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Abstract
The numerous regulatory roles of cellular RNAs suggest novel potential drug targets, but
establishing intracellular drug-RNA interactions is challenging. Cisplatin (cis-
diamminedichloridoplatinum(II)) is a leading anticancer drug that forms exchange-inert
complexes with nucleic acids, allowing its distribution on cellular RNAs to be followed ex vivo.
Although Pt adduct formation on DNA is well-known, a complete characterization of cellular
RNA-Pt adducts has not been performed. In this study, the action of cisplatin on S. cerevisiae in
minimal media was established with growth curves, clonogenic assays, and tests for apoptotic
markers. Despite high toxicity, cisplatin-induced apoptosis in S. cerevisiae was not observed under
these conditions. In-cell Pt concentrations and Pt accumulation on poly(A)-mRNA, rRNA, total
RNA, and DNA quantified via ICP-MS indicate ~4–20 fold more Pt accumulation in total cellular
RNA than in DNA. Interestingly, similar Pt accumulation is observed on rRNA and total RNA,
corresponding to one Pt per (14,600 ± 1,500) and (5760 ± 580) nucleotides on total RNA
following 100 and 200 µM cisplatin treatments, respectively. Specific Pt adducts mapped by
primer extension analysis of a solvent-accessible 18S rRNA helix occur at terminal and internal
loop regions and appear as soon as 1 hr post-treatment. Pt per nucleotide accumulation on
poly(A)-mRNA is 4–6-fold lower than on rRNA, but could have consequences for low copy-
number or highly regulated transcripts. Taken together, these data demonstrate significant
accumulation of Pt adducts on cellular RNA species following in cellulo cisplatin treatment.

These and other small molecule-RNA interactions could disrupt processes regulated by RNA.

INTRODUCTION
As a modulator of gene expression at multiple levels, RNA is an important potential drug
target (1–5). In addition to the well-defined functions of mRNA, tRNA, and rRNA, novel
regulatory roles are continuously being defined in both transcription and translation (1, 6).
Such findings include the discovery of siRNA, microRNA, piwi-interacting RNA, and long
noncoding RNAs. Moreover, RNA damage and RNA-protein interactions have been linked
to early events in disease and to programmed cell death (7–10). RNA targeting by small
molecule interactions has the potential to influence these cellular pathways through both
specific and nonspecific mechanisms.

While drug-RNA interactions have the potential to impact cell fate by disrupting RNA
regulatory pathways, a challenging aspect for this field is assessing RNA-drug interactions
and RNA accessibility in vivo. For this purpose, a covalent RNA-drug adduct is of value in
quantifying target binding and following the fate of the targeted RNA. The inertness of
metal-RNA adducts formed following treatment with Pt(II) anticancer drugs provides one
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method of monitoring small-molecule distribution on cellular RNA. Cisplatin (cis-
diamminedichloridoplatinum(II)) is a potent antitumor agent that has had a particularly
major clinical impact on the treatment of testicular and ovarian cancers. Currently, cisplatin
and the structurally related carboplatin and oxaliplatin are used in the treatment regimes of
50–70% of cancer patients (11). In vivo, cisplatin-derived Pt(II) species form kinetically
inert ‘covalent’ adducts with biomolecule targets (12, 13). Drug binding to adjacent purines
on genomic DNA has been linked to cell cycle arrest at the G2 phase and the induction of
programmed cell death, one foundation of antitumor activity (14). Non-genomic
contributions to cisplatin’s therapeutic action are also under active investigation. In
particular, cisplatin treatment can disrupt RNA-based processes such as splicing and
translation (15–17). Targeting of non-DNA species, including RNA, by cisplatin may
contribute to or sensitize a cell to the downstream effects of this drug, including the
induction of apoptosis.

