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1 ABSTRACT 
 
1.1 Abstract 
 
Cell-cell fusion is a fundamental process in sexual reproduction and development but the 
mechanisms mediating and regulating this process are only now beginning to be uncovered. 
Despite recent progress in identifying key players in the plant and protist kingdoms, large gaps 
remain in other Eukaryotic lineages, including fungi. The cell fusion in the mating of the yeast 
Saccharomyces cerevisiae therefore presents itself as an ideal system to understand the molecular 
mechanisms underlying cell fusion in fungi. In an effort to identify novel components of the yeast 
fusion machinery and associated regulators, this thesis reports on the discovery and 
characterization of a membrane protein that negatively regulates the fusion of the plasma 
membrane (PM) which resembles tight junction claudins found in mammals. 
 
A proteomics analysis of pheromone-regulated membrane proteins revealed that components of 
the MCC/eisosomes, a specialized furrow-like, membrane domain important for PM organization, 
were preferentially down-regulated during the pheromone response. An exception was Pun1p, a 
four-pass membrane-spanning protein with a conserved claudin motif, which was up-regulated in 
response to pheromone and was targeted to the transient junction established between two mating 
cells. Whereas deletion of PUN1 and its paralogs presented mild fusion defects, its function was 
distinctly revealed in a sensitized prm1Δ null background, where high-copy expression of PUN1 
resulted in a partial inhibition of cell fusion. Further examination of the Pun1p inhibition activity in 
prm1Δ mutants revealed that PUN1 expression had no effect on lysis or formation of cytoplasmic 
bubbles, two prm1Δ phenotypes that occur after the cell wall (CW) has been remodeled. Instead, 
PUN1 expression inhibited fusion by enhancing the formation of a flat PM interface between two 
cells. However, contrary to previous reports, further analysis revealed that in a proportion of these 
mating pairs, the flat PM interface was structurally stabilized without any underlying CW material, 
suggesting the arrest occurred at a stage after CW remodeling via an unknown mechanism. 
Notably, the Pun1p inhibition activity was dosage and concentration-dependent and was enhanced 
with increasing concentration of Pun1p molecules across the mating junction, indicating additive 
functional trans- interactions. Analysis of the mechanistic basis of Pun1p activity revealed a 
claudin-like activity as a Pun1p mutant version of the conserved claudin motif lost its inhibitory 
activity. Additionally, the mutant protein exhibited localization defects and was modified at the 
monomeric level. Together, these results suggest that Pun1p is expressed in mating conditions 
and localized at the mating junction where it interacts with other unknown proteins to promote the 
formation of a PM junction-like structure similar to mammalian claudin-mediated tight junctions. 
The PM junction-like structure would function as a fusion fidelity checkpoint that negatively 
regulates PM fusion in the event of a compromised fusion machinery.  
 
Finally, the identification of Pun1p as a novel component of the fusion machinery prompted further 
characterization of the mating junction by employing a Horseradish Peroxidase (HRP)-based 
proximity labeling approach. Using a HRP-Fus1p recombinant protein as a proof of principle, 
specific HRP-mediated labeling was observed at the shmoo tip of polarized cells, consistent with 
the pheromone-dependent localization of Fus1p. Although the ultimate objective of characterizing 
the labelled proteins was not plausible during the course of this thesis, these initial findings 
demonstrate the feasibility of this approach in yeast studies and its applicability in elucidating the 
molecular architecture of other similar junctions, a structure which we here refer to as a fertilization 
synapse. 
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1.2 Zusammenfassung 

 
Die Zell-Zell-Fusion ist einer der grundlegenden Prozesse der sexuellen Reproduktion und der 
Entwicklung von Organismen, doch die verantwortlichen molekularen Mechanismen und deren 
Regulation sind bisher nur unzureichend erforscht. Während viele der wichtigsten Faktoren bei 
Pflanzen und Protisten bereits identifiziert wurden, liegt bei anderen Eukaryoten wie Pilzen noch 
Vieles im Dunkeln. Die Zellfusion während der Paarung der Hefe Saccharomyces cerevisiae stellt 
ein ideales System dar, um die allgemeinen molekularen Grundlagen der Zellfusion in Pilzen zu 
untersuchen. Im Zuge der Identifizierung neuer Komponenten der Fusions-Maschinerie und der 
mit ihr assoziierten Faktoren charakterisiere ich in dieser Dissertation ein Membranprotein das mit 
Claudinen in Tight Junctions von Säugern ist und die Fusion der Plasmamembran (PM) negativ 
beeinflusst. 

Eine Proteomik-Analyse von Pheromon-regulierten Membranproteinen zeigte, dass Bestandteile 
des MCC/Eisosoms, eines spezialisierten, an eine Furche erinnernden und für die Organisation 
der Plasmamembran wichtigen Membranbereichs, zum Großteil durch Pheromone 
herunterreguliert werden. Eine Ausnahme davon war Pun1p, ein integrales Membranprotein mit 
vier Transmembransegmenten und einem konservierten Claudin-Motiv, welches durch Pheromone 
hochreguliert und zur vorrübergehend ausgebildeten Kontaktstelle zwischen zwei sich paarenden 
Zellen lokalisiert wurde. Während die Deletion von PUN1 und seiner Paraloge zu schwachen 
Fusionsdefekten führte, wurde seine Funktion in einem sensibilisierten prm1Δ null Hintergrund 
offensichtlich, wo eine Überexpression von PUN1 zu einer teilweisen Hemmung der Fusion führte. 
Eine tiefere Untersuchung der inhibitorischen Aktivität von Pun1p in prm1Δ-Mutanten zeigte, dass 
die Expression von PUN1 die Lyse oder die Ausbildung von zytoplasmatischen Ausstülpungen 
nicht beeinflusst, welche beides prm1Δ-Phänotypen sind die auftreten nachdem die Zellwand (ZW) 
umgeformt wurde. Stattdessen inhibierte die Expression von PUN1, indem die Ausbildung einer 
flachen PM-Grenzfläche zwischen beiden Zellen verstärkt wurde. Allerdings ergab eine 
weitergehende Untersuchung, im Widerspruch zu vorherigen Berichten, dass die flache PM-
Grenzfläche bei einem Teil der sich kreuzenden Zellpaare strukturell ohne Mitwirken von ZW-
Material stabilisiert wurde. Dies deutet darauf hin, dass der Arrest erst nach der Umformung der 
ZW durch unbekannte Mechanismen ausgelöst wurde. Interessanterweise war die Inhibition durch 
Pun1p abhängig von der Dosis und Konzentration, und wurde durch ansteigende Konzentration 
von Pun1p über die Paarungs-Kontaktfläche hinweg verstärkt, was auf additive und funktionale 
trans-Wechselwirkungen hindeutet. Eine mechanistische Analyse der Aktivität von Pun1p ergab, 
dass das Protein ähnlich der Claudine wirkt da die Mutation des Claudin-Motivs den inhibitorischen 
Effekt verhindert. Zusätzlich war das mutierte Protein falsch lokalisiert und vermutlich auch nicht 
korrekt posttranslational modifiziert. Insgesamt deuten diese Ergebnisse darauf hin, dass Pun1p 
unter Paarungs-Bedingungen exprimiert und an den Paarungs-Kontaktflächen lokalisiert ist, wo es 
mit anderen bislang unbekannten Proteinen zusammen die Ausbildung einer PM-Kontaktflächen-
ähnlichen Struktur verursacht die den Claudin-mediierten Tight Junctions in Säugern ähneln. Diese 
PM-Kontaktflächen-ähnliche Struktur würde als Kontrollpunkt für die korrekte Fusion dienen und 
die PM-Fusion verhindern falls die Fusions-Maschinerie kompromittiert ist. 

Schließlich führte die Identifikation von Pun1p als Bestandteil der Fusionsmaschinerie auch zu 
einer tieferen Charakterisierung der Paarungs-Kontaktfläche durch eine Meerrettichperoxidase 
(HRP)-basierte Nähenbestimmung. Als Machbarkeitsbeweis konnte im Fall eines rekombinanten 
HRP-Fus1-Proteins eine spezifische HRP-verursachte Markierung in der Shmoo-Aubsuchtung 
beobachtet werden, was sich mit der Pheromon-abhängigen Lokalisation von Fus1p deckt. Und 
obwohl das abschließende Ziel, die Charakterisierung der markierten Proteine, im Rahmen dieser 
Arbeit nicht erreicht werden konnte, zeigen diese vorläufigen Ergebnisse die Durchführbarkeit des 
Ansatzes in Hefe-Studien und seine Anwendbarkeit zur Aufklärung der molekularen Architektur 
von anderen ähnlichen Verbindungen, einer Struktur die als Befruchtungs-Synapse bezeichnet 
wird. 
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2 Introduction 
2.1 Cell-cell fusion: a ubiquitous process 
Cell-cell fusion is a fundamental biological process that occurs throughout eukaryotic development. 
Gamete fusion during fertilization defines the onset of life while fusion of somatic cells such as 
myoblasts, trophoblasts and macrophages facilitates the formation of muscle fibers, placenta 
syncytia and osteoclasts, respectively (reviewed by [1], [2], [3], [4]). Cell fusion events also occur 
during viral infections and intracellular trafficking between organelles ([5], [6]). The fusion of two or 
more cells is a multi-step process that involves cell-cell recognition and adhesion, cytoskeletal 
rearrangements and removal of the intervening material or extracellular matrix such as cell wall or 
protoplast to allow close plasma membranes (PMs) apposition. Once the PMs appose, activation 
of the fusogenic machinery mediates PM fusion and lipid mixing resulting in fusion pore formation 
and cytoplasmic content mixing upon fusion pore expansion ([3], [7]).  

Notably, the rate-limiting step of all fusion events is the merging of two PMs. Preceding membrane 
merger, adhesion molecules closely appose the fusing membranes to an atomic distance of about 
20 nm. As the fusing membranes approach a distance of below 10nm, high energy barriers 
including: (i) high membrane repulsive ‘hydration force’ and expulsion of the water molecules that 
exist between the apposed membranes, (ii) displacement of membrane proteins towards the 
periphery, (iii) membrane deformations and lipid bilayer rearrangements, must be surmounted in 
order for the membranes to fuse ([3], [8], [9]). Consequently, membrane merger does not occur 
spontaneously but instead, specialized proteins known as fusogens lower these high energy 
barriers to metastable transition states that favor fusion ([5], [6], [10]). Interestingly, apart from the 
extensively studied virus-cell and intracellular vesicle fusion events, very few bona fide fusogens 
have been identified and characterized. Importantly, a molecular understanding of gamete fusion 
in mammals and fungi and the fusogens that mediate this fundamental process remain elusive. 
Additionally, the regulatory mechanisms that prevent unwanted cellular fusion are not well defined. 

2.1.1 Plasma membranes fuse via a hemifusion stalk intermediate formation 

As mentioned, the merging of two membranes is the defining step of all fusion events. PM fusion 
is generally proposed to occur via two mechanisms: (i) direct PM fusion through the formation of a 
proteinaceous fusion pore or, (ii) fusion through a hemifusion intermediate ([11], [12]). The highly 
studied membrane fusion events of viral infections and intracellular vesicular trafficking have led to 
the understanding that PM fusion mainly occurs via a hemifusion intermediate ([12], [13], [14], [15], 
[16], [17]). Following close membrane apposition and destabilization by the activity of fusogens, 
apposed outer leaflets of the bilayers merge while the distal inner non-contacting leaflets remain 
separate, forming a fusion stalk (Figure 1). Subsequent lipid mixing and expansion of the fusion 
stalk results in formation of an intermediate structure called the hemifusion diaphragm (HD). The 
HD minimizes the area of membrane apposition and results in a corresponding decrease in the 
repulsive forces. Finally, fusion of the inner leaflets results in formation of a fusion pore lined by the 
fused lipid bilayers ([12], [14], [16], [17], [18]). Once the fusion pore is formed, high protein 
concentrations at the fusion zone mediate fusion pore expansion ([12]). Consistently, low protein 
concentrations due to proteolysis or protein inactivation results in dissociation of the hemifusion 
intermediate ([13], [17], [19]). 

For PM fusion to occur, the membrane lipid composition and the respective lipid molecular shapes 
are important determinants of the bilayers’ propensity to bend and fuse ([18]). Lipids such as 
phosphatidylcholine (PC) that contain equal polar heads and hydrophobic tails adopt a cylindrical 
shape. As a result, they tend to form flat to slightly negative curvature monolayers upon assembly. 
On the other hand, lipids such as phosphatidylethanolamine (PE), oleic acid (OA) and 
diacylglycerol (DAG) that contain larger hydrophobic tails when compared to their polar head 
groups adopt a cone-like shape upon association. Consequently, they form negative curvatures 
that splatter in the direction of the hydrophobic tails, a phenomenon that favors membrane bending 
and hemifusion intermediate formation ([12], [16], [18]). On the contrary, lysophosphatidylcholine 
(LPC) and polyphosphoinositides are characterized by large polar heads and small hydrophobic 
tails and are often termed as inverted cones. These tend to spontaneously form positive curvatures 
upon association, a phenomenon that favors membrane bending while inhibiting hemifusion stalk 
formation ([14], [20], [21]). Intriguingly, LPC favors pore formation when present on the distal 
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leaflets of fusing membranes, suggesting that positive curvature is critical during pore formation 
particularly at the edges (Figure 1) ([12], [21], [22]). 

 

 

Figure 1: PM fusion proceeds via a hemifusion stalk intermediate formation. (a) PM fusion begins when the fusing 
membranes make the initial contact. The membranes are composed of lipid bilayers (blue lines depict lipid heads) 
as well as integral and peripheral membrane proteins (pink shapes). (b) Fusogens mediate a closer PM apposition 
and displace membrane proteins towards the periphery. (c) Fusion of outer bilayer leaflets results in formation of 
a hemifusion stalk intermediate. (d) As the hemifusion stalk expands, it creates a hemifusion diaphragm (HD) that 
minimizes the area of PM apposition and lowers the bilayer repulsive force. (e) Fusion of the distal leaflets leads 
to formation of an initial fusion pore, (f) that expands allowing cytoplasmic mixing and completion of the fusion 
process. The molecular shape of lipids determines the propensity of bilayer deformation. Lipids such as 
lysophosphatidylcholine (LPC) spontaneously form inverted cone-shapes (green) and do not favor hemifusion 
stalk intermediate formation. When present in the distal leaflet, LPC fits the fusion pore positive curvature and 
promotes pore opening.  Adapted from: ([23]). 
 
 
Therefore, with the existing understanding of PM fusion, it is generally acceptable that a bona fide 
fusogenic machinery, whether a single protein or a protein complex, mediates fusion by 
dehydrating the bilayer polar head groups, promoting hemifusion intermediate formation and pore 
formation and expansion ([3]). Indeed, Influenza virus Hemagglutinin HA2 subunit and the SNARE 
proteins are the two extensively characterized bona fide fusogens ([5], [6]). Recent advances have 
led to the identification of additional fusogens, a few of which have been discussed below. These 
include the developmental fusogens EFF-1 and AFF-1 that mediate fusion in Caenoharbditis 
elegans, Myomerger and Myomixer that facilitate myoblast fusion and the Syncytin-1 protein 
involved in placenta trophoblast fusion ([10], [24], [25], [26], [27], [28]). Hitherto, HAP2/GCS1 is the 
only known fusogen and mediates gamete fusion in plants, algae and protists ([29]). However, the 
absence of HAP2/GCS1 in vertebrates and fungi suggests the presence of an alternative gamete 
fusogenic machinery in these organisms. Whether these machineries are composed of single or 
multiple proteins is currently unknown. Furthermore, it remains elusive whether the molecular 
mechanisms of fusion are similar across the different organisms. 
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2.2 Bona fide fusogens 
2.2.1 Virus-cell fusion: Influenza Hemagglutinin (HA)  

The fusion of enveloped viruses with host target cells is one of the highly characterized membrane 
fusion events. Enveloped viruses such as Influenza, HIV and Ebola infect host cells via surface 
glycoproteins expressed on the viral envelopes. Occasionally, these surface glycoproteins also 
mediate cell fusion of infected cells with non-infected cells resulting in viral propagation and 
virulence ([30], [31]). During membrane fusion, viral glycoproteins perform the fusogenic activity of 
bringing the membranes into close apposition and overcoming the energy barriers associated with 
membrane deformation, hemifusion stalk formation and fusion pore formation and expansion ([32]). 
While some viruses such as retroviruses require only one glycoprotein, others such as the 
paramyxoviruses and herpesviruses require multiple glycoproteins, and the concerted efforts 
facilitate membrane fusion ([30]). In addition, various viruses require different fusion triggers often 
involving ligand binding such as low pH, host cell receptor binding, presence of a co-receptor on 
the host cell surface or a combination of both. However, in viruses such as HIV, Hepatitis or the 
Sendai virus, fusion can occur on the cell surface and at neutral pH ([5], [30], [32]). Regardless of 
the trigger mechanism, the fusogenic glycoproteins undergo a conformational change from the 
native prefusion to a fusion-competent state, a process commonly referred to as ‘priming’.  

The fusion of the Influenza virus with host target cells is one that is best understood mechanistically. 
It involves a trimeric-hairpin, spring-loaded model of fusion, although compelling evidence suggests 
that most viruses generally adopt a similar model ([33], [34], [35], [36], [37]). Infection of target cells 
by the Influenza virus is facilitated by the Hemagglutinin (HA) glycoprotein, of which about 300- 
500 225kDa trimeric HA spike proteins exist on the viral cell surface ([38], [39]). HA is secreted as 
a precursor protein HA0 which undergoes a post-translational cleavage in the trans-Golgi network 
(TGN) or in the endocytic vesicles to yield two subunits, HA1 and HA2 ([40], [41], [42], [43]). The 
HA1 contains a sialic-acid binding domain linked via a disulfide bond to the three-chain alpha helical 
coiled coil of the HA2 subunit (Figure 2A). The three-chains of the alpha helical coiled coil are 
spread apart from the three-fold axis, generating a pocket in which the N-terminal hydrophobic 
fusion peptide is inserted ([40], [43], [44]). Upon receptor-binding via HA1 to the sialic acid moiety 
on target cell glycoproteins, the virus is taken up into endosomes where endosomal maturation 
results in a pH shift to an acidic pH ([42], [45]). The acidic pH triggers an irreversible conformational 
change on HA1 head resulting in exposure of the HA2 N-terminal hydrophobic fusion peptide and 
subsequent activation of membrane fusion ([36], [46], [47], [48]).  

The hydrophobic fusion peptide, about 20-25 residues and connected to the helix via a loop, then 
assembles into a metastable, homo-trimeric pre-hairpin intermediate that inserts into the target 
membrane (Figure 2A) ([5], [49]). The folding back of the inserted trimeric pre-hairpin into an 
energetically stable hairpin structure pulls the target membrane towards the viral envelope, 
resulting in the close apposition of the two membranes. The collapse of the pre-hairpin and the 
continuous anchoring of the HA2 C-terminus on the viral membrane results in distortion of the two 
membranes, thus lowering the energy barrier ([37], [42], [50]). However, recent cryotomography 
structural studies suggest that the target membrane is highly deformed as opposed to viral 
membrane, generating a dimpled, open-mouthed lipid funnel with the viral membrane at the base 
([51], [52]). Consistently, the phosphatidylcholine (PC) curvature of the distal endosomal 
membrane leaflet, and the dimpled lipid funnel of the target membrane may insert into the viral 
membrane, favoring the merging of the outer leaflets of the bilayers to form a hemifusion 
intermediate stalk (Figure 2A) ([21], [52], [53], [54]). Further endosome maturation results in 
weakening of the protective viral matrix layer and opening of the hemifusion intermediate stalk to 
form a fusion pore. As HA2 undergoes further refolding, it stabilizes the open pore state, allowing 
the fusion pore to dilate and permit viral content release ([51], [55], [56]). 

Indeed, the general fold and structure of the viral glycoproteins in the pre and post-fusion 
conformations has led to the classification of viral fusogens into three main classes namely: class 
I fusogens characterized by an alpha-helix fold, class II fusogens containing a β-sheet fold, and 
class III fusogens that contain a mix of both class I and class II ([40]). Finally, the  ability of HA to 
induce syncytia formation in heterologous cells confirms that it is a bona fide fusogen ([57], [58]). 
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2.2.2 Intracellular vesicle trafficking: SNARE proteins  

Eukaryotic exocytosis events such as neurotransmitter release at the neuronal synapses, and the 
yeast secretory and vacuolar pathways involve the fusion of intracellular and extracellular 
membranes ([59], [60], [61], [62]). The fusion of exocytic vesicles with target membranes is 
mediated by several proteins including members of the soluble N-ethylmaleimide-sensitive factor 
(SNF) attachment protein receptor (SNARE) protein family, Rab proteins as well as the Sec1/Munc-
18 (SM) related proteins ([61], [63], [64], [65]). The highly characterized SNARE proteins include 
the synaptic vesicle-associated Synaptobrevins/VAMPs (v-SNAREs or R-SNAREs) and the target 
membrane-associated Syntaxin 1 and Synaptosome-associated protein of 25kDa (SNAP-25) (t-
SNAREs or Q-SNAREs) involved in synaptic fusion events ([6], [61], [66]). In yeast intracellular 
trafficking, the v-SNARE homologs include Snc1 and Snc2 proteins, while the heterodimer 
composed of Sec1 and Sso1/2 proteins represents the t-SNARE homolog ([67], [68]). The Syntaxin 
and Synaptobrevin families are characterized by the presence of a single SNARE motif flanked by 
a variable N-terminus and a C-terminal transmembrane region necessary for membrane anchorage 
as well as mediating protein-protein interactions. The SNARE motif, consisting of approximately 60 
residues, mediates the assembly of SNARE proteins into SNARE complexes necessary in fusion 
([61], [69], [70]). On the other hand, the t-SNARE SNAP-25 consists of two SNARE motifs 
separated by a cysteine-rich sequence and lacks the transmembrane regions. The post-
translational attachment of palmitoyl lipids to the cysteine residues facilitates its anchorage to the 
membranes ([71], [72]).  

During neuronal vesicular transport and membrane tethering via the Rab proteins, the three 
SNARE proteins undergo conformational changes and assemble in trans in a 1:1:1 stoichiometry 
ratio via their SNARE motifs, forming highly stable ternary helical core complex ([64], [65], [73], 
[74], [75], [76]). The four SNARE motifs, each from Synaptobrevin 2 and Syntaxin 1a and two from 
SNAP-25, assemble into a four-helical bundle about 12nm long, with the individual helices twisted 
parallel to each other ([65], [75], [77], [78]). The N- to C-terminal zippering assembly exerts a pulling 
force on the interacting membranes resulting in close membrane apposition to ~8 nm distance 
(Figure 2B) ([79], [80]). Additionally, their transmembrane domains assemble into homotypic and 
heterotypic oligomeric complexes, further contributing to the complex stability ([77], [81]). The 
SNARE assembly results in the formation of a hemifusion stalk intermediate. Indeed, mutations in 
the SNARE complex result in a block in fusion with the membranes arresting at defined hemifusion 
intermediate stages ([17], [82], [83]). 

Therefore, similarly to the viral fusogens, the SNAREs mediate fusion by undergoing the initial 
steps of membrane tethering and activation of the fusogenic machinery. Conformational changes 
and foldback of the fusogenic machinery exert a pulling force on the membranes resulting in close 
membrane apposition and subsequent hemifusion intermediate formation. Notably, the two classes 
of fusogens do not require external energy to drive fusion. Instead, the respective protein folding 
generates sufficient energy to closely appose the two membranes and drive fusion ([8]). However, 
contrary to the irreversible viral membrane fusion mechanism, the SNARE core complexes can 
undergo dissociation in an ATP hydrolysis-dependent manner to allow recycling of the SNARE 
proteins ([62]). Consequently, the downstream events of distal membrane leaflets mixing, and pore 
formation are suggested to proceed via unknown proteins. Presence of transient and reversible 
fusion pores that can undergo numerous cycles of opening and closing has been reported in 
exocytosis events, suggesting the existence of fusion pore intermediates ([84], [85]). Additionally, 
intracellular trafficking requires the presence of SNAREs in both membranes (t-SNAREs and v-
SNARES) as opposed to viral fusion that is unilaterally mediated by the viral glycoproteins (Figure 
2B). Nonetheless, both the SNAREs and the viral fusogens are sufficient to induce fusion in vitro, 
suggesting that they are bona fide fusogens ([86]). 
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Figure 2: Proposed ‘spring-loaded’ model of HA-mediated membrane fusion and the SNARE proteins. (A) 
Prefusion HA structure at neutral pH (PDB 1HGF). Viral binding to the host membrane occurs via the HA1 (red) 
interaction with sialic acid moieties resulting in viral uptake into endocytic vesicles. A pH change in the endosome 
triggers a conformational change resulting in the swinging away of the HA1 domain and exposure of the HA2 N-
terminal hydrophobic fusion peptide (FP) (dark blue) to the host membrane. A fully or partially extended homo-
trimeric pre-hairpin intermediate is formed and inserts into the host membrane. A foldback of the inserted trimeric 
pre-hairpin into an energetically stable hairpin structure pulls the host membrane towards the viral envelope, 
resulting in the close PM apposition, promoting hemifusion stalk formation and ultimate pore formation. (B) 
Model of a trans-SNARE complex comprising of the v-SNARE Synaptobrevin and the t-SNAREs Syntaxin and 
SNAP-25. The four SNARE motifs assemble into a four-helical bundle that upon zippering, exerts a pulling force 
on the interacting membranes resulting in close membrane apposition, and promoting hemifusion stalk formation 
and pore opening. Figures adapted from ([87], [88]). 

 

2.2.3 Placental trophoblast fusion and syncytia formation: Syncytins 

The mammalian placenta is a vital organ for embryo implantation and development. It is composed 
of cytotrophoblasts, endoderm and extraembryonic mesoderm cells. The cytotrophoblasts form 
part of the outer epithelial cells while the endoderm and extraembryonic mesoderm cells form the 
inner cell mass (ICM) ([89]). Consequently, the cytotrophoblasts physically connect the embryo to 
the uterus. During pregnancy, embryo maturation requires the fusion of trophoblasts to form a thin 
multinucleated syncytiotrophoblast layer or syncytium that constitute the materno-fetal interface 
([24], [90]). The syncytium not only establishes an immuno-tolerant environment necessary for fetal 
development, but also provides an exchange surface for fetal and maternal vascular connections. 
Additionally, syncytiotrophoblasts promote tissue remodeling and specific hormone synthesis and 
secretion necessary for overall fetal growth and development ([89], [91], [92], [93]). 

The presence of retroviral elements in the placenta led to the identification of the fusogenic protein 
Syncytin-1 ([24], [94]). The human syncytin gene, flanked by 5’ and 3’ long terminal repeat regions 
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(LTR), encodes an envelope protein of the human endogenous retrovirus family W (HERV-W) ([90], 
[24], [95]). Syncytin-1 is mainly expressed in placental syncytiotrophoblasts although fewer 
syncytin-1 transcripts have also been detected in other reproductive tissues including the 
endometrium, ovary and testis ([24], [96], [97], [98]). Its placental expression is regulated by 
increased DNA demethylation of 5’ LTR cytosines in the CpG island and elevated cyclic adenine 
monophosphate (cAMP) levels ([99], [100], [101], [102]). Interestingly, syncytin-1 transcripts have 
also been detected in various cancers including endometrial, ovarian and breast cancer, where 
syncytin-1 is proposed to mediate cell proliferation ([100], [103], [104]). 

Similarly to other viral envelope proteins, Syncytin-1 is expressed as a precursor protein of ~75kDa. 
Upon post-translational cleavage in the trans-Golgi, Syncytin-1 yields a surface (SU) subunit and 
a transmembrane (TM) subunit ([90], [105]). The two subunits subsequently associate via a 
disulfide bond forming a SU-TM complex that is trafficked to the cell surface. At the cell surface, 
the SU subunit mediates receptor recognition by interacting with the Type D mammalian retrovirus 
receptor, a ubiquitously expressed sodium-dependent neutral amino acid transporter type 2 
(ASCT2), present on the target membrane ([90], [94]), [106], [107]). The SU-receptor interactions 
result in conformational changes on the TM subunit necessary for its activation. The fusion peptide 
on the N-terminus of the TM subunit interacts with the target membrane and promotes fusion, 
analogous to the highly characterized unilateral viral fusion ([94]). Additionally, the two heptad 
repeats present on the TM subunit have been implicated in the fusion process while its C-terminus 
possesses a fusion inhibitory activity, similar to the fusion inhibitory R-peptide reported in Murine 
leukemia virus (MLV) ([90], [108]). Importantly, Syncytin-1 mediates both homotypic 
cytotrophoblast fusion in the human trophoblastic choriocarcinoma BeWo cell line as well as 
heterotypic fusion in a variety of cell lines including HeLa, COS, 293 cells and TE671 human cells, 
corroborating its fusion sufficiency ([24], [94]). 
 
A second protein Syncytin-2 encoded by HERV- FRD-1, mediates cytotrophoblasts fusion in 
humans ([109], [110]). In contrast to syncytin-1, Syncytin-2 mediates fusion in different cell types. 
It portrays a unique, highly fusogenic activity in feline and other human cell lines, and to a lesser 
extent in HeLa cells ([109]). These differences therefore suggest that Syncytin-2 uses a different 
receptor to the Syncytin-1 type D mammalian retrovirus receptor. Nevertheless, Syncytin-2 
possesses the canonical retroviral envelope protein characteristics including the SU and TM 
subunits and an immunosuppressive domain in TM subunit whose activity protects the fetus from 
maternal immune responses ([109], [111]). Intriguingly, recent studies have implicated Syncytins 
in osteoclast development and myoblast fusion in mice, confirming their fusogenic activity ([112], 
[113], [114]). 

Overall, the discovery of the Syncytin proteins is a clear indication of opposite evolutionary 
dynamics involving the positive selection of viral genes that are beneficial to the human host as 
opposed to viruses acquiring beneficial genes from their hosts ([24]). Indeed, a placenta-specific 
Syncytin-Ory1 protein has been identified in rabbits and mediates syncytiotrophoblast formation 
([115]). Similarly, Syncytin- A and Syncytin- B, although phylogenetically unrelated to Syncytin-1 
and Syncytin-2 and use different surface receptors, mediate cytotrophoblast fusion in mice ([116]). 
These data thus suggest the evolutionary acquisition and conservation of the endogenous retroviral 
protein across different organisms. 

2.2.4 Developmental fusion family proteins: EFF1 and AFF-1 

Cellular development in the nematode Caenorhabditis elegans (C. elegans) involves the fusion of 
various cells such as those of the hypodermis, pharynx and vulva to generate multinucleated cells 
and initiate syncytia formation. About one third of C. elegans somatic nuclei are present in syncytial 
cells that arise from cell-cell fusion events ([25], [117], [118]).  

Two fusion family (FF) proteins, Epithelial Fusion Failure (EFF-1) and Anchor Fusion Failure (AFF-
1), mediate in vivo cell-fusion processes in C. elegans ([25], [26]). EFF-1 is a type 1 integral 
membrane glycoprotein that mediates fusion of epidermal and vulval epithelial cells ([10], [25], 
[119]). The full-length EFF-1 contains an extracellular N-terminus and a cytoplasmic C-terminus 
although additional isoforms arising from alternative splicing exist ([25]). The N-terminus is 
characterized by an extracellular hydrophobic peptide (EHP) comparable to that of viral fusogens 
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and is crucial for EFF-1 fusogenicity ([25], [120]). Additionally, the N-terminus contains a putative 
phospholipase A2 (PLA2) aspartic acid active sites region. Although previously presumed to 
mediate membrane lipid digestion during fusion events, recent mutagenesis studies have revealed 
that the PLA2 sequence is dispensable in the fusion process ([25], [120]). AFF-1 on the other hand 
mediates fusion of anchor cells to form the uterine-vulval tube as well as pharyngeal muscles. AFF-
1 expression is regulated by the transcription factor FOS-1 and its fusogenic activity is temporally 
limited to small membranes ([26]). Despite the different fusion action sites, EFF1- and AFF-1 share 
a general protein structure characterized by a glycosylated ectodomain containing eight conserved 
disulfide bonds and a TGF-β-type 1 Receptor-like fold ([25], [26]). These structural similarities are 
suggestive of conserved fusion mechanisms ([26], [121]). Indeed, FF proteins are functionally 
conserved across nematodes and FF orthologs have been detected in other species such as 
chordates, protists and arthropods ([119], [121], [122], [123]).  

Notably, EFF-1-mediated fusion is homotypic and restricted only to EFF-1 expressing cells. For 
these cells to fuse, EFF-1 must be expressed on both fusion partners at relatively and mutually 
high levels, suggesting a bilateral EFF-1 fusion mechanism ([120], [123], [124]). Prior to fusion, 
EFF-1 is transiently localized at the apical edges of fusion competent cells ([120], [125]). The C-
terminus of the extracellular domain mediates protein-protein interactions necessary for the 
formation of EFF-1 protein complexes at the cell surface ([120], [123]). Interestingly, loss of the 
extracellular hydrophobic peptide results in protein mislocalization, suggesting that this domain is 
necessary for correct protein translocation but not protein oligomerization ([120]). Indeed, EFF-1 is 
secreted in both monomeric and trimeric forms, in which the trimeric form is structurally similar to 
class II viral fusogens (Figure 3) ([126]). Similarly to SNAREs and viral fusogens, both FF proteins 
mediate fusion via hemifusion intermediate formation as demonstrated by reversible inhibition of 
EFF-1 mediated fusion by the hemifusion-inhibiting lipid, lysophosphatidylcholine (LPC) ([12], 
[123]). It has been proposed that monomeric, metastable EFF-1 molecules across the apposed 
membranes undergo an irreversible trans-oligomerization stage to form a stable post-fusion trimer. 
Analogous to the viral hairpin formation, EFF-1 trans-trimerization results in a conformational 
change of the ectodomain, subsequently bringing the TM segments into close proximity. These 
changes deform the apposed membranes to facilitate membrane merger and distal leaflet fusion 
([12], [123], [126]). Once the two membranes fuse, a fusion pore is formed at the adherens junction-
containing cell apex. The pore then expands towards the basal direction while displacing the 
junction components and internalizing the apposed membranes ([117]). Upon fusion completion, 
EFF-1 is removed from the contact site in a Dynamin and Rab5 GTPase-dependent endocytosis 
to prevent excessive ectopic fusion ([125]). 

The ectopic expression of EFF-1 on nematode cells that do not normally fuse results in fusion. 
Additionally, the ability of EFF-1 to induce fusion in heterologous cells confirms its fusion sufficiency 
as a bona fide fusogen ([10], [120], [121], [123]). Similarly, AFF-1 can fuse heterologous cells and 
confer infectivity to pseudo-viruses expressing surface AFF-1 instead of the VSVG surface protein 
([121]). Interestingly, EFF-1 can form heterotypic interactions with AFF-1 to promote fusion in 
heterologous cells ([121], [127]). However, despite their high fusion potency, the two FF proteins 
do not interact in vivo. Moreover, EFF-1 expression and localization is highly regulated, indicative 
of a regulated developmental fusion process that possibly involves the formation of barriers 
between adjacent cells to prevent non-specific fusion ([119], [121]). Indeed, EFF-1 overexpression 
results in unspecific fusion ([119]). Deletion of EFF-1 leads to fusion failure in epidermal and vulval 
epithelial cells although upstream events such as cellular differentiation and pattern formation 
remain unaffected ([25]).  

In conclusion, EFF-1 shares some fusion characteristics with viral fusion peptides and SNAREs 
such as fusion via a hemifusion intermediate and formation of protein complexes. However, its 
activity is distinct in that it requires EFF-1 expression on both mating types. This phenomenon not 
only highlights the possible trans homotypic interactions of EFF-1 molecules, but also presents an 
additional regulatory mechanism to prevent unwanted fusion events.  
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2.2.5 Gamete fusion: HAP2/ GCS1 

The Hapless 2/Generative Cell Specific 1 (HAP2/GCS1) protein is the only known gamete fusogen 
that mediates fusion in evolutionary distant organisms such as Arabidopsis thaliana, 
Chlamydomonas reinhardtii, Tetrahymena thermophila, Dictyostelium discoideum and the 
parasites of the genus Plasmodium and Leishmania ([29], [128], [129], [130], [131], [132], [133]). 
HAP2 is however absent in vertebrates and fungi. Similarly to C. elegans EFF-1, HAP2/GCS1 is a 
type 1 membrane glycoprotein characterized by a N-terminal signal peptide, a large ectodomain 
containing the conserved HAP2/GCS1 family H/G domain and a cytoplasmic C-terminal tail ([134]). 
The H/G-containing ectodomain is required for proper protein localization to the plasma membrane 
while the cysteine motifs in the cytoplasmic domain are critical for protein targeting to the fusion 
site. The cytoplasmic domain is also responsible for HAP2 fusogenicity ([135]).   

The high structural similarity of HAP2 to class II viral fusogens and EFF-1 implicates HAP2/GCS1 
as a class II fusogen (Figure 3) ([126], [127], [136], [137], [138]). However, in contrast to EFF-1, 
HAP2/GCS1 expression and activity varies across the different species. Whereas HAP2/GCS1 is 
expressed in male gametes in A. thaliana, C. reinhardtii and P. falciparum, it is expressed in all 
mating types of the seven-sexed isogamous ciliate T. thermophila ([29], [129], [130], [131], [132]). 
In T. thermophila, HAP2 is localized at the mating junction and is implicated in stabilizing the mating 
pair as well as mediating membrane pore formation ([129]). In the green alga C. reinhardtii, HAP2 
is necessary during fertilization between the plus and minus gametes. While FUS1, expressed in 
the plus gametes, mediates prefusion attachment of the mating structures to approximately a 10 
nm gap, HAP2 is localized to the membrane surface of the minus gamete and facilitates membrane 
fusion ([29], [139]). Similarly in the malaria parasite Plasmodium, P48/45 protein complex functions 
in the preceding gamete adhesion step whereas HAP2 is localized along the length of the male 
gamete and mediates gamete membrane fusion ([29], [140]). Notably, HAP2 gene deletion in both 
organisms results in membrane fusion failure and a subsequent block in fertilization, but gamete 
adherence remains unaffected ([29], [134]). In the slime mold D. discoideum, HAP2/GCS1 
orthologs HgrA and HgrB are expressed in the mating types I and II that correspond to the male 
gametes but are absent in the female mating type III strain ([128]). HgrA and HgrB are localized to 
the gamete membrane and mediate gamete fusion. It is unclear whether the two proteins form a 
fusogenic complex or can function individually. Nonetheless, cells deleted of either gene are unable 
to complete conjugation, indicating that HgrA and HgrB are indispensable in the membrane fusion 
process ([128]).  

In A. thaliana, HAP2/GCS1 is expressed in mature sperms and is present in intracellular vesicles. 
Following sperm-egg interactions, HAP2/GCS1 is released from the intracellular vesicles and 
distributed at the sperm surface before being localized to the fusion zone ([29], [141]). HAP2/GCS1 
mediates correct pollen tube guidance to the ovules, and hap2Δ mutants exhibit disordered pollen 
tube growth within the ovary hampering sperm cells from reaching the ovules. In cases where the 
pollen tube is correctly targeted to the ovules, HAP2/GCS1 mediates membrane merger events 
between the egg and the central cell with the two sperm cells, hence is necessary for fertilization. 
Additional studies implicate HAP2/GCS1 in seed formation ([131], [132], [133]). Interestingly, 
hap2Δ mutants undergo normal sperm development and exhibit wild type-like transport within the 
pollen tube ([132]). Similarly to C. elegans EFF-1, cells expressing HAP2/GCS1 fuse via hemifusion 
intermediates formation ([127]). In addition, the A. thaliana HAP2 can fuse heterologous cells 
confirming its fusogenic activity. However, fusion in heterologous systems requires the presence 
of HAP2/GCS1 in both fusing cells, supporting a HAP2/GCS1 bilateral fusion mechanism ([127]). 
Furthermore, A. thaliana HAP2 and C. elegans EFF-1 can form heterotypic trans-interactions and 
mediate fusion, suggesting a possible direct protein interaction and similar fusion mechanisms 
([127]). 

Altogether, these studies indicate that while the different organisms employ species-specific 
proteins for upstream events including gamete adhesion, HAP2 remains a conserved fusogen that 
mediates membrane merger. This strongly suggests that HAP2 may be an ancient fusogen and 
that divergence at upstream events could be a mechanism to meet evolutionary needs. 
Additionally, the structural as well as functional similarities between class II viral fusogens, EFF-1 
and HAP2/GCS1 further reinforce a possible common ancestry of the three classes of proteins that 
have evolutionarily diverged. Indeed, these proteins have recently been categorized as Fusexins 
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due to their ability to promote fusion both in gametes as well as somatic cells ([127], [136], [137]). 
Nevertheless, the proposed bilateral HAP2 membrane fusion mechanism does not reconcile with 
the in vivo data in which HAP2/GCS1 is exclusively expressed in the sperm cell. The HAP2 
receptors or HAP2/GCS1-like interactors expressed on the egg surface thus remains elusive. 
Furthermore, it remains unclear whether these supposed receptors and/or interactors constitute 
possible trigger mechanisms for HAP2, considering its similarity to class II viral fusogens.  

 

 

Figure 3: The A. thaliana HAP2 and C. elegans EFF-1 ectodomains are structurally similar to class II viral 
fusogens. (A) A. thaliana HAP2 is a type 1 membrane protein with an N-terminal signal peptide (sp), a large 
ectodomain that consists of a H/G domain, a short transmembrane region (TM) and a cytoplasmic endodomain. 
(B) A. thaliana HAP2 and C. elegans EFF-1 (PDB 4OJC) ectodomains are structurally similar to class II viral 
fusogens of Dengue virus E glycoprotein (PDB 4GSX), Semliki Forest virus (SFV) E1 glycoprotein (PDB 1RER) 
and severe fever with thrombocytopenia syndrome virus (SFTSV) glycoprotein Gc (PDB 5G47). The overall fold 
of the three domains: β-barrel domain 1 (D1) (red), a β-stranded domain II (DII) (yellow), and an Ig-like C2-set 
topology module (DIII) (blue) is similar to that of class II viral fusogens. The domain color code is also depicted 
in (A). Notably, the structural similarities are applicable to entire HAP2/GCS1 family. Figure adapted from 
([127]).  

 

2.2.6 Sperm-oocyte fusion: Known effector proteins 

The cellular fusion of a sperm and egg (oocyte) to generate a diploid zygote during fertilization 
signals the onset of life and the introduction of genetic diversity. During in vivo fertilization, the 
sperm cell characterized by a nucleus and acrosome-containing head, a mitochondria-containing 
midpiece and a motile tail, swims through the uterus into the oviduct. Once in the oviduct, the sperm 
encounters the egg, a large cell surrounded by a transparent glycoprotein protective matrix known 
as the Zona pellucida (ZP) ([142], [143]). The invention of in vitro fertilization has facilitated the 
dissection of fertilization into four major steps: (a) acrosome reaction during which the acrosome 
membrane fuses with the sperm membrane releasing enzymes and other surface ligands, (b) 
sperm penetration of the ZP and its localization into the perivitelline space surrounding the egg, (c) 
sperm cell binding and adherence to the oolemma, the egg microvillar membrane, (d) fusion of the 
sperm and egg to allow genetic material mixing (Figure 4) ([144], [145]). Once fertilization is 
complete, the oolemma and ZP undergo changes in their biochemical composition that block the 
entry of additional sperms thus preventing polyspermy ([146], [147], [148]). While fertilization 
remains a fundamental process in eukaryotic life, a comprehensive molecular understanding of the 
proteins involved sperm-egg recognition, adhesion and fusion is lacking. In the recent past, 
extensive gene knock-out (KO) studies in mice have revealed essential factors in fusion but the 
bona fide fusogen remains elusive. 
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Figure 4: Mammalian sperm-egg fusion is a multi-step process.  (A) Schematic of the mammalian gametes. The 
female egg is significantly larger than the sperm cell and consists of the outermost protective zona pellucida (ZP), 
a perivitelline space, and an oolemma lined with microvilli except at the polar body to prevent sperm binding at 
this region. (B) Sperm-egg fusion is characterized by a sperm acrosome reaction and release of enzymes and 
proteins that facilitate ZP penetration. In the perivitelline space, the acrosome-reacted sperm cell adheres to the 
oolemma after which PM fusion permits diploid zygote formation and fertilization. A fertilized egg induces 
polyspermy block by altering its oolemma and ZP. Adapted from ([149]). 
 

2.2.6.1 Fertilin  

Fertilin is a sperm plasma membrane protein that belongs to the ADAM (a disintegrin and 
metalloprotease) family proteins involved in cellular adhesion and protease functions ([150], [151], 
[152]). In mature sperm cells, fertilin exists as a heterodimer composed of α (ADAM1b) and β 
(ADAM2) subunits, two integral glycoproteins with putative fusogenic peptide-like and integrin 
binding sequences ([152], [153]). In spermatogenic cells, the α- and β-subunits are secreted as 
precursor proteins consisting of six ADAM domains: a pro-domain, a metalloprotease, a disintegrin, 
a cysteine-rich, a transmembrane and a cytoplasmic domain. During sperm cell maturation, the 
pro- and metalloprotease domains are proteolytically cleaved resulting in mature subunits 
comprised of the disintegrin domain at the N-termini. Fertilin is proposed to mediate sperm-egg 
attachment and adhesion via the interactions between the disintegrin domain of the β-subunit and 
the egg integrin receptor, resulting in egg activation ([154], [155]). While loss of the β-subunit does 
not affect sperm morphology, motility and acrosome reaction, it results in the concomitant decrease 
in the α-subunit concentration possibly due to free α-subunit degradation. Additionally, the ADAM2 
mutant sperms have a reduced egg ZP binding and adherence capacity as well as reduced sperm 
migration to the oviduct. Interestingly, egg activation remains unaffected and the ADAM2 KO mice 
remain fertile ([156]). On the other hand, ADAM1b KO mice are fertile and express sperms with 
normal morphology, motility as well as migration to the oviduct. ADAM1b mutants are able to bind 
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to the egg ZP and fuse with ZP-free eggs suggesting that fertilin is necessary in mediating sperm-
egg adhesion but not the egg activation and fusion steps ([156], [157]). 

2.2.6.2 IZUMO1 and JUNO  

Another essential fusion factor in sperm-egg fusion is Izumo1, a type 1 membrane protein with an 
extracellular Immunoglobulin (Ig) domain ([158]). There are four sperm-associated Izumo proteins 
(Izumo1-Izumo4), all of which share high N-terminal sequence homology ([159]). Izumo1 is 
localized at the inner and outer acrosome membranes of acrosome-intact sperm cells. Upon 
acrosome reaction, Izumo1 is translocated to the equatorial segment of the sperm plasma 
membrane and the entire post-acrosomal region, suggesting that its function is exerted 
downstream of acrosome reaction ([158], [160]). Once localized at the surface, Izumo1 recognizes 
Juno, a monomeric glycosylphosphatidylinositol (GPI)- anchored folate receptor 4 (Folr4) protein 
localized at the egg surface (Figure 5) ([147], [161]). The Izumo1-Juno interaction induces Izumo1 
to dimerize and undergo a conformational change. By possibly interacting with other unknown 
proteins, the dimerized Izumo1 mediates membrane pulling and tight apposition to facilitate fusion 
([159], [162]). Indeed, recent structural studies have revealed the putative interaction model 
between Izumo1 and Juno, and is conserved across different mammalian species ([147], [163], 
[164], [165]). Eggs lacking Juno mature normally but are unable to undergo fertilization. Instead, 
they accumulate sperms in the perivitalline space implicating Juno in the fusion process ([147], 
[166]). Sperms obtained from Izumo1Δ KO mice can carry out normal acrosome reaction and 
penetration into the egg ZP. Interestingly, the sperm cells fail to undergo fusion, implicating Izumo1 
in sperm-egg fusion ([158], [160]). Heterologous expression of Izumo1 results in enhanced 
adhesion to the egg surface, suggesting a gamete adhesion function ([162], [167]). Interestingly, 
heterologous expression of both Izumo1 and Juno in non-fusing HEK293 cells does not result in 
syncytia formation despite their extended cellular adhesion ([147]). It is therefore proposed that the 
Izumo1-Juno interaction mediates gamete recognition and adhesion rather than fusion. 
Consequently, the interaction of the two proteins is crucial in overcoming the membrane hydration 
repulsive forces, a major barrier in cell-cell fusion processes. Upon sperm-egg fusion and 
completion of fertilization, Juno is translocated into extracellular vesicles, possibly to prevent 
polyspermy ([147]). 

