Volume 52
Number 11

21 March 2023
Pages 3237-3538

Dalton
Transactions

An international journal of inorganic chemistry

rsc.li/dalton

ISSN 1477-9226

ROYAL SOCIETY PAPER

Nora Kulak et al.

O F CH EMIST RY Impact of N-heteroaromatic N-termini in Cu(i) ATCUN

metallopeptides on their biorelevant redox activity

(3



Open Access Article. Published on 22 December 2022. Downloaded on 3/15/2026 8:25:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton
Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

’ M) Check for updates ‘

Cite this: Dalton Trans., 2023, 52,
3279

redox activityt

Jannis Barrera,®? Haleh H. Haeri,© Julian Heinrich,® Matthias Stein,
¢ and Nora Kulak (2 *@

Dariush Hinderberger

Received 27th June 2022,
Accepted 22nd December 2022

DOI: 10.1039/d2dt02044k

rsc.li/dalton

Introduction

Cu(u) complexes have been thoroughly investigated for their
capability to promote DNA degradation through an oxidative
pathway in the presence of molecular oxygen and reducing
agents. Due to their intrinsic redox properties, also modulated
by the choice of ligands, ROS formation during the redox
process induces the cleavage of the biomolecule."™ The amino
terminal Cu(u)- and Ni(u)-binding (ATCUN) motif refers to a
distinctive site in peptides and proteins like albumins and
histatins.””” The N-terminus, two deprotonated amide N atoms
of the peptide bonds, and a histidine residue constitute the
binding sites with the metal from which a complex with
square planar coordination geometry is formed.® In the last
decades, various applications for ATCUN metallopeptides have
been suggested in the literature ranging from catalysis to
medicine.”'® One of the very first examples, however, already
dates back from 1983: the simplest Cu(u)-ATCUN complex, Cu-
GGH, was evaluated for antitumor activity toward Ehrlich
ascites tumor cells inoculated in mice in the presence of ascor-
bate. The capability of killing the malignant cells by generating
ROS was demonstrated,” and thus suggested the therapeutic
application of Cu(u)-ATCUN complexes. However, the 4N
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Impact of N-heteroaromatic N-termini in Cu(n)
ATCUN metallopeptides on their biorelevant

d

Cu(n) complexes with ATCUN peptide ligands have been investigated for their ROS (reactive oxygen
species) generation and oxidative DNA degradation abilities. The biological activity of most ATCUN com-
plexes such as Cu-GGH (Gly-Gly-His) is, however, low. Tuning the redox chemistry by incorporation of
N-heteroaromatics reinstates ROS production which leads to efficient DNA cleavage.

coordination mode of the ATCUN ligand towards Cu(u) results
in high complex stability. In consequence, redox activity is
(partially) suppressed causing very low ROS generation.'® A
modification of the original ligand scaffold with alternative
amino acids or additional organic moieties may enhance the
potential of these Cu(u) species as artificial nucleases. Jin and
Cowan have previously developed Cu-KGH and Cu-KGHK com-
plexes with a higher nuclease activity than Cu-GGH which was
assigned to positively charged lysine residues at physiological
pH that allows stronger interaction with the negatively charged
DNA target.'” In addition, the substitution of the a-amino acid
glycine (Gly) by the p-amino acid B-alanine (p-Ala) in the
ATCUN peptide sequence has been investigated.''”'® As we
have shown previously, such a modification results in a more
flexible peptide scaffold with more facile access to Cu(u)/Cu(i)
redox cycling due to the easiness of switching between square
planar (Cu(u)) and tetrahedral (Cu(i)) coordination. This flexi-
bility was, however, accompanied by a decrease of complex
stability.’® As a consequence of enhanced Cu(n)/Cu(1) redox
cycling, ROS generation and DNA cleavage was significantly
enhanced in the presence of ascorbate (ascH™). Increased DNA
affinity by the introduction of positively charged Lys in the
amino acid sequence lead to further enhancement of DNA
cleavage activity."® A contrary approach has been followed by
Kritzer et al.: cyclization of the ATCUN motif led to enhanced
Cu(u)/Cu(ur) redox cycling due to the applied constraint and
was concomitant with high DNA cleavage activity under oxi-
dative conditions in the presence of hydrogen peroxide
(HZOZ).ZO’ZI

