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/Abstract: Detailed equilibrium, spectroscopic and superox-
ide dismutase (SOD) activity studies are reported on a nickel
complex formed with a new metallopeptide bearing two
nickel binding loops of NiSOD. The metallopeptide exhibits
unique nickel binding ability and the binuclear complex is a
major species with 2x(NH,,N, ¢S ,S7) donor set even in an
equimolar solution of the metal ion and the ligand. Nickel(lll)
species were generated by oxidizing the Ni' complexes with
KO, and the coordination modes were identified by EPR
spectroscopy. The binuclear complex formed with the bind-

ing motifs exhibits superior SOD activity, in this respect it is
an excellent model of the native NiSOD enzyme. A detailed
kinetic model is postulated that incorporates spontaneous
decomposition of the superoxide ion, the dismutation cycle
and fast redox degradation of the binuclear complex. The
latter process leads to the elimination of the SOD activity. A
unique feature of this system is that the Ni" form of the cat-
alyst rapidly accumulates in the dismutation cycle and simul-
taneously the Ni' form becomes a minor species.

/

Introduction

The superoxide anion radical (O,") is an unavoidable, highly re-
active intermediate in the biochemistry of aerobic organisms.
It is present at low concentration levels regulated by superox-
ide dismutase enzymes (SODs).""? In the absence of such en-
zymes, the elevated level of reactive oxygen species (ROS)
causes significant oxidative stress and cellular damage.®’ The
decomposition reaction of the superoxide anion radical yields
O, and H,0,; the latter is degraded to harmless products
through various pathways.** The SODs are classified into four
classes in accordance with the metal ion in their active center.
These are the copper/zing, iron, manganese, and the recently
discovered nickel containing SOD enzymes (NiSOD). The latter
enzyme is expressed by the sodN gene and found in several
marine cyanobacteria and Streptomyces species.”” The NiSOD
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enzyme is built in homohexameric form consisting four helix-
bundle subunits.”? Each monomer contains the catalytically
active nickel ion, and the dismutation reaction occurs through
a proton-coupled electron-transfer mechanism accompanied
with the cycling of the oxidation state of nickel between +2
and +3.%29 Nickel is coordinated in the N-terminal part of the
peptide. This coordination motif features a loop within the first
six amino acid residues (HCDLPC). Earlier studies have demon-
strated that this sequence is the minimal peptide motif for
mimicking the catalytic cycle as well as the binding mode of
NiSOD." |n the case of reduced form, nickel(ll) is accommo-
dated by the binding of the terminal amino group, the peptide
nitrogen and the two thiolates of cysteine residues. It is a
square-planar diamagnetic complex. The oxidation leads to the
rearrangement of the coordination sphere, and the axial posi-
tion of the paramagnetic nickel(lll) is bound via the imidazole-
N of histidine in a square-pyramidal coordination environ-
ment."" In our previous work, detailed equilibrium and spec-
troscopic results were reported on nickel(ll) complexes formed
with some NiSOD model peptides."? The results have clearly
shown that the acetylation of the terminal group significantly
reduces the nickel binding affinity,”® and the oxidation yields
nickel(lll) coordination isomers. The role of the cysteine frag-
ments was also investigated and spectroscopic studies unam-
biguously confirmed that the presence of cysteine in the sec-
ondary position is crucial to establish the square-planar geom-
etry, while the distant cysteine may alter the redox properties
of the Ni'/Ni" couple.™ Nevertheless, both cysteine residues
are essential for the efficient dismutation of superoxide ion.!"

The coordination ability and catalytic features of multiple
NiSOD binding loops have not been investigated before. In
this work, we report detailed equilibrium, spectroscopic, and
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SOD activity studies on the new metallopeptide formed with a
peptide (denoted as L thorough this paper) containing twin
binding loops of the NiSOD enzyme. In this ligand, a lysine
scaffold provides two amino groups to anchor the two HisCys-
(Scheme 1 and

AspLeuProCysGlyValTyr motifs

Scheme S1).

binding

+

NiSOD binding loop

Scheme 1. Anchoring two binding motifs of the NiSOD enzyme by lysine.

