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Introducing the penicillamine moiety into a
metallopeptide mimicking the NiSOD enzyme:
electronic and kinetic effects+

® Nora V. May,©

*xa,e

Dora Bonczidai-Kelemen,? Giuseppe Sciortino,
Eugenio Garribba, & 9 Istvan Fabian 2 2© and Norbert Lihi

Multidisciplinary protein design is reported on a novel metallopeptide mimicking the binding loop of
nickel containing SOD enzyme (NiSOD). p-Penicillamine, a natural decomposition product of penicillin,
was introduced into the peptide chain yielding the H(Pen)DLPCGLY (wtPen) peptide. The nickel(n) binding
ability of wtPen was characterized by thermodynamic (pH-potentiometry), spectroscopic (UV-Vis, CD,
MS, NMR) and computational techniques (full DFT and Molecular Dynamics methods). Oxidation of the
Ni(1) complex by KO, yields a square pyramidal Ni(i) species coordinated by the axial His-N in a well-
defined a-helix folding state. The structure of the Ni(i) species was analyzed by EPR spectroscopy and
theoretical methods confirming that the donor set involved in the metal ion coordination and the folding
state are retained after oxidation. The complex exhibits superior SOD activity which was studied by
sequential stopped-flow method. Thorough analysis of the data shows that the Ni(i) species rapidly
accumulates in the nickel catalyzed decomposition of superoxide anion. Accordingly, the presence of the
penicillamine moiety close to the catalytic center increases the life-time of the Ni(i) transient species. In
contrast, Ni(m) exists only at relatively low concentration level in the dismutation reaction catalyzed by the
native NiSOD enzyme fragment.

proteins.® These compounds are easily accessible via the routi-
nely used solid phase synthetic methods. Peptides and pro-

Protein design via the systematic active site tailoring approach
may provide deeper insight into the mechanism of enzyme cat-
alysis. The catalytic reaction can satisfactorily be tuned by
exploring the structure-function relationships, the enzyme
mechanism in substrate recognition and the kinetic features
of the process. Consequently, the controlled design of proteins
is a subject of great interest due to their widespread appli-
cation in industrial biotechnology and chemical synthesis.'™
Peptides have also been extensively studied in these reactions
due to the easier control of the folding processes compared to
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teins mimicking the active site of oxygenases have been inten-
sively studied because their controlled regio- and stereochemi-
cal features have essential role in the oxygenation processes.””®

Superoxide dismutases (SOD) are a dedicate class of
enzyme family which are capable of catalyzing the decompo-
sition of superoxide anion radical in the extracellular
matrix.'*"* The dismutation reaction yields molecular dioxy-
gen and hydrogen peroxide that degrades through various
pathways in further reactions catalyzed by catalase or gluta-
thione peroxidase to yield harmful products.”>'* The absence
of these enzymes results in an elevated level of superoxide
anion concentration which can cause oxidative stress, the for-
mation of reactive oxygen species (ROS) and extensive cellular
damage.'>'® Several studies have also reported that intensive
ROS generation may act as a mediator of a number of inflam-
matory diseases.'”>°

Copper/zinc, manganese and iron containing SOD enzymes
have been characterized by several methods including struc-
tural, equilibrium and computational analysis."®*' So far, only
limited information is available on the peptide-based con-
trolled design for the relatively novel class of Ni-containing
SOD enzymes (NiSOD).>*™>*

This journal is © the Partner Organisations 2022


www.rsc.li/frontiers-inorganic
http://orcid.org/0000-0001-9657-1788
http://orcid.org/0000-0002-7229-5966
http://orcid.org/0000-0002-4467-2912
http://orcid.org/0000-0003-2986-2395
http://crossmark.crossref.org/dialog/?doi=10.1039/d1qi01025e&domain=pdf&date_stamp=2022-01-14
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1qi01025e
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI009002

Open Access Article. Published on 01 December 2021. Downloaded on 12/4/2025 8:04:14 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

The NiSOD is expressed by sodN gene and found in several
Streptomyces and cyanobacteria.>®>” The structure of the
NiSOD obtained from X-ray crystallography revealed a unique
metal coordination environment, where the first six amino
acid residues exhibit a loop. This is the so-called NiSOD
binding motif. For the reduced form, nickel(n) is accommo-
dated by the binding of the terminal amino group, the first
peptide nitrogen and the thiolate of cysteine resulting in a
(5,5)-linked chelate system. This coordination mode is sup-
ported by macrochelation due to the distant Cys residue. The
(2N,28) coordination environment is featured by square planar
structure and diamagnetic behavior. The oxidation of the
nickel(1) complex yields a paramagnetic nickel(u) species, its
formation is being accompanied by an axial ligation which
originates from the binding of the imidazole-N of histidine.
Earlier studies have demonstrated that the first six amino acid
residues (HCDLPC, in the amino acid one letter code) are the
minimal peptide sequence to model both the coordination
mode and catalytic cycle of NiSOD enzymes.>***>! It was also
demonstrated that model complexes are capable of assisting
the decomposition of superoxide anion O, and that the redox
cycle also leads to the oxidation of the cysteine residues.

