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Chapter 1

Frans Bianchi

General introduction to structure, mechanism, 
targeting, dynamics and regulation of yeast Amino Acid 

Permeases in yeast.

Part of this chapter is based on work in the thesis of G.Moiset (1)



8

Chapter 1Ch
ap

te
r 

1

1.1 Introduction 

In order for cells to grow and divide, a distinct set of 20 amino acids is needed, and 

the ability to acquire them is therefore essential. This can be achieved by intracellular 

conversion of metabolites into the respective amino acids or by internalization of the 

molecules from the extracellular milieu. In yeast, and specifically Saccharomyces cerevisiae, 

several metabolic pathways have been elucidated for the biosynthesis of amino acids, e.g. 

for protein synthesis, and the use of amino acids as nitrogen, carbon and/or energy source. 

S. cerevisiae has the ability to deaminate most amino acids and use the ammonia to form 

other amino acids, i.e. by transaminase activity (Fig. 1A) (2). Although all amino acids can 

be synthesized de novo from glutamate, import of amino acids as building block for protein 

synthesis is more energy efficient and generally the preferred way for microorganisms. In 

order to obtain amino acids from the extracellular environment, yeast can import them 

through the plasma membrane (PM) using a variety of transport proteins also known as 

AAPs (amino acid permeases). 

In S. cerevisiae 24 AAP family members have been identified, of which 19 are PM-localized 

amino acid transporters (Fig. 1B) (3). Based on sequence identity the AAPs can be divided 

into four groups, the first three represent clear clusters based on sequence identity, while 

the fourth comprises the rest of the sequences (Fig. 1B) (3). The AAPs perform the import 

of amino acids across the membrane as solute-H+ symport. The transporters are driven by 

the proton motive force (PMF) that is generated by the plasma membrane H+-ATPase Pma1 

(4). There is a high redundancy among the amino acid transporters, in that individual amino 

acids are often transported by multiple AAPs. Moreover, several AAPs have a very broad 

specificity, including Agp1, Gnp1, Bap2, Bap3, Tat1, Tat2 and Gap1, which, except for Gap1, 

fall in core cluster (I) as defined by ljungdahl et al (3). The general amino acid permease 

Gap1 is able to transport not only aliphatic but also charged amino acids (5). The variation 

in specificity and redundancy of the amino acid permeases is key for nitrogen regulation 

and allows S. cerevisiae to extract nutrients from a great variety of environments. To 

keep a balanced nitrogen metabolism, AAPs are subject to a variety of regulatory signals 

acting at the level of transcription, targeting and post-translational modification. Besides 

to the PM-localized AAPs, organelles like vacuoles, mitochondria and peroxisomes contain 

sets of amino acid transporters that facilitate the import or export of amino acids (6). 

The organelles are involved in nitrogen homeostasis, as they form part of the amino acid 

biosynthesis pathways and co-regulate the cytosolic amino acid levels. 

Intracellular cytosolic levels of amino acids are directly related to the proton motive force. 

For solutes transported into the cell in response to a PMF an in/out ratio higher than 101 is 

feasible and net efflux is expected when the driving force for import is dissipated as result 

of downhill transport.. This apparent export has been established for most amino acids in 
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S. cerevisiae (7, 8). On the contrary, no or little efflux of basic amino acids like arginine, 

lysine, ornithine and histidine is observed when the PMF is dissipated (8, 9). The import of 

basic amino acids is mediated by four AAPs: Lyp1, Can1, Gap1 and Hip1 (7, 10, 11). The lack 

of efflux of basic amino acids has been explained by vacuolar storage (12) and import into 

Figure 1: Simplified overview of amino acid metabolism and import in yeast.  (A) Schematic diagram of amino acid 
metabolism. Preferred amino acids as nitrogen source (green) are metabolized directly into pyruvate or glutamate. 
The branched-chain and some other amino acids are transaminated by GDH1 and yields α-ketoglutarate. For the 
biosynthesis of amino acids the process is reversed and either glutamate or glutamine is used as ammonia donor. 
(B) Cartoon of a yeast cell with its organelles, four AAPs are depicted in the plasma membrane. The members of 
the clusters and their respective substrates (one letter code) are listed in the respective colors. Represented in 
green are vacuolar amino acid transporters, including proton-coupled symporters and antiporters responsible for 
the efflux and influx of amino acids into the vacuole, respectively.
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the vacuole can be assigned to a family of solute-H+ antiporters (Vba1, Vba2 and Vba3)(13). 

In addition the unbalanced import of a single basic amino acid has been shown to be toxic 

for S. cerevisiae and to cause growth arrest, as it depletes the cytosolic pools of the other 

basic amino acids due to a decrease in their synthesis (14-16) or competitively inhibits their 

import. The exact mechanism by which an imbalance of basic amino acid import leads to 

growth arrest is not well understood. The import of large amounts of lysine and histidine 

poses immediate problems to the cell as these amino acids cannot be metabolized or used 

as a nitrogen source (2). Therefore, understanding the molecular basis for basic amino 

acid retention in S. cerevisiae and the mechanisms of transport of these solutes across the 

plasma and organelle membranes is important. 

1.2 Amino acid transporters are part of the APC superfamily

The amino acid permeases are a class of secondary transporters that belong to the Amino 

Acid-Polyamine-Organocation (APC) superfamily. These permeases couple the transport of 

a solute to that of a monovalent cation and either the electrochemical proton or sodium 

gradient is used to drive the uphill transport of the solute (17). The proposed mechanism of 

transport is by alternating access, in which the substrate is bound to one single binding site 

on one side of the membrane and translocated to the opposite side via a conformational 

transition (rocking movement) of the protein. (18). APC family members are present in both 

prokaryotes and eukaryotes. They range in size from 350 to 850 amino acids and usually 

contain 12 transmembrane helices (TMs), but members with 10, 11 or 14 TMs have also been 

found (19). The eukaryotic members are often larger than the prokaryotic transporters, 

mainly due to an extended hydrophilic N-terminal tail, and the sequence identity with the 

other APC proteins is typically low (20). 

The first structure of an APC transporter was elucidated for ApcT, a proton-coupled 

symporter with a broad substrate specificity (21). Besides ApcT two more structures of 

APC superfamily members have been determined: the Arginine/Agmatine Antiporter AdiC 

and the glutamate/GABA antiporter GadC (22, 23). All these proteins have 5TM repeats 

that are related to each other by a pseudo-twofold axis. This fold is characteristic for the 

Neurotransmitter:Sodium Symporter (NSS), Betaine Carnitine Choline Transporter (BCCT) 

and APC family and is often referred to as the LeuT fold (24). The topologically inverted 

repeat is a translation of TM helices 1-5 with 6-10, which are pseudosymmetrical with 

respect to the plane of the membrane and can be preceded or succeeded by multiple TMs, 

e.g. as shown for AdiC (Fig. 2A). Different roles have been assigned to subdomains of the 

10 TM core: TMs 1,2,6 and 7 form the core bundle; TMs 3, 4, 8 and 9 form the hash motif; 

and TMs 5 and 10 form thin gates (Fig. 2B). The core bundle shapes half of the scaffold for 

the substrate-binding pocket; the hash domains alternately form the inward and outward 

cavity, while the thin gates lock the permeation path.
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The overall structures of members of the NSS, BCCT and APC yield a wide array of 

conformations that transiently or fully belong to the following three classes: outward-

facing, as observed in LeuT (25), Mhp1 (26), and AdiC (27, 28); fully occluded, where a 

trapped substrate is blocked from exiting on either side of the protein, as seen in Mhp1 

(26), BetP (29), and AdiC (30); and inward-facing, as in CaiT (31), ApcT (21) and vSGLT (32). 

