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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 
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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 
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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 



 - 20 - 

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.  



 - 31 - 

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, 
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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 



 - 39 - 

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). 



 - 42 - 

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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Abstract 

The import of basic amino acids in Saccharomyces cerevisiae has been reported to be 
unidirectional, which is not typical of how secondary transporters work. Since studies of 
energy coupling and transport kinetics are complicated in vivo, we purified the major 
lysine transporter (Lyp1) of yeast and reconstituted the protein into lipid vesicles. We 
show that the Michaelis constant (KM) of transport from out-to-in is well in the 
millimolar range and at least 3 to 4-orders of magnitude higher than that of transport in 
the opposite direction, disfavoring the efflux of solute via Lyp1. We also find that at low 
values of the proton motive force, the transport by Lyp1 is comparatively slow. We 
benchmarked the properties of eukaryotic Lyp1 to that of the prokaryotic homologue 
LysP and find that LysP has a similar KM for transport from in-to-out and out-to-in, 
consistent with rapid influx and efflux. We thus explain the previously described 
unidirectional nature of lysine transport in S. cerevisiae by the extraordinary kinetics of 
Lyp1 and provide a mechanism and rationale for previous observations. The high 
asymmetry in transport together with a reduction of the effective concentration of lysine 
in the cytoplasm, due to secondary storage in the vacuole, allow the cell to accumulate 

basic amino acids to very high levels. 
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Introduction 

Amino acids are imported into Saccharomyces cerevisiae by secondary active 
transporters that belong to the APC (amino acid/polyamine/organocation) superfamily. 
The APCs of yeast are driven by the proton motive force (PMF) and couple the uphill 
transport of amino acids to the downhill transport of protons. As expected for secondary 
transporters dissipation of the PMF leads to solute export down the concentration 
gradient, as has been shown in yeast for most amino acids128,129. However, little or no 
export of basic amino acids is observed in S. cerevisiae when the PMF is dissipated 128,130. 
Four APC proteins are responsible for the import of basic amino acids: Lyp1 Can1, Gap1 
and Alp1274; Lyp1 is the major transporter for lysine, Can1 for arginine. Deletion of all 
four genes abolishes the transport of basic amino acids across the plasma membrane 
(PM) of yeast131. 
Mechanistic and bio-energetic studies of amino acid transport in vivo are hampered by 
the sequestration of solutes in the organelles, their metabolism inside the cell and the 
difficulty to manipulate the ion gradients. Furthermore, transcriptional or post-
translational regulation of transport and removal of the transporter from the PM 
influences the measured activity. To study transport independent of these challenges, 
Can1p 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 study when efflux was observed under conditions where cells were 
growing exponentially133. The consensus is that secondary transporters work via the 
principle of alternating access in which a solute can dock on a single binding site that is 
alternately accessible from either side of the membrane. Solute binding on the cis side 
triggers a conformational change and the solute is released on the trans side. The 
directionality of transport is dictated by the driving force, and for solute proton symport 
with a PMF inside negative and alkaline relative to the outside, there is net import of 
solute until the solute concentration gradient comes into equilibrium with the 
electrochemical proton gradient. For lysine or arginine symport with a proton, the 
situation is a bit more complicated as the membrane potential acts as driving force via 
the charge on the proton and the solute. For all transporters studied to date, 
thermodynamic equilibrium of the solute and electrochemical proton gradient is 
typically not reached because of some leak pathway275. The mechanism of alternating 
access is supported by structural data of several secondary transporters and is perhaps 
best documented for the proteins with the so-called LeuT-fold. The LeuT-fold consists of 
two times five transmembrane segments that are related to each other by a pseudo-
twofold axis143,145. Collectively, the structures of several LeuT-fold proteins show a high 
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symmetry between their respective inward and outward-facing conformational states 
and strongly support the alternating access mechanism153,276.  
Here, we study the mechanism of lysine transport via S. cerevisiae Lyp1, an APC-family 
protein with the LeuT-fold. We confirm previous observations that lysine transport in 
vivo is highly directional, using strains deficient in lysine breakdown and vacuolar 
storage. We purified and reconstituted Lyp1 in lipid vesicles, and benchmarked the 
energetics and kinetics of lysine transport of Lyp1 against those of a bacterial 
homologue, LysP from Salmonella typhimurium. We show that the apparent 
directionality of lysine transport is due to intrinsic properties of the Lyp1 transporter, 
related to an extreme asymmetry in the KM for inward and outward transport of lysine 
and a particular PMF dependence of transport, that is, when compared to LysP.  

Results 

Lysine transport in S. cerevisiae 

Yeast cells control the influx of lysine by regulating the level of Lyp1 in the plasma 
membrane (PM). Regulation depends on the availability of extracellular lysine and 
requires specific adaptor proteins, Art1 and Art2, which recognize the N-terminal tail of 
Lyp1 and trigger ubiquitination by Rsp5 and subsequent endocytosis148,197,198. To 
minimize endocytic breakdown during growth and subsequent incubations we removed 
the N-terminal tail of Lyp1, yielding Lyp1(62-590)-YPet; all Lyp1 constructs were tagged 
with YPet (or GFP), a fluorescent protein that allows localization of the transporter. The 
in vivo transport activity and Michaelis constant (KM) for lysine of Lyp1 was the same 
without or with the fluorescent protein fused to the C-terminus. To minimize 
transcriptional regulation, we expressed Lyp1 and derivatives from a multicopy plasmid 
under the inducible GAL promoter in a ∆Lyp1 strain. We compared cells expressing 
wildtype Lyp1-YPet and Lyp1(62-590)-YPet grown in the absence and presence of 0.5 
mM of lysine. Microscopy images showed an increased level of Lyp1(62-590)-YPet in the 
PM as compared to wildtype Lyp1-YPet, even in the presence of external lysine (Fig. 1a). 
Accordingly, the rate of 14C-lysine import was higher in cells expressing Lyp1(62-590)-
YPet (Fig. 1b). Next, we constitutively expressed Lyp1(62-590)-YPet from a multicopy 
plasmid under the constitutive ADH1 promoter and verified the apparent unidirectional 
nature of lysine transport by adding a 500-fold excess of non-labeled lysine (exchange 
conditions) or by dissipating the PMF using the protonophore carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) (Fig. 1c). Only a small fraction of 14C-lysine 
was released from the cells, even upon prolonged incubation (data not shown); thin-
layer chromatography confirmed that the accumulated 14C-lysine was not degraded 
(Supplementary, Fig. S1). 
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The apparent unidirectional transport of lysine could partially be explained by vacuolar 
sequestration of the amino acid. The Vba1, Vba2 and Vba3 proteins have been 
implicated in vacuolar transport of lysine, and deletion of the corresponding genes 
reduced the accumulation of lysine to ~20% of the isogenic wildtype strain277 We found 
that Vba1 was the main contributor to vacuolar uptake of lysine, with a minor additional 
activity from Vba2 (Supplementary, Fig. S2 and NoteS1). We therefore deleted the VBA1, 
VBA2 genes and also the LYS1 gene to reduce the biosynthesis of lysine (LYS1 codes for 
saccharopine dehydrogenase, which catalyzes the conversion of saccharopine to lysine). 
Also, in these knockout cells, relatively little efflux of lysine was observed upon 
dissipation of the PMF (Fig. 1d). Strikingly, the chase experiment in the so-called VBA 
deletion strain with vba1, vba2 and lys1 deleted showed slow but significant efflux 
activity, indicating exchange of 14C-lysine with unlabeled amino acid. The lower 
exchange in wild-type cells with vacuolar lysine transport activity (Fig. 1c) suggests that 
at least part of the lysine is normally trapped in the vacuole.  
The efflux rate observed in these experiments is still low given the high cytoplasmic levels 
of lysine, which are ~ 35 mM in the VBA deletion strain. We next tested the possibility of 
regulation of transport by increased concentrations of intracellular lysine, the so-called 
trans-inhibition. In cells preloaded with up to ~45 mM of lysine we did not observe any 
reduction of the initial rate of lysine transport by Lyp1(62-590)-YPet (Supplementary, Fig. 
S3a). 
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Figure 1: Lysine transport in Saccharomyces cerevisiae. (a) Confocal imaging of Lyp1-YPet and Lyp1(62-590)-
YPet expressing cells and grown in the presence and absence of lysine. (b) Lysine transport rate of wild-type 
Lyp1 and Lyp1(62-590) expressing cells grown in the presence and absence of lysine. (c, d) Effect of FCCP 
(circles) and 100 mM lysine (500x fold excess of unlabeled solute, triangles) on the uptake of lysine into cells 
overexpressing Lyp1(62-590)-YPet; time-point of addition is indicated by arrows. In S. cerevisiae BY4742, the 
initial rates of export expressed (as mM lysine*min-1 and SEM calculated) were 0.30 ± 0.02 and 0.28 ± 0.07 for 
FCCP treatment and lysine chase, respectively. For S. cerevisiae BY4742 ∆vba1, ∆vba2, ∆Lys1, the respective 
values were 0.25 ± 0.02 and 0.36 ± 0.04 mM lysine*min-1.  

Lysine transport in proteoliposomes: yeast Lyp1 versus bacterial LysP 

To optimize the expression and to facilitate the stability screening of Lyp1, we fused GFP 
(Green Fluorescent Protein) to the C-terminus of Lyp1. We compared the expression of 
Lyp1 in S. cerevisiae and Pichia pastoris, using the GAL and AOX1 promoter, respectively. 
We found that heterologous expression of Lyp1-GFP (i.e. Lyp1-TEV-GFP-his10) in P. 
pastoris yielded the highest protein levels, and fluorescence imaging showed that Lyp1-
GFP almost exclusively localized to the plasma membrane (Fig. 2a). In parallel, we 
expressed a bacterial homologue of Lyp1, namely LysP from Salmonella typhimurium in 
E. coli, using the pBAD expression system as described by Kaur et al146(Supplementary 
Fig. S4). Purification of Lyp1-GFP from P. pastoris membranes was optimized using 
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FSEC265. Lyp1-GFP and LysP were purified by sequential nickel-affinity and size-exclusion 
chromatography (Fig. 2b,c). Lyp1-GFP and LysP were reconstituted into lipid vesicles at 
molar protein-to-lipid ratio of 1 to 1000 and 1 to 800, respectively. Assuming that all 
protein was functionally reconstituted, vesicles with a diameter of 200 nm would on 
average contain two to three transporters. Since protein is lost in the reconstitution or 
may not be functionally incorporated into the vesicles, it is most likely that the 
proteoliposomes will on average have less than one functional transporter, see also our 
recent analysis of membrane reconstitution of another transport protein278. 

 
Figure 2: Expression and purification of Lyp1. (a) Confocal imaging of Lyp1-TEV-GFP-His10 in P. pastoris showing 
fluorescence (top panel) and bright-field image (bottom panel). Scale bar is 2 µm. (b) Size-Exclusion 
Chromatography (SEC) profiles of Lyp1-GFP after Immobilized-Metal Affinity Chromatography (IMAC); 
continuous and dotted lines represent absorption at 280 nm and 488 nm, respectively. (c) Coomassie Blue 
staining and in-gel fluorescence imaging of purified Lyp1-GFP (lanes 1 and 2, respectively) and Lyp1-GFP 
proteoliposomes (lanes 3 and 4, respectively).  

 
To drive the transport of lysine into the vesicles we generated a membrane potential 
(ΔY) with and without a pH gradient (ΔpH) by diluting potassium-acetate containing 
proteoliposomes into sodium-phosphate with different concentrations of Na-acetate, 
containing the potassium ionophore valinomycin (Fig. 3a). The outward-directed 
potassium diffusion potential will create a ΔY, whose magnitude is given by the initial 
potassium gradient; similarly the difference in internal and external acetate 
concentration sets the maximal value of the ΔpH (for details see Mulligan et al279). At a 
ΔY of -84 mV and a ZΔpH of -84 mV (external and internal pH of 6.0 and 7.3, 
respectively), the PMF was – 168 mV, and the turnover of Lyp1 and LysP at an external 
lysine concentration of 20 µM was 3 and 7.5 min-1, respectively. Below we show how the 
ΔY and ΔpH contribute as driving force for the uptake of lysine by Lyp1 and LysP.  

Directionality and flux-force relationship of lysine transport 

We allowed proteoliposomes to accumulate lysine to submillimolar levels in response to 
an imposed PMF of –168 mV. Lyp1- and LysP-mediated transport resulted in 
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accumulation levels of 15–25 fold after 9 and 1 min of uptake, respectively (Fig. 3b and 
3c), assuming a specific internal volume of 2 µl/mg of lipid280. We then dissipated the 
PMF by the addition of FCCP or chased the accumulated lysine with a 1000-fold excess 
of unlabeled lysine (exchange conditions). Both FCCP and the exchange conditions 
resulted in a rapid loss of 14C-lysine from the LysP-containing vesicles (Fig. 3c). On the 
contrary, very slow efflux of 14C-lysine was observed from vesicles containing Lyp1 (Fig. 
3b). These experiments substantiate the findings in living yeast cells and show that Lyp1 
operates highly directionally, which is unusual for a secondary transporter. 
 

 
Figure 3: Apparent unidirectionality of Lyp1-mediated lysine transport in proteoliposomes. (a): Schematic 
showing the generation of a membrane potential (ΔΨ, red) by a valinomycin-mediated potassium diffusion 
potential and pH gradient (ΔpH, green) formation by an acetate diffusion potential. Together the ΔΨ and ΔpH 
form the proton motive force (PMF=ΔΨ-ZΔpH, where Z equals 2.3RT/F and R and F are the gas and Faraday 
constant, respectively, and T is the absolute temperature). (b) Transport of lysine by Lyp1-GFP-containing 



 - 54 - 

proteoliposome. (c) Transport of lysine by LysP-containing proteoliposomes. The effect of 10 µM FCCP (circles) 
and 20 mM lysine (1000x fold excess of unlabeled lysine, triangles) on the transport of 20µM 14C-lysine by 
Lyp1 and LysP is shown; time-point of addition is indicated by arrows, and the levels of accumulation at this 
point are 15-fold for Lyp1 and 25-fold for LysP. All fits and errors are derived from three independent 
experiments. 
 
In order to get further insights into the kinetic properties of Lyp1, we determined the 
initial rate of transport as a function of ΔΨ in the presence and absence of a ΔpH. Since 
both lysine and the proton carry a positive charge the ΔΨ contributes twice as much to 
the driving force as does ∆pH, assuming that lysine is transported in symport with one 
proton. The membrane potential was set at different values by varying the external 
potassium concentration, i.e. by adjusting the ratio of potassium and sodium ions to 
maintain isosmotic conditions. Lyp1-mediated transport increased exponentially with 
the membrane potential (Fig. 4a). The flux-force relationship of LysP was much steeper 
than that of Lyp1, and thus LysP was relatively more active at low values of the 
membrane potential. The ∆pH was set by varying the acetate concentration gradient, 
thereby varying the internal pH. The ∆pH alone supported a relatively high rate of lysine 
transport via LysP, which was increased about 2-fold when a ΔΨ of -84 mV was co-
imposed with the ∆pH (Fig. 4b). On the contrary, below a ΔΨ of -60 mV little to no lysine 
influx via Lyp1 was detectable, irrespective of the presence of a ∆pH (Fig. 4a). Thus, the 
components of the proton motive force act very differently on the yeast and bacterial 
lysine transporter. The ΔΨ contributes more to lysine accumulation than the ΔpH, which 
is in accordance with a mechanism in which a proton is co-transported with cationic 
lysine. 
 

 
Figure 4: Flux-force relationships for Lyp1 and LysP. The membrane potential was varied by the potassium 

concentration in the external medium, and ∆Y was imposed without (a) and with (b) ∆pH, Z∆pH of -84 mV. 
Lyp1-GFP-containing proteoliposomes (squares); LysP-containing proteoliposomes (circles). Transport was 
assayed at 20µM 14C-lysine. The turnover number is under the assumption that all protein is functionally 
reconstituted. All fits and errors are derived from three independent experiments.  
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Kinetics of lysine transport 

Next, we determined the Michaelis constant (KM) for lysine transport by Lyp1 and LysP 
under conditions of ΔΨ of –84 mV and ΔpH of 1.3 units (external and internal pH of 6 
and 7.3, respectively; ZDpH of -84 mV). The initial rate of uptake was determined at 
various concentrations of lysine (Fig. 5a and 5b). The data for LysP fit well to a single 
hyperbola (Fig. 5b) from which an apparent KM of 1.5 ± 0.2 µM (SEM) was estimated. The 
data for Lyp1 could not be fit with a single hyperbola but instead fit well to a hyperbola 
plus a linear component, most likely representing high-affinity (low KM) and low-affinity 
(high KM) transport, respectively. The high-affinity component had a KM of 20 ± 14 µM 
(SEM), whereas the low-affinity was not saturated at 1 mM. The high-affinity component 
matches well with the KM of 10 ± 0.8 µM (SEM) for uptake in vivo, which could be fitted 
well to a single hyperbola (Fig. 5c) and is comparable to the KM of the untagged 
protein116. Since the proteoliposomes went through multiple cycles of freezing and 
thawing, followed by extrusion through a polycarbonate filter (see Methods), the 
orientation of Lyp1 will be scrambled268 and the fractions of vesicles with right-side-out 
(RSO) and inside-out (ISO) transporters will likely be similar. The high and low KM 
components of lysine transport observed for Lyp1 may thus correspond to the fractions 
of ISO and RSO reconstituted protein. These findings would thus suggest a large 
asymmetry in the KM for out-to-in and in-to-out transport in vivo, which would 
contribute to the apparent unidirectionality of transport by Lyp1.  
To substantiate the proposed asymmetry in the KM for out-to-in and in-to-out transport 
by Lyp1, we performed so-called counterflow experiments by monitoring the influx of 
14C-lysine in the absence of a ∆p, thereby ruling out possible effects of the membrane 
potential or (internal) pH on the kinetics of transport. The lysine gradient was directed 
outward and the degree of solute saturation of the internal site will determine the rate 
of transport of 14C-lysine. At low millimolar concentrations of lysine inside the vesicles, 
the rate of counterflow was very low, suggesting that the majority of RSO oriented Lyp1 
molecules are not saturated with solute under these conditions (Supplementary, Fig. 
S3b). We then determined the initial rate of uptake with 50 mM lysine inside and varied 
the external 14C-lysine concentration (Fig. 5d). Again the data fit to a single hyperbola 
plus linear component. We estimate the Km

out of the high-affinity component at 76 ± 
28µM (SD), which is in reasonable agreement with the value found for PMF-driven 
transport given the large error in estimating KM values when more than one kinetic 
component is present. The KM of the low affinity component is several orders of 
magnitude higher and most likely represents ISO-oriented Lyp1. Thus, in 
proteoliposomes with or without a PMF we observe high- and low affinity kinetics of 
lysine transport via Lyp1, which we interpret to reflect the RSO and ISO orientations. 
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Accordingly, Lyp1 has a high capacity to accumulate lysine at low (< 100 µM) medium 
concentrations, but similar or even millimolar concentrations of internal lysine are well 
below the KM for efflux via RSO-oriented Lyp1. Translating the in vitro data to the in vivo 
situation, with all the Lyp1 molecules oriented RSO and at physiological (millimolar) 
concentrations of lysine, the efflux is limited by the high KM for in-to-out transport by 
Lyp1, explaining the frequently reported apparent unidirectionality of lysine 
transport128–130. 
 

 
Figure 5: Kinetics of lysine transport. (a) Lysine transport of membrane reconstituted Lyp1-GFP under a PMF: 
the data were fitted to a single hyperbola plus a linear component (R factor of 0.98), (b) ) Lysine transport of 
membrane reconstituted LysP under a PMF: the data were fitted to a single hyperbola (R factor of 0.96). (c) 
Transport of lysine by Lyp1-YPet expressed in 22∆6AAL yeast131 from a plasmid and under the control of the 
endogenous lyp1 promoter and fit to a single hyperbola (R factor of 0.99). (d) Kinetics of lysine transport by 
membrane-reconstituted Lyp1-GFP under counterflow conditions. Counterflow was assayed with an internal 
lysine concentration of 50mM; higher internal concentrations of lysine could not be tested as they affected 
liposome formation. The data were fitted to a single hyperbola plus a linear component (R factor of 0.98). The 
rate of lysine transport (pmol*(106cells*min)-1) (panel c) or turnover number (min-1) (panels a, b and d) are 
plotted as a function of the external lysine concentration. All fits and errors are derived from three 
independent experiments. 
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Discussion 

The main findings of our work are summarized as follows: Basic amino acids such as 
lysine and arginine are accumulated by S. cerevisiae to relatively high levels, which 
relates to the large driving force for uptake because the membrane potential has twice 
the effect compared with the pH gradient (in case lysine is co-transported with one 
proton). Thus, even though Lyp1 is a relatively slow transporter, e.g. when compared to 
LysP, it can build up large lysine concentration gradients. In wildtype cells, part of the 
lysine is directed to the vacuoles through the action of Vba1 and to a lesser extent Vba2. 
The often described unidirectional nature of Lyp1 (and Can1)-mediated transport of 
lysine and arginine130,132,133,281 can be explained in the following way: (i) the Michaelis 
constant for in-to-out transport (KM

 inèout) of lysine is very high, disfavoring rapid efflux 
of solute even when the concentration gradient is directed outwards; (ii) unlike LysP, 
Lyp1 requires a membrane potential for transport, and at low values of ΔΨ, transport is 
zero or very slow even in the presence of a pH gradient; and (iii) basic amino acids stored 
in the vacuole are not readily released upon treating the cells with protonophores or 
performing chase (exchange) experiments. 
We also show that the slow efflux of lysine by Lyp1 is unrelated to the short life-time of 
the transporter in the plasma membrane as Lyp1(62-590)-YPet is stably present in the 
cell and still does not elicit a rapid efflux when the driving force for import is dissipated 
(Fig. 1a). Instead we show that reduced lysine availability in the cytoplasm due to 
secondary storage (i.e. the vacuolar sequestration) prohibits fast efflux of a fraction of 
the lysine. However, vacuolar storage alone does not explain the apparent unidirectional 
nature of lysine transport. To thoroughly characterize the kinetics of Lyp1-mediated 
transport, we purified and reconstituted Lyp1 in lipid vesicles composed of a mixture of 
yeast and E. coli lipids. The yeast lipids ensure that essential components from the 
plasma membrane of yeast are present; the E. coli lipids were added to form well-sealed 
vesicles. Since the properties of Lyp1 appeared atypical for a secondary transporter, we 
validated our experimental techniques by including the bacterial homologue LysP. It 
proved much harder to purify and reconstitute the eukaryotic Lyp1 in a functional state 
than it was for LysP. Critical factors for the stability and functional reconstitution of Lyp1 
were low ionic strength, absence of metals, low detergent concentration and the 
presence of yeast lipids. Following membrane reconstitution, samples were subjected to 
multiple rounds of freezing in liquid nitrogen and thawing to ensure that both 
orientations of the protein are present in the reconstituted vesicles. We note that the 
calculated protein:lipid ratio would result in 2-3 transporters per vesicle, but in practice 
the number will be lower and most vesicles will have at most only a single functional 
transporter and a significant fraction will be empty. If Lyp1 exhibited strictly 
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unidirectional behavior, the fraction of vesicles with only a single RSO Lyp1 would 
accumulate lysine but would not release the solute upon dissipation of the PMF or under 
exchange conditions. This is not what we observe; the apparent unidirectionality relates 
to the fact that under physiological-relevant conditions the in-to-out transport is not 
saturated with substrate. 
In our in vitro kinetic analysis, we observed very different flux-force relationships for 
Lyp1 and LysP. The activity of LysP increases more rapidly with ΔY than that of Lyp1. 
Even more strikingly, the membrane potential dependencies become very different 
when the internal pH is increased from 6 to 7.3 and the ΔpH contributes additionally as 
driving force. The increase in internal pH may also facilitate the release of the proton 
when the transporter is in the inward-facing conformation (Fig. 6). The kinetics of LysP-
mediated transport could in all cases be fitted with a single hyperbola, which suggests 
similar KM values for both directions of transport (assuming that both orientations of 
the protein are present in the vesicles); the sensitivity and accuracy of our assays is such 
that a 10-fold difference in KM would have been picked up. In contrast Lyp1-mediated 
transport required a minimum of two components to fit the data. We estimate the KM

 

inèout of Lyp1 to be well in the millimolar range (see Fig. S3b) but could not determine 
the actual value because the specific activity of the radiolabel is too low at high lysine 
concentrations. The difference in KM

 inèout and KM
 outèin is not imposed by the 

transmembrane electrical potential or the pH gradient, as it is also observed in 
counterflow experiments at zero PMF. For the lactose-proton symporter LacY, the 
proton motive force lowers the KM for import a 1000-fold (from 20-25 mM to 16 µM)282, 
while leaving the dissociation constant for galactoside binding unaffected283. Clearly, the 
low and high affinity transport of Lyp1 has a different mechanistic basis than that of LacY. 
De facto an asymmetry exists in the translocation process from in-to-out and out-to-in, 
and the KM of Lyp1 for lysine is not dependent of the PMF. Also, the transport kinetics 
is distinct from that of other well-studied members of the LeuT family, including BetP, 
CaiT, LeuT, vSGLT and neurotransmitter transporter284–289. The asymmetry in the 
Michaelis constant for lysine explains the absence of efflux at ~1 mM internal lysine in 
the proteoliposomes, which is well below the KM inèout of Lyp1. 
The high KM

 inèout alone may not suffice to explain all the reported failures to elicit efflux 
in vivo as yeast can accumulate lysine well beyond 70 mM (based on total cell volume, 
including the organelle volumes). We have used the Haldane relationship290 to obtain an 
estimate of the equilibrium constant (Keq) of the transport reaction by using the data of 
Fig. 5A and assuming KM

 inèout is 10 mM. In the Haldane expression Eq.1; 
 
Eq1:  𝐾5: = 𝑉<=>134→78 ∙ 𝐾A78→134 𝑉<=>78→134 ∙ 𝐾A134→78⁄  
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We do not know the Vmax

inèout, but if we assume KM
 inèout is 10 mM then we can estimate 

the Vmax
inèout from the data in Fig.5A. The Vmax would then be about 60 per min and the 

equilibrium constant ~50. Using this turnover number, 105 Lyp1 molecules in the PM, a 
cytoplasmic volume of 40 fL and a free internal lysine concentration of 70 mM, it would 
take 2 to 2.5 hours to export half of the lysine from the cell. This is in reasonable 
agreement with the data presented in Figure 1, given the uncertainty in the number of 
Lyp1 molecules and the fact that the turnover number in vivo is typically higher than in 
reconstituted systems with non-native lipid compositions and the fact that most likely 
not all protein is functionally incorporated into the vesicle291,292.  
We propose a model (Fig. 6) in which the apparent unidirectional transport of lysine in 
S. cerevisiae is a consequence of: (i) asymmetry in the kinetics from in-to-out and out-
to-in transport by Lyp1; (ii) the strong dependence of the lysine flux on the driving force, 
resulting in very low rates of transport at low or no PMF and, (iii) secondary storage of 
lysine in the vacuole by Vba1-mediated uptake, which reduces the effective 
concentration of lysine in the cytoplasm.  
In conclusion, we explain the previously described unidirectional nature of lysine in S. 
cerevisiae by the unusual kinetics of the Lyp1 transporter. The asymmetry in out-to-in 
and in-to-out transport may relate to two conformations of the protein, i.e. outward-
open and inward-open and with high and low affinity for lysine, respectively (Fig. 6). Such 
a mechanism avoids leakage of the amino acid and may have physiological significance 
by aiding the nutrition of the cell. The mechanism of transport of lysine is in full 
accordance with present models of secondary transport involving alternating access, and 
we find no indications for additional regulation of Lyp1 that would prohibit it from 
exporting solute. We speculate that our findings can be translated to other well-studied 
transporters in S. cerevisiae such as Can1 and Gap1. 
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Figure 6: Model of mechanism of lysine transport in S. cerevisiae. In the cell a fraction of the lysine is 
accumulated in the vacuole, mostly due to Vba1-mediated uptake, which reduces the effective concentration 
of lysine in the cytoplasm. The in-to-out Michaelis constant (KM) of Lyp1 for lysine transport is very high 
(depicted by a different inward-facing conformation) as compared to the out-to-in KM (tighter pocket for lysine, 
S+). The import rate increases with the membrane potential (ΔΨ), and most likely the ΔΨ accelerates the out-
to-in or in-to-out isomerization of the protein (indicated by arrows). A pH gradient (ΔpH) increases the driving 
force, resulting in higher accumulation levels, but also increases the rate of transport by Lyp1. Here, the ΔpH 
(increased internal pH) may facilitate the release of the proton (+) when the protein is in the inward-facing 
conformation.  

