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The paramyxovirus entry machinery consists of two glycoproteins that tightly cooperate to achieve membrane fusion for cell
entry: the tetrameric attachment protein (HN, H, or G, depending on the paramyxovirus genus) and the trimeric fusion protein
(F). Here, we explore whether receptor-induced conformational changes within morbillivirus H proteins promote membrane
fusion by a mechanism requiring the active destabilization of prefusion F or by the dissociation of prefusion F from intracellu-
larly preformed glycoprotein complexes. To properly probe F conformations, we identified anti-F monoclonal antibodies
(MAbs) that recognize conformation-dependent epitopes. Through heat treatment as a surrogate for H-mediated F triggering,
we demonstrate with these MAbs that the morbillivirus F trimer contains a sufficiently high inherent activation energy barrier to
maintain the metastable prefusion state even in the absence of H. This notion was further validated by exploring the conforma-
tional states of destabilized F mutants and stabilized soluble F variants combined with the use of a membrane fusion inhibitor
(3g). Taken together, our findings reveal that the morbillivirus H protein must lower the activation energy barrier of metastable
prefusion F for fusion triggering.

Paramyxoviruses are enveloped, nonsegmented, negative-
stranded RNA viruses which include pathogens of both hu-

mans and animals and collectively induce diseases with significant
global health and economic impacts. For instance, respiratory
syncytial virus (RSV), a pneumovirus, is a major cause of pneu-
monia in young children. Measles virus (MeV), a morbillivirus,
still kills more than 120,000 people each year (1), whereas the
closely related canine distemper virus (CDV) continues to rage
among terrestrial and aquatic carnivores with high rates of mor-
bidity and mortality. Emerging paramyxoviruses such as Hendra
virus (HeV) and Nipah virus (NiV) cause zoonotic infections with
high mortality rates (2, 3).

To initiate disease, paramyxoviruses enter host cells by using
two envelope glycoproteins that tightly cooperate to mediate
plasma membrane fusion at a neutral pH: the attachment (HN/
H/G, depending on the genus) and the fusion (F) proteins (4).
Functional paramyxovirus attachment proteins consist of a
loosely associated pair of covalently linked dimers (5, 6); each
monomer is composed of a short luminal tail, a single membrane-
spanning region, and a large ectodomain. The extracellular region
comprises a membrane-proximal stalk region supporting a
membrane-distal globular head domain that contains the recep-
tor-binding sites. While H/G proteins interact with specific pro-
teinaceous receptors (7–12), HN proteins bind to sialic acid-con-
taining molecules (4, 13). Partial crystal structures of several
paramyxovirus attachment protein ectodomains have been
solved, which revealed that the monomeric head domains invari-
ably fold into a six-bladed beta-propeller conformation typical of
sialidases (6, 14–16). However, substantial differences were ob-
served with respect to their oligomeric organizations (6). Al-
though these conformations were speculated to represent
biologically relevant tetrameric conformations, the functional sig-

nificance of individual tetramer arrangements remains to be dem-
onstrated.

Like other class I viral fusion glycoproteins, the paramyxovirus
F protein forms a homotrimer. The F protein is first synthesized as
an inactive precursor (F0) that is proteolytically matured into two
disulfide-linked subunits (F1 and F2). F1 contains a short luminal
tail, a transmembrane domain, and a large ectodomain harboring
conserved domains that are characteristic of class I viral fusion
glycoproteins. These include a hydrophobic N-terminal fusion
peptide (FP) and two heptad repeat regions (HRA and HRB),
adjacent to the FP and the transmembrane domain, respectively
(4, 17). The crystal structures of paramyxovirus F proteins in both
the pre- and postfusion conformations have been determined and
have considerably advanced our insight into F-protein structural
rearrangements that occur upon the triggering of attachment-
protein-mediated fusion. The X-ray structure of a soluble, prefu-
sion-stabilized parainfluenza virus type 5 (PIV5) F trimer revealed
a short three-helix bundle (3-HB) stalk region supporting a large
globular head domain (18). This differs strikingly from the solu-
ble, nonstabilized, Newcastle disease virus (NDV), hPIV3, and
RSV F trimers, which featured a “golf tee-like” conformation that
includes the six-helix bundle (6-HB) fusion core structure char-
acteristic of class I viral fusion proteins in their postfusion state
(19–21).
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Receptor binding by attachment proteins is thought to activate
F when a target membrane is present, which then undergoes ex-
tensive structural rearrangements leading to a membrane merger
(4, 22–26). Whereas both structural and functional studies have
strongly advanced our knowledge of receptor binding by
paramyxovirus attachment proteins, it remains largely unknown
how attachment proteins translate receptor binding to F trigger-
ing. It was speculated based on conformation-sensitive monoclo-
nal antibody (MAb)-binding patterns that F triggering is due to
receptor-induced conformational changes within the paramyxo-
virus attachment protein (27, 28). In the case of morbillivirus H
proteins, both the head and the central stalk sections were further-
more shown to undergo oligomeric modifications as signals for F
triggering (24, 29). However, the first proof of a direct link be-
tween H structural rearrangements and F triggering was obtained
only very recently. In that study, native PAGE gel systems success-
fully illuminated discrete H migration profiles, which correlated
with putative receptor-bound and -unbound conformational
states (30).

Depending on the paramyxovirus type, the fusion and attach-
ment proteins travel to the cell surface either as intracellularly
preformed hetero-oligomeric complexes (31) or independently
(32, 33), which implied different molecular mechanisms of at-
tachment-protein-dependent F triggering. Two hypotheses
emerged with respect to the energetic nature of F activation by
paramyxovirus attachment proteins upon interactions with their
receptors (34–38). According to the first model, the receptor-
binding protein actively destabilizes the F protein to trigger the
refolding cascade (referred to as the provocateur or association
model). This notion was supported by data showing that the fu-
sion protein maintains the prefusion state in the absence of the
attachment protein (35) and that fusion activity is directly pro-
portional to strength of the interaction between the two glycopro-
teins (model described for sialic acid-binding HN-carrying
paramyxoviruses) (39, 40). In contrast, the second model predicts
that prior to receptor binding, the attachment protein actively
prevents the prefusion F trimer from undergoing irreversible
structural rearrangements. Upon the interaction of the attach-
ment protein with a host cell receptor, the F protein is released
from the preassembled glycoprotein complex, which in turn
spontaneously refolds (referred to as the clamp or dissociation
model). The latter model takes into account a strong intracellular
association observed between morbillivirus F and H proteins (31)
and an inverse correlation between fusion activity and the
strength of the physical interaction between the two glycoproteins
(model described for proteinaceous receptor-binding H/G-carry-
ing paramyxoviruses) (41–45). As recently documented, however,
both models do not exclude any additional requirements for in-
teractions of the fusion/attachment proteins which may occur be-
yond the initial F-triggering step (46, 47).

