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The hemagglutinin-neuraminidase (HN) glycoprotein plays a critical role in parainfluenza virus replication.
We recently found that in addition to the catalytic binding site, HN of human parainfluenza virus type 1
(hPIV-1) may have a second receptor-binding site covered by an N-linked glycan at residue 173, which is near
the region of the second receptor-binding site identified in Newcastle disease virus (NDV) HN (I. A. Alymova,
G. Taylor, V. P. Mishin, M. Watanabe, K. G. Murti, K. Boyd, P. Chand, Y. S. Babu, and A. Portner, J. Virol.
82:8400–8410, 2008). Sequence analysis and superposition of the NDV and hPIV-3 HN dimer structures
revealed that, similar to what was seen in hPIV-1, the N-linked glycan at residue 523 on hPIV-3 HN may cover
a second receptor-binding site. Removal of this N-linked glycosylation site by an Asn-to-Asp substitution at
residue 523 (N523D) changed the spectrum of the mutant virus’s receptor specificity, delayed its elution from
both turkey and chicken red blood cells, reduced mutant sensitivity (by about half) to the selective HN inhibitor
BCX 2855 in hemagglutination inhibition tests, and slowed its growth in LLC-MK2 cells. The neuraminidase
activity of the mutant and its sensitivity to BCX 2855 in neuraminidase inhibition assays did not change,
indicating that the mutation did not affect the virus’s catalytic-binding site and that all observed effects were
caused by the exposure of the purported second receptor-binding site. Our data are consistent with the idea
that, similar to the case for hPIV-1, the N-linked glycan shields a second receptor-binding site on hPIV-3 HN.

Hemagglutinin-neuraminidase (HN) is a major glycoprotein
on the surface of the parainfluenza virus virion. It has two
essentially opposite activities: hemagglutination (HA) defines
virus binding to sialic acid (SA)-containing receptors, and
neuraminidase (NA) is important for virus progeny release and
prevention of virus self-aggregation (14). HN also triggers the
F protein to induce membrane fusion (15, 26).

Crystallographic study of Newcastle disease virus (NDV) (an
avian paramyxovirus) HN revealed that its HA and NA activ-
ities are navigated by two active sites, a catalytic binding site
and a second receptor-binding site (hereinafter referred to as
catalytic and second sites, respectively) (5, 27, 32). The pres-
ence of the second site on NDV HN prevents the parainflu-
enza virus-selective HN inhibitor BCX 2798 (designed on the

basis of the three-dimensional structure of the NDV HN cat-
alytic site [2]) from inhibiting virus HA but not NA activity (4).

Among human parainfluenza virus (hPIV) types 1 through 4
(hPIV-1 to -4), the crystal structure of the hPIV-3 HN is the
only one characterized thus far (16). A crystallographic anal-
ysis of the hPIV-3 HN complexed with N-acetylneuraminic
acid (Neu5Ac), its derivative 2-deoxy-2,3-dehydro-N-acetyl-
neuraminic acid (Neu5Ac2en), or zanamivir (a drug designed
on the basis of the crystal structure of the influenza virus NA)
revealed the presence of the catalytic site but not a second site
on the glycoprotein. However, studies with NDV show that to
probe a second site, neuraminic acid analogues other than
Neu5Ac, Neu5Ac2en, or zanamivir may be required (32). Re-
cent studies of hPIV-1 with an Asn-to-Ser mutation at residue
173 of its HN (N173S) indicate that, similar to NDV, hPIV-1
has a second site on its HN (1). However, in contrast to NDV
HN, the second site on hPIV-1 HN is covered by an N-linked
glycan at residue 173. The N173S virus, whose second site is
exposed due to the loss of an N-linked glycan, failed to be
efficiently eluted from erythrocytes or released from the sur-
face of infected cells and lost its sensitivity to BCX 2798, as
shown by hemagglutination inhibition (HI) tests. The N173S
virus’s NA activity and its susceptibly to BCX 2798 in neur-
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aminidase inhibition (NI) assays did not differ from those of
the virus without mutation, indicating that the effects seen
were not due to changes in the mutant’s catalytic site but rather
were due to the appearance of a second site for binding. The
remoteness of residue 173 from the proposed location of the
catalytic site of hPIV-1 HN was also consistent with that sug-
gestion. The masking of the receptor-binding sites by N-linked
glycans is not a unique phenomenon among paramyxoviruses.
An N-linked glycan shields the second site on the measles virus
H glycoprotein (9) and possibly the receptor-binding site on
the Nipah virus G glycoprotein (8).

