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ABSTRACT. Paramyxoviruses are a diverse family that utilizes a fusion (F) protein to enter cells via fusion
of the viral lipid bilayer with a target cell membrane. Although certain regions of the F protein are known
to play critical roles in membrane fusion, the function of much of the protein remains unclear. Sequence
alignment of a set of paramyxovirus F proteins and analysis utilizing Block Maker identified a region of
conserved amino acid sequence in a large domain between the heptad repgalesifRated CBE We
employed site-directed mutagenesis to analyze the function of completely conserved residuesiaf CBF
both the simian virus 5 (SV5) and Hendra virus F proteins. The majority of;GBit mutants were
deficient in homotrimer formation, proteolytic processing, and transport to the cell surface. For some
SV5 F mutants, proteolytic cleavage and surface expression could be restored by expressidog,at 30
and varying levels of fusion promotion were observed at this temperature. In addition, the mutant SV5 F
V402A displayed a hyperfusogenic phenotype at both 30 antC3dicating that this mutation allows

for efficient fusion with only an extremely small amount of cleaved, active protein. The recently published
prefusogenic structure of PIV5/SV5 F (Yin, H. S., et al. (2086jure 439 38—44) indicates that residues
within and flanking CBIrinteract with the fusion peptide domain. Together, these data suggest that CBF
fusion peptide interactions are critical for the initial folding of paramyxovirus F proteins from this important
viral family and can also modulate subsequent membrane fusion promotion.

The family Paramyxeiridae comprises many diverse Although some enveloped viruses are known to promote
members, including well-known human pathogens such asvirus—cell or cell-cell membrane fusion via a pH-dependent
measles, mumps, and respiratory syncytial virus (RSV) as mechanism within the endosomal pathw&y, the majority
well as animal pathogens such as parainfluenza virus 5of paramyxoviruses enter cells at the plasma membrane at a
(PIV5/SV5), and the newly emerged, zoonotic Hendra and neutral pH ). Recent studies on the paramyxovirus human
Nipah viruses. Hendra virus first emerged in 1994 and causedmetapneumovirus (HMPV) indicate that the fusion protein
an outbreak of severe respiratory illness near Brisbane,of this virus displays enhanced cetell fusion promotion
Australia. This resulted in the deaths of 14 horses and 2 outat a slightly acidic pH®). To enter a cell, paramyxoviruses
of 3 humans infected, succumbing either to respiratory illness Utilize two surface glycoproteins: a fusion (F) protein, which
or to viral meningoencephalitisl{ 2). Nipah virus was  Promotes membrane fusion, and an attachment protein
responsible for an outbreak of viral encephalitis in Malaysia designated H, HN, or G, which allows for initial binding
in 1998, which resulted in the deaths of 105 people and the Petween the virus and the target cell.
preventative destruction of over one million swin8).( The F protein is a type | integral membrane protein and a
Hendra and Nipah viruses are classified as NIAID priority class | viral fusion protein, which exists as an inactive F
pathogens and DHHS Select Agents, and no antiviral precursor protein when it is initially folded. Within the
therapies currently exist for these fatal viruses. Hendra andendoplasmic reticulum,fundergoes disulfide bond forma-
Nipah are grouped into thelenipairus genus within the ~ tion, N-linked glycosylation, and oligomerization into a
family, due in part to the fact that although they possess homotrimer. At a later stageo¥s cleaved into two disulfide-

88% homology to each other, they share less than 309 linked subunits: Fand F (Figure 1). Furin, a member of
homology with the rest of the family4( 5). the proprotein convertase family, is known to be the protease

responsible for the cleavage of many paramyxovirus F
proteins, including that of measles viri,(human parain-
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Ficure 1: Schematic of a paramyxovirus F protein and identification of CBHP, fusion peptide; HRA/B, heptad repeat A/B; TM,
transmembrane domain; residues in black, completely conserved amino acids; residues in dark gray, conserved across most members;
residues in light gray, similar amino acids; underlined residues, mutations made to alanine within SV5 F and HeV F.

then recycled to the cell surfacey, 16). All of these folding PIV5 and Hendra viruses. The amino acids that define CBF
and processing events, along with a final targeting to the include residues 374406 in SV5 F and 386412 in the
cell surface, must occur in order for the F protein to be Hendra virus F protein (HeV F). With one exception, point
fusogenically active. mutations to alanine of completely conserved residues within

