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Residues in the Hendra Virus Fusion Protein Transmembrane
Domain Are Critical for Endocytic Recycling
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Hendra virus is a highly pathogenic paramyxovirus classified as a biosafety level four agent. The fusion (F) protein of Hendra
virus is critical for promoting viral entry and cell-to-cell fusion. To be fusogenically active, Hendra virus F must undergo endo-
cytic recycling and cleavage by the endosomal/lysosomal protease cathepsin L, but the route of Hendra virus F following inter-
nalization and the recycling signals involved are poorly understood. We examined the intracellular distribution of Hendra virus
F following endocytosis and showed that it is primarily present in Rab5- and Rab4-positive endosomal compartments, suggest-
ing that cathepsin L cleavage occurs in early endosomes. Hendra virus F transmembrane domain (TMD) residues S490 and Y498
were found to be important for correct Hendra virus F recycling, with the hydroxyl group of $490 and the aromatic ring of Y498

important for this process. In addition, changes in association of isolated Hendra virus F TMDs correlated with alterations to
Hendra virus F recycling, suggesting that appropriate TMD interactions play an important role in endocytic trafficking.

he Hendra and Nipah viruses are recently emerged, closely

related paramyxoviruses that are highly pathogenic in humans
and other animal species (10, 15, 17). They are enveloped viruses,
classified as biosafety level four agents due to the absence of treat-
ments and vaccines. Hendra and Nipah viruses are single-
stranded RNA viruses that enter cells with the help of two surface
glycoproteins: the attachment protein, G, and the fusion protein,
F (3,17, 84). The G protein promotes viral binding through inter-
actions with cell surface receptor Ephrin B2 or B3 (3, 49, 50). It is
thought that these interactions trigger the F protein to undergo a
series of conformational rearrangements that lead to the fusion of
the two membranes (15, 84). In addition to virus-cell fusion, F and
G can also promote cell-cell membrane fusion after viral infection
(40, 84).

The paramyxovirus F protein is synthesized as an inactive pre-
cursor, F,, which must be proteolytically processed into the fuso-
genically active, disulfide-linked F,+F, form (Fig. 1A) (16, 38,
39). Cleavage places the fusion peptide at the N terminus of the
newly formed F, subunit, allowing it to be inserted into the target
cell membrane when fusion is initiated (Fig. 1A). While the ma-
jority of paramyxovirus F proteins are cleaved during transport
through the frans-Golgi network (39), a small number of F pro-
teins are cleaved after they reach the cell surface by tissue-specific
extracellular proteases (39, 69). Unique among viral fusion pro-
teins, Hendra virus F and Nipah virus F are proteolytically processed
by the endosomal/lysosomal protease cathepsin L in a process that
requires endocytic recycling (14, 54, 55, 81) (Fig. 2A) and the low pH
of endosomal compartments (56). However, a detailed map of Hen-
dra and Nipah virus F endocytic trafficking, as well as the signals that
drive F recycling, remains largely unclear.

Hendra virus F is a 546-amino-acid type I integral membrane
protein. It folds as a homotrimer and contains the typical domains
of class I viral fusion proteins: a fusion peptide (FP), two heptad
repeat regions (heptad repeat A [HRA] and HRB), a transmem-
brane domain (TMD), and a 28-amino-acid-long cytoplasmic/
intraviral tail (CT) (Fig. 1A). Hendra and Nipah virus F proteins
share 88% homology (29), and a YSRL endocytosis motif in the
Hendra virus F and Nipah virus F cytoplasmic tails is critical for F
protein internalization and proteolytic processing (46, 81). It has
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been suggested that YXX® motifs (where X represents any amino
acid and ® represents a hydrophobic amino acid) function as
endocytic signals when they are positioned 10 to 40 residues from
the TMD and as lysosomal targeting signals when they are 6 to 11
residues from the TMD (4, 5). Although Hendra and Nipah virus
F proteins are recycled to the cell surface after cathepsin L cleavage
(46, 55, 81), their CT YSRL motif is present only 6 residues from
the TMD, suggesting that additional sorting signals may contrib-
ute to the Hendra and Nipah virus F protein recycling.

After internalization, plasma membrane proteins are first de-
livered to the early endosomes, which represent a major intracel-
lular sorting station (24, 30, 36, 44). From here, the proteins are
targeted either to the plasma membrane, the recycling endosomes,
or the late endosomes (30, 44). These processes are complex as
endocytic compartments are highly dynamic (44). Recent studies
have identified a number of recycling motifs in the CTs of several
G protein-coupled receptors and transferrin receptor (13, 27, 28),
but the overall process of protein sorting and the signals influenc-
ing recycling decisions remain poorly understood. In addition to
the CT signals, residues within the TMD have also been implicated
in protein sorting (60, 86). Previous work on transferrin receptor,
a classic model for recycling, has shown that removing its CT (31,
34) or ectodomain (61) does not affect its recycling, implicating
the TMD in trafficking. Zaliauskiene et al. showed that substitu-
tions of polar residues within the transferrin receptor TMD
changed the fate of the protein from a recycled receptor to one that
is rapidly downregulated (86), suggesting that TMD polar resi-
dues may modulate the sorting decisions toward downregulation.
In addition, the introduction of acidic residues within the TMD of
Pep12p also altered sorting (60). However, specific TMD signals
have not been identified for either recycling or downregulation.
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FIG 1 (A) Schematic of Hendra virus F protein and the HRB and TMD amino acid sequences. FP, fusion peptide; HR, heptad repeat; TMD transmembrane
domain; CT, cytoplasmic tail; S-S, disulfide bond. (B) Helical wheel representation of the Hendra virus F TMD. Residues at positions a and d of the helical wheel,
denoted by stars, are hypothesized to form the interface of the three TMD helices.

The Hendra virus F TMD contains a significant number of polar
residues, and in this study we investigated their potential role in
endocytic trafficking.

