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Abstract
Human parainfluenza virus type 3 (hPIV3) is an important respiratory pathogen that causes the majority of viral pneumonia 
of infants and young children. hPIV3 can infect host cells through the synergistic action of hemagglutinin-neuraminidase 
(HN) protein and the homotypic fusion (F) protein on the viral surface. HN protein plays a variety of roles during the virus 
invasion process, such as promoting viral particles to bind to receptors, cleaving sialic acid, and activating the F protein. 
Crystal structure research shows that HN tetramer adopted a “heads-down” conformation, at least two heads dimmer on flank 
of the four-helix bundle stalk, which forms a symmetrical interaction interface. The stalk region determines interactions 
and activation of F protein in specificity, and the heads in down position statically shield these residues. In order to make 
further research on the function of these amino acids at the hPIV3 HN stalk/head interface, fifteen mutations (8 sites from 
stalk and 7 sites from head) were engineered into this interface by site-directed mutagenesis in this study. Alanine substitu-
tion in this region of hPIV3 HN had various effects on cell fusion promotion, receptor binding, and neuraminidase activity. 
Besides, L151A also affected surface protein expression efficiency. Moreover, I112A, D120A, and R122A mutations of the 
stalk region that were masked by global head in down position had influence on the interaction between F and HN proteins.

Keywords Human parainfluenza virus type 3 · Hemagglutinin-neuraminidase protein · Stalk/head interface · Mutations · 
Membrane fusion

Introduction

Viruses in the Paramyxoviridae are membrane-enveloped, 
whose genomes are organized on a single negative-sense 
strand of RNA that infect both humans and animals, caus-
ing significant threat to public health and safety [1, 2]. The 

Paramyxoviridae can be divided into two major subfami-
lies, Paramyxovirinae and Pneumovirinae. As representa-
tives of Paramyxovirinae, according to different genetics 
and antigenicity, human parainfluenza viruses (hPIVs) can 
be divided into type 1 to 4, and further major subtypes of 
hPIV4 (4A and 4B) [3, 4]. Although the major structural and 
biological characteristics of hPIVs are similar, the clinical 
features and epidemiological characteristics of the various 
virus-induced diseases are distinct [5]. As a major cause of 
bronchiolitis and pneumonia in infants, young children, the 
chronically ill, the immunocompromised, and the elderly, 
human parainfluenza viruses 3 (hPIV3) is next to respira-
tory syncytial virus (RSV) in causing respiratory infec-
tions. Compared with other subtypes of hPIVs, hPIV3 has 
the highest infection rate, longer duration of infection, and 
significantly increasing hospitalization rate of the disease [3, 
5–7]. Currently, there is still no effective vaccine or thera-
peutic drugs to battle against it [8].

Edited by Zhen F. Fu.

 * Zhiyu Wang 
 zhiyu.wang@sdu.edu.cn

1 Department of Virology, School of Public Health, Shandong 
University, Jinan 250012, China

2 State Key Laboratory of Microbial Technology, National 
Glycoengineering Research Center, Shandong University, 
Jinan 250100, China

3 The Key Laboratory for Experimental Teratology 
of the Ministry of Education, Shandong University, 
Jinan 250012, China

http://orcid.org/0000-0003-0732-334X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11262-018-1546-3&domain=pdf


334 Virus Genes (2018) 54:333–342

1 3

The hPIV3 RNA genome encodes 6 proteins, which 
with a coding order from the 3’ end to the 5’ end are nucle-
ocapsid protein (N), phosphate protein (P), matrix protein 
(M), fusion protein (F), hemagglutinin-neuraminidase pro-
tein (HN), and large protein (L), respectively [3]. Among 
them, HN protein and F protein are embedded in the lipid 
membrane [6]. For nearly all paramyxoviruses infection to 
proceed, the virion must fuse its envelope with host cell 
membrane, which is triggered at the plasma membrane in a 
pH-independent but receptor-dependent manner [9, 10]. For 
hPIV3, HN protein and F protein are necessary and critical 
to mediate cell penetration and infection [11, 12].

The HN protein is a type 2 homotetrameric integral mem-
brane protein, with a short cytoplasmic tail at the N-terminal 
and transmembrane domains (TM) followed by a large ecto-
domain at the C-terminal region which is composed of a 
helical stalk and a globular head [12].

