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Abstract: Yeast PARK9 (YPK9) shares homology with human ATP13A2, which encodes a polyamine
transporter implicated in juvenile forms of Parkinson’s disease. We used YPK9 to gain insight into
how ATP13A2 affects cell growth and sensitivity to oxidative stress. Surprisingly, the YPK9 deletion
strain from the Saccharomyces cerevisiae deletion collection (YKO) in wildtype BY4741 (mating type
a) grew faster and was more resistant to hydrogen peroxide than a commercial, putative parental
BY4741 wildtype strain (BY4741COM). In contrast, deleting YPK9 from BY4741COM rendered it very
sensitive to hydrogen peroxide, suggesting its background is different from that of the deletion
collection. Whole-genome sequencing revealed that BY4741COM and BY4741COM ypk9∆ contain
a novel premature stop codon near the 3′ end of WHI2 (WHI2G1324T), whereas the collection’s YPK9
deletion strain contains WHI2, which encodes a 486 amino acid protein, Whi2p. Replacing full-length
WHI2 with the sequence coding for the predicted truncation (Whi2pE442*) rendered strains more
sensitive to hydrogen peroxide, whereas the converse replacement rendered them more resistant.
The sequences of WHI2 in 20 randomly chosen strains from the collection encode the full-length
protein, indicating that the putative parental BY4741 WHI2G1324T strain’s genetic background differs
from that of the deletion collection. Examination of WHI2 sequences in several commonly used
wildtype S. cerevisiae strains and isolates revealed other Whi2p truncations that might yield altered
phenotypes. Together, these results demonstrate a novel premature stop codon in WHI2 that renders
yeast sensitive to hydrogen peroxide; they also reveal a negative genetic interaction between WHI2
and YPK9 in the presence of hydrogen peroxide in the BY4741 background.
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1. Introduction

Lindquist et al. first identified YPK9 as a suppressor of α-synuclein toxicity in yeast [1].
α-synuclein is the major component of Lewy bodies, which are cytoplasmic structures
that are the hallmark of Parkinson’s disease. S. cerevisiae YPK9 is 38% identical to human
ATP13A2 [2], which encodes a multispanning membrane protein of lysosomes that ex-
ports polyamines to the cytosol [3]. Mutations in human ATP13A2 are associated with
Kufor–Rakeb syndrome, an early onset form of Parkinson’s disease [4]. Polyamines are or-
ganic polycations with diverse functions including binding nucleic acids (RNA and DNA),
scavenging reactive oxygen species (ROS), and activating eIF5A (yeast Hyp2p) by hypusi-
nation, an essential post-translational modification [5,6]. Thus, the convergence of oxidative
stress, protein condensates, and polyamine metabolism on YPK9 may yield insight into the
dysregulation of fundamental pathways underlying Parkinson’s disease.

WHI2 was originally identified by Sudbery et al. [7] during a screen for cell-cycle
mutants. The whi2 mutant yielded small, mostly budding cells in the stationary phase.
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In 2008, Hardwick et al. showed that cells lacking FIS1, a gene required for mitochon-
drial fission, acquired a secondary mutation, a premature stop codon in WHI2, rendering
it presumably inactive and allowing the cells to grow in amino-acid-deficient media,
in particular leucine-deficient media [8]. WHI2, in essence, acts like a leucine sensor. WHI2
was shown to block TORC1, a complex of proteins that regulates cell metabolism and
protein translation in yeast and higher eukaryotes [9]. Thus, under limiting leucine levels,
cell survival is enhanced by WHI2 blocking TORC1, thereby attenuating translation and
increasing autophagy. These findings extend those of Costanzo et al. [10], who showed in
a large-scale screen that WHI2 interacts with certain members of TORC1. Thus, identifying
and characterizing novel whi2 mutants may deepen our understanding of core conserved
eukaryotic growth signaling pathways.

During our recent investigation into the role of YPK9 in peroxisomal proliferation,
we noticed that two YPK9 deletion strains in BY4741 had different sensitivities to hydrogen
peroxide: a laboratory-generated deletion was much more sensitive than ypk9∆ from
the yeast deletion collection. In the studies described below, we used whole-genome
sequencing to identify WHI2 as the gene responsible for the difference in oxidative stress
sensitivity and revealed its negative genetic interaction with YPK9.

