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Abstract

Most sexually reproducing organisms have the ability to recognize individuals of the same species. In ascomycete fungi including yeasts,
mating between cells of opposite mating type depends on the molecular recognition of two peptidyl mating pheromones by their corre-
sponding G-protein coupled receptors (GPCRs). Although such pheromone/receptor systems are likely to function in both mate choice
and prezygotic isolation, very few studies have focused on the stringency of pheromone receptors. The fission yeast Schizosaccharomyces
pombe has two mating types, Plus (P) and Minus (M). Here, we investigated the stringency of the two GPCRs, Mam2 and Map3, for their re-
spective pheromones, P-factor and M-factor, in fission yeast. First, we switched GPCRs between S. pombe and the closely related species
Schizosaccharomyces octosporus, which showed that SoMam2 (Mam2 of S. octosporus) is partially functional in S. pombe, whereas
SoMap3 (Map3 of S. octosporus) is not interchangeable. Next, we swapped individual domains of Mam2 and Map3 with the respective
domains in SoMam2 and SoMap3, which revealed differences between the receptors both in the intracellular regions that regulate the
downstream signaling of pheromones and in the activation by the pheromone. In particular, we demonstrated that two amino acid residues
of Map3, F214 and F215, are key residues important for discrimination of closely related M-factors. Thus, the differences in these two
GPCRs might reflect the significantly distinct stringency/flexibility of their respective pheromone/receptor systems; nevertheless, species-
specific pheromone recognition remains incomplete.
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(Seike et al. 2015). Those experimental data support the idea that
even a simple pheromone/receptor system has significant ability
to restrict gene flow. Therefore, the specificity of pheromone rec-
ognition must be stringently maintained among individuals of
the same species.

However, a recent study on the budding yeast Saccharomyces
cerevisiae found that yeast cells do not necessarily reject mates
engineered to produce pheromones from other species, even if

Introduction

Communication between cells is an essential feature of life. In
unicellular organisms, such as yeasts, it is extremely important
to find a compatible mating partner because zygote formation by
cell fusion is a once-in-a-lifetime event (Johansson and Jones
2007; Fisher 1930). The specific ability of two cells of opposite
mating type to recognize each other is primarily determined by
molecular recognition between a mating pheromone and its cog-
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nate receptor (Bender and Sprague 1989; Gongalves-Sa and
Murray 2011; Jones and Bennett 2011; Martin et al. 2011). Such
interactions are essential to differentiate between reproductively
compatible and incompatible potential partners, and the specific-
ity of the pheromone receptor regulates mate choice
(McCullough and Herskowitz 1979; Burke et al. 1980; Hisatomi
et al. 1988; Leu and Murray 2006; Gongalves-Sa and Murray 2011;
Rogers et al. 2015). In fact, our previous study demonstrated that
genetic changes in a pheromone and its receptor genes trigger
prezygotic isolation in the fission yeast Schizosaccharomyces pombe

those species had been reproductively isolated from S. cerevi-
siae (Rogers et al. 2015). Pheromone receptors might evolve to
maximize reproductive success regardless of mate choice, po-
tentially resulting in a relaxation of their specificity (Cardé
and Baker 1984). Such evolution might also provide an oppor-
tunity to mate with a related species producing different
pheromones to promote genome diversity by genetic recombi-
nation. To date, however, a few studies have investigated the
stringency of pheromone receptors in yeast (Rogers et al. 2015;
Di Roberto et al. 2017).
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Most ascomycete fungi, including yeasts, produce two peptidyl
mating pheromones: one is a farnesylated lipid-peptide, whereas
the other is an unmodified simple peptide. Schizosaccharomyces
pombe has two mating types, termed Plus or P-cells (h*) and
Minus or M-cells (h™) (Gutz et al. 1974; Egel 1989, 2004). For S.
pombe, M-factor, secreted by M-cells, is a lipid-peptide, and P-fac-
tor, secreted by P-cells, is a simple peptide. Notably, the distinct
chemical modification states of the two pheromones are highly
conserved among ascomycete fungi (Gongalves-Sa and Murray
2011; Martin et al. 2011).

Pheromone receptors belong to the family of G-protein cou-
pled receptors (GPCRs). These receptors all share a common to-
pology of seven o-helical transmembrane (TM) helices, including
three extracellular loops (ELs) and three intracellular loops (ILs),
and can be classified into distinct groups at the sequence level
(Vassilatis et al. 2003). Fungal pheromone receptors are Class D
GPCRs, which form a distinct family phylogenetically distant
from the well-studied rhodopsin-type (Class A) family. A study
based on the primary structure of pheromone receptors of S. cere-
visiae revealed that two types of pheromone receptor also exist in
the genomes of other ascomycete fungi (Shpakov 2007;
Gongalves-S4 and Murray 2011; Martin et al. 2011; Wallen and
Perlin 2018): one has a structure similar to that of a receptor for a
lipid-peptide pheromone, whereas the other is homologous to a
receptor for a simple peptide pheromone. Both the amino acid
sequences and modifications of the two pheromone peptides
bear no resemblance to each other.

Schizosaccharomyces pombe predominantly exists in a haploid
state. Homothallic S. pombe strains (called h*®) can efficiently
switch between the mating types P and M by gene transposition
of the expressed mating-type locus (Miyata and Miyata 1981). On
the other hand, heterothallic strains, in which mating-type
switching is absent, arise from the homothallic wild type through
the irreversible loss of one of the silent cassettes at the mating-
type locus, resulting in the generation of the heterothallic P-
strain (h*) and M-strain (h™). Under nitrogen-limited conditions,
two haploid cells of the opposite mating type form a diploid zy-
gote, which then undergoes meiosis followed by the formation of
four haploid spores within a cell (Bresch et al. 1968; Egel 1971,
1989; Gutz et al. 1974; Nielsen 2004).

The pheromone response pathway in S. pombe is illustrated in
Figure 1A. M-cells secrete M-factor, a farnesylated and o-methyl-
ated nonapeptide, which is recognized by its corresponding GPCR
Map3, expressed on the surface of P-cells (Davey 1992; Tanaka
et al. 1993). M-factor is encoded by three redundant genes, mfm1*,
mfm2*, and mfm3* (Davey 1992; Kjaerulff et al. 1994). These genes
produce precursor polypeptides of 41-44 amino acids, each of
which generates a single copy of the same M-factor,
YTPKVPYMCF?-OCHj3. M-factor is actively secreted by the specific
ATP-binding cassette (ABC) transporter Mam1 (Christensen et al.
1997). By contrast, P-cells secrete P-factor, an unmodified peptide
of 23 amino acids, which activates its cognate GPCR Mam?2 on the
surface of M-cells (Kitamura and Shimoda 1991; Imai and
Yamamoto 1994). P-factor is encoded by one gene, map2™*, and is
secreted by the exocytic secretory pathway rather than by active
transport (Imai and Yamamoto 1994). These pheromone signals
stimulate cells of the opposite mating type to commence a mat-
ing response, and both signals are essential for mating between
the two cells (Imai and Yamamoto 1994; Kjaerulff et al. 1994;
Seike et al. 2013). In S. pombe, both the Map3 and Mam?2 receptors
are coupled to the monomer form of the G-protein o-subunit
Gpal (Obara et al. 1991; Ladds et al. 2005). Activation of Gpal
through the Map3 or Mam?2 receptor transmits signals via a

MAPK cascade consisting of Byr2 (MAPKKK), Byrl (MAPKK), and
Spkl (MAPK) (Obara et al. 1991; Xu et al. 1994; Barr et al. 1996),
thereby inducing the transcription of genes essential for mating
(Mata and Bahler 2006; Xue-Franzén et al. 2006). In other words,
the signaling pathway downstream of the activated pheromone
GPCRs is the same in P- and M-cells.

The sequence homology between Map3 and Mam?2 of S. pombe
is low, a feature that is also observed between Ste3p (the receptor
for the lipid-peptide pheromone a-factor) and Ste2p (the receptor
for the simple peptide pheromone a-factor) of S. cerevisiae.
Notably, sequence comparison between the pheromone receptors
of S. pombe and S. cerevisiae shows that Map3 and Mam? have sig-
nificant sequence homology with Ste3p and Ste2p, respectively,
even though these yeast species are thought to have diverged be-
tween 300 million and 1 billion years ago (Painter et al. 1998). For
example, Mam?2 of S. pombe and Ste2p of S. cerevisiae share about
70% amino acid sequence homology across the 5-7th TM helices
(Lock et al. 2014). This observation suggests that there is an evolu-
tionary relationship between the two subtypes of GPCRs for pher-
omones, Ste3p-like/Map3 and Ste2p-like/Mam?, in fungi.

