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Bis-chelated gold(I) phosphine complexes have shown great potential as anticancer
agents, however, their efficacy has been limited by their high toxicity and lack of
selectivity for cancer cells. Here, we have investigated the anticancer activity of a
new bis-chelated Au(l) bidentate phosphine complex of the novel water soluble ligand
1,3-bis(di-2-pyridylphosphino)propane (d2pypp). We show that this gold complex [Au(d2-
pypp)2ICl, at submicromolar concentrations, selectively induces apoptosis in breast
cancer cells but not in normal breast cells. Apoptosis was induced via the mitochondrial
pathway, which involved mitochondrial membrane potential depolarisation, depletion of
the glutathione pool and caspase-3 and caspase-9 activation. The gold lipophilic complex
was accumulated in mitochondria of cells, driven by the high mitochondrial membrane
potential. To address the molecular basis of the observed selectivity between the two cell
lines we investigated the effect of the gold complex on the thioredoxin/thioredoxin
reductase system in normal and cancer breast cells. We show that [Au(d2pypp).]Cl
inhibits the activities of both thioredoxin and thioredoxin reductase and that this effect
is more pronounced in the breast cancer cells. This difference may account for the
selective cell death seen in the breast cancer cells but not in the normal cells. Our
investigation has led to new insights into the mechanism of action of bis-chelated gold(I)
diphosphine complexes and their future development as mitochondria targeted che-
motherapeutics.
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1. Introduction

Gold(I) phosphine compounds have shown early promise as
anticancer drugs [1] and can be divided into two distinct
classes: neutral, linear, two-coordinate complexes such as
triethylphosphine gold(l) chloride and the tetracetylthioglu-
cose derivative, ‘auranofin’ and cationic, tetrahedral bis-
chelated Au(l) diphosphine complexes such as [Au(dppe),]Cl
(Fig. 1A). Although evidence suggests that the mechanism of
antitumor activity of the two classes is different, they both
cause mitochondrial dysfunction that leads to cell death [2,3].
A mechanism has been proposed recently for induction of the
membrane permeability transition (MPT) by auranofin due to
alteration of the thiol redox balance in cells [4,5]. Studies with
isolated purified cytoplasmic and mitochondrial thioredoxin
reductase (TrxR), enzymes that regulate the cellular redox
state, suggest a mechanism of action for auranofin that
involves the inhibition of TrxR by binding of Au(l) to the
selenocysteine residue at the active site of the enzyme [6-8].
The high affinity of auranofin towards protein thiols has,
however, limited its antitumor activity in vivo, with modest
activity demonstrated in only one mouse tumor model [9].

It was with this aim of reducing the reactivity with thiols, to
obtain a broader spectrum of antitumor activity, that lead to
early investigations of Au(l) complexes with chelated dipho-
sphine ligands and the discovery of the antitumor activity of
[Au(dppe),]Cl [10] and other bis-chelated Au(l) diphosphine
complexes [1,11]. These bis-chelated Au(l) diphosphine com-
plexes have unusually low thiol reactivity and, while the
cytotoxic mechanism is unknown, their behaviour is con-
sistent with that of other delocalized lipophilic cations (DLCs)
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which exhibit antitumor activity [12]. Lipophilic cations can
pass easily through the lipid bilayer and their positive charge
then directs them to the mitochondria at significantly higher
concentrations than in the cytoplasm, because of the large
negative potential across the inner membrane generated by
the respiratory chain [13]. DLCs have been investigated as a
new approach to cancer chemotherapy which exploits their
selective accumulation in mitochondria of cancer cells as a
consequence of the elevated mitochondrial membrane poten-
tial (Ayy) that is a shared feature for many tumor cell lines
[14-16].

While early studies showed that [Au(dppe),]Cl had sig-
nificant antitumor activity in vivo [10] its clinical development
was halted by the discovery of severe hepatotoxicity in dogs
attributable to mitochondrial dysfunction [17,18]. The high
lipophilicity of [Au(dppe),|" results in its non-selective con-
centration into mitochondria causing general membrane
permeabilization. Consequently, our more recent approach
has been to modify the diphosphine ligands to reduce the
lipophilicity and improve the selectivity for cancer cells [19].
Replacing the phenyl substituents with pyridyl groups (with
the N atom in either the 2, 3 or 4 position in the ring), provided
a series of compounds of type [Au(dnpype),|Cl (Fig. 1A) that are
structurally similar to [Au(dppe),]Cl, in which the hydrophilic
character covers a very large range. These complexes have
been evaluated in subcutaneous colon 38 tumors in mice and
whereas the most lipophilic and hydrophilic complexes had
no significant tumor growth delay, the 2-pyridyl complex,
[Au(d2pype).]Cl, with intermediate lipophilicity, showed sig-
nificant antitumor activity which correlated with highest drug
concentrations in plasma and tumor tissue [19]. In addition,
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Fig. 1 - (A) Chemical structure of Au(l) complexes with bidentate ligands, [Au(d2pypp),]Cl, [Au(dppe).]Cl and its
pyridylphosphine analogs; MDA-MB-468 cells (B) and HMEC cells (C) were treated with increasing concentrations of either
[Au(d2pypp).]Cl or [Au(dppe),]Cl and cell growth was measured after 24 h using a cell titer assay. Data are means *+ S.D. of

four separate experiments.
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this compound has been shown to induce the MPT in isolated
mitochondria [2]. These results suggest that by fine-tuning the
hydrophilic-lipophilic balance in the optimal range, it may be
possible to identify compounds of this class that are able to
target the mitochondria of tumor cells with great specificity.
However, direct evidence for the accumulation within
mitochondria of cells has not been demonstrated to date.

This work investigates the anticancer activity of a new bis-
chelated Au(l) complex of the novel water soluble bidentate
pyridylphosphine ligand 1,3-bis(di-2-pyridylphosphino)pro-
pane (d2pypp) [20]. This compound [Au(d2pypp),]Cl (Fig. 1 A)
was designed with the idea of combining the features of the
two classes of Au(I) phosphines by retaining the lipophilic
cationic properties of the tetrahedral bis-chelated complexes
thatallow accumulation into mitochondria, but enhancing the
reactivity towards thiols and selenols that is characteristic of
auranofin. The propane bridged complex [Au(d2pypp)2]Cl has
a lipophilicity in the optimal range close to that of the ethane-
bridged analog [Au(d2pype),]|Cl, but ligand exchange reactions
with thiols/selenols will be more facile, compared to [Au(dp-
pe)2]Cl and its pyridylphosphine analogs, due to the increased
chelate ring size.

