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Abstract

Because metabolism is a complex balanced process involving multiple enzymes, understanding how
organisms compensate for transient or permanent metabolic imbalance is a challenging task that can be
more easily achieved in simpler unicellular organisms. The metabolic balance results from the
combination of individual enzymatic properties, regulation of enzyme abundance, but also from the
architecture of the metabolic network offering multiple interconversion alternatives. Although metabolic
networks are generally highly resilient to perturbations, metabolic imbalance resulting from enzymatic
defect and specific environmental conditions can be designed experimentally and studied. Starting with
a double amdl aahl mutant that severely and conditionally affects yeast growth, we carefully
characterized the metabolic shuffle associated with this defect. We established that the GTP decrease
resulting in an adenylic/guanylic nucleotide imbalance was responsible for the growth defect.
Identification of several gene dosage suppressors revealed that TAT1, encoding an amino acid
transporter, is a robust suppressor of the amdl aahl growth defect. We show that TAT1 suppression
occurs through replenishment of the GTP pool in a process requiring the histidine biosynthesis pathway.
Importantly, we establish that a tatl mutant exhibits synthetic-sickness when combined with an amd1
mutant and that both components of this synthetic phenotype can be suppressed by specific gene dosage
suppressors. Together our data point to a strong phenotypic connection between amino acid uptake and
GTP synthesis, a connection that could open perspectives for future treatment of related human defects,
previously reported as etiologically highly conserved.

Introduction

Metabolism is the highly integrated process of chemical interconversion in living organisms. It
involves multiple enzymes organized in interconnected pathways. Although metabolic enzymes are
generally highly specific and involved in a single pathway, mutations affecting metabolic enzymes can
have multiple effects and result in complex phenotypes. Indeed, a simple block in a metabolic pathway,
due to the lack of an enzyme activity, can have several effects such as, shortage of the product,
accumulation of the substrate and/or imbalance between metabolites. All three features can contribute
to the phenotype independently, additively or cooperatively and it is difficult to appraise their relative
contribution which can vary in different tissues or during development (Daignan-Fornier and Pinson,
2019). The use of simpler organisms to get a primary view of the metabolic consequences of the
dysfunction has proved to be valuable, as for example in the case of AMP deaminase, which catalyzes
synthesis of IMP from AMP and hence contributes to the Adenylic/Guanylic nucleotides balance (Fig.
1). The yeast amdl mutant, lacking AMP deaminase, accumulates AMP the substrate of the reaction
and its adenylic nucleotides derivatives (AXP), while it has low intracellular guanylic nucleotides (GXP)
which are the physiological “end products” of the reaction (Saint-Marc et al., 2009). Addition of
exogenous adenine to the growth medium is critical for the purine nucleotide imbalance and the growth
defect associated with the amdl mutation (Saint-Marc et al., 2009). Strikingly, a similar purine
nucleotide imbalance, dependent on adenylic precursors, was reported for AMPD2 deficiency associated
with a rare neurodegenerative disorder, pontocerebellar hypoplasia, in humans (Akizu et al., 2013). This
remarkable conservation of a complex phenotype between yeast and human prompted us to take further
advantage of yeast genetics to identify additional factors affecting the growth defect of the amd1 mutant.
In this work, we characterize mutations that modulate the phenotype of the amdl mutant and gene
dosage suppressors that alleviate the growth defect associated with purine nucleotide imbalance in yeast.
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These results revealed that, while the nucleotide imbalance due to the amd1 mutation can be corrected
through different means, no suppressors of effects downstream of the imbalance itself have been
identified, hence indicating that this nucleotide imbalance most probably affects multiple physiological
features and cannot easily be phenotypically circumvented.

Materials and Methods

Yeast media

SD is a synthetic minimal medium containing 0.5 % ammonium sulfate, 0.17 % yeast nitrogen base
without amino acids and ammonium sulfate (BD-Difco; Franklin Lakes, NJ, USA) and 2 % glucose
supplemented or not with adenine (0.3 mM) and/or histidine (0.09 mM) or uracil (0.3 mM; SDU).
SDcasaW is SD medium supplemented with 0.2% casamino acids ((#A1404HA,; Biokar/Solabia group;
Pantin, France; this amino-acids mixture includes histidine at a final concentration of 0.3 mM in the
medium) and tryptophan (0.2 mM). When indicated, adenine (0.3 mM), guanine (0.3 mM), histidine
(0.09 mM), hypoxanthine (0.3 mM), and/or uracil (0.3 mM) were added in SDcasaW medium, resulting
in media named SDcasaWA (+ adenine), SDcasaWHypox (+ hypoxanthine), SDcasaWAU (+ adenine
+ uracil), and SDcasaWU (+ uracil).

Yeast strains and plasmids

All yeast strains are listed in Table 1 and belong to, or are derived from, a set of disrupted strains
isogenic to BY4741 or BY4742 purchased from Euroscarf (Germany). Multi-mutant strains were
obtained by crossing, sporulation and micromanipulation of meiosis progeny. The amd1 aahl apt1 triple
mutant (Y11611) was obtained by disruption of APT1 in Y2076 using an APT1::URAS3 cassette obtained
by replacing the 433 bp HindllI-Hindlll fragment of APT1 (starting 158 bp after ATG) by a HindllI-
Hindlll fragment containing URA gene. All plasmids are listed in Table 2. Cloning details for the
unpublished plasmids are available upon request.

Growth test

For drop tests, yeast cells from an overnight pre-culture were re-suspended in sterile water at 1.10°
cells/ml and submitted to 1/10 serial dilutions. Drops (5 ul) of each dilution were spotted on freshly
prepared medium plates and were incubated at 30 or 37 °C for 30—72 h before imaging.

Isolation of mutants and multicopy suppressors of the amdl aahl and amdl tatl adenine-
dependent growth defects.

Mutant suppressors of the amdl aahl growth defect in the presence of adenine (Strain Y2076) were
selected on SDcasaWUA medium after UV mutagenesis.

