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ARTICLE INFO ABSTRACT

Keywords: Two manganese(IlI) complexes with the general formula Mn"™(L)X] (where L is a tetradentate thio-
Manganese semicarbazone; X = Cl (Mnl) or N3 (Mn2 is new) were synthesized and verified the expected structures by
Thiosemicarbazone

experimental and theoretical methods. Electrochemical behavior of the manganese complexes were studied using
cyclic voltammetry (CV) and square wave voltammetry (SWV). TEAC and DPPH values were determined and
compared with those of ascorbic acid (AA). Further, the correlation between the antioxidant data and redox
potentials was discussed. Molecular dynamics (MD) simulations were performed after calculating the binding
affinities to cyclin-dependent kinase 2 for Mn1, Mn2, and AA to clarify some information about their thermo-
dynamic and dynamic properties and to validate the molecular docking results. The calculations gave the binding
affinities that are —6.0, —8.6 and —9.4 kcal/mol for AA, Mnl and Mn2, respectively. The experimental and
theoretical results revealed that complex Mn2 having azide ion has a better antioxidant performance and also the
highest docking score with the protein. The study demonstrated that such manganese complexes are suitable

Electrochemistry
Antioxidant performance
Molecular docking

candidates to drug development against diseases caused by oxidative stress.

1. Introduction

Biologically functional metals have always attracted attention, and
the compounds containing any of these are significant topics of pro-drug
research for diseases caused by bacteria, viruses, or dysregulated cell
mechanisms [1-5]. Manganese is involved in vital redox processes
including macronutrient metabolism and free radical defense systems. It
is a cofactor for many enzymes, such as manganese-superoxide dis-
mutase, an antioxidant enzyme that protects the cell against damage
caused by free radicals [6-9]. Considering the relationship between free
radicals and many diseases, especially cancer, the importance of
examining the redox and antioxidant features of manganese compounds
is understood. Therefore, an increasing number of studies have been
published on the electrochemistry [10-13] and antioxidant properties
[14-17] of manganese compounds.

In electrochemistry studies, cyclic voltammetry (CV) and square
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wave voltammetry (SWV) techniques are favored to clarify the electro-
chemical potential, structure and activity relationship of metal com-
plexes because they provide more sensitive, rapid, and accurate results
than other techniques. Especially, they are extensively used for
analyzing the redox status of metal complexes and the antioxidant
content of biological samples [18].

Thiosemicarbazone derivatives are an important class of N, S-donor
ligands exhibiting superior coordination tendency, high selectivity, and
stability towards a wide variety of metal ions. They can coordinate as
neutral (keto form) molecules or, after deprotonation, as anionic (enol
form) ligands and can adopt various coordination modes with different
metal ions. They exhibit various biological activities such as anti-
tubercular, antimalarial, antibacterial, antiviral, antiproliferative, anti-
oxidant, and antitumor activities and they are studied for their potential
applications in medicinal chemistry. The diverse range of biological
activities exhibited by thiosemicarbazones makes them interesting
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compounds for further research and development in the field of drug
discovery [19].

As a matter of course, researching the metal complexes obtained
from biologically active molecules is primarily preferred [20-24]. Thi-
osemicarbazones have a wide range of biological activity and the elec-
trochemistry of many manganese complexes derived from tridentate
derivatives has been studied. There are also a few reports on manganese
complexes of tetra [25,26] and pentadentate [27,28] ones.

Here we present the experimental and theoretical studies on tetra-
dentate thiosemicarbazone as well as two manganese(IlI) complexes
bearing chlorine or azide ions as co-ligands (Fig. 1). Antioxidant ca-
pacity defined by TEAC coefficient, DPPH value, and free radical scav-
enging activity was determined and evaluated correlation with the
redox potentials obtained from cyclic and square wave voltammetry
experiments. To predict the behavior of the manganese complexes in
biological environments, the quantum chemical activation and molec-
ular dynamic simulation data giving an idea about interaction proba-
bilities with proteins were calculated. Ascorbic acid (AA) was a
comparison item in all experiments.

