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Abstract

In this report, we investigate the toxicity of the ionophore thiomaltol (Htma) and Cu salts to melanoma. Divalent metal complexes
of thiomaltol display toxicity against A375 melanoma cell culture resulting in a distinct apoptotic response at submicromolar con-
centrations, with toxicity of Cu(tma)2 > Zn(tma)2 >> Ni(tma)2. In metal-chelated media, Htma treatment shows little toxicity, but the
combination with supplemental CuCl2, termed Cu/Htma treatment, results in toxicity that increases with suprastoichiometric con-
centrations of CuCl2 and correlates with the accumulation of intracellular copper. Electron microscopy and confocal laser scanning
microscopy of Cu/Htma treated cells shows a rapid accumulation of copper within lysosomes over the course of hours, concurrent
with the onset of apoptosis. A buildup of ubiquitinated proteins due to proteasome inhibition is seen on the same timescale and
correlates with increases of copper without additional Htma.
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Graphical abstract

Treatment of A375 human melanoma with Htma and CuSO4 results in lysosomal copper accumulation and apoptosis.

Introduction
Skin cancer is estimated to be the most common type of cancer
in the USA; one in five Americans will develop skin cancer in their
lifetime.1 While melanoma makes up only 3% of this large pop-
ulation of skin cancers, it accounts for more than 75% of total
skin cancer deaths.2 Over the past decades, melanoma has in-
creased to the fifth most common invasive cancer.3 In 2002, the
Davies group reported the discovery of a BRAF kinase mutation
in 50–60% of advanced, invasive melanomas. Of these melanoma
cases containing BRAF mutations, approximately 80% have a va-
line to glutamate amino acid substitution at the 600th position
(BRAFV600E) arising from a single nucleotide polymorphism.4

Subsequent research found that Cu(I) is required for BRAF-related

signaling, specificallyMEK1/2 requiring two Cu(I) atoms for kinase
activity.5,6 These studies have shown that melanoma cell growth
is considerably decreased when cellular access to Cu(I) is limited.

Both melanoma cell cultures and melanoma in transgenic
mice experiments can limit cellular Cu(I) by knockout of the
gene responsible for coding CTR-1, the major high affinity Cu(I)
transport protein. Limiting Cu(I) is problematic and difficult in
human patients due to the necessity of Cu(I) as a cofactor
in many enzymes including ceruloplasmin, Cu/Zn superoxide
dismutase, cytochrome c oxidase, tyrosinase, and dopamine β-
monooxygenase.7 Paradoxically, recent research has shown that
compounds that can act as ionophores increasing intracellular Cu
have significant toxic effect on melanoma and other cancers.8,9
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Scheme 1 Chemical structures of thiomaltol (left) and dithiomaltol
(right).

Early reports of Cu-dependent toxicity to melanoma were re-
ported for disulfiram (DSF), an FDA-approved treatment for alco-
hol abuse,10 and Elesclolmol, a first-in-class FDA-approved drug
for treatment of metastatic melanoma.11 We reported that DSF’s
toxicity was dependent on available Cu; increasing levels of ex-
tracellular Cu results in significantly increased intracellular con-
centration and stronger apoptotic response in the melanoma.12

In the following years, many Cu chelates with selective toxicity to
cancers have been reported. Several were found to induce apop-
tosis, such as Cu(pdtc)2,13,14 Cu(OHQ)2,15 Cu(PT)2,16 Cu(CQ)217;
Cu(Dp44mT) and other thiosemicarbazones complexes were sug-
gested to induce apoptosis by disrupting lysosome integrity,18 or
disrupting the ER thiol redox status,19 while one is suggested
to inhibit ferroptosis.20 Others complexes like Cu(HK)29 and Cu-
pyrazole-pyridine/Cu-pyrazole-pyrazole complexes induce para-

ptosis.21 Even the previously discussed Cu-DSF complex, which
has a strong literature-based precedent for apoptotic activity,22–26

has been reported in some cases to exert a paraptosis,21 and fer-
roptosis27 in different cancer cell lines. Although apoptosis, para-
ptosis, and ferroptosis are all forms of programmed cell death,
they differ in biochemical and morphological changes. Apopto-
sis, activated through either an intrinsic or extrinsic pathway,
leads to a caspase cascade, cellular membrane blebbing, and DNA
fragmentation.28,29 Paraptosis involves cytoplasmic vacuolization,
mitochondrial swelling, and absence of DNA fragmentation.30,31