The Hendra virus F TMD (Fig. 1) has a predicted length of
approximately 30 amino acids and is thought to span the lipid
bilayer as a helix. An extensive analysis of the parainfluenza virus 5
(PIV5) F TMD confirmed that the TMD forms a helical structure
and that the interacting face of the three helices was likely formed

of the Hendra virus F TMD sequence suggest that the TMD starts
at leucine 488 and ends at valine 518 (Fig. 1A). Interestingly, a
leucine-isoleucine zipper spans the length of the Hendra virus F
HRB and TMD (Fig. 1A), suggesting that the HRB continues with
TMD as a straight helix. This model also predicts that the residues
present at positions a and d on the helical wheel shown in Fig. 1B
will form the internal, interacting faces of the helices. Although the
structures of paramyxovirus F proteins determined to date do

primarily of leucine and isoleucine residues (2). Hydropathy plots  not contain the TMD, the structure of a SNARE (soluble
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FIG 2 (A) Model for proteolytic processing of the Henipavirus F proteins, with the effects of mutations noted. The Hendra and Nipah virus F proteins are
synthesized in the endoplasmic reticulum (ER), transit through the secretory pathway to the plasma membrane (PM), and are subsequently endocytosed.
Following interaction with cathepsin L at an undetermined point in the endocytic pathway, the cleaved protein is recycled to the plasma membrane. Steps affected
by the various $490 and Y498 mutants are indicated. (B) Hendra virus F proteolytic cleavage requires delivery to the early endosomes but not the late endosomes.
Vero cells expressing Hendra virus F alone or together with DN Rab5 or DN Rab7 were starved for 30 min and metabolically labeled for 4 h. Surface proteins were
labeled with biotin. Hendra virus F was immunoprecipitated with an anti-Hendra virus F antibody, and the surface population was isolated by streptavidin
pulldowns. (C) Expression of DN Rab5 slows the kinetics of Hendra virus F cleavage. Vero cells expressing Hendra virus F alone or together with DN Rab5 were
starved for 30 min, metabolically labeled for 2 h, and chased for 0, 1, 2, 4, and 8 h. At the end of each chase interval, surface proteins were labeled with biotin.
Hendra virus F was immunoprecipitated with an anti-Hendra virus F antibody, and the surface population was isolated by streptavidin pulldowns.
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N-ethylmaleimide-sensitive factor attachment protein receptor)
fusion complex was determined recently, showing that the post-
fusion helix bundle continues as a straight helix in the lipid bilayer
(72), with potential implications for membrane fusion.

Since the Hendra virus F TMD (Fig. 1) is enriched in non-
charged polar residues compared to other TMDs (42), we used the
unique recycling pathway of Hendra virus F to examine the role of
these polar residues in endocytic trafficking. We identified two
residues which are critical for Hendra virus F internalization and
recycling: $490 and Y498. $490, predicted to be placed at the bor-
der with the ectodomain, is important for Hendra virus F endo-
cytosis, and our results indicate that the hydroxyl group is neces-
sary for correct protein trafficking. In addition, Y498 is critical for
proper F recycling, and our work demonstrates that the aromatic
ring, and not the hydroxyl group, is needed for correct Hendra
virus F recycling. Furthermore, analytical ultracentrifugation sed-
imentation equilibrium analysis of isolated Hendra virus F TMD
demonstrated that TMD associations are altered for the Hendra
virus F Y498 mutants that fail to properly recycle, suggesting that
proper interactions between Hendra virus F TMDs may play a role
in modulating trafficking decisions.

MATERIALS AND METHODS

Cell lines. Vero cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco-Invitrogen) supplemented with 10% fetal bo-
vine serum (FBS) and 1% penicillin-streptomycin.

Plasmids. Hendra virus F and G genes were kindly provided by Lin-Fa
Wang of the Australian Animal Health Laboratory, and the genes were
ligated into the pPCAGGS mammalian expression vector (51) as previously
described (56). Primers were designed to include the described TMD mu-
tations. Site-directed mutagenesis was performed on the plasmids
pGEM4Z-Hendra virus F or pET11A SN-Hendra F TMD (pFT11A con-
taining staphylococcal nuclease [SN] fused to Hendra virus F TMD) using
a QuikChange site-directed mutagenesis system (Stratagene, La Jolla,
CA). The constructs were sequenced in their entirety, and the Hendra
virus F mutants were subcloned from pGEM to pCAGGS as previously
described (56). Wild-type (WT) Rab5 and dominant negative (DN) Rab5
S34N cloned as green fluorescent protein (GFP) N-terminal fusions in the
pGreenLantern vector (Gibco-BRL, Grand Island NY) were a kind gift
from Gary Whittaker, Cornell University (68). Rab4 was cloned into
pPEGFP (where EGFP is enhanced GFP) and was kindly provided by Marci
A. Scidmore (62). WT pEGFP-Rab7 and pEYFP-Lampl (where EYFP is
enhanced yellow fluorescent protein) were obtained from Addgene (Ad-
dgene plasmids 12605 [9] and 1816 [67]), where they were provided by
Walter Moses and Richard Pagano. The pET11A vector containing SN
linked to the glycophorin TMD was kindly provided by Karen Fleming
(Johns Hopkins University). The Hendra virus F TMD domain was
cloned into this vector to replace the glycophorin TMD and fused to SN
using the Smal and Xhol restriction sites.

Antibodies. Polyclonal antibodies were generated to residues 526 to
539 of the Hendra virus F cytoplasmic tail (Genemed Custom Peptide
Antibody Service, San Francisco, CA). Monoclonal antibody 7F7 to the
Hendra virus F ectodomain was kindly provided by Christopher Broder
(Uniformed Services University). Goat anti-mouse IgG DyLight 549 sec-
ondary antibody was purchased from Jackson ImmunoResearch Labora-
tories (code number 115-505-146).

