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Abstract: Skyl is the only member of the SR (Serine—Arginine) protein kinase family
in Saccharomyces cerevisiae. When yeast cells are treated with the anti-cancer drug
cisplatin, Sky1 kinase activity is necessary to produce the cytotoxic effect. In this study,
proteome changes in response to this drug and/or SKY/ deletion have been evaluated in
order to understand the role of Skyl in the response of yeast cells to cisplatin. Results
reveal differential expression of proteins previously related to the oxidative stress response,
DNA damage, apoptosis and mitophagy. With these precedents, the role of Skyl in
apoptosis, necrosis and mitophagy has been evaluated by flow-cytometry, fluorescence
microscopy, biosensors and fluorescence techniques. After cisplatin treatment, an
apoptotic-like process diminishes in the Asky!l strain in comparison to the wild-type. The
treatment does not affect mitophagy in the wild-type strain, while an increase is observed
in the Asky! strain. The increased resistance to cisplatin observed in the Asky! strain may
be attributable to a decrease of apoptosis and an increase of mitophagy.
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1. Introduction

Diverse derivatives of platinum are used as therapeutic agents in cancer treatment [1-3].
Among them, cisplatin, cis-diaminodichloroplatinum, a neutral square planar complex of platinum
that forms adducts with DNA. In mammals, the intra-strand cross-link is the major lesion caused by
cisplatin-induced DNA damage and it is primarily repaired via the nucleotide excision repair (NER)
system. In addition to NER, cisplatin can also induce transcription-coupled repair (TCR), since
the intra-strand crosslinks stall RNA polymerase II. The homology-directed DNA repair (HDR), which
allows error-free repair of the double-strand breaks after the excision of cisplatin—-DNA adducts, is also
implied. On the contrary, the mismatch repair (MMR) responds to cisplatin-induced DNA damage
increasing cytotoxicity. Cisplatin also exhibits a high affinity towards sulfur donors, such as cysteine
and methionine, forming stable Pt—S bonds, which compete with the DNA binding, thus decreasing
the cytotoxicity of cisplatin (reviewed in [4]). The toxicity of cisplatin also affects yeast survival and
therefore Saccharomyces cerevisiae has been used as a convenient eukaryotic model to find genes
related to cisplatin resistance [5] or sensitivity [6]. However, molecular mechanisms of cisplatin
action in yeast have been scarcely studied. Cunha et al. have recently reported that cisplatin induces
an active form of cell death in yeast and increases DNA condensation and fragmentation, but it
does not cause significant loss in the mitochondrial membrane potential [7].

Eukaryotic SRPKs are constitutively active serine-arginine kinases, which display remarkable
substrate specificity compared to other kinases, and they have been related to RNA processing. Skyl1 is
the only member of the SRPK family in S. cerevisiae and its enzymatic activity is required for the
cytotoxicity produced by cisplatin [8]. Among the known protein substrates of Skyl are Npl3 [9,10]
and Gbp2 [11]. It has been reported that Hrbl is also phosphorylated by Skyl in vitro [12]. These
three substrates are identified as shuttling RNA binding proteins, RNA binding proteins that remain
associated to mRNA during export from the nucleus. Alignment of the phosphorylation targets in
the two known substrates of Skyl, Gbp2 and Npl3 suggests a Skyl-specific recognition site fitting
the consensus R(E/S)RSP(T/V)R [13], which is slightly different to the mammalian SRPK recognition
sitte RSRSRSR [14]. The function of the SKY/ gene in the modulation of cisplatin sensitivity is also
conserved in SRPKI and SRPK2, their human homologs. Inactivation of SRPKI, using an antisense
approach, induces cisplatin resistance in a human ovarian carcinoma cell line [8]. Besides,
heterologous expression of SRPK/ in a Askyl yeast strain is able to complement its phenotype of
resistance to cisplatin [8]. Phosphorylation mediated by SRPK1 and SRPK?2 kinases signals caspase-8
pre-mRNA splicing in response to cisplatin and it also determines whether cells undergo apoptosis
or G(2)/M cell cycle arrest [15].

In yeast, deletion of the SKYI gene confers resistance to cisplatin but it does not produce changes
in intracellular levels of this compound or changes in DNA platination [16]. Although the Asky! cells
have a hypermutator phenotype, thus suggesting a role of Sky1 in specific DNA repair pathways [16],
the mechanisms by which it modulates cisplatin sensitivity are unknown. Skyl is also related to
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polyamine import into the cell and to the maintenance of the membrane potential, although these
processes have not been related to cisplatin sensitivity [17,18]. In this work we studied, by
a proteomic approach, the response of S. cerevisiae to cisplatin treatment and/or SKY/ deletion.
Among the proteins identified in this analysis Bmh1/2 and Mmil (Tmal9) have been previously
related to apoptosis and mitophagy. To test the influence of Skyl function on these processes,
necrotic-apoptotic events and mitophagy were also measured. Results confirm that Skyl1 is related to
both apoptosis and mitophagy in response to cisplatin exposure of yeast cells.

