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Abstract

Eukaryotic plasma membrane (PM) transporters face critical challenges that are not
widely present in prokaryotes. The two most important issues are proper subcellular
traffic and targeting to the PM, and regulated endocytosis in response to
physiological, developmental or stress signals. Sorting of transporters from their site
of synthesis, the Endoplasmic Reticulum (ER), to the PM has been long thought, but
not formally shown, to occur via the conventional Golgi-dependent vesicular
secretory pathway. Endocytosis of specific eukaryotic transporters has been studied
more systematically and shown to involve ubiquitination, internalization, and sorting
to early endosomes, followed by turnover in the MVB/lysosomes/vacuole system. In
specific cases internalized transporters have been shown to recycle back to the PM.
However, the mechanisms of transporter forward trafficking and turnover have been
overturned recently through systematic work in the model fungus Aspergillus
nidulans. In this review we present evidence that shows that transporter traffic to the
PM takes place through Golgi-bypass and transporter endocytosis operates via a
mechanism that is distinct from that of recycling membrane cargoes essential for
fungal growth. We discuss these findings in relation to adaptation to challenges
imposed by cell polarity in fungi as well as in other eukaryotes and provide a rationale
why transporters and possibly other housekeeping membrane proteins ‘avoid’ routes
of polar trafficking.
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Introduction

The pioneer biochemical work of Ronald Kaback on the LacY permease before the
era of crystallographic analysis of transporters (< 2003) had a huge impact on all of us
who decided to devote our research in understanding how transporters work. His
ingenious experimental inventions for studying a prokaryotic transporter, which led to
the establishment of the generally accepted ‘alternating access mechanism of
transport’ [1,2], coupled with a wealth of parallel findings on fungal transporter
regulation of expression and physiological function (70-90s), coming mostly from the
work of Marcel Grenson [3-6], Claudio Scazzocchio [7-9] and Rosine Haguenauer-
Tsapis [10-12], offers new insights to more complex issues of transporters at the
molecular and cellular level. Two novel aspects concerning transporters that we are
particularly interested in since 1998 are how substrate specificity is determined and
evolves at the molecular level, and which are the signals and mechanisms that
regulate transporter trafficking and turnover in eukaryotic cells. To investigate both
issues we have been using the model genetic system of the filamentous ascomycete
Aspergillus nidulans, which eventually emerged as a unique organism for studying
eukaryotic transporters [13-16]. In the most recent reviews, we discussed our basic
ideas concerning how transporter specificity might be determined. Here we present
our views, based on very recent findings and related references, on how transporters
traffic to the plasma membrane (PM) and how are down-regulated in response to
environment signals [17-20]. This article does not intend to be a general account of
fungal transporter trafficking, but rather aims to highlight how work with selected
transporters of A. nidulans is changing our views on transporter biogenesis and
turnover.

Brief account on the trafficking of membrane cargoes via
conventional secretion

The first step in the biogenesis of nascent eukaryotic membrane proteins, including
transporters and other polytopic transmembrane proteins, is their co-translational
translocation from ribosomes to the membrane of the Endoplasmic Reticulum (ER)
[21-24]. This is a rather mechanistic process that is not regulated in response to
environmental signals. However, proper folding of membrane proteins during or after
co-translational translocation into the ER is not only a prerequisite but also serves as a
protein quality step. Misfolding can occur due to mutations, temperature or chemical
stress, heterologous expression or stochastically. Misfolded membrane proteins are
trapped in the ER membrane and eventually turned-over by ER-associated
degradation (ERAD) or selective autophagy [25,26]. Once correctly folded in the ER,
membrane proteins are sorted into specialized nascent microdomains called ER-exit
sites (ERes), where they interact with components of the COPII complex. Assembly
of the COPII complex on the ER membrane occurs in a stepwise fashion, beginning
with recruitment of the GTPase Sarl, which recruits the heterodimeric Sec23-Sec24,
which in turn interacts with the membrane. Sec24 is the principle cargo-binding
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COPII component. Following cargo-Sec23/Sec24 complex formation, heterodimers of
Sec13-Sec31 are recruited via interaction between Sec23 and Sec31. Secl3-Sec31
drive membrane curvature and budding of COPII wvesicles, aided by the
oligomerization of Sec23-Sec24 and concentrative cargo homo-oligomerization. After
vesicle fission downstream events lead to uncoating of transport vesicles and
recycling of the COPII coat components back to the ER [27-29]. In several cases the
process of ER-exit requires specific autonomous or context-dependent sequence
motifs in cargoes, most commonly located at their cytosolic termini, essential for
recognition by Sec24 [16]. Such motifs are usually short di-acidic (D/E-X-D/E),
hydrophobic and aromatic sequences (FF, YY, LL, FY, DXDX®D).

Membrane cargo-Sec24 interaction and packaging into COPII vesicles is often
assisted by specific ER-resident chaperones and/or cargo-receptors. One of the best
characterized ER-exit membrane chaperone is the Saccharomyces cerevisiae Shr3
protein, which mediates COPII-cargo interactions required specifically for the
packaging of amino acid transporters into vesicles [30]. Shr3 has been shown to assist
in folding amino acid permeases and thus preventing precocious ERAD [31].
Additional ER membrane-localized chaperones are specific for the trafficking of
distinct fungal transporters [30,32,33]. Other types of ER proteins that are necessary
for COPII packaging and traffic of specific cargoes are receptors that interact with
both the cargo and the Sec24-Sec23 complex. The best characterized cargo receptor is
Erv14, which has been shown to be essential for the ER-exit and trafficking of tens of
membrane proteins, including mostly transporters and polytopic transmembrane
proteins [34-37]. Exit from the ER additionally requires specific interactions of the
cargo and COPII vesicular machinery components with specific ER lipids [27,29,38].
In mammalian cells, an intermediate compartment between the ER and the cis-Golgi
has been defined and called ER-intermediate compartment (ERGIC) [39]. After
successful ER- or ERGIC-exit, uncoated vesicles fuse with the cis-Golgi and then
‘reach’ the trans-Golgi network (TGN) via Golgi maturation [27,40-42]. Membrane
cargoes exit from the TGN, after recruitment of the small GTPase RabER®!! package
in AP-1/clathrin coated vesicles, which translocate to the PM either directly or
indirectly via highly motile endosomes [40,43,44]. AP-1/clathrin coated vesicles
carrying membrane cargoes move on tubulin tracts of the cytoskeleton [18,43,45].
The final step of membrane cargo forward traffic is carried out by the exocyst, an
octameric protein complex that is involved in the tethering of secretory vesicles to the
PM prior to fusion, mediated by soluble SNAREs [46]. In filamentous fungi, vesicles
carrying apical membrane cargoes and secretory proteins move to the so-called
Spitzenk&per (SPK), an aggregation of numerous vesicles and rich in actin
microfilaments, positioned under the tip of growing hyphae, from where they fuse to
the PM via the exocyst complex. The SPK has been suggested to be a transfer station
from cytoplasmic microtubules to actin microfilaments [47-49].