In comparing paramyxovirus F proteins to other class | CBF; resulted in F proteins that did not properly fold and
fusion proteins such as HIV env/gp160 and influenza virus oligomerize and thus were not significantly proteolytically
hemagglutinin (HA), similarities and distinctions can be processed or expressed on the cell surface. A number of the
made. For example, the C-terminal §ubunit of paramyx-  SV5 F mutants could be induced to fold properly when
oviruses corresponds to the HIV gp41l subunit and to expressed at a reduced temperature, and variations in
influenza virus HA2. This subunit contains a hydrophobic fusogenic activity were observed, suggesting that interactions
N-terminal fusion peptide domain, which is responsible for in this region can modulate fusion if a sufficient level of
insertion into the target cell membrane during fusid@, (  folded, activated protein is available on the cell surface. Four
18), a C-terminal transmembrane anchor, and two heptadof the 10 conserved cysteines within paramyxovirus F
repeats, HRA and HRB, which are known to fold onto each proteins are located within or just outside of GB&nd
other into a six-helix bundle to drive the merger of viral and participate in intramolecular disulfide bond5|. Mutation
target cell membrane49, 20). However, a major difference  of any of these cysteines resulted in malfolded F proteins.
between the paramyxovirug Bubunit and HIV gp41 and These data indicate a critical role for CBH the initial
influenza virus HA2 is the length of the peptide sequence folding of paramyxovirus fusion proteins. A recently pub-
between the two heptad repeat regions. In HIV gp41 and lished structure of the prefusogenic form of the parainfluenza
influenza virus HA2, there are only 22 and 8 amino acids, 5 (PIV5/SV5) F protein reveals that CBffom one monomer
respectively, whereas in,Fhere are~250 amino acids in  flanks the hydrophobic fusion peptide domain from another
this intervening region1). It is extremely likely that there ~ monomer 26). Our results, therefore, indicate that interac-
are important functions for this large domain within the tions between this conserved region and the fusion peptide
paramyxovirus F protein, either in F protein folding, process- are critical for the folding of diverse F proteins.
ing, or fusion.

Although there are certain regions within paramyxovirus EXPERIMENTAL PROCEDURES
fusion proteins with well-defined roles, the function of a Cell Lines and Viruse<V-1, Hela, Vero, BSR (provided
majority of regions in the F protein is unknown. To identify by Karl-Klauss Conzelmann, Pettenkofer Institut), and BHK
regions of conserved amino acid sequence within these21F cells were maintained in Dulbecco’s Modified Eagle’s
proteins, sequence alignment of the F proteins from six Medium (DMEM; Gibco Invitrogen, Carlsbad, CA) supple-
paramyxovirus family members, representing four genera, mented with 10% fetal bovine serum (FBS) and 1%
was performed and analyzed for blocks of conservation. Onepenicillin/streptomycin (P/S). CV-1 cells were used to
conserved block was identified in the fusion peptide/heptad propagate the recombinant vaccinia virus vTF7-3, which
repeat A region, known to play critical roles in F-mediated expresses T7 polymeras27j.
membrane fusion and to be affected by mutagen&is ( Plasmids Robert Lamb (Howard Hughes Medical Insti-
24). Two other blocks of conservation were identified: one tute, Northwestern University, Evanston, IL) kindly provided
in the F, subunit (Gardner, A. E., and Dutch, R. E., the pGEM2X-SV5 F and pCAGGS-SV5 F and HN plasmids.
unpublished work) and the other in a large intervening region A plasmid containing the Hendra virus F gene was kindly
between the heptad repeats efdesignated as the conserved provided by Lin-Fa Wang (Australian Animal Health Labo-
block in R/CBF; (Figure 1). ratory). The F gene was cloned into pGEM4Z and gene

We hypothesized that CB®as conserved across a diverse sequence integrity confirmed as previously descrit28).
viral family because of a critical role in folding or fusion. Site-directed mutagenesis was performed on pGEM2X-SV5
To address this, point mutations were introduced using site- F and pGEM4Z-HeV F using the QuikChange site-directed
directed mutagenesis into the completely conserved residuesnutagenesis system (Stratagene, La Jolla, CA), and mutant
within CBF; for the fusion proteins of the disparate SV5/ F genes were sequenced to verify that no secondary muta-
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tions had occurred. Specific F protein mutants were sub- Kentucky and FACSCalibur, Becton Dickinson, Mountain
cloned into the pCAGGS expression plasmid as previously View, CA).

described Z8). Wt HeV F and G genes (also provided by Biotinylation of Cell Surface ProteinsFollowing the
Lin-Fa Wang) were ligated into pCAGGS as described transient transfection of BSR cells with wt or mutant HeV
previously @9). F proteins using pGEM vector expression, cells were

Antibodies SV5 F antipeptide antibodies to amino acids Metabolically labeled overnight and chased for 2 h. Cells
82—96, within the SV5 E subunit, were provided by Robert Were placed on ice and washed three times with ice-cold
Lamb. Antipeptide antibodies (Genemed Custom Peptide PBS deficient in calcium and magnesium chloride (PBS
Antibody Service, San Francisco, CA) were generated to & PH 8. Cells were then incubated in 1 mL of the
amino acids 526539 within the cytoplasmic tail of the  Cell-impermeable biotin analogue EZ-Link sulféhydrox-
Hendra virus F protein. The primary monoclonal antibody YSuccinimide-biotin (sulfo-NHS-biotin, 1 mg/mL; Pierce,
Fla, provided by Richard Randall (University of St. An- Rockford, IL) in PBS' (pH 8), first rocking gently at 4C
drews, Fife, Scotland)30), and the secondary antibody for 10 min and then resting at%C for 25 min. Cells were
fluorescein isothiocyanate (FITC)-conjugated goat anti- then washed six times with ice-cold PB{pH 8) and lysed
mouse immunoglobulin G (Jackson Immunoresearch Labo- N RIPA buffer and immunoprecipitated as described for the

ratories, West Grove, PA) were used for flow cytometry. metabolic labeling experiments. One hundred microliters of
L : . . 10% SDS was added to the protein A-sepharose beads and
Expression of wt F and F Protein Mutants, Metabolic

