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Beyond Anchoring: the Expanding Role of the Hendra Virus Fusion
Protein Transmembrane Domain in Protein Folding, Stability, and
Function
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While work with viral fusion proteins has demonstrated that the transmembrane domain (TMD) can affect protein folding, sta-
bility, and membrane fusion promotion, the mechanism(s) remains poorly understood. TMDs could play a role in fusion pro-
motion through direct TMD-TMD interactions, and we have recently shown that isolated TMDs from three paramyxovirus fu-
sion (F) proteins interact as trimers using sedimentation equilibrium (SE) analysis (E. C. Smith, et al., submitted for
publication). Immediately N-terminal to the TMD is heptad repeat B (HRB), which plays critical roles in fusion. Interestingly,
addition of HRB decreased the stability of the trimeric TMD-TMD interactions. This result, combined with previous findings
that HRB forms a trimeric coiled coil in the prefusion form of the whole protein though HRB peptides fail to stably associate in
isolation, suggests that the trimeric TMD-TMD interactions work in concert with elements in the F ectodomain head to stabilize
aweak HRB interaction. Thus, changes in TMD-TMD interactions could be important in regulating F triggering and refolding.

Alanine insertions between the TMD and HRB demonstrated that spacing between these two regions is important for protein
stability while not affecting TMD-TMD interactions. Additional mutagenesis of the C-terminal end of the TMD suggests that
B-branched residues within the TMD play a role in membrane fusion, potentially through modulation of TMD-TMD interac-
tions. Our results support a model whereby the C-terminal end of the Hendra virus F TMD is an important regulator of TMD-
TMD interactions and show that these interactions help hold HRB in place prior to the triggering of membrane fusion.

Membrane fusion is a complex biological phenomenon re-
quiring the juxtaposition and deformation of two mem-
branes prior to their eventual merger into one continuous bilayer.
Despite the various types of membrane fusion events, all require
the presence of one or more specialized proteins to catalyze this
energy-intensive process. Enveloped viruses generally express one
or more membrane glycoproteins which are critical in promoting
virus-cell membrane fusion (26, 65, 77). Paramyxoviruses, in-
cluding measles, respiratory syncytial virus (RSV), and the zoo-
notic Hendra virus, typically express two surface glycoproteins: an
attachment protein (G, HN, or H), which is responsible for recep-
tor binding and cellular attachment, and a fusion (F) protein,
which is responsible for driving fusion between the viral and cel-
lular membranes (32). Virus-cell fusion ultimately culminates in
the deposition of the viral genome into the host cell and thus
constitutes a pivotal step in the virus life cycle.

Paramyxovirus F proteins are type I integral membrane pro-
teins which are cotranslationally folded as trimers with extensive
monomer-monomer contacts (80). All F proteins are initially syn-
thesized as inactive (F,) precursors that must be proteolytically
processed by intracellular (22, 55, 57, 58) or extracellular (4, 5)
proteases to form the disulfide-linked fusogenically active het-
erodimer (F,+F,). Hendra virus F cleavage is unique among
paramyxoviruses in that F is initially surface expressed as an un-
cleaved, fusion-inactive (F,) form, endocytosed, cleaved by the
endosomal/lysosomal protease cathepsin L, and subsequently re-
trafficked to the cell surface (47, 58, 59). This fusogenically active
form resides on the virus or cell surface in a metastable state which
must then be triggered to undergo conformational changes inti-
mately linked to membrane fusion. Like other class I viral fusion
proteins, paramyxovirus F proteins share common structural fea-
tures (Fig. 1A) such as a single-pass transmembrane domain
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(TMD), two heptad repeat regions (heptad repeat A [HRA] and
HRB), and a hydrophobic fusion peptide (FP), all suggestive of a
conserved mechanism of membrane fusion (70, 77). Crystal struc-
tures of both the prefusion (80) and postfusion (14, 79) forms of
paramyxovirus F proteins exist and, along with numerous studies,
these provide a structural model for how the conserved domains
drive membrane fusion (17). Once triggered, the hydrophobic FP
is inserted into the target cell membrane, causing extension and
formation of the HRA coiled coil (2, 11, 77). Subsequent unfold-
ingand refolding of HRB around the HRA coiled coil results in the
formation of an extremely thermostable six-helix bundle which is
critical for membrane fusion (3, 8, 10, 13, 41, 76).

Despite existing structural data, the potential roles of the TMD
in protein folding, prefusion stability, and membrane fusion are
poorly understood as this domain is not present in any of the
available crystal structures. Studies with class I and III fusion pro-
teins, including influenza virus hemagglutinin (HA) (1, 28, 42,
52), HIV gp120 (50, 56, 63, 67, 68, 75, 78), and vesicular stomatitis
virus (VSV) G protein (16, 53), have demonstrated that the TMD
is critical for fusion promotion beyond a role as a membrane an-
chor. Additionally, the importance of both TMD:s for a flavivirus
class II fusion protein has recently been reported (21). Replacing
the TMD of influenza virus HA with a glycophosphatidylinositol
(GPI) anchor abolished aqueous content mixing (28, 42), while a
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FIG 1 Schematic of Hendra virus F and centrifugation constructs. (A) A
schematic of the cleaved F,+F, form of Hendra virus F. FP, fusion peptide;
HRA and HRB, heptad repeat regions; TMD, transmembrane domain; CT,
cytoplasmic/intraviral tail. (B) Diagram of SN-TMD and SN-HRB-TMD cen-
trifugation constructs.

