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Cover image: Microscopic morphology of Aspergillus nidulans hyphae in a strain repressed for ap1σ 

expression, stained with calcofluor white and visualized with 'fire' LUT. Wider and shorter hyphae, 

with increased numbers of side branches and septal rings are observed. Notice also the  differences in 

calcofluor deposition at the hyphal head, tip and the subapical segment. © Olga Martzoukou 
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ΠΕΡΙΛΗΨΗ  

 Οι διαμεμβρανικές πρωτεΐνες στα ευκαρυωτικά κύτταρα ενσωματώνονται στη μεμβράνη 

του Ενδοπλασματικού Δικτύου (ΕΔ) συμμεταφραστικά. Προκειμένου να εξέλθουν από το ΕΔ με 

κυστίδια τύπου COPII, απαιτείται μία σειρά ελέγχων που αφορά τόσο παράγοντες που εντοπίζονται 

στο πρωτεϊνικό μόριο, όπως για παράδειγμα η παρουσία συντηρημένων μοτίβων εξόδου από το ΕΔ, 

όσο και η αλληλεπίδραση με ρυθμιστικές πρωτεΐνες που διασφαλίζουν τη σωστή αναδίπλωση του 

μορίου. Μετά την έξοδο από το ΕΔ, οι πρωτεΐνες διακινούνται μέσω του Golgi δικτύου, 

πακετάρονται σε κυστίδια, μεταφέρονται στον τελικό τους υποκυτταρικό προορισμό (πλασματική 

μεμβράνη και μεμβράνες οργανιδίων) και ενσωματώνονται στην κατάλληλη μεμβράνη. Επίσης, 

πολικά ευκαρυωτικά κύτταρα, όπως οι νευρώνες, τα μυϊκά ή οι παθογόνοι νηματοειδείς μύκητες 

(πχ. Aspergillus) διαθέτουν μηχανισμούς που διαφοροποιούν την στόχευση και τοπολογία κάθε 

πρωτεΐνης σε διακριτά σημεία της πλασματικής μεμβράνης.  

 H εύρυθμη κυτταρική λειτουργία βασίζεται επίσης στη συνεχή μετακίνηση μορίων μεταξύ 

των διάφορων υποκυτταρικών οργανιδίων. Σε αρκετά βήματα αυτής της ενδοκυτταρικής 

κυκλοφορίας, συμμετέχουν ειδικά μεταφορικά ‘καλυμμένα’ κυστίδια τα οποία μεταφέρονται κατά 

μήκος των μικροσωληνίσκων σε μια διαδικασία βάδισης που διεξάγεται από σχετιζόμενες 

κινητήριες πρωτεΐνες (κινεσίνη, δυνεΐνη). Τα πρωτεϊνικά σύμπλοκα προσαρμογής (Αdaptor 

Proteins, APs) φαίνεται να  κατέχουν εξέχοντα ρόλο για τη δημιουργία κυστιδίων με κάλυμμα 

κλαθρίνης, στους περισσότερους ευκαρυωτικούς οργανισμούς, ενώ τα τρία μυκητιακά AP 

σύμπλοκα εμφανίζουν υψηλή ομολογία με τα αντίστοιχα των υπόλοιπων ευκαρυωτών (AP-1, AP-2, 

AP-3). Κατέχουν βασικό ρόλο στην επιλογή, διακίνηση, ενδοκύτωση και ανακύκλωση 

διαμεμβρανικών φορτίων, ενώ τόσο η παρουσία λειτουργικών υπομονάδων αυτών, όσο και της 

ίδιας της κλαθρίνης έχει αναδειχθεί ως απαραίτητη για την ομοιόσταση και επιβίωση των 

κυττάρων. Ωστόσο, υπό το φως ανακαλύψεων των τελευταίων 10 ετών υπάρχει εξαιρετικά έντονο 

επιστημονικό ενδιαφέρον, που αφορά στην ύπαρξη και ανεξαρτήτων της κλαθρίνης, μονοπατιών 

διακίνησης πρωτεϊνών. 

  Από τις πιο σημαντικές διαμεμβρανικές πρωτεΐνες είναι οι μεταφορείς υδατοδιαλυτών 

ουσιών και οι πρωτεΐνες που εμφανίζουν πολική εναπόθεση και συμμετέχουν σε διαδικασίες 

απαραίτητες για τη φυσιολογική ανάπτυξη του οργανισμού. Στη διατριβή αυτή μελετάται η 

σημασία του διμερισμού πριν την έξοδο από το ΕΔ και διερευνάται η συμμετοχή των AP 

συμπλόκων στη στόχευση των διαμεμβρανικών πρωτεϊνών στην πλασματική μεμβράνη, αλλά και 

στην ακόμη πιο ταχεία απομάκρυνσή τους από αυτήν μέσω της διαδικασίας της ενδοκύτωσης, 

καθώς και ο ρόλος της κλαθρίνης σε αυτές τις διαδικασίες, μέσω της ανάπτυξης νέων γενετικών και 

βιοχημικών προσεγγίσεων. Ο νηματοειδής μύκητας Aspergillus nidulans, έχει αναδειχθεί ως 
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μοναδικό σύστημα μελετών όπου εφαρμόζονται συνδυαστικές προσεγγίσεις γενετικής και 

μικροσκοπίας επιφθορισμού. Ο εκτενώς μελετημένος μεταφορέας ουρικού οξέος-ξανθίνης, UapA, 

χρησιμοποιήθηκε ως το βασικό μόριο για τη διερεύνηση βασικών ερωτημάτων που σχετίζονται με 

τους μηχανισμούς που διέπουν την ενδοκυτταρική διακίνηση των μεταφορέων και το ρόλο του 

διμερισμού στην έξοδο από το ΕΔ, ενώ συγκεκριμένες πρωτεΐνες που εμφανίζουν πολική κατανομή 

στην κορυφαία περιοχή της πλασματικής μεμβράνης χρησιμοποιήθηκαν ως μόρια για τη μελέτη 

των γενικών μονοπατιών διακίνησης στα οποία εμπλέκονται τα AP σύμπλοκα. 

 Συγκεκριμένα, διερευνούμε το ρόλο του AP-1 συμπλόκου στη διακίνηση φορτίων και 

δείχνουμε ότι είναι απαραίτητο για την αύξηση, λόγω της συμμετοχής του στη μετακίνηση 

κυστιδίων μέσω μικροσωληνίσκων, προς την κορυφαία περιοχή της αναπτυσσόμενης υφής. Ακόμη, 

ταυτοποιούμε μοτίβα δέσμευσης της κλαθρίνης στην καρβοξυτελική περιοχή της β1 υπομονάδας 

και παρέχουμε αποδείξεις για την εμπλοκή του AP-1 τόσο στην ορθόδρομη μεταφορά εκκριτικών 

κυστιδίων που περιέχουν το RabE, όσο και στην ανάδρομη, εξαρτώμενη από τα RabA/RabB, 

ανακύκλωση ενδοσωμάτων. Επίσης δείχνουμε πως το AP-1 είναι σημαντικό για την οργάνωση των 

μικροσωληνίσκων και των σεπτινών, ερμηνεύοντας έτσι την αναγκαιότητα του για τα κύτταρα που 

αντιμετωπίζουν την πρόκληση της εξαρτώμενης από τον κυτταροσκελετό, πολικής αύξησης.  

 Μελετάμε επίσης τον ρόλο του AP-2 συμπλόκου, ο οποίος φαίνεται πως είναι ανεξάρτητος 

τοπολογικά και λειτουργικά από αυτόν της κλαθρίνης και σχετίζεται με τη διατήρηση της πολικής 

αύξησης στον A. nidulans. Παρέχουμε ακόμη κυτταρικές και γενετικές αποδείξεις πως το AP-2 

αλληλεπιδρά με τους παράγοντες ενδοκύτωσης SlaB/End4 και SagA/End3 καθώς και τις λιπιδικές 

φλιππάσες, DnfA και DnfB, στην περιοχή συνεχούς ενδοκύτωσης των αναπτυσσόμενων υφών. Ο 

ρόλος του AP-2 στη διατήρηση της φυσιολογικής λιπιδικής σύστασης της κορυφαίας μεμβράνης και 

του κυτταρικού τοιχώματος, ενισχύεται από την αλληλεπίδρασή του με ένζυμα/πρωτεΐνες 

απαραίτητα για τη βιοσύνθεση σφιγγολιπιδίων, για το σχηματισμό λιπιδικών περιοχών πλούσιων 

σε στερόλη και για τη φυσιολογική εναπόθεση χιτίνης. Τα ευρήματα μας αποδεικνύουν, για πρώτη 

φορά, την ύπαρξη ενός μονοπατιού ενδοκυτταρικής μεταφοράς των πιο εξελιγμένων μυκήτων που 

λειτουργεί βασιζόμενο αποκλειστικά στην ύπαρξη του AP-2 συμπλόκου, χωρίς τη συμβολή 

κλαθρίνης. 

 Το σύνολο της διατριβής αυτής συνεισφέρει σημαντικά στην πρόωθηση της γνώσης που 

αφορά στην κατανόηση της λειτουργίας των ευκαρυωτικών κυττάρων τα οποία εμφανίζουν πολική 

αύξηση, με πιθανές προεκτάσεις και σε πολικά κύτταρα ανώτερων θηλαστικών, όπως οι νευρώνες. 

Ακόμη, δεδομένης της υψίστης σημασίας της μεμβρανικής διακίνησης στην εύρυθμη λειτουργία 

των κυττάρων, ανοίγονται νέοι δρόμοι στη εύρεση στοχευμένων προσεγγίσεων αντιμετώπισης 

παθογόνων μυκήτων. 



viii 
 

ABSTRACT 

 In eukaryotic cells, transmembrane proteins are co-translationally inserted in the lipid 

bilayer of the Endoplasmic Reticulum (ER). In order for these proteins to exit the ER packaged in 

COPII vesicles, both ER-exit motifs and interacting regulatory proteins that ensure proper cargo 

folding, are required. Following ER-exit, transmembrane proteins are trafficked through the Golgi 

network, packaged in vesicles and targeted to their final subcellular destination (plasma membrane, 

endosomal, mitochondrial, vacuolar etc) where they are integrated in the correct lipid bilayer. 

Additionally, polar cells such as neurons, muscle cells or filamentous fungi (e.g. Aspergillus) utilize 

cellular mechanisms that control the targeting and topology of each protein to distinct areas of the 

plasma membrane.  

 The homeostasis of cellular function depends, largely, on the continuous movement of 

molecules between the subcellular compartments. Several steps of this intracellular protein 

trafficking implicate specific coated-vesicle formation and transport on microtubules (MTs), which 

function as tracks in a process propelled by their associated motor proteins (kinesin, dynein). 

Adaptor protein complexes (APs) are important for the formation of clathrin-coated vesicles for 

most eukaryotes, whereas all three fungal AP complexes are universally conserved (AP-1, AP-2 and 

AP-3). They play key roles in the selection, traffic, endocytosis and recycling of membrane cargoes, 

whilst the presence of functional adaptors and clathrin is indispensable for the homeostasis and 

survival of eukaryotic cells. Interestingly however, in light of the discoveries of the past 10 years, the 

existence of specialized clathrin-independent trafficking pathways has also been proposed.  

 Transporters and apically localized cargoes, are two of the most important categories of 

transmembrane proteins, that participate in processes necessary for normal development. In this 

thesis, we study protein dimerization prior to ER-exit and investigate the role of AP complexes in 

transmembrane protein trafficking to the plasma membrane, but also in their rapid removal via 

endocytosis, as well as the role of clathrin in these processes, through the development of new 

genetic and biochemical tools. The filamentous fungus Aspergillus nidulans has emerged as unique, 

genetically tractable, system to study protein trafficking via its amenability to in vivo epifluorescence 

and multidimensional microscopy. The extensively studied uric acid/xanthine symporter, UapA, is 

used as a model cargo for studying the mechanisms of intracellular trafficking of fungal transporters, 

and for investigating the role of dimer formation in ER-exit. Additionally, selected apical markers are 

used to investigate the general trafficking pathways in which AP complexes are implicated.  

 More specifically, we elucidate the role of AP-1 in cargo trafficking and show that it is 

essential for growth due to its involvement in microtubule-based movement of vesicles towards the 

apex of growing hyphae. Furthermore, we identify clathrin-binding motifs in the C-terminal region of 
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the β1 subunit, and we provide evidence that AP-1 is involved in both anterograde sorting of 

RabERab11-labeled secretory vesicles and RabA/BRab5-dependent endosome recycling. Additionally, AP-

1 is shown to be critical for microtubule and septin organization, further rationalizing its essentiality 

in cells that face the challenge of cytoskeleton-dependent polarized cargo traffic.  

 We also show that AP-2 has a clathrin-independent essential role in polarity maintenance 

and growth of A. nidulans, which was in line with experiments showing that AP-2 does not co-

localize with clathrin. We provide genetic and cellular evidence that AP-2 interacts with endocytic 

markers SlaB/End4 and SagA/End3 and, most importantly, the lipid flippases DnfA and DnfB, 

specifically in the sub-apical collar region of growing hyphae. The role of AP-2 in the maintenance of 

proper apical membrane lipid and cell wall composition is further supported by its functional 

interaction with proteins/enzymes necessary for sphingolipid biosynthesis, apical sterol-rich 

membrane domains formation and chitin deposition. Our findings sugggest, for the first time, that 

the AP-2 complex of higher fungal groups, including the most threatening fungal pathogens, has 

acquired, in the course of evolution, a specialized clathrin-independent function necessary for fungal 

polar growth.  

  Through this work, we gain insight on the mechanisms underlying the polarized mode of life 

of eukaryotic cells, with potential applications to mammalian polarized cells, such as neurons. 

Furthermore, given the utmost importance of membrane trafficking in cell survival, new pathways 

are emerging in finding targeted approaches to pathogenic fungi. 

 

 

Keywords: fungi; traffic; exocytosis; endocytosis; AP-1; AP-2; clathrin; polar growth; oligomerization; 

transporters; cell biology; microtubules
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INTRODUCTION 

1.1  Aspergillus nidulans AS A MODEL EUKARYOTE 

1.1.1 Classification 

 Aspergillus nidulans is a homothallic filamentous 

fungus commonly isolated from soil, that belongs to the genus 

Aspergilli, under the phylum of Ascomycota (asco-: ασκός= 

sac). This is the largest phylum of the Fungi Kingdom, counting 

more than 64000 species, including a variety of fungi ranging 

from unicellular yeasts to truffles and the commonly known 

black and green moulds (Kirk et al., 2008). The defining 

morphological characteristic of Ascomycota, and thus 

Aspergilli, is the saclike structure named “ascus” which typically 

carries eight ascospores, formed as a product of one meiosis 

followed by mitotic division. The term ‘Homothallic’ describes 

the ability of a single organism, to reproduce sexually which 

means that there are no mating types. 

 The phylum Ascomycota is divided in three subphyla, based on phylogenetic analyses that 

took into account molecular sequence data. The subphylum Pezizomycotina (Ascomycotina) 

contains A. nidulans as well as most of the ascomycetes that form ascocarps, while the other two 

subphyla are the yeast-containing Saccharomycotina, with Saccharomyces cerevisiae being one of 

the most well-studied members and the basal group Taphrinomycotina (Kirk et al., 2008; Lutzoni et 

al., 2004). 

 The genus Aspergilli was described for the first time in 1729, by the priest and botanist 

Pietro Antonio Micheli, in his Nova plantarum genera. It received its name after Aspergillum, an 

instrument used by the Roman Catholic clergy to sprinkle holy water over the heads of the faithful. 

The morphology of the conidiophore, the structure that bears asexual spores, is the most important 

taxonomic character. 

Several species of the genus Aspergilli are of medical and commercial importance. A. oryzae 

has been used in the East Asian cuisines for more than 2000 years for the production of local 

specialties, such as soyu (soy sauce), miso (fermented soybean paste) and sake (rice wine). However, 

Figure 1.1 Color mutants of 

Aspergillus nidulans grown in a 

petri dish (courtesy of R. 

Fischer, http://www.fgsc.net/). 
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some Aspergillus species 

function as opportunistic 

pathogens, causing a group of 

diseases to animals, 

collectively known as 

Aspergilloses (A. fumigatus, A. 

flavus, A. lentulus). A. flavus 

produces aflatoxin B1, one of 

the most toxic and 

carcinogenic compounds ever 

known and is a pan-kingdom 

pathogen, causing serious 

disease in plants, insects and 

vertebrates (C. Scazzocchio, 

2009). Fungi are more closely 

related to metazoans than to 

plants, while the modern 

classification of Ascomycota 

places A. nidulans in the 

subphylum Pezizomycotina, 

class Eurotiomycetes, order 

Eurotiales, family 

Aspergillaceae (Houbraken et 

al., 2014; Kirk et al., 2008). 

The filamentous fungus A. 

nidulans, as well as many other fungal species, was initially named based on its asexual stage 

(anamorph) and then ‘connected’ to a sexual stage (teleomorph) with a different genus name. 

Cleistothecia are the fruiting bodies of the sexual reproductive stage of Pezizomycotina and contain 

the meiotic ascospores borne within asci. The cleistothecium producing mould had been observed 

before and given its own name: Emericella. Since 1905, the Botanical Code has allowed dual 

nomenclature for the same organism, depending on whether the name describes its asexual or 

sexual stage. When the sexual phase of an organism is discovered, this name takes precedence. 

According to these rules, Aspergillus nidulans, should be called Emericella nidulans, indexed as such 

within GenBank. However, it is most commonly referred to as Aspergillus (Houbraken et al., 2014). 

Figure 1.2 Comparative growth of aspergilli in different culture 

media (Courtesy of Ad Wiebenga & Ronald de Vries, Westerdijk 

Fungal Biodiversity Institute, Utrecht, The Netherlands). 
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1.1.2 Life cycle of A. nidulans 

A. nidulans has a complex life cycle, which can be divided into three reproductive sub-cycles, 

the asexual, the sexual and the parasexual. 

 

The germination of dormant spores can be considered the initiating point for all three cycles. 

However, these spores can be either the product of a mitosis occurring during the asexual cycle, 

namely conidiospores, or meiotically derived during the sexual life cycle, termed ascospores. These 

resting spores are activated in response to proper environmental stimuli and become competent for 

isotropic growth, followed by polar extension and nuclear division in a process called germination. 

 

Figure 1.3 Life cycles of A. nidulans (Todd et al., 2007). 
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1.1.2.1 Asexual reproduction 

A. nidulans produces asexual spores for rapid distribution in the environment, but only after 

cells have gone through a minimum period of vegetative growth and are exposed to an air interface 

(Axelrod et al., 1973).  

In the asexual reproductive cycle, the 

germination of uninucleate conidiospores leads to the 

formation of haploid vegetative filamentous hyphae that 

branch to give rise to conidiophores, on which more 

conidia are produced. Approximately 16 h after 

germination, hyphal differentiation can be 

macroscopically observed, followed by conidiation 

which becomes readily apparent 8 h later due to 

conidial pigmentation (Champe and Simon, 1992; Wu 

and Miller, 1997). This process begins with the 

differentiation of a thick-walled footcell, which forms an 

apically elongating conidiophore stalk. When apical 

extension ceases, expansion of the tip results in the 

development of the conidiophore vesicle, which gives 

rise to a layer of 60 primary sterigmata, called metulae. 

Metular budding in turn, results in the formation of an 

apical layer of about 120 secondary flask-shaped 

sterigmata, named phialides. Long chains of up to a hundred uninucleate conidiospores are 

produced via repeated asymmetric division of each phialide, reaching a total number of 10000 

spores per conidiophores (Todd et al., 2007). 

1.1.2.2 Sexual reproduction 

Termination of asexual reproduction and initiation of sexual sporulation begins in the center 

of the colony with the formation of multicellular reproductive structures, termed cleistothecia. 

Sexual ascospores produced therein are generally recruited for long-term survival of the fungus in 

soil. Various conditions such as nutrient supply or environmental stress play key roles in the 

initiation of sexual reproduction. This developmental process occurs inside premature cleistothecia 

and starts with simultaneous mitotic division of the two nuclei at the tip cell of an ascogenous 

hypha, in a structure called the “crozier”. Septa formation, along with the nuclear divisions, lead to 

the creation of a uninucleate tip cell, a binucleate penultimate cell and a uninucleate basal cell. 

Figure 1.4 Scanning electron 

micrograph of an A. nidulans 

conidiophore and attached conidia, 

after pseudo coloring (DeWitt, 1999). 
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Enlargement of the penultimate cell and eventually, fusion of the two haploid nuclei (karyogamy) 

gives rise to a transient diploid zygote which undergoes meiotic and mitotic divisions to yield eight 

haploid binucleate ascospores, contained within an ascus. The terminal and basal cells fuse to 

generate a binucleate cell, which eventually forms a second ascus by repeating the process (Todd et 

al., 2007). The ascospore-containing asci, are dispersed in cleistothecia (cleistos: κλειστός= closed 

and -thekion: -θήκιον= small case) which are surrounded by thick-walled nurse cells, termed "Hülle 

cells" (Bruggeman et al., 2003; Swart et al., 2001). Each cleistothecium container, when mature, can 

contain more than 10,000 binucleate ascospores that are the meiotic progeny of one ascogenous 

hypha. Germination of the ascospores leads to reinitiation of the vegetative growth and 

continuation of the lifecycle. 

1.1.2.3 Parasexual reproduction 

Along with the sexual cycle, A. nidulans also has a ‘parasexual cycle’. When two different 

strains contribute to the creation of a mycelium through anastomoses of radially extending hyphal 

branches, a heterokaryon (hetero-: έτερος= different and -karyon: κάρυον= nucleus) is formed. The 

subsequent sharing of cytoplasmic material allows for mixing of the genetically distinct haploid 

nuclei, and fusion with a probability of 10−6 to form relatively stable heterozygous diploid nuclei. 

These vegetative nuclei can give rise to a mycelium that divides mitotically via the asexual 

reproduction cycle. Diploid mycelia and haploid mycelia have the same architecture, but the latter 

contain half the number of nuclei. Spontaneous production of diploid recombinants by mitotic 

Figure 1.5 Image of a cleistothecium container of sexual 

spores from A. nidulans, as seen by scanning electron 

microscopy. Notice the spherical Hülle cells on the periphery 

of the cleistothecium (https://www.aspergillus.org.uk/, 

courtesy of R. Fischer). 
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crossing-over along with repeated loss of chromosomes, can lead to the generation of haploid 

recombinants with novel allelic combinations. Parts of the heterokaryotic mycelium are 

differentiated into ascogenous hyphae and undergo the sexual reproduction cycle, producing three 

types of cleistothecia: With either one hybrid nucleus, or one of the two parental nuclei. Classical 

genetics procedures are facilitated by the fact that one cleistothecium derives from only one 

fertilization event (Scazzocchio, 2009; Schoustra et al., 2007; Todd et al., 2007). 

 

1.1.3 Growth and development 

Multicellular eukaryotes face the challenge of localizing selected proteins to specific areas of 

their plasma membranes (PM). The subsequent morphological and functional asymmetric 

organization of the PM is a basic feature of cell polarity, which is fundamental for several 

physiological and developmental processes in a variety of organisms. Filamentous fungi provide the 

most prominent example of polarized cell growth, although animal embryogenesis, neuronal 

migration and neurite growth, cell migration, ion transport across epithelial cells, pollen tube growth 

and root hair development in specialized plant cells and bud emergence in S. cerevisiae, are also a 

few examples (Barnes and Polleux, 2009; Drubin and Nelson, 1996; Irazoqui and Lew, 2004; Kost et 

al., 1999; Rasband, 2010; Ridley et al., 2003; Tahirovic and Bradke, 2009). It is clear that germ tube 

emergence in filamentous fungi shares specific key features with budding in yeast (e.g. Proteins 

Cdc42, septins, Bni1 formin, Rho1 and Rho3), but in the former it is persistent and synchronous over 

an extended area, while in the latter it is sporadic and topologically limited (Momany, 2005, 2002). 

The growth mode of filamentous fungi is, therefore, significantly different from that of unicellular 

yeasts, as a switch from isotropic expansion to polar growth is necessary. Mutations in filamentous 

fungi polarity maintenance lead to a split tip, a phenotype never observed in yeast cells.  

Fungal asexual spores (conidia) which contain a single nucleus arrested in G1 phase (Bergen 

and Morris, 1983) can remain in a dormant stage for years. When the spores of filamentous fungi 

break dormancy a consecutive order of events is initiated, leading to polar hyphal growth and 

mycelium formation. This series of ordered morphological events that occur during conidial 

germination can be separated in four stages. First, a commitment step: spore dormancy is broken 

due to environmental triggers such as the presence of water and air, inorganic salts, amino acids or 

fermentable sugars (Osherov and May, 2001). In the second phase of germination, a brief period of 

isotropic growth (I) results in the formation of a spherical spore with a twofold increased diameter, 

because of water uptake. Next, along with the first mitotic division, cell polarity is established (PE) at 

a marked site of the spore surface and the new germ tube is formed (Harris et al., 1999; Momany et 

al., 1999). 
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Finally, the morphogenetic 

machinery is redirected to the site of 

polarization and the axis of polarity is 

maintained (PMa). In filamentous fungi new 

material is added exclusively to the apical 

region (tip), resulting in an elongating 

germling that grows in a polar fashion. In 

budding yeast however, materials are 

dispersed and the bud grows isotropically 

(d’Enfert and Fontaine, 1997; Harris, 2006; 

Harris and Momany, 2004; Momany, 2002). 

After the tubular cell reaches a 

predetermined size, a nuclear division 

triggers synthesis of the first septum (S) at 

the base of the germ tube (Harris et al., 

1994; Wolkow et al., 1996). Up to eight 

nuclei can be present in the same cell before 

the appearance of the first septum. Each round of mitosis is followed by septation at regular 

distances along the hypha, resulting in multicellular hyphae. The nuclei in the apical compartment 

undergo synchronous mitosis, while those in the subapical compartments are arrested in interphase 

unless a branch forms. In filamentous fungi the number of nuclei per cell can vary, indicating that 

nuclear division may be uncoupled from polarized growth depending on environmental conditions 

(Wendland, 2001). In A. nidulans, the emergence of a second germ tube from the conidium occurs in 

a predictable position, most often at 180o to the first (Harris et al., 1999; Momany et al., 1999). 

Subapical branching (Br) establishes additional axes of polarity and leads to the formation of a 

network of interconnected cells, known as mycelium. The fungal mycelium can be observed 

macroscopically, as an amorphous collection of equivalent vegetative cells that form a radially 

symmetric colony expanding indefinitely at a constant rate of about 0.5mm h-1 at 37oC (Lee and 

Adams, 1994). 

1.1.4 Establishment of A. nidulans as a model system 

A. nidulans has emerged as a model microbial eukaryotic system for molecular biology and 

reverse genetics in the recent years, after being an important research tool for studying cell biology 

for over 70 years. It was about 1946 in Glasgow, when Guido Pontecorvo selected A. nidulans, as the 

Figure 1.6 Morphogenesis in filamentous fungi 

(left) and buddind yeast (right).  Gray areas depict 

isotropic growth; blue dots, interphase nuclei; 

green dots, mitotic nuclei; red circles, apical 

markers (Momany, 2002). 
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ideal genetic organism to raise the ‘resolving power of genetic analysis’. Genetic crossing techniques 

and transformation protocols were developed in 1953 and 1983 respectively, while in 2005 it was 

one of the first organisms to have its genome sequenced in a collaboration between Monsanto and 

the Broad Institute (Galagan et al., 2005). It is 30 million base pairs in size and predicted to contain 

around 9,500 protein-coding genes on eight well-marked chromosomes with many color, 

auxotrophic and drug resistance markers. Its genes can be cloned, altered, disrupted, expressed 

under the control of regulatable promoters or deleted at will, in an integrative fashion at their 

normal locus or any other location in the genome (Morris and Enos, 1992), as isolated protoplasts 

can be efficiently and stably transformed. Uninucleate conidiospores are a useful tool in the direct 

screening of transformants, by plating on appropriate media. Any two strains of the homothallic 

fungus can be mated and although A. nidulans is normally haploid, it can be induced to grow as 

heterokaryon or as a stable vegetative diploid, useful for complementation analysis of mutations or 

detectable growth delay phenotypes under a variety of nutritional conditions. It can also serve as a 

host strain for the heterologous expression of genes isolated from other organisms, including even 

higher eukaryotes (Argyrou et al., 2001; Goudela et al., 2008). Moreover, A. nidulans grows rapidly 

on inexpensive solid or liquid media and produces conidia or ascospores that can be properly stored 

for long periods, at low temperatures. Colony morphology on solid media can reveal the genetic 

background of each inoculated strain, based on its distinct phenotype (shape, colour, sporulation) 

and thus provide vital information on the essentiality of genes studied. A. nidulans is closely related 

to a large number of other Aspergillus species of commercial and medical importance, such as A. 

niger, A. oryzae, A. flavus, and A. fumigatus, which have only asexual cycle (anamorph) but are 

exploited experimentally using methods and technologies developed for A. nidulans (Scazzocchio, 

2006). The filamentous fungus has many beneficial traits to display, even when compared to the 

more extensively studied, S. cerevisiae. Notwithstanding the fact it has almost twice the number of 

genes of budding yeast, it lacks genetic redundancy, as it has not undergone genome duplication and 

therefore, gene insertion or deletion can be performed by a single transformation step with no need 

for further crossing or progeny analysis. Additionally, the orthologues of human and A. nidulans 

show a higher level of similarity than that between human and S. cerevisiae. The ease of sample 

preparation and the large size of extending hyphae facilitate in vivo studies with widefield, TIRF, 

confocal and superresolution fluorescent microscopic imaging.  The organelles are more dispersed 

than in the unicellular yeasts and chimeric protein molecules of interest, tagged with fluorescent 

epitopes can be easily constructed with molecular cloning and generation of stable transformants.  



9 
 

Last but not least, what absolutely distinguishes A. nidulans is the hyphal polar growth by 

apical extension, a process highly demanding in specialized molecular mechanisms for rapid protein 

trafficking and recycling, resembling the ones found in the polar cells of higher eukaryotes, such as 

neurons. The biological properties of A. nidulans, with its amenability to in vivo multidimensional 

microscopy and tractable genetic tools, make it ideally suited for basic biological research 

(Alexopoulos et al., 1996). 

 

1.1.5 Fungal catabolic pathways 

Nutrient utilization pathways increase the metabolic versatility of filamentous fungi, 

enabling them to utilize a surprisingly diverse array of complex compounds as alternative sources of 

nutrients, although fungi do not commonly encounter many of these. Expression upon demand of 

the appropriate catabolic pathways can be critical for survival under limited nutrient supply, but 

constitutive gene expression would lead to unnecessary loss of cellular resources. A. nidulans has 

the ability of utilizing a wide range of substances as carbon and/or nitrogen sources under the 

control of complex regulatory systems and thus, was used as a model system in the early 60s for the 

identification of the genes involved in secondary nitrogen catabolic pathways and the elucidation of 

the mechanisms underlying their genetic expression. For example, nitrate, nitrite, ammonium and 

most amino acids can be used as nitrogen sources but not all nitrogen sources are used in the same 

preference. Specific primary nitrogenous compounds such as ammonia, glutamine, glutamate and 

asparagine, are preferentially used, whereas secondary nitrogen sources are utilized in a highly 

regulated manner and only when the primary are unavailable (Caddick et al., 2006; Marzluf, 1997). 

Purines, but not pyrimidines, can also be utilized as nitrogen sources in most 

microorganisms, including Aspergilli (de Koning and Diallinas, 2000). Characterization of the first 

eukaryotic transcription factors (UaY, NirA, CreA, AreA), revealed that genes for certain fungal 

Figure 1.7 Examples of growth tests (left panel) and microscopic observation of 

A.nidulans hyphae (right panel). Notice the reduced colony diameter, as a result 

of the use of a regulatable thiAp promoter for an essential gene. In the 

epifluorescence microscopy image, cell wall is stained with calcofluor and a ‘Fire’ 

Lookup Table is applied. For more details see Results (Martzoukou et al., 2018). 
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metabolic pathways share regulatory mechanisms of expression (Keller and Hohnt, 1997; 

Scazzocchio et al., 1982). Activation of the catabolic pathways in the presence of a substrate or an 

intermediate of the corresponding pathway is controlled at the level of transcription, but also 

requires a de-repression signal, occurring in the absence of a primary source (Marzluf, 1997).  

AreA is a global transcription factor acting positively in synergy with the specific regulators 

such as NirA or UaY (Arst and Cove, 1973; Ravagnani et al., 1997; Scazzocchio et al., 1982). In A. 

nidulans, the complete purine utilization pathway has been described (Gournas et al., 2011) and it is 

highly conserved in most filamentous fungi, bacteria and plants, whereas most yeasts have 

degenerate variations of the purine degradation pathway (Pantazopoulou and Diallinas, 2007). 

Ammonium and glutamine are excellent nitrogen sources and their presence in the medium results 

in the repression of nitrogen secondary catabolic pathways (Caddick, 2004; C. Scazzocchio, 2009). 

Moreover, in the ethanol catabolism pathway, the alcohol dehydrogenase (ADHI) encoded by alcA, is 

induced by the presence of ethanol and repressed by the presence of CreA. CreA acts as a genuine 

repressor in the presence of favored carbon sources, competing with the binding of the pathway-

specific factors (Lockington et al., 1987; C. Scazzocchio, 2009). Proline utilization is controlled in a 

similar manner, via PrnA-mediated positive regulation of pathway-specific gene expression (Cazelle 

et al., 1998). The genes involved in proline utilization are repressed efficiently only in the 

simultaneous presence of both repressing nitrogen and carbon sources, such as ammonium 

ions/glutamine that repress AreA and glucose that induces CreA, respectively (Gonzalez et al., 1997). 

However, when a carbon and a nitrogen primary source are absent, proline can serve as both 

sources (Arst and Cove, 1973; Scazzocchio, 1992). This multilevel regulation ensures that nutrient 

utilization pathways can respond to the demands of general cellular metabolism and the presence of 

specific pathway inducers. 

Figure 1.8 General schemes for the transcriptional regulation of genes involved in the utilization of 

nitrogen sources (left panel) and carbon sources (right panel). The transcription factors AreA and CreA 

mediate nitrogen catabolite repression (NCR) and carbon metabolite repression (CMR), respectively. 

AreA is an activator, negated by the presence of ammonium/glutamine, whereas CreA is a repressor, 

activated by a repressive carbon source such as glucose (Adapted from Scazzochio, 2009). 
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1.2  ORGANIZATION OF THE FUNGAL CELL WALL 

1.2.1 A unique feature: The cell wall  

The PM of fungi is covered by a thick cell wall, a complex and dynamic structure. Cell walls 

are essential for fungal viability and morphogenesis, while their unique biochemistry and absence 

of most of their conserved components in mammalian cells, make them excellent targets for 

antifungal agents (Gow, 2016; Latgé, 2007). Almost all fungal walls are designed in a similar way, 

with a unique structure that determines the cell shape and makes extremely difficult the lysis of the 

cell, without causing significant damage to the organelles. This problem was solved with the 

discovery of cell wall degrading enzymes produced in the gut juice of the snail Helix pomatia and 

later on by Trichoderma spp. The cell wall also serves as the site of several enzymes involved in 

nutrient exchange and component redistribution, such as carbohydrates. From a chemical 

viewpoint, fungal cell walls and plant cell walls are completely different. Although cellulose can be 

detected in some fungal walls, these organisms (Oomycete and Myxogastria) are not considered 

“True Fungi” due to their important biochemical differences. Thus, the chemical composition of the 

cell wall is closely correlated with the taxonomic classification of fungi. 

The fungal cell wall is composed of 80-90% polysaccharides, which form a robust scaffold to 

which a variety of glycoproteins and other components are added, such as melanin pigments and 

waxes (Kendrick, 1992). The main cell wall component in Dikarya is chitin, a homopolymer of β-

(1,4)-N-Acetylglucosamine, which self-associates to form microfibrils. It is generated by the integral 

cytoplasmic membrane synthases that translocate the polymeric product through the PM (Bowman 

and Free, 2006). Because chitin synthesis primarily occurs at the sites of active growth (tip, septa) it 

is regulated both temporally and spatially. Fungal chitin synthases are membrane-attached proteins 

with several transmembrane regions and 

can be divided into seven classes and 

three divisions (Fukuda et al., 2009; 

Lenardon et al., 2010). Class I, II, and III 

chitin synthases (ChS) belong to division I 

and class IV, V, and VI belong to division II. 

Notably, Class III, V and VI families are 

restricted to filamentous fungi, suggesting 

that they may play unique roles in 

polarized growth (Bowen et al., 1992; 

Specht et al., 1996; Takeshita et al., 2015). 
Figure 1.9 Components and organization of the 

fungal cell wall (Merck & Co, 2001). 
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The six ChS genes isolated from A. 

nidulans are: chsA, chsB, chsC, chsD, csmA 

and csmB; these gene products belong to 

classes II, III, I, IV, V, and VI, respectively 

and play common roles in chitin 

biosynthesis: ChsA is involved with ChsC in 

septum formation and conidiation. 

Disruption of the csmA gene (class V) of A. 

nidulans results in chitin deficient cells 

that lyse in conventional medium. 

Disruption of the chsD gene (class IV) 

leads to a chitin deficiency during 

vegetative growth that is equal to that of 

csmA disruptants but the cells are not 

prone to lysis. CsmA and CsmB consist of a 

C-terminal chitin synthase domain (CSD) 

and an N-terminal myosin motor-like domain (MMD). ChsB does not substantially contribute to the 

rigidity of the cell wall, but is necessary for normal branched growth and conidiation (Borgia et al., 

1996; Bowen et al., 1992; Fujiwara et al., 1997; Fukuda et al., 2009; Motoyama et al., 1997, 1994; 

Specht et al., 1996; Takeshita et al., 2015).  

Glucose polymers, mostly β(1,3) and β(1,6) glucans, are also synthesized by transmembrane 

glucan synthase enzymes and provide rigidity to the cell wall. This polymer is absent in mammals 

yet necessary for viability in yeast, which led to the development of effective antifungal drugs 

targeting its synthesis (Kartsonis et al., 2003). Moreover, structural glycosylated proteins 

(mannoproteins or mannans), are important cell wall components. Genomic as well as drug studies 

have shown that inhibition of cell wall synthases can lead to phenotypic changes, such as altered 

morphology or even fungal death (Banks et al., 2005; Latgé, 2007).  

The unique mechanical and biological properties of the fungal walls are determined not only 

by their chemical composition but also by the ordered structure of the cell wall components. 

Microfibrillar components, such as β-glucan and chitin are mostly located on the inner surface of 

the cell wall, embedded in an amorphous matrix of polysaccharide and protein-polysaccharide. The 

porosity of cell wall serves as an important regulator of nutrient uptake and excretion, setting the 

size limit for enzyme release to around 20 kDa. During vegetative growth, the apical walls are 

transformed to less porous lateral walls, which causes a reduced excretion rate of exoenzymes 

Figure 1.10 Phylogenetic tree of the fungal chitin 

synthases. Class III and V synthases are shown in 

red and blue, respectively. Nc: N. crassa; Sc: 

S.cerevisiae; Um: U.maydis (Takeshita et al., 

2015). 
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(Chang and Trevithick, 1974). The high rate of apical extension (1 μm/min) requires rapid cell wall 

formation, whereas cell wall damage leads to the activation of sophisticated mechanisms for wall 

repair, to avoid catastrophic breaching of the integrity of the surface. Understanding how the 

hyphal tip cell regulates intracellular traffic to address these challenges is important, and as apical 

growth requires localization of cell-wall-modifying enzymes to tip cells, the class III chitin synthase 

ChsB has emerged as a novel membrane cargo for the study of traffic mechanisms and vesicular 

transport (Hernández-González et al., 2018; Zhou et al., 2018). 

1.2.2 The fungal plasma membrane  

 All cells share a universal feature: They are enclosed in a selective barrier, the Plasma 

Membrane (PM). This allows the cell to maintain its integrity, to concentrate the nutrients it gathers 

and retain the products it synthesizes, while excreting waste materials. At the subcellular level, 

functionally and chemically distinct lipid membranes also enclose the different organelles of the 

eukaryotic cell (ER, Golgi apparatus, mitochondria, nucleus etc). However, all biological membranes 

share a common general structure, of a very thin continuous lipid bilayer with embedded protein 

molecules, held together via noncovalent interactions. Most water-soluble molecules cannot 

permeate the lipid barrier, a process facilitated by membrane proteins that span the lipid bilayer.  

1.2.2.1 Lipid composition  

The overall architrecture of the fungal cell membrane is similar to that of the general 

eukaryotic cell membrane. Amphipathic lipids constitute about 50% of the mass of most 

membranes, with the most abundant category being the phospholipids. Biological membranes of 

fungi are enriched with a variety of lipids belonging to the class glycerophospholipids, sphingolipids 

(glycosphingolipids and sphingomyelin) and sterols. Glycerophospholipids have a backbone of 

glycerol-3-phosphate containing two fatty acyl chains along with various substituents like 

ethanolamine, serine and choline, while sphingolipids are composed of ceramide, which is N-

acylated phytosphingosine.  

Biosynthesis of sphingolipids is required for cell cycle progression and the establishment and 

maintenance of cell polarity via control of the actin cytoskeleton in A. nidulans, while the complete 

pathway was studied and reported in the pathogenic A. fumigatus (Alcazar-Fuoli and Mellado, 2013; 

Cheng et al., 2001). Phospholipids like phosphatidic acid, phosphatidylcholine (PC), 

phosphatidylethanolamine (PEt), phosphatidylserine (PS), phosphatidylglycerol (PG), 

phosphatidylinositol (PI), cardiolipin and sphingomyelins (Sphingophospholipids: Inositol phosphate 



14 
 

ceramide, mannosyl-inositolphosphate-ceramide and mannosyl-diinositolphosphate-ceramide), are 

reported as cell membrane components in S. cerevisiae (van der Rest et al., 1995). 

Sterols, also known as steroid alcohols are amphipathic lipids featuring rigid and compact 

ring structures. Cholesterol is the main animal sterol, but the fungal cell membrane typically contains 

ergosterol as the main component (Dupont et al., 2012). The most common method to study the 

effects of sphingolipid or ergosterol depletion in trafficking is to express the protein of interest in 

mutant strains altered in the relevant biosynthetic pathways. However, most of these mutants are 

lethal in A. nidulans. The viable temperature sensitive mutation basA1ts is an exception, where a 

block in sphingolipid biosynthesis occurs only at the non-permissive temperature (42 oC; Li et al., 

2007). Alternative ways of sphingolipid or ergosterol depletion are based on specific drugs that 

target these molecules or their biosynthetic pathway, such as azoles and myriocin that block 

ergosterol and sphingolipid biosynthesis, respectively. Ergosterol presence affects the membrane 

fluidity of the fungi, thus the aforementioned drugs disintegrate the membrane and act as fungicides 

(Sant et al., 2016).  

 

 

Figure 1.11 Scheme of the fungal plasma membrane structure. Two types of 

microdomains are depicted, with and without ergosterol (Guimarães et al., 2014). 
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1.2.2.2 Microdomains of the Plasma Membrane  

Plasma membrane microdomains, such as lipid rafts and caveolae have been reported in 

mammalian cells, however thus far there are no genes associated with the later in filamentous fungi. 

Lipid rafts are membrane microenvironments enriched in saturated phospholipids, sphingolipids, 

and sterol (Simons and Ikonen, 1997), thought to play important roles in various dynamic processes 

such as protein sorting, cell polarity, signal transduction and regulation of the activity of membrane 

proteins. In the plasma membranes of fungi, sterol-rich domains (SRDs) that are much larger than 

lipid rafts can be readily detected upon staining with filipin III, a fluorescent sterol-binding dye. 

Apical SRDs are observed at sites of polarized morphogenesis in A. nidulans and are regulated in a 

developmental manner. Their formation might be a result of lipid raft clustering, in which MesA and 

FloA, the microdomain scaffolding protein flotillin, are most likely involved (Alvarez et al., 2007; 

Pearson et al., 2004; Takeshita et al., 2012). Other known fungal membrane microdomains are 

MCC/eisosomes (MCC:  Membrane compartment of Can1), static sites with punctate distribution 

across the PM implicated in nutrient-regulated protection from endocytosis (Gournas et al., 2018).  

1.2.2.3 Assymetry of the lipid bilayer  

Individual lipid molecules (e.g. phospholipids) are able to move inside the lipid bilayer in 

three possible ways. The first type of movement is rotational, meaning that the phospholipid rotates 

on its axis, which enables interactions with its immediate neighbors. The second type is lateral 

movement, where the phospholipid moves around in one leaflet, providing the membrane with a 

fluid structure (Luckey, 2008). Finally, it is possible for phospholipids to undergo transverse 

movement, moving between both leaflets of the bilayer in a “flip-flop” manner (Gurtovenko and 

Vattulainen, 2007). The lipid compositions of the inner and outer monolayers are strikingly different 

in many membranes, reflecting the different functions of the two faces of the lipid bilayer. 

Transverse movement is what allows the lipid asymmetry to be maintained through the catalyzed, 

ATP-dependent movement of phospholipids by lipid translocator proteins. Floppases move PC and 

sphingomyelin from the inner to the outer leaflet, while flippases predominantly transport in the 

opposite direction the negatively charged PS and to a lesser extent PEt, in order to maintain the 

charge gradient between the two monolayers. Enrichment of negatively charged PS at the cytosolic 

leaflet induces membrane curvature and promotes association with adaptor proteins, thus 

facilitating protein sorting and vesicle budding. Two well-studied lipid flippases of A. nidulans are the 

Type4 P-Type ATPases, DnfA and DnfB, which localize to sites of growth and endocytosis in the 

fungus (Schultzhaus et al., 2015, 2017; Schultzhaus and Shaw, 2016).  

https://www.mechanobio.info/family/Floppase/
https://www.mechanobio.info/family/Flippase/
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1.2.2.4 Membrane proteins  

Protein molecules that span the lipid bilayer perform most of the specific functions of the 

membrane, such as transporting specific molecules across it, serving as links between the PM and 

the cytoskeleton or catalyzing enzymatic reactions. Embedded in the lipid bilayer are integral 

membrane proteins (transmembrane or monotopic), while peripheral membrane proteins are only 

temporarily associated with the surface of the bilayer or with other integral proteins. They are able 

to perform only rotational and lateral movement, but there is no transverse movement of proteins 

between the leaflets. Integral membrane proteins are tightly embedded in the lipid bilayer, whereas 

peripheral membrane proteins associate with their required leaflet.  

The energy requirements to move either type of membrane protein across the bilayer would 

be excessive. Many different membrane proteins are necessary for proper cell function, a fact 

reflected in two numbers. Firstly, they represent about a third of the proteins found in living 

organisms (Engel and Gaub, 2008) and secondly, in a typical plasma membrane, proteins account for 

about 50% (w/w) of its mass (Luckey, 2008). Membrane proteins perform several essential cellular 

functions, regulated via a variety of membrane protein interactions. Major families of proteins found 

in the plasma membrane include membrane transport proteins, proteins involved in signal 

transduction, cell wall and cytoskeleton synthesis (Douglas and Konopka, 2016). 

Transport membrane proteins such as pumps, channels/pores and transporters facilitate the 

transport of small ions and water-soluble molecules across cell membranes. Their biological 

importance is reflected by the observation that all known genomes include at least 5-20% genes 

coding for such proteins (http://www.membranetransport.org/). The importance of transport 

membrane proteins is also revealed from the fact that more than 60 human genetic diseases are 

caused by the malfunctioning of transporters and channels 

(http://www.tcdb.org/disease_explore.php). Transmembrane receptors recognize and respond to 

Figure 1.12 Types of membrane proteins based on their 

structure (Raj and Mahalekshmi, 2018). 
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chemical signals and initiate specific cellular responses, typically through associated proteins. 

Membrane proteins are targeted by about 60% of approved drugs, because of their central role in 

almost every physiological process (Salom and Palczewski, 2011; Yildirim et al., 2007). 

 

1.2.4 Fungal nucleobase transporters 

The fungal nucleobase-specific transporters are secondary active transporters that can be 

sorted into three evolutionary distinct protein families, based on cloning and genome sequencing 

(de Koning and Diallinas, 2000; Hyde et al., 2001). All of these families are catalysing the symport of 

purines with protons, but show a huge diversity of amino acid sequences, 3D structures and 

substrates. The first and most important family is the nucleobase-ascorbate transporter family 

(Nucleobase Ascorbate Transporters, NAT/Nucleobase Cation Symporters 2, NCS2) with homologues 

in archaea, Gram-negative and Gram-positive bacteria, diatoms, fungi, plants and animals. Members 

of NAT/NCS2 in A. nidulans catalyze the symport of uric acid and xanthine with protons (Argyrou et 

al., 2001; Diallinas et al., 1995; Karatza and Frillingos, 2005; Pantazopoulou and Diallinas, 2007).  

Another recently studied family is the nucleobase cation symporter family 1 (NCS1), also 

known as the purine-related transporter family (PRT). Restricted to prokaryotes, fungi and plants 

and including transporters for purines, cytosine, uridine, allantoin, pyridoxine or thiamine (Krypotou 

et al., 2015, 2012; Papadaki et al., 2017; Sioupouli et al., 2017). Last but not least, the AzgA-like 

family with homologues in bacteria, archaea, fungi and plants that symport hypoxanthine–adenine–

guanine and protons. 

In general, secondary active transporters are integral membrane proteins with 4-14 

transmembrane α-helices, connected with intracellular and extracellular loops. Some transporters 

form dimers (e.g. bacterial Na+/ Leu symporter LeuT; Yamashita et al., 2005), although there are 

examples of monomers (e.g. bacterial H+/lactose symporter LacY; Abramson et al., 2003) or trimers 

(e.g. bacterial Na+/aspartate symporter GltPh; Yernool et al., 2004). Crystallization of a few 

transporters has been achieved, in the presence of native or artificial substrates bound in the center 

of each monomer. As far as function is concerned, transport is described by Michaelis-Menten 

kinetics, similar to enzymatic reactions. Transporters are “saturable”, meaning that at high substrate 

concentrations all of the transporter molecules have their binding sites occupied and the rate of 

transport reaches a maximum (Vmax). Each transporter protein binds specific substrates and has a 

different affinity constant (Km) for each of those substrates that is equal to the concentration of the 

solute when the transport velocity is half its maximum value. 
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1.2.4.1 The NAT/NCS2 family 

 The NAT/NCS2 family consists of over one hundred currently sequenced proteins, 

recognized by the conserved NAT signature motif, [Q/E/P]-N-X-G-X-X-X-X-T-[R/K/G] (Koukaki et al., 

2005). Members of the family are usually 414-650 amino acids long and typically contain 14 α-helical 

transmembrane segments (TMSs) and cytoplasmic N- and C-termini. Most functionally characterized 

NATs recognize oxidized purines such as uric acid and xanthine, or uracil (only in bacteria), while all 

known bacterial, fungal and plant members are high-affinity H+ symporters. However, SVCTs, two 

closely related mammalian members of the family, cotransport L-ascorbic acid (Vitamin C) and Na+ 

(Diallinas and Gournas, 2008; Kourkoulou et al., 2018; Liang et al., 2001).  

A. nidulans has two NAT members, namely UapA and UapC, both extensively characterized in 

terms of regulation of expression and structure–function relationships. UapC is a 580 amino acid 

long, very similar paralogue of UapA (62% identity), with a high affinity for xanthine and a moderate 

affinity for uric acid (Diallinas et al., 1995; Ravagnani et al., 1997; Valdez-Taubas et al., 2000, 2004). 

UapA on the other hand, is a high affinity (7-8 μΜ), high capacity proton symporter, specific for the 

uptake of uric acid and xanthine, with a collection of more than two hundred mutants available and 

a recently revealed crystal structure at a resolution of 3.7 Å (Alguel et al., 2016). Kinetic studies 

combined with classical or reverse genetic approaches, had already pointed to specific amino acid 

residues that are involved in purine specificity, binding and transport, before solving the crystal 

structure. A few years before that, the first crystal structure of another member of the NAT family, 

the uracil/H+ symporter UraA from 

Escherichia coli, was also published (Lu et al., 

2011). Based on its crystal structure, UapA 

has cytoplasmic N- and C-termini and 

contains 14 TMSs spatially arranged into a 

7+7 fold, divided into a core domain (TMS 1–

4 and 8–11) and a gate domain (TMS 5–7 and 

12–14). Both UraA and UapA form dimers 

and most likely function by an elevator 

mechanism (Alguel et al., 2016; Yu et al., 

2017), whereas recent experimental 

evidence reveals the importance of lipid 

binding for the stabilization of UapA in its 

dimeric form (Pyle et al., 2018). Eukaryotic 

NATs are highly regulated at the 

Figure 1.13 Scheme highlighting the role of 

structural lipids in UapA dimer formation (Pyle et 

al., 2018).  
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transcriptional and post-translational level, in response to physiological and developmental signals. 

In fungi, post-translational control is mainly achieved by constant endocytosis and ammonium or 

substrate-elicited endocytosis, via ubiquitination and vacuolar targeting for degradation (Diallinas 

and Gournas, 2008; Gournas et al., 2010) 

 

1.3  INTRACELLULAR COMPARTMENTS AND PROTEIN TRAFFIC 

 

1.3.1 General aspects of vesicular transport 

 

Cellular function is based on the continuous trafficking of molecules between various 

subcellular compartments. In eukaryotic cells, the membrane proteins must be transported to their 

proper and specific destinations without disturbing the integrity of intracellular compartments. The 

presence and abundance of proteins on the plasma membrane (PM) is regulated by secretion of 

proteins (exocytosis, or anterograde trafficking), internalization and subsequent recycling or 

degradation of proteins (endocytosis or retrograde trafficking), and movement from one location on 

the PM to another (transcytosis).  

The secretory pathway leads outward from the Endoplasmic Reticulum (ER) to the Golgi 

apparatus and cell surface, with a quality control route leading to lysosomes/vacuoles (Barlowe and 

Helenius, 2016). The long sub-cellular journey of exocytosis, is dynamically controlled in response to 

multiple and overlapping developmental and physiological signals, rather than being a default 

process (Coutinho et al., 2004; Dunne et al., 2002; Farhan et al., 2008; Forster et al., 2006; Schotman 

et al., 2009). Such signals not only promote or arrest exocytosis of a protein towards its target 

Figure 1.14 Overview of intracellular trafficking pathways (Bonifacino and Glick, 2004). 
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membrane, but can also promote its rapid endocytosis from the plasma membrane, towards the cell 

interior, which can lead to degradation in the vacuole or recycling back to the cell surface. However, 

retrieval routes do exist, maintaining the backflow of selected components. Intracellular trafficking 

of membrane cargoes is performed with selected transport vesicles that have a specific protein and 

lipid composition. 

During this process, small spherical transport vesicles or bigger randomly shaped organellar 

fragments carry proteins between the different compartments along highly organized, directional 

routes. Cargo proteins can be either soluble, derived from the lumen of a donor compartment as 

vesicles bud from its membrane, or transmembrane, stably embedded in the lipid bilayer. Transport 

is followed by vesicle fusion with the target compartment, while the original orientation of both 

proteins and lipids is preserved. Lipid composition is dynamically controlled in response to various 

signals. A dedicated system of kinases and phosphatases produce and hydrolyse specific 

phosphoinositides, including PtdIns(4,5)P on plasma membranes, PtdIns3P on early endosomes, 

PtdIns(3,5)P on late endosomes and PtdIns4P on the trans-Golgi network (Blumental-Perry et al., 

2006; Feigenson, 2006). These lipids identify membranes of endocytic vesicles and allow them to 

recruit cytosolic proteins, involved in vesicular trafficking (van Meer et al., 2008). Early endosomal 

membranes resemble the PM, but when maturing to late endosomes, a decrease in sterols and 

phosphatidylserine (PS) is prominent, along with a significant rise in bis(monoacylglycero)phosphate 

(BMP) (Kobayashi et al., 2002). Fungal plasma membranes are enriched in sphingolipids and 

ergosterol, whereas enrichment of sphingolipids and sterols along the secretory pathway predicts 

their preferential incorporation into anterograde vesicles (Proszynski et al., 2005).  

 

Figure 1.15 Steps of vesicle budding and fusion (Bonifacino, 2014). 
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 These emerge from their sites of formation, bud by scission and are subsequently targeted to 

a specific “acceptor” compartment, where they dock at and fuse with the target membrane. The 

final fusion of a transport vesicle involves many distinct steps, which are coordinated with the 

mediation of groups of accessory proteins, the majority of which are located in the cytoplasm at the 

periphery of the transport vesicle. These include coat proteins, as well as a number of adaptor 

complexes that appear to be involved in the binding of vesicles to the target-organelle (Bonifacino, 

2014; Bonifacino and Glick, 2004). 

The coat proteins are recruited onto the donor membrane, where they select the vesicle cargo 

and at the same time assemble into a scaffold for vesicle budding. In these processes, both cis-acting 

elements on the cargo proteins and trans-acting factors need to be orchestrated in a sequential 

manner to achieve proper trafficking. Therefore, selection and transport of the protein cargo to and 

from the plasma membrane also depends largely on specific organelle targeting signals within the 

proteins themselves, as each newly synthesized organelle protein must find its way to its final target 

organelle (Barlowe, 2003; Giraudo and Maccioni, 2003). The sorting of a protein begins with protein 

synthesis on a cytoplasmic ribosome and ends when the final destination is reached. When sorting 

signals that determine the trafficking and eventual location of proteins are contained in their amino 

acid sequence, polypeptides are guided from the cytosol into the nucleus, the ER, mitochondria, 

peroxisomes or other subcellular destinations. At each intermediate compartment, a decision is 

made as to whether the protein is to be retained there, or moved further. 

An integral component of cellular trafficking, the cytoskeleton, plays a pivotal role in protein 

transport as the vesicles and endosomes move on microtubules or actin filaments. Movement from 

the emerging site of the vesicles to their final destination is called anterograde transport, while the 

opposite direction is called retrograde transport. In animals and filamentous fungi, but not in yeasts, 

microtubules MTs) function as tracks in the subcellular transport of membrane-bound vesicles, and 

this process is propelled by their associated motor proteins (kinesin, dynein). The two pathways are 

interrelated in each intracellular trafficking step, while the importance of retrograde transport is 

significant in the recycling of various proteins and lipids (Riquelme et al., 2018; Xiang and Plamann, 

2003).  

In A. nidulans and other filamentous fungi, vesicular recycling seems to play a key role in 

establishing and maintaining the polar growth of elongating hyphae. New material is added via 

exocytosis exclusively to a specific membrane site, the apex, resulting in an extending tubular cell, 

the hypha. At the tip of growing hyphae, a position occupied by the so-called Spitzenkörper (SPK), 

there is a dense collection of vesicles, actin and microtubules (Riquelme and Sánchez-León, 2014; 

Steinberg et al., 2017; Taheri-Talesh et al., 2008). SPK is thought to organize vesicles bound for 
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fusion with the membrane at the hyphal tip and provide the membrane for tip growth. Hyphal tip 

cells characteristically gather their endocytic patches in a slightly subapical “collar” region. Because 

exocytosis predominates in the apex, a recycling pathway coupling subapical endocytosis with apex-

directed exocytosis, polarizes cargoes. Thus, endocytosis is fundamental not only for the turnover of 

proteins, but also for the dynamic processes that recycle these proteins back to the PM (Tokarev et 

al., 2009). 

Biochemical and genetic analyses have contributed in the elucidation of the molecular 

mechanisms involved in vesicular cargo transport, a process during which, vesicles that originate 

from a donor compartment dock at and fuse with a different acceptor compartment. Protein coats 

and Adaptor Proteins mediate the selection of cargoes and the formation of vesicles, while their 

targeting to the proper destination and fusion depend on specialized proteins, including Rabs and 

SNAREs. Precision in the control of these processes makes efficient cargo transfer possible, while 

preserving the identity of organelles (Bonifacino and Glick, 2004). 

 

1.3.2 Molecular mechanisms of vesicular transport  

1.3.2.1 Vesicle coats 

Figure 1.16 Scheme of a fungal hyphal tip. Different vesicle populations accumulate at the 

Spitzenkörper (Spk). The main organelles of the secretory pathway and the microtubule and 

actin cytoskeletons, along with motor proteins, are displayed. The circle (top right) shows a 

macrovesicle carrying β-1,3-glucan synthase and the protein complexes required for vesicle 

fusion with the plasma membrane (Adapted from Riquelme, 2018). 
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The segregation of proteins into separate membrane domains is accomplished by assembling 

a special protein layer on the cytoplasmic face of the membrane, the coat. Most transport vesicles 

are formed from these specialized, coated regions, budding off as vesicles with a distinctive set of 

proteins covering their cytoplasmic surface. Coat discard precedes vesicle fusion with a target 

membrane, so that the two cytosolic sides of the membranes can interact directly and fuse. The coat 

performs two main functions, concentrating specific cargo proteins in a specialized patch and 

molding the forming vesicle. In this way, it selects the appropriate molecules for transport and 

encloses them inside the right carrier. Coat protein assembly, results in the formation of a curved 

cage-like lattice that shapes the vesicle by bending the membrane patch. This explains why vesicular 

carriers with the same type of coat often have a relatively uniform size and shape. The three distinct 

types of coated vesicles participate in different trafficking routes and are classified based on their 

surface proteins into Clathrin-coated, COPl-coated, and COPII-coated (Faini et al., 2013).  

Clathrin-coated vesicles mediate transport from the Golgi and from the plasma membrane, 

whereas coatomers (COPI, COPII) mediate ER to Golgi transport, as well as intra-Golgi and the 

reverse Golgi to ER transport of dilysine-tagged proteins. COPII-coated vesicles bud from the ER and 

COPI-coated vesicles bud from the Golgi apparatus (Barlowe et al., 1994; Lee et al., 2004). They are 

hetero-oligomers composed of at least an alpha, beta, beta', gamma, delta, epsilon and zeta 

subunits that reversibly associate with Golgi vesicles to mediate protein transport and for budding 

from Golgi membranes (Gomez-Navarro and Miller, 2016; Stenbeck et al., 1993). For several coats, 

small GTP-binding proteins such as members of the ADP-ribosylation factor (Arf) family, as well as 

phosphoinositides, function as docking sites to initiate coat assembly for adaptor proteins. In turn, 

Figure 1.17 Structural overview of the three main coats participating in 

intracellular transport pathways: clathrin, COPII, and COPI (Faini et al., 2013). 
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the adaptors bind to scaffolding coat proteins, to accessory proteins that regulate coat function and 

to sorting signals in cargo transmembrane proteins that mediate their concentration in the coated 

membrane domains (Bonifacino, 2004; Bonifacino and Traub, 2003; Kirchhausen, 2000; Slepnev and 

De Camilli, 2000). The major component of clathrin coated vesicles (CCVs), is clathrin itself. CCVs 

emerge and appear to move in two directions, from the plasma membrane to the early endosomes 

and from the trans-Golgi network (TGN) to the endosomes. Native non-assembled clathrin exists as a 

three-legged structure called a triskelion. Each triskelion is composed of three clathrin heavy chains 

interacting at their C-termini. Each of the ~190kDa heavy chains has a ~25kDa light chain tightly 

bound to it. Heavy chains are involved in the formation of a clathrin “cage-like” structure and the 

three light ones in its stabilization (Kirchhausen, 2000; Robinson, 2015). Clathrin was recently 

visualized for the first time in A. nidulans and localized to three distinct subcellular sites: late Golgi 

cisternae (trans-Golgi equivalents of filamentous fungi), the endocytic collar (region of concentrated 

endocytosis just behind the hyphal apex) and in fast, long-range moving small puncta in nearly all 

hyphal compartments (Schultzhaus et al., 2017a). 

