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Chapter 5

Frans Bianchi1, Joury S. van ’t Klooster1 and Bert Poolman1,2,‡ 

Directed evolution to decipher lysine-proton coupling 
in the yeast amino acid transporter Lyp1

Abstract

In proton-coupled secondary transporters, conserved anionic residues situated in 

transmembrane helices often play a role in proton and/or solute translocation. To decipher 

the proton-coupling mechanism of Lyp1 we replaced conserved anionic residues with 

neutral ones and measured the activity and localization of the Lyp1 mutants. We found 

that mutants E206A and E323A/Q do not longer transport lysine and do not support growth 

of a lysine auxotrophic strains. We subjected these strains to directed evolution and 

found second-sitesuppressor mutations for E206A at positions Lys256 and Val385, while 

only revertants of E323A/Q were isolated. Combining our localization, activity and growth 

screen studies, we conclude that Glu206, Glu323, Lys256, and Glu249 are key for proton-

coupled solute transport in Lyp1.
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5.1 Introduction 

Secondary active transporters drive the uphill transport of a substrate by utilizing the 

electrochemical gradient of another solute, e.g. Na+, K+ or H+. Here, we study the proton-

coupled uptake of L-lysine via Lyp1 in Saccharomyces cerevisiae. Lyp1 is a member of the 

Amino Acid-Polyamine-Organocation (APC) family, which contains both proton symporters 

and antiporters (219, 220). In S. cerevisiae most APC transporters are proton symporters, 

and the amino acid transporters in this family are often referred to as amino acid permeases 

(AAPs) (3). 

The current model for proton-coupled symport is based upon the alternating access 

principle. In this model, binding of the substrate and a proton on one side of the membrane 

is followed by a conformational change within the protein, leading to the release of the 

proton and substrate on the other side (41). Protons are generally transferred between 

carboxyl and amine groups. Specific anionic residues such as glutamate and aspartate, 

often centrally located in a TM section, are involved in proton binding. Neutral (uncharged) 

replacement leads to uncoupling as shown for LacS from Streptococcus thermophiles, LacY 

and EMRE from Escherichia coli (42-45, 221). 

The exact mechanism for proton translocation is hard to deduce from structural studies, 

as the resolution of X-ray structures is generally insufficient to discriminate between 

protonation states of a residue. For sodium and potassium cation symporters, on the other 

hand, resolution is sufficient and clear binding sites can be distinguished (25). Structural 

comparisons between proton and cation symporters with similar overall folds have led to 

insights into the proton coupling mechanism (36). Based on this, a role in proton coupling 

has been suggested for Lys158 in ApcT from Methanocaldococcus jannaschii, a proton-

coupled alanine transporter homolog of Lyp1, belonging to the APC family. Lys158 of ApcT 

superimposes on the second Na+ binding site found in transporters of the Neurotransmitter 

Sodium Symporter (NSS) and Betaine/Choline/Carnithine Transporter (BCCT) family and 

its replacement with alanine abolishes transport (21). Interestingly, mutagenesis of the 

equivalent residue to alanine in Fur4, a uracil permease from S. cerevisiae, diminished 

transport, whereas substitution of the lysine for an alanine in the lysine symporter from 

Salmonella typhimurium blocked binding (51, 52). 

Besides this conserved lysine residue, it has been suggested that a conserved glutamate 

(Glu184) in TM3 plays a role in proton coupling in Can1 and Lyp1. Mutagenesis of Glu184 to 

alanine or glutamine in Can1 destroys translocation, but replacement by aspartate does 

not. In all these mutants binding of the substrate was retained (37, 53).

