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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)
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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.



10

Chapter 1Ch
ap

te
r 

1

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, 



26

Chapter 1Ch
ap

te
r 

1

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.
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Abstract

The import of basic amino acids in Saccharomyces cerevisiae has been reported to be 

unidirectional, which is not compatible with how secondary transporters work. Since studies 

of energy coupling and transport kinetics are complicated in vivo, we purified the major 

lysine transporter (Lyp1) of yeast and reconstituted the protein into lipid vesicles. We show 

that the affinity constant of transport from out-to-in is well in the millimolar range and at 

least 3 to 4-orders of magnitude higher than that of transport in the opposite direction, 

disfavoring the efflux of solute via Lyp1. We also find that at low values of the proton motive 

force, the transport by Lyp1 is comparatively slow. We benchmarked the properties of 

eukaryotic Lyp1 to that of the prokaryotic homologue LysP and find that LysP has a similar 

affinity constant for transport from in-to-out and out-to-in, consistent with rapid influx and 

efflux. We thus explain the previously described unidirectional nature of lysine transport in 

S. cerevisiae by the extraordinary kinetics of Lyp1 and provide a mechanism and rationale 

for previous observations. The unprecedented asymmetry in transport together with a 

reduction of the effective concentration of lysine in the cytoplasm, due to secondary 

storage in the vacuole, allow the cell to accumulate basic amino acids to very high levels.
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2.1 Introduction 

Amino acids are imported into Saccharomyces cerevisiae by secondary active transporters 

that belong to the APC (amino acid/polyamine/organocation) superfamily. The APCs of 

yeast are driven by the proton motive force (PMF) and couple the uphill transport of 

amino acids to the downhill transport of protons. As expected for secondary transporters 

dissipation of the PMF leads to solute export down the concentration gradient, as has been 

shown in yeast for most amino acids (7, 8). However, little or no export of basic amino 

acids is observed in S. cerevisiae when the PMF is dissipated (8, 9). Four APC proteins are 

responsible for the import of basic amino acids: Lyp1 Can1, Gap1 and Alp1 (3); Lyp1 is the 

major transporter for lysine, Can1 for arginine. Deletion of all four genes abolishes the 

transport of basic amino acids across the plasma membrane (PM) of yeast (10).

Mechanistic and bio-energetic studies of amino acid transport in vivo are hampered 

by the sequestration of solutes in the organelles, their metabolism inside the cell and 

the difficulty to manipulate the ion gradients. Furthermore, transcriptional or post-

translational regulation of transport and removal of the transporter from the PM influences 

the measured activity. To study transport independent of these challenges, Can1 has been 

studied in hybrid plasma membrane vesicles. In this system the transport of arginine via 

Can1 was found to be unidirectional (11), but this conclusion was revisited in a later study 

when efflux was observed under conditions where cells were growing exponentially (12). 

The consensus is that secondary transporters work via the principle of alternating access 

in which a solute can dock on a single binding site that is alternately accessible from either 

side of the membrane. Solute binding on the cis side triggers a conformational change and 

the solute is released on the trans side. The directionality of transport is dictated by the 

driving force, and for solute proton symport with a PMF inside negative and alkaline relative 

to the outside, there is net import of solute until the solute concentration gradient comes 

into equilibrium with the electrochemical proton gradient. For lysine or arginine symport 

with a proton, the situation is a bit more complicated as the membrane potential acts 

twice as driving force because of the additional charge on the solute. For all transporters 

studied to date, thermodynamic equilibrium of the solute and electrochemical proton 

gradient is typically not reached because of some leak pathway (41). 

The mechanism of alternating access is supported by structural data of several secondary 

transporters and is perhaps best documented for the proteins with the so-called LeuT-

fold. The LeuT-fold consists of two times five transmembrane segments that are related to 

each other by a pseudo-twofold axis (21, 25). Collectively, the structures of several LeuT-

fold proteins show a high symmetry between their respective inward and outward-facing 

conformational states and strongly support the alternating access mechanism (35, 137). 
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Asymmetry in inwArd- And outwArd-fAcing conformAtion of Lyp1

Here, we study the mechanism of lysine transport via S. cerevisiae Lyp1, an APC-family 

protein with the LeuT-fold. We confirm previous observations that lysine transport in vivo 

is highly directional, using strains deficient in lysine breakdown and vacuolar storage. We 

purified and reconstituted Lyp1 in lipid vesicles, and benchmarked the energetics and 

kinetics of lysine transport of Lyp1 against those of a bacterial homologue, LysP from 

Salmonella typhimurium. We show that the apparent directionality of lysine transport is 

due to intrinsic properties of the Lyp1 transporter, related to an extreme asymmetry in 

the KM for inward and outward transport of lysine and a particular PMF dependence of 

transport, that is, when compared to LysP. 

2.2 Results

2.2.1 Lysine transport in S. cerevisiae

Yeast cells control the influx of lysine by regulating the level (activity) of Lyp1 in the plasma 

membrane (PM). The expression regulation depends on the extracellular lysine availability 

and requires specific adaptor proteins, Art1 and Art2, which recognize the N-terminal tail 

of Lyp1 and trigger ubiquitination by Rsp5 and subsequent endocytosis. (57). To minimize 

endocytic breakdown we removed the N-terminal tail of Lyp1, yielding Lyp1(62-590)-YPet. 

To minimize transcriptional regulation we expressed Lyp1 and derivatives from a multicopy 

plasmid under the inducible GAL promoter in a ∆Lyp1 strain. Microscopy images showed 

an increased level of Lyp1(62-590)-YPet in the PM as compared to wildtype Lyp1-YPet, 

even when lysine was added to the medium (Fig. 1A). Accordingly, the rate of 14C-lysine 

import was higher in cells expressing Lyp1(62-590)-YPet (Fig. 1B). Next, we constitutively 

expressed Lyp1(62-590)-YPet from a multicopy plasmid under the constitutive ADH1 

promoter and verified the apparent unidirectional nature of lysine transport by adding 

a 500-fold excess of non-labeled lysine (exchange conditions) or by dissipating the PMF 

using the protonophore carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (Fig. 

1C). Only a small fraction of 14C-lysine was released from the cells, even upon prolonged 

incubation (data not shown); thin-layer chromatography confirmed that the accumulated 
14C-lysine was not degraded (Supplemental information, Fig. S1B).

The apparent unidirectional transport of lysine could be partially explained by vacuolar 

sequestration of the amino acid. The Vba1, Vba2 and Vba3 proteins have been implicated 

in vacuolar transport of lysine, and deletion of the corresponding genes reduced the 

accumulation of lysine to ~20% (138). We found that Vba1 was the only transporter localizing 

to the vacuole and is thereby, the main contributor to vacuolar uptake of lysine, with a 

minor additional activity from Vba2 (Supplemental Information, Fig. S2). We therefore 

deleted the vba1, vba2 genes and also the lys1 gene to reduce the biosynthesis of lysine 

(lys1 codes for saccharopine dehydrogenase, which catalyzes the conversion of saccharopine 
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to lysine). Also in these knockout cells, relatively little efflux of lysine was observed upon 

dissipation of the PMF (Fig. 1D). Strikingly, the chase experiment now showed slow but 

significant efflux activity, indicating exchange of 14C-lysine with unlabeled amino acid. The 

limited exchange in wild-type cells with vacuolar lysine transport activity (Fig. 1C) suggests 

that at least part of the lysine is normally trapped in the vacuole. 

The efflux rate observed in these experiments is still low given the high cytoplasmic levels 

of lysine, which are ~ 35 mM in the VBA deletion strain. We next tested the possibility of 

regulation of transport by increased concentrations of intracellular lysine, the so-called 

trans-inhibition. In cells preloaded with up to ~45 mM of lysine we did not observe any 

reduction of the initial rate of lysine transport by Lyp1(62-590)-YPet (Supplement 2.6.1).

2.2.2 Lysine transport in proteoliposomes: yeast Lyp1 versus bacterial LysP

Figure 1: Lysine transport in Saccharomyces cerevisiae. (A) Confocal imaging of Lyp1-YPet and Lyp1(62-590)-YPet 
expressing cells and grown in the presence and absence of lysine. (B) Lysine transport rate of wild-type Lyp1 and 
Lyp1(62-590) expressing cells grown in the presence and absence of lysine. (C, D) Effect of FCCP (circles) and 100 
mM lysine (500x fold excess of unlabeled solute, triangles) on the uptake of lysine into cells overexpressing Lyp1(62-
590)-YPet. (C) S. cerevisiae BY4742 (D) S. cerevisiae BY4742 ∆vba1, ∆vba2, ∆Lys1.
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Asymmetry in inwArd- And outwArd-fAcing conformAtion of Lyp1

To optimize the expression and to facilitate the stability screening of Lyp1, we fused GFP 

(Green Fluorescent Protein) to the C-terminus of Lyp1. We compared the expression of 

Lyp1 in S. cerevisiae and Pichia pastoris, using the GAL and AOX1 promoter, respectively. 

We found that heterologous expression of Lyp1-GFP (i.e. Lyp1-TEV-GFP-his10) in P. pastoris 

yielded the highest protein levels and fluorescence imaging showed that Lyp1-GFP almost 

exclusively localized to the plasma membrane (Fig. 2A). In parallel, we expressed a 

bacterial homologue of Lyp1, namely LysP from S. typhimurium in E. coli, using the pBAD 

expression system as described by Kaur et al (51) (Supplement Fig. S3). Purification of 

Lyp1-GFP from P. pastoris membranes was optimized using FSEC(139). Lyp1-GFP and LysP 

were purified by sequential nickel-affinity and size-exclusion chromatography (Fig. 2B,C). 

Lyp1-GFP and LysP were reconstituted into lipid vesicles at molar protein-to-lipid ratio of 1 

to 1000 and 1 to 800, respectively. Assuming that all protein is functionally reconstituted, 

vesicles with a diameter of 200 nm would on average contain two to three transporters. 

Since protein is lost in the reconstitution or may not be functionally incorporated into 

the vesicles, it is most likely that the proteoliposomes will on average have less than one 

functional transporter, see also our recent analysis of membrane reconstitution of another 

transport protein (140). 

To drive the transport of lysine into the vesicles we generated a membrane potential 

Figure 2: Expression and purification of Lyp1. (A) Confocal imaging of Lyp1-GFP in  
P. pastoris showing fluorescence (top panel) and bright-field image (bottom panel). Scale bar is 2 µm. (B) Size-
Exclusion Chromatography (SEC) profiles of Lyp1-GFP after Immobilized-Metal Affinity Chromatography (IMAC); 
continuous and dotted lines represent absorption at 280 nm and 488 nm, respectively. (C) Coomassie staining and 
in-gel fluorescence imaging of purified Lyp1-GFP and Lyp1-GFP proteoliposomes.

(ΔΨ) with and without a pH gradient (ΔpH) by diluting potassium-acetate containing 

proteoliposomes into sodium-phosphate with different concentrations of Na-acetate, 

containing the potassium ionophore valinomycin (Fig. 3A). The outward-directed potassium 

diffusion potential will create a ΔΨ, whose magnitude is given by the initial potassium 

gradient; similarly the difference in internal and external acetate concentration sets the 

magnitude of the ΔpH (for details see (141). At a ΔΨ of -84 mV and a ZΔpH of -84 mV 

(external and internal pH of 6.0 and 7.3, respectively), the PMF was – 168 mV, and the 
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turnover of Lyp1 and LysP was 3 and 7.5 min-1, respectively. 

2.2.3 Directionality and flux-force relationship of lysine transport

We allowed proteoliposomes to accumulate lysine to submillimolar levels in response to 

an imposed PMF of –168 mV. Lyp1- and LysP-mediated transport resulted in accumulation 

levels of 30–50 fold after 9 and 1 min, respectively (Fig. 3B and 3C). We then dissipated the 

PMF by the addition of FCCP or chased the accumulated lysine with a 1000-fold excess of 

unlabeled lysine (exchange conditions). Both FCCP and the exchange conditions resulted 

in a rapid loss of 14C-lysine from the LysP-containing vesicles (Fig. 3C). On the contrary, 

very slow efflux of 14C-lysine was observed from vesicles containing Lyp1 (Fig. 3B). These 

experiments substantiate the findings in living yeast cells and show that Lyp1 operates 

highly directional, which is unusual for a secondary transporter. 

In order to get further insights into the kinetic properties of Lyp1, we determined the initial 

rate of transport as a function of ΔΨ in the presence and absence of a ΔpH. Since both 

lysine and the proton carry a positive charge the ΔΨ acts twice as driving force, assuming 

that lysine is transported in symport with one proton. The membrane potential was set 

at different values by varying the external potassium concentration, that is by adjusting 

the ratio of potassium and sodium ions to maintain isosmotic conditions. Lyp1-mediated 

transport increased exponentially with the membrane potential (Fig. 4A). The flux-force 

relationship of LysP was much steeper than that of Lyp1, and thus LysP was relatively 

more active at low values of the membrane potential. The ∆pH was set by varying the 

acetate concentration gradient, thereby varying the internal pH. The ∆pH alone supported 

a relatively high rate of lysine transport via LysP, which was increased about 2-fold when 

a ΔΨ of -84 mV was co-imposed with the ∆pH (Fig. 4B). On the contrary, below a ΔΨ of 

-60 mV none to minor lysine import activity was detectable via Lyp1, irrespective of the 

presence of a ∆pH (Fig. 4A). Thus, the components of the proton motive force act very 

differently on the yeast and bacterial lysine transporter. 

2.2.4 Kinetics of lysine transport

Next, we determined the affinity constant for lysine transport (KM) by Lyp1 and LysP 

under conditions of ΔΨ of –84 mV and ΔpH of 1.3 units (external and internal pH of 6 and 

7.3, respectively; ZΔpH of -84 mV). The initial rate of uptake was determined at various 

concentrations of lysine (Fig. 5A and 5B). The data for LysP fit well to a single hyperbola 

(Fig. 5B) from which an apparent KM of 1.5 ± 0.2 µM (SEM) was estimated. The data for Lyp1 

could not be fit with a single hyperbola but instead fit well either to a double hyperbola 

or a hyperbola plus a linear component, clearly indicating that more than one kinetic 

component is present. The high-affinity component had a KM of 20 ± 14 µM (SEM), whereas 

the low-affinity was not saturated at 1 mM. The high-affinity component matches well with 

the KM of 10 ± 0.8 μM (SEM) for uptake in vivo, which could be fitted well to a single hyperbola 
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(Fig. 5C). Since we cannot control the orientation of the proteins upon reconstitution in 

lipid vesicles, it is likely that we have proteoliposomes with right-side-out (RSO) and inside-

out (ISO) transporters. The high and low KM components of lysine transport observed for 

Lyp1 may thus correspond to the fractions of ISO and RSO reconstituted protein. These 

findings would thus suggest a large asymmetry in the affinity constant for out-to-in and 

in-to-out transport in vivo, which would contribute to the apparent unidirectionality of 

transport by Lyp1. 

Figure 3: Apparent unidirectionality of Lyp1-mediated lysine transport in proteoliposomes. (A): Schematic 
showing the generation of a membrane potential (ΔΨ, red) by a valinomycin-mediated potassium diffusion potential 
and pH gradient (ΔpH, green) formation by an acetate diffusion potential. Together the ΔΨ and ΔpH form the proton 
motive force (PMF=ΔΨ-ZΔpH, where Z equals 2.3RT/F and R and F are the gas and Faraday constant, respectively, 
and T is the absolute temperature). (B) Transport of lysine by Lyp1-GFP-containing proteoliposome. (C) Transport of 
lysine by LysP-containing proteoliposomes. The effect of 10 µM FCCP (circles) and 20 mM lysine (1000x fold excess 
of unlabeled lysine, triangles) on the transport of 20µM 14C-lysine by Lyp1 and LysP is shown.
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Figure 4: Flux-force relationships for Lyp1 and LysP. The membrane potential was varied by the potassium 
concentration in the external medium, and ∆Ψ was imposed without (A) and with (B) ∆pH, Z∆pH of -84 mV. Lyp1-
GFP-containing proteoliposomes (squares); LysP-containing proteoliposomes (circles). Transport was assayed at 
20µM 14C-lysine.

Figure 5: Kinetics of lysine transport. (A) Lysine transport of membrane reconstituted Lyp1-GFP under a PMF: the 
data were fitted to a single hyperbola plus a linear component (R factor of 0.98), (B) Lysine transport of membrane 
reconstituted LysP under a PMF: the data were fitted to a single hyperbola (R factor of 0.96). (C) Transport of 
lysine by Lyp1-YPet expressed in 22∆6AAL yeast (10) from a plasmid and under the control of the endogenous lyp1 
promoter and fit to a single hyperbola (R factor of 0.99). (D) Kinetics of lysine transport by membrane-reconstituted 
Lyp1-GFP under counterflow conditions. Counterflow was assayed with an internal lysine concentration of 50mM. 
The data were fitted to a single hyperbola plus a linear component (R factor of 0.98). The rate of lysine transport 
(pmol*(106cells*min)-1) (panel C) or turnover (min-1) (panels A, B and D) are plotted as a function of increasing 
external lysine concentration.
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Asymmetry in inwArd- And outwArd-fAcing conformAtion of Lyp1

To substantiate the proposed asymmetry in affinity constant for out-to-in and in-to-out 

transport by Lyp1, we performed so-called counterflow experiments by monitoring the 

influx of 14C-lysine in the absence of a ∆p, thereby ruling out possible effects of the 

membrane potential or (internal) pH on the kinetics of transport. The lysine gradient is 

outward directed and the degree of solute saturation of the internal site will determine 

the rate of transport of 14C-lysine. At low millimolar concentrations of lysine inside the 

vesicles, the rate of counterflow was very low, suggesting that the majority of RSO oriented 

Lyp1 molecules are not saturated with solute under these conditions (Supplement, Fig. 

S4). We then determined the initial rate of uptake with 50 mM lysine inside and varied 

the external 14C-lysine concentration (Fig. 5D). Again the data fit to a double hyperbola 

or a single hyperbola plus linear component. We estimate the KM
out of the high-affinity 

component at 76 ± 28µM (SD), which is in reasonable agreement with the value found for 

PMF-driven transport given the large error in estimating KM values when more than one 

kinetic component is present. The KM of the low affinity component is several orders of 

magnitude higher and most likely corresponds to the fraction of ISO oriented Lyp1. Thus, in 

proteoliposomes with or without a PMF we observe high- and low affinity kinetics of lysine 

transport via Lyp1, which we interpret to reflect the RSO and ISO orientations. Accordingly, 

Lyp1 has a high capacity to accumulate lysine at low (< 100µM) medium concentrations, but 

similar or even millimolar concentrations of internal lysine are well below the KM for efflux 

via RSO oriented Lyp1. Translating the in vitro data to the in vivo situation, with all the 

Lyp1 molecules oriented RSO and at physiological (millimolar) concentrations of lysine, the 

efflux is limited by the high affinity constant for in-to-out transport by Lyp1, explaining the 

frequently reported apparent unidirectionality of lysine transport (7-9). 

2.3 Discussion 

The main findings of our work are summarized as follows: Basic amino acids such as lysine 

and arginine are accumulated by S. cerevisiae to relatively high levels, which relates to 

the large driving force for uptake because the membrane potential acts twice and the pH 

gradient once. Thus, even though Lyp1 is a relatively slow transporter, e.g. when compared 

to LysP, it can build up large lysine concentration gradients. In wildtype cells, part of 

the lysine is directed to the vacuoles through the action of Vba1 and to a lesser extent 

Vba2. The often described unidirectional nature of Lyp1 (and Can1)-mediated transport of 

lysine and arginine (9, 11, 12, 142) can be explained in the following way: (i) the affinity 

constant for in-to-out transport of lysine is very high, disfavoring rapid efflux of solute 

even when the concentration gradient is directed outwards; (ii) unlike LysP, Lyp1 requires 

a membrane potential for transport, and at low values of ΔΨ, transport is zero or very slow 

even in the presence of a pH gradient; and (iii) basic amino acids stored in the vacuole 

are not readily released upon treating the cells with protonophores or performing chase 

(exchange) experiments.
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We also show that the slow efflux of lysine by Lyp1 is unrelated to the short life-time of the 

transporter in the plasma membrane as Lyp1(62-590)-YPet is stably present in the cell and 

still does not elicit a rapid efflux when the driving force for import is dissipated (Fig. 1A). 

Instead we show that reduced lysine availability in the cytoplasm due to secondary storage 

(i.e. the vacuolar sequestration) prohibits fast efflux of a fraction of the lysine. However, 

vacuolar storage alone does not explain the apparent unidirectional nature of lysine 

transport. To thoroughly characterize the kinetics of Lyp1-mediated transport, we purified 

and reconstituted Lyp1 in lipid vesicles composed of a mixture of yeast and E. coli lipids. 

Since the properties of Lyp1 appeared atypical for a secondary transporter, we validated 

our experimental techniques by including the bacterial homologue LysP. It proved much 

harder to purify and reconstitute the eukaryotic Lyp1 in a functional state than it was for 

LysP. Critical factors for the stability and functional reconstitution of Lyp1 were low ionic 

strength, absence of metals, low detergent concentration and the presence of yeast lipids 

(details will be published elsewhere). Following membrane reconstitution, samples were 

subjected to multiple rounds of freezing in liquid nitrogen and thawing to ensure that both 

orientations of the protein are presented in the reconstituted vesicles. We did not attempt 

to determine the orientation of Lyp1 or LysP as some vesicles may only have RSO, others 

ISO or both orientations. We note that the calculated protein:lipid ratio would result in 2-3 

transporters per vesicle, but in practice the number will be lower and most vesicles will 

have at most only a single functional transporter and a significant fraction will be empty. 

If Lyp1 behaved strictly unidirectional, the fraction of vesicles with only a single RSO Lyp1 

would accumulate lysine but would not release the solute upon dissipation of the PMF or 

under exchange conditions. This is not what we observe; the apparent unidirectionality 

relates to the fact that under physiological-relevant conditions the in-to-out transport is 

not saturated with substrate.

In our in vitro kinetic analysis we observed very different flux-force relationships for Lyp1 

and LysP. The activity of LysP increases more rapidly with ΔΨ than that of Lyp1. Even more 

strikingly, the membrane potential dependencies become very different when the internal 

pH is increased from 6 to 7.3 and the ΔpH contributes additionally as driving force. The 

increase in internal pH may also facilitate the release of the proton when the transporter 

is in the inward-facing conformation (Fig. 6). The kinetics of LysP-mediated transport could 

in all cases be fitted with a single hyperbola, which suggests similar KM values for both 

directions of transport (assuming that both orientations of the protein are present in the 

vesicles); the sensitivity and accuracy of our assays is such that a 10-fold difference in KM 

would have been picked up. In contrast Lyp1-mediated transport required a minimum of 

two components to fit the data. Technical limitations based around the specific activity of 

the available radiolabeled lysine prevented us from accurately determining the KM of the 

low affinity conformation, but we estimate it to be well above 10 mM. The difference in 



41

Chapter 2Ch
ap

te
r 

2

Asymmetry in inwArd- And outwArd-fAcing conformAtion of Lyp1

KM is not imposed by the transmembrane electrical potential or the pH gradient, as it is 

also observed in counterflow experiments at zero PMF. For the lactose-proton symporter 

LacY, the proton motive force lowers the KM for import a 1000-fold (from 20-25 mM to 16 

µM) (143), while leaving the dissociation constant for galactoside binding unaffected (144). 

Clearly, the low and high affinity transport of Lyp1 has a different mechanistic basis than 

that of LacY. De facto an asymmetry exists in the translocation process from in-to-out 

and out-to-in, and the affinity constant for transport is not dependent of the PMF. Also, 

the transport kinetics is distinct from that of other well-studied members of the LeuT 

family, including BetP, CaiT, LeuT, vSGLT and neurotransmitter transporters (229-234). The 

asymmetry in the affinity constant for lysine by Lyp1 explains the absence of efflux at ~1 

mM internal lysine in the proteoliposomes, which is well below the KM
in of Lyp1.

The asymmetry in the kinetics of Lyp1 alone may not suffice to explain all the reported 

failures to elicit efflux in vivo as yeast can accumulate lysine well beyond 70 mM (based 

on total cell volume, including the organelle volumes). Other contributing factors are 

the relatively low turnover number of Lyp1, in particular at low values of the membrane 

potential (Fig 4A). Assuming a turnover number of 1 min-1, 1000 Lyp1 molecules in the PM, 

a cytoplasmic volume of 40 fL and a free lysine concentration of 1 mM, it would take ≈200 

hours to export half of the lysine from the cell. We show that the bacterial homologue LysP 

is significantly faster in both uptake and efflux of lysine.

We propose a model (Fig. 6) in which the apparent unidirectional transport of lysine in 

S. cerevisiae is a consequence of: (i) asymmetry in the kinetics from in-to-out and out-

to-in transport by Lyp1; (ii) the strong dependence of the lysine flux on the driving force, 

resulting in very low rates of transport at low or no PMF and, (iii) secondary storage of 

lysine in the vacuole by Vba1-mediated uptake, which reduces the effective concentration 

of lysine in the cytoplasm.

In conclusion: we explain the previously described unidirectional nature of lysine in 

S. cerevisiae by the extraordinary kinetics of the Lyp1 transporter. The mechanism of 

transport of lysine is in full accordance with present models of secondary transport involving 

alternating access, and we find no indications for additional regulation of Lyp1 that would 

prohibit it from exporting solute. We speculate that our findings can be translated to other 

well-studied transporters in S. cerevisiae such as Can1 and Gap1.
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2.4 Methods

2.4.1 Plasmid and strain generation. 
The strains, plasmids and sequences of oligonucleotide primers used in this study are listed in 
(Supplementary Table. S1, S2 and S3), respectively. All plasmids were generated using uracil excision-
based cloning. Genomic DNA isolation of S. cerevisiae BY4742 was carried out according to Sherman et 
al (145).The amplification of DNA with uracil-containing primers was performed using the polymerase 
PfuX7 (146). Amplified fragments were assembled into full plasmids (Table S2) by treatment with 
DNA glycosidase and DNA glycosylase-lyase endo VIII, commercially available as ‘USER’, following the 
manufacturer’s instructions (New England Biolabs, Ipswich, Ma, USA). All chemicals were acquired 
from Sigma-Aldrich (Saint Louis, Mi, USA) unless stated otherwise.

The plasmids pFB001, pFB004, pFB011, pFB012, pFB013, pFB014 and pFB015 were constructed by 
a four-way PCR fragment ligation, in which the backbone of the pDDGFP-2 vector was amplified 
with primer pairs Pr1/Pr2 and Pr3/Pr4. The resulting two fragments were combined with a third and 
fourth fragment, coding for YPet and the gene of interest, respectively. The fragment coding for 
the YPet gene was amplified from a synthetically generated coding sequence ordered from GeneArt 
(Regensburg, Germany), using primer pair Pr5/Pr6. The lyp1 gene was amplified from S. cerevisiae 
BY4742 chromosomal DNA with primer pair: Pr7/Pr8. Ligation of the four PCR amplified fragments 
using USER enzyme resulted in a fusion of lyp1 and YPet, separated by a sequence coding for the 
tobacco etch virus (TEV) protease cleavage site (GENLYFQGSGS) and followed by sequence for a 

Figure 6: Model of mechanism of lysine transport in S. cerevisiae. In the cell a fraction of the lysine is 
accumulated in the vacuole, mostly due to Vba1-mediated uptake, which reduces the effective concentration 
of lysine in the cytoplasm. The in-to-out affinity constant (KM) of Lyp1 for lysine transport is very high (indicated 
by the larger pocket of the inward-facing conformation) as compared to the out-to-in KM (indicated by a more 
tight pocket for lysine, S+). The import rate increases with the membrane potential (ΔΨ), and most likely the 
ΔΨ accelerates the out-to-in or in-to-out isomerization of the protein (indicated by arrows). A pH gradient (ΔpH) 
increases the driving force, resulting in higher accumulation levels, but also increases the rate of transport by 
Lyp1. Here, the ΔpH (increased internal pH) may facilitate the release of the proton (+) when the protein is in the 
inward-facing conformation.
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His8 tag (i.e. lyp1-TEV-YPet-his8). Similar plasmids were constructed for vba1, lyp1(62-590), vba1, 
vba2, vba2ex, vba3 and vba3ex in place of lyp1, using primer pairs Pr9/Pr10, Pr11/Pr12, Pr13/Pr14, 
Pr15/Pr14, Pr16/Pr17, Pr18/Pr17, respectively. In the case of vba2ex and vba3ex, template DNA was 
acquired from a previous study (unpublished result). For constitutive expression of lyp1 and lyp1(62-
590) the respective fragments were integrated into the pFB021 backbone, which was amplified using 
primer pair Pr1/Pr41. A restrictive digest of pDDGFP-2 and pYM-N6 with SpeI/SacI and SacI/XbaI and 
ligation of the fragments coding for the backbone of pDDGFP-2 and the ADH promoter of pYM-N6 
resulted in the pFB021 vector. For all constructs, plasmids were isolated from the E. coli host and the 
sequences of the fusion genes were verified. 

For the expression of lyp1-TEV-YPet-his in S. cerevisiae strain 22Δ6AAL a single copy vector was 
generated containing lyp1 under its native promoter plus DNA specifying the previous C-terminally 
fused YPet fluorescent protein and histidine tag, separated by a TEV cleavage site. Firstly, the lyp1 
locus was cloned into pRS316 via homologous recombination, for which pRS316 was linearized by 
SmaI. The lyp1 locus was PCR amplified, using primer pair Pr19/Pr20, and homologously recombined 
with the linearized backbone of pRS316 in S. cerevisiae BY4742. Secondly, the lyp1 ORF of pFB017 was 
swapped for lyp1-TEV-YPet-his8 via homologous recombination, combining the PCR-amplified pFB00pre 
and lyp1-TEV-YPet-his8 ORF from pFB002, using primer pairs Pr21/Pr22 and Pr23/Pr24, respectively. 

For the construction of S. cerevisiae BY4742 ∆lys1, ∆vba1, ∆vba2 we made use of the ura3 selection 
marker and the ability for its counter selection on 5 fluoro-orotic acid (5FOA, Thermo Fisher 
Scientific, Waltham, MA, USA) as described by (147) For deletion of vba1 and vba2 we amplified the 
ura3 cassette from pUG72 with primer pairs Pr25/Pr26 and Pr27/Pr28, respectively, which contain 
sequences complementary to regions upstream and downstream of the gene of interest. Similarly, to 
delete lys1 from the chromosome, we amplified the his5-containing cassette from pUG27 using primer 
pair Pr29/Pr30. The amplified vba1, vba2 and lys1 cassettes were subsequently transformed into S. 
cerevisiae BY4742, and homologous recombination of the cassettes into the genome was selected 
for by growth on the corresponding depletion medium. The ura3 marker was removed from the 
chromosome by recombination of its homologous flanking regions, for which we selected for growth 
on a medium containing 5FOA. Complete removal of the genes and the ura3 marker was confirmed 
via PCR.

For the expression of LysP in E. coli MC1061, a pBAD expression vector was constructed similar to that 
by (51). The lysP coding fragment was acquired by amplifying STM2200 from isolated S. typhimurium 
genomic DNA, using primer pair: Pr31/Pr32. The pBADcLIC-GFP fusion vector was amplified using 
primer pair: Pr33/Pr34 and a two-way ligation was performed with USER; the resulting DNA was 
transformed into E. coli MC1061, which we use routinely. For the homologous integration of lyp1-GFP-
his10 into P. pastoris strain SMD1163, an integrative plasmid, pSR014, was created and transformed 
into the host as described in the Easy Select Manual (Invitrogen, Carlsbad, CA, USA). The pSR014 
plasmid was acquired by two-way ligation, using linear fragments coding for lyp1-TEV-GFP-His10 and 
pPIC. The fragment coding for lyp1-TEV-GFP-His was amplified with pFB020 as template and using 
primer pair Pr35/Pr36. The pFB020 vector is a pBADcLIC-GFP derivative that was constructed by 
the integration of PCR amplified lyp1, acquired from genomic DNA of S. cerevisiae BY4742, using 
primer pair Pr37/Pr38, and integrated into pBADcLIC-GFP using Ligation Independent Cloning (LIC) as 
described in Geertsma et al (148). The pPICZ fragment was amplified from the pPICZ A vector using 
primer pair Pr39/Pr40. The resulting plasmid pSR014 was isolated from the respective E. coli MC1061 
strain and its sequence was verified. The plasmid was linearized using a restrictive digest with PmeI 
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(New England Biolabs, Ipswich, Ma, USA) and was transformed into competent P. pastoris strain 
SMD1163, using electroporation as described in the Easy Select Manual (Invitrogen). Transformed cells 
were plated on increasing concentrations of YPD-zeocin (100, 500 and 1000 µg/mL). A transformed 
strain for expression of Lyp1-GFP-his10 was selected by testing the expression level of Lyp1-TEV-GFP-
his10 from over 30 strains. The strain yielding the highest expression (obtained at 1000 µg/mL of 
zeocin) was used for Lyp1-TEV-GFP-his10 purification throughout the rest of the study; the protein was 
called Lyp1-GFP. 

2.4.2 Cultivation of Pichia pastoris and expressing of Lyp1 and membrane preparation. 
P. pastoris cells were precultured at 30˚C in minimal media containing 2% glycerol, 1.34% yeast 
nitrogen base without amino acids, 0.004% L-histidine, and 0.00004% d-Biotin as described in the 
Easy Select Manual (Invitrogen, Carlsbad , Ca, USA). Cells were grown to an optical density at 600 
nm (OD600) of 0.6–0.8. Cells were then diluted to an OD600 of 0.05 in the same minimal medium where 
glycerol was replaced with 2% (w/v) mannitol and cultivated at 30˚C under aeration by shaking at 
180 rpm. Induction of Lyp1-GFP was achieved by the addition of 0.5% (v/v) methanol at an OD600 of 
1–2, cultivation was continued for 24 h. Subsequently, the cells were cooled to 4°C and harvested by 
centrifugation at 7500 x g for 15 min, washed once with CRB (50 mM Tris-HCL pH 6.7, 1 mM EDTA, 
0.6 M sorbitol) and suspended to a final OD600 of ~100. Cells were disrupted by three sequential 
passes through the T series cell disrupter (Constant Systems Ltd, Low March, Daventry, UK) at 39kpsi. 
After the last passage, phenylmethanesulfonylfluoride (PMSF) was added to the cell lysate to a 
concentration of 1 mM. Intact cells and large debris were removed by ultracentrifugation at 18,000 x 
g for 30 min at 4°C. The supernatant was transferred and crude microsomal membranes were isolated 
by ultracentrifugation at 186,000 x g for 2h. Membranes were suspended to homogeneity using a 
potter Elvehjem tissue grinder in 20 mM Tris-HCl (pH7.5), 0.3M sucrose, 0.1 mM CaCl2, 1 mM PMSF plus 
one tablet of protease inhibitor (cOmplete Mini EDTA-free™, ROCHE) and 1 mM pepstatin. Aliquots of 
1 mL were snap frozen in liquid nitrogen and stored at -80°C. 

2.4.3 Cultivation of E. coli and expressing of LysP and membrane preparation. 
E. coli cells were precultured in LB-amp (1% tryptone, 0.5% yeast extract, 1% NaCl and 100 µg/mL 
ampicillin) at 37˚C with 180 rpm shaking to an OD600 of 1-1.5. Cells were then diluted into LB-amp to an 
OD600 of 0.01 and grown to an OD600 of 0.7, after which 0.0005% (w/v) arabinose was added to induce 
LysP expression. Cells were incubated for another 3 hours under the same conditions. Subsequently, 
the cells were cooled to 4°C and harvested by centrifugation at 7500 x g for 15 min, washed once with 
lysis buffer (20 mM HEPES-NaOH, 100 mM NaCl, 2 mM EDTA, 2 mM of PMSF, pH 7.5) and suspended in 
the same lysis buffer to a final OD600 of ~100. Cells were disrupted by two sequential passes through 
the T series cell disrupter at 9 kpsi. After the last pass, phenylmethanesulfonylfluoride (1mM) and 
deoxyribonuclease I from bovine pancreas (100 µg/L, Sigma-Aldrich, Saint Louis, Mi, USA) were added 
to the E. coli cell lysate. Intact cells and large debris were removed by ultracentrifugation at 18,000 
x g for 30min at 4°C. The supernatant (containing membranes) was transferred and membranes were 
isolated by ultracentrifugation at 186,000 x g for 2 h. Membranes were suspended to homogeneity 
using a potter Elvehjem tissue grinder in 20 mM HEPES-NaOH, 100 mM NaCl, pH 7.5 and 15% (v/v) 
glycerol to 400 mg/mL. Aliquots of 1 mL were snap frozen in liquid nitrogen and stored at -80°C 
subsequently. 

2.4.4 Purification of Lyp1. 
Isolated membranes were diluted and solubilized into solubilisation-buffer: (50mM Ammonium-
acetate pH 7.5, 50 mM NaCl, 10% (v/v) glycerol, 2 mM PMSF, 15 mM Imidazole and 1% (w/w) β-D-
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Dodecylmaltoside (DDM, GLycon Bioch.)) to a protein concentration of 5 mg/mL and incubated for 30 
min at 4°C with slow agitation. The insoluble pellet was removed by ultracentrifugation at 444,000 
x g for 20 min. The supernatant was incubated with 0.5 mL volume of Ni-Sepharose (GE-Healthcare, 
Little Chalfont, UK) resin under slow agitation at 4°C for 1h. The resin was collected into a column and 
the Ni-Sepharose was sequentially washed with 10 column volumes of wash-buffer: ‘bufferP’: (50 mM 
ammonium-acetate pH 7.5 (at 24˚C), 50 mM NaCl, 10% (v/v) glycerol and 0.020% (w/v) DDM) containing 
30 mM imidazole pH 7.5 and with bufferP containing 50 mM L-histidine. The protein was eluted with 
2.5 mL of elution-buffer: bufferP containing 235 mM L-histidine applied in steps of 0.5 mL with 10 
min interval. Na-EDTA 500 mM was added to a final concentration of 5 mM protein fractions were 
pooled and concentrated to a volume of 0.5 mL on a Viva Spin column (Sartorius Stedim, vivaspin 
500) with a 100 kDa cut off by centrifugation 18,000 x g at 4°C. The protein sample was loaded onto a 
Superdex200 10/300 GL column (GE-Healthcare, Little Chalfont, UK) attached to an AKTA purifier (GE-
Healthcare, Little Chalfont, UK) equilibrated with bufferP containing 100 mM L-histidine. Protein was 
analyzed by SDS-PAGE and the protein concentration in mg/mL was determined at 280nm absorption 
on a NanoDrop ND-1000 spectrophotometer (Isogen lifescience), using the calculated extinction 
coefficient of 126,110 M-1cm-1 and molecular mass of 97.7 kDa as determined by ProtParam: http://
web.expasy.org/protparam/. Samples were dissolved in Laemmli buffer and qualitatively analyzed 
for purity and resolved on 12% polyacrylamide gels by SDS-PAGE. In-gel fluorescence images were 
collected prior to Coomassie staining and both were imaged using a Fujifilm LAS-3000 (Fujifilm, Tokio, 
Japan).

2.4.5 Purification of LysP. 
Protein was purified from isolated E. coli membranes in a similar fashion as described for Lyp1 with 
altered buffer compositions and minor adjustments. The following buffer compositions were used: 
Solubilization-buffer (20 mM HEPES-NaOH, 100 mM NaCl, 2 mM PMSF, 1% (w/v) DDM, pH 7.5), wash-
buffer (20 mM HEPES-NaOH, 300 mM NaCl, 0.025% (w/v) DDM, 40 mM Imidazole pH 7.5), elution-buffer 
(20 mM Mes-NaOH, 300 mM NaCl, 0.025% (w/v) DDM, 350 mM imidazole, pH 5.9), and gel filtration 
buffer, (20 mM MES pH 5.9, 150 mM NaCl, 0.025% (w/v) DDM). Elution was performed in steps of 0.5 
mL with 2 min intervals. Protein was analyzed by SDS-PAGE and the protein concentration using a 
calculated extinction coefficient of 117020 M-1cm-1 and a molecular mass of 55.2 kDa as determined by 
ProtParam: http://web.expasy.org/protparam/. Samples were resolved on 12% polyacrylamide gels by 
SDS-PAGE and stained with Coomassie Blue.