 

1.3.2.2 Adaptors 

In addition to clathrin, the heterotetrameric Adaptor Proteins (APs) contribute to coat 

assembly by linking clathrin to the membrane, selecting the vesicle cargo and recruiting accessory 

proteins that regulate vesicle formation. Another major type of clathrin adaptor complexes are the 

monomeric GGA adaptors (Golgi-localized, Gamma adaptin-ear containing, Arf-binding proteins) 

(Bonifacino, 2004; Bonifacino and Lippincott-Schwartz, 2003; Robinson and Bonifacino, 2001).  

AP complexes and especially AP-1 and AP-2, are the most important type of adaptors for the 

formation of clathrin-coated vesicles in most eukaryotes. They play key roles in the selection, traffic, 

endocytosis and recycling of membrane cargoes, whilst the presence of additional functional 

adaptors and clathrin is indispensable for the homeostasis and survival of all eukaryotic cells. AP-1 in 

several organisms but mostly in mammals, mediates the anterograde and/or retrograde transport 

between the TGN and endosomes, while AP-2 is involved in trafficking from the PM to the interior of 

the cell. A third AP complex, AP-3, has been implicated in direct transport between the Golgi and 

vacuoles thus bypassing the endosomes, while at least some of its functions are independent of 

clathrin (Dell’Angelica et al., 1998; Peden et al., 2004). The AP-4 and AP-5 complexes may be able to 

function independently of clathrin, and their roles in sorting pathways are rather specialized or 

minor (e.g. fungi do not have AP-4 or AP-5) (Hirst et al., 2011; Robinson and Bonifacino, 2001). 

Interestingly however, in light of the discoveries of the past 10 years, the existence of specialized 

clathrin-independent trafficking pathways has also been proposed, but their role remains somehow 
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controversial (Epp et al., 2013; Howes et al., 2010; Mayor 

and Pagano, 2007; Sandvig et al., 2011). All AP complexes 

are heterotetramers and consist of two large subunits 

(adaptins), the β subunit and the more divergent γ, α, δ or 

ε subunit (100-140kDa), a medium (μ) subunit (~50kDa), 

and a small (σ) subunit (~ 20kDa). The carboxy-terminal 

domains of the two large subunits project as ‘ears’ or 

‘appendage’ domains, connected by flexible ‘hinges’ to the 

‘core’ of the complex which consists of the medium and 

small subunits and the amino-terminal domains of the two 

large subunits. Yeast two-hybrid experiments have shown 

that the γ/α/δ/ε subunits interact with the σ subunits, the 

β subunits interact with the μ subunits and that the two 

large subunits interact with each other. Repression of 

expression of any AP subunit, has been reported to 

inactivate the function of the full complex (Guo et al., 2014).  

The β subunits are particularly important for clathrin recognition and binding, while clathrin-

binding consensus sequences (L[L,I][D,E,N][L,F][D,E]) have been identified in the hinge domains of 

both β1 and β2 (clathrin box). The μ and β subunits have been implicated in cargo selection. The σ 

subunit is necessary for the stabilization of the complex. The α and β ear domains, recruit accessory 

proteins onto the membrane, where they participate in events such as vesicle scission and vesicle 

uncoating. The core domains also bind sorting signals that are contained in the cytosolic tails of 

cargo transmembrane proteins. AP-1 complex is linked to the TGN and endosomal membranes, and 

in most cases its role is indissolubly associated with clathrin. However, there is still some question 

about the directionality and/or the identity of the acceptor compartment, that is, whether AP-1 is 

involved in TGN-to-endosome traffic, endosome-to-TGN traffic, or both (Robinson, 2015).  

The GGA clathrin adaptors belong to a family of abundantly expressed, Arf-dependent 

proteins responsible for the sorting of mannose-6-phosphate receptors between the TGN and 

endosomes. Their structure is that of a four-domain monomer with functions similar to those of the 

AP subunits: an N-terminal VHS (Vps27p/Hrs/Stam) domain, a GAT (GGA and TOM) domain, a hinge 

region, and a C-terminal GAE (gamma-adaptin ear) domain. The GAE domain is homologous to the C-

terminal domain of the γ1- and γ2-adaptin subunit isoforms of AP-1, being responsible for the 

recruitment of accessory proteins that regulate clathrin-mediated endocytosis. Mammalian cells 

have three essential GGAs (GGA1, GGA2, GGA3) and yeast has two genes (Gga1 and Gga2).  Double 

Figure 1.18 A typical triskelion and a 

tetrameric AP complex (Robinson and 

Pimpl, 2014). 
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knockout of Gga1 and Gga2 affects trafficking from TGN to the vacuole, while the single deletions 

have no detectable effect (Bonifacino, 2004; Guo et al., 2014). 

Arf (ADP-ribosylation factor) proteins are a group of small GTP-binding proteins of the Ras 

superfamily that have important roles in the regulation of membrane traffic and the actin 

cytoskeleton, several of which are localized at the trans-Golgi network. Three classes of Arf proteins 

have been described in human, consisiting of Arf1 and Arf3 (class I), Arf4 and Arf5 (class II), and Arf6 

(class III). Class I Arfs, participate in the formation of intracellular transport vesicles and the selection 

of cargo, by recruiting to membranes various coat proteins such as the GGAs, AP-1, AP-3, AP-4, COPI 

and by activating lipid-modifying enzymes (Guo et al., 2014). Based on in silico analysis, it is 

predicted that A. nidulans encodes for six Arf family proteins. ArfA participates in hyphal growth 

through the secretory system, while ArfB shares similarity with ARF6 of Homo sapiens and Arf3p of 

Saccharomyces cerevisiae and functions in endocytosis, playing important roles in polarity 

establishment and maintenance during hyphal growth (Lee and Shaw, 2008a, 2008b).  However, AP-

complexes and GGAs have not been studied in filamentous fungi, while little is known about the role 

of Arfs in hyphal growth.  

The activity of Arfs is regulated by specific guanine nucleotide exchange factors (GEFs) and 

GTPase-activating proteins (GAPs), that convert Arfs to their GTP-bound (active) and GDP-bound 

(inactive) forms and direct their specific activation and inactivation, respectively, at different cellular 

sites.  Golgi Arf-GEFs belong to two subfamilies conserved across eukaryotes: GBF/Gea and 

BIG/Sec7. A. nidulans possesses only one homologue of the early Golgi Gea subfamily, geaA, and one 

of the late Golgi Sec7 subfamily, hypB (Arst et al., 2014). 

1.3.2.3 Rabs 

 The specialization of transport and fusion of transport vesicles and endosomes seems to be 

achieved by special regulatory mechanisms of trafficking, involving family members of SNAREs and 

Rabs. Vesicles are likely to encounter many potential target membranes before reaching their final 

destination, therefore, specificity is ensured with the recognition between surface markers on the 

vesicle and complementary receptors on the target membrane. Rab proteins play a key role in the 

specificity of vesicular transport, by ensuring the direction of the vesicle to specific spots on the 

target membrane. Like Arfs, they are also monomeric GTPases, associated with one or more 

membrane-enclosed organelles of the secretory or endocytic pathways. Rabs function as molecular 

markers on both vesicular and target membranes, regulating the assembly of other protein 

complexes such as Rab effectors. RAB GTPases and their GAP and GEF regulators, are major 

determinants of protein and lipid composition of membranous compartments (Behnia and Munro, 

2005). Additional regulators can be motor proteins that propel vesicles along the cytoskeleton, 
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tethering proteins that link two membranes located more than 200 nm apart, or SNAREs that 

mediate membrane fusion. The same Rabs can associate with multiple effectors in a cooperative 

manner, which results in the formation of specialized membrane patches. The mammalian Rab5 for 

example, upon activation by Rab5-GEF, binds to endosomal membranes and participates in the 

binding of incoming CCVs. Rab7 has been localized to late endosomes and shown to be important in 

the late endocytic pathway, as it can replace Rab5 during transport from early to late endosomes, 

committing the cargo for degradation. Additionally, Rab11 and Rab4 mediate Golgi exit of secretory 

vesicles that traffic through the TGN to the PM, or recycling of vesicles derived from the endosome, 

respectively. In A. nidulans, two paralogues and several orthologues of human Rabs have been 

identified and/or characterized, such as RabARab5, RabBRab5, RabCRab6, RabDRab8, RabERab11, RabFRab4, 

RabORab1, RabSRab7, RabTRab2. Their functions in A. nidulans are summarized below (Table 1.1).   

 In S. cerevisiae and A. nidulans, anterograde Golgi traffic is governed by Rab1 and Rab11 

homologues. Rab1 homologues (Ypt1 and RabO, respectively) (Jedd et al., 1995; Pinar et al., 2013a) 

mediate biogenesis of Golgi cisternae and anterograde traffic across them, while Rab11 homologues 

(Ypt31/Ypt32 and RabE, respectively) mediate the budding of exocytic carriers and control their 

transport to the PM (Jedd et al., 1997; Pantazopoulou et al., 2014). 

 

A. nidulans Yeast homolog Mammalian homolog Localization

RabA Vps21 Rab5 Early endosomes

RabB Vps21 Rab5 Early endosomes

Early Golgi 

Late Golgi

SPK

RabD Sec4 Rab8 SPK

post Golgi

Secretory vesicles

SPK

RabF Ypt32 Rab4 unknown

Early Golgi 

Late Golgi

SPK

Late endosomes

Vacuoles

RabT Ypt31 Rab2 unknown unknown

Autophagosome biogenesis

ER-to-Golgi (anterograde traffic)

exocytosis (anterorgade traffic)

Endosome-to-Golgi (retrograde traffic)

intra- Golgi (retrograde traffic)

Secretion

Function

EE trafficking

EE trafficking

unknown

unknown

Rab11

Rab7RabS Ypt7 vacuolar biogenesis

RabC Ypt6 Rab6

RabO Ypt1 Rab1

RabE Ypt31

Table 1.1 S. cerevisiae and mammalian homologs, subcellular localization and function of all Rab 

GTPases present in the genome of A. nidulans (Abenza et al., 2009, 2010, 2012; Pantazopoulou et al., 

2014; Pantazopoulou and Peñalva, 2011; Pinar et al., 2013a; 2013b). 
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1.3.2.4 SNAREs 

Members of the SNARE family of membrane proteins are among the cargoes transported in 

vesicles (Kuehn et al., 1998; Ramakrishnan et al., 2012; Rein et al., 2002), also serving as catalysts of 

membrane fusion (Söllner et al., 1993). Thus, SNARE proteins have a double role, in both vesicle 

formation and fusion. Each transport step in the cell uses a specific set of SNAREs, and thus their 

packaging into vesicles is one important way to convey vesicle identity and ensure fusion at the 

correct target membrane (Rothman et al., 2000). The formation of SNARE bundles on vesicular and 

target membranes, provides the energy to fuse the appropriate membranes. However, additional 

components are also necessary to guarantee that vesicles will find their right target membrane 

(Brandhorst et al., 2006). These ‘tethering factors’ participate in the necessary membrane contact 

prior to membrane fusion (Cao et al., 1998; Whyte and Munro, 2002), through their association with 

specific membrane proteins or phospholipids.  

All SNARE proteins have a highly conserved core structure, forming tetrameric complementary 

complexes that consist mostly of three SNAREs on the target membrane (t-SNAREs) and one SNARE 

on the vesicle membrane (v-SNARE). In A. nidulans, the mammalian synaptobrevin homologue, SynA, 

is a v-SNARE protein and SsoA is its complementary t-SNARE, both mediating fusion at the level of 

the PM (Taheri-Talesh et al., 2008). TlgB is also a t-SNARE, labeling the late Golgi compartment and 

mediating endosomal traffic in the retrograde pathway (Abeliovich et al., 1998; Amessou et al., 

2007; López-Berges et al., 2016). SedV 

is another t-SNARE, located at the early 

Golgi (Pantazopoulou and Peñalva, 

2011). Compared to SNAREs, the 

tethering factors are a much more 

heterogeneous group of proteins. 

Tethering complexes interact with 

SNAREs and/or GTPases to regulate the 

specificity of vesicle fusion, but can also 

interact with coat complexes (Angers 

and Merz, 2011; Trahey and Hay, 2010). 

For normal vesicular transport to occur, 

vesicles must incorporate the 

appropriate complement of SNARE and 

Rab proteins in their membrane. 

Figure 1.19 Scheme of the structure and function of 

SNAREs. Syntaxin and SNAP-25 are t-SNARE subunits 

(Bonifacino and Glick, 2004). 
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1.3.3 From the ER to Golgi: Protein synthesis, targeting and transport   

 

The ER has a central role in lipid and transmembrane protein biosynthesis, for most of the 

cellular organelles including the ER itself, Golgi, vacuoles, endosomes and secretory vesicles. ER 

produces the bulk of the structural phospholipids and ergosterol in fungi, while the Golgi specializes 

in sphingolipid biosynthesis. Phosphoinositides participate in signalling and recognition, defining 

organelle identity and recruiting both soluble and membrane proteins to specific membranes, 

whereas sphingolipids may have an important role in the sorting of membrane proteins and lipids 

between the ER, the plasma membrane and endosomes or vacuoles, through lipid rafts (van Meer et 

al., 2008).  

Secreted as well as soluble proteins destined for the lumen of the ER, Golgi and vacuoles, are 

first imported to the ER from the cytosol, while polytopic membrane proteins such as transporters, 

are co-translationally integrated in the ER membrane. This mechanistic step seems to be driven by 

the energy of polypeptide synthesis in the ribosome and several sequence-independent, 

amphipathicity-dependent, cis-acting elements on the protein itself. Transmembrane proteins 

possessing signal sequences are recognized at the ribosome by the signal recognition particle (SRP) 

while they are still undergoing synthesis. mRNA molecules encoding endomembrane resident 

proteins might alternatively be localized to the rough ER via interactions between an ER-localized 

mRNA binding protein (mRNA-BP) and sequence motifs in the mRNA. In both cases, this elicits their 

delivery to the ER protein translocation channel (Sec61), through interaction with the SRP receptor 

(SRα and SRβ subunits) where they start to fold and are subsequently released laterally into the ER 

membrane (Fewell and Brodsky, 2000; Gilmore and Mandon, 2012). Although the basic mechanism 

Figure 1.20 Schematic representation of the co-translational translocation of a polytopic 

transmembrane protein. SR:SRP receptor; SRP: Signal recognition particle, the 54 kDa subunit 

contains the binding site for SR (Gilmore and Mandon, 2012). 
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of this ribosome-translocon targeting has been extensively studied in respect to ER translocation of 

small bacterial proteins, less is known on how polytopic transmembrane proteins acquire their final 

topology through this process.  

What seems to be apparent is that co-translational integration of membrane proteins into 

ER is a high-fidelity mechanistic process controlled by intrinsic molecular elements of the ribosome, 

the translated sequence and the translocase complex (Nyathi et al., 2013). Importantly, this process 

is highly sensitive to proper protein folding (Quality Control), occurring during the translocation of 

the translated polypeptide. Once a membrane protein is properly folded within the ER membrane, 

which constitutes an important check-point, it then follows a vesicular trafficking pathway initially 

towards the Golgi, and subsequently towards the endosomal pathway, the vacuole or the plasma 

membrane. Protein misfolding by errors, stress or mutations often leads to translation arrest and 

protein turnover. Misfolded membrane proteins are targeted for ER-associated degradation (ERAD), 

which efficiently retro-translocates them from the ER into the cytosol for degradation via the 

ubiquitin-proteasome system (Ruggiano et al., 2014; Smith et al., 2011). Membrane and soluble ER 

chaperones are involved in every aspect of ER quality control. To achieve homeostasis, a balance in 

ER protein folding load with sufficient ER protein folding machinery, is necessary. For that, cells have 

evolved the unfolded protein response (UPR) as a cytoprotective mechanism to cope with an 

increase of unfolded proteins and the ER stress caused by them. The UPR orchestrates an increase in 

the folding capacity of the ER by promoting the up-regulation of transcriptional factors, involved in 

lipid synthesis, ERAD and protein folding. A parallel decrease in folding load is also triggered, through 

selective mRNA degradation and translational repression (Travers et al., 2000).  

Central to the process of membrane protein exit from the ER is the concentrative packaging 

of protein cargoes in budding COPII vesicles. It is known that exiting of membrane proteins from the 

ER can be facilitated by signal sequences, such as the di-acidic motifs DXD and DXE, the di-

hydrophobic motifs FF, YY, LL and FY and the tyrosine-based sorting motif YXXØ (Barlowe, 2003). 

However, there are many examples of proteins that do not possess any known export signal. 

Although the basic mechanism of COPII action is relatively well characterized, the biophysical details 

of how the COPII vesicles bud remain to be fully understood. In particular, how this process is 

modified to meet the dynamic needs of the cell remains unclear. The COPII protein coat is formed on 

the ER membrane in a series of subsequent steps, that start with the recruitment of the GTPase 

Sar1, which binds the heterodimeric Sec23/24, which in turn interacts with the membrane. Sec24 

serves as the principle cargo-binding adaptor. Following prebudding complex formation, 

heterodimers of Sec13/31 are recruited via interaction between Sec23 and Sec31. Sec13/31 drives 

membrane curvature, aided by the oligomerization of Sec23–Sec24 (Lee and Miller, 2007; Sato and 
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Nakano, 2007). After vesicle formation, downstream events lead to uncoating of transport vesicles 

and recycling of the COPII coat components. 

Traffic from ER to Golgi is bidirectional to ensure that proteins required for the formation of 

vesicles are recycled. After their ER-exit, COPII vesicles move cargo proteins to the ER-Golgi 

Intermediate Compartment (ERGIC), a network of membranes that constitutes the gateway to the 

Golgi complex (Ito et al., 2012; Szul and Sztul, 2011). Whether the ERGIC is a stationary 

compartment or a transient structure formed by the fusion of ER-derived vesicles which works as a 

carrier itself, remains elusive. ER to ERGIC transport is microtubule-dependent and thus, 

anterograde and retrograde transport between these compartments is dramatically reduced in the 

presence of inhibitors of microtubule polymerization (Tomás et al., 2010). In S. cerevisiae however, a 

“hug-and-kiss” mechanism was described for the transport of cargo from the ER-exit sites (ERES) to 

cis-Golgi, which ensures efficient and targeted transport.  Specifically, the cis-Golgi approaches and 

contacts the ERES, the COPII coat collapses, the cis -Golgi captures cargo and leaves the ERES 

(Kurokawa et al., 2014). The removal of COPI and COPII coat has recently been attributed to auxilin, 

which can act as a chaperone and/or uncoating factor in the early secretory pathway (Ding et al., 

2016). 

 

1.3.4 The Golgi apparatus 

 In most eukaryotes, the Golgi apparatus consists of several flattened, stacked, membrane 

compartments, called “cisternae”. Each Golgi stack has an entry face (cis) and an exit face (trans), 

both closely associated with special tubular and cisternal compartments, the cis Golgi network (CGN) 

and the trans Golgi network (TGN), respectively. The CGN is a collection of fused vesicles that 

Figure 1.21 COPII vesicle assembly and selective packaging of cargo 

proteins on the ER membrane (Sato and Nakano, 2007). 
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receives cargo from the ER, whereas the TGN segregates, packages and sends cargoes onward to 

post-Golgi organelles such as vacuoles, secretory vesicles or the PM. The lumen of the trans 

cisternae of the Golgi apparatus, is thought to be continuous with the TGN. In A. nidulans and most 

ascomycetes, the Golgi apparatus does not form stacks, but is instead organized in “Golgi 

equivalents”. These are a network of tubules, rings and fenestrated cisternae, remaining intact 

during mitosis. The fungal Golgi is not vectorially organized in the direction of secretion, thus for 

fungal cisternae, we use the terms “early” and “late” instead of cis and trans, as the Golgi network 

lacks cis-to-trans spatial organization. Both early and late Golgi elements are intermingled, 

predominate near the tip and are less abundant in more basal regions (Breakspear et al., 2007; 

Pantazopoulou and Peñalva, 2009). 

The Golgi apparatus receives lipids and proteins from the ER, transports them to the trans-

Golgi network (TGN) and dispatches them via small carriers to various subcellular destinations, 

usually covalently modifying them en route. Two widely accepted models of how cargoes are 

transported through the Golgi apparatus exist: the vesicular transport model and the cisternal 

maturation model. According to the vesicular transport model, the Golgi apparatus consists of 

relatively static cisternae, while the cargoes in transit utilize coated transport vesicles for an 

anterograde flow, in a cis-to-trans direction. A retrograde vesicular flow restores the original 

positioning of ER and Golgi-resident enzymes, maintaining a static structure. In the alternative 

cisternal maturation model, each Golgi cisterna progressively matures as it migrates through the 

Golgi stack. New ER-derived vesicles continually fuse to become a CGN, which then moves outward 

and matures into a cis cisterna, and so on. Cargo proteins are transported without exiting the 

cisternae, while the retrograde flow that retrieves the resident proteins in each step, is still COPI 

vesicle-mediated (Ito et al., 2012; Simon, 2008). This model is supported by microscopic 

observations in A. nidulans, demonstrating that a block in ER exit using the thermosensitive mutant 

sarAsar1 at the restrictive temperature, results in re-localization of the early Golgi markers (SedV, 

RerA) to the ER (Hernández-González et al., 2015). The cisternal maturation model is further 

supported by the acute trans-Golgi disorganization due to impairment of traffic between the ER and 

early Golgi (Pinar et al., 2013a), as well as the fact that late Golgi cisternae (LGC) mature into post-

Golgi exocytic carriers (Pantazopoulou et al., 2014). Moreover, maturation of early into LGC (Losev 

et al., 2006; Matsuura-Tokita et al., 2006) and progression of LGC into clathrin-coated carriers 

(Daboussi et al., 2012)has been documented in S. cerevisiae. However, we cannot exclude the 

possibility that a combination of the two mechanisms is at play, as the two models are not mutually 

exclusive. A third mechanism could explain the functional segregation of the Golgi stack, based on 

the spatial sorting of lipids. In this model, the uniformly structured Golgi apparatus consists of a 
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membranous processing domain and a membranous export domain, thus separating the enzymatic  

modification of cargoes from their sorting into vesicles (Patterson et al., 2008; Simon, 2008).  

The trans-Golgi network (TGN) is a major sorting station, where cargoes such as membrane 

proteins are organized and enclosed into distinct transport vesicles, targeted to various downstream 

destinations (Guo et al., 2014). Clathrin-coated buds are described only at the TGN, whereas forming 

buds identified in other cisternae, do not contain clathrin (Ladinsky et al., 2002; Mogelsvang et al., 

2004). The key proteins involved in cargo sorting at the TGN are adaptors such as the 

aforementioned APs and GGAs or Epsins and the Exomer. The epsin-related proteins belong to a 

class of monomeric adaptors that mediate traffic between the TGN and endosomes. Mammals have 

one functioning homologue, epsinR, and yeast has two, Ent3p and Ent5p. Double deletion in yeast 

causes trafficking defects in the TGN to endosome route, and in MVB sorting (Duncan et al., 2003; 

Friant et al., 2003). Fungal exomer on the other hand, directly traffics a chitin synthase III (Chs3p) 

and a fusion protein (Fus1p), from the TGN to the PM and has no known homologues in metazoans. 

In yeast, it is heterotetrameric and consists of two copies of Chs5 and two copies of ChAPs (Chs5-

Arf1-binding proteins) (Sanchatjate and Schekman, 2006; Trautwein et al., 2006). Both the putative 

epsin-like protein of A. nidulans, and the exomer complex, remain uncharacterized.  

Figure 1.22 Two major models for intra-Golgi trafficking. ER: Endoplasmic reticulum; TGN: Trans-

Golgi network, the equivalent of fungal late-Golgi (Ito et al., 2014).  
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Phospholipids also contribute to the sorting of cargoes, being recognized as binding sites for 

several cargo adaptors, including AP-1, GGAs and epsinR (Guo et al., 2010; Mills et al., 2003; Wang et 

al., 2007). Phosphatidylinositol 4-Phosphate (PI4P) is enriched predominantly at the TGN and 

phosphatiylserine (PS) at the luminal leaflet of the ER and Golgi, before being translocated by the 

aforementioned lipid flippases (Sebastian et al., 2012). PI4P-binding PH domain of human oxysterol 

binding protein (PHOSBP) is a soluble protein, efficiently recruited to the late Golgi and used widely as 

marker for studies in A. nidulans (Behnia and Munro, 2005; Levine and Munro, 2002; Pantazopoulou 

and Peñalva, 2009). The fungal Golgi Arf-GEF HypBSec7, homologue of the late Golgi BIG/Sec7p is 

another prototypical marker, displaying polarized distribution similar to that of PHOSBP. It plays a role 

in the generation of carriers from the late Golgi bound to the endosomal system (Arst et al., 2014; 

Pantazopoulou and Peñalva, 2011). Early and late-Golgi cisternae (EGC and LGC, respectively) are 

transient, do not overlap and can be resolved by conventional microscopy, as early Golgi membranes 

are visualized with tagged versions of GrhA and SedV. LGC have an average lifetime of approximately 

2 minutes (Pantazopoulou et al., 2014) and are excluded from a subapical region of the hypha, 

where exocytic carriers are accumulated, by a few microns gap (Pantazopoulou and Peñalva, 2009). 

Brefeldin A (BFA) has predictably two targets at the A. nidulans Golgi: the two Golgi Arf1 GEFs, that is 

GeaA, homologue of the early Golgi GBF1/Gea1p and HypBSec7. The Golgi organization is dramatically 

disrupted by BFA in fewer than 5 minutes, leading to arrest of apical extension, tip swelling and 

spatially distinct aggregate formation for early and trans-Golgi equivalents (Brefeldin bodies). 

Contrastingly, the ER components sec63 (translocon complex) and sec23 (COPII) during this 

incubation period are BFA-

insensitive, indicating an acute 

characteristic behavior of the 

Golgi in response to the 

addition of BFA (Markina-

Iñarrairaegui et al., 2013; 

Pantazopoulou and Peñalva, 

2009; Yang et al., 2008). 

Prolonged incubation times 

with BFA (>5-10 min, <30-

45min), lead to SedV 

redirection to the ER, while the 

late Golgi remains ER-

independent (Pantazopoulou, 

Figure 1.23 Schematic representation of the cisternal maturation 
process in the Golgi of A. nidulans. The different functional stages 
and participating proteins are indicated (Steinberg et al., 2017).  
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2016; Pantazopoulou and Peñalva, 2011). Additionally, a block in Golgi assembly by thermosensitive 

mutants of the early-Golgi regulators, RabO and SedV, results in mis-localization of early Golgi 

markers to a cytoplasmic haze (Pinar et al., 2013a). 

 

Traffic through the Golgi 

apparatus is directed by the 

aforementioned small GTPases of the 

Arf and Rab families, and their effectors 

(GEFs and GAPs). In A. nidulans, Golgi-

localized RabO and post-Golgi RabE are 

activated by the oligomeric complex 

Transport Protein Particles (TRAPPs) 

that function as GEFs and thus mediate 

nucleotide exchange on the RAB 

GTPases. Although three TRAPP 

complexes have been identified in 

fungi, only one stable complex, involved 

in Golgi traffic, has been characterized 

in mammals so far.  

 

 

 

Fungal TRAPPII is composed of TRAPPI plus three additional subunits, HypATrs120, HypCTrs130 

and Trs65 (Liang et al., 2007; Morozova et al., 2006; Shi et al., 2004). In A. nidulans, RabO is 

regulated by TRAPPI, whereas a specific association of TRAPPII with RabERAB11 has been detected in 

vivo as TRAPPII marks, and possibly determines, the Golgi–to–post-Golgi transition (Pinar et al., 

2015). In yeast however, it is still unclear whether TRAPPII mediates nucleotide exchange on 

RAB1/Ypt1/RabO, RAB11/Ypt31/RabE, or both, as reports indicate that TRAPPII mediates nucleotide 

exchange on Ypt1, but not on Ypt31/Ypt32. It is postulated that TRAPPII tethers COPI-coated vesicles 

during intra-Golgi and early endosome to late Golgi traffic, through the activation of Ypt1 specifically 

in the late Golgi (Barrowman et al., 2010; Cai et al., 2008). Moreover, a third version, TRAPPIII, 

specifically regulates the Ypt1 role in autophagy (Lynch-Day et al., 2010; Pinar et al., 2015). 

 

 

Figure 1.24 An overview of the functions of TRAPP 
complexes in (a) fungal and (b) mammalian trafficking 
pathways (Barrowman et al., 2010). 
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1.3.5 Transport to the cell cortex: Exocytosis 

In unpolarized cells, transport vesicles leaving the TGN normally reach the PM in a steady 

stream of uncoated vesicles, through the constitutive secretory pathway. However, a second more 

tightly controlled, regulated secretory pathway also operates in most secretory or polarized cells. 

Proteins are concentrated and stored until a stimulus triggers the fusion of the vesicles with the PM 

and cargo release, in a process known as “exocytosis” (Alberts et al., 2002, chap. 13). In polarized 

hyphae of filamentous fungi, a regulated secretory pathway has been partially characterized and 

involves the GTPase RabE. When RabE is recruited to LGCs, these acquire a post-Golgi identity and 

engage motor proteins, before dissipating into exocytic carriers bound for delivery to the apex, 

where they accumulate before fusing with the PM (Pantazopoulou et al., 2014). 

In mammalian cells, coat assembly at the TGN is initiated by the recruitment of Arf1 to the 

membrane, which in turn binds to adaptor proteins (Gillingham and Munro, 2007). The membrane 

of the secretory vesicles that leave the TGN is only loosely wrapped around the clusters of secretory 

cargoes. Morphologically, these immature vesicles resemble LGC that have budded off. During 

maturation they can fuse with one another and their contents become concentrated, probably due 

to the continuous retrieval of membrane and the progressive acidification of the vesicle lumen, 

resulting from the increasing concentration of ATP-driven V-type H+ pumps in the vesicle membrane. 

Once loaded, the secretory vesicle must travel to reach the site of secretion, especially in polarized 

cells such as neurons or filamentous hyphae. As will be discussed in detail later, microtubules guide 

vesicles to the cell surface with the help of motor proteins that propel the vesicles. In fungi, the 

Spitzenkörper (SPK) which literally means ‘apical body’, functions as an intermediate station after 

vesicle transport and before vesicle docking and fusion with the membrane at the apex. It is an 

apical organelle composed of vesicles, actin and ribosomes which is believed to function as a vesicle 

supply center, providing new material to the PM (Gierz and Bartnicki-Garcia, 2001; Harris et al., 

2005; Riquelme and Sánchez-León, 2014). The SPK receives exocytic vesicles of different sizes and 

different lipid compositions (Hohmann-Marriott et al., 2006; Verdín et al., 2009) from the late-Golgi 

Figure 1.25 A simplified schematic overview of the exocytic process in A.nidulans (©Olga Martzoukou). 
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(Schultzhaus et al., 2015) and spatio-temporally regulates their delivery to and fusion with the PM. 

Multiple proteins participate in the formation of the SPK, such as Rho and Rab GTPases, v- and t-

SNAREs as well as polarisome and exocyst complexes. Vesicles of the SPK are organized into two 

strata and can also be divided into two populations based on their size, with the large so-called 

macrovesicles in the outer layer (70 to 90 nm in diameter) and the smaller microvesicles in the SPK 

core (30 to 40 nm in diameter) (Howard, 1981; Riquelme and Sánchez-León, 2014; Verdín et al., 

2009).  

In N. crassa these different exocytic vesicles are known to have different cargoes, with the 

1,3 b-glucansynthase Gs1 located in the macrovesicles and the chitin synthase Chs1 present in the 

microvesicles/chitosomes (Verdín et al., 2009). While some CHSs in A. nidulans have been localized 

at the SPK (Takeshita et al., 2015), it remains to be elucidated whether they are distributed at the 

core or the outer SPK layer. However, the spatial distribution of the lipid flippases DnfA and DnfB in 

the two SPK layers was recently observed microscopically (Schultzhaus et al., 2015). Elusive actin 

microfilaments nucleate in the SPK core from the A. nidulans formin, SepA, a key part of the 

multiprotein polarisome complex that forms at the sites of active growth (Harris et al., 2005; 

Sharpless and Harris, 2002; Virag and Harris, 2006). It is unclear whether the polarisome is a 

component of the SPK, however this hypothesis is supported by the idea that SPK represents a 

microfilament-organizing center. Actin cable nucleation paves the way for the short, myosin V-

dependent anterograde trafficking of vesicles and cargoes between the subapex and the apical 

region (Schultzhaus et al., 2016; Sharpless and Harris, 2002; Taheri-Talesh et al., 2012, 2008). 

Formins are a family of multidomain scaffold proteins that function as nucleators of actin filaments 

involved in actin-dependent morphogenetic events such as septum formation and polarized growth 

(Berepiki et al., 2011). 

Secretory vesicles that accumulate at the SPK wait at the membrane until a signal triggers 

secretion, and they then fuse. The signal is often a chemical messenger, such as a hormone, or a 

Figure 1.26 Schematic representation of the two subpopulations of 

vesicles of the SPK in filamentous fungi such as N.crassa and A.nidulans 

(Riquelme and Sánchez-León, 2014). 
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neurotransmitter, which often generates 

pulsed Ca2+ influxes (Takeshita et al., 2017; 

Wollman and Meyer, 2012). The SNARE 

proteins may be partly paired, but other 

proteins likely keep the SNAREs from 

completing the fusion reaction, until the Ca2+ 

influx releases this brake (De Haro et al., 2003; 

Schneggenburger and Neher, 2005).  

 

The exocyst is a conserved octameric protein complex (Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, 

Exo70 and Exo84) that is implicated in the tethering of secretory vesicles to sites of exocytosis of the 

plasma membrane along with associated Sec1/Munc18 proteins (Carr et al., 1999; Guo et al., 1999a, 

1999b; Novick et al., 1981; TerBush et al., 1996), prior to SNARE-mediated fusion (Wu and Guo, 

2015). It was first characterized in S. cerevisiae (Novick et al., 1980; TerBush et al., 1996; TerBush 

and Novick, 1995), whereas the mammalian exocyst complex was first purified from rat brain, and 

was found in all the tissues examined (Hsu et al., 1998, 1996). Strains with a non-functional exocyst 

accumulate SVs in the cytoplasm and exhibit severely affected polarized growth, highlighting the 

importance of this complex in exocytosis and membrane expansion (Guo et al., 1999a). In A. 

nidulans, only SecCSec3 has been identified and shown to localize consistently to a small region of the 

PM at the apex, immediately anterior to the Spitzenkörper (Taheri-Talesh et al., 2008), whereas in A. 

oryzae the sucellular distribution of  the exocyst was monitored at cortical caps of hyphal tips and at 

septa, through identification of a Sec3 orthologue (Hayakawa et al., 2011). In Ashbya gossypii the 

exocyst components Exo70p, Sec3p, and Sec5p were reported at either an apical cap, or the 

Spitzenkörper, depending on the rate of growth (slow or fast, respectively) (Kohli et al., 2008). 

Contrastingly, the exocyst of C. albicans forms a stable apical cap even upon cytoskeleton disruption 

(Jones and Sudbery, 2010). The first interaction to be described between the exocyst and Rab 

GTPases was that of Sec15 and Sec4 in yeast (RabD in A. nidulans) (Guo et al., 1999b). This 

interaction is specific for Sec4, because other Rab proteins such the ER-localized Ypt1 or the 

endosomal Ypt5, do not interact with Sec15. Sec4 in its active form, might promote exocyst 

recruitment to secretory vesicles and complex assembly (Guo et al., 1999b; Luo et al., 2014). Except 

for the interaction between Rab and Sec15, a second component of the exocyst, Sec10, binds to 

GTP–Arf6, a step crucial for the recycling of cargoes to the PM (Prigent et al., 2003). Sec15 was also 

shown to interact with the type-V myosin Myo2, which binds to both Sec4 and Ypt32 (homologue of 

human Rab11 or A.nidulans RabE), suggesting that Rab proteins control the exocyst function for 

Figure 1.27 Oscillatory hyphal growth in A. nidulans 

(Takeshita, 2018). 
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vesicle transport along the cytoskeleton (Lipatova et al., 2008; Zhang et al., 2011). The mammalian 

Sec15 interacts directly with Rab11, which is involved in the formation of vesicles from the TGN or 

recycling endosomes for subsequent delivery to the PM (Zhang et al., 2004). Upon fusion of a 

secretory vesicle with the PM, the membrane proteins and the lipids of these vesicles provide new 

material for the PM, while the soluble contents are removed from the cell by exocytosis. Even 

though the surface area of the PM is expected to be increased, this happens only transiently, 

because active endocytosis removes membrane components in a rate almost as fast as that of 

exocytosis. During secretory vesicle formation, a retrograde retrieval process that returns Golgi 

components to the apparatus is mediated by clathrin-coated vesicles that originate from the surface 

of immature secretory vesicles. Clathrin coats are often formed on budding secretory vesicles that 

have not yet pinched off from the Golgi apparatus.  

In polarized S. Pombe hyphae, a special mechanism was shown to underlie the spatial 

confinement of exocytosis, as lateral ER-PM contacts restrict the available exocytic sites to the 

growing cell tips (Ng et al., 2018). This ER-PM association has also been observed in yeast, plants, 

neurons and muscle cells (Henkart et al., 1976; Sparkes et al., 2009; West et al., 2011; Wu et al., 

2017). Moreover, lipid rafts, cholesterol and sphingolipids of the PM, were shown to play essential 

roles in the regulated exocytosis pathway of mammalian cells. The association of SNAREs with lipid 

rafts indicates a direct role in the concentration of cargoes at specific sites of the PM, whereas 

cholesterol depletion results in inhibition of exocytosis (Salaün et al., 2004). 

 Two examples of thoroughly studied polarized mammalian cells are epithelial and nerve 

cells. Distinct domains in their plasma membrane constitute targets for different types of vesicles, 

which raises the question whether organized delivery from the Golgi apparatus maintains the 

differences between distinct surface domains.  A typical epithelial cell has an apical domain and a 

basolateral domain, separated by a ring of junctions. This prevents diffusion of proteins and lipids 

between the two domains, maintaining their different composition.  Neuron on the other hand is 

compartmentalized into two molecularly and functionally distinct plasma membrane domains: the 

axon and the dendrites, specialized for sending and receiving signals, respectively (Barnes and 

Polleux, 2009; Lasiecka and Winckler, 2011). As far as protein targeting is concerned, the dendritic 

plasma membrane resembles the basolateral membrane of an epithelial cell, whereas the axonal 

membrane resembles the apical epithelial membrane.  

1.3.6 Remodeling the plasma membrane: Endocytosis 

The routes that lead inward from the cell surface start with the process of endocytosis 

(pinocytosis). All eukaryotic cells continually form small, cargo-loaded endocytic vesicles from the 
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PM for processing and degradation in the vacuole or recycling back to the cell surface through the 

endosomal system, either directly or via passage through the Golgi and the exocytic pathway 

(Seaman, 2008). The existence of clathrin-dependent and independent endocytosis mechanisms has 

been discussed in filamentous fungi, however, a deep characterization of the mechanisms that 

mediate endocytosis in hyphae requires further investigation.  

The endocytic part of the cycle often begins at specialized regions on the inner surface of the 

plasma membrane that can contain clathrin, the AP-2 adaptor protein complex and accessory 

proteins (Ehrlich et al., 2004). Clathrin-mediated cargo endocytosis (CME) is involved in numerous 

biological processes, such as neural signaling, virus uptake or generation of cellular polarization. A 

complex machinery participates in the formation of CCVs, comprised of more than 50 different 

proteins that mark the endocytic positions, recruit cargo molecules and adaptors and promote 

membrane invagination and vesicle scission (Berro and Pollard, 2014; Boettner et al., 2011; Doherty 

and McMahon, 2009; Taylor et al., 2011; Weinberg and Drubin, 2012) and is largely conserved 

between mammals and yeast, whereas neurons mimic some mechanisms, present in filamentous 

fungi (Conibear, 2010; Egan et al., 2012a; Etxebeste and Espeso, 2016; Merrifield and Kaksonen, 

2014). Actin is involved in endocytic internalization in both fungal and animal cells (Munn, 2001) but 

for the latter this role is non-obligatory (Engqvist-Goldstein and Drubin, 2003; Geli and Riezman, 

1998; Qualmann et al., 2000). 

Punctate cortical structures identified in fungi such as budding yeast and A. nidulans, have 

been suggested to function in endocytosis (Araujo-Bazán et al., 2008; Engqvist-Goldstein and Drubin, 

2003; Geli and Riezman, 1998; Munn, 2001). Among the proteins found in these transient and highly 

motile cortical actin patches (Carlsson et al., 2002; Doyle and Botstein, 1996; Smith et al., 2001; 

Waddle et al., 1996), are the Arp2/3 complex and Abp1p/AbpA that are involved in actin nucleation 

and AP-2, clathrin, Sla2/Hip1R/SlaB, Ent1, Ent2, Las17/N-WASP, Sla1, Pan1/Eps15, End3/SagA, that 

mediate the inward movement (Baggett et al., 2003; Goode et al., 2015; Hoshi et al., 2016; Idrissi et 

al., 2008; Kaksonen et al., 2003; Skruzny et al., 2015; Sun et al., 2015; Youn et al., 2010).  

Coat internalization is blocked by mutants of actin cytoskeletal proteins and by the actin 

inhibitor latrunculin B (Lat B) (Kaksonen et al., 2003; Martin et al., 2005; Sampson and Heath, 2005). 

In A. nidulans, the gene products of sagA, slaB, arfB, fimA, myoA, wspA have been reported to 

function in endocytosis (Araujo-Bazán et al., 2008; Hervás-Aguilar and Peñalva, 2010; Hoshi et al., 

2016; Karachaliou et al., 2013; Lee et al., 2008; Upadhyay and Shaw, 2008; Yamashita and May, 

1998). 
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The AP-2 adaptor protein complex has been reported to mediate clathrin-dependent 

endocytosis in most eukaryotes, with the exception of mammals and yeast where an AP-2 

independent role of clathrin was revealed (Brach et al., 2014; Conner and Schmid, 2003; Motley et 

al., 2003; Sorkin, 2004; Traub, 2009). AP-2 initiates the formation of the clathrin lattice at specific 

sites of the cytoplasmic membrane, selects the cargo for bud, bringing the two non-cytosolic leaflets 

into close proximity, in a process called pinching-off. The PI(4,5)P2-binding domain of dynamin 

tethers the protein to the membrane, whereas the GTPase domain regulates the rate of vesicle 

scission, along with amphiphysins (A. nidulans possesses two homologues, AmpA and AmpB) that 

recruit dynamin to the membrane in mammals, or  stabilize the invaginating bud through their F-BAR 

domains in yeast (McMahon et al., 1997; Meinecke et al., 2013). Alternatively, in the filamentous 

fungus A. nidulans, the unconventional Myosin, MyoA, interacts with AbpA at endocytic sites 

(Matsuo et al., 2013; Yamashita et al., 2000). AmpA co-localizes with AbpA in endocytic patches 

showing marked predominance at the tips (Araujo-Bazán et al., 2008). Removal of the clathrin coat 

from the surface of the vesicle is necessary for efficient intracellular transport, fusion with the target 

membrane and delivery of the cargo. The released vesicle rapidly loses its clathrin coat in an ATP-

Figure 1.28 Stages of clathrin-mediated endocytosis in S. cerevisiae, with the involvement of actin 

cytoskeleton and actin-associated proteins (Goode et al., 2015). 
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dependent process with the aid of auxilin, which in turn activates the Hsc70 uncoating chaperone 

(Brodsky et al., 2001; Loerke et al., 2009; Ungewickell et al., 1995; Xing et al., 2010). 

Clathrin-mediated endocytosis is the best-characterized internalization pathway in 

eukaryotes, but it is now clear that a cell can have several pathways that do not use a clathrin coat, 

collectively referred to as clathrin-independent endocytosis (CIE). During this process, several 

proteins have been shown to play important roles such as RhoA, Rac, Cdc42, Arf6, or caveolae 

(Mayor and Pagano, 2007; Sandvig et al., 2011). In S. cerevisiae, a clathrin- and Arp2/3p-independent 

route for the uptake of FM4-64 has been discovered (Prosser et al., 2011). Surprisingly, the pathway 

depended on the actin nucleation, formin, Bni1p and the GTPase Rho1p, which are generally 

associated with exocytosis. The only formin in A. nidulans and the ortholog in N. crassa, SepA and 

Bni-1, respectively, are located at the Spitzenkörper and the apical region of the hypha and possibly 

participate in the production of actin filaments along which vesicles traffic to the apex (Lichius et al., 

2012; Sharpless and Harris, 2002; Takeshita et al., 2008), while A .nidulans RhoA plays roles in polar 

growth, branching and cell wall construction (Guest et al., 2004).  

In filamentous fungi the spatial regulation of endocytosis appears to be cargo-centric, as it 

can take place either predominately in specific sites of the elongating hypha, or uniformly across the 

plasma membrane, depending on the endocytosed cargo. For example, rapidly recycled apical 

proteins seem to undergo endocytosis mainly utilizing the endocytic machinery of a subapical 

endocytic region of the hyphal tip, commonly known as dynein loading zone or endocytic collar or 

endocytic ring (Abenza et al., 2009; Taheri-Talesh et al., 2008). On the other hand, transporters 

belonging to several different families are loaded into endosomes that are formed in seemingly 

random areas of the PM across the hypha (Diallinas, 2008; Gournas et al., 2010; Karachaliou et al., 

2013). However, both endocytic modules share essential components of the endocytic machinery. 

Various proteins purportedly involved in endocytosis have been detected at the subapical endocytic 

collar and throughout the hypha at cortical foci, marked also by accumulated actin patches (Araujo-

Bazán et al., 2008; Epp et al., 2013; Schultzhaus and Shaw, 2015; Taheri-Talesh et al., 2008; 

Upadhyay and Shaw, 2008).  

Common components of endocytic pathways involve adaptors that recognize cytoplasmic 

sorting signals in cargo proteins and link the cargo with the coat proteins. Two types of sorting 

signals exist in general: covalently attached ubiquitin molecules and short peptide motifs. Each 

different adaptor is matched with each transmembrane protein, through the recognition of different 

sorting signals on the cargo, at the cell surface (Reider and Wendland, 2011). Ubiquitin (Ub) is a 

protein of 76 amino acids that can be covalently linked to cargoes prior to their internalization, via 

an enzymatic cascade of three components: E1 (Ub-activating), E2 (Ub-conjugating), and E3 (Ub-
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ligase) (Varshavsky, 2012). The key enzyme that conjugates Ub to endocytic cargo proteins is the E3 

ligase Rsp5 (Springael et al., 1999), influenced by protein kinases such as Npr1 (De Craene et al., 

2001; Kaouass et al., 1998; MacGurn et al., 2011; Merhi and Andre, 2012). α-Arrestins, a family 

consisting of 13 known members in S. cerevisiae, with six related proteins in human (Patwari and 

Lee, 2012), bridge Rsp5 and cargo substrates, especially transporters (Hatakeyama et al., 2010; Lin et 

al., 2008; Nikko et al., 2008; Nikko and Pelham, 2009; O’Donnell et al., 2010).  The Ub ligase can bind 

to the [L/P]PxY motifs of the α-arrestins through three WW domains, while  many cargo proteins are 

able to functionally interact with multiple α-arrestins (Lin et al., 2008; Nikko and Pelham, 2009). In A. 

nidulans, the arrestin-like protein, ArtA, is essential for the HulARsp5-dependent ubiquitination and 

endocytosis of a purine transporter of the NAT/NCS2 family, UapA, and two more transporters 

specific for the uptake of nitrogenous compounds, PrnB (L-proline) and AzgA (purines) (Karachaliou 

et al., 2013). In a similar manner in budding yeast, Rsp5 along with the arrestin-related trafficking 

adaptor (ART) protein Rod1, is involved in the endocytosis of Jen1, a monocarboxylate transporter 

(Becuwe and Léon, 2014). Moreover, the two epsin proteins in S. cerevisiae, Ent1, Ent2, and Sla1, 

participate in cargo endocytosis through their function as Ub-binding adaptor proteins (Dores et al., 

2010; Stamenova et al., 2007). Importantly, binding of the yeast Sla1 and the mammalian CIN85 to 

E3 Ub ligases is necessary for the internalization of certain receptors (Szymkiewicz et al., 2002).  

Peptide-based sorting motifs where first reported in studies of familial 

hypercholesterolemia, in which the Tyr-x-x-hydrophobic signal in the cytosolic tail of the LDL (low 

density lipoprotein) receptor directs internalization of LDL particles (Anderson et al., 1977). Up to 

now, numerous other sorting motifs have been identified in many animal cargo proteins, at several 

organelles throughout the exocytic and endocytic pathway. In yeast, the NPF(x)1,2D endocytic 

Figure 1.29 Model of ART- and Rsp5-mediated endocytosis from the PM in yeast (MacGurn, 2014). 
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sorting motif which binds the adaptor protein Sla1, via its SH3-like SHD1 (Sla1 homology domain 1) 

(Howard et al., 2002; Mahadev et al., 2007; Paoluzi et al., 1998). Transmembrane cargoes that 

contain the NPF(x)1,2D motif include the cell-wall stress sensor Wsc1, the mating pheromone 

receptors Ste2 and Ste3, and the phospholipid flippases Dnf1 and Drs2 (Howard et al., 2002; Liu et 

al., 2007; Piao et al., 2007). In A. nidulans, the PM flippase DnfADnf1 is also endocytosed through an 

NPFxD motif and recycled through the late Golgi (Schultzhaus et al., 2015). 

Endocytic internalization is followed by sorting in Early endosomes (EEs), key components of 

the endocytic pathway playing roles in long-distance transport and supporting functions such as 

cytokinesis and cell migration in animal cells (Mendoza et al., 2014; Miserey-Lenkei and Colombo, 

2016). EEs bind the small GTPase Rab5, homologue of RabA and RabB in A. nidulans, which controls 

biogenesis, membrane fusion and microtubule-dependent motility in animals (Abenza et al., 2009; 

Nielsen et al., 1999; Zeigerer et al., 2012; Zerial and McBride, 2001). In S. cerevisiae microtubule-

based, long-range, transport does not exist possibly due its small size and spherical shape. 

Moreover, even though fungal endocytosis was described first in yeasts (Fernandez et al., 1990; 

Raths et al., 1993) and endocytic recycling supports their polar growth and survival (Valdez-Taubas 

and Pelham, 2003; Weinberg and Drubin, 2012), recent data suggest that S. cerevisiae seems to lack 

a distinct endomembrane system (Kasey et al., 2018). Contrastingly, in filamentous fungi, not only 

endocytosis supports hyphal growth, but also RabA and RabB-labeled EEs are transported 

bidirectionally (retrograde and anterograde) along microtubule tracks, at average speeds of 2 to 7 

μm s-1 and are labeled with the llipophilic fluorescent dye, FM4-64, shortly after internalization 

(Abenza et al., 2009; Peñalva, 2005; Steinberg, 2007; Zhou et al., 2018). RabA endosomal 

membranes do not overlap with vacuoles and colocalize with RabB on early endosomes and on 

relatively immotile, larger, late endosomes (Abenza et al., 2010). Hyphae reap the benefit of the 

anterograde movement of EEs, which assume the role of vehicles for the on-the-move translation 

and asymmetric distribution of mRNAs (Haag et al., 2015; Jansen et al., 2014). Furthermore, an EE-

mediated transport of peroxisomes, lipid droplets and ER that was revealed recently points to the 

role of motile EEs in the distribution of specific organelles within hyphae (Guimaraes et al., 2015; 

Salogiannis and Reck-Peterson, 2017). 

1.3.7 Post-endocytic trafficking 

 Most of the endocytosed material is incorporated into endosomes and depending on their 

ubiquitination state they can in turn follow two different pathways: Recycling back to the plasma 

membrane or traffic to the vacuole through the endocytic pathway, for degradation. Recycling 

occurs either indirectly via passage through the late Golgi and re-incorporation into secretory 

vesicles, or via a “quick recycling route” that sends EEs directly back to the PM in a Rab4-dependent 
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manner, in mammals (Grant and Donaldson, 2009; van der Sluijs et al., 1992). This direct recycling 

pathway has not been rigorously shown in A. nidulans, however a role of EEs in recycling for 

filamentous fungi is supported by the fact that they possess a homologue of the small GTPase Rab4, 

namely RabF (Fuchs et al., 2006). Moreover, an important breakthrough was the observation that 

the lipophilic dye FM4-64 which serves as an endocytosis marker, rapidly stains vesicles within the 

Spitzenkörper (Fischer-Parton et al., 2000; Harris et al., 2005), providing evidence for the 

interconnection of endocytic and secretory pathways. Early endosomes initially carry 

Rab5/RabB/Vps21 and the tethering complex CORVET. Non-recycled cargoes undergo targeting to 

the degradation pathway accompanied by maturation of EEs into late endosomes (LEs), with the 

release of Rab5 and the binding of Rab7/RabS/Ypt7 as shown in mammals (Rink et al., 2005), A. 

nidulans (Abenza et al., 2012), and Ustilago maydis (Higuchi et al., 2014) (For details see 1.3.9). The 

major signal determining the fate of endocytosed cargoes is ubiquitin, which not only acts as a signal 

for cargo endocytosis from the PM, but also can become critical later on the endocytic pathway 

(MacGurn et al., 2012).  

Endosomes function as a general sorting hub in the endocytic pathway of eukaryotic cells, as 

each of the membrane cargoes is subsequently destined to the proper target-organelle according to 

their respective sorting information. This major sorting station, termed recently as the “sorting 

Together with the Sorting Nexin BAR subcomplex (SNX; Vps5 and Vps17), the retromer mediates 

vesicle budding and cargo selection from the late endosome to the TGN. Transmembrane proteins 

are sent for recycling through the Golgi by formation of retromer-positive membrane tubules and 

the concomitant displacement of Rab7, which then becomes available for late endosome fusion 

(Burd and Cullen, 2014; Purushothaman et al., 2017; Seaman, 2012). 

Figure 1.30 Subcellular trafficking pathways of internalized proteins 

(Huotari and Helenius, 2011). 
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  The interplay between complexes such as the retromer and the WASH complex, highlight 

the importance of actin- and microtubule- based movement, as well as the central role of retromer, 

in endosomal protein sorting (Seaman, 2012). Among the identified retromer cargoes are membrane 

proteins such as receptors (Arighi et al., 2004; Fjorback et al., 2012; Nielsen et al., 2007; Seaman, 

2004), transporters (Tabuchi et al., 2010), transport proteins (Eaton, 2008), enzymes (Arcones et al., 

2016) and an apical protein required for cell polarity in epithelial cells (Pocha et al., 2011). 

Membrane recruitment of the retromer complex in budding yeast is achieved by bivalent 

recognition of the PI3K-effector SNX3 and the Rab7 GTPase, by the VPS35 retromer subunit 

(Harrison et al., 2014). An alternative endosomal recycling mechanism in S. cerevisiae depends on 

clathrin-coated vesicles (CCVs) and three different sets of adaptors, the AP-1 complex, GGAs and the 

epsin-like proteins Ent3/5, which recruit clathrin to the intracellular reservoir at the TGN/EE 

boundary, facilitating the loading of different cargoes and preventing vacuolar degradation (Arcones 

et al., 2016; Robinson, 2015).    

The heterotetrameric Golgi-associated retrograde protein (GARP) tethering complex is 

required for fusion of retrograde transport vesicles from both the early and late endosomes to the 

trans-Golgi network (TGN) in a wide range of eukaryotes, including budding yeast and human. 

Comprised of the Vps51, Vps52, Vps53 and Vps54 subinits, GARP mediates the retrieval of recycling 

transmembrane proteins such as the vacuolar protein sorting receptor Vps10 and the v-SNARE Snc1, 

to the TGN (Bonifacino and Hierro, 2011; Morishita et al., 2007). Moreover, GARP-dependent 

endosome-to-TGN retrograde transport appears to be extremely important for the maintenance of 

post-Golgi anterograde transport of recycling transmembrane cargoes in HEK293 cells and in A. 

Figure 1.31 Binding of the SNX subcomplex to CSC leads to retromer 
polymerization, and release of Ypt7 thus separating a retromer-positive tubule 
and a Ypt7-positive membrane. (Purushothaman et al., 2017). 
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nidulans, highlighting the necessity of 

dynein-mediated basipetal transport for 

proper recycling of selected cargoes 

(Hernández-González et al., 2018; Hirata et 

al., 2015). Vps52 is an effector of 

RabCRAB6/Ypt6, a Rab GTPase also involved 

in retrograde traffic from the endosomes 

to the Golgi, operating at the cytosolic 

surface of the late Golgi (Pantazopoulou 

and Peñalva, 2011; Siniossoglou and 

Pelham, 2001) along with the late Golgi t-

SNARE syntaxin 16 and its fungal homologue 

TlgBTlg2 (Amessou et al., 2007; Lewis et al., 

2000; Siniossoglou et al., 2000). A. nidulans 

TlgB is a Qa syntaxin that forms SNARE 

bundles with the SynA synaptobrevin as R-SNARE and co-localizes with PHOSBP (López-Berges et al., 

2016; Pinar et al., 2013a). This SNARE bundle most probably mediates the fusion of endosome-

derived retrograde traffic with the late Golgi, a pathway followed by proteins that are efficiently 

internalized at the subapical endocytic collar and recycle through the TGN before redirected for 

apical exocytosis to the PM (Abenza et al., 2009; Pantazopoulou and Peñalva, 2011; Taheri-Talesh et 

al., 2008). Genetic ablation of TlgB results in a minor effect on SynA localization except when 

combined with a mutation in the early Golgi syntaxin sedV (López-Berges et al., 2016). This indicates 

that when TlgB is absent, cargoes can recycle through early Golgi cisternae in a SedVSed5-dependent 

manner and then move forward to the TGN by cisternal maturation (Steinberg et al., 2017). 

Moreover in mammalian cells, Rab6a’-mediated retrograde traffic from endosomes to the Golgi 

involves syntaxin 16 as well as syntaxin 5, the mammalian equivalents of Tlg2 and Sed5, respectively 

(Amessou et al., 2007). It has been suggested that RabC/Ypt6 plays a role in marking specific Golgi 

sites that accept endosome-derived carriers, at late (Tlg2-dependent) and early (Sed5-dependent) 

Golgi entry points (Siniossoglou and Pelham, 2001; Tsukada et al., 1999).  

1.3.8 Endocytic recycling in polar cell growth  

 The basic mechanisms involved in membrane trafficking are very similar in all eukaryotic cell 

types. However, cell polarity and growth by apical extension of mammalian neurons or filamentous 

fungi is highly demanding in special trafficking mechanisms in the apical parts, compared to 

Figure 1.32 A simplified schematic overview of the 
endocytic and retrograde pathway in A. nidulans, 
starting from right to left. Endocytic patches of 
filamentous fungi are localized predominately in the 
collar region (©Olga Martzoukou). 
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subapical regions or non-polar cells, such as yeast cells.  In the tips of polarized hyphal cells, a slightly 

subapical collar of endocytosis encircles an apical crescent where exocytosis predominates, although 

both processes can occur in subapical regions as well (Schultzhaus and Shaw, 2015; Valdez-Taubas 

and Pelham, 2003). Exocytosis and endocytosis are essential for hyphal growth and the tip growth 

apparatus can simply be thought of as a centre for apical delivering of exocytic vesicles and for 

recycling vesicular components. The spatial coupling of endocytosis and apex-directed exocytosis via 

a recycling route polarizes cargoes, maintaining the high exocytosis rate required for sustaining rapid 

hyphal extension (Peñalva, 2010; Upadhyay and Shaw, 2008). 

 Thus far only three cargoes of the endocytic recycling route have been identified in A. 

nidulans, including the synaptobrevin v-SNARE SynA, the phospholipid flippase DnfA and the chitin 

synthase ChsB (Abenza et al., 2009; Hernández-González et al., 2018; Lucena-Agell et al., 2015; 

Pantazopoulou and Peñalva, 2011; Peñalva, 2015; Schultzhaus et al., 2015; Taheri-Talesh et al., 2008; 

Valdez-Taubas and Pelham, 2003; Zhou et al., 2018). These polarized cargoes are incorporated into 

the PM during exocytosis and diffuse laterally in the membrane until encountered by the forward 

moving actin/AbpA collar. They are then internalized by endocytosis, recycled through endosomal 

and Golgi compartments and re-directed to the PM, most probably in a RabE-dependent manner 

(Hernández-González et al., 2018; Steinberg et al., 2017; Taheri-Talesh et al., 2008). In line with that 

observation, inactivation of basic regulators of the endocytic internalization machinery leads to 

lethality, seemingly due to a defect in polarity maintenance. It has been firmly established that 

Figure 1.33 Schematic overview of the endocytic recycling process in A. nidulans. The spatial 

coupling of subapical endocytosis with apex-directed exocytosis polarizes cargoes (©Olga 

Martzoukou). 
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spatially coupled exocytosis and endocytosis are vital for the stabilization of polarity axes and thus 

for hyphal tip growth in A. nidulans, A. oryzae, N. crassa, and A. gossypii (Araujo-Bazán et al., 2008; 

Echauri-Espinosa et al., 2012; Higuchi et al., 2009; Jorde et al., 2011; Taheri-Talesh et al., 2008; 

Upadhyay and Shaw, 2008). Moreover, in U. maydis endocytic receptor recycling is essential during 

the early steps of pathogenicity (Fuchs et al., 2006). Several transmembrane cargoes, among which 

Snc1p (Valdez-Taubas and Pelham, 2003) and Wsc1p (Piao et al., 2007) follow the recycling pathway 

through the TGN, but things are different for filamentous fungi, as recycling of the Snc1p homologue 

SynA is RabC-independent (Pantazopoulou and Peñalva, 2011). However, a block in SynA 

endocytosis led to its uniform localization across the PM in A. nidulans (Hervás-Aguilar and Peñalva, 

2010; Pantazopoulou and Peñalva, 2011), a phenotype similar to the one observed for DnfA, when 

its endocytic motif NPFxD was mutated (Schultzhaus et al., 2015). Indirect endocytic recycling 

through the TGN is indisputably necessary for polarized growth. Therefore, it is likely that 

filamentous fungi have also developed a more direct recycling route, which remains 

uncharacterized.   

