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In this article density functional theory (DFT)-based calculations were employed to investigate
the electrochemistry of the antitumor ruthenium complexes trans-tetrachloro(dimethylsulfoxide)
imidazole ruthenate(IIl) (NAMI-A) and frans-[tetrachlorobis(1H-indazole)ruthenate(III)]
(KP1019), their hydrolysis products as well as their interactions with biological S-donors and
N-donors targets as cysteine, glutathione and guanine nucleobase. The compounds exhibit different
electrochemical behavior upon hydrolysis. While the reduction potential of NAMI-A increases
up to 0.8 V upon hydrolysis, the reduction potential of KP1019 remains almost constant after the
first hydrolysis. NAMI-A and KP1019 complexes have thermodynamic preference to be reduced
prior to undergoing hydrolysis and, strong preference to undergo successive hydrolysis instead
of interacting with the S-donor and N-donor ligands. Interaction with S-donor ligands in the
unprotonated form is highly unfavorable, with the free energy in solution (AG,,) > 18 kcal mol™'.
For both complexes, the interaction with the guanine and glutathione are of the same magnitude
(AG,, ca. —0.6 kcal mol') meaning that these ligands can compete for binding to the metallodrug.

Keywords: density functional theory calculations, ruthenium-based metallodrugs, reduction
potential, competitive biological reactions, solvent effects, electronic structure calculations

Introduction

Since the discovery of cisplatin and its use in the clinic
therapy as one of the most effective anticancer drugs,'?
the research and development of metal-based drugs have
received great attention from the scientific community.*>
Cancer is certainly among the leading causes of death
in the world and, therefore, it has been the main target
for the development of new drugs, especially those with
antimetastatic activity. In spite of the great efficacy
of platinum-based drugs against ovarian, bladder and
testicular cancers, they display limited activity against
some of the most common tumors, such as colon and breast
cancers.®® In addition, the high toxicity and incidence of
drug resistance (acquired or intrinsic) remain the main
challenges in their clinical application.® These facts
stimulated the research of new metal-based drugs against
cancer, aiming at improving clinical efficacy, reducing
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overall toxicity, and broadening the spectrum of activity.*>*
In this regard, ruthenium complexes have been shown to
be a very attractive platform, thanks to their low toxicity
and low drug resistance. In addition, ruthenium has a
range of oxidation states (Ru", Ru™ and Ru'"") accessible
under physiological conditions, which is unique among the
platinum-group metals.>* This is a very significant feature
since the activities of most metal-based anticancer drugs
are dependent on their oxidation states.

There are currently two antitumor compounds
of ruthenium(III) (Figure 1) in the clinical phase,
thanks to their broad antineoplastic activity: trans-
[tetrachloro(dimethylsulfoxide)imidazole ruthenate(III)]
(Im]trans-[RuCl,(Im)(DMSO)]), also known as NAMI-A,!°
and trans-[tetrachlorobis(1H-indazole)ruthenate(III)]
([IndH]zrans-[RuCl,(Ind),]), known as KP1019."' NAMI-A
is able to effectively inhibit the development and growth
of lung metastasis in experimental models of solid tumors
in vivo,">13 whereas KP1019 shows cytotoxic activity by
inducing apoptosis in a large line of cancer cells, especially
colorectal tumors.!:1413
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Figure 1. Structures of (a) NAMI-A and (b) KP1019.

