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Proteolytic cleavage of the Hendra virus fusion (F) protein results in the formation of disulfide-linked F, and
F, subunits, with cleavage occurring after residue K,, in the sequence GDVK | L. This unusual cleavage site
and efficient propagation of Hendra virus in a furin-deficient cell line indicate that the Hendra F protein is not
cleaved by furin, the protease responsible for proteolytic activation of many viral fusion proteins. To identify
the subcellular site of Hendra F processing, Vero cells transfected with pCAGGS-Hendra F or pCAGGS-SV5
F were metabolically labeled and chased in the absence and presence of inhibitors of exocytosis. The addition
of carbonyl-cyanide-3-chlorophenylhydrazone, monensin, brefeldin A, or NaF-AICl; or incubation of cells at
20°C all inhibited processing of the Hendra F protein, suggesting that cleavage of Hendra F occurs either in
secretory vesicles budding from the trans-Golgi network or at the cell surface. In contrast to proteolytic
cleavage of the simian virus 5 (SV5) F protein by the Ca?*-dependent protease furin, proteolytic cleavage of
the Hendra F protein was not significantly inhibited by decreases in Ca”>* levels following incubation with
EGTA or A23187. However, in the presence of weak amines and H* V-ATPase inhibitors, known to raise
intracellular pH, cleavage of Hendra F protein was inhibited while processing of the SV5 F protein was not
significantly affected. The subcellular location, sensitivity to pH changes, and decreased Ca®* requirement
suggest that the protease responsible for cleavage of Hendra F protein differs from proteases previously shown
to be involved in the processing of other viral glycoproteins.

A number of enveloped viruses, including paramyxoviruses
and retroviruses, enter host cells via a pH-independent mech-
anism that facilitates fusion of the viral envelope with a mem-
brane of the target cell. In paramyxoviruses, this process is
mediated by the fusion (F) protein. The F protein is a type I
integral homotrimeric, N-glycosylated membrane protein that
is synthesized as an inactive precursor protein (F,). F, is pro-
teolytically cleaved to the disulfide-bonded F, and F, forms.
This proteolytic event is critical for exposure of the fusion
peptide and production of the mature and fusogenic form of
the F protein.

Most paramyxovirus F proteins, including the simian virus 5
(SV5) F protein (20), the measles virus F protein (6), and the
respiratory syncytial virus F protein (59), are proteolytically
processed by furin. Furin is a secretory pathway protease that
belongs to the family of mammalian subtilisin-like proprotein
convertases (PCs). This membrane-associated, calcium
(Ca**)-dependent protease is known to process a wide range
of precursor proteins within the exocytic and endocytic path-
ways at sites containing an Arg-X-Lys/Arg-Arg cleavage motif.
Furin has additionally been described to proteolytically cleave
a number of other viral glycoproteins, including the Ebola virus
glycoprotein (Gp) (65), human immunodeficiency virus (HIV)
gp160 (1, 28), the hemagglutinin (HA) protein of avian influ-
enza virus strains H5 and H7 (58), and the cytomegalovirus
glycoprotein B (63). Furthermore, a correlation of the effi-
ciency of furin cleavage with virulence and pathogenicity has
been described for both Newcastle disease virus (21) and
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Ebola virus (65). In contrast to intracellular proteolytic pro-
cessing at a multibasic cleavage site by furin, a number of viral
fusion proteins, such as Sendai virus F protein (31, 55) and H1,
H2, and H3 subtypes of influenza virus HA protein (35), are
cleaved at single basic residues by extracellular exogenous pro-
teases. Cleavage of viral glycoproteins by proteases belonging
to the pyrolysin branch of subtilisins has also been described
(5, 37-39, 64). The Ca*"-dependent SKI-1/S1P protease was
recently shown to proteolytically process the Lassa virus pre-
cursor protein (38, 39), the Crimean-Congo hemorrhagic fever
virus glycoprotein (64), and the lymphocytic choriomeningitis
virus glycoprotein (5, 37). SKI-1/S1P cleaves precursor pro-
teins containing a conserved arginine at the fourth position and
a hydrophobic amino acid at the second position prior to the
cleavage motif and is predominantly active in the endoplasmic
reticulum (ER), although the lymphocytic choriomeningitis vi-
rus glycoprotein is processed in a late Golgi compartment (5).

Hendra virus is a newly emerged zoonotic paramyxovirus
that was first isolated in 1994 in Australia during an outbreak
of severe respiratory illness that resulted in the deaths of 14
horses and 1 human (48). A second human fatality occurred 13
months later due to viral encephalitis as a result of an initial
Hendra virus infection (53). Nipah virus, a virus closely related
to Hendra virus, was isolated as the etiological agent of the
fatal viral encephalitis outbreak that caused 105 fatalities out
of 265 human cases in Malaysia in 1999. More than one million
pigs were culled in order to contain the Nipah virus epidemic
(11). Fruit bats are suspected to be the natural hosts for both
Hendra and Nipah viruses (12, 19). The high rates of mortality
in humans and the ability of Hendra and Nipah viruses to
infect a number of different hosts have contributed to their
classification as biosafety level 4 agents. Genomic and phylo-
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genetic studies demonstrated high homology between Hendra
and Nipah viruses, yet limited identity with other viruses within
the Paramyxovirinae subfamily. The broad host range and an-
tigenic cross-reactivity between Hendra and Nipah viruses, to-
gether with genomic features such as the large genome, unique
genome terminal sequences, and a unique motif within the L
protein, have supported the creation and classification of Hen-
dra and Nipah viruses into a new genus within the Paramyxo-
virinae subfamily, namely, Henipaviruses (29, 67).

