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The cytoplasmic domain of the gamete membrane fusion protein
HAPZ2 targets the protein to the fusion site in Chlamydomonas and

regulates the fusion reaction

Yanijie Liu', Jimin Pei?, Nick Grishin? and William J. Snell™-*

ABSTRACT

Cell-cell fusion between gametes is a defining step during
development of eukaryotes, yet we know little about the cellular and
molecular mechanisms of the gamete membrane fusion reaction.
HAP?2 is the sole gamete-specific protein in any system that is broadly
conserved and shown by gene disruption to be essential for gamete
fusion. The wide evolutionary distribution of HAP2 (also known as
GCS1) indicates it was present in the last eukaryotic common
ancestor and, therefore, dissecting its molecular properties should
provide new insights into fundamental features of fertilization. HAP2
acts at a step after membrane adhesion, presumably directly in the
merger of the lipid bilayers. Here, we use the unicellular alga
Chlamydomonas to characterize contributions of key regions of
HAP2 to protein location and function. We report that mutation of
three strongly conserved residues in the ectodomain has no effect
on targeting or fusion, although short deletions that include those
residues block surface expression and fusion. Furthermore, HAP2
lacking a 237-residue segment of the cytoplasmic region is expressed
at the cell surface, but fails to localize at the apical membrane patch
specialized for fusion and fails to rescue fusion. Finally, we provide
evidence that the ancient HAP2 contained a juxta-membrane, multi-
cysteine motif in its cytoplasmic region, and that mutation of a
cysteine dyad in this motif preserves protein localization, but
substantially impairs HAP2 fusion activity. Thus, the ectodomain of
HAP2 is essential for its surface expression, and the cytoplasmic
region targets HAP2 to the site of fusion and regulates the fusion
reaction.
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INTRODUCTION

Although gamete fusion during fertilization is a fundamental event
in eukaryotes and has been long studied in many model organisms,
we know little about the molecules or the cellular and molecular
mechanisms that underlie the membrane fusion reaction (Evans,
2012; Inoue et al., 2013). The protein Izumo is the only sperm-
specific gene shown by gene disruption to be essential for gamete
fusion in a vertebrate (Inoue et al., 2005, 2013; Ellerman et al.,
2009; Evans, 2012). And recent work has shown that [zumo and its
newly discovered receptor Juno on the oocyte are likely required for
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membrane adhesion, but not for the subsequent merger of the lipid
bilayers (Bianchi et al., 2014). Several C. elegans genes are known
to be essential for fertilization, but whether they function directly in
the membrane fusion reaction is unknown because of the difficulty
of experimentally defining distinct steps in gamete interactions
(Singson et al., 2008). To date, the sole, broadly conserved protein
shown by gene disruption to be essential for the gamete membrane
fusion reaction in any system, including all model organisms, is the
membrane protein HAP2 (also called GCS1), which is present in
plants and protists, and in some multicellular animals (but notably
absent in vertebrates) (Mori et al., 2006; von Besser et al., 2006; Liu
et al., 2008, 2010; Hirai et al., 2008; Goodman and McFadden,
2008; Cole et al., 2014; Steele and Dana, 2009; Ebchuqin et al.,
2014; Kawai-Toyooka et al., 2014).

Early reports on HAP2 in Arabidopsis concluded that it was
required for gamete attachment (Mori et al., 2006), but by exploiting
the ease of experimentally identifying and quantifying the location
and properties of HAP2 at individual steps in gamete fusion in the
green alga Chlamydomonas and the malaria pathogen Plasmodium
(Sinden, 1983), we showed that HAP2 is required late in the
membrane fusion reaction, after species-specific membrane adhesion
(Liu et al., 2008; Wong and Johnson, 2010). Chlamydomonas hap?2
minus gamete mutants undergo tight membrane adhesion with wild-
type plus gametes at the sites specialized for gamete fusion, but
fusion is abrogated (Fig. 1). In addition to defining the step in
gamete fusion that requires HAP2, these studies were the first to
establish in any system that membrane adhesion and membrane
merger per se during the gamete membrane fusion reaction are
carried out by distinct membrane proteins. The adhesion receptor on
the Chlamydomonas minus mating structure is still unknown, but
plus gametes use the species-limited FUS1 protein for membrane
adhesion (Misamore et al., 2003; reviewed by Snell and
Goodenough, 2009). Plasmodium male gametes use the P48/45
protein for membrane adhesion (van Dijk et al., 2001). Thus,
adhesion depends on species-limited proteins, whereas merger uses
broadly conserved HAP2. This new concept in fertilization has
since been confirmed in Arabidopsis and Tetrahymena (Sprunck
et al., 2012; Cole et al., 2014; Mori et al., 2014; Dresselhaus and
Snell, 2014).

The genetically demonstrated conservation of a role for HAP2 at
the membrane merger step of fertilization in Chlamydomonas,
Plasmodium, Tetrahymena and Arabidopsis suggests that the last
eukaryotic common ancestor of protists and higher plants likely
used HAP2 for gamete fusion. Furthermore, the properties and
broad conservation of HAP2 in choanoflagellates and other protists,
and in sponges, cnidarians and some bilaterian animals (including
Drosophila) further indicates that understanding the molecular
properties of HAP2 could offer new insights into fundamental
mechanisms of gamete fusion.
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Fig. 1. hap2 mutant phenotype. (Left) Transmission EM of a minus hap2 gamete (cell on right) whose activated mating structure is binding to the activated
mating structure of a wild-type plus gamete. (Right) A higher magnification view of the interaction between the two mating structures.

Work in Arabidopsis and Plasmodium has begun such a
molecular dissection (Wong et al., 2010; Mori et al., 2010).
A truncated form of Plasmodium berghei HAP2 composed of just
the ectodomain and the transmembrane domain (TMD) rescues
ookinete (zygote) formation in the P. berghei hap2 mutant (Mori
et al., 2010). By contrast, truncated HAP2 containing the
ectodomain plus TMD in Arabidopsis failed to support seed
formation (used as an indicator of gamete fusion), indicating that the
cytoplasmic region was required at some step either in the delivery
of HAP2 to the site of fusion or during fusion per se (Wong et al.,
2010). Conflicting results have been reported about the parts of the
cytoplasmic domain of the Arabidopsis protein that are required for
seed formation. One group has shown that histidine-rich regions of
the cytoplasmic domain are important, and another group reported
that a form of HAP2 containing the ectodomain, the TMD, and a 34-
residue cytoplasmic segment adjacent to the TMD followed by GFP
was sufficient to rescue seed formation (Wong et al., 2010; Mori
et al., 2010).

The difficulty of experimentally accessing gametes and of
determining the cellular location of the protein continues to be a
major challenge with dissecting the properties of HAP2 domains in
many model organisms. Indeed, only recently was it discovered that
Arabidopsis HAP2 is absent from the surface of sperm before it
encounters the egg, and present solely in intracellular vesicles. The
protein is redistributed to the sperm surface only after signals
generated by sperm-egg interactions trigger exocytosis of HAP2-
containing storage vesicles (Mori et al., 2006, 2010; Liu et al., 2008;
Sprunck et al., 2012; Snell, 2013). Thus, the previously described
mutated/truncated forms of Arabidopsis HAP2 might have failed to
rescue fusion in the sap2 mutant, not because the mutated forms
failed to support fusion per se, but because they failed to be
trafficked to the appropriate storage vesicles, because they failed to
be redistributed appropriately to the cell surface during sperm
signaling or because they failed to localize to the site of fusion
during interactions with the egg.