Methods 

Plasmid and strain construction 

The strains, plasmids and sequences of oligonucleotide primers used in this study are 
listed in (Supplementary Tables, 1,2 and 3) respectively. All plasmids were generated 
using uracil excision-based cloning. Genomic DNA isolation of S. cerevisiae BY4742 was 
carried out according to Sherman et al293.The amplification of DNA with uracil-containing 
primers was performed using the polymerase PfuX7294. Amplified fragments were 
assembled into full plasmids (Table S2) by treatment with DNA glycosidase and DNA 
glycosylase-lyase endo VIII, commercially available as ‘USER’, following the 
manufacturer’s instructions (New England Biolabs, Ipswich, Ma, USA).  
 
The plasmids pFB001, pFB004, pFB011, pFB012, pFB013, pFB014 and pFB015 were 
constructed by a four-way PCR fragment ligation, in which the backbone of the pDDGFP-
2 vector was amplified with primer pairs Pr1/Pr2 and Pr3/Pr4. The resulting two 
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fragments were combined with a third and fourth fragment, coding for YPet and the 
gene of interest, respectively. The fragment coding for the YPet gene was amplified from 
a synthetically generated coding sequence ordered from GeneArt (Regensburg, 
Germany), using primer pair Pr5/Pr6. The LYP1 gene was amplified from S. cerevisiae 
BY4742 chromosomal DNA with primer pair: Pr7/Pr8. Ligation of the four PCR amplified 
fragments using USER enzyme resulted in a fusion of lyp1 and YPet, separated by a 
sequence coding for the tobacco etch virus (TEV) protease cleavage site (GENLYFQGSGS) 
and followed by sequence for a His8 tag (i.e. lyp1-TEV-YPet-his8). Similar plasmids were 
constructed for vba1, lyp1(62-590), vba1, vba2, vba2ex, vba3 and vba3ex in place of lyp1, 
using primer pairs Pr9/Pr10, Pr11/Pr12, Pr13/Pr14, Pr15/Pr14, Pr16/Pr17, Pr18/Pr17, 
respectively. In the case of vba2ex and vba3ex, template DNA was acquired from a 
previous study (unpublished result). For constitutive expression of lyp1 and lyp1(62-590) 
the respective fragments were integrated into the pFB021 backbone, which was 
amplified using primer pair Pr1/Pr41. A restrictive digest of pDDGFP2 and pYM-N6 with 
SpeI/SacI and SacI/XbaI and ligation of the fragments coding for the backbone of 
pDDGFP2 and the ADH promoter of pYM-N6 resulted in the pFB021 vector. For all 
constructs, plasmids were isolated from the E. coli host and the sequences of the fusion 
genes were verified. For the expression of Lyp1-TEV-YPet-his in S. cerevisiae strain 
22Δ6AAL a single copy vector was generated containing lyp1 under its native promoter 
plus DNA specifying the previous C-terminally fused YPet fluorescent protein and 
histidine tag, separated by a TEV cleavage site. Firstly, the lyp1 locus was cloned into 
pRS316 via homologous recombination, for which pRS316 was linearized by SmaI. The 
lyp1 locus was PCR amplified, using primer pair Pr19/Pr20, and homologously 
recombined with the linearized backbone of pRS316 in S. cerevisiae BY4742. Secondly, 
the lyp1 ORF of pFB017 was swapped for lyp1-TEV-YPet-his8 via homologous 
recombination, combining the PCR-amplified pFB00pre and lyp1-TEV-YPet-his8 ORF 
from pFB002, using primer pairs Pr21/Pr22 and Pr23/Pr24, respectively.  
For the construction of S. cerevisiae BY4742 ∆ lys1, ∆vba1, ∆vba2 we made use of the 
ura3 selection marker and the ability for its counter selection on 5 fluoro-orotic acid 
(5FOA, Thermo Fisher Scientific, Waltham, MA, USA) as described by295. For deletion of 
vba1 and vba2 we amplified the ura3 cassette from pUG72 with primer pairs Pr25/Pr26 
and Pr27/Pr28, respectively, which contain sequences complementary to regions 
upstream and downstream of the gene of interest. Similarly, to delete lys1 from the 
chromosome, we amplified the his5-containing cassette from pUG27 using primer pair 
Pr29/Pr30. The amplified vba1, vba2 and lys1 cassettes were subsequently transformed 
into S. cerevisiae BY4742, and homologous recombination of the cassettes into the 
genome was selected for by growth on the corresponding depletion medium. The ura3 
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marker was removed from the chromosome by recombination of its homologous 
flanking regions, for which we selected for growth on a medium containing 5FOA. 
Complete removal of the genes and the ura3 marker was confirmed via PCR. 
For the expression of LysP in E. coli MC1061, a pBAD expression vector was constructed 
similar to that by Kaur et al146. The LysP coding fragment was acquired by amplifying 
STM2200 from isolated S. typhimurium genomic DNA, using primer pair: Pr31/Pr32. The 
pBADcLIC-GFP fusion vector was amplified using primer pair: Pr33/Pr34 and a two-way 
ligation was performed with USER; the resulting DNA was transformed into E. coli 
MC1061, which we use routinely. 
For the homologous integration of Lyp1-GFP-his10 into P. pastoris strain SMD1163, an 
integrative plasmid, pSR014, was created and transformed into the host as described in 
the Easy Select Manual (Invitrogen, Carlsbad, CA, USA). The pSR014 plasmid was 
acquired by two-way ligation, using linear fragments coding for Lyp1-TEV-GFP-His10 and 
pPIC. The fragment coding for Lyp1-TEV-GFP-His10 was amplified with pFB020 as 
template and using primer pair Pr35/Pr36. The pFB020 vector is a pBADcLIC-GFP 
derivative that was constructed by the integration of PCR amplified lyp1, acquired from 
genomic DNA of S. cerevisiae BY4742, using primer pair Pr37/Pr38, and integrated into 
pBADcLIC-GFP using Ligation Independent Cloning (LIC) as described in Geertsma et al296. 
The pPICZ fragment was amplified from the pPICZ A vector using primer pair Pr39/Pr40. 
The resulting plasmid pSR014 was isolated from the respective E. coli MC1061 strain and 
its sequence was verified. The plasmid was linearized using a restrictive digest with PmeI 
(New England Biolabs, Ipswich, Ma, USA) and was transformed into competent P. 
pastoris strain SMD1163, using electroporation as described in the Easy Select Manual 
(Invitrogen). Transformed cells were plated on increasing concentrations of YPD-zeocin 
(100, 500 and 1000 µg/mL). A transformed strain for expression of Lyp1-GFP-his10 was 
selected by testing the expression level of Lyp1-TEV-GFP-his10 from over 30 strains. The 
strain yielding the highest expression (obtained at 1000 µg/mL of zeocin) was used for 
Lyp1-TEV-GFP-his10.  

Preparation of S. cerevisiae cells for in vivo transport assays and fluorescence imaging  

S. cerevisiae cells were grown in synthetic uracil and lysine dropout medium containing; 
2% (w/v) glucose or raffinose, 0.67% (w/v) yeast nitrogen base without amino acids, 2 
gr/L drop-out lysine, uracil Kaiser mix. Constitutive expression of Lyp1 from pFB021 and 
Lyp1(62-590) from pFB022 was done in BY4742 or BY4742 ∆ lys1, ∆vba1, ∆vba2 strains, 
which were cultivated in the presence of glucose and absence of lysine and uracil and 
supplemented with 800 mg/L lysine-lysine dipeptide. BY4742 or BY4742 ∆lyp1 strains 
carrying plasmids with a Gal promoter were grown in the presence of raffinose with 800 
mg/L lysine-lysine dipeptide or 69 mg/L lysine, were induced with 0.2% (w/v) galactose 
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for 2 hours prior to the transport assay or fluorescence imaging. For the determination 
of the Km for Lyp1 in vivo Lyp1-YPet was constitutively expressed from pFB018 in the 
22∆6AAL131 strain and cultivated in the presence of glucose and 200 mg/L lysine-lysine 
dipeptide and absence of lysine and uracil. Cultures were grown at 30˚C with 180 RPM 
shaking. Subcultures were grown for two-to-three consecutive days and never exceeded 
an OD600 of 1. Cells were centrifuged at 3,000 x g for 5 min at 4˚C, supernatant was 
decanted and cells were suspended in ice-cold 100 mM potassium phosphate, 10 mM 
glucose, pH 6.0. This step was performed twice before suspension of the cells to an OD600 
of 5. 

Fluorescence imaging 

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

In vivo transport assays  

Each assay contained cells at OD600 of 0.5. All transport assays were performed in 100 
mM potassium phosphate, 10 mM glucose, pH6.0 at 30˚C and using 200µM L-[14C(U)]-
lysine (unless otherwise indicated). Samples were mixed by magnetic stirring. At given 
time intervals 50 µL or 100 µL samples were taken and quenched in 2 mL ice-cold ‘stop’ 
buffer of the same composition as the external buffer but without lysine. Samples were 
rapidly separated from external buffer and collected by filtration onto a 0.45 µm pore 
size nitrocellulose filter (GE-Healthcare, Little Chalfont, UK), and washed with another 2 
mL of the same solution. Filters were dissolved in 2 mL of scintillation solution 
(Emulsifierplus, PerkinElmer, Waltham, MA, USA) and vortexed before radioactivity was 
determined by liquid scintillation counting (Tri-Carb 2800TR liquid scintillation analyzer, 
PerkinElmer).  
Samples were normalized to 106 cells by cell counting using a flow cytometer (BD 
Accuri™, Durham, USA) and if, the intracellular lysine concentration was calculated 
assuming an internal volume of ~60 fl per cell. 

Expression of Lyp1 in P. pastoris  

For the expression of Lyp1-TEV-GFP-his10, hereafter and in the rest of the study called 
‘Lyp1’, P. pastoris SMD1163-Lyp1-TEV-GFP-his10 cells were precultured at 30˚C in 
minimal media containing 2% glycerol, 1.34% yeast nitrogen base without amino acids, 
0.004% L-histidine, and 0.00004% d-Biotin as described in the Easy Select Manual 
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(Invitrogen, Carlsbad, Ca, USA). Cells were grown to an optical density at 600 nm (OD600) 
of 0.6–0.8. Cells were then diluted to an OD600 of 0.05 in the same minimal medium 
where glycerol was replaced with 2% (w/v) mannitol and cultivated at 30˚C under 
aeration by shaking at 180 rpm. Induction of Lyp1-GFP was achieved by the addition of 
0.5% (v/v) methanol at an OD600 of 1–2, cultivation was continued for 24h. Next, the cells 
were cooled to 4°C and harvested by centrifugation at 7500 x g for 15 min, washed once 
with in (50 mM Tris-HCL pH6.7, 1 mM EDTA, 0.6M sorbitol) and suspended to a final 
OD600 of ~100.  

Membrane preparation from P. pastoris cells expressing Lyp1  

Cells were disrupted by three sequential passes through the T series cell disrupter 
(Constant Systems Ltd, Low March, Daventry, UK) at 39kpsi. After the last passage, 
phenylmethanesulfonylfluoride (PMSF) was added to the cell lysate to a concentration 
of 1mM. Intact cells and large debris were removed by centrifugation at 18,000 x g for 
30 min at 4°C. The supernatant was transferred and crude microsomal membranes were 
isolated by ultracentrifugation at 186,000 x g for 2h. Membranes were suspended to 
homogeneity using a potter Elvehjem tissue grinder in Resuspension buffer (20mM Tris-
HCl (pH7.5), 0.3M sucrose, 0.1mM CaCl2, 1mM PMSF plus one tablet of protease 
inhibitor (cOmplete Mini EDTA-free™, ROCHE) and 1 mM pepstatin). Aliquots of 1 mL 
were snap frozen in liquid nitrogen and stored at -80°C.  

Purification of Lyp1 

Lyp1 was purified from microsomal membranes which were diluted and solubilized into 
solubilisation-buffer: (50mM Ammonium-acetate pH 7.5, 50mM NaCl, 10% (v/v) 
glycerol, 2 mM PMSF, 15 mM Imidazole and 1% (w/w) β-D-Dodecylmaltoside) to a 
protein concentration of 5 mg/mL and incubated for 30 min at 4°C with slow agitation. 
The insoluble pellet was removed by ultracentrifugation at 444,000 x g for 20 min. The 
supernatant was incubated with 0.5 mL volume of Ni-Sepharose resin under slow 
agitation at 4°C for 1h. The resin was collected into a column and the Ni-Sepharose was 
sequentially washed with 10 column volumes of wash-buffer: ‘bufferP’: (50 mM 
ammonium-acetate pH 7.5 (at 24˚C), 50 mM NaCl, 10% (v/v) glycerol and 0.020% (w/v) 
DDM) containing 30 mM imidazole pH7.5 and with bufferP containing 50mM L-histidine. 
The protein was eluted with 2.5 mL of elution-buffer: bufferP containing 235mM L-
histidine applied in steps of 0.5 mL with 10 min interval. Na-EDTA 500 mM was added to 
a final concentration of 5mM protein fractions were pooled and concentrated to a 
volume of 0.5 mL on a Viva Spin column (Sartorius Stedim, vivaspin 500) with a 100 kDa 
cut off by centrifugation 18,000 x g at 4°C. The protein sample was loaded onto a 
Superdex200 10/300 GL column (GE-Healthcare, Little Chalfont, UK) attached to an AKTA 
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purifier (GE-Healthcare, Little Chalfont, UK) equilibrated with bufferP containing 100mM 
L-histidine. Protein was analyzed by SDS-PAGE and the protein concentration in mg/mL 
was determined at 280nm absorption on a NanoDrop ND-1000 spectrophotometer 
(Isogen lifescience), using the calculated extinction coefficient of 126,110 M-1cm-1 and 
molecular mass of 97.7 kDa as determined by ProtParam: 
http://web.expasy.org/protparam/. Samples were dissolved in Laemmli buffer and 
qualitatively analyzed for purity and resolved on 12% polyacrylamide gels by SDS-PAGE. 
In-gel fluorescence images were collected prior to Coomassie staining and both were 
imaged using a Fujifilm LAS-3000 (Fujifilm, Tokio, Japan). 

Expression of LysP in E. coli 

For the expression of LysP, E. coli cells containing the pFB019 plasmid were precultured 
in LB-amp (1% tryptone, 0.5% yeast extract, 1% NaCl and 100 µg/mL ampicillin) at 37˚C 
with 180 rpm shaking to an OD600 of 1-1.5. Cells were then diluted into LB-amp to an 
OD600 of 0.01 and grown to an OD600 of 0.7, after which 0.0005% (w/v) arabinose was 
added to induce lysP expression. Cells were incubated for another 3 hours under the 
same conditions. Next, the cells were cooled to 4°C and harvested by centrifugation at 
7500 x g for 15 min, washed once with lysis buffer (20 mM HEPES-NaOH, 100 mM NaCl, 
2 mM EDTA, 2 mM of PMSF, pH 7.5) and suspended lysis buffer to a final OD600 of ~100. 

Membrane preparation from E. coli cells expressing LysP and purification of LysP  

Membranes were prepared from E.coli cells expressing LysP and LysP was purified from 
these membranes in a similar fashion as described for Lyp1 with altered buffer 
compositions and minor adjustments. Cells were disrupted by two sequential passes 
through the T series cell disrupter at 9 kpsi and the following buffer compositions were 
used: Resuspension buffer (20 mM HEPES-NaOH, 100 mM NaCl, pH 7.5 and 15% (v/v) 
glycerol to 400 mg/mL), Solubilization-buffer (20 mM HEPES-NaOH, 100 mM NaCl, 2 mM 
PMSF, 1% (w/v) DDM, pH 7.5), wash-buffer (20 mM HEPES-NaOH, 300 mM NaCl, 0.025% 
(w/v) DDM, 40 mM Imidazole pH 7.5), elution-buffer (20 mM Mes-NaOH, 300 mM NaCl, 
0.025% (w/v) DDM, 350 mM imidazole, pH 5.9), and gel filtration buffer, (20 mM MES 
pH 5.9, 150 mM NaCl, 0.025% (w/v) DDM). Elution was performed in steps of 0.5 mL 
with 2 min intervals. Protein was analyzed by SDS-PAGE and the protein concentration 
using a calculated extinction coefficient of 117020 M-1cm-1 and a molecular mass of 
55.2 kDa as determined by ProtParam: http://web.expasy.org/protparam/. Samples 
were resolved on 12% polyacrylamide gels by SDS-PAGE and stained with Coomassie 
Blue. 
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Liposome preparation  

For the reconstitution of Lyp1 into lipid vesicles, liposomes were prepared from total 
lipid extracts of S. cerevisiae (Avanti polar lipids Inc, Alabaster, AL, USA) and E. coli (Avanti 
polar lipids Inc, Alabaster, AL, USA). The lipids (20 mg/mL, in chloroform) were mixed in 
at 1:2 ratio (total lipid extracts of S. cerevisiae:E.coli). Chloroform was removed by 
evaporation using a rotary vaporizer (rotavapor r-3 BUCHI, Flawil, Switzerland). Lipids 
were suspended in diethylether followed by evaporation and finally dissolved in Buffer 
(50mM ammonium-acetate pH 7.5 (24 ºC) and 50mM NaCl) to a concentration of 10 
mg/mL. The lipid solution was homogenized by tip sonication with a Sonics Vibra Cell 
sonicator (Sonics & Materials Inc. Newtown, CT, USA) at 4°C for 1 min with 5 sec pulses 
and a 10 sec pause between every pulse. Amplitude was set to 60%. For the membrane 
reconstitution of LysP, liposomes were prepared from polar E. coli lipids (Avanti polar 
lipids inc) according to the method developed by Newman et al 297 plus 25% 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC). The prepared liposomes were stocked at 20 
mg/mL in liquid nitrogen to prevent oxidation. The stocked liposomes were pelleted by 
ultracentrifugation at 444,000 x g for 20min and re-dissolved in the reconstitution 
buffer; LysP (20 mM MES pH5.9, 150 mM NaCl), Lyp1 (50 mM Am/Ac pH7.5, 50 mM 
NaCl). For a complete buffer exchange, liposomes were snap frozen and thawed at room 
temperature, and the freeze-thaw cycles were repeated two times. The liposomes were 
homogenized by repeated extrusion through a 400nm polycarbonate filter, using the 
Liposofast LF-50 (Avestin inc, Mannheim, Deutschland) with nitrogen flow. For 
reconstitution of the vesicles with protein, the liposomes were destabilized using Triton 
X-100 and titrated to a point beyond the saturation point (Rsat) as described by268,298; 
the final turbidity at 540 nm was at approximately 60% of Rsat. 

Membrane reconstitution of Lyp1 and LysP 

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



 - 67 - 

suspension in the desired buffer, two cycles of freezing and thawing, and eleven cycles 
of extrusion through a 400 nm polycarbonate filter. 

In vitro transport assays  

Each assay contained 5 µg of membrane-reconstituted protein. Depending on the 
sample volume taken, this corresponds to 0.5-1 µg of protein per time-point. Assays 
were performed at 30˚C with 20 µM L-[14C(U)]-lysine (PerkinElmer, Waltham, MA, USA) 
(unless otherwise indicated) under continues magnetic stirring. At given time intervals 
samples were taken, treated and analyzed as described in “in vivo transport assays”. 

Formation of proton gradient (ΔpH) and membrane potential (ΔΨ)  

To establish ion gradients, concentrated proteoliposomes were diluted 25-fold. Ions not 
present in the lumen of the proteoliposomes contribute to the external concentration. 
The internal buffer of the proteoliposomes was 20 mM potassium phosphate, 100 mM 
potassium acetate, pH 6.0. To attain only a ΔpH, proteoliposomes were diluted into 120 
mM sodium phosphate, pH 6.0. The ΔΨ was set by diluting proteoliposomes into buffers 
at varying ratios of sodium-/potassium-phosphate (NaPi/KPi) (0-20mM) and sodium-
/potassium-acetate (0–100 mM), to which 0.5 µM valinomycin was added. A ΔpH plus 
ΔΨ was generated by diluting proteoliposomes into buffers with various ratios of 
sodium-/potassium-phosphate (0–120mM) plus valinomycin. The maximal values of ΔΨ 
and ΔpH were calculated from the Nernst equation. To dissipate the PMF, generated by 
the imposed acetate and/or potassium diffusion potentials, 10µM FCCP was added. 

Counterflow assays 

Counterflow was performed at zero PMF. For this, various concentrations of L-[4,5-
3H(N)]-lysine (PerkinElmer, Waltham, MA, USA) plus 100 mM KPi pH6.0 were 
encapsulated into the lumen of the proteoliposomes. To remove the external lysine, the 
proteoliposomes were washed twice by ultracentrifugation 166,000 x g at 4 °C for 35 
min. Supernatant was removed and proteoliposomes were suspended in 1mL of the 
same buffer and lysine was replaced by N-methyl-D-glucamine to keep the osmolality 
constant. Counterflow was performed under conditions as described for ‘In vitro 
transport assays’ by diluting the proteoliposomes 50-fold into the same buffer (100 mM 
KPi pH 6.0 equiosmotic by the addition of N-methyl-D-glucamine), containing 10µM L-
[14C(U)]-lysine and 10µM FCCP to prevent the build-up of any PMF. 

Data analysis 

The data were analyzed in Origin (OriginLab, Northampton, MA) and the rate (v) versus 
substrate concentration [S] plots were fit with Eq. 2 and 3, respectively. The best fits 
from an analysis of the residuals were used for plotting the traces. 
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Eq2:  𝑣 = 𝑉<=>
[D]

EFG	[D]
 

 

Eq3:  𝑣 = H𝑉<=>
[D]

EFG	[D]
I + (𝑎 ∗ [𝑆]) 
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Supplementary Information 

Note S1: Background information on vacuolar amino acid transport  
To our knowledge, only three proteins (Vba1p, Vba2p and Vba3p) have been reported 
to transport basic amino acids over the vacuolar membrane299. Individual or combined 
deletions of VBA1, VBA2 or VBA3 were shown to reduce ATP-dependent lysine uptake 
by vacuolar membrane vesicles to 20–60% of the wildtype rate. Only for Vba1p was the 
activity and localization of the protein confirmed by gene complementation and 
fluorescence microscopy, using a GFP-tagged variant299. 
 
Multiple sequence alignments suggest that Vba2 and Vba3 are N-terminally truncated 
compared to the other members of the VBA family (Fig. S2A). Based on sequence 
homology, all the S. cerevisiae VBA proteins belong to the drug:H+ antiporter-2 (DHA2) 
family of the Major Facilitator Superfamily (MFS)300,301. Members of the DHA2 family 
have a 14-transmembrane segment (TMS) topology, which matches the TOPCONS302 
predictions for Vba1, Vba4 and Vba5. Vba2 and Vba3 are predicted to only contain 12 
and 11 TMS, respectively. This means that they lack TM1, 2, and/or 3 relative to the 
other VBAs and related MFS proteins. This is surprising given that in many other MFS 
proteins TM1 is implicated in gating, proton-coupling, and substrate binding303. 
 
Vba3 is a paralogue of Vba5 which arose from a genome duplication event304. Analysis 
of the S288c genome sequence shows that Vba3 is shorter than Vba5 only because of a 
single base pair change (TTA to TGA, leucine -82 to STOP). Without this, the VBA3 ORF 
would be upstream extended by 372 base pairs. The translated product (Vba3ext) is 99% 
identical to Vba5 and is also predicted to contain 14 TMS (Fig. S2A). Similarly, without a 
single TGA stop codon the VBA2 gene could be extended by 261 base pairs to produce a 
14 TM protein (Vba2ext). The NCBI Genome database 
(http://www.ncbi.nlm.nih.gov/genome/, accessed September 2015 contains 84 S. 
cerevisiae strains that code for Vba3ext, and 86 that code for Vba2ext. 
 
The annotated and extended ORFs were expressed with C-terminal YPet fusions (Fig 
S2B). The “short” versions resulted in intracellular aggregates and no clear membrane 
localization. Vba2ext-YPet localized exclusively to the vacuolar membrane, while 
Vba3ext-YPet was observed at the periphery of the cell and internal membranes. This is 
consistent with recent reports that Vba5 resides in the plasma membrane305.  



 - 70 - 

 
Figure S1: Thin-layer chromatography of cell lysates after 14C-lysine uptake. Phosphorescence imaging of a 
thin-layer chromatography plate spotted with 14C-lysine (1st lane) or cell extracts from cells that had 
accumulated 14C-lysine; S. cerevisiae BY4742 (2nd lane), S. cerevisiae BY4742 ∆vba1, ∆vba2, ∆Lys1 (3rd lane) 
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Figure S2: Sequence annotation and localization of vacuolar basic amino acid transporters. (a) Multiple 
sequence alignment of Vba1, Vba2, Vba3, Vba4 and Vba5. Grey shading indicates transmembrane segments 
as predicted by TOPCONS306. The translated upstream regions of Vba2 and Vba3 from S. cerevisiae S288C 
(isogenic to BY4742 for these genes) is included and indicated by black outlines. The upstream stop codons, 
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which were replaced by a Leu codon to generate Vba2- and Vba3ext, are shown in red. (b) Localization of Vba1, 
Vba2, Vba2ext, Vba3 and Vba3ext fused to GFP and expressed in BY4742. Panels on the left show the signal 
from the protein (green) and from the vacuolar membrane (red, stained with FM4-64). Panels on the right 
show a bright-field image of the same cells. Scale bars are 2 μm. 

 

 
 
Figure S3A: Dependence of Lyp1 on internal lysine concentration. (a) Initial transport rate of lysine by Lyp1(62-
590)-YPet as a function of the intracellular concentration of lysine at the beginning of the experiment. S3B: 
Lysine counterflow as a function of internal substrate concentration. Lysine counterflow at various internal 
concentrations of lysine: 0 (triangles), 1 mM (circles) or 10 mM (squares)’ the external concentration of 14C-
lysine was 10 µM. 