2. Materials and Methods
2.1. Yeast Strains, Media, and Plasmid

The strains used in this study are described in Table S1. Strains were cultured at
30 ◦C in YPD (1% yeast extract, 2% peptone, and 2% glucose) or synthetic complete media
(CSM (Sunrise Science, Knoxville, TN, USA) supplemented with yeast nitrogen base (YNB)
and 2% glucose). For growth on agar plates, YPD medium was supplemented with 2%
agar. The yeast deletion collection was obtained from Thermo Scientific (YKO-MATa,
#YSC1053). Hygromycin (Hyg), nourseothricin (NTC), and G418 were obtained from Gold
Biotechnology and used at 100, 100, and 200 µg/mL, respectively. Hydrogen peroxide (30%)
was purchased from Fisher Scientific. pAG32 was a gift from John McCusker (plasmid
#35122; Addgene, Watertown, MA, USA).

2.2. Strain Genome Sequencing and Analysis

We used a DropSense 96 instrument (PerkinElmer, Waltham, MA, USA) and DropQuant
software to quantify and assess the purity of input DNA. We performed whole-genome li-
brary preparation according to the on-bead tagmentation protocol (Illumina doc# 1000000025416
v06) using 500 ng of input DNA for each sample. Libraries were sequenced on a NovaSeq
6000 sequencer (Illumina) as 2 × 150 reads with an average number of reads of 16,513,549
(4954 Mb) per sample. Sequencing reads were aligned to the S. cerevisiae reference genome
(SacCer3, [11]) using Burrows-Wheeler Aligner (BWA, [12]). Single nucleotide polymor-
phisms (SNPs) and insertion-deletion (INDEL) variants were visualized with the standalone
Integrative Genomics Viewer (IGV) browser (Broad Institute, Cambridge, MA, USA).

2.3. Construction of WHI2 Variants

We used the method of gene replacement to introduce WHI2 or WHI2G1324T in vari-
ous strains [13]. In the first step, a hygromycin cassette was amplified from pAG32 [14].
The forward primer contained 45 bases of the 3′ terminus of WHI2 and 22 bases of the
cassette (WHI2&HYG_fwd: CGTAGAGTTTGGACTTTAGAGTTGAGCGTTATTGGGGT-
GCAGTGACAGCTGAAGCTTCGTACGCTGC). The reverse primer contained 45 bases
immediately downstream of WHI2 and 22 bases of the cassette (WHI2&HYG_rev) TGGCC-
CGATCTCTTTCCATTTCTTTCTCTAATATATTATATACACGCATAGGCCACTAGT
GGATCTG). The amplified product was used to transform BY4741COM, which contained
WHI2G1324T and BY4742, which contained WHI2. The WHI2G1324T-HYG and WHI2-HYG
fusions were amplified from genomic DNA isolated from the transformants. Genomic
DNA was extracted as previously described [15]. The forward primer (WHI2_UP_45) was
GATAAAGATAAAGGTTGTCTGAGCTTACACTTATTATAAACAATG and the reverse
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primer (WHI2_DN_42) was CCCGATCTCTTTCCATTTCTTTCTCTAATATATTATATA-
CAC [16]. The amplified products were used to exchange WHI2G1324T and WHI2 in certain
strains. Phusion High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA)
and Buffer GC were used in amplification reactions following the manufacturer’s instruc-
tions. The sequence of mutant and wildtype WHI2 in all strains was verified by DNA
sequencing. The forward sequencing primer (WHI2_FWD_710p) was AGACTAAAGCAA-
CAACAGCAAC. The reverse primer (WHI2-SEQ-R-REV: GGGATACCAAGAAACCAT-
ACTG) was used to verify the WHI2 sequence in randomly selected strains from the yeast
deletion collection.

