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Abstract

Copper(ll) complexes synthesized from the prodwétsondensation of S-methyl- and S-
benzyldithiocarbazate (SMHDH2 and SBHDH?2 respebfjvweith 2,5-hexandione have been
characterized using various physico-chemical (elgadeanalysis, molar conductivity,
magnetic susceptibility) and spectroscopic (infdarelectronic) methods. The structures of
SMHDH2, its copper(ll) complex CuSMHD, the relat€diSBHD as well as the pyrrole
byproduct SBPY have been determined by single @rystray diffraction. In order to
provide more insight into the behaviour of the ctawps in solution, electron paramagnetic
resonance (EPR) and electrochemical experiments werformed. The antibacterial and
anticancer activities of both ligands and complexesre evaluated. The compounds,
dissolved in 0.5% and 5% DMSO, showed a wide rarfgantimicrobial activity against 10
strains of Gram-positive and Gram-negative bacténmaestigation of the effects of efflux
pumps and membrane penetration towards the argitglcactivity are reported herein. The
antiproliferation activity of the compounds was etv&d to be enhanced upon complexation.
Both Cu complexes are strongly active against hulmaast adenocarcinoma cancer cell
lines MDA-MB-231 and MCF-7.
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1. Introduction

Effective treatment of multi-drug resistant (MDRRadberial infections has become
increasingly challenging as the efficiency of theaikable antibiotic arsenal is reduced,
resulting in increased frequency of therapeutilifai[1, 2] One resistance pathway of MDR
bacteria involves over-expression of efflux pumpégiich expel structurally unrelated
antibiotics causing a decrease in their intracatlidoncentration [3, 4]. It is essential to
understand efflux-mediated resistance in bactgréhogens to develop new antibacterial
agents. In addition, parallel concerns relatingaquired drug resistance of current anticancer
drugs as well as their serious side-effects in riidst of the increasing rate of cancer
diagnoses, in particular breast cancer, driveseff@t to develop better alternatives [5, 6].
Dithiocarbazate compounds with their plethora deptally tunable biological activities are

exciting candidates for exploration and development

The sulphur-nitrogen chelating agents derived fi®malkyl/aryl esters of dithiocarbazic
acid have been extensively investigated in receatsy/for their potential anticancer [7, 8],
antibacterial [9], antiamoebic [10], arfirypanosoma cruz[11] and antiMycobacterium
tuberculosig12] activities. Considerable attention continte@de given to these and related
Schiff base ligands [13-16], since their propertiaa be modulated by introducing different
substituents through condensation of various Stdutesl dithiocarbazate esters with a wide
array of aldehydes and ketones. In many casesyitthegical properties of dithiocarbazate
derivatives have been shown to be widely differatthough there may be only slight
variation in their molecular structures [8]. Sinbese ligands possess both hard nitrogen and
soft sulfur donor atoms they are capable of coattitig with a wide range of transition and
non-transition metal ions forming metal complexeishwnteresting physicochemical and
enhanced biological properties [17-19]. The wideedsity of structures displayed by
macrocyclic and macroacyclic Schiff bases [20] iteBuvarious coordination abilities and
lead to potential applications in biology rangimgm therapeutics to diagnostics [21]. In
addition, these compounds provide synthetic moldelmetalloproteins and metalloenzymes
[22]. As part of our ongoing exploration of thesgeresting properties, we investigated the
synthesis and characterization of some macroachisi@ithiocarbazato) Schiff bases and
their Cu(ll) complexes in this work. The title comymds are analogues of the copper(ll)
bis(thiosemicarbazones) that have garnered muchentah particularly as
radiopharmaceuticals for the specific targetindygboxic tissue [23]. It was anticipated that
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replacing nitrogen in thiosemicarbazones with sutghight provide interesting results. 2,5-
hexanedione was chosen to form the Schiff basesnt@nce ligand flexibility, thereby
facilitating increased tetrahedral distortion whaduld lead to incorporation of metal cations,
such as Cu(l), that generally prefer non-squarengslageometries [24]. It has been
definitively shown that biological activity is ré&d to the geometry at the metal site and, in
the investigation of SOD mimics, it was noted tltamplexes with more pronounced
tetrahedral distortion display higher activity [286]. Copper complexes derived from
thiosemicarbazate have been subjected to intenssearch and appeared to be very efficient
as antimicrobial [27] and anticancer [28] agentse Topper(ll) complexes of NNSS ligands
reported in the literature are also known to betnagustable (Kss=10'®) compounds that
easily cross cellular membranes [23, 29]. Thuss itogical that copper ion serve as an
excellent choice in our continuous search for ¢iffeametallodrugs.

The main aim of the present work is to explore thelogical potential of Cu(ll)
bis(dithiocarbazate) complexes by determining tlegtotoxicity and their potencies against
different bacterial strains expressing a multi-dregistance phenotype. Whereas syntheses of
many dithiocarbazate compounds have been reportdkiliterature, there are only limited
reports on the bioactivities [30], crystallograpflBPR and electrochemistry [31, 32] with
Cu(ll) bis(dithiocarbazate). To promote effectiviedrztivities, it is essential to orient effort
towards correlating the biological activities ofstltlass of compounds with their solid and
solution structures as well as their physico-chaimjroperties to identify the optimum
geometry about the Cu ion. This goal can be acHi¢heough the synthesis of a graduated

series of ligands designed to reveal the modeazdbion.

2. Results and Discussion

2.1. Synthesis and characterization

The synthesis of S-substituted dithiocarbazates wadormed as previously
described [33, 34]. Carbon disulfide and hydrazivere reacted in basic ethanol. After
workup, the dithiocarbazate produced was direatigcted with methyl iodide or benzyl
chloride to afford S-methyldithiocarbazate (SMDTa)d S-benzyldithiocarbazate (SBDTC),
respectively. Schiff bases were then prepared dlight variation of the method described by
Ali et al. [35]. The respective S-substituted dithiocarbazated 2,5-hexandione were
condensed in 2:1 ratio (Scheme 1). The initialnagtes to synthesize the ligand SBHDH2
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(Scheme 2) with prolonged heating followed by paaifion using column chromatography
were unsuccessful. NMR, ESI, elemental analysis simgle crystal X-ray diffraction
confirmed cyclization to the pyrrole derivative. \festulate that bis(dithiocarbazate) indeed
formed but subsequently hydrolyzed to mono(dithibaaate) and S-benzyldithiocarbazate
[36, 37] with subsequent cyclization of the monti(dicarbazate) to a pyrrolea the Paal-
Knorr reaction. To our knowledge, this is the figtrrole reported to be derived from a
dithiocarbazate although there are two recent tepoir formation of pyrrole byproducts
upon reaction of thiosemicarbazone with 2,5-hexameli [38, 39]. Encouraged by the
remarkable pharmacological properties of functizeal pyrrole [40, 41], we tested the
compound for its antimicrobial activity, the resutif which are discussed below. The Schiff
base, SBHDH2, was finally obtained using eithethef following two methods: stirring the
dione and SBDTC at room temperature for 30 minotekeating for only 5 minutes after
which the white precipitate formed immediately. SPH2 was synthesized without the
complication of side-reaction occurrence. The piéaie was recrystallized to afford pure
SMHDH2 (70% vyield).

