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Abstract

In this study, two representatives of previously synthesized ruthenium(Il) terpyridine
complexes, i.e., [Ru(Cl-tpy)(en)CI][Cl] (1) and [Ru(Cl-tpy)(dach)CI][CI] (2), were chosen
and a detailed study of the kinetic parameters of their reactivity toward L-histidine (L-His),
using the UV-Vis and 'H NMR techniques, was developed. The inner molecular
rearrangement from N3-coordinated L-His to the N1 bound isomer, observable in the NMR
data, was corroborated by DFT calculations favoring N1 coordination by nearly 4 kcal mol™.
These two ruthenium(Il) terpyridine complexes were investigated for their interactions with
DNA employing UV-Vis spectroscopy, DNA viscosity measurements and fluorescence
quenching measurements. The high binding constants obtained in the DNA binding studies
(K = 10°-10° M) suggest a strong binding of the complexes to calf thymus (CT) DNA.
Competitive studies with ethidium bromide (EB) showed that the complexes can displace
DNA-bound EB, suggesting strong competition with EB (K, = 1.5-2.5 x 10* M™). In fact,
the results indicate that these complexes can bind to DNA covalently and non-covalently. In
order to obtain a first view of the behavior of a neutral compound, beside the four previously
synthesized cationic complexes [Ru(Cl-tpy)(en)CI][CI] (1), [Ru(Cl-tpy)(dach)CI][C]] (2),
[Ru(Cl-tpy)(bpy)CI1][CI] (3) and [Ru(tpy)Cl;] (P2), one new complex [Ru(Cl-tpy)(pic)Cl] (4)
was used in the biological studies. Their cytotoxicity was investigated against three different
tumor cell lines, i.e., A549 (human lung carcinoma cell line), HCT116 (human colon
carcinoma cell line), and CT26 (mouse colon carcinoma cell line), by the MTT assay.
Complexes 1 and 2 showed higher activity than complexes 3, 4 and P2 against all the selected
cell lines. The results of in vitro anticancer activity confirmed that only compounds that
hydrolyze the monodentate ligand at a reasonable rate show moderate activity, provided that

the chelate ligand is a hydrogen bond donor.
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Introduction

Cisplatin is one of the most widely used anticancer drugs but due to its serious side effects,
the clinical applications of cisplatin are limited.'™ In the search for anticancer agents
containing metals other than platinum, ruthenium compounds proved themselves to be the
most promising ones.”” The advantage of ruthenium-based drugs could derive from their
reduced toxicity, good selectivity for tumors, inhibition of antimetastatic progression and

. . . . 810
antiangiogenic propreties.

This is believed to be due to the ability of ruthenium to mimic
iron in binding to biomolecules, such as human serum albumin and transferrin. As cancer
cells overexpress transferring receptors, to satisfy their increased demand for iron, ruthenium-
based drugs may be delivered more efficiently to cancer cells.""? Two promising ruthenium
anticancer agents, [IndH][trans-[RuCly(Ind),] (Ind = indazole, KP1019)13 and [ImH][trans-
RuCl4(Im)(DMSO-S)] (Im = imidazole, NAMI-A)"* have successfully entered clinical trials
as promising anticancer drugs.>®*'>'® More recently, half sandwich organometallic Ru(II)
compounds of the general formula [Ru(n6—arene)(N—N)X] [PFs] have been extensively
investigated by Sadler and coworkers. They were found to possess promising activity both in
vitro and in vivo.'™

In the last few decades, Ru(Il) polypyridyl complexes of the type
mer-[Ru(tpy)(N-N)CI]* containing different N-donor chelating ligands (N-N), such as

23-25

bpy,23’24 1,10-phenanthroline (phen), 3,4,7,8-tetramethyl-1,10-phenanthroline (tmephen),26

dipyrido(3,2-a:2',3'-c]phenazine (dppz),24’26 N,N,N',N'-tetramethylethylenediamine (tmen),23 26
2,2'-azobispyridine (apy),27 azpy,28 were prepared and studied for their DNA binding ability.

It was found that most of the Ru(Il)-tpy complexes are capable to bind covalently to DNA
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(mainly at guanine residues) forming monofunctional adducts and DNA replication was
stopped by some of them.>>*

Recently, we developed a series of new ruthenium polypyridyl complexes of the
general formula mer-[Ru(L3)(N-N)X][Y], in which L3 is either tpy or Cl-tpy
(4'-chloro-2,2":6',2"-terpyridine), X = CI or dmso-S, N-N = en, dach or bpy, Y = Cl, PF¢ or
CF;S0s3, and n = 1 or 2, depending on the nature of X.*° Since all these compounds were
cationic, with the aim of evaluating the behavior of a neutral complex, the synthesis and
characterization of a Ru(Il)-tpy complex with the anionic N—O chelating ligand picolinate (4)
(Fig. 1) is reported herein. Previous studies performed on the three Ru(Il) polypyridyl
complexes ie., [Ru(Cl-tpy)(en)CI][C]] (1), [Ru(Cl-tpy)(dach)CI]J[C]] (2) and
[Ru(Cl-tpy)(bpy)CI1][CI] (3) (Fig. 1) demonstrated that after hydrolysis of the Cl ligand, they
were capable to interact with guanine derivatives (i.e., 9-methylguanine (9MeG) or
guanosine-5'-monophosphate (5'-GMP)) through the N7, forming monofunctional adducts
with rates and extents that depended strongly on the nature of the chelating ligand.*

Despite the fact that ruthenium complexes can bind to DNA,* recent research seems
to favor the hypothesis that their interactions with proteins specific for processes of cancer
development are crucial.’” Therefore, it is quite possible that ruthenium complexes have
multiple targets, and a combination of their action contributes to the observed beneficial
properties. It is well-recognized that ruthenium complexes bind to surface-accessible histidyl
imidazoles of albumin and transferrin after its intravenous administration.”’>* Such
interactions could be responsible for drug inactivation (related to resistance) or activation
(e.g., in the case of prodrugs) and drug delivery. Histidine forms a crucial part of many
biological systems through binding to hemeproteins and is a part of the catalytic sites in
certain enzymes.>~° Thus, as histidine has wide applications in biological systems, it would

be of great interest to study this amino acid and to understand the manner in which it binds.

4
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With this in mind, the kinetics of histidine interaction form part of the present study. UV-Vis
and NMR spectroscopic experiments, and density functional theory (DFT) calculations were
conducted to elucidate the affinity of the terpyridine complexes toward the amino acid,
L-histidine. Focus was also directed on the interaction of the Ru(II)-tpy complexes with calf-
thymus (CT) DNA, and on the ability of the complexes to displace ethidium bromide (EB)
from the EB-DNA complex in order to clarify the existence of a potential intercalation of the
Ru(II) complexes to CT DNA in competition to the classical DNA-intercalator EB. The
results obtained in the DNA binding studies prompted an in vitro cytotoxicity evaluation of
the ruthenium complexes on three tumor cell lines, A549 (human lung carcinoma cell line),
HCT116 (human colon carcinoma cell line), and CT26 (mouse colon carcinoma cell line )
using the MTT assay. Furthermore, in order to provide precious indications for future
synthetic purposes, the determination of whether changes in the nature of the chelating
bidentate ligand would influence the cytotoxic activity of these ruthenium(Il) polypyridyl

complexes was of interest.




