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Abstract 

Background: N-linked glycans on viral glycoproteins have been shown to be important for protein expression, 
processing and intracellular transport. The fusion glycoprotein F of Cedar virus (CedV) contains six potential N-glyco-
sylation sites.

Findings: To investigate their impact on cell surface transport, proteolytic cleavage and biological activity, we 
disrupted the consensus sequences by conservative mutations (Asn to Gln) and found that five of the six potential 
N-glycosylation sites are actually utilized. The individual removal of N-glycan g1 (N66), g2 (N79) and g3 (N98) in the 
CedV  F2 subunit had no or only little effect on cell surface transport, proteolytic cleavage and fusion activity of CedV 
F. Interestingly, removal of N-linked glycan g6 (N463) in the  F1 subunit resulted in reduced cell surface expression but 
slightly increased fusogenicity upon co-expression with the CedV receptor-binding protein G. Most prominent effects 
however were observed for the disruption of N-glycosylation motif g4 (N413), which significantly impaired the trans-
port of CedV F to the cell surface, thereby also affecting proteolytic cleavage and fusion activity.

Conclusions: Our findings indicate that the individual N-linked modifications, with the exception of glycan g4, are 
dispensable for processing of CedV F protein in transfection experiments. However, removal of g4 led to a phenotype 
that was strongly impaired concerning cell surface expression and proteolytic activation.
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Introduction
Cedar virus (CedV) is a henipavirus within the Para-
myxoviridae family that was first isolated from an Aus-
tralian Pteropus colony in 2012 [1]. While other members 
of this genus like Hendra (HeV) and Nipah virus (NiV) 
are classified as highly pathogenic BSL4 agents, experi-
mental studies of CedV in small animal models have only 
resulted in asymptomatic infections so far [1, 2]. Thus, 
recent research has focused on deciphering viral and 

cellular factors that may contribute to the differences in 
pathogenicity of these closely related viruses.

The two structural glycoproteins in the henipavirus 
envelope, the fusion protein F and the attachment protein 
G play an essential role in the overall pathogenesis, e.g. by 
determining the tissue tropism of the virus. After recep-
tor binding by the receptor-binding protein G, both pro-
teins act in concert to mediate pH-independent fusion 
of the viral and cellular membrane so that the virus can 
release the genome into the host cell [3–5]. Later during 
the replication cycle, their interaction enables cell-to-cell 
fusion of receptor-bearing neighboring cells resulting in 
the formation of multinucleated giant cells, so called syn-
cytia, which are fundamental for virus spread in tissues, 
and thus greatly contribute to pathogenesis.
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A prerequisite for fusion through glycoprotein inter-
actions is the presence of properly folded and processed 
viral glycoproteins at the cell surface including proteolyt-
ically activated F proteins [3, 4]. Since viruses employ the 
host cell machinery to process their proteins, the confor-
mational integrity of the viral envelope glycoproteins may 
be affected by N-linked glycosylation, one of the most 
common types of post-translational membrane protein 
modifications that enzymatically links oligosaccharides 
to certain asparagine (N) residues at N-glycosylation con-
sensus sites (N-X-S/T, in which X can be any amino acid 
except proline) in the endoplasmic reticulum [6]. How-
ever, even though the N-X-S/T motif is a prerequisite for 
N-glycosylation, it is not sufficient, as not all ectodomain 
N-glycosylation consensus sites are N-glycosylated. A 
stable conformation adoption, localization of the protein 
and N-X-S/T site accessibility to solvent are described to 
play a role in deciding whether a site is N-glycosylated or 
not [7–9]. N-glycosylation has been shown to influence 
correct protein folding, processing as well as intracellular 
and surface transport of several viral envelope glycopro-
teins such as the influenza virus hemagglutinin [10, 11], 
pseudorabies virus glycoprotein gH [12] and the Lassa 
virus glycoprotein GP-C [13]. Consequently, N-glycans 
can have a significant impact on the biological function 
of the envelope protein affecting viral particle assembly, 
receptor binding and eventually, virus entry into host 
cells [14–17]. Moreover, N-glycans may influence the 
antigenicity of a virus by physically shielding antigenic 
sites, thus preventing antibody recognition and subse-
quent antibody-mediated neutralization [16, 18, 19].