In our previous works, detailed equilibrium, spectroscopic
and catalytic activities were reported on nickel complexes
formed with NiSOD related peptides.**?*?* Our results and
previous literature studies confirmed the essential role of both
cysteine residues in the dismutation of superoxide ion.**?°
The combined application of pH-potentiometry with spectro-
scopic methods revealed that the cysteine residue in the
second position of the peptide chain is crucial to induce spin
pairing of nickel(u), while the distant cysteine affects the redox
potential of the Ni(u)/Ni(u1) couple.?> We have also studied the
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coordination ability and catalytic features of multiple NiSOD
binding loops and oxidation of the cysteine residues was
observed similarly to those reported earlier. The results
revealed that the binuclear nickel complex exhibits superior
SOD activity, the Ni(m) species rapidly accumulates and is
removed through a fast degradation process; consequently, the
nickel assisted catalysis ceases.>® The oxidative stability of a
set of NiSOD related metallopeptides was studied and corre-
lated with their catalytic activities.*® It was confirmed by
stopped-flow kinetic method that one of the key factors is the
replacement of carboxamide group for secondary amine in the
nickel coordination sphere. Such an alternation leads to
improved catalytic activity and higher sensitivity for oxidation
compared to the model metallopeptides investigated in that
study.®® On the basis of these results, it is an intriguing issue
how the active form(s) of the catalyst can be stabilized to
improve the efficiency in the dismutation of superoxide anion.
In this paper, we report thorough equilibrium, spectro-
scopic, computational and SOD activity studies on the new
metallopeptide containing the NiSOD binding motif (denoted
as wtPen throughout the text, Scheme 1). Its sequence is
H(Pen)DLPCGLY, where the first cysteine was replaced by peni-
cillamine which features two-electrons donating methyl
groups. This study demonstrates that both the steric and elec-
tronic features of penicillamine may alter the activity of the
catalyst during the decomposition of superoxide anion.

Results and discussion

Protonation equilibria of wtPen were investigated by using pH-
potentiometry and the acid dissociation constants are col-
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Scheme 1 Structural formulae of the NiSOD binding loop (wtSOD) and the peptide investigated in this study (wtPen). Mutation on the nonapeptide

backbone is highlighted by red color.
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Table 1 The stepwise deprotonation constants (log Kj) of the peptides and the equilibrium constants (log Koq) of the nickel(l) complexes formed

with wtPen and wtSOD (L)?

log K; wtPen wtSOD” 10g Kpqr wtPen wtSOD”
Species Species

[HGL]i+ 3.78(5) 3.58 [NiH,L]" 4.87(2) 4.76
[H5L] 5.42(7) 5.48 [NiHL] 5.40(1) 5.61
[H4L] 7.09(6) 7.20 [NiL]*~ | 6.86(3) 6.52
[HsL] 8.26(6) 8.25 [NiH_,L]*~ 9.89(4) 9.26
%HZI]JJ - 9.15(6()) 8.92 [NiH_,L]*~ 11.21(5)

HL]*™ 10.07(5 9.88

Ylog K; 43.77 43.31 log K(N7)* 6.86 6.52
Fitted pH range 2.6-11.6 Fitted pH range 3.9-11.3

%30 standard deviations are indicated in parentheses. I=0.2 M KCl, T =

tonation of amide N. log K(N™) = log #(NiHL) — log (NiL).

lected in Table 1. The protonation processes were also followed
by UV-vis spectroscopy which offers the possibility to deter-
mine the individual spectra of each species involved in the
acid-base processes (Fig. S1-S41). Details on the acid-base
character are reported in the ESIL.{

The overall stability constants of the nickel(u)-wtPen com-
plexes were obtained by pH-potentiometric method and are
reported in Table 1 and Table S1,7 while the corresponding
concentration distribution of the complexes as a function pH
is shown in Fig. 1.

In general, the complex formation processes of wtPen show
similarities to those reported in the nickel(i)/wtSOD system.>°
The complex formation reactions between nickel(n) and the
peptide start in the slightly acidic pH range with the [NiH;L]"
species, where L indicate wtPen. In this complex, nickel(u) is
accommodated by the (NH,,Ny,;,,) donor groups (histamine-like
coordination) in an octahedral crystal field. This feature is con-
firmed by the lack of the d-d absorption between 400-500 nm
in the UV-vis spectra. The equilibrium constant for the for-
mation of histamine-like coordination mode is calculated,

298 K. ? Data are taken from ref. 30. ¢ Equilibrium constant for the depro-

log Kuistamine = 5.93, which is close to the log K of histamine-
like coordination of [NiH;L]" complex of wtSOD (logK =
6.39).° The agreement of these stability constants strongly
supports the same coordination mode and confirms that the
carboxylate group of aspartic acid residue - which is already
deprotonated in this pH range - does not have any significant
contribution to the metal binding.

Upon increasing the pH, a further base consumption
process yields the [NiHL]™ complex, while the formation of
[NiH,L] can be excluded on the basis of pH-potentiometric
data, Fig. S1.t The formation of [NiHL]|™ exhibits cooperative
feature and is accompanied by characteristic changes both in
the CD and UV-vis spectra (Fig. 2 and Fig. S5t). An intense
band was observed in the UV-vis spectra at 465 nm which
proves that the complex has a square planar geometry and
indicates that the amide nitrogen of the peptide backbone is
involved in the metal binding.