Dalton Transactions

4 L-His
Fig. 1. Structures of the investigated complexes with the numbering scheme of the pic ligand

and of L-His used for the NMR characterization.

Results and Discussion

Synthesis and characterization of the complex

As mentioned above, in contrast to the cationic compounds 1—3,3 % a new neutral complex was
synthesized and characterized in order to examine its behavior. Treatment of the neutral
Ru(III) precursor mer-[Ru(Cl-tpy)Cls] (P1) with the anionic N-O chelating ligand, pic, in the
presence of Et;N as reductant and excess of LiCl, needed to prevent CI~ dissociation from the
final product and necessary for its precipitation, afforded the neutral Ru(II) complex

[Ru(Cl-tpy)(pic)CI] (4) in fair to very good yields (Scheme 1).

a
RUC|3 X 3H20 ——

Scheme 1. Synthetic pathway for the preparation of complex 4. Reagents and conditions: (a)
Cl-tpy (0.9 eq.), EtOH, reflux; (b) pic(1.2 eq.), ethanol:H,O (3:1), EtzN (3.0 eq.), LiCl (10.0

eq.), reflux.
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The new complex was characterized by 1D ('H, °C) and 2D (‘"H-'H COSY, 'H-"C
HSQC and '"H-">C HMBC) NMR, IR and UV spectroscopy and elemental analysis.

Although in theory two isomers of 4 are possible, i.e., the one in which the CI is trans
to the Npyrdgine Of pic” and the other in which the CI” is trans to the Ocarboxyl, the '"H NMR
spectrum, either in CD3CN (Fig. 2) or in a mixture of acetone-ds/D,O (Fig. S1), revealed the
existence of only one species. The remarkable upfield shifts of the H5;. and H6,;. resonances
(0 =6.79 and 6.76, respectively), which are influenced by the shielding cone of Cl-tpy, are
indicative that the pyridyl ring of pic is under the plane of the Cl-tpy, viz. trans to CI,
(Fig. 2). Accordingly, the protons of Cl-tpy, and in particular H6/H6", are not affected by the
shielding cone of pic, as observed in the case of bpy,3 % and thus, they resonate in the typical

region for tpy and display the usual pattern.

H3’, HY’

H4, H4”
: HS5, H5”
H3p;

\ H6pic
H4 . HSue

Hse, He”| H3, H3”

—rrT T L[S ) B A P R B T S e GO A S e A — T

e ———— SRR —— S ———
87 86 85 84 83 82 81 80 79 78 77 f17.(6 )7.5 74 73 72 71 70 69 68 67 66 6.5
ppm

Fig. 2. "H NMR spectrum of the [Ru(Cl-tpy)(pic)Cl] complex in CD3;CN.
The solid state IR spectrum of complex 4 showed typical bands of the terpyridine
ligand, the most characteristic of which being the strong band in the region 1594 — 1616 cm™
assigned to v(C=N) stretching.37’3 ® There were two additional bands at 1630 and 1343 cm™,

attributed to the asymmetric and symmetric carboxylate stretching modes, respectively.



Dalton Transactions

The electronic absorption spectrum of complex 4 (Fig. S2) exhibited several intense
bands in the UV region (200 <i< 330 nm), attributed to intra-ligand (x — m*) charge
transitions, and a broad intense band in the visible region attributed to metal to ligand
dn(Ru) = w*(polypyridyl) charge transfer (MLCT) transitions.”” >’

In contrast to the previously synthesized ruthenium polypyridyl complexes 1 and 2,
the CI” ligand of which was observed to be rapidly hydrolyzed upon dissolution in water,’ the
picolinate complex 4 was very stable and inert since no release of the CI™ ligand was detected

after several hours of observation (see Fig. S1). Due to its poor solubility and inertness in

aqueous solution, this compound was not further examined, except for its biological activity.

Interaction with the amino acid L-histidine

UV-Vis kinetic studies

Although much less studied than metallodrug—-DNA interactions, the interactions of
metallodrugs with protein targets deserve more attention, especially since such studies would
not only shed light on the mechanisms of action, but also help to identify new targets for drug
therapy.'"'®* The efficiency of a drug may be affected by the degree to which it binds to
proteins within blood plasma. Common blood proteins to which drugs bind are human serum
albumin (HSA) and transferrin. In particular, since histidine residues on the surface of

albumin and transferrin were characterized as the binding sites for both Ru(Il) and Ru(III),3 -

344142 the kinetics of histidine interaction with two ruthenium(II) terpyridine complexes were
studied in the present work.

The substitution kinetics of CI~ with L-His in complexes 1 and 2 were investigated
spectrophotometrically (Fig. S3) by following the change in absorbance at selected

wavelengths, corresponding to the maximum change in the absorption (Fig. S4, difference

spectra), as a function of time. All kinetic experiments were performed under pseudo

8
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first-order conditions with respect to the nucleophile in order to force the reactions to go to
completion. To suppress the spontaneous hydrolysis of chloride from the Ru(Il) complexes,
all reactions were studied in the presence of 30 mM NaCl. This value was determined prior to
the kinetic measurements as the minimum chloride concentration for which no spectral
changes were observed (Fig. S5).

The substitution reactions of the complexes 1 and 2 with L-His could be represented

by Eq. 1.

[Ru(Cl-tpy)(N-N)CI]" + L-His [Ru(Cl-tpy)(N-N)(L-His)]** + CI

(1)
where N-N = en or dach;

Here, k, is the second-order rate constant for the forward reaction, involving the direct
nucleophilic attack, and k; is the rate constant for the reverse reaction. The second-order rate
constants k, are obtained directly from the slopes of the plots of konsq versus the concentration
of entering nucleophile, whereas the k; values are derived from the intercepts divided by [C]]

(i.e., 30 mM). Their values are listed in Table 1. The rate of the reaction is described by Egs. 2

and 3.
_ _ +
_ dRu(C tpyjﬁN MCT _  osd [RUCl-tpy)(N-N)CIT* ?)
kobsa = kK1[C17] + k[L] 3)

All kinetic runs could be fitted by a single exponential function and no subsequent
reaction was observed. Each pseudo first-order rate constant, ks, Was calculated as the
average value of two or three independent runs and are given in Tables S1 and S2.

