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The triruthenium ortho-metallated phenazine [Ru;O(CH;COO),(py),(dppzCl)]PF
(1, py = pyridine; dppz-Cl = 7-chlorodipyrido[3,2-a:2’,3’-c]phenazine) is a potential metallo-drug
candidate with in vitro anticancer and trypanosomicidal activities. It also showed strong interactions
with deoxyribonucleic acid (DNA) and human serum albumin due to the presence of the planar and
ni-conjugated phenazine in its structure. Pursuing our interest in compound 1 behavior in a biological
environment, we described its interaction with the cytochrome P450 (CYP450) enzymes present
in human liver microsomes through a preliminary in vitro metabolism assay. This study showed
that the human liver microsomes metabolized compound 1 in a concentration dependent manner.
A phenotyping study suggests that CYP3A is the primary enzyme involved in the interaction, even
though other isoforms metabolized 1 in a minor extent. It is worth mentioning that the results of
phenotyping using supersomes should be interpreted cautiously, taking into account the inhibitory
effect of the surfactant employed. Blind molecular docking results agreed with the experimental
trend, showing the highest interactive profile with the isoforms CYP3A4 and 3AS, and suggested
hydrophobic, n-stacking, and hydrogen bonds as the primary intermolecular forces responsible
for the protein-compound interaction.

Keywords: triruthenium ortho-metallated phenazine, metallo-drug, cytochrome P450, in vitro
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Introduction

Phenazines are organic molecules bearing fused
aromatic rings with electron-deficient n-system and lone
electron pairs on N-heteroatoms. Their core is a central
1,4-diazabenzene moiety with two annulated benzene
rings. There is a large variety of derivatives from this basic
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structure, both natural and synthetic, being the reaction
of benzoquinones and o-phenylenediamines the more
straightforward way to obtain them.'? The interest in
these molecules arises from their wide range of biological
activities, such as antimicrobial, antiparasitic, antitumor,
anti-inflammatory, and neuroprotective.*® Phenazines
may also be combined with units such as two pyridines,
generating, among other options, a phenanthroline
framework, yielding a coordination bidentated ligand such
as the dipyridophenazine (dppz, dipyrido[3,2-a:2’,3’-c]
phenazine). In these cases, the main interest relies on the
ability of dppz to intercalate into the deoxyribonucleic
acid (DNA) strands, interfering with its functions.’
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On the other hand, metallo-drugs are molecules with
one or more transition metal ions in their structure and
have potential biological activity.® In particular, ruthenium
compounds are excellent candidates for developing
new drugs, owing to their anticancer ability, mainly in
the metastasis phase,”' among other actions.!"'> Such
characteristics boosted the investigation of these molecules
from the perspective of their biological applications.!*!* An
interesting class of ruthenium compounds is the trinuclear
acetates with p;-oxo bridge'>'® since these molecules
display promising biological roles as probed by in vitro
studies of their anticancer,'”"° trypanosomicidal'**® or
vasorelaxant activities.?'?> Despite these properties, studies
of these carboxylates are still scarce when compared with
mononuclear molecules. Therefore, we highlight here the
asymmetric compound [Ru,O(CH,COO)4(py),(dppzCl)]PF,
(1, py = pyridine; dppzCl = 7-chlorodipyrido
[3,2-a:2°,3’-c]phenazine, Figure 1). Within five
ortho-metallated phenazines, the chloro-substituted dppz
complex decreases murine melanoma cancer cell viability
(B16F10 line) by more than 60% at 2 pmol L', with
little effect on the healthy cells (929 fibroblast). It also
presented a low half maximal inhibitory concentration (ICs,)
value (0.21 umol L") toward the amastigote form of the
Trypanosoma cruzi parasite, found in the chronic phase
of Chagas disease."” The compound utilizes the dppzCl
ortho-metallation reaction to insert a hydrophobic/
intercalation site in the triruthenium structure for biotarget
interactions. >

Figure 1. Structure of [Ru;O(CH;COO);(py),(dppzCl)]PF,.

