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Ruthenium Complex “Light Switches” that are Selective for
Different G-Quadruplex Structures

Erin Wachter, Diego Moy, Sean Parkin, and Edith C. Glazer*"

/Abstract: Recognition and regulation of G-quadruplex
nucleic acid structures is an important goal for the develop-
ment of chemical tools and medicinal agents. The addition
of a bromo-substituent to the dipyridylphenazine (dppz) li-
gands in the photophysical “light switch”, [Ru(bpy),dppz]**,
and the photochemical “light switch”, [Ru(bpy),dmdppz]**,
creates compounds with increased selectivity for an
intermolecular parallel G-quadruplex and the mixed-hybrid
G-quadruplex, respectively. When [Ru(bpy),dppz-Brl** and

[Ru(bpy),dmdppz-Br]*" are incubated with the G-quadru-\
plexes, they have a stabilizing effect on the DNA structures.
Activation of [Ru(bpy),dmdppz-BrI** with light results in co-
valent adduct formation with the DNA. These complexes
demonstrate that subtle chemical modifications of Ru'
complexes can alter G-quadruplex selectivity, and could be
useful for the rational design of in vivo G-quadruplex
probes.

/

Introduction

Guanosine-rich  (G-rich) regions capable of forming G-
quadruplex structures are abundant in the human genome,
and their presence in telomeres and promoter regions makes
them appealing therapeutic targets." Many proto-oncogenes
have G-quadruplex forming regions within their promoter
sequence, such as c-myc,”? c-kit* and bcl-2"" and agents that
bind the G-quadruplex could affect regulation of gene
transcription. G-rich regions are also present at the ends of
telomeres that have the ability to form G-quadruplexes, and
stabilization of these G-quadruplexes inhibits the ability of the
enzyme telomerase to lengthen the telomeres.”’ As a result,
the identification of small molecules that demonstrate selectiv-
ity for biologically relevant G-quadruplexes is an active area in
drug discovery."”

G-quadruplex binding ligands are generally comprised of
polyaromatic systems in order to take advantage of the large
7 surface of the G-tetrad, enhancing m—m interactions.” These
molecules usually carry a positive charge to increase electro-
static interactions with the negatively charged DNA.® One
challenge in the design of G-quadruplex binding ligands is ob-
taining selectivity for quadruplex over duplex DNA. In recent
years, this has been accomplished with several small organic
molecules,” with binding affinities typically at least ten-times
greater for G-quadruplex DNA when compared to duplex DNA.
An elegant approach to sensing has been achieved using fluo-
rogenic ligands, where they brightly fluoresce upon binding to
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G-quadruplex DNA, allowing for selective visualization of G-
quadruplex structures.” An emerging area of research aims to
combine DNA sequence and structure selectivity with agents
that can be triggered with external stimuli.”

Luminescent ruthenium(ll) polypyridyl complexes have been
used to detect duplex DNA as well as different DNA sequences,
such as DNA mismatches or abasic sites."” Several compounds
have also been shown to exhibit selectivity for G-quadruplex
structures.” These complexes are typically [Ru(bpy),L] or
[Ru(phen),L], where L is a derivative of imidazophenanthroline,
bpy =2,2"-bipyridine, and phen=1,10-phenanthroline."*<
As with the organic systems, the compounds interact primarily
through m-stacking, which both induces the formation of G-
quadruplexes and stabilizes these structures. Ru" complexes
containing dipyridylphenazine (dppz=dipyrido-[3,2-a:2',3'-c]
phenazine; see Figure 1, compound 1) and its derivatives are
known biological sensors due to their photophysical “light
switching” ability, as they are non-luminescent (“dark”) in aque-
ous environments but become luminescent (“bright”) when in-
tercalated into a duplex DNA base stack."'**™ This phenomen-
on is attributed to the presence of two closely spaced triplet
metal-to-ligand charge transfer ((MLCT) excited states; the
“dark” state, localized on the phenazine portion of dppz, and
the “bright” state, localized on the bipyridine portion of dppz.
Taking advantage of this feature, Ru" dppz derivatives have
been reported as in vivo imagining agents."? Previously, we
engineered intramolecular strain into a Ru" polypyridyl com-
plex using the 3,6-dimethyldipyridylphenazine (dmdppz)
ligand (Figure 1), thereby lowering the energy of the triplet
metal-centered ((MC) state, which is an antibonding state.'”
The perturbation of the excited state energies presumably al-
lowed for thermal population of this dissociative state from
a *MLCT state, and resulted in light-induced ligand loss. This
new molecule, [Ru(bpy),dmdppz]*" (2), acted as a photochemi-
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Figure 1. Structures of [Ru(bpy),dppz]** (1), [Ru(bpy),dmdppz]** (2) [Ru(bpy),dppz-Brl*" (3), and

[Ru(bpy),dmdppz-BrI** (4).

cal “light switch”, and underwent rapid and selective ligand
ejection in non-aqueous solvents and when bound to DNA.'

In our studies of [Ru(bpy),dppz]*" and [Ru(bpy),dmdppz]**,
we observed enhanced emission intensity and photoreactivity
in the K folded telomeric G-quadruplex DNA over duplex
DNA and proteins."” Generally, the photophysical properties of
[Ru(bpy),dppz]*" paralleled the photochemical properties of
[Ru(bpy),dmdppz]* """  Photochemical investigations of
[Ru(bpy),dmdppz]*" supported a mechanism that was associa-
tive or interchange associative, with the chemical reaction po-
tentially occurring from the 3MLCT excited state.™™ This sug-
gested that the binding environment of the complex could
dictate its photochemical reactivity, which might allow for the
development of structure-selective photochemical probes.