 

 
 
Figure S4: Purification of LysP. (a) Size-Exclusion Chromatography (SEC) profile of LysP after Immobilized-Metal 
Affinity Chromatography; the absorption at 280 nm is shown (b) Coomassie staining of purified LysP and LysP 
proteoliposomes analyzed by SDS-PAGE.  
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Table S1. Strains used in this study 
 

 
Table S2. Plasmids used in this study 

Strains Characteristics  Reference 

S. cerevisiae BY4742 MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 Brachmann 1998 et al.307  

E. coli MC1061  Casadaban 1980 et al.308 

S. cerevisiae BY4742 ∆lyp1 
MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 
∆lyp1::kanMx 

Giaever 2002 et al.309 

S. cerevisiae 22Δ6AAL  

Sigma22574d MATα gap1∆1 put4∆1 uga4∆1 
∆can1::HisG ∆lyp1::HisG ∆alp1::HisG 
lys2::HisG 
 

Fischer 2002 et al.131 

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

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

This study 

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

P. pastoris SMD1163-Lyp1-
TEV-GFP-his10 

Mut+, his4, pep4, prb1, Lyp1-TEV-GFP-his10 This study 

Plasmids Characteristics Reference 

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

Newstead 2007 et 
al.310 

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

Janke 2004 et 
al.311 

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

Geertsma 2007 et 
al.296  

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

Geertsma 2007 et 
al.296 

pRS316 Single copy shuttle vector with ura3 selection marker 
Sikorski 1989 et 
al.312 

pUG72  AmpR, Ura3 chromosomal integration cassette  
Gueldener 2002 et 
al.313 

pUG27  AmpR, His chromosomal integration cassette  
Gueldener 2002 et 
al.313 

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

pFB001 pRS426GAL1-GFP derivative with Lyp1 fused to TEV-YPet-his This study 

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

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

This study 

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

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

This study 

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

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

This study 
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Table S3. Primers used in this study  
Primer 
name 

Sequence Purpose 

Pr1  
ACCACCACCAUCATCATCATCATTAACTGC
AGGAATTC 

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

Pr2  
AGGGTAGTGCUGAAGGAAGCATACGATA
CCC 

Fw primer for amplification of pDDGFP-2 

Pr3  
AGCACTACCCUTTAGCTGTTCTATATGCTG
CC 

Rev primer for amplification of pDDGFP-2 

Pr4  
ATTTTGGGAUCCACTAGTTCTAGAAT
CCGGGG 

 

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

Pr5  
AGGGGAAAAUTTATATTTTCAAGGTTCTA
AAGGTGAAGAATTATTCACTGG 

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

Pr6  
ATGGTGGTGGUGGAGCTCTTTGTACAATT
CATTCATACC 

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

Pr7  
ATCCCAAAAUGGGCAGGTTTAGTAACATA
ATAACGTCC 

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

Pr8  
ATTTTCCCCUCCTGCAACAGCAGCCCAGA
ATTTCTC 

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

Pr9  
ATCCCAAAAUGGGACAAACACTAGACGA
GACTTCAAATCTAC 

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

Pr10  
ATTTTCCCCUCCAGAACTTGAACTACGTTT
GTAAGTATGTTTC 

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

Pr11  
ATCCCAAAAUGCATGGGTCATTGCAAGGT
GG 

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

Pr12  
ATCCCAAAAUGCATGGGTCATTGCAAGGT
GG 

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

Pr13  
ATCCCAAAAUGGAGAGTATTTCAAATTGG
ATCACCACTG 

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

Pr14  
ATTTTCCCCUCCTCTTCTTGTTTTAGGTTTC
GCCAGATTGTC 

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

Pr15  
ATCCCAAAAUGGAGCTTAAATCTAGTAAA
CACAAAGTACTACCG 

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

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

pFB017 pRS316 derivative with lyp1 locus This study 

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

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

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

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

This study 

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

pFB023 pFB022 derivative lyp(62-590) fused to TEV-YPet-his This study 
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Pr16  
ATCCCAAAAUGGAGAATATGCTCATTGTC
GGTAGAG 

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

Pr17  
ATTTTCCCCUCCCTTGTCTTCTAAATTATCT
TCTGGTGTCTCGTC 

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

Pr18  
ATCCCAAAAUGGAGGAAACTAAGTACTCT
TCGCAGC 

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

Pr19 
GGCGGCCGCTCTAGAACTAGTGGATCCCC
CGATTTGAGTACTATCGCTGGC  lyp1 allele to prs316 rev 

Pr20 
GATAAGCTTGATATCGAATTCCTGCAGCC
CATTGCCATTGGAGAAAGCCC  lyp1 allele to prs316 fw 

Pr21  
TCACAGAACCTCTTGCATGCC 

Fw primer for amplification pFB00pre without Lyp1 
ORF 

Pr22  
ATATATATATATATACGATGTCTTTTGTTAT
CGTTATAGACAATGC 

Rev primer for amplification pFB00pre without Lyp1 
ORF 

Pr23 
GCATTGTCTATAACGATAACAAAAGACAT
CGTATATATATATATATATGGGCAGGTTTA
GTAACATAATAAC 

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

Pr24 
CTATTTTGAAGGCATGCAAGAGGTTCTGT
GATTAATGATGATGATGATGGTGGTG 

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

Pr25 

CTTTGTTCTTCACTAAGCTCAGAGCCCTAG
TTGTTGAGGGAACAAGAAGAAAAATCCTT
CTAGGAATGAGCAATTCTATTGCATCTTTT
TCAGCTCGTTTTATTTAGGTTCTATCGAGG 

Fw primer for amplification of ura3 cassette for 
deletion of vba1 

Pr26 
GACCTTGGATTTATAAAGGTATATAATATA
AAGTCTATTTTCAATTTTGTCTAGAGATCC
CAATACAACAGATCAC 

Fw primer for amplification of ura3 cassette for 
deletion of vba1 

Pr27 

GAACCGTTACAGCTTCGACGTACCAAACG
ATTGGTAACGAATTTAATCAGAAACTAGA
TATTCTACTTGACACTAAACTTTTTTTGTAA
GCTCGTTTTATTTAGGTTCTATCGAGG 

Fw primer for amplification of ura3 cassette for 
deletion of vba2 

Pr28 
CAATACTGTTAATGTATCAATTGAGTCGGT
CAAGGGCATAGGTATATATTGTGTCTAGA
GATCCCAATACAACAGATCAC 

Fw primer for amplification of ura3 cassette for 
deletion of vba2 

Pr29 
CATACCATAAGATAACAACGAAAACGCTT
TATTTTTCACACAACCGCAAAACGCCGGG
TCACCCGGCCAGC 

Fw primer for amplification of his5 cassette for 
deletion of lys1 

Pr30 

CAAAAAAAAATTAAACTTGTAAATGTCAG
CGTAACGATAATGTATATACTTTAAATGTA
AACTCGAGAGCTCGTTTAAACTGGATGGC
GGCGTTAGTATCGAATCGACAG 

Fw primer for amplification of his5 cassette for 
deletion of lys1 

Pr31 
ACCACCACCAUCATCATCATCACCATCATT
AAGTCG 

Fw primer for amplification of pBADcLIC backbone 
anneals in histag 

Pr32 
ATGGTTAAUTCCTCCTGTTAGCCCAAAAA
AC 

Rev primer for amplification of pBADcLIC backbone 
anneals in tatabox 

Pr33 
ATTAACCAUGGGTTCCAAAACTAAAACCA
CAG 

Fw primer for amplification of LysP  
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Pr34 
ATGGTGGTGGUGTCCCCCTCC 
CTTTTTAACGCGTTCCGGGAAG 

Rev primer for amplification of LysP 

Pr35 
ATCGGTACCUAAAATGGGCAGGTTTAGTA
ACATAATAACGTCC 

Fw primer for amplification of Lyp1-TEV-GFP-His10 

Pr36 
ATGGTGGTGGUGATGATGATGAGAACCA
CGACTAGTTTTGTAGAGCTCATCCATGC 

Rev primer for amplification of Lyp1-TEV-GFP-His10 

Pr37 
ATGGGTGGTGGATTTGCTATGGGCAGGTT
TAGTAACATAATAACGTC 

Fw primer for amplification of Lyp1 for LIC 

Pr38 
TTGGAAGTATAAATTTTCTGCAACAGCAG
CCCAGAATTTCTC 

Rev primer for amplification of Lyp1 for LIC 

Pr39 
ACCACCACCAUCATCATCATTAAGTTTTAG
CCTTAG 

Fw primer for amplification of pPICZ 

Pr40 AGGTACCGAUCCGAGACGGC Rev primer for amplification of pPICZ 

Pr41 
attttgggauccactagttctagaGCGGCCAGCTT
GGAGTTGATTG 

Rev primer for amplification of pFB021 
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Abstract 

Yeast amino acid transporters of the APC-superfamily are responsible for the proton 
motive force-driven uptake of amino acids into the cell, which for most secondary 
transporters is a reversible process. The L-lysine proton-symporter Lyp1 of 
Saccharomyces cerevisiae is special in that the Michaelis constant from out to in 
transport (Km

outàin) is much lower than Km
inàout, which allows accumulation of L-lysine to 

submolar concentration. It has been proposed that high intracellular lysine is part of the 
antioxidant mechanism of the cell. The molecular basis for the unique kinetic properties 
of Lyp1 is unknown. We compared the sequence of Lyp1 with APC para- and orthologues 
and find structural features that set Lyp1 apart, including differences in extracellular loop 
regions. We screened the extracellular loops by alanine-mutagenesis and report 
positions that affect either the localization or activity of Lyp1. Half of the affected 
mutants are located in the extended extracellular loop 3 of Lyp1 compared to bacterial 
amino acid transporters or in a predicted a-helix in extracellular loop 4. Our data indicate 
that extracellular loops not only connect the trans-membrane helices but serve 
functionally important roles in transporter activity and localization 
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Introduction 

The transport of amino acids in Saccharomyces cerevisiae is facilitated by Yeast Amino 
acid Transporters (YATs)125, which are members of the APC-superfamily. The transport 
of amino acids is part of the cell’s nitrogen regulation and biosynthesis pathways158. We 
focus on the transport of basic amino acids which affects protein synthesis, oxidative 
stress tolerance and possibly protein breakdown through effects on ubiquitination314,315. 
Basic amino acids are transported by only a subset of YATs i.e., the proteins encoded by 
Gap1, Hip1, Alp1, Can1 and Lyp1. Biochemical analyses have revealed the importance of 
cytoplasmic loop regions in these transporters in amino acid specificity94,316, endocytic 
recognition197,317 and trafficking236,318,319, but systematic analysis of the extracellular 
loops have so far been unexplored in any YAT. At present there is no structure of a YAT 
available, but models have been built on the basis of bacterial APC structures. Ghaddar 
et al116 was able to re-engineer the specificity of Can1 from Arg to Lys on the basis of the 
structure of AdiC. Modelling of extracellular loop regions is more challenging as they are 
often not well resolved in crystal structures and are typically shorter in prokaryotic 
homologues and thus unique for eukaryotic membrane proteins320,321. 
 
The lysine permease Lyp1 from S. cerevisiae is characterized by asymmetric transport 
kinetics, which is thought to form the basis for the massive accumulation of lysine134. 
This property has recently been connected to the antioxidant strategy of the cell. High 
intracellular lysine triggers a reprogramming of redox metabolism, that is, the 
glutathione concentrations increase, the levels of reactive oxygen species reduce and 
the oxidant tolerance of the cell increases314. Given the important role of lysine, in 
particular import of lysine, in the physiology of the cell, we analyze Lyp1 and the features 
that set this protein apart from other (basic) amino acid transporters in yeast and 
beyond. Currently, only a few studies report specific functions for extracellular loops in 
APC proteins322–327, and they show roles for substrate recognition and gating by 
intramolecular anchoring. We now analyze the functional roles of extracellular loops in 
Lyp1 of S. cerevisiae by systematically substituting triplets of amino acids and 
determining the effects of the modifications on cellular location and translocation 
kinetics. 

Results 

Modeling and bioinformatics analysis of loop regions 

Transmembrane a-helices (TMHs) can be predicted with relative high accuracy, using 
topology prediction programs and multiple sequence alignments of homologous 
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proteins, but loop regions, which often vary a lot in length and structure, are difficult to 
analyze without proper template. We used EvFold, a program that exploits a maximum 
entropy analysis of the sequences of a protein family to determine evolutionary co-
variation in pairs of amino acid residues at specific sequence positions. Pairs of co-
evolved residues are then used as distance constraints to fold the protein of interest 
using the modelling software CNS (see328 for details). To validate the structural model, 
we benchmarked the loop regions obtained by EvFold against a subset of topology and 
secondary structure predictors (Figure S1). 
 
Comparing Figures 1 and S1 we find that the annotation of loop regions differs slightly 
depending on the prediction tool used. For instance, regions (140-142 GPV), (143-145 
GSL) of EL1 and (212-214 QVI), (216-217 EYW) of EL2 are annotated as part of TM1 and 
TM2, respectively, by the topology-predictors. Similarly, starting regions of EL4 and most 
of EL6 are predicted somewhat differently by EvFold. Noticeable is the prediction of an 
a-helical structure in the middle of EL4. Nevertheless, we used the annotation predicted 
by EvFold and the sequence conservation of bacterial- and yeast amino acid transporters 
(BATs & YATs) from the APC superfamily to design mutations in the extracellular loops. 

 
 
Figure 1: Topology model highlighting the extracellular loops of Lyp1 as predicted by EvFold. Each circle 
represents an amino acid indicated by its one letter code. Color coding represents the conservation of each 
amino acid with respect to a category. Group I: yeast amino acid transporters (YATs) Lyp1, Can1 and Alp1, red. 
Group II. YATs excluding Lyp1, Can1 and Alp1, green. Group III. bacterial amino acid transporters (BATs) with a 
substrate specificity towards basic amino acids, bleu and group IV. Loop regions that less than 50% conserved 
in any of the homologs, white. TM = Trans Membrane segment 
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We define four groups of proteins based on amino acid conservation of 50% or higher: 
Group I: YATs Lyp1, Can1 and Alp1 (red); group II: YATs excluding Lyp1, Can1 and Alp1 
(green); group III: BATs with substrate specificity towards basic amino acids (bleu); and 
group IV: YATs and BATs with less than 50% conserved amino acids (white). The resulting 
conservation sequence of each group was aligned to the sequence of Lyp1 and each 
amino acid residue was given a color according to the group (figure1). Noticeable is the 
string of colored residues in EL3 and EL4. The blue colors in EL4 indicate that these amino 
acids are conserved in both yeast and bacterial basic amino acid transporters, whereas 
the continuous string of red and green in EL3 suggest conservation in YATs solely (72% 
of the amino acids in EL3). Furthermore, when we align amino acid transporters from 
yeast (450 sequences) with mammalian (105 sequences) and bacterial (835 sequences), 
we find yeast transporters to be the largest (587 ± 26 amino acids) followed by 
mammalian (510 ± 15 amino acids) and bacterial (475 ± 20 amino acids). N- and C-termini 
of yeast and mammalian amino acid transporters are longer compared to those of 
bacteria and known to play a role in transporter regulation329. However, EL3 and EL4 are 
significantly longer in yeast transporters, while EL1 and EL2 are longer in mammalian 
transporters (Figure 2). EL6 displays two populations similar to EL2 in mammals; one 
having similar lengths and one with longer lengths. Here, the longer EL6 and EL2 of APC 
members in yeast and mammals are all proteins with high sequence identity to the 
general amino acid transporter/transceptor Gap1 and the Large neutral amino acid 
transporter Lat1, respectively. 

 
Figure 2: Bioinformatic analysis of extracellular loop (EL) length of bacterial, yeast and mammalian amino acid 
transporters. The length of amino acid residues as function of each EL is given. The boxplot displays the mean 
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(square), median (horizontal line), standard deviation (box) and min/max values (whiskers) of each population. 
The distribution of the population of sequences is given left of the boxplot. Here, each diamond represents a 
sequence that is binned with a size of 2. n = 835 for bacterial, n = 450 for yeast and n = 105 for mammalian 
sequences. 

Design and localization of Lyp1 mutants 

On the basis of the in silico analysis, we designed a set of mutants where in each case 
triplets of amino acids were changed into alanine; this approach is similar to the one 
described by Merhi et al.330 In Figure 1, each triplicate is indicated by a dashed line. To 
determine whether or not mutations affect the internal trafficking or folding of the 
transporters, we monitored the localization of Lyp1-YPet in the cell (Figure S2) and 
quantified the presence of Lyp1 in the PM by plotting the ratio of Lyp1-YPet fluorescence 
at the periphery of the cell over the total fluorescence. We find twelve mutants with 
significantly increased internal fluorescence, most likely corresponding to vacuolar 
localization331 (Figure 3, blue squares). A caveat of conventional light microscopy is that 
the resolution is too low to discriminate cortical endoplasmic reticulum (cER) from the 
PM. Hence, fluorescence at the cell periphery does not unambiguously mean plasma 
membrane (PM) localization, although the presence in the cER yields discontinuous 
fluorescence unlike a localization in the PM332,333. By comparing our microscopy images 
with ER staining from literature334, we assign five additional Lyp1 mutants that are 
localized in the cortical and perinuclear ER (Figure 3, yellow squares). We also find 
multiple fluorescent foci in the EL4, 368-370 NDS mutant (Figure S2). This mutant 
contains a predicted N-glycosylation site (N-X-S/T), but there is no evidence that Lyp1 is 
glycosylated335. 
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Figure 3: Percentage Lyp1-YPet fluorescence at the cell periphery. Panel A: Fluorescence microscopy images 
showing the subcellular location of a subset of Lyp1-YPet mutants. Panel B: % fluorescence at the periphery of 
S. cerevisiae, expressing Lyp1, for the wildtype protein (black square) and each mutant. Mutants displaying less 
than 10% peripheral fluorescence compared to wildtype protein are colored blue. Mutants with apparent 
endoplasmic reticulum staining are colored yellow. Mutants with fluorescence staining between 10-35% and 
more similar to wildtype Lyp1 are indicated in grey. Each value is determined from three biological replicates 

each with at least 50 cells. 
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Transport activity of extracellular loop mutants 

In a total we find seventeen mutants where the majority of Lyp1 molecules is mis-
localized, most are found in EL3; five mutants have a localization similar to wildtype Lyp1 
(PM fluorescence level of 20-35%); and fourteen mutants have PM staining of 10-20%. 
Next, we performed transport assays at a substrate concentration of 20 µM (the Km of 
wildtype Lyp1 for L-lysine ≈ 10 µM) and we normalized the transport rates for the 
number of cells and average absolute fluorescence at the cell periphery. This results in 
a specific activity that we express as a percentage relative to Wildtype Lyp1 (Figure 4). 
We have set an arbitrary threshold at 25% of wildtype Lyp1-YPet activity. Of the 17 mis-
localized mutants we find 11 are below the threshold, of which six are completely 
inactive. The proteins with apparent peripheral plus ER staining fall in the class without 
activity, which is consistent with the notion that these proteins are not present in the 
PM. The activity of 11 mutants is comparable to wildtype protein, twelve are significantly 
lower than the wildtype protein but well above the threshold. Of the mutants with a 
wild-type like location, 215-217 EYW is highly comprised in its transport (activity of 20%) 
and is situated in EL2. Of the proteins with intermediate fluorescence (10-20%) 469-471 
TAF is highly affected in transport (activity of 5%) and is present in EL5. Intriguingly, the 
mutants 277-279 QGP and 286-288 RNP with less than 5% peripheral fluorescence show 
wild-type transport (activity of 90% & 55%, respectively), suggesting that the endocytic 
turnover is increased but the protein must at least be as active as wildtype Lyp1. Overall, 
our results show that fifteen out of thirty-six mutants display reduced transport activity 
and/or mis-localization of the protein (Table S3), emphasizing the importance of the 
extracellular loop regions. 
 



 - 85 - 

 
Figure 4: Transport activity of extracellular loop mutants of Lyp1. Transport activity of extracellular loop 
mutants of Lyp1. Dotted line separates mutants with less than 25% of wildtype activity (light grey area and 
orange bars).  

Transport kinetics of extracellular loop mutants 

We hypothesized that given mutants may be affected in the translocation kinetics for 
lysine transport and have an altered Vmax and/or affinity constant for transport (Km). We 
obtained estimates of Vmax and Km values for eleven out of thirteen mutants; for 140-142 
GPV and 283-285 RYW the activity was essentially zero, consistent with their localization 
in the ER. We find a reduced Vmax for the remaining eleven mutants, but for six mutants 
the rates may be underestimated because part of the protein is retained in the ER 
(asterisks Figure 5C). Hence, we were unable to make the appropriate correction for the 
fraction of the protein in the plasma membrane. Together, these results indicate that 
the Km is increased by 5 to more than 10-fold for the majority of mutants. In case of 143-
145 GSL the rate of transport increased linearly up to a concentration of 650 µM, 
indicating that the KM may even be higher. 
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Figure 5: Vmax and Km of Lyp1 mutants. Panel A: Initial rate of transport (V) as function of lysine concentration 
for a selected set of mutants. Panel B: zoom in of panel A. Panel: Estimated Vmax and Km values by fitting the 
data to the hyperbolic function: 

 𝑉 = P<=>∗[D]
E<G[D]

. Here; V = velocity, [S] = substrate concentration, Vmax = maximal velocity, Km = [S] at which V = 

1/2Vmax. ND: Not Determined. *underestimated values because we cannot discriminate the fraction of Lyp1 in 
the plasma membrane from the fraction in the ER. 

Discussion 

Figure 6 and Table S3 summarize the experimental findings. We categorize the 
mutations into four groups: (i) no influence (gray); (ii) changed kinetics (orange); (iii) ER 
retention (yellow) and (iv) increased vacuolar localization and breakdown of the protein 
(white). We find that the mutants affected in transport also display increased vacuolar 
fluorescence (orange/white), which suggest that they make it to the plasma membrane 
but are more rapidly turned over. Most of these proteins are obtained with mutations 
in EL2, 4 and 5. Yellow/orange circled mutants show apparent ER localization, but are 
active (5 to 25% relative to wildtype), indicating that a fraction of these proteins is 
localized to the PM. The ER retention suggest that these proteins are affected in 
trafficking to the plasma membrane. This phenotype is mostly found for mutants in EL1, 
3 and 4. Two mutants (277-279 QGP and 286-288 RNP) located in EL3 show increased 
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vacuolar fluorescence and low peripheral staining, but the kinetic parameters of 
transport are not much altered (white circles). Another two mutants (280-282 IGF and 
289-291 GAW) situated in EL3 show altered kinetics in combination with increased 
vacuolar and ER staining (white/yellow/orange), suggesting that these proteins are 
affected in their trafficking and possibly their stability but once inserted in the plasma 
membrane they are active. Two more mutants (140-142 GPV and 283-285 RYW) in EL1 
and EL3 show no activity, which is consistent with their ER (Yellow circles). Finally, 
mutations in EL6 have no effect on transport, even though 1/3 of the residues are 
conserved in the basic amino acid transporters of YATs or BATs. 

 
Figure 6: Summary of the data projected on the topology model of extracellular loops of Lyp1. Each circle 
represents an amino acid indicated by its one letter code. Letter color coding represents the conservation of 
each amino acid with respect to a group as presented in figure 1. Triplicate mutants are separated by dotted 
lines and their circled amino acids are colored according to their phenotype. No influence (grey), retention in 
the ER (yellow), altered kinetic parameters (orange) and increased vacuolar fluorescence (white). Mixed colors 
indicate a plural effect. 

 

Thus, we find regions in extracellular loops of the yeast lysine-proton symporter Lyp1 
that play a role in localization and or activity of the protein. We do not find a correlation 
between conservation of residues and the severity of the mutations on transport or 
localization. However, 50% of the mutations that display an effect are located in EL3, 
which is extended and highly conserved in yeast APC transporters but not in bacterial 
homologs. Nine out of fifteen affected mutants contain a glycine, proline or both. These 
amino acids are often part of turns or otherwise critical in the structures of proteins and 
substituting those for alanine might disrupt turn formation or structures associated with 
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stability or activity. Of the remaining six mutants, two in EL2 and one in EL5 are at the 
boundary of TMHs. One is located in the predicted a-helix and the other two in the 
middle of EL3 and EL4.  
 
What do we know of extracellular loop regions in membrane transporters in general and 
in members of the APC-superfamily specifically? Extracellular loop regions are shorter 
than cytoplasmic loops and very few functions other than N-linked or O-linked 
glycosylation are associated to these protein parts336. However, some functional roles 
for extracellular loops in proteins not part of the ACP-superfamily have been described. 
These functions range from substrate recognition and binding, as well as protein 
dimerization and internal trafficking as shown for the MFS-superfamily transporters Oct1 
from rats337and humans338 and Hup1/2 from Chorella kessleri339, gating functions and 
conformational changes involved in the transport process for glutamine transporters 
ASCT2 from human340 and GltPH from Pyrococcus horikoshii341, and efficient export of 
substrates for the ABC-multidrug exporter pdr5 from S. cerevisiae342.  
 
For APC-superfamily members, the structure of a NSS-family (sub-family of the APC-
superfamily) bacterial sodium-coupled amino acid transporter “LeuT” serves as the 
paradigm. Similar to YATs and BATs, extracellular loops of eukaryotic NSS-family 
homologs are typically longer than those of LeuT320,321. Functional evidence for the 
importance of extracellular loops in eukaryotic APC-superfamily members comes from 
elaborate analysis of the NSS-family human serotonin transporter SERT 343,344; EL2 
interacts with other extracellular loops or TMHs and is important for transport322; EL4 
and EL5 are important for protein assembly and stability; EL5 has a role in ion-flux 
coupling and forms part of the external gate345. Similar roles in gating have also been 
reported for other APC-superfamily members324–326. Furthermore, substrate 
discrimination by EL5 has been described for the γ-aminobutyric-acid (GABA) transporter 
GAT1 from mice323 and the length of EL5 affects translocation rates327. Noticeable is that 
none of the studies report roles for EL3, the regions where we find the strongest effects 
on transport and trafficking. 
 
For the yeast APC-family members Gap1346, Tat2347 Bap2104, and Can1116 homology 
models have been constructed on the basis of the crystal structure of the 
arginine/agmatine antiporter ‘AdiC’ from E. coli348. Although modelling of loops and 
termini was incomplete the models identified the substrate binding site, the origin of 
substrate specificity and the role of some intracellular loops herein316,330. Two studies 
report mutations in EL4 of Gap194 and Can1316 that changed substrate specificity. 
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Strikingly, mutations in Gap1 are in the region of EL4 that is predicted to form an a-
helical structure similar to what we and others find for Lyp1, SERT343 and LeuT349.  
 
What can we conclude on the basis of our results for Lyp1? We find 50% of the mutations 
in EL3 to impair localization and or activity of the protein. More specifically, full or partial 
impaired exocytic trafficking (ER-fluorescence), increased endocytic turnover (vacuolar 
fluorescence) and altered Vmax and/or Km are found for mutations in this region. Thus, 
extracellular loops in yeast APCs are not merely TMH connecting structures but serve 
important functional and structural roles, as shown for Lyp1. 

Methods 

Plasmid and strain construction 

The strains and plasmids used in this study are listed in Table S1 and S2, respectively. All 
plasmids were generated using uracil excision-based cloning350. The amplification of DNA 
with uracil-containing primers was performed using the polymerase PfuX7294. Amplified 
fragments were assembled into full plasmids by treatment with DNA glycosidase and 
DNA glycosylase-lyase endo VIII, commercially available as ‘USER’, following the 
manufacturer’s instructions (New England Biolabs, Ipswich, Ma, USA). The constructs 
were transformed into E. coli MC1061 by the heat shock procedure. Subsequently, 
plasmids were isolated using a plasmid extraction kit (Macherey-Nagel, FRG) and the 
DNA was verified by sequencing. Plasmids were subsequently transformed into S. 
cerevisiae using the LiAc method351. Downstream selection of monoclonal S. cerevisiae 
was based on protein expression by selecting clones that show a homogenous 
distribution and high intensity of YPet, using a flowcytometer (BD Accuri™, Durham, USA) 
equipped with a 488 nm laser. 

Preparation of S. cerevisiae cells for in vivo transport assays and fluorescence imaging  

All chemicals were purchased from Sigma-Aldrich (FRG), unless otherwise indicated. 
Cells were cultured at 30°C with 200 RPM shaking in 50 mL CELLreactor™ filter top tubes 
(Greiner Bio-On). Strains were grown overnight by inoculation in 5 mL Synthetic glucose 
media without Uracil, Lysine and supplemented with the dipeptide Lys-Lys. Media was 
prepared by dissolving 2% w/v glucose, 0.69% w/v yeast nitrogen base (YNB) without 
amino acids (Formedium, UK). Media was supplemented with 0.19% w/v Kaiser synthetic 
mixture without Uracil, Lysine352, i.e. a mixture containing 18 mg/L adenine, 76 mg/L 
myo-inositol, 8 mg/L para-aminobenzoic acid and 76 mg/L of all 20 standard amino acids 
(L-leucine was added at 380 mg/L) except L-Lysine (Formedium, UK). Finally, 200 mg/L 
Lys-Lys was added. Subcultures were grown and diluted for two to three consecutive 
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days such that the OD600 never exceeded 1. Cells were centrifuged at 3,000 x g for 5 min 
at 4˚C, supernatant was decanted and cells were suspended in ice-cold 100 mM 
potassium phosphate, 10 mM glucose, pH 6.0. This step was performed twice before 
suspension of the cells to an OD600 of 5. 