Within this work we are examining whether the incorpor-
ation of N-terminal modifications of the ATCUN-like peptide
through heteroaromatic systems may increase the nuclease
activity of complexes in view of a higher DNA affinity through
n-n stacking interactions with the nucleobases. Inspired by the
ATCUN motif, we have now designed a series of Cu(u) com-
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plexes containing not only Gly and p-Ala in the 1°° and 2"
position of the peptide sequence, but also N-heteroaromatics.
As occurred with the introduction of p-Ala, the coordination of
the aromatic N-donor groups results in successive increase of
the chelate ring size (5,5,6 — 5,6,6 — 6,6,6) (Chart 1), which in
turn, should have a direct impact on the complex stability,>*
and consequently redox chemistry.'***

Results and discussion
Synthesis of peptides and complexes

N-Heteroaromatics (shown in green in Chart 1) were syn-
thesized following previously described procedures (ESI, S27).
Incorporation of these derivatives by Fmoc-SPPS protocols®*?
at the N-terminus resulted in tetrapeptides CA1-CA5
(N-heteroaromatic-B-Ala-His-Lys, ESI, S0t). Gly and p-Ala were
interchanged between 1°* and 2" positions to afford peptides
AA1-AA4. All peptides were purified by RP-HPLC and charac-
terized via ESI-MS and analytical RP-HPLC (ESI, S37).

Cu(u) complexes were prepared in situ by mixing aqueous
solutions of CuCl,-2H,0 and tetrapeptides in the presence of
MOPS buffer (pH 7.4) (ESI, SO and S47).

Characterization of the complexes

As already known, the formation of a single absorption band
at 525 nm in the visible spectrum and at physiological pH is a
distinctive feature of the d-d transition of Cu-GGH.>®
According to this, the d-d transition band of complex Cu-AA1
(Gly-Gly-His-Lys) is observed at 527 nm (Fig. 2). In contrast, the
absorption bands of complexes containing p-Ala in the second
position of the peptide sequence (Cu-AA2, Cu-AA3 and Cu-
CA1-CA5) are redshifted at longer wavelengths between
555 nm and 670 nm (Fig. 1).

CD spectroscopic measurements of the complexes can
provide a better understanding of the active Cu(u) species,
which initiate DNA cleavage at pH 7.4. As evidenced in Fig. 2,
the CD spectrum of complex Cu-AA1 shows d-d bands with
maximal and minimal values at 508 and 600 nm, respectively.
This is in agreement with results for complexes of the type Cu-
GGH."?® Unlike Cu-AA1, Cu-AA3 and Cu-AA4 (ESI, $4f), Cu-
AA2, is the only one of the type AA that does not show a d-d
band in its CD spectrum (Fig. 2). On the other hand, Cu-CA1

T5 \Cf‘G § ~{ ?
! 4 ! \ NH (

Cu-AA3 ﬁ xcu -an2 N Cu-CA1 N Cu-CAs
o

o /3%

N> N
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cu-AAs Cu- AA1 N cu-cA2 N cu-ca3 Cu cas N

Chart1 Cu()) complexes Cu-AA1-Cu-AA4 and Cu-CA1-Cu-CA5

incorporating p-Ala and N-heteroaromatics.
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Fig. 1 d-d absorption bands of Cu(i) complexes: Cu-AA1, Cu-AA3 and
Cu-AA4 (green dash-dotted lines, pink solution), Cu-AA2 and Cu-CAl1-
Cu-CAS5 (yellow dash-dotted lines, blue solution) (Amax d—d transition
band see Table S3.27).
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Fig. 2 CD spectra of Cu(i) complexes Cu-AAl, Cu-AA2 and Cu-CA1 in
MOPS buffer (20 mM) pH 7.4 (prepared in situ from 1.0 mM peptides
and 0.8 mM CuCl,).