In Chlamydomonas, HAP2 is constitutively present on the cell
surface at a specialized, apically localized membrane patch, the
mating structure (Fig. 1), the surface area of which represents less
than 0.1% of the surface area of the cell (Liu et al., 2008). The ease
of determining HAP2 surface expression, localization and fusion
competence in this organism overcomes the limitations of such
studies in other systems, because it is straightforward to
distinguish mutant forms that fail to localize properly from
those that localize properly, but fail to support fusion. Here, we
have tested the function of HAP2 domains in protein localization
and gamete fusion in Chlamydomonas. We find HAP2 without its
ectodomain fails even to be expressed at the cell surface and that a

segment in the cytoplasmic domain is required to target surface-
expressed HAP2 to the fusogenic site. Furthermore, we
determined that the presence of multiple cysteines just below
the TMD is an ancient feature of the protein, and that disruption of
a cysteine dyad in the Chlamydomonas multi-cysteine motif has
no effect on protein localization, but strongly impairs HAP2
fusion capacity. Thus, the HAP2 ectodomain in Chlamydomonas
is not an autonomous functional unit in the membrane fusion
reaction. Rather, the fusion function of HAP2 is regulated by its
cytoplasmic domain, which also contains motifs that target the
protein to the site of fusion.

RESULTS

The predicted extracellular region (~600 residues) of HAP2
family members contains 18 widely conserved cysteines, which
are present in two regions, C-rich 1 near the N terminus and
C-rich 2 near the transmembrane domain (TMD), separated by a
less well-conserved region whose length varies across organisms
(Liu et al., 2008; Fig. 2A). Several other amino acid residues
also are broadly conserved. Thus, the entire extracellular region
of HAP2 represents a conserved cysteine rich domain, which
includes a previously described, 50-residue conserved region
termed the HAP2/GCS1 (H/G) domain (Pfam10699). Compared
with the ectodomain, the predicted cytoplasmic region shows
lower overall conservation. We uncovered one major exception,
however, which is the presence of a multi-cysteine motif near
the TMD in HAP2 homologs in members of the major
evolutionary groups across kingdoms, including the Excavata,
Rhodophyta, Chlorophyta, Viridiplantae, Alveolata, Ameobozoa
and Opisthokonta (Fig. 2B). Thus, the ancient HAP2 possessed
motifs in both the ectodomain and the cytoplasmic domain that
remain in present-day organisms.

The HAP2 ectodomain, including the conserved H/G domain,
influences expression at the cell surface

We examined the role of the ectodomain in HAP2 function
and properties by expressing in hap2 cells a transgene, HAP2-
A76-627, whose expression was driven by the endogenous
promoter and encoded a truncated protein containing only the
signal peptide and the adjacent 55 residue segment, followed by
the TMD and the cytoplasmic domain (with a 3x HA tag
inserted after residue 702) (Aecto; Fig. 3A). As we showed
previously, the wild-type, HA-tagged form of HAP2, which
rescues fusion in the hap2 mutant, is expressed as two forms,
and only the upper form is expressed on the cell surface, as
evidenced by its trypsin sensitivity in live gametes (Liu et al.,
2008; Fig. 3B). HAP2-A76-627 gametes expressed only low
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XP _002674350.1 Nae.gru 480 IIGWVASIVGITATPVIFVELWRCGLFGLMFKTCKCCACCCSFLPTSIMNCL 531 [615)
XP 003722443.1 Lei.maj 660 ILLDLEVYLLITAVILCVIFFWRVFCCCLYLLGRQHRRGSAGEREPKNEASR 711 [917]

EPY38446.1 Ang.dea 515 AGKIVGNVAFMVGIVVALVLVIRFRKYVCCCLKGCCSSSSSSDSRPRRKREH 566 [688]

Excavatal __g——EP¥22600.1 Str.ocul 583 IKMIVANVAFVLGGIILLVLLIRFRKLLCCCCSGGGGGGKSHRRRSSSSDHG 634 [781)
CCW64758. 1 Phy.sp. 538 AGEMIGILVLSIALIFFLFAACKCACKACSKHRGAAYRTD 577 [577)

Euglenozoa XP_823296.1 Try.bru 557 WWOPLVYVLPSVILLMLLRRFLESQSRSRPRPOLHPDEHELRNTGAISSCHL 608 [618)
XP_814894.1 Try.cru 552 WWOPLVYVLIATATLLGIYYFFGLSSRSSEPKLHVVH 588 [588)
RhO“Oi’hV‘a;:xp:oosmesos.1 Cya.mer 617 LFFIGLLELILLLLCCCRICIWRCCCGCCOGLLGKGFSLPPGLRARTQRRGYF 668 [708)
XP_005708101.1 Gal.sul 292 LYVILVVVGLLVGGCIGIKLELHFGLSFLMDLFKMPQKRNRTRRNHRTREQD 343 [422]

ABO29824.2 Chl.rei 628 FGRLLGIIGGALVGLGLLAVALKFGWLASLAASCCGGGGGAAAGGAGGGMGL 679 [1139]

Chlorophyta BAO57178.1 Gon.pec 626 LGRLVGVVGGALLGVGLLAAATLKFGWLASLAASCCAGGGGGGGGGGGFGLEC 677 [1136]
3 XP 002952884.1 Vol.car 721 LFRLEGEMGGLFGGLGLLALATKYGWLAALFGMCCNRAGSGDGGGANGWFNK 772 [1181]
XP_005851393.1 Chl.var 570 LAKGLSAIVAPVAGLGALEMIWKTGHLGLVLRILSFLCCRPSARAPQPAAAA 621 [1084]

KDD77085.1 Hel.sp. 577 VAEGAGYIAATVAGALGLLYALKAGWILKLILLVAGACACGAGSRSSRTKAP 628 [977)

Viridi- A XP_005651045.1 Coc.sub 563 VSLSAGLIGLLAGGSSSSPGLLRSRESMYTDMEMSRTVLAGYAPMGAISVEE 614 [1085]
plantae NP 192909.2 Ara.tha 561 WMVMEGLLLALFPITCLLLWLLHQKGLFDPCYDWWEDHFDLDHHRRLLPSRA 612 [705]
—,Exp_ooassvses.1 Zea.may 559 WLVMLVLLLEMLPAGAIVLYLLHQKGFFDPVYDWWDDLLGADYRAHRRHKKG 610 [736)
Embryophyta BAE71142.1 Lil.lon 569 WILLLSLLLAVEPTGVVLLWLLHQOGLFDPIYDWWYDRYGEGFQRSSSLESL 620 [698)
Apicomplexa XP_001347424.1 Pla.fal 686 FVITAILIFLAPSLIPLLPFITIKFFISCASLPMKLESNFSSWMENKKKSNNS 737 [889]
Y XP 676900.1 Pla.ber 665 FAITATLITLAPALTIPLLPFFLNFFFLFISTILKLYQSTISTIGQIRIRNND 716 [812]

Alveolata = XP_764209.1 The.par 709 ALGILLLLILLPVLIPLIVSLEKALAGLIKTPLEALEQRRLKKKNNTQLEV- 759 [759)
Y EPT31063.1 Tox.gon 553 LKATIVSILAVVVAGVLLVFFGPVLLPFLRVGLSCFCGFARRFASALAFFLRE 604 [1189]
XP_001431224.1 Par.tet 516 TFETVLGITEIFLIICLTCLSYRK KLCCCKKSHKCKPSVLETIVQKDYKTNK 567 [685]

Ciliates > EAR82880.2 Tet.the 541 AFKSIASIAGVASALALVIFLAKNGYLVPIIRFLCCCCCKSKKKENEKNKDK 592 [742)
L EJY77656.1 Oxy.tri 497 IIFV¥ILMPFLFAVLIFTCLPCKLIKWLFLKIKCCKKKKQEKDIENSIDKOR 548 [751]
XP_004341525 Aca.cas 566 IIVEVVIVISLLCCCSCCCVCLKSKRGRSACMGCLXGMCCLACLPVKASTSA 617 [927]

Dic.fas 521 TSRLIITIAVLILVVIIVIAFIKSPALRKMFCCCCGCIGGKKGGSSSKESKQ 572 [749]