Because the [Ru;O(CH;COO),(py),(dppzCl)]PF;
compound has shown promising biological activities
in vitro, its ability to interact with relevant targets
such as DNA and human serum albumin (HSA)
was characterized as well.!> As expected, the ortho-
metallated dppzCl assisted the intercalation of compound
[Ru;O(CH;COO)s(py),(dppzCl)]PF, into the DNA strands,
although its intercalation seemed not to be responsible for
the observed anticancer activity. More interestingly, this
compound strongly interacted with HSA, significantly
changing its secondary structure.
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In the present work, we aimed to expand our knowledge
on the interactions of compound 1 with relevant proteins,
addressing its interaction with the human cytochrome
P450 (CYP450) enzymes through a preliminary in vitro
metabolism assay. A phenotyping study was also undertaken
to suggest with which isoform it interacts preferentially. In
addition, blind molecular docking calculations revealed
which intermolecular forces are responsible for these
interactions.

Experimental

The complex [Ru;O(CH;COO)s(py),(dppzCl)]
PF, employed here was synthesized and characterized
elsewhere.”® The UV-Vis absorption and 'H nuclear
magnetic resonance (NMR) data and spectra (Figures S1
and S2, respectively) are available in the Supplementary
Information (SI) section. The preliminary in vitro metabolism
study and the enzyme phenotyping were checked by high-
performance liquid chromatography (HPLC) after incubation
of compound 1 with human liver microsomes (HLM) and
recombinant CYP450 forms (rCYP450), respectively.
Before the in vitro metabolism study, the bioanalytical
method was fully validated according to the Agéncia
Nacional de Vigilancia Sanitdria (ANVISA) guideline.?
Details on part of the procedures and results, such as
method validation, chromatographic analysis, in vitro
metabolism, are also available in the SI section.

Solution preparation

The following stock solutions were prepared
in their respective solvents and stored at —20.0 °C:
[Ru,;0(CH,COO);(py),(dppzCl1)]PF; at the concentrations
of 600, 100, 80.0, and 50.0 umol L' in acetonitrile;
propranolol, used as internal standard (IS), in acetonitrile
at the concentration of 100 pmol L™" acquired from Sigma-
Aldrich (St. Louis, USA). The solutions for the NADPH
regeneration system (f-nicotinamide adenine dinucleotide
phosphate hydrate) at the concentration of 2.50 mmol L,
glucose-6-phosphate sodium salt at the concentration of
50.0 mmol L™'; and glucose-6-phosphate dehydrogenase at
the concentration of 8.0 U mL~! were prepared in tris-KCl
buffer (tris(hydroxymethyl)aminomethane 0.05 mol L'
and KC1 0.15 mol L', pH 7.4) and also purchased from
Sigma-Aldrich (St. Louis, USA). HLM (poll of 150 donor,
mixed gender, 20 mg mL"' microsomal protein) and
rCYP450 (Supersomes®) were purchased from Corning
Life Science (Phoenix, AZ, USA) and stored at —80.0 °C.
Information about the products are presented in the
SI section (Table S9).
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All the solvents and reagents were HPLC and
analytical grade, respectively. Methanol and acetonitrile
were purchased from Exodo Cientifica (Sumaré, Brazil),
chloroform and formic acid were purchased from Sigma-
Aldrich (St. Louis, USA), and Tween 80® was purchased
from Dinamica (Indaiatuba, SP, Brazil).

HPLC analysis

The analysis was carried out in a Shimadzu HPLC
system (Kyoto, Japan), which comprised a DGU-20A5
online degasser, two LC-10AD solvent pump units, a
SIL-20AHT automatic injector, a CTO-10AVP column
oven, a SPD-M20A diode array detector, and a CBM-
20A system controller. The analytical column used was
a LiChroCART Si 60 (125 mm x 4 mm; 5 um), and
methanol:acetonitrile (80:20, v/v + 0.1% formic acid) was
used as mobile phase at a flow rate of 0.6 mL min~'. The
injection volume was 10 pL and the oven temperature was
30 °C. The detection was performed at 280 nm (for IS),
350 nm and 680 nm (for the complex).