A recent crystal structure was reported describing a rutheni-
um polypyridyl complex with an asymmetric dppz ligand con-
taining a substitution at the 11-position bound to duplex DNA.
A-[RU(TAP),dppz-Cl]>" (TAP =tetraazaphenanthrene) associates
with duplex DNA through the dppz-Cl ligand intercalating in
an angled binding mode, allowing for partial water occupancy
near one phenazine nitrogen." In contrast, the parent com-
plex, A-[Ru(TAP),dppz]**, can intercalate more symmetrically,
preventing any partial water occupancy."® As association be-
tween water molecules and one or more of the phenazine ni-
trogen atoms results in population of the “dark” state,"” the
interaction of a water molecule with the Cl-substituted ligand
would be expected to result in reduced luminescence when
the complex is bound to duplex DNA."® Given the binding ori-
entation of the dppz-Cl ligand in duplex DNA, we hypothe-
sized a similar substitution would induce a comparable bind-
ing mode. Additionally, we hypothesized that the increased
surface area of G-quadruplex DNA would shield the substituted
dppz ligand from occupancy of a water molecule near the
phenazine nitrogen, allowing for enhanced selectivity for
G-quadruplex over duplex DNA.

In this report, we describe two Ru" polypyridyl complexes
that contain a bromine at the 11-position of the inter-
calating dppz and dmdppz ligands, [Ru(bpy),dppz-Brl*" and
[Ru(bpy),dmdppz-BrI** (3 and 4; Figure1). Complex 3
and 4 are derivatives of the photophysical “light switch” 1,
and our photochemical “light switch”, 2, respectively.'*'>'?
These molecules exhibit strong selectivity for G-quadruplex
structures.
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Results and Discussion

N As seen in the crystal structures
of 3 and 4 (Figure 2, and Figur-
es S1 and S2, and Tables S3 and
S4 in the Supporting Informa-
tion), the addition of a bromo-
substituent has little to no effect
on the dppz-Br and dmdppz-Br
ligands within the complex com-
pared to their analogous parent
ligands, dppz and dmdppz. The
average Ru—N bond length devi-
ates slightly on the dppz ligand
(2.073 A)™ compared to the dppz-Br ligand (2.068 A). Likewise,
the average Ru—N bond length on the dmdppz ligand
(2.104 A)" is similar to the dmdppz-Br ligand (2.115 A). The in-
tramolecular strain in 4 is apparent from the 13° bend of the
dmdppz-Br ligand out of plane, which is similar to the 15°
bend seen for the dmdppz ligand.™

Figure 2. Ellipsoid plots of: A) 3, and B) 4 showing the difference in distor-
tion of the dppz-Br ligand and the dmdppz-Br ligand. Ellipsoids are drawn at
50% probability. The hydrogen atoms and minor disorder were omitted for
clarity.

Interestingly, however, the bpy co-ligands in both complexes
3 and 4 experience increased distortion compared to the com-
plexes 1 and 2 (Figure 3). This distortion is manifest through
bending of the bpy out of plane as well as by twisting about
the 2-2' C—C bond. In 3, the bpy co-ligands have an average
bend and twist of 5.1° and 5.0°, respectively, which is approxi-
mately double the distortion seen for 1. Furthermore, the
bpy co-ligands of 4 are bent by 6.7° and twisted by 4.0° on
average, which is three times the distortion in 2. Comparing
the orientation of the dppz/dmdppz ligands to the dppz-Br/
dmdppz-Br ligands shows a drastic difference in the overall
planarity of the ligand (Figure 3 and CIF files). The dppz-Br and
the dmdppz-Br ligands are more planar than the dppz and
dmdppz ligands, likely due to the lack of m-stacking interac-
tions for 3 and 4 in the crystal lattice as a result of the addition
of a bromo-substituent. The changes in distortion of 3 and 4
may play a role in imparting selectivity for binding and
reacting with specific nucleic acid structures.

A high throughput screening (HTS) assay was developed to
evaluate the interactions of the four complexes with 32 differ-
ent biomolecules, including bovine serum albumin (BSA),
nucleosides, duplex DNA, DNA sequences with mismatched
bases, abasic sites, and bulges, as well as triplex DNA and G-
quadruplex DNA. Conditions were optimized to minimize the
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Figure 3. Overlays of the crystal structures of: A) 1 (black) and 3 (grey), and
B) 2 (black) and 4 (grey) showing deviations in planarity of the dppz ligands
(left) and the differences in the bpy co-ligands (right). Complexes 3 and 4
clearly exhibit increased distortion in the bpy co-ligands, and the overall
orientation of the dppz ligands is quite different.

amount of material used without compromising the data quali-
ty. Each ruthenium complex was screened under saturating
DNA conditions (1:5 [Rul/[DNA bp]) so that the complexes
would be fully bound and could be compared independent of
their binding affinities. The photophysical “light switch”, 3, was
tested in triplicate in a 384-well plate, where luminescence was
monitored by measuring full spectra. The photochemical “light
switch”, 4, was tested under the same conditions, but in a 96-
well format. The spectral changes associated with photochemi-
cal reactions were determined by measuring full absorbance
spectra. For each experiment, compound 4 was irradiated with
a 470 nm LED array for set times, and the absorbance was
measured after each light exposure. The half-life (t,,) of ligand
loss was then determined, and the presence of isosbestic
points in the absorption spectra were used as an indication of
a single photochemical reaction product. Both 3 and 4 exhibit-
ed enhanced behavior when incubated with the different DNA
sequences when compared to buffer, and showed remarkable
enhancement with G-quadruplex DNA over duplex DNA
(Figure 4).

