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a b s t r a c t

Infectious salmon anaemia virus (ISAV) is a piscine orthomyxovirus causing a serious disease in farmed
Atlantic salmon (Salmo salar L.). The virus surface glycoprotein hemagglutinin-esterase (HE) is responsible
for both viral attachment and release. Similarity to bovine and porcine torovirus hemagglutinin-esterase
(BToV HE, PToV HE), bovine coronavirus HE (BCoV HE) and influenza C hemagglutinin-esterase-fusion
(InfC HEF) proteins were exploited in a computational homology-based structure analysis of ISAV HE.
The analysis resolved structural aspects of the protein and identified important features of relevance to
ISAV HE activity. By recombinant expression and purification of secretory HE (recHE) proteins, receptor-
binding and quantitative analyses of enzymatic activities displayed by ISAV HE molecules are presented
for the first time. Three different recHE molecules were constructed: one representing a high virulent
isolate, one a low virulent, while in the third a Ser32 to Ala32 amino acid substitution was introduced in the
enzymatic catalytic site as inferred from the model. The three amino acid differences between the high

and low virulent variants, of which two localized to the putative receptor-binding domain and one in the
esterase domain, had no impact on receptor-binding or -release activities. In contrast, the Ser32 amino
acid substitution totally abolished enzymatic activity while receptor binding increased, as observed by
agglutination of Atlantic salmon red blood cells. This demonstrates the essential role of a serine in the
enzyme’s catalytic site. In conclusion, structural analysis of ISAV HE in combination with selected recHE
proteins gave insights into structure–function relationships and opens up for further studies aiming at
dissecting molecular determinants of ISAV virulence.
. Introduction

Infectious salmon anaemia virus (ISAV) is a piscine orthomyx-
virus, genus Isavirus (Kawaoka et al., 2005), causing a systemic
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disease in farmed Atlantic salmon (Salmo salar L.). The ongoing
devastating ISA disease outbreaks in Chile, threatening the coun-
try’s entire Atlantic salmon farming industry (Mardones et al.,
2009; Godoy et al., 2008), is a reminder of the importance of this
emerging disease. Similar to influenza A and B viruses, the ISAV
is an enveloped virus with a genome consisting of eight negative
sense single-stranded RNA segments encoding at least 10 proteins
(Mjaaland et al., 1997; Clouthier et al., 2002; Falk et al., 2004).
ISAV has two major surface proteins; a 50 kDa fusion (F) protein
which is encoded by gene segment 5 and responsible for fusion
of viral and cellular membranes (Aspehaug et al., 2005) and the

38–43 kDa hemagglutinin-esterase (HE) protein encoded by gene
segment 6, providing both the receptor-binding and the receptor-
destroying enzyme (RDE) activities (Falk et al., 2004; Krossøy
et al., 2001; Rimstad et al., 2001). This functional organisation
differs from influenza A and B viruses where the hemagglutinin
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HA) has receptor-binding and fusion activities, while RDE activity
s performed by the neuraminidase (NA) (Colman et al., 1983;
alese et al., 1974; Wiley and Skehel, 1977, 1987). In fact, ISAV
E shows higher functional similarity to the bovine and porcine

orovirus and bovine coronavirus hemagglutinin-esterase proteins
BToV HE, PToV HE, BCoV HE), as well as to the influenza C virus
emagglutinin-esterase-fusion protein (InfC HEF) where all three

unctions are incorporated in one single surface protein (Herrler et
l., 1988). The X-ray crystallographic structures of BToV HE, PToV
E, BCoV HE and InfC HEF have been determined (Langereis et al.,
009; Zeng et al., 2008; Rosenthal et al., 1998).

The RDE activity prevents the viruses from self-aggregation and
romotes release of viral progenies from the infected cell (Höfling
t al., 1996; Liu et al., 1995). In addition, the RDE may also play
role early during infection (Brossmer et al., 1993; Huang et al.,

985; Matrosovich et al., 2004; Ohuchi et al., 1995; Strobl and
lasak, 1993). For influenza A viruses, a functional balance between

he antagonistic functions of its receptor-binding- and RDE activi-
ies seems to be required for viral replicative fitness and virulence
Wagner et al., 2002; Lu et al., 2005; Kaverin et al., 1998; Chen
t al., 2007; Gulati et al., 2005; Mitnaul et al., 2000; Baigent and
cCauley, 2001; Shtyrya et al., 2009). The function of the ISAV RDE

nd its role in virulence remains to be clarified. Enzyme inhibition
tudies indicate that the acetylesterase of the ISAV HE contains a
erine in its active site, probably constituting a part of a Ser-His-
sp catalytic triad, similar to the RDE of the InfC HEF protein (Falk
t al., 2004; Kristiansen et al., 2002; Muchmore and Varki, 1987;
leschka et al., 1995). Furthermore, data from multiple sequence
lignment including HE sequences from ISAV and other viruses sug-
est that these residues are located at position 32 for Ser, 261 for
sp and 264 for His (Falk et al., 2004). This remains to be confirmed
y functional studies to provide conclusive evidence. The cellular
eceptor for ISAV has not yet been defined. While InfC HEF specif-
cally binds to and deacetylates 5-N-acetyl-9-O-acetylsialic acid
esidues (Herrler et al., 1985; Rogers et al., 1986), the most likely
ubstrate for ISAV HE is 5-N-acetyl-4-O-acetylsialic acid (Hellebø
t al., 2004).