A number of fusogenic viral glycoproteins have been 
described to rely on N-glycosylation for proteolytic pro-
cessing and, consequently, fusion activity [13, 15, 20]. 
Interestingly, N-glycans on the Ebola virus glycoprotein 
GP do not seem to play an important role for cell surface 
expression of GP but rather affect protease sensitivity 
and thus processing and biological activity of the protein 
[20]. In line with the function of N-glycans for other viral 
glycoproteins, N-glycans on paramyxovirus F glycopro-
teins have an impact on protein expression, processing 
and transport to the cell surface but also influence fuso-
genicity and production of infectious virus progeny [9, 
21–23]. Previous studies on NiV and HeV F revealed that 
both proteins are heavily glycosylated but appeared to 
be comparably resistant to the effects of single N-glycan 
removal [24–26].

Cedar virus fusion protein F contains six potential 
N-glycosylation sites. In this study, we determined the 
glycosylation site usage and analyzed the N-glycans for 
their functional relevance. We provide evidence that five 
of six N-glycosylation sites undergo N-glycan attach-
ment. Besides one N-glycan mutant that failed to reach 

the cell surface and therefore remained uncleaved and 
fusion-defective, individual removal of the other N-gly-
cans had no or only little effect on F protein expression, 
processing and biological activity.

Methods
Cell lines and transfection
Vero76 and MDCK-2 cells (Collection of Cell Lines in 
Veterinary Medicine, Friedrich-Loeffler-Institut, FLI; 
CCLV-RIE 0228 and 1061) were maintained in Dul-
becco’s modified Eagle medium (DMEM) supplemented 
with 10% fetal calf serum (FCS) and incubated at 37  °C 
and 5%  CO2. Cells were reverse transfected in Opti-MEM 
(Gibco) using Lipfoctamine 3000 (Invitrogen) according 
to the manufacturer’s instructions.

Plasmids and site‑directed mutagenesis
The open reading frames (ORF) of CedV F and G (Gen-
Bank accession no. NC_025351.1) were synthesized by 
GeneArt (Thermo Fisher Scientific Inc.) and subcloned 
into the pCAGGS expression vector (kindly provided by 
Stefan Finke, Friedrich-Loeffler-Institut; [27]). The ORF 
of the CedV F gene was codon-optimized for expres-
sion in human cells and HA-tagged at the C-terminus 
(see Additional file  1 for sequence information). CedV 
F N-glycosylation mutants g1-g6 as well as mutants F 
g4AST and F g4NSA (see Table  1) were generated by 
site-directed mutagenesis using either the QuikChange 
Lightning Site-Directed Mutagenesis Kit (Agilent) or 
the Phusion High-Fidelity DNA polymerase (Thermo-
Scientific). Sequences of all constructs were confirmed 
by SANGER sequencing. Primers were designed accord-
ing to manufacturer’s instructions. Primer sequences are 
available on request.

Colocalization studies with DS Red2‑ER
2 ×  105 MDCK-2 cells/24-well were co-transfected with 
plasmids coding for CedV F or F mutants and the plas-
mid pDS Red2-ER (Clontech Laboratories; kindly pro-
vided by Dr. Birke Tews, Friedrich-Loeffler-Institut). At 
24 h p.t., cells were fixed with 2% paraformaldehyde and 
permeabilized with 0.2% Triton-X 100/PBS. Then, cells 
were incubated with a polyclonal anti-HA tag antibody 
(H6908, Sigma; 1:500 dilution in 0.35% BSA/PBS) for 
1 h at 4 °C. After washing, a goat anti-rabbit Alexa Fluor 
488 (1:500; LifeTechnologies) was added for 45  min at 
4  °C. Cell nuclei were counterstained with 4′,6-Diami-
din-2-phenylindol (DAPI). Representative images were 
recorded with a confocal laser scanning microscope 
(Leica SP5) and processed with the ImageJ software ver-
sion 1.45 s [28].
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Metabolic labeling and immunoprecipitation
For pulse-chase analysis, 1 ×  106 MDCK-2 cells per 
35  mm dish were reverse transfected with plasmids 
encoding CedV F or mutant CedV F proteins. At 24  h 
p.t., metabolic labeling and immunoprecipitation were 
performed as described previously [29]. Precipitated pro-
teins were separated on a 12% polyacrylamide gel under 
reducing conditions. Dried gels were subjected to auto-
radiography and analyzed with a CR35 Dark Box Image 
analyser (Duerr Medical) and AIDA Imager Analyser 5. 
For treatment with glycosidases, samples were suspended 
in sample buffer (0.5 M Tris/HCl pH 6.8, SDS, glycerin, 
bromophenol blue,  dH2O) and then treated with N-gly-
cosidase F (PNGase F; NEB) according to the instruc-
tions of the manufacturer, or left untreated (no enzyme 
added). Then, samples were analyzed by SDS-PAGE and 
autoradiography as described above.