(Fig. 2) and Cu-CA4 (ESI, S4t) show distinctive d—-d bands with
maxima and minima in the range of 550 and 700 nm, but
complexes Cu-CA2, Cu-CA3, and Cu-CA5 do not (ESI, S4t). To
conclude, since only chiral complexes are observable in the CD
spectra, the Cu(u) complexes Cu-AA1l, Cu-AA3, Cu-AA4, Cu-CA1
and Cu-CA4 should be 3N- or 4N-coordinated species, whereas
those without d-d bands Cu-AA2, Cu-CA2, Cu-CA3 and Cu-
CA51 are expected to be 2N species.

These results are consistent with UV/VIS spectroscopic data
(Fig. 1): complexes with no bands in the CD spectra show
higher Anax for the d-d transition band in the VIS spectra,
which is known for ATCUN-like complexes when coordination
mode is changed from 4N — 3N — 2N.?” The wavelength shift
is consistent with a loss in complex stability due to formation
of 6-membered, thus more flexible, chelate rings in the coordi-
nation sphere.>*!

Furthermore, cyclic voltammetry experiments were carried
out with the purpose of understanding the ability of Cu(u)
complexes to generate ROS in accordance with their redox
chemistry. Fig. 3 exemplarily illustrates voltammograms

i Complex Cu-CA5 has shown irregular results in some of the measurements
(UV/VIS, CD, CV, EPR) with large deviations with respect to the other complexes.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt02044k

Open Access Article. Published on 22 December 2022. Downloaded on 3/15/2026 8:25:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

obtained for complexes Cu-AA1, Cu-AA2 and Cu-CA1 (ESI, S8
for other complexes, cathodic and anodic scanning directions).
For the sake of comparison with relevant literature for Cu(u)
ATCUN complexes,”® the conditions for these experiments
were initially chosen accordingly (KNO;/HNOj; electrolyte).

Whereas for Cu-AA2 and Cu-CAl, the reduction from Cu(u)
to Cu(i) is the only process observed (Eq Cu(u) — Cu(i) —0.15
V and —0.02 V vs. Ag/AgCl, respectively), Cu-AA1 does not show
a Cu(u)/Cu(1) reduction process (Fig. 3). When the potential
was scanned towards the anodic direction, oxidation of Cu(u)
to Cu(ur) in Cu-AA1 takes place instead as similarly reported by
Wawrzyniak et al.”® (Eo Cu(u) — Cu(m) +0.84 V vs. Ag/AgCl,
ESI, Fig. S8.1at). As expected, complexes Cu-CA2-Cu-CA4
exhibit a similar behaviour to the one observed for Cu-AA2 and
Cu-CA1 (6,6,6 chelate rings) with reduction potentials in the
range of —0.02 V and —0.08 V vs. Ag/AgCl (ESI, S8t). In the case
of Cu-AA3, the reduction to Cu(i) is visible when the potential
for the oxidation to Cu(m) is reached first (anodic scanning
direction), as it has been already demonstrated by Faller, Bal
and coworkers.>**” Remarkably, complexes Cu-CA1-Cu-CA4
and Cu-AA2 show a Cu(u)/Cu(1) redox process independent of
the oxidation to Cu(m), which is a key feature in the redox
chemistry of these species compared with the classic Cu-GGH
and other previously reported complexes carrying Gly and
f-Ala in the peptide sequence (vide supra). This fact serves as a
basis for explaining the higher ROS generation and conse-
quently the increased nuclease activity of these complexes
towards DNA.

Although the above conditions in voltammetric experiments
are not comparable to those in nuclease activity studies, the
CV data of the Cu-AA series show that for larger chelate ring
sizes (5,6,6/6,5,6/6,6,6) in general the Cu(u) — Cu(i) reduction
process is more easily accessible than for the natural ATCUN
motif (5,5,6). In case of the CA-type metallopeptides the
Cu(u) - Cu(1) redox process is even accessible without prior
oxidation to Cu(m), which is reflecting the special redox
feature of these new N-heterocyclic metallopeptides.