One characteristic feature that qualifies A. nidulans as a model organism for intracellular 

traffic studies is that its hyphal tip cells grow exclusively by apical extension, which is supported by 

the highly polarized and continuous delivery of secretory vesicles to the apex. Special secretory 

organelles such as the unmatched fungal SPK constitute adaptations to this mode of growth, as 

secretory vesicles for example, accumulate there and organize into two strata before fusing with the 

apical membrane (see also 1.3.5). This apical extension appears to be transient rather than 

continuous, as the sites of vesicle fusion and polar growth direction are defined by the position of 

the SPK and cell end markers, such as the membrane-bound TeaR and its cytoskeleton-transported 

interacting partner, TeaA. Incessant delivery of vesicles that contain cell-end markers and recycled 

cargoes to the same polarity site, grants a stable supply of proteins necessary for growth. 

Disassembly and reassembly of temporary growth zones results in pulses of apical extension  

followed by small periods of growth arrest. Finally, the entire apex moves forward as new growth 

zones are established within the hyphal tip, at regions slightly offset from the earlier polarity site. In 

that way, loss of cell polarity is prevented as the previous growth zones are constantly turned over 

and polarized cargoes are efficiently recycled (Fischer et al., 2008; Ishitsuka et al., 2015; Takeshita et 

al., 2008). 

1.3.9 Degradation Pathway 

 Upon co-translational insertion into the lipid bilayer of the endoplasmic reticulum (ER), 

newly synthesized membrane proteins are subject to a complex series of sorting, trafficking, quality 
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 control and quality maintenance mechanisms in the secretory and endocytic pathways. A major 

control point is introduced from the moment cell surface proteins or cargoes reach the plasma 

membrane, as they are subject to tight downregulation (MacGurn, 2014). When not needed, these 

proteins are endocytosed and re-routed for degradation in the vacuole, directed through a series of 

sorting events and trafficking steps. Other control points include Golgi-to-endosome traffic, Golgi 

complex quality control and autophagy, which will not be discussed in detail here. A key regulator of 

many of these processes is the aforementioned ubiquitination, a post-translational modification 

which promotes rapid removal of fungal and mammalian membrane proteins via endocytosis, in 

response to various signals (see also 1.3.6).  

Ubiquitination is a reversible modification, and Ub is recycled after cleavage of the 

isopeptide bond by specific proteases termed De-Ubiquitinating enzymes (DUBs). For most 

transmembrane cargoes studied in yeast, cargo ubiquitination at the PM appears to be the primary 

determinant of endocytosis. The E3 ubiquitin ligase that mediates cargo ubiquitination and targeting 

for endocytosis, Rsp5, belongs to the Nedd4 HECT family and is a homologue of the A. nidulans HulA. 

An elaborate network of adaptors is responsible for mediating the interaction between the ubiquitin 

ligase and fungal PM proteins that do not contain PY motifs, as Rsp5HulA is recruited to cargoes with 

the help of arrestin-like soluble adaptors (Karachaliou et al., 2013; Lin et al., 2008; Nikko and 

Pelham, 2009). Interaction between ubiquitinated cargoes and adaptors possessing Ub-binding 

domains (e.g., epsin) mediates sorting into newly formed endocytic invaginations, which upon 

scission from the PM, fuse with the membrane of EEs. As mentioned earlier, some cargoes are 

recycled indirectly through the TGN or directly to the PM, while others are sorted for 

lysosomal/vacuolar delivery in a process that involves EE motility and includes maturation from an 

EE to a late endosome (LE) (Abenza et al., 2010, 2012). 

Figure 1.34 The ubiquitin modification cycle of protein sorting from the plasma 

membrane and intracellular trafficking (MacGurn et al., 2012). 
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Of central importance for the biogenesis of endosomes and lysosomes in eukaryotic cells are 

certain associated membrane-tethering and fusion events that are mediated by CORVET/HOPS and 

SNARE complexes, respectively (Balderhaar and Ungermann, 2013; Krämer and Ungermann, 2011). 

CORVET (‘class C core vacuole/endosome tethering’) and HOPS (‘homotypic fusion and protein 

sorting’) complexes have been mainly, but not exclusively, characterized in yeast but are present 

also in A. nidulans (Abenza et al., 2010; López-Berges et al., 2017; Pinar et al., 2013b). These are 

heterohexameric protein complexes mediating the maturation of EEs into LEs, comprised of four 

common ‘core’ components, Vps11, Vps16, Vps18 and Vps33, and differing in two specific subunits, 

CORVET Vps8 and Vps3, and HOPS Vps39 and Vps41. They interact with Rab GTPases, mediate 

membrane tethering, and guide SNARE assembly that results in membrane fusion. Endocytic vesicles 

are tethered to EEs, where CORVET binds to the GTPase Rab5 and mediates endosome to endosome 

fusion. The HOPS complex on the other hand operates at the late endosome/multivesicular body 

(LE/MVB) stage as a Rab7 effector and mediates multiple fusion events including vacuolar homotypic 

fusion and vacuole protein sorting (Balderhaar and Ungermann, 2013; Bröcker et al., 2012; López-

Berges et al., 2017). 

The formation of a new LE is preceded by the generation of a Rab7 domain (Rink et al., 2005; 

Vonderheit and Helenius, 2005), which leads to the transient formation of a hybrid Rab5/Rab7 

endosome. During maturation, membrane components and proteins responsible for fusion are 

exchanged, endosomes are localized to the perinuclear area, and the luminal pH is decreased. 

Moreover, a vacuolar morphology is acquired, to such an extent that early and late endosomes can 

be distinguished by electron microscopy (Abenza et al., 2012; Griffith and Reggiori, 2009; Huotari 

and Helenius, 2011; Prescianotto-Baschong and Riezman, 2002). Transmembrane proteins targeted 

to the vacuole can be sorted by not only cis-acting sorting signals, such as ubiquitin (Ub), but also 

Figure 1.35 Degradative 

pathway. Cargoes are 

endocytosed and transported 

into early endosomes. Rab5 

recruits CORVET, which 

mediates homotypic fusion. 

During the early-to-late 

endosome maturation, Rab5 

is substituted by Rab7 and 

CORVET by HOPS, which 

promotes homotypic fusion 

with the lysosomes/vacuoles 

(Balderhaar & Ungermann, 

2013). 
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trans-acting factors like the Endosomal Sorting Complex Required for Transport (ESCRT) machinery 

(Henne et al., 2011) that operates in parallel on maturing endosomes (Arlt et al., 2015; Toshima et 

al., 2006).  

 

1.3.10 The cytoskeleton: General aspects and its role in fungal protein trafficking 

The fungal cytoskeleton provides the framework for cell shape, hyphal branching, cytokinesis 

and morphogenesis. Protein trafficking also largely depends on motorized movement of the vesicles 

either on the actin cytoskeleton or on microtubules. Experimental evidence exists for both 

microtubule and actin cytoskeleton involvement in the intracellular transport of organelles and 

vesicles, cargo secretion to the PM and for actin participation in endocytosis from the PM. Septins 

have also been recognized as an important component of the cytoskeleton in a wide range of 

eukaryotic species. They participate in almost all known cytoskeletal functions in filamentous fungi, 

while a few extra functions have been attributed to them, including septation, chitin deposition, 

branching pattern regulation, preventing diffusion and conidiophore development. 

 

 

Figure 1.36 The endosomal /degradative pathway. Following cargo internalization from the 

plasma membrane, entrance to the endocytic pathway results either in recycling or in 

targeting to the lysosome/vacuole for degradation through the endosomal system (Huotari 

and Helenius, 2011).  
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1.3.10.1 Microtubules 

Microtubules (MTs) are of central importance during mitosis, but in filamentous fungi they have 

some additional roles during interphase. They are important for the distribution of nuclei or other 

organelles and serve as tracks for transported vesicles (Takeshita et al., 2014; Xiang and Fischer, 

2004). The discovery of gamma-tubulin (Oakley and Oakley, 1989) came from a genetic screen 

designed to identify genes important for MT function in A. nidulans and was found in all eukaryotes 

afterwards (Weil et al., 1986). Gamma-tubulin functions in microtubule nucleation and polar 

orientation found primarily in centrosomes and spindle pole bodies (SPB), which serve as fungal 

Microtubule Organizing Centers (MTOCs). SPBs are analogous to centrosomes in higher eukaryotes, 

but do not contain centrioles (Kilmartin, 2014; Seybold and Schiebel, 2013).  

 

Two other members of the tubulin family, the dimer-forming Alpha-tubulin and Beta-tubulin 

are structural elements of the microtubule cytoskeleton but do not contribute to microtubule 

nucleation. MTs are tubular structures made of α and β-tubulin heterodimers organized in 13 

protofilaments, forming a hollow cylinder. Dimers polymerize at the (+) ends of MT by non-covalent 

bonding and ultimately form the protofilament structure. In vivo observations of A. nidulans 

revealed that MT plus ends originate from nuclei (MTOCs) but also from septa (sMTOCs), with the 

latter remaining to be elucidated (Konzack et al., 2005). Polarized microtubules are oriented in either 

anti-parallel or uniform arrays that exhibit a dynamic instability (Gardner et al., 2008). They 

continuously elongate for a period until they reach the cortex, and then depolymerize, until they 

recover and grow again (Ishitsuka et al., 2015). 

 For several eukaryotic cells –such as neurons of filamentous hyphae-, the regulation of size, 

shape and polarization is dependent on the fast, MT-based, long-range transport of vesicular 

carriers. Defects in microtubule-based transport are implicated in many neuropathologies (Hirokawa 

et al., 2010) and cause severe problems in vesicular trafficking and maintenance of apical growth 

(Fischer et al., 2008; Horio and Oakley, 2005; Sampson and Heath, 2005; Zhang et al., 2011). 

However, apical growth and mitosis do not compete for cellular resources. Presumably, the 

Figure 1.37 Microtubules and nuclei visualized in A. nidulans with 

fluorescent tagged versions of α-tubulin and H1 histone, 

respectively (Riquelme et al., 2018).  
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population of cytoplasmic microtubules involved in polarized growth operates independently of that 

involved in mitosis (Riquelme et al., 2003).  

Known MT-transported cargoes include endosomes, messenger RNA, secretory vesicles, 

peroxisomes, as well as nuclear pore complexes reflecting the diversity of metazoan systems 

(Abenza et al., 2009; Egan et al., 2012a; Gerst, 2008; Guimaraes et al., 2015; Lenz et al., 2006). 

Secretory vesicles containing components of the tip growth apparatus are transported along 

microtubules to the apical region in an acropetal manner, before being transferred to actin cables 

and delivered to the apical cortex of the hypha. This continuous flow of secretion carriers from the 

hyphal cell body to the tip is essential for cell wall and membrane extension (Fischer et al., 2008; A. 

Pantazopoulou et al., 2014; Taheri-Talesh et al., 2008; Zhou et al., 2018). Endosomes are transported 

bidirectionally along microtubules and apart from their role in lipid and membrane protein recycling, 

they seem to have a newly discovered role in subcellular transport: Serving as multipurpose 

platforms for a variety of ‘hitchhiking’ cargoes, such as lipids, proteins, mRNAs, ribosomes, and even 

whole organelles that achieve motility by connecting to moving ‘vehicle’ endosomes (Guimaraes et 

al., 2015; Haag et al., 2015; Salogiannis and Reck-Peterson, 2017).  

Besides serving as tracks for vesicular traffic, microtubules are imperative in the 

maintenance of growth direction of hyphae and for holding the tip growth apparatus in position 

(Riquelme et al., 1998; Taheri-Talesh et al., 2008). TeaA, a cell end marker of A. nidulans, is 

specifically delivered to the apex by polymerizing microtubules with the help of the motor protein 

KipA and is anchored at the membrane by direct interaction with the prenylated TeaR, linking the 

MT and the actin cytoskeletons (Fischer et al., 2008; Ishitsuka et al., 2015; Takeshita et al., 2018, 

2013). The interaction of the two cell end markers at the apical crescent triggers the recruitment of 

the formin SepA, which in turn initiates actin cable polymerization for targeted cargo exocytosis and 

polarized growth (Higashitsuji et 

al., 2009). A suggested 

mechanism for MT guidance and 

pulling along actin filaments 

involves their capture at hyphal 

tips by MigAKar9, which interacts 

with myosin V and probably 

enables trafficking toward the 

apex. MigA has an additional 

role in spindle positioning during 

mitosis via interaction with the 

Figure 1.38 Interaction of the microtubule and actin cytoskeleton 

at cortical sites is mediated by cell-end markers (Riquelme et al., 

2018). 
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cortical protein ApsA, in the same way the homologue proteins, Kar9 and Num1 interact during 

mitosis in budding yeast (Fischer et al., 2008; Manck et al., 2015).  

1.3.10.2 Actin 

Αctin cytoskeleton organization and functionality are of central importance in filamentous 

fungi apical growth, morphogenesis, exocytosis, endocytosis, and cytokinesis (Berepiki et al., 2011; 

Harris and Momany, 2004; Taheri-Talesh et al., 2008; Torralba et al., 1998; Upadhyay and Shaw, 

2008; Virag and Griffiths, 2004). Actin polymerizes to form filaments (filamentous [F] actin) which 

assemble into different higher-order structures, such as actin rings, patches, and cables, which are 

required for distinct processes. Responsible for the regulation of F-actin structure and function are 

several Actin-Binding Proteins (ABPs), such as fimbrin, coronin, the Arp2/3 complex, and myosin II 

(Delgado-Álvarez et al., 2010; Riquelme et al., 2018; Taheri-Talesh et al., 2008).  

Contractile actin rings guide septation during cytokinesis. The septal actomyosin tangle 

(SAT), a structure necessary for establishing the septation site, is a collection of F-actin cables 

associated with tropomyosin and a class II myosin. Soon after SAT formation the contractile 

actomyosin ring (CAR) assembles, driving the final step of cytokinesis. Although not every nuclear 

division generates a septum, mitotic signaling, cytokinesis and cell wall synthesis are processes 

linked with septation (Delgado-Álvarez et al., 2010; Gladfelter, 2006; Harris, 2001; Mouriño-Pérez, 

2013; Seiler and Justa-Schuch, 2010). 

Patches of actin are predominantly found at the subapical collar region and secondly at 

peripheral foci, where the endocytic internalization machinery is also present -including AbpA, SlaB, 

fimbrin, the Arp2/3 complex and coronin- (Araujo-Bazán et al., 2008; Berepiki et al., 2011; Delgado-

Álvarez et al., 2010; Schultzhaus et al., 2016). Endocytic patches mediate the endocytic recycling of 

polarity markers in an actin-dependent manner, as actin coat assembly at the last step of the 

internalization process allows for membrane invagination and vesicle budding to occur (Idrissi et al., 

2008; Upadhyay and Shaw, 2008). Studies in filamentous and yeast-like fungi reveal the essentiality 

of an F-actin-associated protein, fimbrin, for efficient endocytosis (Kübler and Riezman, 1993; 

Figure 1.39 Actin patches and cables at hyphal apical and subapical 

regions of A.nidulans, visualized with actin reporter Lifeact (Riquelme et 

al., 2018). 
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Upadhyay and Shaw, 2008). Interestingly, A. nidulans and N. crassa fimbrin mutants exhibit severe 

defects in normal colony growth and general lipid endocytosis, traced with the lipophilic endocytic 

marker FM4-64 (Geli and Riezman, 1998; Upadhyay and Shaw, 2008). The Arp2/3 complex, a 

component essential for viability in most fungi, is located exclusively in actin patches where it 

nucleates F-actin branches (Egile et al., 2005). 

In addition to actin patches, actin cables localize along fungal hyphae. They exhibit a 

dynamic behavior with cycles of elongation and shrinkage making visualization extremely difficult, 

but not impossible, especially with the development of new fluorescent markers such as 

tropomyosin (TpmA) and Lifeact (Bergs et al., 2016; Delgado-Álvarez et al., 2010; Schultzhaus et al., 

2016; Taheri-Talesh et al., 2008). The presence of actin cables at the apical region of the hyphae is 

explained through their involvement in polarized transport, probably serving as tracks for the myosin 

V-dependent transport of various cargoes including secretory and endocytic vesicles, mRNAs, and 

Golgi equivalents (Berepiki et al., 2011; Pruyne and Bretscher, 2000; Taheri-Talesh et al., 2012). 

More specifically, F-actin is required at the hyphal apex to accept vesicles transported along 

microtubules and direct them to the sites of polarized exocytosis (Zhou et al., 2018). Assembled 

microfilaments are bundled into polarized cables with barbed plus ends, towards which motor 

proteins (myosins) move. Cable extension requires fimbrin and tropomyosin and proceeds in a 

direction opposite to that of vesicle transport (Berepiki et al., 2011; Pruyne et al., 1998). 

The SPK, this intermediate sorting hub where secretory vesicles accumulate prior to apical 

membrane fusion, acts as a ‘relay station’ from long-distance vesicular transport along microtubules 

to short-distance actin-dependent movement to the apical PM at the hyphal tip (Berepiki et al., 

2011; Harris et al., 2005). Given that hyphal polar growth can occur for a considerable amount of 

time in the absence of functional MTs, F-actin-mediated vesicle delivery could presumably suffice for 

hyphal extension (Torralba et al., 1998). However, it seems likely that the interdependence of actin 

and MT-based transport contributes to efficient apical delivery and therefore rapid hyphal growth 

(Takeshita et al., 2014). Additional experimental data strongly indicate that the integrity of both the 

SPK and the whole tip growth apparatus -including the SPK, the subapical endocytic ring, the 

polarisome, the exocyst and the apical crescent- is maintained by actin cables (Horio and Oakley, 

2005; Riquelme and Sánchez-León, 2014; Taheri-Talesh et al., 2008).  

1.3.10.3 Septins 

 Septins were first discovered in temperature-sensitive screens for cell division defects in 

yeast (Hartwell, 1971), but only several years later were they recognized as an important component 

of the cytoskeleton in a spectrum of eukaryotic species (Versele and Thorner, 2005). The septin 
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family is conserved in most eukaryotes and includes GTPases, unique from other components of the 

cytoskeleton in that they heterooligomerize into complexes with defined stoichiometry, which in 

turn polymerize into long cytoskeletal filaments (Oh and Bi, 2011). Septins are crucial for shaping cell 

morphology and function as multimolecular protein-binding scaffolds that participate in a wide 

range of cellular processes including cytokinesis, cell migration, cell–pathogen interactions, as well 

as septation, chitin deposition, bud-site selection and polarity axes establishment at lateral branches 

in fungi (Berepiki and Read, 2013; Fung et al., 2014; Gladfelter, 2006; Steinberg et al., 2017). They 

associate directly with membranes, microtubules, and actin filaments, with effects on the dynamic 

properties of the cytoskeleton (Kremer et al., 2005; Spiliotis, 2018; Spiliotis and Gladfelter, 2012). In 

fact, septins colocalize with both actin and tubulin polymers in mammalian cells (Kinoshita et al., 

1997; Nagata et al., 2003; Surka et al., 2002). The higher-order septin structures include elongated 

filaments, gauzes, rings at septation sites and bars, formed through end-on-end connections of 

septin oligomers (DeMay et al., 2011; Gladfelter, 2006; Juvvadi et al., 2011; Lindsey et al., 2010).  

Five members of the septin family 

have been characterized in A. nidulans: 

AspA,  -B, -C, -D and –E (Momany et al., 

2001). The first four ‘core’ septins interact 

and form a complex critical for 

development, while AspE is necessary for 

the assembly of the higher-order 

structures (Hernández-Rodríguez et al., 

2014). AspA and AspC interact with each 

other and show identical localization in 

discrete spots, bars and rings. They are 

important for normal development, 

especially for regulating germ tube and 

branch emergence, septation and 

conidiophore organization (Lindsey et al., 

2010). The septin AspB also forms bars as 

well as filaments, and localizes to forming 

septa, emerging secondary germ tubes, branches and layers of the conidiophore. Strains carrying a 

temperature-sensitive mutation in aspB exhibit hyperbranching and defects in conidiation 

(Hernández-Rodríguez et al., 2012; Westfall and Momany, 2002).  

Figure 1.40 Schematic representation of septin higher-

order structure formation in A.nidulans. Blue: AspA; 

Red: AspC; Yellow: AspB; Green: AspD; Purple: AspE 

(Hernández-Rodríguez et al., 2014). 
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1.3.11 Motor proteins 

Cytoskeletal motor proteins are categorized into two types based on the “tracks” they move 

along: Actin motors such as myosin use microfilament tracks through interaction with actin, while 

microtubule motor proteins, like dynein and kinesin, move along MTs through interaction with 

tubulin. An additional classification of microtubule motors sorts them into plus-end motors and 

minus-end motors, depending on the direction in which they "walk" along the microtubule tracks. 

1.3.11.1 Microtubule motors 

Two classes of MT-dependent motors, the minus end- directed dynein and the plus end-

directed kinesins, are involved in organellar positioning and vesicular transport. In filamentous fungi 

only a single dynein motor is encoded, unlike the multiple -at least 10- kinesin genes (Schoch et al., 

2003). Secretory vesicles are propelled along MTs for long distances by motorized movement of the 

conventional kinesin-1 (KinA in A. nidulans) toward hyphal tips (plus-end), whereas Kinesin-3 (UncA 

in A. nidulans) and dynein (NudA in A. nidulans), function in the transport of early endosomes in the 

anterograde and retrograde direction, respectively (Abenza et al., 2009; Egan et al., 2012b; Peñalva 

et al., 2017; Takeshita et al., 2014; Zekert and Fischer, 2009). In fact, a recent superresolution 

analysis confirmed the previous results and revealed mechanistic details of the motorized 

movement of both vesicular populations (EEs and SVs), using as single cargo the chitin synthase 

ChsB. Transport events of KinA carrying SVs, exhibit fast movement (7 to 10 mm s−1), contrastingly to 

the slower one (2 to 7 mm s−1) of UncA transferring EEs (Zhou et al., 2018).  Molecular motors such 

as kinesin play roles in MT interaction with other cellular components and organelle transport 

(endosomes, secretory vesicles). In kinesin mutants of the filamentous fungus N. crassa, vesicles can 

reach the SPK although growth is slightly impaired and the SPK displays an erratic path. 

 Moreover, KinA is involved in nuclei positioning, MT dynamics and is necessary for the co-

transport of dynein/dynactin complexes to the plus-end of MTs, carried along with SVs (Efimov, 

2003; Requena et al., 2001; Zhang et al., 2003). The study of selected cargoes led to the observation 

that transport of A. nidulans Class III (ChsB) and V (CsmA) chitin synthases to the hyphal tips depends 

on the conventional kinesin (Takeshita et al., 2015) and that KIF13A, a member of the kinesin 

superfamily proteins in neurons, mediates selective cargo transport from the TGN to the plasma 

membrane via direct interaction with the β1 subunit of the AP-1 adaptor (Nakagawa et al., 2000), a 

rare case in which AP-1 functions not only as a coat adaptor, but also as a motor adaptor.  
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 Dynein motor complexes are much larger than kinesin and myosin (an actin motor), and 

drive intracellular transport toward the minus end of microtubules, at the MTOCs. In filamentous 

fungi, dynein is also implicated in nuclear distribution (Morris, 2003) additionally to the retrograde 

transport of vesicles and organelles (Seiler et al., 1999). Many genes involved in the A. nidulans 

dynein pathway have been isolated as nud (nuclear distribution) mutants leading to the 

identification of several associated components, including the dynein /dynactin complexes (Eckley et 

al., 1999; Holleran et al., 1998; King, 2000). Other isolated genes include NudF/Lis1 and NudE/Ro11, 

all localizing at comet-like structures that coincide with the MT plus-end loading zone and 

functioning in the cytoplasmic dynein pathway (Efimov, 2003; Zhang et al., 2003). Early endosome -

but not secretory vesicle- dynein-based motility is regulated with the mediation of an additional 

adapter complex, known as Hook protein (HookA in A. nidulans). The Hook complex is anchored to 

the EE membrane and presumably upon interaction with dynein and kinesin-3, controls the activity 

or the attachment of both motors during bidirectional EE movement (Bielska et al., 2014; Steinberg, 

2014; Zhang et al., 2014).   

1.3.11.2 Actin motors 

 The genomes of the filamentous fungi N. crassa and A. nidulans contain a myosin I protein 

(MyoA, single-headed motor), a myosin II protein (MyoB, two headed motor implicated in actin-

filament sliding), a myosin V (MyoE, two-headed motor implicated in vesicle transport), and an 

interesting filamentous fungus-specific allele, csmA, encoding a chimera of a myosin motor domain 

and a chitin synthase domain (Takeshita et al., 2002). Besides cortical actin patches, endocytosis of 

materials at the subapical ring of A. nidulans requires the activity of the myosin I MyoA, a protein 

also enriched in growing hyphal tips and at sites of septation (McGoldrick et al., 1995; Yamashita and 

May, 1998). MyoB can be found in contractile rings at forming septa and is critical for chitin 

deposition, septation, but not for hyphal elongation (Taheri-Talesh et al., 2012). The myosin-5 MyoE 

localizes to the Spk and moving cytoplasmic foci, and has been implicated in polarized growth as it 

mediates vesicle transport along actin cables in the apex-proximal area. Importantly, MyoE is 

Figure 1.41 Bidirectional motorized transport of early endosomes (EE) and 

secretory vesicles (SV) along microtubules  (Adapted from Riquelme et al., 2018). 
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essential for polar hyphal extension and colony formation in the absence of all MT-based trafficking 

events (Taheri-Talesh et al., 2012; Zhang et al., 2011).  

Connecting the puzzle pieces of vesicular trafficking reveals a dynamic picture of polarity 

maintenance during directional growth. Experimental data support a relay mechanism by which SVs 

are translocated by kinesin(s) (Lenz et al., 2006) on extending microtubules to the tip, where they 

are handed over to MyoE for the final step of transport to the PM (Pantazopoulou et al., 2014; 

Sharpless and Harris, 2002; Taheri-Talesh et al., 2012).  This step involves association with F-actin 

cables, the assembly of which is nucleated by the formin SepA. Finally, SVs are either recycled back 

by dynein, or moved into the different SPK strata based on their molecular identity (macro- or micro-

vesicles), where they are await briefly until the next calcium signal triggers exocytosis (Steinberg, 

2007). 

 

1.4 AIMS OF THIS STUDY 

 

 The main idea of this dissertation is to gain insight on the intracellular trafficking pathways 

of the filamentous fungus Aspergillus nidulans, focusing on several distinct transport steps.  

 Our first aim is to study the role of UapA dimerization in ER-exit, by using selected ER-

retained versions of the purine transporter, as well as pull-down assays and Bimolecular 

Fluorescence Complementantion (BiFC) assays (Chapter 3.1).  

 The second goal of our study is the investigation of the role of Adaptor Protein (AP) 

complexes and clathrin, in protein trafficking.  More specifically, we will focus on the role of the 

three fungal multi-subunit complexes (AP-1, AP-2 and AP-3) in transporter vesicular traffic, using as a 

cargo the extensively studied transporter of the NAT/NCS2 family, UapA, as well as six more 

Figure 1.42 Cartoon 

depicting the apical and 

subapical hyphal region of 

A.nidulans (Adapted from 

Riquelme and Martínez-

Núñez, 2016). 
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transporters. In the same study, we will also investigate for the first time the role of clathrin light 

and heavy chains in the subcellular trafficking of transporters (Chapter 3.2).  

 Next, within the scope of this thesis, we will study the role of the AP-1 and AP-2 complexes 

in more detail. Thus, our third aim is to dissect the essential role of AP-1 in intracellular traffic and 

exocytosis of clathrin-coated vesicles, as well as in endosomal recycling. In parallel, we will elucidate 

the involvement of the cytoskeleton, motor proteins and Rab GTPases in these trafficking routes 

(Chapter 3.3).  

 For the last part of this work, we will investigate the role of the AP-2 complex in the 

endocytosis of selected cargoes and in apical membrane lipid and cell wall composition 

maintenance, along with a possible role for clathrin in these processes (Chapter 3.4).  

 The experimental work of this dissertation is separated in four parts, that fall within the 

general aim of studying established and emerging aspects of vesicular membrane protein trafficking. 
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MATERIALS AND METHODS 

2.1 STRAINS, CULTURE MEDIA, GROWTH AND STORAGE CONDITIONS 

2.1.1 Strains used in this study 

All strains carry the veA1 mutation affecting sporulation. pabaA1, pyroA4, riboB2, argB2, 

pyrG89, pantoB100, nicA2 and inoB2 are auxotrophic mutations for p-aminobenzoic acid, pyridoxine, 

riboflavin, arginine, uracil/uridine, D-pantothenic acid nicotinic acid and inositol respectively. yA2 

and wA4 are mutations resulting in yellow and white conidiospore colors respectively. 

Strain Genotype References

pabaA1 wild-type reference strain

uapA-K572R-gfp::argB uapAΔ azgAΔ uapCΔ:: AFpyrG pabaA1 Gournas et al., 2010

uapA100 pabaA1 pyroA4 Ravagnani et al., 1997

uapAΔ uapCΔ:: AFpyrG azgAΔ pabaA1 Pantazopoulou et al., 2007

uapA100 uapCΔ? azgAΔ pyroA4 this study

uapA-K572R-gfp uapA100 uapCΔ? azgAΔ this study

alcA p -uapA-His uapAΔ uapCΔ:: AFpyrG azgAΔ pabaA1 Lemuh et al., 2009

alcA p -uapA-GFP uapAΔ uapCΔ:: AFpyrG azgAΔ pabaA1 Gournas et al., 2010

alcA p -uapA-GFP uapAΔ uapCΔ:: AFpyrG azgAΔ pantoB100 this study

alcA p -uapA-His alcAp-uapA-GFP uapAΔ uapCΔ:: AFpyrG azgAΔ this study

uapA-YFPc uapAΔ uapCΔ:: AFpyrG azgAΔ pabaA1 this study

uapA-YFPn uapAΔ uapCΔ::AFpyrG azgAΔ pabaA1 this study

uapA-YFPc uapA-YFPn uapAΔ uapCΔ:: AFpyrG azgAΔ pabaA1 this study

alcA p -uapA-YFPn uapAΔ uapCΔ::AFpyrG azgAΔ pabaA1 this study

alcA p -uapA-YFPc alcA p -uapA-YFPn uapAΔ uapCΔ:: AFpyrG azgAΔ this study

uapA-GFP uapAΔ uapCΔ::AFpyrG azgAΔ pabaA1 Pantazopoulou et al., 2007

uapAΔ::uapA-GFP uapCΔ::AFpyrG azgAΔ pabaA1 argB2 pantoB100 this study

alcA p -uapA-I74D-GFP alcA p -uapA-I74D-His uapAΔ uapCΔ::AFpyrG azgAΔ pabaA1 argB2 this study

uapA-I74D-GFP uapAΔ uapCΔ::AFpyrG azgAΔ pabaA1 Amillis et al., 2011

alcA p -uapA-I74D-YFPc alcA p -uapA-I74D-YFPn uapAΔ uapCΔ:: AFpyrG azgAΔ this study

alcA p -uapA-I74D-YFPc alcA p -uapA-YFPn uapAΔ uapCΔ:: AFpyrG azgAΔ this study

uapA-TMS14Δ-GFP uapAΔ uapCΔ::AFpyrG azgAΔ pabaA1 Vlanti et al., 2006

alcA p -uapA-TMS14Δ-YFPc alcA p -uapA-TMS14Δ-YFPn uapAΔ uapCΔ:: AFpyrG azgAΔ this study

alcA p -uapA-TMS14Δ-YFPc alcA p -uapA-YFPn uapAΔ uapCΔ:: AFpyrG azgAΔ this study

alcA p -uapA-D44A/Y45A/D46A/Y47A-YFPc alcA p -uapA-D44A/Y45A/D46A/Y47A-YFPn uapAΔ uapCΔ:: AFpyrG azgAΔ this study

alcA p -uapA-D44A/Y45A/D46A/Y47A-YFPc alcA p -uapA-YFPn uapAΔ uapCΔ:: AFpyrG azgAΔ this study

alcA p -uapA-D44A/Y45A/D46A/Y47A-GFP uapAΔ uapCΔ:: AFpyrG azgAΔ this study

alcA p -uapA-D44A/Y45A/D46A/Y47A-His alcA p -uapA-D44A/Y45A/D46A/Y47A-GFP uapAΔ uapCΔ:: AFpyrG azgAΔ this study

prnB-GFP argB2 pabaA1 yA2 Vangelatos et al., 2009

prnB-YFPc::panB uapAΔ::uapA-YFPn::AFriboB uapCΔ::AFpyrG nkuAΔ::argB riboB2 pantoB100 pyroA4 this study

Table 2.1 List of strains used in Chapter 3.1 
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Strain Genotype References

pabaA1 wild-type reference strain

TNO2A7: nkuAΔ::argB pyrG89 pyroA4 riboB2 Nayak et al ., 2006

sagAΔ::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 Karachaliou et al .,  2013

thiA p :: FLAG-ap1
σ

:: AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap2
σ

Δ::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap2 μ Δ::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap3 σ Δ::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

thiA p -ap1 σ ::AFriboB Ap2 σ Δ::AFriboB uapAΔ  pabaA1 This study

ap2 σ Δ::AFriboB ap3 σ Δ::AFriboB uapAΔ uapCΔ::AFpyrG pabaA1 This study

uapA-GFP::AFriboB uapCΔ::AfpyrG nkuAΔ::argB pabaA1 pyroA4 riboB2 Evangelinos et al ., 2016

thiA p -ap1 σ ::AFriboB uapAΔ::uapA-GFP This study

 ap2 σ Δ::AFriboB uapA-GFP uapCΔ::AfpyrG nkuAΔ::argB pabaA1 This study

ap3
σ

Δ::AFriboB uapAΔ::uapA-GFP pabaA1 This study

alcA p ::uapA-GFP::AFriboB uapCΔ::AfpyrG nkuAΔ::argB pabaA1 pyroA4 riboB2 Evangelinos et al ., 2016

alcA p ::uapA-GFP::AFriboB αp2 μ Δ::AFpyrG riboB2 nkuAΔ::argB pyroA4 This study

prnBΔ::prnB-GFP argB2 pabaA1 yA2 Tavoularis et al ., 2001

agtAΔ::agtA-gfp::AFpyrG pyroA4 Apostolaki et al ., 2009

[fcyB-GFP]pBS-argB uapAΔ uapCΔ::AFpyrG azgAΔ argB2 pabaA1 Vlanti and Diallinas, 2008

[gpdA p ::FurA-GFP]pGEM-panB uapAΔ uapCΔ::AFpyrG azgAΔ fcyBΔ::argB furDΔ::riboB furAΔ::riboB cntAΔ::riboB 

pantoB100 pabaA1
Krypotou et al ., 2015

[gpdA p ::FurE-GFP]pGEM-panB uapAΔ uapCΔ::AFpyrG azgAΔ fcyBΔ::argB furDΔ::riboB furAΔ::riboB cntAΔ::riboB 

pantoB100 pabaA1
Krypotou et al ., 2015

[gpdA p ::FurD-GFP]pGEM-panB uapAΔ uapCΔ::AFpyrG azgAΔ fcyBΔ::argB furDΔ::riboB furAΔ::riboB cntAΔ::riboB 

pantoB100 pabaA1
Krypotou et al ., 2015

prnB-GFP ap2 σ Δ::AfriboB nkuΔ::argB This study

agtA-GFP ap2 σ Δ::AfriboB  nkuΔ::argB pabaA1 This study

[fcyB-GFP]pBS-argB uapAΔ uapCΔ::AFpyrG azgAΔ ap2 σ Δ::AFriboB pabaA1 pyroA4 This study

[gpdA p ::FurA-GFP]pGEM-panB ap2
σ

Δ::AFriboB uapAΔ uapCΔ::AFpyrG azgAΔ fcyBΔ::argB furDΔ::riboB furAΔ::riboB 

cntAΔ::riboB pantoB100 pabaA1
This study

[gpdA p ::FurE-GFP]pGEM-panB ap2 σ Δ::AFriboB uapAΔ uapCΔ::AFpyrG azgAΔ fcyBΔ::argB furDΔ::riboB furAΔ::riboB 

cntAΔ::riboB pantoB100 pabaA1
This study

[gpdA p ::FurD-GFP]pGEM-panB ap2 σ Δ::AFriboB uapAΔ uapCΔ::AFpyrG azgAΔ fcyBΔ::argB furDΔ::riboB furAΔ::riboB 

cntAΔ::riboB pantoB100 pabaA1
This study

thiA p -claL::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

claLΔ::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

thiA p -claΗ::AFpyroA nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

thiA p -claH::AFpyroA claH-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

uapA-GFP thiA p -claL::AFpyrG nkuAΔ::argB pyroA4 pyrG89 This study

thiA p -slaB::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

uapA-GFP thiA p -slaB::AFpyrG nkuAΔ::argB pyroA4 pyrG89 This study

Strain Genotype References

nkuAΔ::argB pyrG89 pyroA4 riboB2 Nayak et al., 2006

H1-mRFP::AFriboB nkuAΔ::argB pyrG89 pyroA4 Nayak et al., 2010

pyroA4[pyroA::gpdA m
p ::mRFP-PH OSBP ] inoB2 niiA4 wA4 Pantazopoulou and Peñalva, 2009

pyroA4[pyroA
mut

::gpdA
m

p ::mcherry-sedV] nkuAΔ::bar, wA4, niiA4 inoB2 Pantazopoulou and Peñalva, 2011

sagA-(5xGA)GFP::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 Karachaliou et al. , 2013

slaB-GFP::AFpyrG  nkuAΔ::argB pyrG89 pyroA4 argB2 Araujo-Bazán et al., 2008

mCherry-synA::AFpyrG  yA::AFpyroA GFP-tpmA fwA1 pyrG89 pyroA4 nicA2 nkuAΔ::argB Taheri-Talesh et al., 2008

abpA-mRFP::AFpyrG  yA2 pabaA1 pyrG89 Araujo-Bazán et al., 2008

GFP-ssoA::AFpyrG nkuAΔ::bar pyrG89 pyroA4 Taheri-Talesh et al., 2008

rab1
A136D

::AFpyrG pabaA1 Pinar et al.,  2013

Table 2.2 List of strains used in Chapter 3.2 

Table 2.3 List of strains used in Chapter 3.3 
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sedV R238G ::AFpyrG pyroA4 pyrG89 nkuAΔ::bar Pinar et al.,  2013

alcA p ::GFP-chsB::NCpyr4 nkuAΔ::argB pyrG89 pyroA4 Takeshita et al., 2013

dnfA-GFP::AFpyrG nkuAΔ::argB pyrG89 pabaA1 pyroA4 Schultzhaus et al., 2015

dnfB-GFP::AFpyrG nkuAΔ::argB pyrG89 pabaA1 pyroA4 Schultzhaus et al., 2015

thiA p ::FLAG-ap1 σ ::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 Martzoukou et al.,  2017

thiA p ::claL::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 Martzoukou et al.,  2017

thiA p ::FLAG-ap1 σ ::AFriboB  alcA p -uapA-GFP pabaA1 Martzoukou et al.,  2017

claL-(5xGA)GFP::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 Martzoukou et al.,  2017

claH-(5xGA)GFP::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 Martzoukou et al.,  2017

claL-(5xGA)mRFP::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 Martzoukou et al.,  2017

thiA p -claH::AFpyroA dnfA-GFP::AFpyrG nkuAΔ::argB pyrG89 pabaA1 pyroA4 Martzoukou et al.,  2017

dnfA-GFP::AFpyrG ap2 σ Δ::AFriboB nkuAΔ::argB pyrG89 pyroA4 Martzoukou et al.,  2017

alcA p ::mCherry-rabA::argB yA2 pantoB100 argB2 Abenza et al.,  2010

alcA p ::mRFP-rabB::pyroA niiA4 nkuAΔ::bar inoB2 pyroA4 wA3 Abenza et al.,  2011

aspB-GFP::AFpyrG pyrG89 argB2 pabaB22 nkuAΔ::argB riboB2 Westfall and Momany, 2002

aspC-GFP::AFpyrG pabaA6 biA1 Lindsey et al., 2010

aspD-GFP::AFpyrG argB2 riboB2 Hernández-Rodríguez et al., 2014

aspE-GFP::AFpyrG riboB2 Hernández-Rodríguez et al., 2014

alcA p ::mCherry-tubA::pyroA nkuAΔ::argB pyrG89 pyroA4 Takeshita et al., 2013

kinAΔ::pyr4 alcA p ::GFP-kinA rigor ::pyroA pyrG89 pyroA4 argB2 Zekert and Fischer, 2009

claH-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap1 σ -(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap1
σ

-(5xGA)mRFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

alcA p ::mRFP-rabB::pyroA4 ap1 σ -(5xGA)GFP::AFpyrG  nkuAΔ::argB This study

thiA p ::FLAG-ap1 σ ::AFriboB alcA p ::mCherry-rabA::argB nkuAΔ::argB pantoB100 pyroA4 This study

alcA p ::mRFP-rabB::pyroA thiA p ::FLAG-ap1
σ

::AFriboB nkuAΔ::argB riboB2 pyroA4 wA3 This study

thiA p ::FLAG-ap1 σ ::AFriboB GFP-ssoA::AFpyrG pabaA1 This study

thiA p ::FLAG-ap1 σ ::AFriboB pyroA4::[pyroA mut ::gpdA m
p ::mcherry-sedV] nkuAΔ::bar inoB2 This study

ap1 σ -(5xGA)GFP::AFpyrG pyroA4[pyroA mut ::gpdA m
p ::mcherry-sedV] nkuAΔ::argB pyrG89 pyroA4 inoB2 This study

thiAp::FLAG-ap1 σ ::AFriboB sagA-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

thiA p ::FLAG-ap1 σ ::AFriboB slaB-GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

thiA p ::FLAG-ap1
σ

::AFriboB abpA-mRFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

thiA p ::FLAG-ap1
σ

::AFriboB H1-mRFP::AFriboB This study

thiAp::ap1 μ ::AFriboB ap1 σ -(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

thiAp::ap1 β ::AFriboB ap1 σ -(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

thiA p ::FLAG-ap1 σ ::AFriboB alcA p ::mCherry-tubA:pyroA This study

kinAΔ:pyr4 pyroA4[alcA p ::kinA rigor -GFP:pyroA] ap1 σ -(5xGA)mRFP::AFpyrG pyrG89 This study

ap1 σ -(5xGA)mRFP::AFpyrG claH-(5xGA)GFP::AFpyrG nkuAΔ::argB pyroA4 This study

dnfA-GFP::AFpyrG ap1 σ -(5xGA)mRFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 This study

mCherry-synA::AFpyrG ap1
σ

-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 nicA2 This study

thiA p ::FLAG-ap1 σ ::AFriboB ap2 σ Δ::AFpyroA dnfA-GFP::AFpyrG nkuAΔ::argB pyroA4 This study

thiA p ::FLAG-ap1 σ ::AFriboB dnfB-GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 This study

thiAp::FLAGap1σ::AFriboB claL-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

alcA p ::mCherry-tubA::pyroA ap1 σ -(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 This study

thiA p ::rabE::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap1 σ -(5xGA)GFP::AFpyrG thiA p ::rabE::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap1 σ -(5xGA)GFP::AFpyrG thiA p ::claL::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

aspB-GFP::AFpyrG thiA p ::FLAG-ap1 σ ::AFriboB nkuAΔ::argB pyrG89 riboB2 pyroA4 This study

aspC-GFP::AFpyrG thiA p ::FLAG-ap1 σ ::AFriboB pabaA6 pyroA4 This study

aspD-GFP::AFpyrG thiA p ::FLAG-ap1 σ ::AFriboB riboB2 This study

aspE-GFP::AFpyrG thiA p ::FLAG-ap1 σ ::AFriboB pyroA4 This study

thiA p ::rabC::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

thiAp::rabC::AFriboB ap1σ-(5xGA)GFP::AFpyrG nkuAΔ:argB pyrG89 pyroA4 riboB2 This study

GFP-rabE::AFpyrG pyrG89 pyroA4 riboB2 nkuAΔ:argB This study

ap1 σ -(5xGA)mRFP::AFpyrG GFP-rabE::AFpyrG nkuAΔ:argB This study

thiA p ::FLAG-ap1 σ ::AFriboB yA::AFpyroA GFP-tpmA AFpyrG::mCherry-synA nkuAΔ::argB pyrG89 This study

ap1σ-(5xGA)GFP::AFpyrG [pyroA-gpdAmp::mRFP-PHOSBP]pyroA4 nkuAΔ::argB pyrG89 inoB2 This study

pyroA4[pyroA-gpdA
m

p ::mRFP-PH
OSBP

] thiA p ::FLAG-ap1
σ

::AFriboB This study

thiA p ::FLAG-ap1 σ ::AFriboB ap2 σ Δ::AFpyroA dnfA-GFP::AFpyrG nkuAΔ::argB pyroA4 This study

rab1 A136D ::AFpyrG ap1 σ -(5xGA)GFP::AFpyrG pyroA4 This study

sedV R238G ::AFpyrG ap1 σ -(5xGA)GFP::AFpyrG nkuAΔ::bar pyroA4 This study

thiA p ::FLAG-ap1
σ

::AFriboB GFP-rabE::AFpyrG AFpyrG::mCherry-synA nkuAΔ::argB pyrG89 pyroA4 This study
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Strain Genotype References

TNO2A7: nkuAΔ::argB pyrG89 pyroA4 riboB2 Nayak et al ., 2006

pyroA4::[pyroA::gpdA m
p ::mRFP-PH OSBP ] inoB2 niiA4 wA4 Pantazopoulou and Peñalva, 2009

sagA-GFP::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 Karachaliou et al .,  2013

slaB-GFP::AFpyrG  Δnku::argB pyrG89 pyroA4 argB2 Araujo-Bazán et al ., 2008

uapA-GFP::AFriboB uapCΔ::AfpyrG nkuAΔ::argB pabaA1 pyroA4 riboB2 Evangelinos et al ., 2016

mCherry-synA::AFpyrG  yA::AFpyroA GFP-tpmA fwA1 pyrG89 pyroA4 nicA2 nkuAΔ::argB Taheri-Talesh et al ., 2008

abpA-mRFP::AFpyrG  yA2 pabaA1 pyrG89 Araujo-Bazán et al ., 2008

dnfAΔ::AFriboB nkuAΔ::argB pyrG89 pyroA4 Schultzhaus et al ., 2015

dnfBΔ::AFriboB nkuAΔ::argB pyrG89 pyroA4 Schultzhaus et al ., 2015

dnfA-GFP::AFpyrG nkuAΔ::argB pyrG89 pabaA1 pyroA4 Schultzhaus et al ., 2015

dnfB-GFP::AFpyrG nkuAΔ::argB pyrG89 pabaA1 pyroA4 Schultzhaus et al ., 2015

stoAΔ::AFpyrG argBΔ::trpCΔB or argB2 pyrG89? pabaA1 Takeshita et al ., 2012

basA1, pyrG89 Li et al ., 2007

ap2 σ Δ::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap2
μ

Δ::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap2σ-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap2σ-(5xGA)mRFP::AFpyrG nkuAΔ::argB pyrG89 riboB2 pyroA4 This study

ap2 σ -(5xGA)mRFP::AFpyrG ap2 μ Δ::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

thiA p -slaB::AFriboB nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

thiA p -claL::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

thiA p -claΗ::AFpyroA nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

dnfA-GFP::AFpyrG thiA p -claH::AFpyroA nkuAΔ::argB pyroA4 pabaA1 pyrG89 This study

dnfB-GFP::AFpyrG thiA p -claH::AFpyroA nkuAΔ::argB pyroA4 pabaA1 pyrG89 This study

thiA p -basA::AFriboB nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

dnfA-GFP::AFpyrG ap2 σ Δ::AFriboB nkuAΔ::argB pyrG89 pyroA4 This study

dnfB-GFP::AFpyrG ap2
σ

Δ::AFriboB nkuAΔ::argB pyrG89 pyroA4 This study

ap2 σ Δ::AFriboB dnfAΔ::AFriboB pabaA1 This study

ap2
σ

Δ::AFriboB dnfBΔ::AFriboB pabaA1 pyroA4 This study

ap2
σ

-(5xGA)GFP::AFpyG dnfAΔ::AFriboB nkuAΔ::argB pyrG89 pyroA4 This study

ap2 σ -(5xGA)GFP::AFpyrG dnfBΔ::AFriboB nkuAΔ::argB pyrG89 pyroA4 This study

stoAΔ::AFpyrG ap2 σ Δ::AFriboB pabaA1 This study

sagAΔ::AFriboB ap2
σ

Δ::AFriboB uapAΔ pabaA1 pyroA4 This study

slaB-GFP::AFpyrG ap2 σ Δ::AFriboB nkuAΔ::argB pyroA4 This study

sagA-GFP::AFpyrG ap2
σ

Δ::AFriboB pabaA1 pyroA4 This study

ap2
σ

Δ::AFriboB abpA-mRFP::AFpyrG pabaA1 This study

ap2 σ Δ mCherry-SynA GFP-TmpA yA2 This study

ap2
σ

-(5xGA)mRFP::AFpyrG sagA-GFP::AFpyrG pyroA4 riboB2 This study

ap2 σ -(5xGA)mRFP::AFpyrG slaB-GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 pabaA1 This study

ap2 σ -(5xGA)mRFP::AFpyrG dnfA-GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 This study

ap2 σ -(5xGA)mRFP::AFpyrG dnfB-GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 This study

ap2σ-(5xGA)mRFP::AFpyrG claL-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 This study

claL-(5xGA)mRFP::AFpyrG ap2 σ -(5xGA)GFP::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

claL-(5xGA)mRFP::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

claL-(5xGA)mRFP::AFpyrG uapAΔ::uapA-GFP nkuAΔ::argB pyroA4 pabaA1 pyrG89 This study

ap2
σ

-(5xGA)mRFP::AFpyrG uapAΔ::alcA p -uapA-GFP::AFriboB nkuAΔ::argB pabaA1 pyroA4 riboB2 This study

ap2 σ -(5xGA)GFP::AFpyrG mCherry-synA::AFpyrG pyroA4 This study

ap2 σ -(5xGA)GFP::AFpyrG abpA-mRFP::AFpyrG pyroA4 This study

ap2 σ -(5xGA)mRFP::AFpyrG sagAΔ::AFriboB slaB-GFP::AFpyrG pyroA4 This study

ap2 σ -(5xGA)mRFP::AFpyrG sagA-GFP::AFpyrG thiAp-slaB::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap2σ-(5xGA)GFP::AFpyrG basA1 pyrG89 pyroA4 This study

thiA p -basA::AFpyrG ap2σΔ::AFriboB nkuAΔ::argB  pyrG89 riboB2 pyroA4 This study

thiA p -basA::AFriboB ap2σ-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 riboB2 pyroA4 This study

ap2 σ -(5xGA)GFP::AFpyrG pyroA4::[pyroA::gpdA m
p ::mRFP-PH OSBP ] This study

pyroA4[pyroA-gpdA
m

p ::mRFP-PH
OSBP

] thiA p ::FLAG-ap1
σ

::AFriboB This study

thiA p ::FLAG-ap1
σ

::AFriboB ap2
σ

Δ::AFpyroA dnfA-GFP::AFpyrG nkuAΔ::argB pyroA4 This study

rab1 A136D ::AFpyrG ap1 σ -(5xGA)GFP::AFpyrG pyroA4 This study

sedV R238G ::AFpyrG ap1 σ -(5xGA)GFP::AFpyrG nkuAΔ::bar pyroA4 This study

thiA p ::FLAG-ap1 σ ::AFriboB GFP-rabE::AFpyrG AFpyrG::mCherry-synA nkuAΔ::argB pyrG89 pyroA4 This study

ap1 σ -(5xGA)GFP::AFpyrG uncAΔ::AFriboB nkuAΔ::argB pyrG89 riboB2 pyroA4 This study

thiA p -rabE::AFriboB claL-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 riboB2 pyroA4 This study

thiA p -rabE::AFriboB claH-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 riboB2 pyroA4 This study

thiA p -claL::AFriboB GFP-rabE::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

thiA p -rabE::AFriboB AFpyrG::mcherry-synA nkuAΔ::argB pyrG89 pyroA4 This study

thiA p -rabE::AFriboB AFpyrG::alcA p -GFP-chsB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

thiA p -ap1 β ::AFpyrG claH-(5xGA)GFP::AFpyrG argB2 This study

thiA p -ap1 β ::AFpyrG claL-(5xGA)GFP::AFpyrG argB2 This study

thiA p -ap1 β ::AFpyrG claH-(5xGA)GFP::AFpyrG ap1 β ::argB argB2 This study

thiA p -ap1
β

::AFpyrG claL-(5xGA)GFP::AFpyrG ap1
β

::argB argB2 This study

thiA p -ap1
β

::AFpyrG claH-(5xGA)GFP::AFpyrG ap1
β

-N709A/G710A/F711A::argB argB2 This study

thiA p -ap1 β ::AFpyrG claH-(5xGA)GFP::AFpyrG ap1 β -D632A/I633A/D634AN709A/G710A/ F711A argB2 This study

thiA p -ap1 β ::AFpyrG claL-(5xGA)GFP::AFpyrG ap1 β -N709A/G710A/F711A::argB argB2 This study

thiA p -ap1 β ::AFpyrG claL-(5xGA)GFP::AFpyrG ap1 β -D632A/I633A/D634AN709A/G710A/ F711A::argB argB2 This study

thiA p -ap1 σ ::AFriboB dnfA-GFP::AFpyrG alcA p -mRFP-RabB::pyroA pyroA4  nkuAΔ::argB pyrG89 This study

thiA p -ap1 σ ::AFriboB dnfA-GFP::AFpyrG alcA p ::mCherry-rabA::argB pyroA4  This study

Table 2.4 List of strains used in Chapter 3.4 
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2.1.2 Culture media 

Standard complete (CM) and minimal media (MM) were used for A. nidulans growth. CM 

contains all the nutrients and auxotrophies required for fungal growth, whereas MM contains the 

minimum nutritional supplements possible, depending on the auxotrophic requirements of each 

strain, and a nitrogen source, according to the desired conditions. For solid growth mediums, 1-2% 

agar was added to the liquid medium, before autoclaving. Media and supplemented auxotrophies 

were at the concentrations given in FGSC (http://www.fgsc.net). Media and chemical reagents were 

obtained from Sigma-Aldrich (Life Science Chemilab SA, Hellas) or AppliChem (Bioline Scientific SA, 

Hellas). 

Table 2.5 Media used for A. nidulans growth 

 
Complete medium 

(CM) 

Minimal medium 
(MM) 

Sucrose medium 

(SM) 

Salt solution 20 mL 20 mL 20 mL 

Vitamin solution 10 mL   

D-Glucose 10 g 10 g 10 g 

Casamino acids 1 g   

Bactopeptone 2 g   

Yeast extract 1 g   

Sucrose   342,4 g 

H2Odist up to 1 L up to 1 L up to 1 L 

stoAΔ::AFpyrG ap2
σ

Δ::AFriboB pabaA1 This study

sagAΔ::AFriboB ap2 σ Δ::AFriboB uapAΔ pabaA1 pyroA4 This study

slaB-GFP::AFpyrG ap2 σ Δ::AFriboB nkuAΔ::argB pyroA4 This study

sagA-GFP::AFpyrG ap2 σ Δ::AFriboB pabaA1 pyroA4 This study

ap2 σ Δ::AFriboB abpA-mRFP::AFpyrG pabaA1 This study

ap2
σ

Δ mCherry-SynA GFP-TmpA yA2 This study

ap2
σ

-(5xGA)mRFP::AFpyrG sagA-GFP::AFpyrG pyroA4 riboB2 This study

ap2 σ -(5xGA)mRFP::AFpyrG slaB-GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 riboB2 pabaA1 This study

ap2 σ -(5xGA)mRFP::AFpyrG dnfA-GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 This study

ap2 σ -(5xGA)mRFP::AFpyrG dnfB-GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 This study

ap2σ-(5xGA)mRFP::AFpyrG claL-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 pyroA4 This study

claL-(5xGA)mRFP::AFpyrG ap2 σ -(5xGA)GFP::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

claL-(5xGA)mRFP::AFpyrG nkuAΔ::argB pyroA4 riboB2 pyrG89 This study

claL-(5xGA)mRFP::AFpyrG uapAΔ::uapA-GFP nkuAΔ::argB pyroA4 pabaA1 pyrG89 This study

ap2
σ

-(5xGA)mRFP::AFpyrG uapAΔ::alcA p -uapA-GFP::AFriboB nkuAΔ::argB pabaA1 pyroA4 riboB2 This study

ap2
σ

-(5xGA)GFP::AFpyrG mCherry-synA::AFpyrG pyroA4 This study

ap2 σ -(5xGA)GFP::AFpyrG abpA-mRFP::AFpyrG pyroA4 This study

ap2 σ -(5xGA)mRFP::AFpyrG sagAΔ::AFriboB slaB-GFP::AFpyrG pyroA4 This study

ap2 σ -(5xGA)mRFP::AFpyrG sagA-GFP::AFpyrG thiAp-slaB::AFriboB nkuAΔ::argB pyrG89 pyroA4 riboB2 This study

ap2σ-(5xGA)GFP::AFpyrG basA1 pyrG89 pyroA4 This study

thiA p -basA::AFpyrG ap2
σ
Δ::AFriboB nkuAΔ::argB  pyrG89 riboB2 pyroA4 This study

thiA p -basA::AFriboB ap2σ-(5xGA)GFP::AFpyrG nkuAΔ::argB pyrG89 riboB2 pyroA4 This study

ap2 σ -(5xGA)GFP::AFpyrG pyroA4::[pyroA::gpdA m
p ::mRFP-PH OSBP ] This study
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Table 2.6 Solutions for preparation of A. nidulans media 

Salt solution Vitamin solution Trace Elements in 1 L H2O 

KCl 26 g p-aminobenzoic acid 20 mg Να2Β4Ο7 x 10 H20 40 mg 

MgSO4 7H2O 26 g D-pantothenic acid 50 mg CuSO4 x 5 H20 400 mg 

KH2PO4 76 g pyridoxine 50 mg FeO4P x 4 H20 714 mg 

Trace elements 50 mL riboflavin 50 mg MnSO4 x 1 H20 728 mg 

Chloroform 2 mL biotine 1 mg Na2MoO4 x 2 H20 800 mg 

H2Odist up to 1 L H2Odist up to 1 L ZnSO4 x 7 H20 8 mg 

The pH was adjusted to 6.8 with NaOH 1M. Nitrogen sources were used at final 

concentrations: urea 5 mM, NaNO3 10 mM, Ammonium L-(+)-tartrate 10 mM, purines 0.1 mg/mL. 

Amino acids (proline, L-glutamate) were used at 5 mM. Uracil and uridine were used at 5 mM and 10 

mM respectively. 

2.1.3 Growth and Storage conditions 

For the inoculation of A. nidulans cultures, conidiospores were harvested from sporulating 

culture plates with the use of sterile toothpicks. Solid cultures were incubated in 37°C or 25°C for 2-4 

days and liquid cultures were incubated overnight at 37°C or 25°C, 140-150 rpm. Repression of 

protein expression driven by the regulatable alcohol dehydrogenase (alcAp) promoter was achieved 

with the use of 1% glucose, whereas derepression occurred with the use of 0.1% (w/v) fructose as a 

sole carbon source. Induction of the same proteins was achieved by addition of 0.4% (v/v) ethanol in 

the non-repressing culture media. Repression of protein expression driven by the regulatable 

thiamine promoter (thiAp) was achieved with the use thiamine hydrochloride at a final concentration 

of 5–10 μM.  

Escherichia coli bacterial cultures (strain DH5a) were grown on Luria-Bertani (LB) medium 

(Bacto Tryptone 10 g, NaCl 10 g, BactoYeast Extract 5 g for 1L). The pH was adjusted to 7.0 with 

NaOH 1M. After bacterial transformation, colony selection was achieved with the use of 100 μg/mL 

ampicillin. Solid cultures were incubated overnight at 37 °C. Liquid cultures were incubated in the 

same conditions, at 200 rpm. 

Agar plates were stored at 4°C, to prevent a serious loss of fungal viability for some weeks. 

For long-term storage, glycerol stocks were prepared. A. nidulans conidiospores were harvested 

from ¼ of a fresh 100mm CM plate, in 1ml solution of 1:1 glycerol:PBS (NaCl 8 g, KCl 0,2 g, Na2PO4 

1,44 g, KH2PO4 0,24 g, pH 7.4 with 1 N HCl), in a sterile eppendorf tube. The solution was mixed well 

and the glycerol stocks were stored for long periods at -80°C. For reviving stored fungal cultures, a 

small quantity of the stock was inoculated on appropriate media and then analyzed with growth 

tests to verify that no contamination had occurred. 
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2.2  GENETIC CROSSES AND PROGENY ANALYSIS 

Petri dishes containing MM with the appropriate supplements were inoculated with spores 

from two different parental strains, in pairs, with a distance of 1cm between them. After incubation 

for 3 days at 37°C, small parts of media where a heterokaryon was formed, were removed with a 

sterile toothpick  and transferred in small Petri dishes containing MM with nitrate and only the 

supplements required from both parental strains. Therefore, only heterokaryons were able to 

produce the missing supplements and grow. The plates were incubated for 3 days at 37°C, sealed 

with adhesive tape, and incubated for 14-20 days at 37°C. After that time, cleistothecia usually 

appeared (Todd et al., 2007). 

The plates were unsealed and single cleistothecia (usually 8) were selected with a sterile 

toothpick. Surrounding cells were removed by rolling the cleistothecia on an agar plate. Finally, each 

cleistothecium was burst open by mechanical forces and the ascospores were released in an 

eppendorf tube containing 1 mL of sterile H2Odist . 10μL of each ascospore suspension was plated on 

selective minimal media and incubated for two days at 37°C, so that only recombinant progeny 

would grow. In order to obtain single colonies,  usually 5μl of the suspension from one recombinant 

cleistothecium were plated. Several colonies were, then, selected and analyzed for their genetic 

background by growth tests under different conditions and comparison to well-studied controls.. 

Further progeny analysis included the use of fluorescence microscopy or polymerase chain reaction 

(PCR). 

2.3  EPIFLUORESCENCE MICROSCOPY 

Samples for wide-field epifluorescence microscopy and Total Internal Reflection 

Fluorescence Microscopy (TIRF-M) were prepared as follows: Germlings were incubated for 16–22 hr 

at 25° C in sterile 35 mm m-dishes, high glass bottom (ibidi, Germany) in 2 mL of liquid MM 1% 

glucose pH 4.6, containing the appropriate supplements and NaNO3 as a nitrogen source. Culture 

was shifted when needed to various conditions for 2–4 h. For the observation of proteins expressed 

under the control of the alcAp mycelia were grown for 14-16 h in MM with NaNO3, 0.1% (w/v) 

fructose as a sole carbon source and 0.4 % (v/v) ethanol either for 2 h or overnight. Repression of 

expression was achieved in MM supplemented with NaNO3 and 1% (w/v) glucose. Filipin III and 

Calcofluor white were used for 5 min prior to observation at final concentrations of 1 μg/ml and 

0.001% (w/v) respectively. FM4-64 and CMAC (7-amino-4-chloromethyl coumarin; Molecular Probes, 

Inc, USA) staining was according to Peñalva (2015) and Pantazopoulou et al. (2007), respectively. For 

FM4-64 staining in particular, germinated conidia were incubated on ice for 15 min with 10 mM 
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FM4-64 in MM, washed with 4-5 ml MM, and transferred to fresh 2 ml medium for 0–45 min chase 

time. For CMAC staining germinated conidia were incubated 25°C for 20 min with 1/1000 dilution of 

CMAC (5 mg/ml stock solution), washed with 4-5 ml MM, and transferred to fresh 2 ml medium. 

