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SUMMARY

Cell-cell fusion proteins are essential in develop-
ment. Here we show that the C. elegans cell-cell
fusion protein EFF-1 is structurally homologous to
viral class Il fusion proteins. The 2.6 A crystal struc-
ture of the EFF-1 trimer displays the same 3D fold
and quaternary conformation of postfusion class Il
viral fusion proteins, although it lacks a nonpolar
“fusion loop,” indicating that it does not insert into
the target membrane. EFF-1 was previously shown
to be required in both cells for fusion, and we show
that blocking EFF-1 trimerization blocks the fusion
reaction. Together, these data suggest that whereas
membrane fusion driven by viral proteins entails
leveraging of a nonpolar loop, EFF-1-driven fusion
of cells entails trans-trimerization such that trans-
membrane segments anchored in the two opposing
membranes are brought into contact at the tip of
the EFF-1 trimer to then, analogous to SNARE-medi-
ated vesicle fusion, zip the two membranes into one.

INTRODUCTION

Protein-driven membrane fusion events are essential in all forms
of life. They are key to intracellular trafficking, neurotransmitter
secretion, cell mating, and fertilization. They also play a crucial
role in development of tissues and organs in multicellular organ-
isms (Aguilar et al., 2013). Controlled membrane fusion relies on
a thermodynamic coupling between a conformational change in
fusion effector molecules—the so-called fusion proteins—and
targeted membrane perturbations that lower the free energy
barrier of an overall exothermic lipid merger reaction. Membrane
fusion processes have been intensively studied in the case of
intracellular fusion events (Wickner and Schekman, 2008), as
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well as fusion of enveloped viral particles with a host cell during
entry (Harrison, 2008; Kielian and Rey, 2006). These studies have
shown that the fusion protein remains kinetically trapped in a
metastable conformation—the “prefusion form” —until key inter-
actions with the target membrane push it over the barrier to
reach its lowest energy conformation, termed the “postfusion”
form. The released energy is used to closely appose the two
membranes together, while concomitantly destabilizing them
at the site of fusion to drive lipid merger (Kozlov et al., 2010; Sapir
et al., 2008).

Studies of intracellular fusion have revealed two families of
fusion proteins, the “SNAREs” —acronym for “soluble N-ethyl-
maleimide-sensitive factor (NSF) attachment protein receptors”
(Stdhof and Rothman, 2009; Sutton et al., 1998)—and the dyna-
min-like “atlastin” GTPases (Bian et al., 2011; Byrnes and Son-
dermann, 2011). In both cases, membrane merger results from
trans-oligomerization of molecules anchored in the opposed
membranes, followed by a conformational change that pulls
the two membranes toward each other (Figure S1 available
online; reviewed in Jahn and Scheller, 2006 and Moss et al.,
2011).

In contrast to SNAREs and atlastins, viral fusion proteins do
not trans-oligomerize in order to merge the two opposing
membranes. Instead they bridge the two lipid bilayers via the
formation of an extended intermediate that exposes a hydro-
phobic segment, termed fusion loop or fusion peptide, at the viral
membrane distal end of the protein, such that it can insert into
the target membrane (Figure S1B). The extended intermediate
then collapses into a hairpin that brings together fusion loop
and viral transmembrane (TM) segments, thereby forcing the
two membranes into close apposition. Although the known viral
fusion proteins belong to different structural “classes” based on
their overall 3D fold, they all adopt a similar “hairpin” conforma-
tion in their final, postfusion form.

Extracellular cell-cell fusion processes are much less under-
stood. An exception is placenta formation, where the envelope
proteins of endogenous retroviruses mediate trophoblast fusion
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through the same mechanism of virus-cell fusion reactions
(Blond et al., 1999, 2000; Mi et al., 2000). The only genuine
cellular fusion proteins were identified in Caenorhabditis elegans
through genetic screens for a fusion failure phenotype (Mohler
et al, 2002; Sapir et al, 2007). The identified proteins
(PFAM14484) include epithelial fusion failure 1 (EFF-1) involved
in hypodermis, vulva, and pharynx formation and anchor-cell
fusion failure 1 (AFF-1), required for the formation of the hymen,
pharyngeal muscles, and epidermal syncytia in nematodes.
Amino acid sequence analyses have shown that EFF-1 and
AFF-1 also have orthologs in other species, including arthro-
pods, chordates, and protists (Avinoam et al., 2011; Avinoam
and Podbilewicz, 2011). They are type | single TM proteins,
with a bulky, glycosylated ectodomain displaying a conserved
pattern of disulfide bonds and an unstructured cytosolic C-ter-
minal tail. These common features led to the classification of
these proteins within a broad fusion family (FF). Expression of
EFF-1 or AFF-1 in C. elegans embryos induces fusion of cells
in vivo (del Campo et al., 2005; Shemer et al., 2004). Also, syncy-
tia formation is induced when they are ectopically expressed in
cultured insect or mammalian cells (Avinoam et al., 2011; Podbi-
lewicz et al., 2006; Sapir et al., 2007; Shilagardi et al., 2013).
Importantly, fusion by EFF-1 or by AFF-1 was shown to require
their presence in both cells to be fused (Podbilewicz et al.,
2006; Sapir et al., 2007), suggesting a trans-oligomerization
step to drive fusion (Sapir et al., 2008), similar to the mechanism
described for the SNARE proteins (Figure S1A). It was also
shown that rhabdovirus particles can be pseudotyped with
AFF-1 replacing the authentic viral fusion glycoprotein at their
surface (Avinoam et al., 2011). As expected, the pseudotyped
particles required the presence of AFF-1 in the target cells in
order to fuse, but they were also shown to fuse with cells ex-
pressing EFF-1 instead. This observation indicates that fusion
can also occur in a heterotypic setting via AFF-1/EFF-1 interac-
tions, suggesting that FF proteins are likely to share a common
mechanism of action that is compatible with fusion activity
across the family (Avinoam et al., 2011; Avinoam and Podbile-
wicz, 2011). Recently, EFF-1 was shown to require actin cyto-
skeletal rearrangements to drive fusion of cultured heterologous
Drosophila cells. In these studies, EFF-1 was observed to cluster
at the tip of actin-driven finger-like protrusions of the plasma
membrane that invade neighboring cells (Shilagardi et al., 2013).