GPI-anchored VSV G protein was completely fusion incompetent
(53), suggesting that a proteinaceous TMD is essential for fusion
protein-promoted fusion. However, little is known about the se-
quence dependency of TMDs required for fusion promotion.
Substitution of viral fusion protein TMDs with TMDs from di-
verse viral or nonviral proteins can often result in a fusion-
competent protein (30, 50, 53, 78) though replacement of the
TMD of Newcastle disease virus (NDV) F with the TMD of either
Sendai virus (SeV) F, measles virus (MV) F, or VSV G resulted in
fusion-defective F proteins (24). Additionally, the presence or ab-
sence of certain TMD residues can act to modulate fusion effi-
ciency. Examples include central glycine motifs (i.e., GXXXG,
where X is any amino acid) (16, 48, 49) and a leucine zipper-like
(or heptad repeat-like) arrangement of leucine/isoleucine resi-
dues (25, 29) though the absence of these motifs does not neces-
sarily preclude fusion competency.

GXXXG and leucine zipper motifs have been implicated in
promotion of TMD-TMD interactions, and we have recently
demonstrated that these interactions are important in the main-
tenance of prefusion stability and membrane fusion of the Hendra
virus F protein (E. C. Smith et al., submitted for publication).
Sedimentation equilibrium (SE) analytical ultracentrifugation
analysis of isolated TMDs from three paramyxoviruses fused to
staphylococcal nuclease (SN) found that the TMDs interact in a
monomer-trimer equilibrium and that mutations which signifi-
cantly increase or decrease the strength of these interactions have
dramatic affects on F protein stability and fusion promotion
(Smith et al., submitted). This study highlighted the importance
of TMD-TMD interactions in F protein folding, but the sequences
that drive these interactions and how they aid in fusion promotion
remain unknown. During fusion, the stability of these trimeric
TMD-TMD interactions could be modulated by nearby regions
within F, such as HRB, which is N-terminal to the TMD. Data
presented here demonstrate that the addition of HRB to the iso-
lated Hendra virus F TMD destabilizes the trimeric TMD-TMD
interactions, suggesting that these interactions, along with inter-
actions in the head domain of F, likely are important in stabilizing
the HRB coiled coil prior to fusion as both of these regions could
act to clamp HRB together. Additionally, we generated mutant
Hendra virus F proteins harboring alanine insertions at either the
N or C terminus of the TMD and examined their effect on protein
stability and fusion promotion. Though increasing the length of
the TMD moderately affected protein stability overall, N-terminal
insertions resulted in a dramatic reduction of the surface-
expressed prefusion cleaved F, form, likely by destabilizing the F,
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form, while C-terminal insertions had greater effects on mem-
brane fusion. SE analysis of isolated SN-TMD constructs corre-
sponding to the alanine insertion mutants demonstrated that
C-terminal insertions significantly disrupted TMD-TMD interac-
tions while N-terminal insertions had no effect. Closer examina-
tion of the C-terminal end of the Hendra virus F TMD revealed
that mutation of C-terminal residues with B-branched side
chains leads to hypofusogenic proteins, suggesting that TMD
B-branched residues play a role in membrane fusion. Our results
support a model in which TMD-TMD interactions are critical for
HRB stability and demonstrate that the C-terminal end of the
Hendra virus F TMD acts as an important regulator of TMD-
TMD interactions. Furthermore, our data show that the absolute
spacing between the TMD and HRB is essential for maintenance
of prefusion stability and implicate B-branched residues within
the TMD in membrane fusion promotion.

MATERIALS AND METHODS

Cell lines and culture. All cell lines were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco/Invitrogen, Carlsbad, CA) supple-
mented with 1% penicillin-streptomycin (P-S) and 10% fetal bovine se-
rum (FBS). BSR cells (generously provided by Karl-Klaus Conzelman,
Pettenkofer Institut) (7) were selected for expression of the T7 polymerase
every third passage by the addition of G418 sulfate (Gibco/Invitrogen,
Carlsbad, CA) to the growth medium.

Plasmids and site-directed mutagenesis. The Hendra virus F and G
genes were provided by Lin-Fa Wang (Australian Animal Health Labora-
tory) and were transiently expressed using the pPCAGGS vector (51). Mu-
tant Hendra virus F constructs in pGEM-4z were created using a
QuikChange site-directed mutagenesis kit (Agilent Technologies/Strat-
agene, Santa Clara, CA), digested with Sall, and subcloned into Xhol-
digested pCAGGS. Staphylococcal nuclease fused to the transmembrane
domain (TMD) of glycophorin A (GPA) in the pET-11a expression vector
was generously provided by Karen Fleming (The Johns Hopkins Univer-
sity). Analytical ultracentrifugation constructs containing either the wild-
type or mutant Hendra virus F TMD and HRB were cloned into pET-11a
(replacing the TMD of GPA) using Xmal and BamHT sites at the 5" and 3’
ends, respectively. Constructs containing only the TMD were cloned into
pET-11a using Xmal and Xhol sites at the 5" and 3" ends, respectively.