2.4.6 Liposome preparation. 
For the reconstitution of Lyp1 into lipid vesicles, liposomes were prepared from total lipid extracts of 
S. cerevisiae (Avanti polar lipids Inc, Alabaster, AL, USA) and E. coli (Avanti polar lipids Inc, Alabaster, 
AL, USA). The lipids (20 mg/mL, in chloroform) were mixed in at 1:2 ratio (total lipid extracts of S. 
cerevisiae:E.coli). Chloroform was removed by evaporation using a rotary vaporizer (rotavapor r-3 
BUCHI, Flawil, Switzerland). Lipids were suspended in diethylether followed by evaporation and finally 
dissolved in Buffer (50 mM ammonium-acetate pH 7.5 (24 ºC) and 50 mM NaCl) to a concentration of 
10 mg/mL. The lipid solution was homogenized by tip sonication with a Sonics Vibra Cell sonicator 
(Sonics & Materials Inc. Newtown, CT, USA) at 4°C for 1 min with 5 sec pulses and a 10 sec pause 
between every pulse. Amplitude was set to 60%. For the membrane reconstitution of LysP, liposomes 
were prepared from polar E. coli lipids (Avanti polar lipids inc) according to the method developed 
by Newman et al (149) plus 25% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). The prepared 
liposomes were stocked at 20 mg/mL in liquid nitrogen to prevent oxidation. The stocked liposomes 
were pelleted by ultracentrifugation at 444,000 x g for 20 min and re-dissolved in the reconstitution 



46

Chapter 2Ch
ap

te
r 

2

buffer; LysP (20 mM MES pH5.9, 150 mM NaCl), Lyp1 (50 mM Am/Ac pH7.5, 50 mM NaCl). For a complete 
buffer exchange, liposomes were snap frozen and thawed at room temperature, and the freeze-thaw 
cycles were repeated two times. The liposomes were homogenized by repeated extrusion through 
a 400nm polycarbonate filter, using the Liposofast LF-50 (Avestin inc, Mannheim, Deutschland) with 
nitrogen flow. For reconstitution of the vesicles with protein, the liposomes were destabilized using 
Triton X-100 and titrated to a point beyond the saturation point (Rsat) as described by (150, 151);the 
final turbidity at 540 nm was at approximately 60% of Rsat.

2.4.7 Reconstitution of protein into liposomes. 
Purified Lyp1 (molar protein-to-lipid ratio of 1:1000 ratio) and LysP (ratio of 1:800) were mixed with 
detergent-destabilized liposomes of the appropriate lipid composition and incubated for 15 min 
under slow agitation at 4°C. Bio-beads SM-200 (Biorad, Hercules, Ca, USA), 10 mg/mg lipids) were 
sequentially added after 15, 30 and 60 min. The final mixture was left to incubate overnight after 
which a final batch of bio-beads was added and incubation continued for another 2 hours. Protein 
containing liposomes (proteoliposomes) were separated from the Bio-beads by filtration on a column 
followed by ultracentrifugation 444,000 x g at 4°C for 35 min. Proteoliposomes were suspended in 5  
mM potassiumphosphate (pH 7.0) at a concentration of 10 µg protein/mL, snap frozen and stored in 
liquid nitrogen.

2.4.8 Buffer exchange in proteoliposomes. 
In order to exchange the inside buffers, centrifugation of the proteoliposomes at 444,000 x g at 4°C 
for 35 min was followed by resuspension in the desired buffer, two cycles of freezing and thawing, 
and eleven cycles of extrusion through a 400 nm polycarbonate filter.

2.4.9 In vitro transport assays. 
Each assay contained 5 µg of membrane-reconstituted protein. Depending on the sample volume 
taken, this corresponds to 0.5-1 µg of protein per time-point. Assays were performed at 30˚C with 20 
µM L-[14C(U)]-lysine (PerkinElmer, Waltham, MA, USA) (unless otherwise indicated) under continues 
magnetic stirring. At given time intervals samples were taken and quenched in 2 mL ice-cold ‘stop’ 
buffer of the same composition as the external buffer but without lysine. Samples were rapidly 
separated from external buffer and collected by filtration onto a 0.45 µm pore size nitrocellulose 
filter (GE-Healthcare, Little Chalfont, UK), and washed with another 2 mL of the same solution. Filters 
were dissolved in 2 mL of scintillation solution (Emulsifierplus, PerkinElmer, Waltham, MA, USA) and 
vortexed before radioactivity was determined by liquid scintillation counting (Tri-Carb 2800TR liquid 
scintillation analyzer, PerkinElmer). 

2.4.10 Formation of proton gradient (ΔpH) and membrane potential (ΔΨ). 
To establish ion gradients, concentrated proteoliposomes were diluted 25-fold. Ions not present in the 
lumen of the proteoliposomes contribute to the external concentration. The internal buffer of the 
proteoliposomes was 20 mM potassium phosphate, 100 mM potassium acetate, pH 6.0. To attain only a 
ΔpH, proteoliposomes were diluted into 120 mM sodium phosphate, pH 6.0. The ΔΨ was set by diluting 
proteoliposomes into buffers at varying ratios of sodium-/potassium-phosphate (NaPi/KPi) (0-20mM) 
and sodium-/potassium-acetate (0–100 mM), to which 0.5 µM valinomycin was added. A ΔpH plus ΔΨ 
was generated by diluting proteoliposomes into buffers with various ratios of sodium-/potassium-
phosphate (0–120mM) plus valinomycin. The maximal values of ΔΨ and ΔpH were calculated from the 
Nernst equation. To dissipate the PMF, generated by the imposed acetate and/or potassium diffusion 
potentials, 10 µM FCCP was added.
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2.4.11 Counterflow assays. 
Counterflow was performed at zero PMF. For this, various concentrations (indicated in the figure) 
of L-[4,5-3H(N)]-lysine (PerkinElmer, Waltham, MA, USA) plus 100 mM KPi pH 6.0 were encapsulated 
into the lumen of the proteoliposomes (see ‘buffer exchange in the proteoliposomes’). To remove 
the external lysine, the proteoliposomes were washed twice by ultracentrifugation 166,000 x g at 
4 °C for 35 min. Supernatant was removed and proteoliposomes were suspended in 1 mL of the 
same buffer and lysine was replaced by N-methyl-D-glucamine to keep the osmolality constant. 
Counterflow was performed under conditions as described for ‘In vitro transport assays’ by diluting 
the proteoliposomes 50-fold into the same buffer (100 mM KPi pH 6.0 equiosmotic by the addition of 
N-methyl-D-glucamine), containing 10 µM L-[14C(U)]-lysine and 10µM FCCP to prevent the build-up of 
any PMF.

2.4.12 Data analysis. 
The data were analyzed in Origin (OriginLab, Northampton, MA)
 and the rate (v) versus substrate concentration [S] plots were fit with Eq. 1-3 corresponding to a 
single and double hyperbola and a single hyperbola with a linear component, respectively. The best 
fits from an analysis of the residuals were used for plotting the traces.

Eq1: 

Eq2: 

Eq3: 

2.4.13 S. cerevisiae preparation for in vivo transport assays and fluorescence imaging.
S. cerevisiae cells were grown in synthetic uracil and lysine dropout medium containing; 2% (w/v) 
glucose or raffinose (Sigma-Aldrich, Saint Louis, Mi, USA), 0.67% (w/v) yeast nitrogen base without 
amino acids, 2 gr/L drop-out lysine, uracil Kaiser mix (FormediumTM, Norfolk, UK). Constitutive 
expression of Lyp1 from pFB021 and Lyp1(62-590) from pFB022 was done in BY4742 or BY4742 ∆ lys1, 
∆vba1, ∆vba2 strains, which were cultivated in the presence of glucose and absence of lysine and 
uracil and supplemented with 800 mg/L lysine-lysine dipeptide (Bachem, Bubendorf, Switzerland). 
BY4742 or BY4742 ∆lyp1 strains carrying plasmids with a Gal promoter were grown in the presence 
of raffinose with 800 mg/L lysine-lysine dipeptide or 69 mg/L lysine, were induced with 0.2% (w/v) 
galactose (Sigma-Aldrich, Saint Louis, Mi, USA) for 2 hours prior to the transport assay or fluorescence 
imaging. For the determination of the Km for Lyp1 in vivo Lyp1-YPet was constitutively expressed 
from pFB018 in the 22∆6AAL strain and cultivated in the presence of glucose and 200 mg/L lysine-
lysine dipeptide and absence of lysine and uracil. Cultures were grown at 30˚C with 180 RPM shaking. 
Subcultures were grown for two-to-three consecutive days and never exceeded an OD600 of 1. Cells 
were centrifuged at 3,000 x g for 5 min at 4˚C, supernatant was decanted and cells were suspended in 
ice-cold 100 mM potassium phosphate, 10 mM glucose, pH 6.0. This step was performed twice before 
suspension of the cells to an OD600 of 5. 

2.4.14 In vivo transport assays. 
Each assay contained cells at OD600 of 0.5. All transport assays were performed in 100 mM potassium 
phosphate, 10 mM glucose, pH 6.0 at 30˚C and using 200µM L-[14C(U)]-lysine (unless otherwise 
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indicated). Samples were mixed by magnetic stirring. At given time intervals 50 µL or 100 µL samples 
were taken and processed as described under In vitro transport assays. Samples were normalized to 
106 cells by cell counting using a flow cytometer (BD Accuri™, Durham, USA) and if, the intracellular 
lysine concentration was calculated assuming a internal volume of ~60 fl per cell.

2.4.15 Fluorescence imaging. 
Fluorescence live cell imaging was performed on a LSM 710 commercial scanning confocal microscope 
(Carl Zeiss MicroImaging, Jena, Germany), equipped with a C-Apochromat 40x/1.2 NA objective, a 
blue argon ion laser (488 nm) and a red He-Ne laser (633 nm). Cells were immobilized between a glass 
slide and coverslip. Images were obtained with the focal plane positioned at the mid-section of the 

cells.
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2.6 Supplements

2.6.1 Background information on vacuolar amino acid transport

To our knowledge, only three proteins (Vba1, Vba2 and Vba3) have been reported to 

transport basic amino acids over the vacuolar membrane (13). Individual or combined 

deletions of vba1, vba2 or vba3 were shown to reduce ATP-dependent lysine uptake by 

vacuolar membrane vesicles to 20–60% of the wildtype rate. Only for Vba1 was the activity 

and localization of the protein confirmed by gene complementation and fluorescence 

microscopy, using a GFP-tagged variant (13). Multiple sequence alignments suggest that 

Vba2 and Vba3 are N-terminally truncated compared to the other members of the VBA 

family (Fig. S2A). Based on sequence homology, all the S. cerevisiae VBA proteins belong 

to the drug: H+ antiporter-2 (DHA2) family of the Major Facilitator Superfamily (MFS) (153, 

154). Members of the DHA2 family have a 14-transmembrane segment (TMS) topology, 

which matches the TOPCONS (155) predictions for Vba1, Vba4 and Vba5. Vba2 and Vba3 are 

predicted to only contain 12 and 11 TMS, respectively. This means that they lack TM1, 2, 

and/or 3 relative to the other VBAs and related MFS proteins. This is surprising given that in 

many other MFS proteins TM1 is implicated in gating, proton-coupling, and substrate binding 

(156). Vba3 is a paralogue of Vba5 which arose from a genome duplication event (157). 

Analysis of the S288c genome sequence shows that Vba3 is shorter than Vba5 only because 

of a single base pair change (TTA to TGA, leucine -82 to STOP). Without this, the VBA3 ORF 

would be upstream extended by 372 base pairs. The translated product (Vba3ext) is 99% 

identical to Vba5 and is also predicted to contain 14 TMS (Fig. S2A). Similarly, without a 

single TGA stop codon the vba2 gene could be extended by 261 base pairs to produce a 14 
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TM protein (Vba2ext). The NCBI Genome database (http://www.ncbi.nlm.nih.gov/genome/, 

accessed September 2015 contains 84 S. cerevisiae strains that code for Vba3ext, and 86 

that code for Vba2ext. The annotated and extended ORFs were expressed with C-terminal 

YPet fusions (Fig S2B). The “short” versions resulted in intracellular aggregates and no clear 

membrane localization. Vba2ext-YPet localized exclusively to the vacuolar membrane, 

while Vba3ext-YPet was observed at the periphery of the cell and internal membranes. 

This is consistent with recent reports that Vba5 resides in the plasma membrane (158). 

Figure S1: Dependence of Lyp1 on internal lysine concentration. (A) Initial transport rate of lysine by Lyp1(62-
590)-YPet as a function of the intracellular concentration of lysine at the beginning of the experiment. (B) 
Phosphorescence imaging of a thin-layer chromatography plate spotted with 14C-lysine (1st lane) or cell extracts 
from cells that had accumulated 14C-lysine; S. cerevisiae BY4742 (2nd lane), S. cerevisiae BY4742 ∆vba1, ∆vba2, 
∆Lys1 (3rd lane).
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Figure S2: Sequence annotation and localization of vacuolar basic amino acid transporters. (A) Multiple 
sequence alignment of Vba1, Vba2, Vba3, Vba4 and Vba5. Grey shading indicates transmembrane segments as 
predicted by TOPCONS (152). The translated upstream regions of Vba2 and Vba3 from S. cerevisiae S288C (isogenic 
to BY4742 for these genes) is included and indicated by black outlines. The upstream stop codons, which were 
replaced by a Leu codon to generate Vba2- and Vba3ext, are shown in red. (B) Localization of Vba1, Vba2, Vba2ext, 
Vba3 and Vba3ext fused to GFP and expressed in BY4742. Panels on the left show the signal from the protein (green) 
and from the vacuolar membrane (red, stained with FM4-64). Panels on the right show a bright-field image of the 
same cells. Scale bars are 2 μm.



51

Chapter 2Ch
ap

te
r 

2

Asymmetry in inwArd- And outwArd-fAcing conformAtion of Lyp1

Figure S3: Purification of LysP. (A) Size-Exclusion Chromatography (SEC) profile of LysP after Immobilized-Metal 
Affinity Chromatography; the absorption at 280 nm is shown (B) Coomassie staining of purified LysP and LysP 
proteoliposomes analyzed by SDS-PAGE.

Figure S4: Lysine counterflow as a function 
of internal substrate concentration. Lysine 
counterflow at various internal concentrations 
of lysine: 0 (triangles), 1 mM (circles) or 10 mM 
(squares)’ the external concentration of 14C-lysine 
was 10 µM. 

Strains Characteristics Reference

S. cerevisiae BY4742 MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 Brachmann et al. 1998 (159) 

E. coli MC1061 Casadaban et al. 1980 (160)

S. cerevisiae 22Δ6AAL Sigma22574d MATα gap1∆1 put4∆1 uga4∆1 ∆can1::HisG 
∆lyp1::HisG ∆alp1::HisG lys2::HisG

Fischer et al. 2002 (10)

S. cerevisiae BY4742 ∆lyp1 MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 ∆lyp1::kanMx Giaever et al. 2002 (161)

S. cerevisiae BY4742 ∆lys1, 
∆vba1, ∆vba2

MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 vba1∆0 vba2∆0 ∆lys1::HIS5 This study

P. pastoris SMD1163 Mut+, his4, pep4, prb1 Invitrogen (Carlsbad, CA, USA)

Table S1. Strains used in this study

Table S2. Plasmids used in this study

Plasmids Characteristics Reference

pDDGFP-2 pRS426 with gal promoter and GFP-His fusion cassette with ura3 selection marker -162

pYM-N6 AmpR, KanMx chromosomal integration cassette for expression of target protein under the 
ADH1 promoter

-163

pBADcLIC pBADMycHisB derivative with MGGGFA-TEV-site-GFP-His10 coding region inserted in multiple 
cloning side

-148

pBADcLIC-GFP pBADMycHisB derivative with MGGGFA-TEV-site-His10 coding region inserted in multiple cloning 
side

-148

pRS316 Single copy shuttle vector with ura3 selection marker -164
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Table S3. Primers used in this study 

Primer 
name

Sequence Purpose

Pr1 ACCACCACCAUCATCATCATCATTAACTGCAGGAATTC Fw primer for amplification of pDDGFP-2 vector annealing 
at histag for swapping c terminal fusion protein.

Pr2 AGGGTAGTGCUGAAGGAAGCATACGATACCC Fw primer for amplification of pDDGFP-2

Pr3 AGCACTACCCUTTAGCTGTTCTATATGCTGCC Rev primer for amplification of pDDGFP-2

Pr4 ATTTTGGGAUCCACTAGTTCTAGAATCCGGGG Rev primer for pDDGFP-2 backbone amplification anneals 
behind gal promoter.

Pr5 AGGGGAAAAUTTATATTTTCAAGGTTCTAAAGGTGAAGAAT-
TATTCACTGG

Fw primer for amplification of YPet gene and insertion into 
pDDGFP-2.

Pr6 ATGGTGGTGGUGGAGCTCTTTGTACAATTCATTCATACC Rev primer for amplification of YPet gene and insertion into 
pDDGFP-2.

Pr7 ATCCCAAAAUGGGCAGGTTTAGTAACATAATAACGTCC Fw primer for amplification of S. cerevisiae lyp1 gene for 
insertion into pDDGFP-2

Pr8 ATTTTCCCCUCCTGCAACAGCAGCCCAGAATTTCTC Rev primer for amplification of S. cerevisiae lyp1 gene for 
insertion into pDDGFP-2.

Pr9 ATCCCAAAAUGGGACAAACACTAGACGAGACTTCAAATCTAC Fw primer for amplification of S. cerevisiae vba1 gene for 
insertion into pDDGFP-2.

Pr10 ATTTTCCCCUCCAGAACTTGAACTACGTTTGTAAGTATGTTTC Rev primer for amplification of S. cerevisiae vba1 gene for 
insertion into pDDGFP-2.

Pr11 ATCCCAAAAUGCATGGGTCATTGCAAGGTGG Fw primer for amplification of S. cerevisiae lyp1(62-590) 
gene for insertion into pDDGFP-2.

Pr12 ATCCCAAAAUGCATGGGTCATTGCAAGGTGG Rev primer for amplification of S. cerevisiae lyp1(62-590) 
gene for insertion into pDDGFP-2.

Pr13 ATCCCAAAAUGGAGAGTATTTCAAATTGGATCACCACTG Fw primer for amplification of S. cerevisiae vba2 gene for 
insertion into pDDGFP-2.

Pr14 ATTTTCCCCUCCTCTTCTTGTTTTAGGTTTCGCCAGATTGTC Rev primer for amplification of S. cerevisiae vba2 gene for 
insertion into pDDGFP-2.

Plasmids Characteristics Reference

pUG72 AmpR, Ura3 chromosomal integration cassette -165

pUG27 AmpR, His chromosomal integration cassette -165

pSR014 pPICZ derivative with lyp1-TEV-GFP-his This study

pFB001 pRS426GAL1-GFP derivative with lyp1 fused to TEV-YPet-his This study

pFB004 pRS426GAL1-GFP derivative with vba1 fused to TEV-YPet-his This study

pFB011 pRS426GAL1-GFP derivative with lyp(62-590) fused to TEV-YPet-his This study

pFB012 pRS426GAL1-GFP derivative with vba2 fused to TEV-YPet-his This study

pFB013 pRS426GAL1-GFP derivative with vba2 extended fused to TEV-YPet-his This study

pFB014 pRS426GAL1-GFP derivative with vba3 fused to TEV-YPet-his This study

pFB015 pRS426GAL1-GFP derivative with vba3 extended fused to TEV-YPet-his This study

pFB016 pBAD derivative with vba3 fused to TEV-YPet-his This study

pFB017 pRS316 derivative with lyp1 locus This study

pFB018 pRS316 derivative with lyp1 locus fused to TEV-YPet-his This study

pFB019 pBAD derivative with lysp fused to TEV-his This study

pFB020 pBAD derivative with lyp1-TEV-GFP-His10 This study

pFB021 pRS426 with ADH1 promoter and GFP-His fusion cassette with ura3 selection marker This study

pFB022 pFB021 derivative lyp1 fused to TEV-YPet-his This study

pFB023 pFB022 derivative lyp(62-590) fused to TEV-YPet-his This study
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Primer 
name

Sequence Purpose

Pr15 ATCCCAAAAUGGAGCTTAAATCTAGTAAACACAAAGTACTACCG Fw primer for amplification of S. cerevisiae vba2ex gene for 
insertion into pDDGFP-2.

Pr16 ATCCCAAAAUGGAGAATATGCTCATTGTCGGTAGAG Fwprimer for amplification of S. cerevisiae vba3 gene for 
insertion into pDDGFP-2.

Pr17 ATTTTCCCCUCCCTTGTCTTCTAAATTATCTTCTGGTGTCTC-
GTC

Rev primer for amplification of S. cerevisiae vba3 gene for 
insertion into pDDGFP-2.

Pr18 ATCCCAAAAUGGAGGAAACTAAGTACTCTTCGCAGC Fw primer for amplification of S. cerevisiae vba3ex gene for 
insertion into pDDGFP-2.

Pr19 GGCGGCCGCTCTAGAACTAGTGGATCCCCCGATTTGAGTAC-
TATCGCTGGC 

lyp1 allele to prs316 rev

Pr20 GATAAGCTTGATATCGAATTCCTGCAGCCCATTGCCATTG-
GAGAAAGCCC 

lyp1 allele to prs316 fw

Pr21 TCACAGAACCTCTTGCATGCC Fw primer for amplification pFB00pre without lyp1 ORF

Pr22 ATATATATATATATACGATGTCTTTTGTTATCGTTATAGACAATGC Rev primer for amplification pFB00pre without lyp1 ORF

Pr23 GCATTGTCTATAACGATAACAAAAGACATCG-
TATATATATATATATATGGGCAGGTTTAGTAACATAATAAC

Fw primer for amplification of lyp1-TEV-YPet-his from 
pFB001

Pr24 CTATTTTGAAGGCATGCAAGAGGTTCTGTGATTAATGATGAT-
GATGATGGTGGTG

Rev primer for amplification of lyp1-TEV-YPet-his from 
pFB001

Pr25 CTTTGTTCTTCACTAAGCTCAGAGCCCTAGTTGTTGAGGGAA-
CAAGAAGAAAAATCCTTCTAGGAATGAGCAATTCTATTG-
CATCTTTTTCAGCTCGTTTTATTTAGGTTCTATCGAGG

Fw primer for amplification of ura3 cassette for deletion 
of vba1

Pr26 GACCTTGGATTTATAAAGGTATATAATATAAAGTC-
TATTTTCAATTTTGTCTAGAGATCCCAATACAACAGATCAC

Fw primer for amplification of ura3 cassette for deletion 
of vba1

Pr27 GAACCGTTACAGCTTCGACGTACCAAACGATTGGTA-
ACGAATTTAATCAGAAACTAGATATTCTACTTGACACTA-
AACTTTTTTTGTAAGCTCGTTTTATTTAGGTTCTATCGAGG

Fw primer for amplification of ura3 cassette for deletion 
of vba2

Pr28 CAATACTGTTAATGTATCAATTGAGTCGGTCAAGGGCATAG-
GTATATATTGTGTCTAGAGATCCCAATACAACAGATCAC

Fw primer for amplification of ura3 cassette for deletion 
of vba2

Pr29 CATACCATAAGATAACAACGAAAACGCTTTATTTTTCACACAAC-
CGCAAAACGCCGGGTCACCCGGCCAGC

Fw primer for amplification of his5 cassette for deletion 
of lys1

Pr30 CAAAAAAAAATTAAACTTGTAAATGTCAGCGTAACGATAAT-
GTATATACTTTAAATGTAAACTCGAGAGCTCGTTTAAACTG-
GATGGCGGCGTTAGTATCGAATCGACAG

Fw primer for amplification of his5 cassette for deletion 
of lys1

Pr31 ACCACCACCAUCATCATCATCACCATCATTAAGTCG Fw primer for amplification of pBADcLIC backbone anneals 
in histag

Pr32 ATGGTTAAUTCCTCCTGTTAGCCCAAAAAAC Rev primer for amplification of pBADcLIC backbone anneals 
in tatabox

Pr33 ATTAACCAUGGGTTCCAAAACTAAAACCACAG Fw primer for amplification of lysP 

Pr34 ATGGTGGTGGUGTCCCCCTCC CTTTTTAACGCGTTC-
CGGGAAG

Rev primer for amplification of lysP

Pr35 ATCGGTACCUAAAATGGGCAGGTTTAGTAACATAATAACGTCC Fw primer for amplification of lyp1-TEV-GFP-His10

Pr36 ATGGTGGTGGUGATGATGATGAGAACCACGACTAGTTTTG-
TAGAGCTCATCCATGC

Rev primer for amplification of lyp1-TEV-GFP-His10

Pr37 ATGGGTGGTGGATTTGCTATGGGCAGGTTTAGTAACATA-
ATAACGTC

Fw primer for amplification of lyp1 for LIC

Pr38 TTGGAAGTATAAATTTTCTGCAACAGCAGCCCAGAATTTCTC Rev primer for amplification of lyp1 for LIC

Pr39 ACCACCACCAUCATCATCATTAAGTTTTAGCCTTAG Fw primer for amplification of pPICZ

Pr40 AGGTACCGAUCCGAGACGGC Rev primer for amplification of pPICZ

Pr41 attttgggauccactagttctagaGCGGCCAGCTTGGAGTTGATTG Rev primer for amplification of pFB021
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Abstract

Amino acid permeases (AAPs) in the plasma membrane (PM) of Saccharomyces cerevisiae 

are responsible for the uptake and regulation of the cellular levels of amino acids. Here, 

we report on a strong and complex module for PM association found in the C-terminal 

tail of AAPs. Using in silico analyses and mutational studies we find that the C-terminal 

sequences of Gap1, Bap2, Hip1, Tat1, Tat2, Mmp1, Sam3, Agp1, and Gnp1 are about 50 

residues long, associate with the PM and have features that discriminate them from the 

termini of organellar amino acid transporters. We show that this sequence (named PMasseq), 

containing two amphipathic helices and the FWC signature, is palmitoylated by palmitoyl 

transferase Pfa4. Variations of PMasseq, found in different AAPs, lead to different mobilities 

and localization patterns, whereas the disruption of the sequence has an adverse effect 

on cell viability. We propose that PMasseq modulates function and localization of AAPs along 

the PM. PMasseq is more complex than other known protein signals for plasma membrane 

association across species, and can be used as a delivery vehicle for the PM.
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3.1 Introduction

Yeast transport amino acid transport across the plasma (PM) and the vacuolar membrane 

(VM), and to a lesser extent across the mitochondrial membrane (3). In the plasma and the 

vacuolar membrane there are 22 and 11 secondary amino acid transporters, respectively. 

These transporters are polytopic membrane proteins with 10-14 transmembrane segments. 

They belong to three superfamilies: APC (amino acid/polyamine/organocation), MFS (multi 

facilitator superfamily) and AAPTII (amino acid/polyamine transporter II) (20). The amino 

acid transporters belonging to the APC superfamily are often referred to as Amino Acid 

Permeases (AAPs). They are mainly localized in the PM and can be highly specific, i.e. 

transporting only one (enantiomer) amino acid or having broad specificity, like the general 

amino acid permease Gap1. 

Alongside the transporter function, additional roles have been proposed for some AAPs. 

The most prominent example is Gap1, which has a receptor function whereby it signals 

the protein kinase A (PKA) pathway (65). This so-called transceptor function has also been 

described for the phosphate transporter Pho84 and the ammonium transporter Mep2, but 

not for any other AAPs (66, 67). On the other end of the spectrum is Ssy1, an ER-resident 

AAP member which plays a role in amino acid sensing but has no transport function (82-84). 

The levels of AAPs at the PM are modulated by several transcriptional and post-translational 

control mechanisms e.g. the nitrogen catabolite repression system (NCR), general amino 

acid control (GAAC) and substrate/stress-induced endocytosis (2, 57, 91, 93). Whereas 

many details of the control mechanisms for several AAPs have been elucidated, quite 

a few questions concerning the spatio-temporal regulation of AAPs remain unanswered. 

Which mechanism ensures that the function is performed in the right organelle, and what 

determines the positioning of transporters within different membrane domains (111, 112, 

117)? 

Targeting of proteins to a specific organelle occurs through intrinsic signals in their amino 

acid sequences (166). For instance the cNLS (classical Nuclear Localization Signal) is a 

small stretch of basic residues (PKKKRKV) that targets proteins to the nucleus (167, 168). 

While targeting signals for several organelles are well defined, information on the targeting 

of PM-destined proteins is scarce. Upon synthesis in the endoplasmic reticulum (ER) and 

maturation in the Golgi apparatus, transporters take different vesicular transport routes 

from the trans-Golgi network to the vacuole and to the PM. Those destined for the PM 

are delivered either directly, through the action of adaptor protein complexes, or can 

utilize a more specific route, such as the GSE complex in the case of Gap1 (28). Aside from 

these targeting and localization signals, few proteins throughout species contain specific 

sequences for association with the PM. These proteins mostly lack transmembrane domains 

and their association signals usually have a specific role, mostly in a reversible association 
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with the PM and/or cell signaling. These association signals are often represented by a 

single predicted amphiphatic α-helix but can be more complex (169).

Interestingly, several AAPs have distinct localizations within the membrane, most notably 

Can1 and Tat1, which have been found in a compartment named MCC (micro compartment 

of Can1) that co-localizes with a structural scaffold named eisosomes (109, 112). Although 

amino acid transporters represent a large group of proteins with the same main function, 

they also have an array of additional roles performed in different locations. It is unclear 

which cues lead to distinct localizations of these proteins, not only to the designated 

membrane, but also to a distinct location within the PM.

Here, we report on a consensus sequence, PMasseq, found in a subset of AAPs that has a 

capacity to associate with the yeast plasma membrane. Compared to other sequences, 

mostly found in soluble proteins across species, PMasseq, conserved in fungi, is one of the 

most complex. It consists of two amphipathic helices and an FWC signature that allows for 

its thioesterification with a palmitoyl moiety by palmitoyl-acyl transferase Pfa4, thereby 

creating a lipid tether to the membrane (70). PMasseq interacts with lipids and presumably 

with proteins in the PM thereby modulating the position of the transporter in the lipid 

bilayer. Intriguingly, in reporter constructs containing PMasseq and a strong tandem cNLS, a 

sequence to target proteins to the nucleus, PMasseq overrides the cNLS in protein targeting. 

PMasseq can therefore be used as a delivery vehicle for the PM.

3.2 Results 

3.2.1 C-termini of amino acid transporters in the plasma membrane are longer than those 

of the vacuolar membrane 

We aim to identify structural determinants involved in the localization of polytopic 

membrane proteins either to the plasma membrane (PM) or vacuolar membrane (VM). All 

amino acid transporters residing either in the PM or in the VM were grouped on the basis 

of evolutionary relatedness, that is, as members of the APC, MFS and AAPTII families and 

their annotation as amino acid transporters. Sequence alignments of these proteins in S. 

cerevisiae failed to identify motif(s) that could be responsible for protein targeting. We 

then compared specific segments of individual PM transporters, i.e. transmembrane (TM) 

regions, loops and protein termini, with the corresponding segments of VM transporters. 

Segments were identified using the membrane topology prediction program TOPCONS 

(170). This approach revealed significantly longer C-termini in PM resident amino acid 

transporters than in the corresponding proteins of the VM (Fig. 1A). When we extended 

the comparison to other annotated S. cerevisiae transporters, a similar difference in tail 

length was observed (Fig. 1B). In our analysis we have excluded proteins with more than 

150 residues in their C-terminus (4 out of 79 in PM proteins and 8 out of 35 VM proteins), as 
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these are known or predicted to form discrete domains with specific functions (Appendix. 

1). Taken together, our in silico analysis indicates that there is a correlation between the 

length of the C-terminus and subcellular localization. Next, we compared the length of the 

N- and C-termini of prokaryotic and eukaryotic proteins from the three families (Fig. S1). 

In all cases both the N- and C-termini are longer in the eukaryotes, which is in agreement 

with the regulatory roles that these tail regions are known or predicted to have (20). While 

the difference in N-terminal length is very distinctive in all families, it is less pronounced 

for the C-terminus of the AAPTII and MFS proteins than it is for the APC members. 

Zooming in on the localization of the MFS proteins in eukaryotes we find a wide division of 

lengths with the ones with a shorter C-terminus annotated to localize mainly to subcellular 

membranes. Hence, the shift to longer C-termini in the APC family could be related to their 

distinct localization in the PM (Fig. S2). 

Figure 1: Bioinformatics analysis of S. cerevisiae transport proteins. (A) Amino acid transporters; (B) secondary 
transporters in general. C-terminus length is defined as the number of amino acid residues following the last 
predicted transmembrane segment. A list of the proteins analyzed can be found in (Appendix. 1).

3.2.2 Two types of C-termini in amino acid permeases 

The majority of the amino acid transporters localizing to the PM belong to the APC 

superfamily and are often referred to as Amino Acid Permeases (AAPs); a subset belongs 

to the MFS family (3). An alignment of the C-terminus of AAP sequences (see Materials 

and Methods) showed conserved clusters of aromatic residues at the beginning and at 

the end of the sequences, together with alternating positively and negatively charged 

clusters (Fig. 2A). Nine transporters contain the FWC signature at the very end, and one 

transporter (Mmp1) contains the related FFC sequence (171). The FWC-containing C-termini 

have been reported to contain a conserved α-helix (69). Our secondary structure analysis 

identified a second predicted α-helix, which is conserved in all but two of the AAPs (Figs. 

2A and B). Both the upstream and downstream helices, which will be referred to as Ha and 

Hb, respectively, have features of amphipathic motifs known to bind membranes (clusters 

of basic and/or aromatic residues) (169). In comparison, secondary structure analysis of 

the C-terminus of Uga4, a non-core member of the AAPs that resides in the vacuolar 

membrane, predicted a single non-amphipathic helix without aromatic clusters (Fig. 2B). 
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Figure 2: C-termini of amino acid transporters contain a functional amphipathic α-helix. (A) Multiple sequence 
alignment of C-termini from core members of the Amino Acid Permease (AAP) family, showing predicted secondary 
structure features. Orange shading = β-sheet, purple shading = α-helix, underlined = β-turns. (B) Helical wheel 
projections of C-terminal α-helices from Gap1 and Can1. Amino acid properties are indicated by line thickness 
(size) and colour (black = hydrophobic/aliphatic, green = aromatic, blue = positive, red = negative, purple = 
hydrophilic). (C) Far-UV circular dichroism spectra of a synthetic peptide corresponding to the last 31 residues of 
Gap1. The addition of trifluoroethanol (TFE) enhances the α-helical signature. (D) Growth of strains expressing full 
length or C-terminally truncated amino acid permeases. All are expressed with a C-terminal mKate2 tag from their 
endogenous promoter on the chromosome. A five fold serial dilution of cells was spotted onto SD and SG plates and 
grown for 3 to 4 days at 30 °C.
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We verified the predicted helical character of the C-termini of AAPs by Circular Dichroism 

(CD), using a synthetic peptide corresponding to the last 31 residues of Gap1 (Fig. 2C). 

The CD spectrum of the peptide showed clear α-helical structure, which became even 

more pronounced in the presence of trifluoroethanol (172), thus confirming the in silico 

predictions.

We determined the physiological relevance of the C-terminal tail of AAP transporters by 

generating a series of S. cerevisiae strains containing AAPs in which the last ten amino acid 

residues were deleted, and thus most of the amphipathic helix Hb. Wild type (WT) and 

truncated versions of the transporters were tagged with the fluorescent protein mKate2, 

and the fusions were expressed from the endogenous promoters on the chromosome. No 

significant differences in expression or localization between WT and truncated mKate2-

transporters were visible by confocal microscopy (Fig. S3). Strains expressing truncated 

versions of a subset of AAPs, however, exhibited a distinct phenotype under restricted 

growth conditions. The Hb helix in AAPs with the FWC signature is required for growth 

on a non-fermentable carbon source (glycerol, SG), as shown for Gap1 and Tat2 (Fig. 2D). 

In contrast, removal of the last ten residues of Lyp1 and Can1, AAPs responsible for the 

transport of lysine and arginine, respectively, did not have a strong adverse effect on cell 

growth. Contrary to deleting the Hb helix, deletion of the entire gene for Gap1 did not 

affect growth on SG, indicating that the C-terminus of Gap1 controls a negative-dominant 

function of the protein. The strains expressing truncated versions of AAPs exhibited no 

visible growth defect when grown on fermentable carbon source (glucose, SD). Thus, on 

the basis of physiological studies the C-termini fall in two categories: those with the FWC 

motif seem more important for cell growth under restrictive conditions than those without 

this signature motif.

3.2.3 C-termini of amino acid permeases associate with the plasma membrane

As amphipathic helices in many proteins have a tendency to interact with membranes, 

we asked if the C-terminal segments of the AAPs alone associate with the PM or other 

membranes in the cell. This has previously been shown for a region of the C-terminus of 

Bap2 (74). The C-terminal segments of selected AAPs were fused to eGFP and the genes 

were placed under the control of an inducible promoter and expressed in S. cerevisae. 

Two clear localization patterns were observed. C-termini containing the FWC signature 

mainly localized to the cell periphery (Fig. 3A), whereas those without were soluble and/or 

partially aggregated in the cytosol (Fig. 3B). This suggests that the FWC signature may play 

a role in the association of the C-terminus of AAPs with the PM. To confirm this suggestion 

we added the FWC tripeptide sequence to the cytosolically localized C-termini. In the case 

of Alp1, Lyp1 and Can1, the addition of FWC caused the reporter protein to associate with 

cell membranes (Fig. 3C). Uga4 remained cytosolic, demonstrating the importance of the 

sequence preceding the FWC motif. 
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Figure 3: Localization of GFP-fused C-terminal reporters. (A) C-terminal reporters with the FWC motif localize 
to the cell periphery. (B) C-terminal reporters without the FWC motif localize to the cytoplasm. (C) The addition of 
FWC to the C-terminus of Alp1, Lyp1, and Can1, but not Uga4, results in membrane association.

Interestingly, in contrast to the homogenous distribution at the PM of most FWC-containing 

reporters, the C-terminus of the histidine transporter Hip1 led to a patchy distribution 

of the protein in the cell. A similar pattern, yet to a lesser extent, was observed for 

Can1C+FWC and Alp1C+FWC. Heterologous expression of the reporters in Pichia pastoris 

displayed the same distribution pattern (Fig. S4A). The phenotypic conservation in P. 

pastoris is in agreement with the AAP C-termini conservation, including the FWC motif and 

the upstream basic and aromatic residues, in other budding yeast (Fig. S4C and Appendix. 

2).
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3.2.4 The membrane association signal of AAPs is multipartite 

To investigate which residues are important for membrane association, we analyzed the 

C-terminal sequences in more detail by deleting clusters of three to five conserved residues 

from the Gap1C reporter protein (Fig. 4A and B). Deletion of WKLF, DID, RRE and DLD did 

not affect the association of the GFP-tagged C-terminus with the PM. Deletions of EEK (in 

the middle of helix Ha), PRWYR (half of helix Hb), and FWC led to a cytosolic localization 

with sporadic aggregate formation. 

Sequences capable of forming amphipathic helices and suggested to associate with the 

PM have been identified in a number of proteins throughout species (169). The most 

investigated sequence in yeast, which at the same time represents a rather complex 

Figure 4: FWC motif and upstream amphipathic helix are required for association at the cell periphery and 
the targeting signal is stronger than a tandem classical NLS (tcNLS). (A) Sequence logo of C-terminal sequences 
that are able to localize GFP to the cell periphery. Image prepared using WebLogo (202) and colored according to 
amino acid properties (black = hydrophobic/aliphatic, green = aromatic, blue = positive, red = negative, purple = 
hydrophilic, grey = conformationally special, orange = cysteine). (B) Deletions within the Gap1 C-terminus show that 
the FWC motif and two upstream sequences within the predicted α-helices are crucial for localization to the cell 
periphery. (C) C-terminus of Ist2 fused to GFP (green). Staining of the vacuolar membrane with FM4-64 is shown in 
red. (D) C-termini of Gap1, Ist2 and Uga4 with GFP-tcNLS fused N-terminally of C-terminus (green); Staining of the 
vacuolar membrane with FM4-64 is shown in red. Scale bars are 2 μm.
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association signal, is the one of Ist2, the cortical ER protein involved in ER-PM tethering 

(82, 173). The association of Ist2 with the PM requires one amphipathic helix followed by a 

cluster of positively charged residues in the C-terminus (174). In contrast to the C-terminus 

of AAPs, the amphipathic C-terminus of Ist2 fused to GFP led to a minor association with 

the PM and the vast majority of the protein remained soluble in the cytosol, in agreement 

with previous studies (175) (Fig. 4C). 