Ferroptosis is characterized by the accumulation of lipid perox-
ides,32 triggering inflammation through the release of ‘danger’
molecules that activate the immune system and promote patho-
logical inflammatory responses.33

Many Cu ionophores have also been shown to inhibit the
ubiquitin-proteasome, which can lead to both paraptotic and
apoptotic responses.15,34 It is proposed that the ionophores help
deliver Cu(II) to the 20S core particle of the 26S proteasome re-
sulting in a loss of both trypsin and chymotrypsin proteolytic ac-
tivity as well as a build-up of proteins marked for degradation by
ubiquitination. This build-up of ubiquitinated protein triggers and
eventually overwhelms the unfolded protein response (UPR) lead-
ing to intolerable endoplasmic reticulum (ER) stress and apoptotic
cell death.35,36 On the other hand, redox active Cu ionophoresmay
generate oxidative stress characteristic of ferroptosis and induce
lysosomal membrane permeabilization.37,38 The current mecha-
nisms underlying Cu ionophores induction of apoptosis, parapto-
sis, or ferroptosis dependent on the ionophore and cell type are
not well understood, and more research in field is needed.

The Cu chelators thiomaltol (Htma)39,40 and dithiomaltol
(Httma)41 shown in Scheme 1 have been previously studied in
chemical42,43 and biological studies.44 Both ionophores induce
a Cu-dependent apoptotic response in melanoma akin to that

Fig. 1 Cytotoxicity measured by flow cytometry using Annexin V/PI after 24-h treatment in FBS-supplemented media with divalent Zn(tma)2,
Cu(tma)2, and Ni(tma)2 complexes towards (A) primary epidermal melanocytes and (B) A375 melanoma.
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Fig. 2 Dose-dependent toxicity measured by flow cytometry after 24 h of
treatment of A375 melanoma in chelexed media with (A) Cu(tma)2 and
(B) Zn(tma)2.

Table 1. IC50 values from MTT assay of viability after 24 h

IC50 (μM)

Cell line Cu(tma)2 Ni(tma)2 Zn(tma)2

A375 0.30 ± 0.03 2.03 ± 0.25 5.07 ± 0.62
WM3211 0.37 ± 0.10 1.03 ± 0.14 5.18 ± 0.46
SK-Mel5 0.36 ± 0.01 2.22 ± 0.16 8.24 ± 0.19
SK-Mel28 0.24 ± 0.02 1.26 ± 0.18 5.29 ± 0.27
NHDF 0.39 ± 0.07 0.58 ± 0.12 4.25 ± 0.13

of DSF.45,46 Htma has also been shown to be one of a handful
of ionophores that showed metal-dependent anti-fungal treat-
ment against Cryptococcus neoformans.47 It was suggested that the
lipophilicity of the active metalated ionophores allowed them to
act as Cu transport chaperones in amanner similar to ionophores
ATSM and GTSM.48

The actual modes of action of DSF, Htma, and other cancer-
killing chelators are likely multifaceted, but data also suggest
the Cu transport system itself is a common target. There is a
long history of DSF and other dithiocarbamates inhibiting the
embryonic development of fish and other small organisms.49 For
instance, exposure of embryonic zebrafish ova to DSF elicits peri-
cardial edema, enlarged ventricles, and abnormal notochord de-
velopment indicative of severe copper deficiency.50 These same
defects are seen in zebrafish embryos with lethal mutations to
the Cu transporter Atp7A.51,52 Analogous effects are seen in Htma

Fig. 3 Viability of melanoma cells treated with 0.7 μM Htma and
increasing [CuCl2] after 24 h, mean ± S.D., n = 3.

Fig. 4 Measurement of intracellular [Cu] in A375 melanoma cells by
ICP-MS after treatment with 0.7 μM Htma and varying [CuSO4] for 24 h.
P < 0.05; mean ± S.D., n = 3.

treated zebrafish ova; co-treatment with copper salts is seen to
exacerbate the effect for Htma but not for DSF.53

In this report, we examine time-dependent effects of Htma and
metal ion combinations on A375melanoma cells regarding the in-
duction of apoptosis, accumulation of Cu, and inhibition of pro-
teasome activity.

Results and discussion
M(tma)2 toxicity against cell culture
Initial investigations found that several first row transition metal
ion complexes of thiomaltol show higher toxicity towards A375
melanoma cells as compared to melanocytes. The flow cytome-
try data in Fig. 1 show submicromolar toxicity by both Cu and Zn
complexes.