Multicopy suppressors of the amdl aahl and amdl tatl adenine-dependent growth defects were
obtained by similar procedures. Yeast strains (Y2076 or Y11628) were transformed with a multicopy
plasmid library (PFL44L backbone, 2u URA3; generous gift from F. Lacroute). Transformants were
selected on SDcasaW medium and gene dosage suppressors were identified by replica-plating of the
transformants on SDcasaWA medium and were then verified by drop test on both SDcasawW and
SDcasaWA medium. For both multicopy suppressor screens, plasmids from selected clones were
extracted and the genomic DNA region inserted in the plasmid was identified by sequencing. When the
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identified genomic region contained more than one open reading frame (ORF), each ORF was either
subcloned individually or interrupted in the plasmid to unambiguously identify the gene responsible for
suppression.

Metabolite extraction and separation by liquid chromatography

Extraction of yeast metabolites was performed by the rapid filtration and ethanol boiling method as
described (Loret et al., 2007) and metabolite separation was performed on an ICS3000 chromatography
station (Thermofisher) using a carbopac PA1 column (250 x 2 mm; Thermofisher) with the 50 to 800
mM sodium acetate gradient in NaOH 50 mM described in (Ceballos-Picot et al., 2015). Peaks were
identified by their retention time as well as co-injection with standards and/or their UV spectrum
signature (Ultimate-3000 diode array detector, Thermofisher). Peak area quantifications were done at
two different wavelengths: 260 nm for ADP, AMP, ATP, GTP, SAM and SAH and 269 nm for adenine
and ZMP. AXP content corresponds to the sum of ATP +ADP + AMP contents. Adenylate energy
charge was defined as AEC = (ATP + % ADP)/AXP) (Atkinson and Walton, 1967). AXP and AEC were
calculated with content of each nucleotide given in nmol/sample (inferred from standard curves using
ATP, ADP and AMP pure compounds). For each measurement, presented in figures as mean with
standard deviation, metabolic extractions were performed on independent cell cultures and
normalization of samples was done on the basis of cell number and median cell volume (determined
using a Multisizer 4 (Beckman Coulter)). Statistics were given as p-values determined by a Welch’s
unpaired t-test.

RESULTS

The severe growth defect of the amd1 aahl mutant in the presence of adenine is due to GTP
shortage

The amdl1 knock-out mutant grown in the presence of adenine showed a mild growth defect
(Fig. 2a) accompanied by low GTP and high ATP (Saint-Marc et al., 2009). To enhance the growth
phenotype and be able to achieve a suppressor screen, we combined amdl with the aahl knockout
mutation, which further reduces the IMP-supply from adenine (Fig. 1). This genetic combination
severely exacerbated the growth defect in the presence of adenine (Saint-Marc et al., 2009), but not in
the presence of hypoxanthine that bypasses the lack of aahl or in the absence of added purines (Fig.2
a). While metabolic profiling revealed no difference between the two strains in the absence of purines
(Supplemental Fig. 1), the amd1l aahl mutant upon adenine feeding revealed several major metabolic
changes (Fig.2 b-i) that could, either alone or combined, result in the observed growth phenotype. First,
we found a severe reduction of intracellular GTP (Fig. 2b) and an increase of ATP (Fig. 2¢) similar to
what was previously reported for the amdl mutation alone (Saint-Marc et al., 2009), although more
pronounced for GTP. Of note, in the amd1 aahl mutant, the sum of adenylic nucleotides (AXP = ATP
+ ADP+ AMP) was increased (Fig. 2c-f), showing that the higher intracellular ATP is the result of net
adenylic nucleotide synthesis and not merely of enhanced ADP to ATP interconversion. By contrast,
adenylic energy charge (AEC = (ATP + % ADP)/AXP, Fig. 2g) was the same in the two strains grown
in the presence of adenine, thus excluding an energetic defect as responsible for the amd1 aahl growth
defect (Fig. 2a). In addition, we observed an important accumulation of S-adenosyl-methionine (SAM,
Fig. 2h) and S-adenosyl-homocysteine (SAH, Fig. 2i), as previously reported for an aah1 single mutant
(Ceschin et al., 2015). Accumulation of SAH and SAM in the mutant are presumably due to inhibition
of SAH hydrolase upon increased intracellular adenine (Fig. 2j)(Knudsen and Yall, 1972) and to
inhibition of methyl-transferases by SAH (Zappia et al., 1969), respectively ( Fig.1, green dashed lines).
We conclude that, in the amdl aahl mutant, in the presence of external adenine, the steady state level
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of several metabolites is strongly increased or decreased and we aimed at identifying more precisely
which metabolites are responsible for growth impairment through targeted and non-targeted strategies.

While SAM accumulation appears non-toxic for yeast cells (Roje et al., 2002), SAH
accumulation was proposed to be toxic in a S-adenosyl-L-homocysteine hydrolase yeast mutant sahl
(Christopher et al., 2002; Mizunuma et al., 2004; Visram et al., 2018) and could thus contribute to the
growth defect of the amdl aahl mutant. The potential role of SAH accumulation in the growth
phenotype was assessed by two complementary approaches, the first one was designed to decrease SAH
and the second one to increase it. First, we expressed the E. coli S-adenosylhomocysteine nucleosidase
(pfs) enzyme in yeast to lower accumulation of SAM and SAH (Visram et al., 2018). As previously
reported, expression of pfs suppressed the growth defect of sah1-1 (Supplemental Fig. 2a) (Visram et
al., 2018), but importantly it showed no suppressive effect on the growth defect of the amd1 aah1 double
mutant (Supplemental Fig. 2b). Metabolic profiling confirmed that pfs strongly decreased SAH and
SAM in the amdl aahl mutant (Supplemental Fig. 2c-d), indicating that high intracellular SAM and
SAH in the amdl aahl double mutant are not major causes in the growth defect in the presence of
adenine. Of note, pfs had no effect on intracellular GTP that remained low (Supplemental Fig. 2e).