Recombinant protein expression and purification. Wild-type Hen-
dra virus F TMD centrifugation constructs corresponding to the sequence
VNPSLISM*LSMIILYVLSIAALCIGLITFISF**VIVE KK (where * and **
denote positions for insertion of N- and C-terminal alanine residues,
respectively) were expressed as C-terminal fusions with staphylococcal
nuclease. The sequences for the construct with two alanine insertions in
the C terminus (C2), C3, the construct with one alanine insertion in the N
terminus (N1), and N2 were identical except for the alanine insertions
indicated in Fig. 3A. For the TMD-HRB constructs, HRB (VYTDKVDIS
SQISSMNQSLQQSKDYIKEAQKILDT) was inserted between SN and the
TMD, resulting in an SN-HRB-TMD fusion construct, where HRB and
the TMD were in phase as in the wild-type full-length protein. All con-
structs were transformed into Rosetta-Gami cells (EMD Chemicals,
Gibbstown, NJ) and grown at 37°C in 2X yeast extract-tryptone (YT)
medium under the selection of 0.015 mg/ml kanamycin, 0.0125 mg/ml
tetracycline, 0.05 mg/ml streptomycin, 0.034 mg/ml chloramphenicol,
and 0.1 mg/ml ampicillin. The cultures were grown to an optical density at
600 nm (ODy,) of 0.6 to 0.8, induced for protein expression by the ad-
dition of 1 mM isopropyl B-p-1-thiogalactopyranoside (IPTG; Sigma, St.
Louis, MO) for 4 h, and then pelleted at 6,000 X g for 10 min. Cell pellets
were resuspend in a 1:20 culture volume of lysis buffer (50 mM HEPES, 2
mM EDTA, and 1 mM phenylmethylsulfonyl fluoride [PMSF] added just
prior to use, at pH 8.0), subjected to three freeze-thaw cycles, and incu-
bated with 0.1 mg/ml hen egg white lysozyme for 30 min on ice. The cell
lysate was then sonicated (three 20-s pulses), 5 mM CaCl, was added, and
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the solution was incubated for 30 min on ice. Insoluble protein was pel-
leted at 12,000 X g for 10 min and single-salt extracted with 25 ml of lysis
buffer containing 1 mM PMSF and 1 M ammonium acetate (NH,OAc)
(73). The lysate was then subjected to centrifugation twice more at
12,000 X g for 10 min, with the pellet first resuspended in lysis buffer
containing 1 mM PMSF and 2% (vol/vol) polyethylene glycol 400 dodecyl
ether (Thesit; Sigma, St. Louis, MO) and then in lysis buffer containing 1
mM PMSF and 1 M NH,OAc with 2% (vol/vol) Thesit. The solution was
then clarified by centrifugation at 15,000 X g for 30 min and dialyzed
(molecular-weight cutoff [MWCO] of 6,000 to 8,000) overnight at 4°C
against 0.1 M NH,OAc and 0.2% (vol/vol) Thesit in lysis buffer. Recom-
binant protein was then purified by fast protein liquid chromatography
(FPLC) using cation exchange chromatography and a 1-ml HiTrap SP FF
column (GE Healthcare, Piscataway, NJ) (31), followed by a washing step
with lysis buffer containing 0.1 M NH,OAc and 0.2% (vol/vol) Thesit
(wash buffer I) and elution with wash buffer I containing 1 M NaCL
Fractions containing recombinant protein were then combined, diluted
to 200 mM NaCl, and FPLC purified again, followed by a washing step
with an aqueous solution of 200 mM NaCl, 20 mM Na,HPO,/NaH,PO,
at pH 7.0, 29% D,O, and the Zwittergent detergent 3-(N,N-
dimethylmyristyl-ammonio) propane sulfonate (C14SB; Sigma/Fluka, St.
Louis, MO) (wash buffer II) (9). Recombinant protein was eluted using
wash buffer II containing 1 M NaCl and dialyzed using Slide-A-Lyzer
Mini Dialysis Units (10,000 MWCO; Pierce, Rockford, IL) against wash
buffer I overnight at 4°C. If needed, purified protein was concentrated
using Amicon Ultra centrifugal filter units (100,000 MWCO; Millipore,
Billerica, MA).

Analytical ultracentrifugation and data analysis. Analytical ultra-
centrifugation sedimentation equilibrium experiments were performed at
three different protein concentrations and two rotor speeds (20,000 and
30,000 rpm) using a Beckman XL-A analytical ultracentrifuge equipped
with an An-60 Ti rotor. Data were collected at 25°C, and the radial absor-
bance was monitored at 280 nm. Attainment of equilibrium was deter-
mined by comparing radial scans at different times, and once radial scans
taken 6 h apart were indistinguishable, the system was considered to be at
equilibrium. Typically, equilibration times of =24 h were sufficient to
reach equilibrium. To negate the weight contribution of TMD-associated
detergent, density matching of the solution to the density of C14SB was
performed as previously described using D,O (9). For data analysis, the
partial specific volumes of each recombinant protein were estimated using
SEDNTERP (D. B. Hayes, T. Laue, and J. Philo, Boston Biomedical Re-
search Institute, Watertown, MA [http://www.rasmb.bbri.org]). Data
analysis was performed using KaleidaGraph (Synergy Software, Reading,
PA) software and the following equation:

A(r) = g exp hl 2};Tvp)w2(’2 - "3)}
[Md/t(l — Vp)w2

2
2RT (7.2 7'0) +g

+ 0 exp
where A represents the total absorbance of the solution at radial position
r,while v, and a4, o represent the monomer (1) and dimer/trimer (d/t)
absorbance, respectively, at the reference radius, r,. SEDNTERP was used
to calculate the estimated molecular mass (M,,,) and partial specific vol-
ume (v) of the monomer in solution, and the molecular mass for a dimer
or trimer (M,;,,) isa multiple of M,,.. Ris the universal gas constant, T'is the
absolute temperature, p is the solvent density, w is the angular velocity,
and ( is the baseline offset. The best-fit model at each protein concentra-
tion and speed was chosen by examining residual distribution around
zero, the correlation constant (R), and chi-square (x?) values.