Here we show that [Au(d2pypp),]|Cl is selectively toxic to
breast cancer cells but not normal breast cells resulting in
programmed cell death mediated via mitochondria. In addi-
tion, we have investigated the mechanism for selective
toxicity of this complex to breast cancer cells compared to
normal cells. Our findings indicate that mitochondria and the
thioredoxin system may be the critical targets responsible for
the selective toxicity seen in the breast cancer cell line.
Together these data provide a new insight into the mechanism
of anticancer activity of bis-chelated Au(l) diphosphine
complexes.

2. Materials and methods
2.1. Materials

[Au(d2pypp)2]Cl was synthesized and characterized as
recently reported elsewhere [20] and 10 mM stock solutions
were prepared in water. The parental compound [Au(dppe),]|Cl
was synthesized and stock solutions prepared according to the
published procedures [21,19]. Thioredoxin (human and Escher-
ichia coli), thioredoxin reductase (rat) and carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP) were from
Sigma. The fluorogenic substrate 7-amino-4-methylcou-
marin-labelled peptide (DEVD-AMC) was obtained from
Calbiochem. Annexin V-FLUOS was from Roche Applied
Sciences. The caspase-9 colorimetric kit, JC-1 dye, cell culture
media and supplements were obtained from Invitrogen.

2.2. Cell culture

A human breast adenocarcinoma cell line MDA-MB-468
(ATCC) was cultured at 37 °C under humidified 95% air/5%
CO, in Dulbecco’s modified Eagle’s medium (DMEM) without
phenol red, containing Earle’s balanced salt solution and
supplemented with 2 mM Glutamax, penicillin (100 U ml™?),
streptomycin (100 g ml~?) and 10% heat inactivated fetal calf

serum (FCS). Human mammary epithelial cells (HMEC,
Cambrex) were cultured at 37 °C under humidified 95% air/
5% CO, in MCDB 170 medium supplemented with MCDB
supplement, penicillin  (100Uml™?) and streptomycin
(100 pgml ™). To test toxicity, cells were grown to 90%
confluence and incubated for 24 h with their growth medium
containing increasing concentrations of the gold compounds.
Necrotic cell death was determined by the release of lactate
dehydrogenase (LDH) in a BMG Labtech Fluostar Optima plate
reader as described before [22]. For cell growth studies, cells
grown in 96-well plates were incubated for 24 h with 100 pl of
their growth medium containing increasing concentrations of
[Au(d2pypp)2]Cl or [Au(dppe),]Cl. Cell viability was determined
using the cell titer assay following the manufacturer’s
instructions (Promega, G3580). The assay was performed by
adding 20 pl of the CellTiter 96 AQueous One Solution
Reagent directly to culture wells, incubating for 1 h and then
recording the absorbance at 490 nm. The data is expressed as
percent of cells grown in the absence of gold compounds. Data
are means =+ S.D. of four independent experiments.

2.3. Mitochondrial isolation

Mitochondria were prepared from 107 cells grown overnight in
15 cm? dishes. Cells in PBS were sedimented (150 x g for 5 min
at 4 °C), resuspended in 4 ml of ice-cold STE buffer (250 mM
sucrose, 5mM Tris-HCI, 1 mM EGTA, pH 7.4) and disrupted
with a 7 ml glass homogenizer. The nuclei were sedimented
(1000 x g for 5min at 4°C), the pellet washed and the
combined supernatants were centrifuged (10,000 x g for
10 min at 4 °C). The mitochondrial pellet was washed once
with STE and mitochondrial protein concentrations were
determined by the bicinchoninic acid (BCA) assay [23] using
bovine serum albumin (BSA) as a standard.

2.4.  Measurement of mitochondrial membrane potential

For membrane potential measurements 10> cells per well
were plated in black 96-well tissue culture plates. The
following day the growth medium was removed, the cells
were washed twice with medium free of FCS. Increasing
concentrations of [Au(d2pypp),|Cl were added and incubated
up to 6h. At the end of the incubation the medium was
removed and 50 pl of staining solution containing 33 uM JC-1
dye in FCS-free medium was added to each well. For control
incubations 50 pM FCCP was added to the staining solution.
The cells were incubated for 1 h in the cell incubator, then the
staining solution was removed and 200 pl of PBS containing
5% BSA was added to each well. After a further incubation for
5 min the PBS/BSA solution was removed and 100 pl of PBS
was added to each well. The ratio of red to green signal
was measured in a BMG Labtech Fluostar Optima plate
reader ()LExcitation =485 nm, Agmission green = 520 nm, Agmission
red = 590 nm).

2.5.  Glutathione recycling assay
Proteins were precipitated from washed cells with 5%

sulfosalicylic acid and GSH released into the supernatant
was assayed by the recycling assay and compared with GSH
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standards (0-0.7 nmol) as described previously [24]. The
recycling assay was done using a 96-well plate and consisted
of 13.5 ul of sample or standard, mixed with 295 ul of 0.5 mM
DTNB, 0.3 mM NADPH in 85 mM NaPi, 3.7 mM EDTA, pH 7.5,
and 1 unit of glutathione reductase (Sigma). The formation of
thionitrobenzoic acid was measured at 405 nm over 10 min
using a kinetic plate reader.