Cu(ll) complexes with NNSS coordination were ob¢ginfrom the reaction of
copper(ll) acetate with equimolar amounts of thepeetive ligand (in acetonitrile for
SBHDH2 and methanol for SMHDH2). The complexes wsotated by filtration with yields
of 77% and 73% for CuSMHD and CuSBHD, respectivBhack crystals were grown from

acetonitrile.
@ .3 ®) L i . © j H (d) \l(—\N\(
HoN=NH;  —— K_SJJ\N/NH2 —_— 1\S N 2 R1\5 N’NYJ\\N, YS\Rl - N/N\ <N
: ! § s R )‘\ /Cu\ )L R
1\5 IS s S/ 1
SMHDH2 : R, = -CH, CuSMHD : R, = -CH;
SBHDH2 : R1= -CH205H5 CuSBHD : R4= —CH2C5H5

Scheme 1. Synthesis of the copper complexes derived fror{ditisocarbazate) ligands. a)
CS, KOH, EtOH, 0°C, 1 hour; b) Gor PhCHCI, EtOH, 0°C, 5 hr; c) for SMHDH2 (2,5-
hexanedione, EtOH, 79°C, 1 hour), for SBHDH2 (2¢5%dmedione, EtOH, 79°C, 5 minutes)
and d) for CuSMHD [Cu(OAe)H.O, MeOH, 65°C, 1 hour], for CuSBHD [Cu(OAg)
acetonitrile, r.t., 1 hour].
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2.2. Characterization of the complexes in the ssiade

The characteristic infrared band of the S-substitwdithiocarbazate ligand(N-H) at
ca. 3129 cmt and v(C=S) atca. 1050 cm' disappeared upon formation of the Cu(ll)
complexes confirming deprotonation of nitrogen twni the iminothiolate ion and its
chelation through N and 8(C=N) of the azomethine bond shifted to lower egdfgll cm
L and 1606 cm for CuUSMHD and CuSBHD respectively. A second band tbv(N=C) in
complexes containing anionic dithiocarbazate mesetvas also resolved [42]. The ligand
hydrazinic band/(N-N) atca. 828 cm'* also shifted upon complexation, to higher (CuSBHD)
and lower (CuSMHD) wavenumbers. All these obseoveticonfirm deprotonation of the
Schiff bases with coordination through the azonmethmitrogen atom. The ligangdCSS)
band ca. 985 cm® split into two components at 1000-955 ‘trmapon complexation. The
presence of this band and the absence of the Cabibdhe spectra of the metal complexes
provide additional evidence of the coordinatiorthed Schiff base to the metal in its thiolate
form [43, 44]. The complexes were also charactdribg elemental microanalysis. The

analytical data agree well with the formulationsgwsed for the complexes.

Magnetic susceptibility values at room temperaforethe CuSMHD and CuSBHD
complexes were determined using a Sherwood Mag8esceptibility Balance-AUTO to be
1.66 B.M and 1.48 B.M, respectively, as expectadp@amagneti@d® ions in a square-
planar environment (spin-only value 1.73 B.M) [44&]. The slightly low values observed

can be attributed to interaction between Cu(ll) genters [46, 47]

As mentioned in synthesis and characterizationyobyr derivative SBPY is a
cyclisation product obtained during the attemptgdtisesis of SBHDH2. The molecular
structure of SBPY is shown in Fig. 1a. In SBHDH& tentral ChS, chromophore is planar
(r.m.s. = 0.0490 A) and forms dihedral angles a#884) and 68.14(4)° with the pyrrolyl and
phenyl rings, respectively. As the rings lie to game of the molecule and opposite to the
thione-S1 atom, the overall conformation is bestcdbed as being U-shaped. The dihedral
angle between the rings is 60.874(6)° indicatingpkayed relationship. The thione-S1 and
amine-H atoms are syn which might be expecteddd te an eight-membered {...HNCS}
synthon in the crystal packing. Nevertheless, thestnmprominent feature of the crystal
packing is the formation of N-H1L (pyrrolyl) interactions, Fig. 1b, which lead toeth

formation of centrosymmetric dimeric aggregates.
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Fig. 1. (a) The molecular structure of SBPY, showing atabelling scheme, and (b)

supramolecular dimer sustained by N—H.(pyrrolyl) interactions.

The molecular structure of SMHDH2 crystallises abatcrystallographic centre of
inversion located at the mid-point of the C3-®8nd indicting the molecule has an anti
disposition of the dithiocarbazate residues; symyneiperation i: 1-x, 2-y, 1-z. The
conformation about the hydrazone bond is E. Theeentolecule is planar with the r.m.s. for
the 18 non-hydrogen atoms comprising the entireemdé being 0.038 A, with the

maximum deviations being +0.061 A for the S2 atom.
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Fig. 2. (a) The molecular structure of SMHDH2, showingnat@belling scheme. Unlabelled
atoms are related by the symmetry operation 1-x, 2-z, and (b) supramolecular chain
mediated by N-H...S hydrogen bonds via centrosymmedight-membered {...HNCS}

synthons. [N1-H1n...S1 = 2.64(2) A, N1...S1 = 3.45582)and angle at H1n = 156(3)°;

symmetry operation i: 2-X, 2-y, 2-z]

The doubly deprotonated SMHD species functionstasradentate p§, donor ligand
in its complex with copper(ll). The molecular stwe of CuSMHD is shown in Fig. 3a and
selected geometric bond lengths (A) and anglefo(®)his, CuSBHD and for SMHDH2 are
collected in Table 1. To a first approximation, #even-membered ring may be described as
having a half-chair conformation where the C4 atibes 0.9317(16) A above the plane
defined by the Cu, N2, N3, C2, C3 and C5 atoms;s..rs 0.1373 A with maximum
deviations 0.1590(6) A for Cu and -0.1595(10) A @2. The two five-membered chelate
rings have similar conformations. The S1-containimg is an envelope with the flap atom
being the Cu atom which lies 0.7857(16) A above ltwst-squares plane defined by the
remaining four atoms (r.m.s. = 0.0119 A). By costyshe S3-containing ring is considerably
more planar but is still described as having arelpe conformation with the Cu atom being
the flap. In this description, the Cu atom lies1®2(18) A out of the plane defined by the
four remaining atoms which has a r.m.s. of 0.0043#ere is a clear distortion away from
the ideal square planar geometry as is commonlgragbd in seven-membered rings having
two hydrazone bonds [48]. In CuSMHD, the angle leetvthe two five-membered chelate
rings is 46.10(2)°, and the range of angles suledmad the Cu atom is 84.89(3)° for S1-Cu—
N2 to 164.90(4)° for S1-Cu—N3.

Fig. 3. The molecular structure of CuSMHD, showing atoivelang scheme.
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The availability of the crystal structure of SMHDHéhables a comparison of the
geometric parameters in the free molecule andsicabrdinated dianion in CuSMHD. Two
quite distinct differences are noted in the bondgths collected in Table 1. First and
foremost, there has been a significant elongaiien0.08 A, of the formally C1=S2 thione
bond in SMHDH2 once this atom is complexed to Cecdddly, there has been a notable
reduction, i.e. 0.05 A, of the amine C1-N2 bon@&MHDH2, consistent with the formation
of an imine bond in the complex. The reorganisabbrelectron density around the NECS
residue results in the contraction in the S—C—Seamgth concomitant expansion in the
angles involving the formally doubly bonded nitragatom, Table 1. In the crystal packing,
molecules stack in columns aligned along the b-axis no directional interactions between
them.

