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CONSPECTUS: Compared with organic small molecules, metal complexes offer several distinct advantages as therapeutic
agents or biomolecular probes. Carbon atoms are typically limited to linear, trigonal planar, or tetrahedral geometries, with a
maximum of two enantiomers being formed if four different substituents are attached to a single carbon. In contrast, an
octahedral metal center with six different substituents can display up to 30 different stereoisomers. While platinum- and
ruthenium-based anticancer agents have attracted significant attention in the realm of inorganic medicinal chemistry over the past
few decades, group 9 complexes (ie., iridium and rhodium) have garnered increased attention in therapeutic and bioanalytical
applications due to their adjustable reactivity (from kinetically liable to substitutionally inert), high water solubility, stability to air
and moisture, and relative ease of synthesis. In this Account, we describe our efforts in the development of group
9 organometallic compounds of general form [M(C"N),(N"N)] (where M = Ir, Rh) as therapeutic agents against distinct
biomolecular targets and as luminescent probes for the construction of oligonucleotide-based assays for a diverse range of
analytes.

Earlier studies by researchers had focused on organometallic iridium(III) and rhodium(III) half-sandwich complexes that show
promising anticancer activity, although their precise mechanisms of action still remain unknown. More recently, kinetically-inert
group 9 complexes have arisen as fascinating alternatives to organic small molecules for the specific targeting of enzyme activity.
Research in our laboratory has shown that cyclometalated octahedral rhodium(III) complexes were active against Janus kinase
2 (JAK2) or NEDD8-activating enzyme (NAE) activity, or against NO production leading to antivasculogenic activity in cellulo.
At the same time, recent interest in the development of small molecules as modulators of protein—protein interactions has
stimulated our research group to investigate whether kinetically-inert metal complexes could also be used to target protein—
protein interfaces relevant to the pathogenesis of certain diseases. We have recently discovered that cyclometalated octahedral
iridium(III) and rhodium(III) complexes bearing C"N ligands based on 2-phenylpyridine could function as modulators of
protein—protein interactions, such as TNF-q, STAT3, and mTOR. One rhodium(III) complex antagonized STAT3 activity
in vitro and in vivo and displayed potent antitumor activity in a mouse xenograft model of melanoma. Notably, these studies were
among the first to demonstrate the direct inhibition of protein—protein interfaces by kinetically-inert group 9 metal complexes.
Additionally, we have discovered that group 9 solvato complexes carrying 2-phenylpyridine coligands could function as inhibitors
and probes of f-amyloid fibrillogenesis.

Meanwhile, the rich photophysical properties of iridium complexes have made them popular tools for the design of luminescent
labels and probes. Luminescent iridium (III) complexes benefit from a high quantum yield, responsive emissive properties, long-
lived phosphorescence lifetimes, and large Stokes shift values. Over the past few years, our group has developed a number of
kinetically-inert, organometallic iridium(III) complexes bearing various C"N and N*N ligands that are selective for G-quadruplex
DNA, which is a DNA secondary structure formed from planar stacks of guanine tetrads stabilized by Hoogsteen hydrogen
bonding. These complexes were then employed to develop G-quadruplex-based, label-free luminescence switch-on assays for
nucleic acids, enzyme activity, small molecules, and metal ions.
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1. INTRODUCTION

Group 9 (ie., rhodium and iridium) complexes have recently
attracted 1ncreasmg attention as therapeutic agents
Sheldrick® and Sadler” have extensively investigated cytotox1c
iridium(I1I) “half-sandwich” anticancer complexes of type [ (17>
Cp™)Ir(XY)Z]"*" (Figure 1), in which the pentamethylcyclo-

kinetically-inert iridium(IIIl)
complex as a Flt4 kinase
inhibitor with anti-
angiogenic activity

cytotoxic iridium (IIT)
half-sandwich arene
complex

Figure 1. General structure of half-sandwich iridium(III) cyclo-
pentadienyl complexes (left) and kinetically-inert iridium(III) pyr-
idocarbazole complexes (right).

pentadienyl ligand (Cp*) (or its derivatives) not only stabilizes
the iridium metal center but also enhances the kinetic lability of
the trans-monodentate leaving group ligands, thereby activating
the complexes toward DNA coordination. In a rapidly emerging
subdiscipline, Meggers and co-workers have pioneered the
application of kinetically-inert metal complexes (Figure 1) as
molecularly targeted inhibitors of enzyme activity, with some of
these displaying remarkable affinity and selectivity for their target
enzymes despite using only reversible interactions.”

Besides therapeutic applications, group 9 complexes have also
found use as luminescent probes or labels for biomolecules or
metal ions,””"> as exemplified by the irldlum(III) co })Iexes
developed for the detection of Hg*" ions,"* Cu®* ions,'*> Zn?*
ions,"® or human serum albumin'” in our laboratory. Compared
with organic molecules, transition metal complexes possess
unique advantages for biosensing applications, such as (i) high
luminescence quantum yield, (i) sensitivity of their emissive
behavior to changes in the local environment, (iii) long phos-
phorescence lifetime that allows their emission to be dis-
tinguished from a fluorescent background by time-resolved
luminescence spectroscopy, (iv) large Stokes shift, and (v)
modular synthesis that allows the efficient synthesis of analogues
for optimization of their properties. The purpose of this Account
is to present recent efforts from our laboratory in the application
of group 9 organometallic complexes, particularly octahedral

iridium(III) or rhodium(III) complexes of general form
[M(C"N),(N"N)], as medicinal or bioanalytical agents.