In the present study, we examined the intrinsic conformational
stability of the morbillivirus F-protein trimer by monitoring the F
conformation in the presence and absence of the attachment pro-
tein. Different conformational states of F were discriminated by
employing newly identified pairs of conformation-sensitive anti-F
MAbs. Based on this approach, we provide biochemical and func-
tional evidence supporting the view that the morbillivirus F trimer
inherently maintains a prefusion conformation regardless of the
presence or absence of the H protein. This suggests that the H
tetramer does not actively stabilize the prefusion F trimer. Rather,

our findings demonstrate that H lowers the activation energy bar-
rier of the self-stabilized morbillivirus prefusion F trimer, en-
abling the F-refolding cascade to proceed.

MATERIALS AND METHODS
Cell cultures and viruses. 293T cells, CHO cells, Vero cells, Vero cells
expressing the SLAM receptor (Vero-SLAM cells), and Vero-SLAM cells
additionally engineered to express Hwt (Vero-SLAM-H cells) were grown
in Dulbecco’s modified Eagle’s medium (Gibco, Invitrogen) with 10%
fetal calf serum at 37°C in the presence of 5% CO2. The modified vaccina
Ankara (MVA)-T7 recombinant virus was used for a quantitative cell-cell
fusion assay and was obtained from B. Moss, NIH, Bethesda, MD. The
recombinant CDV A75/17 strain, containing an additional red fluores-
cent protein (RFP) gene (48, 49), was amplified in Vero-SLAM cells,
whereas a previously described H-knockout derivative was amplified in
Vero-SLAM-Hwt cells (50).

Construction of expression plasmids. All single (and multiple) sub-
stitutions performed in pCI-CDV-F (derived from hemagglutinin [HA]
of the CDV A75/17 strain [51]) or pCI-MeV Fedm (derived from the
hemagglutinin of the MeV Edmonston strain) were obtained by using the
QuikChange Lightning site-directed mutagenesis kit (Stratagene). FLAG
tag insertions (DYKDDDK) within different locations of the morbillivirus
F proteins were performed by site-directed mutagenesis as described
above. Only the epitope tag insertion with the N-terminal region of F2

(between V216 and G217, according the CDV F-protein amino acid num-
bering) did not substantially alter F bioactivity. Soluble CDV F proteins
were generated by removing the transmembrane and cytosolic tail of the
membrane-embedded F-expressing plasmid (sF). To potentially stabilize
F in the prefusion state, we fused the GCNt tag peptide (18) N terminally
to the F HRB region (sF-GCNt). This was achieved by PCR amplification
(High Fidelity PCR system; Roche) of the desired F fragments with RsrII-
bearing primers. In addition, the reverse primer contained the GCNt nu-
cleotide motif (encoding the sequence EDKIEEILSKIYHIENEIARIKKLI
GEAPGGIEGR). PCR products were next digested with RsrII and
subsequently cloned into the RsrII-cleaved pCI vector. Finally, both mod-
ified F genes were further tandemly tagged with hexahistidine (6�His)
and FLAG epitopes by site-directed mutagenesis, using the same kit as that
described above.

Transfections and luciferase reporter gene content mix assay. Vero
cells, in 6-well plates at 90% confluence, were cotransfected with 2 �g of
different pCI-F constructs (52), with 1 �g of the various pCI-H plasmids
with 9 �l of Fugene HD (Roche), or with 1 �g of the various pCI-F
plasmids in 24 wells with 3 �l of Fugene HD, according to the manufac-
turer’s protocol. In some experiments, phase-contrast pictures were taken
at 24 h posttransfection with a confocal microscope (Fluoroview FV1000;
Olympus).

The quantitative fusion assay was performed as described previously
(53, 54). Briefly, Vero cells were cotransfected with the F and H expression
plasmids and 0.1 �g of pTM-Luc (kindly provided by Laurent Roux,
University of Geneva). In parallel, separate 6-well plates of Vero-SLAM
cells or keratinocytes at 30% confluence were infected with MVA-T7 (55)
at a multiplicity of infection (MOI) of 1. After incubation overnight, both
cell populations were mixed. After 2.5 h (Vero-SLAM cells), the cells were
lysed by using Bright Glo lysis buffer (Promega), and the luciferase activity
was determined by using a luminescence counter (PerkinElmer Life Sci-
ences) and the Britelite reporter gene assay system (PerkinElmer Life Sci-
ences).

Western blotting. Western blots were performed as previously de-
scribed (54, 56). Transfected cells were washed twice with cold phosphate-
buffered saline (PBS) before the addition of 150 �l of lysis buffer (10 mM
Tris [pH 7.4], 150 mM NaCl, 1% deoxycholate, 1% Triton X-100, 0.1%
sodium dodecyl sulfate [SDS]) with a complete protease inhibitor (Roche
Biochemicals). After incubation for 20 min at 4°C, the lysates were cleared
by centrifugation at 5,000 � g for 15 min at 4°C, and the supernatant was
mixed with an equal amount of 2� Laemmli sample buffer (Bio-Rad)
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containing 100 mM dithiothreitol, subsequently boiled at 95°C for 5 min,
and fractionated on 8 or 10% SDS-polyacrylamide gels under denaturing
conditions. Separated proteins were transferred onto nitrocellulose mem-
branes by electroblotting. The membranes were then incubated with a
polyclonal rabbit anti-CDV F antibody (57) or an anti-HA polyclonal
antibody (Covance). Following incubation with a peroxidase-conjugated
secondary antibody, the membranes were subjected to enhanced chemi-
luminescence (ECL) (Amersham Pharmacia Biotech), according to the
manufacturer’s instructions.

Soluble F-protein production and immunoprecipitation (IP). 293T
cells were transfected with 10 �g of various soluble F-expressing DNA
plasmids. At 3 days posttransfection, supernatants were harvested, and
soluble F proteins were concentrated by using 30-kDa-cutoff filtration
columns (Millipore). Subsequently, equal aliquots of supernatants were
immunoprecipitated for 2 h with either anti-FLAG F3165 M2 (Sigma),
anti-Pre (4941), or anti-Trig (4068) MAb (1:1,000 dilution) (58). This was
followed by the addition of protein G-Sepharose beads (overnight), and
the mixture was subsequently fractionated in 10% SDS-polyacrylamide
gels under regular reducing conditions. Immunoprecipitated F proteins
were finally revealed by Western blotting, as described above, using a
polyclonal anti-F antibody.

