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Co-assembly of Viral Envelope Glycoproteins Regulates
Their Polarized Sorting in Neurons
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Abstract

Newly synthesized envelope glycoproteins of neuroinvasive viruses can be sorted in a polarized manner to the
somatodendritic and/or axonal domains of neurons. Although critical for transneuronal spread of viruses, the molecular
determinants and interregulation of this process are largely unknown. We studied the polarized sorting of the attachment
(NiV-G) and fusion (NiV-F) glycoproteins of Nipah virus (NiV), a paramyxovirus that causes fatal human encephalitis, in rat
hippocampal neurons. When expressed individually, NiV-G exhibited a non-polarized distribution, whereas NiV-F was
specifically sorted to the somatodendritic domain. Polarized sorting of NiV-F was dependent on interaction of tyrosine-
based signals in its cytosolic tail with the clathrin adaptor complex AP-1. Co-expression of NiV-G with NiV-F abolished
somatodendritic sorting of NiV-F due to incorporation of NiV-GsNiV-F complexes into axonal transport carriers. We propose
that faster biosynthetic transport of unassembled NiV-F allows for its proteolytic activation in the somatodendritic domain
prior to association with NiV-G and axonal delivery of NiV-GeNiV-F complexes. Our study reveals how interactions of viral
glycoproteins with the host’s transport machinery and between themselves regulate their polarized sorting in neurons.
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Introduction

Neurons are polarized cells comprising somatodendritic and
axonal domains with unique structural and functional properties
(reviewed in [1]—[3]). Sorting of specific assortments of membrane
proteins and lipids to these domains is essential for neuronal
function. Members of many virus families have developed
strategies to invade the nervous system and cause acute or
persistent neurovirulence [4], [5]. Upon infection or transfection,
transmembrane proteins encoded by neuroinvasive viruses also
undergo polarized sorting in neurons [6]—[8]. The polarized
distribution of viral proteins in neurons is critical for the life cycle
and transneuronal spread of viruses [5], [8], [9], and must be
accurately coordinated with biosynthetic processing in organelles
located in the soma. The localization of viral glycoproteins and
matrix proteins, in particular, can direct polarized release of
viruses from epithelial cells [10]-[15]. The axonal or somatoden-
dritic distribution of viral membrane proteins must result from
differences in their interaction with repurposed components of the
neuronal sorting machinery. These primary interactions could also
be regulated by other proteins encoded in the viral genome. The
analysis of these two layers of regulation is key to understanding
the sorting of viral proteins in neurons.

The Nipah virus (NiV) is a recently identified, highly
pathogenic, paramyxovirus (Henipavirus genus) that exhibits broad
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host and cell tropism and infects various human cell types [16],
[17]. NiV enters the body via the upper respiratory tract; whereas
epithelial cells are important during the initial phase of the
infection, vascular endothelial cells are critical during the systemic
phase that results in widespread vasculitis and viremia [18], [19].
Damage to the vasculature allows NiV to cross the blood-brain
barrier and infect neurons, and less frequently glia, causing
encephalitis with high (~75%) mortality rate in humans [18]. The
two glycoproteins in the viral envelope, NiV fusion (NiV-F) and
NiV attachment or receptor-binding (NiV-G), are key to invasion
of host cells (reviewed in [20]-[22]). High-affinity binding of NiV-
G to ephrin-B2 or -B3 represents the first step in the recognition of
host cells by the virus [23]-[25]. This binding is associated with
“triggering” of NiV-F, resulting in fusion of the viral envelope with
the host cell membrane [22]. NiV-F and NiV-G mRNAs are
translated at ER-associated ribosomes, co-translationally inserted
into the ER where they undergo N-linked glycosylation and
subsequently transported to the plasma membrane [20], [26]—
[28]. N1V-F is synthesized as a fusion-inactive precursor (NiV-F),
which undergoes endocytosis followed by cathepsin L- or B-
dependent cleavage to the active NiV Fo-F; form in acidic
endosomes before recycling to the plasma membrane (Figure 1A;
[20], [29], [30]). Several studies have addressed the polarized
sorting of NiV proteins in epithelial and endothelial cells and their
role in cell-to-cell fusion, syncytia formation and virus spread [15],
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Author Summary

Neurons are highly polarized cells exhibiting somatoden-
dritic and axonal domains with distinct protein and lipid
compositions. Some enveloped viruses target neurons by
binding of the viral envelope glycoproteins to neuronal
surface receptors. The ensuing fusion of the viral and
neuronal membranes delivers the genetic material of the
virus into the neurons. During viral replication in neurons,
newly synthesized envelope glycoproteins are sorted to
the somatodendritic and/or axonal domains. Although
critical for viral propagation, the mechanisms responsible
for this sorting are largely unknown. We studied the
neuronal sorting of the attachment (NiV-G) and fusion
(NiV-F) glycoproteins of Nipah virus, a pathogen that
causes fatal human encephalitis. When analyzed individ-
ually, NiV-G was delivered to both the axonal and
somatodendritic domains. In contrast, NiV-F was exclu-
sively targeted to the somatodendritic domain by virtue of
interaction of specific signals in this protein with AP-1, a
component of the neuronal protein transport machinery.
Assembly with NiV-G, however, abolished somatodendritic
sorting of NiV-F due to incorporation of complexes into
axon-bound vesicles. Thus, coordinated interactions of
viral glycoproteins with the host’s sorting machinery and
between themselves allow temporal and spatial regulation
of their distribution in neurons. We propose that this
coordination facilitates viral spread among neurons.

[31], [32]. However, despite the fact that encephalitis is a hallmark
of NiV infection in humans, to date no studies have addressed the
neuronal sorting of proteins encoded by this virus.

We have studied the sorting of NiV-F and NiV-G glycoproteins
in rat hippocampal neurons. We observed that NiV-I localizes to
the somatodendritic domain in a manner dependent on the
interaction of tyrosine-based signals in its cytosolic tail with the
clathrin adaptor complex AP-1. NiV-G, in contrast, exhibits a
non-polarized distribution to both axons and dendrites and does
not interact with AP-1. Importantly, co-expression with NiV-G
causes NiV-F to lose its somatodendritic polarity, becoming evenly
distributed between the somatodendritic and axonal domains.
This redistribution is due to the incorporation of NiV-F into
axonal transport carriers in the presence of NiV-G. We propose
that faster biosynthetic transport of NiV-F allows this protein to be
singly transported in an AP-1-dependent manner to the somato-
dendritic domain, where cathepsin L and B reside. The
proteolytically activated NiV-F can then interact with the more
slowly transported NiV-G, to form a complex that is delivered to
the axonal domain. Thus, coordinated interactions of NiV-F with
the host’s polarized sorting machinery and with NiV-G allows
temporal and spatial control of the transport of active NiV-FeNiV-
G complexes to the axonal domain. Our study reveals how
interactions of viral envelope glycoproteins between themselves
and with the neuronal transport machinery regulate their
polarized sorting.

Results

Somatodendritic sorting of NiV-F is mediated by
tyrosine-based signals in the cytosolic tail

To analyze the distribution of the Nipah virus glycoproteins
NiV-F and NiV-G (Figure 1A) in neurons, primary cultures of
embryonic rat hippocampal neurons were transfected at day-in-
vitro 4 (DIV4) with plasmids encoding NiV-F-GFP or NiV-G-HA

and examined at day-in-vitro 10 (DIV10) by confocal microscopy.
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The entire neuronal cytoplasm (soma, dendrites and axon) was
visualized by co-expression of mCherry-tubulin (mCh-Tub) and
specific neuronal domains were identified by immunostaining with
antibodies to MAP2 (dendrites) and Ankyrin-G (ANK-G) (axon
initial segment, AIS). We observed that NiV-F-GFP localized to
the soma and dendrites (i.e., the somatodendritic domain) but was
excluded from the axon (Figure 1B) (dendrite to axon polarity
index (D/A): 8.3%£2.0; Table 1). In contrast, NiV-G-HA localized
to both the somatodendritic and axonal domains (Figure 1C) (D/
A: 1.0%0.2; Table 1). Since sorting of transmembrane proteins in
the endomembrane system is often dependent on signals in their
cytosolic tails [33], [34], we tested whether the NiV-F cytosolic tail
contained information for somotodendritic sorting. To this end,
we compared the intracellular distribution of the interleukin-2
receptor o subunit (referred to as Tac) and that of a chimeric
protein having the extracellular and transmembrane domains of
Tac and the NiV-F cytosolic tail (Tac-NiV-F). We found that
whereas full-length Tac localized to both the somatodendritic and
axonal domains (Figure 1D) (D/A: 1.120.2; Table 1), Tac-NiV-I
was restricted to the somatodendritic domain (Figure 1E) (D/A:
6.7%1.8; Table 1). The NiV-F cytosolic tail contains a YXXO
motif (X is any amino acid and © a bulky hydrophobic amino
acid) (YSRL; residues 525-528) (Figure 1A) characteristic of
signals that mediate various intracellular sorting events [33], [34],
including somatodendritic sorting [35], [36]. Mutation of Y525 or
1528 in this motif to alanine resulted in non-polarized distribution
of NiV-F-GFP (Figure 2 A-C) (D/A: 0.9%0.2 and 1.1%+0.2,
respectively; Table 1). The NiV-I cytosolic tail has two other
tyrosine residues, the contiguous Y542 and Y543, which are not
part of YXXO motifs (Figure 1A). Individual substitution of these
tyrosine residues by alanine did not affect somatodendritic sorting
of NiV-F-GFP (data not shown), but their combined substitution
resulted in partial loss of NiV-I' polarity (Figure 2D) (D/A:
4.4%1.2; Table 1). These analyses thus demonstrated that NiV-F,
but not NiV-G, is sorted to the somatodendritic domain of
hippocampal neurons mainly by virtue of tyrosine-based signals,
including a YXXO motif, in its cytosolic tail.