Labeling, and Immunoprecipitatioisubconfluent monolay the samples boiled for 10 min and beads pelieted. The
’ ) . Fi icroli f 10%
ers of HeLa T4 or CV-1 cells were first infected with vTF7-3 supernatant was removed and saved. Fifty microliters of 10%

. L X SDS was added to the protein A-sepharose beads and samples
recomb|_nant Vaccinia virus (& 10" pfu/cell n DMEM ~+ boiled for another 10 min and beads pelleted. The supernatant
1% bovine serum albumin (BSA)) for 60 min to allow for

. f | I hed was removed and added to the previous supernatant. Thirty
the expression of T7 polymerase7]. Cells were washed i\ jiters (one-fifth) of the combined supernatant was saved
with phosphate-buffered saline (PBS) and transfected with ¢, 5 analysis of the total F protein in the lysed cells. To

2 g of pPGEM2X-SV5 F or pGEMA4Z-HeV F wt or mutant  yq remaining 12@L, 4004L of biotinylation dilution buffer
constructs, using Lipofectamine Plus reagents (Invitrogen (20 mM Tris (pH 8), 150 mM NaCl, 5 mM EDTA, 1%
Life Technologies, Ca'rlsbad', CA) per the manufacturer’s i X-100, and 0.2% bovine serum albumin) and:20
protoqol (HeLa) or cationic Ilppsomes (.Cv'l) prepared aS of immobilized streptavidin beads (Pierce) were added, and
described prewousl;B_@) in Opti-MEM (Gibco Invitrogen, the samples were rocked at°€ for 1 h. Samples were
Carlsbad, CA) according to established laboratory protocols. \;;ashed with RIPA buffer as described previously. Both total
Following a 3 hincubation at 37C, cells were washed with 54 <\ rface portions were analyzed on 15% polyacrylamide

PBS and either :;tarved in cyste_ine- and methionine-dgficientg(_ﬂS under reducing conditions and visualized by using the
DMEM for 30 min and metabolically labeled for 30 minto  giorm or Typhoon imaging system.

3 h with Tranf°S] (100 «Ci/mL; MP Biomedicals, Inc., Chemical Cross-LinkingSV5 F and HeV F wt and mutant
Irvine, CA) in cysteine- and methionine-deficient DMEM proteins were expressed in Hela T4 cells from pGEM

or labeled overnight with TraffS] (504Ci/mL). Cellswere onsirycts using VIF7-3 infection and transfection with
then washed with PBS and either lysed in radioimmunopre- | isqfectamine Plus reagents. Following overnight incubation,
cipitation assay (RIPA) buffer supplemented with protease .qis were starved and labeled for 30 min with TP&B] (100

inhibitors 32) and 25 mM iodoacetamide or incubated in «Ci/mL) and then chased in cold DMEM for 1 h. Cells were

cold (non-radioactive) DMEM for 2a3 h at 37°C prior o removyed from culture dishes using PB&d 50 mM EDTA.
lysis. Immunoprecipitations were performed as described chemical cross-linking using the reagent '&/&hiobi-

previously_ B3 usin_g SV5 F or HeV F antipeptide antibodies sulfosuccinimidyl propionate) (DTSSP, 1 mM; Pierce Bio-
and protein A-conjugated sepharose beads (Amersham/GEgchnology Inc., Rockford, IL) was performed in the presence
Hez_ilthcare B|0-SC|ences, Piscataway, NJ) to pull down 4 o 294 NP-40 as described previousBA). Samples were
antibody-bound proteins. Samples were separated on a 15%ysed and immunoprecipitated as described above, resolved

polyacrylamide gel in the presence of the reducing agent ynder nonreducing conditions on a 3.5% acrylamide gel, and
dithiothreitol (DTT, Bio-Rad, Hercules, CA) to allow ;syalized with the Storm system.

visualization of both the Fand F, subunits and analyzed by Syncytia Assay for FusiokVt SV5 F, HeV F, or F protein
storage phosphorautoradiography using a Storm or Typhoonytants, in the presence or absence of the respective
imaging system (Amersham/GE Healthcare Bio-Sciences, aitachment proteins, were expressed via the pCAGGS system
Piscataway, NJ). in BHK 21F cells using the Lipofectamine Plus reagent as
Flow Cytometry to Detect Surface PopulatioS%5 F wt described above. Syncytia were examined at<1@@agni-
or mutant proteins were expressed using the recombinantfication 24-48 h post-transfection using a Nikon TS100
VTF7-3/pGEM expression system in HelLa T4 cells using inverted phase-contrast microscope (Nikon Inc., Garden City,
cationic liposomes as described above. After the 3 h NY), and pictures were taken using a Nikon Coolpix995
incubation at 37C, cells were shifted to 33C overnight. digital camera.
Cells were prepared for flow cytometry as described previ-  Expression of Proteins at a Reduced TemperatifeSV5
ously 22) with the primary monoclonal antibody Fla and F, HeV F, or the CBIF mutants were transfected using the
the secondary antibody fluorescein isothiocyanate (FITC)- Lipofectamine 2000 reagent (Invitrogen Life Technologies,
conjugated goat anti-mouse immunoglobulin G. The fluo- Carlsbad, CA) per the manufacturer’s protocol in duplicate
rescence intensity of 10,000 cells was measured by flow into BSR cells, a variant of BHK cells that stably expresses
cytometry (Flow Cytometry Core Facility, University of T7 polymerase and thus does not require vaccinia virus
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infection to drive the transcription of genes using pGEM
expression 35). For the SV5 F-expressing cells, after a
30 min starve and 30 min pulse with Tr&i§] (100 xCi/
mL) at 37 °C, one population was shifted to 3C for a

