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Abstract

The emergence of new protein functions is crucial for the evolution of organisms. This
process has been extensively researched for soluble enzymes, but it is largely unexplored for
membrane transporters, even though the ability to acquire new nutrients from a changing
environment requires evolvability of transport functions. Here, we demonstrate the
importance of environmental pressure in obtaining a new activity or altering a promiscuous
activity in members of the Amino acid-Polyamine-organoCation (APC)-type yeast amino acid
transporters family. We identify APC members that have broader substrate spectra than
previously described. Using in vivo experimental evolution, we evolve two of these
transporter genes, AGP1 and PUT4, towards new substrate specificities. Single mutations on
these transporters are found to be sufficient for expanding the substrate range of the
proteins, while retaining the capacity to transport all original substrates. Nonetheless, each
adaptive mutation comes with a distinct effect on the fitness for each of the original
substrates, illustrating a trade-off between the ancestral and evolved functions. Collectively,
our findings reveal how substrate-adaptive mutations in membrane transporters contribute
to fitness and provide insights into how organisms can use transporter evolution to explore
new ecological niches.

eLife assessment

This valuable manuscript describes a genetic system in yeast used to find mutations
in two distinct amino acid transporters that enable the cells to utilize additional
amino acids as a nitrogen source. The study provides solid evidence in membrane
proteins of a phenomenon that has been previously described in enzymes: that
substrate specificity can be altered through the introduction of point mutations to
either the ligand binding site or gating helices. This work establishes that amino acid
transporters likely evolved specific functionality/specificity from an ancestral
transporter that could transport most amino acids.
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Introduction

Life continuously creates genetic innovation, e.g., genes coding for proteins with novel functions.
Most new genes emerge by modification of existing genes rather than de novo [1     ]. The first who
connected the generation of new functions with the accumulation of mutations and duplication of
pre-existing genes was Müller [2     ]. Later on, different theories arose discussing the point at
which divergence takes place [3     –6     ]. Modern evolutionary models assume an ancestral gene
to acquire a novel function while retaining its original function [6     –10     ]. If a novel function is
beneficial for the organism, the gene variant is subjected to positive selection. Consecutive
duplication of the gene allows the establishment of the new function in the population. This model
of divergence prior to gene duplication allows for the accumulation and selection of mutations
with adaptive potential while the original gene function is maintained, thus creating a ‘generalist’
gene with multiple functions [11     ].

When considering the evolution of novel gene functions, the substrate range of ‘classical’, soluble
enzymes is arguably the most archetypal field of study, important for the rapid evolution of
antibiotic resistance, degradation of artificial xenobiotics, or use of new nutrients [8     , 12     ]. The
substrate spectrum of an enzyme is often a key determinant of the fitness of an organism.
Generally, enzymes are thought of as being highly specific for a certain substrate or a group of
chemically similar substrates. Nonetheless, many enzymes studied in isolation show side activities
towards other substrates [12     –14     ]. These side activities are often obscured in the complex
setting of a biological cell, and as such contribute little to the fitness of the organism. However,
these side activities are thought of as a major source for genetic innovation: proteins can evolve
the ability to use new substrates by improving an already existing, but low, side activity [15     –
18     ].

Membrane transporters form a special class of enzymes, as they generally do not break or make
covalent bonds. Hence, they experience fewer constraints of the chemistry of their substrates. In
principle, any small molecule can be transported through a lipid membrane. Thus, it is not
surprising that life has evolved transport systems for virtually every metabolite, ion, and
xenobiotic [19     , 20     ]. In many branches of the tree of life, transporter genes underwent
processes of repeated duplication and divergence, leading to extended gene families; many
genomes have an array of transporter paralogs [12     , 20     –22     ]. Typically, each paralog
displays a distinct substrate specificity profile, and thus a distinctly evolved function. Some
notable examples of gene family expansion are found within the APC (Amino acid-Polyamine-
organoCation) superfamily of transporters, which include: the neurotransmitter transporter
family in animals (20 paralogs in human, TC 2.A.22), the AAAP family in plants (58 paralogs in rice,
TC 2.A.18), the AAT family in Proteobacteria (11 paralogs in Escherichia coli, TC 2.A.3.1), and the
yeast amino acid transporter family (YAT) in fungi (18 paralogs in budding yeast, TC 2.A.3.10). The
APC superfamily is the second-largest group of membrane transport proteins [23     ].

Most APC superfamily members are transporters for amino acids, their analogs, or related amines.
Some transporters are generalists, accepting a wide range of substrates; others are considered
specialists, recognizing one or a few related substrates [21     , 24     ]. How do such patterns arise?
Does the evolution of specialists move through a generalist stage? Or do new specialists evolve
through switching from one specific substrate to another? For classical enzymes, many lines of
evidence point to the former [8     , 12     , 13     , 25     , 26     ]. However, the evolution of new traits
in the special case of transporters is understudied, partly because of a lack of appropriate
experimental evolution methods [27     ].

Here, we propose that APC-type transporters can evolve novel functions through generalist
intermediates, similar to classical enzymes. We showcase the presence of so far unknown
substrates of five out of seven studied yeast amino acid transporters and develop a growth-based
selection platform. Utilizing in vivo experimental evolution, under purifying selection for the
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original function and simultaneous selection for a new function, we evolve the substrate spectrum
of two of these transporters. We show that the acquired mutations result either in improving an
existing weak activity or in establishing activity for a new substrate. At the same time, each
mutation has a distinct impact on the fitness of the organism for each of the transporter’s original
substrates.

Results

The budding yeast, Saccharomyces cerevisiae, typically encodes 18 members of the yeast amino
acid transporter (YAT) family, each with a different substrate profile [24     ]. This array of
transporters enables yeast to use 20 different L-amino acids as the sole nitrogen source in minimal
media. These include 17 of the 20 proteinogenic amino acids (the exceptions are Cys, His, and Lys)
and 3 non-proteinogenic ones [γ-amino butyric acid (GABA), L-ornithine (Orn), and L-citrulline
(Cit)]. Here, we use an engineered yeast strain (Δ110AA) that lacks ten membrane transporters for
amino acids [28     ]. This strain is thus severely deficient in the uptake of amino acids, preventing
it from using most of them as the nitrogen source. When an amino acid transporter is genetically
reintroduced, its substrate profile directly determines which amino acids can support growth. In
the following text, the gene names are used in place of the protein names for consistency (e.g.,
AGP1 instead of Agp1). The Δ110AA yeast strain expressing different transporter genes was used in
all growth and transport assays.

Substrate spectrum of seven
yeast amino acid transporters

We investigated the substrate profile of seven yeast amino acid transporters, by measuring the
growth rates of Δ110AA strains overexpressing each transporter gene from pADHXC3GH, in the
presence of 2 mM of each amino acid that served as nitrogen source. We determined growth rates
in order to study each transporter’s substrate range separately. For five of the seven transporters
tested, we found substrates that were not previously reported in literature. These substrates were
identified by significantly increased growth rates of Δ110AA expressing the respective transporter
in comparison to the strain carrying the empty plasmid (vector control) (Table 1     ). Because of
high background growth of the vector control on Arg and Orn (probably due to the activity of the
VBA5 transporter [29     ]), these two amino acids were excluded from further analysis.
Additionally, some growth of the empty vector control was observed on Gly, Trp, Leu, Met and Gln,
which complicates the interpretation of the data. The observed growth could indicate an unknown
substrate specificity of an endogenous transporter. We observed that some of the newly
characterized substrates support growth rates in similar ranges as the transporter’s substrates
already reported in literature, while other substrates support very slow growth rates, which we
call weak or promiscuous activities (Figure 1      and Figure 1     –figure supplement 1).