Interaction of the NiV-F cytosolic tail with p subunits of
adaptor protein (AP) complexes

YXXO signals are generally recognized by the pl, p2, p3 and
pu4 subunits of the heterotetrameric adaptor protein (AP)
complexes AP-1, AP-2, AP-3 and AP-4, respectively (both pl
and p3 occur as A and B isoforms) [33], [34] (Figure 3A). Yeast
two-hybrid (Y2H) analysis showed that the NiV-F cytosolic tail
mteracted with all the p subunits tested, with the exception of p3B
(Figure 3B). In contrast, the NiV-G cytosolic tail, which lacks a
YXXO motif (Figure 1A), did not interact with any of the p
subunits (Figure 3B). Alanine substitution of Y525 or 1528,
corresponding to the Y and O positions of the YXXO motif
(Figure 1A), caused a drastic reduction in the interaction of the
NiV-F tail with plA, plB, p2 and p3A, and to lesser extent, p4
(Figure 3C). On the other hand, single substitution of Y542 and
Y543 (Figure 1A) by alanine caused a partial reduction and double
substitution an almost complete inhibition of interaction with all p
subunits (Figure 3C). These interactions correlated well with the
function of the YXX0 motif, and to a lesser extent the YY motif]
in somatodendritic sorting of NiV-F.

Structural studies have identified two distinct bindings sites for
tyrosine-based sorting signals on the C-terminal domain of p
subunits. The first site, hereinafter termed A, is present on p2 and
U3A and binds canonical YXXO motifs from the EGFR and
TGN38 cytosolic tails (YRAL and YQRL), respectively [37], [38].
The second site, termed B, is present on p4 and binds a
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Figure 1. Somatodendritic sorting of NiV-F mediated by its cytosolic tail. (A) Schematic representation of NiV-F and NiV-G indicating the
NIV-F fusion peptide (FP), transmembrane (M) and cytosolic (C) domains, and amino-acid sequences of the cytosolic domains. The F,-F; active form of
NiV-F generated by cathepsin L- or B-mediated cleavage of the F, inactive precursor is stabilized by a disulfide (S-S) bridge [29], [30]. Utilized N-linked
glycosylation sites [26]-[28] are indicated by branched lines. The YXX@ motif (YSRL, residues 525-528) and a YY pair (residues 542 and 543) in the NiV-
F tail are highlighted in red. (B-E) Rat hippocampal neurons were co-transfected on DIV4 with plasmids encoding NiV-F-GFP, NiV-G-HA, Tac or Tac-
NiV-F, and mCherry-tubulin (mCh-Tub, marker of both dendrites and axons), fixed on DIV10, and immunostained with rabbit anti-MAP2 and goat
anti-ankyrin-G (ANK-G) (to identify dendrites and the AlS, respectively) and with mouse anti-HA or mouse anti-Tac antibodies (to visualize NiV-G-HA or
Tac-based constructs). Cells were imaged by confocal microscopy. Grayscale images correspond to NiV-F-GFP fluorescence (B), anti-HA (C) or anti-Tac
(D, E) staining. Merged color pictures at the bottom of all panels display mCh-Tub fluorescence (red) and anti-MAP2 (green) staining (axons appear
red due to mCh-Tub labeling, while dendrites are yellow due to co-labeling by mCh-Tub and MAP2). Insets show anti-ANK-G labeling (AIS shown in
cyan). The AIS and axons are marked by cyan and red arrowheads, respectively. Scale bar: 20 um. Quantitative analysis of NiV-F and NiV-G polarized

sorting was performed through calculation of the dendrite/axon (D/A) polarity index (Table 1).

doi:10.1371/journal.ppat.1004107.g001

YX[FYL][FL][E] motif (a subset of YXXO motifs) from the
cytosolic tail of the amyloid precursor protein (YKFFE) [39].
Notably, the A- and B-sites lay on opposite faces (Figure 4A) and
are predicted to be at least partially conserved in all p subunits
[38]. To test if these binding sites are involved in interactions with
the NiV-F tail, we introduced alanine substitutions of key residues
in pnlA, p2, n3A and p4, and determined their effect using Y2H
assays (UW1B was not analyzed because it is not expressed in
neurons [40]). We found that substitution of several A-site residues
in all the p subunits abrogated binding to the NiV-F tail (Figure 4B,
left panels). Substitution of B-site residues had less of an effect on
binding to plA, p2 and p3A (only the F238A mutation in plA
abolished binding), but caused substantial inhibition of binding to
4 (Figure 4B, right panels). From these experiments, we
concluded that binding of the NiV-F tail involves the A-site on
1A, p2 and p3A, and both the A- and B-sites on p4.

Role of p subunits in somatodendritic sorting of NiV-F

The experiments described above demonstrated that the NiV-F
tail interacts with the plA, p2, pn3A and p4 subunits of the
corresponding AP complexes. But, which of these interactions are
responsible for the somatodendritic sorting of NiV-I? To address
this question, we devised a dominant-negative approach in which
neurons were transfected with plasmids encoding p subunit A- or
B-site mutants that are incapable of binding the NiV-F tail. Based
on the Y2H analyses (Figure 4B), we selected the following single
and double substitutions: plA DI174A/W408S (A-site), p2
D174A/W419S  (A-site), pu3A DI182A (A-site), pd DI90A/
V440D (A-site), and p4 F255A/R283D (B-site). All constructs
contained triple HA tags appended at their C-termini through a
10-amino acid linker [41] (Figure SIA). We demonstrated that the
wild-type (WT) and mutant HA-tagged p subunits were incorpo-
rated into their cognate AP heterotetramers, as shown by
expression in Hela cells followed by immunoprecipitation with
anti-HA antiserum and immunoblotting for other subunits of the
corresponding complexes (7, &, B3 and € for AP-1, AP-2, AP-3 and
AP-4, respectively) (Figure S1B).

Both the WT and D174A/W408S plA constructs exhibited
staining of a juxtanuclear structure in the soma (Figure S2A),
consistent with localization of AP-1 to the trans-Golgi network
(TGN). Importantly, while expression of WT plA did not affect
the somatodendritic localization of NiV-F-GIP (Figure 5A) (D/A:
7.9%2.0, as compared to 8.3%2.0 for NiV-F-GFP alone; Table 1),
expression of the D174A/W408S A-site mutant resulted in non-
polarized distribution of NiV-F-GFP (Figure 5A) (D/A: 1.6*0.4;
Table 1). This indicated that interaction of the NiV-F tail with the
A-site on plA is critical for its somatodendritic sorting. The
observations in neurons expressing P2 constructs were also of
mterest. The p2 constructs localized to both dendrites and axons
(Figure S2B). While expression of p2 WT did not affect
somatodendritic sorting of NiV-F (Figure 5B), expression of the

PLOS Pathogens | www.plospathogens.org

D174A/W419S A-site mutant yielded a mixed phenotype: no
effect in the majority of cells (~75%) and non-polarized
distribution in a minority of cells (~25%) (Figure 5B). This
heterogenous phenotype resulted in an average D/A of 5.3%3.1
(Table 1). In control experiments performed under the same
transfection conditions, co-expression of p2 D174A/W419S
significantly increased surface levels of TfR-GFP in ~70% of
neurons compared to cells co-transfected with p2 WT' (Figure S3).
This indicated that the heterogenous effect of p2 D174A/W419S
on NiV-F sorting in hippocampal neurons is not the result of lack
of dominant negative activity of this mutant. The u3A constructs
were present in vesicles in both the somatodendritic and axonal
domains whereas p4 localized to the soma (Figure S2). Impor-
tantly, expression of WT pu3A or p4, or mutants of these proteins
that do not bind the NiV-F cytosolic tail, did not affect the
somatodendritic sorting of NiV-I' (Figure 5 C-D). These
observations thus demonstrated a critical role for AP-1 in
somatodendritic sorting of NiV-F through recognition of tyro-
sine-based signals by binding site A. AP-2 was important in only a
subpopulation of cells, and AP-3 and AP-4 did not appear to be
involved in this process.

