JOURNAL OF VIROLOGY, Sept. 2006, p. 9009-9016
0022-538X/06/$08.00+0  doi:10.1128/JVI.00969-06

Vol. 80, No. 18

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Mutation at Residue 523 Creates a Second Receptor
Binding Site on Human Parainfluenza Virus Type 1
Hemagglutinin-Neuraminidase Protein

Tatiana Bousse and Toru Takimoto*

Department of Microbiology and Immunology, University of Rochester Medical Center,
601 Elmwood Avenue, Rochester, New York 14642

Received 11 May 2006/Accepted 30 June 2006

The paramyxovirus hemagglutinin-neuraminidase (HN) is a multifunctional protein mediating hemagglu-
tination (HA), neuraminidase (NA), and fusion promotion activities. It has been a matter of debate whether
HN contains combined or separate sites for HA and NA activities. To clear the issue, we determined the
presence of the second binding site on human parainfluenza virus (hPIV) type 1, 2, and 3 and Sendai virus
(SeV) HN proteins. Results of virus elution from erythrocytes at an elevated temperature and HA inhibition
by NA inhibitor BCX-2798 suggest that all hPIVs bind to the receptor only through the NA catalytic site, while
SeV HN has an additional receptor binding site. Comparison of SeV and hPIV1 HN sequences revealed two
amino acid differences at residues 521 and 523 in the region close to the second binding site identified in
Newcastle disease virus HN. We mutated hPIV1 HN at position 523 from Asn to the residue of SeV HN, Asp,
and rescued a recombinant SeV that carries the mutated hPIV1 HN by a reverse genetics system. The hPIV1
HN with Asp at position 523 hemagglutinated in the presence of BCX-2798, suggesting that the amino acid
difference at position 523 is critical for the formation of a second binding site. Creation of the second binding
site on hPIV1 HN, however, did not significantly affect the growth or fusion activity of the recombinant virus.
Our study indicates that the presence and requirement of a second binding site vary among paramyxoviruses.

The Paramyxoviridae family of enveloped, negative-stranded
RNA viruses is comprised of many human pathogens such as
human parainfluenza virus (hPIVs) types 1 to 4, as well as
animal pathogens, including Sendai virus (SeV), simian virus 5
(SV5), and Newcastle disease virus (NDV). Paramyxovirus
infection is initiated by two surface glycoproteins, hemaggluti-
nin-neuraminidase (HN) and fusion (F) protein. HN is a mul-
tifunctional molecule which is responsible for virus attachment
to a sialic acid-containing receptor and has a neuraminidase
(NA) activity that removes sialic acids from progeny virus
particles to prevent viral self-agglutination (27). The HN is also
required for membrane fusion induced by F protein (18). Most
paramyxovirus F proteins require HN protein from the homol-
ogous virus to induce membrane fusion, suggesting that in
addition to its attachment function, HN protein interacts with
a virus-type-specific F protein to bring about efficient mem-
brane fusion (5, 10, 15, 16, 36). Some mutations in the HN
protein eliminated its fusion promotion activity without affect-
ing attachment or neuraminidase functions (8, 35, 39). Studies
using coimmunoprecipitation assays indicated HN-F complex
formation, suggesting that specific physical interaction is re-
quired for efficient membrane fusion (20, 21, 37). Both glob-
ular head and stalk regions of the HN are involved in the
physical interaction with the F protein (5, 6, 10, 22, 40, 41). A
current model for the fusion process mediated by HN and F
proposes that HN and F proteins form a complex prior to HN
attachment to the receptor (21). Sialic acid binding to the
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receptor/NA active site of HN induces a conformational
change on the hydrophobic surface of the protein, which re-
leases F from the complex and triggers the conformational
change on F to merge viral and target cell membranes (20, 21,
39). Structural analysis of the crystal structures of NDV HN,
with and without receptor analog, supports the idea that re-
ceptor binding to the NA catalytic site triggers conformational
change of HN (9, 39). Therefore, sialic acid binding to the
receptor/NA active site is essential for initiation of the virus
infection process.