Immunofluorescence (IF) staining and flow cytometry. Vero or
CHO cells were transfected with 1 �g of F-expressing DNA plasmids alone
or combined with 1 �g H-expressing DNA plasmids. At 1 day posttrans-
fection, unfixed and unpermeabilized cells were washed twice with ice-
cold PBS and subsequently stained with one of the various MAbs (1:1,000
dilution) for 1 h at 4°C. In some experiments, brief heat shocks (10 min)
were performed prior to the addition of first antibodies at the indicated
temperatures. The anti-CDV F MAbs 3633, 4068, 4941, 4985, and G1 (58)
and the anti-MeV F MAbs 186CB, 186CA, 19BG4, 16AG5, and 19GD6
(59, 60) were employed. We note that MAb 4941 was initially character-
ized as an anti-H antibody (58). However, by having expressed H and F
separately in Vero cells, we clearly show in this study that MAb 4941 binds
exclusively to F trimer. As a control, the anti-FLAG F3165 M2 MAb
(Sigma) was employed. This was followed by washes with ice-cold PBS
and incubation of the cells with Alexa Fluor 488-conjugated secondary
antibody (1:500 dilution) for 1 h at 4°C. In some experiments, fluo-
rescence emission was captured by confocal fluorescence microscopy
(Fluoroview FV1000; Olympus). For flow cytometry analyses, cells
were subsequently washed 2 times with ice-cold PBS and consequently
detached from the wells by adding PBS-EDTA (50 �M) for 30 min at
37°C. The mean fluorescence intensity of 10,000 cells was then mea-
sured by using a BD LSRII flow cytometer (Becton Dickinson) or a
FACSCanto II cytometer.

Virus neutralization assay. A total of 100 50% tissue culture infective
dose (TCID50) units of virus was incubated with the indicated dilutions of
antibody for 1 h at 37°C. The virus-antibody mixture was then added to
Vero cells and incubated for 72 h at 37°C. The cells were assayed for
luciferase activity for MeV or the number of infectious units for CDV.

RESULTS
Ectodomain FLAG-tagged F-protein engineering. To monitor
F-protein expression in a conformation-independent manner, we
first engineered ectodomain FLAG-tagged F proteins. Three can-
didate domains were selected for the insertion of a FLAG tag based
on a structural model of prefusion CDV F: (i) a membrane-distal
domain (C-terminal part of F2 [CDV FF2-FLAG]), (ii) a central
domain (within the HRB-linker subdomain [CDV FHRB-link-FLAG]),
and (iii) a membrane-proximal domain (within the 7 residues
linking the transmembrane domain to the HRB subdomain [CDV
FMPD-FLAG]) (Fig. 1A and B). While all three F mutants were prop-
erly expressed and proteolytically matured (Fig. 1C), bioactivities
varied significantly: CDV FHRB-link-FLAG and CDV FMPD-FLAG were
strongly impaired in fusion activity, whereas CDV FF2-FLAG in-

duced fusion to an extent similar to that of untagged F (CDV F)
(Fig. 1E). These results were fully confirmed by quantitative, re-
porter-based cell-to-cell fusion assays (Fig. 1D). Together, the re-
sults indicate that the insertion of an 8-amino-acid FLAG tag in
the C-terminal region of F2 does not significantly alter the bioac-
tivity of the fusion protein, suggesting minimal conformational
modifications within this subdomain during F-trimer refolding
into the postfusion conformation. CDV FF2-FLAG, renamed CDV
FFLAG for simplicity, was thus selected for all subsequent experi-
ments. An identical tagging strategy was applied for MeV Fedm
(derived from the MeV Edmonston strain), which returned equiv-
alent expression and bioactivity results (Fig. 1F and G); the F2

ectodomain-tagged MeV F variant, accordingly renamed MeV
FedmFLAG, was used for all subsequent experiments with MeV F.

Identification of conformation-sensitive anti-F monoclonal
antibodies. Having thus established the conformation-indepen-
dent immunodetection of the F ectodomain (Fig. 2A), we next
screened previously reported anti-CDV F and anti-MeV F MAbs
(58–60) in search of specific antibodies that differentiate between
distinct F conformations. For identification, CDV F was coex-
pressed with CDV H in CDV receptor-negative Vero cells (Fig.
2B), and MeV F was coexpressed with MeV H in MeV receptor-
negative CHO cells (Fig. 2E). The CDV FFLAG and H variants used
in this study originated from the CDV A75/17 strain, which poorly
replicates in Vero cells. We therefore expected that F would main-
tain a prefusion conformation in this system.

To trigger F refolding and drive the trimers into a postfusion
conformation, we subjected the transfected cells to a brief (10-
min) heat shock of 40°C, 50°C, or 60°C. The anti-CDV or MeV F
MAb reactivity was then determined by immunofluorescence
analysis performed at 4°C. Of the different anti-CDV F MAbs
tested, only one (anti-F MAb 4941) efficiently stained the cells in
the absence of heat treatment (Fig. 2B). All other MAbs similarly
showed poor reactivity in the absence of heat shock or after expo-
sure to lower temperatures (37°C, 40°C, and 50°C), whereas after
exposure to a temperature of 60°C, transfected cells were stained
strongly by these MAbs (Fig. 2B). Thus, the reactivity of these
MAbs with F shows a direct correlation with increasing heat shock
temperatures, while MAb 4941 shows an inverse correlation (Fig.
2B). Likewise, a pair of conformation-sensitive anti-MeV F MAbs
with inverse and direct correlations of reactivity to increasing heat
shock temperatures was identified (186CA and 19GD6) (Fig. 2E).
For the control, cells were stained with the anti-FLAG MAb M2,
which recognizes a linear epitope and returned strong staining
under all conditions. This underscores that F surface steady-state
levels remained unchanged during the experiment.

In conclusion, these data suggest that anti-CDV F MAb 4941
and anti-MeV F MAbs 186CA and 186CB bind specifically to an
epitope present in a prefusion-like F trimer, whereas all other
MAbs may recognize epitopes present only in triggered F struc-
tures. Based on their high reactivity with prefusion and triggered F
proteins, anti-CDV F MAbs 4941 and 4068 and anti-MeV F MAbs
186CA and 19GD6, respectively, were selected for further experi-
ments and are referred to as “anti-Pre” and “anti-Trig” MAbs,
accordingly.

