Journal of Inorganic Biochemistry 190 (2019) 1-14

Contents lists available at ScienceDirect ;26:‘ ag;“ig
Biochemistry
Y . St oy
Journal of Inorganic Biochemistry S AR

S\m’(&y
L\ :f": [ X

journal homepage: www.elsevier.com/locate/jinorgbio WA D

Manganese coordination compounds of mefenamic acid: In vitro screening = M)
and in silico prediction of biological activity

updates

Alketa Tarushi”, George D. Geromichalos®, Dimitris P. Kessissoglou, George Psomas”

Laboratory of Inorganic Chemistry, Faculty of Chemistry, Aristotle University of Thessaloniki, GR-54124 Thessaloniki, Greece

ARTICLE INFO ABSTRACT

Keywords: The in vitro and in silico biological properties of two manganese complexes with the non-steroidal anti-in-
Bioinorganic chemistry flammatory drug mefenamic acid (Hmef) in the presence or absence of salicylaldoxime (Hssao), i.e.
DNA [Mng(0)2(mef),(sa0)s(CH;0H),4] 1, and [Mn(mef),(CH;0H),] 2, respectively, are presented in the present
Manganese compounds contribution. More specifically, the in vitro biological activity of the complexes was investigated by studying
Alb‘,lfm"s - their affinity to calf-thymus DNA (by diverse spectroscopic and physicochemical techniques) and their binding
In silico predictive tools . . I
towards bovine (BSA) or human serum albumin (HSA) (by fluorescence emission spectroscopy). Molecular
docking simulations on the crystal structures of HSA and DNA, exploring in silico the ability of the complexes to
bind to these macromolecules, were also employed in order to explain the described in vitro activity of the
compounds. Furthermore, in silico predictive tools have been employed to study the properties of the most active
complex 2 to act as anticancer agent, in continuation of the previously reported cytotoxic activity. It is adopted
in silico studies on a multitude of proteins involved in cancer growth, as well as prediction of drug-induced
changes of gene expression profile, protein- and mRNA-based prediction results, prediction of sites of metabo-

lism, quantitative prediction of antitarget interaction profiles etc.

1. Introduction

Mefenamic acid (Hmef, Fig. 1(A)) is a non-steroidal anti-in-
flammatory drug (NSAID) that belongs to the anthralinic acid deriva-
tives [1]. Hmef is mainly used as an analgesic and antipyretic agent for
the effective treatment of moderate pain such as dysmenorrheal pain
and migraines [2-4]. In regard to the metal-mefenamato complexes, the
existing reports include crystal structures of a series of cobalt(I) [5],
copper(Il) [6-8], manganese(II) [9,10], nickel(I) [11], tin(IV) [12] and
zinc(II) [13] complexes with mefenamato ligands in diverse coordina-
tion modes. Most of the reported metal-mefenamato compounds were
more active DNA- and albumin-binders than free Hmef [5,7,8,11,13].

Manganese is among the most important trace elements because of
its presence in the active centre of many redox enzymes, including
oxygen evolving center, catalases, peroxidases and superoxide dis-
mutases [14-17]. Concerning the use of manganese compounds in
medicine, their presence is rather limited to MRI contrast agent Te-
slascan and anticancer drug SC-52608 [18]. Within the context of
medicinal inorganic chemistry, the research interest for bioactive
manganese compounds has been significantly increased including re-
ports for manganese compounds exhibiting promising antibacterial
[19-21], anticancer [22-24], antifungal [25] and antioxidant [26,27]
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activity. Furthermore, the manganese complexes with the NSAIDs di-
clofenac [27-29], indomethacin [29], mefenamic acid [9,10], niflumic
acid [30], and tolfenamic acid [26] have been also structurally char-
acterized.

DNA is recognized as one of the common biological targets of antic-
ancer drugs, since one of the main mechanisms of action of the anticancer
drugs is the damage of DNA [31]. Transition metal complexes may in-
teract with double-stranded DNA: (a) via covalent binding; it takes place
when a labile ligand of the complex is replaced by a nitrogen atom of a
DNA-base, as in the case of mechanism of action of cisplatin, where the
hydrolysis results in the displacement of the chlorido ligands and the
coordination of two guanine nitrogen atoms of DNA to platinum(II), (b)
through noncovalent interactions; this kind of interactions includes in-
tercalation which occurs via the 5t — it stacking insertion of the complex
in-between DNA-bases, electrostatic interactions as a result of Coulomb
forces between metal complexes and the phosphate groups of DNA, and
groove-binding which takes place along major or minor groove of DNA
helix due to the development of van der Waals forces or hydrogen or
hydrophobic bonds, and (c) via cleavage of the DNA double-stranded
helix along and/or across the strands [32-36].

In order to understand the mode of action of potential metal-based
drugs, it is necessary to study their interaction with possible biological
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Fig. 1. The syntax formula of (A) mefenamic acid (Hmef) and (B) salicy-
laldoxime (H,sao).

targets including aminoacids, proteins and biomacromolecules [37].
Furthermore, the study of the interaction of NSAIDs and their com-
pounds with DNA (which is also a biological target of the anticancer
drugs) is of great importance as a first approach of their potential anti-
inflammatory, antioxidant and anticancer activity [38-40].

We have already reported the synthesis, the solid-state structure, the
magnetochemical properties, the spectroscopic behavior in solution
and the cytotoxic effects of the hexanuclear complex
[Mng(O)o(mef),(sao)s(CH30H)4] 1 (Hpsao = salicylaldoxime, Fig. 1(B))
which can be considered an inverse-[9-MC-3], metallacrown (MC) and the
mononuclear complex [Mn(mef),(CH;0H)4] 2 [10]. The study of the
interaction of the complexes with the potential biological target DNA as
well as with the drug-carrier protein albumin is a first approach for fur-
ther therapeutic applications. As a continuation of our previous reports
[10,41], we present herein the in vitro study of the interaction of both
complexes 1 and 2 with: (i) calf-thymus (CT) DNA by UV-vis spectro-
scopy and DNA-viscosity measurements as well as via competitive studies
with the classical intercalator ethidium bromide (EB) and (ii) bovine
(BSA) or human (HSA) serum albumins by fluorescence emission spec-
troscopy. The interaction of the complexes with CT DNA, BSA and HSA
has been studied in vitro in order to evaluate the interaction of the com-
plexes with biomolecules. Since drug-serum protein binding is critically
involved in the manifestation of the pharmacological effects of a drug, as
well as its pharmacokinetics, in silico approaches with the employment of
molecular docking were adopted in an attempt to provide information for
the understanding of the ability of both complexes in transportation
through HSA and, thus, possible interaction with other protein targets
involved in various diseases and especially, cancer. Additionally, a variety
of computational tools were employed to predict the complete biological
activity profile of the most active synthesized complex. Predictive tools
include prediction of drug-induced changes of gene expression profile,
protein and mRNA based prediction results, prediction of sites of meta-
bolism, quantitative prediction of antitarget interaction profiles etc.

2. Experimental
2.1. Materials - instrumentation

The synthesis of complexes 1 and 2 has been already reported in our
previous article [10]. CT DNA, BSA, HSA, EB, NaCl and trisodium ci-
trate were purchased from Sigma-Aldrich Co and all solvents were
purchased from Chemlab. All chemicals and solvents were reagent
grade and were used as purchased without any further purification.
DNA stock solution was prepared by dilution of CT DNA to buffer
(containing 15 mM trisodium citrate and 150 mM NaCl at pH 7.0) fol-
lowed by exhaustive stirring for three days, and kept at 4°C for no
longer than a week. The stock solution of CT DNA gave a ratio of UV
absorbance at 260 and 280 nm (As0/A2go) of 1.88, indicating that the
DNA was sufficiently free of protein contamination [42]. The DNA
concentration was determined by the UV absorbance at 260 nm after
1:20 dilution using € = 6600 M~ 'em™?! [43]. UV-vis spectra were re-
corded in dimethylsulfoxide (DMSO) solution at concentrations in the
range 107°-107>M on a Hitachi U-2001 dual beam spectro-
photometer. Fluorescence spectra were recorded in solution on a Hi-
tachi F-7000 fluorescence spectrophotometer. Viscosity experiments
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were carried out using an ALPHA L Fungilab rotational viscometer
equipped with an 18-mL LCP spindle.

2.2. In vitro DNA- or albumin-binding studies

In order to study in vitro the interaction of complexes 1 and 2 with
DNA or albumins, the compounds were initially dissolved in DMSO
(1 mM). Mixing of such solutions with the aqueous buffer DNA solu-
tions used never exceeded 5% DMSO (v/v) in the final solution, which
was needed due to low aqueous solubility of the compounds. The in-
teraction of the compounds with CT DNA was investigated by UV-vis
spectroscopy and viscosity measurements and via the evaluation of the
EB-displacing ability of the complexes studied by fluorescence emission
spectroscopy. The albumin binding studies were performed by trypto-
phan fluorescence quenching experiments. Detailed procedures re-
garding the study of the biological activity of the compounds are given
in the Supporting information (Sections S1-S4).

