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1.1. Candida albicans 
 
Candida albicans 
The yeast Candida albicans is one of the 1.5 million species of the fungal kingdom. 
Fungi are eukaryotic organisms that often live in soil and together with bacteria are 
largely responsible for decomposing organic material. However, a small 
percentage of fungal species (~150) can cause infections of plants, animals and 
humans. C. albicans is a polymorphic human commensal found asymptomatically 
in the gastrointestinal tract of most healthy individuals. It can easily switch to an 
opportunistic lifestyle, invade tissues and cause infections, which in 
immunocompromised individuals can even lead to death (1).  
 
Morphology 
C. albicans is a morphologically diverse organism that, depending on the 
environment and growth conditions, can exist in three forms: true hyphae, 
pseudohyphae or yeast (Figure1B [C, D, and E]) (2). Candida cells typically grow 
as yeast with a morphological appearance very similar to that of diploid 
Saccharomyces cerevisiae at 30 oC, and propagate via asymmetric budding. 
Hyphae are characterized by tubular apical growth and formation of non-
constricted septa at the borders of each cell. The switching to this type of 
filamentous growth is typically induced by an increase in temperature to 37 oC 
combined with additives such as serum in the culture medium, high pH or different 
types of stress conditions (1). Morphologically, pseudohyphae represent a form 
between yeast and hyphae, often exhibiting apical growth and characterized by 
constriction at cell junctions (1). More recently a new morphological form was 
observed, the “opaque” cells, which were shown to regulate mating efficiency (3, 
4). Opaque cells are mating competent cells homozygous for either one of the 
mating-type locus genes, a/a or α/α. Mating occurs under specific conditions and 
appears to be very common on skin (5, 6). 
The morphological diversity of C. albicans, in particular its ability to switch between 
yeast and hyphal growth, is thought to contribute to its virulence. In support of this, 
it has been shown that Candida cells that cannot form hyphae (7-10) and cells that 
grow exclusively as hyphae (11, 12) are avirulent. The subject is far more complex 
though, as the interplay between host and fungus or the stage of infection can also 
affect fungal morphogenesis (13, 14).  
C. albicans is also able to form biofilms. Biofilms are differentiated populations of 
microbes that adhere to surfaces and are enveloped in an extracellular matrix (7). 
The extracellular matrix acts as a barrier to both effectors of the immune system 
and antifungal drugs, often resulting in persistent infections. Biofilm formation on 
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medical devices can be a persistent source of infection and is a major issue in 
most nosocomial (hospital-acquired) infections (7, 9, 10). 
 
Genetics 
For a long time C. albicans was considered to be an asexual fungus but recently a 
parasexual life cycle has been reported that is directly linked to white-opague 
switching, which is a phase transition controlled by the MTL (Mating Type Like) 
locus. Opaque cells are diploid and contain two copies of either the MTLa or -α 
locus. Mating occurs between cells containing the opposite MTLs producing a 
tetraploid cell that returns to the diploid state by random chromosome loss (3, 11). 
Genetic manipulation of C. albicans is more complicated than that of other yeast 
species mainly because it is an obligate diploid (15) and, until recently, it lacked a 
well-defined sexual cycle. A confounding problem is the high frequency of 
chromosome rearrangements that make it difficult to link a certain mutation with a 
phenotype. Making gene deletions in Candida is a two-step procedure in which the 
two alleles are sequentially knocked out using either auxotrophic or dominant 
(antibiotic resistance) markers (16). Because of its extensive chromosome 
polymorphism the constructed double knock out cells need to be checked for the 
presence of a third allele. Finally, when using genetic manipulation tools originally 
designed for other fungi or expressing heterologous genes in C. albicans, the CUG 
codons (specifying for leucine in most organisms) need to be removed as in 
Candida species this codon specifies for a serine residue (17, 18). Strains used in 
most labs (including ours) are auxotrophic for histidine, arginine and uracil, while 
some have a fourth auxotrophic marker allowing deletion of two genes in the same 
strain. More recently, methods have been developed to recycle the auxotrophic 
marker using a Cre-loxP system, enabling multiple rounds of gene disruption (19).  
 
Virulence 
All the different features that are actively involved in the ability of C. albicans to 
cause infections constitute its virulence, thus including a variety of different genes 
(20). As mentioned earlier, the morphological plasticity of C. albicans is tightly 
connected to its virulence, in particular its ability to switch between yeast and 
hyphal growth. The observation that hyphae and pseudohyphae can grow invasive 
in agar plates and hyphae can penetrate epithelial cells indicates that this 
morphological form of the fungus is invasive (21). Other genes that are expressed 
during hyphal growth and may contribute to its virulence are adhesins and secreted 
proteins.  
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Epidemiology 
Due to its commensal lifestyle, C. albicans resides naturally in the gastrointestinal 
(GI) tract and oral cavity of humans without promoting any major immune 
response. A number of factors can contribute to its ability to invade other parts of 
the body and cause infection. To name a few: diet, different types of trauma such 
as burns or wounds, medication that kills its natural competitors in the GI tract and 
leads to an imbalance in the microflora, as well as use of catheters or prosthetics. 
Usually the consequences of a Candida infection are relatively mild and are 
restricted to mucosal surfaces (so called superficial infection). Although this type of 
infection can be persistent, it does not cause a real life threat (22). However, in 
immuno-compromised patients the fungus can invade the organs and cause deep 
mycosis resulting in multi organ failure and death (23-25). 
 
