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Heterocyclic (pyrazine)carboxamide Ru(n)
complexes: structural, experimental and

theoretical studies of interactions with
biomolecules and cytotoxicityf
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Treatments of N-(1H-benzoldlimidazol-2-yl)pyrazine-2-carboxamide (HL;) and N-(benzold]thiazol-2-yl)
(HL) with [Ru(p-cymene)Clyl, [Ru(PPh3)3Cly]
precursors afforded the respective Ru(i) complexes [Ru(lLs)(p-cymene)Cll (Rul), [Ru(lL,)(p-cymene)Cl]
(Ru2), [Ru(Ly)(PPh3),Cll (Ru3), and [Ru(Lo)(PPhz),Cll (Ru4). These complexes were characterized by NMR,
FT-IR spectroscopies, mass spectrometry, elemental analyses, and crystal X-ray crystallography for Ru2.
The molecular structure of complex Ru2 contains one mono-anionic bidentate bound ligand and display

pyrazine-2-carboxamide carboxamide ligands and

pseudo-octahedral piano stool geometry around the Ru(i) atom. The interactions with calf thymus DNA
(CT-DNA) and bovine serum albumin (BSA) were investigated by spectroscopic techniques. The
experimental binding studies suggest that complexes Rul—Ru4 interact with DNA, primarily through
minor groove binding, as supported by molecular docking results. Additionally, these complexes exhibit
strong quenching of the fluorescence of tryptophan residues in BSA, displaying static quenching. The in

iig:g’;‘é %?;hd:g:\a;%ggm vitro cytotoxicity studies of compounds Rul—-Ru4 were assessed in cancer cell lines (A549, PC-3, HT-29,
Caco-2, and Hela), as well as a non-cancer line (KMST-6). Compounds Rul and Ru2 exhibited superior

DOI: 10.1035/d4ra00525b cytotoxicity compared to Ru3 and Ru4. The in vitro cytotoxicity and selectivity of compounds Rul and
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Introduction

Since the discovery of cisplatin in cancer therapy, research into
metal-based  chemotherapeutic  agents has  gained
momentum.’™* This endeavour is underpinned by the dual
objectives of enhancing cytotoxicity against malignant cells,
while concurrently striving to limit the side effects of these
chemotherapeutic drugs.”'® Among the numerous classes of
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Ru2 against A549, PC-3, and Caco-2 cell lines surpassed that of cisplatin.

metal complexes being investigated for their potential cancer
therapy, ruthenium(u) complexes have emerged as a popular
choice for non-platinum(u) based drugs. This is largely due to
their desirable rate of ligand substitution kinetics, which are
amenable to the dynamics observed in cellular processes, and
thereby minimizing undesirable side reactions.'™? Further-
more Ru(u) complexes have the ability to mimic iron in their
interaction with serum transferrin and albumin proteins, which
transport and solubilise iron within cytoplasm and thereby
exploiting the body's inherent mechanism for the safe and non-
toxic delivery of iron.**'*

Within the “ruthenotherapy”,’*™ the sodium salt analogue
NKP-1339 has progressed into clinical trials.*® Also, the ruth-
enium(u)-arene 1,3,5-triaza-7-phosphaadamantane (RAPTA)
compound, exhibits substantial cytotoxicity against a number
of cancer lines and induces cell death primarily via mitochon-
drial apoptosis.>*> Moreover, both RM175 and ONCO4417
induce apoptosis through G2/M phase arrest. Noticeably,
ONCO4417 also exhibits DNA-damaging properties at levels
similar to cisplatin.*

Another class of ruthenium(u) based complexes which have
gained significant interest in the development of anticancer
agents are those supported on arene scaffolds.>*?® This is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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attributed to their distinct characteristics, including solubility,
stability, lipophilicity, and accessibility via facile synthetic
routes. One such example, is the investigations of the in vitro
cytotoxicity of ruthenium(u)-arene complexes of N-heterocyclic
carbene (NHC) ligands.”**® These complexes exhibit good lip-
ophilicity and show high accumulation within the A2780 cell
line. It has also been observed that Ru(u)-arene complexes
containing perfluorinated phosphine ligands, show improved
cytotoxicity and selectivity.**> In another related study
involving the assessment of antiproliferative activity and
apoptosis mechanism of arene Ru(u) carbazole-based hydra-
zone complexes, it was found that the complexes display
comparable cytotoxicity to cisplatin.®

To broaden the spectrum and chemical diversity of the
currently available Ru(u) based anticancer drugs, we report the
synthesis and structural studies of novel Ru(u) complexes
functionalized on the (pyrazine)carboxamide scaffolds. The
interactions of these complexes with DNA and protein were also
explored using spectroscopic and molecular docking tech-
niques. The cytotoxic effects of the complexes on a panel of six
cell lines were also evaluated and are herein discussed.