2.3. In silico computational methods and predictive tools

2.3.1. Molecular modeling and docking calculations

Preparation of complexes 1 and 2 as well as the definition of the
docking parameters are given in the Supporting information (Section
S5).

Virtual target screening was adopted in order to computationally
screen one selected compound against a collection of virtual protein
structures, to determine if a particular protein would be a potential
target of a compound of interest.

2.3.2. Prediction of activity spectra

Understanding chemical-biological interactions is rather a compli-
cated task because of the multifaceted structure-function relationships
in biological systems. Prediction of activity spectra for substances
(PASS) project encompasses a computational tool being able to predict
the complete biological activity profile of drug-like compounds [44].
PASS may be used to estimate general pharmacological potential of
compounds under study. Since computing is carried out based on a
structural formula, the prediction may be obtained for compounds that
are just designed on the computer, neither synthesized nor tested yet
[45]. Based on prediction, one may select which of the proposed
structures are the most promising ones for a particular purpose. The
PASS estimates the probable biological activity profiles for compounds
under study based on their structural formulae presented in MOLfile or
SDF file format. General list of predictable biological activities consists
of over 6400 terms including pharmacotherapeutic effects (e.g. antiar-
rhythmic), biochemical mechanisms (e.g. cyclooxygenase 1 inhibitor),
toxicity (e.g. carcinogenic), metabolism (e.g. CYP3A4 inhibition), gene
expression regulation (e.g. VEGF expression inhibition), transporter-
related activities (e.g. P-glycoprotein substrate). PASS prediction is
based on the knowledge base about structure-activity relationships
for > 313,000 compounds with known biological activities.

2.3.3. Quantitative prediction of antitarget interaction profiles

GUSAR antitarget prediction in silico tool is a software for the es-
tablishment of prediction antitarget interaction profiles for chemical
compounds [46]. The quantitative structure-activity relationship
(QSAR) models used a set of thirty-two end-points (ICsg, Ki and Kact)
including the data of about 4,000 chemical compounds interacting with
18 antitarget proteins (13 receptors, 2 enzymes and 3 transporters). The
superiority of GUSAR performance in creating QSAR models has been
shown in comparative studies with some other popular computational
methods [47,48].

2.3.4. Drug-induced gene expression profiles prediction
Prediction of drug-induced changes of gene expression with Drug-
Induced Gene Expression Profiles Prediction (DIGEP-Pred) in silico tool
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is based on PASS technology and two training sets created on the basis
of data on drug-induced changes of gene expression profiles retrieved
from Comparative Toxicogenomics Database (CTD) [49]. The gene
expression changes can be considered as a particular type of the bio-
logical activity of a drug. The probability “to be active” (Pa) estimates
the chance that the studied compound belongs to the sub-class of active
compounds (resembles the structures of molecules, which are the most
typical in a sub-set of “actives” in PASS training set). The probability
“to be inactive” (Pi) estimates the chance that the studied compound
belongs to the sub-class of inactive compounds (resembles the struc-
tures of molecules, which are the most typical in a sub-set of “inactives”
in PASS training set).

2.3.5. Sites of metabolism prediction

The sites of metabolism prediction (SOMP) [50] is an in silico tool
for the prediction of SOMs for drug-like compounds for (five major
human) cytochrome P450s: CYP1A2, CYP2C9, CYP2C19, CYP2D6 and
CYP3A4. Also in the training set, the sites of glucoronidation catalyzed
by UGT were included. It is based on PASS technology and Labelled
Multilevel Neighborhoods of Atoms (LMNA) descriptors. A set of all
possible structures with one labeled atom (SoLAs) with the appropriate
LMNA descriptors is generated for a new compound under the predic-
tion of sites of metabolism (SOMs). The results of prediction of SOMs
for new compounds are created on the basis of the prediction results of
all SoLAs generated for a compound. Each SoLA relates to one appro-
priate SOM. For every SoLA the following values calculate the prob-
ability values P, and Py (P, is the probability that labeled atom in the
SoLA is the SOM of the appropriate enzyme and P; is the probability
that the labeled atom in SoLA is not the SOM of the appropriate en-
zyme). The atoms in compounds are arranged according to AP (P, — Py)
values. The Invariant Accuracy of Prediction (IAP) criterion, similar to
AUC (the area under the receiver operating characteristic (ROC) curve),
was used to estimate the accuracy of the created method. Mathemati-
cally, IAP values equal the probability that the AP estimation has a
higher value for a randomly selected positive example (SoLAs in which
labeled atom is a SOM, AP +) than for a randomly selected negative
example (SoLAs in which labeled atom is not a SOM, AP-):
IAP = Probability (AP+ > AP-).

2.3.6. PPB for target prediction in ChEMB

In polypharmacology browser (PPB) [51], the target identification is
approached with ligand-based target prediction [52-56]. Each of the
target proteins is represented by set of known active ligands and targets
are ranked depending upon similarity of molecule in question to the re-
presentative ligands of target proteins. PPB searches through > 1,463
targets proteins, each of which is represented by at least 20 bioactive
molecules as reported in ChEMBL database. Similarity search is carried

out by six different fingerprints (Topological Pharmacophore
fingerprint = Xfp, Molecular Quantum Numbers = MQN, SMILES
fingerprint = SMIfp, Atom-Pair fingerprint = APfp,  Substructure

fingerprint = Sfp, Extended-connectivity fingerprint = ECfp4) and using
four combinations of parent fingerprints (Hypl = Xfp + SMIfp + Sfp,
Hyp2 = Xfp + MQN + SMIfp, Hyp3 = Xfp + SMIfp + Sfp + ECfp4 and
Hyp4 = Xfp + MQN + SMIfp + Sfp + ECfp4). For each target, P value is
calculated using best match compound of “target protein” to query mo-
lecule. Bar in front of each target represents the probability which stretch
from 0.01 to 0. The targets are retrieved using 6 different fingerprints and
4 combinations of fingerprints independently. Each fingerprint sorts the
database according to decreasing similarity to studied compound and
collects the compounds from sorted database till it finds 20 targets.

2.3.7. PharmMapper target protein identification

Top 300 targets are ranked in PharmMapper by normalized fit score
in descending order. The core database consists of pharmacophore
database (PharmTarget DB) containing over 7,000 receptor-based
pharmacophore models (covering > 1,500 drug targets). PharmMapper
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identifies ‘best mapping poses of the query’ against all pharmacophore
models in the core database.

2.3.8. Antitargets prediction and identifying DARs via the CPI

The drug repositioning and adverse reaction - chemical-protein in-
teractome (DRAR-CPI) server [57] has a representative collection of
drug molecules and targetable human proteins in drug repositioning
and adverse reaction (ADR). The program is able to predict chemical-
protein interactions by mining the CPI. The validation of the method is
secured by matching the predictions of drug-drug associations with
those predicted via gene-expression profiles, achieving a matching rate
as high as 74%. This kind of in silico discovery of associations among the
interaction profiles of small molecules can be efficient and cheap, and
can achieve a high rate of accuracy by matching predictions to gene-
expression profiles. The server uses the DOCK6 docking program [58],
generating a library interactome of 254 library ligands towards 385
protein pockets in the form of a docking score matrix of 254 x 385
elements.

3. Results and discussion
3.1. Structural and spectroscopic features of complexes 1 and 2

The synthesis, structure, and solid-state and solution behavior of the
complexes as well as their cytotoxic activity was recently reported [10].

In brief, the molecular structure of the hexanuclear complex 1
(Fig. 2(A)) which was determined by X-ray crystallography is con-
stituted by two inverse-[9-MC-3] metallacrown cores hosting mefena-
mato anions. The metallacrown core contains three manganese(III) ions
and three doubly deprotonated sao®~ ligands; the oximato oxygen (O,,)
and oximato nitrogen (N) of the sao?~ ligands are bridging two Mn(III)
atoms leading to the formation of the MC ring, while the salicylato
oxygens (Os,) of sao?~ ligands participiate in the formation of a chelate
ring leading to further stabilization of the MC core. An oxygen dianion
(Oceny) is encapsulated in the cavity of each MC ring. The coordination
spheres of the five- or six-coordinate manganese atoms are completed
by oxygen atoms from the coordinated methanol ligands and the bi-
dentate bridging mefenamato ligands. Considering the magnetochem-
ical behavior of complex 1, the complex exhibited an overall anti-
ferromagnetic behavior.

The structure of complex 2 (Fig. 2(B)) was proposed on the basis of
spectroscopic studies. The complex is mononuclear and Mn(II) is sur-
rounded by six oxygen atoms, two oxygens from the monodentate
mefenamato ligands and four ones from the methanol ligands [10].

