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1.1 Components of the yeast lipidome: structural classes, physical properties, 
biogenesis and subcellular localization 

The interior of the cell is separated by a membrane designated as the Plasma Membrane 
(PM). Hydrophobic solutes may freely diffuse across, but the PM is selectively permeable 
for hydrophilic solutes (even for the smallest solutes, i.e., ions) through the proteins 
embedded in it. Today, the membrane is still largely described by the classical model of 
Singer and Nicolson1. A fluid mosaic sea of lipid molecules arranged as a bilayer in which 
proteins can freely move laterally. Although there are more than a thousand varieties of 
lipids known, the majority can be subdivided in three classes; phospholipids, sterols and 
sphingolipids. I will first highlight the structure of each and the differences between 
them. Then I will continue describing their synthesis, trafficking and homeostasis. 
Quantification of the lipid composition of organelles along the secretory pathway and 
their physical behavior within a bilayer are also discussed. All information is related to 
yeast unless stated otherwise. When applicable to figures, I have assigned a color coding 
to each lipid species for recognition purposes and to highlight shared molecules in 
biosynthetic pathways. 

1.1.1 Structure and synthesis 

phospholipids 

Phospholipids are comprised of a hydrophilic headgroup and a hydrophobic aliphatic tail 
also known as fatty acid. They are the primary structural components of the plasma 
membrane (i.e., 70%) and are present in all domains of life. The proportion of each 
phospholipid (headgroup, type of fatty acid) can be different depending on the 
organism, but they all share the same structural backbone that remains conserved 
between kingdoms. The backbone is a glycerol esterified with fatty acids to the sn-1 
(mostly saturated) and sn-2 (mostly unsaturated) positions and a phosphate group to 
the sn-3 position. The polar head group can be; choline; ethanolamine; serine; glycerol 
or inositol and is linked to one hydroxyl (OH) group of the phosphate, which is used for 
classification of the phospholipids. Additionally, Inositol can be (poly)-phosphorylated at 
multiple positions. A brief outline of phospholipid synthesis is depicted in figure 1. Please 
note that the synthesis via the Kennedy pathway is not depicted here and can be found 
in2. Multiple enzymes are involved in the synthesis of each phospholipid; however, the 
outline only shows major steps in the synthesis from one major phospholipid species to 
another. The synthesis of all phospholipids goes through phosphatidic acid (PA/PtdOH). 
PA synthesis requires four enzymes and occurs in various organelles depending on the 
cell type, but all eukaryotic cells harbor the complete set of enzymes in the ER. Yeast 
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additionally, has three of these enzymes present in lipid particles3. Most of these 
reactions take place in the mitochondria and Endoplasmic Reticulum (ER), but Golgi and 
lipid particles also contribute. Important to note here, synthesis is executed as 
interconnected reactions between various organelles. As an example, 
phosphatidylserine (PtdSer) is synthesized in the ER, but has to migrate to the 
mitochondria or Golgi to be decarboxylated to phosphatidylethanolamine (PtdEtn). 
PtdEtn in turn returns to the ER to be triply methylated to phosphatidylcholine (PtdCho)4. 
This seems redundant, but may serve to enrich distinct lipid species along the synthesis 
pathway that eventually function in transport and secretion. 
 

 
Figure 1: Structures of phospholipids. Bonds are depicted as sticks. Each bend represents one carbon atom. 
Other atoms are; O = oxygen; P = phosphorus; H = Hydrogen. Double bonds are represented by two parallel 
sticks. Color coding is applied to highlight repetitive structures. For headgroups: Glycerol, Inositol, Serine, 
Ethanolamine and Choline. PtdGly = Phosphatidyl-Glycerol, PtdIno = Phosphatidyl-Inositol, PA = Phosphatidic 
Acid, PtdSer = Phosphatidyl-Serine, PtdEth = Phosphatidyl-Ethanolamine and PtdCho = Phosphatidyl-Choline. 
Fatty acid depicted on sn1 = palmitic acid and on sn2 = oleic acid, resulting in 1-palmitoyl-2-oleoyl-sn-glycero-
3-X, where X = headgroup. Arrows are according to the synthesis pathway, and substrates added for 
phospholipid synthesis are indicated. The synthesis pathway (dashed box) indicates the sequential formation 
of phospholipids. Lipids of which structures are shown are in black, enzymes responsible for synthesis are 
colored light brown, and lipids of which no structure is depicted are light grey.  
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Sterols 

Sterols are synthesized by animals, plants and fungi. With a few exceptions reported for 
bacteria, but the de novo synthesis and occurrence of sterols in bacteria is debated5. 
Sterols are characterized by a tetracyclic hydrocarbon ring structure with an 
unsaturation at C5-6, a hydroxyl attached to the C3 position, two methyl groups at 
position C18 and C19 and an aliphatic tail to C17 (Figure 2). 
 

 
Figure 2: Structures sterols. General structure of a sterol and position numbering. The structures of ergosterol 
and cholesterol are shown highlighting the differences by light brown circles. 
 

Cholesterol is mainly present in animals and is classified as a zoosterol. Plants mostly 
contain sitosterol, campesterol, stigmasterol and brassicasterol, while fungi 
predominantly have ergosterol6,7. The sterols of plants and fungi are classified as 
phytosterols. This classification is based on the aliphatic tail, which for phytosterols is 
defined by definitive features such as a one- to two-carbon addition at the C24 position 
and a possible double bound in the aliphatic tail. Sterol synthesis is an energy costly 
process as more than 20 enzymatic reactions need to be performed; for a 
comprehensive overview I refer to4. In short, the synthesis can be divided into two 
pathways. First, the melavonate pathway that starts with 2 molecules of Acetyl-CoA and 
in 9 steps renders farnesyl pyrophosphate. Second, the ergosterol biosynthetic pathway 
that continues with farnesyl pyrophosphate and in 12 steps ends with ergosterol. The 
complete melavonate pathway is essential since farnesyl pyrophosphate serves as a 
starting point for several other essential molecules (i.e., Vitamins, CoenzymeQ). The 
second part of the pathway is essential until a sterol intermediate is formed (i.e., 
lanosterol after the first 3 steps, or if the intermediate sterol cannot replace ergosterol), 
but this depends on the environmental conditions. For instance, yeast ergosterol knock-
outs evolved for thermotolerance specifically produce fecosterol (4 steps upstream)8.  
The subcellular location of sterol biosynthesis is not fully known, but is believed to mainly 
occur in the ER9. Only the first three enzymes of the melavonate pathway are located in 
the mitochondria, although this may differ between organisms10. In yeast at least the 
first reaction is shown to be located in this organelle. Evidence for ER-located sterol 
biosynthesis comes from the observation that most of the early intermediate sterols are 
found in microsomes (vesicles derived from the ER), while ergosterol is enriched at later 
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stages of the secretory pathway with the highest concentration in the PM. Also, enzymes 
involved in late steps of the pathway are found in lipid particles together with high 
concentrations of ergosterol, episterol, fecosterol and zymosterol11. This separation of 
late intermediates may prevent product inhibition and may be favorable for the many 
earlier reactions of the pathway to take place in a single organelle (i.e. ER). 

Sphingolipids 

Plants, animals and fungi contain sphingolipids, but they are generally absent in bacteria, 
with some exceptions12. Sphingolipids also contain a hydrophilic headgroup and 
hydrophobic aliphatic tails but they are connected by an amino alcohol rather than 
glycerol; the headgroups are mostly sugars and the aliphatic tails are generally longer 
(i.e., C26:0) than those of phospholipids, called Very Long Chain Fatty Acids (VLCFA). 
Unlike phospholipids the structural backbone differs significantly between kingdoms.  
In both animals and fungi, sphingolipid synthesis is initially the same, but deviates at a 
later step. For yeast, synthesis takes in 11 enzymatic steps of which 8 occur in the ER 
(figure 3); not all 11 reactions are shown. For a comprehensive overview of sphingolipid 
synthesis see13. Synthesis starts with condensation of the amino acid serine (rather than 
esterification with glycerol in phospholipids) with fatty-acid-Coenzyme A (CoA), typically 
palmitoyl-CoA and remains the same until a dihydroceramide (DHC) is formed by 
attaching an VLCFA. At this point animals and fungi deviate, animals desaturate DHC to 
a ceramide whereas fungi hydroxylate DHC to from a phytoceramide (PHC). Next, PHC is 
transported to the Golgi where complex sphingolipids are formed by modifying the 
serine 1-OH position in 3 enzymatic steps. Animals attach various carbohydrates that 
result in a wide selection of glycosphingolipids and gangliosides14. Fungi on the other 
hand, add inositol-phosphate or mannose to form only three classes of complex 
sphingolipids (i.e. IPC, MIPC and M(IP)2C)15. Most of the enzymatic reactions take place 
on the cytoplasmic face of the organelle bilayer with the exception of steps 4, 8, 9 and 
11. The final sphingolipids will thus be on the luminal side of the organelle and upon 
fusion with the PM on the inner leaflet of the PM. This lipid bilayer asymmetry may prime 
complex sphingolipids for a functional role on the inner leaflet of the PM13. 
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Figure 3: Structures yeast sphingolipids. Intermediate and final structures of sphingolipids are shown. Pal-Coa 
= palmitoyl-CoenzymeA, DHS/DHC = dihydro-sphingosine / -ceramide, PHS/PHC = pyto-sphingosine / -
ceramide, IPC / MIPC / M(IP)2C = Inositolphospho-, mannosyl-inositolphospho, mannosyl-(inositolphospho)2-
ceramide respectively. Substrates added for sphingolipid synthesis are indicated by arrows next to the 
structures. The synthesis pathway (dashed box) indicates the sequential formation of sphingolipids. Lipids of 
which structures are shown are in black, enzymes responsible for synthesis are colored light brown, and lipids 
of which no structure is depicted are colored light grey. 

