Journal of Inorganic Biochemistry 179 (2018) 146-153

journal homepage: www.elsevier.com/locate/jinorgbio W L

Contents lists available at ScienceDirect

Journal of Inorganic Biochemistry SRS e

ﬁ‘ JOURNA L' OF
Inorganic
Biochemistry

2 e oawson

Photolabile ruthenium complexes to cage and release a highly cytotoxic )

anticancer agent™

Jianhua Wei, Anna K. Renfrew*

School of Chemistry, University of Sydney, Sydney, NSW, Australia

Check for
updates

ARTICLE INFO ABSTRACT

Keywords:
Ruthenium
Prodrug

Drug delivery
Photocaging
Anticancer

CHS-828 (N-(6-(4-chlorophenoxy)hexyl)-N’-cyano-N”-4-pyridyl guanidine) is an anticancer agent with low
bioavailability and high systemic toxicity. Here we present an approach to improve the therapeutic profile of the
drug using photolabile ruthenium complexes to generate light-activated prodrugs of CHS-828. Both prodrug
complexes are stable in the dark but release CHS-828 when irradiated with visible light. The complexes are
water-soluble and accumulate in tumour cells in very high concentrations, predominantly in the mitochondria.

Both prodrug complexes are significantly less cyototoxic than free CHS-828 in the dark but their toxicity in-
creases up to 10-fold in combination with visible light. The cellular responses to light treatment are consistent
with release of the cytotoxic CHS-828 ligand.

1. Introduction

The effectiveness of many anticancer agents can be compromised by
factors such as systemic toxicity, low bioavailability, and metabolism. A
prodrug approach can potentially circumvent these issues [1], where
the drug is delivered in an inert, bioavailable form, then converted to
the active form in the tumour region. Among the approaches under
investigation for anticancer prodrug design, photocaging is gaining
increasing interest as a means of selectively activating a prodrug in the
tumour environment. In this strategy, a drug is ‘caged’ in an inactive
form then ‘uncaged’ by irradiation with light [2]. The use of light as a
trigger has the advantage of providing spatial and temporal control
over the region of drug release, making this a potentially very selective
means of prodrug activation. One key consideration is the irradiation
wavelength, with 600-800 nm being the optimum window for max-
imum tissue penetration with minimum damage [3].

Ruthenium (II) polypyridyl complexes are particularly suited to
photocaging as they can form stable complexes in the dark with a range
of ligands, then undergo photosubstitution when irradiated with visible
light [4]. Etchenique et al. first employed this approach in the photo-
caging of amine neurochemicals [5], while more recent work has fo-
cused on anticancer therapeutics, with pioneering work from Kodanko
and Turro demonstrating photocaging of a nitrile-containing cathepsin
K inhibitor [6]. We and others have subsequently expanded this ap-
proach to include imidazoles [7,8], and purines [9], with two very
recent examples from Kodanko et al. focussing on pyridine-based drugs

[10,11]. In this study we investigate the application of a photolabile
ruthenium complex to cage and release a highly cytotoxic anticancer
agent, CHS-828 (N-(6-(4-chlorophenoxy)hexyl)-N’-cyano-N”-4-pyridyl
guanidine) (Fig. 1). This pyridine-containing compound is an inhibitor
of the enzyme nicotinamide phosphoribosyltransferase (NAMPT) [12],
which is overexpressed in a number of cancers [13]. CHS-828 exhibited
potent antitumor activity in preclinical tumour models [14,15], and has
subsequently completed several Phase I clinical trials against solid tu-
mours [16-18]. However, in each trial the drug was found to induce a
number of dose-limiting side effects such as gastrointestinal toxicity and
thrombosis, in addition to low bioavailability and large variations in
pharmacokinetics. Here we investigate whether incorporation of CHS-
828 into two photolabile ruthenium complexes can improve upon these
limitations.

2. Experimental
2.1. General procedures
2.1.1. Materials
All other chemicals were obtained from commercial sources and
used with further purification.
2.1.2. Instrumentation and methods

'H NMR spectra were collected at 300 K on a Bruker 300 MHz
spectrometer using commercially available deuterated solvents.
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Isotopic impurities were used as internal reference signals. Mass spec-
trometry was performed using Electro-Spray Ionisation using an
amazon SL spectrometer. Elemental analyses (C, H, N) were conducted
by the Chemical & MicroAnalytical Services Pty Ltd., Campbell
Microanalytical Laboratory, at the University of Otago. ICPMS was
conducted at the National Measurements Institute, Pymble, NSW,
Australia. UV-visible measurements were performed on a Cary 4E
UV-visible spectrometer using a 1 cm X 1 cm quartz cuvette.