1.2    Other fungal species studied in this thesis 
 
The main interest of the Marie Curie Research Training Network “Penelope” was to 
study evolution of eukaryotic protein interaction networks. For various reasons the 
SH3 (Src Homology 3) domain was chosen as the protein-protein interaction 
module and four evolutionary divergent ascomycetous fungi were selected for this 
study: Saccharomyces cerevisiae, Ashbya gossypii, Schizosaccharomyces pombe 
and C. albicans (Chapter 5). A brief description of these yeast species is given 
below.  
 
Saccharomyces cerevisiae 
S. cerevisiae is one of the most elaborately studied fungi.  Its genome was the fist 
to be fully sequenced in 1997, revealing a total of 6000 genes spread over 16 
chromosomes (29). S. cerevisiae also known as  “bakerʼs or budding yeast” has 
been an invaluable model organism in the fields of genetics, bioenergetics, and in 
molecular biology. The natural habitat of S. cerevisiae is on the sugar-rich skins of 
fruits and berries. Its growth morphology is that of a budding yeast in which a 
daughter cell starts growing out of the mother cell as a small bud. Formation of the 
bud includes an initial, short polar growth phase followed by a longer phase in 
which the bud grows isotropically until its big enough to be detached by the mother 
cell (30). Vegetative growth occurs by budding, but S. cerevisiae can also enter a 
sexual cycle in which two haploid cells of different mating type (a and α) fuse to 
make up a diploid cell (31). The diploid phase is the most common in nature when 
there is an abundance of nutrients, but in time of scarcity diploid cells can undergo 
sporulation and produce a haploid spore that can survive harsh conditions (32).  
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Figure 1: Penelope yeast species. (A) Phylogenetic tree representing the evolutionary distance 
between the four fungal species studied in the “Penelope” project. (B) Characteristic cell morphologies 
for each of the four fungal species. The typical growth morphology of S. cerevisiae is that of a budding 
yeast, [panel A], while A. gossypii grows exclusively in filaments or hyphae [panel B]. The three C. 
albicans morphologies yeast, pseudohyphae and hyphae are depicted in panels C, D, and E, 
respectively. The characteristic elongated cell shape of S. pombe can be seen in panel F. The scale 
bars represent 5μm. The S. cerevisiae cell picture was taken from:  
https://upload.wikimedia.org/wikipedia/commons/thumb/d/d9/S_cerevisiae_under_DIC_microscopy.jpg/
800px-S_cerevisiae_under_DIC_microscopy.jpg.  The A. gossypii picture is reproduced from (26), the 
C. albicans from (27) and the S. pombe from (28). 
 
Ashbya gossypii 
A. gossypii is a  plant pathogen that grows exclusively in filaments and forms 
extensively branched mycelia.  It is the preferred model organism for polar growth 
in which the cell is growing in one direction, exclusively and continuously from the 
tip of the hyphae. A. gossypii filaments can also form lateral branches and tips 
sometimes split into two, all of which keep growing perpetually via tip extension 
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provided there are enough nutrients. The genome of A. gossypii was sequenced in 
2004 and is estimated to code for approximately 4700 genes (33) divided among 7 
chromosomes. It displays an increased homologous recombination frequency 
which sometimes hampers its genetic manipulation (34). The life cycle of this yeast 
has been extensively studied and is reviewed in Wendland et al. (35). 
 
Schizosaccharomyces pombe 
S. pombe, commonly known as “fission” yeast due to the way it propagates, is an 
excellent model organism for cytokinesis as well as polarity studies (36, 37). The 
mother cell elongates symmetrically at two diametric positions in the cell until a 
septum is formed in the middle and the two identical daughter cells are eventually 
released (38). Sequencing of its entire genome in 2002 demonstrated that about 
4800 genes are encoded on 3 chromosomes (39). Of the fungal species studied in 
the Penelope project S. pombe is most evolutionary distant from S. cerevisiae 
(Figure 1A)(36). 
 
1.3 The BAR domain 
 
History  
The BAR (Bin/ Amphiphysin/ Rvs) domain was identified as a conserved α-helical 
region shared by the yeast Rvs proteins and the mammalian amphiphysin/BIN 
(bridging interactor) proteins (40, 41). Soon after its discovery the ability of the BAR 
domain to bind and tubulate liposomes was reported, emphasizing its potential role 
in remodeling cellular membranes and generating de novo membrane curvature 
(42-47). The exact mechanism by which BAR domains sense and/or induce 
curvature is however still open to debate.   
The structural similarity between the BAR domains of human Arfaptin-2 (48) and 
Drosophila Ampiphysin (46, 49, 50) and the ability of both domains to bind and 
tubulate membranes led Peter et al. (44) to propose that the BAR domain is a 
universal membrane-binding and curvature sensing module. Over the last 15 
years, BAR domain-related research has been growing exponentially, making it 
one of the best-studied examples of membrane binding and bending modules. 
They have been found to act in many cellular processes, which is mainly due to 
their excellent membrane binding and reshaping potential. 
 