Surface biotinylation and Western blot analysis
In order to analyze cell surface expression of CedV F 
or mutant F proteins, cell surface biotinylation with 
subsequent Western blot analyses were performed as 
described elsewhere [29].

For treatment with glycosidases, samples were sus-
pended in sample buffer and then treated with endo-β-
N-acetylglucosaminidase H (Endo H; NEB) according to 
the instructions of the manufacturer, or left untreated (no 
enzyme added). Then, samples were analyzed by SDS-
PAGE and Western blot analysis.

Fusion assay
To analyze biological activity of F and mutant F pro-
teins, a total of 3 ×  105 Vero76 cells or 2 ×  105 MDCK-2 
cells per 24-well were co-transfected with expres-
sion plasmids encoding CedV G and either CedV F or 
mutant F proteins at the ratio of 3:1, respectively. At 
30 h p.t., cells were fixed with ethanol and then stained 

with 1:10 Giemsa solution. Representative images were 
recorded using a Nikon Eclipse TS100 with IC-Capture 
(200 × magnification).

Luciferase reporter gene‑based quantitative fusion assay
To quantify fusion activity of CedV F or mutant F pro-
teins upon co-expression with CedV G protein, a renilla 
luciferase-gene based quantitative fusion assay was per-
formed as described previously [29]. Briefly, Vero76 cells 
were co-transfected with plasmids encoding for the indi-
cated CedV glycoproteins F and G as well as a pCITE 
Renilla plasmid containing the luciferase gene under 
control of a T7 promotor (pCite2a obtained from Nova-
gen) or with pCAGGS T7 plasmid (kindly provided by 
Thomas Hoenen, Friedrich-Loeffler-Institut; [30]). At 
24 h p.t., Vero76 cells expressing the T7 polymerase were 
layered on the glycoprotein-expressing cells and incu-
bated for 3  h at 37  °C. Then, cells were lysed and lucif-
erase activity measured using a luminometer. Reporter 
activity measured for the parental CedV F protein co-
transfected with CedV G protein was set to 1 serving as a 
reference point for fusion activity. Background activity of 
the luciferase reporter was assessed with cells transfected 
with pCAGGS CedV G and pCITE Renilla only, layered 
with T7 polymerase expressing cells.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism version 9.0.0. The parametric Student’s t-test was 
used to evaluate the data. Statistical significance is repre-
sented as: (*) = p ≤ 0.05, (**) = p ≤ 0.005.

Results
Five of six potential N‑linked glycosylation sites 
in the CedV F protein are N‑glycosylated
CedV F protein contains six potential N-linked glycosyla-
tion sites, three sites (g1, g2, g3) in the  F2 subunit and 

Table 1 CedV F N-glycosylation mutants

Numbers indicate amino acid position. Boldfaced, underlined characters highlight the generated mutations

g1 g2 g3 g4 g6 g5
66 67 68 79 80 81 98 99 100 413 414 415 463 464 465 484 485 486

F N I T N E T N N T N S T N Q S N I S

g1 Q I T N E T N N T N S T N Q S N I S

g2 N I T Q E T N N T N S T N Q S N I S

g3 N I T N E T Q N T N S T N Q S N I S

g4 N I T N E T N N T Q S T N Q S N I S

g6 N I T N E T N N T N S T Q Q S N I S

g5 N I T N E T N N T N S T N Q S Q I S

g4AST N I T N E T N N T A S T N Q S N I S

g4NSA N I T N E T N N T N S A Q S N N I S
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three (g4, g5, g6) in the  F1 subunit (Fig. 1a). Initially, to 
examine if the CedV F protein contains N-glycan modi-
fications, we combined a pulse-chase analysis with a 
PNGase F digest, which removes all N-linked glycans. 
Therefore, radiolabeled cell lysates from MDCK cells 
expressing parental CedV F (in the following indicated 
as wild-type wt) were immunoprecipitated and sub-
sequently incubated with PNGase F or left untreated. 