Whether or not protons are transported across the membrane via a chain of protonation and 
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deprotonation events or just transferred via a single residue is hard to deduce. The common 

denominator in proton transport so far seems to be the presence of conserved glutamate 

or aspartate residues. Analysis of proton coupling is generally done in kinetic studies of 

site-directed mutants. However, in eukaryotic cells the analysis can be complicated by 

mistargeting of the protein, which precludes analysis of membrane transport at the plasma 

membrane. In order to determine the role of apparent non-functional mutants, we carried 

out directed evolution assays based on the necessity of the cell to metabolize lysine. This 

appraoch results in second-site suppressor mutations, which allows one to tell whether the 

primary mutation, e.g. E206A in Lyp1 from S. cerevisiae, is strictly required for transport 

and/or proton coupling. We find second-site suppressor mutations of E206A at positions 

Lys256 and Val385. In case of Lyp1 E331A, a mutation that directs the protein to the 

vacuole, we only found revertants. 

5.2 Results

We set out to identify possible residues of the proton translocation pathway in the 

lysine transporter Lyp1 from S. cerevisiae. We assume that protons are transferred via 

protonation and deprotonation of acidic groups. We thus searched for conserved negatively 

charged residues in Lyp1, with a bias for those buried in or predicted in the vicinity of the 

hydrophobic domain of the protein. Taking into account that lysine is a cationic substrate 

and that not all APC family homologs are proton symporters, sequence alignments 

were made using the AAP family members from S. cerevisiae, Lyp1 homologs (up to 52% 

sequence identity) and LysP homologs (up to 40% sequence identity) (Fig. 1). As Can1, Lyp1, 

Alp1, Hip1 and Gap1 transport cationic substrates, anionic residues have a potential role 

in stabilization of the substrate’s side chain. Therefore, anionic residues with no overall 

conservation among AAPs were not considered, as they could be specific to the binding of 

cationic substrates. In this way, six anionic residues were targeted: Glu164 (TM2), Glu247 

(loop 3), Glu249 (loop 3), Glu323 (TM6), Glu331 (loop 6) and Asp369 (loop 7). In addition, 

residues Lys256 (TM5) and Glu206 (TM3) were mutated as these have been suggested to be 

involved in proton translocation in Lyp1 homologs (21, 37). The indicated locations of the 

residues are based on a topology prediction (152). The glutamate or aspartate was in most 

cases mutated to Gln, Asn or Ala.

Activity was tested in S. cerevisiae strain 22Δ6AAL, which is unable to import lysine or 

perform de novo synthesis of this amino acid (10). In this strain genes encoding Lyp1, Alp1, 

Can1 and Gap1 as well as the enzyme responsible for the final step in the lysine biosynthesis 

pathway (Lys1) have been disrupted. A lysine-lysine dipeptide was used to sustain growth in 

the absence of a functional lysine transporter. Lysine dependency was tested in 22Δ6AAL 

by varying the lysine in the medium from 0 to 500 μM (Supplementary Fig. S1A). Clearly, 

S. cerevisiae 22Δ6AAL did not grow in the absence of lysine, and growth was observed 
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Figure 1: Multiple sequence alignment of AAPs. Multiple sequence analysis generated by Clustal Omega (226) 
of S. cerevisiae AAPs, consensus sequence of Lyp1 homologs down to 52% and 40% sequence identity with Lyp1 
(Lyp1_52%_ID) and (Lyp1_40%_ID), LysP from S. typhimurium and consensus sequence of LysP homologs down 
to 40% sequence identity with LysP (LysP_40%_ID). The multiple sequence alignment is limited to the region 
representing the 12 transmembrane helices (grey) as predicted by TOPCONS (170). Cationic and anionic residues 
are accentuated blue and red, respectively, and the residues targeted for mutagenesis are shown in green shading.

at 50 μM of lysine when Lyp1 was expressed in trans. The impaired growth observed at 

higher concentrations of external lysine (> 500 μM) in the Lyp1-overexpressing strain is 

attributed to a toxicity effect. The background growth at >50 mM lysine is indicative for 

low affinity transport, which might be facilitated by an unrelated transporter that binds 

lysine with very low affinity. We conclude that in the absence of a functional high-affinity 

lysine transporter growth is impaired below 500 µM external lysine.
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Next, we screened the point mutants for their activity by growth complementation in the 

22Δ6AAL strain, using lysine at 500 μM. All single mutants except for E206A, E331Q and 

E331A were able to grow (Table. 1; Supplementary Fig. S1B). Although E247Q and D369N 

were able to grow, their traffic to the plasma membrane was affected, as shown by a high 

internal fluorescence (Fig. 2A). 

