias, but also in the types 

of O-Ac-Sias produced. Apparently, even in populations of tissue culture cells, cell-to-cell 

variation occurs in the expression of enzymes required for the biosynthesis or degradation 

of O-Ac-Sias, and/or of the glycoconjugates that are carry these sugars. This cell-to-cell 

variability may be attributed to stochasticity (‘noisy’ gene expression), but perhaps more 

likely arises from deterministic spatiotemporal influences such as population context and/

or cellular crowding (40). Indeed, O-Ac-Sia expressing cells tend to occur in islets (Figure 

4A). HRT-18 subpopulations, selected by lectin-MACS for O-Ac-Sia surface expression or 

lack thereof, reverted to Sia heterogeneity over time (~7 days) and a limited number of 

cell generations (Figure 4D), reminiscent of the short term phenotypic memory seen in 

other examples of cell-to-cell variability (41, 42). Our findings raise questions regarding 

the triggers that induce or prevent Sia-O-acetylation in individual cells, but also offer ways 

and means to study this phenomenon and the mechanisms involved. On a more technical 

note, our observations illustrate the intricacies of (sialo)glycobiology, and underline 

the pitfalls and limitations of functional glycomics approaches based upon averaging 

sialoglycan content of cell populations and whole tissue samples. 

O-acetyl-sialoglycan expression in mammals: cell-, tissue- and species-specificity. 

Comparative analysis of mouse and human revealed important differences in Sia 

repertoire and sialylation profiles. For example, 4-O-Ac-Sias, abundant in mice (and 

horses), were not detected by virolectin-histochemistry in humans, neither in cultured 

cells nor in tissues. Of two reports of 4-O-Ac Sias in humans, one involved a Sia 

variant, Neu4Ac5Gc (43), of established non-human, dietary origin (44, 45). The other 

observation of Neu4,5Ac2 and 9-O-lactylated Neu4,5Ac2 in human erythrocytes (46) as 

yet awaits independent confirmation. We cannot exclude that 4-O-Ac-Sias are expressed 

infrequently, in concentrations below our detection levels, and/or specifically in distinct 
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types of tissues and cells absent from our human tissue arrays. Yet, the data lead us to 

consider that humans might not produce this type of Sia after all. Such a deficiency would 

not be without precedent: defective synthesis of Neu5Gc sets us apart even from our 

closest non-human relatives (47). 

 9-O-Ac-Sialoglycans occur in both human and mouse, and apparently are expressed 

in a well-coordinated cell- and tissue-specific fashion. There are species differences in 

tissue distribution of distinct 9-O-Ac-Sias, and, in general, these sugars are more widely 

and abundantly present in the mouse. More importantly, however, in several key organs 

and tissues, particularly in the brain, mouse and human share highly similar 9-O-Ac-Sia 

expression profiles, suggestive of evolutionary and functional conservation.

 

Conclusions and perspectives

The present work opens avenues for the exploration of the vast and uncharted territory 

which is sialoglycobiology. The challenge ahead will be to answer the many questions 

raised by present observations. For example, how is O-acetylation of Sias regulated at the 

level of individual cells? What are the cues to activate or inactivate the cellular SOATs and 

SOAEs to establish, maintain and alter a particular cell (surface) sialylation profile? Which 

enzymes and signaling pathways are involved? Which glycoconjugates are decorated with 

O-Ac-Sias? How does Sia-O-acetylation and the regulation thereof relate to cell function? 

Are there, for example, functional differences between Purkinje cell populations that 

express O-Ac-Sias and those that do not, and why is there a preference for expression 

of LUN- rather than P4-type Sias in these neurons? The resources and methodology 

described here will help to settle these outstanding issues. Moreover, our understanding 

of the molecular basis of ligand and substrate recognition by nidovirus HEs may allow 

the construction of designer lectins and enzymes of even higher affinity and more narrow 

specificity to further facilitate such studies.

Experimental Procedures

Protein Expression and Purification. Nidovirus HE ectodomains and influenza virus C 

HEF-1 were transiently expressed in HEK293T cells as fusion proteins with a C-terminal Fc 

domain of human IgG1 or that of mouse or bovine IgG2a as described (19). HE-Fc proteins, 

purified from cell supernatants by protein A-affinity chromatography, were eluted with 

0.1 M citric acid, pH 3.0. Eluates were neutralized with 1 M Tris-buffer, pH 8.8 (0.2 M final 

concentration) and dialyzed for 16 h at 4°C against PBS. 
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Hemagglutination assay. Hemagglutination assays were performed with rat RBCs 

(Rattus norvegicus strain Wistar; 50% suspension in PBS) and 2-fold serial dilutions of HE0-

Fc proteins (starting at 0.1 µg/μl) as described (19). For specific depletion of cell surface 

O-Ac-Sias, RBCs were (mock) treated with BCoV-Mebus, MHV-S, PToV-Markelo, or BToV-

Breda HE+-Fc (0.2 µg/μl) for 2 h at 37°C, washed with PBS and resuspended to 50%. 

Solid-phase lectin binding assay (sp-LBA). Maxisorp 96-well plates (Nunc) were coated 

for 16 h at 4°C with native BSM (10 μg/ml in PBS, pH 6.5; 100 μl/well) or with BSM 

preparations, depleted for specific O-Ac-Sias. For the production of BSM preparations 

with defined O-Ac-Sia content, see supplemental Experimental Procedures. Two-fold 

serial dilutions of HE0-Fc lectins in blocking buffer (PBS, 0.05% Tween-20, 2% BSA) were 

applied (starting at 0.1 µg/μl, 100 μl/well) for 1 h at 37°C. Incubation was then continued 

with horseradish peroxidase (HRP)-conjugated goat-α-human-IgG antibody (Southern 

Biotech; 1:1,000 in blocking buffer) for 30 min at 37°C. Washing was with PBS, 0.05% 

Tween-20. Bound HE0-Fc was detected with TMB Super Slow One Component HRP 

Microwell Substrate (BioFX). Optical densities (OD) were measured at 450 nm. 

 For on-the-plate depletion of O-Ac-Sia receptors, native BSM coated on Maxisorp 

plates was (mock-)treated with 2-fold serial dilutions of BCoV-Mebus, PToV-P4 (starting 

at 0.1 ng/μl) or BToV-Breda (starting at 5 ng/μl) HE+ enzymes in PBS, pH 6.5 for 2 h at 

37°C (100 μl/well). sp-LBA with BCoV-Mebus (5 ng/μl) and PToV-P4 (1 ng/μl) lectins were 

as described. Depletion of O-Ac-Sia receptors was calculated from the inverse of lectin 

binding measurements, expressed in percentages.

Lectin-immunofluorescence assay (L-IFA) of cultured cells. Cell monolayers on glass 

coverslips were fixed with paraformaldehyde (PFA; 3.7% in PBS, 15 min), either left 

non-permeabilized or permeabilized with PBS, 0.1% Triton-X100 (10 min), successively 

incubated (1 h each) with blocking buffer (PBS, 0.05% Tween-20, 2% BSA) and with HE0-

Fc lectins (MHV-S, 50 μg/ml; PToV-P4, 20 μg/ml; ECoV-NC99, 100 μg/ml; BCoV-LUN, 100 

μg/ml; concentrations used were 2- to 4-fold above saturation as determined by LFAs 

with 2-fold serial dilutions of each lectin), and then for 30 min with goat-α-human IgG-

Dylight488 and/or goat-α-bovine IgG-Dylight549 (Jackson ImmunoResearch; 1:100), 

and with Hoechst-33258 (1:200). All incubations were in blocking buffer. Washing was 

performed with PBS, 0.05% Tween-20. The cells, embedded in FluorSave (Calbiochem), 

were examined by standard fluorescence microscopy (Leica DMRE). 

 Inhibitors were added to culture supernatants of HRT-18 cells (Benzyl-GalNAc, 2.5 

mM; NB-DNJ, 0.2 mM; NB-DGB, 0.1 mM; NB-DMJ, 0.1 mM). Incubation was continued for 

72 h. Cells were fixed and stained with PToV-P4 and BCoV-LUN HE0-Fc lectins as above. 

To de-O-acetylate or remove cell surface Sias prior to L-IFA, PFA-fixed Ederm cells were 
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incubated for 2 h at 37ºC with PBS, containing 20 μg/ml MHV-S HE+-Fc or 100 mU/ml 

Arthrobacter ureafaciens sialidase (AuS; Sigma), respectively.

Lectin staining of mammalian tissues. Paraffin-embedded tissue sections (Gentaur; 

mouse tissue array, AMS541; mouse brain, T2334035; human tissue array, AC1; human 

cerebellum, T2234039) were dewaxed in xylene and rehydrated. Endogenous peroxidases 

were inactivated with peroxide (0.3% in methanol). For indirect chromogenic detection 

of O-Ac-Sias, tissue sections were successively incubated with HE0-Fc virolectins (20 or 

40 μg/ml; optimal concentrations determined as described for L-IFA), with biotinylated 

goat-α-human IgG or goat-α-mouse IgG antibodies (Sigma; 1:250; lectins and antibodies 

all diluted in blocking buffer), with avidin-biotin HRPO complex (ABC-PO staining kit, 

Thermo Scientific) and with 3,3’-diaminobenzidine (DAB) (Sigma). Blocking, incubations 

and washing was as for L-IFA. Tissue sections were counterstained with Mayer’s 

Hematoxylin, embedded in Eukitt® mounting medium (Fluka) and examined by standard 

light microscopy. Simultaneous detection of P4- and LUN-type Sias in human cells was 

performed with PToV-P4 (20 μg/ml) and BCoV-LUN (40 μg/ml) HE0 fused to mouse and 

bovine Fc-domains, respectively, and with a combination of HRP-conjugated goat-α-

mouse IgG- and alkaline phosphatase (AP)-conjugated goat-α-bovine IgG antibodies 

(Jackson ImmunoResearch). Tissue sections were stained for AP with the VectorRed AP 

Substrate kit (Vector) and for HRPO with DAB, and further processed as above. Mouse 

tissues were treated like-wise, but with HE0s fused to human or bovine IgG Fc-domains. 

Spectral analysis (460 to 660 nm at 10-nm intervals) was performed as described (48) 

using a Leica BM5000 microscope (Leica Microsystems; Wetzlar, Germany) with a Nuance 

VIS-FL Multispectral Imaging System (Cambridge Research Instrumentation; Woburn, 

MA). Images were analyzed with Nuance 2.4.

Glycan sialoglycan microarray. Glycan microarrays were prepared with epoxide-

derivatized slides and processed, essentially as described (22). For detailed procedures, 

see Supplemental Information.

Molecular docking. The structure of α-Neu5,7,9Ac32Me was drawn using Chemsketch 

(Advanced Chemistry Development, Inc.). Docking simulations between BCoV-Mebus 

HE (PDB ID 3CL5) and α-Neu5,7,9Ac32Me were performed using AutoDock Vina software 

(Scripps Research Institute) at a box size of 20x15x15 Å, with HE set as a rigid unit and with 

the ligand allowed to be flexible and adaptable. Docking of α-Neu5,9Ac22Me predicted a 

Sia topology identical to that seen in the crystal structure of the HE/α-Neu4,5,9Ac32Me 

complex thus validating the simulation conditions (data not shown).



56

Acknowledgements
We thank Jolanda D.F. de Groot-Mijnes and Willem Luytjes for advice and for critically 

reading the manuscript. This work was supported by NIH grants R01GM32373 (to AV), 

R01HD065122 and NIH GM076360 (to XC), and by NWO-ECHO grants 700.55.007 and 

711.011.006 from the Netherlands Organization for Scientific Research (to RJdG). We 

thank Servier Medical Art for the schematic organ representations used in the graphical 

abstract.



57

Complexity and diversity of the mammalian sialome revealed by Nidovirus HEs

2

References

1. Crocker PR, Paulson JC, & Varki A (2007) Siglecs and their roles in the immune system. Nat Rev 

Immunol 7(4):255-266.

2. Schauer R (2009) Sialic acids as regulators of molecular and cellular interactions. Curr Opin Struct 

Biol 19(5):507-514.

3. Deng L, Chen X, & Varki A (2013) Exploration of sialic Acid diversity and biology using sialoglycan 

microarrays. Biopolymers 99(10):650-665.

4. Chou HH, et al. (1998) A mutation in human CMP-sialic acid hydroxylase occurred after the Homo-

Pan divergence. Proc Natl Acad Sci U S A 95(20):11751-11756.

5. Irie A, Koyama S, Kozutsumi Y, Kawasaki T, & Suzuki A (1998) The molecular basis for the absence 

of N-glycolylneuraminic acid in humans. The Journal of biological chemistry 273(25):15866-15871.

6. Kamerling JP & Gerwig GJ (2006) Structural analysis of naturally occurring sialic acids. Methods in 

molecular biology 347:69-91.

7. Klein A & Roussel P (1998) O-acetylation of sialic acids. Biochimie 80(1):49-57.

8. Cariappa A, et al. (2009) B cell antigen receptor signal strength and peripheral B cell development 

are regulated by a 9-O-acetyl sialic acid esterase. J Exp Med 206(1):125-138.

9. Surolia I, et al. (2010) Functionally defective germline variants of sialic acid acetylesterase in 

autoimmunity. Nature 466(7303):243-247.

10. Pillai S (2013) Rethinking mechanisms of autoimmune pathogenesis. J Autoimmun 45:97-103.

11. Bull C, Stoel MA, den Brok MH, & Adema GJ (2014) Sialic Acids Sweeten a Tumor’s Life. Cancer Res.

12. Ghosh S, et al. (2007) O-acetylation of sialic acids is required for the survival of lymphoblasts in 

childhood acute lymphoblastic leukemia (ALL). Glycoconjugate journal 24(1):17-24.

13. Mukherjee K, et al. (2008) O-acetylation of GD3 prevents its apoptotic effect and promotes survival 

of lymphoblasts in childhood acute lymphoblastic leukaemia. J Cell Biochem 105(3):724-734.

14. Parameswaran R, et al. (2013) O-acetylated N-acetylneuraminic acid as a novel target for therapy 

in human pre-B acute lymphoblastic leukemia. The Journal of experimental medicine 210(4):805-

819.

15. Neu U, Bauer J, & Stehle T (2011) Viruses and sialic acids: rules of engagement. Curr Opin Struct Biol 

21(5):610-618.

16. de Groot RJ (2006) Structure, function and evolution of the hemagglutinin-esterase proteins of 

corona- and toroviruses. Glycoconj J 23(1-2):59-72.

17. Langereis MA, et al. (2009) Structural basis for ligand and substrate recognition by torovirus 

hemagglutinin esterases. Proc Natl Acad Sci U S A 106(37):15897-15902.

18. Langereis MA, Zeng Q, Heesters BA, Huizinga EG, & de Groot RJ (2012) The murine coronavirus 

hemagglutinin-esterase receptor-binding site: a major shift in ligand specificity through modest 

changes in architecture. PLoS pathogens 8(1):e1002492.

19. Zeng Q, Langereis MA, van Vliet ALW, Huizinga EG, & de Groot RJ (2008) Structure of coronavirus 

hemagglutinin-esterase offers insight into corona and influenza virus evolution. Proceedings of the 

National Academy of Sciences of the United States of America 105(26):9065-9069.

20. Smits SL, et al. (2005) Nidovirus sialate-O-acetylesterases: evolution and substrate specificity of 

coronaviral and toroviral receptor-destroying enzymes. J Biol Chem 280(8):6933-6941.

21. Padler-Karavani V, et al. (2011) Human xeno-autoantibodies against a non-human sialic acid serve 

as novel serum biomarkers and immunotherapeutics in cancer. Cancer Res 71(9):3352-3363.



58

22. Padler-Karavani V, et al. (2012) Cross-comparison of protein recognition of sialic acid diversity on 

two novel sialoglycan microarrays. J Biol Chem 287(27):22593-22608.

23. Kozak RP, Royle L, Gardner RA, Fernandes DL, & Wuhrer M (2012) Suppression of peeling during 

the release of O-glycans by hydrazinolysis. Analytical biochemistry 423(1):119-128.

24. Aamelfot M, Dale OB, Weli SC, Koppang EO, & Falk K (2014) The in situ distribution of glycoprotein-

bound 4-O-Acetylated sialic acids in vertebrates. Glycoconjugate journal 31(4):327-335.

25. Klein A, Krishna M, Varki NM, & Varki A (1994) 9-O-acetylated sialic acids have widespread but 

selective expression: analysis using a chimeric dual-function probe derived from influenza C 

hemagglutinin-esterase. Proc Natl Acad Sci U S A 91(16):7782-7786.

26. Krishna M & Varki A (1997) 9-O-Acetylation of sialomucins: a novel marker of murine CD4 T cells 

that is regulated during maturation and activation. J Exp Med 185(11):1997-2013.

27. Shi WX, Chammas R, & Varki A (1996) Regulation of sialic acid 9-O-acetylation during the growth 

and differentiation of murine erythroleukemia cells. J Biol Chem 271(49):31517-31525.

28. Shi WX, Chammas R, & Varki A (1998) Induction of sialic acid 9-O-acetylation by diverse gene 

products: implications for the expression cloning of sialic acid O-acetyltransferases. Glycobiology 

8(2):199-205.

29. Sjoberg ER, Powell LD, Klein A, & Varki A (1994) Natural ligands of the B cell adhesion molecule 

CD22 beta can be masked by 9-O-acetylation of sialic acids. J Cell Biol 126(2):549-562.

30. Gouyer V, et al. (2001) Inhibition of the glycosylation and alteration in the intracellular trafficking 

of mucins and other glycoproteins by GalNAcalpha-O-bn in mucosal cell lines: an effect mediated 

through the intracellular synthesis of complex GalNAcalpha-O-bn oligosaccharides. Front Biosci 

6:D1235-1244.

31. Platt FM, Neises GR, Karlsson GB, Dwek RA, & Butters TD (1994) N-butyldeoxygalactonojirimycin 

inhibits glycolipid biosynthesis but does not affect N-linked oligosaccharide processing. J Biol 

Chem 269(43):27108-27114.

32. Dam TK & Brewer CF (2010) Multivalent lectin-carbohydrate interactions energetics and 

mechanisms of binding. Advances in carbohydrate chemistry and biochemistry 63:139-164.

33. Dam TK, et al. (2007) Binding studies of alpha-GalNAc-specific lectins to the alpha-GalNAc (Tn-

antigen) form of porcine submaxillary mucin and its smaller fragments. J Biol Chem 282(38):28256-

28263.

34. Corfield AP, Ferreira do Amaral C, Wember M, & Schauer R (1976) The metabolism of O-acyl-N-

acylneuraminic acids. Biosynthesis of O-acylated sialic acids in bovine and equine submandibular 

glands. Eur J Biochem 68(2):597-610.

35. Rinninger A, et al. (2006) Localisation and distribution of O-acetylated N-acetylneuraminic acids, 

the endogenous substrates of the hemagglutinin-esterases of murine coronaviruses, in mouse 

tissue. Glycoconj J 23(1-2):73-84.

36. Corfield AP, Sander-Wewer M, Veh RW, Wember M, & Schauer R (1986) The action of sialidases on 

substrates containing O-acetylsialic acids. Biol Chem Hoppe Seyler 367(5):433-439.

37. Davies LR & Varki A (2013) Why Is N-Glycolylneuraminic Acid Rare in the Vertebrate Brain? Top Curr 

Chem.

38. Matrosovich M, Herrler G, & Klenk HD (2013) Sialic Acid Receptors of Viruses. Top Curr Chem.

39. Stehle T & Khan ZM (2014) Rules and exceptions: sialic acid variants and their role in determining 

viral tropism. Journal of virology.

40. Snijder B & Pelkmans L (2011) Origins of regulated cell-to-cell variability. Nat Rev Mol Cell Biol 

12(2):119-125.



59

Complexity and diversity of the mammalian sialome revealed by Nidovirus HEs

2

41. Sigal A, et al. (2006) Variability and memory of protein levels in human cells. Nature 444(7119):643-

646.

42. Mariani L, et al. (2010) Short-term memory in gene induction reveals the regulatory principle 

behind stochastic IL-4 expression. Mol Syst Biol 6:359.

43. Miyoshi I, Higashi H, Hirabayashi Y, Kato S, & Naiki M (1986) Detection of 4-O-acetyl-N-

glycolylneuraminyl lactosylceramide as one of tumor-associated antigens in human colon cancer 

tissues by specific antibody. Molecular immunology 23(6):631-638.

44. Banda K, Gregg CJ, Chow R, Varki NM, & Varki A (2012) Metabolism of vertebrate amino sugars 

with N-glycolyl groups: mechanisms underlying gastrointestinal incorporation of the non-

human sialic acid xeno-autoantigen N-glycolylneuraminic acid. The Journal of biological chemistry 

287(34):28852-28864.

45. Tangvoranuntakul P, et al. (2003) Human uptake and incorporation of an immunogenic nonhuman 

dietary sialic acid. Proceedings of the National Academy of Sciences of the United States of America 

100(21):12045-12050.

46. Bulai T, Bratosin D, Pons A, Montreuil J, & Zanetta JP (2003) Diversity of the human erythrocyte 

membrane sialic acids in relation with blood groups. FEBS letters 534(1-3):185-189.

47. Chou HH, et al. (2002) Inactivation of CMP-N-acetylneuraminic acid hydroxylase occurred prior to 

brain expansion during human evolution. Proc Natl Acad Sci U S A 99(18):11736-11741.

48. van der Loos CM (2008) Multiple immunoenzyme staining: methods and visualizations for the 

observation with spectral imaging. J Histochem Cytochem 56(4):313-328.

49. Trott O & Olson AJ (2010) AutoDock Vina: improving the speed and accuracy of docking with a new 

scoring function, efficient optimization, and multithreading. Journal of computational chemistry 

31(2):455-461.



60

Supplemental figures:



61

Complexity and diversity of the mammalian sialome revealed by Nidovirus HEs

2
< Figure S1. (A) Domain organization of nidovirus HEs. The BCoV-Mebus HE dimer in 

complex with a receptor analogue (PDB ID: 3CL5) is shown in cartoon representation.  One 

HE monomer is colored according to domain, with the lectin domain in blue, the sialate-O-

acetylesterase  (SOAE) domain in green, and the membrane proximal domain in red. The 

receptor analogue for 9-O-Ac-Sia (α-Neu4,5,9Ac32Me), bound in the lectin site, is depicted 

in stick representation (cyan = carbon; red = oxygen; blue = nitrogen). (B) Structural diversity 

of sialic acids. Stick representations (left) and Kekulé structures (right) of N-acetylated, 

N-glycolylated and O-acetylated Sia variants. Stick representations (cyan = carbon; red = 

oxygen; blue = nitrogen) are based on crystal structures (α-Neu5,9Ac2, α-Neu5,7,9Ac3 and 

α-Neu4,5,9Ac3
 PDB ID: 3CL5 (Zeng et al., 2008); α-Neu4,5Ac2, PDB ID: 4C7W (Langereis et 

al., 2012); α-Neu5Gc, PDB ID:  2WYK (Byres et al., 2008), modified with PYMOL to add or 

delete O-acetyl moieties. In the Kekulé structures, pertinent Sia modifications are indicated 

in red. (C) GLC-EIMS analysis of Sia constituents of BSM. Total-ion-current chromatograms 

of sialic acids released from BSM, using either propionic-acid (top) or Arthrobacter ureafaciens 

sialidase (bottom), and converted into volatile pertrimethylsilylated derivatives (Kamerling 

and Gerwig, 2006). For explanation of the numbered peaks, see Table S2. (D) Mass 

chromatograms of the M-COOSiMe3 ion 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. Mass spectra of 

the GLC peaks of the Neu5Ac (peak #1-7) and Neu5Gc (peak 8-13) species are available upon 

request.
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< Figure S2. Enzymatic activity of nidovirus and influenza virus C HE SOAE domains towards 

O-acetylated Sias of BSM as determined by GLC-EIMS. (A) Activity towards 9-mono-O-Ac-

Sias (Neu5,9Ac2; open squares) and 7,9-di-O-Ac-Sias (Neu5,7,9Ac3; black circles). (B) Activity 

towards 9-mono-O-acetylated, 5-N-acetylated (Neu5,9Ac2; open squares) and 9-mono-O-

acetylated, 5-N-glycolylated Sias (Neu5Gc9Ac; black triangles). (C) Summary of nidovirus 

HE+-Fc (SOAE) substrate preference profiles based on present and published observations 

(Zeng et al., 2008, Langereis et al., 2009; Langereis et al., 2012). N.A., not analyzed.
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^ Figure S3. Glycan microarray analysis with ECoV-NC99, PToV-P4, BCoV-LUN and BCoV-

Mebus HE0-Fc fusion proteins; Sialoglycan structures and heat map representation of binding 

results. Note the exclusive binding to 9-O-Ac-Sias; this binding was prevented by pretreating 

the glycans with excess BCoV HE+ SOAE (data not shown).



65

Complexity and diversity of the mammalian sialome revealed by Nidovirus HEs

2

^ Figure S4. Colocalization of 9-O-Sias with intracellular markers in permeabilized cells and 

evidence for specific binding of virolectins to O-Ac-Sias in cells as detected by L-IFA, (A) 

Colocalization of P4-type 9-O-Sias (green) and intracellular markers (red) in permeabilized 

HeLa cells. Nuclei were stained with Hoechst-33258 (blue). 9-O-Ac-Sias as detected by 

PToV-P4 HE colocalize with GM130 (Golgi complex) and partially with COP-I (ER/Golgi), but 

not with calreticulin (ER) or with early endosomal antigen-1 (early endosomes). (B) Binding 

of virolectins P4 (green) and LUN (red) to non-permeabilized and permeabilized HeLa, 

HEK293T and HRT-18 cells is abolished by pre-treatment of the cells with the sialate-9-O-

acetylesterase BCoV-Mebus HE+ or with Arthrobacter ureafaciens neuraminidase (NA). Nuclei 

were stained with Hoechst-33258 (blue). No binding was observed with derivatives of LUN 

and P4 in which the O-Ac-Sia binding sites in the lectin domain was demolished by structure-

guided single amino acid substitutions, providing additional proof for specificity of binding 

(data not shown). (C) Binding of virolectin MHV-S HE (green) to non-permeabilized Ederm 

cells is sensitive to pre-treatment of the cells with the sialate-4-O-acetylesterase MHV-S HE+. 
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< Figure S5. Differential expression of MHV-S-, P4- and LUN-type Sias in mouse tissues. 

Tissue sections were either mock-stained or stained for 4-O- and 9-O-Ac Sias with MHV-S, 

P4 or LUN HEs. 

^ Figure S6. Differential expression of P4- and LUN-type Sias in human tissues. Tissue 

sections were either mock-stained or stained for 9-O-Ac Sias with P4 or LUN HEs. 
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Supplemental tables:

Table S1. Nidovirus HE-Fc fusion proteins; origin, acronyms and sequences, related to Figure 1

Virus Acronym Strain Residues GenBank #

Bovine coronavirus BCoV Mebus 19-388 AAA66393.1

LUN 19-388 AAL57307.1

Equine coronavirus ECoV NC99 19-390 AAQ67204.1

Mouse hepatitis virus MHV S 25-403 AAX08110.1

Porcine torovirus PToV P4 24-393 CAE01330.1

MAR 24-393 CAE01329.1

Bovine torovirus BToV Breda 15-392 CAA71819.1

B150 15-391 CAE01346.1

Table S2. Allocation of GLC-EIMS peaks of BSM sialic acid derivatives after pertrimethylsilylation 

(Kamerling and Gerwig, 2006). Note that glycosidically-bound Sias invariably adopt the alpha-

configuration, while free Sia interconverts between alpha/beta conformers with the beta-

configuration often preferred. Related to Supplemental Experimental Procedures

Relative retention time (Rβ-Neu5Ac) Assignment Relative amounts (%)

1 0.96 α-Neu5,7Ac2 4.3

2 1.00 β-Neu5Ac 18.85

2’ 1.01 α-Neu5,7,9Ac3 3.65

3 1.03 β-Neu5,7Ac2 17

4 1.06 β-Neu5,9Ac2 11.7

5 1.08 β-Neu5,7,9Ac3 7.1

6 1.09 α-Neu5,9Ac2 3.35

7 1.11 β-Neu5,8,9Ac3 0.6

7’ 1.13 α-Neu5,8,9Ac3 < 0.05

8 1.54 α-Neu5Gc7Ac 0.086

9’ 1.68 α-Neu5Gc7,9Ac2 0.86

9 1.69 β-Neu5Gc7Ac 1.7

10 1.72 β-Neu5Gc 21.8

11 1.77 β-Neu5Gc7,9Ac2 1.1

12 1.78 β-Neu5Gc9Ac 6.5

12’ 1.78 β-Neu5Gc7,8Ac2 < 0.05

13 1.81 α-Neu5Gc9Ac 1.4
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Table S3. BSM Sia composition, related to Supplemental Experimental Procedures

Sia species Relative amounts (%)

Neu5Ac (total) 66.5

Neu5Gc (total) 33.5

Neu5Ac 18.85

Neu5,7Ac2 21.3

Neu5,8Ac2 N.D.

Neu5,9Ac2 15

Neu5,7,8Ac3 N.D.

Neu5,8,9 Ac3 0.6

Neu5,7,9Ac3 10.75

Neu5Gc 21.8

Neu5Gc7Ac 1.8

Neu5Gc8Ac N.D.

Neu5Gc9Ac 7.9

Neu5Gc7,8Ac2 < 0.05

Neu5Gc8,9Ac2 N.D.

Neu5Gc7,9Ac2 2

N.D. Not detected

Table S4. Expression of distinct O-acetylated Sia-glycan populations in the Golgi complex 

(Golgi) and on the plasma membrane (PM) in continuous cell-lines as determined by virolectin 

fluorescence binding assay with permeabilized, and non-permeabilized cells, related to 

Figures 4 and 5

Cell-line Species MHV-S PToV-P4 BCoV-LUN

HeLa Human - Golgi Golgi

HEK293T Human - Golgi Golgi

HRT-18 Human - Golgi and PM Golgi and PM

MDCK Canine - Golgi and PM Golgi and PM

MDBK Bovine - Golgi and PM Golgi and PM

LR7 Murine Golgi Golgi Golgi

Ederm Equine Golgi and PM Golgi Golgi

FHK Equine Golgi and PM Golgi Golgi
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Supplemental experimental procedures 

Analysis of the Sia composition of BSM by mild sialidase treatment and gas-liquid 

chromatography-electron ionization mass spectrometry (GLC-EIMS). The Sia 

composition of bovine submaxillary mucin (BSM) as analyzed by GLC-EIMS has been 

reported (Reuter et al., 1983). However, as O-Ac groups are unstable and subject to C7-

to-C9 migration (Kamerling et al., 1987), large differences may exist in O-Ac-Sia content 

among different batches of BSM. Moreover, in order to perform GLC-EIMS, Sias have 

to be released from the penultimate sugar residues, the classical procedure for which 

is incubation with 2 M propionic acid at 80°C (Kamerling and Gerwig, 2006). These 

conditions are known to have an effect on the labile O-acetyl groups in terms of loss and 

migration. For our analyses, it was crucial that the O-Ac-Sia composition as measured by 

GLC-EIMS reliably reflected that of native BSM. We therefore established an alternative 

protocol to release the Sias enzymatically, with all experimental procedures performed 

under conditions that would minimize O-acetyl release/migration. 

 BSM (500 μg) was dissolved in 500 μl PBS, pH 6.5 and treated with 50 mU of Arthrobacter 

ureafaciens sialidase (AuS; Sigma) for 4 h at 37°C (note that reactions were performed 

at mildly acidic pH to prevent migration C7-O-acetyl moieties to C9; (Kamerling et al., 

1987). For comparison, the same amount of BSM was dissolved in 500 μl 2 M propionic 

acid and incubated at 80°C for 4 h. Sia samples were lyophilized and trimethylsilylated 

with a mixture of trimethylchlorosilane : hexamethyldisilazane : pyridine (1:1:5) for 30 

min at RT. Derivatized samples were separated by GLC with a temperature program of 

25 min at 220°C, followed by a gradient from 220°C to 300°C at 6°C/min, and finally for 

6 min at 300°C using a Fisons Instruments GC8060 gas chromatograph equipped with 

an AT-1 column (30 m x 0.25 mm, Alltech). Sia content was determined by EIMS using 

a Fisons Instruments MD800 system. Chromatograms were analyzed and quantitated 

with MassLab software (Fisons Instruments). Graphs were made in GraphPad (GraphPad 

Software, San Diego, CA, USA).

 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). GLC 

analysis of the Sia species after trimethylsilylation revealed 13 distinct peaks (Figure S1C), 

and EIMS analysis (Figure S1D) resulted in the identification of 17 different Sia species 

(Table S2 and S3, mass spectra of the GLC peaks are available upon request). As expected, 

release of Sias using propionic acid resulted in loss of O-acetylation and in migration of 

the 7-O-Ac group to the C9 position (shifting of peaks 1, 3, 8 and 9 to 4, 7, 12 and 13, 

respectively; Figure S1C). The mild enzymatic release protocol was used throughout.
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BSM preparations with defined O-Ac-Sia content. BSM, 1 mg/ml in PBS, was (mock-)

treated with HE+-Fc enzyme, coupled to protein A-sepharose beads, for 2 h at 37°C and pH 

6.5 (to prevent C7-to-C9 O-Ac migration), unless stated otherwise. Enzyme was removed 

by sepharose pelleting. BSM preparations, devoid of 9-mono-O-Ac-Sias, but with 

(7/8),9-di-O-Ac-Sias preserved, were obtained by incubation with PToV-P4 HE+-Fc (0.8 

μg/ml). BSM, containing 7-O-Ac-Sia exclusively, was prepared by SOAE treatment with 

20 μg/ml BCoV-Mebus HE+-Fc. BSM, containing 9-mono-O-Ac-Sia, but devoid of other 

O-Ac-Sias, was prepared by treatment with BToV-Breda (25 μg/ml) or BCoV-Mebus (20 

μg/ml) HE+-Fc. Upon removal of the enzyme, the supernatant was adjusted to pH 8.0 with 

Tris-HCl, pH 8.0 (final concentration 0.1 M), followed by incubation at 65°C for 30 min to 

induce migration of the Sia-7-O-acetyl group to C9 (Kamerling et al., 1987). BSM, devoid 

of all O-Ac-Sias, was obtained by subjecting BSM to Sia-de-O-acetylation at pH 8.0 with 

a mixture of BCoV-Mebus (10 μg/ml) and PToV-P4 (10 μg/ml) HE+-Fc. Of all preparations, 

500 μl samples were analyzed for Sia content by GLC-EIMS as above.

Glycan microarrays. Microarray slides, printed with 3-aminopropyl b-glycosides (see 

Figure S3), were blocked by ethanolamine, washed and dried, and then fitted in a multi-

well microarray hybridization cassette (ArrayIt, CA) to divide into subarrays. The subarrays 

were blocked with Ovalbumin (1% w/v) in PBS (pH 7.4) for 1 h at RT, with gentle shaking. 

Subsequently, the blocking solution was replaced by HE0-Fc dilutions. In the case of pre-

treating the slides with active HE+ to remove 9-O-acetyl groups of Sias on the microarrays 

and to demonstrate specificity of binding, 20 µg/mL of HE+ was added and incubated 

for 2 h. After incubating the HE0 lectins for 2 h at RT with gentle shaking, the slides were 

extensively washed to remove non-specifically bound proteins. Fluorescently labeled 

antibody (Cy3-labeled goat anti-human IgG, Jackson ImmunoResearch Laboratories) 

was applied and incubated for 1 h. Following final washes and drying, glycan microarray 

slides were scanned with a Genepix 4000B microarray scanner (Molecular Devices Corp., 

Union City, CA) immediately. Data were analyzed with Genepix Pro 7.0 analysis software 

(Molecular Devices Corp., Union City, CA).
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Abstract

Sialic acids, terminal sugars of glycoproteins and glycolipids, play important roles 

in development, cellular recognition processes and host-pathogen interactions. A 

common modification of sialic acids is 9-O-acetylation, which has been implicated in 

sialoglycan recognition, ganglioside biology, and the survival and drug-resistance of acute 

lymphoblastic leukaemia cells. Despite many functional implications, the molecular basis 

of 9-O-acetylation has remained elusive thus far. Following cellular approaches, including 

selective gene knock-out by CRISPR/Cas genome editing, we here show that CASD1 - a 

previously identified human candidate gene - is essential for sialic acid 9-O-acetylation. In 

vitro assays with the purified N-terminal luminal domain of CASD1 demonstrate transfer 

of acetyl groups from acetyl-coenzyme A to CMP-activated sialic acid and formation of a 

covalent acetyl-enzyme intermediate. Our study provides direct evidence that CASD1 is a 

sialate O-acetyltransferase and serves as key enzyme in the biosynthesis of 9-O-acetylated 

sialoglycans.
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Introduction

Sialic acids (Sias) are acidic nine-carbon sugars that commonly cap the glycan chains 

of cell surface glycoproteins and glycolipids. Sialoglycotopes are key determinants for 

numerous cell recognition events and play fundamental roles in development and host-

pathogen interactions (1). Of note, Sias show a pronounced structural diversity that arises 

from N- and O-substitutions of the parent compound neuraminic acid and this diversity is 

of critical importance for Sia recognition and subsequent cellular processes. For example, 

the prevalent human Sia 5-N-acetylneuraminic acid (Neu5Ac) can be substituted by 

9-O-acetylation, a modification that affects the binding of several Sia-specific lectins and 

has functional implications in particular in the immune system (2–6). 9-O-Acetylation 

impairs host cell binding of influenza A and B viruses, but at the same time, creates cellular 

receptors for influenza C and several nidoviruses (7–9). Another prominent example for the 

impact of 9-O-acetylation is given by CD22, a B cell-restricted member of the Sia-binding 

immunoglobulin-type lectin (siglec) family. Upon binding to α2,6-sialylated N-glycans, CD22 

regulates B cell antigen receptor signalling by setting a threshold for receptor activation 

(10). In vitro data showed that the CD22-ligand interaction is blocked by 9-O-acetylation 

(11), a process that is in vivo tightly controlled by two counteracting enzymatic activities: 

sialate O-acetyltransferase (SOAT) and sialate 9-O-acetylesterase (SIAE). Ablation of SIAE 

function by targeted gene knock-out in mice resulted in increased Sia 9-O-acetylation and 

defective CD22 signalling in B cells and caused defects in peripheral B cell development and 

tolerance (12). Moreover, catalytically defective rare variants of SIAE were associated with 

autoimmune diseases in humans (13, 14). 

 Sia O-acetylation is also a developmentally regulated modification of gangliosides, 

implicated in neural precursor cell migration, peripheral nerve regeneration, and 

Mycobacterium leprae infection of Schwann cells (15–17). Best studied is the 9-O-acetylation 

of GD3, a disialo ganglioside that acts as a potent inducer of apoptosis upon translocation 

to mitochondrial membranes (18). 9-O-Acetylation of the terminal α2,8-linked Sia residue 

blocks the pro-apoptotic activity of GD3 and promotes survival of cancer cells (19–21). In 

acute lymphoblastic leukaemia (ALL), survival and drug-resistance of lymphoblasts critically 

depend on 9-O-acetylation, which was found on both GD3 and sialoglycoproteins (22, 23). 

Enzymatic removal of 9-O-acetyl groups from internal and cell surface-bound Sias was 

lethal to ALL cells, opening new perspectives for therapeutic concepts (23). The use of 

monoclonal antibodies recognizing the carbohydrate epitopes of non-O-acetylated GD3 

(CD60a), 7-O-acetylated GD3 (CD60c) or 9-O-acetylated GD3 (CD60b) revealed a stimulatory 

or co-stimulatory effect of anti-CD60c and -CD60b antibodies on the proliferation of human 

lymphocytes and implicated distinct roles of 7-O- and 9-O-acetylated GD3 during activation 

and apoptosis of tonsillar B and T lymphocytes (24, 25). 
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 Biochemical studies demonstrated that O-acetylation of Sia is a postsynthetic 

modification that takes place in the Golgi apparatus, probably in concert with Golgi-

resident sialyltransferases and coupled to the import of acetyl groups from cytosolic 

acetyl-coenzyme A (acetyl-CoA), the presumptive acetyl donor (26, 27). However, the 

genes encoding eukaryotic SOATs have remained unknown. Despite many attempts, 

expression cloning was not successful (28–30) and isolation of SOAT activity proved 

difficult, mainly due to an inherent sensitivity to membrane solubilisation (31–34). 

Searching for human candidate genes, Arming et al. (35) identified CASD1 (CAS1 domain 

containing 1), which shares sequence similarity to CAS1 (Capsule Synthesis 1) of the 

pathogenic fungus Cryptococcus neoformans. Deletion of the fungal gene revealed an 

essential role in mannose O-acetylation of the unique fungal capsular polysaccharide 

glucuronoxylomannan (36). By contrast, little is known on the function of human 

CASD1. CASD1 overexpression as well as siRNA knock down assays performed in the 

initial study by Arming et al. indicated a role in 7-O-acetylation of GD3 (35). However, 

studies addressing SOAT function of a given protein by transfection studies proved, 

so far, difficult due to endogenous SOAT activity in many common mammalian cell 

lines (29, 35, 37), a problem that might have impeded also previous expression cloning 

approaches.

 Based on a naturally occurring 9-O-Ac-negative cell line and CASD1 knock-out cells 

generated by CRISPR/Cas-mediated genome editing, we now show that CASD1 is 

essential for 9-O-acetylation of cellular sialoglycoconjugates. Insight into the catalytic 

mechanism of CASD1 is given by biochemical analysis of a soluble CASD1 variant 

encompassing the N-terminal catalytic domain. This reveals the formation of a covalent 

acetyl-enzyme intermediate, which involves S94 placed in a catalytic triad. Finally, we 

provide direct in vitro evidence for SOAT activity by demonstrating CASD1-mediated 

transfer of acetyl groups from acetyl-CoA to CMP-activated Neu5Ac.