ISAV binds to erythrocytes from several fish (Atlantic salmon,
ainbow trout, Atlantic cod, crucian carp and wolffish) and mam-
alian species (horse and rabbit) (Falk et al., 2004, 1997). The

cetylesterase responsible for the RDE activity allows the virus to
etach (elute) from these erythrocytes. One general exception is
tlantic salmon erythrocytes. Most experiments point to the inabil-

ty of the ISAV to elute from these cells (Falk et al., 2004, 1997;
ellebø et al., 2004). Recent results, however, suggest that inabil-

ty to elute from Atlantic salmon erythrocytes in some way can be
elated to virulence, as low virulent strains may elute (K. Falk, O.B.
ale, personal communication). This contradicts the situation in

nfluenza A and B viruses where an inhibition of the RDE hampers
elease of viral particles from the cell surface and is used as treat-
ent against influenza infections in humans (Moscona, 2005; von

tzstein et al., 1993).
Despite large differences in virulence between isolates, the ISAV

enome is remarkably conserved (Markussen et al., 2008; Mjaaland
t al., 2005, 2002). The ISAV protein with highest sequence varia-
ion is the HE containing a highly polymorphic region (HPR) in the
talk of the protein, near the transmembrane domain (Mjaaland et
l., 2002; Krossøy et al., 2001; Rimstad et al., 2001; Markussen et al.,
008). It has been suggested that the HPR results from differential
eletions of the full-length HPR (HPR0), possibly as a consequence
f transmission from a viral reservoir to densely populated farmed

tlantic salmon (Mjaaland et al., 2002). The presence of HPR0
as been confirmed in healthy wild and farmed Atlantic salmon
Cunningham et al., 2002; Cook-Versloot et al., 2004; Anonymous,
005; Nylund et al., 2007; Markussen et al., 2008). Moreover, ISAV

solated from fish with clinical ISA always contain a deletion in this
h 151 (2010) 131–141

region (Mjaaland et al., 2002; Nylund et al., 2007). It has therefore
been hypothesized that variations in the length of the HPR may
affect the structure/plasticity of the molecule, which again may
affect the receptor-binding affinities and RDE activities, as well as
potential interactions with the F protein. The role of amino acid dif-
ferences outside the HPR region on structure and/or function has
not yet been addressed. The aim of this study was to identify dif-
ferent domains of the HE protein, including the active site of the
RDE, by comparison to known HE structures. Functional testing of
these predictions through mutagenesis and functional/quantitative
analyses were made possible by the development of a recombinant
secreted form of HE (recHE). In addition, the analysis was used to
select different HE variants for quantitative comparisons of their
functions.

2. Materials and methods

2.1. Sequence analysis and modeling

Sequences were retrieved from the NCBI nr (Sayers et al., 2010)
protein sequence database. The sequence analysis and fold recog-
nition was performed on the ISAV HE sequence Q911Y4 (AJ276859,
Scottish) from strain 390/98. Complementary analysis was also
done on the ISAV HE sequence Q9JOYO (AF220607) from the
strain Glesvær/2/90 (ISAV4) (Rimstad et al., 2001). These two HE
sequences are 95% identical at the amino acid sequence level. Fold
recognition was performed with the GeneSilico (Kurowski and
Bujnicki, 2003) and BioInfo (Bujnicki et al., 2001) meta-servers.
These servers collect data from a large number of prediction
methods and compare the results on a unified scale using a jury
system (Ginalski et al., 2003). Secondary structures for experimen-
tal structure data were classified with DSSP (Kabsch and Sander,
1983) and extracted using local software. Experimental structures
were downloaded from RCSB/PDB (Berman et al., 2000). Structure-
based sequence alignment for the experimental structures was
generated with FatCat (Ye and Godzik, 2003), allowing for struc-
tural flexibility. Identification of receptor–ligand interactions in
the experimental structures was done with the Ligand Explorer at
RCSB (Berman et al., 2000). Visualization and analysis of the align-
ment with ISAV HE was done with DeepView (SwissPDBViewer)
4.0 (Guex and Peitsch, 1997). The final alignment (Fig. 1) was drawn
with Alscript (Barton, 1993).

2.2. Cells and recombinant baculoviruses

Spodoptera frugiperda (Sf9) cells were maintained in suspen-
sion culture at 28 ◦C using serum-free insect cell medium (Sf-900
II SFM) (Invitrogen). Recombinant baculoviruses were generated
by homologous recombination in Sf9 cells of a transfer plasmid
containing a HE DNA sequence insert or without an insert (neg-
ative control) and linearized DNA of the baculovirus Autographa
californica nuclear polyhedrosis virus (AcNPV) (BacVectorTM-2000
Triple Cut Virus DNA) (Novagen). Except for minor modifications
(described in Müller et al., 2008), the procedure as well as sub-
sequent amplification and determination of the viral titres were
performed according to the instructions given by the manufac-
turer.

2.3. Construction of transfer plasmids and site-directed
mutagenesis
Isolation of RNA from ISAV isolates, TOPO-cloning and sequenc-
ing was performed as previously described (Markussen et al.,
2008). The two pCR®2.1-TOPO plasmids containing the full-
length HE genes from the isolates ISAV4 (Glesvær/2/90, AF220607)
(HE4) and ISAV7 (AF427053) (HE7) were used as PCR templates.
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Fig. 1. Multiple alignment of hemagglutinin sequences, showing the FFAS (Rychlewski et al., 2000) alignment of ISAV HE (Q911Y4) against the structure-based alignment of
porcine torovirus HE (PToV HE; PDB id code 3I1K), bovine torovirus HE (BToV HE; 3I26), bovine coronavirus HE (BCoV HE; 3CL5) and influenza C virus HEF (InfC HEF; 1FLC).
The upper part shows the sequence alignment, the lower part shows the corresponding alignment of secondary structure elements determined from the experimental protein
structures (�-strands: green arrows, �-helices: red coils). The qual line indicates alignment quality based on the degree of consensus between FFAS alignments against each
of the structural templates, ranging from full consensus in black to no consensus in light grey. The cons line shows completely conserved positions in the alignment. The
anno line shows relevant annotation of the alignment, including residues involved in active site (A), oxyanion hole (O), ligand binding (L), substrate coordination (S) and
Cys–Cys pairing (1–8). The anno line also shows domain organisation (MP: membrane-proximal (red); E1, E2: esterase (green); R: receptor (blue)) taken from Langereis et
a public
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l. (2009). The receptor domain is frequently annotated as a lectin domain in other
o the full-length ISAV HE sequence. The alignment includes part of the signal pepti
f the other sequences. This shows a clear sequence similarity between part of the