Here we show that recombinant expression of the EFF-1 ecto-
domain in Drosophila cells results in secretion of two forms,
monomeric and trimeric, into the supernatant. We further report
the crystal structure of the trimeric form to 2.6 A resolution,
revealing a striking homology to viral class Il fusion proteins in
their trimeric, postfusion hairpin conformation, although a hydro-
philic segment replaces the fusion loop. We provide evidence
that the monomeric form of EFF-1 is metastable and that trime-
rization is irreversible, matching the properties of the pre- and
postfusion forms, respectively, of the viral counterparts (Bressa-
nelli et al., 2004; Gibbons et al., 2004; Modis et al., 2004).
We further show that blocking EFF-1 trimerization blocks
membrane fusion and demonstrate additional functional paral-
lels with viral class Il fusion proteins, such as formation of an
extended core trimer followed by folding back of the individual
subunits into the postfusion hairpin conformation. In combina-
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tion with available functional information, these results lead us
to propose a trans-trimerization model for EFF-1-driven mem-
brane fusion.

RESULTS AND DISCUSSION

Structure Determination

The production, crystallization, and structure determination of
EFF-1 are reported in detail in the Extended Experimental Proce-
dures, and the statistics for diffraction data collection and for
refinement of the atomic model are listed in Table S1. In total,
461 amino acids out of 539 in the EFF-1 ectodomain (amino
acids [aa] 23-561—i.e., the signal sequence is cleaved after
residue 22) were traced in the experimental electron density
map, from amino acids 34 to 560 (Figure 1) with internal breaks
at loops 57-59, 80-100, 278-279, 393-396, and 510-545, which
are disordered. We also crystallized a shorter version of the
ectodomain, traced from aa 34-509, lacking the “stem” region
(EFF-1astem), Which was instrumental in experimental phasing
by real-space averaging of the electron density between
different crystal forms.

Overall Organization of the EFF-1 Trimer

The atomic model shows that the EFF-1 protomer displays
unambiguous structural homology to class Il viral fusion proteins
in their characteristic postfusion hairpin conformation (Figure 1A).
The trimer subunits feature the three class Il B sandwich do-
mains, termed |, Il, and lll, organized in the same way as in the
viral proteins (Figures 2 and S2) (Lescar et al., 2001; Rey et al.,
1995). Four out of seven predicted N-linked glycosylation sites
display electron density for the glycan chains, attached to resi-
dues N196 in domain Il, N406 in the linker between domains |
and lll, and N428 and N467 in domain Il (Figure 1). Structural
comparisons using the Dali server (Holm and Park, 2000)
resulted in Z scores ranging between 11 and 14 for about 320
Ca atoms of the viral counterparts (Table 1). A similar Z score
is obtained when comparing flavivirus and alphavirus fusion
proteins with each other. The EFF-1 Dali score is higher than
that of the rubella virus (RV) counterpart (DuBois et al., 2013)
when compared to the alphavirus or flavivirus proteins. Because
RV belongs to the same family as the alphaviruses, this result
indicates that EFF-1 has a 3D fold that is closer to that of
“standard” class Il proteins than does the fusion protein of a
related virus.

The comparison with the viral class Il protein trimers (Figure 2
and Table S2) unambiguously defines the membrane-facing side
(top side in Figure 2A) and the membrane distal end (bottom side)
of the EFF-1 trimer. In particular, domain Il occupies the post-
fusion location observed in the viral proteins, a position it rea-
ches only after the fusogenic reoligomerization process (Kielian
and Rey, 2006). Multiple polar interactions, including 9 intra-
and 18 interprotomer hydrogen bonds, stabilize domain Ill at
the sides of the EFF-1 trimer (Table S3). The surface area buried
by domain lll is substantially more extensive in the contact with
the neighbor subunit than in the intrasubunit contact (Figure 3A),
indicating that the binding site for domain Ill becomes available
only after formation of a “core” trimer of the domain I/Il moieties
interacting about the 3-fold molecular axis. This indicates that
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Figure 1. 3D Structure of EFF-1 and Structural Alignment with Viral Class Il Proteins

(A) Ribbon diagram of a subunit of the EFF-1 trimer, colored according to the class Il convention: red, yellow, and blue for domains |, Il, and lll, respectively;
magenta and cyan for the stem and the domain I-ll linker. Disulfide bonds are shown as green sticks, and N-linked glycan chains as ball-and-stick colored
according to atom type. Arabic numbers indicate N-glycosylation sites (gray) and disulfides (green) and match those in the sequence alignment of (B). Dashed

segments indicate disordered regions. See also Figure S2 and Table S1.

(B) Structural alignment of EFF-1 with the flavivirus TBEV glycoprotein E and the alphavirus SFV glycoprotein E1, obtained via a pairwise comparison with the Dali
server (Holm and Park, 2000). The background color indicates the domain (as in A) and TM segments (in gray). A gray font denotes disordered segments; a thick
black box marks a short stretch of high-sequence similarity with flaviviruses (close to the MPR). Thin boxes mark structurally equivalent amino acids. Residue 23
is the N terminus after signal sequence cleavage. Residues at the membrane contact regions are highlighted in pink (EFF-1) or underlined in orange (viral proteins).

the trimer subunits can adopt a stable hairpin conformation only
after core trimer formation, in line with the proposed clamping
role of domain Il described for flaviviruses and alphaviruses
(Liao and Kielian, 2005).