Results and Discussion
Acid-base equilibria

The acid dissociation constants of the ligand were determined
by pH-potentiometry and are collected in Table 1. Some of the
stepwise acid-base processes overlap significantly. The two
well-defined equivalence points in the titration curve offers a
possibility to determine the exact concentration of the stock
solution of the ligand. The same titration curve is also suitable
for the calculation of the acid dissociation constants of the
ligand (Figure S1). In accordance with the structure of the
ligand, the terminal amino groups, the carboxylate groups of
the C-termini and the aspartic acids, the thiols of cysteines, the
hydroxyl groups of tyrosine residues as well as the two imid-
azole rings of histidine moieties take part in the acid-base pro-
cesses. The fitting of the titration curve confirms that 13 acid
dissociation constants can be estimated, which is consistent
with the expected number of acid-base processes. Detailed
analysis of the data indicates that the lowest logK; values are
associated with the carboxylic groups of the C-termini and the
side chains of aspartic acid residues. The further deprotonation
steps occur on the imidazole rings with increased acidity at

Table 1. The protonation constants (logf,) of L and the stability con-
stants (log 3,q) of the complexes formed between Ni" and L.*"’

Species log B Species log B
HL 10.03(2) H,,L 88.3(1)
H,L 19.89(4) H,sL 91.6(1)
H,L 29.12(3) NiH,L 64.6(1)
H,L 37.86(7) NiH,L 50.5(1)
HsL 46.29(4) NiL 13.8(1)
H.L 54.25(7) NiH L 47(1)
H,L 61.61(5) Ni,HeL 67.5(6)
HgL 68.86(6) Ni,H,L 56.8(3)
HoL 74.86(7) Ni,L 29.6(3)
H,oL 80.28(8) Ni,H ,L 8.9(1)
H,L 84.69(1)

log Kz 29

log K" 63

log Kzt -2.0

[a] I=0.2m KCI, T=298 K. [b] 30 standard deviations are indicated in pa-
rentheses. [c] KN\'L:ﬂN'\L; KNiZL:ﬁN'\ZL/ﬁNiL:[NIZL]/([NIL][NH)~
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the N-terminus. This effect can easily be explained by the intra-
molecular hydrogen bond between the terminal amino group
and imidazole-N of histidine, which increases the acidity of
imidazoles and separate it from the subsequent deprotonation
processes. Upon increasing the pH, the further deprotonation
steps overlap significantly. On the basis of reported data, it is
reasonable to assume that the lower logK; values belong
mainly to the ammonium functions of the N-terminus and to
the thiolates of the cysteine residues," while the two highest
acid dissociation constants are assigned to the deprotonation
of hydroxyl groups of tyrosine moieties.'”

Nickel(ll) complexes

The metal ion binding properties of L were studied by CD
spectroscopic titration. Aliquots of NiCl, were added to the so-
lution of L in HEPES buffer (10 mm, pH 7.6, I=0.2m (KCl)) be-
tween 0 and 2.5 equivalent per L and the spectra were record-
ed (Figure 1). As expected, the complex formation with nick-
el(ll) leads to significant CD activity both in the UV and visible
regions of the spectra. The addition of nickel(ll) results in the
appearance of three bands up to 1:1 Ni*" to ligand ratio. The
spectrum features a dominant transition at 330 nm (+), as well
as two other transitions at 478 nm (+) and 544 nm (—), which
are assigned to the S™—Ni" LMCT and the d-d transitions, re-
spectively. These results confirm that the complex has square-
planar geometry. The addition of further Ni" leads to a slight
shift in the visible segment of the spectra and to an increase
in the intensity of the UV band, indicating the formation of a
new complex. A plateau is observed in the intensity of the
S™—Ni" LMCT band after adding more than 2 equivalents of
Ni" and the pronounced change in the d-d part of the spectra
indicates the reorganization of the coordination sphere. This
effect clearly shows the binding of the third nickel(ll) ion. In ac-
cordance with plausible considerations, the coordination of
further amide nitrogen atoms of the peptide backbone are ex-
pected. Moreover, the spectral changes correlate well with the

0.006

500 550 600 650 700

A(nm)

1 1 1
350 400 450
Figure 1. CD titration of L with Ni" at pH 7.6. The spectra in black corre-
spond to the samples between 0 and 1 equivalent of Ni" per L, the spectra
in blue correspond to the samples between 1 and 2 equivalent of Ni' per L
and the spectra in red correspond to the samples between 2 and 2.5 equiva-
lent of Ni" per L. Inset: evolution of AA at 330 nm. ¢, =1.1 mwm.
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formation of NiL and Ni,L species, which corroborates the
postulated equilibrium model discussed in the subsequent
part of the paper (Figure S2).