Sample preparation procedure

The microsomal samples (0.1 mol L' phosphate buffer,
pH 7.4 with 0.2% of Tween 80°, HLM with 0.2 mg mL"!
of microsomal protein and NADPH cofactor) were
extracted with 1000 puL of chloroform. To accomplish
that, the samples were agitated for 15 min at 1000 rpm in
Vibrax VXR® agitator (IKA, Staufen, Germany) at room
temperature. After that, the samples were centrifuged at
1600 x g for 10 min at 4.0 °C in a Hitachi HIMAC CF 15D2
centrifuge (Hitachi, Tokyo, Japan). Next, 900 uL of
the organic phase was collected and evaporated in a
Concentrator Plus speed vacuum (Eppendorf, Hamburg,
Germany). The sample residue was resuspended in the
mobile phase and analyzed by HPLC according to the
method described in HPLC analysis section.

In vitro metabolism and enzyme phenotyping

The incubation conditions for the in vitro metabolism
with HLM was based on the procedure reported by
Costa et al.”” The incubation medium consisted of 5.0 pL
of [Ru;O(CH;COO)s(py),(dppzC])]PF, (1.25, 2.00 or
2.50 umol L), 95.0 uL of phosphate buffer (0.1 mol L',
pH 7.4) with 0.2% of Tween 80®, and 50.0 uL of HLM
(0.2 mg mL~" of microsomal protein). The pre-incubation
was performed for 5 min in a thermostatic water bath at
37.0 °C. The metabolic reaction was started by the addition
of 50.0 pL of the NADPH cofactor solution. After 40 min
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of incubation, the reaction was ended by the addition
of chloroform and beginning of the sample preparation
procedure. The samples were analyzed by the validated
HPLC method, and the remaining percentage of the complex
was determined considering a control sample prepared in
the absence of NADPH cofactor solution. The difference
between the initial and remaining complex concentration
was considered CYP450 mediated metabolism.

To evaluate the main CYP450 isoform(s) that is (are)
involved in the complex metabolism, rCYP450 was used.
To accomplish that, [Ru;O(CH;COO);(py),(dppzCl)]PF,
complex (1.25 umol L") was incubated, in a similar way
to the previous procedure, with the following Supersomes®:
1A2; 1A1; 2B6; 2C8; 2C9; 2C19; 2D6; 2E1; 3A4; and
3AS5 at the concentration of 50.0 pmol mL~". The control
samples contained insect cells instead of rCYP450. The
samples were quantified using an analytical curve prepared
on the day of the experiment and the normalized depletion
velocity of compound 1 was calculated for each rCYP450.
In addition, for the statistical treatment, the normalized
rate (NR) (equation 1) was determined using the abundance
of each isoform in the human liver microsomes ([CYP]y; ).

NR = v % [CYP],\, (1)

where v, is the initial velocity of the enzyme reaction. In this
way, the total normalized rate (TNR) can be calculated by
dividing NR by the sum of all NR considered (equation 2).

TNR (%) = ZNI\EI{R

x100 (@3]

To evaluate the inhibitory effect of Tween 80® on
rCYP450, the incubation media were prepared following
the method outlined in the phenotyping studies, with
compound 1 replaced by a probe substrate specific to each
CYP450 isoform near its concentration to achieve half of
the maximum velocity, the Michaelis-Menten constant (Ky,)
value. Inhibition controls for the probe substrates involved
substituting the volume of phosphate buffer with Tween
80® with a pure buffer solution. Subsequent analysis of
the samples yielded the remaining activity (RA / %),
calculated by dividing the area of the monitored metabolite
(probe marker) in the presence of Tween 80® by the area
of the metabolite in its absence, and multiplying the result
by 100%. Further details on the incubation procedure and
HPLC analysis can be found in the SI section.