For years, it was a matter of debate whether the HN mole-
cule possesses combined or separate active sites for hemagglu-
tination (HA) and NA activities. Some evidence using SVS5 or
hPIV3 has indicated a single site for both activities (23, 30, 34).
Other studies with an SeV temperature-sensitive mutant and
monoclonal antibody inhibition of activities suggest two sepa-
rate sites for HA and NA activities (31, 32). A crystal structure
of NDV HN with thiosialoside provided direct evidence of the
presence of a second sialic acid binding site (47). The second
binding site was made up of hydrophobic residues from both
monomers and involves interaction with sialic acid and not
galactose. The side chain of Arg516 was involved in interaction
with thiosialoside, suggesting that Arg516 may be a key residue
involved in the formation of the second binding site. The pres-
ence of the second binding site in HN on virions was confirmed
by a series of experiments using mutant viruses (7). Mutation
of NDV HN at Arg516 resulted in the loss of the second site.
The fusion promotion activity of HN was substantially reduced
by the mutation. Furthermore, the mutation decreased the
growth rate of the virus, suggesting that the second binding site
on NDV HN facilitates virus infection and growth by enhanc-
ing the fusion promotion activity of HN (7).
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Although the structural and biochemical data confirmed that
NDV HN contains two receptor binding sites, it is not clear
whether other viruses in the genera Respirovirus and Rubula-
virus have HNs that can bind to receptors through two sep-
arate sites. It was reported that NA inhibitor 4-guanidino-
Neu5Ac2en (zanamivir) inhibited not only NA activity but also
the receptor interaction of hPIV3 HN (29). In contrast, NA
inhibitor BCX-2798 (4-azido-5-isobutyrylamino-2,3-didehydro-
2,3,4,5-tetradeoxy-D-glycero-p-galacto-2-nonulopyranosic acid)
blocked only NA activity but not receptor binding of NDV HN
(7). These previous studies suggest that the presence of the
second receptor binding site may vary among the viruses of this
group. Here, we present evidence of the second binding site on
SeV HN, which does not exist on human parainfluenza virus
type 1, 2, and 3 HN proteins. Our results indicate that the
presence of separate receptor binding sites is not common
among respiro-, rubula-, and avulaviruses. Furthermore, we
found that a single mutation at residue 523 from Asn to Asp on
hPIV1 HN created the second binding site. However, charac-
terization of recombinant SeV carrying hPIV1 HN mutated at
position 523 showed that the second binding site profited little
in its fusion promotion or virus growth in tissue culture, sug-
gesting that the requirement for a separate binding site for
efficient virus growth differs between the viruses.

MATERIALS AND METHODS

Cells and viruses. LLC-MK,, HeLa T4, and 293T cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum. hPIV1 strain C35, hPIV2 strain Greer, hPIV3 strain C243, and
SeV strain Enders were obtained from the American Type Culture Collection
and grown in LLC-MK, cells in DMEM supplemented with 0.15% bovine serum
albumin (BSA) and 2 pg/ml of acetylated trypsin. The recombinant SeV
(rSeVhHN) whose HN gene was replaced with that of hPTV1 (1) was also grown
in DMEM supplemented with BSA and trypsin as described above. Vaccinia
virus strains WR and vIF7.3 (11) were grown in HeLa T4™ cells.

Paramyxovirus neuraminidase inhibitor. BCX-2798 was developed by BioCryst
Pharmaceuticals, Inc. (Birmingham, Ala.). The drug was designed on the basis of
the three-dimensional (3D) structure of the catalytic site of NDV HN. BCX-2798
is the derivative of NeuSAc2en in which the O, hydroxyl group has been replaced
by an azido group and the methyl group of the acetamido moiety at C-5 has been
replaced by an isopropyl group (1). The compound was provided as a lyophilized
powder and stored at 4°C.

Recovery of a recombinant SeV. To rescue rSeVhHN523D, we first mutated
the hPIV1 HN gene. The hPIV1 HN gene was subcloned into pTF1 from the
full-genome ¢cDNA of rSeVhHN (1) using NotI and Ascl. Mutation of amino
acid 523N to 523D was done using the QuikChange Site-Directed Mutagenesis
kit (Stratagene). The mutated gene was inserted back into the full-genome
rSeVhHN c¢DNA. The recombinant SeV (rSeVhHN523D) which expresses the
mutated hPIV1 HN (Asp at position 523) was rescued using the reverse genetic
system according to the procedure described previously (4, 17). The rescued
recombinant virus was plaque purified and amplified in LLC-MK, cells. To
confirm the sequence of the HN gene of rSeVhHN523D, RNA was extracted
from purified virus and amplified by reverse transcription-PCR using the
StrataScript two-tube reverse transcription-PCR system (Stratagene) and appro-
priate primers. Mutation was verified by sequencing the PCR product.