2. GROUP 9 ORGANOMETALLIC COMPOUNDS FOR
THERAPEUTIC APPLICATIONS

2.1. Group 9 Metal Complexes Targeting Enzymes

Janus kinases (JAKs) are intracellular, nonreceptor tyrosine
kinases that mediate transduction signals via the JAK/STAT
pathway, thereby controlling cell proliferation, differentiation,
cell migration, and apoptosis. % Our group has identified
[Rh(ppy),(CN-L),]OTf (1, ppy = 2-phenylpyridinato, CN-L, =
2-naphthylisocyanide) and [Rh(bzq),(CN-L),]OTf (2, bzq =
benzoquinoline) as metal-based inhibitors of JAK2 (Figure 2)."
Both complexes inhibited JAK2 activity in a cell-free system and
in human erythroleukemia (HEL) cells, which harbor a V617F
mutation in JAK2 leading to constitutive kinase activity without
affecting total JAK2 expression. Moreover, both complexes
displayed cytotoxic activity against HEL cells.

NEDDS8-activating enzyme (NAE) plays an important role in
the maintenance of protein homeostasis. Our group has
identified the rhodium(III) complex [Rh(ppy),(dppz)]OTH, 3
(dppz = dipyrido[3,2-a:2,3'-c]phenazine), as a metal-based
inhibitor of NAE.** Complex 3 suppressed Ubc12—NEDDS
conjugation both in a cell-free system and in human epithelial
colorectal adenocarcinoma (Caco-2) cells, with selectivity over
the related SUMO-activating enzyme (SAE) (Figure 3a).
Moreover, 3 blocked the degradation of the cullin—RING
ubiquitin E3 ligase (CRL) substrates IkBa and p27%! and
repressed tumor necrosis factor-a (TNF-a)-induced NF-«xB
activation in cells. Molecular modeling analysis of the 3—NAE—
NEDDS interaction showed that the rhodium(III) center was
situated in the central canyon-like groove of NAE, while the dppz
moiety contacted the UBA3 subunit of NAE (Figure 3b).

The excess production of nitric oxide (NO) by nitric oxide
synthase (iNOS) has been implicated in the pathogenesis of
autoimmune or inflammatory processes.”’ Our group has
discovered a novel rhodium(IIl) complex 4 that reduced
lipopolysaccharide (LPS)-induced NO production and NF-xB
transcriptional activity in RAW 264.7 macrophages (Figure 4).>*
Furthermore, 4 reduced vasculogenic activity in human umbilical
vein endothelial cells (HUVECs) at submicromolar concen-
trations.

2.2. Group 9 Metal Complexes Targeting Protein—Protein
Interactions and Protein Aggregation

Protein—protein interactions are ubiquitous in fundamental
biological processes such as cell proliferation and differentiation,
host—pathogen interactions, and signal transduction pathways.**
However, targeting protein—protein interactions has historically
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Figure 2. Complexes 1 and 2.
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(a)

Figure 3. (a) Complex 3 and (b) docking diagram of 3 bound to the NAE heterodimer.*°
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Figure 4. (a) Complex 4 and (b) inhibition of vasculogenic activity by 4 in cellulo. Reproduced from ref 22 with permission. Copyright 2014 Elsevier.

Leurev

Figure 5. (a) Complex S and (b) docking diagram of A-5 (blue) and A-§ (yellow) bound to the TNF-a dimer. Reproduced with permission from ref 2S.

Copyright 2012 Wiley-VCH.

been considered to be a difficult task due to their typically large
sizes (>1500 A) and featureless interfaces that lack well-defined
crevices for recognition by small molecules. In this respect,
transition metal complexes possess distinct geometries that can
enable the design of unique structural architectures for probing
the binding surface of protein—protein interactions. However,
few metal-based protein—protein modulators have yet been
reported in the literature.

TNF-a is a multifunctional cytokine that regulates an array of
biological processes, including apoptosis, cell survival, immunity,
and inflammation.”* Our group has reported the iridium(IIT)
complex §, [Ir(ppy),(biq)]PFs (biq = 2,2'-biquinoline), as a
metal-based inhibitor of TNF- activity.”> Molecular modeling
analysis showed that the aromatic biq and ppy ligands of both the
A- and A-enantiomers of § were able to contact the fS-strands of
both subunits of the TNF-a dimer complex (Figure S), thereby