Because Htma may complex with a variety of divalent metal
ions,39 other metal ions in the growth media could inadvertently
affect the toxicity. To avoid this, Chelex® 100 beads were used to
remove anymetal ions in the serumused before drugging. Figure 2
shows submicromolar LD50 for the Cu(tma)2 in chelexed media,
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Fig. 5 Contrast images of A375 cells treated for 3 h with (A) 0.5% DMSO control, (B) 0.7 μM Htma, and (C) 0.7 μM Htma + 2.5 μM CuSO4. Scale
bars = 100 μm.

Fig. 6 Scanning electron microscopy of Cu/Htma-treated melanoma cells (2.5 uM CuCl2 with 0.8 uM Htma). Images show scans of cells (A) prior to
treatment, after (B) 1 h treatment, (C) 5 h of treatment, and (D) 6 h of treatment.

while the Zn(tma)2 reaches a similar LD50 beyond 4 μM (further
data are given in supplemental Fig. S1). These results suggest that
Cu is largely responsible for the toxicity of Htma in melanoma.

A survey of the toxicity of these complexes towards other
melanoma cell lines using the MTT and cell counting assays gave
similar results (Table 1, supplemental Figs. S2–S4). The survey also
revealed significant toxicity of the Cu and Ni complexes towards
normal human dermal fibroblasts, NHDF, used as a noncancer
control.

Htma toxicity dependent on accumulation of Cu
within the cells
Like DSF, addition of excess copper amplifies Htma toxicity, as
shown in Fig. 3. The melanoma cells remain viable with Htma
treatment in chelated media but the addition of increasing con-
centrations of CuCl2 resulted in an increased apoptotic and
necrotic cell death. Importantly, note that 0.7 μM Htma would ef-
fectively complex with 0.35 μMCu in a stoichiometricmanner, yet

a proportional increase in toxicity is seen as Cu concentrations
exceed this stoichiometric ratio.

Inductively coupled plasma mass spectrometry (ICP-MS) mea-
surements of the intracellular Cu concentrations of A375 cells
drugged in unchelated media also show increases with increasing
supplemental copper (Fig. 4). A T-test was performed at the 95%
confidence interval, and the quantity of Cu in 0.7 μM Htma + 5
μM CuSO4 is significantly different than individual 0.7 μM Htma
or 5 μM CuSO4 experiments. Based on these results, subsequent
experiments utilized high Cu to Htma ratios, which we term as
Cu/Htma treatments.

Cu/Htma treatment causes rapid morphological
changes in melanoma cells
Although the dose–response experiments were conducted over
24 h, it was obvious that high Cu/Htma ratios induced cell death
over a few hours, as illustrated in Fig. 5. This rapid cellular re-
sponse was investigated by use of ultrahigh-resolution scanning
and transition electron microscopy (SEM and TEM), previously
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Fig. 7 Ultrastructural and EDX microanalysis of Cu/Htma treated cell after 1–5 h. (A) ADF-STEM of ultrathin section (arrows indicate electron-dense
materials). (B) High magnification ADF-STEM of the selected area in (A), arrows indicate electron-dense materials within lysosomes. (C) ADF-STEM of
ultrathin section Cu/Htma treated cell after 5 h. (D) High magnification ADF-STEM of selected area in (D), red arrows indicate blebbing in membrane
(m) and yellow arrows indicate chromatin condensation (c) in nucleus (n). (E) EDX microanalysis of (A) indicating the percentage of copper (F) EDX
microanalysis of the area in (D) indicating the percentage of copper.

used to characterize alternate modes of cell death.54,55 SEM scans
of whole A375 cells visualize morphological changes over a few
hours following Cu/Htma treatment (Fig. 6). Panel A shows a
cell at 0 h (before treatment) with the distinctive cell shape of
melanoma cells. After 1 h of Cu/Htma treatment, the cells started
to present alterations in cell membrane with the formation of
blebbing (panel B) indicative of apoptotic responses. After 5 or 6 h
of treatment, the morphological alterations are evident (panels
C and D) with a significant number of protrusions, shrinking,
rounded up, and detachment from the cell culture surface; all

these signs are indicative of profound activation of apoptotic re-
sponses.56,57 Furthermore, the melanoma cells showed retraction
of pseudopods and significant reduction of cellular volume.

