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Highly active superoxide dismutase mimic:
pyridine carboxamide-based copper(i) complexes

Robert Didszegi,® Andrea Guidetti, (2 ° Norbert Ag,€ Ilenia Serra, (2 °9 Déra Szaloki,®
Dora Bonczidai-Kelemen,? Nora V. May, 2 F Erzsébet Fekete, (2 €

Levente Karaffa, (2 € Istvan Fabian, (2 #¢ Sabine Van Doorslaer 2 ** and

Norbert Lihi () *2€

Pyridine-based ligands functionalized with one (PyHis) or two histidine (PydiHis) moieties were syn-
thesized, and their copper(i) complexes were studied as novel antioxidant systems. The complexes were
characterized by pH-potentiometric, spectroscopic (UV-vis, circular dichroism, continuous-wave and
pulsed electron paramagnetic spectroscopy (EPR)), computational (DFT) and X-ray diffraction methods.
The complexes show high thermodynamic stability. The PyHis complex possesses a (COO™,Ngy,N7,Njy,)
donor set, while PydiHis binds copper() via a (Njm,Np,,N7,N;) donor set at physiological pH. The PyHis
and PydiHis complexes of copper(i) exhibit negligible (ICsq = 147 + 15 yM) and outstanding (ICso = 0.64 +
0.07 pyM) superoxide dismutase (SOD) activity, respectively. The noted difference is attributed to the struc-
tural flexibility of the latter complex as confirmed by pulsed EPR spectroscopy. The antioxidant activity of
the copper(i) complexes was also tested in vivo by monitoring their effects on the mycelial growth of
Aspergillus niger under oxidative stress. Both complexes were able to protect the cells under these con-
ditions; however, the copper(i) complex of PydiHis was more effective in accordance with its excellent
SOD activity. Consequently, the copper(i) complex of PydiHis stands out as an efficient, low-molecular-
weight SOD mimic combining high catalytic activity with proven biological efficacy under oxidative stress
conditions, making it a promising candidate for medical applications.

In biological systems, the primary role of antioxidant
enzymes is to control the concentration level of ROS and to

The superoxide anion radical, O,", is formed during the
partial reduction of molecular oxygen in biological systems.
The term reactive oxygen species (ROS) refers to O, and
further intermediates such as H,O, and HO'. A significant
amount of molecular oxygen is metabolized into ROS during
cellular respiration, and these intermediates act not only as
toxic molecules but also as signal species or harmless
products."?
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protect the cells against oxidative damage. Superoxide dismu-
tase enzymes (SODs) are involved in the transformation of O,™~
into molecular oxygen and hydrogen peroxide.® These metal-
loenzymes contain redox-active metal ions in the active center,
which facilitate electron transfer during the dismutation cycle
of 0,"".* Copper, iron, manganese and nickel are the redox-
active metal ions in the active center of SOD enzymes;
however, zinc(u) plays also an essential role in copper-contain-
ing SODs. The rate of SOD-catalyzed disproportionation of
0O,"” often approaches the diffusion-controlled limit. Under
physiological conditions, the SODs maintain the concentration
of O, at a low level (approximately 2 x 107*° M).” The dismu-
tation process is very efficient and the redox reaction does not
require any extra energy from the cell.® At a reduced concen-
tration level of SOD enzymes, the drastic increase in the con-
centration of ROS may lead to oxidative stress and cause DNA
damage, inflammatory diseases or the development of human
cancer.”® Furthermore, several neurodegenerative disorders
are associated with elevated ROS concentrations.’
Low-molecular-weight transition-metal complexes are
capable of assisting the decomposition of O, "; thus, they can
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be applied as potential medicines in the treatment of diseases
related to an elevated ROS level or used as antiaging
agents.'®!" Since the direct administration of SODs for such
purposes is not feasible due to their large size and limited cell
permeability, considerable efforts have been focused on devel-
oping SOD mimics to overcome some of these limitations.

Recently, we have demonstrated that copper(u) complexes
of pyridine-2,6-dicarboxamide ligands are efficient catalysts for
the degradation of superoxides.'? The best result was obtained
with the complex of the tyrosine-functionalized ligand (N,N-
pyridine-2,6-dicarbonyl-bis(i-tyrosine)). The excellent SOD
activity was determined by considering the interaction
between the superoxide anion and the hydroxyl group of tyro-
sine, which promotes the binding of the superoxide anion to
the metal center and enhances the proton transfer in the dis-
mutation cycle. Earlier studies have also shown that positively
charged substituents (cationic Mn(m) porphyrins,™ cationic
polyarginine peptides’® or transition-metal complexes with
positively charged quaternary ammonium functions'®) of the
SOD mimics facilitate the electrostatic interaction with the
superoxide anion and increase the SOD activity of the com-
plexes. An in-depth investigation of the characteristics of com-
plexes formed with more dedicated ligands is essential to
understand how the structure and composition of the ligands
modulate the catalytic activity of SOD mimics.

In this paper, we report a comprehensive study on the SOD
activity of copper(n) complexes formed with pyridine-carboxa-
mide ligands containing histidine residues (Scheme 1). In the
case of PyHis, a histidine moiety may provide a (3N,0) donor
set for binding copper(u), while PydiHis may act as a pentaden-
tate ligand with five available nitrogen atoms. The methyl ester
of the latter ligand has been previously considered as an anti-
HIV metal chelator.'® The acid-base equilibria and the
complex formation processes were fully described by the pH-
potentiometric method and further corroborated by several
spectroscopic and structural characterization methods, includ-
ing continuous-wave (CW) and pulsed electron paramagnetic
resonance (EPR) spectroscopy and X-ray diffraction (XRD). The
SOD activity of the complexes was measured in stopped-flow
experiments and by the xanthine/xanthine oxidase/NBT assay.
The antioxidant activity of the complexes was also studied
in vivo by monitoring its effect on the mycelial growth of
Aspergillus niger NRRL 2270, a robust industrial fungus.

View Article Online

Research Article

Materials and methods
Materials

Pyridine-2,6-dicarboxylic acid, thionyl chloride, and nitro blue
tetrazolium chloride (NBT) were obtained from Merck
Millipore and r-histidine was obtained from Alfa Aesar.
Methanol, dichloromethane, triethylamine, acetonitrile, and
trifluoroacetic acid were obtained from VWR and dioxane was
obtained from Reanal, while xanthine and xanthine oxidase
were purchased from Sigma-Aldrich. The Cu(u) stock solution
was prepared from CuCl,-2H,0 (VWR) using doubly deionized
and ultrafiltered water (ELGA Purelab Classic system), and its
concentration was determined gravimetrically by precipitation
with an oxinate. All reagents were of the highest available

purity.
Syntheses

The ligands were prepared using the same procedures as in
our previous work (Scheme S1).'?

L-Histidine methyl ester dihydrochloride (1). The compound
was prepared according to a method described in the
literature."”

N,N-Pyridine-2,6-dicarbonyl-bis(i-histidine methyl ester) (2).
A mixture of pyridine-2,6-dicarboxylic acid (1.74 g; 10.4 mmol)
and thionyl chloride (5.2 ml) in 20 mL of dioxane was refluxed
for 1 hour. The excess solvent was removed under reduced
pressure to give a brown oil. The obtained pyridine-2,6-dicar-
bonyl chloride was dissolved in 25 mL of dichloromethane. To
a cold (0-5 °C) mixture of 1 (4.76 g; 19.7 mmol) and triethyl-
amine (10 mL) in 150 mL of dichloromethane, pyridine-2,6-
dicarbonyl chloride in dichloromethane was added dropwise
for 2 hours and stirred at room temperature overnight. The
formed solid, triethylamine hydrochloride, was removed with
filtration, and the organic solution was washed with 8 x 30 mL
of water and dried over magnesium sulfate, and the excess
solvent was removed under reduced pressure to obtain solid 2
(1.40 g; 30% yield). "H NMR (400 MHz, DMSO-d,): 3.1 (dd, J =
8.5, 6.1 Hz, 2H, CH,), 3.2 (dd, J = 9.2, 5.6 Hz, 2H, CH,), 3.7 (s,
6H, CH3;), 4.7 (q,J = 7.8, 5.6 Hz, 2H, CH), 6.9 (s, 2H, histidine-
CH), 7.6 (s, 2H, histidine-CH), 8.2 (s, 3H, pyridine-CH), 9.5 (d,
J=7.0 Hz, 2H, NH).