2. Results and Discussion
2.1. 2-D Difference Gel Electrophoresis (DIGE) Analysis

Cells obtained from three independent cultures of the S. cerevisiae strains W303 and its isogenic
Askyl derivative, untreated or after cisplatin treatment, were used for protein isolation, phospho-protein
enrichment and 2-D difference gel electrophoresis (DIGE) analyses. In the design of the proteomic
approach we carried out a selection of proteins previous to 2-D DIGE analyses, by using the Diamond
Phosphoprotein Enrichment Kit (Invitrogen, Carlsbad, CA, USA) as described in the Experimental
Section. The use of this kit allows the enrichment in acidic proteins, these including phosphoproteins.
The rationale of this strategy was based in the knowledge that Npl3 and Gbp2, the two characterized
substrates of Skyl in vivo, are acidic proteins. Npl3 has a theoretical p/, calculated from its amino acid
content, of 5.35 and the experimentally determined value decreases to 4.58 [19]. Gbp2 has a theoretical
plof 6.16.

Images were obtained from each gel, corresponding to Cy2-, Cy3- and Cy5-labeled
samples. In order to statistically analyze the protein changes, 12 gel images (Cy3 and Cy5)
were analyzed using Progenesis SameSpots V3.2 software (Nonlinear Dynamics, Newcastle upon Tyne,
UK) available through [20]. Intergel normalization was also carried out using Progenesis SameSpots
V3.2 software (Nonlinear Dynamics, Newcastle upon Tyne, UK). In our study inter-image analysis
allowed matching of 953 spots, which represents a reasonable number of detected proteins in
comparison to previous data about the yeast phosphoproteome size, which varies from 160 to 1513 in
different reports [21-23]. Proteins with statistically significant changes in these analyses are shown in
Figure 1. When proteins from the W303 strain with and without cisplatin treatment were compared,
16 spots increased after treatment and 24 decreased according to this analysis (Figure 1A). When
proteins from the Askyl strain with and without cisplatin treatment were compared, 25 spots were
increased and 14 decreased after treatment (Figure 1B). Comparison of proteins from the W303 and
Askyl strains without treatment showed that 12 spots increased in the mutant while 18 decreased
(Figure 1C). Finally, comparison of proteins from the W303 and 4sky ! strains with cisplatin treatment
showed that 22 spots increased in the mutant while 14 decreased (Figure 1D).

2.2. Identification of the Differentially Quantified Proteins

To identify the proteins showing statistically significant changes in the previous comparisons,
selected spots were digested in-gel, and analyzed by MALDI (Matrix-assisted laser
desorption/ionization)-TOF (Time of Flight)/TOF. We considered statistically significant only those



Int. J. Mol. Sci. 2014, 15 12576

changes with ANOVA p value statistically significant. The searches for peptide mass fingerprints and
tandem MS spectra were performed in the UniProt knowledgebase, by searching in the
UniProtKB/Swiss-Prot [24] database. In spot 610 (see Table 1), two different proteins were identified.
Table 1 shows detailed information comprising experimental and theoretical molecular weight and
pl values, accession numbers and identification parameters of the proteins that are differentially
quantified under the tested comparisons. The observed differences may be caused by differential
protein expression or by differential extraction caused by p/ changes attributable to posttranslational
modifications. Comparison between fold changes observed in Table 1 and those observed in
transcriptome studies (Table S1) reveals that variation in protein levels are positively correlated with
mRNA levels only in few cases (SHM2, MET6, ADOI, ADHI or ARO4). For the rest, changes in
protein levels are attributable to other regulatory mechanisms.

Figure 1. Representative phosphoproteome map showing the proteins with significant
changes (a) in the S. cerevisiae W303-1A haploid strain after treatment with cisplatin;
(b) in the W303-1A-derived 4sky! mutant after treatment with cisplatin; (¢) in the W303-1A
strain versus its Askyl mutant; (d) in the W303-1A strain versus its Askyl mutant, after
treatment with cisplatin. Proteins were resolved in the 3—11 (nonlinear) pH range in the
first dimension and on 12% acrylamide gels in the second dimension. Proteins identified by
MALDI (Matrix-assisted laser desorption/ionization)-TOF (Time of Flight)/TOF mass
spectrometry are listed in Table 1, where ID numbers correspond to the numbered spots in
this figure (red numbers in brackets).
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Table 1. Proteins with significant abundance changes in the proteome analyses.

