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Structure of the parainfluenza virus 5 F
protein in its metastable, prefusion
conformation
Hsien-Sheng Yin1,2, Xiaolin Wen2, Reay G. Paterson2, Robert A. Lamb1,2 & Theodore S. Jardetzky2

Enveloped viruses have evolved complex glycoprotein machinery that drives the fusion of viral and cellular membranes,
permitting entry of the viral genome into the cell. For the paramyxoviruses, the fusion (F) protein catalyses this
membrane merger and entry step, and it has been postulated that the F protein undergoes complex refolding during this
process. Here we report the crystal structure of the parainfluenza virus 5 F protein in its prefusion conformation,
stabilized by the addition of a carboxy-terminal trimerization domain. The structure of the F protein shows that there are
profound conformational differences between the pre- and postfusion states, involving transformations in secondary and
tertiary structure. The positions and structural transitions of key parts of the fusion machinery, including the
hydrophobic fusion peptide and two helical heptad repeat regions, clarify the mechanism of membrane fusion mediated
by the F protein.

The Paramyxoviridae are enveloped viruses that include, among
others, mumps virus, measles virus, Sendai virus, Newcastle disease
virus (NDV), human respiratory syncytial virus (RSV), parainfluenza
virus 5 (SV5) and human parainfluenza viruses 1–4 (hPIV)1. Many
members of this viral family are significant human and animal
pathogens, and newly emergent deadly paramyxoviruses (Nipah
and Hendra viruses2,3) have been identified.
The paramyxoviruses, like other enveloped viruses such as influ-

enza virus and HIV, require fusion of the viral and cellular mem-
branes to enter the host cell. Two viral glycoproteins are key to this
process: a variable attachment protein (HN, H or G) and a more
conserved fusion (F) protein1. The attachment proteins interact with
different cellular receptors. For example, SV5 HN protein binds sialic
acid, measles virus H protein interacts with CD46 or CDw150/SLAM
(refs 4, 5), Nipah and Hendra virus G proteins bind to Ephrin B2
(refs 6, 7) and RSV G protein binds heparin sulphate8. Although the
cellular receptors differ, in most paramyxoviruses the homotypic
attachment protein is required to trigger F-mediated membrane
fusion at the right time and right place9,10. F is not activated by the
low pH found in the endosome11.
F is thought to drive membrane fusion by coupling irreversible

protein refolding to membrane juxtaposition, by initially folding
into a metastable form that subsequently undergoes discrete confor-
mational changes to a lower energy state9,10. F assembles into
homotrimers that are proteolytically cleaved, priming the protein
for membrane fusion (Fig. 1), similar to the influenza virus hae-
magglutinin12 (HA) and other class I viral fusion proteins such as
HIV Env, Ebola virus GP and SARS coronavirus S (refs 12, 13). The
uncleaved precursor (F0) is processed into a larger carboxy-terminal
fragment (F1) and a smaller amino-terminal fragment (F2). F1
contains a hydrophobic fusion peptide at its N terminus and two
hydrophobic, heptad repeat regions (HRA and HRB). HRA is
immediately adjacent to the fusion peptide and HRB is proximal
to the transmembrane domain, with about 250 residues separating
the two.

After activation, F inserts its fusion peptide into target mem-
branes14, forming transient intermediates15,16 that can be inhibited
by HRA- and HRB-derived peptides. Subsequent refolding and
assembly of HRA and HRB into a six-helix bundle (6HB) occurs,
placing the fusion peptides and the transmembrane domains in
proximity13,17. Formation of the 6HB and the associated free-energy
change are tightly linked to merger of the viral and cellular mem-
branes16,18. The isolated F 6HB structure, generated from HRA and
HRB peptides17,19, is stable up to 100 8C and is thought to represent
the lowest-energy conformation of the protein after membrane
fusion. We previously reported the structure of the uncleaved,
secreted hPIV3 F0 ectodomain (solF0), truncated before the trans-
membrane domain20. Unexpectedly, this structure contains the
postfusion 6HB, indicating that F protein cleavage is not required
to attain the postfusion conformation and that the F transmembrane
domain and/or the cytoplasmic tail are important for the folding to,
or stability of, the prefusionmetastable state20. It remained unclear to
what extent the F pre- and postfusion conformations differ21,22 and
how these are linked to membrane fusion.
We now report the structure of the SV5 F protein in the prefusion

