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In Brief

HAP2/GCS1 is deeply rooted in evolution
and required for gamete fusion in diverse
species. Pinello et al. demonstrate that a
HAP2 ortholog from Tetrahymena closely
resembles class Il viral fusogens. From an
evolutionary standpoint, it is unclear
which came first, but HAP2’s emergence
may have been a critical step in the
evolution of eukaryotic sex.
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SUMMARY

The conserved transmembrane protein, HAP2/
GCS1, has been linked to fertility in a wide range of
taxa and is hypothesized to be an ancient gamete
fusogen. Using template-based structural homology
modeling, we now show that the ectodomain of
HAP2 orthologs from Tetrahymena thermophila and
other species adopt a protein fold remarkably similar
to the dengue virus E glycoprotein and related class Il
viral fusogens. To test the functional significance of
this predicted structure, we developed a flow-cytom-
etry-based assay that measures cytosolic exchange
across the conjugation junction to rapidly probe the
effects of HAP2 mutations in the Tetrahymena sys-
tem. Using this assay, alterations to a region in and
around a predicted “fusion loop” in T. thermophila
HAP2 were found to abrogate membrane pore for-
mation in mating cells. Consistent with this, a syn-
thetic peptide corresponding to the HAP2 fusion
loop was found to interact directly with model mem-
branes in a variety of biophysical assays. These
results raise interesting questions regarding the
evolutionary relationships of class Il membrane fuso-
gens and harken back to a long-held argument that
eukaryotic sex arose as the byproduct of selection
for the horizontal transfer of a “selfish” genetic
element from cell to cell via membrane fusion.

INTRODUCTION

Although sperm-egg fusion is a critical step in sexual reproduc-
tion, remarkably little is known about the molecular details of the
process. Nevertheless, discovery of the conserved transmem-
brane protein, HAP2/GCS1 [1, 2], has brought renewed focus
to the problem and raised the intriguing possibility that HAPZ2 is
an ancestral gamete fusogen dating to the last common
ancestor of all eukaryotes [3].

Based on gene deletion studies, HAP2 is required for fertiliza-
tion in a wide range of taxa, although its activity appears
restricted to sperm (or the functional equivalent of male gametes)
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in sexually dichotomous species [1, 2, 4-7]. The model ciliate,
Tetrahymena thermophila, on the other hand, expresses HAP2
in all seven of its mating types, and a complete block to fertility
occurs only when the corresponding gene is deleted from both
cells of amating pair [7]. Other studies localizing HAP2 to regions
of the plasma membrane where gamete fusion is initiated have
suggested a direct role in membrane fusion [4, 7]; nevertheless,
primary sequence comparisons between HAP2 homologs
and known membrane fusogens have shown no obvious similar-
ities [3]. Indeed, our current understanding of HAP2 structure-
function relationships is based almost entirely on the effects of
targeted mutations to the extracellular and cytosolic regions of
the protein on fertilization success. In short, these studies sug-
gest that species-restricted functions of HAP2 reside within the
extracellular region, with numerous residues/motifs, including
the conserved HAP2-GCS1 domain, having a role in HAP2
function [8, 9]. By contrast, some studies suggest that the cyto-
solic region is almost entirely dispensable for activity [8],
whereas others point to positively charged residues as well as
multi-cysteine motifs that may be palmitoylated as being impor-
tant [9, 10].

Whereas the use of engineered mutations has been informa-
tive, assays for HAP2 function have focused largely on blocks
to fertility rather than membrane fusion per se. Such assays
are indirect and often time consuming, as are more direct assays
for membrane fusion involving transmission electron micro-
scopy. To address these issues in Tetrahymena, we sought to
develop a quantitative flow-cytometry-based assay that would
use exchange of fluorescently labeled proteins across the conju-
gation junction as a rapid and direct way to measure membrane
pore formation in populations of synchronously mating cells.
Concomitantly, we used template-based structural homology
modeling to uncover conformational domains within HAP2 that
are important for protein function. As shown here, predicted
structures for the T. thermophila HAP2 ectodomain bear a strik-
ing resemblance to class Il viral fusogens, such as the dengue
virus E glycoprotein, and include a predicted fusion loop, which
plays a key role in the infectious entry pathway of many viruses.
Deletion of the predicted HAP2 fusion loop or residues thought to
stabilize the loop were found to block pore formation in mating
Tetrahymena, and a synthetic peptide corresponding to this
region was found to interact directly with model membranes
in a variety of biophysical assays. During the course of this
work, we became aware of successful efforts to crystalize and
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Figure 1. Conjugation Leads to Rapid Exchange of Labeled Cytosolic Proteins in Mating T. thermophila
Cells of different mating types were labeled with either carboxyfluorescein diacetate succinimidyl ester (CFSE) or Cell Trace Far Red (CTFR) and examined

microscopically after fixation. Scale bars in all micrographs represent 10 um.

(A and B) Overlay of phase and fluorescence images of labeled and unlabeled cells combined and fixed 15 min post-mixing showing either green (A) or red (B)

labeling (but no exchange of fluorescent proteins).