HN protein contributes at least three functions to the 
virus: (1) receptor recognition activity: they identify and 
bind sialic acid at the cell surface to initiate membrane 
fusion; (2) neuraminidase (NA) activity: neuraminidases 
hydrolyze sialic acid residues which destroys the receptor 
activity and finally results in releasing the progeny virus to 
infect additional cells; (3) fusion promotion activity: after 
binding to the receptor, HN proteins interact directly with 
the homology F protein and then activate them to undergo a 
series of irreversible conformational rearrangements which 
is coupled with membrane fusion [3, 9, 12, 13].

In previous studies of hPIV3, on the basis of cryoto-
mography researchers have been suggested a model of HN 
tetramer in a “4-heads-down” conformation whereby at least 
two of the heads form a symmetrical interaction on the two 
sides of the stalk while other two of four heads away from 
the stalk without any contacts [11]. Eventually the stalk 
forms a parallel tetrameric coiled-coil bundle [four-helix 
bundle (4HB)] [14]. It has been proposed that HNs in the 
“heads-down” position are responsible for hiding the resi-
dues that are associated with the interaction and activation 
of F protein on the stalk region. It was shown that the HN-F 
interaction has occurred before receptor engagement, but it 
is not sufficient to activate F until the heads of HN transition 
from down to up position binding receptor thereby inducing 
HN head to covey the activation signal to stalk. In the end, 
stalk interacts with the F protein and then triggers the fusion 
process [11, 15].

It is reported that both NDV and PIV5 HN heads in the 
down position form a similar interaction with the 4HB stalk, 
indicating that the formation of this interaction is common 
to HN proteins of other paramyxoviruses [14, 15]. In this 
report, based on primary sequence alignment of PIV5, 
NDV, and hPIV3, we selected 7 residues from the global 
head and 8 residues from 4HB stalk that form the stalk/head 
interface of hPIV3, and then mutated these sites to alanine. 

The homology structural model of the hPIV3 HN is based 
on NDV HN structure (PDB ID:3TIE) to locate the stalk/
head interface on it and then each mutant is identified in the 
structure model. By means of the vaccinia virus-T7 RNA 
polymerase expression system, the wild-type or mutated 
HN proteins can be expressed. The ability to form syncytia, 
neuraminidase activity, receptor binding ability, and protein 
surface expression was detected.

Materials and methods

Cells, viruses, and vectors

BHK-21 cells were kindly provided by the Shandong Center 
for Disease Control and Prevention, China, cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal calf serum (FCS) and 1% penicillin–strepto-
mycin. Both wild-type (wt) vaccinia virus and recombinant 
vaccinia virus vTF7-3 cultured in BHK-21 cells were gen-
erous gifts from Dr. Bernard Moss, aimed to quantify cell 
fusion and provide T7 RNA polymerase in the vaccinia-T7 
RNA polymerase expression system, respectively [16]. The 
recombinant plasmid vectors, given by Professor Ronald 
M. Iorio, mainly refer to pBSK-HN and pBSK-F, which are 
made in the BamH I site of pBluescriptSK(+)  (pBSK+) by 
inserting hPIV3 HN and F genes, respectively [17].

Transient expression system

Recombinant vaccinia virus vTF7-3 was made by insert-
ing the T7 RNA polymerase gene into vaccinia virus, and 
then the polymerase gene integrated within the vaccinia 
virus genome, which made the virus vTF7-3 infectious 
and could stably express T7 RNA polymerase in BHK-21 
cells. T7 RNA polymerase has high catalytic activity and 
strict specificities for both promoter and terminator [16]. 
There were T7 promoter and terminator in pBSK plasmid, 
therefore mutants from pBSK-HN plasmid also had T7 pro-
moter and terminator. The strong T7 promoters were com-
pletely controlled by T7 RNA polymerase. When BHK-21 
cells were infected with the recombinant vaccinia virus and 
transfected with plasmids containing the target genes, the 
latter were expressed at higher levels. Wild-type (wt) HN 
and all mutated HN proteins were used in the vaccinia virus-
T7 RNA polymerase expression system to be expressed in 
BHK-21 cells which were seeded in six-well plates with 
density of 4 × 105 cells per well 8 h before transfection. 
Monolayer cells were infected by the recombinant vaccinia 
virus at a multiplicity of infection (MOI) of 10 PFU, cultured 
in a 5%  CO2 incubator for 1 h at 37 °C, and then washed 
with serum-free DMEM. TurboFect™ Transfection Reagent 
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(Thermo Fisher Scientific) transfections were performed 
using 1 μg of each plasmid for transfection [18].