Figure2: Representation of the APC/LeuT fold and a schematic of substrate translocation.(A) Schematic 
representation of the APC fold showing the two 5 TM repeat accentuated in the background by the red and blue 
triangle. The core bundle domain TM 1,2 and 6,7 with the two kinked helices in red and dark blue, respectively. 
Hash domains forming a more static scaffold by TMs 3,4 and 8,9 are shown in orange and purple, respectively. Tm5 
and Tm10 are the thin gates responsible for closing and opening of the translocation pathway (shown in green). The 
two extra TMs 11 and 12 in case of AdiC following the 5 + 5 symmetrical repeat shown in cyan. (B) Model of a crystal 
structure of AdiC (PDB accession number: 3LRB), representing the APC/LeuT fold in the outward-facing Apo state. 
From left to right top view, side view, core bundle, hash domain + thin gates. (C) Diagram of proposed states and 
schematic of the translocation cycle on the basis of crystal structures and functional data.
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The structures of opposite conformations like LeuT (outward-occluded) vs vSGLt (inward-

occluded) show that the differences between the states can be described by a symmetrical 

reorientation of the ten TMs forming the internal repeat (33, 34). 

On the basis of the crystal structures, MD simulations and biochemical studies a mechanism 

of transport has been proposed for this class of transporters (33). Binding of the substrate 

to the outward-open apo state evolves to an occluded state, in which TM 10 (thin gate) 

rearranges and closes the permeation pathway from the outside. Transition towards 

the inward-facing state proceeds via a symmetrical fully occluded state in which the 

intracellular gate partially opens by the movement of TM1a and TM6b. Further movement 

of the intracellular gate is constrained by the helices TM2 and TM7. A net rotation of the 

four-helix bundle consisting of TM1, TM-2, TM-6 and TM-7 then fully closes the extracellular 

gate, resulting in the inward occluded state. Substrate release requires full opening of the 

permeation pathway by rotation of the thin gate TM 5. For the ion-coupled symporters a 

substrate-free transition between the inward and outward apo states is required to close 

the transport cycle. In contrast, antiporters require the binding of a counter substrate to 

return to the outward-facing apo state (35, 34). For some transporters, like the carnitine/

γ-butyrobetaine antiporter CaiT, a regulatory allosteric binding site is present to which 

carnitine (first) binds and thereby activates the transporter for permeation to occur (31).

The closest homolog by sequence of the yeast amino acid permeases, for which a crystal 

structure is available, is the arginine/agmatine antiporter AdiC. AdiC has been crystallized 

in the outward-facing arginine-occluded state. The substrate is located in the transport 

path 15Å below the membrane surface and is surrounded by TMs 1, 3, 6, 8 and 10. The 

carbonyl oxygen atoms of Ile23 in TM1 and Trp202 and Ile205 in TM6 stabilize the positively 

charged α-amino group of arginine. The side chain of Ser26 and the amide nitrogen of Gly27 

form hydrogen bonds with the α-carboxylate. The side chain of arginine, the guanidine 

group, stacks against Trp293 through cation-π interactions and forms hydrogen bonds with 

the side chains of Ser357 and Asn101 and the carbonyl groups of Ala96 and Cys97 (30). 

Binding of the substrate to the apo outward-open structure indicates cation-π interaction 

of the guanidine group of arginine with Trp293 and hydrogen bonding with Asn101 (35). 

The essence of the cation-π stacking was shown by mutating Trp293 into a leucine or 

tyrosine, which either abolished or decreased transport, respectively (35, 27). Two more 

conserved aromatic residues, Y93 and W202, positioned in the central cavity of AdiC, have 

been proposed to contribute to substrate binding via cation-π interactions later on in the 

translocation process (22). Stabilization of the guanidine group via cation-π interactions 

is characteristic of proteins that bind quaternary ammonium compounds and allows for 

the absence of anionic residues in the active site, as has been shown for the carnitine/γ-

butyrobetaine antiporter CaiT and the Na+-coupled betaine transporter BetP (29, 31, 36). 
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Although the sequence identity and similarity between AdiC and Can1 is 15 and 55% 

respectively, a homology model has been presented which shows a high conservation 

of residues in the substrate-binding site. The interactions of the α-amino group and 

α-carboxylate group of the substrate with backbone residues of TM1 and TM6 seem to 

be conserved. For instance, specific glycine residues at kinks in TM helices 1 and 6 and 

Thr101 stabilize the α-carboxylate group in a similar position as Ser26 in AdiC. Several 

aromatic residues are present above and below the guanidine group of the substrate, likely 

stabilizing the substrate via cation-π stacking (37). The predictive value of the model was 

demonstrated by modeling lysine in the substrate-binding site, showing the redundancy of 

two guanidine binding residues S176 and T456. The mutations S176N and T456S, based on 

a comparison of Can1 and Lyp1, converted the specificity of Can1 into that of Lyp1 (37), 

Can1 transports arginine and lysine and Lyp1 lysine where as Can1(S176N,T456S) was found 

specific for lysine only. Overall, these experiments indicate that the structural conservation 

of members of the APC family is relatively high, especially in the substrate-binding site. 

1.3 Mechanism of proton permeation in integral membrane 
proteins: focus on secondary transporters

In contrast to AdiC or GadC, which are antiporters exchanging a substrate from the 

outside for one on the inside, the amino acid permeases in S. cerevisiae are proton-

coupled symporters. In cells, ATPase-driven proton pumps maintain a neutral to slightly 

alkaline cytoplasm (38) (resulting in a ΔpH) and generate a membrane potential (ΔΨ). The 

components (ΔpH and ΔΨ) of this so-called proton motive force drive the uphill transport 

of a substrate via proton-coupled symporters. Assuming that one proton is co-transported 

with a solute, then neutral amino acids like alanine are driven by the ΔpH plus ΔΨ, anionic 

amino acids like glutamate and aspartate by the ΔpH only, and basic amino acids like 

lysine and arginine by the ΔpH plus 2-times the ΔΨ. Therefor, at given magnitude of 

the proton motive force and at thermodynamic equilibrium, the accumulation of amino 

acids is expected to be very different. We emphasize that in living cells, thermodynamic 

equilibrium for transport reactions is not realistic, but here we use this condition to 

illustrate the importance of solute charge on the apparent accumulation of amino acids.