Results

Homology modelling and topology of CASD1. Human CASD1 encodes a multimembrane 

spanning protein of 797 amino acids. For residues 83-290, homology modelling predicted 

a GDSL/SGNH-like α/β-fold that forms the scaffold for a catalytic triad composed of 

S94, D270 and H273, with S94 as part of a conserved GDS sequence motif (Fig. 1a). The 

acronyms of the family name GDSL/SGNH reflect the presence of four invariant residues, 

namely S in a GDS(L) motif, G located after strand S2, N placed in a GxND motif after 

strand S3 and H found in a DxxH motif N-terminal to the last helix (38). However, the 

N-terminal domain of CASD1 differs from the canonical GDSL/SGNH-fold by lacking the 
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^ Figure 1. Homology modelling and topology of human CASD1. (a) Proposed model 

of CASD1. The overall architecture of the catalytic domain was predicted by homology 

modelling using the server Phyre2 and the crystal structure of an isoamyl acetate-hydrolysing 

esterase from Saccharomyces cerevisiae (PDB ID 3MIL) as template. The model encompasses 

residues 83-290 of CASD1 and the predicted catalytic triad is highlighted in red. TMDs are 

depicted as predicted by the program TMHMM 2.0 (Supplementary Fig. 1). Epitope-tags 

used for the localization of N- and C-terminus are shown as red boxes. (b) Orientation of the 

N- and C-terminus of CASD1. LM-TK- cells expressing CASD1 with an N-terminal V5- and a 

C-terminal Myc-tag (V5-CASD1-Myc) were fixed and permeabilized with Triton X-100 (0.2%) 

or digitonin (5 µg/ml). Cells were stained with anti-V5 or anti-Myc mAb (red) in combination 

with anti-α-mannosidase II (α-Man II) pAb (green) recognizing the luminal domain of the 

Golgi marker α-Man II. Nuclei were counterstained with DAPI (blue). (c) Orientation of the 

catalytic domain of CASD1. LM-TK- cells expressing CASD1 were permeabilized as described 

in (b) and stained with pAb 500 directed against the catalytic domain of CASD1. Nuclei were 

counterstained with DAPI (blue). Scale bar: 10 µm.
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conserved residues G and N, and is therefore grouped into pfam family PF13839 (GDSL/

SGNH-like Acyl-Esterase family found in Pmr5 and Cas1p) (39). 

 To analyse the subcellular localization and topology of CASD1, a full-length variant, 

containing an N-terminal V5- and a C-terminal Myc epitope, was expressed in the 

murine fibroblast cell line LM-TK-. The orientation of the epitope-tags was determined 

by selective membrane permeabilization and immunofluorescence analysis (Fig. 1b,c). 

Under conditions that allowed antibody access to all cellular compartments (0.2% Triton 

X-100), both tags were detectable and showed co-localization with the Golgi-marker 

α-mannosidase II (α-Man II). Selective permeabilization of the plasma membrane with 

low concentrations of digitonin (5 µg/ml) allowed visualization of the N-terminal V5-, but 

not the C-terminal Myc-tag, demonstrating cytosolic and luminal orientation of N- and 

C-terminus, respectively. The integrity of the Golgi-membrane was demonstrated by 

parallel staining with an antibody specific for the luminal domain of α-Man II (40). Staining 

was observed exclusively in Triton-X-100, but not in digitonin-permeabilized cells. Identical 

results were obtained upon staining with an antibody against the SGNH-like domain of 

CASD1 (pAb 500), demonstrating that this domain faces the Golgi lumen (Fig. 1c). Based 

on these results and on our predictions for the CASD1 transmembrane domains (TMDs) 

(Supplementary Fig. 1), we propose a topology model encompassing a luminal catalytic 

domain flanked by one N-terminal and 12 C-terminal TMDs (Fig. 1a).

CASD1 forms a covalent acetyl-enzyme intermediate. To analyse the enzymatic activity 

of CASD1 in vitro, we generated a construct that allowed the expression of a soluble 

secreted form of CASD1 (termed sCASD1), which encompassed the SGNH-like luminal 

domain and a C-terminal Myc-His6-tag (Fig. 2a-c). This form was produced in baculovirus-

infected Sf9 insect cells, either as wild-type variant (sCASD1-wt) or as active site serine 

mutant (sCASD1-S94A). Affinity purified proteins were then used as an enzyme source for 

in vitro assays. First, we analysed whether sCASD1 possesses esterase activity, since the 

GDSL/SGNH-fold is usually found among hydrolytic enzymes (38), including the sialate 

9-O-acetylesterase of Escherichia coli O157:H7 and the sialate 9-O-acetylesterase domains 

of the hemagglutinin-esterase (HE) proteins of influenza C and bovine coronavirus 

(BCoV) (41–43). However, under conditions that displayed high O-acetylesterase activity 

for BCoV-HE, no activity was observed for sCASD1-wt, neither towards the synthetic 

acetylesterase substrate pNP-acetate (Fig. 2d) nor towards natural O-acetylated 

sialoglycoconjugates (not shown). Thus, while the N-terminal luminal domain of CASD1 

displays the characteristic fold of an esterase (39), it does not appear to function as such. 

We therefore tested whether sCASD1 might catalyse the reverse reaction and act as a 

SOAT. Indeed, in the presence of [14C]acetyl-CoA, sCASD1-wt showed acetyltransferase 

activity, resulting in the formation of radiolabeled protein, even in the absence of acceptor 
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substrates (Fig. 2e). No radioactive incorporation was seen in parallel experiments with 

the mutant sCASD1-S94A, demonstrating that the observed acetyl transfer was enzyme-

catalysed. SOAT activity of sCASD1 towards its own N-glycans was improbable. Although 

sCASD1 is N-glycosylated (Fig. 2c), glycoproteins that are produced in Sf9 cells typically 

bear pauci mannosidic N-glycans lacking penultimate galactose and terminal Sia residues 

(44). Consequently, we asked whether sCASD1 can catalyse the formation of a covalent 

acetyl-enzyme intermediate that could be trapped in the absence of acceptor substrate. 

Therefore, purified sCASD1 was incubated in the presence or absence of acetyl-CoA, 

digested with trypsin and analysed by liquid chromatography-electrospray ionization-

mass spectrometry (LC-ESI-MS). After incubation of sCASD1-wt with acetyl-CoA, the 

peptide containing the active site residue S94 (87-HIAFIGDSR-95) occurred as a mixed 

population of unmodified and modified peptide with a mass shift of 42 Da (shift by 

m/z = 21 for the doubly charged ion), consistent with the formation of an acetyl adduct 

(Fig. 2f; note that the sequence of the peptides was confirmed by tandem MS/MS; see 

Supplementary Fig. 2). Analysis of the peak areas in the extracted ion chromatograms 

revealed that about 19% of the peptide population was acetylated (Supplementary Fig. 3). 

In parallel experiments with sCASD1-S94A, only the respective unmodified peptide 

(87-HIAFIGDAR-95) was found (Fig. 2f, Supplementary Fig. 2 and 3), indicating that the 

hydroxyl group of S94 serves as attachment site for the acetyl group.

CASD1 catalyses 9-O‑acetylation of CMP-Neu5Ac. To test SOAT activity, purified 

sCASD1 was incubated with acetyl-CoA and Sia-containing acceptor substrates. After the 

reaction, Sia was released by acidic hydrolysis to allow derivatization with 1,2-diamino-

4,5-methylenedioxy-benzene (DMB) at the free reducing end. The obtained fluorescent 

Sia-derivatives were analysed by reversed phase high-performance liquid chromatography 

(HPLC; Fig. 3a-e). SOAT activity was clearly detected towards CMP-Neu5Ac (as indicated 

by an additional peak in the HPLC profile, which eluted at the same retention time as DMB-

derivatized 9-O-acetylated Neu5Ac (Neu5,9Ac2) of the reference panel; see Fig. 3a,c). The 

additional peak was not detected in samples obtained from parallel reactions without 

enzyme (Fig. 3b) or from reactions with sCASD1-S94A (Fig. 3d). Compared to free Neu5Ac 

or sialoglycoconjugates, CMP-Neu5Ac was by far the best acceptor substrate (Fig. 3e). The 

identity of the product peak obtained with CMP-Neu5Ac was confirmed by LC-ESI-MS/MS, 

which showed the expected parent ion mass of DMB-labelled mono-O-acetylated Neu5Ac 

and a fragmentation pattern characteristic for DMB-Neu5,9Ac2 (45) (Fig. 3f, g). Together, 

these data demonstrate that the isolated SGNH-like domain of CASD1 displays SOAT 

activity in vitro and transfers acetyl groups from acetyl-CoA to CMP-Neu5Ac, resulting in 

the formation of CMP-Neu5,9Ac2.
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^ Figure 2. CASD1 forms a covalent acetyl-enzyme intermediate. (a) Scheme depicting 

the soluble CASD1 variant (sCASD1, residues 39-304) used for in vitro studies. Predicted 

N-glycosylation sites and putative catalytic residues (S94, D270, and H273) are indicated by 

triangles and asterisks, respectively. (b) Soluble CASD1 variants encompassing the wild-type 

sequence or the amino acid exchange S94A were expressed in insect cells and affinity purified 

from the culture supernatant via the C-terminal hexa-histidine-tag. Purified proteins were 

analysed by 12% SDS-PAGE followed by Coomassie staining (upper panel) or Western blotting 

using an anti-Myc mAb (lower panel). (c) Analysis of the N-glycosylation pattern of sCASD1. 

Purified sCASD1-wt was analysed before (0 h) and after partial (0.5 – 3 h) or complete (18 h) 

Peptide-N-glycosidase F (PNGaseF) digest by 12% SDS-PAGE and Western blotting using an 

anti-Myc mAb. Partial removal of N-glycans by PNGaseF resulted in five bands with reduced 

molecular mass, indicating the presence of five N-glycans. (d) Potential esterase activity of 

sCASD1-wt was monitored using the acetylesterase substrate pNP-acetate. BCoV-HE-Fc 

harbouring an active esterase domain was used as positive control and bovine serum albumin 

(BSA) as negative control (mean ± s.d., n = 3 experiments). (e) Formation of a covalent 
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acetyl-enzyme intermediate monitored by radioactive incorporation. Purified sCASD1-wt 

and sCASD1-S94A were incubated with [³H]acetyl-CoA and the radioactivity incorporated 

into protein was measured by scintillation counting. BSA was used as negative control 

(mean ± s.d., n = 4 experiments). (f) Verification of the acetyl-enzyme intermediate by mass 

spectrometry. Purified sCASD1-wt and sCASD1-S94A were incubated with or without acetyl-

CoA. After separation by SDS-PAGE and tryptic digest of the excised protein bands, each 

sample was analysed by LC-ESI-MS. Theoretical m/z values are given for the 2-fold charged 

tryptic peptides containing the active site serine S94 or the corresponding S94A mutation. 

Spectra were acquired by accumulating scans within ± 0.1 min around the respective peak 

maxima in the extracted ion chromatograms of the given m/z values (Supplementary Fig. 3). 

The identity of each peptide variant was confirmed by LC-ESI-MS/MS (Supplementary Fig. 2).
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CASD1 mediates 9-O‑acetylation of cellular sialoglycans. To study the enzymatic 

function of CASD1 in a cellular context, we first screened for a mammalian cell line that 

lacks O-acetylated sialoglycans. As a detection tool, we made use of the hemagglutinin-

esterase (HE) protein of BCoV. BCoV uses 9-O-acetylated sialoglycans as host cell 

receptors and the HE contains both a lectin domain and a receptor-destroying sialate 

9-O-acetylesterase domain (42, 46). Inactivation of the esterase activity by S40A mutation 
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(HE0) and fusion to the Fc-part of human IgG gave rise to a soluble virolectin (BCoV-HE0-Fc) 

that selectively recognizes 9-O-acetylated Sias (42), as confirmed by glycan array 

screening (47). Immunofluorescence analysis with BCoV-HE0-Fc revealed that several 

mammalian cell lines express 9-O-acetylated sialoglycotopes exclusively in the Golgi 

apparatus (Supplementary Fig. 4a). In CHO cells, the underlying carrier structures were N- 

and O-glycans, since blocking O-glycosylation sufficiently abrogated 9-O-acetylation only 

in cells that additionally lacked complex and hybrid N-glycans (Supplementary Fig. 5). 

Importantly, all cell lines that were positive for 9-O-acetylation were also positive for 

CASD1 transcripts (Supplementary Fig. 4b). In fact, we found only a single cell line, 

the murine fibroblast cell line LM-TK-, that was devoid of both (Supplementary Fig. 4). 

Transfection of this naturally occurring O-Ac-negative cell line with CASD1 cDNA, but 

not empty vector, led to the formation of Golgi-resident 9-O-acetylated sialoglycotopes 

as shown by virolectin staining (Fig. 4a). De-O-acetylation, by either alkali treatment or 

the sialate 9-O-acetylesterase activity of BCoV-HE, completely abolished the virolectin 

signals and was used as specificity control (Fig. 4a). After stable expression of wild-type 

< Figure 3. In vitro SOAT activity of sCASD1 monitored by DMB-HPLC and LC-ESI-MS. 

(a) HPLC elution profile of the DMB-derivatized Sia reference panel, which included also 

two non-human Sia species, i.e. Neu5Gc (5-N-glycolyl neuraminic acid) and 9-O-acetylated 

Neu5Gc (Neu5Gc9Ac). Asterisks denote that the indicated Sia species are labelled with 

DMB. (b-d) HPLC elution profiles of DMB-derivatized samples obtained after incubation 

of CMP-Neu5Ac and acetyl-CoA without enzyme (b), with sCASD1-wt (c), or with 

sCASD1-S94A (d). In all profiles, the retention time corresponding to DMB-Neu5,9Ac2 of the 

reference panel is highlighted by a grey box. (e) SOAT activity of sCASD1 towards different 

acceptor substrates. Purified sCASD1-wt and sCASD1-S94A were incubated with acetyl-

CoA and the indicated acceptor substrates. Product analysis was performed by DMB-HPLC 

analysis and the amount of DMB-Neu5,9Ac2 was quantified by integrating the corresponding 

peak areas. Parallel HPLC runs of reactions without CASD1 were used to measure the background, 

and data are presented as background subtracted data with the values obtained for CMP-Neu5Ac in 

the presence of sCASD1-wt and acetyl-CoA set to 100% (mean ± s.d., n = 3). (f) Scheme showing 

sCASD1-catalysed 9-O-acetylation of CMP-Neu5Ac, subsequent DMB-labelling of the 

reaction product, and the calculated m/z value ([M+H]+) for DMB-derivatized Neu5,9Ac2. 

Structures and calculated m/z values ([M+H]+) of the fragmentation compounds of DMB-

Neu5,9Ac2 are given according to Klein et al.(45). (g) LC-ESI-MS/MS analysis. In the HPLC 

runs shown in (b)-(d), the peak material eluting at the retention time of DMB-Neu5,9Ac2 

was collected and subjected to LC-ESI-MS/MS. Ions at m/z 468.16 ([M+H]+), indicating 

DMB-Neu5,9Ac2, were obtained only for the material collected from (c) and subsequent 

fragmentation revealed the three ions (m/z 313, 295, 229) that are characteristic for DMB-

Neu5,9Ac2 (45). Numbers in brackets above the spectrum refer to the structures given in (f). 

DMB, 1,2-diamino-4,5-methylenedioxy-benzene.
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CASD1, 9-O-acetylated sialoglycotopes were detected in all cells and co-localized with 

the Golgi-marker α-Man II and Golgi-localized V5-tagged CASD1 (Fig. 4b). Introduction of 

the S94A exchange into full-length CASD1 (CASD1-S94A) resulted in a loss of function. 

Although the mutant protein was expressed and localized to the Golgi, virolectin staining 

was seen only in less than 1% of the cells (Fig. 4c). Taken together, these experiments 

demonstrate that CASD1 mediates sialate 9-O-acetylation in LM-TK- cells and that this 

function is impaired by alanine exchange of S94. 

^ Figure 4. CASD1 mediates 9-O‑acetylation of cellular sialoglycoconjugates. (a) LM-TK- 

cells were transfected with empty vector (mock) or a plasmid encoding epitope-tagged 

CASD1 (+ CASD1). After fixation and permeabilization with Triton X-100, cells were stained 

with the virolectin BCoV-HE0-Fc, which recognizes 9-O-acetylated Sia. The specificity of 

the virolectin stain was controlled by using human Fc-fragments instead of virolectin (Fc), 

or by de-O-acetylation prior to the virolectin staining. De-O-acetylation was performed by 

alkali treatment (+ Alkali) or incubation with BCoV-HE-Fc harbouring an enzymatically active 

esterase domain (+ Esterase). Nuclei were counterstained with DAPI (blue). (b,c) LM-TK- cells 

stably expressing V5-tagged wild-type CASD1 (+ CASD1-wt) or CASD1 carrying the mutation 

S94A (+ CASD1-S94A) were co-stained with BCoV-HE0-Fc (red) and anti-α-Man II pAb (green) 

or BCoV-HE0-Fc (red) and anti-V5 mAb (green) as shown in the upper and lower panel, 

respectively. Nuclei were stained with DAPI (blue). Insets in (c) show a representative cell of 

a minor cell population (< 1%), which stained positively with BCoV-HE0-Fc. Scale bar: 10 µm.
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^ Figure 5. CASD1 knock-out results in a loss of Sia 9-O-acetylation in HAP1 cells. 

(a) Schematic representation of the human CASD1 locus showing the target site used for 

CRISPR/Cas-mediated genome editing in HAP1 cells. Target sequence and protospacer 

adjacent motif are underlined (black and red line, respectively). A 16-bp frame shift 

mutation found in the knock-out cell line (HAP1ΔCASD1) is depicted in red together with the 

resulting changes in the translation product. (b) Sequence analysis of the target site. 

Exon 3 was amplified from genomic DNA and analysed by Sanger sequencing. (c) RT-PCR 

analysis demonstrating the presence of a micro-deletion in CASD1 transcripts of HAP1 ΔCASD1 

cells. (d) Immunofluorescence analysis of Triton-permeabilized HAP1 wild-type (wt) and 

HAP1ΔCASD1 cells stained with BCoV-HE0-Fc. Nuclei were counterstained with DAPI (blue). 

(e) Complementation of HAP1ΔCASD1 with CASD1 cDNA. HAP1 ΔCASD1 cells were transiently 

transfected with empty vector (mock) or a plasmid encoding epitope-tagged CASD1 

(+ CASD1). Triton-permeabilized cells were co-stained with BCoV-HE0-Fc (red) and anti-V5 

mAb (green). Nuclei were counterstained with DAPI (blue). Scale bar: 10 µm.
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CASD1 knock-out abolishes Sia O‑acetylation in HAP1 cells. To confirm that CASD1 

plays a crucial role in the formation of 9-O-acetylated sialoglycans, we generated a CASD1 

knock-out in the near-haploid human cell line HAP1 using the CRISPR/Cas9 (clustered 

regularly interspaced short palindromic repeats/CRISPR-associated 9) system (48). The 

obtained knock-out cell line (HAP1ΔCASD1) harbours a 16-bp frame shift mutation in exon 3 

of CASD1, allowing only the production of a truncated polypeptide that already lacks S94, 

the most N-terminally located residue of the catalytic triad (Fig. 5a-c). Whereas parental 

HAP1 cells expressed 9-O-acetylated sialoglycans in the Golgi apparatus, 9-O-acetylation 

was completely lost in HAP1ΔCASD1 cells (Fig. 5d). This was further confirmed by DMB-HPLC 

analysis revealing the presence of DMB-derivatized Neu5,9Ac2 in parental but not in 

HAP1ΔCASD1 cells (Supplementary Fig. 6). Transfection with CASD1 cDNA, but not empty 

vector, resulted in successful complementation of the loss-of-function defect and restored 

9-O-acetylation of Golgi-localized sialoglycotopes (Fig. 5e). Of note, a genetic knock-

out carried out in parallel in HEK293T cells showed the same outcome (Supplementary 

Fig. 7) and thus provided independent evidence for the essential role of CASD1 in Sia 

9-O-acetylation.

CASD1 mediates 9-O-acetylation of gangliosides. Based on HAP1 and HAP1ΔCASD1 

cells, we next explored the role of CASD1 in the 9-O-acetylation of gangliosides such as 

GD3. To do so, we made use of a set of monoclonal antibodies (mAbs) that distinguish 

between GD3 (CD60a) and 9-O-acetylated GD3 (CD60b). HAP1 cells lack GD3 but can 

generate the disialo ganglioside after expression of the sialyltransferase ST8Sia I (Fig. 6a, 

mAb R24). ST8Sia I converts GM3 to GD3 by adding an α2,8-linked Sia residue, which 

in turn can carry an O-acetyl group in C9 position (Fig. 6c) (49). In HAP1 wild-type cells, 

expression of ST8Sia I resulted in the formation of both CD60a and CD60b antigens, as 

shown by additional staining with mAb UM4D4 (Fig. 6a). As described for other anti-

CD60b antibodies, UM4D4 recognizes 9-O-acetylated GD3 and similar gangliosides 

possessing a terminal 9-O-acetylated disialo group such as 9-O-acetylated disialo 

neolactotetraosylceramide and 9-O-acetylated disialo neolactohexaosylceramide (see 

Supplementary Fig. 8c for details on ganglioside structures) (50). However, binding 

of mAb UM4D4 strictly relies on the O-acetylation of the carbohydrate epitope and no 

cross-reactivity towards the unmodified epitope is seen (see 50, 51) and Supplementary 

Fig. 8b). Newly synthesised CD60a and CD60b epitopes were both detected at the cell 

surface, as demonstrated by respective signals on non-permeabilized cells. In HAP1ΔCASD1 

cells, expression of ST8Sia I alone led to the formation of GD3 (Fig. 6b, mAb R24) but 

not 9-O-Ac-GD3 or other 9-O-acetylated gangliosides of the neolacto series (Fig. 6b, mAb 

UM4D4). Ganglioside modification was only detected after co-expression of ST8Sia I with 

CASD1, demonstrating that CASD1 is crucial for the formation of 9-O-acetylated CD60b 
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epitopes (Fig. 6b, middle images). Again, alanine exchange of the active site residue S94 

drastically impaired CASD1 function (Fig. 6b, right images). 

 The critical role of CASD1 for the formation of 9-O-acetylated CD60b epitopes was 

further confirmed in HEK293T wt and HEK293TΔCASD1 cells by immunofluorescence and TLC 

analysis, whereas no indication for the presence of 7-O-acetylated disialo gangliosides 

was found (Supplementary Fig. 8a,b). 

^ Figure 6. CASD1 mediates 9-O-acetylation of gangliosides. (a) Parental, wild-type 

HAP1 cells (HAP1 wt) were analysed for the expression of GD3 and 9-O-Ac-GD3 before (Ø) 

and after transient expression of V5-tagged ST8Sia I (+ ST8SIA1). Non-permeabilized cells 

were stained with anti-CD60a mAb R24 (upper panel) or anti-CD60b mAb UM4D4 (middle 

panel). Triton-permeabilized cells (lower panel) were co-stained with mAb UM4D4 (red) and 

anti-V5 mAb (green). Nuclei were counterstained with DAPI (blue). (b) HAP1ΔCASD1 cells were 

transiently transfected with ST8Sia1 cDNA either alone (+ ST8SIA1), together with wild-type 

CASD1 cDNA (+ ST8SIA1 + CASD1-wt), or together with mutated CASD1 cDNA (+ ST8SIA1 

+ CASD1-S94A). Non-permeabilized cells were stained with mAb R24 (upper panel) and mAb 

UM4D4 (middle panel) and Triton-permeabilized cells (lower panel) were co-stained with 

mAb UM4D4 (red) and anti-V5 mAb (green). Nuclei were counterstained with DAPI (blue). 

Scale bar: 10 µm. (c) Scheme showing the conversion of GM3 to GD3 and the formation of 

9-O-Ac-GD3.
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Discussion

Here, we define CASD1 as the key factor for Sia 9-O-acetylation, the most common 

Sia modification in humans. Pivotal to our study was the observation that mammalian 

cell lines frequently express 9-O-acetylated sialoglycans in the Golgi apparatus, even if 

9-O-acetylation of cell surface glycans is non-detectable. This phenomenon, described 

only by one previous study (37), highlights that 9-O-acetylation is much more common than 

anticipated from cell surface staining. The finding that Golgi-confined 9-O-acetylated Sias 

were attached to N- and O-glycans suggests Golgi-resident glycoproteins as underlying 

carriers and interestingly, 9-O-acetylated Sia was recently found on the N-glycans of a 

human sialyltransferase (52).

 As shown for HAP1 and HEK293T cells, CASD1 is essential and sufficient for Golgi-

confined 9-O-acetylation. However, 9-O-acetylation of cell surface molecules such as 

GD3 and similar disialo gangliosides required the additional expression of ST8Sia I. This 

indicates that parental HAP1 cells lack detectable cell surface 9-O-acetylation, because 

cell surface sialoglycotopes amenable to 9-O-acetylation are either absent or present in 

very low quantities. Regulation of cell surface 9-O-acetylation by the action of specific 

sialyltransferases is consistent with data from CHO cells, showing that cell surface 

9-O-acetylation could be induced by ST8Sia I or ST6Gal I, two sialyltransferases that are 

normally not expressed in CHO cells (53).

 Our in vitro data establish that sCASD1, a soluble CASD1 variant encompassing only the 

SGNH-like domain, transfers acetyl groups from acetyl-CoA to CMP-Neu5Ac, the donor 

substrate of all sialyltransferases. Although the situation may be more complex in vivo, 

this result suggests that CASD1 may not directly 9-O-acetylate sialoglycoconjugates, but 

instead provides 9-O-acetylated CMP-Neu5Ac (CMP-Neu5,9Ac2) for sialyltransferases. 

In this scenario, the sialyltransferases would play a critical role in the biosynthesis of 

glycoconjugates that carry 9-O-acetylated Sia. In support of this, CMP-Neu5,9Ac2 was 

detected in bovine submandibular glands (54) and biochemical data obtained with 

human colon mucosa showed a Golgi-associated SOAT activity that utilized CMP-Neu5Ac 

as acceptor and a sialyltransferase activity that transferred 9-O-acetylated Sia from 

CMP-Neu5,9Ac2 to endogenous and exogenous acceptors (33, 55). Moreover, the use of 

CMP-Neu5,9Ac2 has been shown for several sialyltransferases and is exploited for chemo-

enzymatic synthesis of 9-O-acetylated sialosides (56). In vivo, the efficient and selective 

usage of CMP-Neu5,9Ac2 may rely on a physical interaction between CASD1 and specific 

sialyltransferases.

 Although our data demonstrates that CASD1 mediates 9-O-acetylation, we cannot rule 

out the possibility that the enzyme initially transfers the acetyl group to the C7 position of 

Sia followed by migration to position C9 in a non-enzymatic step. Even under physiological 
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conditions, O-acetyl groups at the Sia side chain can spontaneously migrate from C7 and 

C8 to an unsubstituted hydroxyl group at position C9, where the O-acetyl group is more 

stable (57, 58). Moreover, 7-O-Ac specific SOAT activity has been detected in several 

tissues (31, 59, 60) and studies on microsomal fractions from bovine submandibular glands 

provided evidence for an enzyme that accelerates the migration of O-acetyl groups from 

C7 to C9 in vivo (59). In line with previous studies on 7-O-Ac specific SOAT activity, Arming 

et al. (35) observed a role of CASD1 in 7-O- but not in 9-O-acetylation of GD3 as shown by 

FACS analysis with anti-CD60c and anti-CD60b mAbs (35). The stability of O-acetyl groups 

at C7 might thus be cell type-specific and could explain the discrepancy with our data. 

 By identification of a covalent acetyl-enzyme intermediate that involves the active 

site residue S94, we provide first insight into the catalytic mechanism of CASD1. Transfer 

of an acetyl group from acetyl-CoA to a serine placed in a Ser-His-Asp catalytic triad is 

reminiscent of what we found for the polysialic acid-specific O-acetyltransferase OatC of 

Neisseria meningitides (61) and suggests a ping-pong mechanism as described for other 

members of the SGNH-hydrolase family (62, 63). Consistently, we propose a mechanism 

in which the catalytic triad of CASD1 forms a charge relay network to activate S94, 

allowing nucleophilic attack of the carbonyl carbon of the acetyl donor. This leads to 

the transfer of the acetyl group to S94, followed by transfer to CMP-Neu5Ac during the 

second half-reaction. Alanine exchange of S94 in sCASD1 prevented the formation of the 

acetyl-enzyme intermediate and resulted in a complete loss of SOAT activity in vitro.

 The soluble sCASD1 variant used for in vitro experiments encompassed only the SGNH-

like domain, whereas in vivo, this domain is fused to a C-terminal multi-TM domain. 

Detection of residual virolectin staining in cells expressing full-length CASD1-S94A may 

indicate that the C-terminal part contributes to CASD1 activity in vivo. First indication 

for this scenario is given by a bioinformatics analysis of the cryptococcal Cas1 protein 

(Cas1p) (39). This study highlighted that the multi-TM domain found in Cas1p and its 

animal orthologue CASD1 shares homology with bacterial multi-TM O-acetyltransferases 

that are involved in the modification of cell-surface or periplasmic biopolymers such 

as polysaccharides and peptidoglycan (39). Of note, several of the bacterial multi-TM 

proteins work in concert with an SGNH-like O-acetyltransferase, with the latter being 

expressed either as separate protein or fused to the multi-TM part as in CASD1 (62, 64, 

65). 

 In conclusion, we characterized human CASD1 as key enzyme for Sia 9-O-acetylation 

and provided first insight into the catalytic mechanism. This opens new experimental 
avenues for the development of effective therapeutic strategies targeting CASD1 
to regulate pathological changes in the 9-O-acetylation status and to combat 
drug-resistant cancer cells in acute lymphoblastic leukaemia, whose survival 
crucially depend on 9-O-acetylation (23).
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Experimental procedures

Homology modelling. The 3D structure of the catalytic domain of CASD1 was modelled 

using the Phyre2 protein fold recognition server (66). Based on the structure of the 

isoamyl acetate-hydrolysing esterase from Saccharomyces cerevisiae (PDB accession code 

3MIL), which was identified as top rank template, residues 83-290 of human CASD1 were 

modelled with 99.3% confidence. 

Generation of mammalian expression plasmids. To generate a construct encoding full-

length CASD1 with an N-terminal V5- and a C-terminal Myc-epitope (V5-CASD1-Myc), 

the coding region of human CASD1 (accession no. NM_022900) was amplified by PCR 

using the primers 5’-GCTCGGGATCCGCGGCTCTGGCCTACAACCTG-3’ and 5’-GCTCG 

CTCGAGATGTTTTGATTTATCTTGAATGGATG-3’ containing BamHI and XhoI restriction 

sites (underlined), respectively, and the resulting PCR product was ligated into the 

corresponding restriction sites of the vector pcDNA3 (Invitrogen). Sequences encoding 

the epitope tags were inserted by adapter ligation. For the V5 epitope, the pre-hybridized 

oligonucleotide pair 5’-AGCTTCGAATGGGTAAGCCTATCCCTAACCCTCTCCTCGGTC 

TCGATTCTACGG-3’ and 5’-GATCCCGTAGAATCGAGACCGAGGAGAGGGTTAGGG 

ATAGGCTTACCCATTCGA-3’ was ligated into the HindIII and BamHI sites of pcDNA3. 

For the Myc epitope, the pre-hybridized oligonucleotide pair 5’-TCGAGGAACAAAA 

ACTCATCTCAGAAGAGGATCTGAATTAAT-3’ and 5’-CTAGATTAATTCAGATCCTC 

TTCTGAGATGAGTTTTTGTTCC-3’ was ligated into the XhoI and XbaI sites of pcDNA3, 

resulting in the plasmid pcDNA3-V5-CASD1(wt)-Myc. 

 Site-directed mutagenesis was performed by PCR using the QuikChange site-directed 

mutagenesis kit (Stratagene) and pcDNA3-V5-CASD1(wt)-Myc as template. To introduce 

the amino acid exchange S94A, the mutagenesis primers 5’-GCATTTATTGGAGATGCCAG 

AATTCGTCAATTG-3’ and 5’-CAATTGACGAATTCTGGCATCTCCAATAAATGC-3’ were used, 

resulting in the plasmid pcDNA-V5-CASD1(S94A)-Myc.

 For expression of the human sialyltransferase ST8Sia I, a full-length construct encoding 

an N-terminal V5 epitope was generated by amplification of the coding region of human 

ST8SIA1 (I.M.A.G.E. clone IRCMp5012B0613D, ImaGenes) using the primers 5’-GCTAA-

GCTTCGAATGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGGGTACC

AGCCCCTGCGGGCGGGC-3’ and 5’-GCTGCGGCCGCCTAGGAA GTGGGCTGGAGTG-3’ 

containing the sequence encoding the V5 epitope (bold), HindIII and NotI restriction sites 

(underlined). The resulting PCR fragment was ligated into the HindIII and NotI sites of the 

expression vector pcDNA3.1-zeo (Invitrogen).

 To generate constructs encoding a soluble Fc-chimera of BCoV-HE, DNA encoding 

the ectodomain (residues 1-388) of BCoV-HE (accession no. AAL57307) was generated 
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by gene synthesis (Eurofins MWG Operon) and subsequent amplification by PCR using 

the primers 5’-GACTGCTAGCATGTTTTTGCTTCCTAGATTTG-3’ and 5’-GACTGGATCC 

ACTTACCTGTATCATACACACAAATAGGTAC-3’ containing NheI and BamHI restriction 

sites (underlined), respectively. The obtained PCR product was ligated into the NheI and 

BamHI sites of pcDNA3.1-zeo, upstream of the sequence encoding the Fc part of human 

IgG1. A corresponding plasmid that encodes BCoV-HE0-Fc harbouring an inactive 

esterase domain due to the amino acid exchange S40A was generated by site-directed 

mutagenesis using the QuikChange site-directed mutagenesis kit (Stratagene) and 

the mutagenesis primers 5’-GGAGATTGGTTTTTATTTGGTGACGCCCGTTCAGATTG-3’ 

and 5’-CAATCTGAAC GGGCGTCACCAAATAAAAACCAATCTCC-3’. The identity of all 

constructs was confirmed by sequencing.

Mammalian cell lines and growth conditions. The murine fibroblast cell line LM-TK- 

(ATCC CCL1.3), the human rhabdomyosarcoma cell line TE671, human embryonic kidney 

(HEK) 293T cells and Chinese hamster ovary (CHO) wild-type (CHO-K1), CHO lec1, and 

CHO 6B2 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s 

F-12 1:1 (Biochrom) supplemented with 1 mM sodium pyruvate and 10% fetal calf serum 

(FCS) at 37°C and 5% CO2. Madin Darby canine kidney I cells (MDCK I) were cultured in 

DMEM (containing 450 mg/l glucose; Biochrom) supplemented with 10% FCS at 37°C 

and 5% CO2. Additional information on the used cell lines are given in the legends to 

Supplementary Figures 4 and 5. The near haploid human cell line HAP1 was purchased 

from Haplogen Genomics (Austria) and maintained in Iscove’s modified Dulbecco’s 

medium (Gibco) supplemented with 5% FCS at 37°C and 5% CO2. Hybridoma cells 

producing mAb R24 (ATCC HB-8445) were maintained in RPMI 1640 (Sigma) adjusted to 

contain 4,5 g/l glucose, 10 mM Hepes, 1 mM sodium pyruvate, and 10% FCS. All cell lines 

were routinely screened for mycoplasma contamination using the PlasmoTest detection 

kit (InvivoGen).

Inhibition of mucin-type O-glycosylation was achieved by cultivating CHO wild-type and 

CHO lec1 cells for three weeks in medium supplemented with 2 mM benzyl-N-acetyl-α-

galactosaminide (benzyl-α-GalNAc; Calbiochem).

Transfection of mammalian cells. Transfection of LM-TK- and CHO cells was performed 

with Lipofectamine (Invitrogen). Briefly, cells were grown in 6-well plates (70-80% 

confluency), washed twice with PBS and transfected with 1 µg of plasmid DNA and 6 µl 

Lipofectamine in 1 ml of OptiMEM (Gibco). After 7 h at 37°C and 5% CO2 the transfection 

was stopped by adding 1 ml of culture medium supplemented with 10% FCS. For HAP1 

and HEK293T cells, the protocol was varied by using 2 µl TurboFectin 8.0 (OriGene 

Technologies) or 2 µl Polyethylenimine “Max” (Polyscience) instead of Lipofectamine. 
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For the selection of stable transfectants, 750 µg/ml G418 (Calbiochem) or 750 µg/ml 

zeocin (Life Technologies) were added 72 h after start of the transfection. Colonies were 

picked and cloned by limiting dilution.

CRISPR/Cas-mediated genome editing. CASD1 knock-out cells were generated by 

Haplogen Genomics (Austria) based on the near-haploid human cell line HAP1 and 

CRISPR/Cas-mediated genome editing (48). In brief, HAP1 cells were edited using 

the Streptococcus pyogenes nuclease Cas9, together with a guide RNA containing a 

gene-specific sequence targeting exon 3 of CASD1 (5’-ATGCAATATGTTTATCTACA-3’). 

CASD1 knock-out HEK293T cells were generated by CRISPR/CAS-mediated genome 

editing essentially as described by Zheng et al. (67) with two guide RNAs targeting 

residues -33 to -14 and 38 to 57 of CASD1 exon 1 (5’-GTCCGCCGCGCACTGTTGTCA-3’ 

and 5’-GTCAACCACTACTTCAGCGTG-3’, respectively). Single cell clones of HAP1 

and HEK293T cells were isolated by limiting dilution and genotyped by PCR and 

DNA sequencing using the primers 5‘-GGAGTGGTAAGTTAAACAAACCTGG-3‘ and 

5‘-TTTTTCAGCTCCTACTCAATCTGGA-3‘ (for HAP1 cells) and 5‘-GCTATTAAGGCA 

GGAGGCTAAAG-3‘ and 5‘-AACCACCAGCCATTGTCCTTTG-3‘ (for HEK293T cells).

Reverse transcription-PCR analysis (RT-PCR). RNA was prepared from mammalian 

cell lines using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. 

Complementary DNA (cDNA) was generated from 1 µg of RNA using Revert Aid premium 

reverse transcriptase (Fermentas) and random hexamer primers according to the 

manufacturer’s recommendations. Gene specific cDNA was amplified using the following 

primer pairs: 5’-GTTTGGCAACCTCACAGTTGTATGATG-3’ and 5’-AGTTTCTCTGCT 

CGATTCAG-3’ (CASD1), and 5’-CACACCTTCTACAATGAGCTG-3’ and 5’-GTCAG 

GTCCCGGCCAGCCAG-3’ (ß-ACTIN). PCR products were separated on a 2.5% agarose gel 

and stained with ethidium bromide. To confirm the presence of a 16-bp microdeletion in 

CASD1 transcripts of HAP1ΔCASD1 cells, CASD1 specific cDNA was amplified using the primer 

pair 5’-CGCCTCCCGCCGCTACCGAGG-3’ and 5‘-CAATTGACGAATTCTGGA ATCTC-3, which 

allows the amplification of a 184 and 168 bp PCR product from wild-type and mutated 

CASD1, respectively. The obtained PCR products were separated on a 6% polyacrylamide 

gel and stained with ethidium bromide.

Production and purification of BCoV-HE-Fc and BCoV-HE0-Fc. BCoV-HE0-Fc and 

BCoV-HE-Fc were produced by transient expression in HEK293T cells and purified from 

the tissue culture supernatant as described (42). As an alternative source of recombinant 

proteins, CHO cells stably transfected with plasmids encoding BCoV-HE-Fc or BCoV-HE0-Fc 

were cultivated in DMEM/Ham’s F-12 1:1 (Biochrom) containing 1 mM sodium pyruvate 
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and 5% low IgG FCS (Gibco). Tissue culture supernatants from transfected HEK293T 

cells and conditioned medium of the CHO cells were collected and adsorbed to Protein A 

Sepharose (GE Healthcare). After washing with twenty column volumes of 20 mM sodium 

phosphate pH 7.0, bound protein was eluted with 0.1 M glycine-HCl pH 2.8 and neutralized 

by 1 M Tris-HCl pH 8.5. After addition of NaCl to a final concentration of 150 mM, purified 

Fc-chimera were stored at -80°C.

Expression and purification of sCASD1. Plasmids enabling the secreted expression of 

sCASD1 in insect cells were based on a modified pFastBac1 vector (Invitrogen) carrying 

sequence stretches encoding an N-terminal honeybee-melittin signal peptide and a 

C-terminal Myc-His6-tag. The sequence encoding residues 39-304 of human CASD1 was 

amplified by PCR using the primers 5’-GCTCGGAGCTCCGCCTCCCGCCGCTACCGAGG-3’ 

and 5’-GCTCGTCTAGATTGACAACAGGACCCATCTACAGG-3’, containing SacI and 

XbaI restriction sites (underlined), and either pcDNA-V5-CASD1(wt)-Myc or pcDNA-

V5-CASD1(S94A)-Myc as template. The resulting PCR products were ligated into the 

restriction sites of the modified pFastBac1 vector, resulting in the plasmids pFastBac1-

HBM-sCASD1(wt)-Myc-His6 and pFastBac1-HBM-sCASD1(S94A)-Myc-His6.

 Spodoptera frugiperda (Sf9) cells (Gibco) were grown at 27°C in shaking cultures at 

80 rpm in protein-free Insect-Xpress medium (Lonza) and maintained at a density of 

0.5×106 - 6×106 viable cells/ml. Transient expression of sCASD1-wt and sCASD1-S94A was 

performed upon infection with recombinant baculovirus particles generated by the Bac-to-

Bac system (Invitrogen) and the pFastBac1-based plasmids described above. Conditioned 

medium was collected 96 h after infection, concentrated 10-fold by tangential flow 

ultra-filtration (Ultrasette, cut-off of 10 kDa, Pall Corporation), diafiltered against 50 mM 

sodium phosphate buffer pH 7.5 containing 100 mM NaCl and passed over a HisTrap HP 

column (GE Healthcare). After washing with twenty column volumes of 50 mM sodium 

phosphate pH 7.5 containing 100 mM NaCl and 10% glycerol, bound protein was eluted 

by an imidazole gradient. The imidazole was subsequently removed by gel filtration using 

a Superdex 200 10/300 GL column (GE Healthcare) equilibrated with 20 mM MES pH 6.8 

containing 100 mM NaCl.

Enzymatic removal of N-glycans. To remove N-glycans, 2 µg of sCASD1-wt were 

incubated with 2 units of PNGaseF (Alexis Biochemicals) in a total volume of 30 µl of 

10 mM Tris-HCl pH 8.0, 1 mM EDTA. Digests were performed at 37°C for the indicated 

time points.