2.6.  Apoptosis assays

Apoptosis was induced by incubating MDA-MB-468 and
HMEC cells with [Au(d2pypp),|Cl or [Au(dppe),]Cl (1 or
5 wM). For measuring apoptosis by caspase-3 activation, 10°
cells were plated overnight in 24-well tissue culture plates,
and then incubated with gold compounds for up to 6 h. At the
end of the incubation the cells were washed with PBS and
lyzed in 50 pl lysis buffer (50 mM HEPES, 10% sucrose, 0.1%
Triton X-100, 10 mM dithiothreitol (DTT) pH 7.5) for 20 min on
ice. The lysates were clarified by centrifugation (10,000 x g for
10 min) and supernatant aliquots (50 pl) were transferred to
96-well plates and incubated with 50 pl of 50 uM DEVD-AMC
in 150 ul lysis buffer. Caspase-3 activity was measured
fluorometrically by the release of fluorescent AMC upon
cleavage of the peptide in a BMG Labtech Fluostar Optima
plate reader (Agxcitation = 355 NM, Apmission = 460 nm) and cali-
brated using an AMC standard curve. Caspase-9 activity was
measured using a caspase-9 colorimetric kit according to the
manufacturer’s instructions. To measure apoptosis by
annexin V-fluorescein isothiocyanate staining, 10° cells
grown in 6-well tissue culture plates were incubated in the
presence or absence of 5 pM [Au(d2pypp),|Cl at 37 °C for up to
6 h and at the end of the incubation were collected by trypsin
treatment and centrifugation (1000 x g for 5 min). The cells
were resuspended in 1 ml of binding buffer (10 mM HEPES/
NaOH pH 7.4, 150 mM NacCl, 2.5 mM CacCl,, 1 mM MgCl,, 4%
BSA) containing 1.25 pl annexin V-fluorescein isothiocyanate
(200 pg/ml) and incubated for 15 min at room temperature in
the dark. The cells were collected (1000 x g for 5 min) and
gently resuspended in 0.5 ml binding buffer containing 10 .l
propidium iodide (30 ng/ml). Cells undergoing apoptosis were
quantitated using a Becton Dickinson FACS Canto flow
cytometer.

2.7.  Measurement of mitochondrial uptake

Confluent cells grown on 15 cm? dishes were incubated with
[Au(d2pypp)2]Cl (5 uM) at 37 °C for 1h. At the end of the
incubation the cells were washed, pelleted following trypsin
treatment and their mitochondria were isolated by the
procedure described above. The mitochondrial pellets were
resuspended in water (350 pl) and samples (300 pl) were
digested in 70% HNO; (500 ul) at 70 °C for 2 h. The samples
were then diluted 1:10 in water for inductively coupled plasma
mass spectrometry (ICP-MS). Gold analysis was carried out
using an Agilent 7500cs ICP-MS with a micromist concentric
nebulizer, and a double-pass spray chamber maintained at
2 °C. Gold was read at up to 1 ng/ml and the sensitivity limit of
detection was 10 pg/ml (95% confidence limit). Protein con-
centrations of cell fractions were determined by the BCA assay
using BSA as a standard.

2.8. Thioredoxin and thioredoxin reductase assays

Fluorescence measurements of reduced thioredoxin (Trx(SH),)
were obtained using a 3 ml stirred cuvette in a Cary Eclipse
fluorometer with excitation and emission slit widths of 3 nm.
Thioredoxin was used at 1 uM concentration in 3 ml of 50 mM
Tris-HCI, 1 mM EDTA, pH 7.5 and was mixed with increasing
concentrations of [Au(d2pypp).]Cl (1-50 pM) at room tem-
perature for 3 h. For scanning spectra, Apxcitation Was 290 nm
and the Apmission Was scanned from 300 to 500 nm, with a fast
scan rate and a sampling interval of 1nm. There was no
fluorescence from the buffer under these conditions.

The activity of thioredoxin reductase was determined
using the insulin assay according to the published procedure
[25]. A mixture of 0.2 uM TrxR and 100 M NADPH in 50 mM
Tris-HCl, 1 mM EDTA, pH 7.5 buffer was pre-incubated at room
temperature for 5 min, [Au(d2pypp).]Cl was then added and
the incubation continued for 2 h. Control incubations were
carried out in the absence of the Au(l) compound. To assay
enzyme activity, the incubation mixture was added to a
cuvette containing 1mg/ml insulin, 100 hM NADPH, and
10 uM E. coli Trx. The decrease in absorbance was recorded
at 405 nm with a blank reference using a Beckman UV-vis
spectrophotometer. TrxR activity alone was measured as
described above in the absence of thioredoxin. TrxR activity
was expressed as percent of control.

2.9. Inhibition of thioredoxin and thioredoxin reductase in
cells

MDA-MB-468 and HMEC cells were incubated in the presence
of either 5 uM [Au(d2pypp)2]|Cl or [Au(dppe),]Cl for 2 h at 37 °C,
in an incubator with 90% humidified atmosphere containing
5% CO,. Control incubations were carried out with the same
volume of water. At the end of the incubation the cells were
washed once in PBS and lyzed in 250 pl of lysis buffer (0.5%
Triton X-100, 0.5% deoxycholate, 0.1% SDS, 150 mM NaCl in TE
buffer) supplemented with protease inhibitors (complete,
EDTA-free, Roche). The protein concentration of each sample
was determined by the BCA assay using BSA as a standard and
the Trx and TrxR activities were measured as described before
[26]. Briefly, to measure Trx activity, a 50 pl volume corre-
sponding to 10 g protein from each cell lysate was incubated
in 85 mM HEPES, 3 mM EDTA buffer, pH 7.6 containing 0.3 mM
insulin, 660 pM NADPH and 50 nM TrxR for 20 min at 37 °C.
The reaction was terminated by the addition of 200 ul of 1 mM
DTNB in 6 M guanidine hydrochloride (pH 8.0). The blank
sample contained everything except TrxR. To measure TrxR
activity, the same mixture was prepared where instead of
TrxR, 15 uM Trx was used for the experimental sample and
this was omitted for the blank. The thionitrobenzoic acid
absorbance was measured at 405 nm in a plate reader where
the blank value was subtracted from the sample value and the
activity was expressed as a percent of the control.

3. Results

To determine whether [Au(d2pypp),]|Cl can inhibit the growth
of a highly tumorigenic breast cancer cell line, MDA-MB-468
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cells were chosen as a model cell line. [Au(d2pypp),]Cl
inhibited more than 50% of MDA-MB-468 cell growth at
concentrations as low as 0.8 pM and the profile of activity was
similar to that of the parental compound, [Au(dppe),]Cl
(Fig. 1B). [Au(d2pypp).]Cl inhibited the growth of other cancer
celllines at similarly low concentrations (supplementary data,
Fig. S1). We compared the effects of these compounds on cell
growth in normal human mammary epithelial cells (Fig. 1C).
Whereas [Au(dppe).]Cl inhibits the growth of these cells at
similar concentrations to those seen for the MDA-MB-468 cells
(Fig. 1B), HMEC cells treated with [Au(d2pypp).]Cl have normal
cell growth similar to untreated cells. These data show that
[Au(d2pypp)2]Cl selectively inhibits the growth of MDA-MB-
468 breast cancer cells but not the normal breast HMEC cells.