Biotinylation of cell surface proteins. Subconfluent monolayers of
Vero cells in 60-mm dishes were transiently transfected with 3 ug of either
wild-type or mutant Hendra virus F in pCAGGS using Lipofectamine Plus
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. At
18 h posttransfection cells were starved for 45 min with DMEM deficient
in cysteine-methionine and labeled for 3 h with 100 uCi/ml trans->>S-
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labeled cysteine-methionine (MP Biomedicals, Irvine, CA or PerkinEl-
mer, Waltham, MA). After labeling, cells were washed three times with
ice-cold phosphate-buffered saline (PBS; pH 8.0), and cell surface
proteins were biotinylated wusing 1 mg/ml EZ-Link sulfo-N-
hydroxysuccinimide-biotin (Sulfo-NHS-biotin; Pierce, Rockford, IL), di-
luted in PBS, at 4°C for 35 min (with rocking), followed by 15 min at room
temperature. The cells were then washed three times with ice-cold PBS
(pH 8.0) and lysed in radio immunoprecipitation assay (RIPA) buffer
(100 mM Tris-HCI [pH 7.4], 150 mM NaCl, 0.1% SDS, 1% Triton X-100,
1% deoxycholic acid) containing 0.3 M NaCl. Cellular lysates were cen-
trifuged at 136,500 X g for 15 min at 4°C, and 8 ul of Hendra virus F
peptide antibody was added to the supernatant. The supernatant was then
incubated for 3 h or overnight at 4°C, followed by incubation with 30 ul of
protein A-Sepharose beads (GE Healthcare, Piscataway, NJ) for 30 min.
Immunoprecipitated proteins were washed twice with RIPA buffer con-
taining 0.30 M NaCl, twice with RIPA buffer containing 0.15 M NaCl, and
once with SDS wash IT buffer (150 mM NaCl, 50 mM Tris-HCI, pH 7.4, 2.5
mM EDTA) and boiled away from the beads in 10% SDS. Ten percent of
the protein was removed for analysis (total population), while the remain-
ing 90% was diluted in biotinylation dilution buffer (20 mM Tris [pH 8],
150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.2% bovine serum albu-
min) and incubated with immobilized streptavidin beads (Pierce, Rock-
ford, IL) at 4°C for 1 h, with rocking. Samples were washed as described
above, analyzed via 15% SDS-PAGE, and visualized using a Typhoon
imaging system (GE Healthcare, Piscataway, NJ). Band densitometry was
performed using ImageQuant, version 5.2 (GE Healthcare, Piscataway,
NJ), and results are expressed as percentages of wild-type levels.

Cleavage time point immunoprecipitation. Vero cells in six-well
plates were transiently transfected with 2 ug of wild-type or mutant F in
pCAGGS using Lipofectamine Plus (Invitrogen, Carlsbad, CA) according
to the manufacturer’s protocol. At 18 h posttransfection, cells were
starved and labeled as described above except with a 30-min label. The
cells were either immediately lysed in RIPA buffer or chased with DMEM
for 2, 4, 6, or 24 h and then lysed. Lysates were spun, incubated with 4 ul
of Hendra virus F peptide antibody, pulled down with protein
A-conjugated Sepharose beads, and washed as described above. Protein
was analyzed via 15% SDS-PAGE and visualized using a Typhoon imaging
system (GE Healthcare, Piscataway, NJ). Band densitometry was per-
formed as described above, and percent cleavage was defined as [F,/
(F,+Fy)l.

Luciferase reporter gene assay. Vero cells in six-well plates were tran-
siently transfected with 0.8 ug of luciferase under the control of the T7
promoter, 0.9 ug of wild-type Hendra virus G in pCAGGS, and 0.3 ug of
either wild-type or mutant Hendra virus F in pCAGGS using Lipo-
fectamine Plus (Invitrogen, Carlsbad, CA). At 18 h posttransfection, cells
were washed with PBS and overlaid with BSR cells (which stably express
the T7 polymerase) at an approximate 1:1 ratio at 37°C for 3 h. The cells
were then lysed and assayed for luciferase activity using a luciferase assay
system (Promega, Madison, WI) according to the manufacturer’s instruc-
tions. Activity was measured using an Lmax luminometer (Molecular
Devices, Sunnyvale, CA). Values were normalized to samples containing
wild-type Hendra virus F and G, with the wild-type levels set at 100% after
subtraction of the values for the Hendra virus G alone.

RESULTS

Addition of HRB destabilizes Hendra virus F TMD-TMD inter-
actions. Isolated TMDs of three paramyxovirus F proteins, para-
influenza virus 5 (PIV5) F, human metapneumovirus (HMPV) F,
and Hendra virus F, have recently been shown to interact in a
monomer-trimer equilibrium using SE analysis (Smith et al., sub-
mitted). While TMD-TMD interactions were shown to be impor-
tant in maintenance of F prefusion stability, how these interac-
tions affect membrane fusion remains unknown. One possibility
is that the stability of these TMD-TMD interactions is modulated
by nearby regions of the F protein. HRB, which is located directly
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FIG 2 Inclusion of HRB disrupts TMD-TMD interactions. (A) SE analysis of wild-type Hendra virus F TMDs fused to SN and fit to a monomer-trimer
equilibrium. The residuals and curve for one concentration of the 20,000 (20K)-rpm and 30,000 (30K)-rpm rotor speeds are shown. (B) The experiment is the
same as described for panel A except that the SN-HRB-TMD construct is fit to a monomer-dimer equilibrium. (C) Summary of fit statistics, including
monomer—N-mer fits (* standard error), for additional rotor speeds and protein concentrations. WT, wild type.