Flow cytometry conducted after immunofluorescence staining
confirmed the above-described findings for both pairs of MAbs
and glycoproteins: at 37°C, each F protein was strongly recognized
by the respective anti-Pre MAbs, whereas after heat shock, the F
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proteins became increasingly reactive with the virus-specific anti-
Trig MAb (Fig. 2C and F).

To further characterize the bioactivity of these conformation-
sensitive MAbs, virus neutralization assays were conducted. For
MeV, the anti-Pre MAb efficiently inhibited viral-cell entry, while
in contrast, the anti-Trig MAbs did not substantially neutralize the
virus (Fig. 2D and G). As controls, an anti-H MAb (B5, kindly
provided by Makato Takeda, National Institute of Infectious Dis-
ease, Japan) with documented neutralizing ability was included.
Unexpectedly, none of the anti-CDV F antibodies neutralized
CDV, whereas the commercially available anti-H MAb
(1C42H11) strongly inhibited virus entry (Fig. 2D). The efficient
neutralization activity of the MeV F anti-Pre MAb corroborates
binding to an epitope present in prefusion F. Despite the exclusive
reactivity of the CDV F anti-Pre antibody for an F conformational

state assumed (i) in receptor-negative cells, (ii) at 37°C, and (iii) in
the presence of H, we surprisingly found that this MAb did not
neutralize virus infectivity. A low affinity or avidity of this anti-
body for the F trimer may, however, impede efficient neutraliza-
tion. Alternatively, a distinct lipidic membrane curvature and/or
density of glycoprotein complexes on the envelope of viral parti-
cles may prevent the proper binding of MAbs to F trimers.

Taken together, we have successfully identified pairs of anti-F
MAbs that allow the differentiation of morbillivirus (MeV and
CDV) F conformations. Our findings are consistent with the no-
tion that the anti-Pre MAbs recognize prefusion conformations of
the respective F trimers, while the anti-Trig MAbs bind to refold-
ing intermediates or postfusion F.

Anti-Trig MAbs recognize F trimers triggered under physio-
logical conditions. To assess whether the conformation of F pro-

FIG 1 Engineering of ectodomain FLAG-tagged morbillivirus F proteins. (A) Homology model of the prefusion CDV F trimer (52). Residues flanking the FLAG
epitope insertion are highlighted in red. (B) Scheme of the morbillivirus F gene. Conserved regions among class I fusion proteins are shown. FP, fusion peptide;
HRA and HRB, heptad repeat regions A and B, respectively; TM, transmembrane domain. The red boxes represent the positions along the gene selected for FLAG
epitope insertions. (C and F) Expression and processing abilities of the different F variants. Total cell protein extraction from the various F mutants expressed in
Vero cells was performed. Immunoblots were decorated with a polyclonal anti-HA (MeV F constructs) or polyclonal anti-F (CDV F constructs) antibody. (D)
Quantitative fusion assay. Vero-SLAM cells (target cells) were infected with MVA-T7 (MOI of 1). In parallel, a population of Vero cells (effector cells) was
transfected with the different F proteins, a plasmid encoding H, and a plasmid containing the luciferase reporter gene under the control of the T7 promoter.
Twelve hours after transfection, effector cells were mixed with target cells and seeded into fresh plates. After 2.5 h at 37°C, fusion was indirectly quantified by using
a commercial luciferase-measuring kit. For each experiment, the value obtained for the standard F/H combination was set to 100%. Means of data from three
independent experiments in duplicate are shown. wt, wild type. (E and G) Syncytium formation assay. Shown are data for cell-cell fusion induction after the
cotransfection of Vero-SLAM cells with plasmid DNA encoding various CDV F proteins and H. Representative fields of view were captured at 24 h posttrans-
fection with a fluorescence confocal microscope (Fluoroview FV1000; Olympus).
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teins achieved upon heat shock treatment is consistent with that of
F trimers that is triggered by H upon receptor engagement, we
developed a slightly different flow cytometry-based F-triggering
assay. In the latter, F and H proteins were expressed in receptor-
negative Vero cells, and at 1 day posttransfection, cells were (i)
cocultured with receptor-positive Vero-SLAM cells, (ii) cocul-
tured with receptor-negative Vero cells, or (iii) left untreated for 1
h at 4°C. Anti-Trig MAbs were added during the coculture (recep-
tor-binding) step. The cells were then switched (or not) to 37°C
for 1.5 h and returned to 4°C. Secondary antibodies were finally
added at 4°C, and the cells were subjected to flow cytometry to
record quantitative values. Because we noted a significantly
smaller amount of total membrane-bound F proteins under con-
ditions resulting in membrane fusion activity, the binding effi-
ciencies of the anti-Trig MAbs are shown normalized to the total
amount of F trimers exposed on the plasma membrane (moni-
tored by anti-FLAG MAb).

The results presented in Fig. 3 indicate that only when F/H-
expressing Vero cells were overlaid with Vero-SLAM cells fol-
lowed by incubation at 37°C were substantially larger amounts of
F trimers detected by the anti-Trig antibodies. In contrast, when
no or receptor-negative cells were added to the system and
switched to a higher temperature, anti-Trig antibodies exhibited
reactivities very similar to those in F/H-expressing cells that did
not receive heat shock treatment. This assay thus provided clear
evidence that the conformational state of F trimers achieved
through heat treatments is similar to the conformation of F pro-
teins triggered by receptor-induced H conformational changes.
Taken together, these and previously reported results are in per-
fect agreement with the notion that anti-Trig MAbs bind to phys-
iologically relevant triggered F conformations.