Additionally, in order to mimic the conditions of ROS and
DNA cleavage studies, all voltammograms were also recorded
in buffer solution (2.5 mM MOPS). It is important to note that
a lower buffer concentration was used since the Cu(u)/Cu(1)

-0.4 0 0.4 0.8 1.2
E (V) vs. Ag/AgCl

Fig. 3 Cyclic voltammograms of Cu-AAl1, Cu-AA2 and Cu-CAl
(0.5 mM) recorded in KNO3/HNO3 (96 mM/4 mM) at pH 7.4. The arrow
indicates the direction of the potential scanning (scan rate 50 mV s™3).

This journal is © The Royal Society of Chemistry 2023
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process was not visible at the higher concentration (10 mM
MOPS as in the other experiments). In buffered solution, the
trends of the non-buffered system can be corroborated,
however, it is also possible in this case to explicitly compare
Eq values: E.q of Cu-AAl (—0.12 V vs. Ag/AgCl, ESI,
Fig. $8.1d1) is found at more negative potential than that of
Cu-AA2 (—0.02 V vs. Ag/AgCl, ESI, Fig. S8.2d}) and Cu-CA1
(+0.03 V vs. Ag/AgCl, ESI, Fig. S8.5d}) and all other 6,6,6-metal-
lopeptides (~+0.1 V vs. Ag/AgCl, ESI, Fig. $8.6-8d7 1).

EPR measurements were performed on copper complexes,
since it is shown in literature that their redox properties are
closely related to their geometrical structures.”®>%2°

Several factors can affect redox properties of a metal
complex; the kind of metal ion, the nature of bound ligands,
interaction between metal and ligand(s) and non-covalent
interactions in the coordination sphere like hydrogen
bonding, hydrophobicity and n-stacking.*® One of the main
information obtained by EPR is about ligand coordination
sphere. Hyperfine spectroscopy methods monitoring inter-
actions of paramagnetic metal centers with neighboring
ligands (primary or secondary coordination sphere) and struc-
tural geometry constraints could be observed by g-tensor. In an
axial spectral symmetry system, gy > g, is indicative of a d,..
electronic ground state which correlates to square planar or
tetragonal geometries. It is known from literature®" that the g,
is affected by change in ligand type (N- or S- or O-based).
Increase in g could be also correlated to the distortion degree
from tetrahedral geometrical structure.>** On the other hand,
it is demonstrated that changes in ligand structure (and there-
fore possible geometrical distortion) are capable of tuning
redox properties (for example see ref. 32 and 33). So, it is poss-
ible to deductively correlate redox potentials to structural geo-
metry constrains derived from EPR g-tensor.

We measured at two frequency bands; while we get highly
resolved g-values at higher frequency of ~34 GHz, the hyper-
fine couplings were not resolved due to the larger g-anisotropy.
Therefore, we also measured copper complexes at conventional
X-band frequencies (9.4 GHz) to get information about the
interaction of the copper center with the surrounding nuclei
(Fig. 4, for derived spin Hamiltonian parameters cf.
Table S4.37).

EPR spectra of the Cu(u) peptide complexes reveal the
typical copper (type II) with a d,.. ground state, characteristic
of square pyramidal, square planar or elongated hexagonal
tetragonal geometries distorted to tetragonal along with gener-
ally axial g-tensor and large 4,, hyperfine couplings of copper
(~10-21 mT).3"3

Most of the complexes show axial symmetry, regardless of
the used frequency. In the series of p-Ala-substituted com-
plexes, however, three complexes Cu-AA1, Cu-AA3 and Cu-AA4
show anisotropy in hyperfine couplings in addition to g-an-
isotropy. This indicates that spin densities in these complexes
are not evenly distributed and delocalized from the d,..
orbital to the nearby ligands at the equatorial plane. This fact
is reflected in nitrogen splittings that were clearly observable
for AA3 and AA4 complexes. At higher frequencies, however,

Dalton Trans., 2023, 52, 3279-3286 | 3281
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Fig. 4 EPR spectra of Cu-AA (A) and Cu-CA (B) complexes measured at
9.4 GHz and 77 K, and EPR spectra of Cu-AA (C) and Cu-CA (D) com-
plexes measured at 34 GHz and 50 K.

these complexes showed axial symmetric spectra in both, g-
and A-tensor (Fig. 4C). Although no explicit ligand hyperfine
splitting could be resolved for the Cu-AA1 complex, the set of
(Az2, gz) fits typical CuN4-spectra with square planar coordi-
nation of equatorial ligands (Fig. S4.14A, E and Table S4.31).**