We recently explored differences and similarities between
genes encoding the two pheromones and their receptors in 150
wild S. pombe strains obtained from worldwide regions (Seike et al.
2019b). Sequencing analysis clearly demonstrated that there is
no variation in the amino acid sequences of M-factor and Map3
in S. pombe strains, whereas P-factor and Mam?2 show substantial
diversity. Furthermore, all four P-factor variants produced by
Schizosaccharomyces octosporus (SoP-factors) were partially recog-
nized by Mam?2 in S. pombe M-cells, but the single SoM-factor was
not recognized by Map3 in S. pombe P-cells (Seike et al. 2019Db).
This implies that S. pombe is prezygotically isolated from S. octo-
sporus, owing to a lack of compatibility of M-factor between the
species. A recent study on S. cerevisiae reported that Ste2p, rather
than Ste3p, recognizes genetically divergent pheromones (Rogers
et al. 2015). Taken together, these observations suggest that the
two GPCRs for pheromones in ascomycete fungi might have dif-
ferent stringencies in pheromone recognition.

Many studies on the genetic analysis of mating receptors have
been conducted in S. cerevisiae. For example, Lorraine Marsh, a pi-
oneer in this field, identified some mutations that improve the re-
sponse to pheromones of other species by using the hybrid-
species approach (Marsh 1992). Groups led by Naider et al. and
Becker et al. have extensively explored the mating system of S.
cerevisiae to describe the structure of the pheromone-binding site
within the receptor and understand how the pheromone acti-
vates the signal transduction pathway through the interaction
with its receptor (Kim et al. 2012; Uddin et al. 2017). Recently, sev-
eral studies have focused on the evolution of ligand specificity in
GPCRs (Di Roberto et al. 2017; Adeniran et al. 2018). However, the
information on genetic analysis and the stringency of S. pombe
mating receptors is scarce.

The general strategy in this study was to swap the S. pombe
receptors, or domains thereof, with the corresponding sequences
from the related species S. octosporus. We found that the interac-
tion between P-factor and Mam? seems to be relatively loose and
can tolerate many variations, whereas that between M-factor
and Map3 seems to be highly specific and extremely sensitive to
alterations. Our domain-swapping approach revealed that the
TM6 to EL3 region (residues 204-264) of Map3 is implicated in its
activation by M-factor. Furthermore, by random mutagenesis of
this region, we identified key residues, F214 and F215, that are
important for the discrimination of closely related pheromones.
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Figure 1 Recombinant frequency assay between two heterothallic S. pombe strains. (A) lllustration of the pheromone response pathway in S. pombe.
M-cells produce M-factor as a lipid-peptide, which is recognized by the Map3 receptor on P-cells. The mature M-factor is encoded by the triplicate
redundant mfm1-3" genes and is secreted by the Mam1 transporter. The P-cells secrete P-factor as a simple peptide, which is recognized by the Mam?2
receptor on M-cells. The mature P-factor is encoded by the map2* gene and is secreted via exocytosis. The pheromone signal is transmitted through
Gpal. The signal transmission pathway is common to both M- and P-cells, and both signals are essential for mating. (B) Equal numbers of P- and M-
cells were mixed and cultured on MEA medium for 2 days. The cells were then spread onto YEA medium containing 100 pg/ml of appropriate drugs.
After 3days of incubation, the plates were photographed and colony numbers were counted. The number of double-resistant colonies was normalized
by the number of colonies on YEA plates without drugs. The assayed strains were TS620, M-strain secreting M-factor (kanMX6); TS9, M-strain secreting
SoM-factor (kanMX6); TS26, P-strain expressing Map3 (hphMX6); and TS27, P-strain expressing SoMap3 (hphMX6). (C) The assayed strains were TS48,
P-strain secreting P-factor (natMX6); TS49, P-strain secreting SoP-factor (natMX6); TS45, M-strain expressing Mam2 (hphMX6); and TS46, P-strain
expressing SoMam?2 (hphMX6). Each assay was performed in triplicate; and the frequency of recombinants is reported as the mean * SD. t-test:

*P < 0.05; P < 0.001.
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Our extensive study demonstrates the distinct stringencies of the
Map3 and Mam? receptors in S. pombe.

Materials and methods
Yeast strains, media, and culture conditions

The S. pombe and S. octosporus strains used in this study are listed
in Supplementary Table S1. Standard methods at an incubation
temperature of 30° were used for growth, mating, and sporula-
tion (Egel and Egel-Mitani 1974; Gutz et al. 1974; Moreno et al.
1991). Yeast extract agar (YEA) medium supplemented with ade-
nine sulfate (200mg/ml), uracil (200mg/ml), and L-leucine
(100mg/ml) was used for growth. Where appropriate, antibiotics
(G418 disulfate [Nacalai Tesque, Kyoto, Japan], hygromycin B
[Wako, Osaka, Japan|, and nourseothricin ([Cosmo Bio, Tokyo,
Japan]; final concentration, 100 pg/ml) were added to YEA me-
dium. Malt extract agar (MEA) medium, synthetic sporulation lig-
uid medium without nitrogen (SSL—N), and sporulation agar
(SPA) medium were used for mating and sporulation. Synthetic
dextrose (SD) medium was used to obtain auxotrophic mutants
of S. pombe. Edinburgh minimal media (EMM2+N and EMM2-N)
were used for growth in the B-galactosidase assay.

Construction of plasmids carrying various
M-factor-coding genes

The plasmids and oligo-primers used in this study are listed in
Supplementary Tables S2 and S3, respectively. All PCRs were per-
formed by using KOD FX Neo DNA polymerase (TOYOBO, Tokyo,
Japan). Yeast transformation was carried out using the electropo-
ration method (Murray et al. 2016).

To construct pTS271, the mfm2* gene (~3.0kb) containing the
promoter and terminator regions was amplified from S. pombe
(L968) genomic DNA using primer set 0TS703/0TS704. Using
Gibson Assembly (New England Biolabs, Ipswich, MA, USA), the
DNA fragment was fused to a linearized vector derived from
pFA6a-kanMX6 (Hentges et al. 2005), which was prepared by
inverse PCR using primer set oTS35/0TS36. Next, pTS274 was
constructed by inverse PCR using pTS271 and primer set 0TS707/
0TS708. The amplified PCR product was treated with Dpnl, 5'-
phosphorylated by T4 polynucleotide kinase (TaKaRa, Shiga,
Japan), self-ligated by T4 ligase (TaKaRa, Shiga, Japan), and then
introduced into Escherichia coli DHS5a competent cells (New
England Biolabs, Ipswich, MA, USA). The resulting plasmid was
integrated into a recipient S. pombe strain after restriction with
Aflll near the center of the promoter region.

To construct pTS272, the mfm3* gene (~3.0kb) containing pro-
moter and terminator regions was amplified from L968 genomic
DNA using primer set oTS705/0TS706. Using Gibson Assembly,
the DNA fragment was fused to a linearized vector derived from
pFA6a-natMX6 (Hentges et al. 2005), which was prepared by in-
verse PCR using primer set 0TS35/0TS36. Next, pTS275 was con-
structed by inverse PCR using pTS272 and primer set oTS709/
0TS710. The resulting plasmid was integrated into a recipient S.
pombe strain after restriction with Afel near the center of the pro-
moter region.

Construction of plasmids carrying chimeric
receptor genes

To construct chimeric receptor genes, we used a previously cre-
ated plasmid, pFA6a-hphMX6(map3™) (Seike et al. 2015), which
we renamed pTS185 (Supplementary Table S2). To construct
pTS8, the Somap3 (map3* of S. octosporus) ORF (1092 bp) was am-
plified from S. octosporus (yFS286) genomic DNA using primer set

0TS65/0TS66. Using Gibson Assembly, the DNA fragment was
fused to a linearized vector derived from pTS185, which was pre-
pared by inverse PCR using primer set 0TS63/0TS64.

To construct plasmids carrying a chimeric map3 gene, first,
the corresponding region of Somap3 was amplified by PCR using
the appropriate primer set (Supplementary Table S4). Next, DNA
replication using the amplified DNA fragment and pTS185 as a
template was performed to generate each chimeric map3 gene.
After replication, the reaction mixture was treated with Dpnl to
digest the template plasmid, which was transformed into DH5o.
Each prepared chimeric region was confirmed by sequencing the
recovered plasmid. Plasmids pTS19-pTS26, pTS42-pTS45, and
pTS190-pTS199 were constructed by this method.

To replace the C-terminal region of map3* (nucleotides 850-
1098) with the corresponding region of Somap3, nucleotides 844—
1092 of Somap3 were amplified from yFS286 genomic DNA using
primer set 0TS167/0TS168. Using Gibson Assembly, the DNA frag-
ment was fused to a linearized vector derived from pTS185,
which was prepared by inverse PCR using primer set 0TS169/
0TS170 to produce pTS46. Stepwise PCRs (a combination of the
above) were also carried out to construct plasmids pTS91-pTS101
carrying chimeric map3 genes in which multiple intracellular (IC)
membrane regions were replaced.

