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Base of the Measles Virus Fusion Trimer Head Receives the
Signal That Triggers Membrane Fusion™
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Background: A homology model of the trimeric measles virus fusion protein predicts a cavity in the base of the head.
Results: Hydrophobic residues required for interactions with the hemagglutinin map to this cavity.

Conclusion: The base of the measles virus fusion protein trimer head receives the signal that triggers membrane fusion.
Significance: Emerging, re-emerging, and prevalent paramyxoviruses may operate based on similar signal transmission

mechanisms.

The measles virus (MV) fusion (F) protein trimer executes
membrane fusion after receiving a signal elicited by receptor
binding to the hemagglutinin (H) tetramer. Where and how this
signal is received is understood neither for MV nor for other
paramyxoviruses. Because only the prefusion structure of the
parainfluenza virus 5 (PIV5) F-trimer is available, to study signal
receipt by the MV F-trimer, we generated and energy-refined a
homology model. We used two approaches to predict surface
residues of the model interacting with other proteins. Both
approaches measured interface propensity values for patches of
residues. The second approach identified, in addition, individ-
ual residues based on the conservation of physical chemical
properties among F-proteins. Altogether, about 50 candidate
interactive residues were identified. Through iterative cycles of
mutagenesis and functional analysis, we characterized six resi-
dues that are required specifically for signal transmission; their
mutation interferes with fusion, although still allowing efficient
F-protein processing and cell surface transport. One residue is
located adjacent to the fusion peptide, four line a cavity in the
base of the F-trimer head, while the sixth residue is located near
this cavity. Hydrophobic interactions in the cavity sustain the
fusion process and contacts with H. The cavity is flanked by two
different subunits of the F-trimer. Tetrameric H-stalks may be
lodged in apposed cavities of two F-trimers. Because these
insights are based on a PIV5 homology model, the signal receipt
mechanism may be conserved among paramyxoviruses.

Measles virus (MV),? an enveloped nonsegmented negative
strand RNA virus, remains a significant public health problem
(1). Although targeted for eradication (2), MV still caused
139,000 worldwide deaths in 2010 (3). In addition, relaxed vac-
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cination discipline favored recent measles re-emergence in
Europe and North America, now reporting small but costly epi-
demics (4, 5).

MYV is a member of the family Paramyxoviridae that includes
other deadly emerging viruses such as Hendra and Nipah and
prevalent human pathogens such as mumps, parainfluenza, and
respiratory syncytial viruses that still cause significant morbid-
ity and mortality (6). Although many other enveloped viruses
take advantage of low pH (7) or proteases (8) in the endosomal
compartment to trigger membrane fusion, most paramyxovi-
ruses including MV fuse directly with the plasma membrane
(6,9).

An accurate mechanism must be in place to secure timely
and efficient MV cell entry at the plasma membrane. It is known
that receptor binding to the attachment protein hemagglutinin
(H) not only determines tropism (10, 11) but also contributes to
fusion triggering.

MV H is a tetrameric type II transmembrane glycoprotein
composed of an amino-terminal cytoplasmic tail, a membrane-
spanning segment, and a membrane-proximal stalk region con-
nected to a large cuboidal head contacting the receptors (12—
14). Two H-heads are linked covalently at their base forming a
homodimer (12), and two such dimers form a four-helix bundle
tetrameric stalk (15). Although two forms of tetrameric inter-
faces were recently documented in crystals of shortened and
mutated MV H-heads (16), it is unknown whether H-head
dimers engage directly in tetrameric interactions when stabi-
lized by the stalk.

Mechanisms of fusion triggering proposed for MV and the
other paramyxoviruses focus on the interactions of the attach-
ment protein stalks with the fusion (F) protein trimeric heads
(9, 16 -20). In particular, recent structural analyses of the ect-
odomain of the hemagglutinin-neuraminidase (HN) attach-
ment protein not only revealed how the tetrameric stalk stabi-
lizes two HN-head dimers (21), but also suggested that its
central segment sustains signal transmission (21, 22). Analo-
gously, the central segment of the H-stalk may sustain signal
transmission (15).
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However, how F-trimers receive the fusion-triggering signal
is not understood. F-proteins are type I transmembrane glyco-
proteins whose ectodomain has a large globular head attached
to a three-helix stalk (23). Their F, precursor is activated by
proteolytic cleavage into a membrane-anchored F, and a disul-
fide-linked F, subunit (6). The hydrophobic amino terminus of
F,, which is named the fusion peptide, is wedged between two
monomers near the equator of the prefusion trimer head struc-
ture. The only F-trimer prefusion structure available is that of
parainfluenza virus 5 (PIV5) (23), but conserved cysteines in all
paramyxoviral F-protein sequences facilitate their alignment
and building of structural homology models.