High reactivity of destabilized F mutants with MAbs binding
to triggered F proteins. F mutants harboring conformation-de-
stabilizing mutations are anticipated to undergo heat shock-in-

FIG 2 Identification of conformational anti-F monoclonal antibodies (MAbs). (A) Scheme of the morbillivirus F gene. Conserved regions among class I fusion
proteins are shown. FP, fusion peptide; HRA and HRB, heptad repeat regions A and B, respectively; TM, transmembrane domain. The red box represents the
position at the C-terminal part of F2 used for the FLAG epitope insertion. (B and E) Vero (for CDV) or CHO (for MeV) cells were cotransfected with F and H
expression plasmids. For IF analysis, cells were stained with the different anti-F MAbs (FLAG, 4941, and 4068 for CDV and FLAG, 186CA, and 19GD6 for MeV)
at 24 h posttransfection at 4°C. In some experiments, brief heat shocks (10 min at the indicated temperatures) were performed prior to IF. Alexa Fluor
488-conjugated secondary antibody was then added, and images were captured with a fluorescence confocal microscope (Fluoroview FV1000; Olympus). (C and
F) Reactivity of the pair of conformational MAbs with F trimers. Cells were transfected and stained as described in above for panels B and E. Stained cells were
then subjected to flow cytometry to record mean fluorescence intensities (MFI). In some experiments, brief heat shocks (10 min at the indicated temperatures)
were performed prior to flow cytometry. Means of data from three independent experiments performed in duplicates are shown. (D and G) Virus neutralization
assay. A total of 100 TCID50 units of virus was incubated with the indicated dilution of antibody for 1 h at 37°C. The virus-antibody mixture were then added to
Vero cells, and the cells were incubated for 72 h at 37°C. The cells were assayed for luciferase activity for MeV or the number of infectious units for CDV.
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duced refolding at temperatures lower than those observed for
standard F. A previously described destabilized CDV F mutant
(L372G) (52) was assessed accordingly using our newly identified
pair of conformation-sensitive MAbs. In parallel, two residues in
MeV FedmFLAG were replaced with alanine (L457A and V459A),
with the aim to destabilize the prefusion state. These residues
were selected due to their location at the interface between the
F-stalk and head domains, which was previously shown to be
involved in maintaining the conformational stability of prefu-
sion MeV F (61).

Both F mutants were coexpressed with their homotypic H pro-
tein in receptor-negative cells (Vero cells for CDV and CHO cells
for MeV), followed by immunofluorescence analysis with the ap-
propriate pair of MAbs. In the absence of any additional temper-
ature stimulation, both the CDV F-L372G and MeV F-L457A/
V459A mutants were strongly reactive with the anti-Trig MAbs
(Fig. 4A and B). As controls, unmodified CDV and MeV F pro-
teins were included, which exhibited the expected conformation-
sensitive MAb staining profile (Fig. 4A and B). A quantitative
assessment of MAb-binding activity by flow cytometry confirmed
the microscopy results (Fig. 4C and D). In summary, destabilized
CDV and MeV F mutants are recognized by anti-Trig MAbs that
usually react with F only after heat stimulation in a receptor-neg-
ative host cell system. These results underscore the conforma-
tional specificity of the different MAbs and highlight a strong in-

herent conformational stability of wild-type morbillivirus F
proteins under physiological conditions.

Self-stabilization of the morbillivirus prefusion F conforma-
tion. We next determined the conformation of morbillivirus F
expressed in the absence of the homotypic H protein. Plasmid-
encoded CDV and MeV F proteins were expressed in Vero cells,
followed by qualitative (immunofluorescence staining) and quan-
titative (flow cytometry) conformational analysis using the two
pairs of conformation-sensitive MAbs. Closely resembling the
binding profile observed in the presence of H, both morbillivirus F
proteins remained reactive with the anti-Pre MAbs and showed
only little reactivity with the anti-Trig antibodies (Fig. 5A and C).
Again, destabilized CDV and MeV F mutants were substantially
more reactive with the anti-Trig MAbs when expressed in the
absence of H. We noticed, however, that the CDV F-L372G mu-
tant was more resistant to spontaneous refolding than the desta-
bilized MeV F variant, since part of the membrane-bound F pop-
ulation was still partially recognized by the anti-Pre MAb (Fig. 5A
and C). As expected, heat shock (60°C for 10 min) prior to IF and
flow cytometry analyses significantly triggered the refolding of the
unmodified F proteins. CDV and MeV F proteins were then effi-
ciently bound by anti-Trig MAbs (Fig. 5B and D). These results
suggest that the prefusion state of the CDV F protein is thermo-
dynamically more stable than that of MeV F, since a substantial
portion of the total CDV F population expressed at the cell surface
was recognized by the anti-Pre MAb even after heat shock treat-
ment. As expected, destabilized F mutants (CDV F-L372G and
MeV F-V457A/L459A) were fully triggered by heat exposure and
then reacted exclusively with the anti-Trig MAbs (Fig. 5B and D).
Interestingly, we noted that after heat shock, CDV F trimers were
more reactive to the anti-Trig MAb when expressed with H than
when expressed alone (CDV FFLAG at 60°C) (compare Fig. 4C and
5B). Although clearly nonproductive under physiological condi-
tions, these data are in agreement with the notion that wild-type H
proteins may improperly bind to an unknown receptor expressed
in Vero cells. It is therefore conceivable that under nonphysiologi-
cal conditions (after heat shock), the putative suboptimal H-re-
ceptor interaction leads to slight but appreciable H-mediated F
triggering. In sum, we hypothesize that the treatment of H/F-
expressing Vero cells at 60°C results in F triggering through heat-
and receptor-induced H conformational changes.

Taken together, these data demonstrate that morbillivirus F
proteins do not require the presence of the H protein to maintain
a metastable prefusion conformation.

A prefusion conformation of destabilized F mutants is con-
served by a fusion-inhibitory compound. A previously devel-
oped small-molecule antiviral compound (AS-48) potently blocks
MeV glycoprotein-mediated virus-to-cell and cell-to-cell fusion
activity (62, 63). Moreover, this inhibitor was demonstrated pre-
viously to efficiently restore the intracellular transport compe-
tence of hyperfusogenic, structurally destabilized MeV F mutants
in a fusion-competent conformation (64). We have furthermore
shown that the inhibitory activity of a close chemical analog of
AS-48 with comparable bioactivity, 3g, extends to CDV (65). Us-
ing the destabilized CDV and MeV F variants and the conforma-
tion-sensitive anti-F MAbs, we next directly examined the effect of
the compound on the F-trimer conformation. When the F mu-
tants (CDV F-L372G and MeV F-L457A/V459A) were expressed
in the presence of 3g, we first found that, consistent with the orig-
inal observations by Doyle and colleagues (64), the cell surface

