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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 
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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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