Quantitative fluorescence imaging 

Quantitative Fluorescence live cell imaging was performed on a LSM 710 commercial 
scanning confocal microscope (Carl Zeiss MicroImaging, Jena, Germany), equipped with 
a C-Apochromat 40x/1.2 NA objective, and blue argon ion laser (488 nm). Frame size was 
1024x1024; Bit depth 16 Bit; pixel size 10µm. Pinhole was set to 1.0 (Arbitrary Unit). 
Laser power, gain and zoom were kept constant for all images. Cells were immobilized 
between a glass slide and coverslip. Images were acquired with the focal plane 
positioned at the mid-section of the cells. Acquired images were processed using ImageJ 
Fiji353. The outline of the cell was selected to determine the fluorescence in the plasma 
membrane (PM), from which the area of the cell and mean intensity per pixel of the 
selection were generated. We excluded values +/- 2 times the standard error of the 
mean (SEM). The percentage of Lyp1 in the PM was calculated by taking the ratio of 
fluorescence in the PM over that of the whole cell. The mean intensity/pixel of the 
selection of PM fluorescence was used for normalizing transport data (next section). 

In vivo transport assays  

Each assay contained cells at OD600 of 0.5. All transport assays were performed in 100 
mM potassium phosphate, 10 mM glucose, pH6.0 at 30˚C, using 20µM L-[14C(U)]-lysine 
(unless otherwise indicated). Samples were mixed by magnetic stirring in a total volume 
of 525 µL. At given time intervals 100 µL samples were taken and quenched in 2 mL ice-
cold ‘stop’ buffer of the same composition as described above, but without lysine. Cells 
were rapidly separated from external buffer by ultrafiltration and collected onto a 0.45 
µm pore size nitrocellulose filter (GE-Healthcare, Little Chalfont, UK), and washed with 
another 2 mL of stop buffer. Filters were transferred in tubes and dissolved using 2 mL 
of scintillation solution (Emulsifierplus, PerkinElmer, Waltham, MA, USA) and vortexed 
before radioactivity was determined by liquid scintillation counting (Tri-Carb 2800TR 
liquid scintillation analyzer, PerkinElmer). The number of cells in each sample was 
counted using a flow cytometer (BD Accuri™, Durham, USA), with the following settings: 
volume = 20 µL, flow rate = medium, OD600 of 0.125. The acquired transport data was 
normalized for protein quantity using the mean intensity/pixel of the selection (PM 
fluorescence) and for cell number determined from the flow cytometry data. Transport 
rates were estimated from the slope of the linear part of the progress curves, using the 
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integrated “linest” function in Excel. All other analyses (e.g. curve fitting, statistics) were 
performed with standard functions in Origin (OriginLab, Northampton, MA). 

Topology modeling 

A structural model of Lyp1 was generated using the EvFold prediction software328,354,355. 
The following parameters, deviating from the default settings, are: protein: Uniprot 
accession no. P32487; a-helical TMM domain: Yes; Pfam member selector: PF00324; 
minimum sequence identity: 20%; membrane topology override: TOPCONS 
(http://topcons.cbr.su.se)302; membrane topology prediction: default settings; input: 
Uniprot accession nr P32487. The retrieved PDB file was analyzed using PyMOL (The 
PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC). 
Benchmarking of the EvFold prediction by secondary structure predictors was done 
using Phyre2356, RaptorX357, I-tasser358 and by topology predicters such as HMMTOP359, 
TMpred360, Predicts protein361 and TOPCONS302; the output of the latter program is a 
consensus based on: Polyphobius, Octopus, Phillius, Scampi, Spoctopus. A one was 
assigned if an amino acid was predicted to be part of an a-helix or trans-membrane 
segment. If not, a zero was assigned. The sum of ones and zeros was plotted as a function 
of each amino acid and used to evaluate the goodness of the EvFold model. 

Sequence conservation of amino acid transporters 

For the sequence conservation of bacterial and yeast amino acid transporters from the 
APC superfamily, three groups were defined: (i) yeast basic amino acid transporters; (ii) 
bacterial basic amino acid transporters; and (iii) yeast amino acid transporters (excluding 
Lyp1, Can1 and Alp1). Unique sequences were obtained from the Uniprot362 PF00324 
family and grouped on the basis of their sequence similarity to either Lyp1 from S. 
cerevisiae, LysP from Salmonella typhimurium or S. cerevisiae core AAPs according to 
Ljungdahl et al., (excluding Lyp1, Can1 and Alp1)92. For Lyp1 and LysP homologs, 
members were included that were annotated in Uniprot as basic amino acid transporters 
and having 52-99% sequence identity with Lyp1 or LysP, which yielded 68 and 482 
sequences, respectively. Homologs of the S. cerevisiae members of the AAP core cluster 
were acquired using UniRef50362 groups, P19145, P48813, P38084, P06775, Q08986, 
P38085, P38967, P15380, P43548, P53388, P38090, Q03770, corresponding to 
reference sequences of Gap1, Gnp1, Bap2, hip1, Sam3, Tat1, Tat2, Put4, Agp3, Dip5, 
Agp2, Ssy1, respectively. UniRef50 groups were trimmed to 90% identity of the 
reference sequences, resulting in 460 sequences. Next, for each of the three groups a 
consensus sequence was obtained in Jalview363, which was based on a multiple sequence 
alignment generated by Clustal Omega364. Then, the corresponding consensus 
sequences were aligned against the sequence of Lyp1 and gaps with respect to Lyp1 
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were removed. The aligned sequences were plotted in Microsoft Excel and conservation 
of each amino acids with respect to one another was determined. We considered valid 
conservation if the most frequent residue in one consensus sequence matched the first 
or second most conserved residue in the other. 

Bioinformatics analysis extracellular loop length of yeast and bacterial APC-proteins  

Homologous sequences of proteins belonging to the Amino Acid-Polyamine-
Organocation ACP-family (TCDB 2.A.3) of yeast and bacteria were obtained from 
uniprot362. UniRef90 clusters were taken based on protein accession numbers. For yeast; 
P32487 ,P19145, P48813, P38084, P06775, Q08986, P38085, P38967, P15380, P53388, 
P38090 corresponding to Lyp1, Gap1, Gnp1, Bap2, hip1, Sam3, Tat1, Tat2, Put4, Dip5, 
Agp2 respectively. For mammalian; Q01650, Q9UHI5, and Q9UPY5 corresponding to 
Lat1, Lat2, and Xct respectively and for bacterial; P24207, P37460, P25737, P15993, 
P0AAE0, P25527, P77610, P39137, P42087 corresponding to PheP, ProY, LysP, AroP, 
CycA, GabP, AnsP, RocE, HutM respectively. This resulted in a population of 450, 105 and 
835 sequences for yeast, mammalian and bacterial proteins, respectively. The topology 
of each sequence within the population was predicted using TOPCONS302. Next, using 
the topology information for each sequence, the number of amino acids comprising each 
extracellular loop was extracted. Finally, we plotted the values; average length, median, 
standard deviation and minimal and maximal values of each extracellular loop from the 
yeast and bacterial APC proteins. 
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Table S1: Strains used in this study 
strains genotype reference 

E. coli 
MC1061 

F - D(araA-leu)7697 [araD139]B/r D(codB-lacI)3 galK16 
galE15(GalS) λ - e14- mcrA0 relA1 rpsL150 spoT1 mcrB1 hsdR2  

Casadaban 
1980 et al308 

S. 
cerevisiae 
22Δ6AAL 

Sigma22574d MATα gap1∆1 put4∆1 uga4∆1 
∆can1::HisG ∆lyp1::HisG ∆alp1::HisG lys2::HisG 

Fischer 2002 
et al131 

 
 
Table S2: Plasmids used in this study 

Name Description Reference 

pJK1000 prs316 lyp1-TEV-YPet-His8 (lyp1 allel) This Study 

pJK1011 Ala substitution at position 137-139 (SNA) in pJK1000 This study 

pJK1012 Ala substitution at position 140-142 (GPV) in pJK1000 This study 

pJK1013 Ala substitution at position 143-145 (GSI) in pJK1000 This study 

pJK1014 Ala substitution at position 212-214 (QVI) in pJK1000 This study 

pJK1015 Ala substitution at position 215-217 (EYW) in pJK1000 This study 

pJK1016 Ala substitution at position 218-220 (TDK) in pJK1000 This study 

pJK1019 Ala substitution at position 274-276 (GSH) in pJK1000 This study 

pJK1020 Ala substitution at position 277-279 (QGP) in pJK1000 This study 

pJK1021 Ala substitution at position 280-282 (IGF) in pJK1000 This study 

pJK1022 Ala substitution at position 283-285 (RYW) in pJK1000 This study 

pJK1023 Ala substitution at position 286-288 (RNP) in pJK1000 This study 

pJK1024 Ala substitution at position 289-291 (GAW) in pJK1000 This study 

pJK1025 Ala substitution at position 292-294 (GPG) in pJK1000 This study 

pJK1026 Ala substitution at position 295-297 (IIS) in pJK1000 This study 

pJK1027 Ala substitution at position 298-300 (SDK) in pJK1000 This study 

pJK1028 Ala substitution at position 301-303 (SEG) in pJK1000 This study 

pJK1029 Ala substitution at position 304-306 (RFL) in pJK1000 This study 

pJK1030 Ala substitution at position 362-364 (GLL) in pJK1000 This study 

pJK1031 Ala substitution at position 365-367 (VPY) in pJK1000 This study 

pJK1032 Ala substitution at position 368-370 (NDS) in pJK1000 This study 

pJK1033 Ala substitution at position 371-373 (RLS) in pJK1000 This study 

pJK1034 Ala substitution at position 374-376 (ASS) in pJK1000 This study 

pJK1035 Ala substitution at position 377-379 (AVI) in pJK1000 This study 
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pJK1036 Ala substitution at position 380-382 (ASS) in pJK1000 This study 

pJK1037 Ala substitution at position 383-385 (PFV) in pJK1000 This study 

pJK1038 Ala substitution at position 386-388 (ISI) in pJK1000 This study 

pJK1039 Ala substitution at position 389-391 (QNA) in pJK1000 This study 

pJK1040 Ala substitution at position 392-394 (GTY) in pJK1000 This study 

pJK1041 Ala substitution at position 395-397 (ALP) in pJK1000 This study 

pJK1042 Ala substitution at position 398-400 (DIF) in pJK1000 This study 

pJK1043 Ala substitution at position 463-465 (VNN) in pJK1000 This study 

pJK1044 Ala substitution at position 466-468 (NAN) in pJK1000 This study 

pJK1045 Ala substitution at position 469-471 (TAF) in pJK1000 This study 

pJK1046 Ala substitution at position 534-536 (IQG) in pJK1000 This study 

pJK1047 Ala substitution at position 537-539 (FQA) in pJK1000 This study 

pJK1048 Ala substitution at position 540-542 (FCP) in pJK1000 This study 
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Table S3: Summary of experimental observations and conclusions.  
*No significant influence on transport rate. Color-coding corresponds to that of figure 3 and 4 of the main 
manuscript. 

EL Mutant V % compared to WT Phenotype Category 

4 377-379 AVI 62 PM * 

5 463-465 VNN 44 PM * 

5 466-468 NAN 38 PM * 

3 304-306 RFL 65 PM/vesicular bodies * 

4 368-370 NDS 50 PM/vesicular bodies * 

4 395-397 ALP 136 PM/vesicular bodies * 

4 398-400 DIF 64 PM/vesicular bodies * 

1 137-139 SNA 121 PM/Vacuole * 

2 218-220 TDK 86 PM/Vacuole * 

3 274-276 GSH 102 PM/Vacuole * 

3 277-279 QGP 90 PM/Vacuole * 

3 286-288 RNP 56 PM/Vacuole * 

3 295-297 IIS 110 PM/Vacuole * 

3 298-300 SDK 80 PM/Vacuole * 

3 301-303 SEG 154 PM/Vacuole * 

4 365-367 VPY 56 PM/Vacuole * 

4 371-373 RLS 54 PM/Vacuole * 

4 380-382 ASS 38 PM/Vacuole * 

4 386-388 ISI 46 PM/Vacuole * 

4 392-394 GTY 118 PM/Vacuole * 

6 534-536 IQG 51 PM/Vacuole * 

6 537-539 FQA 114 PM/Vacuole * 

6 540-542 FCP 154 PM/Vacuole * 

Mutants with changed kinetics compared to WT Lyp1 

2 215-217 EYW 20 PM/Vacuole Vmax <10% & Km 5-fold up 

5 469-471 TAF 4 PM/cER/Vacuole Vmax <50% & Km 5-fold up 

1 140-142 GPV 0 pER/cER V = 0 & ER retention 

1 143-145 GSL 0 PM/pER/cER Km >100-fold up 

3 283-285 RYW 0 pER/cER V = 0 & ER retention 

4 362-364 GLL 1 PM/pER/cER Km 100-fold up 
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4 374-376 ASS 8 PM/pER/cER Km 100-fold up 

2 212-214 QVI 17 PM/Vacuole Vmax <50% & Km 10-fold up 

3 292-294 GPG 8 PM/cER/Vacuole Vmax <50% & Km 10-fold up 

3 280-282 IGF 1 PM/pER/cER/Vacuole Vmax <50% & Km >100-fold up 

3 289-291 GAW 0 PM/pER/cER/Vacuole Km >100-fold up 

4 383-385 PFV 3 PM/pER/cER/Vacuole Vmax <50% & Km >100-fold up 
4 389-391 QNA 24 PM/Vacuole Vmax <50% 
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Figure S1: Topology and secondary structure prediction of Lyp1. Frequency of amino acids predicted to be in 

either a transmembrane segment (grey bars) or a-helix (purple line) as a function of amino acid residue 
number. 
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Figure S2: Fluorescence microscopy images of Lyp1 wildtype and mutants. Visualized are Lyp1-GFP molecules 
in the mid-plane section of the cell. Images are adjusted using the brightness and contrast tool in ImageJ. 
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Abstract 

In yeast the plasma membrane (PM) is segregated into specific domains known as the 
Micro Compartments of Can1 (MCC) and Pma1 (MCP). MCC and MCP have a different 
protein composition but some transport proteins relocate between these domains, 
which may affect their activity. Furthermore, the yeast PM is believed to poses a high 
lipid order that results in anonymously slow protein diffusion and extremely low 
permeability of solutes. We are questioning how such a high lipid order allows sufficient 
conformational flexibility of proteins to perform their function. We developed an 
approach to directly measure lipids of membrane proteins residing in specific lipid 
microdomains via stoichiometric capture of lipids and proteins in styrene-maleic-acid-
lipid-particles (SMALPs). We extracted MCC and MCP residents and proteins that shuttle 
between these domains, Can1 and Lyp1, together with the surrounding lipids from the 
plasma membrane and refer to this as the periprotein lipidome. We purified the 
complexes by affinity chromatography and analyzed the lipids by mass spectrometry. 
We evaluated the lipidomics data by testing the effect of lipid composition on the activity 
of the lysine transporter Lyp1. We find that the phospholipid and sterol concentrations 
are similar for MCC and MCP residents, but the sphingolipids are enriched in MCP. 
Ergosterol is depleted from the periprotein lipidome, whereas phosphatidylserine is 
enriched relative to the bulk of the plasma membrane. We do not find protein specific 
lipids, but we observe that phosphatidylserine, non-bilayer forming lipids and ergosterol 
are essential for activity of Lyp1; the protein also requires a balance of saturated and 
unsaturated fatty acids. The lipid dependence reflects bulk effects rather than one or a 
few lipids specifically binding to the protein. We propose that proteins in the plasma 
membrane of yeast are surrounded by lipids in a disordered state that allows them to 
function, but diffuse slowly in domains with high lipid order and low membrane 
permeability. 
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Introduction 

The interior of the cell is separated from the exterior by a bilayer that is composed of 
lipids. The amphipathic nature of lipids allows them to form bilayers365, but cells can have 
more than 1,000 different lipid species, and the molecular composition at any point on 
a planar membrane, or in the inner and outer leaflets, differs. The lipid composition of 
membranes that form organelles in eukaryotes varies along the secretory pathway, with 
the plasma membrane enriched in sphingolipids and sterols85. Furthermore, the inner 
and outer leaflet of the plasma membrane of eukaryotic cells differ in lipid species: 
anionic lipids366 and ergosterol367 are enriched in the inner leaflet, and sphingolipids are 
more abundant in the outer leaflet. Although the latter is only evidently shown for 
mammalian cells. Within the membrane the lipids and proteins may cluster in domains 
of different composition12.  
 
A property of yeast and many other fungi is that they tolerate a low external pH368 and 
high solvent concentrations369, which suggests a high degree of integrity of the plasma 
membrane. This correlates with observations that the lateral diffusion of proteins in the 
plasma membrane is extremely slow and the permeability for small molecules is low as 
compared to studied mammalian or bacterial membranes254,370. These and other 
biophysical studies also suggest a high lipid order within the plasma membrane260. In 
yeast, the lateral segregation of lipids is associated with a differing location of marker 
proteins. Of these, the Membrane Compartments of Pma1 (MCP) and Can1 (MCC)251,252 
are best studied. The proton-ATPase Pma1 strictly localizes to the MCP, whereas the 
amino acid transporters Can1 and Lyp1 localize to the MCP or MCC depending on the 
physiological condition229,254. Many more proteins are associated with MCC and MCP, 
but the molecular basis of their partitioning is still elusive253. The MCC is part of a larger 
complex called the ‘Eisosome’, which stabilizes the MCC membrane invaginations257, 
leading to the term 'MCC/eisosomes.' In terms of lipid composition, the MCP is believed 
to be enriched in sphingolipids and the MCC in ergosterol79,260,264, but evidence for this 
partition is indirect and mainly based on fluorophore binding264 and lipid-dependent 
protein trafficking229. Attempts to accurately determine the lipids of the yeast plasma 
membrane after cell fractionation are hampered by impurities from other organellar 
membranes. 
 
A recently developed method involving Styrene-Maleic-Acid (SMA) polymers371 allows 
extraction of proteins from their native lipid bilayer. SMA-polymers form protein-lipid 
containing disc-shaped structures, called ‘SMALPs’, preserve the periprotein lipids or 
even more distant lipid shells depending on the disc-size. We adopted this method for 
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direct, in situ detection of lipids that surround named membrane proteins, which 
minimizes contamination of lipids from other membrane compartments. In brief, we 
present a three-step method whereby very small lipid shells are generated, hereafter 
called the periprotein lipidomes. Shells containing a named protein are captured, and 
lipids physically associated with each named protein are detected by lipidomics in 
defined domains such as MCC and MCP. Finally, we used the lipidomics data to test the 
lipid dependence of amino acid transport by purified Lyp1 reconstituted in synthetic lipid 
vesicles. 

Results 

Approach to periprotein membrane lipidomics 

We used SMA to extract proteins with surrounding lipids from the plasma membrane of 
yeast and form protein-lipid containing disc-shaped structures, called SMA-Lipid 
Particles or SMALPs; named proteins in these particles are called SMALP-X, X=Pma1, 
Sur7, Can1 or Lyp1; proteins from specific lipid domains have the affix MCC or MCP. In 
this approach372 the native lipids surrounding the proteins of interest are retained and 
detergents are not needed for solubilization and isolation of the membrane proteins. To 
directly detect lipids in physical proximity to named proteins, we obtained SMALPs with 
an approximate diameter of 9 nm ± 1 nm371 (Fig. S1), which was designed to normally 
exceed the area of the protein (20 nm2) in the plane of the membrane and the expected 
area would be less than 5 concentric layers of lipid. Given the approximate density of 
proteins in cells of 3 per 100 nm2 373 versus a SMALP area of ~50 nm2 (assuming SMA-
polymer contributes 1 nm to the radius), we reasoned that most SMA-polymers 
captured-protein-lipid complexes would contain a single protein and lipid that would be 
in moderate stoichiometric excess, which could be measured experimentally. If 
successful, this method might capture complexes of SMA:protein:lipid of 1:1:60-120, 
allowing direct measurement of lipids surrounding each protein membrane domain (Fig. 
1); we refer to these as the periprotein lipidome, which differ from the annular lipids in 
that additional layer(s) of lipids are captured by the SMA extraction procedure. 
 
We determined the lipidomes associated with Pma1, a genuine MCP resident, Sur7, a 
genuine MCC resident and the amino acid transporters Can1 and Lyp1, which cycle 
between MCP and MCC depending on the availability of substrate. Can1 and Lyp1 leave 
the MCC and are internalized from the MCP when arginine (substrate of Can1) and lysine 
(substrate of Lyp1) are present in excess148,254. At low concentrations of arginine and 
lysine, the majority of Can1 and Lyp1 is present in the MCC, but the actual distribution 
of the proteins between the MCC and MCP depends on various factors. Typically no 
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more than 60% of Can1 and Lyp1 is present in the MCC254. To trap the vast majority of 
Can1 and Lyp1 in the MCC and to obtain a better representation of protein-specific MCC 
lipids, we used a GFP binding protein (GBP)374 fused to the MCC resident Sur7 to 
specifically enrich for Lyp1-YPet and Can1-YPet proteins in the MCC (Fig. S2). The GFP-
binding protein binds YPet with high affinity and sequesters YPet-tagged proteins, 
provided Sur7-GBP is present in excess. 
  
To obtain specific SMA-extracted proteins we engineered a C-terminal 10-His-tag to each 
of the proteins and used metal-affinity (Nickel-Sepharose) and size-exclusion 
chromatography for purification of SMALPs containing either Pma1-Ypet, Sur7-Ypet, 
Can1-YPet or Lyp1-YPet. The purity of the SMALPs is shown in Supplementary Figure 3A. 
The SDS-PAGE gel analysis shows the appearance of multiple protein bands (Fig. S3B), 
presumably due to proteolysis of protein loops during the extraction and purification 
procedure. Indeed, 2D native-denaturing gel electrophoresis shows that the vast 
majority of protein bands are genuine parts of Pma1-Ypet, Sur7-Ypet, Can1-YPet or Lyp1-
YPet rather than impurities (Fig. S3C). Each protein migrates as a single band on a native 
gel and segregates into multiple bands when SDS is included in the 2nd dimension of the 
electrophoresis. Furthermore, MS analysis of proteins in SMALPs shows peptide 
coverage across the full-length amino acid sequence for each of the proteins (Fig. S3D). 
Finally, MS analysis of lipids extracted by SMA polymer from synthetic lipids vesicles 
shows that the procedure does not bias towards the extraction of specific phospholipids 
(Fig. S4A) and similar observations have been made for sphingolipids and sterols375,376. 
 

 
Figure 1: Flowchart of SMALP isolation and lipidome analysis. Hydrolysis of Styrene-Maleic-Acid (SMA) 
anhydride gives SMA acid. Combining SMA with fractionated membranes results in SMALPs in which SMA 
(black ribbon) has encapsulated lipids and proteins. The initial mixture consists of SMALPs containing the 
protein of interest (red), other proteins (white box) or no protein at all. Purification of protein-specific SMALPs 
is done by Immobilized Nickel Affinity Chromatography (IMAC) and Size-Exclusion Chromatography (SEC). Next, 
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lipids associated with SMALPs are determined by reversed-phase high-performance liquid chromatography 
(HPLC) coupled with electrospray ionization (ESI)-quadrupole-time-of-flight (Q-ToF) mass spectrometry (MS). 

Lipidomics analysis of periprotein microdomains 

Next, the SMALP-lipid-protein complexes were treated with a chloroform-methanol-
water mixture (1:2:0.8)377 to precipitate protein and SMA polymers in the interphase and 
capture membrane lipids in the organic phase. Lipid mixtures were analyzed by reversed-
phase high-performance liquid chromatography (HPLC) coupled with Electrospray 
Ionization (ESI)-Quadrupole-Time-of-Flight (QToF) mass spectrometry. Our initial 
attempt was to discover lipid domain (MCC and MCP) and protein-specific lipids 
associated with SMALPs-X using an unbiased lipidomic approach, which requires 
rigorously comparable triplicates. However, due to the complexity and multiple steps of 
SMALP-protein purification, our independently prepared biological replicates did not 
meet this requirement. We decided to generate individual lipidomes of Pma1-MCP and 
Sur7-MCC by comparing the lipid eluents from SMALP-protein to SMA polymer only. To 
detect lipid and small molecule contaminants associated with SMA, we performed 
negative mode comparative lipidomics378 of SMALP-Pma1 and SMA polymer alone (Fig. 
2A), which generated 815 unique ions. This documented sensitive and broad lipid 
detection with very low background from SMA alone, in agreement with prior analyses 
of conventional lipid binding proteins379,380. 
 
Given the large number of lipids detected, the next phase of analysis sought to remove 
false positive signals and mitigate redundant detection of lipids. Building on previously 
reported methods for analysis of protein-lipid complexes380–382, we implemented data 
filters for lipids in protein-SMALP complexes. First, ions were considered highly Pma1-
specific when signals were 10-fold higher than for SMA polymer alone. 511 ions passed 
this stringent criterium, whereas 3 signals were preferentially found with SMA polymer, 
demonstrating a low false positive lipid binding to SMALPs. We further enriched for high 
value hits by censoring ions present in solvents or recognizable as inorganic salt clusters. 
We removed ions representing redundant detection of lipids as isotopes, alternate 
adducts and dimers [2M] (Fig. 2B). The combined effects of these filters returned 79 high 
quality molecular events, representing distinct retention time or mass. 
  
Yet, 79 lipids still exceeded our capacity to identify them with targeted collision-induced 
dissociation (CID) MS, so we used a grouping technique whereby all molecules are 
plotted according to retention time and mass (Fig. 2C). This simple technique yields 
clusters comprised of lipids with the same underlying general structure, with each 
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member of the cluster typically representing one lead compound with nearly co-eluting 
variants with total alkyl chain length and unsaturation, represented as X:Y. 
  
Next, we solved the lead compound in each cluster by CID-MS and compared to 
authentic standards when available. Matching the accurate mass, retention time, and 
CID-MS patterns (Fig. 2B, C, and D) to standards, we identified 58 molecules in eight lipid 
classes, including 10 molecular species of phosphatidylinositol (PI; lead molecule, m/z 
835.5361, 34:1), 11 phosphatidylcholines (PC; lead molecule m/z 804.5771, 34:1), 10 
phosphatidylethanolamines (PE; m/z 716.5251, 34:1), 5 phosphatidylserines (PS; lead 
molecule m/z 760.5148, 34:1), 2 phosphatidylglycerols (PG; lead molecule m/z 
719.4889, 32:1), 2 phosphatidic acids (PA; lead molecules m/z 671.4673, 34:2 PA), 9 
cardiolipins (CL; lead molecule m/z 1399.960, 68:4), and 7 diacylglycerols (DAG; lead 
molecule m/z 639.5224, 34:1). Although we were unable to detect mannosyl-
diinositolphosphoceramide (M(IP)2C), we did identify an ion matching 
inositolphosphoceramide (IPC, m/z 952.6846, 44:0) and mannosyl-
inositolphosphoceramide (MIPC, m/z 1114.7340, 44:0) (Figure 2B). The identification of 
these yeast lipids were confirmed by the CID-MS (Fig. 2D). The lipidomic profile of 
SMALP-Sur7 was generated by the same approach as described for SMALP-Pma1. For 
SMALP-Sur7, we identified 36 of 50 high quality ions, including 8 PIs, 10 PCs, 5 PEs, 7 PSs, 
2 CLs, and 4 DAGs (Fig. S5) Despite the different background strains of Pma1 and Sur7, 
many of the same phospholipid species were found in both SMALP-protein complexes. 
  