In other amphipathic helices associating with the cellular membranes, e.g. Mid1 from 

S. pombe or Ste5 from S. cerevisiae, a nuclear localization signal (NLS) or an NLS-like 

sequence was found within or in close proximity of the helix, which, under certain 

conditions, localized the proteins to the nucleus (176, 177). We therefore tested the effect 

of the addition of a very strong, tandem classical NLS (tcNLS) derived from Heh2 (178) 

to the C-terminal sequences of the AAP proteins. The addition of the tcNLS upstream of 

the C-terminus of Gap1C did not affect its association with the PM (Fig 4D). Conversely, 

addition of the NLS to the GFP tagged C-terminus of Ist2 localized the reporter to the 

nucleus. The same observation was made for GFP-Uga4C, GFP alone and Gap1C lacking 

most of the amphipathic sequence, demonstrating that the membrane association signal 

found in AAPs is relatively strong when compared to those for targeting to organellar 

membranes. In conclusion, the sequence responsible for PM association (hereafter referred 

to as PMasseq) of the C-terminus of yeast AAPs is composed of two short amphipathic helices 

and a FWC signature at the very C- terminus of the proteins. 

3.2.5 A palmitoyl moiety anchors the C-termini of AAPs to the PM

The conserved FWC sequence within yeast AAPs was previously identified in a large-scale 

analysis in silico, and it was shown for a subset of AAPs that the C-terminal cysteine residue 

serves as a palmitoylation site (70, 171). Palmitoylation is a reversible post-translational 

modification that is sensitive to reducing conditions (179). To examine if the C-termini 

derived from AAPs are indeed palmitoylated we isolated GFP-Gap1C from yeast cells, 

incubated it in the presence or absence of DTT, and separated the samples by SDS-

PAGE. The amount of Gap1C in the membrane fraction was significantly lower after DTT 

incubation, indicating that the reporter protein was palmitoylated (Fig. 5A). Also, GFP-

Gap1C in the soluble fraction migrates faster on SDS-PAGE than that in the membrane 

fraction, reflecting the absence and presence of the palmitoyl moiety. 

To identify the enzyme responsible for the palmitoylation of GFP-Gap1C, we transformed 

yeast strains lacking one of the seven palmitoyl-acyl transferases (PATs). Only in the strain 

lacking Pfa4 was an effect seen, with most of the reporter protein relocalizing to the 

cytosol and the internal membranes (Fig. 5B). In the strains lacking any of the other six 

PATs, localization of GFP-Gap1C was the same as in the wild-type background (Fig S5). This 

is in line with the previous observation that the palmitoylation of full length AAPs is Pfa4-
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dependent (70). It also demonstrates that the C-terminal sequence of Gap1 is sufficient for 

recognition and palmitoylation by Pfa4, despite not being part of a polytopic membrane 

protein.

In the strain lacking Pfa4 the Gap1C reporter protein remained partially associated with 

internal membranes. This is consistent with the fact that reducing conditions did not 

completely remove GFP-Gap1C from the membrane fraction. To exclude the possibility 

that another PAT is able to palmitoylate Gap1C in the absence of Pfa4 we ran a high 

percentage SDS-PAGE of lysates isolated from cells expressing GFP-Gap1C in the ΔPFA4 

genetic background (Fig. 5C). The experiment shows that Pfa4 is solely responsible for the 

palmitoylation of Gap1C. Thus, the residual membrane association in the ΔPFA4 strain must 

be due to properties of the amino acid sequence.

Figure 5: Palmitoylation of Gap1C is Pfa4 mediated but not essential for association with membranes. (A) In 
gel fluorescence imaging. Total (T), soluble (S) and membrane (M) fractions from cells expressing GFP-Gap1C were 
incubated with (+) and without (-) DTT and then separated by SDS-PAGE. The membrane fraction shows enrichment 
of Gap1C in the absence of DTT. (B) Gap1C in ΔPFA4 associates with the PM. Scale bars are 2 μm. (C) A molecular 
weight shift is observed for GFP-Gap1C by in gel fluorescence of whole cell extracts from wild-type and Δpfa4 yeast 
cells.

3.2.5 Variations in the C-terminal sequences of AAPs are reflected in different localization 

patterns at the PM

Localization differences relating to the amino acid sequence, separate from palmitoyl-

dependent mechanisms, were also seen for other C-termini. When expressed in the ∆PFA4 

genetic background, GFP-Bap2C is completely cytosolic while Hip1C retains its distinct 

patchy distribution and Alp1C+FWC remains at the cell periphery (Fig 6A). The same patterns 

were seen for Bap2C and Hip1C with the C-terminal cysteine changed to serine, a mutation 

which has been shown to fully abolish palmitoylation in full length AAPs (70). The presence 

or absence of palmitoyl modifications under these conditions was confirmed by analyzing 

protein extracts on SDS-PAGE (Fig 6B). Analysis of the localization patterns for the rest of 

the transporters in the ∆PFA4 genetic background showed that Tat2C, Gnp1C and Sam3C 

were completely cytosolic, while a fraction of Mmp1C, Tat1C and Lyp1+FWC remained 

associated with the membrane (Fig. 6C). On the other hand, lack of the palmitoyl moiety 

in Can1C+FWC and Alp1C+FWC led to an almost exclusive localization to distinct spots at 

the periphery of the cell. Expression of reporter constructs in P. pastoris showed the same 

localization for Bap2CFWS and Hip1CFWS, indicating conservation of palmitoylation and 

protein partner binding (Fig. S4B).
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3.2.6 The C-terminal sequences of AAPs have different mobility at the PM

The mobility of the reporters at the cell periphery was measured by fluorescence recovery 

after photobleaching (FRAP). From the fluorescence recovery we determined the lateral 

diffusion coefficient and the mobile fraction. With the exception of Hip1C, fluorescence 

recovery of C-termini was relatively fast in comparison to integral membrane proteins as 

shown by comparing Gap1C and Pma1 (Fig. 7A). The diffusion coefficient of the palmitoylated 

reporters is approximately two orders of magnitude higher than that of the full-length 

integral membrane proteins (Fig. 7B). When Gap1C, Tat1C and Mmp1C were expressed in 

the ∆PFA4 strain, the reporters localized to the cytoplasm and the diffusion coefficients 

were one order of magnitude higher than those of the palmitoylated reporters (Fig. 7B). 

The FRAP experiments showed no recovery of Hip1C (Fig. 7A and C). The static nature of 

Hip1C is consistent with its patchy distribution at the PM and suggests interaction with 

a static partner at the periphery of the cell. Less than 50% recovery was observed for 

Can1C+FWC and Alp1C+FWC (Fig 7C). Expression of Can1C+FWC and Alp1C+FWC in the ∆PFA4 

genetic background reduced the recovery even further (Fig. 7D). The lack of mobility and 

distinct localization of some proteins at the periphery of the cell suggests either (i) the 

Figure 6: Absence of palmitoylation shows discriminative phenotypes for C-termini. (A) In the absence of 
a palmitoyl moiety some C-terminal sequences are still able to direct GFP to the cell periphery (Hip1C Alp1C), 
while GFP-Bap2C is located in the cytoplasm. (B) In-gel fluorescence imaging of whole cell extracts separated 
by SDS-PAGE. For GFP-Bap2C, -Hip1C and -Alp1C, fluorescent bands are seen at two positions. The higher band 
is the modified form, running slower due to the palmitoyl moiety. (C) In cells lacking Pfa4 three phenotypes 
are observed for GFP (green) N terminally fused to C-termini: cytosolic localization (Gnp1C, Tat2C), enrichment 
at the membranes (Tat1C, Sam3C, Mmp1C, Lyp1C+FWC) and distinct localizations at the periphery of the cell 
(Can1C+FWC). Scale bars are 2 μm.
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presence of static protein-binding partners, (ii) slow on/off rates of association, or (iii) 

mobility at a time scale similar to that of polytopic membrane proteins. 

Figure 7: High variation in mobility suggests sequence-specific interactions. Diffusion coefficients for lateral 
diffusion along the cell periphery were determined using FRAP. Full-length Lyp1 and Pma1, the plasma membrane 
proton ATPase, were included for comparison. (A) Confocal microscopy images demonstrating the recovery after 
photobleaching for immobile (GFP-Hip1C) and mobile (GFP-Gap1C, Pma1) constructs. (B) Diffusion coefficients and 
(C) normalized recovery calculated from exponential recovery profiles. Mobile fraction error bars represent the 
standard deviation between the measurements. (D) Confocal microscopy images demonstrating the recovery after 
photobleaching for GFP-Can1C+FWC in Δpfa4. Scale bars are 1 μm.
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3.3 Discussion

Throughout species a number of proteins contain sequences that are capable of associating 

with membranes. These sequences can serve as signals for targeting to a specific 

organelle, but can also represent a critical factor for a protein to perform its function at 

the designated site. Often these sequences contain an amphipathic α-helix, which has the 

ability to associate with the membrane, e.g. as shown for Ist2 and Ssy1 in S. cerevisiae 

(82, 173). Here, we report on a membrane association module comprising a palmitoylated 

sequence (PMasseq) present in the C-terminus of 10 yeast AAPs. It consists of two amphipathic 

helices, the FWC signature sequence at the very end and a palmitoyl moiety linked to Cys. 

This is a highly complex and unique membrane association signal identified for polytopic 

PM proteins, and we propose that it plays a role in the localization and function of AAPs 

within membrane microdomains through its association with specific proteins and/or lipids.  

In our combined sequence/topology analysis of secondary transporters, we noticed that 

the C-termini of PM-resident proteins are on average longer than those of VM-residents. 

The observed division is especially pronounced among secondary amino acid transporters. 

Residues from the C-terminus of several AAPs have been assigned roles in PM targeting and 

regulation of function. The KPRWYR motif in the C-terminus of Gap1 has been shown to be 

important for trafficking from the trans-Golgi network (TGN) to the PM (28). In addition, 

a di-leucine motif in a predicted α-helical region of the Gap1 C-terminus is required for 

NH4+-induced endocytosis (69, 73). Deletion of the last 28 residues of Bap2 was shown to 

stabilize the protein at the plasma membrane by decreasing its basal turnover (74). It is not 

known if these functions of the C-terminal motifs are conserved among AAPs. In contrast a 

diacidic motif shortly after the last TM, (M/I/V)D(L/I/V)D, is required for many transporters 

in COPII vesicle packing and is therefore conserved among all AAPs (71, 72). 

We report on a sequence PMasseq present in ten FWC-containing AAPs and partially conserved 

in the other members of the AAP family that has a capacity to associate with the PM. 

Sequence comparisons indicate that PMasseq is widely conserved amongst budding yeast 

(Fig. S4C). It has predicted amphipathic α-helices, which we confirmed for Gap1 by CD 

spectroscopy. Similar to sequences found in a number of soluble proteins these sequences 

associate with the membrane (169). Membrane association signals are frequently found 

in proteins that bind to specific lipids and often result amphipathic α-helical structures 

at the membrane. One notable example is the membrane association signal found in the 

N-terminal 18 residues of Huntingtin. It forms an amphipathic α-helical membrane-binding 

domain that can reversibly target to vesicles and the endoplasmic reticulum (ER) (180). 

ER and vesicular membrane association signals present in fungal proteins are found in 

transcription factors and proteins involved in vesicular transport and in cell division (176, 

181, 182). In S. cerevisiae, membrane association signals for targeting to the PM are found 
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in proteins of signal transduction pathways (183, 184). Plasma membrane association 

signals are not common in PM residing integral membrane proteins, and they do not serve 

as primary targeting signals as delivery to the PM is via vesicular transport. The role of such 

signals is usually connected with a specific function of the protein, as is the case for the 

LRRLL motif in EGFR of mammalian cells (185).

The membrane association signal described here is unique as it is present in polytopic 

PM proteins. Its unusual strength is explained by its multipartite nature, as membrane 

association is enabled through the interactions of not one but two amphipathic helices, 

and a palmitoyl moiety attached to the C-terminal cysteine. Helix Hb of PMasseq is highly 

conserved and is also present in AAPs that do not contain the FWC signature, i.e. these 

proteins are not palmitoylated. The importance of this sequence is demonstrated by the 

finding that the C-terminal sequence of AAPs without FWC can associate with the PM upon 

the addition of FWC to the C-terminus. Importantly, in these proteins the upstream helix 

Ha is either missing or predicted to be significantly shorter than the one in AAPs with 

FWC. We also demonstrated that the C-terminus is essential for palmitoylation by Pfa4. 

Palmitoylation of these sequences increases the specificity of targeting to the plasma 

membrane, but is not strictly required for membrane association. 

The complex and redundant nature of PMasseq may relate to its capacity to interact with 

different partners in the membrane. The PMasseqs of different AAPs neither display uniform 

localization nor do they lead to a similar mobility of the proteins along the membrane 

surface. In the case of Hip1, Alp1, and Can1 the association signal modulates the localization 

of the transporter along the plasma membrane, as is visible by the formation of distinct 

patches of protein. The correlation between patchy localization and slow diffusion indicates 

possible partners in the PM, which may interact in a highly specific manner with a subset 

of AAPs. FRAP analyses suggest that in the case of Hip1C the protein partner is fully 

static and there is no exchange after initial binding. For Alp1C and Can1C distinct mobile 

and immobile fractions are observed. Upon removal of the palmitoylation site there is no 

recovery, suggesting a static partner.

For Gap1 and Tat2 removal of the last 10 amino acids leads to diminished growth on a 

non-fermentable carbon source, whereas the expression and gross PM localization are not 

affected. A specific role for the C-terminus of Gap1 in nutrient sensing has been proposed 

before, as truncated versions of the Gap1 show an increased PKA signaling phenotype 

(65). Constitutive PKA signaling is reported to inhibit growth on any carbon source other 

than glucose (186). Interestingly, deletion of the gene coding for Gap1 showed no adverse 

effect on growth, suggesting a negative-dominant interaction of the C-terminus with 

other parts of the protein. Amphipatic α-helices have been shown to play roles in auto-

inhibition mechanisms, with the most well-studied example being CTP:phosphocholine 
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cytidylyltransferase (187).

Taking into account different motilities, different localization patterns and redundancy 

for PM association, we put forward the following model (Fig. 8): upon vesicular delivery 

of AAP to the PM, the C-terminus associates with the lipids on the cytosolic side of the 

PM through its amphipathic helices and the palmitoyl tail. The complete association signal 

found in FWC-containing proteins is necessary for strong association with specific lipid(s)/

domains in the PM, which modulate the transporters function (Fig. 8A). Hip1 most likely 

interacts with a static binding partner enabling the transporter to perform its function at a 

specific location in the PM (Fig. 8B). This interaction is directed by the sequence upstream 

of the FWC signature and it is not dependent on the presence of the palmitoyl moiety. This 

unique localization pattern is interesting in light of the finding that Hip1 is the only AAP 

whose gene could not be deleted in a large-scale genetic screen (161). The C-terminus of 

proteins lacking the FWC signature, such as Lyp1, may have weak lipid binding affinity, as 

evidenced by the membrane association of +FWC, -palmitoylation versions. It is possible 

that this affinity is insufficient to redirect a soluble protein, but in the context of an 

integral PM protein is sufficient to enable lateral probing of the membrane surface (Fig. 

8C). In some cases this leads to transient interactions with specific partners, which in the 

case of Can1 and Alp1 are predicted to be integral membrane proteins (Fig. 8D). Possible 

interaction partners of Can1 might be found at the MCC/eisosome (MCC) and relate to the 

patchy localization that has been observed previously (112). Eisosomes are static structures 

on the time-scales of our measurements, but protein molecules may diffuse into and out of 

the eisosome with similar diffusion coefficients. 

Figure 8: Model defining the different phenotypes found in the AAP C-termini. (A) Proteins with FWC-containing 
C-termini have a strong association with specific lipids in the PM, with a possible regulatory role for signaling 
functions (B) Hip1 most likely interacts with a static binding partner. This interaction is directed by the sequence 
upstream of the FWC signature and it is not dependent on the presence of the palmitoyl moiety. (C) The C-terminus 
of proteins lacking the FWC signature like Lyp1 may have weak lipid binding affinity enabling lateral probing of 
the membrane surface. (D) Proteins without FWC containing C-termini in which the C terminus has transient 
interactions with integral membrane proteins as in the case of Can1 and Alp1. 
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In conclusion, palmitoylated PMasseq identified in the polytopic membrane proteins of the 

yeast plasma membrane represents a multipartite membrane association signal that has 

evolved towards multiple functions and may tune the location of proteins within specific 

membrane domains, the binding of the proteins to specific partners or/and alter their 

function through self-regulatory mechanisms. Importantly, compared to other association 

signals in yeast, PMasseq is relatively strong and has the potential to act as delivery vehicle 

for the PM. 

3.4 Materials and Methods

3.4.1 Strains, media and growth conditions
All experiments were performed in Saccharomyces cerevisiae strains derived from BY4742 (159), or 
Pichia pastoris KM71H (Invitrogen). See (Supplementary Table. S1) for details. Plasmids used in this 
study are listed in (Supplementary Table. S2). S. cerevisiae strains were grown at 30˚C in synthetic 
complete dropout media: 1x yeast nitrogen base without amino acids and 1x Kaiser amino acid 
drop-out supplement (without histidine or uracil depending on the metabolic marker), both from 
(FormediumTM, Norfolk, UK). 2% (w/v) raffinose, glucose or glycerol were added as carbon source to 
give SR, SD or SG. 2% agar was added for plate cultures. P. pastoris strains were grown in YPD (2% w/v 
glucose, 1% w/v yeast extract, 2% w/v peptone) with 100 µg/mL ZeocinTM (Invitrogen).
In S. cerevisiae, reporter proteins were expressed either from the chromosome using their endogenous 
promoter and an mKate2 (188) tag, or from low copy number plasmids using the GAL1 promoter and 
a yEGFP3 (189) tag. For expression from the GAL1 promoter, strains were grown to mid-log phase 
(OD600 0.2–0.6) in raffinose medium and induced by the addition of 0.2% (w/v) galactose. In P. pastoris, 
proteins were expressed from episomal plasmids based on pBGP1 Lee et al (191). , using the consitutive 
GAP promoter and a GFP tag. All chemicals and reagents were purchased from (Sigma-Aldrich, Saint 
Louis, Mi, USA) unless stated otherwise. All primers and restriction enzymes were provided by (Sigma-
Aldrich, Saint Louis, Mi, USA) and (New England Biolabs, Ipswich, Ma, USA)

3.4.2 Plasmid construction
All plasmids were cloned first in E. coli MC1061 and then isolated, confirmed by sequencing, and 
transformed into either S. cerevisiae or P. pastoris strains. Coding sequences for the C-termini of 
the target genes were amplified from BY4742 genomic DNA by polymerase chain reaction (PCR) and 
inserted into the target vectors using restriction digestion and ligation. Details of the primers and 
restriction sites used for each construct are given in (Supplementary Table. S3). For N-terminal GFP 
fusions with or without a tcNLS the termini were ligated into pACM021-GFP-tcNLS-GFP and pACM052-
GFP, respectively. Variants of pDP001-GFP-Gap1C with C-terminal deletions were constructed 
by amplifying the plasmid using phosphorylated primers designed to bind directly upstream and 
downstream of the excluded sequence. The resulting PCR product was circularized via blunt end 
ligation. 
The vector pFB008 was constructed using uracil excision based cloning (190). The pUG72 plasmid 
was amplified in two fragments using primer pairs Pr50/53 and Pr51/52, respectively. The mKate2 
sequence was amplified from a synthetically engineered plasmid (GeneArt, Regensburg, Germany) 
using primer pair Pr54/55. The fragments were treated with DNA glycosidase and DNA glycosylase-
lyase endo VIII, commercially available as USER, following the manufacturer’s instructions (New 
England Biolabs, Ipswich, Ma, USA). 
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In order to achieve constitutive cytosolic expression in P. pastoris, the α-factor signal sequence was 
removed from pBGP1 (191) to create pBGP1na. Primer pair Pr70/71 were used to amplify the entire 
plasmid excluding the signal sequence. The resulting DNA fragment was circularized by uracil excision 
cloning as described above. The coding sequences for GFP-Gap1C, -Hip1C and -Bap2C were amplified 
from pDP001, pDP008 and pDP012, respectively, using primer pair Pr72/73. The vector pBGP1na was 
amplified using primer pair Pr74/75 and the coding sequences inserted by uracil excision cloning.
FWS mutants of GFP-Bap2C and -Hip1C were generated by PCR amplifying from pDP008 and pDP012 
using primer pairs Pr76/35 and Pr76/36. The DNA fragments were then restriction digested and ligated 
into pACM021-GFP and pBGP1na using BamHI/XhoI and NdeI/XhoI, respectively. 

3.4.3 Strain engineering
For the construction of C-terminal fusion proteins on the chromosome listed in (Supplementary Table. 
S1), we made use of the mKate2-ura3 cassette from pFB008. For C-terminal tagging of chromosomal 
can1, lyp1, gap1 and tat2 with or without the last ten amino acids, we made use of the mKate2-ura3 
cassettes using primer pairs Pr58/55-56, Pr61/59-60, Pr64/62-63, and Pr67/65-66, respectively. The 
amplified cassettes were transformed into S. cerevisiae BY4742 and selected for growth on uracil 
dropout media. The genomic integration was verified by PCR and sequencing of the locus. 

3.4.4 Fluorescence imaging and FRAP measurements.
Fluorescence imaging and FRAP measurements were performed on a LSM 710 commercial scanning 
confocal microscope (Carl Zeiss MicroImaging, Jena, Germany) equipped with a C-Apochromat 40x/1.2 
NA objective, a blue argon ion laser (488 nm) and a red He-Ne laser (633 nm). Cells were immobilized 
with hydrogel (Biomade, Groningen, Netherlands) between a glass slide and coverslip. Images were 
obtained with the focal plane positioned at the mid-section of the cells.
For FRAP measurements, a region with a diameter of approximately 1 µm was photobleached using 
a short (26 µs) focused high power light pulse. The sample was imaged once immediately before the 
photobleaching and afterwards for a period of 2400 or 20 s, with frame rates of 20, 1 or 0.25 s for 
polytopic plasma membrane proteins, lipid anchored C-termini or C-termini without lipid anchor, 
respectively. During the experiment the sample was heated to 30°C using a PeCon climate chamber. 
Data analysis was carried out in ImageJ (128, 192) Images were corrected for x-y drift using cross 
correlation fitting. Photobleaching due to imaging was corrected for by fitting the fluorescence 
intensity of the entire image over time to a single exponential decay. The bleaching area was selected 
and the recovery was fitted with Eq. 1 to find the half time of recovery. 

Eq (1)

Where A is normalized recovery, τ0.5 is half time of recovery and t is time in seconds.
The diffusion coefficient was estimated according to Eq. 2, derived from Axelrod et al. (128):

Eq (2)

where D is the diffusion coefficient, w the radius of the bleaching spot, t0.5 the half time of recovery 
and γ a correction factor (0.88 for circular beams). The radius of the bleaching spot was 1.0 μm ± 0.1 
μm as determined by Meinema et al (193, 194).
For strains carrying chromosomal mKate2 fusions, imaging was carried out on a fully automated 
home-built microscope. A wide-field single-molecule fluorescence microscope was constructed by 
coupling high power laser excitation into a commercially available inverted fluorescence microscope 
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body (IX-81, Olympus, Tokio, Japan), equipped with a 1.49 NA 100x objective and a 512 × 512 pixel 
EM-CCD camera (C9100-13, Hamamatsu). Excitation light was provided by continuous-wave optically 
pumped semi-diode lasers (Sapphire LP, Coherent) of wavelength 568 nm (200 mW maximum output). 
For imaging mKate2 fusions, we used 568 nm excitation light and collected light emitted between 
610–680 nm (ET 645/75m filter, Chroma). 

3.4.5 Growth assay
Strains harboring an mKate2 fusion gene with or without deletion of the last 10 C-terminal amino acids 
were precultured in SD over 48 h to mid-log phase (OD600 = 0.4–0.8) by three subsequent dilutions, 
approximately every 12 h. Cells were washed and adjusted to a OD600 of 0.2. Serial ten-fold dilutions 
were prepared and 4 μL of each was spotted on SD or SG agar plates. Plates were imaged after a 
period of three or four days of growth at 30˚C (SD and SG, respectively). 

3.4.6 Analysis of palmitoylation by SDS-PAGE
Mid-log phase cells were washed and resuspended to an OD600 of 200 in 50 mM Tris-HCl (pH 7.6), 5 
mM EDTA, 10% glycerol, and Roche cOmplete protease inhibitor cocktail EDTA-free. Acid washed 
glass beads (500 μm diameter) were added in a 1:1 ratio with the cells. Cells were disrupted in a 
TissueLyser LT (Qiagen) at 30 Hz for 7 min. Unbroken cells were removed by centrifugation at 22,000 
x g in a desktop centrifuge for 5 s at 4 °C. The supernatant was removed and a total membrane 
fraction collected by centrifugation in a desktop ultracentrifuge at 120,000 x g for 1 h at 4˚C. The 
total sample, supernatant and membrane fractions were prepared for SDS-PAGE by addition of a 5x 
Laemmli buffer (250 mM Tris pH 6.0, 50% v/v glycerol, 0.005% w/v bromophenol blue and 1% w/v SDS). 
For reducing conditions 50 mM dithiothreitol phosphate (DTT) was added and incubated prior to SDS-
PAGE. Samples with and without DTT were separated on a 15% SDS-PAGE gel run at 240 V for 3 hours at 
20˚C. For whole cell extracts without DTT, samples were separated on a 20 cm long 21% SDS-PAGE gel 
run at 120 V for 48 hours at 4˚C. In gel fluorescence images were collected using a Fujifilm FLA-3000.

3.4.7 Circular dichroism 
A peptide corresponding to the last 31 residues of Gap1 was purchased from GeneCust (Luxembourg, 
Belgium). The peptide was solubilised in 5 mM sodium phosphate (equal molarity dibasic and tribasic, 
pH ~ 11.5), 1 mM DTT. The concentration was determined using absorbance at 280 nm and a calculated 
extinction coefficient of 17,990 M-1 cm-1. For CD measurements a 0.54 mg/mL (140 µM) peptide stock 
was diluted three times with mixtures of distilled water and 2,2,2-trifluoroethanol (TFE). CD spectra 
were recorded on a Jasco J-715 spectropolarimeter using a band-width of 2.0 nm and a scanning 
speed of 50 nm/min. The spectra shown are an average of 16 scans. Measurements were carried out 
at 20˚C in a 0.1 cm path length quartz cuvette.

3.4.8 Bioinformatic analysis
UniProtKB (195) was searched for Swiss-Prot (manually annotated and reviewed) entries assigned 
to the three superfamilies (APC, AAPTII and MFS), which contain the majority of the amino acid 
transporters in S. cerevisiae. The AVT family is classified by the Transporter Classification Database 
(196) http://www.tcdb.org) as belonging to the Amino acid/Auxin Permease (AAAP) family, however 
this terminology is not maintained in UniProtKB. UniRef (197) was used to collapse each group of 
proteins into sequence clusters with 90% identity. The reference sequences for each UniRef90 cluster 
were then analysed using TOPCONS-single (170) to determine the lengths of the N- and C-termini. 
For further sequence analysis we considered only core members of the Amino Acid Permease (AAP) 
family from S. cerevisiae (3). These are the same 18 proteins classified in the TCDB as belonging to 
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the Yeast Amino acid Transporter (YAT) family (20). Multiple sequence alignments were generated 
using MAFFT (198) and visualized in JalView (199). Secondary structure predictions were made using 
JPred4 (200), http://www.compbio.dundee.ac.uk/jpred/) and NetTurnP (201) http://www.cbs.dtu.
dk/services/NetTurnP/). Helical wheel projections were generated manually.
In order to explore conservation in other yeast species, UniRef (197) was used to collect sequences 
with > 50% identity to S. cerevisiae FWC-containing AAPs and < 90% identity to each other (198 
proteins). Topology was predicted in batch mode by TOPCONS-single (170), and any proteins not 
predicted to have 12 transmembrane segments (TMS) were run individually through TOPCONS (152) 
to check. In all cases this resulted in a prediction of 12 TMS. The predicted C-termini sequences were 
aligned using the MAFFT (198) online server and the resulting alignment manually trimmed to remove 
sequences causing gaps (180 proteins).
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3.6 Supplements

Figure S1: Comparison of predicted N- and C-terminus length between bacterial and eukaryotic members 
of three families of secondary transporters. Protein sequences and family classifications were taken from 
UniProt (http://www.uniprot.org/). APC = amino acid-polyamine-organocation superfamily, MFS = major facilitator 
superfamily, AAPTII = amino acid/polyamine transporter 2 family. These three families contain the major amino 
acid transporters from S. cerevisiae. Only Swiss-Prot entries (manually annotated and reviewed) were considered. 
Each family was trimmed to clusters with 90% sequence identity using UniRef (195)and the resulting reference 
sequences were analyzed with TOPCONS-single(170). Plotted values are the normalized count within sequences 
from Bacteria (light grey) or Eukaryota (dark grey).
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Figure S2: N- and C-terminus length versus subcellular localization for fungal members of the amino acid-
polyamine-organocation (APC) and major facilitator (MFS) superfamilies. Protein sequences and family 
classifications were taken from UniProt (http://www.uniprot.org/). Each family was trimmed to clusters with 90% 
sequence identity using UniRef (195), resulting in 48 APC members and 168 MFS members. The resulting reference 
sequences were analyzed with TOPCONS-single (170). Subcellular locations were assigned based on GO annotation. 
Proteins annotated with more than one location were assigned to the group “Membrane (general)”.

Figure S3: Images of amino acid permeases chromosomally fused to mKate2 with or without C-terminus. Scale 
bars are 2 μm.
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Figure S4: Conservation of AAP C-termini sequences and properties. (A) & (B) Imaging of Bap2C, Hip1C, Gap1C, 
Bap2CFWS and Hip1CFWS GFP fusion constructs in P. pastoris shows a comparable cellular localization as in S. 
cerevisae. Scale bars are 2 μm. (C) Sequence logo from a MAFFT alignment of TOPCONS predicted C-termini from 
180 proteins with > 50% identity to S. cerevisiae FWC-containing AAPs, and < 90% identity to each other. Protein 
sequences were gathered from UniProtKB using UniProt Reference Clusters. 198 sequences were initially identified 
and the alignment manually trimmed to remove those causing non-representative gaps. The remaining sequences 
are from forty-four different species belonging to the order Saccharomycetales. Colouring represents amino acid 
properties (black = hydrophobic/aliphatic, green = aromatic, blue = positive, red = negative, purple = hydrophilic, 
grey = conformationally special, orange = cysteine). For a full list of the proteins analyzed see (Appendix. 2).

Figure S5: Localization of Gap1C in strains lacking individual palmitoyl-acyl transferases. Gap1C targets GFP to 
the cell periphery in the absence of Pfa5, Erf2, Pfa3, Shr5, Swf1, Akr1, and Akr2. Scale bars are 2 μm.
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Strains Characteristics Reference

S. cerevisiae BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Brachmann et 
al. 1998 (159)

S. cerevisiae BY4742 Δpfa4 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Δpfa4::kanMx Giaever et al. 
2002 (161)

S. cerevisiae BY4742 can1-mKate2 MATα his3Δ1 leu2Δ0 lys2Δ0 can1-mKate2::Ura3URA3 This study

S. cerevisiae BY4742 lyp1-mKate2 MATα his3Δ1 leu2Δ0 lys2Δ0 lyp1-mKate2::Ura3 This study

S. cerevisiae BY4742 gap1-mKate2 MATα his3Δ1 leu2Δ0 lys2Δ0 gap1-mKate2::Ura3 This study

S. cerevisiae BY4742 tat2-mKate2 MATα his3Δ1 leu2Δ0 lys2Δ0 tat2-mKate2::Ura3 This study

S. cerevisiae BY4742 can1∆10-mKate2 MATα his3Δ1 leu2Δ0 lys2Δ0 can1(1-580)-mKate2::Ura3 This study

S. cerevisiae BY4742 lyp1Δ10-mKate2 MATα his3Δ1 leu2Δ0 lys2Δ0 lyp1(1-601)-mKate2::Ura3 This study

S. cerevisiae BY4742 gap1-mKate2 MATα his3Δ1 leu2Δ0 lys2Δ0 gap1(1-592)-mKate2::Ura3 This study

S. cerevisiae BY4742 tat2-mKate2 MATα his3Δ1 leu2Δ0 lys2Δ0 tat2(1-582)-mKate2::Ura3 This study

P. pastoris KM71H arg4 aox1::ARG4… Invitrogen

Table S1. Strains used in this study

Plasmids Characteristics Reference

pACM021-GFP pUG34 GAL1 promoter (instead of Met25) Meinema et al. 2011 (178)

pDP001-GFP-Gap1C pACM021-GFP with Gap1(552-602) fused to GFP This study

pDP002-GFP-Mmp1C pACM021-GFP with Mmp1(531-583) fused to GFP This study

pDP003-GFP-Tat1C pACM021-GFP with Tat1(552-619) fused to GFP This study

pDP004-GFP-Tat2C pACM021-GFP with Tat2(537-592) fused to GFP This study

pDP005-GFP-Gnp1C pACM021-GFP with Gnp1(612-663) fused to GFP This study

pDP006-GFP-Agp1C pACM021-GFP with Agp1(582-633) fused to GFP This study

pDP007-GFP-Sam3C pACM021-GFP with Sam3(535-587) fused to GFP This study

pDP008-GFP-Bap2C pACM021-GFP with Bap2(558-609) fused to GFP This study

pDP009-GFP-Alp1C pACM021-GFP with Alp1(528-573) fused to GFP This study

pDP010-GFP-Can1C pACM021-GFP with Can1(548-590) fused to GFP This study

pDP011-GFP-Lyp1C pACM021-GFP with Lyp1(569-612) fused to GFP This study

pDP012-GFP-Hip1C pACM021-GFP with Hip1(552-603) fused to GFP This study

pDP013-GFP-Agp2C pACM021-GFP with Agp2(536-572) fused to GFP This study

pDP014-GFP-Uga4C pACM021-GFP with Uga4(536-572) fused to GFP This study

pDP015-GFP-Ist2C pACM021-GFP with Ist2(585-947) fused to GFP This study

pDP016-GFP-Alp1C+FWC pACM021-GFP with Alp1(528-573)+FWC fused to GFP This study

pDP017-GFP-Can1C+FWC pACM021-GFP with Can1(548-590)+FWC fused to GFP This study

pDP018-GFP-Lyp1C+FWC pACM021-GFP with Lyp1(569-612)+FWC fused to GFP This study

pDP019-GFP-Uga4C+FWC pACM021-GFP with Uga4(536-572)+FWC fused to GFP This study

pDP020-GFP-Bap2C—FWS pACM021-GFP with Bap2(558-608)+S fused to GFP This study

pDP021-GFP-Hip1C—FWS pACM021-GFP with Hip1(552-602)+S fused to GFP This study

pDP022-GFP-Gap1C ΔWKLF pDP01-GFP-Gap1C with WKLF deleted This study

pDP023-GFP-Gap1C ΔDID pDP01-GFP-Gap1C with DID deleted This study

pDP024-GFP-Gap1C ΔRRE pDP01-GFP-Gap1C with RRE deleted This study

pDP025-GFP-Gap1C ΔDLD pDP01-GFP-Gap1C with DLD deleted This study

pDP026-GFP-Gap1C ΔEEK pDP01-GFP-Gap1C with EEK deleted This study

Table S2. Plasmids used in this study
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Plasmids Characteristics Reference

pDP027-GFP-Gap1C ΔPRWYR pDP01-GFP-Gap1C with PRWYR deleted This study

pDP028-GFP-Gap1C ΔFWC pDP01-GFP-Gap1C with FWC deleted This study

pACM052-GFP-tcNLS-GFP pACM021-GFP with tcNLS and GFP inserted Meinema et al. 2011 (178)

pDP029-GFP-cNLS-Gap1C pACM052-GFP-tcNLS-GFP with Gap1(552-602) fused to GFP-tcNLS This study

pDP030-GFP-cNLS-Ist2C pACM052-GFP-tcNLS-GFP with Gap1(585-947) fused to GFP-tcNLS This study

pDP031-GFP-cNLS-Uga4C pACM052-GFP-tcNLS-GFP with Gap1(536-572) fused to GFP-tcNLS This study

pDP032-GFP-CNLS-Gap1CΔ9 pACM052-GFP-tcNLS-GFP with Gap1(552-593) fused to GFP-tcNLS This study

pUG72 AmpR, Ura3 chromosomal integration cassette Güldener et al. 2002 (165) 

pFB008-mKate2 pUG72 with ura3 flanking homologous regions and reverse mKate2 This study

pDP033-GFP-Gap1 pACM021-GFP with Gap1 fused to GFP This study

pBGP1 P. pastoris/E. coli shuttle vector with GAP promoter Lee et al. 2005 (191) 

pBGP1na pGBP1 minus the α-factor signal sequence This study

pSR036-GFP-Gap1C pBGP1na with Gap1(552-602) fused to GFP This study

pSR037-GFP-Hip1C pBGP1na with Hip1(552-603) fused to GFP This study

pSR038-GFP-Bap2C pBGP1na with Bap2(558-609) fused to GFP This study

pSR043-GFP-Hip1C—FWS pBGP1na with Hip1(552-602)+S fused to GFP This study

pSR044-GFP-Bap2C—FWS pBGP1na with Bap2(558-608)+S fused to GFP This study

Table S3. Primers used in this study

Name Sequence (5’-3’) Description

Pr1 CCCGAATTCAGGAATTGGAAGCTTTTCATC forward primer to amplify Gap1 C-terminus with EcoRI site 

Pr2 AAAGTCGACTTAACACCAGAAATTCCAGAT reverse primer to amplify Gap1 C-terminus with SalI site 

Pr3 AAAGAATTCCGCAGAGACTGGAGACACTGGTAC forward primer to amplify Mmp1 C-terminus with EcoR1 site

Pr4 TTTGTCGACTTAACAGAAAAACCGATAGATCCTATAG reverse primer to amplify Mmp1 C-terminus with SalI site 

Pr5 AAACCCGGGTTCAAATCATGGAGCTTTTGGATTCCA forward primer to amplify Tat1 C-terminus with XmaI site

Pr6 AAACTCGAGTTAGCACCAGAAATTGGTCATCCTCTTA reverse primer to amplify Tat1 C-terminus with XhoI site 

Pr7 AAAGAATTCTACAAGTGTCAAACAGGCAAATGGTG forward primer to amplify Tat2 C-terminus with EcoR1 site 

Pr8 AAAGTCGACTTAACACCAGAAATGGAACTGTCTC reverse primer to amplify Tat2 C-terminus with SalI site 

Pr9 CCCGGATCCAAAAAAGATTGGAGTTTATTCATTCCCGC forward primer to amplify Gnp1 C-terminus with BamHI site 

Pr10 AAAGTCGACTTAACACCAGAAATCAAGAACTCTTTTC reverse primer to amplify Gnp1 C-terminus with SalI site 

Pr11 TTTATCGATACAAGGATTGGAAACTGTTC forward primer to amplify Agp1 C-terminus with ClaI site 

Pr12 AAAGTCGACTTAACACCAAAGGCAACGACCC reverse primer to amplify Agp1 C-terminus with SalI site 

Pr13 GGGAAAGAATTCCGAAGAGATTGGAAACACTTCTACAT forward primer to amplify Sam3 C-terminus with EcoRI site 

Pr14 AAACTCGAGCTAACACCAAAATCTGTAGATTTTGTAATA reverse primer to amplify Sam3 C-terminus with XhoI site 

Pr15 AAACCCGGGAACCGTGATTTTACGCTATTAAATC forward primer to amplify Bap2 C-terminus with XmaI site 

Pr16 AAAGTCGACTTAACACCAGAAATGATAAGC reverse primer to amplify Bap2 C-terminus with Sal site 

Pr17 AAAGGATCCCAAGTTTGGTTTAAGTGCCGC forward primer to amplify Alp1 C-terminus with BamHI site 

Pr18 AAAGTCGACTTATGAAAGGACATCCCAAAC reverse primer to amplify Alp1 C-terminus with SalI site 

