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ABSTRACT

The morbillivirus cell entry machinery consists of a fusion (F) protein trimer that refolds to mediate membrane fusion following
receptor-induced conformational changes in its binding partner, the tetrameric attachment (H) protein. To identify molecular
determinants that control F refolding, we generated F chimeras between measles virus (MeV) and canine distemper virus (CDV).
We located a central pocket in the globular head domain of CDV F that regulates the stability of the metastable, prefusion con-
formational state of the F trimer. Most mutations introduced into this “pocket’” appeared to mediate a destabilizing effect, a
phenotype associated with enhanced membrane fusion activity. Strikingly, under specific triggering conditions (i.e., variation of
receptor type and H protein origin), some F mutants also exhibited resistance to a potent morbillivirus entry inhibitor, which is
known to block F triggering by enhancing the stability of prefusion F trimers. Our data reveal that the molecular nature of the F
stimulus and the intrinsic stability of metastable prefusion F both regulate the efficiency of F refolding and escape from small-
molecule refolding blockers.

IMPORTANCE

With the aim to better characterize the thermodynamic basis of morbillivirus membrane fusion for cell entry and spread, we
report here that the activation energy barrier of prefusion F trimers together with the molecular nature of the triggering “stimu-
lus” (attachment protein and receptor types) define a “triggering range,” which governs the initiation of the membrane fusion
process. A central “pocket” microdomain in the globular F head contributes substantially to the regulation of the conforma-
tional stability of the prefusion complexes. The triggering range also defines the mechanism of viral escape from entry inhibitors
and describes how the cellular environment can affect membrane fusion efficiency.

Morbilliviruses belong to the Paramyxoviridae family and con-
sist of enveloped, single-stranded RNA viruses with negative

genome polarity. Among the morbilliviruses, the human patho-
gen measles virus (MeV) is still responsible for over 120,000 fatal-
ities annually (1), whereas canine distemper virus (CDV) causes
high mortality and morbidity not only in dogs but also in an ever
increasing spectrum of wild aquatic and terrestrial carnivores
(2–4).

To initiate disease, morbilliviruses’ infection of target cells is
mediated by two envelope glycoproteins: the tetrameric H protein
and the trimeric F protein (5). It is thought that H binding to a
specific receptor on target cells triggers oligomeric conforma-
tional changes of the H stalk domain, which may, in turn, translate
into F activation (5–11). As a consequence, prefusion F trimers
undergo a series of conformational changes, which are associated
with plasma membrane fusion activity, fusion pore formation,
and cell entry (5, 12, 13).

H tetramers consist of a short cytosolic tail, a single transmem-
brane-spanning domain, and a large ectodomain. The ectodo-
mains contain a membrane proximal stalk domain that supports
the membrane-distal cuboidal head region (10, 14). X-ray struc-
tures of many paramyxovirus attachment protein head domains
invariably revealed a six-bladed beta-propeller structure, which
serves as the receptor docking region (6, 10, 15–20). Partial crystal
structures of the Newcastle disease virus (NDV) and parainflu-
enza virus type 5 (PIV5) attachment protein (HN) stalks high-

lighted a common four-helical-bundle (4HB) conformation (21,
22). Many studies documented that the paramyxovirus attach-
ment protein stalk domain physically interacts with F trimers (23–
29). H stalks are thought to form short-range contacts with the
large globular head domain of trimeric F, which inferred a stag-
gered H-F association model in which H heads would be posi-
tioned above F heads (29, 30). This model is substantiated by the
finding that truncated, stabilized MeV H stalks lacking the head
domains are sufficient to specifically trigger MeV F (31). Several
residues and/or microdomains in the F head domains are sug-
gested to participate in H binding (29, 32–35).

The F protein is initially synthesized as a long inactive precur-
sor (F0) that is matured in the Golgi apparatus into two disulfide-
linked subunits (F1 plus F2). Like other class I viral fusion proteins,
all morbillivirus F monomers contain two highly conserved hep-
tad repeat regions, A and B (HRA and HRB, respectively), a hy-
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drophobic fusion peptide (FP), which is located at the N-terminal
part of HRA, a single transmembrane-spanning domain located at
the C terminus of HRB, and a cytosolic tail (5). An X-ray structure
of the PIV5 F trimer in its prefusion form revealed a short three-
helical-bundle (3HB) domain formed by HRB that supports a
large globular head domain (36). Upon H-dependent F activation,
F trimers undergo a series of conformational changes that ulti-
mately result in the generation of a six-helical-bundle (6HB) fu-
sion core, as is typical for class I viral fusion proteins (12). Con-
cerning the nature of the conformational intermediates, it was
proposed that (i) the 3HB F-stalk domain dissociates, (ii) the
packed HRA segments refold into an extended 3HB structure,
allowing the FP to embed in the target cell lipid bilayer (forming a
prehairpin intermediate), and (iii) the three dissociated HRB do-
mains swing around the base of the globular head and dock into
the grooves of the 3HB structure, creating the thermodynamically
stable 6HB structure (5, 13, 36).

We recently demonstrated that F complexes contain a suffi-
ciently high inherent energy barrier to maintain the prefusion
state in the absence of H (37, 38), confirming that morbillivirus H
is not required as a molecular scaffold stabilizing prefusion F.
Upon receptor engagement, the ensuing conformational changes
in H rather result in the release of F from intracellularly preformed
H/F complexes, suggesting that refolding H tetramers actively re-
duce the activation energy barrier of metastable prefusion F trim-
ers, either by destabilizing prefusion F or stabilizing a high-energy
F fusion intermediate conformation. Consistent with this idea, we
and others have recently demonstrated that structural rearrange-
ments within the H-stalk domain are strictly required to initiate F
conformational changes (38–40). Taken together, these findings
imply that the energy level of metastable prefusion F trimers af-
fects F triggering and thus regulates morbillivirus membrane fu-
sion.

With the overarching aim to better characterize the thermody-
namic basis of paramyxovirus membrane fusion, we identified a mi-
crodomain in F that controls the conformational stability of the pre-
fusion state without significantly affecting physical interactions with
H. We found that destabilized F complexes were resistant to a repre-
sentative of the AS-48 class (41, 42) of the morbillivirus membrane
fusion inhibitor N-(3-cyanophenyl)-2-phenylacetamide (3g) (43,
44), a molecule previously shown to block MeV entry (42) by increas-
ing the stability of prefusion F trimers to levels that precluded H-me-
diated F triggering (37). Moreover, resistance to the compound (AS-
48) coincided with increased fusion activity (45, 46). We now extend
this notion by demonstrating that resistance mutations locating in a
“pocket” microdomain within the globular head domain reduce the
stability of prefusion F trimers. In addition, our data reveal that the
intensity of the F-triggering stimulus by the H tetramers is influenced
by the origin of the H protein and the molecular nature of the recep-
tor contacted.