Structure  
Despite a moderate conservation on sequence level, the structure of BAR domains 
is highly conserved (44). The BAR module has a characteristic concave shape that 
facilitates its main lipid-binding and -bending function. Each BAR module consists 
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of two BAR domain monomers and each monomer of 3 long α-helixes connected 
by two short loop regions. The crescent-shaped dimer displays a central six-helical 
core region whose concave side is the membrane binding unit (Figure 2). This 
region, also known as the membrane binding N-surface (46), is rich in positively 
charged residues that can engage negatively charged phopsholipids in 
membranes (45, 46). In each dimer two arms protrude symmetrically at certain 
angles from each end of the N-surface, usually containing part of the second and 
third α-helix of each domain. The degree of curvature of the domain is mainly 
determined by the dimerization angle, i.e. the angle between the two assembled 
monomers. Domain curvature appears to have a direct impact on the curvature 
imposed on the membranes it binds to and on the recognition of curvature in 
membranes (45, 46, 50-52).  
The BAR superfamily consists of three major subfamilies, the classical BAR/N-BAR 
domains, the F-BAR domains and the I-BAR domains, each characterized by a 
distinct curvature of the domain (46, 53). The classical BAR/N-BAR domains were 
the first to be identified in the N-terminus of amphiphysin homologues as well as in 
arfaptin. They have the biggest intrinsic curvature and, therefore, are able to 
induce positive membrane curvature and tubulate liposomes with the smallest 
circumference (46, 52, 54). N-BAR domains, such as those found in the endophilin 
and amphiphysin subfamilies, are characterized by the presence of an amphipathic 
helix in their N-terminus (also referred to as H0). These amphipathic helices are 
predicted to be unstructured until they penetrate into one leaflet of the lipid bilayer 
whereupon they obtain their α-helical structure. Insertion of H0 is thought to 
facilitate membrane deformation and subsequent binding of the BAR domain 
thereby generating or further stabilizing membrane curvature (45, 51, 55). 
Interestingly, one of the loop regions of the endophilin N-BAR monomer contains 
an extra amphipathic helix (also referred to as H1I [Helix 1 insertion]). Mutagenesis 
studies have shown that the extra amphipathic helix of endophilin is crucial for the 
dimerization of the domain and contributes to its ability to tubulate liposomes (53, 
56).  
The F-BAR domain consists of a Fes/CIP4 homology (FCH) domain and a coiled-
coil region with a highly conserved short motif in its C-terminus, which together fold 
like a classical BAR domain. F-BAR domains also form dimers that are able to bind 
and induce positive curvature in membranes both in vitro and in vivo (45, 52, 54). 
F-BAR domains were first identified in S. pombe Cdc15 homology proteins, which 
are involved in various actin organization processes (57).  
The I-BAR domain is a variation of the classical BAR domain whose members are 
able to promote negative membrane curvature. The dimer itself has negative 
intrinsic curvature with the positively charged region in its convex face, which is in 
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line with the type of curvature that it is able to promote (58, 59). The I-BAR 
domains were first identified in MIM and IRSp53 and they have been implicated in 
filopodia formation (60, 61). Pinkbar, is a newly identified BAR domain that belongs 
to this subgroup which binds but doesnʼt bend membranes; in fact it appears to 
stabilize flat membrane structures (62). 
 
 

 
 
Figure 2: BAR domain family structure.  
Domain structures of the BAR superfamily depicting the different degrees of intrinsic curvature of each 
subfamily. All protein structures are obtained from the Protein Data Bank (PDB) 
(http://www.rcsb.org/pdb/home/home.do). Each domain consists of two monomers, one is depicted in 
light grey and one in blue. (A) The N-BAR domain of BRAP1  (PDB accession code 4I1Q). (B) The F-
BAR domain of PACSIN (PBD accession code 3HAH). (C) The I-BAR domain of IRSp53 (PDB 
accession code 1Y2O). (D) The PinkBAR domain (PDB accession code 3OK8).  
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Dimerization 
The membrane reshaping potential of the BAR domain relies heavily on its ability 
to form stable dimers, which is the basis for its characteristic “banana” shape 
structure. Indeed, mutations in the BAR domain of endophilin that inhibit 
dimerization also show impaired membrane binding and bending profiles (53, 63). 
The BAR domain dimer is stabilized by hydrophobic interactions between the two 
monomers in an area spanning approximately 20% of each monomer surface in 
solution.  Free energy gains calculations suggest that dimers are highly stable 
compared to monomers (46). Dimerization studies on the BAR domain of 
endophilin A1 highlighted the role of the third helix of the BAR domain in 
dimerization. In the same study, Gortat et al., have shown that mutation of 
conserved hydrophobic residue leucine 215 to aspartic acid hinders dimerization 
and alters its membrane binding behavior (63). Our preliminary mutagenesis 
studies on the C. albicans N-BAR proteins Rvs161 and Rvs167 suggest that 
heterodimer formation between these two proteins is regulated in a way similar to 
that of endophilin A1 (see Addendum to Chapter 2). 
Both homo- and hetero-dimerization has been observed although hetero-
dimerization is more common in particular within the N-BAR subfamily. Some BAR 
domains are able to form heterodimers with more than one partner. For example 
the BAR domain of amphiphysin 2 can form heterodimers with a member of the 
same protein family, namely amphiphysin 1 (64), but can also form stable 
heterodimers with Snx4 (65). The exact molecular mechanisms that determine 
dimer formation and selectivity towards homo- or hetero-dimerization remain poorly 
understood. In the case of Snx33 certain amino acids in the dimer interface appear 
to promote homodimer- and hinder heterodimer formation with the BAR domain of 
Snx9 (66).  
 