To replace the C-terminal region of Somap3 (nucleotides 844—
1092) with the corresponding region of map3*, nucleotides 850
1098 of map3* were amplified from L968 genomic DNA using
primer set 0TS63/0TS750. Using Gibson Assembly, the DNA frag-
ment was fused to a linearized vector derived from pTS8, which
was prepared by inverse PCR with primer set 0TS748/0TS749 to
produce pTS292. Stepwise PCRs were also carried out to construct
plasmids pTS294, pTS298, and pTS299 carrying chimeric Somap3
genes in which multiple IC membrane regions were replaced by us-
ing the appropriate primer set (Supplementary Table S4). All
resulting plasmids were integrated into the genome of a recipient
S. pombe strain after restriction with Nrul in the terminator region.

To construct pTS32, the Somam?2 (mam2* of S. octosporus) ORF
(1047 bp) was amplified from yFS286 genomic DNA using primer
set 0TS128/0TS129. Using Gibson Assembly, the DNA fragment
was fused to a linearized vector derived from pTS14, which was
prepared by inverse PCR using primer set 0TS149/0TS150. To
construct plasmids carrying a chimeric mam2 gene, inverse PCR
was carried out using pTS14 and the appropriate primer set
(Supplementary Table S4). The amplified PCR product was
treated with Dpnl, 5'-phosphorylated by T4 polynucleotide kinase,
self-ligated by T4 ligase, and transformed into DH5a. Each intro-
duced mutation was confirmed by sequencing the recovered
plasmid. Plasmids pTS305-pTS314 and pTS583 were constructed
by this method.

To replace the C-terminal region of Somam?2 (nucleotides 904—
1047) with the corresponding region of mam2*, inverse PCR was
carried out using pTS32 and primer set 0TS825/0TS826 to pro-
duce pTS320. Stepwise PCRs were also carried out to construct
plasmids pTS321-pTS323 carrying a chimeric Somam2 gene in
which multiple IC membrane regions were replaced by using the
appropriate primer sets (Supplementary Table S4). All plasmids
obtained were integrated into a recipient S. pombe strain after re-
striction with Afel in the terminator region.

Construction of plasmids carrying EGFP-tagged
chimeric receptor genes

To construct plasmids carrying an EGFP-tagged chimeric receptor
gene, first, the EGFP fragment was amplified by PCR using the
appropriate primer set (Supplementary Table S5). Next, DNA
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replication using the amplified EGFP fragment and the appropri-
ate template (Supplementary Table S5) was performed to fuse
EGFP to the C-terminal end of the targeted receptor gene. To pre-
vent internalization of the receptor by down-regulation, the C-
terminal tail (map3*, nucleotides 934-1098; mam2*, 934-1047)
was deleted as needed (Hirota et al. 2001). After replication, the
reaction mixture was treated with Dpnl to digest the template
plasmid, which was then transformed into DH5a. Each prepared
chimeric region was confirmed by sequencing the recovered plas-
mid. Plasmids pTS602-pTS607, pTS610-pTS617, and pTS620-
pTS622 were constructed by this method. All resulting plasmids
were integrated into the genome of the recipient S. pombe strain
after either restriction with Nrul in the terminator region or re-
striction with Afel near the center of the promoter region.

Construction of plasmids carrying other
pheromone signal-related genes

To construct pTS51, the gpal™ gene (~2.2kb) containing promoter
and terminator regions was amplified from L968 genomic DNA
using primer set 0TS185/0TS186. Using Gibson Assembly, the
DNA fragment was fused to a linearized vector derived from
pFA6a-natMX6, which was prepared by inverse PCR using primer
set 0TS35/0TS36. To construct pTS300, the Sogpal (gpal™ of S.
octosporus) ORF (1218bp) was amplified from yFS286 genomic
DNA using primer set 0TS335/0TS336. Using Gibson Assembly,
the DNA fragment was fused to a linearized vector derived from
pTS51, which was prepared by inverse PCR using primer set
0TS333/0TS334. The resulting plasmid was integrated into a re-
cipient S. pombe strain after restriction with Mfel near the center
of the promoter region.

Construction of a map3 mutant library

To construct plasmid pAHph-KS (named pTS302), the hphMX6
marker (~1.5kb) containing TEF promoter and terminator regions
was amplified from pFA6a-hphMX6 (Hentges et al. 2005) using
primer set 0TS797/0TS798. Using Gibson Assembly, the DNA frag-
ment was fused to a linearized vector derived from the multicopy
plasmid pAL-KS (Yazawa et al. 2014), which was prepared by in-
verse PCR using primer set 0TS795/0TS796. An ~4kb fragment
containing the map3*-coding region and promoter sequence was
amplified from L968 genomic DNA using primer set oTS811/
0TS812. Using Gibson Assembly, the DNA fragment was fused to
a linearized pTS302 vector, which was prepared by inverse PCR
using primer set 0TS807/0TS808. Using the resultant plasmid
(named pTS317) as a template and primer set 0TS950/0TS951,
nucleotides 610-792 of the map3 ORF were subjected to random
mutagenesis by using the Diversify PCR Random Mutagenesis Kit
(Clontech Laboratories, Mountain View, CA, USA) in accordance
with the manufacturer’s instructions for error-prone PCR. To ob-
tain a mutation rate of 5.8 mutations per 1kb by error-prone PCR,
the following reaction conditions were used: 34 ul of PCR-grade
water, 5 ul of Titanium Taq Buffer (10x), 4 ul of MnSO,4 (8 mM), 3l
of dGTP (2mM), 1ul of Diversify dNTP Mix (50x), 1ul of primer
mix (10pM each), 1ul of template DNA (1ng/pl), and 1pl of
Titanium Taq Polymerase. Using Gibson Assembly, the purified
PCR products were fused to a linearized vector derived from
pTS317, which was prepared by inverse PCR using primer set
0TS952/0TS953 to generate a mutant library comprising
~1.5 x 10* independent E. coli colonies (named pTS370).

Large-scale screening for map3 mutants that
suppress a mating-defective strain secreting
SoM-factors

The pTS370 mutant library was transformed into homothallic
strain TS400, which secretes SoM-factors. The transformants
were plated on MEA medium containing hygromycin B (100 pg/
ml) and colonies were inspected for diploid cells containing four
spores, indicating mating ability. The colonies were subjected to
iodine vapor, which turns sporulation-proficient colonies brown
(Egel 1974; Seike et al. 2015). From a screen of ~1.2 x 10 colonies,
232 iodine-positive colonies were obtained. Microscopic inspec-
tion identified 24 colonies with asci. Plasmids were prepared
from these colonies and the map3-coding region was sequenced
by using primer set 0TS157/0TS158 (see Supplementary Table S6
for the identified suppressor mutations).

To exclude the possibility that the observed suppression of
mating sterility was due to an increase in copy number of rele-
vant map3 genes, each suppressor map3 gene was cloned into the
integration vector pFA6a. The DNA fragment containing the mu-
tant map3 gene was then amplified using primer set 0TS124/
0TS125 and fused via Gibson Assembly to a linearized vector de-
rived from pTS185, which was prepared by inverse PCR using
primer set 0TS63/0TS64. These single-copy suppressor strains
were examined for recovery of the sterility of M-factor mutants.

Site-directed mutagenesis of the map3™ gene

Plasmids carrying a single amino acid substitution of map3 were
constructed by inverse PCR using pTS185 and the appropriate
primer set (Supplementary Table S7). The amplified PCR product
was treated with Dpnl, 5’-phosphorylated by T4 polynucleotide ki-
nase, ligated by T4 ligase, and transformed into DH5a. Each intro-
duced mutation was confirmed by sequencing the recovered
plasmid. Where appropriate, stepwise inverse PCRs were per-
formed, using the appropriate plasmid as a template, to con-
struct plasmids carrying more than two amino acid substitutions
of map3.

Quantitative analysis of hybrid formation by
recombinant frequency

To estimate prezygotic isolation between two S. pombe strains, re-
combinant frequency was determined by a quantitative assay of
genetic recombination. Heterothallic strains each carrying a
chromosomal drug-resistance marker (kanMX6, hphMX6, or
natMX6) were cultured on YEA medium overnight, and equal
numbers of P- and M-cells were mixed in sterilized water to an
ODgoo of 5.0 (1 x 108 cells/ml). A 30-pl aliquot of the suspension
was spotted onto MEA medium and incubated for 2days at 30°.
The mixed cells were allowed to mate, and the resulting hybrid
diploids were subjected to sporulation. The cell suspension was
serially diluted and spread on YEA medium containing different
combination of antibiotics. The number of colonies was counted
after 3days of incubation at 30°. The ratio of recombinant fre-
quency was calculated as described previously (Seike et al. 2013,
2015, 2019a, 2019b). Each analysis was carried out in triplicate,
and the mean =+ standard deviation (SD) was calculated.