In parallel, the CD spectra exhibit a new band at 270 nm. In
this wavelength range, the Ni(n)-imidazole and Ni(u)-N~
charge transfer bands are characteristic. In addition, the CD
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Fig. 1 Concentration distribution of the complexes formed between Ni(i) and wtPen (left axis), and the .« values (H) and AA at 311 nm (@) (right
axes) as a function of pH at 1: 1 metal to ligand ratio (/ = 0.2 M (KCl), T = 298 K). ci¢) = 2 mM.
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Fig. 2 CD spectra of the Ni(i)/wtPen 1:1 system as a function of pH.
The spectra were recorded between pH 4.56 and 11.58. Inset: Selected
part of the d—d transition. cy;) = 2 mM.

spectra exhibit a band at 330 nm which confirms the binding
of one of the thiolate groups. On the basis of the spectroscopic
data, the (NH,,N;,,,N~,S7(Cys)) coordination mode is attribu-
ted to [NiHL]™, although a weak axial interaction is expected
between the Ni(un) and imidazole-N of histidine (vide infra).
This coordination mode features a (5,6)-membered chelate
system which is supported by the macrochelation of the
distant cysteinyl residue. Additional base consumption process
provides the active structure of NiSOD due to the binding of
the thiolate group of penicillamine residue. The well resolved
CD spectra exhibit a new band at 311 nm with negative Cotton-
effect which is a clear evidence for the binding of the penicilla-
mine moiety, e.g. p-penicillamine was used in the synthesis
and the introduction of methyl substituents of penicillamine
results in higher excitation energies than that of cysteine. Such
a feature cannot be observed in the UV-vis spectra, these tran-
sitions collapse into a single absorption band with maximum
at 340 nm. Therefore, the formation of this complex can selec-
tively be followed by CD spectroscopy at 310 nm and the good
correlation between AA and the species distribution further
confirms the proposed coordination mode (Fig. 1). This
[NiL]*~ complex has a stoichiometry of NiH_,L(H) where the
tyrosine residue remains protonated and is dominant at the
physiological pH-range. The UV-vis and CD spectra provide
further evidence for the formation of (NH,,N”,S7,S7) co-
ordinated species, although the spectroscopic parameters
differ from those observed for the wild-type fragment of
NiSOD.*” This is most probably due to the presence of penicil-
lamine moiety in the coordination sphere which significantly
affects the electronic features of the complex. The coordination
mode was proved by NMR spectroscopy. In Fig. S6,f the
"H-"?C HSQC spectra are shown in the presence and absence
of nickel(n) at pH 7.8. The addition of nickel(u) causes a large
shift of several NMR signals. Drastic effect was observed on
the methyl groups of penicillamine moiety which is presum-
ably due to the binding of the thiolate group and amide nitro-

This journal is © the Partner Organisations 2022
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gen of the peptide backbone. In addition, the His-CH, signals
are affected by the deprotonation and coordination of peptide
nitrogen. These results are consistent with the binding of one
of the amide nitrogen atoms from the peptide backbone and
the thiolate group of penicillamine.

To corroborate the exclusive existence of this complex,
ESI-TOF-MS experiments were carried out. The MS spectrum
recorded in the Ni(u)/wtPen 0.9 : 1 system is shown in Fig. S7.7
The major peaks are attributed to the mononuclear nickel(u)
complex [NiL]*~ (=[NiH_,L(H)]*") with m/z = 543.1789, to the
adduct with sodium ([NiH_;L + Na']*") with m/z = 554.1699,
and to the ligand L™ with m/z = 1031.4450. The good agree-
ment between all of the observed and calculated m/z values
supports the existence of the postulated species (Table S2 and
Fig. S87). In addition, the MS spectra do not exhibit any indi-
cation for the formation of dimeric or bis-ligand species.
Further deprotonation processes lead to the formation of
[NiH_,L]>~ and [NiH_,L]*~ complexes. Since these species are
relevant in strongly alkaline solutions only, their complex for-
mation equilibria are discussed in the ESI, Fig. S9.7

The structure, the effect of the metal binding on the
peptide conformation and the electronic absorption spectrum
of the major complex present under physiological pH in the
Ni(i)/wtPen system, [NiL]*~ (=[NiH_,L(H)]>"), were elucidated
with a multistep modelling strategy. The results were com-
pared with those obtained for similar species of wtSOD. The
approach consisted in: (i) build a starting model for both the
metal free and mononuclear Ni(u)-wtSOD and Ni(u)-wtPen
peptide fragments (a.a. 1-9) based on the X-ray structure of
Ni(u)-SOD; (ii) carry out a MD simulation in order to find their
most stable conformation in solution and elucidate the effect
of Ni(u) coordination on the folding; (iii) optimise such confor-
mation at full-DFT theory level; and (iv) predict its electronic
vertical transitions comparing the results with the experi-
mental bands.

The metal free peptides display the behaviour of typical
intrinsically disordered peptides with continuous transition
between folded and unfolded states with a main extended con-
formation. Upon Ni(u) coordination, the metal induces a sig-
nificant loss of flexibility. Cluster analysis performed on the
full length MD experiments shows one predominant confor-
mation in which the square planar Ni(u) coordination geome-
try is highly retained and a mainly a-helix conformation is
adopted by residues 3-9. Overall, the results highlight that
both models are stable during 200 ns of the MD and thus they
were selected for subsequent DFT analysis. The representative
frames of the most sampled conformations for wtSOD (the
native fragment of NiSOD without metal coordination), Ni(u)-
wtSOD and Ni(u)-wtPen species are reported in Fig. 3a-c. It is
plausible that, after the deprotonation of first peptide-NH and
SH of Pen and Cys, the interaction of Ny, changes from an
equatorial to an axial position.