N-Pyridine-2-carbonyl-L-histidine (compound 3, PyHis) and
N,N-pyridine-2,6-dicarbonyl-bis(-histidine) (compound 4,
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Scheme 1 Structural formulae of the deprotonated form of ligands.
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PydiHis). Compound 2 (1.40 g; 3.0 mmol) in 20 mL of 3 M
hydrochloric acid was refluxed for exactly 1 hour. The excess
solvent was removed by lyophilization. The crude product was
purified by preparative HPLC using water and acetonitrile each
containing 5 mM trifluoroacetic acid to obtain 3 (0.32 g; 36%
yield) and 4 (0.41 g; 31% yield).

PyHis: "H NMR (400 MHz, DMSO-d): 3.2 (dd, J = 9.4, 5.7
Hz, 1H, CH,), 3.4 (dd, J = 10.5, 4.8 Hz, 1H, CH,), 4.9 (td, J =
5.0, 4.1 Hz, 1H, CH), 7.4 (s, 1H, histidine-CH), 8.2-8.3 (m, 3H,
pyridine-CH), 9.0 (s, 1H, histidine-CH), 9.4 (d, J = 8.6 Hz, 2H,
NH). >C NMR (360 MHz, DMSO-dg): 26.5 (CH,), 51.6 (CH),
117.0 (histidine-CH), 125.5 (pyridine-CH), 127.1 (pyridine-
CH), 129.7 (histidine-C), 134.0 (histidine-CH,), 139.9 (pyri-
dine-CH), 146.5 (pyridine-C), 148.8 (pyridine-C), 163.2
(C=0), 165.0 (C=0), 171.8 (C=0). Caled for [C;13H;3N,05]"
(IM + H]"): m/z 305.0880. Found: m/z 305.0879 (Fig. $1-S3).

PydiHis: "H NMR (400 MHz, DMSO-d,): 3.4 (dd, J = 10.2, 4.9
Hz, 2H, CH,), 3.5 (dd, J = 10.1, 4.9 Hz, 2H, CH,), 4.8 (td, J =
5.0, 4.0 Hz, 2H, CH), 7.4 (s, 2H, histidine-CH), 8.2 (s, 3H, pyri-
dine-CH), 8.8 (s, 2H, histidine-CH), 9.8 (d, J = 8.4 Hz, 2H,
NH). >C NMR (360 MHz, DMSO-dg): 25.8 (CH,), 52.0 (CH),
117.0 (histidine-CH), 124.9 (pyridine-CH), 130.4 (histidine-C),
133.6 (histidine-CH,), 139.6 (pyridine-CH), 148.4 (pyridine-
C), 163.5 (C=0), 171.9 (C=0). Calcd for [C;oH,N;Oq]" (M +
H]"): m/z 442.1470. Found: mfz 442.1470. Caled for
[C1oHaiN; O (M + 2H]Y): m/z 221.5771. Found: m/z
221.5769 (Fig. S4-S6).

Equilibrium studies

The acid dissociation constants (pK,) of the ligands and the
overall stability constants (log ff,q;) of the copper() complexes
were determined by pH potentiometric titration using carbon-
ate-free KOH solution (ca. 0.2 M) as a titrant at 0.2 M (KCl)
ionic strength and 25.0 °C. The Gran method was used to
determine the carbonate contamination of the stock solu-
tions.'® To avoid the interference of the dissolved oxygen and/
or carbon dioxide, argon gas was bubbled through the
samples during the titrations. The pH values were recorded
using a computer-controlled Metrohm 785 DMP Titrino auto-
matic titrator equipped with a Metrohm 6.0234.100 combi-
nation glass electrode. The pH values were converted to hydro-
gen ion concentrations according to the method proposed by
Irving et al."® The PSEQUAD program was used to calculate the
acid dissociation constants of the ligands and the overall stabi-
lity constants of the metal complexes, fpqr = [MpLqH;)/
[M]P[L]9[H]".?° Metal ion to ligand ratios were selected between
1:2 and 1:1. The distribution curves of the metal complexes
were calculated using a designated program, MEDUSA.>'

UV-visible and circular dichroism (CD) spectroscopy

Agilent Technologies Cary 60 and 8454 spectrophotometers
were used to record the UV-visible spectra of the copper()
complexes in the 250-800 nm wavelength range. The concen-
trations of the samples were the same as in the pH potentio-
metric titrations. CD spectra were recorded with a Jasco J-810
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spectropolarimeter in the 200-800 nm wavelength range using
1 mm or 1 cm cells.

NMR spectroscopy

The pH-dependent 'H NMR spectra of the ligands were
recorded using a Bruker Avance 400 spectrometer. 11 individ-
ual samples were prepared by dissolving the ligand in H,O
(8 mM) and adjusting the pH to within the range of 1.80-8.50.
A capillary containing sodium 3-(trimethylsilyl)-1-propane sul-
fonate (TSP) in D,O was immersed in the sample as an exter-
nal standard for 'H (6rsp = 0.00 ppm). The water proton signal
was suppressed using a Watergate 3-9-19 pulse sequence with
gradients.

Electron paramagnetic resonance (EPR) spectroscopy

X-band CW-EPR spectra were recorded using a Bruker
ELEXSYS E500 spectrometer (microwave frequency: 9.4 GHz,
microwave power: 13 mW, modulation amplitude: 0.5 mT,
modulation frequency: 100 kHz) in capillaries averaging 4
scans at room temperature. All spectra were corrected with the
background spectrum of pure water. Frozen solution CW-EPR
spectra were recorded using quartz EPR tubes that were sub-
merged in liquid nitrogen at 77 K. 0.2 mL aliquots of the
samples were introduced into the quartz EPR tubes and
0.05 mL of methanol was added to prevent the crystallization
of water. Isotropic CW-EPR spectra were simulated using the
“2d_epr” software.>* Each component curve was characterized
by the isotropic EPR parameters (g,, AS" copper and a nitro-
gen hyperfine coupling constants) and relaxation parameters
a, f, and y. The linewidth is given as oy, = a + fM; + yM},
where M; denotes the magnetic quantum number of the
copper nucleus. The frozen solution EPR spectra were simu-
lated using the software created by Rockenbauer and Korecz.>?
The anisotropic spectra were analysed individually by consider-
ing the rhombic or axial g- and A-tensors (I, = 3/2). When it
was possible, nitrogen splittings were described by a¥, a;“ and
all where x, y, and z denote the components of the g-tensor.
Since natural CuCl, was used for the measurements, the
spectra were calculated as the sum of the spectra of ®*Cu and
%5Cu weighted by their natural isotope abundances.

Pulsed EPR experiments were performed using a Bruker
ELEXSYS E580 X-band spectrometer (operating at a microwave
(mw) frequency of ~9.7 GHz) equipped with a ColdEdge
cryogen-free Stinger system and the temperature was set to
5 K. In all experiments, a shot repetition time of 2.5 ms was
taken. For field-swept ESE (electron spin echo)-detected EPR
measurements, a Hahn echo sequence n/2-7-n-7-echo with
2-step phase cycling was used. A n/2(n) pulse length of 16 (32)
ns was chosen and the spectra are shown as a sum of 256 z-
values starting at 96 ns in steps of 8 ns. HYSCORE (hyperfine
sublevel correlation) spectroscopy®! was performed using the
mw pulse sequence n/2-7-1/2~t;~n~t,~n/2-1-echo with ty;) =
16(32) ns and ¢; and ¢, varied from 96 to 7280 ns in steps of 16
ns. The r-values are given in the figure captions. Mims
ENDOR™ (electron nuclear double resonance) spectra were
recorded using a mw pulse sequence n/2-7-n/2-T-n/2-7—echo
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with ¢;, = 16 ns and T = 20 ps, and a radiofrequency = pulse of
length 15 ps during time T. Davies ENDOR>® experiments were
performed using the n-T-n/2-r-n-7-echo with t;/,) = 48(96)
ns, 7 = 400 ns and T = 20 ps, and a radiofrequency = pulse of
length 15 ps during time 7. Simulations of the pulsed EPR
spectra were performed using the EasySpin software®’
implemented in MATLAB (v.6.0.0-dev.51).