Quantitation of mating frequency

Schizosaccharomyces pombe cells grown on YEA medium overnight
were resuspended in sterilized water to ODggo of 5.0. A 30-pl ali-
quot of the suspension was spotted onto MEA medium and incu-
bated for 2days at 30°. The number of cells was counted under a
differential interference contrast microscope (BX53; Olympus,
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Tokyo, Japan). Cell types were classified into four groups: vegeta-
tive (non-mating) cells (V), zygotes (Z), asci (A), and free spores
(S). Mating frequency was calculated by the following equation
(Seike et al. 2012, 2013, 2015; Seike and Niki 2017; Seike et al.
2019a, 2019b):

Mating (%) =100 x {2 (Z+ A) +S/2}/{V+2 (Z+ A)+5S/2}

In all cases, cells were counted in nine randomly photo-
graphed digital images of each strain (>1000 cells in total), and
the mean = SD was calculated (Supplementary Table S8).

RNA extraction and quantitative real-time PCR
(RT-PCR)

Cells (ODggg of 0.1) were pre-cultured in Yeast extract (YE) liquid
medium for 14h at 30°. Cells at a density of 4 x 10’ cells/ml
(ODgoo of 2.0) in 5ml of EMM2—-N were continuously shaken at
30° for 24h (—N sample) after sampling at the start point (+N
sample). Next, 1ml of culture was harvested for RNA extraction
using an RNeasy® Plus Mini Kit (Qiagen, Hilden, Germany). DNA
digestion was performed to remove contaminating genomic DNA
in the solution before RNA clean up. For quantitative RT-PCR,
cDNA was synthesized from 100-ng samples of RNA using a
PrimeScript™ RT Reagent Kit (TaKaRa, Shiga, Japan) in accor-
dance with the manufacturer’s protocol.

RT-PCR was performed by an Applied Biosystems™
StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific)
using TB Green™ Premix Ex Taq™ II (TaKaRa, Shiga, Japan). The
program for RT-PCR was 95° for 30s, followed by 40 cycles of 95°
for 5s and 60° for 30s. DNA segments containing EGFP, map3¥,
Somap3, mam2*, Somam2, and actl™ (control) were amplified by
using primer sets 0TS1298/0TS1299, 0TS353/0TS354, 0TS1300/
0TS1301, 0TS355/0TS356, 0TS1302/0TS1303, and 0TS357/0TS358,
respectively. Each analysis was carried out in triplicate, and the
mean = SD was calculated (Supplementary Table S9).

Fluorescence imaging

Cells expressing EGFP-tagged receptors were immediately ana-
lyzed by fluorescence microscopy without washing or fixation.
Images were captured using cellSens standard imaging software
(Olympus) and a BX53 Digital Upright Microscope (Olympus)
equipped with a GFP filter, an Olympus UPlanSApo 60x/1.35na
oil objective (BX53; Olympus), and a camera (ORCA-spark;
Hamamatsu).

In vitro M-factor activity assay using a map4
promoter-lacZ fusion gene

Given that P-type-specific agglutinin map4* mRNA expression is
completely dependent on M-factor signaling (Xue-Franzén et al.
2006) and the Map4 protein is expressed only in P-cells, expres-
sion of map4™°-lacZ was assayed by p-galactosidase activity to
assess whether the chimeric receptors were activated by M-factor
peptides. We used a previously created plasmid, pTA(map4-
promoter: lacZ) (Seike et al. 2013), which we renamed pTS540
(Supplementary Table S2). First, pTS540 was introduced into a
heterothallic P-type strain. For the assay, cells (ODgoo 0f 0.2) were
grown in EMM2+N medium lacking leucine (to avoid loss of plas-
mid) for 24 hours, washed with EMM2—N medium three times,
and then resuspended in EMM2—N medium at a cell density of
4% 107 cells/ml (ODggo of 2.0). The cells were then treated with
synthetic pheromone peptide (1 uM) (Seike et al. 2019b) and incu-
bated for exactly 24 hours with gentle shaking. The cell suspen-
sions were centrifuged, and the cell pellets were resuspended in

1ml Z-buffer (60mM Na,HPO,, 40mM NaH,PO,, 10mM KCl,
1mM MgSO4¢7H,0, and 50mM B-mercaptoethanol, pH 7.0) and
subjected to B-galactosidase assay using the sodium dodecyl sul-
fate (SDS)/chloroform cell permeabilization method, as previ-
ously described (Guarente 1983).

In brief, the diluted cells (ODgoo of 1.0) were permeabilized
with 5pl of chloroform:SDS (5:4 ratio) in 150pl of Z-buffer for
Smin at 30°, and then 30pl of o-nitrophenyl-p-p-galactopyrano-
side (ONPG) (4 mg/ml) was added as a substrate. The cell density
of the cell suspension was measured, and then the A4y, of the
cell suspension was successively determined every Smin by a
microplate reader (Infinite 200 PRO; Tecan, Madidnnedorf,
Switzerland). The background activity measured in the absence
of pheromone peptides (control) was subtracted from all read-
ings, and the normalized B-galactosidase activity was expressed
as Miller units (Miller 1972). Each B-galactosidase assay was per-
formed in triplicate, and the mean+SD was calculated
(Supplementary Table S10).

Results

Prezygotic isolation between S. pombe and S.
octosporus might be due to the incompatibility of
M-factor and Map3

To investigate the stringency of pheromone recognition by Map3
and Mam?2, we first used genetic recombinant tests to examine
whether the pheromone and receptor genes of S. pombe can be
replaced with those of S. octosporus. In this test, two different
drug-resistance markers were integrated into the chromosomes
of heterothallic S. pombe strains of opposite mating type such
that recombinants harboring both resistance markers would
emerge if the two strains carrying different drug-resistance
markers successfully mated. In other words, if no double-
resistant colonies are observed, the two strains have failed to
mate under this condition. This sensitive recombinant test can
detect extremely rare genetic recombination events.

We constructed heterothallic S. pombe strains in which
protein-coding sequences of their own pheromone and receptors
were replaced with the corresponding coding regions of S. octospo-
rus (see Materials and methods). Equal numbers of cells of hetero-
thallic strains carrying different drug-resistance markers were
mixed and spotted onto MEA medium to induce mating; after
2days of incubation, an aliquot of this culture was spread onto
YEA containing the appropriate drugs. The crosses between wild-
type P-cells and M-cells secreting SoM-factors produced almost
no double-resistant colonies (Figure 1B), consistent with our pre-
vious data showing that synthetic SoM-factors are not recognized
by Map3 (Seike et al. 2019b). Similarly, P-cells expressing SoMap3
were completely rejected by both wild-type M-cells and M-cells
secreting SoM-factors (recombinant frequency, <10~°). By con-
trast, the crosses between wild-type M-cells and P-cells secreting
SoP-factors generated abundant double-resistant colonies, and
M-cells expressing SoMam?2 were markedly accepted by both
wild-type P-cells and P-cells secreting SoP-factors (Figure 1C).
These data indicated that the SoP-factor and SoMam?2 gene are
partially effective replacements for the endogenous genes in S.
pombe, but the assay with SoM-factor and SoMap3 resulted in fail-
ure to mate.

To exclude the possibility that SoMap3 receptors were not
properly localized to the cell surface and fully expressed in S.
pombe, we first considered analyzing the expression of EGFP-
tagged receptors. In a previous study, however, the bulk of the
fluorescence of Map3-GFP was internalized in the cytoplasm,
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Figure 2 Localization on the cell surface and expression of SoMap3 and SoMam?2 in S. pombe. (A) Cellular localization of Map3©9®!, SoMap3°9€),
Mam2°%! and SoMam2©9¢! whose C-terminal tails were deleted. A homothallic strain expressing Map3©?¢-EGFP (TS$1234), SoMap3©?-EGFP (TS1235),
Mam2“4¢-EGFP (TS1223), or SoMam2°9°-EGFP (TS1224) was grown on YEA overnight, and incubated on SPA medium for 24 hours at 30°. Cells were
observed by fluorescence microscopy. All four GFP-tagged receptor proteins were localized to the cell surface. DIC, differential interference contrast;
GFP, GFP filter; scale bar, 5 pm. (B) Quantitative RT-PCR showing ectopic expression of map3™*, Somap3, mam2*, Somam2 in S. pombe homothallic strains
(TS1219, TS1220, TS1226, and TS1227). (C) Quantitative RT-PCR showing ectopic expression of map3*, Somap3, mam2*, Somam?2 in S. pombe heterothallic
strains (TS26, TS27, TS45, and TS46). Total RNA was collected from EMM2—N cultures (Oh, +N; 24h, —N), and RT-PCR was performed. EGFP expression
was normalized by expression of act1™ as a control gene. The graphs in (B) and (C) show mean + SD. t-test: *P < 0.05; *P < 0.01; n.s., not significant.

leaving only a little fluorescence on the cell surface (Hirota et al.
2001). In this study, therefore, we constructed four receptor pro-
teins whose C-terminal tails were deleted (written as “Cdel”) and
tagged them with EGFP (see Materials and methods). Because dele-
tion of the C-terminal tail of the receptors is known to prevent
their internalization (Bendezu and Martin 2013), the receptors
should cover a large part of the cell membrane. By observing S.
pombe homothallic strains expressing EGFP-tagged receptors dur-
ing mating, we confirmed that S. octosporus receptors (SoMap3
and SoMam?2) and S. pombe receptors (Map3 and Mam?2) were lo-
calized to the cell surface in S. pombe (Figure 2A). However, these
truncated receptors are not necessarily ideal for measuring the
surface expression of intact receptors, and non-truncated S. octo-
sporus receptors may undergo rapid internalization, possibly due
to misfolding, in S. pombe cells.

