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6.1 How a secondary transporter can elicit an apparent 
unidirectional flux 

The transport of basic amino acids over the plasma membrane in S. cerevisiae is 

unidirectional under physiological conditions and mainly facilitated by two transporters: 

Can1 and Lyp1 (9). These transporters belong to the APC superfamily, a class of secondary 

transporters that contains both antiporters (which exchange one substrate for another, 

driven by the respective electrochemical gradients) and cation-linked symporters (which 

are often proton-coupled symporters driving the uphill transport of the substrate by the 

downhill transport of the proton). The proton symporters with amino acids as substrates are 

often referred to as amino acid permeases (AAP’s). For non-basic amino acids, dissipation 

of the proton motive force (PMF) has been shown to result in the efflux of accumulated 

substrate from the cells (7, 8). However, for basic amino acids little or no export is observed 

in S. cerevisiae when the PMF is dissipated, and it was therefore reasoned that the proteins 

mediating the transport of lysine or/and arginine, Lyp1 and Can1, must be unidirectional 

(12, 142). The apparent unidirectionality of secondary transporters is controversial and not 

readily compatible with the alternating access model (18, 137). Taking Lyp1 as a model we 

show that apparent unidirectionality of transport is due to (i) a high asymmetry between 

the transport of lysine from the inward and from the outward facing conformation of the 

protein, and (ii) the PMF dependence of Lyp1, such that transport is very slow at low values 

of the PMF, even when the lysine gradient is large. Furthermore, (iii) the lysine stored in 

vacuoles through the activity of Vba1 is not readily available for export when the PMF 

across the plasma membrane is dissipated. We believe that these three factors explain the 

previous observations of unidirectional transport of basic amino acids in yeast. Due to the 

similarity between Lyp1 and Can1 (37), we reason that the kinetic properties of Lyp1 may 

also apply to Can1. 

The kinetic properties of S. cerevisiae Lyp1 are not shared by the prokaryotic homolog 

LysP, an APC family lysine:proton symporter from S. typhimurium. Why basic amino acid 

transporters in S. cerevisiae have the properties that lead to apparent unidirectional 

transport is not well understood. Moreover, such a mechanism is not necessarily advantages 

as high intracellular concentrations of lysine or arginine cause severe growth defects(14-16). 

Rather than regulating the internal concentration of amino acids through export from the 

cell, S. cerevisiae controls the influx by regulating the lifetime of amino acid transporters 

in the plasma membrane (57, 58). 

What causes the apparent asymmetry in import and export via Lyp1? We assume that the 

high level accumulation of basic amino acids is evolutionarily conserved among fungi and 

is a feature of the corresponding transporters. Can1 and Lyp1 share 69% sequence identity, 

and fungal homologs annotated as basic amino acid transporters are up to 52% identical to 
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Lyp1. What are regions (sequences) in Lyp1 that could give rise to the apparent differences 

in kinetics of Lyp1 and LysP? In an attempt to identify the differences between the two 

proteins a pairwise alignment was performed of the consensus sequences derived from 

either the prokaryotic or the fungal homologs of Lyp1. Taking into account that differences 

between Lyp1 and LysP are also a consequence of the more complex regulation and post-

translation modification of the eukaryotic proteins, we introduced a third group in the 

sequence alignment; this third group contains homologs of core group AAP members as 

defined by Ljungdahl et al(3), excluding the Lyp1 homologs. Based on their conservation 

pattern within the alignment of the consensus sequences from the three groups, amino 

acid positions were classified as follows: overall AAP-specific (oAAP-specific), yeast AAP-

specific (yAAP-specific), basic AAP-specific (bAAP-specific) and yeast basic AAP-specific 

(ybAAP-specific). Each class was then subdivided into high and low overall conservation. 

For a full description of the methodology see figure legend (Fig. 1). Each residue in the 

Lyp1 topology model and EVfold model (222-224) (as described in chapter 5) is colored 

according to this classification (Fig. 1). The model together with knowledge of substrate-

binding residues, previously identified in Can1p (37), shows that residues responsible for 

binding the α-carboxylate group of lysine are conserved among all AAPs (oAAP-specific), 

while residues involved in the guanidium/ε-amine group are specific for basic amino acid 

transporters (bAAP-specific). In fact, the predicted substrate-binding residues are only 

classified as oAAP-specific or bAAP-specific (Fig. 1A purple shading), which strengthens the 

predictions made for Can1 on the basis of the structure of AdiC (37). 

