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Abstract Platinum-based DNA metallointercalators are
structurally different from the covalent DNA binders such
as cisplatin and its derivatives but have potent in vitro
activity in cancer cell lines. However, limited understanding
of their molecular mechanisms of cytotoxic action greatly
hinders their further development as anticancer agents. In
this study, a lead platinum-based metallointercalator, [(5,6-
dimethyl-1,10-phenanthroline) (1S,2S-diaminocyclohexane)
platinum(II)]2+ (56MESS) was found to be 163-fold more
active than cisplatin in a cisplatin-resistant cancer cell line.
By using transcriptomics in a eukaryotic model organism,
yeast Saccharomyces cerevisiae, we identified 93 genes that
changed their expressions significantly upon exposure of
56MESS in comparison to untreated controls (p≤0.05).
Bioinformatic analysis of these genes demonstrated that iron
and copper metabolism, sulfur-containing amino acids and

stress response were involved in the cytotoxicity of
56MESS. Follow-up experiments showed that the iron and
copper concentrations were much lower in 56MESS-treated
cells compared to controls as measured by inductively cou-
pled plasma optical emission spectrometry. Deletion
mutants of the key genes in the iron and copper metabolism
pathway and glutathione synthesis were sensitive to
56MESS. Taken together, the study demonstrated that the
cytotoxic action of 56MESS is mediated by its ability to
disrupt iron and copper metabolism, suppress the biosyn-
thesis of sulfur-containing amino acids and attenuate cellu-
lar defence capacity. As these mechanisms are in clear
contrast to the DNA binding mechanism for cisplatin and
its derivative, 56MESS may be able to overcome cisplatin-
resistant cancers. These findings have provided basis to
further develop the platinum-based metallointercalators as
anticancer agents.
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Introduction

Platinum-based anticancer drugs, cisplatin, carboplatin and
oxaliplatin, have been used world-wide to treat various
cancers including testicular, ovarian and colorectal tumours
in clinical settings [16, 58]. The anticancer action of these
platinum drugs results from their capacity to form DNA–
platinum covalent adducts, which ultimately lead to apopto-
sis of cancer cells [76]. However, tumour resistance and side
effects such as nephrotoxicity are often consequences of
their clinical applications [5, 6, 37, 66]. The development
of anticancer drugs with different mechanisms of action is
urgently needed to overcome drug resistance and side
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effects in cancer patients [40]. The mechanisms of action of
anticancer drugs ultimately depend on their chemical struc-
tures and properties. Recently, platinum drugs with funda-
mentally different structures and binding modes to that of
cisplatin have emerged [2, 40]. Multi-nuclear platinum com-
plexes, some of which are positively charged, capable of
forming flexible and non-directional interstrand adducts
with DNA have shown cytotoxic activity in tumour cells
[40, 52, 78].

A class of square–planar platinum(II) metallointercala-
tors has been developed of the type [Pt(IL)(AL)]

2+, where IL
can be 1,10-phenanthroline (phen) or substituted 1,10-phe-
nanthroline and AL is achiral 1,2-diaminoethance (en) or
chiral 1,2-diaminocyclohexane or (1S,3R)-1,3-diamino-
1,2,2-trimethylcyclopentane [8, 35, 53]. They showed activ-
ity to a variety of cancer cell lines such as human colon
cancer cell line (HCT8) and human lung cancer cell line (A-
427) [45, 55]. Correlation analysis of their structures with
cytotoxicity revealed that methylation of 1,10-phenanthro-
line, the types of ancillary ligand, chirality and the bulkiness
of ancillary ligands all influence the anticancer activity [8,
42, 45]. To date, [Pt(IL)(S,S-dach)]

2+ complexes have been
more active than the R,R forms [18, 42]. The complex [(5,6-
dimethyl-1,10-phenanthroline)(1S,2S-diaminocyclohexane)
platinum(II)]2+ (56MESS) is more active than the other
complexes so far tested [45, 55, 79]. 56MESS is also shown
to have more potent anticancer activity than cisplatin in a
range of cisplatin-sensitive cancer cell lines (Table 1).
56MESS emerges as a potent complex in this class of
square–planar platinum(II) metallointercalators of the type
[Pt(IL)(AL)]

2+.
Identifying the molecular target and mechanisms of action

of 56MESS thus becomes critical to the further development
of this complex and its analogues as anticancer agents. The
molecular mechanisms of action of the [Pt(IL)(AL)]