Mass spectrometry

ESI-TOF-MS spectra were recorded using a Bruker maXis II
MicroTOF-Q type Qq-TOF-MS instrument (Bruker Daltonik,
Bremen, Germany) in negative mode. Electrospray ionization
was used as an ion source, and a spray voltage of 4 kV was
applied. As a drying gas, nitrogen was employed, and the
drying temperature was 200 °C. A sampling rate of 2 GHz was
used to accumulate and record the spectra. External cali-
bration was applied for the mass spectra using exact masses of
sodium formate clusters. The spectra were evaluated using
DataAnalysis 4.4 software from Bruker.

SC-XRD experiment

Blue crystals of the copper(u) PyHis complex, [Cu(PyHisH_,)
(H,0),Na(H,0),], were obtained from an aqueous solution (ca.
2 mM). In this crystallization experiment, 600 pL aliquots of
the sample were prepared by mixing aqueous CuCl, solution
and the ligand. The pH of the solution was set to 7.0 by
adding NaOH solution, and crystallization was induced by sub-
sequent slow evaporation at room temperature. Crystals suit-
able for XRD analysis weighed only a few milligrams (ca.
1-2 mg). However, 2-3 different crystals were analyzed by XRD,
which confirmed the integrity of the compound. The crystal
was mounted on a loop and transferred to the goniometer.
X-ray diffraction data were collected at 143(2) K using a Rigaku
RAXIS-RAPID 1I diffractometer with Mo-Ka radiation.
Numerical absorption correction®® was carried out using the
program CrystalClear.”® The Sir2019*° program was used to
solve the structure and the SHELX program package®' in
WinGX software®* was used for refinement of the structure,
which was done by full-matrix least squares optimization on
F°. Refinement of non-hydrogen atoms was catried out with
anisotropic temperature factors. Hydrogen atoms were placed
into geometric positions. They were included in structure
factor calculations, but they were not refined. The isotropic
displacement parameters of the hydrogen atoms were approxi-
mated from the Uleq.) value of the atom they were bonded to.
The unusual angles between the coordinated water molecules
around the Na' (09-Na1-010 102(2)° and 09-Na1-08 83.22
(9)°) caused alert levels A and B in IUCr checkcif. However, the
deviation from the 90° angle can be interpreted based on the
H-bonds formed with neighboring molecules. Selected bond
lengths and angles of compounds were calculated using
PLATON software.*® The graphical representation and the
editing of CIF files were done using Mercury>* and enCIFer*”
software. The crystal structure has been deposited as CCDC
2424617.
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Cyclic voltammetry (CV)

CV measurements were carried out using a BASI Epsilon Eclipse
potentiostat (Bioanalytical Systems Inc., West Lafayette, USA)
using a three-electrode arrangement consisting of a platinum
wire auxiliary electrode, a glassy carbon working electrode and
an Ag/AgCl/3 M KCI reference electrode (all from ALS Co.
Japan). The measurements were performed in 0.2 M KNO; at
25 °C. An aqueous solution of K;[Fe(CN)y] was used to calibrate
the system. The samples were degassed before the measure-
ments using argon. The concentration of the samples was 2 mM
and the pH was adjusted to 7.6 by the addition of KOH solution.
For the CV measurements, the voltage range was varied between

—600 and +800 mV at sweep rate of 200 mV s~ .

SOD activity measurements

To determine the SOD activity of the metal complexes, the
xanthine/xanthine oxidase/NBT assay was used.*® In this case,
0O, is generated by the xanthine/xanthine oxidase system.
The radical reacts with para-nitro blue tetrazolium chloride
(NBT) to produce diformazan and the formation of this com-
pound is followed by UV-vis spectroscopy at 560 nm (25 °C).
The addition of the SOD mimic to this system opens up a com-
petitive reaction for the consumption of O, and the pro-
duction of diformazan becomes slower. This assay was per-
formed at pH 7.6 in phosphate buffer (ca. 0.05 M) containing
NBT (4.5 x 10> M) and xanthine (2 x 10~* M). The addition of
an appropriate amount of xanthine oxidase initiated the reac-
tion, which was associated with an absorbance change of
around 0.020-0.025 min~' at 560 nm. First, the reaction was
followed in the absence of the Cu(u) complex for 4 minutes;
then, the complex was added to the same sample and the
absorbance change was monitored for another 4 minutes. The
corresponding rates were estimated by fitting each of the two
experimental datasets to a straight line. The SOD activity of the
copper(n) complex was expressed as the half maximal inhibi-
tory concentration, ICso, and converted to ky.cr using the fol-
lowing expression: kyecr = knpr[NBT]/ICs50.%”®

The decomposition of O, was also studied by the sequen-
tial stopped-flow method by monitoring the absorbance decay
at 260 nm using an Applied Photophysics SX20-MV stopped-
flow instrument as described previously at 25 °C.** The
measurements were carried out in 1:1 aqueous HEPES buffer
(50 mM, pH 7.6)/DMSO mixture, and the instrument was used
in sequential mode to circumvent artefacts due to the slow
homogenization of the reaction mixture when the reactants
dissolved in pure water and DMSO were mixed. The kinetic
traces were collected as an average of at least 5 runs. The
experimental data were evaluated using OriginPro 9.1.%°

Density functional theory (DFT) computations

Spin-unrestricted DFT computations were performed with the
ORCA 5.0 package to calculate the structures of Cu(u) complexes
formed with PyHis and PydiHis (¢f SI).*"**> To mimic the sol-
vation effect of water, the conductor-like polarizable continuum
model (CPCM) was applied. For geometry optimization of the
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Cu(u) complexes, the Becke-Perdew density functional (BP86)
was used.”*** The Ahlrichs split-valence plus polarization (SVP)
basis set was used for all atoms except copper.*® The Ahlrich
(2df,2pd) polarization functions were obtained from the
TurboMole basis set library as implemented in ORCA. For the
copper atoms, the doubly polarized triple-zeta (TZVPP)
(Ahlrichs) basis set was used. The energy was converged to 1 x
107 Hartree (Eh) and the tolerances of convergence in the geo-
metry optimization were 3 x 10”* Eh per Bohr for the gradient
and 5 x 10~° Eh for the total energy. To verify the validity of the
obtained geometry, the vibrational frequencies were computed
to check that all frequencies were real. For the single-point cal-
culations of the EPR parameters of the Cu(u) complexes,
different combinations of density functionals and basis sets
were investigated. The B3PW functional (the 3-parameter hybrid
version of PW91) was used in combination with EPR-II*” basis
functions for all light atoms and the triple polarized core pro-
perties basis set (CP(PPP)) for copper as implemented in ORCA.