conformation. The structure contains a globular head attached to a
trimeric coiled-coil stalk formed by the C-terminal HRB region. The
globular head contains three domains (DI–DIII) identified
previously20,21. DI and DII reposition as rigid modules during
the conformational transition, and the main refolding occurs
in DIII. Core structural elements of DIII act as a scaffold for the
folding of HRA, preventing its assembly into the postfusion
helical conformation. The fusion peptides at the N termini of HRA
segments are sequestered between adjacent subunits, and cleavage/
activation sites are exposed at the protein surface. None of the
intersubunit contacts are conserved in the pre- and postfusion
forms. The SV5 F structure provides a model for the stepwise
induction of membrane fusion by paramyxoviruses and shows how
several sequence elements have distinct structural roles in the pre-
and postfusion conformations.
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Crystallization and structure determination

Previous attempts to determine the structure of the prefusion
conformation of F were confounded by spontaneous folding of the
anchorless, secreted hPIV3 and NDV F proteins to the trimeric,
postfusion state20–22. Similarly truncated SV5 F does not trimerize
efficiently and therefore we appended an engineered, trimeric coiled-
coil domain23 (GCNt) toHRB tomimic the transmembrane domains
(Fig. 1). The resulting F protein (F-GCNt) assembles into well-
defined trimers (Supplementary Fig. 6). Appending GCNt to the F
cytoplasmic tail stabilizes the trimer and reduces its fusogenicity24.
Conceptually related constructs have been reported for the HIV Env
and influenza virus HA proteins25–28.
F-GCNt crystals were obtained that diffract X-rays to 2.85 Å

(Table 1 and Supplementary Tables 2 and 3). The structure could
not be solved with the NDV or hPIV3 F structures and was
determined by isomorphous replacement methods, combined with
three-fold non-crystallographic symmetry (NCS) averaging (see

Methods and Supplementary Information). The SV5 F-GCNt
model was refined to a final R free of 26.1%.

Structure of the F-GCNt trimer

The F-GCNt trimer has a large globular head attached to a three-helix
coiled-coil stalk formed by HRB (Fig. 1b–e). The GCNt trimer is
located at the C-terminal end of the stalk, orienting the head away
from the viral membrane. The top of the head region has three
prominent spikes formed by two pairs of loops (60–65 and 178–185)
that project upwards from the globular domains in each subunit.
The F-GCNt head contains three domains (DI–DIII) per subunit

that extend around the trimer axis, making extensive intersubunit
contacts. A large cavity is present at the base of the head, with the
bottom and sides formed by DI and DII. DIII (residues 42–278)
covers the top of the cavity and includes the prominent spikes, HRA
and the fusion peptide (Fig. 1 and Supplementary Fig. 7). At the C
terminus of DII, an extended linker toHRBwraps around the outside
of the trimer and into the centre of the base of the head where the
stalk begins. Electron density for the HRB linker was weaker,
suggesting flexibility of this region. The structure has three lateral
vertices projecting from the trimer axis, exposing the cleavage/
activation sites adjacent to the fusion peptides (Fig. 1c, d). Helices
line the central three-fold axis at the top and bottom of the trimer. In
DIII, two sets of six helices form rings covering the top of the head,
and the HRB three-helix bundle seals the bottom (Fig. 1d).