MATERIALS AND METHODS
Cell cultures and viruses. Vero cells, Vero cells engineered to express the
canine SLAM receptor (Vero-cSLAM [kindly provided by V. von
Messling]), and Vero cells producing canine nectin-4 (Vero-cNectin-4)
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. CHO cells
(kindly provided by Beat Trueb, University of Bern) were grown in Dul-
becco’s modified Eagle’s medium (Gibco, Invitrogen) with 10% fetal calf
serum at 37°C in the presence of 5% CO2. The MVA-T7 recombinant

vaccinia virus that was used for a quantitative cell-cell fusion assay was
obtained from B. Moss, NIH, Bethesda, MD.

Generation of lentiviral vector expressing canine nectin-4 and gen-
eration of Vero cells constitutively expressing canine nectin-4. The len-
tivirus vector pRRL has been described elsewhere (47) and was kindly
provided by Patrick Salomon, University of Geneva. The canine nectin-4
gene was synthesized in order to bear an additional N-terminal hemag-
glutinin (HA) tag (Eurofins). Moreover, the gene was designed to be
targeted to the secretory pathway through the IgK signal peptide. The
construct was subsequently digested with RsrII and cloned into the pRRL-
RsrII-cleaved vector (Eurofins). Stocks of lentivirus vectors were subse-
quently generated in 293T/17 cells as previously described (48). Finally,
three reiterative cycles of lentivirus transduction in Vero cells (multiplic-
ity of infection [MOI] of 10) was performed. Expression of canine nec-
tin-4 in Vero cells was controlled by flow cytometry using the anti-HA
monoclonal antibody (MAb) 16B12 (Covance).

Site-directed mutagenesis. All single substitutions, as well as the F
chimera, were performed in the pCI-CDV F-wt (expressing wild-type F)
(derived from the fusion protein of the A75/17 CDV strain, which also
bears an additional ectodomain FLAG-tag epitope) and in pCI-MeV F-
Edm (derived from the fusion protein of the Edmonston measles virus
strain, which also carries an ectodomain FLAG tag epitope) by using the
QuikChange Lightning site-directed mutagenesis kit (Agilent). The pCI-
CDV H-wt (A75/17) and pCI-MeV H-Edm (Edmonston) plasmids were
previously described (39, 49). F-chim1 contains the following substitu-
tions: V447T, V449M, S450P, S452G, A453T, and I545V. F-chim2 con-
tains all mutations of chimera 1 (Chim 1) and S459A. F-chim3 contains all
mutations of Chim 1 and 2 and Q469E, I470L, D473S, and S475K. F-
chim4 contains all mutations of chim1, 2, and 3 and T485S, M486F, and
K489R.

Transfections and luciferase reporter gene content mix assay. Vero,
Vero-cSLAM, and Vero-cNectin-4 cells, in 6-well plates at 90% conflu-
ence, were cotransfected with 2 �g of the various pCI-CDV F or MeV F
constructs and 1 �g of the either pCI-CDV H or MeV H plasmids with 9
�l of Fugene HD (Roche), according to the manufacturer’s protocol. In
some experiments, phase-contrast pictures were taken 24 h posttransfec-
tion with a confocal microscope (Olympus FluoView FV1000).

The quantitative fusion assay was performed as described previously
(50, 51). Briefly, Vero (for CDV H) or CHO (for MeV H) 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, Vero-SLAM, or Vero-cNectin-4 cells at
30% confluence were infected with MVA-T7 (52) at a multiplicity of
infection (MOI) of 1. After overnight incubation, both cell populations
were mixed. Two hours later, the cells were lysed using Bright Glo lysis
buffer (Promega), and the luciferase activity was determined using a lu-
minescence counter (PerkinElmer Life Sciences) and the Britelite reporter
gene assay system (PerkinElmer Life Sciences).

Compound N-(3-cyanophenyl)-2-phenylacetamide (3g) was synthe-
sized and kindly provided by G. Hiltensperger and U. Holzgrabe, Institute
of Pharmacy and Food Chemistry, University of Würzburg, Germany.

F/H coimmunoprecipitation. At 24 h posttransfection, the cells were
washed three times with cold phosphate-buffered saline (PBS) and treated
with the cross-linker DTSSP (3,3=-dithiobis-sulfosuccinimidyl propi-
onate [1 mM final concentration in PBS]) for 2 h at 4°C, followed by
addition of Tris (pH 7.5), to a final concentration of 20 mM for quenching
(15 min, 4°C). Cells were subsequently lysed in radioimmunoprecipita-
tion assay (RIPA) buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1% de-
oxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS]) con-
taining protease inhibitors (Roche complete mix) for 20 min on ice.
Cleared lysates (20,000 � g, 20 min, 4°C) were incubated for 2 h with a
mixture of three anti-CDV H MAbs (1C42H11 [VMRD], 2267, and 3900)
(53) or with a mixture of three anti-MeV-H monoclonal antibodies (I41,
I44, and 16DE6, kindly provided by M. Ehnlund) followed by overnight
incubation with immunoglobulin G-coupled Sepharose beads. The pre-
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cipitates were washed three times each in coimmunoprecipitation buffer
followed by addition of 2� Laemmli sample buffer (Bio-Rad) containing
100 mM dithiothreitol. The samples were then subjected to Western blot
analysis as previously described using either the polyclonal anti-H or the
anti-F antibody (49, 51).

Flow cytometry. To determine the expression and conformation of
the various F proteins specifically at the cell surface, Vero cells were trans-
fected with 1 �g of F expression plasmids. One day posttransfection, un-
fixed and unpermeabilized cells were washed twice with ice-cold PBS and
subsequently stained with one of the various MAbs (1:1,000) for 1 h at
4°C. The anti-CDV F MAbs 4941 (antiprefusion) and 4068 (antitrigger)
or anti-MeV F MAbs 186CA (antiprefusion) and 19GD6 (antitrigger)
were previously described as conformation-sensitive MAbs (37), whereas
the anti-FLAG MAb (Sigma) was used to control for total cell surface
expression (37). This was followed by intensive washes with ice-cold PBS
and incubation of the cells with Alexa Fluor 488-conjugated secondary
antibody (1:500) for 1 h at 4°C. Cells were 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 (MFI) of 10,000
cells was then measured by using a BD LSRII flow cytometer (Becton,
Dickinson).