The solution behavior of the complexes was investigated by diverse
spectroscopic (UV-vis, mass) and physicochemical techniques revealing
that the complexes remain practically intact in solution and keep their
solid-state solution. In particular, the molar conductivity measurements
indicated the non-electrolytic nature of the complexes. Although there
is also the possibility of replacement of the MeOH ligands by the solvent
ligands (DMSO, H,0) where the complexes are dissolved, the NSAID
ligands remain coordinated to the manganese atoms in pharmacophoric
moieties [Mn(mef),;] and [Mng(O),(NSAID),(sao)e(mef);] which are
responsible for the biological activity of the complexes [41]. Both
complexes 1 and 2 were also tested for their in vitro cytotoxic effects
against three cancer cell lines (HeLa, MCF-7 and A549 cells) and they
presented a moderate growth inhibitory activity.

3.2. In vitro DNA-binding studies

The mode of interaction of metal complexes with double-stranded
DNA is mainly dependent on the structure of the complexes and the
nature of their ligands. In the case of labile ligands, covalent DNA-
binding may occur, while more stable complexes may interact non-
covalently with DNA in structure-dependent fashion [35,36]. Further-
more, the potential biological (antioxidant, anticancer and/or anti-
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(A)

Fig. 2. (A) An illustration showing the molecular structure of complex 1; adapted from reference [10]. (B) A sketch showing the proposed structure for complex 2.

inflammatory) activity of the NSAIDs and their complexes has been
often related to their DNA-binding ability and, thus, studies of the DNA-
interaction are of increasing interest [38-41,59-61]. Within this con-
text, the interaction of complexes 1 and 2 with CT DNA has been
monitored by UV-vis spectroscopy, viscosity measurements and via
their ability to displace a typical DNA-intercalator such as EB.

3.2.1. UV-vis spectroscopic DNA-binding studies

UV-vis spectroscopy is a used to get preliminary evidence of the
DNA-binding mode and strength of the complexes. In these studies, two
titrations studies are usually carried out. Initially, the UV-vis spectra of
a CT DNA solution are recorded in the presence of the complexes at
increasing amounts (for different r values) in order to verify the ex-
istence of an interaction. Afterwards, the UV-vis spectra of the com-
pounds are recorded in the presence of CT DNA at increasing amounts
in order to get a first idea of the type of the interaction and determine
the strength of this interaction. The changes observed in the CT DNA
band at 258-260 nm or the intra-ligand bands of the compounds may be
attributed to interactions between the complexes and DNA and may
provide a first approach to explain the interaction.

In the UV-vis spectra of a CT DNA solution, the DNA-band at
Amax = 258 nm exhibits a slight hypochromism in the presence of
complex 1 at increasing amounts (Fig. 3(A)) indicating that the inter-
action of CT DNA with the complex may result in the direct formation
of a new conjugate between DNA and complex 1 [62]. Quite similar are
the changes in the UV-vis spectra of CT DNA solution in the presence of
complex 2.

In the UV-vis spectra of the complexes, the intense absorption bands
which are assigned to the intraligand transitions of the NSAID ligands
may be perturbed during the titration upon addition of CT DNA in di-
verse r values, if any interaction between the complex and CT DNA
takes place. In the UV-vis spectra of complex 1 (10 uM), band I located
at 288 nm shows upon addition of CT DNA a significant hypochromism
up to 40% which is accompanied by a 14-nm red-shift (up to 302 nm),
while band II located at 385 nm exhibits a more pronounced hypo-
chromism in the presence of CT DNA leading to its elimination
(Fig. 3(B)). The observed hypochromism for complex 1 accompanied by
a bathochromism may be mainly attributed to it — = stacking interac-
tions between the aromatic chromophore of the ligands of 1 and DNA-
bases and is indicative of an intercalative binding mode which may lead
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to a stabilization of the DNA helix [63]. In the UV-vis spectra of
complex 2, the changes of the bands observed at 300 nm and 342 nm
upon addition of CT DNA are not so intense to provide safe evidence
regarding the DNA-binging fashion (Fig. 3(C), Table 1). The hypo-
chromism observed for the complexes may be a preliminary indication
of a possible intercalating DNA-binding mode. Further experiments,
such as DNA-viscosity measurements, are necessary in order to clarify
the binding mode and/or verify the existence of intercalation [64].

The DNA-binding constants (Ky, in M™1) of the complexes were cal-
culated by the Wolfe-Shimer equation (Eq. (S1)) [65] and the corre-
sponding plots (Fig. S1). The Ky, constants of complexes 1-2 (Table 1) are
higher than that of corresponding free Hmef and are in the range reported
for other metal-NSAID complexes [5,8,11,13,26-28,30,40,41,61]. The K;,
constants suggest strong binding of the complexes to CT DNA, while both
complexes have similar K, constants, which are higher than that of the
classical intercalator EB (=1.23( + 0.07) X 10°M™!) as calculated by
Dimitrakopoulou et al. [66].

3.2.2. DNA-binding studies by viscosity measurements

The measurements of DNA-viscosity upon addition of a compound
may supply useful information regarding the DNA-interaction mode,
because the relative DNA-viscosity (/1) is sensitive to DNA-length (L/
Lo) changes according to the equation L/Lg = (/1no)'/3, where Lo, L
denote the apparent molecular length in the absence and presence of
the compound, respectively [67]. In general, when a compound inter-
calates in-between DNA-bases, DNA-viscosity will increase due to the
lengthening of the DNA-helix which stems from the separation of the
DNA-bases in order to host the intercalating compound. In the case of
partial and/or non-classic intercalation, as in DNA-grove-binding or
electrostatic interactions, the DNA-viscosity is not significantly affected
since such interactions may cause a bend or kink in the DNA-helix with
a subsequent slight reduce of the relative DNA-length [67].

The DNA-viscosity measurements were performed on a CT DNA
solution (0.1 mM) in the presence of increasing amounts of the com-
plexes (up to the value of r = 0.27). The addition of compounds 1 and 2
into the DNA-solution resulted in a significant increase in the relative
DNA-viscosity (Fig. 4). The observed changes of the DNA-viscosity may
be attributed to the existence of intercalation between the compounds
and CT DNA. This conclusion may enforce and shed light to the pre-
liminary findings from UV-vis spectroscopic studies.
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Fig. 3. UV-vis spectra of (A) CT DNA (0.14 mM) in buffer solution (150 mM NacCl and 15 mM trisodium citrate at pH 7.0) in the absence or presence of complex 1 (the
arrow shows the changes upon increasing amounts of the complex), (B) complex 1 and (C) complex 2 in DMSO ([complex] = 10 uM) in the presence of increasing
amounts of CT DNA (1’ = [CT DNA] / [complex] = 0-1.0, the arrows show the changes upon increasing amounts of CT DNA).

Table 1

UV-vis spectral features of the interaction of complexes 1 and 2 with CT DNA;
UV-band (Amax in nm) (percentage of the hyper-/hypo-chromism (AA/Ao, %),
blue-/red-shift of the Ap.x (AN, nm)). The values of DNA-binding constants
(Kp).

Compound Band (A, nm) (AA Ky M~ 1)
(%)*, A\ (nm)")
Hmef [5] 324 (+10, 0) 1.05( = 0.02) x 10°

[Mng(0)2(mef)2(sa0)s(CHz0H)4], 1 288 (—40, +14), 4.84( + 0.15) x 10°
385 (—55, elm®)
300 (—10, —1),

342 (sh) (=5, 0)

[Mn(mef),(CH3;0H),4], 2 4.60( = 0.26) x 10°

a «_

” denotes hypochromism, “+” denotes hyperchromism.
” denotes blue-shift, “+” denotes red-shift.
elm = eliminated.

bo«_

c

3.2.3. EB-displacement studies by fluorescence spectroscopy

EB is a typical DNA-intercalator since its intercalation to DNA takes
place via the insertion of the planar EB phenanthridine ring in-between
adjacent DNA-base pairs resulting in the formation of an EB-DNA
conjugate which presents an intense fluorescence emission band at
592 nm when the solution is excited at 540 nm. EB may be considered
an indirect marker of intercalation, since the addition of another in-
tercalating compound into the EB-DNA solution may result in a sig-
nificant displacement of EB from its EB-DNA conjugate and subse-
quently a significant quenching of the EB-DNA emission band will
appear [68,69]. Complexes 1-2 do not present any appreciable fluor-
escence emission bands at room temperature in solution or in the pre-
sence of EB or CT DNA under the same experimental conditions, i.e.
Aexe = 540 nm. Therefore, the changes observed in the fluorescence
emission spectra of the EB-DNA solution compound upon addition of

1.5
144 2
1.3

1.2+

(mmy)"”

1.1+

1.0 4

000 005 010 015 020 025
r = [complex]/[DNA]

Fig. 4. Relative viscosity (/no)*’®> of CT DNA (0.1 mM) in buffer solution
(150mM NaCl and 15mM trisodium citrate at pH7.0) in the presence of
complexes 1 and 2 at increasing amounts (r = [complex] / [DNA]).

the complexes can be used in order to investigate the EB-displacing
ability of the compounds.

