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ABSTRACT: Mechanism of action (MoA) studies on the cytotoxic thiolato-bridged triosmium
carbonyl clusters Os3(CO)io(u-H)(1-SR) (2) indicate that their cytotoxicity is associated with
increased reactive oxygen species (ROS) generation, G2/M cell cycle arrest, and subsequent
apoptosis. Cellular uptake is a key factor, with an increased reactivity of the cluster with serum
leading to reduced available concentrations in the medium thereby diminishing its anti-
proliferative effect. Reactivity studies reveal that biomolecular interactions occur predominantly

at the triosmium core, with a preference for amine-containing species.


mailto:chmlwk@ntu.edu.sg

INTRODUCTION

Metal carbonyl clusters have recently emerged as promising candidates for anticancer
therapy.!''®  The triruthenium  cluster  Ru3(CO)o(PTA); (PTA = 1,3,5-triaza-7-
phosphatricyclo[3.3.1.1]decane) (Figure 1) was the first example of a compound containing direct
metal-metal bonds to be investigated for chemotherapeutic applications.!! Other well-studied
examples include the lightly stabilized triosmium cluster Os3(CO)1o(NCCHz3)2 (1) and the thiolato-
bridged triosmium clusters Os3(CO)io(n-H)(1-SR) (2) (Figure 1). Cluster 1 is a well-known
precursor in triosmium carbonyl cluster chemistry, with two labile CH3CN ligands that can be
readily displaced by other ligands and hence behaves, in that restricted sense, in a similar way to
cisplatin. Its ligand exchange follows the preference: -SH > -COOH > -CONH., with steric factors
playing a significant role. It has been shown to inhibit thioredoxin reductase (TrxR), causing G2/M

cell cycle arrest and inducing apoptosis.® 1
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Figure 1. Molecular structures of selected clusters with anticancer potential.

For the clusters 2-X, it has been shown that, under serum-free conditions, 2-p-OH induced
apoptosis via G2/M cell cycle arrest.’ A structure-activity relationship (SAR) study on 2-X has
shown that their cytotoxicity was affected by interaction with serum, although the underlying
mechanism remains to be elucidated.® In this study, the mechanism of action (MoA) of 2-X was

further investigated, particularly with respect to the impact of serum.



RESULTS AND DISCUSSION

Apoptosis is essential for maintaining tissue homeostasis by eliminating unhealthy cells
without triggering inflammation.?% 2! Consequently, the induction of apoptosis is a key strategy for
the action of many anti-cancer drugs.??*> Our previous SAR study demonstrated that the cluster
2-m-OH exhibited good anti-proliferative effects with minimal serum interaction, highlighting its
potential as a promising anti-cancer candidate.® The induction of apoptosis by 2-m-OH was
evident from the morphological changes, including cellular shrinkage and membrane blebbing,
which were observed as early as 2 h after treatment, with these features becoming more
pronounced over time (Figure S1).2%26-28 Nuclear staining after 5 h of treatment revealed smaller,
condensed and crescent-shaped nuclei, which is indicative of condensation (pyknosis) and
fragmentation (karyorrhexis), with no signs of necrosis (Figure S2).2-32 Flow cytometric analysis
using Annexin V-FITC and propidium iodide (PI) staining,?* ** revealed a substantial shift in cell
populations, with the proportion of viable cells decreasing from 99.0 & 0.4% to 54.1 = 4.1%, while
early apoptotic cells increased from 0.71 + 0.39% to 44.6 + 3.3% after 24 h treatment, compared
to the negative control (Figure 2 and S14).

Treated Control

Llat ) Lot oY)
1023 077 0.24 0

PI

s VRO T o
{511 479

ey e

Q3
§99.3 0.44

L WUV K — —

Annexin V - FITC

Figure 2. Flow cytometric analysis of MDA-MB-231 cells stained with Annexin V-FITC and
propidium iodide (PI). Cells treated with 2-m-OH (5 uM) (left) and control (right) for 24 h in the

presence of serum.