The experimental results for the substitution reactions of the two complexes with
L-His are shown in Fig. 3 and Fig. S6, respectively. A linear dependence on the nucleophile

concentration was observed for all reactions. The activation parameters (AH*ﬁ and AS;&),
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obtained from Eyring plots (Fig. S7), are summarized in Table 1. It could be seen that the AS”
value is negative, suggesting that the activation process was strongly dominated by
bond-making. The small values of AH” and the negative value of AS” clearly support the
associative mechanism for the substitution process. Similar mechanisms have been proposed
for the substitution reactions of organometallic Ru(Il)-arene complexes, half sandwich
Ru(II)-[9]aneS3 coordination compounds and of selected Ru(Il)-tpy complexes investigated
in previous studies with biologically relevant nucleophiles, e.g., 9-methylguanine (9MeG),
guanosine (Guo), guanosine-5-monophosphate(5'-GMP), L-His, thiourea (Tu), L-cysteine

(L-Cys), L-methionine (L-Met), pyrazole (Pz), 1,2,4-triazole (Tz) and pyridine (Py).3 04345

5

10*Kopsd/S™ [Ru(Cl-tpy)(en)CI}* 310K
4 -
3 s

298K
21 ¢
¢
- 288K
. 103 [L-His}/M
0 1 2 3 4 5

Fig. 3. Pseudo first-order rate constants, kopsd, plotted as a function of ligand concentration
and temperature for the substitution reactions of complex (1) with L-His in 25 mM Hepes

buffer (30 mM NaCl, pH 7.4)

Page 10 of 40



Page 11 of 40 Dalton Transactions

Table 1. Rate constants and activation parameters for the substitution reactions of complexes

1 and 2 with L-His (25 mM Hepes buffer, 30 mM NacCl, pH 7.4).

T[K] k[10>M5s] Kk [10* Ml  AHY [kJmol'] ASy [JK'mol!]

L-His

1 (en) 288 20+£03 40+£03 44 + 4 -145 £ 12
298 4.0+0.6 20.0+£7.0
310 7.0+£04 34.0+£4.0

2 (dach) 310 3.6+0.3 33£20

Histidine has three possible binding sites for metal ions: the carboxylate (COO), the
amine (NH,) and the imidazole (H3;N,C3) groups. The pK, values of these groups are 1.70,
9.09 and 6.04,"4 respectively. Since the nitrogen atom of the imidazole ring is a strong
donor, the imidazole group is the most probable site for coordination to ruthenium(II).
Moreover, as the pK, value of this group is 6.04, it was fully deprotonated in the reaction
medium (pH = 7.4). The coordination of Ru(Il)-tpy complexes via the imidazole ring was
supported by '"H NMR spectroscopy.

It can be seen that the rate constants depend on the nature of the inert chelating ligand:
complex 1 reacts ca. 2 times faster than complex 2. The reactions with complex 2 were
expected to be slower than those with 1 due to steric effects and the positive inductive effect
of the cyclohexane ring that makes the Ru(ll) centre less electrophilic and hence, less
reactive.”® The obtained k, values for the reaction of 1 (en) and 2 (dach) with L-His are ca.
one order of magnitude lower than those for the reaction with 5'-GMP (0.13-1.26 1Y
under the same conditions, implying that the guanine derivatives are better entering

nucleophiles than the studied amino acid L-His. The relatively low reactivity of the ruthenium

11
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complexes 1 and 2 towards amino acid L-His before the complexes reach DNA perhaps could
help the transport and delivery of active species to cancer cells and allow some proteins to
serve as drug reservoirs for DNA ruthenation.”***

In a previous work, the interaction of Ru(Il)-tpy complexes with N-containing (Pz, Tz
and Py) heterocycles were also studied.” The reactivity of nitrogen-donor ligands followed
the order: L-His > Pz > Tz > Py. The enhanced reactivity of L-His compared to Pz, Tz and Py
is in accordance with the basicity of the coordinating nitrogen donor: the more basic L-His
(pK, = 6.04) reacts from 1.5 to 3.0 times faster than the less basic Pz (pK, = 2.52) and Tz
(pK, = 2.19).47*%% On the other hand, the lowest reactivity of Py could be explained by the

steric effect and delocalization of the electrons from the nitrogen atom.”

NMR studies supported by DFT calculations

The reactions of complexes 1 and 2 with amino acid L-His were also investigated by 'H NMR
in D,O at 295 K for a period of several days (for the numbering scheme see Fig. 1). The
assignments of selected resonances of the products are reported in Table S3.

Addition of L-His to an equilibrated solution of 1 (1:1, 10 mM, pH = 5.35) in D,O
induced slow changes in the '"H NMR spectrum (Fig. S8). In comparison with those of the
free L-His, the H2; s peak of the L-His ligands of adduct 5a shifted to high field by
1.26 ppm, whereas the peak for the H2; pis proton of adduct Sb shifted to high field by
1.15 ppm (Table S3). The H5. uis peak of adduct Sb was also remarkably shifted to high field
by 1.02 ppm. It is assumed that Ru(Il) in adduct Sa binds to the N3 atom, and to N1 in adduct
Sb (Scheme 2). The system reached equilibrium after ca. 2 days with ca. 10 % of unbound
L-His. Sadler et al. also reported the formation of both L-His adducts with an organometallic
ruthenium arene complex, which were identified by electrospray ionization mass spectrometry

and NMR spectroscopy.’’ In order to confirm that adduct 5a was an N3-bound histidine

12
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complex [Ru(Cl—tpy)(en)(L—His—NS)]2*, and adduct 5b an Nl-bound histidine product
[Ru(Cl-tpy)(en)(L-His-N1 )]2+, quantum chemical model calculations were performed.

Similar results were obtained with [Ru(Cl—tpy)(dach)(Hzo)]2+ (2a, 10 mM, pH =5.13)
(Fig. 4) with the formation of an N3 complex [Ru(Cl—tpy)(dach)(L—His—NS’)]2+ (6a) and of an
N1 product [Ru(Cl-tpy)(dach)(L-His-NI)]** (6b). The system reached equilibrium after

ca. 2 days with ca. 11 % of unbound L-His.

H.*':HL,,s (Bb)
,‘ e e
24h
|
i P W\w A A J ;
5h
HeHE" (62) (53}
M Uﬂ Lo \
m,)"’%“&nm_,‘u "\wl\.l“\" .,_m,,,‘ i, ji'x S du W
H3'H5" (2a) H3/H3" (2a) 2h
EIJ)IfIJ)! l’"ja\ IJ_I:.IIJ_E rn-\E
| H2LH !
N % M e
l'lbl'l'ID [ld H n n
\
i ||'U 1 i
omad \«-o.\m-].m- ELVAP LLLL U L S A —— o s,
QI.U 8‘.5 8“0 7‘.5 7.0 E:‘.E 6‘.(} 5‘.5

1 (ppm)
Fig. 4. '"H NMR spectra of [Ru(Cl—tpy)(dach)(HzO)]2+ (2a, 10 mM) at various time intervals

after addition of L-His (1 eq, pH = 5.13, 295 K).