Both complexes were considered as promising
antitumor agents. However, NAMI-A is no longer
in clinical trials due to side effects and antitumor
activity less than expected,'® whereas the indazolium
counter ion in KP1019 has been replaced by the sodium
(KP-1339/IT139) ion in order to increase the solubility
and was selected for further development.'” These results
evidenced the need to know the individual chemical
characteristics of the different ruthenium-based compounds
for therapeutic purposes. Although both complexes
underwent clinical trials phase, their mechanism of
action is not yet fully understood. It is well known that
Ru™ compounds are more inert toward ligand-exchange
reactions than Ru'.3 Therefore, metallodrugs based on Ru™
need to be activated by reduction, which will accelerate
the hydrolysis reactions and interactions with biological
targets as was first proposed by Clarke.® Consequently,
Ru"-based drugs must have accessible reduction potentials
in the biological medium. Electrochemical and chemical
M metallodrugs are, therefore, of
great importance in order to understand their biological
activities and thus have been the subject of several
studies.'®?” Ravera et al.” investigated the redox chemistry
of [LH][trans-Ru™Cl,L,] (L = imidazole or indazole)
complexes in water at different pH values. For the indazole
and imidazole complexes the E” (Ru™/Ru") reduction
potential of —0.160 and —0.460V vs. Ag/AgCl was obtained
at pH 4.0. The authors showed that despite the structural
similarities, the electrochemically generated Ru" species
undergoes different ligand displacement reactions. Using
nuclear magnetic resonance (NMR) experiments, the
authors have also shown that one of the axial imidazole
ligands is displaced by water in the imidazole complex
[Ru"Cl,(Im),]* and a Cl-/water substitution takes place
in the indazole complex [Ru"Cl,(Ind),]*. The chemical
reduction in the presence of glutathione (GSH) was also
observed by the authors. Reisner et al.?® investigated the
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electrochemical behavior of [trans-Ru™Cl,L(DMSO)] and
[trans-Ru™Cl,L,] complexes (L = imidazole, 1,2,4-triazole,
indazole) in dimethylformamide (DMF) and DMSO. For the
NAMI-A and KP1019 complexes, E” (Ru™/Ru") reduction
potentials of —0.220 and —0.720 V vs. normal hydrogen
electrode (NHE) was found, respectively, in DMF. The
authors showed that the general equation proposed by
Lever,” which assumes an additive contribution of all the
ligands to the redox potential of the complex, predicts
very well the measured reduction potential of the Ru™
complexes, and they were able to propose an equation to
predict the reduction potential of single negatively charged
complexes of Ru™ in aqueous medium at pH 7. For the
Na[RuCI,(DMSO)(Im)] complex, Alessio et al.'” obtained
E” (Ru™/Ru") reduction potentials of ~0.001 V vs. saturated
sodium chloride calomel electrode (SSCE). The aquation
reaction revealed to be pH dependent. In the pH
range of 7.1 to 9.0 the final aquated product was
[Ru"CL,(DMSO)(H,0)(Im)]~ and, at pH 6 the final detected
product was [Ru"Cl,(DMSO)(H,0)]-, with exchange of
the imidazole ligand by water. It has been shown that at
physiological pH and 37 °C (phosphate buffer, 0.9% NaCl),
stepwise dissociation of two chloride ions from NAMI-A
occurs within minutes.?

These Ru™ anticancer complexes have also been shown
to be reduced by common biological reductants such as
GSH and ascorbic acid. Hartmann et al.?° showed that, at
pH 7 and 0.1 M phosphate buffer, (H,Im)[RuCl,(HIm),]
is promptly reduced by GSH. Schluga er al.** showed that
the binding of KP1019 toward the deoxyribonucleic acid
(DNA)-modeling nucleotide guanosine monophosphate
(GMP) is increased upon addition of GSH but not of
ascorbic acid. That is, GSH reduces the Ru™ complex
and facilitates the binding to the nucleotide. However, the
mechanism involved in the chemical reduction of these
Ru'™ anticancer complexes is not yet fully understood. It
is believed that an inner-sphere mechanism is involved.?"*

All these results suggest that in the mechanism
associated with these Ru™ anticancer complexes, activation
by reduction and exchange of chloride ligands by water
molecules of the solvent (hydrolysis or aquation) are
two important steps for the antitumor function of such
metallodrugs. After being activated, distributed and located
in cell compartments, the way the ruthenium metallodrugs
kills the cancer cells is not well fully understood. In
contrast with cisplatin which is well-known to interact with
DNA, the primary interaction target(s) for the ruthenium
metallodrugs is still an open question.

Based on the observations listed above, three events
are connected with the biological activity of NAMI-A
and KP1019: (i) reduction of the Ru™ center; (i) chloride
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exchange reaction with water molecules of the solvent
medium; and (iii) interaction with the biological
targets. These reactions can compete with each other,
as schematically shown in Figure 2, for the NAMI-A
compound. The compound can initially be reduced
following pathway b, generating Ru" complex 1b, and
this reduced complex can then undergo ligand exchange
reaction with water of the solvent, generating the monoaquo
complex 2. Alternatively, the complex can initially
undergo ligand displacement reaction, following pathway
a, generating the monoaquo-Ru™ species 1a, which is
posteriorly reduced to the monoaquo-Ru" species 2.
Once the reduced monoaquo-Ru" species is formed other
competitive processes can take place, as for instance the
successive displacement of chloride by water through
pathway c or direct interaction with the biological target L,
pathway d, generating the adduct 3 in which the target L
displaces a water molecule. The sequence of the events or,
the preferred pathways, will depend on the kinetics of these
reactions and also on the reduction potential of the species,
chloride concentration and thermodynamic stability of the
complexes formed.
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There are some open questions related to the interaction
of NAMI-A and KP1019 complexes with their final
biological target, the last step shown in Figure 2. Some
studies have suggested that NAMI-A acts on cell
cycle blockade at the G2/M transition point, due to
the accumulation of inactive Cdkl proteins, which is
responsible for reporting DNA molecule damage.*'*? In
addition, NAMI-A also causes inhibition of topoisomerase
proteins, which are important enzymes in DNA replication
and packaging processes.** On the other hand, it is believed
that the cytotoxic activity of KP1019 is based on the
endoplasmic reticulum (ER), with stress-related effects
rather than DNA damage.!” KP1019 has been shown to
cause oxidative stress and perturbation of ER functions
in cancer cells. In addition, the 78 kDa glucose regulatory
protein (GRP78) is reduced to a normal level.***> Thus,
apoptosis is induced by intrinsic mitochondrial pathway.*¢’