Samples were then analyzed in a 12% SDS gel to visual-
ize the relative mobility of the precursor  F0 and the sub-
units  F1 and  F2. A significant shift in mobility of the  F0 
precursor as well as of the  F1 subunit was observed after 
PNGase F treatment (Fig. 1b) indicating that CedV F pro-
tein is indeed glycosylated.

In order to further investigate the individual N-glycan 
sites, we next introduced single conservative aspara-
gine-to-glutamine changes (N to Q) in position 1 of the 
N-glycan recognition sequence NxS/T using site-directed 
mutagenesis (Fig. 1a). We then analyzed expression and 
mobility of the wt and mutant CedV F proteins in another 
pulse-chase experiment. Again, radiolabeled cell lysates 
from MDCK cells expressing either wt CedV F or g1-g6 
mutants were immunoprecipitated and analyzed on a 
12% SDS gel. Analysis of the precursor  F0 and the subu-
nits  F1 and  F2 protein in Fig. 1c revealed that all CedV F 
N-glycan mutants were expressed at levels similar to the 
wt CedV F protein. Compared to the parental CedV F, 
no change in mobility was seen for the  F1 subunit of the 
g5 mutant, which strongly suggests that the g5 site is not 
N-glycosylated. In contrast, slight mobility shifts exhib-
ited by the  F0 precursors of the other five mutants (g1, 
g2, g3, g4, g6) point towards N-glycan modifications at 
the respective sites. In line with the faster mobility of the 
mutant  F0 precursors, the  F1 subunit of mutant g6 and 
the  F2 subunit of mutants g1, g2 and g3 migrated faster 
than the wt CedV F protein subunits (Fig. 1c). The differ-
ences in mobility between the  F2 subunits of g1, g2 and 
g3 are likely due to variation in N-linked carbohydrates. 
The  F1 subunit of the g3 appears to be slightly shifted, 
however, this is due to the performance of the gel and a 
shift of g3 F1 was ruled out in repeats of the experiment. 
For mutant g4, a slight mobility shift of  F0 was observed 
indicating that changes to the N-glycosylation site N413 
are consistent with a lack of glycosylation. Interestingly, 
no proteolytic cleavage into mature  F1 and  F2 subunits 
was detectable for this g4 mutant leading to the assump-
tion that changes to the g4 N-glycosylation site result in 
impaired proteolytic processing. In contrast, all other 
mutants were processed as efficiently as wt CedV F 
(Fig. 1c).

N‑glycosylation at N413 (g4) affects intracellular trafficking 
and proteolytic processing of CedV F protein
We have previously shown that cell surface transport fol-
lowed by endocytosis is critical for proteolytic cleavage 
of CedV F [29]. For mutant CedV F g4, we thus hypoth-
esized that cell surface transport, and thus maturation, 
was critically impaired and that either the lack of N-gly-
cosylation at the specific position or the particular aspar-
agine-to-glutamine change would lead to intracellular 
retention. To test this, we generated two more mutants 

c)