2. Experimental
2.1. Synthesis

Acetylacetone-S-methylthiosemicarbazone hydrogen iodide (TSC)
was prepared according to the literature method [29]. The manganese
complexes with tetradentate thiosemicarbazone ligand were prepared
from the template condensation of TSC and salicylaldehyde in the
presence of MnCl, [30]. In the reaction mixture, a square pyramid
structure, [Mn(L)X)] (X = CI or Ng), is formed by oxidation of the
manganese center from 2 + to 3 + with air. Complex Mn1, which its full
characterization was given in the previous study [31], freshly prepared
for this study was confirmed by elemental analysis and IR data. The new
complex, Mn2, was synthesized by the reaction of the Mn1l with NaN3
(Fig. 1). To a solution of (0.5 mmol) the complex Mnl in 10 mL of
methanol-dichloromethane (1:1) was added solution of NaN3 (1.5
mmol) in 10 mL of methanol. The mixture was refluxed for 2 h. The
black-looking crystals were filtered off and recrystallized from the
methanol-dichloromethane mixture.

Elemental analysis was carried out in a Thermo Finnigan Flash EA
1112 CHNS analyzer, magnetic measurements were performed in an MK
I model device from Sherwood Scientific, and obtained infrared spectra
in an Agilent Carry 630 FTIR spectrometer. Electrospray ionization mass

H,C
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N NHH o
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spectrometry (ESI-MS) data of Mn2 were collected using a Thermo
Finnigan LCQ advantage MAX LC/MS/MS in CHCls.

Mnl, monochloro N1-acetylacetone-N4-salicylidene-S-
methylthiosemicarbazidato-manganese(III). Yield: 24 %; m.p. (°C):
>350; peff (BM): 4.82; Anal. Calc. for C;4H;5N302SMnCl (379.75 g mol-
1): C, 44.28; H, 3.98; N, 11.07; S, 8.44. Found: C, 43.88; H, 3.67; N,
10.73; S, 8.17 %. IR (cm-1): v(C = N1) 1602; (N2 = C) 1567; v(N4 = C)
1558; v(C—O0) 1140, 1115.

Mn2, monoazido Nl-acetylacetone-N*-salicylidene-S-methyl-
thiosemicarbazidato-manganese(IIl). Yield: 18 %; m.p. (°C): >350; peg
(BM): 4.79; Anal. Calc. for C14H;5NgO2SMn (386.31 g mol™): C, 43.53;
H, 3.91; N, 21.75; S, 8.30. Found: C, 43.39; H, 3.78; N, 21.64; S, 8.04 %.
IR (cm™1): »(C = NY) 1602; v(N? = C) 1574; v(N* = C) 1558; v(C—O)
1138, 1121, v(N3) 2038. + ¢ ESI MS (m/z, relative abundance%):
[M—N3] 344.1 (100 %).

2.2. X-ray crystallography

A suitable crystal of Mn2 was selected for data collection which was
performed on a D8-QUEST diffractometer equipped with graphite-
monochromatic Mo-K, radiation at 296 K. The structure was solved by
direct methods using SHELXS-2013 [32] and refined by full-matrix least-
squares methods on F? using SHELXL-2013 [33]. All non-hydrogen
atoms were refined with anisotropic parameters. The H atoms were
located from different maps and then treated as riding atoms with C—H
distances of 0.93-0.96 A. The following procedures were implemented
in our analysis: data collection: Bruker APEX2 [34]; program used for
molecular graphics were as follows: MERCURY programs [35]; software
used to prepare material for publication: WinGX [36]. Details of data
collection and crystal structure determinations were given in Table 1.

2.3. Electrochemistry

All electrochemical measurements were carried out on a Gamry
Reference 600 Potentiostat/Galvanostat ZRA system (Gamry In-
struments, Inc., Warminster, PA, USA) coupled with a conventional
three-electrode design. A bare glassy carbon electrode (GCE, in 3.0 mm
diameter) served as the working electrode (WE), while a saturated Ag/
AgCl was utilized as the reference electrode (RE), and a platinum wire
was used as the counter electrode (CE). To prevent Ag+ and Cl™ ions
from leaking into the WE compartment double bridged design was
adopted for RE. All data were recorded and processed with an Echem
Analyst Software interfaced with a PC. Electrochemical experiments
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Fig. 1. Synthesis scheme of the manganese(III)-thiosemicarbazone complexes.
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Table 1