1.1.2 Transport of lipids 

During or after complete synthesis, lipids are transported to other organelles. Transport 
can be divided in vesicular and non-vesicular. Non-vesicular transport occurs at 
Membrane Contact Sites (MCS), sites at which membranes are separated by small 
cytosolic gaps. Since the ER is the only organelle that lies in close proximity, » 30nm, with 
all other organelles non-vesicular transport occurs at MCS that mainly exist between the 
ER and other organelles (e.g., ER-PM, ER-Golgi, ER-Mit). Here, by diffusion or upon 
membrane contact, slow spontaneous exchange of lipids from one organelle to 
another16 or fast facilitated exchange via Lipid Transfer Proteins (LTPs) may occur. LTPs 
can be soluble or bound to specific membranes, but are mainly located at MCS. Most 
likely because the small cytosolic gaps between MCS greatly enhance the non-vesicular 



 - 14 - 

transport of lipids17. LTPs are found for sterols18, sphingolipids and all phospholipids19. 
For more comprehensive examples I refer to20.  
Vesicular transport mediates the secretory trafficking pathways for protein cargo to 
(exocytosis) and from (endocytosis) specific subcellular locations. As the name implies, 
cargo is loaded into vesicles that in yeast moves directionally along actin filaments by 
means of Myo2p, a V-type myosin motor. Although vesicular transport describes the 
sorting of proteins de facto it also sorts lipids. One can merely approach this type of lipid 
transport as vesicles composed of random lipids, but this would undermine lipid specific 
vesicular transport. For instance, vesicle formation at the Golgi and PM requires specific 
lipid intermediates (e.g., PtdCho, PtdIns) and bilayer asymmetry (i.e., PtdSer21) serves a 
role in vesicle biogenesis, docking and fusion22. For this reason, lipid sorting takes place 
at the Trans Golgi Network (TGN) where post-Golgi vesicles destined for the PM are 
enriched in PtdSer, ergosterol and all complex sphingolipids23.  
In addition, numerous examples of specific lipid requirement (e.g., PtdEth, Ergosterol, 
LCBs) for the correct sorting or folding of particular proteins are known24–29. Although 
the structure and synthesis of all lipid components is quite well known, their intracellular 
transport remains with open questions. For instance, do lipids sort proteins at the TGN 
or vice versa? Finally, both synthesis and transport contribute to lipid homeostasis and 
are thus interconnected. The next section provides insights on this interconnectivity at 
the molecular level and the way it affects the final lipidome of yeast. 

1.1.3 Lipid homeostasis and the interplay between lipid classes 

We do not fully understand the complex interplay between the signals that are 
responsible for the synthesis, turnover and degradation of lipids. They are regulated by 
transcriptional regulation, enzyme inhibition, metabolite availability, growth conditions 
(i.e., carbon source, temperature, growth stage30) or properties of the lipid bilayer itself. 
I start with phospholipids and from there I implement the homeostasis of sphingolipids 
and sterols with the emphasis on the interconnectivity between them.  

phospholipids 

For phospholipids, the master transcriptional regulators are PA and the transcription 
factor dimer ino2p-ino4p that act on the promoter region UASino. This promoter region 
is involved in the regulation of both headgroups and acyl chains. Transcription of a subset 
of at least ten genes involved in synthesis of all phospholipids is activated when PA 
concentrations are high31. This is not surprising as all phospholipids require PA. Besides 
PA, the hydrophilic moieties of phospholipids also function as regulators. One clear 
example is the sequential formation of PtdCho from PtdSer via PtdEth (figure 1). Here, 
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choline acts as a negative feedback inhibitor on the formation of PtdSer. Thereby 
basically regulating the synthesis of all three phospholipid species. More examples are 
known where pathway metabolites (e.g., myo-inositol, CDP-DAG, CDP-Choline, CDP-
Ethanolamine) play a role in the regulation of lipid biosynthesis and those are described 
in32. Acyl chain homeostasis covers the length and saturation. In yeast, the majority of 
acyl chains is C16-C18 in length and 70% is mono-unsaturated33,34. Shorter (C14) or 
longer (C26) species are synthesized in small quantities, and almost exclusively 
incorporated in PtdIno and sphingolipids, respectively. 
Elongation of acyl chains requires acetyl-CoA and desaturation requires oxygen, which 
directly links it to oxidative respiration and carbon-utilization. Acyl chains can 
additionally be modified by phospholipases (cleaving at various sites and thus rendering 
different lipid products), acyltransferase (acyl chain addition) or transacylases (acyl chain 
exchange)35. An important observation is that acyl chain unsaturation increases with the 
sequential formation of phospholipids: PtdSer<PtdEth<PtdCho (figure 1 & 4). If this plays 
a role in the functioning of lipids is unknown, but It may be caused by enzyme specificity 
or the preferred transport of more hydrophilic lipids (i.e., shorter and unsaturated acyl 
chains) between organelles36. 

Sphingolipids 

Sphingolipids are also regulated by their precursors. The amino acid serine is a perfect 
example. Serine is a substrate and negative inhibitor of Serine Palmitoyl Transferase 
(SPT), which is needed for the essential first step in sphingolipid synthesis. SPT is 
additionally negatively regulated by complex formation with ORM proteins and 
sphingolipids. Here, adequate levels of sphingolipids form complexes and subsequent 
inhibition37. Also, at the PM, TORC2 positively regulates a ceramide synthase in which 
the phospholipid PI4P seems to play a role in this process. Although the exact mechanism 
is unknown, this indicates that sphingolipid and phospholipid homeostasis are 
interlinked37. Additionally, VLCFAs are stored in lipid particles as triacylglycerols (TAG) 
that function in storing acyl chains committed to phospholipids (e.g., for the conversion 
of lyso-PE to PtdEth38). Interlinkage of sphingolipid and phospholipid synthesis is further 
supported by the sole incorporation of inositol (from PtdIno) or GDP-mannose into 
complex sphingolipids (i.e. IPC, MIPC and M(IP)2C)39. Finally, the basal turnover of 
sphingolipids is unknown, but the degradation pathways form fatty acids (C16 and 18) 
that are fed into pathways for phospholipids40. 

Sterols 

Unlike phospholipids and sphingolipids, yeast ultimately synthesizes one final sterol 
product (i.e. ergosterol). Intermediates may be able to substitute the function of 
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ergosterol under some conditions (e.g., fecosterol for thermotolerance8), but are 
generally present in minor quantities (with the exception of lipid particles11). Regulation 
of sterol synthesis by metabolites is best described for the production of melavonate by 
Hmg1 and Hmg2. Melavonate negatively regulates Hmg1 and Hmg2 on the 
transcriptional level. On the enzymatic level Hmg1 and Hmg2 are positively regulated by 
C16:1 and C18:1 acyl chains, respectively, and negatively regulated by ergosterol41, again 
suggesting a direct link with phospholipid homeostasis. Sterol homeostasis is also linked 
to aerobic growth as the formation of ergosterol from squalene requires 11 oxygens and 
heme42. Finally, two metabolites; palmitoyl-CoA and acetyl-CoA are required, which links 
all three components together43. 
Lipid homeostasis is also affected by conditional factors such as growth stage, 
temperature which affects membrane properties30 (e.g., fluidity, thickness, see section: 
physical properties of the bilayer and phase separation) and the presence of interaction 
partners (lipids, proteins). One dogma in the field is that sterols are believed to 
preferentially interact with high melting point lipids such as sphingolipids. However, 
unequivocal evidence for this is lacking44

. If such an interaction exists alterations in 
sphingolipids may accommodate an alteration in ergosterol and vice versa. In fact, a 
study utilizing ergosterol biosynthesis knock-outs shows a direct genetic link between 
ergosterol and sphingolipids synthesis45. Here, the changes in sphingolipid profiles 
depend on the knock-out, suggesting that yeast alters the sphingolipids depending on 
the major sterol present and thus senses a specific type of sterols. In conclusion, the 
interconnectivity between sphingolipids and ergosterol indicate that the change in a 
single lipid species may even transcend to changes in other lipid classes. Therefore, 
studies determining the lipidome of yeast have to consider the plethora of factors 
influencing lipid homeostasis, and these factors should also be considered when 
analyzing and comparing distinct datasets. 

1.1.4 Lipid composition of organelles changes along the secretory pathway 

Organelles are lipid bilayer separated compartments that each execute a distinct task in 
the cellular physiology. For instance, the vacuole mainly functions as a degradation and 
storage compartment, while the mitochondrion is the energy factory of the cell. In the 
same manner, the nucleus holds the genetic information stored as DNA, and the lipid 
droplet serves as a storage compartment for lipid precursors. These organelles clearly 
fulfill a vital role in the functioning of the cellular, but they do not specifically function in 
the secretion of lipids and proteins to the Plasma Membrane (PM). This task is also called 
sorting and although one could argue all organelles that play a role in lipid synthesis take 
part in sorting, this is mostly dedicated to the Endoplasmic Reticulum and Trans-Golgi-
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Network (TGN/Golgi). Here, the primary function of the ER is lipid synthesis and some 
sorting, while in the Golgi there is less synthesis and more sorting of lipids and 
proteins23,46. Figure 4 shows the subcellular compartments of a yeast cell and the lipid 
composition of the ER, Golgi and PM47,48. We see that PtdEth concentrations remain 
similar, but all other species (i.e., PtdIno, PtdSer and PtdCho) change along the secretory 
pathway (i.e., ER>Golgi>PM). The molecular mechanisms responsible for sorting remain 
elusive, but some functional roles are suggested. For instance, PtdIno is enriched in the 
Golgi, but reduced at the PM which explains the signaling role of PtdIno in exo- and 
endocytosis and other events49. Also, the high concentrations of PtdSer found in the PM 
at the expense of PtdCho may relate to the importance of lipid asymmetry in the 
transport and subsequent fusion of endosomes with the PM50. 
 

 
Figure 4: Subcellular compartments and lipid composition of organelles in S. cerevisiae. Schematic 
representation of all lipid bilayer compartments in yeast. Bar graph indicates the lipid composition along the 
secretory pathway of the Endoplasmic Reticulum (ER), Golgi, and Plasma Membrane (PM). Left y-axis applies 
to the grey scaled bars where lipid classes are phospholipids, sterol and sphingolipids. Right y-axis applies to 
the creme bars, which are only shown for the class of phospholipids and represent the total acyl chain 
saturation of each lipid species. pER/cER = perinuclear- / cortical-Endoplasmic Reticulum, PtdIno = 
Phosphatidyl-Inositol, PtdSer = Phosphatidyl-Serine, PtdEth = Phosphatidyl-Ethanolamine and PtdCho = 
Phosphatidyl-Choline, Erg = Ergosterol, , IPC / MIPC / M(IP)2C = Inositolphospho-, mannosyl-inositolphospho, 
mannosyl-(inositolphospho)2-ceramide respectively. Data is extracted from47,48. 
 

