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Two arene Ru(Il) complexes coordinated by 2-(3-methoxyphenyl)imidazole[4,5f][1,10]
phenanthroline, [(;76-RC6H5)Ru(m-MOPIP)Cl]Cl (R =H, 1; R =CHj, 2) have been prepared
10 under the microwave irradiation, and the crystal structure of 2 exhibits a typical “piano
stool” conformation, with the bond angles for NI-Rul-Cl1 (86.02 (14)°) and N2-Rul-CI1
(84.51 (14)°). The Ru-C distance for Ru atom bond to the benzene ring is about 0.2175 (6.5)
nm, and the average Ru-N distance for Ru atom to the two chelating N atoms is about
0.2092 (4) nm. The evaluation of in vitro anticancer activities revealed that these synthetic
1s Ru(I) complexes selectively inhibited the growth of HepG2 hepatocellular carcinoma cells,
with low cytotoxicity toward LO2 human normal liver cells. The results demonstrated that the
omplexes exhibited great selectivity between human cancer and normal cells by comparing
with the ligand m-MOPIP. Furthermore, complexes 1 and 2 could bind to ¢-myc G4 DNA in
groove binding mode in promising affinity, and the insertion of methyl groups in arene ligand
2 contribute to strengthen the binding affinity. This was aslo confirmed by molecular docking
calculation and "H NMR analysis which show that both 1 and 2 can bind in the loop
constructed by base pairs of A6~G9 and G21~A25 in c-myc G4 DNA to block the
replication of c-myc oligomer. Taken together, these results suggest that arene Ru(Il)
complexes display application potential as small molecule inhibitors of c-myc G4 DNA.
25
few reports about binding mode.® However, there is little
Introduction information available on the interaction of arene Ru(Il)
complexes with c-myc G-quadruplex DNA, which is a key factor
so regulated the development of tumor, and to understand this is
helpful in the design of novel anticancer drugs with high activity
and selectivity.

For years, G-quadruplex DNA, especially the oncogene c-myc
which is closely associated with cell-cycle regulation,
proliferation and growth of tumor cells, has been considered as a

30 potential target for antitumor drugs.' Those small molecules, such

as porphyrin, quindoline and quarfloxin, have an inhibitory effect On the other hand, arene Ru(Il) complexes have long been
on various tumor cells by stabilizing the G-quadruplex DNA.> considered as one of the most promising candidates for anticancer
Furthermore, there is a clear evidence that Ru complexes can 55 drugs since NAMI-A and KP1019 entered into clinical trials. A
bind strongly to G-quadruplex DNA and induce apoptosis of number of arene Ru(Il) complexes with high antitumor activity
35 tumor cells. For example, ruthenium (Ru)-porphyrin complex and low toxixcity to human normal cells has kindled great interest

[Ru(phen),MPyTPP] (phen = phenanthroline, MPyTPP =mono- of scientists.” It’s reported that arene Ru(I) complexes may
(3’-Pyridine)-10,15,20-triphenylporphyrin) exhibits high affinity inhibit the growth of tumor cells by inducing cell-cycle arrest,
to G-quadruplex DNA and inhibits growth of tumor cells.® o DNA damage and apoptosis of tumor cells.® Dyson reported that
Zimbron has reported that Ru complex assembled by presenter RAPTA-C  (1°-p-MeC¢H,Pr')Ru(PTA)Cl,, PTA=1,3,5-triaza-7-

40 protein binds more strongly to telomere G-quadruplex DNA than hosphaadamantane) inhibits the growth of tumor cells by
to double-stranded DNA.* More recently, a number of inducing cell-cycle arrest in G2/M phase.g Furthermore, arene
ruthenium(IT) polypyridyl complexes, such as containing dppz, Ru(Il) complexes coordinated by curcumin, with their high
ptpn and bqdppz ligand, have also been reported to selectively s affinity to DNA molecules, also inhibit the growth of tumor cells
bind to telomeric G-quadruplex DNA by n-7 stacking.’ Besides, via proteasome inhibition and apoptosis induction.'® In recently,

45 there are also some researches focus on the interaction of arene arene Ru(Il) complex modified by nanoscaled carborane have
Ru(I) complexes with telomeric G-quadruplex DNA but with also been reported to induce apoptosis of human lung cancer cells

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00—00 | 1
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significantly as indicated by a high cleaved Caspase-8,9 ratio."’

Our previous studies have also found that arene Ru(II) complexes

coordinated with phenanthroimidazole derivatives exhibit a

considerable antitumor activity by inducing S-phase arrest
s mediated by DNA damage in tumor cells.'?

In this study, two arene Ru(II) complexes coordinated by 2-(3-
methoxyphenyl)imidazole[4,5/][1,10]phenanthroline have been
synthesized under microwave irradiation. The antitumor activity
of 1 and 2 against human liver cancer HepG2 cells and the

10 toxicity to normal human liver LO2 cells were evaluated by MTT,

the results showed that both complexes exhibited acceptable
antitumor activity and low toxicity. The interactions of 1 and 2
with c-myc G4 DNA were further investigated to show that 1 and
2 can stabilize the conformation of G-quadruplex DNA via

1s groove binding mode, indicating their potential utility in
chemotherapy by targeting to c-myc G4 DNA.

Results and Discussion
Microwave-assisted Synthesis of arene Ru(II) complexes

The synthesis of arene Ru(Il) complexes of the general
20 formulations [(;76-RC6H5)Ru(m-MOPIP)Cl]Cl (where R=-H, 1; -
CHj;, 2) has been achieved by the reaction of chloro-bridged
dimeric compound [(5°- RC¢Hs)RuCl,], (R = -H, for 1; -CHj, for
2) with 2-(3-methoxyphenyl)imidazole[4,5f][1,10]phenanthroline
(m-MOPIP), under microwave irradiation in the SiC vessel. SiC
»5is a ceramic material adsorbing microwave irradiation and
transforming it to heat instantly.'® The SiC vessel and the reaction
profile of the arene ruthenium(II) complexes synthesis are shown
in Scheme S1, and the yields of 1 and 2 are listed in Table S1.