Benomyl, Latrunculin B and Brefeldin A were used at final concentrations of 2.5, 100, 100 μg/ml, 

respectively. For endocytosis, ammonium L-(+)-tartrate (10-20 mM) was added for 2 h before 

observation. 

 Images were obtained using an inverted Zeiss Axio Observer Z1 and an Axio Cam HR R3 

camera. Contrast adjustment, area selection and color combining were made using the Zen lite 2012 

software. Live imaging of plasma membrane ClaL was accomplished by TIRF microscopy. Hyphae 

were analyzed using a Leica AM TIRF MC set up on a Leica DMI6000 B microscope and a Leica 100X 

HCX PL APO 1.4 NA objective. For measurements of fluorescence intensity, the Plot profile command 

in ImageJ was used (https://imagej.nih.gov/ij/). For the quantification of colocalization, the 

Pearson’s correlation coefficient (PCC) (Dunn et al., 2011) was calculated for a selected Region of 

interest (ROI), using the coloc2 plugin of Fiji. Costes P-value was 1.00 (Costes et al., 2004), PSF was 

set to 1.2 and the number of iterations was 100. One sample t-test was performed to test the 

significance of differences in PCCs, using the Graphpad Prism software. Confidence interval was set 

to 95%. Colocalization results were also confirmed using the ICY colocalization studio plugin 

(http://icy.bioimageanalysis.org/) for selected regions of interest (ROIs). The Area Selection tool was 

used for the measurement of Vacuolar Surface (Total surface of vacuoles containing GFP/Hypha) and 

Vacuolar GFP Fluorescence (Total fluorescence intensity of vacuoles containing GFP/Hypha). Tukey’s 

Multiple Comparison Test (One-Way ANOVA) using Graphpad Prism was performed to test the 

statistical significance of the results. Confidence interval was set to 95%. Scale bars were added 

using the FigureJ plugin of the ImageJ software (Mutterer and Zinck, 2013). Images were further 

processed and annotated in Adobe Photoshop CS4 Extended version 11.0.2.  

2.4 NUCLEIC ACID MANIPULATIONS AND PLASMID CONSTRUCTIONS 

Genomic DNA extraction from A. nidulans was as described in FGSC (http://www.fgsc.net).  

CM or MM culture plates were incubated for 4 days in 37°C. Conidiospores were harvested from 1/4 

of the plate in 25 mL of liquid MM (containing NH4
+ and the necessary supplements) and cultures 

were incubated overnight at 37°C, 140-150 rpm. The culture was then filtered through a blutex, 

dried and immediately frozen in liquid nitrogen. The mycelia were pulverized in a mortar with a 

pestle in the presence of liquid nitrogen and ~200 mg of the powder were transferred in a 2mL 

eppendorf tube, resuspended in 800 µL of DNA extraction buffer (Tris-HCl 0.2 M pH 8.0, Sodium 
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Dodecyl Sulfate (SDS) 1%, Ethylenediaminetetraacetic acid (EDTA) 1mM pH 8), mixed by vortexing 

and incubated on ice for 20 min. 800μL of pure phenol were added and the mixture was shaken 

vigorously at room temperature (RT) before centrifugation for 5 min at 12000 rpm, RT. The upper 

phase, containing the DNA, was transferred to a new eppendorf tube and equal volume of 

chloroform was added. Tube was shaken and centrifuged for 5 min at 12000 rpm, RT. The upper 

phase was recovered and transferred to a new 1.5 mL tube. The DNA was then precipitated by 

addition of equal volume of isopropanol and 1/10 volume of 3 M sodium acetate (pH=5.3). The 

mixture was gently mixed and centrifuged for 10 min at 12000 rpm, RT. The pellet was washed with 

200 μL of 70% EtOH. After spinning for 2 min, EtOH was removed with a pipette and the pellet was 

dried for 5 min at 50°C. The pellet was then dissolved in 100μl of sterile distilled water, containing 

0.2 mg/mL RNaseA and incubated at 37°C for 30 min. 2-3 μL of the DNA solution were analysed by 

agarose gel electrophoresis to quantify and check the quality of the extracted DNA. 

 For molecular cloning purposes, the appropriate amount of DNA was digested with 1 μl 

restriction enzyme, 1x restriction enzyme buffer and distilled water to a final volume of 20 μL at the 

enzyme’s optimal temperature and for the time period specified by the manufacturer. Restriction 

enzymes were from Takara Bio or Minotech (Lab Supplies Scientific SA, Hellas). Conventional PCR 

reactions, high fidelity amplifications and site-directed mutagenesis were performed with KAPA Taq 

DNA and Kapa HiFi polymerases respectively (Kapa Biosystems, Roche Diagnostics, Hellas), according 

to manufacturer's instructions. Mutations were constructed by site-directed mutagenesis according 

to the instructions accompanying the QuikChange® Site-Directed Mutagenesis Kit (Agilent 

Technologies, Stratagene). The following formula was used for estimating the Tm of the primers: 

Tm=69,3+0,41(%GC)-650/L-(%mismatch). After site-directed mutagenesis, 1μl of DpnI (TaKaRa) was 

used for incubation of the PCR product at 37°C for 2 h. For ap1β site directed mutations, the relevant 

gene was cloned in the pBS-argB plasmid (Vlanti and Diallinas, 2008). Gene deletions and ‘in locus’ 

integrations of tagged gene fusions were generated by one step ligations or sequential cloning of the 

relevant fragments in the plasmids pBluescript SKII, or pGEM-T using oligonucleotides carrying 

additional restriction sites. When cloning with one restriction enzyme, alkaline phosphatase was 

used for 5 min at 37οC (TaKaRa). 0.5μl T4 DNA ligase (TaKaRa) was used for the ligation reaction, 

along with vector and insert at a 1:3 concentration ratio, 1x ligase buffer in 10 μl total volume, 25°C 

for 1.5 h. These plasmids were used as templates to amplify the relevant linear cassettes by PCR.  

 Agarose gel electrophoresis was performed for the analysis of the size and conformation of 

DNA in a sample, quantification of DNA, and the separation and extraction of DNA fragments. 1% 

agarose was dissolved in 1x TAE buffer (Composition for 1L 50X solution: 242 g Tris Base, 57.1 mL 
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glacial CH3COOH, 100 mL 0.5 M EDTA pH 8.0) and 0.5 mg/mL ethidium bromide (EtBr) were added 

before pouring the solution into a casting tray. DNA samples were mixed with loading buffer and 

loaded in the gel. To determine the size of the fragments, a molecular weight marker was loaded 

along with the samples and gels were run at 100V for 10-30 min. The gel was visualized under a UV 

transilluminator and DNA bands were either photographed or quickly excised from the gel for 

cloning purposes and purified as described in the manufacturer’s instructions. 

Plasmid preparation from E. coli strains and DNA bands gel extraction were performed using 

the Nucleospin Plasmid kit and the Nucleospin Extract II kit (Macherey-Nagel, Lab Supplies Scientific 

SA, Hellas). An aliquot was used for diagnostic digestions or PCR that would confirm the successful 

cloning of the desired DNA sequence, as well as the orientation of insertion. DNA sequences were 

determined by VBC-Genomics (Vienna, Austria). Southern blot analysis using specific gene probes 

and upstream or downstream fragments in the case of verifying gene deletions, was performed as 

described in Sambrook et al. (1989). [32P]-dCTP labeled molecules of gene specific probes were 

prepared using a random hexanucleotide primer kit following the supplier’s instructions (Takara Bio, 

Lab Supplies Scientific SA, Hellas) and purified on MicroSpin S-200 HR columns (Roche Diagnostics, 

Hellas). Labeled [32P]-dCTP (3000 Ci / mmol) was purchased from the Institute of Isotops Co. Ltd, 

Miklós, Hungary.  

2.5  TRANSFORMATION OF Aspergillus nidulans  

 Transformation was performed as described previously in Koukaki et al. (2003), using an 

nkuA DNA helicase deficient (TNO2A7; Nayak et al. 2006) recipient strain or derivatives for “in 

locus” integrations of gene fusions, or deletion cassettes by the Aspergillus fumigatus markers 

orotidine-59-phosphate decarboxylase (AFpyrG, Afu2g0836), GTP cyclohydrolase II (AFriboB, 

Afu1g13300), and a pyridoxine biosynthesis gene (AFpyroA, Afu5g08090), resulting in 

complementation of auxotrophies for uracil/uridine (pyrG89), riboflavin (riboB2), or pyridoxine 

(pyroA4), respectively. For generating “in locus” integrations of tagged uapA and prnB fusions, a 

ΔuapA ΔuapC::AfpyrG ΔnkuA::argB riboB2 pantoB100 pyroA4 mutant strain was the recipient 

strain. Selection was based on complementation of the riboB2 and pantoB100 genetic auxotrophies 

for riboflavin and pantothenic acid, respectively.  Mutants of uapA-gfp, uapA-YFP and uapA-His 

were constructed by transformation of a strain lacking the three major purine transporters uapA, 

uapC and azgA (ΔACZ) based on the A. nidulans markers ornithine-carbamoyltransferase and para-

aminobenzoic acid synthase, complementing the auxotrophic mutations for arginine (argB2) and p-

aminobenzoin acid (pabaA1), respectively. 
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 Filtered conidiospores were used to inoculate 200 ml liquid MM with NH4+ and necessary 

supplements and the culture was incubated at 37°C for 4-4.5 h, 150 rpm. Entry of the conidia into 

the germinative phase was confirmed with microscopic observation, and the culture was 

centrifuged in sterile falcons at 4000rpm, 10min. Pellet resuspension in 20 ml of Solution I (1.2 M 

MgSO4, 10 mM orthophosphate pH 5.8)  was followed by incubation with 200mg of lytic enzyme 

(Glucanex), for 1.5-2 h at 30°C, 60 rpm. Protoplast concentration was achieved by centrifugation 

(4000 rpm, 10 min), followed by washing with 10 ml of Solution II (1 M Sorbitol, 10 mM Tris-HCl pH 

7.5, 10 mM CaCl2) and resuspension in the same solution. Protoplasts, plasmid DNA (1.5 -2 μg) and 

¼ of the total volume of Solution III (60% (w/v) PEG6000, 10 mM Tris-HCl pH 7.5, 10 mM CaCl2) 

were added consecutively in an Eppendorf tube and incubated on ice for 15 min. Then 500 μL of 

Solution III were added, mixed and incubated for another 15 min at RT, followed by centrifugation 

(6000 rpm, 10 min), wash and resuspension in 1 ml and 200 μl of Solution II, respectively. For the 

last step, protoplasts were mixed with 4 ml of melted Top SM (Sucrose MM, 0.35% agar) and used 

to inoculate solid SM plates (1% agar). The appropriate negative control plate was used to 

transformation efficiency. After 4-5 days of incubation at 37°C, transformants were isolated by 

streaking on MM. Verification was achieved by PCR and Southern analysis. Combinations of 

mutations were constructed by standard genetic crossing. 

2.6 PREPARATION AND TRANSFORMATION OF Escherichia coli 

 Competent DH5a E. coli cells were prepared by streaking from the glycerol stock on an LB 

agar plate and incubating at 37°C overnight. 5 ml of liquid LB medium were inoculated with a single 

colony form the plate and incubated at  37°C, 220 rpm overnight (16 h). Next, 0.5 ml of the 

overnight culture were used to inoculate 400 ml of LB medium for incubation at 37°C, 260 rpm until 

an OD600 of 0.45-0.55 was reached. After this the pellet was collected by centrifugation (4500 g, 4°C, 

5 min), resuspended in ice-cold transformation buffer 1 (30 mM CH3COOK, 10 mM CaCl2, 50 mM 

MnCl2, 100 mM RbCl2, 15% glycerol, pH 5,8 with 1 M CH3COOH), 0.4x the original volume, and 

incubated for 5 min on ice. Next, centrifugation (4500 g, 5 min, 4°C) is followed by resuspension of 

the pellet in 1/25 original volume of ice-cold transformation buffer 2 (10 mM MOPS pH 6.5, 75 mM 

CaCl2, 10 mM RBCl2, 15% glycerol, pH 6.5 with 1 Μ ΚΟΗ) and incubation for 15-60 min on ice. 

Aliquots of 200 μl were distributed in sterile Eppendorf tubes and frozen at -80°C. 

 Transformation of E. coli was performed by addition of 0.01-0.5 μg of plasmid DNA in 200 μl 

of defrosted competent cells, mixing and incubation for 20-45 min on ice. A heat shock at at 42°C 

for 90 sec is followed by incubation on ice for 2 min. After this, 1 ml LB is added in the tube and 

cells are incubated at 37°C for 45-60 min. Cell pellet is collected by centrifugation (8000 rpm, 2 
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min), resuspended in 100 μl LB medium and spread on LB agar plates containing 100 μg/ml 

ampicillin. After overnight incubation at 37°C, colonies can be selected and further analysed. The 

appropriate negative control plate was used to check antibiotic activity and transformation 

efficiency.  

2.7  PROTEIN EXTRACTION AND PURIFICATION  

 Filtered conidiospores were used to inoculate 100 ml liquid MM with NH4
+ and necessary 

supplements and the culture was incubated at 37°C for 14-18 h, 25°C, 150 rpm. The culture was 

then filtered through a sterile blutex, dried and immediately frozen in liquid nitrogen. The mycelia 

were pulverized in a mortar with a pestle in the presence of liquid nitrogen 4-5 times and ~400 mg 

of the fine powder were transferred in a 2 mL eppendorf tube.  

 For Total Protein Extraction, the pulverized mycelium was resuspended in 800 μl ice-cold 

Precipitation Buffer I [50 mM Tris-HCl pH 8.0, 50 mM NaCl, 12.5% (v/v) trichloroacetic acid (TCA), 1 

mM PMSF, 1x Protease Inhibitors Cocktail (PIC)], vortexed and incubated for 10-30 min on ice. The 

pellet was collected by centrifugation (10 min, 13000 rpm, 4°C) and resuspended once in ice-cold 

ETOH 100% and twice in ice-cold acetone, with each step followed by a centrifugation for 5min, 

13000 rpm, at 4oC. After the final centrifugation the supernatant was removed with a pipette and 

the pellet was air-dried for 30 min at 60oC. Next, the pellet was dissolved in Extraction Buffer I 

(100mM Tris-HCl pH=7.5, 50mM NaCl, 1% SDS, 1mM EDTA, 1x PIC, 1mM PMSF) and centrifuged 

(10-15 min, 13000 rpm, 4oC) before being transferred to pre-frozen 1.5 ml eppendorfs for storage 

at -80oC.  

 Membrane-Enriched Protein Extraction (adapted from Pantazopoulou et al., 2007), was 

mostly used before membrane protein purification for affinity chromatography (Chapter 3.1). The 

pulverized mycelium was collected in 2-6 eppendorfs and resuspended by addition of 2 ml ice-cold 

Extraction Buffer II in each tube (10 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 mM MgCl2, 0.3 M Sorbitol, 

1 mM PMSF, 1 x PIC), mixed by vortexing and incubated for 20-30 min on ice. Supernatants were 

collected by centrifugation (3 min, 3000 rpm, 4°C) and transferred to pre-frozen eppendorfs. 

Precipitation of the membrane proteins was achieved by a centrifugation (1 h, 13000 rpm, 4°C) and 

pellets were resuspended in 80-100 μl ice-cold Solubilisation Buffer (50 mM NaH2PO4 pH 8.0, 150 

mM NaCl, 1% (w/v) dodecyl-β-D-maltoside (DDM), 1 mM PMSF, 1 x PIC). After this, suspensions 

were collected in one Eppendorf tube and stirred gently for 30 min on ice. A final centrifugation (20 

min, 13.000rpm, 4oC) separates the solubilised membrane proteins in the supernatant, which is 
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collected and transferred in a new pre-frozen 1.5 ml Eppendorf tube. For long-term storage at -

80oC, glycerol is added at a final concentration of 20% (v/v). 

 Membrane protein purification was performed by a combination of Affinity Chromatography 

of His-tagged proteins (UapA-His10) and Gel Filtration Chromatography. For Affinity 

Chromatography, proteins of interest, genetically tagged with a sequence encoding for 10 histidine 

residues, were purified using the Protino Ni-NTA Columns (Macherey-Nagel GmbH). The flow rate 

of the mobile phase was kept consistent at 1 ml /min via a pump. Equilibration of the column was 

performed by 10-20 ml of Ni-column wash buffer (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 0.01 % 

(w/v) DDM, 1 mM PMSF), containing 10 mM imidazole. The sample, containing 1-4 mg of solublised 

protein in 1 ml Solubilisation Buffer was applied to the column and 2.5 ml of the flow-through were 

collected (fraction fo). After this, the column was washed abundantly with 10-20 ml of wash buffer, 

containing 20 mM imidazole and subsequently 50 mM imidazole, and two more 2.5 ml fractions 

were collected (f20 and f50). Increasing concentrations of imidazole in the wash buffer (250 mM, 350 

mM, 500 mM) resulted in the elution of bound proteins (His-tagged) and the corresponding 2.5 ml 

fractions were collected (f250, f350, f500). All eluents collected were put on ice. The column was 

washed abundantly with 500 mM imidazole and filled with 30% (v/v) EtOH before being stored at 

4°C. For Gel Filtration, Sephadex G-25 columns were used. Each fraction collected from the Affinity 

Chromatography method, was loaded on a thoroughly washed with distilled water, Sephadex 

column. When the sample volume had entered the column, 3.5 ml of sterile distilled water were 

added to the column so that removal of salts and buffer exchange was performed. The protein was 

then eluted and frozen in 50 ml Eppendrorf tubes at -80oC. The samples were then concentrated by 

lyophilization for 2 days and resuspended in a buffer with 50 mM NaH2PO4, 10% glycerol, 0.1% w/v 

DDM, 1 mM PMSF, 1 x PIC, pH 7.5. 

 Protein quantification was done with the method of Bradford. 2 mL of Bradford Reagent 

(100 mg Coomassie Brilliant Blue G-250, 50 ml 100% EtOH, 100 ml H2PO4, 850 ml H2O) were mixed 

with 2 μL of the protein extract and vortexed briefly, before being transferred to a cuvette. The 

spectrophotometer was calibrated with a ‘blank’ containing only the reagent, and then the optical 

density (OD) of samples was measured in duplicates, at 595 nm. Protein concentrations were 

quantified by comparing the OD values of the samples, against the BSA standard curve. 
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2.8  SDS-PAGE AND WESTERN BLOT  

For SDS-page electrophoresis, proteins (30–50 mg estimated by Bradford assays) were 

incubated with 4x sample loading buffer (40% (v/v) glycerol, 250 mM Tris-HCl pH 6.8, 0.02% (w/v) 

bromophonol blue, 8% (v/v) SDS, 20% (v/v) β-mercaptoethanol) for 30 min at 37°C, loaded and 

separated in a 8–10% (w/v) polyacrylamide gel, with the use of electrophoresis running buffer 

(25mM Tris, 192 mM Glycine, 0.1% SDS pH 8.3) at 80 V through the stacking gel and 100 V through 

the separating gel. Next, proteins were transferred onto methanol-activated PVDF membranes 

(Macherey-Nagel, Lab Supplies Scientific SA, Hellas), with the use of Transfer Buffer (25mM Tris, 192 

mM Glycine, 20% methanol), at 100V for 1.5-2 h. More specifically, the gel was placed in a cassette 

on top of a sponge and two filter papers, followed by the PVDF membrane, two more filter papers 

and another sponge. The cassette was inserted in a blotting apparatus (Mini PROTEAN™ Tetra Cell, 

Bio-Rad), filled with ice-cold Transfer Buffer, and electric current was applied. After transfer, the 

membrane was stored in TBS-T buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl) at 4°C. Blocking was 

performed with 2% (w/v) non-fat dry milk in TBS-T or 3% (w/v) BSA in TBS-Tween for 1h, RT, with 

gentle shaking. Immunodetection was performed with a primary anti-GFP monoclonal antibody 

(Roche Diagnostics, Hellas), an anti-FLAG M2 monoclonal antibody (Sigma-Aldrich), an anti-actin 

monoclonal (C4) antibody (MP Biomedicals Europe), all diluted at 1:2000, and a Penta-His HRP 

Conjugate antibody kit (Qiagen, SafeBlood BioAnalytica SA, Hellas) according to manufacturer’s 

instructions. After 3x 10 min washing in TBS-T with vigorous shaking to remove non-specifically 

bound antibody, the membrane was incubated for 1 h with secondary goat anti-mouse IgG HRP-

linked antibody (Cell Signaling Technology Inc, Bioline Scientific SA, Hellas), diluted in blocking buffer 

(1:1000-1:3500), at RT, with gentle shaking. The membrane was washed again 3 x 10 min as 

previously described, and blots were developed in a dark room with Kodak developing reagents, 

using the LumiSensor Chemiluminescent HRP Substrate kit (Genscript USA, Lab Supplies Scientific SA, 

Hellas) according to the manufacturer’s instructions and SuperRX Fuji medical X-Ray films (FujiFILM 

Europe). 
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RESULTS 

3.1 PURINE TRANSPORTER DI-/OLIGOMERIZATION IS CRITICAL FOR ER-EXIT 

3.1.1  Rationale of the project 

 

 Polytopic transmembrane proteins, such as the UapA purine transporter of the NAT/NCS2 

family, are co-translationally integrated in the ER membrane, prior to their packaging in COPII 

vesicles. ER-exit and the subsequent protein trafficking events, necessitate proper folding, which for 

certain cases includes successful dimerization or oligomerization of the protein molecules. By using 

as a cargo the extensively studied UapA transporter of A. nidulans and selected ER-retained mutant 

versions, we will assess the possibility of dimerization and investigate its role in ER-exit and 

membrane trafficking. For this purpose, we will perform co-immunoprecipitation and in vivo Bi-

fluorescence assays. In the course of previous microscopy experiments of our group, it was 

demonstrated that the UapA-K572R mutant which cannot be ubiquitinated and thus internalized, 

exhibits vacuolar localization upon co-expression with the wild-type UapA, after endocytosis is 

triggered. Normally, UapA molecules are endocytosed in the presence of uric acid (UA) or 

ammonium ions (NH4
+). This in trans endocytosis of UapA-K572R suggested the association of UapA 

molecules in a homo-dimeric or oligomeric form (Gournas et al., 2010). Additionally,  western blot 

immunodetection of the transporter, revealed biochemically uncharacterized high molecular weight 

bands, which probably corresponded to a putative di-/oligomeric form. 

 

 

Adapted from Martzoukou O, Karachaliou M, Yalelis V, Leung J, Bryne B, Amillis S, Diallinas G. J Mol Biol. 2015 

Aug 14; 427(16):2679-96. 

Figure 3.1 In trans internalization of a 

GFP-tagged UapA mutant version 

(UapA-K572R-GFP) defective in 

endocytosis, upon co-expression with an 

untagged wt UapA (UapA+), expressed 

via the strong uapA100 promoter. 

Arrows indicate endosomes 

(Martzoukou et al., 2015). 
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3.1.2 Experimental process 

 

3.1.2.1 Biochemical evidence for UapA dimerization 

 

 In orded to investigate UapA dimerization, we performed pull-down assays, using A. nidulans 

strains that co-express functional His-tagged and GFP-tagged transporter molecules (alcAp-UapA-

His10 and alcAp-UapA-GFP, respectively). Both UapA versions were expressed under the control of 

the regulatable alcA promoter. Affinity chromatography and Gel filtration was performed as 

described in the Materials and Methods chapter. The UapA-His version was tightly bound to the Ni2+ 

column and when eluted with imidazole in the f250 fraction, UapA-GFP was purified simultaneously, 

as indicated by Western blot analysis (Figure 3.2, left panel). Use of the anti-His antibody reveals a 

band at ~55 kDa, which corresponds to the monomeric 

form of UapA-His. Notice also a minor UapA-His specific 

band, at ~100 kDa, as well as a high molecular weight 

(HMW) band at >180 kDa, possibly indicating UapA 

oligomers or aggregates. With anti-GFP antibody, a band 

is detected at ~75 kDa, corresponding to monomeric 

UapA-GFP, whereas a HMW band is also visible. 

Contrastingly, when the same fraction of a strain 

expressing only UapA-His and not UapA-GFP was 

analysed, no signal was detected with the anti-GFP 

antibody (Figure 3.2, middle panel). The same result was 

observed when only UapA-GFP was expressed, which 

excludes the possibility of non-specific binding to the 

nickel column in the presence of 250 mM imidazole 

(Figure 3.2, right panel).  

 

3.1.2.2 In vivo evidence for UapA dimerization 

 

 To follow UapA dimerization in vivo, we developed a system for epifluorescence microscopic 

analysis via split-YFP reconstitution (Takeshita et al., 2008). More specifically, strains co-expressing 

UapA molecules tagged with each of the two halves of the Yellow Fluorescent Protein (YFP), were 

constructed (UapA-YFPC/UapA-YFPN) and compared to isogenic strains expressing UapA-GFP 

(positive control), or solely UapA-YFPC  or UapA-YFPN (negative controls). Bimolecular fluorescence 

complementation (BiFC) reveals the topological proximity of the two differentially tagged UapA 

molecules, as a PM fluorescent signal is observed. Contrastingly, no YFP-reconstitution signal was 

Figure 3.2 Western blot analysis of f250 of 

a strain co-expressing UapA-His and 

UapA-GFP or strains expressing only a 

single UapA version, as negative control. 

UapA-GFP co-purified with UapA-His, as 

indicated with the anti-GFP antibody 

(left panel). When expressed alone, 

UapA-His did not react with anti-GFP 

(middle panel), while UapA-GFP was not 

eluted at f250 (right panel).  
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detected upon co-expression of UapA tagged with one half of the YFP protein and the proline 

transporter, PrnB, tagged with the other half (UapA-YFPN/PrnB-YFPC , grown on proline) (Figure 3.3, 

left panels). UapA dimerization persists upon ammonium (NH4
+) or substrate-elicited endocytosis 

(UA), until proteins reach the vacuolar membrane, as evidenced by CMAC staining. Interestingly, 

upon substrate addition UapA-YFPN/UapA-YFPC dimers are easily traceable in motile early 

endosomes and small vacuoles (Figure 3.3, right panels). 

Figure 3.3 Left panels: Reconstitution of YFP signal at the PM, due to the close association of co-

expressed, differentially tagged, UapA molecules (UapA-YFPc/UapA-YFPN). UapA-GFP and PrnB-GFP 

are included as positive controls, whereas the non-dimerizing PrnB-YFPc/UapA-YFPN and the solely 

expressed UapA-YFPN or UapA-YFPc , are shown as negative controls. Right panels: Dimerization 

persists upon endocytosis (NH4
+ or uric acid (UA) addition to the medium, and YFP signal coincides 

with large vacuoles (stained by CMAC) or motile EEs, respectively.  
  

3.1.2.3 ER-retained UapA molecules do not dimerize properly 

 By using a combination of the previous techniques, we were able to investigate the 

importance of proper protein folding and ER-exit motifs, in transporter dimerization. More 

specifically, we used three previously constructed mutant versions of UapA that exhibit ER-

retention, either due to lack of an ER-exit motif (DYDY/A), or due to partial misfolding (I74D and 

TMS14Δ). In the DYDY/A mutant, the Tyr-based amino terminal motif 44DYDY47, which possibly serves 

as ER-export signal, is substituted with Ala residues. In the Ι74D mutant, Ile74 -located at the 

cytoplasmic limit of TMS1- is replaced with Asp, whereas in the TMS14Δ mutant, a 123 bp DNA 

fragment corresponding to TMS14 of UapA, has been deleted (Amillis et al., 2011; Vlanti et al., 

2006). For BiFC assays, strains co-expressing under the alcAp promoter differentially tagged (YFPC or 

YFPN) ER-retained vesions of UapA were constructed and analyzed with fluorescence microscopy. 

None of the strains showed YFP reconstitution signal in the ER when compared to isogenic GFP-

tagged versions under the control of the same promoter (DYDY/A4-GFP, I74D-GFP και TMS14Δ-GFP) 
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(Figure 3.4, left panels), even though analogous signals have been reported in other studies 

(Zamyatnin et al., 2006). However, pull down assays of strains co-expressing UapA-DYDY/A-

GFP/UapA-DYDY/A-His10 or UapA-I74D-GFP/UapA-I74D-His10, reveal a physical interaction between 

the two differentially tagged (GFP, His10) molecules of each ER-retained mutant (Figure 3.4, right 

panels).  

 

 

 

 

 

 

Figure 3.4 Left panels: Inability for reconstitution of YFP signal in the ER, when differentially tagged 

versions (YFPC or YFPN) of ER-retained UapA mutans (DYDY/A, I74D, TMS14Δ) are co-expressed. 

UapA-GFP, DYDY/A-GFP, I74D-GFP, TMS14Δ-GFP, and the dimerizing UapA-YFPc/UapA-YFPN are 

included as positive controls. Right panels: Pull down assay of DYDY-A and I74D, reveals a physical 

interaction as the GFP-tagged version co-purifies with the His-tagged, for both ER-retained mutants.  

3.1.3 Conclusions 

 

 We confirm the hypothesis that UapA oligomerizes (at least dimerizes) by using two 

different methods, a biochemical (pull down assay) and an in vivo method (BiFC). The split-YFP assay, 

not only provides evidence for the dimerization of UapA, but also enables the detection of the 

subcellular localization of the dimer. Upon triggering UapA endocytosis and during vacuolar sorting, 

the tight dimer formation is persistent, as evidenced by microscopic studies in the UapA-YFPc/UapA-

YFPN  strain. Moreover, by using ER-retained UapA mutants, either modified in their N-terminal motif 

or partially misfolded, we demonstrate that dimerization is associated with ER-exit. As these 

mutants seem to associate physically, but fail to associate properly in order to reconstitute YFP 

signal, our results reveal the essentiality of proper di-/oligomerization for transporter membrane 

trafficking. 
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3.2  THE AP COMPLEXES ARE DISPENSABLE FOR TRANSPORTER TRAFFICKING 

3.2.1 Rationale of the project 

The heterotetrameric Adaptor proteins (APs) are the major type of adaptors that mediate 

the formation of clathrin-coated vesicles in most eukaryotes, but had not been studied in A. 

nidulans. It has been reported that genetic disruption of any of the four AP subunits inactivates the 

function of the full complex (Robinson, 2004; 2015). The β subunits are particularly important for 

clathrin binding, whereas clathrin-binding motifs  (L[L,I][D,E,N][L,F][D,E]) have been identified in the 

hinge domains of both β1 and β2 subunits of AP-1 and AP-2, respectively. In silico analysis performed 

in our lab, revealed that the AP β subunits of higher fungi lack an entire C-terminal domain, normally 

located close to the clathrin binding motif (Martzoukou et al., 2017). Based on this, we analyze the 

phenotypes of AP adaptors and clathrin genetic deletions and investigate whether they share 

common roles in transporter vesicular trafficking, using as a model cargo the extensively studied 

purine transporter UapA, as well as six other transporters belonging to different families. In this 

direction, we use microscopy to study the localization of fluorescent versions of transporters in AP+ 

and AP- isogenic strains of all the fungal complexes (AP-1, AP-2, AP-3), as well as in corresponding 

clathrin strains (Cla+ and Cla-).  

3.2.2 Experimental process 

 

3.2.2.1 Lack of functional AP-1 and AP-2 complexes causes severe growth delay 

 

 In order to investigate the role of the three AP complexes in subcellular vesicular trafficking 

of transporters, we constructed three isogenic strains either carrying a deletion the σ subunit 

(ap2σΔ, ap3σΔ) or expressing the same subunit (thiAp-ap1σ) under the control of the regulatable thiAp 

promoter (Apostolaki et al., 2012). Construction of a knockdown strain was necessary only in the 

case of the AP-1 complex, as the knock-out proved lethal (not shown). In order to exclude the 

possibility of any functional complementation between the σ subunits of different AP complexes, 

double AP-defective strains were also constructed via genetic crossing. AP-1 and AP-2 complexes, 

but not AP-3, proved to be essential for proper fungal growth, whereas in all cases, the phenotype 

was not enhanced when AP-deficiency was combined in the double AP-deficient strains (Figure 3.5). 

Microscopic morphology was consistent with the severe growth delay of these strains (Figure 3.5 A, 

bottom right insets), exhibiting hyperbranching, increased septa formation (Figure 3.5 B and C, 

respectively) and lack of canonical chitin distribution (Figure 3.5 D, calcofluor staining).  

Adapted from Martzoukou O, Amillis S, Zervakou A, Christoforidis S, Diallinas G. Elife. 2017 Feb 21; 6.  
pii: e20083. 
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Figure 3.5 (A) Colony growth (bottom right insets) and microscopic morphology with calcofluor 

staining, of strains lacking functional AP-1, AP-2 and AP-3 complexes (thiAp-ap1σ, ap2σΔ, ap3σΔ 

respectively) and of double deficient strains (thiAp-ap1σ, ap2σΔ ap3σΔ), compared to wild-type (wt). 

(B) Representative morphological phenotypes used for the categorization and quantification of 

hyper-branching patterns and corresponding quantitative analysis (n=31-100 hyphae), revealing the 

specific effects of AP-1 and AP-2 deficiency in polar growth maintenance. (C) Representative types of 

increased septa formation of strains shown in A, and corresponding quantification performed for 50 

μm of hyphal length (n=27-32 hyphae, P<0.001 compared to wt), reveals the effect of AP-1 and AP-2 

deficiency in septation. (D) Calcofluor deposition at the growing tip of stains shown in A, compared to 

a standard endocytic mutant, sagAΔ. Notice the reduced chitin accumulation at the collar region in 

the absence of functional AP-1 and AP-2 complexes, but not AP-3.  

3.2.2.2 Lack of clathrin chains has versatile effects on growth rate and morphology 

 To study the role of clathrin with respect to transporter trafficking, we constructed strains 

that lack expression of the light (ClaL) or heavy chain (ClaH) of clathrin. Only the ClaL null mutant 

was viable (claLΔ) but exhibited problematic colony growth, thus we used conditional knock-down 

strains for both chains (thiAp-claL, thiAp-claH). Although A. nidulans growth was severely affected 

when either one of the clathrin chains was not expressed (Figure 3.6 A), microscopic morphology 

observation (Figure 3.6 B) uncovered the non-essentiality of the light chain in polar growth. Cells 

that lack ClaH, however, exhibited various morphological phenotypes, distinct from the ones 
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resulting from the absence of AP-1 and AP-2, such as abnormal hyphal width (a), isotropic expansion 

of the conidiospore head (b), tip swelling (c) and reduced hyphal size (d).  

Figure 3.6 (A) Colony growth and (B) microscopic morphology with calcofluor staining, of strains 

lacking expression of either the light or the heavy chain of clathrin (thiAp-claL, claLΔ and thiAp-claH 

respectively), compared to wild-type (wt). Microscopic morphology of hyphae lacking ClaL is not 

severely changed, except for tip swelling, which occurred in a higher temperature (37oC). The 

observed morphological phenotypes for strains lacking ClaH expression can be separated in four 

different types, appearing with almost the same frequency. 

 

3.2.2.3 The AP complexes are dispensable for UapA exocytosis and endocytosis 

 Epifluorescence microscopic analysis was performed to study the role of AP complexes in 

UapA subcellular trafficking. In hyphae that do not express functional AP-1, AP-2 or AP-3 complexes 

(thiAp-ap1σ, ap2σΔ, ap3σΔ respectively), UapA-GFP was able to reach the PM under standard 

conditions (growth on NO3, Figure 3.7 upper panels), similar to the wt isogenic strain. When 

endocytosis was triggered by NH4
+ addition (> 2h) to the culture media of the same strains, the 

transporter showed normal vacuolar localization due to internalization from the PM, as the 

fluorescent signal was decreased in the latter (Figure 3.7, lower panels). Strains lacking the standard 

endocytic factors SagA and SlaB (Araujo-Bazan et al., 2008; Hervas-Aguilar and Penalva, 2010), are 

Figure 3.7 Fluorescence microscopy analysis of UapA-GFP topology in the absence of functional 

AP complexes, compared to wt and endocytosis-deficient isogenic strains (sagAΔ, thiAp-slaB), 

under standard (nitrate, upper panels) and endocytic conditions (ammonium, lower panels). 
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also included as controls. Notice the persistence of PM fluorescence even in the presence of 

endocytic trigger. Our results show that all fungal AP complexes are not required for membrane 

trafficking of the purine transporter UapA. 

3.2.2.4 Additional purine and amino-acid transporters do not require the AP-2 complex for 

endocytosis 

 To exclude the possibility that our results concerning endocytosis strictly apply for UapA, we 

tested six more transporters belonging to different protein families and exhibiting specificity for 

different substrates (PrnB, AgtA, FurA, FurD, FurE, FcyB) (Apostolaki et al., 2009; Krypotou et al., 

2015; Tavoularis et al., 2001; Vlanti and Diallinas, 2008). We constructed strains carrying 

fluorescently tagged versions of these transporters in either wt or ap2σΔ isogenic genetic 

backgrounds, and performed microscopic analyses in standard and endocytic conditions, as 

previously described. FM4-64 staining, indicates the presence of all transporters in the vacuole, 

irrespective of AP-2 depletion, after the endocytic trigger was imposed (ammonium, >2h) (Figure 

Figure 3.8 Fluorescence microscopy analysis of six different transporters in the absence of a 

functional AP-2 complex, compared to wt isogenic strains. FM4-64 vacuolar staining is included. 
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3.8), whereas relevant quantification and statistical analysis confirms the aforementioned results 

(Figure 3.9 and Materials and Methods). 

Figure 3.9 Quantification of the results shown in Figure 3.8, confirms the physiological endocytosis of 

all the transporters, in the absence of the AP-2 complex. Measurements were performed for both 

Vacuolar Surface (left panel) and Vacuolar GFP Fluorescence (right panel). For details, see Materials 

and Methods. 

 

3.2.2.5 Clathrin is essential for transporter trafficking 

 To determine whether clathrin has an AP-independent role in vesicular trafficking of the 

UapA transporter, we investigated its subcellular topology as previously, with a GFP-tagged 

transporter version expressed in a genetic background lacking either the light or the heavy chain of 

clathrin (thiAp-claL UapA-GFP and thiAp-claH UapA-GFP, respectively).  Knockdown of ClaL expression 

(+thi, overnight: o/n) prevented the endocytic internalization of UapA, compared to the control (-thi, 

ClaL is expressed) where GFP-labeled vacuoles are observed (Figure 3.10, left panels). However, 

analogous experiments of ab initio thiamine addition could not be performed with ClaH, due to an 

apparent severe block in transporter exocytosis (Figure 3.10, right panels). Western blot analysis of 

total protein extracts from a strain expressing ClaH under the control of thiAp promoter, revealed a 

protein decrease to undetectable levels after 10 h of incubation with thiamine (not shown). Thus, in 

order to study the role of clathrin heavy chain in transporter endocytosis with epifluorescence 

microscopy, thiamine was added in the culture media (for 10 h), after a period of normal vegetative 

Figure 3.10 Fluorescence microscopy showing the effects of clathrin depletion on the subcellular 

trafficking (‘Control’) and endocytosis (NH4
+, 2 h) of UapA-GFP. For more explanations see the text.   
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growth in the absence of thiamine (14 h). UapA was able to reach the PM before ClaH was depleted 

from the hypha, and upon ammonium-elicited endocytosis a significant fraction was not 

internalized. However, UapA-labeled cytoplasmic structures appeared even under standard 

conditions (nitrate), which could be derivatives of Golgi malfunction due to ClaH absence (Figure 

3.10, right panels).   

3.2.3 Conclusions 

 

 Investigation of the role of the AP complexes, showed that AP-1 and AP-2 are essential for 

fungal polar growth, whereas all three complexes are dispensable for transporter exocytosis and 

endocytosis. AP-1 and AP-2 also affect septation, branching pattern and cell wall deposition at the 

hyphal tip, as shown with calcofluor staining. Additionally, we demonstrate that both clathrin chains 

(ClaL and ClaH) are also required for rapid vegetative growth, even though the phenotypes resulting 

from their depletion are not similar to those observed for AP-deficient strains (AP-1 and AP-2). 

Lastly, one important finding was that transporter (UapA) endocytosis is clathrin-dependent but AP-

2 independent, which could result from the evolutionary truncation of the β2 subunit. The role of 

the AP-2 complex will be assessed in Chapter 3.4. 
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3.3  VESICULAR TRAFFICKING OF APICAL CARGOES REQUIRES THE AP-1  

3.3.1 Rationale of the project 

 

 The role of the essential AP-1 complex in A. nidulans, remained elusive, even though our 

previous results (Chapter 3.2) suggested an involvement in polar growth maintenance. Transporters 

exhibit AP-1-independent membrane transport, but in several organisms -mostly mammals- this 

complex, is involved in trafficking between the TGN and the endosomes (Robinson, 2015, 2004). 

Here we dissect the role of the AP-1 complex in vesicular trafficking, using AP-1+ and AP-1-  isogenic 

strains and several apical cargoes as markers, including the lipid flipasses DnfA and DnfB, the chitin 

synthase ChsB and the endocytic factors SagA, SlaB, AbpA. We also use selected proteins involved in 

specialization of transport and fusion of secretory vesicles and endosomes, like the SNAREs SynA (v-

SNARE) and SsoA (t-SNARE) and the Rab GTPases RabA, RabB (Early endosomes), RabE (post-Golgi 

and SVs), RabC (Retrograde transport), RabO (Golgi and SPK). Moreover, we assess the topological 

correlation of AP-1 with various subcellular organelles, like the Golgi network, the SPK, the 

cytoskeleton and with the heavy and light chains of clathrin (cis-Golgi: SedV, trans-Golgi: PHOSBP, SPK: 

Tropomyosin TpmA, MTs: α-tubulin TubA, Septins: AspB, -C, -D, -E). Furthermore, to investigate in 

depth the association of AP-1 and clathrin, we construct strains carrying mutations in the putative 

clathrin binding boxes and in parallel we examine the role of RaBE with respect to clathrin, as it had 

not been studied before. Last but not least, recent research findings from other groups had 

indicated an additional role for AP-1, as a motor adaptor, that interacts directly with a member of 

the kinesin superfamily in neurons (Nakagawa et al., 2000), thus we also test whether AP1 in A. 

nidulans correlates with two conventional kinesins, KinA and UncA. 

 

3.3.2 Experimental process 

 

3.3.2.1 Subcellular localization and essentiality of the AP-1 complex 

 Our previous results highlighted the essentiality of AP-1 for proper colony growth, however 

we extended our study to include conditional knock-downs of two more subunits, the medium (μ) 

and the beta (β), genetic disruption of which seems to affect growth in a similar way to the σ 

subunit. Western blot analysis confirms the total depletion of ap1σ  in grown hyphae, when thiamine 

is added ab initio (o/n : overnight) (Figure 3.11 A). Calcofluor staining and microscopic observation of 

the ap1σ knock-down strain, confirms altered chitin deposition, increased septation and 

hyperbranching (Figure 3.11 B). We also address the question of the subcellular localization of AP-1 

Adapted from Martzoukou O, Diallinas G, Amillis S. Genetics. 2018 Jun 20; pii: genetics.301240.2018 
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by constructing strains expressing Αp1σ-mRFP or Αp1σ-GFP in a wild-type background, and show that 

functional GFP- or mRFP-tagged AP-1σ is localized in distinct cytoplasmic puncta, being more 

abundant in the apical region of hyphae (Figure 3.11 C). Moreover, to confirm the participation of all 

tested subunits in AP-1 complex formation, as well as the previously reported observation 

(Robinson, 2015) that inactivation of any subunit disrupts the whole complex, we use the thiamine-

regulatable promoter thiAp  to express Αp1σ-GFP in thiAp-ap1β and thiAp-ap1μ isogenic backgrounds, 

in the absence (control) or presence of thiamine (repressed AP-1) (Figure 3.11 D). Our results are in 

line with complex disassembly in the absence of one subunit, as evidenced by the observed diffuse 

cytoplasmic signal (D).  

3.3.2.2 AP-1 is required for proper apical protein localization 

 As mentioned in the introduction, apex-directed exocytosis of selected cargoes combined 

with their constitutive endocytosis at the collar region, creates polarization in hyphal growth, mostly 

evident by the accumulation of these proteins in an apical crescent. Based on our previous 

observations, AP-1 is essential for polarized growth, thus we used as markers, known, polarly 

localized cargoes to confirm the involvement of the adaptor in their subcellular trafficking. AP-1 

Figure 3.11 (A) Growth tests of conditional knock-downs of the σ, μ and β AP-1 subunits (upper 

panel) and Western blot analysis of the FLAG-Αp1σ levels after addition of thiamine overnight (o/n) 

or for 2, 4, 6 h before mycelium harvesting and total protein extraction (lower panel). A strain 

expressing an untagged version of Ap1σ is included as a control (wt). (B) Microscopic morphology of 

thiAp-ap1σ in the absence or presence of thiamine. Calcofluor staining and a ‘fire’ Look-up table 

(LUT, Image J software) are applied to make differences in chitin deposition more noticeable 

(arrows indicate septa, arrowhead points to an emerging branch). (C) Similar subcellular 

localization of functional (see growth tests, bottom right) AP-1 σ subunits, tagged with GFP (left) 

and mRFP (right), reveals the polarized distribution of the complex (see also relevant quantitative 

analysis, upper right panel). (D) Microscopy studies of the Αp1σ-GFP localization, the presence 

(upper panels) or absence (lower panels) of Ap1μ and Ap1β subunits (left and right panels, 

respectively). Scale bars in B,C: 5 μm.   
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deficient strains were tested for the localization of fluorescently tagged versions of the vesicular 

SNARE SynA and t-SNARE SsoA (Taheri-Talesh et al., 2008), the phospholipid flippases DnfA and DnfB 

(Schultzhaus et al., 2015), the class III chitin synthase ChsB (Takeshita et al., 2015) and the actin-

interacting-protein TpmA (Taheri-Talesh et al., 2008). In all cases, AP-1 proved to be essential for the 

normal distribution of the proteins -in comparison to UapA, which is included as a negative control- 

as its depletion resulted in loss of polarity and appearance of bright cytoplasmic puncta. TpmA also 

lost its positioning, suggesting SPK destabilization with further implications for cytoskeleton 

organization (Figure 3.12, lower panels). We also test the localization of the collar-localized 

endocytic factors SagA, SlaB and AbpA (Araujo-Bazán et al., 2008; Hervás-Aguilar and Peñalva, 2010; 

Karachaliou et al., 2013), which appear mislocalized at the apical crescent, in the absence of AP-1.  

Figure 3.12 Epifluorescence microscopic analysis of well-studied polar cargoes (upper panel) in 

conditions of AP-1 depletion (lower panels). All markers appear significantly affected, especially when 

compared to the purine transporter UapA whose trafficking is AP-1 independent (Chapter 3.2). Notice 

the loss of polarity, the appearance of various cytoplasmic structures (SynA, SsoA, DnfA, DnfB, ChsB), 

the abnormal localization of the endocytic collar (SagA, SlaB, AbpA) and the loss of SPK integrity 

(TpmA). For details on the role of proteins tested, see text. Scale bars: 5 μm. 

 

3.3.2.3 Late-Golgi cisternae transiently associate with AP-1 foci 

 To examine the possible association of AP-1 with the Golgi network, we use the extensively 

characterized markers SedVSed5 and PHOSBP for early- and late-Golgi, respectively (Pantazopoulou and 

Peñalva, 2009; Pinar et al., 2013a) (See also Chapter 1.3.4), for colocalization studies. Αp1σ shows 

some topological correlation with the early-Golgi marker, SedV, but their colocalization degree is not 

high (n = 5; PCC = 0.35, P< 0.01). Time-series of a selected hyphal region, reveals that AP-1 foci 

‘decorate’ SedV-labeled structures (Figure 3.13 A). In the case of PHOSBP, a significant degree of 
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colocalization is observed between the adaptor and the late-Golgi marker, also confirmed with 

quantitative analysis (n = 7; PCC = 0.66, P < 0.0001). Corresponding time-series images indicate the 

coherent movement of the two proteins in all three dimensions, an association that appears to be 

dynamic and transient, as clearly shown by the progressive loss of colocalization (Figure 3.13 B).  

Figure 3.13 Colocalization analysis of AP-1 and two Golgi markers, the early-Golgi SedV (A) and the 

late-Golgi PHOSBP. The degree of association of AP-1 with late-Golgi cisternae is relatively high, but 

the nature of their interaction appears to be transient and dynamic. Contrastingly, the adaptor 

exhibits very low colocalization with early-Golgi cisternae. Time-lapse images of a selected region are 

included for both markers, whereas the relative time of the uncropped image is highlighted in the 

corresponding time frame, in yellow. For more details and quantification of colocalization, see text.  

 

3.3.2.4 AP-1 localization is RabO- and RabC- dependent 

 To confirm the significant degree of 

association between AP-1 and the late-Golgi, 

we constructed strains that express the GFP-

tagged version of the adaptor, in a genetic 

background of thermosensitive mutations 

that block Golgi trafficking in the restrictive 

temperature. SedVts (SedV-R258G) affects the 

early-Golgi organization, whereas RabOts 

(RabO-A163D) has an analogous impact on the 

late-Golgi (Pinar et al., 2013a). Shift to the 

non-permissive temperature leads to diffuse 

AP-1 signal in the case of late-, but not early-

Golgi disorganization, as expected (Figure 

3.14, left and middle panels). Conditional 

Figure 3.14 Epifluorescence microscopy of AP-1 in 

genetic backgrounds that allow the conditional 

impairment of Golgi organization, upon shift to the 

restrictive temperature (42oC). SedVts and RabOts 

are thermosensitive mutations that affect early- 

and late-Golgi, respectively. The RabC-repressed 

altered localization of AP-1, further confirms an 

association of the adaptor with the late-Golgi. 
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knock-down of the RabCRab6 GTPase, which is also involved in Golgi homeostasis (Pantazopoulou and 

Peñalva, 2011), affects proper AP-1 localization, as the appearance of multiple small foci all over the 

hypha is observed (Figure 3.14, right panels).  

3.3.2.5 Clathrin recruitment is mediated by AP-1 via specific C-terminal motifs 

 AP-1 has been indissolubly 

associated with clathrin in metazoa 

(Robinson, 2015), and based on the 

observation that the adaptor is localized 

transiently to the late-Golgi, we tested 

whether an interaction with clathrin 

occurs, in spite of the β1 truncation (see 

Chapter 3.2). To do so, we constructed 

strains co-expressing fluorescently tagged 

versions of the two proteins of interest 

(Ap-1σ/ClaL and Ap-1σ/ClaH). The degree of 

colocalization of Ap-1σ with both clathrin 

chains is high (claL: n= 9; PCC= 0.78, P< 

0.0001; claH: n= 5; PCC= 0.76, P< 0.0001), 

and the patterns observed vary in size and 

shape. More specifically, AP-1 forms 

characteristic ‘horseshoe-like’ structures 

on top of ClaH foci, which are less 

prominent for ClaL foci (Figure 3.15, A and 

B). We also investigate the localization of 

AP-1 in the absence of ClaL and vice versa. 

The topology of the adaptor appears 

unaffected by the depletion of ClaL (Figure 

3.15 C, upper panels), but ClaL localization 

depends on the presence of a functional 

AP-1 (Figure 3.15 C, lower panels). The 

same picture is obtained when we follow 

the subcellular localization of both clathrin 

chains in ap1β-repressed strains (+thi), which appear dispersed in non-polar, small foci (Figure 3.15 

D). Lastly, strains expressing (via plasmid integration events), Ap1β subunits mutated in one or two 

Figure 3.15 (A and B) Colocalization analysis of AP-1 

and clathrin light (ClaL) and heavy (ClaH) chains, 

respectively. (C) Subcellular localization of Ap1σ and 

ClaL in conditions of depletion of the latter or the 

former, respectively. (D) Repression of expression of 

ap1β (+thi) and its effect on the localization of ClaL 

(upper panel) or ClaH (lower panel). (E) Effect of 

mutations in clathrin-binding motifs 709NGF/A711 and 
632DID/A634 on clathrin distribution. For details, see text. 

Scale bars in C, D, E: 5 μm. 
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putative clathrin binding boxes (630LLDID634 and 707LLNGF711), have the same effect on ClaL and ClaH 

localization, as that of Ap1β depletion. Given the fact that these mutated motifs are expressed in a 

genetic background where wild-type β1 allele is not transcribed in the presence of thiamine, we 

suggest an interaction of AP-1β with clathrin, via these binding boxes (primarily via the 707LLNGF711, 

based on the extent of clathrin misolocalization) (Figure 3.15 E). 

3.3.2.6 AP-1 associates with post-Golgi exocytic carriers 

 To investigate whether AP-1 associates with post-Golgi membranes prior to their dissipation 

to secretory vesicles (SVs), we also study its localization relative to that of the RabE GTPase, which 

mediates the maturation of TGN to SVs (Pantazopoulou et al., 2014; Peñalva et al., 2017). Our results 

suggest a high degree of association between AP-1 and RabE-labeled SVs (n= 5; PCC= 0.72, P< 

0.0001), more prominent at sites of branch emergence or at subapical regions (Figure 3.16 A). We 

also followed the localization of the two proteins in relevant knockdown mutants.  

Figure 3.16 (A) Colocalization analysis of RabE and AP-1 reveals their significant association in 

subapical foci (arrow) and in branch-emerging regions (arrowhead). (B) Subcelllular localization of 

Ap1σ (upper panels) or RabE (lower panels) under wild-type conditions (-thi) and RabE or Ap1σ 

repression of expression (+thi), respectively. Notice the diffuse signal of AP-1 when RabE is depleted, 

as well as the appearance of small scattered RabE-labeled foci, when AP-1 is not functional.  

 

Expression of rabE is necessary for punctate AP-1 distribution, since under fully repressed conditions 

the adaptor is localized in a diffuse cytoplasmic haze (Figure  3.16 B, upper panels). Contrastingly, a 
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functional AP-1 complex is required for the proper trafficking of RabE-labeled SVs, that fail to reach 

and assemble at the SPK when the adaptor is genetically repressed (Figure 3.16 B, lower panels). 

 

3.3.2.7 AP-1 interacts with the microtubule network 

 To examine the possible association of the AP-1 and clathrin-coated SVs, with the 

cytoskeleton during trafficking along microtubule tracks, we perform colocalization analysis of AP-1 

and the alpha-tubulin, TubA. As evidenced by the time-series images, motile AP-1 puncta 

dynamically decorate MTs (Figure 3.17 A). Additionally, incubation of the same strain with the anti-

microtubule drug Benomyl, leads to an increase in diffuse cytoplasmic AP-1 signal, in line with a 

decrease in MT fluorescence (Figure 3.17 B, upper panel). Importantly, removal of Benomyl from the 

culture media restores both MT and AP-1 localization. Contrastingly, the depolymerization of actin 

cables due to Lantrunculin B addition did not have a detectable effect of Ap1σ polar localization 

(Figure 3.17 B, lower panel). The motor proteins that propel SV and EE movement along MTs in A. 

nidulans, are KinA and UncA, respectively (see also Chapter 1.3.11). Based on previous studies that 

Figure 3.17 (A) Colocalization analysis of Ap1σ and alpha-tubulin (TubA). Time-series images highlight the 

movement of AP-1-labeled foci on MTs. (B) Benomyl treatment (upper panel) of the strain shown in A, 

confirms the association of AP-1 with MTs, whereas Latrunculin B treatment has no effect on AP-1 

localization (lower panel). (C) Wild-type localization of AP-1 is affected in the absence of KinA, but not 

UncA. (D) TubA-labeled MTs are disorganized in hyphae lacking a functional AP-1 complex (+thi). Bars B,C: 

5 μm. 
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attribute a ‘motor-adaptor’ role to the AP-1 complex in polarized neuronal cells (Nakagawa et al., 

2000), we tested whether a kinesin is also implicated in the AP-1-mediated polar delivery of 

transport vesicles in A. nidulans. Our results show that AP-1 is unable to reach the apical area in the 

absence of the conventional kinesin, KinA (Figure 3.17 C). Instead, it accumulates in an area localized 

1 μm behind the apex, a phenotype characteristic of cargoes that utilize KinA as the main motor 

protein for their transport (Takeshita et al., 2015). Importantly, the organization of the network of 

MTs appears to be disrupted when ap1σ is genetically repressed, as evidenced by mCherry-TubA 

fluorescent signal (Figure 3.17 D, +thi). Notice the curved MTs located close the tip (arrowhead), as 

well as distinct bright spots and several cross sections throughout the hypha (arrows). 

3.3.2.8 AP-1 affects septin organization 

 We also studied another important component of the fungal cytoskeleton, septins (AspB-E), 

with respect to the role of AP-1 in A.nidulans (see also Chapter 1.3.10). Given the previously 

observed increased septum formation in AP-1-deficient hyphae (Chapter 3.2), we expected to see a 

phenotype in line with this observation. Our results confirm that upon AP-1 depletion, the three core 

Septins that participate in the formation of hetero-polymers (AspB, AspC, AspD), exhibit abnormally 

increased localization to cortical dots. These non-filamentous structures possibly mark positions of 

new septum formation, given also their appearance in pairs at opposite sides of the hypha. 

Figure 3.18 Left panels: Septin localization in the presence (-thi) and absence (+thi) of a functional 

AP-1 complex. AspB, AspC and AspD appear more frequently in punctate structures described as 

‘septin dots’, whereas the cortical AspE appears largely unaffected, except for its presence in the 

more abundant septa. Bars, 5 μm. Right panel: Relevant quantification of dot density confirms our 

observations. 
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Importantly, AspE, which is not involved in the hetero-polymer, is not affected in a similar way by 

the repression of AP-1 (Figure 3.18). 

3.3.2.9 Proper early endosome distribution and recycling require a functional AP-1 

 Studies of the subcellular 

localization of the early endosomal RabBRab5 

GTPase compared to the localization of AP-

1, reveal a transient association between 

the two markers, mostly evident in ring-like 

structures that appear in a subapical part of 

the hypha, close to the conidiospore head. 

In Figure 3.19, selected areas in small color 

boxes appear magnified in the center of 

each image, with corresponding coloration 

and numbering. Additionally, we investigate 

the interaction between AP-1 and EEs by 

constructing strains that express 

fluorescently tagged versions of the two 

Rab5 fungal homologues, RabA and RabB, in 

the absence of a functional adaptor. Our 

results show an increased accumulation of 

both endosomal markers in immotile 

puncta under conditions of repression (+thi) 

of ap1σ (Figure 3.20, left panel). A time-

course experiment of RabB under the same 

conditions, reveals that in fact, the motile 

endosomal subpopoulation is not affected 

(Figure 3.20, middle panel). In AP-1 

deficient hyphae, CMAC staining of RabB-

labeled endosomes reveals the late-

endosomal and/or vacuolar identity of a 

significant fraction (Figure 3.20, right panel).  

 

Figure 3.19 Selected frames from a time-series, 

highlight the colocalization of AP-1 and RabB in 

transient ring-like structures.  
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Figure 3.20 Left panels: AP-1 repression (+thi) has a severe effect on early endosome morphology, as 

the immotile fraction of both RabA and RabB subpopulations in increased. Middle panels: Time-

course analysis of RabB-labeled endosomes, under normal (-thi) or repressed (+thi) conditions for AP-

1 expression. Each colored arrow ‘follows’ one endosomal spot throughout the time-series, from the 

moment it appears. Notice the increase in static puncta in the presence of thiamine. Right panels: 

CMAC vacuolar staining of RabB-labeled structures, in an AP-1-repressible strain. Notice the 

significant degree of staining in small RabB foci, when AP-1 is absent (+thi).   

  

3.3.3 Conclusions 

 The AP-1 is essential for the polar localization of apical markers via its association with 

RabERab11-labeled secretory vesicles. It is transiently and dynamically associated with the late-Golgi 

and probably recruited during maturation to post-Golgi, thus subsequently acting downstream of 

RabE. AP-1, via specific C-terminal motifs, interacts and functions upstream of clathrin, in line with 

its established role in clathrin recruitment after cargo binding. Additionally, the adaptor participates 

in RabA/BRab5-dependent endosomal recycling and is involved in the maturation of early endosomes. 

We also provide evidence that AP-1 associates with the microtubule cytoskeleton through the 

Kinesin-1 (KinA) and is critical for septin organization into higher order structures. By dissecting the 

role of the AP-1 complex, we rationalize its essentiality for the highly-demanding in cellular 

resources, polarized fungal growth. 
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3.4 THE AP-2 COMPLEX HAS A SPECIALIZED CLATHRIN-INDEPENDENT ROLE  

3.4.1 Rationale of the project 

  

 AP-2 is involved in the formation of clathrin-coated vesicles at plasma membrane (PM) of 

most metazoan (Robinson, 2004, 2015), but its role in A. nidulans remained unclear. Our previous 

work demonstrated the AP-2 independent and clathrin-dependent transporter endocytosis (Chapter 

3.2), thus in order to investigate the role of this essential complex we use as cargoes selected apical 

proteins involved in polarized growth, including the lipid flipasses DnfA and DnfB, the v-SNARE SynA 

and the endocytic factors SagA, SlaB, and AbpA. Moreover, we determine the subcellular localization 

of the adaptor via colocalization analyses and we specifically exclude any topological correlation of 

AP-2 with clathrin, using TIRF microscopy. Lastly, to elucidate the role of the AP-2 complex in polar 

growth we construct double knockout strains of the adaptor and of factors involved in membrane 

lipid composition so as to test its genetic interactions by observing colony growth and microscopic 

morphology.  

 

3.4.2 Experimental process 

 

3.3.3.1 Subcellular localization of the AP-2 complex 

 

   To identify the subcellular site where AP-2 is 

localized, we constructed isogenic fluorescently tagged 

(with mRFP and GFP) versions of the σ subunit of AP-2, 

in wild-type background. The adaptor exhibits polar 

localization in the collar region of the hyphal tip, but is 

also present in small cortical puncta and at the septa. 

Genetic deletion of the μ subunit, disrupts the 

localization of the tagged σ subunit, which appears in a 

diffuse cytoplasmic signal. This is in line with the notion 

that lack of a single AP subunit, inactivates the whole 

complex. Repression of ClaL (Clathrin light chain) 

expression however, has no detectable effect on AP-2 

localization (Figure 3.21). A series of colocalization 

analyses is also performed, to study the positioning of 

Adapted from Martzoukou O, Amillis S, Zervakou A, Christoforidis S, Diallinas G. Elife. 2017 Feb 21;6. pii: e20083. 