2+ com-
plexes in eukaryotic cells are not understood although a

complex of this type had been tested in mice [19]. This
study therefore seeks to develop and understand the cyto-
toxic effect of 56MESS on eukaryotes at gene expression
level by the means of transcriptomics. Transcriptomics,
a platform which can reveal changes of gene expres-
sion at a genome-wide scale, is a powerful holistic
approach to profile gene expression for understanding
molecular pathways of preclinical and clinical antican-
cer drugs [7, 23, 25]. The model eukaryotic organism,
yeast Saccharomyces cerevisiae, plays a significant role in
this approach [68] due to its easy amendability with various
experimental approaches and conservation of genes and
essential cellular functions with humans [3]. Application
of yeast transcriptomics has already yielded insights on the
genes and molecular mechanisms of cisplatin [9, 23]. We
therefore employed yeast transcriptomics in this study to
uncover the genes and molecular pathways underpinning
the cytotoxicity of 56MESS following the assessment of
56MESS activity in a cisplatin-resistant cancer cell line
L1210cisR. The results from gene expression profiling were
then corroborated with inductively coupled plasma optical
emission spectrometer (ICP-OES) and yeast deletion mutant
screening.

Materials and methods

Cancer cell line and yeast strains

The cisplatin-resistant mouse leukaemia cancer cell line
L1210cisR was kindly provided by Dr. C. Cullinane from
the Peter MacCallum Cancer Institute, Melbourne, Australia.
The cells were grown in complete RPMI 1640 medium (Sig-
ma-Aldrich, Australia), supplemented with 5% fetal bovine
serum (Sigma-Aldrich, Australia) without antibiotics in a
humidified cabinet with 5% CO2 at 37 °C. Yeast wild-type
strain BY4743 and deletion mutants used in this study were
described in Table 2. Yeast was grown in synthetic medium
containing D-glucose (2% wt/vol), yeast nitrogen base
(0.17% wt/vol) and ammonia sulfate (0.5% wt/vol), supple-
mented with adenine (10 mg/L), arginine (50 mg/L),
aspartic acid (80 mg/L), histidine (20 mg/L), isoleucine
(50 mg/L), leucine (100 mg/L), lysine (500 mg/L), methio-
nine (20 mg/L), phenylalanine (50 mg/L), threonine
(100 mg/L), tryptophan (50 mg/L), tyrosine (50 mg/L),
valine (140 mg/L) and uracil (20 mg/L). For solid media,
2% (wt/vol) agarose was added to the synthetic media. Yeast
was grown at 30 °C with shaking (a liquid cell culture
occupying one fifth of the flask volume).

Synthesis of 56MESS

56MESS was synthesised as previously described [79].

Table 1 IC50 values of 56MESS and cisplatin in nine cisplatin-
sensitive human cancer cell lines (averages of at least three indepen-
dent experiments ± SD)

Cancer cell line 56MESS Cisplatin

5637 (human bladder cancer) 82±29 350±100

RT-4 (urinary bladder transitional cell) 59±10 1,610±161

LCLC-103H (human lung cancer) 46±13 900±190

DAN-G (human pancreatic cancer) 40±3 730±340

MCF-7 (human breast cancer) 28±4 1,380±290

A427 (human lung cancer) 21±12 1,969±540

IGROV1(human ovarian cancer) 3.4±1 10.6±1.1

HCT8 (human colon cancer) 2.5±0.4 23.1±2.5

HT29 (human colon cancer) 1.1±0.1 2.8±0.7

Data taken from Krause-Heuer et al. [45] and Moretto et al. [55]
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Cytotoxicity assay in cisplatin-resistant cell line L1210cisR
and yeast

The cytotoxicity of 56MESS to L1210cisR cells was mea-
sured as previously described [43]. The cells (4×104/ml)
were plated in 96-well plates containing complete RPMI
1640 medium. 56MESS was added to cell culture to final
concentrations ranging from 0.0001 to 50.0 μM. After con-
tinuous exposure for 48 h, cell viabilities were determined
using standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazoliumbromide (MTT) assay [20] with incubation time
in DMSO being 2 h. The 56MESS concentration that inhib-
its 50% growth of the cells is the IC50 value for this com-
pound. The collated data were averages derived from
between two and four independent experiments tested at
least in duplicate. MTT and DMSO were obtained from
Sigma-Aldrich, Australia.

For 56MESS cytotoxicity in yeast, BY4743 yeast cells
were grown to exponential phase (OD600 0.8) in synthetic
medium. The cells were exposed to a gradient of concen-
trations from 0.4 to 3.5 mM of 56MESS at 30 °C for
180 min in glass flasks. Drug-treated and untreated cells
were then diluted and plated onto agar plates to establish cell
colonies. The number of colonies under different drug con-
centrations was used to establish cell viability curve. Data
were averaged from at least three biological replicates.