Only amino acids showing a significantly higher growth rate than the vector control (ANOVA with
Dunnett’s test against vector, p < 0.05) are shown. Substrates newly identified in this study are
underscored. Substrates with an asterisk cannot be used as the sole N-source by S. cerevisiae. For
AGP1, Cit was verified as an actual substrate in a separate experiment (Figure 4     –figure
supplement 2) because of a very low growth rate.

For example, BAP2, previously reported to transport seven amino acids, was found to support
growth on 16 amino acids (specific growth rate µ = 0.07-0.31 h-1), making it a broad range
transporter. The differences on the observed growth rates on each amino acid can be explained by
differences in the activity of the overexpressed transporter for these substrates or changes in the
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Figure 1.

YAT transporters support growth on a range of amino acids.

Growth rates of Δ10AA expressing one of seven different wild-type YAT genes (AGP1, BAP2, CAN1, HIP1, LYP1, MMP1, PUT4)
from pADHXC3GH and the empty vector control on 2 mM of each amino acid. Error bars represent the SEM (n ≥ 3). For the
respective growth curves see Figure 1     –figure supplement 1. For the respective growth rates see Supplementary Dataset 1.

https://doi.org/10.7554/eLife.93971.1
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Table 1.

Substrate range of transporters used in this study.
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expression level of the endogenous transporter. Specifically, the 2-fold higher growth rate on Leu
compared to Pro could be caused by a higher transcription rate of the endogenous transporter in
the presence of Leu [31     , 32     ]. Another transporter which showed a broader substrate range
than previously reported is PUT4. The PUT4 transporter was found to support fast growth on Ser
(µ = 0.21 h-1) and slow growth on Val (µ = 0.03 h-1), in addition to the already reported transport of
Ala, Gly, Pro and GABA. AGP1, an already known broad range transporter, additionally supports
very slow growth (µ = 0.03 h-1) on Cit (L-citrulline), which is lower than the growth rate on any of
the previously known substrates (µ = 0.11-0.31 h-1). As a comparison, growth on ammonium,
which does not depend on amino acid transporters, yielded the highest measured growth rate of µ
= 0.36 h-1 (vector control, data not shown).

Experimental evolution of
membrane transporter specificity

We tested whether the substrate range of amino acid transporters could be changed by
experimental evolution, either by improving promiscuous activities or by evolving towards
completely new substrates. For the former, we chose to study AGP1 under a selective pressure for
Cit uptake. For the latter, we studied PUT4 under selective pressures for uptake of Asp and Glu. For
the in vivo evolution, the OrthoRep system was used, which allows for random mutagenesis of a
gene while it is actively expressed in yeast [33     , 34     ]. Each of the two transporter genes was
encoded on this system and introduced into the transport-deficient Δ10 strain, with additional
Δura3 and Δhis3 deletions needed for selection.

To select for mutants with changed substrate specificity, we employed a dual-selection scheme:
The cultures were grown in minimal medium containing a nitrogen-limiting mixture of amino
acids (1 mM final concentration) to ensure low-level growth of the culture. A concentration of 3
mM of the target substrate was added in the selection for evolved mutants. We expect that
nonfunctional transporters are purged from the evolving population, transporters with the
original substrate range are kept in low numbers, and transporter variants with novel substrates
can increase to high numbers.

The cultures of AGP1 and PUT4 evolution strains were passaged for multiple generations in the
selective media. Colonies that supported growth on the target amino acid were isolated, and the
transporter gene was sequenced and re-introduced into Δ10AA cells. Three AGP1 variants from Cit
selection and three PUT4 variants each from Asp and Glu selection (Table 2     ) conferred the
ability to grow on the respective amino acids (Figure 2     –figure supplement 1 and Figure 2     –
figure supplement 2).

Each evolved AGP1 variant had multiple nonsynonymous mutations, most of which occurred in
the predicted transmembrane part of the protein (Figure 2      and Figure 2     –figure supplement
3). In two of the three variants, the I334N (transmembrane helix TM6) mutation was found. The
I334 position is located at the permeation pathway of the protein as predicted from AlphaFold
[35     ]. A mutation in position A484 (TM10) was found in two variants (A484G and A484T).
Additionally, mutations were found at the intracellular N-terminus (S41P, D103G) and the
predicted transmembrane helices further away from the permeation pathway (I537V in TM11,
F562L in TM12).

Most PUT4 variants had multiple nonsynonymous mutations, again mostly in the predicted
transmembrane part of the protein (Figure 2      and Figure 2     –figure supplement 3).
Interestingly, each variant from both Asp and Glu selections had the same L207S mutation (TM3).
Overlay of homologous and structurally similar proteins indicates that this position is structurally
conserved and part of the substrate-binding site of the transporter (Figure 2     –figure supplement
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Figure 2.

Positions of the substituted amino acids investigated in this study.

Side and top views of the AlphaFold models of AGP1 (AF-P25376) (A) and PUT4 (AF-P15380) (B) visualized in ChimeraX (1.3.0)
[36     ]. The amino acids of interest are highlighted in different colors. The respective TMs are presented in circles. The
predicted substrate binding site is represented as dashed circle.

https://doi.org/10.7554/eLife.93971.1
https://doi.org/10.7554/eLife.93971.1


Foteini Karapanagioti et al., 2024 eLife. https://doi.org/10.7554/eLife.93971.1 8 of 36Foteini Karapanagioti et al., 2024 eLife. https://doi.org/10.7554/eLife.93971.1 8 of 36

Table 2.

Evolved AGP1-Cit variants and PUT4-Asp and -Glu variants.
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4) [37     ]. A change from a large hydrophobic residue to a small hydrophilic residue is thus
expected to considerably change the properties of the substrate-binding site. Furthermore, in two
of the three variants from Asp selection, the F492L mutation (TM10) was found. Mutations were
also found at the intracellular N-terminus (I64T), between TM4 and TM5 (S245F), in TM6 (G319D),
and in TM10 (V479A).

Single mutations are sufficient
for altered substrate specificity

We wondered whether the altered substrate specificities could be conferred by single mutations.
We made site-directed mutations in the wild-type transporter genes and tested the variants for
uptake of Cit (AGP1) and Asp/Glu (PUT4). The shorthand names for each site-directed mutant can
be found in Table 2     .

For the AGP1 gene, mutations in positions that occurred multiple times were investigated (i.e.,
I334N, A484G, and A484T; respective abbreviations AGP1-N, AGP1-G and AGP1-T). Additionally, the
I412V mutation was included in the study (shorthand AGP1-V), along with a double mutant
combining I334N and I412V (abbreviation AGP1-NV, recreating the genotype observed in AGP1-
Cit1). To compare the growth of the mutants on Cit media, the growth rate of Δ10AA expressing
each variant from the plasmid pADHXC3GH was measured. Strikingly, each of the variants showed
a large increase in growth rate relative to the wild-type (Figure 3A     ). Specifically, the growth rate
increased 1.9-fold for AGP1-N, 2.4-fold for AGP1-V, 3.2-fold for AGP1-G, and 2.4-fold for AGP1-T. The
double mutant AGP1-NV showed a growth rate increase that is higher than each of its single
mutants (2.8-fold). In separate uptake assays with radiolabeled Cit, we found a similar general
trend of higher uptake rate of Cit by the mutants (Figure 3B     ); the relatively slow uptake and
inherent experimental variation of the measurements prevented sound statistical analysis (Figure
3     –figure supplement 1A). We thus conclude that each of the tested single mutations are adaptive
for growth on Cit as the nitrogen source.