Time course surface biotinylation experiments. WT Hendra virus F
or the Hendra virus F TMD mutants were expressed in subconfluent
monolayers of Vero cells using the pPCAGGS system and Lipofectamine
Plus (Invitrogen). The cells were transfected in 60-mm dishes, using 4 pug
of total DNA per dish, according to the manufacturer’s protocol. The next
day cells were washed with phosphate-buffered saline deficient in calcium
and magnesium chloride (PBS™) and starved for 30 min in cysteine-
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methionine-deficient DMEM. Cells were then labeled for 2 h with trans-
35S (100 uCi/ml; Perkin Elmer), washed twice with PBS™, and chased
(DMEM, 10% EBS, 1% penicillin-streptomycin) for 0, 1, 2, 4, and 8 h. At
the end of each time point, cells were washed three times with ice-cold
PBS™ at pH 8 and then biotinylated using 1 ml EZ-Link sulfo-N-
hydroxysuccinimide-biotin (sulfo-NHS-biotin; 1 mg/ml; Pierce, Rock-
ford, IL) in PBS™, pH 8, by rocking gently for 35 min at 4°C. Cells were
then washed again three times in cold PBS™ at pH 8 and lysed in radio-
immunoprecipitation assay (RIPA) lysis buffer supplemented with pro-
tease inhibitors and 25 mM iodoacetamide (46). The lysates were centri-
fuged at 55,000 rpm for 12 min at 4°C, and immunoprecipitations were
performed as described previously (21, 83) using Hendra virus F antipep-
tide antibodies and protein A-conjugated Sepharose beads (Amer-
sham/GE Healthcare Bio-Sciences, Piscataway, NJ). To separate the sur-
face population of Hendra virus F, protein A Sepharose beads were boiled
twice in 50 ul of 10% SDS, and the SDS supernatant was transferred to a
microcentrifuge tube, resulting in a total of 100 wl. From this, 15 ul was
saved for analysis of the total protein population, while the surface pop-
ulation was isolated from the remaining 85 ul by rocking the samples for
1 h at 4°C in the presence of 35 ul of streptavidin beads and 500 ul of
biotinylation buffer (20 mM Tris, pH 8, 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, 0.2% bovine serum albumin [BSA]). Samples were washed
twice with RIPA buffer containing 0.30 M NaCl, twice with RIPA buffer
containing 0.15 M NaCl, and one time with SDS wash II buffer (150 mM
NaCl, 50 mM Tris-HCI, pH 7.4, 2.5 mM EDTA), and the total and surface
fractions of the proteins were analyzed on 15% SDS-PAGE gels under
reducing conditions and visualized using a Typhoon imaging system (GE
Healthcare, Piscataway, NJ).

Immunofluorescence experiments. Vero cells in subconfluent
monolayers in eight-well chamber slides (BD Falcon) were transfected
with 0.3 ug of WT or mutant Hendra virus F, along with 0.3 ug of GFP-
expressing Rab5, Rab7, or Rab4 or YFP-Lamp1 using Lipofectamine 2000
(Invitrogen). For the antibody capture experiments, cells were washed five
times with PBS™, followed by incubation for 40 min at 4°C with PBS™
containing 1% normal goat serum (NGS), 1% bovine serum albumin, and
the 7F7 Hendra virus F monoclonal antibody at a 1:1,000 dilution (17.5
pg/ml). Cells were then washed three times with cold PBS™ and trans-
ferred to 37°C for 0, 10, 20, or 30 min, followed by another wash and
fixation with 4% paraformaldehyde for 15 min. Cells were washed and
permeabilized with 1% Triton X-100 (in PBS™ supplemented with 0.02%
NaN,), followed by a 60-min incubation at 4°C with a goat anti-mouse
DyLight 549 secondary antibody (diluted 1:800 in PBS™ supplemented
with 0.02% NaN3, 1% NGS, and 1% BSA). The secondary antibody was
removed, and cells were washed seven times with PBS™ containing 0.05%
Tween 20. The slides were mounted on coverslips using Vectashield and
4',6'-diamidino-2-phenylindole ([DAPI] Vector Laboratories, Inc., Bur-
lingame, CA), and the edges were sealed with nail polish. The samples
were stored at —20°C. Confocal microscopy was performed using an
Olympus FluoView 1000 inverted confocal system. Cells were visualized
witha 60X oil objective (numerical aperture [NA], 1.35), and images were
captured with FluoView software. Quantitation of colocalization was per-
formed using Image] software.

Syncytium assay. Subconfluent monolayers of Vero cells were trans-
fected with WT Hendra virus F or the described Hendra virus F mutants
along with Hendra virus G. The transfection was performed using Lipo-
fectamine Plus, and the F-to-G ratio was 1:2 (0.5 ug of Fand 1 ug of G).
Syncytium formation was examined at 24 to 48 h posttransfection using a
Nikon TS 100 inverted phase-contrast microscope. The cells were photo-
graphed at a magnification of X100 using a Nikon Coolpix 995 digital
camera.

Analytical ultracentrifugation sedimentation equilibrium. The
Hendra virus F SN-TMD proteins (WT and Y498A, Y498F, and Y498S
mutants) were purified and exchanged into CI14SB [3-(N,N-
dimethylmyristyl-ammonio) propane sulfonate] as previously described
(75). Sedimentation equilibrium analytical ultracentrifugation experi-
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ments were performed in a Beckman XL-A analytical ultracentrifuge, us-
ing three protein concentrations and three rotor speeds (20,000, 25,000,
and 30,000 rpm), as previously presented (18, 20). The equilibrium pro-
files were analyzed with KaleidaGraph, using the following equation:

2R

where A represents the total absorbance at a radial position, r, while «,
represents the monomer absorbance at a reference position, r,. The
monomer molecular mass, M, and the partial specific volumes, v, were
calculated using SEDNTERP; p represents the solvent density, w is the
angular velocity, R is the universal gas constant, T'is temperature, and { is
the offset, representing nonsedimenting material (20). For the monomer—
N-mer fits, the molecular mass of the monomer was kept constant, and
the association constants were allowed to vary (absorbance units). The
best fit was chosen based on the smallest square root of the variance (SRV)
at the three concentrations and three speeds tested. Protein concentra-
tions were determined by spectrophotometry, using E,g, = 17,420 M~
cm ™.