Hendra virus contains two glycoproteins, the attachment or
G protein, which lacks both HA and neuraminidase activities,
and the F protein. Similar to other paramyxoviruses, the Hen-
dra virus F, precursor protein is proteolytically cleaved into
disulfide-linked subunits F;, and F,. The cleavage site
(VGDVK, ), predicted by amino acid sequence alignments,
was confirmed by N-terminal sequencing of the F, subunit
(44). Cleavage of the closely related Nipah virus F protein
similarly occurs after the basic residue arginine in the sequence
VGDVR, o (28). Not only do the F proteins of both Hendra
virus and Nipah virus lack the polybasic furin consensus motif,
common to the majority of paramyxoviruses, but also the se-
quence at the site of proteolytic cleavage does not correspond
to the recognition sequence of any known secretory protease.
Successful growth of Hendra virus in the furin-deficient LoVo
cell line confirmed that furin was not the protease involved in
cleavage of the Hendra F protein (44). Furthermore, addition
of exogenous trypsin did not affect propagation of Hendra
virus in cell culture, indicating that an extracellular protease
that cleaves at the basic residue is not required (44). In the
present study, we have examined the subcellular location of
cleavage as well as the Ca®>" and pH conditions required for
efficient proteolytic processing of the Hendra F protein. We
find that cleavage occurs either in the secretory vesicles bud-
ding from the trans-Golgi network (TGN) or at the cell surface.
Cleavage is not significantly affected by decreases in cellular
Ca®" levels but is dramatically decreased by changes in intra-
cellular pH. These differences suggest that the protease re-
sponsible for cleavage of the Hendra virus F protein differs
from proteases previously shown to be involved in the process-
ing of viral glycoproteins.

MATERIALS AND METHODS

Cell lines. Vero cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM,; Gibco Invitrogen, Carlsbad, Calif.). Human colon carcinoma LoVo
cells were purchased from the American Type Culture Collection and main-
tained in Ham’s F12 medium. Fetal bovine serum (FBS; 10%), penicillin, and
streptomycin were added to all media.

Plasmid vectors. Vectors containing the Hendra virus F and G genes were
kindly provided by Lin-fa Wang (Australian Animal Health Laboratory). The F
gene was released from the pUCIS8 vector by Sall digestion and ligated into
Xhol-digested pCAGGS. Similarly, the G gene was excised from the pPGEM-7T
vector by Nsil and Xhol digestion and ligated into pPCAGGS. Both F and G were
cloned into pCAGGS in the correct orientation and sequenced to confirm that
gene sequence integrity was maintained following subcloning. Robert Lamb
(Howard Hughes Medical Institute [HHMI], Northwestern University) gener-
ously provided the pCAGGS-SV5 F and -SV5 HN expression vectors.

Antibodies. Antipeptide antibodies (Genemed Custom Peptide Antibody Ser-
vice, San Francisco, Calif.) were generated to amino acids 526 to 539 within the
cytoplasmic tail of the Hendra F protein. SV5 F antipeptide antibodies to amino
acids 82 to 96, within the SV5 F, subunit, were kindly provided by Robert Lamb
(HHMI, Northwestern University).

Expression of F and G (or HN) proteins. F and G (or HN) proteins from
Hendra virus and SV5 were transiently expressed by using the mammalian
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expression vector pPCAGGS, which permits high levels of protein expression from
a chicken actin promoter (49). Subconfluent monolayers in 35-mm tissue culture
dishes were transiently transfected with plasmid DNA by using Lipofectamine
(Invitrogen) according to the manufacturer’s instructions. Two micrograms of
pCAGGS-Hendra F and/or 1 ng of pCAGGS-Hendra G, -SVS5 F, or -SV5 HN,
6 wl of Plus reagent, and 4 pl of Lipofectamine in 0.8 ml of OPTI-MEM (Gibco
Invitrogen) were combined and added to the monolayers. At 3 h posttransfec-
tion, cells were washed twice in phosphate-buffered saline and incubated over-
night at 37°C in 2 ml of OPTI-MEM.

Pulse-chase experiments and immunoprecipitation. Following transfection,
pulse-chase experiments were performed. Cells were washed and starved for 45
min in DMEM deficient in methionine and cysteine. Tran®*S-label (100 wCi/ml;
MP Biomedicals, Inc., Irvine, Calif.) was added to the methionine- and cysteine-
deficient DMEM, and cells were labeled for 30 min. The labeling medium was
removed, cells were washed, and normal DMEM with or without 10% FBS (or
1% bovine serum albumin [BSA]) was added. Cells were then chased for various
time intervals. At the end of the chase period, cells were washed twice with
phosphate-buffered saline followed by lysis with RIPA buffer containing 100 mM
Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1%
Triton X-100, 1% deoxycholic acid, protease inhibitors (1 KalliKrein inhibitory
unit of aprotinin [Calbiochem, San Diego, Calif.], 1 mM phenylmethylsulfonyl
fluoride [Sigma, St. Louis, Mo.], and Complete protease inhibitor tablets [Roche
Molecular Biochemicals, Indianapolis, Ind.]) and 25 mM iodoacetamide
(Sigma). The lysates were centrifuged at 136,500 X g for 10 min at 4°C, and
supernatants were collected. Antipeptide sera and protein A-conjugated Sepha-
rose beads (Amersham, Piscataway, N.J.) were used to immunoprecipitate the F
proteins as previously described (54). Immunoprecipitated F proteins were an-
alyzed via SDS-15% polyacrylamide gel electrophoresis (SDS-PAGE) and visu-
alized using the STORM imaging system (Amersham).