3616

blocking the association of the third TNF-a subunit to form the
active trimer complex. In biological assays, S inhibited the
binding of TNF-a to TNFR-1 in vitro and antagonized TNF-a-
induced NF-kB transcriptional activity in cellulo. This study was
one of the first to demonstrate the direct inhibition of a protein—
protein interface by a kinetically-inert group 9 metal complex.
The role of signal transducer and activator of transcription 3
(STAT3) in controlling cell progression, cell survival, and
differentiation has rendered it an attractive target for anticancer
strategies.26 Recently, our group has discovered the cyclo-
metalated rhodium(III) complex 6 as the first example of a
substitutionally inert group 9 organometallic compound that
directly targeted the SH2 domain of STAT3 (Figure 6a).”” After
two rounds of screening of an in-house library of rhodium(III)
and iridium(IIT) complexes, 6 was identified as a lead compound
that exhibited potent antiproliferative activity against human
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Figure 6. (a) Complex 6, (b) photographs of dissected tumors, and (c) laser Doppler flowmetry to assess blood flow around the tumor site in vivo.

Reproduced with permission from ref 27. Copyright 2014 Wiley-VCH.

melanoma cells in vitro while being relatively nontoxic toward
normal cells. In cellular assays, 6 attenuated STAT3 Y705
phosphorylation, STAT3 dimerization, and STAT3-driven
transcriptional activity. Importantly, 6 reduced tumor size and
weight in an in vivo mouse xenograft model without causing overt
toxicity to the mice (Figure 6b). Tumor tissues treated with
6 showed repressed STAT3 phosphorylation and decreased
COX-2, iNOS, and VEGF expression. Moreover, 6 reduced
blood flow around the periphery of the tumor site i vivo (Figure 6c).
Finally, unlike previous iridium (III) and rhodium (III) complexes
developed by our group, 6 showed no significant effect against
mTOR activity or TNF-a binding, indicating the importance of
chemical structure in determining the selectivity of these
substitutionally inert complexes against protein targets.

The mammalian target of rapamycin (mTOR) is a serine/
threonine kinase that is dysregulated in a number of human
cancers.”® Our group has recently identified the rhodium(IIT)
complex 7 (Figure 7) as a metal-based stabilizer of the

] PFe

7

Figure 7. mTOR inhibitor 7.

mTOR~FKBP12 interaction.”” From an in-house panel of
thodium(III) complexes, 7 showed the highest ability to
attenuate mTOR activity in vitro and in cellulo, with potency
comparable to that of rapamycin. Structure—activity relationship
analysis indicated that the 5,5'-dimethyl-2,2"-bipyridine ligand of
7 was important for mTOR inhibitory activity, whereas more
bulky or more polar N*N ligands led to reduced activity.
Moreover, changing the metal center from rhodium(III) to
iridium(I1I) resulted in decreased activity. This indicates the
importance of the rhodium(III) center in providing an optimum

3617

arrangement of the coligands in the complex to achieve greater
binding affinity for the mTOR or FKBP12 proteins. Interest-
ingly, this is different from certain complexes reported by the
group of Meggers, where the ruthenium(III) and osmium(III)
congeners showed similar activity against Pim-1, suggesting that
the metal ion played a purely structural role.

Our efforts have led to the development of an iridium(11I)
solvato complex, [Ir(ppy),(solv),]*, that was applied for
luminescent protein staining.31 The iridium (1) solvato complex
[Ir(ppy),(DMSO),]* was subsequently utilized by Li and
co-workers as a luminescent imaging agent for live cell nuclei.**
In 2011, our group reported the application of the group
9 solvato complexes [Rh(ppy),(H,0),]OTf (8) and [Ir(ppy),-
(H,0),]OTf (9) (Figure 8) as inhibitors of amyloid fibrillo-
genesis and as luminescent probes for f-amyloid peptide.*®
These complexes contained aromatic C"N ligands to interact
with the hydrophobic residues around the N-terminal domain of
the Af peptide, as well as solvato coligands to allow coordinative
bond formation with histidine residues in the protein, thereby
preventing the aggregation of the Af peptide into neurotoxic Af
fibrils. Notably, the ability of 8 to inhibit Af fibrillogenesis was
superior to that of previous metal-based inhibitors reported.
Moreover, the phosphorescence response of 9 to aggregated Af
fibrils was nearly three times higher than that for an equal mass
concentration of monomeric Af peptides (Figure 8c). This
suggests that these complexes could be used to differentiate
between the monomeric and fibrillar forms of Af or to monitor

Ap fibrillogenesis.

3. GROUP 9 METAL COMPLEXES FOR BIOANALYTICAL
APPLICATIONS

3.1. Principles and Advantages of Label-Free
G-Quadruplex-Based Luminescent Assays

The G-quadruplex is a noncanonical DNA secondary structure
that possesses a diverse array of structural topologies depending
on the number and length of the guanine tracts, the nature of
the intervening loops, and the character of the metal ion
in solution.”* The extensive structural heterogeneity of
G-quadruplex motifs has rendered them as versatile si§nal—
transducing elements in DNA-based sensing applications.”

dx.doi.org/10.1021/ar500310z | Acc. Chem. Res. 2014, 47, 3614—3631
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Figure 8. Total internal reflection fluorescence microscopy (TIRFM) fluorescence images (left), transmission electron microscopy (TEM) images
(center), and the frequency histogram (right) of A growth in the (a) absence and (b) presence of 8, and (c) emission spectra of 9 in the absence and
presence of Af peptide monomers and fibrils. Reproduced from ref 33 with permission. Copyright 2011 The Royal Society of Chemistry.