Transcriptomic analysis using Affymetrix cDNA microarray

Yeast cells at exponential growth phase (OD600 0.8) were
treated with freshly prepared 56MESS (0.45 mM) for
60 min. Three samples (50 mL each) from each of
56MESS-treated or untreated cultures were collected prior
to and at 60 min after drug addition. Cell pellets were
prepared from the collected samples, snap-frozen in liquid
nitrogen and then stored at −80 °C. To purify the total RNA,
the frozen cell pellets were mixed with TRIzolTM reagent
(Invitrogen, Australia) at 4 °C and cells were then broken
with a mini-bead beater. The following steps leading to final

RNA preparation were carried out as described previously
[1]. The integrity of the RNAwas confirmed using an RNA
6000 Nano LabChips on a Bioanalyzer 2100 (Agilent Tech-
nologies, Santa Clara, CA, USA). RNA was then reverse-
transcribed, labelled and hybridised to GeneChip® Yeast
Genome 2 Arrays (Affymetrix) at Ramaciotti Centre, UNSW,
Australia. The hybridised arrays were scanned using Axon
GenePix 4000B scanner (Molecular Devices, Sunnyvale,
CA, USA).

Microarray data were analysed using Partek® Genomic
Suite™. Data were normalised with RMA algorithms as
implemented in the programme. One-way analysis of variance
(ANOVA) was used to compare transcript levels between
56MESS-treated and untreated samples and differentially
expressed genes were revealed according to the criteria
of gene expression fold change ≥1.5-fold and false
discovery rate significance level, p, at 0.05. Identification
of biological pathways over-represented by these significant
genes was achieved using Yeast GO Slim Mapper tool
implemented in Saccharomyces Genome Database (www.
yeastgemome.org). Candidate binding motifs in a given set
of genes for transcriptional factors were identified using
regulatory sequence analysis (RSA) tools [71, 73]. Five to
eight oligonucleotide sizes in the promoter regions of genes
were chosen while searching for transcription factor binding
motifs.

Phenotypic screening of yeast deletion mutants

The up- and down-regulated genes resulting from 56MESS
exposure were further selectively validated through pheno-
typic screening of their deletion mutants. Mutant cells at
exponential phase (OD600 0.8) were exposed to 56MESS in
5 mL media contained in glass flasks. A culture of 100 μL
for each mutant was then collected at multiple time-
points and plated on agar plates. The plates were incu-
bated at 22 °C for 2–3 days and colony counts were used
to establish the viability curves. Alternatively, spot
assays using 96-well plates were employed for assessing

Table 2 Yeast strains used in
this study Strain Genotype Source

BY4743 MATa/a;his3D1/his3D1;leu2D0/leu2D0;lys2D0/LYS2;MET15/
met15D0;ura3D0/ura3D0

Euroscarf

aft1Δ As for BY4743 with aft1::kanMX4/aft1::kanMX4 Euroscarf

aft2Δ As for BY4743 with aft2::kanMX4/ aft2::kanMX4 Euroscarf

anr1Δ As for BY4743 with anr1::kanMX4/ anr1::kanMX4 Euroscarf

arn2Δ As for BY4743 with arn2::kanMX4/ arn2::kanMX4 Euroscarf

ccc2Δ As for BY4743 with ccc2::kanMX4/ ccc2::kanMX4 Euroscarf

ctr1Δ As for BY4743 with ctr1::kanMX4/ ctr1::kanMX4 Euroscarf

ftr1Δ As for BY4743 with ftr1::kanMX4/ ftr1::kanMX4 Euroscarf

gsh1Δ As for BY4743 with gsh1::kanMX4/ gsh1::kanMX4 Euroscarf
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the sensitivity and resistance of mutants to drug treat-
ment. In this assay, the mutant strains were grown to
exponential phase (OD600 0.8) and then diluted in 37 °C
media to produce a culture with OD600 0.01. Cells were then
exposed to a gradient of drug concentrations (ranging from
14.0 mM through eight dilution steps to 0.01 mM) in 96-
well plates for 20–24 h at 30 °C. The growth of yeast cells at
various time-points during this period was assessed by spot-
ting the 96-well plates onto agar plates and cell growth
within the spots was assessed and photographed.