While compound 1 did not display a marked selectivity for
any biomolecules (Figure S3 in the Supporting Information),
when 3 was incubated with the different biomolecules, a signif-
icant preference for the intermolecular G-quadruplex was ob-
served. This was manifest in an 82-fold luminescence enhance-
ment over buffer alone (Figure 5, Table 1 and Table S5 in the
Supporting Information). This selectivity for DNA secondary
structure was also observed in a 14-fold increase in lumines-
cence compared to CT DNA. Additionally, 3 was able to dis-
criminate  between different G-quadruplex sequences, as
shown by the 2.7-11-fold increase in luminescence when
bound to the intermolecular G-quadruplex compared to the
other G-quadruplex sequences and structures (Table 1 and
Table S5). Furthermore, 3 was also able to differentiate be-
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Figure 4. The luminescence fold change of 3 in different biomolecules in
comparison to: A) buffer alone, and B) in CT DNA. The t,,, fold change of 4
in comparison to: C) buffer alone, and D) in CT DNA. Experimental condi-
tions from left to right are in the order of Table S2 in the Supporting Infor-
mation. Compound 3 is most selective for the intermolecular G-quadruplex
(blue) and 4 is most selective for the telomeric G-quadruplex folded in the
presence of K* ions (green). Neither compound shows a response when
incubated with the telomeric G-quadruplex folded in the presence of Na*
ions (orange).

tween the same telomeric G-rich sequence, [AGGG(TTAGGG),],
under different conditions. When the DNA was folded in the
presence of K™ ions, the luminescence of 3 was three times
greater than when the DNA was folded in the presence of Na™*
ions (Table 1 and Table S5).

The human telomeric sequence has been studied in the
presence of Na* and K* ions and has been shown to form dif-
ferent structures depending on the cation, though some ques-
tion remains as to the nature of these structures. When folded
in the presence of Na™, the G-quadruplex takes on an antipar-
allel basket structure.”” In the presence of K* ions, however,
the structure has been reported to be either parallel?” or
[3+1] mixed hybrid.*® Multiple publications suggest that the
structure of the telomeric sequence is dependent not only on
the identity of the metal cations, but also DNA concentration
and flanking nucleotide sequence.” Under our experimental
conditions (see Experimental Section), we have tentatively
assigned the telomeric sequence in the presence of K* ions as
the mixed-hybrid structure, and as an antiparallel basket
structure when folded with Na™ ions.””

The photoreactivity of 4 was assessed when incubated with
different biomolecules, and similar to the luminescent ana-
logue 3, it also exhibited a preference for G-quadruplexes. The
complex was most reactive in the presence of the telomeric G-
quadruplex folded in the presence of K ions, with the rate of
reaction increased twelve times over buffer alone and a 3.2x
over CT DNA (Figure 4 and Figure 5, Table 1 and Table S5).
Complex 4 showed a 1.5-5.4X% increase in the rate of ligand
ejection with the other G-quadruplex structures compared to
buffer, making it 2-8 x more sensitive to the K* G-quadruplex
(Table 1 and Table S6 in the Supporting Information).

To determine if compounds 3 and 4 were selective for G-
quadruplex structure, their sensing ability or reactivity was

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

ubSoc
urope

Intermolecular
G-quadruplex

:S\?: ChemIE

i

Mixed-Hybrid
G-quadruplex

Antiparallel Basket
G-quadruplex

H
D R '
o | NN
N N\\(N Ho-ee N7 N-R
N NH HN N S =
< 1 > N “Heee--0 N
N o )\\ N | | Y,
N”NHp HNTON i 0 N
HO HO. H H  N-H
o o H—N>_ H /S H
N o
Hon pi Hon A N 0wy M
_ N | N\>
Anti Syn RN N--H Ay N
Y R
F G
1.0
E 2 1.0
ﬂf 5
T =
@ 3 .
N o5 19 .
T = 0.5
©
£ £
2 S
0.0 = 00
550 600 650 700 750 "0 100 200 300 400 500
Wavelength (nm) Time (min)
H 2+
T S
i B ®
| N N 0 B | = T | ~
N | NN DNA N L N AN
> LTI, - 5wl + L
[N | NN Br hv [ N L NN Br
NN M Z | Ns L
| P _

Figure 5. Selectivity of 3 and 4 for different G-quadruplex structures.

A) Cartoon representation of the intermolecular G-quadruplex, B) telomeric
(Na™ folded) antiparallel basket G-quadruplex, and C) telomeric (K" folded)
mixed-hybrid G-quadruplex, where colored boxes represent nucleotides in
the anti conformation. D) The anti and syn orientation of guanosine.

E) Hoogsteen base pairing of guanines in a G-quadruplex. F) Luminescence
of 3 in buffer (black line), in the presence of the intermolecular G-quadru-
plex (blue line), the K* folded G-quadruplex (green line), and the Na™
folded G-quadruplex (orange line) demonstrating increased sensitivity for
the intermolecular G-quadruplex. G) Photoejection kinetics of 4 when irradi-
ated in buffer (black line, @), in the presence of the intermolecular G-quadru-
plex (blue line, ¢), the K* folded G-quadruplex (green line, m), and the Na™
folded G-quadruplex (orange line, 4) showing the fastest reactivity with the
K* folded G-quadruplex. H) Ligand loss reaction scheme for 4 when irradiat-
ed in the presence of DNA.
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the selective photophysical and photochemical behavior of the
complexes, as neither the individual components of a nucleic
acid nor a hydrophobic protein elicit a response.

The sensitivity of 3 and 4 is pronounced compared to their
parent complexes, 1 and 2. When 2 was investigated for reac-
tivity toward varying G-quadruplex structures, the complex
was not able to discriminate between changes in folding or
overall sequence, having only a 1-2x difference between G-
quadruplex structures (Table S8 and Figure S3 in the Support-
ing Information). Additionally, the enhancement when com-
pared to CT DNA was only at most a 4.4 X increase. Similarly,
1 only exhibited an average of 2.6-fold improvement com-
pared to other G-quadruplex structures and with a maximum
of 1.4x increase over CT DNA (Table S7 and Figure S3 in the
Supporting Information).