Figure 2: Localization and whole cell lysine transport rates of Lyp1-
YPet mutants. (A) Confocal imaging (left) and wide-field images (right). 
All the scale bars represent 2 µm. (B) Bar graph showing whole cell lysine 
transport rate measurements, not corrected (light grey) and corrected for 
protein expression (dark grey).

Mutant dipeptide 500µM 20µM

WT + + +

empty + - -

E206A + - -

K256A + + +

E247Q + + +

E249Q + + +

E331A + - -

E331Q + - -

E323A + + +

E323Q + + +

E164Q + + +

D369A + + +

D369N + + +

Table 1. Selectivity for growth of 
Lyp1-YPet mutants at varying lysine 
concentrations.

Lack-of-function for E331Q/A could be due to misfolding, as only vacuolar localization of 

the mutant proteins was observed. To test whether the mutants are completely inactive 

or if activity is simply insufficient to sustain growth, transport rates were determined 

using radiolabeled lysine uptake assays. We find that all mutants except for E206A, E331Q 
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and E331A accumulated lysine above background level (Fig. 2B). To compensate for the 

expression levels of the different mutants, the transport rates were corrected using the 

median fluorescence of the cell population. This correction does not take into account 

possible mislocalization of the proteins. Mutants D369N and S369A showed transport rates 

comparable to that of wild-type Lyp1, whereas all other growth-sustaining mutants had an 

activity that was an order of magnitude lower. Of these mutants E323Q and E323A had the 

lowest transport rate, which is approximately three times above background but ~40-fold 

lower than wildtype Lyp1. Our assays indicate that of the highly conserved glutamates 

only substitution of Glu331 led to complete misfolding/mistargeting, and that Glu206 is 

important for substrate translocation. 

Next, E206A and E331A were subjected to directed evolution using low concentrations of 

lysine in the selective media. Cells were precultivated to the exponential growth phase 

under non-selective conditions, quickly washed and re-inoculated in the selective medium. 

Generally growth resumed after 3–7 days and a single strain was selected. Of the seven 

independent evolution experiments with the E331A mutant six yielded growth after 7 days. 

In each case Ala331 was reverted back to glutamate, which requires two base substitutions 

(codon GCG->GAC). In the case of E206A, six out of eight cultures started to grow, four 

of which yielded a second-site mutation, one reverted to wildtype and one gave a growth 

advantage independent of Lyp1. Strikingly, the independent evolution experiments resulted 

in mutations at only two sites: Lys256 to Glu or Asn and Val385 to Phe or Leu. To validate 

these mutations as second-site suppressors, the plasmids were isolated and re-transformed 

into the 22∆6AAL strain and grown under selective conditions (Supplementary Fig. S1C). 

All mutants displayed improved localization to the cell periphery and except for V385F all 

mutants fully restored growth. 

Figure 3: Localization and whole cell lysine transport rates of Lyp1-YPet E206A second-site suppressor 
mutants K256E, K256N, V385L and V385F. (A) Bar graph showing whole cell lysine transport rate measurements, 
not corrected (light grey) and corrected for protein expression (dark grey). (B) Confocal images (left) and wide-field 
images (right) are shown. All the scale bars represent 2 µm.
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The transport rate of the double mutants was significantly increased in case of K256E/N 

and V385L but not for V385F (Fig 3A). All strains showed an enhanced localization at the 

periphery of the cell, suggesting that besides functionality also a higher stability was 

achieved (Fig. 3B). The restored growth due to a second-site mutation shows that Glu206 is 

not essential for lysine transport but an acidic residue at this position greatly increases the 

rate of transport. The fact that directed evolution of the E331A mutant yielded revertants 

only suggests that this position is required for correct protein folding and/or plasma 

membrane targeting. Apparently, no other single-site mutation is capable to restore the 

defect of the E331A mutation.

