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SUMMARY

The ancestral gamete fusion protein, HAP2/GCS1, plays an essential role in fertilization in a broad range of
taxa. To identify factors that may regulate HAP2/GCS1 activity, we screened mutants of the ciliate Tetra-
hymena thermophila for behaviors that mimic 4hap2/gcs1 knockout phenotypes in this species. Using this
approach, we identified two new genes, GFU1 and GFU2, whose products are necessary for membrane
pore formation following mating type recognition and adherence. GFU2 is predicted to be a single-
pass transmembrane protein, while GFU1, though lacking obvious transmembrane domains, has the po-
tential to interact directly with membrane phospholipids in the cytoplasm. Like Tetrahymena HAP2/
GCS1, expression of GFU1 is required in both cells of a mating pair for efficient fusion to occur. To explain
these bilateral requirements, we propose a model that invokes cooperativity between the fusion machin-
ery on apposed membranes of mating cells and accounts for successful fertilization in Tetrahymena’s mul-
tiple mating type system.

INTRODUCTION

The conserved transmembrane protein, HAP2/GCS1, drives gamete fusion in a vast array of species.’ Interestingly, HAP2/GCS1 orthologs
are structurally homologous to viral class Il fusion proteins®™ and catalyze membrane merger by mechanisms that appear similar to those
used by dengue, Zika, and related viruses for host cell entry. This begins with the activation of HAP2/GCS1 protomers at the plasma mem-
brane of one cell (typically, the male gamete) leading to insertion of hydrophobic “fusion loops” into the lipid bilayer of the partner cell (usually
the female gamete).>'? Activation is followed by trimerization of HAP2/GCS1 ectodomains and conformational fold-back to deform mem-
branes and bring them close enough to allow them to fuse.” "

While dynamic rearrangements in HAP2/GCS1 structure generate the forces necessary for gamete merger, mechanistic details around the
activation of pre-fusion protomers, the possible transition of hemi-fusion intermediates to full fusion pores, and the expansion of pores to
form a single contiguous membrane are only just beginning to emerge. These steps regulate both cell-cell and virus-host cell fusion in other
contexts'*™'* and may be critically important for the precise spatiotemporal control of fertilization.

In flowering plants and green algae, timely activation of the HAP2/GCS1 machinery appears to be regulated in part, by accessory proteins
that sequester the fusogen and/or constrain its activity prior to membrane merger. In the unicellular alga, Chlamydomonas reinhardtii, the
lineage-specific adhesion protein, MAR1, associates either directly or indirectly with HAP2/GCS1 in minus (“male”) gametes and is required
for its correct expression and localization on a single, apical membrane protrusion known as the minus mating structure.”'® Interaction of
MART1 with the broadly conserved GEX2-like protein, FUS1, on plus (“female”) gametes releases HAP2/GCS1 from an inactive state allowing
it to drive gamete fusion at the site where mating structures of plus and minus gametes adhere.®'”
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A somewhat analogous situation has been described in the model plant species, Arabidopsis thaliana, where HAP2/GCS1 is initially
sequestered on intracellular vesicles of male gametes through associations with the plant-specific proteins DMP8/9, until sperm and egg
come into close proximity.'” Under the influence of EC1, a secreted peptide from the egg, HAP2/GCS1 translocates to the plasma membrane
of sperm where it promotes gamete fusion.'®

Along with Chlamydomonas and Arabidopsis, the free-living ciliate, Tetrahymena thermophila offers a powerful system for the study of
membrane dynamics during fertilization.'” Following starvation, cells undergo a program of sexual development that generates up to seven
different mating types.”>”' A given mating type can recognize and adhere to any of the other six mating types but not its own. Fertilization can
be readily synchronized and begins at a specialized region of the cell cortex known as the conjugation junction where mating cells adhere.
Small (~50 nm diameter) membrane protrusions then extend into the luminal space separating cells marking the sites where HAP2/GCS1-
mediated fusion pores open up.””** This is followed by pore expansion and reciprocal exchange of migratory haploid pronuclei across
the junction, culminating in karyogamy and, eventually, separation of cells as new progeny”>** (Figure S1).

Unlike sexually dichotomous species where the protein is expressed primarily in male gametes, '“**?” HAP2/GCS1 is produced in all seven
mating types of T. thermophila and is required in both cells of a mating pair for efficient pore formation to occur.>?* This bilateral requirement
is reminiscent of the developmental cell-cell fusogens, AFF-1 and EFF-1, in the nematode worm, Caenorhabditis eleganszs. Like HAP2/GCS1,
AFF-1 and EFF-1 are structurally homologous to class Il fusion proteins of viruses but are required on adjacent membranes for multinucleated
syncytia to form.?”? As with the viral fusogens, HAP2/GCS1 acts unilaterally from a single membrane in those species where it is expressed
162731 Nevertheless, the bilateral requirements described above suggest that these structurally related fusion proteins

may use different mechanisms to achieve membrane merger. Indeed, models involving trans-interactions between fusion proteins on
34

solely in male gametes.

apposed membranes have been proposed for the nematode protein, EFF-1,°-*> which appears to lack a hydrophobic “fusion loop
that is otherwise required to bridge membranes prior to fusion.

In Tetrahymena, the absence of HAP2/GCS1 from one cell of a mating pair results in a steep decline in the number of pairs capable of
forming fusion pores, while its absence from both cells completely abrogates pore formation.> When left undisturbed, mating pairs that
lack pores separate prematurely and fail to exchange meiotic pronuclei.”® Furthermore, compared to wild type cells, pairs formed by
Ahap2/gcs1 deletion strains separate readily when mechanically agitated suggesting that junctional pores help to rivet these highly motile
cells together long enough to allow them to complete fertilization.?**°

Based on these findings, it seemed reasonable that unstable pairing following adherence of mutant mating types might offer a useful
screen to identify additional gene products involved in membrane pore formation during fertilization. Using this approach, we identified
two genes designated GFUT and GFU2 (Gamete FUsion 1 and 2) that are necessary for HAP2/GCS1-mediated pore formation in mating
T. thermophila. GFU2 appears to be a small transmembrane protein, while GFU1 has properties reminiscent of BAR domain-containing pro-
teins®’*® that can recognize, bind to, and shape membrane structures in eukaryotes. Finally, observations of GFUT and HAP2/GCS1 mutant
cell lines provide strong evidence of cooperative interactions between the fusion machinery on apposed cells. A model that explains coop-

erativity and accounts for the expression of HAP2/GCS1 in all seven mating types of T. thermophila is presented.

RESULTS
Identification of genes required for stable pairing of mating cells

Sexual development in T. thermophila is initiated by nutrient deprivation.'” Following starvation, physical interactions between cells of
different mating types lead to rapid upregulation of genes involved in cell-cell recognition and adherence, membrane fusion, meiosis,
and exchange of migratory pronuclei between mating cells resulting in karyogamy.'”"%% |nitial interactions between cells are transient,
but within 1.5 h post-mixing (30°C) complementary mating types begin to form mechanically stable pairs that remain adherent until they natu-
rally separate as sexual progeny roughly 12 h after their initial interaction (Figure S1).

Using a reverse genetics approach designed to identify genes involved in conjugation,”’ we found two instances (Tetrahymena Genome
Database: TTHERM_000161578, TTHERM_00569470) in which the deletion of a gene that is upregulated during this process (Figures S2A and
S2B) resulted in unstable pairing between complementary mating types lacking the same gene. In each case, mutant strains recognized and
adhered to one another at the conjugation junction (Figures 1A-1D) but could be separated by vigorous pipetting. As demonstrated here, we
found that both genes are required for cells to form fusion pores and name them GFUT and GFU2, respectively.

To better characterize pair formation by 4gful and 4gfu2 deletion strains, we compared the kinetics of pairing and the relative strength of
cell-cell adhesion in crosses between knockout (4gfu X 4gfu), wild type (WT X WT), and WT X dgfu cell lines. When left undisturbed, com-
plementary mating types carrying the 4gful deletion reached the same degree of pairing with roughly the same kinetics as WT X WT cultures
over the first 6 h of mating (Figure 1E). Similarly, mixtures of 4gfu2 deletion strains were also able to form pairs, albeit with slower kinetics and
lower peak values than WT pairs over the same time frame (Figure 1F). In both cases, however, the pairs formed between complementary
Agful X Agful or dgfu2 X Agfu2 deletion strains exited the sexual cycle prematurely and came apart hours before WT X WT pairs
(Figures 1E and 1F). Notably, 4gful and 4gfu2 deletion strains behaved differently from each other when mated to WT cells. Pairs formed
between WT and 4gfuT cells had an intermediate phenotype in which many, but not all pairs, came apart prematurely (Figure 1E), while WT X
Agfu2 cultures showed essentially the same kinetics of pairing and cell separation as WT X WT crosses (Figure 1F).