RESULTS
A single V447T substitution in CDV F results in efficient trigger-
ing of CDV F by MeV H. Almost 20 years ago, Wild and colleagues
identified a region of about 40 residues in CDV F (Onderstepoort
vaccine strain) that, once mutated into the corresponding seg-
ment of MeV F, could restore membrane fusion activity in CD46�

cells when combined with MeV H (MeV H/CD46). It was there-
fore speculated that this F region may act as an H-binding domain
(34).

Since the strain origin reportedly determines productive het-
erotypic interaction of MeV and CDV glycoproteins (29), we first
investigated whether restored fusion was restricted to CDV F de-
rived from the vaccine strain. We exchanged the corresponding
region in the F gene of the wild-type A75/17 CDV isolate with that
of MeV F (Edmonston strain) (Chim 1) (Fig. 1A). In CD46� Vero
cells, no cell-to-cell fusion was detectable when wild-type CDV F
was combined with MeV H (not shown). In contrast, fusion ac-
tivity was efficiently restored when Chim 1 was combined with
MeV H in the Vero cell background (Fig. 1B). We thus generated
three additional F chimeras, systematically narrowing the
swapped MeV F section (Chim 2 to 4) (Fig. 1A). All three addi-
tional constructs were able to induce fusion when coexpressed
with MeV H (Fig. 1B). Compared to the standard CDV F protein,
Chim 4 carries 6 mutations (Fig. 1C) that are, based on our CDV
F prefusion structural model, flanked by two cysteines engaged in
an intramonomer disulfide bridge (C446 and C455) (Fig. 1D and
E). We refer to this CDV F 446 – 455 microdomain as the “cysteine
loop.” This loop forms one side of a central pocket in the F glob-
ular head domain and stands in direct physical contact with a
neighboring monomer (Fig. 1E). To further define which amino
acid or acids are responsible for the observed gain of function, six
single F mutants were prepared. Of these, only F-V447T could
substantially restore fusion activity, as demonstrated qualitatively
and quantitatively (Fig. 1F and G).

Cell surface expression and the conformational state of the
individual F variants were next investigated by flow cytometry,
using bioactive F trimers harboring an engineered FLAG tag in
their ectodomain (37) and our recently identified pair of confor-
mation-sensitive monoclonal antibodies (MAbs) that discrimi-
nate between prefusion and triggered F structures (37). All F mu-

tants were expressed in the absence of H in Vero cells. Surface
expression and folding into the prefusion conformation were es-
sentially unchanged compared to those of the standard F in all
mutants (Fig. 1H). These results indicate that under physiological
conditions, no major conformational difference is appreciable be-
tween fusion-competent and noncompetent F variants.

Wild and colleagues previously also suggested that restoration
of fusion activity might correlate with rescued F-H functional in-
teractions (34). To address this question experimentally, we con-
ducted coimmunoprecipitation (co-IP) experiments following a
previously established procedure (54, 55) that we adapted from
Paal and colleagues (30). The results shown in Fig. 1I indicate that
CDV F-wt and the set of mutants efficiently bound MeV H. When
coimmunoprecipitation efficiency was normalized for surface lev-
els of H and F, no significant differences in physical interaction
with H was observed between the F mutants (Fig. 1J). In addition,
cleavage efficiency remained mostly unaltered for all mutants
compared to that of F-wt (Fig. 1I).

Taken together, these results demonstrate that the valine-to-
threonine substitution at CDV F position 447 was sufficient to
restore fusion induction when combined with MeV H. Since this
exchange did not substantially alter strength of physical interac-
tion of CDV F with MeV H, restoration of membrane fusion must
be controlled by another factor.

The CDV F-V447T variant exhibits unaltered fusion activity
when combined with CDV H. We next investigated the capacity
of the six single CDV F mutants to induce membrane fusion under
CDV homotypic conditions in receptor-positive Vero-cSLAM
cells. The fusion activities of all F mutants remained similar to that
found for standard F (Fig. 2A and B). In agreement with this
notion, assessment of F-H avidity revealed mostly unaltered co-
immunoprecipitation efficiency compared to that of standard
CDV F-H pairs (Fig. 2C and D).

Hence, cell-to-cell fusion induced by the CDV F-V447T vari-
ant combined with CDV H proceeded unperturbed in Vero-
cSLAM cells, despite that fact that this mutation also enabled ef-
ficient fusion of CD46� cells when coexpressed with MeV H.
These data demonstrate that restoration of membrane fusion by
the 447T substitution in the CDV F cysteine loop microdomain
did not result from a restored physical interaction of heterotypic
CDV F and MeV H, as previously suggested by Wild and col-
leagues (34). Rather, our findings are consistent with the idea that
efficient MeV H-dependent CDV F-V447T triggering is regulated
by a novel mechanism.

Alanine substitutions within the F cysteine loop do not im-
pede cell-to-cell fusion. We next determined whether alanine
substitutions of the six positions in the cysteine loop that differ
between CDV and MeV F affect membrane fusion activity in a
receptor- and H-dependent manner. First, we expressed the ala-
nine-substituted F variants in Vero cells together with MeV H.
(The naturally present alanine residue at position 453 was
changed to serine.) Under these experimental conditions, none of
the mutated F trimers restored fusion activity (Fig. 3B). Probing of
cell surface expression and the F conformational state indicated
that all F mutants assumed a metastable prefusion state, but
F-A453S and F-I454A showed substantial reductions in cell sur-
face expression (Fig. 3A). Physical interaction of F mutants with
MeV H was not significantly altered in any of these F mutants (Fig.
3C and D).

When these experiments were repeated with CDV H in Vero-
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cSLAM cells, we found that all F alanine variants efficiently induced
cell-cell fusion, although to a lesser degree for F-A453A and F-I454A
(Fig. 3E). Assessment of the F-H strength of interactions again indi-
cated wild-type-like H-binding efficiency of the F mutants (Fig. 3F

and G). Taken together, these results confirmed that the cysteine loop
microdomain is not involved in short-range interaction with H:
rather, our data underline a key role of the CDV F residue 447 in
regulating heterotypic fusion after coexpression with MeV H.