Therefore, despite the progress in the biochemical
understanding of the biological activity of NAMI-A
and KP1019, fundamental studies on the kinetic and
thermodynamics of the competitive processes exemplified
in Figure 2 can provide important information on the
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Figure 2. Schematic representation of the possible competitive biological reaction paths for the NAMI-A complex (1). In pathway (a) NAMI-A initially
undergoes ligand displacement reaction generating the monoaquo-Ru' species 1a, which is posteriorly reduced to the monoaquo-Ru" species 2. In
pathway (b) the compound is initially reduced generating Ru" complex 1b and undergoes ligand exchange reaction with water, generating the monoaquo
complex 2. After complex 2 is generated it can be consecutively hydrolyzed through pathway (c) or interact with the biological targets L in pathway (d),

generating the adduct 3.
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bioavailability and reactivity of these compounds. In this
regard, in the present work, we employed the density
functional theory (DFT) to investigate the electrochemistry
of NAMI-A, KP1019 and their hydrolysis products, as well
as their interactions with S-donor targets cysteine (Cys)
and GSH, and N-donor target guanine nucleobase (at the
coordination sites N3 (GN3) and N7 (GN7)). We believe that
the study of the different structural characteristics, as well as
the thermodynamic properties of Ru" adducts formation with
some strategic biological targets and DNA nucleobases in
solution, can provide important information to understand the
interaction of these compounds in the cellular environment.

Methodology

Full unconstrained geometry optimizations and
frequency calculations of all species involved in this work
were carried out at the DFT level of theory?® with the Tao,
Perdew, Staroverov, and Scuseria hybrid meta-generalized
gradient approximation (TPSSh) exchange-correlation
functional® as implemented in the ORCA program.*
The Ahlrichs full electron def2-triple-zeta valence
polarization (TZVP) basis set’! was used for all atoms.
Scalar relativistic effects were treated using the zeroth order
regular approximation (ZORA) formalism.*** To speed up
the calculations the resolution of the identity* was used
for the Coulomb part and the chain of sphere approach*
for the exchange part of the Fock matrix employing the
def2-TZVP/J auxiliary basis set.*” We have shown that
this combination of exchange-correlation functional and
basis set provides good structural and energetic results for
a series of transition metal complexes* and also to describe
the electronic spectrum of ruthenium-amine compounds.*
Calculations on the open-shell structures were carried
out within the unrestricted Kohn-Sham formalism. For
the Ru™ species with d° configuration, only the S =1/2
configuration was evaluated since it is the most stable
spin state of Ru complexes.**? The optimized Cartesian
coordinates of all species studied in this work can be found
in the Supplementary Information (SI) section.
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The reduction potential of the complexes was calculated
using equation 1, as shown by RuliSek.*

E'[V] =27.21(G,, [a.u.] - G, [a.u.]) — E% (NHE) [V] (1)

where G, and G, are the Gibbs free energies of the
oxidized and reduced forms, respectively. E°, . (NHE) is
the absolute potential of the normal hydrogen electrode of
4.218 V, recommended by Isse and Gennaro.** Gibbs free
energy of the species was obtained using equation 2:

G=E

+AG,,, + Gyem @)

‘elec—nuc solv

where AG,,, is the free energy of solvation, G, is
the thermal contribution, obtained under the harmonic
oscillator and rigid rotor approach and E. . is the total
electronic and nuclear energy of the species. The AG,,
was obtained using the solvation model based on density
(SMD) of Truhlar and co-workers> as implemented in the
ORCA program,*** in which the electrostatic contribution
is obtained using the conductor-like screening model
(COSMO) of Klamt and Schuurmann.’® We have shown
that this combination of methods/basis set provides good
reduction potentials for ruthenium complexes.*

The Gibbs free energy for the interactions involving
the Ru"-monoaquo species and the biomolecules (GN3
and GN7 sites, Cys and GSH) were computed using the
thermodynamic cycle exemplified in Figure 3 (for the
KP1019 monohydrated compound), at the TPSSh/def2-
TZVP level of theory.

