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Parainfluenza virus 5 fusion protein maintains pre-fusion 
stability but not fusogenic activity following mutation of a 
transmembrane leucine/isoleucine domain
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Abstract

The paramyxoviruses Hendra virus (HeV) and parainfluenza virus 5 (PIV5) require the fusion (F) protein to efficiently infect 
cells. For fusion to occur, F undergoes dramatic, essentially irreversible conformational changes to merge the viral and cell 
membranes into a continuous bilayer. Recently, a transmembrane (TM) domain leucine/isoleucine (L/I) zipper was shown to be 
critical in maintaining the expression, stability and pre-fusion conformation of HeV F, allowing for fine-tuned timing of mem-
brane fusion. To analyse the effect of the TM domain L/I zipper in another paramyxovirus, we created alanine mutations to the 
TM domain of PIV5 F, a paramyxovirus model system. Our data show that while the PIV5 F TM L/I zipper does not significantly 
affect total expression and only modestly affects surface expression and pre-fusion stability, it is critical for fusogenic activity. 
These results suggest that the roles of TM L/I zipper motifs differ among members of the family Paramyxoviridae.

Observation
Measles virus (MeV), parainfluenza virus 5 (PIV5) and the 
zoonotic Hendra virus (HeV), are enveloped viruses that 
belong to the family Paramyxoviridae [1]. MeV and HeV are 
both highly pathogenic viruses of worldwide significance 
[2], while PIV5 serves as an important Paramyxoviridae 
viral model [3]. For these enveloped viruses, successful 
infection requires fusion of their membranes with target 
cell membranes to allow for content mixing [4, 5]. Since 
membrane fusion is energetically costly [6], the fusion 
protein (F) and attachment proteins (G, HN or H) serve as 
critical viral surface proteins that lower the kinetic barrier 
to drive the fusion and entry process. For fusion to occur, 
the attachment protein tethers the viral particle to the host 
cell via interactions with cellular receptors; subsequently, 
the F protein drives the fusion process by undergoing large-
scale, essentially irreversible conformational changes from 
a metastable pre-fusion structure to a highly stable post-
fusion conformation that results in the merging of the viral 
and target cell membranes [7–9].

Like other class I fusion proteins, paramyxovirus F proteins 
are synthesized in a metastable pre-fusion state and folded 
in the endoplasmic reticulum (ER) into a homotrimer that 
must be proteolytically cleaved to become fusogenically active 
[6]. The cleavage unveils a fusion peptide (FP) that interacts 
with the target membrane to facilitate fusion [10, 11]. Upon 
synthesis, HeV F is trafficked through the secretory pathway 
to be expressed on the cell surface in its fusogenically inactive 
form (F0). Subsequently, HeV F0 is endocytosed and cleaved by 
the protease cathepsin L within endosomes and retrafficked to 
the surface in a disulfide-linked fusogenically active form (F1 
+F2) [4, 12]. Conversely, PIV5 F trafficking is more straight-
forward: it is similarly synthesized in the secretory pathway, 
but undergoes cleavage within the trans-Golgi network by 
furin during transport to the cell surface to be expressed as F1 
+ F2 [4, 7, 9, 12, 13]. Importantly, throughout the trafficking 
process, paramyxovirus F proteins must be maintained in a 
metastable pre-fusion state, as premature triggering renders 
the protein fusion dead [14].