Filasierea = BAE71144. Phy.pol 542 WKNVESFLGTIIGIARGLFILYKLKOHFGMCGLCSKICCGCCGSSSNDKKKK 593 [808]
Chfanofiageliaty  XE_004343268.1 Cap.ows 420 AIRSGYGWVEIMGLSAIVLAILRGCARCCCKLGVSEKHKDRSACVNFFHDLL 471 [696]
= XP_001746497.1 Mon.bre 595 TGLALFSSLISLILLCAVVYLMRMCCPERMCSHRHAWTEPAVATGEPATGYV 646 [1058]

OrTETa XP_004989263.1 Sal.ros 609 SLPGVLGILGGLAALGGLAMCMKFGLLPSMLSCGTRALCSACGCGMCGGDED 660 [1226]
Cnidayia ACUQ01004195.1  Amp.que 584 ILFATIAVVLILLGLAKVSLLIFAGOIALPAMNOCCGAMSRCVSLCCSAFCI 635 [665]
ABN45755.1 Hyd.vul 638 QYAIFARTALVVICLCCNCGGERLLKRFIPKFNKKGYKHLKRYQEQIYKPKE 691 [716]

XP 001628495.1 Nem.vec 603 WALLGTALGLLSLGGLKAFLGERKTGSRIARFGFGGANKGRVRRRDGSGRMV 654 [853]

BACK01008315.1 Acr.dig 584 AGIGSLVGILIGLGALKAFMGLRKKGSALARFGLGGVKKGKQEKRDHRGQII 635 [651]

, XP_006565646.1 Api.mel 248 VMPIVCSVSTILLLFLLLLGEEKWMFGLCVPTVSRWGLDTLIDTEKMERYFE 299 ([444)
Meiazoa’ﬂ XP_002429972.1 Ped.hum 1282 ILEVCFYTLLLLGMIGMNVIVGPRKLKRYYESELRDCAVRYNENGFPVHPKS 1333 [1342]
Ecdysozoa XP_003245993.2 Acy.pis 569 MLVASLVECIGYLVVALTLGLLKAVSPFSSHWLWMVGSGKRQLDAYKEPELR 620 [727)
EFA06462.1 Tri.cas 679 MLAMMFNMFFFLVLTLLAMGLVKALLGLCSQEISLWGLDTILGTESSVKKCG 730 [964])

Bilateria =¥ NP_001034068.2 Dro.mel 1195 LSCKVIATALIVLILLETLGLLKAILGICITCIGRFGFDTVQPGRTYEYTSC 1246 [1519]
{-rggﬂg-zoa ELU07639.1 Cap.tel 546 LLYLIIILALICIGLEKTVAAFKSVPIGHFGLMPFFDONQEFYYEVELHGRD 597 [914]
XP_006821859.1 Sac.kow 523 AEVYWCLVGGGIISMLVLLLVVKHRRRKSEKVOVPVONMSEKEHIIGKMENS 574 [730]

Deuterostomia™

Fig. 2. HAP2 protein domains. (A) HAP2 protein showing the ectodomain and TMD along with conserved cysteines (below) and other conserved residues (above).
398G is less well conserved; C, not present in Plasmdium; °C, not present in plants; 8C, not present in metazoans; '’C, not present in lower metazoans (see
alignment file in Liu et al., 2008). The conserved cysteines in the ectodomain, which are in two subregions (C-rich I and C-rich 2), are separated by gaps of varying
sizes in different species. The much smaller HAP2-GCS1 (H/G) domain (Pfam 10699) is also shown. (B) Taxonomic categories of HAP2 proteins with predicted
transmembrane regions and their C-terminal segments. Each sequence is denoted by its NCBIl accession number followed by its species name abbreviation. For the
two proteins without NCBI protein records, their accession numbers (underscored) refer to the genome contig DNA sequences. Predicted transmembrane regions
have a grey background. Up to 30 residues are shown after the predicted transmembrane regions, with cysteines highlighted with a yellow background and with
positively charged residues (lysine and arginine) in blue letters. Cysteines in motifs ‘CC’, ‘CxC’ and ‘CxxC’ are in red letters. Starting and ending residue numbers are
shown before and after each sequence, respectively, and the sequence length is shown in brackets. Sequence accession numbers are colored according to their
major taxonomic categories as follows: Heterolobosea, orange; Euglenozoa, blue; Rhodophyta (red algae), red; Viridiplantae (green plants), green; Alveolata,
magenta; Amoebozoa, cyan; Opisthokonta, black. Species name abbreviations are as follows: Aca.cas, Acanthamoeba castellanii; Acr.dig, Acropora digitifera; Acy.
pis, Acyrthosiphon pisum; Amp.que, Amphimedon queenslandica; Ang.dea, Angomonas deanei; Api.mel, Apis mellifera; Ara.tha, Arabidopsis thaliana; Cap.tel,
Capitella teleta; Cap.owc, Capsaspora owczarzaki; Chl.rei, Chlamydomonas reinhardftii; Chl.var, Chlorella variabilis; Coc.sub, Coccomyxa subellipsoidea; Cya.
mer, Cyanidioschyzon merolae; Dic.fas, Dictyostelium fasciculatum; Dro.mel, Drosophila melanogaster, Gal.sul, Galdieria sulphuraria; Gon.pec, Gonium pectorale;
Hel.sp., Helicosporidium sp.; Hyd.vul, Hydra vulgaris; Lei.maj, Leishmania major; Lil.lon, Lilium longiflorum; Mon.bre, Monosiga brevicollis; Nae.gru, Naegleria
gruberi; Nem.vec, Nematostella vectensis; Oxy.tri, Oxytricha trifallax; Par.tet, Paramecium tetraurelia; Ped.hum, Pediculus humanus; Phy.pol, Physarum
polycephalum; Phy.sp., Phytomonas sp.; Pla.ber, Plasmodium berghei; Pla.fal, Plasmodium falciparum; Sac.kow, Saccoglossus kowalevskii; Sal.ros, Salpingoeca
rosetta; Str.cul, Strigomonas culicis; Tet.the, Tetrahymena thermophila; The.par, Theileria parva; Tox.gon, Toxoplasma gondii; Tri.cas, Tribolium castaneum; Try.
bru, Trypanosoma brucei; Try.cru, Trypanosoma cruzi; \ol.car, Volvox carteri; Zea.may, Zea mays.

levels of HAP2-A76-627 (which appeared as a single band), as To examine the function of the conserved H/G domain, we
shown by immunoblotting (Fig. 3B), and they failed to fuse generated HAP2 forms with mutations/deletions in several parts of
when mixed with wild-type plus gametes. We were unable to  the domain (Fig. 3C). A chimeric HAP2 (PbCr) made by replacing
detect the protein on the mating structures, whereas a strong the Chlamydomonas H/G domain with the corresponding
signal was seen at the mating structures in cells expressing the  Plasmodium bergheii domain failed to be expressed at the cell
wild-type, full-length HAP2-HA (Fig. 3E). The HAP2-A76-627  surface or at the mating structure and, thus, failed to rescue fusion
on live cells was resistant to trypsin treatment (Fig. 3B), (Fig. 3C-E). Similarly, a form of HAP2 in which the conserved
indicating that the ectodomain is required for HAP2 trafficking DKVG in the H/G domain was deleted (ADKVG) was not expressed
to the cell surface. at the cell surface or mating structure, and hence also failed to rescue

964



RESEARCH ARTICLE

Development (2015) 142, 962-971 doi:10.1242/dev.118844

A . B wt Aecto wi Aecto
. P H‘G TMD&HA flisiar (% & 50) trypsin: - + - +
w I | | 70+ 14
702 1139 150- i Ha .
AT6-627 HA tubulin [
TMD 3HA 75
Aecto 1139 0 , J—
50-
tubulin . -
c 366 372 391 394
I I
Cr-H/G domain: (352) MLLDKTMLSMDGLACDKV GTGFSAFRYQPSGCGRAPQACLSGQLKDLWE(400)
PbCr: substitute Cr-MLLDKTMLSMDGLACDEVGTGFSAFRYQ-PSGCGRAPQACLSGQL
with Pb-MMLPKYMFDLSGKTCGKLGVSLNTWRKSEGNFCGSEAGYCISNNL
mutation | wt PbCr | C366A | D367A | K368M | k368A | K368R | ADKVG | G372A | 1391G/Q394P
fusion |70+14| 0 |44+14|72+14| 8147 |55+16| 81+3 0 74+8 0
(%%SD)
D oo 9 < r = < < < L391G/
S =
. 8358 ¢ @ 88 BE 8 | C366A PbCr Q394P ADKVG
= o803 828 st ¥ 800 trypsin: - + - o+ -+ - 4
HA (55 . i o i, = - = HA S S -
wouiin I S s me - DUIN | - -— - -