Results and discussion

Synthesis and structural characterisation of the ruthenium(u)
complexes

The carboxamide ligands N-(*H-benzo[d]imidazol-2-yl)pyrazine-
2-carboxamide (HL,), and N-(benzo[d]thiazol-2-yl)pyrazine-2-
carboxamide (HL,) were synthesized by following established
literature procedures®*-** and were obtained in moderate to
good yields of 52% (HL,) and 85% (HL,) as depicted in Scheme
1. Reactions of ligands HL, and HL, with [RuCl,(p-cymene)], in
the presence of NaOMe in a 1: 2 mole ratio in absolute ethanol
afforded complexes [Ru(L,)(p-cymene)Cl] (Rul) and [Ru(L,)(p-
cymene)Cl] (Ru2) in high yields of 72% and 84% respectively
(Scheme 1). Similarly, reactions of equimolar amounts of
ligands HL, and HL, with RuCl,(PPh;); in CH,Cl, afforded the
respective complexes [Ru(L,)(PPh;),Cl] (Ru3) and [Ru(L,)(-
PPh;),Cl] in moderate and low yields of 66% and 47% respec-
tively (Scheme 1).

Structural identities of ligands (HL, and HL,) and their
corresponding complexes Rul-Ru4 were confirmed by
a combination of *H, 3C, **P NMR, FT-IR spectroscopies, mass
spectrometry, elemental analysis, and single crystal X-ray anal-
ysis (Ru2). For example, in the 'H NMR spectrum of HL,
(Fig. S1t), distinctive singlet at 12.20 ppm was observed,
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corresponding to two protons of the N-H from the benzimid-
azole and from the sec amide. Upon the formation of Rul
(Fig. S3t) one signal disappeared, serving as clear evidence of
the deprotonation of the N-H amide group during the metal-
ation process. Similar observations were made in the *"H NMR
spectra of complexes Ru2-Ru4 (Fig. S4-S67). Furthermore, to
confirm the identities of Ru3 and Ru4, we employed *'P NMR
and sharp singlets were observed at 26.10 ppm for Ru3 and
26.47 ppm for Ru4 (Fig. S7 and S8%). These resonances are
consistent with the presence of two magnetically equivalent
PPh; groups arranged in trans configuration, consistent with
the proposed structures in Scheme 1.°***” In addition, the
formation and identity of complexes Rul-Ru4, was also derived
from comparisons of their ">*C NMR spectral data to those of
their respective ligands (Fig. S9-S13t). For instance, the
carbonyl resonance peak at 161.6 ppm (HL,) is slightly shifted
to 167.9 ppm in the corresponding complex Rul (Fig. S9 and
S111).

The chemical identities of compounds Rul-Ru4 were addi-
tionally ascertained from their FT-IR spectra (Fig. S14-5197). As
an illustration, the C=0 stretching band at 1691 cm ™! in HL,
(Fig. S141) is shifted downfield to 1625 cm ™" in Ru1 (Fig. S167).
This observation is likely due to w-back donation, from the d-
orbitals of the Ru(u) to the unoccupied m* orbitals of the
ligands. Noteworthy, the C=0 signals remained within the ex-
pected range for C=O signal, indicating no keto-enol tauto-
merization, contradicting earlier reports by Gupta and their
colleagues.*®

Mass spectrometry was also utilized to elucidate the molec-
ular composition of the isolated complexes (Fig. S20-S257). The
positive ion ESI-MS spectra show the base peaks at m/z = 510.05
(caled 509.06, 100%) for Rul, 527.03 (caled 526.02, 100%) for
Ru2, 899.13 (caled 900.14) for Ru3, corresponding to the
protonated molecular ion [M+H]" ions. The positive HR-MS
spectra of Ru4 showed a signal at m/z = 917.0967 (100%) and
thus deviating from the calculated mass (917.0974) with an
acceptable difference of 0.0007. Elemental analyses data of
complexes Rul-Ru4 were consistent with the empirical
formulae of the proposed structures in Scheme 1 and proved
their purity in bulk state.

Molecular structure of complex Ru2

Single crystals suitable for X-ray analysis of complex Ru2 were
grown by slow diffusion of diethyl ether into a concentrated
solution of ethanol at room temperature. Fig. 1 depicts the

i@ RuCly(PPhs), XYN
N —————— Oy N_PPh
CH,Cl,, 24h, rt _Ru-Cl
;L N PPh;
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Scheme 1 Synthetic route of ligands and the corresponding Ru(i) complexes.
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Fig. 1 Molecular structure diagram of Ru2 showing atom numbering
scheme Selected bond lengths (A) and angles (°): Ru(1)-N(1), 2.098(7);
Ru(1)-N(2), 2.131(7); Ru(1)-ClU(1), 2.404(2); Ru(1)-C(18), 2.209(9);
Ru(1)-C(20), 2.189(8), Ru(1)-C(17), 2.169(8), Ru(1)-C(16), 2.217(9),
Ru(1)-C(21), 2.187(8); Rul-C19, 2.238. N(1)-Ru(1)-N(2), 77.5(3); N(1)-
Ru(1)-Cl(1), 83.0(2), N(2)-Ru(1)-Cl(1), 82.31(19), N(1)-Ru(1)-C(18),
102.8(3); N(1)-Ru(1)-C(20), 169.5(3); N(1)-Ru(1)-C(17), 91.6(3); N(1)-
Ru(1)-C(16), 108.0(3); N(1)-Ru(1)-C(21), 142.6(3).