In this study, we first investigated whether hPIV-3 had a
second site for binding covered by an N-linked glycan on its
HN. Superposition of the HN dimer structures of NDV (32)
and hPIV-3 (16) using PyMOL (6) suggested that the N-linked
glycan at residue 523 may cover a second site on hPIV-3 HN
(Fig. 1). Only the first carbohydrate, N-acetylglucosamine (NAG)
on Asn523, was visible in the crystal structure of hPIV-3 HN,
but it is easy to imagine a more complex carbohydrate inter-
fering with access to the proposed second site (Fig. 1B). This
second site appears to be present on hPIV-3 HN, because
there is conservation of a hydrophobic pocket formed from
residues (drawn on the figure but not labeled) Leu174, Thr186,
Val187, and Phe563 (residues Phe156, Thr168, Phe553, and
Leu561 in NDV HN) to accommodate the acetamido methyl
group of SA. Furthermore, although the Arg516 of NDV HN
that interacts with the carboxylate group of thiosialoside is not
conserved in hPIV-3 HN, there is an arginine, Arg173, in
hPIV-3 HN that could play the same role. Interestingly,
Arg173 of hPIV-3 HN is replaced by Ala155 in NDV HN,
whereas Arg516 in NDV HN is replaced by Ala520 in hPIV-3
HN (Fig. 1C). Computer modeling data also pointed out that
Asn523 is remote from the catalytic site on hPIV-3 HN (Fig.
1A). Thus, structural analysis suggests the presence of a second
site for binding very close to Asn523 of hPIV-3 HN. The data
from structural analyses contradict the suggestion from a cou-
ple of recent publications that the His-to-Gln mutation at
residue 552 (H552Q) of hPIV-3 HN at the dimer interface

(Fig. 1B and C) leads to the formation of a second site (17, 19).
This conclusion was based on the observation of increased
receptor-binding avidity of the H552Q mutant, while its NA
activity (e.g., catalytic site) was not changed. Our computer
modeling data indicate that His552 is remote from the location
of the hydrophobic pocket that forms a second recognition site
for the acetamido methyl group of the SA receptor (Fig. 1B
and C).

Because the hPIV-3 reverse genetic system is not commer-
cially available, to find a second site on hPIV-3 HN, we used
the Sendai virus (SeV) reverse genetic system (11) and rescued
a recombinant SeV (E strain) in which fragments of the HN
and F genes were replaced by those from hPIV-3 (C243 strain)
[rSeV(hPIV-3FHN)], as described previously (30). The HN
gene in rSeV(hPIV-3FHN) contained the ectodomain and
transmembrane domain and half of the cytoplasmic tail from
hPIV-3. The other half of the cytoplasmic tail was retained
from SeV because it was required for the HN protein to incor-
porate into the virion through interaction with the SeV matrix
protein (22, 24, 25). The F ectodomain of rSeV(hPIV-3FHN) was
replaced by that of hPIV-3 to maintain a type-specific interac-
tion with HN (from hPIV-3), which is required for efficient
membrane fusion (7, 15, 31). The rescued rSeV(hPIV-3FHN)
virus (hereinafter referred to as the parent virus) was plaque
purified and amplified on LLC-MK2 cells. The HN gene was
further mutated at Asn523 to Asp or at His552 to Gln to create
the N523D and H552Q mutant viruses, respectively. To con-
firm the insertion of the mutations, viral RNAs were extracted
from the infected cell supernatants; cDNA synthesis and PCR
amplification were done using the One-Step reverse transcrip-
tion (RT)-PCR system (Qiagen, Valencia, CA). Sequences of
the F gene of all viruses and the HN gene of the parent virus
did not reveal any mutations; sequences of the HN gene of
N523D and H552Q viruses confirmed the desired substitu-
tions.