2.4. Yeast Growth Assays

Frozen stocks of strains were used to prepare fresh streaks on YPD agar plates, sam-
ples of which were used to inoculate 5 mL of YPD with or without antibiotics, and the
cultures were rotated overnight at 30 ◦C. Cultures were diluted to 0.05 OD600 and three
200 µL aliquots of each strain were placed in a sterile 96-well microplate. For background
correction, certain wells contained only medium. Cultures were incubated in a Sunrise
Tecan microplate reader at 25 ◦C for 2 h with shaking. Hydrogen peroxide (50 µM final
concentration) or water was added to the cultures and the incubation was continued for
a total of 24 h. The OD600 was recorded in 15 min intervals.

2.5. Calculation of the Strength of Genetic Interactions

The strength of a genetic interaction (ε) was calculated using a multiplicative model [17].
The following equation was used:

ε = fab − fa fb (1)

where fa and fb are the fitness of single mutants a and b, respectively; and fab is the observed
fitness of the double mutant. Fitness was defined as the OD600 after 24 h of growth in the
presence of hydrogen peroxide normalized to the wildtype. A positive ε signifies a positive
interaction, whereas a negative ε signifies a negative interaction.

3. Results

Based on YPK9’s sequence homology to human ATP13A2, we speculated that a strain
lacking YPK9 would have a growth defect and be sensitive to oxidative stress. We found,
however, that the YKO collection’s ypk9∆ strain grew slightly better (~15%, based on OD600
at mid-log point) than the commercial strain putatively isogenic to the parental strain,
BY4741COM (Figure 1). Because oxidative damage accumulates during ageing, we sought to
uncover a sensitivity to oxidative stress by treating YKO’s ypk9∆ with hydrogen peroxide.
Hydrogen peroxide reduced the mid-log phase growth of YKO’s ypk9∆ by only 19%, but
that of BY4741COM by 32% relative to the corresponding untreated strains, suggesting that
loss of YPK9 rendered BY4741 more resistant to oxidative stress (Figure 1). To corroborate
this unexpected result, we deleted YPK9 from BY4741COM and measured its growth and
hydrogen peroxide sensitivity. The growth of this BY4741COM ypk9∆ deletion strain at
mid-log phase was about 14% less than that of the YKO ypk9∆ strain (Figure 1). In the
presence of hydrogen peroxide, however, the BY4741COM ypk9∆’s growth in the mid-log
phase was severely hampered: about 68% less than YKO ypk9∆’s. At least two explanations
are possible for the difference in hydrogen peroxide sensitivity of the two ypk9∆ strains.
First, the YKO ypk9∆ strain may have acquired a suppressor of oxidative stress since the
collection was constructed [16]. Hardwick et al. estimated that the majority of strains in the
YKO collection have acquired a suppressor [18]. Second, the commercial, putative parental
BY4741COM may not share the same genetic background as the deletion collection.
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Figure 1. H2O2 sensitivity of the YKO collection and laboratory YPK9 deletion strains. The growth curves of BY4741COM

(squares), the YKO collection’s ypk9∆ in BY4741 (circles), and our ypk9∆ in BY4741COM (triangles) were compared in the
presence (solid symbols) or absence (open symbols) of 50 µM H2O2. Differences in growth (see text) were based on OD600

at mid-log point. Error bars represent the SEM, N = 3.

To identify genomic differences that may explain these results, we sequenced the
genomes of BY4741COM, BY4742, YKO ypk9∆, and BY4741COM ypk9∆. The four strains
had a total of 290 sequence changes relative to the SacCer3 reference genome (Table S2).
Of those, 202 were common to all four strains and could not provide insight into the
phenotypic differences among them. Most of the remaining variants (88) were short single-
nucleotide insertions, deletions, or SNPs located between ORFs and, therefore, of uncertain
significance. However, we detected variants in four genes (ADH7, DNF2, RAX1, and WHI2)
that were shared between BY4741COM and our ypk9∆ BY4741COM strain but not with the
YKO ypk9∆ (Table 1).

Table 1. SNPs within ORFs determined by whole-genome sequencing.