Untreated Mutant AskylI versus Untreated Wild-Type

. . Experimental  Predicted
Spot Anova (p) Fold ID Identification
Mr pl Mr y24
924 0.05 -1.6 19 YLRI79C 27 398 22,15 477
290 0.05 -1.3 2 ACS2; YLRI53C 76 6.10 7549 6.21
521 0.03 -13 9 SHM2; YLRO58C 53 7.24 5221 6.98
1010 0.05 -1.3 23 GUKI; YDR454C 22 598  20.64 6.63
1293 0.05 -1.3 36 PFYI;YORI22C 13 4.85 13.68 5.47
Wild-Type Treated versus Untreated
. . Experimental  Predicted
Spot Anova (p) Fold ID Identification
Mr pl Mr pl
310 0.02 1.3 3 MET6; YER09IC 73 570  85.86 6.07
537 0.04 1.3 11 LYS20, YDLI§2W 51 558 47.10 06.84
684 0.02 -1.4 15 ADOI; YJRIOSW 41 436 3637 4.99
36.85 6.21
610 0.05 -1.3 10 ADHI; YOL0OS6C 45 6.89 1001 6.47
Mutant Askyl Treated versus Untreated
. . Experimental  Predicted
Spot Anova (p) Fold ID Identification
Mr pl Mr pl
475 0.05 1.8 8 UGPI; YKLO3SW 54 6.89 5599 698
824 0.03 1.7 21  PRBI; YEL0O60C 32 6.04  69.62 594
341 0.04 1.3 6  STIl; YORO27TW 69 54 66.26 5.45
761 0.02 1.3 41 BMHI/BMH?2 36 4.09 30.09 4382
927 0.05 —1.5 42 TMAI9; YKLO56C 17 3.78 18.741 4.41
1010 0.01 —1.3 23 GUKI; YDR454C 22 598  20.64 6.63
684 0.05 -1.3 15 ADOI; YJRIOSW 41 436  36.37 4.99
Treated Mutant Askyl versus Treated Wild-Type
. . Experimental  Predicted
Spot Anova (p) Fold ID Identification
Mr pl Mr pl
865 0.03 1.4 32 HSP26; YBRO72W 30 5.11 23.88 5.31
1052 0.05 1.3 20 AHPI; YLRIO9W 19 4.21 19.11 5.01
924 0.01 -1.6 19 YLRI79C 27 398 22,15 477

12577

Spot, master protein spot number according to Figure 1A-D; ID, identification protein number.

ID correspond to the red numbers (between brackets) in Figure 1; Fold = Average volume ratio, positive is

fold increment and negative is fold decrement; Experimental Mr (kDa) and p! calculated by analysis of the

gel images as explained in the text. Predicted Mr and pl according to protein sequence and Mascot

search results.

2.3. Validation of the Experimental Design

To validate the adequacy of the methods used, the characteristics of the identified proteins were

analyzed. Evaluation of the abundance of the identified proteins in our study (according to

Ghaemmaghami et al. [25]) show that proteins ranging from 1600 to 264,000 molecules per cell

are represented (Table S2). This result indicates that the method used for acidic/phosphorylated
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protein enrichment does not exclude capture of high or low expressed proteins, although the latter
are less represented. As a shortcoming of the methods, comparative evaluation of the stability of
the proteins detected in our study using the ProtParam tool from Expasy [26] shows that more stable
proteins (instability index lower than 40) predominate over the unstable ones (Table S1). This may
justify the absence of Npl3 and Gbp2, known substrates of Skyl [9-11], among the detected proteins,
since they have high instability indexes of 66.14 and 44.70 respectively. As expected, all the
proteins identified in this study (with the exception of profilin and the uncharacterized protein
encoded by YLR179C) are previously recognized phosphoproteins identified by conventional or
phosphoproteomic analyses (data from PhosphoGrid database). However, among the identified
proteins in our analyses we do not find a similar sequence to the one predicted for the Skyl substrates,
R(E/S)RSP(T/V)R; although caution about the robustness of this consensus is needed, because only
two sequences were aligned for its definition [13]. Alternatively, other kinases may be regulated by
Skyl function and/or cisplatin treatment. The predicted and gel-based Mr and pI were also compared
taking the spots from the four comparisons together (Figure S1). The pls correlated poorly
(R = 0.7118) suggesting a high degree of posttranslational modifications. This was expected, since
acidic/phosphoprotein enrichment was done before DIGE analysis. Indeed, proteins are shifted towards
the acidic region of the gels with most of them having an experimental p/ less than 6.3.