To discern what the major contributing factor for the sensi-
tivity of 3 and 4 is, binding constants were determined with
CT DNA, the mixed-hybrid G-quadruplex and the intermolecu-
lar G-quadruplex (Table S10 and Figures $9-S12 in the Support-
ing Information). Complex 3 had the highest binding affinity
for the intermolecular G-quadruplex (1.9x10°m™"), where as
complex 4 had a greater binding affinity for the K* G-quadru-
plex (6.1x10°m™"). The binding affinities paralleled the photo-
physical response of 3 and photochemical reactivity of 4. In
addition, the binding stoichiometries were determined for 1-4
using the Job plot continuous variation method (Table S10 and
Figure S8 in the Supporting Information).”” The complexes
showed higher binding stoichiometries for G-quadruplex DNA
over duplex DNA. Complexes 1-4 had > 1:1 ratios of Ru/DNA
when bound to the mixed-hybrid and intermolecular G-quad-
ruplexes as evident by inflection points at y >0.5. This unusual
binding stoichiometry has been hypothesized to be caused by
ruthenium complexes stacking on the DNA surface but does
not give information on the binding mode of the complex to
DNA.”*¥ Along with high binding stoichiometries, 2 and 4 had
broad Job plots, which may suggest multiple binding events
or modes are occurring. Given the unusual binding stoichiome-
tries of 3 and 4 to the intermolecular and mixed-hybrid G-
quadruplex, respectively, it appears that the sensitivity of these
complexes may be also influenced by the binding orientation
within different DNA sequences and structures.

tested with duplex DNA with similar G content. A

Table 1. Photophysical and photochemical properties of 3 and 4 with different
G-quadruplex structures.

polyG-polyC duplex and a polyGC duplex were evalu- Condition™  Area 3 Ratio to  Ratio to ti Ratio to  Ratio to
ated, and both complexes showed minimal activity buffer 3 duplex 39 [min]4  buffer 4" duplex 4
with the sequences. Complex 3 had a 5.2-12.3x lu- buffer 81410 1.0 02 3304809 1.0 03
minescence enhancement with various duplex se- | inter 6600100 81.5 14.1 74+8 4.5 1.2
quences compared to buffer, while 4 was 1.5-3.7x | €™¢ 2440+50  30.1 52 60+4 55 1.5

- ith duplex DNA d to buff Na** 62010 7.7 13 215+3 15 0.4
more reactive with duplex compared to buffer. | "« 1990170 246 42 713 122 32

Remarkably, these compounds are very selective for

nucleic acids, as there was no enhancement in emis-
sion or reactivity for 3 and 4 with the hydrophobic
protein BSA and neither complex was active with the
nucleosides alone. Thus, the three-dimensional ar-
rangement of the nucleic acids appears to mediate

[a] For full experimental details see the Experimental Section and Table S2 in the Sup-
porting Information. [b] The luminescence area or t,,, fold change compared to buffer
only. [c] The luminescence area or t,/, fold change compared to CT DNA. [d] Estimated
t,, for photodecomposition rather than photoejection of the dmdppz-Br ligand; the
reaction was not complete after 8 h of light exposure. [e] Human telomeric sequence
folded in the presence of the indicated cation.
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In order to further probe the role the nucleic acid secondary
structure played in the binding behavior of the complexes, cir-
cular dichroism (CD) was used to understand the interaction of
3 and 4 with the telomeric mixed-hybrid G-quadruplex and in-
termolecular G-quadruplex. The intermolecular G-quadruplex
has four identical strands (5'-TAGGGTTA-3') bound in a parallel
orientation, and is characterized by a positive ellipticity at
260 nm (Figure S4 in the Supporting Information).”*®! Alterna-
tively, the telomeric mixed-hybrid G-quadruplex is folded as an
intramolecular G-quadruplex with three antiparallel strands
and one parallel strand, as evident from the broad positive
ellipticity at 290 nm (Figure 54).2>2¢

Thermal CD melting points (T, for both G-quadruplexes
were determined in the absence of compound, following
incubation with each compound in the dark, and with 2 and 4
after irradiation (Figure 6 and Table S9 in the Supporting
Information). Surprising differences were observed when the
strained compounds 2 and 4 were incubated with the
telomeric mixed-hybrid G-quadruplex in the dark compared to
the unstrained molecules, 1 and 3.
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Figure 6. CD melting curves for: A) the mixed-hybrid G-quadruplex DNA
only (@), with 3 (), 4 in the dark (a), and 4 following irradiation (V).

B) Mixed-hybrid G-quadruplex DNA only (e), with 1 (0), 2 in the dark (4),
and 2 following irradiation (V). C) Intermolecular G-quadruplex DNA only
(@), with 3 (), 4 in the dark (a), and 4 following irradiation (V). D) Intermo-
lecular G-quadruplex DNA only (e), with 1 (0), 2 in the dark (a), and 2
following irradiation (V).

Both strained molecules appeared to induce the formation
of an intermediate DNA structure as the quadruplex melted,
with greatest formation observed between 60 and 65°C
(Figure 7). This intermediate structure is characterized by a de-
crease in the positive ellipticity at 295 nm and an increase in
the positive ellipticity at 260 nm. It has been proposed that
this reflects the formation of a stable G-triplex intermediated
in the melting process, with maximal signal at approximately
65°C.*" Based on our results, we hypothesize that the Ru"
complexes 2 and 4 are only interacting with and stabilizing
one side of the mixed-hybrid structure, allowing for partial un-
folding from the strand reversal loop side to form a G-triplex
structure, as shown in Figure 7. This theory is further
supported by analysis of the different G-quadruplex structures.
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Figure 7. In the absence of irradiation, compounds 2 and 4 induce the for-
mation of a semi-stable intermediate G-triplex at approximately 65 °C during
thermal melting, as visualized by circular dichroism. A) Cartoon representa-
tion of the proposed unfolding pathway for the mixed-hybrid G-quadruplex.
B) The CD spectra of 2, and C) 4 at 25°C (representing the mixed-hybrid,
solid line); at 65 °C (representing the triplex intermediate formed, ----- ); and
at 95°C (representing the fully unfolded strand, ««««« line).

In general, all four Ru" compounds have a stabilizing effect
on both G-quadruplex structures, except when 2 and 4 are
irradiated in the presence of the telomeric mixed-hybrid G-
quadruplex. This difference would be consistent with a distinct
binding mode of the strained complexes with this G-quadru-
plex compared to the intermolecular G-quadruplex. In the telo-
meric mixed-hybrid G-quadruplex, the guanosines are oriented
with alternating syn and anti configurations as well as a strand
reversal loop resulting in increased molecular crowding of the
phosphate backbone that may inhibit intercalation (Figure 5
and Figure 8).%9 Therefore, the Ru" complex may only bind as
an end-capping molecule on either lateral loop faces, similar to
other reports of Ru" polypyridyl complexes with duplex and G-
quadruplex DNA.'"®23% |n this type of binding mode, the
dmdppz or dmdppz-Br ligand would only interact with one set
of guanosines, rather than two sets in an intercalating binding
mode, and facilitate the melting process through a triplex.