Scans were run at room temperature from 300 to 700 nm.

2.2. Synthesis

CHS-828 [12], [Ru(tpy)(bpy)ClICl (tpy = 2,2%;6’,2”-terpyridine),
(bpy = 2,2’-bipyridine) [19], [Ru(tpy)(biq)Cl]ICl (biq = (2,2’-biquino-
line) [19], [Ru(tpy)(bpy)(py)ICl> (py = pyridine) [20], [Ru(tpy)(biq)
(py)1Cl, [20] were prepared according to literature procedures.

All reactions were carried out under nitrogen using standard
Schlenk techniques. The synthesis and purification of the final com-
plexes were performed under low ambient light to avoid photo-
degradation.

[Ru(tpy)(bpy)(CHS — 828)]Cl, (1a)

A solution of [Ru(tpy)(bpy)ClICl (263 mg, 0.5 mmol) in 1:3 water/
MeOH (40 mL) was heated at reflux for 30 min in the absence of light.
CHS-828 (222 mg, 0.6 mmol) was added and the reaction heated at
reflux for further 12 h, then the solvent removed under reduced pres-
sure. The residue was purified by column chromatography on an alu-
mina column (neutral, Brockmann activity 3) with a gradient eluent of
dichloromethane:MeOH (10:1 to 2:1). Residual [Ru(tpy)(bpy)Cl]Cl
elutes first as a pink band followed by Complex (1a) as an brown band.
The fractions were combined, concentrated and precipitated with die-
thyl ether to give a red/brown powder, which was collected by filtra-
tion, washed with diethyl ether (2 X 20 mL) and dried under vacuum.
Final yield of Complex (la) = 288 mg (62%) of red/brown micro-
crystals.

'H NMR (300 MHz, Methanol-d,4) 9.51 (1H, d, J 5.5), 8.78 (1H, d, J
8.2), 8.66 (2H, d, J 8.1), 8.53 (3H, d, J 8.0), 8.34 (1H, t, J 7.8), 8.26
(1H, t, J 8.0), 8.02 (2H, d, J 7.6), 7.99-7.90 (3H, m), 7.80 (1H, t, J 7.9),
7.60 (2H, d, J 5.5), 7.37 (2H, t, J 6.6), 7.29 (1H, d, J 5.6), 7.21 (2H, d, J
8.6), 7.10 (1H, t, J 6.7), 6.85 (2H, d, J 8.4), 6.65 (2H, d, J 5.7), 3.90
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/——‘ cl Fig. 1. Chemical structures of ruthenium complexes.
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(2H, t, J 6.3), 3.31 (1H, s), 3.12 (2H, t, J 6.9), 1.75-1.63 (2H, m), 1.42
(4H, p, J 7.5), 1.30 (3H, q, J 8.0, 7.5). ESI-MS +: m/z = 431.17 ([Ru
(tpy)(bpy)(CHS-828))?*, 861.24  ([Ru(tpy)(bpy)(CHS-828)]-H)*.
Elemental analysis for [Ru(tpy)(bpy)(CHS-828)1(Cl),(H>0)-(CH30H)
(C45H49C13N1oO4Ru). Calculated: C, 53.98; H, 4.93; N, 13.99. Found: C,
53.69; H, 4.94; N, 13.90.

[Ru(tpy)(biq)(CHS — 828)]CL, (2a)

A solution of [Ru(tpy)(biq)CI]Cl (313 mg, 0.5 mmol) in 1:3 water/
MeOH (40 mL) was heated at reflux for 30 min in the absence of light.
CHS-828 (222 mg, 0.6 mmol) was added and the reaction heated at
reflux for further 12 h, then the solvent removed under reduced pres-
sure. The residue was purified by column chromatography on an alu-
mina column (neutral, Brockmann activity 3) with a gradient eluent of
dichloromethane:MeOH (10:1 to 2:1). Residual [Ru(tpy)(biq)Cl]Cl
elutes first as a bright pink band followed by Complex (2a) as an purple
band. The fractions were combined, concentrated and precipitated with
diethyl ether to give purple crystalline solid, which was collected by
filtration, washed with diethyl ether (2 x 20 mL) and dried under va-
cuum. Final yield of Complex (2a) = 299 mg (58%) of purple micro-
crystals.