Construction of single‑point mutations at the stalk/
head interface

Plasmid pBSK-HN was used as the template in each PCR 
mutagenesis to generate target amino acid substitution. The 
primers are shown in Table 1 (mutated sites are underlined 
in the primer sequences).

Syncytium formation experiment

BHK-21 cells were plated on 12-well plates 6 h earlier 
before transfection. Co-transfections with wt or mutated HN 
and pBSK-F plasmids were performed as soon as monolayer 
cells were full of wells. The pBSK-F plasmid was transfected 
separately as a negative control. At 24 h post-transfection, 
the cells were washed with PBS and then fixed with metha-
nol for 10 min. Then the monolayer cells were stained with 
Giemsa Stain solution (Solarbio) for syncytium observation. 
An inverted microscope was used to capture syncytia where 
three or more nuclei fuse together [19].

Content mixing assay

Monolayer of BHK-21 cells was plated in 12-well plates and 
60-mm culture dish. On the one hand, cells in the 12-well 
plates were infected with recombinant vaccinia virus, 1 h 
later at 37 °C, and then were co-transfected with wt or 
mutated HN and pBSK-F plasmids. On the other hand, at 
the same time, monolayer cells in the dish were already 
infected with wild-type vaccinia virus (MOI = 10) and then 
cultured for an hour at 37 °C and finally transfected with 
1 μg of plasmid pG1NT7β-gal. After incubation for 24 h, 
equal numbers (1 × 105) of the two population cells were 
combined in duplicate wells of a 96-well dish. After being 
incubated for 5 more hours at 37 °C, cell lysates were pel-
leted by centrifugation (12,000 rpm for 2 min), and were 
assayed for β-galactosidase activity according to the pro-
cedures of the High Sensitivity β-Galactosidase Assay Kit 
(Agilent Stratagene). The extent of fusion was quantified 
by the absorbance of each well which was measured at a 
wavelength of 570 nm. The well with  pBSK+ empty vector 
acts as a negative control [20].

Dye transfer assay

Human red blood cells (RBCs) were washed three times 
with cold PBS-CM(containing 0.1 mM  CaCl2 and 1 mM 
 MgCl2), and resuspended in cold PBS-CM (1% hema-
tocrit) and then incubated with 15 μl octadecyl rhoda-
mine B (R18; Invitrogen) (1 mg/ml in ethanol) at room 

temperature in the dark for 30 min. Then unbound R18 
was washed with cold PBS. Monolayer cells co-expressing 
wt or mutated HN and F proteins were overlaid with R18-
labeled RBCs at 4 °C for 30 min. The cells were washed 
and then incubated for 60 min at 37 °C and finally recorded 
with a fluorescence microscope [20].

Table 1  Mutant primer sequences

The 15 amino acids at the stalk/head interface were mutated to ala-
nine by site-directed mutagenesis and homologous recombina-
tion. EcoRI-digested pBSK-HN was used as the template to create 
one PCR fragment with primers mutations-P1 and VP2. The same 
plasmid digested by XbaI was used as the template to generate the 
other PCR fragment with primers mutations-P2 (reverse comple-
mented with Mu-P1, respectively) and VP1 (reverse complemented 
with VP2). Two PCR products at each mutation point with homolo-
gous ends were purified and then transformed into DH5α competent 
cells, and finally recombined into a complete plasmid containing the 
mutated HN gene

Name Sequence (5′–3′)