The EB-DNA conjugate was completely formed after 1-h pre-treat-
ment of EB ([EB] = 20 uM) with DNA ([DNA] = 26 uM) in buffer so-
lution. The fluorescence emission spectra of the EB-DNA conjugate were
recorded in the presence of increasing amounts of the compounds (re-
presentatively shown for complex 1 in Fig. 5(A) up to r = 0.2). The
addition of the complexes at increasing amounts results in a significant
decrease of the intensity of the emission EB-DNA band at 592 nm which
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Fig. 5. (A) Fluorescence emission spectra (Aexc = 540 nm) for EB-DNA ([EB] = 20 uM, [DNA] = 26 uM) in buffer solution in the absence and presence of increasing
amounts of complex 1 (up to the value of r = 0.20). The arrow shows the changes of intensity upon increasing amounts of 1. (B) Plot of EB-DNA relative fluorescence
emission intensity (I/Io, %) at Aeyy, = 592 nm versus r (r = [complex]/[DNA]) in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0) in the presence
of complexes 1 and 2 (quenching up to 24.9% of the initial EB-DNA fluorescence emission intensity for 1 and 38.9% for 2).

Table 2

Fluorescence spectral features of the EB-displacement studies of Hmef and complexes 1 and 2. Percentage of EB-DNA fluorescence quenching (Al/Io, %), Stern-

Volmer (Kgy) and quenching constants (k).

Compound Al/To (%) Ksy M~ 1) kg M~ 's™H

Hmef [5] 80 1.58( + 0.06) x 10° 6.87( = 0.26) x 10'2
[Mng(0)2(mef),(sa0)s(CH30H),1, 1 75.1 1.69( + 0.08) x 10° 7.35( + 0.33) x 102
[Mn(mef),(MeOH),], 2 61.1 6.10( = 0.10) x 10* 2.65( * 0.04) x 102

is much more pronounced for complex 1 (Fig. 5(B) and Table 2). The
quenching of EB-DNA fluorescence induced by the complexes may re-
veal that the complexes, especially 1, present a noteworthy ability to
displace EB from its EB-DNA conjugate which results from their com-
petition for DNA-intercalation sites; thus, this quenching may indicate
indirectly that the complexes interact with CT DNA in an intercalative
manner [70].

The corresponding Stern-Volmer plots (Fig. S2) suggest that the
observed quenching of the EB-DNA fluorescence emission band is in
good agreement (R ~ 0.99) with the linear Stern-Volmer equation (Eq.
(S2)) [68]. The Stern-Volmer constants (Ksy, in M~ 1) of the complexes
(Table 2) were obtained by the Stern-Volmer plots; the Kgy constants
are high, they are found in the range reported for other metal-NSAIDs
complexes, and complex 1 has the highest Kgy constant among the
complexes. On the basis that the fluorescence lifetime of EB-DNA
system has the value t, = 23 ns [71], the EB-DNA quenching constants
(kq M™1s™1) for compounds 1 and 2 were calculated according to Eq.
(S3) [68]. The k, constants are much higher than 10"°M~'s™!
(Table 2) indicating that the quenching of the EB-DNA fluorescence
emission takes place via a static mechanism which leads to the forma-
tion of a new conjugate obviously between DNA and each complex
[70]. Such conclusion is another indirect verification of the interaction
of the compounds with DNA via intercalation.

3.3. In vitro study of the interaction of the complexes with albumins

Serum albumins (SAs) are the most abundant plasma proteins and
have the role to transport metal ions, drugs and their metal complexes
through the blood-stream towards the biological targets, i.e. tissues/
organs [70]. Within this context, the interaction of potential candidate
bioactive compounds with SAs is of increasing interest and should be
investigated as a first approach for further applications. The solutions of
HSA and its homologue BSA exhibit an intense fluorescence emission
band at 352nm and 343 nm, respectively, when excited at 295 nm,
because of tryptophans, i.e. Trp-214 for HSA and Trp-134 and Trp-212
for BSA [67]. Since the mefenamato complexes 1 and 2 in buffer so-
lutions do not exhibit any appreciable emission bands, when their

spectra were recorded under the same experimental conditions, i.e.
Aexe = 295 nm, the quenching observed in the fluorescence emission
spectra of SA solutions upon addition of the compounds may be mainly
attributed to changes in protein conformation, subunit association,
substrate binding or denaturation [72]. The quenching induced by the
complexes to the HSA fluorescence emission band at 351 nm is mod-
erate (for 2) or significant (for 1), while the quenching of the BSA
fluorescence emission band at 343nm is much more pronounced,
especially for complex 1 (Fig. 6). Such intense quenching can be as-
signed to possible changes in protein secondary structure, thus, in-
dicating the binding of each complex to SA [73].

The quenching constants (kg, M~ 's™1) of the complexes (Table 3)
were calculated by the Stern-Volmer quenching equation (Egs. (S2) and
(S3)) [68] and the corresponding Stern-Volmer plots (Figs. S3 and S4).
The obtained k, constants are much higher than 2.0 x 10'°M~'s™', a
value which is found for diverse kinds of quenchers for biopolymers
fluorescence, and we may suggest that the interaction of the compounds
with the SAs takes place via a static quenching mechanism which in-
dicates the existence of a new conjugate between the albumins and the
complexes [72]. These constants may indicate good SA-quenching
ability, and the hexanuclear complex 1 has higher constants than the
mononuclear complex 2. In brief, the calculated quenching constants
are within the range found for a series of metal-NSAIDs complexes
[5,8,11,13,26-28,30,40,41,61].

The SA-binding constants (K, in M™1) of the complexes (Table 3)
were obtained by the Scatchard equation (Eq. (S5)) [68] and the cor-
responding Scatchard plots (Figs. S5 and S6). The K constants of the
complexes are relatively high indicating the affinity of the complexes
towards the albumins. In general, the K constants of the complexes are
within the range calculated for a series of metal-NSAIDs complexes
[5,8,11,13,26-28,30,40,41,61].

The K constants of the complexes are of the magnitude
10°-10° M~ ; they may be considered relatively high revealing the
potency of the complexes to get bound by the albumins for their po-
tential transportation. Additionally, these values are much lower than
the values of the binding constant of avidin with diverse compounds
(~10®*M™") which are considered the strongest noncovalent



A. Tarushi et al.

(A) 100+

e

o\ —a— 1

s 801 —o—2

=

Z

© 604

Q

=

Q

2 40

—

o

=

= 20

<

2]

m 0_| T T T 1
0 2 4 6 8

r = [complex]/[HSA]

Journal of Inorganic Biochemistry 190 (2019) 1-14

B 1904

<

o\ —a—1

s 897 ——2

=

Z

o 60

Q

=

O

2 40+

-

o

=

&= 204

<

2

;M O—I T T T 1
0 2 4 6 8

r = [complex]/[BSA]

Fig. 6. (A) Plot of % relative fluorescence intensity at ey, = 351 nm (%) versus r (r = [complex] / [HSA]) for complexes 1 and 2 (1.8% of the initial fluorescence
intensity for 1 and 49.1% for 2) in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0). (B) Plot of % relative fluorescence emission intensity at
Nem = 342 nm (%) versus r (r = [complex] / [BSA]) for complexes 1 and 2 (0.3% of the initial fluorescence intensity for 1 and 26.1% for 2) in buffer solution (150 mM

NaCl and 15 mM trisodium citrate at pH 7.0).

interactions [74]. Such comparison may suggest that the binding of the
complexes to the albumins is reversible and noncovalent and reveal the
ability of the complexes to get released when they are transferred
successfully at their potential biological targets [74].

3.4. Docking calculations

3.4.1. Docking calculations on HSA

Binding energies of complexes 1 and 2 with HSA are shown in
Table 4. From these data, it is obvious that complex 1 seems to succeed
better binding (lower binding energy) for HSA, compared to that of
complex 2. In both docking poses, the secondary structure of HSA is
shown with the subdomains color-coded in Figs. 7 and 8. The sub-
domains and secondary structure elements are assigned based on Sugio
et al. [86]. Both complexes are shown to be stabilized inside different
binding pockets of the protein, but at places which have already been
reported in the literature. From Figs. 7 and 8, it is deduced that complex
2 is anchored inside binding site II more closely to ibuprofen (IBP) than
complex 1. The best (lowest energy) poses for complex 1 and IBP (in
two sites) in the most common binding sites: site I, II, III, and IV in
domains IA, IB, IIA, IIB, and IIIA are depicted. Complex 1 is docked in
the cavity surrounded by sites I, II, III and IV (most favorable binding
with lowest binding energy), while for IBP two individual poses in the
binding sites III and IV are depicted. Complex 2 is anchored in binding
site II, stabilized inside subdomains IB, IIB, IIA and IIIA in a pocket
formed by a cluster of eight a-helices: IIIA-h4, IIB-h3, IB-h3, IIA-h1, IIA-
h2, IIA-h3, IIA-h4 and IIA-h6 (Fig. 8). In total, three drug-binding sites
are identified which are common with those of many other molecules
crystallized with the protein.