5.3 Discussion

In this work we show the importance of conserved anionic residues for the activity of 

Lyp1. We identified two residues (Glu206 and Glu331) that are important for protein 

function, be it folding/targeting or activity. Furthermore, we show that several conserved 

anionic residues are potentially involved in proton translocation as the uptake rates of the 

corresponding substitution mutants are severely diminished.

We used the 22∆6AAL background for characterization of the Lyp1 mutants, as the main 

transporters involved in lysine transport are deleted in that strain (10). We found that growth 

was impaired up to 500 µM of external lysine, roughly corresponding to the concentration 

in Kaiser medium (417 µM) for which the strain was tested. Surprisingly, at 10 times higher 

concentrations of lysine growth of S. cerevisiae 22∆6AAL was observed, indicating that a 

low-affinity transporter for lysine is present, which yet has to be identified. This finding is 

supported by the increased transport of lysine that is observed in the radiolabeling uptake 

assays. Thus, at 50 µM of lysine we find a rate of transport in 22∆6AAL of ~2 pmol lysine*(106 

cells*min)-1. The presence of a low affinity lysine transporter offers an explanation for the 

observed background growth in the evolution assays, and cultures may resume growth 

independently of a second-site mutation in Lyp1.

The driving force for proton-coupled lysine transport, assuming a 1:1 stoichiometry of 

lysine and protons, corresponds to two times the membrane potential (∆Ψ) as the proton 

and substrate are both cationic and one time the pH gradient. The flux-force relationship 

of Lyp1 shows a strong ΔΨ dependence, and the activity is enhanced by a pH gradient as 

demonstrated in chapter 2. Consequently, proton-uncoupled Lyp1 mutants are expected 

to display a severe decrease in the uptake rate. Whatever the nature of the mutations, 

all mutants were affected in transport activity. Asp369 mutants were not much affected 

and this residue is not essential or important for proton-coupled import. Other mutants 

displayed a severe decrease in activity and transport by E206A and E331A/Q was not 

significant above background. As alternative to proton uncoupling, a decreased affinity for 
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lysine, an increase in ∆G for translocation or reduced levels of Lyp1 in the PM may explain 

the severe decrease in transport rate.

In fact, low levels of Lyp1 at the PM explain the decrease in transport rate observed for 

E331A/Q, E206A, E247Q and E164Q. In these cells Lyp1 is located mainly in the vacuoles 

or remains in the ER as a consequence of protein misfolding, endocytosis or disturbed 

secretory signaling. Although alteration in localization of the transporter influences the 

observed transport rate, this does not exclude the residues’ potential involvement in 

proton translocation. 

The inability of E206A to transport lysine and its vacuolar localization are in agreement with 

the equivalent mutation in Can1, where transport was diminished but binding of the substrate 

remained, as observed by substrate-induced endocytosis (37, 53). We tested the necessity 

for both residues (Glu206 and Glu331) by directed evolution. The finding of revertants 

of E331A through two-nucleotide substitutions emphasizes the importance of Glu331 in 

Lyp1. In contrast, directed evolution of E206A resulted in second-site suppressors. Again 

the mutations required two nucleotide substitutions. Two distinct second-site suppressor 

locations were found: (i) Lys256 (TM5) was substituted for an asparagine or glutamate, 

and (ii) Val385 (loop7) was substituted for a leucine or phenylalanine. Interestingly, K256 

was already identified in our sequence analysis of Lyp1 homologues; substitution at these 

positions yields a diminished uptake but does not fully rescue the E206A mutant.

Based on evolutionary couplings, a model of Lyp1 was generated using the EVfold structure 

prediction software (222-224). The generated model showed a similar 5+5 inverted repeat 

with two extra helices as determined for the APC family members AdiC and ApcT (Fig. 4 

A,B) (21, 27). The residues whose mutants were able to sustain growth are depicted in 

green. Glu164 (TM2), Glu247 (TM5) and Asp369 (loop10) face the outside of the protein, 

Glu249 (TM5) points to the inside facing TM8, and E323 (TM6) is situated in the core of the 

protein close to the predicted lysine-binding site. Glu331 (loop6) and Glu206 (TM3), whose 

substitution mutants are unable to grow, are shown in red. The second-site suppressor 

residues Lys256 (TM5) and Val385 (loop7) are colored orange. The EVfold structure 

prediction model shows a somewhat different topology as previously predicted, with a 

more elongated TM5 due to its tilted position, thereby placing residues 247 and 249 in TM5. 