Compared to the WT isogenic strain, the amd1 aah1l mutant accumulated AXP (Fig. 2f) as well
as SAM and SAH (Fig. 2h-i). To discriminate these metabolic effects, we combined the aahl amdl
mutant with an aptl mutant. In this triple mutant adenine cannot be used as a precursor anymore (Fig.
1), but can exert its presumed inhibitory effect on Sah1 (Ceschin et al., 2015; Knudsen and Yall, 1972).
We found that the growth defect of the amdl aahl mutant on adenine was fully suppressed by a
knockout of APT1 (Fig. 3a) and that, in the triple amdl aahl aptl mutant, intracellular ATP was
decreased (Fig. 3b) and GTP increased (Fig. 3c). In this mutant, intracellular adenine was increased, as
expected due to the incapacity of the amdl aahl aptl mutant to use this metabolite (Fig. 3d) and, as
anticipated, SAM and SAH were even higher than in the amd1 aah1 double mutant (Fig. 3e-f). Together
these results clearly establish that intracellular accumulation of SAM, SAH or adenine is not the cause
of the growth defect of the amdl aahl mutant and point to GTP (and possibly ATP) as the critical
metabolite for the growth phenotype.

Finally, to address this issue with no a priori, we used a non-directed approach based on
metabolic profiling of suppressors of the amd1 aahl growth defect obtained after UV mutagenesis. Four
such suppressors, partially or totally restoring growth of the amdl aahl mutant in the presence of
adenine (Supplemental Fig. 3a), were further characterized by metabolic profiling (Supplemental Fig.
3b-f). Clearly, all suppressors increased intracellular GTP (Supplemental Fig. 3b) and decreased ATP
(Supplemental Fig. 3c), while SAM, SAH and/or adenine were either increased or decreased depending
on the suppressor strain (Supplemental Fig. 3d-f). Thus, this non-directed suppressor strategy nicely
confirmed the conclusions drawn from the above metabolite-targeted strategy. Of note, based on their
metabolic profiles, we suspected that these suppressor mutations could be allelic to FCY2 and APT1 that
block adenine uptake and its conversion to AMP (Fig. 1), respectively. These assumptions were
validated by sequencing of these loci in the four suppressor strains as well as the corresponding control
strain, revealing that the four suppressors correspond to three fcy2 and one aptl mutants (see Table 1).
The identity of the suppressors was further confirmed by complementation with the wild-type cognate
genes carried on centromeric plasmids (Supplemental Fig. 3g).

Based on these results, the low GTP / high ATP imbalance appeared to be the best candidate to
account for amd1 aahl growth defect. Accordingly, guanine supplementation improved growth of the
mutant in the presence of adenine although not restoring wild-type growth (Fig. 4a). However, when the
same strains were grown in liquid medium for metabolic profiling experiments, we observed a complete
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restoration of growth in the presence of adenine and guanine (Fig. 4b). This discrepancy could be due
to the very poor solubility of guanine that could limit its diffusion on plates. Metabolic profiling in the
presence of guanine confirmed a restoration, though partial, of intracellular GTP and ATP (Fig. 4c-d).
From these results, we conclude that low intracellular GTP (possibly in combination with high ATP) is
responsible for the growth defect of amd1 aah1 mutant in the presence of adenine, while no significant
role for accumulation of SAM or SAH could be established.

Gene dosage suppressors refuel the GTP synthesis through de novo pathways

To get further understanding on the causes of the amdl aahl growth defect, we searched for
gene-dosage suppressors that would restore growth of the amd1 aah1 mutant in the presence of adenine.
A yeast genomic multicopy plasmid library was transformed in the amdl aahl mutant and 52
transformants, showing improved capacity to grow in the presence of adenine, were studied. Among
those, 20 plasmids contained either AAH1 or AMD1, hence complementing one of the two mutations of
the double mutant, and were not further studied. The remaining plasmids were extracted and
retransformed in the amd1 aahl mutant and we could identify 15 plasmids that were clearly sufficient
to restore growth of the amd1 aahl mutant in the presence of adenine. Eight plasmids contained a region
of chromosome Il carrying the TAT1 gene as the only common entire coding region. Four plasmids
contained a region carrying the ADE4 gene and one carried the HIS1 gene. One plasmid contained the
PIK1 gene alone and the last plasmid carried a region of chromosome IV containing three entire open
reading frames (RPL35B, RDI1 and PPH21). Further experiments confirmed TAT1, ADE4, HIS1, PIK1
and PPH21 as the dosage suppressor genes (Fig. 5a-b). TAT1 encodes an amino acid transporter, ADE4
and HIS1 encode the first enzymes of purine and histidine de novo pathways respectively, PIK1 encodes
a phosphatidylinositol 4-kinase and PPH21 (with PPH22) encodes the catalytic subunit of protein
phosphatase 2A, PP2A. TAT1, HIS1 and ADE4 were the strongest suppressors while PIK1 and PPH21
were both weak suppressors (Fig. 5a-b). Of note, PIK1 suppression was more efficient at 30°C (Fig. 5a),
while PPH21 suppressed better at 37°C (Fig. 5b).

The effect of each gene dosage suppressor on intracellular GTP was evaluated (Fig. 5¢). ADE4
and HIS1 overexpression partially replenished intracellular GTP thus explaining their suppression effect
most probably through fueling of IMP synthesis via the purine or histidine de novo pathway, respectively
(Fig. 1). Indeed, both Ade4 and Hisl have been shown previously to be controlling enzymes, tightly
feedback inhibited by the end-products of the cognate pathways, ATP and histidine, respectively (Rasse-
Messenguy and Fink, 1973; Rebora et al., 2001). The dual contribution of histidine and purine synthesis
to the amd1 aah1 growth phenotype was further established by the fact that concomitant repression of
the two pathways by adenine and histidine was required to observe the amdl aahl growth phenotype
(Fig. 5d) as well as the intracellular GTP decrease (Fig. 5e). We conclude that GTP refueling via
enhanced flux through the histidine or purine de novo pathway is sufficient to restore growth of the
amdl aahl mutant in good agreement with our previous observation of phenotypic suppression by
exogenous guanine (Fig. 4). Of note, the gene dosage suppressors had no significant effect on
intracellular ATP (Fig. 5f), indicating that intracellular GTP or the purine nucleotide balance is the
critical factor responsible for the slow growth phenotype.