At the ultrastructural level, the cells showed reduction of nu-
clear volume, fragmentation, and chromatin condensation, as ob-
served by Annular Dark-Field UHR-FE-STEM (Fig. 7). Furthermore,
this technique revealed the accumulation of electron-dense ma-
terials (high-contrast white areas) in melanoma cells, particularly
into vacuoles and small dense cores in the cytoplasm,as indicated
with arrows in Fig. 7. Energy dispersive X-ray (EDX) microanalysis
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Fig. 8 Cu/Htma treatment selectively results in hyperaccumulation of Cu(I) in lysosomes. Cells were transduced with a GFP-tagged LAMP1 protein
(green) using a CellLight® BacMam 2.0 reagent for 48 h, treated with Cu/Htma for 2 h, then loaded with CF4 Cu-probe (red) for 10 min, and then
mounted with DAPI (blue). Images are representative of three independent experiments. Scale bars = 20 μm.

Fig. 9 Dark field (left) and fluorescent (right) images of A375 cells 1 h
after treatment with 1 uM Zn(ttma)2; red circle indicates high
accumulation in a vacuole or lysosome.

of selected areas allowed to reveal the chemical signature of the
samples.

We determined that the area corresponding to a complete
cell had ca. 2.78 ± 0.34% weight of Cu (or 0.59 ± 0.05% atoms);

this amount was determined by integration of the correspond-
ing EDX peaks of Cu, centered at 0.930 and 8.040 keV (highlighted
in Fig. 7B), in addition to the characteristic X-ray peaks of C, O, N,
and S. Here, the X-ray peaks of Os (at 1.910 and 8.910 keV) and
Ni (at 0.851 and 7.477 keV) corresponding to staining and TEM
grids, respectively, were not included in the EDX microanalysis, to
represent only the relative composition of the biosamples. High
magnification Annular Dark-Field UHR-FE-STEM of the selected
area indicated in Fig. 7A revealed morphological details of
the melanoma cells; the electron-dense material accumulated
mainly into membrane delimited vacuoles or lysosomes (Fig.
7C), forming dense areas of high electron contrast (arrows). The
EDX microanalysis of this selected area revealed that the overall
amount of Cu was 10.88 ± 0.14% weight (or 2.51 ± 0.14% atoms),
the complementary counts corresponded to C, O, N, and S. STEM
imaging of Cu/Htma treated cell after 5 h revealed signs of apop-
totic responses, including blebbing and chromatin condensation
(Fig. 7E and F).

Htma causes copper hyperaccumulation to
lysosomes
We investigated the accumulation of Cu into vacuoles or lyso-
somes using fluorescent probes. A commercially available trans-
duction agent (CellLight® Lysosomes-GFP, BacMam 2.0) was cho-
sen to tag lysosomes for confocal microscopy. This transduction
method expresses LAMP1 (lysosomal associated membrane pro-
tein 1) fused to GFP. Copper Fluor-4 (CF4) and Control Copper
Fluor-4 Sulfur 2 (CTRL-CF4-S2) probes were used to detect labile
Cu (I).58 CF4 is a fluorescent dye with a strong response as well
as high selectivity for Cu(I) with a long history of optimization.59
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Fig 10 Time course analysis of proteasomal activity in presence of both Cu(tma)2 complex and proteasome inhibitor MG132 in cell lysate of A375
melanoma cells in metal-chelated media.

As Fig. 8 indicates, after 2 h of Cu/Htma treatment, a strong sig-
nal for Cu(I) co-localizes with the LAMP1-GFP signal, with reduced
signals seen in the control and copper-only treatments. This fluo-
rescent data indicate that the superstoichiometric Cu is reduced
to Cu(I) and accumulated within lysosomes.

Ionophore localization
Afluorescent analog, the Zn complex of dithiomaltol, Zn(ttma)2,37

was used to determine where the metal-complexed ionophore
accumulates within the treated cells. In unchelated media com-
plex, Zn(ttma)2 shows strong apoptotic response to A375 andmin-
imal toxicity to normal melanocytes at submicromolar concen-
trations, and the strong fluorescence allows its uptake to followed
by flow cytometry of treated cells (Supplemental Fig. S5). Confo-
cal imaging of Zn(ttma)2 treated A375 cells shows that the flu-
orophore appears localized in cell membranes and within large
vacuoles or lysosomes (Fig. 9).

Cu/Htma treatment inhibits proteasomal activity
concurrent with cell death
To determine to what extent Cu/Htma treatment could act as
an inhibitor of the proteasome, we assayed proteasomal ac-
tivity by following the fluorescent quenching of two fluoro-
genic proteasome substrates: Z-ARR-AMC (Z-Ala-Arg-Arg-amido-
4-Methylcoumarin) to test for trypsin-like activity and Z-LLE-AMC
(Z-Leu-Leu-Glu-7-amido-4-methylcoumarin) to test for caspase-
like post-glutamate peptide hydrolase of the 26S proteasome or
20S proteolytic core. A375 cell lysate was drugged with 0.5%
DMSO, 1 μM Htma + 2 μM CuSO4, or 50 nM MG-132 for 1-, 2-, or
3-h increments. Figure 10 shows Cu/Htma is a strong inhibitor of
proteasomal activity similar to MG132 with fluorescent quench-
ing after 1 h.