3 h chase period, while the other cell population remained
at 37°C. The HeV F-expressing cells were also divided into
30 and 37°C populations, and labeled overnight with Tran-
[35S] (50 uCi/mL) followed by a 2 hchase. Immunoprecipi-
tation and analysis were performed as described above.

Mutants that were proteolytically processed af@0were
subcloned into the pCAGGS expression vector. After trans-
fection of Vero cells using Lipofectamine Plus or Lipo-
fectamine 2000 reagents, overnight metabolic labeling
(without a chase period) and surface biotinylation were
performed as described above.

RESULTS

Identification and Mutagenesis of CBFRegions within
the R subunit of paramyxovirus fusion proteins with well-
defined functions include the fusion peptide, transmembrane
domain, and heptad repeat regions (Figure 1). However, no
defined functions have been ascribed to the 250 amino acid
region between heptad repeat A and B (HRA and HRB). To
identify regions of amino acid conservation across the
paramyxovirus family and to shed light upon domains of
unknown function in the F protein, sequences from the F
proteins of paramyxovirus family members, representing four
genera, were aligned and analyzed. F protein amino acid
sequences from the Rubulaviruses mumps visgsgnd SV5
(37), the Avulavirus Newcastle Disease virus (ND\Bg],
the Respirovirus Sendai viru89), and the Henipaviruses
Nipah virus @) and Hendra virus40), were analyzed by
Block Maker, utilizing both the GIBBs and MOTIF programs
(41). Three regions were identified when either the MOTIF
program or the GIBBs sampler was used in the analysis. The
first identified block was in the fusion peptide/heptad repeat
A region, known to play critical roles in F-mediated
membrane fusion. The other two identified blocks of
conservation were in the undefined $ubunit (Gardner, A.
E., and Dutch, R. E., unpublished work) and the large
intervening region between the heptad repeats; pivRich
we designated the conserved block in(EBF,) (Figure 1).
A protein BLAST search identified no matches to the GBF
region outside of paramyxovirus fusion proteins, indicating
that this conserved stretch of amino acids is unique to F
proteins. A small number of mutations in the large, undefined
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Ficure 2: Processing of the CBFnutants. Wt SV5 F (A) and
HeV F (B) and the CBFmutants were expressed in HelLa T4 or
CV-1 cells, respectively, by using the vTF7-3 system. Three hours
post-transfection, cells were labeled with T&8] overnight and
chased for 2 h. The samples were immunoprecipitated, separated
on a 15% SDSpolyacrylamide gel in the presence of a reducing
agent, and analyzed using the Storm or Typhoon system.

conserved residue that differs between the two F proteins is
V402A in SV5 F and the corresponding L408A in Hendra
F. However, these two residues are considered highly similar,
and one of these is present at this position in all paramyx-
ovirus F proteins aligned.

Proteolytic Processing of the CBRViutants We first
examined the expression and proteolytic processing of the
wt and mutant F proteins to assess proper folding and
intracellular transport. The SV5 F protein undergoes pro-
teolytic processing by the cellular protease furin after
transport from the ER through to the TGN, whereas Hendra
F protein processing is mediated by the endosomal protease
cathepsin L after endocytosis of the uncleaved precursor from
the cell surfaceX3, 16). Thus, proteolytic processing of both

region between the heptad repeats have been shown to inducgys F and Hendra F requires exit from the ER following

folding defects 42, 43). However, none of these residues
are located in CBE Because sequence conservation was
identified in both the fusion peptide and HRA, and both have
important functions in F-mediated membrane fusion, we
hypothesized that CBFmay also be conserved because of
a critical role in the initial folding or biological activity of
paramyxovirus F proteins.

Site-directed mutagenesis was utilized to mutate to alanine
seven conserved residues within GBfrthe fusion proteins
of the disparate paramyxoviruses SV5 (G374A, N379A,
I1394A, Q396A, V402A, 1405A, and D406A) and Hendra
virus (G380A, N385A, 1400A, Q402A, L408A, 1411A, and
D412A) in order to determine the function for this conserved
region in paramyxovirus F proteins (Figure 1). The only

protein folding, with subsequent proper intracellular traf-
ficking. Transient expression was performed using the
recombinant vaccinia-T7 polymerase (VTF7-3) system. Mock
transfected cells (empty plasmid vector) were used as a
negative control. Overnight labeling with Tr&pg], immu-
noprecipitation, and visualization via reducing SBFAGE

and the STORM phosphoimaging system revealed that the
mutant k precursor proteins of the SV5 F (Figure 2A) and
Hendra virus F mutants (Figure 2B) were only minimally
cleaved into frand k, compared to a much higher level of
processing for wild-type F, suggesting a defect in initial
protein folding and/or transport. The only exception to this
is the HeV F G380A mutant, which was processed in a
manner similar to that used for wt HeV F (Figure 2B). It