Given the high specificity for protein pull down and the lack of substantial adherence of 
lipids to SMA polymers alone, we conclude that the lipids identified are likely the 
molecules that surround the transmembrane sequences of Pma1 and Sur7. For other 
SMALPs: Can1-MCP, Can1-MCC, Lyp1-MCP, and Lyp1-MCC, we carried out targeted 
lipidomic analysis based on the ions identified from both SMALP-Pma1 and SMALP-Sur7 
lipidomes, which includes 7 classes of phospholipids, 2 types of sphingolipids, and 
ergosterol (supplemental table S2). 
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Figure 2. Lipidomics of SMALPs. (A) Three independently purified samples of SMALP-Pma1 obtained from three 
replicate samples of yeast cells grown on different days were subjected to lipid extraction, and 1 µM of the 
input protein was used to normalize lipid input for the reversed phase HPLC-QToF-ESI-MS in the negative ion 
mode. Ions were considered enriched for the SMALP-Pma1 when the intensity was at least 10-fold higher 
compared to the control. (B-C) Common lipids, including PI, PC, PS, PE, PG, PA, CL, DAG, IPC, and MIPC, were 
found based on the accurate mass, retention time or collisional MS pattern match to the synthetic standards. 
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Chain length and unsaturation analogs were identified, whereas the redundant ions such as isotopes, lipid 
dimers, alternate adducts, and salt clusters were removed from the enriched ion pool. (D) Negative mode CID-
MS from each lipid class identified diagnostic fragments. Molecular variants with altered chain length and 
unsaturation within each class were deduced based on mass intervals corresponding to CH2 or H2 hydrogens 
(not shown). 

Sphingolipids and ergosterol in MCC versus MCP domains 

Ergosterol is a major component of the yeast plasma membrane. Unlike membrane 
phospholipids and sphingolipids that form anions, ergosterol is a neutral species that is 
rarely detected in negative mode lipidomics methods. However, in the positive mode we 
could detect the protonated ion [M+H]+ at m/z 397.3464, which matched the expected 
mass of ergosterol and had same retention time as the ergosterol standard. It has been 
suggested that MCC domains are ergosterol enriched and sphingolipids are relatively 
excluded. To test this hypothesis directly by analysis of protein-SMALP associated lipids, 
we compared the lipidomic profiles with regard to inositol-phosphoceramide (IPC), 
mannosyl-inositol-phosphoCeramide (MIPC) and ergosterol (Fig. 3A and S6A)). We did 
not initially detect IPC and MIPC in the computerized high throughput analysis of Sur7. 
These ions were missed by automated peak-picking algorithms, likely due to their very 
low intensity and nearby background signals. However, manual examination of ion 
chromatograms that focused on the mass of these two molecules in HPLC-MS 
convincingly detected chromatographic peaks allowing the quantitative assessment of 
MIPC and IPC. Unlike other lipids analyzed, standards for MIPC and IPC were not 
available, so we could not directly determine their molar abundance from MS signals. 
However, using ergosterol as an internal control, we found ~4-fold decrease in 
MIPC/Ergosterol and IPC/ergosterol ratios (Fig. 3B and C) in the SMALP-Sur7-MCC 
compared to the SMALP-Pma1-MCP. Here, the MS signals for ergosterol are similar for 
Sur7-MCC and Pma1-MCP, but IPC and MIPC MS signals are different. We found similar 
results for Lyp1-MCP but for Can1-MCP the ratios were not significantly reduced (Fig. 
S6). These ratios were consistent with the conclusion that MCC-Sur7 domains have 
reduced sphingolipids as compared to MCP-Pma1, but inconsistent with MCC-Sur7 
domains being enriched in ergosterol260,264. We performed ergosterol staining by filipin 
in our cells using Sur7-Ypet as reporter of MCC/eisosomes and did not find enhanced 
filipin fluorescence at the MCC domains (Fig. S7). 

Quantitative lipid analysis of SMALPs 

From the overall lipidomes of MCC-Pma1 and MCP-Sur7, we found that many lipid 
species are detected in both domains. Having directly validated the expected 
relationships of the defining sphingolipids, and ergosterol, we next investigated whether 
the protein-associated domains vary in phospholipids whose enrichments and roles in 
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these domains are unknown. We estimated the lipid quantity by comparing the peak 
areas of ion chromatograms to the external standard curves for PI (34:1), PC (34:1), PE 
(34:1), PS (34:1), PG (36:1), PA (34:1), CL (72:4), and ergosterol (Fig. S8A). Ranking the 
lipids by yield, we found the most abundant lipid species are PC, PI, PE, PS, and ergosterol 
with minor quantities of PG, PA and cardiolipin (Fig. 4A).  
 
We calculated the molar ratio of phospholipids and ergosterol associated with each 
SMALP-protein, assuming 1:1 stoichiometry of SMALP to protein. The estimated average 
numbers of phospholipids plus ergosterol per SMALP-protein complex are 52, 66, 70, 
and 87 associated with Sur7, Can1, Lyp1, and Pma1, respectively, which is proportional 
to the protein sizes (Fig. 4B). From these ratios, we estimate 1-2 rings of lipid around 
each protein. Since the injection amount for lipid analysis was normalized based on the 
same molar amount of the input protein, the smaller protein size of Sur7 could associate 
with less lipids and cause the fewer total ions detected in the SMALP-Sur7. However, 
due to variation among three independently purified SMALP-protein complexes, the 
protein size dependent lipids association did not reach statistical significance.  
 
For the lipid class composition, we focused on the 4 major phospholipids and ergosterol 
regarding their relative abundance (Fig. 4C). To obtain better estimates of lipid 
quantities, we calculated conversion factor obtained from external standards and the 
standard addition method, which relies on true internal standards (Fig. S8 B-D). SMALPs 
containing Pma1, Can1, and Lyp1 were purified from the Y8000 strain, whereas SMALP-
Sur7 were purified from Y5000 strain. Therefore, the total plasma membrane extracts of 
these two strains were also analyzed (Fig. 4D). Surprisingly, we found that all samples 
with Y8000 background including Pma1-MCP, Lyp1-MCP, Lyp1-MCC, Can1-MCP, and 
Can1-MCC consist of similar compositions of PC (~40%), PI (~20%), PE (~18%), PS (~16%) 
and ergosterol (~4%) (Fig. 4C). We also noticed that for the overall (plasma) membrane 
of strains Y5000 and Y8000, ergosterol (25-30 mol%) is 6-fold (Fig. 4D) higher than in the 
SMALPs, which suggests that ergosterol is depleted from the periprotein lipidome and 
more abundant in the bulk lipids surrounding the MCC and MCP proteins. Similarly, we 
observe 2 to 3-fold higher PS in all SMALP samples compared to overall (plasma) 
membrane, indicating that PS is enriched in the periprotein lipidome. 
 
For the fatty acyl chain distribution, we found slight differences between strains. 
However, for both strains, we observed the similar fatty acyl chain distribution patterns 
in the four major phospholipid classes, as compared between the SMALP-protein 
associated lipids and their parent strain overall plasma membrane lipids (Fig. 4E and S9). 
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We detected 11 forms of PC, 10 PIs, 10 PEs, and 7 PSs. We found C34:2 as major acyl 
chain for PE and PS and C32:2 and C34:1 for PC and PI, respectively. 
 
In conclusion, the extraction of membrane proteins with SMA polymers allows 
determination of protein-associated lipids, and these differ from the overall plasma 
membrane in ergosterol and PS content. Furthermore, the relative abundance of IPC and 
MIPC vary between the MCC and MCP, whereas differences in the major membrane 
phospholipids are small and not significant. 

 

 
Figure 3: Ratios of ergosterol over sphingolipids in MCP and MCC. (A) Peak areas (arbitrary) of ergosterol, 
Inositol-PhosphoCeramide (IPC) and Mannosyl-Inositol-PhosphoCeramide (MIPC) for Pma1 (MCP) and Sur7 
(MCC) and structure of Ergosterol. (B) Ratio of IPC/Ergosterol for Pma1 (MCP) and Sur7 (MCC). (C) Ratio of 
MIPC/Ergosterol for Pma1 (MCP) and Sur7 (MCC). Number of biological replicate experiments (n) = 3, error 
bars are Standard Error of the Mean (SEM). * = P-value < 0.05, ** = P-value < 0.01. 
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Figure 4: Phospholipids of SMALPs. (A) Number of lipid species per SMALP. (B) Total number of lipids per SMALP 
for each protein plotted against molecular weight of the protein, excluding the YPet moiety. (C) Relative 
abundance per lipid class for each SMALP. (D) Relative abundance of lipids for total plasma membrane extracts 
of Y8000- & Y5000-strain. (E) Phospholipid composition of the MCP and MCC. C = carbon, 1st number = 
cumulative length of two acyl chains, 2nd number = cumulative number of double bonds of two acyl chains. 
Phospholipid two-letter abbreviations, including color-coding: PC = PhosphatidylCholine, PE = 
PhosphatidylEthanolamine, PS = PhosphatidylSerine and PI = PhosphatidylInositol. Number of biological 
replicate experiments (n) = 3; error bars are Standard Error of the Mean (SEM). 
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Phospholipid dependence of transporter function 

Next, we sought to validate possible functional implications of the lipidomics data by 
testing the lipid dependence of Lyp1, using membranes formed from synthetic lipids. We 
previously reconstituted Lyp1 in lipid vesicles composed of yeast total lipid extract134. 
The yeast sphingolipids IPC and MIPC and certain headgroup-acyl chain combinations of 
the phospholipids are not available, but we could design artificial membranes that 
otherwise mimic those found in cells. In initial experiments with ergosterol present we 
observed that C34:1 (C18:1 plus C16:0 chains) palmitoyl-oleoyl-sn-phosphatidylX (POPX, 
where X=choline, ethanolamine, glycerol or serine), support a much higher transport 
activity than the most commonly used C36:2 forms or when C32:0 dipalmitoyl-sn-
phosphatidylX (DPPX; C32:0 = 2 C16:0 chains) lipids (Fig. S10A) were used. When we 
exploit the lipidomics data and prepare vesicles with the dominant acyl chains for each 
lipid species using C32:2 PC and PE and C34:1 PS, which is the second most abundant PS, 
we also find low transport activity (Fig. S10B). Hence, we started with a mixture of POPS, 
POPG, POPE and POPC (17.5 mol% each) plus 30 mol% ergosterol (Fig. 5C, sample 1) and 
used that to compare the activity of Lyp1 in vesicles against the effects of phospholipids 
and sterols. 
 
To drive the import of lysine by Lyp1, we impose a membrane potential (DY) and pH 
gradient (DpH) by diluting the vesicles containing K-acetate into Na-phosphate plus 
valinomycin. The magnitude of the driving force is determined by the potassium and 
acetate gradient (Fig. S11A). Typically, we use a DY and -ZDpH of -81 mV each (Z=58 
mV), hence a proton motive force of -162 mV. We compared the lipid composition of 
the Lyp1 vesicles with the starting mixture for the reconstitution, using mass 
spectrometry, and do not find significant differences (Fig. S4B). This rules out enrichment 
or depletion of certain lipids during membrane reconstitution, including the possibility 
that co-purified protein lipids contribute significantly to the lipid pool. Furthermore, 
proton permeability measurements indicate that the transport rates are not skewed by 
large differences in proton leakage (Fig. S12). Hence, we conclude that the proton 
motive force is similar in vesicles of different lipid composition. 
 
Supplementary Figure S11B shows the import of lysine over time, and from the slope of 
the linear part of the curve we determine the initial rate of transport. Figure 5C shows 
that increasing either POPS or POPE increases transport activity (samples 2 and 3), while 
reducing the fraction of these lipids decreases the activity (samples 5 and 6) relative to 
that in the benchmark mixture (sample 1). Increasing the fraction of POPG or lowering 
of POPC (sample 4) had no negative effect on transport. This suggests that the non-
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bilayer lipid POPE and the anionic lipid POPS are a minimal requirement for transport 
(sample 7). 
 

 
Figure 5: Lyp1 activity as a function of lipid composition. (A) is the geometric representation of lipids for the 
headgroups shown in B. (B) shows Headgroups of phospholipids and color-coding with the net charge of the 
lipids at neutral pH. (C) shows the turnover number of Lyp1p in different lipid mixtures, where the composition 
(mol%) of each sample is visualized by pie-graphs, using the color coding of (B). The quantity of ergosterol was 
kept at 30 mol% in all mixtures. Data based on 3 replicate experiments; the bars show the standard error of 
the fit. 

The role of anionic lipids 

Next, we simplified the lipid mixture and prepared lipid vesicles composed of POPS, POPE 
and Ergosterol (Fig. 5C, sample 7) and step-wise reduced the quantity of PS. We found a 
sigmoidal relationship between Lyp1 activity and POPS concentration (Fig. 6A). The 
sigmoidal relationship is indicative of cooperativity and suggests that more than one 
molecule of POPS is needed for activation of Lyp1. The anionic lipid POPG can only partly 
substitute for POPS (Fig. 5C, sample 5). 
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Figure 6: Effect of anionic and non-bilayer lipids on Lyp1 activity in proteoliposomes. (A) Turnover number of 
Lyp1p as a function of POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine). (B) Turnover number of Lyp1 
as a function of POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) (mol%). (C) Turnover number 
of Lyp1 in vesicles with POPE versus POPA (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidic-acid). (D) Turnover 
number of Lyp1 as a function of DOPE, which was increased at the expense of POPE. The triangles at the top 
of each graph depict the gradual replacement of one lipid for another. Number of replicate experiments (n) = 
3; the bars show the standard error of the fit of n = 1; variation between replicate experiments is within 20%. 

Sigmoidal curves were fitted using the equation: 𝑦 = 𝑠𝑡𝑎𝑟𝑡 + (𝑒𝑛𝑑 − 𝑠𝑡𝑎𝑟𝑡) >Y

ZYG>Y
 

The role of non-bilayer lipids  

Many phospholipids have a cylindric geometry that allow bilayer formation with a single 
lipid species. The relatively small headgroup of PE as compared to the acyl chains 
however, results in a cone shaped geometry that does not allow bilayer formation from 
PE alone. Hence, PE is a non-bilayer lipid. Non-bilayer lipids affect the lateral pressure 
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profile and membrane curvature differently and more drastically than bilayer forming 
lipids do383. We determined the PE dependence of Lyp1 by increasing the fraction of 
POPE at the expense of POPC (Fig. 6B). We observe that Lyp1 has activity in the absence 
of PE but the initial rate of transport increases 3-fold with increasing POPE and saturates 
at ~10 mol%. To determine whether the ethanolamine headgroup or the geometric 
shape of the lipid is important, we substituted POPE for POPA (Fig. 6C), a non-bilayer 
phospholipid devoid of the headgroup moiety but with bilayer/geometric properties 
similar to PE (conical shaped; Fig. 5A). We find that POPA can fully substitute POPE in 
transporter activity, which suggests that a fraction of lipids with non-bilayer properties 
is important for Lyp1 and not the ethanolamine group. Next, we titrated in DOPE at the 
expense of POPE to gradually increase the degree of acyl chain unsaturation (Fig. 6D). 
We observe a 2-fold increase in Lyp1 activity with DOPE at 5 to 10 mol% and POPE at 30 
to 25 mol%, but a further increase in dioleoyl at the expense of palmitoyl-oleoyl chains 
decreases the activity to zero. These experiments indicate that specific features of the 
acyl chains (or fluidity) are as important as the geometric shape of non-bilayer lipids. 
 

 
Figure 7: Effect of sterols on Lyp1 activity. (A) Turnover number of Lyp1 as a function of the quantity of 
ergosterol in the vesicles. (B) Turnover number of Lyp1 as a function of the type of sterol. (C) Structures of 
sterols; ERG = Ergosterol; CHO = Cholesterol; BRA = Brassicasterol; 7-DHC = 7-Dehydrocholesterol. ERG and 
CHO parts are black and red respectively. Structural dissimilarities between ERG and CHO are highlighted by 
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yellow ovals. Number of biological experiments (n) = 3, variation between n = ± 20% therefor shown n = 1. The 
Error bars are the standard error of the fit of n = 1. 

Ergosterol is essential for Lyp1 activity 

Ergosterol is the major sterol of lower eukaryotes and present in the yeast plasma 
membrane at concentrations of » 30 mol%384, but the fraction of ergosterol in the 
periprotein lipid shell of Lyp1 (and Can1, Pma1 and Sur7) appears 6-fold lower than in 
the bulk membranes (Fig. 4B). We increased the fraction of ergosterol at the expense of 
POPC and observed an increase in activity up to 10 mol%. Without ergosterol, Lyp1 is 
not active and the activity drops above 25 mol% (Fig. 7A). As with POPS we find a 
sigmoidal dependence but the apparent cooperativity is much lower. Cholesterol 
supports less than 15% of Lyp1 activity as compared to ergosterol. Ergosterol differs 
from cholesterol in that it has two additional double bonds at positions C7-8 and C22-23 
and one extra methyl group at C24 (Fig. 7C yellow ovals). To find out which of these is 
important for transport activity, we tested brassicasterol and dehydrocholesterol and an 
equal mixture of both (Fig. 7C). The two sterols and the mixture thereof cannot 
substitute for ergosterol (Fig 7B). 
 
In summary, anionic lipids with saturated and unsaturated acyl chains, preferably POPS, 
and ergosterol are essential for Lyp1 functioning, and both lipid species stimulate 
transport cooperatively. This suggests that “allosteric” sites on the protein need to be 
occupied by specific lipids to enable transport. 

Model for protein functioning in a highly ordered yeast PM 

On the basis of differences in composition of the periprotein lipidome of a subset of 
proteins and the bulk of the plasma membrane of yeast and literature data, we propose 
a model (Fig. 8) that explains how proteins may function in a membrane of high lipid 
order, slow lateral diffusion and low permeability253,254,370,385. We observe that 
membrane proteins like Lyp1 require a relatively high fraction of lipids with one or more 
unsaturated acyl chains that allow sufficient conformational flexibility of the proteins. 
The proteins with periprotein lipidome are embedded in an environment of lipids that 
are enriched in ergosterol and possibly saturated long-chain fatty acids such as present 
in IPC, MIPC and M(IP)2C), which yield a highly liquid-ordered state. The ordered state 
forms the basis for the robustness of the organism to survive in environments of low pH 
or and high solvent concentration368,369 and likely explains the slow lateral diffusion and 
the low permeability of the yeast plasma membrane. 
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Figure 8: Model of the yeast plasma membrane. (A) The MCC/Eisosome is stabilized by a scaffold of Pil1 
molecules. Sur7 strictly resides at the rim of the MCC/Eisosome, while Lyp1 and Can1 can diffuse in and out. 
Pma1 cannot enter the MCC/eisosome and resides in the MCP. (B) Schematic representation of the lipid 
composition of the MCC/Eisosome and the MCP based on the periprotein lipidome detected for Sur7 and 
Pma1, respectively. Here, phospholipids and ergosterol are similar, but sphingolipids are enriched in the MCP. 
The Bulk is enriched in ergosterol and represent lipids excluded from the periprotein lipidome. (C) Top view of 
part of the plasma membrane showing Lyp1 or Can1 enriched in phosphatidyl-serine and depleted in 
ergosterol as periprotein lipidome; the proteins surrounded by these periprotein lipidome diffuse very slowly 
in the bulk of lipids which is in a highly ordered state due to the high fraction of ergosterol. DLslow= slow lateral 
diffusion of proteins, Plow = low permeability of solutes, Lo = liquid ordered PM = plasma membrane. 
 

Can transporters like Lyp1 function in a liquid-ordered membrane? The majority of 
transporters in the plasma membrane of yeast belong to the APC superfamily, including 
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Lyp1 and Can1, or the Major Facilitator Superfamily (Hxt6, Gal2, Ptr2). These proteins 
undergo large conformation changes when transiting between outward and inward 
conformations and would be hindered in their conformational dynamics when 
embedded in highly liquid-ordered membrane, where lipids will have to be displaced 
from the outward- to inward-facing state. To obtain an estimate of the number of 
displaced lipids, we analyzed the X-ray structures of the Lyp1 homolog LeuT in different 
conformations154. We acquired structures oriented in the membrane from the OPM 
database386, which positions proteins in a lipid bilayer by minimizing its transfer energy 
from water to membrane. We have used a numerical integration method to estimate 
the surface area of the outward and inward state of LeuT in the plane of the outer- and 
inner-leaflet at the water membrane interface (Fig. 9). We estimated the number of 
lipids in the vicinity of the protein by drawing an arbitrary circle around the protein. With 
a radius of 35 ångström from the center of the protein, we need 43 to 50 lipids per leaflet 
depending on the conformation. For the inner-leaflet, the inward-to-outward 
movement of LeuT requires plus three lipids and for the outer-leaflet minus three lipids, 
which can probably be accommodated by local changes in membrane compressibility387 
and by redistribution of the annular and next shell of lipids even if they are surrounded 
by membrane that is in a highly liquid-ordered state. We find similar changes in the 
numbers of lipids when we analyze different conformations of membrane transporters 
of the MFS (not shown). Although a minimal number of lipids is required, the projections 
in figure 9 show that the conformational changes require significant lateral displacement 
of lipids in both inner- and outer-leaflet. Hence, the degree of acyl chain unsaturation 
and low ergosterol concentration is in line with the flexibility that is needed for the 
conformational changes. 
 

 
Figure 9: Number of lipids in inner- and outer-leaflet for the inward and outward conformation of LeuT. Protein 
structures were positioned in a lipid bilayer by the OPM database386. The OPM database positions proteins in 
a lipid bilayer by minimizing its transfer energy from water to membrane. Shown are projections of the area 
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occupied by inward (red), outward (purple) conformation of the protein and both projections overlaid. We 
have drawn a circle of 70 ångström in diameter, which represents 1-2 lipid shells based on an average area per 
lipid of 0.471 nm2388. Finally, the number of lipids in the outer- and inner-leaflet were calculated from the 
difference in surface area of the circle and the protein surface. 

Discussion 

Using a new method to directly quantitate individual lipids that surround named 
proteins, we show that the membrane proteins extracted from the MCC and MCP 
domains of the plasma membrane do not differ much in periprotein phospholipid and 
ergosterol composition, but do differ significantly in sphingolipid content. Furthermore, 
we find a much lower fraction of ergosterol and an enrichment of PS in the lipidome 
associated with Can1, Lyp1, Pma1 and Sur7 than in the surrounding bulk lipids. Assuming 
one protein per SMALP, we find between 52 to 87 lipids per protein. The number of lipids 
increases when sphingolipids are included and agrees with estimates reported in the 
literature371. Calculated from the estimated perimeter of Lyp1 homolog LeuT, the 
number of lipids corresponds to 1-2 shells of lipids surrounding the protein in the SMALP. 
Hence, we conclude that the SMA extraction targets the periprotein lipidome of 
membrane proteins. Our in vitro analysis of the activity of the amino acid transport Lyp1 
reveals the requirements of the protein for specific lipids, and the optimal conditions 
require a stringent degree of acyl chain saturation, and amounts of anionic lipids (>15 
mol%), non-bilayer lipids (>10 mol%) and ergosterol (5 mol%), which match the observed 
lipids in the HPCL-MS analysis. Except for phosphatidylserine we do not find a strong 
effect of the lipid headgroup on the activity of Lyp1. 
  
When we compare our S. cerevisiae lipidomic data to other studies we find similar, small 
quantities of PA, CL and PG47,48,51,52, and we thus conclude that the majority of protein is 
extracted from the plasma membrane rather than from internal membranes. In terms 
of selectivity, we benefit from the ability to trap Can1 and Lyp1 in MCC/eisosomes, taking 
advantage of technology from Rothbauer et al374 and the fact that we purify proteins 
using an affinity tag. Thus, our approach for lipid analysis is much less hampered by 
contamination with internal membranes than conventional fractionation studies. The 
SMALP technology only identifies protein specific lipidomes and does not report the 
overall composition of the plasma membrane. 
 
Reported values for the average degree of acyl chain unsaturation for yeast vary. The 
values we find in our SMALPs are consistent with51, but somewhat higher than found by 
others using non-SMALP methods33,34,47,48. We detected the sphingolipids IPC and MIPC 
and expected to also find M(IP)2C as major lipid species51, but our M(IP)2C 
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chromatographic peaks appeared broad and signal detection was poor in the overall 
(plasma) membrane. We therefore do not provide specific conclusions about the 
quantities of M(IP)2C in our SMALP samples. We find similar amounts of ergosterol in 
MCC and MCP by mass spectrometry analysis, whereas filipin staining in the literature 
has suggested that ergosterol is enriched in MCC/eisosomes259. We performed 
ergosterol staining by filipin in our cells using Sur7-Ypet as reporter of MCC/eisosomes 
and did not find enhanced filipin fluorescence at the MCC domains which is consistent 
with our lipidomics data and80, but inconsistent with prior observations260,264. 
 
We find that 30 mol% of ergosterol, corresponding to the overall concentration of this 
molecule in the plasma membrane, reduces the activity of Lyp1 (Fig. 7A). The observed 
3-5 mol% of ergosterol in SMALP-Lyp1 is more in line with a high transport activity. 
Detailed analysis of the effects of lipids on the activity and regulation of membrane 
transport is so far limited to studies on bacterial transporters such as the lactose-proton 
symporter LacY389, a leucine-proton symporter390, the ATP-driven betaine transporter 
OpuA57 and some other membrane associated proteins29,391. Each of these systems 
requires anionic (PG) and non-bilayer (PE) lipids, and as far data is available function 
optimally in lipids with dioleoyl chains. We find that Lyp1 performs poorly in dioleoyl-sn-
phosphatidyl-based lipids and has an order of magnitude higher activity in palmitoyl-
oleoyl-sn-phosphatidyl lipids. 
 
Estimates of global membrane order, using fluorescence lifetime decay measurements 
and mutants defective in sphingolipid or ergosterol synthesis, suggest that the yeast 
plasma membrane harbors large highly-ordered domains enriched in sphingholipids63,79. 
This is consistent with the observation that the lateral diffusion of membrane proteins 
in the plasma membrane of yeast is 3-orders of magnitude slower than has been 
observed for membranes in the liquid-disordered state229,254. Accordingly, the passive 
permeability of the yeast plasma membrane for weak acids is orders of magnitude lower 
than in bacteria370. A membrane in the gel or highly liquid-ordered state may provide 
low leakiness that is needed for fungi to strive in environments of low pH and/or high 
alcohol concentration, but it is not compatible with the dynamics of known membrane 
transporters, which undergo relatively large conformational changes when transiting 
from an outward- to inward-facing conformation. In fact, we are not aware of any 
transporter that is functional when it is embedded in a membrane in the liquid-ordered 
state. 
 



 - 121 - 

The large, ordered lipid domains observed previously79 might represent the MCP 
because Pma1 is enriched for sphingolipids relative to Sur7 in MCC. Furthermore, 
ergosterol is depleted from the periprotein lipidome of the Sur7, Can1, Lyp1 and Pma1 
proteins and is 6-fold enriched in the surrounding bulk membranes. Sterols are known 
to increase the lipid order and interact more strongly with saturated than unsaturated 
lipids, therefore depletion of ergosterol from the periprotein lipidome is expected. We 
propose that large parts of the yeast plasma membrane are in the liquid-ordered state 
but that individual proteins are surrounded by one or two layers of lipids with at least 
one unsaturated acyl chain to enable sufficient conformational dynamics of the proteins, 
which might be needed for transporters like Lyp1116,153,154. The proteins in these 
membrane domains would diffuse slowly because they are embedded in an environment 
with a high lipid order. 