If we assume that at an external pH of 5 the cytosolic pH is 7 and Z=60 mV (Z=2.3RT/F, in 

which R is the gas constant, T the absolute temperature and F the Faraday constant), then 

the pH gradient, expressed in mV, is -120 mV (=ZΔpH); if the ΔΨ = -120 mV, then the overall 

proton motive force is -240 mV. Under these conditions and at thermodynamic equilibrium, 

maximum levels of accumulation of alanine, glutamate and lysine are +240 mV, +120 mV 

and +360 mV, respectively. These values correspond to in/out ratios at equilibrium of 

104, 102 and 106, respectively. Besides driving the transport of solutes via proton-coupled 

symport or proton-coupled antiport, the components of the proton motive force can affect 
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specific steps of the translocation cycle. Thereby addition to contributing to the energetics 

of the cell, pH and Ψ can affect the kinetics of tranporters. Well-known examples relate 

to the dual effects of pH as component of the driving force (ΔpH) and/or allosteric factor 

(cytosolic pH) of transport systems (39).

The exact mechanism by which a transporter couples proton to solute accumulation is 

often hard to deduce, even when crystal structures are available. In general, proton 

coupling involves the protonation of a residue on the outer side and deprotonation of 

another residue on the inner side of the membrane, but strictly speaking it is difficult 

to discriminate protonation/deprotonation of amino acid residues from binding and 

translocation of a hydronium ion (40).The transfer of a proton may happen via a series of 

protein amino acids, involving carboxylates, hydroxyls, amines and water. Such a proton 

permeation pathway require that proton translocation is coupled to solute binding and 

translocation, as the system would other wise create a proton leak(41). 

Anionic residues like glutamate and aspartate are typically involved in proton permeation as 

has been shown for LacY from Escherichia coli and LacS from Streptococcus thermophilus. 

For example, mutagenesis of a centrally located glutamate (Glu325) into a neutral residue 

in the sugar transporters LacY and LacS resulted in uncoupling of solute translocation from 

proton flux. This manifested itself in the inability of the mutant proteins to accumulate the 

substrate against a concentration gradient and a strong reduction in the pH-dependency 

of transport (42, 43, 44). Similar effects have been observed for aliphatic replacements of 

Arg302 in LacY, which is believed to be essential for deprotonation of the aforementioned 

Glu325, (45). Besides charged residues, water molecules are likely to play an essential role 

in proton translocation via solute transporters, although most crystal structures are of 

insufficient resolution to unequivocally resolve the role of water molecules. A good example 

is bacteriorhodopsin, a light-driven proton pump for which X-ray structures with a resolution 

better than 1.5 Å are available. These high-resolution structures show the presence of 

water pockets, coordinated by anionic amino acids. Making use of time-resolved Fourier 

transform infrared spectroscopy, the stretching of hydroxyl bonds could be observed in the 

transfer of protons between these residues (46). During proton translocation via water in 

bactreriorhodopsin hydronium ions are transiently formed. 

Interestingly, it has been proposed that Na+-binding sites are well-suited to bind hydronium 

ions (47, 48). For example, the Na+/Li+-dependent galactoside transporter MelB shows 

proton coupling at low pH, whereas sodium coupling is preferred when sufficient sodium 

ions are present (49). The structure and functional data of MelB suggest a universal cation-

binding site for Na+, Li+ and H3O
+. Whether hydronium permeates in the same manner as Na+ 

or Li+ or is a transient state of water during the cycle is not known and difficult to deduce 

from currently available data (50). 
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For the Na+-coupled glycine betaine-specific transporter BetP it has been shown that 

a single mutation Gly153 to Asp is sufficient to convert the protein into a H+-coupled 

choline-specific transporter (36). Comparing structures of sodium- and proton-coupled 

transporters within the LeuT family shows some conservation of the respective binding 

sites. The sodium bound in the first sodium-binding site is involved in coordination of the 

substrate by a direct interaction with its α carboxylate as observed for leucine in LeuT 

and glycine betaine in BetP. However, in the H+-dependent transporters CaiT and ApcT the 

substrate is alternatively coordinated, for instance by interaction with a methionine sulfur 

(21, 25, 31, 36). The second sodium-binding site present in BetP is replaced by a cationic 

group in CaiT and ApcT, the protonation of which is hypothesized to precede substrate 

binding (21). In ApcT, Lys158 superimposes with the second Na+ ion of LeuT, Mhp1 and BetP. 

The calculated pKa is 3 to 4 pH units lower than for an unperturbed lysine (pKa=10.5) and 

mutagenesis of Lys158 to Ala abolished transport (21). Similar results have been obtained 

for LysP, a lysine symporter from S. typhimurium, i.e. the equivalent mutation abolished 

substrate binding (51). Similarly, in Fur4, a uracil proton symporter from S. cerevisiae, this 

mutation reduced the affinity for uracil more than 400-fold (52). The fact that binding 

affinity is either reduced or abolished when the lysine is mutated to a neutral residue is in 

agreement with the suggestion that binding of a cation activates the substrate-binding site 

(36, 50). Besides the highly conserved lysine residue in TM5, it has been suggested that a 

conserved glutamate in TM3 plays a role in proton coupling in Can1 and Lyp1. Mutagenesis 

of glutamate 184 to alanine or glutamine in Can1 destroys translocation, but replacement 

by aspartate does not. In all these mutants binding of the substrate was retained (37, 53). 

In conclusion proton coupling in secondary transporters is similar to ion coupling in general, 

however, even with crystal structures at hand it is hard to define which residues are critical 

for proton translocation. Besides there may be redundancy in proton coupling residues. 

Proton coupling in general requires a chain of residues that are transiently protonated and 

often include a centrally located carboxylate. In chapter 2 we present our findings on the 

energetics and directionality of lysine transport by Lyp1 and resolve the question: how 

lysine transport in S. cerevisiae can be unidirectional. In chapter 5 our aim is to resolve 

which conserved anionic residues in Lyp1 are involved in proton coupling. 

1.4 Arrestin-mediated endocytosis of AAPs and the role of the 
N-terminal tail

Endocytosis of AAPs and other proteins in yeast is controlled by ubiquitination. Ubiquitination 

is a process in which a 76 residue protein (ubiquitin) is covalently linked to a target protein. 

An isopeptide bond is generated between the carboxy-terminal glycine of ubiquitin and 

an exposed lysine side chain from the target protein. AAP ubiquitination is mediated by 

the ubiquitin ligase Rsp5 (54). Ubiquitin harbors seven lysine residues (K6, K11, K27, K29, 
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K33, K48 and K63), which in turn can be ubiquitinated, resulting in polyubiquitination. 

Polyubiquitination of target proteins determines their fate in the endocytic pathway. 

First it was observed that in mutants affected in endocytosis the pheromone transporter 

Ste6 accumulated at the PM. Besides, vacuolar delivery of proteins was found impaired. 