Although certain paramyxovirus F proteins such as Sendai 
virus (SeV) F can trigger in the absence of their homotypic 
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attachment proteins [15], most paramyxoviruses engage 
in complex interactions with their attachment proteins to 
begin refolding from the pre-fusion to the post-fusion state 
[9, 16]. A number of studies have focused on how external 
domains and cytoplasmic tails of F proteins impact fusion 
[5, 17, 18]. However, the transmembrane (TM) domain, 
which was initially thought to mainly serve as a membrane 
anchor, has recently been shown to play critical roles in 
the pre-fusion stability of the paramyxovirus F proteins 
[4, 14, 19–23]. In isolation, the TM domains of HeV F, PIV5 
F and the closely related pneumovirus human metapneu-
movirus (HMPV) F self-associate in trimers. For HeV F, 
an AXXXG motif, similar to the GXXXG motif known to 
support association of hydrophobic residues, was found to 
be important for maintaining surface levels of the cleaved 
pre-fusion form [4]. On further investigation, another 
important association motif, the leucine/isoleucine (L/I) 
zipper was identified in the TM domain of HeV F and 
similar β-branched residues in heptad repeats were found 
for 140 other paramyxoviruses, including PIV5 F. Studies 
on HeV F showed that not only is the L/I zipper important 
for the self-association of the TM domains in isolation, but 
it is also important in the pre-fusion stability of the full 
HeV F protein. These studies showed a severe reduction in 
surface and total expression for the HeV L/I zipper mutants, 
termed LIZ. Not surprisingly, HeV F LIZ is also deficient in 
forming syncytia, a consequence of not being stably present 
on the cell surface [14, 19, 20].

To test the role of the TM L/I zipper motif in another para-
myxovirus F, we introduced TM L/I zipper alanine mutations 
to create PIV5 F LIZ (Fig. 1a). With this mutant, we performed 
immunofluorescence [20] on cells transfected with 0.75 µg of 
DNA to analyse the intracellular localization compared to 
PIV5 F WT. For PIV5, we used a monoclonal pre-fusion-
specific antibody PIV5 F1a (kindly provided by Dr Richard 
Randall, University of St Andrews). HeV F WT and HeV F LIZ 
localization were also analysed using HeV F mAb 5G7 (kindly 
provided by Dr Chris Broder, Uniformed Services University 
of Health Sciences). Our results demonstrate that while HeV 
F WT displays a global cellular distribution, HeV F LIZ is 
mostly confined in pockets around the nucleus consistent 
with the endoplasmic reticulum (Fig.  1b), corroborating 
previous data that showed that surface and total expression 
of HeV F LIZ was considerably lower than for HeV F WT 
[14]. Interestingly, we found that PIV5 F WT primarily local-
izes at the surface of the cell and is present within membrane 
ruffles, while PIV5 F LIZ shows a higher level of intracellular 
distribution. We further examined multiple focal planes of 
cells transfected with PIV5 F WT and LIZ using Z-stacks 
(Fig. 1c). We found that PIV5 F WT is mostly absent from the 
immediate perinuclear region in different optical slices, but 
PIV5 F LIZ is distributed throughout the cells and is present 
in puncta close to the nucleus. These results suggest a more 
subtle yet significant effect of the PIV5 F L/I zipper in traf-
ficking and intracellular localization of the protein. Likewise, 
these data indicate a more modest effect of the TM L/I zipper 
in protein folding for PIV5 F than for HeV F.

To biochemically assess the effect of the L/I zipper on PIV5 
F synthesis and stability, we performed a pulse-chase time 
course assay as previously described [14] with PIV5 cyto-
plasmic tail antibody 516–529 to examine PIV5 F WT and 
PIV5 F LIZ stability (Fig. 2a). Previous studies showed that 
total expression over time for HeV F LIZ was significantly 
decreased compared to WT [14]. Surprisingly, between 0 and 
8 h, PIV5 F LIZ expression was comparable to WT (Fig. 2b), 
suggesting that the PIV5 F L/I zipper is not critical for stability, 
unlike the L/I zipper of HeV F [14].

Since the presence of F at the membrane is crucial for biolog-
ical activity, we probed the surface expression of PIV5 F WT 
and LIZ in transfected cells using a surface biotinylation assay 
[11]. We found that after radiolabelling newly synthesized F 
protein for 3 h with S35 at 18–24 h post-transfection, PIV5 F 
LIZ surface expression is decreased by more than 30 % when 
compared to WT, but total amounts of protein between PIV5 
F WT and LIZ remain comparable (Fig. 2c–e). Therefore, at 
the surface of cells, the total of pre-fusion and post-fusion 
forms of PIV5 F WT is slightly higher than for PIV5 F LIZ. To 
build on these findings, we selectively quantified the popula-
tion of potentially fusogenically active protein at the surface 
by performing flow cytometry, as outlined by Bose et al. [18], 
using the pre-fusionspecific PIV5 F mAb F1a. These data also 
show that the pre-fusion form of PIV5 F LIZ is only slightly 
lower than for PIV5 F WT (Fig. 2f), showing a significant 
presence of potentially fusogenically active PIV5 at the 
surface of cells in the absence of the L/I zipper.