Early DNA-based sensors typically employed labeled
oligonucleotides that are covalently conjugated to donor/
acceptor or fluorophore/quencher pairs. However, fluorescent
labeling can be relatively costly and laborious and may adversely
impact the behavior of the functional oligonucleotide.”” In the
label-free approach, luminescent probes are not covalently
conjugated to the nucleic acid backbone but instead interact
noncovalently with DNA via intercalation, groove-binding, end-
stacking, or electrostatic interactions. Both organic dyes and
metal complexes have found use for the development of label-
free G-quadruplex-based detection platforms.***® Compared
with using labeled oligonucleotides, the label-free approach is
more time and cost-effective because expensive and tedious
prelabeling or immobilization steps are avoided. Additionally, the

3618

labeling of an oligonucleotide with a fluorophore may disrupt the
interaction between the oligonucleotide and its cognate target.
Notably, the label-free assays developed by our group have, in
many cases, achieved detection limits comparable to those using
labeled oligonucleotides. However, one drawback of the label-
free approach is the lack of true multiplex capability, since the
proximity of different luminophores with their respective
oligonucleotides cannot be precisely controlled.

Our group has developed luminescent iridium (III) complexes
that are selective for G-quadruplex DNA over single-stranded
DNA (ssDNA) or double-stranded DNA (dsDNA), with some
even showing selectivity for specific G-quadruplex conforma-
tions. We then employed these luminescent iridium(III) com-
plexes for the construction of G-quadruplex-based switch-on

dx.doi.org/10.1021/ar500310z | Acc. Chem. Res. 2014, 47, 3614—3631
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assays for a range of biologically and environmentally important
analytes, such as metal ions, small molecules, or enzyme activity.
In the context of metal ion detection, the chief advantages of our
G-quadruplex-based luminescent assays compared with instru-
mental methods such as inductively coupled plasma mass
spectrometry (ICP-MS) and atomic absorption/emission spec-
troscopy (AAS/AES) is that they are simple and rapid to use
and are amenable to real-time analysis or in-field studies with the
aid of portable spectrophotomers. However, luminescent
oligonucleotide-based assays tend to have lower sensitivity
compared with those instrumental methods. In terms of protein
or enzyme activity detection, the advantages of the label-free
luminescent assays are more significant. Conventional assays for
protein or enzyme activity based on enzyme-linked immuno-
sorbent assay (ELISA) or gel electrophoresis tend to be tedious,
discontinuous, and multistep, and may require stringent protocols
to control radiographic exposure. Hence, the G-quadruplex-based
luminescent assays developed by our group potentially represent
a significant upgrade over existing methods for the detection of
various enzyme activities.

3.2. Early Studies Using [Ir(ppy),(biq),]*

Early in our independent research careers, the well-known “light-
switch” ruthenium(II) complex, [Ru(phen),(dppz)]** (phen =
1,10-phenanthroline), was utilized to develop a switch-on assay
for transcription factor activity.”® Inspired by this result, we
envisioned that the aromatic coligands of [Ir(ppy),(biq),]*
would be able to form effective 7-stacking interactions with the
terminal G-tetrad of the G-quadruplex structure. Encouragingly,
we found that the addition of the G-quadruplex Pu22
(5'-GAG;TG,AG;TG,A,G-3) resulted in a 4-fold increase in the
luminescence intensity of complex S (Figure 9). By comparison,

Intensity (a. u.)

650
Wavelength (nm)

T ]
600 700

Figure 9. Luminescence response of complex § in the presence of
various DNAs. Reproduced from ref 41 with permission. Copyright
2012 The Royal Society of Chemistry.

in the presence of calf thymus (ct) DNA or ssDNA, no significant
luminescence enhancement was observed.

We therefore investigated the suitability of complex § as a
G-quadruplex-specific probe for the construction of an
oligonucleotide-based assay for Pb** ions.** Upon binding to Pb**
ions, the oligonucleotide PS2.M (5'-GTG;TAG;CG;T,G,-3")
adopts a G-quadruplex conformation, which greatly enhances the
luminescence emission of § (Figure 10). The assay could detect
down to 600 pM of Pb*" ions and was selective for Pb** over
10-fold excess of other metal ions such as K*, Ag*, Na*, Ni**,
Cr**, Hg*', Zn**, Mg?*, Ca**, and Ba®* ions.

3619
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Figure 10. G-quadruplex-based assay for Pb** ions.