N-terminal to the TMD, is a coiled coil in the prefusion structure,
suggesting that it might help stabilize these TMD-TMD interac-
tions (80). Alternatively, TMD interactions may stabilize HRB,
and changes in TMD-TMD interactions could be important in
both F triggering and in subsequent conformational rearrange-
ment. To examine the potential influence of HRB on TMD-TMD
interactions, fusion proteins containing either the isolated TMD
or HRB and the TMD fused to staphylococcal nuclease (SN) were
made, resulting in SN-TMD or SN-HRB-TMD constructs, re-
spectively (Fig. 1B). This system has been used extensively to char-
acterize TMD-TMD interactions of other membrane proteins, in-
cluding glycophorin A (19, 20, 37, 38, 74), synaptobrevin and
syntaxin (31), and the ErB receptor (71). SN has been shown to be
exclusively monomeric under many experimental conditions
(20). Expressing the TMD or HRB-TMD as SN chimeras increases
the molar extinction coefficient of the complex and allows for
centrifugation at lower speeds, thus reducing pressure-specific ef-
fects on the system (20). The chimeric proteins were grown in
the Escherichia coli strain Rosetta-Gami (EMD Chemicals,
Gibbstown, NJ), purified using a 1-ml HiTrap SP cation exchange
column (GE Healthcare, Piscataway, NJ) (31), and exchanged into
the detergent 3-(N,N-dimethylmyristyl-ammonio) propane sul-
fonate (C14SB) prior to centrifugation (9). Previous work with
wild-type Hendra virus F SN-TMD constructs analyzed in an-
other detergent, pentaethylene glycol monooctyl ether (C8E5),
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demonstrated that the observed trimeric TMD-TMD interactions
occurred independently of the detergent utilized (Smith et al.,
submitted); thus, only C14SB was used in this report. Three con-
centrations of both the SN-TMD and SN-HRB-TMD constructs
were brought to sedimentation equilibrium in a Beckman XL-A
analytical ultracentrifuge, and this was performed at two different
rotor speeds (20,000 and 30,000 rpm) at 25°C. Equilibrium was
considered to be obtained once radial scans taken 6 h apart were
indistinguishable, and equilibrium was typically reached within
24 h. Radial absorbance data were collected at 280 nm, and equi-
librium scans were analyzed for best fit using KaleidaGraph soft-
ware by fitting data to the equation given in Materials and Meth-
ods. Best-fit models for each protein concentration and speed
were determined by examining the distribution of residual values
around zero and selecting fits which also returned high correlation
constants (R) and low chi-square values (x*).

The Hendra virus F SN-TMD (residues 485 to 520) construct
was best fit as a monomer-trimer equilibrium at all concentrations
at 20,000 and 30,000 rpm (Fig. 2A and C). Each of the six data sets
has residuals evenly distributed around zero (Fig. 2A and data not
shown), indicating that the monomer-trimer fit was in good
agreement with the molecular-weight distribution present in the
system. A monomer-dimer fit resulted in lower correlation con-
stants (R) and higher chi-square (x?) values, as did the inclusion of
additional terms (i.e., monomer-dimer-trimer), indicating that a
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FIG 3 N- and C-terminal TMD insertions differentially affect protein expression and fusion. (A) Sequence of the predicted Hendra virus F TMD and alanine
insertion mutants, where L494 is the predicted start of the TMD. (B) Biotinylation of cell surface-expressed wild-type (WT) and mutant Hendra virus F proteins
labeled with [trans->>S]cysteine-methionine. Surface proteins were biotinylated and immunoprecipitated, and the total and surface protein populations were
separated by streptavidin pulldown, followed by 15% SDS-PAGE and visualization using autoradiography. A representative gel of three independent experiments
is shown. (C) Quantification of cleavage time points for wild-type or mutant Hendra virus F proteins. The proteins were radiolabeled with [trans->>S]cysteine-
methionine, immunoprecipitated, analyzed by 15% SDS-PAGE, and visualized using autoradiography. Error bars represent the mean * the standard error of the
mean for three independent experiments. (D) Quantification of cell surface expression levels of F, and membrane fusion levels of wild-type and mutant F
proteins. Vero cells were transfected with wild-type or mutant Hendra virus F and wild-type Hendra virus G along with a luciferase construct, overlaid with BSR

cells, and assayed for luciferase activity. Error bars represent the mean = the standard error of the mean for three independent experiments.

monomer-trimer best fit the data. Furthermore, monomer—N-
mer fits, which allow for implicit curve fitting, returned stoichi-
ometries very close to a monomer-trimer fit (Fig. 2C) at both
speeds and all protein concentrations, also ruling out a monomer-
dimer equilibrium model. Surprisingly, inclusion of HRB be-
tween SN and the TMD resulted in the data being best described
by a monomer-dimer equilibrium (Fig. 2B and C), with
monomer—N-mer fits very close to the monomer-dimer model
(Fig. 2C). Fitting the same data set to the monomer-trimer equi-
librium observed for the wild-type TMD alone resulted in signif-
icantly lower R and higher y* values. Since addition of HRB had a
destabilizing effect, these data suggest that TMD-TMD interac-
tions, along with the F ectodomain at the N-terminal end of HRB,
may hold the HRB trimer in place and, thus, could act in regulat-
ing the unfolding and refolding of HRB around HRA, a step es-
sential for membrane fusion.

Spacing between HRB and the TMD is important for F, sta-
bility. A previous report examined how spacing between HRB and
the TMD of PIV5 F affects proteins stability and membrane fusion
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(82). In this study, Zhou et al. made insertions, deletions, or sub-
stitutions to the 7-amino-acid linker region between the PIV5 F
HRB and TMD. While all mutant PIV5 F proteins were expressed
at nearly wild-type levels, F proteins with insertions between the
two domains were fusion incompetent, demonstrating that the
spacing between these two domains is crucial for biological activ-
ity (82). To examine the role of HRB-TMD spacing for the Hendra
virus F protein, one, two, or three alanine residues were inserted at
the N terminus of the putative TMD boundary (Fig. 3A). Prior to
an examination of the fusogenicity of these mutant F proteins, cell
surface expression (CSE) was monitored by surface biotinylation.
Vero cells were transiently transfected with either wild-type or
mutant Hendra virus F, starved, and metabolically labeled, fol-
lowed by immunoprecipitation and separation of the biotinylated
F fraction using streptavidin-conjugated beads. In contrast to
PIV5 F, insertion of two or three alanine residues progressively
and dramatically reduced CSE of the fusion-competent F, form
(Fig. 3B, lanes 6 to 8) compared to wild-type (lane 2). Reduced
CSE of F, could be due to protein misfolding, premature trigger-
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ing of the F, form due to decreased protein stability, or problems
with protein trafficking. To help distinguish between these possi-
bilities, pulse-chase analysis using a 30-min pulse was performed
to examine the kinetics of F expression and processing (Fig. 3C).
Insertion of one alanine had only a small effect on F, processing
(Fig. 3C, empty square), while insertion of two (empty diamond)
or three (empty triangle) alanine residues led to moderate or se-
vere reductions in F, cleavage efficiency, respectively. As the initial
slopes for each graph are similar, we hypothesize that the folding
equilibrium for the N2 and N3 mutants was shifted such that a
larger percentage of F misfolds (as more alanine residues are in-
serted) but the population of the F protein which folds correctly is
properly trafficked and cleaved. Thus, these data suggest that, un-
like insertions in PIV5 F, insertions between Hendra virus F HRB
and the TMD dramatically affect protein expression and stability.