The distribution of Pt in different RNA species has not been previously determined in
cellulo in eukaryotes. Here, we use Saccharomyces cerevisiae for in cellulo analysis of Pt
adduct formation on mRNA, rRNA, and total RNA and DNA. S. cerevisiae was selected as
a model and has been used previously for drug studies due to the high level of conservation
between mammalian and yeast cellular processes, including components of cell-cycle
regulation and mRNA turnover (18,19). We report the action of cisplatin on S. cerevisiae in
minimal media based on growth curves, clonogenic assays, and tests for apoptotic markers.
Despite high cytotoxicity, under the conditions studied cisplatin does not induce apoptosis.
Estimated in-cell Pt concentrations and platinum accumulation on mRNA, rRNA, total
RNA, and DNA were determined using inductively coupled plasma mass spectrometry
(ICP-MS). Interestingly, while similar Pt accumulation was observed on rRNA and total
RNA, significantly less accumulated on mRNA. Mapping by reverse transcription
demonstrated specific Pt adduct formation on rRNA sequences conserved between yeast and
humans. Taken together, these data highlight important differences in the relative
accumulation of Pt on different RNA species and provide insight into the accessibility of
cellular RNA to small, cationic molecules.

RESULTS AND DISCUSSION
Cisplatin treatment causes acute cell death

S. cerevisiae has been used previously to investigate cisplatin toxicity, including drug
transport, DNA repair, and the genes involved in drug resistance and sensitivity (20–22).
Within these reports, however, the sensitivity of S. cerevisiae to cisplatin treatment varies
widely. In addition, although cisplatin causes apoptosis in mammalian systems (23), this
topic had not been addressed for S. cerevisiae despite a growing body of work on yeast
apoptotic-like cell death pathways (24,25). Therefore, we established cisplatin cytotoxicity
in S. cerevisiae (strain BY4741) by growth and survival curves as well as with apoptotic
markers.

Cisplatin is activated by hydrolysis of the labile chlorido ligands, which in patients occurs
upon exposure to relatively low intracellular [Cl−] (26). For cultured cells, however,
significant cisplatin aquation may take place in the media. In rich media such as YEPD
(yeast extract peptone dextrose), the highly reactive aquation products may interact with soft
sulfur- and nitrogen-containing nucleophiles to effectively sequester the drug, which could
be one reason for higher IC50 measurements than those observed in mammalian and cancer
cell lines (e.g.,500 µM in S. cerevisiae in YEPD media (27) versus 2–40 µM for human
cancer cell lines (28–30)). We therefore assayed drug toxicity in minimal SD (synthetic
dextrose) liquid media (Figure 1a), and found a moderate (76 ± 8%) and severe (36 ± 1%)
reduction in culture density at saturation for 100 and 200 µM drug, respectively. The effect
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of cisplatin on the viability of BY4741 cells, monitored by clonogenic assay (Figure 1b),
shows a marked decrease in the number of dividing cells that begins after just 1–2 h
incubation in the drug. The majority of irreversible cisplatin toxicity coincides with the
onset of exponential growth that is observed in Figure 1a. We therefore chose 6 h (Table 1)
as a relevant timepoint to investigate the distribution of cisplatin-derived Pt species on
different RNAs within the cell.

Cell death is not apoptotic
Cell death via apoptotic pathways has been reported for S. cerevisiae treated with several
agents including anticancer drugs such as bleomycin and valproate, but has not been
reported for metallodrugs such as cisplatin (24,25). We assayed cell cultures for hallmarks
of apoptosis after continuous treatment with cisplatin for 6–12 h. Similar to mammalian
systems, yeast apoptosis results in chromatin condensation and DNA fragmentation (31).
DAPI DNA staining of BY4741 cells in 200 µM cisplatin at 6 h treatment showed
significant differences from the control in chromatin morphology (Figure 2a). In almost all
samples, nuclei were either fragmented and diffuse, or abnormally enlarged. These findings
are consistent with an activation of apoptosis or an alternative programmed death pathway.
Cell cycle arrest, previously reported in cisplatin-treated yeast and mammalian cultures (32,
33) was observed with an increase in both parent cell and bud size. Such examples of
oncosis are generally associated with necrotic cell death (34), with some exceptions (35),
and contrast with the reductions in cell sizes generally observed from slow cell division due
to metabolic factors (36).