SDS-PAGE and immunoblotting. Proteins were separated by SDS-PAGE under reducing 

conditions and proteins were either stained with Coomassie Brilliant Blue (Roth) or 
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transferred to polyvinylidene difluoride membranes (GE Healthcare) for Western blot 

analysis. Myc-tagged proteins were detected using mAb 9E10 (5 µg/ml, Roche), followed 

by goat anti-mouse IgG HRP conjugate (1:20,000; Jackson Immunoresearch) and enhanced 

chemiluminescence detection.

Immunofluorescence analysis. Cells were grown on glass coverslips, fixed in 4% 

paraformaldehyde in PBS for 15 min and washed with PBS. Membrane permeabilization 

was performed with 0.2% (v/v) Triton X-100 in PBS for 10 min at 4°C. Selective 

permeabilization of the plasma membrane by low concentrations of digitonin was 

performed as described (68). Antibodies and virolectin were diluted in 1% BSA in PBS and 

staining was performed for 1 h at RT using the following concentrations: BCoV-HE0-Fc 

(2.5 µg/ml), anti-Myc mAb 9E10 (15 µg/ml; Roche cat. 11667149001), anti-V5 mAb (1 µg/

ml; Acris cat. SM1691PS), rabbit anti-CASD1 pAb 500 (1:300; rabbit serum obtained from 

immunisations with sCASD1-wt carried out at Aldevron, Freiburg), anti-9-O-Ac-GD3 

mAb UM4D4 (1 µg/ml; Santa Cruz cat. Sc-32269), anti-GD3 mAb R24 (2.5 µg/ml; purified 

from cell culture supernatant of hybridoma cells by Protein A affinity chromatography), 

anti-α-Man II pAb (1:10,000; kindly provided by Kelley Moremen), anti-Giantin pAb 

(1:1,000; Covance cat. PRB-114C), and human IgG Fc fragments (75 µg/ml; Jackson 

Immunoresearch). After washing with PBS, cells were incubated for 1 h with one of the 

following secondary antibodies used in a 1:500 dilution: sheep anti-mouse IgG Cy3-

conjugate (Sigma Aldrich cat. C 2181), sheep anti-rabbit IgG Cy3-conjugate (Sigma 

Aldrich cat. C2306), donkey anti-rabbit IgG Alexa Fluor 488-conjugate (Molecular Probes 

cat. A21206), donkey anti-mouse IgG Alexa Fluor 488-conjugate (Molecular Probes cat. 

A 21202), donkey anti-human IgG DyLight500-conjugate (Thermo Scientific cat. SA5-

10127), goat anti-mouse IgM Alexa Fluor 568-conjugate (Invitrogen cat. A 21043), rabbit 

anti-mouse IgG3 DyLight549-conjugate (Rockland cat. 610-442-043). After washes with 

PBS, cells were mounted in Vectashield mounting medium containing DAPI (Vector) 

and analysed under a Zeiss Axiovert 200M microscope equipped with ApoTome module, 

AxioCam MRm digital camera, and Axio Vision software (Zeiss).

De-O-acetylation of sialoglycoconjugates. To de-O-acetylate sialoglycoconjugates prior 

to the analysis with virolectin, fixed and permeabilized cells were incubated with either 

0.1 M NaOH or 45 µg/ml BCoV-HE-Fc in 1% BSA/PBS for 30 min at 37°C. De-O-acetylation 

of bovine submandibular gland mucin (BSM; Sigma Aldrich) used for in vitro assays 

was performed overnight in 0.1 M triethylamine at 37°C followed by lyophilisation and 

resuspension in 50 mM phosphate buffer pH 6.5.
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In vitro esterase activity assay. Esterase activity was measured in a total volume 

of 100 µl containing 15 pmol protein (BCoV-HE-Fc, sCASD1-wt or BSA), 1 mM para-

nitrophenylacetate (pNP-acetate, Sigma Aldrich), 50 mM sodium phosphate pH 6.5, and 

50 mM KCl. Samples were incubated for 30 min at RT and the absorbance of released pNP 

was measured at 405 nm.

Radioactive incorporation assay. For radioactive incorporation assays, 5 µg of purified 

protein (sCASD1-wt or sCASD1-S94A) were incubated for 15 min at 37°C in a total volume 

of 50 µl containing 50 mM phosphate buffer pH 6.5, 50 mM KCl and 2.5 µM [³H]acetyl-

CoA (0.37 kBq/µl, American Radiolabeled Chemicals). To stabilize the acetyl-enzyme 

intermediate, reaction mixtures were kept at -20°C for at least 18 h. After thawing at 

RT, an aliquot of 10 µl was spotted on Whatman grade 3MM chromatography paper and 

free radioactivity was removed by descending paper chromatography using 300 mM 

ammonium acetate pH 7.5/70% ethanol as mobile phase. Radioactivity incorporated into 

protein remained at the origin and was quantified by scintillation counting.

In vitro formation of the acetyl-enzyme intermediate. Purified sCASD1-wt or 

sCASD1-S94A (5 µg) was incubated for 15 min at 37°C with or without 2.5 µM acetyl-CoA 

(Sigma Aldrich) in 50 µl containing 50 mM phosphate buffer pH 6.5 and 50 mM KCl. After 

storage at -20°C for at least 18 h to stabilize the acetyl-enzyme intermediate, the reaction 

mixture was separated by SDS-PAGE and the protein band was excised, digested with 

trypsin and analysed by LC-ESI-MS.

In-gel digestion of proteins with trypsin. Upon separation by SDS-PAGE and staining 

with Coomassie Blue (Roth), protein bands were excised from gels and subjected to 

tryptic digest. Briefly, the gel pieces were dehydrated with acetonitrile and rehydrated 

with 100 mM NH4HCO3 containing 10 mM dithiothreitol (Roth). Subsequently gel pieces 

were treated with 100 mM NH4HCO3 containing 100 mM iodoacetamide (Sigma). After a 

second dehydration step with acetonitrile and rehydration with 100 mM NH4HCO3 buffer 

followed by dehydration with acetonitrile, the dried gel pieces were rehydrated with 

20 ng/μl trypsin (Promega) in 50 mM NH4HCO3 buffer and incubated overnight at 37°C. 

Peptides were extracted with 75% acetonitrile containing 0.1% formic acid and dried in a 

vacuum centrifuge.

In vitro SOAT activity assay using DMB-HPLC analysis. Enzyme assays were performed 

for 3 h at 37°C in 20 µl containing 50 mM MES pH 6.5, 10 mM MnCl2, 1 mM acetyl-CoA 

with or without 5 µg sCASD1-wt or sCASD1-S94A. As acceptor substrates, the following 

compounds were tested: CMP-Neu5Ac (600 µM; Nacalai Tesque), Neu5Ac (600 µM; Nacalai 
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Tesque), a mixture of α2,3- and α2,6-linked sialyllactose (600 µM; Sigma Aldrich), GD3 

(600 µM; Calbiochem), fetuin (7 µg; Sigma Aldrich), and de-O-acetylated BSM (7 µg). After 

the enzyme reaction, Sias were released by acidic hydrolysis. To reduce O-acetyl group 

loss and migration during this step, we followed the protocol of Mawhinney and Chance 

(69) using 2 M propionic acid for 1 h at 80°C. Liberated Sias were subsequently derivatized 

with DMB according to Hara et al. (70). Briefly, Sias were labelled for 2.5 h at 50°C using 

8 mM DMB (Dojindo) in 1.5 M propionic acid containing 0.8 M ß-mercaptoethanol and 

14.2 mM sodium hydrosulfite. Fluorescently labelled Sias were separated using the 

Shimadzu Prominence CBM-20A UFLC system equipped with a XSelect CSH C18 reversed 

phase HPLC column (Waters, 4.6 × 250 mm, 5.0 µm particle size). Isocratic elution was 

performed with acetonitrile/methanol/H2O (9:7:84, v/v) as mobile phase at a flow rate 

of 0.3 ml/min and fluorescence was monitored with a fluorescence detector (RF-10A 

XL, Shimadzu) at 372 nm for excitation and 456 nm for emission. For the assignment of 

individual peaks, the DMB-labelled Glyko sialic acid reference panel (Prozyme) was used.

DMB-HPLC analysis of Golgi-confined Sia in HAP1 cells. For each cell type, HAP1 wt and 

HAP1ΔCASD1, 2 x 107 cells were incubated in 100 µl PBS containing 15 mU sialidase isolated 

from Arthrobacter ureafaciens (EY Laboratories, Inc.) for 3 h at 37°C to remove cell surface 

Sia. Cells were pelleted by centrifugation and lysed in 100 µl of PBS in a Precellys 24 

homogenizer (Bertin Technologies) at 5,000 rpm for 3 x 5 sec. The microsomal fraction was 

obtained by centrifugation for 1 h at 100,000 x g and removal of the cytosolic fraction. The 

pellet was washed with PBS followed by centrifugation for 1 h at 100,000 x g, resuspended 

in 100 µl of 2 M propionic acid and incubated for 1 h at 80°C to release bound Sia. After 

centrifugation for 1 h at 100,000 x g, the supernatant was lyophilized, derivatized with 

DMB and analysed by HPLC as described.

LC-ESI-MS. MS analysis of peptides and DMB-labelled sugars was performed on a 

nanoACQUITY UPLC system (Waters) equipped with an analytical column (Waters, 

BEH130C18, 100 μm × 100 mm, 1.7 μm particle size) coupled online to an ESI Q-TOF (Q-TOF 

Ultima, Waters). DMB-labelled sugars dissolved in acetonitrile/methanol/H2O (9:7:84, v/v) 

and peptides dissolved in 2% acetonitrile, 0.1% formic acid were separated by reverse 

phase chromatography using acetonitrile as eluent. MS spectra were recorded in positive 

reflection mode and analytes were automatically subjected to fragmentation (MS/MS). 

Spectra were analysed using MassLynx V4.1 software (Waters). MS/MS protein spectra 

were automatically analysed using the program ProteinLynx Global Server (Version 2.1, 

Waters).
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Ganglioside analysis by thin-layer chromatography (TLC). Gangliosides were extracted 

as described (19). Briefly, 2 x 107 cells were resuspended in chloroform/methanol (1:2, v/v), 

lysed for 15 min by sonication and centrifuged for 10 min at 3,000 rpm. Water was added 

to the supernatant to obtain a final ratio of chloroform/methanol/H20 of 4:8:5 (v/v/v). After 

vortexing and centrifugation for 5 min at 4,800 rpm, the upper phase was recovered.  The 

obtained ganglioside fraction was desalted on a Chromabond C18 cartridge (Macherey 

Nagel) and evaporated to dryness under nitrogen gas. Gangliosides were resuspended in 

chloroform/methanol (1:2, v/v), spotted on high performance TLC plates (HPTLC Nano-

DURASIL-20, 10 x 10 cm, Macherey-Nagel) and chromatographed for 30 min in chloroform/

methanol/H2O (120:70:17, v/v/v) containing 0.2% CaCl2 (5). Plates were treated with 0.5% 

polyisobutyl methacrylate (Sigma Aldrich) in hexane and dried. After incubation in PBS 

followed by blocking with 1% BSA in PBS for 1 h at RT, immunostaining with enhanced 

chemiluminescence detection was performed using the following antibodies. Anti-CD60b 

mAb UM4D4 (5 µg/ml; Santa Cruz cat. Sc-32269), anti-CD60c mAb U5 (40 µg/ml; kindly 

provided by Reinhard Schwartz-Albiez), anti-CD60a mAb R24 (10 µg/ml; purified from cell 

culture supernatant of hybridoma cells by Protein A affinity chromatography), goat anti-

mouse IgG HRP conjugate (1:5,000; Southern Biotech cat. 1010-05) or goat anti-mouse 

IgM HRP conjugate (1:5,000; Southern Biotech cat. 1021-05). To induce migration of 

O-acetyl groups from the C7 to the C9 position of Sia, TLC plates were treated with 0.1 M 

glycine/NaOH pH 9.7 for 30 min at 37°C (5) prior to blocking with 1% BSA in PBS. 7-O- and 

9-O-acetylated GD3 used as standards were purified from bovine buttermilk by Bernhard 

Kniep (25) and have been generously provided by Reinhard Schwartz-Albiez. 
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^ Figure S1. Prediction of transmembrane helices of human CASD1. Transmembrane helices 

were predicted using the program TMHMM 2.01.
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^ Figure S2. Identification of an acetyl-enzyme intermediate involving S94 of CASD1. The 

CASD1 peptide for which an acetyl adduct had been observed (Fig. 2F) was analysed by 

peptide sequencing using LC-ESI-MS/MS. (A, B) Tandem MS spectra of the doubly charged 

peptide in nonacetylated (m/z = 508.25) and acetylated (m/z = 529.26) form obtained from 

sCASD1-wt incubated with acetyl-CoA. (c) Tandem MS spectra of the doubly charged 

peptide (m/z = 500.23) obtained from sCASD1-S94A incubated with acetyl-CoA. MS/MS 

spectra were analysed using the program ProteinLynx Global Server (Version 2.1, Waters). 

The fragmentation patterns of the respective peptides are given on the right and detected 

C-terminal (y-series) and N-terminal (b-series) ions are indicated on the sequence.
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< Figure S3. LC-ESI-MS analysis of the acetyl-enzyme intermediate of CASD1. Purified 

sCASD1-wt and sCASD1-S94A were incubated with or without acetyl-CoA. After separation 

by SDS-PAGE and tryptic digest of the excised protein bands, each sample was analysed 

by LC-ESI-MS. Theoretical m/z values are given for the doubly charged tryptic peptides 

containing the active site serine S94 or the corresponding S94A mutation. Extracted ion 

chromatograms (EICs) were generated by searching the chromatograms for the respective 

ions with the theoretical m/z values for the 2-fold charged tryptic peptide of sCASD1-wt 

(87-HIAFIGDSR-95, m/z = 508.25), the serine O-acetylated peptide (87-HIAFIGDS(ac)R-95, 

m/z = 529.26) and the peptide of sCASD1-S94A (87-HIAFIGDAR-95, m/z = 500.27). (A) In the 

absence of acetyl-CoA, only one peak was observed for sCASD1-wt in EICs corresponding to 

the unmodified peptide (m/z = 508.25, black line). (B) Addition of acetyl-CoA to the reaction 

mixture led to the identification of a further peak in the EIC for m/z = 529.26 (blue line), 

corresponding to the mass of the serine O-acetylated peptide. (C, D) Analysis of sCASD1-

S94A revealed a peak in the EIC corresponding to the unmodified peptide with the m/z value 

of 500.27 (red line). In the reaction mixtures containing sCASD1-S94A, no masses for peptides 

corresponding to sCASD1-wt were observed. Spectra shown for the respective samples (Fig. 

2F) were generated from EICs by accumulation of scans ± 0.1 min around peak maxima. The 

identity of the peptides was confirmed by LC-ESI-MS/MS (Fig. S2).
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^ Figure S4. Golgi-localized 9-O-acetylated sialoglycoconjugates in mammalian cell lines. 

(A) Triton-permeabilized HAP1 (human), TE 671 (human), MDCK I (canine), CHO (hamster) 

and LM-TK- (murine) cells were co-stained with BCoV-HE0-Fc to detect 9-O-acetylated Sia 

and an antibody recognizing either Giantin (human and canine cell lines) or α-mannosidase II 

(α-Man II, murine and hamster cell lines). Scale bar: 10 μm. (B) Analysis of CASD1 expression 

by RT-PCR. CASD1 transcripts were amplified using exon 2 and exon 8 specific forward and 

reverse primers, respectively. RNA isolated from perinatal mouse brain was used as positive 

control (contr.). β-ACTIN transcripts were amplified as internal control. PCR products were 

separated on a 2.5% agarose gel and stained with ethidium bromide.
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^ Figure S5. Golgi-confined 9-O-acetylated Sia is attached to N- and O-glycans. (A) Triton-

permeabilized CHO wild-type, CHO lec12, and CHO 6B23 cells were stained with BCoV-

HE0-Fc to detect 9-O-acetylated sialoglycans. For CHO wildtype and CHO lec1 cells, parallel 

stainings were performed with cells in which the synthesis of mucin type O-glycans was 

blocked by treatment with benzyl-α-GalNAc. This structural analogue of GalNAc-Ser/Thr acts 

as a competitive inhibitor of O-glycan extension by serving as a decoy acceptor for enzymes 

involved in these extensions (4, 5). CHO lec1 cells lack complex and hybrid-type N-glycans 

due to a defect in the N-acetylglucosaminyltransferase I gene (2) and CHO 6B2 cells produce 

asialo-glycoconjugates due to a defect in the Golgi CMP-Sia-transporter (3). (B) Scheme 

depicting variations in the glycosylation pattern. Differences between wildtype and mutant 

cells as well as before and after treatment with the O-glycosylation inhibitor benzyl-α-

GalNAc are illustrated for a sialylated biantennary N-glycan and a sialylated core 1 O-glycan.
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^ Figure S6. Analysis of Golgi-confined Sia in HAP1 cells by DMB-HPLC and LC-ESI-MS/

MS. (a) HPLC elution profile of the DMB-derivatized Sia reference panel. Asterisks denote 

that the indicated Sia species are labelled with DMB. (b,c) HPLC elution profiles of DMB-

derivatized Sia obtained from microsomal fractions of 2 x 107 HAP1 wild-type (wt) and 

HAP1ΔCASD1 cells (see Methods Section for details). The retention time corresponding to 

DMB-Neu5,9Ac2 of the reference panel is highlighted by a grey box. (d) LC-ESI-MS/MS 

analysis. The peak material from HAP1 wt and HAP1ΔCASD1 cells eluting at the retention 

time of DMB-Neu5,9Ac2 was collected and subjected to LC-ESI-MS/MS. Ions at m/z 468.16 

([M+H]+), corresponding to DMB-Neu5,9Ac2, were only obtained for the material collected 

from (b) and subsequent fragmentation revealed the three ions characteristic for DMB-

Neu5,9Ac2 (m/z [M+H]+: 313, 295, 229). Numbers in brackets above the spectrum refer to 

the structures depicted in Figure 3f.
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^ Figure S7. CASD1 knock-out results in loss of Sia 9-O-acetylation in HEK293T cells. (a) 

Schematic representation of the human CASD1 locus, showing the target sites used for CRISPR/

Cas-mediated genome editing in HEK293T cells. A two-target editing approach was used to 

make precise 69-bp deletions at the 5’ end of exon 1 in both alleles (6), resulting in deletion of the 

Kozak sequence and the sequence encoding amino acid residues 1 through 18. (b) PCR analysis 

of genomic DNA from parental HEK293T cells (wt) and HEK293TΔCASD1 cells (ΔCASD1), showing 

a deletion in CASD1 exon 1 in the latter cells. (c) Sequence analysis of the PCR amplicon from 

HEK293TΔCASD1 cells, showing the deletion of nucleotide residues -16 through 53 of CASD1 exon 1. 

(d) Immunofluorescence analysis of Triton-X-100-permeabilized HEK293T wt and HEK293TΔCASD1 

cells stained with BCoV-HE0-Fc. (e) Complementation of HEK293TΔCASD1 cells with CASD1 cDNA 

restores sialate 9-O-acetylation. HEK293TΔCASD1 cells were transiently transfected with empty 

vector (mock) or with a plasmid encoding V5-tagged CASD1 (+ CASD1). Permeabilized cells were 

co-stained with BCoV-HE0-Fc (red) and anti-V5 mAb (green). Nuclei were counterstained with 

DAPI (blue). Scale bar: 10 μm.
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< Figure S8. CASD1 mediates 9-O-acetylation of disialo gangliosides in HEK293T cells. (a) 

HEK293T wt and HEK293TΔCASD1 cells were transiently transfected with either empty vector 

(mock) or ST8SIA1 cDNA (+ ST8SIA1). Triton-permeabilized cells (upper panel) were stained 

with anti-V5 mAb for the detection of V5-tagged ST8Sia I. Non-permeabilized cells were 

stained with anti-CD60a mAb R24 (middle panel) or anti-CD60b mAb UM4D4 (lower panel). 

Nuclei were counterstained with DAPI (blue). Scale bar: 10 μm. (b) The higher transfection 

efficiency of HEK293T compared to HAP1 cells allowed an additional characterization of 

the generated O-acetylated gangliosides by thin-layer chromatography (TLC). Gangliosides 

extracted from 2 x 107 HEK293T wt and HEK293TΔCASD1 cells were separated by TLC and 

either stained with anti-CD60b mAb UM4D4 (b1, b2), anti-CD60c mAb U5 (b3) or anti-CD60a 

mAb R24 (b4). Purified GD3, 7-O-Ac-GD3 and 9-O-Ac-GD3 were used as standards. Upon 

ST8Sia I expression, mAb UM4D4-positive bands were observed in ganglioside extracts of 

HEK293T wt but not of HEK293TΔCASD1 cells (b1). The mobility of these bands on the TLC 

plate indicated the formation of 9-O-acetylated gangliosides of the neolacto series, with the 

upper band co-migrating with non-O-acetylated GD3 as described for 9-O-acetylated disialo 

neolactotetraosylceramide. Pre-treatment of TLC plates with mild alkali to induce a shift of 

O-acetyl groups from C7 to C9 did not result in the appearance of additional UM4D4-positive 

bands in the HEK293T samples (b2). This was also true for the plate shown in (b1) after 

additional mild alkali treatment and a second round of mAb UM4D4 staining (b1a), although 

this procedure was accompanied by high background staining. Immunostaining with anti-

CD60c mAb U5 (b3) revealed binding of this mAb to the 7-O-acetylated GD3 standard, but 

also demonstrated cross-reactivity with non-modified GD3 as described previously. Similarly, 

a slight cross-reactivity of anti-GD3 mAb R24 with 7-O-acetylated GD3 was observed (b4) 

as noted before. However, based on their migration compared to the standards, the single 

bands detected with mAb U5 (b3) and mAb R24 (b4) in ganglioside extracts from ST8Sia I 

expressing HEK293T wt and HEK293TΔCASD1 cells can be assigned to non-O-acetylated GD3. 

(c) Structural composition of 9-O-acetylated GD3 and similar gangliosides of the neolacto 

series that carry a terminal 9-O-acetylated disialo epitope recognized by anti-CD60b mAb 

UM4D414. Commonly used abbreviations and ganglioside names according to IUPAC 

nomenclature are given in the first and second column, respectively. 9-O-Ac, 9-O-acetylated; 

DSPG, disialo paragloboside; DSHC, disialo neolactohexaosylceramide.



116

Supplemental references

1. Krogh, A., Larsson, B., von Heijne, G. & Sonnhammer, E. L. Predicting transmembrane protein topology 

with a hidden Markov model: application to complete genomes. J. Mol. Biol. 305, 567–80 (2001).

2. Stanley, P. Glycosylation mutants of animal cells. Annu. Rev. Genet. 18, 525–52 (1984).

3. Eckhardt, M., Mühlenhoff, M., Bethe, A. & Gerardy-Schahn, R. Expression cloning of the Golgi CMP-

sialic acid transporter. Proc. Natl. Acad. Sci. 93, 7572–7576 (1996).

4. Huang, J., Byrd, J. C., Yoon, W. H. & Kim, Y. S. Effect of benzyl-alpha-GalNAc, an inhibitor of mucin 

glycosylation, on cancer-associated antigens in human colon cancer cells. Oncol. Res. 4, 507-15 

(1992).

5. Huet, G. et al. Characterization of mucins and proteoglycans synthesized by a mucin secreting HT-29 

cell subpopulation. J. Cell Sci. 108, 1275–85 (1995).

6. Zheng, Q. et al. Precise gene deletion and replacement using the CRISPR/Cas9 system in human cells. 

BioTechniques 57, 115-124 (2014).



117

9-O-Acetylation of sialic acids is catalysed by CASD1

3



118

Chapter:



119

Structural basis of a coronavirus receptor switch

4

A coronavirus receptor switch explained from 
the stereochemistry of protein-carbohydrate 
interactions and a single mutation

Mark J.G. Bakkers1, Qinghong Zeng2*, Louris J. Feitsma2*, Ruben J.G. Hulswit1, Zeshi Li3,  

Aniek Westerbeke1, Frank J.M. van Kuppeveld1, Geert-Jan Boons3, Martijn A. Langereis1,  

Eric G. Huizinga2 and Raoul J. de Groot1

1  Virology Division, Department of Infectious Diseases and Immunology, Faculty of Veterinary 

Medicine, Utrecht University, 3584 CH Utrecht, The Netherlands;
2  Crystal and Structural Chemistry, Bijvoet Center for Biomolecular Research, Faculty of 

Sciences, Utrecht University, 3584 CH Utrecht, The Netherlands.
3  Complex Carbohydrate Research Center, University of Georgia, Athens, GA 30602 U.S.A.

*Equal contribution

PNAS (2016) 113(22): E3111-9



120

Abstract

Hemagglutinin-esterases (HEs) are bimodular envelope proteins of orthomyxo-, toro- 

and coronaviruses with a carbohydrate-binding ‘lectin’ domain appended to a receptor-

destroying sialate-O-acetylesterase (‘esterase’). In concert, these domains facilitate 

dynamic virion attachment to cell surface sialoglycans. Most HEs (type I) target 

9-O-acetylated sialic acids (9-O-Ac-Sias), but one group of coronaviruses switched to 

using 4-O-Ac-Sias instead (type II). This specificity shift required quasi-synchronous 

adaptations in the Sia-binding sites of both lectin and esterase domains. Previously, a 

partially disordered crystal structure of a type II HE revealed how the shift in lectin ligand 

specificity was achieved. How the switch in esterase substrate specificity was realized 

remained unresolved, however. Here we present a complete structure of a type II HE with 

a receptor analogue in the catalytic site and identify the mutations underlying the 9-O- 

to 4-O-Ac-Sia substrate switch. We show that (i) common principles pertaining to the 

stereochemistry of protein-carbohydrate interactions were at the core of the transition 

in lectin ligand and esterase substrate specificity, (ii) in consequence, the switch in O-Ac-

Sia specificity could be readily accomplished via convergent intramolecular co-evolution 

with only modest architectural changes in lectin and esterase domains, and (iii) a single, 

inconspicuous Ala-to-Ser substitution in the catalytic site was key to the emergence of the 

type II HEs. Our findings provide fundamental insights into how proteins ‘see’ sugars and 

how this affects protein and virus evolution.

Significance statement

A wide variety of vertebrate viruses, representative of at least eleven families, use sialic 

acid (Sia) for host cell attachment. In betacoronaviruses, the hemagglutinin-esterase 

envelope protein (HE) mediates dynamic attachment to O-acetylated Sias. HE function 

relies on the concerted action of carbohydrate-binding lectin and receptor-destroying 

esterase domains. While most betacoronaviruses target 9-O-acetylated Sias, some 

switched to using 4-O-acetylated Sias instead. The crystal structure of a ‘type II’ HE now 

reveals how this was achieved. Common principles pertaining to the stereochemistry of 

protein-carbohydrate interactions facilitated the ligand/substrate switch such that only 

modest architectural changes were required in lectin and esterase domains. Our findings 

provide fundamental insights into how proteins ‘see’ sugars and how this affects protein 

and virus evolution.
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Introduction

Among host cell surface determinants for pathogen adherence, sialic acids (Sia) rank 

prominently (1, 2). Representatives of at least eleven families of vertebrate viruses 

use Sia as primary entry receptor and/or attachment factor (3, 4). Viral adherence to 

sialoglycans, however, comes with inherent complexities related to (i) the sheer ubiquity 

of receptor determinants that may act as ‘decoys’ when present on off-target cells and 

non-cell-associated glycoconjugates, and (ii) the dense clustering that is characteristic 

to glycotopes and that may augment the apparent affinity of ligand-lectin interactions 

by orders of magnitude (5, 6). Viruses may avoid inadvertent virion binding to non-

productive sites by being selective for particular sialoglycan subtypes so that attachment 

is dependent on sialic acid linkage type, the underlying glycan chain, and/or the absence 

or presence of specific post-synthetic Sia modifications (2, 7, 8). Moreover, as an apparent 

strategy to evade irremediable binding to decoy receptors, viral sialolectins typically 

are of low affinity, with dissociation constants in the millimolar range (reviewed in (3)). 

In consequence, virion-Sia interactions are intrinsically dynamic and the affinity of 

the virolectins would appear to be fine-tuned such as to ensure reversibility of virion 

attachment. In most viruses, reversibility is exclusively subject to the lectin-ligand binding 

equilibrium. Some, however, take this principle one step further by encoding virion-

associated enzymes to promote catalytic virion elution through progressive local receptor 

depletion (3, 4). 

 In lineage A betacoronaviruses (A-βCoVs), a group of enveloped positive-strand RNA 

viruses of human clinical and veterinary relevance (9), catalysis-driven reversible binding 

to O-acetylated sialic acids (O-Ac-Sias) is mediated by the hemagglutinin-esterase (HE), 

a homo-dimeric type I envelope glycoprotein (10–15). HE monomers resemble cellular 

carbohydrate-modifying proteins (16, 17), in that they have a bi-modular structure with 

a lectin appended to the enzyme domain. The lectin domain mediates virion attachment 

to specific O-Ac-Sia subtypes with binding hinging on the all-important sialate-O-acetyl 

moiety, while removal of this O-acetyl by the catalytic sialate-O-acetylesterase (‘esterase’) 

domain results in receptor destruction (18–21). 

 Intriguingly, HE homologues also occur in toroviruses (22–25) as well as in three genera 

of orthomyxoviruses (Influenza virus C, Influenza virus D and Isavirus; (26–32)), but, among 

coronaviruses, exclusively in A-βCoVs (9). HE was added to the proteome of an A-βCoV 

common progenitor through horizontal gene transfer and apparently originated from a 

9-O-Ac-Sia-specific hemagglutinin-esterase fusion protein (HEF) resembling those of 

influenza viruses C and D (10, 19). The acquisition of HE, either or not in conjunction with 

that of other accessory proteins like ns2a (33), may well have sparked the radiation of the 

A-βCoVs. At any rate, their expansion through cross species transmission was accompanied 
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by evolution of HE, apparently reflecting viral adaptation to the sialoglycomes of the novel 

hosts (14). For example, the HE of bovine coronavirus (BCoV) preferentially targets 7,9-di-

O-Ac-Sias, a trait shared with the HEs of bovine toroviruses (8, 24). The most dramatic 

switch in O-Ac-Sia specificity occurred in the murine coronaviruses (MuCoVs), a species 

of A-βCoVs in mice and rats (9). Two MuCoV biotypes can be distinguished on the basis of 

their HE (14) with one group of viruses using the prototypical attachment factor, 9-O-Ac-

Sia (type I specificity) (24), and the other exclusively binding to Sias that are O-acetylated 

at carbon atom C4 (4-O-Ac-Sia) (type II specificity) (15, 24, 34, 35). While deceptively similar 

in nomenclature and acronyms, 9-O- and 4-O-Ac-Sias are quite different in structure 

(Fig. 1A), particularly when taking into account that the sialate-O-acetyl is paramount 

to protein recognition. Thus, in molecular terms the shift in ligand/substrate preference 

would seem momentous. As rules of virus evolution would predict, and in accordance 

with the phylogenetic record (14), the transitions in ligand and substrate specificity that 

required co-evolution of two distinct protein domains (i.e. lectin and esterase) must have 

occurred swiftly and, though not necessarily simultaneously, at least within a narrow time 

frame. 

 Previous analysis of an HE structure of MuCoV type II strain S revealed how the 

shift in Sia-specificity was accomplished for the lectin domain (21). Its comparison to the 

(type I) HE of BCoV (a member of species Betacoronavirus-1 distantly related to MuCoV 

(9)) allowed for a rough reconstruction of the remodelling of the lectin’s carbohydrate 

binding site (CBS). The catalytic site, however, was disordered (21), and hence the question 

of how the switch in substrate specificity was brought about remains unresolved. We 

now present fully resolved crystal structures of a type II HE, free or with ligand/substrate 

analogues in the Sia binding sites of both lectin and esterase domain. To allow for a 

minute side-by-side comparison, we also determined the structure of the esterase domain 

of a closely related type I MuCoV HE. Comparative structural analysis corroborated by 

structure-guided mutagenesis revealed the crucial changes that underlie the substrate 

specificity switch and thus established the structural basis for type II substrate selection. 

Our findings indicate that basic principles pertaining to the stereochemistry of protein-

carbohydrate interactions were at the core of the transition in lectin ligand and esterase 

substrate specificity. We propose that, within this context, a single inconspicuous amino 

acid substitution in the catalytic site -in essence the mere introduction of an oxygen atom- 

was key to the emergence of the type II HEs.
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Results and Discussion

Structure determination and overall structures. The HE ectodomains of murine 

coronavirus strains MHV-DVIM (type I) and RCoV-NJ (type II), either intact or rendered 

catalytically-inactive through active site Ser-to-Ala substitutions (HE0), were expressed 

as thrombin-cleavable Fc fusion proteins. The expression products retained full biological 

activity as was demonstrated by solid phase lectin binding assays and receptor destruction 

assays with bovine submaxillary mucin (BSM) and horse serum glycoproteins (HSG; Fig. 

1B); these sialoglycoconjugates carry 9-O-Ac- and 4-O-Ac-Sias, respectively (36, 37), and 

were used to assess esterase specificity throughout.

 Crystals of MHV-DVIM HE, and of RCoV-NJ HE0, free or in complex with the non-

hydrolysable ligand/substrate analogue 4,5-di-N-acetylneuraminic acid α-methylglycoside 

(α-4-N-Ac-Sia), diffracted to 2.0, 2.2 and 1.85Å, respectively. Structures were solved by 

molecular replacement using MHV-S HE (PDB ID: 4C7W; for RCoV-NJ HE) and BCoV-

Mebus HE (PDB ID: 3CL5; for MHV-DVIM HE) as search models. For crystallographic 

details, see table 1.

 Overall, the murine coronavirus HEs closely resemble those of other nidoviruses, 

assembling into homodimers and with monomers displaying the characteristic domain 

organization (Fig. 1C; (19, 20)). For RCoV-NJ HE, complete structures were determined. In 

the case of MHV-DVIM HE, the lectin domain was partially disordered, but the structure of 

the esterase domain was resolved. 

 The lectin domain of RCoV-NJ HE is virtually identical to that of (type II) MHV-S HE (21) 

(rmsd on main chain Cα atoms: 0.31Å, sTable 1; for a sequence alignment of representative 

type I and II HEs, see sFig. 1). The same holds for the binding mechanism and topology of 

the ligand (sFig. 2A and 3B). One notable difference is in the lectin domain’s metal-binding 

site, a signature element of coronavirus HEs (19). That of RCoV-NJ contains Na+ rather 

than K+ as inferred from the bond lengths to the coordinating amino acids (Asp225, Ser226, 

Gln227, Ser273, Glu275 and Leu277), B factors and abundance in crystallization solution (sTable 

2A). Its structure, however, is fully conserved, with all key residues in RCoV-NJ HE aligning 

with those in MHV-S HE (sFig. 2B). It would thus appear that the metal-binding site in the 

type II lectin domain can be occupied by either Na+ or K+ without major consequences for 

protein structure and function.

 The esterase domain of the RCoV-NJ HE is strikingly similar to those of MHV-DVIM and 

BCoV-Mebus HE (sFig 1; rmsd 0.25Å on main chain Cα atoms for all three combinations, 

sTable 1), despite the difference in substrate specificity. As was predicted from primary 

sequence similarity (66% identity overall between MHV-DVIM and RCoV-NJ HE and 70 

% in the esterase domain (14)) and confirmed by present structural data, the shift in 

substrate-specificity from 9- to 4-O-Ac-Sia required minimal architectural changes. 
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^ Figure 1. (A) Stick representation of 9-O-Ac-Sia and 4-O-Ac-Sia. O-Ac moieties are depicted 

with carbon atoms in cyan. (B) Substrate specificity of MHV-DVIM HE (red circles) and RCoV-

NJ HE (blue squares). BSM (left panel) and HSG (right panel) were coated in Maxisorb plates 

and incubated with two-fold serial dilutions (starting at 100 ng/µl) of enzymatically active 

HE-Fc fusion proteins. Loss of 4-O- and 9-O-Ac-Sias (indicated by percentual depletion on 

the y-axis) was assessed by solid phase lectin binding assay with enzymatically-inactive 

virolectins MHV-S HE0-Fc and PToV-P4 HE0-Fc, respectively, with virolectin concentrations 

fixed at 50% maximal binding. (C) Cartoon representation of the crystal structures of the 

RCoV-NJ HE and MHV-DVIM HE dimers. The left monomer is colored gray, the other by 

domain: lectin domain (L, blue); esterase domain (E, green) with Ser-His-Asp active site triad 

(cyan sticks); membrane proximal domain (red). 
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Table 1. Data collection and refinement statistics

MHV-DVIM HE RCoV-NJ HE free RCoV-NJ HE complex

Data Collection

Synchrotron ESRF SLS ESRF

Beamline ID23-1 PX ID23-2

Wavelength (Å) 0.9999 0.9999 0.8729

Space group P212121 C2221 C2221

Cell dimensions 
a, b, c (Å) 
α, β, γ (°)

88.52, 88.82, 122.16
90, 90, 90

 
60.71, 184.37, 76.90  

90, 90, 90

 
57.09, 184.59, 78.08  

90, 90, 90

Resolution range (Å)* 44.41 – 2.00 (2.03 – 2.00) 61.2  - 2.2  (2.27 - 2.20) 54.54 – 1.85 (1.89 – 1.85)

Total no. reflections 601769 (20257) 92318 (8952) 107080 (5853)

No. unique reflections 65139 (2878) 22281 (2049) 33539 (2066)

Rmerge 0.096 (1.184) 0.109 (0.68) 0.106 (0.519)

I/σI 12.5 (2.3) 8.5 (2.2) 6.2 (1.8)

Redundancy 9.24 (7.0) 4.1 (4.4) 3.2 (2.8)

Completeness (%) 99.2 (90.9) 99.6 (100) 94.4 (95.7)

CC(1/2) 0.999 (0.747) 0.995 (0.815) 0.990 (0.577)

Refinement

Rwork / Rfree 0.1990 / 0.2264 0.2319 / 0.2783 0.1851 / 0.2006

No. atoms

  Protein 5708 2929 3058

  Water / other ligands 223 / 463 89 / 86 186 / 182

Average B / Wilson B (Å2) 52.0 / 42.5  40.99 / 25.4 12.5 / 22.5

RMS deviations

  Bond lengths (Å) 0.018 0.0094 0.007

  Bond angles (°) 1.949 0.9254 1.300

Ramachandran Plot

  Favored (%) 96.6 95.0 97.0

  Allowed (%) 3.4 5.0 3.0

  Outliers (%) 0 0 0

*Numbers between brackets refer to the outer resolution shell.
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A crystal structure of RCoV-NJ HE0 complexed with 4,5-di-N-Ac-Sia was obtained by 

soaking at high Sia concentrations (100 mM) and low temperature (4°C) to allow for the 

stabilization of low affinity interactions. The electron density map revealed a well-defined 

substrate analogue molecule (sFig. 3) bound in the active site. 

All elements of the ancestral type I catalytic center are conserved in Sia-4-O-Ac-specific 

type II HEs. The nido- and orthomyxoviral esterase domains form a separate family in 

the c.23.10 Ser-Gly-Asn-His (SGNH) superfamily of esterases and acetylhydrolases (18, 

38). These enzymes are characterized by an αβα domain organization with a central 

five-stranded parallel β sheet, and by strict topological conservation of catalytic SGNH 

residues (Fig. 2A). As illustrated in Fig. 2B for MHV-DVIM HE, the Ser and His residues, 

together with Asp form a catalytic triad, arranged in a linear array. Flanking the catalytic 

triad is a hydrophobic specificity pocket (P1) to accommodate -in O-acetylesterases- the 

methyl group of the target Sia-O-acetylate. The conserved Gly and Asn residues located 

along the upper rim of this pocket contribute through main chain and side chain amides, 

respectively, to create an oxyanion hole in combination with the main chain amide of the 

active site Ser (Figs. 2A, C and D) (18, 39, 40).

 The viral esterase domains differ from other SGNH hydrolases by the presence of a 

second hydrophobic pocket (P2) on the opposite side of the catalytic triad (18–21). In 

sialate-9-O-acetylesterases, this pocket serves to harbor the (hydroxy)methyl group of 

the Sia-5-N-acyl moiety (18). Another hallmark is a strategically positioned Arg (Arg305 in 

< Figure 2. (A) Superposition of residues lining the P1 pocket of Influenza C HEF (carbon 

atoms cyan), MHV-DVIM HE (carbon atoms green) and RCoV-NJ HE (carbon atoms salmon). 

Surface representation is that of MHV-DVIM HE. Conserved residues within the SGNH family 

of hydrolases are underlined. (B) Surface representation of the catalytic center of MHV-

DVIM HE with the P1 and P2 pockets indicated. The Ser-His-Asp catalytic triad is shown as 

sticks. (C) 9-N-Ac-Sia binding in the HEF catalytic site as observed in the crystal complex 

(18). Contacting amino acid side chains are shown in stick representation and colored by 

atom type (oxygen, red; nitrogen, blue; carbons, gray or green for amino acid side chains and 

9-N-Ac-Sia, respectively). Oxyanion hole hydrogen bonds and the bidentate hydrogen bond 

interaction between Arg305 and the Sia carboxylate moiety are shown as black, dashed lines. 

(D) Model of 9-N-Ac-Sia binding in the MHV-DVIM HE catalytic site based on superposition 

with the HEF-inhibitor complex (carbon atoms green) and on automated molecular docking 

(carbon atoms salmon), represented as in Fig. 2C. (E) Catalytic activity of MHV-DVIM HE 

towards glycosidically-bound 9-O-Ac-Sia is abrogated by substitution of Arg305 by Ala. 

Receptor destruction was assessed as in Fig. 1B. (F) Arg305Ala substitution in MHV-DVIM HE 

does not affect activity towards the synthetic substrate p-nitrophenyl acetate. Ser44Ala is a 

catalytically inactive mutant. Enzymatic activity shown as percentage of wild type activity.
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DVIM HE), the side chain of which extends into the catalytic center (Fig. 2A, C and D). 

While not essential for catalysis per se, this Arg is of overriding importance for substrate 

binding and, in consequence, for the efficient cleavage of glycosidically-bound 9-O-Ac-

Sias (20). Its side-chain’s head group engages in a bidentate hydrogen bond interaction 

with the Sia-carboxylate (18, 39), thus fixing the Sia pyranose ring in a proper orientation 

such that the Sia-9-O-acetyl is brought in close proximity of the active site nucleophile. 