Figure 4 also shows the total acyl chain saturation of each lipid species (creme bars)34. 
The PM is enriched in saturated acyl chains compared to other organelles and PtdSer is 
enriched in PM at the expense of PtdCho. The highest degree of enrichment in the PM 
is observed for ergosterol and sphingolipids. Which likely makes them PM-specific lipid 
components, fulfilling a vital role in PM integrity and functioning. Ergosterol is gradually 
increased along the secretory pathway, which correlates with the synthesis, but a role in 



 - 18 - 

lateral segregation of proteins and lipid domains at the TGN is also suggested50. 
Sphingolipids also follow this trend with the highest concentration found for M(IP)2C51. 
IPC is markedly high in the Golgi and reduced at the PM. A possible explanation might be 
that IPC is the first in the sequential synthesis of the three complex sphingolipids and 
therefor present in high concentrations in the Golgi depending on the availability of CDP-
mannose to form MIPC. The sorting of lipid classes may also not always follow similar 
routes. For instance, sphingolipids and PtdSer are both sorted together with ergosterol 
but less with each other23. Therefore, the sorting of sphingolipids and PtdSer must 
exceed via distinct routes that can be vesicular or non-vesicular in nature. Also, as 
mentioned earlier, lipid compositions may change significantly depending on the growth 
conditions and strains being used30,32. Although this may have an effect on the total lipid 
composition, the trends I have discussed here persist33,52. In conclusion, the lipid 
composition of the ER, Golgi and PM are considerably different and particular lipid 
species are enriched along the secretory pathway. Sorting of lipids takes place at the 
Golgi and may follow distinct transport routes. It remains an open question how lipids 
and proteins are sorted, more specifically do proteins sort lipids or vice versa? In the next 
section I will try to shed light on the functional role lipids fulfill when they reach their 
end destination (i.e., the PM) by discussing their effect on the physical properties of the 
bilayer. 

1.1.5 Physical properties of the lipid bilayer and phase separation  

The lipids and the embedded or surface-bound proteins determine the physical behavior 
of a membrane. Each lipid contributes differently depending on its geometry, headgroup 
and acyl chains. They determine the membrane curvature, packing (i.e. fluidity, 
thickness) and pressure profile of the bilayer. Curvature largely arises from the geometry 
of the lipid. Geometry can be roughly divided in cylindrical (e.g., PtdCho, -Ser, -Gly, -Ino), 
where the surface area of the headgroup is equal or slightly larger than the surface area 
of the acyl chains in the middle of the membrane, or conical (e.g., PtdEth, PA and 
Cardiolipin)53 where the surface area of the acyl chains exceeds the surface area of the 
headgroup. Conical lipids hereby induce a negative curvature while cylindrical lipids do 
not. Packing of lipids describes the spacious ordering of each molecule with respect to 
another. Packing is mainly ascribed to the length and saturation of the acyl chains, with 
longer, saturated acyl chains resulting in a bilayer that is less fluid (i.e. more viscous) and 
thicker. These parameters are highly dependent on temperature and each lipid has its 
own transition temperature (Tm) that indicates the transition of an ordered gel-like 
crystalline phase to a disordered fluid phase, figure 5 panel B. The Tm depends on the 
headgroup, length, saturation (extend and position) and position (sn1/sn2) of the acyl 
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chains54,55. The Tm of a biological bilayer is difficult to determine as it is formed by the 
plethora of different lipids. Additionally, each lipid is able to freely diffuse laterally and 
may form transient interactions (e.g., electrostatic, van der waals) with other 
components (lipids, proteins). It is these interactions together with acyl chain 
configuration (rotational freedom) and headgroup hydration that contribute to the 
lateral pressure profile of the bilayer56, which may affect protein functioning57,58. 
Although difficult, many of these physical parameters can be measured or simulated, but 
one has to be careful 

 
Figure 5: sterol ordering and solubility. (A) Y-axis, ordering parameter in arbitrary units as function of sterol 
concentration (mol%, bottom x-axis) in POPC membranes. Data is extracted from59,60. Secondary top x-axis 
indicates the solubilities (creme bars) of cholesterol and ergosterol (mol%) in DPPC/DOPC/sterol bilayers. (B) 
Transition temperatures (extracted from: avantilipids.com) of various lipids. PE = Phosphatidyl-Ethanolamine, 
PS = Phosphatidyl-Serine, PC = Phosphatidyl-Choline, PG = Phosphatidyl-Glycerol. X:Y, X = total length of the 
two acyl chains, Y = number of total double bonds (e.g., 36:2). 

 
interpreting and transferring the data from model experiments or simulations to 
biological samples. For instance, viscosity can be measured with anisotropic dyes or 
molecular rotors61, but the viscosities found in vitro are significantly lower than in vivo62.  
Sterols are somewhat different. A Tm is generally not determined and they are rather 
small compared to lipids, which makes them position into gaps within the hydrophobic 
bilayer. Because of this they act as sort of fillers increasing the ordering, thickness (by 
compressing lipids) and viscosity of the bilayer thereby altering the Tm of the lipid bilayer. 
They are often considered to mimic ordering in biological membranes, although the 
opposite is also seen depending on the sterol and lipids used63–65. Ordering by sterols 
also depends on the lipid mixture 59,66,67 as determined by 2H-NMR. Sterol acyl chains 
play a major role in this and longer68 unbranched69 chains show higher ordering 
capabilities. Also, the C22 double bond decreases order60, indicating that rotational 
flexibility is important65. In addition, sterols bearing similar acyl chain moieties, but 
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different ring-structures show comparable ordering behavior60(albeit to various 
extents70) and solubility71as a function of sterol concentration (figure 5). Here, ordering 
by cholesterol is similar to 7-DHC and ergosterol to Brassicasterol. 
Both sphingolipids and phospholipids possess amphipathic features. However, the 
complex sphingolipids in yeast contain N-linked C24:0- / C26:0-acyl chains and are thus 
significantly longer and more saturated than those of phospholipids. The C-linked acyl 
chain can be unsaturated but is often saturated; hydroxylation may occur on both acyl 
chains 72. Due to the long and saturated acyl chains, the Tm is relatively high (>50°C)73and 
this may relate to the phenomenon of phase separation in lipid bilayers. A phenomenon 
where lipids physically separate from each other based on their physical properties 
(ordered crystalline versus disordered fluid). In vitro this is visualized by fluorescent 
probes using ternary lipid mixtures containing a low- and high Tm lipid (not necessarily a 
sphingolipid (DPPC shows similar behavior) in combination with a sterol74. The 
visualization and interpretation of ordered versus disordered phases depends largely on 
the fluorescent lipid probe being used75,76. So, while the phase separation is caused by 
distinct lipids one must be careful assigning lipids to a specific phase as it is difficult to 
isolate and measure phase-associated lipids by conventional methods like Mass 
Spectrometry (MS).  

1.1.6 Lateral segregation of lipids in the PM  

Lateral segregation of the lipid species is also known as phase separation. Although this 
term is correct, other terms related to this phenomenon are found in the literature and 
I will highlight the differences and similarities between them. Three terms are reported; 
rafts, detergent resistant membranes (DRMs) and PM microdomains77. Rafts were 
originally considered to be derived from the Golgi as sorting platforms within the PM78. 
While later, rafts were termed transient or long-lived nanoscale domains composed of 
sphingolipids and sterols. This composition, however, has never been proven44 and for 
both yeast79 and mammalian cells80 there is evidence of domains enriched in 
sphingolipids but not sterols. DRMs are domains that contain specific lipids and proteins 
that are more resistant to detergent extraction. DRMs are assumed to be highly ordered 
structures and therefore also enriched in sphingolipids and sterols, by which they show 
correlation to rafts. But a direct relation between rafts and the lipids or proteins 
associated with DRMs has not been demonstrated unequivocally81. PM microdomains 
are less connected to phase separation of lipids but rather to proteins. There are 
microdomains named after Can1 (MCC), Pma1 (MCP) and Torc2 (MCT). I will discuss 
these microdomains and their relation with those proteins and possible lipids in more 
detail later (section: lateral segregation of AAPs into microdomains of the PM). 
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Although numerous specific examples of lipid segregation are known82–84, the underlying 
molecules and mechanisms of segregation can be fundamentally different. Segregation 
may arise from the physical properties of the lipid species, but also from asymmetry 
(inducing interleaflet separation)85, hydrophobic mismatch between proteins and 
lipids86,87, high-affinity lipid-binding domains85, external factors (i.e. interactions with 
cytoskeleton or cell wall)85 and lipid mediated protein-protein interactions28. A single 
concept clearly does not cover all phenomenon seen in vivo. Most likely a subset, if not 
all, are occurring in a single cell or membrane and may even affect one another. Also, 
one concept may apply to a specific model (e.g., protein, lipid mixture), but not to 
another. Bringing those concepts together and finding a relationship between them is 
very difficult but important to establish. 

1.2 Amino Acid Permeases in the PM. Specificity, Kinetics, Thermodynamics, 
Structure and regulation. 

In previous sections I have described most aspects related to lipids. However, lipids also 
function as solvent for membrane proteins. Although membrane proteins fulfill a variety 
of functions in the cell, this thesis focuses on membrane proteins that translocate amino 
acids across the lipid bilayer of the PM. In that context, I will discuss the specificity, 
kinetics, thermodynamics, structure and regulation of membrane proteins that 
translocate amino acids specifically. 

1.2.1 Specificity AAPs in the PM 

Most amino acid transporters in the S. cerevisiae PM belong to the APC superfamily 
(reviewed in 88–90). They are also called the yeast amino acid transporter (YAT) family, or 
amino acid permeases (AAPs) 91–93. Figure 6 highlights all AAPs known thus far. AAPs 
include transporters with both broad- and narrow-range substrate specificities. Many of 
the transporters have overlapping specificities, but this apparent redundancy is less 
pronounced when the conditions, at which the proteins are expressed, are considered. 
There are two known broad-range transporters: Gap1, the general amino acid permease, 
which imports all natural amino acids 94,95; and Agp1, which imports all natural amino 
acids except arginine and lysine 96,97.Neutral amino acids are also imported by 
transporters with more limited substrate specificities: Agp2, Agp3, Bap2, Bap3, Gnp1, 
Tat1, Tat2 and Tat3. Agp2 and Agp3 only contribute significantly to amino acid uptake 
under nutrient poor conditions and in strains where genes coding for permeases with 
higher affinity have been deleted 98. The more important role of Agp2 is to act as a sensor 
that regulates the expression of importers for carnitine and polyamines 99–101. Bap2 and 
its paralog Bap3 also have a relative broad substrate specificity 97,102–106. Bap2 in 
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particular plays an important role in the import of leucine and phenylalanine. Gnp1 was 
first isolated as a high-affinity glutamine permease but is able to transport other amino 
acids including cysteine and proline 97,102,107. Tat1 and Tat2 were originally identified as 
importers of tyrosine and tryptophan, although both have been shown to also transport 
other neutral amino acids 97,105,108–110. Tat3 is a tyrosine permease that is found in the 
natural isolate S. cerevisiae strain RM11-1a but not in the laboratory strain S288c 111. 
The remaining transporters of APC have much narrower substrate specificities. Put4 
imports proline, alanine and glycine 96,112–114. Several transporters exist for the specific 
uptake of basic amino acids: Hip1 (histidine) 108,115; Can1 (arginine, lysine, histidine and 
ornithine) 116,117 and its paralog Alp1 (arginine) 118,119; and Lyp1 (lysine) 104,116,117,120. Dip5 
catalyzes the high-affinity transport of the acidic amino acids glutamate and aspartate, 
although there is some evidence that this protein is also able to transport alanine, 
glycine, glutamine and asparagine 118,121. 
 