X-ray Structure of the complexes.

30 Crystals of complex 1 and 2 suitable for an X-ray crystal-
structure determination were obtained from DMF-MeOH (1:9)
solution by slow evaporation of the solvent at room temperature.
The molecular structure of the lattice for 1 and 2 are illustrated in
Figure 1 and the selected crystallographic data, selected bond

35 distances, and bond angles are listed in Table S1 and Table S2.

Fig.1 The molecular structure of the lattice and the atom numbers of 1
and 2

40

45

As shown in Fig. 1, 1 adopts the typical “piano stool” structure as
demonstrated by the nearly 90° bond angles for N1-Rul-Cl1
(86.02 (14)°) and N2-Rul—Cl1 (84.51 (14)°)."* The Ru atom
bond to the benzene ring has an average Ru—C distance of 0.2175
(6.5) nm, whereas the average distance of Ru to the two chelating
nitrogen atoms is 0.2092 (4) nm. The same thing was occured for
2, while subtle differences in bond length and bond angle
attribute to the presence of the methyl group.

Table 1. Inhibitory effect of arene Ru(Il) complexes on human
liver cancer and normal cells.

1C50 (UM) Toxicity
Complex HepG2 LO2 index*
1 48.8 212.4 44
2 43.7 129.1 2.9
m-MOPIP 42.2 34.9 0.83

55

60

65

70

* Toxicity index = ICs (LO2)/ ICso (HepG2).

Arene Ru(Il) complexes exhibit selectivity between cancer
and normal cells

The antitumor activity of both arene Ru(Il) complexes were
screened against human liver cancer HepG2 cells and normal
LO2 cells by MTT assay. The inhibitory effects of the synthetic
arene Ru(Il) complexes and the ligand m-MOPIP on various cell
lines after 72 h treatment were demonstrated. As shown in Table
1, both arene Ru(II) complexes 1 and 2 displayed acceptable
antiproliferative activity against human liver HepG2 cells with
IC5y values at 48.8 and 43.7 pM, respectiviely, which are
comparable with those of the ligand m-MOPIP under the same
conditions. Importantly, we found that, the complexes exhibited
lower toxicity toward normal human liver LO2 cells with ICs, at
212.4 and 129.1 puM, respectively. Thus, the toxicity index of 1
and 2 is about 4.4 and 2.9, respectively. These values are far
higher than that of m-MOPIP (0.83), indicating the lower toxicity
on LO2 cells. Martinez et al reported a series of arene-Ru(Il)-
chloroquine complexes, which exhibited great inhibition to
human lymphoid tumor cells by induction of apoptosis and low
toxicity to normal human foreskin fibroblast cells.®® Comparison
with arene—Ru(Il)-chloroquine complexes, we also found that the
synthetic arene Ru complexes are more sensitively to tumor cells
and equally or less toxic to normal human liver cells than ligand
m-MOPIP, and demonstrate application potential in treatment of

s human cancers.

Bingding behaviours of arene Ru(Il) complexes with c-myc
G4 DNA.

Oncogene c-myc, associated with advanced malignancy and
poor prognosis, is among the most abundantly overexpressed
genes in human tumor cells."* The guanine rich promoter of c-
myc can form a G-quadruplex conformation via Hoogsten
hydrogen bond,"” and the inhibitors which bind to c-myc G4-
DNA can repress the expression of c-Myc.'® The interactions of
both arene Ru(Il) complexes with c-myc G4 DNA have been
evaluated by electronic spectra, emission spectra, ITC and FRET,
as well as using CD spectra, molecular docking, 'H NMR
Analysis and PCR-stop methods.

2 | Journal Name, [year], [vol], 00—00
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Fig.2 The study of interaction between arene Ru(Il) 1 and 2 with c-
myc G4 DNA by Spectroscopic methods. The electronic spectra of arene
Ru(II) complex 1 (A) and 2 (B) in the absence and presence of c-myc G4

5 DNA, [Ru] = 20 uM. Emission spectra of EB and c-myc G4 DNA in the
incubation buffer in the absence and presence of 1 (C) and 2 (D), [EB] =
16 uM, [DNA] =2 puM.

The electronic spectra are one of the most common methods to
study the interaction of transition metal complexes with

10 biological molecules. In general, transition metal complexes,
especially ruthenium complexes, have broad spectroscopic
properties which undergo hypochromism and red shift in the
presence of biological molecules. The severity of such changes
depends on the binding ability of the compounds.'” The electronic

15 spectra of 1 and 2 in the absence and in presence of c-myc G4
DNA are illustrated in Figure 2A and 2B, and the emission
spectra of EB-DNA(c-myc G4 DNA) in the absence and in
presence of 1 and 2 was illustrated in Figure 2C and 2D.

As shown in Figure 2A, the electronic spectra of 1 in Tris-

20 HCI buffer (10 mM Tris, 100 mM KCI, pH 7.4) exhibits a
characteristic absorption at 278 nm, which can be attributed to
intraligand (IL) charge transfer. The shoulder peak at 302 nm can
be attributed to the ligand-to-metal charge transfer (LMCT)
absorption. As for 2, the characteristic IL and LMCT absorption

»s appeared at 278 and 300nm, respectively. Besides, a weak
absorption band was observed at 408 nm in the electronic spectra
of 2, which can be attributed to metal-to-ligand charge transfer
(MLCT) absorption. Upon the addition of c-myc G4 DNA,
obviously hypochromism was observed for both complexes. The

30 hypochromism of 1 and 2 at IL absorption band were 20.7% and
26.2%, respectively.'® These data indicated that both arene Ru(II)
complexes bound to c-myc G4 DNA with high affinity, and the
presence of the methyl group in the arene ligand contribute to
increase the binding affinity.