The model represents an undefined average conformational state, which is obtained by 

determining distance restraints between residues based on their evolutionary coupling. In 

other words, the model is based on the occurrence of mutual variation with another residue 

throughout known sequences of a protein family, which is presented in the form of a 2D 

heat map. In combination with a secondary structure and membrane topology prediction, 

a 3D model is calculated (222). The EVfold model is different from homology modeling as 

it is non-biased by the fold of an existing structure and considers the interaction between 
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Figure 4: Lyp1 EVfold model. Cartoon 3D representation of the Lyp1 EVfold prediction model, based on 
evolutionary couplings (222) found in sequences with up to 20% identity in the UniProt PF00324 family (197). 
Mutations that did not abolish lysine transport (green), that did abolish lysine transport (red), E206A second-site 
mutants (light blue), and residues predicted in lysine binding (37) (purple) are highlighted. (A) Bottom view, (B) Side 
view, (C) Magnification of loop 6 and loop 8 showing that Glu331 (loop 6) in this short turn may have possible π-π 
stacking with Tyr438 (loop 8) (D) Magnification of TM1, TM3, TM5 and TM8 showing that Lys256 (TM5) and Glu206 
(TM3) are separated by 8.6 Å (orange line) with TM1 and TM8 in between.

residues. However, the EVfold prediction model is depending on the number of known 

unique sequences within a protein family and is therefore less useful if less than ~1000 

homologous sequences per residue are available (225). For some residues, like Glu331, the 

EVfold structure provides an explanation for its dysfunction as substitution of a charge in a 

short turn likely has an effect on the overall fold of the protein (Fig. 4C).
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Based on the predicted structure there is no obvious reason why Lys256 and Val385 are 

able to rescue E206A. Lys256 and Glu206 are situated in the middle of the protein, close to 

the predicted substrate-binding site, separated by TM8 (Fig. 4D). Possibly substitution for a 

neutral amino acid changes the lysine-binding site or prevents the structural rearrangement 

from outward- to inward-facing or vice versa, as Glu206 and Lys256 may form a salt bridge 

as intermediate of the translocation cycle. The calculated distance of 8.6 Å between the 

ε-amine and ε-carboxylate group of Lys256 and Glu206, respectively, is insufficient for the 

direct formation of a salt bridge, but possibly structural rearrangements could bring both 

residues within distance. The substitutions of Val385 for Leu or Phe are more difficult to 

explain as suppressors of E206A, given the position of Val385 in loop 7. Possibly a more 

bulky hydrophobic substitution might affect the orientation between Glu206 and Lys256, as 

a change in loop 7 likely shifts TM8, thereby separating Lys256 and Glu206.

In conclusion we exploited the S. cerevisiae 22Δ6AAL strain as a tool for evolving non-

functional lysine transporters through the screening of second-site suppressor mutations. 

Combining our localization studies, activity assays and growth screens we narrowed in on 

four candidate residues (Glu206, Glu323, Lys256, and Glu249) that need a more thorough 

analysis to establish whether they play a role in a proton-coupled transport of lysine by 

Lyp1.

5.4 Methods

5.4.1 Plasmid construction 
The strain used in this study is 22Δ6AAL (10); plasmids and oligonucleotides used are listed in (Tables 
2 and 3), respectively. All point mutations were generated using uracil-excision-based cloning. 
Genomic DNA isolation of S. cerevisiae BY4742 was carried out according to Sherman et al (145). 
For the amplification of DNA with uracil containing primers, polymerase chain reactions (PCR) were 
performed with PfuX7 (146). Otherwise Phusion polymerase (Thermo scientific inc.) was used. 
Amplified fragments were assembled into full plasmids (Table 2) by treatment with DNA glycosidase 
and DNA glycosylase-lyase endo VIII, commercially available as ‘USER’, following the manufacturer’s 
instructions (New England Biolabs, Ipswich, Ma, USA). Single point mutants of Lyp1 variants as listed in 
(Table 2) are derived from pFB0018 by PCR amplification using uracil-excision-based cloning with the 
respective primers as indicated in (Table 3), resulting in pFB024-34. Prior to transformation into the 
22Δ6AAL strain plasmids were amplified in E. coli MC1061, isolated, and verified by DNA sequencing. 