FIG 3 Conformation of heated F trimers correlates with triggered F proteins
under physiological conditions. (A and B) Reactivity of the anti-Trig confor-
mational MAbs with CDV F trimers. Vero cells were transfected with standard
CDV F- and H-expressing plasmids. At 1 day posttransfection, cells were over-
laid with receptor-negative Vero cells, with receptor-positive Vero-SLAM
cells, or without cells for 1 h at 4°C together with the anti-Trig MAb. Both cell
populations were then switched (or not) to 37°C for 1.5 h and were then
returned to 4°C. Secondary antibodies were added at 4°C, and to record quan-
titative values, mean fluorescence intensities were monitored by flow cytom-
etry. Means of data from three independent experiments performed in dupli-
cates are shown. (C and D) Reactivity of the anti-Trig conformational MAbs
with MeV F trimers. Experimental settings identical to those described above
for panels A and B were used but with MeV F- and H-expressing Vero cells. In
this series of experiments, to allow MeV H (Edmonston) to trigger fusion
exclusively through interactions with SLAM, a CD46-binding-deficient mu-
tant was used (70). Means of data from three independent experiments per-
formed in duplicates are shown.
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transport competence of the CDV F-L372G mutant was fully re-
stored in the presence of the compound (Fig. 6A). In contrast, the
MeV F-L457A/V459A variant remained improperly surface ex-
pressed even in the presence of the antiviral compound, which
suggested a strong destabilization phenotype of this specific mu-
tant (Fig. 6D). Strikingly, however, IF and fluorescence-activated
cell sorter (FACS) analyses indicated that 3g stabilized a prefu-
sion conformation of both the CDV F-L372G (completely) and
MeV F-L457A/V459A (partially) mutants, since both proteins
regained reactivity with the anti-Pre MAbs in the presence of
the compound (Fig. 6B and E). In the context of the unmodi-
fied CDV F protein, 3g likewise exerted a stabilizing effect on
prefusion F, since even the small population reactive with the
anti-Trig MAb disappeared under these conditions (Fig. 6C
and F). This effect was not as pronounced for unmodified MeV
FedmFLAG, possibly reflecting that different epitopes are recog-
nized by the individual anti-CDV and MeV MAbs, which may
be differentially affected by the presence of the compound. In
summary, consistent with previously reported speculations,
these data now clearly indicate that this fusion-inhibitory com-
pound class binds and stabilizes a transport-competent, meta-
stable conformation of the F trimer, very likely by increasing
the energy barrier required for F triggering.

Compound 3g stabilizes soluble F protein in a prefusion
state. We next asked the question of whether the 3g fusion blocker
is also capable of stabilizing soluble F proteins in a prefusion con-
formation and consequently generated soluble F (sF) expression

FIG 4 Prefusion conformation-destabilized F variants are reactive with MAbs recognizing triggered F structures. (A and B) Localization of the substituted
residues within the structural homology model of the prefusion CDV F trimer (left and top). Each F monomer is color coded for clarification. IF was performed
as described in the legend of Fig. 2B and E (right bottom). In some experiments, brief heat shocks (10 min at the indicated temperatures) were performed prior
to IF. Monoclonal antibodies (MAbs) 4941 (CDV) and 186CA (MeV) were named “anti-Pre” MAbs, and MAbs 4068 (CDV) and 19GD6 (MeV) were named
“anti-Trig” antibodies, due to their specificity in the binding of either the prefusion or triggered F structures, respectively.

FIG 5 Self-stabilization of morbillivirus prefusion F trimers. Shown are
the reactivities of the pair of conformational MAbs with F trimers. Vero
cells were transfected with standard CDV or MeV F-expressing plasmids.
Cells were then stained, as described in the legend of Fig. 2B and E, with the
pairs of conformation-sensitive anti-F MAbs. To record quantitative val-
ues, mean fluorescence intensities were monitored by flow cytometry. In
some experiments, brief heat shocks (10 min at 60°C) were performed
prior to IF. Means of data from three independent experiments performed
in duplicates are shown.
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constructs lacking the transmembrane domain and cytosolic tail
(Fig. 6G). Equivalent paramyxovirus sF proteins were previously
shown to fold into a highly stable postfusion-like conformation
featuring the 6-HB fusion core (19–21), presumably reflecting
that the transmembrane and cytosolic domains contribute to sta-
bilize a metastable prefusion form of the F trimer. This effect was
successfully mimicked for soluble PIV5 F by fusing a GCNt trim-
erization domain to the HRB domain, which allowed the crystal-
lization of the protein in a prefusion state (18). We generated an
equivalently stabilized CDV sF protein by fusing the GCNt motif
to the CDV sF HRB domain (sF-GCNt) (Fig. 6G). For immuno-
precipitation and purification, both soluble F proteins contained
tandem FLAG and hexahistidine (6�His) tags at their C termini
(Fig. 6G).

We first probed the conformation assumed by these sF variants
in the absence of compound. Concentrated supernatants of trans-
fected 293T cells were subjected to immunoprecipitations (IPs)
with the following MAbs: conformation-insensitive anti-FLAG
and conformation-sensitive anti-Pre and anti-Trig F MAbs. Im-
munoprecipitates were gel fractionated, and F antigenic material
was detected by using a polyclonal anti-F antiserum. The results
shown in Fig. 6H (top) indicate that both sF forms are efficiently

immunoprecipitated by the anti-FLAG MAb. However, only the
anti-Trig MAb efficiently precipitated sF, while the anti-Pre anti-
body reacted with this F construct very weakly. In contrast, the
precipitation of sF-GCNt with these MAbs returned a reversed
reactivity profile: strong reactivity with anti-Pre and limited
binding of the anti-Trig antibody. Both sF variants were next
subjected to heat shock prior to IP. As expected, this resulted in
predominant F precipitation by the anti-Trig MAb (Fig. 6H,
bottom). Equivalent to data from previous studies with PIV5 F,
these findings confirm that CDV sF-GCNt is expressed in a
prefusion conformation, but refolding can be triggered
through heat stress. In contrast, sF spontaneously assumes a
postfusion-like conformation at a physiological temperature.
Thus, we successfully engineered soluble CDV F variants that
either are stabilized in a prefusion form (sF-GCNt) or fold
spontaneously into a postfusion-like conformation (sF). When
we repeated these experiments after sF expression in the pres-
ence of 3g, we observed a nearly exclusive reactivity of sF-GCNt
with the anti-Pre MAb (Fig. 6I, bottom right). Remarkably, the
conformation of sF was also stabilized by 3g, since we again
detected a predominant precipitation of this construct by the
anti-Pre antibody (Fig. 6I, top right). These results indicate