Pr19 AAAGGATCCTTCAGATGCAGATTTATTTGG forward primer to amplify Can1 C-terminus with BamHI site 

Pr20 GGGCTCGAGCTATGCTACAACATTCCAAAATTTG reverse primer to amplify Can1 C-terminus with XhoI site 

Pr21 CCCGAATTCTACAAATGCAGATTTATTTGG forward primer to amplify Lyp1 C-terminus with EcoRI site 

Pr22 AAAGTCGACCTATGCAACAGCAGCCCAG reverse primer to amplify Lyp1 C-terminus with SalI site 

Pr23 AAACCCGGGACTAGAAATTGGACTTTGATGG forward primer to amplify Hip1 C-terminus with XmaI site 

Pr24 AAAGTCGACTTAACACCAGAAATGTAAAAATCTTG reverse primer to amplify Hip1 C-terminus with SalI site 
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Name Sequence (5’-3’) Description

Pr25 TTTATCGATTGGAAACGTGGTAAAGATCAC forward primer to amplify Agp2 C-terminus with ClaI site 

Pr26 AAAGTCGACTTATGCTTTGCTATAATATTG reverse primer to amplify Agp2 C-terminus with SalI site 

Pr27 CCCGAATTCTACAAGAAGAAATACTACCACG forward primer to amplify Uga4 C-terminus with EcoRI site 

Pr28 CCCGTCGACTTATGGTTCCTGTTTGGACATA reverse primer to amplify Uga4 C-terminus with SalI site 

Pr29 CCCGAATTCTCTAGTATTTTGAAATCTTCC forward primer to amplify Ist2 C-terminus with EcoRI site 

Pr30 CCCGTCGACTTAAAGCTTCTTTTTCAGCTT reverse primer to amplify Ist2 C-terminus with SalI site 

Pr31 AAAGTCGACTTAACACCAGAATGAAAGGACATCCCAAACTC-
GTTGCCAC

reverse primer to amplify Alp1 Cterminus+FWC with SalI site 

Pr32 GGGCTCGAGTTAACACCAGAATGCTACAACATTC-
CAAAATTTGTCCC

reverse primer to amplify Can1 C-terminus+FWC with XhoI site 

Pr33 AAAGTCGACTTAACACCAGAATGCAACAG-
CAGCCCAGAATTTCTCC

reverse primer to amplify Lyp1 C-terminus+FWC with SalI site 

Pr34 AAAGTCGACTTAACACCAGAATGGTTCCTGTTTGGACATA-
ATTGTGTCG

reverse primer to amplify Uga4 C-terminus+FWC with SalI site 

Pr35 AAAACTCGAGGTCGACTTAAGACCAGAAATGATAAG reverse primer to change FWC to FWS in Bap2 C-terminus

Pr36 AAAACTCGAGGTCGACTTAAGACCAGAAATGTAAAAATC reverse primer to change FWC to FWS in Hip1 C-terminus

Pr37 ATCCCAGCAGAAAAGATGGACATTG forward primer for deletion of WKLF from Gap1 C-terminus

Pr38 ATTCCTGAATTCCTGCAGCCC reverse primer for deletion of WKLF from Gap1 C-terminus

Pr39 ACGGGTAGAAGAGAAGTCGATTTAG forward primer for deletion of DID from Gap1 C-terminus

Pr40 CATCTTTTCTGCTGGGATGAAAA reverse primer for deletion of DID from Gap1 C-terminus

Pr41 GTCGATTTAGATTTGTTGAAACAAGAAA forward primer for deletion of RRE from Gap1 C-terminus

Pr42 ACCCGTATCAATGTCCATCTTTTC reverse primer for deletion of RRE from Gap1 C-terminus

Pr43 TTGTTGAAACAAGAAATTGCAGAAGAAA forward primer for deletion of DLD from Gap1 C-terminus

Pr44 GACTTCTCTTCTACCCGTATCAATGTC reverse primer for deletion of DLD from Gap1 C-terminus

Pr45 GCAATTATGGCCACAAAGCCAA forward primer for deletion of EEK from Gap1 C-terminus

Pr46 TGCAATTTCTTGTTTCAACAAATCTAA reverse primer for deletion of EEK from Gap1 C-terminus

Pr47 ATCTGGAATTTCTGGTGTTAAGTCG forward primer for deletion of RWYR from Gap1 C-terminus

Pr48 TGGCTTTGTGGCCATAATTGC reverse primer for deletion of RWYR from Gap1 C-terminus

Pr49 ATTCCAGATTCTATACCATC reverse primer for deletion of FWC from Gap1 C-terminus

Pr50 AGTCCGACCUGGGCGCGCGCGAATTAGCCGCGGCGTG-
GCCTTCCCAAATTTGGGTAGGGCGTCTAGAGATCCCAATA-
CAACAGATCAC

forward primer for construction of the pUG72 mKate2 fusion 
cassette

Pr51 ACTAACCCGUGGGCGCGCGCGAATTAGCCGCGGCGTG-
GCCTTCCCAAATTTGGGTAGGGCCTCGAGAACCCTTA-
ATATAACTTCGT

forward primer for construction of the pUG72 mKate2 fusion 
cassette

Pr52 ACGGGAACGUCGTACGAAGCTTCAGCTGGC reverse primer for construction of the pUG72 mKate2 fusion 
cassette

Pr53 ACGGGTTAGUAGCTCGTTTTATTTAGGTTCTATCGAGG reverse primer for construction of the pUG72 mKate2 fusion 
cassette

Pr54 ACGTTCCCGUATGGTGAGCGAGCTGATTAAGG forward primer for amplification of mKate2 for pUG72 mKate2 
fusion cassette

Pr55 AGGTCGGACUTCATCTGTGCCCCAGTTTGCTAG reverse primer for amplification of mKate2 for pUG72 mKate2 
fusion cassette

Pr56 GAAGATCATGAACCAAAGACTTTTTGGGACAAATTTTG-
GAATGTTGTAGCAGGAGGGGGAATGGTGAGCGAGCTGAT-
TAAGG

forward primer for chromosomal fusion of mKate2 to Can1
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Name Sequence (5’-3’) Description

Pr57 GATAGAAGAGACATTGAGGCAATTGTATGGGAAGATCAT-
GAACCAAAGACTGGAGGTGGAATGGTGAGCGAGCTGAT-
TAAGG

forward primer for chromosomal fusion of mKate2 to Can1∆10

Pr58 GCGAAATGGCGTGGAAATGTGATCAAAGGTAATAAAACGT-
CATATCTGATATCACCTAATAACTTCG

reverse primer for chromosomal fusion of mKate2 to Can1/
Can1∆10

Pr59 GAAGACGACGAGCCTAAGAATTTATGGGAGA-
AATTCTGGGCTGCTGTTGCAGGAGGGGGAATGGTGAGC-
GAGCTGATTAAGG

forward primer for chromosomal fusion of mKate2 to Lyp1

Pr60 CAGAAGAGAAATCGAAGCAATTATTTGGGAAGACGAC-
GAGCCTAAGAATGGAGGTGGAATGGTGAGCGAGCTGAT-
TAAGG

forward primer for chromosomal fusion of mKate2 to Lyp1∆10 

Pr61 CTATTTTTTTATTTTTTTCTATTTTGAAGGCATGCAAGAG-
GTTCTGTGACTGATATCACCTAATAACTTCG

reverse primer for chromosomal fusion of mKate2 to Lyp1/
Lyp1∆10

Pr62 GGCAATTATGGCCACAAAGCCAAGATGGTATAGAATCTG-
GAATTTCTGGTGTGGAGGTGGAATGGTGAGCGAGCTGAT-
TAAGG

forward primer for chromosomal fusion of mKate2 to Gap1 

Pr63 GTTGAAACAAGAAATTGCAGAAGAAAAGGCAATTATGGC-
CACAAAGCCAGGAGGTGGAATGGTGAGCGAGCTGAT-
TAAGG

forward primer for chromosomal fusion of mKate2 to Gap1∆10 

Pr64 GATTATCTAAAAAATAAAGTCTTTTTTTGTCGTTGTTC-
GATTCACTGATATCACCTAATAACTTCG

reverse primer for chromosomal fusion of mKate2 to Gap1/
Gap1∆10

Pr65 GTACCTAGATTCCCGTCCATGGTACGTGAGACAGTTC-
CATTTCTGGTGTGGAGGTGGAATGGTGAGCGAGCTGAT-
TAAGG

forward primer for chromosomal fusion of mKate2 to Tat2

Pr66 GTCAAGCAAGAAATTGCCGAAAAGAAAATGTACCTAG-
ATTCCCGTCCAGGAGGTGGAATGGTGAGCGAGCTGAT-
TAAGG

forward primer for chromosomal fusion of mKate2 to Tat2∆10

Pr67 GAGAAAAAAAAATATTCTACAAAAATAAATTGAACTT-
GTTTCTTCGGTAGGATCTGATATCACCTAATAACTTCG

reverse primer for chromosomal fusion of mKate2 to Tat2/
Tat2∆10

Pr68 AAACCCGGGACTGATACATCATCCTCTTCATCATC forward primer to amplify Pma1 with XmaI site

Pr69 AAACTCGAGTTAGGTTTCCTTTTCGTGTTGAGTAG reverse primer to amplify Pma1 with XhoI site

Pr70 GAATTCACGTGGCCCAGCCGGCCGTCTCGG forward primer to remove α-factor signal sequence from 
pBGP1

Pr71 CTCGTTTCGAAATAGTTGTTCAATTGATTGAAATAGG reverse primer to remove α-factor signal sequence from 
pBGP1

Pr72 ATGGTGGTGGUgaatgtaagcgtgacataactaattacatg forward primer to amplify constructs from pACM021-GFP for 
cloning into pBGP1na

Pr73 ATCGGTACCUAAAATGGAGtctaaaggtgaagaattattcactggtg reverse primer to amplify constructs from pACM021-GFP for 
cloning into pBGP1na

Pr74 ACCACCACCAUCATCATCATTAAGTTTTAGCCTTAG forward primer to amplify pBGP1na for uracil excision cloning

Pr75 AGGTACCGAUCCGAGACGGC reverse primer to amplify pBGP1na for uracil excision cloning 

Pr76 GTTAATATACCTCTATACTTTAACGTCAAGGAGAAAAAACCT forward primer to amplify GFP from pACM021-GFP
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The plasma membrane (PM) of eukaryotic cells accommodates compartments formed 

through differential interactions between lipids (microdomains) and between lipids 

and cytoskeletal or scaffolding proteins. The PM of Saccharomyces cerevisiae contains 

microcompartments, MCC/eisosomes and MCPs, named after the protein residents Can1 
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endoplasmic reticulum. The proteins have a low intrinsic mobility, and we find no evidence 

for confinement, physical barriers, of the size of MCC/eisosomes or bigger that would limit 

their diffusion in the PM. However, proteins like Pma1 with large cytoplasmic domains are 

excluded from MCC/eisosomes. We explain the distinct localization patterns of integral 
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from MCC/eisosomes and delivery of proteins to, and removal from, specific sites of the 

PM of S. cerevisiae. 
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4.1 Introduction

The emergence of compartmentalization in eukaryotic cells allowed more complex cellular 

properties to evolve, such as inter- and intracellular signalling and trafficking of molecules. 

Eukaryotic cell membranes contain hundreds of different lipids, which in the plasma 

membrane (PM) are distributed asymmetrically over the two leaflets of the bilayer (203). 

In mammalian cells, the PM has been shown to partition into small compartments wherein 

proteins and lipids diffuse relatively quickly at short-distance-scales, but in which long-

range mobility is hindered by the membrane skeleton (204). In this model the hopping of 

molecules between compartments is a determining factor for the overall lateral diffusion. 

The existence of a membrane skeleton in the yeast Saccharomyces cerevisiae has not 

been demonstrated. However, its PM does contain discrete domains such as the Membrane 

Compartment occupied by Can1 (MCC) and the Membrane Compartment occupied by 

Pma1 (MCP) (109). A protein complex located directly beneath the membrane (eisosome)

scaffolds the MCCs (119); hence the name MCC/eisosomes. A yeast cell contains 30-50 such 

MCC/eisosomes structures, which occupy 3-5% of the PM surface. The MCCs are enriched 

in ergosterol (114), whereas the MCPs are rich in sphingolipids (125). The functional role of 

the MCC/eisosome structures is not clear. They have been implicated in the protection of 

proteins from endocytosis, protein turnover, protection to osmotic and other stresses (205, 

206), but evidence is limited and often controversial. Alternatively, the MCC/eisosomes 

may regulate the activity of transporters and other membrane proteins by providing a 

specific lipid environment. To better understand the function of MCC/eisosomes, it will 

be important to determine the domain partitioning of the proteins and their dynamics 

between MCC, MCP, and possibly other domains.

The lateral diffusion of PM proteins has been reported to be slow. It is not clear, however, 

whether this slow diffusion arises from physical partitioning into those micro compartments 

(126, 129, 207) or from the physicochemical properties of the membrane itself. Here we show 

for similar sized solute transporters that the diffusion coefficient in plasma membrane of 

S. cerevisiae is orders of magnitude lower than in the vacuolar membrane. Single-molecule 

tracking allowed us to determine not only the dynamics of the membrane proteins but also 

possible physical confinement within PM microcompartments. We performed dual-colour 

super-resolution microscopy to (co)-localize the proteins with the eisosomal marker, Pil1, 

and the endoplasmic reticulum (ER) marker, HDEL. We used an image cross-correlation 

approach to quantify the colocalization of protein pairs in living cells. Our high-resolution 

microscopy analysis of the location and diffusion of a wide range of membrane proteins 

provides a new perspective of the structure and dynamics of the PM of yeast. 

4.2 Results
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Factors that determine the localization oF plasma membrane transporters

4.2.1 High-resolution imaging of MCC/eisosomes. 

We used dual-colour super-resolution microscopy to study the localization of two MCC/

eisosome-resident proteins, expressed at endogenous levels, the integral membrane 

protein Sur7 and the scaffolding protein Pil1. We used the fluorescent proteins YPet and 

mKate2 as markers for these proteins and carried out two-colour imaging with the fusions 

expressed at endogenous levels. Importantly there is no significant cross-contamination of 

signals arising from YPet and mKate2 in our setup. We find strong colocalization between 

Sur7 and Pil1 in our super-resolution reconstructions (Fig. 1A), which have localization 

accuracies of 18.5 and 20.2 nm for YPet and mKate2, respectively (Fig. 1B). The MCC/

eisosome dimensions were measured by analysing the reconstructions from the plasma 

membrane reporter Sur7-YPet of 150 assemblies, yielding dimensions of 126 ± 57 nm along 

the plasma membrane and 51 ± 21 nm perpendicular to the membrane. These values 

correspond to the average measured width across all possible orientations relative to the 

imaging plane and to the depth of eisosomes, respectively. We were able to resolve by 

optical microscopy the membrane-indented structure of the eisosome and found that Pil1 

is located slightly inside the PM. A magnified image of an eisosome with the respective 

line-scans along (Fig. 1C) and perpendicular to the PM (Fig. 1D) is shown; other examples 

are shown in (Supplementary Fig. S1) Our high-resolution images reveal that Sur7 and Pil1 

are in fact spatially distinguishable from each other, with Pil1 being inset from the PM by 

60 nm on average. We interpret this distance as reflecting the position of Sur7 at the edges 

of the MCC/eisosomal membrane and the soluble protein Pil1 forming the scaffold at the 

base of the eisosome. 

Figure 1: High-resolution protein localization of proteins. (A) Dual-colour reconstructions of Sur7-YPet in green 
and Pil1-mKate2 in magenta. Colocalizations appear in white. (B) The localization accuracy of the fluorophores YPet 
(green) and mKate2 (magenta) was estimated from the fitting error. (C-D) Eisosome line-scans measured along (C) 
and perpendicular to (D) the plasma membrane. Single-colour super-resolution reconstructions of (E) Lyp1-mEos3.1 
and (F) Can1-mEos3.1 with (G) their respective fitting errors. All proteins were chromosomally tagged with the 
respective fluorophores.
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4.2.2 Super-resolution microscopy of Can and Lyp1. 

We then analysed the localization of Lyp1 and Can1 by super-resolution microscopy, using 

the photo-switchable fluorescent protein mEos3.1 as fusion partner. Can1 and Lyp1 are 

sequence homologs but have been reported to reside in different membrane domains. 

Can1 is the prototypical example of a MCC/eisosomal protein (114, 117, 208), whereas Lyp1 

is not reported to be associated with any specific domain. Both proteins were expressed 

from their native chromosomal position. We find a heterogeneous distribution around the 

PM for both Lyp1 and Can1 proteins (Fig. 1E and 1F), as one would expect for proteins 

associated with particular domain structures (109, 112, 114, 116, 119, 123). The localization 

precision, taken from the error of fitting single molecules, was about 30 nm (Fig. 1G). 

Inspection of the intensity fluctuations within the original microscopy movies indicates 

that the patches in the reconstructions are mostly composed of single molecules that are 

repeatedly localized rather than clusters of Lyp1 or Can1. This observation suggests that 

the endogenous levels of those proteins in the plasma membrane are relatively low; on 

the order of a few hundred molecules per cell. The low endogenous levels of Lyp1 and 

Can1 suggest an alternative explanation for their heterogeneous distribution in the PM: the 

number of molecules is not sufficiently large to form a smooth distribution.

4.2.3 Cross-correlation of PM and eisosomal proteins. 

We then carried out dual-colour super-resolution microscopy to study the localization of Lyp1 

and Can1 relative to the position of MCC/eisosomes at higher resolution than was available 

in previous studies (114, 116, 119, 123, 134, 204). Lyp1 and Can1 partially colocalize with 

Pil1, both in the presence and absence of their substrates, lysine and arginine (Fig. 2A and 

2B). The amount of lysine and arginine in the medium was modulated to affect the levels 

of each transporter in the PM and cells were imaged over time (Fig. 2C). We quantified 

the colocalization between Lyp1 or Can1 and Pil1, using van Steensel’s cross-correlation 

approach(209). In this analysis, we used pairs of diffraction-limited images and measured 

line-scans of fluorescence intensity along the plasma membrane and calculate the cross-

correlation function between the two line scans to obtain information on colocalization. 

As a control, we first measured the colocalization of Sur7 and Pil1 (Fig. 2D and 2E). For this 

pair a high correlation coefficient was observed at short distances (<300 nm), corresponding 

to the diffraction-limited size of the MCC/eisosomes (Fig. 2D). Both Lyp1 and Can1 show 

moderate but significant correlation with Pil1 in the absence of substrate (Fig 2G, 2H), 

which decreased rapidly with the addition of substrate as a consequence of fast removal of 

the proteins from the membrane; in the presence of substrate the level of colocalization 

of Lyp1 and Can1 with Pil1 is similar to that of the sodium/proton antiporter Nha1, a 

membrane protein unrelated to Lyp1 or Can1 (Fig. 2F). The van Steensel’s cross-correlation 

shows a fast decrease at short distance to the MCC/eisosome (Fig. 2G and 2H), suggesting 

that removal of Lyp1 and Can1 from the membrane happens in the vicinity of the eisosome. 

The fact that the short-distance correlation decreases rapidly after the addition of lysine 
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and arginine argues against the MCC/eisosome forming a protective environment for the 

proteins. Not only Lyp1 and Can1 but also Nha1 shows a similar localization maximum (Fig. 

2F), favouring a model in which delivery of the PM proteins occurs in the vicinity of the 

MCC/eisosomes. The slow lateral diffusion and relatively long life-time of the PM proteins 

would lead to their apparent partitioning near the MCC/eisosomes, vide infra (116, 134, 

210). 

Figure 2: Cross-correlation analysis membrane protein versus eisosome reporter. Dual-colour reconstructions 
of (A) Lyp1-L-YPet/Pil1-mKate2 and (B) Can1-L-YPet/Pil-mKate2 with and without lysine plus arginine, indicated 
as +KR and –KR, respetively. Wide-field images are depicted for clarity. All the scale bars represent 2 µm. (C) 
Number of localizations per cell of Lyp1 and Can1 with and without lysine and arginine. (D) Cross-correlation of 
Pil1-mKate2 and Sur7-YPet. Panels: images exemplifying one cell per strain and condition; images were treated with 
a discoidal-averaging filter (218) to illustrate better the localizations; the colocalization analysis was done with the 
raw diffraction-limited images. Wide-field images are depicted for clarity. All scale bars represent 2 µm. Cross-
correlation of Pil1-mKate2 and L-YPet-tagged target membrane protein (E) Sur7, (F) Nha1, (G) Lyp1 0, 40 and 120 min 
after the addition of lysine and arginine, (H) Can1 0, 40 and 120 min after the addition of lysine plus arginine. Left 
panels: Correlation coefficients of the plasma membrane proteins with Pil1 (blue line) 0, (red line) 40, and (cyan 
line) 120 min after addition of lysine and arginine; the randomized data are shown in black; errors represent the 
standard errors of the mean. Right panels: normalized heterogeneity in single cells cross-correlation (blue striped 
bars) 0, (red striped bars) 40, and (cyan striped bars) 120 minutes after addition of lysine and arginine. All proteins 
were chromosomally tagged with the respective fluorophores.
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4.2.4 Cross-correlation of PM proteins with endoplasmic reticulum marker. 

The Super-resolution imaging of Lyp1 and Can1 with the ER marker DsRed-HDEL (136, 210) 

reveals a random localization of the two plasma membrane proteins with the ER. However, 

when growing the cells in the presence of substrate (+KR), Lyp1 and Can1 are found to 

be relatively more abundant in areas where the ER is not present (Supplementary Fig. 

S3AB; +KR). We find that Lyp1 and Can1 hardly correlate with the ER marker neither in the 

presence or absence of external substrate (Supplementary Fig. S3C and S3D). In fact, for 

Figure 3: FRAP measurements to probe long-range diffusion. Normalized fluorescence recovery of the 
transporters expressed from a plasmid in the respective endogenous knockout strain: Lyp1-YPet in (A), Can1-YPet 
(B), Nha1YPet (C) and Vba1-YPet (D). Confocal images of cells before and after photo-bleaching at different time 
points are shown in the right panels. Scale bars represent 2 µm. (E) Lateral diffusion coefficients and normalized 
recoveries; the standard deviations are given. (F) Simulation of Brownian diffusion in a spherical cell. Photo-
bleached region of 2 µm width and 1 µm thickness. (G) Recovery of the particles in the bleached region (empty 
dots) and exponential fitting of the data (black line) are shown. (H) Comparison of input with observed diffusion 
coefficients for FRAP simulations. Every point indicates a separate simulation. The width and height of the bleached 
region are 2 and 2 µm. The black line represents the function x = y. All proteins were under overexpressed.
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Lyp1 and Can1 we find weak anticorrelation with the cER in the absence of substrate, which 

is in agreement with the positive correlation of the proteins with the MCC/eisosomes, 

where the cER is not present(136). In accordance, a higher recycling of the proteins reduces 

their correlation with the MCC/eisosome. Our findings of transporter colocalization with 

MCC/eisosomes in the absence of substrate require a very slow lateral diffusion of the 

proteins in the PM (63, 136).

4.2.5 Diffusion of proteins in the plasma membrane is very slow. 

Exploring the idea of slow lateral diffusion further, we determined the lateral diffusion 

coefficient of the plasma membrane proteins using fluorescence recovery after photo-

bleaching (FRAP) and single-molecule tracking (SMT). For FRAP, the overexpressed 

membrane proteins were fused to the fluorescent protein reporter YPet, and the diffusion 

of proteins in the PM was compared with that of a vacuolar membrane protein of similar 

size, Vba1. After photobleaching, the Lyp1, Can1 and Nha1 showed similar recovery profiles 

and a single mobile fraction (Fig. 3A-C). The apparent diffusion coefficients (Dapp) of the 

PM proteins fall in the range of 0.45 x 10-3 to 0.65 x 10-3 μm2/s. The diffusion coefficient 

of the vacuolar solute/H+ antiporter Vba1 is 3 orders of magnitude higher (Dapp = 0.27 ± 

0.13 μm2/s; Fig. 3D) and similar to those previously measured for ER and other vacuolar 

membrane proteins (114, 117, 126, 178, 193). To assess our analysis strategy, we performed 

simulations to validate the experimental observations and to determine corrections for the 

diffusion coefficients (Fig. 3E-G; see methods section for details). The adjusted diffusion 

coefficients (Dadj) for Lyp1, Can1 and Nha1 are 1.2 x 10-3, 1.7 x 10-3 and 1.3 x 10-3 μm2/s, 

respectively. Overall, the apparent diffusion of the yeast PM proteins as probed by FRAP is 

remarkably slow and very different from the mobility of proteins in the plasma membrane 

of mammalian cells or the yeast organelles.

4.2.6 Single-molecule tracking shows that slow diffusion is not due to confinement. 

FRAP probes long-range diffusion of molecules and does not resolve barriers to short-range 

diffusion, such as confinement within specific membrane domains. To probe diffusion over 

shorter length scales, we performed single-molecule tracking (SMT) of Can1, Lyp1 and 

Nha1, as well as the MCC/eisosome marker Sur7. Measuring the mean-squared displacement 

(MSD) of individual proteins as a function of time allows one to determine whether the 

proteins are freely diffusing or confined within sub-domains of the membrane (211). If 

protein diffusion follows an unhindered random walk, the averaged MSD will be linear with 

time, whereas if the diffusion is restricted by confinement, the MSD-time relationship will 

show different slopes or even plateau. For each protein, we first calculated short-distance-

scale diffusion coefficients based on the distribution of individual step sizes across all 

trajectories, using a one-dimensional diffusion model for data fitting. The imaging rate 

was chosen such that observed diffusive movements are significantly larger than the 

localization uncertainty, as estimated by step size distribution analysis of rapidly acquired 
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data (see Supplementary Fig. S4A-B) and the MSD-time relationship (see Supplementary 

Fig. S4C-D). For Can1, Lyp1 and Nha1, the diffusion coefficients obtained from fitting of the 

single molecule step size distribution SMT are 0.16 x 10-3, 0.07 x 10-3 and 0.23 x 10-3 µm2/s, 

respectively (Fig. 4A, 4B and 4C). By adjusting the levels of lysine and arginine in the 

medium we were able to modulate the amount of Lyp1 and Can1 in the PM (57, 112, 207), 

but this had no significant effect on the observed diffusion. 

We then plotted MSD as a function of time for the Can1, Lyp1, Nha1 and Sur7 single-molecule 

trajectories (Fig. 4A-D). While the trajectories are relatively short due to photo-bleaching 

and diffusion out of the focal plane, it is clear that plots for Can1, Lyp1 and Nha1 are well 

fit by a linear function. Each line intercepts the Y-axis at a value greater than zero, which is 

a known effect of localization uncertainty in the measurements (57, 208). The linear MSD-

time relationships indicate that there is no physical confinement within compartments of 

up to 0.025 µm2. In our sinlge molecule measurements we focused our low depth-of-field 

microscope at the middle of each cell and so the membrane appears as a ring. To calculate 

diffusion coefficients, we treated the diffusion as being two-dimensional. To assess the 

accuracy of this approach, we performed a number of simulations (Supplementary Fig. S4E, 

S4F; see methods section for details). For Can1, Lyp1 and Nha1 the diffusion coefficients 

found by fitting of the step size distributions are 0.07 x 10-3, 0.16 x 10-3 and 0.23 x 10-3 

μm2/s for Can1, Lyp1 and Nha1. Using the simulation data in (Supplementary Fig. S4F), 

we calculate an adjusted diffusion coefficient (Dadj) of ~0.2 x 10-3, ~0.4 x 10-3 and ~0.8 x 

10-4 μm2/s, somewhat lower than Dadj values observed by FRAP. Unlike with the step size 

analysis, localization error does not have an effect on Dapp values derived from MSD plots 

(Supplementary Fig. S4H). In our simulations, Dapp values calculated from MSD plots are 

systematically 2 times smaller than input Dinput values (Supplementary Fig. S4G, S4H), which 

we attribute to geometric differences between cells and the diffusion model used to fit 

the data. Correcting the diffusion coefficients yields Dadj values of 0.12 x 10-3, 0.22 x 10-3 

and 0.30 x 10-3 μm2/s for Lyp1, Can1 and Nha1, respectively. The FRAP and SMT data thus 

confirm that the lateral mobility of PM transporters is extremely slow and relative diffusion 

coefficients for Lyp1, Can1 and Nha1 correlate with their presence in the vicinity of the 

MCC/eisosome. In other words, when exocytosis occurs in the vicinity of MCC/eisosomes, 

the slower the moving away from these sites the higher the correlation with MCC/eisosome 

markers.

4.2.7 Sur7 is confined in the MCC/eisosomes. 

We then measured the diffusional behavior of the MCC/eisosome resident Sur7. Importantly, 

the MSD-time relationship shows a plateau in the squared displacement after 150 seconds 

(Fig. 4D, middle panel). Analysis of the experimentally measured diffusion of Sur7 shows 

confinement at an MSD value of approximately 0.008 μm2, which is in agreement with a 

model eisosome with a length of 220 nm and width of 60 nm (Supplementary Fig. S4I) and 



89

Chapter 4Ch
ap

te
r 

4

Factors that determine the localization oF plasma membrane transporters

an input diffusion coefficient between 0.055 x 10-3 and 0.1 x 10-3 μm2/s (Supplementary 

Fig. S4J). The plateau in the simulated MSD is reached at approximately the same time as 

observed experimentally for Sur7 (150-200 s, compare with Fig. 4D middle panel). On the 

basis of the step size distributions, Dapp of Sur7 is ~ 0.02 x 10-3 µm2/s (Fig. 4D, left panel). 

Figure 4: Single-molecule tracking of membrane proteins. Single-molecule tracking in cells carrying YPet fusions 
of the target proteins on a plasmid; the cells were grown without induction of the Gal promoter. (A) Lyp1-L-YPet, 
(B) Can1-L-YPet (C) Nha1-TEV-YPet and (D) Sur7-TEV-YPet. Left panels: Step size (displacement, d) distribution. 
The diffusion coefficients obtained by the 1D diffusion fit are shown. Middle panels: MSD versus time plots of 
experiments performed at 11 s/frame (Lyp1-L-YPet, Can1-L-YPet and Nha1-TEV-YPet) and 30 s/frame (Sur7-YPet). 
The diffusion coefficient was obtained from the slope of each graph. In the case of Sur7, only the linear range of 
the data was used for the fit (up to 150s). Error bars represent standard deviation. Diffusion speeds and number of 
trajectories are shown. The horizontal line in the middle panels corresponds to the diffusion barrier observed for 
Sur7. Right panels: epi-fluorescence images of cells.
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Figure 5: Steric occlusion from MCC/eisosomes. Cross-correlation analysis of BY4742 cells expressing Pil1-mkate2 
together with (A) Pma1-YPet or (B) Pma1(∆392–679)-YPet; the Pma1 constructs were expressed from a single copy 
plasmid under the control of the pma1 promoter. Panels (A-B): images exemplifying one cell per strain; images 
were treated with a discoidal-averaging filter (218) to illustrate better the localizations; colocalization analysis was 
done with the raw diffraction-limited images. Wide-field images are depicted for clarity. All scale bars represent 2 
µm. Cross-correlation of chromosomally labelled Pil1-mKate2 versus chromosomally YPet-tagged target protein: (C) 
Pma1-YPet (red) and. Pma1(∆392–679)-YPet (blue) (D) Nha1-L-YPet (blue) and Nha1-YPet (red) (E) Can1-L-YPet (blue) 
and Can1-YPet (red) (F) Can1-L-YPet (blue) and Can1(∆C)-L-YPet (red) (G) Lyp1-L-YPet (blue) and Lyp1-YPet (red) (H) 
Lyp1-L-YPet (blue) and Lyp1(∆C)-L-YPet (red). Left panels: Correlation coefficients of the plasma membrane protein 
and the randomized data (black line); errors represent the standard errors of the mean. Right panels: normalized 
heterogeneity in cross-correlation at zero distance.
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Compared with Sur7, Lyp1, Can1 and Nha1 diffuse much longer distances (the horizontal line 

in the middle panels A-D reflect the area to which Sur7 is confined) (Fig 4A-D), indicating 

that the transporters are not physically restricted within MCC/eisosomes. Overall, our data 

are inconsistent with the proposal that the majority of Can1 resides in MCC (112, 203, 

207). The diffusion coefficients obtained by FRAP and SMT do not match exactly, possibly 

because FRAP values are overestimated as a result of additional YPet molecules maturing 

over the time course of the measurement. However, the data as a whole are conclusive and 

show that (i) Sur7 is indeed confined in a region of the size of an MCC/eisosome; (ii) Lyp1 

and Can1 like Nha1 are not confined; and (iii) all integral membrane proteins tested diffuse 

extremely slowly in the plasma membrane of S. cerevisiae.

4.2.8 Cytosolic domains hinder MCC/eisosome partitioning. 

Proteins like the P-type ATPase Pma1 are reported to be excluded from MCC/eisosomes 

(114, 117). Indeed, for Pma1 we find a localization correlation maximum at ~0.5 μm, 

corresponding to half the distance between two eisosomes (Fig. 5A). In contrast to Lyp1, 

Can1 and Nha1, Pma1 contains a large cytosolic domain that prohibit the protein from 

entering MCC/eisosomes. We thus deleted the cytosolic domain of Pma1, and analysed 

distribution of Pma1(∆392–679) over the PM (Fig. 5B). Indeed, the localization correlation 

maximum of Pma1(∆392–679) with Pil1 was found at zero distance (Fig. 5C), which is as 

expected for a protein that can diffuse in and out of MCC/eisosomes.

So far, all the constructs with the transporters had a linker between the target protein and 

the fluorescent protein to provide flexibility. Sur7 possesses a C-terminal soluble domain to 

provide the flexibility. We then asked if the artificial coupling of a fluorescent protein to a 

membrane protein could affect its localization or entering of the MCC/eisosme structure. 

We removed the 16 residues linker that connects YPet to the C-terminus of Lyp1, Can1 or 

Nha1, thereby decreasing the flexibility between the protein domains and possibly creating 

steric effects. Indeed, we found a significant decrease in the localization correlation 

coefficient of the proteins with Pil1 (Fig. 5D-F; Supplementary Fig. S5A, S5B and S5E), 

which points towards exclusion of the proteins from MCC/eisosomes by steric hindrance. 

A C-terminal amphipathic tail of ~40 residues is present in genuine Can1 and Lyp1, but 

removal of the last 10 amino acids of this sequence had no effect on the localization 

correlation coefficient (Fig. 5G, 5H; Supplementary Fig. S5C and S5D). Overall, we conclude 

that steric hindrance is a mechanism to exclude PM proteins from MCC/eisosomes. 

4.3 Discussion

Studying membrane protein dynamics and localization at the single-molecule level provides 

much more insight into their spatial organization than is possible with conventional methods. 

We now can rule out physical confinement of the membrane transporters Lyp1 and Can1. 
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Figure 6: Illustration to summarize the diffusion and localization data. (A) The plasma membrane (PM), cortical 
ER (cER) and two MCC/eisosomes (Sur7 in the membrane and Pil1 scaffold) are shown. Exo- and endocytosis occurs 
in the vicinity of the MCC/eisosomes (see also references (116, 136)). The scaffolding of the MCCs is shown as blue 
half circle (Pil1); the blue small circles depict Sur7. DL, Vi and Vo refer to lateral diffusion and the rate of exo- and 
endocytosis, respectively. (A) Lyp1 (green) and Can1 (red) accumulate in the vicinity of the MCC/eisosomes due to 
exocytosis at these sites and slow lateral diffusion; Lyp1 and Can1 can enter the MCC/eisosomes but Pma1 (orange) 
cannot. (B-C) In the absence of external lysine and arginine, the endocytosis rate of Lyp1 and Can1 is low and the 
exocytosis rate high here to protein accumulates at the sides of insertion next to the MCC/eisosome (B) Lyp1-L-YPet 
(green) and (C) Can1-L-YPet (red). (D-E) In the presence of external lysine and arginine, the endocytosis rate of Lyp1 
and Can1 is increased and proteins are removed from the membrane, which is shown for (D) Lyp1-L-YPet (green) and 
(E) Can1-L-YPet (red). Shortening of the linkage between the transporter and YPet causes exclusion of the fusion 
protein from MCC/eisosomes, which is shown for (F) Lyp1-YPet (green) and (G) Can1-YPet (red). (H) Pma1-YPet is 
excluded from the MCC/eisosome; (I) Pma1(∆392-679)-YPet is able to partition in the MCC/eisosome.
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We show that their localization can be explained by the low levels of expression, slow 

diffusion and protein delivery to the PM at sites near MCC/eisosomes, where the membrane 

is not covered by cortical ER (Fig. 6A, 6B and 6D). Moreover, we show that proteins with 

large cytosolic domains (e.g. Pma1) and constructs with limited flexibility between the 

membrane domain and fluorescent reporter (fusions without linker) are excluded from 

MCC/eisosmes (Fig. 6C, 6E, 6F and 6G). Steric exclusion could be a more general factor 

in plasma membrane localization of proteins in budding yeast, and explain why Spira and 

coworkers observed groups of proteins having their own independent "domain" (57, 117, 

212). 

It has been previously suggested that the electrochemical proton gradient affects the 

composition of MCCs, and that Can1-GFP patches disperse rapidly (indicative of fast 

diffusion) upon addition of the protonophore FCCP (114). We repeated this experiment 

and find similar localization patterns for Can1 (and Lyp1) in the absence and presence of 

FCCP, albeit with a slightly higher distance correlation when the (electro)chemical proton 

gradient is dissipated (Supplementary Fig. S6). 

The levels of amino-acid transporter in yeast are highly regulated, which is particularly well 

established for Lyp1 (57, 136, 212) and Gap1 (58, 64, 213). Depending on the availability of 

lysine and arginine (and environmental stress conditions), Lyp1 is rapidly delivered to or 

removed from the PM. Given that the lateral mobility is extremely slow, these observations 

suggest that exo- and endocytosis control the localization in the PM. In fact, endocytosis 

plays an important role in the localization of PM proteins, since it can only take place 

in areas where the cortical ER and the furrow-like invaginated eisosomal structures are 

excluded (116, 136). The fact that MCC/eisosomes are in close proximity to the endo- and 

exocytosis sites (99, 116) explains why some proteins have been associated with these 

membrane structures. Can1 (and other proteins) may diffuse in and out of MCC/eisosomes, 

but quantitative analysis of its localization at the plasma membrane does not reveal 

partitioning into specific membrane structures. Our approach of combining high-resolution 

imaging with analysis of diffusion behaviour has been instrumental in resolving this issue. 

In conclusion, the yeast plasma membrane can be described as a crowded and highly viscous 

arena in which embedded transport proteins diffuse unrestrictedly but extremely slow. 

The high fractions of sphingolipids with very long saturated acyl chain(s) and ergosterol 

(114), and the overall highly ordered bilayer structure, may explain the slow diffusion and 

make yeast highly tolerant to adverse environmental conditions. The only barrier we find 

is the MCC/eisosome, which excludes the partitioning of membrane protein with large 

cytosolic domains and little flexibility. The rates of exo- and endocytosis in combination 

with diffusion of the transporters determine to a great extent their localization patterns, 

in particular when expression levels are low and proteins are (re)cycled rapidly. 
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4.4 Methods

4.4.1 Microscopy equipment. 
For single-molecule tracking and super-resolution microscopy measurements, a fully automated home-
built microscope was used. We constructed a wide-field single-molecule fluorescence microscope by 
coupling high power laser excitation into a commercially available inverted fluorescence microscope 
body (IX-81, Olympus), equipped with a 1.49 NA 100x objective and a 512 × 512 pixel EM-CCD camera 
(C9100-13, Hamamatsu). Excitation light was provided by continuous-wave optically pumped semi-
diode lasers (Sapphire LP, Coherent) of wavelength 514 nm (150 mW max. output) and 568 nm (200 mW 
max. output). For imaging mKate2 and mEos3.1 fusions, we used 568 nm excitation light and collected 
light emitted between 610–680 nm (ET 645/75m filter, Chroma). For imaging YPet fusions, we used 514 
nm laser excitation and collected light between 525–555 nm (ET540/30m filter, Chroma). For FRAP 
measurements a commercial laser-scanning confocal microscope, LSM 710 (Carl Zeiss MicroImaging, 
Jena, Germany) was used. The microscope was equipped with a C-Apochromat 40x/1.2 NA objective 
and a blue argon ion laser (488 nm).