Virus elution from RBC. Viruses grown in LLC-MK, cells were purified by
ultracentrifugation through a 20 to 50% sucrose gradient (33). Each virus (128
HA units) was serially diluted in phosphate-buffered saline (PBS; pH 7.4) in a
96-well round-bottomed plate and incubated with 0.5% human or chicken red
blood cells (RBC) for 1 or 2 h at 4°C. The plates were then shifted to 34°C, and
HA titers were determined.

Hemagglutination inhibition (HI) test. BCX-2798 was serially diluted in PBS
and incubated with 8 HA units of purified viruses for 1 h at room temperature.
Human or chicken RBC (0.5%, vol/vol) were added, and the HA titer was
determined after incubation for 1 h at 4°C.

Neuraminidase and NI assays. NA activities of the viruses were determined by
a colorimetric method that detects N-acetylneuraminic acid released from N-
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acetylneuramin-lactose. Various amounts of purified viruses were incubated with
the substrate in 0.2 M phosphate buffer (pH 7.4) for 1 h at 37°C, and released
sialic acids were quantitated. The neuraminidase inhibition (NI) was determined
as follows. BCX-2798 was serially diluted and incubated with a standard dose of
virus for 1 h at room temperature. Then 50 pg of sialyllactose from human milk
(Sigma) was added to the mixture and incubated for another 30 min at 37°C. NA
activity was determined by the method of Aminoff (2).

Virus growth kinetics in LLC-MK, cells. Cells in six-well plates were infected
with rSeVhHN or rSeVhHNS523D at a multiplicity of infection (MOI) of 0.001
for 1 h at room temperature. After being washed with PBS, the cells were
cultured at 34°C in DMEM supplemented with 0.15% BSA and 2 pg/ml of
trypsin. At the indicated time points, 200-pl aliquots of medium were taken and
replaced with equal volumes of fresh medium. The amount of infectious virus in
each sample of medium was determined by titration in plaque assay with LLC-
MK, cells.

Content mixing assay for fusion. Fusion activity of recombinant SeV was
determined by the reporter gene assay described previously (3, 25) with some
modifications. Briefly, one population of HeLa T4 " cells in a six-well plate was
infected with indicated viruses (2.5 PFU/cell) and reinfected with vIF7.3 encod-
ing T7 RNA polymerase (10 PFU/cell). After overnight incubation at 34°C, the
monolayer of cells was treated with 50 U/ml of recombinant neuraminidase (New
England BioLabs) for 30 min at 37°C and then with acetylated trypsin (5 pg/ml)
to activate the F protein. A second population of HeLa T4 " cells was infected
with vaccinia virus WR at an MOI of 10 and transfected with 1 pg/well of plasmid
pRL-null, which includes the Renilla luciferase gene under the control of the T7
promoter (Promega). After overnight incubation, cells were collected and added
to the recombinant SeV-infected cells. Cell fusion was monitored after 6 h of
incubation at 34°C, using the Renilla Luciferase Assay System (Promega).

RESULTS

SeV, but not hPIV1, hPIV2, or hPIV3, has a second receptor
binding site on HN. We previously reported that, in addition to
a large binding pocket which mediates both attachment and
NA activity, NDV HN contains a second sialic acid binding site
(7, 47). To determine whether the presence of the second
receptor binding site is a common feature among viruses in the
genera Respirovirus and Rubulavirus, we characterized the re-
ceptor binding activities of SeV, hPIV1, hPIV2, and hPIV3 at
different temperatures. Purified viruses (128 HA) were serially
diluted (1:2 ratio) in PBS and incubated with an equal amount
of RBC at 4°C. We used human RBC because hPIV3 does not
hemagglutinate chicken RBC. The 96-well plate was then
shifted to 34°C and incubated for 3 h. If HN binds to the sialic
acid-containing receptor only through the NA catalytic site,
and if the NA can cleave the linkage, the association will be
released by its enzymatic activity at the elevated temperature
(7). Among the four viruses that we tested, hPIV1, hPIV2, and
hPIV3 were eluted from the RBC at 34°C, while SeV remained
bound to RBC even after 3 h of incubation at 34°C (Fig. 1).
This result is the same with NDV, which remained attached to
the RBC even at the elevated temperature, while mutant
NDVs, whose HNs were mutated at residue 516, a key residue
for forming the second binding site, eluted from RBC at an
elevated temperature (7).