Methods 

Yeast strains and plasmids 

Saccharomyces cerevisiae strains (Table S1) are derived from S1278b (from Bruno 
Andre203) or BY4709; all strains are uracil auxotrophs (Ura3-negative). Plasmids are 
based on pFB001134 and constructed by User Cloning™(New England Biolabs) in a three-
way ligation method, where the plasmid is amplified in three similar sized fragments of 
which one contains the Gene Of Interest (GOI) and the other two form the full ampR 
gene when ligation is successful. Plasmid fragments were transformed and ligated in 
Escherichia coli MC1061 by means of the heat shock procedure. Plasmid assembly and 
nucleotide sequences were confirmed by DNA sequencing, and plasmids isolated from 
E. coli were transformed to Saccharomyces cerevisiae using the Li-acetate method351 and 
selection was based on Ura3 complementation. Positive transformants were re-cultured 
twice to ensure clonality. 

Cultivation of S. cerevisiae and protein expression  

Chemicals were purchased from Sigma-Aldrich (DE), unless otherwise indicated. Cells 
were cultured at 30°C with 200 RPM shaking in 50 mL CELLreactor™ filter top tubes 
(Greiner Bio-On). Strains were grown overnight in 5 mL synthetic maltose media lacking 
uracil, lysine, arginine and histidine. Lack of uracil ensures the plasmid is retained, while 
lack of lysine, arginine and histidine ensures stable expression of Lyp1 and Can1 in the 
yeast PM. Media was prepared by dissolving (2% w/v maltose), 0.69% yeast nitrogen 
base (YNB) without amino acids. Necessary amino acids were supplemented using 0.16% 
Kaiser synthetic mixture without uracil, lysine, arginine and histidine352 i.e. a mixture 
containing specific amino acids except uracil, lysine, arginine and histidine (Formedium, 
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UK). After growth overnight, cultures were diluted to OD600 = 0.15 in 50 mL of Synthetic 
Maltose media lacking ura, lys, arg and his and grown to OD600 = 0.75-1.5 in a 250 mL 
Erlenmeyer flask. After ~ 8 h), cultures were diluted 50-fold into 1.6L synthetic maltose 
media lacking ura, lys, arg and his; after ~15 h, the OD600 reached 1.0-2.0, after which 1% 
w/v galactose was added to induce protein expression for 2, 2.5 and 3 hours for Can1, 
Lyp1 and Pma1, respectively. To validate protein expression, we co-expressed the fusion 
constructs YPet-POI and mCherry-Pil1 and used confocal laser scanning microscopy 
(Zeiss LSM710); mCherry-Pil1 is a reporter of MCC/eisosomes. The excitation lasers for 
Ypet and mCherry were set at 488 and 543nm with emission filter settings between 509-
538nm and 550-700nm, respectively; the pinhole was set to 1µm. Images were 
processed using ImageJ to adjust contrast and brightness levels. (Original files are 
accessible in the supplementary data.) The expression of Lyp1 in Pichia pastoris and its 
membrane isolation was described previously134. 

Plasma membrane isolation 

P. pastoris and S. cerevisiae cultures were harvested by centrifugation at 7,500 x g, for 
15 min at 4°C (Beckman centrifuge J-20-XP, Rotor JLA 9.1000, US). Further steps were 
performed at 4°C or on ice. The resulting cell pellet was resuspended in 150 mL of cell 
resuspension buffer (CRB; 20mM Tris-HCl pH6.7, 1mM EGTA, 0.6M sorbitol, 10µM 
pepstatin A (Apollo Scientific, UK), 10µM E-64 (Apollo Scientific, UK) plus protease 
inhibitors (cOmplete Mini EDTA-free™, ROCHE, 1 tablet/75 mL). Centrifugation was 
repeated and the resulting cell pellet was resuspended to OD600 = 200 in CRB with 1 
tablet cOmplete Mini EDTA-free™/10 mL). The resulting cell suspension was broken 
using a cell disrupter (Constant cell disruption systems, US) by three sequential passes 
operating at 39Kpsi, after which 2 mM fresh PMSF was added. Unbroken cells were 
pelleted by centrifugation at 18,000 RCF for 30 min at 4°C (Beckman centrifuge J-20-XP, 
Rotor JA16.250, DE). The supernatant was transferred to 45 TI rotor (Beckman, DE) tubes 
and membranes were pelleted by ultracentrifugation (Optima XE-90, Beckman, DE) at 
186,000 RCF, 90 min at 4°C. The resulting membrane pellet was resuspended to 
homogeneity at 400 mg/mL using a potter Elvehjem tissue grinder in 20 mM Tris-HCl 
pH7.5, 0.3M Sucrose, 10µM Pepstatin A, 10µM E-64 (Apollo Scientific, UK), 2 mM PMSF 
and protease inhibitor cocktail (cOmplete Mini EDTA-free™, 1 tablet/10 mL). Aliquots of 
2 mL were snap frozen using liquid nitrogen and stored at -80°C until further use. 

SMA preparation, SMALP formation and protein purification 

Styrene Maleic Acid anhydride polymer (Xiran-SZ30010, Polyscope, NL) was hydrolyzed 
as described392 and freeze-dried in aliquots of 2 grams. Upon use, SMA polymer was 
dissolved using 50 mM Tris-HCl pH7.5 at 0.1 g/mL. Styrene Maleic Acid Lipid Particles 
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(SMALPs) were formed by combining S. cerevisiae membranes with SMA polymer at a 
ratio of 1:3 w/w and left for 16 hours at 30°C. Unextracted material was removed by 
ultracentrifugation at 186,000 x g 60 min at 4°C. Further steps were performed at 4°C 
or on ice. The supernatant was mixed with 1 mL Ni-Sepharose resin (GE healthcare, US) 
and incubated for 24 hours under gentle nutation, and then poured into an empty 
column. The Ni-Sepharose was washed with 10mL Tris-HCl pH7.5, and SMALPs were 
eluted in 3 sequential steps using 1mL 50 mM Tris-HCl, 50 mM Imidazole pH7.5 with 10 
minutes incubation between each elution. All elution fractions were pooled and 
concentrated to 500 µL, using a 100 kDa spin concentrator (Merck, DE). Next, the sample 
was applied onto a size-exclusion chromatography column (Superdex 200 increase 
10/300GL, GE Healthcare, US) attached to an HPLC (Åkta, Amersham bioscience, SE) with 
in-line fluorescence detector (1260 Infinity, Agilent technologies, US) (FSEC) set to 
excitation and emission wavelengths of 517 and 530 nm, respectively, with bandwidths 
of 20 nm. 500 µL Fractions were collected and concentrated to 20-40 µL. The SMALP 
concentration was determined from absorbance measurements at 517 nm using a 
nandrop (ND-1000, Isogen lifescience, NL) and an extinction coefficient for YPet of 
26.810 M*cm-1. Samples were flash frozen in liquid nitrogen and stored at -80°C until 
further use. 

Lipid standards 

Diacylglycerol (DAG, #800515) was purchased from Sigma-Aldrich. Phosphatidylcholine 
(PC 34:1, #850475), phosphatidylinositol (PI 34:1, #850142), phosphatidylserine (PS 
34:1, #840032), phosphatidylethanolamine (PE 34:1, #850757), phosphatidylglycerol 
(PG 36:1, #840503), phosphatidic acid (PA 34:1, #840857), cardiolipin (CL 72:4, #710335) 
were purchased from Avanti polar lipids. 

Lipid extraction and mass spectrometry 

Lipid extraction from the SMALPs and the crude membranes was performed based on 
the Bligh and Dyer method377. The lower organic phase was separated from the upper 
aqueous phase and dried under a nitrogen stream. The extracted lipid residue was re-
dissolved in the starting mobile phase A and the injection volume was 10 µl for each 
HPLC-MS run. The injection concentration for lipid extracts from SMALPs was normalized 
to 1 µM based on input protein concentration. The injection amount for SMA polymer 
control was 0.02 µg. The injection amounts for the crude membranes were 0.05, 0.25, 
1, 2.5, or 10 µg depending on the application. The samples were run on an Agilent 
Poroshell 120 A, EC-C18, 3 x 50 mm, 1.9 µm reversed phase column equipped with an 
Agilent EC-C18, 3 x 5 mm, 2.7 µm guard column and analyzed using Agilent 6530 
Accurate-Mass Q-ToF/ 1260 series HPLC instrument. The mobile phases were (A) 2 mM 
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ammonium-formate in methanol /water (95/5; V/V) and (B) 3 mM ammonium formate 
in 1-propanol/cyclohexane/water (90/10/0.1; v/v/v). In a 20-minute run, the solvent 
gradient changes as follows: 0-4 min, 100% A; 4-10 min, from 100% A to 100% B; 10-15 
min, 100%B; 15-16 min, from 100% B to 100% A; 16-20 min, 100% A. For the lipidomic 
analysis, three independently purified SMALP-Pma1 (MCP) or SMALP-Sur7 (MCC) 
complexes were analyzed and compared to the SMA polymers alone. Data were 
analyzed using Mass Hunter (Agilent) and R package XCMS393 for lipidomic peak analyses 
and inhouse designed software methods378. 
 
To estimate the lipid quantity, the lipid concentration was obtained by external standard 
curve fitting. Briefly, a series of concentrations of synthetic standard were prepared and 
analyzed by HPLC-MS to determine the response factor and degree of linearity of input 
lipid to count values. The ion chromatogram peak areas from known concentrations 
were used to generate the standard curves for determining the unknown concentrations 
of the extracted lipids. For key applications where the highest quality lipid quantification 
was needed or when input lipid mixtures were complex, we used internal standards for 
authentic lipids and the method of standard addition. For phospholipids, 0.25 µg crude 
membrane samples were spiked with a series of known concentrations (0, 0.5, 1.0, 1.5, 
and 2.0 pmol/µl) of synthetic molecules for C34:1 PC, C34:1 PE, C34:1 PS, or C34:1 PI and 
subjected to HPLC-MS negative ion mode analysis. For ergosterol, 0.05 µg crude 
membrane samples were spiked with a series of known concentrations of the synthetic 
standard (0, 1 pmol/µl, 3 pmol/µl, and 5 pmol/µl), and the data were acquired in the 
positive ion mode. The ion chromatogram peak areas of the specific m/z values were 
plotted against the concentrations of the spiked synthetic standards to extrapolate 
concentration of natural lipids on the X-axis. 

Liposome formation 

Phospholipids were obtained from (Avanti polar lipids Inc, Alabaster, AL, USA), and 
brassicasterol (CarboSynth, UK), 7-dehydrocholesterol (Sigma Aldrich, DE), cholesterol 
and ergosterol (Sigma Aldrich, DE) were obtained from the indicated vendor. Lipids were 
dissolved in chloroform and mixed at desired ratios (mol%) to a total weight of 10 mg in 
a 5 mL glass round bottom flask. Chloroform was removed by evaporation at 40°C and 
an applied pressure (p) of 370 mBar, using a rotary vaporizer (rotavapor r-3-BUCHI). The 
resulting lipid film was resuspended in 1 mL of diethylether and the previous step was 
repeated at atmospheric pressure until a dry film was visible. To remove any residual 
solvent a pressure of 10 mBar was applied for 20 minutes. The obtained lipid film was 
hydrated in 1mL of 50 mM NH4Acetate pH7.5, 50 mM NaCl by shaking for 5 min and then 
transferred to a plastic tube compatible with sonication. The lipid suspension was 
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homogenized by tip sonication with a Sonics Vibra Cell sonicator (Sonics & Materials Inc.) 
at amplitude of 70% for 2 minutes with 5 sec pulses and 5 sec pauses between each 
pulse. The sample was kept at 4oC in ethanol:water:ice (25:25:50 v/v/v). The lipid 
suspension (1 mL aliquot at 10 mg of lipid/mL) was transferred to a 1.5 mL Eppendorf 
tube, snap frozen in liquid nitrogen and thawed at 40 oC. This process was repeated 4 
times and stored in liquid nitrogen until further use. 

Proteoliposome preparation 

Protein purification and membrane reconstitution was performed as described134. 
Briefly, n-Dodecylmaltoside (DDM) was used to solubilize Lyp1-GFP. The protein was 
purified by Immobilized Metal Affinity Chromatography (IMAC, using Nickel-Sepharose) 
and Fluorescence Size-Exclusion Chromatography (FSEC, using a Superdex 200 increase 
300/10 GL column attached to an Åkta 900 chromatography system (Amersham 
Bioscience, SE) with in-line Fluorescence detector (1260 Infinity, Agilent technologies, 
US). In parallel, liposomes were thawed at room temperature and subsequently 
homogenized by 11 extrusions through a 400nm polycarbonate filter (Avestin Europe 
GMBH, Ger). Next, liposomes were destabilized using Triton X-100 and titrated to a point 
beyond the saturation point (Rsat) as described268; the final turbidity at 540 nm was at 
approximately 60% of Rsat. Purified Lyp1 was mixed with triton x-100-destabilized 
liposomes of the appropriate lipid composition at a protein-to-lipid ratio of 1:400 and 
incubated for 15 min under slow agitation at 4°C. Bio-beads SM-200 (Biorad, Hercules, 
Ca, USA), 100 mg/0.4% Triton X-100 (final concentration of Triton x-100 after 
solubilization of the liposomes) were sequentially added at 15, 30 and 60 min. The final 
mixture was incubated overnight, after which a final batch of bio-beads was added and 
incubation continued for another 2 hours. Protein containing liposomes (proteo-
liposomes) were separated from the Bio-beads by filtration on a column followed by 
ultracentrifugation 444,000 x g at 4°C for 35 min. Proteo-liposomes were suspended in 
10 mM potassium-phosphate plus 100 mM potassium-acetate pH 6.0, snap frozen and 
stored in liquid nitrogen. 

In vitro transport assays 

Transport assays were performed and the formation of a proton gradient (DpH) and 
membrane potential (DY) was established as described in134. Both DpH and DY were 
formed by diluting the proteo-liposomes (suspended in 10 mM potassium-phosphate 
plus 100 mM potassium-acetate pH 6.0) 25-fold into 110 mM sodium-phosphate pH6.0 
plus 0.5 µM valinomycin. This results in maximal values of ZDpH and DY of -83 mV as 
calculated according to the Nernst equation, yielding a proton motive force of -166 mV. 
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Data analysis and transport rates 

The data were analyzed in Origin (OriginLab, MA). The initial rates of transport were 
determined from the slope of progress curves (e.g. Supplementary Figure S11B). The 
relative transport activity was determined by normalizing each vesicle preparation to the 
sample with a lipid composition POPC:POPE:POPS:POPG:Ergosterol in a ratio of 
17.5:17.5:17.5:17.5:30 (mol%). 

Protein surface area calculations 

Membrane-oriented protein structures were obtained from the OPM database386, the 
OPM database positions proteins in a lipid bilayer by minimizing its transfer energy from 
water to membrane; LeuT inward-open (PDB ID: 3f3a), LeuT outward-open (PDB ID: 
5jag). Protein area in the plane of the outer and inner leaflet determined by the OPM 

database were calculated by numerical integration as follows: equation: [ = 𝑟$	 ∙8
\].

tan	(½𝜃) . For this a polar coordinate system from the center of the protein was 
established (n=80) resulting in an angle (q) of 4.5° between each coordinate. The 
distance (r) was determined from the most distant atom between two polar coordinates. 
This distance was applied at ½ q. From distance r on ½ q , a perpendicular line was drawn 
(b) resulting in a right-angled triangle for which the surface area can be calculated using 
the tangent, ½ q and r. The area was calculated for each of the 80 polar coordinates and 
summated to acquire the total surface area of the protein. 
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Table S1: All strains and plasmids used in this study 

 
Table S2: lipids identified by targeted lipidomic analysis based on the ions identified from both SMALP-Pma1 
and SMALP-Sur7. Other SMALPs: Lyp1-MCP, Lyp1-MCC, Can1-MCP, and Can1-MCC. Values are expressed as 
pmol lipid per 10 pmol protein. Chromatography peak areas used in our calculations are given for ergosterol 
and the sphingolipids IPC and MIPC. 

pmol lipid / 10 pmol protein 

m/z/lipid chain Pma1 MCP Sur7 MCC Lyp1 MCP Lyp1 MCC Can1 MCP Can1 MCC 

PC       

692.4508/C26:1 3.03 ± 0.13 0 ± 0 2,56 ± 0,49 2,45 ± 0,34 2.33 ± 0.37 1.42 ± 0.32 

722.4977/C28:0 1.11 ± 0.13 1.06 ± 0.24 1,01 ± 0,23 0,98 ± 0,2 0.98 ± 0.17 0.7 ± 0.09 

720.4821/C28:1 9.93 ± 0.8 2.23 ± 0.47 10,52 ± 2,61 8,57 ± 2,27 8.13 ± 1.47 6 ± 0.81 

748.5134/C30:1 11.75 ± 1.13 2.42 ± 0.5 9,19 ± 2,6 9,74 ± 2,43 10.48 ± 1.82 7.41 ± 1.11 

746.4972/C30:2 13.38 ± 1.14 1.71 ± 0.57 10,18 ± 2,08 11,01 ± 2,42 10.79 ± 1.71 8.07 ± 1.11 

776.5447/C32:1 18.11 ± 0.69 37.82 ± 10.28 24,89 ± 9,15 16,54 ± 3,04 18.09 ± 2.32 13.81 ± 1.41 

774.529/C32:2 177.7 ± 17.5 76.5 ± 19.7 
160,58 ± 

45,54 
133,97 ± 

32,61 159.9 ± 38.9 112.5 ± 26.4 

804.576/C34:1 15.21 ± 1.45 31.44 ± 7.41 13,52 ± 4,48 13,79 ± 4,38 12.76 ± 2.21 9.22 ± 2 

802.5603/C34:2 101.06 ± 3.49 70.8 ± 17.72 99,03 ± 28,42 76,83 ± 10,1 92.97 ± 14.04 66.37 ± 14.55 

832.6073/C36:1 1.98 ± 0.18 5.68 ± 2 3 ± 1,17 1,63 ± 0,19 2.22 ± 0.79 1.35 ± 0.46 

830.5916/C36:2 6.62 ± 1.27 7.01 ± 2.29 11,88 ± 6,78 4,96 ± 1,68 6.15 ± 1.99 5.28 ± 2.26 

PI       

725.4246/C26:0 1.98 ± 0.28 0.44 ± 0.14 1,65 ± 0,46 1,81 ± 0,46 1.97 ± 0.56 1.12 ± 0.28 

753.4559/C28:0 5.92 ± 0.71 1.47 ± 0.38 4,58 ± 1,13 4,57 ± 1,24 5.25 ± 1.32 3.31 ± 0.69 

751.4403/C28:1 1.4 ± 0.15 0 ± 0 0,8 ± 0,2 1,01 ± 0,24 0.97 ± 0.24 0.61 ± 0.16 

779.4716/C30:1 7.48 ± 1.04 0 ± 0 4,49 ± 1,02 5,75 ± 1,73 5.09 ± 1.66 4.03 ± 1 

Strain/Name Genotype Ref / Origin 

Y8001/Lyp1 MCP ura3-D1, pJK2001 (229) 23344C 

Y8002/Can1 MCP ura3-D1, pJK2002 (229) 23344C 

Y8003/Pma1 MCP ura3-D1, pJK2003 (229) 23344C 

Y10001/Lyp1 MCC Sur7p-GBP, Pil1-mCherry, can1-D1, gap1-D1, ura3-D1, pJK2001 (229) SG067 

Y10002/Can1 MCC Sur7p-GBP, Pil1-mCherry, can1-D1, gap1-D1, ura3-D1, pJK2002 (229) SG067 

Y5007/Sur7 ura3-D1, Sur7p-Ypet This Study 

Plasmid Description origin 

pJK2001 CEN-ARS, pGal_Lyp1p-Ypet_RGShis10, ura3 This study 

pJK2002 CEN-ARS, pGal_Can1p-Ypet_RGShis10, ura3 This study 

pJK2003 CEN-ARS, pGal_Pma1p-Ypet_RGShis10, ura3 This study 
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807.5029/C32:1 37.64 ± 4.87 18.31 ± 4.05 34,09 ± 9,66 28,14 ± 8,04 34.62 ± 7.99 23.3 ± 5.7 

805.4872/C32:2 13.04 ± 1.24 5.23 ± 1.23 10,31 ± 2,33 9,22 ± 2,01 10.09 ± 1.75 7.35 ± 1.64 

835.5342/C34:1 58.15 ± 7.45 40.37 ± 11.86 55,76 ± 18,5 41,09 ± 10,71 55.14 ± 13.58 38.64 ± 9.53 

833.5185/C34:2 14.73 ± 1.53 7.9 ± 2.61 13,1 ± 4,06 10,33 ± 2,51 13.11 ± 3.06 9.28 ± 2.19 

863.5655/C36:1 15.74 ± 1.54 10.89 ± 3.98 15,29 ± 5,58 10,96 ± 2,52 14.44 ± 3.27 10.8 ± 2.35 

861.5498/C36:2 1.37 ± 0.06 0.99 ± 0.31 1,26 ± 0,45 0,9 ± 0,2 1.18 ± 0.24 0.92 ± 0.19 

PE       

606.414/C26:0 0.65 ± 0.01 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

634.4453/C28:0 0.73 ± 0.02 0 ± 0 0,56 ± 0,13 0,49 ± 0,12 0.54 ± 0.06 0.47 ± 0.07 

632.4296/C28:1 3.57 ± 0.4 0 ± 0 2,6 ± 0,61 2,77 ± 0,89 3.11 ± 0.42 2.23 ± 0.49 

660.4609/C30:1 4.9 ± 0.47 0 ± 0 3,06 ± 0,69 3,62 ± 1,06 4 ± 0.43 3.03 ± 0.55 

658.4453/C30:2 2.2 ± 0.4 0 ± 0 1,17 ± 0,28 1,61 ± 0,57 1.9 ± 0.26 1.35 ± 0.34 

688.4922/C32:1 19.14 ± 1.23 5.41 ± 1.61 16,34 ± 3,8 13,46 ± 3,04 14.88 ± 1.84 12.48 ± 2.44 

686.4766/C32:2 37.88 ± 6.66 17.38 ± 3.42 29,59 ± 6,36 29,36 ± 8,28 35.51 ± 4.26 26.77 ± 6.61 

716.5235/C34:1 16.34 ± 1.65 5.97 ± 1.94 13 ± 4,72 10,18 ± 2,83 10.59 ± 1.5 10.15 ± 1.23 

714.5079/C34:2 58.31 ± 7.03 23.42 ± 5.13 50,17 ± 12,15 43,34 ± 9,29 57.73 ± 8.83 43.95 ± 10.36 

742.5392/C36:2 13.33 ± 4.01 4.74 ± 2.92 35 ± 27,9 10,07 ± 5,34 12.35 ± 5.41 11.95 ± 7.86 

PS       

732.4821/C32:1 24.41 ± 2.05 9.66 ± 2.03 15,08 ± 4,08 16,61 ± 4,51 18.06 ± 2.52 12.68 ± 3 

730.4664/C32:2 21.59 ± 2.16 12.63 ± 2.03 16,25 ± 4,36 18,05 ± 5,27 21.47 ± 4.31 13.24 ± 4.21 

760.5134/C34:1 29.86 ± 1.69 21.4 ± 7.29 19,22 ± 6,22 19,11 ± 4,33 21.8 ± 2.91 15.24 ± 3.5 

758.4977/C34:2 68.04 ± 6.34 63.41 ± 16.1 52,99 ± 15,47 51,66 ± 13,49 67.27 ± 12.28 43.25 ± 12.91 

788.5447/C36:1 1.9 ± 0.08 2.69 ± 0.43 1,9 ± 0,6 1,24 ± 0,12 0 ± 0 0 ± 0 

PG       

719.4868/C32:1 0.84 ± 0.33 0 ± 0 1.73 ± 0.79 0.71 ± 0.5 0.72 ± 0.42 0.18 ± 0.06 

747.5181/C34:1 0.95 ± 0.31 0 ± 0 1.73 ± 0.77 0.75 ± 0.47 0.82 ± 0.45 0.3 ± 0.12 

PA       

643.4344/C32:2 3.24 ± 0.45 0 ± 0 2.04 ± 0.87 1.96 ± 0.79 2.72 ± 0.91 1.67 ± 0.7 

671.4657/C34:2 3.2 ± 0.28 0 ± 0 3.09 ± 1.37 1.9 ± 0.63 2.83 ± 0.83 2 ± 0.7 

CL       

1261.8241/C58:3 0.62 ± 0.05 0 ± 0 0.5 ± 0.18 0.42 ± 0.12 0.5 ± 0.09 0.33 ± 0.05 

1263.8397/C58:2 0.54 ± 0.03 0 ± 0 0 ± 0 0 ± 0 0.31 ± 0.02 0.26 ± 0.06 

1289.8554/C60:3 1.35 ± 0.12 0 ± 0 1.24 ± 0.45 0.89 ± 0.3 1.07 ± 0.27 0.76 ± 0.17 

1291.871/C60:2 0.84 ± 0.16 0 ± 0 1.08 ± 0.38 0.5 ± 0.04 0.85 ± 0.18 0.44 ± 0.1 
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1317.8867/C62:3 1.22 ± 0.12 0 ± 0 1.08 ± 0.4 0.78 ± 0.26 0.94 ± 0.26 0.65 ± 0.16 

1343.9023/C64:4 1.39 ± 0.14 0 ± 0 1.3 ± 0.48 0.89 ± 0.32 1.1 ± 0.28 0.72 ± 0.17 

1371.9336/C66:4 2.56 ± 0.27 0 ± 0 2.7 ± 1 1.73 ± 0.58 2.12 ± 0.57 1.46 ± 0.37 

1399.9649/C68:4 2.33 ± 0.23 0.5 ± 0.21 2.39 ± 0.92 1.56 ± 0.48 1.92 ± 0.58 1.33 ± 0.33 

1427.9962/C70:4 0.88 ± 0.1 0 ± 0 0.89 ± 0.32 0.59 ± 0.15 0.72 ± 0.23 0.52 ± 0.13 

ergosterol       

397.3459 28.17 ± 5.61 24.45 ± 4.61 11.95 ± 6.15 20 ± 12.93 22.54 ± 5.98 27.65 ± 6.06 

Chromatography peak areas 

ergosterol       

397.3459 44390 ± 7358 39465 ± 6204 
31142 ± 
18607 21443 ± 9362 36755 ± 8084 43658 ± 8191 