Measurement of intracellular metals in yeast using ICP-OES

The intracellular metal contents were measured using ICP-
OES. The yeast wild-type BY4743 cells were grown to
exponential phase (OD600 0.8) in synthetic media. Freshly
prepared drug solutions were added to the cultures up to the
final concentration of 0.45 mM for 56MESS. Cell samples
(50 mL each) were collected prior to and at 5, 20 and 60 min
after the start of drug exposure. The collected cell culture
samples were then centrifuged to remove the supernatant,
and the resultant cell pellets were washed with 2 μM EDTA
to chelate extracellular metals. The pellets were further
washed with distilled and then deionised water. The remain-
ing water content contained in the pellets was removed by
centrifugation and drying in an oven at 55 °C. The weight of
each pellet was calculated as the difference between the total
weight of the pellet with the tube and the weight of the
empty tube (pre-weighted).

Prior to analysis by ICP-OES, the cell pellets were
digested in 1 mL 65% nitric acid for 24 h at 25 °C. The
samples were then vortexed and centrifuged for 10 min at
13,000 rpm in a bench-top centrifuge. The resultant super-
natants were diluted at 1:100 in MilliQ water and metal
contents in these samples were measured with Varian 720-
ES. Data were analysed with ICP Expert II software. ICP
standard element solutions for Fe, Cu Zn, Al, Mn and Cd at
0, 0.05, 0.2, 0.5 and 1.0 ppm were prepared via appropriate
dilutions of standard solutions in Ultrapure water and nitric
acid at a final concentration of 65% (v/v). The metal ion
concentrations were measured in parts per billion (ppb and
expressed as ppb/g after normalisation against yeast dry
weight).

Results

Cytotoxicity of 56MESS in the cisplatin-resistant
L1210cisR cancer cell line

To assess the capacity of 56MESS in overcoming a
cisplatin-resistant phenotype, the cytotoxicity of 56MESS
and cisplatin in cisplatin-resistant leukaemia cancer cell line

L1210cisR was measured, respectively, after continuous
exposure to a gradient of drug concentrations ranging from
0.0001 to 50.0 μM for 48 h. 56MESS displayed IC50 of
0.06±0.003 μM, which is 163-fold more active than cisplatin
having IC50 of 9.80 ±1.400 μM. This result demonstrated
that 56MESS is more potent than cisplatin in the cisplatin-
resistant cancer cell line L1210cisR.

Titration of 56MESS concentrations for genome-wide gene
expression profiling

In order to apply genome-wide gene expression profiling to
investigate the molecular mechanism of action of 56MESS
in S. cerevisiae, we firstly examined growth inhibition to
yeast cells by 56MESS at various concentrations (0.4 to
3.5 mM) over a course of 180 min (Fig. 1). A 25% growth
inhibition relative to the control resulted from the treatment
of 56MESS at 0.4 mM and was maintained for 180 min.
56MESS at 0.5 mM produced approximately 50% growth
inhibition for the duration of the treatment. Within the same
time frame, a 75% growth inhibition was achieved by
56MESS at 1.0 mM. At 3.5 mM, 56MESS led to nearly
100% cell death after exposure for 60 min. Growth inhibi-
tion of yeast by 56MESS treatment was positively correlated
with drug dosage. Based on these results, the 56MESS
concentration of 0.45 mM (between 0.40 and 0.50 mM),
which caused significant growth inhibition, yet not substan-
tial cell death, was chosen for genome-wide expression
profiling of yeast response to 56MESS. This level of dosage
was previously used in gene expression profiling studies in
yeast for cellular response to drug treatments and certain
environmental conditions [9, 22].

Fig. 1 Growth inhibition of yeast cells by 56MESS. BY4743 wild-
type yeast cultures at exponential growth phase (OD600 0.8) were
exposed to a range of 56MESS concentrations (0.4 to 3.5 mM) for
180 min at 30 °C with agitation. Growth inhibition was expressed as
the percentage of colony count at each of time-points over that at 0
time-point. Diamond, control; triangle, 0.4 mM; multiplication symbol,
0.5 mM; square, 1.0 mM; circle, 3.5 mM. The data are the averages
from at least two biological replicates and error bars indicate standard
deviations
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Changes in gene expression and identification of major
biological processes in response to 56MESS treatment