molecular structure of Ru2, with thermal ellipsoids at 50%, while
Table S1t contains crystallographic data and structure refinement
parameters. The complex crystallizes in the monoclinic system
with C2 space group. In the molecular structure of Ru2, the Ru(u)
atom contains one mono-anionic bidentate bound ligand (L™,)
and adopts a three-legged piano-stool arrangement. The coordi-
nation sphere around the Ru(u) atom in Ru2 is formed by the -
bonded p-cymene ring situated at the apex, while the N(1) and
N(2) donor atoms of the bidentate ligand L,, along with the
chlorido ligand, are conformationally located on the base of the
piano stool-like structure. This arrangement forms a five-
membered chelate ring with the Ru(u) ion. The dihedral angles
for N(1)-Ru(1)-CI(1) of 83.0(2)° and N(2)-Ru(1)-Cl(1), 82.31(19)°
significantly depart from the expected 90°. Additionally, the bite
angle for N(1)-Ru(1)-C(20), of 169.5(3)° deviates appreciably from
linearity of 180°. Consequently, the geometry around the Ru(m)
centre can best be described as distorted octahedral configura-
tion. The N(1) and N(2) atoms are coordinated to the Ru(u) ion
with almost equal bond distances (Ru(1)-N(1), 2.098(7); Ru(1)-
N(2), 2.131(7)), signalling the absence of keto-enol tautomeriza-
tion as observed in the spectral data. The bond length Ru(1)-N(1),
2.098(7) A falls within the average value of 2.089 =+ 0.014 A re-
ported for 18 related structures.® The bond length Ru(1)-Cl(1),
2.404(2) A correlate well with the mean distance of 2.411 + 0.014 A
obtained for 33 similar structures.*

Solution stability of complexes Rul-Ru4

The solution stability of complexes Rul-Ru4 was evaluated in
both aqueous and DMSO media using UV-vis and '"H NMR
spectroscopies, respectively. Fig. S26 and S281 show represen-
tative time-dependent UV-vis spectral scans of Ru4 and Ru2,
respectively in PBS. The complexes showed characteristic peaks
at 260 nm and their profiles remained largely invariant over the
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72 h period. This implies that no structural changes occurred,
hence stability of the complexes under the physiological
conditions used in the DNA interactions and in vitro studies.
Typical "H NMR spectra of complexes Rul and Ru2 in DMSO-d,
are shown in Fig. S28 and S29, respectively. Consistent with the
UV-visible data, there were no noticeable changes in proton
chemical shifts, suggesting the stability of the complexes in
DMSO over the 48 h period.

DNA binding studies

Absorption spectroscopic measurements. Platinum group
metals primarily exert their mode of action by binding to the
DNA molecule, thereby impeding the synthesis and replication
processes.**™** This interference ultimately leads to cell death.**
DNA titration experiments help in understanding how mole-
cules interact with DNA, which is crucial in various biological
processes such as gene regulation, DNA replication, and repair.
We thus used electronic absorption spectroscopy to examine
the strength and mode of interactions between complexes Rul-
Ru4 and CT-DNA under varying concentrations of CT-DNA
(Fig. 2 and S30-S33%). The prominent absorption band at
~270 nm is attributed to intra-ligand @ — =* charge transfer
transitions. Notably, hyperchromic shift in absorbance is
observed for Rul and Ru2, resulting from the secondary
damage of CT-DNA double helix. This observation indicates that
the interactions of the complexes with CT-DNA are primarily
either via an electrostatic, major, or minor groove modes.* In
contrast, the absorption bands for Ru3 and Ru4 depict
a considerable reduction in absorbance (hypochromic shift),
which can be ascribed to the conformational changes in the
DNA helical structure. To enable a quantitative comparison of
CT-DNA binding affinities, the intrinsic binding constant (k)
and Gibb's free energies (AG) were calculated from the spectral
data using eqn S1 and S2t respectively.