4.4.2 FRAP measurements. 
All FRAP measurements were performed on cells expressing the target protein from plasmids pfB001, 
pFB002, pFB003 and pFB004 in their respective endogenous knockout strain. Cells were immobilized 
in between two microscope slides and the focal plane positioned to the mid-section of the cells. 
Subsequently, an area, corresponding to the plasma membrane (PM) or vacuolar membrane (VM), 
with a radius of ~1.0 µm was photo-bleached with a short (26 µs) focused high power light pulse. 
Immediately afterwards, several images of the fluorescence recovery were collected every 20 s or 
110 ms for the plasma or vacuolar membrane, respectively, over a total time period of 2400 s and 5 
s, using 1 % of the laser output power. During the entire experiment, the stage was heated to 30°C, 
using a Pecon climate chamber. Data analysis was carried out in imageJ (128, 192). Images were 
corrected for x-y drift using cross-correlation fitting. The fluorescence intensity over time of the PM 
was corrected for photo-bleaching effects by fitting the decay to a single exponential. The bleaching 
area was selected and the recovery was fitted with equation 1 to find the half time of recovery. 

Eq. 1 

The diffusion coefficient (D) was estimated according to equation 2, derived from Axelrod et al.(128, 
214):
Eq. 2 

where D is the diffusion coefficient, w the radius of the bleaching spot, t0.5 the half time of recovery 
and γ a correction factor which is 0.88 for circular beams. The radius of the bleaching spot was 1.0 
μm ± 0.1 μm as determined by Meinema et al.(194, 214).

4.4.3 Simulations general. 
The analysis methods for FRAP, step size distributions and MSD are designed to determine the 
diffusion of molecules in a plane. Here, we are looking at the middle of yeast cells with molecules 
diffusing on a curved plane that we observe from the side. We thus investigated the accuracy of 
the analysis methods by simulating the various experiments and comparing input with “observed” 
diffusion coefficients. All simulations were performed in Smoldyn(215), which simulates particles 
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undergoing random walks on specified geometries. Further analysis of simulated trajectories was 
performed in Mathematica. The details of the simulations of the FRAP, step size distributions and 
MSD are described below.

4.4.4 FRAP simulations. 
For the FRAP simulations we simulated a sphere with a radius of 2.5 µm. For each simulation 5000 
particles were distributed randomly over most of the surface, leaving a “bleached” area free of 
particles. Two bleach area sizes were used: 1) a (nearly) rectangular region of 2 µm in width and 1 µm 
in height and 2) a (nearly) square region of 2 µm in width and 2 µm in height. The width used here is 
similar to the width of the bleaching area in the experimental FRAP measurements. Five simulations 
were performed with the small rectangular bleach area. All with an input diffusion coefficient of 
10-4 µm2/s, a simulation time step of 0.2 s and a total simulation time of 105 s. Ten simulations were 
performed with five different diffusion coefficients, 10-4-1 µm2/s. The simulation time steps and total 
simulation times were 0.2–2 x 10-5 s and 105–10 s, respectively (in steps of 10-fold). For each simulation 
the number of particles in the bleached area was recorded over time. The recovery profile was fitted 
with equation 1. The obtained time constant, τ1/2, was used in equation 2 to calculate D.

4.4.5 Single-molecule tracking (SMT). 
SMT was assayed on strains with plasmids pFB003, pFB005, PLS003 and PLS004 expressed from a 
(pRS426GAL derivatives), grown in the absence of galactose to obtain single molecule expression 
levels. Cells were embedded and immobilized in 0.5 % (w/v) low melting agarose and placed in between 
two microscope slides. Fluorescent microspheres (TransFluoSpheres, d=0.04 µm, ex/em=488/560 nm, 
Invitrogen) were premixed with the cells and, post data collection, their position used to correct 
for x-y drift. The experimental setup permitted cell growth (which was slow relative to the time 
span of the experiments) and provides a low fluorescence background necessary for single molecule 
imaging. The focal plane was placed at the mid-section cells. Time-lapse movies were recorded 
once every 34 ms, 100 ms, 300 ms, 1 s, 10 s, 11 s or 30 s. Typically, 100 - 200 frames were collected 
per measurement. All movies were recorded using 34 ms exposure times per frame. Application of 
excitation light (λ=514 nm at 50 W/cm2) was synchronized with the camera exposures. Throughout 
the experiment, the microscope stage and the objective were heated to 30°C. ImageJ was used to 
correct the drift at sub-pixel level, and to fit and track the peaks. The diffusion coefficient (D) of 
the particles was calculated in two different ways: (i) from the linear time dependence of the mean 
square displacement (MSD) using (Eq. 3) and assuming 2D diffusion in the plane of the image and (ii) 
by fitting step-size distributions with the 1D diffusion (Eq. 4). 

Eq. 3 

where n is the dimensionality, D is the lateral diffusion coefficient, t is time, d is displaced distance 
and a is an offset arising from localization uncertainty.

Eq. 4 

where p(d) represents the probability of a particle displaced at a distance d, A is the proportionality 
constant, D is the diffusion coefficient and t is the frame time (194, 209).

In both cases, only trajectories corresponding to the PM and having a minimum length of 8 steps were 
selected (for 30 s sampling measurements, a minimum of 5 steps was taken). Plots of MSD versus 
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time were produced by averaging data of several trajectories (n depicted in the graphs). The spatial 
resolution of our measurements is ~30 nm, implying that we cannot sample compartments smaller 
than ~0.0015 µm2 (the localization uncertainty measured with immobilized beads; data not shown). 

4.4.6 Simulations of step size distributions. 
As with the FRAP method the single particle tracking is done in 2D even though we observe molecules 
diffusing in 1D along the membrane. It is in principle possible to analyse diffusion along the membrane 
directly. However, instead we chose to analyse the possible discrepancy by performing simulations. 
We simulated a sphere with a radius of 2.5 µm. A thousand particles were randomly distributed over 
a 1 µm thick band (in the z-direction) in the middle of the sphere (approximately the focal depth). 
A total of 20 simulations was performed with different diffusion coefficients ranging from 10-6–0.05 
µm2/s. For all simulations the time steps were 10-4 s and the total simulation time was 90 s. The 
position of the particles was extracted every 10 s. To account for the uncertainty in the position of 
the molecules, we transformed the x and y coordinates of the particles by adding a distance taken 
from a normal distribution that was centered at 0 and with a standard deviation of 17 nm. This 17 
nm was taken from experimental localization accuracy of fluorescent beads that are fixed in position 
and have a signal-to-noise ratio that is similar to fluorescent proteins. Only steps for which the start 
and end points are within the 1 µm thick band were used in the analysis. The diffusion coefficients 
were extracted in the same way as for the experimental data. For convenience we analysed x and y 
separately.

4.4.7 Simulation of MSDs on spheres. 
For the mean squared displacement (MSD) plots, we analysed how a curved surface and observations 
from the side rather than the top affect the diffusion coefficients. As above we simulated a sphere 
with a radius of 2.5 µm. A thousand particles were randomly distributed over a 1 µm thick band (in 
the z-direction) in the middle of the sphere. A total of 13 simulations were performed with diffusion 
coefficients ranging from 10-6–10-3 µm2/s. The simulation time steps were 10-3 s and the total simulation 
time was 500 s for all simulations. The particle positions were extracted every 10 s. For the analysis 
only the first eleven positions were used. Only trajectories that stay within the 1 µm thick band were 
used in the analysis. Localization error was taken into account in the same way as for the step size 
distributions discussed above. The analysis was done the same way as for the experimental data.

4.4.8 Super-resolution microscopy. 
Cells were premixed with the same fluorescence microspheres used for single particle tracking, then 
embedded in 0.5% (w/v) low melting agarose and placed in between two microscope slides. For 
mEos3.1 imaging excitation light (λ=568 nm) was introduced at 180 W/cm2 for all the samples. A 
second laser (λ=405 nm) was used to photoswitch individual mEos3.1 molecules from a green to a 
red fluorescent state. The laser power was adjusted to activate only a small sub-set of molecules at 
a time and was kept the same for all the experiments. Typically, 5000 frames were collected per 
measurement, with the microscope at room temperature (~20˚C).

YPet and mKate2 were used for the dual-colour experiments. Single fusion strains showed no 
bleed-through between channels. YPet and mKate2 are not known to be photo-switchable, but we 
successfully used the proteins for high-resolution imaging by first forcing the molecules into a dark 
state with an intense laser pulse (1800 W/cm2) at the excitation maximum of the fluorophore (514 or 
568 nm) and, subsequently, re-activating individual molecules with a 405 nm laser and imaging with 
the excitation lasers. The re-activation efficiency of YPet is lower than the switching efficiency of 
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mEos3.1 but much better than that of several other photoactivatable fluorophores. Typically, 1000 
frames were recorded in each fluoroscence channel, collecting at room temperature (20˚C). Super-
resolution image reconstructions were generated after processing of the data with home-written 
software for dual-colour PALM. Foci originating from individual molecules were identified and their 
point spread functions fit with a 2D Gaussian function, allowing their position determined with a 
localization accuracy of ~30 nm. 

4.4.9 Cross-correlation analysis. 
Colocalization analysis of line-scan data was performed using van Steensel’s approach(192, 209). 
To generate line-scans, a 500 nm wide line-selection was drawn around the periphery of each cell 
in ImageJ (192, 216), and the fluorescence intensity in each of the two colour channels recorded 
as a function of position along the line. For each pair of YPet and mKate2 line-scans, the Pearson 
correlation coefficient between the colour channels was calculated using Matlab(216), the intensity 
information of one line-scan was shifted by one pixel unit (100 nm) and the correlation coefficient 
recalculated. This process of pixel-shifting and correlation was repeated to produce plots of 
correlation coefficient versus shift distance for each cell. The plots were then averaged to obtain a 
measure of intensity correlation versus distance along the cell periphery. To measure the response of 
uncorrelated line-scans, we then paired each YPet line-scan with a spatially unrelated mKate2 line-
scan, selected randomly from a different cell of the same strain. The random selection and analysis 
steps were repeated 100 times and the correlation coefficient versus shift distance series of all cells 
were averaged.

4.4.10 Simulations to relate MSD to eisosome dimension. 
Particles that are confined in a region have deviations from linear behavior in MSD versus time plots. 
We simulated the diffusion confined in an eisosome and observed from the side (top is defined as being 
directed out of the cell). We approximated the eisosome geometry by half a spherocylinder formed 
from 168 triangles. The length of the cylinder was 160 nm and the radius 30 nm for all simulations. 
A thousand particles were randomly positioned over this surface. We performed 3 simulations with 
diffusion coefficients 0.03 x 10-3, 0.055 x 10-3 and 0.1 x 10-3 µm2/s. The simulation step size was 0.006 
s and the total simulation time 600 s. Particle positions were extracted every 30 s. The axis of the 
spherocylinder is taken parallel to the x-axis and the width parallel to the y-axis. The depth of the 
half-spherocylinder is then measured along the z-axis. Eisosomes can have varying orientations in 
the membrane. To take this into account, we analysed diffusion in the y,z plane, but rotated each 
trajectory in the x,y-plane by an angle randomly chosen from 0 to π/2. After rotation the y and z 
positions are transformed to incorporate localization error in the same way as above. The MSD plots 
were made in the same way as for the experimental data.

4.4.11 Growth conditions. 
Yeast cells were grown at 30˚C in synthetic dropout media lacking uracil (99, 192). Cells were initially 
grown in medium containing 2% [w/v] glucose to an optical density at 600 nm (OD600) of ~0.2–0.4. 
For single molecule tracking the medium was supplemented with either standard concentrations 
of lysine and arginine (76 mg/L each), 10 times lower levels (7.6 mg/L each) or fully depleted. Cells 
bearing a plasmid were centrifuged (1600 x g, at room temperature for 2 min), resuspended to OD600 
~0.2-0.4 in medium containing 2% [w/v] raffinose in place of glucose and grown one more hour. 
At this stage, most cells contained < 10 fluorescent protein foci when imaged by single-molecule 
fluorescence microscopy (see below). For PALM experiments, cells grown in glucose medium with 
or without lysine and arginine were concentrated by centrifugation to OD600 ~10 prior to imaging. 
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For FRAP experiments, cells grown in glucose medium were transferred to medium containing both 
raffinose (2% [w/v]) and glucose (0.1% [w/v]) and sustained at mid-exponential growth phase over 36 
hours (OD600 of ~0.2-0.5). Then, the cells were induced with 0.2 % [w/v] galactose for 2.5 hours prior 
to the FRAP measurement. For Can1- and Lyp1-labelled cells, lysine, arginine and methionine were 
omitted from the raffinose/glucose medium. 

4.4.12 Plasmids and strains. 
All strains are based on S. cerevisiae strain BY4742 bearing the ura3 selection marker (Supplementary 
Table S1). All plasmids were generated using uracil excision-based cloning (190). Genomic DNA isolation 
of S. cerevisiae BY4742 was carried out according to Sherman et al (145). For the amplification of 
DNA with uracil containing primers polymerase chain reactions (PCR) were performed with PfuX7.
(146) Amplified fragments were assembled into full plasmids (Supplementary Table S2) by treatment 
with DNA glycosidase and DNA glycosylase-lyase endo VIII, commercially available as USER, following 
the manufacturer’s instruction (New England Biolabs, Ipswich, Ma, USA). Ligation products were 
transformed into chemically competent E. coli MC1061 cells (217). All constructs assembled from PCR 
fragments were verified by DNA sequencing. Genomic tagging and deletion of genes were done with 
standard PCR-based homologous recombination, using the primers listed in Table S3. Transformation 
of plasmids and linear constructs into S. cerevisiae was performed as described by Drew et al (139).

4.4.13 Plasmid and strain generation. 
The sequences of oligonucleotide primers used in this study are listed in (Supplementary Table S3). 
The plasmid pFB001, pFB002, pFB003, pFB004, pfB005 and pFB006 was constructed by a four PCR 
fragment ligation, in which the backbone of the pRS426GAL1-GFP vector was amplified with primer 
pairs Pr1/Pr2 and Pr3/Pr4 in two fragments that excluded the GFP coding region. The fragment 
coding for the YPet gene was amplified from a synthetically generated coding sequence ordered 
from (GeneArt, Regensburg, Germany), using primer pair Pr5/Pr6. The lyp1 gene was amplified from 
S. cerevisiae BY4742 chromosomal DNA with primer pair: Pr7/Pr8. Ligation of the four PCR amplified 
fragments using USER enzyme resulted in a fusion of lyp1 and YPet, separated by a sequence for 
tobacco etch virus (TEV) protease cleavage site and followed by sequence for a His8 tag (i.e. lyp1-
TEV-YPet-his8). Similar plasmids were constructed for can1, nha1, vba1, sur7 and DsRED-HDEL in place 
of lyp1, using primer pairs Pr9/Pr10, Pr11/Pr12, Pr13/Pr14, Pr15/Pr16, Pr17/Pr18 respectively. For all 
constructs, plasmids were isolated from the E. coli host and the sequences of the fusion genes were 
verified. Each plasmid was then transformed into a S. cerevisiae By4742 knockout strains that lack the 
chromosomal copy for the corresponding gene. 

The pFB007, pFB008 and pFB009 vectors are based on three PCR fragments, using the uracil excision 
based cloning method. The backbone and the ura3 marker were both separately amplified from the 
pug72 plasmid using primer pairs Pr19/Pr22 and Pr20/Pr21, respectively. mEos3.1, YPet or mKate2 was 
amplified using primer pair Pr23/Pr24, Pr25/Pr26 or Pr27/28 from a synthetically generated coding 
sequence, ordered from (GeneArt, Regensburg, Germany). The fragments were treated with USER 
and transformed into E. coli MC1061 as described previously. 

For the construction of C-terminal fusion proteins on the chromosome we made use of the ura3 
selection marker and the ability for its counter selection on 5 fluoro-orotic acid (5FOA) as described 
by Alani et al (147). For genomic tagging of lyp1, can1, sur7 and pil1 with either mEos3.1 or YPet, 
or mKate2, we amplified mEos3.1, YPet or mKate-ura3 cassette from pFB007, pFB008 and pFB009, 
respectively. 
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For the tagging of can1, lyp1, nha1, pil1, and sur7 with/without linker or deletion of last 10 aminoacids 
we used primer pairs Pr29/30-33, Pr34/35-37, Pr38/39-40, Pr41/Pr42 and Pr43/Pr44, respectively. The 
amplified cassettes were transformed into S. cerevisiae BY4742 and homologous recombination of 
the cassette into the genome was selected for by growth on a uracil-depleted medium. The ura3 
marker was removed from the chromosome by recombination of its homologous flanking regions, for 
which we selected for growth on a medium containing 5FOA. For dual labelling the above step were 
repeated, except for the counter selection on 5FOA with a second fluorescent protein integration 
cassette and a different target gene. 

The pLS001 is a derivative of pRS316 with a Pma1 gene integration C terminally fused to YPet. pma1 
with 848 bases upstream and YPet were PCR amplified using primer pair Pr45/46 and Pr47/Pr48, 
respectively. The pRS316 vector was digested with a blunt end cut using SmaI via manufacturers 
protocol (New England Biolabs). A complete vector was created via a three way homologous 
recombination in S. cerevisiae. pLS002 is a derivative of pLS001 in which pma1 was truncated by 
PCR amplification of pLS001 using primer pair Pr49/Pr50 a circular vector was formed by homologous 
recombination of both ends. 

The pLS003 and pLS004 vectors are based on three PCR fragments, using the uracil excision based 
cloning method. The backbone and the ura3 marker were both separately amplified from the pFB001 
plasmid using primer pairs Pr1/Pr3 and Pr2/Pr4, respectively. An insert, can1-L-YPet or lyp1-L-YPet, 
were obtained by purification of genome from S. cerevisiae BY4742 can1-YPet, and S. cerevisiae BY4742 
lyp1-YPet. Inserts were amplified using primer pairs Pr51/53 and Pr52/53, respectively. The fragments 
were treated with USER and transformed into E. coli MC1061 as described previously. 
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Strains Characteristics Reference

S. cerevisiae BY4742 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Brachmann et 
al. 1998 (159)

E. coli MC1061 Casadaban et 
al. 1980 (160)

S. cerevisiae BY4742 Δlyp1 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Δlyp1 kanMx Giaever et al. 
2002 (161)

S. cerevisiae BY4742 Δcan1 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Δcan1 kanMx Giaever et al. 
2002 (161)

S. cerevisiae BY4742 Δnha1 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Δnha1 kanMx Giaever et al. 
2002 (161)

S. cerevisiae BY4742 can1-mEos3.1 Matα his3Δ1 leu2Δ0 lys2Δ0 can1::CAN1-MEOS3.1_URA3 This study

S. cerevisiae BY4742 lyp1-mEos3.1 Matα his3Δ1 leu2Δ0 lys2Δ0 lyp1::LYP1-MEOS3.1_URA3 This study

Table 1. Strains used in this study
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Plasmids Characteristics Reference

pRS426GAL1-GFP pRS426 with gal promoter and GFP-His fusion cassette with ura3 selection marker Newstead et al. 2007 
(162)

pRS316 Centromeric shuttle vector with ura3 marker Sikorski et al. 1989 
(164)

pRS317 Centromeric shuttle vector with lys2 marker Sikorski et al. 1989 
(164)

pFB001 pRS426GAL1-GFP derivative with lyp1 fused to YPet-his This study

pFB002 pRS426GAL1-GFP derivative with can1 fused to YPet-his This study

pFB003 pRS426GAL1-GFP derivative with nha1 fused to YPet-his This study

pFB004 pRS426GAL1-GFP derivative with vba1 fused to YPet-his This study

pFB005 pRS426GAL1-GFP derivative with sur7 fused to YPet-his This study

YIPlac204TKC-
DsRed-Express2-
HDEL

YIPlac204TKC derivative with DsRed fused to HDEL tag Addgene 

pFB006 pRS426 derivative with DsRED-HDEL This study

pUG72 AmpR, ura3 chromosomal integration cassette Gueldener 2002 et 
al. (165)

pFB007 Pug 72 with ura3 flanking homologous regions and reverse mEos3.1 fusion gene This Study

pFB008 Pug 72 with ura3 flanking homologous regions and reverse YPet fusion gene This Study

pFB009 Pug 72 with ura3 flanking homologous regions and reverse mKate2 fusion gene This Study

pLS001 pRS316 derivative with Pma1-YPet under Pma1 promoter This Study

pLS002 pLS001 dertivative with Pma1(∆392–679)-YPet This Study

pLS003 pRS426GAL1-GFP derivative with can1 fused to YPet with linker This Study

pLS004 pRS426GAL1-GFP derivative with lyp1 fused to YPet with linker This Study

Table 2. Plasmids used in this study

Strains Characteristics Reference

S. cerevisiae BY4742 lyp1-YPet Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 lyp1::LYP1-YPET This Study

S. cerevisiae BY4742 can1-YPet Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 can1::CAN1-YPET This Study

S. cerevisiae BY4742 pil1-mKate2 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 pil1::PIL1-MKATE2

S. cerevisiae BY4742 lyp1-YPet 
pil1-mKate2

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 lyp1::LYP1-YPET_URA3 
pil1::PIL-MKATE2

This Study

S. cerevisiae BY4742 lyp1-L-YPet 
pil1-mKate2

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 lyp1::LYP1-L-YPET_URA3 
pil1::PIL-MKATE2

This Study

S. cerevisiae BY4742 lyp1(∆C)-L-
YPet pil1-mKate2

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 lyp1::LYP1(∆601-611)-L-YPET_URA3 
pil1::PIL-MKATE2

This Study

S. cerevisiae BY4742 can1-YPet 
pil1-mKate2

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 can1::CAN1-YPET_URA3 
pil1::PIL1-MKATE2

This Study

S. cerevisiae BY4742 can1-L-YPet 
pil1-mKate2

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 can1::CAN1-L-YPET_URA3 
pil1::PIL1-MKATE2

This Study

S. cerevisiae BY4742 can1(∆C)-L-
YPet pil1-mKate2

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 ura3Δ0 can1::CAN1(∆580-590)-L-
YPET_URA3 pil1::PIL1-MKATE2

This Study

S. cerevisiae BY4742 nha1-YPet 
pil1-mKate2

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 nha1::NHA1-YPET_URA3 
pil1::PIL1-MKATE2

This Study

S. cerevisiae BY4742 nha1-L-YPet 
pil1-mKate2

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 nha1::NHA1-L-YPET_URA3 
pil1::PIL1-MKATE2

This Study

S. cerevisiae BY4742 sur7-YPet 
pil1-mKate2

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sur7::SUR7-YPET 
pil1::PIL1-MKATE2_URA3

This Study
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Primer 
name

Sequence Purpose

Pr1 ACCACCACCAUCATCATCATCATTAACTGCAGGAATTC Fw primer for amplification of pRS426GAL1-GFP vec-
tor annealing at histag for swaping c-terminal fusion 
protein.

Pr2 AGGGTAGTGCUGAAGGAAGCATACGATACCC Fw primer for amplification of pRS426GAL1-GFP

Pr3 AGCACTACCCUTTAGCTGTTCTATATGCTGCC Rev primer for amplification of pRS426GAL1-GFP 

Pr4 ATTTTGGGAUCCACTAGTTCTAGAATCCGGGG Rev primer for pRS426GAL1-GFP backbone amplifica-
tion anneals behind gal promoter.

Pr5 AGGGGAAAAUTTATATTTTCAAGGTTCTAAAGGTGAAGAAT-
TATTCACTGG

Fw primer for amplification of YPet gene and insertion 
into pRS426GAL1-GFP.

Pr6 ATGGTGGTGGUGGAGCTCTTTGTACAATTCATTCATACC Rev primer for amplification of YPet gene and insertion 
into pRS426GAL1-GFP.

Pr7 ATCCCAAAAUGGGCAGGTTTAGTAACATAATAACGTCC Fw primer for amplification of S. cerevisiae lyp1 gene 
for insertion into pRS426GAL1-GFP.

Pr8 ATTTTCCCCUCCTGCAACAGCAGCCCAGAATTTCTC Rev primer for amplification of S. cerevisiae lyp1 gene 
for insertion into pRS426GAL1-GFP.

Pr9 ATCCCAAAAUGGGAACAAATTCAAAAGAAGACGCCGACATAG Fw primer for amplification of S. cerevisiae can1 gene 
for insertion into pRS426GAL1-GFP.

Pr10 ATCCCAAAAUGGGAACAAATTCAAAAGAAGACGCCGACATAG Rev primer for amplification of S. cerevisiae can1 gene 
for insertion into pRS426GAL1-GFP.

Pr11 ATCCCAAAAUGGCTATCTGGGAGCAACTAGAAG Fw primer for amplification of S. cerevisiae nha1 gene 
for insertion into pRS426GAL1-GFP.

Pr12 ATTTTCCCCUCCCTTATTGAGACCAAGCGTTTTTGATAGCG Rev primer for amplification of S. cerevisiae nha1 gene 
for insertion into pRS426GAL1-GFP.

Pr13 ATCCCAAAAUGGGACAAACACTAGACGAGACTTCAAATCTAC Fw primer for amplification of S. cerevisiae vba1 gene 
for insertion into pRS426GAL1-GFP.

Pr14 ATTTTCCCCUCCAGAACTTGAACTACGTTTGTAAGTATGTTTC Rev primer for amplification of S. cerevisiae vba1 gene 
for insertion into pRS426GAL1-GFP.

Pr15 ATCCCAAAAUGGGAGTTAAGGTCTGGAATATAGTACTACGTCTGG Fw primer for amplification of S. cerevisiae sur7 gene 
for insertion into pRS426GAL1-GFP.

Pr16 ATTTTCCCCUCCAACAGAGACATCGTCCGGGCG Rev primer for amplification of S. cerevisiae sur7 gene 
for insertion into pRS426GAL1-GFP.

Pr17 ATCCCAAAAUGTTTTTCAACAGACTAAGCGC Fw primer for amplification of S. cerevisiae DsRED-
HDEL gene for insertion into pRS426ADH-GFP.

Pr18 ATGGTGGTGGUTTACAATTCGTCGTGCTTGTAC Rev primer for amplification of S. cerevisiae DsRED-
HDEL gene for insertion into pRS426ADH-GFP.

Pr19 AGTCCGACCUGGGCGCGCGCGAATTAGCCGCGGCGTG-
GCCTTCCCAAATTTGGGTAGGGCGTCTAGAGATCCCAATACAA-
CAGATCAC

Primer for construction of the pug72 mEos3.1 fusion 
cassette, containing upstream homologous region 
flanking ura3, for excision of the ura3 marker after 
genomical integration. 

Pr20 ACTAACCCGUGGGCGCGCGCGAATTAGCCGCGGCGTG-
GCCTTCCCAAATTTGGGTAGGGCCTCGAGAACCCTTAATATA-
ACTTCGT

Primer for construction of the pug72 mEos3.1 fusion 
cassette, containing downstream homologous region 
flanking Ura3, for excision of the Ura3 marker after 
genomical integration.

Pr21 ACGGGAACGUCGTACGAAGCTTCAGCTGGC Rev primer for amplification of Pug72 backbone for 
insertion of fluorescent protein in pug72 vector..

Pr22 ACGGGTTAGUAGCTCGTTTTATTTAGGTTCTATCGAGG Rev primer for amplification of ura3 marker for Pug72 
mEos3.1 cassette.

Pr23 ACGTTCCCGUATGAGTGCGATTAAGCCAGACA Fw primer for Amplification of mEos3.1 for pug72 
mEos3.1 fusion cassette 

Table 3.Primers used in this study
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Primer 
name

Sequence Purpose

Pr24 AGGTCGGACUTTATCGTCTGGCATTGTCAGGC Rev primer for Amplification of mEos3.1 for pug72 
mEos3.1 fusion cassette

Pr25 ACGTTCCCGUATGTCTAAAGGTGAAGAATTATTCACTGG Fw primer for Amplification of YPet for pug72 YPet 
fusion cassette

Pr26 AGGTCGGACUTTAGAGCTCTTTGTACAATTCATTCATAC Rev primer for Amplification of YPet for pug72 YPet 
fusion cassette

Pr27 ACGTTCCCGUATGGTGAGCGAGCTGATTAAGG Fw primer for Amplification of mKate2 for pug72 
mKate2 fusion cassette

Pr28 AGGTCGGACUTCATCTGTGCCCCAGTTTGCTAG Rev primer for Amplification of mKate2 for pug72 
mKate2 fusion cassette

Pr29 GCGAAATGGCGTGGAAATGTGATCAAAGGTAATAAAACGT-
CATATCTGATATCACCTAATAACTTCG

Rev primer for amplification of can1 specific fusion 
cassette from Pug72

Pr30 GAAGATCATGAACCAAAGACTTTTTGGGACAAATTTTGGAATGTT-
GTAGCAATGAGTGCGATTAAGCCAGAC

Fw primer for amplification of can1 specific mEos3.1 
fusion cassette from Pug72 mEos3.1

Pr31 GAAGATCATGAACCAAAGACTTTTTGGGACAAATTTTGGAATGTT-
GTAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

Fw primer for amplification of can1 specific YPet fusion 
cassette from Pug72 YPet

Pr32 TGAACCAAAGACTTTTTGGGACAAATTTTGGAATGTTGTAGCAC-
GTACGCTGCAGGTCGACGGAGCAGGTGCTGGTGCTGGTGCTG-
GAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

Fw primer for amplification of can1 specific YPet fusion 
cassette from Pug72 YPet with linker

Pr33 AGACATTGAGGCAATTGTATGGGAAGATCATGAACCAAAGACTC-
GTACGCTGCAGGTCGACGGAGCAGGTGCTGGTGCTGGTGCTG-
GAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

Fw primer for amplification of can1∆10 specific YPet 
fusion cassette from Pug72 YPet with linker

Pr34 CTATTTTTTTATTTTTTTCTATTTTGAAGGCATGCAAGAGGTTCT-
GTGACTGATATCACCTAATAACTTCG

Rev primer for amplification of lyp1 specific fusion 
cassette from Pug72

Pr35 GAAGACGACGAGCCTAAGAATTTATGGGAGAAATTCTGGGCT-
GCTGTTGCAATGAGTGCGATTAAGCCAGAC

Fw primer  for amplification of lyp1 specific mEos3.1  
fusion cassette from Pug72 mEos3.1

Pr36 GAAGACGACGAGCCTAAGAATTTATGGGAGAAATTCTGGGCT-
GCTGTTGCAATGTCTAAAGGTGAAGAATTATTCACTGG

Fw primer for amplification of lyp1 specific YPet fusion 
cassette from Pug72 YPet.

Pr36 CGAGCCTAAGAATTTATGGGAGAAATTCTGGGCTGCTGTTGCAC-
GTACGCTGCAGGTCGACGGAGCAGGTGCTGGTGCTGGTGCTG-
GAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

Fw primer for amplification of lyp1 specific YPet fusion 
cassette from Pug72 YPet with linker

Pr37 AGAAATCGAAGCAATTATTTGGGAAGACGACGAGCCTAAGAATC-
GTACGCTGCAGGTCGACGGAGCAGGTGCTGGTGCTGGTGCTG-
GAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

Fw primer for amplification of lyp1∆10 specific YPet 
fusion cassette from Pug72 YPet with linker

Pr38 CATTTCGTTTATATATATACTAAAATAATATATCTTTGTGTATTAATA-
AATGGATCTGATATCACCTAATAACTTCG

Rev primer for amplification of nha1 specific fusion 
cassette from Pug72

Pr39 GAGTGCTGCTGTTAAGTCGGCGCTATCAAAAACGCTTGGTCT-
CAATAAGGGAGGGGGAATGTCTAAAGGTGAAGAATTATTCACTGG

Fw primer for amplification of nha1 specific YPet fusion 
cassette from Pug72 YPet 

Pr40 TGCTGTTAAGTCGGCGCTATCAAAAACGCTTGGTCTCAATAAGC-
GTACGCTGCAGGTCGACGGAGCAGGTGCTGGTGCTGGTGCTG-
GAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

Fw primer for amplification of nha1 specific YPet fusion 
cassette from Pug72 YPet with linker

Pr41 CATGAACAAGTCGGACACCAGCAAAGTGAGTCTCTTCCCCAA-
CAAACAACAGCTGGAGGGGGAATGGTGAGCGAGCTGATTAAGG

Fw primer for amplification of pil1 specific mKate2 
fusion cassette from Pug72 mKate2

Pr42 CTGCTGGTTTTTTTTTTTTTGTTTCTAATAGATTGTTGATT-
TATTTTGAATCTGATATCACCTAATAACTTCG

Rev primer for amplification of pil1 specific fusion 
cassette from Pug72

Pr43 CTTCTTCACTATAAGAAAATCACACGAGCGCCCGGACGAT-
GTCTCTGTTGGAGGTGGAATGTCTAAAGGTGAAGAAT-
TATTCACTGG

Fw primer for amplification of sur7 specific YPet fusion 
cassette from Pug72 YPet.

Pr44 GAGAAGAAAGGGGTATAAATATATATTACAAAGCGGAAAACTTGC-
GCCATGGATCTGATATCACCTAATAACTTCG

Rev primer for amplification of sur7 specific fusion 
cassette from Pug72
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Figure S1: Several examples of colocalization of Sur7-YPet in green and Pil1-mKate2 in magenta Panels: (A to 
F) demonstrate that the separation between the two proteins is independent of the orientation of the eisosome/
membrane with respect to the x/y axis in the sample plane. Proteins were chromosomally-tagged with the 
respective fluorophores.

4.6 Supplement

Primer 
name

Sequence Purpose

Pr45 CACCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCCCCCAAAA-
CAAACCCGGTCTCGAAG

Forward primer for cloning pma1 with its promoter 
from S. cerevisiae chromosome 7 to prs316 using 
homologous recombination

Pr46 AATAATTCTTCACCTTTAGAACCCCCTCCGCCACCG-
GTTTCCTTTTCGTGTTGAGTAGAG

Rev primer for cloning pma1 from S. cerevisiae chro-
mosome 7 and homologous recombination with YPet fw

Pr47 TCAACACGAAAAGGAAACCGGTGGCGGAGGGGGTTCTAAAGGT-
GAAGAATTATTCACTGGTGTTGTCC

Fw primer for cloning YPet and fusing to pma1 

Pr48 GACGGTATCGATAAGCTTGATATCGAATTCCTGCAGCCCT-
TAGAGCTCTTTGTACAATTCATTCATACCCTCG

Rev primer for cloning YPet and fusing to pma1

Pr49 AGAACCACCAGCACCACCAGAAGAAGCAGCACCTCCAGA-
CAAATTTTTCACAGAATGTACTCT

Forward primer for removal of cytosolic part of pma1. 
Anneals at T680. contains homologous region with Pr44

Pr450 GCTGCTTCTTCTGGTGGTGCTGGTGGTTCTTTCGTGCAAGGA-
CAACTTGTTCTTGGTCAA

Reverse primer for removal of cytosolic part of pma1. 
Finishes at E392. contains homologous region with Pr43

Pr51 ATCCCAAAAUGGGAACAAATTCAAAAGAAGACGCCGACATAG Fw primer for amplification of S. cerevisiae lyp1-L-YPet 
insertion into pRS426GAL1-GFP.

Pr52 ATCCCAAAAUGGGAACAAATTCAAAAGAAGACGCCGACATAG Fw primer for amplification of S. cerevisiae can1-L-
YPet insertion into pRS426GAL1-GFP.

Pr53 ATGGTGGTGGUGGAGCTCTTATTTGTACAATTCATTCATACC Rev primer for amplification of S. cerevisiae YPet gene 
insertion into pRS426GAL1-GFP.
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Figure S2: Cross-correlation analysis: membrane protein versus eisosome reporter. Cross-correlation of Pil1-
mKate2 and (A) Lyp1-L-YPet, (B) Can1-L-YPet and (C) Nha1-L-YPet. The images were treated with a discoidal-
averaging filter (218) to illustrate better the localizations; the colocalization analysis was done with the raw 
diffraction-limited images. Wide-field images are
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Figure S3: Cross-correlation analysis: membrane protein versus ER marker. (A) Lyp1-YPet and (B) Can1-YPet 
relative to the ER marker in cells grown with and without lysine plus arginine. The images were filtered to illustrate 
better the localizations; the analysis was done with the raw diffraction-limited data. Wide-field images are 
depicted for clarity. All the scale bars represent 2 µm. Cross-correlation of DsRed-HDEL (ER) and YPet-tagged target 
membrane protein with and without external Lysine and Arginine for (C) Lyp1 (D) Can1. Left panels: Correlation 
coefficients of the plasma membrane proteins with +KR (blue line) without –KR (red line); the randomized data 
are shown in black; errors represent the standard errors of the mean. Right panels: normalized heterogeneity in 
the cross-correlation data of individual cells with +KR (blue striped bars) and without -KR (red striped bars). YPet-
tagged proteins were endogenously expressed, whereas DsRed-HDEL was overexpressed.
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Figure S4: Step size and MSD analysis of Lyp1-YPet and Can1-YPet. (A-B) Step size (displacement, D) distribution 
of single-molecule tracking experiments performed at frame times of 34 ms, 100 ms, 300 ms, 1 s, 3 s, 10 s and 30 
s; the data are fitted to a 1D diffusion model and plotted as a function of the frame time: (A) Lyp1-YPet (B) Can1-
YPet. (C-D) MSD-time plots of experiments performed at frame times of 34 ms, 100 ms, 300 ms, 1 s, 3 s, 10 s and 
30 s. The diffusion coefficients obtained are plotted as a function of the frame time: (C) Lyp1-YPet (D) Can1-YPet. 
(E) Simulated step size distribution of a spherical cell with a diameter of 5 µm. The band where the particles 
were analysed was 1 µm thick and the input D was 0.025 μm2/s. Displacements, d, obtained from the simulation 
are depicted in black circles and the 1D fit as a line. (F) Relationship between the Dobs and Din, considering the 
localization noise in the data. D obtained from displacements along the x-axis depicted in crosses and the y-axis 
in full circles. (G) Simulated MSD plot of particles diffusing on a sphere. The input diffusion coefficient was 3 x 
10-5 µm2/s. The points indicate the simulated data and the line represents a linear fit. The observed diffusion 
coefficient is 1.3 x 10-5 µm2/s. The error bars indicate the standard deviation. (H) Relationship between the Dobs and 
Din of the MSD simulations on a sphere. Each point represents a separate simulation. The black line represents the 
function x = y and the dotted line is a linear fit of the data (y = 1.0038 x -0.2904). (I) Model eisosome geometry: Half 
spherocylinder formed out of 168 triangles. (J) Simulated MSD plots of particles diffusing in eisosomes. The length 
of the eisosome is 220 nm and the width 60 nm. Error bars indicate standard deviations.
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Figure S5: Cross-correlation analysis: membrane protein w/wo linker versus Pil1. Eisosomal Pil1-mKate2 versus 
Can1, Lyp1 and Nha1 mutants with reduced linker lengths or C-terminal truncations: (A) Lyp1-YPet (B) Lyp1∆C-L-
YPet (C) Can1-YPet (D) Can1∆C-L-YPet, (E) Nha1-YPet. The images show one cell for each strain and condition; 
images were treated with a discoidal-averaging filter (218) to illustrate better the localizations; the colocalization 
analysis was done with the raw diffraction-limited images. Wide-field images are depicted for clarity. All scale bars 
represent 2 µm. All proteins were expressed from their native chromosomal locations.
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YPet/Pil1-mKate2 and (B) Can1-YPet/Pil1mKate2 upon the addition of the protonophores FCCP or CCCP. Left panels: 
images exemplifying one cell per strain (green: Lyp1 or Can1 fused to YPet; purple: Pil1 fused to mKate2); images 
were treated with a discoidal-averaging filter to illustrate better the localizations; the colocalization analysis was 
done with the raw diffraction-limited images. Wide-field images are depicted for clarity. All scale bars represent 
2 µm. Cross-correlation of Pil1-mKate2 and YPet-tagged target membrane protein with and without addition of 10 
µM FCCP (C) Lyp1 (D) Can1. Left panels: Correlation coefficients of the plasma membrane proteins with FCCP (blue 
line) wihout (red line) and the randomized data (black line); errors represent the standard errors of the mean. 
Right panels: normalized heterogeneity in the cross correlation data of single cells treated with FCCP (blue striped 
bars) or without FCCP (red striped bars). All proteins were expressed from their native chromosomally locations.
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Abstract

In proton-coupled secondary transporters, conserved anionic residues situated in 

transmembrane helices often play a role in proton and/or solute translocation. To decipher 

the proton-coupling mechanism of Lyp1 we replaced conserved anionic residues with 

neutral ones and measured the activity and localization of the Lyp1 mutants. We found 

that mutants E206A and E323A/Q do not longer transport lysine and do not support growth 

of a lysine auxotrophic strains. We subjected these strains to directed evolution and 

found second-sitesuppressor mutations for E206A at positions Lys256 and Val385, while 

only revertants of E323A/Q were isolated. Combining our localization, activity and growth 

screen studies, we conclude that Glu206, Glu323, Lys256, and Glu249 are key for proton-

coupled solute transport in Lyp1.
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5.1 Introduction 

Secondary active transporters drive the uphill transport of a substrate by utilizing the 

electrochemical gradient of another solute, e.g. Na+, K+ or H+. Here, we study the proton-

coupled uptake of L-lysine via Lyp1 in Saccharomyces cerevisiae. Lyp1 is a member of the 

Amino Acid-Polyamine-Organocation (APC) family, which contains both proton symporters 

and antiporters (219, 220). In S. cerevisiae most APC transporters are proton symporters, 

and the amino acid transporters in this family are often referred to as amino acid permeases 

(AAPs) (3). 