2.4. Proteome Changes Produced by Askyl Deletion

The effect of the Askyl deletion in absence of cisplatin treatment, in the conditions of our study,
is depicted in Table 1. The previously characterized substrates of the Skyl kinase are RNA binding
proteins [10,11], however the proteins affected by Skyl depletion in our study are related to other
functions. The proteins that show lower levels in the mutant than in the wild-type are functionally
related to DNA synthesis, chromatin modification and/or oxidative stress. Shm2 is involved in
generating precursors for purine and pyrimidine biosynthesis [27]. Guk1, guanilate kinase, participates
in the nucleotide metabolism [28]. Acs2 catalyzes histone acetylation [29]. The profilin Pfyl, which
activates actin polymerization, increases the viability of cells exposed to oxidative stress [30].
Therefore, the proteomic analysis potentially extends the functions already assigned to Skyl in
previous studies.

2.5. Proteome Changes Produced by Cisplatin Treatment and Their Dependence on Skyl Function

A comparison of data reported in Table 1 allows us to recognize those proteins that are regulated by
the signal elicited by cisplatin treatment with reference to the expression of the SKY/ gene. About
the proteins whose expression change after cisplatin treatment (Met6, Lys20, Adhl and Aro4), all are
Sky1 dependent (a variation is observed after treatment in the wild-type but not in the Asky/ mutant)
with the exception of Adol. This protein participates in nucleotide metabolism and it has
been previously reported that stimulation of de novo synthesis of purine nucleotides increases
cisplatin resistance [31].

The protein Met6, 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase, catalyzes
the transfer of a methyl group from methyltetrahydrofolate to homocysteine resulting in methionine
formation. Lys20, homocitrate synthase, catalyzes the biosynthesis of L-lysine via aminoadipic acid.
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In S. cerevisiae Met6 and Lys20 have been previously related to oxidative stress. Methionine decay in
met6 mutants up-regulate protection to increased oxidative metabolism [32] and, oppositely, we may
speculate that Met6-increase could cause decreased protection against oxidative stress. LYS20 gene
expression is also induced after H,O, treatment [33]. Besides, the proteins Adhl, alcohol
dehydrogenase 1, and Aro4, phosphor-2-dehydro-3-deoxyheptonate aldolase, have been previously
related to the oxidative stress response [34,35]. In mammals it has been described that cisplatin
treatment causes oxidative stress, which may even become the cause of cell-death [36,37].

2.6. Proteins Related to the Increased Resistance of Cisplatin in the Askyl Mutant

Although a role of Skyl in specific DNA repair pathways has been suggested [16], the mechanisms
by which the Askyl mutant becomes more resistant to cisplatin, are unknown. A comparison of
data reported in Table 1 allows us to recognize proteins that may contribute to this effect. Those
that change their levels in the comparison of Askyl cisplatin treated cells versus wild-type treated
cells as well as those differenced in the comparison Asky! treated versus untreated cells, but which do
not change in the comparison wild-type treated versus untreated may be considered. Analysis of this
group reveals six up-regulated proteins (Ugpl, Prbl, Stil, Bmh1/2, Hsp26 and Aphl) and one down
regulated (Mmil, alias Tmal9). Mmil has sequence homology to the human translationally controlled
tumour protein (TCTP), which was originally found in tumor cells. Interestingly, TCTP is a critical
survival factor that protects cancer cells from oxidative stress-induced cell-death [38]. Moreover, yeast
Mmil has been related to resistance to oxidative stress and the deletion mutant displays resistance to
hydrogen peroxide [39]. Mmil fused to GFP localizes to the cytoplasm and relocates to the
mitochondrial outer surface upon oxidative stress [39]. Several among the up-regulated proteins have
been also previously related to oxidative stress. This is the case of Aphl [40], Ugpl, [32,34] and
Hsp26 [34]. Hsp26 has also been related to DNA damage [41] and Bmhl to the modification of
histones [42]. Bmhl levels also increase during DNA replication stress [43]. In Table 1 the
unambiguous identification of spot 761 to determine whether Bmh1 or Bmh2 increased their levels in
the Askyl treated versus untreated cells was not possible by MS; this is due to the fact that these
proteins differ only in a short stretch of amino acids at the carboxylic end, which unfortunately was not
detected in the analysis of peptides. We tested if Bmhl or Bmh2 are related to cisplatin toxicity in
yeast. The null Abmhl and Abmh?2 strains were compared to an isogenic wild-type strain in their
resistance to cisplatin. Results obtained reveal that the Abmhl strain has increased resistance against
cisplatin, while deletion of BMH2 causes the contrary effect (Figure 2). These results confirm the
functional significance of the change observed in the proteome data. They also indirectly indicate that
the observed increase in cisplatin resistance observed in the Asky/ mutant might be attributed to Bmh?2
up-regulation, considering that Abmh2 deletion has the opposite effect diminishing cisplatin resistance.
In a similar analysis, MMIIdeletion does not cause significant change in cisplatin resistance (Figure 2).
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Figure 2. Resistance to cisplatin of Ammil, Abmhl, Abmh?2 and their parental wild-type strain (wt).
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2.7. Cisplatin Increases Apoptotic-Like Events in Yeast Cells and Skyl Modulates this Response

As discussed above, among the proteins which change their levels after cisplatin treatment of
yeast cells, there are proteins previously related to the oxidative stress response and it is known
that redox imbalance and mitochondrial dysfunction targets apoptosis and cell death [39]. Several
proteins that are differentially expressed in Askyl treated versus untreated cells (Table 1) have been
previously related to apoptosis in yeast, like, Bmh2 and Mmil. Bmh2, shows strong similarity to
the ubiquitous and highly conserved 14-3-3 proteins which likely play a role in signal transduction [44]
and protect against stress-induced apoptosis [45]. Mmil has been related to apoptosis induced by
oxidative stress [39].