(C and D) Fluorescence images of labeled and unlabeled partners combined and fixed at 3.5 (C) and 2.5 hr (D) post-mixing, respectively. Partial exchange of
fluorescent proteins from labeled (bright) to unlabeled (faint) mating partners is seen.

(E and F) Fluorescence image of a wild-type pair of cells in which both mating partners were separately labeled, combined, and fixed 3.5 hr post-mixing.
Reciprocal exchange of labeled proteins is visible in the same mating pair viewed with either red (E) or green (F) filter sets.

(G) Merged image of (E) and (F).
(H) Phase image of the mating pair in (E)—~(G).

(I and J) Fluorescence images of wild-type cells with one mating partner labeled with CTFR and the other with CFSE, imaged at 20 hr after mixing with red (1) or
green (J) filter sets. At this time point, pairs have come apart, but exconjugant progeny cells maintain a combination of the parental fluorescent markers.

(K) Merged image of (I) and (J).
(L) Phase image of the cells in (I)—(K).

(M-P) A cross between 4HAP2 partners of different mating types that were initially labeled with either CTFR or CFSE and visualized with red (M) and green (N) filter
sets at 3.5 hr after mating as in (E)~(H). Note the absence of fluorescent protein transfer.

(Q) Representative data from one experiment showing the kinetics of pairing for WT x WT (#) and WT x 4HAP2 ([]) crosses.

(R) The kinetics of fusion in WT x WT (@), WT x 4HAP2 (J), and 4HAP2 x AHAP2 (O) crosses determined as the percentage of pairs showing visible transfer of
fluorescent material at the indicated time points. Data are expressed as the mean + SEM for three and four independent experiments (® and [, respectively) and

for one experiment (O).

generate a high-resolution structure for Chlamydomonas HAP2,
along with functional data that are consistent with the results re-
ported here [11]. Together, these studies argue strongly that
HAP2 mediates fertilization through a membrane-fusion mecha-
nism analogous to that used by dengue and related viruses to
enter host cells.

RESULTS

Transfer of Labeled Cytosolic Proteins between Mating
Cells

In T. thermophila, HAP2 is localized to the conjugation junction, a
specialized region of membrane between the two mating cells
where hundreds of fusion pores form [7, 12]. These pores allow
the exchange of haploid pronuclei as well as limited amounts
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of protein and RNA between mating partners. To determine
whether the exchange of cytosolic material during sexual conju-
gation could be used to assay for membrane pore formation
(referred to hereafter as membrane-fusion events), live cells of
different mating types were starved to render them mating
competent and their proteins labeled separately either green or
red with the amine-reactive dyes, carboxyfluorescein diacetate
succinimidyl ester (CFSE), or cell trace far-red (CTFR) [13]. Cells
were then washed and mated with either unlabeled cells of a
different mating type or with each other. In the case of wild-
type (WT) cells, no exchange of labeled protein was visible by
fluorescence microscopy prior to pairing (Figures 1A and 1B).
After pairing, however, content exchange was readily detected
between labeled and unlabeled cells (Figures 1C and 1D), as
was the reciprocal exchange of fluorescent protein between



cells that were initially labeled either green or red (Figures 1E-
1H). When these paired cells separated after the completion of
mating (12-16 hr post-mixing), the vast majority had both fluo-
rescent markers but were more intensely labeled one color or
the other (Figures 1I-1L). Finally, no exchange of labeled protein
was seen when mating types lacking the HAP2 gene (4HAP2
strains) were crossed (Figures 1M-1P), a result that was entirely
expected because these cells are unable to form junctional
pores [7].

By observing cells at varying time points after mixing, it was
possible to determine the relative kinetics of membrane-fusion
events with respect to pairing in this system. As shown in Fig-
ure 1Q, measureable numbers of pairs began to form 1 hr
15 min after mixing labeled WT cells of different mating types
(80°C). By 1 hr 30 min, 50% of all WT pairs had exchanged
dye, indicating that fusion pores form rapidly following the adhe-
sion of mating cells (Figure 1R). Notably, the rate at which cells
form pores (but not the rate of pairing) was significantly reduced
when 4HAP2 strains were mated with a WT partner (Figures 1Q
and 1R).