IPC       

952.6846/C42:0 23809 ± 3506 6679 ± 2040 21481 ± 7033 12324 ± 5434 9134 ± 2505 10023 ± 2452 

MIPC       

1114.735/C42:0 14005 ± 3680 2797 ± 697 16561 ± 6280 6231 ± 2545 5020 ± 2244 4784 ± 944 
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Figure S1. Negative stain Cryo-EM of SMALPs. SMALPs containing Lyp1-Ypet were visualized by negative stain 
cryo-EM. Scale bar is indicated on top left. The white box highlights one SMALP, which is approximately 10 nm. 
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Figure S2: Microscopy images of strains used in this study. (A) Brightfield images depict S. cerevisiae visualized 
with visible light. (B) Proteins of interest are visualized by a Green Fluorescent Protein (Ypet) fused to Lyp1, 
Can1, Sur7 or Pma1. MCC = Micro Compartment of Can1; MCP = Micro Compartment of Pma1. Eisosomal 
protein Pil1 is visualized by a Red Fluorescent Protein (mCherry) and co-localizes with proteins in the MCC. B. 
Membrane protein trapping mechanism as designed by Rothbauer et al374 and used by229. GFP binding protein 
(GBP) is fused to Sur7, and Lyp1 and Can1 are fused to GFP. Upon interaction between GBP and GFP, Can1 and 
Lyp1 are trapped in the MCC/Eisosome. 
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Figure S3: Polyacrylamide gel electrophoresis and mass spectrometry analysis of Lyp1-Ypet SMALPs. (A) 
Fluorescence Size-Exclusion Chromatography profile of Lyp1-Ypet SMALPs on a Superdex 200/30 GL column. 
(B) SDS-PAGE and (C) Blue Native-PAGE of Lyp1Ypet-SMALPs. M = Marker, IGF = In Gel Fluorescence of Ypet. 
Corresponding bands in SDS-PAGE and 2D native-denaturing gel electrophoresis are indicated by a-e. (D) 
Peptide coverage of Lyp1Ypet-SMALPs measured by Mass Spectrometry. TMH = Trans Membrane Helix, Gray 
bars indicate the position of each TMH. Extracellular loops are indicated as Lx, where x = the loop number. The 
top scale indicates the molecular weight of randomized protein fractions in kDa (kiloDalton) starting from the 
C-terminal YPet, highlighted in green. 
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Figure S4: Lipid analysis by mass spectrometry of proteo-liposomes. Boxplot of peak maxima of mass spectra 
corresponding to POPE, POPG, POPS and POPC, present in the respective vesicles (A) and in starting material 
and purified SMALPs (B). Absolute quantities of lipids (mol%) taken for each lipid composition are shown in the 
pie-graphs above. Two-letter abbreviation and color-coding: PC = Phosphatidyl-Choline (green), PE = 
Phosphatidyl-Ethanolamine (magenta), PS = Phosphatidyl-Serine (orange) and PG = Phosphatidyl-glycerol 
(blue). Line within boxplot represents the median. Top and bottom represent the first and third quartile, 
respectively. Error bars are the minimal and maximal value. Number of experiments = 3 experimental 
replicates. 
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Figure S5: Lipidomics of SMALP-Sur7. (A) Three independently purified samples of SMALP-Sur7 were subjected 
to lipid extraction, normalization to 1 µM of the input protein and subjected to reversed phase HPLC-QToF-
ESI-MS in the negative ion mode. Among 548 ions detected the molecules were considered to be altered (red) 
when the signal changed 10-fold. P values were corrected using the Bonferroni method. (B) Using triage 
methods outlined in Fig. 2, we culled 36 ions with high intensity and lacking redundant detection as isotopes 
or alternate adducts, whose retention times are shown. Among these, 36 of ions were identified in 7 lipids 
classes using CID-MS and authentic standards. The number of lipids identified in each class is indicated in the 
parentheses. 
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Figure S6: Peak areas and ratios of ergosterol over sphingolipids. (A) Peak areas measured in triplicate with 
standard error of the mean of the indicated lipid classes are shown according to protein markers that define 
membrane domains. (B) Ratio of IPC/Ergosterol (C) Ratio of MIPC/Ergosterol. The data are presented as mean 
+/- standard error. P value was calculated using Student’s t-test. **,P < 0.005, ns = not significant. 
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Figure S7: Filipin staining of S. cerevisiae. Images of S. cerevisiae cells strain Y5007, obtained with visible light 
(brightfield), showing MCC/eisosomes by 488 nm laser excitation of the MCC marker Sur7-Ypet; ergosterol is 
visualize by 365 nm excitation of Filipin III. 
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Figure S8. Mass spectrometry-based quantitation using external and internal standards. (A) For each standard, 
a series of known concentrations were prepared and analyzed by HPLC-MS. The ion chromatogram peak areas 
from known concentrations were used to generate external standard curves for determining the 
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concentrations of the extracted lipids using linear curve fitting, and non-linear curve fitting for values with zone 
suppression. (B) Lipid concentrations from SMALPs were estimated using the external standard curve fitting as 
indicated. (C) Lipid concentrations were also quantified using internal standards by the method of standard 
addition. Briefly, the lipid extracts were spiked with known concentrations of the synthetic standard, which 
has the same total fatty acyl chain length and number of unsaturation as compared to the lipid of interest. The 
ion chromatogram peak areas were plotted against the concentrations of the synthetic standard and 
extrapolated to the X-axis. (D) The conversion factors were defined as the ratio of the estimated quantity 
obtained from the external standard fitting to that from the standard addition method. The conversion factors 
are 0.71, 0.79, 0.63, 0.35, and 0.73 for PI, PC, PE, PS, and ergosterol, respectively. Final mass values are 
reported according to the estimated amount from the internal standard curve for one lead lipid in each class. 
The data are presented as mean ± standard deviation of triplicate measurements (SD). 
 

 
 
Figure S9: Phospholipid composition of SMALP and membrane samples. (A) Relative abundance of each 
phospholipid species as a function of acyl chain type for protein-SMALPs. Lyp1-MCC and Can1-MCC refer to 
SMALPs that have been obtained from proteins trapped in the MCC, using a GFP binding protein fused to the 
MCC resident Sur7. Lyp1-MCP and Can1-MCP refer to SMALPs that have been obtained from proteins that are 
not trapped in the MCC and thus correspond to MCP but a minor fraction from the MCC is present. (B) Total 
acyl chain saturation (%)/phospholipid species.  



 - 141 - 

 
 

 
 
Figure S10: Lyp1 activity as a function of lipid composition. (A) Turnover number of Lyp1p in lipid mixtures with 
different acyl chains. (B) Turnover number of Lyp1p when measured in a lipid composition based on the 
lipidomics data from Fig. 3C, using C32:2 PC, C32:2 PE, and C34:1 PS and ergosterol. Triplicate values are shown 
with bars representing the standard error of the fit of n = 1; variation between replicate experiments is within 
20%. 
 

 
 
Figure S11: Generation of proton motive force and lysine transport progress curve. A. Schematic showing the 
generation of a membrane potential (ΔΨ, red arrow) by a valinomycin-mediated potassium diffusion potential 
and pH gradient (ΔpH, green) formation by an acetate diffusion potential. Together the ΔΨ and ΔpH form the 
proton motive force (PMF=ΔΨ-ZΔpH, where Z equals 2.3RT/F and R and F are the gas and Faraday constant, 
respectively, and T is the absolute temperature. B. Transport of lysine by Lyp1-GFP-containing 
proteoliposomes and data fitting. Lyp1 activity is obtained from the slopes of such lines and converting the 
rates of transport into turnover numbers 
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Figure S12. Proton permeability of proteoliposomes. (A) Internal pH is shown as a function of external pH and 
time for proteoliposomes composed of various lipids. The vesicles were prepared in 10 mM potassium-
phosphate pH 7.8. Color code is: POPC/POPE/POPG/POPS/Ergosterol (17,5/17,5/17,5/17.5/30 mol%) = black; 
POPC/POPE/POPG/Ergosterol (17,5/17,5/35/30 mol%) = Blue; POPC/POPE/POPG/POPS/Cholesterol 
(17,5/17,5/17,5/17.5/30 mol%) = Yellow; POPC/POPG/POPS/POPA/Ergosterol (17,5/17,5/17,5/17.5/30 mol%) 
= Pink. The red-arrow indicates Triton X-100 addition, which solubilizes the proteoliposomes and releases 
pyranine. (B) Proton influx (pH units * min-1) is shown as a function of external pH for each lipid composition. 
The proton influx was calculated from the slope of a linear fit of the data, where dashed lines in Panel A indicate 
the start and end points used for the fit. Result is representative of three experiments, and error bars are the 
standard error of the fit. 
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Chapter 5  Summary and potential future research 
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Summary 

The origin of apparent unidirectional transport of lysine in yeast 

This thesis focuses on the lysine-proton-symporter Lyp1 from yeast. Lysine is one of the 
20 proteinogenic amino acids and used as carbon source by S. cerevisiae if necessary, 
but it is not used as nitrogen source. Yeast is able to accumulate lysine to a concentration 
of hundreds of millimolar. Although accumulation of lysine can be toxic, the cell stores 
most of the molecule in the vacuole and replenishes the cytosolic pools when necessary. 
Recently, the high intracellular lysine concentrations have been associated with 
oxidative stress resistance. Here, the lysine import allows a shift in redox metabolism 
resulting in elevated glutathione levels, reduced oxygen radicals and increased oxidant 
tolerance. How yeast is able to accumulate lysine to such extreme concentrations 
becomes clear in chapter two. We show that lysine transport in vivo is unidirectional, 
that is, lysine is accumulated with little leakage from the cell. Furthermore, lysine is not 
exported upon dissipation of the proton-motive-force (PMF) or other export inducing 
conditions. Increasing the concentration of cytoplasmic lysine by genetic knock-outs of 
vacuolar lysine transporters did not result in export either, and we show that lysine is 
not metabolized. We also developed a protocol for the purification of Lyp1 and 
functional reconstitution of the protein into lipid vesicles. We additionally purified and 
reconstituted the bacterial homolog LysP from Salmonella typhimurium to benchmark 
our findings for Lyp1 from yeast. We show that lysine transport by Lyp1 in synthetic 
vesicles is electrogenic and the activity increases strongly with the chemical proton 
gradient. Export by Lyp1 is minimal, contrary to what we find for the bacterial homolog 
LysP. For LysP the rate import as function of substrate concentration could be fitted with 
a single hyperbola, but for Lyp1 a hyperbola plus a linear component was needed, 
indicating that Lyp1 may have two distinct affinity constants for transport (Km). 
Eventually, we were able to determine a high affinity constant for inward transport of 
20 ± 14 µM (SEM) for Lyp1 and a low-affinity Km

 for outward transport that was not 
saturated at 1 mM. We conclude that the apparent unidirectional transport of Lyp1 
originates from an asymmetric and a strong dependence on the electrochemical proton 
gradient that under physiological conditions is directed inwards. 

Extracellular loops are relevant for Lyp1 functionality. 

At present the transport of most amino acids appears bidirectional. However, the 
extraordinary kinetics of lysine transport have also been observed for arginine. Transport 
of arginine is similarly coupled to the PMF and primarily exceeds via Can1. Therefore, 
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unidirectionality might be an intrinsic feature specific for basic amino acid transporters 
from yeast, and the molecular underpinning must be present within the polypeptide 
sequence itself. We address the functional implications of the basic amino acid of 
transporter in chapter 3. We find conservation in sequences of yeast- and bacterial 
amino acid transporters (YATs and BATs), which we additionally discriminated between 
YATs with lysine or arginine as substrates. We find many amino acid residues conserved 
in YATs or in YATs with lysine or arginine as substrate. More interestingly, YATs contain 
a predicted a-helix in extracellular loop four and we found extracellular loop three to be 
longer and highly conserved in all YATs compared to BATs. This led us to systematically 
mutate each consecutive triplet of residues present in the extracellular loops of Lyp1 and 
determine the effect on protein location and transport activity. None of the mutations 
resulted in bi-directional transport of lysine, but the effects on cellular location ranged 
from vacuolar (degraded protein) to ER-retention (exocytosis) or altered Km/Vmax ratio. 
These effects do not correlate with amino acid conservation, but 50% of the affected 
mutants are located in the extended extracellular loop 3 and in the predicted a-helix in 
extracellular loop four. These results indicate that extracellular loops are not merely 
trans-membrane-segment connecting entities, but the regions may serve in the 
recognition of substrate or conformational changes needed for transport. 

From protein kinetics to protein environment 

In the following section the focus is shifted from protein structure to protein 
environment. Membrane proteins are dissolved in cellular lipids which are amphipathic 
molecules (>1000 types in yeast) that spontaneously organize into a bilayer structure. As 
a consequence, direct interactions occur between lipids and membrane proteins. The 
physical properties of the bilayer depend on the size and charge of the lipid hydrophilic 
headgroup and determine the surface charge and lateral pressure profile of the 
membrane. The length and saturation of the hydrophobic acyl chains give rise to the 
thickness, ordering of the lipids and with that the fluidity of the bilayer. The yeast PM is 
considered ‘robust’ as it has a high tolerance for ethanol, low permeation rates for weak 
acids and slow lateral diffusion of proteins compared to other cellular membranes like 
the mammalian and bacterial PM. The main difference between lipids of yeast, mammals 
and bacteria is the presence of the sterol ergosterol and specific sphingolipid species in 
yeast that are thought to form the basis for extreme lipid ordering and low fluidity of the 
bilayer.  
In addition, YATs localize to specific compartments of the PM. Hence, two questions 
were raised: how do proteins function in such an ordered lipid environment and are 
protein micro-compartments different in lipid composition? To address these questions, 
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we have estimated the lipid displacement upon conformational changes of LeuT, a 
transporter from E. coli belonging to same superfamily of transporters as YATs. We find 
significant conformational changes and lipid displacement occur and therefore a certain 
degree of flexibility of lipid must exist.  
Furthermore, we established a protocol for the extraction and purification of proteins 
from native yeast membranes, using a Styrene-Maleic Acid co-polymer (SMA), followed 
by the identification of lipid species by mass spectrometry (MS). SMAs extract proteins 
and lipids and form Styrene-Maleic-Acid-Lipid-Particles (SMALPs). SMALPs are stable 
disc-shaped structures with a diameter of approximately 10 nm, which, depending on 
the size of the protein, accommodate 100-200 lipids per SMALP. We made SMALPs with 
proteins extracted from the micro-compartment of Can1 (MCC/eisosome) or micro-
compartment of Pma1 (MCP) and determined the quantity of lipid species associated by 
nano-electrospray ionization (ESI) mass spectrometry (MS) and quadrupole time of flight 
MS (Q-TOF). We compared MCC-eisosome and MCP proteins and found no differences 
in phospholipid species and ergosterol, but sphingolipids were 3 to 4-fold decreased for 
proteins extracted from the MCC/eisosome. When we compared SMALPs with total 
plasma membrane extracts we found the ergosterol concentrations to be 6-fold 
decreased (4 vs 25-30 mol%) and the phospholipid species Phosphatidyl-Serine (PS) are 
2 to 3-fold increased (15 vs 5 mol%) in SMALPs. 
Next, we determined the role of either of these lipid species in Lyp1 function in vitro by 
applying the functional reconstruction protocol of Lyp1 presented in chapter 2. We find 
that 15-20 mol% of anionic phospholipids (with a preference for PS) and 10 mol% non-
bilayer forming lipids like PE or PA, together with 5-10 mol% of ergosterol are sufficient 
to support high rates of transport. In addition, we show that Lyp1 activity is maximal 
within a strict range of 50-60% of unsaturated acyl chains. Taken together, our results 
indicate 5 mol% of ergosterol is sufficient for maximal activity and proteins are 
surrounded by up to 2 shells of disordered lipids. The observed 30 mol% of ergosterol in 
the plasma membrane is consistent with literature. Therefore, we hypothesize that 
proteins function in a disordered lipid environment embedded in an environment of 
lipids (enriched in ergosterol and possibly saturated long acyl chains) that yield a highly 
ordered liquid state. The liquid ordered state explains the low permeability of weak acids 
and the slow lateral diffusion of proteins and forms the basis for the ‘robustness‘ of the 
yeast PM. 
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Potential future research 

Conformational changes of proteins and lipid displacement 

How do proteins function in an ordered membrane with high sterol content, slow lateral 
diffusion of proteins and low permeability of the yeast plasma membrane? Our data 
supports the idea that the region directly surrounding membrane proteins is more 
disordered in nature as opposed to more distant regions. That is, the lipid molecules are 
less tightly packed by the lipid-lipid interactions and with that provide space and 
flexibility for proteins to perform the large conformational changes needed for e.g. 
membrane transport of MFS-superfamily transporters (Figure 1). But what are large 
conformational changes and along what axis is the movement directed? Depending on 
the protein, large conformational changes in a certain axial direction may come with 
simultaneous lipid displacement in another direction and or deformation of the bilayer. 
For lipid displacement, lipids in one leaflet may call for lipid displacement (or even 
replacement if more lipids are needed) in the other leaflet. More so, when the 
conformational changes expose significant surface area that was previously occupied by 
parts of the protein. In such a situation, the availability of lipids that could potentially fill 
these ‘empty’ areas is imperative. Our current model suggests 1-2 shells of disordered 
lipids that are likely mobile and can thus fill such areas, but the ordered lipids more 
distant might not. Hence, conformational changes that result in open areas larger than 
there are lipids available to fill these areas would be energetically costly and thus 
unfavorable.  

 
Figure 1: Inward and outward conformation of MFS-superfamily transporters. Crystal structures positioned in 
a lipid bilayer were obtained from the OPM database386. The OPM database positions proteins in a lipid bilayer 



 - 148 - 

by minimizing its transfer energy from water to membrane. Shown are structures of the inward conformation 
of LacY (red, PDB ID: 2v8n) and outward conformation of FucP (bleu, PDB ID 3o7q). 

 
To get an idea of the magnitude of the conformational changes and the postulated 
displacement of lipids, we have used a numerical integration method to estimate the 
surface area of a protein in the plane of the outer- and inner-leaflet of the lipid bilayer. 
(Figure 2). From this we calculated the number of lipids in the vicinity of the transport 
proteins in the inward and outward conformations by drawing an arbitrary circle around 
the proteins. We performed the analysis for proteins of the APC (Figure 3) and MFS-
superfamily (Figure 4) as these represent the transporters of the yeast plasma 
membrane best. Here, although both having 12 trans-membrane-segments (TMS), the 
MFS-transporters occupy less area (13.0 ± 1.2 nm2) than the APC-superfamily proteins 
(16.5 ± 1.4 nm2) suggesting the arrangement of TMS of MFS-transporters are packed 
denser. Based on a radius of 35 ångström from the center of the protein we need 
approximately 43 to 57 lipids per leaflet depending on the protein and its conformation. 
For the inner-leaflet the inward-to-outward movement of MFS-transporters requires 
seven additional lipids if we assume constant area per lipid, but no additional lipids are 
needed for the outer-leaflet. For APC-transporters the same movement requires plus 
three for the inner-leaflet and minus three lipids for the outer-leaflet, which can 
probably be accommodated by redistributing the annular and next shell of lipids even if 
they are surrounded by membrane that is in a highly liquid-ordered state.  
For this, we consider the following: First, a change in lipid number for a given leaflet can 
be achieved by lipid flip-flop, however, unless the process is facilitated along the surface 
of the protein (like in lipid scramblases394), the process will be extremely slow and not 
compatible with the turnover number of transporters. Second, the change in area upon 
a conformational change of one protein is alleviated by the opposite change in a second 
protein (Figure 5, panel A). This raises the intriguing possibility that two proteins that 
operate independently are conformationally coupled through their embedding in small 
domains within an otherwise rigid membrane. Third, the mismatch in lipid number is 
alleviated by the compressibility of lipids in the vicinity of the proteins (Figure 5, panel 
B). In fact, compressibility of the surface area of lipids of up to two-fold has been 
observed in Langmuir-blodgett trough experiments387,395, suggesting that replacement 
of lipids is not evidently needed. We note that studies on lipid monolayers may not 
necessarily be representative with the compressibility of annular lipids around 
membrane proteins. Nevertheless, the overlaid projections clearly show that the 
magnitude of the conformational changes that APC and MFS proteins make can be 
accommodated by redistribution and (de)compression of lipids. 
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The deformation of the membrane will come with an energy cost that is dependent on 
the physical properties of the membrane itself. Here, properties like bilayer bending and 
stretching, membrane thickness, hydrophobic mismatch and spontaneous curvature 
enter the equation396. For example, thinning and thickening of the bilayer surrounding 
the APC-superfamily transporter LeuT is associated with the change of the protein from 
the inward to outward conformation. Together, these findings suggest that the amount 
of lipid replacement is fairly limited in APC-superfamily proteins, but flexibility is required 
to facilitate lipid displacement and bilayer deformation. 
 

 
Figure 2: Protein area in the plane of the outer and inner leaflet. Areas were calculated by numerical 

integration as follows: equation: [ = 𝑟$	 ∙ tan	(½8
\]. 𝜃) . For this a polar coordinate system from the center of 

the protein was established (n=80) resulting in an angle (q) of 4.5° between each coordinate. The distance (r) 

was determined from the most distant atom between two polar coordinates. This distance was applied at ½ q. 

From distance r on ½ q , a perpendicular line was drawn (b) resulting in a right-angled triangle for which the 
surface area can be calculated using the tangent, ½ q and r. The area was calculated for each of the 80 polar 
coordinates and summated to acquire the total surface area of the protein. 
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Figure 3: Number of lipids in inner- and outer-leaflet for the inward and outward conformation of LeuT. 
Protein structures were positioned in a lipid bilayer by the OPM database386. The OPM database positions 
proteins in a lipid bilayer by minimizing its transfer energy from water to membrane. For inward-open (PDB ID: 
3f3a) and outward-open (PDB ID: 5jag). Projections of the inward (red), outward (purple) conformation of the 
protein and both projections overlaid are shown. We have drawn a circle of 70 ångström in diameter, which 
represents 1-2 lipid shells based on an average area per lipid of 0.471 nm2388. Finally, the number of lipids in 
the outer- and inner-leaflet were calculated from the difference in surface area of the circle and the protein 
surface. 
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Figure 4: Number of lipids in inner- and outer-leaflet for the inward and outward conformation of MFS-
transporters. LacY (inward open, PDB ID: 2v8n) and FucP (outward open, PDB ID 3o7q). Data was obtained as 
described in figure 3. 
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Figure 5: (A) Matching of inward and outward conformations of membrane proteins when present in e.g. 
nanodomains. (B) schematic representation of the compressibility of lipids. Each small circle is a lipid viewed 
from the top. The spring above illustrates the lateral compressibility. 

Lateral organization of proteins and lipids in the PM of yeast. 

The disordered and ordered regions may be seen as nanodomains embedded in 
macroscopic lipid domains, which could take different forms as illustrated in Figure 6. In 
the first scenario (A), proteins in disordered lipid nanodomains are homogeneously 
distributed in a sea of more ordered lipid domains. While in the second (B), proteins with 
disordered lipids cluster into larger domains, which are embedded in patch-like regions 
of higher lipid order and low permeability. The third scenario (C) displays disordered 
lipids clustered with proteins in a network-like distribution. Movement of these clusters 
within the ordered domains may be slow, but they are most likely not static. Therefore, 
fusion and fission between clusters or rearrangements of shape may occur. Now, which 
scenario is more likely and how can we obtain experimental evidence to support or reject 
them? On the basis of studies 
 

 
Figure 6: Scenarios A, B and C of lateral organization of lipids and proteins in the plasma membrane of S. 
cerevisiae. Schematic top view representation of the lipid membrane. 
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in mammalian cells80,85,397 and yeast253,264,398 scenario B or C seems more likely and would 
be driven by protein-protein interactions, protein-lipid interactions and lipid phase 
separation. In fact, Spira et al253 used 46 PM proteins with various functions and 
proposed they are organized in co-existing domains of either patch-like or network-like 
patterns that are partially overlapping. This segregation is slightly affected by removal of 
the cell wall, but more so when lipid synthesis is blocked. Blocking sphingolipids affected 
a subset of the proteins studied while PS and ergosterol affected all 46. Proteins in a 
patch-like distribution will be confined and lateral diffusion will appear static depending 
on the size of the domain as shown for MCC-resident proteins sur7 and Pil1254. However, 
although slow, most proteins can diffuse freely253 suggesting both patch-like and 
network-like organizations are present. In addition, some proteins e.g., amino acid 
transporters Lyp1, Can1 and Mup1, are able to diffuse freely, but when entering the MCC 
they are retained and immobile12, which is depends on complex sphingolipid 
synthesis229. Thus, supporting protein organization is lipid dependent and the fact that 
proteins can migrate from network to patch-like domains suggests both networks share 
physical connections. The study of Spira et al253 is closer to a holistic approach, but many 
studies have one major shortcoming; they do not attempt to determine the overall 
organization of the plasma membrane. Instead, they focus on the localization or 
environment of specific proteins or lipid species but present a holistic view of the PM399. 
To obtain a better picture of the lateral organization of lipids and proteins in the yeast 
PM one might want to use immuno-gold labelling of proteins and electron microscopy. 
This should theoretically allow for nanometer scale resolution as 1 nm gold-particles can 
be produced, but practical resolutions of 15-30 nm can be achieved400. This is mainly 
because gold-particles have to be conjugated to antibodies that in turn bind to the site 
of interest. Thereby creating a distance between the gold-particle-antibody and site of 
interest. In addition, the antibody should be highly specific as unspecific binding would 
result in false positive measurements. Another method one could use is Atomic Force 
Microscopy (AFM). Although sufficient cell wall removal is imperative, AFM may detect 
the nanoscale lateral organization of a subset of proteins simultaneously within the same 
sample by exploiting specific probes e.g., protein-His-tag & Nickel-NTA-AFM probe, as 
done for the cell wall integrity sensor Wsc1401. 
By looking at both scenarios, protein clustering in patches or networks allows sharing of 
disordered lipids while homogeneous distribution does not. Hence, the total disordered 
lipid to protein ratio must be larger for the latter. Based on our data, assuming a SMALP 
to protein ratio of 1:1 the lipid to protein ratio for the disordered domain alone is 55-85 
depending on the protein. Hence, minimally 2- to 3-fold higher total lipid to protein ratio 
is required for both disordered and ordered domains to exist if disordered lipids are not 
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shared (scenario of homogeneous distribution). As a check of sanity, we can employ a 
back of the envelop calculation of the total lipid to protein ratio by attempting to 
estimate the total number of proteins and lipids in the PM of yeast. I combined reported 
values, protein abundance levels402 and transmembrane helices per membrane 
protein362 (Figure 7) to calculate the average lateral surface area of membrane proteins 
and the total number of PM proteins in yeast (table 1). We simplified our calculations by 
considering lipids as cylinders and the yeast cell as a sphere. By this approach we obtain 
a lipid to protein ratio of 108. This leaves 23-53 lipids for the ordered domain alone after 
subtraction of the 55-85 lipids that comprise the disordered domain (based on our 
experimental data). The value might be subject to errors, but does not exclude the 
possibility of homogeneous distribution and suggests that if an ordered domain exists it 
may be composed of similar amounts of lipids as the disordered domain. Nevertheless, 
it does gives us an idea of the feasibility as the continuous technical and experimental 
improvements, especially the molecular probes I.e., ones that refutably do not alter their 
behavior nor disrupt the native molecular interactions, will ultimately enlighten us. 
 

 
Figure 7: Bioinformatical analysis of the number of transmembrane helices for membrane proteins in S. 
cerevisiae. Number of trans membrane proteins as a function of their number of Trans Membrane Helices 
(TMHs). Right y-axis represents the average abundance of proteins as a function of their number of TMHs. The 
x̅ TMH is the average TMH of a membrane protein in yeast, weighted by the abundance level of all 558 proteins. 
TMH data was obtained from uniprot.org using the search query; “id,organism,feature(transmembrane)”, 
protein abundance levels were obtained from J.S, Wiessman et al402. 
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Table 1: values needed to calculate the lipid:protein ratio in the PM of S. cerevisiae. 
description value reference / source 

Diameter S. cerevisiae (haploid) 4000 nm 403 
Area occupancy membrane proteins 23% 404 

Average number of TMH / TM protein 6.16 Figure 7 
Average lipid area in PM S. cerevisiae 0.471 nm2 388 

Average area occupancy 12 TMH 
protein 

15 nm2 This chapter 

Equation used to calculate the area of proteins (Ap):  𝐴𝑝 = 	𝜋 ∙ 𝑟$ 
Equation used to calculate the area of a yeast cell (Ay):  𝐴𝑦 = 4 ∙ 	𝜋 ∙ 𝑟$ 

The lipid composition of the yeast plasma membrane 

Taking advantage of SMALPs we were able to determine the lipid environment 
surrounding membrane proteins. However, this is just a glimpse of the plasma 
membrane and the complete lipidome remains elusive. The extraction of pure yeast PM 
devoid of other organellar membrane contaminants has proven challenging, which is 
caused by the existence of membrane contact sites between organelles, possible fusion 
(and fission) of membranes during isolation and insufficiently powerful methods to 
separate the PM from internal membranes. Hence, “pure” PM membranes may never 
be obtained. 
The SMALP technology allows the lipidomes of individual proteins to be determined but 
the more lipid-ordered parts of the PM may not be extracted by this method. It may be 
possible to extract proteins from such membranes by working at temperatures above 
the phase transition of the yeast PM and use multiple proteins with distinct functions. 
Candidate proteins range from; signaling proteins, proteins that transport; amino acid, 
sugars and nucleotides, but also TRP channels and flippases e.g., MID2, WSC1, LYP1, 
MAL11, FUR4, KCSA, DNF1,2,3. Also, the growth conditions, including medium should be 
kept constant between strains to minimize lipidome variation30. 
At present little is known about the phase transition temperature (Tm) of the yeast PM. 
Yet, studies using vesicles derived from yeast membranes405 and lateral diffusion 
experiments in vivo by L. Syga406 indicate a Tm of above 50°C. This is 20°C higher than the 
optimal growth temperature of yeast and thus one might worry about disrupting cell 
integrity and sample lost. Yet, lysine-proton symport by Lyp1 in vivo is unaffected up to 
40°C and similar at 30 and 55°C in vitro, that is, when the activity is assayed within 10 
minutes of the temperature shift (Figure 8). The drop off activity in vivo is most likely 
due to temperature-induced endocytosis of Lyp1. Nevertheless, a temperature shift for 
a few minutes may be sufficient to isolate a representative fraction of membrane 
proteins from the PM of yeast.  
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Figure 8: Lysine transport in vivo and in proteo-liposomes containing Lyp1. Relative rates of lysine transport as 
a function of temperature (°C) for Lyp1 reconstituted in synthetic lipid vesicles composed of 
POPC/POPE/POPS/ergosterol (25:25:20:30 mol%) and in S. cerevisiae strain 22D6AAL131 where Lyp1 is 
expressed from a plasmid. 