The complex formation processes between nickel(ll) and the
ligand were studied at 1:1 and 2:1 metal to ligand ratios (the
corresponding titration curve obtained at 2:1 metal to ligand
ratio is available in the Supporting Information, Figure S3). The
stability constants of the corresponding complexes were deter-
mined by pH-potentiometric titrations and the data are collect-
ed in Table 1. Since the complex formation processes between
nickel(ll) and L are relatively slow (see below), care was taken
to ensure that the equilibrium was established for each point
during the pH-potentiometric titrations (see details in the Sup-
porting Information). The concentration distribution at 2:1
metal to ligand ratio and the absorbance at 450 nm are shown
as a function of pH in Figure 2. The spectral effect corresponds
to the d-d transition of square-planar nickel(ll) complexes.

The complexation starts under slightly acidic conditions with
the formation of histamine-like coordinated species (Ni,H¢L)
and an additional base consumption process yields the bind-
ing of the thiolate groups (Ni,H,L). The formation of a macro-
chelate coordinated complex is expected and nickel(ll) is
bound via the 2x(2N,2S) donor set. This species exhibits signif-
icant CD activity, which is characteristic for square-planar ge-
ometry (Figure S4).

Upon increasing the pH, the next process leads to the for-
mation of the active site of NiSOD with the two
(NH,,N,miqesS™,S7) donor sets (Figure S5, Ni,L). Both the UV/Vis
and CD spectroscopic data are in good agreement with those
observed for the wild-type fragment of NiSOD (Figure S4,
5$6).'? Unexpectedly, highly stable binuclear complexes form
with this coordination motif. This effect manifests itself in the
ratio of the stepwise stability constants, which is considerably
smaller than 1, log (Kyy/Kyil) = —2.0 (Table 1). This is a clear in-
dication that the formation of the binuclear complex is highly
preferred even in an equimolar solution of the ligand and the
metal ion. Moreover, it confirms the cooperativity between the
two nickel(ll) centers; that is, the binding of the first nickel(ll)
ion induces further structural changes, which is favorable to
accommodate the second metal ion. Such cooperativity is not

0.30
b -
5 -0.25 3
c 0. -
o 3
B &
® 2
£ 5
5 ro20 2
o)

=

0.15

Figure 2. Distribution of the complexes formed in the Ni'/L 2:1 system and
the absorbance at 450 nm obtained by UV/Vis spectroscopy as a function of
pH (I=0.2m KCl, T=298 K). ¢y =2.4 mm.
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observed in the case of the corresponding protonated com-
plexes for example, Ni,HsL/NiHsL. These complexes are formed
under acidic conditions and the protonation of several donor
groups likely makes the necessary rearrangement of the ligand
unfeasible.

To confirm this unique equilibrium feature, CE-MS experi-
ments were carried out at 0.9:1 metal to ligand ratio at pH 9.0.
As expected, the extracted ion electropherogram shows three
peaks (Figure S7). The MS spectra associated with these peaks
confirms the existence of L, NiL and Ni,L (Figure S8, S9 and
$10). Detailed analysis of the isotope patterns also reveals the
presence of another species in each case, which is character-
ized with a very similar set of MS peaks to the noted com-
pounds but at two units smaller m/z values. This specific fea-
ture is likely due to the ESI induced dehydrogenation of the ty-
rosine moiety of the free- as well as the coordinated
ligand.'>'” The excellent match of the experimental and calcu-
lated isotope patterns corroborates this conclusion. Above
pH 9.5, the deprotonation of noncoordinating tyrosine residues
leads to the formation of Ni,H_,L