One question that was raised by this hypothesis of an end
capping binding mode was the effect of the environment on
the photochemistry of the complexes. Neither of the two mol-
ecules undergo photoejection in an aqueous environment,
suggesting that the photochemical “light switch” effect relates
to exposure of the phenazine nitrogen atoms to hydrogen
bonding solvents, just as the photochemical “light switch”
effect is controlled by exposure of these groups to water. How-
ever, when irradiated, both the dmdppz or dmdppz-Br ligands
are photoejected from the Ru" complex, allowing the Ru" to
metalate the DNA (Figures S5 and S6 in the Supporting Infor-
mation)."™ This would require a binding mode where the
dmdppz or dmdppz-Br ligands are shielded from the aqueous
environment by the bases in the lateral loop(s), thereby allow-
ing photoejection to occur. Upon the photoreaction, though,
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Figure 8. Orientation of the guanosine bases in: A) the intermolecular paral-
lel G-quadruplex (PDB ID: TNZM),?® B) telomeric mixed-hybrid G-quadruplex
(PDB ID: 2HY9),** and C) telomeric antiparallel basket G-quadruplex (PDB
ID: 2 MCC).* The guanosines are shown in grey.

these end-capping dmdppz ligands could freely dissociate and
would no longer provide a stabilizing effect for the G-quadru-
plex; therefore the T, is comparable to DNA in the absence of
complex. An alternative argument would be that when Ru"
metalation occurs it results in a destabilizing effect, which
balances the stabilization induced by the dmdppz ligand, with
the end result of a T,, comparable to DNA only.

The intramolecular antiparallel basket G-quadruplex also ex-
periences irregular spacing of the phosphate backbone
(Figure 8), and the Ru" complexes will likely bind through an
end-capping mechanism. However, when 1-4 are incubated
with the Na* folded telomeric sequence they show diminished
activity compared to the K* structure. If the complexes bind
through a similar end-capping mechanism through the diago-
nal or lateral loops of the antiparallel basket structure, the
loops must not be shielding the phenazine nitrogen atoms to
the same extent as in the mixed-hybrid structure. This may be
due to the loop bases being flipped out in the antiparallel
basket structure and unable to shield the phenazine nitrogen
atoms properly. If these Ru" complexes are binding through an
end-capping mechanism, the loop regions seem to be
important for determining the activity of these molecules.

In the intermolecular G-quadruplex, in contrast, all of the
guanosines are in an anti configuration, resulting in a regular
molecular spacing of the phosphate backbone (Figure 8), al-
lowing for potential intercalation of the dmdppz or dmdppz-Br
ligand.?" Additionally, there are no loops in the intermolecular
G-quadruplex which allows for stacking of an intercalating
ligand between two individual G-quadruplexes. Independent
of which binding mode occurs, 2 and 4 stabilize the intermo-
lecular G-quadruplex, likely through m-stacking interactions

Chem. Eur. J. 2016, 22, 550 - 559

www.chemeurj.org 555

CHEMISTRY

A European Journal

Full Paper

with the dmdppz or dmdppz-Br ligand, as demonstrated by
the 13-18° shift in the T,,,. When irradiated with light, the stabi-
lization of the G-quadruplex is maintained and metalation of
the DNA occurs (Figure S6 in the Supporting Information). This
suggests that a stronger, longer lived stabilizing interaction is
taking place in the intermolecular structure. Based on the fact
that the T, remains unchanged upon irradiation, we predict
that either the dmdppz or dmdppz-Br ligand is unable to
dissociate from its intercalated position following DNA metala-
tion, or alternatively, the metalation stabilizes the structure.
Interestingly, 3 induces a structural change when bound to
the mixed-hybrid G-quadruplex that we hypothesize is either
from a change in folding or through ion displacement upon
Ru" binding. This change is visualized by an increased positive
ellipticity at 250 nm while maintaining a positive ellipticity at
295 nm. This spectral shift and degree of stabilization is not
seen for its parent complex 1 (Figure S7 in the Supporting In-
formation). This may provide additional evidence that the sub-
stitution at the 11-position is a key feature in directing activity
of these molecules to specific DNA sequences and structures.

Conclusion

Complexes 3 and 4 are “light switches” that show significant
selectivity towards the parallel intermolecular G-quadruplex
and telomeric mixed-hybrid G-quadruplex, respectively. Subtle
changes in the structures of the complexes, caused by intra-
molecular strain, resulted in dissimilar interactions with the G-
quadruplexes. These changes have an affect on the binding af-
finity, and we hypothesize that they induce differences in the
binding modes for the two G-quadruplex structures that result
in photophysical and photochemical selectivity. Complex 3 has
a planar dppz-Br ligand that is more likely to interact through
intercalative binding, whereas distortion of complex 4 may
lead to the nonplanar dmdppz-Br ligand interacting through
end-capping at the lateral loop end. Since the phosphate back-
bone of the intermolecular G-quadruplex is equally spaced and
lacks loops, the planar dppz ligand of 3 can intercalate more
easily within the G-quadruplex or between two G-quadruplex-
es, compared to the crowded backbone and loop containing
telomeric mixed-hybrid G-quadruplex. This could result in the
heightened selectivity for the intermolecular G-quadruplex.
Compound 4, in contrast, with a distorted planar dppz ligand,
would interact more favorably in an end-capping binding
mode where the loop regions shield the phenazine nitrogen
atoms, and the compound exhibits greater selectivity for the
telomeric mixed-hybrid G-quadruplex. These differences give
rise to two complexes with different modes of activation, and
may prove to be useful for rational design of G-quadruplex
targeting molecules for in vivo applications.2*

