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Superoxide dismutase (SOD) enzymes are pivotal in regulating oxidative stress. In order to model Ni con-
taining SOD enzymes, the results of the thermodynamic, spectroscopic and SOD activity studies on the
complexes formed between nickel(i) and a NiSOD related peptide, CysCysAspLeuProCysGlyValTyr—NH;
(wtCC), are reported. Cysteine was introduced to replace the first histidine residue in the amino acid
sequence of the active site of the NiSOD enzyme. The novel peptide exhibits 3 times higher metal binding
affinity compared to the native NiSOD fragment. This is due to the presence of the first cysteine in the
coordination sphere of nickel(i). At physiological pH, the (NH,,57,S7,S7) coordinated complex is the major
species. This coordination mode is altered when one thiolate group is replaced by an amide nitrogen of
the peptide backbone above pH 7.5. The nickel complexes of wtCC exhibit similar SOD activity to that of
the complex formed with the active site fragment of the native NiSOD. The reaction between the com-
plexes and the superoxide anion was studied by the sequential stopped-flow method. These studies
revealed that the nickel() complex is always in excess over the nickel(i) complex during the dismutation

Received 31st October 2023, process. However, the nickel(i) species is also involved in a relatively fast degradation process. This unam-
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biguously proves that a protective mechanism must be operative in the NiSOD enzyme which prevents
the oxidation of the sulfur atom of cysteine in the presence of O,. The results provide new possibilities

rsc.li/dalton for the use of NiSOD mimics in bio- and industrial catalytic processes.

capable of regulating the level of ROS has received consider-
able interest in recent years.

Introduction

Reactive oxygen species (ROS) form during the incomplete
reduction of molecular oxygen and are essential byproducts of
cellular respiration in aerobic organisms.' Although ROS are
cytotoxic, the cells require their presence at a specific concen-
tration level since they are involved in different signaling
processes.'™ In order to regulate the concentration of ROS,
biological systems accommodate several enzymes (catalases,
peroxidases, superoxide dismutases and reductases) to convert
them into harmless products.* The absence of these enzymes
leads to elevated ROS concentration levels, and oxidative stress
occurs that triggers pathological episodes including inflamma-
tory disease, neurodegenerative disorder or cancer.””
Consequently, the development of novel antioxidant systems
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The superoxide anion radical is one of the most toxic ROS,
and its dismutation is catalyzed by superoxide dismutases
(SODs).®° The decomposition leads to the formation of mole-
cular oxygen and hydrogen peroxide, which degrades through
different pathways, yielding harmful products.’® All SOD
enzymes possess a redox-active metal ion cofactor,"" and the
dismutation reaction is essentially based on the redox cycling
of the metal center as shown in eqn (1) and (2).">

M™ 4 0,"” + 2H" = M*™ + H,0, (1)

M* 40, =M™ + 0, (2)

where M™? and M°* are the reduced and oxidized forms of the
metal ion in the catalytically active complexes.

A recently isolated SOD enzyme contains nickel in the
active center, which is expressed by the sodN gene and found
in several soil bacteria and cyanobacteria.'*™*> The NiSOD
enzyme is a homohexamer and each nickel center is catalyti-
cally active. X-ray crystallography revealed that the active sites
of the enzyme are located at the N-terminal part of the identi-
cal peptide chains where the nickel ions are in a unique
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coordination environment. In the reduced form of the enzyme,
nickel(n) is coordinated via the terminal amino group, the first
peptide nitrogen as well as the two thiolate groups of cysteine
residues in a square-planar coordination environment.
Oxidation of nickel(u) to nickel(ur) results in the binding of the
imidazole-N of the terminal histidine in the apical position,
leading to the formation of a square-pyramidal coordination
environment. This coordination motif exhibits a loop which is
termed a NiSOD binding hook. During the dismutation cycle,
NiSOD cycles between Ni'" and Ni"™ oxidation states and dis-
mutation occurs through a proton-coupled electron-transfer
process. The rate constant of dismutation approaches the
diffusion-controlled limit. Earlier studies have revealed that at
least six amino acid residues are required in the peptide
sequence to reproduce the key spectroscopic and structural
features as well as the catalytic activity of NiSOD enzymes.'®

Since NiSODs exhibit a rather unusual active site, significant
efforts have been made to understand the fundamental spectro-
scopic and catalytic features of these compounds. Accordingly,
several Ni-based metallopeptides'” " and low-molecular-weight
synthetic nickel complexes®**® have been studied. Our work
focused on how the stability of Ni"" and Ni"™" complexes as well
as the catalytic activity can be tuned by altering the primary
coordination sphere of nickel. This may provide deeper insights
into the mechanism of superoxide dismutation by NiSOD.