To determine the mechanism by which [Au(d2pypp),]Cl
causes selective inhibition of cell growth in the MDA-MB-468
cell line, we treated the breast cancer and normal cells with
5 pM concentration of the compound, which inhibits cell
growth by more than 50%, and assessed cell death. The
amount of LDH released over 12 h was measured as a marker
for necrotic cell death, and the amount of caspase-3 activation
as a marker of apoptosis (Fig. 2). [Au(d2pypp).]Cl causes a
marked increase in caspase-3 activation within the first 3 h of
incubation with the cells and this event subsequently leads to
LDH release and, therefore, cell death (Fig. 2A). In the HMEC
cells there is no caspase-3 activation nor LDH release over the
same period of time indicating that the effect of [Au(d2-
pypp)2]Clis specific only for the MDA-MB-468 cell line (Fig. 2B).
The parental compound, [Au(dppe),]Cl, is not selective for the
breast cancer cell line causing necrotic cell death to both MDA-
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MB-468 and HMEC cell lines (Fig. 2C and D). In addition,
[Au(dppe),]Clis highly toxic and causes LDH release within the
first 3h of incubation, suggesting that it bypasses the
apoptotic pathway causing cell necrosis (Fig. 2C and D). These
data suggest that [Au(d2pypp),|Cl causes selective cell death
through the apoptotic pathway in the MDA-MB-468 cells, but
not in the HMEC cells.

We used flow cytometry to further investigate whether
[Au(d2pypp)2]Cl leads to selective cell death in breast cancer
cells by activating the apoptotic pathway. Adding 5uM
[Au(d2pypp),]Cl to MDA-MB-468 cells led to induction of
apoptotic cell death 3-6 h later as determined by measuring
the proportion of annexin-positive cells (Fig. 3A). Apoptotic
cell death was absent in HMEC cells treated with the same
concentration of [Au(d2pypp),|Cl. Control experiments in the
absence of the Au(I) compound showed a similar percent of
annexin-positive cells in both cell lines, further indicating that
[Au(d2pypp).]Cl selectively causes apoptotic cell death in
MDA-MB-468 cells but not HMEC cells (Fig. 3A).

To ascertain that [Au(d2pypp).]Cl causes apoptosis only in
the MDA-MB-468 cells we incubated both cell types with the
Au(I) compound and measured the total glutathione pool by
the glutathione recycling assay. MDA-MB-468 cells treated
with 5 pM [Au(d2pypp),|Cl show a marked decrease in the total
glutathione pool after a 3 h incubation, which is consistent
with the onset of apoptosis seen before with the caspase-3
activation and the proportion of annexin-positive cells. There
was no change in the total glutathione pool in HMEC cells
treated with [Au(d2pypp).]Cl, consistent with the lack of cell
death seen previously (Fig. 3B).
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Fig. 2 - [Au(d2pypp).|Cl compound induces cell death in cancer cells. MDA-MB-468 cells were treated with either 5 pM
[Au(d2pypp),]Cl (A) or 5 pM [Au(dppe).]Cl (C) for the indicated times. HMEC cells were treated with either 5 pM
[Au(d2pypp).]Cl (B) or 5 pM [Au(dppe).]|Cl (D) for the indicated times. After each incubation, cell lysates were harvested and
assayed for caspase-3 activity, measured as the rate of DEVD-AMC cleavage. Control incubations were carried out in the
absence of Au(l) compounds. The cell medium and the cell lysates were harvested and LDH activity was measured in both.
LDH activity is expressed as a percent of total activity. Data are means =+ S.D. of four separate experiments.
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Fig. 3 - Induction of apoptosis by [Au(d2pypp).]Cl. MDA-MB-468 cells (squares) and HMEC cells (circles) were incubated with
no additions (filled squares and circles) or with 5 pM [Au(d2pypp).]Cl (open squares and circles), then the cells were
harvested at the indicated time points. (A) The proportion of annexin V-positive cells at various times after addition of 5 pM
[Au(d2pypp).]Cl in cells was analyzed by flow cytometry. Control incubations in the absence of [Au(d2pypp),]Cl after 6 h are
also shown. The figure shows a typical experiment repeated on three separate cell preparations; (B) total GSH was
measured by the glutathione recycling assay in cells treated with 5 pM [Au(d2pypp).]Cl at the indicated time points. Control
measurements in the absence of the compound are also shown. Data are means = S.D. of three separate experiments; (C)
caspase-9 activity was measured using a caspase-9 colorimetric kit in MDA-MB-468 cells treated with 5 uM [Au(d2pypp).]|Cl
at the indicated time points. Data are expressed as relative fold of activity compared to control measurements in the
absence of the compound and are means =+ S.D. of three separate experiments; (D) the effect of 5 pM [Au(d2pypp).]Cl on
Ay, in cells was measured using the fluorescent dye JC-1 and expressed as a ratio of red to green fluorescence.
Measurements in the absence of [Au(d2pypp),]Cl are shown. Data are means =+ S.D. of four separate experiments.

To determine whether [Au(d2pypp),]Cl causes apoptosis in
the MDA-MB-468 cells via mitochondria we incubated these
cells with the Au(l) compound and measured caspase-9
activity. MDA-MB-468 cells treated with 5 uM [Au(d2pypp).]Cl
show a four-fold increase in caspase-9 activity after a 3h
incubation and a five-fold increase in caspase-9 activity after a
6 h incubation suggesting that the Au(l) compound induces
apoptosis via mitochondria (Fig. 3C).