 
Figure 6: AAP substrate specificity. Amino acid transport systems in S. cerevisiae. Most of the AAPs discussed 
in this thesis are illustrated in the dashed box and are all proton-coupled symporters, their activity thus relies 
on the electrochemical proton gradient. The specificity range is schematically indicated. Uga4 has been 
described as vacuolar transporter 122, but the protein is consistently found in the plasma membrane 123,124. 
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Purple colored AAPs are discussed in this thesis. AAPs not discussed in this thesis are colored green, but their 
function is fully reviewed in125. M = mitochondrion, V = vacuole, AAPs = amino acid permeases. 

1.2.2 Energy coupling mechanism and amino acid accumulation by AAPs 

The amino acid transporters of yeast are so called proton-coupled symporters. In cells, 
ATPase-driven proton pumps maintain a neutral to slightly alkaline cytoplasm (thus 
resulting in a DpH) and generate a membrane potential (DY); the sum of both is the 

proton motive force (Dp). In equation: Dp = DY-ZDpH, (𝑍 = 	 $.&'(
)

), in which R is the gas 

constant, T the absolute temperature and F the Faraday constant; at T=298 K, Z=58 mV). 
The components (DpH and DY) of the proton motive force drive the uphill transport of 
a solute via proton-coupled symporters and antiporters. The actual driving force 
depends on the charge of the solute and the number of protons co- or counter-
transported. Assuming a stoichiometry of 1:1, then neutral amino acids are driven by the 
DpH plus DY; symport of anionic amino acids is driven by the DpH only; and symport of 
basic amino acids is driven by the DpH plus 2-times the DY. Thus, at given magnitude of 
the proton motive force and at thermodynamic equilibrium, the accumulation of such 
amino acids is very different. We emphasize that in living cells, the condition of 
thermodynamic equilibrium is hardly ever (if ever) reached (see Henderson et al, 
2019126), but here we use this limit to illustrate the impact of solute charge on the 
apparent accumulation of amino acids. 
At equilibrium, the driving force (Dp) for solute-proton symport is equal in magnitude to 

the solute concentration gradient (𝑍 log-.
[012345]134
[012345]78

). If we assume DY = -120 mV and 

ZDpH = 120 mV ((i.e., the inside of the cell is 2 pH units higher than the outside), then 
the overall proton motive force is -240 mV. Under these conditions and at 
thermodynamic equilibrium (and rounding off of Z to 60 mV), neutral, acid and basic 
amino acids would accumulate to values of [solute]in/[solute]out of 104, 102 and 106, 
respectively. Next, to being a driving force for transport, the components of the proton 
motive force can affect specific steps of the translocation cycle and thus have a kinetic 
effect 127. 
As expected for solute symporters dissipation of Dp in general leads to solute export 
down the concentration gradient, as has been shown in yeast for most amino acids 128,129. 
However, under the same conditions, little or no export of basic amino acids is observed 
in S. cerevisiae 128,130. Four AAPs are responsible for the import of basic amino acids: 
Lyp1, Can1, Gap1 and Hip1 92. Deletion of all four genes abolishes the transport of basic 
amino acids across the PM of yeast 131. Mechanistic and bio-energetic studies of amino 
acid transport in vivo are hampered by the sequestration of solutes in the organelles, 
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their metabolism inside the cell and the difficulty to manipulate and control the ion 
gradients. Furthermore, transcriptional or post-translational regulation of proteins and 
removal of the transporter from the PM influences the measured activity. To measure 
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 
unidirectional132, but this conclusion was revisited in a later in vivo study when efflux was 
observed under conditions where cells were growing exponentially 133. In recent work of 
Bianchi et al. 134, using purified and membrane-reconstituted Lyp1, the unidirectionality 
was found to be an intrinsic property of the protein and explained by an extreme 
asymmetry in the Michaelis constant (KM) for inward and outward transport of lysine 134. 
The step(s) in the translocation of the substrate that determine(s) the extreme 
asymmetry remain(s) elusive, which is hampered by the lack of sufficient structural data. 
The exact mechanism by which a transporter couples a proton to solute accumulation is 
hard to deduce, even when crystal structures are available. In general, proton coupling 
involves the protonation and deprotonation of one or more residues, but strictly 
speaking it is difficult to discriminate protonation/deprotonation of amino acid residues 
from binding and translocation of a hydronium ion 135. The transfer of a proton may 
happen via a series of protein amino acids, involving carboxylates, thiols, amines and 
water 136. Such a proton permeation pathway requires that proton translocation is 
coupled to solute binding and translocation, as the system would otherwise create a 
proton leak 126,137.  
It is possible that we can learn about proton coupling from Na+-coupled transporters, 
because some systems may also bind hydronium ions 138,139. 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 140. The structure 
and functional data of MelB suggest a universal cation-binding site for Na+, Li+ and H3O+. 
Whether hydronium permeates the membrane in the same manner as Na+ or Li+ or is a 
transient state of water in the translocation cycle is not known and difficult to deduce 
from currently available data 141. For the Na+-coupled glycine betaine-specific 
transporter BetP (member of APC family) it was shown that a single mutation Gly153 to 
Asp is sufficient to convert the protein into a H+-coupled choline-specific transporter 142.  
Comparing structures of sodium- and proton-coupled transporters within the LeuT 
family (same superfamily as the yeast APC proteins) shows some similarity between the 
Na+ and proton binding sites, but the proteins have distinct pathways for Na+ and H+ 
translocation 142–145. The Na+ bound in the first sodium-binding site of LeuT and BetP is 
involved in coordination of the substrate via a direct interaction with its α-carboxyl. In 
the H+-dependent transporters CaiT and ApcT the substrate is coordinated differently 
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and a hydronium ion does not fit in the site that would correspond to the first Na+-
binding site of LeuT and BetP. Furthermore, the second sodium-binding site present in 
BetP is replaced by a Lys residue in CaiT and ApcT, the protonation site that is 
hypothesized to precede substrate binding 143. 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 143. Similar results have been obtained for LysP, a lysine symporter from S. 
typhimurium 146. In Fur4, the uracil proton symporter from S. cerevisiae, the equivalent 
mutation reduced the affinity for uracil more than 400-fold 147. The fact that the binding 
affinity is either reduced or abolished when the lysine is mutated to a neutral residue 
agrees with the suggestion that binding of a cation activates the substrate-binding site 
141,142.  
Next to the previously discussed highly conserved lysine residue in TM5, 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 116,148, 
showing the direct involvement of an anionic residue in the proton coupled 
translocation. In conclusion, proton coupling in solute-H+ symporters has similarities 
with sodium ion coupling, with the exception that, even with crystal structures at hand, 
it is hard to define which residues participate in proton translocation. In general, one can 
state that proton coupling in solute transporters requires a chain of residues that are 
transiently protonated and often include a centrally located protonatable group. 

1.2.3 Structural features of AAPs  

AAPs belong to the APC (TCDB 2.A.3) superfamily 88,89,149. All members of the APC 
superfamily share the same core fold, referred to as the “5+5 inverted repeat” (Figure 
7). This fold was first identified in the crystal structure of the bacterial Na+:leucine 
symporter LeuT 145. LeuT is a homodimer in which TM1–10 of each subunit form two 
antiparallel, intertwined structural repeats, each containing five transmembrane 
segments. TM11 and TM12 form a V-shape that sits at the dimer interface. Similar folds 
have been determined for related bacterial transporters, including several members of 
the APC family with similarity to the AAPs. These are the arginine:agmatine antiporter 
AdiC 150,151, the H+-dependent amino acid transporter ApcT 143, and the glutamate-GABA 
antiporter GadC 152. The crystal structures of ApcT and GadC indicate that the proteins 
do not form dimers, but the antiparallel repeats of five transmembrane segments are 
conserved 143,152. AdiC is a homodimer in both the crystal structure and in in vitro 
measurements, but each subunit transports independently of each other 150,151. 
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Figure 7: AAP structural. Crystal structure of the amino acid transporter AdiC from E. coli (PDB: 3L1L). (Pseudo)-
symmetrical repeats within the polypeptide chains are colored orange, gold and light brown. Additional 
structural elements, including transmembrane segments, amphipathic helices and cytosolic domains are 
colored light blue. Additional protein chains of dimeric AdiC are colored grey. Bound arginine is shown in 
sphere-filling representation with carbon colored white, oxygen colored red and nitrogen colored dark blue. 