Information about the arrangement of the glycoproteins in
the MV envelope, although required to fully understand trans-
mission of the triggering signal, is limited. Paramyxovirus par-
ticles analyzed by electron microscopy and negative staining
can present spikes that extend 8 —12 nm from the membrane
bilayer (6), but one study has suggested that these structures
may be formed only after unfolding and inactivation of F-trim-
ers (24). Moreover, recent cryoelectron tomography analyses of
MV particles documented an ~12-nm layer of strong density
corresponding to the envelope glycoprotein ectodomains with-
out revealing individual spikes (25). Interestingly, the H-stalk is
15-20 residues longer than the HN-stalk, and biochemical evi-
dence suggested that the MV H-heads form a layer above
F-trimers (26).

To characterize how MV F-trimers receive the fusion-trig-
gering signal, we generated and energy-minimized a model
based on the PIV5 prefusion F-trimer structure (23). We pre-
dicted potentially interacting patches on the MV F-trimer sur-
face and considered individual amino acids based on their rel-
ative entropy in multiple F-protein sequence alignments (27).
We assessed the function of many solvent-exposed residues
and characterized six as signal transmission-relevant. Four of
these residues line a large cavity in the base of the F-trimer head.

EXPERIMENTAL PROCEDURES

Template for Modeling—To identify the best template, the
coding sequences of the MV F-protein (wild type strain 1C323)
(GI: AJ133108.1) (28) or vaccine-lineage strain NSe (29, 30)
were defined as targets. This sequence differs only in two posi-
tions when compared with the wild type: M94V and G460W.
These sequences were submitted to the metaserver GeneSilico
(31), which distributed the query sequences into different fold
recognition servers to identify the best template structure.
Based on sequence identity and template score, we selected the
PIV5 trimer crystal structure (Protein Data Bank (PDB): 2B9B)
as the template for homology modeling.

Modeling the MV F-trimer Structure—The homology model
was generated using procedures previously used for other pro-
teins (32—34). Our modeling package MPACK combines the
programs EXDIS (35), DIAMOD (36), and the energy minimi-
zation program FANTOM (37). The model structure was
obtained by fitting the monomeric structure of the MV F-pro-
tein into the trimer structure of PIV5 and was energy-mini-
mized in a water box with TIP3P water molecules for 10,000
iterations using NAMD (38) to remove steric clashes. Using
PYMOL, the overall root mean square deviation values for the
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model and template were found to be 0.354 A (FANTOM) and
0.878 A (NAMD). The solvent-accessible surface area of amino
acids was calculated using the program GETAREA (39).

Prediction of Interacting Residues with InterProSurf—Two
approaches were used to predict residues on the surface of the
MYV E-trimer model involved in interactions with other pro-
teins. The first approach, which was applied to the wild type
F-protein, is based on InterProSurf, a method that identifies
patches of potentially interacting amino acids in a protein com-
plex using the three-dimensional structures of the individual
subunits (40, 41). Using this method, amino acids on the MV
F-trimer surface with solvent-accessible surface area greater
than 10 A% were distributed in 128 clusters. These clusters were
ranked based on their InterProSurf scores (40) calculated from
the propensity values of amino acids being in an interface and
the solvent-accessible surface area of the amino acids in the
three-dimensional model of the MV F-trimer. Amino acid res-
idues from the top 40 clusters were selected. As the cluster
decomposition was applied to the complete surface of the MV
F-trimer and not separately to the individual monomers, some
residues of high scoring clusters occurred less than three times
in these top clusters. In the first mutagenesis round based on
the wild type F-protein, we focused on those residues that
occurred three times (frequency 3) in the top 40 list.