First, we characterized the mobilities of the virus proteins
in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing conditions (Fig. 2). Analysis

FIG. 1. Superposition of the HN dimer structures of NDV (green) and hPIV-3 (magenta). (A) The relative locations of the catalytic and second
sites. The area highlighted in gray is shown in panels B and C. (B) Location of the second site with thiosialoside (shown in yellow) bound in the
NDV HN crystal structure. The NAG carbohydrate N-linked to Asn523 is shown; residues that form the conserved hydrophobic pocket
accommodating the methyl of the SA acetamido group are drawn without labeling. (C) The same region as in panel B, rotated 90° around a
horizontal axis. The hydrogen bonds made between Arg516 and the carboxylate group of SA in NDV HN are shown as black dotted lines.
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showed identical migration patterns of all proteins for the
parent (lane 1) and H552Q virus (lane 3). The patterns were
identical in the N523D virus except for HN (lane 2) (Fig. 2A).
HN of the N523D virus had greater electrophoretic mobility,
corresponding to a molecular mass of approximately 5,000 Da
less (as determined by the Totallab TL100 1D software pro-
gram, version 2008.01; Nonlinear USA Inc., Durham, NC)
than the total mass of the HN of the parent virus (71,000 Da).
After treatment with the peptide N-glycosidase F (PNGase F),
HNs of the parent (lane 3) and the N523D mutant (lane 4)
viruses migrated to identical positions (Fig. 2B). This con-
firmed that the altered mobility of HN of the N523D mutant
was not due to the mutation at residue 523 by itself but was due
to the loss of the N-linked glycan.

Analysis of HN and F incorporation into the mutant viruses
showed that the proportion of each glycoprotein to the M
protein (an internal viral protein whose incorporation into the
viral particle should not be affected by HN mutation) in the
N523D virus were similar to those of the parent virus (Table
1). In contrast, significantly more HN and less F incorporation
than in the parent were observed in the H552Q virus (P �
0.02), indicating that H552Q mutation changes the properties
of the virions. The proportion of NP/M did not differ among all
three viruses.

To determine how the N523D and H552Q substitutions in-

fluence the mutants’ binding properties, we performed hem-
agglutination assays using chicken and turkey red blood cells
(ChRBC and TrRBC, respectively) with a prevalence of
�2,3Gal or �2,6Gal SA receptors, correspondingly (10, 28). An
earlier study showed that hPIV-3 has stronger affinity to
SA�2,6 receptors (23); thus, it preferentially binds to TrRBC.
The hemagglutination assays were performed with sucrose gra-
dient-purified and concentrated viruses (29) at pHs 5.4 and 7.0,
as described previously (1, 2) (Table 2). pH 7.0 was used
because HN binds to the SA receptors at that neutral pH level
during parainfluenza virus attachment. During virus replica-
tion, interaction of HN with SA receptors occurs in the Golgi
compartments and secretory granules (12, 13), where the pH
level is acidic (18); thus, pH 5.4 was used to characterize this
interaction. As a control for the parent virus, wild-type hPIV-3
was used in our experiments. There were no differences found
between these two viruses in the binding and the elution assays,