Auto-inhibition 
One way for the cell to regulate protein function is via auto-inhibition. This often 
entails an inducible conformational change that hinders the normal function of the 
protein. In the context of BAR domain functionality, auto-inhibition is often achieved 
by intramolecular interaction of the BAR domain with another part (domain) of the 
BAR protein thereby temporarily hampering dimerization and membrane 
association. A nice illustration of this type of auto-inhibition is given by syndapin. 
The C-terminal SH3 domain of this F-BAR protein binds transiently to a PxxP motif 
in the C-terminal F-BAR domain thereby hindering its liposome tubulation capacity 
(67). Binding of dynamin, syndapinʼs natural SH3 ligand, abolishes the auto-
inhibition thus releasing the membrane reshaping capacities of a fully functional F-
BAR domain in the proper time and space (67). Similar results have also been 
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observed with the N-BAR domain of endophilin, where the amphipathic Helix0 can 
form an intramolecular interaction with the SH3 domain (68, 69). BAR domain auto-
inhibition has also been shown for Srgp-1 in C. elegans (70) and srGAP2 in 
neurons (71). 
 
Models for BAR domain generated membrane curvature  
The mechanistic principles that govern BAR domain-mediated membrane 
deformation have been a field of intense debate and to this day the exact 
mechanism remains elusive. There are two prevailing theories/models, namely the 
“scaffolding model” and the “amphipathic insertion model” presented in Figure 3. 
Recently a third model, the “molecular crowding model”, has been proposed 
whereas potential interplay between models is also considered.  
 
Scaffolding model  
In this model the membrane deformation is a result of electrostatic interactions 
between the positively charged concave surface of the BAR domain and negatively 
charged phospholipid head groups in the membrane. Following its initial binding, 
the domain is able to impose its banana shape geometry on the membrane (72-
74). In support of this model Mim et al. have provided structural evidence for 
endophilin BAR domain-induced membrane deformation (56). 
 
Amphipathic insertion  
According to the amphipathic insertion model, the membrane bending is promoted 
by insertion of amphipathic helices in the lipid bilayer (75-77). The amphipathic 
helices penetrate the lipid bilayer to a certain depth thereby creating a kink in the 
shape of the membrane by pushing away the lipids adjacent to it. This membrane 
conformation is then stabilized by the core BAR domain that binds to the surface of 
the membrane (73, 74). BAR amphipathic helix insertion has also been associated 
with membrane fission (78). Other membrane binding domains such as ENTH 
domains also use insertion of amphipathic helices in order to bind to lipids (79). 
 
Molecular crowding  
Membrane bending via molecular crowding is the third model and it basically 
proposes that high membrane coverage of proteins is able to induce membrane 
bending (80). 
 
Function  
The ability of the proteins of the BAR domain superfamily to sense and promote 
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Figure 3: Models for BAR domain-generated membrane curvature. 
The scaffolding model. The BAR domain electrostatically binds the lipid bilayer and deforms it by 
imposing its curved geometry to the membrane. The BAR domain of Arfaptin (PDB accession code 
1I49) is used. 
The amphipathic insertion model. The amphipathic helixes of the N-BAR domain are inserted into the 
membrane monolayer causing local membrane deformation, which is stabilized further by the core BAR 
domain. The N-BAR domain of endophilin  -A1 (PDB accession code 1ZWW) is used. 
 
membrane curvature are fundamental to their role in many cellular processes that 
involve membrane remodeling, such as endocytosis, exocytosis, cytokinesis, 
autophagy, vesicle transport and filopodia formation (Figure 4A). In addition, a 
group of BAR domains physically and functionally interacts with small GTP binding 
proteins emphasizing their role in cell signaling and expanding the spectrum of 
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BAR related functionality. Lately there is also an effort in understanding their role in 
cancer (81, 82), blood disorders (81, 82), auto-inflammation (82, 83) and 
neurological related disorders (43, 82, 84, 85).  
 