Fig. 1 Analysis of N-linked glycosylation in CedV F protein. a 
Schematic of localization of potential N-glycans. N-glycosylation 
mutants are named g1–g6. Black triangles indicate potential 
N-glycosylation sites within the F1 and F2 subunits. TM: 
transmembrane domain; CD: cytoplasmic domain; b PNGase F 
digest of CedV F protein. MDCK cells expressing CedV F protein 
were metabolically labeled for 15 min (pulse) and then incubated 
for 2 h in serum-free nonradioactive medium (chase). After 
immunoprecipitation of F proteins from cell lysates, samples were 
suspended in sample buffer and then treated with N-glycosidase 
F (PNGase F) according to the instructions of the manufacturer, or 
left untreated. After separation on a 12% SDS-gel under reducing 
conditions, samples were analyzed by autoradiography; c Proteolytic 
processing of CedV F and F mutants. MDCK cells expressing 
F proteins are metabolically labeled as described above. After 
immunoprecipitation of F proteins from cell lysates and separation on 
a 12% SDS-gel under reducing conditions, samples were analyzed by 
autoradiography. Molecular masses of marker proteins are indicated. 
n = 2. Stars indicate the  F2 subunit
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in which the asparagine (N413) or the threonine (T415) 
were replaced by an alanine residue (mutant g4AST and 
g4NSA, respectively) resulting in the loss of the N-gly-
can modification site. We first analyzed both mutants 
for their expression, migration and processing in a pulse 
chase experiment and found that they displayed a simi-
lar phenotype as g4. Accordingly, a slight mobility shift of 
the  F0 protein but no proteolytic cleavage into  F1 and  F2 
subunits was seen for the g4, g4AST and g4NSA mutants 
(Fig. 2a). Because cell surface expression of CedV F fol-
lowed by endocytosis plays a critical role in proteolytic 
activation of henipavirus F proteins, we next investigated 
these cleavage-impaired g4 mutants for their cell sur-
face expression in a surface biotinylation assay followed 
by Western blot analysis under non-reducing conditions 
[29, 31, 32]. Interestingly, in contrast to the wt F protein, 
none of the g4 mutants were detected at the cell surface 
(Fig. 2b). In agreement with these findings, a co-immuno-
fluorescence analysis revealed that the g4 mutants largely 
co-localized with a red fluorescent cellular compart-
ment marker for the endoplasmic reticulum (ER; Fig. 2c) 
indicating the accumulation of the mutants in the ER. 
Noteworthy, the wt F protein was barely detected to co-
localize with the ER. Since cell surface expression of g4 
could not be rescued by alanine substitutions within the 
N-glycan recognition sequence, our data point towards 
the importance of the actual N-glycan at this specific 
position to promote cell surface transport.

Removal of individual N‑glycans does not impair cell 
surface expression or proteolytic processing of CedV F 
protein
Since N-glycosylation has been known to be critical for 
proper protein folding and intracellular trafficking, we 
next aimed to investigate the cell surface expression of 
the other N-glycosylation mutants. Therefore, we bioti-
nylated the cell surface of MDCK cells expressing either 
wt CedV F or the N-glycan mutants and assessed the 
level of cell surface expression and processing by Neu-
trAvidin immunoprecipitation followed by Western 
blot analysis under non-reducing and reducing condi-
tions (Fig.  3a and b, respectively). Apart from CedV F 
g4, all mutant F proteins were expressed at the cell sur-
face (Fig.  3a) and showed to be proteolytically cleaved 
(Fig. 3b). ConA staining of biotinylated cell surface pro-
teins served as a loading control (Fig.  3a) and revealed 
equal amounts of total protein loaded per lane. In agree-
ment with our findings in the pulse-chase experiment, 
mobility shifts of the mutant  F0 precursors were observed 
for all but one, further confirming that mutating the pre-
dicted N-glycosylation site of mutant CedV F g5 is not 
affecting N-glycosylation (Fig. 3a, b).

Fig. 2 Analysis of amino acid substitutions at N-glycan consensus 
sequence 413–415 (g4) for expression. a Cells were transfected 
with either the wt F, g4, g4AST or the g4NSA gene. At 24 h p.t., cells 
were metabolically labeled for 15 min (pulse) and then incubated 
for 2 h in serum-free nonradioactive medium (chase). After 
immunoprecipitation of F proteins from cell lysates and separation 
on a 12% SDS-gel under reducing conditions, samples were analyzed 
by autoradiography. wt: wild-type; b Cell surface expression of 
CedV F proteins. Cells were transfected with either wt F, g4, g4AST 
or the g4NSA gene. At 24 h p.t., MDCK-2 cells expressing F proteins 
were surface-labeled with biotin on ice. After cell lysis, biotinylated 
proteins were immunoprecipitated using NeutrAvidin beads and 
subjected to SDS-PAGE under non-reducing conditions. Precipitated 
F proteins were visualized using an antibody against the HA-tag 
(H6908), HRP-labeled secondary antibodies and chemiluminescence. 
Representative blots are shown from four independent experiments. 
c Intracellular localization of wt and mutant CedV F proteins in 
MDCK-2 cells. F proteins are stained with anti-HA-tag specific primary 
antibodies and AlexaFluor488-conjugated secondary antibodies. 
The endoplasmic reticulum (ER) was visualized using a pDS Red2-ER 
plasmid-derived red fluorescent labeling. Representative images 
from two independent experiments are displayed. Inserts show 
magnifications of indicated areas. Magnification, × 63
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Interestingly, in comparison to the wt F, a marked 
decrease in the level of surface expression was noted for 
g1 and g6, while expression of g3 and g5 was only slightly 
reduced (Fig.  3a). In contrast, surface expression of g2 
was enhanced in comparison to wt F protein. However, 
all CedV  F0 precursor proteins, with the exception of g4 
mutant as described above, were efficiently cleaved into 
the fusion-active  F1/F2 subunits (Fig. 3b).