As the above alanine insertions could also lengthen the TMD,
which could be responsible for the observed phenotype, identical
insertions at the C-terminal end of the TMD were made (Fig. 3A).
Though the C-terminal alanine insertions reduced cell surface lev-
els of F, by up to 50% (Fig. 3B, lanes 3 to 5) compared to the
wild-type level (lane 2), this reduction was not nearly as dramatic
as that observed with the N-terminal insertions. Furthermore, all
of the C-terminal insertion mutants were cleaved with wild-type
kinetics (Fig. 3C, filled shapes), suggesting that these mutations
did not significantly affect the conformation of the Hendra virus F
ectodomain. Together, these data demonstrate that while increas-
ing the overall length of the TMD leads to moderate reductions in
F protein expression, progressive N-terminal insertions severely
reduce the stability of the cleaved, prefusion F, conformation.

C-terminal alanine insertions within the TMD reduce cell-
cell fusion. Since the TMDs of various viral fusion proteins have
been shown to be critical in membrane fusion (reviewed in refer-
ences 36 and 66), a luciferase reporter gene assay was performed
for both the C- and N-terminal mutants to examine cell-cell fu-
sion. Vero cells were transiently transfected with a luciferase con-
struct under the control of the T7 promoter, wild-type Hendra
virus G, and wild-type or mutant Hendra virus F. The next day,
cells were overlaid with BSR cells, which stably express the T7
polymerase, and luciferase activity was measured. As expected
based on F; cell surface expression, two or three N-terminal ala-
nine insertions almost completely abolished cell-cell fusion, while
the insertion of one alanine resulted in fusion levels barely above
background (Fig. 3D, black bars). Unexpected, however, was the
dramatic reduction in fusion observed for the C-terminal inser-
tion mutants. Progressive C-terminal alanine insertions resulted
in significant decreases in cell-cell fusion, and the insertion of
three alanine residues (C3) completely abolished fusion activity.
In all cases, observed cell-cell fusion levels were inconsistent with
levels expected based on F, cell surface expression (Fig. 3D, gray
bars) (69). Combined, these data suggest that increasing the
length of the TMD through C-terminal insertions results in hypo-
fusogenic proteins.

N- and C-terminal insertions differentially affect TMD-
TMD interactions. Mechanistically, the effects of both the N- and
C-terminal alanine insertions could be explained through altera-
tions in TMD-TMD interactions. Recent work from our labora-
tory demonstrated that mutations within the TMD which alter
TMD-TMD associations affect the stability of the prefusion,
cleaved F, form (Smith et al., submitted). To examine this possi-
bility, SN constructs fused to the TMD of four of the N- or
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C-terminal mutants (N1 and N2 or C2 and C3) were made, and
oligomerization was examined using SE analysis as described
above. Neither the N1 (Fig. 4C) nor N2 (Fig. 4B and C) SN-TMD
construct deviated from the monomer-trimer model observed
with the wild-type TMD. All data sets from both mutants were
best described as demonstrating monomer-trimer equilibrium,
and fitting to a monomer-dimer model decreased R values and
increased x” values. Furthermore, monomer—N-mer fits returned
stoichiometries very close to those of a monomer-trimer (Fig. 4C),
strongly indicating that alanine insertions at the N-terminal end
of the Hendra virus F TMD do not affect TMD-TMD trimeriza-
tion. These data support the concept that spacing between HRB
and the TMD is vital in maintaining prefusion F, stability while
not directly affecting TMD-TMD interactions. Surprisingly, anal-
ysis of the C3 SN-TMD construct shows that the insertion of three
alanine residues at the C-terminal end of the TMD decreases tri-
meric interactions as these data are best fit by a monomer-dimer
equilibrium (Fig. 4A and C) and are very similar to the observed
monomer—N-mer fits (Fig. 4C). The C2 SN-TMD construct is best
fit by a monomer-trimer equilibrium at lower rotor speeds, while
at high speeds, the data are best fit by a monomer-dimer equilib-
rium (Fig. 4C). A speed-dependent shift in best-fit models ob-
served for C2 is likely due to the decreased stability of the TMD-
TMD interactions at higher rotor speeds, which has been
previously described for this system (Smith et al., submitted), and
suggests that C2 TMD-TMD interactions are likely weakened
upon the insertion of two alanine residues. Ultimately, these data
support a model in which the C-terminal portion of the Hendra
virus F TMD is an important regulator of TMD-TMD interactions
and in which disruption of these interactions decreases membrane
fusion promotion.