Endocytosis 
Clathrin mediated endocytosis (CME) is an inducible process via which the cell 
internalizes material from the extracellular space and recycles lipids and proteins 
(68, 87). During this process membrane vesicles and tubules are produced and it 
may not come as a surprise that BAR domain-containing proteins have a pivotal 
role in it. CME is an excellent example of the interplay between membrane 
curvature-generating proteins and the actin-polymerization machinery that involves 
timely assembly and disassembly of numerous protein complexes (87-90). 
Although most of the protein components are conserved from yeast to humans 
there are some differences concerning the roles of dynamin, actin and actin 
adaptors (87, 91-93) in CME. For example actin is fundamental in CME in yeast 
but is not essential in many mammalian cells (90). 
In mammalian cells the dynamin proteins are linked to the scission phase of CME 
(42, 91), a role traditionally attributed to the Rvs proteins in yeast. Only recently an 
endocytic role has been attributed to the yeast dynamin homolog Vps1 during 
scission (94, 95). By using live-cell imaging of fluorescently tagged endocytic 
proteins and time-resolved electron tomography the group of Kaksonen (86) has 
dissected the average endocytic event in budding yeast into three main phases 
(Figure 4B). In the first phase, the coat protein clathrin assembles at the site of 
endocytosis and cargo associates with the proper receptors. This is followed by the 
formation of the WASP-myosin complex that is responsible for assembly of the 
actin network (87, 96, 97). In the second phase, the flat membrane surface begins 
to move inwards, the actin network starts developing and the N-BAR proteins, 
Rvs161 and Rvs167, bind to the slightly bend membrane increasing its curvature. 
The BAR domain-containing proteins seem to enhance the positive membrane 
curvature whereas the actin network offers the necessary mechanical support for 
the simultaneous inward movement of the membrane (88, 98). Notably, during 
endocytosis SH3 domain-mediated interactions play an import role in the assembly 
of protein complexes (see paragraph 1.4). During the last phase of CME, the 
vesicle is formed and released from the membrane. The Rvs proteins 167 and 161 
are strongly associated with the pinching off of the vesicle from the plasma 
membrane (92). After release of the vesicle most of the protein complexes are 
disassembled and the vesicle is targeted to early endosomes in an actin-
dependent manner (96, 97). In yeast, Rvs family proteins have also been 
associated with sphingolipid biosynthesis (99, 100) as well as with cell fusion, the 
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Figure 4: BAR domain function. 
(A) Overview of major BAR domain functions. (1) Numerous BAR domains are associated with 
clathrin-mediated endocytosis (CME). In yeast the Rvs161 and Rvs167 proteins are responsible for the 
pinching of the endocytic vesicle from the plasma membrane. In mammalian cells the Rvs homolog 
amphiphysin together with endophilin are associated with the pinching step, whereas F-BAR proteins 
are involved in the early (FCHO1 and FCHO2) as well as in the later phase (CIP4, PACSIN, Toca-1) of 
CME. (2) The F-BAR containing proteins Cdc15, Imp2, Reg4 and Hof1 as well as the N-BAR protein 
Rvs167 are involved in different stages of cytokinesis. (3) The negative curvature imposed by the I-BAR 
protein IRSp53 is crucial for filopodia formation.  Toca-1 is implicated in the same process. (4) 
Endophilin is linked to exocytosis in neurons whereas in yeast Rvs167 seems to play a role in this 
process. (5). In autophagy Bif1/endophilin B1 help to generate membrane curvature required for 
autophagosome formation. 
(B) Clathrin-mediated endocytosis in yeast. A detailed description of the process can be found in 
the text. Figure adopted from Kaksonen et al. (86). 
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later via Rvs161 interaction with Fus2 (101).  In Chapter 2 we present our findings 
on the Rvs protein family of C. albicans. We establish the involvement of the 
Rvs161/Rvs167 heterodimer in endocytosis in this organism and characterize a 
novel N-BAR heterodimer, Rvs162/Rvs167-3, which is unique to C. albicans and 
its closely related species.  
 
Exocytosis 
There is accumulating evidence in both yeast and mammals that BAR domain- 
containing proteins are involved in exocytosis. Simplistically exocytosis is 
endocytosis in reverse, where the cell secretes material (waste or otherwise) from 
the cell interior to the exterior space. The endocytosis/exocytosis cycle of synaptic 
vesicles (SVs) is extensively studied in neurons. Exocytosis and endocytosis of 
SVs is strictly regulated to maintain a releasable pool of neurotransmitter-
containing SVs. The BAR protein endophilin seems to be in the center of this cycle, 
functionally coupling endocytosis and exocystosis in mammalian neurons (102). In 
yeast Prigent et al. have recently established a role for Rvs167 in exocytosis. 
Rvs167 is recruited to polarized exocytosis sites as a result of its SH3-mediated 
interaction with the small G-proteins Gyp5 and Gyl1 (103). In Chapter 5 we tried to 
predict if these SH3-mediated interactions are conserved in the other three 
Penelope yeast species. We were able to map the putative Type II PxxP motif in A. 
gossypii and C. albicans Gyp5 and Gyl1, but not in S. pombe Gyp5. These 
observations suggest that in S. pombe Rvs167 (called Hob1p) may not have a role 
in polarised exocytosis. 
 
 Cytokinesis 
The functional repertoire of BAR domain proteins also includes cytokinesis. 
Cytokinesis is the process by which a single cell divides its material (cytoplasm, 
organelles and chromosomes) to form two daughter cells. This process involves a 
strict coordination between plasma membrane deformation and the cytoskeleton.  
Some of the key players in this process are BAR-containing proteins of the F-BAR 
subfamily. Pioneering work in fission yeast S. pombe has revealed important roles 
for the F-BAR domain-containing proteins Cdc15, Imp2 and, more recently, Rga7 
(104) in different stages of cytokinesis. In Chapter 4 we propose a role for the 
newly identified F-BAR domain-containing protein SpSfp47 in complex with 
SpRsp1 and SpMto1 in disassembling the eMTOC (equatorial Microtubule 
organization centre) after cytokinesis. Also in S. cerevisiae two BAR proteins, Hof1 
(an F-BAR protein) and Rvs167, play a role in cytokinesis (105). 
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Autophagy 
Autophagy is another example of a cellular process that involves drastic membrane 
rearrangements. During authophagy bulk (or sometimes targeted) degradation of 
cytoplasmic components takes place in the lysosomes.  It involves the formation of 
a double-membraned vesicle  (autophagosome), which engulfs the material that is 
destined for lysosomal degradation. The N-BAR domain of endophilin B1 is 
involved in generating the essential membrane curvature for autophagosome 
formation (106). 
 