FIG 1 A microdomain in the F head domain controls fusion without influencing interactions with H. (A) Scheme of the morbillivirus F gene. Conserved regions among
class I fusion proteins are shown for the fusion peptide (FP), heptad repeat regions A and B (HRA and HRB), and transmembrane domain (TM). The blue boxes
represent the position along the gene selected for FLAG and HA epitope insertions. The region in the CDV F (A75/17) swapped by the corresponding region in MeV F
(Edmonston) is shown in black. (B) Syncytium formation assay. Cell-cell fusion induction after cotransfection of Vero cells with plasmid DNAs encoding various CDV
F proteins and MeV H. Representative fields of view were captured with a confocal microscope (Olympus FluoView FV1000) 24 h posttransfection. (C) Highlight of the
amino acid differences between CDV F and Chim 4. (D) Homology model of the prefusion CDV F trimer (49); the segment from positions 446 to 455 in CDV F is shown
in green. (E) Close-up view of the microdomain in the CDV F that controls fusion (referred to as the “cysteine loop”). (F) Syncytium formation assay. Cell-cell fusion was
performed as described in panel B but with single CDV F mutants. (G) Quantitative fusion assay. Target Vero cells, Vero-cNectin-4 cells, or Vero-cSLAM cells (as
indicated) were infected with MVA-T7 (MOI of 1). In parallel, another population of Vero or CHO cells (effector cells) was transfected with the different F proteins, the
indicated H protein, and a plasmid containing the luciferase reporter gene under the control of the T7 promoter. Twenty hours after transfection, effector cells were
mixed with target cells and seeded into fresh plates. After 2 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 1. Means of three independent experiments in duplicate are shown. (H) Surface expression
and F conformational state probing. Vero cells were transfected with the F expression plasmids mentioned above. For immunofluorescence (IF) analysis, cells were
stained with the different anti-F MAbs (FLAG [gray bars], 4941 [green bars], and 4068 [red bars]) 24 h posttransfection at 4°C. Alexa Fluor 488-conjugated secondary
antibody was then added, and stained cells were subjected to flow cytometry to record mean fluorescence intensities (MFI). Means of three independent experiments
performed in duplicate are shown. (I) Assessment of H interaction with functional F proteins. To stabilize the F-H interactions, transfected Vero cells were treated with
DTSSP. MeV H- and CDV F-coexpressing Vero cells were then lysed with RIPA buffer, and complexes were immunoprecipitated (IP) with three anti-H MAbs (I41, I44,
and 16DE6) and protein G-Sepharose bead treatment. Proteins were boiled and subjected to immunoblotting using a polyclonal anti-HA antibody to detect the F
antigenic materials. Co-IP F proteins were detected in comparison with F present in the lysates prior to IP by immunoblotting using a polyclonal anti-F antibody (TL,
total lysate; F0, uncleaved F protein; F1, cleaved membrane-anchored F subunit). For a control, total H proteins, obtained by direct immunoprecipitation with the
above-mentioned MAbs, were revealed by immunoblotting using a polyclonal anti-H antibody (IP). (J) Semiquantitative assessment of F-H avidity of interaction. To
quantify the avidities of F1-H interactions, the signals in each of the F1 and H bands were quantified using the AIDA software package. The avidity of F1-H interactions
is represented by the ratio of the amount of coimmunoprecipitated F1 over the product of F1 in the cell lysates divided by the ratio of the amount of immunoprecipitated
H over the product of H in the cell lysate. Subsequently, all ratios were normalized to the ratio of the wild-type F-H interactions set to 100%. Averages represent at least
two independent experiments.

FIG 2 Microdomain-mutated CDV F proteins remained fully active when combined with CDV H. (A) Syncytium formation assay. Cell-cell fusion induction after
cotransfection of Vero-cSLAM cells with plasmid DNAs encoding various CDV F proteins and CDV H. Representative fields of view were captured with a confocal
microscope (Olympus FluoView FV1000) 24 h posttransfection. (B) Quantitative cell-cell fusion assay. Fusion activity was quantitatively assessed as described in the
legend to Fig. 1G. (C) Assessment of H interaction with functional F proteins. Co-IPs were performed as described in the legend to Fig. 1I, with the exception of the MAbs
used (1C42H11, 3900, and 2267). (D) Semiquantitative assessment of F-H avidity of interaction. The strengths of F-H interactions were calculated as described in the
legend to Fig. 1J.
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FIG 3 Effect on cell-cell fusion of alanine substitutions within the F trimer’s cysteine loop microdomain. (A) Surface expression and F conformational state
probing. Immunofluorescence (IF) and flow cytometry were performed as described in the legend to Fig. 1H. anti-Pre, antiprefusion; anti-Trig, antitrigger. (B
and E) Syncytium formation assay. Shown is cell-cell fusion induction after cotransfection of Vero or Vero-cSLAM cells with plasmid DNAs encoding various
F proteins and H proteins (as indicated). Representative fields of view were captured with a confocal microscope (Olympus FluoView FV1000) 24 h posttrans-
fection. (C and F) Assessment of H interaction with functional F proteins. Co-IPs were performed as described in the legend to Fig. 1I or 2H. (D and G)
Semiquantitative assessment of F-H avidity of interaction. The strengths of F-H interactions were calculated as described in the legend to Fig. 1J.
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The conformational stability of the V447T F trimer is re-
duced. We recently provided evidence that morbillivirus H pro-
teins trigger F by actively altering the activation energy barrier
because morbillivirus F trimers are capable of maintaining a meta-
stable prefusion conformation in the absence of H (37).

To test the conformational stability of prefusion F trimers har-
boring mutations at position 447 in the cysteine loop, we ex-
pressed standard F, F-V447T, and F-V447A in Vero cells in the
absence of H. Subsequently, cells were briefly heat shocked at 40,
50, 54, and 60°C, respectively, and the stability of each F variant
was assessed using the conformation-sensitive MAbs. Strikingly,
F-V447A exhibited 50% of postfusion trimers only at 54°C, while
F-V447T started to switch conformation already at 50°C (Fig. 4A).
In contrast, standard F trimers were still substantially in the pre-
fusion conformation even at 60°C (Fig. 4A). These data suggest
that the V447T substitution in CDV F decreased the activation
energy barrier for F activation.

To validate these data, we coexpressed F-V447T and Chim 4
(carrying all 6 mutations) with CDV H in Vero-cSLAM cells and
incubated the cells at physiological or reduced temperature. Both
F variants were still able to induce cell-to-cell fusion even at 25°C,
while standard F showed essentially no fusion at this temperature
(Fig. 4B).

Taken together, our data reveal that the V447T substitution in
CDV F destabilized the prefusion F trimers, which set the stage for
productive triggering by a heterotypic attachment protein.