Our results and previous literature studies confirmed the
essential role of cysteine residues in effective NiSOD mimics.>*?
By using a combination of pH-potentiometric and spectroscopic
methods, it was confirmed that the cysteine in the secondary
position of the peptide chain is crucial to induce spin pairing,
leading to the formation of a square-planar nickel(n) complex,
while the distant cysteine affects the redox potential of the Ni'/
Ni"™ redox couple.*® Incorporation of penicillamine into the
NiSOD enzyme fragments yielded different spectroscopic and
redox features. The in-depth analysis of the dismutation process
clearly proved that the Ni" complex rapidly accumulates in this
system.”® This is due to the presence of electron donating substi-
tuents of penicillamine. The Ni'™ complex is also involved in a
fast self-degradation process, and thus the catalytic dismutation
ceases. A plausible explanation of this phenomenon is that the
bulky methyl substituents of penicillamine hinder the formation
of a hydrogen bond network surrounding the catalytically active
center and thus promote the degradation of the complex.

Cys(1) Cys(2)
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Therefore, we have proposed an alternative or secondary role of
the hydrogen bond network which can be responsible for the
stabilization of the Ni™ oxidation state against the redox degra-
dation processes. However, not only the cysteinyl residues alter
the catalytic activity of NiSOD models, but also the terminal his-
tidine is important in the dismutation reaction. In this respect,
contradictory conclusions were reached on the role of the axial
ligands.””*® It is obvious from the model systems and theoretical
calculations that the terminal histidine plays an essential role in
optimizing the rate of the disproportionation of the superoxide
ion.>® Computational studies concluded that the imidazole
moiety of histidine remains coordinated throughout the cataly-
sis.*® Nevertheless, metallopeptides without the terminal histi-
dine residues are capable of assisting the decomposition of the
superoxide anion. So far, only weakly coordinating amino acids
(glutamine, alanine, aspartic acid) have been introduced into the
first position of NiSOD related peptides.?® These results demon-
strated that the nickel complexes possess moderate SOD activity,
but the lack of the axially coordinated ligand does not fully elim-
inate the SOD activity.

With the aim of designing novel NiSOD mimics and study-
ing the role of axial coordination in the presence of a strongly
coordinating amino acid, now we report through equilibrium,
spectroscopic and SOD activity studies on a new Ni-containing
metallopeptide. In this case, the terminal histidine of the
NiSOD binding site was replaced by cysteine yielding a new
peptide (CysCysAspLeuProCysGlyValTyr-NH,) denoted as wtCC
throughout the article (Scheme 1). The fundamental thermo-
dynamic, spectroscopic and catalytic features are compared
with those of the native NiSOD enzyme fragment (wtNiSOD)
and further NiSOD related peptides (Scheme S17).

The results contribute to the interpretation of the corre-
lation between the catalytic activity and coordination chemical
features of SOD enzymes and their mimics.

Experimental
Materials

The peptide, wtCC, was purchased from Synpeptide Co.
(Shanghai, China) and used without further purification. The
purity of the peptide was determined using the HPLC-MS tech-
nique while the concentration of its stock solution (ca. 2 mM)

Cys(6)
0 0 0
H Il x 0w I w
N ’I‘H—C N—CH—C——N—CH—C—N—CH—C—NH,
?Hz H CH—CHj CH,
SH CHs

OH

Scheme 1 Structural formula of the NiSOD related peptide (wtCC) investigated in this work.
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was determined by pH-potentiometric titrations. NiCl, stock
solution was prepared from anhydrous, highest available grade
NiCl, (>99.95%, VWR Int., USA), and its concentration was
determined by complexometric titration with standardized
Na,H,EDTA in the presence of a murexide indicator at pH 8.0.
Xanthine, xanthine oxidase (0.5 U mg™'), nitro blue tetra-
zolium chloride (NBT), DMSO, and 18-crown-6 were purchased
from Sigma-Aldrich and KO, was obtained from Acros
Organics. In all solution equilibrium and spectroscopic
studies, doubly deionized and ultrafiltered water was used
(ELGA Purelab Classic system).