We also investigated the application of complex § to construct
a split G-quadruplex-based detection platform for gene deletion
(Figure 11).*" A split G-quadruplex is generated from the

Mutant DNA

Y a
P1’JP:‘\S .
e

Figure 11. Split G-quadruplex-based detection strategy for gene
deletion.

intermolecular association of two short oligonucleotide
sequences, which, being of shorter length, are significantly less
expensive than intramolecular G-quadruplex-forming sequences.
In the presence of the shorter mutant DNA sequence (5'-
CTCAT,C,ATACAT,A,GATAGTCAT-3') but not the longer
wild-type sequence (5'-CTCAT,C,ATACAGTCAGTATCA,.
T,CTG,A,GA, T;C,AGACAT,A;GATAGTCAT-3'), the two
G-quadruplex-forming sequences (S'-ATGACTATCT,;A,T-
G;TAG;-3" and 5'-G3T,G;CGTAG,A,TGAG-3') are brought
into closer proximity, promoting the formation of the split
G-quadruplex and producing a significant switch-on luminescence
response. This method was also capable of differentiating single-
mismatched DNA sequences with a detection limit of 50 nM. A
different iridium(III) complex was later used to develop an RNA
detection assay using a similar approach.*

3.3. Testing Analogues of Iridium(lll) Complexes

Based on the success of complex § as a G-quadruplex-specific
probe,***'*3 we were interested to investigate analogues of $
that might also show G-quadruplex-selective “switch-on”
behavior, in order to develop sensing platforms for different
types of targets.**~* In one study, the luminescent iridium (IIT)
complex [Ir(phq),(2,9-dpphen)]PF,, 10 (phq = 2-phenyl-
quinoline, 2,9-dpphen = 2,9-diphenyl-1,10-phenanthroline;
Figure 12a), was also found to be G-quadruplex-selective,
since it displayed a 4-fold emission enhancement with the
PS2.M G-quadruplex (Figure 12b), and was used to construct a
G-quadruplex-based luminescent assay for biothiols. In this
assay, the addition of biothiols such as cysteine or glutathione
can effectively sequester Hg®" ions, liberating the 10—G-
quadruplex ensemble from the quenching effect of Hg** and
restoring the emission of 10 (Figure 12c). Significantly, the

dx.doi.org/10.1021/ar500310z | Acc. Chem. Res. 2014, 47, 3614—3631
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Figure 12. (a) Complex 10, (b) luminescence response of 10 in the presence of various DNAs, and (c) G-quadruplex-based assay for the detection of
biothiols. Reproduced from ref 47 with permission. Copyright 2012 The Royal Society of Chemistry.
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Figure 13. (a) Complex 11, (b) luminescence response of 11 in the presence of various DNAs, and (c) G-quadruplex-based assay for histidine.
Reproduced from ref 48 with permission. Copyright 2013 Elsevier.

assay exhibited a tunable range for the detection of biothiols Like 10, the iridium(11T) complex [Ir(bzq),(2,9-dpphen)]PF;
that could be controlled by varying the concentration of 11, which exhibited a S-fold luminescent response to the Pu27
Hg?** ions."’ G-quadruplex, also carries the 2,9-dpphen N”N ligand, though it
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Figure 14. (a) Complex 12, (b) luminescence response of 12 in the presence of various DNAs, and (c) G-quadruplex-based assay for Ca*" ions.
Reproduced from ref 49 with permission. Copyright 2013 Elsevier.
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Figure 15. (a) Complex 13, (b) luminescence response of 13 in the presence of various DNAs, (c) G4-FID titration curves of the ATP G- guadruplex,
emission enhancement of the (d) 5/duplex and (e) 13/duplex systems in response to ATP, and (f) G-quadruplex-based assay for ATP.®

contains a different C"N ligand. In the histidine assay, the initial The addition of histidine sequesters Cu** ions from the ensemble,
luminescence of the Pu27 (5'-TG,AG,TG,AG,TG,A,G,-3')/11 thereby restoring the luminescence of the system. The assay could
ensemble is effectively quenched by Cu* ions due to the Cu*'- detect down to 1 yM of histidine and also exhibited more than a
mediated unfolding of the G-quadruplex motif (Figure 13).** 4-fold stronger luminescence response for histidine than for other
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Figure 16. (a) Complexes 14—16, (b) luminescence response of complexes to the G4 G-quadruplex, (c) G4-FID titration curves of DNA duplexes
(ds17 and ds26) and G-quadruplexes (Pu22, Pu27, and HTS) with 14, (d, e) melting profiles showing selectivity of 14, (f) plot of D/ Ag,, vs

concentration of DNA, and (g) G-quadruplex-based assay for UDG. Reproduced from ref 51 with permission. Copyright 2013 The Royal Society of
Chemistry.

common amino acids, as well as the thiols cysteine, homocysteine, Changing the 2,9-dpphen ligand of 11 into its regioisomer
and GSH with the use of the cysteine-masking agent N- bathophenanthroline (4,7-dpphen) while replacing the bzq C"N
ethylmaleimide. Future work could also study the influence of ligands with phenylpyrazole (ppyr) moieties generated complex
reducing agents such as ascorbate on the performance of this assay. [Ir(ppyr),(4,7-dpphen) ]PF,, 12 (Figure 14), which was capable