To uncover genes important to the cytotoxicity of 56MESS,
cDNA microarray technology was used to measure the
changes of genome-wide gene expression after treatment
for 1 h with 0.45 mM 56MESS. During 56MESS challenge,
48 and 45 genes out of 5,841 genes in a yeast genome were
up- and down-regulated, respectively, by at least 1.5-fold at
p≤0.05 compared to untreated cells (Fig. 2a). Bioinfor-
matics analysis of these up- and down-regulated genes using
Yeast GO Slim Mapper tool showed that 14 GO biological
processes were represented by up-regulated genes and ten
GO biological processes were represented by down-
regulated genes (Fig. 2b, c). Two pathways—transport and
cellular homeostasis—were highly over-represented by up-
regulated genes among the 14 GO biological processes
(Fig. 2b). The transport pathway was represented by 17
genes including FTR1, ARN1, ARN2, SIT1 (ARN3), ENB1
(ARN4), FRE1, FRE2, FRE3, FRE6, FIT2, FIT3, CTR1,
CCC2, SIT1, PUG1, VMR1, DTR1 and RSB1. All of these
genes except four (PUG1, VMR1, DTR1 and RSB1) are in

the pathway of iron and copper transport across the cell
membrane [24, 30, 49, 57]. For example, FTR1 gene enc-
odes a high-affinity iron permease for the transport of iron
across the plasma membrane [69] and ARN1 encodes a
membrane transporter responsible for up-taking iron
bounded to siderophores [30]. The cellular homeostasis
pathway was represented by FTR1, ARN1, ARN2, SIT1
(ARN3), FRE3, FRE6, CCC2, TIS11, HMX1 and ENB1
(total of ten genes). All of these genes are also in the
pathway of iron and copper transport and regulation of heme
during iron starvation. The CTR1 is a copper transporter and
CCC2 gene is Cu2+- transporting P-type ATPase [21]. Thus,
the highly induced processes under 56MESS treatment are
the iron and copper uptake and homeostasis.

The biological processes accentuated by the 45 down-
regulated genes included cellular amino acid metabolic pro-
cess, stress response and cellular respiration (Fig. 2c). The
cellular amino acid metabolic process was represented by 12
genes of HOM3, STR3, MET13, MET17, MET28, ARG1,
ARG4, ARG7, CPA2, CAR2, ILV6 and GLT1 [28, 36, 38,
50]. Among them, five genes (HOM3, STR3,MET13,MET17
and MET28) are involved in sulfur-containing amino acid
(methionine and cysteine) biosynthesis, and five genes
(ARG1, ARG4, ARG7, CPA2 and CAR2) in arginine biosyn-
thesis. The gene SUL2 encoding a high-affinity sulfate per-
mease in sulfur metabolism was also suppressed by
56MESS (see Table S1 in “Electronic supplementary mate-
rial”). Furthermore, 56MESS down-regulated the transcrip-
tion factor Met28p, a component of the Cbf1p–Met4p–
Met28p complex which participates in the regulation of
sulfur metabolism [46]. 56MESS also suppressed the ex-
pression of the following genes: PCL5, TPS2, GRX4, XBP1,
MNN4 and CCP1, which were shown to be involved in
stress response processes [12, 51, 56, 63]. Also down-
regulated were cellular respiration genes (CYC7, SDH1,
SDH2 and NDI1), implicating the involvement of mitochon-
dria in 56MESS cytotoxicity.

Transcription regulation of the iron and copper pathway
and the cytotoxicity of 56MESS

The large-scale up-regulation of iron and copper transport
genes suggested that transcription factors are involved in cell
response to 56MESS. The key transcription factors, Aft1p and
Aft2p, were uncovered by using RSA tools (Table 3).

The results indicate a molecular mechanism for the up-
regulation of iron and copper under 56MESS treatment
(Fig. 3). In this mechanism, 56MESS targets iron and cop-
per transporters (such as Ftr1p and Arn1p) located in the
plasma membrane. We propose that the interactions of
56MESS with these transporter proteins lead to conforma-
tional changes and subsequent inhibition of iron and copper
uptake, ultimately resulting in depletion of intracellular iron

Fig. 2 The differentially expressed genes (a) and the major pathways
(b, c) in response to 56MESS treatment. Genes whose expression
changed by 1.5-fold or more at p≤0.05 under 56MESS treatment were
identified as differentially expressed genes using ANOVA Partek®
Genomic Suite™. Each dot in (a) represents one gene. Out of 5,841
genes, 48 up-regulated genes are shown in the yellow area and 45
down-regulated genes in the green area. The major pathways repre-
sented by the up- and down-regulated genes were revealed using GO
Slim Mapper and shown in b and c, respectively. Pathways represented
by a to n in (b) and I to X in (c) are listed in Table S2 in “Electronic
supplementary material”
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and copper. The depletion of intracellular iron and copper
activates the translocation of Aft1p from cytoplasm into
nucleus where this transcription factor binds to the motifs
of the iron and copper genes as shown in Table 3. Conse-
quently, the transcript expression of genes in the iron and
copper uptake pathways was up-regulated. The key trigger
for this proposed mechanism is the reduction or depletion of
intracellular iron and copper, which was determined in the
following experiment.