L391G/|
Q394P

Fig. 3. The ectodomain including the conserved H/G domain influences HAP2 expression at the cell surface. (A) Diagrams and fusion abilities of wild-type
and HAP2-Aecto proteins (see Materials and methods for a description of methods used to determine the percentage of fusion). (B) Left panels, immunoblots of
wild-type and HAP2-Aecto gametes. Right panels, immunoblots assessing trypsin sensitivity of wild-type and HAP2-Aecto gametes. Unlike the upper form of
wild-type HAP2, HAP2-Aecto is insensitive to trypsin. The lower panels are loading controls showing tubulin. (C) Modifications of the H/G domain of
Chlamydomonas HAP2 (Cr-H/G domain) and corresponding fusion abilities. The modified residues in the H/G domain (352-400) are highlighted with larger font or
underlined. Blue, predicted p-sheet; red, predicted o-helix. (D) Left panels, immunoblots of gametes with HAP2 modified in the H/G domain. Right panels,
immunoblots assessing trypsin sensitivity. Tubulin is shown as a loading control. (E) Anti-HA immunofluorescence images of the indicated gametes. Arrowheads
indicate mating structures stained in wild-type HAP2-HA gametes and HAP2-C366A gametes.

fusion (Fig. 3C-E). Furthermore, HAP2-L391G/Q394P, in which
the predicted helical region C390 to E400 would be disrupted
(Fig. 3C), also failed to be expressed at the surface or the mating
structure and failed to rescue fusion (Fig. 3D,E). To our surprise,
HAP2 forms containing mutations of highly conserved residues,
including D367A, K368A, K368R, K368M and G372A were
properly localized and nearly fully functional (Fig. 3C-D). Notably,
the mutation C366A, which would be predicted to disrupt putative
disulfide linkages, reduced expression, but the protein retained
nearly half the fusion capacity of wild-type HAP2 (Fig. 3C-E). In
summary, these data indicate that mutation of several highly
conserved residues in the H/G domain failed to disrupt HAP2
localization or function, whereas deletions or mutations predicted to
disrupt structure prevented HAP2 expression at the cell surface, and
hence blocked rescue of gamete fusion.

The ectodomain and TMD are sufficient for trafficking HAP2
to the cell surface

We tested for roles of the cytoplasmic domain and the TMD in
HAP2 properties by use of cells expressing truncated proteins
containing the HAP2 signal peptide and just the ectodomain
(HAP2-ecto) or the ectodomain and the TMD (HAP2-ecto+TMD)
(both followed by a C-terminal HA tag). As shown in Fig. 4A,B, in
the cells expressing HAP2-ecto, a single form of HAP2 was
detected. It failed to be expressed at the cell surface, as shown by
lack of trypsin sensitivity, it was not localized at the mating
structure, and it failed to rescue fusion (Fig. 4A-E). We anticipated
that because of'its missing TMD and cytoplasmic region, it might be
secreted, but we were unable to detect HAP2-ecto in the culture
medium, even after 3 h of gamete activation brought about by
mixing with wild-type plus gametes (Liu et al., 2010; Fig. 4D).
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A D Fig. 4. The cytoplasmic region of HAP2 is required for
fusion 21gr + ecto localization and function. (A) Diagrams and fusion
sp HIG TMD 3HA (% + SD) mixing time (hr);_0__ 3 abilities of HAP2-ecto and HAP2-ecto+TMD mutants.
wt [ 1 | B ] 70114 CBM CBM (B) HAP2-ecto+TMD, but not HAP2-ecto, is expressed as
IHA 1139 two forms. (C) The upper form of HAP2-ecto+TMD is
ecto [ . B 0 =2 sensitive to trypsin whereas the single form of HAP2-ecto
627 = -4 is not. (D) HAP2-ecto was present in cells (CB) but not the
TMD 3HA HA culture medium (M), even after HAP2-ecto gametes were
ecto+TMDI W = 0 ' ' mixed with wild-type plus gametes for 3 h. The lower panel
o shows the samples stained for protein. (E) Neither
B ecto HAP2-ecto nor HAP2-ecto+TMD were detectable at
- TA;D — ecto+TMD ecto mating structures. The arrowheads indicate HA-stained
trypsin: - + - + o mating structures in gametes expressing wild-type HAP2-
[ HA. (F) HAP2-ecto+TMD expression is upregulated upon
A 150- HA .. e o E incubation of cells in db-cAMP, but fails to rescue fusion.
100- ‘ tubulin - - Q
75- - ©
tubulin | g
E HA

ecto+TMD)

wi, activated lecto+TMD, activated

db-cAMP
HA

fusion (%):

ecto+TMD

0

+

0

In cells expressing HAP2-ecto+TMD, the protein was trypsin-
sensitive on live cells, indicating that it was on the cell surface
(Fig. 4C). On the other hand, HAP2-ecto+TMD failed to localize to
the mating structure and failed to rescue gamete fusion (Fig. 4A-C,E).
To test whether the absence of the protein at the mating structure was
a consequence of the low expression of the upper form of HAP2-
ecto+tTMD, we incubated the gametes with di-butyryl cAMP
(db-cAMP), a treatment that leads to upregulation of HAP2
transcription and translation (Liu et al., 2010; Ning et al., 2013).
Such activated cells still lacked HAP2-ecto+TMD at the mating
structure, and the activated HAP2-ecto+TMD cells were incapable
of fusion with plus gametes (Fig. 4E,F). These results indicated that
the HAP2 ectodomain and TMD were sufficient for trafficking the
protein to the cell surface, but the cytoplasmic region was
required for targeting the protein to the mating structure and
rescuing fusion.

Motifs in the cytoplasmic region target HAP2 to the
fusogenic membrane patch

To identify cytoplasmic regions that influenced HAP2 localization
and function, we generated several additional mutant forms of the
protein. The fusion ability of cells expressing HAP2 lacking the
C-terminal 31 amino acids (HAP2-1108; Fig. 5) was indistinguishable
from that of cells expressing wild-type HAP2 (1139 residues). Cells
with HAP2 lacking the C-terminal 85 residues (HAP2-1054,
Fig. 5A-C) expressed less of the upper form of the protein (and also
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possessed a much smaller fragment of uncertain derivation), but
trafficked the upper form to the cell surface and supported low levels
of fusion (Fig. 5C). Although we did not detect HAP2-1054 at the
mating structure in resting gametes, it became detectable there when
gametes were induced to express higher amounts of the protein by
incubation in db-cAMP (Fig. 5D,E), and the db-cAMP-activated
cells were capable of wild-type levels of fusion. Thus, the
C-terminal 85 residues influenced localization, but were not
essential for localization or fusion competency.

Analysis of hap? gametes expressing a HAP2 that was
C-terminally truncated to residue 760 (HAP2-760) showed that
the protein was expressed at the cell surface (Fig. 5A-C). However,
we did not detect the protein at the mating structures of resting or
activated gametes, and activated gametes showed less than 2%
fusion (Fig. 5A,D,E). Addition of the C-terminal 998-1139
fragment to HAP2-760 resulted in some surface expression of the
upper form of HAP2-A761-997 (Fig. 5A-C), but no localization to
the mating structure was detected in resting or activated cells
(Fig. 5D-E) and activated HAP2-A761-997 gametes showed only
very low levels of fusion (6%) (Fig. SA).

