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Two triosmium carbonyl clusters, viz.,, Osz(u-H)(u-SCgH4-p-
NO,)(CO);, (1) and Osz(u-H)(kO,n-O’-2-flavone)(CO), (2), effectively
inhibited a-synuclein aggregation, a key signature of Parkinson'’s
disease (PD), in both wild-type and A53T-mutant a-synuclein
models. Cluster 2 showed superior efficacy and a significantly
better safety profile, and could also disassemble preformed
aggregates.

Parkinson’s disease (PD) is a progressive neurodegenerative
disorder that can affect motor functions, leading to life-
threatening complications such as pneumonia in its advanced
stages.' Diagnosis is typically based on motor dysfunction and
tremors, which may not be prominent in the early stages,
making it challenging for individuals with non-motor symptoms.
There is currently no treatment available to reverse progression;
hence, early intervention strategies for halting or reversing
advanced PD are highly desirable.*" One biochemical hallmark
of PD is the abnormal aggregation of o-synuclein to form toxic
inclusions known as Lewy bodies.">*® Targeting the aggregation
of a-synuclein or promoting the disassembly of its aggregates are
among the promising therapeutic approaches."**® One strategy
to modulate a-synuclein aggregation is through small molecule
inhibitors and some, such as Anle138b and NPT200-11, have
reached clinical trials (Fig. 1)."”>® Their ring systems appear to
be essential as studies have indicated that even compounds with
a single ring can effectively inhibit o-synuclein aggregation;** for
example, ZPDm has been shown to both inhibit a-synuclein
aggregation and disassemble preformed fibrils.*

Metal-based compounds have found potential in biomedi-
cine, including the ruthenium complex NAMI-A, which has also
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been shown to exhibit potential as a therapeutic agent for
PD.>*™*® The larger ligand sphere in di- and multi-nuclear
complexes may be expected to offer greater potential for
incorporating multi-target or -drug capabilities; their larger
molecular size may also help reduce protein-protein interac-
tions and aggregation. In this paper, we report on our investi-
gations into the potential of two triosmium carbonyl clusters,
viz., Os3(pu-H)(p-SCsH,4-p-NO,)(CO)4 (1) and Os;(p-H)(kO,p-0’-2-
flavone)(CO)y (2), for PD treatment (Scheme 1).

In our previous SAR studies, we have found that the cyto-
toxicity of triosmium carbonyl clusters such as 1 is associated
with the formation of a vacant site on the triosmium core for
binding of a biomolecule; factors that affect this would impact
cytotoxicity.*” We conjectured that replacement of the bridging
moiety (O for S) and of the aromatic ring with a larger ring
system may further reduce cytotoxicity; the latter should also
strengthen interaction with a-synuclein. Both clusters have
been fully characterized spectroscopically (IR, NMR, HRMS)
and by single-crystal X-ray crystallography. The structure of 1
has already been reported;*” an ORTEP plot for 2 is shown in
Fig. 2. The pattern for the CO vibrations in the IR spectrum and
the metal hydride resonance at —9.27 ppm in the 'H NMR
spectrum of cluster 2 are consistent with those reported for
triosmium carbonyl clusters containing hydroxypyrone.*® Its
UV absorption spectrum exhibits bands typical of flavonoids,
with absorption maxima in the 240-270 nm and 320-380 nm
ranges, along with an additional band at 520 nm (Fig. S3,
ESIT),**">> while the emission spectrum shows a single emis-
sion peak at ~540 nm under 350 nm excitation, which is
attributable to a charge transfer (CT) band (Fig. S4, ESIt); the
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Fig. 1 Known small molecule inhibitors for the treatment of PD.
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Scheme 1 Synthesis of clusters 1 and 2. Short lines denote terminal CO
ligands.

Fig. 2 ORTEP plot showing the molecular structure of cluster 2, with
thermal ellipsoids drawn at the 50% probability level. All organic H atoms
have been omitted. Selected bond distances (A) and bond angles (deg):
Os(1)-0s(2) = 2.8152(5), Os(1)-0s(3) = 2.7679(5), Os(2)-0s(3) = 2.8282(5),
Os(1)-0(11) = 2.158(5), Os(1)-0O(10) = 2.146(5), Os(2)-0O(10) = 2.175(5),
Os(2)-0O(10)-0s(1) = 81.32(19).

color of the solution is solvent-dependent, changing from
yellow-orange in DCM to dark red in DMSO.