_ 2
A(r) = Ean)oexp[M(rZ A+ ¢

RESULTS

Hendra virus F proteolytic cleavage requires delivery to the
sorting endosomes. Previous work has shown that Hendra and
Nipah virus F protein endocytosis and cathepsin L processing are
necessary for proper cleavage and function (14, 46, 55, 81). In
addition, Diederich et al. showed the presence of Nipah virus F in
the early and recycling endosomes through colocalization exper-
iments with transferrin. However, as cathepsin L has primarily
been thought to localize to the late endosomes and lysosomes (45,
79), it is unclear what compartment must be reached to facilitate
cathepsin L cleavage. To determine if trafficking to the early or late
endosomes is needed, we examined Hendra virus F cell surface
expression and cleavage in the presence of the dominant negative
Rab5 S34N (DN Rab5), which inhibits early endosomal fusion
(73), or the dominant negative Rab7 T22N (DN Rab7), which
inhibits late endosomal fusion. Hendra virus F was expressed in
Vero cells alone or in combination with DN Rab5 or DN Rab7.
Following a 30-min label and 4-h chase, biotinylation of the sur-
face proteins was performed (Fig. 2B). The surface population of
Hendra virus F was then isolated by immunoprecipitation and
streptavidin pulldown. The presence of the cleaved F,+F, form
on the cell surface indicates that the protein was internalized, pro-
cessed by cathepsin L, and recycled to the surface. Expression of
DN Rab5 dramatically decreased the processing of Hendra virus F,
indicating that trafficking to the early endosome is important for F
protein cleavage. Surprisingly, no significant reduction in pro-
cessing was seen in the presence of DN Rab7 (Fig. 2B), indicating
that trafficking to the late endosome is not necessary for cathepsin
L to process Hendra virus F. To verify the DN Rab5 block and
determine the kinetics of the cleavage process, cells transfected to
express Hendra virus F with or without DN Rab5 were metaboli-
cally labeled and chased for 0, 1, 2, 4, and 8 h, and biotinylation of
the surface proteins was performed (Fig. 2C). When F was ex-
pressed alone, some of the cleaved form (F,) was present on the
cell surface after the 2-h label (0 min time point); by the 4- and 8-h
time points the active F, form was the predominant form on the
cell surface (Fig. 2C). However, in the presence of DN Rab5 there
was a significant alteration in the kinetics of F processing as F, was
the predominant surface-expressed form at all time points (Fig.
2C). By the 4- and 8-h time points, some F, was apparent, suggest-
ing that inhibition by DN Rab5 was not complete. However, the
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overall levels of processing were much lower than those seen with-
out DN Rab5. Taken together, these data suggest that trafficking to
the early endosomes, but not the late endosomes, is needed for
proper Hendra virus F processing.

Hendra virus Fis recycled through the early endosomal com-
partments. To further evaluate the intracellular identity of the
compartment where the Hendra virus F-cathepsin L interaction
occurs, we examined Hendra virus F endosomal distribution at
steady state using immunofluorescence experiments and analysis
of Hendra virus F colocalization with Rab5, Rab7, and Rab4 (Fig.
3). Rab5 plays important roles in the fusion of the incoming en-
docytosed vesicles with the sorting endosomes and is considered a
marker of the sorting endosomes (70, 74). Rab4 is involved in
membrane recycling from the sorting endosomes and is consid-
ered a marker for endocytic recycling compartments (53, 80),
while Rab7 plays roles in membrane trafficking to late endosomes
and lysosomes and is considered a late endosomal marker (8, 44,
59). Vero cells were transfected with Hendra virus F and GFP-
tagged Rab5, Rab7, or Rab4. The next day cells were fixed, perme-
abilized, and incubated for 40 min with a monoclonal antibody to
the Hendra virus F ectodomain, kindly provided by Christopher
Broder (Uniformed Services University of the Health Sciences).
Hendra virus F was detected by labeling with a secondary DyLight
549 fluorescent antibody (Fig. 3). Hendra virus F showed moder-
ate colocalization with Rab5- and Rab4-positive compartments,
corresponding to sorting and recycling endosomes (Pearson’s co-
efficients 0.15 to 0.3), but very little colocalization (negative Pear-
son’s coefficients) of Hendra virus F was observed with the late
endosomal marker Rab7 (Fig. 3). These results suggest that Hen-
dra virus F is not present at a significant level within late endo-
somes, which have previously been shown to contain cathepsin L
(45,79).

To further investigate and map the route of Hendra virus F
after internalization, we performed antibody capture experiments
and followed F colocalization with specific endosomal/lysosomal
markers during endocytosis (Fig. 4). Briefly, Vero cells were trans-
fected with Hendra virus F and one of the GFP-Rabs. The next day,
cells were washed and incubated for 40 min at 4°C with a mono-
clonal antibody to the Hendra virus F ectodomain. Cells were then
incubated at 37°C for 0, 10, 20, or 30 min, fixed, permeabilized,
and labeled with a secondary fluorescent antibody. We have pre-
viously shown that cleavage of Hendra virus F occurs rapidly after
endocytosis, with the vast majority of internalized protein under-
going processing within 30 min (46). As expected, at the 0-min
time point Hendra virus F had a plasma membrane distribution
(Fig. 4A to C) as cells were maintained at 4°C and thus did not
undergo appreciable levels of endocytosis. However, after 10 min
of incubation at 37°C, the majority of F was internalized (Fig. 4A
to D) and showed moderate colocalization (Pearson’s coefficients
0f 0.2 to 0.4) with Rab5 (Fig. 4A) and Rab4 (Fig. 4B) but almost no
colocalization (negative Pearson’s coefficients) with Rab7 and the
lysosome-associated membrane protein 1 (Lampl), which are
markers of late endosomes/lysosomes (Fig. 4C and D). By 20 min
Hendra virus F was still predominantly present in Rab5- and
Rab4-positive compartments (Fig. 4A and B), with almost no co-
localization with late endosomal/lysosomal markers (Fig. 4C and
D), suggesting that Hendra virus F processing uses the classical
recycling pathway for its processing. In addition, these results sug-
gest that cathepsin L is present and is functionally active within the
early and/or the recycling endosomes.
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FIG 3 At steady state, Hendra virus F colocalizes with Rab5- and Rab4-positive endosomes. Vero cells were transfected with Hendra virus F and the WT form
of GFP-tagged Rab5, Rab7, or Rab4, and Hendra virus F steady-state distribution was analyzed by single confocal sections of fixed cells. Insets show enlargements
of the boxed areas. Scale bar, 5 um. Experiments were repeated two times, and representative pictures are shown.