As we observed for torovirus type I HEs (20), substitution in DVIM HE of Arg305 by Ala 

abrogates enzymatic activity towards natural substrates (Fig. 2E), but does not affect 

cleavage of the synthetic substrate p-nitrophenylacetate (pNPA) (Fig. 2F). 

 Remarkably, all elements of the ancestral/archetypical Sia-9-O-AE catalytic center, 

including P1 and P2 pockets, are present in Sia-4-O-Ac-specific MuCoV type II HEs, with a 

near perfect alignment in MHV-DVIM and RCoV-NJ HEs of all residues known to control 

sialate-9-O-acetylesterase activity (Fig. 2A). With the enzymatic mechanism and all 

main structural elements for catalysis preserved, a shift in esterase specificity from 9- to 

4-O-acetylated Sias could only have been effectuated by changing the binding topology of 

the substrate. As shown by the data, this is indeed what occurred (Fig. 3A). As compared 

to 9-N-Ac-Sia bound in the type I catalytic center of HEF (Fig. 2C) and to 9-O-Ac-Sia in 

the esterase site of MHV-DVIM HE as modeled by superposition or automated docking 

(Fig. 2D), the 4-N-Ac-Sia-substrate analogue in the RCoV-NJ type II enzyme is rotated by 

180° about the central Sia C2-C5 axis allowing the 4-N-acetyl moiety to be inserted into 

the P1 pocket while the 5-N-acyl remains in pocket P2 (Figs. 3A, B and C). Moreover, the 

substrate molecule is tilted by 20° such as to allow for sufficient space for the remaining 

sugar residues of the glycan chain to which the natural substrate, 4-O-Ac-Sia, would be 

attached. 

 As a corollary of the altered substrate topology, the catalytic site Arg, critical in type 

I HEs (20), can no longer interact with the Sia carboxylate. In accordance, substitution of 

RCoV HE Arg307 by Ala caused only a minor reduction in sialate-4-O-acetylesterase activity 

(Figs. 3D and E). Thus, in type II HEs, the catalytic center Arg, though conserved, has 

become functionally redundant and is no longer essential for substrate binding.

Type II-specific amino acid substitutions responsible for 4-O-Ac-Sia substrate specificity 

revealed by mutational analysis. From the type II HE structure, it was not immediately 

evident how the shift in substrate specificity was achieved and how binding of the original 

substrate is excluded. We therefore performed comprehensive comparative sequence 

analysis of all type I and II coronavirus HE esterase domains available in Genbank in order 

to identify consistent differences related to substrate specificity (for the nomenclature 

of protein segments, see sFig. 4; for an alignment of representative type I and type II 

HEs, see sFig. 1). Only a select number of such dissimilarities were noted involving three 
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distinct elements (Figs. 4A and B). In segment b2α3, proximal to the P2 pocket, there is 

a single type-specific amino acid difference: Ala in type I and Ser in all type II HEs. Far 

more prominent changes occurred in segment α1b2, which comprises a surface exposed 

disulfide loop (formed by Cys44 and Cys65 or Cys48 and Cys69 in RCoV-NJ HE and MHV-DVIM 

HE, respectively) with 16 out of 20 residues (80%) uniquely substituted in type II HEs. 

The other type II-specific differences are in segment b16α6, entailing a single residue 

insertion and the substitution of the orthologues of DVIM HE Val332-Tyr333 by Asp-Thr-His 

(Figs. 4A and B). Apparently, the changes that occurred in segments α1b2 and b16α6 are 

interrelated as they resulted, amongst others, in the creation of a novel metal-binding 

site, located near the active site and formed by the side chains of α1b2 residues Glu48, 

His52, Asp56 and b16α6 residue His336 (Fig. 4C). The presence of two negatively charged 

coordinating residues indicates that the site is occupied by a bivalent metal ion, which we 

identified as Zn2+ on the basis of (i) distances to coordinating amino acids (sTabel 2B), (ii) 

coordination by two acidic residues and two imidazole rings, and (iii) X-ray absorption data 

(sFig. 5). A propos, loss of this metal ion, caused by the low pH crystallization conditions 

may well have caused the disorder of the catalytic domain in the published structure of 

MHV-S HE (21).

 The introduction of the three type I elements of DVIM HE into the RCoV-NJ HE 

background resulted in an esterase with strict type I substrate specificity (Fig. 4D). The 

recombinant protein lost all enzymatic activity towards 4-O-Ac-Sias and, as compared to 

the naturally occurring type I HE of MuCoV strain DVIM, even displayed a 12-fold higher 

sialate-9-O-acetylesterase activity. We postulate that in its esterase domain, the NJ/DVIM 

type I chimera is a facsimile, or at the least a close approximation, of the most recent 

common ancestor of the type II HEs (i.e. of the parental HE that still retained the original, 

type I-specificity for 9-O-Ac-Sias). Departing from this perspective, we asked what the 

importance of the changes in the individual elements might be, and what the minimal 

requirements for the ancestral type I enzyme would have been to gain 4-O-acetylesterase 

activity and to exclude the original (type I) substrate. To this end, we systematically placed 

back the type II elements into the type I chimera either individually or in combination (Fig. 

4E). Separate reintroduction of the type II α1b2 Cys loop or the b16α6 segment did not result 

in renewed activity towards 4-O-Ac-Sia, but in either case, sialate-9-O-acetylesterase 

activity was reduced significantly, i.e. by 92% (b16α6) or even more, to below detection 

levels (α1b2). Apparently, the type II-specific mutations in either of these two segments 

perturb the binding of the original type I substrate. Conversely, introduction of the single 

b2α3 Ala74Ser mutation in the type I chimera produced a hybrid enzyme that retained 

most of its sialate-9-O-acetylesterase activity, but that now also accepted 4-O-Ac-Sia as 

a substrate. However, as the type II activity is only 25% of that of RCoV-NJ HE, the Ala-

to-Ser substitution would not have sufficed to confer full 4-O-AE activity. Importantly, 
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combinations of the Ala78Ser substitution with either the type II b16α6 segment or the 

α1b2 Cys-loop did not have an additive effect on the cleavage of 4-O-Ac-Sias. Actually, the 

latter two segments are only functional in unison, as their combination gave an enzyme 

that cleaved 4-O-Ac-Sias, albeit very inefficiently (~5% of the activity of RCoV-NJ HE; Fig. 

4E). Apparently, contribution of the b16α6 and α1b2 segments to type II esterase activity 

critically relies on formation of the novel inter-segment metal-binding site. Indeed, 

single substitutions introduced into RCoV-NJ HE to disrupt metal binding (Glu48Gln or 

Asp56Asn) reduced sialate-4-O-acetylesterase activity to 25% i.e. the amount of type II 

activity that would be conferred by the Ala74Ser substitution alone (Fig. 4F). From the 

combined findings, we conclude (i) that during MuCoV evolution, the conversion of a type 

I HE into an enzyme with dual (type I and type II) specificity would have required a single 

Ala-to-Ser mutation, (ii) that for this enzyme to have gained full 4-O-AE activity, the type 

II-specific changes in all three elements were necessary, and (iii) that the definitive shift in 

substrate specificity, i.e. the exclusion of the original type I substrate 9-O-Ac-Sia, must be 

attributed to the changes in the b16α6 and α1b2 segments.

Type II-specific substitutions: structural consequences for substrate binding. The 

consequences of the type II-specific amino acid substitutions become clear when they are 

considered in the context of the crystal structures of the type I and II HE esterase domains. 

< Figure 3. (A) Surface representation of the MHV-DVIM HE (left) and RCoV-NJ HE (right) 

catalytic sites in complex with 9-O-Ac-Sia (docked with Autodock4 (55)) and 4-N-Ac-Sia 

(crystal complex), respectively. (B) Surface representation of the catalytic sites of MHV-DVIM 

HE (left) and RCoV-NJ HE (right). The active site Ser44 in MHV-DVIM HE already adopts the 

‘active’ rotamer observed in HEF (18, 39, 40); For RCoV-NJ HE crystallized as an inactive Ser-

to-Ala mutant, a Ser side chain with active rotamer was introduced using COOT. The P1 and 

P2 pockets are highlighted by dashed circles; approximate distances between pockets, as 

measured from the centers, are indicated. (C) Binding topology of αNeu4,5,9Ac3 in type I 

(left) and type II (right) esterases. The P1 and P2 pockets accommodating the O- and N-acetyl 

moieties are shown schematically. αNeu4,5,9Ac3 is shown in stick representation and 

coloured as in figure 2C. Asterisks indicate the position of the O2 atom through which Sias 

are glycosidically linked. The distances between 5-N- and 9-O- or 4-O-Ac methyl groups are 

shown. (D) RCoV-NJ HE Arg307 is not essential for sialate-4-O-acetylesterase activity. Ser40Ala 

is a catalytically inactive mutant. Receptor destruction was assessed as in Fig. 1B. For a 

comparison to type I HEs, see Fig. 2E. (E) Arg307Ala substitution in RCoV-NJ HE does not affect 

activity towards the synthetic substrate p-nitrophenyl acetate. Enzymatic activity shown 

as percentage of wild type activity. (F) Hydrogen bonding of the sialate-5-N-acyl carbonyl 

oxygen and amide nitrogen with RCoV-NJ HE Ser74 and His336, respectively, as observed in the 

crystal complex, indicated as in Fig 2C. Hydrophobic contacts between Tyr46 and the Sia-5-N-

acyl methyl group are shown as thin gray lines. 
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The type II-specific mutations all affected the P2 pocket, virtually causing the pocket to 

shift by 2.8Å along the ridge, formed by the catalytic triad, thus reducing the distance 

between the P1 and P2 pockets from 7Å in MHV-DVIM HE (and all other orthomyxo-, toro- 

and coronavirus type I HEs (18, 19, 20)) to 6Å in RCoV-NJ HE (Fig. 3B). In reality, the original 

P2 pocket was lost and a new one created. Within the α1b2 Cys loop, His50 in DVIM HE was 

replaced by Tyr, the aromatic side chain of which is rotated by 20° (as compared to that of 

DVIM HE His50), opening a novel pocket of which it forms one side. Ser74 of RCoV-NJ HE, 

the orthologue of which in DVIM HE is at the periphery of the catalytic center, now forms 

an adjacent side of the P2 pocket. His336 in the b16α6 segment, replacing Tyr333 in DVIM 

HE, is pushed deeper into the catalytic center as a result of the type II-specific insertion of 

Asp334, and locked in position by metal coordination. Its side chain as compared to that of 

< Figure 4. (A) Partial sequence alignment of MHV-DVIM and RCoV-NJ HE, highlighting 

consistent differences between type I and type II HEs (see also sFig 1). Aligned sequences, 

with residue numbering presented left and right, cover the α1β2-cysteine-loop, the b2α3 

segment (single Ala78Ser substitution) and the b16α6 segment. Catalytic residues (Ser, 

Asp, His) are marked with asterisks. (B) Overlay of cartoon representations of the active 

site regions of MHV-DVIM HE (grey) and RCoV-NJ HE (blue). Side-chains of catalytic triad 

residues are depicted as sticks. The three type I/II distinctive elements are coloured as in (A). 

(C) Cartoon representation of the novel metal-binding site near the RCoV-NJ HE active site, 

formed by Glu48, His52, Asp56 and His336. The catalytic triad is shown for reference. Side chains 

are depicted as sticks, the Zn2+ ion as a grey sphere. (D) A type II HE converted into a type I 

enzyme. An RCoV HE-based chimera with all three type I/II distinctive elements replaced by 

those of MHV-DVIM displays strict sialate-9-O-acetylesterase activity. The enzyme activity 

of the recombinant protein (‘Type I chimera’) was compared to that of the parental proteins 

(MHV-DVIM and RCoV-NJ HE) on BSM (left panel) and HSG (right panel). Cleavage of 9-O- 

and 4-O-Ac-Sias was assessed as in Fig. 1B, but now starting at 10 ng/µl. (E) Contribution 

of the three type I/II distinctive elements to esterase activity and substrate specificity. The 

type I chimera was subjected to mutational analysis entailing systematic re-introduction of 

RCoV-NJ segments. Esterase activities of chimeric proteins towards 9-O-Ac- (blue bars) and 

4-O-Ac-Sias (red bars) were determined in 2-fold dilution series as in Fig. 1B. Data are shown 

as percentages of specific esterase activity, calculated at 50% receptor depletion, relative to 

that of the type I chimera (for 9-O-Ac-Sia) or of wild type RCoV-NJ HE (for 4-O-Ac-Sia). The 

error bars represent the standard deviation over 6 measurements (two biological replicates, 

each of which performed in technical triplicates). (F) The type II esterase metal-binding site 

is required for full 4-O-AE activity. Note that disruption of metal binding by either Glu48Gln 

or Asp56Asn substitution reduces sialate-4-O-acetylesterase activity by 75% (comparable to 

the amount of type II activity conferred by the Ala74Ser substitution alone). Enzymatic activity 

measured as in Fig. 1B and presented as in Fig. 4E. (G) 4-O- and 9-O-Ac-Sias are abundantly 

expressed in the mouse colon. Paraffin-embedded mouse colon tissue sections were stained 

for 4-O-Ac-Sia with MHV-S HE0-Fc, and for 9-O-Ac-Sia with PToV-P4 HE0-Fc.
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DVIM Tyr333 is rotated by 35°, thus walling off the type II P2 pocket (Fig. 3A). The structure 

of the esterase-ligand complex provides an attractive explanation for the importance of 

the type II specific changes in segment b16α6 and the b2α3 Ala-to-Ser substitution, as in 

RCoV-NJ HE, His336 and Ser74 are ideally positioned for hydrogen bonding with the sialate-

5-N-acyl carbonyl and -amide, respectively (Fig. 3F). Additionally, an important role is 

suggested for Tyr46 in the α1b2 Cys loop as it can form extensive hydrophobic contacts 

with the sialate-5-N-acyl methyl group (Fig. 3F). We propose that these new polar and 

hydrophobic interactions compensate for the loss of the Arg/sialate-carboxylate double 

hydrogen bond interaction crucial to sialate-9-O-acetylesterases and contribute to 

substrate binding in type II HEs by stabilizing 4-O-Ac-Sia in proper orientation in the 

catalytic center. 

A single Ala-to-Ser amino acid substitution was key to the emergence of type II HEs. 
The shift in ligand/substrate preference in the MuCoV HE proteins required co-evolution of 

two distinct domains and, at first glance, the odds of this happening would seem remote. 

Clearly, the order in which the different events took place cannot be established, i.e. it is 

unknown whether a shift in lectin ligand specificity occurred first with a shift in esterase 

substrate specificity following suit or vice versa. In either scenario, however, the single 

substitution Ala-to-Ser in the b2α3 segment would have been key. It is quite possible that 

the initial change occurred in the lectin domain through mutations that allowed chance 

low affinity virion binding to 4-O-Ac-Sias. However, without an esterase domain to support 

catalysis-driven virion release from the new ligand, mutant viruses would have been 

fully dependent on the kinetics of the lectin-ligand binding equilibrium for reversibility 

of attachment. Thus, even with the lectin domain taking the lead, the novel receptor 

specificity might only have presented a viable evolutionary alternative for the parental 

type I binding, because of the fact that an enzyme with sialate-4-O-acetylesterase 

activity could arise through a single amino acid substitution. In the reverse scenario, a 

single mutation in the esterase domain, resulting in a promiscuous enzyme that retained 

parental substrate specificity, but with the capacity to also cleave 4-O-Ac-Sias, might have 

set the stage for the changes in the lectin domain to occur, leading to a shift in ligand 

specificity. Be it as it may, at least the order of changes in the esterase domain itself can 

be understood. Conceivably, the single b2α3 Ala-to-Ser substitution would have allowed 

further evolution towards optimal activity and substrate specificity of the enzyme. In this 

view, an inconspicuous point mutation opened the window of opportunity for the far more 

extensive, interdependent adaptations in the α1b2 and b16α6 segments to occur. 

The type II HE receptor switch explained from the stereochemistry of protein-

carbohydrate interactions. Specific recognition of sugars by proteins is subject to 
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intricacies connected with carbohydrate structure and stereochemistry (41, 42). ‘Simple’ 

monosaccharides like galactose and mannose offer few functional groups. Their hydroxyl 

moieties, constituting the principal binding partners in carbohydrate-protein interaction 

sites, are engaged in complex interaction networks involving direct or water-mediated 

hydrogen bonds and, often, metal ion coordination (41, 43). As such interactions 

commonly involve pairs of adjacent hydroxyls, the spatial arrangement of the two OH-

groups is imposed on the architecture of the CBS. With any such constellation not being 

unique to one particular monosaccharide, selection of the proper ligand and exclusion of 

closely related sugars requires additional specific interactions (43). On the flip side, this 

binding strategy confers a remarkable versatility such that with modest changes in protein 

structure through preservation of the geometry of the crucial hydrogen and coordinating 

bonds, the CBS can be adapted to fit alternative ligands and ligand topologies ((41–48) 

sFig. 6). Sias possess a large number of accessible functional groups (carboxylate, 5-N-acyl, 

the hydroxyls or substitutions thereof at ring atom C4 and at glycerol side chain atoms C7, 

C8 and C9), which, as argued by Neu et al. (3), should allow an ‘unparalleled number’ of 

sugar-protein interactions. While this is true, our findings described here and elsewhere 

(19-21) suggest that for biomolecular recognition of 9- and 4-O-acetylated Sias the 

same basic principles apply as were established for less complex monosaccharides. The 

shift in esterase substrate from 9- to 4-O-Ac-Sias was accomplished not through radical 

changes in protein architecture, but by altering ligand binding-topology in the context of 

a largely conserved CBS. This was possible on account of (i) the fortuitous stereochemical 

similarity between 4-O- and 9-O-Ac-Sias with the 9-O- and 4-O-Ac moieties positioned 

at similar angles and roughly similar distances with respect to the central 5-N-acyl, and 

(ii) a recurring mechanism of protein binding to O-Ac-Sias, involving the recognition of 

pairs of identical functional groups (Ac-moieties) based on shape complementarity, with 

the 5-N- and O-Ac-methyls docking into hydrophobic pockets astride of an intercalating 

aromatic amino acid side chain (19–21). The adaptations in the type II HE esterase are in 

fact analogous to those that took place in the corresponding type II lectin domain (21). 

In either case, the ancestral type I CBS was modified as to reduce the distance between 

O- and N-Ac docking sites in order to accommodate for the shorter distance between the 

sialate-4-O- and -5-N-acyl groups (6Å, versus 7Å for that between the sialate-9-O- and 

-5-N-acyls). In this sense, the reciprocal changes that occurred in the type II lectin and 

esterase domains in order to adjust ligand and substrate specificity present a singular case 

of convergent intramolecular co-evolution.

HE receptor switching; virus evolution driven by sialoglycan diversity among hosts 

and tissues? The mere occurrence of the type II MuCoV biotype implies that the shift to 

using 4-O-Ac-Sias for virion attachment resulted in a gain in viral fitness. While we now 
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understand in structural terms how the transition in ligand/substrate specificity occurred, 

it remains an open question what biological conditions triggered the emergence of the 

type II HEs and favored their selection. Both 9- and 4-O-Ac-Sias are abundant in the 

murine gastrointestinal tract, particularly in the colon (Fig. 4G; (8)), and the co-circulation 

of type I and II MuCoVs in nature indicates that in principle either type of Sia can serve 

as attachment factor. There may be differences, however, in expression levels and/or in 

tissue and cell distribution between 9- and 4-O-Ac-Sias -subtle or less subtle- that so far 

have gone unnoticed, and that were yet of decisive importance. Saliently, of 27 strains in 

the species Murine coronavirus identified so far, only three (DVIM, MI, and -2) possess a 

type I HE. It is tempting to speculate that type I MuCoVs represent an ancestral biotype 

that is gradually being replaced by type II. However, our knowledge of MuCoV diversity in 

nature is limited and restricted to a relatively small number of laboratory isolates mostly 

from mice (Mus musculus domesticus) and rats (Rattus norvegicus) kept in animal facilities. 

We have little to no understanding of the complexity and interspecies diversity of the 

sialomes in naturally occurring murids or in other mammals for that matter. It is in the 

unraveling of how such factors might direct virus evolution that a next challenge lies.

Materials and methods

Expression and purification of CoV HEs
Human codon-optimized sequences for the HE ectodomains of RCoV-NJ (residues 22-

400) and MHV-DVIM (residues 24-395) were cloned in expression plasmid pCD5-T-Fc (19). 

The resulting constructs code for chimeric HE proteins that (i) are provided with a CD5 

signal peptide, and, C-terminally, with a thrombin cleavage site and the human IgG1 Fc 

domain, and that (ii) are either enzymatically active (HE-Fc) or rendered inactive through 

catalytic Ser-to-Ala substitution (HE0-Fc). Site-specific mutations were introduced by Q5® 

PCR mutagenesis (New England Biolabs). For receptor destruction esterase assays, HEs 

were produced by transient expression in HEK293T cells and purified from cell culture 

supernatants by protein A-affinity chromatography and low-pH elution as described 

(19). For crystallization, HEs were transiently expressed in HEK293 GnTI(-) cells (49) and 

the ectodomains were purified by protein A-affinity chromatography and on-the-beads 

thrombin cleavage as described (19). Purified HEs were concentrated to 5-10 mg/mL, and, 

in the case of RCoV-NJ, deglycosylated by the addition of 1 MU/mL EndoHF (New England 

Biolabs), and incubated for 1 hour at RT prior to the setup of crystallization experiments.



137

Structural basis of a coronavirus receptor switch

4

Crystallization and X-ray data collection
MHV-DVIM HE crystals with P212121 spacegroup were grown at 20°C using sitting drop 

vapor diffusion against a well solution containing 0.1M Tris-HCl pH 8.0, 0.05M NaF, 16% 

(w/v) PEG3350, 10% (v/v) glycerol. RCoV-NJ HE0 crystals with C2221 spacegroup grew 

against two different well solutions: 0.1M Bis-Tris propane pH 7.5, 0.2M NaF, 20% (w/v) 

PEG3350, and, 0.1M HEPES pH 7.5, 0.2M NaCl, 20% (w/v) PEG3000. The structure of RCoV-

NJ HE without ligand was obtained from the first condition and the structure of RCoV-

NJ HE in complex with receptor analogue was obtained from crystals grown in the latter 

condition. These latter crystals were, prior to flash-freezing, soaked for 10 min at 4°C in 

cryoprotectant containing 100 mM 4,5-di-N-acetylneuraminic acid α-methylglycoside (for 

the synthesis of this compound see the supplementary materials and methods, and sFig. 

8). Crystals were cryoprotected in well solution containing 20% (RCoV-NJ) or 12.5% (MHV-

DVIM) (v/v) glycerol before flash-freezing in liquid nitrogen. Diffraction data of MHV-

DVIM was integrated with Eval15 (51) and diffraction data of RCoV-NJ was integrated 

with Mosflm (50). Integrated diffraction data were further processed using the CCP4 

package (52). The structures of RCoV-NJ HE and MHV-DVIM HE were solved by molecular 

replacement using the HE structure from MHV-S (PDB ID: 4C7L; (21)) and BCoV-Mebus 

(PDB ID: 3CL5; (19)) as search models, respectively. Models were refined using REFMAC 

(53) alternated with manual model improvement using COOT (54). Refinement procedures 

included TLS refinement using either one (RCoV-NJ HE) or three TLS groups per molecule 

(MHV-DVIM HE). For RCoV-NJ HE0 free, Rwork and Rfree had final values of 23.2% and 27.8%. 

For RCoV-NJ HE0 complexed with 4,5-di-N-Ac-Sia, Rwork and Rfree had final values of 18.5% 

and 20.3%. For MHV-DVIM HE, these values were 19.9% and 22.6%, respectively. Statistics 

of data processing and refinement are listed in Table 1.

X-Ray fluorescence measurements
X-Ray absorption spectra were recorded from RCoV HE crystals on ESRF beamline ID29 

in fluorescence mode using a Rontec Xflash X-ray fluorescence detector. The X-ray energy 

was scanned around the Zn K-edge (λ = 1.28Å; energy = 9668 eV). 

Molecular docking
Molecular docking of 9-O- and 4-O-Ac-Sia in the crystal structures of MHV-DVIM HE and 

RCoV-NJ HE, respectively, was performed with AutoDock4 (55). The Sia molecules used 

for docking were extracted from BCoV HE (PDB ID: 3CL5; for 9-O-Ac-Sia) and from MHV-S 

HE (PDB ID: 4C7W; for 4-O-Ac-Sia). Ligand files were processed with AutoDockTools. 

During docking, the protein was considered to be rigid. This assumption is justified by 

the observation that binding of substrate analogues in the crystal structures of HEF and 

RCoV-NJ HE does not induce conformational changes, except that in  HEF, a rotation of  
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the active site Ser sidechain was observed (39). Active site Ser44 in MHV-DVIM HE already 

adopts the ‘active’ rotamer observed in HEF; for RCoV-NJ HE, which was crystallized as 

an inactive Ser-to-Ala mutant, a Ser side chain with active rotamer was introduced using 

COOT. We used an inverted Gaussian function (50Å half width; 15kJ energy at infinity) 

to restrain the O-acetyl carbonyl oxygen in the oxyanion hole at a position occupied 

by a water molecule in the respective crystal structures. The carbonyl oxygen must be 

located close to this position in order to enable charge stabilization of the negatively 

charged tetrahedral reaction intermediate, which is a critical step in the well-established 

reaction mechanism (39, 40). To reproduce the observed binding modes of substrate 

(analogues) in the active site of HEF and the lectin domains of RCoV-NJ HE and BCoV 

HE, it proved necessary to constrain the torsion angles internal to the glycerol moiety to 

values observed in the RCoV-NJ HE and BCoV-Mebus HE complexes. These values are very 

similar in both HE complexes as well as in numerous other Sia-protein complexes in the 

protein data bank. The initial ligand conformation was randomly assigned and ten docking 

runs were performed. The method was validated by docking 9-O-Ac-Sia in the MHV-DVIM 

HE structure, which gave a mode of binding essentially identical to that of the substrate 

molecule from HEF superimposed on the MHV-DVIM HE structure (Fig 2C and D), and, by 

docking 4-O-Ac-Sia in the RCoV-NJ HE structure, which gave an identical mode of binding 

for the 10 lowest energy solutions which were essentially identical to that observed for the 

crystal complex with 4-N-Ac-Sia (Fig 3A and sFig 7).

Receptor destruction esterase assay
The enzymatic activity of MHV-DVIM and RCoV-NJ HE towards O-acetylated Sias was 

measured as described (21). Briefly, maxisorp 96-well plates (NUNC), coated for 16 hr at 

4°C with 100 µl horse serum glycoproteins (undiluted, HSG; TCS Biosciences) or bovine 

submaxillary mucin (1 µg/ml BSM; Sigma), were treated with two-fold serial dilutions 

of enzymatically active HE (starting at 100 ng/µl in PBS, unless stated otherwise in the 

figure legend) for 1 hr at 37°C. Depletion of O-Ac-Sia was determined by solid phase lectin 

binding assay (8, 21) with lectin concentrations fixed at half maximal binding (MHV-S HE0-

Fc, 5 µg/ml, for 4-O-Ac-Sia and PToV-P4 HE0-Fc, 1 µg/ml, for 9-O-Ac-Sia). Incubation was 

for 1 hr at 37°C, unbound lectin was removed by washing three times, after which bound 

lectin was detected using an HRP-conjugated goat anti-human IgG antiserum (Southern 

Biotech) and TMB Super Slow One Component HRP Microwell Substrate (BioFX) according 

to the instructions. The staining reaction was terminated by addition of 12.5% H2SO4 and 

the optical density was measured at 450 nm. Graphs were constructed using GraphPad 

(GraphPad Software, San Diego, CA, USA). All experiments were repeated as biological 

replicates at least two times and each time in technical triplicate, yielding identical results.

 



139

Structural basis of a coronavirus receptor switch

4

pNPA assay
4-nitrophenyl acetate (pNPA) yields a chromogenic p-nitrophenolate anion (pNP) upon 

hydrolysis, which can be monitored at 405 nm. HE-Fc esterase activity towards pNPA was 

measured essentially as described (56). Briefly, 50 ng HE was incubated with 1 mM pNPA 

in PBS and the amount of pNP was determined spectrophotometrically at 405 nm every 

20 sec for 15 min. Specific activity was defined as product yield/mass of enzyme (μM pNP/

μg HE) and subsequently expressed as a percentage of wildtype HE activity.

O-Ac-Sia expression in mouse colon
Tissue stainings were performed as described (8). In short, paraffin-embedded colon 

sections (Gentaur; AMS541) were dewaxed in xylene and rehydrated. 4- and 9-O-Ac-Sias 

were detected by incubating with MHV-S and PToV-P4 HE0-mFc virolectins respectively, 

and subsequently incubated with biotinylated goat-α-mouse IgG antibodies (Sigma-

Aldrich; 1:250), with avidin-biotin HRPO complex (ABC-PO staining kit, Thermo Scientific), 

and with 3,30-diaminobenzidine (DAB; Sigma-Aldrich). Counterstaining was done with 

Mayer’s hematoxylin, tissue sections were embedded in Eukitt mounting medium (Fluka) 

and examined by standard light microscopy. 
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SUPPLEMENTARY INFORMATION

Supplementary materials and methods:
Synthesis of α-4-N-Ac-Sia.
2-Methyl-4,5-dihydro-(methyl (7,8,9-tri-O-acetyl-2,6-anhydro-3,4,5-trideoxy-D-

glycero-D-talo-non-2-en)onate)[5,4-d]-1,3-oxazole (3). To a 500 mL round bottom 

flask, sialic acid 2 (10 g, 32 mmol) was added and dissolved in 250 mL anhydrous methanol, 

followed by addition of 2.6 g acidic resin (Dowex 50Wx8). The mixture was vigorously 

stirred at room temperature for 24 hours. The resin was then filtered off under reduced 

pressure. The filtrate was concentrated in vacuo to give the methyl ester as white solid. 

The product was suspended in 200 mL 1:1 (v/v) mixture of acetic acid and anhydride. At 

0°C, 98% sulfuric acid was added drop wise. The reaction was allowed to slowly warm to 

room temperature and stirred for 48 hours. The solution was added slowly to 1 L saturated 

sodium bicarbonate solution on ice. The pH was maintained at 6-7 by adding solid sodium 

bicarbonate. The resulted mixture was extracted with ethyl acetate for 3 times and the 

organic phase was washed with brine and dried over magnesium sulfate. After suction 

filtration, the filtrate was concentrated in vacuo. The crude product was purified using 

flash silica gel (EtOAc:Hexanes = 3:1 ~ 4:1) to afford 8.5 g pure oxazoline glycal 3 in 61% 

yield over 2 steps. 1H-NMR (300 MHz, CDCl3): δ = 6.38 (d, 1H, J = 4.0 Hz, H-3), δ = 5.63 (dd, 

1H, J = 2.6 Hz, 5.9 Hz, H-7), δ = 5.44 (ddd, 1H, J = 2.6 Hz, 6.2 Hz, 6.2 Hz, H-8), δ = 4.82 (dd, 

1H, J = 4.0 Hz, 8.6 Hz, H-4), δ = 4.60 (dd, 1H, J = 2.6 Hz, 12.5 Hz, H-9a), δ = 4.22 (dd, 1H, J = 

6.3 Hz, 12.4 Hz, H-9b), δ = 3.95 (dd, 1H, J = 9.5 Hz, 9.5 Hz, H-5), δ = 3.81 (s, 3H, COOCH3), δ 

= 3.42 (dd, 1H, H-6), δ = 2.15-2.00 (s, 12H, OAc, methyl oxazoline). HRMS (ESI): calculated 

for C18H23NO10Na [M + Na+] 436.1220, found 436.1213.

Methyl (methyl 5-acetamido-7,8,9-tri-O-acetyl-4-azido-3-bromo-3,4,5-trideoxy-α-

D-glycero-D-galacto-nonulopyranosid)onate (4). To a 250 mL round bottom flask, 3 

(6 g, 14 mmol) was added and dissolved in 120 mL t-Butyl alcohol, followed by addition 

of azidotrimethylsilane (4 eq. 7.6 mL, 58 mmol). The reaction was heated up to 85°C and 

stirred under argon for 8 hours until completion indicated by HRMS (MALDI) The solution 

was cooled down to room temperature and then concentrated in vacuo to afford the crude 

product, which was used without further purification. To a 250 mL round bottom flask, 

crude product from azidobromination (3 g, 6.6 mmol) was added and dissolved in 66 

mL methanol. N-bromosuccinimide (1.2 eq. 1.4 g, 7.9 mmol) was added in the dark. The 

solution was stirred for 15 minutes and then concentrated. The crude mixture was purified 

with flash silica gel. The two diastereoisomers can be resolved using Et2O as eluent. 1.8 

g alpha methyl glycoside 4 was obtained and used in the subsequent steps. Yield 50%. 
1H-NMR (500 MHz, CDCl3): δ = 5.84 (d, 1H, J = 9.5 Hz, NHAc), δ = 5.32-5.29 (m, 1H, H-8), 
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δ = 5.26 (dd, 1H, J = 1.9 Hz, 8.4 Hz, H-7), δ = 4.73 (dd, 1H, J = 1.9 Hz, 10.8 Hz, H-6), δ = 4.33 

(dd, 1H, J = 10.6 Hz, 10.6 Hz, H-4), δ = 4.24 (dd, 1H, J = 2.4 Hz, 12.6 Hz, H-9a), δ = 4.09 

(dd, 1H, J = 5.8 Hz, 12.4 Hz, H-9b), δ = 3.86 (s, 3H, COOCH3), δ = 3.84-3.79 (m, 2H, H-3ax, 

5), δ = 3.51 (s, 3H, 2-OCH3), δ = 2.07-2.02 (s, 12H, OAc, NHAc). HRMS (ESI): calculated for 

C19H27N4O11NaBr [M + Na+] 589.0757, 591.0737, found 589.0763, 591.0743.

Methyl 5-acetamido-4-acetylamino-3,4,5-trideoxy-α-D-glycero-D-galacto-

nonulopyranosidonic acid (1) To a 50 mL two-necked flask, 4 (300 mg, 0.53 mmol) was 

added and dissolved in 20 mL 1,4-dioxane. Air was excluded from the system using an argon 

balloon. Tributyltin hydride (4 eq. 0.57 mL, 2.1 mmol) was added at room temperature. The 

flask was then heated up to 85 °C, at which temperature catalytic amount of AIBN (0.1 eq. 

8.7 mg, 53 µmol) in 1,4-dioxane was added. The reaction was stirred at this temperature 

for 4 hours until it came to completion, as indicated by TLC. The solvent was removed in 

vacuo. The resulted mixture was dissolved in acetonitrile, washed 3 times with hexanes 

and then concentrated in vacuo. The crude product was directly subjected to the next 

step. To a 50 mL round bottom flask, the crude product from debromination was dissolved 

in THF. Trimethylamine and acetic anhydride (3 eq. 150 µL, 1.6 mmol) was then added 

at 0 °C. The reaction was allowed to warm to room temperature and stirred for 1 hour. 

The solvent was removed in vacuo. The residue was dissolved in 3 mL (2:1 v/v) methanol/

water. A few drops of 5 M NaOH were added. The reaction solution was stirred at room 

temperature. Hydrolysis was completed in 1.5 hour, as indicated by TLC. Acidic resin was 

added to bring the solution to pH 4. After suction filtration, the solvent was removed in 

vacuo. The residue was purified with silica gel (EtOAc:MeOH = 8:1 ~ 2:1) and then p-2 gel 

to afford 1 (52 mg) as white foam. Yield = 27% over 3 steps.  1H-NMR (500 MHz, D2O): δ = 

3.84 (m, 1H, H-4), δ = 3.78-3.74 (m, 4H, H-5, 6, 8, 9a), δ = 3.54-3.48 (m, 2H, H-9b, 7), δ = 3.24 

(s, 3H, 2-OCH3), δ = 2.45 (dd, 1H, J = 4.2 Hz, 12.8 Hz, H-3eq), δ = 1.84 (s, 3H, NHAc), δ = 1.83 

(s, 3H, NHAc), δ = 1.55 (dd, 1H, J = 12.5 Hz, H-3ax). HRMS (ESI): calculated for C14H23N2O9 

[M – H+] 363.1404, found 363.1409. 
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< sFigure 1. Sequence alignment of a representative set of type I and II HEs. The membrane-

proximal domain is indicated in red, the esterase domain in green and the lectin domain 

in blue. The type I/II distinctive elements, i.e. the α1β2 cysteine-loop (orange circles), the 

Ala-Ser substitution (red arrow head) and the β16α6 segment (green circles) are indicated. 

Catalytically important residues are annotated in red below. A comprehensive alignment of 

all published HE sequences that was used to identify consistent differences between type I 

and II esterases  is available upon request.

^ sFigure 2. (A) Alignment of the lectin domains of MHV-S (carbon in purple) and RCoV-NJ HE 

(carbon in gray) with 4-O- and 4-N-Ac-Sia bound, respectively. (B) Side-by-side comparison 

of two type II HE lectin metal-binding sites. In MHV-S HE the site is occupied by K+ (magenta 

sphere), in RCoV-NJ HE by Na+ (purple sphere).
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^ sFigure 3. Electron density of the 4-N-Ac-Sia-substrate analogue bound in the RCoV-

NJ HE0 esterase catalytic site (A) and lectin site (B). The model used for difference density 

calculation did not contain the substrate analogue and had been obtained by refining the 

crystal structure of free RCoV-NJ HE0 against the diffraction data of the substrate analogue 

complex without manual model building (Rfree = 20%). The contour level is 3.0 σ.
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^ sFigure 4. (A) Cartoon representation of the RCoV-NJ HE monomer. The structure is colored 

according to secondary structure with helices in yellow and β strands in purple. Secondary 

structure elements are numbered sequentially. (B) Amino acid sequence of RCoV-NJ HE with 

secondary structure elements colored and labeled as in panel A.
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^ sFigure 5. X-Ray fluorescence spectrum of RCoV-NJ HE crystals near the  Zn K-edge 

absorption energy. The observed absorption edge at 9.665 keV is close to the theoretical 

K-edge absorption energy of 9.6607 keV and indicative of the presence of Zn2+ in RCoV-NJ 

HE crystals.
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^ sFigure 6. Crystal structure of RCoV-NJ HE0 in complex with 4-N-Ac-Sia compared to the 

model of 4-O-Ac-Sia bound in RCoV-NJ HE as determined with autodock4. The lowest energy 

solution from 10 independent runs is shown. Both structures show binding of the 4-Ac group 

in the P1 pocket and binding of the 5-N-Ac group in the P2 pocket. 
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^ sFigure 7. CBS versatility resulting from the stereochemistry of protein-carbohydrate 

interactions. (A) Close-ups of  the CBSs of legume lectins complexed with their receptors. 

Note that in each case, monosaccharide-binding relies on a strictly conserved three-amino 

acid assembly, but that unique specificity is attained by binding of the dedicated ligands 

(galactose or mannose and glucose) in different orientations (through hydrogen bonding with 

3- and 4-OH or 4- and 6-OH, respectively) (58-61). (B) Close-ups of  the CBSs of mammalian 

C-type lectins mannose-binding proteins A and C. Note the similarity between binding sites 

with hydrogen-bonding and Ca2+ coordination of the vicinal, equatorial 3- and 4-OH groups, 

and the difference in mannose binding topologies, with the sugar’s pyranose ring rotated 

180° (62).
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^ sFigure 8. Synthesis of α-4-N-Ac-Sia-2Me. (A) Overview of the synthesis. Step i) a. Dowex 

50wx8, MeOH, b. Ac2O, AcOH, H2SO4, 61% over 2 steps; step ii) a. TMSN3, t-BuOH, b. NBS, 

MeOH, 44% over 2 steps; step iii) a. Tributyltin hydride, AIBN, 1,4-dioxane, b. Ac2O, NEt3, 

THF, c. NaOH, MeOH/H2O, 27% over 3 steps. (B) 1H-NMR spectrum of final compound.
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Abstract

Human beta1-coronavirus (β1CoV) OC43 emerged relatively recently through a single 

zoonotic introduction. Like related animal β1CoVs, OC43 uses 9-O-acetylated sialic acid 

as receptor determinant. β1CoV receptor binding is typically controlled by attachment/

fusion spike protein S and receptor-binding/receptor-destroying hemagglutinin-

esterase protein HE. We show that following OC43’s introduction into humans, HE-

mediated receptor binding was selected against and ultimately lost through progressive 

accumulation of mutations in the HE lectin domain. Consequently, virion-associated 

receptor-destroying activity towards multivalent glycoconjugates was altered such 

that some clustered receptor populations are no longer cleaved. Apparently, this is an 

adaptation to replication in human airways as another respiratory human coronavirus, 

HKU1, by convergent evolution also lost HE lectin function. A mechanism is proposed in 

which accessibility of receptors to destruction depends on HE lectin function in relation to 

S-HE size differences, and in which the balance between attachment and catalysis-driven 

virion elution is a determinant of host tropism. 
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Introduction

Coronaviruses (CoVs), long considered of veterinary interest predominantly, are now 

generally recognized as zoonotic threats of pandemic potential in consequence of the 

2002/2003 outbreak of Severe Acute Respiratory Syndrome (SARS) and the emergence 

of Middle East Respiratory Syndrome (MERS) in 2012 (1). SARS-CoV was contained within 

three months after its discovery, while MERS-CoV causes a classical zoonotic infection 

with limited human-to-human spread, and as yet is incapable of sustained community 

transmission (2, 3). Four other respiratory coronaviruses, however, -alphacoronaviruses 

NL63 and 229E, and lineage A betacoronaviruses OC43 and HKU1- successfully breached 

the species barrier and are currently maintained in the human population worldwide 

through continuous circulation (4, 5). Conceivably, the study of these genuine human 

coronaviruses (HCoVs) may yield clues to what is required for viral adaptation to the 

human host and thereby increase our understanding of the probabilities and risks of 

coronavirus cross-species transmission.