Although HAP2-1054, HAP2-A761-997 and HAP2-760 were
not detectable at the mating structures in resting gametes, we
detected prominent intracellular staining (Fig. 5E). The smaller
fragments of HAP2-1054 and HAP2-760 were not sensitive to
trypsin, confirming that they were intracellular (Fig. 5C); optical
sectioning also confirmed that the stain was internal in HAP2-760
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cells (see Movies 1-3 in the supplementary material). Taken together,
these results indicated that the HAP2 segment comprising residues
761-997, which contains low complexity regions and is enriched in
repetitive sequences, was essential for localization to the mating
structure.

A cysteine dyad near the TMD regulates the fusion capacity
of HAP2

As shown in Fig. 2B, the cytoplasmic regions of HAP2 homologs
in members of all major evolutionary groups possess multiple
cysteine residues near the TMD, suggesting that this multi-
cysteine motif was a feature of the ancient HAP2. Because
inspection of HAP2 alignments (Fig. 2B) indicated that the HAP2
proteins of many species contain a dicysteine motif in the
cytoplasmic region near the TMDs, we tested for a possible role
of the Chlamydomonas CC661-2 dyad in fusion. Cells expressing
HAP2 with just the first of the cysteines mutated, HAP2-C6618,
localized the protein to the mating structure, and were somewhat

1054 activated

reduced in fusion capacity. Protein location and fusion capacity of
cells expressing the protein with the second of the cysteines
mutated, HAP2-C662S, were indistinguishable from wild type.
Simultaneous mutation of both cysteines to serines (HAP2-
CC661-2SS), however, strongly impaired fusion, even in
gametes activated by db-cAMP (Fig. 6A). When minus gametes
expressing wild-type HAP2 are mixed with wild-type plus
gametes, fusion occurs rapidly, and pairs of gametes adhering
by their mating structures are rarely detected in fixed samples
examined by light microscopy. In the mixtures of HAP2-CC661-
288 minus gametes with wild-type plus gametes, however, many
pairs were observed, indicating that membrane adhesion at the
mating structures was unaffected in the mutant, but that fusion was
blocked (Fig. 6E). Notably, except for being impaired in fusion
ability, the properties of the HAP2-CC661-2SS mutant form of the
protein were indistinguishable from those of wild type HAP2.
HAP2-CC661-2SS was on the cell surface as assessed by trypsin
sensitivity, and it was detected at the mating structure at levels
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equivalent to that of wild-type gametes (Fig. 6A-D). Similar
localization and functional results were obtained with three
independent HAP2-CC661-2SS transformants. Previously, we
have shown that hap2 mutant gametes adhering by their mating
structures failed to exhibit membrane lipid exchange with their
plus partners (Liu et al., 2008). In fluorescent lipid experiments
with HAP2-CC661-2SS gametes, we also found no evidence for
lipid mixing (e. g. hemifusion) between the adherent gametes
(Fig. 6E). Thus, the dicysteine motif of Chlamydomonas HAP2
regulates the capacity of the protein to accomplish membrane
fusion.

DISCUSSION

Although the membrane protein HAP2 is essential for gamete
membrane fusion in disparate evolutionary groups, the molecular
features of the protein that regulate its location and function are poorly
understood. The present study demonstrates that the ectodomain is
necessary and, along with the TMD, sufficient for delivery of
the protein to the cell surface in Chlamydomonas, and that
the cytoplasmic domain contains motifs that target the protein to the
site of fusion and regulate its activity in the membrane fusion reaction.
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The finding that HAP2-ecto+TMD was expressed on the cell
surface demonstrated that the cytoplasmic region of the protein was
dispensable for trafficking through the secretory pathway and is
consistent with the earlier findings that the ectodomain of
Plasmodium HAP2 is sufficient for fusion (Mori et al., 2010).
These results also indicated that the as yet uncharacterized post-
translational modification that underlies the appearance of two
forms of HAP2 must occur on the ectodomain or TMD. On the other
hand, the result that HAP2 containing the first 55 residues of the
ectodomain along with the TMD and cytoplasmic region failed to
reach the cell surface makes it likely that the ectodomain actively
participates in trafficking. Possibly, HAP2 forms homomeric or
heteromeric complexes via features of its ectodomain, including
glycoyslation sites, that are important for targeting to the cell surface
(Isaji et al., 2006; Gupta et al., 2008). Similarly, mutations in the
H/G domain impaired (C366A) or prevented (PbCr, ADKVG and
L391G/Q394P) HAP2 expression at the cell surface, possibly
because the mutations altered the structure of the protein and
prevented normal trafficking. These findings indicate that assessing
functional properties of regions of HAP2 is complex, and being able
to conclude that a domain is essential in the membrane fusion
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reaction per se requires demonstrating that the mutant form of the
protein is expressed at the cell surface.

It is more difficult to provide an explanation for the results that
mutations of any of three conserved residues (two of them
charged) within the H/G domain (D367, K368, G372) had no
influence on HAP2 fusion capacity. Possibly, our bioassays do not
assess the full range of the fusion capacity of the protein, or
perhaps these residues make subtle contributions to structural
features of the protein that are preserved when only a single
conserved residue is altered.

Our combined results, that HAP2 containing only the
ectodomaintTMD was expressed at the surface, but was not
targeted to the fusogenic membrane patch and that adding the
contiguous 111-residue cytoplasmic segment (as found in
HAP2-760) also failed to rescue targeting to the mating structure
or fusion, indicated that targeting was influenced by even more
C-terminal regions of HAP2. The additional finding that
HAP2-1054 rescued localization and fusion capacity in activated
gametes indicated that residues between 760 and 1054 were
crucial for trafficking to the mating structure. A test of that model
in the experiments with HAP2-A761-997 confirmed that the 761-
997 segment played a crucial role in localization. The ability of
both HAP2-760 and HAP2-A761-997 to rescue any fusion (albeit
at very low levels) after gamete activation (compared with the
hap2 mutant, which is completely incapable of fusion), suggests
that as long as the HAP2 proteins are at the cell surface, the low
amounts (~0.1% of the total) that would likely be present at the
mating structure could function in fusion. By contrast, the failure
to detect any fusion in cells expressing HAP2-ecto+TMD, which
was present on the cell surface, emphasizes the importance of
cytoplasmic motifs in the fusion reaction.

Finally, our discovery that mutation of the pair of cysteines in the
ancient, multi-cysteine motif near the TMD had no effect on HAP2
localization to the mating structure, but strongly crippled fusion
further indicated that the cytoplasmic region of Chlamydomonas
HAP2 participates in regulating the fusion reaction. In future
experiments, it will be interesting to determine whether the multi-
cysteine motif in HAP2 proteins of other organisms also are
important for fusion. The mechanism through which the dicysteine
motif exerts its control is unknown, but one possibility is that it
becomes palmitoylated, which thereby allows it to interact with the
lipid bilayer. Several integral membrane proteins become
palmitoylated on membrane-proximal cysteine residues, including
integrins, tetraspanins and viral fusion proteins (Yang et al., 2004,
Delandre et al., 2009; Veit, 2012; Shmulevitz et al., 2003) (see
supplementary material Table S1). On the other hand, the motif
might be unrelated to palmitoylation, and serve a HAP2-specific
function that was lost during evolution in some species.
Experiments to determine whether Chlamydomonas HAP2 is
palmitoylated on CC661-2 should help in our understanding of
the function of the dicysteine motif.

In light of our results and knowing that Arabidopsis HAP2
trafficking is temporally and spatially complex, it will be interesting
to determine whether the previously described HAP2 mutants that
failed to support seed formation in Arabidopsis indeed are capable
of being targeted to the cell surface, or if they failed to function
because their trafficking was disrupted. If the histidine-rich motif of
the cytoplasmic domain of Arabidopsis HAP2 functions directly
during fusion as proposed (Wong et al., 2010; Wong and Johnson,
2010), possibly, the multi-cysteine motifs originally fulfilled this
function, but were replaced by the histidine-rich motif during
evolution of higher plants.