Experimental Section
Materials and instrumentation

All chemicals were of reagent grade and were used without further
purification. cis-Dichlorobis(2,2’-bipyridine)ruthenium(ll) dihydrate
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was purchased from Strem Chemicals and 4-bromo-o-phenylenedi-
amine was purchased from AlfaAesar. Custom DNA sequences
were purchased from Eurofins. All '"H NMR and *C NMR spectra
were obtained on a Varian Mercury spectrometer (400, 100 MHz).
The 'H chemical shifts are reported relative to the residual solvent
peak of CD;CN at d=1.94 ppm. The "*C chemical shifts are refer-
enced to CD;CN at 6 =1.39 ppm. Electrospray ionization (ESI) mass
spectra were obtained on a Varian 1200 L mass spectrometer at
the Environmental Research Training Laboratory (ERTL) at the Uni-
versity of Kentucky. UV/Vis absorption spectra were obtained on
a BMG Labtech FLUOstar Omega microplate reader. Light activa-
tion for photoejection experiments was achieved using a 470 nm
LED array from Elixa. Luminescence spectra were obtained on a Mo-
lecular Devices Spectramax M5 microplate reader. CD experiments
were performed on a Jasco J-815 CD Spectrometer equipped with
a MPTC-4905/15 temperature controller. HPLC experiments were
run on an Agilent 1100 Series HPLC equipped with a model
G1311A quaternary pump, G1315B UV diode array detector and
Chemstation software version B.01.03. Chromatographic conditions
were optimized on a Column Technologies Inc. C18 120 A column
(for purity analysis) and a Grace Davison Discovery Science (Vydac
218TP C18 5 um) C18 column (for adduct formation analysis) fitted
with a Phenomenex C18 guard column. The Prism software pack-
age was used to analyze kinetic data with a single exponential
equation, luminescence spectra with area under the curve, and
melting temperature using a sigmoidal dose response equation.

Synthesis and characterization

1,10-Phenanthroline-5,6-dione (phendione) was prepared as previ-
ously  reported.®”  2,9-Dimethyl-1,10-phenanthroline-5,6-dione
(dmphendione) was prepared in an analogous manner as phen-
dione using 2,9-dimethyl-1,10-phenanthroline. The synthesis of
[Ru(bpy),dppzl*" (1) and [Ru(bpy),dmdppz]*" (2) was previously
reported."” Note: the numbering for phen and dppz ligands is dif-
ferent. The 2,9 positions on phen are ortho to the pyridyl nitrogen
atoms, analogues to the 3,6 positions on dppz.

11-Bromo-3,6-dimethyldipyrido[3,2-a:2’,3'-c]phenazine (dmdppz-
Br): The compound was prepared by slight modification to a previ-
ously reported procedure.®? 2,9-Dimethyl-1,10-phenanthroline-5,6-
dione (100 mg, 0.420 mmol) and 4-bromo-o-phenylenediamine
(88 mg, 0.471 mmol) were suspended in ethanol (4 mL) and re-
fluxed at 80°C for 4 h. The resulting brown suspension was filtered
and washed with cold ethanol. The product was collected in 48 %

yield (79 mg) as a brown solid and used without further
purification.

[Ru(bpy),phendione](PFy),:* [Ru(bpy),Cl,]-2H,0 (100 mg,
0.192 mmol) and 1,10-phenanthroline-5,6-dione (55 mg,

0.262 mmol) were dissolved in ethanol (20 mL) and refluxed at
80°C for 2 h. The resulting yellow-brown mixture was cooled to
room temperature and precipitated with 3 mL of a saturated aque-
ous KPF¢ solution. The precipitate was filtered and washed with
water and ether. The product was obtained in 85% yield (150 mg)
as a brown solid. 'H NMR (CD,CN, 400 MHz): 6 = 8.54-8.50 (m, 6 H),
8.09 (tt, J=7.8, 1.2 Hz, 4H), 7.94 (dd, J=5.5, 1.2 Hz, 2H), 7.85-7.84
(m, 2H), 7.76-7.74 (m, 2H), 7.61 (2d, /=7.8, 8.2 Hz, 2H), 7.45-
741 ppm (m, 4H); ESI MS GC;,H,NO,Ru: m/z caled [M]* PFg~
769.08, [M]** 312.04, found 768.70 [M] " PF¢~, 312.10 [M]*".

[Ru(bpy),dppz-Brl(PF¢), (3):*? This complex was synthesized fol-
lowing a procedure reported for similar compounds.*® A solution
of [Ru(bpy),phendione](PF), (68 mg, 0.074 mmol) and 4-bromo-o-
phenylenediamine (18 mg, 0.096 mmol) in ethanol (8 mL) was re-
fluxed at 80°C for 1 h. The resulting red mixture was cooled to
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room temperature, diluted with water, filtered and washed with
water and ether. Purification by flash chromatography (silica, elut-
ing at 80:20:0.1 acetonitrile/water/saturated KNO,) gave the pure
product. The solvent was removed under vacuum, and the com-
plex was converted to PF,~ salt. The product was obtained in 96 %
yield (76 mg) as a crystalline red solid. '"H NMR (CD,CN, 400 MHz):
0=9.62 (ddd, /=8.2, 7.6, 1.2 Hz, 2H), 8.70 (d, J=2.7 Hz, T1H), 8.55
(d, J=82Hz 2H), 852 (d, J=8.21 Hz, 2H), 8.37 (d, J/=9.0 Hz, 1H),
8.21 (dd, /=9.0, 2.0 Hz, 1H), 8.18 (dt, J=5.5, 1.6 Hz, 2H), 8.12 (td,
J=8.0, 7.8, 1.6 Hz, 2H), 8.02 (td, /=8.0, 7.8, 1.6 Hz, 2H), 7.89 (ddd,
J=8.2, 55, 2.7 Hz, 2H), 7.86-7.84 (m, 2H), 7.73-7.72 (m, 2H), 7.47
(ddd, J=7.5, 5.5, 1.2 Hz, 2H), 7.26 ppm (ddd, J=7.5, 5.9, 1.2 Hz,
2H); ®C NMR (CD,CN, 100 MHz): 6 =158.28, 158.08, 155.12, 155.01,
153.23, 153.07, 151.81, 151.64, 144.12, 142.63, 141.77, 14140,
139.10, 139.02, 136.83, 134.67, 134.60, 132.73, 132.27, 131.73,
131.63, 128.73, 128.62, 128.58, 127.38, 125.44, 125.38 ppm; Purity
by HPLC: 99.9% by area; UV/Vis in CH,CN, .., (¢)=285 (107400),
365 (21100), 443nm (18700 m~'cm™); ESI MS caled for
CssH,sBrNgRU: [M]* PF,~ 919, [MI** 387.02, found 919.1 [M]* PF,,
386.9 [MI**.