Regarding the PUT4 gene, we focused on the L207S single mutation since it occurred in all evolved
variants (mutant abbreviation PUT4-S). The growth rates of Δ10AA expressing either the wild-type
or the PUT4-S variant from pADHXC3GH were measured. While the wild-type transporter
conferred no growth in the presence of Asp and Glu, the PUT4-S variant allowed growth on both of
these substrates, showing that the single mutation is sufficient to change the specificity range of
the transporter (Figure 3C     ). To confirm that the observed growth is due to transport of a novel
substrate by PUT4-S, we conducted a whole-cell uptake assay with radiolabeled Glu. Indeed, Glu
was only taken up by the mutant, whereas the wild-type PUT4 behaved like the vector control
(Figure 3D      and Figure 3     –figure supplement 1B).

Single mutations have distinct impacts
on the fitness for the original substrates

Above, we established that amino acid transporters can be evolved towards new specificity or
increased activity of a substrate by just one mutation. Next, we wanted to know how these
adaptive mutations affect the original substrate range and specificity of the transporters. Are the
original substrates still transported by the variants? And if so, how does the transport compare to
the wild-type? For that, we compared the fitness effects of the AGP1 and PUT4 variants for their
respective substrates. The relative fitness of each mutant in the studied media was calculated from
the growth rate of yeast expressing that mutant, normalized to the growth rate of yeast expressing

https://doi.org/10.7554/eLife.93971.1
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Figure 3.

The evolved variants support growth and uptake of the respective amino acids.

(A) Growth rate of the AGP1 variants and the vector control on 2 mM Cit. Error bars represent the SEM (n ≥ 3). (B) Uptake rate
of 1 mM 14C-Cit by whole cells expressing different AGP1 variants or none (vector control). Error bars represent the SEM (n ≥
3). Asterisks indicate the degree of significant difference (one-way ANOVA with a Dunett’s test; ** p < 0.01, * p < 0.05)
between the AGP1 variants and wild-type. (C) Growth rate of the PUT4 variants and the vector on 2 mM Asp and Glu. Error
bars represent the SEM (n ≥ 3). (D) Uptake rate of 1 mM 14C-Glu by whole cells expressing different PUT4 variants or none
(vector control). Error bars represent the SEM (n ≥ 3). Asterisks indicate the degree of significant difference in pairwise
comparisons between the transporter-expressing variants (Student’s t-test; ** p < 0.01, * p < 0.05).
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the wild-type transporter. Additionally, we measured the uptake rates of a set of original
substrates in whole cells to investigate if the growth fitness effects were due to changed transport
activity.

For the AGP1 variants, we measured growth rates for 17 substrates (Figure 4      and Figure 4     –
figure supplement 1-S8) and found that none of the single and double mutants had lost the
capacity to grow on any of the original substrates. As a general trend, the AGP1 variants had a
lower fitness than the wild-type, although some had a higher fitness for a given substrate.

The AGP1 variants had different growth rates on the original substrates (Table 3      and Figure
4B     ). The amino acid substitutions I334N and I412V had a different effect on the relative fitness
depending whether they were analyzed individually or together in the double mutant. Specifically,
the AGP1-V variant showed significantly increased relative fitness on GABA as nitrogen source,
while showing no significant differences in any of the other substrates. The AGP1-N variant
showed decreased relative fitness on the negatively charged amino acids Asp and Glu, as well as
on Ala. The double mutant AGP1-NV showed decreased relative fitness on the majority of the
tested amino acids (a total of 12 out of 17), including the ones in which the single mutant AGP1-N
also exhibited decreased relative fitness. Interestingly, the AGP1-NV did not show significantly
increased relative fitness in GABA, in contrast to AGP1-V. Despite the higher relative fitness of the
double mutant on Cit (2.8) compared to that of the single mutants, the variant’s low relative fitness
on the rest of the amino acids has a greater cost on the overall fitness of that strain (0.78). Also, the
observed mistargeting of the transporters to internal membranes in the cases of AGP1-N and
AGP1-NV could indicate misfolding of a fraction of the proteins, which could impact the relative
fitness (Figure 5A     ).

The fitness effects were drastically different between AGP1-G and -T, both having A484 substituted.
The AGP1-G variant showed significantly increased relative fitness on GABA and a trend of overall
increased relative fitness on small aliphatic amino acids of intermediate hydrophilicity (Pro, Gly).
Simultaneously, its relative fitness on Cit was higher than any of the other mutants. AGP1-T
showed mainly negative relative fitness effects, with decreased relative fitness for charged amino
acids and the majority of non-polar amino acids (a total of 9 out of 17).

The idea that the observed fitness effects are due to changed transport activity and/or affinity
constant for the substrate was investigated by measuring the uptake rates of radiolabeled Phe and
Glu. The uptake was measured at two different amino acid concentrations, namely 0.1 mM and 2
mM, which are respectively lower and higher than the Km of the wild-type protein for amino acids
[Km = 0.2-0.79 mM (reviewed in [24     ])] (Figure 5      and Figure 5     –figure supplement 1). For Glu
it was found that the uptake rates at both concentrations (Figure 5C      and D     ) correlate well
with the relative fitness. An almost identical pattern was observed when the uptake and the
growth rates of the variants were compared at 2 mM Glu (Figure 5B      and D     ). The fact that
AGP1-N, AGP1-NV and AGP1-T showed a pattern of both reduced growth rate and reduced uptake
rate compared to the wild-type indicates that the relative fitness indeed is linked to the activity of
the transporter. Equivalently, in the case of Phe as nitrogen source, the relative fitness and uptake
rate of the AGP1 variants followed similar trends. At 2 mM Phe, the effects on uptake were almost
congruent to the growth rates (Figure 5E      and G     ). The reduced uptake and growth rate of
AGP1-NV compared to the wild-type indicates that the lower fitness of the AGP1-NV on Phe
possibly stems from its reduced transport rate, but an effect of the internalization of the
transporter cannot be excluded (Figure 5A     ).

The growth rates of Δ10AA expressing PUT4 and PUT4-S showed that the mutation affects
considerably the relative fitness of the strain in three of the original substrates (Figure 6B     ).
Specifically, PUT4-S was associated with a significant fitness loss during growth on 2 mM Ala and
GABA, and a fitness gain in Val. To investigate the phenotype further, we followed the uptake of
radiolabeled Ala and GABA at a concentration of 10 μM, well below the reported Km (reviewed in

https://doi.org/10.7554/eLife.93971.1
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Figure 4.

Relative fitness of evolved AGP1 variants.

(A) Relative fitness of AGP1 variants and the control strain for the growth on each of 17 amino acids as the sole nitrogen
source. The relative fitness was calculated separately for each amino acid by dividing the growth rate of the mutant by the
mean growth rate of the wild-type AGP1. Error bars represent the SEM (n ≥ 3). For the respective growth curves see Figure
4     –figure supplement 1. (B) Mean relative fitness of AGP1 variants per substrate as a function of the amino acid hydropathy
index (x axis) and molecular volume (y axis). Color corresponds to relative fitness. The plot is based on the growth rate
measurements of panel (A).
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Figure 5.

Effects of evolved AGP1 mutations on the growth and uptake of original substrates.