Strains

Standard
Name Name Description Chromosome

Location SNP Amino Acid
Change BY4741COM BY4741COM

ypk9∆
BY4741YKO

ypk9∆
BY4742

ADH7 Alcohol Dehydrogenase III/
309,566 G to A Gly166Asp + + − −

DNF2 Drs2 Neo1 Family IV/
632,116 G to C Gly279Arg + + − −

WHI2 Whiskey 2 XV/
412,193 G to T Glu442 * + + − −

RAX1 Revert to AXial 1 XV/
881,528 C to A Cys188 * + + − −
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Alcohol dehydrogenase 7 (ADH7) is an NADP-dependent alcohol dehydrogenase and
member of the cinnamyl alcohol dehydrogenase family [19]. We identified a G-to-A SNP
at position 309,566 in chr III predicted to change Gly-166 to Asp. This sequence change
was characterized as a passenger mutation and is therefore unlikely to affect growth [20].
DNF2 is an aminophospholipid translocase (flippase) [21,22]. We identified a G-to-C SNP
at position 632,116 on chr IV predicted to change Gly-279 to Arg. This SNP in DNF2
was not found among the gene variants listed on the Saccharomyces Genome Database
(SGD [23]). RAX1 is involved in bud site selection [24,25]. We identified a C-to-A SNP at
position 881,528 predicted to change a Cys-188 to a stop codon. The full-length protein
has 435 amino acid residues. WHI2 is a negative regulator of TORC1 and is required
for the activation of the general stress response in yeast. We identified a G-to-T SNP at
position 412,193 in chr XV predicted to change a Glu-442 codon to a stop codon yielding
Whi2pE442*. Full-length Whi2p has 486 amino acid residues. Neither the RAX1 nor WHI2
variant described here was found in the SGD [23].

We focused our attention on WHI2 because it plays a key role in the general stress
response [26–28], regulates TORC1 [9], and is one of five genes most commonly mutated in
strains containing a suppressor [20]. Full-length WHI2 is found in YKO’s BY4741 ypk9∆ and
BY4742, whereas WHI2G1324T is found in BY4741COM and BY4741COM ypk9∆ (Figure 2).
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Figure 2. Alignment of Whi2p variants. The reference strain (S288C), BY4742, and YKO collection’s
ypk9∆ contain the sequence for full-length Whi2p (486 amino acids). In contrast, BY4741COM’s WHI2
sequence has a premature stop codon yielding a truncated Whi2p of 441 amino acids residues. Clustal
Omega was used to align sequences [29].
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We tested the hypothesis that WHI2G1324T renders BY4741COM and BY4741COM ypk9∆
sensitive to hydrogen peroxide by systematically exchanging WHI2 and WHI2G1324T in our
strains (Figure 3) and then measuring their sensitivity to hydrogen peroxide (Figure 4).
Hydrogen peroxide reduced the growth of BY4741YKO ypk9∆ by about 8% compared to
its untreated control (Figure 4A). Replacing WHI2 with WHI2G1324T in ypk9∆ BY4741YKO

rendered it very sensitive to hydrogen peroxide reducing growth by 67% (Figure 4A).
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Figure 3. Sequence confirmation of engineered WHI2 variants. A hygromycin cassette was fused to WHI2 or its variant
containing a stop codon at position 1324 (WHI2G1324T) and used to replace the endogenous version of WHI2 in BY4741COM,
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We extended the analysis by replacing WHI2G1324T with WHI2 in BY4741COM and com-
paring its hydrogen peroxide sensitivity to that of BY4741COM WHI2G1324T. As expected,
BY4741COM WHI2 was mostly resistant to hydrogen peroxide (only a 5% growth reduc-
tion), whereas BY4741COM WHI2G1324T was sensitive (40% growth reduction, Figure 4B).
Deleting YPK9 from BY4741COM WHI2G1324T rendered the strain very sensitive to hy-
drogen peroxide (61% growth reduction) and revealed a negative genetic interaction
(ε = −0.24, p-value < 0.0001) between ypk9∆ and WHI2G1324T under these conditions.