To corroborate these findings by an independent and different method, quantum
chemical calculations on the [Ru(Cl-tpy)(en)CI]* and [Ru(Cl-tpy)(dach)CI]* systems were

performed. Calculations with an amino acid such as L-His lead to two problems that have to

13
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be consider: i) while amino acids are zwitterionic in solution, in the gas phase they tend to
prevent charge sepauration5 "and ii) the COO-moiety of L-His can form an artificial hydrogen
bond with the H,N-group of en and dach, prevented in solution by the surrounding water
molecules. To overcome these problems, we calculated at first the [Ru(Cl-tpy)(en)CI]* and
[Ru(Cl-tpy)(dach)CI]* complexes with the model compound 4-methylimidazole instead of
L-His, as this hetero aromatic system has no possibility of forming hydrogen bonds with the
H,N-groups. Independently, if solvent effects were included via CPCM or not, always the
isomer coordinating 4-methylimidazole by N1 was clearly favored by around 5 kcal mol™
(see Fig. S9). This preferred coordination was also visible in the somewhat shorter Ru-N
bond in the N1-coordinated isomer compared to the N3-coordinated one (2.14 Ato2.17 A).
Comparison of the other Ru—N-interactions shows no remarkable differences in all four
structures (see Fig. S9).

After corroborating the preferred unhampered coordination of 4-methylimidazole to
the Ru(Il)-center via the Nl-atom, we tested the complete complex system applying
B3LYP(CPCM)/LANL2DZp. The inclusion of the solvent model is an often applied
technique to prevent the back migration of protons in the zwitterionic form that leads to
neutral uncharged amino acids. While the applied solvent model allowed the calculation of
the zwitterionic species, still the influence of the hydrogen bond between the COO-moiety
and the HoN-groups of en and dach had to be considered. To specify the contribution of this
hydrogen bond, the complexes where L-His is coordinated via the N1-nitrogen and the isomer
with N3-coordination were calculated. In the case of the N3-bound form, two rotamers, both
of which are a local minimum on the energy hypersurface, one with and one without the

COO-H;N-hydrogen bond, were calculated (see Fig. 5 and Fig. S10).

14
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0.0 kcal mol™

N1-coordinated L-His in [Ru(Cl-tpy)(en)(L-His)]**

0.9 kcal mol™ 3.7 kcal mol™

N3-coordinated L-His in [Ru(Cl—tpy)(en)(L—His)]2+ with and without an inner molecular
hydrogen bond
Fig. 5. Calculated (B3LYP(CPCM)/LANL2DZp) N1- and N3-bound isomeric structures and

energies  (B3LYP(CPCM)/LANL2DZp +  ZPE(B3LYP(CPCM)/LANL2DZp)) of

15
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[Ru(Cl—tpy)(en)(L—His)]2+. In the case of the N3-coordinated species rotamers with and

without an inner molecular hydrogen bond were considered.

Comparison of the NI- and the N3-coordinated complexes without additional
hydrogen bonds shows clearly that the N3 bound L-His is clearly less stable by nearly
4 kcal mol ™, independent of whether [Ru(Cl—tpy)(en)(L—His)]2+ or
[Ru(Cl-tpy)(dach)(L-His)]** was investigated (see Fig. 5 and Fig. S10). Considering the
artificial but possible inner molecular hydrogen bond between the H,N-moiety and the COO-
group of L-His, results in an inconsistent picture, strongly dependent on the strength of the
hydrogen bond. While in [Ru(Cl—tpy)(en)(L—His)]2+, the inner molecular hydrogen bond is
1.83 A long and stabilizes the N3-coordination of L-His by 2.8 kcal mol™ (compared to the
complex without the inner molecular hydrogen bond), [Ru(Cl—tpy)(dach)(L—His)]2+ has a
0.1 A shorter inner molecular hydrogen bond and the system is stabilized by nearly 5 kcal
mol~!. Due to this H-bond, the N3 coordination seems to be at a first glance 1 kcal mol™! more
stable in [Ru(Cl—tpy)(dach)(L—His)]2+ than the N1 bound case. While care of this was special
effect was taken in the calculations, in the experimentally applied aquatic solution, the water
molecules will prevent the described inner molecular hydrogen bonding by complexes—water-
hydrogen bonds. Such an explicit water molecule—complex interaction cannot be modeled
with the applied CPCM-solvent model and would demand molecular dynamic simulations,
which are beyond the scope of this study.

A comparison of the calculated structures shows significant shorter N1-Ru bonds
(2.13 A) than N3-Ru interactions. Of course, shorter N3—Ru bonds (2.18 A) were found in
complexes without extra inner molecular stabilization, while the hydrogen bonded rotamers
with extra stabilization were the longest (2.22/2.21 A). All other Ru-N—complex bonds

showed no significant differences in the investigated systems (see Fig. 5 and Fig. S10).

16
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The NMR time course supported by DFT calculations allowed the reaction pathways
as shown in Scheme 2 to be drawn. L-His binds to Ru(II)-tpy complexes either through N3 or
through N1 nitrogen atom of the imidazole ring. During the time course of the reaction, the
complete migration of the Ru fragment from N3 to N1 occurs. Both N3 and N1 coordinated
histidine complexes of Ru(Il) have been reported previously.‘”"‘z’sz_54 It has also been reported

that the amino groupsz’53

and the carboxylate group of histidine can bind to Ru(Il) to form
five-membered and/or six-membered chelate rings when coordination sites were available. In

the present case, only one coordination site was available on Ru(Il) and N3 and N1

coordinations were favored over amino and carboxylate binding.

HN NHz*

N (e}
e[ —2© | ="
/Nu | WN=—= /N" | “N\ L —N, WN=—=7— >
\N/ / + L-His N/Ru
\ >

| \N

N\) ca. lO min Sh \ =
~ 2
" acl a
) = gn }1 , + L—Hk\\w' 72h 0o ca. 24h
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Scheme 2. Reaction pathways of [Ru(Cl-tpy)(N-N)CI]" complexes with L-His in aqueous

solutions

Lipophilicity

Octanol—water partition coefficients (log Pos) provide a measure of drug lipophilicity, which
indicates the ability of a molecule to pass through cell membranes.” The lipophilicity of
complexes 1 and 2 was determined by measuring the concentration ratio of the corresponding
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complex in the aqueous phase in the equilibrium state. After mixing with octanol and water,
complexes 1 and 2 were distributed mostly in the aqueous phase. Both complexes gave
negative log Py values, showing them to be hydrophilic in nature. Complex 1 tended to be
less hydrophilic (—1.33) compared to complex 2 (—1.45), which may facilitate its cell uptake

efficiency and enhance its anticancer activity.