rimers were designed to produce truncated forms of the HEs
Table 1), without its putative transmembrane and cytoplasmic
egions (amino acids 354–392 relative to the start codon). To
nable secretion, all HE constructs maintained their own signal
eptide (amino acids 1–16). The PCR cycling conditions were;
5 ◦C/2 min, followed by 35 cycles of 95 ◦C/1 min, 63 ◦C/1 min and
2 ◦C/2 min, and a final extension step at 72 ◦C/10 min. The PCR

roducts were gel-purified using the QIAquick® Gel Extraction
it (Qiagen), cloned into the pCR®2.1-TOPO vector (Invitrogen),
ubcloned into the SacI/XhoI sites of the pBACgus-1 transfer plas-
id (Novagen), and transformed into Escherichia coli XL10-Gold®

ltracompetent cells (Stratagene), according to protocols pro-
ations, e.g. in Langereis et al. (2009). The numbering of the alignment is according
ISAV HE (LLAPVYS from position 10 to 16), but no part of the signal peptide for any
E signal peptide and the structural templates.

vided by the manufacturers. Plasmids were isolated using the
QIAprep Spin Miniprep Kit (Qiagen). The recombinant transfer
plasmids with the correct inserts were named pBACgus-1-sHE4
and pBACgus-1-sHE7. The mutated plasmid pBACgus-1-recHE4S32A
was made by site-directed mutagenesis using the QuikChange® XL
Site-Directed Mutagenesis Kit (Stratagene) with pBACgus-1-sHE4
as template, and primers designed according to the manufac-

turer’s guidelines (Table 1). A C-terminal His6-tag present in all
three constructs facilitated identification and purification of the
expressed recHE proteins. All plasmid DNAs were sequenced on
both strands at GATC-Biotech AG using the sequencing primers
given in Table 1.
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Table 1
Oligonucleotide primers used for PCR amplification, site-directed mutagenesis and
sequencing.

Primer Oligonucleotide sequence (5′ → 3′)

HE fwd (PCR) ATTATTGAGCTCATAAATATGGCACGATTCATAATTTTATTCC
HE4 rev (PCR) TAATTACTCGAGACCCATAGTTTGGTTCAGCTGAGG
HE7 rev (PCR) TAATTACTCGAGACCCATAGTTTGGTTCAGCTG
HE4(S32A) fwd

(mutagenesis)
CCTGGATAGGTGACgCTCGAAGCGATCAGTC

HE4(S32A) rev
(mutagenesis)

GACTGATCGCTTCGAGcGTCACCTATCCAGG

pBACgus-1 fwd
(sequencing)

ATAACCATCTCGCAAATAAATAAGTAT

pBACgus-1 rev
(sequencing)

CTGTAAATCAACAACGCACAG

Sequences representing restriction enzyme recognition sites are underlined. Start
codon (ATG) is shown in bold, while additional nucleotides necessary to provide
t
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ranslation initiation signals are in italics. Substituted nucleotides designed to intro-
uce the single amino acid mutation in pBACgus-1-recHE4 are shown in small bold

etters. fwd = forward, rev = reverse.

.4. Protein expression and purification

All recHEs were expressed and purified as previously described
Müller et al., 2008). The purified recombinant proteins were
amed recHE4, recHE7 and recHE4S32A, while protein purified from
f9 cells infected with the negative control baculovirus was called
ec empty-1. The amount of soluble protein was determined by the
C protein assay (BioRad Laboratories Inc.) with bovine serum albu-
in (BSA) as the protein standard. The purity and identity of the

ecombinant proteins were determined by SDS-PAGE and Western
lot analysis using anti-His antibody and anti-HE peptide serum
s previously described (Müller et al., 2008). Purified proteins were
tored in 20 mM HEPES, 150 mM NaCl at pH 8.0 with glycerol added
o a final concentration of 50% before storage at −20 ◦C.

.5. Immobilisation of recHEs to magnetic cobalt beads

Purified recHE4, recHE7 and recHE4S32A were coupled to
agnetic Dynabeads®TALONTM (Invitrogen) (2 �g protein/2.5 �l

eads) in 700 �l 20 mM HEPES, 500 mM NaCl, pH 7.5 at 20 ◦C for
h with slow rotation. The coupled beads were washed twice
ith buffer, once with L-15 (Leibovitz) medium, and then resus-
ended in 200 �l L-15 medium. Negative controls included rec
mpty-1 (described above) and drNimA, an unrelated His6-tagged
rotein (NimA from Deinococcus radiodurans) (kindly provided by
r. Hanna-Kirsti S. Leiros at The Norwegian Structural Biology Cen-

re, Tromsø, Norway) (Leiros et al., 2004; Müller et al., 2008). To
ompare the amounts of protein conjugated to the beads, the four
is6-tagged proteins were eluted using 20 mM HEPES, 500 mM
aCl, 500 mM imidazole, pH 7.5 followed by analysis on SDS-PAGE
nder reducing conditions, and Coomassie blue staining. The inten-
ities of the protein bands (three parallels of each sample) were
uantified and compared using a Gene Genius Bioimage analyzer
Syngene).

.6. Immunostaining

Dynabeads®TALONTM, coated with proteins as described above,
ere incubated with a mixture of two mouse monoclonal antibod-

es (3H6F8/10C9F5) directed against ISAV HE (kindly provided by
r. K. Falk at The Norwegian Veterinary Institute, Oslo, Norway)
Falk et al., 1998) at a dilution of 1:100 for 1 h at room temper-
ture (RT). Incubation with secondary antibody Alexa405® goat
nti-mouse IgG (Invitrogen), used at 2 �g/ml, was for 2 h at RT.
ecHE4-coupled beads incubated with secondary antibody only
erved as a negative control. Fluorescence microscopy was per-
h 151 (2010) 131–141

formed and pictures taken at 40× magnification using an Olympus
IX81 microscope.