Furthermore, we examined the transcription of the non-
truncated Somap3 and Somam?2 genes in S. pombe homothallic
strains using quantitative RT-PCR. As shown in Figure 2B, the ex-
pression level of Somam2-EGFP was more than twice as high as

that of mam2-EGFP. On the other hand, the expression level of
Somap3-EGFP was about half of that of map3-EGFP (Figure 2B),
possibly because map3 transcription is strengthened by M-factor
signaling (Xue-Franzén et al. 2006). Therefore, we also examined
transcription of the Somap3 and Somam?2 genes in S. pombe hetero-
thallic strains (in the absence of M-factor). Figure 2C shows that
the basal expression level of S. octosporus receptor genes induced
by nitrogen starvation was the same or more than that of endoge-
nous genes in S. pombe. Considering these experimental data, we
determined that Somap3 and Somam2 genes were expressed at a
similar level as the map3™* and mam2* genes in S. pombe. In addi-
tion, we showed that the mfm1% gene was sufficiently expressed
in S. pombe cells under nitrogen starvation (Supplementary Figure
S1Q). Therefore, the failure of mating between S. pombe transgen-
ics of SoM-factor and SoMap3 might be due to a lack of interac-
tion between pheromones and receptors. Thus, S. pombe may be
prezygotically isolated from S. octosporus, in terms of the incom-
patibility between M-factor and Map3 rather than that between
P-factor and Mama2.
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Differences in IC regions of the receptors between
two species might partially prevent G-protein
signaling

Figure 3A shows the structures of Map3 and Mam?2 predicted by
hydropathy analysis data (Kitamura and Shimoda 1991; Tanaka
et al. 1993). Although the amino acid sequences of Map3 and
Mam? both contain a high proportion of hydrophobic residues
grouped into seven TM helices, there is no significant sequence
similarity between Map3 and Mam?2. The size of the proteins is
similar, but Map3 and Mam? differ markedly in the length of the
N-terminal extracellular (EC) and C-terminal IC regions (Figure 3,
B and C). Overall, 240 residues are identical between Map3 (365
aa) and SoMap3 (363 aa; identity, 66%; Figure 3B), and 234 resi-
dues between Mam?2 (348 aa) and SoMam?2 (348 aa; identity, 67%;
Figure 3C). Thus, amino acid sequence homology comparison
indicates that approximately two-thirds of the residues within
these proteins are conserved between S. pombe and S. octosporus.

Due to the lack of response in the assays with SoMap3 and
SoM-factor (Figure 1B), we considered the possibility that SoMap3
might not efficiently activate S. pombe Gpal, which transmits
downstream pheromone signaling. To test this possibility, we
first generated four Map3 chimeras, in which one of the IC
regions was replaced with the corresponding sequence of S. octo-
sporus, by domain-swapping using PCR with the appropriate pri-
mers (see Materials and methods). The Map3 chimeras were then
introduced into the homothallic S. pombe map3A strain secreting
M-factor. We tested the mating frequency of these strains
through microscopic observation. Strains expressing each of the
chimeric Map3 receptors did not show a significant decrease in
mating frequency as compared with wild-type Map3 (Figure 4A).
Next, we carried out a stepwise replacement of the IC regions of
Map3 by introducing an increasing number of S. octosporus IC
regions into S. pombe Map3; results showed that the mating fre-
quency was notably influenced by the increasing changes in
Map3. Notably, the homothallic strain expressing the mutant
Map3(IL1_2_3_C), in which all three ILs and the C-terminal region
were replaced with the corresponding sequence of S. octosporus,
produced less than 10% of the mating-cells of the strain express-
ing wild-type map3* (Figure 4B). Quantitative RT-PCR data
showed that the mutant Map3(IL1_2 3_C) seemed to be
expressed at lower levels than Map3 (Supplementary Figure S1A).
We observed that the EGFP-tagged Map3(IL1_2_3_C) was internal-
ized, resulting in reduced surface levels (Supplementary Figure
S2). Thus, replacement of the IC regions of Map3 led to a lack of
detectable biological activity in these assays.

We considered whether a mutant SoMap3 receptor whose IC
regions were replaced with those of Map3 would be able to acti-
vate Gpal on interaction with SoM-factors. To examine this hy-
pothesis, chimeric SoMap3 receptors were introduced into a
homothallic S. pombe strain secreting SoM-factors in the presence
of Gpal (Figure 4C). The strain expressing the mutant
SoMap3(IL1_2_3_C), in which all of three ILs and the C-terminal
region were replaced with the corresponding sequence of S.
pombe, were able to mate as expected (1.3 + 0.6%) (Figure 4D). We
also observed that the EGFP-tagged SoMap3(IL1_2_3_C) accumu-
lated mostly in the cytoplasm and only slightly at the cell surface
(Supplementary Figure S2). Based on these data, we speculated
that Gpal might be more compatible with the IC regions of Map3
than with those of SoMap3.

Next, we also found that replacement of the IC regions of
SoMam? with that of Mam?2 led to an increase in mating fre-
quency, maybe due to improved compatibility between the

receptor and Gpal (Figure 4, E and F). In particular, the homothallic
strain expressing the mutant SoMam?2(IL2_3_C) showed improved
mating capability with both a P-factor-secreting strain expressing
the map2* gene (37.3+3.5%) and a SoP-factor-secreting strain
expressing the map2®° gene (10.3 = 2.2%) (Figure 4, E and F). By con-
trast, the strain expressing the mutant SoMam?2(IL1_2_3_C), in
which all the three ILs and the C-terminal region were replaced
with the corresponding sequence of S. pombe, showed lower mating
frequencies as compared with SoMam?2(IL2_3_C) (Figure 4, E and
F). These results suggest that the organization of the IC regions of
the GPCRs might be essential for G-protein signaling (or correct
folding of the receptor). In addition, a homothallic strain in which
Gpal in a wild-type homothallic S. pombe strain was replaced with
SoGpal (Gpal of S. octosporus) showed an approximately 35% re-
duction in mating frequency (Figure 4G). Taken together, these
data imply that incompatibility between the IC regions of the two
GPCRs (Map3 and Mam?2) and Gpal may be partially responsible
for interrupting pheromone signaling.

The sixth TM and third EC regions of Map3 are
largely implicated in its activation by M-factor