DNA-binding studies

Absorption spectroscopic studies

As DNA is an important potential biological target for many metal-based anticancer
agents,‘%’57 distortions of the DNA structure often correlate with anticancer activity.5 839
Therefore, it is of a great importance to understand DNA binding properties of potential
anticancer agents. The general aim was to investigate the effect of the planarity of the tpy
ligand and of the nature of the chelating ligands on the binding mode of Ru(Il)-tpy complexes
to DNA and to relate this to the differences in their anticancer activity. As is known, transition
metal complexes can bind to DNA via both covalent (replacement of a labile ligand of the
complex by a nitrogen base of DNA, e.g., guanine N7) and/or non-covalent (intercalation,
electrostatic or groove binding) interactions.®>!

The application of electronic absorption spectroscopy is one of the most universally
employed methods for the determination of the binding modes and binding extent of metal
complexes with DNA. The absorption intensity of complexes may decrease (hypochromism)
or increase (hyperchromism) with slight increase in the absorption wavelength
(bathochromism) upon addition of DNA. The absorption spectra of complexes 1 and 2 in the
absence and presence of CT DNA (at a constant concentration of the complexes) are given in

Fig. S11. The increase in the intensity at the MLCT band for both complexes indicated that

the interaction with CT DNA resulted in the direct formation of a new complex with double-
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helical CT DNA. In the UV spectrum of complex 1 (Fig. S11), the band centered at 493 nm
presents a hyperchromism, suggesting tight binding and stabilization of the CT DNA duplex.
Additionally, the bands at 222 and 291 nm present a hyperchromism and a red shift
(bathochromism) of 5 nm (up to 227 and 297 nm), suggesting the presence of combined
covalent (N7 coordination) and non-covalent intercalative binding of the complex to DNA by
the insertion of the planar aromatic ligand tpy between adjacent base pairs on the DNA
duplex. The behavior of complex 2 was quite similar (the band centered at 495 nm presents a
hyperchromism) upon addition of increasing amounts of CT DNA (Fig. S11). Both bands
centered at 223 and 291 nm present a hyperchromism, while the first band is red-shifted
towards 229 nm and the second towards 299 nm. It is important to emphasize, the studied
complexes contain both a leaving group and a DNA intercalating ligand, and hence, they
could interact with DNA in a bifunctional mode, including covalent binding to the
nucleobases and non-covalent intercalation. Moreover both complexes contain N-donor
chelating ligands that are able to form specific hydrogen bonds. These observations are in
accordance with those obtained for anticancer Ru(Il)-arene complexes.ﬁo’62

The intrinsic binding constants K;, of complexes 1 and 2 were (1.0 = 0.2) x 10> M
and (2.1 +0.1) x 10* M, respectively (see Table 2). The K, values suggest strong binding of
the complexes to CT DNA, with complex 1 exhibiting higher K}, values compared to complex

2. However, they are lower than that of the classical intercalator EB, the binding affinity for

CT DNA of which is given by K;, = 1.23 (+ 0.07) x 10° M'.%%

Table 2. The DNA-binding constants (K},) and Stern—Volmer constants (K;,) from EB-DNA

fluorescence for complexes 1 and 2.
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Ky [M] Ko [M']
[Ru(Cl-tpy)(en)CI][CI] 1 1.0£02)x 10° (21 £0.1) x 107
[Ru(Cl-tpy)(dach)CI][CI] 2 2.1+0.1)x 10* (1.5 +0.1) x 10*

Fluorescence quenching studies

Ethidium bromide (EB) is a classical intercalator that gives significant fluorescence emission
intensity when it intercalates into the basis pairs of DNA. When it is replaced or excluded
from the internal hydrophobic circumstance of the DNA double helix by other small
molecules, its fluorescence emission is effectively quenched by external polar solvent
molecules such as H,0.% The fluorescence quenching curves of EB bound to DNA in the
absence and presence of the complexes are shown in Fig. 6. The addition of complexes 1 and
2 resulted in significant decreases in the intensity of the emission band at 612 nm, indicating
competition of the compounds with EB in binding to DNA (Fig. 6). The observed quenching
of DNA-EB fluorescence suggested that they displace EB from the DNA-EB complex and
interact with DNA by intercalation. The planar terpyridine ligand of complexes 1 and 2 seems
to have facilitated intercalation resulting in the partial replacement of EB from the DNA-EB
complex, resulting in the observed quenching of fluorescence. The fluorescence quenching
results are in good agreement with the results obtained by UV spectroscopic studies.

The Stern—Volmer quenching plots (Fig. 6. inset) illustrate that the quenching of EB
bound to DNA by complexes 1 and 2 is in good agreement (R = 0.97-0.98) with the linear
Stern—Volmer equation and the values of the Stern—Volmer quenching constant Ky, are given
in Table 2. Complexes 1 and 2 showed high values of the quenching constant of 2.1 X 10* and
1.5 x 10* M, respectively, indicating their great efficiency to replace EB and bind strongly

with DNA, which was also evident from their high values of the DNA binding constant (K}).
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These additional interactions could contribute to the unique binding modes to duplex DNA
and induce different structural distortions in DNA compared to cisplatin.

Overall, these combined results might suggest the presence of both covalent
(coordinative) and non-covalent intercalative binding modes of DNA binding for complexes 1
and 2 upon hydrolysis. Similar observations were reported by Sadler and coworkers for
organometallic complexes. For example, the direct coordinative binding of the
monofunctional [Ru(n(’—biphenyl)(en)Cl]+ complex to N7 of guanine bases in DNA was
complemented by intercalative binding of the biphenyl ligand and specific hydrogen bonding

interactions of the ethylenediamine NH, groups with C60 of guanine.60
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Fig. 6. Emission spectra of EB bound to DNA in the presence of complexes 1 (top) and 2

(bottom). [EB] = 80 uM, [DNA] = 80 uM; [Ru] = 0-80 uM; Aex = 527 nm. The arrows show

the intensity changes upon increasing concentrations of the complexes. Insets: plots of o/l

versus [Q], with m for the experimental data points and the full line for the linear fitting of the

data.

Viscosity measurements

In order to further confirm the modes of binding of complexes 1 and 2 to CT DNA, viscosity
measurements of DNA solutions were performed in the presence and absence of these
complexes. The viscosity of DNA is sensitive to length changes and is regarded as the least
ambiguous and the most critical clues of the DNA binding mode in solution.’”*® The addition
of increasing amounts (up to r = 1.0) of complexes 1 and 2 to a DNA solution (0.01 mM)
resulted in an increase in the relative viscosity of DNA (Fig. S13), which was more
pronounced upon addition of complex 1. In the case of classic intercalation, DNA base pairs
are separated to host the bound compound resulting in increased DNA viscosity, the

magnitude of which is usually in accordance to the strength of the interaction, because of the

22

Page 22 of 40



Page 23 of 40

Dalton Transactions

lengthening of the DNA helix. Therefore, the observed viscosity increase may be explained
by an increase in the overall DNA length provoked by the insertion of the compounds in
between the DNA base pairs due to interaction via intercalation through the aromatic

chromophore of the tpy ligand in the complexes.