FIG 6 The antiviral compound 3g stabilizes spontaneously refolding F mutants into the metastable, prefusion state. (A and D) Vero cells were transfected with
standard F- or variant-expressing plasmids in the presence or absence of 3g. IF was performed, as described in the legend of Fig. 2B and E, with the FLAG MAb.
Cell surface expression (CSE) was then recorded by flow cytometry analysis. (B, C, E and F) Vero cells were transfected with standard F- or variant-expressing
plasmids in the presence or absence of 3g. IF was performed, as described in the legend of Fig. 2B and E, with the pairs of conformation-sensitive anti-F MAbs.
To determine the MAb-binding abilities with the indicated F trimers, mean fluorescence intensities were recorded by flow cytometry. (G) Scheme of engineered
soluble F proteins. Conserved regions among class I fusion proteins are shown. FP, fusion peptide; HRA and HRB, heptad repeat regions A and B, respectively;
TM, transmembrane domain; green box, trimerizing peptide (GCNt); red box, FLAG epitope; blue box, 6�His epitope. (H) Immunoprecipitation (IP) of soluble
F variants with the conformation-insensitive (FLAG) or -sensitive (anti-Pre and anti-Trig) MAbs. Immunoblots were decorated with a polyclonal anti-F
antibody. In some experiments, brief heat shocks (10 min at 60°C) were performed prior to IP. (I) Experiments identical to those described above for panel H
were performed but in the presence and absence of 3g.
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that sF, which spontaneously assumes a postfusion conforma-
tion when expressed in the absence of compound, is efficiently
stabilized in a prefusion form by the antiviral compound.

Significant external energy is required to initiate morbillivi-
rus F refolding. To better appreciate the energy barrier control-
ling morbillivirus F refolding, we next applied the MAb-based
assay to map the temperature at which CDV and MeV F refolding
occurs. For these experiments, heat shock was performed prior to
the addition of the MAbs at different temperatures (55°C, 60°C,
and 65°C for CDV F and 52°C, 54°C, 58°C, and 60°C for MeV
Fedm). This revealed a higher intrinsic stability of the CDV F
isolate than of MeV Fedm, since the former required exposure to
60°C before binding of the anti-Trig antibody was observed, while
MeV Fedm had already gained reactivity with its specific anti-Trig
MAb at 54°C (Fig. 7A and C). Consistent with the antiviral com-
pound elevating the prefusion F activation energy barrier, a sig-
nificant increase in the CDV F reactivity with the anti-Trig MAb
was noted only at 65°C (Fig. 7B). Likewise, the refolding of MeV
Fedm was initiated at 58°C instead of at 54°C in the presence of 3g
(Fig. 7C). In addition, and confirming these observations, it ap-
peared that in the absence of the antiviral compound, the anti-Pre

MAbs started to exhibit a clear loss of F-trimer reactivity at lower
temperatures than in the presence of the 3g compound (Fig. 7A
and B [for CDV F] and C and D [for MeV F]).

By combining the fusion inhibitor 3g with H/F coexpression in
a receptor-positive host system, we observed that H-fusion pro-
motion and external thermal energy have an additive effect on F
triggering. When the cell-to-cell fusion of Vero-SLAM cells
cotransfected with CDV H and F in the presence of increasing 3g
concentrations at different incubation temperatures was moni-
tored, we found that the fusion activity was efficiently restored
after incubation at 42°C, instead of at 37°C, for 5 h (Fig. 7E). While
longer incubation periods at elevated temperatures were required,
an equivalent effect was observed with 3g and the MeV F/H gly-
coprotein system (Fig. 7F).

Thus, the fusion support provided by receptor-bound H and
external thermal energy have an additive effect on the triggering of
the refolding of 3g-stabilized prefusion F. Taken together, these
results confirm that considerable external energy is required to
initiate morbillivirus F refolding and suggest that H functions by
lowering the activation energy barrier that keeps F in a metastable
prefusion conformation.

FIG 7 Substantial external energy is required to trigger morbillivirus prefusion F trimers. (A to D) Vero cells were transfected with standard F- or variant-
expressing plasmid DNA in the presence or absence of 3g. IF was performed, as described in the legend of Fig. 2B and E, with the pairs of conformation-sensitive
anti-F MAbs. To determine the MAb-binding ability with the indicated F trimers, mean fluorescence intensities were recorded by flow cytometry. In some
experiments, brief heat shocks (10 min at the indicated temperatures) were performed prior to IF. (E and F) Cell-cell fusion induction after cotransfection of
Vero-SLAM (for CDV) or Vero (for MeV) cells with plasmid DNA encoding CDV or MeV F and H proteins in the presence of increasing concentrations of the
fusion inhibitor 3g. At 24 h posttransfection, cells were incubated at 42°C for 5 h (for CDV) or 8 h (for MeV) in the presence of 3g. Representative fields of view
were captured at 24 h posttransfection with a fluorescence confocal microscope (Fluoroview FV1000; Olympus).
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DISCUSSION

To enter target cells and initiate disease, paramyxoviruses contain
two glycoproteins that tightly cooperate to fuse the viral envelope
with host cell membranes (4). It has been hypothesized that upon
receptor binding, the paramyxovirus attachment protein under-
goes structural rearrangements that trigger the fusion protein to
refold from a metastable, prefusion state into a highly stable post-
fusion conformation, which ultimately leads to fusion pore for-
mation (4, 23). However, how precisely the H protein translates
receptor binding to F triggering remains largely unexplored.

Two fundamental models emerged from previous studies of
paramyxovirus entry (34, 36–38). In the association or “provoca-
teur” model, it has been speculated that sialic acid-binding HN
proteins associate with F upon receptor binding, destabilizing the
trimer for the triggering of refolding and membrane fusion. In the
dissociation or “clamp” model, it has been hypothesized that
paramyxoviruses that bind proteinaceous receptors express an at-
tachment protein that serves as a molecular scaffold preventing
premature prefusion F structural rearrangements. Upon an H-
protein interaction with the receptor, F spontaneously refolds as a
result of the dissociation of preassembled fusion complexes.

To address the question of whether morbillivirus F proteins
require the attachment protein tetramer to maintain a prefusion
fold, we examined the conformations of the MeV and CDV F
proteins in the presence and absence of the homotypic attachment
proteins. Toward this goal, we screened panels of anti-F MAbs
(58–60) in an attempt to identify individual antibodies that rec-
ognize conformational epitopes. Although further work is re-
quired to characterize the molecular nature of the different
epitopes, we found in either case discrete MAbs that specifically
interacted with nontriggered prefusion F (anti-Pre MAbs) or trig-
gered F (anti-Trig MAbs). By combining these pairs of conforma-
tion-sensitive MAbs with biochemical and functional assays, we
obtained several lines of evidence demonstrating that morbillivi-
rus H is not necessary to stabilize prefusion F, indicating that the
active dissociation of F from H is required to trigger F refolding.
First, we demonstrate that both the MeV and CDV F proteins are
strongly reactive with anti-F MAbs specifically recognizing a pre-
fusion state when expressed in the absence of their homotypic
attachment proteins. This provides the first clear evidence that the
prefusion conformation of the morbillivirus F trimer is intrinsi-
cally controlled by a sufficiently high activation energy barrier.
Thus, an intracellular association of H with F is not required to
stabilize F in the prefusion state. Rather, our data indicate that
morbillivirus fusion proteins are efficiently self-stabilized.