In vivo studies on Aspergillus niger

Aspergillus niger NRRL 2270 (A60; ATCC 11414), a well-known
citric acid producer strain, was used to test the antioxidant
activity of the two complexes. The cultures were grown in
100 mL Erlenmeyer flasks (VWR International Kft., Debrecen,
Hungary) containing 20 mL aliquots in a rotary shaker (Infors
AG, Basel, Switzerland) operating at 190 RPM and 30° C. The
growth medium containing 10 g of p-glucose, 6 g of NaNO3,
1.5 g of KH,POy,, 0.5 g of MgS0,-7H,0, and 0.5 g of KCI per
liter was supplemented with 20 uL of trace element solution
(containing 10 g of EDTA, 4.4 g of ZnSO,-7H,0, 1.01 g of
MnCl,-4-H,0, 0.32 g of CoCl,-6H,0, 0.315 g of CuSO,4-5H,0,
0.22 g of (NH,)eM0,0,4-4H,0, 1.47 g of CaCl,-7H,0, and 1.1 g
of FeS0,-7H,0 per liter).*® The pH of the growth medium was
set at 6.8 using K,HPO, before the medium was distributed
into the flasks and sterilized in an autoclave. The trace
element solution and the glucose were supplemented into the
medium after sterilization under aseptic conditions. The com-
plete and sterile growth medium was subsequently inoculated
in a laminar box with 1.4 x 106 A. niger conidia per mL from a
freshly prepared, high-density spore suspension stored in a
0.01% Tween 20 solution. Cultures were regularly inspected
using a Zeiss Axio Imager microscope. To increase contrast
and visibility, lactophenol cotton blue (Fluca) was added to the
samples in a final concentration of 10%.

The mycelial dry cell weight (DCW) of the mycelium was
determined by measuring the mycelial mass of each flask at
the endpoint of the experiment (90 h). Biomass was collected
on a pre-weighed glass wool filter, washed with cold tap water,
and dried at 80 °C until constant weight.*®

The residual concentrations of p-glucose in the growth
media were quantified using high-performance liquid chrom-
atography (HPLC; Agilent Technologies 1260 Infinity II, United
States). The analysis employed a H" exchange column (Bio-Rad
Aminex HPX-87H+) at 55 °C, isocratic elution with 10 mM
H,SO, as a mobile phase at a flow rate of 0.5 mL min~" and
refractive index detection.>>!
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The cellular uptake of the complexes was determined by
measuring the extracellular and intracellular complex concen-
trations with HPLC, the latter after homogenization (5 min)
with a Potter-Elvehjem tissue grinder. Analysis was performed
using a KNAUER Azura HPLC equipped with an MWD 2.1L
detector. Separation on a Phenomenex Luna C18(2) (5 pm, 250
x 4.6 mm) column was performed using H,O + 0.1% trifluoroa-
cetic acid and acetonitrile as a mobile phase at a flow rate of
1 mL min™' and UV detection at 230, 254 and 267 nm,
respectively.

The experiments performed under oxidative stress con-
ditions utilized twelve 100 mL Erlenmeyer flasks (each contain-
ing 20 mL aliquots), arranged in four groups (A-D), each with
three replicates. After inoculation, fungal conidiospores were
allowed to germinate for 7 hours; selected cultures were then
incubated with one of the complexes for the next 31 hours. To
induce oxidative stress, tert-butyl hydroperoxide (tBHP) was
added to the cultures at 38 h in 4.56 mM - a concentration
that was preliminarily found sufficient to fully induce oxidative
stress and reduce cell viability.”> The treated groups were as
follows: A: control (unstressed conditions), B: cells treated with
4.56 mM ¢BHP at 38 hours, C: cells pre-incubated with the
copper(u) complex of PyHis (100 pM) and treated with
4.56 mM (BHP at 38 hours, and D: cells pre-incubated with the
copper(n) complex of PydiHis (100 pM) and treated with
4.56 mM ¢BHP at 38 hours.

Aliquots from these samples (0.4 mL) were collected at 0, 6,
18, 31, 42, 54, 66, 78, and 90 hours and the corresponding
glucose concentrations were determined by HPLC. The entire
experiment was repeated using five-fold higher concentrations
of copper complexes, i.e., 500 pM Cu(u)/PyHis and 500 uM Cu
(m)/PydiHis complexes.

Results and discussion
Synthesis

Recently, we have reported the synthetic route to prepare pyri-
dine-2,6-carboxamide-based ligands.'”> Briefly, pyridine-2,6-
dicarboxylate was chlorinated in the presence of thionyl chlor-
ide to produce N,N-pyridine-2,6-dicarbonyl chloride almost
quantitatively. After removing the excess of thionyl chloride,
t-histidine methyl ester dihydrochloride was added to form a
carboxamide bond. Hydrolysis of the methyl esters was per-
formed under acidic conditions (Scheme S1). The corres-
ponding 'H and *C NMR and MS spectra are provided in the
SI (Fig. S1-S6). The copper(u) complexes of the ligands were
prepared by mixing equimolar amounts of the ligand and
copper(u) chloride solution in water at pH 10.2. The formation
of the complexes was confirmed by ESI-MS measurements
(Fig. S7 and S8).

Complex formation reactions

The determination of the acid dissociation constants (pK,) of
the ligands is detailed in the SI. The overall stability constants,
log fpqr, of the Cu(u) complexes were determined by pH-poten-
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tiometric titrations and the equilibrium model was corrobo-
rated by pH-dependent UV-vis, CD and CW-EPR spectroscopy
measurements (Table 1, Tables S2 and S3). In the case of the
copper()-PyHis system, the experimental data can be fitted
well by considering the formation of [Cu(PyHis)],
[Cu(PyHisH_;)(H,0)]” and [Cu(PyHis),]>~ complexes. The con-
centration distribution in the Cu(u)-PyHis system at a
1:1 metal ion to ligand ratio is shown in Fig. 1a.

PyHis shows high affinity to bind copper(n) and the
complex formation starts under acidic conditions. At pH = 2.0,
the dominant species is [Cu(PyHis)] and only 20% of the total
amount of Cu(u) is present as Cu®>". The UV-vis and CW-EPR
spectra confirm that the complex formation process is almost
complete at pH 3.0. Based on the anisotropic g and Cu(u)
hyperfine parameters (Table S2), the ligand field is estimated
to be relatively weak around the copper(u) center.

Presumably, the pyridine moiety and the adjacent carboxy-
late group form a 5-membered chelate ring with the metal ion
including a (N,0) donor set, and the coordination of the imid-
azole-N leads to the formation of a macrochelate in this
complex. The EPR parameters are consistent with the proposed
binding mode, and the calculated g,/A, value indicates the d,._y.
ground state of copper(u) with a square planar or square pyrami-
dal coordination environment (Table 1).>** This implies that at
least one water molecule is also present in the primary coordi-
nation sphere. Upon increasing the pH, an additional base con-
sumption process leads to the formation of a [Cu(PyHisH_,)
(H,0)]” complex, which is accompanied by characteristic
changes in the CD, UV-vis, and CW-EPR spectra (Fig. 2 and S12-
S14). The individual spectral components contributing to the
CW-EPR spectra are shown in Fig. 3a and S15a.

The noted spectral changes can be explained by the copper
(un)-induced ionization and coordination of carboxamide-N. In
this complex, copper(u) is accommodated by the (O,3N) donor
set, yielding a (5,5,6)-membered joined chelate system. An

View Article Online
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intense band in the UV-vis spectra at 602 nm is consistent
with the binding of three nitrogen atoms and the intense posi-
tive Cotton effect at 544 nm together with the negative Cotton
effect at 651 nm confirm the coordination of a carboxamide
group. The EPR spectra show nitrogen superhyperfine patterns
both at room temperature and in frozen solution, allowing an
initial estimation of the hyperfine coupling constants between
the unpaired electron and the **N nuclei of the nitrogen atoms
directly coordinated to copper(u) (Table S2). However, since
the N hyperfine couplings were not clearly resolved in all
spectra, pulsed EPR measurements were also performed to
determine the N hyperfine couplings (vide infra). Frozen
solution CW-EPR spectra can be fitted well by considering the
coordination of two equivalent and one non-equivalent nitro-
gen atoms in the equatorial plane of copper(u) and further
support the (Npy,N™,Ny,) coordination mode. It is noteworthy
that the calculated isotropic values, gy caic, based on the princi-
pal components of the g-tensors (gy, g, and g) are in excellent
agreement with those obtained for the solution spectra. This
confirms the existence of the same species both in frozen solu-
tion and at room temperature. The [Cu(PyHisH_,)(H,O)]”
complex dominates at physiological pH and the formation of
mixed hydroxo complexes could not be detected even at high
pH. The results of the ESI-TOF-MS measurements confirm the
formation of the postulated species. In negative ion mode, the
[Cu(PyHisH_,)(H,0)]” complex is the main ion detected as
confirmed by the excellent agreement between the experi-
mental and calculated m/z values (363.9858 vs. 363.9863) of
the corresponding peak (Fig. S7). Structural and spectroscopic
features of the [Cu(PyHis),]>~ complex are presented in the SI.
Slow evaporation of an aqueous solution of Cu(u)-PyHis
system at a 1:1 metal ion to ligand ratio and pH 7.0 yields
blue crystals of the [Cu(PyHisH_;)(H,O)]™ complex that is suit-
able for X-ray diffraction measurement. The complex crystal-
lizes in the orthorhombic crystal system in the P2,2,2; chiral