The unique nickel binding ability of the ligand can readily
be explained by considering that the binding of the first nickel
ion stabilizes the structure of the ligand for a favorable coordi-
nation of the second nickel ion. In a set of CE experiments, the
metal ion and the ligand were mixed, and the samples were
injected into the CE instrument by systematically increasing
the incubation time of the reaction mixture. The first point
could be recorded about 1 min after mixing. The intensities of
the separated peaks are plotted as a function of time in
Figure 3. Each kinetic curve can be fitted to a simple exponen-
tial expression and the corresponding first-order rate constants
(0.20-0.25 min™") are in reasonable agreement. Given the limi-
tations of the experimental arrangement, these results need to
be considered semi-quantitative. Nevertheless, they provide es-
sential information on the mechanism of the complex forma-
tion. It is reasonable to assume that the structural rearrange-
ment of the ligand is the rate-determining step. The simple

3.0 T T

2.5+ .

2.04 1

1.51 q

1.0 1

Absorbance (mAU)

0.0 T
0 10 20

time (min)

Figure 3. The decay of the concentration of the free ligand (m) and simulta-
neous formation of complexes NiL (@) and Ni,L (4) as a function of time at
0.9:1 metal to ligand ratio (pH 9.0). These time profiles were recorded in des-
ignated CE experiments (cf. experimental details) and were fitted by a single
exponential function (solid line). ¢, =42 um.

© 2020 The Authors. Published by Wiley-VCH GmbH
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first-order characteristics exclude the possibility that the metal
ion assists this process in any way. Instead, different forms of
the ligand may exist in equilibrium and Ni" coordinates quickly
to one of these isomers. The coordination of the first metal ion
shifts the equilibrium between the isomers (a relatively slow
first-order process) and also induces further structural changes
for binding quickly the second metal ion. Since NiL and Ni,L
form at about the same rate, the equilibrium between these
two species needs to be established relatively fast, but not fast
enough to average the corresponding peaks in the CE experi-
ments.

Nickel(lll) complexes of the model peptide

To model the enzyme mimetic behavior, the feasibility of the
oxidation of the nickel(ll) complexes was investigated. KO, was
used as an oxidizing agent and the in situ generated Ni" com-
plexes were characterized by EPR spectroscopy. The g values
and the hyperfine tensors are collected in Table S1. In general,
the structures of the Ni" transient species strongly depend on
the metal to ligand ratio. At 2:1 metal to ligand ratio, both
nickel(ll) are accommodated by the (NH,,N, 4,5 ,S™) donor set
and the oxidation vyields an exclusive Ni" species (Figure 4
Component 1). In this complex, the axial position of Ni" is
bound via the imidazole-N of histidine (Figure S11). This bind-
ing mode leads to a hyperfine interaction between the un-
paired electron on the d,. orbital and the imidazole nitrogen.
Since the coordination motifs of the two metal binding sites
are exactly the same, the formation of a binuclear species with
identical nickel(lll) centers is expected under the conditions of
EPR spectroscopy.

The corresponding EPR parameters are similar to those ob-
served for NiSOD (g,=2.289, g,=2.220, g,=2.012; aX,yN:17.5
G, a,'=25.2 G).”' On the basis of these parameters, it is rea-
sonable to assume that the two NiSOD binding motifs act as
an independent metal-binding site and each metal center is
capable of promoting the degradation of superoxide ion. In
addition, weak dipolar interactions are plausible between the
two Ni" centers. This effect is shown in the orientation-depen-
dent linewidth parameters (Table S1). These parameters were
calculated for the wild-type fragment of NiSOD and L and the
concomitant increase in d, and J, confirms such dipolar inter-
actions. At 1:1 metal to ligand ratio, the observed EPR spectra
cannot be assigned to one rhombic g-tensor, consequently,
the oxidation leads to the formation of coordination isomers.
At physiological pH, the oxidation yields the same Ni" transient
species that is observed at 2:1 metal to ligand ratio (Compo-
nent 1). Upon increasing the pH, rearrangement of the coordi-
nation sphere was observed during the oxidation. This effect is
clearly seen at pH 9.18, where the broad signal provides un-
equivocal evidence for the dipole-dipole interactions between
the paramagnetic Ni"" centers (Component 2). The rearrange-
ment is complete in strongly alkaline solution and the EPR pa-
rameters can be fitted well by assuming the presence of two
components in 2:1 isomer ratio (Component 3 and 4). For the
major species, the g, and g, parameters are similar to those ob-
served for the wild-type fragment of NiSOD; however, the su-
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Figure 4. Top: X-band EPR spectra recorded in the Ni"/L system after in situ
oxidation (black) recorded at 77 K and the simulated EPR spectra (red) after
superposition of the individual spectra. Bottom: Individual spectra of the
nickel(lll) complexes.