In vitro anticancer activity
The cytotoxicity of five Ru(Il) terpyridine complexes 1-4 and P2 was evaluated in human
lung carcinoma (A549), human colon carcinoma (HCT116) and mouse colon carcinoma
(CT26) cell lines by the MTT assay. For comparison purposes, the cytotoxicity of cisplatin
has also been examined. The cytotoxicities of the complexes 1-4 and P2 were found to be
dose dependent, that is, the cell viability decreased with increasing concentrations. The ICs
values of the complexes are listed in Table 3. Complex 1, with ICsy values ranging between
32.80 and 66.30 pM, manifested the highest anticancer activity compared to the other four
complexes (2—4 and P2), but their cytotoxicity was lower than cisplatin under the same
conditions (Fig. 7). The ICsy values of the tested complexes roughly correlated with their
ability to hydrolyze the monodentate ligand at a reasonable rate. In fact, both Ru(I)-tpy
complexes 1 and 2 rapidly equilibrated with the corresponding aqua species upon dissolution
in water, while complexes 3 and 4 were very inert in aqueous solution. In addition, the
cytotoxicity was found dependent on the nature of the inert chelating ligand. The presence of
ethylenediamine in the coordination sphere of the ruthenium(II) terpyridine complexes is very
important for the cytotoxic activity. These results seemed to be in agreement with the
lipophilic character (log Poy) of complexes 1 and 2.

A loss of cytotoxicity towards cancer cells was observed for selected complexes when
en and dach, o-donors, are replaced by other N-N chelates (bpy) or by N—O anionic ligand

(pic), a strong m-acceptor. From a structural point of view, loss of activity in these derivatives
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could arise from the absence of Np3)H groups, which are known to stabilize nucleobase
adducts through strong hydrogen bonds between an NH of en and C60 from the guanine
nucleobase.”®  Similar observations have been reported for the activity of the

half-sandwich Ru(Il)-[9]aneS3 complexes and for the half-sandwich organometallic

17,69,70
compounds. 09

[ Li/asie]!

Fig. 7. ICsy values for cisplatin and complexes 1-4 and P2 after incubation with different

cancer cell lines for 72 h.

Table 3. ICs, values for complexes 1-4 and P2 towards different cell lines in comparison to
cisplatin, obtained from the MTT assay, after 72 h drug exposure. In all cases, the values

represent the mean of three independent experiments.

ICsy [pM]
A549 HCT116 CT26
1 58.40 £ 0.10 66.30 £0.20 32.80+0.10
2 110.80 £ 0.30 84.40 £ 0.10 72.80 £0.20
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3 > 250 > 250 > 250
4 > 1000 > 1000 > 1000
P2 > 250 > 250 > 250
cisplatin 33.00 £0.10 45.10£0.20 24.70 £0.10
Experimental
Materials

1,2-Diaminoethane (en), (+)-tramns-1,2-diamminocyclohexane (dach), 2,2'-bipyridine (bpy),
4'-chloro-2,2":6',2"-terpyridine  (Cl-tpy), 2,2":6'2"-terpyridine (tpy), L-histidine were
commercially available and used as received. K(pic) was obtained by treatment of Hpic with
excess KOH in ethanol. The precursors [Ru(Cl-tpy)Cl;] (P1) and [Ru(tpy)Cl;] (P2) were
prepared as described in the literature.>*”" The complexes [Ru(Cl-tpy)(en)CI][C]] (1),
[Ru(Cl-tpy)(dach)CI1][Cl] (2) and [Ru(Cl-tpy)(bpy)CI][C]] (3) were synthesized as reported
previously.30 Microanalysis, and UV-Vis and 'H NMR spectroscopy were used to check the
purity of the complexes and the spectra agreed well with data already reported. All other
chemicals were used as purchased without further purification. Doubly distilled water was
used as the solvent throughout the experiments. A stock solution of CT DNA was prepared in
10 mM Tris-HC1/150 mM NacCl buffer at pH = 7.4, which gave a ratio of UV absorbances at
260 nm and 280 nm (Ajs0/A2g0) of ca. 1.8-1.9, indicating that the DNA was sufficiently free
of protein and the concentration was determined by the UV absorbance at 260 nm

(e=6600 M cm™).”

Instrumental methods
The mono- (‘"H (500 MHz), °C (126 MHz)) and bi-dimensional (‘H-'H COSY, 'H-"C
HSQC, 'H-""C HMBC) NMR spectra were recorded on a Varian 500 spectrometer. The 'H

chemical shifts in DO were referenced to the internal standard 2,2-dimethyl-2,2-silapentane-
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5-sulfonate (DSS) at 6 = 0.00 or to added 1,4-dioxane (6 = 3.75), whereas in CD3;CN, they
were referenced to the peak of the residual non-deuterated solvent (0 = 1.94); BC chemical
shifts in (CD3),CO/D,0 (6:1) were referenced to the peak of residual non-deuterated solvent
(0 = 29.84). All NMR spectra were run at 298 K. The UV-Vis spectra were obtained on a
Perkin-Elmer Lambda 35 double beam spectrophotometer, using 1.0 cm path-length quartz
cuvettes (3.0 mL). The infrared spectra were recorded on a Perkin-Elmer 983G spectrometer.
Elemental analysis was performed at the Dipartimento di Scienze e Tecnologie Chimiche,
University of Udine (Italy). Fluorescence measurements were run on a RF-1501 PC
spectrofluorometer (Shimadzu, Japan). The fluorescence spectra were recorded in the range
550-750 nm upon excitation at 527 nm in all cases. The excitation and emission bandwidths
were both 10 nm. Viscosity experiments were performed using an Ubbelodhe viscometer

maintained at a constant temperature at 25.0 £ 0.1 °C in a thermostatic bath.