Figure 3.21 Subcellular localization of 

mRFP- and GFP-tagged versions of the 

ap2σ subunit appears identical (left 

panels). Ap2σ-mRFP proper localization is 

lost to a diffuse cytoplasmic haze in an 

ap2σΔ background, whereas it appears 

unaffected in claL-repressed conditions 

(right panels). Cell end is marked with a 

doted line. 
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AP-2 with respect to endocytic factors (SagA and SlaB), an actin binding protein (AbpA), lipid 

flippases (DnfA and DnfB), clathrin (ClaL) and the UapA transporter, which was expected to show no-

colocalization. Our results show a high degree of topological correlation between the adaptor and 

SagA (PCC=0.81), SlaB (PCC=0.77), DnfA (PCC=0.70), DnfB (PCC=0.74), AbpA (PCC=0.76) and SynA 

(PCC=0.69), but not with ClaL (PCC=0.35) or UapA (PCC=0.33) (P < 0.001 in all cases). Colocalization 

with SynA, DnfA and DnfB occurs mostly in the collar region, and not at the apical crescent, whereas 

all the endocytic factors seem to colocalize with AP-2 in the collar and in actin patches.  

Figure 3.22 Colocalization studies reveal the topological proximity of AP-2 with SagA, SlaB, DnfA, 

DnfB, SynA, AbpA, but not with ClaL or UapA. For details see text. Bar, 5 μm. 

 

3.3.3.2 AP-2 and clathrin exhibit completely distinct localization at the PM 

 To confirm the absence of colocalization between AP-2 and clathrin, we perform the same 

study using TIRF microscopy (in a collaboration with Prof. S. Christoforidis). This microscopy method 

allows us to visualize the PM signal, separately from the intracellular fluorescent signal. Strains 

expressing ClaL-GFP are tested first, and several Golgi-resembling structures seem to associate with 

the PM, but none of those is close to the collar region (Figure 3.23 A). Simultaneous visualization of 

AP-2 and ClaL with TIRF confirms the distinct localization of the two protein complexes in the PM 

(Figure 3.23 B), as evidenced by the relevant quantitative analysis (PCC=0.12, p < 0.05).   
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3.3.3.3 Lipid flippase endocytosis requires AP-2, but not clathrin 

 Loss of polar localization of the lipid flippases DnfA and DnfB is observed, in AP-2 deficient 

hyphae, compared to the wt. These proteins instead of marking the apical crescent, exhibit a 

homogenous low fluorescent signal across the PM. Interestignly, the apical localization of SagA, SlaB, 

Figure 3.24 (A) 

Epifluorescence microscopy 

of DnfA, DnfB, SagA, SlaB, 

SynA and AbpA in wt and AP-

2-- backgrounds. Notice the 

loss of apical signal solely for 

DnfA and DnfB. (B) DnfA, 

SagA and SlaB localization in 

ClaL-depleted hyphae. (C) 

Quantitative analysis of DnfA 

and DnfB fluorescence along 

4 μm of hyphal tips, in wt, 

ap2σΔ and claL-repressed 

isogenic backgrounds. 

Figure 3.23 (A) Epifluorescence (EPI) and respective TIRF images of ClaL-GFP. (B) TIRF microscopy 

study confirms the non-colocalizaton of the AP-2 complex and clathrin. Penetration depth is 110 

nm. (C) Relevant quantitative analysis of B. [BF: Brightfiled] 
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AbpA and SynA, are not affected by the depletion of AP-2 (Figure 3.24 A and C). In a genetic 

background where ClaL is repressed upon thiamine addition, all markers tested remain polarly 

localized, which further supports the distinct roles of AP-2 and clathrin (Figure 3.24 B and C).  

3.3.3.4 AP-2 is involved in membrane lipid homeostasis 

 To investigate further the role of the AP-2 complex in polar growth, we test the genetic 

interactions of the adaptor with SagA, StoA, DnfA and DnfB by constructing double knockout strains. 

StoA, a stomatin homologue, is a protein involved in apical sterol-rich domain (SRD) maintenance 

(Takeshita et al., 2012). BasA is another factor necessary for apical lipid maintenance, involved in the 

biosynthesis of sphingolipids. Here we use a thermosesitive mutation, namely basA1, at the 

restrictive temperature (42oC) to study its interaction with AP-2 in double-impaired strains. Growth 

Figure 3.25 (A,D) Growth of single and double null strains of ap2σ deletion combined with those of  sagA, 

stoA, dnfA, dnfB and basA1. (B, C, E) Microscopic morphological phenotypes with calcofluor staining, of 

strains shown in A,B. (F) AP-2 localization in wild-type and basA1 backgrounds, in the permissive (up, 

25oC) and the restrictive temperature (down, 42oC). Zoom images of the hyphal tip are shown. 
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tests (Figure 3.25 A, D) reveal synthetic negative phenotypes in all cases, as colony growth was 

severely decreased. This phenotype is in line with microscopic observations (Figure 3.25 B, C, E), as 

the combined depletion of both AP-2 and all the aforementioned factors, leads to extreme 

hyperbranching, increased septation, and loss of the polar axis of growth, as evidenced by the 

appearance of ‘ruffled’ hyphae. Moreover, the localization of a GFP-tagged version of AP-2 in the 

absence of sphingolipid biosynthesis (basA1, 42oC) appears to have moved in an acropetal manner, 

from the endocytic collar to the cell end. Our results highlight the involvement of AP-2 in apical lipid 

maintenance, thus we also test the effect of its depletion on ergosterol. To do so, we use the 

fluorescent ergosterol marker Filipin III, which in a wild-type backgroung typically stains the PM.  A 

prominent loss of ergosterol polarity along with the appearance of random bright cortical foci is 

observed in the ap2σΔ and stoAΔ backgrounds, as well as in BasA- and SlaB-repressed conditions. On 

the contrary, lack of SagA, DnfA, DnfB and ClaL did not alter the polar distribution of ergosterol 

(Figure 3.26). 

3.4.3 Conclusions 

The AP-2 complex is essential for polarity maintenance and growth in A. nidulans, due to its 

unique role in endocytosis. The adaptor is localized in the collar region, close to the hyphal apex, and 

in actin patches throughout the hypha. Genetic and cellular evidence, show an interacton between 

the AP-2 and specific proteins, such as the endocytic markers SagA and SlaB, the sphingolipid 

biosynthesis enzyme, BasA, the sterol-related protein, StoA, and components involved in the polar 

deposition of chitin. Most importantly however, it is necessary for the endocytic internalization and 

subsequent recycling of the lipid flippases DnfA and DnfB, as well as, apical lipid and cell wall 

maintenance. Thus, the role of the AP-2 complex in endocytosis of higher fungi, is specific and 

completely uncoupled from the respective role of clathrin in this process. 

Figure 3.26 Epifluorescence microscopy of ergosterol membrane localization in hyphae of strains 

carrying a genetic deletion or repression of specific factors, compared to wt. Notice the severe 

effect of AP-2, StoA, BasA and SlaB absence, on apical ergosterol deposition at the PM. Bar, 5 μm.  
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DISCUSSION AND FUTURE RESEARCH 

In this thesis, we studied several aspects concerning the molecular mechanisms underlying 

intracellular trafficking pathways of transmembrane proteins, specifically in the filamentous fungus 

Aspergillus nidulans. Whereas certain aspects of eukaryotic vesicular trafficking are in general well 

characterized, the mechansims underlying the trafficking of transmembrane transporters and of 

apical cargoes exhibiting polar deposition, remain unclear.  Through this study we dissected the role 

of AP complexes, AP-1 and AP-2, as well as that of clathrin, specific Rab GTPases or the fungal 

cytoskeleton, in cargo trafficking in A. nidulans. This study also addressed the role of cargo, and 

specfically transporter (UapA) dimerization, in intial steps of membrane traffic and particularly in exit 

from the ER. 

 In the first tpart of the thesis we aimed at understanding the molecular basis of cargo ER-exit 

and subcellular trafficking by utilizing the UapA transporter as a model cargo. Starting from the 

observation that UapA molecules can undergo in trans endocytosis (i.e. co-expression of a UapA 

version that is able to internalize, also promotes the endocytosis of UapA molecules that when 

expressed by themselves are defective in endocytosis), prompted us to investigate whether UapA 

oligomerizes. Using different methods, both biochemical and in vivo, we demonstrated a strong 

physical interaction between UapA monomers, as apparent oligomers/dimers remain stable until 

reaching the vacuolar membrane. Publication of the crystal structure of UapA and studies on specific 

dominant negative or positive mutations reported a year later in Alguel et al. (2016), confirmed that 

UapA dimerizes and that dimerization is necessary for function. Interistingly, specific ER-retained 

UapA mutants, arising from either a modification of a Tyr-based N-terminal motif (DYDY/A) or partial 

misfolding (I74D), also seem to oligomerize somehow, but do not seem associate properly and this in 

turn might cause their inability to exit the ER membrane. The exact role of UapA di-/oligomerization 

in ER-exit is still unknown and could be addressed in future studies. An important question to answer 

is whether the formation of dimers, confirmed by crystallization and other biochemical or 

biophysical methods, leads to dimer oligimerization and this in turn promotes ER-exit. Indeed, cargo 

oligomerization can elicit local membrane bending, as was shown by Springer et al. (2014). This 

process might also involve specific or general chaperones, recognizing the conserved ER-exit motif in 

the UapA N-tail. Importantly, a recent study confirmed the critical role of selected structural lipids in 

the stabilization or formation of the UapA dimer, via modulating transporter assembly and further 

showed that dimerization is necessary for function, but not for traffic and localization in the PM 

(Pyle et al., 2018). These results establish that early dimerization by itself is either not sufficient for 
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proper ER-exit or that it takes place later in the PM, further suggesting that the driving force for 

membrane bending and eventual ER-exit is oligomerization of monomers. In such traffic-related 

oligomerization of UapA, proper protein folding and interactions with lipids or chaperones through 

ER-exit motifs such as DYDY, might play critical roles that need to be investigated further. 

In the next part of this thesis, we investigated the role of the fungal AP-complexes in 

transporter trafficking and turnover. Genetic depletion of AP-1 and AP-2, but not AP-3, resulted in 

growth and morphological phenotypes compatible with loss of polarity maintenance. More 

specifically, we observed hyperbrancing and increased septation, as well as abnormal chitin 

deposition at the hyphal tip. Clathrin is also essential for fungal polar growth, as genetic knockdown 

of both the light and heavy chains causes severe growth delay, but had no effect on polarized chitin 

deposition, septa formation or branch emergence. ClaH in particular, has a critical role in Golgi 

function and cargo secretion, which is probably the main reason why the ClaH null mutation is lethal. 

The importance of ClaH in conventional secretion via the Golgi was also shown by Schultzhaus et al. 

(2017a). Interestingly, phylogenetic analyses performed in our lab indicated a C-terminal truncation 

of the appendage domain of the β subunits, in all the AP-complexes of higher fungi. Based on these 

observations, we followed the effect of depleting the AP complexes and clathrin, on transporter 

subcellular localization. We thus showed that AP-1, AP-2 and AP-3 are dispensable for transporter 

trafficking, endocytosis and turnover, unlike clathrin, which is required for these subcellular 

processes. Whether the heavy chain of clathrin (ClaH) is directly or indirectly involved in transporter 

exocytosis, remains unclear, given its essentiality for fungal polar growth and proper Golgi function. 

However, both clathrin chains (ClaL and ClaH) proved to have a direct role in transporter (UapA) 

internalization from the PM. To our knowledge, an AP-2 independent role of clathrin in endocytosis 

has not been shown rigorously before, although some evidence has been obtained in S. cerevisiae 

and mammals (Conner and Schmid, 2003; Motley et al., 2003; Traub, 2009). The direct 

establishment of necessary for fungal growth AP-independent trafficking pathways that became 

known through this study, raises several questions and provides hints on possible cryptic roles of the 

AP-complexes in other systems or specific cells. Based on the fact that in mammalian neurons, which 

also exhibit polarized growth, the β2 subunit of AP-2 is not truncated, it would be interesting to 

know whether a functional differentiation of the adaptor and clathrin could occur via alternative 

splicing. Given the essentiality of AP-1 and AP-2 in fungal apical growth, but rather suprisingly their 

their non-involvement in transporter trafficking, this thesis focused on the identification of other 

cargoes such as cortical and apical factors, and necessary interacting partners of AP-associated 

vesicular traffic. Within this concept, we functionally analyzed the AP-1 complex, which albeit 

extensively studied in metazoan cells and S. cerevisiae, and primarily implicated in a clathrin-
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dependent TGN-to-endosome route, its role in other systems, including filamentous fungi had not 

been studied (Bonifacino, 2014; Hirst et al., 2012; Robinson 2015). Additionally, the fact that yeast 

AP-1 null mutants, unlike mammalian cells, are not lethal and exhibit only minor defects in 

PtdIns(3,5)P2-dependent processes and in the trafficking of the chitin synthase ChS3 (Arcones et al., 

2016; Ma et al., 2009; Phelan et al., 2006; Valdivia et al., 2002; Yu et al. 2013), already indicated that 

AP complexes in different systems or cells might be serving different processes. For example, 

budding yeast possesses two functional AP-1 complexes with different medium subunits (Apm1 and 

Apm2), which recognize and sort distinct cargoes (Renard et al., 2010; Valdivia et al., 2002; Whitfield 

et al., 2016). Additionally, an interaction between the fungal-specific exomer complex and the AP-1 

complex, was recently shown in fission yeast (Anton et al. 2018; Hoya et al., 2017). The 

heterotetrameric exomer is assembled at the late-Golgi and participates in the trafficking of specific 

proteins to the PM in response to stress signals (Wang et al., 2006). As already mentioned, the role 

of AP-1 had not been studied in filamentous fungi, which are characterized by a polarized mode of 

growth, only sustained through continuous endocytic recycling of selected cargoes such as the v-

SNARE SynA, the chitin synthase ChsB or the lipid flippases DnfA and DnfB. Our results establish a 

fundamental role for AP-1 in apical cargo sorting to the PM of A. nidulans. Interestingly, AP-1 was 

also shown here to associate with clathrin (ClaL and ClaH), through specific short motifs in the C-

terminal region of the β1 subunit (LLNGF and LLDID). Although all AP β subunits of higher fungi are 

truncated in their C-terminal region (Martzoukou et al., 2017) the motifs identified herein resemble 

those previously reported to bind clathrin in yeast (Yeung and Payne, 2001). An additional important 

finding that is revealed through the present work, is the interaction of AP-1 with RabERab11-labeled 

post-Golgi secretory carriers. Association of the two proteins was shown previously only in a single 

report, where Rab11 and AP-1 colocalize with the reptilian reovirus p14 FAST protein at the 

mammalian TGN (Parmar and Duncan, 2016). In A. nidulans, transient late-Golgi equivalents mature 

to RabERab11 exocytic carriers, whereas AP-1 and clathrin seem to be sequentially recruited during 

this maturation process and prior to microtubule-based trafficking towards the SPK. Among the 

transported cargoes are factors necessary for proper lipid composition (DnfA, DnfB), cell wall 

maintenance (ChsB) and SNARE proteins (SynA and SsoA). The involvement of the microtubule 

cytoskeleton is imperative in this intracellular trafficking process, in contrast to simpler unicellular 

eukaryotes such as yeasts that depend greatly on actin-based transport (Bretscher, 2003; Fischer et 

al., 2008; Moseley and Goode, 2006; Takeshita et al., 2014). The AP-1 complex, not only utilizes the 

MTs as tracks for the transport events it mediates, but also confers important alterations in the 

organization of the cytoskeleton, when depleted. The MT network appears overall stressed, with 

curved components at the hyphal tips, TubA-labeled foci close to the nuclei and increased cross 
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sections. This phenotype resembles the picture observed in the absence of cell end markers TeaA 

and TeaR, in line with the appearance of zigzagged hyphae in both depletion cases (Fischer et al., 

2008; Takeshita and Fischer, 2011; Takeshita et al., 2013; Takeshita, 2018), thus it would be 

interesting to test if their trafficking is indeed AP-1-mediated. Septin polymerization and higher 

order structure formation is also disrupted, as evidenced with the appearance of increased cortical 

AspB, -C, and -D foci. Furthermore, we provide evidence for an association between AP-1 and the 

main SV kinesin, KinA. Similarly, in mammalian cells, a specific kinesin connects AP-1-coated SVs to 

MT cytoskeletal tracks, resembling the case of KIF13A in epithelial cells, where a direct interaction 

with the β1 subunit was shown (Nakagawa et al., 2000). Another case has been reported in HeLa 

cells, where the kinesin KIF5 provides the link between endosomes, MTs and an AP-1 accessory 

factor, Gadkin (Schmidt et al., 2009). Finally yet importantly, AP-1 transiently associates with Rab5-

labeled endosomes in ring-like structures, whereas upon adaptor depletion a shift in the endosomal 

subpopulation is readily apparent. More specifically, as evidenced with CMAC staining, the increased 

number of immotile late endosomes present across the hypha reveals a block in the ‘sorting 

endosome-to-TGN’ and ‘sorting endosome-to-PM’ pathways. Thus, EEs are most probably redirected 

to the only “available” pathway –the degradative. This is also supported by the observation that 

upon RabC repression, AP-1 is mislocalized in small, non-polarized foci, of unknown molecular 

identity. It would be interesting to characterize more components of these foci (i.e. clathrin, Rab5, 

Figure 4.1 Scheme 

summarizing the 

phenotypes observed 

in AP-1 depleted 

hyphae (lower 

panel), compared to 

wt (upper panel). 

Notice the cartoon at 

the bottom right 

side, indicating the 

recruitment of AP-1 

during the TGN to 

post-Golgi 

maturation process. 

© Olga Martzoukou 



105 
 

recycling cargoes) and determine whether AP-1 is actually blocked in the sorting endosome.  RabC, 

as mentioned in the Introduction, mediates the ‘sorting endosome-to-TGN’ recycling pathway in 

association with the GARP complex (Hernández-González et al., 2018). Even though the AP-1 

complex associates with clathrin, it does not participate in transporter trafficking, in contrast to the 

heavy chain of clathrin (ClaH) which proved to be critical for the proper sorting to the PM of 

seemingly all cargoes passing from the Golgi, that is, both transporters and polar cargoes necessary 

for apical growth (Martzoukou et al., 2017). Thus, it would be interesting to investigate further the 

molecular basis of trafficking of different cargoes, and how these might use distinct post-Golgi 

pathways to be sorted to their final membrane destination. The essentiality of AP-1 can be explained 

given its critical role in hyphal morphogenesis, cytoskeleton organization, apical cargo exocytosis and 

endosome recycling. This is in agreement with the notion that polar growth of filamentous fungi is 

maintained via the coupling of apex-directed exocytosis with subapical endocytosis, in an endocytic 

recycling process that polarizes cargoes related to PM and cell wall homeostasis.  

 The extensively studied AP-2 complex has been mostly associated with clathrin-dependent 

endocytosis from the PM in the majority of eukaryotic organisms. However, novel findings of this 

thesis reveal a specific role for the AP-2 complex, which acts independently of clathrin at the PM. 

This is clearly illustrated with colocalization studies using both widefield and TIRF microscopy, 

highlighting the completely distinct topology of the two protein complexes. AP-2 is localized in the 

actin-rich subapical collar of endocytosis, as well as in uniformly distributed endocytic patches, along 

with other known endocytic factors (SagA, SlaB, AbpA). Additionally, clathrin was shown to have no 

effect on the subapical endocytosis of two lipid flippases, which constitute the only known cargoes 

of the A. nidulans AP-2 complex to this day. In parallel, we investigated the effects of AP-2 function 

in apical membrane lipid and cell wall composition maintenance, processes where clathrin had no 

detectable involvement, as evidenced with filipin and calcofluor staining. This is further supported 

by the observation that proteins involved in sterol, sphingolipid, and phospholipid homeostasis 

(StoA, BasA and DnfA/DnfB respectively) are some of the genetic interactors of the AP-2 complex. 

The central role of AP-2 in subapical internalization is in agreement with previous reports showing 

that proper membrane lipid and cell wall composition is essential for fungal polar growth (Cheng et 

al., 2001; Takeshita et al., 2012). Importantly, through this work it is shown that an AP-2-dependent 

and clathrin-independent endocytic pathway operates in fungal hyphae, in line with the observation 

of Lau and Chou (2008) in HeLa cells, where AP-2 was shown to have post-endocytic trafficking 

functions in the non-clathrin, Arf6-mediated uptake of major histocompatibility complex (MHC) class 

I and β1 integrin.  Clathrin-independent endocytosis (CIE) has been previously associated with the 

maintenance of PM lipid composition (Shvets et al., 2015) and the endocytosis of GPI-anchored 
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proteins (Nichols, 2009), operating at sites of PM lipid rafts, caveolae or flotillin microdomains 

(Glebov et al., 2006; Kirkham et al., 2005), in some cases with the participation of dynamin (Lamaze 

et al., 2001). Thus, a more cargo-centric view of CIE and CME seems to arise from the above and 

other studies (Maldonado-Báez et al., 2013). In conclusion, despite the similarity in AP-1 and AP-2 

phenotypic growth defects and their non-involvement in transporter trafficking, AP-1 is shown here 

to associate and function with clathrin at several post-Golgi membrane trafficking steps, while AP-2 

acts independently of clathrin at the PM. Notwithstanding the fact that clathrin is not involved in the 

AP-2-driven polar cargo endocytosis, it is essential for AP-1-mediated apical cargo exocytosis and AP-

independent transporter trafficking.  

 

 

As mentioned earlier, the molecular mechanisms underlying transporter clathrin-dependent 

trafficking remain largely understudied. Filamentous fungi also require endocytic internalization all 

along their PM, serving the renewal or modification of membrane components in response to 

changing nutritional or stress conditions (Diallinas, 2014; Gournas et al., 2010; Karachaliou et al., 

2013). This work opens a novel issue on how nonpolar cargoes, such as transporters, are sorted to, 
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and internalized from, the eukaryotic plasma membrane. Future research of our lab will focus on the 

identification of alternative clathrin adaptors, which could be involved in these trafficking pathways, 

such as GGA or the uncharacterized exomer complex of A.nidulans (Anton et al., 2018). Additionally, 

the molecular identity of the vesicles involved in these processes remains unidentified, with SVs 

and/or EEs being the more prominent candidates, although we cannot exclude the possibility that 

some transporters might be packaged in uncoated vesicles. In fact, a recent study reported the EE-

mediated exocytosis of an enzyme in A.nidulans, which could also hold true for transporter sorting 

to the PM (Hernández-González et al., 2018b). We already know that transporters (UapA) do not 

require AP-1 for their trafficking to the PM, although the heavy chain of clathrin proved to be critical. 

But since AP-1 was shown in this thesis to interact with RabE, do transporters occupy SVs with 

clathrin coats recruited by an alterantive adaptor, or is their transport completely RabE-

independent? This question can be easily addressed by constructing RabE-depleted strains and 

performing microscopic analysis of the topology of UapA or other transporters. In case transporters 

do not require RabE for their exocytosis, the second exocytic Rab GTPase, RabD, could have an 

important role in this process. Moreover, the uncharacterized RabF, predicted to be involved in 

recycling, might also contribute to the vesicular trafficking of transporters. A similar approach could 

reveal whether other Rab GTPases or endosomes (RabC, RabO and RabA/RabB, RabF respectively) 

are involved in transporter trafficking pathways, including exocytosis and recycling. The requirement 

for MT- or actin-based transport is another critical point to address, along with the participation of 

relative motor proteins. Is KinA or UncA required for proper transporter positioning to the PM? Or 

could actin and MyoV, instead, play key roles in this process? Given the fact that transporters exhibit 

uniform PM distribution and internalization from seemingly random sites of the PM, we cannot 

exclude the possibility that their trafficking is nonpolar, thus MTs might be dispensable for these 

processes. This is further supported by the observation that MyoV, the fungal actin motor protein, 

can support polarized growth in A. nidulans, in the absence of any MT-based transport (Zhang et al., 

2011). Studies in filamentous fungi have highlighted the importance of other aspects of intracellular 

trafficking, such as nontip directed exocytosis and unconventional secretion. For example, septum-

directed exocytosis, though being poorly understood, also takes place in hyphae and requires the 

MT cytoskeleton, but not F-actin. Furthermore, some pathogenic fungi utilize MVB-mediated 

extracellular vesicle secretion (Shoji et al., 2014). A lot remains to be elucidated, concerning 

transporter vesicular trafficking, while these questions also apply to other nonpolar transmembrane 

cargoes, such as channels and receptors, for which PM sorting, endocytosis, or recycling remain 

elusive. 
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▪ ImageJ, ICY, Graphpad Prism, Pymol, ΖΕΝ 

▪ Bioinformatics tools (BLAST, MultAlin, ClustalW, Perl, ExPASy) 

 
 
 
 
 
 
ADDITIONAL 
INFORMATION  

 

 

 

 

 

 

 

 

 

 

Publications 

 ▪  

 

 

 

 

 

 

 

 

 

 

▪ Martzoukou O., Diallinas G, Amillis S. Secretory Vesicle Polar Sorting, Endosome Recycling and 
Cytoskeleton Organization Require the AP-1 Complex in Aspergillus nidulans.Genetics. 2018 Jun 20. 

▪ Martzoukou O., Amillis S., Zervakou A., Christoforidis S., Diallinas G. The AP-2 complex has a 
specialized clathrin-independent role in apical endocytosis and polar growth in fungi. eLIFE. 2017 
Feb 21. 

▪ Evangelinos M., Martzoukou O., Chorozian K., Amillis S., Diallinas G. BsdABsd2-dependent vacuolar 
turnover of a misfolded version of the UapA transporter along the secretory pathway: prominent 
role of selective autophagy. Mol Microbiol. 2016 Feb 24. 

▪ Martzoukou O., Karachaliou M., Yalelis V., Leung J., Byrne B., Amillis S., Diallinas G. Oligomerization 
of the UapA Purine Transporter Is Critical for ER-Exit, Plasma Membrane Localization and Turnover. J 
Mol Biol. 2015 Aug 14. 
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Seminars ▪ FEBS Advanced microscopy course 2017 (Van Leeuwenhook Centre for Advanced Microscopy, 
Amsterdam, The Netherlands, 11-16 Jun, 2017) “Functional imaging of cellular signals”, Awarded 
YTF travel grant. 

▪ RIIP International Course 2016 (Hellenic Pasteur Institute, Athens Greece, Jul 4-8, 2016) "Cell 

Biology and infection: Digital Image Processing/Analysis Tools for Quantitative Light Microscopy 

Imaging" 

Honours and awards ▪ Doctoral Scholarship May 2017  - May 2018. Hellenic State Scholarships Foundation (IKY) -
  National Strategic Reference Framework (NSRF 2014-2020).  

▪ Travel Grant Jun 2017. YTF Grant for my participation in the FEBS Advanced Course “Functional 
imaging of cellular signals”, held in Amsterdam, The Netherlands.  

▪ Travel Grant Nov 2016. Hellenic Society for Biochemistry and Molecular Biology (HSBMB) - Travel 
Grant for my participation in the 67th Panhellenic Conference of the Hellenic Society for 
Biochemistry and Molecular Biology held in Ioannina, Greece. 

▪ Travel Grant Feb 2016. COST-Proteostasis Network - Travel grant for my participation in the 7th 
autophagy & proteasome workshop, held in Clermont-Ferrand, France. 

▪ ACCI Essay Award – 2nd Prize 2011.  Athens Chamber of Commerce and Industry -
 "Competitiveness and social cohesion, the big challenge".  

Conferences ▪ 14th European Conference on Fungal Genetics (Haifa, Israel, 25-28 Feb 2018) “Roles of the AP-2 
and AP-1 complexes in apical cargo sorting, endocytosis and polar growth in fungi”, G.Diallinas, 
O.Martzoukou, A.Zervakou, S.Amillis 

▪ EMBO Conference - Cell Biology of the Neuron: Polarity Plasticity and Regeneration (Heraklion 
Crete, 7-10 May 2017), "The AP-2 complex has a specialized clathrin-independent role in polarity 
maintenance in Fungi" O.Martzoukou, S.Amillis, A.Zervakou, S.Christoforidis, G.Diallinas 

▪ 67th Panhellenic Conference of the HSBMB (Ioannina, 25th-27th Nov, 2016), Travel Grant for 
Poster Presentation, P110: "The AP-2 complex has a specialized endocytic role serving polar 
growth by apical extension in filamentous fungi: specialization by evolutionary truncation" 
O.Martzoukou, S.Amillis, A.Zervakou, G.Diallinas 

▪ Unconventional Protein and Μembrane Τraffic Ιndependent Meeting (Lecce, Italy, 4 - 7 Oct 2016) 
"Unconventional clathrin-independent role of the AP-2 complex in apical endocytosis and polar 
growth in fungi" O.Martzoukou, S.Amillis, A.Zervakou, G.Diallinas 

▪ 34th Small Meeting on Yeast Transport and Energetics (MAICH,Crete Greece, Aug 29-Sep 1 2016), 
Oral Presentation: "The AP-2 complex has a specialized endocytic role serving polar growth by 
apical extension in filamentous fungi: specialization by evolutionary truncation" O.Martzoukou, 
S.Amillis, A.Zervakou, G.Diallinas 

▪ 7th Autophagy & Proteasome Workshop (Clermont-Ferrand, France, 6-8 Apr 2016), Travel Grant for 
Poster Presentation: "BsdA-dependent vacuolar turnover of a misfolded version of the UapA 
transporter along the secretory pathway: Prominent role of selective autophagy" M. Evangelinos, 
O. Martzoukou, K. Chorozian, S. Amillis, G. Diallinas 

▪ 6th Mikrobiokosmos Conference  (National Hellenic Research Foundation, Athens, Apr 3-5, 2015), 
Poster Presentation: "Oligomerization of the UapA purine transporter is critical for ER-exit and 
plasma membrane localization" O.Martzoukou, M.Karachaliou, S. Amillis, V. Yalelis, J. Leung, B. 
Byrne, G. Diallinas 

▪ 65th Panhellenic Conference of the HSBMB (Thessaloniki, Thessaloniki Concert Hall, 28th -30th 
November, 2014), Oral Presentation, ID 18: "Oligomerization of the UapA purine transporter is 
critical for ER-exit and sorting into plasma membrane microdomains" O.Martzoukou, 
M.Karachaliou, S. Amillis, V. Yalelis, J. Leung, B. Byrne, G. Diallinas 

▪ 1st Proteostasis Meeting 2014, COST Proteostasis Network (Valencia, Centro de Investigación 
Principe Felipe, 5-7 Nov 2014), Short T-4 WG4: "The role of transmembrane cargo oligomerization 
in ER-exit and membrane organization") O. Martzoukou, M. Karachaliou, M. Evangelinos, S. Amillis, 
G. Diallinas 

▪ 33rd Scientific Conference of HSBC (Edessa May 19-21, 2011), Oral and Poster Presentantion: 
"Dysregulation of Ca2+ homeostasis contributes to a-synuclein conferred toxicity to human SH-SY5Y 
neuroblastoma cells" O. Martzoukou, K. Melachroinou, K. Vekrellis, P. Papazafiri 



146 
 

6.2 LIST OF OLIFONUCLEOTIDES USED IN THIS STUDY  

Oligonucleotides Sequence 5'-3' 
ap2σΔ::AFpyrG / ap2σΔ::AFriboB 

ap2σ 5’ SphI F CGCGGCATGCGAAGAATCGCGTTAATGTCTCGGG 

ap2σ 5’ SpeI R CGCGACTAGTCTTGTCTGATGGCCCGCGGTGCTC 

ap2σ 3’ SpeI F CGCGACTAGTTTATTGTTCATGTGATAAGTGAACGG 

ap2σ 3’ NdeI R CGCGCATATGGAGATACCAGGAGTAGCCCC 

AFriboB SpeI F CGCGACTAGTAAGCTTGATATCACAATCAGC 

AFriboB SpeI R CGCGACTAGTCCCGGGCTGCAGGAATTCGATAAG 

AFpyrG SpeI F CGCGACTAGTGCCTCAAACAATGCTCTTCACCCTC 

AFpyrG SpeI R CGCGACTAGTACTGTCTGAGAGGAGGCACTGATGCG 

ap2σ-(5xGA)GFP::AFpyrG / ap2σ-(5xGA)mRFP::AFpyrG 

ap2σ 5’ KpnI F CGCGGGTACCGTCGTAATATAACTCGTACAGCAATC 

ap2σ 3’ ORF SpeI NS R CGCGACTAGTCTCCAGTTTATCCAGATGTTCTAGCC 

ap2σ 3’ SpeI F CGCGACTAGTTTATTGTTCATGTGATAAGTGAACGGCTGC 

ap2σ 3‘NotI R CGCGGCGGCCGCGAGATACCAGGAGTAGCCCCGCTG 

5xGA SpeI F CGCGACTAGTGGAGCTGGTGCAGGCGCTGGAGCCGGTGCC 

AFpyrG SpeI R CGCGACTAGTACTGTCTGAGAGGAGGCACTGATGCG 

ap2μΔ::AFpyrG / ap2μΔ::AFriboB 

ap2μ 5’ KpnI F CGCGGGTACCCCTTACCCTCATCCGACTCCGAAC 

ap2μ 5’ SpeI R CGCGACTAGTTTTGCGATTAGGCGTGGTGGTAAGG 

ap2μ 3’ SpeI F CGCGACTAGTGGCTGATGCTAACATATATATTTGCAG 

ap2μ 3’ NotI R CGCGGCGGCCGCCCACTCCCACTGATGACAGTCAATG 

AFriboB SpeI F CGCGACTAGTAAGCTTGATATCACAATCAGC 

AFriboB SpeI R CGCGACTAGTCCCGGGCTGCAGGAATTCGATAAG 

AFpyrG SpeI F CGCGACTAGTGCCTCAAACAATGCTCTTCACCCTC 

AFpyrG SpeI R CGCGACTAGTACTGTCTGAGAGGAGGCACTGATGCG 

ap3σΔ::AFpyrG 

ap3σ 5’ ApaI  F CGCGGGGCCCGAGTCCGCACTCAGCAGCTC 

ap3σ 5’ SpeI R CGCGACTAGTTTCGGATATAGGCTGATGGTG 

ap3σ 3’ SpeI F CGCGACTAGTGGTTGTACAGCTTCTCCGTG 

ap3σ 3’ NdeI R CGCGCATATGGGGAAGGAAAACAACCAGCTC 

thiAp-ap1σ::AFriboB 

ap1σ 5’ ApaI F CGCGGGGCCCGGCAGGACTGCTGTTAGGGAGC 

ap1σ 5’ SphI R CGCGGCATGCTTTGCAGATTGTGGGAAAAGTCGTGG 

ap1σ ORF SacII F CGGCCCGCGGATGGCAATTCAGTAAGACTTGAATGC 

ap1σ 3’ NotI R CGCGGCGGCCGCGGGTAAGTGATCCCTGTTGTCTTAGC 

AFriboB SphI F CCCGGGCATGCAAGCTTGATATCACAATCAGC 

AFriboB SphI R CCCGGGCATGCCCCGGGCTGCAGGAATTCGATAAG 
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thiAp SphI F CGGGCATGCCGACCTGGCACCTACAGAAGAATCC 

thiAp FLAG SacII R 
CGCGCCGCGGCTTGTCATCGTCGTCCTTGTAGTCCAT 

GTTGACTCAGTTCAATGGTTCGACTATAG 

claLΔ::AFpyrG 

claL 5’ NcoI F CGCGCCATGGCCCTCGCATAATCGCATCCTCTAC 

claL 5’ SpeI R CGCGACTAGTCCTCCTTGTAATATAGGATATACGACG 

claL 3’ SpeI F CGCGACTAGTCTGCTGATTCCCTAATATTCTGGCC 

claL 3’ NotI R CGCGGCGGCCGCCCAGGTCAAAGCCGAGGTTGAAG 

AFpyrG SpeI F CGCGACTAGTGCCTCAAACAATGCTCTTCACCCTC 

AFpyrG SpeI R CGCGACTAGTACTGTCTGAGAGGAGGCACTGATGCG 

thiAp-claL::AFpyrG / thiAp-claL::AFriboB 

claL 5’ NcoI F CGCGCCATGGCCCTCGCATAATCGCATCCTCTAC 

claL 5’ SpeI R CGCGACTAGTCCTCCTTGTAATATAGGATATACGACG 

claL ORF SpeI F CGCGACTAGTATGGCTGACCGCTTCCCGTCGTTG 

claL 3’ NotI R CGCGGCGGCCGCCCAGGTCAAAGCCGAGGTTGAAG 

thiAp XbaI F CGCGTCTAGACGACCTGGCACCTACAGAAGAATCC 

thiAp SpeI R CGCGACTAGTGTTGACTCAGTTCAATGGTTCGAC 

AFpyrG SpeI F CGCGACTAGTGCCTCAAACAATGCTCTTCACCCTC 

AFpyrG XbaI R CGCGTCTAGAACTGTCTGAGAGGAGGCACTGATGCG 

AFriboB SpeI F CGCGACTAGTAAGCTTGATATCACAATCAGC 

AFriboB XbaI R CGCGTCTAGACCCGGGCTGCAGGAATTCGATAAG 

claL-(5xGA)GFP::AFpyrG 

ClaL 5’ NcoI F CGCGCCATGGCCCTCGCATAATCGCATCCTCTAC 

ClaL ORF NS SpeI R CGCGACTAGTAACCCCGCTAGCGCCAGGCGCTC 

ClaL 3’ SpeI F CGCGACTAGTCTGCTGATTCCCTAATATTCTGGCC 

ClaL 3’ NotI R CGCGGCGGCCGCCCAGGTCAAAGCCGAGGTTGAAG 

5xGA SpeI F CGCGACTAGTGGAGCTGGTGCAGGCGCTGGAGCCGGTGCC 

AFpyrG SpeI R CGCGACTAGTACTGTCTGAGAGGAGGCACTGATGCG 

claHΔ::AFpyrG 

ClaH 5 ApaI F CGCGGGGCCCGGCAAGTACCTTGTCCTTCAAATGG 

ClaH 5 SpeI R GATGACTAGTGTTGCAGCTGTGAAGTTG 

ClaH ORF2 SpeI F CGCGACTAGTGAGGAACTGGGTGATATTGTCCGACC 

ClaH ORF2 NotI R CGCGGCGGCCGCGCAGTGGCAACAACCTGGTCAATGAGAG 

AFpyrG SpeI F CGCGACTAGTGCCTCAAACAATGCTCTTCACCCTC 

AFpyrG SpeI R CGCGACTAGTACTGTCTGAGAGGAGGCACTGATGCG 

thiAp-claH::AFpyroA 

ClaH 5 ApaI F CGCGGGGCCCGGCAAGTACCTTGTCCTTCAAATGG 

ClaH 5 SpeI R GATGACTAGTGTTGCAGCTGTGAAGTTG 

ClaH ORF SpeI F CGCGACTAGTATGGCTCCTCTTCCCATCAAATTCAC 
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ClaH ORF NotI R CGCGGCGGCCGCCTTGTTGATTGTCTCTGGCGTCCTC 

AFpyroA XbaI F CGCGTCTAGAGGACATCAGATGCTGGATTAC 

AFpyroA SpeI R CGCGACTAGTGCGAGTGTCTACATAATGAAGG 

thiAp XbaI F CGCGTCTAGACGACCTGGCACCTACAGAAGAATCC 

thiAp SpeI R CGCGACTAGTGTTGACTCAGTTCAATGGTTCGAC 

thiAp-basA::AFpyrG / thiAp-basA::AFriboB   

basA 5’ ApaI F GCGCGGGCCCGAGCGTACTCTTCAGGTGACCCTTG 

basA 5’ SpeI R2 CGCGACTAGTGCAACGTCAATTAGGACGTCGG 

basA ORF SpeI F CGCGACTAGTATGGCTACAAACACAACTTTGCTCTATGATC 

basA 3’ NotI R CGCGGCGGCCGCCGTGGATCGGTTAGGCATGCATATG 

thiAp XbaI F CGCGTCTAGACGACCTGGCACCTACAGAAGAATCC 

thiAp SpeI R CGCGACTAGTGTTGACTCAGTTCAATGGTTCGAC 

AFpyrG SpeI F CGCGACTAGTGCCTCAAACAATGCTCTTCACCCTC 

AFpyrG XbaI R CGCGTCTAGAACTGTCTGAGAGGAGGCACTGATGCG 

AFriboB SpeI F CGCGACTAGTAAGCTTGATATCACAATCAGC 

AFriboB XbaI R CGCGTCTAGACCCGGGCTGCAGGAATTCGATAAG 

thiAp-slaB::AFpyrG / thiAp-slaB::AFriboB 

slaB 5 KpnI F2 CGCGGGTACCCGATGATTGAGATATCCCGCCGGTC 

slaB 5 SpeI R3 CGCGACTAGTCAGACCTCCTAAAGTCCGCGGGTCTTG 

slaB ORF SpeI F2 CGCGACTAGTATGAGTCGGTAGGTAATTGGGGACTG 

slaB ORF SacI R CGCGGAGCTCCATACTTGCTTCTCCATGTGTTGAC 

thiAp XbaI F CGCGTCTAGACGACCTGGCACCTACAGAAGAATCC 

thiAp SpeI R CGCGACTAGTGTTGACTCAGTTCAATGGTTCGAC 

AFpyrG SpeI F CGCGACTAGTGCCTCAAACAATGCTCTTCACCCTC 

AFpyrG XbaI R CGCGTCTAGAACTGTCTGAGAGGAGGCACTGATGCG 

AFriboB SpeI F CGCGACTAGTAAGCTTGATATCACAATCAGC 

AFriboB XbaI R CGCGTCTAGACCCGGGCTGCAGGAATTCGATAAG 

(alcAp)-uapA-
YFPC/uapA-YFPN  

YFPc F CGTCTAGAGGCCGACAAGCAGAAGAAC 

YFPc R CGTCTAGAGCTTGTACAGCTCGTCCATG 

YFPn F CGTCTAGAGGTGAGCAAGGGCGAGGAG 

YFPn R CGTCTAGAGCATGATATAGACGTTGTGGCTG 

3’UTR BglII R GCAGATCTGCAATAACTCAACCGCCTTCCC 

alcA NotI F CGCGGCGGCCGCTAAGTCCCTTCGTATTTCTCC 

alcA BamHI R CGGGATCCATTTTGAGGCGAGGTGATAG 

exp Bam F CGCGGGATCCCTCCATCCATTCAACCGAC 

GFP SpeIR CGACTAGTTTACTTGTACAGCTCGTCCATG 

alcAp-uapA-His 

 expBam F CGCGGGATCCCTCCATCCATTCAACCGAC 

Ctail His Spe R 
CCGACTAGTTTAATGATGATGATGATGATGGTGGTGGTGGTGTCTAGAGACTTCAGCAG
GCATGATTGCG 
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uapAXbaR NS II  GCTCTAGAGCCTGCTTGCTCTGATACTC 

alcAp-DYDY/A-GFP 

 expBam F CGCGGGATCCCTCCATCCATTCAACCGAC 

uapAXbaR NS II  GCTCTAGAGCCTGCTTGCTCTGATACTC 

GFP Xba F2 CGTCTAGAATGGTGAGCAAGGGCGAG 

GFP SpeI R  CGACTAGTTTACTTGTACAGCTCGTCCATG 

PrnB-YFPc 

 PrnB ORF XhoI F CGCGCTCGAGCATGGCCTCTATTGTCTGGTTTGTC 

PrnB ORF EcoRV R CGCGGATATCAAAAATCCACCACCAGACTCGCTCC 

YFPc link EcoRV F CGCGGATATCGGAGGTATGGCCGACAAGCAGAAGAACG 

GFP Pst R AA CTGCAG TTA CTT GTA CAG CTC GTC CAT GC 

panB PstI F CGCGCTGCAGGGATTGGGAGGTGACACAG 

PrnB 3 BamHI F CGCGGGATCCATAGACGACTATATATATAACAGGACTATATACTG 

PrnB 3 NotI R CGCGGCGGCCGCCGAGATTACCTCCAATGGCAGTG 

pGEM ap1σ-(5xGA)GFP::AFpyrG /   pGEM ap1σ-(5xGA)mRFP::AFpyrG 

ap1σ 5’ ApaI F CGCGGGGCCCCATTTCTAGGGATGTGGCTGCAGG 

ap1σ 3’ ORF XbaI NS R CGCGTCTAGACATGATCTTCGTAACCACATCTTCCTC 

ap1σ 3’ XbaI F CGCGTCTAGAGAGCGTCATCAGTGATACGCTTC 

ap1σ 3‘ NotI R CGCGGCGGCCGCGGGCGTGAGGATACCATCATCGAATG 

5xGA XbaI F CGCGTCTAGAGGAGCTGGTGCAGGCGCTGGAGCCGGTGCC 

AFpyrG XbaI R CGCGTCTAGAACTGTCTGAGAGGAGGCACTGATGCG 

pBS SKII claH-(5xGA)GFP::AFpyrG 

claH ORF KpnI F CGCGGGTACCCTGGACCAGCTCGCAGAACTTGAAG 

claH ORF NS SpeI R CGCGACTAGTGAAAGGACGGAACCCCGTGGCCTG 

claH 3’ SpeI F CGCGACTAGTGCTCGCCTTGTCTTTTTGAGGGGTAG 

claH 3’ NotI R CGCGGCGGCCGCGGACAATCAGATTGACAGGGAGGG 

5xGA SpeI F CGCGACTAGTGGAGCTGGTGCAGGCGCTGGAGCCGGTGCC 

AFpyrG SpeI R CGCGACTAGTACTGTCTGAGAGGAGGCACTGATGCG 

pGEM thiAp::ap1μ::AFriboB 

ap1μ 5’ ApaI  F CGCGGGGCCCGATACGAGCGTTCAGGACCGCTTC 

ap1μ 5’ SpeI R CGCGACTAGTGCACTTGCCACAACTCCAGTATTC 

ap1μ ORF SpeI F CGCGACTAGTATGGCATCGGCGGTTTTCTTCCTAG 

ap1μ ORF NotI R CGCGGCGGCCGCCAGTTCTGCGCGCATAAGAAACTC 

AFriboB SpeI R CCGGACTAGTCCCGGGCTGCAGGAATTCGATAAG 

thiAp SpeI R CGCGACTAGTGTTGACTCAGTTCAATGGTTCGAC 

pGEM thiAp::ap1β::AFriboB 

ap1β 5’ ApaI  F CGCGGGGCCCCCAAGGCCGATTCGAACCGAGC 

ap1β 5’ SpeI R CGCGACTAGTGCCCCTACTAGCTCTTCAGTCATAC 

ap1β ORF SpeI F CGCGACTAGTATGGATTGTTGTGGACAGGGGAAG 

ap1β ORF NotI R CGCGGCGGCCGCCACCAGAGAACACTCGGAATACC 

AFriboB SpeI R CCGGACTAGTCCCGGGCTGCAGGAATTCGATAAG 

thiAp SpeI R CGCGACTAGTGTTGACTCAGTTCAATGGTTCGAC 

pGEM thiAp::rabE::AFriboB 

rabE 5’ ApaI F CGCGGGGCCCGAGTGCGGAATATGCCTCCACCTG 

rabE  5’ SpeI R CGCGACTAGTAGCGAACAGTTAGATACACCGAGGG 

rabE  ORF SpeI F CGCGACTAGTATGGCTAACGACGAGTATGATGTGAG 

rabE  3’ NotI R CGCGGCGGCCGCGCTAACGGCTGAGCTAGGTTACTG 
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AFriboB SpeI R CCGGACTAGTCCCGGGCTGCAGGAATTCGATAAG 

thiAp SpeI R CGCGACTAGTGTTGACTCAGTTCAATGGTTCGAC 

pGEM thiAp::rabC::AFriboB 

rabC 5’ ApaI F CGCGGGGCCCCAACGGTTATGGACGAAGTATGCGG 

rabC 5’ XbaI R CGCGTCTAGAGGGGACAAGAGGTCAAATGTAAAGTC 

rabC ORF XbaI F CGCGTCTAGAATGGCTTCAGCATCAACGGCCGGG 

rabC 3’ NotI R CGCGGCGGCCGCGGGTAGTTGAGCTCAACGCATCG 

AFriboB XbaI R CCGGTCTAGACCCGGGCTGCAGGAATTCGATAAG 

thiAp XbaI R CGCGTCTAGAGTTGACTCAGTTCAATGGTTCGAC 

pGEM uncA::AFriboB 
 

uncA 5’ ApaI F CGCGGGGCCCCCGGCATAAGCTCTTCCTGCTATG 

uncA  5’ SpeI R CGCGACTAGTGGAGCGGACAACAAATTGCGCACG 

uncA 3’ SpeI F CGCGACTAGTCGCCGATGAAGATCTACACTGGAATG 

uncA 3’ NotI R CGCGGCGGCCGCCTGGTGCTGAAGTCGTCTGTCGTC 

AFriboB SpeI F CCGGACTAGTAAGCTTGATATCACAATCAGCTTTTC 

AFriboB SpeI R CCGGACTAGTCCCGGGCTGCAGGAATTCGATAAG 

pGEM GFP-rabE::AFpyrG 

rabE 5’ ApaI F CGCGGGGCCCGAGTGCGGAATATGCCTCCACCTG 

rabE  5’ SpeI R CGCGACTAGTAGCGAACAGTTAGATACACCGAGGG 

rabE ORF SpeI F CGCGACTAGTATGGCTAACGACGAGTATGATGTGAG 

rabE ORF SpeI R CGCGACTAGTTTAACAGCATCCACCCTTGTTCTCGG 

rabE 3’ SpeI F CGCGACTAGTCGTCAACAACGATTTGCGGTTCTG 

rabE 3’ NotI R2 CGCGGCGGCCGCCTGTCCAGACCAAAGACCTCCGG 

sGFP XbaI F CGCGTCTAGAATGGTGAGCAAGGGCGAGGAG 

sGFP SpeI NS R CGCGACTAGTCTTGTACAGCTCGTCCATGCC 

AFpyrG SpeI F CGCGACTAGTGCCTCAAACAATGCTCTTCACCCTC 

AFpyrG XbaI R CGCGTCTAGAACTGTCTGAGAGGAGGCACTGATGCG 

pBS SKII ap1β-argB 

ap1β 5’ BamHI  F CGCGGGATCCCCATACGATACACCCAAGGCGAAG 

ap1β 3’ NotI R CGCGGCGGCCGCCCATTGGCGGCTTCAGACACCAC 

argB PstI F CGCGCTGCAGGCTTTATTTCGCGGTTTTTTGGGG 

argB PstI R CGCGCTGCAGGTCGACCTACAGCCATTGCG 

Mutagenesis oligos 

ap1β  632DID634/A F CAATGTGGAGAACCTTCTGGCGGCCGCTTTCGATGGCACTGCGCCTGC 

ap1β 632DID634/A R GCAGGCGCAGTGCCATCGAAAGCGGCCGCCAGAAGGTTCTCCACATTG 

ap1β 709NGF711/A F GTGCGGGCGCTGACCTTCTCGCGGCCGCTTCTGGGTTGGATCTTTCCGGC 

ap1β 709NGF711/A R GCCGGAAAGATCCAACCCAGAAGCGGCCGCGAGAAGGTCAGCGCCCGCAC 

ap1σ-(5xGA)GFP::AFpyrG, claH-(5xGA)GFP::AFpyrG, ap1σ-(5xGA)mRFP::AFpyrG, ap2σ-(5xGA)GFP::AFpyrG, 
claL-(5xGA)GFP::AFpyrG and  ap2σ-(5xGA)mRFP::AFpyrG constructs carry a 5x Gly-Ala (5xGA) linker, amplified 
together with GFP or mRFP and AFpyrG from plasmids p1439, or p1491 respectively (Szewczyk et al. 2006) 
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Abstract

Central to the process of transmembrane cargo trafficking is the successful folding and exit from the ER
(endoplasmic reticulum) through packaging in COPII vesicles. Here, we use the UapA purine transporter of
Aspergillus nidulans to investigate the role of cargo oligomerization in membrane trafficking. We show that
UapA oligomerizes (at least dimerizes) and that oligomerization persists upon UapA endocytosis and vacuolar
sorting. Using a validated bimolecular fluorescence complementation assay, we provide evidence that a UapA
oligomerization is associated with ER-exit and turnover, as ER-retained mutants due to either modification of a
Tyr-based N-terminal motif or partial misfolding physically associate but do not associate properly.
Co-expression of ER-retained mutants with wild-type UapA leads to in trans plasma membrane localization
of the former, confirming that oligomerization initiates in the ER. Genetic suppression of an N-terminal
mutation in the Tyr motif and mutational analysis suggest that transmembrane α-helix 7 affects the
oligomerization interface. Our results reveal that transporter oligomerization is essential for membrane
trafficking and turnover and is a common theme in fungi and mammalian cells.

© 2015 Elsevier Ltd. All rights reserved.

Introduction

In eukaryotes, polytopic transmembrane proteins,
such as transporters, channels and receptors, are
co-translationally integrated in the ER (endoplasmic
reticulum) membrane and subsequently follow a
vesicular secretory pathway for targeting to their final
destination, this being the plasma or organellar
membranes [1,2]. Central to the process of trans-
membrane protein exit from the ER is the concentra-
tive packaging of protein cargoes in cytoplasmically
budding COPII vesicles [3–8]. Assembly of the COPII
coat on the ER membrane occurs in a stepwise
fashion, beginning with recruitment of the GTPase
Sar1, which recruits the heterodimeric Sec23/24. The
Sec23/24 makes additional interactions directly with
the membrane. Sec24 serves as the principle cargo
binding adaptor. Following pre-budding complex
formation, heterodimers of Sec13/31 are recruited
via interaction between Sec23 and Sec31, and this
interaction drives membrane curvature. In addition to

the need for proper cargo folding [7,9,10], the process
of ER-exit also requires the presence of specific
ER-exit motifs on the cytoplasm-facing side of cargo
proteins, usually in their N- or C-terminal region. Such
short motifs include di-basic, tri-basic, di-acidic,
di-leucine or tyrosine-based signals, several of
which interact with the Sec23p–Sec24p complex in
aSar1p-dependentway [3,11–14]. Disruption of these
motifs, similar to cargo misfolding, leads to ER
retention. After vesicle formation, downstream events
lead to uncoating of transport vesicles and recycling of
the COPII coat components [4,8]. COPII vesicle
membrane cargoes are sorted in the cis-Golgi and
eventually in the trans-Golgi network, an important
sorting station where cargoes are packaged into
distinct transport vesicles and eventually targeted to
various membrane destinations [15]. Although our
understanding of COPII-mediated vesicle formation
has developed substantially over the past two
decades, many details of this process remain
unresolved.

IMF YJMBI-64766; No. of pages: 18; 4C: 6, 7, 10, 11, 12

0022-2836/© 2015 Elsevier Ltd. All rights reserved. J Mol Biol (2015) xx, xxx–xxx
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The short cargo motifs required for ER-exit are
believed to interact mainly with one of three binding
sites on the COPII coat component, Sec24 [16].
The majority of ER-exported membrane proteins,
however, carry no known export signal in their
sequence. Thus, either new signals remain to be
identified or something else drives their recruitment
into COPII vesicles. As many membrane proteins
form oligomers prior to export from the ER, combi-
natorial signals have been postulated to link oligo-
merization to efficient export [17]. For a yeast COPII
binding cargo receptor protein and its mammalian
homologue (Emp47p, a type I membrane protein),
oligomerization is required for its export from the ER
but is not required for efficient binding of COPII
subunits in the pre-budding complex [18]. This
shows that oligomerization acts downstream from
the cargo–Sec24 interaction. Very recently, Springer
et al. showed that regulated oligomerization induces
the packaging of a membrane protein into COPII
vesicles independently of any putative ER-exit motif
[19]. Oligomerization or assembly of cargo proteins
seems important for ER-exit of some other cargo
proteins, including SNARE molecules or G-protein-
coupled receptors [20–22]. Oligomerization of neu-
rotransmitter (e.g., dopamine and serotonin) trans-
porters has also been shown to occur in the ER and
is maintained both at the cell surface and during
trafficking between the plasma membrane and
endosomes [23–30]. The human blood–brain barrier
glucose transport protein GLUT1 also forms homo-
dimers and homotetramers in detergent micelles and
in cell membranes, which in turn seems to determine
its function [31].
In this work, we use the Aspergillus nidulans purine

transporter UapA as amodel transmembrane cargo to
investigate the role of cargo oligomerization in
ER-exit, plasma membrane localization and turnover.
UapA is an H+/uric acid-xanthine symporter consist-
ing of 14 transmembrane segments (TMS) and
cytoplasmic N- and C-termini. It is the founding
member of the ubiquitously conserved Nucleoba-
se-Ascorbate Transporter family [32–34]. The choice
of UapA follows from the uniquely detailed current
knowledge of its structure, function and regulation of
expression, together with preliminary genetic evi-
dence suggesting that UapA might oligomerize [35].
Inactive UapA mutants, unlike active wild-type UapA,
cannot be endocytosed in response to substrate
transport but can do sowhen co-expressedwith active
UapA. The simplest explanation for this phenomenon,
called in trans endocytosis, is that UapA molecules
oligomerize (at least dimerize) in the plasma mem-
brane so that it is sufficient to have only a fraction of
active molecules to recruit or activate the endocytic
machinery and thus internalize both active and
non-active UapA molecules [35,36]. Here, we
provide multiple lines of evidence that UapA
dimerizes (oligomerizes) in the ER membrane and

provide evidence for a link among oligomerization,
ER-exit and subsequent membrane trafficking. Our
results are discussed in relation to similar findings
concerning the role of oligomerization ofmammalian
transporters.

Results

Biophysical evidence for UapA dimerization

We have recently isolated a specific mutant with
exceptional stability for performing biophysical studies
[37]. This mutant has a missense mutation replacing a
Gly with a Val residue in TMS10, in addition to a
deletion removing the first 11N-terminal amino acids. A
GFP-tagged version of UapA-G411VΔ1-11 is normally
secreted and localized in the plasma membrane of
A. nidulans or Saccharomyces cerevisiae (data not
shown). The mutant exhibits highly reduced transport
activity but retains substrate binding, strongly indicat-
ing that the gross folding of the transporter is not
significantly affected [38]. UapA-G411VΔ1-11 was
purified after heterologous expression inS. cerevisiae
and used in static light-scattering measurements. As
shown in Fig. 1, the measured molecular mass for
UapA-G411VΔ1-11 is 140 ± 4.2 kDa. Given that the
predicted molecular mass of the monomeric form of
UapA-G411VΔ1-11 is 60,138 kDa, our data support
that UapA can form dimers.

In vivo indirect evidence for UapA oligomerization
in the plasma membrane

We have shown before that endocytosis of
non-active UapA molecules occurs when these are
co-expressed with active UapA molecules. This
phenomenon of in trans endocytosis occurs even
when the active UapA molecule cannot, by itself, be
endocytosed due to the presence of mutation
Lys572Arg, which prevents HulA/ArtA-dependent
ubiquitination [35,36]. To further investigate whether
the non-ubiquitylated mutant version UapA-K572R
can be itself endocytosed in trans when expressed
with active UapA molecules, we constructed a
GFP-tagged UapA-K572R (UapA-K572R-GFP) and
expressed it in a genetic background that hyper-
expresses untagged wild-type UapA molecules due
to a promoter mutation [39]. Results in Fig. 2 show
that UapA-K572R-GFP is efficiently internalized
upon imposing endocytic conditions (ammonium or
uric acid addition), solely when co-expressed with
wild-type UapA molecules. As UapA-K572R-GFP is
a non-ubiquitylated version of UapA and ubiquitina-
tion is absolutely necessary for endocytosis, the
most rational explanation for our results is that the
mutant molecules are internalized due to their tight
dimerization/oligomerization with wild-type UapA
molecules.
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BiFC assays support UapA oligomerization

Bimolecular fluorescence complementation
(BiFC), as well as its version referred to as split-YFP
assay, allows the in vivo detection of oligomerization
through reconstitution of a fluorescent protein that
has previously been bisected [40]. Here, we used
this system to investigate further UapA dimerization/
oligomerization in vivo. We constructed three isogenic
strains, two expressing UapA-tagged C-terminally
with either the N-terminal or the C-terminal part of
YFP (UapA-YFPN and UapA-YFPC, respectively) and
one co-expressing UapA-YFPN and UapA-YFPC,
simultaneously. Co-expression of UapA-YFPC and
UapA-YFPN in a strain lacking endogenous uric acid
transporters (uapAΔuapCΔ) resulted in growthonuric
acid, sensitivity to substrate analogues (oxypurinol
and 2-thioxanthine) (Fig. 3a) and prominent reconsti-
tution of YFP fluorescence in the plasma membrane
(Fig. 3b). In contrast, no significant YFP fluorescence
signal was detected when the two halves of YFPwere
expressed as separate fusions with UapA (Fig. 3b).
To our knowledge, BiFC has not been used before

as an assay for oligomerization of polytopic mem-
brane proteins. Thus, one might argue that recon-
stitution of fluorescent YFP is not a formal proof for
oligomerization but might rather reflect proximal

localization of proteins restricted in the environment
of the plasma membrane. As shown later in this
manuscript, evidence against this argument comes
from experiments showing that specific mutant
versions of UapA do not reconstitute split-YFP in
analogous assays. For further reinforcing the validity
of the BiFC assays for detecting UapA oligomeriza-
tion, we adapted the BiFC experiment for detecting
possible interactions of UapA with another plasma
membrane transporter, namely, the L-proline trans-
porter PrnB [41]. We co-expressed UapA-YFPN with
PrnB-YFPC (see Materials and Methods) and tested
for YFP reconstitution, as previously described. The
right panel in Fig. 3b shows that no fluorescence was
obtained, strongly supporting the idea that YFP
reconstitution via UapA molecules reflects a specific
association, most evidently dimerization.
In the experiments shown in Fig. 3, UapA-YFP

expression was driven by the native uapA promoter,
which allows continuous and relatively low level UapA
synthesis. We also constructed analogous strains
where the expression of UapA-YFPC andUapA-YFPN
was driven by the controllable alcAp promoter [42].
The alcAp-UapA-YFPC/alcAp-UapA-YFPN strain
could grow on uric acid, similarly to a control strain
expressing alcAp-UapA-GFP (Fig. 3c). This is also
reflected in very similar xanthine transporter rates

Fig. 1. Light-scattering measurements of purified UapA-G411VΔ1-11. The measurements from the refractive index
detector for UapA-G411VΔ1-11 and the DDM micelle are indicated in black broken and dotted lines, respectively. The
measurements from the refractive index detector for the total protein–detergentmicelle are shown in the gray broken line. The
measuredmolecular mass for UapA-G411VΔ1-11 is 140 ± 4.2 kDa. The predictedmolecular mass of themonomeric form of
UapA-G411VΔ1-11 is 60,138 kDa. The data strongly suggest that the UapA is dimeric in DDM solution.
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in the two strains (Fig. 3d). Most importantly, a
strong YFP signal was observed, associated with
the plasma membrane in the strain co-expressing
alcAp-UapA-YFPC and alcAp-UapA-YFPN, solely
under inducing conditions for alcAp, (0.1% fructose,
ethanol for 4 h). Under repressing conditions (1%
glucose for 3 h), no YFP fluorescence was visible
(Fig. 3e). The reconstitution of YFP when attached to
separate UapA molecules suggests that UapA dimer-
izes so that the C-tails of the two monomers are in
close distance necessary to reconstitute YFP.
We also tested whether UapA-YFPN/UapA-YFPC

apparent oligomerization, shown by reconstitution of
YFP, persists upon endocytosis. Figure 3f shows that
UapA-YFPN/UapA-YFPC internalization is evident in
the presence of NH4

+ or excess substrate. In the
presence of ammonium, YFP fluorescence is still
associated with the plasma membrane but is also
visible in large vacuoles (detected by CMAC). Diffuse
low fluorescence is apparent within the vacuolar
lumen, which suggests that the two parts of YFP
dissociate upon turnover of UapA. In the presence of
substrate (uric acid), UapA internalization is also
evident in addition to motile early endosomes and
small vacuoles, as has been shown previously for
wild-type UapA-GFP [35]. These results show that
UapA dimerization persists during endocytosis, in
early endosomes and all along the endosomal
pathway until internalization into the vacuolar lumen.