2.7. Hemagglutination assay

Blood from Atlantic salmon and rabbit were collected using
VENOJECT Lithium Heparin (LH) tubes (Terumo Europe NV) and
centrifuged at 400 × g at 4 ◦C for 10 min. The Atlantic salmon- and
rabbit red blood cells (AsRBCs and rRBCs) were washed three times
in L-15 medium, centrifuged at 400 × g at 4 ◦C for 10 min and diluted
in L-15 medium to 0.25% (v/v) AsRBC or 0.5% (v/v) rRBC suspen-
sion. To reduce non-specific interactions with tube walls, 1.5 ml
Eppendorf tubes (Eppendorf) were pre-treated with 20 mg/ml BSA
in PBS, pH 7.4, supplemented with 1.5% NaCl, and washed once with
the same buffer. The hemagglutination reaction was performed
by gently mixing 200 �l 0.25% AsRBC, or 200 �l 0.5% rRBCs, with
100 �l of recHE-coated Dynabeads®TALONTM (described above).
The effect of the serine esterase inhibitor 3,4-dichloroisocoumarin
(DCIC) (Sigma–Aldrich Inc.) on hemagglutination was studied by
pre-incubating the recHE-coated beads with 2 �l of 5 mM DCIC
solubilized in DMSO at 16 ◦C for 30 min before the addition of
AsRBCs or rRBCs. Control samples were added 2 �l of DMSO
only. Aliquots of the hemagglutination samples, with and without
inhibitor, were collected at two time intervals, 1–3 h and 5–7 h for
AsRBCs, and at 30 min and 1 h for rRBCs. Quantification of agglu-
tination was performed by counting unbound beads in a Bürker
chamber. The experiments were repeated three times, and data
from one representative experiment are presented. Aliquots of the
bead-agglutination mixtures were also transferred onto chamber
slides (Lab-Tek®) containing L-15 medium and photographed at
40× magnification in a light microscope.

2.8. Enzyme activity assay

The acetylesterase activities of the recHE4, recHE7 and
recHE4S32A proteins were determined using synthetic sub-
strates as described previously (Falk et al., 1997; Kristiansen
et al., 2002), with minor modifications. Various concentrations
of 4-methylumbelliferyl acetate (4MUAc) (Sigma–Aldrich Inc.)
(0–500 �M) in PBS pH 7.4 at RT were incubated with 4 �l
recHE-coated Dynabeads®TALONTM (described above). Fluores-
cence was measured in a time-dependent manner in a Perkin
Elmer plate reader at 360 nm excitation/465 nm emission. Pre-
incubation with the serine esterase inhibitor DCIC was conducted
as described above, and end-point data were collected follow-
ing 40 min incubation with substrate. Enzyme activities of soluble
proteins were determined by adding 200 �l p-nitrophenyl acetate
(pNPA) (Sigma–Aldrich Inc.) at concentrations ranging from 50 �M
to 4000 �M to 5 �l (0.7–1 mg/ml) of the soluble purified recHE
protein sample diluted in 20 mM HEPES, 150 mM NaCl, pH 8.0.
Enzyme activity was measured at OD405 in a time-dependent man-
ner. For the two assay types, spontaneous hydrolysis of 4MUAc and
pNPA in the buffer was quantified and subtracted from sample val-
ues. The rec empty-1 sample and/or the drNimA protein served
as negative controls. Data on enzyme kinetics are presented as
Michaelis–Menten and Lineweaver–Burk plots. The assays were
performed in 96-well plates (NuncTM, Thermo Fisher Scientific)
at RT, and run in minimum three parallels. All experiments were
repeated minimum two times for verification of results, and in each
case the data from one such experiment are presented.

3. Results
3.1. Fold recognition

The ISAV HE sequence was subjected to fold recognition and 3D
structure analysis to identify the localisation of the ISAV receptor-
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Fig. 2. (A) Visualization of ISAV HE based on the experimental structure of porcine
torovirus HE (PToV HE; PDB id code 3I1L). The structure includes an analog of the nat-
ural ligand in the receptor-binding pocket. The right monomer of the dimer structure
is shown in grey. The left monomer shows the sequence alignment overlap with ISAV
HE, color coded according to domain (membrane-proximal: red; esterase: green;
receptor: blue). Seven residues of the first membrane-proximal sequence overlap
with the ISAV HE signal peptide (see Fig. 1 caption). Non-overlapping regions are
shown in white. Also shown are the active site residues in the esterase domain (see
B), ligand binding residues in the receptor domain (white spheres) and the three
amino acid residues differing between ISAV4 HE and ISAV7 HE (yellow spheres;
see C). In (B) the active site region is magnified. The side chains for the active site
residues, Ser32-His264-Asp261, are shown, as well as the oxyanion hole residues Gly59

and Asn89, and the substrate coordinating Arg (not conserved in ISAV HE). In (C) the
ligand binding region of HE is magnified, showing the three amino acid differences
A. Müller et al. / Virus R

estroying acetylesterase function. This analysis also enables
dentification and visualization of additional structural domains of
his protein, such as the receptor-binding domain. The fold recog-
ition servers unambiguously identified ISAV HE as a member of
he SGNH hydrolase family, originally characterised by four con-
erved blocks of residues, with Ser (S), Gly (G), Asn (N) and His (H)
ompletely conserved (Mølgaard et al., 2000). In particular the fold
nd function assignment system (FFAS) fold recognition software
Rychlewski et al., 2000) identified ISAV HE as significantly simi-
ar to PToV HE (PDB id code 3I1K) and BToV HE (PDB 3I26), and
learly similar to BCoV HE (PDB 3CL5) and InfC HEF (PDB 1FLC),
ith a sequence identity between 16 and 21%. These predictions
ere used for alignment and structure prediction for ISAV HE.