Inhibition of exocytic transport. A number of different chemicals were used to
inhibit exocytic transport within the cell. Monensin (20 pM; Sigma) and 5 pg of
brefeldin A (Sigma)/ml were present throughout the pulse-chase experiment.
Carbonyl cyanide 3-chlorophenylhydrazone (CCCP; 50 wg/ml; Sigma) was added
only to the chase medium. A mixture of 30 mM NaF-0.05 mM AICl; - 6H,O
(Sigma) was included in the labeling and chase media. Inhibition of proteolytic
cleavage was also examined by chasing F-transfected cells at 20 or 37°C for 2 h,
followed by a further chase for 1 h at 37°C. Inhibitor assays used DMEM without
FBS for the chase medium.

Cellular Ca’?* and pH manipulation assays. Manipulation of intracellular
Ca®* concentrations was undertaken by including various concentrations of
EGTA (Sigma) and A23187 (Calbiochem) in the label and chase media. For the
Ca®" assays, cells were starved and labeled in Ca?*-methionine-cysteine-defi-
cient medium (Specialty Media, Phillipsburg, N.J.) and chased with minimal
essential medium (Gibco Invitrogen).

Intracellular pH levels were modified by the addition of different concentra-
tions of chloroquine (Sigma), NH,ClI (Sigma), bafilomycin A1 (Calbiochem), and
concanamycin A (Calbiochem). Chloroquine and NH,Cl were present through-
out the starvation, label, and chase periods, whereas bafilomycin Al and con-
canamycin A were added only to the chase medium.

Endo H digestion. Endoglycosidase H (Endo H) digestion of immunoprecipi-
tated F proteins was performed as previously described (54). In brief, immuno-
precipitated F proteins were boiled for 4 min in 0.4% SDS and 20 mM Na,HPO,
(pH 8). Supernatants were collected and incubated with 0.1 M sodium citrate
(pH 5.3) and 1 mM phenylmethylsulfonyl fluoride in the absence or presence of
2 mU of Endo H (Roche Molecular Biochemicals) at 37°C for 27 h.

RESULTS

Proteolytic cleavage of the Hendra virus F protein. Synthesis
and proteolytic cleavage of the Hendra virus F protein have
been observed in several cell lines infected with the virus (44)
as well as when the F protein was expressed using a recombi-
nant vaccinia virus expression system (7). To examine the pro-
teolytic processing of the Hendra virus F protein in the absence
of viral infection, the Hendra F gene was subcloned into the
mammalian expression vector pCAGGS (49). This vector al-
lows for a high level of transient expression from the chicken
actin promoter without the requirement of additional plasmid
or virus. pCAGGS-Hendra F was transiently transfected into
Vero cells, and proteolytic cleavage of the Hendra F protein



9156 PAGER ET AL.

A. kDa

220 -

974 -
66 - aum———-

46 - SR EREE

30 -

14.6 -
1 23 45

B. kDa
220 _
97.4-

66—

46 -

01246

30 -

14.6-

J. VIROL.

0123 4 6 912 24 Hours

6 7 8 9

01246 01 2 4 6 Hours

Hendra F + Vector Hendra F + Hendra G Hendra F + SV5 HN

FIG. 1. Expression of the Hendra F protein. (A) Vero cells transfected with pCAGGS-Hendra F (2 wg) were starved for 45 min, labeled with
100 wCi of Tran®S-label/ml for 30 min, and either lysed immediately (0 h) or chased in DMEM with 10% FBS for 1, 2, 4, 6, 9, 12, and 24 h prior
to lysis. Samples were immunoprecipitated, separated on an SDS-15% polyacrylamide gel, and analyzed by using the STORM imaging system.
(B) Vero cells were cotransfected with pCAGGS-Hendra F (2 pg) and empty pCAGGS vector (1 pg); pPCAGGS-Hendra F (2 pg) and
pCAGGS-Hendra G (1 pg); or pPCAGGS-Hendra F (2 pg) and pCAGGS-SV5 HN (1 pg). Transfected cells were metabolically labeled and chased
in DMEM and 1% BSA for 0, 1, 2, 4, and 6 h. Samples were analyzed as before by immunoprecipitation, SDS-15% PAGE, and the STORM
imaging system. The arrows on the right designate the positions of the F, F,, and F, proteins.

was monitored by pulse-chase analysis (Fig. 1A). Cleavage of
Hendra F protein was examined by immunoprecipitation of
the F protein from lysed cells with a Hendra F-specific anti-
body to the cytoplasmic tail (526 to 539 amino acids), followed
by separation on a 15% denaturing polyacrylamide gel and
analysis on the STORM imaging system. The empty pCAGGS
vector was transfected into Vero cells and used as a control.
Immediately after labeling with Tran**S-label (0 h), only F,, the
precursor form was apparent (Fig. 1A, lane 1). Cleavage of the
Hendra F, precursor to F; and F, subunits was observed fol-
lowing a 1-h chase, with levels of cleavage increasing during 1
to 4 h. Some F,, appeared to remain stable in the cell for long
periods of time, as a small amount was still immunoprecipi-
tated even after a 24-h chase (Fig. 1A, lane 9). As the analysis
of proteolytic processing of the Hendra F protein was con-
ducted over an extended time period (24 h), serum was in-
cluded in the chase medium to maintain cell viability. Serum
contains a plethora of proteins, including proteases and pro-
tease inhibitors. To exclude the possibility that serum proteins
affected Hendra F,, cleavage, a truncated pulse-chase analysis
(0 to 6 h) in the presence of DMEM and 1% BSA was under-
taken. The extent of Hendra F, processing and appearance of
F, and F, with serum-free chase medium gave identical results
to that observed in Fig. 1A (data not shown), suggesting that
serum neither increases nor retards cleavage of the Hendra F
protein. As the absence of FBS did not influence cleavage,
subsequent experiments to determine the subcellular location
and Ca®" and pH requirements of the proteolytic event were