To measure the relative strength of cell-cell adhesion, mating pairs were vortexed at a fixed speed and examined microscopically for pair
stability at varying intervals. As expected, WT X WT pairs were highly stable, whereas most pairs formed by 4gful X 4gful (Figure 1G) or
Agfu2 X Agfu2 (Figure 1H) deletion strains came apart within 10-15 s of vortexing. When mixed with WT cells, 4gful and 4gfu2 deletion
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Figure 1. Characteristics of cell-cell pairing by 4gfu1 and 4gfu2 mutant cell lines

(A-D) Wild type and deletion strains lacking either GFUT or GFU2 were starved to induce mating competency and then mixed with equal numbers of cells of
complementary mating type as indicated in each panel. A-D are phase contrast images showing mixtures of 4gful (A, B) or 4gfu2 (C, D) deletion strains
fixed immediately after mixing (A, C) or 4 h post-mixing (B, D) (bar = 20 pm). Note the heart-shaped mating pairs visible at the 4 h time point in (B) and (D).
(E and F) show the kinetics of pair formation in undisturbed cultures. For (E-H), mating competent cells were mixed at ratios of 1:1, then fixed at the indicated time

points and counted to determine the percentage of cells in pairs.
(G and H) show the relative stability of pairs from mating cultures of WT, 4gfu1, and 4gfu2 strains following vortexing. Samples were collected from undisturbed
cultures at 4 h post-mixing, vortexed at a fixed speed for the times shown on the x axis, then fixed and counted to determine the percentage of cells in pairs. (E-H)

show representative data from individual experiments in each case.

strains again behaved differently from each other. Whereas WT X 4gful pairs were unstable, WT X 4gfu2 pairs were indistinguishable
from WT pairs in resisting mechanical shear (Figures 1G and 1H). Taken together, these results indicate that GFU1 (like HAP2/GCS1) is
required in both cells of a mating pair for stable pairing to occur, whereas GFU2 confers pair stability when expressed in only one cell of a

mating pair.

Requirements for GFU1 and GFU2 in membrane fusion

To determine whether pair instability was correlated with an inability of 4gfu or 4gfu2 deletion strains to form fusion pores, we used a pre-
viously described flow cytometry assay to measure exchange of labeled cytosolic proteins between mating cells as a proxy for membrane
pore formation during fertilization.” In these assays, starved cells of different mating types were labeled either red or green with CellTrace
Far Red (CTFR) or carboxyfluorescein succinimidyl ester (CFSE), respectively, then combined and fixed either immediately after mixing or
18-24 h post-mixing after mating pairs had separated as postzygotic progeny (Figures 2A and 2B).
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Figure 2. Quantitation of cell-cell fusion by flow cytometry

(A) and (B) are fluorescence confocal images of a mating culture of wild type T. thermophila containing equal numbers of cells of complementary mating type that
had been labeled with CFSE (green) or CTFR (red) prior to mixing. (A) shows cells immediately after mixing (0 h), while (B) shows cells 24 h after mixing when sexual
development was complete and pairs of cells had come apart. Note that cells in (A) are either red or green, while in (B), four of five cells show both colors and
appear yellow (scale bar = 30 pm).

(C) and (D) are representative smoothed display pseudocolor flow cytometry plots of the same cultures imaged in (A) and (B) either before (C) or after (D) cells had
undergone fusion and exchanged cytosolic proteins. Initially (O h), only two populations were present (labeled CTRF" and CFSE™). After fusion (24 h), the original
single-labeled populations were diminished, and >90% of cells were present in two new populations labeled with both dyes (labeled “Mid" gate in (D)). An
additional small population was also present at the 24 h time point labeled “Pairs”. As shown previously, this gate represents cell pairs that either failed to
come apart or continued to attempt to pair after normal mating was complete.®

(E-H) are representative flow cytometry plots of mating cultures of 4gful or 4gfu2 deletion strains crossed to complementary mating types carrying the 4gful or
Agfu2 deletions (panels E,F) or to WT cells (G, H) 18-24 h post-mixing.
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Figure 2. Continued

(I) is a bar graph showing the compiled data from multiple crosses between WT, dgful, 4gfu2, and 4hap2 deletion strains as indicated on the x axis (n = 12-78
biological replicates/cross). Bars show the mean percentage of cells that had undergone fusion (calculated from the “Mid"” gate) and the bracketed lines, the
standard deviations (+/—). Asterisks represent the level of statistical significance between indicated crosses based on one-sided Kruskal-Wallis tests and Dunn'’s
post-tests (**** = p < 0.0001; ** = p < 0.01; * = p < 0.05; ns = not significant).

Figure 2 shows representative flow cytometry plots of mating cultures containing 1:1 mixtures of WT X WT, WT X 4dgfu, or 4gfu X 4dgfu
strains. When fixed immediately after mixing (0 h), two intensely labeled cell populations were always present, one bright green (CFSE™)
and the other bright red (CTFR) representing cells of each mating type before membrane fusion (Figure 2C). In WT X WT cultures, following
fusion and pair separation, these initial populations were replaced almost entirely by two new populations of labeled cells, one more green
than red and the other more red than green (Figure 2D). These new populations (delineated by the “Mid” gate in Figure 2D), represent single
cells that had paired, formed fusion pores, and exchanged cytosolic dyes before separating as newly formed progeny. Additionally, a variable,
but usually small population of CFSEM/CTFR" cells was present (designated the “Pairs” gate in Figure 2D) representing cells that continue to
pair even at late time points.”

Unlike WT X WT crosses, matings between 4gful X 4gful and 4gfu2 X 4gfu2 deletion strains showed little evidence of dye exchange with
the percentage of cells in the "Mid" gates of the corresponding flow cytometry plots averaging <1% at 18-24 h post-mixing (Figures 2E, 2F
and 21). Thus, despite being able to form pairs, these cells, like 4hap2/gcs1 deletion strains,” were unable to form stable fusion pores at the
conjugation junction.

In the case of WT X 4gfu crosses, data from flow cytometry fusion assays were consistent with the pair stability results described above.
Only a small percentage (5-15%) of cells were capable of fusion in WT X 4gful crosses (Figures 2G-2l), whereas in WT X 4gfu2 crosses the
percentage of cells capable of fusion was essentially the same as for WT X WT matings (Figures 2H and 2I). These results reinforce the idea that
pore formation and pair stability are closely linked and demonstrate a bilateral versus a unilateral requirement for the GFUT and GFU2 gene
products, respectively, for efficient fusion between mating cells. It is also worth noting that when crossed to 4hap2/gcsT deletion strains,
neither 4gful nor 4gfu2 knockout cell lines showed measurable levels of fusion (Figure 2I).

Possible functional roles of GFU1 and GFU2

BLAST comparisons showed no obvious homologs outside the ciliate taxon for either GFU1 or GFU2. Furthermore, based on primary sequence
analysis (Figure S2D), GFU1 bore none of the hallmarks of a transmembrane protein, despite its requirement in membrane fusion. Nevertheless,
localization studies using C-terminally tagged versions of GFU1 showed bright punctate staining at the margin of the conjugation junction indi-
cating possible interactions with membrane-associated proteins, or the membrane itself (Figures 3A-3C). GFU2, on the other hand, is almost
certainly a transmembrane protein containing a predicted N-terminal signal peptide (residues 1-17), a single transmembrane helix (residues
164-186), and a cytosolic domain (residues 187-228) enriched in positively charged residues (estimated pl = 11.46) (Figure S2E).

To gain further insight into their possible function, we used AlphaFold2*® and other structure prediction algorithms to deduce the
3-dimensional structures of both proteins. In the case of GFU2, aside from the transmembrane helix, we found only weak similarities to struc-
tures in the PDB database”’ in a region containing two sets of anti-parallel B-sheets within the putative ectodomain (Figures S3A and S3B).
These similarities were not considered to be significant.

Computational modeling of GFU1, on the other hand, was more revealing. Based on AlphaFold2, the protein appeared to be almost
entirely alpha-helical with its long antiparallel hairpins bearing a close structural resemblance to F-BAR (Bin/Amphiphysin/Rvs-like) domains
on proteins that detect and contribute to membrane curvature®”* (Figure 3D). Additionally, structure prediction algorithm, RaptorX,* as-
signed high confidence homology scores linking GFU1 with 3 known F-BAR domain-containing proteins (Figure 3E).

Given its predicted structural similarity to BAR domains, we used electron spin resonance (ESR) spectroscopy to explore whether GFU1
could interact directly with lipid bilayers. We used two spin-labeled probes, DPPTC and 5PC, one labeled on its head groups (DPPTC) the
other on its acyl chains (5PC) and compared the lipid ordering effects of the full-length GFU1 protein with those of known membrane inter-
acting fusion peptides of influenza HA*®*? and Tetrahymena HAP2/GCS1.° Spin resonance measurements with both probes showed a clear
ordering effect (measured as ASq) of GFU1 with increasing protein:lipid ratios (Figures 3F and 3G). At the highest ratio, the ordering effect with
DPPTC was just below that seen with the HAP2/GCS1 fusion peptide (Figure 3F). By contrast, the ordering effect of GFU1 with the acyl chain
labeled probe, 5PC, was considerably lower relative to the fusion peptides suggesting that its interaction with the membrane is more periph-
eral as might be expected for BAR domain-containing proteins, which adhere to the surfaces of membrane bilayers®***° (Figure 3G).

Additional evidence for membrane interacting effects of GFU1 came from fluorescence dequenching assays, which showed significant
levels of lipid mixing following addition of GFU1 to solutions of R18-labeled and unlabeled unilamellar vesicles (Figures S4A and S4B).