35 As shown in Figure 2C and 2D, the EB-DNA (c-myc G4
DNA) solution exhibits strong fluorescence in the range of 500 to
700 nm (excited at 350 nm), with the maximum at 600 nm."
When 1 or 2 was added to the solution, a noticeable decrease in
the fluorescence intensity was observed, implying that 1 and 2

40 formed a competitive association with G4 DNA by replacing EB.
At the [Ru]= 6 uM, the relative fluorescence strengths (I/Iy) of the
solution in the presence of complexes 1 and 2 were 0.60 and 0.62,
respectively. Complex 2 bind with c-myc G4 DNA more stronger

than 1, which were in agreement with the results of electronic
45 spectra, indicating that both complexes exhibited a certain
interaction with G-quadruplex DNA.

Isothermal Titration Calorimetry (ITC).

ITC experiments were carried out to further clarify the
so energetic basis of the interactions with c-myc G4 DNA. The ITC
experiment curves were shown in Figure 3, and the experimental
thermodynamic values were listed in Table 1.
ITC experiments afford the observed binding enthalpy, 4H, and
allowed the calculation of the entropy of binding (4G =4H - TAS).
ss The titration of complex 1 into buffer and c-myc G4 DNA
solution provided plots of heat versus molar ratio. The titration

Table 1. Binding constants and experimental thermodynamic values at
25 °C for interactions of 1 and 2 with c-myc G4 DNA

AH AH TA S TAS AG AG
-1 -1 1 2 1 2 1 2
Comp. K,(M% KM (cal/mol) (cal/mol) (cal/mol) (cal/mol) (cal/mol) (cal/mol)
1 1.21x 103 / -5.5 / 1.6 / -7.1 /
2 1.10x 10> 3.62x 10° -5.7 -9.6. 13 32 -7.0 -12.8

e plot strongly supports the proposition that 1 binds to c-myc G4
DNA in a one-site mode and completely saturates at a 1:1
stoichiometry. The binding constant calculated for 1 [K,] is about
1.21x10* M. As for 2, a two-site mode was suggested and the
saturated stoichiometry is 2:1. The binding constants calculated

6s for 2 is [K1]=1.10x10°M™" and [K,]=3.62x10° M, respectively. *°
These results suggested that the methyl group in the arene ligand
enhance the binding ability of arene Ru(Il) complex to c-myc G4
DNA.
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70 Fig. 3 ITC experimental curves at 25 °C for titration of 1 (left) and 2
(right) with c-myc G4 DNA. Results were converted to molar heat and
plotted against the compound/DNA molar ratio. The line shows the fit to
the results and gives the best-fit AH values for binding, [DNA] =2 uM.

FRET Assay.

7s FRET (fluorescence resonance energy transfer) assay is often
utilized to monitor the 3-to-5-end distance to investigate the
interation of ligands with biomacromolecules.”’ FRET is a
distance-dependent interaction between two dye molecules in

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00—00 | 3



w

20

2!

G

35

Dalton Transactions

——cmyc(02uM) @ —— cmye (0.2 uM)
——1r=02 ——2=02

——2 =04

p

i

Z 30 40 50 60 70 80 90 Z 30 40 50 60 70 80 90
c Temperature / °C Temperature / °C
1.0 |——1+ c-myc (0.2 um) [ —— 2+ c-myc (0.2 um)
1+ cmyc (0.2 um) +ds26 (1 pm) e 1.0 5 cmye (02 um) + ds26 (1 um)
0.8{— 1+ cmye(02um) +ds26 (2 um) o +— 2+ c-myc (0.2 um) +ds26 (2 um)
©0.8
3 0.6
goa
N
c
<02
= E
S 0. 5 0.0 .
= 30 40 50 60 70 80 90 Z 30 40 50 60 70 80 90
E Temperature / °C E Temperature / °C

o1
=2

IS

w

Decreased rate/%
- ()

=)

00 02 04 06 08 10 0 10

r=[RUJ/[DNA]
Fig. 4 FRET-melting curves obtained with c-myc G-quadruplex DNA (0.2
uM) alone (m) upon addition of 1 (A) and 2 (B). Competive FRET-
melting curves obtained with c-myc G-quadruplex DNA (0.2 uM) and 1
(0.2 uM) (m) upon addition of ds26 DNA (C), for 2 (D). The increasing
trend of ¢-myc melting upon the addition of 1 and 2 (E), r=[Ru]/[c-myc]=0,
0.2, 0.4, 0.6, 0.8 and 1.The selective binding affinity of 1 and 2 between
c-myc G-quadruplex DNA and ds26 duplex DNA (F). Y-axis: the
decreased rate of c-myc melting; X-axis: the concentration ratio of
[ds26]/[c-myc]

5
r=[ds26]/[c-myc]

which excitation is radiationlessly transferred from one dye (the
donor 6-FAM) to the second dye (the acceptor TAMRA), due to
spectral overlap. For further confirmed the binding ability of
arene Ru(II) complex with c-myc G4 DNA, FRET melting assay
was carried out to investigate the melting changes of 1 and 2 to c-
myc G-quadruplex DNA. Furthermore, the competitive FRET
assay also performed to confirm the selectivity of arene Ru(lIl)
complexes between c-myc G-quadruplex DNA and ds26 duplex
DNA. The results were shown in Figure 4.