To address the question of what causes the kinetic asymmetry of Lyp1 vs LysP, we focused 

on the residues classified as ybAAP-specific with high and low conservation indicated in red 

and orange, respectively. These specific residues are found at contact sites between TM 1 

and 6 or 3 and 12, possibly constraining the orientation of the helices in a manner specific 

to yeast basic AAPs. A stretch of highly conserved residues specific to basic AAPs can be 

found in loop 5 and flanking one side of TM6. In fact, loop 5 is extended in yeast basic AAPs 

compared to the other yeast AAPs and might be responsible for the asymmetry between the 

inward- and outward-facing apo conformations of the protein, thereby possibly modulating 

the transport affinity. 

Zooming in on loop 5 in the Lyp1 model shows that the region is preceded by a sequence 

that is conserved in all yeast AAPs, with the consensus sequence F(R/K/H)YW(R/K/H). 

In contrast, the consensus sequence of LysP homologs has a gap in this region. Different 

from the prokaryotic homologs, the yeast AAPs are (more extensively) post-translationally 

modified and regulatory sequences for endocytosis and COPII vesicle packaging are found 

in the N- and C-terminus. In a study where Andre and colleagues conducted alanine-

scanning mutagenesis of all internal loops of the general amino acid permease Gap1, 

several regions were found that lead to ER retention (227). The ER retention is more likely 
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Fig1: Lyp1 conservation model. To explore the sequence conservation of bacterial and yeast amino acid 
transporters from the APC superfamily, three groups were defined (i) yeast basic AAP; (ii) prokaryote basic AAP; 
and (iii) yeast AAP (excluding Lyp1, Can1 and Alp1). Unique sequences were obtained from the Uniprot (197) 
PF00324 family and grouped on the basis of their sequence similarity to either Lyp1, LysP or S. cerevisiae core AAPs 
(excluding Lyp1, Can1 and Alp1) (3). For the Lyp1 and LysP homologs, members were included that were annotated in 
Uniprot as basic amino acid transporters. These lists contain sequences with 52-99% identity with Lyp1 or LysP and 
contain 68 and 482 sequences, respectively. Homologs of the S. cerevisiae members of AAP core cluster according 
to Ljungdahl et al (3) excluding Lyp1, Can1 and Alp1  were acquired using UniRef50 (197) groups, P19145, P48813, 
P38084, P06775, Q08986, P38085, P38967, P15380, P43548, P53388, P38090, Q03770, corresponding to reference 
sequences of Gap1, Gnp1, Bap2, hip1, Sam3, Tat1, Tat2, Put4, Agp3, Dip5, Agp2, Ssy1, respectively. UniRef50 groups 
were trimmed to 90% identity of the reference sequences, resulting in 460 sequences. For each of the three groups 
a consensus sequence was obtained in Jalview (199), based on a multiple sequence alignment generated by Clustal 
Omega (226). The corresponding consensus sequences were aligned against the sequence of Lyp1, using Clustal 
Omega (226) and gaps removed, with respect to Lyp1. The aligned sequences were plotted in Microsoft Excel and 
conservation with respect to one another was counted. A residue was classified as conserved between groups if the 
most frequent residue in one consensus sequence matched the most or second most conserved residue in the other. 
After that four classes were defined: overall AAP-specific (oAAP-specific), yeast AAP-specific (yAAP-specific), basic 
AAP-specific (bAAP-specific) and yeast basic AAP-specific (ybAAP-specific), each of which was sub-grouped into 
high and low conservation with a threshold value of 50% average identity resulting in a total of eight classes. For 
visualization and interpretation purposes each residue in the Lyp1 topology model (A) and Lyp1 EVfold structure (B) 
was assigned a color according to its class AAP-specific dark and light grey, yeast AAP-specific dark and light green, 
basic AAP-specific blue and cyan and yeast basic AAP-specific red and orange; light and dark colours correspond 
to low and high conservation, respectively. The purple rings in the topology model define the residues involved in 
substrate binding according to Ghaddar et al (37). (C) Lyp1 EVfold model with rainbow coloring corresponding to 
the colored boxing of the TM segments in the topology model (A).
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a result of misfolding than mistargeting of Gap1, and most of the mutations that lead 

to the phenotype are not yAAP-specific. In contrast alanine scanning of loop 5 in Lyp1, 

in combination with activity and localization studies as discussed in chapter 5, seems 

more promising, than alanine scanning of the internal loops. Interestingly, besides the four 

amino acid AAP consensus sequence in loop 5, residues marked as yAAP-specific are often 

found in outside loops or covering one side of a TM segment as shown for TM 4 and 5 and 

may reflect an adaptation to the specific lipid environment of yeasts. 