The cd Loop

The fusion loop in viral class Il fusion proteins connects B strands
c and d (the cd loop) at the distal end of domain Il. This region
displays several disulfide bonds, one of which (number 4 in Fig-
ure 1) stabilizes the cd loop by locking it against the end of B
strand b (Figures 1 and S2). This is the only structurally
conserved disulfide bond among all class Il proteins of known
structure (Figure 2A, green arrows). Importantly, instead of an
aromatic/hydrophobic and glycine-rich fusion-loop sequence,
the EFF-1 cd loop exposes the segment 178-SEDD-181 to the
fused membrane (Figure 2B). Together with D136, the side chain
of which projects after the end of B strand b (Figure 3B), these
residues make a strong acidic patch (Figures 2B and S3). The
charged, hydrophilic loops at the membrane-proximal side of
the molecule are compatible with interaction with lipid heads
but not with insertion into the aliphatic layer as in the case of
the viral class Il proteins. The electronegative patch is not

conserved in AFF-1, which has the sequence “PVTS” instead
of “SEDD” in the cd loop and a tyrosine instead of D136 at
the end of B strand b (Figure S4). To test the functional impor-
tance of the exposed residues in this region, we made chimeric
AFF-1 molecules with the cd loop replaced by the corresponding
loop of EFF-1 or the flavivirus protein E. Such chimeras still led
to syncytia formation in transfected baby hamster kidney
(BHK) cells, whereas deletion of the cd loop led to a non-
functional molecule (O.A. and B.P., data not shown). These
data suggest that the cd loop plays a structural role but that its
particular sequence is not essential for function, in stark contrast
with the conserved fusion-loop sequence in viral class Il fusion
proteins.

The Stem Region

Domain Il connects to the TM segment via the “stem” region
(using the nomenclature of viral class Il proteins) (Figure 1). The
structure shows only the C-terminal part of the stem because
of a 36 residue break (aa 510-545) immediately downstream of
domain lll. Of note, the stem of flavivirus E was also recently
shown to become disordered a few residues after domain Il
(Klein et al., 2013), similar to EFF-1. Those constructs did not
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Figure 2. Comparison with Viral Class Il Fusion Proteins

™
™
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(A) Ribbon representation of the EFF-1 trimer shown next to the flavivirus (TBEV E, PDB 1URZ), alphavirus (SFV E1, PDB 1RER), and rubella virus (RV E1, PDB
4ADI) class Il fusion protein trimers, with a scale bar (100 A) on the left. A “fused” membrane is diagramed above, roughly to scale, with aliphatic and hydrophilic
layers in dark and light gray, respectively. A reference subunit is shown in standard class Il colors, and the others in gray, with disordered regions as dashed tubes;
glycan chains and disulfide bonds are shown as in Figure 1. Green arrows point to the conserved class Il protein disulfide bond (number 4 in Figure 1B). The
inferred locations of the TM segments of EFF-1 and RV E1 are drawn following the MPR, to illustrate that they are brought into position to zipper across the
membrane in EFF-1, whereas in RV E1, they would be too far from each other to interact within the membrane.

(B) Top view (as seen from the membrane, blown up from panel A) of the EFF-1 trimer showing side chains from residues of the cd loop and the top of the bc loop
(labeled), together with the stem in magenta. The MPR of the stem converges toward the 3-fold molecular axis. See also Figure S3.

include the C-terminal part of the flavivirus stem, but we note an
intriguing stretch of sequence similarity with EFF-1 (aa 549-553,
highlighted in Figure 1B) near the membrane-proximal region
(MPR), which suggests possible further structural similarities
that may also have functional implications for understanding
flavivirus fusion.

410 Cell 157, 407-419, April 10, 2014 ©2014 Elsevier Inc.

After the density break, the polypeptide chain “reemerges”
(Figure S5) toward the tip of the trimer, at the level of the jj hairpin
of domain Il (Figures 1 and 3B). The broken lines in Figure 1A
indicate the most straightforward, intrasubunit connection with
domain Ill, although we cannot exclude a “strand-swapped”
connection with an adjacent subunit in the trimer, as the



Table 1. Dali Scores Comparing the EFF-1 Ectodomain with Viral Class Il Proteins

EFF-1 Alphavirus E1 Flavivirus E RV E1?
z N/NT c I z N/NT s | z N/NT s | z N/NT s |
EFF-1 450 451/461 0.8 100 SFV 13.9 321/391 4.9 11 SLEV 127 333/38 58 9 RV 87 293/425 6.2 8
TBEV 121 327/386 58 9
DEN1 122 320/379 5.8 10
DEN2 11.0 310/380 53 9

For reference, Z scores below 2 are meaningless, whereas values of around 50 are obtained with the same protein. In this case, the score is between
EFF-1 full ectodomain compared to EFF-1 truncated after domain Ill, which crystallize in different crystal forms and have different packing environ-
ments. “N/N"" indicates the number of aligned residues (N) compared to the total residues in the alignment (N"). o is the root-mean-square deviation
between Ca. atoms (in /Z\). “1” indicates % amino acid identity after the alignment. See also Table S2.

SFV, Semliki forest virus protein E1, PDB 1RER; SLEV, St. Louis encephalitis virus E protein, PDB 4FGO (Luca et al., 2013); TBEV, tick-borne enceph-
alitis virus protein E, PDB 1URZ; DEN”n,” dengue virus serotype “n” protein E (Modis et al., 2004; Nayak et al., 2009); RV, Rubella virus protein E1.
3Comparisons with RV E1e were performed with coordinates in which domain Ill was manually “unswapped” to make a trimer organized in the same
way as EFF-1 or flavivirus E. Without this operation, the Dali score was based on fewer residues and the Z score value poorer.

disordered loop is long enough to span the distance. As
discussed below, it appears more plausible that the connection
is indeed intrasubunit (see section on EFF-1/AFF-1 heterotrime-
rization). The first six residues of the C-terminal stem region
make B strand n (aa 546-551), which runs antiparallel to strand
j as in the rubella virus E1 protein—the only class Il molecule in
which the stem is visible in the structure (DuBois et al., 2013).
The MPR of the stem begins at residue 555 (after strand n), where
the polypeptide chain crosses f sheets to run over the bc loop
and end past the cd loop (Figures 3B and S5), stopping one
residue short of the TM segment (aa 562-584). Although the
last residue of the stem (D561) is disordered in the structure,
its predicted location would add an additional carboxylate group
facing the acidic patch discussed above, contributing to the
negative electrostatic potential at the membrane-contacting
side of the EFF-1 trimer. These carboxylates could form a diva-
lent metal chelating site, which would contribute to further stabi-
lizing the interaction of the stem with the body of the trimer.
We were unable, however, to test the effect of adding divalent
cations because of their insolubility in the presence of the high
sulfate concentrations needed to grow diffraction-quality crys-
tals of EFF-1 (see Extended Experimental Procedures).