Molecular docking procedures

The crystallographic structures for 1A1, 1A2, 2C8,
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2C9, 2C19, 2D6, 2E1, 3A4, and 3A5 were obtained
from Protein Data Bank (PDB)* with access code 418V,
2HI4, 1PQ2, 1R90, 4GQS, 4WNV, 3E6I, 1WOF, and
7LAD, respectively.’*3® All hydration molecules and the
small organic/inorganic charged species were deleted
before in silico calculations. The chemical structure for
the compound [Ru;O(CH;COO)(py),(dppzCl)]PF, was
built, and the energy was minimized with semi-empirical
method, available in the Spartan’ 18 software.*4° The blind
molecular docking calculations in vacuum were performed
with GOLD 2022.3 software.*'#* Hydrogen atoms were
added to the proteins following tautomeric states and
ionization data inferred by GOLD 2022.3 software at
pH 7.4. Each docking run’s number of genetic operations
(crossover, migration, mutation) was set to 100,000. Each
CYP450 isoform obtained ten results and analyzed those
with the highest docking score value. GOLD 2022.3
software optimizes hydrogen-bond geometries by rotating
hydroxyl and amino groups of amino acid side chains. Since
there is not any crystallographic data with CYP450 isoform
complexed with inorganic species similar to compound 1
redocking studies were not carried out and for this reason,
the standard ChemPLP was used as the scoring function.
Protein-Ligand Interaction Profiler (PLIP) webserver*#
was used for the identification of protein-ligand interactions
and the 3D-figures were generated by PyYMOL Molecular
Graphics System 1.0 level software.*3¢

Results and Discussion

Redox mediators, such as ascorbic acid or cytochrome
oxidase, may access the ruthenium oxidation states II,
III, and IV in the physiological environment.*” In
these oxidation states, ruthenium ions are mainly
hexacoordinated with pseudo-octahedral geometry,
and RuM-compounds are relatively inert compared to
cisplatin (cis-[Pt(NH,),Cl,]). Redox biotransformation
processes can either activate or transform a given molecule,
changing properties such as hydrophilicity and thus
affecting processes such as excretion.* CYP450 enzymes
are predominant in the liver,* and it is the main enzyme
family involved in xenobiotics redox biotransformation.”
Investigating the interaction of a potential drug candidate
with these enzymes and determining which CYP isoform
interacts preferentially (enzyme phenotyping) is a key
step to evaluate its metabolization profile and address its
biological behavior and safety.>*

In biotransformation studies with microsomes, the
in vitro metabolism can be carried out by monitoring
either substrate depletion or metabolite production. Since
compound 1 is a novel molecule and information about
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possible metabolites is absent, the in vitro metabolism was
carried out by monitoring the depletion of 1 after incubation
with HLM. In addition, to guarantee the solubility of 1 in the
microsomal medium, a solubilizing agent was used (0.2%
Tween 80®). Since quantifying the depletion of the complex
from the microsomal medium necessitated its complete
solubilization, this was successfully achieved solely
through the use of the surfactant Tween 80°. Figure 2a
shows a representative pair of chromatograms obtained in
the analysis. As depicted in Figure 2b, at a concentration
of 2.50 umol L', compound 1 exhibited a low metabolic
rate, suggesting that the reaction had achieved its maximum
velocity. This observation may be attributed to an inhibitory
effect on the CYP450 enzymes induced by the presence of
the solubilizing agent (Tween 80®), or potentially by the
complex itself at this concentration.”* Conversely, upon
reducing the concentration of compound 1 to 1.25 pmol L,
the metabolic rate increased to 48%, indicating the
capability of human CYP450 enzymes to metabolize
the complex. Lower concentrations appear to facilitate
its metabolism, notwithstanding potential inhibition by
Tween 80 at the employed concentration. No discernible
peaks of potential metabolites were observed during the
metabolism studies. This absence could be attributed to
factors such as the low concentration in the final solution,
the limited extraction rate during sample preparation,
diminished intensity due to peak broadening after extended
retention times, or a combination thereof. Regarding the
phenotyping study, all the investigated rCYP450 isoforms
contributed to compound 1 metabolization, with significant
contributions of CYP3A4 and CYP3AS isoforms as it can
be observed in the TNR percentage (Figure 2c). This result
agrees with the literature>>*° since these isoforms typically
metabolize substrates with high molecular weight and low
water solubility as compound 1.