5098 Biochemistry, Vol. 46, No. 17, 2007 Gardner et al.

Table 1: Surface Expression of the SV5 GBW®utants$

mutation % positive M.F.1.c
control (ZAb only) 0.495 125
mock 0.862 17.7
wild-type SV5 F 100 100
G374A 7.53 17.4 ~ 3 1 . 5 )
:\é?s;ngA 2 '857 %f 11 HeV F alone HeVF+G G380A+G
Q396A 16.1 218 FiGUuRe 4: Syncytia assay for ceficell fusion. Wt HeV F alone, F
VA02A 16.3 23.4 + G and G380A+ G were expressed via the pCAGGS vector in
1405A 2.60 14.4 BHK 21 F cells. Twenty-nine hours post-transfection, pictures were
D406A 3.27 20.2 taken at 10& magnification and cells examined for the formation

- - f giant multinucleated cells or syncytia (indicated with arrows).
aThe results are representative of three separate experiments anc? 9 yneytia ( )

are normalized to percent wild-type SV5 F set at 100Rercent cells . - .
positive for F protein expression, determined by flow cytometry as EXperimental Procedures. Similar to expression of the SV5

described in Experimental Procedurédl.F.I, mean fluorescent ~ CBF; mutants, the HeV F CBFmutants were not expressed
intensity determined by flow cytometry. on the cell surface, confirming a defect in protein folding
and transport (Figure 3). As expected, the only exception to
this was the HeV F G380A mutant, which had been shown
to be properly proteolytically processed (Figure 2). HeV F
G380A displayed surface expression of the cleavgatétein

at ~60% of wild-type R (representative of several experi-
ments). However, the amount ofy fvas also reduced,
suggesting that the lowered expression on the cell surface is
due to a slight folding defect (i.e., less protein made and
transported to the surface) rather than due to inefficient
endosomal trafficking, proteolytic processing by cathepsin
L, and recycling to the cell surface.

Fusion Promotion by HeV F G380A he fusogenically
active form of the F protein exists as a proteolytically cleaved
trimer on the cell surface. Because the majority of €BF
mutations resulted in misfolded F proteins, which were
HeV F and the CBFmutants were expressed in BSR cells. Cells neither proteolytically processed nor expressed on the cell
were labeled overnight with Traf¥5] and chased for 2 h. The  gyrface, these mutants were not assayed for fusion promotion

samples were biotinylated and immunoprecipitated as total and _ .
surface populations as described in Experimental Procedures. TheaCt'V'ty' However, HeV F mutant G380A was expressed on

samples were separated on a 15% Sp8lyacrylamide gel under ~ the cell surface in a cleaved form at levels comparable to
reducing conditions and analyzed using the Storm or Typhoon that of the wt protein, and this mutant was, therefore,
system. examined for its ability to induce the formation of giant
multinucleated cells termed syncytia. To examine well-
should be noted that there is an additional glycine at amino defined syncytia in the absence of vaccinia virus infection,
acid 379 in HeV F, absent in SV5 F, which could compensate HeV F G380A was expressed using the pCAGGS plasmid,
for the loss in flexibility at G380A. which allows for high-level expression from a chicken actin
Surface Expression of F ProteinBecause the majority  promoter @4). Expression assays confirmed that HeV F
of the CBR mutations produced F proteins that were not G380A was proteolytically processed after expression in this
properly proteolytically processed, we next examined the system (data not shown). Membrane fusion promoted by the
surface expression of these mutants to determine if they wereHendra virus F protein requires expression of the attachment
indeed defective in transport to the cell surface. SV5 F protein G @5). Therefore, the expression of HeV F alone,
proteins were transiently expressed using the VTF7-3 systemwithout the coexpression of HeV G, was used as a negative
and examined by flow cytometry using a monoclonal control for syncytium formation. HeV F G380A displayed
antibody to kr and a FITC-conjugated secondary antibody. the formation of syncytia in transfected BHK 21F cells,
An examination of the point mutations of the seven although they were slightly smaller and in fewer numbers
conserved residues in CBffom SV5 F indicates that these than those seen for wt HeV F (Figure 4). The reduced fusion
mutations lead to a defect in transport to the cell surface seen for G380A was not due to a reduced surface expression
because the surface expression of the mutant F proteins wasf HeV F G380A because this mutant was shown to be
comparable to that of the negative controls (Table 1). This expressed on the cell surface at levels slightly higher than
confirms that mutations in SV5 F lead to a transport defect wild-type HeV F levels in the pCAGGS system (data not
consistent with defects in initial F protein folding. shown), suggesting a slight fusion defect for this mutant.