We found that M-cells secreting SoM-factor could mate with P-
cells expressing SoMap3(IL1_2_3_C) at an extremely low fre-
quency (Figure 4D), possibly due to the whole structural changes
of Map3 caused by replacing IC regions. Because the M-factor-
binding site on Map3 has not been determined, we attempted to
identify regions of Map3 involved in M-factor recognition. By
replacing the EC and TM regions in turn with the corresponding
sequences of S. octosporus, we generated 11 chimeric Map3 recep-
tors. Most of the resultant homothallic strains expressing each of
these chimeric receptors showed only a small decrease in mating
frequency; notably, however, the replacement of TM6 and EL3
led to a complete loss of mating ability (Figure 5A), meaning that
these two regions might be essential for recognition of M-factor.
We also swapped the EC and TM regions of Mam?2 with those of
SoMam?; however, the replacement of these regions did not have
a significant effect, except in the case of the N-terminal EC tail
(Figure 5B). Furthermore, fluorescent observation of three chime-
ric EGFP-tagged receptors whose C-terminal tails were deleted
showed that Map3(TM6)“%*-EGFP and Mam2-(N)“%LEGFP were
localized to the cell surface, whereas Map3(EL3)%¢-EGFP was not
localized near the cell surface but was mostly accumulated in
the cytoplasm (Figure 5C), suggesting that replacement of the EL3
region of Map3 might cause a defect in its folding. In addition, ex-
pression of the mutant Map3(EL3) was lower than that of Map3
(Supplementary Figure S1A). These observations may be related
to differences in the molecular structures of Map3 and Mam?2.
Next, we further subdivided the TM6 and EL3 regions of Map3
(residues 204-264) into eight domains (TM6-1, TM6-2, and EL3-1-
EL3-6), so that each domain contained 3-4 amino acid differences
between Map3 and SoMap3 (Figure 6A). Homothallic strains
expressing the chimeric Map3 receptors were subjected to quan-
tification of mating frequency with M-factor secreting cells.
Notably, replacement of the TM6-2 and EL3-1 domains led to a
reduction in mating frequency (Figure 6B). Based on these data,
we presumed that residues critical for Map3 activation by M-fac-
tor are likely to lie within this region (residues 220-233).
Therefore, we carried out site-directed mutagenesis of Map3 to
create single substitutions of residues in this region (F224Y,
M225L, V226L, A228V, G230C, L232G, and Q233H). Although one
of these substitutions (Q233H) showed low mating frequency
(4.1+2.9%) (Figure 6C), none of the Map3-Q233H, Map3(TM6-
2_EL3-1), and Map3(TM6_EL3) mutants recognized SoM-factor

20z 11dy 60 U0 159NB Aq 06 L 2€£9/0S L AeA//6 | Z/a1o1E/SONoUSB/W00"dNo"olWapEo.//:Sd)Y WOy PapEojuMoq


https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab150#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab150#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab150#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab150#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab150#supplementary-data

T. Seike et al.

9

B

Map3
SoMap3

Map3
SoMap3

Map3
SoMap3

Map3
SoMap3

Map3
SoMap3

Cc

Mam2
SoMam2

Mam2
SoMam2

Mam2
SoMam2

Mam2
SoMam2

Mam2
SoMam2

Figure 3 Comparison of the two pheromone GPCRs Map3 and Mam?. (A) Structures of Map3 (left) and Mam?2 (right) predicted by hydropathy analysis.
EL, extracellular loop; IL, intracellular loop; N, N-terminal tail, C, C-terminal tail. (B) Sequence alignment of the M-factor receptors Map3 (365 aa) and

SoMap3 (363 aa). (C) Sequence alignment of the P-factor receptors Mam?2 (348 aa) and SoMam? (348 aa). Numerals indicate the amino acid position at
the end of each line. Identical amino acids are highlighted by a white letter on a black background. Protein domains are indicated above the sequence.

M-factor P-cells P-factor M-cells

Extracellular (EC) Extracellular (EC)

transmembrane (TM) transmembrane (TM)

Intracellular (IC) Intracellular (IC)

N T™A1 IL1 ™2 EL1 T™3

L ]
EMROCHENE - MR- ANYES P | L YE L RARY | GENEEEET L 7L TN VY ESRIT - - -BNEYAET | REVENME L CRILSRE 77
ENRDADGYEVMRN. sANESACY FUNEVRARY . EENEEEET vC | cHEINANCERITHQTEER - - - - - KL ENE - EROuERD 75

T™M3 IL2 T™M4 EL2 T™M5

1]
ENCOER s MEHEYEYEE rMIRREHEERR Y ENRIwHVCER I LLEL 1| 1 EAMEVE L EENRUNYIEYNES Y s s EMEmvInl 157
ENCDER A DEHEYEVEE < MR sEREERP Fop R FQ | LEFLAYE vTEL LY EVEENRUNYIEYNEEVP AGMCD v MOl 155
™5 IL3 EL3

e —
rYIPIPIC]LILISIIGG)LIFIFIVISIR] | AV YMRRIQISFILIQIQIFIFIQRIDISIOIL [TISIKIRIFILIRIL L[] B N - GG FvvYANGRL QQL P 237
I YIRPIPCILILISTEGGILIFIFIVISIR| | IRV WRIRIOINE]LIQQIFIFIQRIDISILITISKIRIFILIRILILIMLIAVIFIFILIG YIRPILIT) | NASRY WIN(Sl< el F IAENPES

EL3 M7 C

FNRE@VEAREQES I TYYRTHKYGANDRVERDYMEY L Y8 GEsHSEcREE<YAL | BISEL YwLEF TRNNANCREACERERCC 317
VR YEvs IRERVPVYFFEANS | FENNT | EEOYE ' X8 GE ' DSE<TEoNuR | FERSEVERCEY | MNHSHEREREERMESE 315
c

RS 1 EsuMAGKELBE T FRERSM vAEREDIEKSE | EERNEEE L @D AARNMY 365
KSAETHLRERD | BESEL KEREM | RERENER . SvESEOESEs@A s TIINY 363

IN| T™1 IL1 ™2

\

ERQEMREOFT IPDASA | IHENITIVE | VEENENREVELNEA YEROR L BHEYH  SReNANENE T | LYV CcHEEE sENRKHENE so
ERERERRENYY TMNGTQvaNEsTIPILETQE YIIoNE L Bl AERNR | BEEYhvEReNANENME | vvs | BEEEPERRK TENE so

T™2 EL1 TM3 IL2

NSRE0vANE L RANENDY T | EENENE ] MHVUYENGENDE AP vIDFEAEVEY | SURDDSRAERREHE 160
RYNSIAISEISIVICHIRIALLIY | VIIIRCISIES]YISIRRVIYYIGIFAARSIR vielelv|VIHVIFIs] 1L AUERECR] ||| R TIAENISIMEEQVR] I ICAHDRKITIORIEN

[ =EL2 EMS IL3

ROvivOSAcETvLYLAGET ' NEEE QoM IWIIELSSKTHVIISWPIIlAIHIIIFIHIIHIGIIIIIIIRIHLHHIIHI240
ROvicOSsclst | NvRAGEE FOoYeE = I« UEEREGE Y NN Hell SEM YTV HEY cRINER vEIVETEANE EHRICIRREIE 240
IL3 ™6 EL3 ™ c

aFlPFiGPMAc] LN isicloc) IVIPIAREFIT] 1 D]S|F HITYIDIGFISISMTIQCILIL | ESILIPILISISILMWAISISITIAIL KILIQISIUKRESEINSIGIETI T[S VS| | ezl
(QF[PFIGPMACH LI 1 ISICIOCILIZVIPIARFITLLHDIS|FLUHITYIDIGFISISMTIQCILIL L NSILIPILISISILWASISITIALKILIQS[MKEREISTZGRITI T{e v IS|| ezl
c

RYUERE FEORH TESPOYE | SEESETRER T 348
RUEREYEORR ([ETEELESVRETE | KEAP 348

The alignment was generated with CLC Genomics Workbench.
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Figure 4 Genetic analysis of the intracellular regions of Map3 and Mam? that are probably associated with Gpal. (A) Mating frequency of homothallic
M-factor-secreting strains each expressing a chimeric Map3 receptor in which one intracellular (IC) region was replaced with the corresponding
sequence of S. octosporus. (B) Mating frequency of homothallic M-factor-secreting strains each expressing a chimeric Map3 receptor constructed by the
stepwise replacement of IC regions. (C) Cartoon depicting SoM-factor signaling through SoMap3(IL1_2_3_C) and Gpal. (D) Mating frequency of
homothallic SoM-factor-secreting strains each expressing a chimeric SoMap3 in which the indicated IC regions were replaced with the corresponding
sequence of S. pombe. (E) Mating frequency of homothallic P-factor-secreting strains each expressing a chimeric Mam? in which one IC region was
replaced with the corresponding sequence of S. octosporus. (F) Mating frequency of homothallic SoP-factor-secreting strains each expressing a chimeric
SoMam? in which the indicated IC regions were replaced with the corresponding sequence of S. pombe. (G) Mating frequency of homothallic Sogpal
strain. At least 1000 cells were examined for each strain. Data are the mean * SD of nine independent samples. t-test: *P < 0.05; *P < 0.01; **P < 0.001.
EC, extracellular; TM, transmembrane; EL, extracellular loop; IL, intracellular loop; N, N-terminal tail, C, C-terminal tail.
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Figure 5 Genetic analysis of the extracellular regions and transmembrane regions of Map3 and Mam?2. (A) Mating frequency of homothallic M-factor-
secreting strains each expressing a chimeric Map3 in which one extracellular (EC) or transmembrane (TM) region was replaced with the corresponding
sequence of S. octosporus. (B) Mating frequency of homothallic P-factor-secreting strains each expressing a chimeric Mam? in which one EC or TM region
was replaced with the corresponding sequence of S. octosporus. At least 1000 cells were examined for each strain. Data are the mean = SD of nine
samples. t-test: *P < 0.05; *P < 0.01; **P < 0.001. (C) Cellular localization of Map3(TM6)°¢, Map3(EL3)°%, and Mam2(N)“%! whose C-terminal tails were
deleted. A homothallic strain expressing Map3(TM6)“9°-EGFP (TS1236), Map3(EL3)%°-EGFP (TS1237), or Mam2(N)“4°-EGFP (TS1225) was grown on YEA
overnight, and incubated on SPA medium for 24 hours at 30°. Cells were observed by fluorescence microscopy. Map3(TM6)““-EGFP and Mam2 (N)©del-
EGFP were localized to the cell surface, but Map3(EL3)“%L-EGFP was not. Mam2(N)“““.EGFP was partially accumulated in the cytoplasm, as indicated by
arrows. DIC, differential interference contrast; GFP, GFP filter; scale bar, 5 um.