5.4.2 Screening for complementation
Lyp1 mutants were screened for sufficient lysine transport by growth on synthetic dextrose (SD) agar 
plates without lysine and uracil, containing 2% dextrose, 0.67% yeast nitrogen base without amino 
acids, 2 gr/L drop-out lysine, uracil Kaiser mix supplemented (FormediumTM, Norfolk, UK) with either 
200 mg/L lysine dipeptide (Bachem, Bubendorf, Switzerland) as control, 73 mg/L lysine or 2.92 mg/L 
lysine. The plates were incubated for 3 days at 30°C and imaged afterwards using a Fujifilm LAS 3000 
Imager (Fujifilm, Minato, Tokio, Japan).
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5.4.3 Directed evolution 
Lyp1 mutants were precultured at 30˚C under 180 RPM shaking in liquid synthetic dextrose media 
without lysine and uracil, supplemented with lysine dipeptide, containing 2% dextrose, 0.67% yeast 
nitrogen base without amino acids, 2 gr/L drop-out lysine, uracil Kaiser mix (FormediumTM, Norfolk, 
UK) and 200 mg/L lysine dipeptide (Bachem, Bubendorf, Switzerland). Cultures were grown to 
exponential growth phase (OD600 ~0.5-1.0) and washed twice by centrifugation at 3000 x g for 5 
minutes at 4˚C. The supernatant was decanted and cells were resuspended in the same media, where 
lysine dipeptide was exchanged for 500 µM lysine before dilution to an OD600 of ~0.1 in a final volume 
of 100 mL of the same media. Cultures were left to grow at 30˚C under 180 RPM shaking until a 
positive hit appeared (significant growth, visible by the naked eye). Each positive hit was diluted 
200x in the same media and grown under the same conditions to an OD600 of ~1.5-2. From this culture 
plasmid purification was performed as described in section (Plasmid purification from S. cerevisiae). 
To attain higher yields, the plasmid was amplified using E. coli (MC1061) and reisolated using the DNA/
RNA plasmid purification kit (Macherey-Nagel). Subsequently it was reintroduced in the 22Δ6AAL 
strain to ensure that the positive hit resulted from a mutation within the gene. The mutation was then 
identified by DNA sequencing of the open reading frame (ORF). The acquired plasmids with ORFs that 
were different from WT or Lyp1-YPet are listed in (Table 2 pFB035-pFB038).

5.4.4 Plasmid purification from S. cerevisiae
In order to attain high yields of plasmid, an additional zymolyase treatment to remove the cell wall 
was performed by adding 0.1 mg zymolyase to 500 µL cell culture (OD600 of 20) and incubated at 
30˚C for 2 hours. After that plasmid purification was performed according to the DNA/RNA plasmid 
purification kit (Macherey-Nagel).