Complex 1 is stabilized in a binding pocket formed by domains IIA,
IIIA and IIB and between binding sites I, II, III and IV (Fig. 7). The
involved pocket (adjacent to these of co-crystallized drug IBP) includes
especially subdomain helices: IIA-h1, IIA-h2, IIA-h3, ITA-h4, IIA-h6, IIB-
h3, IB-h3 and IIIA-h4. IBP is bound preferably either at binding site III
in a crevice formed by domains IIA and IIB or at binding site IV formed

Table 3

Table 4
Binding energies (in kcal/mol) of complexes 1 and 2 with CT DNA (pdbID:
1bna), ERa (pdbID: 1a52), ERa (pdbID: 3ert) and HSA (pdbID: 2bxg).

Complex CT DNA ERa (1a52) ERa (3ert) HSA (2bxg)
1 —13.10 —17.24 —-12.98 —26.28
2 —34.57 —25.66 —34.52 —15.42

by subdomain helices IIIA-h1, IIIA-h2, IITA-h3, IIIA-h4, IIIA-h5 and IIIA-
h6 of domain IIIA. It is interesting that subdomains ITA and IIIA are the
locations for the primary fatty-acid and bilirubin-binding sites. In a
close-up view of the ligand-binding pocket of HSA (Fig. 7, lower part),
it is shown that complex 1 is bound in a cavity formed by the basic
amino acid residues Arg160, Glu184, Glul88, Ser192, Ala191, Lys195,
Lys436, Cys448, Pro447, GLu294, Val293 and Glu292.

The model for predicted binding poses of complex 2 into HSA
suggests that the complex is stabilized in a cavity of the protein sur-
rounded by regions IIA, IB, IIB and IIIA. Complex 2 is found to be an-
chored inside a binding cavity at binding site II, making contacts with
helices IIA-h1, IB-h3, IIA-h2, TIA-h3, IIA-h4, IIA-h6, IIB-h3 and IIIA-h4.
Molecular docking pose of complex 2 in the crystal structure of HSA is
depicted in Fig. 8 (upper part). The key amino acid residues of the
protein involved in the predicted interactions are illustrated in Fig. 8
(lower part). Since many ligands have been found to bind preferentially
to IIIA, the binding cavity of this subdomain is the most active on HSA.
Subdomains ITA and IIIA are the locations for the primary fatty-acid and
bilirubin-binding sites. At similar positions in their structures, sub-
domains ITA and IIIA contain deep pockets lined with hydrophobic side
chains surrounded by the first few residues of an extended loop together
with helices IIIA-h5 and IIIA-h6. The entrance to the pocket in both ITA
and IIIA is surrounded by positively charged amino acid residues [75].
The crystal structure of HSA shows that domains II and III share a
common interface, explaining why ligands bound to domain III affect
conformational changes and binding affinities in domain II. Strategi-
cally located in the hydrophobic pockets of IIA and IIIA, residues

The albumin quenching (k) and binding (K) constants derived for the complexes.

kqpsay (M~ ts™h

Kesay M)

Compound Kqarsay M~ 's™h) Kasay M~

Hmef [5] 7.13( % 0.34) x 102 1.32( = 0.15) x 10°
Hasa0 1.44( = 0.03) x 102 9.12( % 0.20) x 10°
Complex 1 5.97( + 0.24) x 103 2.33( + 0.13) x 10°
Complex 2 1.26( + 0.09) x 103 8.02( = 0.26) x 10°

2.78( = 0.20) x 103
1.94( + 0.07) x 102
7.84( + 0.26) x 103
3.03( = 0.17) x 103

1.35( + 0.22) x 10°
9.55( + 0.01) x 10*
2.78( + 0.14) x 10°
7.19( * 0.29) x 10°
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Trp214, Lys199, and Tyr41l are suspected by several studies to be
crucial to the binding process by limiting the solvent accessibility.
Molecular docking of complex 2 on HSA (Fig. 8 lower part) reported
also interaction with Trp214 and Lys199 among others.

Molecular docking pose of complex 1 in the crystal structure of HSA,
as depicted in Fig. 7 (lower part) and Table S2, reveals that complex 1
seems to succeed the best binding with the protein with binding in-
teractions involving the oxygen atoms Og, and O, of [9-MC-3] moiety,
forming H-bond contacts with the amino acid residues of the binding
cavity, as well as with the aromatic carbon atoms of Hysao and Hmef
moieties with the formation of hydrophobic contacts. From Fig. 8
(lower part) and Table S3, it is obvious that complex 2 is interacting
with HSA protein mainly through mefenamato moiety, especially with
the incorporation of aromatic and methyl carbon atoms forming hy-
drophobic contacts and, secondarily, with carboxylic and nitrogen
atoms of mefenamic acid and methanolic hydroxyl groups forming H-
bond contacts. Our models for HSA complexation with complexes 1 and
2 suggest that they could be bound at different sites of HSA protein,
which accommodates better their transportation.

3.4.2. Docking calculations on CT DNA

The computed binding energies of the best pose of complexes 1 and
2 with CT DNA are shown in Table 4. The data propose that complex 2
can be bound more potently to DNA, than complex 1.
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Fig. 7. Molecular docking of complex 1 (illustrated in
sphere representation, light pink C atoms) and the co-
crystallized drug IBP (depicted in stick model, hot pink C
atoms) into HSA (Protein Data Bank (PDB) ID 2BXG)
(chain A), depicting the best (lowest energy ranking) pose
(upper part, left: front view, right: back view). Target
protein is illustrated as cartoon with sub-domains color-
coded according to chainbow. In center part, the binding
pose of complex 1 (rendered in sphere model with ma-
genta C atoms) in the protein is shown illustrated as
semitransparent surface colored by chain (in green) with
additional depiction of selected contacting amino acid
residues of the binding pocket highlighted in yellow In
lower part is shown a close up view of the binding cavity
of complex 1 labeled with contacting amino acid re-
sidues. Molecular docking simulations of both com-
pounds were performed individually. Hydrogen atoms
are omitted for clarity. The final structure was ray-traced.
Interacting contacts are shown in Table S2.

-

From Figs. 9 and 10, it is obvious that less bulky complex 2 is inserted
more deeply in minor groove than complex 1 in major groove. It is de-
duced that, while complex 1 is interacting with CT DNA only through one
mefenamato ligand leaving its bulkier part protruding out of the major
groove of DNA (Fig. 10), complex 2 interacts with DNA through both
mefenamato ligands (Fig. 9), one with the phosphate group connecting
DA6, DC-21 and DT-7 and one with nucleotides DG-24, DC-23 DG-2
(interrupting H-bond formed by nitrogen N2 of DG-2). The mefenamato
moiety of complex 1 interacts with DA-18, interrupting the H-bond for-
mation of N7 through H-bond networking incorporating the nitrogen
atom of mefenamato moiety and wat103 molecule. Further stabilization
of complex 1 is achieved through interactions with DA-17 and DG-16, and
finally with nucleotides DA-18, DT-19 and DA-5 via an extended H-bond
networking including beyond water103, also wat28 and wat91 molecules.
Furthermore, the same extended H-bond networking with the inclusion of
wat102 molecule is responsible for the interruption of H-bond formation
between N6 of DA-5 and N7 of DG-4.

In addition, from Tables S4 and S5 illustrating the nucleotides and
the atoms of the complexes involved in these binding interactions,
along with bond lengths and types of interaction, it is deduced that
complex 1 exhibited fewer contacts with nucleotides, compared to
complex 2, since it is anchored inside the major groove which is almost
twice in width (22 }o\) compared to minor groove (12 1°\) in which
complex 2 is docked. Lower interaction binding energy of complex 2
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Fig. 8. Molecular docking of complex 2 (illustrated in sphere representation,
light pink C atoms) and the co-crystallized drug IBP (depicted in stick model,
hot pink C atoms) into HSA (PDB ID 2BXG) (chain A), depicting the best (lowest
energy ranking) pose. (Upper part) Target protein is illustrated as cartoon with
sub-domains color-coded according to chainbow. (Lower part) Ligand-binding
site interactions of complex 2 (represented in semitransparent sphere model,
magenta C atoms) docked onto HSA target protein (PDB ID 2BXG) (chain A).
Yellow dotted lines indicate hydrogen bond, polar and hydrophobic interac-
tions between the docked molecule and the amino acid residues (rendered in
stick model and colored according to chainbow) of the binding pocket.
Hydrogen atoms are omitted for clarity. The final structure was ray-traced.
Interacting contacts are shown in Table S3.

compared to that of complex 1 (—34.57kcal/mol compared to
—13.10 kcal/mol) may be attributed to more hydrogen bonds and hy-
drophobic contacts of complex 2, since the number of the interactions
of a molecule inside the binding pocket plays important role in its
stabilization inside the macromolecule. Our models for predicted
binding poses of complexes 1 and 2 into CT DNA suggest intercalation
of complexes with A and B helices of DNA, between purines and pyr-
imidines of the same strand and between strands as well, in major and
minor grooves, respectively. Due to different domain of the DNA taking
place in the binding of complexes 1 and 2, no common nucleotide was
found for the two molecules.