DFT optimization of the structures confirms the square
planar Ni(u) coordination geometry with no binding of Ny, of
His residue. The final Ni(u)-donor bond lengths are: Ni-NH,
is 2.007 A (2.008 A for wtSOD), Ni-N~ 1.895 A (1.901 A), Ni-

Inorg. Chem. Front,, 2022, 9, 310-322 | 313
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Free 1-9 fragment

Ni(ll)wtSOD 1-9 fragment

Ni(ll)wtPen 1-9 fragment

Fig. 3 Representative structures for the most populated clusters obtained along the 200 ns MD for: (a) wt (green backbone); (b) Ni(i1)—wtSOD
(orange backbone); and (c) Ni(i)-wtPen (blue backbone) fragments together with the most representative frames of other identified clusters. The
stoichiometry of the Ni(i) species is [NiLI?~ (=[NiH_;L(H)1?7) with (NH, N~, S, S7) coordination.

Spenz” 2.190 A (Ni-Sgysp~ 2.213 A), Ni-Sgyse 2.250 A (2.261 A),
while the apical Ni-Ngyis; distance is very long, 4.168 A
(4.129 A). The Cartesian coordinates of the corresponding
complexes are collected in Tables S3 and S4.f Noticeably, the
introduction of penicillamine moiety results in a shorter bond
distance between nickel(u) and the thiolate group in second
position than that calculated for wtSOD.

The predicted spectra at TD-DFT theory level are qualitat-
ively in agreement with the experimental results at physiologi-
cal pH for [NiL]*". In the case of Ni(u)-wtPen, the principal
fitted bands display their maxima between 332 and 502 nm,
composed by clear d-d transitions from internal occupied
MOs with metal character to the Ni-d,._,. LUMO orbital. The
two intense transitions around 300 nm are assigned to metal-
to-ligand or ligand-to-metal charge transfers (MLCT and
LMCT). The analysis and the list of the calculated vertical tran-
sitions for the [NiL]*~ species formed in the Ni(u)/wtPen and
Ni(r)/wtSOD systems are reported in Tables S5 and S6 of the
ESLY

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were used to obtain electrochemical data of the Ni(u)-
wtPen and Ni(u)-wtSOD complexes at pH 7.6 (Fig. S10t). The
cyclic voltammogram shows irreversible feature for these
species (the anodic peak occurs at 0.591 V and 0.428 V versus
Ag/AgCl for Ni(u)-wtPen and Ni(u)-wtSOD, respectively). The
anodic peaks clearly confirm that the two complexes show
somewhat different redox properties.

The formation of nickel(m) transient species was followed
by EPR spectroscopy. KO, stabilized in 18-crown-6 was used as
an agent to oxidize in situ the corresponding nickel(nr) com-
plexes. The EPR spectra are shown in Fig. 4 and the spin-
Hamiltonian parameters are collected in Table S7.7

The EPR spectra unambiguously prove that the oxidation of
nickel(u) occurs, and the unpaired electron is located in the d
orbital resulting in a g, ~ g, > g, ~ g. relationship between the
g values.*®?° The interaction between the unpaired electron of
nickel(m) and one nitrogen donor with nuclear spin I = 1 yields
a three-band superhyperfine splitting centered around g ~ 2.

314 | Inorg. Chem. Front., 2022, 9, 310-322
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Fig. 4 X-band EPR spectra recorded at 77 K in the Ni(i)/wtPen system
after in situ oxidation (black) and the simulated EPR spectra (red).

Although such square pyramidal coordination environment
features the oxidized form of wild-type fragment of NiSOD,>**°
the EPR parameters of wtPen differ.

To predict the conformation of the metallopeptides and the
spin Hamiltonian EPR parameters of monomeric Ni(ui)-
wtSOD and Ni(m)-wtPen complexes, a computational protocol
similar to that described for the nickel(n) complexes was fol-
lowed (vide infra). The g and A tensors of **Ni and "*N nuclei
were computed with the functional BP and basis set 6-311 g(d,
p) after a validation on a small benchmark consisting of four
square planar, square pyramidal and octahedral Ni(u) com-
plexes formed by maleonitriledithiolato, N,N'-disalicylidene-
4,5-dichloro-1,2-phenylenediamine and pyridine ligands (see
Tables S8-S127). MD analyses unveil stable square pyramidal
Ni(m) coordination geometry and, particularly for Ni(m)-
wtPen, more flexible structures from mainly folded to extended

This journal is © the Partner Organisations 2022
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conformations of the residues 3-9. The representative frames
of the most sampled conformation for Ni(ur)-wtSOD and
Ni(m)-wtPen are reported in Fig. S111 and their Cartesian
coordinates are summarized in Tables S13-S16.}

Considering the flexibility displayed by the oxidized form of
the metallated peptides, the fast oxidation times and by ana-
lysing the most sampled conformations, the o-helix folding
derived from the previous simulations was also selected for
DFT analysis.

The energy order of the Ni-based MOs, Ni-d,, ~ Ni-d,, ~ Ni-
dy; < Ni-d,> < Ni-d,._y», agrees well with the prediction of the
ligand field theory.*® Analysis of the MOs composition and
spin density shows that the unpaired electron is mainly on the
Ni-d,. orbital, in line with the order of the g values (see
Table S7t). This MO is shown in Fig. S12 of the ESL

On the optimized structures, the spin Hamiltonian para-
meters were computed and compared with the EPR experi-
mental results (Table 2). The highest spin density was found
on the Ni atom confirming the Ni(m) oxidation state.
Moreover, the equatorial nitrogen donors, NH, and N~, display
negligible contribution to the superhyperfine constant AY, in
line with literature results for other Cu(m)*' and Ni(m)
complexes.””*® Therefore, the superhyperfine resonances
observed in the EPR spectra (Fig. 4) with wtPen were attributed
to the axial Nj,, of His1 residue. Such an observation for Ni ()
can be explained assuming that the delocalisation of the spin
density to the imidazole ring occurs through the MO that
describes the coordinative bond formed by Ni-d,. and sp®
orbital on Ny,. This reinforces the finding that for such
systems the unpaired electron is located on Ni-d,. orbital. In
contrast, the delocalization on the coordinated equatorial
nitrogens is not possible and the spin density on them is
almost negligible. This accounts for the small, lower than 3 x
10 em ™" values of A™ in these systems. Analysis of the total
spin density (a-f) shows that the unpaired electron is localized
on Ni and Ny, atoms (Fig. 5).