The overall organization of the EFF-1 trimer, with a disordered
36 residue loop projecting out at the level of the central region of
domain Il (Figure 1A) and the polypeptide chain then joining the
tip subdomain to converge toward the 3-fold axis at the
membrane-facing end, is compatible with a putative interaction
between TM segments in the final postfusion form. From their
predicted locations in the structure, the TM segments can poten-
tially zipper into a parallel three-helix bundle crossing the fused
membrane (Figure 2A).

Monomeric EFF-1 Is Metastable

In order to further understand the EFF-1 fusogenic mechanism, it
is worth considering similarities and differences in the modes of
action of its viral counterparts. In the prefusion form, class Il viral
fusion proteins are maintained in a metastable array of dimers at
the viral surface (Kuhn et al., 2002; Lescar et al., 2001). Dimer
dissociation in the acidic environment of the endosome results
in fusion-loop exposure and disassembly of the surface lattice.

A fusogenic conformational change of the fusion protein ensues,
ending with the formation of stable postfusion homotrimers in
which the protomer subunits are in a folded back, “hairpin”
conformation with the fusion loops located next to the viral TM
segments (Figure 2A). Although we have no information about
the organization of EFF-1 in its prefusion form at the cell surface,
we do obtain two distinct oligomeric forms of its ectodomain
purified from the supernatant of the transfected Drosophila cells.
This could be an indication that EFF-1 may also exist in a meta-
stable (prefusion) form, which is subsequently triggered into a
stable postfusion trimer. We therefore analyzed biochemically
the recombinant ectodomain to see whether the two forms are
in equilibrium with each other, or whether trimerization is irre-
versible. We observed that upon storage for several weeks at
0.1 mg/ml at 4°C, the monomer fraction gave back the two frac-
tions, monomer and trimer, when reassayed by size exclusion
chromatography (SEC). In contrast, the trimeric fraction did not
give back monomers, even after dilution. Furthermore, concen-
tration of the monomer fraction to ~10 mg/ml resulted in more
than 80% conversion to trimer (Figures 4A and S6A), and back
dilution to about 0.1 mg/ml did not yield back a monomer,
confirming that EFF-1 trimerization is irreversible. These obser-
vations are thus compatible with metastable monomers being
intermediates in a fusion process involving their irreversible con-
version into postfusion trimers.

Structure-Guided Mutagenesis Aimed to Interfere with
EFF-1 Trimerization

If trimer formation is essential for fusion, mutations affecting
trimerization should be fusion impaired. Examining the crystal
structure, we identified that residues G260, D321, and D322
are located at the interface such that mutations introducing
longer side chains are likely to destabilize the EFF-1 trimer. We
therefore prepared a G260A single, a D321E/D322E double,
and G260A/D321E/D322E as well as G260E/D321E/D322E
triple mutants. Analysis of the single- and double-mutant ecto-
domains by SEC showed less spontaneous trimerization than
wild-type (WT), although they were still able to make trimers
(Figure 4B). In contrast, the triple mutants, both of which
behaved identically in our biochemical studies, showed almost
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Figure 3. Interactions of Domain Illl and the
Stem/MPR with the EFF-1 Core Trimer

(A) Contact area at the sides of the core trimer. The
EFF-1 trimer is shown in surface representation
and oriented as in Figure 2A, colored according to
domains. Domain lll and the stem from the refer-
ence subunit in front (highlighted in bright colors)
were dissected out and placed in an “open book”
orientation with respect to the body of the trimer.
The adjacent protomers in the trimer (left panel)
are in shaded colors to highlight intra- and inter-
protomer contacts made by domain Il and the
stem. The atoms in contact between the C-termi-
nal segment (domain Il and the stem) and the
trimer core are colored dark and light gray for intra-
and interprotomeric interactions, respectively. The
figure shows that the majority of the domain IlI
contacts are interprotomeric, highlighting the
trimer-stabilizing or “-clamping” role of domain Ill,
whereas those from the stem are all intra-
protomeric if the connectivity is that of Figure 1A. A
thick black line follows the boundary in between
subunits of the core trimer. See also Table S3.

(B and C) Stem-domain Il tip interactions. The
EFF-1 subunit alone (B) and in the context of the
trimer (C) are shown. The reference subunit was
ramp-colored along the polypeptide chain as
indicated by the bar underneath. Side chains of
residues at the membrane interface, as well as
disulfide bonds, are shown as sticks, with oxygen,
nitrogen, and sulfur atoms red, blue, and yellow,
respectively, and carbon atoms in the corre-
sponding ramp color. Three distant segments of
the polypeptide chain come together to form the
tip: the bdc B sheet (residues 125-195, blue/cyan/
pale green), the jj hairpin with the preceding short
helix oB (residues 316-345, yellow), and the
C-terminal end of the stem (residues 546-560,
red), completing the antiparallel nji B sheet, which
packs against bdc to form the tip B sandwich
(strands labeled in B). The predicted location
of D561, which is immediately before the TM
segment, would be consistent with a chelation
site for a divalent metal together with D181 and
D136 (labeled in B). The box in the insets shows
the location of the magnified area in each panel.
See also Figure S5.

no trimerization under the conditions tested (Figure 4B, lower

panel). The triple mutants nevertheless crystallized as
trimers with the same postfusion conformation as WT, as
shown by the 2.3 A resolution structure of the G260A/D321E/
D322E mutant, which displayed only a locally altered con-
formation of the polypeptide main chain to allow the packing of
the A260 side chains about the 3-fold axis (Figure S6B). We
did not pursue the analysis of the crystals of the G260E/
D320E/D321E triple mutant because the diffraction pattern
showed that they were isomorphous with the G260A/D321E/
D322E crystals, indicating that both mutants have the same 3D
structure. These results highlight an important plasticity of the
EFF-1 trimerization interface, which appears tailored for a robust
trimer interaction in spite of punctual changes at the contact
surfaces.
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Trimerization-Deficient EFF-1 Mutants Are Impaired in
Cell Fusion

