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ulations,whichwould otherwise be impossiblewith
an intrinsic activationmechanismalone.Weobserve
that regenerative hair patterns can differ in the same
animal under different physiological conditions,
allowing organisms to adapt to the environment
(e.g., pregnancy in mice) (12). At the evolution-
ary scale, macroenvironmental regulation makes
hair growth a trait that has high modulability.
Lastly, beyond HFs, the experimental accessibil-
ity of this system offers a model for analyzing the
fundamental principles of self-organizing behav-
iors in biological systems composed of coupled
cycling elements.
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Conserved Eukaryotic Fusogens Can
Fuse Viral Envelopes to Cells
Ori Avinoam,1 Karen Fridman,1 Clari Valansi,1 Inbal Abutbul,2 Tzviya Zeev-Ben-Mordehai,3

Ulrike E. Maurer,4 Amir Sapir,1* Dganit Danino,2 Kay Grünewald,3,4

Judith M. White,5 Benjamin Podbilewicz1†

Caenorhabditis elegans proteins AFF-1 and EFF-1 [C. elegans fusion family (CeFF) proteins] are
essential for developmental cell-to-cell fusion and can merge insect cells. To study the structure
and function of AFF-1, we constructed vesicular stomatitis virus (VSV) displaying AFF-1 on the
viral envelope, substituting the native fusogen VSV glycoprotein. Electron microscopy and
tomography revealed that AFF-1 formed distinct supercomplexes resembling pentameric and
hexameric “flowers” on pseudoviruses. Viruses carrying AFF-1 infected mammalian cells only
when CeFFs were on the target cell surface. Furthermore, we identified fusion family (FF) proteins
within and beyond nematodes, and divergent members from the human parasitic nematode
Trichinella spiralis and the chordate Branchiostoma floridae could also fuse mammalian cells.
Thus, FF proteins are part of an ancient family of cellular fusogens that can promote fusion
when expressed on a viral particle.

Membrane fusion is critical for many bio-
logical processes such as fertilization,
development, intracellular trafficking,

and viral infection (1–6 ). Current models of the
molecular mechanisms of membrane fusion rely
on experimental and biophysical analyses per-
formed on viral and intracellular, minimal, fusion-
mediating machineries. Yet, how well these
models correspond to the mechanisms of cell-cell

fusion is unknown (4, 5).Caenorhabditis elegans
fusion family (CeFF) proteins were identified
as C. elegans fusogens that are expressed at
the time and place of cell fusion in vivo (7, 8).
Expression of CeFF proteins is essential for de-
velopmental cell fusion via hemifusion and suf-
ficient to fuse cells in vivo and in insect cell
cultures (8–10).

To identify putative fusion family (FF) mem-
bers in other species, we conducted sequence
comparisons (4, 11). These comparisons yielded
putative members in 35 nematodes, two arthro-
pods (Calanus finmarchicus and Lepeophtheirus
salmonis), a ctenophore (Pleurobrachia pileus), a
chordate (Branchiostoma floridae), and a protist
(Naegleria gruberi) (Fig. 1A). FF proteins are pu-
tativemembers of the “mostly b sheet super family”
and share a pattern of cysteines, implying that they
are conserved at the level of structure (fig. S1).

To determine whether divergent FF proteins
maintained their function as fusogens through
evolution, we expressed FF proteins from the
human parasitic nematode Trichinella spiralis

(Tsp-ff-1) and the chordateB. floridae (Bfl-ff-1) in
baby hamster kidney (BHK) cells and compared
their fusogenic activity to AFF-1 (Fig. 1, B to F).
These orthologs share 26 and 22% sequence iden-
tity with AFF-1, respectively. We observed, by
immunofluorescence, 28 T 4% and 37 T 7%mul-
tinucleation in cells transfected with Tsp-ff-1 and
Bfl-ff-1, compared with 26 T 2% and 4 T 3%
multinucleation in controls transfected with aff-1
and empty vector, respectively (Fig. 1F) (11).
In addition, when we expressed the EFF-1 para-
log from the nematode Pristionchus pacificus in
C. elegans embryos, we detected ectopic fusion of
cells that normally do not fuse (fig. S2). Thus, FF
proteins represent a conserved family of cellular
fusogens.