Mutation of nonpolar B-branched residues within the Hen-
dra virus F TMD reduces fusion. The observed decreases in cell-
cell fusion and TMD-TMD interactions suggested that residues
within the C terminus of the TMD are likely important for fusion
promotion through modulation of TMD-TMD interactions. To
test this hypothesis, alanine scanning mutagenesis was performed
on the last 12 amino acids of the Hendra virus F TMD (Fig. 5A).
Surface biotinylation was performed as described above, and all of
the mutant F proteins were surface expressed at wild-type levels
with the exception of the mutant with LI replaced by AA (LI mu-
tant) (Fig. 5B), which was reduced about 50% compared to the
wild type. Both the F, and F,, forms of LI had a small population of
lower apparent molecular weight species, which could be indica-
tive of heterogeneous glycosylation (Fig. 5B, lane 4). Immunopre-
cipitation of the Hendra virus F LI mutant followed by treatment
with peptide N-glycosidase F (PNGase F) (12), an enzyme which
removes the entire N-glycan, failed to completely resolve the spe-
cies into a tighter band (data not shown), suggesting that addi-
tional alterations to the protein may be present. For the remaining
mutant F proteins, both F, and F, had CSE levels almost identical
to wild-type levels, indicating that these specific sequences are not
required for protein expression and folding (Fig. 5B and C). As
these mutations could also affect fusion promotion, a luciferase
reporter gene analysis was performed as described above. Surpris-
ingly, despite wild-type F, CSE levels, the majority of the mutant F
proteins (IG, TF, FV, and IV mutants) were impaired for fusion by
as much as 60%, while cell-cell fusion levels for the LI and IS
mutants were at levels consistent with F, CSE of those proteins
(Fig. 5C). As many mutations resulted in hypofusogenic pheno-
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types, these data suggest that the C-terminal region of the Hendra
virus F TMD is critical for membrane fusion.

DISCUSSION

Transmembrane domains of viral fusion proteins have been hy-
pothesized to serve important functions in membrane fusion pro-
motion, especially in driving the hemifusion-to-fusion transition
(1, 28, 42, 4446, 52). One of the ways in which TMDs have been
proposed to aid in membrane fusion promotion is through TMD-
TMD interactions, and recent work with isolated TMDs of PIVF 5,
HMPV F, and Hendra virus F demonstrated that these domains
interact in a monomer-trimer equilibrium (Smith et al., submit-
ted). What remain unknown, however, are the sequence require-
ments for these TMD-TMD interactions and how they could
mechanistically modulate F-mediated fusion. Results from this
study suggest that TMD-TMD interactions could be an important
regulator of HRB refolding and that spacing between these two
domains is essential in maintaining stability of the prefusion F,
form. Furthermore, our data demonstrate that the C-terminal end
of the Hendra virus F TMD is important in TMD-TMD interac-
tions. Finally, mutational studies suggest that B-branched resi-

March 2012 Volume 86 Number 6

dues near the C terminus of the TMD are important in membrane
fusion.

An attractive model for how TMD-TMD interactions could
regulate membrane fusion is through potential stabilization of the
HRB coiled coil prior to F protein triggering. As the prefusion
structure of PIV5 F showed the HRB and the trimeric GCN4t
region as a continuous coiled coil (80), we first determined if
inclusion of HRB between SN and the Hendra virus F TMD sta-
bilized the trimeric TMD-TMD interactions (Fig. 2A and C). Sur-
prisingly, inclusion of HRB resulted in a poorer monomer-trimer
fit than observed for the wild-type Hendra virus F TMD alone and,
instead, a monomer-dimer model was the best fit (Fig. 2B and C),
demonstrating that addition of HRB has a destabilizing effect.
These data suggest that HRB may require additional elements
within the F protein, such as the TMD and portions of the head
domain of F, to stabilize a coiled-coil conformation. Furthermore,
the SE analysis data suggest that TMD-TMD interactions could
play a role in holding the unstable HRB coiled-coil together, and
evidence from other groups supports this hypothesis. Isolated
HRB peptides, unlike HRA peptides, fail to form a coiled-coil
structure in solution (27), and the prefusion structure of PIV5 F
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FIG 5 B-Branched residues within the C-terminal end of the TMD are im-
portant for fusion. (A) Sequence of the Hendra virus F TMD and alanine
substitution mutants, where L492 is the predicted start of the TMD. Mutants
are named by abbreviations for the residues replaced with alanines. (B) Bio-
tinylation of cell surface-expressed wild-type and mutant F proteins. The pro-
teins were labeled with [trans->>S]cysteine-methionine, biotinylated, and im-
munoprecipitated, and the total and surface protein populations were
separated by streptavidin pulldown, followed by 15% SDS-PAGE and visual-
ization using autoradiography. (C) Quantification of F, cell surface expression
levels and cell-cell fusion levels for wild-type and mutant F proteins. Cells were
transfected with wild-type or mutant Hendra virus F and wild-type Hendra
virus G along with a luciferase construct, overlaid with BSR cells, and assayed
for luciferase activity. Error bars represent the mean * the standard error of
the mean for three independent experiments.

was obtained only when the TMD was replaced with the trimeric
GCN4t region (80). It could be that the “spring-like” coiled-coil
structure of HRB is dependent on both the ectodomain and the
TMD to clamp it together, a model which our data would support
(Fig. 6, step a). Modulation of TMD-TMD interactions following
triggering could cause this clamp to be released (Fig. 6, steps b and
¢) and facilitate subsequent HRB refolding, a step required for
six-helix bundle formation (Fig. 6, steps d and e). While specific
interactions with homotypic attachment proteins are generally
thought to trigger paramyxovirus F proteins (32, 70), other do-
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mains, such as the FP region in Hendra virus F (69) and the HRB
linker in HMPV (64) and PIV5 F (62), also seem to play a role in
triggering.