 OC43 and -HKU1, while generally associated with benign common colds in healthy 

immunocompetent individuals, may cause significant morbidity and even mortality in 

the frail (6, 7). OC43, the best studied HCoV, apparently arose relatively recently, 120 to 

70 years ago, with the most recent common ancestor of all extant OC43 variants dating 

to the 1950s (8–10). OC43 groups in the species Betacoronavirus-1 (β1CoV), together 

with highly related viruses from ruminants (bovine coronavirus, BCoV), swine (porcine 

hemagglutinating encephalomyelitis virus, PHEV), equines (equine coronavirus, ECoV), 

leporids (rabbit coronavirus HKU14, RbCoV) and canines (canine respiratory coronavirus, 

CRCoV) (5) (Fig. 1A). The extraordinary radiation of β1CoVs might be explained from 

their receptor usage, as they attach to 9-O-acetylated sialic acids (9-O-Ac-Sias) (11), i.e. 

glycan components common in mammals and birds (12). Paradoxically, however, most 

β1CoVs, including OC43, have very narrow host ranges. They form distinct monophyletic 

clades congruent with host selectivity, and phylogenetic evidence strongly argues against 

recurrent inter-species transmissions (9, 10) (see also Fig. 1A). Apparently, the emergence 

of OC43 was sparked by a singular one-time zoonotic event, and the founder virus 

may have possessed unique traits that allowed efficient infection of, and transmission 

among, humans. In turn, these traits and subsequent adaptations to the novel niche 

must have closed the door on reintroduction of the virus into animals. Despite the close 

genetic relationship between OC43 and BCoV-Mebus particularly (96.6% identity across 

their entire genomes), their high-prevalence endemicity/enzooticity, and the scale 

and frequency of interactions between their host species, there is no evidence of OC43 

spreading to cattle nor of BCoV (or any other β1CoV) efficiently spreading into humans 

(Fig. 1A). 
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^ Figure 1. Loss of HE-mediated receptor-binding in human betacoronaviruses. (A) 

Evolutionary relationships among lineage A betacoronaviruses. Neighbor-Joining tree 

based on βCoV lineage A ORF1b sequences in the NCBI database (n=206), with all major 

branches supported by 100% bootstrap values. Evolutionary distances were computed 

using the Maximum Composite Likelihood method in MEGA6 (39). The positions of 

human coronaviruses OC43 and HKU1 are highlighted relative to those of animal lineage 

A betacoronaviruses, including the various β1CoV subspecies (for abbreviations see text), 

Chinese rat coronavirus HKU24 (ChRCoV-HKU24; 40), Longquan Aa mouse coronavirus 

(LAMV; 41), Longquan RI rat coronavirus (LRLV; 41) and classical mouse hepatitis virus-type 

murine coronavirus (MuCoV). The position of CRCoV, a recent split-off of BCoV, is indicated 

by a red dot. (B) HE0-Fc lectins were compared by sp-LBA for relative binding to BSM (with 

50 ng/μl BCoV-HE0-Fc set at 100%). (C) Conventional HAA with 2-fold serial dilutions of HE0-

Fc fusion proteins of β1CoV members and HCoV-HKU1. Wells positive for hemagglutination 

are encircled. (D) High-sensitivity nanobead HAA. Non-complexed nanobeads (“beads only”) 

and nanobeads complexed with lectin-inactive mutant BCoV HE0 F211A were included as 

negative controls. 
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β1CoV attachment involves two distinct types of surface projections: large 20-nm ’spikes’, 

comprised of homotrimers of the class I fusion protein S, and stubby 8-nm protrusions 

that are homodimeric assemblies of the hemagglutinin-esterase protein HE (5). The  

S protein, common to all coronaviruses, mediates receptor binding and fusion of the viral 

and host membranes (13). HEs are found in toroviruses and in influenza C and D viruses, but 

amongst coronaviruses only in lineage A betacoronaviruses (5, 11, 14, 15). HE monomers 

have a bimodular structure with a carbohydrate-binding (‘lectin’) domain appended to 

an enzymatically active sialate-O-acetylesterase (‘esterase’) domain (16–18). Typically, in 

β1CoVs, both the spikes and HEs bind 9-O-Ac-Sias, while the HE esterase domain promotes 

virus elution through receptor destruction. In consequence of the opposing activities of 

receptor-binding and receptor-destruction, β1CoV attachment to sialoglycans is dynamic 

and reversible. Thus, dead-end binding of virions to decoy receptors in oropharyngeal, 

respiratory and gastrointestinal mucus may be prevented. Moreover, in infected host 

cells, HE-mediated receptor destruction is essential for efficient release of viral progeny 

(19). 

 Here we present a comprehensive structure-function study of OC43 HE. We 

demonstrate that over decades after OC43’s introduction, its evolution was marked by 

a progressive loss of HE receptor-binding activity through the accumulation of select 

mutations in the HE lectin domain. The effect of these mutations on the organization of 

the carbohydrate binding site (CBS) and on receptor-binding is explained from the crystal 

structure of the BCoV HE-receptor complex (17), and visualized directly by the structure 

of a contemporary OC43 HE solved to 2.45Å resolution. Evidence is provided that loss of 

HE receptor-binding activity resulted in a reduction of virion-associated esterase activity 

towards multivalent clustered substrates. We propose that inactivation of the HE lectin 

domain altered the balance between virion binding and esterase-mediated virion elution, 

apparently as an adaptation to the sialoglycome of the human respiratory tract, and we 

speculate that this may be a contributing factor to host selectivity. This view is supported 

by our observation that the HE of HCoV-HKU1 also lost its receptor-binding properties. 

Our findings prompt a model for dynamic virion-glycan interactions in relation to host 

tropism that is of relevance also to other human respiratory viruses of zoonotic origin, 

most notably influenza A virus.

Results and Discussion

Lectin properties of β1CoV HEs. A comprehensive set of β1CoV HEs, expressed as 

esterase-inactive Fc-fusion proteins (HE0-Fc), was compared for their Sia binding 

properties. In accordance with previous findings (20), the HEs of most animal β1CoVs 
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bound to bovine submaxillary mucin (BSM) in a 9-O-Ac-Sia dependent fashion in solid-

phase lectin binding assays (sp-LBA; Fig. 1B). Remarkably, however, those of PHEV strain 

VW572 and prototypic OC43 strain USA/1967 (also known as ATCC-VR759; (21)) showed 

no detectable binding. In hemagglutination assays (HAA), more sensitive than sp-LBA, 

PHEV HE0 tested positive, albeit weakly (Fig. 1C). OC43 USA/1967 HE0, however, did not 

hemagglutinate. To augment HAA sensitivity through multivalency-driven high avidity 

binding, HE0-Fc chimeras were complexed to protein A-coated nanobeads (Fig. 1D). For 

PHEV HE0, sensitivity was increased 250-fold as compared to the standard assay. Under 

these conditions, modest but reproducible hemagglutination by OC43 USA/1967 HE0 was 

detected (Fig. 1D). Apparently, it has lost most, though not all, of its lectin function. 

 Our observations prompted the question whether loss of HE lectin activity is a strain-

specific trait, resulting from adaptation to in vitro propagation, or a characteristic also 

shared by naturally occurring OC43 viruses. We therefore RT-PCR-amplified HE genes 

from more recent sputum-derived OC43 strains (respiratory season 2005). The encoded 

proteins OC43/NL/A/2005 and OC43/NL/B/2005 HE0, representative for the two major 

HE lineages in OC43 (designated “A” and “B”, sFig. 1 and vide infra), did not show any 

detectable binding by sp-LBA or nanobead HAA (Fig. 1B-D). Apparently, loss of affinity for 

9-O-Ac-Sias as seen for OC43/USA/1967 HE is not an artifact. In fact, the data suggest that 

HEs of contemporary OC43 variants have lost receptor-binding activity altogether.

Lectin function of OC43 HE impeded by a combination of mutations. The HE 

ectodomains of BCoV strain Mebus and OC43 USA/1967, each 365 residues in length, 

differ at 18 positions only (Fig. 2A and B). To identify the differences accounting for loss of 

lectin activity in OC43 USA/1967 HE, OC43-specific substitutions were introduced in BCoV-

Mebus HE0-Fc, in sets and individually, and tested for a reduction in lectin activity by HAA  

< Figure 2. Loss of OC43 USA/1967 HE0 lectin affinity attributed to a combination of four 

mutations. (A) Amino acid alignment of BCoV, OC43 USA/1967, OC43 NL/A/2005 and OC43 

NL/B/2005 HE with sequences color-coded by domain (membrane-proximal domain, red; 

esterase domain, green; lectin domain, blue). Residues crucial for esterase activity (SGNDH) 

are annotated. Amino acid differences are marked in black, N114 substituting for Thr is colored 

in cyan and the resulting recognition site for N-linked glycosylation (NRS) marked with red 

dots. D220 is marked with a red asterisk. (B) Overall structure of BCoV HE (PDB ID: 3CL5) with 

mutations in OC43 USA/1967 HE indicated. Domain coloring as in A. (C) Comparison of the 

binding affinities of BCoV HE0, OC43 USA/1967 HE0 and derivatives thereof by sp-LBA. BCoV, 

BCoV-Mebus HE0; OC43 TREF, OC43 USA/1967 HE0 with N114, P177, Q178 and L247 replaced by 

BCoV-Mebus HE orthologues; T114N, R177P, E178Q and F247L, TREF derivatives with indicated 

residues re-converted to the autologous OC43 orthologues. (D) Conventional HAA with 

BCoV-Mebus HE0 T114N expressed in HEK293T or HEK293S GnTI- cells.
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(sFig. 2A). In a complementary approach, OC43 HE residues were systematically replaced 

by BCoV HE orthologues (sFig. 2B-D). The results show that the mutations in the esterase 

and MP-domains of OC43 USA/1967 HE (Fig. 2A-C and sFig. 2A) do not affect ligand binding. 

In fact, loss of 9-O-Ac-Sia binding can be attributed to four out of eight substitutions in the 

lectin domain (T114N, R177P, E178Q and F247L; sFig. 2A-D). Combined replacement of these 

residues in OC43 USA/1967 HE0 by BCoV orthologues restored binding affinity to that of 

BCoV-Mebus HE (Fig. 2C). Individual replacement of these residues in the context of a 

restored OC43 USA/1967 HE (‘TREF’) showed that each mutation affects receptor binding 

to more (T114N, E178Q) or lesser extent (R177P, F247L) (Fig. 2C). 

 The impact of these mutations on 9-O-Ac-Sia binding can be understood from the 

crystal structure of the BCoV-Mebus HE-receptor complex (17). The BCoV HE receptor-

binding region is comprised of six surface loops, five grafted on the beta-sandwich core 

of the lectin domain and one emanating from the esterase domain (sFig. 3). The actual 

carbohydrate binding site (CBS) consist of a deep hydrophobic pocket P1 and a more 

shallow hydrophobic depression P2 that accommodate the methyl groups of the Sia-9-O- 

and -5-N-acetyl moieties, respectively (Fig. 4E). The side chain of F211 (a residue in the β12/

β13 β-hairpin) separates P1 from P2, and in the HE-receptor complex intercalates between 

the Sia-acetyl groups. Ligand binding, thus largely based on shape complementarity and 

hydrophobic interactions, is stabilized by extensive protein-sugar hydrogen bonding 

particularly involving the β7-β10 β-hairpin, through main chain atoms of L212 and N214 to 

the sialate-5-N-acyl amide and the Sia carboxylate, respectively, and through the side 

chain-hydroxyl of S213 to the sialate-C8-hydroxyl and -C9-acyl oxygen. Y184 in the β5-

β6 loop (residues 176-185) is particularly important for ligand binding as its side chain 

hydroxyl group hydrogen-bonds with the sialate-9-O-acetyl carbonyl, while its aromatic 

ring together with the side chains of F211, L266 and L267 walls the P1 pocket that is key to 

receptor recognition (Fig. 4E). 

 Residues of the α5-α6 loop (residues 111-118) do not directly contact the ligand. 

However, the T114N substitution in OC43 HE introduced a novel N-linked glycosylation 

site (TTS→NRS) (Fig. 2A). A glycan attached to this site would extent into the CBS and 

potentially reduce receptor-binding through steric hindrance. Indeed, the introduction of 

this glycosylation site resulted in an almost complete loss of binding as detected by sp-

LBA (Fig. 2C) and a 250-fold loss of apparent binding affinity as measured by HAA (Fig. 

2D and sFig. 2A). The same mutant protein, but now expressed in N-acetyl glucosamine 

transferase I (GnTI)-deficient HEK293S GnTI- cells instead of HEK293T cells, showed 

a less pronounced loss of binding affinity (30-fold in HAA; Fig. 2D). The data show that 

glycosylation at N114 indeed reduces the affinity of the HE lectin domain for 9-O-Ac-Sias 

and that this reduction is positively correlated with glycan size/complexity. 
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 In BCoV HE, E178 fixates the β5-β6 loop by engaging in double hydrogen bonds with 

the backbone nitrogen atoms of S155 and A156 in the β4-β5 loop (sFig. 4). We offer that in 

OC43 HE, the replacement by Gln and consequential loss of inter-loop hydrogen bonding 

destabilizes the β5-β6 loop and that its increased flexibility impairs the Sia binding 

site, presumably by affecting the critical P1 pocket. The consequences of the other two 

substitutions in OC43 USA/1967 HE are less evident, although it can be envisaged that the 

R177P replacement might again affect folding and/or stability of the β5-β6 loop and thereby 

indirectly the positioning of the critical Y184 residue. The F247L substitution is more difficult 

to explain as the affected residue locates to the core of the HE lectin domain, distal to the 

CBS and the mutation apparently decreases ligand binding through indirect long range 

effects. The combined data show for the early OC43 isolate USA/1967 that the reduced 

lectin activity of its HE resulted not from a single but from a combination of mutations. 

Progressive loss of HE lectin function during OC43 evolution. In the course of this study, 

many full genome sequences from OC43 field variants from the US, Western Europe 

and China, well documented with respect to place and date of virus sampling, became 

available in GenBank. This wealth of information allowed us to study the recent evolution 

of the OC43 HE protein. In phylograms, in accordance with the presumptive date of OC43 

emergence, the HE of the USA/1967 strain is placed close to the root (sFig. 1). In the 

decades thereafter, the HE proteins divided into three clades. Clade C, the least populous, 

is comprised of HEs from OC43 strains sampled in the early 1990’s with no recent 

representatives and may have been replaced by clades A and B. Comparative sequence 

analysis in combination with structure-function analysis showed that both type A and B 

HEs acquired several mutations in the lectin domain additional to those already present 

in OC43 USA/1967, that explain the loss of HE receptor binding in extant OC43 variants. 

Unexpectedly, in B-type HEs but not in those of type A and C, glycosylation at N114 was lost 

again due to a S116A substitution (NRS→NRA; see also supplementary discussion). Further 

inspection revealed the replacement in B-type OC43 HEs of D220 by Y. D220 is part of a 

potassium ion-coordinating metal binding site (MBS), a signature element of coronavirus 

HE lectin domains involved in the organization of the Sia binding site (Fig. 3A) (17). The 

MBS is formed by main-chain carbonyl atoms of S221, E265 and L267, together with the side-

chains of Q222, S263 and D220, the latter of which is particularly important as it balances the 

positive charge of the metal ion. In BCoV HE0, the D220Y mutation resulted in loss of all 

detectable binding to 9-O-Ac-Sia (Fig. 3B and C). In turn, a Y220D back mutation in the 

type B HE of OC43 NL/B/2005 restored Sia-binding activity to levels detectable by high-

sensitivity nanobead HAA (Fig. 3D). Again, the structure of the BCoV HE-receptor complex 

provides an explanation for the detrimental effect of the mutation. As L266 and L267 are in 

a loop that is stabilized through the coordination of the potassium ion, disruption of the 



164



165

Loss of HE lectin activity in human coronaviruses

5

MBS might affect the folding of this loop, the positioning of the Leu residues and thereby 

the structure of receptor binding pocket P1.

 Remarkably, also in A-type OC43 HEs, the MBS was targeted by substitution of D220, 

now by His (Fig. 2A). As evident from comparative sequence and phylogenetic analysis, 

the substitutions in A- and B-type HEs were independent events and their selection 

must be ascribed to convergent evolution. Again, D220H mutation in BCoV HE resulted in 

loss of detectable Sia binding as measured by sp-LBA (Fig. 3B). Unexpectedly, however, 

in conventional HAA routinely performed at 4°C, wildtype and mutant BCoV HEs 

hemagglutinated to similar extent (Fig. 3E). The effect of the mutation became evident 

after a shift-up to 37°C, upon which hemagglutination with wildtype BCoV HE remained 

stable while that of the mutant protein resolved (Fig. 3E). Apparently, substitution of D220 

by His is less disruptive than by Tyr, but results in thermolability of HE receptor-binding, 

likely to cause reduced binding affinity under physiological conditions. Repair of the OC43-

specific substitutions already present in the HE of the 1967 strain (Fig. 2A) in conjunction 

with a H220D back substitution, did not restore lectin activity of OC43 NL/A/2005 HE (Fig. 

3F), suggesting the presence of at least one additional mutation to prevent receptor-

binding. Comparative sequence analysis revealed a major change uniformly shared by 

A-type HEs again in the β5-β6 loop, with four adjacent residues 183-186, Asp-Tyr-Tyr-Tyr, 

replaced by Ile-Ile-Thr (Fig. 2A), apparently as a result of a double frameshift mutation 

(sFig. 5). Repair of this mutation, in combination with restorative changes at the other five 

sites was required for OC43 NL/A/2005 HE to regain receptor-binding activity (Fig. 3F). The 

< Figure 3. Complete loss of HE lectin function during OC43 evolution due to progressive 

accumulation of mutations. (A) Close-up of the BCoV-Mebus HE CBS in complex with 

α-Neu5,9Ac22Me (in sticks). Residues comprising the metal binding site are also shown in 

sticks, the potassium ion is shown as a magenta sphere, and interactions between the metal 

ion and coordinating amino acid residues as red dashed lines. (B) Disruption of the MBS in 

BCoV HE leads to loss of lectin affinity. (C) Disruption of the BCoV HE lectin MBS through D220Y 

substitution renders receptor-binding non-detectable even by high-sensitivity nanobead 

HAA. (D) The Y220D mutation partially restores lectin affinity of OC43 NL/B/2005 HE. The Y220D 

mutation was made in the background of OC43 NL/B/2005 HE0 and tested in standard HAA 

(upper panel) and nanobead HAA (lower panel). (E) Replacement of BCoV HE D220 by His 

results in thermolability of receptor-binding. Conventional HAA before (4°C, top panel), and 

after a temperature shift-up (37°C, lower panel). (F) Receptor-binding of OC43 NL/A/2005 HE0 

and derivatives thereof as determined by sp-LBA. In OC43 NL/A/2005 HE0 mutant proteins, 

N114, P177, Q178 and L247 were replaced by BCoV-Mebus HE orthologues (TREF), in combination 

with either (i) H220D substitution (TREF, H220D), (ii) repair of the frameshift mutation in the 

β5-β6 loop by substituting D183YYY186 for IIT (TREF, -IIT), or (iii) H220D and repair of the β5-β6 

loop (TREF, H220D, -IIT). 
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impact of the β5-β6 loop mutation is easily understood from the structure of the BCoV 

HE-receptor complex, as it involved loss of Y184, an essential residue for ligand binding.

Crystal structure of a OC43A-type HE. To assess the consequences of the combined 

mutations in the type A HE lectin domain, we determined the crystal structure of OC43 

NL/A/2005 HE at 2.45Å resolution (for crystallographic details, see sTable 1). In overall 

fold, OC43 HE is highly similar to other coronavirus HEs (Fig. 4). Differences in the esterase 

domain are limited to substitution of 5 surface residues, none likely to impair esterase 

function or activity. OC43 HE is also identical to BCoV HE in most of its lectin domain, 

particularly in the beta-sandwich core, but the loops shaping the receptor-binding 

site have changed dramatically (Fig. 4D and sFig. 6). The β11-β12 and β5-β6 loops are 

disordered, suggestive of extensive flexibility, in the case of the latter loop in accordance 

with loss of E178-mediated inter-loop hydrogen bonding. Those (parts of the) loops that 

can be visualized are reoriented and displaced with respect to their original position in 

BCoV HE, utterly destroying the CBS. For example the β7/β10 β-hairpin, comprising F211, 

L212, S213 and N214 that are key to protein-ligand interaction in BCoV HE (17), has shifted by 

approximately 7Å (Fig. 4D). The P1 pocket, arguably the most critical element of the CBS, 

no longer exists as (i) F211 is no longer at its original position and its side chain is rotated by 

90°, (ii) Y184 was lost as a result of the frame shift mutation in the β5-β6 loop, and (iii) the 

side chains of L266 and L267 are reoriented apparently due to the loss of the MBS (Fig. 4E 

and F). Finally, attached to N114 is an N-acetylglucosamine, providing formal evidence that 

the newly introduced glycosylation site in OC43 HEs is functional. Although the remaining 

residues of the sugar chain could not be visualized, the glycan would stretch across the 

remains of the CBS (Fig. 4F).

< Figure 4. Crystal structure of OC43 NL/A/2005 HE. (A, B) Side-by-side cartoon 

representations of the overall crystal structures of BCoV-Mebus HE (A) and OC43 NL/A/2005 

HE (B). HE monomers are colored gray or by domain (as in 2A). (C) BCoV and OC43 HE have 

identical esterase catalytic sites. Overlay of the BCoV (blue) and OC43 NL/A/2005 (green) HE 

esterase domains. Cartoon representations with residues crucial for activity indicated as sticks. 

(D) Overlay of BCoV and OC43 NL/A/2005 HE lectin domains. F211 is indicated with sticks. (E) 

9-O-Ac-Sia (with carbon atoms in cyan) binding in the BCoV-Mebus HE lectin CBS as observed 

in the crystal complex (PDB ID: 3CL5). Close-up with contacting amino acid side chains shown 

in stick representation. Hydrogen bonds are shown as black, dashed lines. Hydrophobic 

interactions with the Sia-9-O- and -5-N-methyl groups are indicated as thin gray lines. Pocket 

P1 and hydrophobic depression P2 that accommodate the Sia-9-O- and -5-N-methyl groups, 

respectively, are indicated. (F) Close-up of the inactivated CBS of OC43 NL/A/2005 HE. Residues 

corresponding to those in E are in stick representation and colored by atom type accordingly. 

NAG, N-acetylglucosamine attached to N114, is shown in stick representation.
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Loss of HE receptor-binding in HCoV-HKU1: a case of convergent evolution? OC43 and 

HKU1 occupy the same niche, prompting the question whether they have been subject to 

similar selective constraints. HCoV-HKU1 is also a lineage A betacoronavirus, but distantly 

enough related to the β1CoVs to be assigned to a separate species (5) (Fig. 1A). Like OC43, 

HCoV-HKU1 binds to 9-O-Ac-Sia receptor determinants via its spike (22), and it possesses 

an HE (23). The HE of the prototypical HCoV-HKU1 2005 Hong Kong genotype A strain (24) 

tested negative for 9-O-Ac-Sia binding by sp-LBA, standard HAA and nanobead HAA (Fig. 

1B-D). Comparative sequence analysis including genotypes A and B of HCoV-HKU1 (24) 

shows that the HKU1 HE has undergone massive deletions as a result of which most of the 

lectin domain was lost (sFig. 7). 

Loss of HE lectin function reduces RDE activity towards multivalent substrates. 

In influenza C and D viruses, the hemagglutinin-esterase fusion protein is uniquely 

responsible for viral attachment and entry, and hence HE function is receptor-binding, 

first and foremost. The same holds for the HEs of MHV-type murine betacoronaviruses 

(MuCoV) that mediate virion binding to O-Ac-sialoglycan-based attachment factors (25), 

while S binds to the proteinaceous entry receptor CEACAM-1 (26). At the other end of 

the spectrum, in OC43 and HKU1, HE’s sole remaining function is receptor-destruction, 

with virion attachment to 9-O-Ac-sialoglycans exclusively assigned to S. For the animal 

β1CoVs that retain a functional HE lectin domain, however, the role of HE is less obvious. 

On the one hand, HE might participate in attachment to increase virion binding avidity. 

On the other, its lectin domain may serve primarily to promote catalytic activity towards 

high-multivalency substrates by bringing the esterase into close proximity and prolonged 

association with clustered glycotopes, in analogy with the carbohydrate binding modules 

of cellular glycoside hydrolases (27). In the latter case, the HE lectin CBS in the human 

lineage A βCoVs may have been lost to downregulate receptor-destroying activity. To 

study this, soluble recombinant HEs of BCoV, OC43 and HKU1 were compared for their 

relative enzymatic activity towards the monovalent substrate p-nitrophenol acetate 

(pNPA) and the multivalent substrate BSM. The latter glycoconjugate carries hundreds of 

O-linked glycans clustered in such densities to give the protein a filamentous bottlebrush 

appearance typical for mucins (28). Whereas all three HEs showed comparable specific 

activities when assayed with pNPA (Fig. 5A), those of OC43 and -HKU1 were more than 

250-fold less active than BCoV HE in receptor destruction assays with BSM (Fig. 5B). 

Inactivation of the BCoV HE lectin CBS through a F211A substitution reduced its esterase 

activity towards BSM to that of wild type OC43 HE. Conversely, restoration of the OC43 

HE lectin domain increased esterase activity to that of BCoV HE (see ‘TREF’, Fig. 5B). 

Thus, BCoV and HCoV HEs indeed differ in their reactivity towards clustered receptors in 

consequence of the respective conservation or loss of lectin function. 
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Consequences of loss of lectin function for virion-mediated receptor-destruction. OC43 

HE efficiently depletes endogenous pools of O-Ac-Sias within infected cells (sFig. 8) as is 

critical for the release of viral progeny (19). The loss of HE lectin function therefore is more 

likely to affect virus biology at another stage, namely that of virion (pre)attachment. Of 

note, the observations for recombinant soluble HEs cannot be extrapolated one-to-one 

to virion-associated HEs, because in virus particles, HE esterase activity will be affected 

by S-mediated attachment to 9-O-Ac-Sias as well as by the close packing of HE molecules 

in the viral envelope. Serial dilutions of intact BCoV and OC43 virions, adjusted for pNPA 

esterase activity (sTable 2), were therefore compared in solid phase receptor-destruction 

assays with BSM (Figs. 5C and D). Remarkably, the difference between the two viruses 

as measured by the onset of detectable receptor destruction was smaller than for their 

respective soluble HEs. 

 The activity of virion-associated BCoV HE relative to that of soluble BCoV HE was 

reduced 8 to 16-fold. Conversely, the relative activity of virion-associated OC43 was 

increased at least in that destruction of receptors already became apparent at lower 

enzyme concentrations. (Fig. 5C). To study whether these phenomena relate to the S 

protein and to S-mediated virion attachment to 9-O-Ac-Sias, we constructed recombinant 

murine coronaviruses (rMuCoVs) that express MuCoV S, which does not bind 9-O-Ac-

Sias, in combination with either BCoV or OC43 HE. rMuCoV virions studded with OC43 

HE lacked detectable esterase activity towards BSM. In contrast, the esterase activity of 

rMuCoVs expressing BCoV HE was 6- to 8-fold higher than that of wild type BCoV virions 

(Fig. 5C). Apparently, β1CoV S proteins by binding to 9-O-Ac-Sias negatively or positively 

affect HE esterase activity in BCoV and OC43 virions, respectively, depending on whether 

or not the HE lectin domain is functional. Most strikingly, BCoV and OC43 virions differed 

in the extent to which receptors were depleted. The soluble HEs of OC43 and BCoV, 

despite their difference in enzyme activity, destroyed all O-Ac-Sias as detectable by sp-

LBA. BCoV virions destroyed 95% of the receptors after 24-hr incubation, which increased 

to 98% after 48 hr (Fig. 5D). For OC43 virions, the effect was more pronounced such that 

after 24 hr only 85% of the receptors were destroyed. The remaining receptors were 

resistant even to continued incubation (Fig. 5D). The data suggest that, in the context 

of the virion, the absence of a functional HE lectin domain results not only in reduced 

enzyme activity towards clustered receptors, but also prohibits cleavage of particular 

receptor populations. As these “protected” receptor populations are readily depleted  

by soluble OC43 HE (Figs. 5B-D), their resistance to cleavage by OC43 virions suggest  

that they are inaccessible to HEs, when embedded in the viral envelope and in the 

presence of S. 

 The data prompt a model in which the susceptibility of populations of clustered 

receptors to cleavage depends (i) on their accessibility, as determined by the distance by 
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which they extend from a fixed surface -the bottom of the ELISA well in our artificial system 

and, for example, the host cell membrane in vivo-, and (ii) the considerable difference in 

height between S and HE (20 and 8 nm, respectively), with the CBSs of S and those of 

HE esterase domains separated by a distance of up to 15 nm (Fig. 5E). S-mediated virion 

attachment to a 9-O-Ac-sialylated surface would bring the HE catalytic site in proximity of 

some clustered receptors (which would explain the stimulating effect of S on HE esterase 

activity in the case of OC43 virions, but not observed for rMuCoV-OC43 HE+), but at the 

same time would keep the virus-associated enzyme at ‘arms-length’ from other receptor 

populations, readily accessible to soluble HEs (which would explain the inhibiting effect of 

S on esterase activity in the case of BCoV virions and the apparent lack thereof in the case 

of rMuCoV-BCoV HE+) (Fig. 5C and D). Thus, a distinction arises between clustered receptor 

populations that come within immediate reach of the HE esterase and that therefore 

would be cleaved by virion-associated HE as efficiently as by soluble HE, and those that 

are kept out of reach of virion-associated HE as a result of S-mediated receptor-binding 

and that are therefore cleaved at strongly reduced rates or even rendered non-cleavable, 

unless HE is provided with a functional lectin domain (Fig. 6). By virions grasping on to 

multivalent sialoglycoconjugates via the HE receptor-binding sites and “drawing them in” 

closer to the surface of the envelop, clustered receptors would yet become available to 

the HE esterase domain (Fig. 6). Such a mechanism may be promoted by cooperativity 

< Figure 5. Loss of HE lectin-mediated receptor binding alters sialate-9-O-acetylesterase 

receptor destroying activity towards multivalent substrates. (A) Esterase activity of 

soluble recombinant HE+-Fc fusion proteins (sHE+) towards the monovalent substrate 

pNPA. Enzymatic activity is shown as percentage of BCoV HE wildtype activity. Wt, fusion 

proteins with wildtype HE ectodomains of BCoV-Mebus, OC43 USA/1967 or HCoV-HKU1 as 

indicated; F211A, BCoV-Mebus HE+-Fc derivative with the lectin CBS inactivated through a 

F211A substitution (17); TREF, OC43 USA/1967 HE with the lectin CBS repaired (as in Fig. 2C). 

(B) Loss of sHE+-mediated receptor-binding results in reduced esterase activity towards high-

multivalency substrates as determined by on-the-plate O-Ac-Sia depletion assay. (C) Whole 

virion receptor destruction assays using purified viruses. For comparison, two-fold serial 

dilutions of sHE+, also starting at 15 mU, were included. Receptor-destruction was measured 

after 1 hr (left panel) or 4 hr incubation (right panel). The black dotted line indicates 100% 

receptor destruction as determined with excess amounts of BCoV or OC43 HE+-Fc (D) Whole-

virus mediated receptor-destruction over time. To exclude “exhaustion” (i.e. inactivation of 

the OC43 esterase and/or changes in the physicochemical properties of the virions over time), 

BCoV and OC43 were removed at t=24 and replaced by equal amounts of freshly thawed 

aliquots of the virus stocks (black arrow). (E) Scaled side-by-side representations of the 

structures of coronavirus S (42) and HE proteins. Indicated are the estimated heights of S and 

HE, and the approximate distance separating S receptor-binding sites and HE catalytic sites. 
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among adjacent HE molecules and, membrane fluidity permitting, possibly even lead 

to redistribution of surface projections in the viral envelop, resulting in displacement of 

spikes, local recruitment of HEs and formation of a ‘receptor-destruction patch’. Saliently, 

some receptor populations may be completely resistant to destruction even by virion-

associated HEs with a functional lectin domain, such as the 2% of detectable O-Ac-Sias 

remaining after 48 hr of incubation with BCoV (Fig. 5D). It is tempting to speculate that 

under natural conditions, the distinction between decoy and entry receptors is made by 

default on basis of their accessibility to cleavage by virion-associated HE.

Concluding remarks

We showed that OC43 after its zoonotic introduction has been under incessant selective 

pressure to adapt to the sialoglycome of the novel host. HE-associated receptor-binding 

was selected against, largely lost early on, and ultimately lost altogether through an 

accumulation of mutations in the lectin domain over a period of decades. In result, the 

balance between virion attachment and catalytically-driven virion elution was reset, 

apparently to meet the specific requirements for optimal replication in human airways 

and to allow the virus in this particular niche to distinguish between decoys marked for 

destruction and functional receptors that should be preserved for cell entry. This view is 

reinforced by our observation that HCoV-HKU1, another respiratory lineage A βCoV of 

humans, followed a convergent evolutionary path and also lost HE-mediated receptor-

binding. We offer that differences in the sialoglycomes of bovids and humans, such as 

in the local expression, structure and density of 9-O-acetylated sialoglycoconjugates, 

may pose incompatibilities during cross species transmission of OC43 and BCoV, and 

that the respective loss or preservation of HE-mediated receptor binding contributes 

to the host tropism of these viruses. This said, comparative sialoglycomics is still in its 

infancy, humans and bovids have not been studied for differences in O-Ac-sialoglycan 

expression in any detail, and the precise sialoglycan-based constraints that selected for 

the particular traits of the animal and human βCoVs therefore remain to be identified. 

At any rate, our findings do reveal an as yet unappreciated aspect of lineage A βCoV 

adaptation to humans. Of broader relevance, they provide a general paradigm for 

dynamic, catalysis-driven virus-sialoglycan interactions in relation to host selectivity. 

This notion is supported by observations for influenza A viruses, where neuraminidase 

(NA) activity towards multivalent substrates varies with differences in the length of the 

stalk domain and positively correlates with NA size (29, 30), where NA catalytic activity 

is modulated by the absence or presence of a second Sia binding site (31, 32), and where 

changes in NA stalk length and NA lectin affinity have been implicated in host specificity 
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(29, 31–35). These observations can be readily interpreted in the context of our data and 

model proposed. 

^ Figure 6. Hypothetical model for the interaction of HCoV and BCoV virions with 

multivalent glycoconjugates. Schematically depicted are portions of HCoV (OC43 or 

HKU1) and BCoV virions, with large spikes comprised of S (in grey) and smaller protrusions 

comprised of HE (yellow) extending from the viral membrane (blue). Functional HE lectin 

CBSs are indicated by black holes (only one shown per HE-dimer for reasons of simplicity). 

Also shown schematically are membrane-anchored (bottom) and non-anchored mucin type 

glycoconjugates (top) of bottle-brush filamentous appearance with clustered receptors 

(9-O-Ac-Sias, red dots) arranged in linear arrays, and with absence of red dots indicating 

receptor-destruction. The model, based on the size difference between S and HE, visualizes 

how loss of HE lectin function might alter virion-associated receptor-destroying activity, 

reducing the specific activity of virions as well as the rate and selectivity of receptor-

destruction. In virions with lectin-deficient HEs, clustered substrates will be largely kept at 

a distance from the HE esterase catalytic pocket as a result of S-glycoconjugate interaction. 

In contrast, HEs with intact lectin CBS may draw in portions of the glycoconjugates (or will 

draw the virion-associated HEs towards them), aided by cooperativity of binding between 

adjacent HEs within the viral envelope. Thus, clustered glycotopes become fixed within reach 

of the esterase catalytic sites and receptor-destruction is promoted. 
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Experimental Procedures 

Materials and experimental procedures are detailed in the Supplemental Experimental 

Procedures.

Expression and purification of HEs. Human codon-optimized sequences of the HEs of 

BCoV-Mebus, ECoV-NC99, PHEV-VW572, RbCoV-HKU14-1, CRCoV-240/05, HCoV-HKU1 

and OC43 USA/1967 (ATCC VR-759) were cloned in expression plasmid pCD5-T-Fc (17). The 

resulting constructs encode chimeric proteins comprised of the HE ectodomain fused to 

the human IgG1 Fc domain, with the domains separated by a thrombin cleavage site. The 

fusion proteins were expressed either in an enzymatically active form (HE+-Fc) or rendered 

inactive through a catalytic Ser-to-Ala substitution (HE0-Fc). Plasmids coding for OC43 

NL/A/2005 and OC43 NL/B/2005 HE were constructed through site-directed mutagenesis 

of the OC43 USA/1967 HE expression vector using the Q5® kit (New England Biolabs). For 

lectin affinity and esterase activity assays, HE-Fc’s were produced by transient expression 

in HEK293T cells and purified from cell culture supernatants by protein A-affinity 

chromatography and low pH elution as described (17). For crystallization, OC43 NL/A/2005 

HE+-Fc was expressed in HEK293 GnTI(-) cells (36), and purified by protein A-affinity 

chromatography, followed by on-the-beads thrombin cleavage as described (17). Beads 

were pelleted and the HE ectodomain in the supernatant was concentrated to ~15 mg/mL. 

HE genes from OC43 field strains were RT-PCR-amplified with OC43 viral RNA, directly 

isolated from nasopharyngeal aspirates (37) as a template, and their sequences were used 

to construct codon-optimized versions.

Purification of virions for whole virus receptor-destruction assays. Cell monolayers 

were infected at MOI 0.01. Virions were purified and concentrated on 20% (w/v) sucrose 

cushions and resuspended in PBS. Virus preparations were analyzed for particle content 

by qPCR, plaque assay, quantitative latex bead ratio EM, and pNPA esterase activity assay. 

Hemagglutination assay. Hemagglutination assay (HAA) was performed with rat 

erythrocytes (Rattus norvegicus strain Wistar; 50% suspension in PBS) and, in standard 

tests, with two-fold serial dilutions of HE0-Fc proteins (starting at 25 ng/well) as described 

(17). For high-sensitivity HAA, based on multivalency-driven high avidity binding, 5 μg 

HE0-Fc was complexed to 2 x 109 protein A-coated 100-nm nanobeads (Chemicell) in 100 

µl PBS for 45 min at 4°C prior to two-fold serial dilution. Hemagglutination was for 2 hr at 

4°C unless stated differently

Solid-phase lectin binding assay. Solid-phase lectin binding assays (sp-LBAs) were 
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performed with bovine submaxillary mucin (BSM) and two-fold serial dilutions of HE0-Fc 

proteins as described  (20, 38). 

 Receptor-destroying esterase activities of soluble HEs and whole viruses were 

measured by on-the-plate O-Ac-Sia depletion assay, performed essentially as described  

(20). BSM, coated in wells of Maxisorp plates, was (mock-)treated with two-fold serial 

dilutions of HE+-Fc enzymes in PBS (100 μl/well) starting at 20 ng/μl for 1 hr, or, for whole 

virion receptor-destruction assays, with virions and HE+-Fc enzymes starting at 15mU 

esterase activity for up to 48 hr at 37°C. Depletion of O-Ac-Sia receptors was detected 

by sp-LBA with BCoV-LUN HE0 (2 ng/μl; 100 μl/well). Esterase activity was plotted as the 

inverse of lectin binding measurements, expressed in percentages.
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SUPPLEMENTARY INFORMATION

Supplementary Discussion
Phylogenetic analyses show that OC43 arose from BCoV or a closely related virus. 

USA/1967-like OC43 viruses in turn were parental to both clades A and B (sFig. 1). We 

interpret the data to show that early in OC43 evolution, a predecessor of USA/1967 acquired 

glycosylation at N114 as one of multiple mutations to reduce HE lectin function. In clade A, 

glycosylation at 114 is conserved to this date; in clade B it was lost again. Glycosylation 

at 114 confers only partial loss of ligand binding affinity (Fig. 2E). Additional mutations 

subsequently selected in the B clade, by themselves destroy lectin function completely. 

For example, the lectin domain’s metal-binding site, crucial to the organization of the 

CBS, was lost in clade B viruses through the D220Y mutation. In the context of BCoV HE 

-thus in the absence of the 114 glycan- D220Y totally abolishes lectin function (Fig. 3C). 

Hence, glycosylation at N114 was no longer required, at least not to hamper ligand binding. 

We can only speculate why in the B clade the glycosylation site was lost again (note that 

there can be little discussion about the flow of evolution on the basis of phylogenetic and 

comparative primary sequence analysis). Possibly, with lectin activity fully destroyed 

by other mutations acquired later in OC43 evolution, the original benefits of having a 

glycan at N114 no longer outweighed the fitness costs, whatever these might have been. 

Alternatively, loss of the glycosylation site could have occurred as a founder effect in an 

early clade B ancestor. 

Supplemental Experimental Procedures 
Expression and purification of HEs. Human codon-optimized sequences of the HEs 

of BCoV-Mebus, ECoV-NC99, PHEV-VW572, RbCoV-HKU14-1, CRCoV-240/05, HCoV-

HKU1 and OC43 USA/1967 (ATCC VR-759) were cloned in expression plasmid pCD5-T-Fc 

(Zeng et al., 2008). The resulting constructs encode chimeric proteins comprised of the 

HE ectodomain fused to the human IgG1 Fc domain, with the domains separated by a 

thrombin cleavage site. The fusion proteins were expressed either in an enzymatically 

active form (HE+-Fc) or rendered inactive through a catalytic Ser-to-Ala substitution 

(HE0-Fc). Plasmids coding for OC43 NL/A/2005 and OC43 NL/B/2005 HE were constructed 

through site-directed mutagenesis of the OC43 USA/1967 HE expression vector using the 

Q5® kit (New England Biolabs). For lectin affinity and esterase activity assays, HE-Fc’s 

were produced by transient expression in HEK293T cells and purified from cell culture 

supernatants by protein A-affinity chromatography and low pH elution as described (Zeng 

et al., 2008). For crystallization, OC43 NL/A/2005 HE+-Fc was expressed in HEK293 GnTI(-) 

cells (Reeves et al., 2002), and purified by protein A-affinity chromatography, followed by 

on-the-beads thrombin cleavage as described (Zeng et al., 2008). Beads were pelleted 
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and the HE ectodomain in the supernatant was concentrated to ~15 mg/mL. HE genes 

from OC43 field strains were RT-PCR-amplified with OC43 viral RNA, directly isolated 

from nasopharyngeal aspirates (van de Pol et al., 2006) as a template, and their sequences 

(accession codes) were used to construct codon-optimized versions.

pNPA assay. HE esterase activity towards 4-nitrophenyl acetate (pNPA) was determined 

by detection of the chromogenic p-nitrophenolate anion (pNP) that is formed upon 

hydrolysis (Vlasak et al., 1987). Briefly, 50 ng HE was incubated with 1 mM pNPA in PBS 

and the amount of pNP was determined spectrophotometrically at 405 nm every 20 sec 

for 15 min. Assays were corrected for spontaneous hydrolysis of pNPA. One unit was 

defined as the amount of enzymatic activity resulting in the cleavage of 1 μmol of pNPA 

per min. The specific activities of the varies HE+-Fc proteins were expressed in mU/μg of 

protein and shown in graphs as percentages of wildtpe BCoV HE+-Fc activity. 