Do transporters reach the PM via conventional Golgi-dependent
secretion?
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Noticeably however, the aforementioned brief account on membrane cargo forward
trafficking towards the PM is heavily based on cargoes that are not transporters or
other polytopic transmembrane proteins (e.g. channels or receptors). In fact, very few
studies have addressed directly and systematically how transporters reach the PM.
The dogma seems to be that, being transmembrane proteins, transporters, channels
and receptors use the conventional Golgi- and post-Golgi-dependent vesicular
secretion route, described above. However, some lines of evidence supported that
specific transporters might not follow known conventional secretion routes. For
instance, the insulin-regulated glucose transporter GLUT4 accumulated at the PM,
rather than being sequestered in the Golgi or other intracellular compartments, after
deletion of proteins involved in TGN-dependent membrane cargo sorting (e.g. Arfrpl,
golgin-160 or AP-1), suggesting the presence of alternative routes out of the TGN
[50]. In line with this, kinesin motor proteins or microtubule disruption had a
moderate or no effect on GLUT4 accumulation at the PM [51,52]. Compelling direct
evidence has been recently obtained showing that neosynthesized GLUT4 is indeed
sorted to the PM from an early secretory compartment, bypassing the TGN [53]. In
another example, the mammalian potassium channel Kv2.1 has been shown to
translocate to the PM of the initial segment (AIS) of neurons via a mechanism that
also bypasses the Golgi [54]. In a recent report, atypical glycosylation of surface
neuronal proteins, including a plethora of synaptic receptors, was attributed to a
bypass or a hypo-function of the Golgi apparatus [55]. Noticeably also, a specific
form of the cystic fibrosis transmembrane conductance regulator (CFTR), namely
AF508-CFTR, has been shown to translocate to the PM via Golgi-bypass under
specific stress conditions [56,57]. Although these examples concerning mammalian
transporters, channels or receptors might be considered as exceptional cases of
unconventional trafficking of specific cargoes in mammals, our very recent work with
fungal nutrient transporters pointed to the rather provocative and original view that
states that transporter forward trafficking occurs by a major mechanism that bypasses
Golgi functioning and post-Golgi routes [20]. Before coming to the experimental
details that support such a conclusion, let us consider what has been known on the
localization of fungal transporters before.

All studied fungal transporters involved in uptake or efflux of solutes or ions
are known to localize in a rather homogeneous manner all along the PM. Some appear
in distinct foci, whereas other mark evenly the entire PM. For example, in S.
cerevisiae several transporters specific for amino acids (Canl, Mupl, Tat2) or uracil
(Furd) transporters are preferentially located in PM microdomains of 200-300 nm
called MCC (Membrane Compartments of Canl), which do not overlap with other
microdomains, called MCP or MCL, defined by distinct transporters, such as the H*-
ATPase Pmal or sterol transporters Ltc3/4, respectively [58]. Still other transporters
do not define PM microdomains (e.g. the general amino acid permease Gapl, several
sugar transporters, etc.). In A. nidulans several nucleobase transporters of the NCS1
family also do not define microdomains, at least within the limits of conventional
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epifluorescence microscopy [59-62], but members of the AzgA and NAT/NCS2
family appear as distinct foci when expressed at moderate levels [20,25,63]. In
general, however, there is no evidence that transporters in fungi localize in a polar
fashion. This is better established in filamentous fungi, which maintain high polarity,
growing as continuously elongating hyphal cells with morphologically and
functionally distinct apical and sub-apical regions. The non-polar homogeneous
localization of transporters in fungi is well established in A. nidulans where > 30
different transporters specific for purines, pyrimidines, amino acids, sugars,
carboxylic acids or drugs, have been studied at the level of subcellular localization via
epifluorescent microscopy.

The non-polar localization of Aspergillus transporters highly contrasts the
polar localization of several other membrane cargoes involved in continuous plasma
membrane or cell wall synthesis at the apex of growing hyphae, as for example, chitin
synthase ChsB, lipid flippases DfnA and DfnB, synaptobrevin SynAS™ or
components of the exocyst complex needed for regulation of apical recycling and
repositioning of specific cargoes necessary for growth [47,64-67]. Thus, it is logical
to consider that the biogenesis of specific membrane polar cargoes destined to the
fungal apical region might differ mechanistically with that of transporters, localized
non-polarly all along the PM (Figure 1). The distinct localization of fungal membrane
cargoes might present some analogies to distinct cargo localization in basolateral and
apical membranes in metazoa [68,69]. In all cases, the simplest scenario is that
cargoes themselves contain intrinsic information for distinct subcellular localization.
This however leaves open whether basic trafficking mechanisms and routes are the
same for cargoes destined to different segments of membranes.

In the course of studying fungal solute transporters since the 90s, and
particularly after having started using GFP-tagged versions of A. nidulans
transporters, we noticed that transporters are localized principally in two
compartments; the PM (including septa) and in vacuoles, the latter reflecting the
fraction of transporters undergoing constitutive or signal-elicited degradation after
endocytosis ([19]; see also later). In some cases, internalized transporters are also
detected in highly motile transient cytoplasmic structures, which proved to be early
endosomes [70,71]. Some transporters can also be detected marking the perinuclear or
cortical ER, but this occurs only when overexpressed via strong promoters [20].
Partially misfolded transporters due to mutations also are blocked in the ER [25].
Notably however, we are not aware of any case where a transporter is blocked in
cytoplasmic puncta characteristic of fungal early (cis) or late (trans) Golgi structures,
as these are identified using fluorescent tagging of relative resident proteins
[45,72,73]. In fact, we could not find any reference on transporters trapped in the
Golgi, for any reason, in any eukaryotic system. Surprisingly, a thorough search in the
literature showed that indeed there is no formal evidence of de novo made transporters
‘passing’ from the Golgi on their way to the PM. In cases were PM transporters have
been convincingly shown to be transiently sorted to the Golgi/TGN, the relative
experiments could not distinguish whether transporters in Golgi/TGN are de novo
made or recycled from the PM. Finally, another indirect indication that several fungal
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transporters might not be sorted to the Golgi is the fact that they are not glycosylated
(unpublished observations and Bruno Andre pers. com.). The aforementioned
observations prompted us to recently investigate the mechanism of transporter
trafficking in A. nidulans via systematic approach.

Evidence for translocation of Aspergillus transporters to the PM by
Golgi-independent transfer from the ER

To identify the trafficking pathways of nutrient transporters in A. nidulans we made
use of two approaches. Both involved following the localization of selected
transporters, functionally tagged with fluorescent epitopes, in growing germling and
hyphal cells (i.e. in vivo). In the first approach we blocked the synthesis of proteins
involved in conventional secretion via the tight repression of a regulatable promoter.
In particular, we followed transporter localization in strains that did not express Sec24
or Secl3 (COPII generation), SedVS® or GeaAC® (early-Golgi functioning),
HypBS*” (TGN functioning), RabER®!  AP-1° or clathrin ClaH®"! (post-Golgi
secretion), RabA/BR®®> (early and recycling endosomes) or SsoAS°! (major PM
tethering t-SNARE). Notice that although persistent transcriptional repression (i.e. >
24 h) of secretion eventually leads to A. nidulans cell death, given that in our system
full repression needed 10-12 h to occur, this provided a period of time for
conidiospore germination and development of germlings, and also sufficient time,
after full repression of secretion, for inducing and studying the trafficking of
transporters [20]. Besides using strains where proteins of the secretory route could be
repressed, we also examined transporter traffic in the presence of drugs that block
microtubule or actin filament polymerization (benomyl and Latrunculin B,
respectively), processes reported as essential in conventional secretion. In the second
approach, we estimated quantitatively the degree of co-localization of transporters
with proteins resident of COPII, early-Golgi, late-Golgi, post-Golgi vesicles,
recycling endosomes or the SPK, all marked with distinct fluorescent epitopes. For
both approaches we primarily used, as a model transporter-cargo, the well-studied
uric acid-xanthine UapA transporter. Subsequently, we also examined the trafficking
of other nutrient transporters, namely AzgA (purines) and FurA (allantoin),
representing structurally and functionally distinct transporter families [20].