The related analogue 2’, in which the thiolato moiety carries a 2-quinolyl, was reported to
target mitochondria, leading to ROS elevation, caspase activation and subsequent apoptosis.” We
computed a free energy change (AG®) of +87 kJ/mol for a p-S to kS change in bonding mode, our
earlier proposed mechanism of action, illustrated in Scheme 1 for cluster 2°. Together with its
reported ICso of 50-75 uM (in the presence of serum for 24 h),’ it fitted reasonably well into the

same inverse correlation between reactivity and cytotoxicity for clusters 2 (Figures 3 and S13).°
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Scheme 1. Proposed mechanism for bonding mode change of cluster 2” from p-S to S, generating

a vacant coordination site for a biomolecule (modeled by acetonitrile) used in the AG® computation.
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Figure 3. Plot of ICso values (UM, 24 h treatment with serum) versus the calculated AG® (kJ/mol)
for selected 2-p-X analogues. The trend line shows a Pearson correlation coefficient of r = —0.97.

The green marker highlights the data point for cluster 2’.



It is thus reasonable to expect that clusters 2 and 2’ share the same mechanistic pathway.
Indeed, cells treated with 2-m-OH exhibited a significant increase in reactive oxygen species
(ROS) prior to apoptosis.® An obvious increase in fluorescence intensity was observed compared

to the negative control, as measured using the ROS probe H.DCFDA (Figures 4 and S3).
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Figure 4. Fluorescence microscopy images showing ROS generation in MDA-MB-231 cells
treated with 2-m-OH (5 uM, top) and untreated control (bottom). Cells were incubated for 4 h in
the presence of serum. Scale bar: 10 pm. The plot on the right shows the quantification of cellular
ROS levels. Data are for mean + SD from three biological replicates per condition. Statistical

significance was determined using Welch’s ¢ test; ****p < (0.0001.

A high level of ROS induces oxidative stress, leading to DNA damage such as strand breaks
and base modifications.?>3? This often results in cell cycle arrest in the G2/M phase, allowing time
for DNA repair and if the damage is irreparable, apoptotic pathways are activated to eliminate
unhealthy cells.***! Numerous studies have reported that ROS-elevating anticancer agents

frequently induce G2/M phase arrest.***> Flow cytometric analysis of propidium iodide (PI)-



stained MDA-MB-231 cells treated with 2-m-OH (5 uM, 24 h) led to an increase in the G2/M
population from 18.5 £ 2.1% to 26.8 + 0.6% and a decrease in the G1 population from 62.1 +
1.4% to 54.1 + 0.5% compared to untreated cells (Figure S4). This is thus consistent with 2-m-OH

inducing G2/M phase cell cycle arrest through the elevation of ROS.

As mentioned above, our earlier study has shown that there is a strong inverse correlation
between reactivity and cytotoxicity for clusters 2 (Figures 3 and S13).° It was hypothesized that
more reactive clusters are more readily consumed by serum components, thereby reducing their
availability for cellular uptake and ultimately diminishing their cytotoxic effects. To test this, the
cellular uptake of four 2-p-X clusters (X = OH, NH2, CH.COOH, NO:) was measured as the
intracellular osmium levels by ICP-MS. The sample preparation method used for osmium
quantification by ICP-MS is critical for the generation of reliable results.*® The use of oxidative
digestion methods (e.g. concentrated nitric acid) is known in the literature to result in the formation
of the volatile OsO4. To minimize such possible biases, we employed a non-oxidative cell lysis
using a lysis buffer. Dilution of the lysates with 2% nitric acid was freshly performed right before
ICP-MS measurements, keeping the samples at 4 °C until assessment. The results confirmed that
intracellular osmium concentrations were significantly reduced in the presence of serum. Notably,
a consistent uptake trend was observed under both serum-containing and serum-free conditions:
2-p-OH >> 2-p-NH: > 2-p-CH.COOH >> 2-p-NO: (Figure 5 and Table S1). The low cellular
uptake of 2-p-NO: was also apparent from an attempt at intracellular IR microscopic imaging;
MDA-MB-231 breast cancer cells incubated with 2-p-NO: indicated little or no intracellular
cluster compound; hot-spots in the ratio map did not correspond well to cell locations and the
spectra appeared to correspond to unreacted 2-p-NO: (Figures S9 and S12). Clusters with higher

cellular uptake generally exhibited greater cytotoxicity under both conditions, suggesting that