The molecular structure of CUSBHD, Fig. 4a and &dhlshows the same features as
just discussed for CuSMHD, consistent with the gmtihat the nature of the S-bound
substituent, methyl or benzyl, does not exert aiBa@ant difference upon the structure. This
observation is highlighted in the overlay diagranown in Fig. 4b. The seven-membered
ring in CuSBHD has a half-chair conformation wittetC4 atom lying 0.9970(19) A above
the plane defined by the Cu, N2, N3, C2, C3 anditdfs; r.m.s. = 0.2078 A with maximum
deviations 0.2432(7) A for Cu and -0.3012(10) A 8. The aforementioned parameters
indicate that this chelate ring is more distorted@CuSBHD cf. CuSMHD. With respect to the
two five-membered chelate rings, the S1-containming is an envelope with the flap atom
being the Cu atom which lies 0.7703(19) A above ld#@st-squares plane defined by the
remaining four atoms (r.m.s. = 0.0004 A), as is $%echelate ring with the Cu atom lying
0.423(2) A above the plane of the four remainirgrat (r.m.s. = 0.0027 A). In CuSBHD, the
angle between the two five-membered chelate risg48i93(4)°, and the range of angles
subtended at the Cu atom is 84.35(4)° for S3—CuteN375.08(4)° for S1-Cu—N3, i.e.
marginally broader than observed in CuSMHD, Table 1

:IQN‘l 2 - \QJ’
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Fig. 4. (a) The molecular structure of CuSBHD, showingnatabelling scheme, and (b)
overlay diagram of CuSMHD (red image) and CuSBHI€ph The complex molecules are

overlapped so that the S1, Cu and S3 atoms areideitt.

The crystal packing of CuSBHD also resembles tHalCoSMHD in that columns of
molecules are evident, aligned along the a-axisvévyer, in CuSBHD molecules are linked
by a combination of C-H...S and C-Hrt.(phenyl) interactions. Geometric parameters
characterising the intermolecular interactions apeg in the crystal structure of CuSBHD:
C4-H4a...S4=2.83 A, C4...S4= 3.7647(16) A, and angle at H4a = 158° for i:-Y+y, -Y5-

z; C4-H4b...S8=2.84 A, C4...S8=3.6946(19) A, and angle at H4b = 145° for ii: 1xy, -

z; C18-H18...S4 = 2.86 A, C18...S%4 = 3.6811(17) A, and angle at H18 = 145° for iii: x
1%-y, -Y»+z; C3-H3a...Cg(C17-C22) 2.89 A, C3...Cg(C17-C22¥ 3.6538(17) A, and
angle at H3a = 135°.

The observed four-coordinate structures descritad for CuSBHD and CuSMHD,

with the dianions in the iminothiolate form, is sistent with literature precedents [15, 16,
48-51].

10
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Tablel

Selected geometric parameters (A, ©)SMtHDH2, CuSMHD andCuSBHD.

Compound SMHDH2 CuSMHD CuSBHD
Parameter

Cu-S1 - 2.2480(4) 2.2458(4)
Cu-S3 - 2.2523(4) 2.2659(4)
Cu—N2 - 2.0555(12) 2.0704(13)
Cu—-N3 - 1.9792(12) 1.9927(14)
C1-81, S2 1.655(3), 1.763(3) 1.7373(14), 1.7579(14)7354(16), 1.7573(17)
C6-S3, S4 1.7380(14), 1.7533(14) 1.7404(16),6D{*D)
N1-C1, N2-C2 1 339(3), 1.281(3) 1.2892(19), 1.298x%( 1.286(2), 1.292(2)
N1-N2 1.391(3) 1.4182(16) 1.4181(18)
C5—-N3, C6-N4 - 1.2872(18), 1.2887(18) 1.285(2)36(2)
N3-N4 - 1.4073(16) 1.4019(18)
S1-Cu-S3 - 92.795(14) 91.655(15)
S1-Cu—-N2 - 84.89(3) 85.26(4)
S1-Cu—N3 - 164.90(4) 175.08(4)
S3-Cu—-N2 - 148.04(3) 148.89(4)
S3—-Cu—N3 - 85.76(4) 84.35(4)
N2—Cu—-N3 - 104.21(5) 99.65(5)
C1-N1-N2 119.2(2) 113.22(11) 113.38(12)
C2-N2—-N1 117.0(2) 112.01(11) 112.92(13)
C5—-N3-N4 - 115.20(11) 115.88(13)
C6—-N4-N3 - 112.83(11) 112.70(12)
S1-C1-S2 123.83(16) 113.87(8) 111.63(9)
N1-C1-S1 122.7(2) 127.49(11) 128.34(13)
N1-C1-S2 113.51(18) 118.63(11) 120.01(12)
S3-C6-S4 - 113.94(8) 113.16(9)
N4-C6-S3 - 127.17(11) 126.59(12)
N4-C6-S4 - 118.89(10) 120.23(12)

11
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Table?2

Crystallographic and refinement details for SBPMHDH2, CuSMHD and CuSBHD.

Compound SBPY SMHDH?2 CuSMHD CuSBHD
Formula GaH16N2S2 C1oH18NaS4 C10H16CUNsS4 Co2H24CuUNsS,
Formula weight 276.41 322.52 384.05 536.23
Crystal colour/habit Colourless plate Yellow needle Black prism Black prism
Crystal dimensions/mm 0.04 x0.20x 0.21 0.03 606.0.24 0.04x0.12x0.18 0.11 x 0.22 x 0.28
Crystal system monoclinic triclinic monoclinic manioic
Space group P2i/c P1 C2/c P2i/c

alA 9.2991(4) 5.1646(5) 24.6441(8) 10.7937(1)
b/A 15.9635(8) 7.2792(8) 7.9100(2) 18.8337(2)
c/A 9.4848(5) 10.7840(12) 16.8972(6) 11.8412(2)
al® 90 100.652(9) 90 90

pl° 96.155(1) 90.751(9) 111.167(4) 103.410(1)
yl° 90 107.305(10) 90 90

VIA3 1399.87(12) 379.39(7) 3071.62(18) 2341.51(5)

Z 4 1 8 4

DdJg cm?® 1.312 1.412 1.661 1.521

F(000) 584 170 1576 1108

p/mnt 0.364 5.662 1.956 1.308
Measured data 19199 4869 19072 58909
Radiation Mok CuKa MoKa MoKa

0 range/® 2.5-27.5 4.2-71.6 2.6-27.5 2.2-27.5
Unique data 3207 1455 3490 5353
Observed datd & 2.05(1)) 2722 1197 3291 4827

R, obs. data; all data 0.032; 0.041 0.046; 0.055 19).0.021 0.028, 0.032

a, b in weighting scheme 0.030, 0.621 0.078, 0.048 0.032, 2.432 0.050, 1.156
Rw, obs. data; all data 0.071; 0.075 0.121; 0.130 0.054, 0.055 0.077, 0.080
Residual electron density

peaks/e A 0.30, -0.26 0.43,-0.28 0.37,-0.31 0.67,-0.47
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2.3. Solution characterization of the complexes

The UV-Vis absorption spectra of the compoumais25 uM and 1 mM solutions
(inset) in DMSO are shown in Figure 5. Both compkeghowedz—#z* andn—z* intra-
ligand transitions ata. 272 nm, 295 nm and 338 nm and-d bandat approximately 600 nm
that can be attributed to Jahn-Teller distortimmnfrsquare planar geometry [47]. Copper(ll)
complexes of thiosemicarbazone and dithiocarbalzgaeds generally exhibit a-SCu(ll)
charge-transfer band at ~400 nm. The presencesofMCT band in the spectra of the metal
complexes is strong evidence that the metal i@moadinated to sulphur [43, 52].