Fig2: Oligomeric state of Lyp1 and Can1. Number of YPet photo-bleaching steps per d¬iffraction-limited spots for 
fusions with Lyp1 (A) and Can1 (B). The intensity of the foci was tracked over time in the PM of a S. cerevisiae strain 
with a chromosomal deletion of the corresponding native transporter. Stripped bars represent the proteins labeled 
with one Ypet, and the full bars with a tandem YPet. (C) Single YPet bleaching step along 500 frames. (D) Double 
YPet bleaching step along 500 frames. Panels A-D are adapted from Moiset et al. 2013 (1) (E) Mass over charge 
spectrum of purified Lyp1-TEV-eGFP assayed by native mass spectrometry. Three molecule masses in the spectrum 
were identified in multiple peaks corresponding to a single mass with different charges: 28,779 Da (square), 51,913 
Da, (circle) and 104,017 Da (triangle).
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The Lyp1 model (Fig. 1) shows altered conservation in TM11 and TM12, regions that have 

no known role in the mechanism of translocation (33, 137). In the basic amino acid AAP 

homolog AdiC, a prokaryotic arginine/agmatine antiporter, TM 11 and TM 12 form the 

homo-dimer interface (27). Fluorescence bleaching experiments on YPet-tagged Lyp1 and 

Can1 show that these proteins are monomeric in vivo (Fig. 2A-D) (1). Additional to this 

data we performed native mass spectrometry on purified Lyp1-TEV-eGFP ~98 kDa (Fig 2E). 

We observed three populations with masses of (i) ~104 kDa, corresponding to monomeric 

Lyp1-TEV-eGFP; (ii) ~52 kDa, unknown protein (fragment); and (III) ~28 kDa, corresponding 

to the predicted mass of eGFP. The mass spectrometry data shows an additional mass of 

~6 kDa for Lyp1-TEV-eGFP, suggesting the presence of post-translational modifications of 

as yet unknown nature. 

The model put forward from the combined conservation analysis and the EVfold structure 

resembles previously reported models (37, 51). Despite its predictive power, loop 5 and 

10, specific to ybAAPs, are poorly predicted because the number of available sequences is 

limited. Similarly the model lacks reliable structural prediction of the long N-termini that 

are present in yeast AAPs, which is due to low sequence conservation and complete absence 

of these tail regions in prokaryotic members. Although a high-resolution crystal structure 

of Lyp1 is important for understanding the transport mechanism, it will not be sufficient 

to explain the kinetic asymmetry. Site-directed mutagenesis of the identified regions in 

loop 5 in combination with kinetic analysis is the logical next step forward. Alternatively, 

one might consider gene shuffling between Lyp1 and LysP, combined with the directed 

evolution tool we developed in chapter 5. The approach, however, would benefit from the 

identification and subsequent deletion of the gene for the still unidentified transporter 

responsible for the residual uptake of lysine in the 22∆6AAL strain.

6.2 On proton coupling residues in a lysine transporter 

In attempt to decipher the proton coupling mechanism of Lyp1, we replaced anionic 

residues conserved throughout the yeast AAPs for neutral ones, and measured the rate of 

uptake and localization of the Lyp1 mutants in the 22∆6AAL strain. Two mutants, E206A 

and E331Q/A, were unable to sustain growth when expressed in the 22∆6AAL strain and 

were subjected to directed evolution. Directed evolution of E331Q/A resulted in revertants 

only, indicating that the glutamic acid at position 331 is essential for Lyp1 functioning. 

For E206A we isolated second-site suppressors at two locations (Lys256 and Val385). 

The fact that these residues are also marked as overall conserved between AAPs (Fig. 

1) makes it likely that the suppressing adaptation is rescuing a general property of the 

protein necessary for translocation rather than regaining affinity for lysine. This point is 

strengthened by the fact that the equivalent mutation in Can1 renders the protein still able 
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to bind lysine as inferred from substrate-dependent endocytosis but unable to translocate 

arginine (53). With the exception of Asp369, all mutants were severely diminished in uptake 

rate. For some, however, this is likely due to lower levels of protein in the PM. Combining 

our localization studies, activity assays and growth screen, we propose that E206, E323, 

K256, and E249 require a more thorough analysis to establish a possible role of any of these 

residues in proton-coupled transport by Lyp1. 