cellular uptake plays a key role in determining the cytotoxicity of these clusters (Figure S5). The
two clusters 2-p-NO: and 2-p-OH are noteworthy as they exhibited unusually low and high
intracellular uptake and corresponding cytotoxicity, respectively. Although the low cellular uptake
of 2-p-NO: may be related to its lower lipophilicity (log Pow) and higher polarity (MPI),*”# its
persistently low uptake even after 24 h of incubation in a serum-free environment suggests an
additional barrier to intracellular accumulation (Table S1); studies have shown that introducing a
nitro group can facilitate recognition by drug efflux pumps, which may explain its poor cellular
retention.’® Once again, an hydroxyl substituent is found to be most promising for enhancing the

anti-proliferative effects of these clusters, affording both high cellular uptake and cytotoxicity.
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Figure 5. Cellular uptake of triosmium clusters 2-p-X, measured as osmium content (nmol Os/mg
protein) in cell lysates by ICP-MS. MDA-MB-231 cells were treated with each cluster (5 pM) for
24 h in the absence (right, latticed bars) or presence (left, solid bars) of serum. Data are presented
as mean = SD. P-values are represented as: ns (p > 0.05), * (p < 0.05), ** (p < 0.01), *** (p <

0.001), **** (p < 0.0001).



We next attempted to identify possible functional groups on biomolecules that may interact
with these clusters by examining the reactivity of the clusters 2-p-NH: and 2-p-NO: (the least and
most reactive analogues, respectively, based on their AG® values) with some simple organic
mimics - imidazole, phenylselenol, /-hexanethiol, n-butanoic acid, n-butylamine, and acetamide.
In DCM as solvent, there was no observable reaction between 2-p-NH: and any of these
compounds (up to 72 h, as monitored by IR, NMR, and MS). For 2-p-NOx, spectral changes were
observed upon mixing with /-hexanethiol and n-butylamine. With /-hexanethiol, the '"H NMR
spectrum showed a new set of aromatic resonances (distinct from that of free 4-nitrothiophenol)
while the metal hydride resonance and CO stretches (IR spectrum) were unchanged (Figure S6).
We take this as indicative of interaction at the nitrophenyl ligand rather than ligand dissociation
from the triosmium core. With n-butylamine, there was a color change from yellow to red, with a
new CO band at 1944 cm™ (IR) and three new metal hydride resonances at —11.9, —11.8, and —
15.5 ppm ("H NMR) (Figure S7). These new signals did not match known side products such as
Os3(u-H)(p-C1)(CO)10 (—14.3 ppm, reaction with trace chloride ions) or Os3(u-H)(u-OH)(CO)1o (—
12.6 ppm, reaction with water), suggesting that the reaction with n-butylamine is at the triosmium
core. Similar observations were made in fetal bovine serum (FBS): While 2-p-NH: showed no
reactivity, the IR spectrum for 2-p-NO: showed immediate change (Figures S7 and S8).

The apparent lack of reactivity of 2-p-NH: appeared to contradict its observed cytotoxicity.
Further investigation revealed that reaction could occur at higher reactant concentration and in a
more polar solvent environment. When 2-p-NH: and cysteine were mixed in de-DMSO with a drop
of water added, the '"H NMR spectrum showed a new set of aromatic resonances which were shifted
upfield relative to those of 2-p-NH: and distinct from free 4-aminothiophenol; the intensity also

increased over time (Figure S10). A DOSY analysis confirmed that these new aromatic signals



originated from a species with a similar diffusion coefficient and hence molecular size as 2-p-NHz;
the log of the diffusion coefficients are about -9.52, -9.25 and -9.51 for 2-p-NH:, 4-
aminothiophenol and the reaction product, respectively (Figure S11). This is indicative that the
reaction product retained the triosmium core structure, with no ligand dissociation.
CONCLUDING REMARKS

In this study, we confirmed that the thiolato-bridged triosmium carbonyl clusters 2 induced
apoptosis, accompanied by increased ROS levels and G2/M cell cycle arrest. Their cytotoxic
efficacy was governed primarily by cellular accumulation, which was inversely correlated with
their reactivity with serum; a more reactive cluster was consumed more readily by serum, leading
to reduced intracellular concentration and diminished cytotoxicity. Reactions occurred at the
triosmium core, with amine-containing species as likely targets, although the precise nature of this

species remained elusive.