1.2
] CuSBHD
104 CuSMHD 200
' SBHDH2 175/ |
- —— SMHDH2_ 5] | —— CuSMHD
3- 08— SBPY : 1 95] 1 ——CuSBHD
i | =1
& 1.004
8 0.6- =
c =S 0.75 .
8 1 = d-d transition
e S 0.50 ~ 600
O 0.4+ a nm
0 <t (.25
2 | }
< 000+
0.2 1 400 450 500 550 600 650 700 750 800
{ Wavelength (nm)
0.0

300 400 500 600 700 800
Wavelength (nm)

Fig. 5. UV-Vis spectra recorded at 281 in DMSO using a cell length of 1 cm. The insert
shows thel-d band of the two complexes at concentration of 1 mM.

The stability of the ligands and their correspogdinmplexes at physiological pH are
important prerequisites for the evaluation of th®alogical activity. The molar conductance
readings for the complexes in DMSO were in the eah2-13Q ! cn? mol™, indicating that
there is essentially no dissociation in that saiVi&3]. To more precisely evaluate their
stability, reverse phase HPLC experiments have hpmformed. The ligands and their
complexes were eluted on a C18-column with an asirgg amount of C¥CN in HO (from
5% to 100% of CECN over 30 minutes), containing 0.1 % TFA to mamtpH. The
compounds were detected using a UV lamp at 220 min280 nm. The chromatograms of
the pure ligands showed three peaks that coulégpond to the hydrolyzed hydrazone, the
expected ligand and the pyrrole byproduct wherbascomplexes showed only the single

peak of the copper complexes (see Supplementa).Oats noteworthy that the hydrazone
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bond stability is significantly increased upon nteamplexation under acidic conditions
suggesting that complexation could be used as asregrotect the ligand from degradation

that might occur in biological systems before fiigand could reach its target.
2.4. Electron Paramagnetic Resonance (EPR)

The EPR spectra recorded in DMF shown in Figures@ypical of Cu(ll) complexes
having axial symmetry and distorted square plarewngetry with the unpaired electron
mainly in thedx. - d. orbital. The spectra also exhibit partially resmlvsuperhyperfine
features. Theg, values for all the complexes are similar to thpseviously reported for
analogous Cu(ll)h&, complexes [16, 25, 54]. Kivelson and Nieman [55, §iiggested that
g values higher than 2.3 are indicative of a predamily ionic character for metal-ligand

bonds, whereasgvalues smaller than 2.3 reveal metal-ligand bootigoredominantly

covalent character, as is the case here (see Baule addition, the relatively smatil value

(g1 ~2.20) suggests a strong nitrogen character isitigdy occupied molecular orbital. EPR

spectroscopy is sensitive to angular distortionsthat Cu(ll) centre, particularly those

involving distortions from planar to tetrahedralbgeetry. As a general rule, distortion from

planar towards tetrahedral geometry results incaedese il and an increase o) [52]. The

empirical factor f (= gA)) [57, 58]is a measure of deviation from idealized geomdtsy.
value ranges between 105 and 135fensquare planar complexes, depending on the @atur
of coordinated atoms, while, for tetrahedstilictures, values from 160 to 242 cm suggest a
moderate to considerable tetrahedral distortiorSEBHD displays a slightly higher degree of
tetrahedral distortion than CuSMHD in solution sanito their structures in solid. They are
also slightly more distorted compared to some anads, probably due to their extended
carbon backbones [16, 25, 54]. Molecular orbitafticients, a? (in-planec-bonding), were

calculated using the equation beloj42, 59]
a?= (A)/0.036) + ¢ — 2.0036) + 3/ 7do— 2.0036) + 0.04

An o? value of 0.5 indicates complete covalent bondimgile 1.0 suggests complete ionic
bonding. The observed value of 0.64 for the presentplexes indicates that these copper
complexes have some covalent character, as suggdsige.
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Fig. 6. EPR spectra of CuSBHD in black and CuSMHD in redorded at a microwave
frequency 9.50 GHz, power 0.25 mW, modulation atagé 0.2 mT, modulation frequency
100 kHz, and time constant 164 ms, at 50 K. Sampére prepared in DMF (1 mM).

Table3

EPR parameters measured from the spectra of theeddp) complexes in DMF.

a oo A flbl o2

CuSMHD 2.15 2.06 460 (153) 1410.64
CuSBHD 2.16 2.06 451 (150) 1430.64
[a] Unit in MHz, in bracket =) x 10% cm! [b] cm.

2.5. Electrochemistry

As redox properties have been linked to SOD anditamter properties of metal
complexes [60, 61], we describe herein the eleb&ucal properties of Cu(ll) bis(dithio
carbazate). Figure 7 shows the profile of the Guidimplexes obtained with SMHDH2 and
SBHDH2 at scan rate 100 mV*sBoth complexes undergo an electrochemically arsible
one-electron reduction & = -0.328 and -0.285 V/(AgCl/Ag and #Ec = 0.563 V),
respectively, coupled with oxidation B§a= 0.069 and 0.129 V/(AgCIl/Ag). These waves can
be assigned to the irreversible oxidation/reducabu(ll)/Cu(l) [51]. The redox properties
of the ligands were found to be innocent. The grsible nature of the copper-centered redox
waves contrasts with the quasi-reversible reduqti@viously reported for the CUATSM and
CUuAATSM analogues [49, 50]. The loss of reversipibbserved in this work is most likely
related to differences in the geometric rearranggnadout the Cu(ll)/Cu(l) ions in this
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ligand system that possesses two carbons betwesnwib hydrazone functions. The
Cu(I/Cu(l) redox potentials of CuSMHD and CuSBHiPe also more positive than the
previous examples. The ease of deformation seenfi@vtar reduction. The difference in
redox potential between CuSMHD and CuSBHD can ketdwchanges in inductive effects
of the substituents. The increase in Cu redox piatisrresulting from altering the terminal S-
substituent (from methyl to benzyl) can be ratie by the stronger electron-donating

effect of the methyl group [62].

As mentioned above, the oxidation proceeding ahdrigpositive potential has
previously been assigned to the copper(lll/ll) pedmuple. It is interesting to note the
occurrence of an additional peak, which can bebated to the reduction of a species
produced by the second oxidation. However, thereaitithis oxidized complex has not been

determined.

50-
40
30-
20-
10-

CuSBHD
CuSMHD

IIpA

104
-204
-304

45 40 05 00 05 10 15
E/V Vs AgCliAg

Fig. 7. Cyclic voltammograms of the Cu complexes at 1.7 mMinhydrous deoxygenated
DMF containing 0.1 M tetrabutylammonium hexafludnopphate as the supporting
electrolyte. Working electrode: glassy carbon; ¢euelectrode: Pt wire; reference electrode:
AgCl/Ag, scan rate: 100 mV/s. All sweeps were aigd in the direction of the arrow.
Table4
Electrochemical data for CuSMHD and CuSBHD versg€kAg.