To explore whether FF proteins can function-
ally substitute for viral fusogens, we comple-
mentedVSV∆GpseudoviruseswithAFF-1 (Fig. 2
and fig. S3). We initially used a recombinant
vesicular stomatitis virus (VSV) called VSV∆G,
in which the glycoprotein G (VSVG) gene was
replaced by a green fluorescent protein (GFP) re-
porter, to infect BHK cells overexpressingVSVG
(11–16). The resulting VSV∆G-G viruses were
capable of only a single round of infection, mani-
fested by the production of GFP. We achieved
complementation with AFF-1 by VSV∆G-G infec-
tion ofBHKcells expressingAFF-1 (BHK–AFF-1),
which generated pseudotyped particles carrying
the nematode fusogen (VSV∆G–AFF-1). We bio-
chemically validated incorporation of AFF-1 in-
to VSV∆Gpseudotypes by SDS–polyacrylamide
gel electrophoresis, Coomassie staining, silver stain-
ing, immunoblotting, and mass spectrometry (11).
We found that the major proteins on VSV∆G–
AFF-1were theviral proteinsN,P,L,M, andAFF-1.
For comparison, we also analyzed VSVDG-G
and VSVDG (fig. S4 and table S5). Infection of
BHK–AFF-1 cells with VSV∆G–AFF-1 showed
a 600-fold increase compared with infection of
BHK control cells not expressing AFF-1 (Fig.
2A). Although infection due to residual VSVG-
complemented VSV∆G (VSV∆G-G) was negli-
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gible (Fig. 2), we performed inoculations in the
presence of a neutralizing monoclonal antibody
to G (anti-G antibody mAb I1) (17) to assure that
we only measured AFF-1–mediated infection (fig.
S5). Thus, AFF-1 can replace the viral fusogen
VSVG and can mediate virus-to-cell binding and
fusion.

VSV∆G–AFF-1 could also infect cells express-
ing EFF-1 (BHK–EFF-1) (Fig. 2A) with compa-
rable efficiency, suggesting that different CeFF
proteins can functionally interact to mediate mem-
brane fusion. To test this hypothesis, we evaluated
cytoplasmic mixing between cells.We coexpressed
aff-1 with a red fluorescent protein containing
a nuclear export signal (RFPnes) (Fig. 3) and
mixed them with cells coexpressing eff-1 and a
cyan fluorescent protein containing a nuclear lo-
calization signal (CFPnls) (18). We cocultured
the two cell populations and observed multi-
nucleated cells expressing both markers (Fig. 3).
In contrast, we did not observe cells expressing
both markers among cocultured cells that were
cotransfected with empty vector (Fig. 3A). Thus,
AFF-1 and EFF-1 can promote heterotypic mem-
brane fusion. To show independently that these
results were a consequence of fusion, we recorded

time-lapse images of BHK–AFF-1 cells (fig. S6
and movies S1 and S2), supporting the conclusion
that AFF-1 expression was enough to fuse cells.

Hence, AFF-1 and EFF-1 can mediate cell-cell
fusion as well as viral-cell fusion by a CeFF-
mediated mechanism. However, the VSV∆G–

Fig. 1. A family of eukaryotic cell-cell fusogens: FF orthologs from two phyla
fuse mammalian BHK cells. (A) Two trees produced using maximum parsimony
analysis show phylogenic relationships of 25 taxa [(left) based on the trans-
forming growth factor–b—receptor type I–like domain (fig. S1B)] and 14 taxa
[(right) based on the full-length extracellular domain]; FF proteins are classified
into three subgroups: EFF-1–like (red), AFF-1–like (orange), and FF (green)
(table S1). Consistency, retention, and composite indexes are detailed in (11). (B

to E) Immunofluorescence with anti-Flag antibodies (green) and nuclei 4´,6-
diamidino-2-phenylindole staining (blue) on BHK cells transfected with (B)
empty vector, (C) aff-1, (D) Tsp-ff-1, and (E) Bfl-ff-1. Cotransfection marker is
shown in red. Scale bars, 20 mm. (F) Fusion index for BHKs expressing FF
proteins and negative control (empty vector). Data are means T SE (error bars).
Empty vector, n = 14; aff-1, n = 14; Tsp-ff-1, n = 8; Bfl-ff-1, n = 9 (n represents
the number of experiments).