 
The availability of crystal structures of several different conformations and binding states 
of AdiC has confirmed the alternating access model for transport 153. The substrate is 
bound between two structurally distinct domains, each containing four TMHs. Transition 
between the inward- and outward-facing conformations is achieved by rigid-body 
rotations of both domains. A similar model has been described for LeuT, in which one 
domain remains stationary while the other moves using both rigid-body rotations and 
hinge-like bending 154. Transport by GadC involves an additional pH-dependent 
regulatory mechanism mediated by binding of its C-terminus within the inward-open 
conformation 152. 
The crystallographic structures of LeuT and AdiC have been used to generate homology 
models of Bap2, Can1, Gap1 and Tat2 104,110,116,148,155,156. These models, along with 
mutational studies, have allowed the identification of numerous amino acid residues 
involved in substrate recognition and transport. The predictive value of the models was 
demonstrated by modeling lysine in the substrate-binding site. Then based on a 
comparison of Can1 and Lyp1, the mutations S176N and T456S were made, which 
converted the specificity of Can1 into that of Lyp1 116. Thus, whereas Can1 transports 
arginine and lysine and Lyp1 lysine, 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, certainly in the substrate-binding site. 
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1.2.4 Regulation of AAPs via gene expression 

Yeast cells contain many different pathways for the regulation of cellular metabolism, 
each of which is triggered by sensors that monitor changes in the internal or external 
environment 92,157,158. Amino acid transporters are regulated by pathways that respond 
to both the general nutritional status of the cell and the availability of specific amino acid 
substrates. This regulation occurs both through activation or repression of gene 
transcription, and also through the trafficking of proteins to and from specific 
membranes. Although these processes have been studied mostly in S. cerevisiae, there 
is evidence that the core mechanisms are conserved in other fungi. Figure 8 outlines the 
specific and general pathways that regulate the expression of S. cerevisiae amino acid 
transporters. Each of these pathways also regulates the expression of genes involved in 
amino acid biosynthesis and other cellular processes. Although the regulatory pathways 
operate via distinct mechanisms, they can overlap directly (e.g., through interactions 
between several transcriptional factors at the same promoter region) and indirectly, (i.e., 
through changes resulting from the activity of one pathway triggering another pathway). 
This makes it difficult to define specific targets of transcription factors and also to predict 
the expression levels of any particular transporter under a given condition. It is important 
to be aware of strain-specific differences, such as the fact that ammonia is a preferred 
nitrogen source for strains derived from S. cerevisiae Σ1278b but not from S288c 159. 
Only three S. cerevisiae amino acid transporters are known to be regulated via specific 
pathways; Bap2, Uga4 and Ypq3. Full expression of Bap2 is dependent on Leu3, a 
transcription factor that acts as either repressor or activator depending on the 
concentration of a-isopropylmalate, a precursor of leucine biosynthesis 160. Uga4 
expression is specifically induced by its substrate GABA via the transcriptional activator 
Uga3 161,162. The vacuolar transporter Ypq3 is under positive control of the Lys14 
transcriptional activator and is repressed by the lysine precursor a-aminoadipate 
semialdehyde 163. 
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Figure 8: transcriptional regulation. Pathways regulating expression of S. cerevisiae amino acid transporters. 
The bottom panel indicates the effect of various amino acids and nitrogen sources (N-sources) on the activity 
of each pathway 164. Activity of the SPS-pathway was measured using urea as the N-source. Compounds are 
cultured according to the generation time when used as sole N-source 164: blue, 2–3 h; black, 3–4 h; red, over 

4 h; grey, not applicable. GABA, g-aminobutyrate; NCR, nitrogen catabolite repression; GAAC, general amino 
acid control. 
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SPS-signaling (reviewed in 165) is named after three proteins (Ssy1-Ptr3-Ssy5), which 
together form an amino acid sensor. Ssy1 shares a high level of sequence similarity with 
AAPs but has no measurable transport activity. It contains an extended cytosolic N-
terminal domain that is necessary for sensing 166,167. SPS-signaling is substrate-specific, 
with hydrophobic amino acids inducing the strongest response 168,169. Binding of amino 
acids by the SPS-complex leads to proteolysis of the transcription factors Stp1 and Stp2, 
which enter the nucleus and induce the transcription of specific genes 165 leading to the 
expression of AGP1, AGP2, BAP2, BAP3, GNP1, MUP1, TAT1 and TAT2 168,170,171. Several 
genome wide transcriptional studies have shown that SPS-signaling affects the 
expression levels of a range of genes other than those coding for amino acid 
transporters, although in some cases this may be due to secondary effects such as 
changes in the uptake of amino acids and other nitrogen sources 172. There is uncertainty 
about the location of Ssy1 in the cell and how it senses amino acid availability. Several 
groups have demonstrated that SPS-signaling responds to changes in the extracellular 
amino acid concentration, however Ssy1 was more recently shown to localize to the 
endoplasmic reticulum at the cell periphery rather than the plasma membrane 173. This 
contradicts proposed models for amino acid-sensing 174, as it does not allow for direct 
binding of extracellular amino acids by Ssy1 105,166,175. Ssy1, however, is essential for the 
sensing cascade suggesting that the signal may be from a protein partner in the plasma 
membrane and transduced to Ssy1 in the cortical ER. 
NCR, or nitrogen catabolite repression, refers to the general regulation of gene 
expression in response to nitrogen availability 92,159. Effectively cells use preferred 
nitrogen sources when available 164. The core effectors of NCR are the transcriptional 
activators Gln3 and Gat1 (Nil1), the transcriptional repressors Dal80 (Uga43) and Gzf3 
(Deh1, Nil2), and the negative regulator Ure2. Several amino acid transporters are 
subject to NCR but they are not all similarly regulated 164,176; (i.e., in poor nitrogen 
sources Gap1 is repressed while Agp1 is upregulated). 
GAAC, or General Amino Acid Control, is a pathway which responds to starvation for one 
or more amino acids by global inhibition of translation initiation and accumulation of the 
activator protein Gcn4 (reviewed in 177,178). Transcriptional profiling under GAAC 
induction has shown that Gcn4 is responsible for the de-repression and repression of at 
least 539 and 1000 genes, respectively 179. Gcn4 mainly controls biosynthesis and 
regulatory pathways but also de-represses a wide range of transporters including Agp1, 
Bap2, Can1, Gap1, Gnp1, Put4 and Tat2 179. Gcn4, and its targets, may also be induced 
by various other stresses that inhibit translation (e.g., heat and oxidative stress 180). 
There are several known examples of cross talk between these regulatory pathways. For 
instance the transcriptional co-activator Dal81 (Uga35) is required for both Uga3-
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induced expression of Uga4 and Stp1-induced expression of Agp1 168,181,182 (Fig. 6). In 
addition leucine prevents the GABA-induced upregulation of Uga4 expression by 
recruiting the limited amounts of Dal81 molecules to promoter regions controlled by the 
SPS-pathway 181,183. This regulatory hierarchy mediated by Dal81 also extends to 
metabolic enzymes and thereby allows for the sequential use of three poor nitrogen 
sources (GABA, leucine and allantoin) 184. Both the NCR and GAAC pathway solely 
regulate the expression of effectors of their own and alternate between pathways, and 
there is substantial overlap between their target genes. For example, Gcn4 negatively 
regulates Gat1-dependent induction of Gap1 and Put4 185, while a genome-wide analysis 
found that binding sites for Gln3 and Gcn4 are found more often within the same 
promoter region than would be expected by chance 186. 

1.2.5 Regulation of AAPs: post-translational 

Once synthesized, transporters are regulated by processes either controlling their 
location within the cell or triggering their degradation (reviewed in 187–189). This typically 
involves (de)phosphorylation or/and (de)ubiquitination of the proteins. Ubiquitin (Ub) is 
a 76-amino acid protein that can be conjugated to other proteins by the E3 ubiquitin 
ligase Rsp5, via the formation of an isopeptide bond between the C-terminal glycine of 
Ub and a lysine side chain on the target protein. Ub contains seven lysine residues that 
can be modified additionally, allowing the assembly of polyubiquitin chains. This 
increases the diversity of possible signals and allows quality control at the ER, Golgi and 
PM. Some of these processes, such as the tagging of misfolded proteins in the 
endoplasmic reticulum for degradation, are general quality control mechanisms, while 
others are triggered in response to more specific signals (figure 9). 

Post-translation regulation via Endoplasmic Reticulum Associated Degradation (ERAD) 

The general quality control mechanism termed ER-Associated Degradation (ERAD) is 
triggered when proteins fail to fold or assemble correctly in the endoplasmic reticulum 
190,191. Correct assembly of S. cerevisiae AAPs requires the packaging chaperone Shr3, an 
ER-resident integral membrane protein with 4 transmembrane segments 192,193. Shr3 
holds the first 5 TMDs in a stable conformation so that the remaining seven TMDs can 
fold properly as well. Without Shr3, Gap1 and other AAPs (i.e., Agp1 and Gnp1) 
aggregate into large molecular weight complexes that are degraded by ERAD. This 
process involves multimeric protein complexes that contain the E3 ubiquitin ligases 
Doa10 and Hrd1, extraction of the aggregate from the ER by the CDC48 ATPase complex 
and subsequent breakdown of the proteins by the cytoplasmic proteasome 194.  
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Other “Shr3 like” substrate-specific ER-resident chaperones have been identified in S. 
cerevisiae. Gsf2 is required for the ER-exit of hexose transporters Hxt1 and Gal2, Pho86 
for the phosphate transporter Pho84, and Chs7 for the chitin synthase-III, Chs3 192. 

Arrestin Related Trafficking adaptors (ARTs) as adaptors for the Ubiquitination of Amino 
Acid Permeases (AAPs) 

A more specific signal involves the ubiquitination of plasma membrane proteins carried 
out by the E3 ubiquitin ligase Rsp5, a homolog of mammalian Nedd4 195. Rsp5 contains 
three WW domains that enable recognition of target proteins with PY motifs (PPxY/F). 
However, many plasma membrane proteins do not contain PY motifs and recognition 
therefore requires a specific set of adaptor proteins called ARTs (Arrestin-Related 
Trafficking adaptors). S. cerevisiae has 14 a-arrestin-family proteins (Art1-10, Bul1-3 and 
Spo23) containing PY motifs that act at the plasma membrane and many more adapters 
for other subcellular compartments, (i.e., Bsd2 and the Ear1-Ssh4 pair for vacuolar 
sorting 196 of Smf1 and Fur4 197–200). 
Functions for four (Art1, 2, 4 and 8) of the 14 a-arrestin-family proteins are known to be 
correlated with AAPs. By monitoring external substrate- and stress-induced endocytosis 
of a subset of transporters in a 9-arrestin deletion strain revealed external substrate-
induced functions for Art1: Fur4, Tat2, Mup1, Can1 and Lyp1; Art2: Smf1, Tat2, Fur4; 
Art4: Hxt6; Art5: Ltr1; Art8: Smf1; and on top of that stress-induced functions for Art1: 
Fur4; Art2: Tat2, Fur4, Lyp1; and Art8: Hxt6. Furthermore, weak external substrate and 
stress dependent functioning was observed for Art8: Tat2 and Fur4 198.  
From the above it follows that ARTs show redundancy (i.e., Tat2 external substrate-
induced endocytosis is accommodated by Art1 and Art2 and is unaffected when the gene 
for either one of the genes is deleted). This phenotype also implies that the weak 
functioning of Art8 is sufficient for endocytosis. Additional screening for ART 
complementation of the 9-arrestin deletion strain showed a high redundancy among 
ARTs, but more importantly also revealed the requirement for downstream endocytic 
sorting of the endosomes. For example, Art2 and 8 mediate Fur4 endocytosis from the 
plasma membrane, but the adapter pair Ear1-Ssh4 is needed to complete the passage 
through endosomal structures; without the Ear1-Ssh4 pair Fur4 accumulates in MVBs 
(multi-vesicular bodies) 198,201,202. Also, various ARTs can recognize the same target 
protein, but the downstream effect may be different. A clear example for this is Can1 
where endocytosis mediated by Art1 leads to vacuolar degradation, while Bul1/2 leads 
to recycling of Can1 203.  
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Cues for ubiquitination 