Cu(I/Cu(l)  Cu(lin/Cu(ln)

EpdV EpdV EpdV EpdV

CuSMHD -0.328 0.069 0.195 0.899
CuSBHD -0.285 0.129 0.357 0.870
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3. Biological evaluation

3.1. Antibacterial activity

The free Schiff base ligands and their metal corgdevere tested for their ability to
inhibit the growth of ten strains of Gram-negataredl Gram-positive bacteria (Table 5). The
effects of a membrane permeabilizing agent andyeffumps were investigated in an attempt
to correlate the activity of the compounds withith@enetration of the bacteria and the

resistance mechanisms of the bacteria.

One of the limitations of this class of compounsighieir poor solubility in aqueous
solution particularly at high concentration to makeck solutions. The universal solvent
DMSO has often been used in many studies to pssitis the compounds for biological
assays. However, it has been shown that DMSO sakit{1% to 10%) considerably affect
the growth of fungi and cancerous cells, and, &6, 1DMSO effectively eliminates the
growth of certain bacteria [63-65]. DMSO has alseibreported to enhance permeability of
the lipid membrane as well as to cause cell men@srdan become less rigid facilitating
membrane diffusion of exogenous species [66-69]. DAMSO is used in this work to
encourage dissolution of the compounds and thereisule of thumb on the amount of
DMSO to be used for antibacterial assay, we fezhied to examine the influence of DMSO
concentrations on the growth curve of the selebtarteria strains. The minimum inhibition
concentration (MIC) values were determined in pneseof DMSO at 0.5% and 5% (v:v) of
DMSO. We found that the growth of bacteria straiAs baumanniiand P. aeroginosais
inhibited by DMSO at a concentration of only 5% dhpreventing determination of MIC
under this conditionThe growth of bacteri&. coli and E. aerogenegsee Supplementary
Data) was also affected by the DMSO at 5%. Diffeesmwere observed between MIC values
against the mutated strais coli AcrAB- and E. aerogenes298 TolC- obtained in the
presence of 0.5% or 5% DMSO for certain moleculegarticular, CuSMHD. Additional
MIC values determined for CuSMHD using DMSO 50%/@38nd 20% (2.5%, 1.5% and 1%
final v.v DMSO) were all higher than 128 pM whiletiw5% of DMSO, the MIC value was
in the range of 1-2 and 0.5-1 uM against thosedirains, respectively. Because of the effect
of DMSO on bacterial growth, we are unable to aomfthat the value truly reflects the
specific antimicrobial activity of the compound a0 It could correspond to a synergetic
effect involving the compound and DMSO. Since 0.B¥SO has shown not to interfere

with bacterial growth, the MIC values recorded gsthis concentration should indeed be
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valid and are therefore used for discussion oftfe of membrane permeabilizing agents and

efflux pumps.

As it has been reported that low permeability @& tuter membrane and the efficiency
of efflux pumps [3, 4] are prime factors limitingntiacellular activity of potential
antimicrobial compounds, it is expected that thespnce of a substance known to increase
membrane permeability, such as polymyxin B nonagep{PMBN) [70], would act
synergistically with the studied compounds to prtemtheir antimicrobial efficiency by
facilitating an increase in their uptake. The compis were tested in the presence and
absence of sub-inhibitory concentrations (1/5 ef direct MIC value) of PMBN. In the
absence of PMBN none of the compounds except fadBNR was active against the strains
tested (MIC> 64 uM). SMHDH2 showed moderate activity agafstaureusHowever, up
to 3-fold improvement in activity (MIC values) wadbserved for the organic compounds
SMHDH2, SBHDH2 and SBDP in the presence of PMBNirsgjadboth Gram-negative and
Gram-positive bacteria. These results strongly ssgthat the compounds apparent lack of
activity was due to their inability to efficientlyenetrate the bacteria membrane. Among the
compounds, the Schiff base SMHDH2 showed a broaderaf moderate activity against
various strains with the most promising MIC valwdsor around 16 pM again&. coli
AcrAB-, A. baumanniiP. aeroginosaandS. aureusthus making it a potential antimicrobial
agent in the presence of PMBN. It is known that ltf@ogical activity of dithiocarbazate
compounds can be greatly modified by the presehaifferent substituents. For instance,
inhibition of E. coli andS. aureushy the Schiff base prepared from 2-benzoylpyridintn
S-methyldithiocarbazate (SMDTC) is highly effectivevhereas that of the
S-benzyldithiocarbazate (SBDTC) analegows no activity[71]. The better activity for
SMDTC-derived SMHDH2 observed compared to SBDTOvadéve is consistent with the

previous report.
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Table5
Antibacterial activity of the tetradentate series.

Minimum Inhibitory Concentration (MIC) M)
Compound Gram-

A. K. P. S

baumannii pneumoniae aeruginosa enterica
AG100 AG100A EA289 EA298 ATCC ATCC

WT AcrAB- AcrAB+ TolC- 19606 11296 PAO1 SL696

E. coli E. aerogenes

Gram+

S. aureus

SA1199

% DMSO 0.5 5 0.5 5 0.5 5 0.5 5 0.5 0.5 5 0.5 0.5 5
SMHDH2

+PMBN

32-16  16-8

CuSMHD
+PMBN

SBHDH2

+PMBN

CuSBHD

+PMBN
SBPY

Cu(Ac)
+PMBN

0.5 5
32 64-32

32-16 64-32

Colour code: MIC values or average MIC valae®4 pM = red<10 uM = green, in between 64 uM and 10 uM = cokmsl MIC values

higher than 64 pM indicate poor activity.
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The role of efflux pumps was investigated using ptaeleted strains of Gram-negative
E. coli and E. aerogeneBoth SMHDH2 and SBPY seemed more active (16 pt3huM,
respectively) towards the isogenic derived straarwhich the efflux pump AcrAR)enes are
deleted as compared to wild-tyge coli (64 uM). No significant activity was observed for
SMHDH?2 in the absence likewise in presence of gffflump forE. aerogenesSBPY on the
other hand showed differences in the MDR clinisalate EA289 overexpressing the AcrAB
efflux pump and on its efflux negative TolC- detiva EA298 with improvement in MIC
from > 64 pM to 32 uM. These results confirmed tBBPY and SMHDH2 are recognized
by the efflux pumps and expelled from the bactéhias limiting their bioactivity. Both
SMHDH2 and SBHDH2 showed activity towards Gram-pesi S. aureus.Typically,
antibacterial molecules are more active toward Gpasitive than Gram-negative bacteria
[72, 73], as the additional outer membrane of #gtef organisms impairs or slows down the
drug uptake. It has often been reported in thedlitee that bioactivity of a ligand is enhanced
by metal complexation [48, 57], but in our casee tbrmation of the copper complexes
induces a loss of antibacterial potency of the caumps. Similar loss in activities were
previously reported with palladium(ll) and platin(lihcomplexeswith acetone Schiff bases
[7]. This can be explained by a lower solubility thie metal complexes or by the lower
stability of the hydrazone moiety in the case @ filee ligands, as seen above. As mentioned
before, depending on the pH, the ligands can beohyxkd in aqueous solution leading to
several reactive products that can interfere with llacteria constituents and be responsible
for the toxicity. At this stage it is not possilife conclude but the positive effects of high
DMSO concentration on the one hand, and of PMBNthen other, strongly suggest that
improvements can be expected by increasing thébsibyuand bacteria penetration. Efforts

are currently ongoing to significantly improve thgueous solubility.