H NMR (300 MHz, Methanol-d4) 9.03 (1H, q,J8.9),888(1H,d, J
8.2), 8.77 (1H, d, J 8.5), 8.70 (1H, d, J 8.1), 8.52 (1H, d, J 8.0), 8.41
(2H, t, J 8.6), 8.34 (1H, t, J 8.0), 8.09-7.87 (4H, m), 7.86 (1H, d, J 8.1),
7.72(1H, d, J5.6), 7.49 (2H, t,J 7.5), 7.38 (1H, td, J 6.1, 5.7, 3.0), 7.22
(3H, dd, J 8.7, 5.7), 6.87 (2H, d, J 9.0), 6.76 (1H, d, J 8.8), 6.57 (1H, d,
J 9.8), 4.00-3.82 (3H, m), 3.15-2.97 (2H, m), 1.70 (2H, t, J 7.3), 1.41
(5H, s), 1.29 (2H, d, J 9.8). ESI-MS +: m/z = 481.93 ([Ru(tpy)(biq)
(CHS-828)]) 2, 961.18 ([Ru(tpy)(biq)(CHS-828)]-H) *.

Elemental analysis for [Ru(tpy)(biq)(CHS-828)]1(Cl)>(CH30H),
(Cs6He1Cl3N19OsRu). Calculated: C, 57.90; H, 5.29; N, 12.06. Found: C,
58.13; H, 5.25; N, 12.04.

2.3. Spectroscopic studies

Solutions of the ruthenium complexes in water were prepared in a
quartz cuvette to give a final concentration of 50 uM. Solutions pre-
pared in methanol or DMSO and diluted with water to give a final
composition of 95:1 water/methanol or water/DMSO. The cuvette was
irradiated with an LED-EXPO lamp (LuzChem) at 465 * 10 nm,
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520 + 10nm or 590 * 10 nm, at 2.5 mW.cm~ 2. UV-visible absor-
bance spectra were recorded at regular intervals and ESI mass spectra of
the initial and final solutions were collected. The half-lives of photo-
induced ligand exchange were determined by fitting the decrease in
absorbance maxima against time to a first order exponential decay
using Prism 6 Software. The quantum yield for photoinduced ligand
exchange was determined as reported previously [7] by monitoring the
decrease in absorbance maxima as a function of irradiation time. Fer-
rioxalate actinometry was used to determine the photon flux of the LED
light source [21]. The quantum yield of photolysis was determined by
plotting the decrease in the number of moles of complex per unit time
(determined from the UV-visible absorbance maxima by ¢ = A /e€l)
against the number of moles of photons during the initial 20% of the
photoreaction. The slope of the plot gives the quantum yield.

2.4. Biological studies

2.4.1. Cell lines

A549 human lung carcinoma, and MCF-7 human breast carcinoma
cells were purchased from ATCC and used within 2 months of re-
suscitation. Cells were maintained in Advanced DMEM (Dulbecco's
Modified Eagle's Medium) (Invitrogen) and supplemented with 2% FBS
(fetal bovine serum) and 2 mM glutamine in a humidified environment
at 37 °C and 5% CO,.

2.4.2. Ruthenium accumulation

2 million A549 cells in 10 mL of advanced DMEM were seeded in a
10 cm dish and allowed to adhere overnight. The media was replaced
and the cells treated with 20 uM of Complexes (1a), (1b), (2a) or (2b) in
DMSO (dimethyl sulfoxide) (final DMSO concentration = 0.4%). Fol-
lowing incubation for 4 h, the media was removed, the cells trypsinized
and 5 mL of PBS (phosphate-buffered saline) solution added. The cells
were centrifuged at 2000 rpm for 4 mins, the supernatant removed and
the process repeated 3 times. The pellet was then resuspended in 0.5 mL
of PBS solution. Ruthenium concentrations were determined by ICPMS
(Inductively-Coupled Plasma Mass Spectrometry) using a NexION300
(PerkinElmer). Samples were digested with 15 M nitric acid prior to
analysis. Cellular concentrations of ruthenium were reported per mg of
protein. Bio-rad protein assay dye was diluted five-fold with double
distilled water and then 200 pL of the diluted reagent was added to
each well of a 96-well plate. Using a 1 mgmL™~ ! solution of bovine
serum albumin in PBS, protein standards of concentrations 500, 250,
125, 62.5, 31.3 and 15.6 uygmL~ ! were prepared. Cellular samples
were diluted by a factor of 10 before a 10 uL aliquot was added to each
well containing the diluted dye reagent. The protein/dye mixtures were
left for 1 h before absorbance at 600 nm was determined using a Vic-
tor3V microplate reader.