(TS113, TS114, and TS117 failed to mate; >1000 cells in total)
(Supplementary Table S1). Collectively, these data suggest that the
TM6 and EL3 regions of Map3 corresponding to residues 204-264
must be important for its activation by M-factor.

Mutation of F214 and F215 in Map3 restores
mating ability with S. pombe cells secreting
SoM-factor

To find a mutant Map3 receptor that can efficiently recognize
SoM-factor, we performed a random mutagenesis of the map3
ORF (nucleotides 610-792, corresponding to residues 204-264)
(Figure 6A). A high-quality map3 mutant library constructed on a
multicopy plasmid, pAHph-KS(map3*) (see Materials and methods),
was introduced into TS400, an S. pombe homothallic strain secret-
ing SoM-factor. More than 10° colonies on MEA were inspected
for mating capability using efficient colony staining with iodine
vapor, as described previously (Seike et al. 2015). The large-scale
screening yielded 232 putative mating-positive colonies, which
were then microscopically inspected to eliminate false-positive

colonies. Examination of mating capability identified 24 colonies in
total. Plasmids were prepared from these colonies, and the nucleo-
tide sequence of each map3 gene was determined by Sanger se-
quencing, identifying 11 different mutant genes (Supplementary
Table S6). Next, each of these 11 suppressor map3 mutant genes
was integrated into the map3™ locus on chromosome 1, and strains
showing significant mating ability, even in single-copy number,
were selected. Ultimately, six genuine suppressor mutations were
identified (Figure 7A).

In particular, the homothallic strains expressing Map3-F2151/
K231R, Map3-F214Y/F215L, or Map3-F215I showed fairly high
mating frequency (37.1-58.3%; Figure 7A). In addition, the strains
expressing Map3-F204S/M273V, Map3-Y95H/F204L/Q234R, or
F214S/K231E/M273V showed mating, but to a small extent. We
investigated whether these mutant Map3 receptors could also
recognize M-factor by introducing them into the homothallic
map3A strain secreting M-factor. We found that all six strains
mated to some extent (Figure 7B), meaning that the mutant
Map3 receptors were still able to recognize M-factor. Notably, the
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Figure 6 Genetic analysis of the region comprising residues 204-264 of Map3. (A) The 204-264-aa region of Map3 was subdivided into eight domains
(TM6-1, TM6-2, and EL3-1-EL3-6), as indicated above the alignment sequence. (B) Mating frequency of homothallic M-factor-secreting strains each
expressing a chimeric Map3 in which one of the eight domains was replaced. (C) Mating frequency of homothallic M-factor-secreting strains expressing
Map3 with the indicated mutation. At least 1000 cells were examined for each strain. Data are the mean =+ SD of nine samples. t-test: *P < 0.01;

P <0.001.

substitution K231R of Map3 seemed to prevent the efficient rec-
ognition of M-factor [Map3-F215I (67.3 +3.6%) vs Map3-F2151/
K231R (7.4 = 2.8%); Figure 7B].

Next, we focused on the individual amino acid substitutions
found in the suppressor map3 genes and determined whether
one, two, or all three substitutions were required to provide bene-
ficial effects for SoM-factor recognition. As shown in Figure 7C,
F214Y and F215I were clearly the substitutions absolutely respon-
sible for recognizing SoM-factor. However, a mutant Map3 har-
boring a double substitution of F214Y and F215I did not recognize
SoM-factor (Figure 7C), suggesting that these two residues, F214
and F215, in the TM6 region are independently involved in the ac-
tivation by SoM-factor peptide. We also confirmed that the mu-
tant Map3 receptors did not promote signaling in the absence of
SoM-factor (TS887 and TS890 failed to mate; Supplementary
Table S11), indicating that these mutant Map3s are not constitu-
tively active receptors that function in a pheromone-independent
manner.

Mutations of F214 and F215 trigger marked
changes in the discrimination ability of M-factor
The six identified suppressor substitutions of Map3 seemed to
have low specificity for SoM-factor, because they retained the
ability to mate with a strain secreting M-factor (Figure 7B). Gola
and Kothe (2003) previously called such alterations in pheromone
discrimination by mutant receptors “promiscuity.” We therefore
attempted to search for other mating-proficient Map3 receptors
that could recognize SoM-factor. Two target residues (F214 and
F215) were systematically substituted to generate 38 missense
map3 mutants [19 of the F214 mutants were previously reported

by our group (Seike et al. 2015)], in which each of the two residues
was substituted with the 19 other amino acids in turn. The 38
mutated map3 genes were each integrated at the map3™ locus of
two receptor-less homothallic strains secreting either M-factor or
SoM-factor. The mating frequency of the 76 (38 x 2) resultant mu-
tant strains was then inspected by determining the frequency of
mating-cells (Figure 8). Microscopic observations revealed that 10
of these substitutions (F214H, F214N, F214Y, F215A, F215G, F215I,
F215T, F215V, F215W, and F215Y) showed some mating profi-
clency (>0%) via SoM-factor from M-cells. This comprehensive
mating assay indicated that some interspecific combinations of
SoM-factor and mutant Map3 might be sufficiently functional
even in S. pombe.

To confirm these mating results and the improved recognition
of Map3 with SoM-factor, the activation levels of the wild-type
and mutated Map3 receptors were compared in vitro using syn-
thetic M-factor peptides. Map4, a P-type-specific agglutinin, is
expressed in P-cells dependent on M-factor signaling. Therefore,
to assess whether the mutated Map3 receptors are activated by
SoM-factor peptides, we measured B-galactosidase activity under
the map4* promoter (see Materials and methods). In brief, a
map4™©-lacZ fusion plasmid was introduced into heterothallic
P-strains, which were grown in EMM2-N medium containing
synthetic peptide (M-factor or SoM-factor) at 1 uM. After permea-
bilization of cells, B-galactosidase activity was assayed by using
ONPG as a substrate. Some of the tested Map3 receptors (>10% in
Figure 8) recognized synthetic SoM-factor to a considerable ex-
tent (Table 1). As expected, two double mutants (F215I/K231R
and F214Y/F215L), comprising substitutions identified from
screening, gave a high level of Miller units in the presence of

20z 11dy 60 U0 159NB Aq 06 L 2€£9/0S L AeA//6 | Z/a1o1E/SONoUSB/W00"dNo"olWapEo.//:Sd)Y WOy PapEojuMoq


https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab150#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab150#supplementary-data

T. Seikeetal. | 13

A ) SoM-factor B o M-factor
80 % .
70 -
*kk - E‘
s 3 il i.E J_E.
= = 50— .
£ £ 40- :
o 3]
= = 30
20 dkk
*kk
10_ g . *k%k
0 1 T 1 1 * 1 1
of N & & o 8
Q0 A7 o AN
L EF S«
Qb‘:o q',\h\ Q"Q ,5'3’ A
& CLE
KK
« Qq."
C SoM-factor
Rk
50_ *kk ®
40 - JI_','
< 304 o
[=)]
E
T 20-
s
10 -
0 T T 1T 1T 1T 1 I 1T 1T 1T T T
af & B WP P RS e & S8
a° OF Q% NN N7t oy % A
P N U LR LI LR Al S @"'&;\‘""
&

Figure 7 Identification of suppressor of Map3 that restore mating ability of homothallic SoM-factor-secreting strains. (A) Mating frequency of
homothallic SoM-factor-secreting strains with one integrated copy of a suppressor map3 gene. (B) Mating frequency of homothallic M-factor-secreting
strains with one integrated copy of a suppressor map3 gene that recognized SoM-factor. (C) Mating frequency of homothallic SoM-factor-secreting
strains with one integrated copy of a map3 gene with the indicated mutation. At least 1000 cells were examined for each strain. Data are the mean * SD

of nine samples. t-test: *P < 0.05; P < 0.01; **P < 0.001.