Using these approaches, we showed that trafficking of de novo made
transporters initiates by COPII-packaging (i.e. Sec23- and Secl13-dependent) and
subsequently requires clathrin heavy chain and the PM t-SNARE SsoA, but is not
dependent on Golgi functioning (i.e. SedV-, GeaA- and HypB-independent) or key
effectors for post-Golgi conventional secretion (RabE and AP-1), microtubule
polymerization (benomyl-insensitive), or early and recycling endosome formation
(i.e. RabA/B-independent). Actin polymerization was shown to be required for
transporter trafficking (i.e. Latrunculin B-sensitive), surprisingly due to a previously
non-described essential role in COPII formation. Co-localization studies strongly


https://doi.org/10.20944/preprints202007.0601.v1
https://doi.org/10.3390/ijms21155376

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2020

supported the presence of nascent transporters in COPII structures and the absence of
transporters from the late Golgi/TGN. These findings contrasted the dynamic
trafficking of model apical cargoes (e.g. SynA or ChsB), followed in parallel by
analogous approaches, which showed clear dependence on early and late Golgi/TGN
and post-Golgi secretory routes (RabE-, AP-1- and microtubule-dependence). Figure
2 depicts the principle points of trafficking transporters versus apical cargoes.

The essential role of clathrin heavy chain (but not of clathrin light chain; [18])
on transporter trafficking, despite the observed lack of relative co-localization,
pointed to an undefined role of clathrin, other than vesicle budding from the TGN.
The essential role of clathrin heavy chain raised several issues that will need to be
addressed. Considering that transporters pack in COPII vesicles, there must be an
uncoating step before vesicles tether to the PM. If we consider that clathrin coats
transporter vesicles at some point, this suggests there must be some ‘missing’ events
of uncoating (COPII) and coating (clathrin), before fusion of vesicles to the PM. This
made us consider the possibility of formation of intermediate compartment between
the ERes and the PM, which is probably too transient for detection with standard
fluorescence microcopy [20]. Interestingly, clathrin light chain has been found to be
redundant for the forward trafficking of both transporters and apical cargoes [18], but
is essential specifically for the endocytosis of transporters ([17]; see later).

The above findings, and in particular the common dependence of transporters
and apical cargoes on Sec24 and Sec13, led to a simple but major assumption, that of
considering the existence of distinct subpopulations of COPII vesicles, as elements of
different trafficking routes. Thus, the main question to address is to identify the
particular features of distinct subpopulations of COPII and understand what makes
these vesicles traffic through different routes and ending at different sections of the
fungal membrane.

Endocytosis of apical cargoes and transporters occurs by distinct
mechanisms that serve polar growth and nutrition respectively

PM transmembrane proteins can undergo regulated endocytosis in response to
physiological or developmental signals, or stress. This a ubiquitous biological
phenomenon that serves adaptation to changes of the cell environment (mostly related
to nutrition, pH regulation or excretion of toxic metabolites or drugs), signaling (e.g.
synaptic neurotransmission or hormonal response) and renewal of membrane
components, especially under chemical and biological stress, senescence or aging.
Endocytosis of membrane proteins is followed by sorting to early endosomes, which
in most cases mature to late endosomes and Multivesicular Bodies (MVBs) that
eventually fuse with the lysosome (animals) or vacuole (plants/fungi), where
membrane protein degradation takes place. Notably, several membrane cargoes can
recycle back the PM instead of being degraded [74-76]. Recycling of specific
membrane cargoes serves eukaryotic cell polarity establishment, polarity maintenance
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in specialized cells, differentiation and growth. In filamentous fungi, in particular, it
has been rigorously established that spatially and temporarily synchronized cargo
trafficking towards growing hyphal tips coupled with apical endocytosis and recycling
are absolutely essential for maintaining polar cell growth [47-49]. Although most
recycled membrane cargoes are related to plasma membrane or cell wall synthesis and
renewal (e.g. lipid flippases, synaptobrevin, fungal chitin synthases secretory
enzymes. etc.), specific transporters are also known to recycle. One of the best studied
examples of transporter regulation by recycling is the mammalian insulin-responsive
GLUT4 glucose transporter [77-79]. GLUT4 molecules destined to the PM are kept
in specific intracellular vesicles referred as GLUT4 storage vesicles (GSVs). The
donor compartment from which newly made GVS form remains uncertain, but is
seemingly the ER or ERGIC [53]. Insulin stimulation mobilizes GSVs to fuse with the
PM but in its continuous presence GLUT4 molecules are internalised and recycled
back to the PM in endosomal vesicles that are distinct from GSVs. Recycling of
fungal nutrient transporters has also been reported when growth conditions change
([76,80-82] and references therein).

Studies in fungi, mostly in S. cerevisiae and A. nidulans, have led to important
findings concerning the molecular mechanism underlying endocytosis, turnover or
recycling of nutrient transporters. In most cases the primary molecular signal for
preceding endocytosis is ubiquitylation of cytoplasmically exposed terminal regions
of transporters [83,84]. Transporter ubiquitination is carried-out by HECT-type
ubiquitin ligases of the Nedd4/Rsp5-type recruited to transporter tails by adaptor
proteins called a-arrestins [83,85,86]. How arrestins recognize specific sequence or
structural motifs, and thus recruit ubiquitin ligases to the tails of transporters, is little
known [87,88]. Signals that lead to transporter endocytosis include nutrient starvation,
changes in the carbon and nitrogen source, the pH or the temperature of the growth
medium, or the presence of excess substrate, drugs or oxidizing agents (e.g. azoles,
amphotericin B, rapamycin, cycloheximide, DMSO or DTT). Such physiological or
stress signals lead to activation or/and recruitment of the a-arrestin adaptors and thus
to increased ubiquitination and endocytic turnover of transporters [19,71,89-92].
Interestingly, increased ubiquitination and endocytic turnover highly depend on
transporter conformational changes associated with transport catalysis, so that several
transporters are much more vulnerable to internalization when actively translocate
their substrates, a phenomenon known as activity-dependent or substrate-dependent
endocytosis [81,92-95]. Finally, dynamic lateral PM compartmentalization of
transporters is also crucial for their ubiquitin-dependent internalization and turnover
[96-99].

Following transporter ubiquitination, several proteins are involved in
subsequent steps necessary for fission of endocytic vesicles form the PM and sorting
into early or recycling endosomes [100,101]. The best characterized mechanism of
endocytosis in all eukaryotes is based on clathrin coated vesicles (Clathrin-mediated
Endocytosis or CME). Cargoes are sorted into clathrin vesicles with the help of the
heterotetrameric AP-2 adaptor complex, which recognizes clathrin and short di-
hydrophobic motifs on cytoplasm-facing domains of cargoes [43,102]. In S.
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cerevisiae, a detailed temporal scheme of arrival and departure of over 60 proteins at
sites of endocytosis has been established [103]. Endocytic proteins are organized into
modules according to their function and timing of recruitment and disappearance as
early proteins, middle and late coat proteins, myosin- and actin-proteins, and fission-
related proteins [101]. AP-2 and clathrin are considered early endocytic proteins.
Several other early-middle yeast endocytic proteins, namely Edel, Slal, Sla2,
Entl/Ent2 (mammalian AP-180 homologues), are known to have domains for
ubiquitin- and/or PtdIns(4,5)P2 lipid binding. Myosins Myo3p and Myo5p and actin-
binding protein Abpl are also later key regulators for fission [104,105]. Whether the
PM bends before or after actin arrives is still debated. Finally, endocytic proteins (e.g.
Abpl, Slal and Sla2) are also substrates of kinases, including tCdk1, the master cell
cycle regulator [106]. Deubiquitylation of internalized transporters and other
membrane cargoes, probably occurring at the endosomal compartment, is critical for
sorting to MVBs or recycling [75].