FIG. 2. SDS-PAGE analysis of the purified parent and mutant vi-
ruses’ proteins. (A) Viruses were grown in LLC-MK2 cells, concen-
trated, and purified through a 35% sucrose cushion. Two micrograms
of purified parent (lane 1), N523D (lane 2), or H552Q (lane 3) virus
was loaded on a 10% Bis-Tris gel. Gel was stained with Page Blue
protein stain (Fermentas, Inc., Glen Burnie, MD) to visualize proteins.
(B) LLC-MK2 cell monolayers were infected with viruses. At 20 h after
infection, the cells were metabolically radiolabeled with [35S]methi-
onine-cysteine (500 �Ci per 107 cells) (Perkin-Elmer, Boston, MA).
Cells were then lysed and subjected to immunoprecipitation with anti-
hPIV-3 HN monoclonal antibody. Half of the immunoprecipitate was
treated with PNGase F (New England Biolabs, Beverly, MA) to re-
move N-glycosylated moieties. The untreated HNs of the parent (lane
1) or N523D (lane 2) and PNGase F-treated HNs (indicated by aster-
isks) of the parent (lane 3) or N523D (lane 4) are shown. Molecular
mass standards (in kilodaltons) are shown to the left of the gel.

TABLE 1. Incorporation of HN, F, and NP into the
parent and mutant virusesa

Protein proportion
analyzed

Value for virusb

Parent N523D virus H552Q virus

HN/M 1.12 � 0.12 1.14 � 0.21 1.27 � 0.09*
F/M 0.55 � 0.11 0.63 � 0.16 0.43 � 0.05*
NP/M 1.49 � 0.09 1.51 � 0.25 1.52 � 0.08

a Protein contents of concentrated viruses were analyzed in 10% Bis-Tris
SDS-PAGE (Invitrogen). Proteins in a gel were localized by staining with Page
Blue protein staining solution (Fermentas, Inc., Glen Burnie, MD). The images
were analyzed using Totallab TL100 1D (v. 2008.01; Nonlinear USA Inc.,
Durham, NC). The results are the means of results from nine different virus
preparations � SD. �, P � 0.02 compared with results for the parent virus by
Student’s t test.

b Determined by division of HN, F, or NP band’s intensity by that of the M
band.

TABLE 2. Binding to and elution from RBCs by
parent and mutant virusesa

pH Virus name or
description

RBC
type

HAU titer

Binding at
4°C, 1 h

Elution at 4°C,
2 to 12 h

Elution
at 33°C,

1 h

5.4 hPIV-3 Tr 256 256 �1
Ch �1 �1 �1

Parent Tr 256 256 �1
Ch �1 �1 �1

N523D Tr 256 256 �1
Ch 32 32 32

H552Q Tr 512 512 �1
Ch 8 �1 �1

7.0 hPIV-3 Tr 256 256 �1
Ch �1 �1 �1

Parent Tr 256 256 �1
Ch �1 �1 �1

N523D Tr 256 256 128
Ch 32 32 8

H552Q Tr 256 256 256
Ch 16 �1 �1

a Viruses were initially standardized with 0.5% TrRBC in a 96-well plate to
provide 256 HAU at pH 7.0 after incubation for 1 h at 4°C. Then, hemaggluti-
nation assays with 0.5% ChRBC or TrRBC were performed at pH 5.4 or 7.0.
Elution of viruses from RBCs was recorded after incubation for 2 to 12 h at 4°C
or for 1 h at 33°C.
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indicating that modifications introduced into the cytoplasmic
domain of the parent virus did not influence its binding prop-
erties. The hemagglutination tests showed that all viruses ag-
glutinate TrRBC at both pH levels. In addition to TrRBC, both
mutant viruses acquired the ability to agglutinate ChRBC at
either pH level. However, the level of hemagglutination unit
(HAU) titers with ChRBC was lower for the H552Q virus than
for the N523D virus. The H552Q virus completely eluted from
ChRBC at 4°C in less than 2 h and at 33°C in less than 1 h at
either pH. The N523D virus did not elute from ChRBC for a
minimum of 12 h of incubation at 4°C at either pH and for a
minimum of 1 h of incubation at 33°C at either pH. Because
the level of parainfluenza virus NA activity is minimal at 4°C
(3, 20), our data suggest that the affinity of H552Q virus to
�2,3Gal cell receptors is much lower than that of N523D virus.
All tested viruses eluted from TrRBC within 1 h of incubation
at 33°C at pH 5.4; at pH 7.0, only the parent virus showed the
ability to elute, while both mutants remained attached to the
TrRBC. The data from binding and elution assays indicated
stronger binding of the N523D and H552Q viruses than of the
parent virus to both ChRBC and TrRBC, resulting in delayed
elution from erythrocytes.