Quantitation of Membrane Fusion Using Flow Cytometry
The ability to detect exchange of fluorescent proteins across the
conjugation junction enabled the use of flow cytometry to quan-
titate the percentage of cells undergoing membrane fusion
events in large-scale mating cultures. When cultures of WT cells
(Figure 2A) containing two different mating types were labeled,
mixed, and acquired by flow cytometry prior to pairing, two fluo-
rescently labeled populations were seen: one CFSE™ and the
other CTFR" (Figure 2B). However, when the same cultures
were fixed after the cells had completed mating and come apart,
an entirely different pattern was observed (Figure 2C). In this
case, the vast majority of cells (typically ~80%) contained both
fluorescent tracers and fell into two equally sized populations:
one brighter for CFSE and the other brighter for CTFR (“mid”
fluorescence gate in Figure 2C). These cells had clearly under-
gone membrane fusion and exchanged labeled protein during
the mating process. In addition to these mid-fluorescence
events, three other populations were visible. The smallest (typi-
cally <10% of cells) was intensely labeled with both tracers
(CFSEM/CTFR™: Figures 2C-2E, upper right-hand “pairs” gate)
and most likely represented either persistent pairs (i.e., cells
that had paired and failed to come apart) or pairs that formed
very late in mating cultures. Indeed, a few pairs were visible by
microscopy even 16 hr post-mixing, and based on forward light
scattering (FSC), the size distribution of individual events in the
pairs gate was consistently larger than that in the other gates
(Figure 2F). The remaining two populations (comprising 10%-
15% of total cells) were single labeled and expressed either
CFSE™ or CTFRM (Figure 2C). Cells in these populations had
not acquired label from a mating partner and were the expected
number of cells that fail to generate true (that is, cross-fertilized)
progeny in standard WT crosses [7].

Our interpretation of the flow cytometry results generated with
WT matings was strongly corroborated in crosses with AHAP2
strains. In the case of 4HAP2 x WT crosses (Figure 2D), dou-
ble-labeled cells were present in the mid-fluorescence gate but
were dramatically reduced compared to the same populations
in WT x WT crosses (Figure 2C). Furthermore, in 4HAP2 x

AHAP2 matings (Figure 2E), virtually no double-labeled cells
were present in the mid-fluorescence gate and the populations
of single-labeled cells (which had not undergone fusion) were
overrepresented relative to CFSE™ and CTFRM populations in
WT crosses (Figure 2C).

Based on changes in the median fluorescence intensity (MFI)
of the various populations pre- and post-mating, we determined
that ~20% of labeled protein in each cell is reciprocally
exchanged between WT cells regardless of the tracer or mating
type background (Figures 2H and 2I). Interestingly, nearly the
identical level of protein transfer was seen in crosses between
AHAP2 x WT strains (Figure 2I). Thus, despite the reduced
rate at which these cells fused (Figure 1R), the overall amount
of protein exchanged in the pairs that were capable of fusion
was unaffected, suggesting that the initiation of pore formation
is the primary defect in AHAP2 x WT crosses.

It is also worth noting that, in all instances in which cells of
different mating types were mixed, the populations of single-
labeled cells that failed to fuse showed an average decline in
median fluorescence intensity of ~40% relative to the same
populations of cells in cultures that were starved, but not mixed
(Figure 2J). This decline in fluorescence was observed in both
WT and 4HAP2 cells and is most likely attributable to “co-stim-
ulation,” a signaling event that occurs when starved cells of
different mating types make physical contact and initiate the
developmental program that ultimately leads to mating compe-
tency. During this transition, alterations in gene expression and
protein turnover result in cortical remodeling, which produces
a new ventral anterior surface lacking cilia and other subcortical
organelles that are required for junction formation between
starved cells [12, 14].

To establish a baseline for functional studies with HAP2
mutant constructs (see below), we performed multiple mass
mating experiments with WT, AHAP2, and 4HAP2 rescue strains
and determined the mean percentage of cells that fuse in each
case (Figure 2G). Consistent with previous fertility data [7], the
vast majority of cells in WT x WT crosses fuse, whereas the level
is reduced by approximately 75% when HAPZ2 is expressed in
only one cell of a mating pair. Furthermore, complementation
of AHAP2 strains with either the genomic or cDNA versions of
the HAP2 gene rescued both the fertility defect [7] and the cell-
cell fusion defect in 4HAP2 x WT crosses as expected (Fig-
ure 2G). Overexpression of HAP2 in WT cells, however, did not
rescue fusion in crosses with 4HAP2 strains (Figures S1A-
S1D), reinforcing the idea that the presence of HAP2 on both
sides of the conjugation junction (rather than the total amount
of HAP2 expressed in any given mating pair) is crucial for efficient
pore formation in the Tetrahymena system.

Predicted Structural Homologies between HAP2 and
Class Il Viral Fusogens

As a starting point for the design of mutant constructs, we sought
to gain insight into the overall architecture of T. thermophila
HAP2 using template-based structural modeling programs,
including Phyre2 [15], RaptorX [16], and CPHmodels-3.0. This
approach uncovered high (>95%) confidence hits to class Il viral
fusogens, from which predicted structures could be built. The
known structure of a prototypical class Il viral fusogen, the
dengue virus E glycoprotein (DENV) [17] (PDB ID: 1UZG) is
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Figure 2. Quantitation of T. thermophila Sexual Cell Fusion Events by Flow Cytometry

WT and/or 4HAP2 cells of different mating types were labeled with either CFSE or CTFR, mixed at a 1:1 ratio, and acquired at different time points after mating
and fixation. Superscripts (o and B) denote mating types VIl and VI, respectively.

(A) Representative forward scatter (FSC)/side scatter (SSC) plot showing the distribution of cell size versus granularity of a T. thermophila mating culture and the
gate (circled) chosen for further analysis.