.2. Sequence alignment

The sequence alignment of ISAV HE against the known experi-
ental structures identified by fold recognition is shown in Fig. 1.

his alignment is based on the FFAS predicted alignment of the
SAV HE sequence against each of the four structural templates, as

ell as the structure-based alignment of the experimental struc-
ures against each other. The structure-based alignments are taken
irectly from the FatCat (Ye and Godzik, 2003) pairwise alignments,
dding the necessary gaps to get a consensus alignment of all four
equences. The structural similarity in the alignment is indicated
ith secondary structure elements of the experimental structures.

he ISAV HE sequence was added to the structure-based alignment
y using the consensus of FFAS alignments against each of the indi-
idual experimental structures. This turned out to be identical to
he alignment against PToV HE, which has the most significant simi-
arity to ISAV HE according to the FFAS fold recognition method. The
lignment has been annotated with domain organisation according
o PToV HE (Langereis et al., 2009), indicated as receptor domain,
sterase domain and membrane-proximal domain. The receptor
omain is frequently annotated as a lectin domain in other publi-
ations, e.g. in Langereis et al. (2009). Also indicated is the active
ite residues of the catalytic triad (Ser-His-Asp), residues form-
ng the oxyanion hole of the active site (Langereis et al., 2009)
nd the pattern of disulphide bridges. Residues with side chains
nvolved in ligand binding were identified in all four structures,
ither by computational analysis or from the original paper (InfC
EF), and annotated in the alignment. The alignment does not

nclude sequence regions outside of the domains identified by FFAS,
ike the coiled-coil helix of InfC HEF, the transmembrane region and
art of the signal peptide.

.3. Structural visualization

The annotated alignment was used to visualize predicted struc-
ural properties of ISAV HE, using PToV HE (PDB 3I1L) as a template
Fig. 2A). This structure is identical to 3I1K used in the align-

ent, but with a ligand in the receptor-binding site. The ligand
s Neu4,5,9Ac3�2Me, a synthetic analog of sialic acid. The overlap
n alignment between ISAV and PToV HE is indicated on the struc-
ure, as well as active site residues (Fig. 2B), ligand binding residues
n the receptor domain (Fig. 2C) and ISAV4 HE versus ISAV7 HE
equence differences (Fig. 2C). This enabled us to use the experi-
ental structure of PToV HE as an approximate model of the ISAV
E structure.

.4. Expression, purification and folding of recHEs
By using the information extracted from the model, two wild-
ype ISAV HE variants differing at three positions, recHE4 and
ecHE7 (Fig. 2C), and one mutated recHE4 form, recHE4S32A, con-
aining a Ser to Ala amino acid substitution at position 32 (relative
between ISAV4 HE and ISAV7 HE (yellow spheres) as well as the residues involved
in ligand binding in any of the known 3D structures (white spheres). The ligand of
the 3I1L PToV HE structure is also shown.

to the start codon) in the catalytic triad (Ser32-His264-Asp261), were
expressed along with the negative control rec empty-1 in a secreted
form. All three recHEs were obtained at a high purity in the range
of 300–600 �g per liter cell culture (Fig. 3A).

A mixture of two mouse anti-ISAV HE monoclonal antibodies
recognised all three recHEs bound by their C-terminal His6-tag to
magnetic cobalt beads. No staining was observed with beads cou-
pled with drNimA, rec empty-1 or when recHE4-bound beads were
incubated with secondary antibody only (Fig. 3B). This indicates
that the beads are coated with recHEs. The binding of recHE pro-
teins to the beads was also validated by elution of the proteins
using imidazole, followed by quantitative analysis of the eluates on

a Coomassie blue-stained SDS gel. The recHE protein band intensi-
ties (each in three parallels) were only slightly, but not significant,
different from each other as calculated by single factor ANOVA
analysis (data not shown). Also, binding of the His6-tagged pro-
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Fig. 3. (A) Recombinant (rec) protein samples (4 �g each) were separated by SDS-
PAGE and stained with Coomassie blue; lane 1: recHE4, lane 2: recHE7, lane 3:
recHE4S32A; M: MagicMarkTM XP protein standard (5 �l). (B) Immunostaining of
recHEs coupled to Dynabeads®TALONTM using a mixture of two monoclonal anti-
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tive control (Fig. 5A and C). The rec empty-1 and beads (not shown)
SAV HE antibodies as a primary antibody and Alexa405 goat anti-mouse IgG as
secondary antibody. The negative controls included the unrelated His6-tagged

rotein drNimA, rec empty-1 and recHE4-coupled beads stained with secondary
ntibody (sec. ab. ctrl.) only.

ein drNimA to the beads was verified by analyses of the eluate on
oth Coomassie blue-stained SDS gel and by Western blot using
n anti-His-antibody (data not shown), indicating the specificity of
he assay.

.5. Hemagglutination by recHEs

The ability of the three recHEs to agglutinate Atlantic salmon-
nd rabbit red blood cells (AsRBCs and rRBCs), and the effect of a ser-
ne esterase inhibitor on hemagglutination were investigated using
roteins immobilized to magnetic cobalt beads. Large aggregates
f bead-bound recHE4S32A and AsRBCs were formed after 1–3 h,
hile smaller aggregates were observed with beads coupled with

ecHE4 and recHE7. The degree of hemagglutination was indis-
inguishable for the latter two proteins, and no hemagglutination
as observed with any of the negative controls (Fig. 4A). Dur-

ng the incubation period (1–3 h), aggregates formed by recHE4-
nd recHE7-coated beads got smaller as opposed to the recHE4S32A
ample (not shown). Following incubation for 5–7 h, the aggregates
f AsRBCs generated by recHE4 and recHE7 disappeared more or
ess completely, while hemagglutination by recHE4S32A was practi-
ally unchanged (Fig. 4A), indicating a continuous elution facilitated

y the RDE. To test this possibility hemagglutination was studied

n the presence of a specific esterase inhibitor (DCIC). By adding
CIC a stronger agglutination was observed after 1–3 h incubation,

n particular with the recHE4- and recHE7-coupled beads (Fig. 4A).
h 151 (2010) 131–141

Although smaller aggregates were generated following 5–7 h incu-
bation with recHE4 or recHE7 and the inhibitor, agglutination to
AsRBCs was still apparent for both proteins. For recHE4S32A, the
agglutination pattern with DCIC was indistinguishable from that
without the inhibitor (Fig. 4A). This suggests that elution of aggre-
gates indeed is the result of the esterase activity, although the
inhibition may not have been 100% efficient. The results also sug-
gest that Ser32 is a key residue in the elution process.