It is possible that different levels of NA activity reflect the
elution results. HN with low NA activity may stay attached
longer than viruses with highly active NA. We therefore com-
pared the NA activities of SeV, hPIV1, hPIV2, and hPIV3 by
colorimetric NA assay using N-acetylneuramin-lactose as a
substrate. Various amounts of purified viruses were incubated
with sialyllactose in phosphate buffer (pH 7.4), and the re-
leased N-acetylneuraminic acids were quantitated. The results
indicate that the NA activity of SeV HN was much higher than
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FIG. 1. Virus adsorption and elution from RBC. Attachment ac-
tivity of hPIV types 1, 2, and 3 and SeV was analyzed by standard HA
assay. Purified viruses (128 HA units) were serially diluted in PBS, and
an equal volume of 0.5% human RBC was added to the wells. After
incubation for 2 h at 4°C, the plate was then shifted to 34°C and
incubated for another 3 h.

those of hPIVs (Fig. 2). With 1 pg of virus, SeV HN showed 6
and 25 times higher activity than those of hPIV1 and hPIV2,
respectively. The NA activity of hPIV3 using N-acetyl-
neuramin-lactose substrate was very weak compared with
those of other viruses tested. The HN contents of SeV, hPIV1,
hPIV2, and hPIV3 were 21, 19, 18, and 28% of total viral
proteins, respectively, as determined by densitometries of a
sodium dodecyl sulfate (SDS)-polyacrylamide gel (data not
shown). Although SeV HN has much higher NA activity, the
virus remained attached to RBC after 3 h of incubation at
34°C, while hPIVs were eluted from the RBC under the same
condition (Fig. 1). These results suggest that hPIV1, hPIV2,
and hPIV3 HNs bind to RBC only through the NA active site,
which was cleaved at an elevated temperature because of the
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FIG. 2. Comparison of the NA activities of parainfluenza viruses.
Various amounts of purified viruses were used to analyze viral NA
activity by the colorimetric method. All values are averages *+ standard
deviations (error bars) from three independent experiments. OD 549,
optical density at 549 nm.
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FIG. 3. Inhibition of NA and HA activities by BCX-2798. (A) NI
activities of BCX-2798 against SeV (triangles) and hPIV1 (squares)
HN. Purified SeV (0.6 pg) or hPIV1 (5 wg) was preincubated with
various concentrations of BCX-2798, and NA activities of the mixture
were determined using a colorimetric NA assay. All values are the
averages * standard deviations (error bars) from three independent
experiments. (B) HA inhibition of SeV and hPIVs by BCX-2798. Eight
HA units of purified viruses were incubated with serially diluted BCX-
2798 for 1 h at room temperature. An equal volume of 0.5% human
RBC was added to the mixtures and incubated for 1 h at 4°C.

NA activity. In contrast to hPIVs, SeV remained attached to
the RBC, possibly due to the binding through an additional
binding site on its HN as observed for NDV HN (7).

To further confirm the presence or absence of the second
binding site on HNs, we determined the HA activity of the
viruses in the presence of the NA inhibitor BCX-2798 (1).
BCX-2798 was designed based on the 3D structure of the
catalytic site of NDV HN and is highly effective in inhibiting
NA activities in vitro (1). We first tested the NI activity of
BCX-2798 on SeV HN and compared it with that on hPIV1
HN (Fig. 3A). The 50% inhibitory concentration value of
BCX-2798 for SeV HN NA activity was almost equivalent with
that of hPIV1 HN, indicating that BCX-2798 blocks the SeV
NA as efficiently as that of hPIV1. We next determined
whether BCX-2798 inhibited the HA of SeV, hPIV1, hPIV2, or
hPIV3. As shown in Fig. 3B, BCX-2798 blocked the HA of all
hPIVs. Inhibitory activity against hPIV3 HN was less efficient
than that against hPIV1 or hPIV2, which correlated with the
NI activity of BCX-2798 against these viruses, suggesting that
the binding affinity of BCX-2798 at the NA active site of hPIV3
HN is lower than that at the NA site of hPIV1 or hPIV2 (1).
Importantly, BCX-2798 did not inhibit the HA activity of SeV
even at 100 pM (Fig. 3B), although the NI activities of BCX-
2798 against hPIV1 and SeV HNs were almost equivalent (Fig.
3A). Together with the data from the RBC elution assay (Fig.
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FIG. 4. 3D structure of NDV HN showing the location of the
second binding site and partial HN amino acid alignment. Sequence
comparison between SeV (strain Enders), hPIV1 (strain C35), and
NDV (strain Kansas) HNs around the second receptor binding site is
shown. Dashes in the hPIV1 HN sequence indicate amino acids iden-
tical to those of SeV HN.