Assembly with NiV-G abolishes somatodendritic sorting
of NiV-F

Given that interactions between fusion and attachment proteins
of paramyxoviruses are critical for host cell invasion [22], we
hypothesized that NiV-F and NiV-G might mutually influence
their polarized sorting in neurons. We tested this hypothesis in rat
hippocampal neurons co-transfected with plasmids encoding
tagged forms of NiV-F and NiV-G. Co-immunoprecipitation
experiments in HEK293T cells showed that NiV-G-HA interacted
with both the uncleaved F, (fusion-inactive) and cleaved F; (fusion-
active) forms (Figure 1A) of NiV-F-GFP (Figure 6A). Importantly,
co-transfection of neurons with NiV-G-HA resulted in non-
polarized distribution of NiV-F-GFP (Figure 6B) (D/A: 1.3%0.2;
Table 1), in sharp contrast with the somatodendritic sorting
observed following single expression of NiV-F-GFP (D/A: 8.3%2;
Figure 1B and Table 1). Conversely, the non-polarized localization
of NiV-G-HA to both the somatodendritic and axonal domains
was not affected by co-expression of NiV-F-GIP (D/A: 1.2+0.4
and 1.0%0.2 for NiV-G-HA in the presence or absence of NiV-F-
GIP, respectively; Table 1). These experiments thus demonstrated
that assembly with NiV-G abolished the polarized, somatoden-
dritic distribution of NiV-F.

Newly synthesized NiV-F is transported as the inactive I form to
the plasma membrane; following endocytosis, Fy is cleaved in
endosomes to the active disulfide-linked Fo-F; form (Figure S4A),
which recycles back to the plasma membrane [20]. Given the
relationship between NiV-I activity and cellular localization, we
asked whether the polarized sorting of NiV-I and the regulatory
effect of NiV-G depended on NiV-F activity. To this end, we
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Figure 2. Involvement of a YXX@ motif and a YY pair in somatodendritic sorting of NiV-F. (A-D) Rat hippocampal neurons were co-
transfected with the indicated NiV-F-GFP constructs and mCh-Tub and immunostained with rabbit anti-MAP2 and goat anti-ANK-G. Grayscale images
depict the fluorescence of the indicated NiV-F-GFP constructs; labeling in color images is as indicated in the legend to Figure 1. Cyan and red
arrowheads show the position of AIS and axons, respectively. Scale bar: 20 um. D/A polarity indexes for all constructs are summarized in Table 1.

doi:10.1371/journal.ppat.1004107.g002

generated a mutant form of NiV-F-GFP having a deletion in the
cleavage site (NiV-F-A104-109-GFP) [42]. This mutant displayed a
marked reduction in proteolysis as observed upon expression in
HEK293T cells (Figure S4B), but exhibited somatodendritic sorting
in neurons (D/A: 7.5%2.0), similar to that of the wild-type protein
(D/A: 8.3%2.0) (Figure S4C; Table 1). Furthermore, co-expression
of NiV-G-HA resulted in non-polarized distribution of NiV-F-
A104-109-GFP (Figure S4D) (D/A: 1.2%+0.3, Table 1), similar to
the observations with NiV-F WT. Therefore, somatodendritic
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sorting of NiV-F and its depolarization by NiV-G are not dependent
on proteolytic activation of NiV-F.

We also analyzed whether inhibition of AP-2-dependent
endocytosis affected the ability of NiV-G to depolarize NiV-F.
Experiments were carried out in neurons subjected to triple
transfection for 24 or 48 h with NiV-F-GFP, NiV-G-mCherry and
either 2 WT or the p2 D174A/W419S dominant negative
mutant. As a control, we measured the effects of p2 D174A/
W419S on surface levels of TR under these transfection
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Table 1. Quantification of NiV-F and NiV-G sorting into somatodendritic and axonal domains of rat hippocampal neurons.

D/A Polarity Index

NiV-F-GFP

NiV-G-HA

Tac

Tac-NiV-F

NiV-F-GFP Y525A

NiV-F-GFP L528A

NiV-F-GFP Y542A/Y543A
NiV-F-GFP+p1A-HA WT
NiV-F-GFP+p1A-HA A-site mutant
NiV-F-GFP+u2-HA WT
NiV-F-GFP+p2-HA A-site mutant
NiV-F-GFP+u3-HA WT
NiV-F-GFP+u3-HA A-site mutant
NiV-F-GFP+p4-HA WT
NiV-F-GFP+p4-HA A-site mutant
NiV-F-GFP+p4-HA B-site mutant
NiV-F-GFP (+NiV-G-HA)

NiV-G-HA (+NiV-F-GFP)
NiV-F-GFP-A104-109
NiV-F-GFP-A104-109 (+NiV-G-HA)
NiV-F-GFP (+NiV-G-mCh)+p2-HA WT
NiV-F-GFP (+NiV-G-mCh)+u2-HA A-site mutant

8.3+2.0 (30)
1.0+0.2 (30)*
1.1£0.2 (25)
6.7+1.8 (27)°
0.9+0.2 (27)*
1.1+0.2 (30)*
44+12 (32)*
7.9+2.0 (30)
1.6+0.4 (30)*
84+1.8 (27)
53+3.1 (39)*
7.8+1.9 (25)
82+1.9 (25)
8.1+2.0 (25)
7.8+2.0 (27)
8.5+1.8 (25)
1.3+0.2 (20)*
1.2+0.4 (20)*
7.5+2.0 (25)
1.2+03 (22)*
14203 (22)*
1.5+0.4 (27)*

(¥JP<0.01 when compared to NiV-F-GFP.

$)p<0.01 when compared to Tac;
®Pp<0.01 when compared to NiV-F-GFP A104-109.
doi:10.1371/journal.ppat.1004107.t001

conditions. Although expression of u2 D174A/W419S enhanced
surface labeling of TfR in neurons transfected for 24 or 48 h, it did
not affect the depolarization of NiV-I caused by co-expression of
NiV-G (Figure S5) (D/A: 1.4%0.3 and 1.5%0.4 for cells co-
transfected with WT or dominant negative n2, respectively,
Table 1), indicating that this effect does not depend on AP-2
dependent endocytosis.

Expression of NiV-G promotes axonal transport of NiV-F
The effect of NiV-G on NiV-F sorting was examined in more
detail by live-cell imaging of transfected rat hippocampal neurons.
We observed very little transport of NiV-F-GFP along the axon in
the absence of NiV-G-mCherry (Figure 7A and Video S1). In
contrast, numerous axonal carriers containing NiV-G-mCherry
were observed in the absence of NiV-F-GFP (Figure 7B and Video
S1). Co-expression of NiV-F-GFP with NiV-G-mCherry greatly
increased the amount of NiV-F-GFP in both anterograde and
retrograde axonal carriers, as well as in stationary foci (Figure 7 C
D; Video S1). The amount of NiV-G-mCherry in these structures,
on the other hand, was not affected by co-expression with NiV-F-
GFP (Figure.7 C-D; Video S1). Analysis of dendrites showed that
both NiV-F-GFP and NiV-G-mCherry were transported in
vesicular carriers irrespective of whether they were expressed
singly or in combination (Figure 7E; Video S2). We concluded that
NiV-G abolishes polarized sorting of NiV-I' by promoting

PLOS Pathogens | www.plospathogens.org

Dendrite to axon (D/A) polarity indexes were calculated as described in Materials and Methods. Values are expressed as mean * SD (n) (n; number of cells analyzed).
The notation NiV-F-GFP (+NiV-G-HA) refers to the NiV-F-GFP polarity index in cells co-expressing NiV-G-HA. The same applies to the NiV-G-HA (+NiV-F-GFP) notation.
Statistical significance for all groups including NiV-F-GFP and NiV-G-HA constructs was calculated by one-way ANOVA followed by Dunnett’s test.

Significance between group pairs including Tac or NiV-F-GFP A104-109 constructs was calculated by Student’s t-test.

incorporation of NiV-F into axonal transport carriers at the level
of the soma.

We quantified the axonal and dendritic vesicular structures
(anterograde and retrograde carriers, and stationary foci) that
contained both NiV-F-GFP and NiV-G-mCherry in co-expressing
live cells. We observed a higher proportion of anterograde carriers
containing both glycoproteins in axons (96-97%) as compared to
dendrites (56-80%), consistent with the notion that NiV-G is
required for incorporation of NiV-F into axonal transport carriers
and axonal entry, likely as part of NiV-FeNiV-G complexes
(Figure 7F). On the other hand, the presence of subpopulations of
dendritic vesicles carrying only NiV-F or NiV-G suggests that their
somatodendritic transport can occur independently of each other.