The suppressor effect of TAT1, PIK1 and PPH21 overexpression requires a functional histidine
pathway

TATL, the strongest suppressor, had a mild, though highly significant, effect on GTP (Fig. 5¢)
suggesting that it could, at least in part, act via one or both the GTP refueling routes, namely de novo
purine or histidine pathways. Clearly, TAT1 overexpression had no suppressive effect in the aah1 amdl
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ade8 hisl strain blocking both the histidine and the purine de novo pathway (Fig. 6a). To discriminate
between these two routes, TAT1 was overexpressed in amdl ade4 and amdl his1 double mutants. In the
amd1l ade4 strain, TAT1 was an efficient suppressor, while the suppression was totally abolished in the
amdl his1 mutant (Fig. 6b). We conclude that suppression by TAT1 overexpression requires a functional
histidine biosynthesis pathway. This result suggests that TAT1 overexpression (just as that of HIS1) acts
by increasing the flux in the histidine pathway resulting in increased synthesis of ZMP (which is a by-
product of histidine synthesis, Fig. 1) and a precursor of IMP and GMP synthesis (Fig. 1). Accordingly,
in an adel6 adel7 mutant background, blocking ZMP consumption and allowing to monitor its
accumulation, we found that overexpression of TAT1 increased ZMP in an adel6 adel7, as well as in
an adel6 adel7 ade8 but not in an ade16 adel7 hisl mutants (Fig. 6¢). From all these experiments, we
conclude that TAT1 acts as a suppressor by increasing the histidine pathway flux and thereby fueling the
purine pathway via ZMP (Fig. 1). It is noteworthy that suppression due to TAT1 overexpression was not
dependent on the presence of the transcription factor Gen4 that activates the histidine biosynthesis genes
(Ljungdahl and Daignan-Fornier, 2012). Indeed, suppression by TAT1 was similarly effective in the
amdl and the amd1 gcn4 mutants (Supplemental Fig. 4). Finally, as for TAT1, we found that suppression
by overexpression of PIK1 and PPH21 required a functional histidine biosynthesis pathway (Fig. 6d).
Hence, our results show that the three gene dosage suppressors TAT1, PIK1 and PPH21 act through the
histidine pathway and suggest that they could participate to a common mechanism.

The amd1 tatl double mutant shows a strong synthetic phenotype: identification of suppressors

The results presented in the previous section established that TAT1 overexpression interferes
with purine nucleotide synthesis, and significantly on GTP, through the enhancement of the histidine
pathway. Strikingly, our previous work had revealed that a tatl knockout mutation resulted in increased
sensitivity to GTP shortage associated to treatment of yeast with mycophenolic acid (MPA) an
immunosuppressive drug that operates by inhibiting IMP dehydrogenase (IMPDH) (Desmoucelles et
al., 2002). Henceforth, overexpression of TAT1 can suppress the GTP-shortage associated growth defect
of the amd1 and amd1 aah1 mutants, while the lack of tatl rendered yeast cells more sensitive to GTP
shortage. To examine further the relationship between Tatl and GTP, we combined tatl and amdl
mutations. As anticipated from increased MPA-sensitivity (Desmoucelles et al., 2002), the double
mutant showed a synthetic growth defect specifically in the presence of adenine (Fig. 7a), when
intracellular GTP is low in the amdl mutant. However, strikingly, this enhancement of the amdl
phenotype by tatl was not associated to a further decrease of intracellular GTP, by contrast to what was
observed for the amd1 aah1 mutant combination (Fig. 7b). Hence, TAT1 overexpression suppressed the
growth defect of the amd1 aahl mutant by increasing intracellular GTP (Fig. 5¢), while tatl mutation
enhanced the amdl phenotype without further altering intracellular GTP (Fig. 7b). We conclude that
TAT1 over- and under-expression act through different means.

To examine further the synthetic growth phenotype of the amd1 tatl mutant, we isolated gene
dosage suppressors that alleviate the growth defect of the double mutant in the presence of adenine. A
set of 95 plasmids suppressing the growth defect of the amd1 tatl mutant were analyzed. Among those,
45 carried the TAT1 gene and 22 the AMDL1 gene, hence confirming that the phenotype is the result of
the combination of the two mutations. The bona fide gene dosage suppressors include several genes
involved in purine metabolism (ADE4, AAH1, APT2, HPT1, XPT1), but also the PPH21 gene previously
isolated in the amdl aahl screen (see prior sections) and four new genes (ERC1, HYM1, MSN2 and
BAP2) exhibiting various suppression strength (Supplemental Fig. 5). Metabolic profiling of the
suppressors (Fig. 7c) showed that most of them, excepting MSN2, BAP2 and HYML, significantly
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increased intracellular GTP, suggesting that they act through replenishing IMP and GMP biosynthesis
via the de novo pathway (ADE4) or the salvage pathway (AAHL, HPT1). XPT1 was initially described
as a gene dosage suppressor of HPT1 (Guetsova et al., 1999) and could hence phenocopy HPT1
overexpression for suppression of amdl tatl. Two suppressors (ERC1 and HYM1) increased
intracellular SAH and SAM (Fig. 7d-e). In the case of ERC1 this effect was very strong as previously
reported (Kanai et al., 2017). ERC1 encodes a member of the multi-drug and toxin extrusion family. It
is not clear why its overexpression should suppress the amdl tatl growth defect. However, the fact that
the suppression by ERCL1 is associated to higher intracellular GTP, as well as higher SAM and SAH
(Fig. 7c-e), confirmed that accumulation of the latter two metabolites is not involved in the mutant
growth phenotype.