Thermodynamic studies

The protonation constants (log K;) of the ligands and the overall
stability constants of the nickel(m) complexes (log fpq:) were
determined by the pH-potentiometric titration method using car-
bonate ion-free KOH solution. The carbonate contamination
(less than 0.10%) was determined using the appropriate Gran
functions.®® In these titrations, 3 mL aliquots of the ligands (ca.
2.0 mM) were titrated either in the absence or in the presence of
a metal jon at 1:1 ratio (I = 0.2 M KCl, T'= 298 K). The headspace
over the sample was purged with argon to ensure the absence of
oxygen and carbon dioxide. The samples were stirred using a
VELP scientific magnetic stirrer and the pH measurements were
made using a MOLSPIN pH-meter equipped with a 6.0234.110
combined glass electrode (Metrohm) and a MOL-ACS microbur-
ette controlled by a computer. The pH reading was converted
into hydrogen ion concentration as described by Irving et al.*>
The ionic product of water was also determined and found to be
13.756 under the experimental conditions. Protonation constants
of the ligand, K = [H;L]/[H;_,][H"], and the overall stability con-
stants of the nickel(i) complexes, fyqr = [NipHqL,J/[Ni]"[H][L[,
were estimated by using the designated computational pro-
grams, SUPERQUAD*? and PSEQUAD.>* The concentration distri-
bution curves of the complexes formed between nickel(u) and
wtCC as well as the pNi values (pNi = —log[Ni(i)¢e]) were calcu-
lated using the computational program MEDUSA.

Spectroscopic measurements

UV-visible spectra of the ligand and its nickel(n) complexes
were recorded with an Agilent Technologies Cary 60 UV-VIS
spectrophotometer in the 200-800 nm wavelength range. The
circular dichroism spectra were obtained with a Jasco J-810
spectropolarimeter using 1 mm and/or 1 cm cells in the
250-800 nm wavelength range. The individual spectra of the
nickel() complexes were calculated by solving the overdeter-
mined linear equation system with Matlab®*> using the esti-
mated stability constants. CW-EPR spectra were recorded with
a BRUKER EleXsys E500 spectrometer (microwave frequency
9.45 GHz, microwave power 13 mW, modulation amplitude 5
G, modulation frequency 100 kHz). A 0.2 mL aliquot of Ni(u)
sample solution was introduced into a quartz EPR tube, and
then 0.1 mL DMSO solution containing KO, was added for
in situ oxidation. Frozen solution EPR spectra were recorded
using a Dewar container filled with liquid nitrogen at 77 K.

This journal is © The Royal Society of Chemistry 2024
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SOD activity studies

The SOD activity of the nickel(n) complexes was tested using
the xanthine/xanthine oxidase/NBT model system>® and also
by the sequential stopped-flow method. The xanthine/xanthine
oxidase system produces constantly O,” which reduces the
para-nitro blue tetrazonium chloride (NBT) to NBT diformazan
with characteristic molar absorptivity at 560 nm. Upon
addition of a SOD mimic to the system, the reduction of NBT
by O, is inhibited, and the indicator reaction becomes slower.
The assay was carried out in phosphate buffer (0.05 M) con-
taining NBT (5 x 10~> M) and xanthine (2 x 10~* M). The reac-
tion was initiated by adding an appropriate amount of
xanthine oxidase to reach an absorbance change of around
AAsgo nm = 0.025-0.028 min~ . First, the reaction was moni-
tored with the blank sample (without any nickel(n) complex)
for 3-4 minutes, then the nickel(n) complex was added to the
sample and the absorbance change was followed for another
4 min. The extent of inhibition was estimated by comparing the
rates of the absorbance change, i.e., the slopes of the absor-
bance vs. the time profile, in the two phases of the experiment.
The SOD-activity was expressed by the ICs, value which is the
concentration of the SOD mimic causing 50% inhibition.