GFU1 and GFU2 in heterologous cell:cell fusion assays

In previous studies, HAP2/GCS1 from Arabidopsis thaliana was shown to promote cell-cell fusion when expressed as a recombinant protein in
mammalian tissue culture cells.” We therefore used this approach to explore potential interactions between GFU1, GFU2, and the HAP2/
GCS1 orthologs from Tetrahymena and Arabidopsis by expressing these proteins, either alone or in combination and measuring syncytia
formation in cultures of BSR-T7 baby hamster kidney cells, a standard platform for determining the fusogenic activity of viral envelope

. 51-53
proteins.” 7
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Figure 3. Localization and predicted structural features of GFU1

(A-C) show fluorescence light microscopic images of mating pairs formed by WT cells and transgenic cell lines expressing C-terminal HA- (A) or mCherry-tagged
(B,C) versions of GFU1 from chimeric genes introduced at the endogenous GFUT locus. In (A), the HA-tagged gene product was detected with a fluorescein-
labeled (green) secondary antibody. In (B) and (C), the mCherry-tagged construct (red) was visualized directly using confocal imaging. In (C), the labeled cell
is co-expressing an inducible, GFP-tagged version of HAP2/GCS1 (green) from the B-tubulin 1 locus. White boxes indicate the conjugation junction (CJ)
where mating types adhere and the dashed white lines demarcate the borders of mating cells (scale bars, lower right corner = 10 pm).

(D) shows orthogonal views of the AlphaFold2 predicted structure of GFU1. Color coding is based on prediction reliability scores with blue (0.0) representing the
lowest and red (1.0) the highest confidence scores. Note the shallow curvature along the long axes of the extended a-helices in the lower image, a common
feature of F-BAR domains.”’

(E) shows the results of a structure homology search comparing GFU1 to known structures in the PDB database using RaptorX.”” Three of the five top hits
(highlighted in green) are to known F-BAR domain-containing proteins’®“® with p-values and uGDT scores reflecting high quality predictions in each case.
(F) and (G) are ESR plots showing changes in the order parameter (ASo) of spin-labeled lipid probes labeled on their head groups (DPPTC) or acyl chains (5PC),
respectively, within multilamellar liposome vesicles as a function of increasing protein-to-lipid ratio. Plots show the relative ordering effects of recombinant GFU1
(red), compared with previously described fusion peptides from influenza virus HA (black), Tetrahymena HAP2/GCS1 (blue), and a corresponding scrambled
peptide for the ciliate protein as a negative control (green).” Data points and error bars in (F) and (G) represent the means +/— standard deviations in ASy
from 3 independent experiments.
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Figure 4. Heterologous cell-cell fusion assays

(A) and (B) are box and whisker plots showing levels of cell-cell fusion in BSR-T7 baby hamster kidney (BHK) cell cultures 30 h post-transfection with plasmid
expression vectors encoding cDNAs indicated on the x axes. (A) shows relative levels of cell-cell fusion in cultures transfected with empty vector alone
(pcDNA), or vectors encoding the Nipah virus (NiV) triggering protein G and fusion protein F (NiV G/F), or the HAP2/GCS1 orthologs of Arabidopsis thaliana
(Ara.HAP2) or Tetrahymena thermophila (T.HAP2). (B) shows levels of cell-cell fusion in cultures transfected with pcDNA alone, or vectors encoding the
HAP2/GCS1 orthologs with or without co-transfection with plasmids encoding Tetrahymena GFU1, GFU2, or both (GFU1/2). Levels of cell-cell fusion were
measured by counting the total number of nuclei in syncytia per field (y axis) in 4-6 random fields across 3 separate experiments. In each case, the midline
represents the median, and the whiskers the minimum and maximum values for the total number of nuclei in syncytia per field, with a syncytium defined as
any cell with >4 nuclei. In panels (A,B), statistical differences in pairwise comparisons between categories are indicated by horizontal lines above the plots as
determined by Student’s t test with asterisks denoting p-values (**** = p < 0.0001; ** = p < 0.01; * = p < 0.05; ns = not significant). In panel (B), asterisks

above the categories represent statistical differences compared with the empty vector control calculated using a one-way, non-parametric Kruskal-Wallis
ANOVA (**** = p < 0.0001; *** = p < 0.001).

Consistent with the work of Valansi et al.,” Arabidopsis HAP2/GCS1, by itself, drove moderate levels of cell-cell fusion relative to the pos-
itive control, in this case, Nipah virus G/F*!(Figure 4A). Similarly, as in previous work with T. thermophila,” expression of the ciliate ortholog in
the absence of the other proteins induced some level of syncytia formation, although statistical significance was not achieved when compared
to the negative control (vector alone) (Figure 4A). However, co-expression of Tetrahymena HAP2/GCS1 with either GFU1, GFU2, or both pro-
teins resulted in about a 2-fold increase in mean activity, with syncytia formation reaching statistical significance in all cases (Figure 4B). While
the combined effects were modest, no increase in activity was seen when GFU1 and GFU2 were co-expressed with Arabidopsis HAP2/GCS1
suggesting that species-specific interactions between the ciliate proteins may occur (Figure 4B).

Cooperativity between the fusion machinery on apposed membranes

While the precise interplay between HAP2/GCS1 and the newly described GFU1 and GFU2 proteins awaits further analysis, it was clear that
both GFU1 and HAP2/GCS1 are required in both cells of a mating pair for efficient pore formation to occur (Figure 2I). This raised the inter-
esting possibility that the fusion machinery on apposed membranes of mating cells somehow interact, an argument bolstered by the fact that
the 75-85% decline in fusion efficiency observed when HAP2/GCS1 is deleted in one cell of a mating pair cannot be compensated for by high
level expression of the native gene product in the wild type partner.®'?

To address this question further, we revisited the fusogenic capacity of transgenic cell lines carrying a mutation to a highly conserved argi-
nine residue (R'®%) that stabilizes the HAP2/GCS1 fusion loop(s) through formation of a salt bridge with an equally conserved glutamic acid
residue (E'%) present in virtually all HAP2/GCS1 orthologs.” In previous studies with Tetrahymena, substitution of an alanine residue for the
conserved arginine at position 164 had no effect on the ability of mutant cells to fuse with WT strains.® This was surprising since the same
mutation abrogates the fusogenic capacity of HAP2/GCS1 in Arabidopsis and Chlamydomonas where the protein is present on only one
gamete membrane.*’

To determine whether the R'®*A mutant protein was fully functional or whether the WT protein on the apposed membrane was able to
rescue an otherwise defective gene product, we examined the ability of R™4A X R'®*A mutant strains to form fusion pores using flow
cytometry. As in previous studies,’ reciprocal crosses between WT cells and cells carrying the mutant allele showed robust fusion
(Figures 5A and 5C). However, pairs formed between R'¢*A mutant cell lines were completely unable to fuse (Figures 5B and 5C). These
results support the involvement of R'®* in the formation of a loop-stabilizing salt bridge and establish the importance of the loop structure
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Figure 5. Cooperativity in membrane pore formation

A) and (B) are representative flow cytometry plots of CFSE and CTFR-labeled cells expressing the R™*A mutant allele of HAP2/GCS1 mated to either WT cells
panel A) or a complementary mating type carrying the identical R**A mutant allele (panel B) fixed at 24 h post-mixing.

C) is a bar graph showing the compiled data of percent fusion in crosses between WT, R"**A mutant, and 4hap2/gcs1 deletion strains as indicated on the x axis
n = 6-78 biological replicates/cross). The mating types (VI and VII) of strains carrying the R'*A mutant allele are shown in superscript.

(D and E) are representative flow cytometry plots of crosses between CFSE and CTFR-labeled cells expressing C-terminal HA- or mCherry-tagged versions of
GFU1, respectively, fixed at 24 h post-mixing. Fluorescence from the mCherry construct itself is negligible in fixed cells and does not contribute to the

(
(
(
(

recorded signal.

(Fand G), WT cells were mixed with either GFUT:mCherry expressing cells (F) or with a 4gfu1 deletion strain lacking the gene (G), and fixed 24 h post-mixing. Note
the substantially larger population of cells in the “Mid” gate in (F) compared to (G). Panel (H) is a bar graph showing the compiled data for percent fusion from all
experiments with tagged GFU1 constructs (n = 3-18 biological replicates/cross). Bars in panels (C, H) represent the mean and bracketed lines the standard
deviations (+/—). Asterisks represent the level of statistical significance between indicated crosses based on one-sided Kruskal-Wallis tests and Dunn’s post-
tests (**** = p < 0.0001; * = p < 0.05; ns = no significance).
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Figure 6. Ultrastructural analysis of membranes at the conjugation junction

Representative transmission electron micrographs showing sections spanning the conjugation junction of mating pairs are shown.