3622 dx.doi.org/10.1021/ar500310z | Acc. Chem. Res. 2014, 47, 3614—3631
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of discriminating parallel G-quadruplexes over antiparallel
G-quadruplexes.”” Complex 12 interacted strongly with c-myc
(5'-T,GAG;TG,GTAG;TG;TA;-3'), c-kitl (5'-AG;AG;CG-
CTG;AG,AG;-3'), PS2.M, GT,TT (8-G3T,G3TG,TG5-3'),
and G;T, (5'-G;T,G;T,G;T,G;-3) DNA (2.0—3.7-fold lumi-
nescent enhancement), which are known to adopt parallel
G-quadruplex conformations in the presence of K* ions, but not
with the antiparallel G-quadruplexes TBA (5'-G,T,G,TGT-
G,T,G,-3') and 22AG (5'-AG;T,AG;T,AG;T,AG;-3')
(1.1-1.3-fold luminescent enhancement). In the Ca** detec-
tion assay, the addition of Ca** ions transforms an antiparallel
G-quadruplex (5'-G,T,G4-3’) into a parallel G-quadruplex
conformation, which greatly enhances the luminescence of 12.
This method could detect down to 10 nM Ca*" ions and was
selective for Ca** over a panel of other metal ions (K*, Mg*,
Ni**, Hg*', Pb*, Cd**, Zn**, Cu**, Li*, and Ba®").

3.4. Investigations into G-Quadruplex Selectivity

During our investigation to develop an aptamer-based assay for
ATP detection, we were puzzled to observe that complex §
showed only weak affinity for the ATP aptamer G-quadruplex
ensemble. Instead, the iridium(III) complex [Ir(piq),(biq)]PF,
13 (piq =1-phenylisoquinoline), which differs from $ only in
the nature of its C"N ligand, showed a much greater affinity for the
ATP aptamer G-quadruplex (Figure 15). Complex 13 also showed
a strong luminescent enhancement (8-fold) in the presence of the
HTS (5'-AG4(T,AG;)+-3) or H21 (5'-T,AGiT,AG,T,AG,.
T,AG;-3") G-quadruplex. We reason that the larger C"N ligands
of 13 allowed it to form superior end-stacking interactions with the
terminal face of the G-quartet. In the ATP-detection assay, the
ATP aptamer (5'-A,C, TG,GAGTAT,GCG,AG,A,G,T-3") is
initially hybridized with its complementary sequence (5'-AC,T,-
C,TC,GCA,TACTC;AG,T,-3').>° The duplex-to-quadruplex

conversion triggered by ATP could be detected by 13 (but
not 5) with a switch-on luminescence response (Figure 15).
This study highlights the important connection between the
structure of the iridium(III) complexes and their ability to
recognize specific G-quadruplex motifs.

As our research group became more experienced, additional
experiments were performed to investigate the relationship
between the structure of the iridium(III) complexes and their
G-quadruplex selectivity. In one study, we investigated the
interaction of [Ir(bzq),(S-Clphen)]PF,, 14 (5-Clphen =
S-chloro-1,10-phenanthroline), and other complexes toward
a G-quadruplex sequence with a very long loop (G4,
5'-G,TAG,A,T,CT,A,GTGCG;T,G;-3').>" In emission titra-
tion experiments, 14 showed the highest luminescence enhance-
ment (6-fold) toward this long-loop G4 G-quadruplex, whereas
the nonhalogenated congener 15 showed a much weaker
luminescence response. This result suggests that the chloride
group in 14 may play an important role in governing the interac-
tion between 14 and the G-quadruplex. Moreover, the
G-quadruplex selectivity of 14 was confirmed by fluorescence
resonance energy transfer (FRET) melting assays, G-quadruplex
fluorescent intercalator displacement (G4-FID) assays, and
UV—vis titration. In the uracil-DNA glycosylase (UDG) assay,
UDG splices uracil from the uracil-containing strand of a DNA
duplex substrate (5'-G3TAG;A;T,CT,A,GTGCG;T,G;5-3’
and 5'-CGCACU,A,GA,U,TC-3'), releasing the quadruplex-
forming strand that is subsequently recognized by 14 (Figure 16).

We also investigated the effect of the size of N*N ligand of the
iridium(III) complexes on their G-quadruplex selectivity.
We found that [Ir(ppy),(bcp)]PFg, 17 (bep = 2,9-dimethyl-
4,7-diphenyl-1,10-phenanthroline), which exhibited a maxi-
mum luminescent enhancement of 3.5-fold with the PS2.M
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G-quadruplex, showed superior G-quadruplex discriminating
ability compared with § and 18, which bear the smaller biq or
2,2"-bipyridine N"N ligands, respectively (Figure 17). This
suggests that the size of the N*N ligands is also an important
determinant of G-quadruplex-binding selectivity. We further
showed that the luminescence intensity of complex 17 generally
increased with greater loop size of the G-quadruplex motif,
regardless of the location of the loop. We then devised an
oligonucleotide-based assay for the detection of apurinic/