Apoptosis was further assayed through terminal dUTP nick-end labeling (TUNEL) (31), to
detect cleaved DNA. Despite disruptions in cell and chromatin morphology, cells were
TUNEL-negative following treatment with 200 µM cisplatin for both 6 h (Figure 2b) and 12
h (data not shown). This suggests that under these conditions, cisplatin treatment disrupts
normal chromatin segregation but is insufficient to initiate an apoptotic signal culminating in
double-stranded DNA breaks.

The majority of yeast apoptosis pathways are mediated by YCA1, a type 1 metacaspase, or
by AIF1, a homolog of mammalian apoptosis-inducing factor (24, 31). To determine if
cisplatin-induced toxicity involves either of these pathways, we assessed cell viability in
YCA1 and AIF1 deletion mutants treated with 200 µM cisplatin for 6 h. For both ΔYCA1 and
ΔAIF1, no differences in cell viability were observed, indicating that neither protein is
mediating cytotoxicity in yeast (Figure 2c). In summary, cisplatin-treated S. cerevisiae are
undergoing a non-apoptotic form of cell death, but whether it is uncontrolled necrosis, a
programmed necrosis, or alternate form of cell death cannot be determined by the present
data (35).

Other antitumor agents including the DNA fragmenting bleomycin and the microtubule
directed paclitaxel, as well as the ribosome targeting toxin ricin, appear to induce apoptotic
markers in yeast (25, 37). From several reports, a stimulus can induce yeast apoptosis at low
doses and necrosis at high doses (36,38). It is therefore plausible that cisplatin induces yeast
apoptosis in a different treatment window than used here. It is also possible that, unlike the
case for other toxins, yeast lacks a key component of a pathway through which cisplatin
treatment triggers apoptosis. One candidate is the tumor suppressor p53, which has no yeast
homologue (21). Significantly, mismatch repair pathways have been linked to p53-driven
apoptosis in mammalian cell lines, while deletion of parallel MMR components in yeast
does not influence cisplatin sensitivity (39). In mice, it has been demonstrated that cell cycle
arrest occurs in a p53-independent manner, despite its requirement for the initiation of
apoptosis (40). Thus, p53-independent cisplatin-induced cell toxicity pathways appear to be
present that in yeast result in acute cell cycle arrest and disrupt chromatin morphologies, but
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not the hallmark DNA cleavage events associated with apoptosis. Similar phenotypes have
been observed in S. cerevisiae following treatment with tunicamycin, an X-type agent that
also causes cell-cycle arrest and the unfolded protein response, but death by non-apoptotic
methods (41).

Intracellular Pt concentrations
The concentration of Pt species inside a cell following cisplatin treatment is affected by a
complex set of dynamics including passive diffusion, active transport, and active efflux from
the cell (21,26). To assess intracellular Pt levels, the accumulation of Pt in whole yeast cells
was measured by ICP-MS (Supplementary Figure S1). Values of 5.0 ± 0.6 × 106 and 2.1 ±
0.1 × 107 Pt/cell for 100 µM and 200 µM cisplatin treatment after 12 h reflect previous
results of 7–30 × 106 Pt/cell for yeast incubated with 130 µM cisplatin for 18 h (42,43) and
are in line with values for cisplatin-treated HeLa cells when differences in cell volume are
taken into account (30,44).

The increased volumes of cisplatin-treated yeast cells were estimated for calculating
intracellular Pt concentrations (Methods). An average volume of (~40 fL) is calculated for
untreated yeast, consistent with previous measurements (34,45). The average size of 200 µM
cisplatin-treated yeast continuously increases, while that of 100 µM cisplatin-treated yeast is
consistent after 6 h, potentially reflecting differences in cell viability between these two
treatment conditions at extended time points (Figure 3a). The resulting calculated in-cell Pt
concentrations (Figure 3b) are 47 ± 10 and 84 ± 5 µM measured at 6 h for 100 and 200 µM
cisplatin, respectively. At 12 h the in-cell Pt concentration exceeds the concentration of
cisplatin in the media. This effect, observed previously for other anticancer metallodrugs
(46), is consistent with both an active transport process (47) and the fact that these drugs
produce kinetically inert adducts with cellular targets, placing drug binding under kinetic
rather than thermodynamic control (48).