Having established that pre-fusion PIV5 F LIZ can still be 
trafficked to the surface of cells, we utilized a syncytia assay, 
as detailed by Webb et al. [14], to test the fusogenic activity 
of PIV5 F LIZ in comparison to WT. We observed that PIV5 
F WT is highly fusogenic, as the expression of PIV5 F WT 
with HN resulted in BHK cells fusing into a few large syncytia. 
Remarkably, syncytial activity was abolished in the PIV5 F 
LIZ mutant (Fig. 3a). Further characterization of fusogenic 
activity using a luciferase reporter system (described by 
Barrett et al. [20]) also showed quantitatively that the PIV5 
F TM L/I zipper is critical for fusion (Fig. 3b). Notably, a 
leucine residue at position 468 (L486) has been reported to 
be important for fusogenic activity. L486 was shown to be 
critical for both membrane mixing and content mixing, thus 
identifying L486 as essential in the events leading up to the 
merge of lipid bilayers driven by F [21]. L486 is present in the 
proposed L/I zipper of PIV5 F, corroborating this finding in 
the context of the L/I zipper.

The comparable PIV5 F WT and LIZ pre-fusion surface 
expression levels, in contrast to the dramatic decrease in HeV 
F LIZ when compared to HeV F WT, show that L/I zippers in 
the TM domains of HeV F and PIV5 F play distinct but critical 
roles in maintaining biological activity. While these studies 
suggest that fusion, rather than surface or total expression, 
is significantly affected by residues within the PIV5 F TM 
L/I zipper, the exact mechanism by which these LIZ muta-
tions abrogate fusion is currently unknown. To understand 
whether PIV5 F LIZ is capable of being triggered from its 
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pre-fusion form to undergo the conformational changes that 
are critical for membrane fusion, we transfected cells with 
either PIV5 F WT or PIV5 F LIZ for a thermal triggering assay 
[18]. Previous studies show that PIV5 F can be triggered in 
the absence of its cognate attachment protein when exposed 

to heat [18, 24]. Thus PIV5 F WT- and LIZ-expressing cells 
were exposed to increasing temperatures (Fig. 3c), and flow 
cytometry using the pre-fusion-specific mAb PIV5 F1a was 
utilized to quantitate the levels of pre-fusion F. Triggering of 
conformational changes in response to heat would lead to loss 

Fig. 1. Mutations to the L/I zipper of HeV F and PIV5 F have variable effects. (a). Schematic of the paramyxovirus fusion protein highlighting 
the TM domain L/I zipper of HeV F and PIV5 F, and the mutant constructs. FP, fusion peptide; HRA, heptad repeat A; HRB, heptad repeat 
B; TMD, transmembrane domain; CT, cytoplasmic tail); S–S, disulfide bond. (b). Immunofluorescence to visualize localization of HeV 
and PIV5 F proteins. Vero cells were seeded in eight-well chamber plates and transfected with 0.75 µg PIV5 F WT or LIZ mutant (left), 
and HeV F WT or LIZ mutant (right). Localization of HeV F was analysed with anti-F 5G7 antibodies, and PIV5 F analysed with mAb F1a 
(green). Images were taken with a Nikon 1A confocal microscope. Images are representative. Scale bars represent 10 µm. (c). Z-stack 
images from (b) were collected in 0.3 µm sections, and images corresponding to top, bottom and middle slices are shown. Images are 
representative of two independent experiments carried out in triplicate. Scale bars represent 10 µm.
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of F1a binding. As the temperature increased, the detected 
levels of pre-fusion F decreased for both the WT and LIZ F 
proteins (Fig. 3c). Interestingly, at 55 and 60 °C, a statistically 
significant increase in the triggering of PIV5 F LIZ compared 
to WT (Fig. 3c) was observed, potentially indicating a role 

for the TM L/I zipper in stabilizing PIV5 F in the pre-fusion 
conformation. This stabilization is less dramatic than was 
observed for HeV F [14], but does suggest that a role for the 
LIZ in pre-fusion stability may be a property across the viral 
family. However, it is unlikely that this small decline in the 