Removal of certain N‑glycans on CedV F results 
in moderately increased fusogenicity
Since removal/destruction of most N-glycosylation con-
sensus motifs had little or no effect on F0 processing or 
cell surface expression, we next aimed to assess whether 
mutations consistent with a lack of particular N-glyco-
sylation had any effects on the fusogenicity of CedV F. 
Therefore, we performed a standard fusion assay in per-
missive Vero and MDCK cells that were co-transfected 
with wt CedV G and CedV F wt or mutants for 30 h. Rep-
resentative images of syncytium formation exhibited by 
wt CedV F and the g1 to g6 mutants are shown in Fig. 4a, 
b. As expected, the strongly impaired cell surface expres-
sion and lack of proteolytic activation of mutant g4 cor-
related with a marked decrease in fusogenicity in both 
cell lines. Reduced cell surface expression of CedV F g1 

equally resulted in a decrease in fusion activity. However, 
mutant g2 with a rather wt-like cell surface expression or 
even slightly enhanced surface expression also displayed 
a slightly reduced fusion activity in comparison to the wt, 
indicating that cell-to-cell fusion is a multifactorial pro-
cess and not only determined by cell surface availability 
of the F protein. In this context, and despite compara-
tively low cell surface expression of CedV F g6 (Fig. 3a, 
b), number and size of syncytia for mutant g6 seemed 
to be increased when compared to the wt CedV F pro-
tein (Fig. 4a, b). Quantification of fusion activity using a 
luciferase reporter-based assay in Vero76 cells however 
confirmed these differences. Reporter activity of mutant 
g6 was increased significantly (more than threefold, p 
value ≤ 0.05) in contrast to the wt CedV F protein, while 
only background level reporter activity was measured 
for fusion-deficient mutant g4 (p value ≤ 0.005; Fig.  4c). 
Also, fusion activity of F g2 was significantly reduced (p 
value ≤ 0.05) compared to wt F albeit the elevated surface 
expression of g2.

Finally, to analyze the N-glycan composition of the 
CedV F protein at the cell surface, we combined a surface 
biotinylation assay with an Endo H digest, which results 
in the detachment of only high-mannose-type N-glycans. 
As shown in Fig. 5, endo H digestion resulted in a mobil-
ity shift of the wt CedV  F0 precursor and the  F1 subunit, 
suggesting the presence of at least one endo H-sensitive 
glycan. Since CedV F g6 was the only N-glycan mutant in 
our analysis without faster migration of its  F1 subunit, we 
concluded that the missing glycan at position 463–465, 
which is present in all the other (mutant) CedV F pro-
teins displaying a mobility shift, is endo H-sensitive.

In summary, our data indicate that five of six poten-
tial N-glycosylation sites within the CedV F protein are 
utilized. While four of these five N-glycans showed to 
be dispensable for CedV F processing, the glycan g4 was 
shown to be of importance for intracellular and cell sur-
face transport, thus promoting further protein process-
ing. Removal of the glycan g4 in the CedV F head domain 
resulted in the intracellular retention of this mutant and, 
subsequently, severe defects in fusion activity.