A second set of experiments compared the ubiquitination
and viability status of intracellular proteins after treatment with
MG132 and Cu/Htma after 2 and 4 h using Western Blotting and
MTT staining under the same conditions. As Fig. 11 shows, 2 and
4 h after either MG132 or Cu/Htma treatment display significant
increases in ubiquitinated proteins, copper as a treatment alone
causes no cell death or appreciable ubiquitination among cellular
proteins (supplemental Fig. S6).

Fig. 11 Effects of Cu/Htma treatment and MG132 on ubiquitinated and
cell viability in A375 melanoma. (Top) cells were treated with vehicle
0.5% DMSO (A) and 10 μM MG132 for 2 h (B) or 4 h (C), 2 μM CuSO4 for
2 h (D) or 4 h (E), 1 μM Htma + 2 μM CuSO4 for 2 h (F) or 4 h (G). (Bottom)
measurement of cell viability by MTT assay under equivalent
conditions. More data are presented in S6.

Discussion
Althoughmany Cu chelates show toxicity towards specific cancer
cell lines, the Cu/Htma toxicity to melanoma is unusual in that
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Scheme 2 Intracellular copper trafficking tied to lysosome formation.

the onset of apoptosis is quite rapid and correlates with both the
accumulation of intracellular Cu(I) in lysosomes as well as inhibi-
tion of the proteosome. The speed of these effects argues against
ligand cycling, i.e. extracellular Cu(tma)2 formation and uptake
into the cell, followed reduction to Cu(I) and extrusion of Htma.
The presence of Cu/Htma engenders the rapid accumulation of
Cu, on the timescale of lysosomal formation,60 but in large ex-
cess to the ionophore. Likewise, the increased ubiquitination with
increasing Cu concentrations, but independent of stoichiometric
Htma, argues against a discrete Cu/Htma complex as the source
of proteasomal inhibition.

Lysosomes have a significant role in Cu homeostasis, aiding
in both sequestration and compartmentalization of the biometal
(Scheme 2).61 The uptake of Cu proceeds through endocytosis, uti-
lizing lysosomes as vessels for abstracting needed metal ions. In
mammals, all membrane-bound Cu transporters such as CTR1,
ATP7A/ATP7B, and CTR2 are within the lysosomal membrane to
aid Cu influx and efflux. ATP7A/ATP7B are trafficked to the lyso-
some from the Golgi through the secretory pathway, to pump Cu
from cytosolic Cu-binding chaperones like ATOX1 or glutathione
into the lysosome. CTR1, in a complementary role, is endocytoti-
cally trafficked to the lysosomal membrane to efflux Cu from the
lysosome to the cytosolic Cu-chaperones. CTR2, a CTR1 homo-
logue, exerts regulatory control over CTR1 in the lysosomal mem-
branes.62 Thus, the rapid accumulation of Cu in lysosomes after
Cu/Htma treatment may be due to a disruption of one of these
critical Cu trafficking pathways.

Other reports of Cu accumulation in lysosomes or small or-
ganelles are associated with disruption of metal homeostasis.63

Zn starvation in Chlamydomonas, a common model eukaryote for
studies of metal homeostasis, causes Cu accumulation in spe-
cialized foci that act as chemical traps for the metal, described
as Cu starvation due to compartmentalization.63 Additionally, in-
hibition of lysosomal SLC46A3, a solute carrier with unknown

function or substrate, caused cytosolic copper deficiency and sub-
sequent mitochondrial dysfunction resulting in both lower lipid
catabolism and hepatic lipid accumulation.64 In another report,
CTR2−/− mice exhibit Cu accumulation in intracellular foci that
are much smaller in size than in Htma-treated melanoma, but
importantly this accumulation does not lead to apoptosis or cell
death.62

Conclusions
The ionophore Htma shows rapid and Cu-dependent toxicity
against A375melanoma, generating an apoptotic response at sub-
micromolar concentrations. Like other Cu ionophores with anti-
cancer activity, the Cu/Htma treatment shows inhibition of the
proteasome comparable to that of the known inhibitor MG132,
and which correlates with the onset of apoptosis. This proteaso-
mal inhibition increases with excess Cu, independent of the Htma
concentration. Subcellular imaging by electron microscopy (EM)
shows that apoptosis is concurrent with rapid Cu accumulation
in lysosomes. Imaging of cells treated with the fluorescent ana-
log Zn(ttma)2 shows its accumulation within cellular membranes
and lysosomes. The localization suggests the Cu transport system
within the lysosome may be a source of ER stress associated with
the rapid proteasomal inhibition and apoptotic response.