The identification of APT2 as a gene dosage suppressor of amd1 tatl was quite surprising since
Apt2 is presumed to have no APRT activity (Alfonzo et al., 1999) and that, in any case, overexpression
of APRT rather exacerbated than improved the growth phenotype of the amd1l mutant (Saint-Marc et
al., 2009). Indeed, overexpression of the two paralogues, APT1 and APT2, had opposite effects on the
growth of amd1 in the presence of adenine, while APT2 overexpression clearly suppressed amdl; APT1
enhanced its growth defect (Fig. 7f). Whether suppression by APT2 was dependent on Aptl was tested
in an amd1 aptl tatl triple mutant (Supplemental Fig. 6) but no conclusion could be drawn since amdl
tatl was robustly suppressed by aptl, similarly to what we found previously for aahl amdl (Fig. 3A)
Thus, we conclude that APT2 rather counteracts than mimics APT1 phenotypically. Of note, in the BY
background, apt2 was neither synthetic lethal with aptl (Supplemental Fig. 7) nor aahl (Supplemental
Fig. 8), by contrast to what was reported in SGD database based on a genome-wide analysis (Deutscher
et al., 2006).

DISCUSSION
Deciphering the precise metabolic defect responsible for the growth phenotype

This work illustrates how simple metabolic blocks can result in conditional accumulation or defect of
multiple metabolites. This complex profile is due to the untangled architecture of the metabolic network,
which favors robustness but makes phenotypic interpretation difficult. Yeast genetics clearly allowed
addressing separately the contribution of these metabolites to the growth phenotype. Interestingly, a
metabolite such as SAH, supposedly highly toxic, accumulated under conditions of robust growth (for
example amdl aahl aptl mutant Fig. 3) suggesting that combinations of faulty metabolites, rather than
a single defect, are contributing to the phenotypic outcome making it difficult to understand completely.
This work exemplifies, in a very simple isogenic situation, the complex interplay between pleiotropy
(several metabolites affected and most probably several downstream functions impaired) and external
conditions (presence of various purine precursors at constantly varying concentrations in the cellular
environment, variable suppression efficiency depending on temperature, liquid versus solid medium...).
It therefore strongly questions our future capability to predict accurately phenotype from genotype.

Suppression patterns suggest pleiotropy

Strikingly, all the suppressors of the amd1 aahl growth defect in the presence of adenine restored at
least partially GTP and the ATP/GTP balance, hence confirming that it is most likely causative of the
growth phenotype. The fact that no suppressors were found restoring functionally downstream processes
that could be affected by low GTP or purine imbalance, strongly suggests that there is not a single
limiting factor but, instead, that the metabolic defect is most probably pleiotropic. A serious candidate-
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function is protein translation that was found altered in a yeast gual mutant limiting GMP synthesis
from IMP (lIglesias-Gato et al., 2011) and also in amd1 and human AMPD?2 defective cells (Akizu et al.,
2013). However, GTP is required at many steps in the translation process and our suppressor screen did
not point to any single critical step. Our results rather suggest that replenishment of the GTP pool and/or
GTP/ATP balance should be the target of future treatments.

TATL1 is tightly connected to intracellular GTP

TAT1 was identified as a robust gene dosage suppressor and its suppression ability was clearly dependent
on the histidine synthesis pathway. The precise mechanism is unknown but TAT1 overexpression
strongly stimulated ZMP synthesis when the histidine pathway was the only possible route (in the ade8
adel6 adel7 mutant Fig. 6¢). This connection, between an amino acid transporter, which is not a major
histidine carrier, and the histidine biosynthesis pathway is intriguing. We found that suppression due to
TAT1 overexpression was not dependent on the presence of Gen4 which is a major transcription factor
involved in expression of the histidine biosynthesis genes (Ljungdahl and Daignan-Fornier, 2012). The
mechanism connecting TAT1 to the histidine pathway remains to be clarified but is complicated by the
fact that tatl knock-out interferes with amdl through a different mean. Indeed, our previous work
revealed an exacerbated sensitivity of the tatl knock-out mutant to mycophenolic acid, a specific
inhibitor of GTP synthesis (Desmoucelles et al., 2002). Here we found that the amdl mutant was
synthetic sick with tatl specifically in the presence of adenine leading to low intracellular GTP.
However, by contrast to synthetic sickness of amd1 with aahl, tatl did not exacerbate the intracellular
GTP defect. Gene dosage suppressors revealed that there are two ways to suppress this growth defect.
Either by replenishing the GTP pool by overexpression of purine interconversion genes, or by
overexpressing the amino acid transporter Bap2 (Fig. 7). Together our data point to a strong phenotypic
connection between amino acid uptake and GTP synthesis.

Interestingly, PIK1 another gene dosage suppressor identified in this work also requires a fully
functional histidine pathway to suppress the aahl amdl growth phenotype. The link between this
inositol kinase and GTP synthesis is potentially highly relevant since another inositol kinase was shown
to sense GTP and respond to it (Sumita et al., 2016). Identifying further connections between guanine
nucleotides and inositol derivatives could prove to be physiologically very important considering the
key roles played by these metabolites.

What function for APT2?

Suppression of the amd1 tatl mutant revealed gene dosage suppressors that increase intracellular GTP
and others, such as BAP2, that probably partially compensate for the tatl defect. Among suppressors
partially restoring intracellular GTP, most can be interpreted as redirecting adenine to IMP via
hypoxanthine (AAH1, HPT1, XPT1) or via the purine de novo pathway (ADE4) (Fig. 1). Among these
suppressor genes, identification of APT2 was surprising. APT2 does not code for functional APRT
(Alfonzo et al., 1999) and in any case, APT1 overexpression enhances the amd1 phenotype while APT2
was a gene dosage suppressor (Fig. 7f). Our results hence rather indicate that APT2 antagonizes APT1
as was previously proposed (Carlsson et al., 2018). This situation is remindful of what we reported for
Ybr284w and Yjl070c, two paralogs of Amd1, that, when overexpressed, were shown to mimic amdl
knockout (Saint-Marc et al., 2009). Hence, the fact that paralogs can antagonize each other could be a
recurrent feature of metabolism in yeast.