Crystal data and structure refinement parameters for Mn2.
Empirical formula C14H;5sMnNgO2S
Formula weight 386.32
Crystal system Triclinic
Space group P-1
aA) 7.6889 (11)
b A) 8.8676 (16)
cA) 13.528 (2)
a(®) 96.221 (9)
pC) 99.649 (8)
7 () 109.165 (8)
V(A% 845.6 (2)
Z 2
D. (g cm™3) 1.517
p (mm~1) 0.92
Measured refls. 20,538
Independent refls. 3220
Rint 0.056
S 1.01
R1/wR2 0.068/0.164
APmax/Apmin (€A 0.41/-0.42
CCDC 2,223,611

were conducted in dimethylsulfoxide (DMSO) or dichloromethane
(DCM) containing 0.1 M tetrabutylammonium perchlorate (TBAP) as the
supporting electrolyte. Unless otherwise specified, 0.1 mM Mnl and
Mn2 analyte concentrations were used in the experiments. Before each
run, high-purity nitrogen (N3) was purged through the supporting
electrolyte to remove all dissolved oxygen for 10 min. A nitrogen at-
mosphere was maintained over the cell during measurements. All ex-
periments were performed at room temperature (25 °C) and
atmospheric pressure. During experiments, the uncompensated resis-
tance between the WE and RE was corrected using IR compensation
mode. Before each set of experiments, GCE was polished with 1.00 and
0.05 um alumina powder, respectively, and rinsed thoroughly with
deionized (DI) water between each polishing step. Then it was sonicated
successively in ethyl alcohol and DI water for 15 min. Finally, the
cleaned electrode was dried with a high-purity N steam.

2.4. Antioxidant tests

TEAC values of the complexes were obtained by the CUPRAC method
[37]. The method is based on the absorbance measurement of Cu(I)-
neocuproine (Nc) chelate formed as a result of the redox reaction of
antioxidants with Cu(II)-Nc. To a test tube were added 1 mL of 10 mM
CuCly-2H50, 1 mL of 7.5 mM Nc, 1 mL of 1.0 M pH 7 NH4Ac buffer
solution, x mL antioxidant sample solution, and (1.1-x) mL H50, in this
order. The mixture, in a total volume of 4.1 mL, was incubated for 30
min and the absorbance was recorded at 450 nm. The TEAC coefficients
(trolox equivalent antioxidant capacities) were calculated as the ratio of
the molar absorptivity of each compound to that from the trolox method
(Etrolox: 1.67x10* L mol ! em™1).

The radical scavenging activity of the compounds was tested with
reference to the DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals [38].
The activities of the compounds were tested at different concentrations
(5, 10, 15 and 20 pM). An appropriate volume of the compound solution
was mixed with 2 ml of (100 pM) DPPH solution, and it made up to a
final volume of 4 ml using methanol. After gently mixing, the solution
was incubated in the dark for 30 min and the absorbance was measured
at 515 nm. Scavenging activity was calculated by the following
equation:

DPPH radical scavenging activity (%) = [(Acontrol — Asample)/Acontrol]
x 100.

The scavenging percentages were plotted against the different con-
centrations, and ICso values were calculated from the graph. Since
ascorbic acid (AA) was used to compare the antioxidant performances of
manganese complexes, the methods were also applied to AA.
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3. Results and discussion
3.1. Chemistry

The template condensation of S-methyl derivative (TSC) and sal-
icylaldehyde inducated by manganese ion yields the manganese
complexes bearing dibasic N1l-acetylacetone-N4-salicylidene-S-
methylthiosemicarbazidato ligand [31]. Complex Mnl was newly
prepared and from its reaction with NaN3, new Mn2 complex with
the composition [MnIH(L)N3] was synthesized (Fig. 1). Thus, an azide
ion was attached to the 5th coordination site of manganese (III)
instead of the chlorine atom. Mn2 is a stable solid in air such as Mn1
and soluble in DMF, DMSO, alcohols, and chlorinated hydrocarbons.
The measured magnetic moment (4.79 BM) for Mn2 is close to that of
Mnl (4.82 BM), and the values point to the 4-electron high-spin state
of the manganese(III) ions [39].

The template reaction involves two simultaneous steps which are
ligand formation by amine-aldehyde condensation and its binding to the
metal ion. Complex formation can be monitored by infrared spectra
(Fig. S1). The amine and hydroxyl bands of TSC were absent in the
spectrum of Mn2 due to the condensation of the NH; and deprotonation
of the OH. Azomethine (C=N) and azide (N3) bands of Mn2 were
recorded at 1602, 1558, and 2038 cm ™!, respectively. In the ESI mass
spectrum of Mn2, the expected molecular mass peak [M] was recorded
at m/z 386.8 at the lowest intensity (relative abundance < 5 %). The
most prominent peak was observed at m/z 344.1, corresponding to
[M—N3] (Fig. S2).