Pt accumulation in different nucleic acids
To lend insight into the exposure of cellular RNAs to intracellular Pt species, Pt adduct
formation on total RNA extracted from cisplatin-treated yeast was quantified with ICP-MS.
An exponential increase in Pt-RNA content was observed in parallel with the exponential
increase in cellular Pt concentrations (Figure 4a), indicating that accumulation of Pt in RNA
is proportional to whole-cell Pt accumulation. At 6 h, Pt accumulation corresponds to one Pt
every 14,600 ± 1,500 and 5760 ± 580 nt for 100 and 200 µM cisplatin, respectively. For
perspective, the yeast ribosome is roughly 5600 nt (49).

A comparison of Pt accumulation on whole-cell RNA and DNA, performed following 12 h
treatment with cisplatin (see Methods), yields ~ 3-fold more Pt bound to DNA than RNA on
a per nucleotide basis (Figure 4b). Cellular distribution studies performed in human cell
lines have observed an accumulation of cisplatin-derived Pt in the nucleus and nucleolus
(50), consistent with the higher density of Pt on DNA. However, there is 10–50 fold more
RNA in a yeast cell than DNA (51,52), resulting in ~4–20 fold more Pt accumulation in the
total cellular RNA than in the total cellular DNA (Table 2).

Pt accumulation on poly(A)-mRNA and rRNA was compared in total cellular RNA
harvested from yeast after 6 h of continuous cisplatin treatment. Poly(A)-messenger RNA
was extracted with an mRNA Miniprep Kit while intact 25S and 18S rRNA were isolated by
gel purification (Methods). Pt accumulation on rRNA is similar to that of total RNA on a per
nucleotide basis, while significantly less accumulation per nucleotide is observed on
poly(A)-mRNA (Figure 4c and Supplementary Table S1). Given that yeast RNA is 80%
ribosomes, 15% tRNA, and 5% mRNA (51), it appears that Pt measured in total RNA is
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largely due to accumulation on ribosomal RNA. Assuming a statistical distribution of Pt
adducts, these data indicate an average of 1 and 2 Pt adduct for every 3 ribosomes following
6 h treatments with 100 and 200 µM cisplatin, respectively.

In yeast, global protein synthesis is dramatically reduced as early as 2–4 hr post-cisplatin
treatment, indicating a compromised translation machine, which may be a result of mRNA,
tRNA, or rRNA modifications (27). In general, cationic aquated Pt species are expected to
associate more readily with accessible sites in higher-order RNA structures, which present a
larger electrostatic driving force (50). The enrichment of Pt on rRNA relative to poly(A)-
mRNA (Figure 4c) may be due to the high negative charge density of the ribosome and may
present a contributing factor to cisplatin’s cytotoxicity, although the probability of Pt
adducts associating with higher-order regulatory structures amidst otherwise single-stranded
regions of cellular mRNAs is yet unknown. Additional factors that remain to be determined
include the influence of Pt-RNA adducts on mRNA surveillance pathways and message
turnover (53).

Platinum adduct identification on rRNA
Specific locations of platinum adducts within S. cerevisiae ribosomal RNA were probed by
RT primer extension, which stalls 3’ to adduct sites (54–56). Pt adducts may reflect the
solvent accessibility and electrostatic potential of specific rRNA motifs. Using similar
methods to probe for potential antibiotic sites, Rijal and Chow reported major platination
sites within helix 24 of the E. coli small ribosomal subunit (56), revealing a significant RT
stall at U801 that reflects Pt binding to adjacent guanines at positions 799 and 800 (Figure
5). Secondary binding was observed at A792, suggesting the formation of a 3’-GA-5’ adduct
between G791 and A790. As an ideal antibiotic drug differentially targets bacterial and
eukaryotic ribosomes, we compared platinum adducts in this region (helix 18 in S.
cerevisiae), which is located in close proximity to the peptidyltransferase center
(Supplementary Figure S2) and fully conserved between yeast and humans but not E. coli
(Figure 5).