Solvation free energies were computed as described
before and the thermal corrections for the zero point energy
at 298.15 K were obtained through harmonic frequency
calculations at the TPSSh/def2-TZVP. The overall free
energy in solution (AG,,) was then computed using
equation 3:

AC;sol = AGg + A(Ac}solv) (3)

where AG, is the free energy in gas phase and A(AG,,,)

AG
Gas Phase [RuCly(Ind),(H,0)] + L ——=> [RuCly(Ind),(L)]*! + H,0

A(}solv AGsolv AGSOIV AGsolv

Solution [RuCl3(lnd)2(H20)]' + L T [RuCl3([nd)2(L)]q‘1 + HZO

sol

Figure 3. Example of the thermodynamic cycle used to compute the Gibbs free energy for the interaction of the Ru-monoaquo complexes with the
biological molecules L. (GN3 and GN7 sites, Cys and GSH). AG,, AG,,, and AG,, are the Gibbs free energy of the reaction in gas phase, of solvation and
of the reaction in solution, respectively. q is zero when L is the protonated form of cysteine and glutathione (CysH, GSH) and the DNA nucleobases, and
—1 when L is the anionic form of cysteine and glutathione (Cys-, GS-). When the protonated forms of Cys and GSH are used, the final products for these
interactions contain H;O* instead of H,O.
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is the difference in free energy of solvation of the species
involved. All calculations were performed using the ORCA
program package.*’

Results and Discussion

Molecular structure, reduction potentials and hydrolysis
reactions

The TPSSh/def2-TZVP optimized structures of
NAMI-A and KP1019 are shown in Figure 4. The
complexes show octahedral geometry around the metallic
center and the computed structural parameters are in
excellent agreement with the experimental findings'**’ with
deviations in the order of 0.01 A in the bond lengths and
0.01° in the bond angles.

(a)

Figure 4. TPSSh/def2-TZVP optimized structures of (a) NAMI-A and
(b) KP1019. Bond distances are given in A.

It is worth noting that the KP1019 structure is stabilized
by intramolecular hydrogen bonds of NH-Cl type, in
accordance with the determined X-ray crystal structure.?
When a rotation of 45° around the Ru-indazole bond is
performed, the new generated structure is ca. 10 kcal mol™!
higher in energy. Therefore, the intramolecular hydrogen
bonds have an important effect of stabilizing the KP1019
structure around 10 kcal mol!. Both NAMI-A and KP1019
are paramagnetic species and the calculations showed that
the excess o spin densities is localized almost exclusively
at the dz? orbital of the ruthenium center with p, = 0.900
for NAMI-A and p,, = 0.852 for KP1019.

The calculated one electron reduction potentials of the
NAMI-A, KP1019 and their respective products from the
chloride ligand exchange with water are summarized in
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Table 1. As it can be seen, while the reduction potential of
the KP1019 complex is unresponsive relative to chloride
exchange, the reduction potential of NAMI-A increases
0.132 V after the first hydrolysis, and 0.361 and 0.443 V
after the second hydrolysis in cis and trans positions,
respectively. After the third hydrolysis, the reduction
potential increases 0.795 V.

Table 1. Computed reduction potential for the NAMI-A, KP1019 and
their hydrolysis products

Reduction potential vs. NHE / V
[Ru(C), _,(H,0),(Am)(DMSO)"'*" [Ru(Cl),_,(H,0),(Ind),] '+

0 0.0244 (0.235) 0.289 (0.00-0.03)°
1 0.156 0.166

2 0.385[0.467]° 0.183 [0.176]¢

3 0.819 0.293

“Experimental value taken from reference 19; Pexperimental value taken
from reference 23; °values in brackets are for the trans isomer. NHE:
normal hydrogen electrode; n: number of water molecules involved in
the exchange reaction with the chloride ligands; Im: imidazole; DMSO:
dimethylsulfoxide; Ind: indazole.

Electrochemical studies conducted by Brindell ef al.*®
have shown that the hydrolysis products of NAMI-A
have redox potentials in the range of 0.187-0.597 V
vs. NHE. The wave recorded at E° = 0.597 V was
assigned to a mixture of [RuCl,(H,0)(DMSO)(Im)] and
[RuCl,(H,0),(DMSO)(Im)]*, corresponding to an increase
of 0.299 V when compared with the value of E’ = 0.298 V
measured for NAMI-A. An increase of the 0.12 V in the
reduction potential of the monoaquo complex was also
observed.?>? For the KP1019 complex, it is also observed
an increase in the reduction potential after the first
hydrolysis. Ravera ef al.*® measured the reduction potential
of [Ru™(H,0)Cl;(Ind),] at —0.072 V vs. Ag/AgCl, which
corresponds to an increase of 0.088 V compared with the
KP1019 reduction potential. Therefore, the trend observed
in our computed values for NAMI-A and its hydrolysis
products are in line with the experimental findings and
shows that it is easier to reduce the hydrolyzed products
than the original compound. However, for the KP1019,
our results show that the reduction potential decreases
after the first hydrolysis, increases very little in the second
hydrolysis and returns almost to its original value after the
third hydrolysis. Therefore, the complexes show distinct
electrochemical behavior, which may partially explain their
biological diversity.