(A) = WT pair; panel (B) = Ahap2/gcs 1 knockout pair; and panels (C) and (D) = AgfuT knockout pairs fixed at 4 h post-mixing. Cells are oriented top-to-bottom with
the junctional membranes of each cell (demarcated by small black arrows) running horizontally at the middle of each panel. In panel (A), numerous pores (white
arrows) were visible along the length of the conjugation junction in the WT pair. The inset at the upper right is a higher magnification image showing dome-
shaped structures (white arrows) that appeared to push membranes outward toward the apposed membrane. In serial sections, these structures were shown
to be fully open pores cut at an oblique angle (Figure S5). In (B), no pores were visible along the junctional membranes formed by Ahap2/gcs1 deletion
strains. However, large vesicular bodies (bordered by the white square) were present in the luminal space separating cells.

In (C) and (D), neither junctional pores nor large vesicular bodies were visible in pairs formed by Agfu deletion strains. Note the slightly greater distance between
cells in (D) compared to (C). Scale bars in the lower right corner of each panel = 0.5 pm.

for HAP2/GCS1-mediated fusion of Tetrahymena mating types. More importantly, the ability of the WT protein to rescue the R'®*A mutation
provides further evidence for potential interactions between the fusion machinery on apposed membranes of mating cells.

While such interactions may be possible in the case of HAP2/GCS1, GFU1 is almost certainly not a transmembrane protein and therefore
should be incapable of interacting either with itself or other proteins across the trans-junctional space. Nevertheless, evidence of coopera-
tivity involving GFU1 was uncovered in studies to validate the functionality of HA- and mCherry-tagged versions of the protein. As determined
by flow cytometry, cells expressing HA-tagged GFU1 showed WT levels of fusion when mated to each other indicating that the tagged protein
was fully functional (Figures 5D and 5H). By contrast, cells expressing the mCherry-tagged version underwent very low levels of fusion (<3% of
cells) indicating that the larger tag rendered GFU1 inactive (Figures 5E and 5H). However, when crossed to WT cells, transgenic cells express-
ing the GFU1:mCherry chimera underwent ~50% fusion (Figures 5F and 5H), significantly more than that seen in crosses between WT cells and
Agful knockout strains (Figures 5G and 5H). As with the R'**A mutation of HAP2/GCS1, the substantial rescue of an otherwise defective
mCherry-tagged version of GFU1 by the WT gene product on partnering cells would clearly suggest that cooperative interactions are at
play between apposed membranes of mating cells.

Membrane architecture in the absence of GFU1

Given its localization at the conjugation junction, its predicted BAR-like domain structure, and its ability to interact with model mem-
branes (Figure 3), it was tempting to speculate that GFU1 plays a role in membrane remodeling events leading up to membrane pore
opening in mating cells. To examine this, we performed ultrastructural studies on mating pairs formed by WT, dhap2/gcs1, and
Agful deletion strains.

WT X WT pairs fixed 2-4 h post-mixing showed normal morphology with closely apposed membranes interrupted by numerous pores
along the length of the conjugation junction (Figure 6A). In addition to open pores, broad dome-shaped protrusions were seen along junc-
tional membranes that, in serial section, were revealed to be fully open pores cut at an oblique angle (Figure S5).

Within the same time frame, Ahap2/gcs1 X Ahap2/gcs1 pairs also showed closely apposed membranes but unlike WT pairs, were
completely devoid of junctional pores (Figure 6B). Instead, large membrane vesicles/tubules were frequently observed in the luminal space
separating dhap2/4gcs1 knockout pairs (Figure 6B) as previously reported.”

Lastly, pairs formed by 4gful deletion strains appeared similar to 4hap2/gcs1 X dhap2/gcs1 pairs but showed interesting differences as
well. Like Ahap2/gcs1 pairs, 4gful pairs showed a complete absence of junctional pores (Figures 6C and éD). However, in >100 pairs exam-
ined, large extracellular vesicles were never observed in the junctional space between cells, a marked difference with the dhap2/gcs1
knockout pairs. Additionally, 4gfuT pairs showed greater variability in the distances between cells (Figures 6C and 6D) and the occasional
presence of cilia within the junctional space (not shown).
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DISCUSSION

As shown here, Tetrahymena mating types carrying deletions in either GFU1 or GFU2 were able to recognize and adhere to their complimen-
tary deletion strains, but, as in the case of Ahap2/gcs1 knockouts, were unable to form fusion pores. The corresponding GFU1 and GFU2 gene
products can therefore be added to a list of lineage-specific factors, that together with MAR1 in Chlamydomonas reinhardtii,'” and the DMP8/
9 proteins of Arabidopsis thaliana, regulate HAP2/GCS1-mediated gamete merger during fertilization.

From a functional standpoint, MART and the DMP8/9 proteins play critical roles in the localization and timely activation of HAP2/
GCS1 in algae and plants, respectively.'>'”>>>® Whether the same is true of the newly identified GFU1 and GFU2 proteins is unclear.
GFU1 contains neither a signal peptide nor transmembrane helices and is therefore likely to be entirely intracellular. However, its predicted
structural resemblance to BAR-domains and ability to interact with model membranes is intriguing from a functional standpoint. As
discussed below, BAR-domain containing proteins have been shown to alter membrane structure in a variety of ways, and the
bilateral requirement for FUS7/Rvs161 in successful mating in Saccharomyces establishes a role for these proteins in fertilization, at least
in fungi.

Unlike GFU1, GFU2 is a single-pass transmembrane protein that would presumably be free to bind receptors on the apposed membranes
of mating cells. Indeed, given the reduced kinetics of pairing in crosses between complementary Agfu2 deletion strains (Figure 1F), GFU2
could act in gamete recognition and adherence, or participate in activation of the HAP2/GCS1 fusion machinery as a member of a hypothet-
ical receptor-ligand pair or signaling complex. That said, it is unlikely that GFU2 interacts directly with HAP2/GCS1 as may be the case for
DMP8/9,"” and possibly MAR1'® as well. If such interactions occur, one would expect that the absence of GFU2 in one cell of a mating
pair would have a significant impact on HAP2/GCS1-mediated fusion in T. thermophila, which is clearly not the case (Figures 2H and 2I).

While additional work is needed to define the precise roles GFU1 and GFU2, evidence of cooperativity between the fusion machinery on
mating cells raises important questions regarding the underlying mechanisms of HAP2/GCS1-mediated gamete fusion, not just in Tetrahy-
mena but in sexually dichotomous species such as Arabidopsis thaliana, where the protein is limited to the surfaces of male gametes.

In Arabidopsis, HAP2/GCS1 drives gamete fusion from a single membrane. Nevertheless, in mammalian cells, syncytia formation occurs
only when the plant ortholog is expressed on the membranes of adjacent cells.” While this unusual bilateral requirement in a heterologous
system may reflect an absence of cellular factors that ordinarily facilitate gamete fusion in A. thaliana, the developmental fusion proteins AFF-1
and EFF-1 have a similar bilateral requirement for syncytia formation, both in worm tissues and following heterologous expression in cultured
insect cells.””*° As noted earlier, AFF-1 and EFF-1 are structurally homologous to class Il viral fusogens, although EFF-1 is thought to lack a
hydrophobic fusion loop.** To account for these bilateral requirements and the ability of EFF-1 to catalyze syncytia formation in the absence of
an obvious fusion loop, models involving homotypic trans-interactions between protomers®** or between fully formed trimers on apposed
membranes have been proposed.®

To our knowledge, there is little direct evidence to support such models. Nevertheless, homotypic trans-interactions could explain the
bilateral requirement for HAP2/GCS1 in Tetrahymena, with the caveat that HAP2/GCS1-mediated gamete fusion requires functional fusion
loops.>*” A model involving fusion loop insertion and trimerization of protomers emanating from apposed membranes of mating cells is
shown in Figure 7A. Considering the data presented here, this model has several major drawbacks. First and foremost, it predicts that in Tetra-
hymena, trimers formed through interactions in trans would be more efficient than trimers emanating from a single membrane (otherwise, WT
X Ahap2/gcs1 pairs would fuse efficiently). Given the high degree of conservation in HAP2/GCS1 structure and the ability of the protein to act
unilaterally from a single membrane in other species, this seems unlikely. Second, based on steric considerations, it is unclear whether pro-
moters that span membranes in the opposite orientation would be capable of forming mixed trimers. Lastly, given the importance of the
fusion loops for HAP2/GCS1 trimerization,” it is unlikely that R'**A mutant protomers could form trans-trimers with the native protein on
the apposed membrane regardless of steric considerations.

Given these drawbacks, alternative models of cooperativity must be considered. A model that we currently favor is shown in Figures 7B-7F.
In this scenario, rather than homotypic trans-interactions between proteins, interactions between curved membrane structures destabilized
by HAP2/GCS1 would be required for efficient fusion. As with conventional models, fusion pore opening would necessitate the formation of
HAP2/GCS1 trimers from monomers/dimers on the same membrane (Figures 7B-7D), but conformational foldback alone would be insuffi-
cient to drive membrane pore opening and/or expansion. Rather, the critical threshold for fusion would only be met where curved membrane
structures destabilized by HAP2/GCS1 interact. In this case, membrane curvature would be imposed by the HAP2/GCS1 transmembrane helix
and cytosolic domain in concert with other proteins such as GFU1.