1), these results indicate that SeV, but not hPIV, HN has the
second receptor binding site.

Identification of the residue responsible for formation of the
second binding site on type 1 parainfluenza viruses. The 3D
structure of NDV HN protein in complex with thiosialoside
revealed the precise location of the second sialic acid binding
site on NDV HN, which indicated that the side chain of Arg516
located at B5S4 was involved in direct interaction with the
receptor (47). Characterization of mutated NDV HNs sup-
ported the finding that Arg516 plays an important role in the
formation of the second receptor binding site (7). Sequence
analysis of SeV and hPIV1 HNs showed that these two HNs
are highly homologous, sharing 72% identity (12). However,
our results suggest that SeV HN possesses the second binding
site, while hPIV1 HN does not (Fig. 1 and 3). The sequence
comparison of SeV and hPIV1 HNs indicates that both SeV
and hPIV1 HNs have Arg at position 520, which corresponds
to Arg516 in NDV HN. However, there are two amino acid
differences between SeV and hPIV1 HN close to Arg520: SeV
HN has Ile and Asp at positions 521 and 523, respectively,
while hPIV1 HN has Leu521 and Asn523 (Fig. 4).

We first attempted to rescue mutant SeVs containing HN
with Leu at position 521 (rSeV521L) or Asn at position 523
(rSeV523N) by reverse genetics (17). rSeV521L was success-
fully rescued. Characterization of SeV521L suggests that the
amino acid difference at residue 521 has little effect on the
formation of the second binding site. rSeV521L bound to RBC
at 4°C did not elute after incubation at 34°C for 3 h. Further-
more, BCX-2798 did not block the HA activity of rSeV521L
(data not shown). rSeV523N was not rescued despite many
attempts. These results may suggest that the amino acid dif-
ference at residue 523, but not residue 521, plays a critical role
in the formation of a second binding site, which is required for
the growth of SeV. The effect of the Ile and Leu difference at
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FIG. 5. Characterization of rSeVhHN523D. (A) SDS-polyacryl-
amide gel electrophoresis analysis of purified viruses. Three micro-
grams of purified SeV (lane 1), rfSeVhHN (lane 2), rfSeVhHN523D
(lane 3), or hPIV1 (lane 4) was fractionated in SDS-10% polyacryl-
amide gels in reducing and nonreducing conditions. HNd, HN dimer.
(B) NA activities of SeV, hPIV1, rSeVhHN, and rSeVhHN523D. Pu-
rified viruses (0.4 pg) were used to analyze the NA activity by the
colorimetric method. All values are the averages = standard deviations
from three independent experiments. OD 549 nm, optical density at
549 nm.

521 may be minimal because of their similarity, while the
difference at 523 between acidic Asp and neutral Asn could be
critical to the formation of the second binding site. To deter-
mine whether the Asp-Asn difference at position 523 is respon-
sible for the lack of the second binding site on hPIV1 HN, we
mutated hPIV1 HN at 523 from Asn to Asp and rescued the
recombinant SeV that carries the mutated hPIV1 HN
(rSeVhHNS523D) by a reverse genetics system. The production
of rfSeVhHN whose HN was replaced with that of wild-type
(wt) hPIV1 HN was previously reported (1). Recombinant SeV
whose HN gene was replaced with hPIV1 HN is viable because
hPIV1 HN functions well with SeV F to promote fusion (5).
We first characterized the protein contents of the rescued virus
and compared them with that of rSeVhHN. SDS-polyacryl-
amide gel electrophoresis analysis of the purified viruses con-
firmed that the rescued rSeVhHNS523D, like rSeVhHN, con-
tains HN which migrates at the same position with hPIV1 HN
(Fig. 5A). The virion HN content was not significantly different
between rSeVhHN and rSeVhHNS523D, showing that these
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FIG. 6. Effect of Asn-to-Asp mutation at residue 523 of hPIVIHN
on virus attachment activity. (A) An equal amount of purified virus
(128 HA units) was serially diluted (1:2 ratio) in PBS and incubated
with 0.5% chicken RBC in a 96-well plate for 1 h at 4°C. The plate was
then shifted to 34°C and incubated for another 1 h. (B) HI activity of
BCX-2798. Eight HA units of purified viruses was incubated with
serially diluted BCX-2798 for 1 h at room temperature. An equal
volume of 0.5% chicken RBC was added to the mixtures and incubated
for another 1 h at 4°C.