Cisplatin, like many other chemotherapeutic drugs, can induce apoptosis in mammals [4]. In yeast
a programmed cell-death related to cisplatin treatment has been recently reported [7]. The changes,
observed in the proteome analysis after cisplatin treatment and Sky1 depletion, suggest that Skyl may
modulate this cellular response. Figure 3A shows W303-1A yeast cells treated with cisplatin and
stained with YO-PRO®-1 (Invitrogen, Carlsbad, CA, USA) and propidium iodide (PI). Figure 3B
shows the quantification of data by flow cytometry. We have verified that cisplatin treatment
increments YO-PRO®-1 staining, which reports apoptotic events. Sky1 depletion decreases the number
of early and late apoptotic cells without affecting necrosis.

2.8. Deletion of SKY1 Increases Mitophagy in Yeast Cells after Cisplatin Treatment

The activation of the retrograde response in yeast causes a wide variety of changes in the expression
of nuclear genes encoding mitochondrial, cytoplasmatic or peroxisomal proteins, which reorganize
the cellular metabolism and compensate for mitochondrial dysfunction [46]. The retrograde response
may be initially a strategy for extending life span, although in the long term it can ultimately contribute
to reduce genome stability and produces cell death [47]. The retrograde response may be activated
together with mitophagy and Bmh1 has been previously related to the regulation of this process [46].
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Figure 3. Apoptosis and necrosis induced by cisplatin (cisPt) in W303-1A (W303) and
Askyl strains (a) apoptosis or/and necrosis visualized by fluorescence microscopy
(objective 40x): UL, Bright field; UR Green channel for YO-PRO®-1 staining; LR, Red
channel for PI staining; LL. Merge; (b) Quantification of necrosis, late apoptosis and early
apoptosis by flow cytometry.
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We studied if mitophagy is implicated in the response to cisplatin in yeast and its dependence on
Sky1 function. Mitophagy was optically visualized by the method previously described [48] and we
observed the presence of mitochondria into vacuole in all the tested strains, which indicates the correct
performance of the fluorescent biosensor; one example is shown in Figure 4A. A six fold increase in
the percentage of cells showing mitophagy was recorded by direct count in the microscope when
comparing the mutant strain treated with cispaltin versus untreated. No significant change was
observed in the same conditions for the W303-1A strain. Quantification of green fluorescence by the
method described in the Experimental Section reveals that mitophagy is not increased in reference to
the untreated cells in the wild-type strain (Figure 4B). Sky1 depletion decreases the green fluorescence
in cisplatin treated cells compared to the untreated cells (Figure 4B), therefore confirming increased
mitophagy, which argues in favor of the participation of Skyl in this response. The increased
resistance to cisplatin observed in the Askyl strain may be partially attributable to an increase
of mitophagy.
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Figure 4. Mitophagy in W303-1A (W303) and Askyl strains after cisplatin (cisPt)
treatment. (a) Visualization (objective 100x) of mitophagy in W303 cells treated with
1200 uM cisplatin; U, Bright field; M, Green channel for phluorin; L, Red channel for the
Ds. Red T3 protein; (b) Quantification of the green fluorescence.
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3. Experimental Section
3.1. Strains and Culture Conditions

S. cerevisiae haploid W303-1A (MATa ade2-1 canl-100 leu2-3,112 trpl1-100 ura3-52) and the
isogenic 4skyl mutant strains were used in this work. The construction of the Asky! strain has been
previously described [49]. The strains Ammil, Abmhl, Abmh2, and their isogenic parental strain
BY4741 were obtained from EUROSCAREF [50]. Biological replicates of cultures and treatments were
run in triplicate. The two yeast strains (ten independent colonies from each strain obtained from the
—80 °C stocks) were pre-cultured overnight in 20 mL of synthetic medium (SD) prepared as previously
described [51]. The following day the cells were inoculated, at an initial ODggo of 0.05, in 500 mL SD
and grown during 14 h at 30 °C and with agitation at 250 rpm. Then, the cultures from each strain were
split in two of 250 mL (control and cisplatin treatment) and cisplatin was added to the treated cultures
at a final concentration of 600 uM. The treatment was done at 30 °C and with agitation at 250 rpm
over four hours in darkness. The concentration of cisplatin and the time course of the treatment were
previously established in trial experiments with the selected yeast strains. In the conditions used in
these experiments cell survival in the treated cells was over 80% and an increase of 10%—15% survival
was observed in the W303—4sky ! mutant in reference to the W303-1A strain.