Table 1 Overall stability constants (log fiyq,)* and selected spectroscopic parameters of the copper(i) complexes formed in the Cu(i)—-PyHis and Cu

()—PydiHis systems

UV-vis spectroscopy

EPR spectroscopy”

CD spectroscopy

10g Bpqr Amaxl€ € MAe€ 2 A, (x107* em™) /A,

Cu(u)-PyHis

[CuL] 11.67 + 0.04 618/28 543.5 (+)/0.43 2.363 151.1 156.4
651 (-)/0.17

[CuLH_,]~ 9.54 +0.04 602/135 543.5 (+)/0.54 2.219 171.8 129.2
651 (—)/0.13

[CuL,]>~ 20.17 + 0.08 602/123 543.5 (+)/0.55 2.014 122.0 165.1
651 (—)/0.13

Cu(u)-PydiHis

[CuLH]" 14.53 + 0.06 630/58 557 (+)/0.68 2.361 147.2 160.4
684 (-)/0.05

[CuL] 10.0 £ 0.2 624/106 562 (+)/0.28 2.225 174.1 127.8
684 (-)/0.07

[CuLH_4]” 6.09 +0.08 625/98 688 (+)/0.17 2.229 184.6 120.7

[CuLH_,]*~ —2.6+0.2 638/189 738 (+)/1.88 2.213 153.5 144.2
624 (—)/0.84

@J=0.2 M KCI, T = 25 °C. ” The full set of isotropic and anisotropic EPR parameters is given in Table S2. 1 in nm, ¢ or Ae in M~* ecm™.
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Fig. 1 Distribution of the complexes formed in the Cu(i)—PyHis (a) and Cu(i)-PydiHis (b) systems at a 1:1 metal ion to ligand ratio and the Amax
value of the d—d band (m) obtained by UV-vis spectroscopy as a function of pH. ccyg) = 1.81 mM, Cpynis = 1.90 mM and Cpyginis = 1.90 mM.
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Fig. 2 CD spectra of the Cu(i): PyHis (a) and PydiHis (b) systems at a 1:1 metal ion to ligand concentration ratio as a function of pH. ccuay =

0.95 mM.

space group containing a Na" counter ion and six coordinated
water molecules. The ORTEP representation of the compound
is shown in Fig. 4, and the unit cell is provided in Fig. S17
along with the crystal data collected in Table S4. Selected bond
lengths and angles are presented in Table S5. The PyHis
ligand coordinates to the copper(u) ion via the oxygen atom of
the carboxylate group, pyridine-N, carboxamide-N and imid-
azole-N possessing a (5,5,6)-membered joined chelate system
in the equatorial plane of copper(u). The axial positions are
accommodated by two solvent water molecules to form an
elongated octahedral geometry. The non-coordinating carboxy-
late group of the ligand is deprotonated, thus the complex
exhibits —1 net charge, which is neutralized by a Na' ion.
These results corroborate the proposed structure of the
[Cu(PyHisH_;)(H,0)]” complex in the solution phase.

The Na' ion possesses a rare but precedented square-pyra-
midal geometry where the oxygen atom of the carboxylate

8696 | /norg. Chem. Front.,, 2025, 12, 8690-8705

group binds in the apical position and four water molecules
are in the equatorial plane.’”

In the direction of the sixth coordination site (apical
position), a pyridine ring of a neighbouring complex is
located, which prevents the binding of the sixth water mole-
cule. The water molecules coordinated to the Na" ion are not
arranged at a regular 90° angle. This is due to the H-bond
interactions between the neighbouring complexes. Fig. S18
and S19 show the selected intra- and the main intermolecular
H-bond connections in the crystal. Details of the main second-
ary interactions are presented in Table S6. Fig. S20 shows the
packing arrangement viewed from the three crystallographic
directions.

In the case of the copper(u)-PydiHis system, the CW-EPR,
CD and UV-vis data can be fitted well by considering the for-
mation of four copper(u) complexes. The overall stability con-
stants and selected spectroscopic parameters are presented in

This journal is © the Partner Organisations 2025
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Fig. 3 Calculated component EPR spectra obtained for the Cu(i)—PyHis (a) and Cu(i)—PydiHis (b) complexes based on evaluation of the pH-depen-
dent CW-EPR spectra of the frozen solution (see the Sl for simulation of the experimental spectra).

Fig. 4 ORTEP representation of [Cu(PyHisH_;)(H,O),Na(H,O0)4] crystals
with atom numbering. Displacement parameters are drawn at the 50%
probability level.

Table 1 and the corresponding distribution curves of the com-
plexes are shown in Fig. 1b.

In the case of PydiHis, the complex formation reaction
starts only in the slightly acidic pH range with the formation
of a [Cu(H(PydiHis))]" complex. This reaction is accompanied
by remarkable changes in the UV-vis spectra (Fig. S21). A sig-
nificant shift compared to the absorption maxima of the [Cu
(aqua)]** complex (Amax = 800 nm) indicates the binding of
nitrogen atoms. According to CD (Fig. 2b) and CW-EPR
(Fig. 3b, Table S2) spectroscopy, the ligand field around the
copper(u) center is weak, thus we expect the binding of the
nitrogen atom of pyridine and macrochelation via the imid-
azole-N of a histidine moiety. This binding mode is further
confirmed by the EPR parameters. The anisotropic spin-
Hamiltonian parameters of [Cu(H(PydiHis))|" are similar to

This journal is © the Partner Organisations 2025

those obtained for the [Cu(PyHis)] complex in which copper(u)
is coordinated via the imidazole-N of histidine and the nitro-
gen atom of the pyridine residue.

Upon increasing the pH, the binding of the imidazole-N of
the second histidine yields the [Cu(PydiHis)] complex, which is
present only in a relatively small concentration (Fig. 1b). The
binding mode of the ligand is confirmed by the spin
Hamiltonian parameters obtained by EPR spectroscopy
(Table S2). The [Cu(PydiHis)] complex is suppressed by the for-
mation of [Cu(PydiHisH_,)(H,O)]”, which is the dominant
species in the physiological pH range. The CD, UV and
CW-EPR spectra exhibit significant changes, confirming the
copper(u)-induced ionization and binding of a carboxamide
nitrogen (Fig. S15b, S22 and S23). Thus, the coordination
sphere of copper(u) is most probably occupied by four N atoms
that belong to the pyridine, one carboxamide moiety and two
imidazole moieties. ESI-TOF-MS measurement corroborates
the formation of this species (Fig. S8). The detected main ion
is the [Cu(PydiHisH_,)]” complex and the measured m/z values
are in excellent agreement with the calculated values (501.0449
vs. 501.0453).