performed in the absence of serum to avoid possible seques-
tration or degradation of the drugs. Additionally, as the ma-
jority of cleavage appears to occur within the first 4 h after
synthesis and the F, and F, forms were clearly visible at 2 h
after labeling, this time point was used in all subsequent inhib-
itor experiments. We also examined the expression and pro-
cessing of the Hendra F protein by using the recombinant
vaccinia virus-T7 RNA polymerase transient-expression system
by pulse-chase analysis. Proteolytic cleavage of the Hendra F
protein was not apparent until 6 h after labeling, with maximal
cleavage observed at 12 h (data not shown), indicating that the
pCAGGS expression system was a more appropriate system
for study of proteolytic activation of the Hendra F protein.
The presence of Hendra G, the attachment protein, is re-
quired for Hendra F-mediated membrane fusion (7). To de-
termine whether Hendra G (the only other viral glycoprotein
within the secretory pathway) enhanced proteolytic processing
of the Hendra F protein, Hendra F and Hendra G were coex-
pressed in Vero cells and cleavage was examined over a 6-h
time period. The empty pCAGGS vector as well as the SV5
attachment protein (HN) were cotransfected with Hendra F
(in place of Hendra G) in parallel experiments as negative
controls. The coexpression of either Hendra G or SV5 HN did
not influence the cleavage of Hendra F or the amount of F
protein processed (Fig. 1B), suggesting that the factor(s)
needed for cleavage is present in uninfected Vero cells.
Furin does not proteolytically process the Hendra F protein.
An aberrant nucleotide deletion within the P domain of the



VoL. 78, 2004
kDa Z“i 6 9 12 24 Hours
220 -
97.4-
66 -
— <«F
46 - T — — ‘_Fl
30 -
14.6 -
1 23 4 5 6 7

FIG. 2. The Hendra F protein is proteolytically processed in LoVo
cells. LoVo cells were transiently transfected with pCAGGS-Hendra F
(2 pg), metabolically labeled, and lysed immediately (0 h) or chased in
DMEM and 10% FBS for various times prior to lysis. Samples were
immunoprecipitated and analyzed via SDS-15% PAGE and by the
STORM imaging system. The F, and F, proteins are marked with
arrows on the right.

furin gene in LoVo cells renders furin functionally inactive
(60). The Hendra virus F protein lacks a furin cleavage motif,
and infectious virus has been successfully propagated in LoVo
cells (44). In order to compare the expression of Hendra F in
furin-positive and -negative cell lines, pPCAGGS-Hendra F was
transfected into LoVo cells and cleavage was monitored over a
24-h time course by pulse-chase analysis. Similar to proteolytic
processing of Hendra F in Vero cells, precursor F, was ob-
served immediately following metabolic labeling (0 h) (Fig. 2,
lane 1), and cleavage to the F, and F, disulfide-linked forms
similarly occurred during the chase period (Fig. 2, lanes 2 to 7).
Overall expression levels in LoVo cells were decreased, mak-
ing detection of the F, subunit more difficult. The similar
kinetics of proteolytic processing of the Hendra F protein in
this cell line confirmed that furin is not involved in proteolyti-
cally cleaving Hendra F.

Inhibitors of exocytic transport abolish proteolytic process-
ing of the Hendra F protein. Infectious Hendra virus has been
successfully propagated in different cell lines in the absence of
exogenous trypsin (44, 48), indicating that an extracellular pro-
tease that cleaves at the basic residue is not required. Addi-
tionally, it has been established that the Hendra F protein is
not proteolytically processed by the secretory protease furin.
To determine the subcellular location of Hendra F protein
processing, pPCAGGS-Hendra F-transfected Vero cells were
metabolically labeled and incubated in the absence or presence
of compounds known to affect exocytic transport. To examine
whether proteolytic processing of the Hendra F protein occurs
within the ER, an uncoupler of oxidative phosphorylation,
CCCP, which is known to block the transport of proteins from
the ER (15), was included in the chase medium. Cleavage of
the Hendra F,, protein to generate F, and F, subunits was not
inhibited in the presence of dimethyl sulfoxide alone (Fig. 3,
lane 2); however, proteolytic processing of the Hendra F pro-
tein was completely blocked following incubation of 50 pg of
CCCP/ml in dimethyl sulfoxide (Fig. 3, lane 3). These results
demonstrate that cleavage of the Hendra F protein does not
occur in the ER.
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FIG. 3. Inhibitors of vesicular transport block proteolytic process-
ing of the Hendra F protein. Vero cells transfected with pCAGGS-
Hendra F (2 pg) were starved for 45 min, labeled with Tran®S-label,
and immediately lysed or chased for 2 h in DMEM in the absence (—)
or presence (+) of 50 pg of CCCP/ml, 20 uM monensin, and 5 pg of
brefeldin A/ml. Monensin and brefeldin A were included in the star-
vation, label, and chase media, while CCCP was present only in the
chase medium. Samples were immunoprecipitated, separated on an
SDS-15% polyacrylamide gel, and analyzed by use of the STORM
imaging system. The uncleaved and cleaved forms of the Hendra F
protein are designated with arrows on the right.