2.4.3. Subcellular ruthenium accumulation

2 million A549 cells in 10 mL of advanced DMEM were seeded in a
10 cm dish and allowed to adhere overnight. The media was replaced
and the cells treated with 20 uM of Complexes (1a) and (2a) in DMSO
(final DMSO concentration = 0.4%). Following incubation for 4 h, the
media was removed, the cells trypsinized and 5 mL of PBS solution
added. The cells were centrifuged at 2000 rpm for 4 mins, the super-
natant removed and the process repeated 3 times. Cell pellets were
fractionated using the Cell FractionPREP kit (including cytosol, nucleus,
membrane/particulate and cytoskeletal fractions), Mitochondria isola-
tion kit, and Genomic DNA isolation kit from BioVision according to the
supplier's instructions. Ruthenium concentrations were determined by
ICPMS using a NexION300 (PerkinElmer). Samples were digested with
15 M nitric acid prior to analysis. Concentrations of ruthenium were
reported per mg of protein. Bio-rad protein assay dye was diluted five-
fold with double distilled water and then 200 pL of the diluted reagent
was added to each well of a 96-well plate. Using a 1 mg mL~ ! solution
of bovine serum albumin in PBS, protein standards of concentrations
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200, 160, 120, 80, 60, 40 and 20 ug mL~! were prepared. Cellular
samples were diluted by a factor of 10 before a 10 pL aliquot was added
to each well containing the diluted dye reagent. The protein/dye mix-
tures were left for 1 h before absorbance at 600 nm was determined
using a Victor3V microplate reader.

2.4.4. Photocytotoxicity assay

Cytotoxicity ~was determined wusing the MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay.
2 x 103 A549 or 1 x 10 [4] MCF-7 cells per well were plated on to 96-
well plates and allowed to adhere overnight. Freshly prepared media/
DMSO (90:10) solutions of the complexes and CHS-828 were added to
triplicate wells at concentrations spanning a 4-log range (final DMSO
concentrations < 0.5%) and incubated in the dark for 4 h. The media
was removed and replaced with phenol red free DMEM (Invitrogen)
(100 pL per well) and the cells irradiated for 30 min (corresponding to a
light dose of 8.5Jcm™ 2) with an LED-EXPO lamp (LuzChem)
(ALED = 465 nm), or incubated in dark for the same time period. The
phenol red free DMEM was removed and replaced with advanced
DMEM and the cells incubated in the dark for a further 96 h, following
which, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(1.0 mM) was added to each well and the cells incubated for 4 h. The
culture medium was removed and the resulting purple precipitate dis-
solved in DMSO (100 pL). The absorbance measured at 600 nm using a
Victor3V microplate reader (Perkin Elmer). At least three independent
experiments were performed for each compound with triplicate read-
ings in each experiment. ICso values were determined as the drug
concentrations required to reduce the absorbance to 50% of that of the
untreated control wells. The viability of untreated control cells was
determined with and without light irradiation to establish the effect of
the green light. The viability of A549 cells was not affected by the light
treatment alone but MCF-7 cells showed up to 10% decrease in viability
under the same conditions. To remove possible effects of the light
treatment, all ICs, values were determined relative to the viability of
the appropriate light or dark control cells. ICso values were calculated
by fitting the data to a sigmoidal dose response curve using GraphPad
Prism 7 Software.

2.4.5. DNA unwinding

For plasmid DNA unwinding experiments, supercoiled pBR322 DNA
(0.5pg) was treated with different concentration of CHS828,
Complexes (1a) and (2a) (2, 10 uM) in the TBE buffer (TBE: Tris-Boric
acid-EDTA buffer solution). The light samples were irradiated for
15 min before being incubated at 37 °C in dark for 2 h. All samples were
analysed by electrophoresis for 2 h at 70 V in the TBE buffer. The gel
was then stained by EB (Ethidium Bromide) for 20 min and visualized
and photographed via a BIO-RAD imaging system under a UV-Vis
transilluminator.

2.4.6. Measurement of intracellular ROS production

1 x 10 [4] A549 cells were plated on to 2 mL Matek dishes and
allowed to adhere overnight, then incubated with 1 uM of Complexes
(1a), (2a) or CHS-828 in the dark for 4 h. For the dark samples, the
media was replaced with phenol red free DMEM and the cells were
incubated with 20 uM H2DCFDA (2’,7’-Dichlorodihydrofluorescein
diacetate) (Sigma-Aldrich) for 30 min at 37 °C. The light samples were
irradiated for 30 min as described above, following which, the media
was replaced with fresh phenol red free DMEM and the cells were in-
cubated with 20 yM H2DCFDA for 30 min at 37 °C. The media was
removed and replaced with fresh phenol red free DMEM and the cells
imaged directly on a Nikon Ti-S microscope with a C-FL Epi-Fl Filter
Cube N B-2A excitation 450-490 nm and emission at 520 nm. Three
independent experiments were performed for each treatment. Quanti-
fication of the fluorescence intensity was carried out using nis-element
D by drawing a 20 um [2] square over a representative portion of the
image and measuring the integrated fluorescence intensity.
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Measurements were taken from at least 5 different images in each
treatment group.