Concluding remark
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In a more general perspective, understanding the effects of GTP deprivation and ATP/GTP imbalance
could be of great value to understand how purine biosynthesis and interconversion affect complex
diseases such as for example cancer. Indeed nucleotides are central in cancer cell metabolism but their
dual roles as energy suppliers and building blocks are difficult to separate (Vander Heiden and
DeBerardinis, 2017). In yeast, the effects of GTP deprivation and ATP/GTP imbalance on gene
expression have been explored and proved complex (Hesketh et al., 2019; Saint-Marc et al., 2009). The
high pleiotropy, due to the central role of these metabolites in multiple key processes within the cell,
makes it difficult to address experimentally, but yeast has proved to be a good model to tackle this
problem (Hesketh and Oliver, 2019).
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Figure legends

Fig. 1 Schematic representation of the de novo purine and histidine pathways and of the methyl cycle in
yeast. Only the enzymes mentioned in the text are shown (in red). AMP adenosine 5’-monophosphate,
GMP Guanosine 5'-monophosphate, IMP Inosine 5’-monophosphate, PRFZMP N-5-phosphoribosyl-
formimino-5-amino-imidazole-4-carboxamide ribonucleotide monophosphate, PRPP a-D-ribofuranose
5-phosphate 1-diphosphate, SAH S-adenosyl-L-homocysteine, SAM S-adenosyl-L-methionine, XMP
xanthosine 5'-monophosphate and ZMP 5-amino-imidazole 4-carboxamide ribonucleotide 5’-
monophosphate (also known as AICAR monophosphate). The dashed green lines show the inhibition of
the S-adenosyl homocysteine hydrolase activity by adenine and of the methyl-transferases by S-
adenosyl-L-homocysteine (see text).

Fig. 2 Growth alteration of the amd1 aah1 double mutant in the presence of adenine is associated with
changes in the steady state level of several purine derivatives. a Adenine supplementation strongly
affects proliferation of an amdl aahl double mutant. Yeast cells (Y175, Y2076, Y4198 and Y6750)
were serial diluted and grown for 48 hours at 30°C on SDcasaWU medium supplemented or not with
indicated purines. b-j Metabolic changes associated to adenine supplementation in the amdl aahl
double mutant. Y175 (wild-type (WT), blue dots) and Y2076 (red dots) were exponentially grown for
24 h in SDcasaWU and adenine was added for 4 h before metabolic extraction. Metabolites were then
separated by liquid chromatography, quantifications were determined on biologically independent
extractions and standard deviation is presented. For each metabolite, the amount measured in wild-type
cells (blue dots) was set at 1. Numbers on the top of each panel correspond to the p-value calculated
from a Welch’s unpaired t-test. h-j the dashed blue line illustrates scale breaks. a-j Of note, media used
in this figure contains 0.3 mM of histidine from the casamino-acids mixture.

Fig. 3 Deletion of APTL is sufficient to restore both proliferation and intracellular purine nucleotide
triphosphate level in the amd1 aahl mutant. a The adenine-dependent growth defect of the amd1 aahl
mutant was fully suppressed by APT1 knockout. Dilutions of BY4742 (wild-type), Y2076 and Y11611
strains were spotted on SDcasaWU medium (containing 0.3 mM of histidine) supplemented or not with
adenine and grown for 40 h at 30°C. b-f Restoration of ATP and GTP levels by deletion of APT1. Strains
(Y2076 and Y11611) were grown in SDcasaWU medium and adenine was added for 4 h before
metabolic extraction, separation and quantification done as in Fig. 2. For each metabolite, the amount
measured in the amd1 aahl cells was set at 1 (red dots). Numbers on the top of each panel correspond
to the p-value calculated from a Welch’s unpaired t-test.

Fig. 4 Alteration of amd1 aahl proliferation by adenine is alleviated by guanine supplementation and is
associated to a partial restoration of the GTP/ATP imbalance. a-b Guanine supplementation suppresses
either partially on plates (a) or totally in liquid (b) the proliferation defect of the amd1 aahl mutant. a
BY4741 (wild-type) and Y2076 strains were serial diluted and grown for 30 hours at 30°C on
SDcasaWU medium supplemented or not with indicated purines. b The amd1 aahl mutant (Y2076) was
exponentially grown for 24 hours in SDcasaWU and diluted to 2x10° cells/ml in the same medium
containing or not adenine (green and blue dots) and guanine (blue dots). Cell proliferation was followed
using a Multisizer IV (Beckman Coulter). ¢c-d ATP (¢) and GTP (d) relative contents are partially
restored under guanine supplementation. Metabolic extraction, separation and quantification were done
as in Fig. 2 on the amd1 aahl mutant shifted (Y2076) for 4 h to SDcasaWU medium supplemented or
not (red dots) with adenine (green dots) or adenine + guanine (blue dots). For each metabolite, the
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amount measured in cells grown in the absence of purine (red dots) was set at 1. Numbers correspond
to the p-value calculated from a Welch’s unpaired t-test.

Fig. 5 Gene dosage suppressors alleviate the adenine-dependent growth defect of the amd1 aah1 mutant
in a GTP-refueling dependent manner. a-c, f Wild-type (WT, Y175) and amdl aahl (Y2076) strains
were transformed with plasmids allowing overexpression (OE) or not (None) of indicated genes (p5839,
p5840, p5841, p5842 and p5847 for TAT1, PIK1, ADE4, HIS1 and PPH21, respectively). a-b
Transformants were serial diluted and grown for 48 h on SDcasaW medium (containing 0.3 mM of
histidine (His) from casamino-acids) supplemented or not with adenine (Ade) at 30 °C (a) and 37°C (b).
c GTP relative level is increased in most of the gene dosage suppressors. Transformants were
exponentially grown for 24 h in SDcasaW medium and then adenine was added for 4 h before metabolite
extraction. The amount of GTP measured in wild-type cells transformed by the control plasmid (None,
blue dots) was set at 1. d-e Histidine and purine pathways are both required to observe a growth defect
and a GTP drop in the amdl aahl mutant. d Y2076 strain was transformed with the HIS3 LEU2
centromeric plasmid (p2191, which renders it prototrophic for histidine) and with plasmids allowing
overexpression of either HIS1 (p3332) or ADE4 (p1933) genes or by the cognate control vectors (None,
pCM189 or PFL44L). Serial dilutions were spotted on SD medium £ Adenine (0.3 mM) % Histidine
(0.09 mM) and plates were imaged after 48 h at 30°C. e The amd1 aah1 mutant (Y2076) containing the
HIS3 LEU2 plasmid was exponentially grown for 24 h in SDU medium and then GTP levels were
determined after a 4 h incubation in the presence or absence of adenine and/or histidine. The amount of
GTP measured in cells grown in the absence of supplement (No addition) was set at 1. f ATP relative
content determined in the metabolic extracts from Fig. 5¢. ¢, e-f Numbers correspond to the p-value
calculated from a Welch’s unpaired t-test.