It is worth mentioning that the inclusion of Tween 80®
in the phenotyping studies resulted in an inhibitory effect of
varying degrees depending on the isoform, as indicated by
the inhibition evaluation using probe substrates (Table 1);
therefore, results of phenotyping using supersomes should
be interpreted cautiously. The isoforms most affected were
CYP1A1,CYP2B6, CYP2EI, and CYP3A4, with remaining
activities (RA) ranging between 18-24%. Conversely,
minimal to negligible effects were observed for CYP1A2,
CYP2C9, CYP2D6, and CYP3AS5, with RAs exceeding 90%.
The inhibition of a specific isoform does not necessarily
indicate an increased involvement in the metabolic reaction
but rather implies a potential underestimation of its role,
which remains unclear under the experimental conditions.
It is worth noting that, apart from CYP2C19 and CYP3A4,
the most abundant isoforms in humans were not significantly
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Figure 2. (a) Example of [Ru;O(CH;COO)s(py),(dppzCl)]PF
(1.25 pmol L") chromatograms before and after in vitro metabolism by
the human CYP450 enzymes. (b) in vitro metabolism by the CYP450
enzymes present in human liver microsomes after incubation with different
complex concentrations. (c) Total normalized rate of metabolization by
the main rCYP450 isoforms responsible for human metabolism. n = 5
experiments per determination. In all cases, the control sample were
prepared in the absence of NADPH cofactor.

inhibited (RA > 90%), and CYP3AS5, which contributed
significantly to the metabolism of compound 1, remained
uninhibited. Moreover, despite reduced activity, CYP3A4
still played a substantial role in the metabolism of 1.

In silico calculations using a blind molecular docking
approach were carried out to offer a molecular point of view
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Table 1. Normalized depletion velocity for [Ru;O(CH,COO);(py),(dppzCl)]
observed during the interaction with rCYP450 and remaining activity in
the presence of Tween 80®

Isoform v*/ (mol min"! mol™") RA /%
CYPI1A1l 0.085 24 + 1
CYP1A2 0.068 90.9 0.5
CYP2B6 0.090 202
CYP2C8 0.046 -
CYP2C9 0.058 96 +2
CYP2C19 0.049 65+3
CYP2D6 0.083 101 +3
CYP2E1 0.047 19+3
CYP3A4 0.066 18+ 1
CYP3AS5 0.111 107 1

“Depletion velocity expressed as mol of compound 1 metabolized over time
normalized by the molar content of the isoform. RA: remaining activity.

on the interaction between compound 1 and the different
CYP450 isoforms. Since each pose obtained by GOLD
2022.3 software is considered the negative value of the
energy terms sum from the mechanical-molecular type
component, a more positive docking score indicates better
interaction. The docking score value for the interaction
between 1 and CYP1A1, 1A2, 2C8, 2C9, 2C19, 2D6,
2E1, 3A4, and 3A5 is 8.51, 8.70, 31.2, 25.3, 17.1, 20.5,
5.21,41.4, and 62.9 dimensionless, respectively. Thus, the
isoforms 3A4 and 3A5 are the main targets of the assayed
compound, agreeing with the experimental data.

For CYP3A4 and CYP3AS5, 1 interacts with the
endogenous heme group (Figures 3a and 3b). From the
electrostatic potential map of protein (Figures 3c and 3d),
it can be noticed that the heme group is in an electrostatic
positive density cavity. At the same time, compound 1
fits nicely in an electrostatic negative density region of
the continuity of the same cavity. In this case, the dppzCl
phenazine prefers to interact with the amino acid residues
than with the heme group. Additionally, molecular docking
results suggested hydrophobic, n-stacking, and hydrogen
bonds as the main intermolecular forces responsible for
the interactive profile of 3A4/3A5 with 1 (Table 2 and
Figures 3e and 3f).