As far as it concerns fungi, the above brief account on endocytosis has been
based on the studies concerning the internalization of selected transporters and polar
markers. However, a surprising result came from studies with A. nidulans transporters
which showed that internalization from the PM is AP-2 independent, despite being
clathrin-dependent, as probably expected [17]. A further surprise came when, in sharp
contrast to transporter endocytosis, the internalization of Aspergillus polarly localized
(apical) membrane proteins, such as chitin synthase, lipid flippases, or syntaxin A,
proved to be AP-2 dependent, but clathrin-independent [17]. Thus, similarly to
distinct biosynthetic trafficking routes described earlier, there are distinct endocytic
mechanisms for polar membrane cargoes versus non-polar, house-keeping proteins,
such as nutrient transporters. The findings in A. nidulans showed formally that
clathrin-dependent and clathrin-independent mechanisms of endocytosis do exist in
lower eukaryotes, similar to metazoa. Furthermore, these findings very probably
concern all higher fungi, since the ¢ subunit of the AP-2 complex lacks the entire C-
terminal domain containing the putative clathrin-binding box in all cases [17,19].
Overall, these results supported that the AP-2 complex of fungi has acquired, in the
course of evolution a specialized clathrin-independent function in apical cargo
internalization followed by recycling necessary for fungal polar growth, while clathrin
evolved to function independently of AP-2 in generalized non-polar endocytosis of
transporters and probably other non-polar membrane cargoes destined for signal-
elicited degradation. In this latter mechanism, a-arrestins might function as the direct
adaptor of clathrin, but this remains to be shown. Which is, if any, the protein that
“replaces” clathrin in AP-2 dependent apical protein endocytosis remains unknown.
The distinct endocytic mechanisms for transporters and apical markers in fungi are
depicted in a simplified model in Figure 3.

Conclusions

Work with A. nidulans transporters revealed that transporters homogenously localized
all along the PM and polarly localized apical cargoes follow distinct forward
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trafficking and endocytic routes. In endocytosis the distinct mechanisms followed
seem to depend on the involvement of AP-2 (apical markers) versus clathrin
(transporters). What makes a cargo follow different biosynthetic trafficking routes
(i.e. Golgi-dependent versus Golgi-independent), implicating distinct COPII
subpopulations, remains less clear. What is however apparent is that trafficking and
endocytosis are both highly dependent on intrinsic information contained in
membrane cargoes. Specific sequence or structural motifs/domains, the number and
length of transmembrane segments, interactions with membrane specific chaperones,
receptors or lipids, oligomerization and partitioning in specialized membrane
microdomains, might all play roles in determining the route and mechanism of
trafficking followed.

In mammalian neurons most cargoes involved in neurotransmission are
polarly localized in the synaptic region by conventional Golgi-dependent secretion,
but specific cargoes serving dendrite, soma homeostasis or the initial segment (AIS),
such as glutamate receptor GIuAl, neuroligin or the potassium channel Kv2.1 are
sorted via mechanisms bypassing the Golgi [54,107-109]. In polarized epithelial
cells, distinct cargo-dependent subcellular trafficking routes are known to exist for
cargoes destined to basolateral versus apical membranes [16,110-113]. The recent
discovery of distinct forward trafficking routes of mammalian glucose transporters
serving different physiological needs [53], further exemplifies a general necessity for
a multiplicity of trafficking mechanisms of membrane cargoes.

Given the plethora of cellular roles cargoes have, the assumption that
trafficking is cargocentric has as strong physiological rationale. For example, most
transporters serve cell nutrient supply so that there is no obvious physiological need to
drive transporters to a specialized domain of the PM. This is well reflected in fungi
and other free-living cells where transporters are localized non-polarly and rather
homogenously all over the PM of hyphae. In contrast to transporters, membrane
cargoes that serve membrane or cell wall synthesis, polarity maintenance and apical
growth in fungi, need to be polarly localized at the hyphal tips, and thus face the
challenge of long distance sorting, coupled with recycling, which apparently need the
involvement of conventional vesicular secretion via the Golgi/endosome and
microtubules. Similarly, endocytosis of transporters occurs all along the PM and most
often leads to vacuolar degradation, whereas apical cargo endocytosis needs to be
restricted at the fungal apical region to serve rapid recycling at the apical tip necessary
for growth. In the case of transporters, by-passing the Golgi might also serve the need
to avoid polar localization at the tip, and thus avoid competition for PM translocating
with apical cargoes needed for polar growth.

References

1. Guan, L.; Kaback, H.R. Lessons from lactose permease. Annu. Rev. Biophys.
Biomol. Struct. 2006. doi: 10.1146/annurev.biophys.35.040405.102005


https://doi.org/10.20944/preprints202007.0601.v1
https://doi.org/10.3390/ijms21155376

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2020 d0i:10.20944/preprints202007.0601.v1

2. Kaback, H.R.; Smirnova, I.; Kasho, V.; Nie, Y.; Zhou, Y. The alternating
access transport mechanism in LacY. J. Membr. Biol. 2011,
d0i:10.1007/s00232-010-9327-5.

3. Grenson, M.; Hennaut, C. Mutation affecting activity of several distinct amino
acid transport systems in Saccharomyces cerevisiae. J. Bacteriol. 1971,
d0i:10.1128/jb.105.2.477-482.1971.

4. Grenson, M. Study of the Positive Control of the General Amino-Acid
Permease and Other Ammonia Sensitive Uptake Systems by the Product of the
NPR1 Gene in the Yeast Saccharomyces cerevisiae. Eur. J. Biochem. 1983,
d0i:10.1111/j.1432-1033.1983.th07439.x.

5. Jauniaux, J. -C; Grenson, M. GAP1, the general amino acid permease gene of
Saccharomyces cerevisiae Nucleotide sequence, protein similarity with the
other bakers yeast amino acid permeases, and nitrogen catabolite repression.
Eur. J. Biochem. 1990, d0i:10.1111/].1432-1033.1990.th15542.x.

6. André B. Tribute to Marcelle Grenson (1925-1996), a pioneer in the study of
amino acid transport in yeast. Int. J. Mol. Sci. 2018.doi: 10.3390/ijms19041207

7. Arst, H.N.; Scazzocchio, C. Initiator constitutive mutation with an ‘“up-
promoter” effect in Aspergillus nidulans. Nature 1975, doi:10.1038/254031a0.

8. Scazzocchio, C.; Arst, H.N. The nature of an initiator constitutive mutation in
Aspergillus nidulans Nature. 1978 Jul 13;274(5667):177-9.
doi:10.1038/274177a0

9. Diallinas, G.; Scazzocchio, C. A gene coding for the uric acid-xanthine
permease of Aspergillus nidulans: inactivational cloning, characterization, and
sequence of a cis-acting mutation. Genetics 1989 Jun;122(2):341-50. PMID:
2670668

10.  Wiame, J.M.; Grenson, M.; Ars, H.N. Nitrogen Catabolite Repression in Yeasts
and Filamentous Fungi. Adv. Microb. Physiol. 1985, doi:10.1016/S0065-
2911(08)60394-X.

11.  Volland, C.; Urban-Grimal, D.; Gé&aud, G.; Haguenauer-Tsapis, R.
Endocytosis and degradation of the yeast uracil permease under adverse
conditions. J. Biol. Chem. 1994 Apr 1;269(13):9833-41. PMID: 8144575

12.  Dupré S.; Haguenauer-Tsapis, R. Deubiquitination Step in the Endocytic
Pathway of Yeast Plasma Membrane Proteins: Crucial Role of Doadp
Ubiquitin Isopeptidase. Mol. Cell. Biol. 2001, doi:10.1128/mcb.21.14.4482-
4494.2001.

13. Pantazopoulou, A.; Diallinas, G. Fungal nucleobase transporters. FEMS
Microbiol.  Rev.  2007. Nov;31(6):657-75.  doi:  10.1111/j.1574-
6976.2007.00083.x

14. Diallinas, G. Understanding transporter specificity and the discrete appearance
of channel-like gating domains in transporters. Front. Pharmacol. 2014. Sep
12;5:207. doi: 10.3389/fphar.2014.00207.


https://doi.org/10.20944/preprints202007.0601.v1
https://doi.org/10.3390/ijms21155376

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2020 d0i:10.20944/preprints202007.0601.v1

15. Diallinas, G. Dissection of Transporter Function: From Genetics to Structure.
Trends Genet. 2016. Sep;32(9):576-590. doi: 10.1016/j.tig.2016.06.003.