DLCs have been shown to dissipate the mitochondrial
membrane potential (Ayy,) upon uptake into mitochondria.
We have previously shown that the octanol/water partition
coefficient of [Au(d2pypp).]Cl (log P = —0.41) [20] lies within the
optimal range derived from predictive models for the selective
accumulation of DLCs in cancer cells based on lipophilicity
[27,28]. The Ay, of both HMEC and MDA-MB-468 cells was
measured in the absence and presence of [Au(d2pypp),|Cl
using the JC-1 dye. The Ay, of both cell lines dissipated over
time in the presence of 5 uM [Au(d2pypp).]Cl, consistent with
the uptake of the compound into mitochondria of the cells
(Fig. 3D). This decrease suggests that this gold compound has
an uncoupling effect on the Ay, in both cell types, due to
its lipophilicity. Control incubations in the absence of

[Au(d2pypp),|Cl show that MDA-MB-468 cells take up more
JC-1 than the HMEC cells suggesting a difference in their Ay,
(Fig. 3D).

MDA-MB-468 cells were treated with increasing concentra-
tions of [Au(d2pypp),|Cl and the amount of gold present in
mitochondria isolated from these cells was measured by ion
coupled plasma mass spectrometry (ICP-MS). The gold found
within mitochondria of cells increases with increasing
concentrations of [Au(d2pypp),]Cl (Fig. 4A). At a concentration
of 5uM > 60% of the measured gold is found within mito-
chondria of cells and this accumulation is driven by the Ay,
(Fig. 4B). Dissipating the Ay, with the uncoupler FCCP, shifts
the distribution of the gold to the cytoplasm with only ~20%
still remaining in mitochondria (Fig. 4B). To determine the gold
distribution within mitochondria we separated them further
into membrane and soluble fractions and found that ~40% of
the gold was associated with the soluble fraction (Fig. 4C).

A variety of gold compounds including the Au(I) phosphine
complex auranofin have been shown to be potent inhibitors of
both cytosolic and mitochondrial TrxR [6-8]. The inhibition of
thioredoxin reductases is thought to be the key factor for the
induction of apoptosis by auranofin and, therefore, it may be
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Fig. 4 - [Au(d2pypp).]Cl uptake into mitochondria within
cells. Cells, or mitochondria and mitochondrial fractions,
isolated from cells treated with [Au(d2pypp).]|Cl were
incubated with 70% nitric acid at 70 °C for 2 h, diluted 10-
fold in water and analyzed for gold content by inductively
coupled plasma mass spectrometry (ICP-MS). (A) Au()
uptake in mitochondria of cells treated with increasing
concentrations of [Au(d2pypp).]Cl; (B) Au(l) distribution in
mitochondria and cytoplasm of cells treated with 5 pM
[Au(d2pypp).]Cl for 1 h at 37 °C. Control experiments were
carried out in the absence of Ay, (+FCGCP). (C) Au(l)
distribution in mitochondrial membrane and soluble
fractions. Data are means = S.D. of two separate
experiments.

an important protein target for [Au(d2pypp).|Cl [29]. The
activity of TrxR was lowered to 50 and 5%, respectively,
following a 20 min incubation with [Au(d2pypp),]Cl at con-
centrations of 1 and 5 uM (Fig. 5A). TrxR recycles Trx to its
reduced form, which in turn reduces oxidized protein thiols.
To date there appear to be no reported studies on the
inhibition of Trx by gold compounds. To investigate whether

[Au(d2pypp)2]Cl can inhibit Trx by binding to the active site
cysteines we followed the quenching of the fluorescence of
tryptophan residues that occurs upon oxidation of Trx(SH), to
Trx(SS). Thioredoxin gives rise to a distinctive fluorescence
spectrum of reduced Trx between 300 and 400 nm that was
largely abolished with the addition of 5 pM [Au(d2pypp).]Cl
(Fig. 5B) and the subsequent addition of DTT could not restore
the spectrum to that of the reduced protein (Fig. 5B). These
data taken together suggest that Trx and TrxR may be
potential targets for [Au(d2pypp),]Cl in cells.

To investigate whether [Au(d2pypp),]Cl can inhibit Trx and
TrxR activity in cells, we treated HMEC and MDA-MB-468 cells
with 5uM [Au(d2pypp).]Cl for 2h. We found that [Au(d2-
pypp).]Cl inhibited Trx activity in both cell types, although
over 80% of Trx activity was inhibited in the MDA-MB-468 cells
compared to ~40% inhibition in the HMEC cells (Fig. 5C). The
TrxR activity was also inhibited in the presence of [Au(d2-
Pypp)2]Cl in both cell types, but to a lesser degree than Trx
activity (Fig. 5D). The inhibition of TrxR activity was more
pronounced in the cancer cells compared to the normal cells
(Fig. S5D). These data demonstrate that [Au(d2pypp),]Cl can
inhibit Trx and TrxR activities in cells.

4, Discussion

Bis-chelated Au(l) diphosphine complexes have shown repro-
ducible antitumor activity in mouse tumor models in vivo
[10,11], however, their development as anticancer therapeu-
tics has been hindered by the lack of selectivity between tumor
and normal cells. Following on from previous studies, we
recently synthesized a new bis-chelated Au(l) complex of 1,3-
bis(di-2-pyridylphosphino)propane [20], which has intermedi-
ate lipophilic and hydrophilic properties that are critical for
improving the toxicity of this class of compounds by finding a
balance between cell uptake and binding to extracellular
proteins [19]. This new compound [Au(d2pypp),]Cl is selec-
tively toxic to MDA-MB-468 breast cancer cells, but not to the
normal HMEC breast cells. These results are consistent with
previous studies on a series of related Au(l) complexes of
ethane-bridged bidentate dipyridylphosphines where modifi-
cation to the hydrophilic-lipophilic balance was shown to
influence the cellular uptake, tumor selectivity and host
toxicity [19,30]. The selective anticancer activity of [Au(d2-
pPypp)2]Cl is consistent with trends derived from predictive
models for the selective accumulation of DLCs in tumor cells
based on their hydrophilic and lipophilic properties [27,28].
The non selective cytotoxicity of the parent compound
[Au(dppe),]Cl has been reported before and is a consequence
of its high lipophilicity that leads to generalized disruption of
mitochondrial membranes [2]. To account for the selective
toxicity of [Au(d2pypp).]Cl in breast cancer cells, we investi-
gated the mechanism of toxicity and possible protein targets.