In MeV F, the residue homologous to CDV F position 447
determines the stability of the prefusion conformation. We next
determined whether the homologous residue in MeV F (T335)
likewise serves as a determinant for prefusion F conformational
stability (Fig. 5A). To test this, we mutated this residue to alanine
and valine. Both F variants were properly surface expressed and
recognized efficiently by the prefusion F-specific MAb (Fig. 5B).
Interestingly, cell-to-cell fusion assays revealed reduced bioactiv-
ity for both F mutants, independent of the origin of the H protein
used for triggering (Fig. 5C and D). Assessment of the avidity of
the F-H interaction indicated very similar physical binding of all
three F trimers to H, confirming that the cysteine loop microdo-
main of MeV F is not involved in short-range interactions with H
tetramers (Fig. 5E to H). However, an assessment of the confor-
mational stabilities of these mutant prefusion MeV F trimers re-
vealed that both variants were slightly more stable than standard
MeV F; more F-T335V and F-T335A prefusion trimers were de-
tected by the antiprefusion F MAb after exposure to 54°C than
standard F trimers, and only standard MeV F showed approxi-
mately 50% conversion to the postfusion conformation at this
temperature (Fig. 5I).

Overall, these data confirm that (i) the cysteine loop in mor-
billivirus F proteins is not a direct H contact zone, and (ii) the
nature of the residue at the homologous positions 335 (in MeV F)
and 447 (in CDV F) in the cysteine loop affects the conformational
stability of the prefusion F trimers. Under suboptimal F-triggering
conditions (i.e., the heterotypic combination of CD46 with MeV
H), only the destabilized mutant F trimers are efficiently activated.

The central pocket microdomain rather than the cysteine
loop governs the conformational stability of CDV prefusion F.
Structural models of paramyxovirus prefusion F trimers posit
each of the three cysteine loop microdomains in physical con-
tact with an adjacent monomer. Interestingly, we previously
obtained evidence for another residue within the CDV F trimer

(L372) that, when mutated into an alanine or glycine, also signifi-
cantly reduced the activation energy barrier of metastable F (49).
Strikingly, the structural model places CDV F-L372 and -V447 in very
close proximity, thereby inferring that this domain at large, rather
than an individual residue, controls the conformational stability of
prefusion F (Fig. 6A). To further investigate this notion, we mutated
residues on the opposite monomer that are predicted to establish
close contacts with L372 and V447. Three candidate residues were
selected (L326, P331, and S332) and subsequently replaced with ala-
nine (Fig. 6A). Remarkably, CDV F-L326A and F-P331A (but not

FIG 4 Investigation of the conformational stability of prefusion CDV F vari-
ants. (A) Vero cells were transfected with standard- or variant-expressing plas-
mid DNA. Immunofluorescence (IF) and flow cytometry were performed as
described in the legend to Fig. 1H. In some experiments, brief heat shocks (10
min at the indicated temperatures) were performed prior to IF. (B) Syncytium
formation assay. Cell-cell fusion induction after cotransfection of Vero-
cSLAM cells with plasmid DNA encoding mutant CDV F proteins and CDV H.
In some experiments, the cells were incubated overnight at 30 or 25°C. Repre-
sentative fields of view were captured with a confocal microscope (Olympus
FluoView FV1000) 24 h (30°C) or 48 h (25°C) posttransfection.
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F-S332A) efficiently restored cell-to-cell fusion when combined with
MeV H in CD46-expressing Vero cells and subjected to qualitative
and quantitative assays (Fig. 6B and C).

When the temperature dependence of F refolding was assessed,
we found that all of these CDV F variants were destabilized com-
pared to standard F (Table 1). We also noted that the CDV
F-S332A variant, although destabilized, was the only trimer that
reproducibly exhibited reduced fusion in Vero-cSLAM cells (Fig.
7A and B). We propose that this F mutant is very likely impaired

by one or multiple additional steps required for productive fusion
pore formation.

F trimers with a mutated central pocket are resistant to inhi-
bition by the AS-48 class of morbillivirus membrane fusion in-
hibitors. Plemper and colleagues reported the development of a
very potent antiviral against MeV (42, 43, 45), a molecule subse-
quently shown to also be very effective against CDV (44). Doyle et
al. and Prussia et al. demonstrated that intracellular transport
competence of some escape mutants became dependent on the

FIG 5 Stabilization of prefusion MeV F-Edm trimers. (A) Scheme of the morbillivirus F gene and highlight of the amino acid differences between MeV F and
CDV F in the central region (black box). (B) Surface expression and F conformational state probing. Immunofluorescence (IF) and flow cytometry were
performed as described in the legend to Fig. 1H, with the exception of the conformation-sensitive MAbs used (anti-MeV F 186CA and 19GD6). (C) Syncytium
formation assay. Shown is cell-cell fusion induction after cotransfection of Vero or Vero-cSLAM cells with plasmid DNA encoding mutant MeV F proteins and
either MeV H or CDV H. Representative fields of view were captured with a confocal microscope (Olympus FluoView FV1000) 24 h posttransfection. (D)
Quantitative cell-cell fusion assay. Fusion activity was quantitatively assessed as described in the legend to Fig. 1G. (E and G) Assessment of H interaction with
functional F proteins. Co-IPs were performed as described in the legend to Fig. 1I, with the exception of the MAbs used for IP (anti-MeV H I41, I44, and 16DE6).
(F and H) Semiquantitative assessment of F-H avidity of interaction. The strengths of F-H interactions were calculated as described in the legends to Fig. 1J and
2H. (I) Investigation of the thermal stabilities of the various F variants. Vero cells were transfected with standard- or variant-expressing plasmid DNA.
Immunofluorescence (IF) and flow cytometry were performed as described in the legend to Fig. 1H. In some experiments, brief heat shocks (10 min at the
indicated temperatures) were performed prior to IF.
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drug, and several resistant F variants showed a hyperfusogenic
phenotype (45, 46). These results strongly suggested that mutant F
trimers resisted the AS-48 compound by a mechanism other than
prevention of direct docking of the molecule. We recently found
that a member of this inhibitor class, 3g, stabilized a conformation
of the F trimer that is recognized by the antiprefusion antibody,
hence precluding H-mediated F triggering (37). Interestingly,
substitutions in previously generated AS-48-resistant F mutants
differ from those identified in the present study (45). We therefore
hypothesized that the F mutants designed in this study and those
previously reported all induce secondary resistance through de-
stabilization of prefusion F trimers, rather than primary site resis-
tance.