Structure and location of the fusion peptide

In the postfusion structure of hPIV3 solF0, the fusion peptide could
not bemodelled and wasmost probably located on the exterior of the
F trimer stalk20. In the prefusion SV5 F structure, by contrast, strong
electron density is observed for the hydrophobic fusion peptide
(residues 103–128), which is wedged between two subunits of the
trimer (Fig. 1e). The N-terminal end of the fusion peptide is exposed
at the F surface and then proceeds inwards, becoming more buried
from solvent.
The fusion peptide adopts a partly extended, partly b-sheet and

partly a-helical conformation and is sandwiched between DIII of its
own subunit and DII of another. Residues 107–117 pack against the
hydrophobic edge of the neighbouring DII, interacting with
the first (A) and last (G) strands of the immunoglobulin domain
and the DI–DII linker. The fusion peptide opens the trimer head,
separating intersubunit contacts between DI and DII observed in the
postfusion form20. Fusion peptide residues 107–114 cross the DII G
strand, whereas residues 115–117 form a b-strand with residues
370–373 (DII A-strand). The fusion peptide folds back on itself,
forming a small hydrophobic core between its N- and C-terminal
ends and making less extensive contacts with DIII. Proteolytic
cleavage of F0 might enable the N terminus of the fusion peptide
to make additional contacts with DII and to affect intersubunit
interactions.

Comparison of the SV5 and hPIV3 F structures

The SV5 F-GCNt and hPIV3 solF0 structures are in strikingly
Figure 1 | Structure of SV5 F-GCNt. a, The F-GCNt domains. Important
domains are highlighted in different colours and their corresponding
residue ranges are indicated. b, Ribbon diagram of the F trimer, with each
chain coloured by residue number in a gradient from blue (N terminus) to
red (C terminus). The head and stalk regions are indicated. HRB linker
residues (429–432) could not be modelled in one subunit and had high
temperature factors in the other two. c, Ribbon diagram of one subunit of
the F trimer, coloured by domain. The domains are labelled and the colours
correspond to those in a. Arrow indicates the cleavage/activation site. d, Top
view of the trimer, coloured as in d. Arrows indicate the cleavage/activation
sites. e, Surface representation of the F trimer, coloured by subunit. The
fusion peptide exposed surface is shown in blue. f, Close-up view of the
fusion peptide (residues 103–128). The peptide is folded back on itself with a
small hydrophobic core and contains a mixture of an extended chain, a
b-strand and a C-terminal a-helix. The fusion peptide is sandwiched
between two subunits of the trimer, between DII and DIII domains.

Table 1 | X-ray refinement statistics

Resolution (Å) 2.85
Rwork/R free 22.16 /26.11
Number of atoms

Protein 10,805
Water 130

B-factors
Protein 65.4
Water 50.7

r.m.s. deviations
Bond lengths (Å) 0.007
Bond angles (8) 1.42
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different conformations (Fig. 2), consistent with a transition from
pre- to postfusion forms. These conformations are related by flipping
the stalk and transmembrane domains relative to the F head.
Substantial compacting of the head is observed in hPIV3 solF0 as
compared with SV5 F-GCNt. The DI domains pivot slightly inwards,
shearing intersubunit contacts, and the DII domains swing across,
contacting neighbouring subunits. Individual DI and DII domains
in the two structures remain similar, superimposing with average
root-mean-square (r.m.s.) deviations of 1.97 Å2 and 1.5 Å2, respect-
ively. Potentially related forms of the RSV F protein have been
observed in electron micrographs29.
DIII undergoes major refolding between the two structures,

projecting a new coiled coil (HRA) upwards and away from DI, the
prefusion stalk and the viral membrane. The fusion peptide, located
at the top of the HRA coiled coil, moves ,115 Å from its initial
position between subunits in the prefusion conformation, enabling
DII to reposition. None of the postfusion HRA intersubunit coiled-
coil contacts is observed in F-GCNt. Instead, they are replaced by two
sets of six-helix rings at the DIII interfaces (Fig. 1d). For the HRA
coiled coil to form, DIII must rotate and collapse inwards, further
compacting the head.
In the prefusion conformation, HRA is broken up into four

helices, two b-strands and five loop, kink or turn segments. Thus,
the conformational changes in HRA involve the refolding of 11
distinct segments into a single, extended a-helical conformation
(Fig. 3a). The conformational change also requires opening and
translocation of the HRB stalk (Fig. 2). In the prefusion form, HRB is
located at the base of the head region. During conversion to the

postfusion conformation, the HRB segments must separate and
swing around the base of the head to pack against the HRA coiled
coil.