Int. J. Mol. Sci. 2014, 15 12583

3.2. Protein Extracts Preparation and Phosphoprotein Enrichment

Cells were collected by centrifugation at 7000 rpm in a microcentrifuge at 4 °C over 10 min and
re-suspended in 1 mL/g (wet-weight) of lysate-buffer supplemented with 4 uL/mL protease inhibitors,
both provided in the Diamond Phosphoprotein Enrichment Kit (Invitrogen, Carlsbad, CA, USA).
Mechanical lysis was performed using glass beads (to 1/2 volume, acid-washed, 45 uM from
Sigma—Aldrich, St. Louis, MO, USA) and hard vortex agitation in 8 pulses of 20 s each followed by
40 s in ice. After centrifugation at 8000 rpm in a microcentrifuge at 4 °C for 15 min, supernatants were
saved. Eight microliter of endonuclease (included in the kit) was added and samples were incubated
for 30 min on ice, with repeated middle vortex agitation after 5 min periods. Following centrifugation
at 10,000x g at 4 °C for 20 min, the pellets were removed. Phosphoprotein enrichment and
elution were performed with the specific columns and buffers of Diamond Phosphoprotein Enrichment
Kit (Invitrogen, Carlsbad, CA, USA) and following the supplier indications. The proteins were
precipitated with trichloroacetic acid (TCA) and centrifuged at 9000x g. The pellet was solubilized
by 1 h incubation with gentle agitation in an isoelectric focusing compatible urea lysis buffer [52].
To quantify protein, triplicate 2—4 pL samples of each extract were diluted to 50 uL with water and the
Pierce BCA (bicinchoninic acid) technique was used. Correct quantification was confirmed by loading
5 pug of each sample on a standard SDS-PAGE gel and subsequent silver-staining (Figure S2A). One of
the samples was also loaded on a DIGE gel and silver-stained (Figure S2B).

3.3. DIGE Experimental Design and Protein Labeling

The proteomic comparison of the four experimental conditions was performed across six DIGE
gels using 45 ng of total protein fraction per CyDye™ gel and three biological replicates for
each condition. The 12 individual samples were generated from four experimental conditions (W303-1A
not treated, W303-1A treated, Askyl treated and Askyl treated). Proteins in each sample were
fluorescently tagged with a set of matched fluorescent dyes according to the manufacturer’s protocol
for minimal labeling (Figure S2C). To ensure that there were no dye-specific labeling artifacts, sample
replicates in different gels were labeled with either Cy3 or CyS5, whereas the pooled standard sample
was labeled with Cy2. The standard pool was prepared by pooling 45 pg of proteins from each sample
prior to labeling. In every case, 360 pmol of dye was used for 45 pg of proteins. Labeling was
performed for 30 min on ice in darkness, and the reaction was quenched with 1 pL of 10 mM L-lysine
for 10 min under the same conditions.

3.4. 2-DE and Imaging of Cy-Labeled Proteins

The six pairs of Cy3- and Cy5-labeled samples (each containing 45 pg of protein) were combined
and mixed with a 45 pg aliquot of the Cy2-labeled standard pool. The mixtures containing 135 ug of
protein were diluted 1:1 with rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 4% ampholytes
pH 3-11, and 2.4% DeStreak reagent from GE-Healthcare Life Sciences, (Branford, CT, USA). The
IPG (immobilized pH gradient) strips (24 cm, pH 3—11 non-linear) were rehydrated overnight with 450 pL
of a rehydration buffer as above but with 2% ampholytes, 0.002% bromophenol blue, and 97 mM
DeStreak reagent. The labeled samples were then applied to the strips by cup-loading on an IPGphor II
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IEF system (GE Healthcare). Isoelectric focusing was carried out using the following conditions: 1 h at
120 V, 1 h at 500 V, 1 h at 1000 V, gradient to 4000 V in 1 h, and finally 12 h at 4000 V. Prior to the
second dimension run, the strips were equilibrated first for 15 min in equilibration buffer (100 mM
Tris-HCI (pH 8.0), 6 M urea, 30% glycerol, and 2% SDS) with 2% DTT and then for 15 min in the
same buffer supplemented with 2.5% iodoacetamide and 0.002% bromophenol blue. The equilibrated
strips were transferred onto 12% homogenous polyacrylamide gels casted in low fluorescence glass
plates using an Ettan-DALT six system (GE Healthcare, Wilmington, MA, USA). Electrophoresis was
run at 2 watts/gel and 20 °C for about 17 h. The differentially labeled co-resolved proteins within each
gel were imaged at 100 dots/inch resolution using a DIGE Imager scanner (GE Healthcare). Cy2-,
Cy3-, and Cy5-labeled images of each gel were acquired at excitation/emission values of 488/520,
523/580, and 633/670 nm, respectively. Gels were scanned directly between the glass plates, and the
16-bit image file format images were exported for data analysis. After imaging for Cy-Dyes, the gels
were removed from the plates and stained with colloidal Coomassie, following standard procedures.