Second, we demonstrate that F triggering can be efficiently
induced by external energy. This finding is consistent with results
obtained with PIV5 F (35, 71) and also indicates that morbillivirus
H proteins must destabilize prefusion F for triggering the refold-
ing cascade. Interestingly, in the case of PIV5 F, elevating the tem-
perature coincided with an enhanced membrane fusion activity of
F in the absence of HN (66). Although we found that both MeV
and CDV F trimers efficiently refold when heat treated, fusion
pore formation was not observed under these conditions or dur-
ing incubation at elevated temperatures. We hypothesize that a
sustained engagement of the H protein with its membrane-em-
bedded surface receptor promotes a “fusion-permissive” environ-
ment required for morbillivirus F-mediated fusion (30). We note
that PIV5 F is one of the rare fusion proteins among the

Paramyxovirinae subfamily that can naturally achieve slight but
significant fusion activity in the absence of the attachment pro-
tein. Thus, we cannot exclude that PIV5 F evolved to directly bind
a host cell surface receptor and that the MeV and CDV F proteins
did not, thereby explaining the inability of morbillivirus F trimers
to induce membrane fusion even when triggered by heat. How-
ever, in favor of the model that a continuous engagement of the
attachment protein with its receptor is needed to achieve an effec-
tive F-dependent induction of membrane fusion, Porotto and col-
leagues recently obtained very similar conclusions using different
paramyxovirus glycoprotein complexes. In that study, although
direct biochemical evidences were not provided, it was further
proposed that paramyxovirus F and attachment proteins may ex-
hibit productive interactions even beyond the initial F activation
step (46).

Third, consistent with previously reported results (64), our
data demonstrate that a small fusion inhibitor (3g) (63, 65, 67)
efficiently stabilizes the prefusion conformation of intrinsically
destabilized, spontaneously refolding, morbillivirus F variants.
In agreement with this mechanism of action, more external
energy is required for both the unmodified CDV and MeV F
proteins to switch conformations in the presence of 3g, since
refolding occurred only at higher heat shock temperatures. Re-
markably, a transmembrane- and cytosolic tail-deleted F vari-
ant, which spontaneously assumes a triggered conformational
state, was substantially stabilized in the prefusion conforma-
tion by the antiviral compound. Taken together, our findings
clearly demonstrate that the 3g class of morbillivirus fusion
inhibitors enhances the energy barrier required for F-trimer
activation, in turn counteracting H-mediated F triggering and
the ensuing membrane fusion activity.

We also noted that the temperature-induced conformational
changes of F proteins isolated from a highly neurovirulent CDV
strain required more external energy than the MeV Fedm trimer
(60°C versus 54°C). This may reflect an inherently higher intrinsic
stability of prefusion CDV F than MeV F or may highlight a grad-
ual destabilization of MeV Fedm during tissue culture adaptation.
In addition, data presented in a previous study of an attenuated
PIV5 strain demonstrated that this F protein switched conforma-
tions at around 50°C (35), thus demonstrating an even lower in-
trinsic energy. These findings underscore that the energetic costs
to initiate paramyxovirus F refolding differ wildly, at least among
laboratory-adapted viruses. It is tempting to speculate that the
stability of the prefusion F trimer may be more tightly controlled
in clinical isolates, since it will likely directly affect viral pathogen-
esis by modulating the efficiency of virus-to-cell and cell-to-cell
fusion in vivo.

Finally, we show that increasing the amount of external energy
added to the system restores F/H-mediated membrane fusion in
the presence of the fusion inhibitor compound. These data are
consistent with 3g stabilizing a prefusion F conformation by rais-
ing the F-refolding activation energy barrier. The reactivation of
fusion activity at higher temperatures under these conditions
likely results from temperature-mediated increased molecular en-
ergy present in the prefusion F trimer, combined with a lowering
of the activation energy barrier through H.

Taken together, in this study, we provide a large body of evi-
dence supporting the conclusion that both the MeV and CDV H
proteins trigger F refolding by lowering the activation energy bar-
rier that controls the metastable, prefusion conformation of the F
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trimer. This clearly illuminates a common mechanism of morbil-
livirus membrane fusion triggering, a concept that may even ex-
tend to other members of the Paramyxovirinae subfamily, since
very similar conclusions were obtained with PIV5 HN-tetramer-
mediated F triggering (35).

How can the attachment protein affect the energy barrier for
triggering F? The hypothesis of conformational changes within
the attachment protein induced by receptor interactions is, to
date, the most relevant hypothesis (4, 27, 28). With regard to
the nature of these structural modifications, our recently re-
ported results (29) combined with the present findings prompt
us to speculate two hypotheses for morbillivirus H-mediated
membrane fusion triggering. In the first model, upon receptor
engagement by H present in preassembled H and F fusion com-
plexes, the putative metastable tetrameric supercoiled lower
section of the attachment protein stalk may realign with the
upper, membrane-distal, straight 4-HB section. Subsequent
oligomeric rearrangements of the immediate upper region may
result in the activation of the F trimer, thereby increasing the
intrinsic thermal energy level of F. This will result in a lowering
of the relative activation energy barrier and, ultimately, will
drive F trimers to irreversible structural rearrangements. Alter-
natively, H-stalk conformational changes may result directly in
the release of the associated F trimer, and the ensuing change in
the microenvironment at the former protein-protein interface
may transiently destabilize the prefusion trimer, resulting in a
lowering of the relative energy barrier and F refolding.

There is now compelling structural and functional evidence
indicating that paramyxoviruses adhere to their target cells differ-
ently (6, 25, 68), which infers discrete mechanisms of receptor-
induced conformational changes in the attachment proteins lead-
ing to F triggering. While our model does not exclude any
different structural rearrangements of the attachment proteins’
head domain resulting in stalk activation (69), we suggest that the
conformational changes occurring in the central section of the
receptor-binding protein stalk domain are the ultimate active sig-
nals required to trigger the paramyxovirus fusion protein.

In summary, we postulate that the lowering of the prefusion F
activation energy barrier by the action of the attachment protein
stalk domain emerges as a common denominator in the initiation
of paramyxovirus infection. This principle would be independent
of whether attachment and F proteins preassemble or not prior to
receptor engagement.
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