Such a mechanism for regulation of membrane fusion may
require a certain distance between both HRB and the TMD as
studies with PIV5 F demonstrated that spacing between these two
domains is important for fusion promotion (82). Additionally,
studies with SNARE proteins have also demonstrated that in-
creased spacing between the SNARE TMD and the conserved
coiled-coil domain significantly reduced SNARE-mediated fusion
(43). In our work, progressive alanine insertions between HRB
and the TMD in Hendra virus F caused the F, form of the protein
to become increasingly destabilized and less efficiently expressed
on the cell surface (Fig. 3B and D). Several explanations could be
given for this phenotype, including disruption of the TMD-TMD
helix-helix interacting face or lengthening of the TMD. It is un-
likely that such a decrease in F, expression/stability was due to
disruption of the helix-helix interacting face as insertion of three
alanine residues (N3), which should insert one complete helical
turn and thus restore the helix-helix interacting face, failed to
restore expression levels. Additionally, while control mutations
lengthening the TMD did affect protein expression and stability
(Fig. 3D), this effect was not nearly as pronounced, given that the
F, forms of C1, C2, and C3 remained at 45 to 80% of wild-type
expression levels. Lastly, our SE analysis data for N1 and N2 re-
sulted in a monomer-trimer best-fit model and suggest that TMD-
TMD interactions were unaffected by N-terminal alanine inser-
tions (Fig. 4B and C). Thus, our data support a model in which
spacing between HRB and the TMD F is important for stability
and triggering of the prefusion, cleaved form of Hendra virus F,
likely affecting the ability of TMD-TMD interactions to hold HRB
together. Increasing the spacing between HRB and the TMD could
result in a less stable fold of the C-terminal portion of HRB, re-
sulting in premature triggering following F protein cleavage.

Beyond increasing the spacing between HRB and the TMD, the
N-terminal insertions also increased the length of the TMD. While
our control C-terminal insertions (Fig. 3A) demonstrated that
increasing the length of the TMD had moderate effects on F, ex-
pression, these mutants also had serious fusion defects (Fig. 3D).
Even though F, is expressed at 40% of wild-type levels, C2 and C3
promoted much lower levels of membrane fusion than expected
based on surface expression levels (Fig. 3D) (69). Our subsequent
SE analysis of C2 and C3 constructs demonstrated that C-terminal
insertions affected TMD-TMD interactions and that the isolated
C3 TMD was not best fit by a monomer-trimer but, rather, by a
monomer-dimer equilibrium (Fig. 4A). Since alanine residues
were inserted near the C terminus (and not directly at the end),
these insertions could be disrupting structural determinants re-
quired for proper maintenance of TMD-TMD interactions. It is
unlikely that this is caused solely by disruption of the helical face as
the presence of three alanine residues failed to restore membrane
fusion. Ultimately, our data suggest that elements within the C
terminus of the Hendra virus F TMD are important for TMD-
TMD interactions and subsequently membrane fusion promo-
tion.

The sequence requirements which determine TMD-TMD in-
teractions in both viral and nonviral systems remain poorly un-
derstood though several lines of evidence point toward central
glycine motifs (16, 48, 49, 68), polar residues (18, 23, 81), and/or
heptad repeat-like arrangements of leucine and isoleucine (25,
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FIG 6 A model for TMD-TMD interactions as potential regulators of membrane fusion. In the prefusion cleaved form of F (step a), HRB forms a coiled coil and
the TMDs interact as trimers. Triggering of F (step b) causes changes in TMD-TMD interactions and local unfolding mediated by the a-helix destabilizing
B-branched residues (*). Unfolding of the TMDs (steps ¢ and d) causes unfolding of HRB, extension of HRA, and insertion of the FP into the target membrane.
Step e shows the postfusion six-helix bundle conformation of the F protein with the TMDs and FPs on the same end of the molecule. Green, TMD; red, HRB; blue,

HRA, yellow, FP.

29). A recent study of various paramyxovirus F proteins demon-
strated that swapping the TMD of NDV F with that of SeV F, MV
F, or VSV G resulted in F proteins defective for membrane fusion,
suggesting that the actual sequences of paramyxovirus TMDs are
important for fusion (24). Additionally, patches of hydrophobic
residues at the N and C termini of the PIV5 F TMD seem to be
important for F-mediated membrane fusion, especially
B-branched residues at the N terminus, further suggesting a se-
quence dependence of paramyxovirus F protein TMDs for fusion
(6). Alanine substitution of the last 12 amino acids within the
Hendra virus F TMD (Fig. 5A) revealed that this region is tolerant
to alanine substitution, particularly for protein expression and
processing (Fig. 5B and C). Interesting, however, was the hypofu-
sogenic phenotype associated with the Hendra virus F protein FV
and IV mutants, which immediately precede the highly charged
EKKR region (Fig. 5A). Combining these data with the data from
the C-terminal insertions (which immediately preceded the VIV
sequence) suggests that B-branched residues in the sequence
FVIV could be important modulators of F protein-promoted
membrane fusion. Recent work with the baboon reovirus p15
TMD (15) and model peptides (34, 35, 60, 61) suggests that
B-branched residues are important in membrane fusion in a vari-
ety of systems. Nonpolar -branched residues (valine and isoleu-
cine) are traditionally thought of as being disruptive of a-helical
structures; however, studies of synthetic peptides in detergent mi-
celles demonstrated that these residues are incorporated into hy-
drophobic a-helices as easily as leucine (39, 40). Additionally, as
B-branched residues are thought to add conformational plasticity
to membrane a-helices (33, 54, 72), these residues could be im-
portant for driving lipid disordering and later steps of membrane
fusion. Thus, inclusion of these residues within viral TMDs may
both facilitate promotion of a-helical structure and impart a de-
gree of structural flexibility which alanine or residues of similar
a-helical propensity could not. Consequently, mutation of the
VIV sequence to alanine in the context of the FV and IV mutants
might not disrupt the initial a-helical structure of the Hendra
virus F TMD within a membrane but could either stabilize TMD-
TMD interactions or abolish the conformational flexibility
needed for efficient membrane fusion. Future SE analysis of the
scanning alanine mutants, especially the FV and IV mutants, will
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be needed to delineate the potential role(s) of B-branched residues
in modulating TMD-TMD interactions. Beyond this, further ex-
periments will be needed to firmly establish the mechanistic
role(s) of paramyxovirus TMDs in membrane fusion, but this
work presents an exciting model by which TMD-TMD interac-
tions affect not only protein stability but also fusogenicity. Fur-
thermore, these data also support a role for TMD-TMD interac-
tions and TMD-HRB spacing in Hendra virus F triggering.
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