(A) Localization of the AGP1 variants in whole cells by fluorescence microscopy. (B) Growth rate of the AGP1 variants and the
vector on 2 mM Glu. Error bars represent the SEM (n ≥ 3). (C-D) Uptake rate of 0.1 (C) and 2 mM (D) 14C-Glu in whole cells
expressing different AGP1 variants or none (vector control). In the case of AGP1-G, the assay was performed with 2 mM 3H-
Glu and is presented as independent experiment. Error bars represent the SEM (n ≥ 3). (E) Growth rate of the AGP1 variants
and the vector control on 2 mM Phe. Error bars represent the SEM (n ≥ 3). (F-G) Uptake rate of 0.1 (F) and 2 mM (G) 14C-Phe in
whole cells expressing different AGP1 variants or none (vector control). Error bars represent the SEM (n ≥ 3). Asterisks
indicate the degree of significant difference (one-way ANOVA with a Dunett’s test; ** p < 0.01, * p < 0.05) between the AGP1
variants and wild-type. For the respective uptake curves see Figure 5     –figure supplement 1.
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Table 3.

Substrates of AGP1 strains with statistically significant relative fitness differences.
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[24     ]) (Figure 6      and Figure 5     –figure supplement 2). As with AGP1 variants, the relative
fitness and uptake rate trends coincided, indicating that the slower amino acid uptake may cause
the slower growth of PUT4-S on both Ala and GABA (Figure 6C      and D     ). Additionally, we
investigated the uptake of Gly, another known substrate of PUT4. Due to high background growth
of the Δ10AA strain on Gly, there was no significant difference in the growth rates between PUT4-
expressing and vector control cultures. However, the uptake assays showed a clear transport
activity of the wild-type PUT4 strain, which decreased dramatically in the case of PUT4-S (Figure
6E     ). There is thus a clear cost of the mutation on the uptake of Gly.

The wild-type transporter supported very slow growth on Val (µ = 0.03 h-1) and we therefore
consider its transport a promiscuous activity. This coincides with the larger size and
hydrophobicity of the Val molecule relative to Ala, GABA, Gly, Pro and Ser. For Val, the fitness of
PUT4-S was dramatically increased compared to wild-type (2.4-fold), which could be explained
with the predicted size increase of the substrate-binding site of the transporter (see above). Thus,
the gain-of-function mutation L207S affected the transport of at least four original substrates,
three of which negatively, and one positively.

Single mutations can significantly broaden the
substrate range of amino acid transporters

All variants with increased fitness for one substrate can still transport the wild-type’s original
substrates. For AGP1, each of the four tested single mutants as well as the double mutant retained
the ability to confer growth on all amino acids that we tested.

Similarly, for PUT4, the L207S mutation added transport of Glu and Asp, while still retaining the
ability to transport the original substrates Ala, GABA, Gly, Pro, Ser, and Val. Since we established
that one single evolutionary mutation extended the strain’s growth by two additional amino acids,
we wondered whether this mutation also impacted the overall substrate range of the transporter.
Therefore, growth assays for the PUT4-S strain were conducted with 18 amino acids (Figure 7A     ).
Remarkably, the transporter variant conferred growth on 15 of the studied substrates. Specifically,
the evolved variant transports Asp and Glu (the amino acids used for the initial selection), as well
as Asn, Cit, Gln, Thr, Ile, Leu and Met in addition to the six substrates of the wild-type transporter
PUT4. Regarding the growth on Gln, we note that although the growth rates of PUT4-S and PUT4
were not significantly different, the shape of the growth curve implies that Gln is indeed taken up
(Figure 4     –figure supplement 1). In the case of growth on Phe and Trp, the results were not
conclusive due to the high background growth of the vector control strain.

Upon grouping the amino acids according to their size and hydropathy index [38     , 39     ], a clear
trend emerged for the novel substrates of PUT4-S. In addition to the small substrates of low and
intermediate hydrophilicity, the evolved variant facilitates the uptake of larger hydrophobic
amino acids (Ile, Leu, Met) as well as hydrophilic amino acids (Thr, Asp, Asn, Gln, Glu, Cit) (Figure
7B     , colored area 2 and 1 respectively). Thus, we showcase that a single adaptive mutation is
sufficient to evolve a narrow-range transporter (PUT4: 6 substrates) to a broad-range transporter
(PUT4-S: 15 substrates).

Discussion

Different theoretical models have been developed to explain the origin of new functions in
proteins. Many favor the idea that new functions are acquired prior to gene duplication while the
original functions are maintained [11     ]. While these models have been used to describe the
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Figure 6.

Effects of evolved PUT4-S mutation on the growth and uptake of original substrates.

(A) Localization of the PUT4 variants in whole cells by fluorescence microscopy. (B) Relative fitness of PUT4-S and the vector
for the growth on 6 amino acids as the sole nitrogen source. The relative fitness was calculated separately for each amino
acid by dividing the growth rate of the mutant by the mean growth rate of the wild-type PUT4. Error bars represent the SEM
(n ≥ 3). For the respective growth curves see Figure 4     –figure supplement 1. (C-E) Uptake rate of 10 μM 14C-Ala (C), GABA
(D) or Gly (E) in whole cells expressing PUT4 variants or none (vector). Error bars represent the SEM (n ≥ 3). Asterisks indicate
the degree of significant difference in pairwise comparisons between the transporter-expressing variants (Student’s t-test;
** p < 0.01, * p < 0.05). For the respective uptake curves see Figure 5     –figure supplement 2.
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Figure 7.

The evolved PUT4-S mutation broadens the substrate range of the transporter.

(A) Growth rate measurements of PUT4 variants and the vector control on 2 mM of 18 different amino acids as the sole
nitrogen source. Error bars represent the SEM (n ≥ 3). Asterisks indicate the degree of significant difference in pairwise
comparisons (Student’s t-test; ** p < 0.01, * p < 0.05). For the respective growth curves see Figure 4     –figure supplement 1.
(B) Mean relative fitness of PUT4-S per substrate as a function of the amino acid hydropathy index (x axis) and molecular
volume (y axis). Diamond shapes indicate novel substrates not found in the wild-type PUT4. Color corresponds to relative
fitness. The plot is based on the same growth rate measurements as (A).
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evolution of functions in soluble enzymes, we showcase that the theory also applies to membrane
transporters. To simulate natural transporter evolution, we evolved in vivo two yeast amino acid
transporters, AGP1 and PUT4, with selective pressure for transport of novel substrates.

We show that the substrate spectrum of five wild-type yeast amino acid transporters is
substantially broader than previously described. The use of a growth-based screening process
enabled us to identify so far unknown substrates (up to nine in the case of BAP2). The transporter
genes were expressed from a multicopy plasmid (2µ origin of replication), where the number of
plasmid copies that each daughter cell receives is stochastic [40     ]. Cells with different copy
numbers could potentially have an advantage in our growth rate-based measurements of
transporter activity. Thus, the mean copy number of the culture is expected to change during the
3-day cultivation period. The growth rate is therefore a measure of the fitness of the strain when
the transporter gene copy number is optimized, which is probably the reason why the growth-
based assay is so sensitive for promiscuous transporter activities that have not been described
before.

It is apparent that the relative fitness of each strain expressing a transporter depends on the
amino acid provided. For the strain expressing AGP1, Cit supports very low growth rates indicative
of a promiscuous uptake activity by AGP1 that has not been reported previously. We show that
upon the presence of selective pressure for the uptake of Cit, this weak transport activity of AGP1
is increased by adaptive mutations. Each of the five studied mutants resulted in a gain of relative
fitness for growth on Cit. The differential Cit uptake rates of the single and double mutants
showcase how in vivo experimentally generated single mutations can alter the substrate spectrum
of the yeast amino acid transporters without the loss of ancestral functions. Our observations are
in line with studies of substrate promiscuity being the result of adaptive mutations in different
membrane transporters [41     –47     ]. The altered specificity for a substrate, which is mirrored in
our case in the altered fitness, could be a result of a different affinity constant for the amino acid
and/or maximal transport rate.