For both complexes, the lowest unoccupied molecular
orbitals (LUMO), which can be directly correlated with the
electron accepting capability of the complex, are located
at the metallic center, as can be seen in Figures S1 and
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S2 (SI section). The next orbitals LUMO + 1 are within
0.2-1.0 eV higher in energy and, therefore, the reduction
process takes place effectively at the metallic center. In the
KP1019 complex there is an indazole 6-donor ligand that
contributes to increase the electronic density at the metallic
center, making it more difficult to reduce. For the NAMI-A
the m-acceptor DMSO ligand withdraws electron density
from the metal, stabilizes the Ru" species and facilitates
the reduction. The increase of the reduction potential with
subsequent hydrolysis is in qualitative agreement with the
experimental results, showing an increase of the reduction
potential for each chloride exchanged by water.>®>°

Our TPSSh/def2-TZVP/SMD computed reduction
potentials are in good agreement with the available
experimental values. The variation observed may be related
to description of the solvent effects as well as spin-orbit

NAMI™-(H20)2-trans

J. Braz. Chem. Soc.

effects, as was pointed out by other authors for the reduction
potential of some ruthenium-containing compounds.®*¢' In
some cases, quantitative agreement is obtained only when
explicit solvent molecules are employed. However, we
have recently shown that the procedure used in this work
produces excellent results for the reduction potential of
ruthenium complexes with amine ligands.*

The TPSSh/def2-TZVP optimized structures for the
products of the hydrolysis reactions of NAMI-A, in the
+3 and +2 oxidation states, are shown in Figures 5 and 6,
respectively, which highlight the main structural parameters
around the metallic center. The optimized structures for
the products of the hydrolysis reactions of KP1019, in
the +3 and +2 oxidation states, are shown in Figures S3
and S4 (SI section), respectively. The thermodynamics
associated with the chloride exchange reaction by water

NAMI™-(H20)2-cis

NAMI™-(H20)3

Figure 5. TPSSh/def2-TZVP optimized structures for the NAMI-A complex in the +3 formal oxidation state (NAMI™) and its mono- (NAMI"-(H,0)),
di- (NAMI"-(H,0),-cis, NAMI"-(H,0),-trans) and tri- (NAMI"-(H,0),) water substituted derivatives. Bond distances are given in A.
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NAMI™-(H20)2-trans
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NAMI"-(H20)-cis

NAMI'-(H20)s

Figure 6. TPSSh/def2-TZVP optimized structures of the reduced form for of NAMI-A complex in the +2 formal oxidation state (NAMI") and its mono-
(NAMI"-(H,0)), di- (NAMI"-(H,0),-cis, NAMI"-(H,0),-trans) and tri- (NAMI"-(H,0);) water substituted derivatives. Bond distances are given in A.

was evaluated considering the ruthenium atom in the +3
and +2 formal oxidation states, in order to determine the
preferential path for the hydrolysis reaction (pathways a or
b, Figure 2). The computed TPSSh/def2-TZVP Gibbs free
energies of reaction for the hydrolysis reactions at 298.15 K
are quoted in Table 2.

For both NAMI-A and KP1019 in the +2 and +3
oxidation state, the chloride exchange reaction by water is
highly favorable and the Gibbs free energy varies almost
linearly with the number of water molecules. For instance,
as can be seen in Table 2, the free energy for the second
and third hydrolysis of NAMI-A is 1.95 and 2.80 times the
free energy for the first hydrolysis, respectively, for the +3
oxidation state, and 2.00 and 2.96 for the +2 oxidation state.
It is worth noting that the free energy for the first hydrolysis
of NAMI-A is almost of the same magnitude for the +2

(=60.4 kcal mol') and +3 (=57.4 kcal mol') oxidation
states, which is also true for the KP1019. However, the
hydrolysis with the Ru" is always more favorable than the
respective Ru™ complexes.

Interestingly, the thermodynamic results reported here
correlate well with the Becke, three-parameter, Lee-Yang-
Parr (B3LYP)/6-31G(d,p) kinetic data of Vargiu et al.,*?
who showed that the activation energy for the first
hydrolysis decreases about 3 kcal mol! with the reduction
of NAMI-A. For the second hydrolysis this decrease is
even more pronounced, ranging from ca. 7 kcal mol! for
the substitution in cis and 9 kcal mol™' for the substitution
in trans position.®> These results show that the hydrolysis
of the reduced complexes is thermodynamically more
favorable and kinetically more accessible than the
corresponding Ru™ complexes. On the other hand, when
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Table 2. Computed Gibbs free energy for the ligand displacement reactions involving water and chloride ligands of NAMI-A and KP1019 complexes in

their normal and reduced forms

AG (for NAMI-A) / (kcal mol™)

[Ru™(Cl), _,(H,0),(Im)(DMSO)]**»