Rsp5-mediated ubiquitination can occur in response to various signals. Tat1 and Tat2 
show Rsp5-dependent endocytosis in response to high pressure or low temperature 204–

206. Also heat-induced misfolded Lyp1 is increasingly localizing to the PM when the gene 
encoding Art1 is deleted. This shows a direct correlation between ubiquitination of Lyp1 
by Art1 and temperature stress 207 .  
Ubiquitination also occurs in response to the availability of nitrogen sources in the cell 
200,208–210. When amino acids and/or nitrogen sources are widely available, Gap1 is 
removed from both the PM and Trans-Golgi Network (TGN) and transferred to 
endosomes. When the same nutrients are limiting, Gap1 is recycled from the endosome 
back to the TGN or PM, which requires different adaptor proteins for each step. 
Gap1 is a broad specificity permease but its main function may be that of transceptor to 
signal the nitrogen status of the environment. Homologues of Gap1 with a narrower 
specificity appear to be regulated by the availability of the substrates they transport. In 
these cases not only the intracellular nitrogen availability acts as a signal but endocytosis 
is also increased by specific amino acids: Can1 (arginine), Dip5 (glutamate), Lyp1 (lysine), 
Mup1 (methionine), and Tat2 (tryptophan) 148,198,211–213.  
The PKA signaling of Gap1 shows analogy with substrate-mediated endocytosis. 
However, the downstream events depend on the type of substrate transported, and thus 
translocation per sé is 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 diverge conformations in the protein.  
Can1 is in the outward-facing conformation when arginine is absent or limiting, and 
under these conditions the protein is stably present in the PM. When arginine is present 
in excess, the conformational state changes from outward- to predominantly inward-
facing and the protein is then rapidly endocytosed 148. For both Can1 and Gap1 it has 
been shown by mutant analysis that transport is not required for endocytosis, the 
binding of substrate is sufficient 148. This substrate-specific downregulation may be a 
mechanism to avoid toxicity by excessive accumulation of amino acids. For instance, S. 
cerevisiae cells that cannot endocytose Gap1, Can1 or Lyp1 experience severe growth 
defects in the presence of their substrate(s) 94,203,207. A similar regulation and substrate-
induced growth defect has also been reported for the di/tripeptide transporter Ptr2 214.  
In summary the concentration of amino acid permeases in the PM is regulated via 
ubiquitin-mediated endocytosis, which requires ARTs. The binding of ART to AAPs 
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requires a specific conformation of the transporter, which can be elicited by stress 
conditions or binding of substrates. Polyubiquitination is a requirement but not 
necessarily sufficient to induce endocytosis. ARTs themselves are regulated via signaling 
cascades: the activity of Art1, for example, is negatively regulated by a phosphorylation 
cascade that involves TORC1 (target of rapamycin complex 1) and Npr1 kinase 188. 

Master regulators TORC1 and -2 (target of rapamycin complex 1 and -2) and their role in 
AAP regulation. 

S. cerevisiae contains the evolutionarily conserved TORC1 and TORC2 (Target Of 
Rapamycin Complex 1/ -2). The complexes share certain components but have specific 
factors too. TORC1 contains Lst8p, Tco8p, Kog1p and either Tor1p or Tor2p, while TORC2 
contains Lst8p, Avo1p, Avo2p, Avo3p, Bit61p and Tor2p. Interestingly, only TORC1 is 
sensitive to rapamycin. A feature that can be acquired for TORC2 by deleting the C-
terminal part of Avo3 that normally masks the rapamycin-binding site in TORC2209. 
Because of this natural insensitivity of TORC2 for rapamycin, which makes it difficult to 
regulate TORC2 activity, TORC1 is the best studied of the two. TORC1 and -2 act as 
central regulators of cell growth and proliferation in response to various environmental 
and intracellular cues 215–217. They are involved in many processes, TORC2 in membrane 
tension homeostasis, actin polymerization and sphingolipid synthesis 218 and TORC1 
amongst others in protein turnover, autophagy, translation and the transcriptional 
regulation of genes induced by nutrient availability 219–222. The latter includes nitrogen 
homeostasis in which amino acids play an essential role.  
Since this introduction focuses on AAPs we restrict to what is known about the role of 
either TORC1 or 2 in the regulation of these transporters. Part of this regulation involves 
a kinase cascade reaction of TORC1-Npr1-Art1. Art1 is phosphorylated on the N-
terminus by the Npr1 kinase preventing association with a target protein (e.g., Can1). 
Upon TORC1 activation the Npr1 kinase is inhibited, which yields unphosphorylated Art1 
and subsequent association of Art1 with the target protein (e.g., Can1) 223. A similar 
mechanism has been shown for Gap1, but it involves the arrestin-like Bul1 and Bul2 
adaptors instead of Art1 210. In addition, Npr1-dependent phosphorylation has been 
shown for Art2 and Art3, suggesting the mechanism might extend to all ARTs 197,212,223. 
TORC1 activation has been proposed to occur as a result of fast proton influx coupled to 
metabolite import by AAPs rather than by the intracellular amino acid levels themselves 
224. However, the activation by proton influx is transient. Although the proposed 
mechanism is appealing, the expected drop in intracellular pH is not observed, which 
leaves questions on the actual signal that is sensed. Other candidates for sensing internal 
levels of amino acids and sustained TORC1 activation are GTPase-activating proteins 
Lst4/-7 via Gtr2 and the Leucine-t-RNA transferase via Gtr1225. Another and recently 
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identified candidate is Pib2, which acts as a sensor for internal glutamine levels 226,227. 
Thus, TORC1 activation is complex and more work is needed to resolve the precise role 
of AAPs. 
TORC2 has not been a major component in the study of AAP endocytosis. A recent study 
using a TORC2 mutant sensitive to rapamycin shows that TORC1 is essential for the 
exocytosis of Mup1 to the PM, and TORC2 is needed for the endocytosis of Mup1 from 
the PM 228. Noteworthy, this finding was made under conditions that endocytosis was 
induced by external substrate. Also, by combining observations made in several studies 
148,197,223,228,229 that track the endocytosis of multiple AAPs (e.g., Lyp1, Fur4, Can1, Mup1) 
under external substrate and stress induced conditions, we conclude that external 
substrate-induced endocytosis is not dependent on TORC1, but most likely on TORC2. 
This conclusion is mainly based on the natural rapamycin insensitivity of TORC2 (i.e. 
TORC2 can be active in the presence of rapamycin) and the fact that rapamycin 
(inactivation of TORC1) inhibits stress-induced (e.g., internal nitrogen availability) 
endocytosis but not external substrate-induced endocytosis. 
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Figure 9: AAP trafficking. Biogenesis, quality control and ubiquitin-mediated membrane protein trafficking of 
AAPs in yeast. In the ER misfolded AAPs are degraded via ERAD (I). The Shr3 chaperone stabilizes AAPs in the 
ER and sorts proteins into vesicles for trafficking to the Golgi complex (II). When nitrogen sources are available 
AAPs travel from the TGN to endosomal vesicles (III), while under nitrogen-limiting conditions AAPs are sorted 
into exocytic vesicles that fuse with the PM (IV). Import of amino acids (1) signals TORC1/2 for upregulating 
ARTs that recognize the N-terminal tail of inward facing AAPs (2) and recruits Rsp5 to ubiquitinate lysine 
residues (3), which are most often located in the N-terminal tail. This initiates endocytosis by the Endosomal 
Sorting Complex Required for Transport (ESCRT) and results in the formation of endosomes (4) that first fuse 
with the TGN (5) and from there (when nitrogen sources are limited) are sorted into exocytic vesicles that fuse 
with the PM (IV). Under nitrogen-available conditions AAPs are sorted to endosomal vesicles (III) that after 
fusion (6) eventually leads to degradation of the proteins. For vacuolar amino acid transporters depletion of 
specific amino acids leads to the binding of chaperones, (e.g., Ssh4), which also recruit Rsp5 for ubiquitination 
(7). After this, intraluminal vesicles are formed by ESCRT components directly on the vacuolar membrane and 
subsequent proteolysis occurs. IF and OF refer to the inward- and outward-facing conformation of an AAP. 

Arrestin Related Trafficking adaptor (ART) target specific protein recognition signals 

The search for the recognition site of ARTs yielded the N-terminal cytosolic tail as target. 
The first proposal for a recognition mechanism involving the binding of ARTs to the N-
terminal tail of the target protein came from Keener et al., who showed that truncations 
of the N-terminus of Fur4 stabilized the protein at the cell surface 230. Using a homology 
model of Fur4 based on the bacterial sodium benzyl-hydantion symporter Mhp1, a ‘lid 
region’ has been proposed that would interact with internal loops of Fur4 when the 
protein is in the outward open state. Destabilization of the lid region (e.g., upon 
substrate binding or temperature/peroxide stress) led to an increased susceptibility for 
ubiquitination and hence removal of Fur4 from the PM. The authors propose that the lid 
region works as a stress and substrate sensor that controls the accessibility of the N-
terminal lysine residues for ubiquitination 230. Similar observations have subsequently 
been made for Mup1, Can1 and Lyp1 203,231. Similarly, Lin et al constructed chimeras of 
Can1 and Lyp1 by swopping their N-termini and thereby making Can1 prone to cues for 
Lyp1 degradation and vice versa 197. Besides, they showed that lysine residues prone to 
ubiquitination are mostly found in the N-terminal tail of plasma membrane AAPs 
203,207,230–232. A note should be made here about the glucose transporter Jen1, where 
lysine residues in the cytosolic loop region affected glucose-induced polyubiquitination 
while the N-terminal lysine residues had no effect 233. Thus, the tail or loop regions that 
mediate endocytosis may vary for different transporter families. 
The molecular interaction of Art1 with the N-terminus has only recently been specified; 
Guiney et al have shown that an acidic patch in the N-terminal tail interacts 
electrostatically with a basic region in the C-terminus of Art1 231. Noteworthy, 
endocytosis only occurs if the acidic N-terminal patch is proximal to the TM-region, 



 - 36 - 

suggesting that additional parts of the protein or other partners, yet to be identified, are 
required for endocytosis. 