HRA folds around the DIII core

The most marked changes in F occur around a relatively constant
‘DIII core’ that includes three antiparallel b-strands, the HRC
a-helix, the C-terminal h4 helix of HRA and a helical bundle
(Fig. 3b–f). In the prefusion conformation, HRA is folded around
the DIII core. The globular form of the prefusion DIII suggests that
the HRA conformation is trapped as monomeric subunits fold
during F biosynthesis.

Figure 2 | Structural changes between the pre- and postfusion F protein
conformations. a, Ribbon diagram of the SV5 F-GCNt trimer. DI is yellow,
DII is red, DIII is magenta, HRB is blue and GCNt is grey. b, Ribbon diagram
of the hPIV3 (postfusion) trimer, similarly oriented by DI and coloured as
in a. c, Ribbon diagram of a single subunit of the SV5 F-GCNt trimer,
coloured as in a except for residues of HRA, which are green. d, Ribbon
diagram of a single subunit of the hPIV3 F trimer, coloured as in c.

Figure 3 | Role of DIII in HRA folding and transformation. a, HRA refolds
from 11 distinct segments (h1, h2, b1, b2, h3, h4 and the intervening
residues) in the prefusion conformation into a single helix of ,120 Å in the
postfusion form. b, The HRA helices wrap around the domain III core in the
prefusion conformation. The heptad-repeat residues (magenta) do not form
any coiled-coil interactions in the prefusion conformation. Breakpoints in
the HRA helix (N133, T147, T158 and a stutter observed in the postfusion
coiled coil) are labelled. c, Secondary structure of DIII in the prefusion (SV5)
conformation. The ‘DIII core’ includes three antiparallel strands, HRC, a
helical bundle (HB) and h4 of HRA. Segments of HRA are coloured as in a
and the cleavage site (//) and fusion peptide (Fpep) are indicated. The DIII
core sheet is extended by the b1 and b2 strands from HRA. d, Secondary
structure of DIII in the postfusion (hPIV3) conformation, coloured as in c.
The DIII core sheet is extended by one strand from an HRB linker from a
neighbouring subunit (magenta). e, Ribbon diagram of DIII in the prefusion
conformation, coloured as in c. f, Ribbon diagram of DIII in the postfusion
conformation, coloured as in d.
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In the prefusion form, HRA helical segments cover both sides of
the DIII core b-strands (Fig. 3b), which also form a mixed parallel/
antiparallel five-stranded sheet with the two HRA b-strands, b1 and
b2 (Fig. 3c, e). In the postfusion form, the HRA b1 and b2 b-strands
are replaced by a b-strand from the HRB linker of a neighbouring
subunit. The HRB linker also forms an additional two-stranded
b-sheet with DIII residues preceding HRC (Fig. 3d, f). Thus, folding
of HRA onto the DIII core not only prevents formation of the HRA
coiled coil, but also blocks this interaction of the HRB linker.
Hydrophobic heptad repeat (HR) residues form the core of the

postfusion coiled coil, but they do not make these contacts in the
prefusion conformation (Fig. 3b). Instead, some of the HR residues
form a small hydrophobic core between the b1 and b2 b-strands and
the h1 helix in the N-terminal region of the prefusion HRA. In the
C-terminal region, the HR residues of h3 pack onto h4, whereas the
HR residues of h4 interact with the DIII helical bundle and h3 from a
neighbouring subunit. The h4 HR residues include many polar
amino acids such as serine and threonine (Supplementary Fig. 7),
which might facilitate packing changes between the pre- and post-
fusion forms.
The SV5 6HB structure17 contains two ion-binding sites in the

HRA coiled-coil core and a 3-4-4-4-3 stutter near a hydrophobic
pocket for HRB residues 447 and 449. In the prefusion structure,
these features all map to breakpoints in the HRA helix (Fig. 3b),
suggesting that the intrinsic instability of these regions inmonomeric
HRA may contribute to their role as conformational switch points.
The ion-binding sites (N133 and T158) are located between helices
h1 and h2 and strands b1 and b2, respectively (Fig. 3b). The HRA
stutter residues are in the loop between helices h3 and h4; and T147,
which forms stabilizing interactions with HRB in the 6HB, is in the
loop between helix h2 and strand b1.