3624

apyrimidinic (AP) endonuclease activity using 17.°> We
designed an AP site-containing DNA oligonucleotide
(8-TATCTGCAC*AGTG;TAG;CG;T,G,-3’) that also contains
a G-quadruplex-forming sequence at the 3’-terminus and
hybridized this with a partially complementary DNA strand
(8'-TATCTGCACUAGTG;TAG;CG;T,G,-3'). Cleavage of
the AP site in the duplex substrate by endonuclease IV (Endo IV)
results in the release of the G-quadruplex-forming fragment that
is subsequently recognized by 17.
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3.5. Exploring Larger Libraries of Iridium(lll) Complexes

Equipped with a more extensive arsenal of biophysical
techniques, as well as larger numbers of iridium(III) complexes
at hand, our group began to screen larger libraries of iridium (I1I)
complexes for sensing applications. The advantage of screening a
larger number of complexes is that it increases the likelihood of
identifying an iridium(III) complex that binds with high affinity
and selectivity for a particular G-quadruplex structure. In an early
study of this kind, we initially examined the ability of complexes
19—-23, which all contained 2-(p-tolyl)pyridine (ptpy) C*N
ligands, to interact with different forms of DNA by emission
titration.>> The complex [Ir(ptpy),(2,9-dpphen)]PEs, 19
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(Figure 18), displayed a ca. 5.5-fold enhanced luminescence in
the presence of the HTS G-quadruplex, while only slight
luminescence changes were observed in the presence of ssDNA
and ctDNA. This result indicates that 19 was able to discriminate
G-quadruplex from duplex or ssDNA. On the other hand, 20—23
were found to be nonselective for G-quadruplex. The NN
ligands of 20 and 21 might be too small to form effective end-
stacking interactions with the terminal G-quartets, while the
pendant phenyl groups of the N*N ligands of 22 and 23 may be
in an inappropriate orientation to interact effectively with the
G-quadruplex motif. To further validate the suitability of 19 as a
G-quadruplex-selective probe, we employed UV/vis absorption
titration and G4-FID assays to evaluate the binding affinity and
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The Royal Society of Chemistry.

selectivity of 19 for G-quadruplex. The differential selectivity of
20—23 toward the G-quadruplex motif may be due to differences
in the nature of the N”N ligand, with 19 containing the
2,9-dpphen ligand being more able to interact effectively with
G-quadruplex structures through groove/loop binding or end-
stacking interactions. In the PNK activity assay, 5’-phosphor-
ylation of a hairpin substrate (5'-(C;TA,);C;TA, TAG,A,GA-
CAG; (T,AG;);-3") by T4 PNK allows cleavage of the 5'-strand
by 4 exo, and the 3’-guanine-rich sequence is released and folds
into a G-quadruplex structure, which is recognized by 19. The
system exhibited a sensitivity of 0.05 U/mL for PNK and was also
applied for the screening of potential T4 PNK inhibitors.

3626

Very recently, our group has developed an exonuclease III
(Exolll)-assisted assay for Ag" ions using the G-quadruplex-
selective iridium(IIT) complex 24.>* Ten complexes (Figure 19)
were screened for their ability to selectively distinguish
G-quadruplex from dsDNA and ssDNA, of which 24 emerged
as a top candidate. Further experiments using emission titration,
G4-FID, and FRET-melting assays also confirmed 24 to be a
G-quadruplex-selective probe (Figure 20). Intriguingly, complex
24 showed a strong luminescence response (ca. 4-fold)
to the Pu27 and Pu22 G-quadruplexes but not to the TBA
G-quadruplex. The TBA G-quadruplex has been previously
shown to accommodate planar aromatic ligands but not
ribbon-like molecules,”® suggesting that 24 may bind outside
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the G-tetrad for the other G-quadruplexes.”® Furthermore, it is
interesting to note that complex 24 carries the 2-chloro-1,10-
phenanthroline (2-Clphen) N”N ligand and was the only
halogenated complex screened in this study. This result therefore
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demonstrates again that the presence or absence of a single
chloride ligand can have a significant influence on G-quadruplex
selectivity. Finally, we also found that the luminescent intensity
of 24 was dependent on the length of the G-quadruplex loops.
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In the Ag" ion assay, the addition of Ag" ions induces the
formation of C—Ag'—C mismatches in the cytosine-rich over-
hangs of the hairpin sequence (5'-C;TG,AGTG,AG,TG,A,
G,CAGA,G,ATA,C,T,C,AC;TC,AC;TC,AC,-3'), allowing
Exolll to digest the 3’-terminus of the hybrid duplex. The
liberated G-quadruplex-forming sequence then folds into a
G-quadruplex structure that is subsequently recognized by 24.
As the Ag" ions are released from the hybrid duplex after diges-
tion of the DNA, they could re-enter the cycle and trigger the
next round of DNA cleavage, leading to an amplified lumi-
nescence response. This assay could detect down to 0.5 nM Ag*
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ions and was selective for Ag* ions over other metal ions such as
K, Na*, Ni*!, Ca**, Zn**, Fe**, Mg**, and Pb*" ions.