As shown in Figure 4A and 4B, upon the addition of 1 and 2,
the melting point of c-myc G4 DNA increased following the
concentration of arene Ru(Il) complexes. At r([Ru]/[DNA])=1.0,
the melting point of c-myc G4 DNA reach to the maximum, and
the AT, for 1 and 2 is about 29.9 and 30.7 °C (Figure 4E),
respectively. These results suggeted that arene Ru(II) complexes
can stabilize the G-quadruplex formation, and 2 exhibits better
stability than 1, which is agreement with above experiments.?

Furthermore, the competitive FRET assay also performed to
confirm the selectivity of arene Ru(Il) complexes between c-myc

30 G-quadruplex DNA and ds26 duplex DNA. In the FRET

competitive experiments, it’s observed that both arene Ru(Il)
complexes exhibit excellent selectivity to c-myc G-quadruplex
DNA than ds26 duplex DNA. The melting point for c-myc G4
DNA in the presence of 1 and 2 is about 80.7 and 84.2 °C,
respectively. In the presence of excess duplex ds26 DNA, the
melting of c-myc G4 DNA undergo almost little obvious change
(Figure 4C and 4D). When r([ds26]/[c-myc]) =10, the AT, for 1
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and 2 is about 3.3 and 1.7 °C with a drop of less than 5%,
respectively (Figure 4F). The results were in agreement with
above experiments, indicated that this class of arene Ru(Il)
complexes could selectively bind with G-quadruplex DNA more
strongly than duplex DNA.*
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Fig. 5 CD titration spectra of c-myc G4 DNA (2 pM) at different

s concentrations of 1 (A) and 2 (B) ([Ru] =0, 0.667, 1.334, 2, 2.667 uM ) in

the incubation buffer.

Circular Dichroism(CD) Spectroscopy.

CD titration experiment was also carried out to investigate the

conformation change of c-myc G4 DNA in the presence of arene
Ru(II) complexes, and the results are shown in Figure 5.
Both arene Ru(Il) complexes have no intrinsic CD signals
because they are achiral. The CD spectra of c-myc G4 DNA in the
incubation buffer exhibit a strong positive signal in the range of
250 — 300 nm with the maximum at 263 nm, in addition to a
weak negative CD signal between 200 and 250 nm with the
maximum at 245 nm.** The strength of CD signal decreased with
the increasing concentration of the complexes. For 1, the strength
of positive CD signal at 263 nm decreased by 35.8%, while the
strength of the negative CD signal at 245nm decreased by 52.6%.
It is worth noting that there are an apparent positive induced CD
signal observed in the range of 300 - 400 nm, which has been
consider as an admitted proof to indicate that the complex may
bind to c-myc G-quadruplex DNA in groove binding mode.>'
The similar phenomenon was observed for 2; the decrease in the
strength of the positive CD signal at 263nm is 39.7% and the
decrease in the strength of the negative CD signal at 245nm is
40.0%. Besides, there is a large induced CD signal appeared in
the range of 290-400nm for 2, either. These results indicated that
arene Ru(Il) complexes may bind to c-myc G-quadruplex DNA in
groove binding mode, which complex 2 bind to c-myc G-
quadruplex DNA stronger than 1.

Molecular Docking.

In order to find the most favorable orientation of these Ru(Il)
complexes with the c-myc G-quadruplex DNA, molecular
docking study of Ru(Ill) complexes was performed using the
Lamarckian genetic algorithm local search method with
AutoDock4.2.° The crystallographic structure of c-myc G-
quadruplex DNA was downloaded from the Protein Data Bank
(PDB ID: 2L7V). Only chain A was maintained by removing
other subunits. AutoDock tools were utilized to assign Gasteiger
charge and other parameters. The grid box was centered on the c-
myc G-quadruplex DNA with (x,y,z)=( 2.579 -0.627 -4.749) and
its size was set to 126x126x126 points. 50 separate dockings
were performed with maximum of energy evaluations to 2.5x10”.
The conformation corresponding to the most cluster members and

4 | Journal Name, [year], [vol], 00—00
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the lowest binding free energy was selected as the most probable

binding conformation.
According to the calculation results,

hydrogen bond with G8 guanine in c-myc G4 DNA (Figure 6A).

10 Fig. 6 The binding site (A) and binding mode (B) of complex 1 and 2
with c-myc G4 DNA caculated by molecular docking.

As shown in Figure 6B, complexes 1 and 2 interact with c-myc

G4 DNA via a typical groove binding mode. These data were

consistent with CD spectra, indicated that arene Ru(I) complex
15 might as a groove binder to c-myc G4 DNA.

'H NMR Analysis.

'"H NMR analysis was a common method to evestigate the
binding mode of compounds interact with biomacromolecules.’
To futher confirm the interaction of both arene Ru(Il) complexes

2 bind to c-myc G4 DNA, 'H NMR analysis was used to monitor
the binding mode and binding site of 1 and 2 with c-myc G4
DNA. As shown in Figure 6, the aromatic regions proton
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25 Fig. 7 The '"H NMR spectra of c-myc in aromatc regions treated with
different concentration of 1 (A) and 2 (B). [c-myc]=100 uM, [Ru]=0, 50,
100 and 150uM.

it’s found that both
complexes can insert into the groove of c-myc G4 DNA, which
s formed by base pairs A6~G9 and G21~A25. Meanwhile, the H
atom of N atom in imidazole ring of both complexes can form a

resonances located between 7.0 and 9.0 indicate the formation of
c-myc G-quadruplex structure.”® The proton at 8.56 (s, 1H) and

30 8.46 (s, 1H) ppm was attributed to A15 which was a proton of Me
in aromatic region and a series of signals at 7.74, 7.10 and 7.52,
7.41 ppm were affiliated to the protons on the A24 and A2S,
respectively. Besides, the protons of G16, G17, G21 and G22
were affiliated at 8.10, 7.86, 7.89 and 7.65 ppm, respectively.