V-P1 (vector) CTA TCG TCT TGA GTC CAA CCC GGT A
V-P2 (vector) T ACC GGG TTG GAC TCA AGA CGA TAG 
I112A-P1 TAT ATA CCG GCG  TCA TTG ACA CAA C
I112A-P2 G TTG TGT CAA TGA CGC  CGG TAT ATA 
Q116A-P1 ATA TCA TTG ACA GCG  CAA ATG TCG G
Q116A-P2 C CGA CAT TTG CGC  TGT CAA TGA TAT 
M118A-P1 G ACA CAA CAA GCG  TCG GAT CTT AGG 
M118A-P2 CCT AAG ATC CGA CGC  TTG TTG TGT C
D120A-P1 CAA CAA ATG TCG GCG  CTT AGG AAA T
D120A-P2 A TTT CCT AAG CGC  CGA CAT TTG TTG 
R122A-P1 TG TCG GAT CTT GCG  AAA TTC ATT AG
R122A-P2 CT AAT GAA TTT CGC  AAG ATC CGA CA
K123A-P1 TCG GAT CTT AGG GCG  TTC ATT AGT G
K123A-P2 C ACT AAT GAA CGC  CCT AAG ATC CGA 
S126A-P1 AGG AAA TTC ATT GCG  GAA ATT ACA A
S126A-P2 T TGT AAT TTC CGC  AAT GAA TTT CCT 
E127A-P1 A TTC ATT AGT GCG  ATT ACA ATT AGG 
E127A-P2 CCT AAT TGT AAT CGC  ACT AAT GAA T
R141A-P1 GTG CCT CCA CAA GCG  ATA ACA CAT G
R141A-P2 C ATG TGT TAT CGC  TTG TGG AGG CAC 
I142A-P1 CCT CCA CAA AGA GCG  ACA CAT GAT G
I142A-P2 C ATC ATG TGT CGC  TCT TTG TGG AGG 
D145A-P1 ATA ACA CAT GCG  GTG GGC ATA AAA C
D145A-P2 G TTT TAT GCC CAC CGC  ATG TGT TAT 
G147A-P1 CA CAT GAT GTG GCG  ATA AAA CCT TT
G147A-P2 AA AGG TTT TAT CGC  CAC ATC ATG TG
I148A-P1 GAT GTG GGC GCG  AAA CCT TTA AAT C
I148A-P2 G ATT TAA AGG TTT CGC  GCC CAC ATC 
L151A-P1 GGC ATA AAA CCT GCG  AAT CCA GAT G
L151A-P2 C ATC TGG ATT CGC  AGG TTT TAT GCC 
N152A-P1 A CCT TTA GCG  CCA GAT GAT TTT TGG 
N152A-P2 CC AAAA ATC ATC TGG CGC  TAA AGG 
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Hemadsorption assay

The receptor binding activity of each mutant was detected 
by the ability to adsorb human red blood cells (RBCs). After 
transfection for 24 h, the monolayers that expressed wt or 
mutated HN protein were incubated at 4 °C to be appropri-
ated for receptor binding (but not fusion) with a 2% sus-
pension of RBCs in PBS–CM (0.1 mM  CaCl2 and 1 mM 
 MgCl2). Unbound RBCs were washed away with ice-cold 
PBS and the results of RBCs adsorption were observed 
under inverted microscope. Then the cells were treated 
with 50 ml  NH4Cl at 4 °C until all bound RBCs were lysed 
and the lysate was cleared by centrifugation (12,000 rpm 
for 2 min). The absorbance was read at 540 nm on the UV 
spectrophotometer (Shimadzu, Kyoto, Japan) [21].

Neuraminidase assay

Transfection was performed as previously described. Fol-
lowing 22 h incubation at 37 °C, the cells were detached 
from the plates using 0.53 mM EDTA in PBS, the cells were 
centrifuged at 2000 rpm for 3 min. The lysates were assayed 
for neuraminidase activity according to the procedures of 
Neuraminidase Assay Kit (Beyotime Biotechnology). Fluo-
rescence was measured with excitation and emission wave-
lengths of 360 and 460 nm, respectively [17].

Flow cytometry

Monoclonal antibody specific for the hPIV3 HN protein was 
discontinued, so every wt or mutated HN was tagged at its 
C-terminus with the 6*His tag.

Cell surface expression efficiency was quantified as the 
mean fluorescence intensity per cell. Monolayer BHK-21 

cells were transfected separately with hPIV3 wt or mutated 
HN plasmids. After transfection for 36 h, the cells were 
removed from the wells by PBS-EDTA (0.53 mM EDTA), 
detached, pelleted, washed twice with PBSA (PBS contain-
ing 5% BSA), and then incubated in a 1:100 dilution of anti-
6*His tag monoclonal antibody at room temperature for 2 h. 
The unbounded primary antibody was washed away twice 
with PBSA and followed by incubation with 1:100 dilution 
of fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse IgG. Finally, the cells were fixed in PBS contain-
ing 4% paraformaldehyde at room temperature for 10 min. 
0.4 ml PBSA was used to resuspend the cells and subjected 
to flow cytometry in a FACS Calibur flow cytometer (Bec-
ton–Dickinson Biosciences). Cells transfected with  pBSK+ 
empty vector separately were used as a negative control [22].