The current model for proton-coupled symport is based upon the alternating access 

principle. In this model, binding of the substrate and a proton on one side of the membrane 

is followed by a conformational change within the protein, leading to the release of the 

proton and substrate on the other side (41). Protons are generally transferred between 

carboxyl and amine groups. Specific anionic residues such as glutamate and aspartate, 

often centrally located in a TM section, are involved in proton binding. Neutral (uncharged) 

replacement leads to uncoupling as shown for LacS from Streptococcus thermophiles, LacY 

and EMRE from Escherichia coli (42-45, 221). 

The exact mechanism for proton translocation is hard to deduce from structural studies, 

as the resolution of X-ray structures is generally insufficient to discriminate between 

protonation states of a residue. For sodium and potassium cation symporters, on the other 

hand, resolution is sufficient and clear binding sites can be distinguished (25). Structural 

comparisons between proton and cation symporters with similar overall folds have led to 

insights into the proton coupling mechanism (36). Based on this, a role in proton coupling 

has been suggested for Lys158 in ApcT from Methanocaldococcus jannaschii, a proton-

coupled alanine transporter homolog of Lyp1, belonging to the APC family. Lys158 of ApcT 

superimposes on the second Na+ binding site found in transporters of the Neurotransmitter 

Sodium Symporter (NSS) and Betaine/Choline/Carnithine Transporter (BCCT) family and 

its replacement with alanine abolishes transport (21). Interestingly, mutagenesis of the 

equivalent residue to alanine in Fur4, a uracil permease from S. cerevisiae, diminished 

transport, whereas substitution of the lysine for an alanine in the lysine symporter from 

Salmonella typhimurium blocked binding (51, 52). 

Besides this conserved lysine residue, it has been suggested that a conserved glutamate 

(Glu184) in TM3 plays a role in proton coupling in Can1 and Lyp1. Mutagenesis of Glu184 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).

Whether or not protons are transported across the membrane via a chain of protonation and 
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deprotonation events or just transferred via a single residue is hard to deduce. The common 

denominator in proton transport so far seems to be the presence of conserved glutamate 

or aspartate residues. Analysis of proton coupling is generally done in kinetic studies of 

site-directed mutants. However, in eukaryotic cells the analysis can be complicated by 

mistargeting of the protein, which precludes analysis of membrane transport at the plasma 

membrane. In order to determine the role of apparent non-functional mutants, we carried 

out directed evolution assays based on the necessity of the cell to metabolize lysine. This 

appraoch results in second-site suppressor mutations, which allows one to tell whether the 

primary mutation, e.g. E206A in Lyp1 from S. cerevisiae, is strictly required for transport 

and/or proton coupling. We find second-site suppressor mutations of E206A at positions 

Lys256 and Val385. In case of Lyp1 E331A, a mutation that directs the protein to the 

vacuole, we only found revertants. 

5.2 Results

We set out to identify possible residues of the proton translocation pathway in the 

lysine transporter Lyp1 from S. cerevisiae. We assume that protons are transferred via 

protonation and deprotonation of acidic groups. We thus searched for conserved negatively 

charged residues in Lyp1, with a bias for those buried in or predicted in the vicinity of the 

hydrophobic domain of the protein. Taking into account that lysine is a cationic substrate 

and that not all APC family homologs are proton symporters, sequence alignments 

were made using the AAP family members from S. cerevisiae, Lyp1 homologs (up to 52% 

sequence identity) and LysP homologs (up to 40% sequence identity) (Fig. 1). As Can1, Lyp1, 

Alp1, Hip1 and Gap1 transport cationic substrates, anionic residues have a potential role 

in stabilization of the substrate’s side chain. Therefore, anionic residues with no overall 

conservation among AAPs were not considered, as they could be specific to the binding of 

cationic substrates. In this way, six anionic residues were targeted: Glu164 (TM2), Glu247 

(loop 3), Glu249 (loop 3), Glu323 (TM6), Glu331 (loop 6) and Asp369 (loop 7). In addition, 

residues Lys256 (TM5) and Glu206 (TM3) were mutated as these have been suggested to be 

involved in proton translocation in Lyp1 homologs (21, 37). The indicated locations of the 

residues are based on a topology prediction (152). The glutamate or aspartate was in most 

cases mutated to Gln, Asn or Ala.

Activity was tested in S. cerevisiae strain 22Δ6AAL, which is unable to import lysine or 

perform de novo synthesis of this amino acid (10). In this strain genes encoding Lyp1, Alp1, 

Can1 and Gap1 as well as the enzyme responsible for the final step in the lysine biosynthesis 

pathway (Lys1) have been disrupted. A lysine-lysine dipeptide was used to sustain growth in 

the absence of a functional lysine transporter. Lysine dependency was tested in 22Δ6AAL 

by varying the lysine in the medium from 0 to 500 μM (Supplementary Fig. S1A). Clearly, 

S. cerevisiae 22Δ6AAL did not grow in the absence of lysine, and growth was observed 
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Figure 1: Multiple sequence alignment of AAPs. Multiple sequence analysis generated by Clustal Omega (226) 
of S. cerevisiae AAPs, consensus sequence of Lyp1 homologs down to 52% and 40% sequence identity with Lyp1 
(Lyp1_52%_ID) and (Lyp1_40%_ID), LysP from S. typhimurium and consensus sequence of LysP homologs down 
to 40% sequence identity with LysP (LysP_40%_ID). The multiple sequence alignment is limited to the region 
representing the 12 transmembrane helices (grey) as predicted by TOPCONS (170). Cationic and anionic residues 
are accentuated blue and red, respectively, and the residues targeted for mutagenesis are shown in green shading.

at 50 μM of lysine when Lyp1 was expressed in trans. The impaired growth observed at 

higher concentrations of external lysine (> 500 μM) in the Lyp1-overexpressing strain is 

attributed to a toxicity effect. The background growth at >50 mM lysine is indicative for 

low affinity transport, which might be facilitated by an unrelated transporter that binds 

lysine with very low affinity. We conclude that in the absence of a functional high-affinity 

lysine transporter growth is impaired below 500 µM external lysine.



113

Chapter 5Ch
ap

te
r 

5

DirecteD evolution to Decipher lysine-proton coupling in the yeast amino aciD transporter lyp1

Next, we screened the point mutants for their activity by growth complementation in the 

22Δ6AAL strain, using lysine at 500 μM. All single mutants except for E206A, E331Q and 

E331A were able to grow (Table. 1; Supplementary Fig. S1B). Although E247Q and D369N 

were able to grow, their traffic to the plasma membrane was affected, as shown by a high 

internal fluorescence (Fig. 2A). 

Figure 2: Localization and whole cell lysine transport rates of Lyp1-
YPet mutants. (A) Confocal imaging (left) and wide-field images (right). 
All the scale bars represent 2 µm. (B) Bar graph showing whole cell lysine 
transport rate measurements, not corrected (light grey) and corrected for 
protein expression (dark grey).

Mutant dipeptide 500µM 20µM

WT + + +

empty + - -

E206A + - -

K256A + + +

E247Q + + +

E249Q + + +

E331A + - -

E331Q + - -

E323A + + +

E323Q + + +

E164Q + + +

D369A + + +

D369N + + +

Table 1. Selectivity for growth of 
Lyp1-YPet mutants at varying lysine 
concentrations.

Lack-of-function for E331Q/A could be due to misfolding, as only vacuolar localization of 

the mutant proteins was observed. To test whether the mutants are completely inactive 

or if activity is simply insufficient to sustain growth, transport rates were determined 

using radiolabeled lysine uptake assays. We find that all mutants except for E206A, E331Q 
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and E331A accumulated lysine above background level (Fig. 2B). To compensate for the 

expression levels of the different mutants, the transport rates were corrected using the 

median fluorescence of the cell population. This correction does not take into account 

possible mislocalization of the proteins. Mutants D369N and S369A showed transport rates 

comparable to that of wild-type Lyp1, whereas all other growth-sustaining mutants had an 

activity that was an order of magnitude lower. Of these mutants E323Q and E323A had the 

lowest transport rate, which is approximately three times above background but ~40-fold 

lower than wildtype Lyp1. Our assays indicate that of the highly conserved glutamates 

only substitution of Glu331 led to complete misfolding/mistargeting, and that Glu206 is 

important for substrate translocation. 

Next, E206A and E331A were subjected to directed evolution using low concentrations of 

lysine in the selective media. Cells were precultivated to the exponential growth phase 

under non-selective conditions, quickly washed and re-inoculated in the selective medium. 

Generally growth resumed after 3–7 days and a single strain was selected. Of the seven 

independent evolution experiments with the E331A mutant six yielded growth after 7 days. 

In each case Ala331 was reverted back to glutamate, which requires two base substitutions 

(codon GCG->GAC). In the case of E206A, six out of eight cultures started to grow, four 

of which yielded a second-site mutation, one reverted to wildtype and one gave a growth 

advantage independent of Lyp1. Strikingly, the independent evolution experiments resulted 

in mutations at only two sites: Lys256 to Glu or Asn and Val385 to Phe or Leu. To validate 

these mutations as second-site suppressors, the plasmids were isolated and re-transformed 

into the 22∆6AAL strain and grown under selective conditions (Supplementary Fig. S1C). 

All mutants displayed improved localization to the cell periphery and except for V385F all 

mutants fully restored growth. 

Figure 3: Localization and whole cell lysine transport rates of Lyp1-YPet E206A second-site suppressor 
mutants K256E, K256N, V385L and V385F. (A) Bar graph showing whole cell lysine transport rate measurements, 
not corrected (light grey) and corrected for protein expression (dark grey). (B) Confocal images (left) and wide-field 
images (right) are shown. All the scale bars represent 2 µm.
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The transport rate of the double mutants was significantly increased in case of K256E/N 

and V385L but not for V385F (Fig 3A). All strains showed an enhanced localization at the 

periphery of the cell, suggesting that besides functionality also a higher stability was 

achieved (Fig. 3B). The restored growth due to a second-site mutation shows that Glu206 is 

not essential for lysine transport but an acidic residue at this position greatly increases the 

rate of transport. The fact that directed evolution of the E331A mutant yielded revertants 

only suggests that this position is required for correct protein folding and/or plasma 

membrane targeting. Apparently, no other single-site mutation is capable to restore the 

defect of the E331A mutation.

5.3 Discussion

In this work we show the importance of conserved anionic residues for the activity of 

Lyp1. We identified two residues (Glu206 and Glu331) that are important for protein 

function, be it folding/targeting or activity. Furthermore, we show that several conserved 

anionic residues are potentially involved in proton translocation as the uptake rates of the 

corresponding substitution mutants are severely diminished.

We used the 22∆6AAL background for characterization of the Lyp1 mutants, as the main 

transporters involved in lysine transport are deleted in that strain (10). We found that growth 

was impaired up to 500 µM of external lysine, roughly corresponding to the concentration 

in Kaiser medium (417 µM) for which the strain was tested. Surprisingly, at 10 times higher 

concentrations of lysine growth of S. cerevisiae 22∆6AAL was observed, indicating that a 

low-affinity transporter for lysine is present, which yet has to be identified. This finding is 

supported by the increased transport of lysine that is observed in the radiolabeling uptake 

assays. Thus, at 50 µM of lysine we find a rate of transport in 22∆6AAL of ~2 pmol lysine*(106 

cells*min)-1. The presence of a low affinity lysine transporter offers an explanation for the 

observed background growth in the evolution assays, and cultures may resume growth 

independently of a second-site mutation in Lyp1.

The driving force for proton-coupled lysine transport, assuming a 1:1 stoichiometry of 

lysine and protons, corresponds to two times the membrane potential (∆Ψ) as the proton 

and substrate are both cationic and one time the pH gradient. The flux-force relationship 

of Lyp1 shows a strong ΔΨ dependence, and the activity is enhanced by a pH gradient as 

demonstrated in chapter 2. Consequently, proton-uncoupled Lyp1 mutants are expected 

to display a severe decrease in the uptake rate. Whatever the nature of the mutations, 

all mutants were affected in transport activity. Asp369 mutants were not much affected 

and this residue is not essential or important for proton-coupled import. Other mutants 

displayed a severe decrease in activity and transport by E206A and E331A/Q was not 

significant above background. As alternative to proton uncoupling, a decreased affinity for 
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lysine, an increase in ∆G for translocation or reduced levels of Lyp1 in the PM may explain 

the severe decrease in transport rate.

In fact, low levels of Lyp1 at the PM explain the decrease in transport rate observed for 

E331A/Q, E206A, E247Q and E164Q. In these cells Lyp1 is located mainly in the vacuoles 

or remains in the ER as a consequence of protein misfolding, endocytosis or disturbed 

secretory signaling. Although alteration in localization of the transporter influences the 

observed transport rate, this does not exclude the residues’ potential involvement in 

proton translocation. 

The inability of E206A to transport lysine and its vacuolar localization are in agreement with 

the equivalent mutation in Can1, where transport was diminished but binding of the substrate 

remained, as observed by substrate-induced endocytosis (37, 53). We tested the necessity 

for both residues (Glu206 and Glu331) by directed evolution. The finding of revertants 

of E331A through two-nucleotide substitutions emphasizes the importance of Glu331 in 

Lyp1. In contrast, directed evolution of E206A resulted in second-site suppressors. Again 

the mutations required two nucleotide substitutions. Two distinct second-site suppressor 

locations were found: (i) Lys256 (TM5) was substituted for an asparagine or glutamate, 

and (ii) Val385 (loop7) was substituted for a leucine or phenylalanine. Interestingly, K256 

was already identified in our sequence analysis of Lyp1 homologues; substitution at these 

positions yields a diminished uptake but does not fully rescue the E206A mutant.

Based on evolutionary couplings, a model of Lyp1 was generated using the EVfold structure 

prediction software (222-224). The generated model showed a similar 5+5 inverted repeat 

with two extra helices as determined for the APC family members AdiC and ApcT (Fig. 4 

A,B) (21, 27). The residues whose mutants were able to sustain growth are depicted in 

green. Glu164 (TM2), Glu247 (TM5) and Asp369 (loop10) face the outside of the protein, 

Glu249 (TM5) points to the inside facing TM8, and E323 (TM6) is situated in the core of the 

protein close to the predicted lysine-binding site. Glu331 (loop6) and Glu206 (TM3), whose 

substitution mutants are unable to grow, are shown in red. The second-site suppressor 

residues Lys256 (TM5) and Val385 (loop7) are colored orange. The EVfold structure 

prediction model shows a somewhat different topology as previously predicted, with a 

more elongated TM5 due to its tilted position, thereby placing residues 247 and 249 in TM5. 

The model represents an undefined average conformational state, which is obtained by 

determining distance restraints between residues based on their evolutionary coupling. In 

other words, the model is based on the occurrence of mutual variation with another residue 

throughout known sequences of a protein family, which is presented in the form of a 2D 

heat map. In combination with a secondary structure and membrane topology prediction, 

a 3D model is calculated (222). The EVfold model is different from homology modeling as 

it is non-biased by the fold of an existing structure and considers the interaction between 
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Figure 4: Lyp1 EVfold model. Cartoon 3D representation of the Lyp1 EVfold prediction model, based on 
evolutionary couplings (222) found in sequences with up to 20% identity in the UniProt PF00324 family (197). 
Mutations that did not abolish lysine transport (green), that did abolish lysine transport (red), E206A second-site 
mutants (light blue), and residues predicted in lysine binding (37) (purple) are highlighted. (A) Bottom view, (B) Side 
view, (C) Magnification of loop 6 and loop 8 showing that Glu331 (loop 6) in this short turn may have possible π-π 
stacking with Tyr438 (loop 8) (D) Magnification of TM1, TM3, TM5 and TM8 showing that Lys256 (TM5) and Glu206 
(TM3) are separated by 8.6 Å (orange line) with TM1 and TM8 in between.

residues. However, the EVfold prediction model is depending on the number of known 

unique sequences within a protein family and is therefore less useful if less than ~1000 

homologous sequences per residue are available (225). For some residues, like Glu331, the 

EVfold structure provides an explanation for its dysfunction as substitution of a charge in a 

short turn likely has an effect on the overall fold of the protein (Fig. 4C).
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Based on the predicted structure there is no obvious reason why Lys256 and Val385 are 

able to rescue E206A. Lys256 and Glu206 are situated in the middle of the protein, close to 

the predicted substrate-binding site, separated by TM8 (Fig. 4D). Possibly substitution for a 

neutral amino acid changes the lysine-binding site or prevents the structural rearrangement 

from outward- to inward-facing or vice versa, as Glu206 and Lys256 may form a salt bridge 

as intermediate of the translocation cycle. The calculated distance of 8.6 Å between the 

ε-amine and ε-carboxylate group of Lys256 and Glu206, respectively, is insufficient for the 

direct formation of a salt bridge, but possibly structural rearrangements could bring both 

residues within distance. The substitutions of Val385 for Leu or Phe are more difficult to 

explain as suppressors of E206A, given the position of Val385 in loop 7. Possibly a more 

bulky hydrophobic substitution might affect the orientation between Glu206 and Lys256, as 

a change in loop 7 likely shifts TM8, thereby separating Lys256 and Glu206.

In conclusion we exploited the S. cerevisiae 22Δ6AAL strain as a tool for evolving non-

functional lysine transporters through the screening of second-site suppressor mutations. 

Combining our localization studies, activity assays and growth screens we narrowed in on 

four candidate residues (Glu206, Glu323, Lys256, and Glu249) that need a more thorough 

analysis to establish whether they play a role in a proton-coupled transport of lysine by 

Lyp1.

5.4 Methods

5.4.1 Plasmid construction 
The strain used in this study is 22Δ6AAL (10); plasmids and oligonucleotides used are listed in (Tables 
2 and 3), respectively. All point mutations were generated using uracil-excision-based cloning. 
Genomic DNA isolation of S. cerevisiae BY4742 was carried out according to Sherman et al (145). 
For the amplification of DNA with uracil containing primers, polymerase chain reactions (PCR) were 
performed with PfuX7 (146). Otherwise Phusion polymerase (Thermo scientific inc.) was used. 
Amplified fragments were assembled into full plasmids (Table 2) by treatment with DNA glycosidase 
and DNA glycosylase-lyase endo VIII, commercially available as ‘USER’, following the manufacturer’s 
instructions (New England Biolabs, Ipswich, Ma, USA). Single point mutants of Lyp1 variants as listed in 
(Table 2) are derived from pFB0018 by PCR amplification using uracil-excision-based cloning with the 
respective primers as indicated in (Table 3), resulting in pFB024-34. Prior to transformation into the 
22Δ6AAL strain plasmids were amplified in E. coli MC1061, isolated, and verified by DNA sequencing. 

5.4.2 Screening for complementation
Lyp1 mutants were screened for sufficient lysine transport by growth on synthetic dextrose (SD) agar 
plates without lysine and uracil, containing 2% dextrose, 0.67% yeast nitrogen base without amino 
acids, 2 gr/L drop-out lysine, uracil Kaiser mix supplemented (FormediumTM, Norfolk, UK) with either 
200 mg/L lysine dipeptide (Bachem, Bubendorf, Switzerland) as control, 73 mg/L lysine or 2.92 mg/L 
lysine. The plates were incubated for 3 days at 30°C and imaged afterwards using a Fujifilm LAS 3000 
Imager (Fujifilm, Minato, Tokio, Japan).
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5.4.3 Directed evolution 
Lyp1 mutants were precultured at 30˚C under 180 RPM shaking in liquid synthetic dextrose media 
without lysine and uracil, supplemented with lysine dipeptide, containing 2% dextrose, 0.67% yeast 
nitrogen base without amino acids, 2 gr/L drop-out lysine, uracil Kaiser mix (FormediumTM, Norfolk, 
UK) and 200 mg/L lysine dipeptide (Bachem, Bubendorf, Switzerland). Cultures were grown to 
exponential growth phase (OD600 ~0.5-1.0) and washed twice by centrifugation at 3000 x g for 5 
minutes at 4˚C. The supernatant was decanted and cells were resuspended in the same media, where 
lysine dipeptide was exchanged for 500 µM lysine before dilution to an OD600 of ~0.1 in a final volume 
of 100 mL of the same media. Cultures were left to grow at 30˚C under 180 RPM shaking until a 
positive hit appeared (significant growth, visible by the naked eye). Each positive hit was diluted 
200x in the same media and grown under the same conditions to an OD600 of ~1.5-2. From this culture 
plasmid purification was performed as described in section (Plasmid purification from S. cerevisiae). 
To attain higher yields, the plasmid was amplified using E. coli (MC1061) and reisolated using the DNA/
RNA plasmid purification kit (Macherey-Nagel). Subsequently it was reintroduced in the 22Δ6AAL 
strain to ensure that the positive hit resulted from a mutation within the gene. The mutation was then 
identified by DNA sequencing of the open reading frame (ORF). The acquired plasmids with ORFs that 
were different from WT or Lyp1-YPet are listed in (Table 2 pFB035-pFB038).

5.4.4 Plasmid purification from S. cerevisiae
In order to attain high yields of plasmid, an additional zymolyase treatment to remove the cell wall 
was performed by adding 0.1 mg zymolyase to 500 µL cell culture (OD600 of 20) and incubated at 
30˚C for 2 hours. After that plasmid purification was performed according to the DNA/RNA plasmid 
purification kit (Macherey-Nagel).

5.4.5 In vivo transport assays
For in vivo transport assays, proteins were constitutively expressed from plasmid pFB024-34 in S. 
cerevisiae 22∆6AAL (10) in synthetic dextrose (SD) media without lysine and uracil, containing 2% 
dextrose, 0.67% yeast nitrogen base without amino acids, 2 gr/L drop-out lysine, uracil Kaiser mix 
supplemented with 200 mg/L lysine dipeptide. Cultures were grown at 30˚C under 180 RPM shaking for 
2-3 consecutive days, never reaching an OD600 > 1.0. Prior to the transport assay, cells were centrifuged 
at 3000 x g for 5 minutes at 4˚C, the supernatant was decanted and cells were resuspended in ice-cold 
100 mM potassium phosphate, 10 mM glucose, pH 6.0. This was performed twice before resuspension 
to an OD600 of 10. All transport assays were performed in 100 mM potassium phosphate, 10 mM glucose, 
pH 6.0 at 30˚C and 50 µM L-[14C(U)]-lysine. Samples were homogenized by magnetic stirring. At given 
time intervals 50 µL samples were taken and quenched in 2 mL ice-cold stop buffer (100 mM KPi pH 
6.0). Samples were rapidly separated from external medium and collected by ultrafiltration onto a 
0.45 µM pore size nitrocellulose filter (GE-Healthcare, Little Chalfont, UK) and washed with another 2 
mL of the same solution. Filters were dried and subsequently dissolved in 2 mL of scintillation solution 
(Emulsifierplus, PerkinElmer) and vortexed before radioactivity was determined by liquid scintillation 
counting (Tri-Carb 2800TR liquid scintillation analyzer, PerkinElmer). Samples were normalized for 
fluorescence and/or cell count using a flow cytometer (Accuri).

5.4.6 EVfold model
an EVfold prediction model for Lyp1 was generated (jul 6 2015) using the EVfold prediction software 
(222-224) www.EVfold.org. The following parameters deviating from the default settings are given: 
protein: Uniprot accession no. P32487, alpha helical TMM domain: Yes, Pfam member selector: 
PF00324, minimum sequence identity: 20%, membrane topology override: TOPCONS (http://topcons.
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Plasmids Characteristics Reference

pRS316 Single copy shuttle vector with ura3 selection marker Sikorski et al. (164)

pFB002 pDDGFP-2 derivative with lyp1 fused to YPet Chapter2

pFB017 pRS316 derivative with lyp1 locus Chapter2

pFB018 pRS316 derivative with lyp1 locus fused to TEV-YPet-his Chapter2

pFB024 Lyp1 E164Q derivative of pFB018 This study

pFB025 Lyp1 E206A derivative of pFB018 This study

pFB026 Lyp1 E247Q derivative of pFB018 This study

pFB027 Lyp1 E249Q derivative of pFB018 This study

pFB028 Lyp1 K256A derivative of pFB018 This study

pFB029 Lyp1 E323Q derivative of pFB018 This study

pFB030 Lyp1 E323A derivative of pFB018 This study

pFB031 Lyp1 E331Q derivative of pFB018 This study

pFB032 Lyp1 E331A derivative of pFB018 This study

pFB033 Lyp1 D369N derivative of pFB018 This study

pFB034 Lyp1 D369A derivative of pFB018 This study

pFB035 Lyp1 K256E derivative of pFB025 This study

pFB036 Lyp1 K256N derivative of pFB025 This study

pFB037 Lyp1 V385L derivative of pFB025 This study

pFB038 Lyp1 V385F derivative of pFB025 This study

Primer 
name

Sequence Purpose

Pr1 GGCGGCCGCTCTAGAACTAGTGGATCCCCCGATTTGAGTACTATCGCTGGC lyp1 allele to prs316 rev

Pr2 GATAAGCTTGATATCGAATTCCTGCAGCCCATTGCCATTGGAGAAAGCCC lyp1 allele to prs316 fw

Pr3 TCACAGAACCTCTTGCATGCC Amplification pFB00pre without lyp1 ORF

Pr4 ATATATATATATATACGATGTCTTTTGTTATCGTTATAGACAATGC Amplification pFB00pre without lyp1 ORF

Pr5 GCATTGTCTATAACGATAACAAAAGACATCGTATATATATATATATATGGGCAG-
GTTTAGTAACATAATAAC

Amplification of lyp1-tev-YPet-his from pFB002

Pr6 CTATTTTGAAGGCATGCAAGAGGTTCTGTGATTAATGATGATGATGATG-
GTGGTG

Amplification of lyp1-tev-YPet-his from pFB002

Pr7 ATGGCTACGUTTATCCCCGTGACATCATCTATCACTG Fw primer for E164Q point mutation in lyp1

Pr8 ACGTAGCCAUCTGACCAAGTGACTGGGTAACGAAGTAG Rev primer for E164Q point mutation in lyp1

Pr9 ACTTATGCTGUGGCCGTTTCTGTCATTGGCCAAGTTATTG Fw primer for E206A point mutation in lyp1

Pr10 ACAGCATAAGUAATAGCCCAATTGAACCAGTACATG Rev primer for E206A point mutation in lyp1

Pr11 ATGGTCAATTUGAGTTCTGGGTGGCCTCTGTTAAAG Fw primer for E247Q point mutation in lyp1

Pr12 AAATTGACCAUAAACTTTGACAGGGAAAAAATTCATCAAAG Rev primer for E247Q point mutation in lyp1

Pr13 AGTTCTGGGUGGCCTCTGTTAAAGTTTTAGCCATTATG Fw primer for E249Q point mutation in lyp1

Pr14 ACCCAGAACUGAAATTCACCATAAACTTTGACAGGG Rev primer for E249Q point mutation in lyp1

Pr15 AGCCATTAUGGGTTACTTGATATATGCTTTGATTATTG Fw primer for K256A point mutation in lyp1

Pr16 ATAATGGCUAAAACTGCAACAGAGGCCACCCAGAACTC Rev primer for K256A point mutation in lyp1

Table 3. Primers used in this study

Table 2. Plasmids used in this study

cbr.su.se) (170), membrane topology prediction: default settings, input: Uniprot accession nr P32487. 
The retrieved PDB file was analyzed using PyMOL (The PyMOL Molecular Graphics System, Version 

1.5.0.4 Schrödinger, LLC).
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Primer 
name

Sequence Purpose

Pr17 ACTCAACTGGUTGGGATCACCGCTGGTCAAG Fw primer for E323Q point mutation in lyp1

Pr18 ACCAGTTGAGUACCTTGGTACGTAAATGCAGCATTAATC Rev primer for E323Q point mutation in lyp1

Pr19 ACTGCCCTGGUTGGGATCACCGCTGGTGAAG Fw primer for E323A point mutation in lyp1

Pr20 ACCAGGGCAGUACCTTGGTACGTAAATGCAGCATTAATC Rev primer for E323A point mutation in lyp1

Pr21 ATCACCGCTGGUCAAGCGGCTAACCCAAGAAAGACC Fw primer for E331Q point mutation in lyp1

Pr22 ACCAGCGGUGATCCCAACCAGTTCAGTACCTTGG Rev primer for E331Q/A point mutation in lyp1

Pr23 ATCACCGCTGGUGCCGCGGCTAACCCAAGAAAGACC Fw primer for E331A point mutation in lyp1

Pr24 ATACAACGCGUCCCGTTTATCTGCTAGTTCTGCTGTTATTGC Fw primer for D369A point mutation in lyp1

Pr25 ACGCGTTGTAUGGAACCAGTAGACCAATAAAGAAC Rev primer for D369A point mutation in lyp1

Pr26 ATACAACAATUCCCGTTTATCTGCTAGTTCTGCTGTTATTGC Fw primer for D369N point mutation in lyp1

Pr27 AATTGTTGTAUGGAACCAGTAGACCAATAAAGAAC Rev primer for D369N point mutation in lyp1
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5.6 Supplement

Figure S1: Lysine concentration-dependent growth. (A) Lysine growth selectivity of the 22∆6AAL strain with a 
plasmid containing Lyp1-YPet under the native promoter (+) or an empty plasmid (-). The lysine concentration in 
the SD -Ura, Lys agar plates was 0, 5µM, 50 µM, 500 µM, 5 mM, 50 mM or 500 mM. (B) Growth screen of Lyp1-YPet 
mutants on SD -Ura, Lys plates supplemented with 200 mg/L lysine dipeptide, 500 µM lysine or 20 µM lysine. (C) 
Growth screen of Lyp1-YPet E206A second-site suppressor mutants on SD -Ura, Lys plates supplemented with 200 
mg/L lysine dipeptide, 500 µM lysine or 20 µM lysine.
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6.1 How a secondary transporter can elicit an apparent 
unidirectional flux 

The transport of basic amino acids over the plasma membrane in S. cerevisiae is 

unidirectional under physiological conditions and mainly facilitated by two transporters: 

Can1 and Lyp1 (9). These transporters belong to the APC superfamily, a class of secondary 

transporters that contains both antiporters (which exchange one substrate for another, 

driven by the respective electrochemical gradients) and cation-linked symporters (which 

are often proton-coupled symporters driving the uphill transport of the substrate by the 

downhill transport of the proton). The proton symporters with amino acids as substrates are 

often referred to as amino acid permeases (AAP’s). For non-basic amino acids, dissipation 

of the proton motive force (PMF) has been shown to result in the efflux of accumulated 

substrate from the cells (7, 8). However, for basic amino acids little or no export is observed 

in S. cerevisiae when the PMF is dissipated, and it was therefore reasoned that the proteins 

mediating the transport of lysine or/and arginine, Lyp1 and Can1, must be unidirectional 

(12, 142). The apparent unidirectionality of secondary transporters is controversial and not 

readily compatible with the alternating access model (18, 137). Taking Lyp1 as a model we 

show that apparent unidirectionality of transport is due to (i) a high asymmetry between 

the transport of lysine from the inward and from the outward facing conformation of the 

protein, and (ii) the PMF dependence of Lyp1, such that transport is very slow at low values 

of the PMF, even when the lysine gradient is large. Furthermore, (iii) the lysine stored in 

vacuoles through the activity of Vba1 is not readily available for export when the PMF 

across the plasma membrane is dissipated. We believe that these three factors explain the 

previous observations of unidirectional transport of basic amino acids in yeast. Due to the 

similarity between Lyp1 and Can1 (37), we reason that the kinetic properties of Lyp1 may 

also apply to Can1. 

The kinetic properties of S. cerevisiae Lyp1 are not shared by the prokaryotic homolog 

LysP, an APC family lysine:proton symporter from S. typhimurium. Why basic amino acid 

transporters in S. cerevisiae have the properties that lead to apparent unidirectional 

transport is not well understood. Moreover, such a mechanism is not necessarily advantages 

as high intracellular concentrations of lysine or arginine cause severe growth defects(14-16). 

Rather than regulating the internal concentration of amino acids through export from the 

cell, S. cerevisiae controls the influx by regulating the lifetime of amino acid transporters 

in the plasma membrane (57, 58). 

What causes the apparent asymmetry in import and export via Lyp1? We assume that the 

high level accumulation of basic amino acids is evolutionarily conserved among fungi and 

is a feature of the corresponding transporters. Can1 and Lyp1 share 69% sequence identity, 

and fungal homologs annotated as basic amino acid transporters are up to 52% identical to 
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Lyp1. What are regions (sequences) in Lyp1 that could give rise to the apparent differences 

in kinetics of Lyp1 and LysP? In an attempt to identify the differences between the two 

proteins a pairwise alignment was performed of the consensus sequences derived from 

either the prokaryotic or the fungal homologs of Lyp1. Taking into account that differences 

between Lyp1 and LysP are also a consequence of the more complex regulation and post-

translation modification of the eukaryotic proteins, we introduced a third group in the 

sequence alignment; this third group contains homologs of core group AAP members as 

defined by Ljungdahl et al(3), excluding the Lyp1 homologs. Based on their conservation 

pattern within the alignment of the consensus sequences from the three groups, amino 

acid positions were classified as follows: overall AAP-specific (oAAP-specific), yeast AAP-

specific (yAAP-specific), basic AAP-specific (bAAP-specific) and yeast basic AAP-specific 

(ybAAP-specific). Each class was then subdivided into high and low overall conservation. 

For a full description of the methodology see figure legend (Fig. 1). Each residue in the 

Lyp1 topology model and EVfold model (222-224) (as described in chapter 5) is colored 

according to this classification (Fig. 1). The model together with knowledge of substrate-

binding residues, previously identified in Can1p (37), shows that residues responsible for 

binding the α-carboxylate group of lysine are conserved among all AAPs (oAAP-specific), 

while residues involved in the guanidium/ε-amine group are specific for basic amino acid 

transporters (bAAP-specific). In fact, the predicted substrate-binding residues are only 

classified as oAAP-specific or bAAP-specific (Fig. 1A purple shading), which strengthens the 

predictions made for Can1 on the basis of the structure of AdiC (37). 

To address the question of what causes the kinetic asymmetry of Lyp1 vs LysP, we focused 

on the residues classified as ybAAP-specific with high and low conservation indicated in red 

and orange, respectively. These specific residues are found at contact sites between TM 1 

and 6 or 3 and 12, possibly constraining the orientation of the helices in a manner specific 

to yeast basic AAPs. A stretch of highly conserved residues specific to basic AAPs can be 

found in loop 5 and flanking one side of TM6. In fact, loop 5 is extended in yeast basic AAPs 

compared to the other yeast AAPs and might be responsible for the asymmetry between the 

inward- and outward-facing apo conformations of the protein, thereby possibly modulating 

the transport affinity. 

Zooming in on loop 5 in the Lyp1 model shows that the region is preceded by a sequence 

that is conserved in all yeast AAPs, with the consensus sequence F(R/K/H)YW(R/K/H). 

In contrast, the consensus sequence of LysP homologs has a gap in this region. Different 

from the prokaryotic homologs, the yeast AAPs are (more extensively) post-translationally 

modified and regulatory sequences for endocytosis and COPII vesicle packaging are found 

in the N- and C-terminus. In a study where Andre and colleagues conducted alanine-

scanning mutagenesis of all internal loops of the general amino acid permease Gap1, 

several regions were found that lead to ER retention (227). The ER retention is more likely 
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Fig1: Lyp1 conservation model. To explore the sequence conservation of bacterial and yeast amino acid 
transporters from the APC superfamily, three groups were defined (i) yeast basic AAP; (ii) prokaryote basic AAP; 
and (iii) yeast AAP (excluding Lyp1, Can1 and Alp1). Unique sequences were obtained from the Uniprot (197) 
PF00324 family and grouped on the basis of their sequence similarity to either Lyp1, LysP or S. cerevisiae core AAPs 
(excluding Lyp1, Can1 and Alp1) (3). For the Lyp1 and LysP homologs, members were included that were annotated in 
Uniprot as basic amino acid transporters. These lists contain sequences with 52-99% identity with Lyp1 or LysP and 
contain 68 and 482 sequences, respectively. Homologs of the S. cerevisiae members of AAP core cluster according 
to Ljungdahl et al (3) excluding Lyp1, Can1 and Alp1  were acquired using UniRef50 (197) groups, P19145, P48813, 
P38084, P06775, Q08986, P38085, P38967, P15380, P43548, P53388, P38090, Q03770, corresponding to reference 
sequences of Gap1, Gnp1, Bap2, hip1, Sam3, Tat1, Tat2, Put4, Agp3, Dip5, Agp2, Ssy1, respectively. UniRef50 groups 
were trimmed to 90% identity of the reference sequences, resulting in 460 sequences. For each of the three groups 
a consensus sequence was obtained in Jalview (199), based on a multiple sequence alignment generated by Clustal 
Omega (226). The corresponding consensus sequences were aligned against the sequence of Lyp1, using Clustal 
Omega (226) and gaps removed, with respect to Lyp1. The aligned sequences were plotted in Microsoft Excel and 
conservation with respect to one another was counted. A residue was classified as conserved between groups if the 
most frequent residue in one consensus sequence matched the most or second most conserved residue in the other. 
After that four classes were defined: overall AAP-specific (oAAP-specific), yeast AAP-specific (yAAP-specific), basic 
AAP-specific (bAAP-specific) and yeast basic AAP-specific (ybAAP-specific), each of which was sub-grouped into 
high and low conservation with a threshold value of 50% average identity resulting in a total of eight classes. For 
visualization and interpretation purposes each residue in the Lyp1 topology model (A) and Lyp1 EVfold structure (B) 
was assigned a color according to its class AAP-specific dark and light grey, yeast AAP-specific dark and light green, 
basic AAP-specific blue and cyan and yeast basic AAP-specific red and orange; light and dark colours correspond 
to low and high conservation, respectively. The purple rings in the topology model define the residues involved in 
substrate binding according to Ghaddar et al (37). (C) Lyp1 EVfold model with rainbow coloring corresponding to 
the colored boxing of the TM segments in the topology model (A).
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a result of misfolding than mistargeting of Gap1, and most of the mutations that lead 

to the phenotype are not yAAP-specific. In contrast alanine scanning of loop 5 in Lyp1, 

in combination with activity and localization studies as discussed in chapter 5, seems 

more promising, than alanine scanning of the internal loops. Interestingly, besides the four 

amino acid AAP consensus sequence in loop 5, residues marked as yAAP-specific are often 

found in outside loops or covering one side of a TM segment as shown for TM 4 and 5 and 

may reflect an adaptation to the specific lipid environment of yeasts. 