Biosynthetic trafficking of NiV-F and NiV-G

We also asked whether the observed differences in sorting of
NiV-F in the presence or absence of NiV-G occur in the context of
differences in biosynthetic trafficking that may transiently separate
these glycoproteins. We examined the rates of biosynthetic
trafficking in HEK293T cells transfected with NiV-F-AU1 or
NiV-G-HA and subjected to pulse-chase metabolic labeling
followed by immunoprecipitation and endoglycosidase H (endo
H) treatment. Consistent with studies on the glycoproteins of the
related Hendra virus [43], our results showed that newly
synthesized NiV-F achieves maximum endo H resistance, a
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Figure 3. Interaction of the NiV-F cytosolic tail with AP p subunits. (A) Scheme of heterotetrameric adaptor protein (AP) complexes depicting
the four subunits in each complex along with subunit isoforms. Combinatorial assembly of subunits can originate multiple forms of AP-1, AP-2 and
AP-3 [56]. (B) Y2H analysis showing interaction of the NiV-F cytosolic tail, but not the NiV-G cytosolic tail, with p1A, p1B, p2, p3A and p4. Growth of
yeast co-transformants on —Hlis plates is indicative of interactions between tail constructs subcloned in a Gal4 binding domain (BD) vector and p
subunits subcloned in a Gal4 activation domain (AD) vector; growth on +His plates is a control for growth/loading of co-transformants. The TGN38
cytosolic tail was used as a positive control for interaction with various p subunits. Co-transformations of cytosolic tail constructs with SV40 T-Ag and
of u subunits with p53 were used as negative controls. Co-transformation of p53 and SV40 T-Ag constructs provided an additional positive control for
interactions. Images are composites of panels from the same experiments and are representative of three independent experiments. (C) Y2H analysis
showing that alanine substitution of Y525 or L528 in the YXX@-based signal or combined substitution of Y542 and Y543 inhibits the interaction of the
NiV-F cytosolic tail with p subunits. Experiments were performed as in panel B.

doi:10.1371/journal.ppat.1004107.g003
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Figure 4. Binding sites on p subunits involved in interactions with the NiV-F tail. (A) Surface representation of the three-dimensional
structure of the p1A C-terminal domain (residues 157-423) (PDB ID 1W63; [57]) exhibiting potential binding sites for YXX@ (A-site, red) and
YX[FYLI[FLI[E] (B-site, blue) signals on opposite sides of the molecule. The potential A-site in u1A was mapped by sequence alignment with p2 and
13A, and based on the structure of the complexes between the C-terminal domains of p2 or p3A and YXX@ signal-containing peptides [37], [38].
Mapping of the potential B-site in t1A was based on sequence alignment with p4 and on the structure of the C-terminal domain of this subunit in
complex with a YKFFE-containing peptide [39]. Model images were built with PyMOL [58]. (B) Effect of alanine substitutions in critical residues of p
subunits A- and B-sites on the interaction with the NiV-F cytosolic tail. Residues in the putative A-sites of u1A and p4 were defined by homology with
the residues in the corresponding sites of u2 and p3A [37], [38]. Similarly, residues in the putative B-sites of p1A, p2 and p3A were defined by
homology with those in the cognate site of p4 [39]. Numbering of u2 residues corresponds to the variant containing 433 residues (NCBI Reference
Sequence NP_001020376). Residues whose substitution resulted in a strong inhibition in NiV-F tail binding are labeled in red (A-site) or dark blue (B-
sites); substitutions causing a weaker inhibition are labeled in magenta (A-site) or light blue (B-site). Details of the Y2H analysis are as in the legend to

Figure 3 B-C.
doi:10.1371/journal.ppat.1004107.9g004

measure of transit through the Golgi complex, at ~0.5-1 h of
chase, while NiV-G reaches a similar level of processing at 2-3 h
of chase (Figure 8). Production of NiV-F;, which depends on
transport of newly synthesized NiV-F, to the plasma membrane
followed by endocytosis and cleavage in acidic endosomes [20],
[29], [30], was apparent after 1 h of chase consistent with the
faster biosynthetic trafficking of NiV-F (Figure 8A).

Discussion

Polarized sorting of NiV-F and NiV-G in neurons

Our studies demonstrate that, when expressed individually,
NiV-F is sorted to the somatodendritic domain, whereas NiV-G
exhibits a non-polarized distribution in hippocampal neurons.
Previous studies identified various sequence motifs in the cytosolic
tails of transmembrane proteins that mediate somatodendritic
sorting [35], [36], [44]-[46]. Here we show that somatodendritic
sorting of NiV-I' is dependent on a canonical YXXO motif
(residues 525-528) and, less markedly, on a di-tyrosine motif
(residues 542-543) in its cytosolic tail. Although the NiV-G tail
also contains a di-tyrosine motif (residues 28-29; Figure 1A), the
lack of a YXXO motif is presumably responsible for the non-
polarized distribution of this protein in hippocampal neurons.

The neuronal sorting of NiV-F and NiV-G exhibits similarities
and differences when compared to their basolateral sorting in
epithelial cells [31] and their bipolar distribution in endothelial
cells [32]. The basolateral distribution of NiV-F in polarized
MDCK epithelial and microvascular endothelial cells depends on
its YXXO motif; however, only basolateral sorting in endothelial
cells 1s altered by substitution of the NiV-F di-tyrosine sequence
[31], [32]. On the other hand, substitution of the di-tyrosine
sequence in the NiV-G cytosolic tail impairs basolateral sorting of
this glycoprotein in MDCK but not in microvascular endothelial
cells [31], [32]. Moreover, the non-polarized distribution of NiV-
G in neurons is in sharp contrast with its basolateral localization in
epithelial cells [31]. These observations demonstrate that various
cell types interpret sorting information differently, and highlight
additional variations to the analogy between somatodendritic and
axonal domains in neurons and basolateral and apical domains in
other polarized cell types, respectively [1], [6].

Importantly, we have identified the mechanism responsible for
somatodendritic sorting of NiV-F through a combined approach
including Y2H assays of its interactions with AP p subunits and co-
transfection of neurons with NiV-F and dominant-negative
mutants of p subunits. Y2H assays revealed that the NiV-F
cytosolic tail interacts with the p subunits of AP-1, AP-2, AP-3 and
AP-4 in a manner dependent on both the YXXO and di-tyrosine
motifs present in this tail. This dependence on two tyrosine-based
motifs suggests that the NiV-I tail might simultaneously interact
with both potential binding sites (A and B) on p subunits. This is
consistent with the distance between the YXXO (residues
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525-528) and the di-tyrosine (residues 542-543) motifs (14
residues corresponding to ~45 A in an unstructured peptide)
and the 30 A scparation between the A-site and B-site on the
overlapped structures of p2 and p4 [39]. It is also possible that the
di-tyrosine plays a conformational role, uncovering and/or
stabilizing the YXXO motif in the NiV-F tail for recognition by
the various [ subunits.

The identification of residues required for binding of the NiV-F
tail allowed us to design p-subunit constructs that act as dominant-
negative mutants by interfering with the endogenous AP
complexes involved in somatodendritic sorting of NiV-F. This
analysis conclusively demonstrated that the clathrin adaptor AP-1
plays a critical role in the targeting of NiV-F to the somatoden-
dritic domain. This is consistent with the role of AP-1 in the
somatodendritic sorting of other proteins including TiR, the
metabotropic glutamate receptor mGluR1 and the NMDA
receptor subunits NR2A and NR2B [36]. We also detected a
non-polarized distribution of NiV-F in ~25% of hippocampal
neurons transfected with the p2 A-site mutant. Hence, together
with AP-1, AP-2 may also play a role in somatodendritic sorting of
NiV-F in a subpopulation of hippocampal neurons. Although we
have not addressed how AP-2 affects NiV-I' sorting, the
involvement of this adaptor is consistent with the idea that both
biosynthetic and endocytic pathways contribute to neuronal
protein sorting [1].

Our observations thus demonstrate that viral membrane
proteins such as NiV-F, with tyrosine-based signals in their
cytosolic tails, utilize the same neuronal machinery that is
responsible for somatodendritic sorting of endogenous proteins.
At the same time, they support the proposed role of AP-1 as a
general regulator of polarized sorting [36], [47].

Regulation of NiV-F sorting by NiV-G

Our observations shed light on another important layer of
regulation in the neuronal sorting of viral envelope glycoproteins
that interplays with the machinery responsible for polarized
distribution of endogenous proteins. Whereas single transfection of
neurons with NiV-F resulted in its somatodendritic sorting, co-
expression of NiV-G caused non-polarized distribution of NiV-F.
This effect was analyzed not only by confocal microscopy but also
by live-cell imaging, allowing us to observe axonal and dendritic
transport vesicles carrying both NiV-F and NiV-G in cells co-
expressing the two envelope proteins.