The $490 hydroxyl group modulates Hendra virus F endocy-
tosis and recycling. The signals involved in protein recycling re-
main poorly understood. The Hendra and Nipah virus F protein
TMDs contain a high number of polar residues, and several re-
ports have implicated polar residues in protein sorting (43, 60,
86). To investigate the potential role of polar TMD residues in
Hendra virus F recycling, we performed alanine mutagenesis on
Hendra virus F TMD polar residues and identified two amino
acids that are critical for Hendra virus F endocytic recycling: $490
and Y498 (Fig. 1A).

To examine Hendra virus F S490A trafficking and surface ex-
pression over time, we performed time course surface biotinyla-
tion experiments, as described above. WT Hendra virus F and the
S490A mutant were expressed in Vero cells and metabolically la-
beled for 2 h, and a chase was performed for the times indicated on
Fig. 5. Surface F was biotinylated and separated by streptavidin
pulldown (Fig. 5A). The vast majority of the Hendra virus F S490A
mutant was present on the cell surface as the uncleaved F, form
throughout the 8-h time course, with verylittle of the cleaved form
present on the cell surface (Fig. 5A). The Hendra virus F S490A
mutant was also present primarily in the F, form in the “total”
fraction, which includes the intracellular F population (Fig. 5B),
suggesting that the S490A mutation either made the cathepsin L
cleavage site inaccessible or disrupted endocytosis, preventing F
from reaching a cathepsin L positive compartment.

To determine if the cathepsin L cleavage site was accessible in
the F S490A mutant, we examined cleavage of Hendra virus F
S490A when extracellular tosylsulfonyl phenylalanyl chlorom-
ethyl ketone (TPCK)-trypsin was added to the medium as addi-
tion of exogenous trypsin has been shown to cleave Hendra virus
F at the same site (12). Briefly, cells expressing the WT or S490A
mutant were labeled for 2 h, followed by a 30-min incubation with
1 ug/ml TPCK-trypsin. As seen in Fig. 5C, Hendra virus F S490A
was cleaved, generating F, proteins of similar sizes to the proteins
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of the WT Hendra virus F, indicating that the S490A mutation
does not prevent accessibility of trypsin to the Hendra virus F
cleavage site. Additionally, the trypsin-cleaved S490A Hendra vi-
rus F was fusogenically active (data not shown), suggesting that
the S490A mutation does not cause additional changes in the
structure or function of the protein.

To examine if the S490A mutation alters the rate of Hendra
virus F internalization, antibody capture experiments were per-
formed, as described above. Hendra virus F S490A was coex-
pressed in Vero cells along with WT GFP-Rab5; cells were washed
and incubated for 40 min at 4°C with an anti-Hendra virus F
monoclonal antibody, followed by their transfer to 37°C for 0, 10,
20, or 30 min. As seen in Fig. 6, Hendra virus F S490A displayed a
strong plasma membrane distribution even after 20 and 30 min at
37°C, while most of WT Hendra virus F was internalized by 10 min
(Fig. 4), indicating that the S490A substitution alters Hendra virus
F internalization (Fig. 6).

To further delineate the characteristics of the S490 residue that
are needed for Hendra virus F endocytosis, S490T and S490V were
created, replacing amino acids whose side chains are similar in
size, but with only the S490T mutant containing the hydroxyl
group to mimic S490. Expression and recycling of these mutants
were examined by time course surface biotinylation experiments,
as described above. Interestingly, Hendra virus F S490T was
cleaved and recycled back to the cell surface at rates similar to
those of the WT Hendra virus F (Fig. 5A). In contrast, the S490V
mutant initially appeared on the cell surface in the F, uncleaved form
but disappeared by the 2-h time point without returning to the cell
surface in the active F, form at later time points (Fig. 5A). These
results suggest that the hydroxyl group of S490 is important for
proper trafficking of Hendra virus F. In contrast, other small side
chains caused either an endocytic defect (S490A) or a recycling defect
(5490V), indicating that subtle amino acid changes at the TMD-
ectodomain border can have major effects on protein trafficking.
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FIG 4 After internalization, Hendra virus F colocalizes with Rab5- and Rab4-positive endosomes. Antibody capture experiments were performed as described.
Hendra virus F colocalization with specific endosomal markers was examined at 0, 10, 20, and 30 min after transfer to 37°C, by single confocal sections on fixed

cells. Insets represent enlargements of the boxed areas. Scale bar, 5 um.

The fusion activity of these mutants was examined using a
syncytium assay, as previously described (58). Membrane fusion
between neighboring cells, promoted by Hendra virus F and G
proteins, leads to the formation of giant multinucleated cells
called syncytia. WT or the S490 Hendra virus F mutants were
expressed in Vero cells along with the attachment protein, G,
which is required for fusion activity. At 24 h posttransfection syn-
cytium formation was examined (Fig. 7). As expected, only the
WT and the properly cleaved and trafficked S490T mutant formed
syncytia, while the F mutants S490A and S490V were fusion dead
(Fig. 7 and data not shown). As cleavage of Hendra virus F is
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needed for fusion promotion, these results substantiate the idea
that recycling of the cleaved form to the cell surface is critical for
the fusion process.