Other Regulatory signals on AAPs 

Although most regulatory signals with respect to AAP regulation are found on the N-
terminus, the C-terminal tail of Gap1 contains a predicted 19 amino acid-long 
amphipathic α-helix 234 and harbors sequence motifs that play a role in processing of the 
protein in the secretory pathway, nitrogen-dependent gene regulation, membrane 
anchoring, endocytosis, or PKA signaling 234–236. The hydrophobic-diacidic motif 
(M/I/V)D(L/I/V)D is required for exiting the ER and transport to the Golgi 237,238. The 
multiple regulatory roles of the C-terminal tail is best documented for Gap1. Mutants of 
Gap1 that are resistant to ammonium-induced endocytosis have been mapped in the C-
terminus, while the protein is still ubiquitinated to a similar extent as wildtype Gap1. 
Furthermore, substitution of two leucine residues preceding the diacidic motif in the 
predicted α-helix or deletion of the last 11 amino acids yielded proteins that are less 
efficiently ubiquitinated and partially protected against endocytosis. A lysine to alanine 
substitution within the predicted α-helix protects Gap1 against ammonia-triggered 
degradation but the protein is still normally ubiquitinated 234,239. Overall, these data 
suggest that the C-terminal α-helix has a role in the downstream steps of endocytosis 
but is not ubiquitinated itself. A similar phenotype is obtained when a deletion is made 
in the C-terminus of Bap2, whereby resistance to cycloheximide-induced endocytosis 
was obtained 240. The KPRWYR motif within the last 11 residues of Gap1 is responsible 
for the association of the protein with a GTPase-containing complex (GSE) 241. The GSE 
complex is involved in the trafficking of Gap1 from the TGN to the PM, and mutations 
(i.e. Tyrosine to Alanine) in the motif lead to sequestration of Gap1 in endosomal 
membranes. Deletion of the last 11 amino acids abolishes association of Gap1 with the 
GSE complex and bypasses this regulatory step 241. A detailed summary of regulatory 
signals established for Gap1 was reviewed by Kriel et al. 242. An overview of most signals 
and regulatory domains known for AAPs are projected onto a topology model (figure 
10). For the core cluster of AAPs, as defined by Ljungdahl et al. 92, the C-termini have 
been subdivided into two classes: those that end with a palmitoylation motif ‘FWC’ and 
those that lack the motif and have a shortened C-terminal α-helix. Many of the C-termini 
of AAPs have been shown to interact with membranes even in the absence of the 
palmitoyl modification 236. This could mean that the C-terminal tail has a defined 
secondary structure that could play a role in protein trafficking. In Mup1 the C-terminal 
region has phosphorylation and ubiquitination sites and is involved in endocytic 
turnover. A conserved region in this C-terminal tail of MUP1 (FWRV, positions 534-537) 
has been shown to overlap with a loop region in the crystal structure of the homologous 
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protein GadC 152. This loop region is referred to as the ‘C-Plug’ and is positioned close to 
the core of the TMD segments in GadC. Removal of the conserved region in Mup1 
abolishes the substrate-dependent endocytosis and localization of the protein to the 
MCC (Micro-Compartment of Can1) domain of the PM. Possibly, the C-plug of MUP1 is 
involved in a conformational switch upon substrate transport that allows the endocytic 
machinery to access ubiquitination sites 228.  
 

 
Figure 10: AAP Regulatory signals. Topology model of AAPs and known regulatory regions. The typical 5+5 
inverted repeat is represented by TM segments 1-5 and 6-10; the quasi-two-fold axis in the plane of the 
membrane is indicated by the red oval. In the model, 2 additional TM segments are depicted (light grey), which 
are typically found in PM localized AAPs. Cytosolic regions known to play a role in regulation and post-
translation modification are shown in colors. From N- to C-terminus: Region with lysine residues targeted for 
ubiquitination (red); Art-binding (orange) (see section: ART target protein recognition); COPII for ER exit 
(magenta); Membrane-associating amphiphatic helix (light green); GSE-binding motif (dark green); and 
palmitoyl chain (Brown) (see section: Other regulatory signals on AAPs). 

 
In conclusion, the C-terminal tail of a subset of amino acid transporters has the ability to 
interact with the membrane and seems to be involved in downstream sorting after 
ubiquitination. However, our understanding of the role of the C-terminus is far from 
complete and might differ from AAP to AAP. The N-terminal lysine residues seem the 
main sites for ubiquitination and are recognized by ARTs upon various cues. Subsequent 
recruitment of Rsp5 by ARTs results in endocytosis. Ultimately, most studies focus on 
the internal loops of membrane proteins and omit systematic studies on the role(s) of 
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the external loops. Regulatory recognition signals are not expected to be positioned on 
the extracellular side, however protein amino acids essential for substrate specificity or 
translocation or sites for environmental signals may be situated on the extracellular face 
of the protein. Finally, a new type of regulation mechanism has emerged in recent years. 
This type of regulation involves domain partitioning, in which the ubiquitination 
machinery can only access target proteins (i.e. Lyp1, Can1, Mup1, Tat2, Fur4) excluded 
from certain PM domains and thereby function as a protective compartment. 

1.3 Lipids and AAPs: roles in intracellular transport and domain partitioning  

1.3.1 The role of lipids for intracellular transport of AAPs 

Several lipid species are known to be involved in proper sorting of Amino Acid Permeases 
(AAPs) in yeast. In most studies, genes involved in the synthesis of either PtdEth, PtdSer, 
Ergosterol or LCBs have been inactivated. Earlier studies that focused on either 
auxothropic growth or the transport of a specific amino acid, concluded that PtdEth and 
PtdSer are essential for functioning of Tat2 (tryptophan), Put4 (proline), Can1 (arginine) 
and Gap1 (general)26,243. Later studies on Tat2 and Can1 showed that this was due to 
mis-sorting rather than necessarily a direct effect on the transporter’s function244. More 
specifically, the lack of PtdSer seems to influence internal trafficking mechanisms that 
rely on the asymmetry of PtdSer, which is facilitated by the flippases dnf1p/2p and 
drs2p50,245. It has been proposed that PtdSer is accumulated in the inner leaflet and the 
negative surface charge enables electrostatic interactions with the N-terminal tail of 
Tat2. This blocks the access of this region for the ubiqutination machinery and 
subsequent degradation of Tat2. Such a mechanism could theoretically also act at the 
PM as both drs2p and PtdSer are associated and enriched at the PM50. Worth mentioning 
though, the flippases may not be specific for PtdSer and the effect, although 
mechanistically different, could be attributed to PtdEth or PtdCho as well246. Similar mis-
sorting of Tat2 and growth inhibition based on tryptophan auxotrophy is also seen using 
ergosterol knock-outs247. However, the growth inhibition could be relieved by increased 
Tat2 expression, indicating that ergosterol is involved in sorting of Tat2 but not essential 
for transporter function. Also, increased tryptophan requirements were observed upon 
bilayer fluidity changes248, implying a role for the physical properties of the bilayer next 
to specific lipid-protein interaction. Finally, sphingolipid-dependent sorting/activity of 
AAPs has only been studied marginally. Supplementing yeast with pytosphingosine 
showed growth inhibition of tryptophan, proline, leucine and histidine auxotrophs. This 
effect seems amino acid transporter specific as uracil, adenine or vitamin dependent 
growth was not inhibited249. Furthermore, a strain unable to produce LCBs still enabled 
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trafficking of the Gap1 to the PM, but the protein was non-functional, rapidly 
endocytosed and degraded250. Although specific lipids seem to play an essential role in 
AAP sorting a direct role of lipids on transporter function has not been established.  