2.2.6.3 CD9  

Cluster of Differentiation 9 (CD9) is a tetraspanin, four-pass membrane protein expressed on the 
egg microvillar membrane in addition to other body tissues such as blood, epithelia and neuronal 
cells ([168], [169]). In the egg membrane, CD9 associates with other membrane proteins including 
integrin α6β1, α3β1, α5β1 and the GPI-anchored protein EWI-2 ([170], [171], [172], [173]). Similarly 
to other tetraspanins, CD9 is capable of forming both homotypic and heterotypic interactions 
resulting in the formation of multimolecular complexes enriched at the tetraspanin-enriched 
microdomain (TEM) ([174]). As a result, CD9 has been proposed to interact with other proteins and 
mediate cell adhesion, motility and signaling by accumulating other sperm receptors into 
nanodomains to facilitate sperm binding ([175], [176], [177]). Indeed, CD9 interacts with CD81, 
another egg membrane tetraspanin that is localized to tetraspanin-rich domains and is also 
necessary for  fusion ([174], [178]). 

During fertilization but preceding fusion, CD9 is localized at the sperm-egg contact site and is thus 
proposed to mediate membrane reorganization into a fusion-competent state ([175], [179]). Its 
localization at the contact site is dependent on sperm head oscillations underneath the egg 
membrane that are generated by the flagellum beating ([180]). These oscillations are suggested to 
last for about 2-3 minutes until the sperm’s equatorial zone is perpendicularly oriented to the egg 
membrane to facilitate receptor binding and membrane fusion ([180], [181]). Indeed, CD9 is 
localized at the microvilli-rich region of the egg membrane where it regulates microvilli structure 
and dynamics to favor tight membrane interactions and fusion (Figure 5) ([175], [182]). 
Interestingly, egg microvilli have been implicated in fusion. Additionally, sperm binding and fusion 
preferentially occurs at the microvilli-rich region as opposed to the microvilli-devoid region ([175]). 
More recent studies have further implicated CD9 in regulating the re-localization of GPI-anchored 
proteins such as Juno from the microvilli-devoid, chromosome-containing actin-cap region to the 
microvilli-rich region. This protein sequestration facilitates local Juno clustering to enhance binding 
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avidity while preventing the sperm from binding at the microvilli-devoid region, thus ensuring 
coordinated gamete fusion ([147], [183]). Egg cells lacking CD9 show abnormal microvilli shape 
and distribution along the egg membrane and a subsequent reduction in fusion ([168], [172]). 
Consequently, CD9 KO eggs show reduced fertility despite normal ovulation and egg maturation 
([168], [172], [184]). Interestingly, cd9Δ KO cells exhibit normal sperm penetration of the ZP and 
binding at the oolemma but end up accumulating at the perivitalline space, confirming that CD9 is 
essential in the latter stage of cell fusion ([168], [172]). Once fusion is complete, CD9 is immediately 
translocated away from the microvilli-rich, sperm-contact site. This re-localization suggests that 
CD9 function is exerted at the fusion step and that it facilitates oolemma membrane architecture 
reorganization to prevent polyspermy ([147], [181]). 

2.2.6.4 SPACA6 

The Sperm ACrosome membrane-Associated protein 6 (SPACA6) is another recently identified 
protein indispensable in sperm-egg fusion. SPACA6 is an immunoglobulin-like, single-pass 
transmembrane protein expressed in the sperm cell and detected at the equatorial segment of the 
sperm head (Figure 5) ([185], [186]). Similarly to IZUMO1, SPACA6 is first localized at the 
acrosomal cap but undergoes relocation to the equatorial segment following acrosome reaction 
([158], [185], [187]). Additionally, sperms deleted of spaca6Δ portray normal morphology and 
motility and retain their ability to penetrate the egg ZP. However, these cells have a block in fusion 
characterized by the accumulation of sperms in the perivitelline space ([185], [187]). Interestingly, 
contrary to IZUMO1, heterologous expression of SPACA6 does not enhance sperm adhesion to 
the egg membrane, suggesting that SPACA6 is not involved in gamete adhesion ([162], [185]). 
Indeed, IZUMO1 is correctly localized at the equatorial segment in spaca6Δ KO cells further 
confirming that the two proteins are not functionally redundant. Therefore, despite their structural 
similarities, SPACA6 and IZUMO1 are functionally different although both proteins are necessary 
in the fusion process. Recent studies propose that SPACA6 and Izumo1 interact to form a complex 
that in turn recruits the fusogenic machinery, although experimental evidence is pending ([187]).  

2.2.6.5 TMEM95, SOF1, FIMP and SPACA4 

The TransMEMbrane protein 95 (TMEM95) is a single-pass transmembrane protein localized at 
the acrosome membrane, equatorial segment and the connecting piece of the sperm cell. Upon 
acrosome reaction, TMEM95 is shed from the acrosome suggesting that it possibly functions at the 
acrosome reaction step. Tmem95Δ KO mice exhibit absolute block in fusion implicating TMEM95 
in sperm-egg fusion ([188], [189]).  

The Sperm-Oocyte Fusion required 1 protein (SOF1) is a sperm protein expressed in immature 
spermatozoon but is post-translationally modified during sperm maturation. SOF1 contains the 
conserved ‘LLLL and CFN (L or S) AS’ motif, although the functional relevance of these domains 
remains unknown. Sof1Δ KO sperm cells are sterile and do not fuse with WT oocytes, although the 
fusion defect can be rescued via SOF1 transgenic expression ([149], [187]). 

The Fertilization Influencing Membrane Protein (FIMP) is a single-pass membrane protein encoded 
by the testis-specific 4930451I11Rik gene on mouse chromosome 7 ([190]). While 4930451I11Rik 
protein is expressed as two isoforms namely the transmembrane (TM) isoform and the secreted 
form, only the TM form (FIMP) is implicated in fusion ([190]). FIMP is localized to the equatorial 
segment of sperm head after acrosome reaction. FimpΔ KO cells exhibit partial fusion defects that 
can be restored by expressing the FIMP membrane isoform ([187], [190]).  

Similarly to the aforementioned SPACA6, TMEM95, SOF1 and FIMP KO sperm cells are 
morphologically normal and undergo acrosome reaction and ZP penetration. However, they display 
a fusion defect characterized by sperm accumulation at the perivitelline space and binding to the 
oolemma. Notably, the KO cells do not exhibit a gamete binding defect. Furthermore, IZUMO1 
expression and localization is not impeded in respective gene KOs, suggesting that these proteins 
function downstream of the IZUMO1-JUNO complex formation, or that they are part of an IZUMO1-
independent fusion pathway ([185], [187], [188]). 

SPACA4, also known as sperm acrosomal membrane-associated protein 14 (SAMP4), is a GPI-
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anchored glycoprotein that belongs to the Ly-6/urokinase-type plasminogen activator receptor 
(uPAR) superfamily ([149], [191]). SPACA4 is localized at the inner acrosomal membrane following 
acrosome reaction, and a SPACA4 antibody inhibits fusion thus implicating SPACA4 in the fusion 
process ([191]). Despite the limited understanding of SPACA4 function, its structural homology to 
Bouncer, an egg surface protein that mediates sperm-egg recognition and binding in zebrafish, 
suggests that SPACA4 may play a similar role in mammalian fertilization ([149], [192]). 

Intriguingly, heterologous expression of IZUMO1 but not SPACA6, TMEM95, FIMP and SOF1 
proteins, enhances binding of ZP-free eggs with HEK293T cells, suggesting that IZUMO1 facilitates 
membrane adhesion. However, the fact that none of these proteins enhances fusion of ZP-free 
eggs with HEK293T cells implies that they are essential but not sufficient components of the 
fusogenic machinery. Additionally, these findings point to the existence of additional and 
uncharacterized sperm factors that are necessary in the sperm-oocyte fusion process ([187]). 
Consequently, a comprehensive characterization of the molecular mechanisms of mammalian 
gamete fusion and the bona fide gamete fusogenic machinery are still lacking.  

 

Figure 5: Several effector proteins are involved in the mammalian sperm-egg fusion process. The tetraspanins 
CD81 and CD9 and the IZUMO1 receptor JUNO, are present on the egg membrane. Sperm cell-specific proteins 
include the GPI-anchored IZUMO1 involved in sperm-egg adhesion, the single-pass transmembrane proteins 
FIMP, TMEM95 and the immunoglobulin-like SPACA6. SOF1 is a putative secreted protein, while SPACA4 and 
Fertilin are not depicted in the schematic. Except for IZUMO1-JUNO complex and Fertilin, all the other sperm-
specific proteins supposedly operate downstream of sperm-egg adhesion but are not bona fide fusogens. Adapted 
from: ([149]). 
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In conclusion, extensive research in the recent past has led to a better understanding of the 
molecular mechanisms of cell-cell fusion. In addition to viral fusogens and the SNARE proteins, 
developmental fusogens such as Syncytins, Myomaker and Myomerger-Minion involved in 
myoblast fusion and the EFF1-1 and AFF-1 fusion proteins have been identified and characterized 
([10], [24], [25], [26], [27], [28]). Furthermore, effector proteins such as the transmembrane protein 
macrophage fusion receptor (MFR) and its putative ligand CD47 and CD44 have been identified 
and implicated in macrophage fusion ([193], [194], [195]). On the other hand, HAP2/GCS1 that 
mediates fusion in plants and protists, is the sole gamete fusogen that has been characterized 
([29]). In concert with the absence of HAP2/GCS1 in vertebrates and fungi, no mammalian or fungal 
gamete fusogen has been yet identified. Instead, effector proteins necessary in sperm-oocyte 
fusion and in yeast mating have been reported, suggesting that gamete fusion is a highly regulated 
process involving an interplay of different molecules.  

Notably, the structural and functional similarities between HAP2/GCS1, EFF-1 and viral class II 
fusogens not only suggest a possible common ancestry of both gamete and somatic fusogens, but 
also similarities between somatic and gamete fusion events across different organisms ([127]). 
Consequently, the genetic simplicity of a yeast cell provides a suitable model organism to 
understand the late cell-fusion events of the otherwise complex process of mammalian fertilization. 
Indeed, yeast cells, Saccharomyces cerevisiae or Schizosaccharomyces pombe, can undergo 
mating analogous to the mammalian sperm-oocyte fusion. Similarly to sperm-oocyte fusion, haploid 
yeast cells fuse to generate a stable diploid zygote. Intriguingly, both the mammalian and the fungal 
bona fide gamete fusogen(s) as well as a molecular understanding of PM fusion in both organisms 
remain unknown. These current gaps in understanding fungal gamete fusion inspired the focus of 
this thesis. By employing the mating process of budding yeast (S. cerevisiae), this thesis focuses 
on understanding the late cell-fusion events as well as the underlying regulatory mechanisms, with 
a particular focus on identifying the positive and negative regulators of PM fusion. 

 
2.3 Mating in Saccharomyces cerevisiae: a model organism 

 
Haploid S. cerevisiae cells exist as either MATa or MATα mating types, that fuse to generate a 
diploid zygote. Mating in MATa and MATα haploid cells is initiated by secretion of mating type-
specific pheromones (a-factor and α-factor) and expression of STE2 and STE3 surface receptors, 
respectively. Each receptor is coupled to a heterotrimeric G protein consisting of Gα, Gβ and Gγ 
subunits encoded by GPA1, STE4 and STE18 genes respectively, and a downstream Mitogen 
Activated Protein (MAP) kinase cascade. In the MATa cell for instance, binding of the α-factor to 
the Ste2p cell surface receptor activates the heterotrimeric G protein stimulating a GDP to GTP 
exchange on the Gα subunit. This results in the dissociation of the Gα subunit from the Gβγ 
complex. The free Gβγ complex is released into the cytoplasm where it binds to the scaffold protein 
Ste5p ([196], [197]). The new Gβγ-Ste5p complex is subsequently recruited to the PM and the 
Ste5p-membrane localization is dependent on its N-terminal amphipathic helix, its two membrane 
binding domains and a PH domain ([198], [199]). Cdc24p, a Cdc42p guanine exchange factor 
(GEF), has also been implicated in mediating the Gβγ-Ste5p complex membrane re-localization 
([200], [201]).  

At the membrane, Ste5p interacts with a p21-activated kinase (PAK) Ste20p, that functions as an 
effector protein of the GTPase Cdc42p. GTP-bound Cdc42p is necessary in activating Ste20p, 
resulting in downstream stimulation of the MAPK pathway ([202]). Simultaneously, Ste5p binds the 
MAPK cascade components while undergoing a conformational change that prevents cascade 
inhibition ([203], [204], [205]). Coupled with GTP hydrolysis and subsequent phosphorylation steps 
on serine/threonine-proline (S/TP) phosphorylation sites, Ste20p activates a MAP kinase kinase 
kinase (MAPKKK) Ste11p that in turn activates the MAP kinase kinase (MAPKK) Ste7p. By 
phosphorylation, Ste7p activates Fus3p and Kss1p, two partially redundant MAP kinases (MAPK) 
(Figure 6) ([206]). Though both MAP kinases can sufficiently activate the transcription factor 
Ste12p, Fus3p activation results in mating-specific gene activation while Kss1p results in activation 
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of genes involved in filamentous growth ([207]). In particular, Fus3p-dependent Ste12p 
phosphorylation results in its release from Dig1p and Dig2p proteins that function as negative 
regulators of Ste12p ([208]). In addition, Fus3p has been implicated in cell cycle arrest by 
phosphorylating cyclin-dependent kinase (Cdk) inhibitor Far1p which interacts with and inhibits G1-
cyclin/Cdk1, necessary for the initiation of cell cycle. This inhibition results in cells arresting at the 
G1 phase, hence promoting downstream pheromone signaling ([209], [210], [211]). Fus3p also 
phosphorylates components of the polarisome to promote polarized growth ([212]). The activated 
transcription factor Ste12p subsequently binds to the pheromone response elements (PREs) of 
mating genes, resulting in pheromone-dependent transcription of mating genes [213]. 

 

 

 

Figure 6: Model of the MAPK pathway and the multi-step fusion process of haploid S. cerevisiae cells. (A) 
Components of the MAPK pathway are shared between the mating (black arrows) and the invasive growth (red 
arrows) program. The MAPK Fus3p and Kss1p determine the specificity of each program. Dashed arrow depicts 
the recruitment of the Gβγ-Ste5p complex to the plasma membrane (PM). (B) During mating, haploid MATa and 
MATα cells respond to pheromone signaling by undergoing polarized growth towards the mating partners forming 
shmoos, cell wall remodeling (depicted in red) to allow PM apposition (depicted in black). PM fusion and pore 
formation and expansion permits cytoplasmic mixing and karyogamy to form a diploid zygote that re-enters the 
cell cycle. Figure modified from ([214]). (C) Representative images of the mating process (a-f). The MATα cell is 
expressing the cytoplasmic marker Pgk1p-mCherry. Upon pheromone response, haploid cells in a mating mixture 
polarize towards each other. Once contact is established, the cells remodel their CW to allow PM apposition. PM 
fusion is characterized by transfer of the cytoplasmic marker Pgk1p-mCherry into the MATa cell. Fusion pore 
expansion results in cytoplasmic mixing and karyogamy to generate a diploid zygote. Scale bar= 5 µm. 
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2.3.1 Polarisome activation and Shmoo formation 

Haploid yeast cells undergo polarized growth during budding and in response to pheromones. In 
both instances, Cdc42p functions as a polarization regulator whose activity is regulated by Cdc24p 
and the GTPase activating proteins Bem3p, Rga1p and Rga3p ([215], [216], [217]). Cell polarity is 
therefore determined by the specific recruitment and localization of Cdc42p and Cdc24p to the cell 
cortex. Additionally, by associating with the plasma membrane, Bem1p positively regulates Cdc42p 
localization at the cell cortex ([218], [219]). In response to mating pheromones, polarized growth is 
characterized by cellular growth towards the mating partner and along the pheromone gradient, 
forming distinct pear-shaped mating projections often referred to as ‘shmoos' ([220] [221]). The 
localization of Cdc42p and Cdc24p thus forms the shmoo tip, a precursor cell-cell contact site and 
mating zone. Shmoo tip selection is dependent on the scaffold protein Far1p ([222]). During 
pheromone response, Far1p interacts with Cdc24p in the nucleus, forming a Far1p-Cdc24p 
complex. This complex subsequently interacts with the Gβγ at the cell cortex, resulting in the 
recruitment of Cdc42p and Bem1p from the bud site towards the direction of the pheromone 
gradient ([205], [209], [223]). Indeed, far1Δ mutants form shmoos that are localized at the bud site 
instead of towards the mating partner. However, in the presence of isotropic pheromone 
concentrations, haploid cells activate the ‘default pathway’ that results in cells mating randomly 
with both pheromone-producing and non-producing cells. Intriguingly, the putative bud sites 
become the shmoo tip sites ([224]). 

Furthermore, Fus3p and Cdc42p activate Bni1p, a formin that regulates cytoskeleton 
reorganization and cell polarization ([212], [225]). The Bni1p-dependent actin nucleation at the 
pheromone response site therefore functions as a mating pathway effector and promotes polarized 
growth ([225]). Indeed, shmoos are characterized by an asymmetrically reorganized cytoskeleton 
that is oriented towards the shmoo tip while the nucleus and most organelles accumulate at the 
base of the shmoo tip ([226]). Additionally, Bni1p interacts with polarisome components Spa2p and 
Pea2p, and together mediate polarized growth at the shmoo tip ([227]). Furthermore, proteins 
necessary in mating such as agglutinins and Fus1p co-localize with actin at the shmoo tip. The 
polarisome machinery is therefore implicated in vesicle transport necessary for trafficking of CW 
synthases and hydrolases to the mating zone as well as trafficking PM proteins for fusion. Indeed, 
spa2Δ and pea2Δ mutants are defective in proper shmoo formation and fail to cluster vesicles at 
the shmoo tip ([225], [227], [228]).  

Upon cell-cell contact, cell adhesion between the MATa and MATα cells is mediated by the surface-
expressed a- and α-agglutinins, encoded by AGA1/2 and SAG1 genes, respectively ([229]). The a-
agglutinin is a highly O-glycosylated glycoprotein composed of two subunits, the anchorage subunit 
Aga1p and the binding subunit Aga2p, linked by two disulfide bonds. The anchorage subunit Aga1p 
is GPI-anchored to the CW via its C-terminus while the binding subunit Aga2p is exposed on the 
CW exterior ([229], [230], [231]). The α-agglutinin on the other hand contains an immunoglobulin-
like, highly flexible N-terminus and a highly glycosylated GPI-anchored C-terminus ([232], [233]). 
Interaction between complementary agglutinins on opposite mating types occurs in a 1:1 
stoichiometry ratio via the surface exposed N-termini and occurs with high affinity and specificity 
([233], [234]). Indeed, agglutinin mutants portray reduced mating efficiency due to reduced cell 
adhesion ([229], [235]). Importantly, the interaction between the complementary agglutinins 
establishes an irreversible cell-cell contact that defines the onset of cell wall (CW) remodeling. The 
mating cells subsequently undergo a highly regulated CW remodeling step giving rise to PM 
apposition. 

2.3.2 Cell Wall remodeling: A pre-requisite for PM fusion 

2.3.2.1 Fus1p and Fus2p  

Yeast cells grow in a hypo-osmotic environment. The CW thus serves as an additional protective 
layer to the PM against external osmotic pressure that would otherwise result in cell lysis ([236], 
[237]). However, during mating, cells must remodel their CWs to allow PM contact and fusion while 
avoiding lysis. Following pheromone signaling, polarized growth and agglutination, the two cells 
generate a unified CW around the mating pair. The on-time and localized CW degradation at the 
contact sites (shmoo tips) allows the two PMs to closely appose and later fuse. Early genetic 
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studies led to the identification of Fus1p as a key regulator of CW remodeling ([238], [239]). Fus1p 
is an O-glycosylated type 1 membrane protein whose expression in either mating type is 
pheromone-dependent. The N-terminal O-glycosylation as well as a Chs5p-dependent secretory 
pathway results in a polarized localization of Fus1p to the shmoo tip and to the fusion zone in 
mating pairs (Figure 7A and 7B) ([239]). Indeed, at its C-terminus, Fus1p interacts with GTP-bound 
Cdc42p and Chs5p to facilitate its secretion in response to pheromone signaling. In addition, Fus1p 
contains a C-terminal Src homology 3 (SH3) domain and a proline-rich peptide. The SH3 domain 
mediates Fus1p interaction with Bni1p to promote polarized growth and secretion. On the other 
hand, the proline-rich peptide mediates a direct interaction with Sho1p, an osmo-sensor of the 
HOG-MAPK pathway. This interaction facilitates down-regulation of the HOG pathway and glycerol 
synthesis in favor of the fusion pathway. Consistently, deletion of SHO1 suppresses the fus1Δ -
associated fusion defects ([240]). At the mating projection, Fus1p partitions into ergosterol-
sphingolipid rafts that arise from PM reorganization in response to pheromone signaling. By 
partitioning into lipid rafts, Fus1p is retained at the zone of cell fusion (ZCF) or mating junction until 
the fusion process is complete ([241]).  

Functionally, Fus1p facilitates the localization of secretory vesicles at the mating junction. The 
vesicles presumably carry CW hydrolases and synthases that facilitate CW thinning and 
regeneration, respectively. Additionally, the secretory vesicles are proposed to carry other 
components of the fusion machinery including PM proteins that mediate PM fusion. This allows the 
on-time delivery of the secreted fusion machinery to the fusion site ([228],[242]). Notably, vesicle 
clustering at the mating junction is as important as vesicle localization. Spa2p, a component of the 
polarisome, coordinates vesicle clustering ([228], [243]). Indeed, wild type (WT) mating pairs 
contain secretory vesicles that localize and cluster at the mating junction across regions of CW 
thinning prior to PM fusion ([228],  [244], [245]). Inhibiting secretion arrests fusion, confirming the 
necessity of polarized secretion in late mating events ([242]). Consistently, fus1Δ mutants fail to 
degrade the intervening CW material at the mating junction and ~70% of fus1Δ mutants portray no 
vesicle clustering. On the other hand, spa2Δ mutants display dispersed vesicles (Figure 7C) 
([228]).  

Fus2p, a membrane-associated protein, is another CW remodeling effector protein. In mitotic cells, 
Fus2p remains localized in the nucleus. In response to pheromone signaling, Fus2p is translocated 
to the cytoplasm where it interacts with Rvs161p via its C-terminal Rvs161 binding domain (RBD). 
Rvs161p is an Amphiphysin-like protein that binds and stabilizes membrane curvature. The two 
proteins form a banana-like helical heterodimer that is transported to the shmoo tip via actin 
polymerization and Myo2p pathway ([246], [247]). Whereas the Fus2p C-terminal is crucial for 
Rvs161p interaction and its localization to the shmoo tip, Fus2p correct localization is also 
dependent on the Rvs161p membrane interaction. Lysine mutations of Rvs161p that abolish 
membrane interaction result in Fus2p mislocalization ([248]). However, recent findings have shown 
that the Fus2p C-terminus is not sufficient for its mating junction localization. A C-terminally 
truncated form of Fus2p (Fus2p 1-650) is correctly localized at the mating junction similar to the 
WT protein. Interestingly, this truncated form remains mis-localized in polarized cells suggesting 
that additional factors such as components of the polarisome are essential in correct protein 
localization in polarized cells but not at the junction ([249]). Consistently, polarized cells are 
characterized by positive membrane curvature at the shmoo tip. This morphology would likely favor 
the Fus2p-Rvs161p interaction that is dependent on the Fus2p C-terminus ([250]). In addition, it is 
speculated that Fus2p-Rvs161p heterodimer interacts with secretory vesicles in the cytoplasm via 
the vesicle curved membranes. These vesicles are then transported along the Myo2p-actin 
pathway to the shmoo tip where the complex interacts with Fus1p, a possible scaffold protein. 
Retention of the Fus2p-Rvs161p heterodimer at the shmoo tip is thus dependent on Fus1p and 
actin-dependent pathways. Abolishment of both pathways results in total protein mislocalization 
([250]). 

Fus2p mislocalization can be suppressed by overexpression of the redundant Kelch-domain 
proteins Kel1p/ Kel2p ([251], [252]). In pheromone treated cells, Kel1p localizes at the shmoo tip 
and is required for correct Fus2p localization ([248]). In mitotic cells, Kel1p interacts with Bud14p 
and Kel2p in regulating Bni1p activity in actin assembly ([248]). Intriguingly, Fus2p is mis-localized 
in fus1Δkel1Δkel2Δ mutants that are treated with Latrunculin A, a compound that depolymerizes 
actin. This suggests that Kel1p and Kel2p redundantly function via the actin-dependent and Fus1p-
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dependent pathways ([248], [252]). It remains unclear how Kel1p interacts with Fus1p to promote 
Fus2p localization. However, the fact that Fus1p is necessary in secretory vesicle trafficking in 
polarized cells would imply that mutating FUS1, KEL1 and KEL2 genes affects both actin assembly 
necessary for secretory vesicle traffic and localization at the shmoo tip. On the other hand, residual 
Fus2p localization in fus1Δkel1Δkel2Δ mutants implies the presence of a third unknown redundant 
pathway ([248]).   

In mating pairs, Fus2p not only binds Rvs161p but also recruits Cdc42p to the mating junction 
([238], [253]). The Fus2p Dbl-homology domain interacts with activated GTP-bound Cdc42p via 
the Cdc42p rho-insert domain and focuses the G protein to the mating junction. It is postulated that 
the GTP-bound Cdc42p binds the Rvs161p-Fus2p heterodimer to promote fusion by catalyzing the 
exocytotic release of hydrolases into the mating junction that in turn promote CW degradation 
([228], [246], [250]). Consistently, mutations of the Cdc42p rho-insert domain result in loss of 
Cdc42p-Fus2p interaction but do not affect the localization of Fus2p to the shmoo cortex or center 
of mating junction in prezygotes or unfused mating pairs. However, a point mutation on Cdc42p i.e. 
Cdc42-138 abolishes Fus2p binding hence decreased mating efficiency. Interestingly, Kel1p 
overexpression suppresses the Cdc42-138 mating defect, but is dependent on Fus2p ([248]). This 
suggests that Kel1p likely stabilizes the Cdc42-138 mutant, facilitating its interaction and function 
with Fus2p. While the Cdc42p focus localization at the mating junction is Fus2p-dependent, 
Cdc42p localizes at the shmoo tip independently of Fus2p ([249]). The contradicting Cdc42p- 
Fus2p interactions at the shmoo tip and mating junction are likely due to the differences in 
membrane curvature. While the shmoo tip is characterized by a positive membrane curvature that 
favors Rvs161p binding, cell-cell contact results in formation of a flat interface between the mating 
partners. Consequently, the flat interface results in a loss of membrane curvature and this would 
facilitate Cdc42p binding and focus at the mating junction ([249]). 

Bilateral matings of the fus2Δ and rvs161Δ mutants i.e. (MATa fus2Δ x MATα fus2Δ or MATa 
rvs161Δ x MATα rvs161Δ) exhibit normal vesicle localization and clustering, but rvs161Δ mutants 
display elevated levels of vesicle accumulation at the mating junction (Figure 7C). This elevated 
vesicle accumulation likely results from a block in endocytosis ([228]). Indeed, Rvs161p has been 
implicated in regulating actin cytoskeleton organization and endocytosis ([254]). The fus2Δ and 
rvs161Δ mutants also exhibit electron-dense plaques and membrane invaginations at the mating 
junction. These plaques and invaginations are proposed to arise from the materials deposited by 
secreted vesicles due to Fus1p and Spa2p activities ([228], [246]). These findings therefore support 
the hypothesis that Fus1p and Fus2p function in parallel pathways, with the respective double 
mutants displaying stronger fusion defects than single mutants. Kel1p has been previously reported 
to partially suppress the fus2Δ mutations via Kel1p binding and inefficiently localizing Cdc42p to 
the shmoo tip ([248]). Alternatively, the partial suppression could be due to an unknown pathway, 
redundant to Fus2p, that is activated only upon Kel1p overexpression. Indeed, Kel1p 
overexpression also suppresses mating defects associated with deletions of SPA2 ([255]). 

Nonetheless, bilateral matings of fusΔ mutants display several other phenotypes. First, they contain 
extended regions of cellular apposition suggesting that the partner cells have been in close contact 
without fusion for a long time (Figure 7C). Secondly, fusΔ single deletion mutants display partial 
fusΔ zygotes characterized by partial PM fusion that permits karyogamy despite the presence of 
CW material at the mating junction. This suggests a leaky phenotype in which localized CW 
breakdown and PM fusion occurs while most of the CW at the cell-cell contact site remains intact. 
Consistently, remnant CW material at the mating junction is observed in partial fusΔ zygotes. 
Cytoplasmic mixing and nuclear fusion can still take place in such prezygotes resulting in budding 
off of diploid daughter cells ([228]). Notably, this leaky phenotype is proposed to result from 
functional redundancy of Fus1p and Fus2p such that the presence of one protein can functionally 
compensate for the other, albeit less effectively ([228], [238]). On the other hand, full fusΔ mutants 
are characterized by the presence of double CW material at the mating junction and a complete 
block in PM fusion. These mutants are often referred to as early prezygotes due to fact that fusion 
is arrested in an earlier CW remodeling step. Interestingly, majority of the full fusΔ zygotes do not 
transition to partial fusΔ zygotes over extended periods of mating. Instead, both mating partners 
may re-enter the cell cycle and through budding, produce haploid daughter cells called 
cytoductants ([220], [228]). Recent studies further postulate that CW degradation at the cell-cell 
contact site is driven by the contact-dependent increased concentration of CW degrading enzymes 
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due to reduced diffusion ([256]). However, this is likely insufficient to drive fusion and additional 
factors such as membrane curvature and localization of Cdc42p to the mating junction may be 
additional necessary regulators of CW remodeling and PM fusion. 

2.3.2.2 Chs5p 

During mating, cells alter and synthesize new CW and PM material in order to accommodate the 
asymmetric polarized growth. In particular, the shmoo CW is characterized by increased chitin 
deposition at the subapical portion ([257]). Chitin constitutes an important structural component of 
the yeast CW ([258]). Moreover, treatment of WT cells with Calcofluor, a substance that binds to 
chitin and alters its structure, strongly reduces mating in these cells, suggesting that chitin 
participates in the mating process ([259]). During pheromone response and mating, chitin synthase 
III (CSIII) encoded by CHS3/4/5 and CHS6 genes, is responsible for chitin synthesis ([258], 
[260],[261]). Although other Chitin synthases including CSI and CSII encoded by CHS1 and CHS2 
respectively, exist, only CSIII is required during mating ([261], [262]). Intriguingly, expression of 
Chs1p but not Chs3p is highly pheromone-dependent ([258], [263]). Chs3p is mainly localized at 
cortical sites of polarized growth as well as cytoplasmic patches ([260]). These patches co-localize 
with a Chitin-synthase related protein 5 (Chs5p) and are affected by Myo2p mutations, suggesting 
that the cortical localization of Chs3p is mediated by Chs5p and the actin cytoskeleton ([260]).  

Chs5p is a neurofilament-like protein that forms part of the exomer complex. This complex mediates 
export of proteins such as Chs3p from the Golgi to the PM ([259]). Chs5p is constitutively expressed 
in vegetative and mating cells indicating its general role in chitin synthesis. During pheromone 
treatment, chs3Δ mutants portray a defect in chitin synthesis implying that Chs3p is the CHSIII 
catalytic subunit while Chs5p functions as a regulator of the CHSIII-mediated chitin synthesis 
([259]). Indeed, chs5Δ null mutants display reduced chitin levels at the shmoos in addition to an 
aberrant shmoo morphology. Strikingly, chs5Δ null mutants exhibit a reduced fusion efficiency with 
mutant cells accumulating fusΔ-like prezygotes at the mating junction.  Notably, the chs5Δ mutants 
display no cytoplasmic mixing as observed in the partial fusΔ mutants, suggestive of a complete 
CW remodeling defect ([259]). Mating crosses between fus1Δfus2Δ mutants and chs5Δ mutants 
display enhanced fusion defects as compared to fus1Δfus2Δ mutants crossed to WT cells. The 
former crosses have a 0.2% frequency of  diploid formation and no tri-lobated zygotes are formed 
([259]). This indicates that Chs5p activity requires the activity of Fus1p and/or Fus2p. Indeed, 
overexpression of either FUS1 or FUS2 can partially rescue the chs5Δ mating phenotype. On the 
contrary, CHS5 overexpression does not rescue the fus1Δfus2Δ mating defect and overexpression 
of the MAPK FUS3, does not rescue the chs5Δ phenotype ([259]). Overall, these findings point to 
the functional similarities among the Fus1p, Fus2p and Chs5p and imply that CHS5 does not 
function redundantly to FUS1 and/or FUS2. Nevertheless, Chs5p possibly functions downstream 
of Fus3p but upstream of Fus1p and Fus2p such that overexpression of the either Fus1p or Fus2p 
can rescue an upstream effect. 

While it remains unclear how Chs5p facilitates fusion, one model proposes that the protein is 
involved in the secretory transport of Chs3p as well as transport of other components of the fusion 
machinery to the PM. Indeed, Chs5p cytoplasmic patches co-localize with Kex2p, a late Golgi-
protease that has been implicated in fusion ([260], [264], [265]).  
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Figure 7: Representative images of mutants exhibiting CW remodeling defects. (A) Expression of the CW 
remodeler Fus1p is pheromone dependent. Fus1p is expressed only upon pheromone treatment and is localized at 
the shmoo tip.  (White arrow shows the Fus1p shmoo tip localization). (B) Fus1p is localized at the mating junction 
of an unfused mating pair in which PM fusion has not occurred (no Pgk1p-mCherry transfer to the mating partner). 
Fus1p is localized as a distinct puncta at the mating junction. Scale bar= 5 µm. (C) Electron micrographs of 
representative images of CW remodeling defects. Bilateral matings of respective CW remodeling mutants and 
their defects in vesicle accumulation at the mating junction. In comparison to WT mating pairs, fus2Δ and rvs161Δ 
mutants exhibit CW remodeling defects characterized by vesicle accumulation at the mating junction. These 
vesicles are lacking in fus1Δ mutants while they appear dispersed in spa2Δ mutants. Note the extended zones of 
cell-cell contact especially in the fus1Δ and spa2Δ mutants. Figure 7C modified from ([228]).  
 
 
 
2.3.3 PM fusion 

Following CW remodeling, the two PMs are closely apposed and separated by an ~8 nm gap 
([266]). The membranes then rapidly fuse generating a fusion pore that upon expansion, permits 
cytoplasmic content mixing ([267]). The presence and activity of various membrane proteins as 
well as the PM composition facilitate an efficient PM fusion process. 

2.3.3.1 Prm1p: An important component of the PM fusion machinery  

Prm1p, a highly Pheromone-Regulated Membrane protein (PRM), is the first protein implicated to 
have a direct role in PM fusion ([266]). Identified through a reverse genetics approach, Prm1p is a 
115kDa glycoprotein consisting of 4 trans-membrane domains (TMDs) with 14 N-glycosylation sites 
([268], [269]). Prm1p exists as a disulfide-linked homodimer with 4 cysteine residues present in the 
extracellular loops. Cys120 in loop1 and Cys545 in loop2 are indispensable for disulfide crosslinks 
formation and are necessary for the Prm1p fusion activity. Prm1p expression is pheromone-
dependent and the protein localizes at the mating junction before PM fusion. During PM fusion, 
Prm1p is retained at the junction after which it is translocated to the vacuoles once the mating 
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process is completed ([268]). Interestingly, Prm1p homologs in Schizosaccharomyces pombe and 
Candida albicans are necessary for fusion, suggesting a functional conservation across different 
fungal species ([270]). 

Consistent with its localization pattern, bilateral matings of prm1Δ mutants (MATa prm1Δ x MATα 
prm1Δ) exhibit a significant reduction in fusion with mutants displaying various phenotypes. First, 
prm1Δ mutants have a delayed fusion due to an initial reduction in the fusion pore permeance 
([271], [267]). Secondly, they display a partial fusion defect with ~40-60% of cells fusing 
successfully ([266], [271]). Of the fusion arrested mating pairs, ~20% lyse. The lysis is PM contact-
dependent as demonstrated by reduced lysis in prm1Δfus1Δ mutants and a complete elimination 
of lysis in prm1Δfus1Δfus2Δ triple mutants ([269]). Consistent with delayed fusion, prm1Δ mating 
pairs contain cytoplasmic fingers or bubbles characterized by a PM-enclosed cytoplasm of one cell 
pushing into the other mating partner (Figure 8) ([266], [269], [272]). The cytoplasmic fingers vary 
between 1- 4 μm long. Notably, formation of cytoplasmic fingers precedes both fusion and lysis 
with the two events occurring with similar kinetics ([271]). It is therefore likely that the fingers are 
formed due to a delay in PM fusion after a completed CW remodeling step ([269]). Consequently, 
these arrested mating pairs are generally referred to as late prezygotes because they are formed 
once CW remodeling is complete. Occasionally, prezygotes containing fingers may proceed to 
fusion when rescued by a Prm1p-independent pathway. Indeed, such have been reported in WT 
mating pairs suggesting that finger formation likely occurs during a delay in PM fusion. However, 
in prm1Δ mating pairs, most late prezygotes are arrested with cytoplasmic fingers confirming that 
it is an end point phenotype that cannot proceed to fusion ([269]). 

Furthermore, prm1Δ prezygotes with fingers can either lyse immediately or continue to project into 
the partner cell depending on the direction of the osmotic gradient. Fingers mostly emanate from 
the cell with a higher osmotic pressure but do not necessarily lead to lysis as most cells with fingers 
do not lyse. Notably, the cell invaded with the long fingers lyses earlier than the invading cell, 
suggesting a possible exerted mechanical force on the invaded cell that facilitates its lysis. 
Interestingly, it has been reported that the invading cell can survive by reorienting its growth axis 
and attempting to bud or mate with another partner. Lysis events involving micro-fingers have also 
been reported. These occur within the same time in both cells, and similarly to the prm1Δ-
dependent lysis, cannot be rescued by osmotic balance ([269], [272]). It is therefore unlikely that 
the osmotic pressure from both cells alone can drive fusion in WT cells. Instead, it would possibly 
ensure a closer PM apposition but still require the action of the fusion machinery to bring about 
complete fusion ([269]). Similarly to other fusion genes, matings between prm1Δ mutants and WT 
cells fuse normally, indicating that Prm1p can sufficiently perform its function when present in one 
mating partner.  

Overall, these studies highlight the necessity of Prm1p in the PM fusion step. The presence of 
unfused mating pairs indicate that the fusion machinery is indeed dysregulated in prm1Δ mutants. 
Nonetheless, the fact that about 50% of the cells with prm1Δ mutations successfully fuse suggests 
that the Prm1p is not the bona fide fusogen. Alternatively, Prm1p is a fusogen but there exists a 
Prm1p-like protein that is functionally redundant to Prm1p, such that absence of one results in the 
activation of the other. This is however unlikely since prm1Δ mutants attempt to fuse but lyse. 
Prm1p could therefore be involved in priming the PMs for fusion by stabilizing the fusion machinery. 
Once a stable fusogenic machinery is engaged, cells proceed to fusion. Indeed, the well-studied 
viral fusogens such as HA fuse the membranes via its amphipathic fusion peptide that contains 
intrinsic membrane destabilizing properties ([40]). Arguably, the observed lysis in the prm1Δ 
mutants could result from a mis-regulated membrane destabilizing fusion machinery ([269]).  For 
the unlysed and fused cells, it is likely that the same machinery is quickly rescued by a Prm1p-
independent redundant pathway. 
 
2.3.3.2 Fig1p: The role of Ca2+ ions in PM fusion 
 
Following the identification of FUS genes, a subsequent screen of pheromone-regulated genes led 
to the identification of Factor-Induced genes (FIG) FIG1, FIG2, FIG3/KAR5 and FIG4. While the 
bilateral matings of respective FIG gene deletion mutants exhibited a decrease in mating efficiency, 
bilateral matings of fig1Δ, fig2Δ, and fig4Δ displayed abnormal cell polarization and zygote 
morphologies. The fig3 mutants on the other hand displayed nuclear fusion defects, consistent with 
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a role in karyogamy ([273]). Of interest is Fig1p whose gene deletion mutants display a cell fusion 
defect characterized by cytoplasmic fingers, similar to those observed in prm1Δ mutants ([271], 
[273]). 
 
Fig1p is a pheromone induced tetra-spanning membrane protein with two extracellular loops (ECL1 
and ECL2) and cytoplasmic N and C-termini. Remarkably, Fig1p contains the conserved claudin-
like GLWxxC(8-10 aa)C consensus motif at its ECL1, suggesting possible structural similarities 
with mammalian claudins ([273], [274]). The Fig1p GxxGxC(8-20 aa)C claudin-like motif has also 
been reported in the Schizosaccharomyces pombe Dni1p and Dni2p proteins that have been 
implicated in fission yeast fusion ([275], [276]). The conserved cysteine residues are particularly 
necessary in mediating protein function and stability. This similarity to mammalian claudins has 
therefore led to the classification of Fig1p, Dni1p and Dni2p as fungal claudin-like proteins ([276]). 
Interestingly, the claudin-like motif has also been reported in the tetra-spanning SUR7-family 
proteins consisting of the paralogous proteins Sur7p, Fmp45p, Ynl194cp and Pun1p ([277], [278]). 
Fig1p localizes at the shmoo tip in pheromone treated cells as well as the mating junction. Once 
PM fusion is complete, Fig1p localizes at the neck of the mating bridge after which it is translocated 
to the vacuoles once the mating process is complete. Functionally, Fig1p has been implicated in 
cell polarization and regulation of the low affinity Ca2+ influx  system (LACS) that is necessary for 
maintaining cell viability against high pheromone doses ([271], [273], [279]). 
 
Consistent with its localization profile, bilateral matings of fig1Δ mutants display ~20-25% fusion 
defect. Of the fusion arrested mating pairs, ~10% exhibit cytoplasmic fingers similar to those 
observed in prm1Δ mutants, and ~6% lyse (Figure 8) ([271]). Similarly to prm1Δ mutants, the fig1Δ 
unilateral defects are less severe compared to the bilateral defects. Depletion of extracellular Ca2+ 

ions results in a slight enhancement of the fig1Δ fusion defect and the cells fuse with ~60% fusion 
efficiency. Surprisingly, bilateral matings of prm1Δfig1Δ mutants display a significant fusion defect 
with ~10% fusion efficiency and the majority of the cells remain unfused but do not proceed to lysis. 
However, upon Ca2+ depletion, a significant number of mating pairs lyse with enhanced lysis 
observed in prm1Δfig1Δ mutants as compared to prm1Δ mutants. Addition of extracellular Ca2+ 
rescues lysis in both categories of mutants ([271]). The lack of enhanced fusion defect upon Ca2+ 
ions depletion in fig1Δ mutants rules out the likelihood of direct involvement of Ca2+ ions in PM 
fusion. However, the fact that the enhanced cell lysis phenotype in prm1Δfig1Δ mutants is rescued 
by extracellular Ca2+ ions demonstrates; (i) the role of Ca2+ ions in membrane repair, (ii) 
corroborates the possible Prm1p role in stabilizing the membrane. It is therefore likely that Fig1p 
regulates Ca2+ ions uptake that is necessary in maintaining membrane fidelity throughout the fusion 
process. However, the absence of membrane repair in fig1Δ mutants points to the presence of 
additional factors that regulate membrane fidelity even in the absence of Ca2+ ions. Additionally, 
the fact that Ca2+ ions supplementation only rescues lysis in prm1Δfig1Δ and prm1Δ mutants likely 
indicates that the Ca2+-dependent membrane repair mechanism is activated upon PRM1 gene 
deletion.  
 
As previously mentioned, Fig1p portrays structural similarities to mammalian claudins that reside 
and regulate tight junction permeability and barrier function ([280], [281]). It is therefore plausible 
that, in addition to its role as an extracellular Ca2+ uptake regulator, Fig1p exerts a structural role 
at the mating junction. Prior to PM fusion, Fig1p possibly facilitates the tight membrane apposition, 
an indispensable step in PM fusion, while acting as a membrane barrier that prevents leakage of 
molecules into the intercellular space ([274], [282]). In addition, the presence of cytoplasmic fingers 
in fig1Δ mutants suggests a possible role of Fig1p in maintaining a proper CW and membrane 
organization during the mating process ([271]). Indeed, the Fig1p structural homologs S. pombe 
Dni1p has been implicated in a similar function ([275]). Finally, deletion of FIG1 abolishes LACs 
that is required in mating conditions ([273], [279]). Indeed, the activity of the polarization machinery 
as well as the CW remodelers (Fus1p and Fus2p) is Ca2+-dependent. It is therefore plausible that 
fig1Δ mutants exhibit altered intracellular Ca2+ ion levels that in turn affect the overall activity of 
other proteins ([273], [282]). 
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Figure 8: Representative images of PM fusion defects in prm1Δ and fig1Δ mutants. (A) Bilateral matings of prm1Δ 
and fig1Δ mutants result either in fusion or arrest as unfused mating pairs with a flat PM interface, cytoplasmic 
bubbles or undergo lysis. A flat PM interface is proposed to indicate an early prezygote with an intervening CW 
material. Mating pairs that form cytoplasmic bubbles or lyse are referred to as late prezygotes because they form 
after the CW has been degraded. The partially fused phenotype is observed in prm1Δ and fig1Δ mutants and 
suggests PM fusion and pore formation while degradation of the intervening CW is incomplete. Scale bar= 5 µm. 
(B) Electron micrographs of the cytoplasmic bubble formation phenotype. Bilateral matings of fig1Δ and 
prm1Δfig1Δ mutants result in PM fusion arrest and formation of cytoplasmic bubbles with no intervening CW 
material. Figure 8B modified from ([271]).  
 
 
2.3.3.3 Kex2p: An unknown Kex2p substrate(s) interacts with Prm1p  

Kex2p (Killer Expression defective 2) is a Ca2+-dependent Golgi-resident endopeptidase that 
cleaves protein sequences at a dibasic Lys-Arg sites and Arg-Arg sites ([264], [283]). Kex2p 
consists of a N-terminal domain homologous to the subtilisin family of serine proteases, a trans-
membrane domain and a highly acidic C-terminus ([284]). Kex2p is localized in multiple, discrete 
cytoplasmic patches that correspond to late Golgi. However, Kex2p is not incorporated into 
secretory vesicles suggesting that it is a Golgi resident protein ([264]). Its closely related protein, 
Kex1p, is a Golgi-associated exopeptidase that functions after the Kex2p protease activity. Kex1p 
processes the C-terminus of the generated N-terminal fragment, removing the Lys or Arg 
sequences ([285], [286]).  

In addition to cleaving the M1 killer toxin, Kex2p is involved in the proteolytic cleavage of prepro- α-
factor to a mature pheromone ([284]). Its role in MATa cells had however remained elusive until a 
genetic screen to identify enhancers of prm1Δ phenotype was carried out ([272]). Mating crosses 
between MATa kex2Δ mutants and WT MATα cells display a slight fusion defect that can be 
suppressed by osmotic support. This suggests a possible kex2Δ-induced CW stress similar to that 
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observed in other CW remodeling mutants such as fus1Δ and fus2Δ ([228]). However, mating 
crosses between MATa kex2Δ mutants and MATα prm1Δ mutants display a 2-fold decrease in the 
fusion efficiency. Interestingly, a 4-fold decrease in fusion efficiency occurs when MATa 
kex2Δprm1Δ mutants are crossed to MATα prm1Δ mutants. These findings suggest that the kex2Δ 
fusion defect is unilateral and that KEX2 deletion enhances the prm1Δ fusion defect particularly 
when in trans to the prm1Δ mutation. Notably, the kex2Δ fusion arrested pairs display extracellular 
membrane-bounded cytoplasmic blebs that are CW embedded and separated from both PMs by 
~8 nm width ([272]). 

It is therefore plausible that a synergistic interaction between KEX2 and PRM1 exists with the 
likelihood that Kex2p acts on an unknown substrate that is part of the fusion complex with Prm1p. 
Deletion of both genes especially in trans greatly affects PM fusion, suggesting that Kex2p or its 
unknown substrate acts on the same step as Prm1p in the PM fusion process. Therefore, for 
efficient fusion to take place, either protein should be present in at least one mating partner. 
However, the Kex2p and Kex1p substrate(s) and how it interacts with Prm1p during PM fusion 
remains eluded. Finally, the fact that a small percentage of cells (~15%) fuse in kex2Δprm1Δ 
bilateral matings suggests the presence of unidentified factors that promote PM fusion ([272]). 

2.3.3.4 Ergosterol genes: The PM sterol composition affects fusion 
 
The yeast PM is ergosterol and sphingolipid rich and has a high sterol-protein and sterol-
phospholipid ratio when compared to other membranes. Phosphatidylserine (PS) is the most 
abundant glycerophospholipid constituting ~34% ([287], [288], [289]). Furthermore, the yeast PM 
is characterized by an asymmetrical composition that is comprised of phosphatidylserine (PS), 
phosphatidylethanolamine (PE) and phosphatidylinositol (PI) in the inner leaflet, and sterols and 
sphingolipids in the outer leaflet of the lipid bilayer ([287], [290]). The membrane lipid composition 
plays an integral role in determining membrane fluidity, thickness, curvature and permeability 
([291]). The high ergosterol content and PM protein composition have particularly been implicated 
in determining membrane flexibility ([292]). Additionally, the interactions between PM sterol and 
sphingolipid long acyl chains often result in formation of liquid-ordered phase membrane 
microdomains referred to as lipid rafts ([293]). 
 