2.4.7. Measurement of mitochondrial membrane potential

1 x 10 [4] A549 cells were plated on to 2 mL Matek dishes and
allowed to adhere overnight, then incubated with 1 pM of Complexes
(1a), (2a) or CHS-828 in the dark for 4 h. The media was removed and
replaced with phenol red free DMEM (Invitrogen) and the cells irra-
diated for 30 min or incubated in dark for the same time period. The
phenol red free DMEM was removed and replaced with advanced
DMEM and the cells incubated in the dark for further 24 h. Cells were
loaded with 10 ug mL~ ' J C~ ! dye for 30 min at 37 °C. The media was
removed and cells were washed with fresh PBS three times. The plate
was imaged with a Nikon Ti-s microscope with a C-FL Epi-Fl Filter Cube
N B-2A excitation 450-490 nm and emission at 520 nm (green fluores-
cence, monomers) and with a C-FL Epi-Fl Filter Cube N G-2A excitation
510-560 nm and emission at 590 nm (red fluorescence, aggregates),
respectively. Three independent experiments were performed for each
treatment. Quantification of the fluorescence intensity was carried out
using nis-element D by drawing a 100 um [2] square over a re-
presentative portion of the image and measuring the integrated fluor-
escence intensity. Measurements were taken from at least 5 different
images in each treatment group.

3. Results and discussion
3.1. Synthesis

[Ru(tpy)(bpy)(CHS-828)]1Cl, (Complex (1a)) and [Ru(tpy)(biq)
(CHS-828)]Cl, (Complex (2a)) were prepared by refluxing the appro-
priate chlorido complexes ([Ru(tpy)(N-N)Cl]Cl) with a slight excess of
CHS-828 in methanol/water. Purification on an alumina column gave
the pure complexes in ca. 60% yield. The complexes were characterised
by 'H NMR and UV-visible absorbance spectroscopy, ESI-mass spec-
trometry and elemental analysis. In each case the mass spectra show
both the [M]?* parent ion and [M-H]" ion, most likely due to de-
protonation of the cyanguanidine moiety on the CHS-828 ligand. The
'H NMR spectra show a significant upfield shifting of the CHS-828
pyridine signals relative to the phenol signals, indicative of ruthenium
binding to the pyridine nitrogen. This observation is supported by the
UV-visible absorbance spectra where each complex has a broad MLCT
band, at 470 nm (Complex (1a)) and 538 nm (Complex (2a)), respec-
tively (Table 1). The spectra are very similar to the analogous pyridine
complexes [20] Complex (1b) and (2b) (Fig. S3), though the absorbance
maxima are slightly red-shifted in the CHS-828 complexes, most likely
due to the cyanoguanidine group in the para position of the CHS-828
ligand.

3.2. Stability and photostability in solution

Complexes (1a) and (2a) are soluble in water, and freely soluble in
methanol and acetonitrile. Notably, CHS-828 itself is highly insoluble in
water and most polar organic solvents, which has been linked to its low
bioavailability in vivo [22]. Both complexes demonstrate high stability
in water/DMSO solutions in the dark, with no change in the UV-visible

Table 1
Absorbance maxima, extinction coefficients, half-lives and quantum yields of ligand re-
lease in water.

Amax (nm) (e tiz(min) @ (%) ti2(min) ti,2 (min)
M~ 'em™ 1Y) Nass Aaes As20 As90
Complex (1a) 470 (8259) 40 0.11
Complex (1b) 468 (8674) 16.7 0.01
Complex (2a) 538 (7820) 3.3 0.38 8.8 24.59
Complex (2b) 531 (8210) 1.8 1.3 - -
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absorbance spectra observed after 24 h (Fig. S3). In contrast, irradiation
of aqueous solutions of Complex (1a) or (2a) with blue light (465 nm)
results in a clear decrease in the original absorbance band, concurrent
with the formation of a new, lower energy band (Fig. 2). In each case
the absorbance maxima of the new band is consistent with the forma-
tion of the aqua complex [Ru(tpy)bpy(H20)1>* (Amax = 480 nm) or
[Ru(tpy)(biq)(HzO)]ZJr (Amax = 548 nm) [20]. Clear isosbestic points
indicate that this is a single step reaction, with the ESI mass spectra of
irradiated samples revealing the only products to be a solvent bound
ruthenium complex, [Ru(tpy)(L)(S)]2 * and free CHS-828, [M-H]~
(Figs. S2c and S2d).