3.2. Cytotoxic assay

The cytotoxicity of the ligands and complexes waal@atedin vitro against two
breast cancer cell lines MDA-MB-231 (human breastinoma cells not expressing nuclear
estrogen receptors) and MCF-7 (human breast cameincells expressing nuclear estrogen
receptors). Measurement of the cytotoxicity wasiedrout using MTT assay [74] based on
the metabolic reduction of tetrazolium salt to fowater insoluble formazan crystals, with
tamoxifen as standard. DMSO was used as negatiteotan the assay and the final content

of DMSO for each compound tested waf.5%. There was no perceptible precipitation of
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the compounds. The concentrations required to inkile growth of cancer cells by 50%

(ICs0) are shown in Table 6.

Table 6
Cytotoxic assay results.
1Cs0 (LM)
MCF-7 MDA-MB-231

SMHDH2 138.90 9.61
SBHDH2 9.69 1.05
CuSMHD 2.60 2.34
CuSBHD 1.49 0.71
Tamoxifen 11.20 13.40

Both ligands displayed at least 9-fold better tdyitowards the MDA-MB-231 cell line
that does not express estrogen nuclear receptaligating that ligand toxicity is not only
mediated by these receptors. SBHDH2 exhibits angéotoxicity, which could be related to
its comparatively higher lipophilicity that may fhiate diffusion into cells [12].
Complexation of the Schiff base ligands with cogiberhas been found to produce
synergistic effects on the antiproliferative adtes of some parent ligands [75] and here the
complexes showed a marked cytotoxicity withkd@alues < 5.QuM towards both cell lines.
Like the ligands, the complexes are also more at¢twards MDA-MB-231 cells, suggesting
that their toxicity does not involve estrogen rdoep For both cell lines, the benzyl
substituted complex CuSBHD showed slightly high@olvalues. A clear structure-activity
relationship cannot be deduced from the limited beimof compounds tested, however, the
stronger activity of CuSBHD could also be linkedhwits higher cellular uptake due to its
increased lipophilicity as suggested above for ligand. Alternatively, its higher redox
potential could be a discriminating factor, sincligher redox potential means that Cu(ll)
reduction is easier, and consequently a higherecordf Cu(l) could be generated. Cu(l) is
prone to participate in Fenton-type reactions fraduce reactive oxygen species (ROS),

which can damage biomolecules within cells [61].

4. Conclusions

In conclusion, we have gained new insight into Hteuctural, electrochemical and
biological aspects of macroacyclic Cu(ll) complexeterived from S-substituted

dithiocarbazate. All the compounds exhibited gogtbtoxicity towards breast cancer cells.
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The poor antimicrobial activity can be related beit poor bacterial penetration and poor
solubility which should be amenable to improvemdrite fact that the anticancer activity
Cu(ll) complexes are more efficient than the ligamlinteresting. By expanding the carbon
backbone between the hydrazone moities, the congsoshowed further distortion from
square planar geometry in both solution and ingdbkd state and a positive shift in the
Cu(ID/Cu(l) reduction potential. A higher reduatiopotential could be related to the
promising bioactivity observed in this present woflaking into consideration the serious
side effects and the poor efficacy of clinical refece drugs, as well as the appearance of
resistance during treatment, these complexes aentmlly useful lead candidates for the
development of new therapeutic agents to treateraaed bacterial infections. In addition,
we outlined in this paper the need to take intosateration the concentration of DMSO used
to dissolve the compounds, since DMSO may act gysterally with the compounds tested.
The lack of uptake of the compounds due to low patoility of the outer membrane and the
efficiency of efflux pumps were also shown to bsuies to be addressed in subsequent
studies. With these considerations in mind, ouugrs attempting to improve antimicrobial
and anticancer activities of compounds in this faay exploring the design and synthesis of
a new generation of S-substituted dithiocarbazatesatives and their metal complexes that
will be more water-soluble, that may be better dblpenetrate cell membranes and escape

from the efflux pump.
5. Experimental

5.1. Materials-instrumentation-physical measureraent

All chemicals and solvents were of analytical graaled were used as received.
Chemicals: Potassium hydroxide (Merck), hydraziniwdroxide (Merck), carbon disulfide
(Sigma Aldrich), 2,5-hexanedione (Merck), and caflpeacetate monohydrate (Analar).
The IR spectra were recorded in the range of 5340t on a Perkin-Elmer 100 series
FT-IR spectrophotometer in ATR mode. Magnetic sp8béity was measured with a
Sherwood MSB-AUTO at room temperature. All susdsiiies were corrected for the
diamagnetic contribution using Pascal’s constamtrédnalyses were carried out using either
a Leco CHNS-932 analyzer or performed at the CNB8-qur-Yvette and Vernaison,
France). The molar conductance of & M solution of each metal complex in DMSO was
measured at 29°C using a Jenway 4310 conductietgmnand a dip-type cell with platinized
electrode. The UV-Vis spectra were recorded onry @20 bio spectrophotometer (200-800
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nm) or Perkin Elmer Lambda 45 with a 1 cm opticalhpquartz cuvette¢H NMR and3C
NMR spectra were recorded with Bruker DRX300 spmugters. The chemical shifts
(o/ppm) were calibrated relative to residual solveignals Electrospray-ionization mass
spectra (ESI-MS) were recorded with a Finnigan BB$ in the BE configuration at low
resolution. Electron paramagnetic resonance (ERREtsa were recorded on an X-band
Bruker Elexsys 500 spectrometer equipped with dimoous flow helium cryostat (Oxford
Instruments) and a temperature control system fiellemodulation frequency was 100 kHz.
The spectra were all recorded under nonsaturatomglitons. Cyclic voltammetry (CV)
measurements were recorded under argon using a @BR&xrochemical analyzer (CH
Instruments, Inc). The working electrode was a gylasarbon disk; a Pt wire was used as
counter electrode and the reference electrode w#g€l1/Ag electrode. Immediately before
the measurement of each voltammogram, the worlegrede was carefully polished with
alumina suspensions (1, 0.3 and Qu@% successively), sonicated in an ethanol bathfzeml
washed carefully with ethanol. The solutions weradenup with 100 pL solutions of the
complexes (0.01 M) in anhydrous deoxygenated DM @i5 mL of tetrabutylammonium
hexafluorophosphate (0.1 M) as the supporting elbde (total volume is 0.6 mL).
Ferrocene was used as an internal reference fahwhe ferrocinium/ferrocene one-electron
redox process occurs Bt>= 0.51 V (DMF) vs AgCI/Ag with scan rate = 0.1 VRP-HPLC
analysis was carried out using Waters HPLC systermected to Breeze software that
consisted of combination of a dual wavelength U\é-¥bsorbance detector (Waters 2487)
and a binary pump (Waters 1525) equipped with aty#inal cell for reaction monitoring or
purity checking. The analytical measurements wendopmed using an ACE C18 column
(250 x 4.5mm) packed with spherical 5 pm partide800 A pore size. Experiments were
carried out at a flow rate of 1 mL miirat room temperature. Injection volume was 50 pL.