Combinatorial Prediction of Interacting Residues—A second
mutagenesis approach was applied to the vaccine-lineage NSe
F-protein sequence for diversification. It was based on the less
restrictive criterion of frequency 2 or 3 in the InterProSurf anal-
ysis, in combination with conservation of residues in the Mor-
billivirus genus. Conservation was assessed with the PCPMer
program suite, which defines conserved segments in aligned
protein sequences according to high values of the relative
entropy scale (42). The relative entropy values measure five
quantitative descriptors of physical chemical properties of res-
idues (43) in columns of a multiple sequence alignment relative
to what would be expected if the amino acids in a column are
randomly distributed. The relative entropy values are typically
in the range of 1-2.5 for highly conserved positions and zero
for a random distribution. We selected all positions in the
MV E-protein sequence in the top half of the relative entropy
values for the aligned sequences in the Morbillivirus genus.
Nine F-protein sequences from the morbilliviruses were
aligned: MV strains Schwarz (GenBank™: AAF85704.1) and
AIK-C (GenBank: AAF85664.1); two variants of the canine dis-
temper virus strain Onderstepoort (GenBank: CAA46481.1
and AAK54668.1); two variants of the rinderpest virus strain
Kabete O (Swiss-Prot: P12574.1, and National Center for Bio-
technology Information (NCBI): YP_087124.2); peste-des-pe-
tits-ruminants virus (GenBank: AAS68030.1); dolphin morbil-
livirus (NCBI: NP_945028.1); and phocine distemper virus
(GenBank: BAA01206.1). Residues that were conserved in the
broader Paramyxovirus family (morbilli, rubula, respiro, avula,
henipa, and unclassified sequences) with high relative entropy
were discarded as these residues are probably conserved for
reasons different from the MV F-H interactions as heterotypic
glycoproteins do not trigger fusion.

Cells—Human embryonic kidney 293 (HEK-293) (ATCC
CRL-1573) cells were maintained in Dulbecco’s modified
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Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37 °C with 5%
CO,. Baby hamster kidney cells stably expressing the T7 polym-
erase (BHK-T7) (44) were maintained in DMEM supplemented
with 10% FBS and 0.1 mg of G418/ml. Vero (ATCC CCL-81)
and Vero/hSLAM (Vero cells stably expressing human signal-
ing lymphocyte activation molecules (kindly provided by Y.
Yanagi)) (45) were maintained in DMEM supplemented with
10% FBS and 0.5 mg of G418/ml. Chinese hamster ovary (CHO)
cells (ATCC CCL-61) were maintained in DMEM supple-
mented with 10% FBS and 0.5 mg of nonessential amino
acids/ml

Expression Plasmids and Mutagenesis—All the F-protein
mutants were generated in pCG-F Wt and pCG-F vaccine lin-
eage strain plasmids (29) by QuikChange site-directed
mutagenesis (Stratagene, La Jolla, CA). The integrity of each
clone was confirmed by sequencing the entire F-protein gene.

Antibodies—Polyclonal antiserum (F,,,) to a peptide mim-
icking a region in the cytoplasmic tail of MV F and antiserum
(H,,,) to a peptide in the cytoplasmic tail of H-protein (46) were
raised in rabbits; conformation-sensitive monoclonal antibod-
ies cI55 (anti-H) and Y503 (anti-F) were kind gifts from Dr.
Gerlier, INSERM, Lyon, France. Monoclonal anti-MV F anti-
body 186CA (47) was a kind gift from Branka Horvat, INSERM
(Lyon, France), and 19GD6 (48) was a kind gift from Mariethe
Ehnlund, Karolinska Institute, Stockholm, Sweden. HRP-con-
jugated goat anti-mouse (Pierce) and phycoerythrin-conju-
gated goat anti-mouse (Jackson ImmunoResearch, West Grove,
PA) antibodies were obtained commercially.

Fusion Assays—Vero/hSLAM cells were seeded onto 24-well
plates 12 h before transfection. Transfection was done by dilut-
ing 7.5 ul of Lipofectamine 2000™ (Invitrogen) in 50 ul of
Opti-MEM followed by incubation for 10 min. Meanwhile, 1 g
wild type or mutant F-plasmid DNA, 1 ug of wild type H-plas-
mid, and 1 pg of enhanced GFP plasmid DNA were diluted in
50 ul of Opti-MEM. The two solutions were combined and
incubated for 20 min at room temperature. The transfection
mixture was overlaid onto the cells, and fusion was monitored
16 h after transfection by observing the syncytia under the
microscope. The extent of fusion in one field of view (about
2000 cells) was recorded by using the following meter: 0, two or
fewer 4 —5-nuclei syncytia (background); 1, three or more 4 —5-
nuclei syncytia; 2, one to three syncytia with more than 10
nuclei; 3, four or more syncytia with more than 10 nuclei.