The catalytic effect of the nickel complexes on the
decomposition of O,  was also studied using an Applied
Photophysics SX-20 stopped-flow instrument equipped with a
photomultiplier tube as the detector. The kinetic traces were
collected using 2 mm optical path length at 25 °C. These
measurements were carried out in a 1:1 DMSO-water mixture,
and the instrument was used in sequential mode to circum-
vent the relatively slow homogenization of the reaction mixture
when the reactants dissolved in pure water and DMSO are
mixed. The first syringe was filled with water, the second one
with KO, in DMSO, and the third one with the complex dis-
solved in 1:1 DMSO and aqueous HEPES buffer (50 mM). In
the first phase of these experiments, the aging loop was filled
with a 1:1 mixture of the first and second solutions to produce
a KO, reagent in the 1: 1 water-DMSO solvent. To avoid spectral
interference due to slow homogenization, this mixture was incu-
bated for 40 s and subsequently was reacted with the solution
of the nickel(n) complexes in the third syringe. The progress of
the reaction was monitored at 260 nm.

The O, solutions were freshly prepared before each experi-
ment by dissolving solid KO, in vigorously stirred DMSO con-
taining 18-crown-6. The concentration of the superoxide stock
solution was determined by the stopped-flow method. In the
absence of the catalyst, the initial absorbance values were used
to determine the concentration using the molar absorbance of
the superoxide anion at 260 nm, &5 - = 2686 M~ cm™".*’

Results and discussion
Protonation equilibria

The acid dissociation constants of the ligand were determined
by pH-potentiometry and UV-vis spectroscopy and the data are
reported in Table 1. In accordance with the structure of the
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ligand, the terminal amino group, the carboxyl group of aspar-
tic acid, the aromatic hydroxyl group of tyrosine and the three
thiolate groups of Cys(1), Cys(2) and Cys(6) residues are
involved in acid-base equilibria. Although some of these step-
wise processes significantly overlap, the 6 acid dissociation
constants could be estimated by fitting the titration curve to
the appropriate equilibrium model. It is reasonable to assume
that the lowest log K; value is assigned to the carboxylate group
of aspartic acid. The next deprotonation process is assigned
mainly to the deprotonation of the terminal ammonium func-
tion of the first cysteinyl residues. According to earlier litera-
ture studies, this group exhibits enhanced acidity (pK, = 6.50
for CSSACS-NH,) when cysteine is placed in the first position
of the N-terminal part of the peptide, and thus the same scen-
ario is expected in the H*/wtCC system.?® To clarify the depro-
tonation sequence of the ligand, UV-vis spectra were recorded
as a function of pH (Fig. 1).

NiSOD related peptides containing the tyrosine moiety
feature a characteristic absorption maximum at 294 nm which
corresponds to the absorption of the deprotonated phenolic
side chain of tyrosine.'®*® Therefore, the deprotonation of this
group can selectively be followed (Fig. 2). The concentration dis-
tributions of the different protonated forms of wtCC together

Table 1 The stepwise protonation constants (logK;) of the NiSOD
related peptides?

Species wtCC wtNiSOD”?
[HeL]"* 3.49(9) 3.58
[H5L]”"" 6.10(9) 5.48
[H,L] 7.86(6) 7.20
[H3L]2_j_ 8.98(5) 8.25
[HLP 7~ 9.36(4) 8.92
[HL]* - 10.25(4) 9.88
Ylog K; 46.04 43.31

Fitted pH range 3.0-11.0

“30 standard deviations are indicated in parentheses. I = 0.2 M KCl and
T= 298 K. ” Data are taken from ref. 19.

Fig. 1 pH-dependent UV-vis spectra recorded for the H*/wtCC system.
Cwtcc = 0.99 mM, /=02 MKCL T=25°C,and [ =2 mm.
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with the absorbance at 294 nm as a function of pH are shown
in Fig. S1.f Upon increasing the pH, the absorbance steadily
increases, and the maximum is reached above pH = 11 where
the ligand is fully deprotonated. This confirms that the phenolic
OH becomes fully deprotonated in the last step. However, the
absorbance is not strictly proportional to the equilibrium con-
centration of L°~. This is most likely the consequence of micro-
speciation. The last two deprotonation steps of the ligand partly
overlap and HL*~ is present as the equilibrium mixture of the
two forms in which either the last thiol group or the phenolic
OH group is deprotonated. The latter form of HL*™ is also
expected to contribute to the absorbance at 294 nm.