Vesicular transport between the medial and frans-Golgi cis-
ternae is inhibited by the sodium ionophore monensin (26).
Therefore, to determine whether proteolytic processing of the
Hendra F protein occurred in the early compartments of the
Golgi stack, pPCAGGS-Hendra F-transfected Vero cells were
metabolically labeled and chased for 2 h in the absence or
presence of 20 uM monensin. Monensin was present through-
out the pulse-chase experiment. Hendra F protein cleavage
occurred in the presence of methanol (control) (Fig. 3, lane 4)
but was completely abolished in the presence of monensin (in
methanol) (Fig. 3, lane 5). Proteolytic cleavage of the Hendra
F protein was also monitored by Endo H digestion. Endo H
specifically digests high-mannose carbohydrates. In the medial
Golgi, modifications and additions to high-mannose carbohy-
drates produce complex carbohydrates refractory to digestion
by Endo H (54). Therefore, Endo H processing is often used as
a marker of vesicular transport. Vero cells transfected with
pCAGGS-Hendra F were metabolically labeled and chased for
0, 0.5, 1, 2, and 6 h. Endo H digestion of immunoprecipitated
Hendra F protein showed that F, became Endo H resistant
prior to the cleavage event (data not shown). The inhibition of
cleavage in the presence of monensin as well as Endo H resis-
tance prior to cleavage suggest that protease activity resides in
a compartment distal to the medial Golgi.

The fungal metabolite brefeldin A prevents anterograde
trafficking from the ER while maintaining retrograde transport
from the cis-, medial, and frans-Golgi (17, 40). The effect of
brefeldin A on Hendra F cleavage was examined by the incor-
poration of brefeldin A in methanol (5 pg/ml) into the starva-
tion, label, and chase media of pCAGGS-Hendra F-trans-
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fected Vero cells. In the presence of brefeldin A, Hendra F
protein proteolytic processing was prevented (Fig. 3, lane 7).
These data suggest that either redistributed enzymes, as a
result of the Golgi stack collapse, were nonfunctional within
the ER environment or that cleavage of the Hendra F protein
occurs in the TGN or at the cellular surface. As the presence
of each of these vesicular transport inhibitors abolished pro-
teolytic cleavage of the Hendra F protein, processing occurs in
the TGN or at the cell surface.

Similar to many paramyxoviruses, the SV5 F protein con-
tains a polybasic cleavage motif and is known to be processed
by furin (20) in the TGN. As a control, the effects of each of
these inhibitors on proteolytic cleavage of the SV5 F protein
were studied. CCCP, monensin, and brefeldin A similarly dis-
rupted cleavage of the SV5 F protein, consistent with cleavage
in the TGN (data not shown).

Cleavage of the Hendra F protein occurs either in the se-
cretory vesicles or at the cell surface. The formation of secre-
tory vesicles from the frans-Golgi has been shown to be inhib-
ited by the treatment of cells with a mixture of NaF and AICl;
(3). To analyze whether proteolytic processing of the Hendra F
protein occurs before or after the formation of secretory ves-
icles in the TGN, Vero cells transiently expressing Hendra F or
SV5 F (as a positive control) were metabolically labeled and
chased for 2 h as described previously. The 30 mM NaF-0.05
mM AICI; mixture was included in the label and chase periods.
Although the presence of NaF-AlCl; did not affect expression
of the Hendra and SVS5 F, protein, cleavage to the F, and F,
forms was prevented (Fig. 4A, lanes 4 and 8). We noted with
SV5 F that immediately after labeling with Tran*’S-label, a
small amount of cleavage had already occurred. Additionally, a
second band migrating slightly ahead of F, was visible, al-
though this band was no longer visible following the 2-h chase
in DMEM. This additional band may represent either a de-
graded form of the SV5 F product or a labeled cellular protein
that is subsequently degraded during the 2-h chase.

Temperature block experiments have been useful in exam-
ining trafficking of secretory and membrane proteins. Incuba-
tion of cells at 20°C influences both exocytic (43) and endocytic
transport (25). Budding of immature secretory vesicles from
the TGN and transport of newly synthesized proteins to the
plasma membrane are prevented when cells are incubated at
20°C (43). Therefore, a temperature shift assay was under-
taken to confirm results from the NaF-AICl; experiment. Vero
cells transfected with pCAGGS-Hendra F and SV5 F (as a
control) were metabolically labeled as before. Following label-
ing, transfected cells were chased either at 20 or 37°C for 2 h.
Cleaved Hendra and SV5 F products were clearly visible fol-
lowing the 2-h chase at 37°C (Fig. 4B, lanes 2 and 7). In
contrast, proteolytic processing of both Hendra and SV5 F,
was blocked when cells were chased at 20°C (Fig. 4B, lanes 4
and 9). However, when cells were shifted back to 37°C for an
additional hour, restoring budding and transport of secretory
vesicles, cleavage was observed (Fig. 4B, lanes 5 and 10). In-
hibition of SVS5 F proteolysis at 20°C is consistent with cleavage
by furin occurring in the secretory vesicles budding from the
TGN. Thus, proteolytic processing of the Hendra F protein
was inhibited by both NaF-AlCl; and a 20°C temperature shift,
indicating that cleavage occurred either in the secretory vesi-
cles budding from the TGN or at the cell surface.
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FIG. 4. Proteolytic processing of Hendra F occurs proximal to the
trans-Golgi. (A) Vero cells were transfected with pPCAGGS-Hendra F
(2 pg) and -SVS5 F (1 pg) expression plasmids, metabolically labeled
with Tran®*S-label, chased for 2 h in DMEM in the absence (—) or
presence (+) of 30 mM NaF-0.05 mM AICl;, and analyzed by SDS-
15% PAGE and the STORM imaging system. The NaF-AICl; mixture
was included in the labeling and chase media. (B) Vero cells were
transfected with pCAGGS-Hendra F (2 pg) and -SV5 F (1 pg), met-
abolically labeled, and chased for 2 h at either 37 or 20°C, followed by
an additional 1-h incubation at 37°C. Samples were immunoprecipi-
tated and analyzed as described above. The arrows on the right des-
ignate the positions of the F,, F,, and F, proteins.