[Ru(CD), _,(H,0),(Im)(DMSO)]**

1 -57.4
2 —111.9 (-108.2)*
3 ~160.4

-60.4
-120.3 (-118.4)*
—-178.8

AG (for KP1019) / (kcal mol™")

[Ru"(Cl), _,(H,0),(Ind),]™" **

[Ru"(CD),_,(H,0),dnd),|2**

1 -56.5
2 —-115.1 (-114.0)*
3 -175.3

-53.6
—112.7 (-111.4)*
-175.4

“Values in parentheses are for the trans isomer. NAMI-A: trans-tetrachloro(dimethylsulfoxide)imidazole ruthenate(IlI); Im: imidazole; DMSO:
dimethylsulfoxide; KP1019: trans-[tetrachlorobis(1H-indazole)ruthenate(II)]; Ind: indazole. For the NAMI-A complex the hydrolysis reactions were
described as: [Ru"™(Cl),(Im)(DMSO)]"? + nH,0 — [Ru™(Cl), _,(H,0),(Im)(DMSO)]™" "2+ + nCI". For the KP1019 the hydrolysis reactions were
described as: [Ru"™(Cl),(Ind),]""2 + nH,0 — [Ru"™(Cl),_,(H,0),(Ind),]"' **2*" + nCl-. Gibbs free energies were computed at the TPSSh/def2-TZVP/SMD

level of theory at 298.15 K.

the same analysis is made for KP1019, we observe that the
reduction does not influence the overall Gibbs free energy
of the reaction, since the magnitude of the reaction free
energy is almost the same for the Ru"™ and Ru™ complexes.
This fact may aid in explaining the different mechanism of
action of both drugs.

The Gibbs free energy involved in the reduction
of NAMI-A and KP1019 is computed as —98.0 and
—110.0 kcal mol”, respectively. Therefore, these results
suggest that both complexes have thermodynamic
preference to be reduced first, prior to their hydrolysis,
thus following pathway b (Figure 2). In fact, solvolysis
of the electrochemically generated Ru" species has been
observed for both KP1019 and NAMI-A**23?7 and, in
general, the water/chloride exchange reaction is accelerated
upon reduction of the Ru™
biological medium, it is not straightforward to attribute
a preferred pathway for the mechanism of action, since
several processes can alter the reduction potential of the
drug and, therefore, alter the rate of the solvolysis process.
For instance, in the biological medium the prodrugs can
be reduced by well-known biological reductants such
as reduced nicotinamide adenine dinucleotide (NADH),
ascorbate, tocopherol (vitamin E), Cys and GSH, for which
the reduction potential at physiological pH is around —0.3 to
—0.5 V.%*%* However, the reaction mechanism involved in the
reduction of these complexes is not known and, therefore,
in the time scale required for the biological reduction
of these prodrugs, solvolysis can takes place. NMR
experiments have shown that, under buffered conditions,
KP1019 is reduced within 3.5 h in the presence of GSH and
within min in the presence of ascorbic acid.* It has been

species. However, in the

suggested that the transport and delivery of the Ru™ drugs
occur through the interaction with serum proteins such as
transferrin and albumin,"” and ruthenium complexes are
not reduced effectively while bound to these proteins.?
Therefore, aquation can take place prior to reduction and
alter the redox properties.

The results reported in Tables 1 and 2 also support
the hypothesis that the reduced form of the complexes
studied here, as well as their hydrolysis products, are
relevant for their antitumor activity, since their formation is
thermodynamically favorable and their reduction potentials
are biologically accessible. For both complexes, the
thermodynamics of the hydrolysis processes are extremely
favorable and the Gibbs free energy calculations for the
successive hydrolysis reactions revealed that all chloride
ligands could be favorably replaced by water. Interestingly,
this evidence is in line with the recent work of Keppler and
co-workers,® who reported the X-ray structure of KP1019
bound to human serum albumin (HSA). The authors showed
that KP1019 lost all of the original ligands when crystallized
with the protein. An analogous behavior was also observed
for the NAMI-A complex and NAMI-A-type complexes.5¢¢

Interactions with biological targets

After being activated, distributed and located in cell
compartments, the drug kills the cancer cell through
interactions with different cellular components or with
DNA. In fact, the primary target for these interactions is still
unknown. Wang et al.®® have shown that Ru-based complexes
follow different reaction mechanisms than cisplatin in the
competitive reaction between S-donor ligands such as
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GSH and N-donor ligands. In this mechanism, the reaction
between the ruthenium complex and GSH leads to the
formation of a ruthenium thiolate compound, which can
then undergo oxidation by oxygen to produce an original
sulfenate complex. The oxidation of coordinated GSH in
the thiolate complex seems to provide an easy route for
GSH exchange and Ru-N7 binding formation. This may
provide a unique mechanism of action and explain the
lack of cross-resistance with platinum drugs, which is a
potential clinical advantage. Other cytotoxic activities
from NAMI-A and KP1019 may be attributed to their
interactions with DNA nucleobases generally to the N7
site of guanine.'”* It is worth mentioning that interaction
of ruthenium compounds with nucleic acid and derivatives
generates compounds with chemical and photophysical
properties with important applications in nanotechnologies,
medical diagnosis and therapies, and have recently been
reviewed by Flamme ef al.®