To quantify the hemagglutination level the number of non-
aggregated beads was counted in the presence or absence of DCIC.
The data from these assays provide quantitative support for the
observations described above. For the recHE4 and recHE7 samples,
in absence of DCIC, the number of free beads was higher following
5–7 h incubation, as compared to 1–3 h (Fig. 4B). In the presence of
DCIC the amounts of free beads were similar after 1–3 h and 5–7 h
incubation (Fig. 4B), although the aggregates were smaller after the
prolonged incubation (Fig. 4A). It was not possible to identify any
differences between recHE4 and recHE7 with respect to the level of
hemagglutination. For recHE4S32A, the numbers of free beads were
unaffected by both incubation time and presence of DCIC (Fig. 4B).
For the negative controls, drNimA, rec empty-1 and beads only,
the numbers of free beads (50–55) were unchanged regardless of
incubation time or presence of DCIC (not shown). Proteins from two
separate batches were tested and similar results obtained, support-
ing the reliability of the data. Together with the visual observations
(Fig. 4A), these results suggest that all three recHEs have an intact
receptor-binding domain. Substitution of Ser32 abolished elution of
recHE from erythrocytes indicating the importance of this amino
acid for the RDE and elution, but not for receptor binding. The three
amino acid differences between recHE4 and recHE7 have no or min-
imal effect on hemagglutination, suggesting that they do not have
a major impact on receptor binding.

To determine whether the recHEs have the ability also to agglu-
tinate RBCs from a species other than Atlantic salmon, rRBCs were
tested as above. Following 0.5 or 1 h incubation only a limited num-
ber of beads coupled with recHE4 and recHE7 were associated to
rRBCs (Fig. 4C). A shorter incubation time did not change this result,
while incubation more than 1 h abolished agglutination completely
(not shown). RecHE4S32A-coated beads, on the other hand, clearly
aggregated rRBCs. While pre-incubating with DCIC did not change
the hemagglutination activity of the recHE4S32A, the presence of
DCIC resulted in formation of small aggregates using the recHE4 and
recHE7 samples (Fig. 4C). Agglutination of rRBCs was not observed
with any of the negative controls (only drNimA shown in Fig. 4C).
This is consistent with the results obtained with AsRBC, but the level
of hemagglutination induced by the three recHEs was generally
weaker for rRBC as compared to AsRBCs (Fig. 4A and C). This indi-
cates that the recHEs use a different receptor determinant and/or
substrate for the RDE on rRBCs, or that the receptor density on rRBCs
is low relative to AsRBCs.

3.6. Acetylesterase activities of the recHEs

To compare the acetylesterase activities of the three recHEs,
both bead-bound and soluble form of the proteins were analyzed.
Although data from single experiments are presented, repeating
the experiments produced similar results. The recHE4 and recHE7
proteins exhibit similar acetylesterase activities with all substrate
concentrations tested, indicating a similar affinity for the synthetic
substrates 4MUAc and pNPA (Fig. 5A and C). In contrast, recHE4S32A
showed no acetylesterase activity, comparable to that of the nega-
gave a similar result as the drNimA sample.
The effect of the serine esterase inhibitor DCIC was tested using

4MUAc as a substrate. Pre-treatment of bead-coupled recHE4 and
recHE7 with DCIC abolished acetylesterase activity completely,
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hile recHE4S32A as well as drNimA remained unaffected (Fig. 5B).

hese results indicate that Ser32 is vital for the acetylesterase activ-
ty and that the three amino acid differences between recHE4 and
ecHE7 do not have any effect on the affinities of the enzymes to
he used substrates.

ig. 4. Agglutination of red blood cells (RBCs) with recHEs. RecHE4, recHE7 and recHE4S3

nly, and mixed with RBCs. (A) The mixtures of Atlantic salmon RBCs (AsRBCs) and beads w
egative controls included beads coupled with the His6-tagged protein drNimA, rec emp
ut between 1–3 h and 5–7 h after addition of AsRBCs, and free beads (not associated with
hree times, and data from one representative experiment is presented. (C) The mixture
dding of rRBCs. Beads coupled with the His6-tagged protein drNimA served as a negativ
h 151 (2010) 131–141 137

4. Discussion
The HE is one of the two major ISAV surface glycoproteins, and is
responsible for both viral attachment and release (Falk et al., 2004;
Krossøy et al., 2001; Rimstad et al., 2001). Several reports indicate

2A coupled to Dynabeads®TALONTM were pre-treated with DCIC in DMSO, or DMSO
ere observed under the microscope between 1–3 h and 5–7 h after adding AsRBCs.

ty-1 and beads only. (B) Aliquots from the AsRBC-bead mixtures in (A) were taken
AsRBCs) were counted using a Bürker chamber. These experiments were repeated

s of rabbit RBCs (rRBCs) and beads were observed under the microscope 1 h after
e control. All photographs presented were taken at 40× magnification.
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Fig. 4. (Continued ).