Cells and viruses. Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, 

Lonza) supplemented with 10 % heat-inactivated fetal calf serum (FCS), penicillin (100 

IU/ml), and streptomycin (100 μg/ml). Recombinant MHV-A59 (rMuCoV) derivatives with 

the autologous gene for HE replaced by that of BCoV-Mebus or OC43 USA/1967 were 

constructed by targeted RNA recombination (Kuo et al., 2000) and propagated in LR7 cells 

(Lissenberg et al., 2005). BCoV strain Mebus and OC43 strain USA/1967, obtained from the 

American Type Culture Collection, were propagated in HRT-18 cells. 

Purification of virions for whole virus receptor-destruction assays. Concentrated stocks 

of purified viruses were prepared by inoculating cell monolayers at an MOI of 0.01 PFU/

cell for 1 hr. Virus-containing cell culture supernatants (Opti-MEM; Gibco), harvested at 

18 hr (rMuCoVs) or 72 hr after infection (BCoV-Mebus and OC43 USA/1967), were clarified 

by consecutive centrifugation at 1200rpm, 4°C for 5 min and at 4000 rpm, 4°C for 10 min. 

Virions were purified and concentrated by their centrifugation through 20% (w/v) sucrose 

cushions (80,000g, 2 hr, 4°C), and resuspended in PBS. Aliquots were stored at -80°C. 

BCoV and OC43 preparations were assessed for particle content by qPCR (SYBR Green 

real-time PCR (Life Technologies) using primers 5’-TGCAAATTACGCGGCAAG-3’ and 

5’-AACCAATGCCAGCAACACTAGC-3’), plaque assay in HRT18 cells, quantitative latex 

bead ratio electron microscopy (EM) , and by pNPA esterase activity assay. 

Hemagglutination assay. Hemagglutination assay (HAA) was performed with rat 

erythrocytes (Rattus norvegicus strain Wistar; 50% suspension in PBS) and, in standard 

tests, with two-fold serial dilutions of HE0-Fc proteins (starting at 25 ng/well) as 

described (Zeng et al., 2008). For high-sensitivity HAA, based on multivalency-driven 
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high avidity binding, 5 μg HE0-Fc was complexed to 2 x 109 protein A-coated 100-nm 

nanobeads (Chemicell) in 100 µl PBS for 45 min at 4°C prior to two-fold serial dilution. 

Hemagglutination was for 2 hr at 4°C unless stated differently

Solid-phase lectin binding assay. Solid-phase lectin binding assays (sp-LBAs) were 

performed with bovine submaxillary mucin (BSM) and two-fold serial dilutions of HE0-Fc 

proteins as described (Langereis et al., 2012, 2015). 

 Receptor-destroying esterase activities of soluble HEs and whole viruses were measured 

by on-the-plate O-Ac-Sia depletion assay, performed essentially as described (Langereis 

et al., 2015). BSM, coated in wells of Maxisorp plates, was (mock-)treated with two-fold 

serial dilutions of HE+-Fc enzymes in PBS (100 μl/well) starting at 20 ng/μl, or, for whole 

virion receptor-destruction assays, with virions and HE+-Fc enzymes starting at 15mU 

esterase activity for up to 48 hr at 37°C. Depletion of O-Ac-Sia receptors was detected 

by sp-LBA with BCoV-LUN HE0 (2 ng/μl; 100 μl/well). Esterase activity was plotted as the 

inverse of lectin binding measurements, expressed in percentages.

Crystallization and X-ray data collection. OC43 NL/A/2005 HE crystals with P3221 

spacegroup were grown at 20°C using sitting drop vapor diffusion against a well solution 

containing 0.2M NaCl, 10mM KCl, 0.1M NaAc pH 5.0 and 20% PEG6000 (w/v). Crystals 

were cryoprotected in well solution containing 20% (v/v) glycerol before flash-freezing 

in liquid nitrogen. Diffraction data to 2.45 Å resolution were collected at the Swiss Light 

Source (Villigen, Switzerland) on the PX beamline and integrated with Mosflm (Leslie and 

Powell, 2007). Integrated diffraction data were further processed using the CCP4 package 

(Winn et al., 2011). The structure was solved by molecular replacement using the BCoV-

Mebus HE structure (PDB ID: 3CL5) as search model (Zeng et al., 2008). Models were 

refined using REFMAC (Vagin et al., 2004) alternated with manual model improvement 

using COOT (Emsley et al., 2010). Refinement procedures included TLS refinement using 

one TLS group for each of the HE monomers in the asymmetric unit. The resulting crystal 

structure had Rwork and Rfree final values of 21.2% and 25.0%. Statistics of data processing 

and refinement are listed in sTable 1.
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^ sFigure 1. Rooted phylogenetic tree of OC43 HEs. The different clades are color-coded 

with OC43 USA/1967 in green, and OC43 clades A-C in purple, orange and blue, respectively. 

A number of representative BCoV HEs are shaded in dark blue. HEs used in this study are 

shown in red and indicated with a red arrow.
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^ sFigure 2. Lectin affinity prescreen of OC43 USA/1967 HE specific mutations. (A) Mutations 

of OC43 USA/1967 HE were placed in the background of BCoV-Mebus HE0 in sets and tested 

in standard HAA. (B) Corresponding residues from BCoV-Mebus HE were placed in the 

background of OC43 USA/1967 HE0 in sets and tested by sp-LBA. (C, D) Single and double 

mutations from BCoV-Mebus HE were placed in the background of OC43 USA/1967 HE0 and 

tested by standard HAA (C) and by nanobead HAA (D). 
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^ sFigure 3. Cartoon representation of the lectin domain of BCoV-Mebus HE in complex 

with 9-O-Ac-Sia (PDB ID: 3CL5). The structure is colored according to secondary structure 

with α-helices in orange and β-strands in blue. The receptor analogue in stick representation 

is colored according to atom type with carbon in cyan, oxygen in red and nitrogen in blue. 

Secondary structure elements are numbered sequentially.

^ sFigure 4. E178 indicated in a cartoon representation of the lectin domain of BCoV-Mebus 

HE in complex with 9-O-Ac-Sia (PDB ID: 3CL5). E178 is located in the β5-β6 loop from where it 

can form hydrogen bonds with S155 and A156 present in the β4-β5 loop (shown in purple). The 

receptor analogue in stick representation is colored as in sFig. 3.
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^ sFigure 5. A presumptive frameshift mutation in OC43 NL/A/2005 HE. Coding sequence of 

the DYYY to IIT mutation, with codons underlined alternatingly in black and red. Conserved 

bases are in blue, and mutations/deleted bases are in red.

^ sFigure 6. Comparison of the overall fold of the lectin domains of BCoV-Mebus HE in 

complex with 9-O-Ac-Sia (PDB ID: 3CL5) and of OC43 NL/A/2005 HE. Structures are shown 

as cartoons with the structurally conserved scaffold in blue and the extended loops that form 

the receptor binding site in pink. The receptor analogue is shown as in sFig. 3.
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^ sFigure 7. (A) Amino acid alignment of BCoV HE with representatives of the two HCoV-

HKU1 HE clades (designated clades A and B). Domain organization is color-coded (membrane-

proximal domain, red; esterase domain, green; lectin domain, blue). Residues crucial for 

esterase activity (SGNDH) are annotated below. Amino acid differences are marked in black. 

(B) Surface representation of BCoV-Mebus HE in complex with 9-O-Ac-Sia (PDB ID: 3CL5) 

with the amino acid mutations (green) and deletions (violet) that occurred in HKU1 HE 

visualized. The catalytic triad is indicated in red.
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^ sFigure 8. Destruction of endogenous receptors in OC43-infected HEK293T cells. Cells were 

PFA-fixed, Triton-X100-permeabilized and double-stained for 9-O-Ac-Sia with virolectin P4 

(Langereis et al., 2015) and for OC43 proteins with serum from a BCoV-infected cow. Nuclei 

(N) stained with Hoechst-33258. 
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sTable 1. Data collection and refinement statistics

HcoV-OC43 Belgium HE

Data Collection

Wavelength (Å) 1.0000

Space group P3221

Cell dimensions 
a, b, c (Å) 
α, β, γ (°)

77.73, 77.73, 299.49 
90, 90, 120

Resolution range (Å)* 74.9 - 2.45 (2.55 – 2.45)

Total no. reflections 236791 (23722)

No. unique reflections 39833 (4378)

Rmerge 0.093 (0.377)

I/σI 10.9 (3.8)

Redundancy 5.9 (5.4)

Completeness (%) 99.3 (98.8)

CC(1/2) 0.997 (0.586)

Refinement

Rwork / Rfree 0.2115 / 0.2501

No. atoms

  Protein 5483

  Water / other ligands 49 / 538

Average B / Wilson B (Å2) 24.2 / 46.5

RMS deviations

  Bond lengths (Å) 0.0054

  Bond angles (°) 1.1181

Ramachandran Plot

  Favored (%) 94.1

  Allowed (%) 5.4

  Outliers (%) 0.4

*Numbers between brackets refer to the outer resolution shell.
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sTable 2. Comparative numbers of virus particles in purified preparations of HCoV-OC43 

and BCoV as determined by quantitative EM and plaque assay (each for equivalents of  

15 mU esterase) and by semiquantitative real-time RT-PCR (relative genome content). 

All measurements are based on independent experiments performed at least in triplicate.

Esterase units Particles PFU genome  
content (ratio)

HCoV-OC43 USA/1967 15 mU 0.44±0.07*1010 1.21±0.08*107 1 ± 0.13

BCoV Mebus 15 mU 1.16±0.09*1010 3.04±0.11*107 2.9 ± 0.22
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Abstract

Lineage A betacoronaviruses have envelope glycoproteins, hemagglutinin-esterases 

(HEs), that mediate reversible virion attachment to O-acetylated Sia (O-Ac-Sia) through 

the opposing activities of lectin and receptor-destroying sialate-O-acetylesterase 

domains. Here we studied the dynamic attachment of murine coronaviruses (MuCoVs) to 

O-Ac-Sia as a paradigm for virus-Sia interactions. Structural and functional comparison of 

two MuCoV ‘type II’ HEs showed that the affinity of their lectin domains for 4-O-Ac-Sia is 

the net resultant of interactions at the protein-sugar interface, some of which promote 

and others of which hamper ligand binding. Single reciprocal amino acid substitutions 

at orthologous positions either at the protein-Sia interface or more distal to the Sia 

binding site increased or decreased HE lectin affinity by up to 20-fold. These observations 

prompted us to consider that MuCoV HEs are selected for optimal, rather than for maximal 

binding to O-Ac-Sia receptor determinants in order to maintain a balance between lectin 

mediated attachment and esterase mediated release. Syngeneic recombinant MuCoVs 

were constructed differing solely in their HE protein, and tested for dynamic virion binding 

in vitro. Changes in HE lectin affinity or HE esterase activity lead to aberrant virus binding-

release kinetics. In in vitro directed evolution experiments, decreased HE lectin affinity 

was compensated by loss of esterase activity. Conversely, a reduction in esterase activity 

was met by a reduction in lectin affinity. Direct comparison of recombinant MuCoVs in a 

natural infection-transmission model in mice demonstrated that increases in HE lectin 

affinity decrease viral fitness. We posit that the balance between HE lectin affinity and 

esterase activity in MuCoV field strains is set to match the sialoglycan composition in 

the target tissues of their natural host. The presented data provide new insights into HE 

function and evolution, and virus-Sia interactions in general. 



195

Nidovirus HEs display sub-maximal ligand binding affinity

6

Introduction

Receptor specificity is the single most critical determinant of host, tissue and cell tropism 

of viruses and consequential to the course of infection. The cell surface glycoproteins 

and glycolipids that serve as receptors are engaged by specialized virion proteins, and 

the receptor determinants, i.e. the molecular motifs key to specific recognition, can be 

proteinaceous or glycan-based. A functional distinction can be made between entry 

receptors and attachment factors. While the former are essential for the virus to gain 

access to the host cells, for instance because of a critical mechanistic involvement in the 

entry process, the latter promote infection during the pre-attachment/early attachment 

phase by concentrating virions on the cell surface. This may be particularly advantageous 

when entry receptors occur in low densities or are difficult to access directly (1).

 Lineage A betacoronaviruses (A-βCoVs) use O-acetylated sialic acids (O-Ac-Sias) as 

receptor-determinant (2). Most A-βCoVs studied so far, including those belonging to 

the species Betacoronavirus-1 (β1CoVs) (2, 3) and human coronavirus HKU-1 (4), require 

9-O-Ac-Sia both for attachment and entry. Members of the species Murine coronavirus 

(MuCoVs), however, attach to either 9- or 4-O-Ac-Sias -depending on the MuCoV variant-, 

but gain access into their host cells through a proteinaceous receptor (5–9). 

 A-βCoV (pre)attachment and entry are governed by two different types of envelope 

glycoproteins. Bulky 20 nm-long homotrimeric class I fusion proteins (S), universal to all 

CoVs, mediate binding of virions -to 9-O-Ac-Sias in the case of β1CoVs (2, 3) and HCoV-

HKU1 (4), and to CEACAM1 in MuCoVs (6, 9)- in order to allow endocytotic uptake and 

delivery of the viral genome into the cytosol via membrane fusion. Much smaller 8-nm 

homodimeric hemagglutinin-esterase proteins (HE), unique to A-βCoVs, provide the 

virions with a means to escape perpetual binding to decoy receptors which are abundantly 

present on non-cell-associated glycoconjugates and off-target host cells (10). The HEs 

facilitate reversible virion attachment to O-Ac-Sias generally through the concerted 

action of carbohydrate-binding (‘lectin’) and receptor-destroying sialate-O-acetylesterase 

(‘esterase’) domains (11–14). In the A-βCoVs that bind to O-Ac-Sias also via the S protein, 

the HEs would seem to act primarily as receptor-destroying enzymes. Here, the main 

function of the HE lectin domain is to promote esterase activity towards clustered 

receptor-determinants in analogy to the carbohydrate binding domains of cellular 

glycosidases (15). In fact, in human coronaviruses OC43 and HKU1, HE lectin function 

was lost and binding to O-Ac-Sias is mediated only by S, apparently as an adaptation 

to replication in human airways (Chapter 5). Conversely, in MuCoVs, with S binding to 

CAECAM1 rather than to O-Ac-Sias, HE is an attachment protein first and foremost and 

receptor-destruction comes second (16). 
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With binding of MuCoV virions to O-Ac-Sias relying solely on HE, the dynamics of reversible 

attachment would be determined by the affinity of the HE lectin domain, the activity of 

the esterase domain and, predictably, the balance between these functions. It remains 

an open question whether and, if so, how shifts in the equilibrium between HE lectin-

mediated binding and esterase-mediated release would affect the biology of the virus, i.e. 

the efficiency of infection, cell and organ tropism, replication, shedding and transmission in 

the natural host. Here, we probed these questions profiting from the availability of crystal 

structures of MuCoV HE-ligand complexes (17, 18) that provide exquisite insight into 

protein-sugar interactions, and from the possibility of studying infection and transmission 

in the natural hosts by using syngeneic recombinant MuCoVs with defined mutations 

in HE. MuCoV HEs can be distinguished on basis of their ligand/substrate preference, 

with type I HEs specifically targeting 9-O-Ac-Sias and type II HEs targeting 4-O-Ac-Sias 

instead (5, 7, 18). The latter have been studied in most detail and were therefore chosen 

as the focus of current study. We first corroborated published observations by solving the 

2.0Å structure of RCoV-NJ HE in complex with an analogue resembling the natural ligand 

even more closely than the nonhydrolysable 4-N-Ac-Sia analogue used before (18). Guided 

by comparative structural analysis, we performed a structure-function study in which 

we tested the binding properties of the MHV-S and RCoV-NJ HEs, and those of mutant 

derivatives with ligand contact residues in the carbohydrate binding site (CBS) of the HE 

lectin domain of one virus replaced by orthologs of the other. Naturally-occurring single 

amino acid (aa) variations both within and at considerable distance from the CBS were 

found to increase or decrease lectin affinity by up to 20-fold. Our findings suggest that 

MuCoV HEs are selected to bind to their receptors with circumscribed affinities well below 

the maximally attainable. To study how differences in HE lectin affinity as observed for 

the recombinant soluble HEs play out in the context of the virion, we tested recombinant 

MuCoVs with mutated HEs in an in vitro virus binding-release assay. The results of direct 

comparisons and those obtained with viruses selected by directed evolution emphasize 

the importance of carefully balanced attachment, with both increases and decreases 

in affinity leading to aberrant virus binding-release kinetics. The in vitro findings were 

corroborated by the results from in vivo infection-transmission experiments, directly 

demonstrating that increasing HE lectin affinity decreases viral fitness.

Results and discussion

Expression and Affinity of MuCoV HEs. The HE ectodomains of MuCoV strains MHV-S and 

RCoV-NJ, either catalytically active (HE+), or with active-site Ser-to-Ala substitutions (HE0) to 

render them catalytically inactive, were expressed as thrombin-cleavable Fc fusion proteins 
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(HE-Fc) (13). The affinity of each HE0 for 4-O-Ac-Sia was measured by solid-phase lectin-

binding assays (sp-LBA) with horse serum glycoproteins (HSGs) as ligand (19). A modest but 

^ Figure 1. Comparative lectin affinity analysis of RCoV-NJ HE and MHV-S HE. (A) Sequence 

alignment of the ectodomains of MHV-S HE and RCoV-NJ HE. Domains are color-coded 

with the membrane-proximal domain in red, the esterase domain in green and the lectin 

domain in blue. Amino acid substitutions are shown in black, with the Lys217Arg, Asn253Thr and 

Tyr281Phe substitutions in the CBS indicated with a red star, circle and cross, respectively. The 

residues implicated in the catalytic machinery (SGNDH) are shown below. The R1-R6 loops 

are shown. (B) HE0-Fc lectins (in 2-fold serial dilutions, starting at 15 ng/μl) were compared by 

sp-LBA for relative binding to HSG. Data is shown as fold-difference at 50% receptor binding 

compared to MHV-S HE0.
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consistent difference was noted with RCoV-NJ HE0 displaying a 2-fold higher binding affinity  

(Fig. 1B). The two HEs differ at 29 amino acid (aa) positions in their ectodomain (Fig. 

1A), 21 of which are in the lectin domain and three within or in very close proximity of 

the lectin domain’s CBS. To determine the molecular basis for the difference in affinity, 

we substituted MHV-S HE residues by their RCoV-NJ orthologues at each of these three 

positions, i.e. Lys217Arg, Asn253Thr and Tyr281Phe, individually or in combination, and tested 

whether binding was increased. Surprisingly, individual substitution of Lys217 by Arg and 

Tyr281 by Phe resulted in marked increases in binding affinity, by approximately 4-, and 

10-fold, respectively (Fig. 1B). Apparently, the effect of these substitutions on binding is 

additive as their combination even lead to a further increase in affinity up to 20-fold as 

compared to parental MHV-S HE0 (Fig. 1B). Substitution of Asn253 by Thr, however, resulted 

in a sharp reduction (~20-fold) in affinity. The reverse substitution, Thr248Asn in RCoV-NJ 

HE0, increased its affinity by 10-fold (Fig. 1B). The results show that CBSs of naturally-

occurring coronavirus HEs may comprise contact residues that either enhance (Arg212, 

Phe276 in RCoV-NJ HE; Asn253 in MHV-S HE) or hamper ligand binding (Thr248 in RCoV-NJ 

HE; Lys217, Tyr281 in MHV-S HE) resulting in a net affinity that is substantially lower than 

maximally attainable. Moreover, HE affinity is not determined exclusively by residues at 

the protein-carbohydrate interface, but may be influenced indirectly by residues located 

well outside the CBS. This notion comes from experiments in which we substituted MHV-S 

HE Lys217, Asn253 and Tyr281 by RCoV-NJ orthologues in unison, essentially rebuilding the 

RCoV-NJ CBS in the MHV-S HE0 background. Remarkably, the affinity of the resulting 

MHV-S HE0 mutant was not merely raised to that of RCoV-NJ HE0, but rather exceeded 

it in binding strength by almost 4-fold (Fig. 1B). With no other differences between the 

RCoV-NJ and MHV-S HEs in the CBS or in its direct vicinity, this observation can only be 

explained by aa differences at positions located at a considerable distance that influence 

lectin affinity through long-range effects. Summarizing, the data indicate that the Sia-

binding properties of coronavirus HEs are up- and down-modulated by aa variations at 

locations both within and outside of the CBS. 

 Both for MHV-S and RCoV-NJ HE, the affinity could easily have been increased or 

decreased dramatically through single, naturally-occurring aa substitutions. The fact that 

instead either HE displayed an intermediate binding affinity prompted us to consider 

the possibility that during natural infection, MuCoV HEs are under selection to maintain 

optimal rather than maximal binding affinity. 

Structure Determination and Comparative Structural Analysis. To understand how CBS 

polymorphisms modulate MuCoV HE lectin affinity, we studied the crystal structures of 

the MHV-S and RCoV-NJ HE0-ligand complexes. Recently ((18); see also Chapter 4), we 

reported the structure of RCoV-NJ HE+ in complex with the nonhydrolysable Sia analogue 
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4,5-di-N-acetylneuraminic acid α-methylglycoside. To verify that replacement of the 

C4 O-acetyl by an N-acetyl did not affect ligand binding topology, we here solved the 

structure of RCoV-NJ HE0 in complex with the more natural ligand analogue 4-O,5-N-

acetylneuraminic acid α-methylglycoside (αNeu4,5Ac2) to 2.0Å resolution (for an overall 

view of the HE dimer see Fig. 2A). The difference density map of this complex reveals a 

well-defined αNeu4,5Ac2 molecule bound in the lectin domain’s CBS (Fig. 2B). The data 

show that there are no essential differences in binding of the two ligand analogues in the 

lectin CBS, nor are their differences in their interactions with CBS residues, although the 

αNeu4,5Ac2 ligand does bind approximately 0.5 Å deeper into the pocket.

 Ligand recognition and binding in type II HEs is largely based on shape complementarity 

with the Sia’s acetyl groups inserting into hydrophobic pockets (Fig. 2B-D) (17, 18). The 

P1 pocket, accommodating the critical 4-O-acetyl, is formed by the side chains of Leu114, 

Phe207 and Leu255, and the P2 pocket, accommodating the 5-N-acetyl, by the side chains 

of Tyr184 and Leu277 (Fig. 2C). The aromatic side chain of Phe276, located in the center of 

the CBS and separating the P1 and P2 pockets, plays an exceptionally important role in 

ligand binding as it stacks between the Sia acetyl groups (Fig. 2B-D). Besides hydrophobic 

interactions, four hydrogen bond pairs between the R4-loop and the receptor molecule 

also play a critical role in ligand binding (Fig. 2C and (17, 18)). The lectin CBSs of RCoV-

NJ and MHV-S HE are virtually identical (rmsd on main chain Cα atoms of 0.29 Å), with 

differences restricted to the three variable residues mentioned.

 The individual effect on lectin affinity of each of the three aa variations in the CBS (Fig. 

1B) can be understood from the results of a comparative structural analysis of the MHV-S 

and RCoV-NJ HE lectin domains. Asn253 is located at the rim of the P1 pocket in MHV-S 

HE, its side chain nitrogen atom hydrogen bonding with the ligand’s carboxylate group 

(Fig. 2D). Replacement by Thr, its RCoV-NJ HE orthologue, would, predictably, cause this 

polar interaction to be lost, thus explaining the steep reduction in binding affinity (Fig. 

1B). The second substitution, that of MHV-S HE Tyr281 by Phe, increased affinity drastically 

(Fig. 1B). This result may be ascribed to the so-called ‘hydrophobic effect’ (20) caused by 

increased mobility of water molecules near the contact interface in absence of available 

H-bonds and the decrease in the system’s free energy when these waters are displaced. 

Presumably, upon binding of O-Ac-Sia in the lectin CBS, water molecules are removed 

from the hydrophobic interface region, leading to a favourable entropic contribution. 

Since in the unbound state, the hydroxyl group of Tyr281 would be engaged in hydrogen 

bonding with water, there is less disruption of the solvent H-bond network and, as a 

consequence, there is a smaller energy decrease upon ligand binding. Thus, shielding of 

Phe276’s aromatic side chain from the solvent upon ligand binding would be energetically 

more favorable than in the case of Tyr (Fig. 2C and D). 
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^ Figure 2. Crystal structure of RCoV-NJ HE0 at 2.0Å resolution. (A) Cartoon representation 

of the overall structure of RCoV-NJ HE0 in complex with αNeu4,5Ac2. One monomer is 

colored gray, the other colored by domain (blue, lectin domain; green, esterase domain; 

red, membrane proximal domain). The receptor analogue is shown in sticks (carbon in cyan, 

oxygen in red and nitrogen in blue). (B) Surface representation of the lectin domain of RCoV-NJ 

HE0 in complex with αNeu4,5Ac2 and showing the electron density of the receptor analogue. 

The receptor analogue is shown in sticks as in (A). The surface of Phe276 is colored in orange. 

Pockets P1 and P2 that accommodate the Sia-4-O- and -5-N-acetyl groups, respectively, are 

indicated. The electron difference density of the 4-O-Ac-Sia-ligand analogue bound in the 

RCoV-NJ HE0 lectin site is shown as a purple mesh and was calculated using a model that did 

not contain the substrate analogue and had been obtained by refining the crystal structure of 

free RCoV-NJ HE0 (PDB ID: 4ZXN) against the diffraction data of the ligand analogue complex 

without manual model building (Rfree = 20%). The contour level is 3.0 σ. (C and D) 4-O-Ac-

Sia binding in the RCoV-NJ HE (C) and MHV-S HE (D) lectin CBS as observed in their crystal 

complexes (MHV-S HE, PDB ID: 4C7W). Close-up with contacting aa side chains shown in 

stick representation and colored by atom type (oxygen in red; nitrogen in blue; carbon in gray 

or orange for conserved aa and substitutions, respectively). Hydrogen bonds are shown as 

orange, dashed lines. The R4-, R5- and R6-loops are indicated.



201

Nidovirus HEs display sub-maximal ligand binding affinity

6

 Lastly, Lys217 does not contact the ligand directly. The substitution of MHV-S HE Lys217 

by Arg apparently increases affinity via an indirect mechanism, possibly by affecting 

protein dynamics. The side chain of Lys217 points in the direction of the R4-loop, but 

does not form any H-bonds with it (Fig. 2D). In RCoV-NJ HE, however, the side chain of 

Lys217 orthologue Arg212 engages in a double hydrogen bond with the main chain carbonyl 

groups of Asp217 and Pro218. These interactions might stabilize the protein structure by 

locking the R4-loop -which forms the back wall of the CBS- in place, and thereby increase 

lectin affinity. 

Changes in HE Lectin Binding Affinity Translate to Aberrant Virus Binding – Release 

Kinetics. Our data show that single aa variations in the HE lectin CBS can have a major 

effect on binding affinity. However, observations made for soluble esterase-deficient 

recombinant proteins cannot be extrapolated one-to-one to the HEs present in virus 

particles. How increases or decreases in HE lectin affinity affect the dynamic binding of virus 

particles is not known and difficult to predict. On the one hand, differences in lectin affinity 

as observed between soluble HEs might be dampened in the context of the avidity-driven 

binding of virions, with multiple copies of HE clustered in the viral envelope interacting 

with multivalent ligands. On the other, differences in the binding characteristics of single 

HEs might be amplified, thereby impacting virus binding kinetics and possibly viral fitness. 

To study this, syngeneic recombinants were constructed based on MHV-A59, a cell-culture 

adapted strain that grows to high titers in vitro (21). Recombinants of MHV-A59 (rMHV) 

were made that either express the wildtype MHV-S HE+ (‘rMHV-HE+’), MHV-S HE+ N253T 

(‘rMHV-HE+ N253T’) or MHV-S HE+ K217R, Y281F (‘rMHV-HE+ K217R, Y281F’). To assess the role 

of HE’s catalytic activity in dynamic attachment, a mirror set of rMHV’s was made with 

each of the mutations in the CBS, but with also the esterase inactivated through a single 

Ser-to-Ala mutation in the catalytic site (‘rMHV-HE0’; ‘rMHV-HE0 N253T’; ‘rMHV-HE0 K217R, 

Y281F’). Equal amounts of rMHV’s, corresponding to 1 x106 PFU, were compared in HSG-

binding-release assays. To this end, viruses were allowed to bind at 4°C for 4 hr, after 

which unbound viruses were removed by extensive washing. Viruses that remained bound 

through their association with HSG, were allowed to become released, after a shift-up to 

37°C and continued incubation for 30 min, either by virion self-elution, or by forced elution 

by adding exogenous HE+. The latter condition was included to provide a measure for the 

total amount of bound virus. Of note, HE remains catalytically active at 4°C, with soluble 

HE+ enzymes reduced only ~25% in receptor destruction activity as compared to that at 

37°C (Fig. 3A). The number of viruses released by self- or forced elution was subsequently 

determined by plaque assay and quantitative PCR (qPCR). Relative amounts of virions 

that remained bound even after elution for 30 min at 37°C were quantified by qPCR. The 

data are plotted as relative values compared to rMHV-HE+ (for plaque assay the number of 
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and bound rMHV-HE+ particles. 

 The data show that recombinant MHV expressing wildtype MHV-S HE+ (rMHV-HE+), 

can bind and effectively self-elute, with more than 50% of the virions released after 30 min 

at 37°C (Fig. 3B). Increased or decreased HE affinity, however, lead to aberrant binding 

dynamics. rMHV-HE+ N253T was detected neither in the supernatant, nor on the plate, and 

was thus apparently unable to stably bind to HSG altogether under the conditions applied 

(Fig. 3B and C). rMHV-HE+ K217R, Y281F on the other hand, displayed enhanced binding as 

compared to recombinant wildtype MHV, with 3.5-fold more virions bound as determined 

by forced elution. Self-elution of virions of rMHV-HE+ K217R, Y281F, however, was impaired 

and in comparison to recombinant wildtype MHV reduced in relative terms (percentage 

of virions eluted). After 30 min of self-release, more than 75% of the virions remained 

bound to the HSG and their release required receptor depletion by exogenously added 

HE+ (Fig. 3B). The binding-release kinetics of virions changed radically upon inactivation 

of the HE esterase catalytic site. Viruses expressing HE0 K217R, Y281F were not detected 

in the supernatants neither after self-elution nor after forced-release conditions with 

large amounts of exogenous HE+ (Fig. 3B). The presence of large amounts of virions still 

bound to the plate as determined by qPCR (Fig. 3C) indicated that these viruses now 

bound virtually irreversibly to HSG. In contrast, rMHV-HE0 N253T virions bound and self-

eluted efficiently, apparently due to the inactivation of the esterase (Fig. 3B and C). These 

observations demonstrate that dynamic attachment of virions to Sia-based receptor-

determinants is possible even in the absence of an RDE, provided that receptor-binding 

< Figure 3. Reversible attachment of recombinant MHV-A59 expressing MHV-S HE. (A) The 

MHV-S HE esterase remains active at 4°C. HSG was coated in Maxisorp plates and incubated 

for 2 hr at 37°C, 20°C or 4°C with two-fold serial dilutions (starting at 15 ng/µl) of MHV-S HE+-

Fc. Loss of 4-O-Ac-Sias was assessed by sp-LBA with MHV-S HE0-Fc at a fixed concentration 

of 1 ng/µl. Esterase activity was plotted as percentages of specific esterase activity, calculated 

at 50% receptor depletion, relative to that at 37°C. The error bars represent the SD over four 

measurements (two biological replicates, each of which performed in technical duplicates). 

(B and C) rMHV-A59’s carrying mutated HEs display aberrant binding-release kinetics. HSG 

was coated in Maxisorp plates and incubated with 1 x 106 PFU rMHV for 4 hr on ice, the 

temperature was then increased to 37°C and virus was allowed to elute, in the presence (red 

bars; B) or absence (blue bars; B) of 1 μg soluble MHV-S HE+. Supernatant was harvested and 

titrated by plaque assay (B) and genome copies were quantified by qPCR (blue bars, C). The 

amount of virus still bound to the plate was determined by in-the-plate lysis of virus, followed 

by qPCR (purple bars, C). The amounts of virus were normalized to the value obtained for 

rMHV-S HE+ forced elution (B), or to the total amount of virus initially bound as calculated 

from the sum of rMHV-S HE+ released through self-elution and the amount of virus that 

remained bound to the plate (C). The gray lines indicate the value to which was normalized.
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affinity is sufficiently low. In this sense, rMHV-HE0 N253T resembles the vast majority of 

virus species that use Sia-based receptors and, in lieu of catalysis-driven self-elution, 

solely rely on the equilibrium of binding and release for reversibility of attachment.

Viruses Restore Binding – Release Balance In Vitro: a Directed Evolution Approach. The 

in vitro virus binding-release experiments detailed above showed that the virus’ dynamic 

attachment to O-Ac-sialoglycans changed when the balance between HE-mediated 

attachment and release was altered. To study if and how these viruses would counter this 

defective balance if given the opportunity, we took a directed evolution approach. rMHV-

HE+ K217R, Y281F and rMHV-HE+ N253T were once again allowed to bind to HSGs at 4°C for 

4 hr, and subsequently left to self-elute at 37°C for 30 min. The viruses in the eluate were 

amplified through a single multi-step passage in LR7 cells and used for subsequent rounds 

of binding and release (for a schematic outline, see Fig. 4A). After 10 successive cycles 

of selection by reversible binding and propagation, passage 10 (P10) virus populations 

were compared with their respective parental (P0) viruses in a quantitative virus binding-

release assay. Passaging and selection was done in parallel triplicates to allow selection of 

multiple independent mutant viruses.

 All three P10 rMHV-HE+ N253T populations, selected by directed evoution, differed 

from the P0 recombinant virus in that they showed efficient binding and release (Fig. 

4B). Sequence analysis of HE genes in the P10 virus populations revealed selection of 

two single-site mutations, His337Asn and Val107Phe (selected for independently in two 

populations), both of which locate to the esterase catalytic site (Fig. 4C), and abrogate 

esterase activity. Recombinant HE+-Fc’s carrying either mutation were catalytically 

inactive when assayed with the synthetic substrate analogue para-nitrophenylacetate 

(pNPA) (Fig. 4D). His337, in fact, is an essential component of the catalytic triad (Fig. 4C). 

Val107 is not part of the catalytic machinery, but locates at the rim of the P1 pocket that 

accommodates the target 4-O-acetyl moiety during catalysis (Fig. 4C). Its substitution 

by the much larger Phe predictably blocks the P1 pocket and thereby prevents substrate 

binding. 

 P10 populations of rMHV-HE+ K217R, Y281F did not differ from the parental virus in 

their binding properties, nor did the populations obtained after five additional rounds of 

selection. Accordingly, no changes in HE were found (data not shown). Presumably, the 

experimental conditions of our directed evolution set-up were not sufficiently stringent 

to provide escape mutants a decisive selective advantage, despite rMHV-HE+ K217R, Y281F’s 

apparent reduced ability to self-elute (Fig. 3B and C). Hence, in order to upset the virus 

binding-release balance even further, we created a virus expressing an HE+ K217R, Y281F 

derivative with a catalytically compromised esterase domain. To this end, we replaced 

a conserved cysteine-loop near the esterase catalytic site, shown to be important for 
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^ Figure 4. Directed evolution: recombinant MHV with lowered MHV-S HE lectin affinity 

restores binding-release balance. (A) Schematic outline of the directed evolution selection 

procedure. (B) Binding release assays were performed as in 3B with parental virus MHV-S 

HE+ N253T (passage 0, P0) and with virus populations obtained after 10 rounds of selection 

(P10). P10 populations differed from each other and the parental virus by unique single aa 

substitutions in HE as indicated. (C) Surface representation of the RCoV-NJ HE+ catalytic 

sites in complex with 4-N-Ac-Sia as observed in the crystal complex (PDB ID: 5JIL). Important 

residues are indicated with sticks (oxygen in red; nitrogen in blue; carbon in gray, green or 

orange for conserved aa, Val107 and catalytic triad aa, respectively). The 4-N-Ac-Sia substrate 

analogue is shown in sticks (oxygen in red; nitrogen in blue; carbon in gray). (D) Val107Phe 

and His337Asn substitution in MHV-S HE+-Fc abolish esterase activity toward the synthetic 

substrate pNPA. Enzymatic activity shown as percentage of wildtype activity. 
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catalytic activity in chapter 4 (18), by that of the type I HE of MHV-DVIM. This mutant HE, 

HECys K217R, Y281F, exhibits a 90% decrease in receptor-destroying activity towards HSG (18). 

As predicted, rMHV-HECys K217R, Y281F was almost completely dependent on exogenous HE+ 

for its release in in vitro binding-release assays (Fig. 5A). Virus binding kinetics, however, 

were restored by directed evolution after 10 rounds of selection (Fig. 5A). Sequence 

analysis of HE genes of each of three independently selected virus populations showed 

that in each case the defect in reversible binding had been alleviated through single-site 

mutations, Gly218Asp, Asp222Gly or Thr263Ile, all localizing to the lectin domain (Fig. 5B). 

Each mutation, when introduced in the background of MHV-S HE0, reduced binding affinity 

albeit to different extents (Fig. 5C). The Asp222Gly and Gly218Asp substitutions that reduce 

binding affinity by approximately 20 to 30-fold are in the CBS, locating to the important 

R4-loop that contributes to ligand binding through the formation of multiple protein-

sugar H-bonds (Fig. 5B). The side chain of Asp222 forms an intra-loop H-bond to Ser219, the 

loss of which might affect the orientation and/or flexibility of the R4-loop. Gly218 is part 

of the same loop, and contacts the ligand molecule through its carbonyl atom, mutation 

to Asp presumably also changes the R4-loop. Remarkably, the other residue found to 

be replaced, Thr263, is not part of the CBS but instead locates to the HE dimer interface. 

Yet, even though this residue does not contact the ligand directly, its substitution by Ile 

reduces lectin affinity by almost 20-fold, apparently through long-range effects caused by 

alterations in protein structure and/or protein structural dynamics. 

 Our findings, though obtained in an artificial in vitro system, clearly demonstrate 

that lectin binding affinity and esterase activity need to be carefully balanced in order 

to allow reversible binding of virions to clustered Sia receptor determinants such as are 

present in HSG. A reduction in HE lectin binding affinity was resolved by inactivation 

of the esterase, whereas a decrease in HE esterase activity was countered by reducing 

lectin binding strength. Theoretically, imbalances between HE-mediated attachment 

and release such as were introduced here could also have been resolved through gain of 

function mutations, in rMHV-HE+ N253T by increasing lectin affinity and in rMHV-HE+ K217R, 

Y281F by increasing the esterase activity. However, since the number of possible single-

site mutations that will increase binding affinity will be smaller than those that result in a 

reduction of binding affinity, and restoration of the esterase activity in rMHV-HECys K217R, 

Y281F would have required far more elaborate changes, it is not surprising that in our small-

scale experiment loss of function mutations were selected for. 

Viruses Expressing HEs With Intermediate Binding Affinity Are Selected For In Vivo. 

The in vitro binding-release assays presented above underlined the importance of carefully 

balanced HE lectin affinity and esterase activity for virus binding kinetics. However, to 

fully understand the requirements posed on HE lectin affinity during infection of, and 
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^ Figure 5. Directed evolution: recombinant MHV with increased MHV-S HE lectin affinity 

restores binding-release balance. (A) Directed evolution regime using MHV-S HE K217R, Y281F 

with DVIM Cys-loop (rMHV HECys K217R, Y281F). Binding-release assay of rMHVs before and after 

selecting 10 times in the binding-release assay performed as in 4A. (B) Stick representation 

of the RCoV-NJ HE-receptor complex (oxygen in red; nitrogen in blue; carbon in gray, orange 

or cyan for conserved aa, Gly213/Asp217 and ligand analogue, respectively). Gly213 and Asp217 are 

highlighted in red. The R4-loop is indicated in orange. (C) Gly218Asp, Asp222Gly and Thr263Ile 

reduce HE lectin affinity in context of MHV-S HE0 K217R, Y281F. HE0-Fc lectins (in 2-fold serial 

dilutions, starting at 15 ng/μl) were compared by sp-LBA for relative binding to HSG. Data is 

shown as fold-difference at 50% receptor binding compared to MHV-S HE0 (as in 1B).
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transmission among intact hosts, we devised an infection - natural transmission model 

as outlined in figure 6. For these experiments, MHV-DVIM was used as this enterotropic 

strain more closely resembles naturally occurring MHV field variants than the tissue 

culture-adapted, attenuated MHV strain A59 (22). MHV-DVIM recombinants in which the 

autologous HE gene was replaced either by wildtype MHV-S HE+ (‘rMHV-D-HE+’), or by an 

MHV-S HE+ with increased affinity (MHV-S HE+ K217R, Y281F; ‘rMHV-D-HE+ K217R, Y281F’) were 

constructed by targeted RNA recombination (23, 24). Mice were inoculated intranasally 

with rMHV-D-HE+ (Fig. 6A), rMHV-D-HE+ K217R, Y281F (Fig. 6B), or with a 1:1 mixture of the 

two viruses (Fig. 6C). After 48 hr, inoculated mice were co-housed with naive sentinel 

mice to allow natural transmission via direct contact and fomites, and, after a second 

round of transmission to sentinel mice, viral RNA was isolated from the feces and the HE 

gene was sequenced. The results showed that both rMHV-D-HE+ (group A) and rMHV-D-

HE+ K217R, Y281F (group B) were transmitted and survived two sequential rounds of natural 

transmission. In accordance with the results of our in vitro binding-release assay, a 20-fold 

increase in HE lectin affinity is not immediately detrimental to the virus such that it would 

prevent spread. However, a fitness advantage for rMHV-D-HE+ was demonstrated in a direct 

mixed infection/competition experiment. In the feces of the group C sentinels, rMHV-D-HE+ 

K217R, Y281F could not be detected after two rounds of natural transmission. Instead, these 

animals apparently shed rMHV-D-HE+ exclusively. These findings support the notion that 

under natural infection conditions, MHV viruses expressing high affinity HEs are selected 

against and HEs with intermediate submaximal binding strength are favored presumably 

to match the composition and density of O-Ac-sialoglycans in the mouse intestinal tract.