Quantitative Fusion Assays—BHK-T7 cells were seeded onto
a 24-well plate (1 X 10° cells/well) and transfected with 0.5 ug
of wild type or mutant F-plasmids and 0.5 pg of wild type
H-plasmid with Lipofectamine 2000 (Invitrogen). Vero/
hSLAM cells were seeded onto a 6-well plate (6 X 10° cells/well)
and transfected with 1.4 ug (per well) of pTM1-luc, a plasmid
expressing a T7-driven luciferase reporter gene. Six hours after
transfection, the Vero/h/SLAM cells were washed and
detached by Versene (Invitrogen) treatment and overlaid onto
the BHK-T7 cells. After 8 h, the expression of luciferase was
quantified by incubating the cells with Steady-Glo (Promega,
Madison, WI) for 5 min at room temperature and reading the
emission on a Topcount-NXT luminometer (Packard, Los
Angeles, CA).
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Immunoblots—HEK-293 cells were seeded onto 6-well plates
12 h before transfection. At ~80% confluence, the cells were
transfected with 2 ug of plasmid DNA with 5 ul of Lipo-
fectamine 2000. After 36 h of transfection, the cells were lysed
in radioimmune precipitation buffer (50 mm Tris, pH 8.0, 62.5
mM EDTA, 0.4% deoxycholate, 1% IGEPAL, and 1 mm phenyl-
methylsulfonyl fluoride (PMSF)), cleared by centrifugation at
12,000 rpm for 10 min at 4 °C, and boiled with urea buffer (200
mM Tris, pH 6.8, 8 M urea, 5% SDS, 0.1 mm EDTA, 0.03% bro-
mphenol blue, and 1.5% DTT) for 5 min. The protein samples
were resolved on 4-15% gradient SDS-polyacrylamide gel,
transferred to polyvinylidene difluoride membranes (PVDF)
(Millipore, Billerica, MA), probed with monoclonal rabbit anti-
F., oranti-H_ antibodies, and visualized by ECL plus reagent
(GE Healthcare).

Co-immunoprecipitation—Forty hours after transfection
cells were washed in PBS twice and lysed by three freeze-thaw
cycles in PBS supplemented with protease inhibitors and 1 mm
PMSE. The lysates were cleared by centrifugation and, the
supernatants were incubated with antibody cl55 and 25 ul of
protein G-agarose beads at 4 °C for 2 h. The beads were pulled
down, washed with PBS twice, and resuspended in urea buffer.
The samples were boiled for 5 min and subjected to immunob-
lots using the anti-F,,, antibody. Protein bands were quantified
using the Typhoon fluorimager (GE Healthcare) and the
ImageQuant 5.0 software (Molecular Dynamics).

Cell Surface Expression Analysis by Flow Cytometry—Vero/
hSLAM or CHO cells were transfected with F- and H-plasmid
DNAss as described above. The cells were detached by incubat-
ing with Versene (Invitrogen) for 10 min at room temperature,
washed twice in cold FACS washing buffer (1X PBS, 2% FBS,
0.1% NaNj,), and exposed to various temperatures (37, 45, 55,
and 65 °C) for 10 min when necessary. The cells were then incu-
bated with primary antibody (1:1000 dilution) for 1 h at 4 °C.
After three washes in the FACS washing buffer, the cells were
incubated with secondary antibody conjugated with phyco-
erythrin (1:500 dilutions) for 1 h at 4 °C. The cells were washed
and fixed in 4% paraformaldehyde and read by FACSCalibur
(BD Biosciences). The results were analyzed by Flow]Jo software
(Tree Star Inc., Ashland, OR).

RESULTS

New MYV F-trimer Model and Its Use to Guide Mutagenesis—
In the absence of structural information on the MV F-trimer,
we modeled it based on the crystal structure for the prefusion
form of the PIV5 F-trimer (Fig. 1 and “Experimental Proce-
dures”). The model was energy-minimized and used to predict
surface residues likely to interact with other proteins.