The Kj, values for complexes Rul-Ru4 fall within the range of
0.21-9.22 x 10° M™' (Table 1). Strikingly, complexes Rul and
Ru3, which contain the NH moiety, exhibited higher K;, values
in comparison to the benzothiazole analogues Ru2 and Ru4. We
have previously reported similar trends using related Pd(u)

00000000 00000005  0.0000010  0.0000015  0.0000020
DNA [M]

Absorbance

250 300 350 400

wavelength (nm)

450 500

Fig. 2 Electronic absorption spectrum of complex Ru2 in the pres-
ence of increasing concentration of CT-DNA in PBS buffer. (Inset) Plot
of [CT-DNA] vs. [DNAI/(e; — &). The arrow depicts hyperchromic shift
on the addition of increasing quantities of DNA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 CT-DNA-binding constants derived from the UV-vis and EB-DNA fluorescence experiments

UV-vis titration

EB fluorescence emission titration

Compound K, 10°M™! AG35-¢/k] mol* Ky 10° M Kq10"" M Kapp 10° M ™! Kp 102 M~ n

Rul 9.22 £ 0.75 39.73 1.01 + 0.28 1.01 £ 0.29 2.96 + 0.23 1.30 £ 0.10 0.99
Ru2 0.32 £ 0.01 31.40 0.51 + 0.07 0.51 £ 0.01 2.44 + 0.12 0.51 + 0.06 0.95
Ru3 3.92 & 0.46 37.61 1.84 + 0.21 1.84 £ 0.11 3.41 £ 0.28 2.24 £ 0.16 0.99
Ru4 0.21 £ 0.01 30.36 1.65 + 0.22 1.65 + 0.63 3.01 £ 0.28 1.13 £ 0.10 0.97

complexes.” A plausible explanation for this phenomenon could
be due to the hydrogen bonding interactions between the NH
group of carboxamide and DNA nucleobases, thereby
enhancing the strength and extent of these interactions. It is
important to note that the K}, values for compounds Rul and
Ru2, were higher than those of related Ru(u) cymene with (poly)
cyclic aromatic diamine ligands (0.4-1.0 x 10%).%° The negative
AG values for compounds Rul-Ru4 signify spontaneous inter-
actions with CT-DNA."

Ethidium competitive assay

To confirm the interactions between compounds Rul-Ru4 and
CT-DNA, a fluorescent-quenching assay using EtBr dye was
conducted at varying concentrations of metal complexes
(Fig. S34-S37t). Interestingly, there was an approximate 18%
reduction (hypochromic shift) observed at 600 nm, alluding to
the limited ability of compounds Rul-Ru4 to displace EtBr from
the EtBr-CT-DNA adduct and effectively intercalate with the CT-
DNA base pairs.”® The Stern-Volmer quenching constant (K),
bimolecular quenching rate constant (k,) and apparent binding
affinity constants (K,pp) were derived from the Stern-Volmer
equations eqn S3 and S47 (Table 1). Additionally, the Scatchard
equation, eqn S5 was employed to calculate the association
binding constant (Kg) and the number of binding sites per
nucleotide (n) as summarized in Table 1. The Kj, values for
compounds Rul-Ru4 ranged from 0.51 to 1.84 x 10* M.
Noticeably, the values of K, are 10> to 10” fold lower than that of
the classical intercalator EtBr (10’ M '),** further hinting on the
weaker interactions of compounds Rul-Ru4 with CT-DNA in
comparison EtBr. The obtained k, values, with a magnitude of
10™ M are ten times higher than the upper limit (2.0 x 10"’ L
mol " s7') observed for quenching rate constants in dynamic
interactions.*® This substantial difference strongly suggests the
existence of static quenching mechanism. Similarly, the
magnitude of K,p, (10° M) is lower compared to the binding
constants typically associated with the classical intercalators
(10" M™1),** further underscoring the existence of weak inter-
calative interaction. The Ky values (10'~10> M~' magnitude)
also indicate that the complexes have weak quenching effi-
ciencies. The values of n = 1, imply the presence of one binding
site for every two base pairs.

Hoechst 33258 displacement assay

To further elucidate the precise mechanism of interaction
between these complexes and CT-DNA, we performed

© 2024 The Author(s). Published by the Royal Society of Chemistry

competitive binding assay involving Hoechst 33258 dye. The
characteristic emission curves of Hoechst-CT-DNA, in the
presence of varying quantities of Ru(u) complexes are depic-
ted in Fig. 3 (Ru2) and ESI Fig. S38-S41f for the other
complexes. The intensity of the emissions at 450 nm
decreases significantly by ca. 45% upon addition of increasing
amounts of compounds Rul-Ru4. This observation strongly
confirm that the complexes participate in competitive
binding with Hoechst 33258 and simultaneously interact with
the minor groove of CT-DNA.>

The values of the binding constants of K, Kq, Kapp and K
with the Hoechst 33258 dye are presented in Table 2. These
values are higher compared to those observed for EtBr
displacement, signalling that compounds Rul-Ru4 prefer
a stronger and more favourable binding interaction through the
minor groove of the CT-DNA rather than via an intercalative
mode. The K, values ranged from 1.71 to 7.90 x 10° M~ and
are consistent with the affinity observed in other Ru(u)
complexes known for groove binding mode.** The magnitude of
the k, value of 10> M ' considerably exceeds the collision
quenching constant of biomolecules (2.0 x 10" L mol™* s,
indicating the presence of static mode of quenching.>* We note
that the K, values (magnitude 10°-10” M~") of compounds
Rul-Ru4 are greater than those of analogous compounds
abound in literature, which fall within the range of 10*-10°
M™~'.% Both EtBr and Hoesch displacement studies reveal a dual
mode of interactions between Rul-Ru4 and CT-DNA, entailing
partial intercalation and strong minor groove interactions.