To test the cell fusion activity of the trimerization-defective
mutants, we transiently expressed full-length mutant EFF-1 in
BHK cells and analyzed protein localization and the extent of
mutant EFF-1-driven multinucleation (Figure 4C, top panel).
Analysis of multinucleation revealed that both mutant proteins
tested (EFF-1 G260A and EFF-1 G260A/D321E/D322E) induced
the formation of significantly less syncytia compared to WT
(~20% compared to 46% for the mutants and WT EFF-1,
respectively; Figure 4C). To determine whether the mutant
proteins were expressed on the plasma membrane of BHK cells,
we compared surface expression using cell-surface biotinylation
(Figure 4C, lower panel) and indirect immunofluorescence (Fig-
ure S6C). We found that both mutants reached the cell surface
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Figure 4. EFF-1 Trimerization Is Required
for Cell-Cell Fusion

(A) Metastability of the WT EFF-1 monomeric
ectodomain. The protein from each individual
elution peak of an initial SEC run (as in the chro-
matograms shown in B) was concentrated or
diluted to the indicated concentrations in the his-
togram and resampled by SEC. Each bar of the
histogram displays the trimer/monomer ratios
obtained in the second SEC run. The corre-
sponding chromatograms are displayed in Fig-
ure S6A, along with the molecular masses of the
two fractions determined by multiangle laser light
scattering. See also Figure S6.

(B) Elution profiles from an Sdx200 size exclusion
column obtained upon purification of soluble
WT and mutant EFF-1 ectodomains from the
supernatant of the Drosophila cell culture. The
percentage of each form is calculated by peak
integration and given in the shaded areas under
the peaks. The top panel corresponds to a typical
elution profile for WT protein. The ratio varied for
different preparations, but the monomeric fraction
was always around 20% (+5%) of the total WT
protein, independent of the concentration of
secreted protein in the supernatant. We did not
make mutant preparations as many times as WT,
but the chromatograms gave always above 30%
monomer for the single and double mutants,
indicating somewhat less propensity to form tri-
mers. The triple mutant, in contrast, was almost
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(C) The EFF-1 trimerization mutants are impaired
in cell-cell fusion. Upper panel: multinucleation
index for BHK cells expressing EFF-1 WT protein
97 (46 + 1 n = 3522), EFF-1 G260A mutant (21 + 1.9:
n = 3207), EFF-1 G260A/D321E/D322E mutant
[ml] (18 + 2.7; n = 3396), empty vector (10 + 0.9; n =
4058), and RFPnes no vector (8% + 1.9%; n =

D322E

3492). Results are mean of three independent experiments (n > 1000 for each experiment); p < 0.005 was calculated by two-tailed t test for both mutants
compared to WT EFF-1. Data are presented as means + SEM. Lower panel: mutant and WT EFF-1 proteins carrying a V5 epitope fused to the cytoplasmic tail
reach the cell surface in similar amounts. Surface biotinylation of transfected BHK cells was followed by affinity purification using neutravidin agarose beads and
western blotting with an anti-V5 antibody (upper blot). No specific immunoreactivity is observed for the empty vector, whereas similar amounts of EFF-1 are
detected for WT and both mutants sampled. A parallel western blot using the initial cell lysates and an anti-actin antibody served as loading control (lower blot).

at levels similar to those of WT, showing that they do not have
a folding defect, and also that trimerization is not a requirement
for reaching the cell surface. This is in line with the observation
that their recombinant ectodomains are secreted at levels similar
to those of WT and can be crystallized (Figure S6). These exper-
iments provide a clear correlation between reduced trimerization
of the EFF-1 mutant ectodomains and a significant reduction in
syncytia formation induced by their full-length counterparts in
cell culture, as would be expected if EFF-1 trimerization was
required for EFF-1-driven cell-cell fusion. The similar reduction
in multinucleation by the single and the triple mutants, in spite
of the different trimerization abilities of their ectodomains, sug-
gests that there may be a threshold in trimer stability that is
important for fusion. An alternative explanation could be that
the presence of the TM segments may partially compensate
for the higher trimerization defect of the triple-mutant ectodo-
main. Taken together, these experiments indicate that formation
of stable trimers is required to mediate cell-cell fusion.

Soluble EFF-1 Ectodomain Monomers Inhibit Syncytia
Formation, whereas Trimers Do Not

To further test whether EFF-1 trimerization takes place during the
fusion process, we tested the effect of adding soluble ecto-
domain to the supernatants of cells expressing the full-length,
WT protein. For this purpose, we developed a stable cell line
expressing an inducible construct of full-length EFF-1 to obtain
a more uniform and mifepristone-regulated expression (see
Extended Experimental Procedures). As shown in Figure 5A,
addition of trimeric EFF-1-soluble ecotodomain into the medium
did not affect the amount of multinucleation of BHK cells
following induction of full-length EFF-1. This observation is
important because, were the fusion process to involve trimeri-
zation in cis and then trimer-trimer interactions across the two
cells, the presence of soluble trimeric ectodomains would be ex-
pected to interfere with fusion. In contrast, addition of soluble
monomeric EFF-1 had a clear inhibitory effect, as expected if
fusion is driven by in trans interactions between prefusion
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Figure 5. Monomeric EFF-1 Ectodomain or
Soluble EFF-1 Domain Il Inhibit EFF-1-
Mediated Cell Fusion

(A) Multinucleation index for BHK cells expressing
EFF-1 WT protein without (8 + 0.8; n = 500) and
with induction (49.2 + 1.5; n = 662) and in the
presence of recombinant EFF-1 trimeric ecto-
domain (50.8 + 1.3; n = 500), EFF-1 monomeric
ectodomain (22 + 2.4; n = 336), and EFF-1 domain
Il 26 + 1.2; n = 525). Data are presented as
means + SEM. The lack of effect of the trimeric
ectodomain, prepared exactly under the same
conditions as the monomer, serves as an internal
control for this experiment.