As lysine is a cationic substrate the membrane potential acts as driving force even in 

uncoupled mutants, which complicates the analysis of the energy coupling mechanism of 

the transporter. Flux-force analysis of Lyp1 mutants in proteoliposomes and systematic 

variation of the ΔΨ and ΔpH components of the proton motive force will be required to 

establish uncoupled transport. Alternatively, or additionally, one should try to measure 

the internal acidification due to proton-coupled lysine transport by encapsulation in the 

proteoliposomes of a pH sensitive dye. 

6.3 An overall conserved plasma membrane association module 
is present in yeast AAP’s.

The yeast AAPs have extended N- and C-termini compared to their homologs in prokaryotes. 

Several functions have been ascribed to these regions, including secretory signaling, 

endocytic regulation, and PKA signaling. As mentioned before, the N-termini have a 

low overall sequence identity, which is in agreement with their recognition by specific 

arrestin mediators, ARTs (58). We confirmed that the N-terminus of Lyp1 is involved in the 

endocytosis of the protein, and that either the ART recognition site or the ubiquitinated 

lysines are present in the first 62 amino acids. We show sequence conservation in the 

C-terminal tail of AAPs and call this region PMasseq. The PMasseq region is conserved within 

ten FWC-containing S. cerevisiae AAPs and partially conserved in the other members of 

the family. PMasseq has a capacity to associate with the PM due to its amphipathic helix 

and a C-terminal cysteine that is specifically palmitoylated. Interestingly, in some AAPs, 

including the basic amino acid transporters Can1, Lyp1 and Alp1, the C-terminal cysteine 

is not present. Addition of FWC to the basic amino acid transporters however led to their 

palmitoylation, showing that the overall feature is conserved. A general function for PMasseq 

has not been found. Loss of PMasseq results in constitutive PKA signaling in Gap1 and Tat2, 

which is inferred from the inability of the mutants to grow on non-fermentable carbon 

sources and confirming an earlier observation made for Gap1 by Donaton et al (65). Another 

consequence of the absence of PMasseq is enhanced PM stability for Bap2 as a consequence of 

reduced endocytic cycling (74). None of these features is universal to all PMasseq-containing 

transporters. The mechanism by which Gap1 induces PKA signaling remains elusive, but we 

know this induction can be triggered either by loss of the C-terminus or binding of specific 

substrates. Interestingly, deletion of the gene coding for Gap1 showed no adverse effect on 
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growth, suggesting a negative-dominant interaction of the C-terminus with other parts of 

the protein. It would be interesting to establish if co-expression of Gap1∆C in combination 

with the C-terminus can restore growth on non-fermentable carbon sources. If this turns 

out to be true, it should be investigated if restoration is due to binding of the C-terminus 

to a specific partner or to Gap1 itself, thereby inhibiting the interaction with another 

protein partner. Interestingly, for some C-termini we observed a distinct immobile fraction 

of protein at the PM. All of these C-termini belonged to basic amino acid transporters, 

namely Can1, Alp1 and Hip1. As posited by Malinska et al (112) and questioned in this thesis, 

Can1 is believed to partition into the MCC/eisosome, a PM compartment enriched with 

Can1, but deletion of the 10 last amino acids of Can1 did not affect its localization near 

MCC/eisosomes. In a different experiment, in which the C-termini of Can1, Lyp1, Hip1 and 

Alp1 were expressed in a strain with disrupted eisosomes ∆pil1 (119), the patchy pattern 

remained unaltered (data not shown). We therefore conclude that the interaction partner 

of the Can1 C-terminus is not associated with the MCC/eisosome and remains elusive. 

Following, it is important to establish whether the patchy appearance of the C-termini 

of Can1, Alp1 and Hip1 originates from the same binding partner(s), e.g. by performing a 

dual-color fluorescence cross correlation analysis. To resolve the identity of this binding 

partner a pull out analysis in combination with identification by mass spectrometry could 

be performed. 

6.4 Specific sites of exo-/endocytosis, short lifetimes and slow 
diffusion lead to patchy localization of Can1 and Lyp1 in the plasma 
membrane. 

The PM of yeast is a segregated environment in which polytopic membrane proteins have 

been suggested to partition into their own domain of specific lipid compositions (117). 

Besides these lipid domains, the microcompartment of Can1 (MCC) has been described 

(112). The MCC differs from the previously reported lipid “raft” domains in the fact that 

it contains a cytosolic entity named the eisosome, scaffolding the compartment and 

causing small invaginations of the plasma membrane (119). Only a few polytopic membrane 

proteins have been reported to partition into the MCC/eisosome. Most of these belong to 

the Sur7 family, which are 4—TM proteins with relatively large cytosolic domains, which 

likely interact with the scaffolding proteins of the eisosome.