The quantum yield of ligand release from Complex (2a) was found
to be ca. 3-fold lower than the analogous pyridine complex [Ru(tpy)
(big)(py)1Cl, (Complex (2b)) (Table 1). This may be due to the influ-
ence of the para-cyanoguanidine substituent on the pyridine ring. Al-
ternatively, the low solubility of CHS-828 may reduce the rate of ligand
exchange as it is harder for the ligand to escape the solvent cage. Re-
lease of CHS-828 could also be achieved from Complex (2a) at longer
irradiation wavelengths of 520 and 590 nm (Fig. S4). While photo-in-
duced ligand release was slower under these conditions, the possibility
of triggering drug release at these longer wavelengths greatly increases
the scope of this complex to treat deeper within tissue. In agreement
with previous findings [20], the bipyridine Complexes (1a) and (1b)
have much lower quantum yields of ligand release than their biquino-
line analogues. Despite the slow rate of photo-induced ligand exchange,
a significant concentration of CHS-828 can be released from both
Complexes (1a) and (2a) with relatively low doses of light (t;,» Com-
plex (1a) = 40 min irradiation = 11.3Jcm ™ 2) that are suitable for in
vitro cell culture experiments.

3.3. Intracellular ruthenium concentration

To effectively deliver CHS-828, the ruthenium complexes must be
able to accumulate in tumour cells in reasonable concentrations. The
intracellular ruthenium concentrations of A549 cells treated with
Complexes (1a), (1b), (2a), and (2b) were determined by ICPMS and are
reported as ng of ruthenium per mg of cellular protein in Fig. 3. The
CHS-828 ligand was found to markedly enhance cellular uptake: cells
treated with Complexes (1a) and (2a) had intracellular ruthenium le-
vels 20-fold higher than those treated with (1b) and (2b), respectively.
This can be attributed to the significantly higher lipophilicity of CHS-
828 (logP = 3.98, vs. -0.4 for pyridine). These intracellular ruthenium
levels are among the highest reported [23-25], which is noteworthy
considering that Complexes (1a) and (2a) are also soluble in water.
While ICPMS does not give information on the speciation of the ru-
thenium complex, this marked difference in accumulation suggests that
the CHS-828 ligand remains coordinated. This is further supported by
the observation that the aqua complex [Ru(tpy)(bpy)(OHz)]2 * has very
poor cellular accumulation [26].

3.4. Subcellular ruthenium accumulation

In order to obtain more detailed information on the localisation of
ruthenium within the cell, the concentration of ruthenium in the nu-
cleus, mitochondria, cytosol, cytoskeleton and membrane were de-
termined by ICPMS (Fig. 3). In addition to good cellular uptake, the
ability of the complexes to deliver CHS-828 to its cellular target,
NAMPT, is an important consideration. NAMPT is located in the cell
cytoplasm, nucleus and mitochondria [13] but to the best of our
knowledge it is not known whether CHS-828 binds to NAMPT in a
specific organelle or in all of these regions. For both Complexes (1a)
and (2a), the majority of ruthenium is localised in the mitochondria
(70% and 61% for Complexes (1a) and (2a), respectively), with ap-
proximately 5% in the cell nucleus and 8% in the cytoplasm. A greater
proportion of Complex (2a) is found in the cell membrane and cytos-
keleton, which can be attributed to its higher lipophilicity.
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Fig. 2. Aqueous solution of Complex (1a) (left) and Complex (2a) (right) irradiated with blue light. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.5. Photocytotoxicity

Having established that the CHS-828 prodrugs (1a) and (2a) can
accumulate in cells in high concentrations, the cytotoxicity and pho-
tocytotoxicity of all complexes and CHS-828 was evaluated against
A549 and MCF-7 cells. These cell lines were chosen as they are known
to be sensitive to CHS-828 [27]. Cells were dosed with the compounds
for 4 h, then the media replaced and the cells either irradiated with blue
light for 30 min (final dose = 8.5J cm™ 2) or kept in the dark for the
same time period. The cells were then incubated for a further 96 h and
the viability determined using the MTT assay. Cell viability plots (de-
termined relative to the dark or light-treated control cells) are shown in
Figs. 4, S6 and S7, and ICsq values reported in Table 2.