Previous studies addressed the effects of co-expression of NiV
glycoproteins on their sorting in epithelial cells. Although both NiV-
F and NiV-G are localized basolaterally when expressed individ-
ually in polarized MDCK cells, co-expression results in non-
polarized distribution of the two proteins [31]. Studies with NiV-F
mutants showed that co-sorting with NiV-G may result from
intrinsic membrane fusion activity of the NiV-FeNiV-G complex
that affects the integrity or polarity of infected epithelial cells [15],
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Figure 5. Effect of dominant-negative mutants of u subunits on somatodendritic sorting of NiV-F. (A-D) Rat hippocampal neurons were
co-transfected with plasmids encoding NiV-F-GFP and wild-type (WT) or dominant-negative (DN) mutants of HA-tagged p subunits (A-site mutants of
p1A, u2, u3A and p4, and B-site mutant of u4, as labeled on top of images). The effects of n1A, 12, u3A and p4 constructs are shown in panels A, B, C
and D, respectively. Cells were immunostained with mouse anti-HA, rabbit anti-MAP2 and goat anti-ANK-G, and imaged as indicated in the legend to
Figure 1. Grayscale images shown in all panels correspond to NiV-GFP fluorescence. The anti-HA, anti-MAP2 and anti-ANK-G staining is shown in
Figure S2. Two images corresponding to different effects on NiV-F-GFP sorting (representing ~75 and 25% of the neuronal population) observed
following expression of u2 D174A/W419S are shown in (B). The AIS and axons are marked by cyan and red arrowheads, respectively. Scale bar: 20 um.
See Table 1 for polarity indexes.

doi:10.1371/journal.ppat.1004107.g005
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Figure 6. Interaction with NiV-G abolishes somatodendritic sorting of NiV-F. (A) Co-immunoprecipitation of NiV-F and NiV-G. HEK293T cells
were co-transfected with NiV-F-GFP and NiV-G-HA; approximately 24-27 h post-transfection, cells were lysed and subjected to immunoprecipitation
(IP) with rabbit anti-HA. Antigen-antibody complexes were eluted from beads and subjected to SDS-PAGE under reducing conditions and
immunoblotting (IB) with either mouse anti-HA or mouse anti-GFP (upper and lower panels at right, respectively). Samples of cell lysates were also
subjected to SDS-PAGE and immunoblotting (left panels). Full and dashed lines at right of bottom panels show the mobility of the NiV-Fy and -F;
forms (see Figure S4 for cleavage scheme). Co-IP of the NiV-F; fragment with NiV-G could not be evaluated because the GFP moiety is fused to the C-
terminus of NiV-F. The position of molecular mass markers (in kDa) is shown at left of blots. (B) Rat hippocampal neurons were co-transfected with
NiV-F-GFP and NiV-G-HA, immunostained with mouse anti-HA, rabbit anti-MAP2 and goat anti-ANK-G, and imaged by confocal microscopy. Upper
panels show NiV-F-GFP fluorescence (left) and anti-HA staining (right). The left lower panel shows anti-MAP2 (magenta) and anti-ANK-G (cyan)
staining; the right lower panel displays merged images of NiV-F-GFP fluorescence (green) and anti-HA immunostaining (red) (yellow indicates co-
localization). Cyan and white arrowheads show the position of the AIS and axons, respectively. Scale bar: 20 um. Co-transfection with NiV-F and NiV-G
constructs resulted in the frequent appearance of fused neurons (typically 2-3 cells) consistent with the role of these glycoproteins in cell-to-cell
fusion [15], [26], [27]. Only isolated neurons co-transfected with NiV-F and NiV-G, showing unaltered distribution of MAP2 and ANK-G markers, were
selected for quantitative analysis of polarity of the two glycoproteins (Table 1).

doi:10.1371/journal.ppat.1004107.9g006
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Figure 7. Live-cell imaging shows that NiV-G increases axonal transport of NiV-F. (A-C) Single-frame images from Video S1 (thin upper
images) and kymographs (bottom images) of the analysis of particles moving along 100 um of axons in DIV10 rat hippocampal neurons co-
transfected on DIV5 with plasmids encoding either NiV-F-GFP (NiV-F) and mCh-Tub (Tub) (panel A), NiV-G-mCh (NiV-G) and GFP (panel B) or NiV-F-
GFP and NiV-G-mCh (panel C). Images in (A) and (B) are shown in grayscale. In panel (C), NiV-F-GFP and NiV-G-mCh fluorescence are shown
individually in grayscale and as green and red, respectively, in merged images (yellow indicates co-localization). Tracings with negative and positive
slopes in kymographs represent anterograde and retrograde movement of particles, respectively; vertical lines represent particles that are stationary
during the 60 s recording. (D) Quantification of NiV-F-GFP and NiV-G-mCh axonal transport in neurons expressing these proteins individually or in
combination. Data shown represent the number of anterograde (Ant), stationary (Stat) and retrograde (Ret) particles per 100 um of axon length
during the 60 s recording. NiV-F and NiV-G (green and red bars, respectively) show the number of axonal particles containing these two proteins
when expressed individually. “NiV-F (+NiV-G)” (light green bars) is the number of NiV-F-GFP particles in neurons co-expressing NiV-G-mCh; “NiV-G (+
NiV-F)" (salmon bars) represents the number of NiV-G-mCh particles in neurons co-expressing NiV-F-GFP. Values are the means*SEM of 20-22
independent measurements for each condition and represent the total number of particles (n,) indicated under the graph. Statistical significance was
calculated by one-way ANOVA followed by Dunnett’s test. (*) P<<0.01 when compared to NiV-F-GFP-containing particles in cells expressing only this
protein. (E) Single-frame images from Video S2 showing dendritic particles from neurons co-expressing either NiV-F-GFP and mCh-Tub, NiV-G-mCh
and GFP, or NiV-F-GFP and NiV-G-mCh (upper panels in grayscale; bottom panel with merged NiV-F-GFP and NiV-G-mCh images in green and red,
respectively). The lower color image is a 4 x magnification of the boxed area in the above image; color arrows point to particles containing either NiV-
F-GFP or NiV-G-mCh (green and red, respectively) or both proteins (yellow). Scale bar: 10 um. (F) Co-localization of NiV-F-GFP and NiV-G-mCh in
axonal and dendritic particles of co-transfected neurons. NiV-F-GFP co-localization in co-transfected neurons (NiV-F (+NiV-G), light green bars) was the
percentage of NiV-F-GFP-containing particles that also contained NiV-G-mCh. Similarly, NiV-G-mCh co-localization (NiV-G (+NiV-F), salmon bars) was
the percentage of NiV-G-mCh-containing particles that also displayed NiV-F-GFP. Values are the means=SEM of 22 and 33 measurements of axonal
and dendritic particles, respectively, and represent the total number of axonal and dendritic particles (n,A and nyD) containing NiV-F-GFP and NiV-G-
mCherry indicated under the graph.

doi:10.1371/journal.ppat.1004107.9g007
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Figure 8. NiV-F and NiV-G exhibit different rates of biosynthetic trafficking. HEK293T cells transfected with NiV-F-AU1 (A) or NiV-G-HA (B)
were pulse-labeled for 15 min and chased for the indicated times; this was followed by lysis, immunoprecipitation with anti-epitope antibodies and
treatment in the presence or absence of endo H. Samples were subjected to SDS-PAGE under reducing conditions and autoradiography. (A) NiV-Fq
displays four utilized sites of N-linked glycosylation [26], [27] (Figure 1A) some of which become endo H-resistant while others remain endo H-
sensitive upon transport through the Golgi complex. Golgi processing is evidenced by the appearance of a lower mobility band from 0.5 h of chase
onwards in lanes with undigested immunoprecipitates. Treatment of the Golgi-processed form of NiV-F, with endo H results in an intermediate
mobility shift (apparent from 0.5 h of chase onwards) referred to as “F, resistant”, while digestion of the unprocessed form results in a larger shift
referred to as “F, sensitive” (visible from time 0 of chase onwards) (corresponding lines at right of panel). The NiV-F; form, whose production
depends on transport of newly synthesized NiV-F, to the plasma membrane followed by endocytosis and cleavage in acidic endosomes [20], [29],
[30], was apparent after 1 h of chase and exhibited partial resistance to endo H (bands indicated by bracket at right of panel). The NiV-F, fragment
was not detected because the AU1 epitope is located at the C-terminus of the tagged protein (see Figure S4A for NiV-F cleavage scheme). (B) NiV-G
displays six utilized sites of N-linked glycosylation [28] (Figure 1A). The position of endo H-resistant and -sensitive forms of NiV-G is shown by
brackets. Note the slower production of endo H-resistant NiV-G compared to that of endo H-resistant NiV-Fo shown in panel A. Data in panels A and B
are representative of two independent experiments where NiV-F-AU1- and NiV-G-HA-transfected cells were pulsed, chased and processed
simultaneously. The position of molecular mass markers (in kDa) is shown at left. (C) Densitometric analysis of autoradiograms in panels A and B was
performed with Image J software (http://rsbweb.nih.gov/ij). Results shown represent the percentage of endo H resistance (100 xendo H resistant
forms/endo H resistant forms+endo H sensitive forms) at different times of chase (only the F, form was considered in the quantitative analysis of NiV-
F).