MATERIALS AND METHODS

Cells and cell culture

Chlamydomonas reinhardtii wild-type strains 2/gr (mating type plus; mt+;
CC-1690), 6145¢ (mating type minus; mt—; CC-1691) and B215 (mt—;
nitrate reductase-deficient strain, Greg Pazour, University of Massachusetts,
USA) were used for these experiments. HAP2 mutant 40D4 (available from
the Chlamydomonas Culture Collection) was the hap2 mutant strain used as
recipient for the transgenes described below and was generated by
insertional mutagenesis of strain B2/5 using the nitrate reductase gene
(see methods and Fig. S1 in the supplementary material). Cells were treated
with trypsin to assess surface expression of HAP2 as described previously
(Liuetal., 2008). Gamete fusion was assessed by determining the number of
cells that had formed zygotes after being mixed with wild-type plus gametes
for 30 min and was expressed as percent fusion using the following
equation: (2xnumber of zygotes)/[(2xnumber of zygotes)+(number of
unfused gametes)]x100. At least three sets of 100 randomly selected cells
were counted in at least two independent experiments, except for HAP2-
1108, for which quantification from only a single experiment is shown.

Taxonomic categories of HAP2 proteins

HAP2 homologs were found by PSI-BLAST (Altschul etal., 1997) searches.
Representative HAP2 homologs were selected to sample major phylogenetic
groups of eukaryotes. The transmembrane regions of them were predicted by
Phobius (Kéll et al., 2004). Sequence alignment were produced by MAFFT
(Katoh et al., 2002) followed by manual adjustment. The dendrogram among
the selected species (Fig. 2B) was made according to consensus knowledge
of phylogenetic relationships among eukaryotes (Burki, 2014).

Plasmid construction and transformation into Chlamydomonas

A modified wild-type HAP2 ¢cDNA (GI:288563867) from strain 6/45¢ was
used to generate the mutant strains for these experiments. Wild-type HAP2
protein is listed under accession number ABO29824.2 in GenBank. A Bgl/II
site was inserted into the first exon of the H4P2 gene in the HAP2-HA
plasmid (pYJ58) (Liu et al., 2008) using standard PCR weaving methods.
Genomic HAP2 DNA between Bg/ll and Nrul in the HAP2-HA plasmid
was replaced with a HAP2 c-DNA oligonucleotide also containing the first
intron of the HAP2 gene generated by standard PCR methods (see methods
in the supplementary material for the plasmid sequence). The resulting
plasmid pHAP2-HAm was cut with Spel and the aphVIIl paromomycin
resistance gene (Sizova et al., 2001) generated by PCR was inserted
using the In-fusion Dry-down PCR Cloning Kit from Clontech (California).
The aphVIII gene was amplified with primers P82 and P83 using
plasmid pSI103 (Sizova et al., 2001) as a template (P82, 5'-CACAGGTT-
GCACTAGTGATCCCCCGGGCTGCAGGAATT-3'; P83, 5'-TGGCGC-
CTTAACTAGTCAGCCCGCCCATGGAGAAAGAG). All of the HAP?2
mutant transgenes were generated from the pHAP2-HAm plasmid using
standard PCR weaving methods and were confirmed by DNA sequencing.
The HAP2 transgene plasmids containing the aphVIIl paromomycin
resistance gene were transformed into hap2 mutant 40D4 using
electroporation (Shimogawara et al., 1998) and transformants that grew on
culture plates containing paromomycin (Sigma) were screened for rescue of
fusion (Liu et al., 2008) or by PCR for the presence of the transgenes;
positive transformants were confirmed with immunoblotting.

Assaying for appearance of HAP2-ecto protein in the culture
medium

The HAP2-ecto gametes (2x10% cells/ml) were mixed with an equivalent
number of wild-type plus gametes (2/gr) for 3 hours. The mixed gametes
underwent flagellar adhesion and gamete activation, and failed to fuse. The
culture was centrifuged (3000 g for 5 min) and the gametes and the
supernatants (medium) were collected separately for immunoblotting. Cells
were suspended at 1x107 cells/100 ul in HMDEK buffer (Liu et al., 2010)
containing a protease inhibitor cocktail (Complete Protease Inhibitor
Cocktail, Roche Applied Science) and an equal volume of HMDEK buffer
with protease inhibitor was added to the supernatants. Equivalent regions of
the samples were mixed with an equal volume of 2x SDS-PAGE running
buffer and proteins were analyzed by SDS-PAGE and immunoblotting as
described previously (Misamore et al., 2003).
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Immunoblotting and fluorescent microscopy

Gametes (1x107 cells) suspended in 25 ul HMDEK buffer containing a
protease inhibitor cocktail were mixed with an equal volume of 2x SDS-
PAGE sample buffer and analyzed by SDS-PAGE and immunoblotting.
Anti-HA monoclonal antibody (Roche Applied Science) and monoclonal
anti-acetylated tubulin antibody (Sigma) were used as primary antibodies
for immunoblots. Differential interference contrast (DIC) microscopy and
immunofluorescent staining of HAP2-HA transgenic cells were as
previously described (Belzile et al., 2013). The gametes were applied to
glass slides as described, fixed in ice-cold methanol for 20 min, and stained
with anti-HA monoclonal antibody. For immunofluorescent staining of
activated gametes, the activated gametes were suspended in 80 mM sucrose
in 20 mM HEPES (pH7.0) before being applied to glass slides and were
prepared for immunofluorescence as described previously (Belzile et al.,
2013). All images were obtained with a 63% objective lens. Membrane lipid
mixing was detected in experiments using lipid dye PKH26 (Sigma). Wild-
type plus gametes were incubated with PKH26 (Liu et al., 2008) and then
mixed with the indicated minus gametes. Samples were observed under
fluorescence and DIC microscopy. Images were prepared using Image J
(NIH) and Adobe Photoshop (Adobe Systems). Methods for generating
supplementary image stacks are described in the supplementary material.

Acknowledgements

We thank Dr Timothy Springer (Harvard Medical School) for alerting us to the
presence of the membrane-adjacent cysteine dyad of HAP2. We thank Drs Kate
Luby-Phelps and Abhijit Budge (University of Texas Southwestern Medical Center
Live Cell imaging Core) for guidance with microscopy.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Y.L. designed the experiments in collaboration with W.J.S. J.P. and N.G. provided
guidance in evolutionary analysis of HAP2 and constructed the HAP2 dendrogram.
Y.L. performed the experiments, and Y.L. and W.J.S. analyzed the results and
prepared the manuscript.

Funding

Aspects of this work were performed in laboratories constructed with support from
the National Institutes of Health [C06 RR 30414]. This work was supported by the
Welch Foundation [I-1505 to N.G.] and the National Institutes of Health [GM-094575
to N.G. and GM-56778 to W.J.S.]. Deposited in PMC for release after 12 months.

Supplementary material
Supplementary material available online at
http:/dev.biologists.org/lookup/suppl/doi:10.1242/dev.118844/-/DC1

References

Altschul, S. F., Madden, T. L., Schéffer, A. A., Zhang, J., Zhang, Z., Miller, W. and
Lipman, D. J. (1997). Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Res. 25, 3389-3402.

Belzile, O., Hernandez-Lara, C. I., Wang, Q. and Snell, W. J. (2013). Regulated
membrane protein entry into flagella is facilitated by cytoplasmic microtubules and
does not require IFT. Curr. Biol. 23, 1460-1465.

Bianchi, E., Doe, B., Goulding, D. and Wright, G. J. (2014). Juno is the egg Izumo
receptor and is essential for mammalian fertilization. Nature 508, 483-487.

Burki, F. (2014). The eukaryotic tree of life from a global phylogenomic perspective.
Cold Spring Harb. Perspect. Biol. 6, a016147.

Cole, E. S., Cassidy-Hanley, D., Fricke Pinello, J., Zeng, H., Hsueh, M., Kolbin, D.,
Ozzello, C., Giddings, T., Jr, Winey, M. and Clark, T. G. (2014). Function of the
male-gamete-specific fusion protein HAP2 in a seven-sexed ciliate. Curr. Biol. 24,
2168-2173.