Such a scenario could explain the ability of the native protein to rescue membrane pore formation in cells carrying the R™*A mutation
(Figures 7C and 7D), as well as the low level of fusion seen with Ahap2/gcs1 deletion strains (Figure 7E). In the first instance, so long as
the mutant protein imparts local curvature to the membrane of one cell and the native protein both curvature and the ability to form functional
trimers in the other (Figures 7C and 7D), fusion pores would form at sites where unstable regions of the membrane interact. With Ahap2/gcs1
deletion strains however, the energy barrier to membrane merger would be difficult to overcome in the absence of curved or destabilized
membrane structures on one or both cells of a mating pair (Figures 7E and 7F, respectively). An important corollary to this argument would
be that species in which HAP2/GCS1 is expressed in only one gamete (A. thaliana, C. reinhardtii, etc.) would still require curved or destabilized
membrane structures on both cells of a mating pair but would resort to other proteins to accomplish this in the gamete lacking HAP2/GCS1.

While purely speculative, there is clear evidence for the involvement of specialized membrane structures in a variety of cell-cell fusion
events including fertilization. In Chlamydomonas, for example, gamete fusion is initiated at the distal tips of microvillar-like protrusions on
plus and minus mating types where membrane curvature is high. Along the same lines, actin-dependent invasive protrusions have been
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Figure 7. Alterative models of cooperativity in the fusion process

(A and B) Like previous models proposed for EFF-1from C. elegans,®”** the model shown in panel (A) hypothesizes that HAP2/GCS1 protomers emanating from
apposed membranes on either side of the conjugation junction interact to form trimers, except that in this case, insertion of fusion loops into lipid bilayers would
be obligatory. As in conventional models for class Il viral fusogens, trimers would then undergo conformational foldback to generate the forces necessary to bend
membranes and promote fusion pore opening. Alternatively, the model in panel (B) forgoes trans-interactions between the HAP2/GCS1 protomers and proposes
instead that the HAP2/GCS1 transmembrane helix and cytosolic domains together with other proteins such as GFU1, impose local membrane curvature creating
an energetically favorable environment for membrane fusion where such regions interact.

(C) depicts a scenario in which the R'A mutant protein in the lower bilayer would be unable to form trimers but would still deform the membrane and lower the
energy barrier for membrane merger catalyzed by native HAP2/GCS1 trimers on the apposed membrane.

(D) shows the expected outcome for crosses between WT cells or WT X R"*A strains, namely full fusion where curved membranes interact.

(E) shows the expected outcome when either HAP2/GCS1 or GFU1 are absent from one membrane, namely, inefficient fusion of only a small percentage of pairs.
(F) shows the expected outcome when either HAP2/GCS1 or GFU1 are absent from both membranes (upper two schematics) or in crosses between cells lacking
one or the other protein (lower schematic), namely, no fusion.

shown to enhance bilateral EFF-1 dependent syncytia formation in cultured insect cells.”” Indeed, the involvement of microvilli and other
membrane protrusions in cell-cell fusion, as well as virus-host-cell fusion has long been argued.”® ' From a mechanistic standpoint, such pro-
trusions could lower the energy barrier to fusion pore opening by forcing the outer leaflets of apposed membranes into close proximity. Alter-
natively (or in addition), curved membranes associated with these structures could provide an energetically favorable environment for lipid
mixing following conformational foldback of HAP2/GCS1 trimers.

In either case, the involvement of BAR-domain containing proteins in promoting membrane curvature and the formation of filopodia, la-
mellipodia, and related membrane protrusions in other cell types®**“**® would suggest a possible role for GFU1 in this scenario as well
(Figures 7B-7F). Importantly, BAR-domain containing proteins have been linked to cell-cell fusion events in at least two instances, namely,
fertilization in yeast where there is a bilateral requirement for FUS7/Rvs161 in mating of S. cerevisiae,***> and during virus-induced syncytia
formation where elevated levels of BAR-domain fragments have been shown to promote fusion of cultured cells by influenza HA and bacu-
lovirus gpé4, through effects on pore expansion.®

Although previous studies in Tetrahymena” have correlated the presence of microvillar-like protrusions with sites of membrane pore
opening at the conjugation junction, we were unable to identify such structures in the present study presumably owing to their small size
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and transient nature. Thus, we were unable to assign roles for HAP2/GCS1 or GFU1 in their formation. Nevertheless, the presence of large
membrane vesicles/tubules within the luminal space separating Ahap2/gcs1 deletion strains raises interesting questions regarding a possible
role of HAP2/GCS1 in membrane sculpting. While the absence of such vesicles in the Agful knockout crosses could be interpreted in the
same way, additional studies will be required to validate what role these proteins have in membrane curvature or the formation of membrane
protrusions, if any. Indeed, in the case of GFU1, variability in the distances between mating cells seen in the AgfuT knockout pairs (Figures 6C
and 6D) could suggest an entirely different role for this protein, for example, in ensuring close cell-cell adherence and/or the ability of cells to
maintain open pores rather than in membrane curvature per se.

Finally, apart from mechanistic considerations, the requirement for HAP2/GCS1 expression in all mating types of T. thermophila has addi-
tional implications both in evolutionary terms, and for fertilization success in organisms with multiple mating types. In the first instance, ubig-
uitous expression of an otherwise “male” gamete-specific gene product in Tetrahymena may reflect the vestiges of an early isogametic life-
style in which the expression of “male” and “female” genes were not yet restricted to a given mating type.”*® If this is indeed the case,
cooperativity between the HAP2/GCS1 fusion machinery on the apposed membranes of mating cells may represent the evolutionary ground
state. In that case, restricted expression of HAP2/GCS1 to a single (predominantly male) gamete in sexually dichotomous species would have
required either the emergence of other proteins to compensate for its absence on the membranes of partnering cells, or a change in HAP2/
GCS1 structure allowing it to function more efficiently from a single membrane.

On the second point, in species with more than three mating types, fertilization would be haphazard if not all mating types express the
fusogen. For example, in T. thermophila, mating type recognition and adherence occur even in the absence of HAP2/GCS1 presumably
due to proteins encoded at the mating type locus®'®’ and elsewhere in the macronuclear genome. Furthermore, fertilization succeeds (albeit
inefficiently) as long as one cell expresses the fusogen. However, if two or more mating types failed to express HAP2/GCS1, some pairs would
be unable to exchange pronuclei, thus undermining any potential benefit of a multiple mating type system.

Limitations of the study

The models proposed in Figure 7 are attempts to explain the bilateral requirements for HAP2/GCS1 activity in Tetrahymena shown here and
elsewhere,” but remain strictly theoretical in the absence of direct evidence. While we are less inclined to believe the first model (Figure 7A) for
reasons indicated in the text, efforts to demonstrate direct trans-interactions between HAP2/GCS1 protomers on apposed membranes were
unsuccessful in our hands using a co-immunoprecipitation approach. Specifically, in preliminary work we found that N-terminal tags on HAP2/
GCS1 interfered with its function and C-terminal tags were proteolytically cleaved from the protein either before or during purification. This
precluded attempts to show both homotypic trans-interactions as well as potential interactions between HAP2/GCS1 and the novel proteins,
GFU1 and GFU2. By the same token, while we favor the model shown in Figures 7B-7F, we were unable to visualize membrane protrusions or
other obvious curved membrane structures in wild type or mutant cell lines using conventional transmission electron microscopy and were
unable to demonstrate an association of HAP2 or GFU1 with such structures using low-resolution fluorescence light microscopy.
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SOURCE

IDENTIFIER

Antibodies

Anti-HA Antibody 1:100, clone 3F10

Goat Anti-Rat IgG, H & L Chain
Specific Fluorescein Conjugate 1:400

Fisher Scientific

MilliporeSigma

Cat# 50-100-3325; RRID: AB_390918

Cat# 401414; RRID: AB_437800

Chemicals, peptides, and recombinant proteins

IC Fixation Buffer
10x Permeabilization Buffer

eBioscience Carboxyfluorescein

diacetate succinimidyl ester
CellTrace™ Far Red
Lipofectamine 2000 Transfection Reagent™

Hoechst 33342

Thermo Fisher
Thermo Fisher

Thermo Fisher

Thermo Fisher
Invitrogen

Thermo Fisher

Cat# 00-8222-49
Cat# 00-8333-56
Cat# 65-0850-84

Cat# C34564
Cat# 11668-019
Cat# 62249

Lysozyme MilliporeSigma Cat# 10837059001
Halt™ Protease Inhibitor Cocktail Thermo Fisher Cat# 78429
Benzonase Nuclease MilliporeSigma Cat# E1014
Thrombin MilliporeSigma Cat# 10602400001
Bradford Dye Reagent Thermo Fisher Cat# J61522.AP
POPC Lipid Avanti Polar Lipids Cati# 850457
POPG Lipid Avanti Polar Lipids Cati# 840457

5PC Lipid Avanti Polar Lipids Cati# 878123
DPPTC Lipid Avanti Polar Lipids Cat# 850355
Octadecyl Rhodamine B chloride (R18) Thermo Fisher Cat# 0246
Experimental models: Cell lines

BSR-T7 cells®® Laboratory of Ben Benhur Lee (Icahn School N/A

Rosetta (DE3) Competent Cells

of Medicine at Mount Sinai)