A further base consumption process leads to the formation
of a [Cu(PydiHisH_,)]>~ complex. Although the UV-vis spectra
do not exhibit significant changes in this pH range, the
CW-EPR spectra clearly show the formation of the new species.
In this complex, the second carboxamide-N presumably also
coordinates to copper(u), leading to the formation of a (5N) co-
ordinated species. The strong increase of g, compared to g,
and the change of the copper hyperfine coupling point to a
strong admixture of d,. in the ground state, indicating a sig-
nificant deviation from a square pyramidal to a distorted trigo-
nal bipyramidal structure.>® A previous study of distorted 5-co-
ordinated Cu(un) complexes of pyridine-2,6-dicarboxamide
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ligands revealed a linear relationship between the copper A,
value and some structural parameters, including basal angles
and the degree of distortion between square pyramidal and tri-
gonal bipyramidal geometries (z parameter).”” By implement-
ing this result, [Cu(PydiHisH_,)]*~ is predicted to exhibit basal
angles 135° and 160° for Np,~Cu-Nyjs and Nearboxamide=CU-
Nearboxamide, respectively, which considerably deviate from the
180° expected in a pure square pyramidal structure. This was
further confirmed by pulsed EPR spectroscopy (vide infra).
This complex is prevalent in the alkaline pH range and the
compact coordination mode of the ligand prevents the hydro-
lysis of the copper(u) center.

Superoxide dismutase activity

Since the dismutation of the superoxide anion proceeds via
the redox cycle between the Cu(r) and Cu(u) oxidation states,
cyclic voltammetry was used to determine the Cu(u/1) redox
couple. The corresponding cyclic voltammograms are shown
in Fig. S24. The redox potentials at pH 7.6 are 0.15 V (vs. NHE)
for [Cu(PyHisH_,)(H,O)]” and 0.27 V (vs. NHE) for
[Cu(PydiHisH_,)(H,0)]”, respectively. These potentials fall
within the optimal potential range where the two SOD half
reactions occur,’® thus the complexes are thermodynamically
capable of catalyzing the decomposition of the superoxide
anion. The catalytic activity of the complexes in the dismuta-
tion of the superoxide ion was studied by using the xanthine/
xanthine oxidase/NBT assay. The corresponding inhibition
curves are shown in Fig. S25 and the estimated ICs, values,
together with the calculated kyecr and k... values, (vide infra)
are presented in Table 2.

At physiological pH, copper(un) exists exclusively in the
form of a [Cu(PyHisH_,)(H,O)]” complex; therefore, the cata-
lytic activity is attributed to this species. In the case of the
copper(u)-PydiHis system, most of the copper(u) is present as
[Cu(PydiHisH_;)(H,0)]"; however, a minor fraction (approxi-
mately 8%) exists as [Cu(PydiHisH_,)]>~, which may also con-
tribute to the observed SOD activity. Table 2 clearly shows that
the copper(u) complexes of PydiHis possess high SOD activity,
and the ICs, value of this species is two orders of magnitude
smaller than that of the PyHis complex. Moreover, the results
confirm that the rate constant of the catalytic dismutation of
the superoxide anion by the [Cu(PyHisH_,)(H,O)]” complex

Table 2 ICso values and the kinetic parameters for the superoxide
anion dismutation at pH = 7.60. The structures of PydiAla and PydiTyr
are shown in Scheme S2

Fntecr/10° keat/10°
System ICs0 (UM) M 1ts™ M s
Cu(u)-PyHis 147 + 15 0.0182 <0.35
Cu(u)-PydiHis 0.64 + 0.07 4.2 80 + 10
Cu(n)-PydiAla'? 0.35 7.6 n.d.
Cu(n)-PydiTyr"? 0.028 96.2 n.d.
Cu(HPO,)*° 0.25 n.d. n.d.

n.d.: not determined. * knrecr = knpr|NBT]/ICs0. b Obtained by stopped-
flow experiments.
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(kmccr) is one order of magnitude smaller than the rate con-
stant of the self-dismutation (kq = 8.6 x 10° M~' s71).”®

The xanthine/xanthine oxidase assay is based on competi-
tive kinetics, and the superoxide anion is always present at a
low steady-state concentration level. This implies that only
indirect information can be obtained on the SOD activity of
the compounds tested, provided that fundamental precondi-
tions are satisfied. Recently, we have demonstrated that dedi-
cated sequential stopped-flow experiments offer insight into
the dismutation process under real catalytic conditions.*® In
this study, we performed such experiments by monitoring the
decay of the absorbance at 260 nm, which is close to the
absorption maximum of the superoxide anion. The corres-
ponding kinetic traces recorded in the copper(u)-PydiHis and
copper(un)-PyHis systems at pH 7.6 are shown in Fig. 5 and
Fig. S26, respectively. First, the kinetic traces for the spon-
taneous dismutation of O, were recorded. The rate expression
for the decay of O, is given in eqn (1):

d[0,7]

x —ka[0,7]" = Ky [0, 7] (1)

where k4 is the second-order rate constant for the spontaneous
dismutation and k; is the first-order catalytic superoxide decay
due to unavoidable impurities in the reactants.’® Fitting the
kinetic traces to the corresponding integrated rate expression
(eqn (2)) yields kq = (2.9 + 0.1) x 10* M~ s™" and k; = 60 = 1
s~'. Previously, an order of magnitude higher value was
reported for kq on the basis of pulse radiolytic experiments in
water.”® Considering that our experiments were performed in a
1:1 aqueous HEPES buffer (50 mM, pH 7.6)/DMSO mixture,
the noted difference is attributed to the differences in the

applied reaction media.

Aoeiklt
At =

o +C 2)

(k—1>A0(1 —eht) +1

The kinetic traces shown in Fig. 5 are slightly distorted
first-order kinetic curves that can be interpreted by consider-
ing the relatively slow spontaneous decomposition and the
catalytic dismutation of O,”. In addition, the noted effect of
the impurities also needs to be considered. It is reasonable to
assume that the redox cycling in the dismutation process
involves the Cu(r) form in the steady state, thus the reaction is
first order in both the Cu(u) form and the superoxide ion.
Since the concentration of Cu(u) is practically constant during
the overall reaction, the kinetic traces were fitted to the inte-
grated form of the corresponding rate expression (¢f. eqn (3)
and (4)):

d[0,7]
de

= —ka[05 7> = ki[O, 7] (3)

Aoe*kc'atf

(]f*d)Ao(l —eKat) 41

cat

A= +C (4)
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Fig. 5 Top: experimental (markers) and fitted (continuous lines) kinetic
traces for the decomposition of the superoxide anion recorded at
260 nm in the absence (black) and presence of the copper(i)—PydiHis
complex at pH 7.6 in a 1:1 aqueous HEPES buffer (50 mM, pH 7.6)/
DMSO mixture. The traces were corrected with the absorbance of the
complex for better comparison. The concentration of the catalyst is
given in the figure. Experimental data were fitted with eqn (4). Bottom:
the dependence of k¢ax on the concentration of the copper(i)—PydiHis
complex. c(0,7)° = 469 uM, A = 260 nm, T = 25°C, and [ = 0.2 cm.

where A, and 4, are the initial and the time-dependent absor-
bance, respectively. Under the applied conditions, the only
absorbing species is O, and the absorbance can be readily con-
verted into the concentration of this species by using the corres-
ponding molar absorptivity, £,60 nm = 2686 M™* em™. In accord-
ance with the above considerations, ke, is given in eqn (5):

ktat = k1 + kcat[complex] (5)

The plot of k¢, as a function of the concentration of [Cu(u)]
is shown in Fig. 5. The result obtained for k; is in excellent
agreement with the value obtained on the basis of the spon-
taneous decomposition of O, (¢f. eqn (3)).

This journal is © the Partner Organisations 2025
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According to the kinetic experiments, the catalyst is not
involved in further degradation processes during the dismuta-
tion cycle. This conclusion was corroborated by independent
HPLC experiments that did not indicate the formation of a
side product (Fig. S27). The second-order rate constants of the
copper-catalyzed dismutation of superoxide anion, k.., are
presented in Table 2.

To identify the catalytically active species in the copper(u)-
PydiHis system at pH 7.6, the dismutation process was also
studied at pH 9.1 (Fig. S28), where [Cu(PydiHisH_,)]*” is the
dominant species. The lack of any catalytic effect under such
conditions clearly demonstrates that this complex is not able
to assist the decomposition of the superoxide anion.
Therefore, the observed SOD activity at pH 7.6 is attributed to
the [Cu(PydiHisH_,)(H,O)]” complex.