Itis unclear how a hydroxyl group at position 490, predicted to
be near the TMD-ectodomain border, mediates Hendra virus F
recycling. Previous work from our lab has not detected the phos-
phorylation of Hendra virus F (data not shown). However, tran-
sient phosphorylation could occur but go undetected by anti-
phospho antibodies. To test whether the negative charge
associated with possible phosphorylation events influenced Hen-
dra virus F trafficking, we created an S490E substitution, which
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FIG 5 Hendra virus F $490 TMD residue plays critical roles in Hendra virus F trafficking. Vero cells expressing WT or $490 Hendra virus F mutants were starved
for 30 min, metabolically labeled for 2 h, and chased for 0, 1, 2, 4, and 8 h. At the end of each chase interval, surface proteins were labeled with biotin. Proteins
were immunoprecipitated with an anti-Hendra virus F antibody. Samples were separated into a surface and total fraction, as indicated. Surface proteins were then
separated using streptavidin-agarose beads and analyzed by SDS-PAGE. (A) Time course of surface expression of WT or S490A, S490T, or S490V Hendra virus
F. (B) Total expression of WT and S490A Hendra virus F. (C) Surface expression of WT or S490A Hendra virus F after trypsin digestion. Wild-type or S490A
Hendra virus F was expressed in Vero cells, labeled for 2 h, and chased for 1.5 h. TPCK-trypsin (1.0 ug/ml) was added to the chase medium, and cells were
incubated for an additional 30 min. Hendra virus F proteins were biotinylated, isolated using streptavidin beads, resolved on a 15% polyacrylamide gel, and
analyzed using a Typhoon imaging system. (D) Time course of surface expression of S490E and S490K Hendra virus F, in the presence or absence of DN Rab5.
The proteins were transiently expressed in Vero cells alone or along with DN Rab5, and they were labeled, chased, and immunoprecipitated as described above.
Surface proteins were biotinylated, isolated using streptavidin beads, resolved on a 15% polyacrylamide gel, and analyzed using a Typhoon imaging system.

Experiments shown are representative of at least three repetitions.

serves as a mimic of phosphorylation due to the negative charge of
the glutamic acid. In addition, an S490K mutation was introduced
as positive charges are often found at the membrane-water inter-
face (23). Hendra virus F S490E and S490K surface expression and
proteolytic cleavage were analyzed by pulse-chase surface biotiny-
lation experiments (Fig. 5D). In contrast to results with the Hen-
dra virus F S490A and S490V mutants, a small fraction of the
proteins was trafficked back to the cell surface, suggesting that
either a positive or negative charge at this position can facilitate
the recycling process (Fig. 5D). However, the surface levels of
S490E and S490K (S490E/S490K) mutants were much lower than
those of WT F, suggesting that either less protein was produced or
a greater fraction was targeted for degradation after internaliza-
tion (Fig. 5D). To differentiate these possibilities, we performed
surface biotinylation experiments in the presence of DN Rab5,
which inhibits endocytosis. When endocytosis was blocked, much
higher levels of F; S490E/S490K were detected on the cell surface,
suggesting that after internalization, a fraction of S490E/S490K
Hendra virus F was mistrafficked toward degradation (Fig. 5D).
Taken together, the data suggest that Hendra virus F endocytosis
and recycling are finely tuned by residues at the Hendra virus F
TMD-ectodomain border.

The aromatic ring of Y498 is important for Hendra virus F
recycling. Our analysis of TMD polar residues also found that
alanine substitution of Hendra virus F TMD residue Y498 resulted
in a protein that reached the cell surface in the F, uncleaved form
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at early time points but disappeared from the surface without
returning in the cleaved, processed form (Fig. 8A). Analysis of
total expression showed that the protein was properly cleaved
(Fig. 8B), suggesting that this mutant was targeted toward degra-
dation after cathepsin L cleavage. To further confirm that this
mutant was mistrafficked after internalization and was not de-
graded on the cell surface by extracellular proteases, we expressed
it in Vero cells along with DN Rab5, which inhibits endocytosis
(73) (Fig. 8C). As seen in Fig. 8C, the protein was present on the
cell surface in the F, uncleaved form until the 4- and 8-h time
points, indicating that Hendra virus F Y498A is degraded only
after internalization.

To further delineate the characteristics of the Y498 residue im-
portant for Hendra virus F recycling, three additional substitu-
tions were made: Y498F, Y498S, and Y498L. The phenylalanine
residue also contains an aromatic ring; the serine presents a hy-
droxyl group, while the leucine is similar in size with the tyrosine
but lacks the hydroxyl or aromatic elements. Time course surface
biotinylations were performed, and the results indicated that only
the Y498F substitution promoted proper Hendra virus F recycling
(Fig. 8A), while Y498S and Y498L mutants were targeted toward
degradation after cathepsin L cleavage (Fig. 8A and B).

As with other class I viral fusion proteins, proteolytic process-
ing of Hendra virus F generates a metastable, prefusion form. At
the right time and place, this cleaved form can be triggered to
undergo the conformational changes needed for fusion. Since
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S490A Hendra F

GFP-Rab5

FIG 6 Hendra virus F S490A is deficient in endocytosis. Hendra virus F S490A
and WT GFP-Rab5 were expressed in Vero cells, and antibody capture exper-
iments were performed as described in the text. Single confocal sections were
acquired and analyzed. Insets represent enlargements of the boxed areas. Scale
bar, 5 um. Experiments were repeated twice, and the images are representative.

Hendra virus F Y498A, Y498S, and Y498L mutants are targeted
toward degradation after cathepsin L cleavage (Fig. 8A and B), itis
possible that the cleaved form of these mutants is unstable and
rapidly folds to the postfusion conformation. These major con-
formational changes could result in the sorting toward degrada-
tion of these mutants. To determine if cathepsin L processing
affects trafficking of these mutants, we performed the time course
biotinylation of WT or Y498A Hendra virus F in the presence of
E64d, which is a membrane-permeable inhibitor of cysteine pro-
teases (Fig. 8D). The WT Hendra virus F maintained surface ex-
pression throughout the 8-h time course, suggesting that it was
recycled back, but since cathepsin L was inactivated, only the F,
form was present. Hendra virus F Y498A was still targeted toward
degradation, suggesting that premature triggering following ca-
thepsin L cleavage is not the cause of the mistrafficking seen with
these mutations. In addition, these experiments suggest that ca-
thepsin L processing is likely not involved in the trafficking deci-
sions of WT Hendra virus F.