The comparison of the experimental and the computed
spin Hamiltonian parameters (Table 2) indicates that a-helix
folding state is retained in the transient Ni(u) species. In fact,
the deviations from the experimental values are huge for the
extended conformations (~50%), suggesting that no fast con-
formational changes are induced upon the le~ oxidation
process. The coordination environment around Ni(ur) is square
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o—B spin dens.

Fig. 5 Total (x—p) spin density (isovalue: 0.007) plot for Ni(n)-wtPen
species computed for the DFT energy minimum.

pyramidal. In contrast with Ni(u), the axial interaction with
N, of Hisl1 residue is strong with bond lengths of 2.075 and
2.073 A for wtPen and wtSOD. The other distances in the DFT
optimized structures are: Ni-NH, is 2.033 A (2.034 A for
WtSOD), Ni-N~ 1.934 A (1.934 A), Ni-Spen,~ 2.203 A (2.220 A),
and Ni-Sgyss~ 2.281 A (2.277 A). The optimized geometries
accounting for the experimental EPR parameters are reported
in Fig. 6.

In a dedicated stopped-flow experiment, the Ni(i)-wtPen
complex was mixed with KO, in DMSO to produce the corres-
ponding Ni(m) complex. The progress of the reaction was
monitored in a stopped-flow experiment using the PDA detec-
tor which offers a possibility to record the electronic absorp-
tion spectra of the species. Mixing the Ni(un)-wtPen complex
with equimolar KO, solution rapidly yields the corresponding
Ni(m) complex which exhibits characteristic absorption at
around 385 nm that is assigned to S/N(r) — Ni(d,*) charge
transfer band according to earlier literature data (Fig. S137).*
Since only a few studies are reported on the electronic absorp-

Table 2 Comparison of values of selected experimental and calculated spin Hamiltonian parameters. Computations were made at BP DFT theory

level®?

Species (folding) Ag]exptl b,c Ag}calcd b,d gixptl gff‘ICd e g;xptl yalCd e ggxptl Zalcd e
Ni(III)—WtSOD (extended)f 23.7 11.6 (—51.1) 2.289 2.148 (—6.2) 2.220 2.124 (—4.3] 2.012 2.020 (0.4)
Ni(IH)—WtSOD ((x-helix}g 23.9 (0.8) 2.165 (—5.4) 2.151 (—3.1] 2.019 (0.3)
Ni(m)—then (extended)f 22.1 12.0 (—45.7) 2.257 2.164 (—4.1) 2.251 2.142 (—4.8] 2.013 2.020 (0.3)
Ni(m)—then ((x—helix)g 23.4 (5.9) 2.164 (—4.1) 2.150 (—4.5) 2.020 (0.3)

“ Calculations carried out at BP/6-311 g(d,p) theory level with ORCA 4.0 (see ESIf for selection of the method).  Value in 10~*.em™. “AY for the
axiall Hisll-N donor. ¢ Percent deviation in parenthesis, calculated as [(AN°d — ANP)AN=PT] 100, ¢ Percent deviation calculated as [(g5*d —
ngpt )/ngpt] x 100 with i = x, y, z./ Representative structure of the most populated cluster. £ a-Helix structure optimized from the Ni(ir) MDs.
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Ni(lll)wtPen 1-9 fragment

Fig. 6 DFT optimized conformations (B97D) accounting for the experimental EPR parameters of Ni(i)—-wtSOD (left, orange backbone) and Ni(i)—

wtPen (right, blue backbone).

tion spectra of Ni(u1) complexes, the MO’s involved in the tran-
sitions were analysed by further TD-DFT calculations. The
principal fitted band displays a maximum at around 340 nm
in good agreement with the experimental observations. It is
composed by several LMCT transitions with the most intense
involving one-electron promotion from internal occupied MOs
mainly localized on His1, Cys6 and Asp3 residues to the Ni-
d._y. based LUMO or LUMO+1 orbitals. Other LMCT tran-
sitions involve excitations with main Lyisi/asps/cysermyro = Ni-
d_y character (see Table S177).

Stability of the metallopeptides

Earlier studies indicated that the addition of KO,, O, or H,O,
to the reduced form of metallopeptides leads to substantial
sulfur-based oxidation processes yielding sulfenate, sulfinate,
sulfonate, cysteine-S-monoxide  or  cysteine-S-dioxide
products.*®*® The Ni(i)-wtPen and wtSOD complexes remain
intact when they are exposed to air for 12 hours. In contrast,
drastic changes were observed in the UV-Vis spectra of these
species upon the addition of one H,0, equivalent (Fig. S147).
However, this degradation process occurs on a much longer
time scale than the catalytic dismutation reaction.