Pull-down assays support UapA oligomerization

To provide further direct evidence for UapA oligo-
merization, we also performed pull-down assays using
membrane protein extracts of a strain co-expressing
differentially tagged UapA molecules. A strain co-

expressing from the alcAp promoter GFP- and His10-
tagged versions of UapA was constructed. Protein
samples were purified with a Ni-NTA column under
non-denaturing conditions and the eluted fractions
were analyzed by SDS polyacrylamide gel silver
staining (Fig. 4a, left panel). Western blot analysis
with anti-His antibody identified, in the eluted fractions
at 250 mM imidazole, a major band at ~55 kDa, which
corresponds to monomeric UapA-His [43]. A second
minor band of estimated size close to 110 kDa,
probably corresponding to UapA-His dimers, was
also evident (Fig. 4a). Western blot analysis of the
eluted UapA-specific fraction with anti-GFP antibody
showed a prominent band migrating at the position
corresponding to monomeric UapA-GFP (~75 kDa),
thus demonstrating that UapA-GFP co-purified with
UapA-His, very probably as a result of dimerization
(Fig. 4b). This is further confirmed in the negative
control strain where UapA-GFP is expressed without
UapA-His. In this case, the eluted imidazole fraction
(250 mM) from a Ni-NTA column does not contain
UapA-GFP. A very similar result was obtained with an
inverse pull-down assay where UapA-GFP was first
precipitatedwith anti-GFPantibodiesonProtA-Sephar-
ose beads, followed by co-immunoprecipitation of
UapA-His detected with anti-His antibody, confirming
the dimerization/oligomerization of UapA molecules
(see Supplementary Fig. S1).
The data shown in Fig. 4a and b were obtained

using protein expressed from the alcAp promoter
induced with ethanol for 4 h before collecting total
membrane protein extracts. This means that UapA
molecules are continuously synthesized so that, in
addition to the plasma membrane, UapA is also
localized in the ER, the Golgi and trafficking vesicles.
We repeated the pull-down experiment with protein

Fig. 2. In trans endocytosis of a non-ubiquitinated UapA mutant co-expressed with wild-type UapA. UapA-K572R-GFP
is a UapA mutant that cannot be ubiquitinated and endocytosed in response to ammonium or substrate (UA; uric acid)
addition in the growth medium. The figure shows an epifluorescence microscopy analysis of a strain expressing
UapA-K572R-GFP alone or co-expressed with wild-type UapA in the genetic background of uapA100. uapA100 is a
promoter mutation leading to a 3-fold increase in UapA protein levels. The subcellular localization of UapA-K572R-GFP is
followed under control conditions and endocytic conditions (ammonium or UA addition). Arrows indicate the vacuolar
staining of UapA-K572R-GFP.
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extracts isolated after repression of de novo UapA
synthesis. Under these conditions, detectable
UapA-GFP molecules are solely associated with
the plasma membrane [44]. Results in Fig. 4c were
practically identical with those of Fig. 4b supporting
that UapA-His/UapA-GFP dimerization persists in
the plasma membrane. Under these conditions, we
again obtained, besides monomeric UapA species,
additional higher molecular weight (MW) bands,
which might represent dimers/oligomers or aggre-
gates of UapA-GFP that are SDS resistant.
We also tested whether the presence of substrates

during growth affects the apparent UapA-His/
UapA-GFP dimerization. Figure 4d shows no effect
of substrate on the pull-down result. This is in line with
the results in Fig. 3f, which showed that apparent
UapA dimers persist during internalization and until
turnover in the vacuolar lumen. The reduced amount
of both UapA-His and UapA-GFP after prolonged
presence of substrate is probably due to internaliza-
tion and the subsequent vacuolar turnover [35].

Identification of a cytoplasmic N-terminal signal
necessary for ER-exit of UapA

ER retention of polytopic membrane proteins is
usually due to partial misfolding or the lack of functional
ER-exit signals. To identify possible ER-exit signals in
UapA, we carried out a systematic mutational analysis
of the N-terminal cytoplasmic region of UapA-GFP.
This segment that is 68 amino acids long is the most
likely location of ER-exit and trafficking motifs, as
deletion of the cytoplasmic C-terminal region has
absolutely no effect in these processes [35]. Deletions
and Ala scanning mutagenesis revealed a short
sequence (Asp44-Tyr45-Asp46-Tyr47) and particular-
ly a single residue within it, Tyr47, as being critical for
ER-exit and thus essential for detectable UapA
transport activity and growth on uric acid (Fig. 5).
Substitution of the entire Asp-Tyr-Asp-Tyr sequence
with Ala residues (DYDY47/A4) leads to dramatic
turnover of UapA associated with retention in peri-
nuclear ER membranes. This effect seems to be
mainly due to replacement of Tyr47, as the single
mutation Y47A leads to a similar effect to that seen for
the quadruple DYDY47/A4 mutant. Importantly, direct
transport assays showed that over-expressed
UapA-Y47A conserves a normal Km value for phys-
iological substrates (see Fig. 5d). This is highly
suggestive that the gross folding of the UapA-Y47A
polypeptide is not affected. In turn, this confirms that
reduced ER-exit and increased turnover in this mutant
are not due to misfolding.
To further understand the nature of the defect in

Y47A, we made systematic substitutions of Tyr47
and showed that Tyr can be functionally substituted
with Phe, but not with other residues (Fig. 5e). Thus,
the presence of an aromatic amino acid at position
47 is necessary for proper ER-exit and expression

in the plasma membrane of UapA. The Asp-Tyr-
Asp-Tyr consensus sequence, including Tyr47, is
highly conserved in all fungal homologues of UapA
(Fig. S2).

ER-retainedmutants ofUapAphysically associate
but do not reconstitute split-YFP

We investigated whether mutations affecting
ER-exit also affect oligomerization. To that end, we
used three UapA mutant versions. The first two,
UapA-I74D and UapA-ΔTMS14, were examples of
partially misfolded mutants [45,46]. The third is UapA-
DYDY47/A4, as described above. We used UapA-
DYDY47/A4 rather than the UapA-Y47A, as ER-exit is
more drastically affected in this mutant than in
UapA-Y47A.
We performed BiFC assays for UapA-I74D,

UapA-ΔTMS14 and UapA-DYDY47/A4, as described
for wild-type UapA. All strains made (see Materials
and Methods) had the expected growth phenotypes
(Fig. S3). None of the mutants tested showed
significant YFP reconstitution, strongly suggesting
that all relevant mutation impair dimerization/oligo-
merization (Fig. 6a). In apparent contradiction with
the BiFC assays, pull-down assays showed that
mutant molecules of UapA-DYDY/A4 or UapA-I74D
physically associate (Fig. 6b). However, in UapA
mutants, it is evident that the amount of monomeric
UapA-GFP co-precipitated is relatively reduced, in
favor of an increase in a high MW signal, when
compared with the analogous ratio in the wild-type
control. Although the quantification of monomeric to
higher MW oligomers or aggregates in different
strains is difficult to estimate rigorously, mainly due
to different half-lives of wild-type and mutant UapA
molecules, in light of the BiFC assays, our results
strongly support the idea that the physical associa-
tion in the mutants is topologically different from the
interaction in the wild-type UapA.

In trans exocytosis of ER-retained UapA mutants
supports early oligomerization in the ER

WeperformedBiFCassaysusingstrains inwhich the
mutant versions of UapA (UapA-I74D-YFPC, UapA-
ΔTMS14-YFPC or UapA-DYDY47/A4-YFPC) were co-
expressed with a wild-type UapA (UapA-YFPN). In all
cases, the strains grew well on uric acid, showing that
there was no dominant negative effect of the mutant
version on the wild-type UapA (Fig. 7a). Figure 7b
shows that YFP fluorescence is reconstituted in
UapA-I74D-YFPC/UapA-YFPN and UapA-DYDY47/
A4-YFPC/UapA-YFPN,, but not in UapA-ΔTMS14-
YFPC/UapA-YFPN. Most importantly, fluorescence is
associated with the plasma membrane. The reconsti-
tution of split-YFP shows that UapA-I74D-YFPC or
UapA-DYDY47/A4-YFPC molecules are able to dimer-
ize or physically associate with wild-type UapA
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Fig. 3. (legend on next page)

6 Oligomerization and Subcellular UapA Localization

Please cite this article as: Martzoukou Olga, et al, Oligomerization of the UapA Purine Transporter Is Critical for ER-Exit, Plasma
Membrane Localization and Turnover, J Mol Biol (2015), http://dx.doi.org/10.1016/j.jmb.2015.05.021

http://dx.doi.org/10.1016/j.jmb.2015.05.021


molecules. In UapA-DYDY47/A4-YFPC/UapA-YFPN,
fluorescence is also visibly associated with peri-
nuclear ER membrane rings. This confirms that
oligomerization occurs in the ER membrane and
persists in the plasma membrane. The absence of
YFP reconstitution in UapA-ΔTMS14-YFPC/UapA-

YFPN was to be expected, as the deletion of the last
transmembrane domain (TMS14) should orientate the
C-terminus toward the extracellular side of the
membrane, thus preventing its association with the
C-terminus of wild type. Thus, the UapA-ΔTMS14-
YFPC/UapA-YFPN experiment also serves as a

Fig. 4. Direct biochemical evidence for UapA oligomerization in a strain co-expressing UapA-His10 and UapA-GFP.
(a) Solubilized total membrane protein preparations from the strain co-expressing UapA-His10 and UapA-GFP under
inducing conditions were applied to Ni-NTA columns, eluted with increasing concentrations of imidazole (only f250 and f350
fractions are shown) and analyzed by SDS polyacrylamide gel electrophoresis, followed by silver staining or
immunoblotting with an anti-His antibody. A prominent band reacting with the anti-His antibody in the fraction eluted at
250 mM is detected. The size of this band is estimated to be ~55 kDa, which corresponds to monomeric UapA-His [43]. A
less prominent anti-His specific band appearing at just over the 100 kDa might correspond to a dimeric form of UapA.
(b) The f250 fraction of the strain co-expressing UapA-His and UapA-GFP also reacts with the anti-GFP. In contrast, the
same fraction from a strain expressing solely UapA-His does not react with the anti-GFP antibody, as expected.
(c) Western blot analysis, using anti-GFP antibody, of similarly eluted UapA-His fractions isolated from the UapA-His10/
UapA-GFP strain grown under repressing conditions (1 h glucose). Under this condition, de novo synthesis is blocked and
thus preformed UapA molecules are solely present in the plasma membrane. (d) Western blot analysis, using anti-GFP
antibody, of eluted UapA-His fractions isolated from the UapA-His10/UapA-GFP strain incubated for 4 h under inducing
conditions, in the presence of substrate (uric acid) for 15 min or 1 h before cell harvesting. In all cases, protein samples are
heated at 37 °C for 30 min before loading onto the SDS-PAGE gel.

Fig. 3. In vivo evidence for UapA oligomerization usingBiFC. (a) Growth test of the UapA-YFPC/UapA-YFPN transformant,
as compared to a control strain expressing UapA-GFP and a mutant lacking all major purine transporters (ΔACZ). All strains
shown are otherwise isogenic and thus grow similarly on standard nitrogen sources (e.g., NaNO3). Strains expressing a
functional UapA grow on uric acid (UA) as sole nitrogen source and are sensitive to oxypurinol (OX) or 2-thioxanthine (2-TX)
(green/yellowish conidiospores), whereas themutant lackingUapA shows very leaky growth onUAand is resistant toOXand
2-TX (green conidiospores). The growth profile of UapA-YFPC/UapA-YFPN is compatible with a functional UapA and in fact
shows higher expression of UapA compared to UapA-GFP, as judgedmostly by increased sensitivity to OX and 2-TX. Given
that the single chimeric transporter UapA-YFPC or UapA-YFPN is also functional (results not shown), the YFP tags do not
affect, within the limit of growth tests, UapA function. Strains are grown at 25 °C. (b) Epifluorescence microscopic analysis of
the strains expressing either UapA-YFPC or UapA-YFPN, or co-expressing UapA-YFPC/UapA-YFPN, compared to an
isogenic strain expressingUapA-GFP. Strains co-expressing UapA-YFPN/PrnB-YFPC, grown on proline, are also shown as a
negative control. (c and d) Growth test and radiolabeled [3H]xanthine transport activity of a strain co-expressing
alcAp-UapA-YFPC/alcAp-UapA-YFPN. The panel on the left confirms that the alcAp-UapA-YFPC/alcAp-UapA-YFPN strain
grows similarly to isogenic alcAp-UapA-GFP. Notice that UapA-mediated full growth on UA is only observed under inducing
conditions (I; fructose, ethanol) for the alcp promoter, while only marginal growth is observed under repressing (R; glucose)
conditions. The panel on the right confirms thatalcAp-UapA-YFPC/alcAp-UapA-YFPN and alcAp-UapA-GFPhave comparable
transport activities. Transport activities are expressed as% of initial uptake rate, considering the rate of UapA-GFP as 100%.
Results represent averages of three experiments, each experiment carried out in triplicate, with standard deviation b20%.
(e) Epifluorescence microscopic analysis of strains expressing alcAp-UapA-GFP or alcAp-UapA-YFPN, or co-expressing
alcAp-UapA-YFPC/alcAp-UapA-YFPN. For alcAp-UapA-GFPor alcAp-UapA-YFPN strains, only inducing conditions (I; fructose,
ethanol) are shown, whereas for the alcAp-UapA-YFPC/alcAp-UapA-YFPN strain, both repressing (R; glucose) and inducing
(I) conditions are shown. (f) Epifluorescence microscopic analysis of strains co-expressing UapA-YFPC/UapA-YFPN under
standard conditions (nitrate as nitrogen source) or under endocytic conditions [addition of ammoniumor substrate (uric acid) for
4 h in samples grown with nitrate]. Channel 1 shows reconstitution of YFP by UapA-YFPN/UapA-YFPC dimerization, while
CMAC staining is used for vacuole detection. Endocytosis triggered by ammonium leads to rapid sorting of UapA-YFPN/
UapA-YFPC apparent dimers in large vacuoles, whereas substrate-triggered endocytosis results in sorting of UapA-YFPN/
UapA-YFPC in motile early endosomes and small vacuoles.
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negative control in BiFC assays. In trans sorting of
UapA-DYDY47/A4-GFP in the plasma membrane
upon co-expression with over-expressed (from a

high-copy plasmid transformant) wild-type UapA
further confirmed the formation of UapA dimers
(Fig. 7c).

Fig. 5. Identification of an N-terminal motif necessary for ER-exit of UapA. (a) Schematic representation of the N-terminal
region of UapA, highlighting the amino acid residues conserved and mutated. Overlapping deletions of the N-terminal region
are also depicted. hc means expression from high-copy plasmids. (b) Growth test of N-terminal UapA mutants. All mutants
shown, unless otherwise stated, arise from functional single-copy plasmid integration events. In all cases, UapA is functionally
taggedwithGFP. hc stands for plasmid high-copy transformants that over-express themutant formofUapA. This constitutes a
standard tool for further testing the subcellular localization and transport activity of selectedmutants that are expressed at very
low levels, as is the case here of Y47A. Mutants are tested on MM either with a standard nitrogen source unrelated to UapA
function (urea) or on uric acid, themain physiological substrate of UapA, as sole nitrogen source, at 25 °C and 37 °C. Positive
and negative controls (wt and ΔUapA) are isogenic strains expressing wild-type UapA and a strain lacking all major purine
transporters (uapAΔ uapCΔ azgAΔ), respectively. Notice that the inability for growth on uric acid is always associated with
substitutionof Tyr47or deletions removing anN-terminal part includingTyr47 (Δ3-42,Δ3-62 andΔ3-74). The triple substitution
G40A/L41A/I42A also led to apparent loss of UapA, but only at 37 °C. (c) Epifluorescence microscopy of N-terminal UapA
mutants. Mutants with apparent ER retention, reduced localization in the plasma membrane and vacuolar sorting are always
associatedwith substitution Y47Aor the deletion of anN-terminal segment including Tyr47. DeletionΔ3-30 shows a degree of
vacuolar turnover, whereas the double substitution P66A/F67A shows partial ER retention. The deletion of the entire
N-terminal region leads to no fluorescence. These results are in agreement with growth tests and uptake assays. (d) Transport
activities, expressed as% of initial uptake rates, of selectedmutants (see Fig. 3 legend). (e) Systematicmutational analysis of
Tyr47.Growth tests and epifluorescencemicroscopy analysis of Tyr47 substitutions show that only substitutionY47F restores
the secretion of UapA to the plasmamembrane and, consequently, also restores its apparent transport activity (experimental
details are as above).
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Genetic suppression of Y47A reveals the
importanceof TMS7andTMS11 inER-exit ofUapA

We obtained two different intragenic suppressors,
namely, V298A and F437C, the former restoring the
defects caused by Y47A much more strongly than
the latter (Fig. 8a). Val298 and Phe437 are located in
the middle of TMS7 and the outward-facing end of
TMS11 (Fig. 8b), respectively, both being quite well
conserved residues in UapA homologues (Fig. S4).
Both mutations restored UapA-mediated transport
rates (Fig. 8c). Functional restoration was in line
with restoration of ER-exit and plasma membrane

localization, as evidenced by both standard epifluor-
escence analysis and BiFC assays (Fig. 8d). Strains
expressing the suppressor mutations in the absence
of the original mutation (UapA-V298A or UapA-
F437C) conferred growth phenotypes, subcellular
localization and transport activities, similar to wild--
type UapA (data not shown). Thus, suppression of
Y47A is probably not due to allele-specific interac-
tions of Tyr47 with Val298 or Phe437 but is rather a
bypass of the effect of Y47A.

Gly residues in TMS7 are critical for wild-type-like
oligomerization, ER-exit and turnover of UapA

Three independent observations suggested that
TMS7 might be part of or affects the oligomerization
interface. Firstly, the crystal structure of the bacterial
UapA homologue UraA shows that TMS7 has the
highest B-factors of all the transmembrane segments,
indicating that this region of UraA is the most flexible,
and therefore, it is a candidate for intermolecular
interactions [47]. Secondly, TMS7 is predicted to form
a bend α-helix, one part facing the lipid bilayer and the
other one facing toward the TMS13andTMS14,which
are candidates for dimerization domains (Y. Alguel, A.
Cameron, G. Diallinas and B. Byrne, unpublished
results). Thirdly, TMS7 includes several Gly residues
(Gly301, Gly305 and Gly313) in the form of GX3G or
GX7G motifs (X being hydrophobic residues), known
to be critical for inter-helical interactions in membrane
proteins [48–50].
To test the importanceof theGly residues inTMS7of

UapA, we made a series of substitutions to Ala or Leu
residues and functionally analyzed the corresponding
mutants. In all cases, we constructed the single,
double and triple substitutions. Results are shown in
Fig. 9a. All substitutions to Leu, except G313L, led to
apparent loss of UapA activity as judged from growth
tests. In addition, none of the mutants correctly
localized to the plasma membrane. Furthermore, a
lowUapA-GFP signal was also detected in vacuoles in
several mutants. Single substitutions of Gly301,
Gly305 and Gly313 to Ala did not significantly affect
UapA localization and transport activity. However,
double and triple substitutions scored as apparent
loss-of-function mutations. In these cases, we detect-
ed dramatic vacuolar turnover and some ER retention.
The fact that Ala substitutions were better tolerated
than Leu substitutions was in line with observations
that G/AX3G/A or G/AX7/A motifs can also function as
weaker helical interaction motifs [48].
We tested whether UapA molecules carrying the

triple Ala substitution (UapA-GGG/A3) could dimer-
ize. Figure 9b shows that no YFP reconstitution is
obtained in strains co-expressing UapA-GGG/
A3-YFPN and UapA-GGG/A3-YFPC. Relevant pull-
down assays showed that, in the GGG/A3 mutant,
UapA molecules still associate despite the fact that
the ratio of monomeric UapA-GGG/A3-GFP versus

Fig. 6. UapAmutants retained in the ER do not dimerize
properly. (a) BiFC assays of wild-type UapA and mutants
UapA-DYDY/A4, UapA-I74D and UapA-ΔTMS14. Stains
co-expressing from the alcAp promoter the mutant forms of
UapA, tagged with either YFPN or YFPC, are shown.
Isogenic strains expressing from alcAp the same mutant
versions UapA, or a wild-type UapA, tagged with GFP, are
also included as controls. No reconstitution of YFP was
detected in any of the mutants tested. (b) Pull-down
experiments in strains co-expressing UapA-DYDY/
A4-GFP/UapA-DYDY/A4-His10 or UapA-I74D-GFP/
UapA-I74D-His10. Notice the reduced amount of mono-
meric co-precipitated UapA-GFP relatively to higher MW
species, possibly UapA aggregates (see the text).
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high MW aggregates is reduced compared to wild-
type UapA (Fig. 9c). Using the inverse pull-down
assay where UapA-GFP is precipitated with anti-
GFP antibodies on ProtA-Sepharose beads, follow-
ed by co-immunoprecipitation of UapA-His detected
with anti-His, we confirmed that UapA molecules
associate, but again the ratio of monomeric UapA-
GGG/A3-GFP versus high MW aggregates seemed
somehow reduced (see Supplementary Fig. S1).
Finally, we also showed that UapA-GGG/A3 can

be sorted to the plasma membrane upon co-expres-
sion with wild-type UapA (Fig. 9d). This is in line with
partial restoration of UapA-mediated growth on uric
acid. Overall, the results obtained with the mutant
lacking the Gly residues in TMS7 are very similar to
those obtained with the other ER-retained mutants
studied here (UapA-DYDY/A4 and UapA-I74D).

Intragenic complementation of plasmamembrane
localization in ER-retained mutants

We also constructed strains co-expressing
UapA-GGG/A3 with UapA-DYDY/A4-GFP and per-
formed growth tests and epifluorescence analysis
(Fig. 10). These strains could not grow on uric acid,
as expected, but showed partial restoration of
plasma membrane localization, never seen when
these two UapA versions are expressed by them-
selves. This partial intragenic complementation is
readily explained by dimerization, constituting further
strong evidence that dimerization/oligomerization of
UapA is functionally linked to ER-exit and plasma
membrane localization and stability.

Discussion

Four independent assays showed that UapA forms,
at least, homodimers in the ER and that oligomeriza-
tion persists along the secretion pathway, in the
plasma membrane and during endocytosis. Of these
assays, the in vivo reconstitution of split-YFP proved
ideal to detect minor topological changes in the
association of UapA molecules. A similar strategy
has been used to show transporter oligomerization in
a handful of previous reports [51–55]. However, to our
knowledge, this is the first time BiFC has been shown
to detect highly specific transporter dimerization/
oligomerization; no reconstitution of split-YFP was
detected in specificUapAmutants or when one part of
YFP was tagged in another plasma membrane
transporter.
UapA, in common with most ion-driven polytopic

symporters, functions as amonomer. This is based on
genetic, biochemical and structural data. Although we
cannot rule out that dimerization might have a subtle
effect on transport kinetics per se, it seemsmuchmore
reasonable to assume that oligomerization affects
membrane trafficking, plasma membrane localization
and protein stability, as proposed for several mam-
malian transporters (discussed also later). Recent
evidence also supports the and further oligomeriza-
tion of the mammalian SVCT2 vitamin C transporter,
which belongs to the same protein family as UapA
[56].
We examined whether UapA mutants showing

problematicER-exit associatedwith increased turnover
candimerize.Wemadeuseof two kindsofER-retained

Fig. 7. In trans exocytosis of ER-retained UapA mutants. (a) Growth tests of strains co-expressing UapA-I74D-YFPC,
UapA-ΔTMS14-YFPC or UapA-DYDY/A4-YFPC with a wild-type UapA-YFPN. As expected, all strains grow on UA. (b) BiFC
assays of the same strains shown in (a). Notice YFP fluorescence reconstitution in the plasma membrane of strains
co-expressing UapA-I74D or UapA-DYDY/A4 with wild-type UapA while there is no YFP signal detected in UapA-ΔTMS14/
UapA. In UapA-DYDY/A4/UapA, YFP signal is also detected in the perinuclear ER. (c) Growth test and epifluorescence
analysis of a strain co-expressingUapA-DYDY47/A4-GFP andwild-typeUapA. Notice the sorting of UapA-DYDY47/A4-GFP in
the plasma membrane. In this case, the high expression of wild-type UapA (in relation to UapA-DYDY47/A4-GFP) was
achieved by selecting a transformant that harbors three copies of the relative plasmid (hc-UapA).
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mutants. The first are due to partial misfolding, whereas
the second are due to the lack of the N-terminal
DYDY47 motif, which does not seem to affect gross
UapA folding. However, the two types of mutants
showed similar characteristics: ER retention, increased
vacuolar turnover, non-reconstitution of split-YFP
fluorescence and a modified mode of association in
pull-down assays. Importantly, the ER-retained mutant
versions of UapA, co-expressed with wild-type UapA,
were sorted in the plasma membrane. This phenom-
enon of in trans sorting seems analogous to the in trans
endocytosis of UapA mutants, detected here (Fig. 2)
and previously [35], and ismost easily explained by the
formation of dimers. More impressively, co-expression
of different ER-retained mutants of UapA restored
plasma membrane localization, which constitutes
further strong evidence for dimerization (see Fig. 10).

The isolation of genetic suppressors of ER-retained
mutants mapping in TMS7 and TMS11 suggested
that these lipid-facing transmembrane domains of
UapA [34], especially TMS7 which includes the
strongest suppressor and functionally essential
GX3G motifs, must be involved in critical helical
interactions. Our results strongly favor the involve-
ment of TMS7 in homo-oligomerization. At present,
we cannot propose a model on how and how many
UapA monomers associate, but it seems that func-
tional UapA association requires both helical interac-
tions within the plasma membrane and interactions
involving the cytoplasmic terminal regions of UapA.
The latter interactions might in fact be crucial to the
molecular cross-talk with the ER-exit machinery.
Ongoing efforts to obtain the crystal structure of
UapA will give a definitive answer to this issue

Fig. 8. Specific mutations in TMS7 and TMS11 genetically suppress the ER-exit defect of UapA-Y47A. (a) Growth tests of
the two genetic suppressors compared to the original mutant. Notice that suppressor mutation V298A is stronger than F437C.
(b) Identity (V298A and F437C) and topology of the two genetic suppressor mutations of UapA-Y47A. (c) Transport rates in
suppressors and original mutant. (d) Epifluorescence microscopy of suppressors and original mutant and BiFC assays of
UapA-Y47A and UapA-Y47A/V298A, showing the restoration of plasma membrane localization in the latter.
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(Y. Alguel, B. Byrne and A. Cameron, personal
communication).
One basic question to answer is how the cyto-

plasmic N-terminal DYDY47 motif affects ER-exit.
Does it interact with the packaging COPII machin-
ery? We failed to detect an interaction with either
Sec23 or Sec24 (results not shown). Alternatively,

the DYDY47 motif might interact with a chaperone,
specific for UapA packaging into COPII vesicles. ER
membrane chaperones, involved in ER-exit of
specific protein families, have been found in fungi
[57–60]. In particular, Shr3p in S. cerevisiae is
necessary for the correct association and concen-
trative ER-exit of all 18 amino acid transporters of the

Fig. 9. Gly residues in TMS7 are critical for proper UapA dimerization, topology and turnover. (a) Growth tests and
epifluorescence microscopy of mutants carrying Ala or Leu substitution in Gly residues of TMS7. (b) BiFC assay of
UapA-GGG/A3-YFPN with UapA-GGG/A3-YFPC. No reconstituted YFP signal is detected. (c) Pull-down assays of protein
extracts from strains co-expressing UapA-GGG/A3-GFP with UapA-GGG/A3-His and a wild-type relative control strain.
(d) Growth tests and epifluorescence microscopy of a strain co-expressing UapA-GGG/A3-GFP with multi-copy wild-type
UapA (hc-UapA).

Fig. 10. Intragenic complementation of ER-retained mutants. Growth tests and epifluorescence microscopy of a strain
co-expressing UapA-GGG/A3 with UapA-DYDY/A4-GFP. Control strains co-expressing either UapA-GGG/A3 with
UapA-GGG/A3-GFP or UapA-DYDY/A4 with UapA-DYDY/A4-GFP are also shown. Partial re-localization of UapA-DYDY/
A4-GFP was observed only upon co-expression with UapA-GGG/A3. Notice that there is no significant growth on UA,
suggesting that both versions of UapA lack significant transport activity.
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APC family. Interestingly, in the absence of Shr3p,
amino acid transporters integrate in theERmembrane
and fold correctly, but the monomers form aggregates
and consequently fail to exit the ER membrane.
However, we still cannot exclude that the cytoplasmic
N-terminal DYDY47 motif interacts with specific
sequences of UapA, eliciting a topological effect,
and thus promoting dimerization/oligomerization and
ER-exit.
Our results are very similar to findings obtained on

the role of oligomerization in the membrane trafficking
of neurotransmitter transporters inmammals. Both the
dopamine (DAT) [24–26] and serotonin (SERT)
[23,28,30] transporters have been found to dimerize
and eventually oligomerize into higher-order assem-
blies. The evidence for oligomerization in these cases
comes from co-immunoprecipitation experiments,
cross-linking and fluorescence resonance energy
transfer but also from dominant-negative phenotypes
obtained when mutants were co-expressed with
wild-type proteins. Fluorescence resonance energy
transfer signals in DAT were detected at the plasma
membrane and in intracellular membrane compart-
ments [25]. The similarity of our results with those of
the neurotransmitter transporters is impressive. In
both cases, wild-type oligomers are formed in the ER
and then maintained both at the plasma membrane
and during trafficking between the plasma membrane
and endosomes. In addition, in both cases, co-
expression of mutant and wild-type proteins led to
negative (ER retention) or positive (plasma mem-
brane localization) in trans sorting. Interestingly, it has
also been proposed that oligomerization of DAT at the
plasma membrane is reduced upon substrate binding
and transport, and this in turn led to speculation that
substrate-elicited endocytosis operates by loosening
oligomerization. The evidence for that comes from a
reduction in surface DAT determined by biotinylation
and reduction in DAT oligomerization as assessed
by cross-linking [27,29]. In UapA, the presence of
substrates did not abolish oligomerization, as
assessed by pull-down assays and the persistence
of strong split-YFP fluorescent signals in endosomes
and the vacuolar membrane upon endocytosis. Our
findings do not answer the question whether UapA
dimers further assemble into higher oligomeric com-
plexes as seen for DAT and SERT.
Several logical assumptions suggest how oligomer-

ization might have evolved to be a critical link among
proper folding, quality control, ER-exit, membrane
trafficking and turnover. Firstly, correct folding and
maturation of a protein are required for oligomeriza-
tion, ensuring that only correctly folded proteins enter
the secretory pathway. Secondly, oligomerization can
induce a conformational change that might increase
the affinity for a specific ER membrane microdomain,
which might then lead to further oligomerization
owing to increased concentration in such a domain
and eventually to concentrative ER-exit [19]. Thirdly,

homo-oligomerized cargoes could travel as highly
specific membrane microdomains and remain so in
their final membrane destination. This in turn provides
a mechanistic solution to how specific transporters
(or channels or receptors) could be sorted and turned
over by endocytosis or direct sorting from the Golgi,
in response to substrate excess or other specific
physiological signals, without affecting the turnover of
other transporters.

Materials and Methods

Media, strains, growth conditions and A. nidulans
transformation

Standard complete andminimalmedia (MM) forA.nidulans
were used†. Escherichia coli was grown on Luria-Bertani
medium. Media and chemical reagents were obtained from
Sigma-Aldrich (Life Science Chemilab SA, Hellas) or Appli-
Chem (Bioline Scientific SA, Hellas). A. nidulans transforma-
tion was performed as described previously [60]. A ΔazgA
ΔuapA ΔuapC::AfpyrG pabaA1 argB2mutant strain [61] was
the recipient strain in transformations with plasmids carrying
differentially taggedwild-typeormutant versionsofUapA (see
below). Selection was based on complementation of the
pabaA1 and argB2 genetic auxotrophies for p-aminobenzoic
acid and arginine. Transformants expressing either single-
copy or multi-copy plasmid integration events were identified
by PCR and Southern analysis. A ΔuapA ΔuapC::AfpyrG
ΔnkuA::argB riboB2 pantoB100 pyroA4 mutant strain [36]
was the recipient strain for generating “in locus” integrations of
tagged uapA and prnB fusions (see below), based on
complementation of the riboB2 and pantoB100 genetic
auxotrophies for riboflavin and pantothenic acid, respectively.
Growth tests were performed at 25 °C or 37 °C, at pH 6.8.

Standard nucleic acid manipulations

Genomic DNA extraction from A. nidulans was as
described in Fungal Genetics Stock Center‡. Plasmid
preparation fromE. coli strains andDNAbandswere purified
from agarose gels using the Nucleospin Plasmid Kit and the
Nucleospin ExtractII Kit according to the manufacturer's
instructions (Macherey-Nagel, Lab Supplies Scientific SA,
Hellas). DNA sequences were determined by VBC-
Genomics (Vienna, Austria). Mutations were constructed
by site-directed mutagenesis according to the instructions
accompanying the QuikChange® Site-Directed Mutagene-
sis Kit (Agilent Technologies, Stratagene). Southern blot
analysis was performed as described in Ref. [62]. [32P]dCTP
labeled molecules of uapA, argB or pabaA specific probes
were prepared using a random hexanucleotide primer kit
following the supplier's instructions (Takara Bio, Lab
Supplies Scientific SA, Hellas) and purified on MicroSpin™
S-200 HR columns, following the supplier's instructions
(Roche Diagnostics, Hellas). Labeled [32P]dCTP
(3000 Ci mmol−1) was purchased from the Institute of
Isotopes Co. Ltd, Miklós, Hungary. Restriction enzymes
were from Takara Bio (Lab Supplies Scientific SA, Hellas).
Conventional PCR reactionswere performedwithKAPATaq
DNApolymerase (KapaBiosystems, LabSuppliesScientific
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SA, Hellas). Amplification of products and site-directed
mutagenesis were performed with Kapa HiFi (Kapa Biosys-
tems, Lab Supplies Scientific SA, Hellas).

Plasmid constructions

PlasmidpAN510andderivativespAN510exp, pAN510exp-
GFP, pAN510-GFP and pBS-argB-alcAp are described in
previous articles [44,63–65]. These plasmids are derivatives
from the original pAN510 plasmid [38,66] and were
constructed by disrupting a XbaI site of the pBluescript
polylinker and introducing a BamHI site next to the start
codon of uapA, by site-directed mutagenesis. Given that
there is a natural XbaI site after the stop codon of uapA, the
uapA coding sequence could be exchanged by BamHI/XbaI
double digestion. In pAN520exp, the argB sequence has
been replaced by pabaA from pBS-pabaA [64]. The alcAp
480-bp sequence was used to replace the native uapA
promoter sequence in the derivative plasmids of the type
pAN510. All point mutations were constructed by site-dir-
ected mutagenesis on plasmid pAN510-GFP or, in the case
of multiple mutations, on already mutated versions of this
plasmid. N-terminal truncations of UapA (Δ3-30, Δ3-42,
Δ3-62 and Δ3-74) were constructed by introducing a BamHI
restriction site at the desirable position and subcloning of the
ORF (open reading frame) in pAN510exp-GFP. For BiFC
analyses, the N-terminal half of yellow fluorescent protein
(YFPN; 154 amino acids of YFP) or the C-terminal half of
YFP (YFPC; 86 amino acids of YFP) was amplified from
plasmids PDV7 and PDV8 [67] and cloned into pAN510exp,
pAN510exp-alcAp, pAN520exp or pAN520exp-alcAp at the
native XbaI site (XbaI/SpeI compatible end ligation),
followed by cloning of the uapA ORF carrying the desirable
mutations. The same approach (XbaI/SpeI compatible end
ligation) was followed for the construction of plasmid
pAN510exp-alcAp-His. Plasmids expressing the UapA-
YFPN and PrnB-YFPC were used as templates to generate
gene replacement cassettes by PCR and were constructed
by sequential cloning of the relevant ORFs together with
approximately 1.5-kb upstream/downstream regions and
the auxotrophic markers riboB (AN0670) and pantoB
(AN1778), respectively.

Total protein extraction and Western blot analysis

Cultures for total protein extraction were grown in MM
supplemented with nitrate at 25 °C for 16 h. Total protein
extraction was performed as previously described [68]. Equal
sample loading was estimated by Bradford assays and
Coomassie staining. Total proteins (30 μg)were separatedby
SDS-PAGE [10%(w/v) polyacrylamidegel] andelectroblotted
(Mini PROTEAN™ Tetra Cell, Bio-Rad) onto PVDF mem-
branes (Macherey-Nagel, Lab Supplies Scientific SA, Hellas)
for immunodetection. The membrane was treated with 2%
(w/v) non-fat dried milk and immunodetection was per-
formedwith a primarymouse anti-GFPmonoclonal antibody
(Roche Diagnostics, Hellas), a secondary goat anti-mouse
IgG HRP-linked antibody (Cell Signaling Technology Inc.,
Bioline Scientific SA, Hellas) and a Penta-His HRP
Conjugate antibody kit (Qiagen, SafeBlood BioAnalytica
SA, Hellas). Blots were developed by the chemiluminescent
method using the LumiSensor Chemiluminescent HRP
Substrate kit (Genscript USA, Lab Supplies Scientific SA,

Hellas) and SuperRX Fuji medical X-ray films (FujiFILM
Europe, Lab Supplies Scientific SA, Hellas).

Membrane-enriched extraction for purification

The membrane-enriched extraction protocol (adapted
from Ref. [43]) was used prior to membrane protein
purification by affinity chromatography. To increase protein
yield, we performed the extraction procedure in 6–10
eppendorf tubes, containing mycelia of the same strain.
The mycelia powder was resuspended in 2 mL of ice-cold
extraction buffer (10 mM Tris–HCl, pH 7.5, 100 mM NaCl,
5 mMMgCl2, 0.3 M sorbitol, 1 mMPMSF and 1× Protease
Inhibitor Cocktail), mixed by vortexing and incubated on
ice for 20–30 min. The samples were then centrifuged for
3 min, at 3000 rpm, 4 °C, to remove cell debris and the
supernatants were transferred in pre-frozen eppendorf
tubes. Membrane proteins were then precipitated by
centrifuging the samples for 1 h at 13,000 rpm, 4 °C.
The pellets were resuspended in 80–100 μL of ice-cold
solubilization buffer. The suspensions were collected in
eppendorf tubes and solubilized, as described below.

Purification of membrane proteins and affinity
chromatography

UapA purification was performed by combining affinity
chromatography of a His-tagged recombinant version,
UapA-His10, with gel filtration chromatography. The proce-
dure followed is an adaptation of the method described
in Ref. [43]. Prior to chromatographic purification of
UapA-His10, crude membrane protein extracts are solubi-
lized by resuspending in solubilization buffer [50 mM
NaH2PO4/Na2HPO4, pH 8.0, 150 mM NaCl, 1% (w/v)
dodecyl-β-D-maltoside (DDM), 1 mMPMSFand 1×Protease
InhibitorCocktail]. Thesamplewasstirredgently for 30 minon
ice and then centrifuged for 20 min at 12,000g, 4 °C, to
separate the solubilized from the insoluble proteins. The
supernatant (solubilized proteins) was then transferred to a
pre-frozen eppendorf tube and glycerol was added to a final
concentration of 20% (v/v) and gently mixed. The detergen-
t-solubilized protein sample was stored at −80 °C for further
use or loaded directly onto Protino Ni-NTA Columns
(Macherey-Nagel GmbH) for purification. The mobile phase
was delivered in a consistent flow rate of 1 mL/min via a
pump. The column was first equilibrated with 10–20 column
volumes ofNi-columnwash buffer [50 mMNaH2PO4, pH 8.0,
300 mM NaCl, 0.01% (w/v) DDM and 1 mM PMSF],
containing 10 mM imidazole. A total of 1–4 mg of protein in
1 mL of detergent solubilization buffer were applied to the
column and 2.5 mL of the flow-through was collected and
put on ice (fraction f0). The column was washed abundantly
(10–20 column volumes) with wash buffer containing 20 mM
imidazole and subsequently with another containing 50 mM
imidazole to remove unbound and loosely bound molecules.
A total of 2.5 mL of each eluent were collected and put on ice
(fractions f20 and f50). Bound protein was eluted with
increasing concentrations of imidazole in the column wash
buffer (250 mM, 350 mM and 500 mM) and 2.5 mL of each
eluent was collected and put on ice (fractions f250, f350 and
f500). The column was washed abundantly with the 500 mM
imidazole wash buffer and filled with 30% (v/v) EtOH before
storing at 4 °C. Desalting and concentration of purified
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proteins (UapA-His10) was achieved by gel filtration in
Sephadex G-25 columns. A total of 2.5 mL of each fraction
eluted from the Ni-NTA column were loaded onto the
Sephadex column, which was previously washed abundantly
with distilled water. After the sample volume had completely
entered the column, 3.5 mL of sterile distilled water was
added to the column and the protein was eluted and frozen at
−80 °C. The frozen protein samples were then concentrated
by overnight lyophilization. The freeze-dried samples were
resuspended in a buffer containing 50 mM NaH2PO4/
Na2HPO4, 10% glycerol, 0.1% (w/v) DDM, 1 mM PMSF
and 1× Protease Inhibitor Cocktail, adjusted to pH 7.5 and
analyzed electrophoretically and immunologically.

Kinetic analysis

[3H]xanthine (33 Ci mmol−1; Moravek Biochemicals,
California, USA) uptake in MM was assayed in germinat-
ing conidiospores of A. nidulans concentrated at 107

conidiospores/100 μL, at 37 °C, pH 6.8, as recently
described in detail [69]. All transport assays were carried
out in at least three independent experiments, with three
replicates for each concentration or time point. Standard
deviation was b20%.

Epifluorescence microscopy

Samples for standard epifluorescence microscopy were
prepared as previously described [35,36]. In brief, germlings
incubated on coverslips in liquid MM supplemented with
NaNO3 as nitrogen source for 12–14 h at 25 °C were
observed on an Axioplan Zeiss phase contrast epifluores-
cent microscope and the resulting images were acquired
with a Zeiss-MRC5 digital camera using the AxioVs40
V4.40.0 software. Image processing, contrast adjustment
and color combiningweremade using theAdobePhotoshop
CS4 Extended version 11.0.2 software or the ImageJ
software. Images were converted to RGB and annotated
using Photoshop CS4 before being saved to TIFF. For
inverted fluorescence microscopy, germlings were incubat-
ed in sterile 35-mm micro-dishes, high glass bottom (ibidi,
Germany) in liquid MM supplemented with NaNO3 as
nitrogen source for 16–18 h at 25 °C. Images were obtained
with an AxioCam HR R3 camera using the Zen lite 2012
software either as single images or in stacks of 10–12 optical
sections along z-axis with a Z step size at 0.31 μm. Contrast
adjustment, area selection and color combining were made
using the Zen 2012 software. Images exported as tiffs were
annotated and further processed in Adobe Photoshop CS4
Extended version 11.0.2 software for brightness adjustment,
rotation and alignment. A desaturated and inverted version
of the imagewas also created in each case, so as to achieve
better visualization.

Static light-scattering measurements of purified UapA

UapA-G411VΔ1-11, a thermostabilised version of the
UapA, was expressed and isolated as described previ-
ously [37]. The oligomeric state of the UapA-G411VΔ1-11
construct at a detected protein concentration of 1.4 mg/mL
in sample buffer (20 mM Tris–HCl, pH 7.5, 150 mM NaCl,
5% glycerol, 500 mM xanthine and 0.03% DDM) was

assessed with a Malvern Viscotek TDAmax Tetra detec-
tion system, including static light scattering, UV and
refractive index detectors, connected downstream of a
Superdex-200 10/30 gel-filtration column previously equil-
ibrated in sample buffer. The protein is initially separated
on the gel-filtration column prior to further analysis. The
data were analyzed with the Omnisec software (Malvern)
following the manufacturer's protocols and used to
calculate the MW of the protein particles in the individual
fractions eluting from the column. In this case, the
detergent micelles present in the sample contribute to
the size of the protein particles. The system was calibrated
first with buffer containing DDM detergent alone at the
same concentration as the test sample [0.03% (w/v)
DDMLA] and the size of the detergent micelles was
calculated. This is then subtracted from the MW of the
protein–detergent complex to provide an accurate assess-
ment of the size of the protein particles.

Selection of genetic suppressors

UV exposure conditions used for the mutagenesis of the
strain expressing UapA-Y47A were determined based on
a specifically constructed cell survival curve. According to
the resulting cell survival curve, the time for achieving
N98% lethality in 107 conidiospores, which was used for
this work, was estimated at 4 min 30 s. UV exposure of
conidiospore suspensions in 0.01% Tween in Petri dishes
was performed at a standard distance of 20 cm from an
Osram HNS30 UV-B/C lamp. Mutagenized conidiospores
were plated in standard MM supplemented with 0.5 mM
uric acid as sole nitrogen source and necessary vitamins.
Suppressors appeared as distinct well conidiating colonies
after 7 days of incubation at 25 °C.
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Summary

Transmembrane proteins translocate cotranslation-

ally in the endoplasmic reticulum (ER) membrane

and traffic as vesicular cargoes, via the Golgi, in their

final membrane destination. Misfolding in the ER

leads to protein degradation basically through the

ERAD/proteasome system. Here, we use a mutant

version of the purine transporter UapA (DR481) to

show that specific misfolded versions of plasma

membrane cargoes undergo vacuolar turnover prior

to localization in the plasma membrane. We show

that non-endocytic vacuolar turnover of DR481 is

dependent on BsdABsd2, an ER transmembrane adap-

tor of HulARsp5 ubiquitin ligase. We obtain in vivo evi-

dence that BsdABsd2 interacts with HulARsp5 and

DR481, primarily in the ER. Importantly, accumulation

of DR481 in the ER triggers delivery of the selective

autophagy marker Atg8 in vacuoles along with

DR481. Genetic block of autophagy (atg9D, rabOts)

reduces, but does not abolish, sorting of DR481 in

the vacuoles, suggesting that a fraction of the mis-

folded transporter might be redirected for vacuolar

degradation via the Golgi. Our results support that

multiple routes along the secretory pathway operate

for the detoxification of Aspergillus nidulans cells

from misfolded membrane proteins and that BsdA is

a key factor for marking specific misfolded cargoes.

Introduction

In eukaryotes, polytopic transmembrane proteins face

strict folding controls, most of which operate during their

translocation in the membrane of the ER directly from

ribosomes. It is in fact the process of cotranslational ER

translocation that imposes special challenges for folding,

given that translation operates at higher rates compared

to protein folding (Nyathi et al., 2013). Fine protein quality

control systems for detecting misfolded proteins in the ER

have evolved for detoxifying cells from potentially deleteri-

ous polypeptides (Smith et al., 2011; Gardner et al.,

2013; Ruggiano et al., 2014). Proper folding is also an

absolute requirement for subsequent packaging into

COPII secretory vesicles, ER-exit and, eventually, target-

ing to the plasma or organellar membranes (Sato and

Nakano, 2007; D’Arcangelo et al., 2013). Protein misfold-

ing in the ER membrane can occur stochastically, but also

in response to stress conditions (e.g. higher temperature,

oxidation, drugs or nutrient starvation), or due to muta-

tions affecting cargo intrinsic folding, or in some cases,

specific cis-acting sequences necessary for the molecular

cross-talk of cargoes and sorting chaperones (Schubert

et al., 2000; Kincaid and Cooper, 2007; Kawaguchi et al.,

2010; Lukacs and Verkman, 2012).

In most cases, misfolded proteins or proteins that do

not properly fold within a certain time are targeted for

ER-associated degradation (ERAD), which efficiently

retrotranslocates them from the ER into the cytosol for

degradation via the ubiquitin-proteasome system (Smith

et al., 2011; Gardner et al., 2013). Lys48-linked ubiquity-

lation of the misfolded cargo acts as the primary molec-

ular signal for ERAD (Rotin and Staub, 2011; Lemus

and Goder, 2014). Distinct overlapping ERAD pathways,

associated with different RING-type E3 ubiquitin ligases

(e.g. Hrd1 and Doa10), are selective for different car-

goes (Smith et al., 2011). Despite ERAD, accumulation

of misfolded proteins in the ER causes stress. To cope

with ER stress, cells have evolved an unfolded protein

response (UPR) (Ellgaard and Helenius, 2003; Walter

and Ron, 2011; Brodsky, 2012). The UPR coordinates

the increase in ER-folding capacity through a broad
*For correspondence. E-mail diallina@biol.uoa.gr; Tel. (130) 210

7274649; Fax (130) 210 7274702.
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transcriptional up-regulation of ER-folding, lipid biosyn-

thesis and ERAD machinery (Travers et al., 2000), with

a decrease in folding load through selective mRNA deg-

radation and translational repression (Hollien and Weiss-

man, 2006). In addition, a distinct ER Quality Control

(ERQC) mechanism, called HIP (Hrd1p independent-

proteolysis), has been described in Saccharomyces cer-

evisiae (Haynes et al., 2002). HIP eliminates misfolded

proteins from the ER in a manner that requires vesicular

transport from the ER to the Golgi apparatus. Once in

the cis-Golgi compartment, the misfolded cargo is modi-

fied by 1,6-mannose addition before Lys63-type ubiqui-

tylation by the HECT-type ubiquitin ligase Rsp5p and

subsequent degradation by the proteasome. It was pro-

posed that the misfolded protein might interact with the

proteasome in the vicinity of the Golgi, or it may be

transported back to the ER where it presumably translo-

cates in the proteasome. Very recently it has also been

shown that in S. cerevisiae the proteasome acquires a

role in the endocytic-vacuolar pathway during cold

response (Isasa et al., 2016).

Some misfolded proteins escape the ERQC and are

degraded in the vacuole/lysosome. Such misfolded pro-

tein cargoes are caught primarily in the Golgi apparatus

and then sorted into the multivesicular bodies (MVB)/

vacuolar pathway, in a process called Golgi Quality Con-

trol (GQC). Details of the mechanism of GQC remain

poorly understood (Hegde and Ploegh, 2010; Wang

et al., 2011). In S. cerevisiae, HECT- (Rsp5) and RING-

type (Tul1) ubiquitin ligases seem to be involved in GQC

(Lewis and Pelham, 2009). Both ubiquitin ligase systems

seem to recognize exposed polar transmembrane

regions, thus targeting partially misfolded proteins for

vacuolar degradation (Lewis and Pelham, 2009).

Misfolded transmembrane proteins can also be found in

the plasma membrane, either because they have escaped

all other control points, or due to conditions imposed after

these proteins have reached the plasma membrane (Lin

et al., 2008; Wang et al., 2011). These proteins are also

subject to quality control and degraded via ubiquitylation,

endocytosis and sorting into the MVB/vacuole. Plasma

Membrane Quality Control (PMQC) involves Rsp5-

dependent ubiquitylation. It seems that GQC and PMQC,

and probably other peripheral quality control pathways, all

converge at the MVB endosomal compartment.

Still another possible pathway for detoxifying cells

from misfolded proteins is autophagy. General autoph-

agy is a starvation-elicited, non-selective, degradative

pathway, which supplies cells with essential macromole-

cules for survival (Kruse et al., 2006; Mizushima et al.,

2008). However, there is also nutrient-independent

selective autophagy, the main function of which is to

enforce intracellular quality control by selective disposal

of protein aggregates and damaged organelles (Mizush-

ima et al., 2008). Selective autophagy of misfolded pro-

teins is known as Quality Control (QC) autophagy (Lee

and Yao, 2010; Yao, 2010). Unlike starvation-induced

autophagy, QC autophagy distinguishes its substrates

by recognizing their ubiquitylated forms. In this process,

receptors need to tether the ubiquitylated cargo to nas-

cent autophagosomes. E3 ubiquitin ligases are involved

in ubiquitylation of QC autophagic substrates. Interest-

ingly, K63-linked rather than K48-linked ubiquitin chains

could also be part of a defining ubiquitin code for QC

autophagic substrates (Yao, 2010).

Supporting Information Figure S1 summarizes the

putative turnover pathways of membrane proteins.

The filamentous ascomycete Aspergillus nidulans with

its amenability to in vivo multidimensional microscopy is

becoming one of the best genetically tractable systems

to study cellular processes related to membrane traffick-

ing and proteostasis (Pe~nalva, 2010; Abenza et al.,

2012; Pe~nalva et al., 2012; Pantazopoulou et al., 2014;

Pinar et al., 2015). In this work, we use a specific

mutant version of the UapA purine/H1 symporter (Gour-

nas et al., 2008, 2010; Diallinas and Gournas, 2008),

which exhibits partial ER-retention associated with

vacuolar turnover (Kosti et al., 2010), for identifying

mechanisms responsible for its degradation. We show

that this mutant, called DR481, is turned-over by both

ERAD and selective autophagy, operating prior to

plasma membrane localization and endocytosis. Inter-

estingly, in mutants genetically blocked in autophagy, a

fraction of DR481 seems to be degraded by sorting

from the Golgi to the vacuole. We demonstrate that the

non-endocytic vacuolar turnover of DR481 is dependent

on BsdABsd2, a functional adaptor of the HulARsp5 ubiq-

uitin ligase. Our results support that eukaryotic cells use

multiple parallel QC systems to ensure detoxification

from misfolded proteins all along the secretory pathway.

Results

Misfolded UapA mutants show partial ER-retention
and reduced steady-state protein levels, associated
with both ERAD and vacuolar turnover

The UapA uric acid-xanthine/H1 symporter is one of the

most extensively studied transporters in eukaryotes (see

reviews Diallinas and Gournas, 2008; Gournas et al., 2008;

Diallinas, 2014). It is a polytopic membrane protein pos-

sessing 14 a-helical transmembrane segments (TMSs)

and cytoplasmic N- and C-terminal tails. Using fully func-

tional GFP-tagged versions of UapA, we have shown that

UapA molecules are exclusively sorted in the plasma mem-

brane (PM), apparently through the secretion pathway,

involving ER-exit and passage through the Golgi compart-

ment (Pantazopoulou et al., 2007; Gournas et al., 2010).
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Functional UapA or UapA-GFP allows full growth on

uric acid or xanthine as sole nitrogen source, as these

purines are efficiently catabolized to ammonium in A.

nidulans (Gournas et al., 2011). Basal low-level turnover

operates via endocytosis and sorting to the MVB/vacuo-

lar compartment (Gournas et al., 2010). Massive UapA

endocytosis and prominent vacuolar degradation can be

elicited in response to a shift in rich nitrogen source

media, or in the presence of excess substrates (Gour-

nas et al., 2010; Karachaliou et al., 2013). No other

turnover pathway, besides endocytosis, is currently

known to operate for wild-type UapA. Finally, there is

no current evidence that UapA recycles, under any con-

ditions tested, from the endosomes back to the PM.

Several loss-of-function mutations of UapA show

nearly normal plasma membrane localization with mod-

erately increased vacuolar turnover (Koukaki et al.,

2005; Pantazopoulou and Diallinas, 2006; Vlanti et al.,

2006; Papageorgiou et al., 2008; Kosti et al., 2010).

However, a smaller number of specific mutations located

within or in the cytoplasmic borders of TMSs leads to

massive vacuolar turnover of UapA, often associated

with partial ER retention, and no or little plasma mem-

brane localization. Vacuolar sorting of the corresponding

mutant versions of UapA-GFP has been confirmed by

the co-localization with 7-amino-4-chloromethylcoumarin

(CMAC), whereas partial ER retention is evidenced by

fluorescent labelling of perinuclear ER rings (Pantazo-

poulou and Diallinas, 2006; Vlanti et al., 2006; Kosti

et al., 2010; Amillis et al., 2011; Martzoukou et al.,

2015; see below). Prominent examples of such, appa-

rently misfolded, UapA versions are shown in Fig. 1A

and concern mutations located in TMS1 (I74N, H86A),

TMS7 (G301L/G313L) or TMS13 (DR481, AGR481). In

some of these mutants, low plasma membrane localiza-

tion of UapA is also observed, as for example in H86A.

The subcellular co-localization of these mutants with

vacuoles has been shown before. Figure 1B shows the

vacuolar localization of a selected mutant, namely

DR481, using the lipophilic dye FM4-64 and CMAC

(Pe~nalva, 2005). DR481-GFP associated fluorescent

structures show short range slow motility in the periph-

ery of perinuclear ER rings (Video S1A). This contrasts

the situation when we follow vacuolar sorting via early

endosomal sorting of wild-type UapA after endocytosis

(Gournas et al., 2010; Karachaliou et al., 2013; Video

S1B). This observation suggested that a major fraction

of DR481 is degraded in the vacuole by a pathway other

than endocytosis. Similar evidence for non-endocytic

turnover of other apparently misfolded UapA mutants

was obtained (not shown). Subsequent work described

in this article concerns mutant DR481, taken as a model

misfolded version of UapA and used for identifying the

mechanism(s) of vacuolar turnover by an apparently

non-endocytic route.

The subcellular localization of wild-type UapA and

DR481 reflects expression from the uapA native pro-

moter, which is rather moderate at the onset of germina-

tion and drops to lower levels during vegetative growth

of A. nidulans (Amillis et al., 2004; Gournas et al.,

2010). To better analyze the nature of DR481 turnover,

we made use of the controllable strong promoter of the

alcohol dehydrogenase gene (alcAp) (Felenbok, 1991),

which allowed us to perform promoter shut-off experi-

ments. Transcription from alcAp in the presence of a

non-repressible carbon source (e.g. fructose) leads to

continuous UapA expression (see Fig. 1C, left panel).

Efficient repression of UapA transcription, evidenced as

lack of UapA-GFP fluorescence, can be achieved when

samples are shifted to glucose (Pantazopoulou et al.,

2007). When DR481-GFP is expressed from the alcAp

promoter under non-repressible conditions, fluorescence

is mostly associated with perinuclear ER membranes, a

membranous network and vacuoles similar to the picture

obtained when expressed from the native promoter (Fig.

1C, right panels). However, low GFP fluorescence is

also associated with the cell periphery, which suggested

that when DR481-GFP is continuously expressed via

alcAp, a fraction of it eventually reaches the plasma

membrane (�20% compared to the wild-type UapA).

We followed the steady-state levels of DR481-GFP

compared to wild-type UapA-GFP by Western blot anal-

ysis, using an anti-GFP antibody. We detected signifi-

cantly lower steady-state levels of intact DR481-GFP

compared to wild-type UapA-GFP, both during the 3-

hour induction of the alcAp (pulse) (31% versus 100%)

and after a 2-hour cyxloheximide (CHX) chase period,

blocking total protein synthesis (6% versus 33%) (Fig.

1D). Similar results were also obtained in transcriptional

pulse-chase experiments, in which alcAp transcription of

UapA-GFP or DR481-GFP is induced (I) for 3 h (pulse)

followed by a 2-hour transcriptional repression (R) of

alcAp by the addition of glucose (chase, results not

shown). These results suggested that DR481-GFP, com-

pared to wild-type UapA-GFP, is susceptible to more

rapid turnover. In addition, this experiment revealed that

the vacuolar degradation of DR481 might be higher than

that of wild-type UapA, as evidenced by the higher

accumulation of free GFP in the strain expressing

DR481-GFP compared to wild-type UapA-GFP (i.e. 92%

versus 74%). Detection of free GFP in Western analy-

ses is a standard indirect measure for vacuolar degrada-

tion of GFP-tagged membrane proteins, due to the low

rate of turnover of the GFP in the vacuoles (Shintani

and Klionsky, 2004; Pinar et al., 2013a).

To investigate the possible involvement of ERAD in the

non-vacuolar turnover, we compared changes in the
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steady-state levels of DR481 after a 2-hour treatment with

epoxomicin, a selective non-reversible proteasome inhibitor

(Meng et al., 1999). Indeed, Fig. 1E shows that pharmaco-

logical block of ERAD significantly inhibited the turnover of

DR481 (�49%). Importantly however, even when ERAD is

blocked, the remaining �51% of DR481 is degraded in

the vacuole, as evidenced by the levels of free GFP.

The observed ER retention and ERAD of DR481

strongly suggested that DR481 is a partially misfolded

version of UapA. This was confirmed by the observation

that the alcAp-driven expression of DR481, but not of

wild-type UapA, induced 3.5-fold the transcription of BiP

(Fig. 1F), an ER-associated chaperone, the over-

expression of which is directly associated with UPR

(Walter and Ron, 2011).

Vacuolar turnover of DR481 occurs primarily by

non-endocytic mechanism(s) involving

HulA-dependent activity

Vacuolar turnover of wild-type UapA through endocytosis

and MVB/endosomal sorting requires ubiquitylation at a

Fig. 1. Misfolded UapA mutants show partial ER-retention and reduced steady-state protein levels, associated with both ERAD and vacuolar
turnover.
A. Epifluorescence microscopy showing the localization of selected, GFP-tagged, mutants of UapA (TMS13-DR481, TMS13-AGR481, TMS7-
G301/G313L, TMS1-I74N and TMS1-H86A) in vacuoles (Vac) and perinuclear ER rings, contrasting the PM localization of the wild-type UapA.
Inserts at the left bottom side show UapA-dependent growth on uric acid as sole nitrogen of A. nidulans strains expressing the relevant UapA
versions. Conidiospore production reflects efficiency of nitrogen source uptake, thus, revealing UapA transporter activity (for details of strains
see Experimental procedures and Supporting Information Table S1).
B. Epifluorescence inverted microscopy showing the subcellular co-localization of mutant DR481 with CMAC- and FM4-64-stained vacuoles.
C. Epifluorescence inverted microscopy showing the localization of GFP-tagged wild-type UapA and mutant DR481 expressed from the native
or the alcAp promoter. Note that upon expression from the alcAp promoter all (99.6%) hyphal cells show a degree of PM localization of DR481-
GFP, contrasting the low percentage (21%) of cells with PM localization of DR481-GFP when expression is driven by the native promoter.
Notice also that the fraction of DR481-GFP localized in the PM upon alcAp-driven expression is 20 6 6% of that of the wild-type alcAp-UapA-
GFP, as estimated using Image J in 10 different hyphae. Lower panels show CMAC staining of vacuoles. Scale bars represent 5 lm.
D. Western blot analysis, using anti-GFP antibody, of wild-type UapA or mutant DR481, expressed from alcAp, in the absence or after adding
cycloheximide (CHX), which is used to shut-off de novo protein synthesis. Lowest panel shows a control for protein loading using anti-actin
antibody. Relative steady-state levels of the different proteins/polypeptides, estimated as described in Experimental procedures, is shown at the
bottom.
E. Western blot analysis after a 3-hour induction (I) followed by a 2-hour transcriptional repression (R), in the presence of the non-reversible ERAD
inhibitor epoxomicin or DMSO as control. Untreated samples have been also included as controls. Relative protein quantification is as in D.
F. Northern blot analysis detecting BiP mRNA steady-state levels in strains expressing wild-type UapA or mutant DR481, under alcAp inducing (3 h)
or repressing conditions (3 h induction followed by 1 or 2 h of repression respectively). RNA loading controls are shown in the lower panels.
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single C-terminal Lys residue (Lys572) catalyzed by the

HECT-type ubiquitin ligase HulARsp5 (Gournas et al.,

2010). HulA-dependent ubiquitylation of UapA requires the

activity of the arrestin-like adaptor ArtA (Karachaliou et al.,

2013). Upon ubiquitylation, UapA molecules are recruited

to endocytic vesicles and are internalized in a process that

requires the SagAEnd3 actin-binding protein. To test a pos-

sible contribution of endocytosis in the vacuolar degrada-

tion of DR481, we followed its subcellular localization in

mutant strains lacking functional HulARsp5, ArtA and SagA

proteins, or by using a version of DR481, which cannot be

ubiquitylated due to the mutation K572R.