(B) A flow cytometry plot of labeled WT* x WT® (WT* * ) cells fixed 15 min after mixing the different mating types.

(C) The same culture as in (B) but instead fixed 16 hr after mixing.

(D) Representative plot of a WT* x 4HAP2® cross 16 hr after mixing.

(E) Flow cytometry plot of a AHAP2* x AHAP2P (AHAP2* * P) cross 16 hr after mixing, showing an absence of events in the mid-fluorescence gate. Numbers
adjacent to the outlined areas in (A)-(E) indicate the percent of cells in these gates.

(F) Representative histogram comparing the relative size of individual events (based on forward scatter) in the double-labeled CFSE"/CTFR" gate (gray) versus
the single-labeled CTFR" gate (red). Median FSC intensity values for these two populations are shown in the inset.

(G) The cumulative results of independent mass mating experiments, including all biological replicates for different WT, 4HAP2, and complementation strain
crosses (circles represent the percentage of exconjugant cells in the mid-fluorescence gate from individual matings 16 hr after mixing; bar represents mean and
error bars + SD). “Genomic” or “cDNA” strains are designated according to which HAP2 gene product was used to complement the 4HAP2 cell line during their
construction. A one-sided Kruskal-Wallis test with a Dunn’s post test found a significant difference (****p < 0.0001) between the WT* * # cross and WT x 4HAP2
crosses but no difference (ns, not significant) between the WT* * P cross and the genomic or cDNA complementation crosses.

(H) Flow cytometry plots of cell populations from mated (dark gray) and unmated (red or green) cultures at the 16 hr time point shown superimposed. Populations
of double-labeled cells from the mated cultures are denoted (F), and single-labeled cells that had undergone “co-stimulation” but had not exchanged fluorescent
protein are denoted (CS). Note that the populations with the highest fluorescence intensities (MFI) are the single-labeled starved cells (S) from the cultures that had
not been mated. The formulas used to measure the “percent MFI gained” (due to transfer of labeled protein from the opposite mating partner) and the “percent
MFI lost” (due to co-stimulation) are indicated on the right. The calculations are color coded to show the red or green MFI measurement that was used for each
population (S, CS, and F).

(I) Chart showing the mean + SD of the percent MFI gained in each mating partner of a given cross, based on the upper formula in (H). The percent MFI gained in
F populations was measured with respect to the MFI of the corresponding CS populations, as the co-stimulated partners would theoretically represent the
starting fluorescence intensity prior to cellular fusion. Note that no substantial differences were seen in the amount of fluorescent protein exchanged between
mating partners in WT X WT and 4HAP2 x WT crosses.

(J) Chart showing the mean + SD of the percent MFI lost in each mating type of a given cross based on the lower formula in (H). Regardless of the parental cell lines
used, a consistent reduction in the MFI was seen in mated cells that had not undergone fusion (CS) when compared to unmated starved cells (S).

See also Figure S1.

shown in Figure 3A along with the predicted ectodomain struc-  ately upstream of the consensus HAP2/GCS1 domain. This re-
tures for T. thermophila HAP2 generated by Phyre2 (Figure 3B)  gion had only 16% sequence identity but aligned closely to a
and RaptorX (Figure 3C). In the case of Phyre2, the region of  166-residue stretch of DENV at the level of predicted secondary
homology with DENV covered a 196-amino-acid stretchimmedi-  structure (Figure 3D). CPHmodels-3.0 identified a similar partial
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Figure 3. Homology Modeling Predicts a

Structural Similarity between HAP2 and

Class Il Viral Fusogens
The T. thermophila HAP2 primary sequence was

submitted to template-based structural modeling

platforms, Phyre2 and RaptorX. Known and pre-

dicted structures shown in (A)—(C) are colored by

domain according to the convention used for class

Il fusion proteins: red, domain [; yellow, domain Il

(with black circles highlighting the known and

predicted fusion loops); and blue, domain IIl.
(A) The known structure of the dengue virus en-

velope glycoprotein ectodomain (DENV; PDB ID:

1UZG) [17].

(B) The Phyre2-predicted partial structure of the

T. thermophila HAP2 ectodomain based on the

template shown in (A).
(C) The RaptorX-predicted T. thermophila HAP2

ectodomain structure based on the Rift Valley

fever virus glycoprotein C template (PDB ID:
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(mosquito parasite) g &
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Alveolata | Tetrahymena thermophila o
(ciliated protozoan) EAEZC DENY
Ichthyophthirius multifiliis
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(ciliated protozoan) Grrhs, SU BN
Opisthokonta | Monosiga brevicollis
e 96.2%, 1UZG, DENV
Nematostella vectensis
(starlet sea anemone) TS, TP BT

4HJ1) [18].