Upon pheromone induction and polarized growth, the yeast PM undergoes reorganization. In 
particular, the PM alters its composition by increasing the ergosterol content while maintaining its 
phospholipid content ([241]). These PM changes result in the clustering of proteins and lipids raft 
microdomains at the shmoo tip. Indeed, proteins such as Fus1p have been shown to associate 
with lipid rafts, thus contributing to its polarized secretion and retention at the shmoo tip ([241]). 
Ergosterol biosynthesis is a multi-step process whose final steps are dependent on the 
biosynthesis enzymes encoded by the ERG2, ERG3, ERG4, ERG5 and ERG6 genes. Interestingly, 
the respective proteins Erg2p, Erg3p, Erg4p and Erg6p have all been implicated in PM fusion 
([291], [294], [295]).  
 
Firstly, Erg2p, Erg3p and Erg6p are necessary in the recruitment of the scaffold protein Ste5p, a 
key protein in the activation the MAPK pathway, to the PM. Secondly, consistent with the formation 
of lipid rafts that facilitate protein clustering at the mating junction, all the four proteins promote 
fusion independently of Prm1p. Indeed, bilateral matings of respective erg2Δ, erg3Δ and erg6Δ 
mutants result in delayed fusion, increased accumulation of early prezygotes with intervening CW 
material, late prezygotes in which the intervening CW material has been removed, and also haploid 
cells that do not engage with the opposite mating type cell. Notably, bilateral matings of erg6Δ 
mutants not only portray a delay in fusion, but mating pairs undergo lysis, albeit a small proportion, 
suggesting an Erg6p role in PM fusion. Interestingly, Prm1p is normally expressed and localized to 
the mating junction of these mutants, suggesting that the Erg proteins and Prm1p function in 
independent pathways ([291]). Consistently, deletion of PRM1 in erg3Δ and erg6Δ mutants results 
in an additive phenotype, with bilateral matings of erg3Δprm1Δ and erg6Δprm1Δ mutants mainly 
accumulating late prezygotes and little to no fusion. In these double mutants, fusion can be partially 
restored upon expression of Prm1p from a strong promoter, indicating the fusion dependency on 
Prm1p ([291]). Intriguingly, increasing the mating duration and a higher pheromone response in 
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erg3Δ and erg6Δ mutants can partially rescue the fusion defect, suggesting a delayed initiation of 
the fusion process.  
 
Similarly, erg4Δ mutants are defective in CW remodeling step with the bilateral matings exhibiting 
a 4-fold increase in fusion defects than the unilateral matings ([294]). Additionally, the erg4Δ 
mutants are defective in shmoo and mating pair formation with <10% of cells forming shmoos. 
Contrary to the pheromone signaling defect observed in other ergΔ mutants, the erg4Δ shmoo and 
mating pair formation defect is as a result of the accumulation of an intermediate sterol, ergosta-
5,7,22,24(28)-tetraenol, that functions as the Erg4p substrate. Compared to ergosterol, ergosta-
5,7,22,24(28)-tetraenol is characterized by an additional double bond in its sterol aliphatic chain 
that may contribute to increased PM rigidity. Consequently, erg4Δ mutants fail to properly remodel 
their cell shape and form shmoos in response to pheromone ([294]). This defect can however be 
rescued by ergosterol supplementation, suggesting that the shmoo formation is largely ergosterol-
dependent. Surprisingly, protein and lipid polarization remain unaffected in erg4Δ mutants, 
indicating that polarizations events likely occur via distinct ergosterol-independent mechanisms and 
are not necessarily facilitated by shmoo formation. Notably, removal of the Erg4p sterol 
intermediate restores fusion of erg4Δ mutants to WT levels, further corroborating that the erg4Δ 
mating defects are majorly due to ergosta-5,7,22,24(28)-tetraenol accumulation. In concordance 
with other ergΔ mutants, deletion of PRM1 enhances the erg4Δ fusion defect, indicative of an 
additive phenotype. This therefore suggests that Erg4p and Prm1p operate in distinct steps in the 
mating pathway ([294]). 

Taken together, these findings demonstrate the importance of a proper PM sterol composition 
during mating. Indeed, pheromone signaling may depend on a proper PM balance between 
ergosterol and sphingolipids. In particular, shmoo formation and fusion is largely dependent on PM 
ergosterol composition. While protein and lipid secretion and polarization may remain unaffected 
in ergΔ mutants, it is plausible that protein retention at the mating junction is ergosterol-dependent. 
Consistently, sphingolipids and ergosterol are reportedly crucial for protein delivery particularly in 
the secretory pathway as well as their retention at the PM. Affecting their synthesis and by proxy 
balance, may thus affect protein targeting and PM, a phenomenon that is crucial in the mating 
pathway ([241], [296]). Alternatively, the Ergosterol biosynthesis proteins could be important co-
factors or interactors to proteins necessary in the fusion process such that their absence results in 
altered protein dynamics. Indeed, Erg4p has been suggested to interact with the PAK kinase 
Ste20p necessary in MAPK pathway signaling cascade initiation ([295]). Lastly, the overall lipid 
bilayer properties and propensity to fuse are dependent on both the sterol and 
glycerophospholipids composition and structure. This has indeed been depicted in SNARE proteins 
and viral fusion peptides studies ([297], [298], [299]).  
 

2.3.3.5 PM fusion: A present day enigma  

All these findings point to the direct involvement of Prm1p in the PM fusion step. Fig1p, Kex2p, 
Erg3p, Erg4p and Erg6p all seem to mainly enhance the prm1Δ mating defect. In particular, the 
lysis events observed in prm1Δ mutants strongly suggest a Prm1p role in stabilizing the fusion 
complex. However, the residual fusion observed in prm1Δ mutants implies genetic redundancy in 
the fusion pathway and the presence of a Prm1p-independent pathway. In addition, unilateral 
mutations often present minor fusion defects as compared to the bilateral mutations. This indicates 
that gene expression on one mating type is sufficient in carrying out the protein function across the 
mating junction. In the case of Prm1p, this can be argued that expression of the tetra-spanning 
protein on one mating partner sufficiently spans and engages both membranes while stabilizing the 
fusion machinery. Indeed, the fact that Prm1p exists as a homodimer would suggest that each 
Prm1p dimer simultaneously interacts with two binding partners on identical binding sites, resulting 
in a cooperative binding of the fusion machinery to sufficiently fuse the two bilayers ([268]). 
However, how the Prm1p-stabilized fusion machinery carries out PM fusion remains to be 
investigated. Another hypothesis is that Prm1p functions as an activator of fusion competence that 
tethers the two membranes before the fusogen/fusogenic complex is engaged. By inserting its 
hydrophobic extracellular loop into the apposed membrane, hydrophobic interactions between the 
Prm1p hydrophobic extracellular loop and the membrane lipids would favor membrane curvature 
and subsequent fusion ([268]).  
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Finally, studies on bona fide fusogens such as the viral fusogens, SNAREs, EFF-1 and HAP2 have 
led to the general conclusion that fusion proceeds through formation of a hemifusion intermediate 
([21], [83]). Whether a similar stepwise fusion process occurs during yeast PM fusion and whether 
fusion involves one or more proteins is yet to be unraveled. Notably, while the proteins highlighted 
above can be classified as components of the yeast fusion machinery, the identity of the 
fusogen/fusogenic complex remains elusive. Further studies are required to elucidate not only the 
bona fide fusogen, but also the molecular mechanism of yeast PM fusion and pore formation. 

2.3.4 Fusion Pore formation and expansion 

Once PM fusion occurs, an initial nascent pore forms with a burst and constantly expands to allow 
content mixing. Interestingly, formation of multiple nascent pores has been previously reported, but 
it remains unclear how many fusion pores are formed during the PM fusion process ([267]). 
Additionally, It is unknown whether Prm1p is directly or indirectly involved in fusion pore opening. 
Nonetheless, once a nascent pore (s) is formed, pore expansion allows the transition from a 
nanometer-size to a micrometer range that permits cytoplasmic content mixing. So far, the CW 
remodeler Fus1p has been implicated in fusion pore expansion. Consistently, Fus1p is retained at 
the mating junction once PM fusion is complete, suggesting its possible role in facilitating fusion 
pore expansion ([267]). Additionally, the continuous pore expansion is indicative of a continuous 
CW remodeling process to accommodate the expanding zygote. Indeed, cell-fusion associated 
vesicles remain localized at the newly formed pore, and /or close to the peripheral CW remnants 
until karyogamy ensues ([228]). Vesicle clustering and accumulation of CW remnant material at the 
mating junction in pre-karyogamy zygotes thus indicates the retention of the fusion machinery at 
the mating junction during pore expansion. Consistently, once karyogamy has taken place, vesicle 
clustering disappears and rare CW remnants are observed ([228]). It is therefore plausible that 
Fus1p not only facilitates vesicle clustering during pore expansion, but also anchors the Fus2p-
Rvs161p and Cdc42p complex necessary in vesicle exocytosis and release of CW remodeling 
enzymes and components of PM fusion machinery. Vesicle clustering would thus result in 
increased local concentration of CW hydrolases and fusion machinery that facilitates local CW 
removal and continuous PM fusion. Indeed, the Fus2p-Rvs161p and Cdc42p complex has been 
implicated in vesicular exocytosis at the mating junction. Both Fus2p and Cdc42p co-localize at the 
mating junction and to the remnant CW after PM fusion ([228], [248], [249], [250]). Furthermore, 
the complex would facilitate pore expansion mainly due to the preference of Rvs161p for curved 
membranes generated during this process ([247], [254]). A similar observation has been reported 
in syncytium formation whereby overexpression of the curvature generating protein (CGP) GRAF1 
that contains a BAR (Bon/amphiphysin/Rvs) domain promotes syncytium formation ([300]). Finally, 
prm1Δ mutants portray a reduced fusion pore permeance and expansion, suggesting a possible 
involvement of Prm1p in pore formation and expansion ([267]). All in all, these findings demonstrate 
the multi-functionality of the yeast mating proteins across the different steps of the mating pathway.  

2.3.5 Regulation of the yeast mating pathway 

Despite its importance in ensuring genetic recombination and diploid cell formation, the yeast 
mating process is a risky, energy-demanding process that requires a high degree of regulation at 
various levels. Firstly, pheromone secretion and response leads to activation of the MAPK signaling 
pathway. High levels of pheromone are required to ensure a sustained pheromone response ([220] 
[221]). Once the MAPK signaling pathway has been activated, the cell must simultaneously inhibit 
the invasive growth pathway that shares the MAPK components with the mating pathway (Figure 
6). Activation of the mating-responsive genes results in polarized growth towards the mating 
partner and along the pheromone gradient. Once cell-cell contact is established, localized CW 
degradation must be carefully regulated to avoid undesired cell lysis. As previously discussed, 
membrane merger does not occur spontaneously but rather involves the activity of specialized 
proteins that constitute the fusion machinery. Additionally, a proper lipid bilayer composition is 
required to ensure PM fusion. The final level of regulation occurs during karyogamy. However, this 
level is beyond the scope of this thesis and will not be discussed. Nonetheless, it is apparent that 
yeast cells regulate the mating process to ensure fusion fidelity and generation of diploid zygotes. 
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2.3.5.1 Regulation of the MAPK signaling pathway: Mating versus invasive growth 

The MAPK signaling pathway is not specific to the mating program. Instead, its components are 
shared with the invasive growth program upon nutrient starvation. Major upstream components 
such as the MAPK kinase kinase Ste11p, MAPK kinase Ste7p, and the two MAPK Fus3p and 
Kss1p are shared amongst the two programs (Figure 6A). In addition, the transcription factor 
Ste12p, that is directly activated by Fus3p or Kss1p, is required in both programs ([301], [302]). 
During pheromone response, Ste12p binds to gene specific pheromone response elements (PRE) 
resulting in expression of mating-responsive genes. However, during invasive growth, Ste12p 
activity is executed indirectly via activation of Tec1p transcription factor. Tec1p binds at Tec1-
binding site (TCS) elements of invasive growth genes resulting in expression of genes necessary 
in invasive growth ([301], [302], [303]). Intriguingly, Tec1p transcription is dependent on pheromone 
presence and upstream MAPK signaling, consistent with the fact that TEC1 contains numerous 
Ste12p-binding PRE elements at its promoter region ([303], [304]). 

Compelling evidence indicates that program specificity is brought about at the level of the MAPK: 
Fus3p versus Kss1p. The physical occlusion model suggests that: in the presence of a mating 
partner and the downstream activation of the MAPK pathway, Fus3p negatively regulates the 
invasive growth program by sterically occluding Kss1p from undergoing phosphorylation. As a 
result, mating-responsive genes are activated. Consistently, Kss1p activates the invasive growth-
responsive genes only when phosphorylated (Figure 6A) ([207], [214]). Additionally, pheromone 
signaling in fus3Δ mutants results in increased levels of Kss1p phosphorylation and activation of 
invasive growth genes ([305], [306], [307]). Interestingly, a small proportion of Kss1p has been 
shown to undergo phosphorylation during pheromone response. However, this phosphorylation 
does not activate the invasive growth program, suggesting the existence of additional suppressive 
mechanisms ([305], [308]). A second model proposes the existence of two separable and distinct 
MAPK cascades. However, this model remains irreconcilable with existing studies, suggesting the 
possibility that the degree of Fus3p and Kss1p phosphorylation dictates downstream program 
activation. 

A second level of program specificity occurs at Tec1p phosphorylation. Upon pheromone 
treatment, Fus3p has been implicated to negatively regulate Tec1p-dependent invasive growth 
gene expression via Tec1p phosphorylation. Tec1p phosphorylation promotes its degradation, 
subsequently downregulating invasive growth gene expression (Figure 6A) ([214], [306], [307], 
[309]). The Fus3p-mediated suppression of Tec1p-dependent genes can however be rescued in 
fus3Δ mutants, further corroborating the finding that Fus3p downregulates Tec1p activity as well 
as its downstream targets ([214]). 

Finally, Ste12p and by proxy Tec1p are suggested as possible contributors of program specificity. 
The specific binding of Ste12p at gene-specific PRE elements results in expression of mating 
responsive genes. Similarly, binding of Tec1p at TCS elements of invasive growth genes both in 
presence and absence of Ste12p, results in expression of invasive growth genes ([303]). It is 
therefore apparent that expression of pheromone-responsive genes is inhibited during invasive 
growth, and similarly no invasive growth genes are activated during pheromone response ([310], 
[311]). 

2.3.5.2 Regulation of CW remodeling via the cell wall integrity (CWI) pathway 

The yeast CW contributes to cellular shape and offers mechanical stability against environmental 
stress such as heat, drugs and polarization during budding or shmoo formation. The CWI pathway 
functions in repairing CW damage that may arise during normal cellular growth. The CWI pathway 
consists of five mechano-sensors; Wsc1p, Wcs2p, Wsc3p, Mid2p and Mtl1p. All five proteins 
consist of a single transmembrane domain and extracellular N-termini and small cytoplasmic C-
termini ([312], [313], [314], [315]). By connecting with the CW polysaccharides or proteins, the 
extracellular N-terminus senses the CW changes and transduces the signal via the PM into the 
cytoplasm. While the Wsc1p and Wsc3p employ their N-terminal cysteine-rich lectin binding 
domain (CRD/WSC), Mid2p and Mtl1p contain a conserved N-glycosylated asparagine residue 
([316], [317]). Their cytoplasmic C-termini mediate the CWI signaling pathway via interactions with 
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downstream effectors such as the GDP/GTP exchange proteins (GEPs) Rom2p and Rom2p, and 
the master regulator Rho1p ([318], [319]). Rho1p,a Cdc42p-related Rho-GTPase, subsequently 
activates the sole protein kinase C (Pkc1p), resulting in downstream activation of the CWI- MAPK 
cascade consisting of BCK1/SLK1, MKK1/2 and MPK1/SLT2 ([320], [321], [322]). Activation of the 
CWI- MAPK cascade subsequently activates the transcription factor Rlm1p that regulates the 
expression of CWI pathway genes involved in CW biosynthesis and cell cycle ([323], [324]). In 
addition to activating Pkc1p, Rho1p directly regulates CW β-glucan biosynthesis by activating the 
β-glucan synthase enzyme. Consistently, Pkc1p is localized at CW remodeling sites such as 
regions of polarized growth. However, upon CW damage, Pkc1p is re-localized to sites of damage 
where it elicits a localized response ([320], [325]). Null mutations of PKC1 or components of the 
CWI- MAPK pathway are defective in stress tolerance resulting in cell lysis. Interestingly, in mitotic 
cells, the lysis defect can be rescued by growing cells in osmotic stabilizers such as 1M sorbitol 
([314], [315]). 

During pheromone response and mating, polarized growth is characterized by increased CW 
remodeling. To avoid lysis, mating cells activate the CWI pathway, but this activation is carefully 
regulated to permit fusion while preventing cell lysis. In mating cells, Wsc1p and Mid2p are the 
main mechano-sensors and the mid2Δ null mutants result in mating-induced death ([313], [314], 
[326]). The mating-induced death is due to unregulated fusion characterized by premature CW 
removal at the shmoo tip ([327]). Surprisingly, while the mating-induced death cannot be rescued 
by osmotic stabilizers, mid2Δ mutations can be suppressed by extracellular calcium 
supplementation, similarly to the calcium transporter mid1Δ mutations ([328]). Indeed, Mid2p 
contains a calcium binding domain, suggesting its possible calcium regulatory role during mating 
([329]). Additionally, expression of a hyperactive Pkc1p (PKC1-R398P) that negatively regulates 
fusion can suppress the mid2Δ mutations ([330]). Consistent with a negative regulatory role of the 
CWI pathway, the mid2Δ mutations are suppressed by deletions of the CW remodelers FUS1, 
FUS2, CDC42 and RVS161, suggesting that the two pathways function antagonistically. Indeed, in 
concert with the premature CW removal observed in mid2Δ mutants, all the four proteins (Fus1p, 
Fus2p, Cdc42p and Rvs161p) are localized at the shmoo tip or to the tip cortex in the case of 
Cdc42p, and to the mating junction where they promote CW removal ([228], [238], [248]). 
Furthermore, loss of MID2 or WCS1 suppresses the fus1Δ or fus2Δ fusion defect, indicating that 
that upstream components of the CWI pathway negatively regulates fusion ([327]). 

It is therefore proposed that during mating, careful regulation of CW remodeling is achieved via a 
Mid2p-dependent localization of Cdc42p ([327]). To prevent unwanted CW removal before cell-cell 
contact is established, Mid2p facilitates the Cdc42p localization to the shmoo tip cortex, preventing 
it from co-localizing with the Fus2p-Cdc42p complex that would otherwise promote CW removal 
([249]). Once cell-cell contact is established, Cdc42p is re-localized to a focus at the mating junction 
where it interacts with the Fus2p- Rvs161p complex. The interaction of the three proteins 
consequently activates the exocytosis of CW hydrolases- containing vesicles that promote 
localized CW removal ([327]). This re-localization is indeed down-regulated in the presence of the 
hyperactive Pkc1p, further corroborating that the CWI pathway prevents Cdc42p focus at the 
mating junction ([327], [330]). 

All in all, the CWI pathway constitutes the only characterized pathway that negatively regulates 
fusion at the CW remodeling and possibly PM fusion steps. It is plausible that yeast cells employ 
other unknown regulatory mechanisms particularly at the PM fusion step. Importantly, for fusion to 
take place, a careful balance between CW removal and biosynthesis must be achieved.  
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2.4 Aim of this thesis 

Cell-cell fusion remains a fundamental process in mammalian sexual reproduction and 
development. During fertilization, the sperm and egg merge their PMs to permit cytoplasmic mixing, 
nuclear fusion and generation of a diploid zygote. PM merger is an energetically demanding event 
that is mediated by specialized proteins known as fusogens ([3], [82]). Hitherto, the bona fide 
mammalian gamete fusogen remains elusive. Similarly in budding yeast Saccharomyces 
cerevisiae, haploid MATa and MATα cells fuse to generate a diploid zygote. The two cells secrete 
mating type-specific pheromones and express surface receptors to initiate the mating process. 
Binding of the pheromones to the receptors activates the MAPK signaling pathway leading to cell 
cycle arrest in the G1 phase and transcription of mating responsive genes ([331]), [330]). The cells 
undergo polarized growth along the pheromone gradient and towards the mating partner, 
generating mating projections or shmoos ([220]). Once cell-cell contact is established, the mating 
pair remodels its intervening CW giving rise to close PM apposition to ~8 nm distance ([228], [238]). 
This close PM apposition creates a short-lived and spatially-limited mating junction herein referred 
to as the “Fertilization Synapse”. The two PMs then rapidly fuse generating a fusion pore which 
upon expansion, permits cytoplasmic content mixing and nuclear fusion.  

So far, a handful of proteins that constitute the fertilization synapse have been identified. They 
include the CW remodelers Fus1p, Fus2p, Rvs161p, Cdc42p, Chs5p, and the proteins implicated 
in PM fusion such as Prm1p, Fig1p, Kex2p, Erg3p, Erg4p and Erg6p ([228], [271], [266], [294]). 
Notably, the bona fide fusogen or fusogenic complex is still unknown. The paucity of fertilization 
synapse constituents and lack of a detailed understanding of the molecular mechanism of yeast 
PM fusion formed the basis of this thesis. I aimed to employ two independent yet interrelated 
approaches to identify and characterize novel putative components of the yeast fusion machinery. 
Firstly, a completed proteomic analysis of yeast PM proteins upregulated during pheromone 
treatment identified ~20 pheromone-upregulated proteins with unknown functions in yeast mating. 
Working with the hypothesis that components of the yeast fusion machinery are both pheromone-
upregulated and localized at the mating junction, I first focused on characterizing the localization 
profile of these proteins in pheromone-treated and mating conditions. Pun1p, a SUR7-family 
membrane protein with no known function in yeast mating, was highly expressed and localized at 
the mating junction ([277]). To determine whether Pun1p is a putative component of the fertilization 
synapse, I aimed at characterizing the expression and localization profile of Pun1p in mating 
conditions. The presence of Pun1p at the mating junction prior to CW remodeling and PM fusion, 
as well as its junction retention during PM fusion hinted that it is a novel constituent of the 
fertilization synapse. By employing gene deletion and gene overexpression approaches, this thesis 
aimed at further characterizing the function of Pun1p in mating conditions. 

Secondly, generation of the temporal and spatially-limited fertilization synapse precedes PM fusion. 
Consequently, late intracellular and intercellular protein-protein interactions necessary for PM 
fusion likely to occur at the synapse. Determination of the synapse constituents thus provides a 
novel approach to identify putative components of the yeast fusion machinery. This thesis therefore 
aimed at developing a Horseradish peroxidase (HRP)-mediated proximity labeling approach 
coupled to mass spectrometry to identify novel putative constituents of the fertilization synapse 
([332], [333]). As proof of principle, HRP- Fus1p recombinant protein was used to demonstrate the 
feasibility of this approach in pheromone-treated cells. The ultimate objective of this approach was 
to characterize the identified proteins via a variety of bioinformatics, proteomics, biochemistry and 
molecular genetics tools in order to fully elucidate their putative roles in yeast mating. Notably, this 
approach presents a novel means of mapping the yeast mating junction and may provide clues on 
the components of the yeast PM fusion machinery.  
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3 Materials and Methods 
3.1 Materials and Instrumentation 

 
3.1.1 Chemicals and buffers 

Table 1 : Chemicals used in this thesis 

Chemical Manufacturer 
Acetic acid AppliChem 

Acetone Sigma-Aldrich 

Acrylamide 4K-Solution (30%) PanReac AppliChem 

Agar EMD Millipore Corp 

Agarose Invitrogen 

Alpha factor GenScript or synthesized in house  

Ammonium sulfate Carl Roth GmbH 

Ampicillin Gerbu 

Bacto- Peptone Difco 

Beta Mercapto-ethanol SERVA Electrophoresis GmbH 

Biotin- AEEA-Phenol Iris BioTech 

Bromophenol blue SERVA Electrophoresis GmbH 

Coomassie Briiliant Blue R250 BioNol Feinchem.GmbH 

D-Sorbitol Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) SERVA Electrophoresis GmbH 

dNTPs ThermoScientific 

Dried skimmed milk powder Sigma-Aldrich 

EDTA Sigma-Aldrich 

EGTA Sigma- Aldrich 

Ethanol J.T. Baker 

Floro Orotic Acid monohydrate (5-FOA) Formedium 

G418 disulphate Sigma-Aldrich 

Glass beads Carl Roth GmbH 

Glycine Carl Roth GmbH 

HCl VWR Chemicals 

HEPES SERVA Electrophoresis GmbH 

Hydrogen peroxide Carl Roth GmbH 

Hygromycin Formedium 

Isopropanol Sigma-Aldrich 

KCl Sigma-Aldrich 

Lithium acetate Sigma-Aldrich 
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Luminol solution GE Healthcare 

Methanol Sigma-Aldrich 

MgCl2 Sigma-Aldrich 

Mowiol Synthesized in-house 

Na2HPO4 Sigma-Aldrich 

NaCl Sigma-Aldrich 

NaF Sigma-Aldrich 

NaH2PO4.H2O Sigma-Aldrich 

NaHCO3 Sigma-Aldrich 

NaN3 AppliChem 

NaOH J.T. Baker 

Nonidet-40 (NP-40) Sigma-Aldrich 

Nourseothricin Sigma-Aldrich 

PEG 3350 Sigma-Aldrich 

Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich 

PIC Sigma-Aldrich 

Ponceau stain Sigma-Aldrich 

Potassium Chloride J.T. Baker 

Sodium ascorbate Sigma-Aldrich 

Sodium azide SERVA Electrophoresis GmbH 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich 

Sodium Hydroxide Carl Roth GmbH 

TEMED Carl Roth GmbH 

Trichloroacetic acid (TCA) Sigma-Aldrich 

Tris Carl Roth GmbH 

Triton X-100 Carl Roth GmbH 

Trolox Santa Cruz Biotechnologies 

Tween-20 Bio Rad 

Yeast Extract   Formedium 

YeastMaker TM Carrier DNA Takara 
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Table 2: General buffers used in this thesis 

General Buffers Composition 
4X SDS-PAGE 
sample buffer 

250 mM Tris, 100 mM DTT, 6% SDS, 40% glycerol, 0.02% 
Bromophenol blue 

Blocking solution 5% (w/v) milk powder, filled up with TBS 
Coomassie 
Staining solution 

0.15% Coomassie Brilliant Blue R-250, 12% acetic acid, 44% ethanol  

Coomassie 
Destaining 
solution 

50% (v/v) methanol, 10% (v/v) acetic acid filled up with ddH20 

Spheroplasting 
buffer 

20 mM HEPES, 1M Sorbitol 

Lysis buffer 50 mM Tris, pH=8, 150 mM NaCl, 2 mM EDTA   
PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.7 mM NaH2PO4, 

pH=7.5 
PEG solution 100 mM LiOAc, 10 mM Tris–HCl pH=8, 1 mM EDTA/NaOH  pH=8, 

40% PEG3350  
Quenching 
solution 

10 mM Sodium azide, 10 mM Sodium ascorbate, 5 mM Trolox 

SDS Running 
buffer 

25 mM Tris, 192 mM Glycine, 0.28% SDS 

SORB 100 mM LiOAc, 10 mM Tris–HCl pH=8, 1 mM EDTA/NaOH pH=8, 1 M 
Sorbitol 

TAE buffer 40 mM Tris, 20mM Acetate, 1mM EDTA, pH=8.6 
TAF buffer 20 mM Tris-HCl pH=7.4, 20 mM NaN3, 20 mM NaF in PBS 
TBS 150 mM NaCl, 10 mM Tris, pH=7.5 
TBST 150 mM NaCl, 10 mM Tris, pH=7.5, 0.025 % (v/v) Tween-20, 
Transfer buffer 192 mM Glycine (15 g), 25 mM Tris (3 g), 0.04% SDS (0.4 g), 20% 

MeOH 200 mL, filled up with ddH2O to 1L 

 

3.1.2 Media  

Table 3: Media used in this thesis 

Media Composition 

LB 
200 mM NaCl (10 g), 1% (w/v) bacto-tryptone (10 g), 0.5% (w/v) yeast extract (5 g), 
filled up with ddH2O to 1L, pH=7.0 

SC  
6.7 g Yeast nitrogen base without amino acids (YNB), 590 mg Amino acids (AA) Mix, 40 
mL sterile 50% Glucose (w/w) 

SD 
6.7 g Yeast nitrogen base without amino acids (YNB), defined Amino acids (AA), 40 mL 
sterile 50% Glucose (w/w) 

SOC 

10 mM NaCl (0.58 g), 2.5 mM KCl (0.19 g), 10 mM MgCl2 (0.95 g), 20 mM glucose (3.6 
g), 0.5% (w/v) yeast extract (5 g), 1% (w/v) Bacto-tryptone (10 g), filled up with ddH2O 
to 1L, pH=7.0 
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YPD 
1% (w/v) 10 g yeast extract, 2% (w/v) 20 g Bacto-Peptone, 2% (w/v) dextrose (glucose) 
40 mL sterile 50% Glucose (w/w), filled up with ddH2O to 1L 

 

3.1.3 Commercial kits and disposables  

Table 4: Commercial kits and disposables 

Name Manufacturer 

Graduated pipettes (5, 10, 25, 50 mL)  Sarstedt 

MF Millipore Membrane Filter, 0.45 μm  Sigma- Aldrich 

Micropipette tips 10, 200, 1250 μL nerbe plus 

Microscope glass slides KnittelGlass and Diagonal 

Mini-PROTEAN TGX Stain-Free Gels  Bio Rad 

Nitrocellulose membrane GVS North America 

Parafilm Pechiney Plastic Packaging  

Plastic Erlenmeyerflasks Corning 

QIAGEN Gel Extraction Kit Qiagen 

QIAGEN Plasmid MiniPrep Qiagen 

Reaction tubes (0.5, 1.5, 2.0 mL) Eppendorf 

Reaction tubes (15, 50 mL) Falcon 

SERVALight Polaris HRP Substrate kit SERVA Electrophoresis GmbH 

Trans-Blot Turbo Transfer pack Bio Rad 

Whatman Filter paper No.4 GE Healthcare 

  

 

3.1.4 Enzymes, dyes and antibodies 

Table 5: List of enzymes, dyes and antibodies 

List of enzymes, dyes and antibodies Manufacturer 
BamH1 New England BioLabs 
Dpn1, FastDigest Thermo Scientific 
Gibson assembly Master mix New England BioLabs 
DreamTaq DNA Polymerase Thermo Fisher Scientific 
Kpn1 New England BioLabs 
Nhe1 New England BioLabs 
Phusion Hot start flex DNA polymerase New England BioLabs 
Phusion High Fidelity 2x Master Mix New England BioLabs 
PNGase F Sigma Aldrich 
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Sac1 New England BioLabs 
Sal1 New England BioLabs 
T4 DNA Ligase New England BioLabs 
Zymolyase 100T US Biological Life Sciences 
1 kb DNA Ladder Thermo Fisher Scientific 
100 bp plus DNA Ladder Thermo Scientific 
6X Loading dye Thermo Fisher Scientific 
PageRuler Prestained Protein ladder Thermo Scientific 
Calcofluor white Sigma-Aldrich 
Concanavalin A Tetramethylrhodamine (ConA- Tet) Thermo Fisher Scientific 
Concanavalin A, Alexa Fluor 647 conjugate (ConA-
AF 647) Thermo Fisher Scientific 
FM4-64 Molecular Probes/Invitrogen 
PageRuler Prestained Protein Ladder Thermo Scientific 
Streptavidin Alexa Fluor 647 conjugate Life Technologies 
SYBR Red New England BioLabs 
Anti-actin antibody Nb100 (mouse) Sigma-Aldrich 
Anti-HA antibody (mouse) Sigma-Aldrich 
Anti-mouse IgG2-HRP conjugate (goat) BioRad 
Anti-mouse IgM-HRP conjugate (rabbit) BioRad 
Anti-V5 antibody (mouse) Invitrogen 

 

3.1.5 Plasmids 

Table 6: Plasmids used in this thesis 

Plasmid Parent Genotype Reference 
pRS425 

 
LEU2 2μ ampR [334] 

pRS426 
 

URA3 2μ ampR [334] 
pRS315 

 
LEU2 CEN ampR [334] 

pRS316 
 

URA3 CEN ampR [334] 
pAS01 pRS426 prADH1-URA3 2μ ampR Anson Shek 
pAS07 pRS426 prADH1-PRM1 2μ URA3 Anson Shek 
pAS23 pRS425 prADH1-LEU2 2μ ampR Anson Shek 
pMAM56 

 
pFA6a-mCherry-natNT2 ([335]) 

pYM14 
 

pFA6a-KanMX4 ([335]) 
pMS131 

 
pFA6a-mNeonGreen-KanMX4 Michal Skruzny 

pFA6a-
HIS3MX6 

 
pFA6a-HIS3MX6 ampR  [336] 

pFA6a-URA3 
 

pFA6a-URA3 ampR  [337] 
pAS64 pRS316 mNeonGreen CEN URA3 Anson Shek 
pFA6-natNT2 

 
pFA6-natNT2 ampR ([335]) 

HA-nHRP-
klURA3-cHRP 

 
pMK-RQ KanR This work 

pSKM01 pRS426 prADH1-PUN1 2μ URA3 This work 
pSKM02 pRS426 prPUN1-PUN1 2μ URA3 This work 
pSKM03 pRS316 prADH1-PUN1 CEN URA3 This work 
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pSKM04 pRS316 prADH1-PUN1-V5 CEN URA3 This work 
pSKM05 pRS316 prADH1-PUN1-mNeonGreen CEN URA3 This work 
pSKM06 pRS316 prPUN1-PUN1- CEN URA3 This work 
pSKM07 pRS425 prADH1-SUR7 2μ LEU2 This work 
pSKM08 pRS426 prADH1-SUR7 2μ URA3 This work 
pSKM09 pRS426 prSUR7-SUR7 2μ URA3 This work 
pSKM10 pRS316 prADH1-PUN1 G74AL75AW76A CEN URA3  This work 
pSKM11 pRS316 prADH1-PUN1 G74AL75AW76A-V5 CEN 

URA3  
This work 

pSKM12 pRS316 prADH1-PUN1 G74AL75AW76A-mNeonGreen 
CEN URA3  

This work 

pSKM13 pRS316 prADH1-PUN1 C79S CEN URA3  This work 
pSKM14 pRS316 prADH1-PUN1 C79S-V5 CEN URA3  This work 
pSKM15 pRS316 prADH1-PUN1 C90S CEN URA3  This work 
pSKM16 pRS316 prADH1-PUN1 C90S-V5 CEN URA3  This work 
pSKM17 pRS316 prADH1-PUN1 C79SC90S CEN URA3  This work 
pSKM18 pRS316 prADH1-PUN1 C79SC90S-V5 CEN URA3 This work 
pSKM19 pRS316 prADH1-PUN1 C79SC90S-mNeonGreen CEN 

URA3 
This work 

pSKM20 pRS316 prADH1-PUN1 L75AW76A CEN URA3 This work 
pSKM21 pRS316 prADH1-PUN1 G74AL75AW76A+C79SC90S 

CEN URA3 
This work 

pSKM22 pRS316 prADH1-PUN1 G74AL75AW76A+C79SC90S-
V5 CEN URA3 

This work 

pSKM23 pRS316 prADH1-PUN1 G74AL75AW76A+C79SC90S-
mNeonGreen CEN URA3 

This work 

 

3.1.6 Yeast and bacterial strains 

Table 7: Yeast strains used in this thesis 

Strain  Parent  Genotype Source 
BY4741 S288C MATa his3∆1 leu2∆0 met15∆0 

ura3∆0 
[338] 

BY4742 S288C MATα  his3Δ1 leu2Δ0  lys2Δ0 
ura3Δ0   

[338] 

MATa YKO  BY4741 MATa his3∆1 leu2∆0 met15∆0 
ura3∆0, geneΔ::KanMX 

[339] 

MATα YKO BY4742 MATα  his3Δ1 leu2Δ0 lys2Δ0 
ura3Δ0,  geneΔ::KanMX 

[339] 

PSAY 981 MATα N-GFP BY4742 MATα ura3∆0 his3∆1 leu2∆0 
lys2∆0, NeGFP-TRP1-NatMX4 
(p1371)  

Pablo 
Aguilar  

PSAY 982 MATa N-GFP BY4742 MATa ura3∆0 his3∆1 leu2∆0 
lys2∆0, NeGFP-TRP1-NatMX4 
(p1371)  

Pablo 
Aguilar  

PSAY 983 MATa C-GFP BY4742 MATa ura3∆0 his3∆1 leu2∆0 
lys2∆0, CeGFP-LEU2 (p1370) 
Δlys1::KanMX-pTEF2-mCherry  

Pablo 
Aguilar  

PSAY 984 MATα C-GFP BY4742 MATα ura3∆0 his3∆1 leu2∆0 
lys2∆0, CeGFP-LEU2 (p1370) 
Δlys1::KanMX-pTEF2-mCherry  

Pablo 
Aguilar  

FUS1-GFP  BY4741 MATa FUS1-GFP::HIS3MX6 ([340]) 
YIL108W-GFP  BY4741 MATa YIL108W-GFP::HIS3MX6 ([340]) 
YHR097C-GFP BY4741 MATa YHR097C-GFP::HIS3MX6 ([340]) 
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YJL049W-GFP BY4741 MATa YJL049W-GFP::HIS3MX6 ([340])  
YNR065C-GFP BY4741 MATa YNR065C-GFP::HIS3MX6 ([340]) 
YNR066C-GFP BY4741 MATa YNR066C-GFP::HIS3MX6 ([340]) 
YIL108W-GFP  BY4741 MATa YIL108W-GFP::HIS3MX6 ([340]) 
4E5 ORC2-TAP-URA3 BY4741 MATa lys2Δ0 ura3Δ0 ho::LYS2 

leu2::hisG TRP ARG4 
pch2::URA3:pPCH2(300bp):3HA- 

Heinz 
Neumann 

SKM001 PSAY 983 MATa ura3∆0 his3∆1 leu2∆0 
lys2∆0, CeGFP-LEU2 

This work 

SKM001 PSAY 983 MATα ura3∆0 his3∆1 leu2∆0 
lys2∆0, CeGFP-LEU2 

This work 

ASG7-mNG BY4741 MATa ASG7-mNG::KanMX4 This work 
FIG1-mCherry BY4741 MATa PUN1-mNG::KanMX4 

FIG1-mCherry::natNT2 
This work 

FIG1-mNG BY4741 MATa FIG1-mNG::KanMX4 This work 
FMP45-mNG BY4741 MATa FMP45-mNG::KanMX4 This work 
ISC1-mNG BY4741 MATa ISC1-mNG::KanMX4 This work 
PGK1-mCherry BY4742 MATa PGK1-mCherry::natNT2 This work 
PIL1-mCherry BY4741 MATa PUN1-mNG::KanMX4 

PIL1-mCherry::natNT2 
This work 

PIL1-mNG BY4742 MATα PIL1-mNG::KanMX4 This work 
PRM5-mNG BY4741 MATa PRM5-mNG::KanMX4 This work 
PUN1-mCherry BY4742 MATα PUN1-mCherry::natNT2 This work 
PUN1-mNG BY4741 MATa PUN1-mNG::KanMX4 This work 
SUR7-mCherry BY4742 MATα SUR7-mCherry::natNT2 This work 
SUR7-mNG BY4741 MATa SUR7-mNG::KanMX4 This work 
YNL058C-mNG BY4741 MATa YNL058C-mNG::KanMX4 This work 
YNL194C-mNG BY4741 MATa YNL194C-mNG::KanMX4 This work 
YPR170W-B-mNG BY4741 MATa YPR170W-mNG::KanMX4  This work 
fig1Δ PSAY 981 MATα fig1Δ::hphNT1,  NeGFP-

TRP1-NatMX4 
This work 

fig1Δ PSAY 983 MATa fig1Δ::hphNT1, CeGFP-
LEU2 (p1370) Δlys1::KanMX-
pTEF2-mCherry  

This work 

fig1Δpun1Δsur7Δfmp45Δ PSAY 981 MATα pun1Δ::hphNT1 
fig1Δ::KanMX4 sur7Δ::HIS3 
fmp45Δ::URA3, NeGFP-TRP1-
NatMX4 

This work 

fig1Δpun1Δsur7Δfmp45Δ PSAY 983 MATa pun1Δ::hphNT1 
fig1Δ::KanMX4 sur7Δ::HIS3 
fmp45Δ::URA3, CeGFP-LEU2 
(p1370) 

This work 

isc1Δ PSAY 981 MATα isc1Δ::hphNT1, NeGFP-
TRP1-NatMX4 

This work 

isc1Δ PSAY 983 MATa isc1Δ::hphNT1, CeGFP-
LEU2 (p1370) Δlys1::KanMX-
pTEF2-mCherry  

This work 

pil1Δ PSAY 981 MATα pil1Δ::hphNT1, NeGFP-
TRP1-NatMX4 

This work 

pil1Δ PSAY 983 MATa pil1Δ::hphNT1, CeGFP-
LEU2 (p1370) Δlys1::KanMX-
pTEF2-mCherry  

This work 

prm1Δ PSAY 981 MATα prm1Δ::hphNT1, NeGFP-
TRP1-NatMX4 

This work 

prm1Δ PSAY 983 MATa prm1Δ::hphNT1, CeGFP-
LEU2 (p1370) Δlys1::KanMX-
pTEF2-mCherry  

This work 
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prm1Δ PSAY 983 MATa prm1Δ::hphNT1, CeGFP-
LEU2 (p1370) 

This work 

prm1Δprm5Δynl058cΔ  PSAY 981 MATα 
prm1Δ::HIS3prm5Δ::hphNT1 
ynl058cΔ::KanMX4, NeGFP-
TRP1-NatMX4 

This work 

prm1Δprm5Δynl058cΔ  PSAY 983 MATa 
prm1Δ::HIS3prm5Δ::hphNT1 
ynl058cΔ::KanMX4, CeGFP-
LEU2 (p1370) 

This work 

prm1Δpun1Δ PSAY 981 MATα prm1Δ::hphNT1 
pun1Δ::KanMX4, NeGFP-TRP1-
NatMX4 

This work 

prm1Δpun1Δ PSAY 983 MATa prm1Δ::hphNT1 
pun1Δ::KanMX4, CeGFP-LEU2 
(p1370) 

This work 

prm1Δsur7Δ PSAY 981 MATα prm1Δ::KanMX4 
sur7Δ::HIS3, NeGFP-TRP1-
NatMX4 

This work 

prm1Δsur7Δ PSAY 983 MATa prm1Δ::KanMX4 
sur7Δ::HIS3, CeGFP-LEU2 
(p1370) 

This work 

prm5Δfus1Δ  PSAY 981 MATα prm5Δ::hphNT1 
fus1Δ::KanMX4, NeGFP-TRP1-
NatMX4 

This work 

prm5Δfus1Δ  PSAY 983 MATa prm5Δ::hphNT1 
fus1Δ::KanMX4, CeGFP-LEU2 
(p1370) 

This work 

prm5Δynl058cΔ  PSAY 981 MATα prm5Δ::hphNT1 
ynl058cΔ::KanMX4, NeGFP-
TRP1-NatMX4 

This work 

prm5Δynl058cΔ  PSAY 983 MATa prm5Δ::hphNT1 
ynl058cΔ::KanMX4, CeGFP-
LEU2 (p1370) 

This work 

pun1Δ PSAY 981 MATα pun1Δ::hphNT1,  NeGFP-
TRP1-NatMX4 

This work 

pun1Δ PSAY 983 MATa pun1Δ::hphNT1, CeGFP-
LEU2 (p1370) Δlys1::KanMX-
pTEF2-mCherry  

This work 

pun1Δ PSAY 983 MATa pun1Δ::hphNT1, CeGFP-
LEU2 (p1370) 

This work 

pun1Δfig1Δ PSAY 981 MATα pun1Δ::hphNT1 
fig1Δ::KanMX4, NeGFP-TRP1-
NatMX4 

This work 

pun1Δfig1Δ PSAY 983 MATa pun1Δ::hphNT1 
fig1Δ::KanMX4, CeGFP-LEU2 
(p1370) 

This work 

pun1Δfig1Δsur7Δ PSAY 981 MATα pun1Δ::hphNT1 
fig1Δ::KanMX4 sur7Δ::HIS3, 
NeGFP-TRP1-NatMX4 

This work 

pun1Δfig1Δsur7Δ PSAY 983 MATa pun1Δ::hphNT1 
fig1Δ::KanMX4 sur7Δ::HIS3, 
CeGFP-LEU2 (p1370) 

This work 

pun1Δfig1Δsur7Δfmp45Δynl194cΔ PSAY 981 MATα pun1Δ::hphNT1 
fig1Δ::KanMX4 sur7Δ::HIS3 
fmp45Δ::URA3 ynl194cΔ::LEU2, 
NeGFP-TRP1-NatMX4 

This work 

pun1Δfig1Δsur7Δfmp45Δynl194cΔ PSAY 983 MATa pun1Δ::hphNT1 
fig1Δ::KanMX4 sur7Δ::HIS3 
mp45Δ::URA3 
ynl194cΔ::NatMX4, CeGFP-
LEU2 (p1370) 

This work 
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pun1Δfus1Δ PSAY 981 MATα pun1Δ::hphNT1 
fus1Δ::KanMX4, NeGFP-TRP1-
NatMX4 

This work 

pun1Δfus1Δ PSAY 983 MATa pun1Δ::hphNT1 
fus1Δ::KanMX4, CeGFP-LEU2 
(p1370) 

This work 

pun1Δfus1Δfus2Δ PSAY 981 MATα pun1Δ::hphNT1 
fus1Δ::KanMX4 fus2Δ::HIS3, 
NeGFP-TRP1-NatMX4 

This work 

pun1Δfus1Δfus2Δ PSAY 983 MATa pun1Δ::hphNT1 
fus1Δ::KanMX4 fus2Δ::HIS3, 
CeGFP-LEU2 (p1370) 

This work 

pun1Δprm1Δsur7Δ PSAY 981 MATα  pun1Δ::hphNT1 
prm1Δ::KanMX4 sur7Δ::HIS3, 
NeGFP-TRP1-NatMX4 

This work 

pun1Δprm1Δsur7Δ PSAY 983 MATa  pun1Δ::hphNT1 
prm1Δ::KanMX4 sur7Δ::HIS3, 
CeGFP-LEU2 (p1370) 

This work 

pun1Δsur7Δ PSAY 981 MATα pun1Δ::hphNT1 
sur7Δ::KanMX4, NeGFP-TRP1-
NatMX4 

This work 

pun1Δsur7Δ PSAY 983 MATa pun1Δ::hphNT1 
sur7Δ::KanMX4, CeGFP-LEU2 
(p1370) 

This work 

FUS1-mNG BY4741 MATa FUS1-mNG::KanMX4 This work 
FUS1-6HA BY4741 MATa FUS1-6HA::KanMX4 This work 
HA-HRP-FUS1-6HA BY4741 MATa HA-HRP-FUS1-

mNG::KanMX4 
This work 

HA-HRP-FUS1-mNG BY4741 MATa HA-HRP-FUS1-
mNG::KanMX4 

This work 

 

Table 8: Bacterial strains used in this thesis 

Organism Name Genotype 

Escherichia coli XL-10 Gold TetRΔ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 
endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte 
[F´ proAB lacIqZΔM15 Tn10 (TetR) Amy CamR] 

Escherichia coli  Omni-max Fʼ {proAB+laclq lacZΔM15 Tn10(TetR) 
Δ(ccdAB)} mcAr Δ(mrr--hsdRMS--mcrBC) 
φ80(lacZ)ΔM15 Δ(lacZYA--argF) U169 endA1 
recA1 supE44 thi-1 gyrA96 reAl1 tonA  

 

3.1.7 Primers 

Table 9: List of primers used in this thesis 

Primer Sequence (5'-3') 
ASG7 C' Tag pYM Fw ACTCATAATATTTGTAGTTCTCCTATGTAAGAAAAGCCGTCGTACGCT

GCAGGTCGAC 
ASG7 C' Tag pYM 
Rev 

GAAAGAGGCTGATATCATTTTCTGTCTTTAGATCTACCTAATCGATGAA
TTCGAGCTCG 
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ASG7 C' Tag CHK Fw TGGTTGGTGAATCTTTTAGC 
FIG1 C' Tag pYM Fw TAACTACTCTTCGGATTCATCTACATTGCATTCCAAAGTTCGTACGCTG