Fig. 6 A functional histidine pathway is required for the gene dosage suppression of the amdl
proliferation phenotype. a-b Suppression of the amd1 aah1 growth phenotype by TAT1 overexpression
is inoperative in the absence of histidine pathway. Yeast strains (Y2690, Y11779, Y11784 and Y11821)
were transformed with a plasmid allowing TAT1 overexpression (OE, p5839) or by the empty vector
(None, pFL44L). Transformants were grown for 48 h at 30 °C on SDcasaW medium containing 0.3 mM
of histidine (from casamino-acids) and the indicated source of purine. ¢ TAT1 overexpression results in
an increased level of ZMP synthetized from the histidine pathway. Yeast (Y1162, Y2787 and Y4423)
were transformed with the TAT1 overexpression plasmid or the cognate empty vector (None). ZMP level
were determined on cells grown in SDcasaWA medium as described in Fig. 2. The amount measured in
adel6 adel? cells with the empty vector (light orange dots) was set at 1. Numbers correspond to the p-
value calculated from a Welch’s unpaired t-test. d A functional histidine pathway is required for
suppressor effect of PPH21 and PIK1 on amdl mutant proliferation. Y11643, Y11782 and Y11821
yeast strains were transformed with an empty vector (None, PFL44L) or with plasmids overexpressing
(OE) the indicated genes (p5839, p5840 and p5847). Transformants were grown for 48 h at 30°C on
SDcasaW medium containing the indicated source of purine.

Fig. 7 Suppressors effect on the proliferation and metabolic phenotypes associated with the amd1 tatl
mutant. a-b The amd1l tatl double mutant displays a severe growth defect but not associated to an
enhanced GTP decrease compared to amdl. Yeast strains (BY4742 (wild-type), Y1031, Y2076 and
Y11627) were serial diluted and grown for 48 h at 30°C on SDcasaWU medium (containing 0.3 mM of
histidine from casamino-acids) supplemented or not with adenine (a) or were exponentially grown in
SDcasaWU medium for 24 h and adenine was added 4 h before being submitted to a metabolic extraction
and GTP quantification as in Fig. 2 (b). GTP level determined in wild type cells (blue dots) was set at
1. c-e Metabolic profiling of the amd1 tat1 gene-dosage suppressors. The amd1 tat1 double mutant strain
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was transformed with plasmids overexpressing (OE) the indicated genes (p5894, p5896, p5897, p5898,
p5899, p5900, p5901, p5902 and p6026 for XPT1, ADE4, HYM1, ERC1, MSN2, BAP2, AAH1, HPT1
and APT2 or by the empty vector (None, pFL44L). Transformants were exponentially grown for 24 h
in SDcasaWU medium, adenine was then added for 4 h prior to metabolic extraction as in Fig. 2. For
each metabolite, the level determined in cells containing the empty vector (orange dots) was set at 1. b-
e Numbers correspond to the p-value calculated from a Welch’s unpaired t-test. f Growth of amd1 in
the presence of adenine is restored by overexpression of APT2 but not APT1. The amdl mutant
('Y11784) was transformed by plasmids allowing overexpression of APT1 (p5011) or APT2 (p552) or
by the empty vector (None, YepLac195). Transformants were serial diluted and growth was imaged
after 48 h at 30°C on SDcasaW medium + adenine.
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Table 1 Yeast strains used in this study

Strain Genotype References
BY4741 MATa his3A1 leu2A0 ura3A0 met15A0 Euroscarf
BY4742 MATa his3A1 leu2A0 ura3A0 lys2A0 Euroscarf

Y175 MATa his3A1 leu2A0 ura3A0 This study

Y1031  MATa his3A1 leu2A0 ura3A0 met15A0 amdl::KanMX4 Euroscarf

Y1162 MATa his3A1 leu2A0 ura3A0 adel6::KanMX4 (Pinson et al., 2009)

adel7::KanMX4

Y2076 MATa his3A1 leu2A0 ura3A0 aahl::KanMX4 This study

amdl::KanMX4

Y2690 MATa his3A1 leu2A0 lys2A0 ura3A0 aahl::KanMX4 This study

amdl::KanMX4 ade8::KanMX4 hisl::KanMX4

Y2787 MATa his3A1 leu2A0 ura3A0 met15A0 hisl::KanMX4 (Pinson et al., 2009)

adel6::KanMX4 adel7::KanMX4

Y4198 MATa his3A1 leu2A0 ura3A0 amdl::KanMX4 This study

Y4423 MATa his3A1 leu2A0 ura3A0 ade8::KanMX4 This study

adel6::KanMX4 adel7::KanMX4

Y5941 MATa trpl leu2 ade2 ura3 his3 can1-100 sah1-1 (Mizunuma et al., 2004)

Y6750 MATa his3A1 leu2A0 ura3A0 aahl::KanMX4 (Ceschin et al., 2015)
Y11611 MATa his3A1 leu2A0 ura3A0 aahl::KanMX4 This study

amdl::KanMX4 aptl::URA3
Y11627 MATa his3A1 leu2A0 ura3A0 lys2A0 met15A0 This study
tatl::KanMX4 amd1::KanMX4
Y11643 MATa his3A1 ura3A0 amdl::KanMX4 This study
Y11779 MATa ura3A0 ade4::KanMX4 amdl::KanMX4 This study
Y11782 = MATa ura3A0 leu2A0 ade4::KanMX4 amd1::KanMX4 This study
Y11784 MATa ura3A0 amdl::KanMX4 This study
Y11821 MATa his3A1 leu2A0 ura3AO0 hisl::KanMX4 This study

amdl::KanMX4
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Table 2 Plasmids used in this study