Experimental
Materials
Chemicals and solvents were obtained from Sigma-Aldrich and
Fisher Scientific and were used as received. All solvents were
reagent grade. The ionophore Htma and its complexes Cu(tma)2,
Ni(tma)2, Zn(tma)2, and Fe(tma)3 were synthesized followed pro-
cedures in references.39,40 The ionophore Httma and its complex
Zn(ttma)2 were generated as described in references.41,43 All
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complexes were recrystallized from MeOH, and stock solutions
were dissolved in DMSO and frozen until use.

Cells and media
A375 (ATCC® CRL-1619TM) cells were purchased from ATCC
and cultured in Dullbecco’s Modified Eagle’s Medium (DMEM)
GlutaMAXTM with 10% (FBS), 100 I.U./ml penicillin/100 (μg/ml)
streptomycin, and 8 μg/ml gentamicin. Cells were passaged using
StemProTM AccutaseTM Cell Dissociation Reagent (ThermoFisher)
at approximately 80% confluency to ensure log phase growth.

Melanocytes were processed from pooled neonatal foreskins
and cultured in MCDB 153 (Sigma, St Louis, MO) medium contain-
ing 2% fetal calf serum, 0.15% bovine pituitary extract (Clonetics,
San Diego, CA), 10 ng/ml phorbol myristate-13-acetate, 2 mM cal-
cium chloride, 10 μg/ml insulin, 150 U/ml penicillin, 0.15 mg/ml
streptomycin, and 0.1 mM 3-isobutylmethylzanthine (Sigma-
Aldrich, St Louis, MO).

The chelated medium used for certain experiments contained
fetal calf serum that had been treated with Chelex 100 (Sigma-
Aldrich, St Louis, MO) for 1 h at 4°C. The chelated medium substi-
tuted fetal calf serum for all newborn calf serum as well, while all
the other components remained the same.

Drugs were dissolved in the culturemedium or in dimethyl sul-
foxide (DMSO) and added to the culture directly. Control samples
were added with the same amount of medium and DMSO equiv-
alent to that in the drugged samples. The DMSO in the cell media
was <0.5%.

Briefly, cells were trypsinized, washed twice in PBS, and resus-
pended in binding buffer at a concentration of 1 × 106 cells/ml,
of which 100 μl was incubated with 5 μl of Annexin V (AV)
conjugated to FITC (Molecular Probes, Eugene, OR) and 75 μM
(10 μl) propidium iodide (PI) for 15min at room temperature in the
dark. Cells were then analyzed by flow cytometry using a Becton-
Dickinson FACScan. The proportion of apoptotic cells was esti-
mated by the percentage of cells that stained positive for AVwhile
remaining impermeable to PI (AV+/PI–), necrosis was defined as a
positive stain with both AV and PI (AV+/PI+), and viability was de-
fined as AV–/PI–. Trypan blue stain was also used in parallel, and
the percentage of trypan blue positive cells was similar to the sum
of the percentages of AV+/PI– and AV+/PI+ cells. Thismethodwas
based on the previously published literature where, in the early
stages of apoptosis, phosphatidylserine (PS) is translocated from
the inner to the outer leaflet of the plasma membrane at the cell
surface. Annexin V has a high affinity for PS binding on the cell
surface. In late stage of cell death, membrane integrity is lost and
propidium iodide can be taken up.

Flow cytometry
Cells were treated with M(tma)2 or Cu/Htma mixtures dissolved
in DMSO or water for 24 h. Following trypsinization, cells were
washed with cold phosphate-buffered saline (PBS), and cen-
trifuged at 300 × g. Cells were then resuspended in annexin-
binding buffer (10 mM HEPES, 140 mM NaCl, and 2.5 mM CaCl2,
pH 7.4), and prepared using a Dead Cell Apoptosis Kit with An-
nexin V FITC and PI, for flow cytometry kit (BD Biosciences). Cell
density was diluted to 1 × 106 cells/ml, 5 μl of the annexin V con-
jugate and 1 μl of 100 μg/ml PI was added to 100 μl of cell solution,
and cells were incubated at room temperature for 15 min. After
the incubation period, 400μl of annexin-binding buffer was added
to the samples and stored on ice until analysis. A total of 10 000
events were analyzed via flow cytometry using a BD Biosciences
FACSVerse system equipped with 488 nm and 640 nm lasers.