The fusion activity of Hendra virus F Y498 mutants was also
examined using a syncytium assay. Only the correctly cleaved and
recycled Hendra virus F Y498F mutant formed syncytia (Fig. 7),
while Hendra virus F Y498A, Y498S, and Y498L mutants, which
were not recycled in the cleaved form, were fusogenically inactive
(Fig. 7 and data not shown).
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FIG 7 S490T and Y498F Hendra virus F proteins promote syncytium forma-
tion, while S490A and Y498A TMD mutants are fusogenically inactive. Vero
cells were transfected with WT, S490, or Y498 Hendra virus F TMD mutants,
along with Hendra virus G at a ratio of 1:2 (F/G). At 24 h posttransfection
multinucleated cells were photographed.

The Y498A substitution alters Hendra virus F TMD-TMD
association. Recent work from our lab has shown by analytical
ultracentrifugation sedimentation equilibrium that the Hendra
virus F TMDs, separate from the rest of the protein, interact and
associate in a monomer-trimer equilibrium (E. C. Smith et al,,
submitted for publication) suggesting that TMDs may play roles
in the folding and function of Hendra virus F. Previous studies of
the Hendra virus F protein have shown a strong correlation be-
tween loss of surface expression and trimerization defects within
the whole protein (21, 22). The S490 or Y498 mutants were trans-
ported efficiently from the endoplasmic reticulum (ER) to the cell
surface, suggesting that these mutations do not significantly im-
pact overall protein folding and trimerization. However, as our
Hendra virus F model with a continuous leucine-isoleucine zipper
places the Y498 residue at the helical interface, we tested if Y498
substitutions alter the association of Hendra virus F isolated
TMDs. For our study we used a chimeric protein containing the
staphylococcal nuclease (SN) protein linked to the Hendra virus F
WT TMD (residues 485 to 520) or the TMD containing the
Y498A, Y498F, or Y498S mutations. SN is a monomeric protein
under the conditions used for analytical ultracentrifugation (20),
allowing us to analyze the association and oligomeric status of the
transmembrane domains.

The SN-Hendra virus F TMD constructs were expressed in the
E. coli strain Rosetta-Gami, and the protein was purified by FPLC
and exchanged into 3-(N,N-dimethylmyristyl-ammonio) pro-
pane sulfonate (C14SB) detergent (7). Samples at three different
protein concentrations were brought to sedimentation equilib-
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FIG 8 Hendra virus F Y498 TMD residue plays a critical role in Hendra virus F recycling. Surface biotinylation experiments were performed as described above.
(A) Time course of surface expression of WT, Y498A, Y498F, Y498S, and Y498L. (B) Total expression of the proteins shown in panel A. (C) Time course of surface
expression of WT and Y498A Hendra virus F in the presence or absence of DN Rab5. (D) The surface expression of WT and Y498A Hendra virus F in the presence
of E64D. The cathepsin L inhibitor E64D (10 uM) was added to the medium during starvation, label, and chase. Each experiment was repeated at least three times

with similar results.

rium in a Beckman XL-A analytical ultracentrifuge, and radial
absorbance data were obtained at 20,000, 25,000, and 30,000 rpm.
The data sets were analyzed using KaleidaGraph, and the best fits
for the 25,000- and 30,000-rpm speeds at one concentration are
illustrated in Fig. 9. The residuals for each mutant are shown
above each data set. After analyzing the data at all the three speeds
and concentrations examined, we found that the overall best fit
was that of monomer-trimer for the WT and Y498 TMD mutants
tested. However, while Y498F Hendra virus F TMDs presented
association constants similar to those of the WT F (Table 1), the
association constants of Y498A were only 34% to 50% of those of
the wild type (Table 1), suggesting that the Y498A mutation de-
creases the interactions between the TMDs. In addition, the asso-
ciation constants of Y498S were about 70% of that of the WT,
suggesting that altered TMD interactions may contribute to the
trafficking defect seen for the Hendra virus F Y498A and Y498S
mutants.

DISCUSSION

While a number of signals involved in endocytic recycling have
been identified, the larger picture of what drives this important
process remains unclear. Viral proteins have been outstanding
models for dissecting cellular secretory trafficking pathways (11,
26, 78) because they lack an endogenous counterpart and use host
cell mechanisms. During endocytotic trafficking, Hendra virus F
and Nipah virus F are proteolytically processed by cathepsin L,
generating the fusion-active form of the protein and providing an
excellent biochemical assay to assess trafficking.

Our antibody capture experiments show that Hendra virus F is
recycled to the plasma membrane through Rab5- and Rab4-
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positive endosomes (Fig. 4A and B), with little protein detected in
late endosomes or lysosomes (Fig. 4C and D), which are classically
considered the main location of cathepsin L (59, 79). These results
are in agreement with a previous study which found Nipah virus F
colocalization with transferrin receptor at 5 and 30 min after in-
ternalization (14). As Rab4 is involved in vesicular transport both
directly to the plasma membrane and to the recycling endosomes,
it is possible that both pathways may be utilized. Interestingly, a
CT Myc-tagged form of Hendra virus F which contains a dileucine
motif associated with slower recycling and longer retention in the
endosomal recycling compartment (32, 33, 41) displayed a much
lower recycling rate than WT Hendra virus F (58).

Our results suggest that cathepsin L is present and functionally
active in early endosomal compartments, fitting with the finding
that Hendra virus F cleavage is observed within 15 min after in-
ternalization, with the majority of Hendra virus F cleaved by 30
min (46). Recent studies have shown that cathepsin L can cleave
nanoparticle-associated peptides shortly after internalization (65)
and that cathepsin L proteolysis in lysosomal-like environments
resulted in extensive degradation, while proteolysis under
endosomal-like conditions resulted in few fragments of higher
molecular weight, suggesting that the biochemical environment
plays an important role in the cleavage specificity of cathepsin L
(35). The lower concentration of proteases and the variation in pH
present in endosomes have been proposed to promote controlled
and selective proteolytic processing of proteins (1, 57). Selective
early endosomal activity of cathepsin L is compatible with the
specific proteolytic processing observed for Hendra virus F.