Synthesis of complex [Ru(Cl-tpy)(pic)Cl] (4)

[Ru(Cl-tpy)Cls] (P1) (50.0 mg, 0.105 mmol) was suspended in 10 mL of an ethanol/H,O (3:1)
mixture containing 44.5 mg (1.050 mmol, 10 eq.) of LiCl and 43.9 ul (0.315 mmol, 3 eq.) of
triethylamine (Et;N) as a reductant. The chelating ligand pic (20.3 mg, 0.126 mmol, 1.2 eq.)
was then added and the reaction mixture was refluxed for ca. 4 h under vigorous stirring.
During this time, the color of the solution changed from purple to red. The solution was
filtered while hot to remove any undissolved material. Rotary concentration under reduced
pressure to ca. Y4 of the initial volume and storage at 4.0 °C for 24 h induced the formation of
the product as a dark solid. It was collected by filtration, washed with ethanol and diethyl
ether and vacuum dried. Yield: 40.3 mg (73 %). Anal. Calcd for C,;H4Cl,N4O2Ru (FW:
526.34): C, 47.9; H, 2.68; N, 10.64 %. Found: C, 47.9; H, 2.71; N, 10.62 %. Complex 4 is

soluble in dichloromethane, nitromethane and acetonitrile, partially soluble in water and
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methanol, whereas it is insoluble in ethanol, acetone and chloroform. 'H NMR
((CD3),CO/D;,0 (6:1); the shifts were referenced to the internal standard DSS at ¢ = 0.00):
8.68 (s, 2H, C3'H/C5'H), 8.64 (d, 2H, J = 4.8 Hz, C6H/C6"H), 8.62 (d, 2H, J = 8.0 Hz,
C3H/C3"H), 8.04 (t, 2H, J = 7.3 Hz, CAH/C4"H), 8.02 (d, 1H, J = 7.9 Hz, C3H pic), 7.70 (t,
2H, J = 6.6 Hz, C5H/C5"H), 7.68 (t, 1H J = 7.5 Hz, C4H pic), 7.06 (d, 1H, J = 5.0 Hz, C6H
pic), 6.95 (t, 1H J = 7.5 Hz, C5Hpic). '"H NMR (CDsCN): 8.53 (d, 2H, J = 5.4 Hz,
C6H/C6"H), 8.44 (s, 2H, C3'H/C5'H), 8.35 (d, 2H, J = 8.0 Hz, C3H/C3"H), 7.95 — 7.87 (m,
3H, C4H/CA"H/ C3H pic), 7.55 (t, 2H, J = 6.5 Hz, C5H/C5"H), 7.50 (t, 1H, J = 7.5 Hz,
C4Hpic), 6.79 (t, 1H, J = 7.0 Hz, C5H pic), 6.76 (d, 1H, J = 4.7 Hz, C6H pic). °C NMR
((CD3),CO/D,0 (6:1); the shifts were referenced to the residual peak of the (CD3),CO at d =
29.84): 159.5 (C2/C6"), 158.1 (C2/C2"), 152.0 (C6H/C6"H), 151.5 (C6H pic), 137.1
(CAH/C4A"H), 136.6 (C4'), 136.1 (C4H pic), 128.4 (C5H/C5"H), 128.1 (C5H pic), 127.1 (C3H
pic), 123.9 (C3H/C3"H), 122.6 (C3'H/C5'H). Selected IR (KBr, cm™): Vierpy 2918 (m), 2850
(m), 1596 (s), 1473 (w), 1423 (w), 1112 (s), 794 (m), 566 (W); Vasymcooy 1630 (VS); Vsym(coo)
1343 (s). UV/visible spectrum (CH3CN; Apax, nm (g, M! cm_l)): 240 (51690), 280 (37157),

315 (49133), 369 (13253), 510 (12480).

Kinetic analysis

The kinetics of the substitution reactions of complexes 1 and 2 with L-His were studied
UV-Vis spectrophotometrically. All kinetic measurements were performed under
pseudo-first-order conditions (i.e., the concentration of the nucleophile was at least 10-fold
greater than that of the complex). The reactions were initiated by mixing a solution of each
complex (0.3 mL, 1.00 mM) with 2.7 mL of a thermally equilibrated nucleophile solution
(4.45 mM) in a UV-Vis cuvette and the reactions were followed for at least 8 half-lives. The

observed pseudo-first-order rate constants, kons, Tepresent an average value of two to three
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independent kinetic runs for each employed experimental conditions. The reactions were
studied at three different temperatures (288, 298 and 310 K) in 25 mM Hepes buffer
containing 30 mM NaCl at pH 7.40. The second-order rate constants k, for the substitution
reactions with L-His were obtained directly from the slopes of kgnsa plots versus the
concentration of the nucleophile. All kinetic data were computer-fitted to the appropriate

equation using the programs Microsoft Excel 2007 and Origin 8.

Quantum Chemical Methods

B3LYP/LANL2DZp hybrid density functional calculations, i.e., with pseudo-potentials on the
heavy elements and the valence basis set augmented with polarization functions, were
performed.73 All the resulting structures were characterized as minima by computation of
vibrational frequencies (NImag:0). The relative energies were corrected for zero point
vibrational energies (ZPE) throughout. The GAUSSIAN 09 suite of programs was used.” The
influence of the bulk solvent was evaluated via calculations using the CPCM formalism (as
implemented in GAUSSIAN 09) for water as the solvent, i.e., in the case of energy single
points B3LYP(CPCM)/LANL2DZp//B3LYP/LANL2DZp + ZPE(B3LYP/ LANL2DZp) or
structural optimizations B3LYP(CPCM)/LANL2DZp + ZPE(B3LYP(CPCM)/

LANL2DZp).”

Lipophilicity assay

Log P is the partition coefficient between octanol and water which is determined using the
flask-shaking method.”® An aliquot of a stock solution of complexes 1 and 2 in 100 mM
aqueous NaCl (0.9 % w/v to prevent aqueous interaction and remain saturated with octanol)
was added to an equal volume of octanol (saturated with 0.9 % NaCl w/v). The mixture was

shaken overnight at 60 rpm at 298 K to allow partitioning. After standing, the aqueous layer
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was carefully separated from the octanol layer for ruthenium analysis. The ruthenium
concentration in the aqueous phase was determined using UV-Vis spectrophotometry and

used to calculate the [Ru],/[Ru]y ratio.

DNA-binding studies

Absorption spectroscopic studies

The interaction of complexes 1 and 2 with CT DNA has been studied with UV spectroscopy
in order to investigate the possible binding modes to CT DNA and to calculate the binding
constants (Kp). The DNA-binding experiments were performed at 37 °C. Buffer (10 mM
tris(hydroxymethyl)aminomethane (Tris)-HCl, 150 mM NaCl, pH = 7.4) was used for the
absorption measurements. A series of complex—DNA solutions were prepared by mixing
complex solutions of fixed concentration (12.5 uM) with increments of the DNA stock

solution (2.56 mM).

Fluorescence quenching measurements

The binding interaction of the complexes with DNA was also studied by fluorescence
spectroscopy. The fluorescence intensities were measured with the excitation wavelength set
at 527 nm and the fluorescence emission at 612 nm. The excitation and emission slit widths
(each 10 nm) and scan rate were maintained constant for all the experiments. A stock
solutions of DNA (2.0 mM) and complexes (0.1 mM) were prepared in 10 mM Tris-HCl
buffer solution (pH = 7.4, 150 mM NaCl). A series of complex—DNA solutions was prepared
by mixing DNA solutions with different concentrations of the complexes. For fluorescence
determination, the final DNA concentration was 80.0 uM, and the complex concentrations
varied from 8.0 pM to 80.0 pM. Before the measurements, the system was shaken and

incubated at room temperature for 5 min. The emission was recorded at 550-750 nm.
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Viscosity measurements

The viscosity of a DNA solution was measured in the presence of increasing amounts of
complexes 1 and 2. The flow time was measured with a digital stopwatch, each sample was
measured three times, and then the average flow time was calculated. The data were presented
as (/M) against r, where 1) is the viscosity of DNA in the presence of complex and 1 is the
viscosity of DNA alone in the buffer solution. The viscosity values were calculated from the
observed flow time of the DNA-containing solutions (t) corrected for the flow time of the

buffer alone (tp), n = (t-tp)/to.