Statistical analysis

All results were expressed as mean ± SD of at least 3 inde-
pendent experiments. Statistical analysis was performed 
using Student’s T test, and P < 0.05 was statistically consid-
ered as significant.

Results

Point mutations at the stalk/head interface

This homology model was generated based on the NDV HN 
crystal structure (PDB ID:3TIE) (Fig. 1). The localization 
of selected amino acids at the hPIV3 stalk/head interface is 
shown in Fig. 1, with 8 residues from stalk helices (I112, 
Q116, M118, D120, R122, K123, S126, E127) and 7 resi-
dues from the head (R141, I142, D145, G147, I148, L151, 

Fig. 1  The location of muta-
tions at the stalk/head interface. 
The homology modeling of 
the hPIV3 HN protein was 
generated based on the NDV 
HN crystal structure (PDB ID: 
3TIE) in the “4-heads-down” 
conformation. The residues 
that comprise this stalk/head 
interface in hPIV3 and NDV 
HN align are based on primary 
sequence alignment. The mutant 
residues are shown in space-fill-
ing mode in this interface. The 
figure was made by PyMOL 2.0
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N152). All of these sites were individually mutated to ala-
nine in succession. Alanine was introduced because it has 
minimal disruptive impact on protein structure because of 
a short side chain.

Fusion promotion ability of individual mutants

The ability of each mutant to promote cell fusion was evalu-
ated with Giemsa staining, a content mixing assay, and a 
lipid-mixing assay. To examine the effect of mutants on syn-
cytium fusion, monolayer BHK cells were transfected with 

plasmids to express wt HN or HN mutants and F proteins. 
The cells that were transfected only with  pBSK+ plasmid 
were used as negative control. As shown in Fig. 2a, b, com-
pared with the wt HN, four single mutants (I112A, R122A, 
I148A, and L151A) almost lost the ability of forming syn-
cytium. But as for R141A, I142A, and G147A, the number 
of syncytia was more than that in wt HN and the size of 
syncytia was also bigger. Syncytia caused by other mutants 
were not only smaller but also fewer.

To quantify the membrane fusion activity of the mutants 
more accurately, we performed a β-galactosidase reporter 

Fig. 2  Fusogenic properties of stalk/head interface mutants. BHK-
21 cells were transfected with wt or mutated HN and hPIV3 F, while 
pBSK-F plasmid was expressed separately as a negative control. For-
mation of syncytia was observed at 20 h, and the cells were stained 
with Giemsa. a Syncytia caused by HN stalk region mutants (arrows). 
b Syncytia caused by HN head region mutants (arrows). c Quantifi-
cation of content mixing measured by a beta-galactosidase reporter 

gene assay, which indicates the membrane fusion activity of the 
mutants. Value of content mixing detected in cells co-transfected with 
wt F and HN proteins serves as a positive control. The other values 
are expressed as percentages of this positive control. The experimen-
tal data are the average of three independent replicates (*P < 0.05; 
**P < 0.01; ***P < 0.001; otherwise, P > 0.05)
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gene assay as described in materials and methods to meas-
ure the levels of content mixing. When cells co-expressing 
with wt or mutated HN and F proteins were mixed with the 
cells transfected with pGINT7 β-gal plasmid separately, the 
pGINT7 β-gal gene is activated to produce galactosidase. 
The reaction of the enzyme with the substrate can produce 
a color change. While the expression level of pGINT7 β-gal 
is related to the amount of T7 RNA polymerase that was 
also identical with the degree of cell fusion. The results are 
reported in Fig. 2c. The fusion ability of I112A, R122A, 
I148A, and L151A was significantly reduced, and other six 
mutants (Q116A, M118A, K123A, S126A, D145A, N152A) 
reduced the fusion activity to around 50% of that of wt 
HN. There was no difference in cell fusion ability between 
E127A and wt HN. It is noteworthy that R141A, I142A, 
and G147A had a significantly increased fusion activity, 
especially for R141A residue, with an equivalent percent-
age 178.0% as much as that of the wt HN level. These data 
were consistent with the results of Giemsa staining, indicat-
ing that the single-point mutations affect the degree of cell 
fusion in different levels.