Since our results suggested that both NAMI-A, KP1019
and their hydrolyzed products are very prone to be reduced,
we evaluated the affinity of the NAMI-A and KP1019 for
different intracellular components, though the calculation
of the thermodynamics of the interaction of the reduced
and mono-hydrated forms of NAMI-A and KP1019 with
different S-donors (GSH and Cys) and N-donors (GN3 and
GNT7 sites) ligands.

[Ru(Cl):(GN3)(Im)(DMSO)]
A3 HO
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The TPSSh/def2-TZVP optimized Cartesian coordinates
of the free ligands, the protonated form of cysteine and
glutathione (CysH and GSH) and guanine, can be found in
the SI section. For the GSH, the optimization started with
the most stable conformation found at physiological pH,
taken from molecular dynamics conformational sampling
studies.”’" Figure 7 shows the possible adducts that can
be formed by the interaction of the mono-aquo species
of the reduced forms of NAMI-A ([Ru(Cl);(H,O)(Im)
(DMSO)]-, NAMI"-H,0) and KP1019 ([Ru(Cl);(H,0O)
(In),]-, KP1019"-H,0) with the biological molecules.
The optimized structures of the adducts are presented
in Figures 8 and 9, which highlight the main structural
parameters around the metallic center. As can be seen, the
complexes exhibit an octahedral arrangement of the ligands,
with the angles around the metal deviating from the optimal
values for the octahedral geometry.

For each of the reactions showed in Figure 7, we have
used a thermodynamic cycle to compute the Gibbs free
energy for the ligand displacement reaction in solution,
as the one exemplified in Figure 3. The final Gibbs free
energy for the interaction in aqueous solution was then
computed using equation 3 and the results are quoted
in Table 3. As is shown in equation 3, the overall Gibbs
free energy of the reaction is composed of two major
components: (i) the Gibbs free energy of the reaction in

[Ru(Cl)z(GS)(lm)(DMSO)]z'

-

[Ru(Cl)3(H,0)(Im)(DMSO)J"

% CysH
H;0*
[Ru(Cl)3(GN7)(Im)(DMSO)J [Ru(Cl)3(Cys)Im)(DMSO)]*
Ad Al
(@)
[Ru(Cl)3(GN3)(In),] [Ru(Cl)3(GS)(In),]*
\S\ \/w
[Ru(CI)3(H,0)(In), ]
% CysH
H;S\
[Ru(Cl(GNT)(In), ] [Ru(Cl)s(Cys)(In)]*
B4 B1
(®)

Figure 7. Schematic representation of the reactions between the Ru"-monoaquo complexes of (a) NAMI-A and (b) KP1019 with the GN3 and GN7 sites,

CysH and GSH.
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Figure 8. TPSSh/def2-TZVP optimized structures of the adducts formed by the reaction of the mono-aquo species of NAMI-A (NAMI"-(H,0)) with the
GN3 and GN7 sites, CysH and GSH. A1, A2, A3, A4 and A5 are the structures obtained from the reaction with CysH, GSH in circular conformation,
GN3 and GN7 sites and GSH in extended conformation, respectively. Bond distances are given in A.

gas phase (AG,); and (ii) the variation of the solvation
free energies of the species.

The results quoted in Table 3 show that the interaction
of NAMI"-H,O and KP1019"-H,O complexes with the
GN3 site is unfavorable. The interaction with guanine
at the GN7 site is only slightly favorable in solution,

with AG,, = —0.4 kcal mol! for NAMI'-H,O and
—4.8 kcal mol™! for the interaction with KP1019"-H,0.
It is interesting to note that the intereaction of both
complexes with the depronated form of GSH and Cys,
generating the complexes [RuCly(DMSO)(Im)(Cys)]*,
[RuCl;(In),(Cys)]*, [RuCl,(DMSO)(Im)(GS)]*,
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Figure 9. TPSSh/def2-TZVP optimized structures of the adducts formed by the reaction of the mono-aquo species of KP1019 (KP1019"-(H,0)) with the
GN3 and GNT7 sites, CysH and GSH. B1, B2, B3, B4, B5 are the structures obtained from the reaction with CysH, GSH in circular conformation, GN3

and GN7 sites and GSH in extended conformation, respectively.