[Ru(bpy),dmdppz-Br](PFs), (4): A solution of [Ru(bpy),Cl,]-2H,0
(75 mg, 0.144 mmol) and dmdppz-Br (81 mg, 0.208 mmol) in ethyl-
ene glycol (8 mL) was stirred at 120°C for 3 h. The resulting mix-
ture was cooled and transferred to an Erlenmeyer flask with water.
The aqueous product was precipitated upon the addition of a satu-
rated aqueous KPFg solution, filtered and washed with water and
ether. Purification by flash chromatography (silica, eluting at
85:15:0.1 acetonitrile/water/saturated KNO;) gave the pure prod-
uct. The solvent was removed under vacuum, and the complex
was converted to PF,~ salt. The product was obtained in 65% yield
(102 mg) as a crystalline red solid. "H NMR (CD,CN, 400 MHz): 6 =
9.60 (t, J=8.2 Hz, 2H), 8.66 (dd, J=2.2, 0.5 Hz, 1H), 8.52-8.45 (m,
4H), 834 (dd, J=9.1, 0.5Hz, 1H), 818 (dd, J=9.1, 2.2 Hz, 1H),
8.07-7.98 (m, 4H), 7.85-7.83 (m, 2H), 7.79 (dd, /=8.3, 2.0 Hz, 2H),
7.71 (dqg, J=6.3, 0.7 Hz, 2H), 7.32-7.26 (m, 4H), 1.95 ppm (s, 6 H);
BCNMR (CD,CN, 100 MHz): 6=170.08, 169.97, 158.64, 158.48,
154.18, 154.16, 152.97, 152.93, 152.77, 144.28, 142.78, 140.98,
140.65, 139.09, 138.89, 136.45, 135.36, 135.31, 132.57, 132.15,
129.74, 129.33, 129.23, 128.61, 128.49, 126.97, 125.66, 125.56,
26.54, 26.52 ppm; Purity by HPLC: 99.9% by area; UV/Vis in CH;CN,
Amax (€) =285 (116300), 365 (23700), 443 nm (18500 m'cm™'); ESI
MS calcd for C,H,0BrNgRu: [M1™ PF,~ 947.03, [MI** 401.04, found
946.8 [M]" PF,~, 400.7 [M]*".

Counterion exchange

Compounds 1-4 were converted to Cl™ salts by dissolving 5-
20 mg of product in 1-2 mL methanol. The dissolved product was
loaded onto an Amberlite IRA-410 chloride ion exchange column,
eluted with methanol, and the solvent was removed in vacuo.

HPLC analysis for purity

The purity of each Ru" complex was analyzed using mobile phases
of 0.1% formic acid in dH,0 and 0.1% formic acid in HPLC grade
CH,CN were used. Samples of each Ru" complex were prepared in
dH,0 and protected from light before injection on the HPLC. See
Table S1 in the Supporting Information for the gradient used.

Luminescence and photoejection studies

Table S2 in the Supporting Information provides detailed informa-
tion of the different protein, nucleoside and DNA sequences tested
with compounds 1-4. In brief, DNA sequences were resuspended
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in buffer, incubated at room temperature for 15 min, vortexed, and
annealed prior to testing. Following heating to the specified an-
nealing temperature, the DNA was cooled slowly to room tempera-
ture then stored at 4°C, overnight. Bovine serum albumin (BSA),
deoxyadenosine (dA), deoxyguanosine (dG), thymidine (dT), and
deoxycytosine (dC) were resuspended in buffer to give a 1 mm
stock. Calf thymus DNA (CT DNA) was resuspended and sonicated
as reported previously." All biomolecules were stored long term
at —20°C.

Luminescence studies: The emission of 1 and 3 were tested at
5um in the presence of 25 um of each biomolecule given in
Table S2 in the Supporting Information in triplicate in a Greiner
black/clear bottom 384-well plate. For DNA sequences the concen-
tration is measured in [bp] and the ratio of [Rul/[bp] was 1:5. A
final volume of 25 ulL was used for all samples. Data collection was
performed with A,,=440 nm and A, =550-750 nm.

Photoejection studies: The kinetics for ligand ejection for 2 and 4
(20 um; CI~ counter-ions) given in Table S2 was determined in trip-
licate in a Greiner UV clear half-area 96-well plate. Samples were
measured in the presence of 100 um of each biomolecule, with
a final volume of 50 uL. For DNA sequences the concentration is
measured in [bp] and the ratio of [Rul/[bp] was 1:5. The well plate
was positioned 12 inches below a 470 nm LED array, and full spec-
tra were collected after set time points of light exposure for a total
of 8 h. The normalized change in absorbance was plotted versus
time to give the t,,, of ligand loss.

Thermal DNA melts by circular dichroism

Compounds 1-4 were incubated with 25 um K* folded telomeric
G-quadruplex and 50 um intermolecular G-quadruplex at a 2:1
[Rul/[DNA bp] ratio in the dark. Samples of 2 and 4 were also irra-
diated with 470 nm light for 7 h in the presence of DNA. The DNA
in the absence of compound was used as the control. All samples
were incubated at room temperature, overnight. Following incuba-
tion, samples were melted from 25-95°C taking measurements
every 5°C and the CD signal was monitored from 220-320 nm. The
normalized change in ellipticity was plotted versus temperature to
give the melting temperature (T,). All samples were run in
duplicate.