The neutral, linear two-coordinate Au(I) phosphine com-
plex, auranofin has been shown to inhibit the growth of cancer
cell lines by causing changes in the mitochondrial thiol redox
pool that lead to apoptosis [4,5]. However, auranofin has
limited anticancer activity in vivo and its toxicity to cultured
cancer cells was reduced 10-fold in the presence of serum
proteins, suggesting that activity is lost through binding to
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protein thiols [9]. The new bis-chelated Au(l) pyridyl phos-
phine complex [Au(d2pypp),|Cl causes apoptosis in a similar
manner to auranofin [29], by caspase activation, loss of the
total GSH pool and loss of mitochondrial membrane potential
suggesting that its mode of action is through mitochondria.

Our data indicate that [Au(d2pypp).]Cl is taken up into
mitochondria of cells driven by the Ay,. This suggests that the
lipophilic-cationic properties of the complex contribute
significantly to its concentration within mitochondria. These
findings are corroborated by a recent study by McKeage’s
group of [Au(d2pype),]Cl (the ethane-bridged analog of
[Au(d2pypp),]Cl) which has been shown to accumulate
preferentially in the mitochondrial fractions of cancer cells,
driven by the Ay, (unpublished data, personal communica-
tion). A variety of DLCs have been shown to have anticancer
activities in tumor cell lines in culture and when implanted in
nude mice by selectively concentrating in mitochondria
[31-33]. Although DLCs such as MKT-077 have proven highly
toxic in clinical trials, the high selectivity for cancer cells of
some DLCs, including our gold complex [Au(d2pypp),]|Cl,
suggest that targeting mitochondria of cancer cells may have
significant anticancer therapeutic potential that needs to be
further explored and developed.

Cytoplasmic and mitochondrial isoforms of TrxR and Trx
play a major role in the regulation of the cellular redox state.
An increase in Trx and TrxR activity has been correlated with
evasion of apoptosis and acceleration of tumor growth [34,35].
In addition, the increased expression of Trx has caused
resistance against the cytotoxic effects of some anticancer
drugs and it is possible that Trx and TrxR could be a cause of
resistance to chemotherapy [36]. The inhibition of the
cellular activity of TrxR can lead to apoptosis of cancer cells
[37,38], therefore, many emerging anticancer therapies use
TrxR as a target for drug development [39-41]. Many
compounds, including the Au(I) phosphine complex aur-
anofin, have been shown to be potent inhibitors of purified
TrxR enzymes, but only a few studies report its inhibition
in cells [42,43]. Trx inhibitors are a more recent innovation
and there appear to be no studies on the interaction of gold
compounds with Trx. In this study, we have shown that
[Au(d2pypp)2]|Cl can irreversibly modify Trx and effectively
inhibit the activity of purified TrxR and is a significantly more
potent inhibitor of Trx than TrxR activity in cells. Inhibiting
the activity of Trx and TrxR by [Au(d2pypp).]Cl in the breast
cancer cells may contribute to the onset of apoptosis because
they play an important role in the regulation of cell growth.
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In addition, the mitochondrial Trx/TrxR system maintains
the redox state of mitochondrial protein thiols which is
important for the control of the MPT [44]. Inhibition of this
system may further contribute to the onset of apoptosis. We
have shown that [Au(d2pypp).]Cl inhibits Trx and TrxR
activity more in the cancer cells than in the normal cells.
This difference appears to be in part, a consequence of the
increased uptake of the complex into the cancer cells, and in
particular into their mitochondria driven by the high Ay, as
shown with the fluorescent lipophilic dye, JC-1, which also
accumulated more in the cancer cells. While Trx and TrxR
are targets of [Au(d2pypp),]Cl, further studies may identify
other protein targets that may contribute to its selective
toxicity to breast cancer cells.

Previous studies of [Au(dppe),]Cl and its pyridylphosphine
analogs have demonstrated that these compounds have low
reactivity towards protein thiols [9,19,45,46]. The potent
inhibition of Trx and TrxR by [Au(d2pypp),|Cl suggests a
greater propensity to undergo ligand exchange reactions
with thiols, consistent with a more facile ring opening of
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Fig. 6 - Schematic mechanism of [Au(d2pypp).]Cl uptake
and activity in cells. The gold complex can be selectively
enriched in mitochondria driven by the mitochondrial
membrane potential although a proportion remains in the
cytoplasm. The gold complex can bind the cytoplasmic
and the mitochondrial Trx and TrxR through a more facile
ring opening of the six-membered chelate ring of this
ligand contributing to enhanced reactivity towards the
active site thiols and selenols of these proteins.

the six-membered chelate ring compared to the five-mem-
bered chelates of the parental compound [Au(dppe),]* and
other analogs with ethane-bridged diphosphines. For exam-
ple, NMR studies of Ag(I) complexes of 1,3-bis(diphenylpho-
sphine)propane have shown that equilibria exist in solution
between bis-chelated tetrahedral complexes and ring-opened
species [47]. Overall the results of this study are consistent
with the proposed model illustrated in Fig. 6 in which the
reactivity towards protein thiols/selenols is fine-tuned, com-
pared to that of auranofin allowing binding to fewer proteins
with greater specificity. While the exact mechanism by which
[Au(d2pypp),]Cl interacts with Trx and TrxR needs to be
further explored, the irreversible modification of Trx could be
indicative of Au(I) binding to the active site cysteine residues
with displacement of the phosphine ligands. In support of this
model, a recent crystal structure of glutathione reductase (GR),
an enzyme related to TrxR, modified with a Au(l)phosphole
complex shows Au bound to the active center thiols with
S-Au-S coordination in the inactive GR product [48].

In summary, we have shown that by fine-tuning the
lipophilicity of bis-chelated tetrahedral Au(l) diphosphine
compounds we can selectively deliver them to mitochondria
of cancer cells. In addition, the inhibitory effect of [Au(d2-
pypp).]Cl on the Trx/TrxR system suggests that the affinity for
thiols and selenols of this class of compound can be fine-tuned
by manipulating the chelate ring size to control ligand
exchange reactions at the Au(l) center. Our results may lead
to new approaches for the development of mitochondria
targeted chemotherapeutics.