3.4.3. Docking calculations on human estrogen receptor alpha crystal
structure

Given the cytotoxic activity of complexes 1 and 2 on MCF-7 es-
trogen receptor positive breast cancer cells expressing human estrogen
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receptor alpha (hERa) [10], it is interesting to examine if this activity is
connected, or can be attributed, at least in part, to binding capacity of
complexes 1 and 2 on hERa, a well-known target in breast cancer
chemotherapy, since hormone receptor-positive breast cancers need
estrogen and/or progesterone to grow. To this end, molecular docking
calculations were employed to evaluate the ability of complexes 1 and 2
to bind in the crystal structure of hERa with bound co-crystallized
4-hydroxytamoxifen (OHT, PDB ID Nr 3ERT) (a drug used in breast
cancer therapy by blocking the effects of estrogens in breast tissue), and
estradiol (EST, PDB ID Nr 1A52) [76,77]. Complex 2 exhibited better
cytotoxic activity than complex 1 on MCF-7 cells with ICso values
38.1 uM and 70.2 uM, respectively [10]. It is interesting to notice that
human breast hormone-dependent MCF-7 cells were almost two times
more sensitive to complex 2, than to complex 1. The better cytotoxic
activity of complex 2 could be explained, if a better binding of complex
2 on hERa, compared to complex 1, could be demonstrated with the aid
of in silico molecular docking studies. The binding energies for the best
docking poses are illustrated in Table 4. Better binding capacity (lower
binding energy) with hERa was documented for complex 2 (binding
energies —25.66 kcal/mol and —34.52kcal/mol, for ERa with PDB
ID's: 1a52 and 3ert, respectively), compared to that of complex 1
(binding energies —17.24 kcal/mol and —12.98 kcal/mol, for ERa with
PDB ID: 1a52 and 3ert, respectively). Complexes 1 and 2 were stabi-
lized inside a pocket in the ligand-binding domain (LBD) of hERa
(hERa-LBD). From Fig. 11, it is obvious that the less bulky complex 2
was stabilized inside the ligand-binding cavity of hERa exactly at the
pocket where the co-crystallized molecules EST and OHT are bound,
while complex 1 was anchored in an adjacent binding position to that of
the ER modulators. Detected lower energy conformation for the
docking of complex 2 compared to that of complex 1, along with better
stabilization of complex 2 deeper in the crevice of hERa-LBD, at the
same place occupied by OHT and EST (sharing also common binding
amino acid residues) may in part explain the better cytotoxic activity of
complex 2 on MCF-7 human breast cancer cells [10].

3.4.4. Docking calculations on cancer-related target proteins

Since mononuclear complex 2 presented promising cytotoxic ac-
tivity which is superior to that of the corresponding hexanuclear
complex 1 as well as of Hmef and Hjsao, for all cell lines tested [10], in
silico molecular docking simulations were employed to render a mole-
cular basis for the understanding of this activity, through study of the
binding capacity of complex 2 on a variety of target proteins implicated
in cancer growth. This approach, which is a typical structure based
target prediction taking into account the structure of a protein, involves
the concept of inverse docking: whereby single molecule docked against
panel of target protein structures followed by sorting/ranking of the
proteins depending upon binding free energy of compound. Typically,
molecule in question is docked to the active site of set of target proteins
and depending on docking score and interaction pattern, target is as-
signed to the molecule in a specific order (ranking).

Reverse docking can be used to discover new targets for existing
drugs and natural compounds, explain polypharmacology and the mo-
lecular mechanism of a substance, find alternative indications of drugs
through drug repositioning, and detecting adverse drug reactions and
drug toxicity [78]. The proteins identified in this study might include
both direct targets and downstream regulated proteins. Proteins that
can directly bind to the studied compound might be considered as
possible direct targets of this compound. From Fig. S7, it is deduced that
complex 2 is bound in each crystal structure in the ligand-binding site
of the protein and in most cases exactly at the same place occupied by
its co-crystallized complexed inhibitor, giving insights in the possible
role of this compound in anticancer therapy. The results suggested that
the following proteins: carbonic anhydrase II, cyclin-dependent kinase
2 (CDK2), 17beta-Hydroxysteroid Dehydrogenase Type 1, human ga-
lectin-3, lymphocyte-specific kinase (Lck), spleen tyrosine kinase (Syk),
protein kinase C theta (PKC-theta), extracellular signal-regulated kinase
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(ERK2), aldose reductase (AR), phosphatidylinositol 3-kinase (PI3K
alpha), p38 mitogen-activated kinase and Janus kinase 3 (Jak3) tyr-
osine-protein kinase, might play important roles in the cytotoxicity
mechanism of complex 2. Several of these proteins can modulate sig-
nificant nodes in various intracellular signal transduction pathways
correlated to cancer growth.

Two of these proteins were chosen to be further discussed due to
their expression pattern in previously studied cell lines. It is interesting
to notice that some of these proteins may have multiple functions and
play important roles in more than one pathway like cell proliferation/
cell death and carcinogenesis. CDK2 protein (PDB ID 1h07) was chosen
as a target protein, since MCF-7 cell line which was found to be sen-
sitive to complex 2 [10], expresses the cyclin-dependent kinase in-
hibitor 2A (CDKN2A) tumor suppressor gene, encoding three splice
variants, two of which serve as inhibitors of the cyclin-dependent ki-
nase 4 (CDK4) and are capable of inducing arrest at the G1 phase of the
cell cycle [79]. In human cancer cell lines derived from various tumor
types, a high frequency of genetic and epigenetic alterations (e.g. pro-
moter hyper-methylation, homozygous deletion or mutation) in the
CDKN2A gene has been observed. Accordingly, epigenetic/genetic
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Fig. 9. (a) Molecular docking of complex 2
(rendered in sphere model, magenta C atoms) in
the crystal structure of CT DNA (PDB ID 1BNA)
in the binding cavity of minor groove of DNA.
DNA structure is illustrated as cartoon color-
coded according to chain (left) or opaque (upper
part) and semitransparent (lower part) surface
in brown color (right). In lower part, the
docking pose from a view above the axis of the
helix is illustrated. (b) Ligand-binding site in-
teractions of complex 2 in the crystal structure
of CT DNA (PDB ID 1BNA). Nucleotide mole-
cules (labeled in white) are rendered in semi-
transparent stick model and colored in green C
atoms. Yellow dotted lines indicate hydrogen
bond, polar and hydrophobic interactions be-
tween the docked molecule and the nucleotides
of the binding pocket in the minor groove of
DNA. Hydrogen atoms of all molecules are
omitted for clarity. Atoms are numbered ac-
cording to PyMol software. The final structure
was ray-traced. Interacting contacts are shown
in Table S4.

modulation of changes in CDKN2A might be a promising strategy for
prevention or therapy of cancer. Furthermore, changes in CDKN2A
status are highly variable depending on the type of cancer. In addition
to skin cancer such as melanoma, changes of CDKN2A have been de-
scribed in a wide spectrum of cancer types, such as non-small cell lung
carcinoma (NSCLC) [80]. Since MCF-7 and A549 NSCLC cells express
the mutated form of CDKN2A, they cannot express this type of tumor
suppressor gene which could play a crucial role in inducing arrest at the
G1 phase of the cell cycle. This is why MCF-7 cells do not encode splice
variants which can serve as inhibitors of the CDK4 kinase. In MCF-7
cells, this deficiency in the inhibition pathway can be bypassed, when
other CDK4 kinase inhibitors are administered. Complex 2 has been
shown to act as a CDK2/4 inhibitor (Fig. S7), contributing in this way to
the cell cycle arrest and leading cancer cells to an apoptotic pathway.

The PI3K pathway is the most frequently enhanced oncogenic
pathway in breast cancer. The phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit alpha (PIK3CA) gene encodes the p110a cata-
lytic subunit of PI3K. Among mechanisms of PI3K enhancement, PIK3CA
mutations are most frequently observed, along with protein loss of
phosphatase and tensin homolog (PTEN) [81,82]. PI3K operates as part of