We next examined how the changes in YPK9 and WHI2 affect the hydrogen peroxide
sensitivity of BY4742, the α mating type. BY4742, which has full-length WHI2, was not
sensitive to hydrogen peroxide (Figure 4C). However, introducing WHI2’s premature
stop codon into BY4742 yielded a strain (BY4742 WHI2G1324T) that was very sensitive to
hydrogen peroxide (Figure 4C, 60% growth reduction). We deleted YPK9 from BY4742
WHI2 and showed that the resulting strain (BY4742 ypk9∆ WHI2) was not sensitive to
hydrogen peroxide (Figure 4C). The combination of WHI2G1324T and ypk9∆ in BY4742 was
very sensitive to hydrogen peroxide but indistinguishable from that of BY4742 WHI2G1324T

(Figure 4C, 54% and 60% growth reduction, respectively). Thus, loss of YPK9 from BY4742
WHI2 provided no additional sensitivity to hydrogen peroxide. Together, these results
support the idea that WHI2 is a key regulator of oxidative stress in S. cerevisiae [27,28].
YPK9’s role in regulating oxidative stress is revealed in BY4741COM but obscured in BY4742.
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Microorganisms 2021, 9, 2584 8 of 11

To determine if the WHI2G1324T mutation is common in the yeast deletion collection or
is unique to the commercial BY4741 isolate, we sequenced the WHI2 gene in 20 randomly
chosen strains from the yeast BY4741 deletion collection. All 20 strains contained full-length
WHI2, indicating that the parental strain lacked the WHI2G1324T mutation (Figure S1).

The differences in the genetic backgrounds of BY4741COM and BY4741YKO, espe-
cially the SNP in WHI2 (Table 1 and Figure 2), prompted us to sequence WHI2 in several
S. cerevisiae wildtype strains and compare them to previously reported WHI2 sequences
(Figure S2). The genomes of S288C, BY4741 (Stanford), BY4741 (Toronto), BY4741 (Euroscarf),
and BY4742 (Euroscarf) encode full-length Whi2p. The genomes of BY4741 (Open Biosys-
tems), BY4741COM (GE Healthcare, Figure 2), and BY4741COM ypk9∆ (this study, Figure S2)
encode a truncated Whi2p of 441 amino acid residues. The genome of BY4742 (Toronto)
encodes a truncated Whi2p of 369 amino acid residues, whereas that of BY4742 (Stanford)
encodes a truncated Whi2p of 423 amino acid residues. Thus, BY4741 and BY4742 isolates
have, respectively, at least two and three alleles of WHI2. The WHI2 alleles can cause
dramatic phenotypes, for example, the sensitivity to oxidative stress reported here. The
different WHI2 alleles found in commonly used S. cerevisiae wildtype isolates, including
the a (BY4741) and α (BY4742) mating types, underscore the need for genomic sequence
verification of wildtype isolates and heightened awareness within the yeast community.

4. Discussion

We showed above that much of the hydrogen peroxide sensitivity of BY4741COM can
be attributed to a G-to-T SNP at position 412,193 chr XV (WHI2) yielding a 441 amino
acid-truncated version of Whi2p (Whi2pE442*). To the best of our knowledge, this trun-
cation has not previously been reported. Strains lacking YPK9 but containing full-length
WHI2 in the BY4741 background were only modestly sensitive to hydrogen peroxide
(~10% growth reduction).

The transcription factors Msn2 and Msn4 were identified as master regulators of the
general stress response, an umbrella term that includes nutrient starvation, heat shock,
and oxidative stress [30]. Kaida et al. [27] showed that Psr1p/Psr2p phosphatases, Msn2p,
and Whi2p physically interact and can be found together at the cell membrane. Upon
oxidative stress, Msn2p is released from Psr1p and Whi2p. Msn2p enters the nucleus,
where it activates transcription of stress response genes including catalase and superoxide
dismutase. Whi2p binds Psr1p, and both are required for full activation of Msn2p [27]. Our
results are consistent with the hypothesis that the C-terminal 45-amino-acid residues of
Whi2p mediate this important role in regulating Msn2p activation during the oxidative
stress response.