Determination of intracellular iron and copper
concentrations

The intracellular iron and copper concentrations of yeast cells
treated by 56MESS at the same concentration as used for gene
expression analysis weremeasured with ICP-OES.Manganese,
zinc, cadmium and aluminium were also included in this ex-
periment so as to provide a more comprehensive view of metal
ion profile. After 60min of 56MESS treatment, iron and copper

levels in 56MESS-treated cells were reduced to 67% and 60%,
respectively, compared to those in control (Table 4). 56MESS
treatment increased the retention of manganese relative to
the control by 27% (Table 4) but did not affect the concen-
tration of zinc, aluminium and cadmium (data not shown).

Phenotypic screening of deletion mutants of genes in iron
and copper metabolism

Several deletion mutants of key genes in iron and copper
metabolism were screened for their growth phenotypes un-
der 56MESS treatment in order to investigate the role of this
metabolism in the cytotoxicity of this complex. The results
showed that the lowest 56MESS concentration that killed
100% of aft1Δ mutant was at 0.21 mM, but it had no effect
on wild-type BY4743 cells (Fig. 4a). Growth inhibition of
FTR1 deletion mutant by 56MESS was evident at 0.05 mM
and was more severe at 0.21 mM (Fig. 4b). The deletion
mutant of CCC2 was slightly sensitive to 56MESS (data not
shown). Deletion mutants of CTR1, ARN1, ARN2 and AFT2
were neither sensitive nor resistant to 56MESS. These data
suggested that Ftr1p transporter, but probably not the Arn
family or Ctr1p transporters, is critical to the cytotoxicity of
56MESS.

Role of glutathione in 56MESS cytotoxicity

The role of glutathione in the cytotoxicity of 56MESS was
first investigated by exposing 56MESS to yeast gsh1Δ mu-
tant in which synthesis of glutathione is blocked. 56MESS
at 2.5–5.0 mM caused initial growth inhibition after 20 min
and 82.5% inhibition after 120 min relative to untreated
cells (Fig. 5a). The glutathione deletion mutant gsh1Δ was
therefore sensitive to 56MESS.

Table 3 Over-represented motifs in the promoter regions of 48 genes
up-regulated by 56MESS treatment

Motifsa Proposed transcription factors Significance indexb

tgcacc Aft1p, Aft2p 6.55

gcaccc Aft1p, Aft2p 9.22

aaaatg Unidentified 0.09

aMotifs were obtained from analysis of promoter regions of 56MESS
up-regulated genes using RSA tools [70]
bMinus log transform of the E-value, which is the product of multi-
plying the p-value by the number of distinct motifs. The p-value is a
probability of chance occurrence of particular motifs in the promoter
regions of a given list of genes. A higher significance index indicates
more significant motifs

Fig. 3 The proposed molecular
mechanism for the up-regulation
of iron and copper under
56MESS treatment. 56MESS
interacts with iron and copper
membrane transporters (Ctr1p,
Ftr1p, Fre1p, Fre2p, Fre3p and
Arn1–4p). Such interaction then
leads to conformational changes
of these transporter proteins and
subsequent inhibition of iron and
copper uptake, with ultimate
depletion of intracellular iron
and copper. The iron and copper
depletion results in Aft1p trans-
location from cytoplasm into the
nucleus where this transcription
factor binds to target genes (such
as ARN1 and FTR1) to trigger
their expression
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Further experiments were carried out to assess the effect of
glutathione on the cytotoxicity of 56MESS in cancer cells by
supplementing glutathione in the cell culture media before
exposure to 56MESS (Fig. 5b). Addition of 1.2 mM gluta-
thione alone to cell culture promoted 6.7% to 28.1% cell
growth in comparison to the control, whereas 56MESS
treatment (0.045 mM) alone inhibited cell growth by 26%
at 61 h and killed 100% of cells at 96 h. The cytotoxicity
that resulted from treatment with 56MESS was reduced by
10% to 51% from 23 to 76 h with the addition of glutathione
(0.6 or 1.2 mM) into L1210 cell culture prior to 56MESS
exposure. No reduction was observed at longer incubation
periods of 83 and 96 h (Fig. 5b).