perhyperfine splitting clearly shows that two imidazole nitro-
gen atoms are bound to the axial positions (Component 3).
For the minor species, the EPR parameters confirm that the un-
paired electron is located in the d,, or d,._,. orbital and the co-
ordination of the donor groups provides strong mt back-dona-
tion (Component4). Such coordination mode is envisioned
when the thiolate groups as well as the amide nitrogen coordi-

nate to Ni" in an elongated octahedral crystal field."®'

Catalytic activity

The SOD activity of the Ni,L complex was studied by monitor-
ing the catalytic decay of the superoxide ion at 260 nm. The in-
herent experimental difficulty with these studies is that the
preparation of stable aqueous O,  stock solution is not feasi-
ble. To circumvent this problem, KO, was dissolved in dimethyl
sulfoxide (DMSO) and the kinetic experiments were carried out
in 1:1 DMSO/water mixture. Preliminary observations con-
firmed that mixing water with DMSO is not instantaneous in a
simple stopped flow experiment; that is, the spectral distur-
bances fade away several ten milliseconds after mixing. This ar-

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202002706

tifact was avoided by using the sequential stopped-flow
method. First, a DMSO solution of KO, was mixed with water
in 1:1 ratio. After 40 s incubation time, this mixture was mixed
with the Ni,L complex dissolved in buffered 1:1 DMSO/water
solvent.

The spontaneous decomposition of the superoxide ion was
studied by using the same experimental protocol in the ab-
sence of the catalyst. In this case, a simple second-order decay
was observed. The corresponding second-order rate constant
was obtained by fitting the kinetic traces to the corresponding
kinetic expression. The result, k;=(3.86+0.06)x10*m s, is
in excellent agreement with those reported in the litera-
tUre.[ZO'ZH

In the presence of the Ni,L complex, a very fast decay of the
absorbance was observed in the first 30 ms (Figure 5). The ab-
sorbance drops from its initial value (ca. 0.5) to below 0.3 in
the first measured point (at 2 ms) of these kinetic traces. This
clearly demonstrates that a substantial part of the reaction
proceeds within the dead-time of the instrument (ca. 1.5 ms).
Since the spontaneous decay of O, occurs on a considerably
longer time-scale, these results suggest that the Ni,L complex
features high SOD activity. If the dismutation reaction occurred
only, a relatively simple first-order expression could be derived
for the interpretation of the data assuming that steady-state
conditions apply for the Ni" complex. Furthermore, the domi-
nant absorbing species should be the original Ni' complex
once the dismutation is complete and the absorbance should
not change. In reality, the kinetic traces cannot be fitted to a
simple first-order expression, the absorbance is considerably
higher than expected at 300 ms and it steadily changes in a
slow process. The observations are consistent with a reaction
scheme that incorporates the dismutation steps and the kinet-
ically coupled degradation of the nickel complex (Scheme 2). It
is not clear whether one or both nickel ions are involved in
these reactions. Scheme 2 postulates the formation of Ni'",L
but the same considerations hold if a Ni"(Ni")L complex is

Absorbance

0.15

Nilll

Nilll

——INi*|

[Ni(I11),L]
0, H,0,

Scheme 2. The dismutation reaction of superoxide ion and the degradation
of the binuclear nickel complex.

active in the process. Since the two metal centers are essential-
ly identical, their kinetic and redox properties are expected to
be very similar. Thus, the dismutation and the degradation
may simultaneously occur at both sites at about the same
rates and the rate constants in the model stand for the sum of
the individual rate constants of the analogous reactions occur-
ring at each metal center.

Experimental evidence is not available to make any distinc-
tion between these possibilities and to separate the corre-
sponding processes. In the absence of an oxidant, the Ni',L
complex is stable, thus, it is reasonable to assume that the
degradation involves the oxidized Ni",L form. In this species,
Ni" may oxidize one of the thiol groups in a fast intramolecular
redox step, which is presumably first order for Ni",L. The reac-
tion is irreversible and yields an unidentified oxidized complex
(Ni®).