recombinant SeVs carry similar levels of hPIV1 HN. We next
compared the NA activities of the recombinant viruses. The
NA activity of rSeVhHN523D was almost equivalent to that of
rSeVhHN (Fig. 5B), which is consistent with our previous
observation that mutation in the second binding site of NDV
HN does not affect the NA activity (7). The effect of the
mutation on attachment activity of rfSeVhHN523D was ana-
lyzed by virus adsorption to and elution from RBC. The HA
titer of SeV, hPIV1, rSeVhHN, and rSeVhHN523D was ad-
justed to 128 HA units. The presence of the second binding site
was determined by shifting the same HA plate to 34°C (Fig.
6A). Both hPIV1 and rSeVhHN were completely eluted from
chicken RBC after incubation for 1 h at 34°C, while SeV
remained bound to RBC even at a higher temperature. Unlike
rSeVhHN, rSeVhHN523D remained attached to the RBC after
1 h of incubation at 34°C although attachment activity of hPIV1
HN was not completely restored by mutation of Asn523 to Asp.

The presence of the second binding site on rSeVhHNS523D
was also determined by the HI test in the presence of BCX-
2798. As shown in Fig. 6B, HA by hPIV1 or rfSeVhHN was
blocked by 312 nM of BCX-2798, while rSeVhHNS523D, like
SeV, bound to RBC even in the presence of 10 mM of the NA
inhibitor. Together with the elution assay described above,
these results suggest that the amino acid difference at residue
523 plays a critical role in the formation of a second binding
site on hPIV1 HN.
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FIG. 7. Fusion activity of rfSeVhHN and rSeVhHN523D. (A) Syn-
cytium formation of HeLa T4" cells infected with rSeVhHN or
rSeVhHNS523D at an MOI of 1. Infected cells were cultured for 24 h
and then treated with acetylated trypsin (5 wg/ml) for 30 min and
incubated with DMEM containing 10% fetal calf serum for another
4 h. (B) Membrane fusion activity of recombinant SeVs in infected
HeLa T4™" cells was determined by content mixing assay. All values are
the averages = standard deviations from three independent experi-
ments.

The fusion promotion activity of hPIV1 HN is unaffected by
the second binding site. Our previous study of NDV HN sug-
gested that the loss of the second binding site by a single
mutation at residue 516 substantially reduced the fusion pro-
motion activity of NDV (7). Therefore, we next determined the
effect of the second receptor binding site on hPIV1 HN in its
fusion promotion activity. The fusion activity was compared by
syncytium formation in HeLa T4" cells infected with the vi-
ruses (5). Both rSeVhHN and rSeVhHNS523D induced sim-
ilar levels of syncytium formation (Fig. 7A). Infection with
rSeVhHN at an MOI of 1 fused 19% of the cells in the culture.
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FIG. 8. Growth kinetics of rSeVhHN (gray triangles) and
rSeVhHNS523D (black squares) in LLC-MK, cells. Virus titers were
measured at the times indicated on the x axis by plaque assay. The data
are means of three experiments with standard errors.

Similarly, infection with rSeVhHNS523D resulted in syncytium
formation in 21% of the cells. To more accurately quantitate
promotion of membrane fusion, the activity of rSeVhHN and
rSeVhHNS523D was determined by a content mixing reporter
gene assay. HeLa T4™ cells were infected with rSeVhHN or
rSeVhHNS523D together with vTF7.3, which expresses T7
RNA polymerase. The cells were then overlaid with HeLa T4 ™"
cells transfected with a plasmid that carries the Renilla lucif-
erase gene under the control of the T7 promoter. After 6 h of
incubation, cells were lysed and the lysates were analyzed for
luciferase activity (Fig. 7B). rfSeVhHN523D induced fusion at
slightly higher levels than rfSeVhHN did in this assay, consis-
tent with the results of syncytium formation observed earlier
(Fig. 7A). These results suggest that the presence of the second
binding site does not increase significantly the fusion promo-
tion activity of hPIV1 HN.