Discussion

This study shows that 56MESS is more effective in killing
cisplatin-resistant L1210cisR cells than cisplatin does. This

result reinforces the view that 56MESS has the potential to
be a potent anticancer agent [45, 55] and highlights the
possibility of 56MESS in overcoming cisplatin-resistant
cancer cells. Transcriptomic data and intracellular metal
content analysis with ICP-OES have delineated the details
of molecular mechanisms of the cytotoxic action of the
platinum metallointercalator, 56MESS.

The large-scale up-regulation of genes in the iron and
copper homeostasis pathway in response to 56MESS treat-
ment was the initial indication of the molecular mechanisms
of 56MESS’ cytotoxic action. Up-regulation of these genes
likely resulted from a negative feedback mechanism, where
56MESS causes a reduction of intracellular iron and copper
concentrations and this subsequently activates these genes
through the transcription factor Aft1p [64, 80]. This is
supported by the finding that the concentrations of intracel-
lular iron and copper were indeed low in 56MESS-treated
yeast cell. Hence, disruption of iron and copper metabolism
is a key biological mechanism for 56MESS cytotoxicity.

The reason for iron and copper deficiency in the cells
upon 56MESS treatment could be due to the impairment of
iron and copper uptake from the extracellular environment.
Such impairment may have resulted from the binding of
56MESS to iron and copper transporters in the plasma
membrane. Our results showed that mutants of an iron
transporter Ftr1p were sensitive to 56MESS (Fig 4b), indi-
cating that the Ftr1p transporter is a possible target of the
compound. Ftr1p is a high-affinity iron transporter [3] and
its inhibition can greatly reduce iron uptake, leading to a low
level of intracellular iron. It may be argued that iron could
still enter cells via ARN family transporters. However, un-
der the experimental condition of this study, it is unlikely
because ARN transporters only transport siderphore-
chelated iron and only FeCl3 is available in the media of
this study. Deletion mutants of ARN genes are neither sen-
sitive nor resistant to 56MESS.

The ensuing cytotoxicity caused by the 56MESS-induced
iron and copper depletion is explained by their essential
physiological roles performed by these metal ions. Iron
and copper act as cofactors in enzymes, such as superoxide

Table 4 The intracellular metal ion concentrations under 56MESS
treatment

Time (min) 56MESS-treated Untreated 56MESS/control (%)

Iron (ppb/g)

0 83.2±2.7 83.2±2.7 100

5 79.7±3.4 85.6±2.8 93

20 58.2±2.4 83.6±5.7 70

60 63.8±11.1 95.1±19.9 67

Copper (ppb/g)

0 9.8±0.3 9.8±0.3 100

5 8.9±0.1 10.4±0.4 86

20 7.7±0.3 11.6±0.5 66

60 7.4±0.5 12.4±0.8 60

Manganese (ppb/g)

0 4.2±0.2 4.2±0.2 100

5 3.9±0.1 3.5±0.1 109

20 3.6±0.2 3.3±0.1 111

60 4.1±0.2 3.3±0.4 127

Fig. 4 Phenotypic screening of deletion mutants of AFT1 (a) and
FTR1 (b) under 56MESS treatment. The exponential phase of yeast
cells was exposed to a gradient of 56MESS concentrations in 96-well

plates for 22 h and then spotted to agar plates for further 48 h of
incubation. The spots were the colonies of the yeast cells
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dismutase [14, 60], involved in respiration, scavenging re-
active oxygen species and in a wide variety of other meta-
bolic processes [74]. Insufficient concentrations of iron and
copper can therefore impede cellular functions. Indeed cells
starved of iron are unable to progress from the G1 phase to
the S phase in the cell cycle process [47].

The transcriptomic analysis also showed that 56MESS
suppressed the biosynthesis of sulfur-containing amino
acids—methionine and cysteine. Suppression of this path-
way could lead to reduced production of the tri-peptide
glutathione. Down-regulation of a di- or tri-peptide trans-
porter gene PTR2 by 56MESS (see Table S1 in “Electronic
supplementary material”) indicates that the uptake of gluta-
thione could also be decreased. These findings were rein-
forced by the result that the gsh1Δ mutant, in which
glutathione synthesis is blocked, is sensitive to 56MESS.
As glutathione plays essential cellular functions including
maintenance of mitochondrial genome, sporulation and de-
toxification of harmful compounds such as oxidants [27,
48], glutathione deficiency can weaken cellular defence
systems, thus exacerbating the cytotoxic action of 56MESS.