Discussion
N-linked glycosylation of viral glycoproteins is known to 
play an important role in virus infection. Glycosylation 
can have a strong impact on protein processing, intra-
cellular trafficking, cell surface transport, and confor-
mational integrity of viral envelope proteins. Moreover, 
N-linked glycans may affect biological activity and immu-
nogenicity, e.g. by shielding against neutralizing antibod-
ies [9, 16, 26, 33, 34].

Fig. 3 Cell surface expression of CedV F proteins. At 24 h p.t., MDCK-2 
cells expressing F proteins were surface-labeled with biotin on ice. 
After cell lysis, biotinylated proteins were immunoprecipitated using 
NeutrAvidin beads and subjected to SDS-PAGE under a non-reducing 
and b reducing conditions (n = 2). Precipitated F proteins were 
visualized using an antibody against the HA-tag (H6908), HRP-labeled 
secondary antibodies and chemiluminescence. In a, ConA staining 
is used as a loading control. Molecular masses of marker proteins are 
indicated
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Fig. 4 CedV F glycoprotein-mediated fusion activity. Syncytium formation in a MDCK-2 and b Vero76 cells co-expressing CedV F and G proteins 
was visualized by Giemsa staining at 30 h p.t.. Magnification, × 20. n = 3; c Quantitative reporter gene assay. At 24 h p.t., Vero76 cells expressing the 
T7 polymerase were layered on the cells expressing the indicated glycoproteins and incubated for 3 h at 37 °C. After cell lysis, luciferase activity 
was measured. Samples were tested in duplicates in three independent experiments. Reporter activity measured for the parental CedV F protein 
co-transfected with CedV G protein was set to 1 serving as a reference point for fusion activity. Bars represent the fusion activities of the different 
(mutant) CedV F proteins in relation to the fusion activity of the parental protein and include the standard error of the mean (SEM). Statistical 
analysis: unpaired Student’s t-test with Welch’s correction; (*) p ≤ 0.05; (**) p ≤ 0.005
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The F glycoproteins of HeV and NiV, two highly patho-
genic henipaviruses, are known to be heavily glycosylated 
and specific N-glycans were demonstrated to be of func-
tional importance during different steps of the viral life 
cycle [24, 25]. However, little is known about the role of 
N-glycosylation for the F glycoprotein of low pathogenic 
CedV. In this study, we thus aimed to investigate whether 
the CedV F protein is N-glycosylated and whether these 
N-glycans affect CedV F protein expression, processing 
and biological activity.

With respect to the number and occupancy of N-linked 
glycosylation sites and their functional relevance, there 
are striking similarities between the F proteins of the 
highly pathogenic NiV and HeV and the low pathogenic 
CedV. Overall, CedV F protein glycosylation mutants 
appeared to be relatively resistant to individual N-glycan 
removal. In line with our findings, most of the N-glycans 
in HeV and NiV F had rather limited functional effects 
on glycoprotein processing. However, one specific N-gly-
cosylation site in the HeV F (N414) and NiV F protein 
(N414) in the  F1 subunit was shown to affect expres-
sion and efficient cell surface transport [24–26]. Since 
henipavirus F glycoproteins are initially expressed as 
fusion-inactive precursors at the cell surface and require 
endocytosis for proteolytic activation [29, 31, 32], the 
impaired cell surface transport of the HeV and NiV g4 
glycosylation mutants greatly impaired proteolytic pro-
cessing and thus fusion activity [24, 25]. Similarly, the 
vast majority of fusion-deficient CedV F g4 was retained 
in the ER of transfected cells, as demonstrated by colocal-
ization with an ER marker, which prevented further steps 
in processing including proteolytic cleavage.

CedV F and NiV F are both glycosylated at aa positions 
N413 and N414 [24], respectively. It is noteworthy that 
the corresponding amino acid sequence in HeV F gener-
ally does not undergo N-glycosylation, but is of similar 
importance for intracellular transport [25]. Moreover, 
analysis of NiV F protein also revealed that, besides the 
presence of the N-glycan, the actual aa sequence at posi-
tion 414–416 plays a significant role for protein transport 
and processing [24]. While initial disruption of NiV F g4 
with a conservative threonine to glycine change (T416G) 
resulted in the absence of the N-glycan and prevented cell 
surface transport, the substitution of asparagine with glu-
tamine (N414Q) showed to rescue cell surface expression 
and cleavage of the mutant [24]. In contrast, all CedV F 
g4 mutants (g4, g4AST or g4NSA) generated in this study 
were retained intracellularly irrespective of the aa sub-
stitution. The introduced N-glycosylation site mutations 
N414A and T416A did not rescue cell surface transport, 
which prevented further steps in CedV F maturation. 
This indicates that, in contrast to highly pathogenic NiV 
and HeV, a functional N-glycosylation consensus site g4 
(consistent with N-glycosylation) is critical for cell sur-
face transport, and thus further processing and biological 
function of the protein.