3.2. Crystallography

The molecular structure of complex Mn2, with the atom numbering
scheme, is shown in Fig. 2. The asymmetric unit of Mn2 contains one
manganese ion, one thiosemicarbazone ligand, and one azide ion. The
manganese (III) ion is coordinated by two oxygen atoms [Mnl-O1 =
1.881(4) A and Mn1-02 = 1.890(4) Z\] and two nitrogen atoms [Mn1-
N1 = 1.980(4) A and Mn1-N3 = 1.951(5) A] from the ligand and a ni-
trogen atom of azide group [Mn1-N4 = 2.095(5) A]. The coordination
geometry around the manganese center is a slightly distorted square
pyramid using the O1-Mn1-N3 and 02-Mn1-N3 angle values given in
Table 2, the Addison tau parameter (t) was calculated as 0.033. This
value close to zero indicates that the distortion is at a very low level. The
molecules of Mn2 are connected by C—HeeeO and C—HeeeN hydrogen
bonds (Table 2-Table 3). Chlorine atom (C12) in the molecule at (x, y, z)
acts as a hydrogen-bond donor to N6' atom, so forming a centrosym-
metric R%(16) ring centered at (1/2, 1/2, 1). Atom C9 in the molecule at
(%, v, z) acts as a hydrogen-bond donor to 01! atom, so forming a C(7)
chain which is running parallel to the [11 0] direction. The combination
of these hydrogen bonds produces edge-fused R3(16)R4(28) rings
(Fig. $3). Similarly, C14 in the molecule at (x, y, z) acts as a hydrogen-
bond donor to N6 atom, so forming a C(8) chain which is running
parallel to the [100] direction (Fig. S4).

3.3. Electrochemistry

The voltammetric behavior of Mnl and Mn2 complexes was inves-
tigated by CV and SWV techniques to clarify their redox activities.
Electrochemical redox potentials of Mnl and Mn2 were obtained from
both CV and corresponding SW voltammograms. The solvent effect on
the electrochemical behavior of Mnl and Mn2 complexes were inves-
tigated using DMSO and DCM as supporting electrolyte containing 0.1 M
Tetrabutylammonium perchlorate (TBAP).

As shown in Fig. 3 and Fig. S5, complex Mnl gave metal-based
oxidation for Mn"/Mn™ and Mn"™/Mn'"" at around 0.03 V and 0.76 V,
respectively, at relatively low scan rates (Fig. 3 inset). The corre-
sponding reduction peak of Mn"/Mn" was observed at around 0.15 V
while that of Mn™/Mn'"V was not observed on the return scan, showing
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Fig. 2. The molecular structure of Mn2 showing the atom numbering scheme.

Table 2

Selected bond distances and angles for complex Mn2 (A, °).
Mnl-01 1.881(4) Mnl-02 1.890(4)
Mnl-N3 1.951(5) Mnl-N1 1.980(4)
Mn1-N4 2.095(5)
01-Mn1-02 93.55(18) 0O1-Mn1-N3 162.3(2)
02-Mn1-N3 91.23(19) 01-Mn1-N1 90.56(18)
02-Mnl-N1 160.32(19) N3-Mnl-N1 79.51(19)
0O1-Mnl1-N4 101.2(2) 02-Mn1-N4 99.6(2)
N3-Mnl-N4 94.8(2) N1-Mnl-N4 98.5(2)

Table 3

Hydrogen-bond parameters for Mn2 (A, °).
D-H - -A D-H H--A D--A D-H---A
C9—H9B.--01! 0.96 2.58 3.461 (8) 152
Cl12—H12---N6" 0.93 2.56 3.451 (11) 161
C14—H14A--N6' 0.96 2.51 3.427 (12) 161

Symmetry codes: D) x+ 1,y + 1,z () —x+1,-y+1,—z+2; ({iDx - 1,y, z

irreversible character. The increase in the scan rates caused the anodic
peak potentials to shift in the forward direction at fast scan rates indi-
cating the behavior of the heterogeneous kinetic controlled process on
the electrode—electrolyte interface. In addition to the metal-based elec-
tron transfer reactions, a ligand-based irreversible oxidation reaction
was observed at around 1.42 V.

As mentioned above, CV responses obtained at low scan rates such as
25 mVs~! and 50 mVs ™!, show additional redox processes for Mn1l
complex (Fig. 3 inset and Fig. S5). These peaks observed at around
—0.33 V for reduction and —0.56 V for oxidation processes assigned to
the exchange of C1™ ions in Mn1 complex with ClO% ions contained in the
supporting electrolyte [26].