MTT assays. The effect of divalent M(tma)2 complexes on a
panel of cell lines including A375WM3211 SK-Mel5 SK- Mel28 and
NHDF was assessed using the MTT assay. Cells were seeded at an
approximate concentration of 5 × 104 cells/well in a 96-well plate.
Appropriate concentrations of M(tma)2 were added and compared
to a 0.1% DMSO vehicle control. Cells were placed in a cell culture
incubator for 24 h at 37°C and 5%CO2.After the incubation period,
10 μl of the MTT labeling reagent (final concentration 0.5 mg/ml)
was added to each well and incubated for 4 h in the previously
mentioned cell culture incubator. An amount of 100μl of the solu-
bilization solutionwas then added into eachwell (for a total of 200
μl), and experiments were allowed stand overnight in the incuba-
tor in a humidified atmosphere (e.g. +37°C, 5–6.5% CO2). After
complete solubilization of the formazan crystals, samples were
measured and recorded for absorbance at 560 nm to determine
cell viability. The IC50 were determined using GraphPad Prism 6,
fitted into ‘Sigmoidal, 4PL, X is log(M)’ model.

ICP-MS Cu quantification
A375 cells were drugged in triplicate with CuSO4 and Htma for
24 h in Nunc 12-well plates, trypsinized, washed with PBS, and
resuspended in 100 μl RIPA Lysis and Extraction Buffer (Thermo
Fisher) with cOmpleteTM Protease Inhibitor Cocktail (Sigma-
Aldrich) in 50 ml Digestion Vessels (Environmental Express). A
sample of each sample was removed and aliquoted for protein
quantification using a PierceTM BCA Protein Assay Kit. The remain-
ing 90 μl of cell suspension was mixed with 90 μl of trace metal
grade nitric acid (Fisher Chemical) and digested overnight. The
mixture was then heated for 30 min at 80°C, cooled to room tem-
perature, and diluted with 1820 μl of nanopure laboratory grade
water. A lysis buffer sample was prepared in the same manner as
amethod control. 63CU and 65Cu isotopes weremeasured using an
Agilent ICP-MS 790063Cu.An ICP-MS Internal standardmix (Bi, ge,
In, Li6, Lu, Rh, Sc, Tb; Agilent Technologies) was diluted to 100 ppb
to identify any instrumental drift or matrix effects. A Copper AA
standard (Agilent Technologies) was used to prepare a calibration
curve from 1 to 100 ppb.

Preparation of cells for EM
To prepare cells for EM, A375 cells were grown in 10% DMEM
chelated media, and supplemented with 2.5 uM CuCl2. Cells were
then treated with 0.8 uMHtma or an equivalent amount of DMSO.
At hourly intervals over 6 h, cells were treated with accutase,
and then fixed by resuspension in 1 ml of 4% paraformalde-
hyde (Electron Microscopy Sciences) for 15 min before being cen-
trifuged at 1000 g for 5 min. Samples were frozen at –80°C until
harvested for examination.

EM and microanalysis
A375 cells dosed with Htma were collected by centrifugation
(800 rpm) for 5 min and fixed (PBS buffer with 4% formalde-
hyde and 1% glutaraldehyde) for 1 h at room temperature, and
then stored at 4°C. For SEM imaging, samples were rinsed twice
with PBS for 15 min, then post-fixed with 0.5% OsO4 (Electron
Microscopy Sciences) in PBS for 1 h, dehydrated with ethanol
series (10, 50, 75, 95, and 100%, 15 min each), and then mounted
on ultraflat silicon wafer 5 × 5 mm chips (Ted-Pella). Cells were
dried with liquid carbon dioxide for 16 cycles at low speed with
an automated Critical Point Dryer (Leica EM CPD300) and stored
in a desiccator until imaging. For STEM and EDX microanalysis,
the fixed samples were centrifuged at 800 rpm for 10 min to
form a pellet. The pellets were rinsed twice with PBS for 15 min,
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post-fixed with 0.5% OsO4 (Electron Microscopy Sciences) in PBS
for 1 h, and then dehydratedwith ethanol series (10, 50, 75, 95, and
100%, 15 min each). Pellets were washed twice in propylene oxide
to remove ethanol, then infiltrated with 50% LX112 resin: propy-
lene oxide (Ladd Research) for 1 h, and finally, the samples were
infiltrated with 100% LX112 resin and cured for 48 h at 60°C. Ul-
trathin sections of 95 nmwere obtained with an Ultracut Leica ul-
tramicrotome using a 45° diamond knife (Diatome). The ultrathin
sections were mounted on 300mesh regular nickel grids (Electron
Microscopy Sciences), dried on a hotplate at 37°C, and stored in
a desiccator until imaging. SEM, STEM, and EDX microanalysis
were performed with a S = 5500 in-lend UHR-FE-SEM (Hitachi
High Technologies) coupled with a Duo BF/DF-STEM detector, and
a solid-state EDX detector (Bruker) operated with an accelerated
voltage of 5-10 kV for SEM and 30 kV for STEM/EDX. Micrographs
were recorded and analyzed with Quarts PCI, and X-ray micro-
analysis were acquired and analyzed with QUANTAX (Bruker).