Fig. 5. Acetylesterase activities of recHEs. (A) The acetylesterase activities of recHEs coupl
substrate 4MUAc ([S]). The data (each data point is the average of at least three parallels) ar
repeated twice, but only one is shown. Beads coupled to the His6-tagged protein drNimA s
RFU min−1. (B) The influence of DCIC on acetylesterase activities of the recHEs coupled to
incubation with substrate are shown. Beads coupled with the His6-tagged protein drNimA
activities of recHEs in solution were determined using increasing concentrations of the
shown). The data (each data point is the average of at least three parallels) are presented
twice, but only one is shown. 1/v: reciprocal values of OD min−1 �g−1 protein.
h 151 (2010) 131–141

an important role of this protein in virulence. In this study, a struc-
tural model of the ISAV HE molecule was constructed, using the
PToV HE protein as a template, and exploited to study the struc-
ture and functions of the HE protein. The model is consistent with
and supports the hypothesis that ISAV HE is a structural homologue
of torovirus and coronavirus HEs as well as InfC HEF, including
the two characteristic active site sequence patterns in the puta-
tive enzyme domain, separated by the putative receptor domain.
The GDSRsD subsequence includes the active site Ser32 (S) residue,
and a DslHG motif holds the Asp261 (D) and His264 (H) active site
residues (lower case residue codes indicate less conserved posi-
tions) (Fig. 1). Together this constitutes a Ser-His-Asp active site
triad similar to the one found in traditional esterases, although the
topology of this fold is atypical compared to more traditional lipases
and esterases (Mølgaard et al., 2000). In particular the important
strand–turn–helix motif for the active site Ser (the nucleophilic
elbow motif) is less well defined in esterases that are similar to
InfC HEF (Mølgaard et al., 2000). Still, the fact that these motifs are
conserved is consistent with the experimental results showing that
the ISAV contains an acetylesterase with a serine in the active site
(Falk et al., 2004; Kristiansen et al., 2002).

It is however important to realize that significant fold recogni-
tion does not necessarily guarantee an optimal sequence alignment.
In particular the ISAV HE receptor domain seems to be less simi-
lar to the template sequences than the enzyme domain, and the
receptor domain is also approximately 40 residues shorter than

the corresponding template domains. Virus sequences show a high
degree of reassortment (Lai, 1992; Brown, 2000), meaning that
alternative domains (and potentially alternative folds) can be com-
bined and recombined from different sources. The weak sequence
similarity may reflect the fact that for example InfC HEF specifi-

ed to Dynabeads®TALONTM were determined using increasing concentrations of the
e presented by Michaelis–Menten and Lineweaver–Burk plots. The experiment was
erved as negative control. RFU: relative fluorescence units; 1/v: reciprocal values of
Dynabeads®TALONTM using 4MUAc was studied. End-point data following 40 min
served as negative control. RFU: relative fluorescence units. (C) The acetylesterase
substrate pNPA ([S]). Rec empty-1 and drNimA served as negative controls (not
by Michaelis–Menten and Lineweaver–Burk plots. The experiment was repeated
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ally deacetylates 5-N-acetyl-9-O-acetylsialic acid residues, which
s a high-affinity receptor determinant for binding of influenza C
irus to erythrocytes, while the enzyme substrate for ISAV HE is
-N-acetyl-4-O-acetylsialic acid (Hellebø et al., 2004; Herrler et al.,
985; Rogers et al., 1986). The cellular receptor for ISAV has not yet
een defined but solid phase binding assays have shown that HE
pecifically binds 4-O-acetylated sialic acids, and 5-N-acetyl-4-O-
cetylsialic acids probably represent a major receptor determinant
or the virus (Hellebø et al., 2004). In the elucidation of the recep-
or domain structure it was assumed that the general fold of this
omain is conserved, based on similarity in secondary structure
ontent between ISAV HE and the other sequences (not shown).
he alignment in Fig. 1 and the visualization in Fig. 2A does not
ecessarily represent an optimal solution, which is indicated, e.g.
y the pattern of Cys–Cys bridges. These bridges are not completely
onserved in the known structures (shown in Fig. 1), indicating a
ertain flexibility. This is consistent with previous studies show-
ng that disulphide bonds are only moderately conserved between
istant homologues (Thangudu et al., 2008). However, the current
lignment leads to some unmatched Cys pairs, indicating that some
hifts in alignment and probably also in tertiary structure may be
eeded for an optimal model, in particular in the receptor domain.
he very low sequence similarity in this region makes it difficult to
udge the relative merit of alternative alignments, and in general
he current alignment seems reasonable. In addition to the con-
erved active site residues also the oxyanion hole residues (Gly59
nd Asn89), involved in stabilizing the transition state, seem to
e conserved. The majority of the receptor domain ligand binding
esidues identified from the experimental structures are found in
egions with alignment between ISAV HE and the template struc-
ures. There may be an important difference in esterase ligand
inding, where a loop with an Arg implied in substrate coordination
eems to be missing in ISAV HE (indicated in Fig. 2B). It is known
hat alternative sequence positions may be involved in substrate
oordination, e.g. in BToV HE (Langereis et al., 2009), but no clear
lternative candidate has been found in ISAV HE. This may indi-
ate important differences in substrate binding in ISAV HE, possibly
onsistent with different substrate specificity.

To test the features visualized by the model, ISAV HE variants
ere analyzed with respect to functions. The HE proteins from

he isolates ISAV4 (recHE4) and ISAV7 (recHE7), in addition to a
E4 variant containing a single Ser to Ala substitution at position
2 (recHE4S32A) were therefore expressed, secreted and purified.

SAV4 and ISAV7 represents a high (ISAV4) and a low (ISAV7) viru-
ent strain (Mjaaland et al., 2005, 2002). The HE4 and HE7 proteins
iffer at three amino acid positions only, and share an identical
E-HPR (Mjaaland et al., 2002; Markussen et al., 2008). Therefore,
omparing recHE4 and recHE7 is appropriate to test the influence
f the three amino acid differences on the HE’s function and hence
heir role in virulence, while analysis of the recHE4S32A focuses on
he role of the Ser32 on the protein’s acetylesterase activity.