To test this concept, standard and mutants CDV F trimers were

coexpressed with CDV H in SLAM-positive Vero cells in the pres-
ence or absence of a high concentration of 3g (50 �M). While
membrane fusion was massive in the absence of the compound, 3g
strongly inhibited fusion activity of standard F and H complexes
(Fig. 7A, B, and C). In contrast, cell-to-cell fusion was still sub-
stantial in the presence of 3g when CDV H was combined with the
destabilized F trimers (with the exception of F-S332A) (Fig. 7A, B,
and C).

To differentiate between secondary resistance to fusion inhibi-
tion resulting from insufficient stabilization of mutant prefusion F
trimers and primary site loss of 3g binding, we probed whether the
compound still exerted some effect by enhancing the temperature
at which mutated F trimers switched conformations. Standard
and selected mutant F proteins were expressed in Vero cells and
subjected to conformational analysis of F trimers after brief heat
shocks as before. Strikingly, all tested mutant F trimers flipped
from the pre- to postfusion conformation at higher temperatures
in the presence of 3g than in its absence (Table 1). These data
indicate that the compound still stabilized most of the CDV pre-
fusion F variants to some appreciable degree (Table 1).

Taken together, we demonstrate that only destabilized, mutant
prefusion F complexes, efficiently escape from inhibition by the
compound. These findings are consistent with secondary resis-
tance to the inhibitor.

The nature of the fusion trigger and the stability of metasta-
ble prefusion F control productive fusion activation. Only de-
stabilized CDV F trimers were activated by the MeV H/CD46 trig-
ger, whereas both standard and modified CDV F proteins were
triggered by the CDV H/cSLAM interaction. Although it is well
known that the cellular environment regulates paramyxovirus-
mediated membrane fusion (5), our findings in addition suggest
that fusion is controlled by the nature of the combination (recep-
tor type and H origin) involved in triggering. We tested the effect
of different fusion-triggering combinations by expressing stan-
dard CDV H proteins with standard or mutated CDV F trimers in
Vero cells displaying either cSLAM or cNectin-4. Importantly,
since the cell surface steady-state level of the receptor also impacts
membrane fusion activity (56), the levels of surface expression of
both cSLAM and cNectin-4 were monitored by flow cytometry.
(Both molecules carry identical extracellular HA tags.) The results
indicated that our newly generated Vero-cNectin-4 cells expressed
slightly more receptors on the plasma membrane than Vero-
cSLAM cells (Fig. 8).

Results shown in Fig. 9 revealed that all F proteins induced
membrane fusion in the absence of 3g in Vero-cNectin-4 cells,
albeit to a lesser degree than in Vero-cSLAM cells (compare

TABLE 1 Prefusion F protein stability of CDV

CDV

Temp of conformation switch (°C)a

No drug �3g

F-wt 58–60 65–67
F-L326A 50–52 60–62
F-L372G 44–46 51–53
F-L372A 51–53 60–62
F-P331A 50–52 60–62
F-S332A 50–52 60–62
F-V447T 51–53 61–63
a Determined by detecting the temperature at which 50% of the F population was
bound by the antiprefusion MAb and the other 50% was bound by the antitrigger MAb.

FIG 6 A central pocket microdomain within the F head regulates cell-cell
fusion. (A) (Left panel) Homology model of the prefusion CDV F trimer (49).
The central pocket is highlighted (green, monomer B; red, monomer A).
(Right panel) Close-up view of residues defining the central microdomain.
(Residues in the monomer B are color coded green, and residues in monomer
A are color coded red). (B) Syncytium formation assay. Cell-cell fusion induc-
tion after cotransfection of Vero cells with plasmid DNA encoding mutant
CDV F proteins and MeV H proteins. Representative fields of view were cap-
tured 24 h posttransfection with a confocal microscope (Olympus FluoView
FV1000). (C) Quantitative cell-cell fusion assay. Fusion activity was quantita-
tively assessed as described in the legend to Fig. 1G.
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Fig. 7A and 9A). Consistent with the results obtained in Vero-
cSLAM cells, only F-S332A failed to fuse Vero-cNectin-4 cells,
confirming that this particular mutation disturbs basic func-
tionality of the F trimer through additional defects (Fig. 9A and

B). In contrast to the results obtained in Vero-cSLAM cells,
only F-L372G could mediate fusion in the presence of 3g. How-
ever, induction of fusion by this mutant was extremely limited
and was detectable only qualitatively after 48 h of incubation
(Fig. 9A). Interestingly, this CDV F mutant was also the only
one that displayed a significantly reduced conformational sta-
bility of the prefusion trimer (Table 1).

Overall, these results confirmed that the receptor type influ-
ences the outcome of H-mediated F triggering. We extend this
notion by revealing that both the nature of the triggering system
and the conformational stability of the prefusion F trimers govern
the productive initiation of the F refolding cascade and, by exten-
sion, the sensitivity of the system to 3g-mediated inhibition.

Low stability of prefusion F trimers generates inhibitor-de-
pendent F proteins. Previous (37) and current results support the
notion that 3g inhibits membrane fusion by stabilizing a prefusion
conformation of the F trimer. In contrast to standard F complexes,
however, destabilized CDV F mutants efficiently escape from in-
hibition, and in the MeV F background, resistance to the com-
pound was associated with a hyperfusogenic phenotype (46).

To further assess a link between F stability and resistance to 3g,
we coexpressed a reportedly extremely labile MeV F variant (F-
L547A V549A) (37) with MeV H in Vero cells. Indeed, fusion was
nearly absent, since most F trimers reached the cell surface already
in a postfusion conformation (“dead” F) (37). We hypothesized
that membrane fusion might be restored if the stability of the F
trimers could be appropriately influenced by the compound: high
enough to preclude premature refolding but sufficiently low to
enable H-mediated F triggering (thus generating 3g-dependent

FIG 7 Prefusion F trimers with reduced activation energy levels are resistant to a potent morbillivirus cell entry inhibitor (3g). (A) Syncytium formation assay.
Cell-cell fusion induction after cotransfection of Vero-cSLAM with plasmid DNA encoding F proteins and H proteins in different combinations (as indicated in
the figure) in the absence (no drug) or presence (�3g) of the antiviral compound. Representative fields of view were captured with a confocal microscope
(Olympus FluoView FV1000) 24 h posttransfection. (B and C) Quantitative cell-cell fusion assay. Fusion activity was quantitatively assessed as described in the
legend to Fig. 1G.