A decrease in intracellular Ca>™ levels does not significantly
influence proteolytic processing of the Hendra F protein.
Changes in intracellular Ca®>" have been shown to influence
the proteolytic activity of cellular secretory proteases, such as
furin and other members of the PC family, including the ER
protease SKI-1/S1P (56, 57). Therefore, the effect on cleavage
of Hendra F following changes in intracellular Ca*" levels was
examined. pPCAGGS-Hendra F-transfected and SV5 F-trans-
fected (as a positive control) Vero cells were metabolically
labeled, and Ca®* levels were depleted by incubation during
the label and chase periods with various concentrations of



VoL. 78, 2004

220 -
97.4 -
66 —dum i —-‘—FU
46 -5 m = - = < T,
30 -
e
14.6-
1 2 345 6 7 1 23 45 6 7
Hendra F SVS F
g A23187 A23187

kDa S XN QD DTRIN Oy
220 -
97.4 -
66 - R e e R as aal o i e F,
46 %5 g . — <« F,
30 -
pil)
14.6 -
1 23 4567 1 23 456 7

FIG. 5. A decrease in calcium does not significantly affect proteo-
lytic cleavage of the Hendra F protein. Vero cells were transfected with
pCAGGS-Hendra F (2 pg; A and C) or -SV5 F (1 pg; B and D)
expression plasmids and metabolically labeled in the absence (—) or
presence (+) of increasing concentrations of EGTA (A and B) or
A23187 (C and D). EGTA and A23187 were added to label and chase
media, and calcium-free media were used throughout the experiment.
Samples were immunoprecipitated and analyzed as described before.
Precursor F, and cleaved F; and F, subunits are indicated by the
arrows on the right.

EGTA in Ca*"-deficient medium. Consistent with the Ca*"
dependence of furin, incubation with EGTA significantly re-
duced the processing of SV5 F, even at concentrations as low
as 0.1 mM (Fig. 5B, lane 3). In contrast, the addition of EGTA
up to 5 mM did not significantly affect cleavage of the Hendra
F protein (Fig. 5A, lanes 3 to 7). A slight decrease in molecular
weight of the Hendra F, protein was also observed (Fig. 5A,
lanes 3 to 7). Changes in intracellular Ca®* levels may influ-
ence carbohydrate modifications (42) and, thus, may explain
the molecular weight shift. Cleavage of the Hendra F protein
was also analyzed in the presence of various concentrations of
the Ca*>* ionophore A23187 (0.1 to 5 pM) (Fig. 5C). A23187
similarly reduced the amount of cleavage of the SV5 F protein
(Fig. 5D, lanes 3 to 7) but did not significantly perturb proteo-
lytic processing of the Hendra F protein (Fig. 5C, lanes 3 to 7).
Cleavage of Hendra F was slightly reduced at the highest
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A23187 concentrations (Fig. 5C, lanes 6 and 7). This decrease
in proteolytic processing may either be due to a toxic effect of
A23187 at such concentrations or may indicate that the Hen-
dra F protein cleavage event is not completely independent of
Ca?". Similar to experiments performed in the presence of
EGTA, the molecular weight of the Hendra F, subunit de-
creased following the addition of A23187 (Fig. 5C, lanes 3 to
7). Thus, manipulations of intracellular Ca** do not signifi-
cantly alter proteolytic processing of the Hendra F protein,
suggesting that the protease involved in the processing of Hen-
dra F appears to have a decreased Ca*>* requirement com-
pared to that of furin or SKI-1/S1P.

Proteolytic processing of Hendra virus F is inhibited by
changes in intracellular pH. The pH within subcompartments
of the secretory pathway is thought to play an important role in
their normal functioning (2). Proteins undergoing transport
through the secretory pathway from the ER to TGN encounter
pH changes from 7.1 to 5.91 (16, 36, 41). Our data suggest that
the Hendra F protein is proteolytically processed either in the
secretory vesicles budding from the TGN or at the cell surface,
two locations with remarkably different pHs. It was therefore
of interest to examine whether manipulations of intracellular
pH affected cleavage of Hendra F. Weak basic amines such as
chloroquine and NH,Cl (32, 50), as well as inhibitors of the
vacuolar H" V-ATPase, bafilomycin Al and concanamycin A
(18, 41), have been shown to raise intracellular pH. Vero cells
transiently expressing Hendra F and SV5 F were metabolically
labeled in the presence of increasing concentrations of chlo-
roquine (1 to 100 uM), NH,CI (1 to 20 mM), or bafilomycin
Al or concanamycin A (10 to 100 nM). Furin is known to be
proteolytically active in the TGN and at the cell surface, as well
as in endocytic vesicles, and has been characterized to be active
over a broad pH range (pH 6 to 8) (62). The finding that
increasing concentrations of chloroquine did not inhibit cleav-
age of the SV5 F protein was thus expected (Fig. 6B, lanes 3 to
6), with reduction only seen at 100 wM chloroquine (Fig. 6B,
lane 7). At this concentration, chloroquine may have influ-
enced initial synthesis and folding of SV5 F in the ER, reduced
or abolished vesicular transport, or adversely affected the pro-
teolytic activity of furin. Surprisingly, chloroquine concentra-
tions greater than 1 pM abolished proteolytic processing of the
Hendra F protein (Fig. 6A, lanes 3 to 7). As seen with SV5S F,
the overall amount of Hendra F, decreased in the presence of
100 uM chloroquine (Fig. 6A, lane 7), similarly suggesting that
at this high concentration initial synthesis and folding of Hen-
dra F in the ER may be retarded. NH,Cl (10 mM), bafilomycin
Al (50 nM), and concanamycin A (10 nM) similarly inhibited
cleavage of Hendra F but not that of SV5 F (data not shown).
Inhibition of Hendra F, cleavage could potentially be due to
the accumulation of F, in either the ER or Golgi complex. To
exclude this possibility, vesicular trafficking of Hendra F fol-
lowing pH manipulations was monitored by Endo H digestion.
As can be seen in Fig. 6C (lanes 1 to 4), Endo H digestion of
Hendra F from untreated cells immediately after labeling and
the 2-h chase period permitted identification of Endo H-sen-
sitive and -resistant F, (F,® and F_") and F, (F,") forms. Endo
H-resistant Hendra F,, following treatment with 10 wM chlo-
roquine, 50 nM bafilomycin A, and 10 nM concanamycin A
(Fig. 6C, lanes 6, 10, and 12, respectively) was identified, sug-
gesting that the Hendra F protein was efficiently transported
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FIG. 6. Changes in intracellular pH retard proteolytic processing of Hendra F but not the SV5 F protein. Vero cells were transfected with
pCAGGS-Hendra F (2 ng; A) or -SVS F (1 pg; B) expression plasmids, metabolically labeled, and chased for 2 h in DMEM. Increasing
concentrations of chloroquine were present in the starvation, label, and chase media. Cells were lysed, immunoprecipitated, and analyzed by
SDS-15% PAGE and the STORM imaging system. The arrows on the right designate the positions of the F,, F,, and F, proteins. (C) pCAGGS-
Hendra F-transfected Vero cells were metabolically labeled and chased as before in the absence (—) or presence (+) of 10 wM chloroquine, 10
mM NH,CI, 50 nM bafilomycin A1, or 10 nM concanamycin A. Chloroquine and NH,Cl were present in the starvation, label, and chase media,
and bafilomycin Al and concanamycin A were present only in the chase medium. Samples were lysed, immunopreciptated, and either mock treated
(—) or treated with 2 mU of Endo H (+) for 27 h at 37°C prior to analysis by SDS-10% PAGE and the STORM imaging system. Endo H-sensitive