5.4.5 In vivo transport assays
For in vivo transport assays, proteins were constitutively expressed from plasmid pFB024-34 in S. 
cerevisiae 22∆6AAL (10) in synthetic dextrose (SD) media without lysine and uracil, containing 2% 
dextrose, 0.67% yeast nitrogen base without amino acids, 2 gr/L drop-out lysine, uracil Kaiser mix 
supplemented with 200 mg/L lysine dipeptide. Cultures were grown at 30˚C under 180 RPM shaking for 
2-3 consecutive days, never reaching an OD600 > 1.0. Prior to the transport assay, cells were centrifuged 
at 3000 x g for 5 minutes at 4˚C, the supernatant was decanted and cells were resuspended in ice-cold 
100 mM potassium phosphate, 10 mM glucose, pH 6.0. This was performed twice before resuspension 
to an OD600 of 10. All transport assays were performed in 100 mM potassium phosphate, 10 mM glucose, 
pH 6.0 at 30˚C and 50 µM L-[14C(U)]-lysine. Samples were homogenized by magnetic stirring. At given 
time intervals 50 µL samples were taken and quenched in 2 mL ice-cold stop buffer (100 mM KPi pH 
6.0). Samples were rapidly separated from external medium and collected by ultrafiltration onto a 
0.45 µM pore size nitrocellulose filter (GE-Healthcare, Little Chalfont, UK) and washed with another 2 
mL of the same solution. Filters were dried and subsequently dissolved in 2 mL of scintillation solution 
(Emulsifierplus, PerkinElmer) and vortexed before radioactivity was determined by liquid scintillation 
counting (Tri-Carb 2800TR liquid scintillation analyzer, PerkinElmer). Samples were normalized for 
fluorescence and/or cell count using a flow cytometer (Accuri).

5.4.6 EVfold model
an EVfold prediction model for Lyp1 was generated (jul 6 2015) using the EVfold prediction software 
(222-224) www.EVfold.org. The following parameters deviating from the default settings are given: 
protein: Uniprot accession no. P32487, alpha helical TMM domain: Yes, Pfam member selector: 
PF00324, minimum sequence identity: 20%, membrane topology override: TOPCONS (http://topcons.
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Plasmids Characteristics Reference

pRS316 Single copy shuttle vector with ura3 selection marker Sikorski et al. (164)

pFB002 pDDGFP-2 derivative with lyp1 fused to YPet Chapter2

pFB017 pRS316 derivative with lyp1 locus Chapter2

pFB018 pRS316 derivative with lyp1 locus fused to TEV-YPet-his Chapter2

pFB024 Lyp1 E164Q derivative of pFB018 This study

pFB025 Lyp1 E206A derivative of pFB018 This study

pFB026 Lyp1 E247Q derivative of pFB018 This study

pFB027 Lyp1 E249Q derivative of pFB018 This study

pFB028 Lyp1 K256A derivative of pFB018 This study

pFB029 Lyp1 E323Q derivative of pFB018 This study

pFB030 Lyp1 E323A derivative of pFB018 This study

pFB031 Lyp1 E331Q derivative of pFB018 This study

pFB032 Lyp1 E331A derivative of pFB018 This study

pFB033 Lyp1 D369N derivative of pFB018 This study

pFB034 Lyp1 D369A derivative of pFB018 This study

pFB035 Lyp1 K256E derivative of pFB025 This study

pFB036 Lyp1 K256N derivative of pFB025 This study

pFB037 Lyp1 V385L derivative of pFB025 This study

pFB038 Lyp1 V385F derivative of pFB025 This study

Primer 
name

Sequence Purpose

Pr1 GGCGGCCGCTCTAGAACTAGTGGATCCCCCGATTTGAGTACTATCGCTGGC lyp1 allele to prs316 rev

Pr2 GATAAGCTTGATATCGAATTCCTGCAGCCCATTGCCATTGGAGAAAGCCC lyp1 allele to prs316 fw

Pr3 TCACAGAACCTCTTGCATGCC Amplification pFB00pre without lyp1 ORF

Pr4 ATATATATATATATACGATGTCTTTTGTTATCGTTATAGACAATGC Amplification pFB00pre without lyp1 ORF

Pr5 GCATTGTCTATAACGATAACAAAAGACATCGTATATATATATATATATGGGCAG-
GTTTAGTAACATAATAAC

Amplification of lyp1-tev-YPet-his from pFB002

Pr6 CTATTTTGAAGGCATGCAAGAGGTTCTGTGATTAATGATGATGATGATG-
GTGGTG

Amplification of lyp1-tev-YPet-his from pFB002

Pr7 ATGGCTACGUTTATCCCCGTGACATCATCTATCACTG Fw primer for E164Q point mutation in lyp1

