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Programmed cell death (PCD) is an essential mechanism for the control of intracellular
homeostasis for cell survival and proliferation, and is also referred as a cellular suicide, which is
recognized as one of the strategies for anticancer therapeutics. Apoptosis, necroptosis, and
autophagy have been well known as representative types of PCD, as classified by their
morphological and physiological features. Alternative PCD types such as paraptosis, pyroptosis,
and ferroptosis have recently been reported and have attracted considerable interest as a potential
new target for the elimination of drug-resistant cancer. Among them, paraptosis is a relatively new
type of PCD, in which cytoplasm and intracellular organelles undergo vacuolization by the dilation
of mitochondria and/or the endoplasmic reticulum (ER), possibly due to a calcium (Ca?") transfer

from the ER to mitochondria. Although various inducers of paraptosis such as viruses, natural



products, organic molecules, and metal complexes have been reported, the mechanisms responsible
for this process are complicated and remain unclear.

Meanwhile, cyclometalated iridium(III) (Ir(Ill)) complexes such as fac-Ir(tpy)s (tpy:
2-(4’-tolyl)pyridine) possess high stabilities under physiological conditions and excellent
photophysical properties such as long Stokes shifts, high quantum yields and long emission
lifetimes.  Therefore, Ir complexes have been recognized as attractive candidates as
phosphorescent materials such as in organic light-emitting diodes (OLEDs), photoredox catalysts,
bioimaging probes, anticancer agents, and related tools. Although a lot of Ir complexes for
biological applications have been reported, it is difficult to introduce biologically functional groups
such as peptide units due to the harsh conditions such as high temperature in the complexation of Ir
salt with ligands. We previously reported on the design and synthesis of several types of Ir
complex-peptide hybrids (IPHs) that contain cationic peptide units (HoN-KKGG- (K; lysine, G;
glycine)) and death receptor (DR)-binding peptide units via regioselective substitution reactions at
the 5’-position of fuac-Ir(tpy)s and that these IPHs induce cell death in cancer cells. In this
manuscript, we report on the design and synthesis of IPHs that induce paraptosis in cancer cells and
the results of its mechanistic studies.

In Chapter 2, we report on the design and synthesis of IPHs which possess cationic HaN-KKGG
peptide units at the 4’-position of phenylpyridine (ppy) ligands to compare their anticancer activities
against Jurkat cells with those of our previous IPHs possessing the same peptide units at the
5’-position of tpy ligands in fac-Ir(tpy)s complex core. It was found that newly synthesized IPHs
exhibit yellow phosphorescence emission, as evidenced by time-dependent density-functional
theory (TD-DFT) calculations. The results of MTT assays of Jurkat cells suggest that these IPHs
have more potent cytotoxicity against Jurkat cells with ECso (half-maximal effective concentration)
values of 2.4-5.0 uM than the previous IPHs with the same cationic peptide at the 5’-position of tpy
ligands (ECso =7.3-16 pM) through the same linker, and the dead cells are detected by their strong
yellow phosphorescence emission by microscopic observation. Mechanistic studies of the cell
death indicate that these IPHs trigger intracellular Ca®" overload, possibly from the ER and is
accumulated on mitochondria during the cell death process. According to the results of
photoaffinity labeling experiments by using an IPH that possess a photoreactive

3-trifluoromethyl-3-phenyldiazirine (TFPD) moiety at the N-terminus of the peptide unit,
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Ca?"-calmodulin (CaM) complex has been proposed as one of the target biomolecules of IPHs for
the induction of cell death.

It was found that strong yellow emission of the IPHs developed in Chapter 2 hampers the
co-staining experiments using green- and red-emitting specific probes for intracellular organelles
such as MitoTracker Green, MitoTracker Red, and LysoTracker Red, due to the overlap of their
emission color. Therefore, we conducted mechanistic studies of cell death induced by the IPH
possessing three cationic GGKK peptides at the 5’-position of tpy ligands in Chapter 3. The
results strongly suggest that IPHs induce paraptosis in Jurkat cells, a relatively new type of PCD,
through Ca?* transport possibly from the ER to mitochondria, loss of mitochondrial membrane
potential (4%,), the induction of ER stress, and vacuolization of cytoplasm. The induction of
paraptosis in Jurkat cells by IPHs was compared with that by celastrol, which is a
naturally-occurring triterpenoid isolated from Tripterygium wilfordii and had been reported to
induce paraptosis. It was found that celastrol also induces paraptosis in Jurkat cells by the
enhancement of Ca®" concentration in cytoplasm rather than in mitochondria, indicating that the
IPHs and celastrol activate different signaling pathways for the induction of paraptosis in Jurkat
cells.

In Chapter 4, we report on the design and synthesis of a new IPH which possesses the cationic
peptide at the 4’-position of ppy ligand through electron-donating hydroxyacetic acid (glycolic acid)
moiety for the blue shift of emission color of IPHs reported in Chapter 2 and for the improvement of
cytotoxicity against Jurkat cells. It was found that a newly synthesized IPH exhibits green
emission due to the electron-donating group at the 4’-position of ppy ligand and has more potent
anticancer activity than previous IPHs and selective cytotoxicity against cancer cells. Mechanistic
studies have revealed that this IPH also induces paraptosis in Jurkat cells with almost same
morphological and epigenetic changes.

In Chapter 5, more detailed mechanistic studies of paraptosis induced by the IPH presented in
Chapter 4 are conducted, focusing on the direct Ca** transport from the ER to mitochondria and
successive phenomena. In this work, we report on the membrane fusion of mitochondria and the
ER in the paraptotic processes induced by the IPH. It was also found that CGP37157, an inhibitor
of mitochondrial sodium (Na*)/Ca?* exchanger (nNCX) on the outer membrane of mitochondria,

induces paraptosis in Jurkat cells via similar intracellular pathways as those induced by IPHs. The
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results of Western blot analyses of mitofusins (MFNs) and dynamin-related protein 1 (DRP1),
which are mitochondrial membrane fusion and fission proteins, respectively, indicate their
upregulation during the paraptotic processes in Jurkat cells. The experimental results reveal that
the IPH- and CGP37157-induced paraptosis is inhibited by the small interfering RNA (siRNA) for
MFNs and that DRP1 inhibitors negligibly stop the paraptosis induced by these compounds,
suggesting that the upregulation of MFN1 and/or MFN2 is important in the paraptosis-inducing
mechanisms. We then conclude that the paraptosis induced by IPHs and CGP37157 is mediated by
membrane fusion between mitochondria and the ER and is different from the previously-known
paraptosis induced by celastrol, which negligibly involves mitochondria-ER membrane fusion.
The IPH- and CGP37157—-induced paraptosis is named paraptosis-II and the previously known
paraptosis induced by celastrol is named paraptosis-I.

In conclusion, we report on the design, synthesis, and anticancer activities of IPHs which induce
paraptosis in cancer cells. In addition, multiple signaling pathways for the induction of paraptosis
are proposed. The findings in this work would provide useful information not only for the future
design and synthesis of metal complex-peptide hybrids for cancer therapy but also for mechanistic

studies of paraptosis and other types of PCD.
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