The entire phase of membrane fusion is usually divided 
into three processes: hemifusion, pore formation, and pore 
expansion [20]. Hemifusion occurs at the initial stage of 
membrane fusion. To further verify whether HN mutants 
have an effect on pore formation or pore enlargement or 
the hemifusion stage, we conducted a dye transfer experi-
ment to text whether or not these mutants can transfer the 
lipophilic R18 from the membrane of R18-labeled RBCs 
to the membrane of cells that were transfected with wt or 
mutant HN. The result of hemifusion is shown in Fig. 3a, b 
which almost mirrored the Giemsa staining of wt or mutated 

HN and F protein. Mutants (like I112A, R122A, I148A, and 
L151A) that almost lost the ability to form syncytia can just 
be detected only with very little fluorescence dequenching. 
In contrast, mutants (like R141A, I142A, and G147A) that 
enhance the fusion ability had strong fluorescence. These 
data demonstrated that the effect of mutants on membrane 
fusion has occurred at the beginning stage of membrane 
fusion.

Cell surface expression efficiency of mutant HN 
proteins

To explore whether or not the influences of fusion activity 
of these mutated HN proteins were associated with their 
levels of protein expression efficiency on the cell surface, 
fluorescence-activated cell sorting (FACS) was used to quan-
tify the levels of cell surface expression of the wt or mutated 
HN proteins. Mean fluorescence intensity (MFI) was used 
to evaluate the cell surface protein expression efficiency of 
each mutant. The results of FACS suggested that expression 
efficiency of most mutants were quite comparable to that of 
wt HN from 86.31 to 106.54%, except for L151A. The MFI 
of L151A decreased to 38.09% as much as that of wt HN, 
as shown in Fig. 4c. The data were average result of three 
independent repeated tests.

Hemadsorption (HAD) ability and NA activity of HN 
mutants

HN protein is a multifunctional protein that is important 
for receptor binding, neuraminidase activity, and F acti-
vation. To evaluate whether or not mutations at the stalk/

Fig. 3  Dye transfer of the  BHK-21 cells  co-expressed with  wt or 
mutated HN and hPIV3 F proteins. The R18 probe is lipophilic. The 
fluorescence-labeled R18  can transfer from  RBC membrane to the 
cell membrane of the transfected monolayers, then through the range 
of dye diffusion we detected the extents of mixing of membrane lipids 

(arrows). We conducted the dye transfer by BHK-21 cells that was 
co-expressed with wt or mutated HN and hPIV3 F proteins. a Semi-
fusion of HN stalk region mutants; b Semi-fusion of HN head region 
mutants
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head interface region influence HN to bind to sialic acid 
receptors, we used an RBC hemadsorption assay to assess 
its ability. BHK-21 cells expressing with wt or mutant HN 
were covered with 2% human RBCs and were incubated 
at 4 °C to be appropriate for binding without fusion. The 
amounts of bound RBCs are plotted in Fig. 5a, b. To quan-
tify this ability, absorbance was measured at 540 nm after 
the bound RBCs were lysed. The result is shown in Fig. 5c. 
Five mutants (E127A, R141A, I142A, D145A, G147A) 
retained a similar receptor binding ability as the wt hPIV3 
HN (from 88.33 to 92.78%). I48A and L151A significantly 
affected the HAD ability (32.49 and 24.61%, respectively). 
The other 8 mutants directed approximately half the levels 
of receptor binding ability of that of the wt HN.

The neuraminidase activity of each mutant is shown in 
Fig. 6. The exception was R141A, which enhanced NA 
activity. Neuraminidase activity of other mutant proteins 

that were compared to that of wt HN protein decreased to 
some extent.

Discussion

Similar to the NDV and the PIV5 HN proteins, the arrange-
ment of hPIV3 HN is in a tetrameric, dimer-of-dimers con-
formation on the virion. The HN stalk provides an important 
driving force for tetramerization, but the TM domains are 
also considered to play a role [11, 23]. The helical stalk 
region of hPIV3 forms 4-helix bundles. Based on the crystal 
structure of the hPIV3 HN protein, some researchers have 
already recognized the locations of the receptor binding resi-
due and neuraminidase active site residues on the globular 
head [12, 24]. It is crucial to clarify the relationship between 
the head and stalk domains of multifunctional HN protein 

Fig. 4  Expression efficiency of mutant proteins on cell surface. Cell 
surface expression (CSE) of the wt or mutant HN proteins was meas-
ured by flow cytometry. a Fluorescent histograms for mutants within 
the HN stalk domain are shown. The x axis shows the fluorescence 
intensity value that is displayed on a logarithmic scale and the y axis 
indicates cell counts. The numbers below the graph represent the per-
centage of cells in M2 gate compared to the total number of cells. b 

Representative fluorescent histograms for each mutant within the HN 
head domain are shown. c Quantitation of the cell surface expression 
level. Values of the mean fluorescent intensity (MFI) are expressed as 
a percentage. The error bars represent the standard deviation of three 
independent replicates. Student’s t test was used to calculate the P 
value
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because the specific residues on the stalk domain are con-
sidered to trigger F protein and after binding to the receptor 
the head of HN protein can transmit the activation signal to 
F [10, 14, 24–26].