Fig2: Oligomeric state of Lyp1 and Can1. Number of YPet photo-bleaching steps per d¬iffraction-limited spots for 
fusions with Lyp1 (A) and Can1 (B). The intensity of the foci was tracked over time in the PM of a S. cerevisiae strain 
with a chromosomal deletion of the corresponding native transporter. Stripped bars represent the proteins labeled 
with one Ypet, and the full bars with a tandem YPet. (C) Single YPet bleaching step along 500 frames. (D) Double 
YPet bleaching step along 500 frames. Panels A-D are adapted from Moiset et al. 2013 (1) (E) Mass over charge 
spectrum of purified Lyp1-TEV-eGFP assayed by native mass spectrometry. Three molecule masses in the spectrum 
were identified in multiple peaks corresponding to a single mass with different charges: 28,779 Da (square), 51,913 
Da, (circle) and 104,017 Da (triangle).
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The Lyp1 model (Fig. 1) shows altered conservation in TM11 and TM12, regions that have 

no known role in the mechanism of translocation (33, 137). In the basic amino acid AAP 

homolog AdiC, a prokaryotic arginine/agmatine antiporter, TM 11 and TM 12 form the 

homo-dimer interface (27). Fluorescence bleaching experiments on YPet-tagged Lyp1 and 

Can1 show that these proteins are monomeric in vivo (Fig. 2A-D) (1). Additional to this 

data we performed native mass spectrometry on purified Lyp1-TEV-eGFP ~98 kDa (Fig 2E). 

We observed three populations with masses of (i) ~104 kDa, corresponding to monomeric 

Lyp1-TEV-eGFP; (ii) ~52 kDa, unknown protein (fragment); and (III) ~28 kDa, corresponding 

to the predicted mass of eGFP. The mass spectrometry data shows an additional mass of 

~6 kDa for Lyp1-TEV-eGFP, suggesting the presence of post-translational modifications of 

as yet unknown nature. 

The model put forward from the combined conservation analysis and the EVfold structure 

resembles previously reported models (37, 51). Despite its predictive power, loop 5 and 

10, specific to ybAAPs, are poorly predicted because the number of available sequences is 

limited. Similarly the model lacks reliable structural prediction of the long N-termini that 

are present in yeast AAPs, which is due to low sequence conservation and complete absence 

of these tail regions in prokaryotic members. Although a high-resolution crystal structure 

of Lyp1 is important for understanding the transport mechanism, it will not be sufficient 

to explain the kinetic asymmetry. Site-directed mutagenesis of the identified regions in 

loop 5 in combination with kinetic analysis is the logical next step forward. Alternatively, 

one might consider gene shuffling between Lyp1 and LysP, combined with the directed 

evolution tool we developed in chapter 5. The approach, however, would benefit from the 

identification and subsequent deletion of the gene for the still unidentified transporter 

responsible for the residual uptake of lysine in the 22∆6AAL strain.

6.2 On proton coupling residues in a lysine transporter 

In attempt to decipher the proton coupling mechanism of Lyp1, we replaced anionic 

residues conserved throughout the yeast AAPs for neutral ones, and measured the rate of 

uptake and localization of the Lyp1 mutants in the 22∆6AAL strain. Two mutants, E206A 

and E331Q/A, were unable to sustain growth when expressed in the 22∆6AAL strain and 

were subjected to directed evolution. Directed evolution of E331Q/A resulted in revertants 

only, indicating that the glutamic acid at position 331 is essential for Lyp1 functioning. 

For E206A we isolated second-site suppressors at two locations (Lys256 and Val385). 

The fact that these residues are also marked as overall conserved between AAPs (Fig. 

1) makes it likely that the suppressing adaptation is rescuing a general property of the 

protein necessary for translocation rather than regaining affinity for lysine. This point is 

strengthened by the fact that the equivalent mutation in Can1 renders the protein still able 
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to bind lysine as inferred from substrate-dependent endocytosis but unable to translocate 

arginine (53). With the exception of Asp369, all mutants were severely diminished in uptake 

rate. For some, however, this is likely due to lower levels of protein in the PM. Combining 

our localization studies, activity assays and growth screen, we propose that E206, E323, 

K256, and E249 require a more thorough analysis to establish a possible role of any of these 

residues in proton-coupled transport by Lyp1. 

As lysine is a cationic substrate the membrane potential acts as driving force even in 

uncoupled mutants, which complicates the analysis of the energy coupling mechanism of 

the transporter. Flux-force analysis of Lyp1 mutants in proteoliposomes and systematic 

variation of the ΔΨ and ΔpH components of the proton motive force will be required to 

establish uncoupled transport. Alternatively, or additionally, one should try to measure 

the internal acidification due to proton-coupled lysine transport by encapsulation in the 

proteoliposomes of a pH sensitive dye. 

6.3 An overall conserved plasma membrane association module 
is present in yeast AAP’s.

The yeast AAPs have extended N- and C-termini compared to their homologs in prokaryotes. 

Several functions have been ascribed to these regions, including secretory signaling, 

endocytic regulation, and PKA signaling. As mentioned before, the N-termini have a 

low overall sequence identity, which is in agreement with their recognition by specific 

arrestin mediators, ARTs (58). We confirmed that the N-terminus of Lyp1 is involved in the 

endocytosis of the protein, and that either the ART recognition site or the ubiquitinated 

lysines are present in the first 62 amino acids. We show sequence conservation in the 

C-terminal tail of AAPs and call this region PMasseq. The PMasseq region is conserved within 

ten FWC-containing S. cerevisiae AAPs and partially conserved in the other members of 

the family. PMasseq has a capacity to associate with the PM due to its amphipathic helix 

and a C-terminal cysteine that is specifically palmitoylated. Interestingly, in some AAPs, 

including the basic amino acid transporters Can1, Lyp1 and Alp1, the C-terminal cysteine 

is not present. Addition of FWC to the basic amino acid transporters however led to their 

palmitoylation, showing that the overall feature is conserved. A general function for PMasseq 

has not been found. Loss of PMasseq results in constitutive PKA signaling in Gap1 and Tat2, 

which is inferred from the inability of the mutants to grow on non-fermentable carbon 

sources and confirming an earlier observation made for Gap1 by Donaton et al (65). Another 

consequence of the absence of PMasseq is enhanced PM stability for Bap2 as a consequence of 

reduced endocytic cycling (74). None of these features is universal to all PMasseq-containing 

transporters. The mechanism by which Gap1 induces PKA signaling remains elusive, but we 

know this induction can be triggered either by loss of the C-terminus or binding of specific 

substrates. Interestingly, deletion of the gene coding for Gap1 showed no adverse effect on 
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growth, suggesting a negative-dominant interaction of the C-terminus with other parts of 

the protein. It would be interesting to establish if co-expression of Gap1∆C in combination 

with the C-terminus can restore growth on non-fermentable carbon sources. If this turns 

out to be true, it should be investigated if restoration is due to binding of the C-terminus 

to a specific partner or to Gap1 itself, thereby inhibiting the interaction with another 

protein partner. Interestingly, for some C-termini we observed a distinct immobile fraction 

of protein at the PM. All of these C-termini belonged to basic amino acid transporters, 

namely Can1, Alp1 and Hip1. As posited by Malinska et al (112) and questioned in this thesis, 

Can1 is believed to partition into the MCC/eisosome, a PM compartment enriched with 

Can1, but deletion of the 10 last amino acids of Can1 did not affect its localization near 

MCC/eisosomes. In a different experiment, in which the C-termini of Can1, Lyp1, Hip1 and 

Alp1 were expressed in a strain with disrupted eisosomes ∆pil1 (119), the patchy pattern 

remained unaltered (data not shown). We therefore conclude that the interaction partner 

of the Can1 C-terminus is not associated with the MCC/eisosome and remains elusive. 

Following, it is important to establish whether the patchy appearance of the C-termini 

of Can1, Alp1 and Hip1 originates from the same binding partner(s), e.g. by performing a 

dual-color fluorescence cross correlation analysis. To resolve the identity of this binding 

partner a pull out analysis in combination with identification by mass spectrometry could 

be performed. 

6.4 Specific sites of exo-/endocytosis, short lifetimes and slow 
diffusion lead to patchy localization of Can1 and Lyp1 in the plasma 
membrane. 

The PM of yeast is a segregated environment in which polytopic membrane proteins have 

been suggested to partition into their own domain of specific lipid compositions (117). 

Besides these lipid domains, the microcompartment of Can1 (MCC) has been described 

(112). The MCC differs from the previously reported lipid “raft” domains in the fact that 

it contains a cytosolic entity named the eisosome, scaffolding the compartment and 

causing small invaginations of the plasma membrane (119). Only a few polytopic membrane 

proteins have been reported to partition into the MCC/eisosome. Most of these belong to 

the Sur7 family, which are 4—TM proteins with relatively large cytosolic domains, which 

likely interact with the scaffolding proteins of the eisosome.

Besides these proteins three transporters have been associated with the MCC/eisosome - 

Can1, Tat2 and Fur4, all H+-coupled transporters, the former two of which belong to the 

S. cerevisiae AAPs. None of the other AAP homologs was reported to associate with the 

MCC domain, despite the fact that most of them were part of a large screen (117). Probing 

the lateral diffusion by ensemble and single particle measurements showed that Can1 and 

Lyp1 diffuse very slowly: three orders of magnitude slower than a similar size transporter 
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in the vacuolar membrane. We exclude the possibility of compartmentalization of the 

proteins since our SPT analysis shows an unhindered diffusion, while in comparison Sur7 

was shown to be restricted to a distance comparable to the size of a MCC/eisosome. A 

common feature of Can1, Fur4 and Tat2 is that these proteins have a short lifetime in the 

PM due to a direct response to external substrate (58). Due to the very slow diffusion in 

the PM, proteins with a short life time are unable to diffuse far away from their site of 

insertion into the membrane and, as a consequence, a patchy localization is observed 

in the PM. Cross correlation analysis of both Can1 and Lyp1 with the eisosomal protein 

Pil1 showed a strong reduction over time upon addition of the respective transporter 

substrates, which lead to enhanced endocytosis near eisosomes. The correlation between 

the eisosome and Lyp1/Can1 patches is caused by the architecture of the yeast cell, in 

which the cortical ER (cER) covers most of the PM, preventing exo- and endocytic events at 

these places. Disruptions of the cER, however, are often present around MCC/eisosomes, 

as this invaginating entity disrupts ER tethering to the membrane (136). We do not dispute 

the possibility that proteins like Can1 and Lyp1 partition into the MCC/eisosomes, but 

contrary to what was believed so far they are able to freely diffuse in and out. In a study by 

Spira et al (117) it was suggested that the PM of yeast has many domains and that proteins 

partition into different domains which partially overlap. However, in the same study co-

expression of a protein labeled with either RFP or GFP resulted in only a partially overlap 

of the two differently-tagged membrane proteins, which is in agreement with our model 

(Fig. 6 Chapter 4), in which protein localization is biased by the sites of exocytosis and slow 

diffusion of the proteins. 

The most abundant protein in the PM is the P-type ATPase Pma1 and this protein is reported 

to be excluded from the MCC/eisosome domain and thereby forming its own compartment 

the so-called membrane compartment of Pma1 (MCP). Some proteins are fully excluded 

from the MCC/eisosomes and partition only into the MCP, while others can be found in both 

domains. We hypothesized that MCC/eisosome exclusion is enforced by steric hindrance 

through the presence of large cytosolic domains present on the proteins. We showed that 

Pma1 localization anti-correlates with the MCC/eisosome due to the presence of a large 

cytosolic domain. Consistent with this, fluorescent protein fusions require a exceptionally 

long amino acid linker to partition into the eisosome. The accumulation of Can1 and Lyp1 

near the MCC/eisosomes with and without the presence of a long linker, demonstrates that 

MCC/eisosome partitioning cannot be the main contributor to the accumulation of Can1 

and Lyp1 at these sites. The length of this linker, however, is important (Chapter 4) (114, 

116, 123). In conclusion, we propose that the observed localization of Can1 and Lyp1 arises 

from slow lateral diffusion, limited residence time within the plasma membrane and the 

specific sides of exo/endo cytosis. 

What is the main factor causing the slow lateral diffusion in the PM of yeast? Yeast has a 

high fraction of long-chain saturated sphingolipids and ergosterol (228), which results in a 
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high degree of lipid ordering and is expected to slow down lateral diffusion of the proteins. 

However, in studies in which yeast cells were depleted for sphingolipids or erogsterol, 

the lateral diffusion of polytopic membrane proteins was enhanced only 1-1.5 fold (129). 

Although the lipid composition likely plays a role in the slow diffusion, the observed effect 

can also in part be attributed to a reduced PM crowding by mistargeting of e.g. Pma1 as 

a consequence of reduced sphingolipid content in secretory vesicles (101). The role of 

protein crowding as the main determinant for slow lateral diffusion has been proposed by 

Greenberg et al (132), who observed a severely enhanced diffusion of fluorescently labeled 

lipids on the trans side of the membrane after the cells had been subjected to tryptic 

digestion. To the best of our knowledge no further reports have been made on protein 

crowding in the yeast membrane as the dominant factor in lateral diffusion. Therefore, 

we propose a study in which the cells are subjected to tryptic cleavage and the lateral 

diffusion of a single spanning membrane protein and a lipid is probed. 
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Systematic 
Name

Standard 
Name

TOPCONS 
> # TMS

C-ter-
minus > 
Length

C-ter-
minus > 
Topology

C-terminus > Sequence

YCL025C Agp1p 12 52 in HKDWKLFIRADKIDLDSHRQIFDEELIKQEDEEYRERLRNGPYWKRV-
VAFWC

YBR132C Agp2p 12 41 in WKRGKDHFKNPHEIDFSKELTEIENHEIESSFEKFQYYSKA

YFL055W Agp3p 12 57 in KSNHFRTVDLRSINLDEGRRKDMEADLSDQESSLASSETMKDYKSATF-
FRYLSNIFT

YNL270C Alp1p 10 46 in QVWFKCRLLWKLQDIDIDSDRRQIEELVWIEPECKTRWQRVWDVLS

YOL130W Alr1p 2 66 in ASYWIKRIDPPATLNEAAESGAKSVISSFLPKRNKRFNDRSKNINVRAG-
PSNKSVASLPSRYSRYD

YFL050C Alr2p 2 79 in GVLLLLAVISWFLASYWIKKIDPPATLNEAAGSGAKSVISSFLPKRDKRF-
NDDSKNGNARVGVRRKSTVSLPSRYSRYN

YNL065W Aqr1p 12 36 in KWREDRLLKQQRQSWLNTLAVKAKKGTKRDQNDNHN

YPR192W Aqy1p 6 36 in QILDYTTYVTAEKAASTKEKAQKKGETSSSSAVAEV

YHL040C Arn1p 14 44 in RDPKLTDTVAVEYIEDGEYVDTKDNDPILDWFEKLPSKFTFKRE

YHL047C Arn2p 14 42 in RDPRLTEDFAQKLPDREYVQTKEDDPINDWIAKRFAKALGRS

YPR201W Arr3p 10 10 in KPYYIWNNRN

YCL038C Atg22p 12 24 in DVKRGRREAEELSQVLPESERRLD

YML116W Atr1p 14 20 in ESFIKGRRARAAAEYDCTVA

YJR001W Avt1p 11 1 out S

YKL146W Avt3p 11 7 out TIKMWSQ

YNL101W Avt4p 11 4 out IFGV

YER119C Avt6p 11 3 out KLN

YGR224W Azr1p 14 10 in SNKKVTASLR

YBR068C Bap2p 12 52 in NRDFTLLNPLDKIDLDFHRRIYDPELMRQEDEENKEKLRNMSLMRKAY-
HFWC

YDR046C Bap3p 12 52 in KRDFTFLNPLDKIDLDFHRRVYDPEIMRQEDEENKERLKNSSIFVRVYK-
FWC

YNR056C Bio5p 12 1 in I

YLL015W Bpt1p 16 330 out TKRQLSSGMVGLLMSYSLEVTGSLTWIVRTTVTIETNIVSVERIVEY-
CELPPEAQSINPEKRPDENWPSKGGIEFKNYSTKYRENLDPVLN-
NINVKIEPCEKVGIVGRTGAGKSTLSLALFRILEPTEGKIIIDGIDISDI-
GLFDLRSHLAIIPQDAQAFEGTVKTNLDPFNRYSEDELKRAVEQAHLK-
PHLEKMLHSKPRGDDSNEEDGNVNDILDVKINENGSNLSVGQRQLL-
CLARALLNRSKILVLDEATASVDMETDKIIQDTIRREFKDRTILTIAH-
RIDTVLDSDKIIVLDQGSVREFDSPSKLLSDKTSIFYSLCEKGGYLK

YEL063C Can1p 12 43 in FRCRFIWKIGDVDIDSDRRDIEAIVWEDHEPKTFWDKFWNVVA

YLR220W Ccc1p 5 1 out G

YGR217W Cch1p 24 273 in IIGNFSYVYRSGGSRSGINRSEIKKYIEAWSKFDTDGTGELELSYLPRIM-
HSFDGPLSFKIWEGRLTIKSLVENYMEVNPDDPYDVKIDLIGLNKELN-
TIDKAKIIQRKLQYRRFVQSIHYTNAYNGCIRFSDLLLQIPLYTAY-
SARECLGIDQYVHHLYILGKVDKYLENQRNFDVLEMVVTRWKFHCRM-
KRTIEPEWDVKDPTVSSHISNINVNLEPAPGILEREPIATPRMDYGVN-
NFMWSPRMNQDSTMEPPEEPIDNNDDSANDLIDR

YOR316C Cot1p 6 144 in SCKASKILLQATPSTLSGDQVEGDLLKIPGIIAIHDFHIWNLTESIFI-
ASLHIQLDISPEQFTDLAKIVRSKLHRYGIHSATLQPEFITREVTSTER-
AGDSQGDHLQNDPLSLRPKTYGTGISGSTCLIDDAANCNTADCLEDH

YPR124W Ctr1p 3 122 in KIAMLKRWDIQREIQKAKSCPGFGNCQCGRHPEPSPDPIAVADTTSGS-
DQSTRLEKNNESKVAISENNQKKTPTQEEGCNCATDSGKNQANIER-
DILENSKLQEQSGNMDQNLLPAEKFTHN

Appendix 1
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YHR175W Ctr2p 3 16 in CTSYSPEIDDSSLACH

YJR152W Dal5p 12 40 in LRENKRRDKIAAERGFPEETENLEFSDLTDFENPNFRYTL

YPL265W Dip5p 12 60 in KLIYKTKVIKSTDVDLYTFKEIYDREEEEGRMKDQEKEERLKSNG-
KNMEWFYEKFLGNIF

YHL016C Dur3p 15 61 in WEGRHGIYTTLRGLYWDLSGQTYKLREWQNSNPQDLHVVTSQISAR-
AHRQSSHFGQVDEII

YOL158C Enb1p 14 35 in RGFTVNKKQSLSAEEREKEKLKIKQQSWLRRVIGY

YCR075C Ers1p 5 13 out RSRGHDLASEYPL

YCR028C Fen2p 12 57 in QIKENLSKKQVPYIDANDMPGEDDDDDNQDNENDGDDESMEVELH-
NEEMAEISNPFR

YMR319C Fet4p 7 38 in HNWADRQRRVEVTALYARRRILLSYVEKRFPEVMMLEK

YBR008C Flr1p 12 15 in KYGPSLRTRSSYTEE

YLL043W Fps1p 6 141 in VCIYQGHESPVNWSLPVYKEMIMRAWFRRPGWKKRNRARRTSDLS-
DFSYNNDDDEEFGERMALQKTKTKSSISDNENEAGEKKVQFKSVQRG-
KRTFGGIPTILEEEDSIETASLGATTTDSIGLSDTSSEDSHYGNAKKVT

YBR207W Fth1p 7 68 in EEKYGYIPYLPISWQKKRIMKRLSIAKASLDLKHHTSELNSSTSEPD-
SQRRSKDSSVPLIIDSSGSAN

YER145C Ftr1p 7 90 in EERRGHLPFTKNLQLKHLNPGYWIKNKKKQELTEEQKRQLFAK-
MENINFNEDGEINVQENYELPEQTTSHSSSQNVATDKEVLHVKADSL

YBL042C Fui1p 12 47 in KGIPGDAKITDRKWLEEWVEVEEFGTEREAFEEYGGVSTGYEKIRYI

YLR081W Gal2p 12 55 in PETKGLSLEEIQELWEEGVLPWKSEGWIPSSRRGNNYDLEDLQHD-
DKPWYKAMLE

YKR039W Gap1p 12 52 in KRNWKLFIPAEKMDIDTGRREVDLDLLKQEIAEEKAIMATKPRWYRI-
WNFWC

YCR098C Git1p 12 67 in PHSLESDLMKQDVEFHNYLVSNGWTGKMGFDET-
DEESMVRTIEVEENGTNCSKKNAEIISVRQVDQS

YDR508C Gnp1p 12 52 in KKDWSLFIPADKVDLVSHRNIFDEELLKQEDEEYKERLRNGPYWKRV-
LDFWC

YGR191W Hip1p 12 52 in TRNWTLMVKLEDMDLDTGRKQVDLTLRREEMRIERETLAKRS-
FVTRFLHFWC

YGL077C Hnm1p 12 51 in KGKKEFHALEESENEQAEYSNNFDTIEDSREFSVAASDVELENEHVP-
WGKK

YNR055C Hol1p 12 22 in GKRIRLWTKRWYLQSVNLRDGV

YHR094C Hxt1p 12 57 in PETKGLSLEEVNDMYAEGVLPWKSASWVPVSKRGADYNADDLMHD-
DQPFYKSLFSRK

YMR011W Hxt2p 12 36 in ETKGLTLEEVNEMYVEGVKPWKSGSWISKEKRVSEE

YDR345C Hxt3p 12 57 in PETKGLTLEEVNDMYAEGVLPWKSASWVPTSQRGANYDADALMHD-
DQPFYKKMFGKK

YHR092C Hxt4p 12 57 in PETKGLTLEEVNTLWEEGVLPWKSPSWVPPNKRGTDYNADDLMHD-
DQPFYKKMFGKK

YHR096C Hxt5p 12 58 in PETKGLTLEEVNEMYEENVLPWKSTKWIPPSRRTTDYDLDATRND-
PRPFYKRMFTKEK

YDR343C Hxt6p 12 57 in PETKGLTLEEVNTMWEEGVLPWKSASWVPPSRRGANYDAEEMAHD-
DKPLYKRMFSTK

YJL219W Hxt9p 12 56 in PETKGLTLEEVNTMWLEGVPAWKSASWVPPERRTADYDADAIDHD-
DRPIYKRFFSS

YDR497C Itr1p 12 52 in ELSGLELEEVQTILKDGFNIKASKALAKKRKQQVARVHELKYEPTQEI-
IEDI

YOL103W Itr2p 12 55 in PELSGLELEEVQTILKDGFNIKASKALAKKRKQQVAEGAAHHKLK-
FEPTQEIVES

YKL217W Jen1p 11 63 out VGHEKFHRDLSSPVMKKYINQVEEYEADGLSISDIVEQKTECASVKMID-
SNVSKTYEEHIETV



146

AppendixAp
pe

nd
ix

YNL268W Lyp1p 12 43 in YKCRFIWKLEDIDIDSDRREIEAIIWEDDEPKNLWEKFWAAVA

YGR289C Mal11p 12 63 in ETTGRTFSEINELFNQGVPARKFASTVVDPFGKGKTQHDSLADE-
SISQSSSIKQRELNAADKC

YBR298C Mal31p 12 68 in PETAGRTFIEINELFRLGVPARKFKSTKVDPFAAAKAAAAEINVKD-
PKEDLETSVVDEGRNTSSVVNK

YOL119C Mch4p 12 13 in SRHICVGAKLCKF

YGR121C Mep1p 11 97 in GYIPGMRLRISEEAEEAGMDEDQIGEFAYDYVEVRRDYYLWGVDED-
SQRSDVNHRVNNAHLAAERSSSGTNSSSDGNGEMIQSEKILPIHQED-
PANR

YNL142W Mep2p 11 85 in MNAIPFLKLRLSADEEELGTDAAQIGEFTYEESTAYIPEPIRSKT-
SAQMPPPHENIDDKIVGNTDAEKNSTPSDASSTKNTDHIV

YPR138C Mep3p 11 95 in GKIPGVHLRVTEEAEALGLDEDQIGEFAYDYVEVRRDYYQWGVDT-
DALHTTCNGANSASETNPTEDSQNSSLSSATVSGQNEKSNNPKLH-
HAKEA

YLL061W Mmp1p 12 53 in RRDWRHWYIKRMDIDLDSGHSLEDFEATKLERDEDKKYVSSKPLYYRI-
YRFFC

YKL064W Mnr2p 2 7 in TKRRFGF

YDL247W Mph2p 12 64 in PETAGKTFVEINELFKLGVSARKFKSTKVDPFVVKTPLKTSLITTPRE-
ISKLPLQRNSNVSHHL

YGR055W Mup1p 12 62 in QLLPRWGHYKLVSKDVLGEDGFWRVKIAKVYDDTIGDVDTQEDGVI-
ETNIIEHYKSEQEKSL

YHL036W Mup3p 12 36 in KFVLLPKFFHYKLLPKITYLHDGLIVTEWVKKPCLC

YLR138W Nha1p 13 551 in AIITLGRHLNTITLTKTFTTHTTNGDNGKSSWMQRLPSLDKAGRS-
FSLHRMDTQMTLSGDEGEAEEGGGRKGLAGGEDEEGLNNDQI-
GSVATSGIPARPAGGMPRRRKLSRKEKRLNRRQKLRNKGREIFSSR-
SKNEMYDDDELNDLGRERLQKEKEARAATFALSTAVNTQRNEEIGMG-
GDEEEDEYTPEKEYSDNYNNTPSFESSERSSSLRGRTYVPRNRY-
DGEETESEIESEDEMENESERSMASSEERRIRKMKEEEMKPGTAY-
LDGNRMIIENKQGEILNQVDIEDRNEARDDEVSVDSTAHSSLTTT-
MTNLSSSSGGRLKRILTPTSLGKIHSLVDKGKDKNKNSKYHAFKIDNLLI-
IENEDGDVIKRYKINPHKSDDDKSKNRPRNDSVVSRALTAVGLKSKAN-
SGVPPPVDEEKAIEGPSRKGPGMLKKRTLTPAPPRGVQDSLDLEDEPS-
SEEDLGDSYNMDDSEDYDDNAYESETEFERQRRLNALGEMTAPADQD-
DEELPPLPVEAQTGNDGPGTAEGKKKQKSAAVKSALSKTLGLNK

YDR456W Nhx1p 11 154 in AGMLEVLNIKTGEEDTSDDEFDIEAPRAINLLNGSSIQTDL-
GPYSDNNSPDISIDQFAVSSNKNLPNNISTTGGNTFGGLNE-
TENTSPNPARSSMDKRNLRDKLGTIFNSDSQWFQNFDEQVLKPVFLD-
NVSPSLQDSATQSPADFSSQNH

YJL212C Opt1p 13 42 out VQYPGGKLSWWGNNVWKRTYDNDYKKFYTLKKGETFGYDKWW

YML123C Pho84p 12 44 in ETKRKTLEEINELYHDEIDPATLNFRNKNNDIESSSPSQLQHEA

YNR013C Pho91p 13 4 out VMGF

YGL006W Pmc1p 10 56 in RICPDEVAVKVFPAAFVQRFKYVFGLEFLRKNHTGKHDDEEALLEES-
DSPESTAFY

YKR093W Ptr2p 12 49 in RKYNDTEEEMNAMDYEEEDEFDLNPISAPKANDIEILEPMESLRSTTKY

YOR348C Put4p 12 49 in TRTWRQWWLPVSEIDVTTGLVEIEEKSREIEEMRLPPTGFKDKFLDALL

YIL120W Qdr1p 12 31 in KNGKQLSFDRIRANDKSAGRSVGKNSEKVST

YIL121W Qdr2p 12 18 in RKGKELAFKRKKQELGVN

YBR043C Qdr3p 12 20 in KHGDYWRENYDLQKLYDKID

YPL274W Sam3p 12 53 in RRDWKHFYIKRSEIDLDTGCSVENLELFKAQKEAEEQLIASKPFYY-
KIYRFWC

YPR198W Sge1p 14 13 in SSKKTTISAKKQQ

YEL065W Sit1p 14 49 in RNHKLTDSIALEGNDHLESKNTFEIEEKEESFLKNKFFTHFTSSKDRKD

YOL122C Smf1p 11 11 out VQLGMSHGDIS

YLR034C Smf3p 11 11 out ISYLLGADIHF
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YDR160W Ssy1p 12 47 in GTSKIQRLDQLDMDSGRREMDRTDWTEHSQYLGTYRERAKKLVTWLI

YBR069C Tat1p 12 68 in FKSWSFWIPAEKIDLDSHRNIFVSPSLTEIDKVDDNDDLKEYENSES-
SENPNSSRSRKFFKRMTNFWC

YOL020W Tat2p 12 56 in YKCQTGKWWGVKALKDIDLETDRKDIDIEIVKQEIAEKKMYLDSRP-
WYVRQFHFWC

YGR260W Tna1p 12 38 in KRENDKKKAIIDRCNELGEPIPYDERLSDKNPEFKYMY

YJL129C Trk1p 8 73 in PYSLDRAIILPSDRLEHIDHLEGMKLKRQARTNTEDPMTEHFKRSFTD-
VKHRWGALKRKTTHSRNPKRSSTTL

YKR050W Trk2p 8 65 in NRGLPYTLDRAIMLPSDKLEQIDRLQDMKAKGKLLAKVGEDPMT-
TYVKKRSHKLKKIATKFWGKH

YDL210W Uga4p 12 36 in YKKKYYHGPATNLSDDDYTEAVGADVIDTIMSKQEP

YMR088C Vba1p 14 10 in KHTYKRSSSS

YBR293W Vba2p 13 10 in DNLAKPKTRR

YCL069W Vba3p 11 21 in SNKKLIIPKKDETPEDNLEDK

YDR119W Vba4p 14 15 in FNRIHCRSQNCLSLS

YKR105C Vba5p 14 19 in KKLIIPKKDDTPEDNLEDK

YDL128W Vcx1p 11 10 out KTLDSIGNSL

YBR235W Vhc1p 13 339 out RTHSLRVILFVEQEYHRTNETQRMKKLLQVLRIDAEVLVVSLDQ-
FRVYNTIVKGDPIVFDYVNSKLADNEWWKDLVEARDTLKPKRRF-
STIEPQTIAKQFTQSRKYTSGVQKLGVSFTMNTRMPTNRIDTP-
CESEDSDLDTDLTSIRDAFSASTNISVGKDLTTKSKTGSDRTNLL-
VKNLQSDVSTQSLRPVFSSNTLPRTRVVEDGTGEQPTLIPIAEPDL-
SNGNGTGSGIGNGNKLKKPVLPELSPCCSKDSLVTAMQNLGFNDLP-
STAQHLVLNDVMTQMSKSSDLIFSTLPVPALGTHEDHDASLQYV-
EDLDIWLEGLPPCMLINSQTMTVTTAL

YGR065C Vht1p 11 46 out YKRNEKKHALGNGIILYDSNKGEELPEFVKKNMEERDGYYYLKRSS

YHL035C Vmr1p 17 318 in RLYSTFEMNMNSVERLKEYSSIEQENYLGHDEGRILLLNEPSWPK-
DGEIEIENLSLRYAPNLPPVIRNVSFKVDPQSKIGIVGRTGAGKSTII-
TALFRLLEPITGCIKIDGQDISKIDLVTLRRSITIIPQDPILFAGTIKSN-
VDPYDEYDEKKIFKALSQVNLISSHEFEEVLNSEERFNSTHNKFLNLH-
TEIAEGGLNLSQGERQLLFIARSLLREPKIILLDEATSSIDYDSDHLIQ-
GIIRSEFNKSTILTIAHRLRSVIDYDRIIVMDAGEVKEYDRPSELLKDER-
GIFYSMCRDSGGLELLKQIAKQSSKMMK

YNL321W Vnx1p 15 2 out SE

YLL048C Ybt1p 17 328 in LWLVRLYSEVEMNMNSVERVKEYMEIEQEPYNEHKEIPPPQWPQDG-
KIEVNDLSLRYAPNLPRVIKNVSFSVDAQSKIGIVGRTGAGKSTIITAL-
FRFLEPETGHIKIDNIDISGVDLQRLRRSITIIPQDPTLFSGTIKTNLD-
PYDEFSDRQIFEALKRVNLISEEQLQQGATRETSNEASSTNSENVNK-
FLDLSSEISEGGSNLSQGQRQLMCLARSLLRSPKIILLDEATASIDYS-
SDAKIQETIRKEFQGSTILTIAHRLRSVIDYDKILVMDAGEVKEYDH-
PYSLLLNKQSAFYSMCEHSGELDILIELAKKAFVEKLNSKKD

YDR135C Ycf1p 18 78 out AAVDVETDKVVQETIRTAFKDRTILTIAHRLNTIMDSDRIIVLDNGK-
VAEFDSPGQLLSDNKSLFYSLCMEAGLVNEN

YLL055W Yct1p 12 63 in LKRRNNQRLKNYDENLQNYLDRIQLIESENPSSIEEGKVVTHENN-
LAVFDLTDLENETFIYPL

YJL059W Yhc3p 10 14 in RHQIADDRPWCRME

YOR291W Ypk9p 11 26 in KGWLKKKKSSKKYKLLIQEEMKLKEV

YOR087W Yvc1p 8 134 in EARRIKYNRMKRLNDDANEYDTPWDLTDGYLDDDDGLFSDNRNSGM-
RATQLKNSRSLKLQRTAEQEDVHFKVPKKWYKNVKKCSPSFEQYDND-
DTEDDAGEDKDEVKELTKKVENLTAVITDLLEKLDIKDKKE

YMR243C Zrc1p 6 156 in SRRASRILLQATPSTISADQIQREILAVPGVIAVHDFHVWNLTESIYIASI-
HVQIDCAPDKFMSSAKLIRKIFHQHGIHSATVQPEFVSGDVNEDIRRRF-
SIIAGGSPSSSQEAFDSHGNTEHGRKKRSPTAYGATTASSNCIVD-
DAVNCNTSNCL

YGL255W Zrt1p 8 1 out A
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YLR130C Zrt2p 8 1 out A

YKL175W Zrt3p 6 1 out T

YMR279C 14 17 in ENLWNRHRKSEDRSLEA

YBR241C 12 20 in YKRVPETKGKTTYSEVWAGY

YCR023C 12 48 in KIAPIDDNENELHGQGSEDAYNSQSQSSDLRMAHRSSLSSLSNQRCTT

YML018C 10 26 in SSEEEHFENSITASNYESVEVPAANN

UniProtKB 
Acc

Organism Predicted C-terminus

Q5AG77 Candida albicans KRDWTLFIRAKDIDLDTGRINVDLDLLQQEIAEEKAQLAEKPFYIRIYRFWC

H8X5S7 Candida orthopsilosis TRNWKLYYRADEIDIDTGRTDLDLDLLKQEIAEERAILKAKPFYKRIYHFWC

H8X8Z7 Candida orthopsilosis KIWKRNLKLYLKADEIDIDTGRANVDLDLLQQQLAEEKAELAEKPFFYRVYRFWC

H8X8Z9 Candida orthopsilosis KIWKRNLKLYLPIEEIDVDTGRADVDTDLLKQEVELEREALAEKPFYIRCYRFWC

C5MJG0 Candida tropicalis WTRNWKLFIRAKDIDIDTGRRELDLDLVKQEVAEEKAYYASLPIYRRVWHMWC

A5DY10 Lodderomyces elongisporus KIYSRNWKIFYRAHEIDIDTGRAELDLDLVRQEVAEEKAALRASPFYKRFAHFFC

Q6BUX4 Debaryomyces hansenii WKNNWILCIRAKNIDVDVGRRETDLEALKQELEEERAILRTKPLYYRVYRFWC

Q6BIX2 Debaryomyces hansenii KKDWTLFIRAKNLDIDTGRINIDIDVLQQEIAEEKAQLAEKPFFVRFYKFWC

Q6BPX6 Debaryomyces hansenii SRKLNTIVPLDTMDVDTGRRETDIDKLKQELKEEKDIRSAYPMYRKIWNFLF

A5DQ23 Meyerozyma guilliermondii WKKNWILFIRAADIDVDTGRRETDLEALKEELKEERAILATKPWYYRTYRFWC

A5DJZ4 Meyerozyma guilliermondii WARNFHVFHRAKDIDIDTGRRELDLELVKQEIAEEKAHIAAKPFYARIYHFWC

A5DHV6 Meyerozyma guilliermondii KVWKRQWRLYIPIEELDIDTGRVHIDADLIRQEKEEEREQLSKRAFYYRIYKFWC

A5DQ62 Meyerozyma guilliermondii YSRKLNTIVPLDTMDLDTGRRNNDLELVKQENYEKLAAYRAMPWYKKVINFLV

G8YF74 Pichia sorbitophila HKIWKKNWILCIPSRDIDIDVGRRETDLEALKQEIAEEKEIMKAKPLFYRLYNFWC

G8YSS8 Pichia sorbitophila TKNWRLYIKWQDIDIDTGRRELDLELFKQEIAEEKAVIASKPFYYRIYRFWC

G8Y1A0 Pichia sorbitophila YTKNWLFYIKTEDLDIDTGRREIDLDVLRQELAEEAKVMASKPFYYRVWNFWC

G8Y1A1 Pichia sorbitophila LYRRNWRLYLRSHEIDIDTGRRDVDLELLKQEIAEEKRLLSSKPFYVRLYRYWC

G8YRZ6 Pichia sorbitophila KMWKNQWKLFIRAEDIDIDTGRANVDIDVLKQELAEERANLKQKNFFYRSYKFWC

G8YAL9 Pichia sorbitophila SRKLNTVVPLETMDLDSGRRETDVDKLVQELEEEKESKRAAPWYKKVLDFLV

A3GF84 Scheffersomyces stipitis WRKNWILFIRAKDIDVDSGRREADIEALKEELAEERAILRSKPFYYRVYHFWC

A3LNX9 Scheffersomyces stipitis WKRTWRLYIPAKEIDIDTGRRELDLDLVKQEIVEEKAYIASLPFYKRVYHFWC

A3LVM7 Scheffersomyces stipitis WKKDWTLFIRAKDIDVDTGRANIDLDVLQQTIAEEKSQLSEKPFYVRWYKFWC

A3LZA0 Scheffersomyces stipitis RNWRFYVSLKDIDLITGRRDVDLDVIRAEIEDEKRVNKTKPFYIRVWNYWC

G3AEC4 Spathaspora passalidarum WRKNWILFIRAKDIDIDSGRRETDLEALKRELAEERRVLQSKPWWFRLYNYWC

G3AR68 Spathaspora passalidarum YSRNWKLYIRAKDIDIDTGRREMDLDLVKQEVAEEKAYIASLPFYKRVYNFWC

G3AR69 Spathaspora passalidarum KIYTKNWKFFIRAKDIDVDTGRREMDLDLVRQEVAEEKAYIASLPFYMRVYHFWC

G3APH6 Spathaspora passalidarum LFARNWILIIRAKDIDVDGGKRETDIDLLRQEIEEEKEHLKSQPLYYRMYQFWC

G3ANQ4 Spathaspora passalidarum YTRNWRIYLSSADIDLESGRRIVDVEVLQAEMTEEKEANRLKPVYIRLWNYWC

G3B310 Candida tenuis WTKNWKLYFRASEIDIDTGRRELDLDLLKQEIAEERAYIASKPLYYRLYHFFC

G3B2Q4 Candida tenuis WSGNWTLFIRAKDMDIDTGRGENDLEALKAELAQERAVLQSKPLLYRIYHLLC

Q6C6E2 Yarrowia lipolytica KRDGLFLLLKDLDIDTGRREPDLERVKAEMAEERYALSQKNFMYRLYNFWC

Q6CCF3 Yarrowia lipolytica KRDGILKISEIDIDTGRREKDLEKLKAEIAQEEYDLSQRGFAYRVYNFWC

Appendix 2
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UniProtKB 
Acc

Organism Predicted C-terminus

Q6CE13 Yarrowia lipolytica KVWKRPPFLKVSDLDIDTGRRDTDLDRVRAETTAEREYIASRNFFYRVYKFWC

Q6CED5 Yarrowia lipolytica KLWKRPSFVALKDMDLDTGRRETDFELLMHEMDEEAAYIASKPFYYRVYKFWC

C4XXU0 Clavispora lusitaniae WKKNWRWYIPASEVDIDTGRRELDLDLLKQEIAEEKAYLASLPFYRRAYHVVC

C4Y8H1 Clavispora lusitaniae KRNWILQIPAKDLDIDTGRREPDLELLREQIRQEKAILRSKPWYSRFYHLWC

C4Y9T4 Clavispora lusitaniae YSRKLNTIVPLETMDLDTGRRETDFEKLNQELAEEKMAFRTLPWYKKLYQVLF