Filopodia formation 
Filopodia are membrane protrusions of the cell rich in actin filaments that are 
mainly used to sense the environment. Some type of filopodia requires proteins 
with I-BAR domains to induce, through their convex surface, a negative curvature 
of the plasma membrane. The mammalian IRSp53 protein is one example of an I-
BAR protein whose function is crucial for filopodia formation (60, 61, 107).  
 
Binding of small G proteins (role in G-signaling) 
In addition to being major mediators of membrane reshaping, some BAR domains 
are also small GTPase effectors and, therefore, actively involved in divergent 
signaling cascades (108). Detailed analysis of the exact mechanisms that mediate 
the BAR/small G proteins interplay is hindered by the fact that these proteins are 
often components of larger protein complexes. Tuba is a multi-domain protein that 
is involved in synaptic vesicle regulation in neurons (109, 110) and in cell polarity 
and cell junction integrity in endothelial cells (111, 112). It is the only BAR domain-
containing protein that also has a RhoGEF (Guanine Nucleotide Exchange factor) 
domain and its main role in endothelial cells is to target activated Cdc42 to specific 
sites relevant to polarity. Although the detailed mechanisms are not yet clear the 
current model of Cdc42 activation by Tuba BAR domain is intriguing.  
 
1.4    The SH3 domain 
 
History 
The Src Homology 3 (SH3) domain was initially described in a variety of different 
signaling and cytoskeleton proteins, as a small conserved region homologous to 
the non-catalytic domain of Src and phospholipase C (113-115). Its function was 
initially enigmatic mainly due to its small size and lack of any catalytic activity. Van 
Etten et al. (116, 117) and Jackson & Baltimore (118, 119)  were among the first to 
pinpoint the importance of the SH3 domain by showing that deletion of the domain 
in the c-Abl protein is sufficient to affect its localization and oncogenic capacity in 
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mouse fibroblasts. The first SH3 domains in bakerʼs yeast were identified in Abp1 
and Myo1 (113, 120) and a potential role of SH3 domains in signaling pathways 
was suggested. The observations of Clark et al. (116) that the C. elegans cell-
signaling protein Stem-5 consists only of SH2 and SH3 domains firmly established 
the role of SH3 domains in cell signaling. Shortly thereafter, the first two binding 
partners for the c-Abl SH3 domain were identified, establishing its function as a 
protein-protein interaction module. Mapping of the SH3 binding region in these 
proteins revealed that a proline-rich region containing a PxxP binding motif (where 
P stands for proline and x for any amino acid) is required for SH3 interaction (118, 
121-124). In the early 90s there is an increased interest in protein-protein 
interaction modules and the structures of at least three SH3 domains are solved 
(120, 125-127). Ever since, the abundance of SH3 domains in the genomes of 
evolutionary divergent eukaryotes, from yeast species to humans, coupled with 
certain biophysical characteristics that make it relatively easy to handle (e.g. its 
small size ~60 amino acids), gave rise to a tremendous amount of information, 
establishing the SH3 domain as one of the best-studied members of the family of 
protein-protein interaction modules. 
  
Function  
More than 400 SH3 domains are estimated in the human genome and even the 
modest genome of Saccharomyces cerevisiae encodes 27 of them (98, 128-130). 
Their high numbers together with their occurrence in evolutionary distant species is 
indicative of the functional importance of these protein-protein interaction modules. 
SH3 domains are known to be involved in numerous signaling cascades and 
cellular processes such as cell growth, endocytosis, actin dynamics and 
cytoskeletal organization, polarity, apoptosis to name a few (123, 124, 131). In 
budding yeast many of the SH3 domain containing proteins are involved in 
cytoskeletal organization (131-133) and a surprising high number of them is 
implicated in different stages of endocytosis (86, 96, 98, 134).  
 
Structure and ligand binding pocket 
SH3 domains are about 60 amino acid long globular domains. Over the last 20 
years a wealth of structural information has been gathered both from NMR and X-
ray crystallography studies. The availability of many of high-resolution SH3 
structures, both in the unbound state as well as in complex with (peptide) ligands, 
have revealed the specifics of ligand binding in detail (135, 136).  The core SH3 
structure is formed by a relatively small β-barrel fold that consists of 5 closely 
packed antiparallel β strands, which are linked via three loop regions, the RT, the 
n-Src and the Distal loop (120, 131, 133) (Figure 5). An elongated patch of 
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aromatic residues forms a shallow hydrophobic pocket facilitating binding to the 
two canonical proline residues in PxxP ligands. The first hydrophobic binding 
groove is formed by a highly conserved motif called the WPY triad. A second 
binding groove is formed by the hydrophobic motif that can be represented as 
Y/FxY/F in which the first aromatic residue binds the second proline in the ligand. 
Finally, a conserved polar motif present in the RT loop contributes to ligand binding 
specificity by interacting with a charged residue in the ligand (Figure 5) (137, 138).  
 