Sample concentration was approximately 1 mg*mL

5.2. Preparation of ligands and metal complexes
5.2.1 Synthesis of SBHDH2

The title compound was synthesized with some maatithon of the method described
by Ali et al. [35]. 2,5-hexandione (0.587 mL, 0.005 mol, 1 eguivas added to a hot
solution of S-benzyldithiocarbazate (1.983 g, Omddl, 2 equiv.) in absolute ethanol (150
mL) and the mixture was further heated for 5 minwhite precipitate was formed and was
immediately filtered off, washed with cold ethamwoid driedn vacuoover silica gel to yield
the expected Schiff base (0.997 g, Yield = 42%&nteintal analysis for £H2sN4Ss: Calcd.
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C 55.66, H 5.52, N 11.80; Found C 54.79, H 5.59,1\'5. *H NMR (300 MHz, DMSO-d6)
§12.18 (s, 2H), 7.39 -7.20 (m, 10H), 4.40 (s, 4HYBL(s, 6H)X3C NMR (75 MHz, DMSO-
d6) & 197.16, 158.26, 137.15, 129.15, 128.41, 127.0%63734.05, 17.74. IRy (cm?) =
3147 (m, b), 1640 (w), 1054 (s), 981 (m), 828 (kd}/-Vis in DMSO: Amaxnm (log € in
L moltenry) = 276 (4.32), 308 (4.41}360 (3.32, sh). RP-HPLC:{Rmin) = 15.3, 18.3,
22.4. Molar conductivity:4 (ohnicm?mol™?) = 6.86.

5.2.2 Synthesis of SMHDH2

S-methyldithiocarbazate, SMDTC (1.222 g, 0.01 n2ogquiv.) was dissolved in hot
ethanol (150 mL) and 2,5-hexandione (0.587 mL, ®.6®l, 1 equiv.) was added to this
solution. The mixture was heated while being diirte reduce the volume to half. The
mixture was kept at 4°C overnight and white preaaiei was formed. The product was
filtered off, washed with cold ethanol and driedvacuoover silica gel to afford 1.129 g of
SMHDH2 (Yield = 70%). The compound was further ystallised from methanol and
crystals suitable for X-ray diffraction analysis neeobtained from the same solvent.
Elemental analysis for gH1sN4&s: Caled. C 37.24, H 5.63, N 17.37; Found C 37.86.87,
N 17.84.'H NMR (300 MHz, DMSO-d6p 12.13 (s, 2H), 2.57 (s, 4H), 2.43 (s, 6H), 2.00 (s,
6H). 13C NMR (75 MHz, DMSO-d6) 198.95, 157.63, 33.97, 17.77, 16.94. iRtnT?) =
3111 (m, b), 1628 (m), 1046 (s), 988 (m), 827 (MJV-Vis in DMSO: Amaxnm (log € in
L mortemt) = 276 (4.25), 305 (4.37)%360 (2.75, sh). RP-HPLC:{Rmin) = 6.4, 11.1,
18.7. Molar conductivity:4 (ohm*cn?mol™) = 3.58

5.2.3. Synthesis of CUSBHD

The copper complex was prepared by adding coppeadétate monohydrate (0.020
g, 0.0001 mol, 1 equiv.) in acetonitrile (20 mL)dacsolution of SBHDH2 (0.047 g, 0.0001
mol, 1 equiv.) in acetonitrile (150 mL) at room teenature. The solution was stirred for an
hour and then concentrated to reduce volume bdfeneg placed at 4°C overnight. The
product was filtered off and recrystallised fronetmitrile to yield 0.039 g (Yield = 73%).
Black crystals of diffraction quality were crystald from acetonitrile after several days
through slow evaporation at 4°C. Elemental anal§@isC2H2sCuNsSs: Caled. C 49.27, H
451, N 11.85; Found C 49.40, H 4.63, N 10.46. HSI-/z = [M+H]" Calcd. 536.04,
Found 536.02; [M+Nd]Calcd. 558.02, Found 558.01; [M+K{alcd. 573.99, Found 573.98;
[2M+3H]* Calcd. 1073.08, Found 1073.04. R(cnt?l) = 1629 (m), 1606 (w), 992 (s), 955
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(), 857 (M). UV-Vis in DMSOimaxnm (loge in L moltcm™) = 275 (4.37)=294 (4.26, sh),
~340 (4.01, sh)=400 (3.55, sh)~600 (2.45, sh). RP-HPLC: {Rmin) = 28.5. Magnetic
moment:u (B.M.) = 1.48. Molar conductivity4 (ohm*cn?mol?) = 13.01.

5.2.4. Synthesis of CUSMHD

The copper complex was prepared by adding coppeadétate monohydrate (0.200
g, 0.001 mol, 1 equiv.) in methanol (20 mL) to d solution of the above SMHDH2 (0.322
g, 0.001 mol, 1 equiv.) in methanol (100 mL). Teaation was heated until the volume
reduced to half and then placed at 4°C overnighé groduct, which formed, was filtered off
and recrystallised from acetonitrile to afford 62§ of CuSMHD (Yield = 77%). Black
crystals of diffraction quality crystallized frontetonitrile after several weeks through slow
evaporation at room temperature. Elemental anafgsisCioH17CuNsSs: Caled. C 31.27, H
4.20, N 14.59; Found C 31.35, H 4.24, N 14.64. HSI-m/z = [M + H]" Calcd. 383.97,
Found 383.96; [M+Nd]Calcd. 405.96, Found 405.94; [M+KTalcd. 421.93, Found 421.92.
IR: v (cnT?) = 1628 (m), 1611(w), 1000 (s), 964 (s), 821 (Y-Vis in DMSO: imaxnm (log
g in Lmoltcnm?) = 273 (4.34)7294 (4.24, sh)=340 (3.99, sh)400 (3.49, sh}¥600 (2.43,
sh). RP-HPLC: R (min) = 23.3. Magnetic momeni: (B.M.) = 1.66. Molar conductivity:4
(ohnticm?mol?) = 12.80.

5.2.5. Synthesis of SBPY

SBPY was a side product from theitial attempt to synthesize SBHDHZ2. Prolonged
heating and purificatiorvia column chromatography caused the desired compdand
undergo cyclization forming a pyrrole. Single cajstof diffraction quality were obtained
from DMSO and analyzed by single crystal X-ray wifftion. ESI-MS:m/z = [M + H]"
Calcd. 277.08, Found 277.08; [M + Naalcd. 299.07, Found 299.061 NMR (300 MHz,
DMSO0-d6):6 (ppm) = 12.29 (s, 1H), 7.45 — 7.20 (m, 5H), 5.692H), 4.45 (s, 2H), 2.00 (s,
6H). 13C NMR (75 MHz, DMSO-d6)s (ppm) = 204.09, 136.30, 129.02, 128.55, 127.43,
126.50, 104.34, 38.17, 10.99. R(cnT?) = 3264 (m), 2917 (w), 1055 (s), 972 (w), 828 (w).
UV-Vis in DMSO: Jimaxnm (loge in L moltcnt?) = 282 (4.02). RP-HPLC: Rmin) = 22.3.