Pr8 ACGTAGCCAUCTGACCAAGTGACTGGGTAACGAAGTAG Rev primer for E164Q point mutation in lyp1

Pr9 ACTTATGCTGUGGCCGTTTCTGTCATTGGCCAAGTTATTG Fw primer for E206A point mutation in lyp1

Pr10 ACAGCATAAGUAATAGCCCAATTGAACCAGTACATG Rev primer for E206A point mutation in lyp1

Pr11 ATGGTCAATTUGAGTTCTGGGTGGCCTCTGTTAAAG Fw primer for E247Q point mutation in lyp1

Pr12 AAATTGACCAUAAACTTTGACAGGGAAAAAATTCATCAAAG Rev primer for E247Q point mutation in lyp1

Pr13 AGTTCTGGGUGGCCTCTGTTAAAGTTTTAGCCATTATG Fw primer for E249Q point mutation in lyp1

Pr14 ACCCAGAACUGAAATTCACCATAAACTTTGACAGGG Rev primer for E249Q point mutation in lyp1

Pr15 AGCCATTAUGGGTTACTTGATATATGCTTTGATTATTG Fw primer for K256A point mutation in lyp1

Pr16 ATAATGGCUAAAACTGCAACAGAGGCCACCCAGAACTC Rev primer for K256A point mutation in lyp1

Table 3. Primers used in this study

Table 2. Plasmids used in this study

cbr.su.se) (170), membrane topology prediction: default settings, input: Uniprot accession nr P32487. 
The retrieved PDB file was analyzed using PyMOL (The PyMOL Molecular Graphics System, Version 

1.5.0.4 Schrödinger, LLC).
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Primer 
name

Sequence Purpose

Pr17 ACTCAACTGGUTGGGATCACCGCTGGTCAAG Fw primer for E323Q point mutation in lyp1

Pr18 ACCAGTTGAGUACCTTGGTACGTAAATGCAGCATTAATC Rev primer for E323Q point mutation in lyp1

Pr19 ACTGCCCTGGUTGGGATCACCGCTGGTGAAG Fw primer for E323A point mutation in lyp1

Pr20 ACCAGGGCAGUACCTTGGTACGTAAATGCAGCATTAATC Rev primer for E323A point mutation in lyp1

Pr21 ATCACCGCTGGUCAAGCGGCTAACCCAAGAAAGACC Fw primer for E331Q point mutation in lyp1

Pr22 ACCAGCGGUGATCCCAACCAGTTCAGTACCTTGG Rev primer for E331Q/A point mutation in lyp1

Pr23 ATCACCGCTGGUGCCGCGGCTAACCCAAGAAAGACC Fw primer for E331A point mutation in lyp1

Pr24 ATACAACGCGUCCCGTTTATCTGCTAGTTCTGCTGTTATTGC Fw primer for D369A point mutation in lyp1

Pr25 ACGCGTTGTAUGGAACCAGTAGACCAATAAAGAAC Rev primer for D369A point mutation in lyp1

Pr26 ATACAACAATUCCCGTTTATCTGCTAGTTCTGCTGTTATTGC Fw primer for D369N point mutation in lyp1

Pr27 AATTGTTGTAUGGAACCAGTAGACCAATAAAGAAC Rev primer for D369N point mutation in lyp1
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5.6 Supplement

Figure S1: Lysine concentration-dependent growth. (A) Lysine growth selectivity of the 22∆6AAL strain with a 
plasmid containing Lyp1-YPet under the native promoter (+) or an empty plasmid (-). The lysine concentration in 
the SD -Ura, Lys agar plates was 0, 5µM, 50 µM, 500 µM, 5 mM, 50 mM or 500 mM. (B) Growth screen of Lyp1-YPet 
mutants on SD -Ura, Lys plates supplemented with 200 mg/L lysine dipeptide, 500 µM lysine or 20 µM lysine. (C) 
Growth screen of Lyp1-YPet E206A second-site suppressor mutants on SD -Ura, Lys plates supplemented with 200 
mg/L lysine dipeptide, 500 µM lysine or 20 µM lysine.