doi:10.1371/journal.ppat.1004107.g008
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[31]. Our observations point to another difference in the sorting of
NiV glycoproteins in epithelial cells and neurons. The NiV-F-
A104-109 mutant displays impaired proteolytic activation, but is
sorted to the somatodendritic domain of hippocampal neurons in a
manner similar to that of the wild-type protein. Importantly, co-
expression of NiV-G also results in non-polarized distribution of
NiV-F-A104-109, indicating that this effect is unrelated to
microfusion events that can alter neuronal polarity. This finding is
also consistent with the unaltered distribution of the somatoden-
dritic marker MAP2 in neurons co-expressing the two NiV
glycoproteins. Consequently, the most likely mechanism underlying
the non-polarized distribution of NiV-F following co-expression of
NiV-G is that formation of NiV-FeNiV-G complexes interferes with
the interaction between NiV-F and AP-1 and, consequently, with
exclusion of NiV-F from axonal transport carriers.

There are precedents for viral proteins driving the redistribution
of other viral components in epithelial cells. For instance, the
Marburg virus matrix protein VP40 triggers the re-localization of
the glycoprotein GP from the apical to the basolateral membrane
of epithelial cells, leading to budding of infectious virions from
epithelial cells [13]. Interactions of viral proteins with cytoskeleton
components of peripheral nervous system (PNS) neurons that
facilitate virus spread have also been reported. Us9 is a conserved
membrane protein encoded by alphaherpesviruses that interacts
with the microtubule-dependent kinesin-3 motor KIFIA to
regulate anterograde axonal transport of other viral proteins and
viral particles [48]. Our observations extend these precedents and
uncover a novel mechanism of regulation of neuronal sorting
exclusively involving the two envelope glycoproteins encoded by a
central nervous system (CNS)-targeting virus.

Possible role of NiV-G-dependent regulation of NiV-F
sorting in neurons

Our observations establish that NiV envelope glycoproteins can
regulate their own neuronal sorting. Specifically, formation of a
complex with NiV-G allows NiV-F to escape the somatodendritic
restriction otherwise imposed by an AP-1-dependent mechanism.
What is the advantage conferred by this regulation? We have shown
that the biosynthetic transport of NiV-G is much slower (~120 min)
compared to that of NiV-F (~30 mim). This difference in
biosynthetic transport rate, along with the required endocytosis-
dependent proteolysis of NiV-F, imposes time and spatial constraints
for the formation of active NiV-FeNiV-G complexes [22]. We
propose that the interplay among (a) differences in biosynthetic
transport of NiV-F and NiV-G, (b) the AP-1-dependent-targeting of
NiV-F to the somatodendritic plasma membrane, (c) its endocytosis
and proteolytic activation in endosomes and (d) the subsequent
formation of NiV-FeNiV-G complexes, constitutes a highly coordi-
nated and efficient system for delivering active envelope glycopro-
teins to the entire neuronal surface (Figure 9). In this model, the
initial sorting of NiV-F to the somatodendritic plasma membrane,
preceding NiV-G, ensures the subsequent endocytosis to endosomes
that are abundant in the somatodendritic compartment [1].
Following proteolysis catalyzed by cathepsin L. or B, the active
NiV Fo-I) assembles with the slower-trafticking NiV-G resulting in a
non-polarized distribution of the complex along both the somato-
dendritic and axonal compartments (Figure 9).

It is not known at this time to what extent NiV spreads in the
CNS by release of infectious particles, syncytium formation or
microfusion events at synaptic contacts. Similarly, no studies have
addressed whether N1V spreads interneuronally in an anterograde
or retrograde manner. Nonetheless, it has been proposed that
interneuronal spread along neuronal pathways may contribute to
NiV dissemination [18], and that axonal transport may contribute
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to N1V spread across the CNS [19]. These findings are consistent
with the localization of NiV-G-binding ephrin-B ligands to post-
synaptic densities of mouse hippocampal CAl neurons [49], and
with our observations revealing co-localization of ephrin-B3 and
the post-synaptic membrane marker post-synaptic density protein
95 in rat hippocampal neurons (unpublished observations).
Although the specific mode of NiV spread is a critical issue that
deserves further study, it seems reasonable to conclude that the
mterregulation of NiV glycoprotein sorting and ensuing accumu-
lation of NiV-FeNiV-G complexes in the somatodendritic and
axonal domains may represent a key mechanism to increase the
likelihood of viral spread through synaptic contacts.

Materials and Methods

Ethics statement

Animal work was conducted following the guidelines established
by the National Institute of Child Health and Human Develop-
ment (NICHD), Animal Care and Use Committee (ACUC).
Research was performed under protocols #10-103 and #13-011
approved by the NICHD ACUC. The NICHD ACUC follows the
United States regulations and guidelines set forth by the National
Institutes of Health, the Animal Welfare Act, the Guide for the
Care and Use of Laboratory Animals, the Public Health Service
Policy on Humane Care and Use of Laboratory Animals and the
Government Principles for the Utilization and Care of Vertebrate
Animals used in Testing, Research and Training.

DNA constructs

pcDNA3.1-NiV-F-AU1 and pcDNA3.1-NiV-G-HA containing
codon-optimized cDNAs [27], were gifts from B. Lee (University
of California at Los Angeles). cDNAs encoding the cytosolic tails of
NiV-F and NiV-G were provided by A. Maisner (Philipps
University of Marburg). The monomeric Cherry-tubulin con-
struct, pEGFP-N1 (Clontech) with the EGFP dimer-interfering
A206K mutation and pmCherry-N1 were gifts from J. Lippincott-
Schwartz (NIH, Bethesda, MD). The pEGFPA206K-N1 human
TR construct was previously described [36].

An EcoRI/BamH]1 fragment encoding NiV-F and an EcoRI/
Xhol fragment encoding NiV-G were subcloned into the
corresponding sites of pEGFPA206K-N1 and the EcoRI/Sall
sites of pmCherry-N1, respectively. An Xhol/EcoRI fragment
encoding the extracellular and transmembrane domains of human
interleukin-2-receptor o subunit (referred to as Tac) (residues 1—
261) and an EcoRI/Xhol fragment encoding NiV-I' 519-546
(cytosolic tail) followed by a stop codon were subcloned in frame
into the Xhol/Sall of pEGIFP-N1. The pCl-neo-(Promega) based
construct for the expression of mouse pHlA appended at the C-
terminus with a 10-residue spacer GSGSGGSGSG and three
copies of the HA epitope has been described [41]. An EcoRI/Sal I
fragment encoding mouse (1A plus the spacer and one HA copy
was excised from this construct and replaced by corresponding
fragments encoding mouse pn2, rat p3A or human p4. The plA,
pulB, p2, p3A and p4 constructs in the Gal4-activation domain
vector pACT?2 (Clontech) have been described [41]. The cytosolic
tails of NiV-F (residues 519-546) and NiV-G (residues 1-45) were
subcloned in the Gal4-binding domain pGBKT7 (Clontech), while
the rat TGN38 tail 324-353 fragment was subcloned into pGBT9
(Clontech) [50]. All mutations in NiV-F and p subunits were
generated by site-directed mutagenesis (QuickChange; Agilent).