CAGGTCGAC 
FIG1 KO pYM Fw AACAAACAAACAAACAAACAAAAAAAAAAAAAAAAAAATGCGTACGCT

GCAGGTCGAC 
FIG1 C' Tag pYM Rev ATCCGCTCAAAACTTATATGTTTATTTGAGGATAAAACTAATCGATGAA

TTCGAGCTCG 
FIG1 C' Tag CHK Fw TCAAGCGTTGTCTTGAACATTTTG 
FIG1 WT CHK Fw TTCTTCTCATCGGCTGTTAC 
FIG1 WT CHK Rev TCAAAATGTTCAAGACAACG 
FIG1 5‘ UTR CHK Fw GCATTGCCTCTTTATTTGAC 
FMP45 C' Tag pYM 
Fw 

TGGGGATGGTGGTCTTGCCGGGCCAGTGACGGTACGCGACCGTACG
CTGCAGGTCGAC 

FMP45 C' Tag pYM 
Rev 

AAAAATTAGGAAGTATTTTATGGTGATTATTTCCTTCCTAATCGATGAA
TTCGAGCTCG 

FMP45 KO URA3 Fw AAGTAACAAGTAACACTAATCACTATAATCTACCGCTATGTCGGGGCT
GGCTTAACTATG 

FMP45 KO URA3 
Rev 

AAAAATTAGGAAGTATTTTATGGTGATTATTTCCTTCCTAGCGGTATTT
TCTCCTTACGC 

FMP45 C' Tag CHK 
Fw 

TATGTGAAGGCCAGAAAGAC 

FMP45 WT CHK Fw TATTCTGTCAGGAGGCAGAG 
FMP45 WT CHK Rev GAAGGAAGGTAGCCAGAAAG 
FUS1 C' Tag pYM Fw TAGAGGCATTGTGCCTGGTGACTGTCTCCAAGAATACGACCGTACGC

TGCAGGTCGAC 
FUS1 KO pYM Fw GAGCAGGATATAAGCCATCAAGTTTCTGAAAATCAAAATGCGTACGCT

GCAGGTCGAC 
FUS1 KO pYM Rev AGGTATAGATTAAATGCGAACGTCAATATTATTTTCATCAATCGATGAA

TTCGAGCTCG 
FUS1 C' Tag CHK Fw TGACTGCAATAAAAGCACTG 
FUS1 WT CHK Fw GATATAATGCCTGACGAACG 
FUS1 WT CHK Rev GCAATGGTTTAGAACGTGAC 
FUS1 5‘ UTR CHK 
Fw 

AACAGAACAATAACGGCAAC 

FUS1 F1 Fw TCTTTTGCTTCCATATTTACCATGTGG 
FUS1 R1 Rev AGCGTAGTCTGGAACGTCGTATGGGTACATTTTGATTTTCAGAAACTT

GATGGC 
FUS1 F2 Fw GCTGGTGCTGGTGCTGGTGCAGTAGCAACAATAATGCAGACGACAAC

AAC 
FUS1 R2 Rev GGATTTGAAATGGACACCGAATTCC 
FUS1 CHK Fw TTTGTTGTCAGTGATGCCTCAATCC 
cHRP CHK Fw CAGCTTCGCTAATAGCACACAAACC 
nHRP CHK Rev AATGCAATCTCAAAATAGAGGCAGC 
ISC1 C' Tag pYM Fw GGACGCGGAGCACCACCTGCAAACTTTCTTGAGCGAGAAACGTACGC

TGCAGGTCGAC 
ISC1 KO pYM Fw TGCGCTTTCCGCGTAAAAAGGGAAAAAAAGCAGATATATGCGTACGC

TGCAGGTCGAC 
ISC1 KO Rev GTAATTTTTTTACATATGCTAAAGAAAATCGATAATATCAATCGATGAA

TTCGAGCTCG 
ISC1 C' Tag CHK Fw ACTCATGCACCCTTAACATC 
ISC1 WT CHK Fw ACAGAGATGTTCACGAGAGG 
ISC1 WT CHK Rev AACGCTGATACGGATACTTG 
ISC1 5‘ UTR CHK Fw CTGCTCTCTGGTGGTATTTG 
PIL1 C' Tag pYM Fw ACACCAGCAAAGTGAGTCTCTTCCCCAACAAACAACAGCTCGTACGC

TGCAGGTCGAC 
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PIL1 KO pYM Fw TGCAAAGTGAAGAATATATCAGCATCAAGTATATAGTATGCGTACGCT
GCAGGTCGAC 

PIL1 KO pYM Rev TTTTTTTTGTTTCTAATAGATTGTTGATTTATTTTGATTAATCGATGAATT
CGAGCTCG 

PIL1 C' Tag CHK Fw TTGCTTTAATCGCTGGTTAC 
PIL1 WT CHK Fw CAGCTTTAGGAGAAGTGCTG 
PIL1 WT CHK Rev AGCAGCTCTCAACTTTGACC 
PIL1 5‘ UTR CHK Fw GCGCTTGTCTTATAAAATTCC 
PGK1 C' Tag pYM Fw TAAGGAATTGCCAGGTGTTGCTTTCTTATCCGAAAAGAAACGTACGCT

GCAGGTCGAC 
PGK1 C' Tag pYM 
Rev 

GAAAAAAATTGATCTATCGATTTCAATTCAATTCAATTTAATCGATGAAT
TCGAGCTCG 

PGK1 C' Tag CHK Fw TGACAAGGAAGGTATTCCAG 
PRM1 C' Tag pYM Fw GGTAATTCTCCGATTACGTCTTCGCAAAGCCACCTTTGACCGTACGCT

GCAGGTCGAC 
PRM1 KO pYM Fw AGGATGATTCCCTTTCGAATTTGTGAACGTTGATGATATGCGTACGCT

GCAGGTCGAC 
PRM1 KO pYM Rev ATAGAGTTATGACGGAAAAAGTCTATCAACTAATTAATCAATCGATGAA

TTCGAGCTCG 
PRM1 C' Tag CHK 
Fw 

ATGTGCCATTGAAAATAAGC 

PRM1 WT CHK Fw TTCCTCAATCAACGATAAGC 
PRM1 WT CHK Rev TCCAGAGCTTGATTTCATTC 
PRM1 5‘ UTR CHK 
Fw 

TTCCGATGATGCCTACATAC 

PRM4 C' Tag pYM Fw CAACTTGCTGGTAGAAAAAAAAGACATCCCTTCTAATTCTCGTACGCT
GCAGGTCGAC 

PRM4 C' Tag pYM 
Rev 

TTAGCTGCGGCTGCTCGTCGATAGGAGTGATAACAAATTAATCGATGA
ATTCGAGCTCG 

PRM5 C' Tag pYM Fw TTATCTCGAGCACATGCTGGAGGGGAAAGAACAGGATGAGCGTACGC
TGCAGGTCGAC 

PRM5 KO pYM Fw GTTGAAAATAGAATAAATTGACACTCAAAACGCAAGAATGCGTACGCT
GCAGGTCGAC 

PRM5 KO pYM Rev TGCTTAAAAAAAATATTGCAAAATATCATAAAAGTTTTTAATCGATGAAT
TCGAGCTCG 

PRM5 C' Tag CHK 
Fw 

TAAGGATGAATCGGTGAAAG 

PRM5 WT CHK Fw TAACCACTTCCACTTCTTCG 
PRM5 WT CHK Rev CCGTAAAACTGGGTATGTTG 
PRM5 5‘ UTR CHK 
Fw 

TTTCTTAGCAGGGTTATTGC 

PUN1 C' Tag pYM Fw CATCTATGCGAACGCTCCAATTGAGGAAAAACCATTGATTCGTACGCT
GCAGGTCGAC 

PUN1 KO pYM Fw GAAAAAAACAAACACATCATCGAAGGACGCTATAAGCATGCGTACGC
TGCAGGTCGAC 

PUN1 KO pYM Rev ACACAAAAATTAATTAATAACCTTGCCTTTTTCAAATTCAATCGATGAAT
TCGAGCTCG 

PUN1 C' Tag CHK Fw TGCCCGAAAAACTAAAAAG 
PUN1 WT CHK Fw ACATCCAATCATGTTCTTCG 
PUN1 WT CHK Rev ATGAGTAAGTGCCCAAACAC 
PUN1 5‘ UTR CHK 
Fw 

TCAGCCACACATTGACGTAC 

PUN1 Endo Fw AGATGAAACATGTGAAACCC 
PUN1 Endo Rev CCTTATATGGATGCCCTGAACATC 
PUN1 AS01 Fw ATGAGGAATTTTTTCACGTTATTTTTTGC 
PUN1 AS01 Rev TCAAATCAATGGTTTTTCCTCAATTGG 
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PUN1 C79S CCTCATATATAAATATAGGGCTTTGGTCGTACTCTACAGTGGACTCCT
CGCATAAC 

PUN1 C79S Seq Fw CGGCCTTCCTTCCAGTTACTTG 
PUN1 AAA Fw GGCCTGCCCTCATATATAAATATAGCTGCTGCGTCGTACTGTACAGTG

GACTCCTCGC 
PUN1 AAA Rev TATATTTATATATGAGGGCAGGCCCAACGAAGATAGCGTAGCAGAACT

CAAAGAAGG 
PUN1 Seq Fw GAGCAACGGTATACGGCCTTC 
PUN1 C90S CTCCTCGCATAACATCCAATCATCTTCTTCGCCTCACGGTATC 
PUN1 C90S Seq Fw CGGCCTTCCTTCCAGTTACTT 
SUR7 C' Tag pYM Fw TATAAGAAAATCACACGAGCGCCCGGACGATGTCTCTGTTCGTACGC

TGCAGGTCGAC 
SUR7 KO pYM Fw AGAGACTAAGTATAGTAACGCATATCCGCACAATACTATGCGTACGCT

GCAGGTCGAC 
SUR7 KO pYM Rev TATAAATATATATTACAAAGCGGAAAACTTGCGCCATTTAATCGATGAA

TTCGAGCTCG 
SUR7 C' Tag CHK Fw AGATGCTTTCAGAGATGGTG 
SUR7 WT CHK Fw TCCTTTACGTTTTGACTTGG 
SUR7 WT CHK Rev GTCAATATTGGGTCAGTTGC 
SUR7 5‘ UTR CHK 
Fw 

AAGAGAAAGCAAAGGGAGAG 

SUR7 Endo Fw GAATTGCAATTGTTTGTTTG 
SUR7 Endo Rev CAGCAGCCTTATAAATGGATTCGG 
SUR7 ADH1 pAS01 
Fw 

ATGGTTAAGGTCTGGAATATAGTACTAC 

SUR7 ADH1 pAS01 
Rev 

TTAAACAGAGACATCGTCCGGGCGCTC 

YIL108W C' Tag CHK 
Fw 

GTCGTCGCTTTTGATGTTAG 

YHR097C C' Tag 
CHK Fw 

GACGCTGAACCAACTACAAG 

YJL049W C' Tag CHK 
Fw 

TCAAAATAACCTCGCTCAAG 

YNR065C C' Tag 
CHK Fw 

ACGATGGGCTGATAGAAAAC 

YNR066C C' Tag 
CHK Fw 

TTTTCAAAAGGCACGTCTAC 

YNL194C C' Tag pYM 
Fw 

GGAACGCGTCTATACTGAACAGAATGTTCCTGTTGTATCACGTACGCT
GCAGGTCGAC 

YNL194C C' Tag pYM 
Rev 

CTTTAATAATAAGGGAAAAAAAAGCCTCCTTTGCACCCTAATCGATGA
ATTCGAGCTCG 

YNL194C KO LEU2 
Fw 

TAAGTATAACCTCATATATTTCCGTTTCTAATAATCAATGGGGCGCGTC
AGCGGGTGTTG 

YNL194C KO LEU2 
Rev 

CTTTAATAATAAGGGAAAAAAAAGCCTCCTTTGCACCCTAGCGGTATT
TTCTCCTTACGC 

YNL194C KO NAT 
Fw 

TAAGTATAACCTCATATATTTCCGTTTCTAATAATCAATGCGTACGCTG
CAGGTCGAC 

YNL194C KO NAT 
Rev 

CTTTAATAATAAGGGAAAAAAAAGCCTCCTTTGCACCCTAATCGATGA
ATTCGAGCTCG 

YNL194C C' Tag CHK 
Fw 

TCACGCTTTTCTTCATAACC 

YNL194C WT CHK 
Fw 

TTTTATTGGTTTCAGGCATC 

YNL194C WT CHK 
Rev 

TATGAAGAAAAGCGTGATCC 

YNL194C 5‘ UTR 
CHK Fw 

ATTTGGGAAGACGACAAAG 

YNL058C C' Tag pYM 
Fw 

GATGTTTTTGGATGATGTCCTGAATGGTAGAGAAATAATCCGTACGCT
GCAGGTCGAC 
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YNL058C C' Tag pYM 
Rev 

TAACCTGAACAACCATGTATCTTAGATGTCAGGGTATCTAATCGATGA
ATTCGAGCTCG 

YNL058C C' Tag CHK 
Fw 

ACCATTCAACCCAATTCAG 

YNL058C WT CHK 
Fw 

TATCGCTGGTCAGAAGAGAC 

YNL058C WT CHK 
Rev 

ACGACGAGACAAATAACTGG 

YNL058C 5‘ UTR 
CHK Fw 

GTATAGGGGAACCTGGTGAC 

YPR170W-B C' Tag 
pYM Fw 

AGTTTACCTAGCCAGAAGAAAACCTTCGATCGAGTTGCGTCGTACGCT
GCAGGTCGAC 

YPR170W-B C' Tag 
pYM Rev 

TATTAATGCATTTGGTATTATCCTATTGGCTTCAAGACTAATCGATGAA
TTCGAGCTCG 

YPR170W-B C' Tag 
CHK Fw 

CCGTTGTATCCACTGGTAAG 

pAS01 CHK Fw 
(AS132F) 

TAAGTTGGGTAACGCCAGGG  

AS194 CEN Rev GTCATCACCGAAACGCGC  
AS027 prADH1 Fw CTCGTCATTGTTCTCGTTC  
HA CHK Rev AGAACCGGAGTCGACCTG 
Hygromycin CHK Rev CAGCTATTTACCCGCAGGAC 
K.l URA3 CHK Fw GAGGGTACTGTCGTTCCATTG 
Kanamycin CHK Rev  CTGCAGCGAGGAGCCGTAAT 
Kpn1-PUN1 Fw CCGGGTACCATGAGGAATTTTTTCACGTTATTTTTTGC 
LEU2 CHK Rev CACCTGTAGCATCGATAGCA 
M13 (49) Rev GAGCGGATAACAATTTCACACAGG 
M13(43) Fw AGGGTTTTCCCAGTCACGACGTT 
mNG CHK Rev TCAATTCTTCGTAACCGTCG 
natNT2 CHK Rev TGGTGAAGGACCCATCCAG 
S.kluyveri HIS3 CHK 
Rev 

TAGCTTGGGAAGCTACATC 

S2 Rev GTCGACCTGCAGCGTACG 
prSP6 Fw ATTTAGGTGACACTATAGA 
prT7 Rev TAATACGACTCACTATAGGG 
V5 Rev CCGGAGCTCTTACGTAGAATCGAGACCGAGGAGAGGGTTAGGGATA

GGCTTACCTTCGAACCGCGGGCCCGTCGACCCAATCAATGGTTTTTC
CTCAATTGGA 

 

3.1.8 Instrumentation 

Table 10: Instruments used in this thesis 

Instrument Manufacturer 
Agarose gel chamber Bio Rad 
Autoclave SHP Laborklav 100-MV 
BD Accuri  C6 Plus Flow Cytometer BD Biosciences 
Centrifuge 5424 Eppendorf 
Centrifuge 5810R Eppendorf 
ChemiDoc MP Imaging System Bio Rad 
Gel Doc XR System Bio rad 
Incubator, 30 oC Memmert Peltier 
Incubator, 37 oC Memmert Peltier 
Light Microscope Kolleg SHB45 



 45 

Magnetic stirrer RCT basic  Heidolph 
Microwave Continent MW 800 G IKA Labortechnick 
Millipore Synergy Millipore 
Mini Protean II Bio Rad 
Mini Trans-BlotR Cell Bio Rad 
pH Meter 761 Calimatic Knick 
Refrigerator, -20 oC LIEBHERR 
Refrigerator, -80 oC Sanyo 
Refrigerator, 4 oC LIEBHERR 
Safety Hood Waldner service 
Shaker KS 130 Basic IKA Labortechnick 
Singer Micromanipulator Singer Instruments MSM 
Marianas Spinning Disk Confocal microscope Intelligent Imaging Innovations 
Thermomixer C Eppendorf 
Trans-Blot Turbo Transfer System Bio Rad 
UV/Vis- spectrophotometer ND-1000 NanoDrop  Peqlab Biotechnologie 
Zeiss LSM 800 Confocal microscope Carl Zeiss 
  
  

 

Table 11: Common abbreviations for mixtures and reagents used in this thesis 

Abbreviation 
 

YPD Yeast Peptone Dextrose 
SD-URA Standard Defined-Uracil 
SD-HIS Standard Defined-Histidine 
SD-LEU Standard Defined-Leucine 
SC Standard Complete 
LB Lysogeny Broth 
PBS Phosphate Buffered Saline 
PNGase F Peptide-N-Glycosidase F 
BP Biotin- AEEA-Phenol 
SORB Sorbitol 
PEG Polyethylene Glycol 
TAF Tris-HCl (pH 7.4), NaN3, NaF in PBS 
TCA Trichloroacetic acid 
ConA- 647 Concanavalin A, Alexa Fluor 647 conjugate 
ConA-Tet Concanavalin A Tetramethylrhodamine 
SDS Sodium dodecyl sulfate 
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3.2 Methods 

 
3.2.1 Molecular biology  

3.2.1.1 Polymerase Chain Reaction  

Polymerase Chain Reaction (PCR) was used to amplify specific DNA fragments or introduce point 
mutations. DNA amplification was carried out using DreamTaq DNA polymerase (Thermo 
Scientific) or Phusion polymerase (New England BioLabs). A general PCR protocol outlined below 
was used and was modified according to specific needs. 

Table 12: General composition of a 50 μL PCR reaction  

1 μL DNA template 200 ng 

0.64 μL Forward primer 0.5 μM (0.64 μM final concentration) 
0.64 μL Reverse primer 0.5 μM (0.64 μM final concentration) 

1.2 μL dNTP mix 12.5 mM (0.3 mM final concentration) 
5 μL 10x DreamTaq buffer (1x final concentration) 
0.5 μL DreamTaq polymerase 
 

Fill up with ddH2O 

 Table 13:  General PCR protocol used in this thesis 

Step Temperature Time 

Initial denaturation 95 °C  1 min 

  95 °C  15 sec 

Annealing 55 °C  30 sec                      25-35 cycles 

Extension 72 °C  30 sec/ kb 

Final extension 72 °C  5 min 

Hold 12 °C   ∞ 

 

3.2.1.2 DNA restriction digestion and ligation 

Plasmids were generated either via restriction digestion and ligation or Gibson assembly. DNA 
restriction digestion and ligation was performed using commercially available restriction enzymes, 
following the manufacturer’s instructions. For each reaction, 500 ng -1 μg of plasmid were mixed 
with 1 μL of restriction enzyme and 1x CutSmart Buffer in a 20 μL volume. The reaction was 
incubated at 37 oC for at least 1 h. Digested fragments were electrophoretically separated by 
agarose gel electrophoresis (1%) and the desired DNA extracted using the QIAGEN DNA gel 
extraction kit according to the manufacturer’s instructions. Using about 20-50 ng vector DNA, 
ligation of the purified DNA fragments (vector and insert) was carried out in a 10 μL reaction volume 
using T4 DNA ligase and 1x T4 ligase buffer in a 3:1 insert to vector ratio. The ligation mixture was 
incubated on ice for 10 min before being transferred to 37o C for at least 1 h. 1 μL of the ligation 



 47 

mixture was then transformed into competent E. coli cells.  

For plasmids generated via Gibson assembly, the desired DNA fragments were first designed such 
that the respective PCR amplicons would contain 20 bp of homology upstream and downstream of 
the vector restriction sites when joined to the linearized vector. A 50 μL PCR reaction was prepared 
using Phusion polymerase (New England BioLabs). Amplified DNA fragments were subsequently 
isolated by agarose gel electrophoresis (1%) and the desired DNA extracted using the QIAGEN 
DNA gel extraction kit according to the manufacturer’s instructions. Linearized vector DNA was 
generated via restriction digestion as described above. For the Gibson assembly reaction, a 10 μL 
reaction containing 20-40 ng of linearized vector DNA mixed with the PCR products (inserts) in a 
3:1 insert to vector ratio and 5 μL 2x Gibson assembly mix was prepared. The reaction was 
incubated at 50 oC for 20 min to 1 h depending on the number of inserts. 1 μL of the reaction was 
then transformed into competent E. coli cells. 

3.2.1.3 Transformation of E. coli cells 

Bacterial transformation was carried out by mixing 50 μL of desired competent E. coli cells with 1 
μL of the ligation or Gibson assembly mixture reaction. The cells were incubated on ice for 15 min 
followed by a heat shock step at 42 oC for 90 sec. The cells were quickly transferred to ice and 
incubated for 2 min. Cells were then recovered by adding 1000 μL of pre-warmed LB or SOC 
medium and incubated at 37 oC for 1 h with shaking at 300 rpm. Cells were then harvested (10000 
rpm for 1 min) and the supernatant discarded to a final volume of 100 μL volume. The cells were 
resuspended and plated on LB agar plates containing Ampicillin (100 μg/mL) antibiotic that 
corresponded to the plasmid-encoded antibiotic resistance marker to apply selection pressure. 
Cells were allowed to grow overnight at 37 oC. 

3.2.1.4 Site-directed mutagenesis  

To introduce point mutations, site- directed mutagenesis using single- step or sequential PCR 
amplification was carried out. For the single-step mutagenesis PCR, respective 30 μL PCR 
reactions were prepared by mixing 2 ng/μL of plasmid template DNA, 1.2 μM primer (20 μM stock), 
1x Phusion High Fidelity 2x Master Mix (New England Biolab) and 1M DMSO (New England 
BioLab). Desired DNA fragments were amplified using the site- directed mutagenesis protocol 1 
below. For the sequential PCR, a forward primer containing the mutated residues was designed. 
Additionally, each primer was designed to contain a template complementary region of about 60 
oC and a second complementary region at the 5' end with an annealing temperature of <5 oC to 
that of the template complementary region. A 50 μL PCR reaction was prepared by mixing 10 ng/μL 
of plasmid template DNA, 1 μM of each primer and 1x Phusion High Fidelity 2x Master Mix (New 
England BioLab). The desired DNA fragments were amplified using the site-directed mutagenesis 
protocol 2 below. Once the PCR reactions were completed, template DNA was digested overnight 
with Dpn1 at 37 oC after which the respective PCR products were transformed into Omni-max E. 
coli cells as described above. 

Table 14: SDM PCR protocol 1 used in this thesis 

Step Temperature Time 

Initial denaturation 98 °C  1 min 

  98 °C  15 sec 

Annealing 51 °C  30 sec                      28 cycles 

Extension 72 °C  45 sec/ kb 

Final extension 72 °C  5 min 
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Hold 12 °C   ∞ 

Table 15: SDM PCR protocol 2 used in this thesis 

Step Temperature Time 

Initial denaturation 98 °C  5 min 

  98 °C  15 sec 

Annealing 60 °C   
30 sec                      12 cycles 

Extension 72 °C   
30 sec/ kb 

Final extension 72 °C  5 min 

   

Denaturation 98 °C  15 sec 

Annealing 54 °C   
30 sec                       

Extension 72 °C   
30 min                       1 cycle 

Final extension 72 °C  5 min 

Hold 12 °C   ∞ 

 

3.2.1.5 DNA preparation, separation and purification  

Isolation of desired plasmid DNA was carried out by first amplifying the plasmid DNA. A bacterial 
clone was inoculated in 5 mL LB medium containing 5 μL Ampicillin (100 μg/mL) to apply selection 
pressure. The cells were incubated overnight at 37 oC, 200 rpm. The plasmid DNA was 
subsequently isolated using the QIAGEN plasmid isolation kit according to the manufacturer’s 
instructions. To obtain desired amplified DNA fragments, PCR products were electrophoretically 
separated via agarose gel electrophoresis. 1% agarose gel was prepared in 1x TAE buffer and 
supplemented with 1x Sybr Red to stain the DNA. DNA bands of interest were excised and DNA 
extracted from the gel using the QIAGEN DNA Gel extraction kit according to the manufacturer’s 
instructions. DNA concentrations were measured in a final 20 μL volume using the Nanodrop ND-
1000. 

3.2.1.6 DNA quantification and sequencing 

The concentrations of double-stranded (ds) DNA were estimated using the Nanodrop ND-1000 
instrument that is based on the DNA light absorbance at 260 nm wavelength. At 260 nm, an optical 
density (OD) of 1 corresponds to a dsDNA concentration of 50 ng/μL. DNA sequencing of all 
plasmids obtained was performed in order to confirm the success of the cloning strategy and the 
incorporation of desired mutations. Sequencing was performed by commercially available 
sequencing services (Microsynth SeqLab and EuroFins), all of which followed the Sanger 
dideoxyribonucleotide (ddNTP) chain termination method ([341]).  
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3.2.2 Yeast molecular biology 

3.2.2.1 C-terminal gene tagging, epitope tagging and gene deletion  

Two S. cerevisiae cell lines (MATa BY4741/ MATα BY4742) and (MATα PSAY 981/ MATa PSAY 
983) derived from S288C were used [338]. C-terminal gene tagging and gene deletion was carried 
out in the BY and PSAY strains, respectively using gene specific primers as described by Janke 
([335]). Briefly, gene-specific primer pairs were prepared using the Primers4Yeast platform 
(http://www.weizmann.ac.il/Primers-4-Yeast/). DNA amplification was carried out using Hot-Start 
Taq DNA polymerase (Thermo Scientific) or Phusion polymerase (New England BioLabs) in a 
general 50 μL reaction as described above. A general PCR protocol of 72 oC and 68 oC elongation 
temperature was used for C-terminal tagging and gene deletion, respectively. The conditions were 
nonetheless modified according to specific needs. 

Table 16: PCR protocol for C-terminal tagging and gene deletion used in this thesis 

Step Temperature Time 

Initial denaturation 95 °C  5 min 

  95 °C  30 sec 

Annealing 55 °C   
30 sec                      10 cycles 

Extension 68- 72 °C   
1 min/kb 

Final extension 72 °C  5 min 

   

Denaturation 98 °C  30 sec 

Annealing 55 °C  
 
30 sec                  20 cycles + 20 sec 
/cycle         

Extension 68- 72 °C   
1 min/kb                        

Final extension 72 °C  5 min 

Hold 12 °C   ∞ 

 

3.2.2.2 Yeast transformation 

Respective competent yeast cells were transformed as described by Knop with a few modifications 
([342]). Competent yeast cells were prepared by inoculating a fresh yeast colony in 5 mL YPD 
medium. The cell culture was incubated at 30 oC, 220 rpm and cells grown overnight to saturation. 
The following day, the saturated culture was used to inoculate a fresh 50 mL culture that was grown 
overnight at 25 oC, 220 rpm to mid-log phase (roughly 9 x106 cells/mL). Cells were subsequently 
harvested by centrifugation (5 min, 500g), washed once with 25 mL sterile water and once with 10 
mL SORB. After the final wash, the supernatant was carefully decantedand the cell pellet 
resuspended in 360 μL SORB. The resuspended cells were mixed with 40 μL of 10 mg/mL Salmon 
sperm carrier DNA (Takara) and aliquoted into 60 μL portions for immediate use or storage at -80 
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oC. For transformation, 60 μL of competent cells were thawed and mixed with 20 μL of the purified 
PCR product. A six-fold volume of PEG solution was added (420 μL of PEG solution) and the cells 
incubated at RT for a minimum of 30 min. A 1/9 volume of DMSO was then added and the cells 
were incubated at 42 oC for 20 min. Cells were gently centrifuged at 3000 rpm, 3 min to remove 
the supernatant that would otherwise slow their growth once plated. Depending on the selection 
marker being used, the cell pellet was treated differently. In cases where cells were selected based 
on the antibiotic resistance marker, the cell pellet was carefully and gently resuspended in 3 mL 
YPD medium and incubated at 30 oC, 220 rpm for a minimum of 4 h to allow expression of the 
antibiotic resistance marker gene. Cells were thereafter centrifuged at 3000 rpm 3 min to remove 
the supernatant before resuspending the pellet in the final 100 μL. Cells were plated on a YPD 
plate containing the respective antibiotics: YPD + G418 (400 μg/mL), YPD + Hygromycin (300 
μg/mL), YPD + Nourseothricin (100 μg/mL). In cases where cells were selected based on the 
auxotrophic selection marker, the cell pellet was directly resuspended in 100 μL of synthetic defined 
(SD) medium lacking the corresponding amino acid (SD-URA, SD-HIS, SD-LEU). The cells were 
then carefully spread on the corresponding selection plates. All plates were incubated at 30 oC until 
transformants appeared (approximately 3-4 days).  In order to select for true positive transformants, 
random colonies from the respective selection plates were plated on fresh selection plates, after 
which a colony PCR was carried out to confirm correct gene tagging or deletion.  

3.2.2.3 Colony PCR 

In order to extract the genomic DNA for colony PCR, the glass bead Chelex 100 preparation (GC 
prep) method that makes use of the metal chelating resin, chelex, was used ([343]). Briefly, a small 
amount of cells from a fresh, single colony was resuspended in 100 μL of sterile 5% Chelex solution 
and about half the total volume of glass beads were added. The cells were vortexed at maximum 
speed for 4 min, 30 oC and then incubated at 100 oC for 3 min. Cells were centrifuged at a maximum 
speed of 13000 rpm for 1 min in order to pellet the cell debris. The supernatant containing genomic 
DNA was carefully transferred to a fresh tube and used immediately or stored at 4 oC.  

Table 17: Composition of the 25 μL colony PCR reaction  

4 μL Genomic DNA 
0.125 μL Forward primer 0.5 μM (0.5 μM final concentration) 

0.125 μL Reverse primer 0.5 μM (0.5 μM final concentration) 
0.4 μL dNTP mix 12.5 mM (0.2 mM final concentration) 

2.5 μL 10x DreamTaq buffer 
0.25 μL DreamTaq polymerase 
 

Fill up with ddH2O 

Table 18: PCR protocol for colony PCR used in this thesis 

Step Temperature Time 

Initial denaturation 95 °C  5 min 

  95 °C  30 sec 

Annealing 55 °C   
30 sec                      35 cycles 

Extension 72 °C  2 min 

Final extension 72 °C  5 min 

Hold 12 °C   ∞ 
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3.2.2.4 Scarless gene tagging 

In order to carry out a Horseradish peroxidase (HRP)-mediated proximity labeling at the 
extracellular fertilization synapse, a Scarless gene tagging technique was used to incorporate a 
yeast-codon optimized HRP sequence at the FUS1 N-terminus without disrupting any upstream 
regulatory elements ([344]).  

First, a split-HRP construct consisting of a N-terminus HA epitope tag, a TEV cleavage site and a 
Kluyveromyces lactis (K.l) URA3 marker separating the two HRP fragments (nHRP amino acid 1-
213, and cHRP amino acid 83-308) i.e., HA-nHRP-KlURA3-cHRP, was constructed (Invitrogen). 
To facilitate cassette integration into the FUS1 locus upon homologous recombination, a two-step 
PCR was adopted. In the first PCR step, two FUS1 homology arms (H1 and H2) containing 300 bp 
upstream and downstream of the ATG start codon that would flank the HRP construct were 
amplified using the PCR protocol shown below (Table 19). The H1 and H2 homology arms were 
subsequently used as megaprimers in the second PCR step using HA-nHRP-KlURA3-cHRP as 
the template DNA. The new PCR product consisting of H1-HA-nHRP-KlURA3-cHRP-H2 was then 
transformed into competent cells as described above and positive transformants selected by colony 
PCR. To excise the K.l URA3 selection marker, the 5-FOA counter-selection approach was 
adopted ([345]). Synthetic complete (SC) media plates containing 5-FOA were prepared as 
described in GoldBio.com by mixing a 1:100 dilution of 100 mg/mL FOA in 100 mL SC media. Cells 
expressing the HRP-Fus1p recombinant protein and appropriate controls were grown in YPD 
media, at standard growth conditions (30 oC, 220 rpm) to mid-log phase. Two serial dilutions of 
cultures were prepared (1:100 and 1:1000) after which 100 μL of each dilution was spread on a 5-
FOA plate and the plates incubated at 30 oC to allow cellular growth. Colonies that grew on 5-FOA 
plates represented clones in which the K.l URA3 selection marker had been excised, allowing the 
two HRP fragments to reconstitute into a fully functional HRP. These were verified by colony PCR 
as described above. 

 

Table 19: PCR protocol 1 for Scarless gene tagging used in this thesis 

Step Temperature Time 

Initial denaturation 95 °C  5 min 

  95 °C  30 sec 

Annealing 55 °C   
30 sec                      40 cycles 

Extension 72 °C  2 min 

Final extension 72 °C  5 min 

Hold 12 °C   ∞ 
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Table 20: PCR protocol 2 for Scarless gene tagging used in this thesis 

Step Temperature Time 

Initial denaturation 98 °C  30 sec 

  98 °C  10 sec 

Annealing 53 °C   
30 sec                      35 cycles 

Extension 72 °C  2 min 

Final extension 72 °C  5 min 

Hold 12 °C   ∞ 

 

3.2.2.5 Generation of multiple gene deletion mutants by tetrad dissection and 
sporulation 

The construction of double gene deletions of PRM1, PUN1 and PRM5 were carried out by first 
generating single prm1Δ::hphNT1, pun1Δ::hphNT1 and prm5Δ::hphNT1 deletions in the PSAY 983 
and PSAY 981 as described above. Respective double gene deletions, in which one gene is 
replaced by the Kanamycin (KanMX) cassette that offers resistance to geneticin (G418) antibiotic, 
were generated by making use of the Yeast Knockout (YKO) collection of the Saccharomyces 
Genome Deletion Project (Euroscarf) ([346], [339]). To generate the double mutants, the mCherry-
KanMX cassette present in the original PSAY 983 MATa strains (prm1Δ, pun1Δ, or prm5Δ) was 
first removed by crossing the PSAY 983 MATa strains with WT BY4742 MATα cells. The cells were 
crossed on a YPD plate and incubated at 30 oC overnight to allow sufficient mating. The resulting 
diploids were subjected to sporulation and tetrad-dissection following a standard sporulation 
protocol provided by Dieter Shmidt (Max Planck Institute for Biophysical Chemistry, Göttingen). 
Briefly, the diploids were inoculated in 5 mL sporulation medium (YP+ 2% Galactose) to induce 
sporulation and incubated overnight at 30 oC, 220 rpm. The following morning, cells were harvested 
by a short centrifugation at 2000 rpm, 3 min, and the pellet resuspended in the final 100 μL of 
medium. Cells were gently spread on a 1% K-acetate plate and incubated at 20 oC for 5-6 days to 
allow sporulation ([347]). Once enough asci had formed, a sufficient amount of cells were scrapped 
off the plate and resuspended in 250 μL distilled water. In order to allow asci digestion, cells were 
incubated with 50 μL of 2 mg/mL Zymolyase-100T at RT for 20 min. Digested cells were then 
spread in vertical streaks on one edge of a flat YPD plate. Using a Singer Micro-manipulator, the 
digested tetrads were carefully transferred onto the opposite edge of the YPD plate and dissected 
into individual spores according to the manufacturer’s instructions. Dissected spores were allowed 
to germinate into individual haploid clones by incubating the cells at 30 oC for 2 days. The haploid 
clones were subsequently replica-plated onto selection media plates to select for haploids with a 
2:2 segregation and that contained all the desired genotypes. In this case, MATa haploids that 
grew on a SD-LEU plate, a YPD+ Hygromycin (300 μg/mL) plate but failed to grow on a YPD+ 
G418 (400 μg/mL) plate represented the correct MATa deletion mutants with a c-GFP::LEU2 
fragment and no mCherry-KanMX cassette, and were therefore used in subsequent steps.  

Consistently, double prm1Δpun1Δ mutants were generated by crossing prm1Δ::hphNT1 mutants 
with pun1Δ::KanMX from the YKO collection and subsequent sporulation and tetrad dissection as 
described above. Double gene deletion mutants of PUN1 and PRM5 were also generated by 
crossing the PSAY 981 and PSAY 983 pun1Δ::hphNT1 and prm5Δ::hphNT1 strains with selected 
gene KOs in the YKO collection of the BY4741 and BY4742 background. Triple mutants of 
pun1Δfig1Δsur7Δ and prm1Δpun1Δsur7Δ were generated by deleting SUR7 in a double 
pun1Δfig1Δ and prm1Δpun1Δ backgrounds, respectively, via PCR using a HIS3MX6 cassette as 
described above. Quadruple mutants of pun1Δfig1Δsur7Δfmp45Δ were generated by first deleting 
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FMP45 using a URA3 auxotrophic marker via PCR in the PSAY 981 and PSAY 983 pun1Δ::hphNT1 
background, generating pun1Δ::hphNT1 fmp45Δ::URA3 double mutants. The quadruple mutants 
were then generated by crossing the triple pun1Δfig1Δsur7Δ mutant with a double pun1Δfmp45Δ 
and selecting for haploids expressing the desired genetic combinations following sporulation and 
tetrad dissection. The quintuple mutants pun1Δfig1Δsur7Δfmp45Δynl194cΔ were generated by 
deleting YNL194C via PCR using a LEU2 cassette in the PSAY 981 quadruple mutant background, 
and a Nourseothricin cassette in the PSAY 983 quadruple mutant background. All gene deletions 
were confirmed by colony PCR.  

 

3.2.3 Quantitative cell biology assays 

3.2.3.1 Pheromone response assays 

Fresh colonies of MATa cells expressing fluorescent proteins were inoculated in 5 mL YPD medium 
and grown to saturation by incubating cells at 30 oC, 220 rpm. These cultures were used to prepare 
fresh secondary cultures in synthetic complete (SC) or synthetic defined (SD) medium and cells 
were grown overnight at 25 oC, 220 rpm. Once the cells had reached mid-log phase (OD600=0,6 
corresponding to approximately 6x106 cells/mL), they were washed once with water following a 
short centrifugation (3000 rpm, 3 min), before final resuspension in fresh medium. Cells were 
treated with synthetic ⍺-factor (20 μM final concentration) and incubated at 30 oC, 220 rpm for 1.5 
h. An additional 10 μM ⍺-factor was added to replenish Bar1p protease-depleted pheromone and 
the cells incubated for an additional 1.5 h.  Pheromone response was stopped by washing the cells 
once in fresh medium and once in 1 mL ice-cold TAF buffer (20 mM Tris-HCl pH 7.4, 20 mM NaN3, 
20 mM NaF). Cells were resuspended in the final 50 μL TAF buffer and stored at 4 oC until imaged. 

3.2.3.2 Yeast mating assays 

Standard mating assays were performed by inoculating fresh colonies of respective MATa cells 
and MATα in 5 mL YPD or synthetic defined (SD) medium. Cells were grown to saturation following 
overnight incubation at 30 oC, 220 rpm. Saturated cultures were subsequently used to inoculate 
fresh secondary cultures in desired medium and cells grown to mid-log phase (OD600=0,6 
corresponding to approximately 6x106 cells/mL). Equal amount of MATa and MATα cells were then 
mixed in a total of 5 mL YPD medium (approximately 5x106 cells/mL), and cells vacuumed to 0.45 
μm-pore size nitrocellulose filter disks (MF-Millipore). The filters, now containing concentrated cells, 
were incubated cell-side up on YPD plates and incubated at 30 oC and cells allowed to mate for 
3.5 h unless specified. To stop the mating reactions, cells were scrapped off the filters and 
resuspended in 1 mL ice-cold TAF buffer by brief vortexing. Cells were then concentrated by 
centrifugation at 3000 rpm, 3 min, and final resuspension in the remaining 50 μL TAF buffer. Cells 
were stored at 4 oC until imaged. 

3.2.3.3 GFP bimolecular fluorescence complementation (BiFC)- based flow cytometry 
fusion assay  

In order to quantify cell- cell fusion, a quick and efficient multicolor flow cytometry assay based on 
GFP bimolecular fluorescence complementation (BiFC) was adopted as described by Salzman 
([348]). This assay is based on the expression of non-fluorescent GFP fragments (NeGFP and 
CeGFP) fused to a leucine zipper dimerization domain, in the haploid MATα and MATa cells, 
respectively. Upon cell-cell fusion, complementation of the n-GFP and c-GFP fragments results in 
the formation of a fluorescent GFP protein whose fluorescence be detected and quantified ([349]). 
In order to identify mating pairs from a mating mixture, haploid MATα and MATa cells are first 
differentially stained with Concanavalin A (ConA)–fluorophore conjugates. The stained cells are 
mixed and allowed to mate for a period of 3.5 h at 30 oC after which the mating reactions are 
analyzed by a multicolor flow cytometer. By applying the required gating strategies, stained and 
unstained cell populations are differentiated, and mating pairs identified as a double-stained sub-
population. Notably, fused mating pairs are identified as double-stained cells expressing GFP and 
can be distinguished from the unfused mating pairs i.e. double stained but GFP negative. The 
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fusion efficiency is subsequently quantified as a percentage of the GFP positive cells in the total 
double-stained sub-population (Figure 9). 

Accordingly, haploid MATα and MATa cells harboring non-fluorescent NeGFP and CeGFP 
fragments, respectively, were grown to mid-log phase in YPD or selective medium as described 
above. Cells were harvested and washed once with 5 mL sterile water and a final resuspension in 
2 mL 1x PBS. MATα and MATa cells were differentially stained with Concanavalin A (ConA)–
fluorophore conjugate (Invitrogen) ConA-647 (1 µg/µL) and ConA-Tet (5 µg/µL) respectively and 
incubated at RT in the dark for at least 30 min. The cells were subsequently washed once with 5 
mL sterile water to remove excess dyes before a final resuspension in 5 mL YPD medium. Equal 
amounts of MATα and MATa cells were mixed (approximately 2 x106 cells/mL) in a final volume of 
5 mL YPD and vacuumed to 0.45 μm-pore size nitrocellulose filter disks (MF-Millipore). The filters, 
now containing concentrated cells, were incubated cell-side up on YPD or specified plates and 
incubated at 30 oC for 3.5 h, allowing the cells to mate. Mating pairs were scrapped off the filters 
and  resuspended in 1 mL ice-cold TAF buffer by brief vortexing and were ready for flow cytometry 
analysis as described by ([348]). Briefly, using independent unstained and stained haploid cells as 
controls, a standard forward scatter (FSC) versus side scatter (SSC) cell gate was applied to 
remove debris and define the different stained and unstained sub-populations in a logarithmic 
scale. Haploid cells that formed mating pairs were subsequently identified as a double-stained sub-
population in a ConA-647 versus ConA-Tet plot. From the double-stained sub-population, fused 
mating pairs expressing GFP following complementation of the NeGFP and CeGFP fragments 
were distinguished from unfused mating pairs using a SSC versus GFP plot. The respective fusion 
efficiencies were quantified as the percentage of the GFP positive cells in the total double-stained 
sub-population (Figure 9). 

 

Figure 9: Schematic of the quantitative BIFC-based flow cytometry fusion assay. Haploid MATα and MATa cells 
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expressing NeGFP and CeGFP fragments are differentially stained with Concanavalin A (ConA)–fluorophore 
conjugates, ConA-647 and ConA-Tet. The stained cells are mixed and allowed to mate for 3.5 h at 30 oC. The 
mating mixtures are analyzed by a multicolor flow cytometer that distinguishes the stained and unstained sub-
populations using a FSC versus SSC plot. In a ConA-Tet versus ConA-647 plot, the double-stained sub-population 
represents stained haploid cells that have formed mating pairs. Of these, fused mating pairs are scored as double 
stained cells with GFP fluorescence following complementation of the NeGFP and CeGFP fragments. The 
percentage of GFP+ cells in the double-stained sub-population represents the fusion efficiency.   

 

3.2.3.4 Calcium depletion and supplementation assays 

Mating assays to determine the effect of calcium supplementation in the mating reactions were 
performed by first inoculating cells in 5 mL YPD or SD-URA medium supplemented with 1 mM 
CaCl2. Cells were incubated overnight at 30 oC, 220 rpm and grown to saturation. Respective 
secondary cultures were prepared in fresh 5 mL YPD or SD-URA supplemented with 1 mM CaCl2 
and grown to mid-log phase. Equal amounts of cells of each mating type were mixed in 5 mL YPD 
supplemented with 1 mM CaCl2 with and vacuumed to a 0.45 μ nitrocellulose filter disks (MF-
Millipore). The cells were allowed to mate as described above except that the YPD plates were 
supplemented with 1mM CaCl2. On the other hand, the effect of calcium depletion on the mating 
process was assessed by growing cells in YPD or SD-URA medium (Formedium) using standard 
conditions both in the saturated and secondary cultures as described for standard quantitative 
yeast mating assays. However, mating was performed in Ca2+ depleted conditions by incubating 
the nitrocellulose filters on YPD supplemented with 20mM EGTA (Sigma-Aldrich). The cells were 
allowed to mate for 3.5 h and the mating reactions stopped by resuspending cells in TAF buffer as 
described above. The mating efficiencies of respective reactions were determined using the BiFC- 
based flow cytometry fusion assay. 

3.2.3.5 CW and PM staining 

In the event where CW and/or PM staining was necessary before imaging, cells were treated with 
different dyes upon resuspension in 1 mL ice-cold TAF buffer. Staining of the CW ⍺-mannan was 
performed by mixing the cells with 5 µL of ConA-647 (1 µg/µL) dye and incubating the cells in the 
dark for at least 30 min. Cells were washed once with 1 mL ice-cold TAF buffer to remove excess 
dye before final resuspension in remaining 50 µL TAF buffer. Calcofluor white chitin staining was 
performed by mixing the cells with 1:100 dilution of 1 mg/mL Calcofluor white stain (Sigma-Aldrich). 
Cells were incubated at RT, in the dark for at least 5 min after which they were washed once with 
1 mL sterile water and a final resuspension of the cell pellet in the remaining 50 µL water. When 
both stains were required, cells were first stained with ConA-647 (1 µg/µL) and thereafter Calcofluor 
white as described above with no washing step between the two staining events. PM staining with 
FM4-64 was performed on ice just before imaging as described by Grote ([350]). Briefly, 2 µL of 
cells (stained or unstained) were mixed with 2 µL of FM4-64 (Molecular Probes/Invitrogen, 4 mM 
final concentration). 1.8 µL of the stained cells were loaded onto a slide for imaging.   

3.2.3.6 Fluorescence Microscopy 

Cells expressing fluorescence proteins or stained cells were imaged with either confocal light 
microscopy (Zeiss LSM-800) or Marianas Spinning Disk confocal microscope (Zeiss).  For the Zeiss 
LSM-800, single images were acquired either with a 63x Plan-Apochromat oil-immersion objective 
(NA=1.4) or 40x Plan-Apochromat water-immersion objective (NA=1.0). A 100X Plan-Apochromat 
oil-immersion objective (NA=1.4) was used for the Spinning Disk confocal microscope. Images for 
the quantification of cell fusion phenotypes were acquired with a 40x Plan-apochromat objective 
fitted with Airyscan. Desired laser channels as well as differential interface contract (DIC) were 
used to automatically acquire images from random image fields as identified using DIC optics. 
Time-lapse imaging was carried out as previously described by Grote with minor modifications 
([350]). Briefly, mating mixtures were prepared as described above and cells allowed to mate for 
35 min. Cells were concentrated by brief centrifugation (2000 rpm, 1 min) and 1.8 µL of cells 
carefully transferred onto agarose pads containing 1.8% agarose (Invitrogen) in synthetic complete 
(SC) medium. Coverslips were carefully placed on the cell suspension, avoiding formation of air 
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bubbles, and sealed with nail polish.  Cells were imaged at 30 oC for a minimum of 2 h.  