700 +

600 1

500 4

000060000 O

@m

a0t

400 -

300 4

(®)

Intensity (a.u)

200 -

100 4:3:

450 500
Wavelength (nm)

Fig. 3 Emission of Hoechst 33258 for Ru2: [H258] = 15 uM and [Ru2]
= 0-22 pM. The arrow shows the intensity changes upon increasing
the concentration of Ru2. (Insets) (a) Stern—Volmer plot of I/l vs. [Q]
and (b) Scatchard plot of logl(/o—/)/] vs. log[Q].
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Table 2 Quenching constants obtained from Hoe-CT-DNA fluores-
cence assay

Hoechst 33258 displacement

Compound Ky 10° M~ K 10” M ™' Kapp 100 M Kp10°M™!
Rul 7.90 £0.29 7.90 £0.66 2.27£0.15  0.64 £ 0.07
Ru2 1.71£0.01 1714014 044 £0.02  0.12 % 0.01
Ru3 974+ 025 9.74+0.76 1.44+0.17 6.1+ 0.55
Ru4 1.82£0.01 1.8240.14 051£0.06  4.33 +0.39

Protein interactions

Serum albumin primarily functions as a carrier for a wide range of
molecules, including drugs, within the bloodstream and thus
ensuring the delivery of the pharmaceuticals to their intended
targets within the body.>® Our choice of the bovine serum albumin
(BSA) as a model protein was driven by its structural similarity,
sharing approximately 76% homology to the human serum
albumin (HSA).>**” The emission as a result of the presence of
tryptophan (Trp) amino acid residues, specifically Trp-212 and
Trp-134 located within the subdomains IIA and 1B, respectively
was observed and recorded at 350 nm.*®* The spectra were
recorded over a range spanning from 300 to 420 nm, while varying
the concentration of the metal complexes (Fig. S42-5451). A
considerable reduction in the fluorescence intensity was observed
(Fig. 4) and attributed to binding with Trp-134 and Trp-213 resi-
dues situated within the hydrophobic cavity.****

The values for Ky, kq, Kr and n are presented in Table 3. The
K., values, ranging from 0.72 to 4.01 x 10* M~', are approxi-
mately three to four orders of magnitude lower than those
observed for classical intercalators, falling in the range of 10
M 1.9 The lower Ky, values show that the interaction between
the complexes and BSA is not fully controlled by diffusion. This
is augmented by the higher &, values, with magnitude of 10"
M ' 5%, which surpasses those of known associative biopoly-
mers (2.0 x 10" M~ s7'), and points to the involvement of
static quenching mechanism.®*** The K values, with a magni-
tude of 10'-10> M are significantly lower than the association
constant of 10"> M~ for irreversible interactions. This disparity

650 4
520 4

3901

tog a1,

400

340 360 380

Wavelength (nm)

320

Fig. 4 Emission spectrum of BSA in the presence of consecutive
quantities of complex Ru2, PBS buffer at room temperature. The arrow
shows the intensity changes upon increasing Ru2 concentration.
(Insets) (a) Stern—Volmer plot of Io/I vs. [Q] and (b) Scatchard plot of log
[(lo=N/11 vs. loglQl.
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Table 3 BSA binding constants, and number of binding sites
Fluorescence titration

Compound Ko, 10* M Kq10"" M Kp10° M1 n
Rul 4.01 £+ 0.24 4.01 4+ 0.28 2.61 £ 0.19 0.83
Ru2 0.72 4+ 0.05 0.72 £+ 0.15 0.13 £+ 0.01 0.71
Ru3 1.96 £+ 0.13 1.96 + 0.38 1.01 £ 0.10 0.93
Ru4 1.43 £ 0.13 1.43 £+ 0.37 1.42 £+ 0.11 0.85

suggests that the complexes bind reversibly to BSA.®*°® The n
values are close to 1, indicating that each complex has only one
binding site in the BSA.

Molecular docking

Molecular docking techniques was used to predict the preferred
orientation of the molecules when bound to the receptor to
form stable complexes. The approach is used to further
substantiate the observed experimental binding constants,
mode of interactions and location of binding in the biomole-
cules. Specifically, we conducted simulations of compounds
Rul-Ru4 within the DNA dodecamer and BSA protein.
Distinctively, the docked poses of Rul-Ru4 demonstrate
binding to the nucleotide residues within the minor groove of
DNA double helix (Fig. 5), in tandem with the experimental
results. Conventional hydrogen bond interactions participate
with DG22 (Rul, 2.85 A), and DA5 (Ru4, 3.08 A). The stability of
compound Rul is also contributed by the favourable-acceptor—-
acceptor interaction formed with DC3 (2.94 A). Similarly, carbon
hydrogen bond interactions (with DC23, 3.46 A) stabilize Ru2 in
the groove. Nucleotides DG4 (for Ru3, 5.18 A and Ru4, 5.11 A)
and DA17 (for Ru3, 5.45 A) are involved in pi-alkyl interactions.
Additionally, Ru3 is surrounded by DA18 (1.80 A) via unfav-
ourable donor-donor interaction. The binding scores of
—8.2 keal mol™* (Ru1), —8.0 kcal mol™* (Ru2), —7.7 kcal mol *
(Ru3), and —7.4 kcal mol™" (Ru4), show a rough positive
correlation with the spectroscopic binding constants as
provided in Tables 2 and 3