By mutating lysines, prone to ubiquitination, it was demonstrated that ubiquitination 

participates in membrane protein turnover. Although all lysine residues on ubiquitin can be 

ubiquitinated, K63 polyubiquitination enhances sorting from Multi Vesicular Bodies (MVBs) 

to the vacuole (55). An enhanced recycling of Gap1 to the cell surface was observed in 

K63R ubiquitin mutants. This recycling could be abrogated by the deletion of the Ypt6 

GTPase, which is involved in endosome to Trans-Golgi Network (TGN) transport (56). 

In the 1980s it was shown that the presence of substrate decreases the uptake activity 

of Gap1 over time. Localization studies on a number of PM transporters showed that 

endocytosis is regulated in a substrate-dependent manner (57). Rsp5 the ubiquitin ligase 

responsible for ubiquitination possesses three WW domains that recognize PPx(Y/F) 

motifs on the target protein. Although Rsp5 is responsible for the ubiquitination of many 

membrane proteins, many of them do not possess a PPx(Y/F) motif. It was found that Rsp5-

mediated ubiquitination is chaperoned by a specific set of adaptor proteins, called ARTs 

(Arrestins Related to Transport) (57, 58). These mediators recognize specific targets, for 

instance: Lyp1 and Can1 are recognized by Art1/Art2 and Art1, respectively. Endocytosis of 

Lyp1 by Art1 is cycloheximide stress mediated, while Art2 responds to substrate availability 

(translocation). The endocytosis of Can1 is stress-induced and solely mediated by Art1. 

The specificity of the ARTs was shown to reside in the N-terminal cytosolic tails of the 

proteins, as was shown by swopping the N- terminal tails of Can1 and Lyp1 (57). The lysines 

prone to ubiquitination are mostly found in the N-terminal tail; systematic mutagenesis 

of lysine residues in Gap1 showed that a K9R K16R mutant is no longer susceptible to 

polyubiquitination and therefore retained at the PM under NH4+-induced inactivation (59). 

Similar observations have been made for Fur4 (60). On the contrary, mutating a lysine 

residue in the cytosolic loop region of the glucose transporter Jen1, resulted in decreased 

glucose-induced polyubiquitination, while no effect was observed for the N terminal lysine 

residues. A truncation of the N-terminal tail of Fur4, resulting in the ΔN60 Fur4 mutant, 

stabilized the protein at the cell surface under ubiquitination-inducing conditions. Based 

on a homology model with the sodium hydantion symporter Mhp1, Keener et al (60) defined 

a N-terminal region, referred to as the ‘lid region’, that potentially forms hydrogen bonds 

with internal loops in the outward open state of Fur4. Destabilization of the lid region 

region led to a higher susceptibility of ubiquitination, while stabilizing it by crosslinking 

rendered Fur4 less susceptible. The authors propose that the lid region works as a sensor 

mechanism that, upon conformational change due to transport or stress, allows for the 

accessibility of the N-terminal lysines (60). 
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Similar conclusions have been made for the AAPs Gap1 and Can1, taking advantage of 

mutants deficient in either binding or substrate transport. Mutants deficient in binding 

or transport showed no substrate-induced endocytosis, while substrate-binding mutants 

lacking the ability to translocate are prone to ART-mediated endocytosis (53). The data 

is consistent with a model in which in the occluded state cytosolic regions of the protein 

become available for recognition and subsequent ubiquitination by ARTs. So far, 10 ART 

proteins have been identified, 9 of which contain PY motifs interacting with Rsp5 WW 

domains (58). Stress- and transport-induced endocytosis of a subset of transporters was 

followed in a 9-arrestin deletion strain and screened via ART supplementation for specific 

endocytic requirements. This study showed a high redundancy among ARTs, but more 

importantly showed their requirement for downstream endocytic sorting (58). In the 

absence of certain secondary adaptors/ligases, the passage of the transporter through 

endosomal structures is slow, resulting in the accumulation of the protein in multi-vesicular 

bodies. It has been suggested that this accumulation is due to the attached ubiquitin’s 

interacting with the early ESCRT (Endosomal Sorting Complex Required for Transport) 

machinery (58, 61, 62). According to Nikko et al (58), misfolding of permeases due to 

cycloheximide-induced stress mainly affects targets of Art2/8 as was observed for Lyp1, 

Fur4 and Tat2. High levels of Lyp1 cause a growth defect in cells lacking Art1. Furthermore, 

it was shown that heat-induced endocytosis was primarily Art1-mediated, while other 

proteins were unaffected by Art1 deletion. Interactions of Art1 with Rsp5 were found to 

be specific to the WW2 and WW3 domain (63). The effect of substrate-induced endocytosis 

was shown to correlate with the rate of transport. 

Conditions under which the transporter operate at Vmax means shorter population of the 

inward-occluded state and decreases endocytosis, while abolishing transport and trapping 

the protein in an inward-occluded state increased the rate of substrate-induced endocytosis 

(53). Although conditions of high transport rate reduce endocytosis of Can1, different 

substrates of Gap1 were, independent of their Vmax, able to induce polyubiquitination 

and exert endocytosis to different extents (64). Non-transported compounds like L-Asp-

γ-Phe are effective competitors, but do not induce endocytosis of Gap1 (53). In summary 

the concentration of amino acid permeases in the plasma membrane is regulated via 

ubiquitination, which requires the presence of ARTs. The binding of ART to AAPs requires a 

specific conformation, which can be induced by stress conditions or binding of substrates. 

Polyubiquitination is a requirement but not necessarily sufficient to induce endocytosis. 

1.5 Transceptor

In addition to being a transporter, Gap1 has been shown to possess a receptor function 

and induces the protein kinase A (PKA) pathway, which manifests itself as an increase in 

trehalase activity (65). This so-called transceptor function has been further described for 
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the phosphate transporter Pho84 and the ammonium transporter Mep2, but not for other 

AAPs (66, 67). The PKA pathway is only triggered by specific substrates, like citrulline. 

Other substrates do not induce this pathway but compete for the same substrate-binding 

site and effectively block signaling (64, 68). Specific residues in Gap1 responsible for PKA 

signaling have not yet been identified. Mutants that affect substrate binding also affect 

PKA signaling, but a relationship between transport rate and PKA signaling has not been 

found (68). A specific role for the C-terminus of Gap1 has been proposed as truncated 

versions of the Gap1 C terminus showed an increased PKA phenotype (65). The PKA 

signaling of Gap1 shows analogy with substrate-mediated endocytosis. The downstream 

events depend on the type of substrate transported, and transport by itself is therefore not 

enough to induce signaling. While for substrate-mediated endocytosis binding is sufficient, 

this has not yet been established for the transceptor function. Gap1 selectively binds 

the α-carboxyl group of amino acids and accommodates a large variety of side chains. 

The broad substrate specificity of Gap1 together with the fact that different substrates 

activate distinct downstream processes lead to the conclusion that the amino acid side 

chain triggers divergent conformations in the protein.