Flow cytometry was not performed on Hendra virus F  Oligomerization of CBFMutants Surface expression and
proteins because of the lack of an appropriate antibody. processing studies suggested that mutations in,GC8sult
Instead, HeV F protein surface populations were analyzedin a defect in protein folding. Because the oligomerization
by biotinylation (Figure 3). F proteins were expressed in BSR of Fy into a homotrimer is known to occur in the endoplasmic
cells. Cells were labeled overnight with Tr&g], chased reticulum prior to cleavage and transport to the cell surface
for 2 h in cold media, and then biotinylated as described in (46), studies on the oligomerization of wild-type SV5 F and
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bonds within k. Three of these eight cysteines are located
within CBF,, with a fourth just C-terminal to this conserved
block. The proposed disulfide bonds between these four
cysteines were confirmed by the recently published prefu-
sogenic structure of PIV5/SV5 R€). We tested whether
the presence of individual or all four cysteines is critical for
the proper folding of paramyxovirus F proteins. SV5 F
C380S, C385S, C387S and C410S, and the quadruple mutant
4CysS were constructed and expressed as described above.
Removal of any of these individual cysteines disrupted an
important intramolecular disulfide bond and left an unpaired
cysteine, resulting in multiple sizes of the precurspof a
nonreducing gel. A more compact form is seen for wild-
type SV5 R (Figure 6A). All mutations resulted in F proteins
that did not oligomerize into homotrimers (Figure 6B) and
thus were not properly processed (Figure 6C). These four
cysteines located within or near CBHkely participate in
critical intramolecular disulfide bond formatior2g, 26),
important for the proper folding of paramyxovirus F proteins.
Expression of CBFMutants at a Reduced Temperature
Some mutations that result in misfolded proteins at nonper-
missive temperatures can permit properly folded proteins
when expressed at reduced temperatures. For example, the
temperature-sensitive vesicular stomatitis virus (VSV) G

mutantts045 folds improperly at a nonpermissive 3G,
yet this folding defect can be rescued when the mutant is

FiGuRe 5: Oligomerization of the CBFmutants. Wt SVS F (A)  expressed at 32C (47). Similarly, the E1 envelope protein

or HeV F (B) and the CBFmutants were expressed in HelLa T4 : - :
cells by using the vTF7-3 system. Three hours post-transfection, of the Sindbis virugs23 mutant undergoes proper folding

cells were starved for 30 min, pulsed with Trég] for 30 min, and maturation when expressed at°’28(48). Presumably,
and chased for 1 h. Chemical cross-linking was performed on cell @ lower temperature slows the folding process and allows
suspensions in the presence of 0.2% NP-40 and 1 mM DTSSP.for proper associations with ER folding chaperones. We
Tgle ai?’}‘ae'neg were r']mtrﬂunogre‘i:p'tatid arnzélyzid on ﬁt 3. 5:’(/;’ therefore assessed the proteolytic processing of the; CBF
\FI)iSl)J/aliZ)éd b)l/ ﬁsi%(; t;1e St?)rr?] gre T():/f)hgonasyiteur(rzll. 9 agem @ mUtf’:‘.mS upon expression at _a on\{e.red temper.at_ure_. n
addition, to ensure that expression utilizing the vaccinia virus
Hendra virus F and mutant F proteins were performed. HeLa VTF7-3 expression system had not affected the results, the
T4 cells transiently expressed the F proteins via the vTF7-3 wt F and mutant proteins were transiently expressed in BSR
system and were briefly labeled with Tr&tg]. Nonidet P40 cells, which stably express the T7 polymerase, and thus drive
(NP40) was used to permeabolize the cell membrane, andexpression from the T7 promoter in the absence of the virus
DTSSP was used to chemically cross-link F with its binding (35). The expression of CBFmutants at the physiological
partners. In the absence of the cross-linker, the wt and mutant37 °C gave extremely low to undetectable levels of pro-
F proteins were primarily monomeric, with some dimer, teolytic processing for SV5 (Figure 7A) and Hendra virus
trimer, and higher molecular weight forms detected. Wild- (data not shown), indicating that the defects in folding and/
type SV5 and HeV F proteins formed discrete trimers in the or trafficking to allow processing were not due to the
presence of the cross-linker, with SV5 F more efficiently expression system utilized. The expression of wt SV5 F at
cross-linked to a trimer than HeV F (Figure 5A and B). The 30 °C allowed for proper proteolytic processing, though at
addition of the cross-linker stabilizes interactions with F a slightly reduced rate (Figure 7B), suggesting slowed
protein monomers within the length of the spacer arm, which movement and maturation through the secretory pathway of
results in a trimeric form for wild-type paramyxovirus F a properly folded protein at the reduced temperature.
proteins. However, no corresponding trimer was seen for the Expression at 30C resulted in greatly increased processing
mutant proteins except the processed, fusogenically activeof a number of the SV5 CBFmutant proteins (Figure 7B),
HeV F G380A (Figure 5B). Instead, cross-linking of the with percent cleaved F ¢KF, + Fy) x 100) ranging from
majority of the CBR mutants resulted in a smear at the top 34 wt % SV5 F cleaved for G374A up to 54 % F cleaved
of the gels, suggesting that rather than stabilizing a discretefor V402A. The numbers represent the averages from three
trimeric form of F, the addition of the cross-linker resulted separate experiments. However, while the wt HeV F protein
in the stabilization of high molecular weight aggregates. was efficiently expressed and processed at the lowered
These data indicate that CBIs critical for proper folding temperature, the HeV CBFnutants (except G380A) were
and oligomerization of the paramyxovirus fusion proteins. still processing defective (data not shown).