(B) Stable BHK cells transfected with an inducible
EFF-1 full-length construct were further trans-
fected with cytoplasmic RFP with a nuclear export
signal (RFPnes) or nuclear CFP with a nuclear
localization signal (CFPnls) and coincubated. (I) A
multinucleated cell expressing CFP in the nuclei
and RFP in the cytoplasm (purple arrowhead).
Scale bar, 10 um. (Il and Ill) The same experiment in
the presence of 200 uM EFF-1 monomeric ecto-
domain (ll) or 200 uM EFF-1 domain llI (Ill). Binu-
cleate cell, red and cyan arrowhead; mixed hybrid
cells, purple arrowheads. (IV) Mixed BHK cells
expressing empty vector transfected with RFPnes
or CFPnls (control). (V-VIIl) Quantification of
cytosol mixing experiments. Red, cyan, and purple
pie sections represent the percentage of multi-
nucleation (two or more nuclei) for single-colored
cells (red or cyan) and bicolored cells (purple). The
remaining mononucleated cells are represented in
white. Black arcs denote the percentage of all
multinucleated cells (to compare with panel A).
Results are mean + SE as percentage for three
independent experiments (total number of nuclei;
n > 1000). (V) EFF-1-expressing cells (red) mixed
with EFF-1-expressing cells (cyan) resulted in four
cell populations: mononucleate (white pie slice,
44 £ 1.5), multinucleate (red, 24 + 1.3; cyan, 21
3.3), and mixed multinucleated (purple, 11 + 1; n=
1161). (V1) In the presence of recombinant mono-
meric EFF-1 ectodomain: mononucleate (white,
65 + 3), multinucleate (red, 18 + 3.2; cyan, 13 =
1.8), and mixed (purple, 4 + 1.2; n = 1323). (VIl) In
the presence of recombinant domain lll: mono-
nucleate (white, 69 + 2.4), multinucleate (red, 15 +
1.4; cyan, 13 = 1.7), and mixed (purple, 3 + 1.2;
n =1145). (V) BHK cells expressing empty vector
transfected with RFPnes or CFPnls: mononucleate
(white, 87 + 3), binucleate (red, 6 + 0.4; cyan blue,
6 + 2.6), and mixed (purple, 1 + 0.3; n = 1287). See
Experimental Procedures for further details. All
experiments were compared with WT EFF-1. *p <
0.05; **p < 0.005, two-tailed t test in all experi-
ments. Data are presented as means + SEM.

(C) Diagrammatic interpretation of the inhibition by blocking formation of a functional EFF-1 trimer. EFF-1 monomers (colored as in Figure 1, but with domain IlI
shaded to indicate that its location in the monomer is currently not known) interact to form a postfusion trimer, which becomes stabilized upon relocation of
domain lll to the sides, forming a hairpin that brings the TM segments into contact in the postfusion conformation (top row). Addition of the soluble ectodomain
(greyed) interferes with fusion because it adds a subunit without TM segment into a mixed trimer (middle row). Addition of soluble domain Ill blocks hairpin
formation, such that the TM segments cannot be brought into contact (bottom row). For simplicity, only the TM segments are drawn and not the membranes that

they cross. See also Figure S4.
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monomers to form postfusion trimers. These experiments there-
fore support the notion that trimerization occurs in trans, across
membranes, during the fusion reaction.

Addition of Soluble Exogenous Domain Ill Inhibits
Syncytia Formation

Working with alphaviruses and flaviviruses, Kielian and co-
workers have shown that addition of the soluble, recombinant
domain Il of the corresponding fusion protein blocks the
membrane fusion reaction (Liao and Kielian, 2005; Sanchez-
San Martin et al., 2013). Those experiments demonstrated that
an intermediate core trimer of extended protomers inserted in
the target membrane forms first, and then domain Ill folds back
to adopt the hairpin conformation and brings the TM segment
near the fusion loop. The exogenous domain lll acts by binding
to the trimeric intermediate and blocking hairpin formation. In
the case of EFF-1, we found that addition of soluble domain Il in-
hibits fusion to a similar extent as the intact monomeric ectodo-
main (Figure 5A). To confirm this observation, we also used a
more rigorous method to follow merger of cytoplasms, by
applying a cell-culture assay developed previously (Avinoam
and Podbilewicz, 2011; Hu et al., 20083). To quantify cytoplasmic
mixing, we further transfected the stable EFF-1-expressing BHK
cell lines with red fluorescent protein fused to a nuclear export
signal (RFPnes), which gives red cytoplasms, or cyan fluorescent
protein fused to a nuclear localization signal (CFPnls), which
gives cyan nuclei. With this assay, content mixing can be fol-
lowed for a maximum of 50% of the cells, as same-color-tagged
cells will also fuse. In total, for WT EFF-1, we observed that 56%
of the cells became multinucleated, with 11% bicolored (i.e., with
cyan nuclei in red cytoplasm) and 45% single colored (Figure 5B).
This result indicates that same-colored cells had more chance to
be in front of each other than different-colored cells, likely
because of in-homogeneous mixing. The negative control con-
taining only vector and the RFPnes or CFPnls (Figure 5B, panel
IV) showed about 13% binucleate cells, with 1% bicolored,
providing the background level of non-EFF-1-mediated
fusion—taking into account that same-colored cells may also
include dividing cells and/or aborted cytokinesis (Figure 5B,
panel VIIl) (Podbilewicz et al., 2006). Importantly, we found that
content mixing (purple pie slice) was reduced in the cells supple-
mented with soluble EFF-1 domain Il or purified monomeric
EFF-1 ectodomain by about a factor of 3 compared to control
cells (Figure 5B, panels V-VII), whereas the total multinucleation
(sum of the three colored pie slices) is reduced by approximately
a factor of 2, matching the results displayed in Figure 5A. Thus,
EFF-1-mediated content mixing and syncytia formation can be
blocked by monomeric EFF-1 ectodomains and also by soluble
domain lll, suggesting that cellular and viral class Il proteins
share a similar fusogenic conformational change (Figure 5C).

EFF-1 Trimerization across Cells Drives Cell-Cell Fusion

The content-mixing results further support the notion that EFF-1
trimerization is required for EFF-1-driven fusion. Furthermore,
they constitute evidence that EFF-1 domain Ill acts in the same
way as domain lll of the viral class Il fusion proteins, for which
a block in hairpin formation was demonstrated. Because the
binding site for domain Il is shared by two adjacent protomers

in the trimer (Figure 3A), these experiments also indicate that
formation of an extended intermediate, parallel trimer takes
place first, prior to domain Il folding back to occupy its postfu-
sion location, as diagrammed in Figure 5C. EFF-1 is therefore
not only a structural homolog of class Il viral fusion proteins,
but it also undergoes trimerization and hairpin formation during
the membrane fusion process.