MTT assays carried out on clusters 1 and 2 against the SH-
SY5Y cell line (human-derived neuroblastoma) commonly used
in Parkinson’s disease (PD) studies showed that 2 was signifi-
cantly less cytotoxic than 1; no signs of cytotoxicity were
observed up to at least 50 uM for the former, while an ICs, of
28 + 6 uM was determined for the latter (Fig. S5, ESIT). The
latter ICs, value is also worth comparing with a value of 72 + 8 uM
against triple negative breast carcinoma (MDA-MB-231) under the
same treatment conditions.*

The inhibitory efficacy of 1 and 2 on wild-type a-synuclein
aggregation (the form most commonly associated with PD) was
assessed through a thioflavin T (ThT) fluorescence assay, with
curcumin, a well-established compound for preventing aggre-
gation in a-synuclein, as a positive control.>*”>” The results
showed that the inhibitory effect of both clusters was immedi-
ate and sustained, and superior to that of curcumin (Fig. 3 and
Fig. S8, ESIT). Inhibition of aggregation was also visible in the
transmission electron microscopy (TEM) images, which showed
that the treated samples exhibited remarkably fewer aggregates,
with smaller and shorter structures, compared to the untreated
sample (negative control) which showed amyloid fibrils as long,
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Fig. 3 (a) Plot of ThT (20 uM) fluorescence intensity against time
for clusters 1 (red) and 2 (green), and curcumin (blue, positive control)
for the aggregation of a-synuclein (100 pg mL™Y); untreated a-synuclein
(100 ug mL™%, negative control) in black. (b) Magnified view of fluorescence
intensity from 0 to 2500 RFU.

twisted filamentous structures approximately 7-10 nm in
diameter (Fig. S6, ESIf). The inhibitory effects were also
concentration-dependent, with 2 exhibiting slightly higher
efficacy; an optimal inhibitory concentration of 10-20 uM
reaching ~92% inhibition at 20 pM, was obtained, as com-
pared to 20-40 uM for 1 (Fig. S7, ESIt). This optimal inhibitory
concentration of 2 was well below its cytotoxicity range. The fact
that the inhibitory efficacy of 2 was significantly greater than
that for free 3HF also suggested that the cluster core played a
role in the inhibition of aggregation.

The inhibitory effect of 2 on A53T mutant a-synuclein aggre-
gation was also examined; this mutation is linked to genetically
inherited PD and is characterized by the formation of toxic fibrils
at a much faster rate than wild-type a-synuclein.>®*"*® The results
were surprisingly promising; while the optimal inhibitory
concentration remained the same as for the wild type (10-
20 uM), it demonstrated greater efficacy at lower concentrations
(Fig. 4). Notably, at 5 uM concentration, there was a significant
drop in inhibition compared to the wild type (~50% and 26%,
respectively). Thus, 2 is effective in inhibiting aggregation of
both wild-type and A53T mutant a-synuclein.

The in vivo inhibition of a-synuclein aggregation was also
evaluated using an immunofluorescence assay (IFA) on SH-
SY5Y cells overexpressing A53T-mutated o-synuclein, with
aggregation induced by rotenone, a widely used environmental
toxicant in Parkinson’s disease research to mimic neurodegen-
erative conditions.®"** The results show that cells treated with
1 or 2 exhibited negligible aggregate formation compared to the
negative control (Fig. 5).
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Fig. 4 Inhibition of A53T mutant a-synuclein aggregation after treatment
with varying concentrations of 2.
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IFA analysis of a-synuclein aggregation in A53T mutant SH-SY5Y cells. Column () a-synuclein aggregates stained with anti-a-synuclein aggregate

antibody, (Il) EGFP-tagged A53T-mutated a-synuclein, (Ill) DAPI-stained nuclei, (IV) bright-field image, and (V) merged image of all channels. Row: (a)
untreated cells (negative control), (b) treated with 2 (white circle highlights faint red signal), (c) treated with 1, and (d) quantification of red and green

fluorescence colocalization, normalized to nuclear count.

The disassembly of preformed fibrils is a desirable outcome
for reversing the effects of Parkinson’s disease (PD) and is
particularly crucial in late-stage PD. We have found that 2 could
effectively disassemble preformed fibrils, including those
formed by A53T mutant a-synuclein. This may be attributable
to the presence of the aromatic ring system, which facilitates
n-7 interactions with aromatic residues in a-synuclein fibrils, such
as tyrosine, phenylalanine, and tryptophan.®® Additionally, the
bulky nature of the triosmium core introduces steric strain and
hydrophobic interactions, leading to local structural perturbations
and increasing the susceptibility of aggregates to disassemble.*®
This is supported by the observation that while 20 uM of 3HF
resulted in only 10% disassembly, it was 33% disassembly with 2
even at 5 pM concentration (Fig. 6). Our findings thus suggest that
the triosmium cluster core plays a critical role in disrupting the
stabilizing forces within the fibrils, effectively promoting their
breakdown.

In this study, we have shown that the triosmium carbonyl
clusters 1 and 2 could inhibit the aggregation of a-synuclein,
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Fig. 6 Disassembly of preformed A53T mutant a-synuclein fibrils follow-
ing treatment with varying concentrations of 2, with 3HF (20 uM) as a
positive control.
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with 2 also capable of disassembling preformed aggregates.
This effect was observed in both wild-type and A53T mutant o-
synucleins. Notably, 2 exhibited optimal activity at concentra-
tions well below that at which any antiproliferative effects could
be observed. We propose that the metal cluster core plays an
important role in its activity and while the precise mode of
action remains unclear, these findings suggest that compounds
of this type hold great potential for further development.
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