The molecular mechanism of glutathione involvement in
the cytotoxic action of 56MESS is more complex than direct
glutathione binding by 56MESS. Addition of glutathione to
cancer cell culture provided a certain degree of protection
against 56MESS at early exposure time (from 23 to 76 h),
but such protection was diminished after longer exposure
(83–96 h). If direct degradation of 56MESS by glutathione
occurs, then longer exposure of 56MESS to glutathione-
supplemented cells would lead to further rescue effect in-
stead of diminishing one as observed (Fig. 5b) because
glutathione is stoichiometrically in excess compared to
56MESS in the experimental condition. The partial protec-
tion is likely due to the growth-promoting effect of gluta-
thione as demonstrated by the finding that glutathione alone
promotes cell growth (Fig. 5b), possibly via its antioxidant
effects [54, 67]. The ability of 56MESS in overcoming the

initial glutathione-mediated protection could be due to the
down-regulation of glutathione production and uptake by
56MESS as discussed above. Cancer resistance to cisplatin
mediated through direct glutathione binding to it is common
[4, 26, 61] and therefore 56MESS may be useful in combi-
nation therapy with cisplatin to reduce glutathione
concentration.

In addition to iron and copper metabolism and glutathi-
one involvement of 56MESS cytotoxicity, the perturbation
of redox homeostasis in 56MESS-treated cells was evident
by the down-regulation of CCP1, GRX4 and TPS2, which
are genes involved in oxidative stress response. For exam-
ple, CCP1 is a mitochondrial cytochrome-c peroxidase for
breaking down reactive oxygen species [11, 31]. Suppres-
sion of these genes suggests that 56MESS might have
weakened cellular defence. Another finding was the in-
creased manganese (Mn) level upon 56MESS treatment
(Table 4). As Mn is a cofactor of the antioxidant superoxide
dismutase [75], the elevation of the Mn may be a secondary
cellular response to the 56MESS-induced disruption of the
cellular antioxidant system.

The data demonstrated that the disruption of iron and
copper metabolism in conjunction with suppression of
sulfur-containing amino acids and weakened cellular anti-
oxidant capacity are the key molecular mechanisms for
56MESS. The fact that no significant genes related to
DNA repair were uncovered suggests that interacting with
DNA is not the major action of 56MESS, although micro-
probe super resolution X-ray fluorescence elemental maps
of human lung cancer cells (A549) following treatment with
56MESS did reveal platinum localisation within the nucleus
[13]. Previous finding using DNase I footprinting, DNA
unwinding and DNA binding affinity indicated that
56MESS–DNA interactions did not account for its cytotox-
icity [42, 45]. The molecular mechanisms elucidated for
56MESS are in clear contrast to the DNA binding mecha-
nism of anticancer drug cisplatin [15, 76]. This may explain

Fig. 5 Glutathione involvement in the cytotoxicity of 56MESS. a The
growth inhibition of the gsh1Δ mutant under 56MESS treatment.
Square, untreated; multiplication symbol, 2.5 mM 56MESS; circle,
5.0 mM 56MESS. b Effects of supplementing glutathione into L1210

cell culture on the 56MESS’ cytotoxicity. Square, 1.2 mM GSH only;
cross, control; circle, 0.045 mM 56MESS with 0.6 mM GSH; multi-
plication symbol, 0.045 mM 56MESS with 1.2 mM GSH; triangle,
0.045 mM 56MESS only
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why 56MESS is potent to cisplatin-resistant cancer cells,
including L1210cisR [45, 55], where increased resistance to
cisplatin can be mediated by elevated glutathione [61] and
increased DNA repair [10, 76].

The iron and copper metabolism, being essential to cel-
lular functions, is highly conserved between yeast and
humans [3]. Iron and copper are required by proliferating
cancer cells during carcinogenesis [32, 39, 59, 77] and high
levels of iron and copper were found in certain tumour cells
and tissues, including breast cancer cells [17, 33]. As iron
and copper metabolism is up-regulated in neoplastic
tumours [29, 39, 41, 44, 47, 59, 62, 65, 72], 56MESS and
other complexes in this class should be assessed, in combi-
nation with cisplatin, in the cancer models that have elevat-
ed iron and copper metabolism. Indeed chelating cellular
copper has recently been shown to selectively enhance the
therapeutic efficacy of cisplatin in a mouse model of human
cervical cancer [34].

In conclusion, this study has confirmed that 56MESS is
highly cytotoxic in cisplatin-resistant cancer cell line. This
capacity is mediated via disruption of iron and copper me-
tabolism along with suppression of sulfur-containing amino
acids and attenuation of cellular defence capacity. The high-
affinity iron transporter Ftr1p may be one of the key targets
of 56MESS. On the basis of these findings, 56MESS is
currently being investigated for its effect, in combination
with cisplatin, on cancers with elevated iron and copper
metabolism.
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