(D) Alignment of primary and secondary structural
elements in the region of homology between the
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DENV Known y 8 — BB —— T TS —GGGG —S S m—— virus envelope protein generated by Phyre2.
DENV i —— . "
b Sequence identities are shaded gray. Secondary
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structural homology to DENV (Figure S2A). The RaptorX homol-
ogy model predicted a structure for the entire HAP2 ectodomain
(Figure 3C) based on a different class Il fusion protein template,
namely, the Rift Valley fever virus glycoprotein C (PDB ID: 4HJ1)
[18]. Together, these structural predictions of HAP2 showed
three largely B-sheet-containing domains, analogous to domains
I-11l of the viral class Il fusogens, and included a possible “fusion
loop” located at the tip of domain Il (circled in Figures 3A-3C;
boxed sequence in Figure 3D). The fusion loop in class Il viral fus-
ogens inserts into endosomal membranes and is critical for the
entry of viral nucleic acid into host cells [19, 20].

A total of 40 HAP2 orthologs [10] were submitted to Phyre2
batch processing [15] to determine the extent to which the pre-
dicted structural homology to class Il viral fusion proteins is main-
tained across taxonomic groups. We found that 28 (~70%) had
hits to class Il viral fusogens (Table S1). A subset of the 17 high-
est-confidence hits to these viral proteins is shown in Figure 3E.

Mutational Analysis of HAP2 Function

To address the predicted structural similarities between HAP2
and class |l viral fusogens, we created cell lines carrying targeted
mutations/deletions to specific regions of the T. thermophila pro-
tein and tested them for functional activity in crosses with WT

dence, PDB ID of template envelope protein
structure, and viral origin: DENV, dengue virus;
TBEV, tick-borne encephalitis virus; WNV, West
Nile virus).

See also Figure S2 and Table S1.

cells using flow cytometry. Large deletions to the extracellular re-
gion covering either the entire HAP2 domain (A281-329) or the
region of alignment with dengue virus E glycoprotein identified
by Phyre2 (A93-280) resulted in minimal fusogenic activity (Fig-
ures 4A and 4C). The functional relevance of these large dele-
tions was nevertheless unclear, given that both constructs
were poorly expressed (Figure S3). Consequently, we began to
focus on the region in and around the predicted fusion loop.

In this case, a small 28-amino-acid deletion of the fusion loop
itself (A152-179) had a profound effect on fusogenic activity,
reducing it to the levels observed in AHAP2 x WT crosses (Fig-
ures 4A and 4C). When this deletion was repaired with the native
sequence (“HAP2 FL Rescue”; Figures 4A and 4C), the activity
was restored to WT levels, but it remained low when a 17-
amino-acid sequence comprising the DENV fusion loop was
substituted for the predicted HAP2 fusion peptide (“DENV FL
Rescue”; Figure 4C). Next, we explored targeted mutations to
specific residues in the predicted fusion loop (Figure 4C). The
majority of these, including alanine replacements of either
LNL171-3 or R164 within the predicted loop itself and replace-
ment of FQY131-3 in a neighboring loop (Figure S2B), had no ef-
fect on fusogenic activity (Figure 4C). However, substitutions of
serine for the first two cysteine residues (CC147-148SS) in a
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Figure 4. Sequence Elements Important for
T. thermophila HAP2 Function

Mutant cell lines carrying altered versions of the
HAP2 gene were mated with a wild-type (WT)
partner and the percentage of cells undergoing
fusion determined by flow cytometry. Cell lines
that showed levels of fusion equivalent to WT* * P
crosses (~80%) were considered to express
functional HAP2.

(A) Diagrams of truncations/mutations to the
ectodomain. The region in and around the pre-
dicted fusion loop is expanded and amino
acids targeted for mutations are highlighted in
black, whereas those deleted in the fusion loop
truncation are shown in bold black, italicized
lettering.

(B) Diagrams of truncations/mutations to the
cytosolic domain. The region in and around the
poly-basic stretch (underlined) is expanded, and
the potentially palmitoylated cysteine residues
targeted for mutations are highlighted in black.
The numbers in (A) and (B) refer to the numerical
positions and/or range of truncated amino acids
relative to the full-length HAP2 protein sequence.
B, poly-basic domain; DENV, Phyre2-predicted
dengue virus envelope protein region of homol-
ogy; FL, fusion loop; FLAG-10xHis, epitope tag;
HA, influenza hemagglutinin epitope tag; H/G,
HAP2/GCS1 domain; SP, signal peptide; TM,
transmembrane domain.

(C and D) Bar charts showing the mean percentage + SD of exconjugant cells in the mid-fluorescence gate (cells that had undergone fusion) after mating WT cells
with cell lines carrying mutations in the ectodomain (C) or cytosolic domain (D) of T. thermophile HAP2 as determined by flow cytometry. Circles represent fusion
data from individual matings 16 hr after mixing for the various constructs. A one-sided Kruskal-Wallis with Dunn’s post test found no significant differences
between the WT* * P cross (Figure 2G) and the HAP2 mutant crosses A510-513, HAP2 FL Rescue, FQY131-3AAA, R164A, LNL171-3AAA, C5— S, ABasic
Domain, and AC’ term. A modest yet statistically significant reduction (p = 0.0011) in the percentage of fusion was observed for C8 — S mutants when compared
with the WT* * P cross. Likewise, no significant differences were found between the WT* x 4HAP2® cross (shown in Figure 2G) and the HAP2 mutant crosses
AHAP2 domain, ADENV region, AFusion Loop, DENV FL Rescue (C), and CC147-8SS (D). Sample sizes for each cross are listed in the Supplemental Experi-

mental Procedures.
See also Figure S3.