MilliporeSigma

Cat# 70954-3

Experimental models: Organisms/strains

B2086.2

Cu427.4

Cu428.2

SB1969

GFU1 KO MAC cl. 9

GFU1 KO MAC cl. 19

GFU1 KO MAC cl. 21

GFU2 KO MAC cl. B3

GFU2 KO MAC cl. C1

GFU2 KO MAC cl. C9

HAP2 KO MAC B2086 cl. B2
HAP2 KO MAC CU428 cl. B3
GFU1:HA MAC CU428 cl. 13
GFU1:HA MAC B2086 cl. 21
GFU1:mCherry MAC CU428 cl. 1
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Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center

Tetrahymena Stock Center

TSC_SD00709
TSC_SD00715
TSC_SD00178
TSC_SD00701
TSC_SD03390
TSC_SD03391
TSC_SD03392
TSC_SD03393
TSC_SD03394
TSC_SD03395
TSC_SD03396
TSC_SD03398
TSC_SD03402
TSC_SD03404
TSC_SD03406
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

GFU1:mCherry MAC B2086 cl. 36

GFU1:mCherry HAP2:GFP MAC CU522 cl.2

HAP2(R'®*A) MAC CU427 cl. 18
HAP2(R'®A) MAC CU428 cl. 1
HAP2:GFP MAC CU522

Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center
Tetrahymena Stock Center

Tetrahymena Stock Center

TSC_SD03408
TSC_SD03414
TSC_SD03410
TSC_SD03412
TSC_SD03418

Oligonucleotides

See Table S1 for PCR Primers

Recombinant DNA

pCR™BIlunt-TOPO® Thermo Fisher Cat# 451245

pmCherry-neo4 Tetrahymena Stock Center PID00045

pHA-neo4 Tetrahymena Stock Center PID00043

pMcoDel Laboratory of Kazufumi Mochizuki https://www.igh.cnrs.fr/en/research/departments/
genetics-development/epigenetic-chromatin-regulation

pMiniT 2.0 New England Biolabs Cat# E1202S

pET32a(+) MilliporeSigma Cat# 69015-3

Software and algorithms

FlowJo FlowJo LLC https://www.flowjo.com/

GraphPad Prism 10 GraphPad Software https://www.graphpad.com/

Alphafold Version 2.3.1 N/A https://alphafold.ebi.ac.uk/

RaptorX N/A http://raptorxé.uchicago.edu/

Other

Q5® Site-Directed Mutagenesis Kit

New England Biolabs

Cat# E0554S

6-well platesx VWR Cat# 734-2777
DMEM medium Corning Cat# 10-013-CV
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Theodore Clark

(tgc3@cornell.edu).

Materials availability

Tetrahymena strains generated in this study have been deposited to the Tetrahymena Stock Center at Washington University in St. Louis.

Data and code availability

e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Growth of Tetrahymena thermophila strains

Tetrahymena strains of different mating type (MT) were grown separately to mid-log phase at 30°C with continuous shaking (100 rpm) in either
NEFF medium (0.25% proteose peptone, 0.25% yeast extract, 0.5% glucose, 33.3 uM FeCl5)*” or SPP medium (2% proteose peptone, 0.1%
yeast extract, 0.2% glucose, 33mM FeCly)®” as indicated in the text.
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METHOD DETAILS
Mating of Tetrahymena strains

To prepare mating cultures, cells were centrifuged at 400 x g for 2 min, washed in 10mM Tris buffer (pH 7.5), and then starved in the same
buffer for 18-48 h at 30°C. Following starvation, cells of different mating type (MT) were counted, brought to final concentrations of 2.5 x
10° cells per mL and combined at a ratio of 1:1 in 10 cm diameter plastic petri dishes. Mating cultures were then maintained without shaking
at 30°C before being analyzed. For all wild type x wild type matings, strains CU428.2 (MT = VII) and CU427.4 (MT = VI) were used.

Construction of GFU1 and GFU2 deletion strains

Different strategies were used to generate macronuclear gene disruptions of GFUT and GFU2. For GFUT, the “co-deletion” method was used,
which relies on the inherent genome editing properties of T. thermophila during macronuclear development.”” Briefly, a 1562-bp target
sequence covering roughly two-thirds of the coding region between primers #1 and #2 (Table S1) in the predicted GFU1 gene (Tetrahymena
Genome Database: TTHERM_000161578) was cloned into a unique Notl site in the plasmid vector, pMcoDel.”” The resulting construct con-
tained the sequence targeted for deletion flanked by internally eliminated sequence motifs in a vector harboring the entire ribosomal DNA
locus including a 17S rRNA allele which confers paromomycin resistance on transformed cells. Following vector construction, plasmid DNA
was introduced into mating pairs of T. thermophila strains B2086.2 and CU428.2 at 7 h post-mixing using biolistic bombardment as described
by Bruns and Cassidy-Hanley.”' Cells were maintained overnight in 10 mM Tris (pH7.5), grown for 3 h in SPP medium, and drug-resistant pos-
itive transformants were selected by continuous growth in SPP containing 100 pg/mL paromomycin. A total of seven independent clones were
identified, all of which showed the minimal 1562-bp deletion in the endogenous GFUT macronuclear DNA locus as determined by PCR using
flanking primers. Complete elimination of the target sequence in all 45 macronuclear chromosomes was confirmed by quantitative PCR
(gPCR) using primers #3 and #4 (Table S1) within the deleted region. Three clones designated GFU1 KO MAC cl. 9 (MT = 1), GFU1 KO
MAC cl. 19 (MT = V), and GFU1 KO MAC cl. 21 (MT = IV) were used in these studies.

For disruption of GFU2, we used homologous recombination to replace the entire open reading frame of the gene with a cadmium-induc-
ible cycloheximide (CHX) resistance cassette described by Gao et al.’”” In this case, regions containing >700-bp immediately upstream and
downstream of the predicted GFUZ2 coding sequence (Tetrahymena Genome Database: TTHERM_00569470) were amplified in separate PCR
reactions using primers #5-#8 (Table S1) and linked on either side of the CHX cassette in pBlueScript SK(+) by Gibson assembly.73 Plasmid
DNA was then linearized and introduced into T. thermophila (B2086.2 X CU428.2) mating pairs by biolistic bombardment as above.”’ Positive
transformants were selected by growth in SPP medium containing increasing concentrations (from 15 to 240 ng/mL) of cycloheximide and
4.5 pg/mL CdCl,.”*’* Complete replacement of the endogenous GFU2 gene by the CHX cassette was confirmed by gPCR using primers
#9 and #10 (Table S1). Clonal isolates designated GFU2 KO MAC cl. B3 (MT = Il), GFU2 KO MAC cl. C1 (MT = VII), and GFU2 KO MAC cl.
C9 (MT = VII) were used for all experiments.

Construction of mutant strains

Cell lines carrying the T. thermophila HAP2/GCS1 R'®*A mutant allele were constructed as previously described.” Briefly, site-directed muta-
genesis was carried out to alter the sequence of the wild type HAP2/GCS1cDNA using a Q5 Site-Directed Mutagenesis Kit. The mutant cDNA
was then amplified using primers N7_R64A_F and N7_R164A_R (Table S1) and directionally cloned between BamHI and Kpnl restriction sites
in a previously constructed replacement vector containing the pHrpl29-B cycloheximide resistance cassette in a pCRBlunt-TOPO plasmid
backbone. This placed the mutant allele between roughly 1,000-bp segments immediately upstream or downstream of the 5'- and 3'-flanking
regions of the T. thermophila HAP2/GCS1 gene, along with an HA-tag at the C-terminus of the HAP2/GCS1 coding sequence. Vector DNA
was then linearized and introduced into the T. thermophila Ahap2/gcs1 knockout strains AHAP2-428 clone 5 (MT = VII) and AHAP2-427 clone
6 (MT = VI) by biolistic bombardment.”" Positive transformants were isolated by growth in NEFF medium containing increasing concentrations
of cycloheximide up to 50 pg/mL and their genomic DNA amplified and sequenced to establish the presence of the mutant allele.” Mutant
strains in two different mating type backgrounds designated, HAP2(R'®*A) MAC CU427 cl. 18 and HAP2(R'®*A) MAC CU428 cl. 1, were used in
these studies.