In agreement with previous findings [27], CHS-828 showed very
high cytotoxicity towards both cell lines, with ICso values of 13 and
79 nM, respectively. It should be noted that these ICs values are higher
than those previously reported in the same cell lines due to the shorter
dosing time used in this experiment (4 h vs. 96 h). Irradiation with light
did not significantly affect the viability of cells treated with CHS-828.

Complexes (1a) and (2a) were found to be markedly less cytotoxic in
the dark than CHS-828, with ICs, values ca. 70-fold lower for Complex
(1a) and 25-50 fold lower for Complex (2a), though the ICso values of
the complexes are still relatively low (0.3-5.8 uM). On irradiation with
light, the complexes are significantly more cytotoxic towards both cell
lines: in particular Complex (1a) shows a 10-fold increase in toxicity.
This is comparable to the photoselectively index of Photofrin, a clini-
cally approved photosensitiser [28]. Despite the low efficiency of light-
induced CHS-828 release from Complex (1a), the complex offers good
selectivity between dark and light-treated cells. It should be noted that
the half-life of ligand release for Complex (1la) is 40 min in water
(Table 1), therefore 30 min of irradiation would be expected induce the
release of a significant concentration of CHS-828. From the photo-
stability studies in solution, Complex (2a) would have been expected to

500
400
300

200

Ru (ng / mg protein)

100

0 | .

1a 1b 2a 2b

100+
E
=
>
o 50+
(&)
X
C 1 | | |
-1 0 1

Log concentration (uM)
Fig. 4. Sigmoidal fits of dose response curves for MCF-7 cells treated with Complex (1a).
Table 2

1Cso values (nM) in A549 and MCF-7 cells. The cells were incubated in the dark or ir-
radiated with blue light for 30 min (dose = 8.5J cm™2).

ICso A549  ICs9 A549 PI'  1Cso MCF-7 ICso MCF-7  PI

(nM) dark  (nM) light (nM) dark (nM) light
CHS-828 13 = 2 11 =1 1.2 79 =10 100 = 20 0.8
Complex (1a) 800 + 20 84 = 20 9.5 5800 * 800 570 + 70 10.2
Complex (2a) 300 = 40 68 = 7 4.4 3900 = 50 860 + 100 4.5
Complex (1b) > 50,000 > 50,000 - > 50,000 > 50,000 -
Complex (2b) > 50,000 > 50,000 - > 50,000 > 50,000 -

@ PI = Photoselectivity index (Dark ICsq / Light ICs0)

give the most efficient release of CHS-828 and hence a larger photo-
selectivity index than Complex (1a). It is not clear why the photo-
selectivity index of Complex (2a) is 2-fold lower than Complex (1a) but
this may be due to the difference in subcellular ruthenium distribution:

100
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X
o
20
0

1a 2a

Fig. 3. Intracellular ruthenium concentrations (ng/mg protein) in whole cells (left) and cellular fractions (right).
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Fig. 5. Measurement of ROS production. Mean
fluorescence intensities relative to untreated
control cells of A549 cells treated with H2DCFDA
after incubation with CHS-828, Complex (1a) or
(2a) for 4 h. Scale bar = 20 pm.
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a relatively larger percentage of Complex (1a) accumulates in the mi-
tochondria, with a relatively larger percentage of Complex (2a) in the
membrane and cytoskeleton.

This increase in cytotoxicity for both complexes on irradiation is
consistent with light-triggered release of the highly cytotoxic ligand,
CHS-828, however it is also possible that photosubstitution produces a
cytotoxic ruthenium complex. To further investigate this possibility, the
photocytotoxicity of the pyridine analogues Complexes (1b) and (2b)
was also evaluated. Neither complex is cytotoxic towards the two cell
lines tested in the dark or in combination with light (ICso = 50 pM),
however the significantly lower levels of cellular accumulation make it
difficult to directly compare the pyridine complexes with their CHS-828
analogues. Kodanko et al. recently reported an analogue of Complex
(2a) with a lipophilic pyridine ligand, Abiraterone (log-
Pabiraterone = 3.97), that produces the same ruthenium photoproduct on
irradiation [11]. Neither the free ligand, nor the complex in combina-
tion with light are significantly toxic towards DU145 cells below a
concentration of 20 uM, suggesting that light irradiation does not pro-
duce a highly cytotoxic complex.