and -resistant F,, (F,* and F,") and F, (F,") forms are indicated by the arrows on the right.
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through the medial Golgi. In contrast, treatment with 10 mM
NH,CI retarded exocytic transport, as a predominantly Endo
H-sensitive form of Hendra F,, was identified (Fig. 6C, lane 8).
Therefore, changes in intracellular pH inhibit proteolytic pro-
cessing of Hendra F, and this effect is not due to a blockage of
exocytic transport.

DISCUSSION

Hendra virus and Nipah virus are two newly emerged
paramyxoviruses. The high mortality rates in humans and the
ability of these viruses to infect a number of different hosts
have contributed to their classification as biosafety level 4
agents. Although epidemiological and genomic studies have
been undertaken, our understanding of cellular factors con-
tributing to cell tropism, cell infection, viral transmission, and
even host cell response to Hendra virus infection is in its
infancy. The Hendra F protein contains several functional do-
mains previously identified in paramyxoviruses and other type
I viral fusion proteins. These include a signal peptide sequence,
the fusion peptide, heptad repeat regions, and a transmem-
brane domain. However, the proteolytic cleavage of the Hen-
dra F protein clearly differs from that seen with the F proteins
of many paramyxoviruses. Instead of containing a polybasic
cleavage motif that is processed by furin, cleavage of precursor
F, to the F, and F, subunits occurs after a single lysine residue
(44). The use of diverse cell lines to analyze the propagation of
infectious Hendra virus (44) and Hendra F processing for the
promotion of fusion (7, 8) suggest that the protease is intra-
cellularly active and ubiquitously expressed. To understand
this processing event, we investigated the subcellular location
and Ca*" and pH requirements for proteolytic processing of
the Hendra F protein.

When the Hendra F protein was expressed in Vero cells by
using the mammalian expression plasmid pCAGGS, the pre-
cursor Hendra F, protein was efficiently expressed and, like
other paramyxovirus F proteins, proteolytically processed to
the disulfide-linked forms, F, and F, (Fig. 1A). Although co-
expression of the G protein is essential to promote Hendra and
Nipah virus homotypic (and heterotypic) fusion (7, 8, 61),
expression of Hendra G with Hendra F did not significantly
affect cleavage efficiency (Fig. 1B), suggesting that other viral
glycoproteins are not needed for processing and that cleavage
is performed by a cellular protease. Additionally, the cleavage
efficiency of Hendra F in the absence or presence of serum was
examined. In contrast to the roles of serum plasminogen (23)
and extracellular proteases (24) reported in the cleavage of
influenza virus HA, the absence or presence of serum had no
discernible effect on the processing of the Hendra F protein,
suggesting that proteolytic activation of the Hendra F protein
was not promoted by an extracellular protease. Furthermore,
furin may be excluded as the intracellular processing protease,
as the Hendra F protein was proteolytically cleaved in the
furin-deficient LoVo cell line (Fig. 2).

Inhibitors of exocytosis have been used previously to define
the subcellular location of proteolytic processing for respira-
tory syncytial virus F protein (13) and measles virus F protein
(6). In our studies, inhibition of Hendra F cleavage in the
presence of CCCP, monensin, and brefeldin A (Fig. 3) indi-
cated that cleavage occurred either in the TGN or at the cell
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surface (Fig. 3). Temperature shift assays have been previously
used to identify the subcellular location of proteolytic process-
ing of the influenza virus HA and HIV gp160 proteins. Cleav-
age of influenza virus HA (43) and HIV gp160 (66) was mostly
abolished following incubation at 20°C, which prevented vesic-
ular trafficking by inhibiting the budding of immature secretory
vesicles from the TGN. Processing of HIV gpl60 was also
inhibited following incubation of HIV gp160-transfected cells
in the presence of the mixture of NaF-AICl; (65), known to
prevent the formation of secretory vesicles from the TGN.
Using these techniques (Fig. 4), we found that proteolytic
maturation of the Hendra F protein was similarly inhibited,
indicating that the Hendra F processing event occurred either
in secretory vesicles budding from the TGN or at the cell
surface.