Construction of mCherry- and HA-tagged GFU1 expressing strains was carried out using a modified PCR-based C-terminal epitope
tagging approach described by Kataoka et al.”> and plasmid vectors containing codon-optimized sequences for mCherry or HA-epitope
tags (pmCherry-neo4 and pHA-neo4, respectively). In each case, the tags were immediately upstream of a T. thermophila BTU1 3'-termination
sequence and neo4 resistance cassette’® within a pBluescript plasmid backbone. Plasmid DNA was used to amplify the region between the
5-ends of the coding sequences of the mCherry or HA-epitope tags and the 3-end of the neo4 cassette in separate PCR reactions using
primers BamHI-mCherry_Fw1 and Hindlll-Neo4-RV2 (for mCherry) or BamHI-HA_FW1 and Hindlll-Neo4-RV2 (for HA) (Table S1).
T. thermophila genomic DNA was then used as a template to amplify a roughly 1,000-bp segment immediately upstream of the 3'-stop codon
in the macronuclear GFU1 gene in two separate PCR reactions using the same forward primer (5'FW) and either of two linker primers desig-
nated 5'RV_mCherry and 5RV_HA, respectively (Table S1). Lastly, a third segment extending 863-bp downstream of the 3'-end of the GFU1
coding sequence was generated using the forward primer, 3'FW, and reverse primer, 3'RV (Table S1) with T. thermophila genomic DNA as the
template. The PCR products from each of the reactions were then stitched together by overlap PCR. After agarose gel electrophoresis, bands
of the expected sizes of the full-length products were purified and amplified with the 5’RACE-Outer and 3'RACE-Outer primers (Table S1) to
create the 5-GFUT-mCherry-BTU1-neo-GFU1-3' and 5-GFU1-HA-BTU1-neo-GFU1-3' insertion cassettes. Insertion cassettes were then
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cloned into the plasmid vector pMiniT 2.0 and sequenced. Plasmid DNA was linearized by treatment with Xho1 and introduced into the
endogenous GFUT locus of T. thermophila strains CU428.2 (MT VII) and B2086.2 (MT 1I) by homologous recombination following biolistic
bombardment.”" Positive transformant clones were selected by growth in NEFF medium containing increasing concentrations of paromomy-
cin (up to 800 pg/mL). Strains designated GFU1:HA MAC CU428 cl. 13, GFU1:HA MAC B2086 cl. 21, GFUT:mCherry MAC CU428 cl. 1 and
GFU1:mCherry MAC B2086 cl. 36, were used in the present studies.

For co-localization experiments, the 5-GFUT-mCherry-BTU1-neo-GFU1-3 insertion cassette was also used to replace the endogenous
GFU1 gene in a previously generated T. thermophila strain, HAP2:GFP MAC CU522,”* containing an inducible C-terminal GFP-tagged
version of HAP2/GCS1 at the B-tubulin1 locus as described above. The resulting strain designated GFU1:mCherry HAP2:GFP MAC CU522
cl.2 (MT = IV) was used in the present study.

Ahap2/gcs1 deletion strains

The strains designated, HAP2 KO MAC B2086 cl. B2 (MT = Il) and HAP2 KO MAC CU428 cl. B3 (MT = VII),>?* were obtained from the Tetra-
hymena Stock Center at Washington University in St. Louis and used in all crosses involving Ahap2/gcs1 deletion strains.

Pair stability assays

For undisturbed cultures, cells of complementary mating type were grown separately in NEFF medium to mid-log phase, then washed and
starved as indicated above. Between 0 and 3 h post-mixing, aliquots were collected every 30 min by gentle pipetting and combined with an
equal volume of IC Fixation Buffer in 1.5mL plastic microcentrifuge tubes. After 3 h, cells were fixed every hour until mating was complete
(18-24 h post-mixing). The percentage of cells that were paired at each time point was then determined by counting a representative sample
from each aliquot under a dissecting microscope as described below for mechanically agitated cells.

Strength of cell-cell pairing was determined as previously described.”* Briefly, complementary mating types were grown and starved as
above, then combined at ratios of 1:1. At 2 and 4 h post-mixing, 3mL of mating culture was removed and placed into a 15 mL plastic conical
tube. The tube was then lowered onto a shaking Vortex-Genie 2 laboratory mixer set to speed 4.5. Cells were then vortexed for cumulative
periods of O's, 2's, 55, and additional 5 s intervals up to 45 s. At each time point, 50 plL aliquots were gently removed and fixed in an equal
volume of IC Fixation Buffer. The percentage of cells paired at each time point was calculated by counting a representative sample from each
of the fixed aliquots under a dissecting microscope. A total of 100 subjects (single cells or pairs) were counted for each time point with the
percentage of pairs calculated as the number of paired cells divided by the number of total cells x 100.

Flow cytometric fusion assays

Unless otherwise noted, the ability of mating pairs to form fusion pores was quantitated by flow cytometry as described by Pinello and co-
workers.” Briefly, cells of complementary mating types were grown separately in NEFF medium to mid-log phase prior to starvation in Tris
buffer (pH 7.5) at 30°C overnight. Starved cells were then centrifuged and resuspended in 0.1x phosphate buffered saline (PBS) to a final con-
centration of 7 x 10° cells/mL. Aliquots of concentrated cells (1 mL) were combined with 1 mL 0.1x PBS containing either 2 mL Carboxyfluor-
escein diacetate succinimidyl ester (CFSE) or 5 mL CellTrace Far Red (CTFR) and incubated 5 min (CFSE) or 15 min (CTFR) before quenching
unincorporated dye in 10 mL of NEFF medium. Labeled cells were pelleted at 400 x g, then washed twice and resuspended in 10 mM Tris *
HCl buffer (pH 7.5) at 30°C in the dark. The next day, cells were resuspended in fresh 10 mM Tris « HCl buffer (oH 7.5) and recounted. Aliquots
of 5x 10° cells of each mating type were then combined in a total of 5 mL of 10 mM Tris buffer in triplicate plates, and either collected imme-
diately or allowed to mate at 30°C for 18-36 h (as indicated in the text) in a darkened incubator. Following mating, cells were harvested by
centrifugation at 400 x g, resuspended in 1 mL of 10 mM Tris buffer and combined with 1 mL of IC Fixation Buffer followed by incubation in the
dark for a minimum of 20 min. After fixation, cells were again harvested and resuspended in 500 pL of 1x PBS (0.3% bovine serum albumin
(BSA)) prior to acquisition on a FACSCanto Il flow cytometer (Becton Dickinson) using the FITC-A and APC-CY7-A lasers. A minimum of
30,000 events were recorded for each sample. Data were analyzed using FlowJo version 10.4 software with gates of single- (unfused) and dou-
ble-labeled (fused) cell populations being drawn as previously described.* Compiled data from all experiments for a given cross were assem-
bled as bar charts using GraphPad Prism Software.

Fusion assays in mammalian cell culture

Full-length, codon-optimized cDNA sequences encoding A. thaliana HAP2/GCS1 and T. thermophila GFU1 and GFU2 were introduced into a
pCAGGS plasmid expression vector (TWIST Bioscience) downstream of a cytomegalovirus early enhancer and chicken B-actin promoter and
in-frame with the C-terminal tags Au1 (A. thaliana HAP2/GCS1); HA (GFU1); or FLAG (GFU2). For T. thermophila HAP2/GCS1, a full-length,
codon-optimized version of the corresponding cDNA containing a C-terminal 3X-FLAG tag was cloned into the plasmid expression vector
pcDNA3.1(+) as previously described by Pinello et al. For syncytia assays, BSR-T7 cells® (gift from Ben Benhur Lee, Icahn School of Medicine
at Mount Sinai) were seeded onto 6-well plates and grown in 1x DMEM medium containing 10% bovine calf serum and 1% penicillin/strep-
tomycin. When monolayers reached 80% confluence, cells were transfected with plasmid DNA using Lipofectamine 2000 Transfection Re-
agent according to the manufacturer’s instructions. Constant concentrations of plasmid DNA across conditions were maintained by
combining 1 ug HAP2/GCS1-encoding plasmid DNA with either empty vector (2 pg) or 1 pg each of vector DNA encoding T. thermophila
GFU1 and GFU2. Expression of epitope-tagged proteins was verified 24 h post-transfection by western blotting and fluorescence microscopy
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using labeled antibodies against specific tags in each case. Expression levels of the Arabidopsis and Tetrahymena HAP2/GCS1 proteins were
roughly equivalent based on densitometry readings in western blots. To assay syncytia formation, cultures were fixed in 1x phosphate
buffered saline (pH 7.4) containing 2% paraformaldehyde 30 h post-transfection and stained with Hoechst 33342 to label nuclei. Syncytia for-
mation was quantified as previously described by measuring the total number of nuclei in syncytia per field in 4-7 random fields per exper-
iment (n = 3) using an inverted microscope (ECHO Revolve) with phase optics at 10x magnification. A syncytium was considered any cell with
>4 nuclei.

Fluorescence microscopy

For visualization of HA-tagged GFU1, mating T. thermophila cells were centrifuged at 400 x g, resuspended in 20 mM HEPES buffer (pH 7.5),
and fixed with IC Fixation Buffer as described above for flow cytometry. Cells were then resuspended and washed three times in 1 mL of 1x
Permeabilization Buffer in a 1.5 mL plastic microcentrifuge tube before being resuspended in blocking solution (1x Permeabilization buffer
containing 5% Goat Serum and 1% BSA). The same blocking solution was used for all subsequent washes and antibody incubations. After
blocking for a minimum of 30 min at room temperature, cells were again washed and then incubated at 4°C overnight in blocking solution
containing a 1:100 dilution (100 pg/mL) of primary antibody (Anti-HA). Following incubation, cells were washed 3x in blocking solution before
being incubated in the dark at RT with a 1:400 dilution (10 pg/mL) of fluorescein conjugated secondary goat Anti-Rat IgG (H + L). Following
incubation, cells were washed 3x and resuspended in a small volume of blocking solution for imaging on a Leica SP5 confocal microscope.