Concluding Remarks. Viruses from many different families use Sia for attachment and/or 

entry, with the influenza A viruses perhaps as most noteworthy examples. While Sia form 

attractive virus receptors, given their accessible location at the non-reducing, terminal 

ends of glycans, the usage of sialoglycans as receptor comes with inherent complications. 

These stem from sialoglycoconjugate multivalency and the dense clustering of Sias 

that may augment apparent binding affinities of sugar-protein interactions by orders of 

magnitude on the one hand, and from the occurrence of decoy receptors on the other (25, 

26). Here, we sought to answer how viruses circumvent these pitfalls using MuCoV as a 

model system.

 We showed that the affinity of the lectin CBS in naturally-occurring type II MuCoV HEs 

is modulated by single aa differences both at sites directly at the Sia-protein interface or 

more distal to the Sia CBS, and that HE affinity could be decreased or increased more than 

20-fold through single aa substitutions. Our findings suggest evolutionary selection for 

optimal rather than for maximal binding to O-Ac-Sia receptor determinants. Moreover, 

the data show that changes in HE lectin affinity in the context of single HE homodimers are 
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translated to the context of a virus carrying multiple copies of HE, and actually influence 

the virus’ binding and release kinetics considerably. 

 MuCoV are intestinal pathogens that must cross the -O-Ac-Sia-rich- mucus layer lining 

the gut epithelium to reach their target cells. The ability of MuCoV to traverse the mucus 

layer is presumably closely linked to the balance of HE-mediated attachment and release. 

If HE binding affinity is too low, the virus does not benefit from having an HE. On the 

other hand, a too strong interaction with O-Ac-Sia would keep the virus stuck in the outer 

layers of the mucus barrier, preventing access to host cells as well. In contrast, when HE 

lectin affinity and esterase activity are adequately balanced, the virus can successfully 

navigate the mucus layer and engage the entry receptor. As such, the balance between 

HE-mediated attachment and release is probably a critical determinant of MuCoV’s ability 

to infect and transmit in its host.

 When comparing our findings to observations made for other viruses, we see striking 

parallels. For example, for influenza A viruses, where Sia receptor-binding is assigned 

to the hemagglutinin protein (HA) and receptor-destruction to the neuraminidase (NA), 

it was found that the virus can actually infect and transmit in the complete absence of 

NA activity (27, 28). Apparently, these viruses could compensate for the lack of receptor 

destroying activity by reducing HA affinity, either through aa substitutions near the HA 

^ Figure 6. Infection–transmission of MHV-DVIM expressing MHV-S HE in mice. Schematic 

outline of the in vivo experiment, showing the inocula, the three inoculated and six sentinel 

groups, and the virus secreted by the second group of sentinel mice. Animals were intra-

nasally inoculated with MHV-DVIM expressing MHV-S HE+ (rMHV-D-HE+), MHV-S HE+ K217R, 

Y281F (rMHV-D-HE+ K217R, Y281F), or a combination (1:1 ratio) of the two. After two passages 

viral RNA was isolated from the feces and the HE gene was sequenced.
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CBS, or by HA hyperglycosylation, leading to Sia-mediated auto-inhibition of HA lectin 

binding (29). By analogy, as shown here, defects in the dynamics of MuCoV binding and 

release resulting from a 20-fold reduction in HE lectin affinity were compensated by 

inactivation of the esterase. These parallels underline the relevance of the MuCoV model 

for the study of dynamic virus binding to glycan-based receptor determinants, not only for 

related coronaviruses, but for virus-Sia interactions in general.

Materials and Methods

Expression and purification of HEs. Human codon-optimized sequences of the HEs of 

RCoV-NJ and MHV-S were fused to the human IgG1 Fc domain in expression plasmid 

pCD5-T-Fc (13, 14). The domains are separated by a thrombin cleavage site. The proteins 

were expressed either in a catalytically active form (HE+-Fc) or rendered inactive through 

a catalytic Ser46-to-Ala substitution (HE0-Fc). All mutations were constructed through site-

directed mutagenesis of the parental plasmids using the Q5® kit (New England Biolabs). 

For lectin affinity and esterase activity assays, HE-Fc’s were produced by transient 

expression in HEK293T cells and purified from cell culture supernatants by protein 

A-affinity chromatography and low pH elution as described (13). For crystallization, RCoV-

NJ HE0-Fc was expressed in HEK293 GnT1(-) cells (30), and purified by protein A-affinity 

chromatography, followed by on-the-beads thrombin cleavage as described (13, 18). 

Beads were pelleted and the HE ectodomain in the supernatant was concentrated to 3-5 

mg/mL and deglycosylated by the addition of 1MU/mL EndoHF (New England Biolabs), and 

incubated for 1 hr at room temperature before the setup of crystallization experiments.

Solid-phase lectin binding assay. Solid-phase lectin binding assays (sp-LBAs) were 

performed with horse serum glycoproteins (HSG) and two-fold serial dilutions of HE0-Fc 

proteins as described (17, 31). Briefly, maxisorp 96-well plates (Nunc) were coated for 16 hr 

at 4°C with HSG (TCS Biosciences; 100 μl/well). Two-fold serial dilutions of HE0-Fc, starting 

at 15 ng/µl in blocking buffer (PBS, 0.05% Tween-20, 2% BSA; 100 μl) were incubated 

for 1 hr at 37°C. Incubation was then continued with horseradish peroxidase (HRP)-

conjugated goat-α-human immunoglobulin (IgG) antibody (Southern Biotech; 1:1000 in 

blocking buffer) for 40 min at 37°C. Bound HE0-Fc was detected with TMB Super Slow One 

Component HRP Microwell Substrate (BioFX). Optical densities (ODs) were measured at 

450 nm. Data is shown as fold difference at 50% maximum OD450 compared to MHV-S HE0.

Crystallization and X-ray data collection. RCoV-NJ HE0 crystals with C2221 space space 

group were grown at 20°C using sitting drop vapor diffusion against a well solution 
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containing 0.1M Bis-Tris propane, pH 7.5, 0.2M NaF, and 20% (wt/vol) PEG3350. Crystals 

were soaked for 5 min in cryoprotectant (well solution containing 20% (v/v) glycerol and 

10mM αNeu4,5Ac2) before flash-freezing in liquid nitrogen. Diffraction data to 2.0Å 

resolution were collected on the ID23-1 beamline and integrated with Mosflm. Integrated 

diffraction data were further processed using the CCP4 package. The structure was solved 

by molecular replacement using the MHV-S HE structure (PDB ID: 4C7W) as search 

model. Models were refined using REFMAC alternated with manual model improvement 

using COOT and refinement cycles included TLS refinement using one TLS group. The 

resulting crystal structure had Rwork and Rfree final values of 21% and 24%, respectively. 

Representations of crystal structures were made with PyMOL software (pymol.org).

Cells and viruses. Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, 

Lonza) supplemented with 10% heat-inactivated fetal calf serum (FCS), penicillin (100 

IU/ml), and streptomycin (100 μg/ml) (DMEM-10). Recombinant MHV-A59 (rMHV) and 

recombinant MHV-DVIM (rMHV-D) derivatives encoding the non-codon optimized HE of 

MHV-S were constructed by targeted RNA recombination (23, 24) and candidate rMHV’s 

were isolated by a single round of plaque purification in LR7 cells (23). Virus stocks were 

propagated in LR7 cells as described. Mutations in HE were made using the Q5® kit (New 

England Biolabs). 

 Virus stocks were titrated by plaque assay. Confluent LR7 monolayers were infected for 

1 hr at 37°C, 5 % CO2 with 10-fold serial dilutions of virus suspensions in PBS containing 

50 μg/ml DEAE dextran (PBS-DEAE). Monolayers were rinsed once with PBS-DEAE prior 

to inoculation. After incubation, inoculum was aspirated and a solid overlay of 1.5% 

select agar (Invitrogen) in EMEM (Lonza) was applied. Prior to counting, plaques were 

visualized by an immunoperoxidase (IPOX) staining. To this end, cells were fixed 18 hr post 

infection by adding 2 ml 4% paraformaldehyde in PBS and incubated for 30 min at room 

temperature (RT). The solid agar overlay was then removed, cells were washed three 

times with 10 mM glycine in PBS, permeabilized for 5 min with 1% TritonX-100 in PBS, 

blocked for 30 min with 1 ml PBS + 5% FCS at RT, and consecutively incubated for 45 min 

with a rabbit polyclonal serum against MHV (diluted 1:400). Cells were washed three times 

and incubation was continued with swine-α-rabbit-HRP (diluted 1:400) for 45 min. After 

washing three times, plaques were visualized using the AEC peroxidase kit (Vector Labs), 

according to the manufacturers instructions. 

Virus binding-release assays. To measure and compare the dynamic attachment of 

rMHVs, on-the-plate binding-release assays were performed. Maxisorp 96-well plates 

(Nunc) coated for 16 hr at 4°C with HSG (TCS Biosciences; 100 μl/well) were blocked 

(PBS, 2% BSA) and 1 x 106 PFU of the different rMHV’s in 200 μl PBS with 0.2% BSA were 
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allowed to bind for 4 hr on ice. After thorough washing with ice cold PBS, temperature 

was increased to 37°C and virus elution was allowed to proceed in the presence or absence 

of 1 μg soluble MHV-S HE+ for 30 min. Supernatant was harvested and titrated by PFA 

and genome copies were quantified by qPCR. The amount of virus still bound to the plate 

was determined by in-the-plate lysis of virus, followed by qPCR. Control experiments to 

confirm the assay’s specificity were performed routinely. These entailed pre-treatment of 

HSG with MHV-S HE+ to demonstrate that for each rMHV binding was strictly 4-O-Ac-Sia-

dependent.

Infection – transmission of MHV in vivo. Female, six-week old Balb/c mice (Charles River) 

were inoculated intranasally with 10 μl virus suspension in PBS (1000 PFU/μl). Groups 

consisted of three animals and were housed in filter cages with a HEPA filter. Sentinel 

mice were exposed to inoculated mice by placing both groups together in a cage with 

new bedding for 48 hr. Animals were sacrificed by means of cervical dislocation. Individual 

feces samples were collected prior to sacrifice and stored at -80°C until analysis. Feces 

were weighted and dissolved in PBS (10 μl PBS/mg feces) by shaking at 1000 rpm for 10 

min. Supernatant was clarified by spinning at 10.000 rpm for 5 min, 4°C, and viral RNA 

was isolated from 140 μl sample using the Qiagen vRNA isolation kit, according to the 

manufacturer’s instructions. cDNA was made with Superscript III reverse-transcriptase 

(Invitrogen) and the gene encoding HE was amplified by high-fidelity PCR using Q5 

polymerase. Sanger sequencing was performed by Macrogen Europe and results were 

analyzed using the Lasergene software package. Animal use was in accordance with 

legislation of the Netherlands and the European Union and approved by the ethics 

committee for animal experiments of Utrecht University
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The preceding chapters of this thesis described our investigations in the fields of O-acetyl-

sialoglycobiology and the structure and function of corona- and torovirus hemagglutinin-

esterase (HE) proteins. In this last chapter, the main findings will be summarized, 

expanded with a limited number of unpublished observations, and placed in the broader 

context of previously published data. Furthermore, I will identify some of the most 

important questions that remain in the field and propose avenues for future research. This 

chapter is divided over three topics that cover the experimental contents of this thesis: i) 

the distribution and synthesis of O-Ac-sialoglycans, ii) common principles underlying the 

structural recognition of O-Ac-Sia by viral proteins, and iii) the dynamic balance of virion-

glycan interactions by the opposing activities of attachment and release.

Distribution and Synthesis of O-Ac-Sialoglycans

There are four macromolecular building blocks common to life: glycans, lipids, nucleic 

acids and proteins. In contrast to nucleic acids and proteins, the structure and composition 

of glycans are not under direct genetic control, nor template-encoded, but are rather 

determined by the concerted action of many different enzymes. The capacity of glycans 

to form not only linear, but also branched arrays, in addition to differential modifications 

of the individual monosaccharides, allows them to surpass the other three building blocks 

by far in terms of structural complexity. Glycans are the predominant structures on the 

cell surface and consequently form the vanguard during cellular recognition events and 

host-pathogen interactions and, as such, are thought to have been under relentless 

evolutionary pressure to evolve and diversify (1). 

 Sialic acids (Sias), generally present at the terminal, non-reducing end of glycans, 

are the most diverse family of monosaccharides, with over 50 distinct species currently 

identified (2). Sia’s structural diversity is well reflected in its many biological functions. 

First of all, Sia have a direct physiochemical effect on their environment due to their high 

local densities, hydrophilic character and negative charge. But, perhaps more importantly, 

they also play a key role in cellular and (patho)physiological recognition events (3). In 

humans, the most common Sia modification is O-acetylation. O-acetylation involves the 

replacement of one or more of the hydrophilic hydroxyl groups attached to carbon atoms 

C4 and/or C7-C9 with an acetyl moiety. This modification can potentially modulate the 

sugar’s biological signaling function (4). Despite its evident importance, the sialate-O-

acetylation pathway remains poorly characterized, and the role of distinct O-Ac-Sias in 

health and disease remains largely unexplored. One of the major hurdles that had to be 

overcome was the lack of convenient reagents that allow the detection of, and distinction 

between, different O-Ac-Sia species in situ. A fundamental understanding of the pathway 



219

Summary & General Discussion

7

involved in Sia-O-acetylation, most importantly the identity of the mammalian sialate-O-

acetyl-transferase (SOAT), would not only benefit the field of cell biology, but would also 

be an important step in the development of in vitro cell systems to facilitate the study of 

viruses that use O-Ac-Sia for attachment and entry.

Nidovirus HEs as tools to study O-Ac-Sia in situ. Classical methods to study O-Ac-Sias 

always involve their release, either by enzymatic treatment or acid hydrolysis, prior to 

chemical analysis with thin layer chromatography, gas-liquid chromatography, mass 

spectrometry or nuclear magnetic resonance (5). Unfortunately, this approach comes 

with major caveats related to the resistance of certain O-Ac-Sia species (e.g. 4-O-Ac-Sia) 

to enzymatic release and to the lability of Sia-O-acetyl groups particularly at low pH. 

Progress, however, was recently made with the development of a technique that allows 

the release of O-linked sugars using common bleach, while apparently preserving the 

fragile O-acetyl groups (6). Another major problem with the classical methods is that 

they often involve a whole-tissue homogenization step, which inevitably leads to a loss 

of information regarding the (sub-)cellular localization of specific O-Ac-Sia. Presumably, 

lectins, specific for O-Ac-Sia’s alpha-configuration, could be used for the in situ detection 

of O-Ac-sialoglycans. Various reagents have been employed for this, including the 

9-O-Ac-Sia-specific lectin Achatinin H, isolated from the hemolymph of the African land 

snail Achatina fulica (7, 8), and the 4- / 9-O-Ac-Sia specific lectin from the Californian crab 

Cancer antennarius (9). Additionally, several monoclonal antibodies (Mabs) have been 

developed for the detection of O-acetylated gangliosides (e.g. the 9-O-Ac-Sia-specific 

Mab “JONES”, and the 7-O-Ac-Sia-specific MAb UM4D4 (10)). The use of these reagents 

has, however, been limited due to problems related to their promiscuous specificity, 

recognition of O-Ac-Sia only in the context of certain sialoglycotopes and/or the difficulty 

with which to obtain sufficient quantities of the reagent. 

 Viruses that use O-Ac-Sia for attachment and entry come with a set of specific lectins 

and Sia-modifying enzymes that could be employed as tools for the detection of O-Ac-

Sia. Previously, this has been done using the purified envelope glycoprotein of salmon 

infectious anemia virus (11), and the recombinantly expressed ectodomain of influenza C 

HEF (12, 13). We build on this approach and greatly expanded it in Chapter 2, by showing 

that the bifunctional hemagglutinin-esterase (HE) envelope proteins of toroviruses and 

group A betacoronaviruses can distinguish between a variety of closely related O-Ac-

Sias, apparently as an adaptation to the ‘sialomes’ of the target tissues in their respective 

hosts. Recombinant, soluble versions of HEs were made by equipping them with an IgG 

Fc-domain of human, mouse or bovine origin, and with their catalytic domain either 

active (functional enzymes) or inactive through an active site Ser-to-Ala substitution 

(‘virolectins’). The resulting HE library was thoroughly examined for esterase-substrate 
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and lectin-ligand specificity by an multidisciplinary approach entailing both biochemical 

and structural analysis. We found that HEs have evolved to selectively bind certain O-Ac-

Sia variants, and that whereas some HEs bind with modest affinity, others do so with such 

affinity as to allow the detection of distinct O-Ac-sialoglycans in cells and tissues. Four HEs 

were found to be particularly useful, namely those of porcine torovirus strain P4 (“P4”) HE, 

bovine coronavirus strain LUN (“LUN”), equine coronavirus strain NC99 (“NC99”) HE and 

mouse hepatitis virus strain S (MHV-S) HE. P4, LUN and NC99 HE all bind Sia in a strictly 

9-O-Ac-dependent manner, but differ in their fine specificity. P4 HE the most selective of 

all virolectins analyzed so far, specifically binds to 9-mono-O-Ac-Sias and apparently is 

unable to bind to 8,9- or 7,9-di-O-Ac-Sias (note that O-acetylation at Sia C4 is tolerated). 

Moreover, P4 displays a strong preference for 5-N-acetylated over 5-N-glycolyated 

ligands. LUN and NC99 HE preferentially bind 7,9-di-O-acetylated Sia, however, whereas 

LUN HE is also tolerant of Sia-5-N-glycolylation, NC99 HE is much less so. The fourth 

virolectin, the type II HE of MHV-S, binds exclusively to Sias modified with a 4-O-Ac 

group. The combination of these four lectins allowed the in situ detection of 4-O-Ac-Sias, 

three distinct populations of 9-O-Ac-Sia, and combinations thereof, and we thus set out 

to explore their expression and distribution in different animal species. We discovered 

interspecies differences in Sia repertoire, most notably the expression of 4-O-Ac-Sia in 

cell lines of murine and equine origin, but its apparent lack in human cells and tissues. 

Screening of mammalian continuous cell lines by virolectin-immunofluorescence further 

revealed differential expression of O-Ac-Sia, with all cell lines expressing P4- and LUN-

type 9-O-Ac-Sias in the Golgi apparatus, but with only a select number of cell lines also 

with detectable cell surface expression. Our findings support the idea that the regulation 

of Sia O-acetylation, by the opposing activities of O-acetylation and de-O-acetylation, 

may be critical to cell development and tissue homeostasis, and raise questions of why 

and how particular cell sialylation profiles are established, maintained and altered. We 

have now established the resources and methodology that will help to settle many of 

these outstanding issues (Chapter 2). 

Identification of CASD1 as the mammalian sialate-O-acetyl transferase. The data we 

obtained with virolectin staining of (clonal lines of) tissue culture cells are suggestive of a 

complex heterogeneity in the expression of the enzymes involved in the biosynthesis or 

degradation of O-Ac-Sias, and/or in the expression of the glycoconjugates that carry them. 

The regulation of O-Ac-Sia expression is poorly understood: while the catabolic pathway 

mediated by the sialate-9-O-acetylesterase (SOAE) in mammals has been characterized 

to considerable extent (14), sialate-O-acetyl transferases (SOATs) have proven much 

more elusive. The mammalian SOAT exhibits an inherent sensitivity to membrane 

solubilization that prevents the purification and identification of the functional protein 
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from cells or tissues (15). Previous studies focusing on the native protein and using radio 

labeled substrates, had shown that O-acetylation takes place in the Golgi apparatus and 

involves the transfer of acetyl groups from acetyl-coenzyme A, and presumable occurs in 

collaboration with Golgi-resident sialyltransferases. One candidate mammalian SOAT had 

been proposed, the Cas1 domain-containing protein 1 (CASD1). CASD1 shares sequence 

similarity to the CAS1 (Capsule synthesis 1) protein of Cryptococcus neoformans, a gene 

product that has an essential role in mannose O-acetylation of the capsule polysaccharide 

glucuronoxylomannan. A bioinformatics screening of human genes, followed by 

biochemical analysis, suggested a key role for CASD1 in the biosynthesis of 7-O-Ac-GD3 

and labeled CASD1 as a potential sialate-7-O-acetyl transferase (16). However, while the 

authors found a positive correlation between CASD1 expression levels and the amount 

of GD3 O-acetylation, they were unable to link SOAT activity directly to CASD1 due to 

endogenous SOAT activity. Furthermore, CASD1 overexpression failed to induce Sia-O-

acetylation on the model glycoprotein erythropoietin, which carries both N- and O-linked 

glycans. 

 In Chapter 3 we collaborated with Anna-Maria Baumann and Martina Mühlenhoff at the 

Medizinische Hochschule in Hannover, to determine the molecular basis of 9-O-acetylation 

in mammals. By making use of our newly developed, HE-based virolectins, a naturally 

occurring, 9-O-Ac-Sia-negative cell line of murine origin (LM-TK-), and a number of 

gene-edited CASD1 knockout cells of human origin, we showed that CASD1 is essential 

for 9-O-acetylation of sialoglycoconjugates in both murines and humans. To prove 

that CASD1 was a SOAT per se, and not an essential co-factor, the N-terminal luminal 

domain of CASD1 was recombinantly expressed and purified for use in vitro biochemical 

assays. The transfer of acetyl groups from acetyl-coenzyme A to CMP-activated Sia was 

demonstrated, as was the formation of a covalent acetyl-enzyme intermediate, with Ser94 

part of a Ser-His-Asp catalytic triad. These results have now firmly established CASD1 as 

the mammalian SOAT.

Remaining questions and future perspectives. While our forays into sialoglycobiology 

as described in Chapters 2 and 3 have advanced the field considerably, they also leave us 

with a multitude of new questions that relate to cellular Sia-O-acetylation and the function 

and mechanism of CASD1. For example, how and why do cells regulate the amount and 

type of intracellular and surface Sia-O-acetylation? Which players are involved in the 

pathways that activate or inactivate the cellular SOATs and SOAEs to establish, maintain, 

and alter the landscape of Sia-O-acetylation? What is the effect of Sia-O-acetylation on 

cell function? Also many questions regarding CASD1 arise, for example, which factors 

influence CASD1’s production of 9-O-, versus 7,9-di-O-Ac-Sias? Is CASD1 a SOAT unique 

to mammals, or is a homolog also responsible for Sia-O-acetylation in teleosts and 
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echinoderms? What is the structure of the N-terminal SGNH domain of CASD1 and how 

can it function as a transferase instead of an esterase? What is the function of CASD1’s 

C-terminal multi-transmembrane domain? What is the identity of the mammalian sialate-

4-O-acetyltransferase, and how and why was the expression of 4-O-Ac-Sia apparently lost 

in humans and some other animals?

 Fortunately, our endeavors have also left us with both new tools and novel methodology 

to tackle these questions. Later on in this discussion, while examining the structural basis 

for the recognition of O-Ac-Sia by viral proteins, we will also discuss the possibility, and 

recent attempts, to design novel high-affinity virolectins of even more circumscribed 

specificity. Such ‘designer virolectins’ could prove to be of considerable use to the field of 

sialoglycobiology.

Common principles of O-Ac-Sia recognition by viral 
proteins

HEs mediate dynamic attachment to O-Ac-sialoglycans by having both an O-Ac-Sia-

specific lectin domain and a receptor-destroying sialate-O-acetylesterase domain. 

To prevent irreversible binding to either unmodified Sia or O-Ac-Sias found on decoy 

targets and virus-producing cells, it is essential that the lectin carbohydrate-binding site 

(CBS) binds in a strictly O-acetyl-dependent manner and that both the lectin CBS and 

the esterase CBS have corresponding specificities. A wealth of structural and specificity 

data on O-Ac-Sia recognition by toro- and coronavirus HEs, and Influenza C and D HEF 

is available. Using this data, an overview will be given of the principles underlying the 

structural recognition of O-Ac-Sia and their differentiation from the unmodified parental 

Sia by proteins. Such information not only gives fundamental insights in the recognition 

of these sugars, but would potentially also allow the rational design of virolectins with 

altered lectin specificities and the development of broad-spectrum antivirals targeting 

orthomyxo- and nidovirus HEs.

Sialic acids: highly hydrophilic, but with a hydrophobic edge. Sialic acid is characterized 

by four functional groups -C2 carboxylate, C4 hydroxyl, C5 N-acetyl and C6 glycerol- 

that enable it to engage in more hydrogen (H-) bonds and salt bridges than any other 

monosaccharide (17). The carboxylate group can potentially form salt-bridges with 

positively charged amino acids, and the hydroxyl groups could engage in directional 

acceptor/donor H-bonds. However, besides its hydrophilic character, Sia also has a 

significant apolar side to it, created by the aliphatic protons and carbons at the epimeric 

centers and the glycerol moiety. These C–H bonds are well suited for Van der Waals 
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interactions, and might stack through C–H/π-interactions with the aromatic side chains of 

Phe, Tyr or Trp. Interaction of both the HE/HEF lectin and esterase CBS with Sia is critically 

dependent on the presence of specific O-acetyl modifications. This moiety carries both a 

ketone group, able to function as an H-bond acceptor, and a hydrophobic methyl group 

that can engage in Van der Waals interactions. I will now discuss both the lectin and 

esterase CBSs of the HEs/HEFs as expressed by Influenza C and D, toro- and coronaviruses 

and that use either 4-O-, 9-mono-O- or 7,9-di-O-Ac-Sias as ligand/substrate, in order to 

highlight key aspects of the recognition of these sugars.

Receptor binding in the HE lectin domain. First, a detailed look at the binding of BCoV 

strain Mebus HE to 9-O-Ac-Sia will be provided as a paradigm for HE ligand binding in 

the lectin CBS, and then a comparison will be made to HEF and other HEs to illustrate 

common aspects of O-Ac-Sia binding. The BCoV HE lectin domain is formed as a ‘Swiss 

roll’ composed of 8 anti-parallel beta strands (18). This fold is structurally conserved 

among all HEs and HEFs, and is also shared with the evolutionary related HA protein 

(18). The CBS is formed by five variable loops that emanate from this core structure. 

Two hydrophobic pockets can be discerned in the CBS, that are referred to as P1, a deep 

hydrophobic cavity that accommodates the 9-O-acetyl, and P2, a shallow hydrophobic 

depression that accommodates the 5-N-acetyl. The P1 pocket is formed by Tyr184, Phe211, 

Leu266 and Leu267, and the P2 hydrophobic patch by Phe211 and Phe245 (Fig. 1A). The 

relevance of all these residues is indicated by the loss of affinity that results from their 

replacement by Ala (18). Phe211 and Tyr184 are especially important as they form highly 

favorable stacking interactions with the 5-N- and 9-O-acetyl methyl groups, respectively 

(indicated with thin purple lines in Fig. 1A). This type of interaction occurs between the 

electron-rich, delocalized π-electron cloud of the aromatic ring (giving the center of the 

ring a net negative partial charge), and the acetyl methyl groups (which carry a net positive 

partial charge strengthened by the presence of the ketone group). Related interactions 

are actually also seen in the recognition of the apolar face of simpler monosaccharides by 

lectins (19, 20), and the same principle is also responsible for the edge-to-face stacking of 

aromatic residues in proteins (21). Besides these stacking interactions, favorable Van der 

Waals interactions occur between the rim of Phe211 and the aliphatic atoms of the glycerol 

side chain in BCoV-Mebus HE. Given the crucial role of Phe211 in ligand binding in the lectin 

CBS, it is unsurprising that this residue is conserved among type I coronavirus HEs, save 

for a few noted exceptions where the residue is replaced by Tyr.

 Besides hydrophobic interactions, there are various hydrogen bonds involved in the 

binding of O-Ac-Sia by the BCoV HE lectin CBS. Three of these bonds originate from a 

β-hairpin (residues 208-220) that extends from the core structure, and are formed between 

the main chain carbonyl atom of Leu212 and the Sia 5-N, between the main chain amide of 
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Asn214 and the carboxylate group, and between the side chain of Ser213 and the hydroxyl 

group attached to C8 (Fig. 1A). Another H-bond is formed between the hydroxyl group 

of Tyr184 and the 9-O-acetyl ketone group. Additionally, a number of water-mediated 

H-bonds are observed: from the 5-N-ketone group to the hydroxyl group of Thr114, and 

from Sia’s carboxylate group to the amide group of Thr215 (18). 

 While the available crystal structure of BCoV HE was solved in complex with a 9-O-Ac-

Sia analogue, BCoV HE actually prefers 7,9-di-O-acetylated Sia, as shown in Chapter 

2. Since the crystal structure of BCoV HE in complex with this ligand remains to be 

determined, a model was generated using automated molecular docking in Chapter 2. The 

model suggests the 7-O-acetyl group to bind in a shallow hydrophobic pocket formed by 

Thr114, Leu161 and Phe211. The hydrophobic interaction between the side chain of Leu161 and 

the 7-O-acetyl methyl group was shown to be of particular importance for the distinction 

between mono- and di-O-Ac-Sia, as its substitution for Ala lowered the affinity towards 

7,9-di-O-Ac-Sia considerably, yet had little effect on the binding of 9-mono-O-Ac-Sia. 

 Like BCoV HE, ToV HEs also bind to (7,)9-O-Ac-Sia, and, while CoV and ToV HEs share 

only 30% sequence identity and hence are separated by a considerable evolutionary 

distance (22), ToV HE lectin domains bind their ligands in a highly similar fashion (Fig. 

1C and D) (23). Their mode of ligand binding also involves both a P1 and P2 pocket 

separated by a strictly conserved Phe residue that intercalates between the 5-N- and 

9-O-acetyl moieties, with stacking interactions apparent with the 5-N-acetyl methyl 

group, hydrophobic interactions with the 5-N and 9-O-Ac methyl groups, and a number of 

H-bonds. ToV’s are predominantly found in swine and cows and show a distinct difference 

in HE specificity corresponding to the species they infect (22, 24, 23). Whereas the porcine 

toroviruses (PToV) HEs are specific for 9-mono-O-Ac-Sia, the bovine torovirus (BToV) HEs 

prefer 7,9-di-O-Ac-Sia (22). The structural basis for this distinction can be understood 

from the crystal structures of PToV-Markelo HE and BToV-Breda HE. In BToV-Breda HE, 

the side chain of Trp109 and the aliphatic carbon atoms of Arg157 form a broad hydrophobic 

depression ideally positioned to accommodate the 7-O-acetyl group (Fig. 1C). In PToV-

Markelo this depression is absent and the 7-O-acetyl group would clash with the side 

chains of Tyr118 (Fig. 1D) (23). 

 The lectin CBS of influenza C and D HEF is drastically different in architecture when 

compared to the nidovirus HEs and binds 9-O-Ac-Sia in a nearly opposite orientation 

(25, 26). However, despite these considerable differences, HEF follows a remarkably 

similar strategy as BCoV HE to bind O-Ac-Sia and discriminate them from unmodified 

Sia (Fig. 1E and F). Also in HEF, the CBS is formed by two hydrophobic pockets that are 

separated by the side chain of a Phe (residue 293). Like in BCoV HE, the side chain of this 

Phe interacts with the apolar side of the glycerol moiety, but, unlike in BCoV HE, it does 

not form a stacking interaction with the 5-N-acetyl methyl group, which instead docks 
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^ Figure 1. Common principles of O-Ac-Sia binding in the HE and HEF lectin CBS. (A-F) 

Shown are stick representations of the crystal structures of different HEs (BCoV-Mebus 

HE, PDB ID: 3CL5; RCoV-NJ HE, PDB ID: 5JIL; BToV-Breda HE, PDB ID: 3I27; PToV-Markelo 

HE, PDB ID: 3I1L and HEFs (Influenza C HEF, PDB ID: 1FLC; influenza D HEF, PDB ID: 5E66) 

in complex with O-Ac-Sia analogues (shown in sticks with carbon in cyan, oxygen in red, 

nitrogen in blue, sulfur in yellow). Contacting amino acid residues are shown in sticks (carbon 

in gray, oxygen in red, nitrogen in blue). Hydrogen bonds are shown as orange lines and 

stacking interactions between Sia’s acetyl methyl groups and the aromatic sides chains of 

Phe/Tyr are shown as thin purple lines.



226

against the apolar side chain of Leu184. In influenza C HEF (Fig. 1E), the 9-O-acetyl methyl 

group is accommodated in an ‘aromatic box’ that is formed by the side chains of Tyr127, 

Phe225, Tyr227 and Phe293. Within this box, the 9-O-acetyl methyl group stacks on Phe225. In 

influenza D HEF (Fig. 1F), which shares only ~50 % sequence identity with influenza C HEF, 

this aromatic box and the accompanying stacking interaction is conserved, but Tyr127 was 

substituted for Phe, and a fifth residue, Trp185, is now also involved. Trp185 forms part of the 

wall that separates the two hydrophobic pockets and forms hydrophobic interactions with 

the 5-N-acetyl methyl group (Fig. 1F). 

 As reported by Song et al. (26) and confirmed in our laboratory (Bakkers and de 

Groot, unpublished observations), influenza D HEF has a higher affinity than HEF of the 

prototypic influenza C Johannesburg strain. Whereas Song and coworkers attribute this 

increase in affinity to the absence of a salt bridge distal to the lectin CBS, it appears more 

likely that the increase actually stems from the substitution of Leu by Trp185 (Fig. 1E and F). 

However, at this point, neither theory has been experimentally verified.

 The HEs of murine coronaviruses (MuCoV) come in two types and bind either to 9-O-Ac-

Sia (type I specificity), or to 4-O-Ac-Sia (type II specificity). The crystal structure of the 

type II HE lectin domain of MuCoV strains S was elucidated previously (27) and in Chapter 

6 of this thesis we solved the first complete structure of a type II MuCoV HE (that of RCoV 

strain NJ) in complex with a 4-O-Ac-Sia analogue (28). The data show that the lectin CBS 

of type II HEs was reshaped to accommodate the change in specificity from 9- to 4-O-Ac-

Sia. While the P1 pocket was structurally conserved, it now accommodates the Sia-5-N-

acetyl moiety, thereby effectively becoming a P2 pocket (Fig. 1B). The original P2 pocket 

was lost and a novel Sia-4-O-acetyl-binding P1 pocket was formed that is comprised of the 

side chains of Leu114, Ile161, Phe207, Leu255, Phe276 and the main chain of Arg212. In analogy to 

the HEs and HEFs discussed previously, also in these HEs an aromatic side chain forms the 

wall between the P1 and P2 pockets, and a stacking interaction is formed between Phe207 

and the 4-O-acetyl methyl group (Fig. 1B).

 There is clear evidence for evolutionary convergence towards an aromatic side chain 

as a wall between the P1 and P2 pockets, as shown by the fact that in both type I and 

type II coronavirus HEs, torovirus HEs and both influenza C and D HEF, different residues 

from within the protein sequence assume this position and intercalate between the Sia 

acetyl groups. While in most instances a Phe is found as intercalating residue, a few 

coronavirus HEs have a Tyr at this position. We documented the effect of this substitution 

on lectin affinity in two cases. In Chapter 6 we saw that in the type II HE of MuCoV strain S 

replacement of Tyr281 by Phe leads to a 10-fold increase in affinity. Furthermore, in MuCoV 

strain DVIM, a naturally occurring type I HE of low affinity, replacement of Tyr211 by Phe also 

leads to a considerable (>60-fold) increase in affinity (Bakkers and de Groot, unpublished 

observations). The effect of this substitution -in essence the presence or absence of a single 



227

Summary & General Discussion

7

oxygen atom- can be explained from the fact that the Tyr hydroxyl group makes this side 

chain more hydrophilic than that of Phe, thereby lowering the gain in binding energy upon 

removal of its apolar side chain from bulk solvent upon receptor binding. 

Substrate binding by the HE esterase domain
Whereas the toro-, corona- and influenza virus HE lectin domains have diverged 

considerably over time, the HE esterase domains are highly conserved. This is presumably 

because the esterase catalytic machinery is more delicate in nature than the lectin site 

and possibly a reflection of the stringent selection against viruses lacking HE catalytic 

activity, as such viruses would be neutralized by dead-end interactions with decoy 

receptors and virus-producing cells. The esterase catalytic site is an SGNH-type hydrolase 

that is characterized by the use of a Ser-His-Asp catalytic triad and an oxyanion hole 

for stabilization of the reaction intermediate. In analogy to the lectin CBS, also in the 

esterase CBS two pockets can be discerned. The esterase P1 pocket contains the oxyanion 

hole, formed by the amide groups of the main chains of Gly and Ser and the side chain 

of Asn, and accommodates the 4/9-O-Ac group that is cleaved off during catalysis (Fig. 

2). A shallow P2 pocket that binds the 5-N-acetyl group is also visible. The pockets are 

separated by a wall formed by the His side chain, which is part of the catalytic triad. In 

both pockets hydrophobic interactions are involved in the accommodation of the 4/9-

O- and 5-N-Ac methyl groups. In the P1 pocket a strictly conserved Trp and Val residue 

interact with the methyl group. In the esterase P2 pocket of influenza virus C and D no 

aromatic interactions are seen (Fig. 2B). However, in the two types of MuCoV HEs there 

is convergent use of a Tyr residue that stacks with the 5-N-Ac methyl group and a His side 

chain that H-bonds with the 5-N-Ac ketone group (Fig. 2 A and C). Interestingly, in all type 

I HE catalytic sites a bidendate salt bridge is formed between the head group of Arg and 

Sia’s carboxylate moiety, the formation of which is critical for catalytic activity against 

9-O-Ac-Sia (23). In Chapter 4 we showed that while the Arg is structurally conserved in 

type II HEs, it lost its critical function in substrate binding. Salt bridge formation with the 

Sia carboxylate moiety is not observed in any of the HE lectin CBSs, and its presence in 

the esterase catalytic site is presumably required for correct positioning of the substrate 

in the active site to allow the catalytic process to take place. In analogy, a similar Arg-

carboxylate interaction is seen in the catalytic site of influenza A neuraminidase (Fig. 2E). 

In type II HEs, on the other hand, the substrate is bound in a different orientation as we 

showed in Chapter 4, as a consequence of which the interaction between Arg and the 

carboxylate group was lost (28). Type II HEs compensate for this by the generation of a 

novel H-bond between Ser78 and the 5-N moiety and a stronger stacking interaction of 

Tyr46 with the 5-N-acetyl methyl group (Fig. 2C). 

 As published previously and also shown in Chapter 2, bovine ToV’s preferentially bind 
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to and cleave 7,-9-di-O-Ac-Sia, in sharp contrast to the porcine ToV’s that will accept only 

9-mono-O-Ac-Sias (22, 23). The principle behind the exclusion or acceptance of 7,9-di-

O-Ac-Sia by the esterase CBS is actually analogous to that seen in the lectin CBS, and, 

as was shown (23), depends on a single residue that contacts the 7-O-Ac group. In PToV 

HEs a Thr (residue 73) is found at this position (Fig. 2D), the side chain methyl group of 

which sterically interferes with 7-O-Ac binding (23). On the other hand, in BToV HEs a Ser 

is found at this position, the lack of the side chain methyl group provides space for the 

7-O-Ac group to be accommodated. Further evidence comes from BCoV HEs, that also 

readily accept 7,9-di-O-Ac-Sias, where an Ala is found at this position.

Common principles are at the basis of O-Ac-Sia recognition. By taking a detailed look at 

receptor and substrate binding in both HEF and HE, we uncovered general principles that 

appear critical for the recognition of O-Ac-Sia and their differentiation from unmodified 

Sia. These principle include: i) the domination of O-Ac-Sia recognition by shape 

complementarity and hydrophobic interactions, most notable of which are the stacking 

interactions of the acetyl methyl groups with aromatic side chains, ii) the presence of 

two hydrophobic pockets, separated by an intercalating aromatic residue, one of which 

is a deep protein cavity in which the 4/9-O-acetyl group is tightly inserted, iii) a limited 

set of H-bonds in the lectin CBS that involve the C5 nitrogen atom, and the carboxylate 

group, iv) the complete absence of salt bridge formation with the Sia carboxylate moiety 

in the lectin CBS, perhaps because such a strong interaction would negate strict O-acetyl-

dependent binding and cause binding to unmodified Sia, v) the conserved use of such a 

salt bridge between an Arg head group and Sia’s carboxylate moiety in the esterase CBS of 

9-O-Ac-Sia specific HEs, apparently to boost affinity in the context of this low-affinity site, 

and vi) the accommodation of the 7-O-Ac group, in analogy to the 9-O-acetyl group, in a 

hydrophobic depression by HEs that prefer 7,9-di-O-Ac-Sias, and its exclusion in 9-O-Ac-

Sia specific HEs through steric hindrance.

Towards the design of tailor-made HEs. A fundamental understanding of the molecular 

basis of lectin-ligand and esterase-substrate recognition by nidovirus HEs should allow 

the construction of ‘designer’ lectins and enzymes of more narrow specificity and higher 

affinity. The development of such reagents would further facilitate studies on O-acetyl-

sialobiology. The first steps in this direction were already taken in Chapter 2, where we 

pinpointed a three-fold difference in affinity between two HEs belonging to different 

BCoV strains (i.e. BCoV-Mebus and BCoV-LUN) to a single aa substitution in the P2 

pocket that accommodates the 5-N-acetyl/glycolyl moiety. Furthermore, in Chapter 6, 

we identified two mutations in the lectin CBS, K217R and Y281F, that, when placed in MHV-S 

HE, increased binding affinity 20-fold. This lectin shows superior sensitivity in detecting 
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^ Figure 2. Common principles of O-Ac-Sia binding in the HE and HEF esterase CBS. (A-D) 

Shown are stick representations of the crystal structures of different HE and HEF esterase 

sites in complex with O-Ac-Sia analogues (shown in sticks with carbon in cyan or green for 

normal and 4/9-acetyl groups, respectively, oxygen in red, nitrogen in blue), as observed in 

crystal structures or as obtained by molecular docking (23, 25, 28). Contacting amino acid 

residues are shown in sticks (carbon in gray or purple for normal and catalytic triad residues, 

respectively, oxygen in red, nitrogen in blue). Hydrogen bonds are shown as orange lines and 

the stacking interaction between the Sia 5-N-acetyl methyl group and Tyr46 in RCoV-NJ HE 

is shown as thin gray lines. (E) Substrate binding in the influenza A neuraminidase protein. 