Antibodies

Rabbit anti-MAP2 and goat anti-ANK-G (P-20) antisera were
from Santa Cruz Biotechnology. Rabbit anti-HA was a gift from
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Dendrite

Figure 9. Proposed regulation of NiV-F neuronal sorting by NiV-G. NiV-F (F, inactive precursor) and NiV-G (G) exhibit relatively fast and slow
biosynthetic trafficking, respectively (full and dashed lines in scheme). In the absence of G, Fy is first sorted to the somatodendritic plasma membrane
and then internalized to early/recycling endosomes located in the soma where it undergoes proteolytic activation (generation of F5 ). This allows for
efficient activation of NiV-F within the somatodendritic domain. The interaction between active F,; and newly synthesized G (exhibiting delayed
trafficking out of the TGN) alters the sorting of the fusion glycoprotein and results in the presence of NiV-FeNiV-G complexes (F,;G) not only in
dendrites but also in the axonal compartment. Although depolarization of NiV-F by NiV-G may also occur when AP-2-dependent endocytosis is
affected (Figure S5), the endocytosis-dependent proteolytic activation of NiV-F [20], [29], [30] and the different rates of biosynthetic trafficking makes
endosomes the most plausible site of formation of NiV-FeNiV-G complexes. Localization of NiV-FeNiV-G complexes to axons may facilitate
transneuronal spread of NiV. Differential sorting of NiV-F in the presence or absence of NiV-G may coordinate NiV-F processing, axonal transport and
anterograde spread between neurons.

doi:10.1371/journal.ppat.1004107.9g009

Ajay Sharma (NIH, Bethesda, MD). The mouse anti-HA epitope 37°C under 95:5 air:CO, in DMEM/high glucose supplemented
and mouse anti-GFP antibodies were from Covance and Roche with 10% (v/v) fetal bovine serum, 100 U/ml penicillin and
Applied Science, respectively, while the rabbit anti-GFP antiserum 100 ug/ml streptomycin. Cells were transfected at ~30-50%
was from Invitrogen. The mouse anti-AP-1 vy, anti-AP-2 o and confluence with a total of 7-10 ug (100-mm plates) or 20 pg (150-

anti-AP-4 ¢ antibodies were from BD Biosciences. The rabbit anti- mm plates) of DNA constructs per plate using the Fugene
AP-3 B3 antiserum (B3H7) was previously described [51]. (Promega) or X-tremeGENE 9 (Roche) reagents.
Cell culture and transfection Immunofluorescence microscopy and image
Primary hippocampal neuronal cultures were prepared as quantification
previously described [52] and maintained at 37°C under a Neurons were fixed with 4% v/v paraformaldehyde and 4% w/

humidified atmosphere (95:5 air:COy). Briefly, hippocampi were v sucrose in phosphate-buffered saline (PBS) for 20 min,
dissected from Sprague Dawley rats on embryonic day 18. permeabilized with 0.2% v/v Triton X-100 for 15 min, blocked
Dissociated cells were plated onto poly-L-lysine- and laminin- with 0.2% w/v gelatin for 30 min at 37°C and stained with
treated plates and maintained in Dulbecco’s modified Eagle’s primary antibodies overnight at 4°C, followed by secondary
medium (DMEM) supplemented with 10% horse serum for 2—3 h. antibodies for 30 min at 37°C. MAP2 and ANK-G antibodies
The medium was then substituted with Neurobasal medium were used to identify the dendrites and the AIS, respectively. All

supplemented with B-27 and Glutamax. After 4 days in culture fluorescence images were acquired using a confocal microscope
(DIV4), neurons were transfected with different constructs at a (LSM710, Zeiss). For quantification, we used Image J version
ratio of ~0.5-1 pg DNA per 3x10* cells using Lipofectamine 1.440 (Wayne Rasband, NIH, http://imagej.nih.gov). For each
2000. Transfected neurons were analyzed at DIV10. HeLa and condition, 8-14 cells from two or three different cultures were

HEK?293T cells were cultured on 100-mm or 150-mm dishes at analyzed. The polarity index was quantified as described
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previously [53]. Briefly, several 1-pixel-wide lines were traced
along 3 dendrites and representative portions of the axon using
MAP2, GFP or mCh-tubulin staining as guides. An average
dendrite/axon (D/A) ratio was calculated for each cell: D/A=1,
uniform staining; D/A>1, preferential dendritic staining; D/A<
1, preferential axonal staining.

For TfR-GFP surface staining, transfected neurons were fixed
and blocked as indicated above and incubated with rabbit anti-
GFP antibody either overnight at 4°C or for 30 min at 37°C. At
the end of this period, cells were washed three times with calcium-
and magnesium-containing PBS, blocked, permeabilized and
incubated with mouse anti-HA overnight at 4°C. Cells were
subsequently incubated with Alexa 555-conjugated anti-rabbit and
Alexa-405 conjugated anti-mouse antisera for 30 min at 37°C.

Live-cell imaging

Neurons were transfected on DIV and imaged on DIV10 using
a spinning disk microscope (Marianas; Intelligent Imaging)
equipped with a 63x, 1.4 N.A. objective. Digital images were
acquired with an EM-CCD camera (Evolve; Photometrics). NiV-
F-GFP or NiV-G-mCh were exposed for 200 ms and recorded
each 500 ms for 60 s. For dual-color videos, NiV-F-GFP and NiV-
G-mCh were exposed for 200 ms sequentially and recorded each
500 ms for 60 s. Four transfected neurons from three different
experiments were chosen for time-lapse imaging, and a single level
of focus was maintained throughout each recording. Dendrites and
axons were identified morphologically by their length and
thickness, and also by co-transfection with mCh-tubulin or GFP
(staining of both dendrites and axons) or Tau-CFP (staining of
axons). Image processing and analysis were performed using
Image J. Images of axons and dendrites were isolated, straightened
and cropped to equal dimensions for direct comparison of
transport parameters. Kymographs were generated by re-slicing
stacks followed by Z-projection. Axons and dendrites were
orientated so that anterograde movement occurred from left to
right. Axonal vesicle movement was measured starting at 30—
40 um distance from the soma to exclude the AIS. The number of
anterograde and retrograde vesicles moving or co-moving and
stationary particles were determined manually from kymographs
of axon and dendrites. We defined as stationary a particle that
paused for the entire duration of the imaging period (60 s).

Biochemical assays

Transfected HEK293T or HeLa cells in 100-mm plates were
washed with PBS and lysed in 800 pl of 50 mM Tris-HCI pH 7.4,
0.8% (v/v) Triton X-100, 75 mM NaCl (lysis buffer) with protease
inhibitors (EDTA-free Complete, Roche Applied Science).
Extracts were centrifuged for 15 min at 21,000 g and 4°C.
Supernatants were precleared by incubation with protein G-
Sepharose beads (GE Healthcare), supplemented with 0.1%
bovine serum albumin (BSA) and subjected to overnight immu-
noprecipitation with rabbit or mouse anti-HA immobilized onto
the same beads. Beads with bound complexes were washed three
times with lysis buffer containing 0.1% (v/v) Triton X-100 and
once with PBS. Bound complexes were eluted by resuspension in
2% Laemmli buffer and incubation for 10 min at 90°C. Lysates
and immunoprecipitates were subjected to SDS-PAGE and
blotting with mouse anti-HA and mouse anti-GFP (co-immuno-
precipitation of NiV-G-HA and NiV-F-GFP from HEK293T cell
lysates), or with mouse anti-HA and antibodies against AP
subunits (assembly of p subunits into AP complexes in HelLa cells).

Pulse-chase metabolic labeling was performed as described [54].
Briefly, HEK293T cells grown in 150-mm dishes were transfected
with constructs encoding NiV-F-AU1 or NiV-G-HA. Twenty-four
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hours after transfection, cells were washed and detached with PBS
and spun for 3 min at 200 g and room temperature. Cells were
resuspended in 12 ml of L-methionine-free DMEM/high glucose
supplemented with 1 mM sodium pyruvate, 0.1% (v/v) BSA, and
25 mM HEPES pH 7.4 (methionine starvation medium) and
incubated for 15 min at 37°C. Cells were pelleted and resuspended
in 1.6 ml of methionine starvation medium containing 0.2 mCi/ml
of [**S]methionine-cysteine (EasyTag Express, Perkin Elmer). Cells
were subsequently labeled for 15 min at 37°C, briefly spun for 1-2 s
at 14,000 g, resuspended in DMEM supplemented with 10% FBS,
2 mM L-methionine, 100 U/ml penicillin, 100 pg/ml streptomycin
and 25 mM HEPES pH 7.4 (chase medium) and incubated for 5 h
at 37°C with occasional stirring. Cell suspension aliquots (0.25 ml)
were collected at different times of chase, diluted with cold PBS,
pelleted, lysed in 0.3 ml of lysis buffer and subjected to immuno-
precipitation using mouse monoclonal anti-AU1 or rabbit anti-HA
as described in the preceding paragraph. Washed beads with bound
complexes corresponding to the different chase times were divided
into two aliquots and subjected to treatment in the presence or
absence of endoglycosidase H (Endo H) (New England Biolabs) as
indicated in the manufacturer’s instructions. Bound proteins were
eluted by addition of 2 x Laemmli buffer and incubation for 10 min
at 90°C followed by centrifugation for 2 min at 16,000 g and room
temperature. Eluates were subjected to SDS-PAGE. Gels were fixed
in methanol/acetic acid/water 40:10:50 by vol. for 15 min at room
temperature, dried and subjected to autoradiography using Kodak
BioMax MR films (Carestream Health).

Y2H assays

Assays using the AH109 reporter yeast strain were performed as
described previously [55]. Plating of transformants and positive
and negative controls are described in the legend to Figure 3B.