 

3.2.4 Protein biochemistry 

3.2.4.1 Yeast cell disruption and protein extraction 

Disruption of cells and protein extraction varied slightly during different experiments, but a general 
protocol of glass bead cell lysis and alkaline-TCA protein precipitation is as described below. Fresh 
colonies were inoculated in 5 mL of desired medium and cells were incubated overnight at 30 oC, 
220 rpm and grown to saturation. The saturated cultures were then used to inoculate fresh 50 mL 
cultures or more in desired medium and cells were grown to mid-log phase. In cases where cells 
were directly subjected to lysis, cells were first harvested and washed with 0.5 volumes distilled 
water and once with 0.2 volumes ice-cold TAF buffer. Pellets were stored at -20 oC or immediately 
subjected to cell lysis. In cases where cells were subjected to pheromone treatment conditions, the 
cultures were first washed with 0.5 volumes distilled water and cells subsequently resuspended in 
50 mL fresh medium. Cultures were divided into two equal halves and one half was treated with 
pheromone as described above. All cultures were incubated for 3 h at 30 oC, 220 rpm to allow 
pheromone response and expression of mating-responsive genes. Cells were subsequently 
harvested and washed as described above. For lysis, cell pellets were resuspended in Roedel-mix 
consisting of 2M NaOH and 1.25% β-mercaptoethanol and supplemented with 1 mM PMSF, 2x 
protease inhibitor cocktail (PIC, 1000x stock) consisting of antipain, aprotinin, leupeptin, 
chymostatin, pepstatin A and incubated on ice for 10 min. Lysis buffer and about half the final 
volume of 0.5 mm glass beads (Sigma-Aldrich) were added and the cells broken by vortexing at 
high speed for at least 10 min with 30 sec pause on ice after each minute. Once a sufficient amount 
of cells had lysed, cells were cleared of debris by a brief centrifugation at 3000 rpm, 3 min, 4 oC. 
The cleared lysates were transferred to fresh tubes and proteins precipitated with TCA (30% final 
concentration) for 20 min on ice. The protein pellets were subsequently washed twice with 100% 
acetone, and the pellets dried at RT for 10 min. The protein extracts were ready for solubilization. 

3.2.4.2 Protein de-glycosylation  

In order to cleave N-linked glycans, cell lysates were first prepared by the alkaline-TCA method as 
described above. The protein pellets were subsequently resuspended in 100 µL distilled water 
supplemented with 10 mM DTT and 2% SDS. Proteins were denatured by heating the samples at 
95 °C for 5 min. The denatured extracts were cooled at RT for 5 min after which the sample pH 
was brought to 7.5 with 0.5 M sodium phosphate buffer (pH 7.53). Samples were divided into two 
equal halves after which one half was treated with 50U/µL PNGase F (Sigma Aldrich) and 2% 
Nonidet P-40 (NP-40) detergent to prevent PNGase F inactivation by SDS. Samples were 
incubated overnight at 37 °C and the de-glycosylation reaction was stopped by adding 2x SDS 
sample buffer. 

3.2.4.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Protein extracts were dissolved in 2x SDS loading buffer and denatured by boiling at 95 oC for 5 
min unless specified. The denatured extracts were briefly centrifuged at max speed for 1 min and 
the clear supernatants were ready for loading onto SDS-polyacrylamide gel. Pre-cast 4-15% Mini-
PROTEAN TGX Stain-Free Protein gels or self-prepared Laemmli SDS-PAGE discontinuous mini-
gels were used during different experiments. Discontinuous mini-gels were cast according to the 
manufacturer’s instructions (Bio-Rad, Munich, Germany).  Briefly, the casting apparatus were 
properly assembled to allow no leaks during casting. About 80% volume of separating gel solution 
(see below composition for 10% gel) was loaded and overlaid with isopropanol to form a uniform 
level. The gel was allowed to polymerize at RT for about 20 min. The isopropanol was then removed 
and the stacking gel solution (see below composition for 4% gel) was added. Combs were 
immediately inserted, and the gel allowed to polymerize for about 20 min after which the gels were 
stored in damp paper clothes at 4 oC.  For protein separation according to size, Laemmli denaturing 
conditions were used ([351]). 10-15 µL of protein samples were loaded and 5 µL of PageRuler 
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Prestained protein ladder. Samples were separated under constant voltage of 110V for 
approximately 70 min or until the dye front had run out of the gel. Separated proteins were 
visualized either by Coomassie staining (see composition) or by Western blotting. For Coomassie 
staining, gels were incubated with the staining solution for 1 h at RT with gentle agitation. 
Optionally, staining was accelerated by shortly heating the gels in a microwave. Excess dye was 
removed by incubating the gels with the De-stain solution that de-stain the gels leaving only the 
stained protein bands.  

Table 21: 10% SDS-PAGE gel composition  

  Separating gel (10%)   Stacking gel (4%)   

Component Stock Concentration Volume Stock Concentration Volume 

Water   4.1 mL   6.1 mL 
Acrylamide 30% 3.3 mL 30% 1.3 mL 
Tris-HCl   2.5 mL   2.5 mL 
SDS 10% 100 μL 10% 100 μL 

APS   10 μL   10 μL 

TEMED 10% 32 μL 10% 100 μL 

3.2.4.4 Western blot analysis 

Following protein separation by SDS-PAGE, proteins were transferred to PVDF using the semi-dry 
Trans-Blot Turbo Transfer System (BioRad) (constant 2.5 A, 25 V, 7 min), or transferred to a 
nitrocellulose membrane via the wet transfer method in a Mini Trans-BlotR Cell (BioRad) (constant 
2.8 A, 2.40 h or constant 0.09 A, 16 h overnight). For the wet blot transfer, a transfer sandwich 
consisting of the nitrocellulose membrane sandwiched between two Whatman paper sheets was 
assembled in transfer buffer (20% (v/v) methanol, 25 mM Tris-HCl, pH 7.4, 190 mM glycine). The 
assembled sandwich was positioned in the Mini Trans-BlotR Cell with the gel facing the cathode 
and the membrane facing the anode. Protein transfer was done at 4 oC with gentle agitation (300 
rpm) to allow homogenous distribution of any heat generated during the transfer. In order to 
visualize the blots by immunodetection, membranes were first blocked with a blocking solution 
containing 5% fat-free milk in TBS-T for 1 h, at RT under gentle agitation. Membranes were 
subsequently incubated with primary antibodies in blocking solution at RT for 2 h or overnight at 4 
oC with gentle agitation. The membranes were washed four times for at least 10 min with TBS-T 
and then incubated with HRP-conjugated secondary antibodies dissolved in blocking solution, for 
1 h at RT. Membranes were washed five times with TBS-T, each wash lasting 5 min, before 
chemiluminescence detection using GE Healthcare chemiluminescence substrate and a BioRad 
imager.  

3.2.4.5 HRP- Fus1p- mediated proximity labelling 

In order to carry out HRP-Fus1p- mediated proximity labeling, BY4741 MATa cells expressing the 
recombinant protein were first treated with pheromones as described above. Once sufficient 
amount of cells had polarized and formed shmoos, cells were harvested and washed two times 
with fresh medium before final resuspension of the cell pellet in 100 mM NaCO3 (pH 9.4) in 
presence of α-factor (5 μM) for 10 min at RT to loosen the CW. The subsequent steps were then 
performed at 4 oC to inhibit membrane transport. Cells were gently harvested and washed once 
with 1x PBS before resuspension and incubation in 900 μL of 200 μM of Biotin-AEEA-Phenol (in 
1x PBS) for 2 min. After 2 min, 100 μL of 1 M Hydrogen peroxide (1 mM final concentration) was 
added to initiate the biotinylation reaction. After 1-2 min, the reaction was stopped by quickly 
spinning down the cells and adding 1 mL of the Quenching solution (10 mM Sodium azide, 10 mM 
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Sodium ascorbate, 5 mM Trolox in Spheroplasting buffer). The cells were then gently centrifuged 
and washed two times with the Quenching solution before a short incubation (1-2 min) in 1 mL TAF 
buffer. This short incubation in TAF buffer promotes the complete inhibition of any metabolic activity 
in the cell. The cells were then washed once with 1x PBS before a final resuspension in 1 mL 1x 
PBS. To initiate biotin staining, 2 μL of Streptavidin coupled to Alexa 647 (streptavidin Alexa 647 
conjugate) was added and the cells were incubated for 60 min in the dark. Stained cells were 
subsequently washed twice in 1x PBS to remove unbound streptavidin before proceeding to 
imaging. 

 

3.2.5 Bioinformatics analysis and visualization tools 

DNA sequences of all yeast genes were obtained from the Saccharomyces Genome Database 
(SGD) website (https://www.yeastgenome.org). Gene-specific primers were designed in the 
Primers4Yeast platform (https://www.weizmann.ac.il/Primers-4-Yeast/). Plasmid design was 
performed using the SnapGene Viewer software while plasmid DNA sequence alignment was 
carried out using the SeqMan Pro tool of the DNASTAR software. Respective protein sequences 
were obtained from the UniProt website (uniprot.org). Membrane topology predictions were carried 
out using the TOPCONS server ([352]). Multiple sequence alignments were performed using the 
Clustal Omega server ( EMBL-EBI) or the HHpred Bioinformatics tool in the MPI Bioinformatics 
Toolkit (https://toolkit.tuebingen.mpg.de/tools/hhpred) ([353]). The Phyre2 web server was used to 
predict the three-dimensional structure of proteins based on their sequences while the ‘UCSF 
Chimera’ program was used to compare protein structures ([354]). All microscopy images were 
processed using the Image J software while the SDS-PAGE and Western blot images were 
processed using the Image Lab (Bio-Rad) software. Figures in this thesis were created and 
modified with Graphic software or Microsoft PowerPoint. 

 

3.2.6 Statistical analysis and significance testing 

Generally, three different cultures were prepared from three different colonies of a single strain, 
and thus defined as biological triplicates. For the PUN1 overexpression studies, all replicates 
represented different independent clones of each particular strain, and hence defined as biological 
replicates. The repeated mating experiments were performed independently from the same 
biological samples, but with each experiment subjected to similar experimental conditions and 
setup. Quantification of mating phenotypes was performed on three biological replicates, and a 
minimum of 150 mating pairs counted across all replicates. Microsoft Excel and Origin were used 
for statistical analysis and data presentation. Two-tailed paired t-test was used to compare groups 
of data. A P-value below 0.05 was considered statistically significant and was represented with two 
asterisks (**), while a P-value below 0.01 was represented with three asterisks (***) in a graph. 
Data that showed no statistical significance were indicated as “ns”. Error bars generally represent 
standard error of the mean (SEM) unless indicated otherwise. 
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4 Results  
 
4.1 A SILAC-based proteomics approach identifies differentially regulated membrane-associated 
proteins upon pheromone treatment 
 
Yeast mating provides a genetically amenable model system to understand sexual cell-cell fusion. 
In Saccharomyces cerevisiae, the mating of MATa and MATα cells to produce a diploid zygote is 
analogous to the sperm-egg fusion process during fertilization. In both systems, a comprehensive 
molecular characterization of how the two cells merge their plasma membranes (PM) to facilitate 
cytoplasmic mixing and diploid zygote formation is lacking. In particular, the bona fide 
fusogen/fusogenic complex that directly mediates lipid bilayer fusion remains elusive. In S. 
cerevisiae, a handful of proteins involved in the critical stages of cell wall (CW) remodeling and PM 
fusion have been identified. Fus1p and Fus2p are two proteins necessary in the CW remodeling 
step ([228], [238], [253]). When either gene is deleted, early prezygotes that arrest at the CW 
remodeling step are formed ([228]). In the recent past, a reverse genetics approach identified 
Prm1p as a protein directly involved in the PM fusion step during yeast mating ([266]). Indeed, 
prm1Δ mutants arrest at the PM fusion step although ~50% of prm1Δ mating pairs still fuse. Other 
genes such as KEX2, FIG1 and the ergosterol synthesis genes ERG3, ERG4 and ERG6 have also 
been implicated in PM fusion ([272], [291], [355], [356], [357]). However, their null mutants do not 
completely block fusion, suggesting the existence of additional players of fusion.  
 
To identify additional players of PM fusion, work done by Matias Hernandez involved a 
comprehensive mass spectrometry-based analysis of changes in PM composition as the cell 
transitions from vegetative to mating-ready state (Figure 10A). To mimic the cellular transition from 
vegetative to mating-ready state, haploid MATa and MATα cells were treated with α-factor and a-
factor, respectively. Treatment of both mating types with pheromone allowed the identification and 
characterization of the general as well as mating-type specific PM changes as the cell transitions 
to a mating-ready state. Notably, owing to the hypothesis that proteins involved in fusion are either 
integral membrane proteins or associated with the PM, membrane fractions were isolated and 
subjected to mass spectrometry (MS) analysis. Importantly, the stable isotope labeling by amino 
acids in cell culture (SILAC)-based MS proteomics analysis permitted a quantitative comparison of 
the abundance of individual protein peptides in vegetative and pheromone-treated cells. A total of 
24 PM proteins were pheromone-upregulated in both mating types (Table S1). Of these, ~10 
proteins were membrane proteins with known functions in yeast mating, thus validating this 
approach. These included Prm1p, Prm3p, Fig1p, Chs1p, Sst2p, Sag1p, MATa-specific Asg7p and 
the α-factor receptor Ste2p, as well as the MAP kinase Fus3p ([266]). The additional 14 proteins 
present in the pheromone-upregulation cluster had no known functions in yeast mating. Strikingly, 
the down-regulated protein cluster was mainly represented by eisosome-associated proteins 
except for one protein, Pun1p. Consistently, these down-regulated proteins showed high mean 
intensities, suggesting high protein levels in vegetative cells.  
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Figure 10: Yeast plasma membrane proteins are differentially expressed upon pheromone treatment. (A) Two 
equal cultures of MATa and MATα were differentially labelled using a Stable Isotope Labeling with amino acids 
in Cell culture (SILAC)-based approach. The cultures labelled with the heavy lysine isotope were treated with 
pheromone for 3 h while the low lysine isotope was used in vegetative cultures. The vegetative and pheromone-
treated cultures of respective mating types were mixed in a 1:1 ratio before plasma membrane fraction isolation. 
n=4 (B) Membrane fractions were isolated by sucrose gradient centrifugation and the plasma membrane fraction 
subjected to Orbitrap Q Exactive HF mass spectrometry analysis. (C) Gene ontology classification according to 
protein function or localization was performed. (D) Combined expression profiles of different membrane proteins 
in MATa and MATα cells represented combined mean intensities (counts/ s) against combined median log2 H/L 
ratio. Data and figure provided by Matias Hernandez. 
 
 
4.2 ASG7, ISC1, PRM5 and PUN1 are preferentially upregulated upon pheromone treatment  
 
In order to validate the proteomics data and investigate the functional significance of the 
pheromone-upregulated proteins, protein expression and localization studies were performed. 
These two parameters functioned as initial determinants of protein function. Proteins necessary for 
fusion are often pheromone upregulated and localized at the cell-cell contact site or mating junction 
during mating ([228], [238], [266]). For the initial characterization of the novel pheromone 
upregulated proteins, respective genes in MATa haploid cells were either chromosomally tagged 
at the C-terminus or retrieved from the Yeast GFP Clone Collection ([340]). For the genes retrieved 
from the Yeast GFP Clone Collection, FUS1-GFP whose expression is pheromone-dependent and 
the protein localized at the shmoo tip, was used as a control protein. The remaining genes were C-
terminally tagged with mNeonGreen (mNG), a stable and highly-fluorescent monomeric protein 
with an excitation maximum at 506 nm and an emission maximum at 517 nm ([358]). For these 
class of genes, a PRM1-mNG construct was used as a control due to the exclusive pheromone-
dependent expression of PRM1 and its localization at the shmoo tip or mating junction ([266]). The 
localization profile of all proteins in vegetative and pheromone-treated conditions was then 
determined.  
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Consistent with previous findings, Fus1p-GFP showed a clear pheromone-dependent expression 
and was localized at the shmoo tip of polarized cells (Figure 11). Interestingly, all the other genes 
including YIL108W, YHR097C, YJL049W, YNR065C and YNR066C showed no apparent 
expression in vegetative cells. Upon pheromone treatment, a mild increase in protein expression 
was observed in YIL108W-GFP and YHR097C-GFP expressing cells while all the other genes 
showed no pheromone-dependent expression. These findings therefore suggested that these 
genes were possibly false positives and were thus eliminated from further analysis. 
 
 

 
 
Figure 11: Verification of the pheromone- dependent expression of novel genes identified from the proteomics 
analysis. MATa BY4741 cells expressing either C-terminally tagged FUS1-GFP or uncharacterized genes retrieved 
from the Yeast GFP Clone Collection were grown to log phase in synthetic complete medium. Cultures were split 
into two equal portions and one portion was incubated with 20 μM α-factor for 2 h. Cells were arrested in TAF 
buffer and imaged. Fus1p-GFP serves as a positive control and is expressed only upon pheromone treatment and 
localizes at the shmoo tip (white arrow). Yil108w-GFP shows a mild increase in expression upon pheromone 
treatment. YHR097C, YJL049W, YNR065C and YNR066C show little to no expression in both vegetative and 
pheromone-treated cells. Scale bar= 5 µm. 
 
 
On the other hand, proteins such as Asg7p, Isc1p, Prm5p and Pun1p showed a pheromone-
dependent expression similarly to Prm1p (Figure 12). In comparison to the basal Asg7p-mNG 
expression observed in vegetative cells, Asg7p-mNG was highly expressed upon pheromone 
treatment and portrayed a cytoplasmic puncta-like localization. Consistent with previous findings, 
the Asg7p-mNG cytoplasmic puncta likely indicate sites of interactions between Asg7p and the Gβ-
subunit Ste4p to promote receptor signaling inhibition during the course of the pheromone 
response ([359]). Similarly, Isc1p-mNG, a sphingolipid phospholipase C1 that functions in the 
inositol phosphosphingolipid catabolism pathway, was highly expressed in pheromone-treated 
cells and localized at the cortical ER. In a few cells, Isc1p-mNG was present at the shmoo tip, 
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suggesting a putative role in yeast mating (Figure 12). Additionally, Prm5p, a protein that was 
previously identified as a pheromone-regulated membrane protein (PRM) 5, showed a clear 
pheromone-dependent expression although majority of the protein was localized in the vacuole 
([266]). In a few polarized cells, Prm5p-mNG was observed as a discrete puncta at the shmoo tip. 
Interestingly, the eisosomal protein Pun1p-mNG was highly pheromone upregulated and localized 
at the cell periphery as well as the shmoo tip of polarized cells, suggesting its possible role in the 
mating pathway. On the contrary, Ypr170w-b-mNG was expressed in both vegetative and 
pheromone-treated cells and portrayed a vacuolar-membrane localization pattern. The presence 
of a vacuolar membrane protein within a supposed PM fraction indicates the presence of possible 
contaminants during the preparation of PM fractions. Membrane compartments that are 
biochemically similar to the PM may have been carried over and analyzed together with the PM 
fractions. Finally, PRM4 that encodes a previously identified pheromone-regulated membrane 
protein (PRM) 4, was present in the pheromone upregulated cluster. However, efforts to 
chromosomally tag PRM4 at the C-terminus were not successful and the protein could not be 
investigated further.  
 
Nonetheless, the three genes ISC1, PRM5 and PUN1 that demonstrated significant pheromone-
upregulation and localization at the shmoo tip suggested possible yeast mating functions and were 
therefore ideal candidates for further analysis. As previously mentioned, ISC1 encodes a 
sphingolipid phospholipase C1 that hydrolyzes inositol phosphosphingolipids to generate 
ceramides ([360]). However, despite the increased protein expression upon pheromone treatment, 
Isc1p-mNG was mainly localized at the ER, consistent with previous findings ([360], [361]). These 
findings therefore suggested that the protein function is possibly exerted at the ER as opposed to 
the PM in mating conditions. Consequently, more focus was put in characterizing PRM5 and PUN1 
mainly because: (i) PRM5 had been previously implicated in yeast mating but its function had not 
been clearly elucidated, (ii) PUN1 was strongly pheromone upregulated and localized at the cell 
surface, suggestive of a putative PM-related function in yeast mating.  
 
All in all, this two-state SILAC-based MS strategy provided new insights on the differential 
regulation of membrane proteins as the haploid MATa or MATα cell transitions from vegetative to 
a mating-ready state. Additionally, it revealed two novel pheromone-upregulated membrane 
proteins that possibly function in the yeast mating pathway.  
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Figure 12: Expression of ASG7, ISC1, PRM5 and PUN1 is pheromone dependent, similar to PRM1. Respective 
genes in MATa BY4741 cells were chromosomally tagged at the C-terminus with mNeonGreen and treated with 
20 μM α-factor for 2 h as previously described. Prm1p-mNG is exclusively expressed in pheromone treated cells 
and localizes at the shmoo tip (white arrow). Asg7p-mNG portrays a cytoplasmic puncta-like localization while 
Isc1p-mNG is localized in ER as well as shmoo tip of some polarized cells. Prm5p-mNG and Pun1p-mNG are 
highly expressed upon pheromone treatment with Pun1p-mNG localizing at the cell periphery as well as shmoo 
tip of most polarized cells. Ypr170w-B-mNG is a vacuolar membrane protein whose expression is not pheromone-
dependent. Scale bar= 5 µm. 
 
 
4.3 Expression of Prm5p but not its paralogous protein Ynl058cp, is pheromone- dependent  
 
Prm5p, a 34.7kDa single-pass transmembrane protein, was initially identified as a pheromone-
regulated membrane protein ([266]). In concert with the proteomics data, expression of Prm5p was 
pheromone-dependent with minimal Prm5p basal expression observed in vegetative cells (Figure 
13A and 13B). However, in contrast to Prm1p-mNG that localized at the shmoo (Figure 13A), 
Prm5p was rarely observed at the shmoo in polarized cells. Instead, the protein mainly localized at 
the vacuole but occasionally localized as small puncta at the shmoo tip (Figure 13B). The 
localization of Prm5p at the vacuole suggested that during pheromone response, the protein was 
possibly undergoing constant degradation as opposed to shmoo tip retention. This would imply that 
Prm5p activity is transiently exerted at the shmoo tip or that Prm5p functions upstream in the 
pheromone response pathway. Alternatively, functional redundancy between Prm5p and its 
paralogous protein Ynl058cp, would result in Ynl058cp performing a Prm5p- like function at the 
shmoo tip. To confirm the latter hypothesis, localization of Ynl058cp in polarized cells was 
assessed. Contrary to Prm5p, expression of Ynl058cp-mNG was not pheromone-dependent and 
the protein was constitutively expressed in both vegetative and pheromone-treated cells (Figure 
13C) ([324], [362]). Additionally, Ynl058cp was exclusively localized at the vacuole, suggesting that 
the two proteins are differentially regulated. 
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Figure 13: PRM5 expression is pheromone dependent, similar to PRM1. MATa BY4741 cells expressing PRM1, 
PRM5 and its paralog YNL058C chromosomally tagged at the C-terminus with mNeonGreen were grown to log 
phase in synthetic complete medium. Cultures were split into two equal portions and one portion was incubated 
with 20 μM α-factor for 2 h. Cells were arrested in TAF buffer and imaged. (A) Prm1p-mNG is expressed only 
upon pheromone treatment and is localized at the shmoo tip (white arrow). (B) Similarly to Prm1p, Prm5p-mNG 
expression is pheromone-dependent and a small percentage of the protein is localized at the shmoo tip (white 
arrow). Prm5p is mostly localized at the vacuole. (C) Ynl058cp-mNG, a Prm5p paralog is constitutively expressed 
in both vegetative and pheromone-treated cells. In both conditions, the protein maintains a vacuolar localization. 
Scale bar= 5µm. 
 
 
Although the majority of Prm5p localized at the vacuole, the small percentage of Prm5p observed 
at the shmoo tip hinted that the protein could be playing an unknown function in mating. To confirm 
this hypothesis, the localization of Prm5p in mating cells was examined. As expected, the control 
protein Prm1p-mNG was enriched at the mating junction in unfused mating pairs and was retained 
at the junction of fusing cells (Figure 14A). Once mating was completed, Prm1p localized at the 
vacuole corroborating its PM fusion role after which the excess protein is transported to the vacuole 
for degradation. On the contrary, Prm5p-mNG was not localized at the mating junction. Instead, 
the protein was observed in the vacuole prior to PM fusion, suggesting that Prm5p is not directly 
involved in late fusion events but possibly exerts an unknown function away from the mating 
junction Figure 14B). Similarly to Prm5p, Ynl058cp-mNG was excluded from the mating junction 
and localized at the vacuole. Its expression was however lower than that of Prm5p (Figure 14C). 
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Figure 14: Prm5p is excluded from the mating junction of mating pairs. Equal amounts of cells expressing proteins 
in Figure 13 were mixed with WT BY4742 MATα cells expressing the cytoplasmic marker Pgk1p-mCherry. Cells 
were incubated on filters for 90 min on YPD at 30 oC. Mating reactions were stopped by resuspending the cells in 
TAF buffer at 4 oC and thereafter cells were imaged. Transfer of Pgk1p-mCherry from one cell to the other 
represented PM fusion and cytoplasmic mixing. (A) Prm1p-mNG is recruited to the mating junction of an unfused 
mating pair (top white arrow) and retains its junction localization in fused cells (bottom white arrow). (B) Prm5p-
mNG is expressed in mating conditions but is localized at the vacuole in both unfused and fused cells. (C) Ynl058c-
mNG expression decreases in mating conditions and the protein localizes at the vacuoles. Scale bar= 5 µm. 
 
 
4.3.1 Deletion of PRM5 and its paralog presents no fusion defect 

The lack of Prm5p localization at the shmoo tip and mating junction does not completely rule out 
its putative function in yeast mating. Indeed, proteins such as members of the polarisome (Bni1p, 
Spa2p and Pea2p) or proteins involved in membrane organization such as Chs5p play an indirect 
role in mating ([224], [259]). Chs5p, a chitin synthase III regulator, localizes in cytoplasmic patches 
and does not portray a clear mating junction localization. However, its null mutants exhibit a CW 
remodeling mating defect similar to that of fus1Δ and fus2Δ mutants ([259]). Therefore, to confirm 
whether Prm5p plays an indirect role in mating, prm5Δ and ynl058cΔ single deletion mutants as 
well as prm5Δynl058cΔ and prm5Δfus1Δ double deletion mutants were generated. The mating 
efficiency of the respective mutants was assessed via a GFP bimolecular fluorescence 
complementation (BiFC)- based flow cytometry fusion assay as described in ([348]). Fusion of 
MATa and MATα cells that harbor non-fluorescent n-GFP and c-GFP fragments results in 
complementation of the two fragments to form a fully functional GFP protein whose fluorescence 
can be quantified as a fusion event (Figure 9). Additionally, bilateral matings in which the respective 
gene is deleted in both mating types allowed a more precise analysis of all prm5Δ mutants. Indeed, 
most known cell fusion mutants including prm1Δ, fus1Δ, fus2Δ and fig1Δ have a bilateral 
phenotype, resulting in a greater fusion defect when the gene is absent in both mating types ([238], 
[266], [269], [355], [363]).  
 
Notably, all mutants grew at WT rates with no apparent vegetative growth defects in standard 
growth conditions. Upon quantification, bilateral matings of prm5Δ and ynl058cΔ mutants as well 
as prm5Δynl058cΔ mutants fused with WT efficiency, suggesting that neither Prm5p nor its paralog 
play a role in mating. Interestingly, the prm5Δfus1Δ mutants fused with a lower fusion efficiency 
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than the fus1Δ mutants, indicating an additive phenotypic effect (Figure 15). While these findings 
suggested possible involvement of Prm5p in the CW remodeling step, further analyses to 
determine whether PRM5 and its paralog are functionally related to PRM1 were carried out. 
Notably, the bilateral matings of the prm1Δprm5Δynl058cΔ mutants resulted in no additive 
phenotype in the prm1Δ mutants. Instead, the prm1Δprm5Δynl058cΔ mutants fused similarly to the 
prm1Δ single deletion mutants, confirming that neither Prm5p nor Ynl058cp played a direct role in 
PM fusion (Figure 15).   
 
Altogether, these findings imply that Prm5p and its paralog are not functionally involved in PM 
fusion. However, the additive phenotypic effect observed in the prm5Δfus1Δ double mutants 
suggests a putative Prm5p function at the CW remodeling step of yeast mating. 
 

 
Figure 15: Deletion of PRM5 does not affect fusion. PSAY strains of WT, prm1Δ, prm5Δ, fus1Δ, prm5Δfus1Δ 
and prm1Δprm5Δynl058cΔ triple deletion mutants were performed as described in Materials and Methods. Cell 
fusion efficiency was quantified by flow cytometry. Error bars indicate SD of three independent triplicate 
reactions. Scale bar= 5 µm. 
 
 
4.4 Pun1p is preferentially pheromone-upregulated and localized at the mating junction  
 
In agreement with the verified pheromone-upregulated proteins from the proteomics analysis, a 
second protein Pun1p, was examined. Pun1p is a PM protein upregulated during nitrogen and 
metal ion stress ([364], [365]). The Nitrogen and metal ion stress conditions result in increased 
PUN1 transcription via activation by Kss1p kinase and Cdc28p-Cln1p, respectively, and a 
corresponding Pun1p localization at the cell periphery. However, no known function of PUN1 in 
yeast mating has been described. Notably, Pun1p is a member of the SUR7-family proteins 
together with its paralogous proteins Sur7p, Fmp45p and Ynl194cp ([277], [278]). In addition to 
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their close sequence similarity, the four proteins contain four putative transmembrane domains 
(TMDs) and a conserved cysteine-containing claudin-like motif in their extracellular loop (ECL)1. 
As a result, they form part of the fungal claudin-related proteins ([254], [277], [278], [366]). In 
vegetative cells, all four proteins localize at the eisosomes, the immobile, stable furrow-like 
invaginations of the PM of about 300 nm length and 50 nm depth ([367], [368], [369]). When 
observed via fluorescence microscopy, eisosomes appear as stable, cortical patch structures on 
the yeast PM ([277]). About 20-45 eisosomes exist per mature cell with each eisosome comprising 
approximately 2000-5000 molecules of Pil1p and Lsp1p, the major eisosomal constituents ([369]).  
 
Interestingly, the proteomics analysis revealed a preferential upregulation of Pun1p in pheromone-
treated cells whereas all other eisosomal proteins were down-regulated (Figure 10D). This 
preferential upregulation hinted a putative Pun1p function in mating. To assess this possibility, the 
localization of C-terminal chromosomally tagged Pun1p-mNG was probed in pheromone-treated 
as well as mating conditions. Whereas a substantial basal expression was observed in vegetative 
cells, Pun1p was highly expressed upon pheromone treatment (Figure 16A). In addition, contrary 
to the puncta-like localization observed in vegetative cells, Pun1p was homogenously distributed 
along the cell periphery of polarized cells. Occasional Pun1p-containing puncta were observed at 
the base of the shmoo, likely corresponding to secretory vesicles ([228]). Notably, Pun1p was 
present at the shmoo tip of most polarized cells (Figure 16A). Further elucidation of the protein 
function in mating cells revealed that, in addition to the homogenous plasma membrane 
localization, Pun1p-mNG was enriched as a bright puncta at the mating junction, suggesting it may 
play a role in cell fusion (Figure 16B). 
 
 

 
 
Figure 16: PUN1 expression is preferentially upregulated upon pheromone treatment. MATa BY4741 cells 
expressing PUN1::mNG were grown to log phase in synthetic complete medium and one portion treated with 20 
μM α-factor for 2 h. Cells were arrested in TAF buffer and imaged. (A) Pun1p-mNG is highly expressed upon 
pheromone treatment and localizes homogenously at the PM. In most cells, Pun1p is enriched in discrete patches 
at the base of the shmoo and at the shmoo tip (white arrow). (B) Pun1p is enriched at the mating junction. In an 
unfused mating pair, Pun1p is enriched at the mating junction (top white arrow) in addition to being localized to 
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the rest of the PM. Once PMs fuse and cytoplasmic mixing occurs, Pun1p retains its junction localization (bottom 
white arrow). Scale bar= 5 µm. 
 
 
4.4.1 Pun1p is localized at the mating junction prior to CW remodeling and 
retained at the junction during PM fusion 

To better dissect the localization profile of Pun1p, random prezygotes representing the different 
stages of cell fusion were analyzed. By combining this analysis with Concanavalin-A Alexa Fluor 
647 conjugate (AF-647) CW staining, the approach permitted an in-depth dissection of the CW 
remodeling step from the PM fusion step. Indeed, CW staining allows a clear differentiation of late 
prezygotes that have undergone CW remodeling but not PM fusion from early prezygotes that 
contain intervening CW material at the mating junction ([228], [350]). In early prezygotes, Pun1p 
was homogenously distributed at the cell periphery and showed no apparent enrichment at the 
junction (Figure 17A). In some prezygotes with remodeled CW but no PM fusion, Pun1p 
maintained a homogenous cell surface localization (Figure 17B), although a considerable number 
of such prezygotes showed a distinct puncta-like mating junction localization like shown above 
(Figure 16B). Upon PM fusion and cytoplasmic mixing depicted by transfer of the cytoplasmic 
marker Pgk1p-mCherry into both mating partners, Pun1p was enriched at the junction appearing 
as a bright puncta while maintaining its homogenous distribution across the rest of the PM (Figure 
17C). In late prezygotes, the protein was distributed as a collar around the neck of the zygote and 
later localized in the vacuoles, indicating protein degradation once the mating process is complete 
(Figure S1). These findings therefore suggested that the expression of Pun1p is mainly 
pheromone-dependent. The localization of Pun1p at the cell surface as well as its specific 
enrichment at the mating junction further indicated a Pun1p function in the late stages of yeast 
mating. 
 
 

 
 
Figure 17: Pun1p is localized at the mating junction before and after CW remodeling. Mating reactions of MATa 
BY4741 cells expressing PUN1::mNG and MATα BY4742 cells expressing PGK1::mCherry were allowed to mate 
for 90 min on YPD at 30 oC. Cells were arrested in TAF buffer, stained with ConA-Alexa 647 conjugate for 30 
min at RT before imaging. (A) Pun1p-mNG is highly expressed and homogenously localized at the PM of an 
unfused cell including the mating junction. Fusion has not taken place as shown by presence of CW material at 
the mating junction (white arrow) and retention of Pgk1p-mCherry in the MATα cell. (B) Pun1p-mNG retains its 
junction localization once CW remodeling has occurred before PM fusion and cytoplasmic mixing (white arrow). 
(C) Pun1p-mNG remains localized at the mating junction once PM fusion and cytoplasmic mixing has taken place 
(white arrow). Scale bar= 5 µm. 
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4.4.2 Expression of other SUR7-family proteins is not pheromone-dependent  

Pun1p and its paralogous proteins Sur7p, Fmp45p and Ynl194cp are members of the SUR7-family 
proteins ([277], [278]). The four proteins localize at the eisosomes that have been shown to co-
localize with the Membrane compartment of Can1p (MCC), an arginine transporter, and together 
are generally referred to as MCC/eisosomes. MCC/eisosomes form a unique PM domain that is 
distinct from the mesh-like membrane compartment occupied by Pma1p (MCP), the H+-ATPase 
([367], [370]). Whereas the MCC domain harbors Can1p that facilitates arginine import into the cell, 
the exact role of eisosomes largely remains controversial. A previous study implicated eisosomes 
as endocytosis hotspots due to the decreased endocytosis rate in the pil1Δ and lsp1Δ mutants 
([369]). However, another recent study implicated these compartments as endocytosis islands that 
regulate the turnover of Can1p and other proton symporters such as Fur4p and Tat2p found in the 
same compartment ([371]). Nonetheless, despite the localization of the SUR7-family proteins to 
the eisosomes, their role in eisosome formation and function is unclear. However, Sur7p has 
previously been characterized as a multi-copy suppressor of rvs167Δ mutation. Rvs167p is an 
actin-binding protein which interacts with Rvs161p to regulate actin cytoskeleton reorganization 
and endocytosis ([254]). Given the fact that SUR7, YNL194C and FMP45 deletions affect the 
sphingolipid metabolism pathway, it has been proposed that the SUR7-family proteins regulate 
endocytic processes via sphingolipid metabolism ([254], [277], [369]).  
 
Contrary to Pun1p, all the other SUR7-family proteins as well as the main eisosomal components 
Pil1p, Nce102p and Lsp1p, were highly down-regulated in pheromone treated cells (Figure 10D). 
This striking observation prompted the assessment of the localization of other SUR7-family 
proteins. SUR7, FMP45 and YNL194C were chromosomally tagged at their C-termini and their 
localization in vegetative versus pheromone-treated cells investigated. Consistent with previous 
findings, Sur7p-mNG localized at distinct puncta on the PM of vegetative mother cells (Figure 
18A). These puncta were excluded from newly-formed buds or tips of medium-sized buds ([277]). 
In pheromone-treated cells, Sur7p-mNG maintained a puncta-like localization at the basal cell 
cortex and was absent at the shmoo tip (Figure 18A). On the other hand, Fmp45p-mNG and 
Ynl194cp-mNG were not readily detectable in both vegetative and pheromone-treated cells and 
were expressed only in a small proportion of cells. When present, the two proteins portrayed a 
Sur7p-like puncta localization (Figure 18B and 18C), consistent with previous findings ([277]). In 
summary, the Pun1p paralogs exhibit an expression and localization profile distinct from that of 
Pun1p. Their expression is not pheromone-dependent and the three proteins are excluded from 
the shmoo tip and possibly mating junction. 
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Figure 18: SUR7, FMP45 and YNL194C are constitutively expressed in vegetative and pheromone treated cells. 
Chromosomally C-terminally tagged SUR7, FMP45 and YNL194C were assessed for their localization in 
vegetative and pheromone-treated conditions as previously described. (A) Sur7p-mNG is highly expressed both 
in vegetative and pheromone treated cells and localizes in distinct, cortical patches. Sur7p is excluded from newly 
formed daughter cells and the shmoo tip of polarized cells (white arrow). (B, C) Fmp45p-mNG and Ynl194cp-
mNG localize similarly to Sur7p in both conditions (white arrow) although the proteins are not expressed in all 
cells. Depicted are representative mid-sections. Scale bar= 5 µm. 
 
 
 
To further confirm that the other SUR7-family proteins were excluded from the mating junction, 
microscopic examination of the respective mNG-tagged proteins in mating cells was carried out. 
MATa BY4741 cells expressing the respective mNG-tagged genes were crossed with WT BY4742 
MATα cells and their localization examined after 90 min of mating. Contrary to Pun1p, all the SUR7-
family proteins were excluded from the mating junction, suggesting that these proteins, and by 
proxy eisosomes, are preferentially excluded from the mating junction early enough before PM 
fusion takes place (Figure 19). 
 

 
 
 
Figure 19: SUR7-family proteins are excluded from the mating junction. Equal amounts of MATa cells expressing 
SUR7::mNG, FMP45::mNG and YNL194C::mNG were mixed with WT MATα cells expressing the cytoplasmic 
marker Pgk1p-mCherry. Cells were incubated on filters for 90 min on YPD at 30 oC. Mating reactions were 
stopped by resuspending the cells in TAF buffer at 4 oC and thereafter cells were imaged. Transfer of Pgk1p-
mCherry from the MATα cell to the MATa cell represents PM fusion. (A) Sur7p-mNG is localized at the cortical 
patches that are excluded from the mating junction of an unfused mating pair. (B) Similarly to Sur7p, Fmp45p-
mNG is localized at the cortical patches that are excluded from the mating junction of an unfused mating pair.  (C) 
In a fused zygote, Ynl194cp-mNG is faintly expressed and retains the patchy localization that is excluded from 
the zygote neck. Scale bar= 5 µm. 
 
 
4.4.3 Eisosomes are preferentially excluded from the shmoo tip and mating 
junction  

The absence of the other SUR7-family proteins from the shmoo of polarized cells or the mating 
junction has two implications: (i) it implies that Pun1p undergoes a differential regulation in mating 
conditions, and (ii) it suggests the preferential exclusion of eisosomes from the mating junction 
during yeast mating. To confirm the differential regulation of Pun1p and Sur7p, the two proteins 
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were C-terminally tagged with mNG and mCherry, respectively and their co-localization pattern 
examined. In vegetative cells, the two proteins co-localized at stable puncta in budding mother cells 
confirming that both proteins are present in the eisosomes. Notably, Pun1p-mNG was present in 
daughter cells while Sur7p-mCherry was weakly detectable, in agreement with previous findings 
that Sur7p is excluded from emerging buds or tips of medium-sized buds ([277]) (Figure 20A, 
upper panel). Upon pheromone treatment, Sur7p-mCherry maintained the puncta-like localization 
in the basal cell cortex and was excluded from the shmoo tip. On the other hand, Pun1p-mNG was 
homogenously distributed at the cell periphery in addition to its enrichment at the shmoo tip (Figure 
20A, lower panel). On quantifying the fluorescence intensity along the PM, the two proteins 
exhibited almost similar intensities in vegetative cells indicative of similar expression and 
localization profiles (Figure 20B, upper panel). In pheromone-treated cells, Sur7p-mCherry 
displayed a high fluorescence intensity along the PM that significantly reduced at the shmoo 
consistent with a high concentration of Sur7p molecules per cell, that are mainly concentrated at 
the basal membrane. Pun1p on the other hand portrayed homogenous intensity levels along the 
PM but its intensity increased at the shmoo (Figure 20B, lower panel). Altogether, the exclusion of 
Sur7p from the shmoo in contrast to Pun1p confirmed their differential regulation upon pheromone 
treatment. Furthermore, the exclusion of Sur7p, an eisosomal marker, from the shmoo suggests 
that eisosomes are possibly excluded from the shmoo tip or mating junction and do not play a direct 
role in yeast mating. 
 
 

 
 
Figure 20: Pun1p dissociates from the eisosomes as the cell transitions to mating. MATa BY4741 cells expressing 
PUN1::mNeonGreen and SUR7::mCherry were grown to log phase in synthetic complete medium and treated 
with or without 20 μM α-factor for 2 h. Cells were arrested in TAF buffer and imaged by confocal microscopy. 
(A) Pun1p-mNG and Sur7p-mCherry co-localize at the cortical patches in a mature mother cell, but not daughter 
cell. In pheromone treated cells, the two proteins co-localize at the basal membrane but not at the shmoo tip. 
Depicted are representative mid-sections. Scale bar= 5 µm. (B) Fluorescence intensity plots of the respective 
images. For each fluorescent protein, the plot represents its intensity along the PM with the shmoo position 
indicated in the second plot corresponding to the pheromone treated cells. 
 
 
 
To further elucidate the differential regulation of Pun1p and the preferential exclusion of eisosomes 
from the shmoo tip or mating junction, co-localization studies of Pun1p and Pil1p, the major 
eisosomal component, were carried out. Pil1p is a soluble protein that localizes at the cytoplasmic 
side of the PM of eisosomes. As a result, fluorescently-tagged Pil1p appears as distinct cortical 
patches, similarly to the integral membrane protein Sur7p ([369], [371]). Deletion of PIL1 results in 
disassembly of eisosomes and the mislocalization of Sur7p to the cytoplasm ([369]). As expected, 
Pil1p was highly expressed in both vegetative and pheromone-treated cells and localized at 
distinct, cortical patches (Figure 21A). In vegetative cells, Pil1p co-localized with Pun1p although 
the punctate Pil1p localization was more cytoplasmic than that of Pun1p (Figure 21A, top panel). 
In pheromone-treated cells, Pil1p maintained a punctate localization but was occasionally localized 
at the shmoo tip. In these cells, Pun1p localized homogenously at the PM including the shmoo tip 
(Figure 21A, lower panel). On quantifying the respective fluorescence intensities, Pun1p and Pil1p 
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co-localized in vegetative cells whereas little to no co-localization was observed in pheromone-
treated cells. Instead, Pil1p-mCherry exhibited high intensity values across the entire cell surface 
including the shmoo, consistent with its high expression profiles. Pun1-mNG on the other hand 
portrayed a homogenous intensity profile along the entire PM (Figure 21B). However, Pil1p was 
localized at the shmoo tip in few polarized cells suggesting either remnant Pil1p at the cytoplasmic 
leaflet of the shmoo tip PM or, that some eisosomes may be retained at the cell-cell contact site 
and carry out mating-related functions. To test the latter hypothesis, microscopic examination of 
Pil1p in mating cells was carried out. Cells expressing Pil1p-mNG were crossed with WT BY4742 
MATα cells and the localization profile of Pil1p examined after 90 min of mating. As opposed to 
Pun1p, Pil1p-mNG was preferentially excluded from the mating junction of mating pairs, further 
suggesting that eisosomes are indeed preferentially isolated from the mating junction (Figure 21C). 
Notably, the exclusion of eisosomes from the mating junction seems to occur early enough when 
the two cells have not fused, suggesting that eisosomes are not required in the late events of cell 
fusion.  
 

 
 
Figure 21: The eisosome organizer Pil1p is excluded from the mating junction. (A) Pun1p-mNG and Pil1p-
mCherry co-localize at distinct cortical patches on the PM in vegetative cells. Upon pheromone treatment, Pun1p-
mNG dissociates from these patches while Pil1p-mCherry is retained. The two proteins occasionally co-localize 
in one or two patches present at the shmoo tip. Depicted are representative mid-sections. (B) Fluorescence intensity 
plots of the respective images. For each fluorescent protein, the plot represents its intensity along the PM with the 
shmoo position indicated in the second plot corresponding to the pheromone treated cells. (C) Pil1p exhibits a 
Sur7p-like localization pattern in mating cells. Equal amounts of MATa cells expressing PIL1::mNG were crossed 
with WT MATα cells expressing the cytoplasmic marker Pgk1p-mCherry as described before. Transfer of Pgk1p-
mCherry from the MATα cell to the MATa cell represents PM fusion. In an unfused mating pair, Pil1p-mNG is 
localized at the distinct, cortical patches that are absent from the mating junction. Scale bar= 5 µm. 
 
 
4.4.4 Eisosome disassembly has no negative effect on yeast mating 

To further confirm that eisosomes are not involved in the late steps of yeast mating, two additional 
approaches were explored. First, deletion mutants of PIL1 were generated and their fusion 
efficiency quantified by BiFC fusion assay ([348]). Pil1p is proposed to regulate eisosome 
biogenesis and deletion of PIL1 results in eisosome disassembly and a collapse of the remaining 
components into one or a few patches ([369]). Consistent with the proteomics data, bilateral 
matings of pil1Δ mutants fused with WT efficiencies (~93% fusion efficiency), indicating that 
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eisosome disassembly has no negative effect on the mating process (Figure 22A). Secondly, 
bilateral matings of deletion mutants of select eisosomal genes were carried out and examined 
microscopically. All the bilateral matings of the genes tested showed no apparent phenotypic 
defects confirming that these mutants fused effectively and that eisosomes are functionally 
dispensable during yeast mating (Figure 22B) and (Figure S2).  
 
Overall, these data support the hypothesis that Pun1p has a putative function during yeast mating. 
While Pun1p localizes in eisosomes in vegetative cells, the protein likely dissociates from the 
eisosomes in mating conditions and localizes at the cell periphery including the shmoo tip. Upon 
cell-cell contact, Pun1p is retained at the cell periphery including the mating junction. Its 
concentration at the junction subsequently increases as the intervening CW is degraded and the 
PMs fuse to generate a fusion pore. As the mating process continues and the PM components 
between the two cells mix, Pun1p is localized at the neck of the mating junction and occasionally 
redistributed to both cells. Upon completion of fusion, Pun1p is translocated to the vacuoles for 
degradation. All these findings therefore prompted a further analysis of Pun1p as a novel 
component of the fertilization synapse and a player of cell fusion. 
 
 

 
 
Figure 22: Eisosome disassembly has no negative effect on yeast mating. (A) Bilateral matings of pil1Δ deletion 
mutants fuse as efficiently as the WT cells. PSAY strains of WT and pil1Δ deletion mutants were performed as 
described in Materials and Methods. Cell fusion efficiency was quantified by flow cytometry. Error bars indicate 
SD of three independent triplicate reactions. (B) Representative images of the bilateral matings of deletion mutants 
of eisosomal genes. Gene deletion mutants of the respective genes were obtained from the standard yeast gene 
Knockout (YKO) library. Equal amounts of MATa and MATα cells were mixed and cells allowed to mate for 3.5 
h. Cells were stained with the PM dye FM4-64 as described in Materials and Methods before imaging. The mutants 
show no fusion defects. Scale bar= 5 µm. 
 