The interactions of compounds Rul-Ru4 with BSA receptor
are depicted in Fig. 6. The poses of the complexes are
predominantly surrounded by the hydrophobic amino acid
residues, characterized by hydrophobicity values ranging from
—3.00 to 3.00 (Fig. S46 and S477 for Rul and Ru2, respectively).
Alkyl interactions dominate compound Rul (with ILE522, 5.05
A; VAL423, 4.98 A; PRO420, 5.09 A), Ru2 (ILE522, 5.02 A; VAL423,
5.06 A), Ru3 (CYS447, 4.90 A; TYR451, 5.34 A; LYS294, 4.44 A)
and Ru4 (ILE522, 4.75 A; PRO420, 4.96 A; LYS114, 4.73 A active
residues). Conventional hydrogen bonding interactions are
observed in Rul (ARG458, 2.47 A), Ru2 (GLU424, 2.13 A; HIS145,
3.44 A; ARG144, 2.71 A) and Ru4 (LEU112, 2.51 A). Furthermore,
Rul interacts associatively with ASP108 (3.78 A) through carbon
hydrogen interaction. Moreover, Ru4 is confined in the neigh-
bourhood of LEU112 (3.10 A) via sulfur interactions. The
docking scores of —8.0, —7.6, —6.6-6.3 kcal mol " for Rui, Ru2,
Ru3 and Ru4 (Fig. 5), nearly match the trend for experimental
values, shown in Table 3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) )

(© (d)

Fig. 5 Top ranked DNA surface pocket pose of (a) Rul, (b) Ru2, (c) Ru3, and (d) Ru4 represented as stick diagrams, displaying minor groove
binding. The DNA binding affinities of Rul, Ru2, Ru3, and Ru4 are distinguished by their respective binding scores, which measure —8.2, —8.0,

—7.7, and —7.4 kcal mol™%.

MLESZZ

’

R451

(c) (d)

Fig. 6 BSA interactions diagram (scaled ball and stick), (a) Rul (b) Ru2
(c) Ru3 and Ru4 (d), with binding scores of —8.0 (Rul), —7.6 kcal mol™*
(Ru2), 6.6 kcal mol™* (Ru3) and —6.3 kcal mol™~* (Ru4).

In vitro cytotoxicity

The cytotoxic effects of Rul-Ru4 complexes were assessed
against six human cell lines; lung cancer (A549), prostate cancer
(PC-3), colon cancer (HT-29 and Caco-2), Caco-2 (colon cancer),
cervical cancer (HeLa) and normal skin fibroblast (KMST-6)
cells. Cell viability was quantified by MTT assay following 24 h
treatment. Since DMSO was used as the solvent for the
complexes at 0.1%, it was also incorporated as a vehicle control.
Percentage cell survival studies clearly indicated that Ru1-Ru4

complexes exhibited a dose-dependent cytotoxic activity
(Fig. S487). Cytotoxicity of these complexes increased propor-
tionally as their concentration increased from 6.25 to 100 pg
mL~". The resultant ICs, values were calculated using dose-
response curve fitting analysis, and the values were subse-
quently compared with those of cisplatin (Table 4). Signifi-
cantly, Rul and Ru2 complexes displayed remarkable potency,
surpassing the efficacy of cisplatin in certain cases, especially
against A549, PC-3, HT-29, and Caco-2 cells (for Ru1) cell (Table
4). Moreover, both Rul and Ru2 exhibited SI > greater than 2,
indicating their selectivity towards the cancer cells over the
normal cells.

Evidently, the introduction of p-cymene appears to enhance the
biological activity of the complexes. In HeLa cells for example, the
p-cymene Rul complex showed lower percentage cell viability and
ICso of 5.47 pg mL ™" compared to the value of >100 pg mL ™"
displayed by the corresponding PPh; Ru3 complex (Table 4).
These results mirrored the previous findings and has been asso-
ciated with the improved stability of the arene complexes, in
addition to improved lipophilic properties.®*®” In the case of Ru3
and Ru4 complexes, bearing the PPh; co-ligands, their poor
cytotoxicity could also be attributed to the steric crowding effect of
the bulky PPh; group, which ultimately limited the interaction of
the complexes with the DNA and BSA protein. However, this
explanation contradicts their derived spectroscopic constants,
which depict higher values compared to their counterparts Rul
and Ru2. In addition to the poor cytotoxicity of Ru3 and Ru4, their
poor selectivity (SI = 1) imply that these PPh; complexes are not
good candidates for cancer treatment.