16. Mikros, E.; Diallinas, G. Tales of tails in transporters. Open Biol. 2019,
doi:10.1098/rsob.190083.

17.  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, doi:10.7554/elife.20083.

18.  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, doi:10.1534/genetics.118.301240.

19. Diallinas, G.; Martzoukou, O. Transporter membrane traffic and function:
lessons from a mould. FEBS J. 2019, doi:10.1111/febs.15078.

20. Dimou, S.; Martzoukou, O.; Dionysopoulou, M.; Bouris, V.; Amillis, S;
Diallinas, G. Translocation of nutrient transporters to cell membrane via Golgi
bypass in Aspergillus nidulans . EMBO Rep. 2020,
doi:10.15252/embr.201949929.

21.  Von Heijne, G. Membrane proteins: From bench to bits. In Proceedings of the
Biochemical  Society  Transactions; 2011. Jun;39(3):747-50.  doi:
10.1042/BST0390747.

22.  Cymer, F.; Von Heijne, G.; White, S.H. Mechanisms of integral membrane
protein insertion and folding. J. Mol. Biol. 2015. Mar 13;427(5):999-1022.
doi:10.1016/j.jmb.2014.09.014.

23.  Voorhees, R.M.; Hegde, R.S. Toward a structural understanding of co-
translational protein translocation. Curr. Opin. Cell Biol. 2016. Aug;41:91-9.
d0i:10.1016/j.ceb.2016.04.009

24.  Aviram, N.; Schuldiner, M. Targeting and translocation of proteins to the
endoplasmic reticulum at a glance. J. Cell Sci. 2017, doi:10.1242/jcs.204396.

25.  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,
doi:10.1016/j.jmb.2015.05.021.

26.  Wu, X.; Rapoport, T.A. Mechanistic insights into ER-associated protein
degradation. Curr. Opin. Cell Biol. 2018. Aug;53:22-28.
doi:10.1016/j.ceb.2018.04.004.

27. Zanetti, G.; Pahuja, K.B.; Studer, S.; Shim, S.; Schekman, R. COPII and the
regulation of protein sorting in mammals. Nat. Cell Biol. 2012. Dec
22;14(1):20-8. d0i:10.1038/nch2390

28. D’Arcangelo, J.G.; Stahmer, K.R.; Miller, E.A. Vesicle-mediated export from
the ER: COPII coat function and regulation. Biochim. Biophys. Acta - Mol. Cell
Res. 2013, doi:10.1016/j.bbamcr.2013.02.003.


https://doi.org/10.20944/preprints202007.0601.v1
https://doi.org/10.3390/ijms21155376

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2020 d0i:10.20944/preprints202007.0601.v1

29. Borgese, N. Getting membrane proteins on and off the shuttle bus between the
endoplasmic reticulum and the Golgi complex. J. Cell Sci. 2016,
d0i:10.1242/jcs.183335.

30. Kota, J.; Ljungdahl, P.O. Specialized membrane-localized chaperones prevent
aggregation of polytopic proteins in the ER. J. Cell Biol. 2005,
d0i:10.1083/jch.200408106.

31. Kota, J.; Gilstring, C.F.; Ljungdahl, P.O. Membrane chaperone Shr3 assists in
folding amino acid permeases preventing precocious ERAD. J. Cell Biol. 2007,
d0i:10.1083/jcbh.200612100.

32.  Martinez, P.; Ljungdahl, P.O. The SHR3 homologue from S. pombe
demonstrates a conserved function of ER packaging chaperones. J. Cell Sci.
2000 Dec;113 Pt23:4351-62. PMID: 11069779.

33.  Erpapazoglou, Z.; Kafasla, P.; Sophianopoulou, V. The product of the SHR3
orthologue of Aspergillus nidulans has restricted range of amino acid
transporter targets. Fungal Genet. Biol. 2006, doi:10.1016/j.fgh.2005.11.006.

34.  Powers, J.; Barlowe, C. Erv14p directs a transmembrane secretory protein into
COPII-coated transport vesicles. Mol. Biol. Cell 2002, doi:10.1091/mbc.01-10-
0499.

35. Herzig, Y.; Sharpe, H.J.; Elbaz, Y.; Munro, S.; Schuldiner, M. A systematic
approach to pair secretory cargo receptors with their cargo suggests a
mechanism for cargo selection by ervl4. PLoS Biol. 2012,
doi:10.1371/journal.pbio.1001329.

36. Pagant, S.; Wu, A.; Edwards, S.; Diehl, F.; Miller, E.A. Sec24 is a coincidence
detector that simultaneously binds two signals to drive ER export. Curr. Biol.
2015, doi:10.1016/j.cub.2014.11.070.

37.  Zimmermannovd O.; Felcmanovd K.; Rosas-Santiago, P.; Papouskova K.;
Pantoja, O.; Sychrova H. Ervl4 cargo receptor participates in regulation of
plasma-membrane potential, intracellular pH and potassium homeostasis via its
interaction with K+-specific transporters Trkl and Tokl1. Biochim. Biophys.
Acta - Mol. Cell Res. 2019, doi:10.1016/j.bbamcr.2019.05.005.

38.  Klinkenberg, D.; Long, K.R.; Shome, K.; Watkins, S.C.; Aridor, M. A cascade
of ER exit site assembly that is regulated by p125A and lipid signals. J. Cell
Sci. 2014, doi:10.1242/jcs.138784.

39.  Peotter, J.; Kasberg, W.; Pustova, I.; Audhya, A. COPII-mediated trafficking at
the ER/ERGIC interface. Traffic 2019. 2019 Jul;20(7):491-503. doi:
10.1111/tra.12654.

40. Pantazopoulou, A.; Pinar, M.; Xiang, X.; Peralva, M.A. Maturation of late
Golgi cisternae into RabERAB11 exocytic post-Golgi carriers visualized in
vivo. Mol. Biol. Cell 2014, doi:10.1091/mbc.E14-02-0710.

41. Feyder, S.; De Craene, J.O.; B&, S.; Bertazzi, D.L.; Friant, S. Membrane
trafficking in the yeast Saccharomyces cerevisiae model. Int. J. Mol. Sci. 2015.


https://doi.org/10.20944/preprints202007.0601.v1
https://doi.org/10.3390/ijms21155376

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2020 d0i:10.20944/preprints202007.0601.v1

Jan 9;16(1):1509-25. doi: 10.3390/ijms160115009.

42. Gomez-Navarro, N.; Miller, E. Protein sorting at the ER-Golgi interface. J.
Cell Biol. 2016, doi:10.1083/jch.201610031.

43. Robinson, M.S. Forty Years of Clathrin-coated Vesicles. Traffic 2015.
Dec;16(12):1210-38. doi: 10.1111/tra.12335.

44.  Zeng, J.; Feng, S.; Wu, B.; Guo, W. Polarized exocytosis. Cold Spring Harb.
Perspect. Biol. 2017, doi:10.1101/cshperspect.a027870.

45.  Peralva, M.; Galindo, A.; Abenza, J.; Pinar, M.; Calcagno-Pizarelli, A.; Arst,
H.; Pantazopoulou, A. Searching for gold beyond mitosis: Mining intracellular
membrane traffic in  Aspergillus nidulans. Cell. Logist. 2012,
d0i:10.4161/cl.19304.