We also established that through applying evolutionary pressure upon the PUT4 membrane
transporter, single mutations can emerge in the population which provide a gain of function. The
newly obtained function is essential for the survival of the organism in the new environment.
Interestingly, the same mutation (L207S) in the PUT4 gene was found when evolutionary pressure
was applied for the growth on media supplemented with either Asp or Glu as the sole nitrogen
source. The L207 residue is predicted to be part of the substrate-binding site of the transporter.
Thus, the replacement of the large hydrophobic leucine residue with a small hydrophilic serine
residue is likely to increase both the size and the hydrophilicity of the binding pocket. This could
be the reason that the evolved transporter now facilitates the uptake of hydrophilic as well as
large hydrophobic amino acids.

In both AGP1 and PUT4, the evolved variants retain their original substrate spectrum albeit with
altered specificities. Our results showcase that specific adaptive mutations for a novel substrate
often decrease the fitness for the original substrates, creating a situation of trade-off between new
and old function. However, in some cases, the fitness for single original substrates actually
increases (e.g., AGP1-G and AGP1-V for GABA, or PUT4-S for Val). Depending on the environment, a
mutation can thus be adaptive for multiple substrates at the same time, including ones that were
not selected for. For evolution on Cit, the mutant with the highest fitness gain (AGP1-G) showed no
loss of relative fitness for the original substrates. Thus, this mutation could potentially occur in the
population even without the presence of Cit as selective pressure or even outcompete others in a
natural setting where the selective pressure is applied. On the contrary, the combination of two
adaptive mutations (AGP1-NV) had a higher fitness cost for original substrates than the separate
mutations, but also a higher fitness gain for the novel substrate. Thus, in a natural setting, such a
variant would only be viable if the novel substrate gives a very high selective advantage as
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compared to the original ones. Alternatively, gene duplication could lead to two distinct
transporter genes, one specializing in the novel substrate, while the other (re-)specializes for the
original substrates [11     ].

Taken together, our findings show that transporters can have promiscuous weak activities, which
are often hidden in the natural context of the cell. Furthermore, transporters can evolve novel
substrates through generalist intermediates, either by increasing a weak activity or by establishing
a new one. Looking at single adaptive mutations, we quantify the fitness trade-off between novel
and original substrates, indicating that each mutation impacts the original substrates differently.
Thus, depending on the ratio of the selective pressure for the original and novel functions,
different mutations might be selected and outcompete others in the population. Overall, we show
how transporter evolution could help organisms to explore ecological niches where novel
transport activities give a fitness benefit, while still retaining the ability to thrive in the old
environment.

Methods

Media
S. cerevisiae strains were grown in YPD medium (Formedium; nonselective medium, autoclaved),
YNB medium (6.9 g/L yeast nitrogen medium without amino acids (Formedium) + 20 g/L glucose;
selective medium, sterile filtered) or YB medium (1.9 g/L YNB without amino acids and without
ammonium sulfate (Formedium) + 20 g/L glucose; selective medium without nitrogen source,
sterile filtered). To supplement specific nitrogen sources to YB media, stock solutions were
prepared by filter sterilization.

For in-vivo evolution, the following media were used: Cit evolution medium (YB supplemented
with Ala, Asn, Asp, GABA, Gln, Glu, Gly, Ile, Leu, Met, Orn, Phe, Pro, Ser, Thr, Trp, Val at 60 µM each
and Cit at 3.06 mM), Asp evolution medium (YB supplemented with Pro, GABA at 0.5 mM each and
Asp at 3 mM), Glu evolution medium (YB supplemented with Pro, GABA at 0.5 mM each and Glu at
3 mM). The amino acids were purchased from Sigma-Aldrich.

DNA plasmid construction
The plasmids used in this study are listed in Table 4     . Cloning was performed with standard
molecular biology methods; pADHXC3GH and its derivatives were constructed via Gibson
assembly [48     ] and FX cloning [49     ]. Site-directed mutagenesis [50     ] was also achieved by
Gibson assembly, using gene-specific primers with base changes at the position of interest. The
single-mutation genes were assembled from the plasmid backbone and two separate PCR
fragments, while the double-mutation AGP1-NV variant was assembled from three PCR fragments.
Plasmids were transformed and amplified in Escherichia coli DB3.1 strain. Individual clones were
picked, grown to saturation in antibiotic selective LB or TB liquid media, mini-prepped and
sequence confirmed by Sanger sequencing [51     ] (Eurofins Genomics). Plasmid sequences are
available in Supplementary File 1.

Yeast Strains and Transformation
The yeast strains used in this study are listed in Table 5     . Yeast transformations were performed
as described [52     ]. DNA extraction from yeast strains was performed by using glass beads.
Briefly, cells were washed with 250 μL of sterile water, pelleted and resuspended in 30 µL
Zymolyase 20T (80 ug in total). Glass beads of 0.55 m diameter were added in 1:1 v/w ratio of
Zymolyase to glass beads. The samples were incubated at 37 °C for 30 minutes and vortexed for 1
min at maximum speed. Subsequently, they were incubated at 95 °C for 5 minutes and cooled
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Table 4.

List of plasmids used in this study
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Table 4.  (continued)
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down on ice for 5 minutes. Finally, the cellular debris was pelleted and the supernatant could be
used later on. Confirmation of the presence of the desired gene variant was performed by PCR
amplification of the region of interest and subsequent Sanger sequencing (Eurofins Genomics).

Since the OrthoRep system requires two auxotrophic markers in the strain used for in vivo
evolution [33     ], the Δ10AA strain was modified by complete deletion of the ura3-1 and HIS3 open
reading frames to yield the strain Δ10ΔUH. Using Δ10ΔUH, the in vivo evolution strains for AGP1
and PUT4 were constructed essentially as described in [53     ]. Briefly, S. cerevisiae Δ10ΔUH was
transformed with pAR-Ec611 containing the error-prone TP-DNA polymerase1. In parallel, the
gene of interest was cloned into the FDP-P10B2-A75-RZ-URA3 plasmid containing the integration
cassette for the linear cytoplasmic plasmid p1. This cassette was excised by digestion with ScaI and
used for transformation of S. cerevisiae GA-Y319 (p1 manipulation strain). The recovered
transformants were screened for recombinant p1 plasmids containing the gene of interest by PCR
(GOI) and by agarose gel electrophoresis of complete DNA extracts. A positive colony was picked
and used to transfer the recombinant p1 along with wild-type p2 into Δ10ΔUH pAR-Ec611 to yield
the strains Δ10ΔUH evol-AGP1 and evol-PUT4.

In vivo evolution
AGP1: A culture of Δ10ΔUH evol-AGP1 was grown at 30 °C for ca. 100 generations (14 passages,
reinoculating 1:200) in 10 mL Cit evolution medium. At two time points, single colonies that were
able to use Cit as the sole N-source were isolated by plating on YB + 1 mM Cit agar dishes. To
confirm the genotype–phenotype linkage, the evolved AGP1 variants were cloned into the
pADHXC3GH expression vector, sequenced, and introduced into naïve Δ10AA cells.