The head engages the top of the HRB stalk

The SV5 HRB region forms the helical stalk of the prefusion
structure, along with the GCNt trimer, but isolated HRB peptide
does not form stable three-helix bundles in aqueous solution19. In the
F-GCNt structure, the three-fold axis of the HRB three-helix bundle
is aligned along the three-fold axis of the head region, with only
slight tilting of the stalk (Fig. 4a). The HRB linker segments (residues
422–445) adopt similar three-fold symmetric conformations,
packing into open grooves on the outside of the trimer head.
Residues in HRB and the base of the head establish an interaction

network between trimer subunits, appearing to position and to

nucleate the HRB helix (Fig. 4). S443 makes hydrogen bonds to
D448, whichmakes hydrogen bonds to D445 of the same subunit and
S342 of a neighbouring subunit. In the HRB helix, N451 interacts
with S342 and T345 of the same neighbouring subunit. L447 packs
into a hydrophobic pocket lined by I444, T357 and Q304, and
residues 440–442 form a short two-strand parallel b-sheet with
residues 358–359 in the same subunit. This conservation of sym-
metry and interactions between the head and stalk make it very
unlikely that the presence of GCNt alters the native F structure.
The interactions at the base of the head and the stability of the

HRB three-helix bundle probably regulate early steps in F activation.
Mutations of residues 443, 447 and 449 destabilize the prefusion F
conformation and have been predicted to form distinct interactions
in the pre- and postfusion states30,31. The change of S443 to proline
could destabilize F by disrupting the hydrogen-bonding network
described above (Fig. 4b). Mutations of L447 and I449 to aromatic
residues also destabilize the prefusion conformation31, and these
larger amino acids would disrupt hydrophobic contacts. Notably,
L447 and I449 are in a helical conformation in the prefusion HRB
stalk, but in an extended conformation in the postfusion 6HB. Other
mutations affect SV5 F fusion activity30,32–34 and can be explained
similarly by their locations in the prefusion form of F. Finally, the
presence of the GCNt domain, or the natural transmembrane and
cytoplasmic domains, undoubtedly stabilizes the HRB stalk, explain-
ing why F-GCNt remains in the prefusion conformation, whereas
secreted anchorless hPIV3 and NDV F proteins convert to the
postfusion form20,21.

Conclusions

The F-GCNt prefusion and the solF0 postfusion structures suggest
how discrete refolding intermediates are coupled to the activation
and progression of F-mediated membrane fusion. We propose the
following model. In the first step, the HRB helices melt (‘open-stalk
form’; Fig. 5), breaking interactions at the base of the head, but
leaving HRA in the prefusion conformation. This intermediate is
consistent with the effects of mutating residues 443, 447 and 449, and
with peptide inhibition data. HRA-derived peptides, which probably
bind to the endogenous HRB segment, inhibit an early intermediate
along the fusion pathway, whereas HRB-derived peptides inhibit a
later intermediate by binding the endogenous HRA coiled coil16.
Opening of the HRB stalk could initiate further changes in F by
affecting the packing of DII and the fusion peptide (through theHRB
linker), and by affecting the stability of the head intersubunit

Figure 4 | HRB interacts with the base of the head region. a, View of HRB
looking down the three-fold axis from the C terminus of the protein
(transmembrane anchor/viral membrane view). The HRB stalk is aligned
with the head region along the three-fold axis of the trimer. The HRB linkers
extend from the end of DII around the outside of the trimer, before
proceeding in towards the top of the HRB stalk, following open grooves in
the DI domains. The HRB heptad-repeat residues form the core of the
three-helix bundle in the prefusion state, but pack against the HRA coiled