highly conserved cysteine motif that precedes the loop resulted
in a dramatic decline in the percentage of cells capable of fusion
(Figure 4C). Notably, cysteine residues in the cognate region of
class Il viral proteins participate in the formation of disulfide
bonds that are thought to stabilize the fusion loop [21]. Moreover,
in contrast with the large deletions within the ectodomain
(above), proteins altered in the region of the fusion loop were ex-
pressed and, in almost all cases, correctly localized to the conju-
gation junction of mating T. thermophila (Figure S3).

In addition to mutations to the extracellular region, alterations
to the cytosolic domain of T. thermophila HAP2 were also con-
structed (Figure 4B). These included serine substitutions for
cysteine residues in some or all predicted palmitoylation sites
(Cs and Cg), deletion of a stretch of highly basic amino acids
(A580-596), and deletion of almost the entire cytosolic region
(beginning at residue 580). The corresponding mutant proteins
were all expressed and correctly localized (Figure S3), and
whereas matings with the Cg substitution showed a slight but
statistically significant decrease in fusogenic activity when
compared with WT x WT crosses, the other cytosolic alterations
showed no measurable effects (Figure 4D). These results conflict
somewhat with data from other systems [8-10], suggesting that
the sequence requirements in this region of the protein differ in
different organisms.
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Biophysical Evidence for Interactions between the
HAP2 Fusion Loop and Membranes
The effects of mutations to the HAP2 fusion loop described
above, coupled with the known importance of this domain in
the activity of class Il viral fusogens, clearly suggested that
HAP2 and the viral proteins catalyze membrane fusion events
through a similar mechanism. To begin to address this question
experimentally, we attempted to induce membrane fusion by ex-
pressing Tetrahymena HAP2 in heterologous systems, namely,
mammalian tissue culture cells, and examined the ability of the
cells themselves or pseudotyped viruses produced from these
cells to undergo fusion (Figures S4A-S4C). Pseudotyped virus
particles derived from HAP2-expressing cell lines showed no
evidence of infectivity of target cell lines (Figure S4C). Neverthe-
less, small multi-nucleated syncytia reminiscent of those
described by Avinoam and co-workers in studies of the FF family
of developmental fusogens [22] were readily observed (Fig-
ure S4A). Whereas this result was difficult to quantify, biophysi-
cal experiments (see below) clearly demonstrated the ability of
the predicted HAP2 fusion loop to interact directly with model
membranes.

As revealed by circular dichroism spectroscopy, a synthetic
peptide corresponding to the fusion loop of T. thermophila
HAP2 (Figure 5A) adopts a partially (~30%) B-strand-containing
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Figure 5. Interaction of the T. thermophila
HAP2 Fusion Peptide with Model Mem-
branes

(A) Amino acid sequences of synthetic peptides
used in biophysical assays (DENV WT, wild-type
dengue virus fusion loop; DENV W101A, mutant
version of the DENV peptide with reduced
fusogenic activity; HAP2, predicted wild-type
T. thermophila HAP2 fusion loop; influenza WT,
wild-type influenza virus fusion peptide; influenza
G1V, mutant version of the influenza virus
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R1, R2, randomized control peptides for the
T. thermophila HAP2 fusion loop). Amino acid
substitutions that reduce fusogenic activity of the
mutant viral peptides are indicated in purple let-
ters. All peptides contained a flexible and polar
GGGKKKK tag at their C termini (not shown) [23].
(B) Circular dichroism spectra of the DENV and
predicted Tetrahymena HAP2 fusion loop pep-
tides (2 ng/mL; pH 5) in the presence (thick line) or
absence (thin line) of small unilamellar vesicles.

(C and D) The head group (C; DPPTC) and acyl
chain (D; 5PC) spin-labeled lipids (left) are shown
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next to their corresponding electron spin reso-
nance (ESR) plots (right). ESR plots depict the
order parameter (Sp) of spin-labeled lipids within
multilamellar liposome vesicles (y axis) plotted as
a function of increasing peptide to lipid ratio
(x axis). Data points and error bars represent the
mean + SD for two (DENV W101A), three (DENV
WT and HAP2), or three (R1; R2) independent
experiments.

(E) Raw data from a representative lipid mixing
experiment showing R18 fluorescence de-
quenching over time. Synthetic fusion peptides
were added to a mixed population of R18-
quenched and unlabeled liposomes at ~2 min,
followed by Triton X-100 at 7-8 min to establish
maximum dequenching values for normalization
purposes.