We used two complementary approaches to predict interact-
ing amino acids. One was based on the InterProSurf program
(41) that identifies potentially interacting clusters of residues
(Fig. 1B, bottom right, salmon color). The other used, in addi-
tion, the conservation level of individual amino acids, which
was measured using the PCPMer program (27). The ap-
proaches yielded two overlapping sets of candidate residues as
listed in Fig. 2A. The combination analysis yielded 39 candi-
dates (left columns), whereas InterProSurf alone yielded 33 can-
didates (right columns). Of the total 49 candidates, 23 were
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FIGURE 1. Alignment of the sequences of MV and PIV5 ectodomains and
structural model of the MV F-trimer. A, MVF, sequence of the F-protein of
the MV IC-B strain. PIV5F, sequence of the F-protein of PIV5. Positions identical
with MVF are indicated with a dot. The signal peptides at the amino terminus
and the transmembrane domain near the carboxyl terminus are shown in
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predicted by both strategies. In consideration of the significant
overlap of the two sets of mutants, mutagenesis was executed in
two different backbones, vaccine lineage or wild type. These
F-protein backbones differ in two residues (“Experimental Pro-
cedures”), and the vaccine lineage protein is slightly more fuso-
genic than the wild type.

Mutagenesis was based on two small amino acids: alanine to
substitute charged and polar residues and serine to replace apo-
lar residues. These residues were chosen to limit structural
interference possibly leading to reduced protein folding and
transport.

Identification of F-residues Sustaining Efficient Fusion—The
function of each F-protein mutant was assessed by document-
ing the level of syncytia formation after co-transfection of the
corresponding F-expression plasmid with the standard H-pro-
tein expression plasmid. Fig. 24 documents the different levels
of fusion (0-1-2-3) for controls and two mutants. Although
most of the 72 mutants tested fully retained their fusion func-
tion, 29 lost different levels of functional competence (Fig. 2B).
Because we were interested in mutants with strong effects, we
focused on those eight that lost more than 50% of their func-
tion. This level was defined by either the average of the results
with both backbones or the average of the results on the only
backbone tested.

Analysis of protein expression for these mutants (Fig. 34)
revealed that L325S, Y349A, and R360A (Fig. 3B, red) were pro-
cessed efficiently, whereas W311A, L348S, 1393S, D418A, and
Y437A (Fig. 3B, blue) were processed inefficiently if at all.
Remarkably, all these mutants are located in the lower half of
the F-trimer head and form a belt below the fusion peptide (Fig.
3B, purple). All mutants located above the fusion peptide
retained most or all of their function (Fig. 3B, white residues).

The eight residues with greatly reduced fusion function
served as starting points (anchors) for the next round of
mutagenesis, which included all solvent-exposed amino acids
near which a-carbon atoms are predicted to be located within
10 A of those of the anchor residues. These criteria identified 11
additional residues, shown in orange on the F-trimer model
(Fig. 3B). The corresponding proteins were expressed, and their
function and processing were documented.

Fig. 4A shows a gel analysis of protein processing, with the
average results of multiple fusion assays indicated above each
lane. Mutants E310A, G361S, and T400A did not induce fusion
and were not processed into F, and F, (blue boxes above the

gray.The membrane-proximal 7-residue external region (MPER) (52) is shown
in bold gray, and a box is drawn around the predicted MV fusion peptide. The
single gap introduced in the MVF sequence and the one in the PIV5F
sequence are shown with dashes. The GCNt sequence used to stabilize PIV5F
is shown in the line immediately below the PIV5F sequence. The position and
nature of the 83 single amino acid mutations introduced for this study are
indicated in the three lines above the MVF sequence. Line immediately above
F, substitutions introduced in the vaccine lineage strain. Middle line, substitu-
tions in the wild type strain (first mutagenesis round). Top line, additional
substitutions introduced around anchor residues (second mutagenesis
round). B, F-protein structural model. Top, backbone (left) and surface (right)
representations of one MV F-monomer. Bottom, top (left) and side (right) view
of an F-trimer. The three subunits are shown in light orange, light blue, and
pale green. The fusion peptide is shown in purple, and the top 40 surface
cluster residues are shown in salmon. The GCNt trimer stabilizing region used
to mimic the transmembrane region is shown in gray.
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FIGURE 2. Fusion efficiency of first round F-protein mutants. A, syncytium
formation in Vero/hSLAM cells after F- and H-protein coexpression. Cells were
photographed 24 h after transfection. Level 0: negative control, H-expression
plasmid alone. Level T: mutant R360A. Level 2: mutant V371S. Level 3: positive
control, wild type F. B, residues mutated in a vaccine lineage (Vac) or a wild
type (Wt) backbone. The results of the fusion assay for each mutant (average
of at least three assays) are indicated with rectangles. A full rectangle indicates
full fusion activity, a void rectangle indicates no fusion activity, and two-thirds-
and one-third-filled rectangles indicate intermediate fusion level, as defined
under “Experimental Procedures.” Color qualifies the processing characteris-
tics of the mutants with low fusion function; red indicates efficient processing
into F,, and blue indicates minimal or no processing of F,.

corresponding lanes). Mutants Q322A, Q383A, and L394S did
not induce fusion but were processed at levels close to wild type
(red boxes above the corresponding lanes). The other five
mutants retained significant fusion function.