PUT4: Parallel cultures of Δ10ΔUH evol-PUT4 were grown at 30 °C for ca. 33 generations (5
passages, re-inoculating 1:100) in 2 mL Asp or Glu evolution medium or control medium without
an additional nitrogen source. Thereafter, the growth on media containing Asp or Glu only (YB +
Asp or Glu at 3 mM, no other nitrogen sources) was compared to the control cultures. These
cultures were used to clone the bulk of PUT4 variants into the pADHXC3GH expression vector and
introduced into naïve Δ10AA cells. Transformants were plated on YB + Asp 1 mM or YB + Glu 1 mM
agar dishes, and colonies showing growth on these selective media were used for sequencing.

Growth assay
Single colonies of S. cerevisiae Δ10AA pADHXC3GH-GOI were inoculated in YB media
supplemented with 4 mM NH4

+ and 0.1 mg/mL ampicillin, and grown until late logarithmic phase.
The cultures were pelleted at 750 × g for 10 min at 30 °C and washed with YB media. The wells in
the microplate were filled with the amino acids of interest to a final concentration of 2 mM and
with culture cells to a final OD600 of 0.04, to a final total well volume of 200 µL. Sterile water was
added in the space between the wells to avoid evaporation. The prepared microplates included
three biological replicates of the strains with the plasmid containing the GOI and one biological
replicate of the strain with the empty vector. The absorbance in each well was measured at 600
nm in 30 min intervals without shaking of the microplate, at 30 °C for 72 h in a SpectraMax ABS
Plus plate reader. Data are shown in this report as the specific growth rate for each biological
replicate and the error bars describe the SEM. The growth rates were derived based on the
Baranyi growth model [54     ], using the growthrates package in R. The Huang model [55     , 56     ]
was also tested, but deemed less suitable because of the higher number of interdependent
parameters, which consumes part of the fitness effects. The code and raw data are available in
Supplementary File 1.
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Table 5.

S. cerevisiae strains used in this study.

https://doi.org/10.7554/eLife.93971.1
https://doi.org/10.7554/eLife.93971.1


Foteini Karapanagioti et al., 2024 eLife. https://doi.org/10.7554/eLife.93971.1 24 of 36

In vivo transport assay
Single colonies of S. cerevisiae Δ10AA/pADHXC3GH-GOI were inoculated in YB media
supplemented with 4 mM NH4

+, and grown until stationary phase. Amount of the grown cultures
was used to inoculate YB media supplemented with 3 mM urea so that OD600 is 0.05, and grown
until mid-logarithmic phase. The cultures were pelleted at 750 × g for 10 min at 4 °C and washed
with either 100 mM KPC buffer (10 mM Glucose, 100 mM K2HPO4, Citric acid buffer, pH 5) in the
case of subsequent uptake assays with Phe, Glu and Cit, or 100 mM KP buffer (10 mM Glucose, 13.4
mM K2HPO4, 86.8 mM KH2PO4, pH 6) in the case of subsequent uptake assays with Ala, GABA and
Gly. The washed cells were diluted in the respective ice-cold buffer at a final OD600 of 0.56–1.05.

Prior to the assay, the cells were pre-warmed in a 30 °C water bath for 5–10 min, and the uptake
reactions were started by adding radiolabeled amino acid (PerkinElmer). For the uptake assays by
PUT4 variants, 1.1 μCi/mL of 14C-Glu at a final concentration of 1 mM, or 0.2 μCi/mL of one 14C-
labeled amino acid (Ala, GABA, Gly) at a final concentration of 10 μM was added. For the uptake
assays by AGP1 variants, 0.9 μCi/mL of 14C-Cit at a final concentration of 1 mM, or 0.5 μCi/mL of
one 14C-labeled amino acid (Phe, Glu) at a final concentration of 0.1 mM or 2 mM was added. The
uptake of 2 mM Glu by the AGP1-G variant was performed with the addition of 4.5 μCi/mL of 3H-
Glu at a final concentration of 2 mM. The cells were mixed by magnetic stirring and, at given time
intervals, 100 μL samples were collected and rapidly filtered on a 0.45 μM pore size nitrocellulose
filter, which was subsequently washed with a total 4 mL ice-cold buffer. The filters were dissolved
in 2 mL scintillation solution and vortexed before determining the radioactivity by liquid
scintillation counting on a Tri-Carb 2800TR liquid scintillation analyzer (PerkinElmer).

For the calculation of the uptake rates in amol/(cell × min), the determination of the cell number
was based on the translation of the OD600 measurements to number of cells by counting on a
Thoma counting chamber. The null hypothesis that the mean of the uptake rate of the AGP1 wild-
type variant is not different from that of the mutants was tested by using the one-way ANOVA
[57     ], and in the cases of a p < 0.05, the Dunnett’s significance test [58     ] was performed
(significance shown as asterisks). For the PUT4 analysis, the null hypothesis was tested by using
Student’s t-test [59     ] (p < 0.05).

Localization assay
Living cells were washed in Isotope Buffer as described above and placed on a slide. The
fluorescence cell imaging was performed on a Zeiss LSM 710 confocal laser scanning microscope,
equipped with a C-Apochromat 40x/1.2 NA objective with a blue argon ion laser (488 nm). Images
were obtained with the focal plane positioned at the mid-section of the cells.
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Reviewer #1 (Public Review):

Summary:
The evolution of transporter specificity is currently unclear. Did solute carrier systems evolve
independently in response to a cellular need to transport a specific metabolite in
combination with a specific ion or counter metabolite, or did they evolve specificity from an
ancestral protein that could transport and counter-transport most metabolites? The present
study addresses this question by applying selective pressure to Saccharomyces cerevisiae and
studying the mutational landscape of two well-characterised amino acid transporters. The
data suggest that AA transporters likely evolved from an ancestral transporter and then
specific sub-families evolved specificity depending on specific evolutionary pressure.

Strengths:
The work is based on sound logic and the experimental methodology is well thought through.
The data appear accurate, and where ambiguity is observed (as in the case of citruline uptake
by AGP1), in vitro transport assays are carried out to verify transport function.
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Weaknesses:
Although the data and findings are well described, the study lacked additional contextual
information that would support a clear take-home message.

https://doi.org/10.7554/eLife.93971.1.sa2

Reviewer #2 (Public Review):

Summary:
This paper describes evolution experiments performed on yeast amino acid transporters
aiming at the enlargement of the substrate range of these proteins. Yeast cells lacking 10
endogenous amino acid transporters and thus being strongly impaired to feed on amino acids
were again complemented with amino acid transporters from yeast and grown on media
with amino acids as the sole nitrogen source.

In the first set of experiments, complementation was done with seven different yeast amino
acid transporters, followed by measuring growth rates. Despite most of them have been
described before in other experimental contexts, the authors could show that many of them
have a broader substrate range than initially thought.

Moving to the evolution experiments, the authors used the OrthoRep system to perform
random mutagenesis of the transporter gene while it is actively expressed in yeast. The
evolution experiments were conducted such that the medium would allow for poor/slow
growth of cells expressing the wt transporters, but much better/faster growth if the amino
acid transporter would mutate to efficiently take up a poorly transported (as in the case of
citrulline and AGP1) or non-transported (as in case of Asp/Glu and PUT4) amino acid.

This way and using Sanger sequencing of plasmids isolated from faster-growing clones, the
authors identified a number of mutations that were repeatedly present in biological
replicates. When these mutations were re-introduced into the transporter using site-directed
mutagenesis, faster growth on the said amino acids was confirmed. Growth phenotype data
were attempted to be confirmed by uptake experiments using radioactive amino acids;
however, the radioactive uptake data and growth-dependent analyses do not fully match,
hinting at the existence of further parameters than only amino acid uptake alone to impact
the growth rates.

When mapped to Alphafold prediction models on the transporters, the mutations mapped to
the substrate permeation site, which suggests that the changes allow for more favourable
molecular interactions with the newly transported amino acids.