Growth kinetics of rSeVhHN and rSeVhHNS523D in culture
cells. To determine whether the presence of the additional
binding site has an advantage for the growth of the recombi-
nant virus, we infected LLC-MK, cells with rfSeVhHN or
rSeVhHNS523D at an MOI of 0.001 and cultured the cells in
the medium containing trypsin at 1 pg/ml for 72 h at 34°C.
Culture medium was harvested at various time points after
infection, and the amount of infectious virus was quantified by
plaque titration (Fig. 8). No difference in the growth abilities of
rSeVhHN and rSeVhHNS523D was observed. We also com-
pared the plaque formation by the recombinant SeVs in LLC-
MK, cells. Both rSeVhHN and rSeVhHNS523D developed
~2-mm plaques in 6 days after infection, and no significant
difference of the plaque size was observed (data not shown).
Together with the results of growth kinetics and syncytium
formation, these results show that the presence of a separate
binding site on hPIV1 HN is unlikely to provide a clear ad-
vantage in the process of rSeVhHN infection.

DISCUSSION

Attachment of paramyxovirus to a sialic acid-containing re-
ceptor is mediated by HN protein, which also carries NA ac-
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tivity to cleave the terminal sialic acid from the glycoconjugate.
For a long time, it had been unclear whether a single site
mediates both receptor binding and NA activity or whether
HN has an additional receptor binding site in addition to the
NA catalytic site. The 3D structures of the globular head of
NDV, hPIV3, and SV5 HN proteins revealed the presence of
a large binding pocket which mediates both receptor binding
and NA activities (9, 19, 46). NDV HN has been shown to have
a separate sialic acid binding site in addition to the NA active
site (7, 47). We showed in this study that, like NDV, SeV has
a separate binding site, while human parainfluenza virus types
1, 2, and 3 do not have the second site on HN, indicating that
the presence of the separate receptor binding site varies among
paramyxoviruses. Purified hPIVs bound to RBC at 4°C were
eluted at an elevated temperature, suggesting that virus HN
bound to sialic acid-containing receptors only through the NA
catalytic site. However, SeV was not eluted from the RBC at
the elevated temperature even though the HN has higher NA
activity than those of hPIVs (Fig. 1 and 2). Preincubation of
purified hPIVs with NA inhibitor BCX-2798 blocked the HA
activities of the viruses, indicating that the NA catalytic site is
also responsible for the HA activity of these viruses (Fig. 3B).
Consistent with our data, previous reports showed that zana-
mivir, a potent inhibitor of influenza virus neuraminidase,
blocks the receptor binding of hPIV3 (23, 30). In sharp con-
trast, the HA activity of SeV was not inhibited by BCX-2798
(Fig. 3). Because BCX-2798 has similar 50% inhibitory con-
centrations to block NA activities of SeV and hPIV1, it is
highly likely that SeV HN has an additional receptor binding
site. Our finding of a separate receptor binding site on SeV HN
is consistent with a previous report of anti-SeV HN monoclo-
nal antibodies that inhibit NA, but not HA (33). It may also
explain the expanded spectrum of SeV receptor specificity.
Using different types of purified gangliosides, we previously
showed that hPIV1 and hPIV3 recognize only limited types of
neolacto-series gangliosides as receptors, whereas SeV can
bind to various types of neolacto- and ganglio-series ganglio-
sides containing a terminal sialic acid (38). Our finding that
SeV, but not hPIV1 and hPIV3, contains a separate binding
site on HN is consistent with its extended spectrum of receptor
recognition.

Evidence of the second receptor binding site was provided
by the structural study of NDV HN cocrystallized with thiosialo-
side (47). These structural data identified the location of the
second site on NDV HN, which indicated that Arg at 516 plays
a key role in the formation of the binding site. Like NDV, SeV
HN has a separate receptor binding site, while closely related
hPIV1 HN, which shares 72% identity with SeV HN, does not
have the second site (Fig. 1 and 3). Taking advantage of the
sequence homology between SeV and hPIV1 HNs and struc-
tural data for the second site on NDV HN, we revealed that
residue 523 on type 1 parainfluenza virus HN plays a critical
role in the formation of the second receptor binding site.
Rescued rSeVhHNS523D hemagglutinated in the presence of a
high concentration of BCX-2798, while the rSeVhHN, which
projected wt hPIV1 HN from the virion, failed to hemagglu-
tinate (Fig. 6B). Elution of the rSeVhHN523D from RBC at an
elevated temperature was limited, while tfSeVhHN or hPIV1
was completely eluted by incubation at 34°C for 1 h (Fig. 6A).
Asn at position 523 is well conserved among hPIV1 isolates
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(14). These data suggest that the absence of the second binding
site on hPIV1 HN is due to the amino acid difference at
position 523, which is located at the similar position of the
second site of NDV HN (7, 47).