Cell studies

Cell culture

Three different tumor cell lines were the subjects of this study: A549 (human lung carcinoma
cell line), HCT116 (human colon carcinoma cell line), and CT26 (mouse colon carcinoma cell
line). These cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10-15 % fetal bovine serum (FBS), 100 U mL™! penicillin and
100 mg m L™ streptomycin. All cell lines were kept in a CO, incubator with 5 % CO, at
37 °C in a humidified atmosphere. The cells from a confluent monolayer were removed from

the flasks by a trypsin—EDTA solution and seeded in multi-well culture plates.

Cytotoxicity assay (MTT test)

The cytotoxic activity of the complexes 1, 2, 3, 4 and P2 were screened against all cell lines
using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, a
colorimetric determination of cell viability during in vitro treatment with a drug. The assay,

developed for the initial stage of drug screening, measures the amount of MTT reduction by
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mitochondrial dehydrogenase and assumes that cell viability (corresponding to the reduced
activity) is proportional to the production of purple formazan, which is measured
spectrophotometrically. The cells were harvested from the culture during the exponential
growth phase and seeded into 96-well culture plates at 5 x 10* cells mL™" in fresh medium,
100 pL. well™. After 24 h, the cells were treated with selected concentrations of the complexes
for 3 days. Control wells were prepared by addition of culture medium only, which were used
as blanks. After incubation, the drug-containing medium was discarded and replaced with
serum-free medium containing 15 % MTT (5 mg mL™) dye. After an additional 4 h of
incubation at 37 °C in the 5 % CO, incubator, the medium with MTT was removed and
DMSO (150 pL) with glycine buffer (20 pl) was added to dissolve the blue formazan
crystals. The plates were shaken for 10 min. The optical density of each well was determined
at 570 nm using a Zenyth 3100 multimode microplate detector. Each experiment was repeated
at least three times to obtain mean values. The percentage of cytotoxicity was calculated using
the formula: % of viable cells = ((TS — BG0O) — E / (TS — BGO0) x 100), where BGO is for
background of medium alone, TS is for the total viability/spontaneous death of untreated
target cells, and E is for the experimental well. The ICs, values were determined by plotting
the percentage viability versus concentration on a logarithmic graph and reading off the

concentration at which 50 % of cells remained viable relative to the control.

Conclusion

In a previous work, the syntheses of three cationic complexes with terpyridine of the general
formula [Ru(Cl-tpy)(chel)C1][C]] were reported, and their stability and behavior in aqueous
solution, as well as their interaction with different biomacromolecules (such as DNA model
bases, amino acids, efc.) were thoroughly investigated.30 These polypyridyl complexes

undergo a release of the chlorido ligand forming the corresponding [Ru(Cl-tpy)(chel)(H,0)]**
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species. The rate of the hydrolysis was found to depend markedly on the nature of the
chelating ligand (minutes for en and dach, hours for bpy), but its extent was similar in all
cases, with a ca. 1:9 ratio between intact and aquated species at equilibrium. On the other
hand, the neutral complex [Ru(Cl-tpy)(pic)Cl] (4) reported herein has poor solubility in
aqueous solution and higher stability since no release of the CI™ ligand was detected after
several hours of observation.

This study provides information on the mechanism of substitution of ruthenium(II)
terpyridine complexes with the amino acid L-His. The kinetic data for the reactions of two
cationic complexes [Ru(Cl-tpy)(en)CI][Cl] (1) and [Ru(Cl-tpy)(dach)CI][Cl] (2) with L-His
clearly showed that the rate of the reaction depends on the nature of the chelating ligand: the
en complex 1 reacts ca. 2 times faster than the dach complex 2. In addition, NMR data
indicated that in the early stage, L-His binds to complexes 1 and 2 through the N3 atom, while
in the later stage through the thermodynamically more stable N1 atom. The inner molecular
rearrangement from N3-coordinated L-His to the N1 bound isomer observable in the NMR
data can be corroborated by DFT calculations favoring N1 coordination by nearly
4 kcal mol™.

UV-Vis spectroscopy studies, DNA viscosity measurements and competitive binding
studies with EB revealed the ability of the complexes to bind to CT DNA covalently through
N7 of guanine residues and non-covalently through intercalation. The cytotoxicities of the
five ruthenium(II) polypyridyl complexes [Ru(Cl-tpy)(en)CI1][C1] 1),
[Ru(Cl-tpy)(dach)CI][C]] (2), [Ru(Cl-tpy)(bpy)CI[CI] (3), [Ru(Cl-tpy)(pic)Cl] (4) and
[Ru(tpy)Cls] (P2) was investigated against three different tumor cell lines A549, HCT116 and
CT26 by the MTT assay. The ICs, values showed that complexes 1 and 2 were moderately
cytotoxic, while complexes 3, 4 and P2 were devoid of any significant cytotoxicity. In

substantial agreement with the results obtained by Sadler and Alessio for organometallic half
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sandwich compounds and Ru(Il)-[9]aneS complexes, respectively, the present results clearly
confirmed that the relatively rapid availability of one coordination position on the Ru center is
apparently an essential requirement for observing anticancer activity. In addition,
ethylenediamine is instrumental for the cytotoxic activity. This study provides additional
confirmation that ruthenium complexes could indeed have multiple targets and mechanisms of
action. Interactions of these ruthenium polypyridyl compounds with transport proteins, such
as albumin and transferrin are currently underway, and the results will be reported elsewhere.
Therefore, the investigation toward this direction is of particular importance for the future
development of new ruthenium anticancer drugs with reduced side-effects, and more work is

required for a better understanding.
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Graphical Abstract

DNA binding properties, histidine interaction and cytotoxicity studies of water

soluble ruthenium(II) terpyridine complexes

Dejan Lazi¢,* Aleksandar Arsenijevié,* Ralph Puchta,”® Zivadin D. Bugar¢i¢® and Ana

Rilak*®

UV-Vis spectroscopy studies, viscosity measurements and competitive binding studies with
EB have revealed the ability of the complexes to bind to CT DNA covalently through N7 of
guanine residues and non-covalently through intercalation. The cytotoxicity of five
ruthenium(II) polypyridyl complexes was investigated against three different tumor cell lines

A549, HCT116 and CT26.
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