Catalytic activity

The SOD activity of the nickel complex of wtPen was studied
by monitoring the decay of the superoxide anion at 260 nm in
water/DMSO 1:1 solvent mixture and the results were com-
pared with those obtained for the nickel complex of wtSOD.
Sequential stopped-flow measurements were used to avoid the
spectral disturbances. Details of the experimental protocol are
reported in our previous paper.**

First, the spontaneous decomposition of the superoxide
anion was investigated in the absence of catalyst. Moreover,
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the initial absorbance of the kinetic traces allows us to deter-
mine the concentration of superoxide anion after the incu-
bation time (40 s). A simple second-order decay was observed
in the spontaneous decomposition of superoxide anion and
the second order rate constant, k; = (3.84 = 0.03) x 10* M™' s7%,
is in excellent agreement with that reported earlier.*’

In the presence of the NiSOD mimic, the absorbance drops
very fast from its initial value (ca. 0.5) to below 0.3 in the first
measured point (at 2 ms) of the kinetic traces. This proves that
a substantial part (40%) of the reaction proceeds within the
dead-time of the instrument (ca. 1.5 ms). Since the non-cata-
lyzed decay of superoxide occurs on considerably longer time-
scale, these results unambiguously prove that the nickel
complex of wtPen exhibits superior SOD activity.
Unfortunately, the kinetic traces cannot be fitted with a simple
first-order expression assuming steady-state conditions for the
Ni"" complex. In reality, the absorbance steadily changes in a
slow process, that can only be explained by considering that
the nickel assisted dismutation of superoxide Kkinetically
couples with the degradation of the complex. The postulated
reaction scheme is shown in Scheme S1.7 The model incorpor-
ates the spontaneous decomposition of the superoxide anion
(k1), the dismutation cycle (k,, k3) and the degradation of the
Ni'"" complex (k4). Since the Ni'" complex is stable in the
absence of oxidant, it is reasonable to assume that the degra-
dation occurs in the Ni"™ complex. In this species, Ni'"" may be
reduced in an intramolecular redox step, and the nickel
assisted dismutation ceases yielding an unidentified nickel
complex (Ni*). The kinetic model includes reactions (1)-(4)
and the corresponding differential equation system is given by

eqn (5)-(9).

2H" 420, — H,0, + 0, k4 (1)

This journal is © the Partner Organisations 2022
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Ni'"L +2H" +0,” — Ni""L + H,0, &, (2)
Ni'"™L + 0, — Ni"L+ 0, k; (3)
Ni"L — Ni*L &y (4)
d[o,7] 2
dr = k1 X [02 ] k2 (5)
x [Ni"L][0,7] — k3 x [Ni'™L][0,7]
202 _ o NitL[0, ] (6)
dt
11
% — &y x [Ni"LJ[0, 7] + ks x [Ni"'L][0,7]  (7)
d[Ni""L] o _
g =k x N0, ]~k ®)
x [Ni"L][0, 7] — k4 x [Ni* L]
1%
W = ks x [Ni"'L] (9)

The experimental data were evaluated by fitting the absor-
bance of each kinetic trace (at 260 and 376 nm) on the basis of
this differential equation system by using a non-linear least-
squares approach.’® At 260 nm, there are several absorbing
species, and the absorbance is expressed by eqn (10):

Abs = ENi(I) X [NiHL] + eniqm) X [NiHIL] + enir

. _ (10)
X [Ni*L] 4 €0,- X [027] + €n,0, X [H20s]

The kinetic traces were also evaluated at 376 nm where the
spectral contribution of superoxide anion is negligible, and
the absorbance is expressed by eqn (11):

Abs = ey X [Ni"L] + enjm) % [Ni"'L] + enje x [Ni*L] (11)

Since the intramolecular redox degradation (eqn (4)) signifi-
cantly affects the dismutation cycle, the process was indepen-
dently examined at comparable concentrations of the catalyst
and superoxide anion at 260 and 376 nm using constant
complex concentration. Under such conditions, the pseudo-
first order approach is not applicable for reactions (2) and (3).
The corresponding kinetic traces are shown in Fig. 7 and
Fig. S15.7

Evaluation of the data yields the first-order rate constant for
the degradation of the Ni"™ complex, k, = 292 = 2 s~ and the
molar absorptivities of Ni'"" and Ni* complexes at 260 nm,
enim) = (2.58 £ 0.02) x 10" M~ em™, ey = (1.57 + 0.06) x 10
M™' em™, respectively. Noticeably, the estimated first-order
rate constants at 260 and 374 nm show excellent agreement
supporting the postulated kinetic model. In the final fitting
process, k; was allowed to float, while k, was fixed at 3 x 10°
M~ 57 and k, as well as the molar absorptivities of the Ni*™
and Ni* complexes, O, and H,0, were involved with fixed
values obtained from independent experiments. The strong
cross-correlation between k, and k; does not allow simul-
taneous fitting of these parameters. However, the best fit (e.g.
considering the smallest standard deviation) was observed

This journal is © the Partner Organisations 2022
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Fig. 7 Kinetic traces recorded in the presence of Ni-wtPen complex at
comparable concentrations of superoxide anion. c(complex)® = 0.2 mM;
c(0,7)° = 0.41 mM (blue), 0.62 mM (red) and 1.24 mM (green). Solid lines
represent the fitted kinetic traces on the basis of the proposed kinetic
model. The experiments were carried out in a 1:1 aqueous HEPES
buffer (50 mM, pH 7.6)/DMSO solvent mixture. A = 260 nm, [ = 2 mm.

when k, was fixed at 3 x 10® M™' s™" or higher. Below this

threshold, unrealistic results were obtained. The same experi-
mental and evaluation protocol were used for wtSOD
(Fig. S16t), when simultaneous fitting of k, and k; was feas-
ible. The results are collected in Table 3 and the corresponding
kinetic traces are shown in Fig. 8.