EXPERIMENTAL SECTION

All clusters were synthesized following procedures reported in our previous studies.® IR
spectra were recorded on a Bruker APEX FTIR spectrometer in solution IR cells fitted with KBr
windows and a 0.1 mm pathlength, at 2 cm™! resolution. "H NMR spectra were recorded on a JEOL
ECA 500 or Bruker AVIII 400MHz NMR spectrometer. DOSY spectra were acquired on a Bruker
Avance I1I HD 800 MHz NMR spectrometer by Dr. Manfred Wagner at the Max Planck Institute
for Polymer Research (MPIP). Chemical shifts are referenced to the residual proton resonance of
the solvent. The IR cell imaging experiments were carried out on a Cary 610 infrared microscope
equipped with a 128128 pixels Stingray MCT detector, coupled to a Cary 660 spectrometer
equipped with a KBr beam splitter and a Michelson interferometer. Os content in cells was

quantified using an Agilent 7850 ICP-MS device.



All test compounds were recrystallized after TLC purification before use in the biological
work. Stock solutions of the test compounds were prepared in DMSO and subsequently diluted
with specific medium to the working concentrations. The triple-negative breast cancer cells MDA-

MB-231, obtained from ATCC, were cultured in Dulbecco’'s Modified Eagle's Medium (Cat#
11995065, Gibco™) supplemented with 10% fetal bovine serum (FBS) and 1%

penicillin/streptomycin (P/S) at 37 °C in a 5% CO; atmosphere in T25 or T75 culture flasks. Flow
cytometry was performed using a BD LSRFortessa™ X-20 flow cytometer. Fluorescent cell
images were acquired with a Nikon Ti-E motorized inverted microscope.

Sample preparation for ICP-MS analysis

Cells were seeded in a T25 flask at a density of 1.25 x 10° cells per 5 mL of complete growth
medium (1% penicillin/streptomycin and 10% FBS) and incubated for 24 h. The medium was then
removed and replaced with the test compound working solution (5 mL, 5 uM in pure DMEM or
complete growth medium, prepared from a 5 mM stock in DMSO) and incubated again for 24 h.
After treatment, the medium was aspirated, and the cells were washed twice with DPBS
(Dulbecco's Phosphate-Buffered Saline). Subsequently, 1 mL of lysis buffer (made by mixing 5700
uL DPBS + 240 pL of a 25X inhibitor cocktail + 60 puL of Triton X-100) was added, and the cells
were incubated at room temperature for 5 min. A cell scraper was used to detach the cells from the
flask. Cell lysates were collected, sonicated to break up aggregates, and kept at -20 °C. Freshly
before ICP-MS measurements, each 800 uL cell lysate was resuspended in 2% aq. nitric acid (1200
pL), filtered through a 0.22 um filter (CHROMAFIL Xtra PET-20/13, Macherey-Nagel) into a 15
mL conical centrifuge tube, and and kept at 4 °C until ICP-MS assessment on the same day.
Normalization was conducted by determining the total protein concentration of cell lysates with a

bicinchoninic acid (BCA) assay.
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Total protein content determination in cell lysates by BCA assay

BCA (Interchim BC assay Reagent A UP95424A), BSA and CuSOs (Interchim BC assay
Reagent B UP95425A) were purchased from Uptima-Interchim (Montlugon, France). A
calibration curve was prepared from a mother solution of 75 pL bovine serum albumin (BSA,
InterChim, 2 mg/mL) with 75 pL milliQ water (concentration of 1 mg/mL). A series of eight 1:2
dilutions was performed, including a blank containing only milliQ water.

In a 96-well plate, 25 pL of the calibration solutions were introduced (in duplicates), as well
as 3 pL of sonicated cell lysate samples with 22 puLL of milliQ water (in triplicates). Aliquots of 200
uL of the revelation solution, consisting of a mixture of 10 mL of BCA and 200 pL of CuSO4 was
put into each well. After 30 mins of incubation at 37 °C, absorbance was measured at 560 nm on
a Tecan SPARK microplate reader and the calibration scale was used to determine protein
concentration in each well (ug/uL). Statistical analyses were performed with the GraphPad Prism
9.5.1 software. The ordinary one-way Anova test was used for comparisons between groups.