Plasmid Backbone | Characteristics \References
pCM189 pCM189 CEN ARS URAB3 tet-OFF (Gari et al., 1997)
promoter
YCpLaclll = YCplLaclll CEN ARS LEUZ2 (Gietz and Sugino,
1988)
YEpLacl95  YEpLacl95 2 um URA3 (Gietz and Sugino,
1988)
pFL44L pFL44L 2 um URA3 (Bonneaud et al., 1991)
p1933 pCM189 CEN ARS URA3 tet-OFF (Rebora et al., 2001)
prom-ADE4
p2191 YCpLaclll CEN ARS LEU2 HIS3 (Rebora et al., 2005)
P3332 pFL44L 2 um URA3 HIS1 Lab Collection
p5011 YEpLacl95 2 um URA3 APT1 Lab Collection
p5839 pFL44L 2 um URA3 TAT1 This study
p5840 pFL44L 2 um URA3 PIK1 This study
p5841 pFL44L 2 um URA3 ADE4 This study
p5842 pFL44L 2 um URA3 HIS1 This study
p5847 pFL44L 2 um URA3 RPL35B- This study
RDI1-PPH21
p5894 pFL44L 2 um URA3 XPT1 This study
p5896 pFL44L 2 um URA3 ADE4 LIP1 This study
DIN3

p5897 pFL44L 2 um URA3 HYM1 This study
p5898 pFL44L 2 um URA3 ERC1 This study
p5899 pFL44L 2 um URA3 MSNZ2 This study
p5900 pFL44L 2 um URA3 BAP2 This study
p5901 pFL44L 2 ym URA3 AAH1 This study
p5902 pFL44L 2 um URA3 HPT1 This study
P6026 pFL44L 2 um URA3 APT2 DOT1 This study
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Figure 2

a + Adenine
Widtype @ B X L
amd1
amd1 aah1
aah1@ W

<1.0x10
1.2
(0] ..
n-_czUO.8-
tl._’) g
(0]
2 0.4 - °
©
8 -
0.0 . .
WT amd1
aah1
e 4.5x10 3
2.5
©
() a
2 2.0 %
4 [ ) %
O S 1.5- °
= Qo i
<2 10| o
©
E’ 0.5
0.0 . .
WT amd1
aah1
<1.0x10
200 - "
8150 - .
© [}
Ea§100—
< 2 50 1
wg |
8 2+
()]
T 14
0 : :
WT amd1
aah1

AN

+ Hypoxanthine No purine

ey -

C <1.0x10 *
2 -
3 "
c 1.5
o =
= 3 1.0 48
<¢
5 05+
x
0.0 . .
WT amd1
aah1
f <1.0x10*
2.0 1
= -’
I3 1.5 4
o o
X o 1.0 /"
< 2
©
T 05
x
0.0 . .
WT amd1
aah1
<1.0x10 ™
40 e
8 30
©
::§ 20
<L S 10-
weg |
® 24
()
X 11 -
0 T T
WT amd1
aah1

AN N

<1.0x10
— (]
o i3]
S 1.5
X
[a I °
03101 3%
<
©0.5
[0)
x
0.0 : .
WT amd1
aah1
g 0.90
10 4 ——
()
o
©8 g
—_— n o,
56 | % &
c ®
QD
T 2038
<o
c
)
0.7 . ,
WT amd1
aah1
J <1.0x10 ™4
150 -
B e
o 5100_
:_z
'E 8 50-
)
% L
<z 2+ .
()]
- 25



Figure 3
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Figure 4 3 + Adenine
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Figure 5
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Figure 6 a
OE gene  Adenine Hypoxanthine
None
b
OE gene  Adenine Hypoxanthine
None
TAT1
None
TAT1
None
TAT1
C
25 58K0% o0
5 Al
S 201 %
%fg 1.5 -
N % 1.0 2= _ 0.14
2 05- oy
N T
Overexpressed ¢ = ¢ =~ @ =
gene 2 K22 2
ade16 adel16 ade16
ade17 adel17 ade17
d ade8  his1
OE gene  Adenine Hypoxanthine
None
PIK1
PPH21
TAT1
None
PIK1
PPH21
TAT1
None
PIK1
PPH21
TAT1

amd1 aah1
ade8 his1

amd1
his1

amd1

amd1
ade4

amd1
ade4

amd1
his1

amd1



Figure 7 @ g
o) (o} =
R GTP o 3% S
% Relati K GTP - 4 O &
= (Relative peak area) (Relative peak area ) g 2 g S
© _.\ '\.) ol" o o o N I 2 I0
— . : . :
None “o o 4|> o N
MSN2 - 4 0.13 g = o A
BAP2 | g 0.19 ® 3 s <
o [FYMT 1 %8042 2 2
g ADEA4 - —H 4.5x10° 3\' }H
~\
= ERC1 - o 1&g <1.0x10* o O g
X | AAHT - ot <1.0x10¢ I 3- iﬂ
~\
HPT1 | @2 <1.0x10* o2 o
XPT1 1 # <1.0x10¢ S 3 - 'EH =
- Q >
APT2 - - e <1.0x10* = ©
Q — o SAH @ o SAM
% g % Q «Q (Relative peak area) (rQn (Relative peak area)
3333 3 na B33 2 na w3888
® Pedas as S oS P99 ao509
;; None * None
) MSN2 - 0.08 MSN2 4 0.38
= BAP2 § 006 BAP2 $0.28
(0]
o |HYM7T { 8¢-e 3.0x10° o |[HYM7 e 6.0x10¢
3 | ADE4  0.001 < 3 |ADE4)o97 -
§ g |ERCT X D |ERCTH e £
S Q
2 X [ AAHT $0.05 © =X | AAH1 §0.74 -
cso' HPT1 $0.51 HPT1 $0.38
XPT1 $0.50 XPT1 $0.72
Lpwe APT2 $0.50 APT2 §0.49

auluspy + e

auund oN



Supplementary Material

Click here to access/download
Supplementary Material
Saint Marc et al Supplemental data.pdf


https://www.editorialmanager.com/cuge/download.aspx?id=38520&guid=6ce1c6c8-c19c-424e-b9d3-595e7bcee6bd&scheme=1