Acknowledgements

This work was supported in part by grants from the National
Health and Medical Research Council (grant to A.F. and Peter
Doherty Fellowship to O.R.), The Australian Research Council
(Discovery grant to S.B.P.), Department of Health, Western
Australia and The Medical Research Foundation Royal Perth
Hospital (to A.F.). We thank Mr. Anthony Humphreys for the
synthesis of [Au(d2pypp)2]|Cl, the ICP-MS group in The Centre
for Forensic Science at UWA, for their help with the ICP-MS
analysis and Professor Peter Klinken for helpful comments on
the manuscript.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bcp.2007.07.022.

REFERENCES

[1] Berners-Price SJ, Sadler PJ. Phosphines and metal
phosphine complexes: relationship of chemistry to
anticancer and other biological activity. Struct Bond (Berlin)
1988;70:27-102.

[2] Barnard PJ, Berners-Price SJ. Targeting the mitochondrial
cell death pathway with gold compounds. Coord Chem Rev
2007,251:1889-902.


http://dx.doi.org/10.1016/j.bcp.2007.07.022

BIOCHEMICAL PHARMACOLOGY 74 (2007) 992-1002 1001

[3] McKeage MJ, Maharaj L, Berners-Price SJ. Mechanisms of
cytotoxicity and antitumor activity of gold(I) phosphine
complexes: the possible role of mitochondria. Coord Chem
Rev 2002;232:127-35.

Rigobello MP, Folda A, Baldoin MC, Scutari G, Bindoli A.

Effect of auranofin on the mitochondrial generation of

hydrogen peroxide. Role of thioredoxin reductase. Free Rad

Res 2005;39:687-95.

Rigobello MP, Folda A, Scutari G, Bindoli A. The modulation

of thiol redox state affects the production and metabolism

of hydrogen peroxide by heart mitochondria. Arch Biochem

Biophys 2005;441:112-22.

Rigobello MP, Scutari G, Folda A, Bindoli A. Mitochondrial

thioredoxin reductase inhibition by gold(I) compounds and

concurrent stimulation of permeability transition and

release of cytochrome c. Biochem Pharmacol 2004;67:

689-96.

Rigobello MP, Messori L, Marcon G, et al. Gold complexes

inhibit mitochondrial thioredoxin reductase: consequences

on mitochondrial functions. J Inorg Biochem 2004;98:

1634-41.

Gromer S, Arscott LD, Williams Jr CH, Schirmer RH, Becker

K. Human placenta thioredoxin reductase. Isolation of the

selenoenzyme, steady-state kinetics and inhibition by

therapeutic gold compounds. ] Biol Chem 1998;273:

20096-101.

Mirabelli CK, Johnson RK, Sung CM, Faucette L, Muirhead K,

Crooke ST. Evaluation of the in vivo antitumor activity and

in vitro cytotoxic properties of auranofin, a coordinated

gold compound, in murine tumor models. Cancer Res
1985;45:32-9.

[10] Berners-Price SJ, Mirabelli CK, Johnson RK, et al. In vivo
antitumor activity and in vitro cytotoxic properties of
bis[1,2-bis(diphenylphosphino)ethane]gold(l) chloride.
Cancer Res 1986;46:5486-93.

[11] Berners-Price SJ, Girard GR, Hill DT, et al. Cytotoxicity and
antitumor activity of some tetrahedral
bis(diphosphino)gold(l) chelates. ] Med Chem 1990;33:
1386-92.

[12] Modica-Napolitano JS, Aprille JR. Delocalized lipophilic
cations selectively target the mitochondria of carcinoma
cells. Adv Drug Deliv Rev 2001;49:63-70.

[13] Ross MF, Kelso GF, Blaikie FH, et al. Lipophilic
triphenylphosphonium cations as tools in mitochondrial
bioenergetics and free radical biology. Biochemistry
(Moscow) 2005;70:222-30.

[14] Bernal SD, Lampidis TJ, McIsaac RM, Chen LB.
Anticarcinoma activity in vivo of rhodamine 123, a
mitochondrial-specific dye. Science 1983;222:169-72.

[15] Chen LB. Mitochondrial membrane potential in living cells.
Ann Rev Cell Biol 1988;4:155-81.

[16] Summerhayes IC, Lampidis TJ, Bernal SD, et al. Unusual
retention of rhodamine 123 by mitochondria in muscle and
carcinoma cells. Proc Natl Acad Sci USA 1982;79:5292-6.

[17] Hoke GD, Rush GF, Bossard GE, McArdle JV, Jensen BD,
Mirabelli CK. Mechanism of alterations in isolated rat liver
mitochondrial function induced by gold complexes of
bidentate phosphines. ] Biol Chem 1988;263:11203-10.

[18] Rush GF, Alberts DW, Meunier P, Leffler K, Smith PF. In vivo
and in vitro hepatotoxicity of a novel antineoplastic agents
SKF101772 in male beagle dogs. Toxicologist 1987;7:59.

[19] McKeage MJ, Berners-Price SJ, Galettis P, et al. Role of
lipophilicity in determining cellular uptake and antitumor
activity of gold phosphine complexes. Cancer Chemother
Pharmacol 2000;46:343-50.

[20] Humphreys AS, Filipovska A, Berners-Price S], Koutantonis
GA, Skelton BW, White AH. Gold(I)chloride adducts of 1,3-
bis(di-2-pyridylphosphino)propane: synthesis, structural
studies and antitumor activity. Dalton Trans, in press.

[4

[5

6

[7

8

E]

[21]

(22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(331

(34]

(33]

(36]

(371

(38]

Berners-Price SJ, Sadler PJ. Gold(I) complexes with bidentate
tertiary phosphine ligands: formation of annular vs.
tetrahedral chelated complexes. Inorg Chem 1986;25:
3822-7.

Filipovska A, Kelso GF, Brown SE, Beer SM, Smith RA,
Murphy MP. Synthesis and characterization of a
triphenylphosphonium-conjugated peroxidase mimetic.
Insights into the interaction of ebselen with mitochondria. J
Biol Chem 2005;280:24113-26.

Smith PK, Krohn RI, Hermanson GT, et al. Measurement of
protein using bicinchoninic acid. Anal Biochem
1985;150:76-85.