3.5. Image Acquisition and DIGE Data Analysis

Semi-automated image analysis was performed with Progenesis SameSpots V3.2 software
(Nonlinear Dynamics, Newcastle upon Tyne, UK). Image quality control was first performed to
identify saturated spots. Multiplexed analysis was selected for DIGE experiments and a representative
gel image was chosen as reference. Spots were detected and their normalized volumes were ranked on
the basis of ANOVA p-values and fold changes. In the proteomic analyses, normalization tools and
statistical package from SameSpots and ProteinPilot software (AB Sciex, Framingham, MA, USA)
were employed.

3.6. MS Analysis of the Gel Spots

The gel spots of interest were manually excised and transferred to microcentrifuge tubes. Samples
selected for analysis were in-gel reduced, alkylated and digested with trypsin according to the method
of Sechi and Chait [53]. The samples were analyzed using the MALDI (Matrix-assisted laser
desorption/ionization)-TOF (Time of Flight)/TOF mass spectrometer 4800 Proteomics Analyzer (AB
Sciex, Framingham, MA, USA) and 4000 Series Explorer™ Software (AB Sciex). Data Explorer
version 4.2 (AB Sciex) was used for spectra analyses and for generating peak-picking lists. All mass
spectra were internally calibrated using autoproteolytic trypsin fragments and externally calibrated
using a standard peptide mixture (Sigma—Aldrich). TOF/TOF fragmentation spectra were acquired by
selecting the 10 most abundant ions of each MALDI-TOF peptide mass map (excluding trypsin
autolytic peptides and other known background ions).

3.7. Database Search

The mono-isotopic peptide mass fingerprinting data obtained by MS and the amino acid sequence
tag obtained from each peptide fragmentation in MS/MS analyses were used to search for protein
candidates using Mascot version 2.2 from Matrix Science [54]. Peak intensity was used to select up
to 50 peaks per spot for peptide mass fingerprinting, and 50 peaks per precursor for MS/MS
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identification. Tryptic autolytic fragments, keratin and matrix-derived peaks were removed from the
dataset used for the database search. The searches for peptide mass fingerprints and tandem MS
spectra were performed in the UniProt knowledgebase, by searching in the UniProtKB/Swiss-Prot
database [24], containing 519348 entries. Fixed and variable modifications were considered (Cys as
S-carbamidomethyl derivate and Met as oxidized methionine, respectively), allowing one trypsin
missed cleavage site and a mass tolerance of 50 ppm. For MS/MS identifications, a precursor tolerance
of 50 ppm and MS/MS fragment tolerance of 0.3 Da were used. Identifications were accepted as
positive when at least five peptides matched and at least 20% of the peptide coverage of the theoretical
sequences matched within a mass accuracy of 50 or 25 ppm with internal calibration. Probability
scores were significant at p < 0.01 for all matches.

3.8. Cisplatin Resistance

Sensitivity to the cytotoxic effect of cisplatin was assessed using a colony formation assay.
Cultures in 1 mL SD containing a total of 6 x 10° cells were exposed for 4 h to cisplatin at
concentrations of 0, 0.5, 1.0, 2.0, and 2.5 and 5 mM, washed once in phosphate-buffered saline (PBS),
re-suspended, diluted 1:4000, and plated onto YPD agar plates (1% yeast extract, 2% peptone,
2% dextrose, 2% agar). After 2 days of growth at 30 °C the number of colonies was counted. The ICs
was defined as the drug concentration that reduced the number of colony-forming units to 50% of the
value in a control culture not exposed to the drug. Each experiment was repeated three times with
duplicate cultures for each drug concentration. A ¢ test was applied to evaluate the differences between
means. Statistically significant changes and their p values are indicated in Figure 2.