Thus, a total of 14 residues required for fusion function were
identified. Six of the corresponding proteins (Fig. 4B, red resi-
dues) were efficiently processed into F; and F,, whereas the
other eight (Fig. 4B, blue residues) were not. We further con-
firmed the fusion function of these six efficiently processed
mutants using a quantitative fusion assay (17) that uses a lucif-
erase reporter to monitor the extent of fusion.
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FIGURE 3. Processing of the first round F-protein mutants with strongly
impaired function and their localization on the F-trimer model. A, protein
extracts from cells used for one of the functional assays were separated on a
gel, and the F-proteins (top panel) or B-actin (bottom panel, loading control)
were characterized by immunoblot. Mutant identity is indicated above each
lane. F-processing analyses that were done in absence of Hyielded equivalent
results (not shown). Molecular mass marker sizes are indicated on the /eft.
F, standard F-protein; Neg.c, empty vector (negative control). The positions of
the unprocessed (F,) and processed (F,) protein bands are indicated on the
right. B-a, B-actin. B, localization of the residues affecting fusion function and
processing of the F-protein. The fusion peptide is colored purple; the eight
anchor residues are colored either red or blue according to the convention
above. The surface residues surrounding the anchors within 10 A distance are
colored orange. Residues whose modification did not strongly affect mem-
brane fusion are shown in white.

Fig. 5 documents the levels of luciferase expression recorded
for each mutant, confirming that their fusion function is less
than 50% of that of the wild type F-protein. In particular, the
three mutants with fusion level 1 in the semiquantitative assay
(Q322A, R360A, and Q383A) retained about 20 —40% of fusion
function, whereas the other three mutants with fusion level 0
were only marginally if at all above background. We then ana-
lyzed cell surface expression of the six correctly processed pro-
teins and documented that five are expressed at levels similar
(60-140%) to standard F (supplemental Fig. 1), whereas R360A
is expressed at about 3-fold reduced levels.

Hydrophobic Interactions Are Important for Fusion—Three
of the six amino acids required specifically for signal transmis-
sion, Leu-325, Tyr-349, and Leu-394, have hydrophobic side
chains. To test whether hydrophobicity is important for func-
tion, we mutated the corresponding side chains, introducing a
charged residue, either aspartate or lysine. Conservative muta-
tions to valine or tryptophan were also introduced as controls.
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FIGURE 4. Processing and function of the second round F-protein
mutants and their localization on the F-trimer model. A, protein extracts
from transfected cells were separated on a gel, and the F-proteins were char-
acterized by immunoblot. Mutant identity is indicated above each lane.
Molecular mass marker sizes are indicated on the left. Results of the fusion
assays performed before cell lysis are indicated above each lane with the
same conventions used in Fig. 2. F, standard F-protein; Neg.c, empty vector.
The positions of the unprocessed (F,) and processed (F,) protein bands are
indicated on the right. B-a, B-actin. B, localization of the mutants on the
F-trimer model, surface representation. Inset: portion of the F-trimer
where most of the important residues are located. Color coding is as in
Fig. 3.

We documented the efficiencies with which the mutated
F-proteins executed membrane fusion. Although the proteins
with control hydrophobic residues were functional, all charged
substitutions abolished fusion (Fig. 64, top three rows, left and
center panels). We then characterized processing of the mutant
proteins. Except Y349D, which was not processed, all the other

SEPTEMBER 21, 2012 +VOLUME 287 +-NUMBER 39

Membrane Fusion Triggering in Paramyxoviruses

100

80

60

I
40 i

% RLU of wt-F

20

0 e | |

H

Neg c.

wt-F
Q322A
L3258
Y349A
R360A
Q383A
L3948

FIGURE 5. Quantitative analysis of the fusion function of the six key F-pro-
tein mutants. A quantitative fusion assay was performed 14 h after transfec-
tion. Mutants are indicated on the horizontal axis. Neg c., negative control
(H-protein expression plasmid only). Wt-F, positive control (standard F-pro-
tein expression plasmid). The vertical axis indicates relative luciferase units
(RLU) presented as a percentage of Wt-F. Results represent the average of
three replicates; error bars indicate the S.D.

proteins were processed with efficiency similar to wild type
(Fig. 6B).