 
4.5 Pun1p is a four-pass transmembrane protein that structurally resembles mammalian 
Claudins  
 
S. cerevisiae PUN1 encodes a 29.3kDa integral membrane protein with four transmembrane 
domains (TMDs), a short cytoplasmic N-terminus consisting of 6 residues, a longer extracellular 
loop 1 (ECL1) consisting of 116 residues and a shorter ECL2 of 30 residues (Figure 23A). The 
longer cytoplasmic C-terminal tail consists of 19 residues and a potential ubiquitylation site on 
lysine (K260) ([372]). Additionally, Pun1p has two potential N-glycosylation sites; Asparagine (N100) 
and Asparagine (N209), that are supposedly crucial in facilitating Pun1p secretion from the ER via 
the Golgi to the PM ([373]). Notably, Pun1p demonstrates a few unique differences from the other 
SUR7-family proteins. Firstly, in addition to its differential regulation and localization profile, Pun1p 
exhibits a low sequence identity (20% identity) as opposed to the 27- 34% sequence identity, and 
42- 49% similarity that exists amongst the three other proteins (Sur7p, Fmp45p and Ynl194cp) 
([277], [278]). Secondly, Pun1p slightly differs from the other SUR7-family proteins at its ECL1 
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region. Contrary to the conserved cysteine-containing (WxxW/YxxC(7-10aa)C claudin-like motif 
present in its paralogs, the GLWxxC(8-10aa)C claudin motif present in the eukaryotic claudin family 
proteins is fully conserved in Pun1p ([274], [278]) (Figure 23B). The claudin-family proteins are 
major structural components of mammalian tight junctions that function as selective paracellular 
barriers ([280], [281], [374]). This sequence conservation therefore hints at a structural and possibly 
functional similarity across the eukaryotic tight junction claudins and SUR7-family proteins, and to 
a greater extent Pun1p.  
 
To confirm the structural similarities between Pun1p and mammalian claudins, a Phyre2 modelling 
prediction was carried out ([375]). Interestingly, the predicted Pun1p topology adopted a left-
handed model, similar to that of claudin-3 and claudin-15, except for two additional ECL1 β-strands 
that form the overall β-sheet structure. All the seven Pun1p β-strands adopted an anti-parallel 
arrangement similarly to claudin-15 ([376], [377]) (Figure 23C). Notably, Pun1p aligned with both 
claudins with >90% confidence, indicating that Pun1p is a claudin-like protein (Figure 23D). A 
HHpred search to identify additional proteins with sequence and structural homology to Pun1p 
revealed 9 proteins with high homology (>99% probability): S. cerevisiae Ina1p, Fat3p, Dcv1p, 
Rim9p, Ecm7p, Fig1p, S. pombe Dni1p, Dni2p proteins and Mac1p (Figure S1). Remarkably, S. 
cerevisiae Fig1p has previously been described as a fungal claudin-like protein together with its S. 
pombe orthologs Dni1p and Dni2p ([275], [282], [355], [378]). All three proteins are tetraspan 
membrane proteins with known roles in mating. Expression of Fig1p is pheromone-dependent and 
the protein localizes at the mating junction. Fig1p is proposed to play a Ca2+-dependent role in PM 
fusion. Likewise, the S. pombe Dni proteins (Dni1p and Dni2p) facilitate membrane fusion by 
regulating PM organization and CW remodeling during mating ([355], [356], [357], [378]). Similarly 
to Pun1p, Fig1p and Dni proteins contain the cysteine-containing GLWxxC(8-10aa) C claudin motif 
at their ECL1 (Figure 23B). Notably, the conserved cysteine residues in the Dni proteins are crucial 
in protein folding and transport to the surface. Substituting these cysteine residues results in protein 
mis-localization to the ER instead of the specialized membrane fusion domain (MFD) that is 
analogous to the mating junction, and a corresponding reduction in protein function ([378]).  
 
The high sequence similarity to mammalian claudins and the presence of the consensus motif 
therefore suggest that Pun1p, similarly to Fig1p and the Dni proteins, is claudin-like and is possibly 
necessary in cell fusion.   
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Figure 23: Pun1p is claudin-related and maintains a mCldn15-like overall structure. (A) Pun1p is a 4-pass 
membrane protein with cytoplasmic N- and C-termini. Pun1p contains three paralogs (SUR7, FMP45 and 
YNL194C) and together belongs to the SUR7-family proteins. (B) Pun1p closely resembles the mammalian 
claudins than the SUR7-family and Fig1-family proteins. Multiple sequence alignment shows that Pun1p contains 
the exact claudin cysteine-containing consensus motif (GLWxxC(8-10 aa)C) in the first extracellular loop (ECL1). 
(C) Schematic of S. cerevisiae Pun1p secondary structure as predicted by Phyre2 modelling prediction. (D) Ribbon 
representation of S. cerevisiae Pun1p (Blue) superimposed on the structure of monomeric claudin 15 (PDB4P79) 
viewed parallel to the membrane. Note that Pun1p is completely superimposed on claudin-15 except for the two 
additional β-strands in the ECL1. Grey bars represent boundaries of outer (extracellular) and inner (cytoplasmic) 
leaflets of lipid bilayer. 
 
 

4.6 Pun1p and the known fungal claudin-like protein Fig1p exhibit a similar PM localization 
pattern in mating cells 
 
To evaluate the possible functional similarities between Pun1p and Fig1p, localization studies were 
carried out. First, the expression and localization profile of Fig1p was examined. As expected, 
Fig1p-mNG was expressed only upon pheromone treatment and localized at the shmoo tip (Figure 
24A). Although the majority of Fig1p was enriched at the shmoo tip, some protein was localized at 
the base of the shmoo and its fluorescence diminished towards the basal cell cortex. In mating 
pairs, Fig1p-mNG was localized across the entire PM but was enriched at the mating junction of 
mating pairs, reminiscent of the Pun1p localization profile (Figure 24B). As the PMs fused and the 
cytoplasmic contents mixed, Fig1p was subsequently distributed as a collar at the mating bridge. 
Once fusion was completed, Fig1p was transported to the vacuole for degradation corroborating 
its involvement in the late steps of mating, as previously reported (Figure S3) ([271]).  
  
 

 
 
Figure 24: FIG1 expression is pheromone-dependent and Fig1p localizes at the mating junction. (A) MATa 
BY4741 cells expressing FIG1::mNeonGreen were grown to log phase in synthetic complete medium and treated 
with or without 20 μM α-factor for 2 h. Cells were arrested in TAF buffer and imaged. Fig1p-mNG is expressed 
only upon pheromone treatment and mainly localizes at the shmoo tip (white arrow). Some Fig1p remains 
homogenously localized along the PM. (B) In mating cells, Fig1p-mNG is highly expressed and localized along 



 76 

the PM including the mating junction of an unfused mating pair (bottom white arrow). Fig1p is retained at the 
mating junction of fused cells (top white arrow). Scale bar= 5 µm. 
 
 
To examine whether Pun1p was localized similarly to Fig1p, co-localization studies of Pun1p-mNG 
and Fig1p-mCherry in pheromone-treated and mating cells were carried out. Similar co-localization 
studies with Sur7p-mCherry were also performed to further confirm the differential Pun1p 
localization at the mating junction. As expected, both Fig1p-mCherry and Pun1p-mNG were 
enriched at the shmoo tip of pheromone-treated cells as well as the rest of the PM (Figure 25A). 
In mating cells, the two proteins mainly co-localized at the mating junction of unfused cells and 
occasionally at the basal cell cortex (Figure 25B). Once the PMs fused and a fusion pore was 
formed, both Fig1p-mCherry and Pun1p-mNG retained their junction localization but were 
subsequently distributed as a collar around the neck of the zygote as the fusion pore expanded, 
suggesting a similar localization pattern (Figure S3). Conversely, Sur7p-mCherry was localized at 
cortical patches that were excluded from the mating junction whereas Pun1p-mNG was mainly 
enriched at the mating junction (Figure 25C). Taken together, the structural similarities between 
Fig1p and Pun1p as well as the similar localization pattern suggest that both proteins exist in the 
same membrane domain or region in pheromone-treated and mating cells. This is suggestive of 
putative functional similarities between the two proteins. 
 
 
 

 
 
Figure 25: Pun1p and Fig1p co-localize at the PM of mating cells but not with Sur7p. (A) MATa BY4741 cells 
expressing PUN1::mNeonGreen and FIG1::mCherry were grown to log phase in synthetic complete medium and 
treated with 20 μM α-factor for 2 h. Cells were arrested in TAF buffer and imaged. Pun1p-mNG and Fig1p-
mCherry are expressed in polarized cells and localized at the PM. Some protein is localized at the shmoo tip (white 
arrow). (B) Equal amounts of MATa BY4741 cells expressing PUN1::mNeonGreen and FIG1::mCherry or 
SUR7::mCherry were crossed with WT MATα cells and allowed to mate for 90 min. Mating was stopped by 
incubating the cells in TAF buffer before imaging. Pun1p-mNG and Fig1p-mCherry mainly co-localize at the 
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mating junction (white arrow). Both proteins are homogenously distributed across the rest of the PM. (C) Sur7-
mCherry does not co-localize with Pun1p-mNG at the mating junction. Sur7-mCherry localizes at cortical patches 
that are excluded from the mating junction, while Pun1p-mNG is enriched at the mating junction (white arrow). 
Scale bar= 5 µm. 
 
 

4.7 Deletion of PUN1 and its paralogs does not enhance the fig1Δ mutants’ fusion defects  
 
The role of Fig1p in mating has been linked to its Calcium (Ca2+) influx regulatory activity ([356], 
[357]). Similarly to the prm1Δ mutants, bilateral matings of fig1Δ mutants accumulate unfused 
prezygotes, 10% of which contain cytoplasmic bubbles while ~6% undergo lysis ([355]). Depletion 
of Ca2+ by chelators such as EGTA enhances the fig1Δ fusion defects, suggesting the cellular 
dependence on Ca2+ especially in absence of FIG1. Consistently, the enhanced fig1Δ fusion 
defects can be suppressed by Ca2+ supplementation ([355], [356]). To determine any functional 
relationship between Pun1p and Fig1p, single and double deletion mutants of PUN1 and FIG1 
were generated, and their fusion efficiencies quantified via the BiFC fusion assay. Furthermore, to 
better deduce whether the Pun1p activity is also Ca2+ dependent, bilateral mating reactions of 
pun1Δ, fig1Δ and pun1Δfig1Δ were performed in the absence of the Ca2+ chelator EGTA (standard 
growth conditions) and in the presence of EGTA (absence of Ca2+). Bilateral matings of WT and 
prm1Δ mutants were used as control reactions. In standard growth conditions, all mutants grew at 
WT rates with no apparent vegetative growth defects.  
 
On quantification, the bilateral matings of pun1Δ fused with WT efficiencies (~90% fusion efficiency) 
whereas the prm1Δ bilateral matings exhibited ~50% fusion efficiency as previously reported ([266], 
[355]) (Figure 26A). In absence of Ca2+, the WT cells fused with a slightly lower efficiency (85%) 
and the pun1Δ cells fused with ~80% fusion efficiency, comparable to the WT cells (Figure 26B). 
Bilateral matings of fig1Δ fused with ~80-90% fusion efficiency, but the fig1Δ fusion defect was 
enhanced by ~20% upon Ca2+ depletion, consistent with previous findings ([355]). Surprisingly, the 
pun1Δfig1Δ mutants fused similarly to the fig1Δ mutants both in the presence and absence of Ca2+, 
with a slight insignificant increase in the fusion efficiency observed in standard conditions (Figure 
26A and 26B). These findings suggested the absence of an additive phenotypic effect on fig1Δ 
mutants upon PUN1 deletion. To rule out the possibility of functional redundancy from the Pun1p 
paralogs, quintuple deletion mutants (5Δ) comprising all five genes (PUN1, FIG1, SUR7, FMP45 
and YNL194C) were generated and their fusion efficiency in both conditions determined. In 
presence of Ca2+, the bilateral matings of 5Δ quintuple mutants fused similarly to the fig1Δ mutants, 
while a slightly higher but insignificant fusion efficiency was observed in absence of Ca2+ (Figure 
26A and 26B). The lack of an enhanced fusion defect in the pun1Δfig1Δ mutants therefore 
suggests that deletion of PUN1 in fig1Δ mutants results in no additive phenotypic effect both in the 
presence and absence of Ca2+, and that the Pun1p paralogs are functionally unrelated to Fig1p. 
 
In order to have a more precise analysis of whether deletion of PUN1 and its paralogs did not have 
an effect on other fig1Δ fusion defect phenotypes, microscopic characterization of the mating 
phenotypes of the respective mutants was carried out. Confocal fluorescence microscopy that 
combined the GFP BiFC assay and PM staining with FM4-64 dye was adopted, allowing the 
quantification of both the fusion efficiency as well as known and novel fusion defect phenotypes. 
The BiFC assay that is based on GFP fluorescence upon cell fusion of MATa and MATα cells 
expressing complementary GFP fragments, allowed a clear distinction of fused from unfused 
mating pairs ([348]) (Figure 26C). Furthermore, PM staining of the mating pairs with FM4-64, a 
lipophilic dye that stains the lipid bilayers, permitted exclusive PM staining and revealed various 
PM morphological defects ([350], [379]). Notably, mating pairs that expressed cytoplasmic GFP 
with no FM4-64 PM staining at the mating junction were classified as fused, indicating successful 
PM fusion and complementation of the GFP fragments. Mating pairs that expressed cytoplasmic 
GFP but exhibited PM staining at the mating junction were characterized as partially fused. This is 
because they represented mating pairs in which a small fusion pore had formed that allowed 
cytoplasmic mixing and GFP complementation, but failed to expand possibly due to incomplete 
degradation of the intervening CW material ([350]). Lastly, mating pairs that exhibited PM staining 
at the mating junction and no cytoplasmic GFP fluorescence were characterized as unfused or 
defective (Figure 26C). Following this criteria, all lysed prezygotes as well as prezygotes containing 
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cytoplasmic bubbles were generally quantified as defective ([269]). A minimum of 150 mating pairs 
were counted in each mating reaction. 
 
Upon quantification, WT cells fused with >95% fusion efficiency and presented negligible fusion 
defects as expected. On the other hand, ~30% of the bilateral matings of the prm1Δ mutants fused 
successfully while ~60% were defective. Only about 10% mating pairs remained partially fused. 
For fig1Δ mutants, ~80% of mating pairs fused successfully comparable to the fusion efficiency 
obtained by flow cytometry assay. About 10% of all mating pairs were partially fused while the 
remaining 10% were defective. Notably, the bilateral matings of pun1Δ mutants and its paralogs 
fused similarly to WT cells, further corroborating the conclusion that the eisosomal components are 
not necessary in yeast mating. Similarly, bilateral matings of the 5Δ quintuple mutants comprising 
of (pun1Δ fig1Δsur7Δfmp45Δynl194cΔ) fused similarly to fig1Δ mutants, confirming that the four 
genes did not result in any additive phenotypic effect (Figure 26D).  
 
 

 
 
Figure 26: Deletion of PUN1 and its paralogs does not enhance the fig1Δ fusion defect. Quantitative cell fusion 
assays of the PSAY strains of WT, prm1Δ, pun1Δ, fig1Δ, pun1Δfig1Δ, sur7Δ, fmp45Δ, ynl194cΔ and quintuple 
mutants (5Δ) were performed as described in Materials and Methods. Cell fusion efficiency was assessed either 
by flow cytometry or microscopy. For microscopy, cells arrested in TAF buffer after 3 h of mating were stained 
with the PM stain, FM4-64 at 4 oC before imaging by confocal microscopy. (A) Bilateral matings of pun1Δfig1Δ 
and 5Δ quintuple mutants fuse similarly to fig1Δ mutants in standard mating conditions. (B) The sensitivity of 
pun1Δfig1Δ and 5Δ quintuple mutants to Ca2+ depletion is due to the FIG1 mutation. The same reactions as in (A) 
performed in media supplemented with 20mM EGTA. Neither pun1Δ mutants nor its paralogs are sensitive to 
Ca2+ depletion. (C) Representative images of the mating phenotypes observed in the bilateral matings of respective 
mutants. Fusion was based on Bimolecular fluorescence complementation of the complementary GFP fragments 
as described in Materials and Methods. Mating pairs expressing GFP were quantified as fused zygotes while those 
that expressed GFP but showed PM staining at the mating junction were quantified as partially fused zygotes. 
Defective prezygotes were quantified as mating pairs that do not express GFP. (D) Single gene deletions of PUN1 
and its paralogs are not defective. Bilateral matings of 5Δ quintuple mutants fuse similarly to the fig1Δ mutants. 
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n>150 mating pairs in three or more independent experiments. Error bars denote SEM of three or more independent 
triplicate experiments. 
 
 
Altogether, these findings indicate that, while a structural relationship exists between Pun1p, its 
paralogs and Fig1p, all the five proteins are functionally distinct. Firstly, the expression, localization 
profile and gene deletion studies of Pun1p paralogs suggest that they are not necessary in the 
mating process. Secondly, the pheromone-dependent expression of Pun1p and Fig1p, and their 
similar PM localization patterns suggest that the two proteins possibly localize to the same PM 
domain and exhibit functional similarities. However, it is evident that Fig1p performs a more direct 
role that is readily observed by loss-of-function analysis. The exact function of Pun1p therefore 
prompted further analysis. 
 

4.8 Deletion of PUN1 mildly enhances fusion in prm1Δ mutants 
 
Pun1p has previously been implicated in the cell wall integrity (CWI) pathway during metal ion 
stress and nitrogen stress with the latter resulting in pseudo-hyphal growth ([364], [365]). In haploid 
filamentous Σ1278b cells that undergo pseudo-hyphal growth, deletion of PUN1 resulted in a loss 
of surface filamentation and a corresponding decrease in mRNA transcripts of certain amino acid 
biosynthesis genes including ARG1, ARG3, HIS1, HIS4, LEU1, LYS1 and MET13 ([365]). 
Interestingly, under the same conditions, an increase in mRNA transcripts of some mating genes 
such as FUS1, FUS3, STE4, STE3, GPA1 was reported with FUS3 exhibiting the highest increase 
(81-fold change). While these astonishing findings did not reconcile the mechanistic relationship 
between PUN1 gene deletion and the yeast mating pathway, they suggested a putative inhibitory 
role exerted by the filamentous growth program vis-a-vis Pun1p on the mating pathway and vice-
versa.   
 
However, so far, deletion of PUN1 in a WT or a fig1Δ sensitized background did not significantly 
enhance fusion. Furthermore, Fig1p was correctly localized in pun1Δ mutants, suggesting that 
deletion of PUN1 does not affect upstream events that regulate Fig1p expression and localization 
in mating conditions (Figure S3). Therefore, in order to uncover the putative Pun1p inhibitory role 
on the mating pathway, it was necessary to examine the effects of PUN1 gene deletion in other 
more sensitized backgrounds such as prm1Δ, fus1Δ or fus1Δfus2Δ mutants. Fus1p, Fus2p and 
Prm1p are known facilitators of fusion. Fus1p and Fus2p are involved in the CW remodeling step 
while Prm1p is required in the PM fusion step ([238], [253], [266]). In concert with their role in CW 
remodeling, bilateral matings of either fus1Δ or fus2Δ mutants fuse with approximately 30-50% and 
60-80% fusion efficiency, respectively. The unfused fusΔ mating pairs arrest as early prezygotes 
with intervening CW material present at the mating junction ([228], [238]). Remarkably, bilateral 
matings of fus1Δfus2Δ mutants fail to fuse (<10% fusion efficiency) and almost all mating pairs 
arrest as early prezygotes. This additive CW remodeling-specific phenotype suggests that the two 
proteins function at the CW remodeling step but on parallel pathways ([228], [238]). In addition to 
its role in CW remodeling, Fus1p has also been implicated in fusion pore expansion ([228], [267]).  
 
On the other hand, Prm1p activity is exerted at the PM fusion step and bilateral matings of prm1Δ 
mutants fuse with approximately 30-60% fusion efficiency ([266], [269], [355]). Of the unfused 
mating pairs, the majority arrest as late prezygotes with apposed PMs but no intervening CW 
material. These often form cytoplasmic bubbles that emanate from the cell with higher osmotic 
pressure ([266], [269]) Additionally, prm1Δ mating pairs can undergo cell lysis, a phenotype that 
occurs only once the intervening CW material has been degraded ([269]). The prm1Δ-specific lysis 
is presumed to be a result of destabilized membranes during PM fusion that would otherwise be 
stabilized by Prm1p ([269], [355]). Notably, the similar fusion defect phenotypes observed in prm1Δ 
and fig1Δ mutants further corroborate the existence of at least two parallel pathways that culminate 
in cell-cell fusion ([271]). Cells deleted of either FUS1, FUS2 or PRM1 therefore provide a more 
sensitized genetic background to unravel the mechanistic relationship between PUN1 gene 
deletion and the yeast mating pathway. 
 
To begin with, the effect of PUN1 gene deletion was assessed in fus1Δ, fus2Δ and prm1Δ 
backgrounds. Double gene deletion mutants of prm1Δpun1Δ, pun1Δfus1Δ, pun1Δfus2Δ and triple 
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pun1Δfus1Δfus2Δ were generated and their fusion efficiencies assessed by BiFC fusion assay. As 
controls, prm1Δsur7Δ and pun1Δsur7Δ mutants as well as a prm1Δpun1Δsur7Δ mutants were also 
generated and their fusion efficiencies assessed. Whereas WT cells fused with ~90% fusion 
efficiency, bilateral matings of prm1Δ mutants fused with ~40% fusion efficiency as expected 
(Figure 27). Bilateral matings of pun1Δ mutants fused with WT-like efficiency, suggesting that 
Pun1p does not promote fusion. However, in comparison to the prm1Δ mutants, bilateral matings 
of the prm1Δpun1Δ mutants fused with a slightly higher but significant fusion efficiency (48% fusion 
efficiency), suggesting an enhanced fusion efficiency of prm1Δ mutants upon PUN1 deletion 
(Figure 27). Conversely, bilateral matings of prm1Δsur7Δ mutants fused similarly to the prm1Δ 
mutants, indicating that the SUR7 deletion had no effect on the prm1Δ fusion defect. Lastly, 
whereas the bilateral matings of pun1Δsur7Δ fused with WT-like efficiency, bilateral matings of 
prm1Δpun1Δsur7Δ mutants fused similarly to the prm1Δpun1Δ mutants, corroborating the 
hypothesis that SUR7 is part of a machinery that functions differently to PUN1 (Figure S4). 
 
On the other hand, bilateral matings of the fus1Δ mutants fused with a higher fusion efficiency 
(70%) than previously reported ([228], [238]). Interestingly, the pun1Δfus1Δ mutants fused with an 
efficiency comparable to the fus1Δ mutants, indicating no Pun1p-dependent fusion enhancement 
activity (Figure 27). Similarly, no significant difference in fusion was observed between the bilateral 
matings of fus2Δ and pun1Δfus2Δ mutants (data not shown). The pun1Δfus1Δfus2Δ mutants had 
little to no fusion, supporting the previous findings that Fus1p and Fus2p redundantly operate in 
two parallel pathways. Deletion of both genes abrogates fusion almost completely with almost all 
mating pairs arresting at the CW remodeling step ([228]). All in all, while no enhanced fusion was 
observed in the fus1Δ, fus2Δ and fus1Δfus2Δ mutants upon PUN1 deletion, the enhanced fusion 
efficiency of the bilateral prm1Δpun1Δ matings suggested an inhibitory role of PUN1 in a prm1Δ 
background. 
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Figure 27: Deletion of PUN1 mildly suppresses the prm1Δ but not fus1Δ fusion defect. Bilateral matings of WT, 
prm1Δ, pun1Δ, prm1Δpun1Δ, fus1Δ, pun1Δfus1Δ and pun1Δfus1Δfus2Δ were performed in YPD for 3 h and 
quantified by flow cytometry. Fusion is severely compromised in the triple pun1Δfus1Δfus2Δ mutants while a mild 
but significant enhancement of fusion is observed in prm1Δpun1Δ mutants. Error bars denote SEM of three or 
more independent triplicate experiments. **P-value <0.05. 
 
 

4.9 PUN1 overexpression inhibits fusion in prm1Δ and fus1Δ mutants 
 
In order to test the inhibitory activity of PUN1 and analyze any genetic interactions between PUN1 
and PRM1, PUN1-mediated high-copy suppression of fusion in prm1Δ and fus1Δ mutants was 
carried out. By overexpressing PUN1 in prm1Δ or fus1Δ mutants, an enhanced fusion defect would 
suggest that Pun1p functionally inhibits fusion in a genetically sensitized background. To begin 
with, the effect of high-copy (2μ plasmid) PUN1 expression from the constitutive ADH1 promoter 
was examined. MATa and MATα WT cells, pun1Δ, prm1Δ and fus1Δ mutants were transformed 
with the 2μ plasmid and their fusion efficiency determined by BiFC fusion assay. PUN1 
overexpression in WT cells resulted in no significant changes in fusion efficiency when compared 
to the control WT cells expressing the empty vector (EV). A similar observation was made in pun1Δ 
mutants. Interestingly, PUN1 overexpression in prm1Δ or fus1Δ mutants resulted in a decrease in 
fusion efficiency when compared to the respective mutants expressing the EV. Notably, the 
enhanced fusion defect was more pronounced in prm1Δ mutants than in the fus1Δ mutants (Figure 
28). 
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Figure 28: Overexpression of PUN1 enhances the prm1Δ and fus1Δ fusion defects. MATa and MATα WT, prm1Δ, 
pun1Δ and fus1Δ mutants expressing either the empty vector (EV) or high copy PUN1 under the ADH1 constitutive 
promoter were grown in synthetic media to mid-log phase. Mating reactions were performed in YPD for 3 h and 
fusion quantified by flow cytometry. Error bars denote SEM of three or more independent triplicate experiments. 
***P-value <0.01. 
 
 
However, whilst PUN1 overexpression in the prm1Δ and fus1Δ mutants results in enhanced fusion 
inhibition, these mutants contain endogenous PUN1 whose expression is upregulated in mating 
conditions as previously shown (Figure 16). This implies that endogenous PUN1 may have 
contributed to the overall Pun1p activity observed in these mutants. To eliminate this effect, PUN1 
overexpression activity was examined in prm1Δpun1Δ and pun1Δfus1Δ mutants. As expected, 
lower levels of fusion were observed in mutants overexpressing PUN1 than those expressing the 
EV (Figure S5). Notably, the fusion inhibition activity was more pronounced in the prm1Δpun1Δ 
mutants than in prm1Δfus1Δ cells, further suggesting putative genetic interactions between PUN1 
and PRM1. Overall, this data demonstrates that PUN1 overexpression in a genetically sensitized 
prm1Δ or fus1Δ background results in an enhanced fusion defect, inferring that PUN1 is part of a 
machinery that negatively regulates fusion. Additionally, the Pun1p inhibitory activity is more 
pronounced in a prm1Δ background, suggesting that the Pun1p-dependent machinery possibly 
operates at the level of PM fusion as opposed to CW remodeling. 
 
4.9.1 Pun1p displays a specific, dosage- dependent fusion inhibition activity 

Up to this point, high-copy PUN1 expression under the control of the constitutive ADH1 promoter 
inhibited fusion in prm1Δ and fus1Δ mutants. However, to further confirm the fusion inhibitory 
activity of Pun1p, it was necessary to examine whether low-copy expression of PUN1 in one to two 
copies (centromeric (CEN) plasmid) would result in a similar activity. Additionally, the promoter 
effect on PUN1 expression levels was examined in both low copy (CEN) and high copy (2μ) 
plasmids by expressing PUN1 from either the constitutive ADH1 promoter or its endogenous 
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promoter (prPUN1). All plasmids were transformed into prm1Δpun1Δ mutants to eliminate any 
leaky effects from endogenous PUN1. Bilateral matings of respective mutants were performed and 
the fusion efficiency determined. In comparison to the ~50% fusion efficiency observed in control 
cells expressing the high-copy EV, the Pun1p inhibition activity was dosage- dependent. Mutant 
cells expressing PUN1 from the high-copy 2μ plasmids exerted higher fusion inhibition activity than 
those expressing PUN1 from the low-copy, CEN plasmids. Notably, constitutive PUN1 expression 
from the high-copy 2μ plasmid resulted in the highest fusion inhibition activity, indicating a dosage- 
dependent Pun1p activity (Figure 29A). 
 
In order to determine the specificity of the Pun1p fusion inhibition activity, overexpression studies 
of the PUN1 paralog SUR7 were performed in parallel to PUN1 in prm1Δ mutants. However, owing 
to the fact that SUR7 expression is not pheromone-dependent and that about 17 000 molecules of 
Sur7p are present per cell during log phase ([277]), (Figure 18A), high-copy expression of SUR7 
under its native promoter was preferred. This approach would minimize a metabolic burden on the 
cells. Additionally, prm1Δpun1Δsur7Δ mutants were used as the ideal background to eliminate any 
leaky effects from the endogenously expressed proteins. Interestingly, bilateral matings of 
prm1Δpun1Δsur7Δ mutants expressing PUN1 fused with a lower fusion efficiency (33%) than the 
control cells expressing the EV (42%) (Figure 29B). On the contrary, bilateral matings of 
prm1Δpun1Δsur7Δ mutants expressing SUR7 fused with a higher fusion efficiency (48%) than the 
control cells, suggesting that overexpression of SUR7 enhanced fusion. When MATa 
prm1Δpun1Δsur7Δ mutants expressing PUN1 were crossed with MATα cells expressing SUR7 and 
vice-versa, intermediate fusion efficiencies were observed that were comparable to the unilateral 
reactions of prm1Δpun1Δsur7Δ cells expressing PUN1. However, when prm1Δpun1Δsur7Δ cells 
expressing SUR7 were crossed to the control cells expressing the EV, the cells fused similarly to 
the control cells (Figure 29B). These findings therefore substantiated the hypothesis that, despite 
their structural similarities, Pun1p exerts a different function to Sur7p. Furthermore, the unilateral 
PUN1 or SUR7 reactions imply that the two proteins do not functionally interact across the mating 
junction and that Sur7p does not functionally substitute Pun1p. 
 
 
 
 

 
 
Figure 29: Pun1p fusion inhibition activity is specific and dosage- dependent. (A) The degree of fusion inhibition 
in bilateral matings of prm1Δpun1Δ mutants is dependent on the strength of PUN1 expression. Mutants expressing 
high copy PUN1 under the ADH1 constitutive promoter show the least fusion efficiency. (B) The fusion inhibition 
activity is specific to PUN1. As opposed to PUN1, triple prm1Δpun1Δsur7Δ mutants expressing high copy SUR7 
under its endogenous promoter fuse with a higher fusion efficiency. **P-value <0.05. 
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4.9.2 PUN1 overexpression enhances a flat PM interface phenotype in prm1Δ 
mutants and is Ca2+ independent 

So far, PUN1 overexpression in prm1Δ and fus1Δ mutants enhances the fusion defect in both 
mutants, but a higher fusion inhibition activity is observed in prm1Δ mutants. To understand the 
mechanistic basis of Pun1p fusion inhibition activity, it was necessary to first determine the level at 
which the fusion inhibition activity is exerted, particularly in prm1Δ mutants. As previously 
mentioned, bilateral matings of prm1Δ mutants exhibit four different phenotypes. Upon cell-cell 
contact, mating pairs can either undergo fusion, lysis or arrest as early or late prezygotes (Figure 
30A) ([266], [269], [355]). Late prezygotes are characterized by unfused mating pairs that form 
cytoplasmic bubbles and signify a completed CW remodeling step. Consequently, these cells can 
bend their PMs in either direction depending on the direction of the osmotic gradient, forming 
bubbles or cytoplasmic fingers (Figure 30A) ([269], [291], [350]). On the other hand, early 
prezygotes are characterized by a flat PM interface at the mating junction. These are presumed to 
contain intervening CW material that provides structural support to the flexible PMs, thus 
generating a flat interface (Figure 30A) ([350]). Consistently, early prezygotes with a flat PM 
interface are common in CW remodeling mutants such as fus1Δ and fus2Δ ([228], [238], [350]).  
 
To understand at what level of prm1Δ matings was the Pun1p fusion inhibition activity exerted, 
microscopic analysis of prm1Δ mutants expressing high-copy PUN1 was performed and compared 
to the same mutants expressing high-copy EV. By employing FM4-64 PM staining combined with 
GFP-BiFC, bilateral matings of respective prm1Δ mutants were performed and the various 
phenotypes quantified (Figure 30A). As expected, about half (~50%) of prm1Δ cells expressing 
the EV fused successfully as demonstrated by GFP fluorescence (Figure 30A). Of the unfused 
mating pairs, ~30% lysed while ~10% were arrested as late prezygotes with cytoplasmic bubbles 
and the rest as prezygotes with a flat PM interface (Figure 30B). On the other hand, prm1Δ mutants 
expressing PUN1 demonstrated a significant decrease in fusion efficiency (~35%). Interestingly, 
no change in the number of lysed mating pairs or fusion arrested prezygotes with cytoplasmic 
bubbles was observed. However, a corresponding increase in the number of prezygotes with a flat 
PM interface was observed, suggesting that Pun1p enhanced the formation of early prezygotes 
(Figure 30B). 
 
Similarly to fig1Δ mutants, bilateral matings of prm1Δ mutants are sensitive to Ca2+ depletion 
([355]). Removal of Ca2+ from the media results in a 10-fold reduction in fusion and a corresponding 
increase in the lysis activity of prm1Δ mutants. The lysis activity can however be suppressed by 
high extracellular Ca2+ supplementation as opposed to osmotic support ([269], [355]). Furthermore, 
the inability of fus1Δ mating reactions that arrest at the CW remodeling step to respond to Ca2+ 
depletion implies that the Ca2+ sensitivity is specific to the PM fusion step ([269], [355]). To examine 
whether the Pun1p fusion inhibition activity is dependent on Ca2+, bilateral matings of prm1Δpun1Δ 
mutants expressing low copy PUN1 under the constitutive ADH1 promoter were performed in the 
presence and absence of Ca2+. Control reactions were performed in standard mating conditions. 
In agreement with previous results, under standard conditions, prm1Δpun1Δ mutants expressing 
PUN1 fused with a lower fusion efficiency than the control cells expressing the EV (52% versus 
38%) (Figure 30C). Upon Ca2+ depletion via addition of the Ca2+ chelator EGTA to the media, fusion 
was completely abolished in both the control cells as well as the cells expressing PUN1. However, 
when these cells were grown in media supplemented with 1mM CaCl2, fusion in both cell groups 
increased 1.6-fold compared to that in standard conditions. Interestingly, a corresponding 1.3-fold 
decrease in fusion efficiency was observed in cells expressing PUN1 (62%) when compared to the 
control cells expressing the EV (80%) (Figure 30C). Notably, this fusion decrease was similar to 
that observed in standard mating conditions, suggesting that Pun1p activity in prm1Δ mating 
reactions is independent of extracellular Ca2+ concentration and is consistent with earlier findings 
that lysis is unaffected by Pun1p inhibition activity. 
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Figure 30: PUN1 overexpression in prm1Δ mutants enhances the flat PM interface phenotype. (A) Representative 
images of the mating phenotypes observed in prm1Δ bilateral matings. Equal amounts of MATa and MATα prm1Δ 
mutants expressing either the EV or high copy PUN1 were mixed and allowed to mate on YPD plates for 3 h. 
Arrested mating mixtures were stained with FM4-64 PM staining dye and then imaged by confocal microscopy. 
The four phenotypes: fused, lysed, flat PM or PM bubbles were quantified. (B) The prm1Δ mutants expressing 
high copy PUN1 have a reduced number of fused mating pairs and a corresponding increase in the numbers of 
mating pairs with a flat PM interface. n> 300 mating pairs. Error bars denote SEM of three or more independent 
triplicate experiments. (C) Extracellular Ca2+ does not suppress the Pun1p fusion inhibition activity. Bilateral 
matings of prm1Δpun1Δ were performed in media supplemented with or lacking Ca2+ as described in Materials 
and methods. Low copy PUN1 expression inhibits fusion of prm1Δpun1Δ mutants supplemented with 1mM CaCl2. 
However, fusion is completely inhibited when these cells are mated in media supplemented with 20mM EGTA. 
Error bars denote SEM of three or more independent triplicate experiments. **P-value <0.05. Scale bar= 5 µm. 
 
 
4.9.3 PUN1 overexpression has no effect on the cell wall (CW) composition 
of prm1Δ mutants 

High copy expression of PUN1 in prm1Δ mutants inhibits fusion by enhancing the arrest of mating 
pairs as early prezygotes with a flat PM interface but has no effect in lysis and cytoplasmic bubble 
formation phenotypes (Figure 30B). The flat PM interface phenotype would imply a possible Pun1p 
function in the cell wall integrity (CWI) pathway that promotes CW synthesis, resulting in deposition 
of CW material at the mating junction ([364], [365]). However, a Pun1p function in the CWI pathway 
would result in a corresponding decrease in the lysis phenotype, similarly to a decrease in lysis 
that is observed in prm1Δ mutants upon FUS1 deletion ([269]). This is because the lysis phenotype 
in prm1Δ mutants is PM contact- dependent, and this contact is reduced in fus1Δ mutants that 
arrest at the CW remodeling step. The fact that the lysis phenotype was unaffected upon PUN1 
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overexpression would therefore suggest that Pun1p activity is not exerted at the CW remodeling 
step. To confirm this hypothesis, it was necessary to examine the CW composition upon PUN1 
expression. The yeast CW is an essential organelle that functions as a protective layer against 
environmental conditions while offering the cell stability and shape ([380]). It is composed of the 
polysaccharides β-1,3-glucan, β-1,6-glucan, chitin, and various mannoproteins ([381]). Chitin 
makes up only a small percentage (2%) of the total CW dry weight while the β-glucans form about 
half of the total CW dry weight. All the four components are covalently linked forming 
macromolecular complexes ([382], [383]). In budding vegetative cells, chitin synthase enzymes 
catalyze the synthesis of chitin. Chitin is subsequently localized at the budding site where it forms 
a ring-like structure separating the mother and daughter cell ([259], [262], [384], [385]). Asymmetric 
cell division results in the majority of the chitin being retained in the mother cell bud scar, although 
a small percentage is also distributed throughout the rest of the CW. When budding haploid cells 
are stained with Calcofluor white, chitin staining mainly occurs at the bud scars that represent sites 
of previous budding. These sites are usually found adjacent to the new budding site. Chitin 
deposition can also occur at the base of the emerging bud where it forms the chitin ring. During 
mating, chitin is preferentially present at the base of the shmoo of polarized cells as evidenced by 
intense Calcofluor white staining at these regions ([257], [259]).  
 
When prm1Δpun1Δ mutants expressing either the EV or PUN1 were stained with Calcofluor White, 
no significant difference in the amount of synthesized chitin fluorescence was observed between 
the two cell populations. In haploid vegetative cells expressing the EV, intense chitin staining was 
observed both at the emerging bud sites and at bud scars adjacent to the new buds (Figure 31A). 
In pheromone-treated cells, chitin staining mainly occurred at the base of the shmoo, occasionally 
forming a fence-like structure separating the shmoo tip from the rest of the polarized cells, 
consistent with previous findings ([257]). Likewise, in prm1Δpun1Δ mutants expressing PUN1, a 
similar chitin staining pattern was observed both in haploid vegetative cells as well as pheromone-
treated cells (Figure 31B). No apparent differences were observed in both the Calcofluor White 
fluorescence intensity and staining pattern. Similarly, mannoprotein staining using the ConA-AF 
647 conjugate showed homogenous cellular staining in haploid vegetative cell with no significant 
difference in the fluorescence intensity between the two groups of cells. In pheromone-treated cells, 
both the control cells (EV) and cells expressing PUN1 showed a homogenous staining at the basal 
cell cortex and a remarkably intense staining at the shmoo. Altogether, these findings suggest that 
PUN1 overexpression has no direct effect on CW composition and by proxy the CWI pathway. 
Consequently, the observed flat PM interface phenotype prompted further analysis.  
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Figure 31: Overexpression of PUN1 in prm1Δ mutants does not affect the CW composition. The vegetative or 
pheromone-treated prm1Δpun1Δ cells expressing either the EV or low copy PUN1 under the ADH1 promoter, 
were stained with CW dyes Calcofluor white and Concanavalin A- Alexa Fluor 647 conjugate and imaged by 
fluorescence microscopy. (A) Representative images of the vegetative and pheromone-treated prm1Δpun1Δ cells 
expressing the EV versus (B) low copy PUN1 under the ADH1 promoter. No observable differences in the staining 
pattern between the two groups. Scale bar= 5 µm. 
 
 
4.9.4 Overexpression of PUN1 enhances formation of a flat PM interface 
without intervening CW material  

To assess the nature of the flat PM interface observed in prm1Δ mutants expressing PUN1, FM4-
64 PM staining was coupled with CW staining using Calcofluor white, a dye that specifically binds 
to CW chitin. This approach allowed a deeper characterization of the flat PM interface phenotype 
and whether it corresponded to early prezygotes with an intervening CW material or late prezygotes 
in which the CW has been degraded. Bilateral matings of pun1Δfus1Δfus2Δ mutants known to 
arrest at the CW remodeling step were used as a control for early prezygotes. As expected, bilateral 
crosses of the pun1Δfus1Δfus2Δ mutant arrested as early prezygotes with nearly all mating pairs 
positive for both PM and CW staining at the mating junction (Figure 32A). Bilateral matings of 
prm1Δpun1Δ mutants expressing the EV exhibited all expected phenotypes including fusion, lysis, 
late prezygotes with cytoplasmic bubbles and occasionally prezygotes with a flat PM interface. 
Most late prezygotes with cytoplasmic bubbles portrayed only PM staining, although occasional 
simultaneous CW and PM staining along the mating junction was observed except at regions where 
the bubble emerged, indicating that these regions indeed lacked the supporting CW material 
(Figure 32B) and (Figure S6). Interestingly, virtually all prezygotes with a flat PM interface had an 
intervening CW, consistent with previous studies (Figure 32B) ([269], [350]). On examining the 
prm1Δpun1Δ mutants expressing PUN1, all the four phenotypes were also present with late 
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prezygotes that contained cytoplasmic bubbles similar to those observed in the control cells. 
Strikingly, while a majority of the prezygotes with a flat PM exhibited both PM and CW staining, a 
mild increase in prezygotes with a flat PM interface but no intervening CW material were observed 
(Figure 32C) and (Figure S6). The fact that this latter class of mating pairs was largely absent in 
the control cells suggests, that the Pun1p fusion inhibition activity results in the arrest of mating 
pairs in an intermediate stage characterized by a flat PM interface with no intervening CW material 
i.e. a flat late prezygote.   
 
Overall, this data reveals that the CW remodeling step and the pathways that lead to lysis or 
cytoplasmic bubble formation in prm1Δ mutants are generally unaffected by PUN1 overexpression. 
Instead, high-copy expression of PUN1 results in the arrest of unfused mating pairs in a PM 
junction-like structure consisting of two closely apposed PMs with no intervening CW. The stable 
PMs appear flat but cannot fuse resulting in a decrease in fusion. 
 
 

 
 
Figure 32: PUN1 overexpression in prm1Δpun1Δ mutants leads to the appearance of a flat PM interface with no 
intervening CW material. Following mating, bilateral mating mixtures of pun1Δfus1Δfus2 and prm1Δpun1Δ 
mutants expressing either the EV or low copy PUN1 under the ADH1 promoter, were stained with Calcofluor 
white CW dye and FM4-64 PM dye and imaged by fluorescence microscopy. (A) Representative images of the 
early prezygotes observed in CW remodeling mutants. Fusion is severely compromised in bilateral matings of 
pun1Δfus1Δfus2, and mating pairs show both CW and PM staining at the mating junction. (B) In prm1Δpun1Δ 
mutants expressing the EV, mating pairs with a flat PM interface contain intervening CW material. Late prm1Δ 
prezygotes exhibiting PM bubbles do not show CW staining at the junction (white arrow). (C) PUN1 
overexpression in prm1Δpun1Δ mutants enhances the formation of mating pairs with a flat PM interface but no 
intervening CW material (white arrow) in addition to those with a flat PM interface and intervening CW material. 
Scale bar=5 µm. 
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4.10 Understanding the mechanistic basis of Pun1p fusion inhibition activity 
 
So far, deletion of PUN1 in prm1Δ mutants results in a mild increase in the fusion efficiency of 
prm1Δ mutants, suggesting a putative Pun1p fusion inhibition activity. In support of that, high and 
low-copy expression of PUN1 in prm1Δ mutants results in an enhanced fusion defect and a 
corresponding increase in the flat PM interface phenotype. These findings not only support the 
hypothesis that Pun1p is a novel negative regulator of fusion but also provide a basis to investigate 
the potential mechanism of Pun1p activity. 
 
4.10.1 Pun1p fusion inhibition activity is concentration- dependent  

Firstly, to understand whether the Pun1p inhibition activity was concentration- dependent, unilateral 
(PUN1 expressed in one mating type) versus bilateral (PUN1 expressed in both mating types) 
fusion studies in prm1Δpun1Δ mutants were carried out. The prm1Δ mutants expressing high-copy 
PUN1 under the ADH1 promoter in addition to endogenous PUN1 levels were included, thus 
representing the cells with the highest PUN1 copy number. All mating reactions were performed in 
standard mating conditions and the fusion efficiency determined by BiFC- fusion assay. In 
comparison to the ~52% fusion efficiency of control prm1Δpun1Δ mutants expressing the EV, 
prm1Δ single deletion mutants expressing only the endogenous PUN1 fused with ~42% fusion 
efficiency. Notably, the Pun1p fusion inhibition activity increased with increasing concentration of 
Pun1p molecules across the mating junction, such that cells expressing high-copy PUN1 crossed 
to cells expressing only the endogenous PUN1 exhibited a higher fusion inhibition activity than the 
control cells (Figure 33A). This suggests an enhanced fusion inhibition activity when Pun1p is 
present in both mating partners and can form homotypic trans interactions. Interestingly, unilateral 
expression of PUN1 in prm1Δpun1Δ mutants, in either mating type, resulted in ~42% fusion 
efficiency, comparable to prm1Δ mutants expressing the EV. This would suggest a cis-mediated 
Pun1p unilateral activity especially when the protein present in high copies, or a trans interaction 
with unknown components across the junction that exerts a similar effect like the trans interaction 
observed when only endogenous Pun1p is present. Remarkably, when both mating partners 
express high-copy PUN1, an increase in fusion inhibition was observed (~35% fusion efficiency), 
indicating an enhanced inhibition activity that possibly occurs in trans. Notably, the highest fusion 
inhibition activity was observed in bilateral matings of prm1Δ mutants expressing high-copy PUN1 
from the constitutive ADH1 promoter (Figure 33A). Indeed, these cells express the highest 
concentration of Pun1p consisting of both high-copy PUN1 as well as endogenously expressed 
Pun1p. 
 
To confirm whether this progressive fusion inhibition was not due to reduced rates of fusion across 
the mating reactions, respective pairing efficiencies were determined. The percentage of pairing 
corresponds to the number of cells that obtain a mating partner, establish a strong cell-cell adhesion 
and undergo the upstream events of the mating pathway. This approach therefore acts as a proxy 
to determining the respective rates of fusion. Despite a few statistically insignificant differences, all 
mating reactions had ~45% pairing efficiency (Figure 33B), suggesting that within the 3 h mating 
period, all reactions proceeded roughly with the same rates of fusion. 
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Figure 33: Pun1p fusion inhibition activity is concentration-dependent. (A) prm1Δ mutants expressing the highest 
Pun1p concentration exhibit the least levels of fusion. Fusion of prm1Δ or prm1Δpun1Δ mutants expressing high 
copy PUN1 under the ADH1 constitutive promoter either unilaterally (one mating type) or bilaterally (both mating 
types) was quantified by flow cytometry. An additional inhibition activity is present in cells expressing both 
endogenous PUN1 and PUN1 from the constitutive ADH1 promoter. (B) The Pun1p fusion inhibition activity has 
no effect on cell pairing. Percentage of cell pairing in respective mating crosses in (A) was calculated by obtaining 
the fraction of double- stained cells to the sum total of minimum single-stained plus double-stained cell populations 
as described in Materials and Methods. All mutants pair with approximately 45% pairing efficiency. **P-value 
<0.05. 
 