In a recent study, an initial screen of seven iridium(III)
complexes 18 and 32—37 (Figure 21) bearing different NN
ligands found that only 37 (N"N = phen) displayed a selective
response for G-quadruplex.’” On the other hand, the other
complexes were found to be nonselective for G-quadruplex.
Based on the structure of 37, a library of analogues containing
analogues of phen as their N"N ligands was designed and
synthesized. From the second round of screening, [Ir(piq),(2,9-
dpphen)]PF, (38) was found to exhibit the highest selectivity for
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Table 1. Biophysical Data of the G-Quadruplex Binding Affinity and Selectivity of Selected Iridium(II1) Complexes

FRET melting (F21T)

UV /vis titration

G4-FID
complex G4 sequence DCy, uM AT, °C

S ATP G4 >6 a
13 ATP G4 S a
14 HTS 8.5 16

Pu22 6.5

Pu27 S.5
19 HTS 4.2 a
24 Pu27 2.5 8
38 PS2.M 2.5 7

“Not applicable.

[complex], uM Ky, M7! (G4) Ky, M7 (ss) Ky, M (ds)
a a a a
a a a
0.4 4.50 X 10° 4.76 x 10* 7.26 X 10*
a 3.34 X 10° 9.90 x 10* 1.10 X 10°
S 1.29 X 10° 449 x 10* 4,02 x 10*
3 a a a

the PS2.M G-quadruplex over ds17 (5'-C,AGT,CGTAGTA,C;-
3’ and 5'-G;T,ACTACGA,CTG,-3’,) and ssDNA (5'-C,AG-
T,CGTAGTA,C;-3'), with a maximal fold-change enhancement
of 49 when bound to PS2.M. Further experiments using
G4-FID and FRET-melting assays also confirmed 38 to be a
G-quadruplex-selective probe (Figure 22). Like the G-quadruplex-
selective complexes 13 and 19 described earlier, complex
38 also contains the piq (C"N) and 2,9-dpphen (N"N) ligands,
respectively, indicating that the presence of those ligands are
beneficial for G-quadruplex binding selectivity. Moreover, the
selectivity of 38 for the PS2.M G-quadruplex was even greater
than that exhibited by 19, indicating that the piq C*N ligand may
be superior to the ptpy C"N ligand of 19 for recognizing this
specific G-quadruplex motif.

In the nicking endonuclease assay, an oligonucleotide (5'-
GTG;TAG;CG;T,G,CTGAG,TGA-3') containing a Nb.BbvCI
cleavage site is partially hybridized with oligonucleotide 5'-
TCAC,TCAGC,A,C,-3". Treatment of the duplex substrate with
Nb.BbvClI will result in cleavage of the Nb.BbvCl site, releasing the
G-quadruplex-forming fragment that is recognized by 38.

4. CONCLUSIONS AND FUTURE WORK

As described in this Account, our group has developed
organometallic iridium(III)- and rhodium(III)-based com-
pounds as molecularly targeted agents against specific
pharmacological targets, including protein—protein interfaces
that are typically considered to be difficult to target with small
molecules. The next stage of analysis in our laboratory is to
analyze the interactions between the metal complexes and the
protein targets at the structural level, for example, by using X-ray
crystallography or NMR spectroscopy in order to understand the
binding mode of the metal complexes. This could even facilitate
the rational design of metal complexes to specifically target
critical amino acid residues within the binding site of enzymes or
protein—protein interactions. The exploration of kinetically-inert
group 9 complexes as inhibitors of protein—protein interactions
has just begun and our view is that it will remain a fruitful field of
investigation in the near future.

Our group has also harnessed the interesting photophysical
behavior of iridium (IIT) complexes to develop luminescent label-
free G-quadruplex-based detection platforms for various
analytes. The assays rely on the “structure-switching” response
of functional oligonucleotides in response to a target analyte,
generating a G-quadruplex motif in solution that is recognized by
the G-quadruplex-selective iridium(III) complexes with an
enhanced luminescence response. As demonstrated by the
examples in this Account, no single iridium(III) complex is the
best for each sensing application. Instead, the optimal
combination of metal complex and G-quadruplex sequence was
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determined empirically for each detection platform. Our
preliminary findings have indicated that the size of the C"N
and NN ligands play an important role in G-quadruplex binding
affinity, probably due to their influecnce on the end-stacking
interactions with the terminal G-quartets. Moreover, we have
shown that the incorporation of a single chloride moiety on the
N”N ligand also can have a significant effect on G-quadruplex
recognition. A summary of the biophysical data regarding the
G-quadruplex binding affinity and selectivity of the iridium(III)
complexes developed by our group is presented in Table 1.
Toward the future, a greater understanding between the
structure of the iridium(III) complexes and their G-quadruplex
binding specificities may allow these complexes to be tailored to
target a specific G-quadruplex motif. In particular, complexes
could be designed to bind to the more structurally heterogeneous
groove and loop regions that are distinctive for each G-quadruplex
topology, as a means of achieving superior selectivity. These
studies can be supported by molecular modeling, X-ray
crystallography, or NMR techniques to study the binding mode
of the metal complexes to the G-quadruplex. With more selective
iridium(III) complexes available, the sensitivity and specificity of
G-quadruplex-based assays should be improved.
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