Importance of CBIFin Disulfide Bond Formationlwata To assess the ability of the SV5 F mutants to promote
et al. 5) demonstrated that the F protein of the paramyx- fusion, mutant F proteins which were proteolytically pro-
ovirus Sendai virus possesses 10 conserved cysteine residuesgssed at 30C using pGEM expression (G374A, 1394A,
with 2 participating in an intermolecular disulfide bond Q396A, and V402A), were expressed using the pCAGGS
between fand k, and the other 8 in intramolecular disulfide plasmid. To confirm the pGEM results, wt SV5 F and the
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FiGURE 6: Expression of SV5 F cysteine mutants. (A) Wt SV5 F
and the Cys mutants were expressed in HeLa T4 cells by using the
VTF7-3 system. Three hours post-transfection, cells were starved
and labeled with TraipS] for 30 min followed ly a 3 hchase.
The samples were immunoprecipitated, separated on a 7.5% SDS
polyacrylamide gel in the absence of a reducing agent and analyzed
as described previously. (B) Wt SV5 F and the Cys mutants were
expressed in HeLa T4 cells by using the VTF7-3 system. Three
hours post-transfection, cells were starved for 30 min, pulsed with
TranP®S] for 30 min, and chased for 1 h. Chemical cross-linking
was performed on cell suspensions in the presence of 0.2% NP-40
and 1 mM DTSSP. The samples were immunoprecipitated and
analyzed on a 3.5% polyacrylamide gel in the absence of a reducing
agent. (C) Wt SV5 F and the Cys mutants were expressed in CV-1
cells by using the vTF7-3 system. Three hours post-transfection,
cells were labeled overnight followeg a 2 hchase. The samples
were immunoprecipitated, separated on a 15% Sp@yacryla-
mide gel in the presence reducing agent, and analyzed as described
previously.

CBF; mutants were expressed in Vero cells and assayed for
proteolytic processing as well as surface expression using

Gardner et al.

FiIGUurRe 7: Expression of the SV5 CBFmutants at a reduced

biotinylation. After expression and overnight metabolic
labeling at both 37 and 38C, cell surface expression was
examined. All of the CBF mutants were expressed in the
cleaved form on the cell surface at 30, with the amount
of cleaved F protein at 30C versus that at 37°C
increasing~150% for Q396A and almost 400% for V402A
(Figure 7C and D).

temperature. Wt SV5 F and the CBmutants were expressed in
BSR cells. After a 30 min starve and 30 min pulse period, one
population of SV5 F mutants remained at 37 for a 3 hchase
period (A), while the other population was shifted to 3D (B).

The samples were immunoprecipitated and analyzed as described
previously. Mutants that were processed at’@0were expressed

in Vero cells via the pCAGGS vector and metabolically labeled
overnight at either 37C (C) or 30°C (D), and surface biotinylation

and analysis were performed as described previously.
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Ficure 8: Syncytium formation at a reduced temperature. Wt SV5 F and thg @BEants were expressed alone or in the presence of the

attachment protein HN in BHK 21 F cells via the pCAGGS vector. Forty-seven hours post-transfection, pictures were taken at 100
magnification and cells examined for the formation of syncytia.

Cell—cell fusion promotion at both 37 and 3@ was and Q396A were incapable of inducing syncytium formation
examined using the syncytia assay. The strain of SV5 usedat either temperature, indicating that some mutations in this
in these studies has been shown to promote-celll fusion, region have a negative impact on both folding and transport,
albeit at reduced efficiency, after expression of the F protein and on subsequent fusogenic activity. Interestingly, the
in the absence of the normally required attachment protein mutant SV5 F V402A was found to be hyperfusogenic at
HN (49-53). Wt SV5 F promoted syncytium formation at both temperatures, forming extremely large syncytia that
both temperatures (Figure 8A and B), although syncytia were included a vast majority of the cells in the plate, in the
much smaller, and expression of HN was required atG0  presence or absence of HN (Figure 8A and B). Proteolytic
for the detection of significant syncytia formation over the processing for this mutant was barely detectable atG7
background. G374A could promote membrane fusion when (Figure 7A and 7C), and surface expression was significantly
coexpressed with the attachment protein at the loweredreduced compared to that of the wt protein (Table 1),
temperature (Figure 8B), but no syncytia formation above indicating that this high level of fusion is promoted by only
the background was observed at 37 (data not shown), an extremely small level of surface-expressed, activated
demonstrating that this mutation does not impair fusion if protein. These data suggest that the overall structure of SV5
transport and proteolytic processing are rescued. Both I394AF around this region may be slightly more stable and tolerant
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to changes than HeV F, thus allowing F proteins with folding
defects to be properly folded, processed, and trafficked to
the cell surface, particularly after expression at a reduced
temperature. These results also indicate that residues in CBF
can modulate membrane fusion.