IR microscopy analysis

Cells were cultured on IR-transparent calcium fluoride (CaF2) slides (13 mm diameter x 0.2
mm thickness, IR-grade, double-side polished, tolerance +£0.1 mm) placed in a 12-well plate. Prior
to cell seeding, the CaF: slides were rinsed with 99% ethanol and allowed to air dry, followed by
two washes with Dulbecco’s phosphate-buffered saline (DPBS). Cells were then seeded at a
density of 1 x 10° cells per well in 1 mL of complete growth medium and incubated at 37 °C with
5% COs- for 24 h to allow cell attachment. Following incubation, cells were gently washed once
with PBS and treated with 1 mL of the test compound solution (30 uM) in serum-free DMEM
(prepared from 5 mM DMSO stock solutions). For time-course analysis, treatments were staggered

to yield final incubation times of 2, 3, and 4 h. After treatment, cells were washed twice with DPBS
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and fixed with 1 mL of 4% paraformaldehyde (PFA in PBS) for 15 min at room temperature. The
fixed cells were then washed twice with PBS and air-dried at room temperature under aluminum

foil to prevent light exposure until infrared microscopy analysis.

The images were taken with a 15X magnification 0.62 numerical aperture objective giving a
projected pixel size of 5.5%5.5 um?. Spectra were recorded at 8 cm-1 resolution between 800 and
4000 cm-1 with 32 co-added scans at 2.5 Hz mirror speed. The maps obtained were treated on
Resolution Pro software (Agilent). A PCA was applied to remove noise and maps were generated
at the desired wavenumber or by using a ratio of areas.

Hoechst staining

Cells were plated in 6-well culture plates at a density of 1 x 10° cells per well and incubated
at 37 °C in a 5% CO: atmosphere for 24 h. After treatment with 2-m-OH for 5 h in the absence of
serum, the cells were washed twice with PBS. The cells were then incubated with Hoechst 33342
stain (1 pg/mL in PBS) for 15 mins at room temperature, protected from light. Following staining,
the cells were washed three times with PBS to remove excess dye and then visualized using a

fluorescence microscope.

ROS staining

Cells were plated in 6-well culture plates at a density of 1 x 10° cells per well and incubated
at 37 °C in a 5% CO. atmosphere for 24 h. After treatment with 2-m-OH for 4 h in the presence
of serum, the cells were washed twice with PBS and then incubated with H.DCFDA (10 uM in
PBS) for 30 min at 37 °C, protected from light. Following the incubation, the cells were washed
twice with PBS and then visualized under a fluorescence microscope. For each cell, regions of
interest (ROIs) were first defined on the bright-field image and then applied to the corresponding

fluorescence channel to measure mean fluorescence intensity (MFI) using ImageJ.
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Annexin V-FITC and PI staining

Cells were plated in 6-well culture plates at a density of 1 x 10° cells per well and incubated
at 37 °C in a 5% CO- atmosphere for 24 h. The cells were then treated with 5 uM 2-m-OH for 24
h in the presence of serum. After treatment, the cells were collected by trypsinization and washed
twice with cold PBS to remove any residual media, and resuspended in 1 % binding buffer at a
concentration of 1 x 10¢ cells per ml. Annexin V-FITC (5 pL) was added to the cell suspension
and incubated for 15 mins at room temperature in the dark, followed by PI (5 pL) and incubation
for an additional 15 mins at room temperature, protected from light. The cells were then analyzed

using a flow cytometer.

Reactivity studies

To a solution of the cluster 2-p-NO: or 2-p-NH: (10 mg, 0.0644 mmol) in DCM (5 mL), a
3:1 molar ratio of the model compounds (relative to the cluster) was added. The reaction mixture
was stirred at 37 °C for 72 h and monitored by IR and '"H NMR spectroscopy. For the reaction with
FBS, a solution of the cluster (10 mg, 0.0644 mmol) in DMSO (2 mL) was mixed with FBS (5

mL), stirred at 37 °C and monitored over 72 h by ATR-IR.

Computation studies

Computational studies were performed using density functional theory (DFT) following
methods reported in our previous study.® Geometry optimizations were carried out by density
functional theory (DFT) utilizing Truhlar’s M06 hybrid functional.’! The def2-tzvp basis set was
employed for all atoms.*>>* Spin-restricted calculations were used for geometry optimization, and
harmonic frequencies were then calculated to characterize the stationary points as equilibrium
structures with all real frequencies, and to evaluate zero-point energy (ZPE) corrections. Free

energies were corrected for vibrational entropy using Grimme’s method at a frequency cut-oft of
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50 cm!,>* with the program Goodvibes.>> All calculations were performed using the Gaussian 16

suite of programs.>®
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