Interestingly, an increase of receptor binding avidity by
zanamivir was reported in NDV HN (26). It was proposed that
the second binding site on NDV HN was activated by occupa-
tion of the NA catalytic site with zanamivir. Consistent with the
result, comparison of the NDV HN crystallized alone and in
complex with a receptor analog revealed the conformational
changes in restricted areas including residue 516 on strand
B5S4 (9, 39). Because Arg at residue 516 is a key residue for
the second binding site (7), it is possible that the second bind-
ing site is activated upon receptor binding to the NA catalytic
site of HN (26, 47).

It is not clear how these two functions, receptor binding and
neuraminidase, are regulated during the initiation of infection
and why some viruses do not have the second binding site. A
current model of paramyxovirus infection proposes that recep-
tor binding induces a conformational change on the hydropho-
bic surface of the HN protein, which dissociates HN-F inter-
action and activates the F protein to initiate membrane fusion
(20, 21, 39). Comparison of the structure of NDV HN with and
without Neu5Ac2en showed significant differences in the cat-
alytic site and the area that forms the hydrophobic surface of
the protein (9, 39). Analysis of the mutated HN proteins re-
vealed that the hydrophobic area is directly involved in the
fusion promotion activity of the protein (39). Recent work by
McGinnes and Morrison (21) showed evidence that HN and F
proteins reside in a complex prior to HN protein attachment
and receptor binding induces dissociation of the complex.
These studies indicate that receptor binding to the NA cata-
lytic site is essential for the initiation of virus infection. How-
ever, involvement of the second binding site in the process of
virus infection is not clear.

What is the advantage of having the second binding site in
the process of virus infection? NDV mutants that lack the
second site can infect cells in vitro, indicating that the second
site is optional (7). However, fusion promotion activity of wt
NDV HN, which has the second site, was higher than that of
mutant NDV HN that lacks the second site. In addition, the
enhanced fusion promotion activity of wt HN correlates with
faster growth kinetics of the virus (7). However, the creation of
the second site on hPIV1 HN did not affect the fusion promo-
tion and growth kinetics of the recombinant virus (Fig. 7 and
8). Like NDV, SeV HN, which contains the second site, has
much higher NA activity than those of hPIVs (Fig. 2). One
explanation why viruses that have high NA activity carry the
second site could be that the additional binding site helps the
virus stay in close proximity to the cellular membrane during
the infection process. If highly active NA quickly cleaves the
link between the cell receptor and the virus, the target mem-
brane may not be in close contact with the virus long enough
for the virus to complete membrane fusion. In other words,
viruses with low NA activity may not require an additional
binding site to keep the virus in close proximity to the target
membrane because of the slow catalytic activity. In fact, fusion
promotion activity of hPIV1 HN was not enhanced signifi-
cantly by the created second binding site (Fig. 7). In support of
this hypothesis, neuraminidase-deficient mumps virus variants
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were reported to be more fusogenic than wild-type viruses (43,
44). Tt was also suggested that differences in neuraminidase
and receptor binding activities of hPIV3 HNs influence their
fusion promotion activity (28).

A second sialic acid binding site has also been discovered on
the N1 and N9 subtype NA of influenza A viruses (13, 45). The
receptor binding activity of the second site has been success-
fully transferred to the N2 subtype of NA by site-directed
mutagenesis, suggesting that a few residues are involved in the
formation of the second site (24). The X-ray structure of a
complex of N9 NA with sialic acid revealed the location of a
second binding site on the surface of the enzyme (42). Inter-
estingly, the residues that interact with a sialic acid at the
second site are mostly conserved in avian strains, but not in
human strains (42). This is similar to our finding that human
parainfluenza virus types 1 to 3 lack the second binding site on
HN, while SeV (a mouse pathogen) or NDV (an avian virus)
possesses the second site. The role of NA in the process of
influenza virus infection is apparently different from that of
HN of paramyxovirus. A unique feature of HN protein is that
paramyxoviruses utilize the NA catalytic site as the receptor
binding site to initiate virus infection. Therefore, there must be
a balance between receptor binding avidity and neuraminidase
activities for efficient virus infection and spread. Viruses which
infect different hosts may require a precise adjustment of each
of the activities of the multifunctional HN protein for opti-
mized infection and transmission within and among the hosts.
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