Delandre, C., Penabaz, T. R., Passarelli, A. L., Chapes, S. K. and Clem, R. J.
(2009). Mutation of juxtamembrane cysteines in the tetraspanin CD81 affects
palmitoylation and alters interaction with other proteins at the cell surface. Exp.
Cell Res. 315, 1953-1963.

Dresselhaus, T. and Snell, W. J. (2014). Fertilization: a sticky sperm protein in
plants. Curr. Biol. 24, R164-R166.

Ebchuqin, E., Yokota, N., Yamada, L., Yasuoka, Y., Akasaka, M., Arakawa, M.,
Deguchi, R., Mori, T. and Sawada, H. (2014). Evidence for participation of GCS1
in fertilization of the starlet sea anemone Nematostella vectensis: implication of a
common mechanism of sperm-egg fusion in plants and animals. Biochem.
Biophys. Res. Commun. 451, 522-528.

970

Ellerman, D. A,, Pei, J., Gupta, S., Snell, W. J., Myles, D. and Primakoff, P.
(2009). Izumo is part of a multiprotein family whose members form large
complexes on mammalian sperm. Mol. Reprod. Dev. 76, 1188-1199.

Evans, J. P. (2012). Sperm-egg interaction. Annu. Rev. Physiol. 74, 477-502.

Goodman, C. D. and McFadden, G. I. (2008). Gamete fusion: key protein identified.
Curr. Biol. 18, R571-R573.

Gupta, V., Alonso, J. L., Sugimori, T., Issafi, M., Xiong, J.-P. and Arnaout, M. A.
(2008). Role of the beta-subunit arginine/lysine finger in integrin heterodimer
formation and function. J. Immunol. 180, 1713-1718.

Hirai, M., Arai, M., Mori, T., Miyagishima, S.-y., Kawai, S., Kita, K., Kuroiwa, T.,
Terenius, O. and Matsuoka, H. (2008). Male fertility of malaria parasites is
determined by GCS1, a plant-type reproduction factor. Curr. Biol. 18, 607-613.

Inoue, N., lkawa, M., Isotani, A. and Okabe, M. (2005). The immunoglobulin
superfamily protein Izumo is required for sperm to fuse with eggs. Nature 434,
234-238.

Inoue, N., Hamada, D., Kamikubo, H., Hirata, K., Kataoka, M., Yamamoto, M.,
lkawa, M., Okabe, M. and Hagihara, Y. (2013). Molecular dissection of
1IZUMO1, a sperm protein essential for sperm-egg fusion. Development 140,
3221-3229.

Isaji, T., Sato, Y., Zhao, Y., Miyoshi, E., Wada, Y., Taniguchi, N. and Gu, J. (2006).
N-glycosylation of the beta-propeller domain of the integrin alpha5 subunit is
essential for alpha5beta1 heterodimerization, expression on the cell surface, and
its biological function. J. Biol. Chem. 281, 33258-33267.

Kall, L., Krogh, A. and Sonnhammer, E. L. L. (2004). A combined transmembrane
topology and signal peptide prediction method. J. Mol. Biol. 338, 1027-1036.

Katoh, K., Misawa, K., Kuma, K.-i. and Miyata, T. (2002). MAFFT: a novel method
for rapid multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res. 30, 3059-3066.

Kawai-Toyooka, H., Mori, T., Hamaji, T., Suzuki, M., Olson, B. J. S. C., Uemura,
T., Ueda, T., Nakano, A., Toyoda, A., Fujiyama, A. et al. (2014). Sex-specific
posttranslational regulation of the gamete fusogen GCS1 in the isogamous
volvocine alga Gonium pectorale. Eukaryot. Cell 13, 648-656.

Liu, Y., Tewari, R., Ning, J., Blagborough, A. M., Garbom, S., Pei, J., Grishin,
N. V., Steele, R. E., Sinden, R. E., Snell, W. J. et al. (2008). The conserved plant
sterility gene HAP2 functions after attachment of fusogenic membranes in
Chlamydomonas and Plasmodium gametes. Genes Dev. 22, 1051-1068.

Liu, Y., Misamore, M. J. and Snell, W. J. (2010). Membrane fusion triggers rapid
degradation of two gamete-specific, fusion-essential proteins in a membrane
block to polygamy in Chlamydomonas. Development 137, 1473-1481.

Misamore, M. J., Gupta, S. and Snell, W. J. (2003). The Chlamydomonas Fus1
protein is present on the mating type plus fusion organelle and required for a
critical membrane adhesion event during fusion with minus gametes. Mol. Biol.
Cell 14, 2530-2542.

Mori, T., Kuroiwa, H., Higashiyama, T. and Kuroiwa, T. (2006). GENERATIVE
CELL SPECIFIC 1 is essential for angiosperm fertilization. Nat. Cell Biol. 8, 64-71.

Mori, T., Hirai, M., Kuroiwa, T. and Miyagishima, S.-y. (2010). The functional
domain of GCS1-based gamete fusion resides in the amino terminus in plant and
parasite species. PLoS ONE 5, e15957.

Mori, T., Igawa, T., Tamiya, G., Miyagishima, S.-y. and Berger, F. (2014). Gamete
attachment requires GEX2 for successful fertilization in Arabidopsis. Curr. Biol.
24, 170-175.

Ning, J., Otto, T. D., Pfander, C., Schwach, F., Brochet, M., Bushell, E.,
Goulding, D., Sanders, M., Lefebvre, P. A., Pei, J. et al. (2013). Comparative
genomics in Chlamydomonas and Plasmodium identifies an ancient nuclear
envelope protein family essential for sexual reproduction in protists, fungi, plants,
and vertebrates. Genes Dev. 27, 1198-1215.

Shimogawara, K., Fujiwara, S., Grossman, A. and Usuda, H. (1998). High-
efficiency transformation of Chlamydomonas reinhardtii by electroporation.
Genetics 148, 1821-1828.

Shmulevitz, M., Salsman, J. and Duncan, R. (2003). Palmitoylation, membrane-
proximal basic residues, and transmembrane glycine residues in the reovirus p10
protein are essential for syncytium formation. J. Virol. 77, 9769-9779.

Sinden, R. E. (1983). Sexual development of malarial parasites. Adv. Parasitol. 22,
153-216.

Singson, A., Hang, J. S. and Parry, J. M. (2008). Genes required for the
common miracle of fertilization in Caenorhabditis elegans. Int. J. Dev. Biol. 52,
647-656.

Sizova, l., Fuhrmann, M. and Hegemann, P. (2001). A Streptomyces rimosus
aphVill gene coding for a new type phosphotransferase provides stable antibiotic
resistance to Chlamydomonas reinhardtii. Gene 277, 221-229.

Snell, W. J. (2013). Development. Plant gametes do fertilization with a twist. Science
338, 1038-1039.

Snell, W. J. and Goodenough, U. W. (2009). Flagellar adhesion, flagellar-
generated signaling, and gamete fusion during mating. In The Chlamydomonas
Sourcebook (ed. G. B. Witman), pp. 369-394. New York: Elsevier.

Sprunck, S., Rademacher, S., Vogler, F., Gheyselinck, J., Grossniklaus, U. and
Dresselhaus, T. (2012). Egg cell-secreted EC1 triggers sperm cell activation
during double fertilization. Science 338, 1093-1097.