Possessing a rather flexible ligand AA2, the copper complex
has a very broad spectrum as expected. It has a completely
different spectral shape when compared to other complexes
and deviates profoundly from the suggested square planar to a
rather distorted tetragonal geometry. The measured Q-band
EPR spectrum is still axial but reveals a clear fifth splitting
originating from a second component, which could not be
resolved at X band (Fig. S4.14B and Ff). This is a common
feature of type II copper complexes that can manifest itself in
dependence of the type and charge of the surrounding
ligands.>*?° It is shown that large local concentration of Cu(II)
leads to broadening of EPR spectra, as well.*® The presence of
two different components, which results in change of the local
geometry, can explain the observed inconsistency in CD
spectra of Cu-AA2, in comparison to other Cu-AA complexes.
Also, this deviation from square planar geometry suggests a
higher redox activity of this complex compared to the other
ones in the p-Ala substituted series.

Spectral simulations of the Cu-AA3 complex reveal a 2N
complex with nitrogen splittings of about 0.5 mT
(Fig. S4.14Ct). Nitrogen hyperfine splittings were not resolved
for other complexes, indicating that these most probably are
remote nuclei weakly interacting with the copper center.

3282 | Dalton Trans., 2023, 52, 3279-3286
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The Cu-CA complexes, no matter of measured frequency,
are typically broad and rather unstructured at the parallel posi-
tion, as a result of p-Ala and N-heteroaromatic ring substi-
tutions. The Cu-CA1 complex was chosen for quantitative
simulation, since it outperformed the other regarding its DNA
cleavage activity (vide infra). We found an approximately axial
symmetry with a large A,, coupling (no matter of measured fre-
quency, Fig. S4.14D and Gt). The value of g,, is increased com-
pared to the Cu-AA1 complex upon p-Ala and N-heteroaromatic
ring substitutions, but still smaller than that of the Cu-AA2
complex. We also found that the g-tensor is tilted against the
molecular frame by about 15° towards the y-direction. The
broadness of the spectrum is due to the presence of species
with slightly different g-values, reflected as a g-strain at the
parallel position of the spectrum.

As we have shown before,'® addition of f-Ala does not lead
to a significant change of g,, of the complex, so it must be the
steric effect of the added N-heteroaromatic ring which distorts
the structure (to some extent) from square planar (increased
8= and tilted g,) while preserving the local environment
around copper as shown by 4,,.

Computational studies

In order investigate the structural flexibility and Cu(u)/Cu(r)
redox chemistry of the different chelates, efficient compu-
tational methods were used. Since the His-Lys C-terminus is
identical to all complexes, focus was on the complex core with
4N coordination (Lys-truncated). As a measure of intra-
molecular flexibility, the number of unique conformers acces-
sible at room temperature were calculated with CREST/
XTB-GFN2 using several refinement steps.’”*® Upon successive
substitution of Gly by f-Ala, the number of conformers
increases significantly. Introduction of N-heteroaromatics
again reduces the number of possible conformers (Cu-CA1-Cu-
CA5). When reducing Cu(u) to Cu(i), the number of accessible
conformers significantly increases (Fig. 5).

Upon reduction, the copper p-Ala-His coordination is main-
tained, while the bond between N(donor at N-terminus)-Cu()
breaks affording 3N-coordinated Cu(i) species. This leads to a
larger number of distinct conformers (except for Cu-CA2). In
Fig. 6, the global minimum structures of Cu-CA1 are shown

m Cu(ll) Cu(l)

80
60

40

No. unique conformers

Fig. 5 Number of conformers for Cu(n)/Cu(l) ATCUN

complexes.

unique
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Fig. 6 Global minimum structures of equatorially 4N-coordinate oxi-
dized Cu(ll)-CA1 and reduced Cu(l)-CAL.

with Cu-N(pyridine) distances of 2.1 A in Cu(u) and 5.4 A in
Cu(i). It should be noted that the Cu(i) species as calculated
bound to two amide functionalities is probably elusive, since
we did not find experimental evidence for such a compound,
neither during our investigation nor in the literature.
Nevertheless, this also supports the assumption of facile re-
oxidation to Cu(u) necessary for the ROS generation.