Our results show that in mutant strains deficient in

UapA endocytosis (artAD or sagAD), DR481 still shows

ER retention and significant, albeit reduced, vacuolar

degradation (Fig. 2). The fact that blocking endocytosis

reduces, but does not abolish the level of vacuolar deg-

radation suggested that only the fraction of DR481 that

reaches the plasma membrane is vulnerable to endocy-

tosis, whilst the rest is degraded by a non-endocytic

mechanism. Given the rather unlikely possibility that

endocytosis of misfolded UapA versions might depend

on arrestin-like adaptors or factors other than ArtA or

SagA, we also used a rabBD mutant strain, lacking the

early endosomal GTPase RabBRab5. Deletion of Rab-

BRab5 prevents the MVB sorting and vacuolar delivery of

plasma membrane transporters during endocytosis

(Abenza et al., 2010). Results shown in Fig. 2 confirm

that a genetic block (rabBD) of the endocytic sorting of

DR481 in vacuoles has only a partial effect on the levels

of DR481 vacuolar degradation, similar to what was

observed in artAD and sagAD strains (turnover rates

41.9–44.9%). Vacuolar degradation of DR481 was how-

ever totally blocked in the absence of a fully functional

HulARsp5 ubiquitin ligase (hulAD strain), as evidenced by

the near absence of vacuoles or free GFP in relevant

Western blot after 3 h induction (I) followed by a 2-hour

transcriptional repression of the alcAp (R) (2.7% turn-

over). Interestingly, the version of DR481 carrying sub-

stitution K572R was efficiently turned-over (58.5%),

similarly to the original DR481 (66.4%). This shows that

action of HulA, unlike that employed in the endocytic

turnover of UapA, is unrelated to ubiquitination of K572.

This strongly supported that a major mechanism of

DR481 degradation operates prior to PM localization

and independently of endocytosis.

Independence of the non-endocytic vacuolar degrada-

tion of DR481 from Lys572, but dependence on HulARsp5,

suggested that other Lys residues in DR481 might be

exposed to HulARsp5-dependent ubiquitylation, or that

HulARsp5 has an indirect effect on DR481. To test this, we

mutated simultaneously all cytoplasmic-facing Lys resi-

dues present in the N-tail (K21R, K22R, K59R, K60R,

K73R) and the C-tail (K572R) of UapA in DR481 and

tested whether this modification blocks its turnover. Sup-

porting Information Figure S2A shows that DR481 lacking

all six Lys residues present in cytoplasmically exposed

protein termini (i.e. 6KR) is still significantly degraded in

Fig. 2. Vacuolar turnover of DR481
necessitates HulA-dependent ubiquitylation
and occurs independently from endocytosis.
Upper panel: Epifluorescence inverted
microscopy showing the localization of
DR481-GFP in different isogenic genetic
backgrounds (artAD, sagAD, rabBD or
hulADC2) or of a version of DR481-GFP
carrying mutation K572R.
Lower panel: Relative Western blot analysis,
using anti-GFP antibody and conditions
described in Fig. 1E, of the same strains
shown in the upper panel. Protein loading
(actin levels) and relative quantification is
shown at the bottom. Notice that only
expression in hulADC2 blocks vacuolar
sorting and degradation of DR481.
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vacuoles. This suggests that either HulARsp5 does not

ubiquitylate DR481 or a ‘cryptic’ Lys residue from a trans-

membrane segment or cytoplasmic loops, or even from

the GFP tag itself, is exposed and acts as the acceptor of

ubiquitin. In the last case, this would be a consequence

of the presence of the DR481 mutation, as the GFP tag

is not a target for ubiquitylation in the wild-type UapA

(Karachaliou et al., 2013). To explore further these two

possibilities, we performed Western blot analysis adapted

for detecting ubiquitylated forms of UapA, as in Gournas

et al. (2010). We could not however detect ubiquitylation

of DR481 compared to wild-type UapA (Supporting Infor-

mation Fig. S2B). This implies that either DR481 is not

directly ubiquitylated or that our assays are not sufficiently

sensitive to detect ubiquitylation of the fraction of DR481

that undergoes vacuolar degradation.

Non-endocytic vacuolar degradation of DR481

requires BsdABsd2

Our results suggested that a major fraction of DR481 is

turned-over by HulA-dependent ubiquitylation and sort-

ing to the vacuole from a secretory compartment, most

probably the ER, the Golgi or the endosomal network,

rather than the plasma membrane via endocytosis. We

searched for putative adaptors mediating the interac-

tion of HulA with DR481 at the ER/Golgi/endosome

interface. For this, we made use of knowledge coming

S. cerevisiae. Two were the most obvious candidates.

These are the homologues of the Bsd2 or Ear1 pro-

teins. These proteins are required for Rsp5-dependent

ubiquitylation and sorting of specific cargo proteins,

including misfolded transporters, into the MVB/vacuole

(Hettema et al., 2004; L�eon et al., 2008; Nikko and Pel-

ham, 2009). We identified in silico single homologues

of both S. cerevisiae proteins in A. nidulans, which we

named BsdABsd2 (AN5668, 36% identity) and EarAEar1

(AN0831, 50% identity), and constructed by standard

reverse genetics the relevant knockout strains (bsdAD
and earAD). bsdAD has a mildly delayed rate of growth

in the presence of subtoxic concentrations of CdCl2
and produces fewer conidiospores at 428C, compared

to an isogenic control strain (Supporting Information

Fig. S3). A similar, but stronger, mutant phenotype has

been observed for bsd2D in S. cerevisiae (Liu et al.,

1997). The growth phenotype of earAD is moderately

distinct from that of an isogenic earA1 strain and has

no effect on DR481-GFP turnover (results not shown),

thus no further work was performed with this mutant.

The absence of a functional BsdABsd2 (bsdAD) sup-

pressed vacuolar sorting and increased relocalization of

DR481 in the plasma membrane, whilst ER retention was

still evident (Fig. 3A). This also suggested that lack of a

functional BsdA does not suppress misfolding and ER

retention. Lack of a functional BsdABsd2 had also no

apparent effect on wild-type UapA localization. Western

blot analysis further showed that the high vacuolar turn-

over of DR481 in the wild-type background (bsdA1) is

significantly, but not totally, blocked in the absence of a

functional BsdABsd2 (22.8% turnover in bsdAD, versus

55.7% in bsdA1 background; see Fig. 3C). We tested

whether the remaining vacuolar degradation is the prod-

uct of endocytosis, given that DR481 molecules

expressed from the alcAp reach the PM and are thus eli-

gible to endocytic turnover. We followed the subcellular

localization of DR481 in the bsdAD artAD and bsdAD
sagAD double mutants. In both cases, within the limits of

epifluorescence microscopy, DR481 was entirely local-

ized in the plasma membrane with no evidence for

vacuolar sorting (Fig. 3B, upper panel). The non-

localization of DR481 with the vacuoles in bsdAD artAD
or bsdAD sagAD mutants becomes even more evident

under conditions where de novo protein synthesis is

blocked with cycloheximide (CHX). Under these condi-

tions, already synthesized DR481 molecules have exited

the ER (no perinuclear rings detected) and followed an

apparently normal trafficking route towards the plasma

membrane or the vacuoles (Fig. 3B, lower panel). West-

ern blot analysis following degradation of DR481 after a

3-hour transcriptional induction (I) and a 2-hour transcrip-

tional repression (R) of alcAp (Fig. 3C) confirms that in

the double bsdAD artAD or bsdAD sagAD mutants very

little turnover of DR481 takes place (13.9–15.2%). Notice

that in these mutants, despite the absence of detectable

vacuolar sorting, as judged by epifluorescence micros-

copy, we still detect low amounts of free GFP in west-

erns, which is taken as minor vacuolar degradation.

We further showed that the function of BsdA is irrele-

vant to endocytosis, as in a bsdAD background, plasma

membrane sorted DR481 is drastically endocytosed in the

presence of ammonium (Fig. 3D), a standard signal trig-

gering UapA internalization from the PM (Gournas et al.,

2010). Internalization from PM is however completely

blocked in the double bsdAD artAD mutant (Fig. 3D and

Video S2), thus, DR481 endocytosis is absolutely depend-

ent on a functional ArtA, the same adaptor recruited

during the endocytosis of wild-type UapA. This result dis-

misses the possibility that DR481 requires other arrestin-

like proteins for its endocytic turnover.

Overall, our results showed that blocking the

BsdABsd2-dependent turnover pathway, which apparently

operates from secretory compartments, impairs vacuolar

degradation of DR481 molecules and promotes relocali-

zation in the plasma membrane. Consequently, in a

bsdAD background DR481 molecules are sorted in the

plasma membrane and from there a fraction of them

undergo ArtA-, SagA- and RabB-dependent endocytosis
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and vacuolar sorting. Thus, simultaneous genetic blocks

of the endocytic flux of DR481 (in artAD, sagAD or

rabBD strains) and of the bsdA-dependent pathway

impairs vacuolar degradation. Note that, despite the

total plasma membrane localization of DR481 in the

bsdAD artAD or bsdAD sagAD backgrounds, we could

not detect any measurable transport activity, reflected in

the lack of growth on uric acid as a sole nitrogen

source, showing DR481 is still a misfolded and inactive

version of UapA (Supporting Information Fig. S4).

BsdABsd2 is an ER transmembrane adaptor of HulA

To detect the subcellular localization of BsdA, we con-

structed both N- and C-terminally GFP-tagged versions.

Strains expressing these constructs were analyzed with

epifluorescence microscopy. The N-terminally tagged

GFP-BsdA version showed very little cytoplasmic and

rather diffuse fluorescence, incompatible with a transmem-

brane protein (not shown). Instead, the C-terminal GFP-

tagged version of BsdA gave a strong fluorescent signal

labelling perinuclear ER membranes and an extended,

Fig. 3. Non-endocytic vacuolar degradation of DR481 requires BsdABsd2.
A. Epifluorescence inverted microscopy showing the localization of GFP-tagged wild-type UapA or mutant DR481 in bsdA1 and bsdAD
isogenic backgrounds. Notice that DR481-GFP vacuolar turnover is apparently blocked in bsdAD, but ER localization persists.
B. Epifluorescence inverted microscopy showing the localization DR481-GFP in different isogenic genetic backgrounds (artAD, sagAD, bsdAD,
artAD bsdAD or sagAD bsdAD). Notice, in the upper panel, that total block in DR481-GFP vacuolar turnover is obtained only in the double
artAD bsdAD or sagAD bsdAD mutants. The lower panel shows the same samples after addition of cycloheximide (CHX) for 2 h for blocking
de novo protein synthesis. Under this treatment already-synthesized DR481-GFP is localized in vacuoles and the PM, as the ER-retained
fraction is apparently degraded or/and sorted to the PM. Again, notice that total block of vacuolar degradation of DR481-GFP is obtained only
in the double artAD bsdAD or sagAD bsdAD mutants. The lowest panel shows vacuoles stained with CMAC.
C. Western blot analysis, using anti-GFP antibody of DR481-GFP expressed in wild-type, artAD bsdAD or sagAD bsdAD genetic backgrounds.
Total protein was extracted after a 3-hour transcriptional induction (I) followed by an additional 2-hour transcriptional repression of the alcAp.
Protein loading (actin levels) and relative quantification is shown at the bottom.
D. Epifluorescence inverted microscopy detecting the subcellular localization of DR481-GFP in bsdAD or bsdAD artAD isogenic mutants,
under control (NO2

3 ) or endocytic conditions (NH1
4 ).
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rather immotile cytoplasmic membrane network, appa-

rently the ER membrane network (Fig. 4A). Western blot

analysis of BsdA-GFP using an anti-GFP antibody con-

firmed the presence of a single polypeptide at the

expected molecular weight (Fig. 4B). Absence of a free

GFP fragment in this Western blot analysis, characteristic

of vacuolar proteolysis of transmembrane proteins, further

suggested that the GFP tag has no significant effect on

BsdA folding and thus no effect on its subcellular localiza-

tion. BsdA-GFP showed practically no co-localization with

Sec24-mRFP, a marker of the ER exit sites (ERes), or

with cis- or trans-Golgi markers, such as syntaxin

mCherry-SedV (Pinar et al., 2013a) and mRFP-PHOSBP

(Pantazopoulou and Pe~nalva, 2009) respectively (Fig. 4C;

for strain construction details see Experimental proce-

dures). The significance of this becomes apparent later.

Fig. 4. BsdABsd2 is a protein of the ER membrane.
A. Epifluorescence inverted microscopy showing the subcellular localization of BsdA-GFP expressed from alcAp promoter. A similar picture is
obtained when BsdA-GFP is expressed from its native promoter.
B. Western blot analysis, using anti-GFP antibody, of an intact GFP-tagged BsdA protein, expressed under induced conditions from alcAp, in
the presence of ammonium or nitrate ions as sole nitrogen sources.
C. Epifluorescence inverted microscopy investigating the co-localization of BsdA-GFP with ER exit sites (Sec24-mRFP) and cis- (SedV-
mCherry) or trans- (mRFP-PHOSBP) Golgi markers (for strain details see Experimental procedures). Scale bars represent 5 lm.
D. Schematic topology of BsdABsd2 showing the presence of two putative transmembrane segments (marked as I, II), the cytoplasmic N- and
C-tails and the cytoplasmic PY motifs.
E. Epifluorescence inverted microscopy showing the essential role of the PY motifs and Lys170 of BsdA-GFP, in respect to the vacuolar
sorting of DR481-GFP.
F. Direct in vivo evidence for the interaction of BsdA-YFPn and HulA-YFPc via a relative BiFC assay (see text). Notice that no reconstituted
split-YFP fluorescence is detected in control strains expressing either BsdA-YFPn or HulA-YFPc.
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In silico prediction of the topology of BsdA supports

the existence of two transmembrane domains (TMD) and

a rather long cytoplasmic N-tail. This is somehow differ-

ent from Bsd2p in S. cerevisiae, which has three putative

TMDs (Hettema et al., 2004), but similar to nearly all

homologous proteins in Aspergilli of known genome

sequences (http://www.aspgd.org/). The N-tail of BsdA

hosts two putative PPXY motifs (Figs 4D and Supporting

Information Fig. S5), through which BsdA apparently

recruits HulARsp5, as assumed by the interaction of

Bsd2p with Rsp5p in S. cerevisiae (Hettema et al., 2004;

Sullivan et al., 2007). We obtained direct evidence for the

functional importance of both PY elements by directed

mutagenesis (for details see Experimental procedures).

DR481 turnover was significantly blocked in strains

expressing Ala substituted versions of either or both PY

elements (Fig. 4E), similarly to strains carrying a bsdAD
null mutant. Furthermore, BsdA has been identified as

ubiquitylated protein in the ubiquitome of A. nidulans

(Chu et al., 2016). This work identified Lys170, just

upstream from the PY elements, as the ubiquitin acceptor

residue. We obtained direct evidence for the importance

of Lys170 in BsdA function, based on the observation

that mutation K170R blocked the turnover of DR481, sim-

ilarly to bsdAD null or PY mutants (Fig. 4E). However, we

failed to detect ubiquitylated forms of BsdA using an anti-

ubiquitin antibody (not shown).

We obtained direct evidence for the in vivo interaction

of BsdA and HulA. This was achieved by using a bifluor-

escence complementation (BiFC) assay, which detects

the reconstitution of fluorescence by the association of

the two parts of split-YFP (YFPn and YFPc; Martzoukou

et al., 2015) when tagged in BsdA and HulA respectively

(for details see Experimental procedures). This is shown

in Fig. 4F where fluorescence is clearly detected in cyto-

plasmic structures in a strain coexpressing BsdA-YFPn

and HulA-YFPc, but not in control strains expressing

either BsdA-YFPn or HulA-YFPc. The site of this subcel-

lular interaction is discussed later.

BsdABsd2 interacts with DR481, but not with wild-type

UapA, in the ER

All evidence supported that BsdA interacts with DR481.

We examined the localization of BsdA-GFP in respect to

that of DR481-mRFP. Figure 5A shows that the two pro-

teins partially co-localize in cytoplasmic structures, often

found in the periphery of perinuclear ER rings or next to

the PM, but also in vacuoles (mostly evident in the

spore head). Notice also the dynamic reshaping of the

co-localization structure in the middle of the hyphae,

highlighted with an arrowhead in Fig. 5A. This resem-

bles the formation of autophagosomes, an observation

that will be later confirmed. It is also important to notice

that in the strain expressing BsdA-GFP, DR481-mRFP

showed significant vacuolar degradation as expected for

a bsdA1 strain, confirming that the BsdA-GFP chimeric

protein is functional.

We obtained direct evidence for the interaction of BsdA

with DR481 by using the BiFC assay that follows the

reconstitution of split-YFP, as we described above for

the interaction of BsdA and HulA, and previously for the

homodimerization of UapA (Martzoukou et al., 2015). We

constructed a strain expressing simultaneously DR481-

YFPn and BsdA-YFPc, as well as control strains express-

ing each construct alone (see Experimental procedures).

Figure 5B shows that split-YFP fluorescence is reconsti-

tuted, only in the DR481-YFPn/BsdA-YFPc strain, in peri-

nuclear ER membrane rings (2 h) and other cytoplasmic

structures (4 h), as well as, in vacuoles (6 h). The inter-

action of BsdA with DR481 is dynamic and transient,

given that fluorescence was associated with distinct sub-

cellular compartments depending on the time period of

de novo synthesis of the two protein partners. Impor-

tantly, no reconstituted YFP fluorescence was detected in

a strain coexpressing wild-type UapA-YFPn with BsdA-

YFPc, or in control strains expressing either DR481-

YFPn or BsdA-YFPc alone (Fig. 5B, right panels). We

further investigated the site(s) of DR481-YFPn/BsdA-

YFPc interaction by co-localization studies with Golgi

markers (for strain construction see Experimental proce-

dures). Results in Fig. 5C are suggestive of limited appa-

rent co-localization of DR481/BsdA with the Golgi. This

was in line with the no co-localization of DR481-GFP with

Golgi markers, as shown in Fig. 5D. The significance of

this becomes apparent later.

Selective autophagy is involved in the vacuolar turnover

of DR481

The only currently known pathway for vacuolar degrada-

tion of ER trapped proteins is selective autophagy (see

Introduction). We investigated the role of selective autoph-

agy in the turnover of DR481 through co-localization stud-

ies with Atg8, a key selective autophagy marker. This

ubiquitin-like protein, which is localized in phagophore

assembly sites (PAS), mature phagophores and autopha-

gosomes, plays a central role in autophagy in S. cerevi-

siae (Nakatogawa et al., 2007) and A. nidulans (Pinar

et al., 2013b), and is widely accepted as a prototypical

protein marker for autophagy. We first checked whether

under the conditions used for the experiments concerning

the localization and turnover of DR481 (i.e. minimal media

with nitrate as sole nitrogen source) starvation-dependent

selective autophagy is elicited. For this, we followed the

subcellular localization of mCherry-Atg8 in a wild-type
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strain expressing wild-type UapA (i.e. no UapA mutant).

Figure 6A shows the absence of apparent selective

autophagy, as judged by the presence of a cytoplasmic

red fluorescent haze and only 1 or 2 bright foci per hypha,

apparently PAS, which, as expected, do not co-localize

with vacuoles (Kimura et al., 2011; Pinar et al., 2013b).

In contrast to the above picture, expression of DR481-

GFP elicited significant progressive formation of DR481-

GFP-positive, mCherry-Atg8 labelled autophagosomes,

and, finally vacuolar degradation of both DR481-GFP

and mCherry-Atg8 (Fig. 6B and C). This is in line with

the observation that in autophagy Atg8 is degraded in

the vacuoles (Kimura et al., 2011; Pinar et al., 2013b).

The shape of the DR481-GFP and mCherry-Atg8 puncta

is characteristic of mature autophagosomes, showing

the progressive closure of autophagosomal membranes

(Fig. 6C). Importantly, the co-localization of DR481-GFP

and mCherry-Atg8 in vacuoles was nearly absolute, sug-

gesting that autophagy is the primary mechanism for

DR481-GFP vacuolar turnover.

To further test whether sorting of mCherry-Atg8 to the

vacuoles elicited by DR481-GFP requires a functional

BsdA protein, we also performed co-localization studies

of mCherry-Atg8 with DR481-GFP in a bsdAD genetic

background. Figure 6D shows that expression of

DR481-GFP in the absence of BsdA triggers some

selective autophagy, as judged by the detection of a few

Atg8-marked autophagosomes. Importantly, in this case,

none of these autophagosomes contained DR481-GFP,

in sharp contrast to what was observed in a bsdA1

Fig. 5. BsdABsd2 interacts with DR481, but not with wild-type UapA, in the ER.
A. Epifluorescence inverted microscopy showing the partial co-localization of BsdA-GFP and DR481-mRFP in perinuclear ER membrane
rings, cytoplasmic structures peripheral to the ER, and in vacuoles. The picture shows snapshots from a time lapse movie of 2 min. Notice the
dynamic reshaping of the BsdA-GFP/DR481-mRFP highlighted with arrowhead. This structure resembles the formation of autophagosomes
(see Fig. 6).
B. Direct in vivo evidence for the interaction of DR481-YFPn with BsdA-YFPc via a relative BiFC assay after 2, 4 or 6 h of de novo synthesis
of the two partner proteins (see text). Notice that at 2 h this interaction labels ER perinucler rings, whereas at 6 h DR481-YFPn/BsdA-YFPc
co-localize with vacuoles (CMAC). Notice also that no reconstituted split-YFP fluorescence is detected in control strains expressing either
DR481-YFPn or BsdA-YFPc alone, or in a strain co-expressing wild-type UapA-YFPn with BsdA-YFPc.
C. Epifluorescence inverted microscopy showing very minor apparent co-localization of reconstituted split-YFP fluorescence of DR481-YFPn/
BsdA-YFPc with cis- or trans-Golgi markers (SedV and PHOSBP respectively; see text).
D. Epifluorescence inverted microscopy showing non-co-localization of DR481-GFP with cis- (SedV-mCherry) or trans- (mRFP- PHOSBP) Golgi
markers. Scale bars represent 5 lm.
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background. This suggests that whilst the accumulation

of the misfolded version of UapA (DR481-GFP) in the

ER membrane might act as a signal for selective

autophagy, a functional BsdA protein is necessary for

the specific turnover of the misfolded cargo.

Previous observations have shown that when autoph-

agy is active, Atg8 undergoes vacuolar turnover (Pinar

et al., 2013b). We performed a Western blot analysis fol-

lowing the steady-state levels of mCherry-Atg8, either

when there is no misfolded mutant expressed (control) or

when DR481-GFP is expressed in bsdA1 (DR481) and

bsdAD (DR481 bsdAD) isogenic backgrounds. Figure 6E

shows that the steady-state level or mCherry-Atg8 is sig-

nificantly higher in the control strain treated in the same

conditions, whereas expression of DR481-GFP signifi-

cantly elicits the turnover of mCherry-Atg8. However,

mCherry-Atg8 turnover seems independent of BsdA, as it

is also observed in the bsdAD strain expressing DR481.

Figure 6E (right panel) also confirms that significant

vacuolar degradation of DR481-GFP is BsdA-dependent.

Overall, our results suggested that whilst the presence of

a misfolded version of UapA trapped in the ER mem-

brane elicits selective autophagy, the BsdA protein is not

necessary for triggering autophagy, but is rather essential

for the subsequent specific turnover of DR481-GFP

through sorting into autophagosomes.

Genetic blocks in autophagy reduce, but do not abolish,
DR481 vacuolar turnover

To further show the importance of selective autophagy

in DR481 turnover, we followed DR481 subcellular

Fig. 6. Vacuolar turnover of DR481 occurs by BsdA-dependent selective autophagy.
A. Epifluorescence inverted microscopy showing that autophagy is not elicited, under growth conditions used, when no misfolded version of
UapA-GFP is expressed. Notice the presence of some mCherry-Atg8 specific PAS, but the absence of mature autophagosomes. Notice also
that the mCherry-Atg8 marker does not co-localize with vacuoles.
B. Induction of autophagosomes by DR481-GFP and co-localization of DR481-GFP, mCherry-Atg8 and vacuoles (CMAC).
C. Highlights of co-localization of DR481-GFP with mCherry-Atg8 depicting the characteristic formation of phagophores, autophagosomes and
vacuoles stained CMAC. Scale bars represent 5 lm.
D. Epifluorescence inverted microscopy showing that in a bsdAD mutant, mCherry-Atg8 specific PAS and a few mature autophagosomes are
formed when DR481-GFP is expressed, but in this case DR481 does not co-localize with either mCherry-Atg8 or vacuoles (CMAC).
E. Western blot analysis, using anti-mCherry or anti-GFP antibodies, showing that expression of DR481-GFP for 5 h results in increased, but
BsdA-independent, turnover of mCherry-Atg8. Protein loading (actin levels) and relative quantification is shown at the bottom.
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localization and vacuolar degradation in strains genetically

blocked in autophagy. For this we used a null mutant of

Atg9, a key factor absolutely essential for autophagy

(Mari and Reggiori, 2005; Stanley et al., 2014), and a

temperature sensitive (ts) mutant of RabO (Pinar et al.,

2013b). The advantage of RabOts (A136D) stems from

the fact that in this mutant blocks in autophagy and

Golgi can be uncoupled depending on temperature. At

25–288C, hyphae show relatively normal secretion, but

are completely blocked in autophagy, whereas at 378C

both autophagy and Golgi traffic are blocked.

Figure 7A shows that in an atg9D background, DR481

is significantly sorted in the PM, but still a fraction of it

is degraded in the vacuoles (39.6% turnover). Whilst, in

principle, the vacuolar sorting of DR481 in atg9D could

be due to endocytosis of the fraction that reached the

PM, we obtained evidence that this is not the case, as

in the double mutant atg9D artAD, which is also blocked

in endocytosis, we measured a practically identical num-

ber of vacuoles (5–6 per 40 lm of hyphal length) The

most probable explanation for this is that when selective

autophagy is blocked, a fraction of DR481 is redirected

towards the Golgi, and from there sorted to the endoso-

mal/MVB pathway for vacuolar degradation prior to PM

localization.

The above hypothesis predicted that in the RabOts

mutant, DR481 turnover would be totally blocked at

378C, but partially so at 258C. Results shown in Fig. 7B

confirm the total absence of DR481 vacuolar turnover in

the rabOts mutant when cells are shifted to the non-

permissive temperature (378C) prior to and during the 3-

hour induction of DR481 de novo synthesis, whereas

low vacuolar degradation goes on during the induction

at the permissive temperature (258C). More specifically,

in the rabOts mutant at 378C, DR481 is present in cyto-

plasmic structures that resemble ER aggregates (Pinar

et al., 2013a), which do not co-localize with vacuoles

(Fig. 7B, right panel). We could not however obtain

intact membrane proteins from the rabOts mutant when

the 3-hour induction (I) followed by the 2-hour repres-

sion (R) of alcAp was carried out at the non-permissive

temperature (378C), whereas at the permissive tempera-

ture (258C), we had similar levels of intact DR481-GFP

between the control and the rabOts, but the vacuolar

degradation of DR481 was reduced (31.4% turnover).

Thus, the picture at 258C in the rabOts mutant is similar

to that obtained in the atg9D mutant (31.4% compared

to 39.6% turnover), supporting that selective autophagy

is the major mechanism for the down-regulation of

DR481.

Since however DR481 turnover seems to operate at a

low level in rabOts and atg9D mutants, we used a stand-

ard Golgi traffic mutant, which has a normal ability for

autophagy, to investigate a possible role of Golgi in

DR481 turnover. The mutant used is a conditional

SedVts mutant showing a block in ER to Golgi protein

sorting at the non-permissive (> 378C) temperature

(Pinar et al., 2013a). Importantly, and similar to the

experiment with rabOts, cells were shifted to the non-

permissive temperature (378C) prior to induction of

DR481 de novo synthesis. Figure 7C shows that lack of

a functional SedV at 378C does not seem to block the

vacuolar degradation of DR481, as judged by epifluores-

cence microscopic analysis. A low reduction at the level

of vacuolar degradation is only detected in Western blot

analysis of sedVts at 258C (63% turnover, versus 81% in

the sedV1 strain), whilst we could not obtain analogous

data from the Western analysis at 378C, due to protein

degradation. Similar results were obtained when de

novo protein synthesis was blocked with cycloheximide

(Supporting Information Fig. S6).

Thus, all evidence pointed to the idea that when selec-

tive autophagy is active, DR481 degradation from the

Golgi is probably minor. This contrasts the picture when

autophagy is blocked (atg9D or rabOts at 258C), where a

significant degree of vacuolar turnover might indeed

operate through the Golgi and the MVB/endosomal route.

Discussion

Eukaryotic transporters and other polytopic transmem-

brane proteins face the challenge of cotranslational fold-

ing, a process characterized by high complexity as it not

only takes place within specific microdomains of the ER

membrane including the translocase complex and a spe-

cific lipid environment, but also because it needs to

adapt the rate of translation to the much slower process

of polypeptide folding. Improper folding might ‘easily’

occur due to stochastic errors, stressful conditions or

mutations affecting the local folding of specific domains.

As a result, it is not surprising that complex control

mechanisms have evolved to sense misfolding and

either assist folding, or reduce the expression and/or

degrade misfolded proteins. ERAD, activation of UPR,

selective autophagy and Golgi QC, constitute main

mechanisms for releasing cells from the toxic effects of

misfolded proteins. Here we provided evidence that all

the above described processes are orchestrated to

detoxify A. nidulans from potential deleterious versions

of the UapA transporter, the contribution of each turn-

over mechanism being depended on whether one or

more of the other turnover pathways is blocked.

The first novel issue concerning the turnover of

DR481 is that a significant fraction of it escapes ERAD

and is degraded in the vacuole. Sorting of misfolded

membrane proteins in vacuoles could, in principle, occur

directly from the ER via selective autophagy through the
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Golgi/endosomal apparatus, or by internalization from

the plasma membrane. We showed that DR481 mole-

cules escaping ERAD may follow all three routes, each

of which contributes to turnover depending on the

genetic background used and the level of DR481

expression. For example, when DR481 is expressed

from its native, low-strength promoter, very little of it

reaches the PM as most of it has been degraded during

Fig. 7. Genetic blocks in autophagy reduce, but do not abolish, DR481 vacuolar turnover.
A. Left panel: Epifluorescence inverted microscopy showing the reduction of DR481-GFP vacuolar turnover in atg9D and atg9D artAD
mutants. The relative number of vacuoles, as detected by both GFP fluorescence or CMAC staining, in atg9D and atg9D artAD was estimated
to be practically identical (5–6 vacuoles per 40 lm of hyphal length). Right panel: Western blot analysis, using anti-GFP, confirming the role of
Atg9 in DR481-GFP vacuolar turnover. Protein loading (actin levels) and relative quantification is shown at the bottom.
B. Left panel: Epifluorescence inverted microscopy revealing the role of RabO in DR481 vacuolar turnover. Shift to the non-permissive
temperature was 1 h before inducing DR481 synthesis (see Experimental procedures). Right panel: Western blot analysis confirming the role
of RabO-dependent autophagy in DR481-GFP vacuolar turnover. More specifically, when only autophagy is blocked (258C), a significant
fraction of DR481-GFP is rescued from degradation and sorted into the PM, similarly to what is observed in the atg9D strain. When both
autophagy and Golgi traffic are blocked (378C), DR481-GFP labels apparent ER aggregates and is never sorted in vacuoles. Shift to the non-
permissive temperature (378C) was imposed 1h before the induction of DR481-GFP synthesis. At 378C, intact DR481-GFP could not be
detected in relative Western analysis. Protein loading (actin levels) and relative quantification is shown at the bottom.
C. Left panel: Epifluorescence inverted microscopy showing the non-effect of a conditional genetic block in Golgi traffic (sedVts at 378C),
imposed prior to induction of DR481-GFP synthesis, in DR481-GFP vacuolar turnover. Right panel: Western blot analysis, using anti-GFP, of
mutant DR481 in wild-type and sedVts isogenic genetic backgrounds, confirming the non-involvement of Golgi traffic in DR481 turnover when
autophagy is active. Protein loading (actin levels) and relative quantification is shown at the bottom. For more details see Experimental
procedures and the text.

BsdABsd2-dependent turnover of misfolded UapA 13

VC 2016 John Wiley & Sons Ltd, Molecular Microbiology, 00, 00–00



secretion by ERAD, selective autophagy, and probably

via some Golgi to endosome sorting. When DR481 is

strongly expressed from the alcAp promoter, a fraction

of it (�20% compared to the wild-type) reaches the

plasma membrane in all hyphal cells and thus becomes

vulnerable to endocytosis, most evident in mutants defi-

cient in endocytosis. When autophagy is blocked (atg9D
or rabOts at 258C), a mechanism for vacuolar degrada-

tion seems to operate through the Golgi/MVB/Endo-

some route. When Golgi traffic is blocked (sedVts),

selective autophagy seems to be the major detectable

mechanism for vacuolar sorting. When both autophagy

and Golgi traffic are blocked (rabOts at 378C), DR481

never reaches the vacuole and remains in aggregated

ER membranes.

The second important finding of this work is the key

role of BsdA in the non-endocytic vacuolar turnover of

DR481. Lack of a functional bsdA, either by total dele-

tion (bsdAD) or via specific missense mutations affecting

its two PY elements or the Lys necessary for ubiqui-

tylation, totally suppresses the non-endocytic vacuolar

degradation of DR481. The non-endocytic, BsdA-

dependent vacuolar degradation of DR481 can, in princi-

ple, operate via two mechanisms: selective autophagy

or sorting from the Golgi to the Endosome/MVB path-

way. We provided direct evidence for the involvement

of selective autophagy in DR481 degradation (Fig. 6).

Furthermore, we provided genetic evidence that when

autophagy is blocked, DR481 degradation might operate

via the Golgi/Endosome/MVB route (Fig. 7). Noticeably

however, we showed BsdA is not an essential autopha-

gic factor as its genetic absence does not eliminate the

formation of autophagosomes and has no significant

impact on the vacuolar turnover of Atg8. It rather seems

that BsdA is a specific factor necessary for the degrada-

tion of a certain type of misfolded cargoes, such as

DR481. In other words, BsdA acts downstream from the

primary trigger of selective autophagy in order to ‘mark’

misfolded cargoes that have escaped ERAD. This ‘mark-

ing’ implicates HulA activity, as loss-of-function muta-

tions in hulA, similar to bsdA mutations, block the

vacuolar turnover of DR481. Unfortunately, we could not

directly identify the molecular target of HulA-

ubiquitylation, although we obtained some indirect evi-

dence that this might be related to BsdA ubiquitylation.

In anyway, the functions of BsdA and HulA are abso-

lutely necessary for the vacuolar degradation of DR481

by selective autophagy and seemingly via Golgi to endo-

some/vacuole sorting.

Given that in S. cerevisiae Bsd2p substrates are

either transporters of potential toxic metals or misfolded

versions of transporters, it has been proposed that

Bsd2p might have a general role in the QC of mem-

brane proteins (Hettema et al., 2004; Stimpson et al.,

2006; Nikko and Pelham, 2009). Our findings on BsdA

support the proposed biochemical role of Bsd2p, but

also point to a more specific and cargo-centric role and

further reveal the involvement of selective autophagy. It

is reasonable to propose that BsdA or Bsd2p, being

transmembrane proteins themselves, recognize mis-

folded transmembrane domains in the ER, and through

recruitment of HulA/Rsp5 ‘mark’ the problematic car-

goes for subsequent degradation, prior to PM sorting.

Notably however, in S. cerevisiae Bsd2p has been pro-

posed to act at the Golgi/Endosome interface rather

than the ER (Hettema et al., 2004), as our present work

showed for BsdA. The apparent difference in the subcel-

lular localization of Bsd2p or BsdA might reflect a real

functional difference of the two proteins. In line with their

different localization, Bsd2p and BsdA also differ in their

number of putative transmembrane domains, Bsd2p

having three (Hettema et al., 2004) and BsdA two. How-

ever, an earlier report challenges the above scenario, as

it provided direct biochemical evidence that Bsd2p, simi-

lar to BsdA, is an ER-associated protein (Liu et al.,

1997).

As a final conclusion, our work shows that several dis-

tinct mechanisms (ERAD, QC autophagy, GQC and

endocytosis) might be employed in the turnover of mis-

folded versions of membrane cargoes.

Experimental procedures

Media, strains, growth conditions and transformation

Standard complete and minimal media (MM) for A. nidulans

were used. Media and supplemented auxotrophies were

used at the concentrations given in FGSC (http://www.fgsc.

net.). Escherichia coli was grown on Luria-Bertani medium.

Media and chemical reagents were obtained from Sigma-

Aldrich (Life Science Chemilab SA, Hellas) or AppliChem

(Bioline Scientific SA, Hellas). Carbon sources were used

at the final concentrations: Glucose 1% (w/v), Fructose

0.1% (w/v). Nitrogen sources were used at the final con-

centrations: NaNO3 10 mM, Ammonium L-(1)-tartrate

10 mM, uric acid 0.5 mM. Ethanol was used at a final con-

centration of 0.4% (v/v). Cycloheximide, CdCl2 and epoxo-

micin were used at final concentrations of 50 lg/ml, 25 lM

and 500 nM respectively. Aspergillus nidulans transforma-

tion was performed as described previously in Koukaki

et al. (2003). An nkuA DNA helicase deficient strain

(TNO2A7; Nayak et al., 2006) was the recipient strain for

generating ‘in locus’ integrations of tagged gene fusions, or

gene deletions by the A. fumigatus markers orotidine-50-
phosphate-decarboxylase (AFpyrG, Afu2g0836) or GTP-

cyclohydrolase II (AFriboB, Afu1g13300), resulting in com-

plementation of auxotrophies for uracil/uridine (pyrG89) or

riboflavin (riboB2) respectively. A uapAD uapCD::AFpyrG

azgAD pabaA1 argB2 (DACZ; Pantazopoulou et al., 2007)

mutant strain was the recipient strain in transformations

with plasmids carrying tagged wild-type or mutant versions
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of UapA. Transformants were verified by PCR and Southern

analysis. Combinations of mutations were constructed by

standard genetic crossing. Growth tests were performed at

25, 37 or 428C, at pH 6.8. A. nidulans strains used are

listed in Supporting Information Table S1.

Standard nucleic acid manipulations and plasmid

constructions

Genomic DNA extraction from A. nidulans was as

described in FGSC (http://www.fgsc.net). Plasmid prepara-

tion from E. coli strains and DNA extraction from agarose

gels was performed using the Nucleospin Plasmid kit and

the Nucleospin Extract II kit according to the manufacturer’s

instructions (Macherey-Nagel, Lab Supplies Scientific SA,

Hellas). DNA sequences were determined by VBC-

Genomics (Vienna, Austria). Point mutations were con-

structed by site-directed mutagenesis according to the

instructions accompanying the Quik-ChangeVR Site-Directed

Mutagenesis Kit (Agilent Technologies, Stratagene). South-

ern and northern blot analysis using specific gene probes

for uapA, argB, bipA, 18S and upstream or downstream

fragments in the case of verifying gene deletions, was per-

formed as described in Sambrook et al. (1989). [32P]-dCTP

labelled molecules of gene specific probes were prepared

using a random hexanucleotide primer kit following the sup-

plier’s instructions (Takara Bio, Lab Supplies Scientific SA,

Hellas) and purified on MicroSpinTM S-200 HR columns

(Roche Diagnostics, Hellas). Labelled [32P]-dCTP (3000 Ci

mmol21) was purchased from the Institute of Isotops Co.

Ltd., Mikl�os, Hungary. Restriction enzymes were from

Takara Bio (Lab Supplies Scientific SA, Hellas). Conven-

tional PCRs, high fidelity amplifications and site-directed

mutagenesis were performed using KAPA Taq DNA and

Kapa HiFi polymerases respectively (Kapa Biosystems, Lab

Supplies Scientific SA, Hellas). Gene deletions and ‘in

locus’ integrations of tagged gene fusions were generated

by one step ligations or sequential cloning of the relevant

fragments in the plasmids pBluescript SK II, or pGEM using

oligonucleotides carrying additional restriction sites. These

plasmids were used as templates to amplify the relevant lin-

ear cassettes by PCR. For primers and information related

to these constructs see Supporting Information Table S2.

More specifically, the gene deletion cassettes for bsdA and

earA were constructed using primer pairs 1–2/3–4/5–6 and

7–8/9–10/11–12 respectively. For the construction of the

fusion cassette bsdA-gfp::AFpyrG (primer pairs 13-15/16-

19/20-21) the gfp ORF together with AFpyrG was amplified

from plasmid p1439 (Szewczyk et al., 2006). For the con-

struction of the fusion cassette alcAp-bsdA-gfp::AFpyrG

(primer pairs 22–23/24–27/28–29/30–31) and alcAp-gfp-

bsdA::AFpyrG (primer pairs 32–33/34–36/39–40/41–42)

driven under the controllable alcAp promoter, an intermedi-

ate plasmid was first constructed, where the bsdA ORF

(primer pairs 25–26 or 35–36) was exchanged with the

uapA ORF in the plasmid pBS-alcAp-uapA-gfp, also carry-

ing an arginine auxotrophy complementation marker (argB)

(Pantazopoulou et al., 2007; Gournas et al., 2010).

This plasmid and a derivative where the argB selection

marker was exchanged with pabaA (complementing

pabaA1; p-aminobenzoic acid auxotrophy; Martzoukou

et al., 2015) was used for the construction of plasmids

pBS-alcAp-uapA-yfpN (Martzoukou et al., 2015), pBS-alcAp-

bsdA-yfpN (primer pairs 71–72/73–74), pBS-alcAp-bsdA-

yfpC (primer pairs 71–72/75–76) and for the construction of

bsdA point mutations (primer pairs 77–78/79–80/81–82).

These plasmids were either used directly for transformation

based complementation of argB2 or pabaA1 auxotrophies

(as in the case of split YFP constructs) or served as tem-

plates to amplify and subsequently clone the inserted frag-

ments in plasmids carrying the relevant endogenous 50 and

30 UTRs and other auxotrophic markers for targeted inte-

gration (as in the case of bsdA point mutations; primer

pairs 14–70/22–23/28–29/30–31). yfpN/C were amplified

from plasmids pDV7 and pDV8 (Takeshita et al., 2008). For

the construction of pBS-alcAp-DR481-His the uapA-DR481

ORF was exchanged with the wt uapA in the plasmid pBS-

alcAp-uapA-His (Martzoukou et al., 2015). The yfpC-hulA::A-

FriboB fusion cassette was constructed using primer pairs

59–60/61–62/63–64/65–66. The sec24-mRFP::AFpyrG cas-

sette (primer pairs 43–44/45–46/47–48) also carries a Gly-

Ala linker repeat (5xGA) in frame between the ORF and the

fluorescent tag, amplified together with AFpyrG from plas-

mid p1491 (Szewczyk et al., 2006). For the construction of

uapA-gfp::AFriboB (primer pairs 49–50/53–54/55–56/57–58)

and alcAp-uapA-gfp::AFriboB (primer pairs 49–50/51–52/53–

54/55–56/57–58) and mutants, a native BglII site 806bp

upstream of the uapA translation initiation codon served as

insertion point for alcAp and AFriboB. The construction of all

other uapA mutations is described previously (Pantazopou-

lou et al., 2007; Gournas et al., 2010; Kosti et al., 2010;

Martzoukou et al., 2015).

Protein extraction, purification and Western blot analysis

Cultures for total protein extraction were grown in MM sup-

plemented with glucose and NaNO3 as a nitrogen source at

258C for 16 h, thus repressing transcription of the alcAp

and synthesis of the studied protein, and then shifted to

MM supplemented with fructose, ethanol and NaNO3 at

258C for 3 h for eliciting de novo synthesis of UapA or

DR481 through induction of the alcAp promoter. Total pro-

tein synthesis was then inhibited (chased) for 2 h by addi-

tion of cycloheximide. In other experiments, a modified

transcriptional pulse-chase assay was used. Cultures for

total protein extraction were grown in MM supplemented

with glucose and NaNO3 at 258C for 16 h, thus repressing

transcription of the alcAp and synthesis of the studied pro-

tein. Then, cultures were shifted to MM supplemented with

fructose, ethanol and NaNO3 at 258C for 3 h for eliciting de

novo synthesis of UapA or DR481 through induction of the

alcAp promoter (pulse). This corresponds to the induced

conditions termed ‘I’ in all figures of this work. Immediately

after collecting samples for the induced conditions, cultures

were shifted in MM glucose and NaNO3 at 258C for an

additional 2-hour period to repress transcription from alcAp

(chase), thus allowing us to examine protein stability of

DR481 in distinct genetic backgrounds (termed ‘R’ in all

figures). To test the effect of the thermosensitive, rabOts or

sedVts mutations on the degradation of DR481, the same
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assay was further modified to ensure that the transcrip-

tional pulse-chase will be performed entirely at the non-

permissive conditions. For that, an extra step of incubation

in MM supplemented with glucose and NaNO3 (repressed

condition of alcAp) at the non-permissive temperature

(378C) for 1 h was included to block Golgi traffic prior of

transcriptional induction in MM supplemented with fructose,

ethanol and NaNO3, at 378C for 3 h (pulse). Cell lysates

were collected (I) and immediately cultures were shifted to

MM supplemented with glucose and NaNO3 at 378C, thus

initiating the chase period by repression of the alcAp tran-

scription. For control, the same assay was entirely per-

formed at 258C. To investigate the contribution of the

proteasome in the degradation of DR481, the transcriptional

pulse assay was followed by a 2-hour chase period, in

which the proteasome activity was inhibited in specific sam-

ples. For that, 500 nM of the proteasome inhibitor epoxomi-

cin (or DMSO as control) was added immediately after

shifting to MM supplemented with glucose and NaNO3 at

258C. To investigate the role of autophagy in the degrada-

tion of DR481, we compare changes in the steady-state

levels of mCherry-Atg8 in strains expressing wild-type

UapA or the mutant DR481-GFP. Cultures were grown in

MM supplemented with glucose and NaNO3 at 258C for

16 h, thus repressing transcription of the alcAp, and then

shifted to MM supplemented with fructose, ethanol and

NaNO3 at 258C for 5 h inducing the transcription of the

alcAp promoter. Total and membrane-enriched protein

extraction was performed as described previously (Aposto-

laki et al., 2012; Karachaliou et al., 2013). Equal sample

loading was estimated by Bradford assays and Coomassie

staining. Total proteins (30–50 lg) were separated by SDS-

PAGE (8–10% w/v polyacrylamide gel) and electroblotted

(Mini PROTEANTM Tetra Cell, BIORAD) onto PVDF mem-

branes (Macherey-Nagel, Lab Supplies Scientific SA, Hel-

las). UapA-His10 purification was carried out as in

Martzoukou et al. (2015) using Protino Ni-NTA Columns

(Macherey-Nagel GmbH, Lab Supplies Scientific SA).

Immunodetection was performed with a primary rabbit anti-

RFP polyclonal antibody (Rockland Immunochemicals Inc.),

a primary mouse anti-GFP monoclonal antibody (Roche

Diagnostics, Hellas), a primary mouse anti-actin monoclo-

nal (C4) antibody (MP Biomedicals Europe, Lab Supplies

Scientific SA), or a mouse anti-Ubiquitin monoclonal anti-

body (Ub-P4D1 HRP Conjugate; Santa Cruz Biotechnology,

SafeBlood BioAnalytica SA), a mouse Penta-His HRP Con-

jugate antibody kit (Qiagen, SafeBlood BioAnalytica SA,

Hellas) and a secondary goat anti-rabbit IgG HRP-linked

antibody (Sigma-Aldrich, Life Science Chemilab SA, Hel-

las), or a goat anti-mouse IgG HRP-linked antibody (Cell

Signaling Technology Inc, Bioline Scientific SA, Hellas). Blots

were developed by the chemiluminescent method using the

LumiSensor Chemiluminescent HRP Substrate kit (Genscript

USA, Lab Supplies Scientific SA, Hellas) and SuperRX Fuji

medical X-Ray films (FujiFILM Europe). Relative steady-

state levels of intact UapA-GFP, DR481-GFP, Atg8-mCherry

or free GFP, were estimated using standard ImageJ analysis

tool, normalized to actin levels. Present vacuolar degradation

was estimated as relative quantity of free GFP/relative quan-

tify of the sum of free GFP 1 DR481-GFP.

Epifluorescence microscopy and BiFC assays

Samples for standard epifluorescence microscopy were pre-

pared as previously described (Gournas et al., 2010; Kara-

chaliou et al., 2013). In brief, germlings were incubated on

coverslips in liquid MM supplemented with NaNO3 and glu-

cose 0.1% for experiments with the native uapA promoter or

fructose 0.1% for experiments with the alcAp promoter for

16–22 h at 258C and were observed on an Axioplan Zeiss

phase contrast epifluorescent microscope. The resulting

images were acquired with a Zeiss-MRC5 digital camera

using the AxioVs40 V4.40.0 software. For inverted fluores-

cence microscopy, germlings were incubated in sterile

35 mm l-dishes, high glass bottom (ibidi, Germany) in liquid

MM supplemented with NaNO3 and glucose for experiments

with the native uapA promoter or fructose for experiments

with the alcAp promoter for 16–22 h at 258C. In chase

experiments performed only with alcAp constructs, germlings

were incubated in liquid MM supplemented with NaNO3 and

fructose to allow moderate continuous transcription of the

alcAp. Immediately after the microscopic observation of the

samples, de novo protein synthesis was blocked with the

addition of cycloheximide (CHX) for 2 h, allowing us to follow

in vivo the degradation route of DR481. To test the effect of

the thermosensitive rabOts or sedVts mutations on the degra-

dation of misfolded DR481, germlings were incubated in

glucose, repressing transcription of the alcAp promoter for

18–22 h at 258C, transferred to 378C for 1 h to block Golgi

traffic, and then shifted in fructose plus ethanol medium for

inducing transcription of alcAp-DR481 for 3 h at 378C

(pulse). In the case of sedVts immediately after the micro-

scopic observation of the samples, de novo protein synthesis

was blocked with the addition of cycloheximide (CHX) for 2 h

at 378C, allowing us to follow in vivo the degradation route of

DR481 (chase). For controls, the same assay was per-

formed, entirely at 258C. For BiFC assays, germlings were

incubated in liquid MM supplemented with glucose and

NaNO3 as nitrogen source for 16 h and then shifted in fruc-

tose plus ethanol medium for 2–6 h at 48C prior observation.

Images were obtained with an AxioCam HR R3 camera

using the Zen lite 2012 software either as single images, or

in stacks of 10–12 optical sections along z-axis with a Z step

size at 0.31 lm. Contrast adjustment, area selection and

color combining were made using the Zen 2012 software.

Images exported as TIFFs were annotated and further proc-

essed in Adobe Photoshop CS4 Extended version 11.0.2 or

the ImageJ software for brightness adjustment, rotation and

alignment. A desaturated and inverted version of the image

was also created in each case, so as to achieve better

visualization.
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Abstract Filamentous fungi provide excellent systems for investigating the role of the AP-2

complex in polar growth. Using Aspergillus nidulans, we show that AP-2 has a clathrin-independent

essential role in polarity maintenance and growth. This is in line with a sequence analysis showing

that the AP-2 b subunit (b2) of higher fungi lacks a clathrin-binding domain, and experiments

showing that AP-2 does not co-localize with clathrin. We provide genetic and cellular evidence that

AP-2 interacts with endocytic markers SlaBEnd4 and SagAEnd3 and the lipid flippases DnfA and DnfB

in the sub-apical collar region of hyphae. The role of AP-2 in the maintenance of proper apical

membrane lipid and cell wall composition is further supported by its functional interaction with

BasA (sphingolipid biosynthesis) and StoA (apical sterol-rich membrane domains), and its

essentiality in polar deposition of chitin. Our findings support that the AP-2 complex of dikarya has

acquired, in the course of evolution, a specialized clathrin-independent function necessary for

fungal polar growth.

DOI: 10.7554/eLife.20083.001

Introduction
The five distinct Adaptor Protein (AP or adaptin) complexes are heterotetrameric adaptors that

recruit membrane cargoes and coat proteins during vesicle formation at various subcellular locations

for membrane trafficking in eukaryotes (Nakatsu and Ohno, 2003; Robinson, 2004, 2015). AP-1 is

necessary for the formation of clathrin-coated vesicles that traffic between the trans-Golgi network

(TGN) and early endosomes. AP-2 is involved in the formation of clathrin-coated endocytic vesicles

from the plasma membrane (PM). AP-3 is involved in, apparently, clathrin-independent vesicle for-

mation in the Golgi for traffic to endosomes and lysosomes or vacuoles. AP-4 and AP-5 seem to

have more specialized roles in vesicle transport of specific cargoes from the TGN to endosomes

and/or the cell surface (Hirst et al., 2013). All AP complexes are composed of two different subunits

of high molecular weight ~100 kDa (called a, b or g adaptins), one subunit of medium size (m, 47–50

kDa), and one low-molecular-weight subunit (s, 17–19 kDa). The five AP complexes have been

shown to have a wide eukaryote distribution, supporting that all were present in the Last Eukaryote

Common Ancestor (LECA) (Barlow et al., 2014). Noticeably, however, each AP complex, except

AP-1, has been lost in various lineages. Fungi possess homologues of all AP-1, AP-2 and AP-3 subu-

nits, but the great majority of them, have lost AP-4 and AP-5. This loss concerns all Dikarya (Ascomy-

cetes and Basidiomycetes) and most primitive fungi. AP-4 or AP-5 subunits are however present in

the glomeromycete Rhizophagus irregularis and chytrid fungi Spizellomyces punctatus and
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Batrachochytrium dendrobatidis, as well as, the sister group of all fungi, Fonticula alba. Notably, all

eukaryotes studied possess clathrin, except for the Microsporidia intracellular parasites. Interestingly,

the microsporidian Encephalitozoon cuniculi maintains AP subunits without having clathrin

(Barlow et al., 2014), suggesting an unknown clathrin-independent role of AP complexes.

The role of the AP-2 complex in clathrin-mediated endocytosis is well established in mammals. By

contrast, its role in endocytosis in unicellular eukaryotes, such as the yeasts Saccharomyces cerevi-

siae, Schizosaccharomyces pombe and Candida albicans has been questioned. An early systematic

biochemical and genetic characterization of AP complexes in S. cerevisiae provided evidence that

AP complexes are dispensable for clathrin function (Yeung et al., 1999). Similarly, Huang et al.

(1999) have shown that AP deletion strains did not display the phenotypes associated with clathrin

deficiency, including slowed growth and endocytosis, defective late Golgi protein retention and

impaired cytosol to vacuole/autophagy function. Subsequently however, AP-2 has been localized to

endocytic sites that are associated with clathrin, and have a cargo-specific function in killer toxin K28

endocytosis, making it likely that AP-2 functions with clathrin (Carroll et al., 2009, 2012). Further-

more, AP-2 has been shown to be critical for hyphal growth in C. albicans and polarized cell

responses in S. cerevisiae, and in particular to be necessary for relocalization of the cell wall stress

sensor Mid2 to the tip of a mating projection following pheromone addition (Chapa-y-Lazo et al.,

2014). Additionally, an interaction between the mu (m) subunit of AP-2 and the cell wall integrity

pathway component Pkc1 was reported to affect recruitment of the AP-2 complex to endocytic sites

(Chapa-y-Lazo and Ayscough, 2014). In another systematic screen to identify proteins required for

cargo internalization, clathrin was shown to have a critical role for synaptobrevin homologue Snc1

endocytosis, but the role of AP-2 was not investigated (Burston et al., 2009). In a more recent study

it has been shown that clathrin contributes to the regularity of vesicle scission and vesicle size, but is

not required for elongating or shaping the endocytic membrane invagination, but again the role of

AP-2 was not studied (Kukulski et al., 2016). Finally, in S. pombe, the AP-2 a component (Apl3p)

was shown to interact physically with clathrin light chain (Clc1p), and genetically with both Clc1p and

the endocytic factor Sla2p and additionally apl3D null mutants showed altered dynamics of endocytic

sites associated with abnormal cell wall synthesis and morphogenesis (de León et al., 2016;

de León and Valdivieso, 2016).

The apparently moderate role of AP-2 for growth in yeasts might reflect the fact that endocytosis

in general is not essential for growth in unicellular fungi. In contrast to yeasts, the extreme polar

growth of filamentous fungi, taking place by apical extension, is absolutely dependent on efficient

and continuous endocytosis. Seminal studies on endocytosis and its relationship to growth have

been performed in the basidiomycete Ustilago maydis (Steinberg, 2014) and the ascomycete Asper-

gillus nidulans (Peñalva, 2010), two emerging cell biology model systems.

Two aspects of endocytosis have been studied in detail in A. nidulans. The first relates to the

essential role of apical endocytosis in hyphal tube extension and polar growth (Araujo-Bazán et al.,

2008; Taheri-Talesh et al., 2008; Hervas-Aguilar and Penalva, 2010; Peñalva, 2010). It has been

rigorously shown that polar growth maintenance is based on the spatial and functional coupling of

rapid and continuous apical secretion and endocytosis in the hyphal tip region. Apically localized car-

goes, as exemplified by the v-SNARE synaptobrevin homologue SynA, are internalized from a ‘collar’

region immediately below the hyphal tip and sorted in early endosomes (EEs). EEs can mature into

Late Endosomes (LE) or Multivesicular Bodies (MVB) and be sorted into vacuoles, or recycle back,

apparently via the trans-Golgi network (TGN) onto the PM. These post-endocytic trafficking pro-

cesses taking place at the hyphal tips seem to be essential for the normal rate of secretion and

proper growth. SlaBEnd4 and actin polymerization are major factors for apical endocytosis.

A second aspect of endocytosis in A. nidulans is related to its role in PM transporter down-regula-

tion in response to physiological or stress signals (Gournas et al., 2010; Karachaliou et al., 2013).

Unlike endocytosis related to apical cargoes taking place mostly at hyphal tips, transporter internali-

zation takes place homogenously all along the hyphal membrane and necessitates cargo ubiquitina-

tion. Transporter ubiquitination requires a group of cargo-specific a-arrestin like proteins, acting as

adaptors of the HECT-type ubiquitin ligase HulARsp5. Transporter ubiquitination is followed by inter-

nalization and sorting into EEs and the MVB/vacuolar pathway for terminal degradation. Transporter

internalization, similar to apical endocytosis, requires actin polymerization and functional endocytic

factors SagAEnd3 or SlaBEnd4.
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Curiously, the role of clathrin or AP-2 in apical or transporter endocytosis had not, until very

recently, been investigated in A. nidulans, or other filamentous fungi. An exception is a very recent

report that studied clathrin dynamics in A. nidulans, following basically the subcellular localization

and role in growth, of the clathrin heavy chain, ClaH (Schultzhaus et al., 2017b). This report showed

that ClaH is localized mostly in late (trans) Golgi and secondarily to tentative endocytic sites, and

although absolutely essential for growth, it does not seem to be involved in endocytosis. The later

conclusion was, however, solely supported by studies concerning the internalization of the FM4-64

lipophilic marker, rather than specific endocytic cargoes. This report did not investigate the role of

AP-2, or any AP complex, in relation to clathrin or to A. nidulans growth.

In this work, we investigate the role of the AP-2 complex and clathrin in polar growth and endocy-

tosis in A. nidulans. We present evidence that the roles of AP-2 and clathrin are distinct, apparently

due to an evolutionary truncation of the clathrin-binding domain in the b subunit of AP-2 in all higher

fungi. We further provide evidence that AP-2 has a specialized, clathrin-independent role related to

maintaining proper apical lipid and cell wall composition and thus promoting polar growth.

Results

Fungal AP complexes possess evolutionary truncated b subunits
A recent evolutionary analysis studied the distribution and origin of all AP complex subunits in fungi

(Barlow et al., 2014). The conclusion from this thorough study was that all fungi possess AP-1, AP-2

or AP-3 subunits, but most, and apparently all Dikarya, have lost AP-4 or AP-5. Given our interest on

the role of AP1-3 complexes in membrane traffic and particularly of AP-2 in endocytosis in A. nidu-

lans, we carried out a similar analysis with particular emphasis on Aspergillus species. Figure 1—fig-

ure supplement 1 shows that all Aspergilli possess highly similar homologous AP1-3 subunits, which

can be unambiguously assigned into the distinct AP complexes. Aspergillus AP subunits are also

phylogenetically highly related to homologues from all major fungal groups, as well as, selected

model organisms (Figure 1—figure supplement 2). Importantly, AP subunits of a given complex are

more similar to those of the orthologous complex in distantly related species, than to subunits of

other AP complexes of the same species, in line with the acquisition of different functional roles of

AP-1,–2 or �3 complexes in cargo membrane traffic.

A major and somehow surprising finding concerning the b subunits of not only Aspergillus spe-

cies, but most fungi (all dikarya) came from the sequence analyses we performed. We observed that

the b subunits of all three AP complexes do not contain the C-terminal part, of approximately 332

amino acid residues, which however is present in some primitive fungi, such as the chytrids Rozella

allomycis, Allomyces macrogynus Batrachochytrium dendrobatidis, Spizellomycetales punctatus and

Macrophomina phaseolina and in the fungal sister group Fonticula alba (all sharing 35–40% identity

with human b subunits) (Figure 1A). The C-terminal domain of the b subunit is conserved in several

Amoebozoa (25–36% identity), Rhizaria (31% identity), Alveolata (29% identity in Plasmodium or

Toxoplasma species), Choanoflagellates (34–44% identity), Mesomycetozoea (44–50% identity),

Algae (30% identity), and in the great majority of plants (38% identity) and Metazoa (58–60% iden-

tity) (Figure 1B and data not shown). Some prominent losses, except fungi, were identified in Trypa-

nosoma and Leishmania species and in Excavata. Importantly, the lost part corresponds to an

essential part of b appendage, which includes two C-terminal domains (pfam02883 and pfam09066)

involved in clathrin binding and polymerization, and consequently necessary for the translocation of

endocytic accessory proteins to a membrane bud site (Mousavi et al., 2004; Lemmon and Traub,

2012). A hydrophobic patch present in the lost domain also binds to a subset of DF[F/W] motif-con-

taining proteins that are bound by the alpha-adaptin appendage domain (epsin, AP180)

(Lemmon and Traub, 2012). Thus, fungal AP complexes might be incapable of interacting, at least

via a ‘canonical’ association, with clathrin. Microsporidia, which are probably the only known eukar-

yotes lacking clathrin, also lack the clathrin binding domains in their AP complexes (Barlow et al.,

2014). A major prediction from these observations is that, in fungi, clathrin-dependent processes,

such as endocytosis and vesicle budding, might be AP-complex independent, while any role of the

AP complexes might in turn be clathrin-independent. Obviously this prediction does not exclude

that AP-2 or AP-1 complexes might still have the potential to interact with clathrin through unknown

binding sequences in the b subunit or domains in other subunits, as for example reported for AP-1
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in S. cerevisiae (Yeung and Payne, 2001). However, subsequent experimental evidence presented

herein strongly support a clathrin-independent role of AP-2 in A. nidulans polar growth.