Both the xanthine/xanthine oxidase/NBT assay and the
stopped-flow experiments confirm that the [Cu(PydiHisH_,)
(H,0)]” complex shows high SOD activity. In contrast, no
detectable catalytic contribution from the [Cu(PyHisH_,)
(H,0)]” complex was observed in the stopped-flow experiments
(¢f Fig. S26). The xanthine/xanthine oxidase/NBT assay indi-
cated that the latter complex slightly catalyzes the decompo-
sition of the superoxide anion, but this effect can exclusively
be observed under the specific experimental conditions of the
assay.’® In this case, due to the low steady-state concentration
of the superoxide anion, the second-order spontaneous
decomposition becomes negligible, and only the slow
complex-catalyzed process is operative.

It needs to be added that there are serious concerns regard-
ing the wuniversal applicability of the xanthine/xanthine
oxidase/NBT assay for testing SOD activity and the reliability of
the quantitative parameters (ICs, and ky.cr) obtained by this
method.**°* In this assay, O,"~ is generated in the xanthine/
xanthine oxidase reaction and the progress of the process can
be monitored by the formation of uric acid, which is a by-
product in this system. Independent experiments in the absence
of NBT confirmed that the formation of uric acid; therefore the
formation of the superoxide anion, is also inhibited by the [Cu
(PyHisH_;)(H,O)]” complex in the xanthine/xanthine oxidase
reaction (Fig. $29). Consequently, this effect falsifies the results
obtained on SOD activity because the results correspond to the
combined effects of two inhibitory reactions. Since the inhi-
bition of the xanthine/xanthine oxidase reaction becomes pro-
nounced at relatively high complex concentrations, it is reason-
able to assume that it has a marginal effect on the determi-
nation of ICs, in the case of highly efficient SOD mimics. The
stopped-flow method eliminates this problem and k., offers a
firm basis to establish bias-free SOD activities.

Pulsed EPR and DFT

To gain deeper insights into the differences of the SOD activity
of the copper(u) complexes formed at physiological pH, pulsed
EPR studies with corroborating DFT computations were
carried out. This allowed us to study the structure and intimate
spectroscopic features of these species. These studies were
completed with the characterization of the copper(u) complex
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formed at high pH, [Cu(PydiHisH_,)]’", to gain insight into
the unusual coordination geometry around the copper(u)
center.

The geometry and coordination sphere of [Cu(PyHisH_,)
(H,0)]” are well established by SC-XRD experiments. This
species is dominant in the solution phase at pH 7.0, thus the
pulsed EPR results obtained in this system under neutral con-
ditions are used as a benchmark for the data recorded in the
Cu(u)-PydiHis system at pH 7.0 and 12.0 for which no SC-XRD
data are available.

Although the crystal structure of the copper(u) complex of
PyHis showed the presence of two coordinated water mole-
cules in axial positions, DFT calculations revealed a pentacoor-
dinate Cu(u) complex with a square pyramidal structure in
which the second water molecule was no longer bound to the
copper ion. This indicates that the binding of the second water
molecule may be induced in the crystal by the packing of the
molecule and does not occur in solution (see Fig. S30 for an
example of the structure, Tables S7-S9). Although the DFT
computations of the EPR parameters of open-shell transition-
metal complexes are notoriously difficult and not quantitat-
ively correct at the level of theory used here, they reflect signifi-
cant trends that can be used to interpret the experimental EPR
spectra of the complex in solution. The DFT computations
confirm that the largest g value (g;) and the largest copper
hyperfine value (in absolute values, 4,) lie approximately along
the Cu-Oyater axis. In the following discussion, we will refer to
the equatorial plane as the plane perpendicular to this axis (g,

g Plane).
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The "N HYSCORE spectrum of a frozen solution of Cu(m)-
PyHis at pH 7.0 reveals the well-known spectral features of the
remote N, nucleus of the imidazole ring of a His bound to Cu
() with the Cu-N bond more or less lying in the equatorial
plane (Fig. 6a and Fig. S31, Table $10).%*"°® The DFT compu-
tations of [Cu(PyHisH_,)(H,0)] (H,O) confirm this assignment
(Table S9). When a similar HYSCORE experiment is set up for
a frozen solution of Cu(u)-PydiHis at pH 7.0, similar patterns
are observed, but the simulations reveal that all features can
be reproduced only when the contributions of two HisN,
nuclei are assumed (Fig. 6b and Fig. S32, Table S11). This is
clear evidence that the dominant Cu(u)-PydiHis complex at pH
7.0 involves the binding of both His residues.

Davies ENDOR offers an excellent tool to determine the
coupling of the unpaired electron with protons and with the
copper-bound '*N. Comparison of the Davies ENDOR spectra
of Cu(u)-PyHis and Cu(u)-PydiHis at pH 7.0 at a comparable
observer position reveals the overall similarities, suggesting
that both complexes have an at least partly similar copper lig-
ation pattern (Fig. 6¢). In both cases, broad features (marked
in orange in Fig. 6¢) are observed at frequencies higher than
the proton Larmor frequency, vy, which confirms strong
hyperfine coupling of **N nuclei (~30-55 MHz). In the case of
Cu(u)-PydiHis, the relative intensities of the N features versus
the "H peaks are considerably larger than in the case of Cu(u)-
PyHis. This is in line with the expected increased number of
N-ligands in the former complex. An ENDOR study of Cu(u)-
doped r-histidine deuterochloride monodeuterohydrate single
crystals found that the copper-bound HisNg nuclei have hyper-

(c) Vi

5 10 15 20 25 30

venoor (MHz)

Fig. 6 (Left) Experimental (black) and simulated (magenta) **N HYSCORE spectra of a frozen solution of (a) Cu(i)—PyHis and (b) Cu(i)—PydiHis at pH
7.0 at observer positions of 337.7 mT and 339.4 mT, respectively. The experimental z-value is 120 ns. Spectrum (a) was simulated considering the
contribution of one N nucleus and spectrum (b) was obtained considering two *N nuclei (see Tables S10 and S11). (Right, c) Comparison of the
Davies ENDOR spectra of a frozen solution of (top) Cu(i)—PyHis and (bottom) Cu(i)—PydiHis at pH 7.0 at observer positions of 337.7 mT and

339.4 mT, respectively.
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fine values ranging from 27 to 40 MHz, which correspond to
ENDOR signals centered at around 13.5-20 MHz (half the hyper-
fine value).®” The largest ENDOR signal increase is observed in
the 13-25 MHz region (Fig. 6¢), matching the contribution of an
extra HisNs. Moreover, the DFT model of Cu(u)-PyHis predicts
similar values for the HisNs, with the amide and pyridine "N
nuclei having larger couplings (Table S10). Indeed, both ENDOR
spectra in Fig. 6¢ show features until ~30 MHz. Furthermore,
the "N ENDOR peaks of Cu(u)-PydiHis are down-shifted as a
whole compared to those of Cu(u)-PyHis (see the orange arrow,
Fig. 6¢), indicating an overall reduction of the spin density on
the directly ligated **N.

In both the ENDOR spectra depicted in Fig. 6¢, two distinct
peaks can be observed below the proton Larmor frequency (indi-
cated in blue). These features may be due to either 'H or "N
hyperfine interactions. In order to distinguish between these
two options, the Mims ENDOR spectra of Cu(u)-PyHis at pH 7.0
were examined (Fig. $33). While Mims ENDOR favors the contri-
butions of the weakly coupled protons, it significantly sup-
presses the contributions of the strongly coupled '*N nuclei.
Furthermore, D,O exchange experiments reveal that this coup-
ling stems from a non-exchangeable proton (Fig. S33). The fea-
tures can be satisfyingly simulated at different field positions
(Fig. S33), assuming a proton with principal hyperfine values
[9.0 13.5 9.0] MHz, similar to the values reported for the proton
on the a-carbon of His in Cu(u)-His complexes.®® This also
matches qualitatively the DFT results, which predict this proton
to be the only one with a large isotropic hyperfine value
(Table S10). In the case of Cu(u)-PydiHis at pH 7.0, this
'H hyperfine coupling decreases somewhat (Fig. S34 and
Table S11), in line with the overall decrease observed in the
N hyperfine values and related spin density.