The overall cumulative basicity of wtCC (Y log K;, Table 1) is
higher than that of wtNiSOD which is due to the replacement
of the terminal histidine with the cysteine residue that may
influence the stability of the nickel(u) complexes (Table 2).

The pH-potentiometric data can be fitted well by considering
the formation of [NiLH,]~, [NiLH]*~, [NiL]>~ and [NiLH_,]*~ com-
plexes according to eqn (S1)-(S3).f The complex formation reac-
tion starts in the acidic pH range with the [NiLH,]™ complex. In
this pH range, the carboxyl group of aspartic acid is deprotonated
(pKa = 3.49), and there is no spectroscopic or thermodynamic evi-
dence that the carboxylate group is involved in the coordination
of nickel(n). N-terminally free peptides containing cysteine in the
first position favor the (NH,,S™) coordination mode.*® The same
is expected in this complex; however, the calculated equilibrium
constant for the formation of this species (eqn (3)) is higher than
the corresponding equilibrium constant for the formation of the
(NH,,S™) coordination mode (logK = 7.94 calculated in the
Ni(n): CysGly system®®). Thus, it is reasonable to assume that
nickel(n) is coordinated by the (NH,,S™,S™) donor atoms.

log K (NH,,S7,S7) = log f (NiLH,) — pK (HL) — pK (H,L)

=12.78.
(3)
10 T T T W T T T 16
[ ] " ]
~ |'Nign\ [NiLH,] = . 14
§ 0.8 2 [NiL]& "y k
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s . [NiLH]*
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Fig. 2 Concentration distribution of the complexes formed between Ni
(1) and wtCC (continuous lines) and the absorbance at 405 nm (black
square) as a function of pH. cyicc = 2.08 mM, cnigy =1.96 mM, [ = 0.2 M
KCL, and T = 25 °C.
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Table 2 The stability constants (logf,q) of the complexes formed
between nickel(i) and the NiSOD related peptides?

Species wtCC wtNiSOD”
[NiLH,]™* 33.44
[N@LHZJ‘/ 32.39(1)

[NiLH]*7/~ 26.63(3) 22.22
[NiL]P™*~ 18.60(5) 15.71
[NiLH_,]**~ 8.85(5) 6.45

Fitted pH range 3.0-10.5

“30 standard deviations are indicated in parentheses. I = 0.2 M KCl
and T =298 K. ? Data are taken from ref. 19.

This binding mode is further confirmed by monitoring the
spectral changes both in the UV-vis (Fig. 3) and CD spectra
(Fig. S2t). The calculated individual UV-vis spectra of different
nickel(n) complexes are shown in Fig. S3.f For the [NiLH,]~
complex, the corresponding spectrum exhibits two significant
transitions: one belongs to the LMCT band of the ST — Ni(u)
transition (4 = 308 nm, £ = 4989 M~' cm™") and the second
corresponds to a d-d transition characteristic for square-
planar nickel(n) complexes (1 = 416 nm, ¢ = 594 M~" cm ™).
The CD spectra provide further information on the structure of
the complex. It is obvious that nickel(n) coordinates to wtCC
via the (NH,,S™) donors of Cys(1); however, both Cys(2) or Cys
(6) may be involved in the coordination of the metal ion
(Scheme S2%). The CD spectra exhibit a band at 650 nm, which
is characteristic of the d-d transition when the distant cystei-
nyl residue binds to nickel().”® Consequently, the (NH,,S”)
binding mode is supported by macrochelation with the distant
cysteinyl (Cys(6)) residue in the [NiLH,]~ complex.

By increasing the pH, an additional base consumption
process yields the [NiLH]*~ complex. The corresponding depro-
tonation constant of the complex is logK = 5.76; thus, this
process can be assigned either to the binding of an additional

250 300 350 400 450 500
A (nm)
Fig. 3 pH-dependent UV-vis spectra recorded for the Ni(i)/wtCC

system at a 0.9:1 metal to ligand ratio. cyicc = 0.52 mM, cnigy =
0.51mM,/=02MKCL T=25°C,and [ =1 mm.