The putative parental wildtype strain BY4741COM used in our studies has WHI2G1324T,
whereas all twenty of the YKO collection BY4741 strains we sampled encoded full-length
Whi2p. Thus, this BY4741COM isolate is not isogenic with the parental strain used to
construct the deletion collection. The genomes of the Stanford, Toronto, and Euroscarf
BY4741 isolates encode full-length Whi2p, whereas that of Open Biosystem encodes the
truncated Whi2p of 441 amino acid residues. In the case of BY4742, the genomes of
the Toronto and Stanford isolates encode, respectively, the truncated Whi2p of 369- and
423-amino-acid residues. The genomes of the BY4742 isolate used in our studies and that
of Euroscarf’s encode full-length Whi2p. The presence of variants in established wildtype
strains and their potentially profound effect on phenotype, for example, the oxidative
stress reported here, underscore the need for whole-genome sequencing of commonly used
strains [31]. Not only will this resolve the interpretation of conflicting results, but also
reveal the biological significance of fortuitous variants.

Other groups have reported informative mutations in WHI2 [20,32,33]. About 30% of
the strains sequenced during the construction of a global suppressor network contained at
least one mutation in a group of six genes, one of which was WHI2 [20]. Comyn et al. [32]
identified WHI2 secondary mutations in 13 strains from the deletion collection during
a screen for genes important for protein quality control. The mutant strains were defective
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in degrading misfolded proteins resulting, perhaps, from disruption of the interaction
between Whi2p and Psr1p/Msn2p and its effect on downstream factors [32]. Of the
13 strains, 11 had a premature stop codon in WHI2. The stop codons were evenly distributed
throughout WHI2 sequence. Cheng et al. [33] reported truncated versions of Whi2p
of 27, 68, and 152 amino acid residues in length. Thus, WHI2 is a member of a small
group of genes for whom loss-of-function, or partial truncation, mutations appear to be
frequently advantageous.

Although neither a genetic nor physical interaction between YPK9 and WHI2 has
been previously reported, a comparison of their respective known interactors converges
on eIF5A (Hyp2p). In S. cerevisiae, polyamines scavenge reactive oxygen species (ROS)
and play a critical role in hypusination [34], a post-translational modification required
for the activity of the essential eIF5A (Hyp2p). Whi2p physically interacts with Hyp2p,
and YPK9 and HYP2 have a negative genetic interaction based on whole-gene knockout
data [10,35]. Thus, Whi2p may block translation [9], in part through its interaction with
eIF5A (Hyp2p). We showed a negative genetic interaction between YPK9 and WHI2 in the
BY4741COM background in the presence of hydrogen peroxide. When S. cerevisiae is treated
with hydrogen peroxide, Tpo1p exports spermine and spermidine, thereby lowering their
cytosolic concentrations [36]. Thus, it is tempting to speculate that in the presence of
hydrogen peroxide, cell survival and hypusination are more dependent on Ypk9p to deliver
polyamines to the cytosol. Although members of the mammalian ATP13A3-5 family cannot
suppress the Mn2+ toxicity of ypk9∆ strains [37], whether they complement growth defects
during oxidative stress in these strains warrants further investigation.

In S. cerevisiae, cytosolic polyamines, which scavenge ROS, are derived from at least
three routes: biosynthesis from ornithine [5], transport into the cell via polyamine trans-
porters (e.g., Tpo1p [36]), and putative export from the vacuole via Ypk9p. The ability of
S. cerevisiae to obtain polyamines from the three routes may explain the modest growth re-
duction of ypk9∆ strains in the presence of hydrogen peroxide, and this genetic redundancy
may also reflect the necessity of controlling the cytosolic concentration of polyamines.
The ability of spermidine to enhance longevity in yeast, flies, worms, human cells, and
mice by inducing autophagy [38]; the interest in spermidine’s effect on cognition [39];
and the link between the polyamine pathway and Parkinson’s disease [40] underscore the
need to further investigate polyamines and their regulators, such as YPK9 and WHI2.

This fortuitous discovery of a negative, condition-dependent genetic interaction high-
lights the importance of multicondition mapping of genetic interactions in multiple back-
grounds. While high-throughput reverse-genetics methods are becoming more precise at
delivering particular modifications across the genome, unbiased forward genetics is still an
important strategy for generating and dissecting unanticipated modes and complexity of
genetic variation.
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