46. Mei, K.; Guo, W. The exocyst complex. Curr. Biol. 2018. Sep 10;28(17):R922-
R925.doi: 10.1016/j.cub.2018.06.042.

47.  Taheri-Talesh, N.; Horio, T.; Araujo-Baz&, L.; Dou, X.; Espeso, E.A,;
Pefalva, M.A.; Osmani, S.A.; Oakley, B.R. The tip growth apparatus of
Aspergillus nidulans. Mol. Biol. Cell 2008, doi:10.1091/mbc.E07-05-0464.

48. Riquelme, M.; Martnez-Nfez, L. Hyphal ontogeny in Neurospora crassa: A
model organism for all seasons. F1000Research 2016. Nov 30;5:2801.
doi:10.12688/f1000research.9679.1.

49.  Steinberg, G.; Peralva, M.A.; Riquelme, M.; W&ten, H.A.; Harris, S.D. Cell
Biology of Hyphal Growth. In The Fungal Kingdom; 2017. Apr;5(2).
doi:10.1128/microbiolspec. FUNK-0034-2016.

50. Hesse, D.; Hommel, A.; Jaschke, A.; Moser, M.; Bernhardt, U.; Zahn, C;
Kluge, R.; Wittschen, P.; Gruber, A.D.; Al-Hasani, H.; et al. Altered GLUT4
trafficking in adipocytes in the absence of the GTPase Arfrpl. Biochem.
Biophys. Res. Commun. 2010, doi:10.1016/j.bbrc.2010.03.059.

51. Takazawa, K.; Noguchi, T.; Hosooka, T.; Yoshioka, T.; Tobimatsu, K.;
Kasuga, M. Insulin-induced GLUT4 movements in C2C12 myoblasts:
Evidence against a role of conventional kinesin motor proteins. Kobe J. Med.
Sci. 2008. May 23;54(1):E14-22. PMID: 18772605.

52. Dawicki-McKenna, J.M.; Goldman, Y.E.; Ostap, E.M. Sites of glucose
transporter-4 vesicle fusion with the plasma membrane correlate spatially with
microtubules. PLoS One 2012, doi:10.1371/journal.pone.0043662.

53. Camus, S.M.; Camus, M.D.; Figueras-Novoa, C.; Boncompain, G.; Sadacca,
L.A.; Esk, C.; Bigot, A.; Gould, G.W.; Kioumourtzoglou, D.; Perez, F.; et al.
CHC22 clathrin mediates traffic from early secretory compartments for human
GLUT4 pathway biogenesis. J. Cell Biol. 2020, doi:10.1083/jcb.201812135.

54.  Stampe Jensen, C.; Watanabe, S.; Stas, J.I.; Klaphaak, J.; Yamane, A.; Schmitt,
N.; Olesen, S.P.; Trimmer, J.S.; Rasmussen, H.B.; Misonou, H. Trafficking of
Kv2.1 channels to the axon initial segment by a novel nonconventional
secretory pathway. J. Neurosci. 2017, doi:10.1523/JNEUROSCI.3510-16.2017.


https://doi.org/10.20944/preprints202007.0601.v1
https://doi.org/10.3390/ijms21155376

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2020 d0i:10.20944/preprints202007.0601.v1

55.  Hanus, C.; Geptin, H.; Tushev, G.; Garg, S.; Alvarez-Castelao, B.; Sambandan,
S.; Kochen, L.; Hafner, A.-S.; Langer, J.D.; Schuman, E.M. Unconventional
secretory processing diversifies neuronal ion channel properties. Elife 2016,
doi:10.7554/elife.206009.

56.  Rabouille, C. Pathways of Unconventional Protein Secretion. Trends Cell Biol.
2017. Mar;27(3):230-240. doi: 10.1016/j.tcb.2016.11.007

57. Gee, H.Y.; Kim, J.; Lee, M.G. Unconventional secretion of transmembrane
proteins.  Semin. Cell Dev. Biol. 2018. Nov;83:59-66. doi:
10.1016/j.semcdb.2018.03.016.

58.  Athanasopoulos, A.; André B.; Sophianopoulou, V.; Gournas, C. Fungal
plasma membrane domains. FEMS Microbiol. Rev. 2019. Nov 1;43(6):642-
673. doi:10.1093/femsre/fuz022.

59. Vlanti, A.; Diallinas, G. The Aspergillus nidulans FcyB cytosine-purine
scavenger is highly expressed during germination and in reproductive
compartments and is downregulated by endocytosis. Mol. Microbiol. 2008,
d0i:10.1111/j.1365-2958.2008.06198.x.

60. Krypotou, E.; Kosti, V.; Amillis, S.; Myrianthopoulos, V.; Mikros, E.;
Diallinas, G. Modeling, substrate docking, and mutational analysis identify
residues essential for the function and specificity of a eukaryotic purine-
cytosine NCS1 transporter. J. Biol. Chem. 2012,
doi:10.1074/jbc.M112.400382.

61. Krypotou, E.; Evangelidis, T.; Bobonis, J.; Pittis, A.A.; Gabald&, T,
Scazzocchio, C.; Mikros, E.; Diallinas, G. Origin, diversification and substrate
specificity in the family of NCS1/FUR transporters. Mol. Microbiol. 2015,
doi:10.1111/mmi.12982.

62.  Sioupouli, G.; Lambrinidis, G.; Mikros, E.; Amillis, S.; Diallinas, G. Cryptic
purine transporters in Aspergillus nidulans reveal the role of specific residues
in the evolution of specificity in the NCS1 family. Mol. Microbiol. 2017,
doi:10.1111/mmi.13559.

63. Krypotou, E.; Lambrinidis, G.; Evangelidis, T.; Mikros, E.; Diallinas, G.
Modelling, substrate docking and mutational analysis identify residues
essential for function and specificity of the major fungal purine transporter
AzgA. Mol. Microbiol. 2014, doi:10.1111/mmi.12646.

64. Pantazopoulou, A.; Pefalva, M.A. Organization and dynamics of the
Aspergillus nidulans Golgi during apical extension and mitosis. Mol. Biol. Cell
2009, doi:10.1091/mbc.E09-03-0254.

65. Schultzhaus, Z.; Yan, H.; Shaw, B.D. Aspergillus nidulans flippase DnfA is
cargo of the endocytic collar and plays complementary roles in growth and
phosphatidylserine asymmetry with another flippase, DnfB. Mol. Microbiol.
2015, doi:10.1111/mmi.130109.

66. Schultzhaus, Z.; Zheng, W.; Wang, Z.; Mourifo-P&ez, R.; Shaw, B.
Phospholipid flippases DnfA and DnfB exhibit differential dynamics within the


https://doi.org/10.20944/preprints202007.0601.v1
https://doi.org/10.3390/ijms21155376

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2020 d0i:10.20944/preprints202007.0601.v1

A nidulans Spitzenk&per. Fungal Genet. Biol. 2017,
doi:10.1016/j.fgh.2016.12.007.

67. Hern&dez-Gonz&8ez, M.; Bravo-Plaza, I.; Pinar, M.; de Los RDs, V.; Arst,
H.N.; Pefalva, M.A. Endocytic recycling via the TGN underlies the polarized
hyphal mode of life. PLoS Genet. 2018, doi:10.1371/journal.pgen.1007291.

68. Apodaca, G.; Gallo, L.I.; Bryant, D.M. Role of membrane traffic in the
generation of epithelial cell asymmetry. Nat. Cell Biol. 2012. Dec;14(12):1235-
43. doi:10.1038/nch2635

69. Riga, A.; Castiglioni, V.G.; Boxem, M. New insights into apical-basal
polarization in epithelia. Curr. Opin. Cell Biol. 2020. Feb;62:1-8.
doi:10.1016/j.ceb.2019.07.017.