On the other hand, a significant peak was observed at —1.15 V when
25 Hz frequency was applied. Especially, when the vertex potential
reached the ligand-based reduction, the formation of superoxide became
prominent which is probably came from the trace amount of water in

DMSO. It is well documented that the water moiety is strongly H-bonded
to the S=O group in DMSO [41,42]. This reduction peak has an irre-
versible nature especially at high scan rates since there is no corre-
sponding oxidation peak observed on the CV voltammograms.

Fig. S6 shows the CV curves of complex Mn1 obtained at different
potential windows at 100 mVs~! scan rate. From the figure, it revealed
that the potential window becomes effective on peak currents and redox
processes. The peak currents are relatively small when the CV mea-
surement was recorded in the positive potential region. If the ligand
oxidation reaction at 1.46 V was not scanned, the prominent reduction
peak of the superoxide species at —1.15 V was almost not observed. This
phenomenon indicates that the reduction process of superoxide was
initiated by the oxidized form of ligand and electrolysis products origi-
nating from trace water in DMSO [43]. Furthermore, it can be seen that
when superoxide formation is not observed, ligand reduction peak was
detected around —1.42 V as shown in Fig. S6.

For Mnl in 0.1 M TBAP/DCM medium, two metal-based and two
ligand-based redox processes were observed (Fig. 4, and Fig. S7). Formal
potentials of metal-based irreversible oxidation process of Mn1 in DCM
were recorded at around —0.03 V and 0.52 V for Mn'/Mn™ and Mn™/
Mn'Y, respectively. Those metal centered oxidation peaks became
broader as a function of increasing scan rates indicating to the slower
charge propagation [44]. Furthermore, ligand-based quasi-reversible
oxidation process was effective at around 1.28 V. It was revealed that the
ligand-based reduction peak of Mn1 complex shifts to the less negative
potential (at around —1.15 V) compared to those of DMSO, which shows
the easy electron-accepting behavior of the Mnl complex in DCM. The
difference observed in ligand-based reduction peaks for DCM and DMSO
media was attributed to the polarity of DMSO that can be coordinated
with the central metal ion [40].

The CV profile of Mn2 showed two metal-based and a ligand-based
redox processes at low scan rates in the presence of 0.1 M TBAP/
DMSO system (Fig. 5). At relatively low scan rates, two irreversible
oxidation processes can be determined at around 0.02 V and 0.60 V
related to MnlI/MnlIl and MnlIl/MnlIV couples, respectively, and with
increasing scan rates the oxidation peak of MnlIl/MnlV disappeared. It
was mainly attributed to the redox reaction time being slower than the
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fast scan rate. Compared to the complex Mnl in the same media, the
peak potentials of Mn2 slightly shifted to less positive values, indicating
a higher antioxidant capacity. The ligand-based reduction process oc-
curs in two steps that their corresponding peaks were located at around
—1.56 Vand —1.84 V (Fig. 5 and Fig. S8). Similar to this result, in their
study on manganese(IIl)-thiosemicarbazone complex, B. Kaya et al.

(2019) reported that two reduction peaks were observed in DMSO while
one reduction process was detected for DCM medium [26].

At this stage, we can propose two different models for the charge
carrier. The first model could be linked directly to the reduction of Nj
nitrogen of the thiosemicarbazone [45]. It is important to note that the
reduction potential of the ligand has split into two distinct peaks, which
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Fig. 5. CV responses of Mn2 complex at various scan rates on a GCE in 0.1 M TBAP /DMSO supporting electrolyte.

is different from complex Mnl in a TBAP/DMSO environment. The
formation of these two peaks implies that the reduction is a result of the
interaction between the azide group and DMSO. Alternatively, the sec-
ond approach could be associated with the reduction of N3 to form ni-
trogen containing products such as NyH4, No, or possibly NHs, as
reported previously [46].