35 However, upon the increasing of 1 and 2, the signals of Al15,
A24, A25, G16, G17, G21 and G22 changed to be weaken and
broaden notably, the signals followed with the addition of 2
decreased more distinct than 1 at the same concentration.”” These
reslults indicated that 2 bind to c-myc G-quadruplex DNA in a

40 groove binding mode by interacted with T14~G17 and G21~A25
stronger than 1, which were in agreement with molecular docking
calculation.
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Fig. 8 (A) Effect of complex 1 and 2 on the PCR-stop assay with c-myc

45 G4 DNA. [Ru]=0, 3, 6, 9, and 12 puM, [c-myc]=10 pM. (B) The
replication blocking of PCR products obtained for different complex
concentrations.

PCR-stop Assay.

PCR-stop assay was utilized to evaluate the inhibitory activity of
so the complexes against Taq polymerase by stabilizing the c-myc
G-quadruplex conformation. As shown in Figure 7, it’s observed
a notable decrease in the amounts of PCR products as a result of
the interaction between arene Ru(Il) complexes and c-myc G-
quadruplex DNA. Interestingly, the two complexes showed
ss different inhibitory effects.”” The minimum concentration of
complex 2 (6 uM) necessary for effective interaction with c-myc
G-quadruplex DNAwas significantly lower than that for complex
1 (9 uM). Complex 2 have a stronger inhibitory effect on the
replication of c¢-myc than complex 1. And comparison with the
o interaction  of  telomeric =~ G-quadruplex = DNA  with
some ruthenium(I) polypyridyl complexes ([Ru(bpy)a(ptpn)]**
[Ru(phen)z(ptpn)]2+), which can promote the the formation and
stabilization of the human telomeric G-quadruplex DNA to
decrease the PCR products.” This comparison was further
es indicated that this class of arene Ru(II) complexes can bind to
and stable c-myc G-quadruplex DNA to decrease the replication.

Conclusions

In summary, two arene Ru(II) complexes coordinated by 2-(3-
methoxyphenyl)imidazo[4,5f][1,10]phenanthroline were prepared

70 and the crystal structure of both complexes gave a typical “piano
stool” conformation. The evaluation of in vitro anticancer
activities revealed that these synthetic Ru(Il) complexes exhibited
great selectivity between human cancer and normal cells, by

comparing with the ligand m-MOPIP. Furthermore, the

This journal is © The Royal Society of Chemistry [year]
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30 TAMRA-3/,

investigations by spectroscopy, melting point experiments, ITC,
and molecular docking methods demonstrated that these arene
Ru(Il) complexes exhibit excellent binding affinity to c-myc G4
DNA in groove binding mode, which was further confirmed by
the '"H NMR analysis. Finally, the replication of c-myc oncogene
was effectively inhibited by the complexes in vitro. Taken
together, these results suggest that arene Ru(II) complexes
display application potential as small molecule inhibitors of c-
myc G4 DNA.

Experimental Section

Reagents and Materials.

All reagents were used as purchased from commercial suppliers
without further purification. Solvents were dried and purified by
conventional methods prior to use. Ruthenium (Ru) chloride
hydrate obtained from Mitsuwa Chemicals. 1,10-
Phenanthroline monohydrate, 1,3-cyclohexadiene, 1-methyl-1,4-
cyclohexadiene and 3-methoxybenzaldehyde were purchased
from Aladdin. 1,10-phenanthroline-5,6-dione: The compound
was prepared by using the similar method reported the
literatures.™® The ligand 2-(3-methoxyphenyl)imidazo[4,5f]
[1,10]phenanthroline (m-MOPIP) was prepared by using the
similar method as literatures,*' Binuclear arene Ru(Il) complexes:
The binuclear arene Ru(ll) complexes [(CgHg)RuCl,], and
[(C¢HsMe)RuCl,], were prepared according to literature. ** All
the chemicals including solvents were obtained from commercial
vendors and used as received. c-myc G-quadruplex DNA (5'-
TGGGGAGGGTGGGGA GGGTGGGGAAGG-3") and the
fluorescent labeled oligonucleotide, c-myc G-quadruplex DNA
(5-FAM-TGGGGAGGGTGGGGAGGGTGGGGAAGG-

FAM: carboxyfluorescein, TAMRA: 6-
carboxytetramethylrhodamine) and ds26 duplex DNA were
purchased from Sangon Biotech (Shanghai) Co., Ltd. and formed
a G-quadruplex conformation by renaturation at 4°C for 24 h
after 90°C denaturation for 5 min as literature.”® All aqueous
solutions were prepared with doubly distilled water. The Tris-
HCI buffer is consisting of Tris (10 mM) and KCI1 (100 mM), and
the pH value was adjusted to 7.4 by HCI (0.1 mol), which was
applied to UV titration, fluorescence quenching, thermal
denaturation, CD spectra, ITC and PCR-stop.

was

Instruments.

The arene Ru(II) complexes were synthesized by Anton Paar
GmbH monowave 300 microwave reactor. The 'H NMR, Bc
NMR and 'H '"H COSY spectra were recorded in DMSO-d° on
BrukerDRX2500 spectrometer operating at room temperature.
The electronic absorption spectra were recorded on a Shimadzu
UV-2550 Spectrophotometer, the steady-state emission spectra
were recorded on a RF-5301 Fluorescence Spectrophotometer,
and the CD spectra were recorded on Jasco J810 Circular
Dichrosim (CD) Spectrophotometer. ITC experiments were
recorded on a American TA NANO ITC and PCR-stop assay
were operated on AlphaSC Thermal Cycler. Molecular docking
data were calculated by using Addsol, Autogrid and Auto Tors
tool of the software. The X-ray intensity data (0.40 mm x 0.20
mm % 0.10 mm) were collected at 293(2) K on a Bruker SMART

55

-
S

L

100

105

APEX 2K CCD-based X-ray diffractometer equipped with a
graphite-monochromated MoKa radiation (A=0.71073 A). The
collected frames were proessed with the software SHELXTL with
2001 Bruker Analytical X-ray Solutions.