1.6 C-terminus of AAP proteins contains regulatory signals

AAPs contain a C-terminal tail that is 50-60 amino acids in length, and can have motifs 

that play a role in processing of the protein in the secretory pathway, nitrogen-dependent 

gene regulation, endocytosis, or PKA signaling. The C-termini have been divided into two 

classes: those that end with a palmitoylation motif FWC, which also contain a predicted 19 

amino acid-long amphipatic α-helix, and others that do not have the motif and only have a 

small part of the helix (69, 70). An overall conserved diacidic motif in the C-terminal tail of 

the AAPs, (M/I/V)D(L/I/V)D, is recognized in the ER by (Sar1 and Sec23/Sec24) COPII (coat 

protein complex II) vesicle subunits. This results in COPII vesicle packing and exit of AAP’s 

from the Endoplasmic Reticulum (ER) for transport to the Golgi (71, 72). Several Gap1 

mutants have been described that attained resistance to ammonium-induced inactivation 

either by substitution of specific residues in the predicted α-helix or by deletion of the 

last 11 amino acids (69, 73). A similar phenotype has been found for a C-terminal deletion 

in Bap2, which gained resistance to cycloheximide-induced endocytosis (74). Interestingly, 

a motif has been identified (KPRWYR) in Gap1 that is responsible for the association of 

the protein with a GTPase-containing complex (GSE complex) (28). The GSE complex is 

involved in the trafficking of Gap1 from the TGN to the PM. Mutations in the motif lead to 

sequestration of Gap1 in the endosomal membranes. Deletion of the last 11 amino acids 

abolishes association with the GSE complex completely, therefore rendering the mutant 

independent of the regulatory function of the GSE complex (28). The regulatory functions 

of the C-terminus of Gap1 probably involve other parts of the proteins as swopping of 

the C-terminus of Can1 for Gap1 did not result in nitrogen-dependency (69). In chapter 3 
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we present a bioinformatical analysis of the C-terminus of AAP proteins and their role in 

protein targeting and function.

1.7 Nitrogen regulation and its influence on AAPs

In order to balance the concentration of amino acids and to access to a suitable nitrogen 

source, S. cerevisiae regulates the expression of amino acid metabolic pathways and 

permeases. The major transcriptional regulatory systems involved are: nitrogen catabolite 

repression (NCR), general amino acid control (GAAC), unfolded protein response (UPR) and 

the SPS-sensing system. The activity of these systems depends on the nitrogen source. In 

the presence of the preferred nitrogen source, like glutamine, glutamate or asparagine, 

nitrogen-sensitive gene expression is repressed and NCR and UPR are active. When non-

preferred nitrogen sources, like proline and arginine, are available nitrogen-sensitive gene 

expression is de-repressed and GAAC is active (3). Under conditions where ammonium is 

the primary nitrogen source none of the regulatory pathways are highly active. 

Figure 3: Schematic of NCR activation of the GATA 
transcription factors Gln3 and Gat1 and their travel 
to the nucleus. Gln3 and Gat1 bind to the GATAAG 
consensus sequence preceding NCR-sensitive genes, 
thereby stimulating their transcription, while at the 
same time repressing NCR-sensitive genes through 
stimulation of NCR repressors Dal80 and Deh3, which 
both repress one another.

NCR is a response mechanism to the overall nitrogen status in the cell. The mechanism by 

which cells sense the overall nitrogen status remains elusive, but the downstream effects 

have been characterized (Fig. 3) (3, 75, 76). Upon NCR activation a set of transcription 

factors is activated, which either causes repression or de-repression of target genes. 

These so-called GATA transcription factors, a series of proteins possessing a zinc finger-

chelating domain, bind the GATAAG consensus sequence present in the promoters of NCR-

sensitive genes(77, 78). Although more GATA family members have been identified, only 

four of them, gln3, gat1, dal80 and deh1, are involved in the NCR response. Gln3 and Gat1 

act as activators of gene expression and target to the nucleus under conditions that de-

repress the NCR-sensitive genes. On the other hand Dal80 and Deh3 act as repressors that 

constitutively localize in the nucleus. These factors cross-regulate each other’s expression 

levels, thereby constantly balancing transcription of genes involved in nitrogen source 

utilization (79). 
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The SPS-sensor is named after three proteins Ssy1p, Ptr3p and Ssy5p (80). Upon the stimulus 

from extracellular amino acids the Ssy5 protein associated in the SPS complex undergoes 

autocleavage thereby releasing its catalytic domain. The active Ssy5 protease causes the 

cleavage of the latent Stp1/Stp2 transcription factors, releasing their corresponding pro-

domains (Fig. 4). The pro-domains activate a specific set of genes, including six broad 

specificity AAPs: agp1, bap2, bap3, gnp1, tat1 and tat2 (81). Recent studies into the SPS-

sensing pathway revealed that Ssy1p resides in the endoplasmic reticulum (ER) and showed 

that an N-terminal amphipathic helix region 167-191 tethers the protein to the PM (82). 

This finding is in contradiction with the current model, as it does not allow for binding of 

extracellular amino acids by Ssy1p. As the essence of Ssy1p in the sensing cascade has been 

shown (80, 83, 84), it likely requires the interaction with a PM protein partner, which is 

likely to be an AAP family member since specific antagonists of Gap1 have shown to induce 

protein kinase A signaling (65).

Figure 4: New model of SPS-mediated amino acid sensing. (A) In the absence of extracellular amino acids the 
Stp1 and Stp2 transcription factor are trapped in the cytoplasm by their N-terminal anchor domain. Full-length 
Stp1 and Stp2 transcription factors that make it to the nucleus are prevented from de-repressing AAP synthesis 
by recruitment to the Asi1 complex at the inner nuclear membrane. (B) Extracellular amino acids are sensed and 
the signal is transduced to the SPS-sensor (Ssy1, Ssy5 and Ptr3), which is located at the intersection of the ER 
and PM by the N-terminal tethering module of Ssy1; this module is composed of an intrinsically disordered linker 
domain spanning the distance between PM and cER, and a stretch of positive residues tethering associating with 
the PM(82). After the signal transduction, Ssy5 undergoes auto-cleavage, resulting in the release of its catalytic 
domain. The catalytic domain aids in the cleavage of the N-terminal region from the Stp1 and Stp2 transcription 
factors, enabling nuclear trafficking and thus activation of transcription of a set of AAP’s.
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The UPR pathway plays a role in the endoplasmic reticulum (ER). Efficient packing of 

permeases in COPII-coated vesicles requires a correct fold of the proteins. In response to the 

presence of misfolded proteins, UPR is activated and folding chaperones are upregulated. 