Functional analyses can only be performed on correctly folded
roteins, especially analyses of domains that have a function
epending on the tertiary structure. The hemagglutination and
cetylesterase activities (Figs. 4 and 5) of the recHE proteins sug-
est that they adopt a conformation akin to the viral protein (Falk
t al., 2004, 1997; Kristiansen et al., 2002). Coupled onto magnetic
eads through their C-terminal His6-tag, recHE4 and recHE7 both
isplayed receptor-binding abilities as observed by agglutination
f AsRBCs. The presence of an intact RDE activity for these two
roteins was indicated by the observed elution of recHE-coupled

eads from AsRBCs at later time points, with further evidence
rovided by the absence of elution in the presence of the serine
sterase inhibitor DCIC, which attacks a serine in the enzyme’s
ctive site. Such elution caused by the RDE activity is not observed
n agglutination assays using AsRBCs and purified ISAV4 parti-
h 151 (2010) 131–141 139

cles, even after a period of 6–24 h incubation (Falk et al., 2004,
1997). The apparent contradiction may be explained by conforma-
tional differences between the native HE incorporated into the viral
membrane versus the recombinant and bead-bound HE. In fact,
Orlova et al. (2003) showed for horseradish peroxidase that differ-
ences in enzymatic properties are due to conformational variations
between the recombinant and the native horseradish peroxidase.
Also, the oligomerization status may vary between the native and
the recombinant protein and can thus affect both structure as well
as functional properties.

Our results clearly show that recHE4 elutes from AsRBCs, as
does recHE7. This function may vary between different isolates, but
apparently does not do so between the recHEs from these two iso-
lates, as measured by the present analyses. Thus, the three amino
acid substitutions (Fig. 2C), two of which are located in the puta-
tive receptor-binding domain (V143I and K185T), and one located
in the proposed esterase domain, but close to the receptor-binding
domain (T96N), do apparently not affect the ability to agglutinate
AsRBCs. This seems consistent with the model, where none of these
amino acid differences are located in the actual ligand binding site.
Only V143I is close to this region, but still outside of the most likely
binding site. However, it cannot be excluded that the ligand binding
site is located elsewhere in the structure.

In the present study, the slight reduction in agglutination
observed at later time points in presence of DCIC, may be due to
either degradation of protein and/or of the AsRBCs, or that the inhi-
bition is not 100% efficient. In any case it is clear that the esterase
activity is the mechanism behind the elution. The mutant protein
recHE4S32A has a stronger ability to agglutinate AsRBCs as com-
pared to both recHE4 and recHE7. The mutated protein has no
detectable RDE/acetylesterase activity as shown by lack of elution
and enzyme activity in the esterase assay. Hemagglutination is thus
a function related to the RDE activity which may serve to regulate
the level of receptor binding by the virus. Moreover the mutant pro-
tein was not affected by DCIC. This provides functional evidence
for the requirement of Ser32 in HE function. As suggested by the
model (Fig. 2A and B) the residue is part of a catalytic triad, Ser32-
His264-Asp261, constituting the enzyme’s active site, which is also
consistent with the assumptions made by Falk and co-workers (Falk
et al., 2004). However, the roles of His264 and Asp261 remain to be
proven. Of course, the lack of esterase activity displayed by the
recHE4S32A mutant may be a consequence of an improperly folded
enzyme domain. However, the residues in the catalytic triad are
in their modelled positions all located to loops, and the Ser to Ala
mutation will thus probably not affect the framework structure.

Falk and co-workers (Falk et al., 2004) have shown that ISAV par-
ticles can agglutinate RBCs from several different species, including
those from rabbit (rRBCs), and subsequently elute from them
within 6 h. Here, it was found that rRBCs were associated to beads
coupled with recHE4 and recHE7, but considerable agglutination
occurred only in the presence of DCIC. This may reflect a difference
in receptor density, in affinity to the receptor of the two RBC types
by the two recombinant proteins, and/or a stronger RDE activity
towards the receptor determinant on rRBCs. RecHE4S32A aggluti-
nation of rRBCs was both obvious and independent of DCIC, as
observed with AsRBCs, suggesting that the esterase activity reg-
ulates the binding to the rRBC receptor as well.

The acetylesterase assays (Fig. 5) clearly show an enzyme activ-
ity expressed by recHE4 and recHE7. The mutated protein has
no activity with either substrate, verifying again the importance
of Ser32 in the esterase activity of recHEs, and indicates that the

enzyme activity is the cause for elution of the recHEs from RBCs. The
affinities of bead-bound recHE4 and recHE7 to both synthetic sub-
strates were similar (Fig. 5A and C). Also, using a natural substrate
for the acetylesterase, as represented by the surface molecules on
erythrocytes, no difference in elution could be observed between
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he two proteins. Thus, the three amino acid substitutions (Fig. 2C)
robably do not affect the RDE activity.

Taken together, no differences in receptor-binding or RDE
ctivities were observed between recHE4 and recHE7. Hence, the
ifferences in virulence between ISAV4 and ISAV7 are most likely
ot linked to variations in these two activities. However, Aspehaug
nd co-workers have shown that co-expression of HE and the fusion
rotein increased cell–cell fusion (Aspehaug et al., 2005), opening
p for the possibility that the three amino acid differences between
E4 and HE7 may affect the fusion process and in this way con-

ribute to the differences in virulence between ISAV4 and ISAV7.
n addition, the possibility that that the ISAV F protein may be
nvolved in receptor binding similar to what has been reported for
he paramyxovirus respiratory syncytial virus (RSV), should not be
xcluded (Karron et al., 1997; Karger et al., 2001; Techaarpornkul
t al., 2001). Moreover, sequence differences in the remaining gene
egments of these virus isolates may also account for the virulence
ifferences (Markussen et al., 2008).

In conclusion, a structural model of ISAV HE, visualizing puta-
ive receptor-binding and receptor-destroying domains, has been
eveloped. The two functions were studied using purified secreted
orms of recombinant HEs from two different virus isolates. The dif-
erences in virulence displayed by these two isolates could not be
inked to the functional activities of recombinant HEs. Moreover,
sing information from sequence analyses and related structures,
HE variant containing a single amino acid mutation (Ser32 to

la32) at the putative catalytic site of the enzyme was generated.
his mutated protein displayed no enzymatic activity but intact
eceptor-binding ability. This provides experimental evidence for
he importance of Ser32 in enzyme activity.
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