The changes in the N523D and H552Q virus receptor spec-
ificities toward an �2,3 type of sialylation are reflected in their
ability to grow at high titers in embryonated chicken eggs.
Ten-day-old embryonated chicken eggs were inoculated with
viruses at a dose of 105 PFU per egg. Three days after inocu-
lation, the virus titer in the allantoic fluid was determined by
indirect immunofluorescence assay. LLC-MK2 cells in 96-well
plates were infected with virus dilutions in Dulbecco’s modified
Eagle’s medium (DMEM) containing 0.3% bovine serum al-
bumin (BSA) and 1 �g/ml acetylated trypsin and incubated at
33°C for 24 h in 5% CO2. Then, the cells were washed with
phosphate-buffered saline (PBS), fixed with ice-cold methanol-
acetic acid (95/5 [vol/vol]), and stained with an anti-SeV nucleo-
protein (NP) murine IgG monoclonal antibody, followed by in-
cubation with a fluoresce in isothiocyanate (FITC)-conjugated
secondary antibody (Sigma-Aldrich, Inc., St. Louis, MO). Counts
of an individual focus-forming unit (FFU) formed by cells ex-
pressing NP antigen under a fluorescence microscope (Nikon
Eclipse TE 300; Nikon Inc., Japan) showed that the parent
virus replicates in eggs at titers of about 104 to 106 FFU/ml,
whereas infection of eggs with both N523D and H552Q virus
provided 107 to 108 FFU/ml.

To further characterize the mutants’ binding properties, we

determined their sensitivities to the selective parainfluenza
virus HN inhibitor BCX 2855 (shown to be highly effective in
blocking hPIV-3 HA and NA activities [2, 30]) in HI assays
with TrRBC as described previously (2). The concentration of
the compound that showed 50% agglutination was considered
the 50% inhibitory concentration (IC50). Our data from at
least three independent HI assays showed that the N523D and
H552Q viruses were moderately less sensitive (about 50% less)
to BCX 2855 than were the parent virus and wild-type hPIV-3.
The IC50 volumes were 6.2 � 0.0 �M (standard deviation
[SD]) for both mutants, 2.6 � 0.8 �M (SD) for the parent
virus, and 2.3 �M � 0.5 (SD) for wild-type hPIV-3. The data
from all binding and elution assays, growth in embryonated
chicken eggs, and HI assays indicated acceleration of the mu-
tant viruses’ binding.

To exclude the possibility that increased binding of the
mutants is a result of the changes in their catalytic sites, we
analyzed the enzymatic activities of the concentrated purified
viruses with a standard fluorometric assay using 2�-(4-methylum-
belliferyl)-�-D-N-acetylneuraminic acid (MUNANA) (Sigma-
Aldrich, Inc., St. Louis, MO) as the substrate (21), with some
modifications described previously (1) (Table 3 and Fig. 3). To
determine whether the modifications in the cytoplasmic do-
main of the parent virus influenced properties of its NA, wild-
type HPIV-3 was included as a control. Similar to the results
obtained in the binding-elution assays, there were no differ-
ences found between the parent and wild-type HPIV-3 in ex-
periments characterizing their NA activity (Table 3). Compar-
ison of the optimum pH levels for the viruses’ NA activities
showed that pH 5.4 was the optimum for the parent and the
N523D virus and pH 4.4 was the optimum for the H552Q virus
(Fig. 3). Next, we conducted enzyme kinetic assays at pHs 4.5,
5.4, and 7.0 to determine the maximum velocity (Vmax) (an
approximation for NA activity in relation to the amount of
HN) and the Michaelis constant (Km) (an approximation of the
substrate concentration required for significant catalysis to oc-
cur). These assays confirmed the shift in the optimum pH for
H552Q virus, which showed the highest level of NA activity (as
reflected by the Vmax) at pH 4.5 (Table 3). The highest level of
enzymatic activity for the parent and N523D viruses was ob-
served at pH 5.4. Analysis of the Vmax and Km parameters at
pHs 5.4 and 7.0 (used in binding and elution assays) showed no
significant difference between the parent and the N523D virus
in terms of NA activity or the affinity of the catalytic site to the
substrate (as reflected by Km), indicating that the substitution