Primer extension was performed on total RNA extracted from yeast cultures treated with 0–
150 µM cisplatin for 6 h. Figure 5 shows a dosage-dependant increase in termination
intensity at several positions, predicting sites of platinum binding. Significant platinum
adduct formation occurs at the purine-rich capping loop of helix 18, as evidenced by two
major stops in the sequencing gel at positions A792 (***) and A790 (***) (Figure 5). Minor
stalling is observed at A802 and G786. An additional minor stop site occurs directly on
purine residue G797. This particular guanine lies 3’ to a 2’O-methylated cytosine residue,
which is known to pause primer extension under certain conditions (62). Alternatively,
stalling at this site may be the result of an interstrand crosslink between G797 and G786,
whose N7 atoms are stacked favorably for such an interaction (Figure 5).

Certain RNA sites are expected to be more accessible and/or reactive. To detect early Pt
accumulation on rRNA, helix 18 was probed after exposure to 100 µM cisplatin for 0, 1 and
3 h (Supplementary Figure S3). As expected, platinum targets the same purine residues as
observed following 6 h treatment (Figure 5), showing transcription stops at positions A790
and A792 within the capping loop as early as 1 h post exposure to drug (Supplemental
Figure 3). Stalling at A802 appears stronger at early timepoints, although its signal is minor
in comparison to banding patterns observed within the terminal loop (A792 and A790) after
6 h cisplatin treatment. Importantly, at all timepoints, the reversal of the G783-C799
basepair in yeast and humans, which removes the preferred G799–G800 Pt binding site
observed in E. coli, is sufficient to preclude Pt binding to G800 in yeast. Instead, binding
within the stem is diverted to residue A802. These findings demonstrate that although
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aquated cisplatin products are highly reactive, they are remarkably sequence-specific in the
context of complex RNA structures.

Conclusions
In this study, the ability of the anticancer drug cisplatin to form stable adducts with RNA
was used to assess accumulation of Pt species on cellular RNA following drug treatment.
Under the conditions of this study cisplatin toxicity was characterized by irreversible
inhibition of cell division, but not apoptotic cell death. This suggests that in comparison with
mammalian systems, a mediator of cisplatin-induced apoptotic pathways, such as p53, is
lacking in S. cerevisiae. Comparison of Pt accumulation in RNA and DNA at 12 h shows
~4–20 fold more Pt accumulation in the total cellular RNA than in genomic DNA. Intact
25S and 18S ribosomal RNA accumulates the majority of cellular Pt, while significantly less
accumulates on poly(A)-mRNA when compared on a per-nucleotide basis. Mapping by
reverse transcription demonstrates that specific Pt adducts in eukaryotic ribosomes form in a
dose- and time-dependent fashion, accumulating after just 1 h of treatment. Taken together,
these data show significant accumulation of Pt adducts in eukaryotic RNA following
treatment in cellulo with cisplatin, with significantly larger amounts of irreversible Pt-RNA
adducts accumulating in ribosomal RNA as compared to mRNA, and a demonstrated
specificity for particular binding sites in the eukaryotic ribosome. The results from these
data emphasize potential for rapid and specific accumulation of small molecules on cellular
RNA, with interactions that could impact complex RNA regulatory pathways.

METHODS
Cell cultures and treatments

S. cerevisiae strains BY4741 (MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0), yca1Δ (BY4741
yca1::kanMX4) and aif1Δ (BY4741 aif1::kanMX4) were gifts from the Stevens laboratory
at the University of Oregon. Liquid cultures were grown on Synthetic Complete medium
(SC) consisting of 0.67% yeast nitrogen base and 2% glucose supplemented with amino
acids and nucleotide bases maintained in the dark at 30 °C with shaking at 200 rpm. Plated
cells were grown on YEPD agar plates (1% yeast extract, 2% peptone, 2% glucose, and 2%
agar). A 5 mM cisplatin (Sigma Aldrich) stock in 100 mM NaCl (stored in the dark for no
more than a week) was used for all cisplatin treatments. Yeast cultures were pregrown to an
OD600 of 5 then inoculated into 30 °C cisplatin-containing media to an OD600 of 0.075.