(F) Bar chart showing the mean and SD (error bars) for normalized percent lipid-mixing data from three independent experiments.
All measurements were made at 25°C, and membrane compositions consisted of POPC:POPG:Chol = 5:2:3. See also Figure S4.

structure in the presence of small unilamellar vesicles but is
essentially a random coil in solution (Figure 5B). This alteration
in secondary structure mimics that observed for a WT DENV
fusion peptide under the same conditions and suggests that,
as in the case of the viral peptide, the fusion loop of
T. thermophila HAP2 can bind to membranes.

We then applied electron spin resonance (ESR) spectroscopy
to determine whether the predicted HAP2 fusion loop can insert
directly into lipid bilayers by measuring changes to the mem-
brane-order parameter, S, of spin-labeled lipids in model mem-
branes in the presence or absence of synthetic peptides.
Increased membrane ordering in the presence of viral fusion
peptides has been attributed to a membrane dehydration effect
in which loosely bound water molecules in the inter-bilayer space
move to the bulk water phase. Such peptide-induced changes
are thought to be functionally significant as they can lower the
energy barrier between closely apposed membranes, allowing
fusion to occur [24-26]. Indeed, previous ESR studies with fusion
peptides from different class | fusogens (HIV gp41 and influenza
hemagglutinin) suggest that this membrane-ordering effect is a

general phenomenon, as well as a critical step for viral mem-
brane fusion [25-27]. Here, we incorporated two different spin-
labeled lipids, DPPTC and 5PC, into model membranes to detect
peptide-induced changes in membrane structure at both head-
group (membrane surface) and acyl chain (hydrophobic bilayer
interior) regions, respectively [25]. As shown in Figures 5C and
5D, increasing the peptide:lipid ratio from 0% to 2% resulted in
substantial increases in membrane ordering at both the head-
group (Figure 5C) and acyl chain regions (Figure 5D) when syn-
thetic peptides corresponding to the predicted HAP2 and
DENV WT fusion loops were used. As expected, only a modest
increase in membrane ordering was seen with a non-interacting
mutant peptide for the dengue virus fusion loop (DENV W101A)
[28], whereas control (randomized) peptides corresponding to
the HAP2 fusion loop had little to no effect (Figure 5D). In the
case of the WT peptides, the roughly S-shaped curves of S, as
a function of increasing peptide concentrations suggested coop-
erativity in the membrane-ordering effect, consistent with the
requirement for class Il proteins to oligomerize for efficient fusion
to occur [29]. These data indicate that the respective WT fusion
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peptides can insert into membranes and support the idea that
the T. thermophila HAP2 fusion loop participates in membrane
fusion during mating.

To test the fusogenic capacity of the predicted HAP2 fusion
loop directly, we conducted lipid-mixing assays with the syn-
thetic peptide from Tetrahymena HAP2 and known fusion pep-
tides from both class | and class Il viral envelope proteins. Inthese
assays, the lipophilic dye, R18, becomes dequenched and fluo-
resces upon the merger of labeled and unlabeled large unilamel-
lar vesicles (LUVs). Representative curves of raw data from one of
three independent experiments (Figure 5E) show the increase in
R18 fluorescence of LUVs between 2 and 7 min following addition
of fusion peptide. Figure 5F shows the normalized aggregate
results of these experiments. As expected, the non-fusogenic
mutant peptides, DENV W101A, and G1V from the influenza hem-
agglutinin (Figure 5A) promoted only low levels of lipid mixing
(10% and 4%, respectively), as did the randomized control pep-
tides for the HAP2 fusion loop (< 4% each). However, like the WT
viral fusion peptides, the native T. thermophila HAP2 fusion loop
peptide promoted high levels of lipid mixing (32% compared to
22% for DENV WT and 38% for influenza WT peptides). Taken
together, these data indicate that a synthetic peptide corre-
sponding to the predicted fusion loop of T. thermophila HAP2 is
capable of interacting directly with membranes, inducing mem-
brane ordering and promoting vesicle fusion.

DISCUSSION

As shown by template-based structural prediction modeling, the
ectodomain of T. thermophila HAP2 has an overall architecture
highly reminiscent of class Il viral fusion proteins, forming an
extended shape with three, largely B-sheet-containing domains
and containing a predicted fusion loop (Figures 3B-3D). A similar
topology extends to HAP2 orthologs from a wide array of other
species (Figure 3E; Table S1) and has now been validated by
X-ray crystallography of the C. reinhardtii HAP2 ectodomain
[11]. Together with the functional data described here, these
studies provide overwhelming evidence that HAP2 is a bona
fide membrane fusogen.

Current findings suggest two primary mechanisms by which
HAP2 could drive gamete fusion: one used by class Il viral fuso-
gens for the invasion of host cells and the other utilized by the
structurally related developmental fusogen, EFF-1, to mediate
syncytia formation in embryos and larvae of the nematode
worm Caenorhabditis elegans [30, 31]. In the first case, insertion
of a hydrophobic fusion loop into the outer leaflet of endosomal
membranes along with structural rearrangements of the protein
draw apposed cellular and viral membranes into close proximity,
allowing fusion to occur [19]. The developmental fusogen, EFF-1,
on the other hand, lacks an obvious fusion peptide and, while
adopting the same overall 3D fold as class Il viral fusogens, is
thought to rely primarily on conformational changes following
trans-trimerization of monomers on apposed membranes to
drive cell-cell fusion [30]. Consequently, whereas class Il viral
fusogens are initially present on only one membrane, EFF-1 is
required on the surfaces of both apposed membranes in order
to induce fusion [22].