TABLE 3. NA activities of parent and mutant virusesa

Virus name
or description

Result at pH:

4.5 5.4 7.0

Mean Vmax � SD
(nmol/�g/min)

Mean Km � SD
(mM)

Mean Vmax � SD
(nmol/�g/min)

Mean Km � SD
(mM)

Mean Vmax � SD
(nmol/�g/min)

Mean Km � SD
(mM)

hPIV-3 4.1 � 0.1 0.6 � 0.1 9.2 � 0.4 14.5 � 0.3 0.9 � 0.1 16.9 � 0.8
Parent 3.8 � 0.4 0.6 � 0.1 9.0 � 0.2 14.1 � 0.8 1.1 � 0.2 17.7 � 0.9
N523D 3.0 � 0.2 0.6 � 0.1 9.1 � 0.5 15.0 � 0.4 0.8 � 0.1 13.7 � 1.0
H552Q 14.7 � 0.4* 0.9 � 0.1* 4.8 � 0.3* 11.1 � 0.8* 0.3 � 0.1* 7.5 � 0.8*

a Enzyme kinetic assays were conducted in the range of 0.08–20 mM substrate (MUNANA) in citrate-phosphate buffer (McIlvaine’s buffer system), 4 mM CaCl2 at
33°C on Spectra Max M5 microplate reader (Molecular Devices, Sunnyvale, CA). Plates were scanned each 2 min for 20 times. Results are mean values from at least
three independent experiments. �, P � 0.01 compared with results for the parent virus by Student’s t test.
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at residue 523 does not affect the mutant virus catalytic site.
Comparison of the Vmax and Km parameters at both pH levels
for parent and H552Q virus showed significant reductions in
the case of the H552Q virus (P � 0.01), indicating that substi-
tution at residue 552 does affect the mutant’s catalytic site by
reducing enzymatic activity and increasing its affinity to the
substrate. The changes in the H552Q catalytic site did not
significantly influence its sensitivity to BCX 2855 in the NI
assays. Thus, the IC50s (the concentrations of the compound
required to reduce the NA activity to 50% of that of untreated
virus) were similar (about 6.2 �M) for the wild-type hPIV-3,
the parent, and both mutants (data not shown). Our charac-
terization of H552Q virus NA activity contradicts the sugges-
tion that a histidine-to-glutamine substitution at residue 552 of
hPIV-3 HN does not change the mutant’s NA activity (e.g.,
catalytic site) (19). His552 is only three residues from Glu549,
a residue conserved in all NAs (human, viral, and bacterial)
that interacts with one of the three arginines in the catalytic
site. It may be that the H552Q mutation can transmit structural
changes to the catalytic site, thus affecting its NA activity. Our
data from the optimum pH analysis and enzyme kinetic assays
logically explain an increase in H552Q virus receptor specific-
ity, increased binding to erythrocytes, and delayed elution.
Increases in receptor specificity and the binding of H552Q
virus to ChRBC can result from increases in both incorpora-
tion of HN into the mutant particle (Table 1) and substrate
affinity (e.g., affinity to the receptors) (Table 3). The inability of
H552Q virus to elute from TrRBC at pH 7.0 at 33°C can result
from the reduction of mutant NA activity. Thus, our findings
suggest that the mutation H552Q does not create a second site
on the HN molecule of hPIV-3. Our data also suggest, for the
N523D virus, that the increased spectrum of receptor specific-
ity (toward ChRBC; e.g., �2,3 sialylation) and the inability to
elute from ChRBC at both pH levels and from TrRBC at pH
7.0 at 33°C can be due only to the appearance of a second site
on its HN as a result of the loss of the N-linked glycan at