One of these chaperones is Shr3, a 4 TM specific integral ER chaperone involved in targeting 

of AAPs to the PM (85). In the absence of Shr3 chaperone activity AAPs aggregate, forming 

large molecular weight complexes, which are excluded from coatomer II transport vesicles 

(86). Misfolded or incompletely assembled soluble or integral membrane proteins retained 

in the ER are subject to the ER quality control mechanism and are degraded in the ER-

associated degradation (ERAD) process (Fig. 5) (87). Proteins that are subject to ERAD are 

recognized by multimeric protein complexes that contain the E3 ubiquitin ligases Doa10 and 

Hrd1. Similar to endocytosis signaling at the PM, proteins are ubiquitinated and extracted 

from the endoplasmic reticulum to be processed by cytosolic proteasomes (88). Shr3 

recognizes the first 5 TM segments of Gap1 and aids in its correct folding, this was shown 

by a split Gap1 mutant (TM1-5) and (TM6-12), which were only folded into a functional 

transporter in the presence of Shr3 (89). Three single spanning membrane proteins have 

been identified as high copy suppressors of shr3 null mutations. Ssh4 and Rcr3 are found in 

endosomes and MVBs and are likely part of large ESCRT complexes. Overexpression of Rcr1, 

Rcr2 and Ssh4 increases levels of functional AAPs in the plasma membrane as well as the 

levels of Pho84 and Fur4 (90). The function of Shr3 seems to be limited to that of a folding 

chaperone since in a shr3, doa10 and hrd1 null strain amino acid uptake is eventually fully 

restored as AAPs slowly proceed into the secretory pathway (89).

Figure 5: Cartoon of the UPR response pathway. Proper folding of AAP’s is aided by the chaperone protein 
Shr3 and essential for their recognition by COPII vesicle packaging proteins. Low levels or loss of Shr3 results in 
slower folding and misfolding of AAPs, which are subsequently subjected to ERAD. Proteins subjected to ERAD are 
recognized by multimeric protein complexes containing the E3 ubiquitin ligases Doa10 and Hrd14, subsequently 
ubiquitinated and then removed from the ER and degraded by cytosolic proteases.
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The GAAC is a regulatory response to the starvation of any or several amino acids. It acts 

by upregulating genetic pathways involved in the biosynthesis of amino acids (91). The 

activation of GAAC is a complicated process involving multiple activating and repressing 

complexes that eventually lead to the de-repression of amino acid synthesis pathways by 

Gcn4 (Fig. 6). Gcn4 expression is part of the cascade and it is important to first state that 

the gcn4-mRNA exhibits four non-functional upstream open reading frames (ORF) preceding 

the actual gcn4 coding region to delay or prevent gcn4 translation. In summary the GAAC 

works as follows: The cascade begins when tRNAs are uncharged. These uncharged tRNAs 

initiate an inhibition cascade leading to decreasing levels of the eIF2-GTP-tRNAi
met ternary 

complex (TC). TC associates with the 40S ribosomal subunit (40S) and only then the 60S 

ribosomal subunit (60S) can bind and translation starts. When the 40S scans the gcn4-mRNA 

it first encounters the non-funtional ORFs 1-4 and when TC levels are high, TC will bind 

the 40S before reaching the gcn4 coding region. Upon TC binding, the 60S can associate 

with the 40S and one of the non-funtional ORF (1-4) is translated. After translation the TC 

becomes inactive (GTP -> GDP), dissociates and the 40S- and 60S subunits will fall apart. 

When TC levels are low, the 40S subunit has more time to scan downstream towards the 

actual gcn4 coding region before TC binds and thereby increasing the chance of translating 

the gcn4 coding region and not multiple of the four upstream non-functional coding regions. 

With this the levels of TC give rise to a stochastic change of the 40S subunit reaching the 

actual gcn4 coding region. When gcn4 is expressed it ultimately binds to promoters of 

genes possessing the UASGRE sequence motif GAGTCA (92). Transcriptional profiling under 

GAAC induction showed that Gcn4 is responsible for de-repression and repression of at 

least 539 and 1000 genes, respectively (93). Gcn4 mainly controls biosynthesis pathways 

and regulatory pathways, but is also responsible for de-repression of 6 AAPs including the 

basic amino acid transporters gap1, lyp1, and can1 (93). 

1.8 Lysine catabolic pathway

The synthesis of lysine in S. cerevisiae proceeds via the α-aminoadipate (AAA) pathway, 

which comprises eight enzymatic steps, going from α-ketoglutarate to L-lysine (Fig. 7). All 

enzymes in this pathway have been identified except for the fourth step of the pathway, 

which requires an α-aminoadipate aminotransferase. The first step, which is the conversion 

of α-ketoglutarate to homocitrate, takes place either inside (Lys20) or outside (Lys21) the 

mitochondria. Under respiratory growth on ethanol, Lys20 is downregulated and conversion 

of α-ketoglutarate to homocitrate is mainly Lys21-mediated (94). The next two steps involves 

Lys3 and Lys12 and takes place in the mitochondria. Further conversion of α-aminoadipate 

into lysine is performed in the cytosol and is mediated by Lys2, Lys5, Lys9, and Lys1. The 

enzymatic reduction of α-aminoadipate to α-aminoadipate-δ-semialdehyde requires the 

two-component Lys2/Lys5 heterodimer, in which Lys5p phosphopantheneinylates Ser880 of 

Lys2. Lys2 is thereby activated for the reaction between ATP and lysine, forming an adenylyl 
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Figure 6: Model of the GAAC regulatory response. Uncharged tRNAs activate the Gcn2 kinase thereby 
phosphorylating the eIF2 translation initiation factor. The phosphorylated eIF2 translation initiation factor 
competitively inhibits elf2B(GEF), which is responsible for the GDP to GTP exchange on the eIF2 translation 
initiation factor. The elfF2-GTP is able to associate with a methionine-tRNA, thereby forming the TC (elf2-GTP-
trnai

met ternary complex). TC associates with the 40S ribosomal subunit (40S) and only then the 60S ribosomal 
subunit (60S) can bind and translation starts. The gcn4-mRNA exhibits four non-functional upstream open reading 
frames (ORF) preceding the actual gcn4 coding region. When the 40S scans the gcn4-mRNA it first encounters 
the non-funtional ORFs 1-4. If TC will bind the 40S before reaching the gcn4 coding region, the 60S can associate 
with the 40S and one of the non-funtional ORF (1-4) is translated. After translation the TC becomes inactive (GTP 
-> GDP), dissociates and the 40S- and 60S subunits will fall apart. The 40S continues scanning and if TC re-binds 
during scanning of ORF4 (low levels of TC) the Gcn4 protein will be translated earlier binding of TC (high levels of 
TC) results in loss of 60S subunit before translation of gcn4. At high TC levels ORFs 1-4 will be translated thereby 
missing the Gcn4 coding region. On the contrary low levels of TC cause recruitment of the 60S ribosome after ORF4 
resulting in the synthesis of the Gcn4 transcription factor.