AP-1 and AP-2, but not AP-3, complexes are critical for polarity
maintenance and A. nidulans growth
To investigate the role of AP complexes in cargo membrane traffic and endocytosis in A. nidulans

we constructed three null mutants, each carrying a deletion of the gene encoding the s subunit of

AP-1 (AN7682; apaS), AP-2 (AN0722; apbS) or AP-3 (AN5519; apcS) (http://www.aspergillusge-

nome.org/ and Osmani and Goldman, 2008). Our primary interest was to examine the role of AP-2

in endocytosis, which however also necessitated the knock-out of the s subunits of AP-1 and AP-3 in

addition to that of AP-2, for excluding any possible functional complementation due to the similarity

Figure 1. The b subunit of fungal AP complexes lacks clathrin-binding domains. (A) Cartoon depicting the absence in the b subunits of AP complexes

of higher fungi (A. nidulans, S. cerevisiae or S. pombe) of a C-terminal region that includes putative clathrin binding domains. The cartoon includes the

human AP1-3 b subunits as examples of canonical AP complexes, as well as, selected primitive fungi (Rozella allomycis and Spizellomycetales

punctatus) and F. alba, as examples of lower eukaryotes conserving degenerate versions of putative clathrin binding domains. One signifies the

N-terminal adaptin domain (pfam01602, ~534 amino acids) common in b subunits of all AP complexes. Two is the a-adaptin C2 domain

(pfam02883, ~111 amino acids) present in the b subunits of AP-2 and AP-1. Three is the b2-adaptin appendage (pfam09066, ~112 amino acid residues)

present in the b subunits of AP-2 and AP-1, required for binding to clathrin. Four is the so-called clathrin adaptor protein complex b1 subunit domain,

found in AP-3 complexes, probably required for Golgi association (pfam14796, ~148 amino acids). (B) Phylogenetic relationships of the C-terminal

region of the b subunit of AP-2 that includes clathrin-binding domains. The tree includes selected organisms representing major taxonomic groups,

from the amoeba A. castellanii to metazoa such as C. elegans and H. sapiens. The tree was reconstructed with the maximum-likelihood method and

bootstrap-method testing (shown in red). The branch scale used was 0.2 and the branch lengths (shown in black) reflect the expected number of

substitutions per site.

DOI: 10.7554/eLife.20083.002

The following figure supplements are available for figure 1:

Figure supplement 1. Phylogenetics of the four subunits of AP1, AP-2 and AP-3 of Aspergilli with three model organisms used as out-groups.

DOI: 10.7554/eLife.20083.003

Figure supplement 2. Phylogenetics of the four subunits of AP-1, AP-2 and AP-3 of major fungal groups with out-groups from model organisms.

DOI: 10.7554/eLife.20083.004
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of the three s subunits. Genetic disruption of the s subunits, similarly to disruption of any of the four

AP subunits, has been reported to inactivate the function of the full adaptor complex (Robin-

son, 2004, 2015). Isogenic null mutants were constructed and named thiAp-ap1
s, ap2sD or ap3sD

(see Materials and methods). For the ap1s gene, given its knock-out proved lethal (results not

shown), we constructed a conditional knock-down strain using the thiamine-repressible promoter,

thiAp (Apostolaki et al., 2012). The s subunit null mutant strains were analyzed phenotypically and

microscopically.

Knocking-down ap1s or deleting ap2s severely affected growth rate and colony morphology,

whereas the ap3sD mutant exhibited only a very minor delay in growth rate (inserts in Figure 2A).

The double mutant strains ap2sDthiAp-ap1
sand ap2sDap3sD, constructed via standard genetic

crossing, had growth rates similar to the single thiAp-ap1
s or ap2sD mutant, showing that the defect

in ap2sDis independent of AP-1 or AP-3 complexes. All mutants tested remained sensitive to

selected antifungals, such as 5-flourouracil, 5-fluorocytosine or 8-azaguanine, similar to wild-type iso-

genic controls, suggesting that the expression and/or turnover of transporters specific for these anti-

fungals is not affected (not shown).

Figure 2. AP-1 and AP-2, but not AP-3, complexes are critical for A. nidulans growth. (A) Colony growth (bottom

left inserts) and microscopic morphology (20 hr hyphal cells stained with calcofluor) of isogenic thiAp-ap1
s, ap2sD,

ap3sD, ap2sD thiAp-ap1
sand ap2sD ap3sD mutant strains, compared to wild-type (wt). Biological/Technical

replicates: 4/25, 3/12, 3/15, 3/10, 2/10, 2/10 for wild-type and mutant strains, respectively. For the definition of the

two categories of replicates see Materials and methods. (B) Representative types of morphological phenotypes

related to unipolar or multipolar germination (upper panel) and relative quantitative analysis of n = 100 hyphae of

wild-type and n = 84, 58, 60, 48 and 31 hyphae of thiAp-ap1
s, ap2sD, ap3sD, ap2sD thiAp-ap1

s and ap2sD ap3sD,

respectively (lower panel). Replicates as in (A). (C) Representative types of septa formation (upper panel) and

relative quantitative analysis of n = 32 hyphae of wild-type and n = 32, 23, 32, 32 and 27 hyphae of thiAp-ap1
s,

ap2sD, ap3sD, ap2sD thiAp-ap1
s and ap2sD ap3sD respectively (lower panel). Replicates as in (A). p<0.001 for

thiAp-ap1
s, ap2sD, ap2sD thiAp-ap1

s and ap2sD ap3sD, compared to wt. See Materials and methods for statistical

analysis methods and statistical tests used. (D) Calcofluor deposition at the tip of growing hyphae in AP mutants

and wild-type. A standard endocytic mutant, sagAD, showing reduced calcofluor staining at the tip is included for

comparison. For experimental details see Materials and methods. Replicates as in (A).

DOI: 10.7554/eLife.20083.005
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We examined the microscopic morphology of the mutants constructed. thiAp-ap1
sand ap2sD,

but not ap3sD, showed altered hyphal morphology, characterized by anomalous polar tube hyper-

branching and shorter coenocytic compartments, that is, reduced septa distances (Figure 2A). This

effect was confirmed by quantification of the distinct microscopic morphological phenotypes and

septa frequencies, as shown in Figure 2B and C. We also tested calcofluor deposition at the apex of

polar tips in AP complex mutants, relatively to wild-type. Calcofluor stains chitin and the absence of

intense calcofluor-staining at the tip indicates abnormal cell wall synthesis, related to problematic

recycling of chitin synthases. This has been observed in mutants blocked in apical endocytosis

(Higuchi et al., 2009). Calcofluor localization was totally depolarized in thiAp-ap1
sand ap2sD, similar

to what was observed in the endocytic mutant SagA (Figure 2D). Thus, the overall picture obtained

with thiAp-ap1
s and ap2sD mutants was that of defective maintenance of polarity (Momany, 2002;

Steinberg, 2014).

AP complexes are dispensable for membrane traffic and endocytosis of
transporters
We investigated the role of the AP complexes on membrane cargo traffic and endocytosis by follow-

ing the subcellular localization of a GFP-tagged transporter, namely UapA. UapA is an extensively

studied uric acid-xanthine/H+ symporter, which has been used as a model cargo for studying the

regulation of exocytosis and endocytosis of polytopic membrane proteins in A. nidulans

(Pantazopoulou et al., 2007; Gournas et al., 2010; Karachaliou et al., 2013). After synthesis and

translocation in the ER, fully functional GFP-tagged UapA molecules follow a vesicular secretion

pathway to localize homogenously and stably in the PM of hyphal cells. However, UapA molecules

undergo ubiquitylation-dependent endocytosis and vacuolar degradation in response to substrate

excess or to the presence of rich nitrogen sources (NH4
+ or glutamine). This picture remained unaf-

fected when we followed the subcellular localization of UapA-GFP in isogenic thiAp-ap1
s, ap2sD or

ap3sD mutant backgrounds (Figure 3A). The same picture is obtained under conditions of de novo

or continuous UapA-GFP synthesis, or when signals triggering endocytosis are imposed after repres-

sion of UapA-GFP synthesis (data not shown). The non-essentiality of the AP-1 and AP-3 complexes

in UapA traffic was somehow expected, because transporter exocytosis occurs by direct fusion of

post-Golgi vesicles with the PM, and seemingly does not involve sorting from the Golgi to the endo-

somal compartment. However, the dispensability of AP-2, an adaptor involved in the formation of

endocytic vesicles in other systems, for UapA-GFP endocytosis was somehow unexpected and con-

trasted the picture observed in standard endocytic mutants (sagAD or thiAp-slaB), where UapA inter-

nalization from the PM was totally blocked (see right panels in Figure 3A and Figure 3—figure

supplement 1 for the construction of thiAp-slaB). The non-involvement of AP-2 in UapA endocytosis

was further confirmed by time-lapse experiments, performed in the ap2sD mutant strain and an iso-

genic wild-type control (ap2s+), which showed that UapA-GFP internalization initiates at 15 min and

becomes more prominent 20–30 min after NH4
+ addition in both strains (Figure 3B).

The non-involvement of AP-2 in UapA endocytosis raised issues worthy to be investigated. Firstly,

we tested whether the endocytosis of other evolutionary, structurally and functionally distinct trans-

porters is also AP-2 independent. Figure 3C,E and F show that this is indeed the case, as all six

transporters tested are internalized with the same efficiency and rate, in both ap2sD and ap2s+

backgrounds, in response to endocytic signals (Tavoularis et al., 2001; Vlanti and Diallinas, 2008;

Apostolaki et al., 2009; Krypotou et al., 2015). Noticeably, different transporters exhibit different

stabilities and endocytic ‘sensitivities’, but as quantification confirmed (Figure 3E and F), in all cases

AP-2 proved dispensable for their proper internalization rate and turnover. We also examined

whether the genetic elimination of a different AP-2 subunit, other than s2, also leads to similar

results in respect to transporter endocytosis. We deleted the gene encoding the m2 subunit of the

AP-2 complex, and subsequently constructed ap2sD ap2�D double mutants and strains expressing

UapA-GFP in the ap2�D background. The ap2sD, ap2�D and ap2sD ap2�D mutants had identical

phenotypes, characterized by loss of polarity maintenance and poor growth rate (Figure 3—figure

supplement 2). UapA-GFP endocytosis operated normally in the ap2�D background, similar to what

was observed in the ap2sD or wild-type isogenic backgrounds (Figure 3D). Overall, these results

confirmed that AP-2 is dispensable for transporter endocytosis.
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Figure 3. AP complexes are dispensable for transporter membrane traffic and endocytosis. All panels show Epifluorescence microscopy analyses of 18–

20 hr growing hyphal cells in supplemented Minimal Media. (A) Subcellular localization of UapA-GFP under standard growing conditions (NO3
� as sole

N source) and in response to endocytic signals (standard conditions followed by 2 hr addition of either NH4
+ or uric acid, UA) in AP (thiAp-ap1

s, ap2sD,

ap3sD) or endocytic mutants (sagAD and thiAp-slaB), compared to isogenic wild-type. Biological/Technical replicates: 2/10. (B) Time course (min) of

NH4
+-elicited endocytosis of UapA-GFP in a ap2sD genetic background. An identical picture is obtained in a wild-type (ap2s+) background

(Gournas et al., 2010). Biological/Technical replicates: 2/10. (C) Subcellular localization of six GFP-tagged transporters belonging to distinct protein

families (PrnB, AgtA, FurA, FurD, FurE and FcyB; for details see text) in response to endocytic trigger (2 hr NH4
+). Staining with FM4-64 is included to

Figure 3 continued on next page
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Clathrin and AP-2 have distinct roles in A. nidulans growth and
transporter endocytosis
We showed that AP-2 is essential for polarity maintenance, but dispensable for transporter traffick-

ing and endocytosis. To investigate the role of clathrin in these processes, we constructed relevant

null or conditional mutants of the heavy (ClaH) and light (ClaL) chains of clathrin. The ClaH null

mutant (claH) was not viable as it could only be rescued in heterokaryotic transformants

(Osmani et al., 2006). The ClaL null mutant (claL) was viable, but severely affected in growth

(Figure 4A). The corresponding conditional mutants were based on the use of the highly repressible

thiAp promoter (Apostolaki et al., 2012). In the absence of thiamine (repressor), strains expressing

thiAp-claH or thiAp-claL grew similar to wild-type isogenic control strains (not shown), whereas in the

presence of thiamine thiAp-claH did not grow to form colonies, while thiAp-claL formed very small

compact colonies, compatible with a severe growth defect (Figure 4A). Schultzhaus et al. (2017b),

recently reported very similar growth phenotypes. We further examined the thiamine-repressible

mutants under the microscope (Figure 4B). The thiAp-claL strain showed normal hyphae morphology

and polar growth in the absence of thiamine, but prominent hypha tip swelling under ab initio

repression of ClaL, that is, in the continuous presence of thiamine, especially at 37˚C. This pheno-

type, which was confirmed by quantification (Figure 4C–E), might be associated with genetic blocks

in apical endocytosis of specific cargoes. Knock-down of ClaL did not however modify the polar dep-

ositioning of calcofluor staining, which suggests normal chitin synthesis (Higuchi et al., 2009;

Takeshita et al., 2012), and neither affected polarity maintenance. The thiAp-claH strain also

showed normal hyphae morphology and polar growth in the absence of thiamine, but contrastingly,

hyphae morphology was severely affected in the continuous presence of thiamine, becoming flat-

tened and often showing swelling of tips or conidiospore heads, or becoming thinner and smaller in

overall size, an indication of progressive lethality (Figure 4B and F). Still however, polarity mainte-

nance was preserved when ClaH was repressed. Thus, in no case the phenotypes resulting from the

absence of clathrin, either ClaH or ClaL, resembled those obtained in the absence of AP-2.

We also asked whether clathrin has a role in transporter endocytosis. Knockdown of ClaL expres-

sion blocked ammonium-elicited endocytosis of the UapA transporter, but knockdown of ClaH

expression showed a more complex picture (Figure 4G). More specifically, in the latter case, when

thiamine was added from the beginning of growth, UapA-GFP showed a rather diffuse and cyto-

plasmic appearance, instead of the normal cortical marking of the PM (notice the magnified area in

the relevant insert in Figure 4G). This picture was obtained independently from the presence or

absence of the endocytic trigger. Under the light of the recent publication of Schultzhaus et al.

(2017b), which showed that ClaH is principally localized in the late Golgi, but also based on our own

independent results on the effect of ClaH on other apical markers, described later in this work, it

seems that ab initio knockdown of ClaH severely affects secretion of cargoes, including transporters.

This leads to apparent Golgi and endosome collapse and progressive lethality, which could easily

explain why we detect UapA-GFP in cytosolic structures, rather than in the PM. In addition, a block

in transporter secretion would also create a cellular stress signal resulting in further internalization

and turnover of transporters.

Figure 3 continued

show that in the presence of NH4
+ all transporters are eventually sorted for degradation in the vacuoles, similarly to what was observed with UapA.

Biological/Technical replicates: 2/20, 2/20, 2/15, 2/15, 2/15 and 3/10. (D) Relative subcellular localization of UapA-GFP in response to endocytic trigger

(2 hr NH4
+) in wild-type and ap2�D genetic backgrounds. CMAC staining highlights terminal sorting in the vacuoles in the presence of NH4

+. Notice

that UapA-GFP is normally endocytosed in ap2�D, similarly to ap2sD or the wild-type strain. Biological/Technical replicates: 2/12. See also Figure 3—

figure supplement 2. (E–F) Quantitative analysis of transporter endocytosis presented in (C) as depicted by measurements of vacuolar surface or

vacuolar GFP fluorescence. n = 5 hyphae per condition (Control or Endocytosis). For the method of measurements, statistical analysis and other

experimental details see Materials and methods. Replicates as in (C).

DOI: 10.7554/eLife.20083.006

The following figure supplements are available for figure 3:

Figure supplement 1. Phenotypic characterization of a conditional null mutant of SlaB constructed using the thiAp repressible promoter.

DOI: 10.7554/eLife.20083.007

Figure supplement 2. Phenotypic characterization of conditional ap2�D null mutants constructed using standard reverse genetics and genetic crossing.

DOI: 10.7554/eLife.20083.008

Martzoukou et al. eLife 2017;6:e20083. DOI: 10.7554/eLife.20083 8 of 26

Research article Cell Biology

http://dx.doi.org/10.7554/eLife.20083.006
http://dx.doi.org/10.7554/eLife.20083.007
http://dx.doi.org/10.7554/eLife.20083.008
http://dx.doi.org/10.7554/eLife.20083


Figure 4. Clathrin is essential for growth and transporter secretion or/and endocytosis. (A, B) Colony growth

phenotypes and microscopic morphology (hyphal cells stained with calcofluor) of ClaL knock-out (claLD) or

conditionally knocked-down (thiAp-claL and thiAp-claH) mutants. Representative types of morphological

phenotypes (a-d) of thiAp-claH are shown (B, right panel). For details see text. Biological/Technical replicates in (B):

4/25, 2/20 and 2/100, for the three strains respectively. Unless otherwise stated, thiamine was added ab initio (16

hr) at a final concentration of 10 mg ml�1. (C–E) Quantitative analysis of growth phenotypes (categorized as in

Figure 2 in A,B or C), tip morphology and number of septa, in thiAp-claL (thiamine-repressed) and an isogenic

wild-type control (wt). (C) Analysis of n = 100 hyphae of wild-type and n = 45, 94 hyphae of thiAp-claL at 25˚C and

37˚C respectively. (D) Analysis of n = 95, 69, 95 hyphal tips of wt, thiAp-claL at 25˚C and 37˚C respectively. (E)

Analysis of n = 32 hyphae of wt and knock-down strains. Replicates as in (B). (F) Relative quantitative analysis of

growth types shown in (B), of n = 200 hyphae of thiAp-claH (thiamine-repressed). Replicates as in (B). (G)

Epifluorescence microscopy showing the relative subcellular localization of UapA-GFP under control or endocytic

conditions (2 hr NH4
+) in isogenic wild-type and thiAp-claL or thiAp-claH genetic backgrounds. Notice that

repression of claL expression (o/n thiamine) blocks UapA-GFP endocytic turnover, ab initio repression of

claH expression (o/n thiamine) severely blocks UapA-secretion to the PM, whereas claH repression (10 hr thiamine)

after pre-secretion of UapA-GFP into the PM (14 hr) leads to an apparent block in secretion, but a fraction of

UapA-GFP still remains in the PM. For more explanations see the text. Biological/Technical replicates: 4/10, 3/15

for thiAp-claL UapA-GFP and thiAp-claH UapA-GFP, respectively.

DOI: 10.7554/eLife.20083.009

The following figure supplements are available for figure 4:

Figure supplement 1. Western blot analysis of thiAp-claH-GFP.

DOI: 10.7554/eLife.20083.010

Figure supplement 2. Time course of FM4-64 internalization in wild-type and mutant strains.

DOI: 10.7554/eLife.20083.011
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To allow secretion and proper localization of UapA-GFP to the PM to take place, and subse-

quently to check the role of ClaH in endocytosis, we decided to repress claH expression by adding

thiamine after a period of pre-growth (14 hr) in the absence of thiamine. For this, we directly tested

whether 5 or 10 hr repression of claH via the thiA promoter is sufficient for depleting ClaH, by per-

forming and quantifying immunoblot assays using anti-GFP or anti-actin antibodies against total pro-

tein extracts from a strain expressing ClaH-GFP. Results shown in Figure 4—figure supplement 1

confirmed that addition of thiamine for �10 hr dramatically reduced ClaH. In contrast, 5 hr addition

of thiamine had no effect on ClaH steady state levels, apparently because the relevant polypeptide

is quite stable. Based on these immunoblots, we examined the effect of ClaH on UapA-GFP endocy-

tosis by using at least a 10 hr period of claH repression, after pre-secretion of UapA-GFP into the

PM. In this case, a significant fraction of UapA-GFP remained PM-associated despite the appearance

of UapA-specific cytoplasmic structures and increased vacuolar degradation, which are however

expected outcomes resulting from a block in Golgi functioning and transporter secretion

(Figure 4G, extreme right panel).

Overall, our results strongly suggest that although both chains of clathrin seem essential for trans-

porter (UapA-GFP) endocytosis, they do have distinct roles in transporter secretion. ClaL is dispens-

able for Golgi functioning and transporter secretion towards the PM, while ClaH seems absolutely

essential for Golgi functioning and cargo secretion. These results further support that clathrin and

the AP-2 complex have distinct roles in respect to both cargo secretion and transporter endocytosis.

Notably, we also found that FM4-64 endocytosis is not affected by deletions of genes encoding

AP-2 complex subunits, clathrin or the endocytic factors SagA and SlaB, suggesting still another

pathway of endocytosis in A. nidulans (Figure 4—figure supplement 2).

AP-2, but not clathrin, is essential for the polar localization of lipid
flippases DnfA and DnfB
Guided by the fact that lack of a functional AP-2 complex (ap2sD or ap2�D mutants) leads to defec-

tive polarity maintenance and dramatically reduced growth, we tested whether AP-2 has a specific

role in the polar localization of well-studied apical cargoes, such as the v-SNARE SynA (Valdez-

Taubas and Pelham, 2003; Pantazopoulou and Peñalva, 2011) or the DnfA and DnfB flippases

(Schultzhaus et al., 2015). These are the only presently known recycling cargoes of the endocytic

collar shown rigorously to be involved in polar growth (Peñalva, 2015). In parallel, we examined the

role of AP-2 in the polar localization of the endocytic markers, SlaB (Araujo-Bazán et al., 2008; Her-

vas-Aguilar and Penalva, 2010) and SagA (Karachaliou et al., 2013), or of AbpA, which marks the

sites of actin polymerization (Araujo-Bazán et al., 2008). Appropriate strains were constructed by

standard genetic crossing. Figure 5A shows that in the ap2sD genetic background there is total

depolarization of DnfA and DnfB, as these proteins now mark the hyphal PM rather homogenously

(see also Figure 5E, Figure 5—figure supplement 1A). In contrast, absence of a functional AP-2 did

not detectably affect the polar localization of SagA, SlaB, SynA or AbpA. Quantification of polarized

versus non-polarized localization of these markers confirmed our conclusions (Figure 5B). The same

overall results were obtained when we used the ap2�D mutant rather than ap2sD (results not

shown).

We tested the role of clathrin (ClaL) in the polar localization of DnfA, SlaB and SagA. Figure 5C

shows that in a thiAp-claL strain repressed ab initio for ClaL expression, all markers tested remain

polarly localized, marking principally the collar region behind the tip (see also Figure 5E). We also

tested the role of ClaH in DnfA or DnfB localization (Figure 5D and Figure 5—figure supplement

1B). In a thiAp-claH genetic background, ab initio (that is, o/n) addition of thiamine led to cyto-

plasmic distribution of DnfA-GFP or DnfB-GFP, which in this case mark large, often bulbous, bodies

and a membrane-like network (upper and lower left panels in Figure 5D), resembling the picture

obtained when we followed UapA-GFP in the absence of ClaH (see Figure 4G), or when Golgi/endo-

somes collapse in response to the presence of Brefeldin A (BFA) (middle panels in Figure 5D). We

further showed that addition of BFA in the culture medium of a strain expressing ClaH (de-repressed

thiAp-claH) leads to reversible de-polarization of DnfA-GFP (lower panel in Figure 5—figure supple-

ment 2), but to irreversible de-polarization of DnfA-GFP and progressive apparent hyphae death

(that is, hyphae cells become thinner) when ClaH expression is repressed (upper panel in Figure 5—

figure supplement 2). This picture is in very good agreement with the reversibility of the negative

effect of BFA on Golgi function, which has been rigorously studied in Pantazopoulou and Penalva
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Figure 5. AP-2 is essential for the polar localization of lipid flippases DnfA and DnfB. (A) Epifluorescence

microscopy showing the subcellular localization of apical markers DnfA, DnfB, SagA, SlaB, SynA and AbpA in wild-

type and ap2sD genetic backgrounds. DnfA and DnfB are lipid flippases, SagA and SlaB are factors involved in the

formation of endocytic vesicles, AbpA is an actin-polymerization marker, and SynA is a v-SNARE marking the

apical tip (for more details see the text). Notice that lack of a functional AP-2 complex leads to detectable

depolarization of solely DnfA and DnfB. Representative phenotypes selected from 30–40 hyphae for wt and

mutant strains. Biological replicates: 4. (B) Quantitative analysis of protein (apical marker) distribution (polarized

versus non-polarized) of n = 58, 56, 51, 40, 32, 43 and 48, 50, 37, 60, 45, 61 hyphal tips of DnfA-GFP, DnfB-GFP,

SagA-GFP, SlaB-GFP, mCherry-SynA, AbpA-mRFP in wild-type and ap2sD genetic backgrounds, respectively.

Replicates as in (A). (C) Epifluorescence microscopy of the subcellular localization of DnfA, SagA and SlaB in a

thiAp-claL genetic background. Notice that ClaL repression (o/n thiamine) does not affect DnfA, SagA or SlaB

polarization. Representative phenotypes selected from 20–30 hyphae for each strain. Biological replicates: 3. (D)

Epifluorescence microscopy of the subcellular localization of DnfA or DnfB in a thiAp-claH genetic background.

Notice that ab initio ClaH repression (o/n thiamine) affects DnfA or DnfB polarization (upper and lower left panels),

apparently due to Golgi collapse (see text), while in samples repressed (10 hr thiamine) after a period of pre-

growth (16 hr), a degree of polarization is retained (upper and lower right panels). The middle panel depicts DnfA

localization in the presence of the Golgi inhibitor Brefeldin A (BFA), under ClaH repressed (o/n thiamine, 150 min

BFA) or de-repressed conditions (25 min BFA). Notice the apparent block in DnfA-GFP secretion (also refer to

Figure 5—figure supplement 1 and the text for more details). Biological/Technical replicates: 3/50, 2/50 for

thiAp-claH DnfA-GFP and thiAp-claH DnfB-GFP respectively. (E) Quantitative analysis of fluorescence intensity of

DnfA-GFP or DnfB-GFP in wt, ap2sD or thiAp-claL (thiamine-repressed), along 4 mm of hyphal tips. For details of

fluorescence intensity measurements see Materials and methods.

DOI: 10.7554/eLife.20083.012

The following figure supplements are available for figure 5:

Figure supplement 1. Subcellular localization of DnfA-GFP or DnfB-GFP in wild-type, ap2sD, thiAp-claL or thiAp-

claH isogenic backgrounds.

DOI: 10.7554/eLife.20083.013

Figure 5 continued on next page
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(2009). Importantly, our results show that normal Golgi secretion is necessary for maintaining the

polar localization of DnfA-GFP.

When ClaH was depleted, by thiamine addition for 10 hr, following a period of pre-growth (16 hr)

that allows a fraction of DnfA-GFP or DnfB-GFP to be secreted and polarly localized, a degree of

polarization of both flippases was preserved in some hyphae, but in general the polar localization of

DnfA-GFP or DnfB-GFP was disrupted (see upper and lower right panels in Figure 5D and also Fig-

ure 5—figure supplement 1B). This picture, however, did not constitute a surprise, given the effect

of BFA in DnfA-GFP polar localization. It is rather compatible with the idea that a severe block in

conventional cargo secretion, obtained either by BFA or by the depletion of ClaH, leads to an inabil-

ity to maintain the apical localization of markers, such as DnfA, and apparently DnfB.

In summary, our results strongly suggest that the depletion of clathrin does not directly affect the

pre-established polarization of flippases. While the dispensability of ClaL in apical cargo localization

is clear, the non-essential role of ClaH on flippase polarization establishment is more difficult to for-

mally confirm because depletion of ClaH affects Golgi function and secretion, and thus polarization

maintenance. Our results are in agreement with results reported in Schultzhaus et al. (2017a);

(2017b), which establish that ClaH is localized principally in late Golgi, only weakly in the apical col-

lar region and is excluded from the hyphal tip. Overall, these results further showed that AP-2 and

clathrin have distinct roles in cargo subcellular localization in A. nidulans.

AP-2 co-localizes with DnfA, DnfB, AbpA, SagA and SlaB, but not with
clathrin or UapA
We performed a series of co-localization studies examining the subcellular positioning of AP-2 in

relationship to several membrane cargoes, including endocytic proteins (SagA and SlaB), actin poly-

merization markers (AbpA), apical markers (DnfA, DnfB and SynA) or transporters (UapA). For that

we constructed strains expressing functional Ap2s-GFP or Ap2s-mRFP, and crossed these with

strains expressing GFP- or RFP-tagged apical markers. Figure 6A shows that, in a wild-type back-

ground, Ap2s-GFP or Ap2s-mRFP has a polar cortical distribution, marking mostly the endocytic col-

lar of growing tips, but also the septa. The apical and cortical localization of Ap2s-GFP was

‘replaced’ by a rather diffuse cytoplasmic fluorescent signal in an ap2�D genetic background, show-

ing that disruption of the full AP-2 complex by deleting a single subunit also disrupts its physiologi-

cal localization. Noticeably, apical localization of Ap2s-GFP remained unaffected in a genetic

background lacking clathrin light chain (repressed thiAp-claL). Kymograph analysis further showed

that the AP-2 complex marking the apical region, including the collar, is rather static. This also sug-

gests that AP-2 is not localized in highly motile early endosomes (EEs). Additionally, no significant

co-localization of Ap2s-GFP was obtained with a marker of the TGN (PHOSBP) (Figure 6—figure sup-

plement 1).

AP-2 co-localized cortically, with a high statistical significance (p<0.001), with SagA (80.7%), SlaB

(77.4%), DnfA (70.1%), DnfB (77.0%), AbpA (75.8%) and SynA (68.8%). We also quantified and statis-

tically confirmed that co-localization of AP-2 with apical markers (DnfA and SynA) occurs basically in

the collar region, rather than the apical tip (lower panel in Figure 6C). Noticeably, co-localization of

AP-2/SlaB or AP-2/SagA was modified in genetically deleted sagAD or thiAp-slaB backgrounds,

respectively, becoming less polarized and more extending away from the tip (Figure 6D). Impor-

tantly, AP-2 did not co-localize with clathrin (ClaL) or UapA (Figure 6B,C). In fact ClaL and UapA, in

contrast to all other apical markers, do not localize significantly in the collar region, where apical

endocytosis occurs.

Given the importance of confirming the non-colocalization of AP-2 and clathrin for the present

work, we obtained additional evidence to support this finding. Figure 6—figure supplement 2,

panel A, shows that strains expressing the chimeric ClaL-mRFP or ClaL-GFP proteins grow similar to

wild-type, contrasting the severe growth defects associated with the lack of ClaL expression. This

Figure 5 continued

Figure supplement 2. Time course of Brefeldin A effect on DnfA-GFP subcellular localization in a thiAp-claH

mutant.

DOI: 10.7554/eLife.20083.014
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Figure 6. AP-2 shows polar co-localization with DnfA, DnfB, SagA and SlaB, but not with clathrin or UapA. (A) Subcellular localization of functional

Ap2s-mRFP or Ap2s-GFP in wild-type background, or of Ap2s-mRFP in ap2sD or thiAp-claL backgrounds. Notice that the absence of a functional m

subunit leads to non-polar and non-cortical fluorescent signal of Ap2s-mRFP, whereas Ap2s-mRFP remains apically localized in the absence of clathrin

(left panel). Biological/Technical replicates: 5/10, 5/10, 3/6 and 3/12, respectively. Cartoon depicting the hyphal tip of A. nidulans (middle panel).

Figure 6 continued on next page
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constitutes good evidence that GFP- or RFP-tagged versions of ClaL are functional. Additionally,

panel B shows that the localization of ClaL-GFP or ClaL-mRFP is identical and compatible with the

expected localization for clathrin, as in both cases ClaL marks Golgi-like structures and cortical foci.

Panel C further shows a rather weak association of ClaL with subcortical patches close to the collar

endocytic region. The apparent prominent localization of ClaL in Golgi-like structures is in full agree-

ment with results in Schultzhaus et al. (2017b), who have shown that ClaH-GFP localizes principally

in the late Golgi, and has only a weak association with the sub-apical collar region. In the same arti-

cle, the authors have further shown that ClaH and ClaL co-localize. Finally, the functionality of ClaL-

mRFP was also confirmed by showing that strains expressing ClaL-mRFP are fully active in respect to

UapA-GFP endocytosis (panel D), contrasting the block of UapA endocytosis when ClaL is not func-

tional (see Figure 4G).

To further test the distribution of AP-2 and clathrin between plasma membrane and internal

vesicles, as well as, to assess more rigorously the degree of possible co-localization between these

two protein complexes, we analysed the localization of Ap2s-GFP and ClaL-mRFP by TIRF micros-

copy, followed by relevant quantification analysis (Figure 7). Practically no co-localization of the two

polypeptides was observed (PPC = 0.12) in the PM. Only a minor fraction of the two polypeptides

colocalized (PPC = 0.34) intracellularly. These data are in perfect line with the rest of our

findings, confirming that the function of AP-2 in apical endocytosis is clathrin-independent.

Overall, our results are also in line with the following notions. First, AP-2 seems to synergize with

endocytic factors SlaB and SagA at the endocytic collar, at sites of actin polymerization, marked by

AbpA. Second, disruption of SagA or SlaB, but not of AP-2, somehow depolarizes the localization of

this endocytic complex. Third, AP-2 is very probably the cargo-recognition (for example, DnfA and

DnfB) partner of this complex. Finally, AP-2 and clathrin are involved in mutually exclusive endocytic

or secretion pathways, also supporting a cargo-centric view of membrane trafficking (Maldonado-

Báez et al., 2013).

Further genetic and cellular evidence that AP-2 is involved in apical
lipid maintenance
To further establish the role of AP-2 we tested its genetic interactions with SagA, DnfA and DnfB,

but also with proteins involved in apical lipid maintenance, namely StoA and BasA. StoA is a stoma-

tin homologue involved in the maintenance of apical sterol-rich membrane domains (SRDs) and

polarity in A. nidulans (Takeshita et al., 2012). In metazoa, stomatins are oligomeric, lipid raft-asso-

ciated proteins with scaffolding functions necessary for the maintenance of specific lipid composition

in membranes, but their molecular function is still unclear (Lapatsina et al., 2012). BasA is required

for phytosphingosine biosynthesis and is essential for fungal viability. A previously reported

Figure 6 continued

Kymograph analysis showing the rather static localization of Ap2s-GFP at the hyphal tip (right panel). Biological/Technical replicates: 2/3. (B) Subcellular

localization experiments related the possible co-localization of Ap2s-mRFP or Ap2s-GFP with GFP- or mRFP-tagged SagA, SlaB, DnfA, DnfB, SynA,

AbpA, ClaL and UapA. Notice the apparent cortical co-localization, especially at the collar region, of AP-2 with SagA, SlaB, DnfA, DnfB, SynA and

AbpA, but not with ClaL or UapA. Biological replicates: 2, Technical replicates: 5–7. (C) Quantification of co-localization by calculating Pearson’s

Correlation Coefficient (PCC) for n = 5 hyphae, confirming significant co-localization of AP-2 with SagA, SlaB, DnfA, DnfB, SynA and AbpA. P-values are

p<0.0001 for co-localization of AP-2 with SagA, SlaB, DnfA, DnfB, SynA, AbpA, p=0.0002 and p=0.0007 for ClaL and UapA respectively (upper panel).

Quantification of co-localization by calculating Pearson’s Correlation Coefficient (PCC) specifically at the apical region of tips for n = 7, 10, 6 tip regions

of strains co-expressing fluorescent-tagged AP-2 and DnfA, SynA, ClaL respectively, showing that AP-2 does not co-localize with SynA, ClaL or DnfA

(lower panel). P-values are 0.0026, 0.0250 and 0.0001 respectively. See Materials and methods for statistical analysis methods and statistical tests used.

(D) Subcellular co-localization of Ap2s-mRFP with SlaB-GFP or SagA-GFP in sagAD or thiAp-slaB backgrounds, respectively. Notice the relative

depolarization of Ap2s-mRFP/SlaB-GFP in sagAD and of Ap2s-mRFP/SagA-GFP in thiAp-slaB. Representative phenotypes selected from 20 hyphae for

wt and mutant strains. Biological replicates: 2, Technical replicates: 10.

DOI: 10.7554/eLife.20083.015

The following figure supplements are available for figure 6:

Figure supplement 1. Epifluorescence microscopy following the in parallel localization of Ap2s-GFP and the TGN marker mRFP-PHOSBP.

DOI: 10.7554/eLife.20083.016

Figure supplement 2. Evidence for the functionality and proper subcellular localization of GFP- or mRFP-tagged ClaL.

DOI: 10.7554/eLife.20083.017
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thermosensitive missense mutation in basA (basA1) resulted in an aberrant cell wall thickening and

growth arrest at 42˚C (Li et al., 2007). For the present work, we used null mutants of SagA

(Karachaliou et al., 2013), DnfA, DnfB (Schultzhaus et al., 2015) and StoA (Takeshita et al., 2012),

and either basA1 or a conditional knock-down mutant of basA, constructed herein using the thiAp

promoter. These mutants were all crossed with the ap2sD strain. Growth phenotypes of the resulting

double mutants compared to single mutants are shown in Figure 8A and D. In all cases, double

mutants showed reduced growth compared to single mutants (that is, synthetic negative pheno-

types), strongly suggesting that the function of AP-2 is related to that of SagA, DnfA and DnfB, as

expected based on the subcellular localization experiments, but also to StoA and BasA. Microscopic

examination of the morphology of the mutants confirmed that the defects in AP-2 and SagA, DnfA,

DnfB, StoA or BasA were additive (Figure 8B,C and E). Finally, Figure 8F shows that the localization

of AP-2s-GFP in a basA1 genetic background is not anymore in the collar region, but instead marks

internal structures just behind the tip. All above observations were confirmed by relevant quantita-

tive analysis, as shown in Figure 8G and H.

Given that AP-2 was related to BasA, and thus sphingolipid localization, we tested whether AP-2

also affects the localization of ergosterol, the partner of sphingolipids in lipid rafts. To do so, we

used filipin III, an established fluorescent ergosterol marker (Van Leeuwen et al., 2008). In wild-type

A. nidulans and other filamentous fungi, filipin stains the PM, but with a predominant polar deposi-

tion at the hyphal apex (Li et al., 2006). We observed significant depolarization, often associated

with the appearance of discrete cortical foci and abnormal filipin staining in the ap2sD, as well as, in

thiAp-slaB, stoAD and thiAp-basA mutant backgrounds. In contrast, we observed a polar localization

of filipin in thiAp-claL, dnfAD, dnfBD and sagAD mutant strains, similar to wild-type (Figure 9A).

Quantification of these results, by measuring the strength of the filipin fluorescent signal along the

tip, confirmed the critical role of AP-2, as well as, of BasA, SlaB or StoA, in the apical depositioning

of ergosterol (Figure 9B). These results further supported that AP-2 has a specific role in lipid apical

localization, distinct from clathrin, necessary polar growth.

Figure 7. TIRF Microscopy confirms the non-colocalization of clathrin and AP-2. (A) Epifluorescence images and

respective TIRF (Total Internal Reflection Fluorescence) microscopy of ClaL-GFP, confirming that a fraction of ClaL

is associated with the PM. The penetration depth for TIRF was set to 110 nm. Biological/Technical replicates: 2/10.

(B) Additional subcellular localization experiments investigated the possible co-localization of Ap2s-GFP with ClaL-

mRFP. Epifluorescence microscopy (EPI) confirms the very low cortical co-localization of AP-2 with ClaL, similar to

that observed when the two proteins where inversely tagged (see Figure 6C). Respective TIRF microscopy shows

no co-localization of the two proteins in the plasma membrane. The penetration depth for TIRF was set to 150 nm.

Biological replicates: 3, Technical replicates: 8. BF: Brightfield. (C) Quantification of co-localization by calculating

Pearson’s Correlation Coefficient (PCC) for n = 3 hyphae, of a strain co-expressing GFP-tagged AP-2 and ClaL-

mRFP. The corresponding P-values are p<0.0001 and p<0.05 for the PCCs calculated by epifluorescence

microscopy and by TIRF, respectively. See Materials and methods for statistical analysis methods and statistical

tests used.

DOI: 10.7554/eLife.20083.018
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Figure 8. AP-2 interacts genetically with endocytic factors and proteins involved in apical lipid maintenance. (A)

Growth phenotypes of single and double null mutants related to AP-2 and SagA, StoA, DnfA and DnfB. (B)

Microscopic morphology of hyphal cells, stained with calcofluor, of strains shown in (A). Representative

phenotypes selected from 100 hyphae for wt and 20–50 hyphae for mutant strains. Biological/Technical replicates:

4/25, 3/10, 3/15, 2/20, 2/15, 2/15, 3/10, 2/20, 2/15 and 2/15, respectively. (C) Apical deposition of calcofluor in

strains shown in (A) and (B). Biological/Technical replicates as in (B). (D, E) Growth phenotypes and microscopic

morphology of ap2sD, basA1tsand ap2sD basA1tsstrains. Inserts highlight the modification of calcofluor deposition

from the collar region to the extreme apex in basA1ts strains under the non-permissive temperature (42˚C).
Representative phenotypes selected from 45 hyphae for ap2sD and mutant strains. Biological/Technical replicates:

3/15. (F) Localization at the extreme apex, rather than in the collar region, of AP-2 in a basA1ts genetic

background. Notice that a similarly modified localization of calcofluor (chitin) was obtained in the basA1ts at 42˚C
(see relevant inserts in Figure 7E). Representative phenotypes selected from 30 hyphae. Biological replicates: 2,

Technical replicates:15. (G–H) Quantitative analysis of growth types shown in (B) and (E), categorized as in

Figure 2 in A, B or C. (G) Analysis of n = 100 hyphae of wild-type and n = 32, 58, 51, 40, 92, 43, 59, 58, 100 hyphae

of mutant strains. (H) Analysis of n = 25, 77, 65 and n = 75, 42, 68 hyphae of ap2sD, basA1, ap2sD basA1 at 25oC

and 37˚C respectively.

DOI: 10.7554/eLife.20083.019
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Discussion
In mammals, the AP-2 appendages of a2 and b2 subunits orchestrate endocytosis through hierarchi-

cal interactions with clathrin, other endocytic proteins and PM lipids. The appendage of the b2 sub-

unit specifically interacts with clathrin (Keyel et al., 2008; Thieman et al., 2009). Lower eukaryotes,

like free living filamentous fungi, face the challenge of rapid and polarized growth via apical exten-

sion, a process that is absolutely dependent on efficient endocytosis and recycling of chaperones

and enzymes, related to PM and cell wall deposition at the growing tip (Peñalva, 2010,

2015; Peñalva et al., 2012). Fungi also need both basal and conditionally elicited endocytosis all

along their hyphal PM, serving the renewal or modification of membrane components in response to

changing nutritional or stress conditions, best exemplified by the endocytic turnover of transporters

(Gournas et al., 2010; Karachaliou et al., 2013; Diallinas, 2014). The role of AP-2 and that of cla-

thrin in the endocytosis of apical cargoes or transporters had not been studied in filamentous fungi,

until recently.

Here we showed that AP-2 is dispensable for transporter endocytosis and conventional apical

secretion, but essential for polarity maintenance and the polar localization of membrane lipid or cell

wall components. In parallel, we showed that clathrin (both ClaH and ClaL) is also essential for A.

nidulans growth and that ClaH has a critical role in Golgi function and cargo secretion, which is prob-

ably the main reason why the ClaH null mutation is lethal. The importance of ClaH in conventional

secretion via the Golgi was also recently reported by Schultzhaus et al. (2017b). An essential role of

clathrin in the endocytosis of transporters is also well supported by our results. Importantly, we also

showed that the function of ClaL is unrelated to polarity maintenance or the polar localization of

lipid or cell wall- related apical cargoes, which contrasts its essential role in transporter endocytosis.

Our results also supported that the effect of ClaH depletion in maintaining the polar localization of

apical cargoes is due to malfunctioning of Golgi-dependent secretion, rather than a direct effect on

the polar localization establishment, similarly to what is observed when BFA is added to growing

cells. These results, together with the absence of any significant overlap in the PM localization of

Figure 9. AP-2 is critical for ergosterol membrane localization. (A) Apical filipin staining of ergosterol in hyphal

cells of wild-type and mutants. Notice the significant alterations and loss or reduction in apical staining in ap2sD,

thiAp-basA, thiAp-slaB and stoAD genetic backgrounds. Representative phenotypes selected from n = 20 hyphae

for wt and mutant strains. Biological replicates: 2, Technical replicates: 20. Scale bars represent 5 mm. (B)

Quantitative analysis of fluorescence intensity of filipin staining along the surface of hyphae tips. The region

measured is depicted in the cartoon on the left.

DOI: 10.7554/eLife.20083.020
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clathrin and AP-2, and the distinct phenotypes of clathrin and AP-2 mutants, confirmed that clathrin

and AP-2 are recruited in distinct, cargo-dependent, trafficking pathways.

Led by the observation that genetic knock-out of AP-2 resulted in phenotypes compatible with

loss of polarity maintenance, we followed the effect of deleting AP-2 on the subcellular localization

of well-established apical markers. We thus showed that AP-2 co-localizes apically with endocytic

factors SlaB and SagA at sites of actin polymerization in the sub-apical collar region. Subsequently,

we provided direct evidence that AP-2 has a role on the apical localization and function of DnfA and

DnfB flippases, and affects ergosterol (filipin) and cell wall (calcofluor) deposition at the tip. We

finally showed that AP-2 interacts functionally with other proteins involved in apical lipid mainte-

nance and scaffolding (BasA and StoA). The key role of AP-2 in apical endocytosis is in line with pre-

vious results showing that proper membrane lipid and cell wall composition is essential for fungal

polar growth (Cheng et al., 2001; Takeshita et al., 2012). A speculative model on the role of AP-2

and other relevant factors in apical endocytosis and polarity maintenance is shown in Figure 10. This

model also considers recent findings on the recycling of apical markers described in

Schultzhaus et al. (2015); (2016); (2017b) and Peñalva (2015).

An AP-2 independent role of clathrin in endocytosis is not novel, as it has been reported before

in mammals and yeast (Conner and Schmid, 2003; Motley et al., 2003; Sorkin, 2004; Traub, 2009;

Brach et al., 2014). To our knowledge, however, the opposite is a novel finding, as no other report

has shown a major clathrin-independent role of the AP-2 complex. A role, albeit minor, for AP-2 in

maintaining normal post-endocytic trafficking of major histocompatibility complex class I (MHCI) pro-

teins and beta1 integrin is the only reported case of a clathrin-independent role of AP-2 (Lau and

Chou, 2008). Interestingly, Microsporidia possess AP complexes, but not clathrin, which further

shows that AP complexes can function without clathrin. The fact that no canonical clathrin binding

domains were identified in the b1 and b2 subunits of primitive fungi supports the notion that Dikarya

have lost clathrin-binding domains during their evolution. The experimental support of a clathrin-

independent role of AP-2 in endocytosis was in good agreement with the in silico observation that

the b2 subunit of AP-2 of all higher fungi lacks the entire C-terminal b appendage, which includes

known clathrin binding domains. Interestingly, clathrin binding domains are also missing from the

AP-1 b subunit (b1) of all Dikarya, suggesting that in fungi AP-1 might also function independently

of clathrin, very probably being involved in the recycling via the TGN compartment of specific apical

proteins. Thus AP-2 and AP-1 might function in the same pathway for apical cargo recycling. Inter-

estingly, AP-1 has been reported to function independently of clathrin in phagocytosis in murine

macrophages (Braun et al., 2007). This has been correlated with the presence of two isoforms of

the g-adaptin subunit of AP-1 in macrophages (Santambrogio et al., 2005), and it has been pro-

posed that the cleaved form of AP-1 is the one associated with vesicles present under phagocytic

cups (Braun et al., 2007).

Our findings strongly suggest the existence of clathrin-independent endocytosis (CIE) related to

polar growth in A. nidulans. Over the last years, there has been an increasing interest concerning

CIE, not only because it is the mode of entry of bacterial toxins and cell surface proteins (Maldo-

nado-Báez et al., 2013; Mayor et al., 2014), but also because it has raised strong debates concern-

ing its physiological significance. In a recent report, Bitsikas et al. (2014), provided evidence that

clathrin-independent pathways do not, in fact, contribute significantly to endocytic flux. However, in

cases where it has been supported experimentally, CIE seems to be specialized for the maintenance

of PM lipid composition (Shvets et al., 2015) and the endocytosis of proteins anchored to the mem-

brane by glycosyl phosphatidylinositol (GPI) (Nichols, 2009; Bitsikas et al., 2014). Additionally, in

some cases CIE has also been reported to depend on specific PM lipid rafts and/or microdomains,

such as caveolae or flotillins (Glebov et al., 2006), despite some recent contradicting reports sup-

porting that caveolae and flotillins function in organizing PM domains, rather being bona fide endo-

cytic factors (Parton and del Pozo, 2013). Finally, some CIE pathways also depend on dynamin

(Lamaze et al., 2001). An apparent conclusion from the above and other studies is that distinctions

and variations in both clathrin-dependent endocytosis (CME) or CIE seem to arise from the endocytic

cargo being examined (Maldonado-Báez et al., 2013). Our work suggests that AP-2 is a key cargo-

specific recognition factor in apical CIE in fungi.

For long, yeasts were thought to depend solely on CME. However, recent evidence demon-

strated the existence of a CIE pathway that depends on the GTPase Rho1, Rom1/2, formin Bni1 and

a-arrestins (Prosser and Wendland, 2012; Prosser et al., 2011, 2015). In addition, a CIE pathway
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Figure 10. A speculative model highlighting the role of AP-2 in DnfA and DnfB endocytosis at the apical region of

A. nidulans growing hyphal cells. After reaching the PM, DnfA and DnfB diffuse laterally to the collar region where

they are recognized by AP-2 and undergo actin polymerization-dependent endocytosis with the help of SagA and

SlaB. Endocytic vesicles are sorted in the Early Endosomes (EEs) and from there DnfA and DnfB undergo

retrograde traffic to the TGN, the Spitzenkörper (a vesicle sorting region in filamentous ascomycetes;

Pantazopoulou et al., 2014) and eventually reach the PM (Schultzhaus et al., 2015; Peñalva, 2015).

Extrapolating from the observation that AP-1 loss-of-function mutants are severely defective in polarity

maintenance and growth, similar to AP-2 mutants, we predict that AP-1 is involved in the retrograde exocytosis

(green arrows) of DnfA, DnfB and other cargoes essential for lipid or cell wall (for example, chitin synthases)

maintenance. The model does not exclude that a fraction of DnfA and DnfB and other cargoes endocytosed by

the AP-2 pathway would undergo degradation after being sorted into degradative EEs that are destined to the

vacuole. The model also depicts that transporters and possibly other non-polar membrane proteins are not

cargoes of the AP-2 pathway, but instead undergo clathrin- and a-arrestin-dependent endocytosis, followed by

sorting into degradative EEs and eventual degradation in the vacuole (Vac). The model also suggests that SlaB

Figure 10 continued on next page
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was discovered in Candida albicans (Epp et al., 2013). Interestingly, in yeast, a-arrestins are impor-

tant for cargo selection in both the CME and CIE, but seem to function by distinct mechanisms in

each pathway, as in the CIE pathway, unlike CME, their function is independent of the Rsp5 ubiquitin

ligase (Lin et al., 2008; Nikko et al., 2008; Prosser et al., 2015). Although the involvement of AP-2

in CIE in yeast has not been examined, the involvement of a-arrestins differentiates it from the apical

CIE pathway we identify herein, as none of the A. nidulans arrestin knock-out mutants shows defects

in polarity maintenance and growth (Karachaliou et al., 2013). This however does not exclude the

possibility that the apical CIE pathway in A. nidulans shares other factors of the CIE pathway identi-

fied in yeast (for example, Rho1, Rom1/2 or formin Bni1). In fact, SepA (orthologue of Bni1;

Harris et al., 1997; Sharpless and Harris, 2002), is necessary for septum formation and polarity

maintenance, and RhoARho1 plays a role in polarity, proper branching pattern, and cell wall deposi-

tion (Guest et al., 2004), phenotypes related to the proposed AP-2 function.

The present work does not intend to explore the mechanistic details of the AP-2 pathway in A.

nidulans or identify the entire set of factors involved. However it shows, for the first time, the exis-

tence of a clathrin-independent pathway related to polarity maintenance in filamentous fungi, and

most importantly identifies AP-2 as a key factor for the apical recycling of enzymes, lipids and cell

wall components necessary for fungal growth. From the evolutionary point of view, our work sug-

gests that in higher fungi the function of the AP-2 complex has been uncoupled, probably via a spe-

cific gene truncation, from clathrin-mediated endocytosis, and that this uncoupling seems to serve

specific cellular challenges of fungal polar growth.

Materials and methods

Media, strains, growth conditions and transformation
Standard complete and minimal media (MM) for A. nidulans were used. Media and supplemented

auxotrophies were at the concentrations given in FGSC (http://www.fgsc.net.) (RRID: SCR_008143).

Media and chemical reagents were obtained from Sigma-Aldrich (Life Science Chemilab SA, Hellas)

or AppliChem (Bioline Scientific SA, Hellas). Glucose 1% (w/v) was used as a carbon source. NaNO3

at 10 mM was used as a nitrogen source. Thiamine hydrochloride was used at a final concentration

of 5–10 mM. A. nidulans transformation was performed as described previously in Koukaki et al.

(2003). An nkuA DNA helicase deficient strain (TNO2A7; Szewczyk et al., 2007; Nayak et al.,

2006) was the recipient strain for generating ‘in locus’ integrations of tagged gene fusions, or gene

deletions by the A. fumigatus markers orotidine-5’-phosphate-decarboxylase (AFpyrG, Afu2g0836)

or GTP-cyclohydrolase II (AFriboB, Afu1g13300), resulting in complementation of auxotrophies for

uracil/uridine (pyrG89) or riboflavin (riboB2) respectively. Transformants were verified by PCR and

Southern analysis. Combinations of mutations were constructed by standard genetic crossing. A.

nidulans strains used are listed in Supplementary file 1.

Standard nucleic acid manipulations and plasmid constructions
Genomic DNA extraction from A. nidulans was as described in FGSC (http://www.fgsc.net) (RRID:

SCR_008143). Plasmid preparation from E. coli strains and DNA bands gel extraction were done

using the Nucleospin Plasmid kit and the Nucleospin Extract II kit (Macherey-Nagel, Lab Supplies

Scientific SA, Hellas). DNA sequences were determined by VBC-Genomics (Vienna, Austria). South-

ern blot analysis using specific gene probes and upstream or downstream fragments in the case of

verifying gene deletions, was performed as described in Sambrook et al. (1989). [32P]-dCTP labeled

molecules of gene specific probes were prepared using a random hexanucleotide primer kit follow-

ing the supplier’s instructions (Takara Bio, Lab Supplies Scientific SA, Hellas) and purified on

Figure 10 continued

and SagA endocytic factors might have roles in both the AP-2 and clathrin endocytic pathways. Finally, the model

shows that SynA (V-Snare) is not a cargo of the AP-2 pathway. The roles of some other factors in exocytosis (Sec4,

Rab11, Rab1, Rab6 and RabE) or sorting (RabB) of cargoes, is based on the work of the group of M.A. Peñalva

(Peñalva, 2015).
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MicroSpin S-200 HR columns (Roche Diagnostics, Hellas). Labeled [32P]-dCTP (3000 Ci mmol�1) was

purchased from the Institute of Isotops Co. Ltd, Miklós, Hungary. Restriction enzymes were from

Takara Bio (Lab Supplies Scientific SA, Hellas). Conventional PCR reactions, high fidelity amplifica-

tions and site-directed mutagenesis were performed with KAPA Taq DNA and Kapa HiFi polymer-

ases respectively (Kapa Biosystems, Lab Supplies Scientific SA, Hellas). Gene deletions and ‘in locus’

integrations of tagged gene fusions were generated by one step ligations or sequential cloning of

the relevant fragments in the plasmids pBluescript SKII, or pGEM-T using oligonucleotides carrying

additional restriction sites. These plasmids were used as templates to amplify the relevant linear cas-

settes by PCR. For primers and information related to these constructs see Supplementary file 2.

Total protein extraction and western blot analysis
Cultures for total protein extraction were grown in MM supplemented with NaNO3 at 25o C. Thia-

mine hydrochloride was used at a final concentration of 5–10 mM. Total protein extraction was per-

formed as previously described (Galanopoulou et al., 2014). Equal sample loading was estimated

by Bradford assays. Total proteins (30–50 mg) were separated in polyacrylamide gels (8–10 % w/v)

and electroblotted (Mini PROTEAN Tetra Cell, BIORAD) onto PVDF membranes (Macherey-Nagel,

Lab Supplies Scientific SA, Hellas). Immunodetection was performed with a primary mouse anti-GFP

monoclonal antibody (Roche Diagnostics), a mouse anti-actin monoclonal (C4) antibody (MP Bio-

medicals Europe) and a secondary goat anti-mouse IgG HRP-linked antibody (Cell Signaling Technol-

ogy Inc, Bioline Scientific SA, Hellas). Blots were developed using the LumiSensor Chemiluminescent

HRP Substrate kit (Genscript USA, Lab Supplies Scientific SA, Hellas) and SuperRX Fuji medical

X-Ray films (FujiFILM Europe). Quantification of ClaH-GFP or actin levels using ImageJ were esti-

mated separately and relative to each other and are given as ratios, where in each case the lowest

value was arbitrarily set as 1.

Phylogenetic analysis
BLASTp searches were performed on the NCBI database (RRID: SCR_004870) to identify which

organisms acquire a C-terminal domain on b AP-2 subunit, with H. sapiens b AP-2 as query. The

selected sequences were retrieved and, with the use of UniProt database (RRID: SCR_002380), the

C-terminal domains were identified and selected from each sequence. The phylogenetic tree recon-

struction of the C-terminal domains was performed on MEGA6 software (RRID: SCR_000667)

(Tamura et al., 2013) with the maximum-likelihood method and bootstrap testing for 150 replica-

tions. The substitution model was WAG and the ML heuristic method selected was Nearest-Neigh-

bor-Interchange (NNI). NCBI sequences used for figure illustrations; H. sapiens (NP_001273: bAP-2,

NP_001118: bAP-1 and NP_004635:b AP-3), F. alba (XP_009492690: b AP-2, XP_009492179: b AP-1

and XP_009495754: b AP-3), R. allomyces (EPZ36209: b AP-2, EPZ33551: b AP-1 and EPZ35993: b

AP-3), S. punctatus (KNC98413: b AP-2, KNC96576: b AP-1 and KND02292: b AP-3), A. nidulans

(CBF70501: b AP-2, CBF83537: b AP-1 and CBF90059: b AP-3), S. cerevisiae (NP_012538: b AP-2,

NP_012787: b AP-1 and NP_011777: b AP-3), and S. pombe (NP_596435: b AP-2, NP_595274: b

AP-1 and NP_593796: b AP-3). The illustrations were taken from HMMER (RRID: SCR_005305)

homology (search mode) of EBI database (RRID: SCR_002872) where the sequences were subjected

and subsequently manipulated.

Inverted epifluorescence microscopy, TIRF-M live imaging and
statistical analysis
Samples for wide-field epifluorescence microscopy and Total Internal Reflection Fluorescence

Microscopy (TIRF-M) were prepared as previously described (Evangelinos et al., 2016). Germlings

were incubated in sterile 35 mm m-dishes, high glass bottom (ibidi, Germany) in liquid MM for 16–22

hr at 25˚ C. Filipin III and Calcofluor white were used for 5 min prior to observation at final concen-

trations of 1 mg ml�1 and 0001% (w/v) respectively. FM4-64 and CMAC staining was according to

Peñalva (2015) and Evangelinos et al. (2016), respectively. Brefeldin A was used at a final concen-

tration of 100 mg ml�1. Images were obtained using a Zeiss Axio Observer Z1/Axio Cam HR R3 cam-

era. Contrast adjustment, area selection and color combining were made using the Zen lite 2012

software. Live imaging of plasma membrane ClaL was accomplished by TIRF-M. Hyphae were ana-

lyzed using a Leica AM TIRF MC set up on a Leica DMI6000 B microscope and a Leica 100X HCX PL
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APO 1.4 NA objective. Biological replicates correspond to different samples, while technical repli-

cates correspond to different hyphae observed and/or photographed within each sample. For kymo-

graph generation and all measurements of fluorescence intensity, the Reslice and Plot profile

commands in ImageJ (RRID: SCR_003070) were used, respectively (https://imagej.nih.gov/ij/). For

the statistical analysis in Figure 2, Tukey’s Multiple Comparison test was performed (One-way

ANOVA), using the Graphpad Prism software (RRID: SCR_002798). Confidence interval was set to

95%. For quantifying colocalization (Dunn et al., 2011), Pearson’s correlation coefficient (PCC)

above thresholds, for a selected Region of interest (ROI) was calculated, using the coloc2 plugin of

Fiji (RRID: SCR_002285). Costes P-value was 1.00 for all the images tested (Costes et al., 2004). PSF

was set to 1.2 and the number of iterations was 100. One sample t-test was performed to test the

significance of differences in PCCs, using the Graphpad Prism software. Confidence interval was set

to 95%. Colocalization results were also confirmed using the ICY (RRID: SCR_010587) colocalization

studio plugin (pixel-based method) (http://icy.bioimageanalysis.org/) for ROIs that included either

the foci and the tip area which were selected using the Spot Detector plugin, or the extreme apex

area, selected using the Area Selection tool. The same tool was also used for the measurement of

Vacuolar Surface (Total surface of vacuoles containing GFP/Hypha) and Vacuolar GFP Fluorescence

(Total fluorescence intensity of vacuoles containing GFP/Hypha) in Figure 3E–F, while Tukey’s Multi-

ple Comparison Test (One-Way ANOVA) using Graphpad Prism was performed to test the statistical

significance of the results. Scale bars were added using the FigureJ plugin of the ImageJ (RRID:

SCR_003070) software (Mutterer and Zinck, 2013). Images were further processed and annotated

in Adobe Photoshop CS4 Extended version 11.0.2 (RRID: SCR_002078).
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