FIG 8 Generation of a stable Vero-cNectin-4 cell line. Vero cells were
transduced with lentiviral vectors carrying the canine nectin-4 gene. The
gene was designed to express a protein with the HA tag fused N terminally.
IF (A to C) and flow cytometry (D) of Vero cells, Vero-cSLAM cells (SLAM
also bears an additional N-terminal HA tag), and Vero-cNectin-4 cells were
performed as described in Fig. 1H, with the exception of the primary anti-
body used (anti-HA 16B12).
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bioactive F trimers in analogy to the AS-48-dependent F-V94G
N462S trimers previously reported [45]).

We found syncytia in Vero cells cotransfected with MeV H and
F-L547A V549A in the presence of 3g (Fig. 10A and C), while
fusion remained extremely low without the compound (Fig. 10A
and B). This phenotype became even more pronounced when the
destabilized MeV F variant was coexpressed with CDV H in Vero-
cSLAM cells (Fig. 10D, E, and F). Remarkably, this result perfectly
correlated with the conformational stability of the mutant prefu-
sion F trimer: while F-L547A V549A flipped at approximately 33
to 35°C in the absence of 3g, it switched conformations at 42 to
44°C in the presence of the compound (Table 2). Thus, also the
combination of the L547A and V549A substitutions resulted in
3g-dependent functional MeV F trimers.

DISCUSSION

To enter target cells, morbilliviruses first interact with specific host
cell receptors through their envelope attachment protein H (5).
The ensuing receptor-induced oligomeric rearrangements within
the H tetramers trigger associated prefusion F trimers to undergo
a series of irreversible conformational changes that ultimately re-
sult in membrane fusion (5). Our recent findings demonstrated
that the conformational stability of morbillivirus prefusion F
trimers does not rely on the presence of H but on an intrinsic
activation energy barrier (37).

Based on previous work by Wild and coworkers (34), we here
identified specific F residues located in neighboring monomers
that define a recessed pocket positioned at the center of the large F
globular head domain. When these residues were mutated to the
corresponding MeV F amino acids in the CDV F background,
membrane fusion of CD46� Vero cells was efficiently restored
upon coexpression with MeV H. Interestingly, we show that this

gain of function was not induced by restoring or improving F-H
physical interactions but by lowering the activation energy barrier
of metastable, prefusion CDV F trimers, hence facilitating H-de-
pendent F triggering. In support of this concept, we recently found
that vaccine strain (Edmonston)-derived MeV F contains a sub-
stantially lower activation energy barrier than CDV F (A75/17), as
monitored by heat shock treatment and conformation-sensitive
MAbs (37). This finding implies that the stimulus provided by
CD46-induced conformational changes of MeV H is strong
enough to overcome the relatively low energy barrier of prefusion
MeV F-Edm but insufficient to trigger the more stable CDV F
complexes. In the present study, we demonstrate that mutations
in the central pocket domain of the F head reduce the activation
energy barrier of prefusion CDV F complexes, allowing for effi-
cient triggering also by MeV H/CD46. These conclusions are sup-
ported by the resistance of the destabilized F trimers to the small-
molecule entry inhibitor that blocks fusion by stabilizing a
prefusion state of F. A still appreciable F stabilization in refolding
assays supports that resistance was based on a secondary mecha-
nism, and the compound still bound to F.

A regulatory role of destabilizing F mutations and the cellular
system was suggested in several studies to modulate the efficiency
of the fusion process (45, 49, 57–59). Based on the results pre-
sented in this study, we propose that the receptor type, the strain
origin of the attachment protein, and the conformational stability
of the prefusion F trimers all cooperate to define the framework
for membrane fusion activation. First, if the stability of prefusion
F trimers is too high, the triggering stimulus provided by H upon
receptor binding will not suffice to overcome the F activation en-
ergy barrier; if the F stability is too low, F trimers will prematurely
refold into the postfusion state. Metastable F trimers are only ame-
nable to productive triggering if they contain activation energy

FIG 9 The triggering stimulus governs secondary resistance of various destabilized F variants to the antiviral compound. (A) Cell-cell fusion induction after
cotransfection of Vero-cNectin-4 cells with plasmid DNA encoding CDV F and CDV H proteins in the absence (no drug) or presence (�3g) of the antiviral
compound. Representative fields of view were captured with a confocal microscope (Olympus FluoView FV1000) 24 h (no drug [upper panels]) and 48 h (�3g
[lower panels]) posttransfection. (B) Quantitative cell-cell fusion assay. Fusion activity was quantitatively assessed as described in the legend to Fig. 1G.
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levels between these two thresholds. We consider this energy
range between these two thresholds the “triggering range” (Fig.
11A to C). Second, the breadth of the triggering range depends on
the combination of the receptor type and the origin of the viral
attachment protein, which we refer to as the “triggering stimulus.”
As a case in point, the MeV H/CD46 combination appears to be a
suboptimal trigger, defined by a poor triggering stimulus: highly
stable wt CDV F trimers (A75/17) resisted activation by this trig-
ger, while MeV F-Edm (intrinsically less stable) and destabilized
CDV F variants were activated (Fig. 11A). In contrast, the CDV
H/cSLAM triggering stimulus is strong, reflected by a wide trig-

gering range encompassing all F trimers tested in this study (Fig.
11B). The CDV H/cNectin-4 combination mounts an intermedi-
ate triggering stimulus, since CDV F-wt remained mostly untrig-
gered, but MeV and destabilized CDV F trimers were effectively
activated (Fig. 11C).

Use of the small-molecule fusion inhibitor further accentuated
this model. In the presence of 3g, the conformational stability of
wt CDV F prefusion trimers increased beyond the threshold of
activation, blocking membrane fusion at all triggering conditions.
Remarkably, 3g increased the activation energy barriers of MeV
and destabilized CDV F trimers to a similar range as untreated wt
CDV F. This may explain why destabilized F mutants are resistant
to inhibition by the compound when subjected to a strong trig-
gering stimulus (CDV H/cSLAM). In contrast, under intermedi-
ate (CDV H/cNectin-4) or suboptimal (MeV H/CD46) triggering
stimuli, only the most destabilized CDV F variant (L372G) still
escapes from inhibition by 3g.

Strikingly, MeV F variants were reported that were able to ef-
ficiently grow in Vero cells in the presence of AS-48, the signature
compound of this antiviral class and close chemical analog to 3g
(45). These MeV variants exhibited mutated F trimers that were

FIG 10 Identification of drug-dependent bioactive F trimers. (A and D) Syncytium formation assay. Shown is cell-cell fusion induction after cotransfection of
Vero (A) or Vero-cSLAM (B) cells with plasmid DNA encoding F proteins and H proteins in different combinations (as indicated) in the absence (no drug) or
presence (�3g) of the antiviral compound. Representative fields of view were captured with a confocal microscope (Olympus FluoView FV1000) 24 h
posttransfection. (B and C and E and F) Quantitative cell-cell fusion assay. Fusion activity was quantitatively assessed as described in the legend to Fig. 1G.