70. Gournas, C.; Amillis, S.; Vlanti, A.; Diallinas, G. Transport-dependent
endocytosis and turnover of a uric acid-xanthine permease. Mol. Microbiol.
2010, d0i:10.1111/j.1365-2958.2009.06997 .x.

71. Karachaliou, M.; Amillis, S.; Evangelinos, M.; Kokotos, A.C.; Yalelis, V.;
Diallinas, G. The arrestin-like protein ArtA is essential for ubiquitination and
endocytosis of the UapA transporter in response to both broad-range and
specific signals. Mol. Microbiol. 2013, doi:10.1111/mmi.12184.

72.  Peralva, M.A. Endocytosis in filamentous fungi: Cinderella gets her reward.
Curr. Opin. Microbiol. 2010. Dec;13(6):684-92. doi:
10.1016/j.mib.2010.09.005.

73. Pantazopoulou, A. The Golgi apparatus: Insights from filamentous fungi.
Mycologia 2016, doi:10.3852/15-3009.

74.  Maxfield, F.R.; McGraw, T.E. Endocytic recycling. Nat. Rev. Mol. Cell Biol.
2004. Feb;5(2):121-32. doi: 10.1038/nrm1315.

75.  MacDonald, C.; Piper, R.C. Cell surface recycling in yeast: Mechanisms and
machineries. Biochem. Soc. Trans. 2016, doi:10.1042/BST20150263.

76. Ma, M.; Burd, C.G. Retrograde trafficking and plasma membrane recycling
pathways of the budding yeast Saccharomyces cerevisiae. Traffic 2020.
Jan;21(1):45-59.doi: 10.1111/tra.12693.

77.  Stcxkli, J.; Fazakerley, D.J.; James, D.E. GLUT4 exocytosis. J. Cell Sci. 2011.
Dec 15;124(Pt 24):4147-59. doi: 10.1242/jcs.097063.

78.  Sadler, J.B.A.; Bryant, N.J.; Gould, G.W.; Welburn, C.R. Posttranslational
modifications of GLUT4 affect its subcellular localization and translocation.
Int. J. Mol. Sci. 2013. May 10;14(5):9963-78. doi: 10.3390/ijms14059963.

79. Bryant, N.J.; Gould, G.W. Insulin stimulated GLUT4 translocation — Size is
not everything! Curr. Opin. Cell Biol. 2020. Mar 14;65:28-34.
doi:10.1016/j.ceb.2020.02.006.

80. Becuwe, M.; Léon, S. Integrated control of transporter endocytosis and
recycling by the arrestin-related protein Rodl and the ubiquitin ligase Rsp5.


https://doi.org/10.20944/preprints202007.0601.v1
https://doi.org/10.3390/ijms21155376

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2020 d0i:10.20944/preprints202007.0601.v1

Elife 2014, doi:10.7554/eL ife.03307.

81. Gournas, C.; Saliba, E.; Krammer, E.M.; Barthelemy, C.; Pré&ost, M.; André&
B. Transition of yeast Canl transporter to the inward-facing state unveils an a-
arrestin target sequence promoting its ubiquitylation and endocytosis. Mol.
Biol. Cell 2017, d0i:10.1091/mbc.E17-02-0104.

82. Eising, S.; Thiele, L.; Frchlich, F. A systematic approach to identify recycling
endocytic cargo depending on the GARP complex. Elife 2019,
doi:10.7554/eL ife.42837.

83. Lauwers, E.; Erpapazoglou, Z.; Haguenauer-Tsapis, R.; André B. The
ubiquitin code of yeast permease trafficking. Trends Cell Biol. 2010.
Apr;20(4):196-204. doi:10.1016/j.tcb.2010.01.004.

84. JA., M., P.-C., H.; S.D., E. Ubiquitin and membrane protein turnover: From
cradle to grave. Annu. Rev. Biochem. 2012. 81:231-59. doi: 10.1146/annurev-
biochem-060210-093619.

85. Lin, C.H.; MacGurn, J.A.; Chu, T.; Stefan, C.J.; Emr, S.D. Arrestin-Related
Ubiquitin-Ligase Adaptors Regulate Endocytosis and Protein Turnover at the
Cell Surface. Cell 2008, doi:10.1016/j.cell.2008.09.025.

86. Nikko, E.; Pelham, H.R.B. Arrestin-mediated endocytosis of yeast plasma
membrane transporters. Traffic 2009, doi:10.1111/j.1600-0854.2009.00990.x.

87. Guiney, E.L.; Klecker, T.; Emr, S.D. Identification of the endocytic sorting
signal recognized by the Artl-Rsp5 ubiquitin ligase complex. Mol. Biol. Cell
2016, d0i:10.1091/mbc.E16-08-0570.

88. Mund, T.; Pelham, H.R. Substrate clustering potently regulates the activity of
WW-HECT domain—containing ubiquitin ligases. J. Biol. Chem. 2018,
doi:10.1074/jbc.RA117.000934.

89. Zhao, W.; Hanson, L.; Lou, H.Y.; Akamatsu, M.; Chowdary, P.D.; Santoro, F.;
Marks, J.R.; Grassart, A.; Drubin, D.G.; Cui, Y.; et al. Nanoscale manipulation
of membrane curvature for probing endocytosis in live cells. Nat. Nanotechnol.
2017, doi:10.1038/nnano.2017.98.

90. Crapeau, M.; Merhi, A.; André B. Stress conditions promote yeast Gapl
permease ubiquitylation and down-regulation via the arrestin-like bul and aly
proteins. J. Biol. Chem. 2014, doi:10.1074/jbc.M114.582320.

91. Gournas, C.; Pré&ost, M.; Krammer, E.M.; André B. Function and regulation
of fungal amino acid transporters: Insights from predicted structure. In
Advances in Experimental Medicine and Biology; 2016. 892:69-106. doi:
10.1007/978-3-319-25304-6_4.

92. Talaia, G.; Gournas, C.; Saliba, E.; Barata-Antunes, C.; Casal, M.; André B.;
Diallinas, G.; Paiva, S. The a-Arrestin Bullp Mediates Lactate Transporter
Endocytosis in Response to Alkalinization and Distinct Physiological Signals.
J. Mol. Biol. 2017, doi:10.1016/j.jmb.2017.09.014.

93. Gournas, C.; Papageorgiou, l.; Diallinas, G. The nucleobase-ascorbate


https://doi.org/10.20944/preprints202007.0601.v1
https://doi.org/10.3390/ijms21155376

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2020 d0i:10.20944/preprints202007.0601.v1

transporter (NAT) family:  Genomics, evolution, structure-function
relationships  and physiological role. Mol. Biosyst. 2008,
d0i:10.1039/b719777b.

94. Papadaki, G.F.; Amillis, S.; Diallinas, G. Substrate specificity of the furk
transporter is determined by cytoplasmic terminal domain interactions.
Genetics 2017, doi:10.1534/genetics.117.300327.

95. Papadaki, G.F.; Lambrinidis, G.; Zamanos, A.; Mikros, E.; Diallinas, G.
Cytosolic N- and C-Termini of the Aspergillus nidulans FurE Transporter
Contain Distinct Elements that Regulate by Long-Range Effects Function and
Specificity. J. Mol. Biol. 2019, doi:10.1016/j.jmb.2019.07.013.

96. Busto, J. V.; Wedlich-Sddner, R. Integration through separation - The role of
lateral membrane segregation in nutrient uptake. Front. Cell Dev. Biol. 2019.
Jun 25;7:97. doi: 10.3389/fcell.2019.00097.

97. Bianchi, F.; Syga, L.; Moiset, G.; Spakman, D.; Schavemaker, P.E.; Punter,
C.M.; Seinen, A.B.; Van Oijen, A.M.; Robinson, A.; Poolman, B. Steric
exclusion and protein conformation determine the localization of plasma
membrane transporters. Nat. Commun. 2018, doi:10.1038/s41467-018-02864-
2.