Shown is a stick representation of the crystal structures of influenza A NA9 in complex with 

the substrate Neu5Ac (shown in sticks with carbon in cyan, oxygen in red, nitrogen in blue) 

(PDB ID: 4WEG; 24). Contacting amino acid residues are shown in sticks (carbon in gray or 

purple for normal and catalytic triad residues, respectively, oxygen in red, nitrogen in blue). 

Hydrogen bonds are shown as orange lines. Note the bidendate interaction between the 

head group of Arg371 and Sia’s carboxylate moiety.
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4-O-Ac-Sia and could be used to (re)examine human tissues for the presence of 4-O-Ac-

Sias. In both these examples we made use of naturally-occurring aa polymorphisms, 

however, with the abundance of structural information now available, it would also seem 

feasible to rationally design virolectins with different specificities by a structure-based 

design approach.

 As detailed in Chapter 2, PToV-P4 HE displays the highest affinity and narrowest 

specificity of all currently characterized virolectins. P4 HE shares only 78% aa sequence 

identity with PToV-Markelo HE, the closest related HE of which the crystal structure is 

elucidated (23). To be able to make structure-based substitutions that would alter or 

broaden the specificity of P4 HE, we solved its structure at 1.5Å resolution (Bakkers, 

Feitsma, Huizinga and de Groot, unpublished observations). Unfortunately, the crystals 

proved to be sensitive to soaking, and disintegrated upon addition of the receptor 

analogue. In consequence, the structure of the HE-Sia complex remains undetermined 

and the mechanism of P4 ligand binding unresolved. Nevertheless, the common principles 

of O-Ac-Sia recognition detailed above do allow the construction of a plausible model of 

how Sia binds in the lectin CBS (Fig. 3A). Since P4 HE only binds 9-mono-O-Ac-Sia, the 

design of a P4-based HE that can bind 7,9-di-O-Ac-Sia would offer a useful virolectin pair 

that would allow the distinction between these two types of Sia. In the manually docked 

structure of P4 HE, it can be seen that the hydroxyl group of Tyr118 interferes with binding 

of the 7-O-acetyl group (Fig. 3A). To remove this clash, we mutated this residue to Phe, and 

found that its affinity remained almost completely intact (Fig. 3B). Interestingly enough, a 

difference in specificity did ensue, as detected by co-lectin-immunofluorescence staining 

on HRT-18 cells together with P4 HE0 wildtype (Fig. 3C). While an expansion of receptor 

specificity to now accept also 7,9-di-O-Ac-Sias has not been formally proven yet, this 

example highlights the potential to modulate HE ligand specificity via a structure-based 

design approach. 

Remaining questions and future perspectives. Complete crystal structures of 

representatives of the toro-, corona and orthomyxovirus HEs and HEFs are now available 

and have allowed the detailed analysis of their interaction with O-Ac-Sia. While these 

studies have already answered many questions, some still remain. For example, what is 

the lectin (fine-)specificity of influenza D HEF? Does this specificity differ between virus 

strains isolated from swine or cows? What is the structural basis for differentiating between 

5-N-acetylated and 5-N-glycolylated Sia? And, perhaps most importantly, how do the 

Betacoronavirus-1 spike proteins bind O-Ac-Sia? Based on our current understanding of 

protein-O-Ac-Sia interactions, I predict that they will do so in a similar manner as HEs, 

i.e. with docking of O/N-acetyl methyl groups in hydrophobic pockets and intercalating 

aromatic residues. 
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^ Figure 3. Lectin specificity of PToV-P4 HE. (A) 9-O-Ac-Sia binding in the lectin CBS of 

PToV-P4 HE was manually modeled using the unpublished crystal structure at 1.5Å resolution. 

The 9-O-Ac-Sia analogue is shown in sticks (carbon in cyan, oxygen in red, nitrogen in blue). 

The surface of the lectin CBS is shown in gray and important contacting residues are shown 

as sticks (carbon in gray, oxygen in red, nitrogen in blue). The hydrophilic surface patch 

contributed by Tyr118’s hydroxyl group is shown in pink. (B) Effect of Y118F substitution in 

PToV-P4 HE0 on binding affinity. PToV-P4 HE0-Fc’s, with or without Tyr118 mutated to Phe, 

were compared by sp-LBA for relative binding to BSM. (C) Binding of virolectins PToV-P4 HE0 

and its Y118F derivative to non-permeabilized HRT-18 cells. (top panel) P4 HE0 wildtype (wt) 

with a human (P4 HE0-hFc wt) or mouse (P4 HE0-mFc wt) Fc tail co-localize perfectly. (lower 

panel) Unique staining with P4 HE0 Y118F (P4 HE0-hFc Y118F) indicates that the lectin CBS now 

has an extended ligand specificity. Nuclei were stained with DAPI (blue).
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The dynamic balance of virion-glycan interactions is 
a function of the opposing activities of attachment 
and release

Viruses start their infectious life cycle by attaching to one or more receptors, or attachment 

factors, at the host cell surface. With glycans being the predominant structures on the cell 

surface they form very attractive receptors for viruses (29). Many viruses, for example, bind 

to glycosaminoglycans (GAGs) on target cells, an interaction that is governed by simple 

charge-based interactions between the negatively charged GAGs with positively charged 

aa on the virion surface (30). These virion-GAG interactions typically do not involve a very 

sophisticated method of binding, in fact it is an often observed adaptation to growth in 

tissue culture (30). In contrast, other viruses encode for true lectins to engage cell surface 

glycans. Sia are used by many viruses as receptors, probably owing to their accessible 

location at the ends of glycans and ubiquitous expression. The use of Sia as receptors and 

attachment factors may seem solely positive at first, but actually comes with inherent 

problems that are related to the expression of sialoglycans not only on target cells, but 

also on non-target host cells and non-cell-associated glycoconjugates (‘decoy receptors’), 

and the dense clustering of Sias that can amplify the apparent lectin binding affinity 

by orders of magnitude. To negate these detrimental effects and to prevent dead-end 

binding to decoys and the concomitant loss in infectivity, it is important that viruses bind 

Sia in a reversible manner. Many viruses interact with Sia solely via lectins of low affinity/

avidity, as to ensure reversibility of binding. Still, multivalent decoy receptors would put a 

strain on infection efficiency by these viruses. A more elegant method to lighten the decoy 

burden is the encoding of receptor destroying enzymes (RDE) that match the specificity 

of the lectin. RDE activity was first observed for influenza A virus in the 1940s. George 

Hirst found that this virus was able to hemagglutinate red blood cells at 4°C, but that 

hemagglutination was reversed upon a shift up to 37°C, which was correctly taken as an 

indication that an enzyme was involved (31). Influenza A RDE activity was later mapped 

to the neuraminidase (NA) protein. NA removes Sia from glycoconjugates by hydrolysis 

of the α-ketosidic linkage to the penultimate sugar residue, thereby destroying potential 

receptors for the viral hemagglutinin (HA) protein. Whereas influenza A and B viruses have 

their hemagglutinating and receptor-destroying activities in two separate proteins, other 

viruses, like mumps virus, Newcastle disease virus, Sendai virus, and some parainfluenza 

viruses, combine both lectin and RDE function in a single protein, the hemagglutinin-

neuraminidase (HN) protein. Receptor-binding and destruction is also combined in the 

HE proteins of influenza C and D and nidoviruses. However, in contrast to HN, HEs do 



233

Summary & General Discussion

7

not remove the entire Sia residue upon receptor destruction, they only remove the 

specific Sia O-acetyl modifications critical for binding of the lectin domain. Conceivably, a 

functional balance between hemagglutinin-mediated attachment and neuraminidase/O-

acetylesterase-mediated receptor destruction is an important determinant of the virus’ 

replicative fitness in vivo and possibly even a major factor influencing their potential for 

cross species transmission. Here, first the balance of HE-mediated attachment, both in 

the context of the MuCoVs and the Betacoronavirus-1 members, will be explored, after 

which our findings will be compared to the functional balance between influenza A HA and 

NA. Parallels and differences in dynamic receptor interactions will be discussed.

Murine coronavirus interactions with O-Ac-sialoglycans. The species Murine coronavirus 

(MuCoV) belong to phylocluster A of the genus Betacoronavirus, and encodes for two 

surface glycoproteins: the spike (S) protein, a class I fusion protein that also mediates 

receptor binding, and the HE protein, which mediates reversible attachment to O-Ac-Sia 

by having a lectin domain coupled to a sialate-O-acetylesterase domain. With the S protein 

binding to the proteinaceous receptor CEACAM1, HE is the sole protein interacting with 

O-Ac-Sia. While MuCoV HE expression reduces viral fitness in cell culture and is quickly 

lost upon serial passage of the virus, it is uniformly preserved in MuCoV field strains, 

implying that HE expression is beneficial during natural infection. The MuCoV HE appears 

to fulfill the classical role of binding to an attachment factor, save for the fact that it is the 

only one known to combine a lectin function with an RDE activity. HE’s role in the MuCoV 

life cycle, however, remains incompletely understood. In Chapter 6, we undertook a 

detailed structure-function study of the type II HEs of MHV-S and RCoV-NJ and found 

that the balance between HE lectin affinity and sialate-4-O-acetylesterase activity has a 

profound effect on virion binding dynamics. Increasing HE affinity led to prolonged or even 

irreversible binding under in vitro conditions. When these viruses with aberrant binding 

kinetics were subjected to forward genetics, they compensated by reducing their lectin 

affinity through single aa substitutions. On the other hand, a MuCoV expressing an HE 

with greatly reduced affinity bound overly transient to 4-O-Ac-sialoglycans. Upon serial 

passaging in vitro, escape variants arose in which HE’s catalytic activity was inactivated 

to compensate. By doing this, they seemingly adopted a mode of host cell attachment 

similar to that of the fast majority of naturally-occurring viruses that employ sialoglycan 

receptors. Most of these viruses lack RDEs and, in lieu of RDE-driven catalytic virion 

elution, apparently rely on the biological equilibrium of binding and release to distinguish 

between decoy and functional receptors. Additionally, a parallel can be drawn to some 

exotic influenza A viruses that have been isolated from patients. These H3N- viruses had 

an H3N2 genetic background but lacked the NA gene and protein (32). To compensate for 

the loss of their RDE they displayed a very low HA affinity (33). 
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 In MuCoV field strains single aa polymorphisms in HE appear to be used to modulate 

HE lectin affinity to optimal, sub-maximal levels, as to ensure a proper balance between 

attachment and release. For example, as discussed above and in Chapter 6, we have 

observed the convergent use of Phe as a wall between the lectin CBS’s P1 and P2 pockets, 

but the occurrence of HEs where this residue is replaced by Tyr. A Tyr at this position 

drastically lowers HE lectin affinity and appears to be one way of keeping HE lectin affinity 

at optimal levels. Our experiments clearly showed that differences in HE lectin affinity on 

the level of individual proteins have a profound impact on the binding characteristics of 

virions and that viruses carrying compensatory mutations are quickly selected for in vitro.

Betacoronavirus‑1 interactions with O-Ac-sialoglycans. Whereas HE is the sole protein 

interacting with O-Ac-Sia in the MuCoVs, related viruses in the species Betacoronavirus-1 

(βCoV-1) also bind to these sugars via their S protein. In fact, engagement of O-Ac-Sia by 

S is critically required for their entry. In this context, HE is thought to function primarily as 

an RDE, as to prevent S-mediated irreversible binding to decoy receptors. However, what 

role βCoV-1 HE-associated lectin function plays in these dealings remained unknown at 

the start of this project. In Chapter 5, we showed that HCoV-OC43 HE actually lost its HE-

associated lectin affinity during its adaptation to growth in human airways. We determined 

the structural basis for this loss, and showed that it lowered HE’s RDE activity towards 

multivalent substrates within the context of the virion, thereby changing the kinetics of 

attachment and release to O-Ac-Sia. This model is substantiated by our observation that 

the presence or absence of HE lectin affinity dictates which receptors can be cleaved, 

with a portion of receptors resistant to cleavage in the absence of HE lectin affinity. This 

mechanism might actually be a way for viruses to distinguish decoy receptors from bona 

fide entry receptors. Furthermore, lowering OC43 HE’s RDE activity towards multivalent 

substrates will increase the length of time a virion stays attached to a sialylated surface, 

which might be beneficial in hosts with low O-Ac-Sia densities. Humans and cattle have 

not been studied and compared for differences in O-Ac-Sia expression in any detail. 

Based on the results of lectin histochemistry, the human respiratory tract -the preferred 

replication site of HCoV-OC43- would seem to contain little 9-O-Ac-Sia (Chapter 2). 

Also, in human saliva, levels of 9-O-Ac-Sias are low (Langereis and de Groot, unpublished 

observations). Bovine saliva, however, is laden with submaxillary mucin extremely rich in 

O-Ac-Sias, and it may be envisaged that bovine coronaviruses, fecal-orally ingested, will 

find themselves already initially in a environment with decoy receptors in overwhelming 

amounts. As such, HE lectin function might be conserved in BCoV, in contrast to HCoV-

OC43, apparently because it needs an efficient RDE to infect cattle.
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Influenza A and B viruses. As already eluded to above, the interaction of influenza 

A and B with Sia is controlled by the two viral surface glycoproteins HA and NA. HA is 

a noncovalently linked homotrimer that mediates both attachment and membrane 

fusion. Two subunits make up HA: HA1, the globular ‘head’ region that contains its lectin 

function, and HA2, a stalk-like domain that mediates pH-dependent fusion after entering 

the endosomal compartment of the target cell. The HA head domain has a lectin pocket 

in its membrane distal part that mediates attachment to α2-3- and/or α2-6-linked Sia, 

with preference for either receptor depending on aa variations in HA1. The interaction of 

HA with Sia is of low affinity and successful virus attachment and entry must therefore 

depend on the cooperativity of multiple HA molecules and the multivalency of the 

sialoglycan targets. NA is a homotetrameric exosialidase that cleaves the α-ketosidic 

linkage between the ultimate Sia and the penultimate sugar residue, thereby effectively 

removing potential receptors for HA. The balance between the affinity of HA and the 

activity of NA might be an important factor for efficient virus infection and transmission. 

HA/NA balance is influenced by a number of physical characteristics of these proteins and 

the virion, including: i) HA receptor-binding affinity, ii) kinetic characteristics of NA, iii) 

virion morphology as well as stoichiometry and distribution of HA and NA, and iv) the level 

of access that NA has to the receptors. In certain situations the balance between HA and 

NA needs to be adjusted, which can be achieved by making compensatory mutations in 

either of the two proteins. Situations where such rebalancing might be necessary include: 

i) adaptation to the sialome of a novel host after cross-species transmission, ii) antigenic 

drift, iii) antigenic shift, and iv) presence of antivirals targeting NA (or HA). Interestingly, 

some NA subtypes (N1, N2 and N9) also have a non-catalytic Sia binding lectin site, the 

so-called HB-site. The six aa that make up this site are conserved among influenza viruses 

of birds and horses, but they are absent in viruses adapted to humans (34). Moreover, two 

early isolates of human influenza viruses of the Н2N2 subtype show remnants of the HB-

site, a possible indication that loss of NA lectin function is implicated in viral adaptation to 

replication in humans (35). While the function of the HB-site has not yet been unequivocally 

proven, it has been suggested that it may function as a surrogate of the HA Sia-binding 

activity. This suggestion is supported by the notion that an H3N2 virus was found with 

a non-functional HA, but which was capable of replication through the receptor binding 

activity of NA (36). However, if we extrapolate the attachment data we presented for the 

βCoV-1 members, they could be interpreted that NA’s HB-site is perhaps not meant as 

a surrogate for HA Sia-binding activity, but that it may actually act to pull sialoglycans 

towards the NA catalytic site, thereby increasing its apparent catalytic activity. The loss 

of this site in human-adapted influenza viruses would be in analogy to HCoV-OC43, and 

might reflect a shared strategy to prolong attachment to Sia in the human host.
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 Previous work on an H1N1 strain showed that a single aa substitution in HA, E190K, 

increased HA affinity but actually lead to reduced in vitro replication and reduced virulence 

and transmission in mice (37). Other studies have shown that similarly attenuated viruses 

could compensate by increasing NA activity through aa substitutions in its catalytic site. 

Another method to regulate NA activity is by varying the protein’s stalk length. Viruses with 

a short NA stalk were shown to have a reduced ability to initiate infection in the presence 

of mucus, and, vice versa, increasing NA stalk length prevented this virus neutralization by 

mucus (38). Importantly, NA stalk length did not influence catalytic activity per se, since 

monovalent substrate analogues are cleaved with equal efficiency. A likely explanation 

for this observation is that the active site of a short-stalked NA is less able to reach its 

substrate. Once again, a clear parallel is observed with the species βCoV-1, for which we 

postulated that the difference in extension of HE and S from the virion surface determines 

the RDE’s ability to cleave certain receptors. Conceivably, extending stalk length might be 

a successful way to compensate for the loss of the HB-site in avian influenza.

Future directions. While we have made considerable progress into understanding the role 

of HE in the virus’ life cycle, there are still important questions that need to be answered, 

including: what are the consequences of virus adaptation to specific O-Ac-Sia species 

on host, tissue and cell tropism? What role does the affinity of the βCoV-1 S protein 

play in balancing the dynamic attachment to O-Ac-sialoglycans? Furthermore, while 

the interaction of HCoV-OC43 with O-Ac-Sias is now better understood, there is much 

less known about the related HCoV-HKU1. Though O-Ac-Sia were recently shown to be 

crucial for infection of human airway epithelial cell cultures by this virus (39), the ligand 

preferences of its S protein remain unknown.

 It has become clear that, to fully understand virus-glycan interactions, lectin affinity and 

RDE activity must be studied in the context of intact virions, as this provides information 

that cannot be obtained by simply measuring the kinetic parameters of the individuals 

proteins in isolation. By taking into account the multimeric organization, stoichiometry, 

distribution and/or clustering of the viral proteins involved, and the multivalency of the 

Sia-containing receptors and decoys, we might finally unravel the complex relationship 

between attachment and receptor-destruction. 

Concluding Remarks

The HEs of influenza C and D, toro- and coronaviruses are a family of viral envelope 

glycoproteins that mediate reversible attachment to specific Sia through the opposing 

activities of receptor binding and receptor destruction. In this thesis, we showed that 
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recombinantly expressed HEs can be used as probes to detect and distinguish between 

different O-Ac-Sia species in situ. By using these tools, we identified CASD1 as the 

mammalian sialate-O-acetyltransferase responsible for 9-O-acetylation. In addition to 

the development of these new tools and investigations in O-Ac-sialoglycobiology, we also 

looked into the structural basis for HE-substrate specificity of a group of MuCoVs that 

use 4-O-Ac-Sias, instead of the archetypical ligand/substrate 9-O-Ac-Sia. We uncovered 

general principles underlying protein-glycan interactions in the recognition of O-Ac-

Sia. Lastly, we discovered the different role that HE plays in the dynamic attachment to 

O-Ac-sialoglycans in the context of the MuCoVs, as compared to its role in the species 

Betacoronavirus-1. 

 The studies presented in this thesis are not only relevant to the proteins and viruses 

under study here, but they also add profoundly to our understanding of virus-Sia 

interactions in general. Our work highlights some of the inherent complexities that 

Sia-binding viruses face, and gives mechanistic insight into the solutions that they 

employ. Intriguingly, the principles we uncovered regarding the reversible, dynamic 

interaction with O-Ac-Sia also connect some of the independent observations that have 

been made for influenza A viruses and show them in a new perspective. In this light, 

and perhaps most importantly, this work adds to the fundamental understanding of the 

determinants of zoonotic transmission, not only of coronaviruses, but of viruses that 

use Sia in general. 
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Nederlandse Samenvatting

De Virologie
Virologie is de studie van virussen en hun eigenschappen, maar wat zijn virussen 

nu eigenlijk? In tegenstelling tot andere infectieuze ziekteverwekkers (zoals de 

legionellabacterie en de malariaparasiet) worden virussen niet beschouwd als organismen. 

Ze hebben namelijk een acellulaire organisatie, ontberen een eigen stofwisseling, en 

kunnen zich niet vermeerderen zonder gebruik te maken van de voortplantingsmachinerie 

van hun gastheercel. Maar wat zijn virussen dan wel? Virussen zijn infectieuze deeltjes 

die cellen van organismen moeten binnendringen om zichzelf te vermenigvuldigen. 

Ze komen voor in allerlei soorten en maten. Sommigen zijn heel erg klein en bestaan 

slechts uit een hele kleine hoeveelheid DNA of RNA (het genetisch materiaal dat dient 

als bouwtekening voor de constructie van nieuwe virusdeeltjes) verpakt in eiwit. Andere 

virussen zijn veel complexer en bevatten een veel groter genoom (een uitgebreidere 

bouwtekening), dat vaak niet alleen omgeven is door de eiwitmantel, maar ook nog door 

een lipidenmembraan (vet). De voortplanting van virussen begint met het binnendringen 

van een geschikte gastheercel. Vervolgens wordt het DNA of RNA genoom losgelaten in 

de cel en begint het virus de gereedschappen en machinerie van de cel te gebruiken om zijn 

eigen nucleïnezuren en eiwitten te maken. Deze macromoleculen worden onder andere 

gebruikt om nieuwe virusdeeltjes te produceren. Aan het einde van de replicatiecyclus 

worden deze nieuwe virussen losgelaten uit de geïnfecteerde cel en gaan ze op zoek naar 

nieuwe cellen om te infecteren.

 Vrijwel alle organismen kunnen geïnfecteerd worden door virussen. De meeste 

virussen zijn echter aangepast om één of een beperkt aantal soorten organismen te 

infecteren. Dit noemen we ‘gastheer tropisme’. Een van de belangrijkste factoren die het 

gastheer tropisme bepaalt, is of een virus in staat is zich aan de cellen van de gastheer 

vast te houden. Deze aanhechting wordt verzorgd door eiwitten op het oppervlak van 

het virus. Deze eiwitten binden aan zogenaamde ‘receptoren’ op het oppervlak van de 

gastheercel. Dit kunnen eiwitten of suikers zijn. Na binding aan deze receptoren gaat het 

virus de cel binnen om zich te repliceren. In de virologie wordt veel onderzoek verricht naar 

virusreceptoren en hun invloed op gastheer tropisme. En met goede reden, want zo nu en 

dan ondergaan virussen mutaties (genetische veranderingen) waardoor ze plotseling in 

staat zijn om andere soorten te infecteren. Een bekend voorbeeld hiervan is bijvoorbeeld 

de Mexicaanse griep, veroorzaakt door een influenza virus dat oorspronkelijk voorkwam 

in varkens, maar dat is overgesprongen naar de mens. 
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De glycobiologie en siaalzuur
Hoewel DNA en eiwitten vaak de meeste aandacht krijgen in de moleculaire biologie, spelen 

ook suikers een belangrijke rol. De studie van suikers is de zogenaamde glycobiologie. 

Suikers worden aan elkaar gekoppeld (gelijkend op een boom) en vervolgens op het 

oppervlak van de cel geplaatst. Deze ‘suikerbomen’, ook wel glycanen genoemd, kunnen 

enorm verschillen in compositie en grootte. Zo zijn er hele korte en hele lange bomen. 

Alle suikerbomen bij elkaar vormen een laag op het cel oppervlak (gelijkend op een 

bos) dat een belangrijke rol speelt bij de communicatie tussen cellen. Helaas wordt dit 

suikerbos soms ook misbruikt door virussen gedurende hun infectie. Een hele belangrijke 

bouwsteen van suikerbomen is siaalzuur. Deze suikers vormen als het ware de blaadjes en 

komen vrijwel uitsluitend voor aan de uiterste vertakkingen van de bomen. Vanwege deze 

positie aan het uiteinde, en omdat het nagenoeg op alle cellen voorkomt, maakt siaalzuur 

een aantrekkelijke aanhechtingsplaats voor virussen.

 Siaalzuur bestaat uit een ring van koolstofatomen en een zuurstofatoom, met daaraan 

een staart van nog drie extra koolstofatomen. Siaalzuren omvatten eigenlijk een hele 

familie van verwante suikers die allemaal variaties zijn op deze kernstructuur. Deze 

variaties worden gevormd door kleine modificaties (veranderingen) aan het siaalzuur. De 

meest voorkomende van deze modificaties is de bevestiging van een kleine chemische 

groep genaamd ‘O-acetyl’ (een azijnzuurgroep). De precieze plek waar een O-acetyl aan 

siaalzuur gekoppeld kan worden kan ook nog verschillen. Zo zijn er siaalzuren met een 

O-acetyl aan koolstofatoom C4, C7, C8 of C9 en ook combinaties hiervan met twee of 

zelfs drie O-acetylgroepen. De studie van O-geacetyleerde siaalzuren is altijd erg lastig 

geweest, en daarom is er nog altijd veel onbekend over hun functie in het lichaam. Het 

was al wel bekend dat veel corona- en torovirussen gebruik maken van deze suikers voor 

aanhechting.

Corona- en torovirussen 
De corona- en torovirussen behoren tot de familie Coronaviridae in de orde Nidovirales. 

Er zijn zeer veel verschillende coronavirussoorten, elk met hun eigen gastheerspecificiteit. 

Zo zijn er voorbeelden van coronavirussen die vogels infecteren, waar andere 

specifiek zoogdieren (bijvoorbeeld muizen, koeien of mensen) infecteren. De meeste 

coronavirussen van de mens veroorzaken een milde verkoudheid. Echter, in kwetsbare 

ouderen en individuen met een verzwakt afweersysteem kunnen ze leiden tot ernstige 

luchtweginfecties. Twee voorbeelden van bekende coronavirussen, die recent de overstap 

van dieren naar de mens hebben gemaakt, zijn Severe Acute Respiratory Syndrome 

coronavirus (SARS-CoV) in 2003 en het Middle East Respiratory Syndrome coronavirus 

(MERS-CoV) in 2012. Ook deze twee virussen kunnen de luchtwegen van de mens 

infecteren, veelal met dodelijke afloop. De overdracht van deze coronavirussen van dier 
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naar mens toont het potentiële gevaar van coronavirussen voor de volksgezondheid 

aan. Coronavirussen kunnen behalve bij mensen ook ernstige ziekten bij (pluim)vee en 

gezelschapsdieren veroorzaken. 

 Corona- en torovirussen zijn zogenaamde RNA-virussen en hoewel ze één van de 

grootste RNA genomen van alle virussen hebben zijn het toch maar hele kleine deeltjes: 

ongeveer een tienduizendste van een millimeter! Ze verpakken hun genetisch materiaal 

in een eiwitmantel en deze wordt vervolgens omgeven door een membraan bestaande 

uit lipiden. Uit dit membraan steken eiwitten, die ze gebruiken om aan te hechten aan de 

receptoren en om uiteindelijk de gastheercel binnen te dringen. Welke receptor er wordt 

gebruikt hangt af van de virussoort. Sommige corona- en torovirussen gebruiken eiwitten 

als receptor, andere suikers (zoals siaalzuur), van weer andere is het nog onbekend welk 

eiwit of suiker ze gebruiken als receptor. Het onderzoek beschreven in dit proefschrift 

richtte zich op de groep van coronavirussen die een heel specifiek siaalzuur gebruiken als 

aanhechtingfactor: O-geacetyleerd siaalzuur. Vanuit het oogpunt van het virus zijn er veel 

voordelen om aan siaalzuur te binden, ze zijn namelijk veelvoorkomend en bevinden zich 

bovendien op een toegankelijke plek aan de uiterste vertakkingen van de suikerbomen. 

Echter, het gebruik van siaalzuur is niet geheel zonder risico’s voor het virus. Siaalzuren 

komen namelijk ook voor op structuren in het lichaam die helemaal niet geïnfecteerd 

kunnen worden door een virus, bijvoorbeeld mucus (slijm). Binding aan mucus verhindert 

het virus om een geschikte cel te vinden voor zijn voortplanting. De virussen, die we hier 

bestudeerd hebben, dragen een speciaal eiwit met zich mee, het hemagglutinine-esterase 

(HE) eiwit. Het HE eiwit stelt het virus in staat zich los te knippen van zulke onproductieve 

plekken.

 Het HE eiwit bestaat grofweg uit twee delen: het deel bovenop (het ‘lectine’ domein) is 

in staat O-geacetyleerd siaalzuur te binden en het deel onderaan de zijkant (het ‘esterase’ 

domein) bevat een enzym (een eiwitmachine) dat de O-acetyl groep van siaalzuur kan 

afknippen. Door de O-acetyl groep eraf te knippen kan het lectine niet langer binden en 

laat het virus los. HE eiwitten komen overigens niet alleen voor bij sommige corona- en 

torovirussen, maar een nauw verwant eiwit komt ook voor bij influenza virus type C. De 

voorouder van alle HE eiwitten bond aan, en vernietigde, 9-O-geacetyleerd siaalzuur. 

Echter, tijdens de evolutie zijn er ook varianten ontstaan die 4-O-geacetyleerd siaalzuur 

gebruiken. De namen lijken wellicht op elkaar, maar het betreft desondanks twee heel 

verschillende suikers! Hoewel dit een hele drastische verandering in specificiteit was, 

hebben er ook subtielere veranderingen in voorkeuren van het HE eiwit plaatsgevonden. 

Zo hechtten de HE eiwitten van varkensvirussen bijvoorbeeld liever aan 9-O-geacetyleerde 

siaalzuren, dit in tegenstelling tot de virussen van koeien, welke liever hechten aan 7,9-di-

O-geacetyleerde siaalzuren. 
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 Voorafgaand aan dit onderzoek was er nog veel onbekend over de reden waarom 

HE eiwitten soms hun specificiteit veranderen, en hoe ze dit precies doen. We hebben 

geprobeerd deze en andere openstaande vragen te beantwoorden.

Dit proefschrift
In Hoofdstuk 2 van dit proefschrift hebben we verschillende technieken gebruikt om 

de bindingsvoorkeuren van een diverse groep corona- en torovirus HEs inzichtelijk te 

maken. Deze verschillende HEs binden zeer sterk aan nauw verwante O-geacetyleerde 

siaalzuurmoleculen. Door de HEs te voorzien van verschillend gekleurde labels konden we 

ze gebruiken om 4-O, 9-O- en 7,9-di-O-geacetyleerd siaalzuur van elkaar te onderscheiden 

in zowel muizen- als mensenweefsels. We hebben dus als het ware deze viruseiwitten 

omgevormd tot wetenschappelijk gereedschap. Een van de meest interessante 

bevindingen was dat de verschillende siaalzuurmoleculen niet willekeurig voorkomen 

in het lichaam, maar dat ze een karakteristiek expressiepatroon hebben op cellen en 

weefsels in het lichaam. Ze lijken een soort van code te vormen op het celoppervlak, die 

waarschijnlijk gelezen kan worden door naburige cellen. De HE gereedschappen en de 

technieken die we in dit hoofdstuk hebben ontwikkeld kunnen nu gebruikt worden door 

onszelf en andere onderzoekers om de siaalzuurcode verder te ontrafelen.

 In hoofdstuk 3 hebben we in samenwerking met collega’s uit Hannover deze 

gereedschappen gebruikt om het enzym te identificeren wat verantwoordelijk is voor 

het maken van de O-geacetyleerde siaalzuren. Dit hebben we gedaan door gebruik te 

maken van een techniek genaamd ‘CRISPR’. Met behulp van deze techniek waren we in 

staat in cellen het erfelijk materiaal dat het enzym CASD1 codeert kapot te knippen. Door 

vervolgens hetzelfde enzym weer terug te plaatsen in deze cellen konden we bewijzen dat 

dit enzym verantwoordelijk was voor de productie van deze suikers. Vervolgens gebruikten 

we speciale technieken om te laten zien hoe het enzym precies dit O-geacetyleerde 

siaalzuur maakt.

	 In	de	verdere	hoofdstukken	van	dit	proefschrift	hebben	we	 in	detail	gekeken	naar	de	
rol	van	het	HE	eiwit	voor	het	virus.	Zo	pasten	we	in	hoofdstuk	4	eiwitkristallografie	(een	
manier	om	met	behulp	van	röntgenstraling	de	exacte	locatie	van	alle	atomen	in	een	eiwit	
te	bepalen)	toe	om	de	eerste	volledige	atomaire	structuur	van	een	bepaald	type	HE	op	te	
helderen,	in	complex	met	zijn	receptor	4-O-geacetyleerd	siaalzuur.	Aan	de	hand	van	deze	
structuur	konden	we	op	atoomniveau	zien	welke	veranderingen	het	eiwit	had	ondergaan	om	
zijn	receptorverandering	van	9-O-	naar	4-O-geacetyleerd	siaalzuur	te	bewerkstelligen.	We	
ontdekten	dat	de	verandering	van	één	enkel	aminozuur	(de	bouwsteentjes	waaruit	eiwitten	
bestaan),	 grotendeels	 verantwoordelijk	was	 voor	de	 verandering	 in	 receptorspecificiteit.	
Dit	 resultaat	 toonde	ons	dat	 het	 veranderen	 van	 receptorspecificiteit	 soms	eenvoudiger	
kan	zijn	dan	doorgaans	wordt	aangenomen.
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 In hoofdstuk 5 bestudeerden we het humane coronavirus OC43, een veel voorkomend 

verkoudheidsvirus dat, in tegenstelling tot SARS-CoV en MERS-CoV, wel succesvol 

de overstap van dieren naar mensen heeft gemaakt, en nu continue circuleert in de 

humane populatie. De vraag, die we wilden beantwoorden, was hoe dit virus zich in de 

loop der tijd had aangepast aan zijn nieuwe gastheersoort, de mens. We ontdekten een 

opvallende verandering in het HE eiwit: waar alle HEs afkomstig uit dierlijke virussen 

zowel aanhechting als het losknipproces kunnen mediëren, zijn de HEs uit OC43 enkel 

in staat om het losknippen te bewerkstelligen, een niet onbelangrijke taak aangezien 

het tweede oppervlakte eiwit van deze virussen, spike, aan dezelfde suikers bindt. Het 

losknippen door HE is dus essentieel om te voorkomen dat de virussen overal aan vast 

blijven plakken. Door een serie van experimenten lieten we zien dat het verlies van de OC43 

HE aanhechtingsactiviteit de balans tussen binden en loslaten veranderde, schijnbaar als 

aanpassing aan het infecteren van humane luchtwegen.

 In hoofdstuk 6 bestudeerden we het muizen hepatitis virus (MHV). Dit voor mensen 

ongevaarlijke virus is een erg geschikt modelsysteem om de details van coronavirus 

infectie en verspreiding te onderzoeken in de natuurlijke gastheer. Gebruikmakend 

van gemodificeerde virussen onderzochten we hoe de balans tussen aanhechten en 

losknippen van virusdeeltjes, zoals gemedieerd door het HE eiwit, wordt beïnvloed en wat 

de gevolgen hiervan zijn voor het virus. We deden dit niet alleen in vitro (reageerbuisjes), 

maar ook in een geschikt diermodel, de muis. Op deze manier konden we op een veilige 

manier de natuurlijke transmissie (verspreiding) van een coronavirus bestuderen. We 

vonden dat HE eiwitten er op geselecteerd worden om met intermediaire bindingssterkte 

aan O-geacetyleerd siaalzuur te binden. Dus niet te zwak, maar zeker ook niet te stevig. 

De stevigheid waarmee HE bindt aan siaalzuur lijkt dus een belangrijk effect te hebben op 

de efficiëntie waarmee het virus de muizendarm kan infecteren.

Hoe nu verder?
De onderzoeken, die beschreven staan in dit proefschrift, hebben niet alleen nieuwe 

gereedschappen opgeleverd die kunnen helpen om de suikercode verder te begrijpen, maar 

ze dragen ook bij aan ons begrip over virusaanhechting aan siaalzuur en de aanpassing 

van virussen aan nieuwe gastheersoorten. Echter, ondanks al deze nieuwe bevindingen 

zijn er nog steeds verschillende aspecten onduidelijk. Zo is de exacte functie van HE 

tijdens de natuurlijke infectie nog steeds niet volledig opgehelderd en weten we nog altijd 

niet waarom O-geacetyleerde siaalzuren in zulke gedetailleerde patronen voorkomen op 

weefsels en cellen. Verder onderzoek is nodig om deze vragen te beantwoorden.
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Dankwoord

Dit proefschrift had nooit tot stand kunnen komen zonder de steun, inzet en hulp van velen. 

Hierbij wil ik de kans aangrijpen om die mensen te bedanken.

Allereerst wil ik mijn begeleiders bedanken. Beste Frank, ik heb veel van jou geleerd 

en ik waardeer het ontzettend dat ik altijd bij je terecht kon. Ik vond onze periodieke 

werkbesprekingen altijd erg inspirerend!

Beste Raoul, tijdens mijn opleiding Scheikunde kwam jij voor een gastcollege langs bij de 

cursus Virusziekten. Ik was dusdanig onder de indruk van je aanstekelijke enthousiasme voor 

wetenschap, en virussen in het bijzonder, dat ik besloot ‘jouw’ cursus Virologie te volgen. 

Later, na aanhoudend gezeur van mijn kant bij de studieadviseur van scheikunde, kreeg 

ik ook toestemming om mijn bachelorthesis bij je te schrijven. Enkele jaren later belde je 

me onverwacht uit bed (het was immers 4 uur in de ochtend in Boston) met de vraag of ik 

interesse had in een promotieonderzoek naar virus-siaalzuur interacties. Hoewel dat eerste 

telefoongesprek een beetje moeizaam liep ten gevolge van mijn totale verstandsverbijstering 

en slaaptekort, kwam het uiteindelijk helemaal goed en begon ik direct na mijn master als jouw 

AIO. Ik wil je bedanken voor de kritische vragen en stimulerende discussies tijdens onze vele 

impromptu besprekingen op kantoor en in de gang. Ik heb enorm veel van je geleerd. Ook de 

autoritten naar Lille en Hannover zullen me bij blijven (“deze Toyota Corolla is nog nóóit kapot 

gegaan”). Jouw sterke persoonlijke betrokkenheid bij het onderzoek en oprechte fascinatie 

naar virussen is bewonderenswaardig. Dank voor de tomeloze inzet en begeleiding!

Eric en Louris, de HE kristalstructuren zijn een heel belangrijk onderdeel van mijn proefschrift 

geworden. Niet alleen heb ik heel erg veel van jullie geleerd over structuurbiologie, maar onze 

samenwerking heeft ook tot een aantal mooie papers geleid. Dit was nooit gelukt zonder jullie 

hulp. Dank voor al de tijd die jullie hier in hebben gestoken en de prettige samenwerking over 

de jaren heen! 

Arno en Martijn! Dit boekje was er ook zeker niet geweest zonder jullie hulp. Ik kon altijd met 

mijn vragen terecht bij de experimentele die-hards van het lab. Hartstikke bedankt voor al jullie 

hulp en de vele gezellige W507 etentjes; ik vind het super tof dat jullie mijn paranimfen willen zijn! 

Dat brengt me ook meteen bij mijn andere twee kamergenoten over de jaren heen: Matthijn 

en Jojanneke. Matthijn, jij was echt een hele gezellige buurman om te hebben, zeker toen ik in 

het begin erg moest wennen aan het lab. Daarnaast konden we altijd goed ouwehoeren over 

wetenschap. Jojanneke, met jou praatte ik een stuk minder over wetenschap, maar des te meer 
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over knappe mannen ☺ Bedankt daarvoor! 

Dear Martina and Anna, we joined forces when we realized that we were all working on CASD1. 

I really appreciated our work discussions, meetings and dinners in Hannover, Utrecht and Lille. 

Hopefully our paths will cross again in the future!

Mijn partners in crime van de borrelcommissie: Claudia en Lindert, de wekelijkse 

lunchvergaderingen waren altijd erg gezellig! We hebben met z’n drieën aardig wat borrels voor 

het departement georganiseerd, welke meestal uitmondden in een verkleedpartij. Super!

Door de jaren heen heb ik ook een hele rits aan bachelor- en masterstudenten mogen begeleiden. 

In (semi-)chronologische volgorde: Alex, Kasper, Ruben, Judith, Almut, Brennan, Robin, Jasper, 

Aniek en Jelle. Dank voor jullie hulp! Een speciaal woordje voor Ruben is op zijn plaats: na je 

stage werd je niet alleen collega-AIO bij Berend-Jan, maar ook m’n vaste squashpartner, dank 

voor je vriendschap!

Verder wil ik alle andere (voormalige) collega’s bedanken die over de jaren heen hebben 

bijgedragen aan dit proefschrift, niet alleen wetenschappelijk, maar ook met hun 

vriendschappen in het lab: Cristina, Lucian, Jeroen, Linda, Ivy, Nancy, Yifei, Jos, Irina, Huib, 

Hendrik, Hilde, Jim, Alan, Yifei, Erik, Herman, Peter, Xander, Berend-Jan, Ole, Christine, Laura, 

Huihui, Anja, Inge Marie, Floor, Meiling, Brenda, Hongbo, Maryam en Wentao (excuses als ik 

nog iemand vergeten ben!).

Nancy en Hélène, met jullie deelde ik niet alleen een interesse voor virussen, maar ook voor 

vogels. De tripjes naar Lac du Der en Extremadura waren niet alleen erg succesvol (met o.a. 

kraanvogels, slangenarend, kleine en grote trap om er maar een paar te noemen…) maar ook 

bijzonder gezellig!

Beste (schoon)-familie, ook al was het niet altijd te begrijpen waar m’n onderzoek over ging, 

jullie waren altijd heel erg geïnteresseerd en vol vertrouwen dat het zou gaan lukken. Dank 

daarvoor!

Lieve pap en mam, jullie maken zonder twijfel deel uit van het belangrijkste van mijn leven. 

Zonder jullie steun en liefde was ik nooit geworden wie ik nu ben en gekomen waar ik nu sta. 

Mijn dank daarvoor kan niet groter zijn!

Als laatste wil ik mijn lieve vriend Ruben bedanken, dank voor je onvoorwaardelijke steun 

gedurende al deze jaren! Zonder jou was dit proefschrift er zeker niet gekomen. Ik hou van je!
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