 
4.10.2 Conserved residues of the Pun1p Claudin motif are relevant for its 
inhibitory activity 

As previously mentioned, Pun1p structurally resembles mammalian claudins and adopts a general 
left-handed model (Figure 23C). Additionally, Pun1p exhibits 100% conservation of the residues 
in the first extracellular loop (ECL1) that form the claudin signature motif GLWxxC(8-10 aa)C, 
making Pun1p a fungal claudin-like protein. Claudins are the major structural components of 
mammalian epithelial and endothelial Tight Junctions (TJs) that function as paracellular barriers 
([280], [281], [386]). Interactions between claudins and other TJ-associated proteins such as 
junction adhesion molecules (JAMS), tricellulin, MarvelD3 and occludin results in the formation of 
paracellular barriers with occasional paracellular permeability abilities ([280], [387]). Notably, the 
conserved ECL1 cysteine-containing claudin signature motif GLWxxC(8-10 aa)C is the 
distinguishing feature of mammalian claudins. This motif plays an important structural role in 
stabilizing the ECL1 fold and mutations in one or all of the conserved residues results in either 
abolished barrier function or loss of trafficking to the tight junction ([388], [389], [390]). For instance, 
claudin-1 is highly expressed in liver cells and functions as a co-receptor for Hepatitis C virus (HCV) 
entry ([391]). Individual mutations of the claudin-1 GLW or cysteine residues to alanine result in 
reduced co-receptor activity and a corresponding inability of hepatocytes to bind HCV although the 
protein is correctly localized to the PM ([392]). Interestingly, when the three GLW residues of 
claudin-2 (G49L50W51) are mutated to triple alanine (AAA), the protein is mis-localized and PM 
localization abolished. The claudin-2 AAA mutant is nevertheless able to form dimers, suggesting 
that the three residues are not involved in cis-interactions and protein polymerization ([393]). On 
the other hand, mutating the conserved cysteine residues in claudin-5 (C54 and C64)  results in a 
reduced barrier function, and similar mutations in claudin-2 result in reduced pore function ([388], 
[390], [392]). A stable ECL1 fold is therefore crucial for protein function and/or trafficking across the 
different claudins. 
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To study the influence of the Pun1p conserved claudin signature motif on its fusion inhibition 
activity, site-directed mutagenesis of the single or all conserved residues was carried out. Single 
cysteine residues (C79 and C90) were mutated to serine (C79S and C90S) while the G74L75W76 
residues were mutated to triple alanine (AAA) (Figure 34A). Fusion efficiencies of the respective 
low-copy PUN1 mutants expressed under the ADH1 promoter in prm1Δpun1Δ mutants were 
quantified. As expected, overexpression of WT Pun1p resulted in a 1.6-fold reduction in fusion 
compared to cells expressing the EV. The single cysteine mutants (C79S and C90S) fused with 
efficiencies comparable to WT Pun1p although the C90S portrayed a slightly higher reduction in 
fusion (Figure 34B). This suggests that a single conserved cysteine residue is sufficient in exerting 
the Pun1p fusion inhibition activity. Surprisingly, the Pun1p double cysteine mutant (C79SC90S) 
fused similarly to the single cysteine mutants, implying that the Pun1p fusion inhibition activity is 
not dependent on the conserved cysteine residues. On the other hand, mutating the Pun1p GLW 
residues to AAA resulted in a slight reduction in the fusion inhibition activity, but fusion efficiency in 
these cells was still lower than that of control cells expressing the EV, suggesting that the mutant 
protein was still functional. Interestingly, mutating all the conserved residues of the claudin motif 
(AAA+C79SC90S) completely abolished the protein activity and restored fusion to levels of the 
control cells (Figure 34B). These findings therefore indicate the dependence of the Pun1p fusion 
inhibition activity on the claudin motif. Furthermore, mating crosses between the Pun1p 
AAA+C79SC90S mutant and WT Pun1p generally showed little to no fusion inhibition activity, 
suggesting that the interaction between a non-functional protein on one mating partner with the WT 
protein present in the other partner hinders the otherwise unilateral activity of the WT protein. 
 
 
 

 
Figure 34: Pun1p fusion inhibition activity requires the conserved claudin motif residues. (A) Schematic showing 
the Pun1p protein topology and the location of the Pun1p conserved claudin motif. The conserved cysteine residues 
(C79 and C90) were mutated to serine whereas the G74, L75 and W76 were mutated to triple alanine (AAA). (B) The 
conserved claudin motif residues are required for Pun1p activity. Bilateral matings of prm1Δpun1Δ mutants 
expressing low-copy prADH1-PUN1 in which all the all the conserved residues of the claudin motif had been 
mutated fused similarly to the control cells expressing the EV. **P-value <0.05.  
 
 
4.10.3 The Pun1p AAA+C79SC90S mutant exhibits an unusual monomeric 
protein modification 

In order to understand why mutating all the residues of the claudin motif i.e. (AAA+C79SC90S 
mutant) blocked Pun1p functionality, two approaches were adopted. First, microscopic examination 
of the protein localization pattern during mating was performed. WT Pun1p, Pun1p AAA, Pun1p 
C79SC90S as well as the Pun1p AAA+C79SC90S mutants were all C-terminally tagged with 
mNeonGreen. The respective genes expressed from the low-copy CEN plasmid under the ADH1 
promoter were transformed into prm1Δpun1Δ mutants and the bilateral matings performed. After 
90 min of mating, protein localization was determined and was coupled with FM4-64 PM staining 
to ascertain correct protein trafficking to the PM. WT Pun1p-mNG localized uniformly at the PM 
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and co-localized with FM4-64, suggesting correct PM localization. Notably, WT Pun1p-mNG was 
present at the mating junction, consistent with previous observations (Figure 35A). Similarly, the 
Pun1p C79SC90S-mNG mutant was uniformly localized at the PM, and occasionally enriched at 
the mating junction where it appeared as an intense fluorescent puncta (Figure 35A). On the other 
hand, the Pun1p AAA and the AAA+C79SC90S mutants both displayed a cortical Endoplasmic 
Reticulum (ER)-like localization pattern (Figure 35A). While majority of the protein co-localized 
with FM4-64, some of the protein was present in the cell interior including around the nucleus, 
reminiscent of the localization pattern of Hmg1p, the nuclear envelope and ER marker ([350]). 
Despite this aberrant localization, both the Pun1p AAA and the AAA+C79SC90S mutant proteins 
were localized at the mating junction in at least half the mating pairs, suggesting that sufficient 
mutant proteins were correctly trafficked to the PM (Figure S7). 
 
Finally, the expression profile of each mutant protein was analyzed by SDS-PAGE and Western 
blot. All Pun1p mutants were C-terminally tagged with the V5 epitope tag and their expression 
probed in absence or presence of pheromone to mimic mating conditions. In the absence of 
pheromone, all mutants including the WT Pun1p showed strong high molecular weight bands of 
>180kDa, corresponding to higher molecular weight protein complexes (Figure 35B). Additionally, 
distinct bands of ~30kDa, corresponding to the monomeric protein, were present in WT Pun1p, 
C79S, C90S, C79SC90S and the AAA mutants. However, in the Pun1p AAA+C79SC90S mutant, 
the monomeric band shifted to a slightly higher molecular weight and appeared as double bands 
(Figure 35B). Additionally, all mutants including the WT Pun1p showed additional low molecular 
weight bands that likely corresponded to degradation products due to proteolysis at the C-terminus. 
Importantly, similar results were obtained when cells were treated with pheromone (Figure S7). 
 
The apparent accumulation of the Pun1p AAA+C79SC90S mutant in the ER would suggest 
possible N-glycosylation on the monomeric protein.  Indeed, WT Pun1p contains two potential N-
glycosylation sites; Asparagine (N100) and Asparagine (N209), that could be crucial in facilitating 
Pun1p secretion from the ER via the Golgi to the PM ([373]). To determine whether the 
AAA+C79SC90S mutant was undergoing N-glycosylation, treatment of cells with the N-
Glycosidase PNGase F, in reducing conditions was carried out. A V5 construct of WT Prm1p that 
is known to undergo N-glycosylation was used as a control ([268]). In PNGase F untreated cells, 
Prm1p mainly existed as a glycosylated monomer of ~115kDa, although a faint band of the 
unglycosylated monomer of ~73kDa was also present. Additional lower MW bands were observed 
likely corresponding to degradation products (Figure 35C). Upon PNGase F treatment in reducing 
conditions, the glycosylated monomer band was lost while the lower bands were retained including 
the unglycosylated monomer of ~73kDa, thus confirming that Prm1p is indeed a glycosylated 
protein. In the Pun1p AAA+C79SC90S PNGase F untreated sample, the high MW band and a 
monomeric band were observed, consistent with previous findings (Figure 35C). However, upon 
PNGase F treatment, the high MW band was lost but no difference in the monomeric protein was 
observed between the PNGase F-treated and untreated sample, suggesting that the monomeric 
modification is likely not N-glycosylation. Additional efforts to determine the nature of this 
modification were incomplete during the writing process of this thesis.  
 
Altogether, this data strongly suggests that the Pun1p fusion inhibitory activity is predominantly 
dependent on conserved residues in the claudin motif. Whereas mutating the two cysteine residues 
to serine does not have any effect on Pun1p trafficking to the membrane and function, a combined 
mutation of the three hydrophobic GLW residues to AAA results in protein mislocalization and 
decreased protein trafficking to the cell surface. This indicates that the GLW residues are critical in 
mediating protein trafficking along the secretory pathway. The decrease in protein localization to 
the surface is further corroborated by a slight decrease in Pun1p fusion inhibition activity of the 
Pun1p AAA mutant (Figure 34B). An even greater decrease in Pun1p fusion inhibition activity is 
observed in the Pun1p AAA+C79SC90S mutant in which about only 50% of mating pairs exhibit 
correct protein localization to the PM (Figure S7). These findings therefore suggest that Pun1p 
function is in part related to the correct protein localization to the cell surface. However, mutations 
in all residues of the claudin motif (AAA+C79SC90S) results in a modification of the monomeric 
protein, making this modification the likely cause of the inactivity of this mutant protein. 
Nevertheless, none of these mutations has an effect on protein expression and oligomerization, 
suggesting that protein oligomerization is dependent on other residues or segments outside the 
conserved claudin motif. 
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Figure 35: The GLW residues are necessary for proper protein folding and translocation to the PM. (A) 
Representative images of the bilateral matings of prm1Δpun1Δ mutants expressing the respective PUN1 mutants 
that are C-terminally tagged with mNeonGreen. Cells were allowed to mate for 90 min before fusion was arrested 
and cells imaged by confocal microscopy. The AAA and the AAA+C79SC90S mutants lose the homogenous PM 
distribution that is observed in WT-Pun1p and C79SC90S mutants. Note the AAA+C79SC90S* mutant in which 
no co-localization of the mutant protein with the PM dye FM4-64 is observed. The mutant protein is in the cortical 
ER. (B) Mutating all the conserved claudin motif residues results in modification of the monomeric protein. Protein 
extracts from total cell lysates of vegetative cells expressing V5-tagged WT Pun1p and respective mutants were 
analyzed by Western blotting and detected using an anti-V5 antibody. β-actin serves as an expression control. (C) 
The monomeric AAA+C79SC90S protein does not undergo a N-glycosylation. Protein extracts from total cell 
lysates of vegetative cells expressing V5-tagged Prm1p, WT Pun1p and Pun1p AAA+C79SC90S mutant were 
treated with 50U/µL PNGase F in denaturing conditions and analyzed by Western blotting. Lanes 5 and 7 depict 
Prm1p-V5 and Pun1p AAA+C79SC90S-V5 samples treated with PNGase F versus the untreated ones (lanes 4 and 
6). Scale bar= 5 µm. 
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5 Proximity labeling: a novel approach to map the yeast fertilization synapse 
 
By employing a SILAC-based proteomics analysis of PM changes as the vegetative MATa and 
MATα cell transitions into a mating-ready state, this thesis has identified Pun1p as a putative 
negative regulator of PM fusion. Deletion of PUN1 enhances fusion in prm1Δ mutants and its 
overexpression suppresses fusion in prm1Δ and fus1Δ mutants. Furthermore, the structural 
similarities between Pun1p and mammalian claudins suggest that Pun1p could be mediating the 
formation of a tight junction-like structure that anchors the fusogenic machinery while regulating 
proper PM fusion. Consistently with its putative function, Pun1p is pheromone-upregulated and 
localized at the mating junction, similarly to known key players of fusion such as Fus1p and Prm1p. 
However, while this approach has revealed an important and often uncharacterized arm of fusion 
regulation, the key players of PM fusion including the bona fide fusogen or fusogenic complex 
remain unidentified. Additionally, this approach presents a few limitations:   
 

I. Despite its ability to intensely characterize changes across the entire PM, this approach is 
not specific to the PM changes that occur exclusively at the shmoo tip, where cell-cell 
contact and fusion eventually takes place. 

II. This approach does not take into account late PM changes that occur only upon cell-cell 
contact such as dynamically expressed proteins that may be absent in the polarized growth 
stage. Consistently, cells fuse only upon contacting a mating partner, suggesting possible 
contact-dependent regulatory mechanisms. 

III. Low-abundance proteins may remain undetected when compared to high-abundance 
proteins. 
 

In order to circumvent these limitations and possibly identify unknown regulators of late steps of 
yeast mating, a proximity-dependent biotin labeling (PL) approach of the mating junction i.e. 
fertilization synapse was developed. The fertilization synapse is a short-lived, spatially limited PM 
junction that is generated after CW remodeling but precedes PM fusion, analogous to the 
mammalian claudin-mediated tight junction (Figure 36B) ([280], [281], [386]). At the fertilization 
synapse, the fusing PMs are closely apposed at about 8 nm distance, with the fusion machinery 
possibly anchored at either or both membranes. This machinery subsequently mediates PM fusion 
via dehydration and destabilization of the lipid bilayer, fusion pore formation and expansion ([3]). 
Indeed, a similar fusogenic synapse has been proposed during myoblast fusion between the 
founder cell and the fusion competent myoblast (FCM) ([7]). It therefore suffices that localized 
mapping of the fertilization synapse might reveal both low and high-abundance proteins that 
constitute the mating junction, including the components of the fusogenic machinery.  
 
PL is a novel labeling technique that allows mapping of protein interactomes at a particular location 
in a cell. PL is based on the use of enzymes Biotin ligase (BirA), Ascorbate peroxidase (APEX) or 
Horseradish peroxidase (HRP) fused to a target protein. The enzymes catalyze the conversion of 
biotin or biotin derivatives into reactive radicals that react and covalently tag proteins in close 
proximity to the target protein ([332]). Following cell lysis, the tagged proteins are enriched and 
isolated using streptavidin beads. The enriched proteins are thereafter digested to generate small 
peptides whose mass to charge ratio (m/z) analysis via mass spectrometry (MS) allows the 
identification of the respective proteins. Recent progress has coupled PL with quantitative MS such 
as SILAC, in vitro chemical labeling via isobaric tags for relative and absolute quantification 
(iTRAQ) or tandem mass tags (TMT) ([394], [395], [396]). Notably, the low abundance of naturally 
biotinylated proteins and the high binding affinity and specificity of biotin to streptavidin (KD 10-13- 
10-15 M) not only reduces the background noise but increases the robustness of this approach 
([397]).  
 
At its inception, PL was based on the use of a mutant form of E. coli DNA-binding biotin protein 
ligase BirA* (R188G). BirA* permits promiscuous in vivo biotinylation with itself and cellular proteins 
in close proximity to the target protein ([398], [399]). In the presence of ATP and overnight 
incubation with biotin, the mutant BirA* catalyzes the conversion of biotin to biotinyl-5’-AMP 
(adenosine-monophosphate) mixed anhydride intermediate. Contrary to the WT BirA that 
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sequesters biotinyl-5’-AMP to its active site for specific biotinylation of its acetyl-CoA carboxylase 
substrate, mutant BirA* has a decreased affinity for biotinyl-5’-AMP. As a result, BirA* releases the 
biotinyl-5’-AMP intermediate from the active site facilitating its non-specific reaction with primary 
amines such as lysine residues and subsequent biotinylation of proximal proteins (Figure 36A) 
([397],[398], [399]). Due to the use of a biotin substrate, BirA*- based PL is generally referred to as 
proximity-dependent biotin identification (BioID) and has been extensively used to map organellar 
proteomes including cytoplasm, mitochondria and nucleus ([332], [400]). However, due to the slow 
labeling kinetics (15-24 h) and high concentrations of biotin required during BioID, newer 
approaches of PL have been developed including a second version of BioID2 as well as HRP and 
APEX-mediated PL. Indeed, BioID2 exhibits a higher biotinylation activity than BioID and uses less 
biotin ([401]). 
 
HRP-mediated PL is dependent on the HRP peroxidase activity. Upon activation by hydrogen 
peroxide (H2O2), HRP rapidly catalyzes the oxidation of biotin substrates such as biotin phenol (BP) 
or fluorescein arylazide to generate reactive, short-lived, membrane-impermeable phenoxyl 
radicals of about <1ms half-life ([402], [403], [404]). These radicals subsequently form covalent 
bonds with electron-rich residues such as tyrosine, thus biotinylating neighboring proteins ([403]). 
Notably, due to their short half-life, the labeling intensity of these radicals is in a nanometer scale 
(~10nm), similarly to BirA*, resulting in a biotinylation contour map proximal to the peroxidase active 
site. Intriguingly, the HRP structure contains four essential disulfide bonds and two Ca2+ binding 
sites. Consequently, HRP is inactive in reducing environments such as the cytoplasm and instead, 
permits proximity labeling in oxidized environments such as the ER lumen and Golgi of the 
secretory pathway as well as extracellular regions such as the cell surface ([405]). Recent 
developments have led to the generation of split HRP that permits synaptic labeling and 
characterization of cell-cell interactions ([405]). Similarly to HRP, APEX-mediated PL relies on an 
engineered soybean ascorbate peroxidase activity. Following activation by H2O2, APEX catalyzes 
the oxidation of biotin phenol (BP) into short-lived, highly reactive membrane-impermeable biotin-
phenoxyl radicals that covalently tag proximal proteins via electron-rich tyrosine residues ([405], 
[406]). Contrary to HRP, APEX is active in reducing environments such as the cytosol and 
mitochondria ([406]). Notably, both HRP and APEX- mediated PL permit faster labeling kinetics 
with HRP-based PL taking about 5-10 min while APEX-mediated PL takes 1 min following a 30-60 
min substrate incubation time ([333]). Additionally, both HRP and APEX are applicable in electron 
microscopy (EM) studies due to their ability to catalyze the polymerization of 3,3’-diaminobenzidine 
(DAB) to create an EM contrast following osmium fixation ([407]).  
 
Interestingly, contrary to mammalian studies, the applicability of the HRP and APEX-mediated PL 
in yeast studies has largely been hampered by the presence of a CW that prevents the delivery of 
the biotin phenol substrate ([403], [408]). Consequently, high osmolarity conditions such as 1.2 M 
sorbitol and CW perturbations using Zymolyase reportedly enhance APEX delivery in S. pombe 
and S. cerevisiae, respectively ([408]). Notably, no HRP-based PL studies have been successfully 
carried out in yeast. All forms of PL are dependent on protein proximity to the target protein with a 
higher extent of biotinylation occurring ~10nm distance from the target protein. As a result, both 
direct and indirect interactors of the target protein are indistinguishably obtained. However, in 
comparison to traditional proteomic techniques, PL allows the mapping of insoluble cellular 
structures and the identification of weak and transient interactors that are often lost during cell 
disruption and organelle isolation procedures ([333], [397], [400]). Therefore, to extensively 
characterize the extracellular yeast fertilization synapse and identify molecular players of PM 
fusion, a HRP-mediated proximity labeling approach was adopted (Figure 36B). As a proof of 
principle, this thesis focused on characterizing HRP-Fus1p-dependent PL in pheromone-treated 
cells before applying the same approach in mating cells.  
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Figure 36: Model depicting application of BioID method in mapping protein-protein interactions. (A) BioID relies 
on the fusing of a target protein (pale orange) with BirA* (red). Upon incubation of cells with biotin, BirA* 
catalyzes the in vivo generation of a reactive Biotinyl-5’-AMP anhydride intermediate that promiscuously reacts 
and covalently tags neighboring proteins at the lysine residues. The tagged proteins can be both direct interactors 
(depicted in blue) or simply proximal proteins (depicted in green) of the target protein. These are subsequently 
isolated using Streptavidin, digested with trypsin to generate peptides that are identified via mass spectrometry 
using a m/z ratio. Figure adapted from ([401]). (B) Schematic of the HRP-Fus1p-mediated proximity labeling at 
the yeast fertilization synapse. HRP is introduced at the extracellular Fus1p N-terminus. Upon addition of a biotin 
phenol substrate in presence of H2O2, HRP catalyzes the oxidation of biotin phenol to generate reactive phenoxyl 
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radicals (depicted as blue small circles) that covalently react with electron-rich amines such as tyrosine of proximal 
proteins. Biotinylated proteins are then isolated using streptavidin and identified by mass spectrometry.  
 
5.1 Generation of N-terminally tagged HRP-Fus1p recombinant protein  
    
For the successful HRP-mediated synaptic labeling, Fus1p, a type 1 integral membrane, was chosen as 
the first ideal target protein. Fus1p is an O-glycosylated PM protein with an extracellular N-terminus, and a 
cytoplasmic C-terminus ([238], [239], [409]). Fus1p expression is exclusively pheromone-dependent and 
the protein localizes at the shmoo tip of polarized cells as well as the mating junction. Fus1p facilitates CW 
remodeling prior to PM fusion, but has also been implicated in fusion pore expansion ([238], [267]). 
Consequently, Fus1p is expressed and targeted to the mating junction during mating initiation and is 
retained at the junction until PM fusion is complete. Due to the Fus1p protein topology with an extracellular 
N-terminus, a yeast codon optimized HRP was introduced at the FUS1 N-terminus using a Scarless gene 
tagging technique ([344]). Accordingly, a split HRP sequence with a URA3 selection marker separating the 
two HRP fragments was incorporated and separated from the FUS1 ORF by a 5X Glycine Alanine (GA) 
linker (Figure 37A). Additionally, HA tag was incorporated at the N-terminus of the HRP sequence to allow 
downstream HRP-Fus1p detection via SDS-PAGE and Western Blotting. Following a two-step PCR, 
~300bp homology arms (H1 and H2) upstream and downstream of the FUS1 ORF were first amplified and 
thereafter used to amplify and integrate the split-HRP cassette into the FUS1 locus in MATa BY4741 cells. 
A colony PCR using primers specific to FUS1 and HRP sequences confirmed the successful N-terminal 
FUS1 tagging in two clones (Clone 1 and Clone 2) (Figure 37B). However, in order to excise the URA3 
marker and allow the reconstitution of the split HRP fragments, negative selection using 5-Fluoroorotic acid 
(FOA) was used ([345]). As controls, strains 4E5 containing a URA3 gene and WT BY4741 were used as 
positive and negative controls, respectively. Consistently, BY4741 cells lacking the URA3 gene grew on 5-
FOA plates. On the other hand, no growth of the 4E5 strain on the 5-FOA plates was observed confirming 
the presence and activity of the URA3 gene that encodes the Orotidine-5’-phosphate decarboxylase 
(ODCase) (Figure S8). Active ODCase converts 5-FOA into a toxic 5-fluorouracil compound that causes 
cell death ([345]). Four clones (A, B, C and D) of the HRP-FUS1 strain were obtained following 5-FOA 
selection (Figure 37B). However, upon colony PCR, only two HRP-FUS1 clones (C and D) were identified 
as correct clones in which the URA3 selection marker had been excised and HRP spontaneously 
recombined (Figure 37C).  
 
All in all, this approach permitted the successful N-terminal tagging of FUS1 while preventing possible 
disruptions of upstream regulatory sequences such as the 5’ Untranslated region (UTR) or introduction of 
“scars’ that could otherwise result in both transcriptional and translational perturbations. 
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Figure 37: Scarless chromosomal N-terminal tagging of FUS1 with yeast codon-optimized split-HRP. (A) 
Schematic of the HRP tagging design. Two homology arms H1 and H2 (depicted in red) contain 300bp upstream 
and downstream of the FUS1 start codon. Using standard yeast transformation protocol, the HRP-URA3 cassette 
is integrated into the FUS1 locus by homologous recombination. DNA agarose gel confirming the successful 
Scarless N-terminal tagging of FUS1 with HRP. (B) A colony PCR using FUS1 specific forward and reverse 
primers. A shift in band size upon HRP tagging is observed. FUS1 band in WT BY4741 cells is about 661bp 
whereas the two clones (clone 1 and 2) contain the full HRP-URA3 cassette of about 3652bp integrated at the 
FUS1 locus. Note that following a counter-selection step using 5-FOA, two clones (clone A* and B*) contain 
bands similar to clones 1 and 2, indicating the presence of URA3 marker. Clones C and D have band sizes of about 
1732bp indicating URA3 pop-out. (C) Colony PCR same as (B) except that a URA3 specific forward primer is 
used in combination with a FUS1 specific reverse primer. Note the ~1800bp band present in control clones 1 and 
2, as well as clones A* and B* in which no URA3 pop-out has taken place. WT clone as well as clones C and D 
have no amplification, confirming absence of the URA3 marker. 
 

5.2 HRP-Fus1p is correctly expressed and localized at the mating junction  
In order to ascertain the functionality of the HRP-Fus1p recombinant protein, two approaches were 
adopted. First, its correct expression in pheromone-treated cells was confirmed via SDS-PAGE 
and WB using anti-HA antibody. However, in order to increase the affinity of the HA tag towards its 
antibody and improve the protein detection, a second HA tag (6xHA) was successfully introduced 
at the C-terminus generating a HA-HRP-Fus1p-6HA protein. As a positive control, WT Fus1p-6HA 
was generated and its pheromone-dependent expression confirmed by SDS-PAGE and WB 
alongside the recombinant protein. Surprisingly, vegetative cells expressing HRP-Fus1p had a 
slower growth rate as compared to the control cells expressing WT-Fus1p. Although the slow 
growth may be due to metabolic stress, it is unlikely considering HRP is under the expression of 
the endogenous FUS1 promoter, and that Fus1p is exclusively expressed upon pheromone 
treatment. Nonetheless, both strains were grown to mid-log phase and treated with α-factor as 
previously described. As expected, both WT Fus1p-6HA and HA-HRP-Fus1p-6HA were expressed 
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only upon pheromone treatment, confirming the pheromone-dependent expression of Fus1p ([228], 
[238]) (Figure 38A). Of the pheromone-treated cells, the protein was detected regardless of the 
protein denaturation temperatures used (65 oC or 95 oC), suggesting that either denaturing 
condition was able to extract Fus1p from the detergent-resistant lipid rafts that associate with Fus1p 
at the shmoo tip ([241]). Notably, stronger bands were observed in the samples denatured at 95 
oC, suggesting that higher temperatures promote better Fus1p extraction from the membrane.  

Interestingly, each successful Fus1p extraction was characterized by multiple Fus1p bands. The 
WT Fus1p-HA appeared as two bands with a molecular weight of ~80kDa and ~110kDa (Figure 
38A). Fus1p is an O-glycosylated membrane protein that undergoes different levels of maturation 
along the secretory pathway. Secreted in the ER as a precursor protein of ~57.8kDa, Fus1p is 
sequentially O-glycosylated during transport in the Golgi generating a fully glycosylated mature 
form 1 (M1) of ~80kDa that is subsequently transported to the cell surface. However, M1 
supposedly undergoes additional modifications in the Golgi, generating a second mature form (M2) 
that migrates faster than M1, suggesting a possible proteolytic cleavage ([241], [409]). While the 
observed WT Fus1p-HA ~80kDa band likely corresponds to the glycosylated mature form 1 (M1), 
the second higher molecular weight of ~110kDa (M2*) suggests possible additional 
uncharacterized modifications. Indeed, the ~30kDa difference between M1 and M2 corresponds to 
the size of mannose oligosaccharides, thus suggesting additional Fus1p O-glycosylation ([239]). 
Consistently, no precursor band was observed in the WT Fus1p-HA. On the other hand, the HA-
HRP-Fus1p-6HA recombinant protein appeared as three distinct bands of ~80kDa, ~110kDa and 
~155kDa (Figure 38A). While the two lower bands were similar to those observed in the control 
sample, the third high molecular band (M3) corresponded to the expected size of the mature 
glycosylated Fus1p tagged with a 44kDa HRP protein (Figure 38A). Altogether, the shift in MW 
suggested the correct pheromone-dependent expression of the HRP-Fus1p recombinant protein. 

To further confirm the correct tagging and activity of the HRP-Fus1p recombinant protein, 
localization studies of the recombinant protein in pheromone treated and mating cells were 
performed. The strain expressing HA-HRP-FUS1 was chromosomally tagged at the C-terminus 
with mNeonGreen as previously described and verified by colony PCR. The localization of HA-
HRP-Fus1p-mNG was subsequently assessed by confocal microscopy and WT-Fus1-GFP used 
as a control. Similarly to WT Fus1p, the expression of HA-HRP-Fus1p-mNG was solely pheromone 
dependent and the protein was enriched at the shmoo tip of polarized cells (Figure 38B) and 
(Figure S8). Additionally, the majority of the HA-HRP-Fus1p-mNG was localized in the vacuole 
suggesting constant degradation of the excess protein. In mating cells, HA-HRP-Fus1p-mNG was 
localized at the cell-cell contact sites, appearing as a discrete bright puncta at the mating junction 
of unfused cells (Figure 38C). Once PM fusion and cytoplasmic mixing had taken place, the 
recombinant protein was retained at the mating junction but later localized at the vacuole of diploid 
zygotes, consistent with protein degradation upon PM fusion completion. 
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Figure 38: HA-HRP-Fus1p is correctly expressed and localized at the shmoo tip and mating junction. (A) Western 
blot analysis of HA-HRP-Fus1p-6HA expression in vegetative versus pheromone-treated cells. MATa cells 
expressing the control (Fus1p-6HA) or the HA-HRP-Fus1p-6HA recombinant protein were treated with 20uM α-
factor for 2 h. Cells were arrested in TAF buffer and proteins extracted by TCA precipitation. Two different 
denaturation temperatures (65 oC and 95 oC) were used to analyze the efficacy of protein extraction. Expression 
of the respective Fus1p proteins was probed using anti-HA. (B) Expression of HA-HRP-Fus1p is pheromone-
dependent. HA-HRP-Fus1p was C-terminally tagged with mNeonGreen and cells were grown to log phase in 
synthetic complete medium. Cultures were split into two equal portions and one portion was incubated with 20uM 
α-factor for 2 h. Cells were arrested in TAF buffer and imaged. HA-HRP-Fus1p-mNG is expressed only in 
pheromone-treated cells and localized at the shmoo tip (white arrow). (C) HA-HRP-Fus1p-mNG is recruited to 
the mating junction of an unfused mating pair (white arrow) in which cytoplasmic mixing, signified by Pgk1p-
mCherry transfer, has not occurred. In fused cells, HA-HRP-Fus1p-mNG localizes at the vacuoles. Scale bar= 5 
µm. 
 

Overall, these data not only showed the correct expression and localization of HA-HRP-Fus1p 
recombinant protein, but also confirmed its functionality in mating conditions. Indeed, the 
successful fusion events observed in cells expressing HA-HRP-Fus1p-mNG confirmed the stability 
and suitability of this recombinant protein in subsequent PL experiments. 

 

5.3 HA-HRP-Fus1p-6HA is correctly oriented at the PM and mediates spatial biotin labeling at the 
shmoo tip 
Despite its localization at the shmoo tip and mating junction, a considerable proportion of HA-HRP-
Fus1p was localized at the vacuole. Therefore, in order to eliminate intracellular labelling and 
restrict the HRP-mediated PL to the cell surface, a membrane impermeant Biotin-AEEA-Phenol 
substrate was used. Additionally, the presence of four structurally essential disulfide bonds in the 
HRP structure renders the enzyme inactive in cytosolic reduced environments. Consequently, HRP 
is active only when oriented to the extracellular, oxidized environment and upon activation by H2O2 
([405], [407]). To test whether HA-HRP-Fus1p-6HA was functional and properly localized at the 
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shmoo tip and that HRP was correctly oriented, vegetative and pheromone-treated cells expressing 
HA-HRP-FUS1-6HA were subjected to PL conditions using the membrane impermeant Biotin-
AEEA-Phenol substrate and H2O2. Biotinylation was subsequently probed using Streptavidin Alexa 
647 conjugate. As expected, no biotinylation was observed in vegetative cells confirming that the 
expression of the recombinant HA-HRP-Fus1p-6HA was pheromone-dependent (Figure 39A). 
Consistent with Fus1p localization in polarized cells, exclusive HRP-mediated labeling was 
observed at the tip and base of the shmoo of polarized cells (Figure 39D). This spatial PL is indeed 
consistent with Fus1p localization in which the majority of the protein is present at the shmoo tip 
but the protein is occasionally present at the base of the shmoo, indicative of vesicular protein 
trafficking to the future contact site. Furthermore, the specific labelling at the tip and base of the 
shmoo confirmed the correct HRP orientation and would correspond to the ~10nm contour labeling 
map of the reactive biotin phenoxyl radicals generated upon substrate oxidation. 

Finally, to ascertain that the shmoo tip-specific PL was a result of a correctly expressed and 
oriented HRP, pheromone-treated cells expressing HA-HRP-FUS1 were subjected to the same 
labeling conditions, except that H2O2 was eliminated. As expected, no biotinylation was observed 
in these cells despite their polarized growth, confirming that the HRP-mediated PL activity is 
dependent on activation by H2O2 (Figure 39C). This data therefore confirmed that the observed 
biotinylation was exclusively due to a functional HA-HRP-Fus1p-6HA recombinant protein that is 
correctly expressed and localized at the shmoo tip of polarized cells. 

 

Figure 39: HA-HRP-Fus1p-6HA mediates specific HRP-mediated proximity labeling at the tip and base of the 
shmoo. BY4741 MATa cells expressing HA-HRP-Fus1p-6HA were grown to log phase and treated with 20 μM 
α-factor for 2 h as described before. Cells were briefly treated with 100 mM NaCO3 (pH 9.4) in the presence of α-
factor for 10 min at RT to loosen the CW. PL and biotin staining with streptavidin Alexa- 647 conjugate was then 
performed as described in Methods section before imaging. (A and B) HRP-mediated PL is dependent on Fus1p 
expression. No streptavidin Alexa- 647 signal is present in vegetative cells in absence or presence of H2O2, 
respectively. (C) HRP-mediated PL is dependent on activation by H2O2. No streptavidin Alexa- 647 signal is 
present in pheromone-treated cells in which no H2O2 is added. (D) HRP-mediated PL is dependent on activation 
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by H2O2 and presence of Fus1p. A specific streptavidin Alexa- 647 signal is observed at the shmoo tip and base of 
the shmoo, showing the extent of HRP-mediated labeling map. Scale bar= 5 µm. 
 
 
All in all, these findings demonstrate the functionality of the HA-HRP-Fus1p recombinant protein 
and that HRP does not obscure Fus1p protein expression and trafficking to the shmoo tip or the 
mating junction. Secondly, they demonstrate the applicability of the HA-HRP-Fus1p-6HA 
recombinant protein in quantitative proteomic characterization of the yeast fertilization synapse. 
Importantly, this work is the first attempt of a specific and spatially limited HRP-mediated PL in 
yeast. 
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6 Discussion 
 
6.1 Differential expression of membrane proteins upon pheromone treatment 
 
Cell-cell fusion is a fundamental process in eukaryotic sexual reproduction and development. In 
particular, the fusion of an egg and a sperm cell during mammalian fertilization defines the creation 
of progeny. However, a comprehensive molecular understanding of gamete fusion and the bona 
fide fusogen(s) is still lacking. Yeast mating therefore provides a simple and genetically amenable 
system to study late cell fusion events. Indeed, the work in this thesis has attempted to identify the 
components of the yet-elusive yeast fusion machinery by: (i) exploring the PM changes as the cell 
transitions from a vegetative to a mating-ready state, (ii) employing a HRP-mediated proximity 
labeling approach to identify proteins localized at the shmoo tip or fertilization synapse. 
 
By exploring the PM changes in both MATa and MATα haploid mitotic cells as they transition into 
a pheromone-activated mating-ready state, a comprehensive proteomic map of changes in PM 
composition has revealed both the pheromone upregulated and downregulated genes as well as 
genes that remain unchanged in both conditions (Figure 10). The presence of previously 
characterized genes such as FUS3, PRM1, PRM3, FUS1 and FIG1 in the pheromone upregulated 
cluster has two implications. First, it validates this approach and secondly, it demonstrates that in 
response to pheromone secretion, both MATa and MATα undergo largely conserved transcriptional 
changes that result in expression of similar genes. However, the presence of mating type-specific 
genes such as STE2, STE3, SAG1 and ASG7 confirms that a few mating type-specific differences 
such as pheromone receptors exist. Fus3p is the pheromone-responsive MAP kinase that upon 
pheromone secretion, activates the mating response transcription factor, Ste12p. Ste12p 
subsequently binds to the pheromone response elements (PREs) resulting in the downstream 
expression of genes necessary in the mating process [213]. Consistently, proteins such as Fus1p, 
Prm1p, Prm3p and Fig1p that have been implicated in mating exhibit a Ste12p-dependent 
transcription. Functionally, Fus1p and the cytoplasmic protein Fus2p are two proteins that mediate 
CW remodeling prior to PM fusion ([228], [238]). Fus1p facilitates the localization of secretory 
vesicles to the shmoo tip or mating junction. These vesicles presumably carry both CW remodeling 
enzymes as well as proteins necessary in the fusion process. An additional player and component 
of the polarisome, Spa2p, facilitates the clustering of these vesicles at the mating junction, an 
important step in increasing local protein concentration ([228]). On the other hand, Fus2p has been 
shown to interact with Rvs161p and Cdc42p, and together they facilitate exocytosis of these 
secretory vesicles to promote CW remodeling ([246]). 
 
Once CW remodeling is completed, a short-lived and spatially-limited PM junction herein referred 
to as a fertilization synapse, is generated. In this junction, the two PMs are closely apposed at 
about 8 nm distance, with the fusion machinery possibly anchored in either or both membranes. 
The fusion machinery subsequently facilitates the fusion of the two membranes thus allowing 
cytoplasmic mixing and karyogamy. So far, a handful of proteins namely Fig1p, Prm1p, Kex2p and 
the proteins involved in the ergosterol biosynthesis pathway (Erg2p, Erg3p, Erg4p and Erg6p), 
have been implicated in PM fusion and pore formation ([271], [266], [272], [291], [294]). However, 
Prm1p and to a lesser extent Fig1p, are the only known proteins directly involved in the PM fusion. 
Consistently, bilateral matings of prm1Δ mutants exhibit a significant PM fusion defect with ~30-
60% of prm1Δ mating pairs fusing successfully ([271], [266]). Of the unfused pairs, ~30% lyse while 
~10% arrest as late prezygotes with cytoplasmic bubbles. The cytoplasmic bubbles are often 
formed when one cell with a higher osmotic pressure projects a portion of its cytoplasm into the 
mating partner. Importantly, both contact-dependent lysis and formation of cytoplasmic bubbles 
occur after the CW remodeling step is completed, corroborating a PM fusion failure ([269]). A final 
5-10% arrest as late prezygotes with a flat PM interface. Previous studies by Grote et al., proposed 
that this phenotype indicates early prezygotes in which the intervening CW material has not been 
degraded. Consequently, the CW material offers structural support to the rather flexible PMs, 
resulting in formation of a flat PM interface when the mating pairs are stained with the PM stain 
FM4-64 ([350]). Interestingly, such mating pairs can attempt to mate again by reorienting 
themselves to a different mating partner ([269]). However, a flat PM interface could also arise from 
cells that form very small and undetectable cytoplasmic bubbles, or cells with equal osmotic 
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pressure such that none is able to push its cytoplasm into the other ([269]). Indeed, this latter 
phenotype further supports the existence of a short-lived PM junction after CW remodeling is 
complete.  
 
Bilateral matings of fig1Δ mutants present an ~20% fusion defect, but this defect is enhanced 4.5-
fold in bilateral matings of prm1Δfig1Δ mutants ([271]). Additionally, bilateral matings of fig1Δ 
mutants display cytoplasmic bubbles reminiscent of the prm1Δ phenotypes, indicating that Fig1p 
exerts a PM fusion role in the mating process. Notably, the additive synthetic phenotype observed 
in prm1Δfig1Δ implies that both proteins operate at the PM fusion step on two parallel pathways. 
Indeed, the residual 10% fusion activity observed in these double mutants points to the existence 
of a third uncharacterized pathway ([271]). On the other hand, the Golgi-resident endopeptidase 
Kex2p has been shown to function synergistically with Prm1p, with the MATa kex2Δprm1Δ mutants 
crossed to prm1Δ mutants exhibiting an enhanced fusion defect when compared to bilateral prm1Δ 
matings. The synergistic effect suggests that Kex2p or its unknown substrate functions at the PM 
fusion step and that the Kex2p dependency is enhanced in a prm1Δ deletion background ([272]). 
Lastly, the ergosterol biosynthesis proteins (Erg2p, Erg3p, Erg4p and Erg6p) have been implicated 
in both upstream pheromone signaling as well as PM fusion steps. Erg6p particularly displays a 
prm1Δ-like lysis phenotype, albeit to a lesser extent. Importantly, bilateral matings of erg3Δprm1Δ 
and erg6Δprm1Δ mutants are highly defective in fusion and mainly accumulate as late prezygotes, 
consistent with the idea of at least two parallel fusion pathways ([291], [294]). 
 
Of the newly identified proteins, Prm5p, a single-pass trans-membrane protein, displayed a 
pheromone-dependent expression. Consistent with other mating-responsive genes, PRM5 
contains one PRE of the sequence TGTTTCA, about 239bp upstream of the start codon. This 
sequence likely serves as a binding site for MAPK-Ste12p-dependent transcription activation. 
However, as opposed to other well characterized pheromone regulated membrane (PRM) proteins 
such as Prm1p and Prm4p, Prm5p was mainly localized at the vacuoles of polarized cells and 
mating cells ([266], [269], [410]). Despite the seldom localization at the shmoo tip and mating 
junction, bilateral matings of prm5Δ mutants presented no fusion defects and instead fuse with WT 
efficiency. Additionally, deletion of PRM5 and its paralog YNL058C resulted in no significant mating 
defect suggesting that both proteins do not have a direct role in yeast mating. However, the 
decreased fusion efficiency observed in prm5Δfus1Δ mutants when compared to fus1Δ mutants 
suggests that deletion of PRM5 enhances the fus1Δ fusion defect (Figure 15). Interestingly, Prm5p 
has been implicated in cell wall integrity (CWI) pathway that negatively regulates fusion ([327]). 
 
Cellular responses to pheromone signaling involve CW remodeling and biogenesis via CW 
synthases and hydrolases to support polarized growth. Consistently, pheromone response events 
such as mating projection formation and subsequent CW remodeling result in activation of the CWI 
pathway ([326], [411]). This activation is executed via the CWI pathway mechano-sensors Mid2p 
and Wsc1p and downstream components Mkk1p and Mkk2p (MEKs), yeast Protein Kinase 1 
(Pkc1p), and partly via the (MEKK) Bck1p. These components activate the CWI MAPK Mpk1p/Slt2p 
that facilitate the expression of CWI pathway genes involved in CW biosynthesis via the 
transcription factor Rlm1p ([227], [315], [320], [326], [412]). Mutants defective in the CWI pathway 
signaling are unable to respond to pheromone-induced morphogenesis and undergo lysis. The 
CWI pathway is thus necessary in maintaining cell viability ([326], [411]). Once cells establish 
contact at the mating junction, the intervening CW material is further remodeled to permit PM 
apposition and fusion while protecting the rest of the cell from lysis and death. Activation of the 
MAPK Slt2p during mating is therefore closely regulated to permit CW remodeling and fusion while 
protecting the cell from unwanted lysis. This careful remodeling at the mating junction would 
suggest that the CWI pathway undergoes a temporal and spatial down-regulation to permit CW 
removal, PM apposition and fusion ([327]). Indeed, expression of Prm5p has been previously 
shown to depend on the MAP kinase Slt2p,  thus confirming that Prm5p is a component of the CWI 
pathway ([413]). However, the enhanced fusion defect observed in prm5Δfus1Δ mutants would 
suggest that Prm5p functions in another unknown pathway other than the CWI pathway, that 
positively regulates fusion possibly at the CW remodeling step. Consistently, PRM5 deletion would 
affect fusion resulting in an additive fusion defect phenotype in fus1Δ mutants. Future studies to 
further characterize the Prm5p function in yeast mating are thus necessary. 
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Efforts to characterize the second pheromone upregulated protein, Prm4p, were unsuccessful and 
multiple attempts to chromosomally tag PRM4 via homologous recombination failed. Nevertheless, 
a recent study implicated Prm4p in mating as demonstrated by a reduced mating efficiency. 
Intriguingly, Prm4p expression during pheromone treatment is dependent on Ecm22p and Upc2p 
transcription factors as opposed to Ste12p ([410]). However, its exact role in mating remains to be 
determined. While no further characterization was performed on genes that showed no specific 
pheromone regulation such as YHR097C, YJL049W, YNR066C, YNR065C and YNL208W, 
characterization of pheromone upregulated genes such as YCR043C, CHS1, CHS3, TOS1, 
SCW10 and YIL108W revealed that, despite their apparent upregulation, respective gene deletion 
mutants fused with efficiencies comparable to the WT (Angela Hagemeier, personal 
communication). Nevertheless, their pheromone-dependent expression would suggest that they 
are indirect players of the mating pathway or that their functions are overridden likely through 
genetic redundancy. Alternatively, they could be part of other regulatory pathways whose 
investigation was not within the scope of this thesis.   
  
6.2 Eisosomal proteins are dispensable in the mating process  
 
In contrast to the pheromone-upregulated proteins, eisosomal components were highly down-
regulated and represented the down-regulated protein cluster. Eisosomes are furrow-like 
invaginations of the PM that co-localize with the ergosterol-rich membrane compartment of the 
arginine permease Can1p (MCC) ([367], [414]). They appear as stable, immobile punctate patches 
at the cell surface, thus representing a unique MCC/eisosome PM domain ([371], [415]). 
Eisosomes are composed of more than twenty proteins mainly comprising of nutrient symporters 
such as Tat2p, Fur4p, the SUR7-family proteins (Sur7p, Pun1p, Fmp45p and Ynl194cp), the tetra-
spanners Nce102p, Fhn1p, peripheral membrane proteins Pil1p, Lsp1, Slm1p, Slm2p, the kinases 
Pkh1p and Pkh2p, the flavodoxin-like proteins Pst2p, Rfs1p and Ycp4p ([277], [367], [369], [371], 
[368], [416], [417]). In mature vegetative cells, cytosolic proteins Pil1p and Lsp1p constitute the 
major eisosomal components. There exists about 115,000 and 104,000 copies per cell of Pil1p and 
Lsp1p, respectively ([418]). The two proteins are structurally related proteins with about 72% 
sequence similarity and exhibit a patchy punctate PM localization pattern ([362]). Additionally, Pil1p 
and Lsp1p possess the BAR domains hence are able to bind and promote membrane curvature 
([419]). Consistently, Pil1p and Lsp1 are proposed to associate with the PM on the cytoplasmic 
inner surfaces of the invaginations ([420], [421]). Importantly, Pil1p is required for the assembly 
and maintenance of eisosomes and deletion of PIL1 results in mis-localization of Lsp1p and Sur7p 
([369]). 
 
Consistent with previous findings and the proteomics analysis, the localization experiments coupled 
with fluorescence intensity plots confirm that Pil1p is highly expressed in vegetative cells and is 
localized at the eisosomes. However, while a remarked Pil1p expression is observed in 
pheromone-treated cells, the protein is excluded from the shmoo tip and mating junction (Figure 
21). This expression and localization profile is indeed consistent with the observed differential 
downregulation of Pil1p in pheromone-treated cells as per the proteomics analysis. Additionally, it 
would imply that while more copies of Pil1p may be present in vegetative cells, upon pheromone 
response, Pil1p is preferentially downregulated in comparison to other pheromone-upregulated 
proteins. Indeed, similarly to Pil1p, other eisosomal proteins such as Fhn1p, Nce102p and SUR7-
family proteins all show a differential downregulation in pheromone-treated cells as compared to 
vegetative cells.  
 
The SUR7-family proteins consist of Sur7p, Pun1p, Fmp45p and Ynl194cp although additional 
members have been suggested. All four proteins are integral membrane proteins characterized by 
four trans-membrane domains (TMDs) and cytoplasmic N- and C-termini. The SUR7-family 
proteins exhibit a punctate, actin-independent localization in the MCC/eisosomes ([277], [367], 
[371]). Sur7p, Fmp45p and Ynl194cp display a great sequence homology with approximately 27-
34% sequence identity and about 42- 49% similarity. A higher sequence similarity is observed in 
the extracellular loops than in the intracellular portions. In particular, the three proteins possess a 
conserved cysteine-containing (WxxW/YxxC(7-10aa)C claudin-like motif at extracellular loop 1 
(ECL1), implicating them as fungal claudin-like proteins ([277]). Notably, the three proteins have 
been implicated in sphingolipid synthesis and to a lesser extent, sporulation ([277]). While Sur7p 
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was readily expressed in both vegetative and pheromone-treated cells, Fmp45p and Ynl194cp 
were rarely expressed and when present, their expression was not pheromone-dependent. This 
differential expression is likely due to the fact that the three proteins portray different expression 
patterns: Sur7p is constitutively expressed during late G2/M phase, Fmp45p is expressed during 
pseudo-hyphal growth or osmotic shock while Ynl194cp is expressed during anaerobic metabolism 
as well as osmotic shock conditions ([277], [422], [423]). Importantly, all three proteins were 
excluded from the shmoo tip (Figure 18). 
 