3.6. DNA binding

To further probe the mechanism of light-induced toxicity for
Complexes (1a) and (2a), a number of cellular responses were studied
and compared to those of cells treated with free CHS-828. While

Complexes (1a) and (2a) predominantly accumulate in the mitochon-
dria, there is still a considerable fraction of ruthenium in the nucleus
(5%). DNA has been identified as a target for many ruthenium (II)
polypyridyl complexes, where covalent binding or intercalation leads to
cross linking or strand cleavage [29]. The ability of the CHS-828
complexes to bind to or damage DNA was evaluated by gel electro-
phoresis. CHS-828, Complex (1a), and Complex (2a), were incubated
with pBR322 plasmid DNA and irradiated with blue light for 15 min or
kept in the dark (Fig. S8). In each case, the treated DNA samples
showed the same retention as the control, suggesting that the com-
plexes do not nick, intercalate with DNA, or induce cross-linking.

3.7. ROS production

Inhibition of NAMPT by CHS-828 has previously been reported to
increase ROS production by depleting NAD + [30]. Cellular ROS levels
were measured in A549 cells treated with CHS-828, Complex (1a), and
Complex (2a) using the using the nonfluorescent dye, H2DCFDA, which
is converted to fluorescent DCF in the presence of ROS. A549 cells were
treated with the compounds and incubated for 4 h, then the media was
replaced and cells were either irradiated with blue light or incubated in
the dark for 30 min prior to addition of H2DCFDA. The fluorescence
intensities determined by confocal fluorescence microscopy are shown
in Fig. 5. In agreement with previous studies, ROS levels of cells treated
with CHS-828 are 4-5 fold greater than those of the untreated control
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Fig. 6. Measurement of mitochondrial membrane potential. Ratio of red (aggregate) and green (monomer) fluorescence relative to untreated control cells of A549 cells treated with JC-1

after incubation with CHS-828, Complex (1a) or (2a) for 4 h Scale bar = 20 um.

cells. Light irradiation did not alter ROS levels in either cells treated
with CHS-828 or in the control cells. Complex (1a) or (2a) did not in-
crease ROS levels with respect to the untreated control cells when in-
cubated in the dark. When the cells were irradiated with light, however,
a 4-fold increase was observed for each complex resulting in ROS levels
similar to the CHS-828 treated cells. As neither Complex (1b) nor (2b)
produce singlet oxygen when irradiated with light [31,32], this light-
induced increase in ROS levels is most likely due to release of CHS-828.

3.8. Mitochondrial membrane potential (Ay,)

In addition to increasing ROS levels, depletion of NAD + is known
to decrease mitochondrial membrane potentials [33] and CHS-828 has
previously been shown to decrease Ay, after long incubation periods
[34]. Ay, was determined for cells treated with CHS-828, Complex
(1a), and Complex (2a) for 4 h using the probe JC-1 by the ratio of red/
green fluorescence. CHS-828 was found to significantly decrease Ay,
(ca. 10 fold) with respect to the untreated control cells in both irra-
diated and non-irradiated cells (Fig. 6). Light irradiation did not sig-
nificantly affect the red/green fluorescence ratio of cells treated with
CHS-828, or the untreated control cells. In the dark, the ruthenium
complexes had much a smaller effect on Ay, than CHS-828, reducing it
by ca. 50% with respect to the control cells. The irradiated cells showed
a significantly greater decrease in Ay, resulting in a Ay, comparable
to cells treated with CHS-828. While a number of polypyridyl ruthe-
nium complexes have been reported to accumulate in the mitochondria
and induce apoptosis without light through depolarisation of the

mitochondrial membrane [35-37], Complexes (1a) and (2a), do not
markedly affect mitochondrial membrane function in the absence of
light.

4. Conclusions

In combination, these results indicate that Complexes (1a) and (2a)
can effectively deliver the cytotoxic ligand CHS-828 into tumour cells
then release it with moderate doses of visible light. The marked increase
in cytotoxicity, ROS levels, and depolarization of the mitochondrial
membrane induced by irradiation of the complexes are consistent with
photouncaging of CHS-828, though it cannot be completely discounted
that excitation of the complexes themselves may also contribute to
mitochondrial damage and/or ROS production. While Complexes (1a)
and (2a) are still relatively cytotoxic in the dark, it is possible that this is
due to a small amount of the cytotoxic CHS-828 ligand being released at
concentrations too low to increase ROS levels. Given the very high
accumulation of the complexes in tumour cells, the release of even a
small percentage of the cytotoxic CHS-828 ligand would be expected to
markedly influence ICsq values.

In summary, we present a simple approach to reversibly modify the
properties of a pyridine-containing cytotoxin. The ruthenium carrier
systems have the potential to address the two major limitations of CHS-
828, namely low bioavailability and non-selective toxicity. Both car-
riers combine water solubility with very high cellular accumulation,
and are capable of reversibly deactivating this highly cytotoxic drug.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jinorgbio.2017.11.018.
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