Fixed cell imaging of intracellular Cu
Cells were imaged using an Olympus Confocal Laser Scan-
ning Biological Microscope FV-1000 and processed with Fluoview
(FV10-ASW4.1). Cover slips were coated with poly-l-lysine and
seeded with A375 cells in 24-well plates before being trans-
duced with LAMP1-GFP (CellLight® Lysosomes-GFP, BacMam 2.0;
ThermoFisher) for 48 h. Wells were then treated with Cu/Htma
for 2 h followed by incubation for 10 min at 37°C with 2 μM CF4
and 2 μM CTRL-CF4-S2 Cu probes. Cover slips were then washed
with PBS and washed three times with cold PBS and fixed with a
4% formaldehyde solution for 20 min at room temperature before
being mounted with DAPI on microscope slides (ProLongTM Gold
Antifade Mountant with DAPI; ThermoFisher). DAPI signal was vi-
sualized using a UV-diode laser at 405 nm, LAMP-1 using the Ar
laser at 488 nm, and CF4-Cu(I)/CTRL-CF4-S2 using the He laser at
543 nm.

Proteasomal activity assay
A375 cells were grown in 6-well plates to 70–80% confluency and
subsequently druggedwith 0.5%DMSO,1μMHtma+ 2μMCuSO4,
or 50 nM MG-132 for 1-, 2-, or 3-h increments. Cell were then
trypsinized and resuspended in 400 μl lysis buffer with 5 mM
DTT in centrifuge tubes before being centrifuged at 16,000 × g for
10 min at 4°C. A total of 10 mM stock concentrations of Z-ARR-
AMC and Z-LLE-AMC were prepared in DMSO. Cell lysates were
measured for protein using a BCA assay; 25 μg of protein of these
samples were added to assay buffer [50mMHEPES (pH 7.8), 10mM
NaCl, 1.5mMMgCl2, 1 mM EDTA, 250mM sucrose, 5mMDTT] to a
total volume of 50 μl in centrifuge tubes. These cell fractions were
then added to black-walled, clear-bottom 96-well plates followed
by 10 μl of 240 μM proteasome substrates to yield a final concen-
tration of 40 μM substrates. After 1-h incubation at 37°C, Z-LLE-
AMC treated cells were measured (ex. 350 nm, em. 450 nm) and
Z-ARR-AMC treated cells weremeasured (ex. 370 nm,em.445 nm.)
using a Thermo Varioskan LUX Multimode Microplate Reader to
record peak fluorescent intensity.

Analyses of ubiquitinated proteins
Cells were treated with Cu/HtmaCl2 mixtures or MG132 (Cell
Signalling) for 2 and 4 h before the cells were harvested with
AccutaseTM (Thermo Fisher). Cell lysates were prepared under
denaturing conditions to maintain the ubiquitination status of
proteins. Cell pellets were in RIPATM Lysis and Extraction Buffer
(Thermo Fisher) supplemented with protease inhibitor cocktail

cOmpleteTM. Protein concentration of lysates was determined by
BCATM assay and subsequently equal amounts of protein were
separated using NuPAGETM 4–12% Bis-Tris Gels and transferred to
Amersham HybondTM PVDF membranes, Ubiquitinated proteins
were detected using rabbit-anti-ubiquitin primary antibody (Cell
Signaling), anti-rabbit Alexa-Fluor 488 secondary antibody (Cell
Signaling), and Amersham ECLTM Prime Western Blotting Detec-
tion Reagent.

Supplementary material
Supplementary data are available at Metallomics online.
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