It needs to be emphasized that most of the fitted para-
meters are expected to be pH dependent, therefore the
reported values are applicable only at pH 7.6 in water (50 mM
HEPES)/DMSO 1: 1 solvent mixture. Developing a more appro-
priate kinetic model for the enzyme activity under biological
conditions would require experiments in aqueous solution
instead of water/DMSO mixture and the use of a much broader
concentration range of the reactants. However, experimental
limitations prevent such studies. Most prominently, the prepa-
ration of stable aqueous O, is not feasible. In spite of the
noted shortcomings, the results presented here offer an excel-
lent possibility for comparing the SOD activities of the NiSOD
models.

Table 3 Kinetic parameters resulting from the global fitting of the
kinetic data

wtPen wtSOD
Parameter Value Value Unit
& (3.84 +0.03) x 10" (3.84 +0.03) x 10* M *ts!
ky >3.0 x 10° (9.6 £0.3) x 107 M's!
ks (3.15 + 0.04) x 107 (1.72 +0.08) x 10° M 's!
k, 202 +2 258 +2 st
ENi(n) (1.99 + 0.02) x 10* (1.48 + 0.06) x 10* M *'em™t
Eni(m) (2.58 £0.02) x 10*  (2.44+0.09)x10" M 'em™
Enix (1.57 + 0.06) x 10* (1.8 £0.1) x 10* M 'em™
€o, 2686 2686 M 'em™!
€m0, 38 38 M em™!
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Fig. 8 The decomposition of superoxide anion in the presence of Ni-
wtPen complexes (magenta: 4.8 pM, blue: 6.3 uM, red: 9.7 uM, green:
19.4 pM) (A) and Ni-wtSOD complexes (blue: 2.6 pM, green: 1.2 uM, red:
0.2 pM) (B). Solid lines represent the fitted kinetic traces on the basis of
the proposed kinetic model. The experiments were carried outinal:1
aqueous HEPES buffer (50 mM, pH 7.6)/DMSO solvent mixture. 1 =
260 nm, [ =2 mm.

Fig. 9 demonstrates how the concentration of each species
varies during the dismutation process. For wtPen, the results
clearly show that the oxidation of nickel(n) (k,) is considerably
faster than the reduction of the corresponding nickel(m)
complex (k3). Therefore, the nickel(i) complex rapidly accumu-
lates after the initiation of the reaction. During this period of
time, a substantial amount of the superoxide anion undergoes
dismutation (ca. 80%) but eventually the decay of the O, con-
centration becomes considerably slower. In contrast, oxidation
of the nickel(ir) complex of wtSOD is slower than the reduction
process, thus the Ni'" form is always in excess over the oxidized
form. This kinetic feature yields a more effective catalytic
activity than that observed for the wtPen. The results unam-
biguously show that the presence of electron donating methyl
substituents stabilizes the nickel(m) species which makes the
dismutation less favorable.
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Fig. 9 Calculated concentration profiles of each species as a function
of time during the decomposition of superoxide anion in the presence
of the catalyst (L refers to wtPen (A) and wtSOD (B)). Blue: Ni'L, red:
Ni"'L, green: Ni*L (left axis); black: O, (right axis). c(Ni"L)® = 4 uM,
c(0,7)° = 980 pM.

The results confirm that the disproportionation of the
superoxide anion can be controlled by modifying the active
site of the catalyst. Unfortunately, the formation of the
nickel(m) complex is followed by intramolecular redox
degradation yielding the unidentified Ni* species and, conse-
quently, the active form of the catalyst is removed.

Conclusion

Modification on the peptide sequence of NiSOD binding loop
by using the natural decomposition product of the antibiotic
penicillin  yields a new metallopeptide containing
p-penicillamine moiety. The excellent metal binding ability is
due to the coordination of (NH,,N™,Spens ,Scyss ) donor set
which corresponds to the coordination environment in the
reduced form of NiSOD enzyme. Oxidation of the Ni(u)
complex yields a Ni(u1) species with a stable square pyramidal
coordination mode which is due to the binding of the apical
histidine and o-helix folding state. Both the EPR parameters
and superhyperfine resonances were analyzed by DFT compu-
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tations and the results confirmed that the unpaired electron is
localized on Ni and Ny,,, atoms.

The metallopeptide exhibits superior catalytic activity in the
decomposition of superoxide anion. The decomposition reac-
tion was studied both under catalytic and second-order con-
ditions. This kinetic approach made possible to establish a
multi-step kinetic model which incorporates the decompo-
sition of the superoxide anion, the dismutation cycle and the
degradation of the catalyst. We unequivocally confirmed that
the metallopeptide efficiently catalyzes the dismutation
process, and that the Ni"™ form undergoes redox self-degra-
dation. This side-reaction significantly alters the interpretation
of dismutation activity of NiSOD related metallopeptides. The
concentration profiles as a function of time clearly show that
the superoxide anion is quickly dismutated in the presence of
the catalysts. Simultaneous intramolecular redox decompo-
sition of the Ni(m) form of the catalyst eventually ceases the
dismutation process.