Synthesis and characterization

Synthesis of [(3°-C¢Hg)Ru(m-MOPIP)CIICI2H,0 (1). The
arene Ru(IT) complex 1 was synthesized according to literature,*
but with some modification. In general, a mixture of
[(C¢Hg)RuCl,], (0.035 mmol, 17.5 mg), m-MOPIP (0.07 mmol,
15.4 mg) and dichlormethane (7 mL) dissolved in SiC vessel
under the protection of N, atomosphere, and then heated for 30
min under the irradiation of microwave at 60 °C. After the solvent
was evaporated, the mixture was dissolved in methanol, and
filtered to obtain a yellow crude product. Yield: 88.2%. ESI-MS
(in MeOH, m/7): 541.1, (IM-CI]*). '"H NMR (500MHz, DMSO-d",
dlppm) 9.96 (d, 1H of N4), 9.72 (s, 2H of C14 and C17), 9.14 (s,
2H of C12 and C19), 8.16 (s, 2H of C13 and C18), 8.09 (s, 1H of
C7), 8.02 (d, 1H of C5),7.49 (t, 1H of C4), 7.10 (d, 1H of C3),
6.35 (s, 6H of C21~C26), 3.93 (s, 3H of C1). *C NMR (126
MHz, DMSO-d°, §/ppm): 160.2 (s, C8), 154.5 (s, C9 and C10),
153.1 (s, C14, C15, C16 and C17), 143.6 (s, C11 and C20), 133.7
(s, C10 and C18), 131.7 (s, C12 and C19), 119.6 (s, C6), 116.8 (s,
C3, C4, C5 and C7), 112.2 (s, C2), 87.3 (s, C21~C26), 56.1 (s,
Cl).

Synthesis of [(#°-MeC¢Hs)Ru(m-MOPIP)CI|CI-2H,O (2). 2
was prepared in a similar method to that of above, but with
[(C¢HsCH;3)RuCl,], (0.035 mmol, 18.5 mg) and m-MOPIP (0.07
mmol, 15.4 mg). Yield: 90.3%. ESI-MS (in MeOH, m/z) : 555.1,
(IM-CI1*). "H NMR (500MHz, DMSO-d®, &/ppm), 9.97 (d, 1H of
N4), 9.73 (s, 2H of C14 and C17), 9.14 (s, 2H of C12 and C19),
8.17 (s, 2H of C13 and C18), 8.09 (s, 1H of C7), 8.03 (d, 1H of
C5),7.50 (t, IH of C4), 7.10 (d,J=8.2,2.1 Hz, IH of C3), 6.45
(t, 2H of C22 and C24), 6.10 (d, 2H of C21 and C25), 591 (t, I1H
of C23), 3.93 (s, 3H of C1), 2.30 (s, 3H of C27). *C NMR (126
MHz, DMSO-d’, dppm) : 160.2 (s, C8), 154.3 (s, C9 and C10),
153.1 (s, C14, C15, C16 and C17), 143.8 (s, C11 and C20), 131.1
(s, C10 and C18), 130.7 (s, C12 and C19), 119.6 (s, C6), 116.9 (s,
C3,C4, C5 and C7), 112.2 (s, C2), 105.9 (s, C26 ), 90.4 (s, C22
and C24), 83.5 (s, C21 and C26), 80.4 (s, C23), 56.1 (s, Cl),
19.3 (s, C27).

s X-ray single crystal diffraction.

The crystal suitable for X-ray diffraction was obtained by
recrystalization after filter in DMF solution by adding petroleum
ether into the solution slowly through solvent volatilization, and
then the solution was keep in dark for seven days at room
temperature to give a yellow block shaped crystals. The X-ray
intensity data for two complexes were collected at X-ray
diffractometer equipped with a graphite-monochromated MoKa
radiation (A=0.71073 A) by using a ® scan mode (0.99° < 6 <
27.12°).

Cell Lines and Cell Culture.
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HepG2 hepatocellular carcinoma and LO2 normal human liver
cells were purchased from American Type Culture Collection
(ATCC, Manassas, VA), and maintained in DMEM medium
supplemented with fetal bovine serum (10%), penicillin
(100 units/ml) and streptomycin (50 units/ml) at 37°C in CO,
incubator (95% relative humidity, 5% CO,).

MTT Assay.

All complexes were dissolved in DMSO with stock solution at
10 mg/ml. Cell viability was determined by measuring the ability
of cells to transform MTT to a purple formazan dye.** Cells were
seeded in 96-well tissue culture plates (3x10° cells/well) for 24 h.
The cells were then incubated with the tested compounds at
different concentrations for 72 h. After incubation, 20 pl/well of
MTT solution (5 mg/ml phosphate buffered saline) was added
and incubated for 5 h. The medium was aspirated and replaced
with DMSO (150 pl/wel) to dissolve the formazan salt. The
absorbance intensity, which reflects the cell growth condition,
was measured at 570 nm using a microplate spectrophotometer
(Versamax).

UV Titration.

UV-vis absorption spectra were recorded on a Shimadzu UV-
2550 spectrophotometer using 1 cm path length quartz cuvettes (3
mL). The absorption titration of the Ru(Il) complex in Tris-HCI
buffer was performed by using a fixed complex concentration to
which increments of the DNA stock solution were added. The
concentration of the complex solution was 20 uM and c-myc G4
DNA was added by degrees. Complex-DNA solutions were
allowed to incubate for 3 min before the absorption spectra were
recorded.”