Fig. 2. AFF-1 can complement the infection of a fusion-deficient VSV∆G. (A) Titers of VSV∆G
pseudoviruses. The type of protein on the viral membrane (bald or AFF-1) and on the BHK cell membrane
(vector, AFF-1, or EFF-1) is indicated (fig. S3). Anti-VSVG antibody (aG) was used to neutralize any residual
VSV∆G-G virus (fig. S5) (11). Titers are measured in infectious units (IU), representing the number of cells
expressing GFP per microliter 24 hours after virus inoculation. Data are mean T SE (error bars; n = 3
experiments). (Inset) Background infection. We found no significant difference between infection of BHK–
AFF-1 and BHK–EFF-1 (two-tailed paired t test, P = 0.5841). (B) Infection of BHKs monitored as GFP
expression. (Top) phase contrast; (bottom) fluorescence. VSV∆G-G served as positive control (fig. S5).
Scale bar, 50 mm.
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Fig. 4. EM of VSV∆G–AFF-1 reveals specific bulky surface spikes. (A to C)
Negative-stained particles of (A) VSV∆G, (B) VSV∆G-G, and (C) VSV∆G–
AFF-1. (D and E) Anti–AFF-1 polyclonal antibodies followed by immu-
nogold labeling and negative stain of (D) VSV∆G-G and (E) VSV∆G–AFF-1
(figs. S7 and S8). (F to H) Cryo-EM of (F) VSV∆G, (G) VSV∆G-G, and (H)
VSV∆G–AFF-1. (I to K) Top, center, and bottom slice, respectively, from

VSV∆G–AFF-1 tomogram (movie S3). (L and M) Slices from cryo-ET of
vesicles copurified with VSV∆G–AFF-1 preparations displaying penta- or
hexameric flower-shaped assemblies (movie S5). Scale bars, 100 nm (main
panels); 10 nm (insets). Arrows, surface spike assemblies; arrowheads, gold
particles. The white squares in (I), (J), (L), and (M) indicate the areas shown
magnified in the insets.

Fig. 3. BHK–AFF-1 can fuse with BHK–EFF-1 cells. (A) Negative control.
Mixed cells cotransfected with empty vector and RFPnes or CFPnls. Scale bar,
100 mm. (B) BHK–AFF-1 (red) and BHK–EFF-1 (cyan blue) cells were mixed.
Hybrids express cyan blue nuclei and red cytoplasm (arrows). (C) BHK cell
with red cytoplasm surrounding two cyan blue nuclei appeared after AFF-1–
EFF-1 expression and mixing of the cells. Scale bar, 10 mm. (D) Hybrid
binucleate cell appeared after AFF-1 expression and mixing of the cells. (E)

Quantification of content mixing experiments. Red, cyan blue, and purple pie sections represent the fraction of multinucleated cells (two nuclei or higher).
Results are mean of four independent experiments (n ≥ 1000 total cells). (i) Empty vector transfected cells only. All multinucleated cells were binucleated (red or
cyan blue, not purple); total binucleate cells = 4%, probably dividing cells. (ii) AFF-1–expressing cells (red) mixed with empty vector transfected cells (cyan blue).
Elevation in multinucleation was only observed for AFF-1–expressing cells (red, 11%; cyan blue, 3%). One cell with a single nucleus expressing both markers
(red and cyan blue) was observed. (iii) AFF-1–expressing cells (red) mixed with AFF-1–expressing cells (cyan blue), resulting in four cell populations:
mononucleated (white, 64%), multinucleated (red, 13%; cyan blue, 12%), and mixed (purple, 11%). (iv) AFF-1–expressing cells (red, 9%) mixed with EFF-1–
expressing cells (cyan blue, 11%). AFF-1– and EFF-1–expressing cells fuse (purple, 18%).
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AFF-1 infection mechanism is fundamentally
different from that of native VSV. Whereas the
infection of VSV is mediated by VSVG only
on the viral membrane, infection mediated by
VSV∆G–AFF-1 requires an FF protein on both
the viral membrane and the cell membrane.