[RuCl,(In),(GS)]*, with overall -2 charge, is highly
unfavorable to happen in solution. This may be attributed
to the unfavorable interaction between two negatively
charged species. On the other hand, the coordination
of GSH in the protonated form is slightly favorable
for NAMI"-H,O and KP1019"-H,O with solvation free
energies of —0.7 and -2.6 kcal mol”', respectively, for
the water displacement reaction. Also, displacement of
water by the protonated cysteine is also favorable for both
complexes. Since it is well known that both NAMI-A and
KP1019 interact with GSH under buffered condition,*
these results suggest, therefore, that the S-donor ligands

may interact with the metallodrug in the protonated form,
which leads to negative Gibbs free energy of reaction.
For both complexes, the interaction with the GN7 site
and GSH are of the same magnitude, meaning that these
ligands can compete for binding to the metallodrug. And,
in the case of KP1019, interaction with Cys is also of
the same magnitude. The unfavorable (or only slightly
favorable) free energy values for the interaction of the
complexes with GN3 and GN7 sites suggest that the
principal mechanism of action of NAMI-A and KP1019
may not involve the direct interaction with DNA. Indeed,
it has been shown that the cytotoxic activity of KP1019 is
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Table 3. Computed Gibbs free energy for the reaction of the Ru'-
monoaquo complexes (NAMI'"-H,O and KP1019"-H,O) with the GN3
and GN7 sites, CysH and GSH

AG,, / (kcal mol™)

t NAMI"-H,O KP1019"-H,O
GN3 11.3 0.9

GN7 0.4 —4.8
CysH* 20.0 (-11.9) 18.1 (-4.1)
GSH® 32.9[-0.7] 24.6 [-2.6]

“Values in parentheses were obtained for the displacement reaction
of water by neutral CysH ligand; Pvalues in brackets were obtained
for the displacement reaction of water by neutral GSH ligand. The
reactions involved in the calculations are shown in Figure 7. For each
reaction a thermodynamic cycle, as exemplified in Figure 3, was used.
AG,,: Gibbs free energy for the reaction in solution computed according

sol*

to equation 3, computed at the TPSSh/def2-TZVP/SMD level of theory at
298.15 K; L: biologial target; NAMI"-H,0: [RuCl;(DMSO)(Im)(H,0)];
KP1019"-H,O: [RuCly(In),(H,0)]; GN3 and GN7: guanine nucleobase
at the N3 and N7 sites, respectively; CysH: cysteine; GSH: glutathione.

based on ER stress-related effects while NAMI-A interacts
with some proteins responsible for DNA replication.?

Conclusions

In this work, we employed the DFT at the TPSSh/
def2-TZVP level, in combination with the SMD continuum
solvation model, to investigate the electrochemistry of
NAMI-A, KP1019 and their hydrolysis products, as well as
the thermodynamics of their interactions with S-donor (CysH
and GSH) and N-donor (GN3 and GN7 coordination sites)
biological molecules. Our results show that the compounds
exhibit different electrochemical behavior upon hydrolysis.
The reduction potential of NAMI-A is sensitive to the degree
of hydrolysis, increasing with the number of chloride ligands
replaced by water. On the other hand, the reduction potential
of KP1019 does not vary with the hydrolysis and remains
almost constant. Our results showed that thermodynamically,
the NAMI-A and KP1019 complexes have a thermodynamic
preference to be reduced first and to undergo hydrolysis
after, since the free energy involved in the reduction process
of the complexes is more negative. For both complexes,
the interaction with the GN7 site and GSH are of the same
magnitude (AG,, ca. —0.6 kcal mol!) meaning that these
ligands can compete for binding to the metallodrug. And,
in the case of KP1019, interaction with CysH is also of the
same magnitude. The unfavorable (or only slightly favorable)
free energy values for the interaction of the complexes with
guanine at the N3 and N7 sites suggest that the principal
mechanism of action of NAMI-A and KP1019 may not
involve the direct interaction with DNA. The calculations
showed that the interaction of the complexes with GSH and

J. Braz. Chem. Soc.

Cys is only favorable in the neutral or protonated forms,
and this is an important information to propose a reaction
mechanism for the reduction reaction of these metallodrugs
by thiol-like reductants. It is also worth noting that, according
to the calculations, once the first hydrolysis takes place the
complexes have thermodynamic preference to undergo
further hydrolysis than to interact with the S-donor or
N-donor ligands studied in this work, and this is somehow
in line with recent experimental findings.

As a final note, it is important to mention that, despite
the agreements with some experimental evidences, our
study was focused on the thermodynamics of the process, to
discuss the preferential interactions. However, the kinetics
of the processes studied in this work will certainly play an
important role in determining the preferential pathway for
these competitive interactions.

Supplementary Information

Supplementary information (plot of the frontier
molecular orbitals for KP1019, NAMI-A and their
hydrolysis products, figures of the optimized structures of
the KP1019 complexes and TPSSh/def2-TZVP optimized
Cartesian coordinates of all species studied in this work) is
available free of charge at http://jbcs.sbq.org.br as PDF file.
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