Two important features of EFF-1, however, differentiate it from
the viral proteins: the requirement for its presence in both cells
to be fused, and the fact that the cd loop has a sequence in-
compatible with membrane insertion. A further element of
EFF-1 provided by the structure is that in the postfusion form,
the C-terminal ends of the stem of the three subunits converge
at the very tip of the molecule, suggesting that the TM segments
enter the fused membrane together. The above observations
therefore suggest a mechanism for fusion that maintains trimeri-
zation and hairpin formation as observed for the viral proteins.
The absence of membrane insertion, on the other hand, is
most likely related to the fact that trimerization must involve
protomers anchored into the two opposing membranes. This is
also the case for the SNAREs, which do not insert a fusion
loop into the target membrane but cross-oligomerize instead,
zippering up the TM segments initially anchored in the two mem-
branes (Stein et al., 2009). The ensemble of the results suggest a
mechanism in which the body of the EFF-1 trimer would serve as
a scaffold for zippering up the stems, bringing the TM segments
into close proximity such that they can continue zippering within
the fusing membranes, as diagrammed in Figure 6. The differ-
ence with the SNAREs’ mechanism is that the same EFF-1 pro-
tein is present on the two membranes, albeit with an asymmetry
introduced by the fact that the final oligomer is a trimer.

Putative AFF-1/EFF-1 Heterotrimerization

For the above model to apply, it should also account for hetero-
typic fusion between AFF-1 pseudotyped rhabdoviral particles
and EFF-1-expressing cells (Avinoam et al., 2011). Homology
modeling of AFF-1 based on the crystal structure of EFF-1
revealed that although the amino acid sequence identity is only
23% (Figure S4), the conserved residues cluster mostly at
the trimer interface, compatible with heterotrimerization. The
observed plasticity of the trimer interface, as found in the case
of the trimerization mutants, is also in line with the protein dis-
playing enough malleability to adapt to EFF-1/AFF-1 heterotri-
merization. A further point is the striking conservation of the
TM region (Figure S4), which extends to all FF proteins identified
to date, and which is also in line with a putative TM zippering
during heterotypic fusion mediated by two different FF proteins.
The regions where EFF-1 and AFF-1 are most different corre-
spond to the tip of domain Il and the MPR, suggesting that
heterotypic interactions between these two segments are un-
likely. This observation therefore strongly suggests that in the
heterotrimer, the MPR is most likely to make homotypic interac-
tion with domain Il of the same subunit, implying an intrasubunit
stem-domain lll connectivity as drawn in Figure 1A.

Do FF Proteins Have a Viral Origin?

Although the structural comparisons reveal that EFF-1 is clearly
homologous to the viral class Il proteins, it is not possible to
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In each panel, the membranes of two cells are represented at either side, with the intercellular space in between; inner and outer leaflets of the plasma membranes
are differentiated in dark and pale colors, respectively. EFF-1 is drawn highlighting its domain organization in colors as in Figure 1; the organization of the
prefusion form is hypothesized by analogy to the viral counterparts. In domain Il (yellow), the green patch represents the region where 8 strand n and the MPR
(magenta) interact to bring the TM segments into contact.

(A) EFF-1 prefusion monomers cluster at the surface of adjacent cells.

(B) Fluctuations at the cell surface result in parallel EFF-1 interactions across cells.

(C) A third monomer, which can come from either cell, adds on to make an intermediate, extended trimer.

(D) Domains lll find their binding sites (blue arrows) in between subunits of the extended trimer (see Figure 3A). This reverses the direction of the polypeptide chain,
redirecting the stem toward the cd loop region, while simultaneously pulling the two membranes toward each other. At this stage, addition of an exogenous
recombinant domain Il can block the fusion process, as suggested in Figure 5.

(E) The C-terminal ends of the stems are then in position to interact with the tips of domains Il in the trimer.

(F) Positioning the three stems of the trimer into place will bring the N-terminal part of the TM segments into interaction while still within their respective
membranes.

(G) We postulate that the TM segments then zipper together, fusing the two membranes, as was postulated for the SNAREs, to complete the fusion process.

Bystander, monomeric EFF-1 proteins are drawn in all panels to indicate that only a subset of the proteins may be involved in the fusion process.

See also Figure S1.

assess whether it originally was viral or cellular. Nevertheless, the
fact that EFF-1 adopts a hairpin conformation in the postfusion
form is more likely to be a remnant of an ancient viral-type
membrane-fusion activity. Also, trimerization is not the most
straightforward option for an oligomer formed from subunits orig-
inally present in two cells. This suggests that trans-trimerization
may be a cellular adaptation of a protein that already induced
membrane fusion by trimerization with concomitant hairpin for-
mation. It is worth noting that unlike mammalian retroviruses,
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the C. elegans retroviruses that have been identified have an
envelope protein homologous to the phlebovirus fusion protein
(Frameetal.,2001; Malik et al., 2000), which also belongs to class
Il (Dessau and Modis, 2013). Itis thus possible that, as in placenta
formation, the FF proteins may have a retroviral origin. In contrast
to the syncytins, however, which have retained a fusion peptide
and function as bona fide viral fusion proteins, the FF proteins
have evolved a distinct trans-trimerization fusion mechanism,
which also confers them with fusion specificity.



Concluding Remarks

The structural data reported here for a genuine cell-cell fusion
protein unambiguously demonstrate an evolutionary link with
viral fusion proteins. They constitute a further illustration of
the extensive genetic exchanges between viruses and cells
throughout evolution and of the striking adaptation of a protein
to maintain the same function while adopting an altered mode
of action. These data now open the way to a full mechanistic
characterization of membrane fusion induced by FF proteins.
Our results thus raise a number of new questions, such as the or-
ganization of the TM segments in the postfusion trimer, the struc-
ture of the prefusion form and its organization on membranes,
and how the proposed trans-trimerization fusogenic process is
triggered. Finally, these findings provide additional elements
that can help in identifying an as yet elusive sequence signature
for the class Il protein fold and will therefore stimulate the use of
structural homology searches to discover unidentified fusion
protein homologs in other eukaryotic organisms, for instance,
in mammals.