This journal is © The Royal Society of Chemistry 2024
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thiol group or to the metal induced deprotonation and coordi-
nation of a peptide-N. The formation of this species is
accompanied by characteristic changes both in the UV-vis and
CD spectra. The absorbance at the characteristic LMCT band
of the S~ — Ni(u) transition increases by increasing the equili-
brium concentration of this complex (¢ = 9474 M~* cm™).
Thus, we expect that an additional thiolate group is involved in
the metal ion coordination leading to the formation of the
(NH,,S7,S7,S7) donor set around nickel(n). The intensive d-d
transition at 421 nm (e = 1340 M™' em™") indicates that the
complex possesses a square-planar geometry (Scheme S27).
This complex is dominant in the physiological pH range.
Accordingly, the presence of cysteine in the first position of
the peptide leads to a different coordination mode compared
to the native NiSOD enzyme fragment.

The additional base consumption process corresponds to
the metal induced ionization and coordination of the peptide-
N atom, log K = 8.03. Since nickel(u) has square-planar geome-
try and only four donor atoms can be involved in the chelation
of the metal ion, the coordination sphere around nickel(u) is
reorganized and the thiolate group of the terminal cysteine
becomes non-coordinating. The reorganization of the coordi-
nation sphere can readily be followed by UV-vis spectroscopy.
The calculated individual spectrum of the complex exhibits
three significant transitions; two LMCT bands are assigned to
the N~ — Ni(u) (4 =270 nm, £ =14 320 M™* cm ") and S~ — Ni(u)
transitions (1 = 310 nm, £ = 6195 M~' cm™ "), while the d-d
transition is observed at 425 nm (¢ = 987 M~ cm™"). The rela-
tively small molar absorptivity of the S™ — Ni(u) LMCT also
confirms that one of the thiolate groups is not involved in the
coordination of nickel(ur). This coordination mode results in a
(5,5)-membered chelate system via the (NH,N~,S7) donor
atoms which is supported by macrochelation with the distant
cysteinyl residue (Scheme S2t). Consequently, the formation of
the [NiL]’~ complex provides the reduced form of the NiSOD
enzyme; however, its formation is shifted into the alkaline pH-
range. This is due to the high thermodynamic stability of the
[NiLH]*~ complex (log # = 18.60) with the (NH,,S7,S7,S™) donor
set which hinders the subsequent deprotonation process, ie.,
the ionization and coordination of the peptide N-atom.

In alkaline solution, a further base consumption process
yields the [NiLH_,]*~ complex. Neither the UV-vis nor the CD
spectra exhibit significant changes, and thus, the coordination
sphere remains intact. Consequently, the deprotonation of the
non-coordinating tyrosine residue yields this species. The
corresponding deprotonation constant of the complex, log K =
9.75, is close to the logK; of the side chain of the hydroxyl
group of tyrosine. This provides strong support to the assump-
tion that tyrosine is not coordinated to the metal center.

The main conclusion is that the presence of cysteine in the
first position of the peptide chain significantly increases the
nickel binding ability of the ligand; however, the formation of
the active center of the NiSOD enzyme is shifted to the alkaline
pH range. The metal binding ability of wtCC is compared to a
set of NiSOD related peptides as shown in Fig. 4. The pNi
values were calculated at physiological pH and clearly show
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wtPen wtSOD  wtSODHC wtSODHH wtSODAc ~ wtCC

Fig. 4 Calculated pNi values of NiSOD related peptides (cf.
Scheme S1t) at pH 7.6. cnigy = 10 pM, Cigana = 50 pM, and pNi = —log[Ni
(Nfreel.

that the pNi of wtCC is about 3 units higher than that of the
native NiSOD enzyme fragment (pNi = 13.66 for wtCC and
11.27 for wtNiSOD). In other words, the concentration of free
nickel(u) is 1000 times lower in the Ni(u)/wtCC system than
that of wtNiSOD, if the ligands are present in equal concen-
trations. The noted difference is explained by the higher cumu-
lative basicity of wtCC and the different coordination modes of
the metallopeptides (¢f. Scheme S17).

Catalytic activity

The catalytic activity of the nickel(n)-wtCC system was
thoroughly studied at physiological pH. KO, was used to
oxidize the nickel(u) complexes in situ. In an attempt to trap
the transient species, the reaction mixture was frozen using
liquid nitrogen and studied by EPR spectroscopy (Fig. S47).
The EPR spectra clearly show that a substantial amount of
superoxide is consumed; however, neither the formation of
nickel(m) transient species nor the generation of radical
species could be observed. There are two plausible possibilities
for the interpretation of these observations: (i) the reactions
between the superoxide anion and the nickel(n) complexes
yield nickel(m) transient species, however their concentration
is too low or their lifetime is too short to be detected by EPR;
(ii) the reaction between the superoxide anion and the nickel
complexes leads to the degradation of the peptide.