3.9. Fluorescence Microscopy Assay for Monitoring Mitophagy

The S. cerevisiae strains W303-1A and its isogenic null mutant Asky/ transformed with the plasmid
pASINB:mit-Rosella [48] were grown in SD medium to mid-exponential phase. Cells were washed
three times in sterile distilled water, harvested and resuspended in fresh SD media to an ODggy of 1.
Cells were treated with cisplatin 600 or 1200 uM as explained above. Treated and control cells
were washed three times with sterile distilled water and resuspended in fresh SD media to be
directly spotted onto microscope slides. Cells were then immediately imaged using a Nikon Eclipse
501 equipped with a 100% oil-immersion objective. The mit-Rosella cassette contains a mitochondrial
leader sequence (from citrate synthase) to target the Rosella biosensor to the mitochondrial matrix.
The biosensor consists of two fluorescent proteins, pHluorin (488 nm (Ex)/508 nm (Em)) and Ds. Red
T3 (543 nm (Ex)/587 nm (Em)). pHluorin does not fluoresce at low pH, so when mitochondria are
located in the vacuole (pH~5.5) it fluoresces only red. Delivery of Rosella to the vacuole was
quantified by scoring for the accumulation of red fluorescence in the vacuole concomitant with
checking for the absence of green fluorescence. Green fluorescence emission (500 nm) and red
fluorescence emission (620 nm) images were acquired sequentially upon excitation with a mercury
lamp using green fluorescent protein (GFP) and tetramethylrhodamine (TRITC) block filters
respectively. Twenty microscopic field images from each slide were counted for red and green
fluorescent cells and the percentage of mitophagy was determined in each condition.



Int. J. Mol. Sci. 2014, 15 12586

3.10. Fluorescence Assay to Quantify Mitophagy

The S. cerevisiae strains W303-1A and its isogenic null mutant Asky! transformed with the plasmid
pASINB:mit-Rosella were grown and treated with cisplatin 600 and 1200 uM as explained above. After
3 h, cells were washed three times with sterile PBS and resuspended in 20 pL of PBS containing 2 puL of
4',6-diamino-2-fenilindol (DAPI). After 10 min of incubation in the dark, cells were resuspended in PBS
to 120 pL of final volume and deposited in 96 well microtiter clear bottom plates from Corning
(CLS3631), suitable for fluorescent/luminescent assays. The relative fluorescence for each well was
monitored at excitation/emission 488/500, 555/582, and 340/488 for pHluorin, Ds. Red T3 and DAPI
respectively, in a Synergy H1 Hybrid Reader, from BioTek. Fluorescence quantification was normalized
using DAPI as reference. Three biological replicates and three technical replicates of each were done.

3.11. Flow Cytometry Apoptotic Assay

The S. cerevisiae strains W303-1A and its isogenic null mutant Asky! were grown in SD medium
to mid-exponential phase. Cells were diluted in fresh SD media to an ODgy of 1 and cisplatin
treatment was carried out as previously explained to a final concentration of 600 uM. The percentage
of apoptosis and necrosis was evaluated by means of flow cytometry analysis of YO-PRO®-1 and PI
double staining using the Vybrant Apoptosis Assay Kit from Invitrogen (Carlsbad, CA, USA) according
to the provided protocol. Briefly, after treatments cells were washed in cold phosphate buffered saline
(PBS) and suspended in PBS at 6 x 10> cells/mL. One microliter of YO-PRO®-1 and 1 pL of PI were
added to each sample and incubated for 20 min at room temperature in the dark. Flow cytometry
analysis was then performed in a FACScalibur flow cytometer (Franklin Lakes, NJ, USA). At least
5 x 10* events were acquired, obtaining data from FLI (YO-PRO®-1), and FL2 (PI) detectors. Data
were analyzed using Cell Quest Pro software (Becton Dickinson, New York, NY, USA). Early
apoptotic, late apoptotic and necrotic cells were expressed as the percentages of YO-PRO®-1+/PI- and
YO-PRO®-1+/PI+ and YOP-RO®-1—/PI+ cells respectively. Measures from six biological replicates
were considered for statistical analysis. Data were expressed in relative percentage of each type,
attributing the 100% to the W303-1A strain without cisplatin treatment. The samples were also

visualized by fluorescence microscopy.
4. Conclusions

Cisplatin interacts with DNA, but the inhibition of DNA replication cannot solely account for its
cytotoxic activity [2]. In this study we have investigated the phosphoproteome signatures of
the response of S. cerevisiae to the anti-carcinogenic drug cisplatin as well as the influence of
the depletion of the SR kinase Skyl, also related to cisplatin resistance. Several proteins previously
related to oxidative stress in yeast cells have been identified in this study. This result is in accordance
with previous data showing that cisplatin induces a response to oxidative stress in other eukaryotic
cells. Besides, proteins previously related to programmed cell death in yeast and mitophagy are also
among proteins showing abundance changes in this study. It has been proved that deletion of one of
this proteins, Bmh2, causes a significant decrease in the resistance to cisplatin. The results obtained in
the proteome analysis prompted us to investigate the effect of deletion of Skyl on programmed cell
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death and mitophagy. The results presented here support the participation of this protein in these
cellular processes in response of cisplatin and they open the field to future studies, which contribute to
elucidate the molecular mechanisms of cisplatin action and Sky1 function.
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