Earlier studies have reported contradictory conclusions on
the role of axial ligands and the hydrogen bond system sur-
rounding the catalytically active center of NiSOD models. It
has been proposed that the axial coordination of histidine
moieties is not required in the metal assisted degradation of
superoxide, ie. an alternative degradation process might
exist in the absence of an apical donor group.*® However, it
has also been demonstrated that the presence of an axial
ligand in the coordination sphere of nickel(m) enhances the
rate of the superoxide disproportionation reaction by
affecting the redox activity of the Ni"/Ni™ redox couple.?
Buntkowsky et al. have demonstrated that the hydrogen bond
network orients the imidazole ring of histidine and helps the
stabilization of the Ni(m) oxidation state.*® Other authors
suggested that the hydrogen bonds protect the sulfur atoms
of cysteine moieties and enhance the robustness of these
groups against oxidative damage of O, or H,0,.°"*>% By
introducing penicillamine moiety, the formation of hydrogen
bond network can be hindered via the bulky methyl substitu-
ents. The reaction between the Ni-wtPen complex and super-
oxide accumulates the Ni'"" species which is involved in a
fast self degradation process. Therefore, we propose an
alternative role of hydrogen bond network which can involve
the stabilization of the Ni™ oxidation state toward redox
degradation processes. This explains the observed kinetic fea-
tures, suggesting that an alternative superoxide degradation
process may proceed via a different path in the Ni/wtPen
system.

Finally, the presence of the penicillamine moiety (i.e. the
electron donating substituents of methyl groups) close to
the catalytic center is capable to increase the life-time of the
Ni(m) transient species. However, the results clearly show
that the following features have to be controlled in an
effective dismutation reaction: (i) the concentration of the
Ni(m) species needs to be kept at relatively low concen-
tration, (ii) the intramolecular redox degradation process
needs to be prevented. Further protein designing may solve
these issues.

This journal is © the Partner Organisations 2022
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Experimental and computational
section
Equilibrium studies

The protonation constants (logk;) of the ligands and the
overall stability constants (log ff,qr) were determined by pH-
potentiometric titration method. The pH reading was con-
verted to hydrogen ion concentration as described by Irving
et al’>® Protonation constants and the overall stability con-
stants, fpqr = [NipHqLJ/[Ni]°[H]?[L]" of the nickel(n) complexes
were calculated by using the computational programs,
SUPERQUAD”’ and PSEQUAD.>®

Spectroscopic techniques

UV-visible spectra of the nickel(n) complexes were recorded
with an Agilent Technologies Cary 60 UV-VIS spectrophoto-
meter between 200 and 800 nm using the same concentration
range as in the pH-potentiometric titrations. The circular
dichroism spectra were registered with a Jasco J-810 spectro-
polarimeter using 1 mm and/or 1 cm cells in the 250-800 nm
wavelength range. The individual spectra of the complexes
were calculated by solving the overdetermined linear equation
system with Matlab on the basis of the estimated stability con-
stants.”” All CW-EPR spectra were recorded with a BRUKER
EleXsys E500 spectrometer. The measured spectra were simu-
lated using the EPR program designated by Rockenbauer and
Korecz.”® Rhombic g-tensor have been used for the simulation
of the components. Orientation dependent linewidths were
considered. ESI-TOF-MS measurements were carried out with a
Bruker maXis II MicroTOF-Q type Qq-TOF-MS instrument
(Bruker Daltonik, Bremen, Germany) in negative mode. 1D 'H
and 2D (*H-"C HSQC) NMR spectra were recorded on a
Bruker Avance I 400 spectrometer equipped a BB inverse z gra-
dient probe at 298 K.

Computational methods

The molecular modelling approach consisted in a multistep
strategy including Molecular Dynamics (MD), Density
Functional Theory (DFT) and Time-Dependent-Density
Functional Theory (TD-DFT) calculations. (i) The starting
models for both the metal free and mononuclear Ni (u)/Ni (i)~
wtSOD and Ni(u)/Ni(m)-wtPen peptide fragments (a.a. 1-9)
were obtained from the X-ray structure of Ni(u)-SOD and
Ni(u1)-SOD (PDB code 1T6U). (ii) MD simulations in TIP3P per-
iodic water box along 200 ns were carried out with OpenMM®®
package in order to find their most stable conformation in
solution and elucidate the effect of Ni coordination on the
folding. Ni-Bonding force constants and equilibrium para-
meters were obtained through the Seminario method, using
the MCPB.py protocol.>® The trajectories convergence was
assessed by RMSI, RMSF, counting clustering method and PCA
analysis.® (iii) The most stable conformation was optimized at
full-DFT theory level with Gaussian 16 ®' using the functional
B97D in continuum model for water. (iv) The UV-vis electronic
vertical transitions of the optimized complexes were computed
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at TD-DFT theory level using the HSE06 functional in conti-
nuum model for water according to the method established
previously.®* (v) For the Ni(um)-wtSOD and Ni(m)-wtPen
peptide fragments the g and A tensors of ®*Ni and '*N nuclei
were computed through the method implemented into the
ORCA package (vers, 4.0),°*°* with the functional BP.*® The
method was further calibrated in this work toward a dataset of
four Ni(ur) complexes (Table S8t). All the predicted spectro-
scopic parameters were compared with the experimental data,
either to confirm the conformation of the peptide fragments
or to clarify their electronic structure properties. See the ESIT
for further technical details.

Electrochemistry

Electrochemical measurements (cyclic voltammetry (CV) and
differential pulse voltammetry (DPV)) were performed using a
BASI Epsilon Eclipse potentiostat (Bioanalytical Systems Inc.,
West Lafayette, USA) equipped with a three-electrode arrange-
ment that consists of a platinum wire auxiliary electrode (ALS
Co. Japan), a glassy carbon electrode (CHI104) and a Ag/AgCl/3
M KCl reference electrode.

SOD activity measurements

The catalytic activities of the Ni(u) complexes in the decompo-
sition of O,~ and the formation of Ni(m) transient species and
further nickel complexes were studied using an Applied
Photophysics SX-20 stopped-flow instrument equipped with a
photomultiplier tube as the detector.
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