residue 523. The ability of the N523D virus to agglutinate
ChRBC indicates that the second site has an affinity for SA�2,3
receptors. Taken together, our findings support the sugges-
tions that the location of a second site on hPIV-3 HN corre-
lates with that proposed by superposition of the NDV and
hPIV-3 HN dimer structures and that the N-linked glycan at
residue 523 masks a second site of hPIV-3 HN (similar to that
proposed for hPIV-1).

Previously we found that the N173S virus, which has an
exposed second site on hPIV-1 HN due to the loss of an
N-linked glycan at residue 173, failed to replicate at high titers
in infected cells during the first 48 h because of its inability to
effectively release from the surface of the cells due to unbal-
anced binding and NA activities (1). Similarly, the growth of
N523D virus in cells infected with a multiplicity of infection
(MOI) of 0.0001 was from approximately 4- to 6-fold lower
than that of the parent virus 24 and 48 h after infection (P �
0.05), in contrast to the H552Q virus, in which growth was
significantly accelerated after 48 h (P � 0.05) (Fig. 4). The
titers for all tested viruses did not differ 72 h after infection.
Similar dynamics of viruses’ growth were observed for an MOI
in the range of 0.001 to 1 (data not shown). The results from
growth curve assays were in agreement with the proposition
that delayed growth of N523D virus results from the exposure
of the second site on its HN and, as a consequence, its inability
to efficiently release from the surface of infected cells,
whereas the accelerated growth of H552Q virus results from
the changes in the virus’s catalytic site. Elevated NA activity of
H552Q virus at a low pH level can more effectively (faster and
to a greater extent than in the virus without a mutation) de-
stroy SA residues in the secretory compartments. The newly
assembled mutant virions would be more easily released from
the cell surface than those of the parent, thus explaining high
titers of H552Q virus 48 h after infection.

To determine whether hPIV-3 mutants with an exposed sec-
ond site (N523D) are circulating in nature, we sequenced vi-

FIG. 3. Neuraminidase activities of the parent and mutant viruses at different pH levels. Purified concentrated parent (F), N523D (f) mutant,
and H552Q (Œ) mutant viruses were analyzed for optimum pH for NA activity by using a modified fluorometric assay (1) with 200 �M MUNANA
in citrate-phosphate buffer (McIlvaine’s buffer system) at a pH range of 3.0 to 8.0. One microgram of total viral proteins was used for the reaction.
HN protein loading was determined by parallel SDS-PAGE analysis of viral proteins. Specific signal is expressed as nanomoles of product formed
per milligram of HN after 1 h of incubation at 37°C.
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ruses in 30 nasal wash samples obtained from Le Bonheur
Children’s Medical Center, Memphis, TN, from children hos-
pitalized due to respiratory complications from hPIV-3 infec-
tion. Total RNA was extracted from 250 �l of nasal wash and
used for HN gene amplification using the OneStep RT-PCR
Kit. The DNA fragments were subcloned into the pCR vector
by using a TA cloning kit (Invitrogen, Carlsbad, CA). At least
10 clones per sample were selected, and the plasmid DNA was
sequenced. We found hPIV-3 mutants exhibiting the loss of the
N-linked glycan at residue 523 in 1 to 3 clones in 4 human
samples. Clones from 3 samples had the asparagine-to-glu-
tamine mutation, and a clone from 1 sample had an asparag-
ine-to-serine mutation. This clearly shows circulation of the
hPIV-3 mutants with unmasked second sites in nature. How-
ever, additional analyses are needed to determine the clinical
significance of these viruses.

Additional studies are also needed to establish the role of
the second site in the interaction with the catalytic site, involve-
ment in the binding process, and influence on the F protein.
The findings from these proposed studies may significantly
improve our knowledge of hPIV-3 biology.
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