30 Fluorescence Spectroscopy.

Fluorescence spectroscopy measurements were performed on a
RF-5301 Fluorescence Spectrophotometer using a 1 cm path
length quartz cell. Fluorescence quenching of EB+c-myc DNA
system can be used for a compound having an affinity to DNA in
spite of its binding mode, and only measures the ability of the
compound to affect the EB fluorescence intensities in the EB+c-
myc DNA system.*®

Isothermal Titration Calorimetry.

Binding of various small molecules was assessed by isothermal

titration calorimetry on a thermostated Micro Cal VP-ITC system.

c-myc G4 DNA dissolved in Tris-HCl KCI buffer were diluted
directly into complex buffer if the added volume would comprise
less than 1% of the final volume. Otherwise, c-myc G4 DNA
solutions were dried on a Speedvac and DNA dissolved in
complex buffer. All solutions were degassed prior to use. Data
were analyzed by Origin 8.5. (MicroCal). Heats of dilution were
subtracted from all data before fitting. Each dilution heat was
determined in an independent control experiment by injecting the
complex into buffer. These heats were much smaller than the
so heats of binding. Data analysis requires a binding model, and

2

=

S

5

S

fitting returns values for the binding constant K, squares 4H of
binding, 4S of binding, and the binding stoichiometry n. The
Gibbs free energy change, 4G, and the entropy change, 4S, were
calculated using the equation AG=-RTInK= AH-TAS.”’

ss FRET melting and Competitive FRET assays.

The fluorescent labeled oligonucleotide, c-myc G-quadruplex
DNA (5-FAM-TGGGGAGGGTGGGGAGGGTGGGGAAGG-
TAMRA-3', FAM: carboxyfluorescein, TAMRA: 6-
carboxytetramethylrhodamine) used as the FRET probes was
diluted in Tris-HCI buffer and then annealed by being heated to
92°C for 5 min, followed by slowly cooling to room
temperature.”’ ds26 duplex DNA was a competive binder to
evaluate the selectivel binding ability of arene Ru(II) complex
with c-myc G4 DNA Fluorescence melting curves were
determined with a Bio-Radi QS5 realtime PCR detection system,
by using a total reaction volume of 25 mL,with labeled
oligonucleotide (1 uM) and different concentrations of complexes
in Tris-HCI buffer.>® A constant temperature was maintained for
30 s priortoea chreading to ensure a stable value. Final nalysis of
the data was carried out by using Origin7.5(Origin Lab Corp.).

Circular Dichroism.

CD spectra were recorded on a Jasco J810 Circular Dichrosim
(CD) Spectrophotometer with a thermoelectrically controlled cell
holder. The cell path length was 1 cm. CD spectra were recorded
in the range of 230-600 nm in 0.5 nm increments with an
averaging time of 0.5 s .**

Molecular Docking.

Automated docking studies were per-formed with three
different docking algorithms, AutoDock 3.0 (‘Lamarckian’
genetic algorithm),®® FlexX 1.10 (incremental construction
algorithm,” as implemented in Sybyl 6.8), and GOLD 1.2
(‘Darwinian’ genetic algorithm).*® As scoring is a very important
second aspect of automated docking method-ologies, it was
decided to investigate the effect of rescoring: the process of
reprioritization of docking solutions (primarily ranked by the
‘native’ scoring function implemented in the docking program)
with an additional stand-alone scoring function.

'H NMR Assay.

'H NMR spectra was tested on BrukerDRX2500 spectrometer.
All titration experiments were performed at 30 °C in 90%
H,0/10% D,O solution containing 150 mM KCIl, 25 mM
KH,PO,, and 1 mM EDTA (pH7.0). A standard echo pulse
sequence with a maximum excitation centered at 12.0 ppm was
used for water suppression. And spectra were recorded at 300 K
utilizing a standard jump, thirty-two scans were acquired for each
spectrum with a relaxation delay of 2 s. 'H NMR results were
processed and analyzed using the FELIX program. *!

PCR-stop Assay.

The PCR-stop assay was performed by using a modied protocol

This journal is © The Royal Society of Chemistry [year]
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of the previously reported method.*' The reactions (40 pL) were
performed in 1xPCR buffer, containing each pair of c-myc G-
quadruplex DNA (10 pM), deoxy nucleotide triphosphate
(0.16mM), Tagpolymerase (2.5U), and increasing concentrations
of the compound (0-250uM). The reaction mixtures were in
cubation in athermocycler under the following cycling
conditions: 94°C for 3 min followed by 30 cycles at 94 °C for 30
s, 58 °C for 30 s, 72 °C for 30 s. Amplified products were
resolved on 15% nondenaturing polyacrylamide gels in 1XTBE
and silver stained.

Statistical Analysis

Experiments were carried out at least in triplicate and results
were expressed as mean + SD. Statistical analysis was performed
using SPSS statistical program version 13 (SPSS Inc., Chicago,
IL). Difference with P < 0.05 (*) or P < 0.01 (**) was considered
statistically significant.
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Tables and Figures

Fig.1 The molecular structure of the lattice and the atom numbers of 1 and 2.

Fig.2 The study of interaction between arene Ru(Il) 1 and 2 with c-myc G4 DNA by
Spectroscopic methods. The electronic spectra of arene Ru(II) complex 1 (A) and 2 (B)
in the absence and presence of c-myc G4 DNA, [Ru] = 20 uM. Emission spectra of
EB and c-myc G4 DNA in the incubation buffer in the absence and presence of 1 (C)
and 2 (D), [EB] = 16 uM, [DNA] =2 uM.