The Hendra virus F TMD is critical for F endocytosis and re-
cycling, with TMD residues S490 and Y498 specifically modulat-
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FIG 9 Sedimentation equilibrium analysis of the Hendra virus F Y498 SN-TMD proteins demonstrates a monomer-trimer equilibrium for WT F and Y498
mutants, with lower association constants for Y498A and Y498S mutants. The Hendra virus F SN-TMD was expressed in the E. coli strain Rosetta-Gami, purified,
and exchanged in C14SB detergent. Samples were brought to sedimentation equilibrium in a Beckman XL-A analytical ultracentrifuge, and radial absorbance data
were obtained at 20,000, 25,000, and 30,000 rpm. The best fit was determined by analyzing the square root of the variance for the three speeds and concentrations tested.
The data points at 25,000 and 30,000 rpm and one concentration are presented. The residuals for each mutant are shown above each data set.

TABLE 1 The association constants of Y498A, Y498F, and Y498S TMDs
relative to the WT F TMD at 25,000 rpm

Relative association constant at:”

F protein or mutant 25,000 rpm 30,000 rpm”
WT 1 0.70 = 0.26
Y498A 0.34 £ 0.03 0.35 = 0.07
Y498F 0.97 £0.33 0.80 = 0.20
Y498S 0.67 = 0.07 0.49 = 0.18

@ The data represent averages of three or four independent protein concentrations, spun

at 25,000 rpm or 30,000 rpm, relative to the WT value. The errors represent the
standard error of the mean.
b Relative to WT F at 25,000 rpm, (1.001 = 0.33) X 10° M2
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ing these processes. TMDs are often viewed as simple membrane
anchors. However, recent studies have shown that TMDs play
roles in protein folding (43), oligomerization (25, 52), receptor
activation (76, 77), and trafficking through both secretory (47, 48,
63,66,71,85) and endocytic pathways (60, 86). Plasma membrane
proteins were shown to have smaller mean residue volumes in the
outer leaflet of the TMD than Golgi proteins (66), suggesting that
residues within the outer half of the bilayer may contribute to protein
sorting and localization. The residues identified in our study, S490
and Y498, are likely situated in the outer half of the bilayer. However,
our data show that characteristics beyond side chain volume are im-
portant for correct Hendra virus F trafficking and sorting.
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$490 is located near the start of the predicted TMD (Fig. 1),
likely situated in close proximity to the hydrophilic head groups.
Correct trafficking was observed only with the Hendra virus F
S490T mutation, suggesting that hydrogen bond interactions with
the polar head group of the bilayer or with other plasma mem-
brane proteins promoted by the serine or threonine side chains
may be important. Phosphorylation of $490 is likely not involved
in Hendra virus F recycling, but a charge at this position, either
positive (S490K) or negative (S490E), allows partial recycling of
Hendra virus F to the cell surface, albeit at much lower levels than
WT F (Fig. 5D), potentially by anchoring the Hendra virus F TMD
into the bilayer at a position similar to that of the WT Hendra
virus F. Interestingly, the Hendra virus F S490A and S490V mu-
tants display very different trafficking pathways (Fig. 5A), indicat-
ing that very small TMD changes can have dramatic effects on
protein trafficking and sorting.

Residue Y498 is also critical for Hendra virus F recycling. Y498A,
Y498S, and Y498L Hendra virus F substitutions are endocytosed but
are sorted toward lysosomal degradation after cathepsin L process-
ing (Fig. 8A and B). Only the Y498F mutation is tolerated, indi-
cating that an aromatic ring at this position plays an important
role in endocytic recycling (Fig. 8 A). This residue is predicted to
be positioned within the hydrophobic environment of the bilayer
at the interacting face of the helices (Fig. 1A and B). Our results
suggest that targeting to degradation is not directed by a specific
residue or signal but, rather, by the absence of the aromatic ring at
this position (Fig. 8A and B). Interestingly, transferrin receptor
also contains two phenylalanine residues toward the middle of its
TMD, but to our knowledge their function in recycling has not
been determined.

Why would an aromatic residue in the center of the TMD be
important for Hendra virus F recycling? Analytical ultracentrifu-
gation sedimentation equilibrium analysis found that isolated WT
and mutant F protein TMDs associate as monomer-trimers, with
association constants for the Y498F mutant similar to those of the
WT TMD (Fig. 9 and Table 1). In contrast, the association con-
stants for Y498A TMDs were much lower (Fig. 9), suggesting a
decreased stability of the Y498A TMD trimer. Changes in TMD
associations may lead to changes in the TMD conformation or
interaction with the bilayer in the context of the whole protein,
which could potentially influence trafficking decisions. As the
$490 and Y498 residues are also present in the Nipah virus F TMD
at the same positions, it is very likely that they are also important
for Nipah virus F endocytic trafficking.

Recent work (19, 82) showed that Nipah virus F and G have a
basolateral distribution in polarized cells. Since previous studies
have shown that the TMDs of respiratory syncytial virus (RSV) F
(6) and influenza virus hemagglutinin (43) and neuraminidase
(37) are necessary for apical sorting in polarized cells, it is possible
that the Hendra and Nipah virus F TMDs contribute to the baso-
lateral trafficking of F, but further studies are needed to examine
this function. In addition, the basolateral location of Nipah virus F
and G suggests that the assembly process of henipaviruses occurs
in the basolateral region, in agreement with the systemic infection
generated by these viruses (17, 64). This contrasts with the apical
budding and limited infection of the majority of paramyxoviruses,
suggesting that the unique recycling pathway of F is important for
the pathogenesis of henipaviruses. Taken together, our data indi-
cate that Hendra virus F represents an excellent model for study-
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ing endocytic recycling and that the F protein TMD is important
in this process, with $490 and Y498 residues playing critical roles.
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