Culture growth, cell survival and cell size
Culture growth was measured by absorbance at 600 nm (1 AU600 = 2.0 × 107 cells/mL).
Cell viability was measured by plating serial dilutions of treated and untreated yeast, at
given growth times, onto drug-free YEPD agar plates (~250 cells/plate) and counting
colonies after 3 d at 30 °C. The number of colony-forming units (cfu) was determined by
dividing the cfu counts of treated cultures by those of untreated cultures (assumed to be
100%). Yeast cell radii were measured from differential interference contrast images
obtained on a Carl Zeiss Axioplan 2 fluorescence microscope using a 100× objective and
AxioVision software (Carl Zeiss, Thornwood, NY) and volumes were calculated by treating
the yeast as spheres.

Nucleic acid extraction and purification
For measurements of Pt in total RNA ~1.2 × 108 cisplatin treated yeast cells were pelleted
and RNA was extracted using the MasterPure RNA Purification Kit (Epicentre) according to
manufacturer’s specifications. For both mRNA and rRNA samples total RNA was extracted
from cisplatin treated cells according to the method of Motorin et al. (57). Poly(A)-mRNA
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was isolated using GenElute mRNA Miniprep Kit (Sigma), doing the binding and wash
steps twice to ensure maximum mRNA purity. Ribosomal RNA was isolated from total
RNA using 8% dPAGE. The 25S and 18S bands were visualized by brief staining with
methylene blue, cut out and eluted with an Elutrap Electroelution System (Whatman), then
desalted (3k Microsep Centrifugal Devices, Pall). DNA samples were purified as in Rose et
al. including the optional RNase A treatment (58). Because Pt adducts on RNA are known to
inhibit RNase activity (58) DNA was extracted at 12 h, a time at which there is 4–5 fold
lower RNA content in yeast cell (52), in order to ensure sample purity. All pellets were
collected at 4 °C and washed 3 times with deionized H2O before further processing.

Measurement of Pt content
Isolated RNA and DNA samples were desalted on in-house prepared G-25 sephadex spin
columns (BioRad) and quantified by absorbance at 260 nm. Whole-cell and most nucleic
acid samples were digested in 70% nitric acid (trace select, Fluka) for 2 hours at 65°C then
diluted to 2% (v/v) nitric acid with milli-Q H2O. Pt content was determined by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) using a Thermo VG PQExcell quadrupole
ICP-MS equipped with a Gilson 222 autosampler at the W. M. Keck Collaboratory for
Plasma Spectrometry (Oregon State University, Corvallis, Oregon). The instrument was
calibrated for 194Pt, 195Pt and 196Pt by developing standard curves from a Pt standard (High
Purity Standards). All measurements were done in triplicate using 115In as an internal
standard.

Tests for apoptotic markers
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) was
performed according to the method of Madeo et. al. (59) with the following modifications:
cell walls were digested with 2.5 U zymolyase 100T (US biological) for 30 min at 30 °C in 1
mL sorbitol buffer (1.2 M sorbitiol, 0.5 mM MgCl2, 35 mM phosphate buffer pH 6.8), the
permiabilization was carried out for 1 min, and the in situ cell death detection kit,
fluorescein (Roche), was used with a 30 min incubation (full protocol Supplementary pS4).
Positive control samples were incubated with 0.2, 1, and 5 U DNase I (Fermentas) for 1 h at
37 °C in the manufacturer’s rxn buffer. Images were acquired on a Carl Zeiss Axioplan 2
fluorescence microscope as described above. DAPI staining was performed by pelleting 1.0
× 107 yeast cells, washing 3x with PBS, fixing in 70% (v/v) EtOH for 30 min, washing with
PBS, and then incubating with 0.5 µg/mL DAPI for 20 min (in the dark). The samples were
then washed 3x with PBS and visualized immediately.

5’ End-labeling
The DNA primer designed for reverse transcription of helix 18 of the small yeast ribosomal
subunit was purchased from Integrated DNA Technologies. γ-32P 5’ end-labeling was
performed as previously described (53).