The above results show that the [Cu(PydiHisH_,)(H,O)]”
complex involves the binding of two His residues, and that the
binding of the amide nitrogen to copper is retained (obser-
vation of the proton at the a-carbon of His). To probe whether
axial binding of water to copper occurs, Davies ENDOR experi-
ments were performed in H,0 and D,O (Fig. S34, right). The
subtraction of the spectra reveals the 'H ENDOR features of
the exchangeable protons. These can be simulated with
'H hyperfine values (Table S11) in line with the ones predicted
by DFT for the [Cu(PyHisH_,)(H,O)] (H,O) model (Table S9)
and with slightly lower hyperfine anisotropy than those found
experimentally for the axial water molecules in [Cu(H,0)¢]*".
This indicates a slightly longer Cu-O bond than for the copper
hexaaqua complex.®’

Detailed pulsed EPR spectroscopic studies on the
[Cu (PydiHisH_,)]>~ complex are provided in the SI. These
results show that the deprotonation and binding of the second
amide nitrogen in PydiHis cause a strong change in the elec-
tronic and geometric structure of the complex, with the imid-
azole residues exhibiting considerable flexibility. This confor-
mational flexibility with a concomitant change of the elec-
tronic structure may also occur upon superoxide binding and
influence the superoxide dismutase activity. For [Cu(PyHisH_,)
(H,O), the rigid (5,5,6)-membered joined chelate system is

This journal is © the Partner Organisations 2025
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less favorable to accommodate the copper(1) oxidation state
during the dismutation process. Our earlier studies confirmed
that a slight distortion in the coordination geometry of copper
(1) favors such a one-electron reduction process.'” This distor-
tion and conformational flexibility are operative for the
[Cu(PydiHisH_,)(H,O)]” complex. As a result, the binding of
the superoxide anion is more favorable for this species, and its
distorted structure does not require significant conformational
rearrangement during the dismutation process.

In vivo studies

Effect of the copper complexes on fungal growth. To study
the antioxidant features of the copper complexes, Aspergillus
niger was selected as a biological model because it provides a
sensitive and well-characterized system to evaluate antioxidant
activity. A. niger is an obligate aerobe with intense oxygen
metabolism and has been shown to generate reactive oxygen
species (ROS) under stress conditions, making it a suitable

Cu(ll)-PydiHis
Cu(ll)-PyHis

C(:omplex (HM)

0 ] T T T T T T
0 10 20 30 40 50 60 70

Time (hour)

Cu(ll)-PydiHis
Cu(ll)-PyHis

C(:omplr-zx (“M)

0 | T T T T T T T T T T T T T
0 10 20 30 40 50 60 70

Time (hour)

Fig. 7 Kinetic profile of the extracellular (top) and intracellular (bottom)
concentrations of the complexes.
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organism to monitor oxidative damage and antioxidant
protection.”®7?

Preliminary tests whereby A. niger NRRL 2270 cells were
exposed to the copper complexes (100 puM) confirmed the
absence of intrinsic cytotoxic effects. DCW data implied that
the complexes do not inhibit fungal growth relative to the
control even after an extended cultivation period (Fig. S41).

Extra- and intracellular complex concentrations. In the first
30 hours of cultivation, the kinetics of the extra- and intracellu-
lar concentrations showed a mirror image pattern: while the
former values decreased to some 30% (PydiHis) and 25%
(PyHis) of the initial values, the latter ones counteracted this
by similar increases (Fig. 7). The small, (undetermined) gap
in the mass balance of the complexes might be attributed to
cell-wall binding, commonly occurring for all sorts of soluble
substances in the presence of fungal mycelia. Hence, the
majority of the added complexes accumulate intracellularly
in the rapid growth phase of the cultivation, followed by
secretion back to the growth media. While we cannot explain
this latter phenomenon, we note that degradation of fungal
cells is becoming visible by this time of the cultivation, likely
due to the depletion of glucose - the sole carbon source -
from the growth medium. Secretion of the previously accu-
mulated complexes may well be associated with this
observation.

Protective effect of the complexes against tert-butyl hydro-
peroxide (tBHP)-induced oxidative stress. tert-Butyl hydroper-
oxide (tBHP) is a well-established inducer of oxidative stress
and has been reported to generate multiple ROS species,
including superoxide. Studies have shown that tBHP treatment
leads to superoxide accumulation.””””> As expected, tBHP sig-
nificantly inhibited fungal growth, indicated by diminished
glucose uptake and biomass formation (Fig. 8, S42, Tables S16
and S17). However, the presence of complexes significantly
enhanced the glucose uptake of mycelia under tBHP-induced
oxidative stress conditions (C-D) relative to cultures treated
with ¢(BHP only (B). Hence, the two complexes appear to have
an ability to protect (glucose-fuelled) cellular metabolism
under oxidative stress.

Of the two complexes, Cu-PydiHis was more effective in
terms of mitigating the adverse effect of tBHP. As a conse-
quence of increased glucose intake, fungal biomass for-
mation increased as well. Interestingly, Cu-PydiHis not only
mitigated the adverse effect of tBHP, but stimulated growth
beyond control levels. We cannot explain this phenomenon
at the moment but note that the extra biomass far exceeds
the carbon content of the complex taken up by the cells.
Hence, the complexes appear to increase the specific
biomass yield (= unit biomass per unit substrate) of A. niger
on p-glucose.

Conclusions

In this paper, two novel histidine-functionalized pyridine-
based ligands, PyHis and PydiHis, were synthesized and their
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—
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Fig. 8 Fungal biomass (DCW) values (g L™ at 90 h with standard devi-
ations. The treatment groups were as follows: A: control (unstressed
conditions), B: cells treated with 4.56 mM tBHP at 38 hours, C: cells pre-
incubated with the copper(n) complex of PyHis and treated with
4.56 mM tBHP at 38 hours, D: cells pre-incubated with the copper(i)
complex of PydiHis and treated with 4.56 mM tBHP at 38 hours. Orange:
100 pM complex concentration and green: 500 puM complex
concentration.

copper(u) complexes were evaluated as superoxide dismutase
(SOD) mimics. The structural, thermodynamic, and spectro-
scopic properties of these complexes were thoroughly
characterized.

Although both complexes are thermodynamically capable
of decomposing the superoxide anion, only the [Cu
(PydiHisH_;)(H,O)]” complex exhibits significant catalytic
efficiency in this process. The superior catalytic activity is
attributed to conformational flexibility and favorable coordi-
nation geometry, which facilitates superoxide binding and
redox cycling. Pulsed EPR and DFT studies corroborate this
conclusion.

The xanthine and xanthine oxidase assay (McCord-
Fridovich test) and the stopped-flow experiments provide
somewhat contradictory results on the SOD activity of the [Cu
(PyHisH_,)(H,O)]” complex. It was confirmed that the complex
inhibits the formation of O, in the xanthine/xanthine
oxidase reaction, thus falsifying the results obtained by using
the assay. Consequently, the McCord-Fridovich assay has
limited applicability in this system.

Additionally, in vivo assays using Aspergillus niger under oxi-
dative stress confirmed the biological efficacy of the com-
plexes. The copper(i) complex of PydiHis not only protected
fungal growth under oxidative stress but also enhanced
glucose uptake and biomass formation. The exact protective
mechanism is not known; it may involve SOD, CAT, or other
antioxidant-like activities, which will be the subject of future
studies. However, the high activity and biological compatibility
of the copper(n) complex of PydiHis may have outstanding pro-
spects in developing novel antioxidants.
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