L-lysine has shown to be metabolized into saccharopine and α-aminoadipate-δ-semialdehyde 

in the presence of Lys1 and Lys9. A catabolic block is present at the step of Lys2 and Lys5 as 

conversion of α-aminoadipate to α-aminoadipate-semialdehyde by Lys2,5 is unidirectional 

(97, 98). Due to the early catabolic block in the pathway L-lysine is not a suitable nitrogen 

derivative which is then reduced in the presence of NADPH to yield α-aminoadipate-δ-

semialdehyde (95, 96). α-aminoadipate-δ-semialdehyde is condensed with glutamate, and 

the imine is reduced by NADPH to L-saccharopine, which is catalyzed by Lys9, a saccharopine 

reductase. The final step in the lysine pathway is the enzymatic oxidative deamination of 

saccharopine by Lys1 to give L-lysine and α-ketoglutarate. 
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source for yeast. Due to the inability of cells to catabolize lysine, a strict control of its 

synthesis is required, which is achieved via regulation of Lys20 and Lys21. Firstly, lysine itself 

is an allosteric inhibitor of Lys21, balancing the rate at which α-ketoglutarate is converted 

to lysine (94). Secondly, amino acid deprivation leads to GAAC activation and expression 

of both Lys20 and Lys21 is controlled by the action of Gcn4 (93). Thirdly, regulation of 

both genes is also achieved via Lys14p, a transcriptional activator of the Zn-Cys cluster 

family, which requires α-aminoadipate-δ-semialdehyde as a co-inducer. Fourthly, Lys20 and 

Lys21 are positively coregulated by the PKA pathway (99). Lysine autoregulation occurs, as 

this amino acid counteracts expression activation through Lys14, and α-aminoadipate-δ-

semialdehyde repression is simultaneously abolished in mutant strains impaired in lysine-

mediated feedback inhibition (100).

Figure 7: Lysine biosynthetic pathway of yeast. Eight enzymatic steps are required to convert α-ketoglutarate 
into lysine. The red line represents a feedback inhibition loop as lysine is an allosteric inhibitor of Lys21, the first 
enzyme of the pathway. The blue line indicates stimulation of the activity of paralogs Lys20 and 21 via Lys14, 
a transcriptional activator of the Zn-Cys cluster family, which requires α-aminoadipate-δ-semialdehyde as a co-
inducer. In orange is shown the GAAC activation of both Lys20 and Lys21 through the action of Gcn4.
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1.9 Lipid domain formation and compartmentation of the yeast 
plasma membrane 

The plasma membrane of S. cerevisiae is segregated into functional compartments, 

ensuring that different signaling processes and biochemical reactions occur at distinct 

locations. A study by Spira et al. localized 279 proteins associated with the plasma 

membrane, each revealing a unique patchwork organization. Specific lipid combinations 

can form membrane domains, known as rafts or detergent-insoluble glycolipid-enriched 

complexes (101, 102). The PM of eukarya shows a high fraction of sterols and sphingolipids; 

the PM of mammalian cells contains about 30-40 % cholesterol and 10-20 % sphingomyelin. 

Yeast has about 30 % sphingolipids (of which 80 to 100 % are in the PM), which may be 

equivalent to the mammalian sphingomyelin. Most of the phosphosphingolipids in yeast 

have a inositol headgroup. In addition, yeast possesses ergosterol, instead of cholesterol, in 

amounts comparable to those of the glycerophospholipids (103, 104). Isolation of detergent-

insoluble glycolipid-enriched complexes from yeast showed the presence of several plasma 

membrane proteins, like the H+-ATPase Pma1, the glycosylphosphatidylinositol (GPI) anchor 

Gas1, the general amino acid permease Gap1, the hexose transport facilitator Hxt1, the 

H+/uracil symporter Fur4 and the H+/tryptophan symporter permease Tat2 (102, 105-107). 

Ergosterol and sphingolipids are important in the formation of lipid domains in the yeast. 

This role is exemplified as both ergosterol and sphingolipids are necessary for the proper 

targeting of proteins to the PM. For example, Pma1 and Gas1 are no longer associated with 

detergent-insoluble glycolipid-enriched complexes in cells lacking ergosterol or unable to 

synthesize sphingoid base, ceramide, and sphingolipids. Sphingolipids are also required for 

the oligomerization of Pma1 in the ER, which is crucial for the delivery of the protein to 

the cell surface (108). Arginine uptake via the H+/arginine symporter Can1 was decreased 

3-fold in cells with decreased ergosterol (erg24 and erg6) and the protein was degraded in 

the vacuolar lumen in lcb1-100 cells (109). Another example is the tryptophan permease 

Tat2, for which transport to the PM is abolished under ergosterol depletion (105, 110). 

Herefor, sphingolipids and ergosterol, in addition to glycerophospholipids, are crucial for 

yeast and may form small raft-like structures in which selected membrane proteins are 

embedded.

A specific membrane microdomain was observed when imaging GFP fusions of Can1, 

yielding a punctuated distribution of between 50 and 80 dots per cell, which were named 

microcompartment of Can1 (MCC). This microcompartment also harbored the permeases 

Fur4 and Tat2 as well as five proteins of the Sur7 family; Ygr131, Ynl194, Ydl222, Ylr414, 

Nce102, Ydl222, and Sur7 itself (111-113). The MCCs make furrow-like invaginations in the 

PM and are enriched in ergosterol relative to the rest of the PM (114, 115). Pma1, the most 

abundant protein in the plasma membrane is completely excluded from the MCC domains, 
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forming its own meshwork compartment, accordingly called MCP (microcompartment of 

Pma1) (114). There are also proteins that do not show a strong apparent localization inside or 

outside of the patches and distribute homogeneously over the MCP and MCC. This has been 

observed for the general amino acid permease Gap1 and the hexose transport facilitator 

Hxt1p (102, 109). This clear division between MCC and MCP proteins has been disputed 

in a study where Can1 was not only found to colocalize with Sur7 but was also observed 

in the MCP. In fact, a claim was made that roughly 28% of the total Can1 is associated 

with the MCC (116). Given that MCCs make up 1-2% of the total membrane surface, Can1 

would be accumulated in these membrane domains relative to the membrane surrounding. 

Total internal reflection (TIRF) microscopy of PM proteins fused to GFP and RFP showed 

that the majority of PM proteins form their own meshwork, separating four members of 

the hexose transport facilitator family into spatially separated domains. More strikingly, 

this study showed only partial overlap between coexpressed RFP- and GFP-fusions of the 

same protein (117). Our dual-color PALM and single-molecule tracking studies of the PM 

offer a new view on the localization and dynamics of proteins in the membrane and their 

association with MCC/eisosomes (Chapter 4).

The static behavior of the MCC patches and formation of furrow-like invaginations in the 

membrane was explained when Sur7 was found to colocalize with eisosomes. The eisosome 

is a structural scaffold associated with the cytosolic side of the membrane, and consists 

of rod-shaped proteins. The rod-shaped proteins, mainly of Pil1 and Lsp1, are so-called 

BAR (Bin/amphiphysin/Rvs) domain proteins (118). BAR domain proteins form homodimers 

assembled in a banana-shaped structure (119). The importance of BAR domain proteins for 

eisosome formation was demonstrated by a Pil1 deletion, which led to the mislocalization 

of Lsp1. On the contrary, deletion of lsp1 or sur7 does not have any effect on the localization 

of Pil1. BAR domain proteins assemble into an elongated network of banana-shaped dimers 

and stimulate membrane curvature. For the interaction with the membrane a positively 

charged surface-exposed patch on the BAR domain region and the N-terminus are required. 