Scarlett JL, Packer MA, Porteous CM, Murphy MP.
Alterations to glutathione and nicotinamide nucleotides
during the mitochondrial permeability transition induced
by peroxynitrite. Biochem Pharmacol 1996;52:1047-55.
Zhao R, Masayasu H, Holmgren A. Ebselen: a substrate for
human thioredoxin reductase strongly stimulating its
hydroperoxide reductase activity and a superfast
thioredoxin oxidant. Proc Natl Acad Sci USA 2002;99:
8579-84.

Arner ES, Holmgren A. Measurement of thioredoxin and
thioredoxin reductase. In: Current protocols in toxicology.
New York: John Wiley & Sons, Inc.; 2000 [pp. 7.4.1-7.4.14.].
Kandela IK, Lee W, Indig GL. Effect of the lipophilic/
hydrophilic character of cationic triarylmethane dyes on
their selective phototoxicity toward tumor cells. Biotech
Histochem 2003;78:157-69.

Trapp S, Horobin RW. A predictive model for the selective
accumulation of chemicals in tumor cells. Eur Biophys ]
2005;34:959-66.

Rigobello MP, Scutari G, Boscolo R, Bindoli A. Induction of
mitochondrial permeability transition by auranofin, a
gold(I)-phosphine derivative. Brit ] Pharmacol
2002;136:1162-8.

Berners-Price SJ, Bowen RJ, Galettis P, Healy PC, McKeage
MJ. Structural and solution chemistry of gold(I) and silver(I)
complexes of bidentate pyridyl phosphines: selective
antitumor agents. Coord Chem Rev 1999;185-186:823-6.
Chiba Y, Kubota T, Watanabe M, et al. MKT-077, localized
lipophilic cation: antitumor activity against human tumor
xenografts serially transplanted into nude mice. Anticancer
Res 1998;18:1047-52.

Fantin VR, Berardi MJ, Scorrano L, Korsmeyer SJ, Leder P. A
novel mitochondriotoxic small molecule that selectively
inhibits tumor cell growth. Cancer Cell 2002;2:29-42.

Sun X, Wong JR, Song K, Hu J, Garlid KD, Chen LB. AA1l, a
newly synthesized monovalent lipophilic cation, expresses
potent in vivo antitumor activity. Cancer Res 1994;54:
1465-71.

Lincoln DT, Ali Emadi EM, Tonissen KF, Clarke FM. The
thioredoxin-thioredoxin reductase system: over-
expression in human cancer. Anticancer Res 2003;23:
2425-33.

Rundlof AK, Arner ES. Regulation of the mammalian
selenoprotein thioredoxin reductase 1 in relation to cellular
phenotype, growth, and signaling events. Antioxid Redox
Signal 2004;6:41-52.

Smart DK, Ortiz KL, Mattson D, et al. Thioredoxin reductase
as a potential molecular target for anticancer agents that
induce oxidative stress. Cancer Res 2004;64:6716-24.
Anestal K, Arner ES. Rapid induction of cell death by
selenium-compromised thioredoxin reductase 1 but not by
the fully active enzyme containing selenocysteine. J Biol
Chem 2003;278:15966-72.

Marzano C, Gandin V, Folda A, Scutari G, Bindoli A,
Rigobello MP. Inhibition of thioredoxin reductase by
auranofin induces apoptosis in cisplatin-resistant human
ovarian cancer cells. Free Rad Biol Med 2007;42:872-81.



1002 BIOCHEMICAL PHARMACOLOGY 74 (2007) 992-1002

[39] Becker K, Gromer S, Schirmer RH, Miiller S. Thioredoxin
reductase as a pathophysiological factor and drug target.
Eur ] Biochem 2000;267:6118-25.

[40] Urig S, Becker K. On the potential of thioredoxin reductase
inhibitors for cancer therapy. Semin Cancer Biol
2006;16:452-65.

[41] Engman L, McNaughton M, Gajewska M, Kumar S,
Birmingham A, Powis G. Thioredoxin reductase and cancer
cell growth inhibited by organogold(Ill) compounds. Anti-
Cancer Drugs 2006;17:539-44.

[42] Cenas N, Prast S, Nivinskas H, Sarlauskas J, Arner ES.
Interactions of nitroaromatic compounds with the
mammalian selenoprotein thioredoxin reductase and the
relation to induction of apoptosis in human cancer cells. ]
Biol Chem 2006;281:5593-603.

[43] Witte AB, Anestal K, Jerremalm E, Ehrsson H, Arner ES.
Inhibition of thioredoxin reductase but not of glutathione
reductase by the major classes of alkylating and platinum-
containing anticancer compounds. Free Rad Biol Med
2005;39:696-703.

[44] Rigobello MP, Callegaro MT, Barzon E, Benetti M, Bindoli A.
Purification of mitochondrial thioredoxin reductase and its
involvement in the redox regulation of membrane
permeability. Free Rad Biol Med 1998;24:370-6.

[45] Berners-Price SJ, Jarrett PS, Sadler PJ. *'P NMR studies of
[Au,(p-dppe)]?* antitumor complexes. Conversion into
[Au(dppe).]* induced by thiols and blood plasma. Inorg
Chem 1987;26:3074-7.

[46] Berners-Price SJ, Sadler PJ. Coordination chemistry of
metallodrugs: insights into biological speciation from NMR
spectroscopy. Coord Chem Rev 1996;151:1-40.

[47] Affandi D, BernersPrice SJ, Effendy. et al. Influence of anion
on the solution and solid-state structures of some 1:2
adducts of silver(l) salts with 1,3-
bis(diphenylphosphino)propane. Dalton Trans 1997;1411-
20.

[48] Urig S, Fritz-Wolf K, Réau R, et al. Undressing of phospine
gold(I) complexes as irreversible inhibitors of human
disulfide reductases. Angew Chem Int Ed 2006;45:

1881-6.



	A gold(I) phosphine complex selectively induces apoptosis �in breast cancer cells: Implications for anticancer therapeutics targeted to mitochondria
	Introduction
	Materials and methods
	Materials
	Cell culture
	Mitochondrial isolation
	Measurement of mitochondrial membrane potential
	Glutathione recycling assay
	Apoptosis assays
	Measurement of mitochondrial uptake
	Thioredoxin and thioredoxin reductase assays
	Inhibition of thioredoxin and thioredoxin reductase in cells

	Results
	Discussion
	Acknowledgements
	Supplementary data
	References