98. Gournas, C.; Gkionis, S.; Carquin, M.; Twyffels, L.; Tyteca, D.; André& B.
Conformation-dependent partitioning of yeast nutrient transporters into
starvation-protective membrane domains. Proc. Natl. Acad. Sci. U. S. A. 2018,
d0i:10.1073/pnas.1719462115.

99. Babst, M. Regulation of nutrient transporters by metabolic and environmental
stresses.  Curr.  Opin.  Cell Biol. 2020. Mar  19;65:35-41.
d0i:10.1016/j.ceb.2020.02.009.

100. Kirchhausen, T.; Owen, D.; Harrison, S.C. Molecular structure, function, and
dynamics of clathrin-mediated membrane traffic. Cold Spring Harb. Perspect.
Biol. 2014, doi:10.1101/cshperspect.a016725.

101. Lu, R.; Drubin, D.G.; Sun, Y. Clathrin-mediated endocytosis in budding yeast
at a glance. J. Cell Sci. 2016, doi:10.1242/jcs.182303.

102. Kirchhausen, T. Adaptors for Clathrin-Mediated Traffic. Annu. Rev. Cell Dev.
Biol. 1999, doi:10.1146/annurev.cellbio.15.1.705.

103. Merrifield, C.J.; Kaksonen, M. Endocytic Accessory Factors and Regulation of
Clathrin-Mediated Endocytosis. Cold Spring Harb. Perspect. Biol. 2014,
doi:10.1101/cshperspect.a016733.

104. Manenschijn, H.E.; Picco, A.; Mund, M.; Rivier-Cordey, A.S.; Ries, J.;
Kaksonen, M. Type-l myosins promote actin polymerization to drive
membrane bending in endocytosis. Elife 2019, doi:10.7554/eL ife.44215.

105. Newpher, T.M.; Lemmon, S.K. Clathrin is important for normal actin dynamics
and progression of Sla2p-containing patches during endocytosis in yeast.
Traffic 2006, doi:10.1111/j.1600-0854.2006.00410.x.


https://doi.org/10.20944/preprints202007.0601.v1
https://doi.org/10.3390/ijms21155376

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2020 d0i:10.20944/preprints202007.0601.v1

106. Holt, L.J.; Tuch, B.B.; Villen, J.; Johnson, A.D.; Gygi, S.P.; Morgan, D.O.
Global analysis of cdkl substrate phosphorylation sites provides insights into
evolution. Science (80-. ). 2009, doi:10.1126/science.1172867.

107. Arnold, D.B.; Gallo, G. Structure meets function: Actin filaments and myosin
motors in the axon. J. Neurochem. 2014. Apr;129(2):213-220.
d0i:10.1111/jnc.12503.

108. Bowen, A.B.; Bourke, A.M.; Hiester, B.G.; Hanus, C.; Kennedy, M.J. Golgi-
Independent secretory trafficking through recycling endosomes in neuronal
dendrites and spines. Elife 2017, doi:10.7554/eLife.27362.

109. Gumy, L.F.; Hoogenraad, C.C. Local mechanisms regulating selective cargo
entry and long-range trafficking in axons. Curr. Opin. Neurobiol. 2018.
Aug;51:23-28. doi:10.1016/j.conb.2018.02.007.

110. Gu, H.H.; Wu, X.; Giros, B.; Caron, M.G.; Caplan, M.J.; Rudnick, G. The
NH2-terminus of norepinephrine transporter contains a basolateral localization
signal for epithelial cells. Mol. Biol. Cell 2001, doi:10.1091/mbc.12.12.3797.

111. Brown, A.; Muth, T.; Caplan, M. The COOH-terminal tail of the GAT-2
GABA transporter contains a novel motif that plays a role in basolateral
targeting. Am. J. Physiol. - Cell Physiol. 2004, doi:10.1152/ajpcell.00291.2003.

112. Varma, S.; Sobey, K.; Campbell, C.E.; Kuo, S.M. Hierarchal contribution of N-
and C-terminal sequences to the differential localization of homologous
sodium-dependent vitamin C transporters, SVCT1 and SVCT2, in epithelial
cells. Biochemistry 2009, doi:10.1021/bi802294v.

113. Kuo, S.M.; Wang, L.Y.; Yu, S.; Campbell, C.E.; Valiyaparambil, S.A.; Rance,
M.; Blumenthal, K.M. The N-terminal basolateral targeting signal unlikely acts
alone in the differential trafficking of membrane transporters in MDCK cells.
Biochemistry 2013, doi:10.1021/bi4005914.

Acknowledgments

We thank all previous and present members of the Aspergillus group
(http://scholar.uoa.gr/diallina) for sharing their results and comments. Research described in
the article has been generally supported by the Fondation Santéand the Stavros Niarchos

Foundation.


https://doi.org/10.20944/preprints202007.0601.v1
https://doi.org/10.3390/ijms21155376

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2020

Figure legends

Figure 1. Localization of transporters versus apical markers in A. nidulans
Subcellular localization of transporters (UapA or AzgA) and apical membrane
proteins (synaptobrevin SynA or chitin synthase ChsB) functionally tagged with GFP
in hyphal cells of A. nidulans. Transporters localize homogenously along the plasma
membrane, while apical cargoes are located at the hyphal membrane in a hemisphere
extending from the apex to the endocytic collar, as well as, in the Spitzenk&per and
numerous secretory vesicles.

Figure 2. Conventional and transporter-related trafficking routes

Schematic depiction of the distinct trafficking routes of transporters and apical
membrane proteins in A. nidulans. Apical cargoes are polarly secreted to the plasma
membrane (PM) through the conventional pathway. Briefly, they exit the ER in
COPII vesicles,, which fuse with early-Golgi cisternae after uncoating and pass via
Golgi maturation to late-Golgi cisternae. From there, apical cargoes get packed in AP-
1/clathrin coated vesicles with the recruitment of the small GTPase RabE and move
along microtubules towards the Spitzenk&per (SPK). The final step of this pathway
involves fusion to the PM via the exocyst complex. Transporters are sorted to the PM
via a distinct non-polar pathway that bypasses the Golgi and does not necessitate Rab
GTPases, AP adaptors or microtubules. This route requires functional COPII vesicles,
actin network and the PM t-SNARE SsoA, without excluding the existence of an ER-
to-PM intermediate compartment [20].

Fig.3 Endocytosis of transporter versus apical cargoes in A. nidulans

Model highlighting the endocytic process of transporters and apical membrane
cargoes in a growing hyphal tip of A. nidulans. After reaching the PM, apical cargoes
diffuse laterally to the actin enriched collar region where they undergo AP-2
dependent, but clathrin-independent, endocytosis with the involvement of several
endocytosis related proteins (SagA, SlaB). Endocytic vesicles fuse to sorting
endosomes (SEs) and from there undergo retrograde traffic to late-Golgi cisternae and
then travel via AP-1/clathrin coated vesicles to the SPK and finally to the PM. This
model does not exclude (not shown) that a fraction of apical cargoes could be sorted
directly to vacuoles to undergo degradation. The ongoing recycling process of apical
cargoes ensures constant polarity maintenance and polar cell tip growth. Transporters,
which are not polarly localized at the PM, are not cargoes of the AP-2 pathway, but
instead follow a-arrestin- and clathrin-dependent endocytosis. Specifically, as a
response to physiological or stress signals, transporters are recognized and
ubiquitinated by HulA ubiquitin ligase, assisted by o-arrestin adaptors (ArtA).
Internalization takes place by a clathrin-dependent, but AP-2 independent, pathway
with the recruitment of several endocytosis related proteins (e,g, SagA, SlaB),
followed by sorting into early endosomes (EEs) and eventually degradation to
multivesicular bodies (MVBs) [17].
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