Table 4 Cytotoxic potencies and cancer-cell selectivity of Rul—Ru4 complexes”

IC5 (UM) Selective index (SI)
Compound KMST-6 A549 PC-3 HT-29 Caco-2 HeLa A549 PC-3 HT-29 Caco2 Hela
Rul 20.31 £ 2.68 3.29 +1.01 0.08 £0.03 7.54 £2.87 5.38 £ 0.02 5.47 £ 0.58 >2 >2 >2 >2 >2
Ru2 >100 2.38 £ 0.20 6.26 £1.41 21.84 +3.47 17.16 £1.53 31.09 £4.81 >2 >2 >2 >2 >2
Ru3 6.78 £ 0.19  >100 >100 >100 >100 >100 0.06 0.06 0.06 0.06 0.06
Ru4 >100 22.88 £0.15 >100 >100 >100 >100 >2 1 1 1 1
Cisplatin 38.8+13.29 91.8+5.89 9.2+ 1.73 17.4 +£4.54  18.16 £ 0.86 3.76 + 0.93 0.51  >2 >2 >2 >2

% >100 denotes that ICs, was undetermined at the test concentrations (0-100 pM).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, the present stud describes in detail the synthesis
and structural characterization of heterocyclic (pyrazine)car-
boxamide Ru(u) complexes. The spectroscopic methods indi-
cate that the complexes are sufficiently stable in aqueous and
physiological conditions. The interactions between the Ru(n)
complexes (Rul-Ru4) and CT-DNA reveal two distinct binding
modes, namely minor groove binding and partial intercalation.
When interacting with BSA protein, both experimental and
molecular docking results show that the complexes exhibit
favourable non-covalent interactions with the Trp residues
within the hydrophobic cavity. The p-cymene complexes Rul
and Ru2 demonstrated higher cytotoxic efficacy than the PPh;
counterparts Ru3 and Ru4. More significantly, the cytotoxicity
and selectivity of complexes Rul and Ru2 against A549, PC-3,
and Caco-2 cell lines surpassed that of cisplatin.

Experimental section
Synthesis of Ru(u) complexes

Synthesis of [Ru(N-(*H-benzo[d]imidazol-2-yl)pyrazine-2-
carboxamide)Cl] (Rul). To a solution of dichloro(p-cymene)
ruthenium(n) dimer (0.05 g, 0.08 mmol) in absolute ethanol, N-
(*H-benzo[d]imidazol-2-yl)pyrazine-2-carboxamide (L1) (0.01 g,
0.04 mmol) and NaMeO (0.01 g, 0.18 mmol) were added, and the
suspension stirred at room temperature for 4 h. The resulting
solution was filtered over Celite, the filtrate was concentrated,
and diethyl ether (40 mL) was added. The precipitate was
filtered and dried in a vacuum to afford desired product (Ru1) as
an orange solid. Yield: 0.015 g (72%). 'H NMR (400 MHz,
DMSO) 6 13.12 (s, 1Hy) 9.54 (dd, *Jun = 4.2, 1.1 Hz, 1H,,,),
9.27 (d, *Jun = 1.0 Hz, 1H,,,), 9.12 (d, *Jun = 3.0 Hz, 1Hy,), 7.75
(dd, *Juy = 3.2 Hz, 2Hy,), 7.45 (dd, *Juy = 3.0, 2.7 Hz, 2Hy,), 6.20
(d, *Jau = 6.0 Hz, 1H, cymene CH), 6.09 (d, *Jyy = 6.0 Hz, 1H,
cymene CH), 6.04 (d, *Jyy = 6.0 Hz, 1H, cymene CH), 5.95 (d, Jun
= 6.0 Hz, 1H, cymene CH,), 2.63 (sept, *Juy = 7.2 Hz, 1H,
CHMe,), 2.24 (s, 3H, Me), 1.11 (d, 3H, CHMe,), 1.01 (d, 3H,
CHMe,), "*C NMR (400 MHz, DMSO-dg): 6 18.80, 22.13, 30.95,
58.08, 63.09, 72.05, 72.12, 113.91, 122.87, 147.28, 150.25,
167.90. FT-IR spectrum (Zn-Se ATR, cm™'): 1625 (C=0), 1542
(C=N). TOF MS-ES, m/z (%) 509.0454. Found 510.0543 (M'+H).
Anal caled (%) for C,,H,,N5CIRuO: C, 51.39; N, 9.85; H, 3.95%
found: C, 51.62; N, 9.76; H, 3.60%.