Supporting Information

Figure S1 Assembly of wild-type and mutant HA-tagged
It subunits into cognate AP complexes. (A) Wild-type (WT)
and mutant AP p subunit constructs used for transfection of
neurons. All constructs contained a 10-amino acid spacer
(GSGSGGSGSG) followed by a triple HA tag at their C-termini.
The numbering in the scheme corresponds to the sequence of HA-
tagged mouse PIA [41). The same strategy was followed for
generation of HA-tagged p2, p3A and p4 WT and mutant
constructs used in this study. (B) Hela cells were transiently
transfected with pClneo-based p constructs. Approximately 24 h
after transfection, cells lysates were prepared and subjected to
immunoprecipitation using rabbit (for transfections with pl1A, p2
and p4) or mouse (for p3A transfections) anti-HA. Immunopre-
cipitated complexes were analyzed by SDS-PAGE and immuno-
blotting (IB) with antibodies against the large subunits of AP
complexes (Y, o, B3 or € adaptins for AP-1, AP-2, AP-3 or AP-4,
respectively), as shown in the different blots. Samples of cell lysates
were also subjected to SDS-PAGE and immunoblotting with
mouse anti-HA antibody. The position of molecular mass markers
(in kDa) is indicated at the left of blots.

(TIF)

Figure S2 Expression of wild-type and dominant-nega-
tive mutants of p subunits in rat hippocampal neurons.
Rat hippocampal neurons were co-transtected with NiV-F-GFP
and wild-type (W'T) or dominant-negative mutants of HA-tagged pt
subunits (A-site mutants of plA, p2, p3A in panels A, B and C,
respectively, and A- and B-site mutants of p4 in panel D). Cells
were fixed and immunostained with mouse anti-HA (to detect p
constructs) and rabbit anti-MAP2 and goat anti-ANK-G (to detect
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dendrites and AIS, respectively). Large images display anti-HA
(green) and anti-MAP2 (red) staining (yellow indicates co-
localization); insets show anti-ANK-G labeling of AIS (cyan).
The AIS and axons in the large images are marked by cyan and
white arrowheads, respectively. Images corresponding to NiV-F-
GFP fluorescence are shown in Figure 5. Scale bar: 20 pm.

(TIF)

Figure 83 Co-expression of p2 D174A/W419S mutant
increases surface labeling of TfR-GFP. Rat hippocampal
neurons were co-transfected on DIV4 with TfR-GFP and wild-type
(WT) (left panels) or D174A/W419S HA-tagged p2 (right panels).
On DIV10 cells were fixed and incubated with anti-GFP followed
by permeabilization and incubation with anti-HA antibody. Cells
were subsequently immunostained with fluorescently-conjugated
secondary antibodies and imaged by confocal microscopy. Gray-
scale images correspond to TfR-GFP staining on the cell surface
(anti-GFP staining in non-permeabilized cells) (A), total TfR-GFP
fluorescence (B) and HA staining (C). Images show increased surface
staining of TfR-GFP in cells expressing p2 DI174A/W419S
compared to cells expressing similar levels of total TfR-GFP and
pn2 WT. Scale bar: 20 pm. Analysis of TfR-GFP surface staining
(scored as 1, low; 2, intermediate or 3, high) in neurons expressing
intermediate to high levels of WT or D174A/W419S p2 yielded
values of 1.16+0.04 (n=88) and 2.09%0.09 (n=89), respectively
(mean*SEM of n cells) (P<0.01 by two-tailed Student’s ¢ test) (67 %
of neurons expressing the u2 mutant exhibited enhanced surface
levels of TfR-GFP compared to cells expressing WT p2).

(TIF)

Figure S4 NiV-G regulates neuronal sorting of NiV-F
independently of NiV-F proteolytic activation. (A) Scheme
showing the NiV-F LVGDVR 104-109 sequence with the
cleavage site (Arg 109) for cathepsin L or B [42], [29], [30].
The top scheme represents the fusion-inactive Iy, while the
bottom scheme shows the Fy and F; forms generated upon
proteolytic cleavage. Other features are as in the legend to
Figure 1A. (B) Reduced cleavage of the NiV-F-A104-109 mutant.
HEK?293T cells were transiently transfected with either NiV-GFP
or NiV-F-A104—109-GFP. Approximately 24 h after transfection,
cell lysates were prepared and subjected to SDS-PAGE and
immunoblotting using anti-GFP. Shown are the mobilities of the
mactive NiV-F, form (upper band) and the active NiV-F;
fragment (lower band) generated by proteolytic cleavage (the Fy
fragment was not detected because the GFP moiety was fused to
the NiV-F C-terminus). The position of molecular mass markers
(in kDa) is indicated at left. (C) Somatodendritic sorting of NiV-I-
A104-109-GFP. Rat hippocampal neurons were co-transfected
with plasmids encoding NiV-F-A104-109-GFP and mCh-Tub,
fixed and immunostained as indicated in the legend to Figure 1 B—
E. The grayscale image at left represents NiV-F-A104-109-GFP
fluorescence whereas the panel at right depicts mCh-Tub
fluorescence (red) and anti-MAP2 (green) (yellow represents co-
localization). The inset shows anti-ANK-G labeling (AIS shown in
cyan). Cyan and red arrowheads indicate the position of the AIS
and axon, respectively. The polarity index calculated for NiV-F-
A104-109-GFP was 7.5%2.0 (Table 1). Scale bars: 20 um. (D)
Loss of NiV-F-A104-109-GFP polarity by NiV-G-HA. Rat
hippocampal neurons were co-transfected with plasmids encoding
NiV-F-A104-109 and NiV-G-HA. Cells were fixed and immuno-
stained as indicated in the legend to Figure 6B. The top panels
depict NiV-F-A104-109-GFP fluorescence (green) and anti-HA
staining (red) (left and right panels, respectively). The lower left
panel is a merged image of anti-MAP2 (magenta) and anti-ANK-
G (cyan) staining. The lower right panel is a merged image of
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NiV-F-A104-109-GFP fluorescence (green) and anti-HA staining
(red) (yellow indicates co-localization). The calculated polarity
index for NiV-F-A104-109-GFP following co-expression of NiV-
G-HA was 1.2+0.3 (Table 1). Cyan and white arrowheads map
the position of the AIS and axon, respectively. Scale bar: 20 pm.
(TIF)

Figure S5 NiV-G regulates neuronal sorting of NiV-F
independently of AP-2-dependent endocytosis. Experi-
ments were carried out in neurons (DIV)) subjected to triple
transfection for 24 or 48 h with NiV-F-GFP, NiV-G-mCh and
either wild-type (W) (left panels) or D174A/W419S HA-tagged
p2 (right panels) (longer times of triple transfection caused
detrimental effects on protein expression and cell morphology).
Cells were fixed and immunostained with mouse anti-HA and goat
anti-ANK-G and imaged by confocal microscopy. The NiV-F-
GFP and NiV-G-mCh fluorescence and their merged images are
shown in A, B and C, respectively, while merged images of anti-
HA and anti-ANK-G immunostaining are shown in D. The AIS
and axons are marked by cyan and white arrows, respectively.
Images shown correspond to cells transfected for 24 h. The D/A
polarity indexes for NiV-F-GFP calculated in cells co-transfected
with WT or dominant negative p2 were 1.4=0.3 and 1.5*0.4,
respectively (Table 1). In control experiments, we also measured
the effects of p2 D174A/W419S on surface levels of TfR under the
same transfection conditions (DIV 5 neurons co-transfected for 24
or 48 h with TfR-GFP and WT or mutant HA-tagged p2).
Analysis of TfR-GFP surface staining (scored as 1, low; 2,
intermediate or 3, high) in neurons expressing intermediate to high
levels of WT or D174A/W419S n2 yielded values of 1.17£0.04
(n=102) and 2.61%0.07 (n =110), respectively (mean*SEM of n
cells) (P<0.01 by two-tailed Student’s ¢ test) (85% of neurons
expressing the p2 mutant exhibited enhanced surface levels of
TfR-GFP compared to cells expressing WT' p2).

(TTF)

Video S1 Live-cell imaging of axonal transport carriers
in rat hippocampal neurons co-expressing NiV-F-GFP
and mCh-Tubulin (top panel), NiV-G-mCh and GFP
(middle panel) or NiV-F-GFP and NiV-G-mCh (bottom
panel). Images were obtained by time-lapse confocal microscopy
using a spinning-disk microscope (Marianas; Intelligent Imaging).
GFP and mCh constructs were exposed for 200 ms sequentially
and recorded each 500 ms for 60 s.

MOV)

Video 82 Live-cell imaging of dendritic transport
carriers in rat hippocampal neurons co-expressing
NiV-F-GFP and mCh-Tubulin (top panel), NiV-G-mCh
and GFP (middle panel) or NiV-F-GFP and NiV-G-mCh
(bottom panel). Images were obtained as indicated in the legend
to Video S1.

MOV)
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