EXPERIMENTAL PROCEDURES

Expression and Purification of EFF-1 Ectodomains

Full-length and truncated versions of the WT and mutant EFF-1 ectodomains
were cloned into a modified Drosophila S2 expression vector described previ-
ously, and transfection was performed as reported earlier (Krey et al., 2010).
For large-scale production, cells were induced with 4 uM CdCI2 at a density
of approximately 7 x 10° cells per milliliter for 8 days and pelleted, and the
EFF-1 ectodomains were purified by affinity chromatography from the super-
natant using a StrepTactin Superflow column followed by SEC using a Super-
dex200 column. Pure trimer was concentrated to approximately 11 mg/mland
enzymatically deglycosylated using Endoglycosidase H following the manu-
facturer’s instructions.

Crystallization and Structure Determination

Briefly, we first obtained cubic crystals (space group 1243) with one protomer
in the asymmetric unit diffracting to ~3 A resolution from a construct spanning
the full-length EFF-1 ectodomain (residues 23-561). Using the data from a
Gold derivative and the multiple isomorphous replacement and anomalous
scattering method, we calculated an electron density map good enough to
build a polyalanine model accounting for ~55% of the Ca. atoms, including a
domain exhibiting an immunoglobulin superfamily fold. The initial map further
allowed introduction of the amino acid sequence for this domain (aa 409-509),
which was compatible with domain Il in the structure of viral class Il postfusion
trimers. Based on this initial model, we truncated the construct at the C termi-
nus of this domain, which crystallized in two different crystal forms, monoclinic
(space group C2) and hexagonal (space group P6y), the first containing a trimer
and the second a single protomer in the asymmetric unit and diffracting to
2.7Aand 2.6 A resolution, respectively (Table S1). A further selenomethionine
(SeMet) derivative crystal of the C2 form, together with 5-fold real-space
averaging of the electron density maps of the three crystal forms, resulted in
avery clear electron density map, which allowed tracing the whole ectodomain
but for a few breaks. The final truncated model was refined to 2.6 A resolution
in the hexagonal form, and the full-length ectodomain to 3 Ain the cubic crystal
form.

SEC-MALLS

Purified EFF-1 ectodomains at the indicated concentrations were subjected
to SEC using a Superdex 200 column. Online multiangle laser light scattering
(MALLS) detection was performed using a laser emitting at 690 nm. Data were
analyzed, and weight-averaged molecular masses (Mw) and mass distribu-
tions (polydispersity) for each sample were calculated using the ASTRA soft-
ware (Wyatt Technology, Santa Barbara, CA, USA).

Cell-Cell Fusion Assays with Transiently Expressed EFF-1 and
Mutants

BHK cells at 70% confluence were cotransfected with EFF-1 or EFF-1 mu-
tants. As controls, we transfected the empty vector together with the RFPnes
construct (lane “vector” in Figure 4C) or the RFPnes construct alone (1 ng)
(I“RFPnes only” lane). Cells were fixed 24 hr post-transfection. To determine
multinucleation by immunofluorescence, EFF-1 expression was determined
using an anti-V5 monoclonal antibody (Invitrogen), and the nuclei stained
with DAPI. The fusion indices were defined as the ratio between the total num-
ber of nuclei in fused (i.e., multinucleated) cells and total number of nuclei in
expressing cells that coexpress RFPnes and that were in contact (Podbilewicz
etal., 2006). The fusion indexes are presented as percentage means + SEM of
three independent experiments (N (uciei numbery = 1000 for each experiment
and condition). A two-tailed unpaired t test was used to determine significant
differences between WT and mutant EFF-1.

Cell Fusion Assay with Stable EFF-1 BHK Transfectants under an
Inducible Promoter to Measure Content Mixing

EFF-1 fused to mCherry fluorescent protein was cloned into the pGene vector
for inducible expression. Stable BHK cells inducibly expressing EFF-1-
mCherry (BHK-EFF-1mCherry) were generated according to the manufac-
turer’s instructions. BHK-EFF-1mCherry cells were transiently transfected
with pCFPnls or pRFPnes, driving the expression of either a nuclear or a cyto-
plasmic fluorescent marker. Equal numbers of BHK cells expressing EFF-1-
mCherry under an inducible promoter and transiently expressing RFPnes or
CFPnis were mixed 18 hr after transfection and induced 4 hr later in the
absence or presence of ectopic EFF-1 domain lll, monomeric or trimeric ecto-
domain at 200 puM. Eighteen hours after induction, the cells were fixed and
DAPI stained, and the nuclei counted. The percentage of cytoplasmic content
mixing was defined as the ratio between the number of nuclei (CFP) in RFP
mCherry-expressing cells and the total number of counted nuclei. Three inde-
pendent experiments were performed as duplicates, and the mean values of
the three experiments are shown with SEM. Statistical differences were deter-
mined as described above.

Biotinylation of EFF-1 Expressed on BHK Cell Surface

BHK cells were transfected with the desired vector (described in the legend
to Figure 4C) followed by cell-surface labeling with Sulfo-NHS-biotin at 0°C
(to prevent endocytosis). Cells were washed, resuspended in lysis buffer,
and kept on ice. Biotinylated proteins were precipitated using neutravidin
agarose resin, and the precipitate was washed extensively. The precipitated
complex was mixed with reducing SDS-PAGE loading buffer and incubated
at 95°C for 5 min. After pelleting of the neutravidin agarose beads, the super-
natant was analyzed by SDS-PAGE. The proteins were analyzed by western
blot with an anti-V5 antibody for EFF-1::V5 detection and a monoclonal anti-
human actin for detection of actin used as loading control.

ACCESSION NUMBERS

The atomic coordinates and structure factors of three structures have been
deposited in the Protein Data Bank, www.pdb.org, with accession numbers
404JC, 40JD, and 40JE.
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