The lack of certain N-glycans on surface glycoproteins 
of other paramyxoviruses like Newcastle disease virus, 
measles and Sendai virus resulted in severe fusion defects 
[21, 22, 35]. Glycan removal from the  F2 subunit of CedV 
F only slightly decreased fusion activity (g1, g2) or did 
not affect it at all (g3). However, disruption of the CedV 
F N-glycosylation site g6 (N463Q), usually occupied 
with an N-glycan of the high mannose-type, resulted in 
a threefold increase in fusion activity in the quantitative 
fusion assay despite reduced cell surface expression of 
this mutant (Fig. 3a, b). This finding is consistent with the 
observed phenotype of the HeV F mutant N464A, which 
was considered hyperfusogenic [25]. The authors empha-
sized that this glycan is localized in the transmembrane-
proximal heptad repeat region of HeV  F1, for which 
glycosylation has also been shown to strongly impact 
membrane fusion activity of other paramyxoviruses such 
as Newcastle disease virus and human respiratory syncy-
tial virus [21, 36].

As observed by Aguilar et  al. (2006), glycosylation of 
individually expressed glycoproteins may vary between 
different cell lines depending on the glycosylation capac-
ity of the individual cell type. Consequently, this varia-
tion may equally have an impact on fusogenicity of the 
glycan mutants in different cell lines as described for NiV 
F mutants in MDCK-2 and 293T cells [26]. The consid-
erable variation in the glycosylation machinery among 

Fig. 5 Analysis of N-linked carbohydrates in CedV F protein 
expressed at the cell surface of MDCK-2 cells. Surface biotinylated 
CedV F proteins were immunoprecipitated using NeutrAvidin 
beads and either left untreated (lanes “−”) or digested with 
endo-β-N-acetylglucosaminidase H (Endo H; lanes “+”). Samples were 
separated by SDS-PAGE under reducing conditions, and blots were 
analyzed using an antibody against the HA-tag (H6908), HRP-labeled 
secondary antibodies and chemiluminescence. Molecular masses of 
marker proteins are indicated. n = 2
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different cell lines is clearly a common limitation of many 
studies including this study. In addition, many analyses 
rely on data of overexpressed single proteins in trans-
fection experiments. Thus, future confirmation of the 
observed effects in the viral context should be extended 
to study the role of N-glycosylation with regard to virus 
particle production, F-G interactions, and ultimately, 
virus infectivity. Moreover, future studies should inves-
tigate possible effects of N-glycans on immunogenicity. 
For example, the loss of certain N-glycans appeared to 
increase the susceptibility of NiV to antibody neutraliza-
tion [26], suggesting a role in immune evasion by mask-
ing antigenic sites. Similar effects have been observed for 
glycoproteins of other viruses like HeV, HIV, Hepatitis C 
virus, Lassa virus and Influenza virus [14, 33, 37–40].

Conclusion
In conclusion, our data indicate that five of six pre-
dicted N-linked glycosylation sites in CedV F are uti-
lized in MDCK-2 cells (three in the  F2 subunit: N66, 
N79, N98; and two in the  F1 subunit: N413, N463) and 
that the N-linked glycan N413 is of particular impor-
tance for CedV F processing and transport to the cell 
surface. Mutation of the g4 N-glycosylation site had 
severe functional consequences, resulting in the lack of 
proteolytic cleavage and thus biological activity. While 
removal of other N-glycans alone had rather limited 
functional effects on glycoprotein processing and bio-
logical activity, it remains to be investigated if simul-
taneous removal of multiple N-glycans affects CedV F 
maturation and functionality more significantly.
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