For co-localization studies, a strain carrying an mCherry-tagged version of GFU1 at the endogenous locus and an inducible GFP-tagged
version of HAP2/GCS1 at the B-tubulin locus (see above) was induced with 0.1 pg/mL CdCly, 2 h prior to mating with wild type strain CU428.2
at a ratio of 1:1. At varying times thereafter, mating pairs were examined with an Olympus BX-50 fluorescence microscope equipped with a
Fluoview scanning laser confocal imaging system and images were captured with a DP-72 digital camera.

Isolation of recombinant GFU1

The full-length GFU1 cDNA expressed in baby hamster kidney cells was subcloned into a pET32a(+) vector using the restriction enzymes Kpnl
and Xhol. The plasmid was then introduced into the Rosetta (DE3) E. coli strain designed for enhanced expression of eukaryotic proteins.
Bacteria were grown to O.D. = 1.0 and GFU1 expression was induced by addition of IPTG to the culture medium to a final concentration
of 0.4 mM. Cells were maintained at 30°C overnight and harvested by centrifugation at 4000 x g for 30 min at 4° C.

Recombinant GFU1 was purified by affinity chromatography on Ni**-TED resin (PrepEase His-Tagged Protein Purification Maxi Kit, USB
Corp, Cleveland, OH). Cell pellets were resuspended 1x LEW buffer (50mM NaH,PO,, 300mM NaCl, pH.8) at a ratio of 10 mL buffer for every
1 L of cells harvested before addition of 1 mg/mL lysozyme, 100 pL Halt Protease Inhibitor Cocktail, and 2uL Benzonase nuclease. After 30 min
on ice, bacteria were sonicated for 5 min using a 30 s on/30 s off cycle in an ice water bath using an SXSONIC Ultrasonic Processor FS-450N
sonicator (Hengyi, China) set to 40% power. The cell lysate was then centrifuged at 12,000 x g for 30 min at 4°C in a Beckman Coulter Allegra
X-14R high-speed centrifuge. Supernatants were collected and applied to a pre-equilibrated Ni-TED column following the manufacturer’s
protocol. The column was washed twice with 1 x LEW buffer and proteins were stripped from the column in 3 fractions of 4 mL each with
1 x LEW buffer containing 250 mM Imidazole, pH.8). Eluted fractions were dialyzed overnight at 4°C against 150 mM NaCl, 20 mM
HEPES, and 5mM MES buffer, pH7 in the presence of 100uL thrombin to remove the His tag. The dialyzed product was then applied to a
pre-packed size exclusion column (Superdex 75 Increase) (Cytiva, Marlborough, MA) in fresh dialysis buffer and the fraction corresponding
to GFU1 concentrated by ultrafiltration (Amicon Ultra Centrifugal filters; MWCO = 10kDa). Protein concentrations were determined using
a Bradford Dye Reagent and purified GFU1 stored at 4°C for 1-3 days before use.

Lipid ESR assays

All lipids including POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine); POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glyc-
erol); the acyl chain spin label 5PC; and, the head group spin label, dipalmitoylphosphatidyl-tempo-choline (DPPTC), were purchased
from Avanti Polar Lipids (Alabaster, AL). Structures of the spin labeled lipids used in the experiments are shown in Figures 4A and 4B. Choles-
terol was purchased from Sigma-Aldrich. Composition of the fusion peptides from influenza HA and T. thermophila HAP2 were previously
described.®>* The negative control peptide consisted of a random sequence derived from the wild type HAP2 fusion peptide. All peptides
had a “GGGKKKK" solubility tag added to their C’ termini.”’

POPC, POPG, cholesterol, and 0.5% (mol:mol) spin-labeled lipids dissolved in chloroform were mixed at a 5:2:3 mol:mol ratio of
POPC:POPG:Chol and dried under a N, stream. The mixture was evacuated under vacuum overnight to remove any trace of chloroform.
To prepare multilamellar vesicles (MLVs), the lipids were resuspended and hydrated prior to use in 1 mL of 150 mM NaCl, 10 mM MES,
5 mM HEPES (pH5) buffer at RT for at least 2 h. For the large unilamellar vesicles (LUVs) used in lipid mixing assay (below), lipids were prepared
in the same buffer as for MLVs and then frozen and thawed 5 times prior to dispersion through a 100 nm pore size membrane using an Avanti
extruder.

To prepare samples for ESR, stock solutions of each fusion peptide (1 mg/mL) or GFU1 (0.3 mM) were added to the lipid
POPC:POPG:Chol = 5:2:3 MLV dispersion (above) at the experimentally indicated mol:mol protein(peptide):lipid ratios. After 20 min of incu-
bation, the dispersion was centrifuged at 13,000 rom for 10 min and the pellet was transferred to a quartz capillary tube for ESR measurement.
ESR spectra were collected on an ELEXSYS ESR spectrometer (Bruker Instruments) at X-band (9.5 GHz) at 25°C using a N, Temperature
Controller (Bruker Instruments). The ESR spectra from labeled lipids were analyzed using the NLLS fitting program based on the stochastic
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Liouville equation’® using the MOMD (Microscopic Order Macroscopic Disorder) model as in previous studies.”” " The fitting strategy is the
same as previously reported.”” Sy is defined as follows: So=<1/2(3c0s20-1)>, where 0 is the polar angle for the orientation of the rotating axes
of the nitroxide bonded to the lipid relative to the director of the bilayer, i.e., the preferential orientation of lipid molecules.®” The angular
brackets imply ensemble averaging. Sp indicates how well the chain segment to which the nitroxide is attached is aligned along the normal
to the lipid bilayer. The change in order parameter ASy is calculated as the So(membrane with protein) — So (membrane only). All experiments
were repeated three times.

Fluorescence dequenching assay

The protocol for fluorescence dequenching to monitor vesicle fusion was adopted from a previous study.® Fluorescently labeled LUVs
(2.5 uM, final concentration) containing 2% Octadecyl Rhodamine B chloride and unlabeled LUV (22.5 uM, final concentration) were mixed
in 1 mL 150 mM NaCl, 10 mM MES, 5 mM HEPES (pH 5.0) buffer. Proteins were then added from concentrated stock solutions to give a
1 uM final concentration of each peptide. Triton X-100 was added to achieve a 1% final concentration after fusion reactions were complete.
The fluorescence spectra were collected on a Varian Cary Eclipse Fluorescence Spectrometer (Agilent Technologies). Fluorescence intensities
of the samples before addition of fusion peptides and after the addition of Triton X-100 were used to set the baseline (0%) and 100% fusion
levels, respectively. The fluorescence yields of the experimental samples were normalized to these levels to determine % lipid mixing.®* Fluo-
rescence intensity variations resulting from volume changes were corrected in each case.

Ultrastructural studies

For wild type and Agful deletion strains, mating cultures were prepared in 10 cm diameter plastic petri dishes as described above and at
either 2 h or 4 h post-mixing, 10 mL aliquots of mating cells were gently harvested by centrifugation at 300 x g for 2min. Supernatants
were quickly aspirated leaving a loose pellet in a total volume of 250-300 mL. Cells were then gently resuspended by pipetting, and 5 mL
of fixation solution containing 2.5% glutaraldehyde in sodium cacodylate, pH 7.4 (Electron Microscopy Sciences, Fischer Scientific; Catalog
#50-259-41) was added. Percent pairing in all cultures was >75% by microscopic evaluation. Cells were stored in fixation solution at 4° C until
further use (4-11 days). For embedding and sectioning, samples were brought to 20°C, washed 1X in double-distilled H,O, then 2x in 0.15M
sodium cacodylate buffer pH 7.2 for 10 min per wash prior to post-fixation in 2% osmium tetroxide in 0.15M sodium cacodylate buffer pH 7.2
for 1 h. Samples were then washed 3x in H,O (10 min/wash) and the cell pellets embedded in 2% agar for the remainder of the procedure to
maintain the integrity of cell pairs. Samples were then fixed en bloc in 2% aqueous uranyl acetate for 60 min before dehydration in an
ascending series of ethanol solutions of 35%, 50%, 75%, 95%, 100% ethanol for 10 min each. Ethanol was then replaced with propylene oxide
in three consecutive 10 min incubations. Dehydrated blocs were infiltrated with Spurr's medium through a series of 1 h incubations in a 1:1
mixture of propylene oxide:Spurr’s resin mixture, then a 1:2 mixture, then a 1:3 mixture, and finally 2 X 1 h incubations in fresh 100% Spurr's
resin. Samples were cured at 70°C for at least 8 h. Samples were sectioned and placed on uncoated Formvar grids. Sections (~70 nm) were
post-stained with lead citrate prior to imaging at 80kV on a Hitachi HT7700 transmission electron microscope.

Protein structure modeling

The 3D structure predictions of GFU1 and GFU2 were done with a local installation Alphafold’® version 2.3.1 at the Institut Pasteur, using the
latest release of the protein databank available in March 2023. Only predictions with highest scores are displayed in the Figures. Additionally,
we used the RaptorX42 algorithm to model the structure of GFU1. Details of P-value, Score, uGDT/GDT, and uSeqID/SeqID in the table in
Figure 3E are provided at http://raptorxé.uchicago.edu/documentation/.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data reported are expressed as the mean + SD and statistical significance was determined with GraphPad Prism using the number of rep-
licates and appropriate statistical test as reported in figure legends. A value of p < 0.05 was considered statistically significant.
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