1.3.2 Lateral segregation of AAPs into microdomains of the PM 

The yeast plasma membrane is divided in multiple micro domains named after the first 
identified proteins that were associated with it; the Micro-Compartment of Can1 (MCC), 
Micro-Compartment of Pma1 (MCP) and Micro-Compartment of TORC2 (MCT). For the 
MCC251,252 was subsequently shown that the permeases Fur4, Tat2, Mup1 and Lyp1 can 
also reside in the domain. Also, Sur7 and related tetra-spanner proteins (Ygr131, Ynl194, 
Ydl222, Ylr414, Nce102) are associated with the MCC 228,252–256. The MCCs make furrow-
like invaginations in the PM that are supported by subcortical structures called 
‘eisosomes’, which are composed of so-called BAR (Bin, Amphiphysin, Rvs) domain 
proteins of which Pil1 is the most abundant257,258. Eisosomes are reported to be enriched 
in ergosterol relative to the rest of the PM, but this proposal is so far only based on filipin 
staining259. Pma1, the most abundant protein in the plasma membrane, is excluded from 
the MCC domains. Pma1 instead forms its own meshwork compartment, which has been 
named MCP (Micro-Compartment of Pma1) and is believed to be enriched in 
sphingolipids instead253,258,260. There are also proteins that do not show a strong 
apparent domain localization and distribute homogeneously over the PM, like the 
general amino acid permease Gap1 and the hexose transporter Hxt1p251,261. 
The partitioning of AAPs in the MCC/eisosome is well studied77,228,229,253,254,260,262–264, but 
the exact function of the MCC/eisosome remains elusive. A number of studies point 
towards a protective environment against endocytosis. For instance, deletion of the 
essential MCC/eisosome constituents Nce102 and Pil1 resulted in a more rapid 
endocytosis of Can1 and Fur4264. This finding was later rebutted by showing that the rate 
of endocytosis of Can1 and Tat2 did not significantly change in a Pil1 deletion strain264. 
Additionally, a claim was made that the MCC area is essential for the functionality of 
Can1 by showing that a Pil1 deletion strain is less sensitive to canavanine, a toxic analog 
of arginine that is transported by Can1253. Also, this observation was subsequently 
rebutted by showing that the rate of transport is the same inside and outside the 
MCC/eisosome structure229. However, MCC/eisosome-entrapped Can1 and Mup1 are 
less sensitive to endocytosis, suggesting that this PM domain provides a protective 
environment of at least some AAPs228. It has been speculated that the storage of 
transporters in MCC/eisosomes is a mechanism induced by nutrient starvation during 
which sphingolipid biosynthesis is enhanced. This storage of proteins in MCC/eisosomes 
allows for fast influx of lysine/arginine when these amino acids become available in the 
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medium229. Recent studies showed that Can1, Lyp1 and Mup1 partition mainly at the 
edges of the MCC/eisosome domain, and addition of substrate induces a conformational 
change in the proteins which lowers their affinity for the MCC/eisosome228,229,254. For 
Can1 and Mup1 the release is proposed to be associated with a reduced affinity for 
sphingolipids when the proteins change conformation from an outward- to an inward-
facing state229. Bianchi et al.254 has proposed that, once released from the 
MCC/eisosomes, the transporters redistribute to a site where endocytosis may occur 
(Fig. 11). This is supported by Busto et al.228who found a so-called “network domain’’ 
upon Mup1 release from the MCC that strongly co-localizes with the late endocytic 
marker Abp1. Interestingly, in this study Nce102 exits from the MCC together with 
Mup1, however this has not (yet) been shown for other AAPs. Figure 11 depicts the 
micro compartments and their functional roles. The redistribution of Can1, Fur4 and 
Mup1 from the MCC/eisosomes260,262 has been observed upon dissipation of the pH 
gradient, while keeping the eisosomal marker Sur7 in place. This, suggests a connection 
between the energy status of the cell (or a crucial role for the internal pH) and residence 
of AAPs in the MCC/eisosome. We emphasize that dissipation of the proton motive force 
can have different effects on AAPs, for instance downhill excretion of ammonia by Fur4 
but not of arginine or lysine by Can1 and Lyp1128,130,132. This leaves the question open 
whether redistribution of the proteins over the PM is dependent on a conformational 
change from outward to inward state or a change of affinity for a protein or lipid partner. 
In summary, the MCC/eisosomes may have a regulatory function in lipid homeostasis, 
but the majority of evidence points towards a role as protective storage compartment 
for APC family transporters and protection of the proteins from endocytosis under 
nutrient-starving conditions. 
Much less is known about the Micro-Compartment of TORC2 (MCT). As mentioned in 
section ‘’master regulators TORC1 and -2 …… in AAP regulation” TORC2 fulfills a vital role 
in cell surface homeostasis218. However, TORC2 has not been a major component in the 
study of AAPs. One recent study using a TORC2 mutant sensitive to rapamycin shows 
that TORC2 is needed for the endocytosis of Mup1 from the PM228. A more detailed 
description of the relation between TORC and AAPs can be found in125. 
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Figure 11: MCs in PM. Domain partitioning and regulation of endocytosis of AAPs in the yeast PM. The MCC is 
structurally stabilized by the scaffold proteins Pil1 and Lsp1, which were first identified as the eisosome 
structure. Mup1, Can1 and Lyp1 are entrapped in the MCC/eisosome, possibly by interacting with sphingolipids 
or (structural) protein components of the MCC/eisosome. Nce102 may interact with Mup1 specifically. 
Substrate transport by Can1 and Mup1 activates ARTs via TORC2, which is reported to reside in its own micro 
domain (i.e., MCT). The substrate-induced conformational change of the AAPs from outward- to inward-facing 
may break the interaction with specific lipids or proteins, and as a result Can1, Lyp1 and Mup1 leave the 
MCC/eisosome. Endocytosis occurs outside the MCC/eisosomes in the Network like domain. The Membrane 
Compartment of Pma1 (MCP) is a distinct domain in the PM. Pma1 is not able to enter the MCC-eisosome. 

1.4 How to study membrane proteins 

1.4.1 In vivo 

Studies involving membrane transport typically requires (over)expression of the 
respective protein in a host cell. This is accomplished using the native organism or a 
specific expression host, when the lab is not equipped or restricted to work with certain 
organisms. Figure 12 outlines the most common approaches to study membrane 
proteins in vivo. The protein can be expressed as wild-type (WT) or a genetic engineered 
variant, where a specific region of the gene has been altered, using recombinant DNA 
technology. Once expressed, one needs to determine the sorting and location of the 
protein and measure its activity. The latter can be done by measuring the transport 
directly, using labeled substrates or indirectly by monitoring growth determined by a 
spot test or spectrometry using the appropriate host strains. Cellular sorting and location 
are usually determined by either employing fluorescent microscopy, using fluorescent 
protein-tagged constructs265 or by subcellular fractionation266 and subsequent analysis 
by SDS-PAGE and Western Blotting (WB). 
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Figure 12: How to study membrane proteins in vivo. WT = wild-type, WT#x>x = nucleotide substitution, 

WT#del= nucleotide deletion , DWT = gene knock-out, # = nucleotide position, x = nucleotide (one letter 
abbreviation). DRMs = Detergent Resistant Membranes, WB = Western Blotting, SDS-PAGE = Sodium-Dodecyl-
Sulfate-Poly-Acrylamide-Gel-Electrophoresis. 

1.4.6 In vitro 

In vitro studies on membrane transport in yeast are scarce, because they are laborious 
and challenging. Up to the year 2000 most in vitro studies were performed with 
membrane proteins in membrane vesicles, lacking the soluble components of the cell 
but still containing multiple different transporters with overlapping specificities. More 
recently, proteins have been purified and reconstituted in synthetic lipid vesicles, and 
transport has been monitored under well-defined conditions. The advent of membrane 
protein crystallography has given us structural insight into the molecular mechanisms of 
transport, but so far only a single yeast PM transporter i.e., ammonium transporter 
Mep2267, has been crystallized, but no structures are determined by other methods yet. 
Figure 13 depicts current most used techniques for studying membrane proteins in vitro. 
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Figure 13: How to study membrane proteins in vitro. Purified membrane fractions (middle) can be solubilized 
using either detergent or SMA/DIBMA. The latter results in SMALPs (bottom left) and retains the native lipids 
(green) while the former loses most of the native lipids and results in protein solubilized in detergent micelles 
(top right). Protein detergent micelles can be reconstituted in lipid vesicles (left top) or into nanodiscs (bottom 
right) upon removal of the detergent using bio-beads. At each stage several parameters can be experimentally 
testes (yellow boxes). MSP = Membrane Scaffold Protein, SMA = Styrene Maleic Acid, SMALP = Styrene Maleic 
Acid Lipid Particle, DIBMA = Di-Iso-Butylene Maleic Acid. 
 

Almost every method starts with membranes that are partially purified. Next, the protein 
of interest is isolated after detergent solubilization and subsequent purification by 
affinity chromatography and/or size exclusion chromatography. With detergent purified 
protein one can measure substrate binding, protein-protein interactions and 
thermostability (top right yellow box). This is mostly achieved by Isothermal Titration 
Calorimetry (ITC), but other methods using labeled molecules and spectroscopy are 
performed as well. At this point crystallography or cryo-electron microscopy can be used 
to elucidate the molecular structure as well. Generally, membrane proteins are not very 
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stable in detergent solutions and transport cannot be measured at this point. Therefore, 
detergent-solubilized proteins can be reconstituted in lipid vesicles268 upon removal of 
the detergent by bio-beads (left top yellow box). Lipid vesicles are circular shaped 
entities and their lumen is sealed from the extracellular environment. The lumen allows 
transport and accumulation of the substrate. By separating transported substrate from 
non-transported substrate in time with ultrafiltration one can determine kinetic 
parameters of transport. Also, the effect of the lipid environment on transport or 
substrate binding can be measured at this stage. This method is not perfect. 
Reconstitution efficiencies may vary and protein concentrations are often too low to 
determine accurately afterwards. Also, the orientation of membrane proteins in 
synthetic lipid vesicles is not controlled, hence in many cases one analyzes transport in 
both directions as seen from the perspective of a protein. In some cases, activity of one 
of the two possible orientations can be inhibited by attaching small molecules like 
maleimide derivates, but the chances of success are frequently determined empirically. 
In recent years a new method has been developed named “Nanodiscs’’. Nanodiscs allow 
for the same experiments to be performed as with detergent-solubilized protein (right 
bottom yellow box) but additionally provide a lipid environment, either synthetic lipids 
or purified from natural sources e.g., soy-bean, rat brain. Nanodiscs can be formed using 
various so called “belt proteins”. The first belt protein was Membrane Scaffold Protein 
(MSP)269 and later the Peptidisc270 and Saposin271 were developed. Each belt protein has 
its advantages and disadvantages (see corresponding references). A similar type of disc 
structure named Styrene Maleic Acid Lipid Particle (SMALP) can be formed by mixing a 
polymer of Styrene Maleic Acid (SMA) with purified membrane fractions e.g., PM, ER, 
and in some cases even with intact cells directly272. Hence, SMALPs retain the native lipid 
environment and thus mimic the physiological condition more closely than Nanodiscs 
do. SMALPs are an attractive method for structural studies by single-particle cryo-EM 
and especially suited for lipidomic analysis by Mass Spectrometry (MS) (left bottom 
yellow box). This is also reflected in the number of publications describing the use of 
SMALPs, which have increased exponentially since 2013 
(http://www.smalp.net/publications.html). A recently developed alternative to SMALPs 
are Di-Iso-Butylene Maleic Acid Lipid Particles (DIBMALPs)273. DIBMALPs are particularly 
convenient when a high concentration of divalent cations is needed in downstream 
assays (e.g., ATPase activity) as SMALPs disassemble under those conditions. Also, 
DIBMALPs do not absorb in the far-UV range and thus can be used for spectroscopy at 
those wavelengths. In this thesis I use several of these methods to study membrane 
transporters from yeast and to determine the role that lipids have in their function. 
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1.5 Outline of this thesis 

This thesis is focused on the proton-coupled lysine transporter ‘Lyp1’ from S. 
cerevisiae. Chapter 2 presents a method for the heterologous expression of Lyp1 in P. 
pastoris and subsequent isolation, purification and reconstitution into lipid vesicles. 
With this method we address the apparent unidirectional transport of lysine by S. 
cerevisiae. That is, lysine is efficiently imported, but export of lysine is not observed. 
Chapter 3 is a continuation of chapter 2 in which we identified parts of the polypeptide 
sequence that is specific for YATs and correspond to regions annotated as extracellular 
loops. We systematically constructed mutations within these regions of Lyp1 and 
questioned whether these regions play a role in the trafficking and function of Lyp1 by 
determining the effects of each mutation on subcellular location and activity of Lyp1. In 
chapter 4 the focus is shifted towards the lipid environment of Lyp1 and other 
transporters. Here, we attempt to explain how the yeast PM provides flexibility for 
transporters to perform conformational changes while simultaneous adopt a robust 
membrane in which protein diffusion is slow and membrane permeability is low. In 
chapter 5 I summarize the findings of this thesis and present an outline for potential 
future research. 
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