 

Figure 5: Complex structure of SH3 domain with PxxP ligand.  
(A) The domain is depicted in grey and the Type I PxxP ligand in green. The n-src and the 
RT loop of the SH3 are indicated and the primary ligand-binding pocket coordinated by the 
WPY triad is depicted in red. (PBD accession code 1PRQ) 
(B) Same as in (A) only the Type II PxxP ligand is shown in yellow. (PDB accession code 
1PRL).  
 
Canonical PxxP ligands  
There is compelling evidence that SH3 domains recognize core PxxP motifs in 
their binding partners (121, 136, 139, 140). The proline rich ligands adopt a left-
handed helical conformation termed polyproline-2 (PPII) helix. The PPII helix 
conformation enables PxxP motifs to bind in two different orientations in the SH3 
binding pocket. It remains unclear, however, whether ligands obtain a PPII 
conformation upon SH3 binding or whether they are already folded prior to binding 
(141, 142). It is common in the field to divide the PxxP ligands in two main groups: 
Type I ligands have the general consensus R/KxxPxxP and Type II have the 
general consensus PxxPxR/K (where R stands for arginine and K for lysine) (121, 
139). The conserved tryptophan in the WPY triad is responsible for the packing of 
the side chain of positively charged R or K of the motifs, and thus defines the 
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orientation of the ligand with respect to the binding pocket. There are domains that 
bind preferentially to one type of motif, and others that are more promiscuous. 
Fernandez-Ballester et al. (143) showed that mutation of a tyrosine residue, 12 
amino acids downstream of the conserved W and two amino acids upstream of the 
conserved P, to an isoleucine in the SH3 of Fyn was sufficient to alter its binding 
profile from promiscuous to binding only type II ligands. The authors hypothesize 
that the hydrophobic isoleucine restricts the mobility of the conserved W, thereby 
abolishing binding of one ligand type (I), while retaining binding of the other type 
(II). More recently a Type III motif has been defined that contains many prolines but 
no charged residues (144, 145). The average SH3-PxxP ligand interaction is 
relatively weak with Kd values of 1-10 μM. It has been shown that residues 
flanking the core PxxP motif can affect the strength of interaction. For example, the 
interaction between the SH3 domain of Lyn and the PxxP peptide of Tip is 
strengthened by a leucine residue C-terminally of the PxxP motif by making extra 
contacts with the hydrophobic pocket of Lyn SH3 (146).  
 
Non-PxxP ligands 
A significant amount of literature suggests that binding of SH3 domains to ligands 
lacking the canonical PxxP core motif is more common than previously thought; not 
only is there accumulating evidence for SH3 domains binding to non-PxxP ligands 
but also for SH3-ligand interactions taking place outside the conserved 
hydrophobic pocket of the SH3 domain (137). An overview of SH3 domains that 
bind non-canonical ligands is given in Table 1. One of the first reported non-
canonical SH3 binding motifs was identified in the Proline Rich Region (PRR) of 
Pak, which is lacking a canonical PxxP motif but still binds with reasonable affinity 
to the SH3 domain of Pix (147). 
In a number of non-canonical SH3 binding motifs there is a preference for charged 
residues, often at the location of the prolines in the PxxP (148). This is illustrated 
by the binding of Mona/Gabs SH3 domain to the RxxK motif present in the PRR of 
SLP-76 (149). This high affinity binding has been mapped to the hydrophobic SH3 
pocket with additional contacts outside of it (148, 150). SLP-76 also binds with 
different affinities through its RxxK motif to a number of other SH3 domains (PLC- 
γ1, Src, Fyn, NCK, Grb2 and PI3K) thereby expanding its binding repertoire (145). 
The RKxxY294xxY297 motif in Skap55 is another example in which polar residues, as 
well as the phosphorylated state of the Tyr294, are important for binding to the 
SH3 domains of Adap (C-terminal SH3), Fyn and Lck (151, 152). Another example 
is the SH3 domain of amphiphysin II, which in addition to the canonical PxxP 
binding motif in Dynamin (95) also binds to a positively charged 
[(K/R)xxxxKx(K/R)(K/R)] motif in its own exon 10 for regulatory purposes (153). 
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The first described motif with a clear preference for a negatively charged amino 
acid is PxxDY, which is present in both e3b1 and in RN-tre and is recognized by 
the SH3 domain of Esp8 (154).  
In yeast there are two well-described examples of non-canonical SH3 binding. The 
SH3 domain of the peroxisomal protein ScPex13 has been shown to bind 
simultaneously to a canonical Type II motif in ScPex14 via its hydrophobic pocket 
and to a non-canonical a-helical peptide in ScPex5 via a region opposite to its 
canonical binding site (155-158). The second is the moderate binding of the 
ScFus1 SH3 to peptides with a R(S/T)(S/T)SL consensus (159, 160).   
In conclusion, while most SH3 domains bind ligands with a core PxxP binding 
motif, non-canonical binding motifs may be more common than previously 
anticipated, adding additional complexity to the SH3 interactome. In Chapter 6 we 
present our findings regarding a non-canonical motif that is void of proline residues 
and binds the SH3 domain of CaRvs167-3. 
 