In an attempt to identify Ni*, the Ni,L complex was treated
with KO, and the mass spectrum of the reaction mixture was
immediately recorded. According to these MS experiments, the
oxidation yields the corresponding sulfoxide, sulfone and sul-
fonic acid derivatives. The isotope patterns confirmed that the
two nickel ions are still bound to the peptide in the oxidized
products. Similar products have already been reported in the
oxidation of some NiSOD related peptides.”” Another part of
the mass spectrum shows that the oxidation results in the loss
of the hydrogen sulfide moieties. Such peptide decay was also
observed in our previous work.'"? It is remarkable that the S—S
bond formation was not observed in the oxidation process. Ac-
cording to MS experiments, both S-oxidation and hydrogen
sulfide loss are plausible. Such kinetic features have already
been proposed for several NiSOD mimetics in the literature;
however, detailed analysis of the experimental kinetic data has
not been reported before.”’ In accordance with Scheme 2, the
detailed kinetic model includes reactions (1)-(4) and the corre-
sponding differential equation system is given by Equa-
tions (5)-(9).

0.10 a
T T T T T
000 005 010 015 020 025  0.30 20, +2H"=H,0,+0, kK (1)
time (s)
Ni(ll),L +2 O, +4 H" = Ni(lll),L + 2 H,0, Kk, (2)

Figure 5. The decomposition of superoxide anion in the presence of Ni,L
complexes (red: 10 um; green: 7.55 pM; blue: 5 um). The kinetic traces were
recorded by using the sequential stopped-flow method. Solid lines represent ~ Ni(lll),L +2 O, = Ni(ll),L+2 0, ks (3)
the fitted kinetic traces on the basis of the proposed kinetic model. Solvent
1:1 aqueous buffer of HEPES (20 mm, pH 7.8)/DMSO mixture. 1 =260 nm, . "
2 mm optical path, cO, =877 um. Ni(lll),L — Ni ky (4)
Chem. Eur. J. 2020, 26, 16767 - 16773 www.chemeurj.org 16771 © 2020 The Authors. Published by Wiley-VCH GmbH
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d[dot;] = — ky x [0;]* = k, x [Ni(ll),L][0; | —

(5)
ks x [Ni(lll),L] [05 ]
% =k, % [Ni(Il,L][0;] % _ )
—ky x [Ni(IN),L][05] + ks x [Ni(lll),L][05 ]
Knits O )
w: ky x [Ni(Il),L] [0, ] — ks x [Ni(lll),L] [0, ] —

(8)
ky > [Ni(lI1),L]
d[:ti*] =k, x [Ni(IlI),L] 9)

In agreement with earlier reports, both reactions of the dis-
mutation cycle [Eq.(2),(3)] are assumed to be second order,
that is, first order with respect to each reactant.

There are several absorbing species at 260 nm and the ab-
sorbance is expressed by Equation (10):

Abs = ey < [NI(ID,L ]+ ey < [Ni(Il)sL] + ey x

(10)
INi*] + &5 X [0;] + €m0, X [H,0,)]

The concentration profile of each species was obtained by
solving numerically the differential equation system [Egs. (5)-
(9)]'[22]

The experimental data were evaluated by fitting each kinetic
trace on the basis of Equation (5)-(9) by using a nonlinear
least-squares routine. The calculations revealed that simultane-
ous fitting of k, and k; is not feasible due to strong cross-corre-
lation between these parameters. When one of these rate con-
stants was included with sufficiently high fixed value in the fit-
ting process, the calculations reproduced the experimental ki-
netic traces reasonably well. Notably, setting the values of
these parameters below a threshold led to unrealistic results
for the molar absorptivity of Ni",L and k; (Table S2). It was es-
tablished that the best fit (i.e., the smallest standard deviation
of the data) was observed when k, was fixed at 105m's™' or
higher. In the final fitting procedure, ks, k, &(Ni") and &(Ni¥)
were allowed to float, k, was fixed at 10°m 's™' and k; as well
as the molar absorptivities of Ni',L, 0,7, and H,0, were in-
volved with fixed values from independent experiments. The
parameters obtained by fitting each trace separately agree
within 10%, confirming the validity of the proposed kinetic
model (Table 2). It needs to be emphasized that the experi-
ments were carried out at constant pH that was close to phys-
iological pH. Most of the fitted parameters are expected to be
pH dependent and the reported values are applicable only at
pH 7.8 (in water/DMSO, 1:1 solvent).
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Table 2. Kinetic parameters resulting from globally fitting the kinetic
data.