SoM-factor. We also found that the Map3-F215G showed the most
efficient activation, which was approximately 13-fold higher than
that of wild-type Map3. In most cases, the mutant Map3 receptors
maintained the ability to be activated by M-factor, as well as SoM-
factor peptides. This observation suggests that substitution of the
F214 and F215 residues tends to alter the discrimination ability of
Map3, enabling it to recognize both M-factor and SoM-factor.
These data demonstrate that a very few mutations of the TM6 re-
gion in Map3 might facilitate cross species signaling, potentially
allowing cross-reactions to occur between closely related species.

Discussion

Genetic changes of a pheromone and its receptor can affect mate
choice between mating partners, providing a prezygotic barrier
within a population (Rogers et al. 2015; Seike et al. 2015). In this
study, we investigated the stringency of Map3 and Mam?2, the

two pheromone receptors of S. pombe. Initially, we found that
SoMap3 and SoM-factor are not functional in S. pombe cells,
whereas SoMam? and SoP-factors partially work (Figure 1, B and
C). This asymmetry in pheromone recognition is really striking: it
indicates that the two GPCRs have differences in recognition of
their pheromones, although they share the same downstream
signaling pathway via the G-protein a-subunit Gpal. A previous
study in S. cerevisiae reported that the STE3 and STE2 genes, encod-
ing Ste3p and Ste2p respectively, are differentially regulated at
both the transcriptional and the post-transcriptional level by
cryptic polyadenylation (Di Segni et al. 2011). Thus, S. cerevisiae
might adopt different strategies to regulate the gene expression
of its two pheromone GPCRs. To our knowledge, such differences
in GPCR regulation have not been reported as yet in S. pombe or
other ascomycete fungi; however, even though the gene clusters
that regulate the downstream signaling of the pheromone recep-
tor may be similar in cells of opposite mating type, they might
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Figure 8 Mating ability of 76 map3 missense mutants obtained after comprehensive site-directed mutagenesis of two key residues in Map3. Mating
frequency of homothallic M-factor-secreting or SoM-factor-secreting strains, each expressing a missense Map3 receptor. Substitutions of the F214 and
F215 residues of Map3 are indicated on the left and right. At least 1000 cells were examined for each strain. Data are the mean * SD of nine samples.
Some of the values are extracted from our study (Seike et al. 2015). Mating frequency is also indicated by the depth of shading, where darker shading
indicates higher frequency.

Table 1 Relative activation of mutated Map3 receptors by

pheromone

Relative Miller units
Substitution +M-factor (1 uM) +SoM-factor (1 pM)
map3* 100 100
Somap3 359=*12.7 48.8+23.4
F2151/K231R 62.2 %55 4321191
F214Y/F215L 198.4+28.2 515.8 +66.3
F214H 43%5.0 116.6 £50.4
F214Y 207.5x9.2 130.2 =115
F215A 609.7 £95.3 480.7 £68.0
F215G 1349+17.4 1352.5%257.9
F215I 120.6 9.6 88.1+19.8
F215W 265.3%£555 118.7+37.2
F215Y 2339+ 346 128.8+26.1

Miller units are expressed as a relative value of the wild-type map3* gene (set
at 100) after subtraction of the control value (addition of methanol instead of
M-factor peptide). p-Galactosidase assays were performed in triplicate, and the
mean * SD is presented.

vary from each other in terms of characteristics such as their ex-
pression and regulation, possibly resulting in the distinct phero-
mone stringencies observed in yeasts.

Fungal pheromone receptors are class D GPCRs. The Mam?2 re-
ceptor for P-factor contains a relatively longer N-terminal EC tail,
reminiscent of Ste2p (Supplementary Figure S4). In this study, re-
placement of the N-terminal EC tail of Mam?2 led to complete ste-
rility (Figure 5B) and the mutant Mam2(N)°*LEGFP was partly
accumulated in the cytoplasm, in addition to localizing to the cell
surface (Figure 5C); therefore, alteration of residues 145 might

prevent the correct folding of Mam?2. In addition, SoMam?2 seemed
to interact poorly with IC proteins of S. pombe, but replacement of
some ILs and the C-terminal region of SoMam?2 with those of
Mam? led to a great improvement in mating capability (Figure 4, E
and F). Collectively, these experimental data suggest that the spe-
cificity of Mam?2 for P-factors is not so stringent.

By contrast, the Map3 receptor contains a much shorter N-ter-
minal EC tails, similar to Ste3p (Supplementary Figure S5).
Although there has some research on Ste3p-like receptors in both
ascomycete fungi and basidiomycete fungi, studies of the Ste3p-
like GPCR are fewer than those of Ste2p-like GPCR (Hagen et al.
1986; Boone et al. 1993). In this study, systematic domain swap-
ping of Map3 clearly showed that the TM6 and EL3 regions might
be critical for M-factor recognition (Figure 5A). Previously, we in-
troduced random mutations into the whole region of the map3*
gene to identify suppressor mutations that restored mating in
sterile M-factor mutants (Seike et al. 2012), and successfully iden-
tified mutations mapped to three residues: F204, F214, and E249
(Seike et al. 2015). Remarkably, all of these residues are located in
the TM6 and EL3 regions. This observation supports the idea that
the region comprising residues 204-264 is largely implicated in
sensitivity to activation of M-factor. In fact, TM6 is also the loca-
tion of changes that lead to several constitutively active Ste3p-
like receptors (Olesnicky et al. 1999). However, none of the con-
structed chimeric receptors showed constitutively active pheno-
types (TS887, TS890, and TS1191-TS1198 failed to mate;
Supplementary Table S11).

The F214 residue was identified as the site of a suppressor mu-
tation in our independent mutation studies (Supplementary
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Table S6). Furthermore, our comprehensive mating assay showed
that two consecutive phenylalanine residues, F214 and F215, af-
fect recognition of M-factor peptide, with significant differences
between the two residues. For example, F215 seemed to show a
more gradually reduced specificity for M-factor as compared with
F214 (Figure 8). In the in vitro activity assay for M-factor, some of
the mutant Map3 receptors in which F215 was substituted were
activated by SoM-factor at an unexpectedly high level (Table 1),
suggesting that this substitution relaxes the specificity of Map3.
We demonstrated that S. pombe P-cells expressing any of the
single-mutant Map3 receptors (F214H, F214Y, F215A, F215G,
F2151, F215W, and F215Y) were able to mate with S. pombe M-cells
secreting SoM-factor (i.e., without wild-type M-factor or Map3)
(Figure 8). These two residues, F214 and F215, are conserved
among the genus Schizosaccharomyces (Supplementary Figure S5),
but their mutation may disturb mate choice (similar to promiscu-
ity), potentially allowing S. pombe cells to form a diploid zygote by
crossing with different species. Amino acid residues located in
the TM6 helix are highly conserved, whereas the EL3 region is
largely varied among species (Supplementary Figure S5). In this
regard, we note that Q233 in the EL3, which affected mating effi-
ciency (Figure 6C), is replaced by His (basic amino acid) in both S.
octosporus and Schizosaccharomyces cryophilus and by Glu (acidic
amino acid) in Schizosaccharomyces japonicus (Supplementary
Figure S5). Thus, the EL3 region may be one of the important
regions for facilitating structural changes of Map3.

None of the loss-of-function mutant receptors that we con-
structed in this study showed dramatic dominant-negative activ-
ity (Supplementary Figure S3). The S. pombe strain coexpressing
Mam?2 and SoMam?2 showed a reduction of about 20% in mating
frequency (Supplementary Figure S3B), but this was possibly be-
cause Mam?2 form a dimer (Velazhahan et al. 2021). Further
experiments are necessary to understand in detail the molecular
recognition of pheromone peptides by GPCRs and the specificity
of both the interaction between a pheromone and its receptor
and between the receptor and downstream IC proteins. However,
we have clearly demonstrated that the stringencies of the Class D
GPCRs Map3 and Mam? differ significantly based on mating and
recombinant assays using S. pombe strains expressing various chi-
meric receptor genes and pheromones. This difference is likely to
be linked to the asymmetric diversification of M-factor and P-fac-
tor in nature (Seike et al. 2019b). Why would such an asymmetric
setting be beneficial for yeast life? Although we have no explana-
tions or working hypotheses for this finding at present, in future
studies we plan to conduct simulation modeling of the evolution-
ary process to understand the effects of fixing pheromone com-
munication in one direction. Fungal pheromone receptors might
be the result of convergent evolution, shedding light on the pher-
omone signaling pathway and the functions of these uncharac-
terized GPCRs. Our study also showed that the TM6 and EL3
regions of Map3 are largely implicated in mate choice between S.
pombe and S. octosporus. This finding might serve as a starting
point for further mutagenesis studies to elucidate the structure—
function relationship of the Class D GPCRs, as well as the molecu-
lar mechanism of prezygotic isolation caused by genetic changes
of a pheromone/receptor system.
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