Pil1 and Lsp1 will create a specific environment in the overlaying MCC, which is locally 

curved and increased in PI(4,5)P2 concentration (120). Nce102 has been linked as a sensor 

to associate the membrane’s sphingolipid content with the formation of the eisosomes. Six 

proteins are essential for MCC/eisosome formation; Erg24, Erg6, Erg2, Nce102, Pil1, and 

Och1. In total 21 proteins have been associated with the eisosome, including two kinases 

(Pkh1 and Pkh2) that regulate eisosome formation by phosphorylation of Pil1, resulting in 

endocytosis. The kinases in turn are negatively regulated by the presence of Long-Chain 

Bases (LCBs), which form the metabolic precursors of sphingolipids and partition in the 

MCC/eisosome (121). 

Unlike some of the reported transporters e.g (Can1, Fur4 and Tat2) that localize to the 

MCC/eisosome, Sur7 and its family members solely associate within the MCC/eisosome 
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patches. The function of the Sur7 family proteins is not fully understood. Sur7 family 

deletion mutants showed reduced sporulation efficiencies and alteration in sphingolipid 

synthesis; in particular the percentage of sphingoid bases with length C20 was reduced 

and the number of hydroxyl groups and inositolphosphorylceramides were altered 

(113). Furthermore, digestion of the cell wall caused Sur7 patches to disassemble. In 

contradiction, a study by Malinska et al. showed the maintenance of the Sur7 patches after 

cell wall digestion (112, 113). Interaction of the Sur7 patches with the cytoskeleton was 

ruled out by depolymerization of the actin filaments using lantrunculin A (109, 112, 114). So 

far, no interaction of eisosomes with static cellular structures has been found. The static 

localization of the eisosome is therefore remarkable and possibly a consequence of the 

high viscosity of the yeast PM. Interestingly, eisosomes physically separate the PM from the 

peripheral ER as they inhibit the formation of junction points imposed by ER-PM tethering 

proteins like Ist2 (122).

Transporters that partition in the MCC/eisosome are Can1, Tat2 and Fur4. The partitioning 

of these transporters is disrupted by the dissipation of the proton motive force by the 

protonophore FCCP (carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone). Dissipation 

of the proton motive force causes an immediate disappearance (in the order of seconds) 

of Can1 from the MCC, but not of Sur7. Remarkably, Can1 was arrested in the MCC upon 

labeling of ergosterol with filipin, that is prior to dissipation of the proton motive force 

(114). Disruption of Can1 partitioning in the MCC, by deletion of essential constituents 

like Nce102 and Pil1, resulted in a more rapid endocytosis of Can1. These data suggest 

that proteins are protected when localized in the MCC/eisosome patches (116, 123). 

Additionally, a claim was made that the MCC area is essential for the functionality of Can1. 

Evidence for this claim is based on a decreased concanavalin A lethality in a Pil1 deletion 

strain and by forced partitioning of Can1 in the MCP via Pma1 anchoring (117). In summary, 

the MCC/eisosomes may have a regulatory function, involving tuning of lipid homeostasis, 

osmotic stress response and transporter activity. Recently, an additional function for the 

eisosome has been proposed, in which it plays a regulatory role in mRNA metabolism, as 

exoribonuclease Xrn1 associates with the eisosome under post-diauxic stress, instead of 

associating with the mRNA processing bodies (124).

1.10 Slow lateral diffusion as a means of regulation

The plasma membrane is highly enriched in ergosterol and sphingolipids. Membranes 

composed of sphingolipids generally have a high phase transition temperature. Using 

diphenylhexatriene anisotropy, the lipid ordering for S. cerevisiae was determined, 

showing the presence of gel-like domains, which are independent of cholesterol and mainly 

consist of sphingolipids (125). These gel-like domains are consistent with the slow lateral 

diffusion of proteins and lipids (126-129) (Chapter 4). The slow diffusion of protein in the 
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PM has been determined for the SNARE protein Sso1. This protein showed a lateral PM 

diffusion constant (D) of ~0.0025 µm2/s. Similar results have been found for the single 

membrane spanner FusMid (D~0.001 µm2/s), using fluorescence correlation spectroscopy 

(FCS) (127). The diffusion of polytopic PM proteins is even slower and values ~0.0004µm2/s 

and ~0.00045µm2/s have been found for Gap1 and Pma1 (127, 130). The diffusion of Sso1 

in the PM of yeast is slow in comparison to lateral diffusion of Sso1 in mammalian cells 

(D~0.103 µm2/s). Our work on PM structure and membrane protein mobility is presented in 

chapter 4 and indicate that all proteins tested diffuse slowly but unhindered, except for 

MCC/eisosome components like Sur7. 

Targeting of Sso1 to the vacuole as a chimera with the N-terminal domain of SNARE Pep2, 

yielded a diffusion constant similar to that in mammalian cells (126). It seems that the slow 

diffusion in yeast is not caused by hop diffusion as has been proposed for mammalian cells. 

Tracking of phospholipids in mammalian cells showed diffusion to be restricted by actin 

filaments, forming fenced microdomains; inhibition of filament formation by lantranuculin-A 

caused a significant increase in long-range lateral diffusion (131). Disruption of potential 

fences of actin filaments and of the cell wall in S. cerevisiae did not lead to a significant 

increase in lateral diffusion. Lipid probes on the outside of the PM also showed very slow 

diffusion, which is not affected by cell wall digestion, but removal of surface proteins by 

trypsinization and spheroplasting of cells resulted in a significant increase of the diffusion 

coefficients (132). Lateral diffusion of the lipid-anchored protein Ras2 showed a 4-fold 

difference between the PM and the endosomal membranes. The increase in sphingolipids 

and ergosterol along the secretory pathway correlates with the observed decrease in 

lateral diffusion, but seems insufficient to completely explain the differences in diffusion 

coefficients. 

The exceptionally slow diffusion of membrane proteins, together with the endocytic 

cycling of proteins, has been proposed as a mean to maintain membrane polarity (126, 133). 

Maintenance of membrane polarity is a fundamental feature of the yeast cell cycle. Two 

signaling pathways can regulate the polarized distributions: immobilization via scaffolds 

(e.g. cytoskeleton) or through dynamic recycling of membrane proteins (133). The dynamic 

maintenance of the polarity is strongly influenced by the lateral diffusion of membrane 

proteins. In fact, polarity is achieved by balancing of three different mechanisms; delivery 

of membrane proteins via vesicle transport, lateral diffusion of membrane proteins, and 

the redistribution from the PM to the cytoplasm via endocytosis (134). It has been shown 

that the delivery of proteins via vesicle trafficking, 50-80 nm in size(108, 135), and the 

recycling via endocytosis occur at restricted sites that are non-randomly distributed over 

the PM. In fact, those sites are excluded from the cortical ER and are also free of MCC/

eisosome domains. The MCC invaginations are thought to be responsible for the local 

perforations of the cortical ER (136). We find that the PM proteins Can1, Lyp1 and Nha1 are 
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delivered at the PM near the MCC/eisosome domains and their diffusion away from these 

sites is slow compared to the removal of the proteins from the membrane by (substrate-

induced) endocytosis (Chapter 4). Taken collectively, the PM is a complex structure with 

tight regulation of the spatial and functional organization of its constituents.