Synthesis of [Ru(N-(benzo[d]thiazol-2-yl)pyrazine-2-
carboxamide)Cl] (Ru2). Complex Ru2 was prepared following
the procedure described for Rul using N-(benzo[d]thiazol-2-yl)
pyrazine-2-carboxamide (L2 (0.01 g, 0.04 mmol) and
dichloro(p-cymene)ruthenium(u) dimer (0.05 g, 0.08 mmol).
Orange solid. Yield: 0.018 g (84%). "H NMR (400 MHz, de-
DMSO): 9.53 (d, 1Hpy,), 9.18 (S, Juu = 2.4 Hz, 1H,,,), 8.99 (d,
1Hpy,), 7.90 (dd, *Juu = 7.8 Hz, 2H,y,), 7.45 (dd, *Juu = 8.0 Hz,
1Hy,), 7.30 (d, *Jyn = 7.6 Hz, 1Hy,), 5.81(d, *Jyy = 6.0 Hz, 2H,
cymene CH), 5.76 (d, *Jy = 6.0 Hz, 2H, cymene CH), 2.84 (sept,
3Jun = 7.2 Hz, 1H, CHMe,), 2.09 (s, 3H, Me), 1.21 (d, 6H, CHMe,),
3C NMR (400 MHz, DMSO-dy): 6 19.17, 21.76, 30.99, 121.24,
121.55, 125.90, 133.73, 146.94, 147.71, 149.52, 165.58, 168.39.
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FT-IR spectrum (Zn-Se ATR, cm™'): 1626 (C=0), 1586 (C=N).
TOF MS-ES, m/z (%) 526.0245; found 527.0325 (M'+H). Anal
caled (%) for C,,H,,N,CIRuOS: C, 50.04; N, 10.17; H, 3.86%
found: C, 50.23; N, 10.65; H, 4.02%.

Synthesis  of  [N-(1H-benzo[d]imidazol-2-yl)pyrazine-2-
carboxamide RuCl,(PPh;),] (Ru3). To a solution of ligand L1
(0.01 g, 0.05 mmol) in CH,Cl, (5 mL) was added to a solution of
RuCl,(PPhj3); (0.05 g, 0.05 mmol) in CH,Cl, (5 mL) to give a light
brown precipitate. The mixture was stirred for 4 h at room
temperature and filtered to obtain a dark brown precipitate.
Recrystallization of the crude product in CH,Cl, afforded
compound Ru3 as analytically pure brown solid. Yield: 0.03 g
(66%). "H NMR (400 MHz, dg-DMSO): 6 6.90(t, *Jyy = 7.0 Hz,
PPh;, 3H), 7.05(t, *Jun = 9.0 Hz, 2H), 7.16(m, PPh;, 7H); 7.23(m,
PPh;, 5H), 7.41(m, PPh; 11H), 7.50(dd, *J; = 6.0 Hz, 2H),
7.64(m, PPh; 4H), 8.82(d, %/ = 4.0 Hz, 1H), 8.90(d, i =
2.1 Hz. 1H), 9.36(d, *Jyy = 1.4 Hz, 1H), *C NMR (400 MHz,
DMSO-dg): 6 123.05, 128.07, 128.08, 136.02, 136.60, 137.04,
138.07, 141.05, 144.07, 145.00, 162.45. *"P{"H} NMR (ds-DMSO,
d): 26.10, FT-IR spectrum (Zn-Se ATR, cm™'): 1617 (C=0), 1566
(C=N). TOF MS-ES, m/z (%) 899.1335; found 900.1415 (M'+H)
anal caled (%) for C4sH33N5CIOP,Ru: C, 58.87; N, 7.01; H, 3.86;
found: C, 58.71; N, 7.39; H, 4.06%.

Synthesis of [(N-(benzo[d]thiazol-2-yl)pyrazine-2-
carboxamide) RuCl,(PPh;),] (Ru4). The procedure described
for Ru3 was followed for the synthesis of Ru4, using ligand L2
(0.013 g, 0.05 mmol) and RuCl,(PPh;); (0.05 g, 0.05 mmol)
brown solid. Recrystallization of the crude product in CH,Cl,
afforded compound Ru4 as analytically pure brown solid yield:
0.025 g (47%). '"H NMR (400 MHz, d-DMSO): 6 7.23(m, PPh;,
2H), 7.35(m, PPh;, 4H), 7.40(m, PPh;, 10H); 7.53(m, PPh;, 15H),
7.55(d, 1H), 7.59(d, *Jjuy = 11.46 Hz, 2H), 8.85(dd, *Juy =
11.04 Hz, 1H), 8.95(d, /i1y = 3.2 Hz, 1H), 9.93(d, Jq3; = 1.46 Hz.
1H), "*C NMR (400 MHz, DMSO-dg): 6 122.35, 124.53, 125.76,
126.83, 127.73, 127.81, 129.90, 132.72, 133.78, 134.26, 137.12,
144.97, 148.87, 168.06, 177.09. *'P{*'H} NMR (ds-DMSO, 0):
26.47, FT-IR spectrum (Zn-Se ATR, em™"): 1636 (C=0), 1591
(C=N). MS spectrum, m/z: calcd: 916.1012 found 917.0967
(M*+H). Anal caled (%) for C46H;,N,CIOP,RuS: C, 57.86; N, 9.69;
H, 3.98; found: C, 57.91; N, 9.41; H, 3.93%.
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