The SOD activity of the nickel(u)-wtCC system was tested by
using the xanthine/xanthine oxidase/NBT assay. Preliminary
experiments confirmed that the peptide itself does not exhibit
any SOD activity. The dismutation reaction was primarily
monitored at pH 7.8. At lower pH, the self-decomposition of
O, is fast and the catalyst has a minor role in the overall
process. In a designated set of experiments, the deceleration of
the catalytic dismutation rate was observed upon increasing
the pH (Table S1%). The species distributions were calculated
for each nickel(n) concentration used in these experiments.
Under the conditions applied, the predominant complex is
[NiLH]>~ and its equilibrium concentration decreases by
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increasing the pH. Thus, it is reasonable to assume that the
major catalytically active form is the [NiLH]*~ complex.
However, [NiL]’~ may also contribute to the dismutation of
O,". In this case, the dismutation reaction is expected to
proceed via fully analogous parallel reaction paths.

The inhibition curve as a function of nickel(u) concen-
tration is shown in Fig. 5. The ICs, value of this system was
estimated to be 7 + 2 pM, which is close to that of the wild-
type fragment of NiSOD (ICs, = 3.9 pM), i.e., they show similar
performance in the degradation of the superoxide anion.

Sequential stopped-flow experiments were carried out to
explore the catalytic effect of the Ni(u)/wtCC system in the
decomposition of the superoxide anion under real catalytic
conditions. The decay of the absorbance was monitored at
260 nm where the dominant absorbing species is the super-
oxide anion (Fig. 6). The nickel complexes exhibit excellent
SOD activity because the spontaneous decomposition of O,~
occurs on a considerably longer timescale. These kinetic traces
cannot be fitted with a simple first-order expression that
would be expected if only a catalytic cycle was operative in this
system. The observations strongly suggest that the degradation
of the catalyst also occurs in a kinetically coupled process.
Such a degradation process has already been reported for
several NiSOD mimics."!

The kinetic traces were fitted on the basis of the kinetic
model presented in Scheme 2.

The model includes the spontaneous degradation of the
superoxide anion (k;) and the catalytic dismutation process
(ka, k3). Since nickel(u) is stable in the absence of an oxidant, it
is a plausible assumption that the catalytic activity is lost
because of the degradation of the Ni(m) complex (k,). This
reaction yields an unidentified nickel species (Ni*). The
detailed kinetic model and the corresponding differential
equation system are shown in the ESI (reactions (S4)-(S7) and
eqn (S8)-(S12),} respectively). The parameters were estimated

80
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Fig. 5 Inhibition percentage as a function of the total concentration of
Ni(n) at pH 7.8. cxanthine = 200 pM, cngr = 50 pM, and T = 25 °C.
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Fig. 6 Decomposition of the superoxide anion recorded at 260 nm in
the presence of the Ni/wtCC complexes (green: 9.86 uM, blue: 4.93 uM,
and red: 1.98 uM). Solid lines represent the fitted kinetic traces based on
the proposed kinetic model. Solvent 1: 1 aqueous HEPES buffer (50 mM,
pH 7.6)/DMSO mixture. c(0,7)° = 1.61 mM, 1 = 260 nm, T = 25 °C, and [
=2 mm.

.- . k
0, 0, 20,7 +2H = H,0,+0,
k3
[Ni"wtcC] [Ni"'wtCC] k, [Ni*]
kZ
o, HO,

Scheme 2 Postulated kinetic model of the decomposition of the
superoxide anion in the presence of the Ni/wtCC complexes.

by numerically solving the differential equation system and
fitting the absorbance (eqn (S13)}) using a non-linear least
squares algorithm. The results are listed in Table 3. It is impor-
tant to note that most of the fitted parameters are expected to

Table 3 Kinetic parameters for the superoxide anion dismutation in the
presence of NiSOD mimics in a 1:1 aqueous HEPES buffer (50 mM, pH
7.6)/DMSO mixture