Table 1. Examples of non-canonical SH3 ligands. 

Origin SH3 protein SH3 target protein Non- canonical ligand 

Mammalian 

PIX PAK 
PPVIAPRPEHTKSVYTR

S 

MONA(Gads), PLC-γ1, Src, 
Fyn, NCK, p85(PI3K), Grb2 

SLP76  
(proline rich region) 

RXXK (SPL-76)  
pept: APSIDRSTKPI) 

ADAP (C-term SH3), FYN 
and LCK SH3 

SKAP55 RKXXY294XXY297 

ESP8 e3b1/Abi1 and RN-tre PXXDY 

Bin1/ M-amphiphysin-II Bin1/ M-amphiphysin-II 
(K/R)XXXXKX(K/R)(K/R) 

 (exon 10: 
RKKSKLFSRLRRKKN) 

Yeast 
ScPex13 ScPex5 

PWTDQFEKLEKEVSEN 
(helical peptide) 

ScFus1 ScBnr1 and ScSTE5 R(S/T)(S/T)SL 
 
 
SH3-mediated interaction networks in yeast 
Networks comprising of protein-protein interactions are abundant in signal 
transduction cascades in all eukaryotes. Signals are transferred via a closed circuit 
of protein components, mainly scaffolds and protein-protein interaction modules, 
often resulting in gene regulation or modification of protein function. Because of its 
small genome S. cerevisiae is frequently used as a model to study proteome-wide 
interaction networks in eukaryotes. Use of different (orthogonal) approaches is 
required to obtain a comprehensive and high-confidence SH3 interactome. 
Methods that have been employed are: random peptide phage display library 
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screening, screening of peptide arrays (so called SPOT), high-throughput yeast 2-
hybrid (161), high-throughput pull-down experiments of in vivo protein complexes 
coupled to mass spectrometry (162) as well as protein fragment complementation 
studies (163).  
Tong et al. introduced an interesting approach combining computational and 
experimental analysis for a more thorough study of the SH3 interaction network in 
yeast. They compared a computational prediction of interactions, based on 
consensus sequences derived from random peptide phage display library 
screening, to an experimental network derived from yeast 2-hybrid screens with 
SH3 domains as bait. Next, they determined the overlap between the two data sets 
and checked the biological relevance of some of the predicted interactions (164). 
Landgraf et al. used the consensus sequences derived from random peptide phage 
display library screening as a guideline for the synthesis of peptide arrays (called 
SPOT synthesis), which were used to determine SH3 domain binding specificity 
profiles (165). The afore mentioned strategy in combination with existing 
knowledge on endocytosis allowed Tonikian et al. to map different predicted 
interactions to the different phases of the endocytosis process (166). Unraveling 
the mechanisms orchestrating the individual domain binding specificity profiles is 
crucial in understanding how peptide recognition modules work. To study the 
evolution of SH3 interaction networks Xin et al. compared the SH3 interactomes of 
yeast and C. elegans. Their study revealed that whereas the overall function of the 
SH3 network appears to be conserved, the individual interaction profile of each 
domain is significantly altered (128). To further explore the conservation of SH3 
interaction networks in evolution we compared the SH3 domain specificity profiles 
among four evolutionary divergent yeast species (see Chapter 5). We observed 
an overall conservation of the SH3 specificity profiles over a large evolutionary 
distance, but also identified some striking examples of motif divergence within the 
Rvs protein family (167).  
 
1.5    Scope of the thesis 
The work presented in this thesis mainly focuses on the structural and functional 
analysis of BAR domain-containing proteins in fungal species. Several aspects of 
this intriguing protein family are addressed in Chapters 2, 3 and 4, ranging from 
heterodimer formation between family members to lipid binding activity. In Chapter 
2, a novel N-BAR heterodimer of the Rvs family is characterized that appears not 
to be part of the endocytosis machinery in C. albicans. BAR-BAR interaction is also 
the theme of the addendum to Chapter 2. In this addendum, we have analyzed 
the interaction between the canonical Rvs family members, Rvs161 and Rvs167, in 
C. albicans and show that they form stable heterodimers. Chapter 3 focuses on 
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another subfamily of the BAR superfamily, the F-BAR. In this chapter, we identified 
an F-BAR domain in the N-terminus of the S. pombe protein Sfp47 as well as a 
novel binding partner, SpRsp1, for its C-terminal SH3 domain. Detailed analysis of 
Sfp47 and interacting proteins suggest a possible role of Sfp47 in disassembly of 
eMTOC (equatorial Microtubule Organizing Centers) in fission yeast. The study on 
BAR proteins in S. pombe is continued in Chapter 4.  In this chapter, we analyze 
the Rvs167 and Rvs161 orthologs in S. pombe, SpHob1 and SpHob3, and show 
that they form a functional heterodimer that can bind lipids in vitro. In the second 
part of this thesis we focus on the role of SH3-mediated interactions in fungi. In 
Chapter 5 we explore how SH3 domain specificity landscapes evolve by 
comparing SH3 binding specificity in four evolutionary divergent fungal species. 
Finally, in Chapter 6 we focus on a single SH3 domain, that of CaRvs167-3, and 
analyze the nature of its interaction with a non-canonical peptide ligand.   
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