Finally, the authors compared the growth rates of the evolved transporter variants with those
of the wt transporter and found that some variants exhibit a somewhat diminished capacity
to transport its original range of amino acids, while other variants were as fit as the wt
transporter in terms of uptake of its original range of amino acids.

Based on these findings, the authors conclude that transporters can evolve novel substrates
through generalist intermediates, either by increasing a weak activity or by establishing a
new one.

Strengths:
The study provides evidence in favour of an evolutionary model, wherein a transporter can
"learn" to translocate novel substrates without "forgetting" what it used to transport before.
This evolutionary concept has been proposed for enzymes before, and this study shows that it
also can be applied to transporters. The concept behind the study is easy to understand, i.e.
improving growth by uptake of more amino acids as nitrogen source. In addition, the study

https://doi.org/10.7554/eLife.93971.1
https://doi.org/10.7554/eLife.93971.1.sa2
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contains a large and extensive characterization of the transporter variants, including growth
assays and radioactive uptake measurements.

Weaknesses:
The authors took a genetic gain-of-function approach based on random mutagenesis of the
transporter. While this has worked out for two transporters/substrate combinations, I
wonder how comprehensive and general the insights are. In such approaches, it is difficult to
know which mutation space is finally covered/tested. And information that can be gained
from loss-of-function analyses is missed. The entire conclusions are grounded on a handful of
variants analyzed. Accordingly, the outcome is somewhat anecdotal; in some cases, the fitness
of the variants was changed and in others not. Highlighting the amino acid changes in the
context of the structural models is interesting, but does not fully explain why the variants
exhibit changed substrate ranges. Two important technical elements have not been studied in
detail by the authors, but may well play a certain role in the interpretation of the results.
Firstly, the authors did not quantify the amount of transporter being present on the cell
surface; altered surface expression can impact uptake rates and thus growth rates. Secondly,
the authors have not assessed whether overexpressing wt versus variant transporters has an
impact on the growth rate per se. Overexpressing transporters from plasmids is quite a
burden for the cells and often impacts growth rates. Variants may be more or less of a
burden, an effect that may (or may also not) go hand in hand with increased/decreased
surface production levels.

And finally, I was somewhat missing an evolutionary analysis of these transporters to gain
insights into whether the identified substitutions also occurred during natural evolution
under real-life conditions.

https://doi.org/10.7554/eLife.93971.1.sa1

Reviewer #3 (Public Review):

The goal of the current manuscript is to investigate how changes in transporter substrate
specificity emerge through experimental evolution. The authors investigate the APC family of
amino acid transporters, a large family with many related transporters that together cover
the spectrum of amino acid uptake in yeast.

The authors use a clever approach for their experimental evolutions. By deleting 10 amino
acid uptake transporters in yeast, they develop a strain that relies on amino acid import by
introducing APC transporters under nitrogen-limiting conditions. They can thus evolve
transporters towards the transport of new substrates if no other nitrogen source is available.
The main takeaway from the paper is that it is relatively easy for the spectrum of substrates
in a particular transporter of this family to shift, as a number of single mutants are identified
that modulate substrate specificity. In general, transporters evolved towards gain-of-function
mutations (better or new activities) and also confer transport promiscuity, expanding the
range of amino acids transported.

The data in the paper support the conclusions, in general, and the outcomes (evolution
towards promiscuity) agree with the literature available for soluble enzymes. However, it is
also a possibility that the design of these experiments selects for promiscuity among amino
acids. The selections were designed such that yeast had access to amino acids that were
already transported, with a greater abundance of the amino acid that was the target of
selection. Under these conditions, it seems probable that the fittest variants will provide the
yeast access to all amino acid substrates in the media, and unlikely that a specificity swap
would occur, limiting the yeast to only the new amino acid.
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The authors also examine the fitness costs of mutants, but only in the narrow context of
growth on a single (original) amino acid under conditions of nitrogen limitation. Amino acid
uptake is typically tightly controlled because some amino acids (or their carbon degradation
products) are toxic in excess. This paper does not address or discuss whether there might be a
fitness cost to promiscuous mutants in conditions where nitrogen is not limiting.

https://doi.org/10.7554/eLife.93971.1.sa0

Author Response

Reviewer #1 (Public Review):

Summary:

The evolution of transporter specificity is currently unclear. Did solute carrier systems
evolve independently in response to a cellular need to transport a specific metabolite in
combination with a specific ion or counter metabolite, or did they evolve specificity from
an ancestral protein that could transport and counter-transport most metabolites? The
present study addresses this question by applying selective pressure to Saccharomyces
cerevisiae and studying the mutational landscape of two well-characterised amino acid
transporters. The data suggest that AA transporters likely evolved from an ancestral
transporter and then specific sub-families evolved specificity depending on specific
evolutionary pressure.

Strengths:

The work is based on sound logic and the experimental methodology is well thought
through. The data appear accurate, and where ambiguity is observed (as in the case of
citruline uptake by AGP1), in vitro transport assays are carried out to verify transport
function.

Weaknesses:

Although the data and findings are well described, the study lacked additional contextual
information that would support a clear take-home message.

We appreciate the reviewer’s positive assessment of the work, and the helpful comment to
summarize the findings into a short take-home message. We chose not to discuss protein
evolution theories in detail to keep the text as concise as possible. However, we do
acknowledge the fact that the reader might want to see our results embedded in more
context. In a revised version, we will integrate our findings more with the pertinent
literature, which will show how our results align with theoretical models for protein
evolution towards novel functions. We will also discuss in more detail how our laboratory
results could be translated into a “natural” setting of evolution.

Reviewer #2 (Public Review):

Summary:

This paper describes evolution experiments performed on yeast amino acid transporters
aiming at the enlargement of the substrate range of these proteins. Yeast cells lacking 10
endogenous amino acid transporters and thus being strongly impaired to feed on amino
acids were again complemented with amino acid transporters from yeast and grown on
media with amino acids as the sole nitrogen source.
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In the first set of experiments, complementation was done with seven different yeast
amino acid transporters, followed by measuring growth rates. Despite most of them have
been described before in other experimental contexts, the authors could show that many
of them have a broader substrate range than initially thought.

Moving to the evolution experiments, the authors used the OrthoRep system to perform
random mutagenesis of the transporter gene while it is actively expressed in yeast. The
evolution experiments were conducted such that the medium would allow for poor/slow
growth of cells expressing the wt transporters, but much better/faster growth if the
amino acid transporter would mutate to efficiently take up a poorly transported (as in
the case of citrulline and AGP1) or non-transported (as in case of Asp/Glu and PUT4)
amino acid.

This way and using Sanger sequencing of plasmids isolated from faster-growing clones,
the authors identified a number of mutations that were repeatedly present in biological
replicates. When these mutations were re-introduced into the transporter using site-
directed mutagenesis, faster growth on the said amino acids was confirmed. Growth
phenotype data were attempted to be confirmed by uptake experiments using
radioactive amino acids; however, the radioactive uptake data and growth-dependent
analyses do not fully match, hinting at the existence of further parameters than only
amino acid uptake alone to impact the growth rates.

When mapped to Alphafold prediction models on the transporters, the mutations
mapped to the substrate permeation site, which suggests that the changes allow for
more favourable molecular interactions with the newly transported amino acids.

Finally, the authors compared the growth rates of the evolved transporter variants with
those of the wt transporter and found that some variants exhibit a somewhat diminished
capacity to transport its original range of amino acids, while other variants were as fit as
the wt transporter in terms of uptake of its original range of amino acids.