It has been shown that the global head of HN in the down 
position are responsible for masking the activating residues 
on the stalk region [26, 27]. According to the result of elec-
tron microscopy data, the heads of NDV, PIV5, and hPIV3 
HN proteins can adopt different conformations relative to the 
stalk of each other, that is to say HN heads can present dif-
ferent arrangements on the viral envelope, and these struc-
tural rearrangements may be related to fusion activation [11, 
14, 28, 29]. The evidence suggests that hPIV3 HN protein in 
a tetrameric, dimer-of-dimers can adopt two conformation, 
including a “heads-down,” in which two out of the four HN 
head domains have interactions with the HN stalk while the 
other two near to the target membrane (Fig. 1), and a “heads-
up” form. F protein is observed irrelevant to HN protein 

Fig. 5  Detection of HAD ability of HN mutation proteins. The HAD 
activity was used to test the ability of mutant proteins to bind to cell 
surface sialic acid receptors. Monolayer cells that express the wt or 
mutant HN protein were separately incubated with 2% human RBCs 
at 4  °C for 30  min. Then redundant RBCs were washed away, and 
photomicrographs taken. a The attached human RBCs on monolayer 

cells that were transfected with mutants within the stalk domain are 
indicated by arrows. b Monolayer expressing head mutants, arrows 
refer to the adsorption of human RBCs. c To more accurately quan-
tify the receptor binding capacity of mutant proteins, ammonium 
chloride was used to lyse the adsorbed RBCs, and the absorbance was 
measured by centrifugation at 540 nm

Fig. 6  Detection of NA ability of HN mutation proteins. NA activ-
ity can cleave the receptor that is conducive to the release of prog-
eny virus particles. The percentages were used to quantify the neu-
raminidase activity of each mutant protein. Results were expressed as 
mean ± SD of 3 independent experiments
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in a heads-down position. In addition, “heads-up” HN may 
have interaction with F protein prior to receptor engagement 
but this interaction is not sufficient to activate F [11]. To 
explore whether or not mutations at the stalk/head interface 
of hPIV3 HN protein would affect fusion, we made single-
point mutations of residues located within both the stalk and 
head domains.

The expression efficiency of 15 mutants on the cell 
surface was determined by FACS. It was noted that while 
L151A was significantly reduced in surface expression com-
pared with wt HN, all the other mutants were expressed at 
the cell surface in nearly similar amounts to wt HN (Fig. 4). 
In other words, except L151A, the other 14 mutants have the 
same expression efficiency as wt HN protein. They can be 
translated accurately, folded correctly in the cytoplasm, and 
successfully transported to the cell membrane surface. The 
results suggest that these 14 mutated proteins’ structure can 
remain intact and the impact on other functions could not 
be accounted for the efficiency change of surface proteins 
expression.

Within the stalk region, only I112A and R122A were 
significantly impaired for cell–cell fusion, while muta-
tions D120A and E127A were fusion competent. Other four 
mutants (Q116A, M118A, K123A, S126A) in this domain 
retained this activity around half of that of wt HN level 
(Fig. 2), suggesting that I112 and R122 residues play an 
important role in maintaining the fusion function of HN 
protein. In addition, compared with dye transfer assay, it 
was found that the reduction of cell fusion activity at these 
amino acid sites has occurred in the early stage of membrane 
fusion. The decrease or loss of fusion ability may be caused 
by various factors at the structural or functional level.