Regarding complex Mn2 in the 0.1 M TBAP/DCM electrolyte, a

prominent reduction peak and its shoulder were observed at around
—1.02 V and —0.77 V, respectively, at relatively low scan rates (Fig. 6
inset). With increasing scan rate, the shoulder disappeared and the peak
potential shifted to more negative potential region. The corresponding
oxidation peak was observed at around —0.8 V when applied higher scan
rates than 100 mVs .. In the SW voltammogram (Fig. S9), this peak
exhibited a quasi reversible character located at around —0.96 V and
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Fig. 6. CV responses of Mn2 complex at various scan rates on a GCE in 0.1 M DCM/TBAP supporting electrolyte.
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—0,71 V, respectively, for reduction and oxidation processes. When
compared to Mn2 reductions in different media, it was observed that
these two reduction peaks slightly shift to the less negative potentials in
DCM environment. The polarity of the medium can strongly affect the
electrochemical behavior of test molecules [40] and even it is well
known that the standard reduction potential of azide/azidyl redox
couple decreases from polar to less polar solvents [47,48]. This outcome
is might be linked to the increased rate of heterogeneous electron
transfer on the electrode/electrolyte interface of azide/azidyl moiety.
Relatively ill-defined ligand-based oxidation and reduction processes
observed at —1.68 V and —1.62 V respectively, were in agreement with
previously reported studies [40,45].

3.4. Antioxidant performance

For evaluate to antioxidant capacities of the manganese(IlI) com-
plexes, the CUPRAC method was applied. The linear calibration equa-
tions of the compounds gave the molar absorption coefficient (€) as the
slope. TEAC (trolox equivalent antioxidant capacities) coefficients,
found as the ratio of the molar absorptivity of each compound to that of
trolox. The TEAC values were found as follows: Mn2 > Mn1l > AA (see
Table 4). The results showed that the manganese(III) complexes were
superior to standard AA, especially the TEAC value of Mn2 was found to
be approximately three times higher than that of AA.

DPPH free radical scavenging activity is important in determining
the ability of an antioxidant agent [49]. DPPH radical scavenging per-
centage of the manganese(IIl) complexes and standard AA at different
concentrations and their corresponding ICsq values were given in Fig. 7
and Table 4, respectively. The DPPH free radical was significantly
scavenged by manganese(III) complexes, and the in vitro activity order
was compatible with the TEAC values.

The antioxidant activity of manganese(III) complexes of various li-
gands is frequently investigated to create biomimetic models [50,51].
Schiff-based manganese(III) complexes exhibit significant radical scav-
enging activity against DPPH, comparable to standard materials
[52,53]. In the study where the radical scavenging activity of zinc,
manganese, iron, cobalt and nickel complexes with 2,2-dipicolylamine
ligand was measured using the DPPH test and linoleic acid peroxidation,
high activity was found for manganese complexes in both tests [54].

The superior antioxidant performance might be due to the nature of
the manganese atom. In a study, five manganese(II) complexes were
tested for their activity to scavenge the DPPH, ABTS, and hydroxyl
radicals and found to be more active than the free ligands [17]. In
another study, the antioxidant activities of the Schiff base ligand and its
manganese(III) complex were determined by superoxide and hydroxyl
radical scavenging methods, and the complex exhibited better perfor-
mance than its ligand [55].

The fact that complex Mn2 outperformed Mnl in both tests is
probably due to the presence of the azide group. It was reported that in a
series of copper(II) complexes of chromone thiosemicarbazone ligands,
the electron-donating group at terminal nitrogen enhanced the antiox-
idant activity, whereas the electron-withdrawing substituent reduced
the antioxidant activity [56]. Our previous study revealed that a cobalt
(III) complex bearing two azide molecules performed better antioxidant
activity than the cobalt(I) complex with the same thiosemicarbazone
ligand but without the azide group [57]. Considering the literature data,
the relatively high antioxidant performance found for Mn2 and so the
positive contribution of electron-rich structures such as azide have been

Table 4
The TEAC coefficients and DPPH results.
TEAC DPPH ICs, (uM)
Mnl 2.20 + 0.08 17.9
Mn2 2.84 +0.21 12.3
AA 1.02 + 0.01 8.8
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verified.

Moreover, it is well documented that the higher oxidation potentials
lead to lower antioxidant activity due to the more difficult electron
transfer kinetics [58]. When considered from this aspect, the antioxidant
activity results are also corroborated by the redox data.

3.5. Quantum chemical activate indicatives and molecular docking

Optimizing processes of Mnl, Mn2, and AA molecules and calcula-
tions of some parameters were obtained by using the Gaussian 09 pro-
gram [59] and the DFT/B3LYP/LANL2DZ method [60-62]. The results
were visualized using the GaussView 5 program [63] and shown in Fig
S9. To shed light on the simulation studies, the molecular electrostatic
potential (MEP) surfaces of the optimized compounds were obtained
and the nucleophilic and electrophilic regions were determined.