Fig. 10. (a) Molecular docking of complex 1 (ren-
dered in sphere model, magenta C atoms) in the
crystal structure of CT DNA (PDB ID 1BNA) in the
binding cavity of major groove of DNA. DNA struc-
ture is illustrated as cartoon color-coded according
to chain (left) or opaque (upper part) and semi-
transparent (lower part) surface in brown color
(right). In lower part, the docking pose from a view
above the axis of the helix is illustrated. (b) Ligand-
binding site interactions of complex 1 in the crystal
structure of CT DNA (PDB ID 1BNA). Nucleotide
molecules (labeled in white) are rendered in semi-
transparent stick model and colored according to
chain (in green and light blue C atoms). Yellow
dotted lines indicate hydrophobic interactions and
an extended hydrogen bond network between the
docked molecule and the nucleotides of the binding
pocket in the major groove of DNA. Hydrogen atoms
of all molecules are omitted for clarity. Atoms are
numbered according to PyMol software. The final
structure was ray-traced. Interacting contacts are
shown in Table S5.
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the PI3K/Protein Kinase B (PKB)/mammalian target of rapamycin (PI3K/
AKT/mTOR) pathway to mediate cell proliferation, survival, migration
and vesicular trafficking, and mutations in PIK3CA have been implicated
in several cancers including those arising from colon, lung, ovary, and
breast. PI3Ks play a pivotal role in cell metabolism and proliferation,
affecting both cancer and metabolic disorders [83-85]. PIK3CA mutations
represent one of the most common genetic aberrations in breast cancer.
They have been reported to be present in over one-third of cases, with
enrichment in the luminal and in human epidermal growth factor re-
ceptor 2-positive subtypes. PIK3CA mutations are most likely to be ob-
served in ER-positive/HER2-negative tumors, such as MCF-7 cells. How-
ever, several characteristics of PIK3CA mutations in breast cancer have
been observed, including a strong association with expression of the es-
trogen receptor (ER). Several studies have demonstrated a clear synergy
between endocrine treatment and various PI3K blocking agents [86,871].
PIK3CA-mutated NSCLC represents a clinically and genetically hetero-
geneous subgroup in adenocarcinomas [88]. In NSCLC, mutations within
PIK3CA are considered oncogenic and targetable [89,90]. PI3K-inhibitors
have not been yet proven to be clinically effective, at least in lung cancer,
in the majority of patients with PIK3CA-mutation [89]. Finally, regulation
of these proteins by complex 2 might cause a change of metabolism and
survival status in human cancer cells that have been previously proved to
be sensitive to this complex [10].

3.5. PASS biological activity prediction profile

Prediction of activity spectra is based on PASS technology which
can predict over 4,000 kinds of biological activity, including pharma-
cological effects, mechanisms of action, toxic and adverse effects, in-
teraction with metabolic enzymes and transporters, influence on gene
expression, etc. [45].

3.5.1. Activity spectra prediction

The results for activity spectra prediction for complex 2 with
Pa > 0.7 are reported in Table S6. It is interesting to note that the two
first places in the ranking are occupied for anti-inflammatory and an-
algesic drug activity, maybe due to the NSAID mefenamato moiety of
the complex.

3.5.2. Quantitative prediction of antitarget interaction profiles
Quantitative predictions of the interaction of complex 2 with anti-
target proteins by GUSAR software [46] are shown in Table S7. The
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Fig. 11. Docking poses of complexes 1 (left part)
and 2 (right part) on crystal structure of hERa:
PDB ID 1a52 (upper part) and PDB ID 3ert
(lower part). In the structure, the super-
imposed molecules EST (upper part) and OHT
(lower part) are also shown. Target protein is
illustrated as cartoon, while superimposed
docked molecules represented either in sphere
model colored according to atom type in light
pink C atoms (complexes 1 and 2), or in stick
model colored according to atom type in hot
pink C atoms (OHT and EST). Complex 2 (in
lower right part) is depicted as semitransparent
spheres for visibility reasons, since it is super-
imposed with OHT at the same binding site.
Hydrogen atoms are omitted for clarity. The
final structure was ray-traced.

antitarget prediction profile showed that complex 2 falls in the ap-
plicability domain for estrogen receptor antagonist activity, which was
also documented by docking calculations on hERa crystal structure.

3.5.3. Prediction of drug-induced changes of gene expression

The DIGEP-Pred of drug-induced changes of gene expression profile
[49] for complex 2 is shown in Tables S8-S13. The tables illustrate the
propability data (in terms of Pa and Pi values) from prediction results for
complex 2 based on mRNA, protein, MCF-7 human breast cells, VCaP 6 h
(VCaP prostate cancer cells), VCaP 24 h and the combination prediction
results, respectively. The more probable changes of gene expression are at
the top of the list. Only the down-regulated and up-regulated target
proteins predicted with a Pa > 0.5 are shown. From Table S8 it is in-
teresting to notice that the first entry with the highest Pa value (0.937) in
the mRNA-based training set prediction of 500 up-regulation genes is
15-hydroxyprostaglandin dehydrogenase (HPGD or 15-PGDH).

It is known that down-regulation of the expression of 15-PGDH in
lung and other tumors suggests that this enzyme is a tumor suppressor.
Yan et al. discovered that the median expression of 15-PGDH in colon
tumor samples was at least 17-fold below the median expression in
normal colon [91]. Similarly, Backlund et al. found that 15-PGDH is
down-regulated in colorectal as well in other cancers using activity and
microarray analysis [92]. Furthermore, Wolf et al. also described that
15-PGDH is under-expressed in primary breast tumors [93]. Due to
expression status of 15-PGDH in various tumors, a number of anticancer
agents, such as transforming growth factor-f1 (TGF-f1), glucocorti-
coids and some histone deacetylase inhibitors (HDACs), were found to
exert an up-regulated activity, leading to induction of 15-PGDH ex-
pression. It has been shown that over-expression of 15-PGDH in A549
cells resulted in apoptosis [94]. These results suggest that tumor sup-
pressive action of complex 2 documented in previous report [10] may,
in part, be related to its ability to induce 15-PGDH expression. In this
way, complex 2 could exhibit its action as anticancer therapeutic, at
least in part, by inducing the expression (up-regulation) of tumor sup-
pressive 15-PGDH gene. In Table S9 showing the protein-based pre-
diction results, it is revealed that complex 2 is able to down-regulate
CD62 antigen-like family member L protein with a probability value of
0.806. In the past, many studies were focused on the role of selectin L as
a mediator of tumor cell adhesion and extravasation during metastasis
[95]. Up-regulated expression of CD62L was observed by flow cyto-
metric analysis of freshly isolated tumor cells from biopsies of high
grade cancer specimens.
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In addition, in silico analysis of Oncomine Microarray Database
showed a significant correlation between CD62L expression and tumor
aggressiveness and clinical outcomes. This down-regulated activity of
complex 2 may alleviate the CD62L-overexpressed influence on cell
tumor proliferation. In Table S10, the down-regulated activity of
complex 2 on DEK proto-oncogene is illustrated with a probability
value of 0.631. DEK oncogene is a target of steroid hormone receptor
signaling in breast cancer [96]. Previously, it has been shown that the
DEK oncogene, which is a chromatin remodeling protein, supports
breast cancer cell proliferation, invasion and the maintenance of the
breast cancer stem cell population. DEK expression is associated with
positive hormone receptor status in primary breast cancers and is up-
regulated in vitro following exposure to the hormones estrogen, pro-
gesterone, and androgen. DEK is a novel ERa target gene whose ex-
pression promotes estrogen-induced proliferation. DEK protein levels
are elevated in both MCF-7 cultured cells and primary invasive ade-
nocarcinomas and that DEK expression stimulates breast cancer cell
proliferation in vitro [97]. In addition, it was found that DEK isoform 1
was expressed in HeLa cells [98] and DEK exhaustion inhibited the
growth of A549 cells [99].

Down-regulation of DEK oncogene by complex 2 may act synergis-
tically on its antiestrogen activity. Since expression of estrogen and
progesterone hormone receptors indicates a favorable prognosis due to
the successful use of hormonal therapies such as tamoxifen and ar-
omatase inhibitors, targeted inhibition of DEK by complex 2 may en-
hance the efficacy of conventional hormone therapies in ER(+) breast
tumors. The previously reported cytotoxic activity of complex 2 on
MCF-7, HeLa and A549 cells [10] may, in part, be explained by the
induction of DEK oncogene down-regulation by this compound.

3.5.4. Sites of metabolism prediction

For the prediction of SOMPs [50] for complex 2, sets for the five
isoforms of CYP P450 that metabolize the majority of xenobiotics have
been prepared: 3A4, 2C9, 2C19, 2D6 and 1A2. The reaction of glu-
coronidation was also included, which is catalyzed by UGT (Fig. S8). In
Fig. S8 the SoLAs are illustrated, in which labeled atom is a SOM with
positive AP values. The labeled atoms in SOM (AP + ) revealed to be 10,
6, 8,11, 10 and 6 atoms of complex 2 for CYP3A4, CYP2D6, CYP2C19,
CYP2C9, CYP1A2 and UGT, respectively.

3.5.5. Polypharmacology browser for target prediction in ChEMB

PPB for target prediction approach uses the ChEMBL Database
(containing information of drug-like bioactive compounds) [51], which
is a publicly available database and collects the information on biolo-
gically active molecules reported in literature. As of now, PPB contains
1.6 million distinct compounds reported and > 10,000 target proteins.
With PPB we explored the ability of complex 2 to interact with more
than one target proteins. Target identification has become an area of
intense research owing to widespread application ranging from the
identification of the biologically active molecule, drug re-purposing,
toxicity prediction to the identification of promiscuous drugs or com-
pounds (Poly-Pharmacology). Interactions of the drug molecule with
unintended side targets (off-targets) often leads to adverse drug reac-
tions and it is shown to be one of the most common reasons for the
failure of drug molecule in the clinical trials. The poly-pharmacology
profile of complex 2 identifying probable target proteins is illustrated in
Table S14. From Table S14, it is deduced that P = 0 only for 4 and 6
ChEMBL-IDs targets retrieved from fingerprints Sfp and ECfp4 with
ChEMBL-names AKR1B10, AKR1C1, AKR1C3, ACHE and PTGS2.