Fig. 2. Expression and stability of PIV5 F WT and LIZ are comparable. (a). Assessment of stability of PIV5 F WT or LIZ over time course. 
A pulse-chase experiment was carried out 18 h after cells were transfected with 2.5 µg of indicated DNA for Vero cells in six-well plates. 
Following a 30 minute S35 metabolic radiolabel, samples were chased for indicated times. (b). Quantitation of PIV5 F and LIZ expression 
shown in (a). Expression levels of total F protein (F

0
+F

1
) were determined by band densitometry normalized to WT levels. (c). Percentage 

of cleaved F compared to total F (F
1
/F

0
+F

1
) normalized to WT. The averages represent three independent experiments, each carried out in 

duplicate. (d). Surface and total expression of PIV5 F protein. Quantitation of expression levels (e) and percentage cleavage (f) of surface 
and total PIV5 F protein. (g). Flow cytometry to quantify expression of pre-fusion PIV5 F only present at the surface of cells. The averages 
represent three independent experiments, each carried out in duplicate. The LIZ mutant was compared to WT using Student’s t-test. *, 
P<0.05; **, P<0.005; ****P<0.0001
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Fig. 3. Mutations to the L/I zipper of PIV5 reduce F-mediated fusion activity. (a). Syncytia assay. BHK cells plated in six-well plates 
were transfected with 2.5 µg of total DNA with the PIV5 HN attachment protein alone, PIV5 WT F and HN or PIV5 LIZ F and HN. Syncytia 
formation was analysed 24 h post-transfection. Images were taken with a Nikon TS100 microscope. White arrows indicate syncytia. 
Images are representative of two independent experiments, each carried out in triplicate. (b). Luciferase reporter gene assay to quantify 
F fusogenic activity. Vero cells in 24-well plates were transfected with 1.0 µg total DNA with a T7 promoter plasmid and PIV5 F WT+HN or 
pIV5 F LIZ+HN. The following day, Vero cells were overlaid with BSR cells and incubated for 3 h to allow for luciferase production. 
Luciferase activity was measured using a luciferase assay system. The average represents three independent experiments, each 
performed in duplicate. (c). Thermal triggering assay to observe PIV5 F WT and LIZ pre-fusion thermostability. Cells expressing surface 
PIV5 F or WT were exposed to 4, 37, 55, 60 or 65 °C for 15 min. Cells were immediately placed on ice for 15 min and prepared for flow 
cytometry using PIV5 mAb F1a. The average represents two independent experiments, each performed in triplicate. The LIZ mutant was 
compared to WT using a using Student’s t-test. ****P<0.0001
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thermostability of pre-fusion PIV5 F LIZ would fully account 
for the drastic loss of fusogenic activity shown in the syncytia 
and reporter gene assays (Fig. 3a and b).

Reports show that for class I fusion proteins such as Ebola virus 
GP2, influenza virus HA and PIV5 F, the FP and TM domains 
interact in the post-fusion conformation [11, 22, 25, 26]. It 
is possible that for PIV5 F, the L/I zipper within the TM 
domain contributes to making essential contacts with the 
fusion peptide to hold the post-fusion conformation in place 
and merge viral and target membranes. Additionally, studies 
demonstrate that the TMs of class I fusion proteins induce 
local membrane changes that decrease the energy barrier 
needed for fusion [10, 22, 26, 27] – as such, the L/I zipper 
of PIV5 F may contribute in this local disruption. Finally, it 
is important to note that PIV5 F is known to make contact 
with HN through an Ig-like domain at the ectodomain [18]. 
The L/I zipper may be involved in transmitting conforma-
tional changes that result from this initial contact, and thus in 
refolding. Alternatively, F could have important interactions 
with HN through contacts with the TM domain L/I zipper, 
which are disrupted by the LIZ mutations.
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