A0A061ANN9 Cyberlindnera fabianii KVWKRNWILFIRAEDMDIDTGRKHVDMDLLKQEIIHEKMALAETPLYYRLYKTWC

A0A061ALK6 Cyberlindnera fabianii IWVRKIWEFLPLNEIPLDAGKAHPDTDLLQQEIAEEKAIMAAKPFWYRTYKFWC

A0A061B7H7 Cyberlindnera fabianii RAVTGKFVARLWTPLDQIDLDTGKRYPDVDLLIQEKKQDRERLRSKPIYYKLYRFFC

A0A061AZD6 Cyberlindnera fabianii TKNWRLFIPADEIDLVKGRKIFDADVLAQEDAEDREKYRYAAWYVKLFRIMC

F2QPS2 Komagataella pastoris KIYKRNWAMYIRSEEMDLDTGRREMDLNLLKQEVAEERELLRQKPFWYRTYKFWC

K0KEU3 Wickerhamomyces ciferrii WKKNWTLFIRAKDMDIDTGRKHIDMELLKQEIIFEKQRLANSPLYYRAYKYWC

K0KCB0 Wickerhamomyces ciferrii WKKNWSLFVRIEDMDIDSGRAERDLDLLRQEIAEEKAELATKPFFIRLYRFWC

K0KGE7 Wickerhamomyces ciferrii WTRKFWEFTPLNQINLDSGRKDVDTDLLRQELDEEKEYIKSRPFWYRTYRFWC

K0KZN6 Wickerhamomyces ciferrii RLISKRFFKKPYIPLNEIDLDTGKRYPDIEELKAQKKLDAEILASKPLYYRIYNWWC

I2JRW8 Brettanomyces bruxellensis KKDFLIYIKTKDLDIDTGRREMDLDRVKQEVAEEKAYIKSKPFYYRLYKFWC

I2JVD4 Brettanomyces bruxellensis KRDTHILVPVDSIDLDTGRRVVDIDLVKQEVAEEKAYIKS

W1QB26 Ogataea parapolymorpha KRKEYVLFIRSKDIDIDTGRRDTDLEVLKAEIAEEKAHLRSKPFYYRVYRFWC

A0A099NYK4 Issatchenkia orientalis KKDYKFFVRSADIDIDTGRREVDLELLKQELAEEKAFIASKPFYYRLYKTWC

A0A099P6Z2 Issatchenkia orientalis KKNYTFFIKYSNIDLDTGRRVLDVEVLKQEIAEEKAFIASKPFYYRVYKFWC

A0A099P546 Issatchenkia orientalis KKFKVTWLIPVGEIDIVTGRRFVDLDLLKQEIAEEKAFISSKPWYYKVYKFWC

A0A099P7C6 Issatchenkia orientalis KRFKVTWLIPVSEIDIVTGRRYVDVEILKQEVAEEKEFIASKPWYYRIYKFWC

A0A099P5I0 Issatchenkia orientalis KRFKVTWIIPIKEIDIDTGRRVEDWDLLKQEIADEKAFIASKPWYYRLYNMWC

A0A099P867 Issatchenkia orientalis KKFNVVFLVNLKDVDINTGRRVDDLDQIRQEIAEEKAYIASKPLYYRMYKFWC

Q753U5 Ashbya gossypii IWSRNWKFFIKAKEMDIDTGRRELDLELFKEELAQERALLAQKPFIIRVFNFWC

Q755W3 Ashbya gossypii YRRDWKTWLIPARDLDLNTGRKPEDLEMMKHELIVSRARIASSPWYYRAYRFWC

Q757P2 Ashbya gossypii YYRSTTGQWWKILPLAEIDLESGRKNIDIEVVKHEVAARKKYISEQRWYIRYYHYWC

Q74Z84 Ashbya gossypii YKRDWRLFIPAGQIDVDSGRRALDIEELKEQKLREQAETAKKPFYVRWWIFWC

Q750B9 Ashbya gossypii YSRNWTLLNPLDKMDLDTHRRVYDVEVLKQEEYEFKERMRNSPWYVKVLNFWC

Q750B7 Ashbya gossypii YHKDWRICIPASEVDLISHRQVFDEDELKQEDLEWKLKLKSSPIWVRIYHFWC

Q751X7 Ashbya gossypii NKDWRLFIRADQIDLVSHRRIFDADVLKQEDIEYRAKLRNSSIWHRIANFWC

Q750B8 Ashbya gossypii WKRDFRLVIPSSEVDLLSHRQIFDEEVLLQEEAERKERLRNSTLFKRLLDFWC

G8JUU8 Eremothecium cymbalariae TKNWKLLIDPKYMDIDTGRRELDIELFKQELLEQNAIMAKKPFIYRVYNFWC

G8JSP9 Eremothecium cymbalariae YNKNWHTWFVRAKDIDLSTGKKAEDIELMKHEIMVSRAKIAASPLYYRIYRFWC

G8JPF4 Eremothecium cymbalariae YFRITTGKWWGIKKLSEVDLDTGRVNIDIEIIKEEVAERKKFLRNKAWYTRYYYYWC

G8JNU7 Eremothecium cymbalariae TKNWTILNPLSSISVDSHRRSYDVEVMKQEDLEYKQKMKRSKWYVRMSYTWC

G8JNU9 Eremothecium cymbalariae YKDWRLCIPATEVDLNSHRKIFDEDELKQEDLDWKEKMRTASIWVKIYHFWC

G8JMA5 Eremothecium cymbalariae YNKNWQLFIPAEKIDLDLHRKIFDADVLKQEDAEYRAKLRDSSMWHRIAALWC

G8JNU8 Eremothecium cymbalariae YREVQLLIPVDKIDLETHRQIFDEEVLQQEELERKERMKTASFKQRFIAFWC

G8JSS8 Eremothecium cymbalariae KRNWSWMIRSNKIDVNTGRRMIDKEELEKEKQEFNEYMARKSFIAKLWNLWC

H2AXD6 Kazachstania africana CKGWKDWFVRAKDIDLDTGNSITDFEIFKAEIEEEKERIASSPLYYRIYRFWC

H2APM2 Kazachstania africana HKTYKKGWRSLFIPLKHIDLDTGRAVENLALFKQQREEQKIIIASKPFYYRVYRFWC

H2AVD9 Kazachstania africana FARNWRLQIGAEEMDIDSGRKIIDEEGLKQEREEEEKAMNSSFLIKFWHVWC

H2ARN5 Kazachstania africana KRDFTFLTKLEDIDLDAHRRIYDPEFLRQEDEERKEKIRNSSFWIKMKYFWC
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H2AMF1 Kazachstania africana KRDFTLFSDLESVDLDYHRRIYDPELVKQEDEEKKEMLKNSPMWKRMYYFWC

H2AUL0 Kazachstania africana KRDWKLFIRAKDIDLVSHRKIYDGELIKQEEEEFKERLRNGPFWKKVVAFWC

H2AUL2 Kazachstania africana KKDWKLFIRAKDIDLISHRTIFDGELVRQEEEEYKEKLRNGPKWKRVVAFWC

H2AUL1 Kazachstania africana RDWKLFIRAKNIDLITHRNIFDAEIIRQEEEEYREQLKNGPTWKRLVHFWC

H2ATJ7 Kazachstania africana KIWNRDWRLFIRAKNIDLIAHRHIYDPELLRQERKEMRERARNAPLWRKIYNFWC

H2ATJ8 Kazachstania africana WKRDWRLFIRAKDIDLISHRHIHDPEILRQEREEYQEKLRNGPVWRRVYDFWC

H2ATJ9 Kazachstania africana KKDWNLFIRAKDIDLISHRHIYDEDVLKQEKNQYKENLKNGSLWLKIYAFWC

J7R3B9 Kazachstania naganishii YKKNWKIFIKAEDMDIDTGRKDDDLDLLRQEVAEERAVLATKPWWYRWWVFWC

J7S8W6 Kazachstania naganishii KLYIRKKRLLIDVADMDLVSDRKVVDVEVCREEMRIEKEQLAKRSFFARFLHLWC

J7RPC6 Kazachstania naganishii NKDFTFLIPLESIDLDFHRRVYDPEFIRQEREEKKIKLKNSSIWTRMYYFWC

J7SAM4 Kazachstania naganishii NKDYTFLNPLDKIDLDHHRRIYDPEVLKQEDMENKERVRNGNIWTKLKWFWC

J7RI00 Kazachstania naganishii KCYTKDWRLYIKSQDIDLVAHRQIYDEDILRQEREEETERLKNGPYWKRAYSFWC

J7S706 Kazachstania naganishii KRDWKFWIPAHRIDLVSHRKVFDEDILKQEVAEIEQEKKNLSTGRKIQEFFF

Q6CXN2 Kluyveromyces lactis GHKIWKKNWKLFIKASDIDIDSGRRETDIEALKQEIAEEKAFIASKPFYYRMYKFWC

Q6CX27 Kluyveromyces lactis KIWKRNLRLYIKLSEVDVDSGRTDTDAATLKQEKEAEAELMKTKPFYIRLWNFWC

Q6CW55 Kluyveromyces lactis YTGNWKSFVIPLSGIDLDTGLSHSDVEIMKHELEIQRVKLASKPLYYRIFRFWC

Q6CX68 Kluyveromyces lactis YFKCSTGKWFDFKPLAEIDLETDRKNIDIEIVKQEVREREMYLASKPWYIRFYNFWC

Q6CUX2 Kluyveromyces lactis KKDWRLYIPASEIDLISHRKIFDEEILKQEDEEYKIKMKHASIWVKLSNFWC

A0A090C5I2 Kluyveromyces marxianus WKRNFTLVNKLSEIDVDSGRVDIDIETLKKEKEAEDLLMKSKPFYIKFWNFWC

A0A090C4A7 Kluyveromyces marxianus TKDFTFLVPLKEIDLDSYRKRYDPEILRQEDLEHKEKVRSKGWWYKLYDIWC

A0A090C2Y2 Kluyveromyces marxianus YKDWRLVIPAEEVDLVSHRKLFDEDVLKQEDEEYKLRLKHASFWAKMQDFWC

W0T5C5 Kluyveromyces marxianus WKRNWRLFIRAKDIDLDTGRRETDIEALKVEIAEEKAWLASKPFYYRTFKFWC

W0T7S5 Kluyveromyces marxianus YFRISTGKWFDFKPLTEIDLETDRKNIDIEIVKQEVREREFYLSTRPWYIRFYNFWC

Q875S6 Lachancea kluyveri HKDWRLCIPASEVDLSSHRNISDEEILRQEDYEWNEKMSNSSIWVRLCHFWC

Q875S5 Lachancea kluyveri YSKEWKLLVPLDEIDLNSHRHIFDKHILQQEDDEHKEKLKNSGWWVKMANFWC

C5DIW2 Lachancea thermotolerans YTRNWTFAKRAKDIDIDTGRRELDLDALKQEIAEEKLRLSTKPWWYRVYHLWC

C5DEC4 Lachancea thermotolerans ANKSKRVLIPAQEIDLETGRKIKDLEQFKHEVLEDKEKLASKPLYYRIYRFWC

C5E3G7 Lachancea thermotolerans RISTGKWWGFKALRDIDLLTDMRVTDTELSKHELHEKRVKLAQKPLIVRLYHQWC

C5DCD1 Lachancea thermotolerans YTRSWRLLTPTKEIDLDSGRRAVDLELMKDEKRIEEQAMRQKSLFARFIHLWC

C5DK41 Lachancea thermotolerans KRDWKLYIPLEQIDLVSHRKVFDEDLLKQEDAEYEESIRNSGWLSRVAHFWC

C5DK42 Lachancea thermotolerans RDWRVIIPANEVDLVSHRKIFDAEIMQSEQLEEKEQLRHASWTKRAAEFWC

Q6FLI0 Candida glabrata YARNWKLLIPLSKLDIDTGRREMDLDVLRQEIAEEKQMMSTRPWWYRWYSFWC

Q6FW85 Candida glabrata YYRVSFGKWWDVKPLKDIDLETGRKNVDIDVIKAEIAERKMYLKKKPWIVRWYHFWC

Q6FXR1 Candida glabrata WKRDWRLLVPLMEMDLDSGRRVLDAETREEELRVEREYLANASFFTRFLHIWC

Q6FKY8 Candida glabrata TRDFQLLKPLDKIDLDFHRRIYDPELMRQEDEESKERLRNGSFMMRMYHFWC

Q6FRI0 Candida glabrata YKDFTVLTDLNQVDLDNHRKVYDPEFLRQEDLENKERLRNSSFLVKIYEFWC

Q6FMR8 Candida glabrata WKRDWRLFIRAKDIDLDSYRQVFDEELLKQEDEEYKEKLKNGPMWKRVVDFWC

Q6FX81 Candida glabrata KKDWSLFIRANNIDLDKHRQIFDEELLKQEDEEYREKLKNGGYLKRIAAFWC

G0VAE4 Naumovozyma castellii YKRNWKLFIPLEDMDIDTGRRETDMELLKQEIMEEKAILASKPWYIRAYAFWC

G0V7K2 Naumovozyma castellii YRYKTGKWWSMLPLNKIDLETDRKNIDIEILKQEIAERNRHLRASPWYVRWYHFWC

G0V721 Naumovozyma castellii YVRKREFMVGLADMDLDTGRRQVDLDVRREELRREREELAKQSFFKSFLHVWC

G0VDX8 Naumovozyma castellii FKNWSWVVTLEEMDLDTGRKALDPHLHRAEVIAEEAAVAKMSFIKRFWHVWC

G0V828 Naumovozyma castellii KRDFTFLVPLDKIDLNFHRRIYDPELIRQEDEENKEKIKNSSVWVRMFHFWC
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G0VJY7 Naumovozyma castellii SRDFTFLTDLKKIDLDNHRRLYDPELLRQEDEETKERIRNGGWTQKLLNFWC

G0VAR5 Naumovozyma castellii KIWKKDWRLFIRAEDIDLVSHREIFDEELLKQEDEEYRRKLRDGPMWRRVYDFWC

G0V566 Naumovozyma castellii KKDWKLFIRAKNIDLISHRNIFDEELIKQEEDEYRERLRTGPKWRRVYDFWC

G0W6Z4 Naumovozyma dairenensis YKKNWKLFIKAEDMDIDTGRRETDLELLKQEIEEEKAILATKGWWYRQYQFWC

J7S4Q7 Naumovozyma dairenensis HKVFYRYKTGKWWAIMDLDKIDLETDRKNIDIDVLKQEIAERNRHLQASPWYVRWYHFWC

G0W9R9 Naumovozyma dairenensis VYRKKQIVVALEDMDIDTGRRQVDLTIRRQEMKEEQEHLAKSSFFARFLHVWC

G0W844 Naumovozyma dairenensis YVRNLQVLVKLEDMDLETGRKHIDAHEHRAEILAEKAALSQKSFIKRFWHVWC

G0W4H9 Naumovozyma dairenensis KRDFTILNPLEKIDLDFHRRIYDPDFIKQEDEENKERLKNSSIWARIYHWWC

G0W515 Naumovozyma dairenensis SRDFTFLTPLDKIDLDFHRRIYDPELLRQEDAETKERLRNSGWLARLRSFWC

G0WD96 Naumovozyma dairenensis LYFGYKIYTKNWTIFIRAKDIDLVSHRNIFDEEIIKQEEEEYREKLRNGPMWRRVYDFWC

G0W334 Naumovozyma dairenensis KIYTKDWRLFIRAKDIDLDINRDVFDEELIRQEEEEYKEKMRNAPIWQKIYEFWC

J8QB31 Saccharomyces arboricola NRDFTLLTPLDKIDLDFHRRVYDPELMRQEDDENKERMRNASLMKKAYHFWC

Q876K8 Saccharomyces bayanus NRDFTFLNPLDKIDLDFHRHIYDPELMRQEDLENEERKRDMSLMRKTYHFWC

P19145 Saccharomyces cerevisiae YKRNWKLFIPAEKMDIDTGRREVDLDLLKQEIAEEKAIMATKPRWYRIWNFWC

Q08986 Saccharomyces cerevisiae YRRDWKHFYIKRSEIDLDTGCSVENLELFKAQKEAEEQLIASKPFYYKIYRFWC

Q12372 Saccharomyces cerevisiae RIYRRDWRHWYIKRMDIDLDSGHSLEDFEATKLERDEDKKYVSSKPLYYRIYRFFC

P38967 Saccharomyces cerevisiae YYKCQTGKWWGVKALKDIDLETDRKDIDIEIVKQEIAEKKMYLDSRPWYVRQFHFWC

P06775 Saccharomyces cerevisiae YTRNWTLMVKLEDMDLDTGRKQVDLTLRREEMRIERETLAKRSFVTRFLHFWC

P41815 Saccharomyces cerevisiae KRDFTFLNPLDKIDLDFHRRVYDPEIMRQEDEENKERLKNSSIFVRVYKFWC

P38084 Saccharomyces cerevisiae NRDFTLLNPLDKIDLDFHRRIYDPELMRQEDEENKEKLRNMSLMRKAYHFWC

C7GKU3 Saccharomyces cerevisiae WKKDWSLFIPADKVDLVSHRNIFDEELLKQEDEEYKERLRNGPYWKRVLDFWC

P48813 Saccharomyces cerevisiae WKKDWSLFIPADKVDLVSHRNIFDEELLKQEDEEYKERLRNGPYWKRVLDFWC

P25376 Saccharomyces cerevisiae WHKDWKLFIRADKIDLDSHRQIFDEELIKQEDEEYRERLRNGPYWKRVVAFWC

J6EKT3 Saccharomyces kudriavzevii KRNWKLYIKAEDMDIDTGRREVDRDLLKQEVAAERTHLAARSIWYRTWKFWC

J4U463 Saccharomyces kudriavzevii NRDFTLLNPLDKIDLDFHRRIYDPELIRQEDQENEEKTKNMSLMRKAYHFWC

Q7LW70 Saccharomyces pastorianus NRDFTFLNPLDKIDLDFHRRVYDPELMRQEDLENKEKKKHMPLMKKAYLFWC

I2H0N4 Tetrapisispora blattae YWRQTGKIWAFTPLAEIDLDEGRKNIDLDVLKQEIHERKMYLKSRPWYIRFYHYWC

I2GZP0 Tetrapisispora blattae FFEGYLSFPILLGCYIAHKVYFKNWRWYIPASKMDLHSGRKQVDLEVVREELRLEKEHLAQRS-
FFYRFLHVWC

I2GW09 Tetrapisispora blattae TPDANSFFSNYLAMPILIVFYFGYKIWKRDWRLFIRAKDIDLISHRTIYDEELLRQEDEEY-
REKLRNGPKWKRVAAFWC

I2GW10 Tetrapisispora blattae RRDFRLFIRAKNIDLISHRIIFDEELLRQEDEEYKEKLRNGPKWKRVVDFWC

I2H906 Tetrapisispora blattae KKDWVIWNPIESIDLDYCRKIYDPEQLKREDEENRERIRNAGFWARCRAFWC

G8BQI4 Tetrapisispora phaffii HKLWTKNWKIFIPLGQLDLDTGRKQLDLDLLRQEVAEERATLAARPRWFRIYTFWCA

G8BWD8 Tetrapisispora phaffii HRFYRKNWRDWYKSLDEIDLDTGCSYDDIELFKHQREQIKHKIQSKPLYYKIYRFWC

G8BN55 Tetrapisispora phaffii RYKTKKWWEIIPLKDIDLDTGRKNIDIDIVKEEIKERKQYLATKPWYIRLMHHWC

G8BMI1 Tetrapisispora phaffii FKNWRIMTPLEEIDLLTGRKEVDIDILKEELKIEREALRQSSFMKRFLLIWC

G8C0I0 Tetrapisispora phaffii YNKEWTILTDLSKIDLDAHRRIYDPDLIRQEDAENKEKLKNSPFWVRVYNFWC

G8BQ63 Tetrapisispora phaffii YRDWKLYIKADKIDLISHRQIFDENILKQEDEEYKEKLRNGPAWRRIADFWC

G8BU77 Tetrapisispora phaffii YKDWTLLIKAEDIDLQSHRQIFDEDLLKEEDFEYRQRLKNGPFWRRVVDFWC

G8BNJ4 Tetrapisispora phaffii KDYTLLNPLESIDLDDHRRIYDPEELKKEDLATKAELKRRGFHAQLVAFFC

G8ZR40 Torulaspora delbrueckii WKRNWKLFIPLKDLDIDTGRREVDLDVLREELAEERAALAARPFWYRSWKFWC

G8ZNE8 Torulaspora delbrueckii RFYRNDWGNWYIKRRNIDLDTGCSIENVELFRQQREQEQEKISSRPFYYRIYRFWC

G8ZW19 Torulaspora delbrueckii HRNDWGNWYVKRKDMDLDTGCSIEDFELFQAQKEAEKRALASRPLYYRVYRFWC
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G9A0B6 Torulaspora delbrueckii RNDWKNWYVKRRDMDLDTGCSIENLELFQSQKESEKEDLACKPLYYRIYRFWC

G8ZUH4 Torulaspora delbrueckii RKDWSHWYIKAKDIDRDSGYTLAELDNIKMRKEKDKAHIASRPFYYKVYRFFC

G8ZQQ3 Torulaspora delbrueckii KKDWTLFIRAKDIDLDHHRQIFDEDVLRQEDEETKEKLRNGPLWKRILNFWC

R9XIH3 Ashbya aceri WTRNWKFFIKAKDMDIDTGRRELDLELFKEEIAHEKAIMAQKPFIIRVYNFWC

A7THT3 Vanderwaltozyma polyspora WKRNWKLLIPLKDIDIDTGRRETDINLLKQEIAEEKAALAMRPWWYRVYVFWCG

A7THT4 Vanderwaltozyma polyspora HKLWKKNWKFLIPLEDVDIDTGRRDTDVNLLKQEIAEEKAALAMRPWWYRVYVFWCA

A7TJK0 Vanderwaltozyma polyspora RVTTGHWWEYIALKDIDLDTDRKNVDIEIIKQEIHEKKMYLASKPWYVRQFHVWC

A7TIH8 Vanderwaltozyma polyspora KFYFKNWRLFTPYNEIDLDSGKRDIDLELLREEKKMEELALKKQLILR

A7TL35 Vanderwaltozyma polyspora NKDFTLLSPLDKIDLDSYRRIYDPELIKQEDEENKENLKSRPLYYKIYRFWC

A7TF99 Vanderwaltozyma polyspora KRDWKLFIRAKDIDLDTHRQIFDENILRQEDEEYKEKLRNGPMWRRFLAFWC

A7TM27 Vanderwaltozyma polyspora AKDFTFLNPLESIDLDFHRRIYDPEEMAEINRQEKEEYKNSSIVGKIIYWLC

S6EA41 Zygosaccharomyces bailii YRRDWNHWYIRRADIDLDTGCSMENLDMFKQQKEEERVYIASKPIYYRIYRFWC

W0W0M9 Zygosaccharomyces bailii HKIWKKNWKLFIRAEDMDIDTGRREMDLELLKQEIAEERAALAAKPWWYRIFKIFC

W0W6L2 Zygosaccharomyces bailii TRNWKLLVPPKEMDVQSGRKKVDIEHNRQEKQIEAELVAKKPLWWRFTNFWC

W0W6G3 Zygosaccharomyces bailii YRDFTFLTPLDKIDLSYHRRFYDPELLRQEDEENRQALKNAPFWVRMHAFFC

W0VRS2 Zygosaccharomyces bailii KKDFRLFIRSKNIDLDKGRQVFDEELLRQEDEEYDQQIKAGPRWRRVVAFWC

C5DV44 Zygosaccharomyces rouxii KKNWKLFIKAEDMDIDTGRRELDLDLLRQQVEEERAALAAKPMWYRIYKFFC

C5DWV7 Zygosaccharomyces rouxii YRKDWTHWYIKRSDIDLDTGCSVENIELFKEQREEEKIYAATKPFYYKIYRFLC

C5E0F7 Zygosaccharomyces rouxii TRDFTFLIPLNKVDLDSYRRYYDPELLRQEDEEHKQAMKSASIWIKLHSFFC

C5DZ15 Zygosaccharomyces rouxii KKDFRIFIRSKDIDLDFKRQVFDEDLIKQEDEEYAEQMRNAPRWRKVIAFLF
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De titel van mijn proefschrift ‘Kinetiek, dynamiek en lokalisatie van basische-aminozuur 

transportsystemen in Saccharomyces cerevisiae’ geeft aan dat membraantransport de 

focus van mijn onderzoek is geweest, en in het bijzonder de bestudering van het lysine 

transporteiwit Lyp1. Alvorens op de details en specifieke bevindingen van dit proefschrift 

in te gaan, geef ik een globale omschrijving van een levende cel. 

Algemene beschrijving van een cel en aminozuur transport

Een levende cel is de kleinste eenheid van leven, welke alle genetische informatie van het 

organisme bevat. Een organisme kan meercellig zijn, zoals wij mensen, waarbij de eenheden 

(cellen) gedifferentieerd zijn en op deze manier de verschillende taken volbrengen die 

zorgen voor het totaal functioneren van het hele organisme (de mens). Daarentegen zijn 

er ook eencellige organismen zoals bacteriën en sommige schimmels waarbij een eenheid 

(de cel) alle functies vervult. In dit proefschrift bestuderen we enkele aspecten van de 

fysiologie van Saccharomyces cerevisiae, een eencellige schimmel, bekend als bakkersgist. 

Bakkersgist wordt veel gebruikt in de voedselindustrie bijvoorbeeld voor het brouwen van 

bier of het laten rijzen van brood.

De eigenschappen van een cel liggen vastgelegd in het DNA (Desoxyribonucleïnezuur), dat 

codeert voor veel verschillende eiwitten. Eiwitten zijn verantwoordelijk voor de meeste 

processen die in een cel plaatsvinden. Zo wordt genetische informatie afgelezen van 

het DNA, wat leidt tot vorming van nieuwe eiwitten en zorgen andere voor de structuur, 

opbouw en afbraak van eiwitten en andere bouwstenen in een cel. Een eiwit is vervolgens 

weer opgebouwd uit 20 verschillende bouwstenen, de aminozuren. Hoe deze bouwstenen 

moeten worden gecombineerd, ligt vast in het DNA. De aminozuren worden door de cel 

zelf gemaakt of worden van buitenaf ingevoerd. 

Een cel is omsloten door een membraan, in gist is dit het zogeheten plasmamembraan. 

Een membraan zorgt ervoor dat alle eiwitten en bouwstoffen in de cel blijven en de 

condities gehandhaafd worden om de cel te laten functioneren. Binnen een eukaryote 

cel zoals gist zitten verschillende compartimenten, de organellen, elk omsloten door een 

eigen membraan (Fig. 1). Door deze opdeling in compartimenten kunnen verschillende 

processen plaatsvinden in de cel die anders met elkaar zouden interfereren. Voor het 

functioneren van de cel en de verschillende organellen is het noodzakelijk dat stoffen 

worden opgenomen en uitgescheiden. Om het verplaatsen van stoffen over het membraan 

mogelijk te maken zijn er eiwitten aanwezig in het membraan, membraaneiwitten 

geheten. Niet alle membraaneiwitten zijn betrokken bij het faciliteren van transport; een 

aantal zorgen voor het doorgeven van signalen en weer anderen zorgen voor behoud van 
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het celmembraan. De eiwitten die het transport van stoffen over het membraan van buiten 

naar binnen faciliteren zijn de membraan transporteiwitten. 

Er bestaan meerdere type transporteiwitten, die o.a. gedifferentieerd zijn door het type 

van energiekoppleling en transportmechanisme. In dit proefschrift bestuderen we de 

zogeheten aminozuurpermeasen, die in S. cerevisiae verantwoordelijk zijn voor de import 

Vacuole

Nucleus

pEr

cErGolgi

Lyp1K,R

Can1R

Alp1R

Gap1all

Hip1H

Mmp1M

Sam3 M

Agp1 V,I,F,M,N,S,L,T,C,A,P,G,Q,Y

Bap2 V,I,F,Y,W,M,C,A,L

Bap3 V,I,F,Y,W,M,C,A,T

Gnp1 T,G,S,C,L,M,N,P

Tat1 V,T

Tat2 F,W,Y,G,A

Put4 V,A,P,GABA

Dip5 S,A,N,D,G,Q,E

Agp2 

Agp3 D,E,S,M

Ssy1none
Vba1,2,3

Mitochondrion

ATP ADP+PipH ~ 7.5

pH ~ 5.5

pH ~ 5.5

- - -

+ + + S
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+
H+

H+
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Figuur 1: Schematische weergave van een gistcel. De cel is omsloten door het plasmamembraan; 
een lipide-bilaag (zwart) en een celwand bestaande uit gestapelde suikers (bruin); de celwand is 
verantwoordelijk voor de structuur van de cel. Het volume binnen de cel heet het cytoplasma; 
in het cytoplasma liggen verschillende organellen die met hun eigen membraan compartimenten 
vormen in de cel. Enkele van deze organellen zijn weergegeven in de figuur, zoals het mitochondrion, 
verantwoordelijk voor het omzetten van suikers in ATP (brandstof van de cel); de celkern (nucleus), 
waar het DNA is opgeslagen; de vacuole, waar afbraak van eiwitten plaatsvindt; en het golgi-complex, 
verantwoordelijk voor het verkeer van eiwitten naar hun plaats van bestemming. Het Endoplasmatisch 
reticulum (ER) is de bindingsplaats van het zogeheten ribosoom, een groot eiwitcomplex dat 
verantwoordelijk is voor de synthese van alle eiwitten. Dit endoplasmatisch reticulum is opgedeeld 
in het perifeer endoplasmatisch reticulum (pER), dat om de nucleus heen ligt, en het corticaal 
endoplasmatisch reticulum (cER), dat tegen het plasmamembraan aan ligt. In het plasmamembraan 
en de vacuolaire membraan zijn veel membraaneiwitten aanwezig, waarvan in de figuur slechts 
enkele zijn weergegeven. De aminozuur transporteiwitten zorgen voor de opname van specifieke 
aminozuren (aangegeven met hun 1-lettercode, subscript (tabel. 1) samen met een proton (H+). De 
vrije protonen, die meer aanwezig zijn buiten de cel dan binnen de cel, drijven de opname van 
aminozuren. Daarnaast is de lading binnen de cel iets negatiever dan buiten de cel en worden positief 
geladen moleculen naar binnen getrokken. Om deze gradiënten in stand te houden zijn er eiwitten 
aanwezig die protonen tegen de gradiënt in naar buiten pompen, zoals de protonenpomp Pma1, die 
ATP verbruikt als brandstof.
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van aminozuren. Dit type transporteiwitten komt voornamelijk voor in het plasmamembraan 

(membraan aan de buitenzijde van een cel). De aminozuurpermeasen transporteren 

een aminozuur samen met een proton van buiten naar binnen. Door de positieve lading 

van het proton (H+), de negatieve lading binnen de cel en de pH-gradiënt die samen 

de protondrijvende kracht vormen zijn de eiwitten in staat om specifieke aminozuren 

tegen de gradiënt in naar binnen te transporteren. Basische aminozuur-transporteiwitten 

transporteren specifiek de positief geladen aminozuren lysine en of arginine (Fig. 1); in S. 

cerevisiae zijn dit de eiwitten Lyp1, Can1 en Alp1. 

Inhoud proefschrift

Het eerste hoofdstuk van dit proefschrift beschrijft wat er bekend is over aminozuurpermeasen 

in het plasmamembraan van gist; hoe de eiwitten transport van moleculen over het 

membraan faciliteren en hoe hun regulatie en locatie in het plasmamembraan is geregeld.

In het tweede hoofdstuk worden de eigenschappen van Lyp1 uit gist en LysP uit Salmonella 

typhimurium (een bacterie) vergeleken. Het transport van basische aminozuren via Lyp1 en 

LysP is gekoppeld aan de protonen drijvende kracht. Verstoring van deze proton drijvende 

kracht in bakkersgist leidt echter niet tot de verwachte aanpassing van het evenwicht van 

lysine binnen en buiten de cel. Dit is opmerkelijk aangezien dit voor bacteriën wel het geval 

is. Er is dan ook gesteld dat Lyp1-gemedieerd transport unidirectioneel is, oftewel alleen 

van buiten naar binnen de cel. Eerder onderzoek is voornamelijk uitgevoerd in hele cellen, 

waarbij vele factoren invloed hebben op het gemeten transport. Om deze factoren uit te 

sluiten hebben we het Lyp1 transporteiwit geïsoleerd, gezuiverd en vervolgens teruggezet 

in liposomen (membraanzakjes gevuld met water). In dit kunstmatige systeem hebben 

we controle over de drijvende krachten en is het gemeten transport puur afhankelijk 

van de transporteigenschappen van de transporter. De kinetische eigenschappen kunnen 

vervolgens worden vastgesteld door het transport te meten bij variërende omstandigheden. 

Aan de hand van onze bevindingen verklaren wij dat het waargenomen unidirectioneel 

transport van lysine een combinatie is van de secundaire opslag van lysine in de vacuole, 

waardoor de effectieve concentratie van lysine in het cytoplasma wordt gereduceerd, 

en de transporteigenschappen van Lyp1, dat in tegenstelling tot LysP onder vergelijkbare 

omstandigheden veel trager verloopt. Echter onze metingen laten zien dat het transport 

wel degelijk in beide richtingen plaatsvindt, wat Lyp1 net als LysP een bidirectionele 

transporter maakt.

In het derde hoofdstuk zijn de sequenties van transporteiwitten in S. cerevisiae, 

welke gelokaliseerd zijn in het plasmamembraan, vergeleken met transporteiwitten 

gelokaliseerd in het vacuolaire membraan. Uit deze analyse is gebleken dat de C’-

staart van transporteiwitten in het plasmamembraan over het algemeen langer is dan 
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die van transporteiwitten in het vacuolaire membraan. Vele van deze C’-staarten in de 

aminozuurpermeases bleken op zichzelf te associëren aan het plasmamembraan. Deze C’-

staarten werden herkend door een specifiek eiwit, palmitoyltransferase Pfa4. Dit enzym 

koppelt een lipidegroep aan het uiteinde van de C’-staart en verankert daarmee het 

uiteinde van de transporteiwitten in de membraan. Het verwijderen van dit anker leidde bij 

sommige aminozuur transporteiwitten tot nadelige effecten voor de cel. Wij concluderen 

dat de C’-staarten de functie en lokalisatie van de transporteiwitten beïnvloeden. 

Het vierde hoofdstuk beschrijft verschillende factoren die de plaats van een membraaneiwit 

in het plasmamembraan bepalen. In het plasmamembraan bevinden zich verschillende 

compartimenten, gevormd door de interacties tussen verschillende lipiden met eiwitten. 

Een van deze compartimenten is het zogeheten microcompartiment van Can1 (MCC), 

een aminozuurpermease dat lijkt op Lyp1. Dit MCC vormt een kleine instulping in het 

plasmamembraan, waarin zich verschillende eiwitten bevinden. Van sommige eiwitten 

is al duidelijk dat ze verbindingen aangaan met de structurele eiwitten in het cytosol. 

Van andere eiwitten is dit niet bekend en is er ook geen functionele reden om in deze 

compartimenten aanwezig te zijn. Door middel van fluorescentiemicroscopie, waarbij 

eiwitten gelabeld zijn met een lichtgevend eiwit, hebben we de lokalisatie en diffusie 

van een aantal membraan transporteiwitten bepaald. We hebben aangetoond dat de 

diffusiesnelheid voor membraaneiwitten in het plasmamembraan van S. cerevisiae erg traag 

is. De verspreiding van eiwitten duurt hierdoor lang, terwijl de inbouw en verwijdering van 

bijvoorbeeld Can1 en Lyp1 uit de membraan relatief snel is. Deze regulatie houdt in dat 

de eiwitten een korte levensduur in het plasmamembraan hebben en dus na binnenkomst 

weer snel uit de cel verwijderd worden. Hierdoor is de lokalisatie in het plasmamembraan 

dus sterk afhankelijk van de plaats waar deze eiwitten worden ingebracht. Door de 

structurele eigenschappen van de cel vindt insertie van de eiwitten in de plasmamembraan 

vaak plaats in de buurt van de zogeheten MCC-compartimenten en komen eiwitten met 

een korte levensduur hier relatief vaak voor. Door middel van zeer gevoelige fluorescentie 

microscopietechnieken zijn we in staat een enkel eiwit gedurende een korte periode te 

volgen in het membraan. Hiermee hebben we aangetoond dat Can1 en Lyp1 ongehinderd 

diffunderen in het plasmamembraan, terwijl een ander MCC-eiwit, Sur7, gelimiteerd is 

tot een klein gebied. Op basis van deze metingen konden wij vaststellen welke eiwitten 

echt in MCCs voorkomen en welke in de buurt van MCCs blijven. Tevens stellen wij in dit 

hoofdstuk vast dat de meeste eiwitten vrij in en uit het MCC kunnen bewegen en alleen 

beperkt worden als zij aan de cytosolzijde een groot domein (uitstulpsel) hebben. 

In het vijfde hoofdstuk is gekeken naar het protonkoppelingsmechanisme in Lyp1. Het proton-

translocatiepad is in veel membraaneiwitten onbekend. Wel is er bekend dat aminozuren 

met een zure zijketen vaak een rol spelen in het energie koppelingsmechanisme van de 

transporteiwitten. Om het protonkoppelingsmechanisme van Lyp1 te ontcijferen vervingen 



157

Chapter 1Ch
ap

te
r 

1

NederlaNdse sameNvattiNg
Sam

envatting N
LSa

m
en

va
tt

in
g 

N
L

we evolutionair geconserveerde zure aminozuren door neutrale aminozuren. Vervolgens 

testten we of lysine nog steeds getransporteerd wordt door de mutanten in een specifieke 

S. cerevisiae stam tot expressie te brengen. Op deze manier vonden we posities in Lyp1 

die essentieel zijn voor het functioneren van het eiwit. Met de lysine-selectieve stam 

voerden we een versnelde evolutie uit op eiwitten die niet functioneel bleken en vonden 

dat mutatie van een aantal andere residuen het lysine transport kunnen herstellen. Op 

basis van de gecombineerde resultaten van onze lokalisatie-, activiteits- en evolutiestudies 

concluderen we dat aminozuren Glu206, Glu323, Lys256 en Glu249 in Lyp1 mogelijk een rol 

spelen in het protonkoppelingsmechanisme.

In hoofdstuk zes analyseer ik enkele onopgeloste vraagstukken en geef suggesties hoe deze 

vragen te beantwoorden zijn. Een van deze vragen is: ‘Welke residuen zijn verantwoordelijk 

voor de asymmetrie van in- en export van lysine in Lyp1?’ Als voorbereiding hierop heb ik 

gekeken naar de overeenkomsten en verschillen tussen aminozuurpermeasen van gisten en 

bacteriën, en dan specifiek naar de groepen die verantwoordelijk zijn voor het transport 

van basische aminozuren (lysine en arginine). Uit deze analyse kwamen verschillen naar 

voren die het verschil in transport van Lyp1-achtige en LysP-achtige transporteiwitten zou 

kunnen verklaren. Een andere vraag is: ‘Wat is de betrokkenheid van de C’-staart bij de 

functie, regulatie en lokalisatie van de aminozuurpermeasen? Gezien de grote variatie in 

de C’-staarten en de verschillende fenotypen van de geconstrueerde mutanten lijkt een 

eenduidige functie onwaarschijnlijk. De lokalisatie van sommige C’-staarten lijkt te duiden 

op mogelijke bindingspartners. 

Het oorspronkelijke doel van mijn promotieonderzoek was om een lysine-exporterende 

gist stam te maken. Hoewel dit doel niet gerealiseerd is, heb ik de randvoorwaarden 

voor het maken van dergelijke stammen duidelijk in kaart gebracht. Mijn werk toont aan 

dat technologische doorbraken afhankelijk zijn van een sterke fundamentele basis in het 

wetenschappelijk onderzoek.
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letter aminozuur 

A alanine

R arginine

N asparagine

D asparaginezuur

C cysteine

Q glutamine 

E glutaminezuur

G glycine 

H histidine 

I isoleucine 

L leucine 

K lysine 

M methionine 

F phenylalanine 

P proline 

S serine 

T threonine 

W tryptofaan 

Y tyrosine 

V valine

tabel 1. aminozuren en hun 1 lettercode
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