Parameter  Ni-wtCC system Ni-wtNiSOD” system  Unit

k,“ 3.84 x 10* M1tg?
k> (6.6 +0.6) x 107 9.6 x 107 M st
ks (1.6 + 0.4) x 10° 1.72 x 10® Mts?
ks 1310 + 90 258 st

eniqm” (1.33 £0.03) x 10" 1.48 x 10" M'em™?
Eni(rmn) (1.7 £ 0.3) x 10* 2.44 x 10* M 'em™
enir” 6180 + 70 1.8 x 10* M tem™t
£o,-* 2686 M tem™!
€m,0,° 38 M 'em™

“These values are known from independent experiments and were
kept fixed during the fitting procedure. ® Data are taken from ref. 26.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
5
1.6

4
o 12 7,
x x
g’ E
P 0.8 é
< 27 oo
© x
o b
~ 04 ©

1 ~—

0 0.0

0.00 0.01 0.02 0.03

time (s)

Fig. 7 Calculated concentration profiles of each species as a function
of time during the decomposition of the superoxide anion in the pres-
ence of the nickel complexes of wtCC in 1:1 aqueous HEPES buffer
(50 mM, pH 7.6)/DMSO mixture. Green: Ni'(wtCC), red: Ni"(wtCC), blue:
Ni*(WtCC), and black: O,~. c(Ni"/wtCC)° = 9.86 puM and c(0,7)° =
1.61 mM.

be pH dependent and the reported values are applicable only
at pH 7.6 in a 1: 1 water/DMSO solvent mixture.

The nickel-wtCC and nickel-native NiSOD enzyme fragment
(wtNiSOD) systems show similarities in that the oxidation of
the Ni(un) complex is slower than the reduction of the corres-
ponding Ni(u) complex, k, < k;. Consequently, Ni(u) is always
present at a larger transient concentration compared to Ni(im)
over the dismutation process (c¢f Fig. 7). This common kinetic
feature is believed to be a key factor in the relatively high dis-
mutase activity of the wtCC and the native NiSOD enzyme frag-
ment complexes compared to other NiSOD related metallopep-
tides. Recently, we have shown that a NiSOD mimic is less
efficient when &, > k;, i.e., Ni(m) is dominant over Ni(m).>®

In the nickel-wtCC system, the calculated concentration
profiles confirm that about 75% of the initial amount of
superoxide undergoes dismutation via the complex catalyzed
pathway in the first 10 ms of the reaction (Fig. 7). However,
the catalyst is quickly deactivated in a fast degradation
process and the nickel-assisted dismutation ceases. The sub-
sequent slow decay of O,  is due to the spontaneous
decomposition of this species. The intramolecular redox
degradation of the wtCC complex is faster than that observed
in the case of the native NiSOD enzyme fragment system. In
this process, an inactive Ni* species forms. Presumably, the
thiolate group of cysteine in the first position of the peptide
chain enhances the internal redox reaction leading to the oxi-
dation of the ligand and, as a consequence, to the de-
activation of the catalyst.

Conclusion

Incorporation of cysteine at the first position of the NiSOD
peptide sequence yields a new peptide, wtCC. Due to the pres-
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ence of cysteine in the vicinity of the metal center, this peptide
exhibits high metal binding ability (pNi = 13.66), which is
stronger than that obtained for the wild-type fragment of the
NiSOD enzyme (pNi = 11.27). The main species has a (NH,,S™,
S7,S7) donor set at physiological pH. Although this coordi-
nation motif differs from that of the active site of the NiSOD
enzyme, the catalytic activities of these species are very
similar. Presumably, this is due to the common feature of the
two systems in that the Ni(u) state of the catalyst is dominant
over the Ni(m) form in the catalytic cycle, i.e., the oxidation of
the Ni(u) complex is slower than the reduction of the corres-
ponding Ni(m) complex. However, the presence of a cysteine
residue in the first position of the peptide chain increases the
rate of the intramolecular redox degradation of the catalyst.
This is 5 times faster in the nickel-wtCC system compared to
that of the nickel complex of the native NiSOD fragment.
These results imply that a protective mechanism is operative
in the NiSOD enzyme that prevents the oxidative damage of
the active center. Perhaps the terminal histidine residue is also
involved in such a protective mechanism. Systematic modifi-
cations of the model systems to improve the robustness of
NiSOD related metallopeptides are in progress in our
laboratory.
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