Based on these findings, the authors conclude that transporters can evolve novel
substrates through generalist intermediates, either by increasing a weak activity or by
establishing a new one.

Strengths:

The study provides evidence in favour of an evolutionary model, wherein a transporter
can "learn" to translocate novel substrates without "forgetting" what it used to transport
before. This evolutionary concept has been proposed for enzymes before, and this study
shows that it also can be applied to transporters. The concept behind the study is easy to
understand, i.e. improving growth by uptake of more amino acids as nitrogen source. In
addition, the study contains a large and extensive characterization of the transporter
variants, including growth assays and radioactive uptake measurements.

Weaknesses:

The authors took a genetic gain-of-function approach based on random mutagenesis of
the transporter. While this has worked out for two transporters/substrate combinations, I
wonder how comprehensive and general the insights are. In such approaches, it is
difficult to know which mutation space is finally covered/tested. And information that can
be gained from loss-of-function analyses is missed. The entire conclusions are grounded
on a handful of variants analyzed. Accordingly, the outcome is somewhat anecdotal; in
some cases, the fitness of the variants was changed and in others not. Highlighting the
amino acid changes in the context of the structural models is interesting, but does not
fully explain why the variants exhibit changed substrate ranges. Two important technical
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elements have not been studied in detail by the authors, but may well play a certain role
in the interpretation of the results. Firstly, the authors did not quantify the amount of
transporter being present on the cell surface; altered surface expression can impact
uptake rates and thus growth rates. Secondly, the authors have not assessed whether
overexpressing wt versus variant transporters has an impact on the growth rate per se.
Overexpressing transporters from plasmids is quite a burden for the cells and often
impacts growth rates. Variants may be more or less of a burden, an effect that may (or
may also not) go hand in hand with increased/decreased surface production levels.

And finally, I was somewhat missing an evolutionary analysis of these transporters to
gain insights into whether the identified substitutions also occurred during natural
evolution under real-life conditions.

First of all, we thank the reviewer for the attention to detail with which they have read the
manuscript, and the very helpful comments on how to improve it. We will indeed take on
some of the suggestions in a revised version of the text:

Regarding the match of growth rate and uptake rate measurements, we plan to plot their
correlation in a graph.

Regarding the amount of transporter on the plasma membrane, we acknowledge that the
visual representation of the fluorescence micrographs already in the text might not be
enough. We therefore will quantify expression levels from said micrographs and include the
information in the manuscript.

On a similar note, we had already measured the growth rates of all transporter variant
cultures in the absence of selection for amino acid uptake (i.e., in medium with ammonium as
the nitrogen source; Figure 4 - Supplement figure 1). We will include the measured growth
rates in the text to give an indication of what the impact of transporter overexpression is on
the growth rate per se.

Regarding the proposed analysis of natural transporter sequences, we do see the possible
value in such an analysis. However, it is currently out of scope for the present study. The
reasons are 1) that preliminary analyses show that the sequence similarity of functionally
verified/annotated transporters is too low to reliably pinpoint a phenotype to a single residue,
and 2) that we do not envision that the variants that we discovered are necessarily beneficial
in a natural setting, where fine-grained regulation of amino acid transport may be more
important than a broad substrate range. Regarding the generality of the insights, we do agree
on the reviewer’s comment that we “only” analyzed a relatively small number of variants.
However, the target of the study was not to generate high-throughput data on a large set of
variants (e.g., by NGS of the whole culture) but to provide in-depth data for characterized and
verified variants in a clean genetic background (i.e., verified phenotype and fitness
measurements on all native and novel substrates).

As to the mutation space, we will include an estimate in a revised version of the text. We
estimate that a majority of all possible single mutants is covered in the first and second
passages of the selection experiment, which is corroborated by the fact that we repeatedly
find the same mutants in biological replicates.

Regarding the mentioned loss-of-function analyses, we are unsure about what the reviewer
intends with this statement at this point. To briefly summarize, we feel that our results are a
good indication that transporters can evolve new functions analogously to enzymes. We
explicitly do not imply that this is the only way to evolve novelty.
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Reviewer #3 (Public Review):

The goal of the current manuscript is to investigate how changes in transporter substrate
specificity emerge through experimental evolution. The authors investigate the APC
family of amino acid transporters, a large family with many related transporters that
together cover the spectrum of amino acid uptake in yeast.

The authors use a clever approach for their experimental evolutions. By deleting 10
amino acid uptake transporters in yeast, they develop a strain that relies on amino acid
import by introducing APC transporters under nitrogen-limiting conditions. They can
thus evolve transporters towards the transport of new substrates if no other nitrogen
source is available. The main takeaway from the paper is that it is relatively easy for the
spectrum of substrates in a particular transporter of this family to shift, as a number of
single mutants are identified that modulate substrate specificity. In general, transporters
evolved towards gain-of-function mutations (better or new activities) and also confer
transport promiscuity, expanding the range of amino acids transported.

The data in the paper support the conclusions, in general, and the outcomes (evolution
towards promiscuity) agree with the literature available for soluble enzymes. However, it
is also a possibility that the design of these experiments selects for promiscuity among
amino acids. The selections were designed such that yeast had access to amino acids
that were already transported, with a greater abundance of the amino acid that was the
target of selection. Under these conditions, it seems probable that the fittest variants will
provide the yeast access to all amino acid substrates in the media, and unlikely that a
specificity swap would occur, limiting the yeast to only the new amino acid.

The authors also examine the fitness costs of mutants, but only in the narrow context of
growth on a single (original) amino acid under conditions of nitrogen limitation. Amino
acid uptake is typically tightly controlled because some amino acids (or their carbon
degradation products) are toxic in excess. This paper does not address or discuss
whether there might be a fitness cost to promiscuous mutants in conditions where
nitrogen is not limiting.

We are grateful for the reviewer’s insightful comments on the paper.

Regarding the design of our experiments, we followed the concept of directed evolution as
described by pioneers of the field, in which the starting point for evolving a protein is to have
a basic level of that activity. In the case of AGP1, the promiscuous activity is Cit uptake. We
recognize that elimination of all the already transported amino acids from the evolution
media could also yield very insightful results. However, we aimed to simulate the effect of the
evolutionary pressure acting in a “natural” environment, where the uptake of the specific
amino acid is not initially crucial for its survival. In the case of PUT4, the experimental design
was chosen to ensure the initial survival of the culture (since neither Glu nor Asp support the
growth of the strain) by providing a low level of already transported amino acids. In the
revised manuscript, we will state this more clearly.

Regarding the second point, we agree that a short discussion about the potentially
detrimental effects of promiscuous transporters would be beneficial for the reader. We will
touch on this aspect in the revised version of the text. Indeed, our system is intentionally
simplified, as we try to take regulation of transport out of the equation (e.g., by using the
constitutive ADH1 promoter as opposed to a nitrogen-regulated one). In a natural setting,
microorganisms encounter fluctuations of nutrient availability, necessitating tight control of
nutrient transport. This is probably a major reason why microorganisms typically encode
transporters with redundant specificities (i.e., promiscuous and specific ones). Otherwise, one
very broad-range nutrient transporter would suffice. In our system, we artificially select for
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broad-range transport, which is reflected in the observed phenotypes of the evolved
transporters. We expect that in a natural setting, a broad-range transporter would be a
stepping stone to evolve a narrow-range transporter with a new specificity (which is actually
what we see in the double-mutant AGP1-NV, with lowered fitness in original substrates and
increased fitness in Cit).

https://doi.org/10.7554/eLife.93971.1
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