coil in the postfusion form. F is coloured by subunit and the HR residues are
shown as yellow sticks. b, View of the top of the HRB region looking down
the three-fold axis from the base of the head. Interactions between subunits
tie together the top of HRB and the base of the head region. The ‘switch
peptide’ residues 443, 447 and 449 (yellow) are located here and form
intersubunit interactions that explain their role in stabilizing the prefusion
conformation.
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contacts, which shift during the conformational transition. It seems
possible that transient dissociation of the F trimer could occur,
analogous to the dimer-to-trimer transition characterized in alpha-
virus and flavivirus fusion proteins35,36.
The open-stalk intermediate is probably then followed by refold-

ing of DIII, assembly of the HRA coiled-coil and translocation of
the fusion peptide towards the target cell membrane (Fig. 5). This
pre-hairpin intermediate has been trapped and co-precipitated with
HRB-peptides16. Removal of the fusion peptide from the intersub-
unit interfaces would enable an inward swing of DII and the
formation of new contacts with DI of a neighbouring subunit,
compacting the head. The refolding of DIII HRA would also expose
its core b-sheet and, together with the inward movement of DII,
enable the HRB linker (at the C terminus of DII) to form parallel
b-strands with the DIII core, probably preceding and initiating the
final positioning of HRB (Fig. 5). The assembly of the final 6HB
completes the conformational change and membrane merger.
Although proteolytic cleavage of the F protein is required for
membrane fusion activity, it is apparently not required for formation
of the postfusion conformation. The role of the HN or H protein in
stimulating the F conformational change remains to be elucidated,
but it could exert effects by, for example, influencing the stability of
the F prefusion stalk in a receptor-dependent manner.
The F-GCNt structure shows how a metastable protein fold and

its conformational transition to a more stable state can trigger
membrane fusion. The folding of metastable proteins, as well as
their activation, is not well understood but is a hallmark of class I
viral fusion proteins such as F, influenza virus HA and HIV Env12.
The F structural changes are very different from those observed in
influenza virus HA12, which is the only other class I viral fusion
protein for which we have both pre- and postfusion structures37,38.
However, new and potentially general concepts for these protein

machines emerge from a comparison of the F and HA fusion
proteins: first, in the metastable state, the N-terminal (fusion-
peptide-proximal) HRA segment is prevented from assembling into
the postfusion coiled-coil structure; second, the fusion peptide is
initially buried at subunit interfaces that undergo considerable
reorganization between the pre- and postfusion states; third, refold-
ing of HRAprojects the fusion peptide away from the initial positions
of the transmembrane anchors and viral membrane; and last, the
C-terminal HRB region is prevented from adopting its final state
both by the absence of the HRA coiled coil and by other inhibitory
structural elements present in the prefusion conformation. For HIV
Env, it is tempting to speculate that the gp120 ‘inner’ domain, which
switches conformation between the free and receptor-bound states,
could act similarly to the F DIII core by regulating the folding of the
HRA segment of HIV gp41 (refs 39, 40). The strategy of stabilizing
the prefusion F conformation with GCNt may prove to be important
for the elucidation of other viral fusion protein mechanisms.

METHODS
F protein expression and purification. The basic approaches for cloning,
expression and purification of SV5 F-GCNt have been described for hPIV3 F
(ref. 20). In brief, complementary DNA encoding a form of the SV5 (W3A
strain) F protein (FR3) in which the furin cleavage site had been mutated to
prevent intracellular processing41 was cloned into pMelBac (Invitrogen) by
standard PCR protocols. A soluble form of F was generated that contained the
honeybee melittin signal sequence in place of the F signal sequence and, at the C
terminus, an isoleucine zipper domain (GCNt)23,42 in heptad repeat phase with
HRB, followed by a factor Xa cleavage site and a His6 tag. The nucleotide
sequence of the construct was obtained with a 3100-Avant sequencer (Applied
Biosystems). Recombinant baculovirus was generated with a Bac-N-Blue
transfection kit (Invitrogen). The secreted F-GCNt protein was purified by
Co2þ-affinity chromatography.
Crystallization, structure determination and refinement. Crystals were grown