Adduct formation determined by HPLC

The K* folded telomeric G-quadruplex and intermolecular G-quad-
ruplex (250 um nucleotide concentration) were incubated with
500 um 4 either in the dark or under irradiated with 470 nm light
for 3 h. Samples were then incubated at 37°C, overnight, before
HPLC analysis. The DNA in the absence of compound was run as
a reference.

DNA binding

Absorbance binding titrations of 1-4 were performed in a half-area
96-well plate with 20 um Ru" and a total volume of 150 uL. The ab-
sorbance was measured after each DNA addition from 0-4.5 equiv-
alents of DNA (CT DNA, K" G-quadruplex or intermolecular G-
quadruplex). Samples were allowed to equilibrate for 5 min prior
to measuring the absorbance. The data were corrected for any di-
lution of the Ru" complex during the titration. Binding constants
were determined using Prism software.

Binding stoichiometries were determined for 1-4 with CT DNA, the
K* G-quadruplex, and the intermolecular G-quadruplex using the
method of continuous variation. Solutions of each complex and
DNA were prepared at 1 mm in the appropriate buffer (Table S2).
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The total concentration was kept constant at 80 um while the [Ru]
and [DNA] were varied from 0-1 mol fraction Ru" and 1-0 mol frac-
tion DNA. Samples were prepared in a half area 96-wel plate with
a total volume of 100 uL. The Ru" only absorbance was measured
prior to the addition of DNA. The absorbance was adjusted for any
dilution due to DNA addition. Following DNA addition the samples
were incubated for 15 min prior to measuring the absorbance. The
change in absorbance was plotted versus mol fraction of Ru" (yz.)
to generate a Job plot. Linear regression analysis was performed
using Prism software.

Crystallography

Since the compounds are known to be unstable with respect to
light, all crystal manipulations requiring light were conducted as
rapidly as possible.

Single crystals of 3 were grown from acetone by vapor diffusion of
diethyl ether, then mounted in inert oil and transferred to the cold
gas stream of the diffractometer. X-ray diffraction data were col-
lected at 90.0(2) K on a Bruker-Nonius X8 Proteum diffractometer
with graded-multilayer focused Cuy, X-rays. Raw data were inte-
grated, scaled, merged and corrected for Lorentz-polarization ef-
fects using the APEX2 package.® Corrections for absorption were
applied using either SADABS or TWINABS,®> and by XABS2.%¥ The
structure was solved by direct methods (SHELXS-97)¢ and differ-
ence Fourier (SHELXL-97).2” Refinement was carried out against F*
by weighted full-matrix least-squares (SHELXL-97),®” and assessed
with the aid of an R-tensor.”® Hydrogen atoms were found in dif-
ference maps but subsequently placed at calculated positions and
refined using a riding model. Non-hydrogen atoms were refined
with anisotropic displacement parameters. Atomic scattering fac-
tors were taken from the International Tables for Crystallography.*
Crystal data and relevant details of the structure determinations
are summarized below and selected geometrical parameters are
given in Table S3 in the Supporting Information.

Crystal data (3): C,,H34BrF;,NgO,P,Ru, M,=1179.73, triclinic, P1, a=
9.3281(4) A, b=13.0620(6) A, c=19.8864(8) A, 0 =96.696(2)°, =
96.947(2)°, y =103.634(2)°, V=2310.87 A% Z=2, p=1.695 mgm ™",
1=>5280mm~", 1=1.54178 A, T=90.0(2) K, F(000)=1178, crystal
size=0.170x0.100x 0.080 mm, H(max)=68.208°, 29528 reflections
collected, 8159 unique reflections (R,,,=0.0538), GOF=1.102, R, =
0.0667 and wR,=0.1540 [/> 20(/)], R, =0.0686 and wR,=0.1552 (all
indices), largest difference peak/hole =1.265/—1.341 e A2,

Single crystals of 4 were crystallized from methylene chloride by
vapor diffusion of tetrahydrofuran, mounted in inert oil and trans-
ferred to the cold gas stream of the diffractometer. X-ray diffraction
data were collected at 90.0(2) K on a Nonius «CCD diffractometer
using Moy, X-rays. Raw data were integrated, scaled, merged and
corrected for Lorentz-polarization effects using the HKL-SMN pack-
age." Corrections for absorption were applied using either SCALE-
PACK,“ or SADABS,” and by XABS2.%¥ The structure was solved
by direct methods (SHELXS-97)®” and difference Fourier (SHELXL-
97).57 Refinement was carried out against F* by weighted full-
matrix least-squares (SHELXL-97),5” with the aid of an R-tensor.*®
Hydrogen atoms were found in difference maps but subsequently
placed at calculated positions and refined using a riding model.
Non-hydrogen atoms were refined with anisotropic displacement
parameters. Atomic scattering factors were taken from the Interna-
tional Tables for Crystallography.®® Crystal data and relevant details
of the structure determinations are summarized below and select-
ed geometrical parameters are given in Table S4 in the Supporting
Information.
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Crystal data (4): C,oH,oBrF,,N;O,P,Ru, M,=1092.63, monoclinic,
P2,/c, a=10.7998(5) A, b=12.6135(6) A, c=34.0173(15) A, «=90°,
B=96.2404(11)°, y =90°, V=4606.4(4) A>, Z=4, p=1.575mgm",
u=1364mm"", 1=0.71073 A, T=90.0(2) K, F(000)=2168, crystal
size =0.240%0.210x0.180 mm, O(max) =27.559°, 74251 reflections
collected, 10589 unique reflections (R,,;=0.0494), GOF =1.080, R, =
0.0478 and wR,=0.1261 [/> 20())], R, =0.0776 and wR,=0.1499 (all
indices), largest difference peak/hole =0.874/—0.820 e A2,

CCDC 1416015 (3) and 1416014 (4) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre.
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