5.3. Biological studies

5.3.1. In vitro cytotoxicity testing
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The cell lines used for testing included MCF-7 (launbreast cancer cells possessing
nuclear esstrogen receptor) and MDA-MB-231 (humesa$t cancer cells without nuclear
estrogen receptor) were obtained from the Nati@=lcer Institute, U.S.A. Both cell lines
were cultured in RPMI-1640 / DMEM (High glucose)d®a) medium supplemented with
10% fetal calf serum. The cells were plated inten@fl plates at cell density 6000 cells/well
and incubated for 24 hours. After 24 hours, the imé€% serum) were discarded and cells
rinsed with PBS solution. 200 pL of a series ofasoniration (50.0, 25.0, 10.0, 5.0, 1.0 and
0.5 uM) for each samples prepared were added towekt. The 96-well plate was incubated
for another 72 hours. After 72 hours, 96-wells @lavas removed from incubator.
Cytotoxicity was determined using the microtitratiof 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Sigma, US# reported by Mosmann [74].
20uL of MTT solution (5 mg/mL) was added to eachlwEhe plate was wrapped with
aluminium foil and incubated for 4 hours. After duns, 200 uL of sample containing MTT
solution was discarded from the well. 200 pL of D®&as added to each well to dissolve
the formazan crystals formed. The effect of the poumd on cell lines viability was
measured on an automated spectrophotometric @atker (model MRX Il microplate Elisa
reader) at a test wavelength of 570 nm. Cytotoxieitas expressed as € i.e. the
concentration that reduced the absorbance of ttezddls by 50% with reference to the
control (untreated cells). The d&were determined from the plotted absorbance datéhé
dose-response curves. Controls that contained ogllg were included for each sample.

Tamoxifen was used as the cytotoxic standard.

5.3.2. Antimicrobial testing
5.3.2.1. Bacterial strains, culture media and cheats

The bacteria used in this study are listed in Tahl€he microorganisms studied
included reference (from the American Type Cult@llection) and clinical (Laboratory
collection) strains of Gram-negative bacterigscherichia coli, Enterobacter aerogenes,
Acinetobacter baumannii, Klebsiella pneumoniae,uésenonas aeruginosa and Salmonella
entericaserotype Typhimuriumas well as Gram-positive straiStaphylococcus aureus.
EA289 is anEnterobacter aerogene§ANS® (susceptible to kanamycin, MDR isolate that
exhibits active efflux of norfloxacin and AcrAB-TOI pump overproduction), EA298
constructed from EA289 is deleted of TolC [76]. AIBlis anE. coli Wild Type (WT) and
AG100A is its KAN? (resistant to kanamycin) derivative, deleted ofrA® and
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720 hypersensitive to chloramphenicol, tetracycline paniflin and nalidixic acid [77]. Strains
721 were grown at 37°C on Mueller-Hinton medium 24 lopto any assay. Mueller-Hinton
722 broth (MHB) was used for the susceptibility testhe@icals polymyxin B nonapeptide
723  (PMBN) was obtained from Sigma-Aldrich and the erdt medium was purchased from

724  Becton Dickinson.

725  Table 7: Bacteria strains.

Bacteria 726
strains Features Refer eréds
Escherichia coli ree
AG100 Wild-typeE. colik-12 | [77] >
AG100A AG100AACrAB::KANR | [77] :2
Enterobacter aerogenes 132
KAN sensitive 733
EA289 derivative of EA27 [76] ;g;‘
EA294 EA289 AcrA::KAN [76] 736
EA298 EA 289 TOIC:KAN | [76] oy
Acinetobacter baumannii 739
ATCC19606| Reference strain - ;141(1)
Klebsiella pneumoniae 742
ATCC12296| Reference strain - ;Z:
Pseudomonas aeruginosa 745
PA 01 Reference strain - ;Z;
Salmonella enterica serotype Typhimurium ;22
SL696 Wild-type, metA22, 750
trpB2, strAi20 [78] 7°1
Staphylococcus aureus 52
SA1199 Wild-type clinical, [79] ’°°
methicillin-susceptible 754

756  KANR, resistance to kanamycin
757
758
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5.3.2.2. Determination of bacterial susceptibility

The respective minimum inhibitory concentrationsI@y of the samples against
targeted bacteria were determined using the microaln method (CLSI) [80].
Susceptibilities were determined in 96-well micaipk with an inoculum of 2 x 1@fu in
200 pL of MHB containing two-fold serial dilutions of s®les. MICs were determined in
the presence of 5% or 0.5% of DMSO. In the firdgegaa 20x concentration range of each
compound was prepared in DMSO 100%. In the secasd,@ 200x concentration range of
each compound was prepared in DMSO 100% and tHetedliwith BO to obtain a 20x
concentration range in DMSO 10%. Then 10 pl of ¢hemnges were added to 190 pul of
inoculum reducing the DMSO concentration to 0.5%e MICs of samples were determined
after 18 h incubation at 37°C, following additidsO(ul) of 0.2 mg/mL iodonitrotetrazolium
(INT) and incubation at 37°C for 30 minutes. MIC defined as the lowest sample
concentration that prevented the color change ef miedium and exhibited complete
inhibition of microbial growth. The sample dilutisange was from 0-128 uM. Samples were
tested alone or in the presence of PMBN at 51.4 rfigal concentration (1/5 of its direct

MIC). All assays were performed in duplicate opligate.

5.4. X-ray crystallography

X-ray diffraction measurements for SBPY were pearfed at 100 K on a Bruker
Kappa X8 APEXII CD diffractometer with graphite nmaohromatised Mol radiation A =
0.71073 A). Correction for absorption was basedvuiiti-scans [81]. Intensity data for
SMHDH2, CuSMHD and CuSBHD were measured at 150 KaonOxford Diffraction
Gemini CCD diffractometer employing either CuK{SMHDH2), A = 1.54184 A, or Mok
radiation (CuSMHD and CuSBHD). Again, the correet for absorption were based on
multi-scans [82]. The structures were solved byeai methods and refined (anisotropic
displacement parameters, H atoms in the riding mageroximation and a weighting
scheme of the fornw = 1/[0%(Fo?) + a&P? + bP] whereP = (Fo®> + 2F:?)/3) F? using SHELX
programs [83] through the WIinGX interface [84]. y&tal data and refinement details are
collated in Table 2. The molecular structures giow Figs 1-4 were drawn with 70%
displacement ellipsoids using ORTEP-3 for Windo®4][ The overlay diagram, Fig. 4b,
was drawn with QMol [85] and the crystal packinggtams with DIAMOND [86].
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800
801 Appendix A. Supplementary data

802  Supplementary data related to this article carobed at X.

803 The crystallographic data for the structural analygg the compounds have been deposited
804 with the Cambridge Crystallographic Data Centre, DOC No. for SBPY is 1057065,
805 SMHDH2 is 1057066, CuSMHD is 1057067 and for CuSBiEI057068. A copy of this
806 information may be obtained free of charge from Biesctor, CCDC, 12 Union Road,
807 Cambridge CB2 1EZ, UK (Tel.: +44 (0) 1223 76291dmkil: deposit@ccdc.cam.ac.uk).
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