Conclusions

For the first time, we reported the interaction of a
triruthenium ortho-metallated phenazine complex with
human CYP450 enzymes. This interaction was verified
by the ability of CYP450 enzymes to metabolize the
compound [Ru;O(CH;COO),(py),(dppzCl)]PF, in
vitro. Taking into account the docking and phenotyping
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Figure 3. Best docking pose for the interaction (a) 3A4:[Ru;O(CH;COO),(py),(dppzCl)] and (b) 3A5:[Ru;O(CH;COO)s(py),(dppzCl)])] with the
corresponding zoom highlighting the interaction between compound 1 and the endogenous heme group. Electrostatic potential map for the interaction
(c) 3A4:[Ru;O(CH,COO)4(py),(dppzCl)] and (d) 3A5:[Ru;O(CH,COO)4(py),(dppzCl)] with the (e, ) corresponding interactive profile in the presence of
the key amino acid residues. Amino acid residues from 3A4 or 3A5, heme, and [Ru;O(CH,COO),(py),(dppzCl)] are as stick representation in orange, beige,
gray, and pink, respectively. Elements’ color: hydrogen, oxygen, chloro, nitrogen, and Ru** are in white, red, green, dark blue, and dark green, respectively.

results, our study suggests that the isoforms CYP3A4
and CYP3AS interact preferentially with compound 1.
However, as described previously, the results of
phenotyping using supersomes should be interpreted
cautiously, considering the inhibitory effect of the surfactant
employed. Molecular docking results also helped to identify
hydrophobic, n-stacking, and hydrogen bonding as the
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main intermolecular forces responsible for the interaction
profile. The results presented here represent one of the
first steps towards further studies on the potential metallo-
drug candidate [Ru;O(CH;COO),(py),(dppzCl1)]PF,
because the CYP450 enzymes modulate drug safety
by controlling its plasma concentration. In addition,
the knowledge about the isoforms involved in its
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Table 2. Molecular docking results for the interaction between 3A4:[Ru;O(CH,;COO),(py),(dppzCl)] and 3A5:[Ru;O(CH;COO)s(py),(dppzCl)] into the

catalytic pocket of each enzyme.

System Amino acid residue Interaction Interatomic distance / A
Tyr-53 hydrophobic 3.88
Phe-57 hydrophobic 3.56
Asp-76 hydrophobic 3.76
Arg-105 hydrophobic 3.62
Arg-106 hydrophobic 4.29
Phe-108 n-stacking 3.51
e s 5
Phe-215 n-stacking 3.41
Ala-305 hydrophobic 3.27
Thr-309 hydrophobic 3.02
Ala-370 hydrophobic 2.11
Arg-372 hydrogen bond 3.47
Glu-374 hydrophobic 2.99
Leu-57 hydrophobic 2.92
Leu-108 hydrophobic 3.89
Ser-119 hydrogen bond 2.50
Leu-120 hydrophobic 3.11
Phe-210 hydrophobic 3.55
Phe-215 ni-stacking 4.00
Phe-220 hydrophobic 3.74
3ASIRO(CHCO0) () pprC) Phe.2i dophobi s
Ile-301 hydrophobic 3.43
Phe-304 ni-stacking 4.50
Ala-305 hydrophobic 2.92
Ala-370 hydrophobic 391
Tle-371 hydrophobic 3.30
Arg-372 hydrophobic 3.80
Leu-481 hydrophobic 3.74

metabolism helps prevent and undestand possible drug-
drug interactions.

Supplementary Information

Supplementary information (UV-Vis
absorption and 'H NMR data and spectra of
[Ru;0(CH,COO);(py),(dppzCl)]PF,, chromatographic
method determination, and the determination of the
solubilizer agent, bioanalytical method validation and the
method for the evaluation of Tween 80® inhibition over
rCYP450) is available free of charge at http://jbcs.sbq.org.br
as PDF file.
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