3.5.6. PharmMapper target protein identification

PharmMapper is an in silico pharmacophore-based reverse screening
tool that attempts to identify potential target candidates for small-
molecule drugs, natural products or novel compounds whose targets are
unknown [100]. Drug target identification of complex 2 by means of
pharmacophore mapping approach is shown in Table S15. From a total
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of 198 pharmacophore entry predictions, it is interesting to notice that
serum albumin is displayed in 13th place. The 6th place is occupied by
Phospholipase A2 (PLA2) isoform 1. PLA2 is the initial enzyme of
arachidonic acid cascade, having key-role in inflammation and cancer
[101]. Binding of sPLA2-IB/PLA2G1B induces various effects de-
pending on the cell type, such as activation of the mitogen-activated
protein kinase (MAPK) cascade to induce cell proliferation, the pro-
duction of lipid mediators, selective release of arachidonic acid in bone
marrow-derived mast cells. In neutrophils, binding of sPLA2-IB/
PLA2G1B can activate p38 MAPK to stimulate elastase release and cell
adhesion. Since PLA2 inhibitors have wide medicinal importance,
PharmMapper target protein prediction revealed the possibility of the
utility of complex 2 as anti-inflammatory and anticancer agent.

3.5.7. Antitargets prediction and identifying drug repositioning potential
and adverse drug reactions via the chemical-protein interactome

The drug repositioning potential and adverse drug reactions (DRAR)
via the chemical-protein interactome (CPI), (DRAR-CPI), [57] is a
server for predicting DRAR. In this study, without mining the micro-
array data, we demonstrated the power of CPI to represent the per-
turbation towards the biosystems and how it would be used in mea-
suring drug effect. We have examined the possible therapeutic
indications or ADRs of complex 2 based on positive or negative asso-
ciation scores between complex 2 and a library of drugs based on their
interaction profiles towards the targets. Associations of library of drugs
towards complex 2 are shown in Table S16 (the first 60 from total 1,200
associations are shown). The results are ranked by association scores
and the corresponding P values, according to similarity (or disparity)
with known indications and ADR information suggesting in this way
new indications and ADRs. Positive association was revealed with
drugs: indinavir, irinotecan, butorphanol, methacycline, idarubicin,
aliskiren, cabergoline, netilmicin, nalbuphine, ergoloid mesylate, la-
patinib, lymecycline, epirubicin, minocycline, doxycycline, demeclo-
cycline, daunorubicin, tobramycin, buprenorphine, acarbose and bu-
prenorphine, for the treatment of pain, various infections and cancer,
among others. These data should be confirmed by specific in vitro ex-
periments.

4. Conclusions

In continuation to our reported research regarding the structural,
magnetochemical and spectroscopic properties and the cytotoxic ac-
tivity of complexes [Mng(O)y(mef),(sao)s(CH3OH),] 1, and [Mn
(mef),(CH3;0H)4] 2 [10], we have studied the in vitro and in silico in-
teraction of the complexes with CT DNA, BSA and HSA and possible
interaction with other protein targets involved in various diseases, and
have compared them with those of the free ligands.

The complexes can bind tightly to CT DNA by intercalation as in-
dicated by UV-vis spectroscopy, viscosity measurements and competi-
tive binding studies with the classical intercalator EB. The complexes
can also bind tightly and reversibly to the albumins BSA and HSA as
shown by the SA-binding constants which are in an optimum range to
confirm the binding of the complexes, their transportation by the SAs
and their possible release upon arrival at their biological targets.

The results from the present molecular modeling simulations may
provide useful complementary insights for the elucidation of the me-
chanism of action of the studied complexes at a molecular level [41]. In
silico procedures indicate better activity of complex 2 than that of
complex 1. Furthermore, both in vitro and in silico studies revealed a
role for complex 2 in human breast cancer cells, acting as an estrogen
receptor alpha (hERa) antagonist, and also as a down-regulator for DEK
proto-oncogene, a novel estrogen receptor o (ERa) target gene whose
expression promotes estrogen-induced proliferation. Further in silico
studies adopting various procedures contributed in the understanding
of the role of complex 2 in various diseases, suggesting a mode of action
of this compound.
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Molecular modeling calculations can provide a molecular basis for
the understanding of both the impairment of DNA by its binding with
the studied complexes and also the ability of these compounds for
transportation through blood serum albumin and possible interaction
with other protein targets involved in various diseases. This study can
provide information for the elucidation of the mechanism of action of
both complexes in a molecular level [41].

Docking studies contributed in better understanding the binding
interactions of the tested complexes within the active site of the studied
proteins and DNA. Furthermore, in silico prediction of the activity of
complex 2 contributed in the elucidation of its in vitro activity and shed
light in possible interaction with various macromolecules involved in
many diseases and especially cancer. It is necessary to keep in mind that
the predictive tools used provide the qualitative estimation of the
synthesized complex activity, calculating the probability of belonging
to the classes of “actives” and “inactives”, respectively. Therefore, it is
necessary not just to confirm that complex 2 is active in the experi-
mental assay but also to determine the extent of its potency. If, for
example, adverse or toxic effects are predicted for this compound, this
is an indication that the compound under study has some structural
similarity with the compounds from the training set with those effects.
However, it should be determined experimentally if adverse or toxic
effects arise at the same dose/concentration as the desirable pharma-
cotherapeutic action, or much higher doses. Also, it is necessary to keep
in mind that prediction for adverse and toxic effects is based on clinical
manifestations, which are sometimes observed in a few or even in a
single patient. Finally, due to wide range of predicted biological activity
spectrum, it should be more interesting to prioritize the selection for in
vitro testing of these activities based on those with the highest prob-
ability.

Abbreviations

15-PGDH 15-hydroxyprostaglandin dehydrogenase

ADR adverse reaction

APfp Atom-Pair fingerprint

AR aldose reductase

AUC area under the ROC curve

BSA bovine serum albumin

CDK2 cyclin-dependent kinase 2

CDK4 cyclin-dependent kinase 4

CDKN2A cyclin-dependent kinase inhibitor 2A
CPI chemical-protein interactome

CT calf-thymus

CTD Comparative Toxicogenomics Database

DIGEP-Pred Drug-Induced Gene Expression Profiles Prediction

DMSO  dimethylsulfoxide

DRAR  drug repositioning and adverse reaction

DRAR-CPI repositioning potential and adverse drug reactions (DRAR)
via the chemical-protein (CPI)

EB ethidium bromide, 3,8-diamino-5-ethyl-6-phenyl-phenan-
thridinium bromide

ECfp4 Extended-connectivity fingerprint

ER estrogen receptor

ERK2 extracellular signal-regulated kinase

EST estradiol

Hosao salicylaldoxime

HDACs histone deacetylase inhibitors

hERa human estrogen receptor alpha

Hmef mefenamic acid, 2-(2,3-dimethylphenylamino)benzoic acid,
N-(2,3-xylyDanthranilic acid

HSA human serum albumin

IAP Invariant Accuracy of Prediction

IBP ibuprofen, 2-(4-isobutylphenyl)propionic acid

ICso 50% inhibitory concentration

Jak3 Janus kinase 3
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K SA-binding constant

Ky DNA-binding constant

kq quenching constant

Ksy Stern-Volmer constant

LBD Ligand-binding domain

Lck lymphocyte-specific kinase

LMNA  Labelled Multilevel Neighbourhoods of Atoms
MAPK  mitogen-activated protein kinase

MC metallacrown

mef'~  anion of mefenamic acid

MON Molecular Quantum Numbers

mTOR  mammalian target of rapamycin
NSAID  non-steroidal anti-inflammatory drug
NSCLC  non-small cell lung carcinoma

Ocent encapsulated oxygen

OHT 4-hydroxytamoxifen

Oox oximato oxygen

Ogal salicylato oxygen

Pa probability “to be active”

PASS Prediction of activity spectra for substances
PDB Protein Data Bank

Pi probability “to be inactive”

PI3K alpha phosphatidylinositol 3-kinase

PIK3CA phosphatidylinositol-4,5-bisphosphate
subunit alpha

PKB Protein Kinase B

PKC-theta protein kinase C theta

3-kinase catalytic

PLA2 Phospholipase A2

PPB polypharmacology browser

PTEN phosphatase and tensin homolog

QSAR quantitative structure-activity relationship
ROC receiver operating characteristic

SA serum albumin

sao®”  dianion of salicylaldoxime

SDF structure data file

Sfp Substructure fingerprint

SMIfp SMILES fingerprint

SMILES simplified molecular-input line-entry system
SoLAs  structures with one labeled atom

SOM site of metabolism

SOMP  sites of metabolism prediction

Syk spleen tyrosine kinase

TGF-f1  transforming growth factor-f1

Xfp Topological Pharmacophore fingerprint
Nexc excitation wavelength

Nem emission wavelength

To fluorescence lifetime

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jinorgbio.2018.09.017.
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