We also measured thermal stability of the three mutant
F-proteins that revealed the involvement of hydrophobic
side chains in the interactions with H. For this we took
advantage of the pair of antibodies 186CA and 19GD6 (47,
48), which recognize the prefusion and the triggered F forms,
respectively.?

Fig. 7 documents the reactivity of wild type F and of the
L325S, L394S, and Y349A mutants with 186CA, recognizing
the prefusion conformation (top panel), and with 19GD6, rec-
ognizing the triggered conformation (bottom panel). Although
wild type F and the L325S and L394S mutants exhibited equiv-
alent stability, mutant Y349A was slightly more stable, main-
taining reactivity to the former antibody even after incubation
at 55 °C. Altogether, these experiments show that a hydropho-
bic environment is important for the fusion process and that
the mutations considered here do not simply destabilize the
corresponding F-mutants.

Three F-mutants Have Reduced Interactions with H—We
then asked whether the six F-protein mutants (Q322A, L325S,
Y349A, R360A, Q383A, and L394S) that retained processing
into F, and F, also retained efficient interactions with the
H-protein by assessing whether they co-immunoprecipitate.
Fig. 84 shows the primary data of one co-immunoprecipitation
analysis, and Fig. 8B shows the primary data of the control
experiments documenting protein expression levels. In addi-
tion, Fig. 8C shows the average and standard deviation of four
co-immunoprecipitation analyses, and Fig. 8D shows the cor-
responding total protein expression controls.

The results can be summarized as follows. Proteins Q322A
and L325S co-immunoprecipitated with an efficiency equiva-
lent to that of wild type F, whereas proteins Y349A, Q383A, and
L.394S had 35-50% reduced efficiency. Co-immunoprecipita-
tion of R360A was also reduced, but this protein was

3 P. Plattet, personal communication.
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FIGURE 6. Hydrophobic nature of three residues is important for fusion function. A, extent of cell fusion supported by F-protein mutants. Cells were
co-transfected with the F-expression plasmid indicated, an H-expression plasmid, and a GFP-expression plasmid, and the extent of syncytia formation was
documented. Conventions used to indicate extent of fusion are as in Fig. 2. Neg.c, empty vector. B, F-protein expression and processing. Protein extracts from
cells used for the functional assays of panel A were separated on a gel, and the F-proteins were characterized by immunoblot. Mutant identity is indicated above
each lane. FH, wild type F and H expression (positive control). The positions of the unprocessed (F,) and processed (F,) protein bands are indicated on the right.
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FIGURE 7. Thermal stability of three F-protein mutants. Cells expressing
the proteins indicated at the bottom were exposed to the temperatures indi-
cated on the left for 10 min, fixed, stained, and sorted. Fwt, standard F-protein.
Neg.c, empty plasmid. F-protein on the cell surface was detected with confor-
mation-specific antibodies 186CA (top panel) or 19GD6 (bottom panel); fluo-
rescence intensity of individual cells was measured by FACS. The vertical axis
indicates mean fluorescence intensity. Mean and standard deviations are
indicated on each column. Color coding for temperature exposure is on the
left.

expressed at lower levels; in experiments with this mutant,
reduced H-protein levels were also consistently docu-
mented. Thus, these six F-protein mutations had limited or
no effect on the interactions with H when introduced indi-
vidually, suggesting that multiple interactions stabilize F-H
oligomer complexes.
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DISCUSSION

Decisive interactions for viral tropism occur at cell entry.
After binding specific receptors, paramyxoviruses including
MYV fuse their envelope with the plasma membrane at neutral
pH. Transmission of the membrane fusion triggering signal
involves opening of the dimeric interface of the H-heads (17),
followed by conformational changes of a central segment of the
H-stalk (15). We focused here on signal receipt by the F-trimer
and identified six residues, all located in the lower half of the
F-trimer head. Although one of these residues (GIn-383) is
adjacent to the fusion peptide, the other five cluster inside or
near a large cavity in the base of the head. This cavity is flanked
by two different subunits of the F-trimer.