To study the relation between structure and
function of AFF-1, we used transmission elec-
tron microscopy (TEM). We compared negative-
ly stained samples of VSV∆G to VSVG- and
AFF-1–complemented VSV∆G preparations (11).
VSV∆G virions have the typical VSV shape
with a smooth membrane (hence, they are termed
“bald”),whereas bothVSV∆G-G(19) andVSV∆G–
AFF-1 virions displayed distinct spikes on their
envelopes (Fig. 4, A toC). In negative stain (pH 5),
VSVG forms elongated spikes on VSV∆G-G (Fig.
4B) (19),whereasVSV∆G–AFF-1 showed shorter
spikes (Fig. 4C). The estimated average spike
lengths of VSVG andAFF-1were 145 and 109Å,
respectively (table S2). To confirm that the
observed spikes were indeed AFF-1, we used
anti–AFF-1 polyclonal antibodies to perform
immunogold labeling. We observed specific
immunoreactivity on the surface of VSV∆G–
AFF-1 (Fig. 4, D and E, and figs. S7 and S8). To
further characterize the pseudoviruses at higher
resolution and in a more native state, we used
cryogenic TEM (cryo-TEM) (Fig. 4, F to H) and
cryogenic electron tomography (cryo-ET) (Fig.
4, I to K, and movie S3) to image them embedded
in vitreous ice. Cryo-TEM projection images
showed that AFF-1 proteins coat the pseudovi-
ruses. Side views of individual spikes could be
observed at central sections of the tomograms

(Fig. 4J). Higher-order assemblies of AFF-1 in
the form of penta- or hexameric “flower–shaped”
supercomplexes could be observed in slices
through the tomogram oriented peripheral to the
pseudotyped virus particles (Fig. 4I). These
assemblies were more visible in slices through
the tomograms of copurified vesicles (Fig. 4, L
andM, fig. S9, andmovies S4 and S5). The order
of these arrays may have a critical function in
bending and deforming plasma membranes to
mediate fusion.

Here, we have presented evidence that FF
proteins are functionally conserved in evolution
and can restore the infectivity of VSV∆G through
interactions with FF proteins on the target cell.
Thus, FF, viral, and intracellular fusogens con-
verge functionally as minimal fusion machines
that function on their own to promote fusion.
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The Spatial Periodicity of Grid Cells
Is Not Sustained During Reduced
Theta Oscillations
Julie Koenig, Ashley N. Linder, Jill K. Leutgeb, Stefan Leutgeb*

Grid cells in parahippocampal cortices fire at vertices of a periodic triangular grid that spans
the entire recording environment. Such precise neural computations in space have been
proposed to emerge from equally precise temporal oscillations within cells or within the local
neural circuitry. We found that grid-like firing patterns in the entorhinal cortex vanished when
theta oscillations were reduced after intraseptal lidocaine infusions in rats. Other spatially
modulated cells in the same cortical region and place cells in the hippocampus retained their
spatial firing patterns to a larger extent during these periods without well-organized oscillatory
neuronal activity. Precisely timed neural activity within single cells or local networks is thus
required for periodic spatial firing but not for single place fields.

Brain oscillations are thought to be essential
for neural computations and for organiz-
ing cognitive processes (1–5). Yet it has

been difficult to distinguish computations in neural
circuits that require oscillatory neural activity from
those that occur irrespective of the precise tem-
poral organization that oscillatory rhythms can

provide. Theta oscillations (4 to 11 Hz) can be
recorded in the local field potential of the hippo-
campus and the parahippocampal cortices, in-
cluding the entorhinal cortex. These brain regions
are important for memory and navigation (6) and
contain a number of different cell types with pre-
cise spatial firing patterns, such as place cells,

head-direction cells, and grid cells (7–9). Grid
cells are found in the medial entorhinal cortex
(MEC), parasubiculum, and presubiculum and
have multiple firing peaks that form a highly reg-
ular hexagonal firing pattern in two-dimensional
space (8, 10).

The coexistence of cells with well-defined
spatial firing patterns and of theta oscillations that
are particularly prominent during voluntary move-
ment (11) suggests that oscillatory brain activity
might be essential for spatial computations. In
particular, it has been proposed that precisely tuned
theta oscillations, as an animal moves through its
environment, might be necessary for generating
the periodic spatial firing of grid cells. Such spa-
tial regularity might arise from interference be-
tween oscillators with small frequency differences,
given that those oscillators are controlled by both
movement velocity and movement direction
(12–14). Although the oscillators could be im-
plemented in various ways in single neurons or
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