Figure 5 | Model of F-mediated membrane fusion. a, Structure of the
prefusion conformation. HRB is blue, HRA is green, and DI, DII and DIII
are yellow, red and magenta, respectively. b, ‘Open stalk’ conformation, in
which the HRB stalk melts and separates from the prefusion head region.
HRB is shown as three extended chains because the individual segments are
unlikely to be helical. This conformation is consistent with a low-
temperature intermediate that is inhibited by HRA peptides, but not HRB
peptides. Mutations of the switch peptide residues 443, 447 and 449 would
influence the formation of this intermediate by affecting stabilizing
interactions between the prefusion stalk and head domains (see Fig. 4). c, A

pre-hairpin intermediate can form by refolding of DIII, facilitating
formation of the HRA coiled coil and insertion of the fusion peptide into the
target cell membrane. This intermediate can be inhibited by peptides derived
from both HRA and HRB regions. d, Before formation of the final 6HB,
folding of the HRB linker onto the newly exposed DIII core, with the
formation of additional b-strands (see Fig. 3d, f), may stabilize the
juxtaposition of viral and cellular membranes. e, The formation of the
postfusion 6HB is tightly linked to membrane fusion and pore formation,
juxtaposing the membrane-interacting fusion peptides and transmembrane
domains.
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at 20 8C by the hanging-drop, vapour-diffusion method by mixing equal
volumes of protein solution (10mgml21) and precipitant (0.9M sodium
potassium tartrate and 0.1M imidazole; pH 8.0). Native and all heavy-atom-
soaked crystals were transferred to cryosolvents consisting of 0.9M sodium
potassium tartrate, 0.1MTris-HCl or 0.1M imidizole, and 20%propylene glycol
(pH8.0) for flash freezing in liquid nitrogen. All crystals belong to space group
C2221. Native data set 1 (in Tris-HCl) was collected to 3.0 Å and native data set 2
(in imidazole buffer) was collected to 2.85 Å (Supplementary Table 2). Crystals
soaked with heavy atoms (10mM OsCl3, 1mM PiP (di-m-iodobis(ethylene-
diamine)diplatinum(II) nitrate) or 20mM AuCN2) were collected to 4.5 Å
(Supplementary Table 3). Diffraction data were processed with MOSFLM43

and scaled and reduced to structure factor amplitudes by using the CCP4
suite of programs43.

Heavy-atom positions were determined with the program SOLVE44 and
refinement, calculation of phases and density modification were carried out
with SHARP45 and Solomon46. Using three platinum sites, four gold sites and
three osmium sites, we obtained an initial 4.5 Å density-modified map and
associated phases. These were used to position individual domains (DI–DIII)
and a three-helix bundle from the hPIV3 F structure by using the six-
dimensional phased translation search implemented in BRUTEPTF47. The
search resulted in good solutions for parts of each of DI–DIII and a three-
helix bundle20 that matched the observed electron density and could also be
arranged as a three-fold symmetric trimer. The original experimental phases
after solvent flattening were used, along with a partial molecular envelope and
subunit NCS transformations based on this preliminary trimer model, as input
to the program DM43. Density modification and three-fold NCS averaging were
carried out with phase extension from 8 to 3.0 Å resolution in 1,500 steps,
yielding a readily interpretable electron density map.

The SV5 F-GCNt structure was refined by the program CNS48, followed by
manual rebuilding with the program O49. After several rounds of manual
rebuilding and refinement, the 2.85-Å native data set 2 was used to complete
the model rebuilding and refinement after transferring the original R free set. To
improve the electron density for difficult regions, model phases were input
into SHARP to improve the heavy-atom model and refinement. Additional
heavy-atom sites were identified (Supplementary Table 3), and the resulting
SHARP/Solomon electron density maps were of higher quality, enabling the
HRB linker and C-terminal GCNt residues to be traced. The final structure has
anRwork of 22.2% and anR free of 26.1%. ARamachandran plot shows that 99.3%
of the residues are in the most favourable or additionally allowed regions. The
final refinement statistics, native and heavy-atom data, and phasing statistics are
summarized in Table 1 and Supplementary Tables 2 and 3. Figures were made
with the programs Pymol (http://pymol.sourceforge.net/) and Topdraw43.
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