Parameter Value Unit

k@ (3.8640.06) x 10* MTs!
k" >1.0x10° M s
ks (1.940.2)x 10 MTsT!
k, 21546 M
enin™ (2.1340.02)x 10* M Tem™
Enian (3.1940.08)x 10* M Tem™
Enir (6.60+0.03)x 10* M 'em™!
£0, @ (2.6940.04) x 10° M 'em™!
eH,0,? 3543 M 'em™!

[a] These values are known from independent experiments and were
kept fixed during the fitting procedure. [b] This parameter was held fixed
during the fitting procedure.

These results confirm that the first reaction is faster than the
second in the dismutation cycle; that is, k, > k;. This is a highly
unexpected result because earlier studies on related systems
suggest that the Ni" form of the catalyst is in the steady state,
implying quite the opposite relation between these rate con-
stants. It is an intriguing issue whether the stabilization of the
oxidized form is a unique feature of this NiSOD model, or it
may occur in other systems including the enzyme itself.

The calculated concentration profile for each species as a
function of time is shown in Figure 6. The results confirm that
the Ni,L complex exhibits extremely high SOD activity. About
70% of the initial amount of O, is dismutated in the first
15 ms of the reaction. Within the same reaction time, the
active forms of the catalyst are efficiently removed by the fast
degradation process [Eq. (4)] and eventually the Ni,L assisted
dismutation ceases. The noted slow absorbance decay at
longer reaction times is associated with the spontaneous de-
composition of the residual superoxide ion.

= 500 10.00__
= =
= 1y
— 4.00 8.00 2
f_i x
o — —
Zo, 3.00 6.00 9‘:
(&)

2.00 4.00

1.00 2.00

O~00I T T T T T T T 0.00

0.00 0.01 0.02 003 004 005 006 007 0.08
time (sec)

Figure 6. Calculated concentration profiles of each species as a function of
time. Green: Ni',L; red: Ni",L; blue: Ni*; black: O,". c(Ni",L)°=5 um,
c(0,7)°=877 um.
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Conclusions

In this paper, we report thermodynamic, formation kinetic,
structural and SOD activity studies on a new binuclear nickel
complex bearing the NiSOD binding motifs. A lysine scaffold
was used to connect the HisCysAspLeuProCysGlyValTyr peptide
sequence. The metallopeptide exhibits superior nickel(ll) bind-
ing ability and the formation of the binuclear complex is pre-
ferred even in equimolar solution of the metal ion and the
ligand. At physiological pH-range, the major species possesses
the (NH,N,i4e:S™,S7) donor set with square-planar geometry.
This coordination environment corresponds to the active site
of NiSOD.

The complex formation kinetics of the mono- and binuclear
nickel(ll) complexes is controlled by the rate-determining struc-
tural rearrangement of the ligand. Binding of the first nickel
ion induces further structural changes to accommodate fast
coordination of the second nickel(ll) ion.

Structural characterization of the Ni' complexes by EPR
spectroscopy confirms that the structure of the transient nick-
el(ll) complexes depend on the pH and the metal to ligand
ratio. At 2:1 metal to ligand ratio (both NiSOD binding loops
are loaded by nickel) an exclusive species was observed and its
structure corresponds to the oxidized form of NiSOD in which
both metal centers are oxidized to Ni".

The Ni,L complex exhibits superior SOD activity, therefore it
is an excellent model of the native NiSOD enzyme. However,
fast oxidative degradation of the complex eliminates the SOD
activity relatively quickly. It is a challenging question why such
degradation does not affect the activity of the native enzyme.
Unique structural arrangement of the peptide chains, specific
features of the medium in biological systems and other factors
may be important in this respect. Further studies should focus
on the modifications of the model system to improve its redox
stability without reducing its excellent SOD activity.
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