MEP surface map can provide important information about the
ligand molecule (herein ligands are Mn1, Mn2, and AA) to be used in
drug design [64]. Looking at the MEP surface maps of the molecules
(Fig. 8), the red color represents the partially negative charge or
electron-rich regions and the blue color partially positive charge or
electron-poor regions. In Fig. 8, it was seen that the negative regions
were mostly on the O atoms in all three molecules, and the positive
regions were on the H atoms in the O—H groups in the AA molecule and
on the C—H groups in complexes Mn1 and Mn2.

Molecular Dynamics Simulation (MDS) was performed to study the
inhibitory activity of the test compounds for the 4LYN receptor target.

Fig. 8. MEP maps of (a) AA (b) Mn1 (c) Mn2.
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Cyclin-dependent kinases (CDKs) are an important group of enzymes
in the cell cycle, belonging to the serine/threonine protein kinase group
[65]. In cancer cells, CDK regulation is seen in problems with altered
expression of CDKs and their regulators, resulting in excessive cell di-
vision [66,67]. Due to the importance of CDK’s regulatory role in the cell
cycle and transcription stage, inhibition of CDKs is seen as a different
approach to cancer treatment [68,69].

The crystal structure of 4LYN pdb-encoded Cyclin-Dependent Kinase
2 (CDK2) was downloaded from the Protein Data Bank (PDB; www.rcsb.
org). The PyRx program was used to prepare ligand and protein for the
docking process, and the Autodockvina program [70], which uses
dispersion interactions, hydrogen bonds, electrostatic and desolvation
components in the PyRx program [71], was used in the docking process.
Gromacs program was used for MDS processes. The ligand-protein
complexes obtained by molecular docking were visualized with the
BIOVA DS Visualizer 2021 (DSV).

The ligands, Mnl, Mn2, and AA, were successfully placed in the
active site of the enzyme (Fig. 9a). Nucleotides located in the binding
region of the protein are ASP145, ALA144, ALA31, ILE10, LEU134,
VAL64 and PHE80. Both Mnl and Mn2 interacted with the protein’s
ALA144 and LEU134 nucleotides, while AA interacted with the ASP145
nucleotide and its receptor by hydrogen bonding (Fig. 9b). Mn1l and
Mn2 did not form hydrogen bonds, but were in hydrophobic interaction
with the receptor. The calculated binding affinities were —6.0 kcal/mol
for AA, while —8.6 and —9.4 for Mnl and Mn2. According to these
values, the Mn2 structure had the highest docking score with the pro-
tein. In Fig. 9a, it is also seen that the interaction energy of Mn2 is higher
in the active pocket of the receptor compared to the color scale.

3.6. Molecular dynamics

Out files formed as a result of docking processes of receptors and the
ligands were used as input files of MDS. In MDS calculation, the AMBER
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ff14SB force [72] field was used for the protein and AM1-BCC ligand
charges [73] for Mn1, Mn2, and AA. For the complex structures formed,
x =15 nm, y = 15 nm, and z = 15 nm were defined by a system in the
form of a cubic box. TIP3P water model was added to dissolve the box
according to periodic boundary conditions, and sodium (Na') and
chlorine (Cl7) ions were added to neutralize the system (Fig. S10).
Solvation and ion additions of complexes containing protein and ligands
and simulation processes were performed by Gromacs software.

Energy minimization of all systems was done with the steepest
descent algorithm and was completed in 1000 steps. In Fig. S11, it was
seen that the Potential energy value in the three systems became stable
by decreasing. The potential energy change of the three simulated sys-
tems was calculated and shown in Fig. S12. The potential energy for the
system formed with AA fluctuated between —280000 and —450000
kJmol ! and was stable at about —420000 kJmol L. The potential curve
of the systems with Mnl and Mn2 also exhibited a similar trend. The
potential energy curves fluctuated from —320000 to —50000 kJmol !
and the energies were stable around —540000 kJmol .

Periodic boundary conditions were applied in the simulations and
the time step was taken as 10000 ps. After the energy minimization of
the systems, the NPT option, which kept the pressure and the temper-
ature constant was passed. The pressure of all three systems was kept at
1 bar with the Berendsen barostat and the temperatures of the systems
were kept constant at an average of 300 K with the v-rescale thermostat
with a time constant of 0.1 ps. The compressibility constant was 4.5 x
10" bar™! and the time constant was 2 ps. Initially, the system tem-
perature was kept at a low value such as 1 K, and the target temperature
was reached with a heating rate of 0.1 Kps~!. For long-range in-
teractions, the PME (Particle Mesh Ewald) method [74] was used. The
cut-off radius was fixed at 1.4 nm for Van der Waals and short-range
Coulomb interactions. From the simulation results, it was determined
that the complex structures were stable and the RMSD values were
within acceptable (<2.0 10\) values (Fig. S13).