Although cleavage of the Hendra F protein at the cell sur-
face cannot be definitively excluded, the sensitivity of Hendra
F processing to increases in intracellular pH (Fig. 6) strongly
argues that the proteolytic event occurs intracellularly. Previ-
ous studies examining proteolytic processing of proalbumin
(50) and precursor complement protein (proC3) (51) used
weak basic amines such as chloroquine and NH,Cl to establish
that maturation occurred in an acidic intracellular compart-
ment, namely the Golgi complex, where furin is now recog-
nized as the processing enzyme (45). Early virus entry studies
used chloroquine to determine whether virus entry was a pH-
dependent process or an independent process (9, 14). More
recently, bafilomycin Al, a H" V-ATPase inhibitor, has been
employed to investigate the entry and fusion mechanisms of
Semliki Forest virus and Sindbis virus (22), the role of the H*
V-ATPase in influenza virus entry (27), and the involvement of
acidic organelles in herpes simplex virus assembly (30). Few
studies, however, have examined the effect of intracellular pH
on the folding, transport, and posttranslational modifications
of viral glycoproteins. Initial biochemical studies of HIV gp160
maturation demonstrated that 20 mM NH,CI affected intra-
cellular transport and thus proteolytic maturation of HIV
gp160 (68). In our studies, cleavage of the SV5 F protein was
not significantly inhibited by the addition of weak basic amines
or H* V-ATPase inhibitors although, at high concentrations of
chloroquine (100 wM) and NH,CI (20 mM), the amount of
SVS5 F processing was reduced. However, our data clearly
demonstrate the surprising result that chemically induced in-
creases in pH have a dramatic inhibitory effect on the proteo-
lytic processing of the Hendra F protein. Though concanamy-
cin A has been shown to have an inhibitory effect on
intracellular transport of the vesicular stomatitis virus glyco-
protein G (47), the Endo H resistance of the Hendra F protein
expressed in Vero cells with pH-modifying compounds dem-
onstrates that vesicular trafficking of Hendra F past the medial
Golgi was not affected by the presence of chloroquine, bafilo-
mycin Al, or concanamycin A. Our results therefore demon-
strate that the Hendra F proteolytic event is sensitive to in-
creases in intracellular pH levels, suggesting that cleavage
occurs in secretory vesicles budding from the TGN, and our
results also indicate that the protease involved in this process
is highly sensitive to changes in pH. Alternatively, the low-pH
environment in the TGN may promote a conformational
change in the Hendra F protein that facilitates proteolytic
cleavage.
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In addition, we have found that processing of the Hendra F
protein is not affected by reductions of intracellular Ca*" levels
(Fig. 5). This decreased sensitivity to intracellular Ca**
changes further suggests that the mechanism of proteolytic
processing of the Hendra F protein differs from that previously
described for viral glycoproteins. Although incubation in the
presence of either EGTA or A23187 did not perturb cleavage
of the Hendra F, protein, the amount of proteolytic processing
of the SV5 F protein was reduced, consistent with cleavage of
SV5 F by the Ca®*-dependent furin. The measles virus F
protein and HIV gp160 are similarly processed by furin, and
the extent of fusion protein processing and syncytium forma-
tion of the measles virus F protein (6) and HIV gp160 (46)
were similarly affected by A23187 concentrations above 0.125
wM. While an alternative proteolytic maturation of gp160 via
a Ca®*-independent nonfurin mechanism has been proposed
(4, 33, 34, 52), the putative proteases involved have yet to be
cloned and identified, and their role in gp160 activation in vitro
is yet to be confirmed. SKI-1/S1P has been shown to cleave a
number of viral glycoproteins (5, 39, 64) but, like other sub-
tilisin-like PCs, it is Ca®>" dependent. Both the Ca*>* indepen-
dence and different cleavage site motif of the Hendra virus F
protein suggest that SKI-1/S1P is not the protease responsible
for cleaving the Hendra F protein.

To conclude, Hendra virus is a newly emerged zoonotic
paramyxovirus. Similar to other paramyxoviruses, the Hendra
virus fusion protein is proteolytically modified. However, the
amino acids at the cleavage site and the efficient propagation
of Hendra virus in furin-negative LoVo cells suggested that the
Hendra F protein is uniquely processed. We have used chem-
ical inhibitors to determine that cleavage of the Hendra F
protein occurs either in secretory vesicles budding from the
TGN or at the cell surface. The subcellular location, sensitivity
to pH changes, and decreased Ca®* requirement suggest that
the protease responsible for processing the Hendra F protein
differs from proteases previously shown to be involved in the
maturation of viral glycoproteins. Our characterization of this
process sets the stage for subsequent purification and identifi-
cation of this critical cellular enzyme. Hendra virus and Nipah
virus are potent pathogens for which no approved antiviral
therapies currently exist. A 42-amino-acid peptide directed to
the C-terminal heptad repeat region of the Hendra F protein
has been demonstrated to inhibit in vitro F-mediated fusion
(7). Additionally, a decrease in Nipah virus encephalitis mor-
tality has been described following treatment with the antiviral
ribavirin (10). As proteolytic cleavage of the fusion protein of
paramyxoviruses is essential to the fusogenic activity of the F
protein and, hence, virus infectivity and spread, targeting the
protease responsible for this cleavage event may offer an al-
ternative direction for antiviral therapy to both Hendra and
Nipah viruses.
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