Steele, R. E. and Dana, C. E. (2009). Evolutionary history of the HAP2/GCS1 gene
and sexual reproduction in metazoans. PLoS ONE 4, e7680.


http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.118844/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.118844/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.118844/-/DC1
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1016/j.cub.2013.06.025
http://dx.doi.org/10.1016/j.cub.2013.06.025
http://dx.doi.org/10.1016/j.cub.2013.06.025
http://dx.doi.org/10.1038/nature13203
http://dx.doi.org/10.1038/nature13203
http://dx.doi.org/10.1101/cshperspect.a016147
http://dx.doi.org/10.1101/cshperspect.a016147
http://dx.doi.org/10.1016/j.cub.2014.07.064
http://dx.doi.org/10.1016/j.cub.2014.07.064
http://dx.doi.org/10.1016/j.cub.2014.07.064
http://dx.doi.org/10.1016/j.cub.2014.07.064
http://dx.doi.org/10.1016/j.yexcr.2009.03.013
http://dx.doi.org/10.1016/j.yexcr.2009.03.013
http://dx.doi.org/10.1016/j.yexcr.2009.03.013
http://dx.doi.org/10.1016/j.yexcr.2009.03.013
http://dx.doi.org/10.1016/j.cub.2013.12.044
http://dx.doi.org/10.1016/j.cub.2013.12.044
http://dx.doi.org/10.1016/j.bbrc.2014.08.006
http://dx.doi.org/10.1016/j.bbrc.2014.08.006
http://dx.doi.org/10.1016/j.bbrc.2014.08.006
http://dx.doi.org/10.1016/j.bbrc.2014.08.006
http://dx.doi.org/10.1016/j.bbrc.2014.08.006
http://dx.doi.org/10.1002/mrd.21092
http://dx.doi.org/10.1002/mrd.21092
http://dx.doi.org/10.1002/mrd.21092
http://dx.doi.org/10.1146/annurev-physiol-020911-153339
http://dx.doi.org/10.1016/j.cub.2008.05.007
http://dx.doi.org/10.1016/j.cub.2008.05.007
http://dx.doi.org/10.4049/jimmunol.180.3.1713
http://dx.doi.org/10.4049/jimmunol.180.3.1713
http://dx.doi.org/10.4049/jimmunol.180.3.1713
http://dx.doi.org/10.1016/j.cub.2008.03.045
http://dx.doi.org/10.1016/j.cub.2008.03.045
http://dx.doi.org/10.1016/j.cub.2008.03.045
http://dx.doi.org/10.1038/nature03362
http://dx.doi.org/10.1038/nature03362
http://dx.doi.org/10.1038/nature03362
http://dx.doi.org/10.1242/dev.094854
http://dx.doi.org/10.1242/dev.094854
http://dx.doi.org/10.1242/dev.094854
http://dx.doi.org/10.1242/dev.094854
http://dx.doi.org/10.1074/jbc.M607771200
http://dx.doi.org/10.1074/jbc.M607771200
http://dx.doi.org/10.1074/jbc.M607771200
http://dx.doi.org/10.1074/jbc.M607771200
http://dx.doi.org/10.1016/j.jmb.2004.03.016
http://dx.doi.org/10.1016/j.jmb.2004.03.016
http://dx.doi.org/10.1093/nar/gkf436
http://dx.doi.org/10.1093/nar/gkf436
http://dx.doi.org/10.1093/nar/gkf436
http://dx.doi.org/10.1128/EC.00330-13
http://dx.doi.org/10.1128/EC.00330-13
http://dx.doi.org/10.1128/EC.00330-13
http://dx.doi.org/10.1128/EC.00330-13
http://dx.doi.org/10.1101/gad.1656508
http://dx.doi.org/10.1101/gad.1656508
http://dx.doi.org/10.1101/gad.1656508
http://dx.doi.org/10.1101/gad.1656508
http://dx.doi.org/10.1242/dev.044743
http://dx.doi.org/10.1242/dev.044743
http://dx.doi.org/10.1242/dev.044743
http://dx.doi.org/10.1091/mbc.E02-12-0790
http://dx.doi.org/10.1091/mbc.E02-12-0790
http://dx.doi.org/10.1091/mbc.E02-12-0790
http://dx.doi.org/10.1091/mbc.E02-12-0790
http://dx.doi.org/10.1038/ncb1345
http://dx.doi.org/10.1038/ncb1345
http://dx.doi.org/10.1371/journal.pone.0015957
http://dx.doi.org/10.1371/journal.pone.0015957
http://dx.doi.org/10.1371/journal.pone.0015957
http://dx.doi.org/10.1016/j.cub.2013.11.030
http://dx.doi.org/10.1016/j.cub.2013.11.030
http://dx.doi.org/10.1016/j.cub.2013.11.030
http://dx.doi.org/10.1101/gad.212746.112
http://dx.doi.org/10.1101/gad.212746.112
http://dx.doi.org/10.1101/gad.212746.112
http://dx.doi.org/10.1101/gad.212746.112
http://dx.doi.org/10.1101/gad.212746.112
http://dx.doi.org/10.1128/JVI.77.18.9769-9779.2003
http://dx.doi.org/10.1128/JVI.77.18.9769-9779.2003
http://dx.doi.org/10.1128/JVI.77.18.9769-9779.2003
http://dx.doi.org/10.1016/S0065-308X(08)60462-5
http://dx.doi.org/10.1016/S0065-308X(08)60462-5
http://dx.doi.org/10.1387/ijdb.072512as
http://dx.doi.org/10.1387/ijdb.072512as
http://dx.doi.org/10.1387/ijdb.072512as
http://dx.doi.org/10.1016/S0378-1119(01)00616-3
http://dx.doi.org/10.1016/S0378-1119(01)00616-3
http://dx.doi.org/10.1016/S0378-1119(01)00616-3
http://dx.doi.org/10.1126/science.1231259
http://dx.doi.org/10.1126/science.1231259
http://dx.doi.org/10.1126/science.1223944
http://dx.doi.org/10.1126/science.1223944
http://dx.doi.org/10.1126/science.1223944
http://dx.doi.org/10.1371/journal.pone.0007680
http://dx.doi.org/10.1371/journal.pone.0007680

RESEARCH ARTICLE

Development (2015) 142, 962-971 doi:10.1242/dev.118844

van Dijk, M. R., Janse, C. J., Thompson, J., Waters, A. P., Braks, J. A. M.,
Dodemont, H. J., Stunnenberg, H. G., van Gemert, G.-J., Sauerwein, R. W.
and Eling, W. (2001). A central role for P48/45 in malaria parasite male gamete
fertility. Cell 104, 153-164.

Veit, M. (2012). Palmitoylation of virus proteins. Biol. Cell 104, 493-515.

von Besser, K., Frank, A. C., Johnson, M. A. and Preuss, D. (2006). Arabidopsis
HAP2 (GCS1) is a sperm-specific gene required for pollen tube guidance and
fertilization. Development 133, 4761-4769.

Wong, J. L. and Johnson, M. A. (2010). Is HAP2-GCS1 an ancestral gamete
fusogen? Trends Cell Biol. 20, 134-141.

Wong, J. L., Leydon, A. R. and Johnson, M. A. (2010). HAP2(GCS1)-dependent
gamete fusion requires a positively charged carboxy-terminal domain. PLoS
Genet. 6, €1000882.

Yang, X., Kovalenko, O. V., Tang, W., Claas, C., Stipp, C. S. and Hemler, M. E.
(2004). Palmitoylation supports assembly and function of integrin-tetraspanin
complexes. J. Cell Biol. 167, 1231-1240.

971

DEVELOPMENT


http://dx.doi.org/10.1016/S0092-8674(01)00199-4
http://dx.doi.org/10.1016/S0092-8674(01)00199-4
http://dx.doi.org/10.1016/S0092-8674(01)00199-4
http://dx.doi.org/10.1016/S0092-8674(01)00199-4
http://dx.doi.org/10.1111/boc.201200006
http://dx.doi.org/10.1242/dev.02683
http://dx.doi.org/10.1242/dev.02683
http://dx.doi.org/10.1242/dev.02683
http://dx.doi.org/10.1016/j.tcb.2009.12.007
http://dx.doi.org/10.1016/j.tcb.2009.12.007
http://dx.doi.org/10.1371/journal.pgen.1000882
http://dx.doi.org/10.1371/journal.pgen.1000882
http://dx.doi.org/10.1371/journal.pgen.1000882
http://dx.doi.org/10.1083/jcb.200404100
http://dx.doi.org/10.1083/jcb.200404100
http://dx.doi.org/10.1083/jcb.200404100


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