(@

Hydrophobicity

3.00
2.00
1.00
0.00
-1.00
-2.00
-3.00

® .

asc

Interactions

] van der waals I conventional Hydrogen Bond
[ van der waals [ Alkyl

B Fi-sigma [ pramkyl

ALA ALA
A:144 A:144 A31
N
] LEU
e L.-Ad3d
—{ / _\ -
| = )=a ! o= )
R / \ MR /T\% s
e )l VAL
|\ — / | A:64
PHE
4 A:80
Mnl Mn2
[T ven der waals I Pi-Pi T-shaped
Bl Fi-sigma [ Pi-alkyl

Fig. 9. (a) 3D and (b) 2D Interactions between receptors and ligands.


http://www.rcsb.org/
http://www.rcsb.org/

S. Ortaboy et al.

In Fig. S14, the time-dependent variation of pressure during 10000
ps was shown. According to the pressure-time graph we obtained in the
equilibrium step, which lasts for 10000 ps under constant pressure,
temperature, and molecular number conditions, these oscillations are
around 2 bar, although there are large oscillations in the pressure values
during this period. In the density-time graph, the density of the system
formed with AA for 10000 ps was observed as an average of 1032 kg
m >, and that of the systems with Mn1 and Mn2 as an average of 1022 kg
m ™3, These values are very close to the density value of water, 1000 kg
m~>. Constant pressure and density values obtained in our pressur-
e-time and density-time graphs showed that our system is in a good
equilibrium state.

The interaction energies between the protein and ligands were
measured by the short-range (SR) Lennard-Jones (LJ-SR) (Fig. S15a) and
Coulomb (Coul-SR) potentials (Fig. S15b). The mean of total interaction
energies, Coul-SR and LJ-SR, for the system with AA were calculated as
— 150 + 28.88 kJmol™!, —72 + 11.73 kJmol ™}, respectively. These
energies were —1176 + 0.14 kJmol !, —140 + 11.32 kJmol ! for the
system with Mn1 and —159 =+ 21.05 kJmol ™!, =171 =+ 11.72 kJmol !
for the system with Mn2. While AA and Mn2 have higher values
compared to Mnl in short-range interaction energies, the system with
Mn2 has the highest value in long-range interaction energies.

Hydrogen bond interactions between ligands and protein were un-
stable according to the interaction distance during 10000 ps and have a
continuously increasing character. The average distances of hydrogen
bond interactions were 0.13 + 0.01 nm, 0.20 + 0.01 nm, and 0.19 +
0.01 nm for systems including AA, Mnl, and Mn2, respectively
(Fig. S16).

4. Conclusion

Two manganese(Ill) complexes with a tetradentate thio-
semicarbazone were synthesized and characterized. Electrochemical
behavior and antioxidant performances of the complexes with chlorine
or azide as the second ligand were compared by means of experimental
findings. To reveal the drug potential, molecular docking, MDS, and
RMSD calculations were performed by comparison with ascorbic acid
(AA) known antioxidant effect.

In the context of the metal-based oxidations, complex Mn2 has lower
oxidation potentials indicating better electron-donating ability than that
of the Mn1 complex. This difference is consistent with the TEAC and
DPPH data of the complexes and is due to the second ligand azide which
is the electron-rich species. Nucleophilic and electrophilic regions that
could interact with Cyclin-dependent kinases (CDKs) were identified by
MEP maps obtained using the optimized structures of Mn1, Mn2, and AA
molecules. The docking of the compounds with the receptor took place
through these molecule regions. MDS processes were performed using
the complex structures obtained by molecular docking calculations.
RMSD values of the three complex systems reached stable values at the
end of 180 ps for AA, 28 ps for Mn1, and 1840 ps for Mn2, and RMSD
graphs were also quite stable. As a result of the simulation of the
receptor-ligands initiated after the docking processes, it was observed
that the test molecules bind to the receptor without going too far from
the place suggested by the PyRx program.

The data obtained for Mnl and Mn2 showed that the co-ligand
attached to the base structure significantly adjusted the electro-
chemical and antioxidant properties as well as the quantum mechanical
computation results. Considering the experimental and theoretical
findings, Schiff base complexes having manganese metal center and
azide ion such as Mn2 seem to be suitable agents to be developed for the
treatment of diseases caused by oxidative stress.
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