In Fig. 4B, the lower panel presents a close-up of the inter-
subunit cavity; four residues form a half circle within it. From
the left, Leu-394 is located on the left side of the cavity in one
monomer (yellow shading); Tyr-349 is located at the back of the
cavity; and contiguous residues GIn-322 and Leu-325 are
located on the right side. These three residues are contributed
by another monomer (light blue shading). Arg-360 is a charged
residue located to the right of Leu-325, but outside the cavity.
The distance between the a-carbon atoms of GIn-322 and Leu-
394 is ~21 A, whereas the widest distance between the a-car-
bon atoms of the two helices of the four-helix bundle HN-pro-
tein stalk is ~18 A. Thus, two helices of the H-stalk could fit in
the cavity.

As to the F-H contacts, because these lateral cavities are open
toward the top and the F-head is convex, the upper part of the
H-stalk may not clash with it. Moreover, the H-stalk, which is
15-20 residues longer than the HN-stalk, would locate the
H-head layer above the F-trimer layer (26). We note that two
different arrangements on the stalk have been considered: first,
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FIGURE 8. Co-immunoprecipitation analyses of the interactions of the F-protein mutants with H. Cells were transfected with the plasmids indicated above
the gels or below the columns. A and B, individual experiments: co-immunoprecipitations and total cell lysates, respectively. The first three lanes are controls:
Neg.c, empty plasmid; H only and F only, these plasmids alone. In the next seven lanes, standard F-protein (Fwt) or the six mutants indicated were co-transfected
with standard H. Forimmunoprecipitation, the anti-H antibody cI55 was used. Precipitated complexes were separated on a PYDF membrane and probed with
anti-F, (top panels) or anti-H_,, (bottom panels) antibodies. Molecular mass marker sizes are indicated on the left, and the positions of the F-and H-proteins are
indicates on the right. C and D, graphic summaries of the quantitative results of four experiments. Protein bands were quantified using the Typhoon
fluorimager and the Imagequant 5.0 software; y-axes indicate pixel intensities of the protein bands. Error bars indicate the S.D.

“heads-up,” with heads located on the top of the stalk, possibly
making tetrameric contacts similar to those observed in crystal
structures derived from incomplete H-heads missing their
stalks and stalk-proximal segment (16); and second, “heads-
down,” as revealed by the crystal structure of HN-heads with
their tetrameric stalk, in which head-dimers adhere laterally to
the stalk, without making direct tetrameric contacts (21).
Although we do not know whether the MV H-heads are
arranged “up” or “down” on the viral surface, both arrange-
ments are compatible with tetrameric H-stalks being lodged in
apposed cavities of two F-trimers.

Do F-trimers of other paramyxoviruses receive the triggering
signal through an analogous mechanism? Studies based on seg-
ment exchanges between the F-proteins of human parainflu-
enza virus 2 and simian virus 41 did identify segments possibly
involved in contacts, but these analyses have not been refined at
the amino acid level (51). Nevertheless, because our study is
based on a homology model, the signal transmission mecha-
nism considered here may be conserved among paramyxovi-
ruses, including those that cause lethal disease such as Nipah
and Hendra and prevalent human pathogens such as mumps
and human respiratory syncytial virus.

Other F-protein residues have been shown to affect function.
A comparative analysis of fusion efficiency based on differences
between two MV strains concluded that Phe in place of Leu at
position 278 results in more efficient fusion (49). Residue 278 is
part of the hydrophobic core of the protein, and it is conceivable
that a large aromatic side chain slightly destabilizes the
F-trimer, promoting more efficient fusion.

Another analysis focused on four residues differing between
the F-proteins of two strains of the morbillivirus canine distem-
per virus (50). This analysis concluded that the residues homol-

SEPTEMBER 21, 2012+ VOLUME 287 +-NUMBER 39

ogous to MV Ala-121 and Lys-205 are determinants of physical
glycoprotein interactions (50). Because Lys-205 is buried in the
trimer, near the top of the head, an indirect effect was consid-
ered. For Ala-121, which is part of the fusion peptide, a direct
effect was proposed (50). However, in view of the data pre-
sented here, even for Ala-121, an indirect effect on the interac-
tion with H appears more likely.

In summary, molecular modeling predicted the existence of a
large cavity in the base of the MV F-trimer head. Functional
studies characterized this cavity as a site required for receiving
the fusion-triggering signal. Biochemical analyses indicated
that hydrophobic interactions in the cavity are important for
signal transmission. We are considering the hypothesis that
tetrameric H-stalks fit between two apposed F-trimers. To
challenge this hypothesis, we are generating docking models
predicting how the side chains of individual residues in F-trim-
ers and tetrameric H-stalks engage. We will then introduce
compensating mutations on both sides to reconstitute
function.
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