With respect to these mechanisms, HAP2 appears sufficient
to catalyze membrane fusion when present on only one cell
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(i.e., male gametes) in sexually dichotomous species and there-
fore appears more similar to the viral proteins. In the case of
Tetrahymena, whereas the rates at which cells of different mating
types fuse is reduced when HAP2 is expressed in only one cell of
a mating pair, such pairs can still form fusion pores (Figures 2D
and 2G). Additionally, like the viral proteins, T. thermophila
HAP2 contains a functional fusion loop (Figure 4C), and a syn-
thetic peptide corresponding to this region of the protein can
mediate lipid mixing by itself (Figures 5E and 5F). Certainly, a
hybrid mechanism involving both insertion of a fusion loop (as
in the case of the viral proteins) and trans-interactions between
proteins on apposed membranes (as has been proposed for
EFF-1) remains a possibility for HAP2-mediated fusion in Tetra-
hymena. Future studies will be required to address this and other
mechanistic questions related to the specific cellular triggers
(e.g., pH, enzymatic processing, and divalent cations) that may
regulate these events.

Regardless of the precise mechanism underlying HAP2-medi-
ated membrane fusion, the evolutionary relationship between
HAP2 and class Il viral fusion proteins is clearly interesting.
Whereas it is possible these proteins arose through convergent
evolution, the overall topologies and near-identical folding pat-
terns of HAP2 and class Il viral fusogens [11] makes this improb-
able. The alternative hypothesis, namely that they evolved from a
common ancestor, is certainly more plausible but leaves open
the question of which came first. Recent evidence that similar
class Il structures are present in phylogenetically distinct virus
families has suggested that the coding elements for these pro-
teins arose independently in different viral lineages through the
capture of a cellular gene encoding either a developmental fus-
ogen with a class Il structure or a bygone viral fusogen piggy-
backing in the host genome [23, 32]. HAP2, on the other hand,
is present within the basal lineages of all major branches of the
eukaryotic tree of life and most likely dates to the last common
ancestor of all eukaryotes. This would make it the oldest class
Il fusogen that we know of and thus a strong candidate as the
ancestral fusogen from which other class Il proteins evolved.
At the same time, the existence of viruses pre-dates the evolu-
tion of eukaryotic sex [33-36], and it is equally plausible that
HAP2 originated with a virus, was exapted for use in gamete
cell fusion early in the course of eukaryotic evolution, and was
then reacquired by modern viruses. Invasion of eukaryotic ge-
nomes by viruses is widespread [32, 37], and there is clear evi-
dence that genes for viral fusogens have taken on new functions
in the case of mammalian syncytins, which are of retroviral origin,
and promote cell-cell fusion during placentation in diverse
species [38, 39].

The strict requirement for cell-cell fusion in sexual reproduc-
tion [40] combined with the ancient lineage of HAP2 and its
role in fertility in a broad range of taxa [3, 41] argues persuasively
for the involvement of this protein in the origin of eukaryotic sex.
This argument becomes all the more interesting if HAP2 arose
from a virus or related parasitic DNA element, such as a trans-
poson. First, it would suggest that a key step (if not the key
step) in fertilization was made possible by a virus. Absent that
step, sex and the diversity of life that it spawned (including
man) may never have evolved. Second, a role for parasitic
DNA in the origin of eukaryotic sex has long been argued. As
proposed originally by Donal Hickey, sex may have arisen as



a byproduct of selective pressure on some hypothetical frag-
ment of selfish DNA to spread horizontally from cell to cell,
thus favoring its survival [42, 43]. An endogenous viral element
or related fragment of parasitic DNA could do this by attaining
the capacity to promote cell-cell fusion. Theoretically, this could
have occurred through natural selection on a given DNA element
(for example, by evolving a coding sequence for a membrane
fusogen) or, more simply, through the capture of a gene for a viral
fusogen following the infection of some early eukaryotic cell. In
either case, the acquisition of such a coding sequence would
have served as the starting point for additional evolutionary
tinkering to deal with the consequences of fusion, leading even-
tually to the emergence of karyogamy, meiosis, recombination,
and all the modern manifestations of eukaryotic sex.

Whereas the HAP2 gene is deeply rooted in the eukaryotic tree
of life, we cannot rule out the possibility that it emerged after the
evolution of sexual reproduction, replacing an earlier, perhaps
less efficient gamete fusogen. It is also worth noting that impor-
tant taxonomic lineages, such as fungi and vertebrates, lack
HAP2 orthologs. Such sexual species have clearly found an
alternative means to accomplish gamete membrane fusion, but
whether they use novel proteins or variants of currently known
fusion proteins remains to be determined.
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