 
As for the protein-lipid extraction technology, multiple variants of the nanodisc 
technology have been developed in recent years. We need to take care that lipid 
exchange does not take place on the timescale of the extraction and purification of the 
lipid-protein particles, e.g. by using metal-affinity chromatography. The major extraction 
technology currently used is based on the Styrene-Maleic-Acid-polymer (SMA), but Di-
IsoButylene-Maleic-Acid-polymer (DIBMA) is a promising alternative. Compared to SMA, 
DIBMA hardly absorbs light of 280 nm and tolerates high concentrations of Ca2+ (up to 
20mM) and Mg2+ (up to 25 mM)273. However, not many follow-up studies have been 
performed with DIBMA since its introduction in 2017. Important to note here, belt 
protein-based nanodiscs e.g., MSP407, SAPOSIN408, cannot be used for lipid-protein 
extraction as they require detergent solubilization for nanodisc formation. 

Applications of the SMALP technology 

Each of the nanodisc technologies, including belt-protein-based, may also provide an 
excellent method for structure determination of membrane proteins in their native lipid 
environment. At present, developments in Cryo-EM are causing a revolution in the 
structural analysis of (membrane) proteins and soluble proteins as small as 52 kDa have 
been elucidated at 3.2 ångström409. Yet, for membrane proteins the size is so far limited 
to proteins larger than 100 kDa, e.g. the 110 kDa K+/Cl- cotransporter410. One of the keys 
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to success of solving a protein structure by cryo-EM is particle orientation. Features 
providing a benchmark for orientation are rigid soluble domains and/or structural 
symmetry. Protein structures without those features are difficult to solve. To orient 
proteins, a high-affinity nanobody or megabody411 that binds somewhere and protrudes 
as a rigid domain has proven to be a solution. We have attempted to obtain a structure 
of Lyp1-GFP in SMALPs but, orientation-based particle picking was hindered as most of 
the protein structure resides within the lipid bilayer and the GFP was fused with a linker 
that seems too flexible. In addition, despite extensive washing, sample contamination by 
other proteins (5%) and residual SMA-polymer remained (Figure 9). Based on our 
preliminary work, lipid-protein particle formation by SMA in combination with nano-
/megabodies might be a better approach for solving structures by Cryo-EM of relatively 
small membrane-embedded proteins. 
 

 
Figure 9: Cryo-EM of Lyp1 SMALPs. Panel A: Size exclusion chromatography profile of Lyp1-GFP SMALPs. The 
monodisperse peak suggests a homogeneous sample. Panel B: purity assessment by SDS-PAGE. Additional 
protein bands are visual when comparing the total protein stain and GFP signal. Upon particle picking and 
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analysis the structure of Glyceraldehyde-3-phosphate-dehydrogenase (GADPH) was solved (red rectangle), 
which was co-purified with Lyp1. Panel C: hypothetical structure based on modelling of Lyp1-GFP showing the 
flexible linker between both proteins. Panel D: Cryo-EM micrograph. Particles are visible as dark spots. Yet, the 
low contrast indicates high background signals from contaminants, likely SMA. 

 
Finally, the apparent very high accumulation of basic amino acids relates to an unusual 
high asymmetry in the kinetic constant for solute transport (Km) for the out-to-in and in-
to-out conformation. We were not able to determine the Km

inàout accurately, other than 
the value must be higher than 1 mM, whereas Km

outàin is 10 µM. The Km should not be 
mistaken with the binding constant ‘Kd’ , although they can be similar when substrate 
binding/release are limiting the transport cycle. However, a restrain of conformational 
change when substrate is bound may just as well from the basis of asymmetry. This raises 
the question, what causes this asymmetry on the molecular level? And secondly, what is 
the physiological role? Recently, it has been proposed that the extreme accumulation of 
lysine allows yeast to cope with oxidative stress. Olin-Sandoval et al314 found that high 
intracellular concentrations of lysine allows a shift in redox metabolism resulting in 
elevated glutathione levels, reduced oxygen radicals and increased oxidant tolerance. 
This suggests, Lyp1 and possibly Can1 may have evolved towards an asymmetric Km. To 
determine the Km

inàout in vivo an additional gene (SPE1), next to inactivation of the 
vacuolar transporters, will have to be deleted. SPE1 encodes for a low affinity lysine 
decarboxylase that produces cadaverine. The Km of SPE1 for lysine is 3 mM which 
suggests part of the accumulated lysine will be converted to cadaverine when the 
enzyme is expressed. 
 
A substrate bound and unbound structure (preferably of inward and outward facing 
conformation) may illuminate the conundrum as well. The residues involved in substrate 
binding are known from APC-family protein structures152,153,412 and confirmed for Can1 
and Lyp1 using structural models, docking simulations and transport assays116. Yet, 
substrate bound structures of Lyp1 in various conformational states can give insight on 
how the substrate is coordinated by the side chains of amino acid from the protein. From 
this, we might be able to rationalize if the Kd for lysine varies for different conformations 
of the protein or if asymmetry is caused by blockage of a conformational change. Once 
identified, the next step is to confirm these findings by designing rational mutants that 
may change Lyp1 into a symmetric transporter followed by the experimental procedures 
of chapter two. 
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Nederlandse samenvatting 

 

De oorsprong van het schijnbare uni-directioneel transport van lysine in gist 

Dit proefschrift is gefocust op de lysine-proton-symporter Lyp1 uit gist. Lysine is een van 
de 20 proteïnogene aminozuren en kan gebruikt worden als koolstofbron door gist 
wanneer nodig, maar niet als stikstofbron. Gist kan lysine accumuleren tot concentraties 
van honderden millimolair. Hoewel een hoge concentratie van lysine toxisch kan zijn, 
slaan gisten het meeste van de lysine op in vacuolen en herstellen de cytosolische 
concentraties indien nodig. Onlangs is de hoge intracellulaire lysine concentratie 
geassocieerd met oxidatieve stress tolerantie. Hierbij laat de import van lysine een 
verschuiving in de redox balans toe waardoor glutathion levels omhoog en 
zuurstofradicalen omlaag gaan. Dit resulteert uiteindelijk in een verhoogde tolerantie 
tegen oxidatieve stress. Hoe het mogelijk is dat gist lysine tot zulke hoge concentraties 
kan accumuleren wordt duidelijk in hoofdstuk twee. Wij laten zien dat lysine transport 
in vivo uni-directioneel is. Dit betekent dat lysine geaccumuleerd wordt in de cel met 
weinig lekkage naar buiten. Verder, wordt lysine niet geëxporteerd wanneer de proton 
drijvende kracht wordt gedissipeerd of wanneer andere export inducerende condities 
worden toegepast. Export is ook niet geobserveerd wanneer cytosolische lysine 
concentraties worden verhoogd d.m.v. genetische knock-outs van vacuolaire lysine 
transporteurs en wij laten zien dat lysine ook niet gemetaboliseerd wordt. Wij hebben 
een protocol ontworpen voor de zuivering van Lyp1 en functionele reconstitutie in 
lipiden vesikels. Daarnaast hebben wij een bacteriële homoloog LysP van Salmonella 
thypimurium gezuiverd en gereconstitueerd om onze resultaten van Lyp1 uit gist tegen 
af te zetten. Wij laten zien dat lysine transport d.m.v. Lyp1 elektrogeen is en de activiteit 
is sterk verhoogd met een chemische gradiënt van protonen. Export via Lyp1 is minimaal 
en tegenovergesteld van wat wij vinden voor de bacteriële homoloog LysP. Voor LysP 
kan de snelheid als functie van substraat concentratie beschreven worden door een 
enkele hyperbool functie, maar voor Lyp1 een hyperbool plus een lineaire functie. Dit 
geeft aan dat Lyp1 waarschijnlijk twee aparte affiniteitsconstanten voor transport (Km) 
heeft. Uiteindelijk hebben wij voor Lyp1 een hoge affiniteit voor inwaarts transport van 
20 ± 14 µM kunnen bepalen en een lage affiniteit voor uitwaarts transport die niet 
verzadigd was bij 1 mM. Wij concluderen dat het schijnbare uni-directioneel transport 
door Lyp1 zijn oorsprong heeft in een asymmetrisch KM

 inèout versus KM
 outèin en een 

sterke afhankelijkheid van de elektrochemische gradiënt van protonen die onder 
fysiologische condities inwaarts gericht is. 
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Extracellulaire loops zijn relevant voor de functionaliteit van Lyp1 

Momenteel lijkt het transport van de meeste aminozuren bi-directioneel. Alhoewel, de 
uitzonderlijke kinetiek van lysine transport is ook geobserveerd voor arginine. Transport 
van arginine is vergelijkbaar gekoppeld aan de elektrochemische gradiënt van protonen 
en vindt plaats via Can1. Hierdoor kan de uni-directionaliteit wellicht een intrinsieke 
eigenschap zijn die specifiek is voor basische aminozuur transporteurs uit gist waardoor 
de moleculaire onderbouwing aanwezig moet zijn in de polypeptide sequentie zelf. Wij 
adresseren de functionele implicaties van basische aminozuur transporteurs in 
hoofdstuk 3. Wij vinden conservaties in sequenties van gist en bacteriële aminozuur 
transporteurs waarbij wij additioneel gediscrimineerd hebben tussen aminozuur 
transporteurs uit gist met lysine en arginine als substraten. Wij vinden vele 
geconserveerde aminozuren in aminozuur transporteurs uit gist of aminozuur 
transporteurs uit gist met lysine en arginine als substraten. Meer specifiek, aminozuur 
transporteurs uit gist bevatten een voorspelde alfa-helix in de extracellulaire loop vier 
en wij observeren dat de extracellulaire loop drie langer is en geconserveerd in gist en 
niet in bacteriële aminozuur transporteurs. Dit leidde ons om elke drie sequentiële 
aminozuren in alle extracellulaire loops systematisch te muteren en het effect daarvan 
op de lokalisatie en functie te bepalen. Geen van de mutaties leidde tot bi-directioneel 
transport van lysine, maar de effecten op cellulaire lokalisatie varieerden van vacuolair 
(gedegradeerd eiwit) tot ER-retentie (exocytose) of veranderde Km/Vmax ratio. Deze 
effecten correleren niet met de aminozuur conservatie, maar 50% van de getroffen 
mutanten zijn gelokaliseerd in de verlengde extracellulaire loop drie en in de voorspelde 
alfa-helix in de extracellulaire loop vier. Deze resultaten laten zien dat extracellulaire 
loops niet alleen transmembraan segmenten verbinden, maar dat deze regios een 
belangrijke rol spelen bij substraat herkenning of conformatie veranderingen van het 
eiwit die nodig zijn voor het transport van lysine. 

Van eiwit kinetiek tot eiwit omgeving 

In de volgende sectie verschuift de focus van eiwit structuur naar eiwit omgeving. 
Membraaneiwitten zijn opgelost in cellulaire lipiden. Lipiden zijn amfiphatische 
moleculen (>1000 typen in gist) die spontaan organiseren in een dubbellaag structuur. 
Als consequentie daarvan, vinden er directe interacties plaats tussen membraaneiwitten 
en lipiden. De fysische eigenschappen van de dubbellaag hangen af van de grootte en 
lading van de hydrofiele kopgroep van het lipide en bepaald de oppervlakte lading en 
laterale drukprofiel van het membraan. De lengte en verzadiging van de hydrofobe acyl 
keten bepaald de dikte en rangschikking van de lipiden en daarmee de vloeibaarheid van 
de dubbellaag. Het PM van gist wordt beschouwd als robuust omdat het een hoge 
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tolerantie heeft voor ethanol, lage permeatie snelheden voor zwakke zuren en langzame 
laterale diffusie van eiwitten in vergelijking tot andere cellulaire membranen zoals het 
PM van dieren en bacteriën. Het hoofdzakelijke verschil tussen de lipiden van gist, dieren 
en bacteriën is de aanwezigheid van het sterol ‘ergosterol’ en specifieke sphingolipiden 
in gist die verdacht worden de basis te vormen voor de extreme lipiden rangschikking en 
lage vloeibaarheid van de dubbellaag. 
Daarnaast lokaliseren aminozuur transporteurs uit gist in specifieke compartimenten in 
het PM. Hieruit zijn er twee vragen geformuleerd: (I) hoe functioneren eiwitten in zo een 
gerangschikte omgeving van lipiden? En (II) verschillen deze eiwit micro-
compartimenten in lipide compositie? Om deze vragen te adresseren hebben wij de 
lipiden verplaatsing voorspeld tijdens conformatie veranderingen van LeuT, een 
transporteur uit E. Coli die behoort tot dezelfde superfamilie als de aminozuur 
transporteurs uit gist. Wij observeren dat significante conformatie verandering en 
verplaatsing van lipiden plaats moet vinden en daardoor moet er een bepaalde 
flexibiliteit van lipiden bestaan. 
Verder, hebben wij een protocol ontwikkeld voor de extractie en zuivering van eiwitten 
uit natieve gist membranen waarbij wij gebruik maken van een Styrene-Maleic Acid co-
polymeer (SMA), gevolgd door identificatie van lipiden d.m.v. massa spectrometrie (MS). 
SMAs geëxtraheerde eiwitten en lipiden vormen Styrene-Maleic-Acid-Lipid-Particles 
(SMALPs). SMALPs zijn stabiele schijf-vormende structuren met een diameter van 
ongeveer 10 nm welke, afhankelijk van de grootte van het eiwit, 100-200 lipiden 
bevatten per SMALP. Wij hebben SMALPs gemaakt met eiwitten geëxtraheerd uit de 
MCC/eisosome of MCP en vervolgens de geassocieerde lipiden soorten gekwantificeerd 
middels nano-electrospray ionization (ESI) mass spectrometrie (MS) and quadrupole 
time of flight MS (Q-TOF). Wij vergelijken MCC/eisosome- en MCP-eiwitten en vinden 
geen verschillen in fosfolipide soorten en ergosterol, maar sphingolipiden zijn 3 tot 4-
voud verlaagd voor eiwitten geëxtraheerd uit de MCC/eisosome. Wanneer wij de 
SMALPs vergelijken met totale PM-preparaten dan zien wij dat de ergosterol 
concentraties 6-voud verlaagd (4 vs 25-30 mol%) en de fosfolipide soort PS 2 tot 3-voud 
verhoogd (15 vs 5 mol%) zijn in SMALPs. 
Vervolgens hebben wij de rol van elk van deze lipiden in het functioneren van Lyp1 in 
vitro bepaald. Hiervoor hebben wij het functionele reconstitutie protocol uit hoofdstuk 
twee gebruikt. Wij laten zien dat 15-20 mol% anionische fosfolipiden (met een voorkeur 
voor PS) en 10 mol% niet-dubbellaag-vormende fosfolipiden zoals PE of PA samen met 
5-10 mol% ergosterol voldoende is om hoge snelheden van lysine transport te 
ondersteunen. Daarnaast laten wij zien dat Lyp1 activiteit maximaal is binnen een strikt 
percentage van 50-60% enkelvoudig onverzadigde acyl ketens. Samengevat, onze 
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resultaten laten zien dat 5 mol% ergosterol voldoende is voor maximale activiteit van 
Lyp1 en eiwitten zijn omgeven door 1-2 schillen van laag gerangschikte lipiden. De 
geobserveerde waarde van 30 mol% voor ergosterol is consistent met de literatuur. 
Hieruit volgt onze hypothese dat eiwitten functioneren in een laag gerangschikte lipiden 
omgeving die ingebed is in een omgeving van lipiden (verhoogd in ergosterol en mogelijk 
lange verzadigde acyl ketens) die in een hoog gerangschikte vloeibare staat verkeren. 
Deze hoog gerangschikte vloeibare staat verklaard de lage permeabiliteit van zwakke 
zuren en de langzame laterale diffusie van eiwitten en vormt de basis voor de 
robuustheid van het gist PM. 
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Résumé français 

 

L’origine du présumé transport unidirectionnel de la lysine dans la levure  

Cette thèse est centrée sur le lysine-proton-symporteur Lyp1 de la levure. La lysine est 
l’une des 20 acides aminés protéinogènes qui est utilisée, si besoin, comme source de 
carbone par S. cerevisiae. Cependant, la lysine n’est pas utilisée comme source de 
nitrogène. Les levures sont capables d’accumuler la lysine à une concentration de cent 
millimolaire. Bien que l’accumulation de la lysine puissent être toxique, la cellule de 
levure stocke la plupart des molécules de lysine dans la vacuole et reconstitue les 
réserves cytosoliques quand cela est nécessaire. Il a été montré récemment que les 
hautes concentrations intracellulaires de lysine sont associées avec la résistance au 
stress oxydatif. Dans ce cas, l’import (vers l’intérieur) de lysine induit un changement 
dans le métabolisme d’oxydo-réduction résultant en une élévation des niveaux de 
glutathionne, en une réduction des radicaux oxygènes et en l’augmentation de la 
tolérance oxydante. Dans le chapitre deux, nous comprenons comment la levure est 
capable d’accumuler de la lysine à des concentrations si extrême. Nous avons montré 
que le transport de la lysine in vivo est unidirectionnel, la lysine est donc accumulée à 
l’intérieur de la cellule avec très peu de fuite vers l’extérieur. La lysine n’est pas exportée 
sans une force proton motrice (PMF) ou d’autres conditions d’exportation. Par ailleurs, 
augmenter la concentration cytoplasmique de la lysine par invalidation génétique des 
transporteurs vacuolaire de la lysine n’a pas non plus abouti à son export. Et nous avons 
aussi montré que la lysine n’est pas métabolisée. Nous avons développé un protocole 
permettant la purification de Lyp1 et sa reconstitution fonctionnelle dans des vésicules 
lipidiques. De façon à normés nos résultats obtenus avec Lyp1, nous avons aussi purifié 
et reconstitué l’homologue bactérien : LysP issue de Salmonella typhimurium. Nous 
montrons que le transport par Lyp1 dans les vésicules synthétiques est électrogène et 
que l’activité augmente fortement avec le gradient de proton électrochimique. L’export 
de Lyp1 est minime, contrairement à ce que nous trouvons dans l’homologue bactérien 
LysP. Pour LysP, le taux d’importation en fonction de la concentration en substrat 
pourrait être représenté à une hyperbole. Tandis que pour Lyp1, une hyperbole ainsi 
qu’un composant linéaire sont nécessaires, indiquant que Lyp1 pourrait avoir deux 
différentes constantes d’affinités pour le transport (Km). Éventuellement, pour Lyp1, 
nous avons été capable de déterminer une forte constante affinité de 20 +- 14 uM (SEM) 
pour le transport vers l’intérieur et une faible affinité Km pour le transport vers 
l’extérieur, qui était saturé à 1mM. Nous avons conclu que le présumé transport 
unidirectionnel de Lyp1 vient de l’asymétrie KM

 inèout versus KM
 outèin et une forte 
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dépendance au gradient de proton électrochimique qui sous condition physiologique est 
dirigé vers l’intérieur.  

Les boucles extracellulaires sont pertinentes pour le fonctionnement de Lyp1 

Actuellement, le transport de la plupart des acides aminés est bidirectionnel. Cependant, 
l’extraordinaire cinétique du transport de la lysine a aussi été observé pour l’arginine. Le 
transport de l’arginine est similairement couplé à la force protomotrice et 
principalement passe par la protéine Can1. C’est pourquoi, le transport unidirectionnel 
pourrait être une caractérisation spécifique intrinsèque de la levure pour les 
transporteurs d’acides aminés basiques. Le design moléculaire sous-jacent doit être 
présent dans la séquence de polypeptide elle-même. Nous adressons les implications 
fonctionnelles des transporteurs d’acides aminés basique dans le chapitre 3. Nous avons 
trouvé que les séquences d’acides aminés des transporteurs sont conservées pour les 
levures et les bactéries (Yeast Amino acid Transporteurs YATS, et Bacterial Amino acid 
Transporteurs BATs). Nous avons aussi discriminé les YATs ayant pour substrat la lysine 
et l’arginine. Nous avons trouvé beaucoup de résidus d’acides aminés conservés dans 
les YATs ou dans les YATs avec lysine ou arginine substrat. Plus curieusement, les YATs 
ont une hélice alpha prévu dans la boucle extracellulaire quatre, aussi la boucle 
extracellulaire trois est plus longue et très conservée dans tous les YATs comparés aux 
BATs. Cela nous amène à muter systématiquement chaque triplet consécutif de résidus 
présents dans la boucle extracellulaire de Lyp1 et de déterminer l’effet de la location des 
protéines et de l’activité de transport. Aucune de ces mutations donnent un transport 
bidirectionnel de la lysine, mais nous observons des effets sur la location cellulaire, une 
localisation allant de la vacuole (protéine dégradé) à la rétention du réticulum 
endoplasmique (exocytose) ou à l’altération du ratio Km/Vmax. Ces effets ne sont pas 
corrélés avec la conservation des acides aminés, mais 50% des mutants concernés ont 
des mutations localisées dans la plus longue boucle extracellulaire trois et dans l’hélice 
alpha prévue dans la boucle extracellulaire quatre. Ces résultats indiquent que les 
boucles extracellulaires ne sont pas simplement des segments transmembranaires 
connectés, mais que ces régions peuvent servir de reconnaissance pour le substrat ou 
en cas de changement de conformation pour leur transport.  

De la cinétique des protéines à l’environnement des protéines  

Dans la section suivante, l’attention passe de la structure de la protéine à son 
environnement. Les protéines membranaires sont dissoutes dans la membrane 
plasmique dans des lipides cellulaires qui sont des molécules amphipatiques (> 1000 
types dans les levures) qui spontanément s’organisent en structure bicouche. Par 
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conséquent, des interactions directes se produisent entre lipides et protéines 
membranaires. Les propriétés physiques de la bicouche dépendent de la taille et de la 
charge de la tête polaire hydrophile qui détermine la charge à la surface et la pression 
de la membrane. La longueur et la saturation des chaines acyl hydrophobes donnent lieu 
à l’épaisseur, l’ordre des lipides et avec cela, la fluidité de la bicouche. La membrane 
plasmique des levures est considérée comme robuste due à sa haute tolérance pour 
l’éthanol, son bas taux de permeation pour les acides faibles et sa lente diffusion latérale 
des protéines comparées aux autres membrane cellulaire comme celles des 
mammifères ou des bactéries. La principale différence entre les lipides des levures avec 
ceux des mammifères et des bactéries, est la présence du stérol ergostérol et la présence 
de types spécifiques de sphingolipides dans les levures qui sont connus pour former la 
base de l’extrême arrangement des lipides et la faible fluidité de la bicouche. 
De plus, les YATs sont localisés dans des compartiments spécifiques de la membrane 
plasmique. C’est pourquoi, deux questions peuvent être posées : comment les protéines 
membranaires fonctionnent dans une membrane lipidique très ordonnée et est-ce que 
les micro-compartiments de protéines sont différent en termes de composition 
lipidique ? Pour répondre à ces questions, nous avons estimé le déplacement des lipides 
en fonction du changement de conformation de la protéine LeuT, un transporteur de E. 
coli appartenant à la même superfamille de transporteurs que les YATs. Nous trouvons 
de signifiant changements de conformations et un déplacement de lipides, c’est 
pourquoi un certain degré de flexibilité des lipides doit exister.  
Par ailleurs, nous avons établi un protocole d’extraction et de purification des protéines 
de la membrane native de levures, en utilisant un copolymère d’acide maléique styrène 
(SMA), suivi d’une identification des types de lipides par masse spectrométrie. Les SMAs 
extrait les protéines et les lipides et forment des particules d’acide maléique styrène 
lipidique (SMALPs). Les SMALPs contenant protéines ou lipides sont stables et ont une 
structure en forme de disque d’un diamètre d’environ 10 nm. En raison de sa forme, les 
SMALPs peuvent loger, selon la taille des protéines extraites, 100 à 200 lipides. Nous 
avons fabriqué SMALPs avec des protéines extraites des micro compartiment de Can1 
(MCC/eisosome) ou du micro-compartiment de Pma1 (MCP). Puis, nous avons 
déterminé la quantité des types de lipides associés par spectrométrie de masse à 
ionisation nano-électrovaporisation (ESI) et par temps de vol quadrupolaire (Q-TOF). 
Nous avons comparé les protéines des MCC/eisosome et MCP. Nous n’avons pas trouvé 
de différence dans le type de phospholipides et ergostérols, mais les sphingolipides 
étaient 3 à 4 fois inférieurs pour les protéines extraites du MCC/eisosome. Quand nous 
avons comparé les SMALPs avec les extraits totaux de la membrane plasmique, nous 
trouvons que les concentrations d’ergostérols sont 6 fois plus bas (4 contre 20-30 mol%) 
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dans les SMALPs et les phospholipides de type Phosphatidyl-sérine (PS) sont 2 à 3 fois 
plus haut (15 contre 5 mol%) dans les SMALPs.  
Enfin, nous avons déterminé le rôle de chacun de ces types de lipides dans Lyp1 in vitro 
en appliquant un protocole de reconstitution fonctionnelle pour Lyp1 dans le chapitre 2. 
Nous trouvons que 15-20 mol% des phospholipides anioniques (avec une préférence 
pour PS) et 10 mol% des lipides ne formant pas la bicouche comme PE ou PA, ensemble, 
avec 5-10 mol% d’ergostérols suffisent à supporter des taux élevés de transport. De plus, 
nous montrons que l’activité de Lyp1 est maximale avec un taux de 50-60% de chaines 
acyl insaturés. Pour finir, nos résultats indiquent que 5 mol% d’ergostérols sont suffisant 
pour une activité maximale et que les protéines sont entourées jusqu’à 2 enveloppes de 
lipides désordonnées. L’observation de 30 mol% d’ergostérols dans la membrane 
plasmique est cohérente avec la littérature. C’est pourquoi, notre hypothèse que la 
fonction des protéines dans un environnement de lipides désordonnés encré dans un 
environnement de lipides (enrichi en ergostérols et possiblement contenant des longues 
chaines d’acyl saturés) résulte en un état liquide hautement ordonné. L’état liquide 
ordonné explique la faible perméabilité des acides faibles et la lente diffusion latérale 
des protéines et forme la base de la robustesse de la membrane plasmique des levures 
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