DISCUSSION

SV5 (PIV5) and Hendra virus are two disparate members
of the paramyxovirus family. We have shown that GB&
region conserved across the family, is critical for the proper
folding and oligomerization of both the SV5 and Hendra
virus F protein. The conservation of amino acids throughout
the family suggests that the critical role in protein folding is
a conserved function of this region. The recently published
prefusogenic structure of PIV5/SV5 RE) indicates that
CBF, interacts with the fusion peptide. As seen in Figure
9A (adapted from Yin et al 26)), CBF, and flanking residues
(purple) from one monomer of the F protein lie adjacent to
the fusion peptide (orange) from another monomer, showing
positioning that is consistent with our findings that this
domain is critical for forming stable oligomers. The fusion
peptide region is well defined as the domain that inserts into
a target cell membrane during the initiation of fusion. Fusion
peptide domains are extremely hydrophobig, @nd they
initially remain shielded from the solvent within the F protein
(Figure 9C, hydrophobic residues in green), whereas the
adjacent cleavage site remains accessible for proteolytic
processing, as seen in the prefusogenic PIV5/SV5 F structure
(26). Paramyxovirus F proteins are cleaved just N-terminal
to the fusion peptide, thus making it the new N-terminus of
the R ectodomain. We hypothesize that the conservation of
CBF, is due to a critical role in burying the fusion peptide
in the precursor §protein by its position on the exterior of
the F protein globular head (Figure 9B). Thus, point mutation
of completely conserved residues within this block results
in misfolding of the F protein, likely due to both exposure
of this extremely hydrophobic region and failure to form
proper monomermonomer contacts. The conservation

Ficure 9: CBF and adjacent residues modeled within the

across the family indicates a similar function of this region
for all F proteins.

CBF, may also properly stabilize trimers to assist in the
proper folding of heptad repeat B (HRB), a region involved
in membrane fusion promotion. CBRks immediately N-
terminal to HRB (Figure 9B, purple residues and stalk
region), separated only by an HRB linker region. During the
process of cotranslational protein folding, CBkould be
at least partially folded during HRB translation and insertion
into the endoplasmic reticulum. If proper interactions
between residues within CBFare perturbed, interactions

prefusogenic form of PIV5/SV5 F. (A) Close-up view of CB&nhd
interacting residues. Purple, CB&nd adjacent residues; orange,
fusion peptide; green, F103, the first residue of the fusion peptide;
yellow, disulfide bond; red, completely conserved residues in,CBF
(B) CBF; (purple) in the context of the entire F ectodomain. (C)
Potential hydrophobic interactions between GBihd flanking
residues (purple) and the fusion peptide domain (orange); green,
hydrophobic residues. (Figure 7 was adapted from re2Bpysing
PyMOL 0.99 and color coded for clarification.)

participate in intramolecular disulfide bonds, results in F
proteins that do not form homotrimers. The formation of
intramolecular disulfide bonds is known to occur early during

between C-terminal residues may also be affected. In thecotranslational folding within the endoplasmic reticulum and
prefusogenic structure of SV5 F, HRB monomers associateijs essential for the subsequent proper folding of many

into a trimeric coiled-coil. However, it has been shown that
HRB peptides alone in solution do not form coiled-cail

structures §4—56), suggesting that they must be expressed
along with the entire F protein ectodomain in order to obtain
the correct homotrimeric interaction. Also, mutations made

glycoproteins 46, 59). The mutation of corresponding
cysteine residues in Sendai virus 59 and RSV F 60)
resulted in F proteins that did not transit through the secretory
pathway and reach the cell surface, and thus were defective
for fusion. These results indicate that disulfide bond forma-

to the HRB region result in fusion rather than folding defects tjon plays an integral part in the critical folding function of

(57, 58), consistent with a role for HRB in fusion promotion
and for CBFR in F protein folding and oligomerization.

CBF; and that this function is conserved across the paramyx-
ovirus family.

We have shown that the mutation of completely conserved The observed folding defect for four of the SV5 CBF

residues within CBE including four cysteines known to

mutants can be partially rescued by expressing these mutants
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at a reduced temperature, but no rescue of the HeV F mutantchanges in fusion result from CBRnteractions with the
was observed, suggesting that this region is more stable infusion peptide region, rather than the direct participation of
SV5 F than in Hendra F. A difference in stability could be CBF; in the fusion process. Those mutations that displayed
necessary because of the different mechanisms of proteolyticincreased proteolytic processing at a reduced temperature but
processing that SV5 F and Hendra F undergo. Furin cleavesno cell—cell fusion may have increased the stability of
SV5 Fin the TGN and recognizes multiple basic amino acids. CBF,—fusion peptide interactions. In contrast, SV5 F V402A
Cathepsin L cleaves Hendra F in the endosomal pathway,may significantly destabilize hydrophobic interactions within
yet it has no specific consensus sequence. It is possible thathis region and with the fusion peptide such that the fusion
a more structurally accessible cleavage site and a less rigidpeptide is triggered to undergo the transition from the pre to
fold surrounding the fusion peptide domain allows for the postfusion form much more readily than in wt SV5 F.
cleavage of Hendra F by cathepsin L.

For the four SV5 F mutants whose folding could be ACKNOWLEDGMENT
partially rescued at 30C, differences in the fusogenic We thank Dr. Robert Lamb (HHMI, Northwestern Uni-
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capability was restored at 3C for mutant G374A, indicat-  monoclonal antibody. We are grateful to Dr. David Rodgers
ing that this mutation affects folding but not subsequent (University of Kentucky) for his assistance with figure
membrane fusion. Finally, mutation V402A produced an F construction. We also thank Dr. Trevor Creamer (University
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