The mutations  demonstrated that except for E127A, 
seven mutations (I112A, Q116A, M118A, D120A, R122A, 
K123A, and S126A) affected both the receptor binding 
ability and NA activity (Figs. 5, 6). When the E127 resi-
due was mutated to alanine, there was no difference in 
fusion activity, receptor binding activity, and neuramini-
dase activity between E127 and wt HN. We have proved 
that the decrease of receptor binding ability for the mutants 
I112A (67.1%), D120A (56.7%), and R122A (59.3%) cor-
related with the loss of NA activity (70.4, 65.6, and 61.7%, 
respectively) (Figs. 5c, 6). The extent of fusion activity of 
I112, D120A, and R122A proteins co-expressing with the 
F protein was 23.4, 82.1, and 28.7%, respectively (Figs. 5c, 
6). As for these three mutant proteins, there was an imbal-
ance in the degree of reduction of the three functions such 
as fusion promotion, HAD, and NA activity. A variety of 
biochemical and virological data for paramyxoviruses verify 
an important role for HN stalk in activating F protein. Spe-
cific residues on the hPIV3 stalk domain have been impli-
cated in triggering F protein [28, 30]. In addition, some 
mutations of stalk may affect the 4HB stalk structure, and 

would disrupt the underlying oligomer scaffold that forms 
the putative F interaction surface, and in the end result in 
reducing F protein interactions and activation [14, 31]. We 
guess that I112A, D120A, and R122A mutants of the stalk 
domain disrupt the head–stalk interaction, and I112A and 
R122A  may be defective in fusion activation.  In con-
trast, when D120 was replaced by alanine, after binding to 
the receptor, it may enhance the interaction with the F pro-
tein. The mutational data further approve the significance of 
this stalk region in F activation and fusion, given the func-
tional effects of the I112A, D120A, and R122A mutations. 
It is less clear how HN stalk mutations could affect NA and 
HAD activities. It is possible that full NA and HAD activity 
is dependent on activating interactions with the stalk [32].

Of the seven mutants within the head domain, three 
mutants (R141A, I142A, and G147A) have shown increas-
ing fusion activity (178.0, 106.9, 124.6% respectively), in 
contrast to significant reduction in I148A, L151A fusion 
levels(less than 30%). D145A and N152A retained this 
ability by 67.9% and 44.7%, respectively, of that of wt HN 
(Fig. 2c). Previous reports suggested that receptor bind-
ing activity is closely related to neuraminidase activity. In 
the same mutant, the impact on HAD ability, NA activity, 
and cell fusion is different [14]. Our experimental results 
show that for mutants  I148A,  L151A, and N152A,  the 
degree of decline between HAD ability and NA activity is 
related, respectively (Figs. 5c, 6). It was concluded that 
I148A, L151A, and N152A play almost the same role in the 
receptor binding and receptor lysis process.

Even though surface expression for the L151A mutant 
was reduced to 60% compared with wt HN, the formation 
ability of syncytia was completely inhibited (Fig. 4). NA 
activity and receptor binding activity are also reduced to a 
low degree. It is possible that the reason why L151A mutant 
lacks fusion promotion, HAD, and NA activity is due to 
defects in processing or protein transport.

Further analysis of the three mutations (R141A, I142A, 
and G147A) that improved the formation abilities of syncy-
tia and increase the contents mixing abilities, with the initial 
fusion enhancement suggested that mutants enhanced fusion 
activity in the initial stage of membrane fusion. Research-
ers have proposed a model for hPIV3 fusion, in which they 
assumed that pre-fusion F and HN already interacts with 
each other before binding to the reception and after the pro-
cess HN’s globular head transmits activating signal to F pro-
tein [11]. For the head domains that directly interact with the 
stalk 4HB, the first observed residue is R141. The current 
experimental results show that R141 did not improve protein 
expression or receptor binding, while in the other hand it 
obviously enhanced fusion promotion activity (178.04%). 
Our results show that the increasing neuraminidase activ-
ity for R141A (103.51%) can enhance the ability to cleave 
receptors and do good to the release of virus particles. 
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Moreover, when R141, I142, and G147 residues are replaced 
by alanine, every single site may be beneficial for the trans-
duction of activation signals from HN head domain to the 
stalk.

In sum, the data above suggest that the stalk/head interface 
may be important for hPIV3 HN fusion-promoting activi-
ties with four features pointing to potential functional sig-
nificance of the stalk/head interface. First, the arrangement 
is symmetrical, and two of the four head domains interact 
with two opposite sides of the 4HB. Secondly, mutations at 
this interface play an important role in membrane fusion, 
receptor binding ability, and neuraminidase ability without 
affecting F protein triggering. Then, L151A of the HN stalk 
domain affects protein surface expression. Finally, functional 
studies suggest that specific residues of the HN stalk domain 
are related to the activation of F protein.
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