Reverse Transcription
Total RNA extracted from cisplatin-treated yeast cells was used as a template for RT. Yeast
cells were inoculated at 5 × 106 cells/mL into cisplatin-containing SD-URA and grown for 6
h. Total RNA was isolated using a MasterPure Yeast RNA Extraction kit (Epicentre) and
resuspended in 10 mM Tris-HCl (pH 7.5) and 1 mM EDTA to a final concentration of 10
µg/µL. For primer extension, 1 µg of RNA template was annealed to 100 pmol of the
specified 5’ end-labeled primer in the manufacturer’s reaction buffer and incubated in the
presence of AMV Reverse Transcriptase (Fermantas) for 1.75 h at 42°C. The resulting
cDNA products were diluted in loading buffer containing 0.005% (w/v) xylene cyanol and
bromophenol blue and analyzed by 8% dPAGE. Bands were visualized using a GE phosphor
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screen in conjunction with a Storm phosphor screen imaging system and then quantified
with ImageQuant 5.1 and normalized in Excel.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cisplatin inhibits yeast growth and viability. (a) Exponential growth curves of BY4741 S.
cerevisiae continuously treated with 0, 100, and 200 µM cisplatin in SD media. (b) Viability
of cisplatin-treated yeast plated onto drug-free media,. Results presented as the means ±
standard deviation from four (a) and three (b) independent experiments.
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Figure 2.
Tests for apoptotic markers. (a) DAPI staining of yeast treated with 0 and 200 µM cisplatin
for 6 h. (b) TUNEL assay of yeast treated with 0 and 200 µM cisplatin for 6 h, +/− 5 U
DNase I. (c) Viability of BY4741, ΔAif1 and ΔYca1 treated with 200 µM cisplatin for 6 h,
Inset: average cfu for control and cisplatin-treated cultures. Results presented as means ±
standard deviation from three independent experiments.
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Figure 3.
Estimated cell volumes and in-cell Pt concentrations. (a) Average estimated cell volumes
following treatment with 100 µM and 200 µM cisplatin (see Methods). (b) Calculated in-cell
Pt concentrations based on Pt/cell ICP-MS measurements and the average estimated cell
volumes. Results averaged from at least three independent experiments presented as means
± standard deviation.
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Figure 4.
Pt accumulation per nucleotide in total RNA, DNA, rRNA, and mRNA. (a) Total RNA from
yeast treated with cisplatin. (b) Total RNA and genomic DNA at 12 h treatment. (c) mRNA,
total RNA, and rRNA at 6 h. Data values provided in Supplementary Table S1, and
presented as means ± standard deviation for at least three independent experiments.
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Figure 5.
Primer extension analysis of S. cerevisiae small ribosomal subunit helix 18. Primer
extension analysis of RNA isolated from 6 h cisplatin-treated BY4741 (left) shows a dosage-
dependant increase in termination intensity at the starred sites, indicating major (***) and
minor (*) Pt binding sites. Dideoxy sequencing ladders denoted by U, A, G, and C.
Experimental results are summarized on secondary structure of the S. cerevisiae helix 18
(right, lower panel). Results from Rijal and Chow (56) are summarized on the E. coli
secondary structure (right, lower panel). E. coli numbering used for comparison. Major
platinum binding sites and a potential crosslink between G797 and G786 are depicted on a
helix 18 crystal structure (right, upper panel, PDB 3O30).
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Table 1

Cisplatin influence on S. cerevisiae

[Cisplatin]

100 µM 200 µM

Culture Densitya 87 ± 6% 71 ± 12%

Cell Viabilitya 58 ± 5% 27 ± 8%

a
Measured at 6 h relative to control.
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Table 2

Estimated Pt atoms accumulated in the total RNA or DNA of one yeast cella

[Cisplatin]

100 µM 200 µM

DNA (104) 2 6

RNA (104) 7–34 24–120

a
Calculation based on the mass of DNA and RNA in one haploid S. cerevisiae cell (60)
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