Fig. 3 ITC experimental curves at 25 °C for titration of 1 (left) and 2 (right) with
c-myc G4 DNA. Results were converted to molar heat and plotted against the
compound/DNA molar ratio. The line shows the fit to the results and gives the best-fit

AH values for binding, [DNA] = 2 uM.

Fig. 4 FRET-melting curves obtained with c-myc G-quadruplex DNA (0.2 uM) alone
(m) upon addition of 1 (A) and 2 (B). Competive FRET-melting curves obtained with
c-myc G-quadruplex DNA (0.2 uM) and 1 (0.2 pM) (m) upon addition of ds26 DNA
(C), for 2 (D). The increasing trend of c-myc melting upon the addition of 1 and 2 (E),
r=[Ru]/[c-myc]=0, 0.2, 0.4, 0.6, 0.8 and 1.The selective binding affinity of 1 and 2
between c-myc G-quadruplex DNA and ds26 duplex DNA (F). Y-axis: the decreased

rate of c-myc melting; X-axis: the concentration ratio of [ds26]/[c-myc].

Fig. 5 CD titration spectra of c-myc G4 DNA (2 uM) at different concentrations of 1
(A) and 2 (B) in the incubation buffer.

Fig. 6 The binding site (A) and binding mode (B) of complex 1 and 2 with ¢-myc G4
DNA caculated by molecular docking

Fig. 7 The 'H NMR spectra of c-myc treated with different concentration of 1 (A) and

2 (B). [c-myc]=100 pM, [Ru]=0, 50, 100 and 150uM.

Fig. 8 (A) Effect of complex 1 and 2 on the PCR-stop assay with c-myc G4 DNA.
[Ru]=0, 3, 6, 9, and 12 puM, [c-myc]=10 pM. (B) The replication blocking of PCR

products obtained for different complex concentrations.
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Table 1. Inhibitory effect of arene Ru(Il) complexes on human liver cancer and

normal cells.

Table 2. Binding constants and experimental thermodynamic values at 25 °C for

interactions of 1 and 2 with c-myc G4 DNA
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Fig.1 The molecular structure of the lattice and the atom numbers of 1 and 2
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Fig.2 The study of interaction between arene Ru(I) 1 and 2 with c-myc G4 DNA
by Spectroscopic methods. The electronic spectra of arene Ru(II) complex 1 (A) and 2
(B) in the absence and presence of c-myc G4 DNA, [Ru] = 20 uM. Emission spectra
of EB and c-myc G4 DNA in the incubation buffer in the absence and presence of 1
(C) and 2 (D), [EB] = 16 uM, [DNA] =2 uM.



Dalton Transactions Page 14 of 22

Time (min) Time (min)
0 10 20 30 40 50 60 0 10 20 3 40 50 60 70 80 90 100
000
005
010
8
4
= 015
[¢]
020
025
.
50
£ .
§ s
8 60 ]
g
= 65 = A "
° ol
© 70 -
s "4 " -
E 75 [l
3 (]
£ 80 ]
8

000 005 010 015 020 025000 005 010 015 020 025
Molar Ratio Molar Ratio

Fig. 3 ITC experimental curves at 25 °C for titration of 1 (left) and 2 (right) with
c-myc G4 DNA. Results were converted to molar heat and plotted against the

compound/DNA molar ratio. The line shows the fit to the results and gives the best-fit

AH values for binding, [DNA] = 2 uM.
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Fig. 4 FRET-melting curves obtained with c-myc G-quadruplex DNA (0.2 uM) alone
(m) upon addition of 1 (A) and 2 (B). Competive FRET-melting curves obtained with
c-myc G-quadruplex DNA (0.2 uM) and 1 (0.2 pM) (m) upon addition of ds26 DNA
(C), for 2 (D). The increasing trend of c-myc melting upon the addition of 1 and 2 (E),
r=[Ru]/[c-myc]=0, 0.2, 0.4, 0.6, 0.8 and 1.The selective binding affinity of 1 and 2
between c-myc G-quadruplex DNA and ds26 duplex DNA (F). Y-axis: the decreased

rate of c-myc melting; X-axis: the concentration ratio of [ds26]/[c-myc]
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Fig. 5 CD titration spectra of c-myc G4 DNA (2 uM) at different concentrations of 1

(A) and 2 (B) in the incubation buffer.
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Fig. 6 The binding site (A) and binding mode (B) of complex 1 and 2 with c-myc G4
DNA caculated by molecular docking
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Fig. 7 The '"H NMR spectra of c-myc treated with different concentration of 1 (A)

and 2 (B). [¢c-myc]=100 uM, [Ru]=0, 50, 100 and 150uM.
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Fig. 8 (A) Effect of complex 1 and 2 on the PCR-stop assay with c-myc G4 DNA.

[Ru]=0, 3, 6, 9, and 12 pM, [c-myc]=10 pM. (B) The replication blocking of PCR

products obtained for different complex concentrations.
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Table 1. Inhibitory effect of arene Ru(Il) complexes on human liver cancer and

normal cells.

ICso (uM)
Complex Toxicity index*
HepG2 LO2
1 48.8 212.4 4.4
2 43.7 129.1 2.9
m-MOPIP 42.2 34.9 0.83

* Toxicity index = ICsq (LO2)/ ICso (HepG2).
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Table 2. Binding constants and experimental thermodynamic values at 25 °C for

interactions of 1 and 2 with c-myc G4 DNA

AH, AH, TAS, TAS, AG, AG,

1 1
Comp.  K,M™) K,(M) (cal/mol) (cal/mol) (cal/mol) (cal/mol) (cal/mol) (cal/mol)

1 1.21x 103 / -5.5 / 1.6 / -7.1 /
2 1.10x 10° 3.62x 10° -5.7 -9.6. 1.3 32 -7.0 -12.8
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