TABLE 2 Prefusion F stability of MeV

MeV

Temp of conformation switch (°C)a

No drug �3g

F-edm 51–53 61–63
F-T335V 54–56 63–65
F-V547A L549A 33–35 44–46
a Determined by detecting the temperature at which 50% of the F population was
bound by the antiprefusion MAb and the other 50% was bound by the antitrigger MAb.
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strongly destabilized and dependent on the presence of the com-
pound for efficient membrane fusion (45). Based on our confor-
mation-dependent MAb data, we now expand this conclusion and
predict that due to the poor triggering stimulus of MeV H/CD46,
AS-48 facilitated the generation of substantially destabilized F

trimers that were too labile to maintain the prefusion state in the
absence of the drug. These F mutants henceforth required the
presence of the compound to maintain an intracellular transport-
competent prefusion conformation. This conclusion is corrobo-
rated by the data obtained with our structure-guided, destabilized
MeV F-L457A V549A construct.

It is noteworthy that very similar observations were obtained
regarding HIV Env resistance to the peptidic fusion inhibitor T20
(Fuzeon) (60). Although several pathways lead to HIV resistance
to the peptide (61–63), T20-dependent HIV Env variants were
isolated from treatment-experienced HIV patients (60). In this
case, it was proposed that HIV Env was more prone to undergo
premature refolding into the postfusion conformation; the pres-
ence of T20 delayed premature conformational changes and, in
turn, Env inactivation. This T20 blockade was proposed to be only
transient, and the spontaneous release of the peptide was consid-
ered to result in complete membrane fusion (60, 64).

Shirogane et al. (65) recently obtained mutant MeV particles
with enhanced fusion activity that contained two types of ge-
nomes— one expressing a standard F trimer that could not be
triggered by a modified H protein and the other an G264R F vari-
ant. It appeared that the enhanced fusion activity resulted from
the formation of F heterotrimers, which compensated for the in-
trinsic fusion deficiencies of the two F proteins when assembled
into homotrimers (65). While the authors directly assessed nei-
ther the conformational stability of these F complexes nor their
physical interaction with H, they speculated that the inherent ac-
tivation energy barrier of the heterotrimers reached the appropri-
ate level to achieve productive H-dependent F triggering at the
correct place and time (65). We note that the MeV F residue 264 is
predicted to be located in very close proximity to the central
pocket identified in our study (Fig. 12). These data thus support
our conclusions and provide further evidence for a universal role
of the central region of the morbillivirus F globular head domain
in regulating the conformational stability of prefusion F.

We believe that the mechanism of F fusion triggering regula-
tion illuminated by our model may affect the course of morbilli-
virus disease and viral pathogenesis. Watanabe and colleagues re-
cently showed that mutations in the F ectodomain of wild-type
MeV IC-B led to neurovirulence in immune-immature hamsters.

FIG 11 Refined model of receptor/H-dependent F triggering. (A to C) The
histograms represent the stability of a given F trimer in the metastable state.
The increase in stability of prefusion F states by 3g is shown in the upper insert
(�S). “Triggering range” (TR) is defined by the receptor type, the strain origin
of H, and the stability of a given prefusion F trimer. The MeV H/CD46 “stim-
ulus” represents a suboptimal trigger (leading to a narrow TR). The CDV
H/cNectin-4 “stimulus” represents an intermediate trigger (leading to an in-
termediate TR). The CDV H/cSLAM “stimulus” represents an optimal trigger
(leading to a large TR). If the stability of a given prefusion F trimer is above the
upper threshold or below the lower one, F refolding is not induced (red histo-
gram, unamenable to triggering by H). If, in contrast, the stability is above the
lower threshold and below the upper one, F refolding can be triggered (green
histogram, amenable to triggering by H). In addition, we propose that within
the TR the closer the stability to the upper or lower threshold, the less fusion is
induced, thereby defining a range of potential fusion efficiencies (�, ��, and
���) (yellow histogram, almost unamenable to triggering by H). Optimal
fusion is obtained by metastable F stabilities in the middle of the range.

FIG 12 Fusion regulatory residues are located very close to the central pocket
microdomain of the morbillivirus F trimer. Shown is a close-up view of the
central pocket microdomain. Residues highlighted in red (V447T and L372A)
and yellow (L326A and P331A) were identified in this study and shown to
increase fusion by destabilizing the prefusion F trimer. Residues highlighted in
blue (S262 [66] and G264 [65]) were reported to influence cell-cell fusion and
viral pathogenicity.
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Interestingly, this phenotype correlated with enhanced F-medi-
ated membrane fusion activity in SLAM- and nectin-4-negative
cells (66). Some of the MeV F mutations described in this study are
likewise located proximal to the central F pocket microdomain
(Fig. 12), prompting us to speculate that the reportedly enhanced
fusion activity resulted from destabilization of the mutated prefu-
sion MeV F trimers. Also in the case of persistent CDV infection in
the brain, we hypothesize that the strongly reduced fusion activity
of CDV in astrocytes (48, 67, 68) may result, at least in part, from
highly stable prefusion wild-type F trimers, which together with a
suboptimal triggering stimulus (the cellular receptor involved is
still unidentified) lead to poor fusion efficiency. These highly cen-
tral nervous system (CNS)-specific conditions set the stage for
predominant transmission of nucleocapsids from infected to
neighboring cells in a noncytolytic manner, thus protecting the
virus from immune recognition by bypassing massive syncytium
formation and tissue destruction.

In conclusion, we demonstrate that the activation energy bar-
rier of prefusion F trimers conformation together with the attach-
ment protein-receptor combination define a “triggering range”
that governs the initiation of the membrane fusion process. A
central “pocket” microdomain in the globular F head contributes
substantially to the regulation of the conformational stability of
the prefusion complexes. The triggering range also defines the
mechanism of viral escape from entry inhibitors and describes
how the cellular environment can affect membrane fusion effi-
ciency. Little is known about the exact link between membrane
fusion activity in cell culture and morbillivirus pathogenesis.
However, the disease spectrum—from massive cytolysis of lym-
phatic tissues accompanied by immunosuppression to noncyto-
lytic persistent CNS infection—suggests that the triggering range
may be an important determinant of the course of morbillivirus
infection in vivo.
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