Besides these proteins three transporters have been associated with the MCC/eisosome - 

Can1, Tat2 and Fur4, all H+-coupled transporters, the former two of which belong to the 

S. cerevisiae AAPs. None of the other AAP homologs was reported to associate with the 

MCC domain, despite the fact that most of them were part of a large screen (117). Probing 

the lateral diffusion by ensemble and single particle measurements showed that Can1 and 

Lyp1 diffuse very slowly: three orders of magnitude slower than a similar size transporter 
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in the vacuolar membrane. We exclude the possibility of compartmentalization of the 

proteins since our SPT analysis shows an unhindered diffusion, while in comparison Sur7 

was shown to be restricted to a distance comparable to the size of a MCC/eisosome. A 

common feature of Can1, Fur4 and Tat2 is that these proteins have a short lifetime in the 

PM due to a direct response to external substrate (58). Due to the very slow diffusion in 

the PM, proteins with a short life time are unable to diffuse far away from their site of 

insertion into the membrane and, as a consequence, a patchy localization is observed 

in the PM. Cross correlation analysis of both Can1 and Lyp1 with the eisosomal protein 

Pil1 showed a strong reduction over time upon addition of the respective transporter 

substrates, which lead to enhanced endocytosis near eisosomes. The correlation between 

the eisosome and Lyp1/Can1 patches is caused by the architecture of the yeast cell, in 

which the cortical ER (cER) covers most of the PM, preventing exo- and endocytic events at 

these places. Disruptions of the cER, however, are often present around MCC/eisosomes, 

as this invaginating entity disrupts ER tethering to the membrane (136). We do not dispute 

the possibility that proteins like Can1 and Lyp1 partition into the MCC/eisosomes, but 

contrary to what was believed so far they are able to freely diffuse in and out. In a study by 

Spira et al (117) it was suggested that the PM of yeast has many domains and that proteins 

partition into different domains which partially overlap. However, in the same study co-

expression of a protein labeled with either RFP or GFP resulted in only a partially overlap 

of the two differently-tagged membrane proteins, which is in agreement with our model 

(Fig. 6 Chapter 4), in which protein localization is biased by the sites of exocytosis and slow 

diffusion of the proteins. 

The most abundant protein in the PM is the P-type ATPase Pma1 and this protein is reported 

to be excluded from the MCC/eisosome domain and thereby forming its own compartment 

the so-called membrane compartment of Pma1 (MCP). Some proteins are fully excluded 

from the MCC/eisosomes and partition only into the MCP, while others can be found in both 

domains. We hypothesized that MCC/eisosome exclusion is enforced by steric hindrance 

through the presence of large cytosolic domains present on the proteins. We showed that 

Pma1 localization anti-correlates with the MCC/eisosome due to the presence of a large 

cytosolic domain. Consistent with this, fluorescent protein fusions require a exceptionally 

long amino acid linker to partition into the eisosome. The accumulation of Can1 and Lyp1 

near the MCC/eisosomes with and without the presence of a long linker, demonstrates that 

MCC/eisosome partitioning cannot be the main contributor to the accumulation of Can1 

and Lyp1 at these sites. The length of this linker, however, is important (Chapter 4) (114, 

116, 123). In conclusion, we propose that the observed localization of Can1 and Lyp1 arises 

from slow lateral diffusion, limited residence time within the plasma membrane and the 

specific sides of exo/endo cytosis. 

What is the main factor causing the slow lateral diffusion in the PM of yeast? Yeast has a 

high fraction of long-chain saturated sphingolipids and ergosterol (228), which results in a 
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high degree of lipid ordering and is expected to slow down lateral diffusion of the proteins. 

However, in studies in which yeast cells were depleted for sphingolipids or erogsterol, 

the lateral diffusion of polytopic membrane proteins was enhanced only 1-1.5 fold (129). 

Although the lipid composition likely plays a role in the slow diffusion, the observed effect 

can also in part be attributed to a reduced PM crowding by mistargeting of e.g. Pma1 as 

a consequence of reduced sphingolipid content in secretory vesicles (101). The role of 

protein crowding as the main determinant for slow lateral diffusion has been proposed by 

Greenberg et al (132), who observed a severely enhanced diffusion of fluorescently labeled 

lipids on the trans side of the membrane after the cells had been subjected to tryptic 

digestion. To the best of our knowledge no further reports have been made on protein 

crowding in the yeast membrane as the dominant factor in lateral diffusion. Therefore, 

we propose a study in which the cells are subjected to tryptic cleavage and the lateral 

diffusion of a single spanning membrane protein and a lipid is probed. 