About 17,000 copies of Sur7p exist per cell and are homogenously distributed in roughly 40 patches 
of eisosomes. Sur7p is proposed to occupy the upper edges of the eisosomal  invaginations where 
it forms a ring around the perimeter of each furrow ([414], [418]). Interestingly, the Sur7p-containing 
immobile patches are absent in small buds and bud tips of mature cells ([277]). While this could be 
an indication of delayed eisosomal assembly, Sur7p localization has been correlated with the 
presence of mature CW, indicating that its punctate localization is likely dependent on CW 
interactions that are mediated by Sur7p extracellular domains ([277]). This would therefore explain 
its differential exclusion from the shmoo tip and in mating junctions where CW thinning and 
degradation occurs ([228]). While this hypothesis may apply to Fmp45p and Ynl194cp, the fact that 
complete PM fractions were used in the proteomics analysis suggests a general pheromone-
dependent down-regulation of eisosomal genes possibly due to genetic reprogramming in favor of 
genes necessary in the mating process. Consistently, bilateral matings of pil1Δ mutants fused with 
WT efficiency, confirming that eisosome disassembly does not affect PM fusion. 
 

6.3 Pun1p: An eisosomal protein with a putative function in yeast mating  
 
Similarly to other SUR7-family proteins, Pun1p was constitutively expressed in vegetative cells and 
exhibited a punctate PM localization. However, upon pheromone treatment, there was a remarked 
increase in Pun1p expression with Pun1p localizing at the shmoo tip and mating junction (Figure 
16). Its eisosomal localization in vegetative cells is consistent with previous studies whereby Pun1p 
co-localizes with Sur7p, albeit with lower expression levels (1660 copies per cell) ([371], [418]). On 
the other hand, the differential upregulation of Pun1p expression upon pheromone treatment would 
likely be as a result of structural and functional differences between Pun1p and the other SUR7-
family proteins. Firstly, despite the generally conserved overall protein structure, Pun1p displays a 
low sequence identity of ~20% identity  to the other SUR7-family proteins ([278]). In particular, in 
the extracellular loop 1 (ECL1), Pun1p contains the exact, highly conserved cysteine-containing 
GLWxxC(8-10aa)C claudin motif present in eukaryotic Claudin family proteins ([274], [278]). 
Secondly, Pun1p is functionally different from other SUR7-family proteins. While Sur7p, Fmp45 
and Ynl194c have been implicated in sporulation and sphingolipid metabolism, Pun1p is 
proposedly involved in the CWI integrity pathway ([277], [424]). Interestingly, Pun1p has also been 
implicated in promoting pseudo-hyphal growth during nitrogen starvation conditions ([365]). During 
nitrogen-limited conditions, yeast cells activate an intrinsic stress response that is mainly 
characterized by pseudo-hyphal growth ([365]). Cells are reportedly delayed in G2/M phase with a 
corresponding increase in polarized growth, thickened CW and cellular attachment following cell 
division ([425]). The polarized growth and increased cAMP levels are characterized by cell growth 
into the agar likely in search for nutrients, a phenomenon referred to as invasive growth. Under 
these conditions, PUN1 transcription via the activity of the Kss1p MAP kinase is enhanced and the 
protein localized to the cell periphery. Consistently, pun1Δ deletion mutants exhibit reduced 
filamentation, cell growth and cell-cell adhesion, all of which can be rescued upon PUN1 
overexpression ([365]). Nonetheless, no Pun1p role in yeast mating has been reported. 
 
Several pieces of evidence suggest that Pun1p could be playing a role in yeast mating. First, 
contrary to the punctate-like basal expression in vegetative cells, Pun1p was highly expressed 
upon pheromone treatment and was homogenously localized along the PM including the shmoo 
tip (Figure 16). Consistent with the pheromone regulation, PUN1 contains two PREs upstream of 
its coding sequence, hence placing PUN1 under the activity and regulation of Ste12p transcription 
factor ([424]). Secondly, due to shared components of the MAPK pathway between the mating 
program and the pseudo-hyphal growth program, pheromone upregulation of genes involved in 
pseudo-hyphal growth has previously been reported ([273]). Conversely, Pun1p was localized at 
the mating junction prior to CW remodeling and retained at the junction during PM fusion and pore 
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opening, suggesting its putative function in the mating program. Consistently, Pun1p was 
occasionally localized in PM actin-independent micro-fingers generated prior to PM fusion in which 
one cell pushes its cytoplasm into the mating partner (Figure 25) ([269]). This further indicates that 
Pun1p is present at the mating junction during early PM fusion events. Once PM fusion and 
cytoplasmic mixing had taken place, Pun1p was preferentially localized at the neck of the mating 
pair after which it was translocated to the vacuole for degradation upon fusion completion (Figure 
S1). Finally, the differential Pun1p localization was corroborated by co-localization studies with 
Sur7p and Pil1p. In pheromone treated and mating cells, Sur7p and Pil1p retained their puncta-like 
localization and were excluded from the mating junction, while Pun1p was homogenously 
distributed along the PM and localized at the mating junction (Figure 20).  
 
Regarding the question of Pun1p function in mating, a closer look at Pun1p protein sequence and 
topology reveals that Pun1p closely resembles mammalian tight junction claudins similar to the 
previously characterized claudin-like proteins Fig1p and S. pombe Dni1 and Dni2 proteins. 
Interestingly, both Fig1p and the Dni proteins have been implicated in fusion ([273], [276], [279]). 
Consistently, Pun1p demonstrated a Fig1p-like localization pattern and the two proteins co-
localized at the mating junction, suggesting possible functional similarities (Figure 25). However, 
whereas bilateral matings of fig1Δ mutants result in a ~20% fusion defect, bilateral matings of 
pun1Δ mutants fuse with WT efficiencies and portray no fusion defects. Furthermore, deletion of 
PUN1 in fig1Δ mutants results in no additive phenotype suggesting that either; (i) Pun1p does not 
play a Fig1p-like role in yeast mating despite their structural similarities and a similar localization 
profile, (ii) Pun1p function in pun1Δfig1Δ mutants is indirect due to functional redundancy from the 
Pun1p putative paralogs that otherwise obscure the true pun1Δ phenotype. However, the fact that 
the bilateral matings of pun1Δfig1Δsur7Δfmp45Δynl194cΔ quintuple mutants fuse similarly to fig1Δ 
mutants confirms that no synthetic additive phenotype results from deletion of PUN1 and its 
paralogs (Figure 26). It is therefore likely that Pun1p functions in a Fig1p-independent pathway.  
 
6.4 Pun1p negatively regulates PM fusion during yeast mating  
 
Despite the absence of a phenotype upon PUN1 gene deletion in a fig1Δ background, the 
pheromone-dependent expression and localization of Pun1p at the mating junction still hinted a 
putative Pun1p function in yeast mating and prompted the need to address whether Pun1p 
functions in alternative fusion pathways. Interestingly, bilateral matings of prm1Δpun1Δ mutants 
fused with a slightly higher but significant fusion efficiency than prm1Δ mutants (Figure 27). This 
behavior was not observed in fus1Δ, fus2Δ or fus1Δfus2Δ mutants, suggesting that Pun1p likely 
functions at the PM fusion step.  
 
Further validating this hypothesis is that firstly, overexpression of PUN1 in prm1Δ mutants results 
in a significant, dosage-dependent suppression of fusion and a corresponding enhancement of the 
prm1Δ fusion defect. The highest activity is observed when PUN1 is expressed from a high copy 
2μ plasmid under the activity of the constitutive ADH1 promoter (Figure 29). Interestingly, PUN1 
overexpression from a low-copy centromeric plasmid under the endogenous PUN1 promoter, in 
which only one or two copies of PUN1 exist per cell, still suppresses fusion in prm1Δ mutants, 
confirming the Pun1p fusion inhibition activity. Secondly, Pun1p fusion inhibition activity increases 
with an increasing concentration of Pun1p molecules across the mating junction suggesting a co-
operative trans interaction of Pun1p molecules across the mating junction. Thirdly, overexpression 
of SUR7, a putative PUN1 paralog, exerts an opposing fusion enhancement effect in prm1Δ 
deletion mutants (Figure 29). Sur7p was initially identified as a multi-copy suppressor of the 
rvs161Δ and rvs167Δ phenotypes such as growth and cytoskeletal organization defects. Further 
studies implicated Sur7p in sporulation and PM organization ([254], [277]). The fact that Rvs161p 
has been shown to functionally interact with Fus2p and Cdc42p to facilitate vesicle exocytosis 
during CW remodeling renders the Sur7p suppression activity in prm1Δ mutants less surprising. 
However, it can only be speculated that Sur7p possibly regulates PM reorganization to conditions 
that favor fusion in a prm1Δ background. Finally, unilateral expression of Pun1p in prm1Δ mutants 
results in a slight decrease in Pun1p fusion inhibition activity that cannot be supplemented by SUR7 
overexpression on the opposite mating partner, thus supporting the hypothesis that SUR7 functions 
differently to PUN1. Nevertheless, the unilateral inhibitory activity, albeit small, implies that Pun1p 
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can function by forming heterotypic trans-interactions with other unknown components. 
Alternatively, though unlikely, the unilateral activity would suggest a scenario whereby Pun1p is 
able to span across both membranes and exert its inhibitory function. A similar hypothesis has 
been drawn for Prm1p and its ability to unilaterally stabilize the fusion machinery during PM fusion 
([269]).  
 
6.5 Pun1p is structurally and functionally related to mammalian claudins 
 
Claudins are key structural components of mammalian tight junctions (TJs) that function as 
paracellular barriers at the surface of epithelial and endothelial cells ([281]). The Claudin family is 
comprised of ~23kDa tetra-span proteins with four TMDs, two extracellular loops (ECL1 and ECL2) 
and cytoplasmic N and C-termini. There exists about 27 members of the Claudin family and are all 
generally characterized by a short N-terminus (~7 residues) and a longer, flexible C-terminus (21-
63 residues) that contains a PDZ binding domain ([389]). This PDZ binding domain is essential in 
mediating claudin interactions with other cytosolic scaffold proteins such as Zona Occludens (ZO-
1 and ZO-3), signaling factors and the cytoskeleton ([389], [426], [427]). Recent structural studies 
have revealed that claudins adopt a general left-handed model when embedded in the lipid bilayer, 
with the two ECLs folding into 5 anti-parallel β-strands that together form an extracellular β-sheet 
structure ([376], [377]). In claudin-15, interactions between extracellular helix (ECH) Methionine 
(Met68) and the hydrophobic pocket formed by residues Phenylalanine (Phe146, Phe147) and Leucine 
(Leu158) on the exposed extracellular portion of the long TMD3, facilitate side-by-side (cis) 
electrostatic interactions between claudin monomers, a process generally referred to as 
oligomerization (Figure 40) ([377]). The claudin ECL1 is longer (~52 residues) than ECL2 (16-33 
residues) and harbors both the consensus cysteine-containing GLWxxC(8-10aa)C claudin motif, 
the variable region 1 (V1) and selective charged residues necessary in pore-forming claudins. The 
shorter ECL2 harbors the variable region 2 (V2) and is thought to contribute to the overall 
arrangement of the β-sheet structure ([377]). The proper arrangement and co-operative activity of 
the two extracellular loops results in formation of homotypic and heterotypic intercellular trans-
interactions, necessary in forming either tight or selective barriers with paracellular permeability 
properties across the junction ([428], [429], [430]). Indeed, selective charged residues in ECL1 
mediate the paracellular permeability of pore-forming claudins ([390], [431], [432], [433], [434]).  
 
Notably, the consensus GLWxxC(8-10aa)C claudin motif is necessary in stabilizing the ECL fold. 
This stability is critical in overall protein expression, trafficking to the cell surface and function. 
Consistently, mutations in the conserved residues result in reduced pore function of claudin-2 as 
well as reduced barrier properties of claudin-1 and claudin-5 ([388], [390]). In addition to stabilizing 
the ECL fold, the conserved residues of the claudin motif have been implicated in mediating both 
homotypic and heterotypic side-by-side (cis) and head-to-head (trans) interactions that facilitate 
polymerization or barrier and pore formation, respectively ([429]). In claudin-1, mutating individual 
conserved residues of the claudin motif to alanine does not affect protein expression and transport 
to the cell surface. These mutants are capable of undergoing polymerization and form both 
homotypic and heterotypic cis-interactions within the membrane. However, despite their surface 
localization, these mutants are unable to form trans-interactions with ZO-1 at cell-cell contacts, 
resulting in reduced tightness ([392]). This suggests that in claudin-1, the individual claudin motif 
residues are not necessary in cell membrane trafficking but are rather required in mediating cell 
surface trans-interactions that favor overall protein assembly and arrangement at cell-cell contacts 
([392]). Overall, claudin interactions and oligomerization result in the formation of strand-like 
structures along parallel TJs strands. Their interactions with other tight junction proteins such as 
Marvel domain-containing family (occludin, Marvel D3 and tricellulin) and the JAM IgG family further 
reinforces the TJ barrier properties ([389], [426], [427]). 
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Figure 40: Mammalian claudins adopt a general left-handed model when embedded in the lipid bilayer and co-
localize with Zona Occludens (ZO) at the tight junctions. (1) Ribbon representation of the claudin-15 crystal 
structure. The protein contains four transmembrane domains (TMDs) and two ECLs that fold into 5 anti-parallel 
β-strands, that together form an extracellular β-sheet structure. Grey bars depict boundaries of the extracellular 
and cytoplasmic leaflets of the bilayer. (2) Oligomerization of claudin-15 protomers. Interactions between 
extracellular helix (ECH) Methionine (Met68) of one protomer (pink) and the hydrophobic pocket formed by 
residues Phenylalanine (Phe146, Phe147) and Leucine (Leu158) on the exposed extracellular portion of TMD3 of a 
second protomer (green), facilitate side-by-side electrostatic interactions between claudin monomers to form linear 
polymers. (3) Tight junctions are apically located in epithelial cells but are intermixed with Adheren junctions in 
endothelial cells. Claudin-5 co-localizes with Zona Occludens (ZO-1) in epithelial cells. Figures adopted from 
([377], [390], [435]). 
 
 
Indeed, several indicators from this study suggest that Pun1p is an ancient fungal claudin and that 
structural and functional similarities between Pun1p and mammalian claudins exist. First, Pun1p is 
a tetra-span membrane protein with 4 TMDs and cytoplasmic N- and C-termini. Similarly to 
claudins, Pun1p has a longer extracellular loop 1 (ECL1) and portrays 100% sequence 
conservation of the cysteine-containing GLWxxC(8-10aa)C claudin motif (Figure 23). Secondly, 
Phyr2 structural modelling predictions show that Pun1p adopts a left-handed model and aligns with 
mammalian claudin-3 and claudin-15 with >90% confidence. However, the Pun1p β-sheet structure 
contains two additional β-strands in ECL1 making a total of seven β-strands. This is likely due to 
the fact that the Pun1p ECL1 consists of 116 residues as compared to the ~52 residues found in 
claudins, and that Pun1p is a larger protein (29.4kDa) than most claudins (23kDa). Thirdly, Pun1p 
can self-interact and form higher order oligomers that are possibly necessary for its function ([364]). 
Finally, similarly to claudins, adequate evidence from this thesis shows that the conserved residues 
of the Pun1p claudin motif are critical in mediating proper Pun1p targeting and function.  
 
To begin with, mutating the single cysteine residues either individually (C79S or C90S) or together 
(C79SC90S) does not affect Pun1p expression and ability to oligomerize. Similarly to WT Pun1p, 
all cysteine mutants were properly expressed as monomeric proteins of ~30kDa and formed 
additional higher order oligomers. Furthermore, all Pun1p cysteine mutants localized correctly at 
the cell surface (Figure 34). This suggests that; (i) mutating the conserved cysteine residues does 
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not affect protein folding and by proxy ECL fold, and (ii) that these residues do not mediate Pun1p 
cis-interactions necessary for its oligomerization. Similarly to claudin-3 and claudin-15, it is likely 
that the Pun1p ECH-TMD3 interactions are responsible for cis-interactions ([377]). Secondly, all 
the Pun1p cysteine mutants functioned similarly to the WT protein. In claudin-1, single mutants of 
the conserved cysteine residues (C54A or C64A) are correctly expressed and transported to the 
PM and do not form an intramolecular disulfide bond, suggesting that the claudin-1 conserved 
cysteine residues are not necessary in protein folding and transport to the cell surface. However, 
their inability to co-localize with ZO-1 at cell-cell contacts and impede Hepatitis-C Virus (HCV) entry 
suggests that the claudin-1 conserved cysteine residues are important in overall protein function 
([392]). Similarly in claudin-5, mutating the conserved cysteine residues (C54S or C64S) does not 
affect protein expression and localization at the cell surface and the mutant proteins are able to co-
localize with ZO-1. Furthermore, the two cysteines do not form an intramolecular disulfide-bond. 
However, in comparison to WT claudin-5 protein, the respective mutants have reduced barrier 
activity with C64S exhibiting both reduced barrier activity and a corresponding increase in 
monosaccharide flux ([390]). Interestingly, the claudin-2 conserved cysteine residues form an 
intramolecular disulfide bond necessary for its pore function. Mutating these residues therefore 
affects the protein’s pore function although the mutants are still capable of forming dimers and are 
localized at the cell surface ([388]). 
 
It is unclear whether the two Pun1p cysteine residues form an intramolecular disulfide bond or exist 
as free thiol groups. Nonetheless, the ability of the Pun1p single cysteine mutants to function 
similarly to WT Pun1p implies that the two cysteines do not form an intramolecular disulfide bond. 
Alternatively, if present, its loss upon mutating the cysteine residues does not affect the overall 
protein function. Indeed, the Pun1p double C79SC90S mutant is properly localized at the cell 
surface and functions similarly to WT-Pun1p. Notably, Pun1p ECL1 contains two extra cysteine 
residues (C40 and C143) that could compensate for the loss of one conserved cysteine residue in 
single cysteine mutants or form a novel C40-C143 intramolecular disulfide bond. However, the fact 
that the fusion inhibition activity of the asymmetrical matings (C79S x C90S and vice versa) was 
similar to that of symmetrical matings (C79S x C79S or C90S x C90S) rules out this possibility. 
Additionally, mating crosses of the Pun1p double C79SC90S mutant with WT-Pun1p displayed a 
similar fusion inhibition activity as WT-Pun1p, further suggesting that formation of an intramolecular 
disulfide bond is not necessary in Pun1p function.  
 
Thirdly, bilateral expression of PUN1 in prm1Δ mutants results in enhanced fusion inhibition activity 
when compared to unilateral PUN1 expression (Figure 33). This fusion inhibition activity increases 
with increasing Pun1p concentration across the mating junction, implying that increased cis- and 
trans-interactions between Pun1p molecules result in increased protein activity. The ability of all 
Pun1p cysteine mutants to function similarly to WT Pun1p or even lower (as is the case for C90S) 
when bilaterally expressed thus suggests that the conserved cysteine residues do not mediate 
trans-interactions. It is therefore likely that unknown residues in the extracellular β-sheet structure 
facilitate the head-to-head trans- interactions. Indeed claudin residues in the extracellular loops but 
outside the conserved claudin motif have been proposed to mediate trans- interactions ([376], 
[430]).  
 
Surprisingly, mutating the Pun1p GLW residues to triple alanine (AAA) resulted in protein mis-
localization into the cortical ER and other organelles including the nuclear envelope (Figure 35). 
Nevertheless, a considerable amount of the mutant protein was localized at the mating junction of 
most mating pairs. Furthermore, the Pun1p AAA mutant was correctly expressed as a monomeric 
protein and formed higher order oligomers, suggesting that the GLW residues do not mediate cis-
interactions and subsequent oligomerization. Indeed, a similar observation has been reported in 
claudin-2 whereby mutating the claudin-2 GLW residues to AAA results in improper claudin-2 
localization into intracellular vesicles. Consequently, claudin-2 fails to co-localize with ZO-1 at cell-
cell contacts. However, the mutant claudin-2 is capable of forming dimers, suggesting that the 
claudin-2 dimer-forming ability is not dependent on surface localization but is instead mediated by 
the transmembrane domains ([393]). In claudin-15, these three hydrophobic residues are located 
close to the lipid bilayer hence presumed to offer a hydrophobic anchor for the extracellular β-sheet 
domain on the lipid bilayer ([377]). It is therefore likely that the Pun1p GLW residues are necessary 
in mediating a proper Pun1p fold and transport to the PM. Disruption of this hydrophobicity in Pun1p 
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would therefore possibly affect the overall protein fold resulting in protein retention in the cortical 
ER or mis-localization to other organelles.  
 
Despite the mislocalization, a considerable amount of the Pun1p AAA mutant was localized at the 
mating junction in many mating pairs. Additionally, Pun1p AAA mutant functioned similarly to WT 
Pun1p suggesting that the protein is still functional. The fact that some protein is trafficked to the 
cell surface implies that the GLW residues are important but not rate-limiting in the trafficking 
process. The possibility that the presence of the cysteine residues in the Pun1p AAA mutant 
contributes to its occasional localization at the mating junction and by proxy function is unlikely 
because the Pun1p double C79SC90S mutant localizes at the mating junction similarly to WT 
Pun1p. Alternatively, the general protein fold in the Pun1p AAA mutant is not completely affected 
and the partial presence of the conserved residues would compensate for lack of the other. As a 
result, the protein can localize at the junction, albeit lower levels than WT Pun1p, and form 
interactions that favor activity hence restoring the protein’s function. A more likely possibility is that 
the two additional β-strands in Pun1p ECL1 would offer a compensatory structural support to the 
GLW mutants therefore maintaining the protein functionality. Nevertheless, it seems plausible that 
sufficient Pun1p AAA molecules are trafficked to the mating junction and exert the inhibitory activity, 
albeit less efficiently than the WT Pun1p.  
 
Similar observations have been made in the S. pombe claudin-like proteins Dni1p and Dni2p 
([276]). Mutating the single conserved cysteine residues in Dni1p (C58S, C68S, C75S) does not 
affect protein expression and localization at the membrane fusion domain (MFD), and the single 
cysteine mutants function similarly to WT Dni1p. Interestingly, mutating two or all three cysteine 
residues in combination affects protein localization at the MFD, and the protein is mis-localized to 
the ER ([276]). The triple cysteine mutant exhibits the least MFD localization, suggesting putative 
intramolecular interactions between the cysteine residues. Even though all mutants are expressed 
similarly to the WT protein, the reduced Dni1p MFD localization consequently results in reduced 
protein function. On the contrary, single cysteine mutants of Dni2p exhibit protein mis-localization 
to the ER and reduced protein function, but no effect in protein expression relative to WT Dni2p is 
observed. It is therefore apparent that in S. pombe, the cysteine residues are critical in protein 
folding and localization at the MFD ([276]). All in all, while these findings demonstrate how different 
conserved residues exert different functions across the fungal claudin-like proteins, a general 
reduction in protein localization and concentration at the mating junction would contribute to 
reduced protein function.  
 
Interestingly, mutating all the conserved residues of the Pun1p claudin motif (AAA+C79SC90S) 
affects both the protein expression, transport to the cell surface and function. Indeed, the Pun1p 
AAA+C79SC90S mutant was mis-localized to the cortical ER and other organelles, although about 
half the mating pairs exhibited Pun1p AAA+C79SC90S mutant localization at the PM and mating 
junction (Figure 35). Similarly to the Pun1p AAA mutant, the lack of the GLW residues would 
explain this mis-localization. However, the fact that some mutant protein was localized at the PM 
and mating junction would imply that, additional Pun1p residues or segments such as the extra 
ECL1 β-strands likely contribute to the general protein trafficking along the secretory pathway. 
Additionally, no significant difference in protein expression was observed between the Pun1p 
AAA+C79SC90S mutant, the WT Pun1p as well as all other mutants. The Pun1p AAA+C79SC90S 
mutant formed higher-order oligomers further indicating that lateral cis-interactions are mediated 
by residues outside of the claudin motif. Notably, the presence of higher-order oligomers would 
also suggest that oligomerization likely takes place in the ER as opposed to the cell surface. Indeed, 
a similar observation has been made in the S. pombe claudin-like proteins Dni1p and Dni2p ([276]).  
 
Conversely to other Pun1p mutants, the Pun1p AAA+C79SC90S mutant undergoes an unknown 
post-translational modification that results in the formation of a monomeric protein with a slightly 
higher MW. The modified monomeric protein appears as double bands when analyzed by Western 
blotting. The absence of this modification in the Pun1p AAA or the double C79SC90S mutants 
suggests that it is an effect arising from a combination of both mutations. A similar modification has 
been reported in claudin-2 whereby mutating all the conserved cysteine residues (C54SC64S or 
C54AC64A) leads to the formation of multiple higher molecular weight bands that are absent in 
individual cysteine mutants ([388]). While the ER-based N-linked glycosylation is associated with 
protein fold, intracellular trafficking, stability and function, preliminary data suggests that this 
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modification is not a N-linked glycosylation. The presence of many serine and threonine residues 
in the first ECL1 of Pun1p would hint a possible O-linked glycosylation ([436], [437]). Alternatively, 
other modifications such as phosphorylation, ubiquitylation or formation of cleavage products 
cannot be overruled. However, in the latter, a modification would still be required before protein 
cleavage and formation of a second lower band occurs. Determining the nature of this modification 
may therefore help explain the lack of function in this mutant.  
 
Finally, WT Pun1p can exert both a unilateral and bilateral fusion inhibition activity (Figure 33). 
While the unilateral PUN1 overexpression in prm1Δ mutants results in an enhanced fusion 
inhibition activity as compared to control cells expressing the EV, bilateral PUN1 overexpression 
results in an even higher fusion inhibition activity. This phenomenon suggests that WT Pun1p 
undergoes both homotypic and heterotypic trans-interactions at the mating junction. Similarly to the 
claudins, these interactions would result in the formation of a Pun1p-mediated PM junction-like 
structure that functions to inhibit PM fusion especially in a fusion-compromised background such 
as prm1Δ. Notably, the homotypic trans-interactions are likely favored over the heterotypic 
interactions resulting in a higher protein activity. Indeed, a similar observation has been reported 
for claudin-2 whereby homotypic interactions are favored over heterotypic ones ([388]). However, 
mating crosses between Pun1p AAA+C79SC90S mutant and WT Pun1p fuse similarly to the 
control cells (Figure 34), suggesting that the Pun1p AAA+C79SC90S mutant cannot compensate 
for the Pun1p unilateral fusion inhibition activity. The lack of Pun1p unilateral activity supports the 
possibility that both WT Pun1p and the Pun1p AAA+C79SC90S mutant can form homotypic trans-
interactions. However, the modification on the Pun1p AAA+C79SC90S mutant would negatively 
affect the homotypic trans-interactions, resulting in the formation of a leaky Pun1p-mediated PM 
junction-like structure that fails to inhibit PM fusion and cytoplasmic content mixing. 
 
Importantly, cell pairing in prm1Δ mutants expressing WT Pun1p as well as the respective Pun1p 
mutants remains unaffected suggesting that Pun1p does not affect upstream events of pheromone 
signaling and polarized growth. Consequently, the rate of fusion is generally similar across all 
Pun1p mutants and the differences in fusion efficiency are therefore a reflection of the magnitude 
of the fusion inhibition activity of the respective mutants. 
 

6.6 The Pun1p fusion inhibition activity enhances the prm1Δ flat PM interface phenotype 
 
The higher Pun1p fusion inhibition activity observed in prm1Δ mutants as compared to fus1Δ 
mutants points to the likelihood that the Pun1p activity is mainly exerted at the PM fusion step. 
Prm1p, a four-pass transmembrane protein with cytoplasmic N and C-termini, directly mediates PM 
fusion and localizes at the mating junction. However, prm1Δ mutants exhibit diverse phenotypes 
that characterize a PM fusion defect. While about 30-60% of prm1Δ mating pairs fuse successfully, 
the rest of the mating pairs can either lyse or arrest as late prezygotes with PM-containing 
cytoplasmic bubbles. These often extend from one mating partner to the other depending on the 
direction of the osmotic gradient. Notably, the contact-dependent lysis can be rescued by Ca2+ 
supplementation in the growth medium ([271]). Furthermore, it has been reported that some 
unfused mating pairs seem to exit G1 arrest and start budding or reorient towards a new mating 
partner ([266]). This suggests that such cells either contain pre-existing CW material or can 
synthesize new CW material that otherwise protects them from cell death. Consistent with this 
hypothesis, prm1Δ mutants exhibit about 5-10% unfused mating pairs that contain a flat PM 
interface characterized by the presence of intervening CW material ([269], [271]).  
 
To better decipher the level at which the Pun1p fusion inhibition activity is exerted, a microscopy 
analysis of prm1Δ mutants overexpressing PUN1 revealed that the enhanced prm1Δ fusion defect 
is as a result of a corresponding increase in the number of unfused mating pairs exhibiting the flat 
PM interface phenotype (Figure 30). In comparison to control mutants expressing the EV, prm1Δ 
mutants expressing PUN1 do not exhibit any change in the percentage of mating pairs that undergo 
lysis or form cytoplasmic bubbles. This suggests that the Pun1p fusion inhibition activity does not 
affect either of the pathways that lead to lysis or formation of cytoplasmic bubbles. Instead, the 
Pun1p activity would favor formation of a flat PM interface phenotype either; (i) by slowing down 
the activity of CW remodeling or promoting new CW material synthesis via activation of the CWI 
pathway, or (ii) by arresting the unfused PMs in a junction-like structure after the CW remodeling 
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step. Surprisingly, further characterization of these mating pairs by combining FM4-64 PM staining 
and Calcofluor White CW staining revealed that, while the majority of the unfused mating pairs 
contained an intervening CW material, PUN1 overexpression enhanced the formation of late 
prezygotes with a flat PM interface and no intervening CW material (Figure 32 and Figure S6). In 
addition, no differences in CW composition were observed between prm1Δ mutants expressing 
PUN1 and the control cells. These findings therefore suggest that Pun1p activity is not directly 
exerted at the CW remodeling step, or that Pun1p does not function in the CWI pathway that 
promotes CW synthesis and deposition at the mating junction. Instead, Pun1p functions in a unique, 
novel pathway that does not lead to lysis or cytoplasmic bubble formation but rather results in stable 
PM apposition resembling a tight junction-like structure. Consistently, PUN1 overexpression does 
not affect the lysis phenotype that is otherwise rescued when mating pairs are arrested at the CW 
remodeling step either via deletion of CW remodelers FUS1 and FUS2, or activation of the CWI 
pathway ([269], [327]). Furthermore, the Pun1p fusion inhibition activity remains unaffected by Ca2+ 
supplementation, that otherwise rescues the lysis phenotype observed in prm1Δ mutants ([271]). 
Lastly, PUN1 overexpression in fus1Δ mutants resulted in a less fusion inhibition activity than in 
prm1Δ mutants. Not only do these findings confirm the Pun1p fusion inhibition activity, they also 
suggest that Pun1p activity is likely exerted in late prezygotes that have successfully undergone 
CW remodeling as opposed to early prezygotes in which CW remodeling is incomplete. Indeed, 
most fus1Δ mating pairs arrest as early prezygotes with intervening CW material at the mating 
junction ([238]). 
 
Interestingly, previous studies have speculated that some unfused prm1Δ mating pairs can arrest 
as prezygotes with a flat PM interface with no intervening CW material. This is especially true if the 
mating pair contains cytoplasmic bubbles that are too small to be detected, or both cells exhibit 
equal osmotic pressure such that neither cell pushes its cytoplasm against the other ([269]). While 
this has not been previously demonstrated, the current findings indeed suggest a similar 
phenomenon in which cells arrest as late prezygotes with a flat PM interface and no cytoplasmic 
bubbles. 
 

6.7 Why regulate PM fusion?  
 
So far, compelling evidence suggests that Pun1p overexpression negatively regulates fusion in 
prm1Δ mutants and to a lesser but significant extent in fus1Δ mutants. Additionally, deletion of 
PUN1 enhances fusion in prm1Δ mutants, further corroborating this hypothesis. During yeast 
mating, PM fusion is preceded by closely apposed fusion-competent membranes with an 
intervening CW material. Localized CW removal and engagement of the fusion machinery results 
in fusion of the juxtaposed PMs. However, if no fusion occurs after CW remodeling such as in PM 
fusion mutants prm1Δ and fig1Δ, the cells lyse or form cytoplasmic bubbles ([271], [269]). 
Interestingly, lysis and fusion pore opening occur with similar kinetics, suggesting that lysis events 
seem to occur in mating pairs that attempt to fuse ([269]). Furthermore, the lysis phenotype is 
enhanced in absence of extracellular Ca2+, suggesting that Ca2+ ions are necessary in mediating 
membrane repair and stability especially in absence of Prm1p ([271]). In support of lysis events 
occurring only after CW removal, lysis does not occur in fus1Δ mutants that are arrested at the CW 
remodeling step, and even when  present in CWI pathway mutants such as pkc1-2, lysis can be 
rescued by osmotic stabilizers such as 1 M sorbitol ([271]). Notably, the contact-dependent lysis 
as well as fusion events observed in prm1Δ mutants are reportedly preceded by formation of small 
cytoplasmic bubbles or microfingers (<1 µm in length) that push into the opposite mating partner. 
Although these microfingers can grow up to a length of  5 µm to form large cytoplasmic bubbles, it 
is likely that cytoplasmic bubble formation is the major default pathway in delayed PM fusion ([269], 
[271]). Further characterization of fusion arrested prm1Δ mating pairs show that a few unfused 
mating pairs arrest as early prezygotes with a flat PM interface and intervening CW material at the 
mating junction ([269]). Consistently, prm1Δ mutants that attempt to mate with a new mating partner 
or exit the G1 arrest and start budding have been reported, ([266]). This suggests that such mating 
pairs either contain undissolved CW material or are able to synthesize new CW material before 
exiting the fusion process.  
 
It is therefore plausible that in a fusion compromised background such as prm1Δ, Pun1p negatively 
regulates fusion by functioning in a novel ‘corrective’ pathway that results in close PM apposition 



 114 

without leading to dead-end lysis or cytoplasmic bubble formation. Further supporting this 
observation is that the Pun1p fusion inhibition activity is not dependent on extracellular Ca2+ 
concentration that otherwise rescues the lysis phenotype in prm1Δ mutants (Figure 30) ([271]). As 
part of the novel ‘corrective’ pathway, Pun1p enhances the formation of a flat PM interface 
phenotype without intervening CW material. Consistent with its claudin-like structure and function, 
the conserved residues of the Pun1p claudin motif would mediate Pun1p localization at the cell 
surface and enrichment at the mating junction. At the junction, Pun1p would form homotypic and 
heterotypic trans-interactions between Pun1p molecules and other proteins. These interactions 
would in turn establish an intercellular protein layer or tight junction-like structure that holds the 
merging membranes in close apposition, herein seen as a flat PM interface without intervening CW 
material, while providing an anchorage for the fusion machinery. Analogous to the mammalian 
barrier-forming claudins, the Pun1p-mediated tight junction-like structure would act as a barrier that 
prevents content mixing and ensuring fusion fidelity. Unavoidably, this barrier would function as a 
PM fusion fine-tuning checkpoint that is mainly activated in the presence of a defective fusion 
machinery such as in prm1Δ deletion mutants. In such cases, activation of the fine-tuning 
checkpoint would result in either; (i) arrest of the unfused cells in a flat PM interface as seen in a 
few prm1Δ mating pairs (Figure 32 and Figure 41), or (ii) downstream signaling and activation of 
repair mechanisms such as the CWI pathway that activates CW biosynthesis (Figure 41). Indeed, 
this would explain why the Pun1p activity is detectable in a prm1Δ and fus1Δ deletion background 
as opposed to the WT conditions, and the observed increase in percentage of prm1Δ mating pairs 
with a flat PM interface upon PUN1 overexpression.  
 
Notably, the low amount of unfused cells with a flat PM interface and no intervening CW material 
suggests that this is a rare intermediate stage that would result either in fusion once a Prm1p-
independent fusion pathway is engaged, or revert back to a less lethal pre- CW remodeling stage. 
While both events result in a ‘corrective’ outcome, reverting back to a less lethal pre- CW 
remodeling stage would suggest possible CW regeneration and reorienting of the mating cells to 
find new mating partners or exit from G1 phase to reenter budding ([266]). While it is unclear how 
quickly such mating pairs would revert, it is likely that the Pun1p-mediated tight junction-like 
structure functions as signaling platform for downstream activation of the CWI pathway. Although 
Pun1p has been implicated in the CWI pathway due to its upregulation upon metal ion stress, it is 
unlikely that Pun1p performs a CWI role during mating. Consistently, no differences in CW 
composition of prm1Δ mutants were observed upon PUN1 overexpression, suggesting that Pun1p 
does not activate the CWI pathway, an observation that does not agree with previous reports 
(Figure 31) ([364]). it is therefore conceivable that Pun1p promotes the formation of a stable tight 
junction-like structure that promotes downstream signaling to activate ‘rescue’ pathways including 
the CWI pathway. Indeed, mammalian tight junctions function as signaling networks that transmit 
information to and from the cytoskeleton and the rest of the cell via the claudins and other tight 
junction associated proteins ([435]).  
 
Additionally, the rare phenotype would imply that Pun1p is part of a machinery that negatively 
regulates fusion, such that a more readily observed phenotype would be possible when more 
components of this machinery are perturbed. Consistently, only a slight but significant increase in 
fusion was observed when PUN1 was deleted in prm1Δ mutants (Figure 27). Additionally, a 
unilateral fusion inhibition activity is observed when PUN1 is expressed in one mating type, 
suggesting that other components of tight junction-like structure exist that interact with Pun1p 
(Figure 33). Indeed, additional proteins such as Ina1p, Fat3p, Dcv1p, Rim9p and Ecm7p, that show 
high sequence homology to Pun1p exist (Figure S1). While proteins such as Ina1p and its paralog 
Fat3p are localized to the PM although their exact function is unknown, Ecm7p has been implicated 
in the high affinity Ca2+ influx system (HACS) that is activated upon pheromone response. However, 
in contrast to other proteins involved in high affinity Ca2+ influx such as Mid1p, Cch1p and the low 
affinity Ca2+ influx system (LACS) regulator Fig1p, the ecm7Δ mutants fuse efficiently suggesting 
that Ecm7p likely performs roles other than Ca2+ influx. Notably, Ecm7p contains the highly 
conserved claudin-like motif in ECL1 suggesting that it could interact with Pun1p to regulate fusion 
([438]). Future studies to determine possible Pun1p interactors will therefore shed more light on 
the Pun1p fusion inhibition activity. 
 
Taken together, these data suggest that Pun1p is a component of a previously undescribed 
negative regulatory network that specifically operates at the PM fusion step. During mating, Pun1p 
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and other unknown components mediate the formation of a tight junction-like structure that acts as 
a fine-tuning checkpoint to ensure fusion fidelity especially in a fusion-compromised background 
such as prm1Δ. However, this model leaves many unanswered questions such as: the molecular 
mechanism of Pun1p as a negative regulator of PM fusion, whether Pun1p interacts with other 
SUR7-family proteins or novel proteins such as Ecm7p, and how these interactors are affected in 
the respective mutants. Lastly, it remains unknown whether the Pun1p-mediated tight junction-like 
fine-tuning checkpoint results in activation of the general CWI pathway, implicating Pun1p as a 
bridge between PM fusion step and the CWI pathway. 
 
 

 
 
Figure 41: Proposed mechanism of Pun1p fusion inhibition activity. During mating, Pun1p is expressed and 
localized at the mating junction. At the junction, Pun1p forms both homotypic and heterotypic intercellular trans-
interactions resulting in the formation of a tight junction-like structure that holds the PMs in close apposition prior 
to PM fusion. In presence of a functional fusion machinery such as in WT conditions, the junction structure is 
disassembled to facilitate PM fusion. In presence of a defective fusion machinery such as prm1Δ deletion mutants, 
the tight junction-like structure is reversibly reinforced via recruitment of additional junction molecules, 
generating a tighter assembly. Dotted arrow indicates the reversible CW remodeling step. The Pun1p-mediated 
tight junction-like structure pathway is distinct from the lysis and cytoplasmic bubble formation pathways that are 
activated in presence of a defective fusion machinery.  
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7 CONCLUDING REMARKS 
 
Cell-cell fusion is a fundamental process in eukaryotic development. The merging of two 
membranes is a critical step in all cell fusion events. Yeast mating provides a genetically amenable 
system to understand the molecular mechanisms of membrane fusion during sexual reproduction. 
The work herein aimed at identifying and characterizing novel players of PM fusion during yeast 
mating. By employing a range of molecular approaches, Pun1p was identified as a component of 
the yeast fertilization synapse that negatively regulates cell fusion.  
 
Pun1p, a SUR7-family protein that constitutes the MCC/ eisosome PM domain, undergoes 
differential regulation during yeast mating. Pun1p is highly pheromone-upregulated and localizes 
at the cell surface and is enriched at the shmoo tip and mating junction. Notably, Pun1p is retained 
at the mating junction before and after PM fusion, suggesting that it plays a role in the fusion 
process. Once PM fusion is complete and cytoplasmic mixing occurs, Pun1p is redistributed to the 
neck of the mating bridge before re-localization to the vacuoles for degradation. By employing a 
combination of yeast genetics tools, compelling evidence indicates that Pun1p negatively regulates 
PM fusion. Similarly to mammalian claudins, the conserved residues of the Pun1p extracellular 
claudin motif facilitate its localization at the mating junction where it possibly forms heterotypic and 
homotypic trans-interactions, resulting in the formation of a putative tight junction-like structure 
consisting of two closely apposed membranes. It is plausible that this junction-like structure not 
only anchors the fusion machinery, but also forms a barrier that prevents unwanted PM fusion 
especially in the presence of a compromised fusion machinery. Importantly, the Pun1p-mediated 
tight junction-like structure represents a novel pathway which appears to operate in the absence of 
a functional fusion machinery such as in prm1Δ mutants. 
 
Further work is needed to ascertain Pun1p activity in other CW remodeling and PM fusion-related 
mutants such as FUS1, FUS2, KEX2 and the ergosterol biosynthesis genes ERG6, ERG4 and 
ERG3. Such studies will help clarify the role and stage of Pun1p activity. Secondly, studies to 
identify and characterize putative Pun1p interactors will not only reinforce the proposed hypothesis 
but will also reveal additional players of the yeast fusion machinery. Thirdly, this study has unveiled 
a new function of S. cerevisiae Pun1p. The question of whether Pun1p function is conserved in 
other fungi remains open. Nonetheless, this study provides a roadmap that can be applied in 
identifying Pun1p-like proteins in other fungal species and possibly in mammalian sperm-egg fusion 
studies. Importantly, unregulated PM fusion has been proposed as a positive regulator of cancer 
progression especially following viral infection ([439]). Formation of hybrid cells with metastatic 
functions result in cancer progression. Identification of Pun1p-like proteins or proteins with claudin-
like barrier properties may prove necessary in cancer therapies.  
 
Secondly, ISC1, encoding the inositol phosphosphingolipid phospholipase C protein, was identified 
as another novel player of PM fusion. Isc1p is pheromone upregulated and localized at the shmoo 
of polarized cells. Although less effort was put in characterizing this protein, preliminary findings 
show that isc1Δ mutants mate with about 80% fusion efficiency. These findings suggest that Isc1p 
is a putative component of the fusion machinery, possibly via the sphingolipid catabolism pathway. 
Future work will help shed more light on the role of sphingolipids in yeast mating. 
 
Finally, this thesis has demonstrated the applicability of HRP-mediated proximity labeling in 
identifying novel components of the yeast cell fusion machinery. Using N-terminally tagged HRP-
Fus1p, the recombinant protein is expressed and localized at the shmoo tip and mating junction. 
Notably, HRP-Fus1p mediates a specific and localized labeling at the tip and base of the shmoo. 
While this approach remains to be adopted in mating cells, it has sufficiently demonstrated the 
possibility of employing a HRP-mediated proximity labeling approach in mapping yeast extracellular 
or oxidized environments. Additionally, the use of the membrane-impermeant Biotin-AEEA-Phenol 
allows the exclusive labeling of the extracellular environment. This is the first of its kind in yeast 
and opens avenues for future proximity labeling studies in other fertilization systems. 
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9 SUPPLEMENTARY INFORMATION 
 
Table S1 
 
Gene Protein function according to the Saccharomyces Genome Database (SGD) 
ASG7 MATa specific gene. Protein regulates pheromone response signalling via the G 

protein beta subunit Ste4p.  
CHS1 Pheromone regulated gene encoding Chitin synthase 1. Required in chitin septum 

repair during cytokinesis. 
FIG1 Factor- Induced gene 1 protein required in regulation of low affinity Ca2+ influx 

(LAC) system. Involved in PM fusion. 
FUS3 Mitogen-activated serine/threonine protein kinase (MAPK) required in mating. 
ISC1 Inositol phosphosphingolipid lipase C involved in sphingolipid catabolism. 
PRM1 Pheromone-regulated membrane protein involved in PM fusion during mating. 
PRM3 Pheromone-regulated membrane protein required in nuclear envelope fusion during 

karyogamy. 
PRM4 Pheromone-regulated membrane protein proposed to function in yeast mating. 
PRM5 Pheromone-regulated membrane protein involved in the cell integrity signaling. 
PUN1 Plasma membrane protein upregulated during nitrogen stress. Protein co-localizes 

with Sur7p in punctate patches and is part of the cell wall integrity (CWI) pathway.  
SAG1 Alpha-agglutinin expressed on MATα cells. Involved in agglutination by binding to 

Aga1p on MATa cells. 
SST2 GTPase-activating protein involved in regulating desensitization to α-factor 

pheromone. 
STE13 A Golgi-integral membrane Dipeptidyl aminopeptidase required for maturation of α-

factor pheromone. 
STE2 A seven Transmembrane G-protein coupled receptor (GPCR) protein for α-factor 

pheromone. Expressed in MATa cells. 
YCR043C Putative protein of unknown function. 
YHR097C Protein involved in clathrin-mediated endocytosis. Protein localizes to the cytoplasm 

and nucleus. 
YIL108W Putative metalloendopeptidase that form cytoplasmic foci during DNA replication 

stress. 
YJL049W Charged multivesicular body protein that localizes to the ER presumably as part of 

an ESCRT-III like complex. 
YML131W Protein of unknown function. Expression increases during osmotic shock or DNA 

replication stress. 
YMR315W Protein with NADP(H) oxidoreductase activity. Expression increases with increased 

DNA replication stress. 
YNL208W Protein of unknown function. 
YNR065C Protein of unknown function. Possible role in actin patch formation. 
YNR066C Putative membrane protein of unknown function. 
YPR170W-
B 

Putative non-essential component of the vacuolar ATPase. Localizes to the vacuole 
membrane. 
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Figure S1: (A) Pun1p is localized at the collar of the mating bridge and in vacuoles in fused cells. Scale bar= 
5µm. (B) Pun1p hits with >99% probability are mainly SUR7-family proteins and previously characterized 
tetraspan proteins including mammalian claudins.  
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Figure S2: Deletion mutants of eisosomal proteins fuse similarly to WT cells. PM is stained with FM4-64 and 
cells mated for 3.5 h in YPD. Scale bar= 5 µm. Adapted from: manuscript in preparation. 
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Figure S3: Fig1p is localized at the collar of the mating bridge and vacuoles in fused cells, similarly to Pun1p. 
Scale bar= 5 µm. 
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Figure S4: Deletion of SUR7 does not suppress the prm1Δ fusion defect. The mild suppression observed in the 
prm1Δpun1Δsur7Δ mutants is due to PUN1. Error bars denote SEM of three independent experiments. 
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Figure S5: Overexpression of PUN1 enhances the prm1Δpun1Δ and pun1Δfus1Δ fusion defects. A higher fusion 
inhibition activity was observed in the prm1Δpun1Δ than the pun1Δfus1Δ mutants. Error bars denote SEM of three 
or more independent experiments. 
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Figure S6: PUN1 overexpression in prm1Δpun1Δ mutants leads to the appearance of a flat PM interface with 
no intervening CW material. (A) A late prm1Δpun1Δ- EV prezygote with a cytoplasmic bubble in which no CW 
material is observed. (B) Representative images of the flat PM interface with no intervening CW material 
phenotype upon PUN1 overexpression. Scale bar= 5 µm. Adapted from: manuscript in preparation. 
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Figure S7: Mutating all the conserved claudin motif residues results in modification of the monomeric protein 
and a reduction in junction localization. (A) About 50% of the AAA+C79SC90S mutant protein is present at the 
PM, suggesting that the modified protein (B) is still localized at the mating junction. Cells expressing WT-Pun1p-
mNG or the mutant proteins were mated to pun1Δfus1Δfus2Δ mutants to slow down the fusion process and allow 
sufficient mating pairs to localize the Pun1p proteins at the junction before PM fusion after 90 min of mating. 
Adapted from: manuscript in preparation. 
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Figure S8: (A) Generation of HRP-FUS1 using the 5-FOA negative selection approach. Strains harboring a 
URA3 gene do not grow on 5-FOA-containing media. (B) WT Fus1p-GFP is expression only upon pheromone 
treatment and is localized at the shmoo tip (white arrow). Scale bar= 5 µm 
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