The lability of the Cu-N bond can also be seen from the
coupled-cluster calculated Cu(u) complexation energies of com-
pounds Cu-CA1-Cu-CA5 which are lower than those of Gly-Gly-
His (—864 kJ mol™) and Gly-p-Ala-His (—860 kJ mol™). This
enables a facile reduction of Cu(um) complexes containing
N-heteroaromatics in their ligand system. As can be derived
from the experimental as well as computed reduction poten-
tials, the reduction process is indeed easier for these com-
plexes (Table $9.37).

Cu(u)-peptide interactions were additionally evaluated by
calculating spin densities at the metal center and the peptide
(for previous results cf ref. 19). Calculations for the Cu-CA1
system confirm these previous results (Fig. 7): the spin is
mostly copper-centred but partially delocalized onto the coor-
dinating N atoms.

DNA cleavage

The activity of complexes Cu-AA1-Cu-AA4 and Cu-CA1-Cu-CA5
as metallonucleases in the cleavage of plasmid DNA was evalu-
ated by agarose gel electrophoresis in the presence of ascorbate
and MOPS buffer (pH 7.4). Complexes were initially tested at
different concentrations from which we determined that all Cu(m)
species including p-Ala were able to cleave DNA to form II
(nicked DNA) from a concentration of 30 uM on. At a concen-
tration of 35 uM, all these complexes, with the exception of Cu-

Fig. 7 Left: the SOMO of the Cu(ll)-CA1 complex at an isosurface value
of 0.05 e A3, This orbital is an anti-linear combination of the Cu d>-.
and the p orbitals of the equatorial nitrogen atoms. Right: unpaired spin
density plot of Cu(ll)-CA1 at an isocontour value of 0.005 e A~3.

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 DNA cleavage activity of complexes Cu-AA1-CuAA4, Cu-CAl1-
Cu-CA5 and CuCl, at 35 pM (agarose gel). Incubation was done using
0.025 pg pL™* plasmid DNA pBR322, 50 mM MOPS buffer (pH 7.4) and
1 mM ascH™ for 1 h at 37 °C and 500 rpm (same conditions for the refer-
ence without addition of a complex). Error bars for the standard devi-
ation were obtained with at least three experiments. Blue bars indicate
percentage of form I, red bars percentage of form lll. The ladder con-
tains plasmid DNA form |, Il and Ill enzymatically prepared for band
referencing.

AA4, promoted DNA scission to form III (linear) (Fig. 8).
Complete degradation of DNA into form II and III was achieved
at 40 pM for all complexes except for Cu-AA1 (ESI, S57).

It can be concluded that the most active metallonucleases
are those containing p-Ala in position 2 of the peptide as
reported  before by  us."”  Complexes carrying
N-heteroaromatics, having also f-Ala in the 2" position,
display comparable cleavage activity. Outstandingly, Cu-CA1
(pyridine at the N-terminus) is by far the most efficient cleaver
among complexes of this series, also if compared to complexes
Cu-AA1-Cu-AA4. Structural differences within the 5-membered
heterocycles in Cu-CA2-Cu-CA5 do not exert significant influ-
ence in cutting plasmid DNA.

ROS formation

In order to investigate the mechanism of DNA strand breakage
reaction through an oxidative mechanism, ROS formation
mediated by complexes Cu-AA2 and Cu-CAl in the presence of
ascorbate was monitored employing the fluorogenic probes
terephthalate (TPA) and pentafluorobenzenesulfonyl fluor-
escein (PBSF) (ESI, S67).%°*

Generated hydroxyl radicals ('OH) are trapped by TPA,
which gives rise to the strongly fluorescent 2-hydroxyterephtha-
late. Similarly, perhydrolysis of PBSF results in the formation of
fluorescein, which indicates the presence of H,0,. Both species
are indeed generated by the system Cu(un) complex/ascH™, and
DNA degradation is taking place as a result of the reaction with
ROS. As a further proof, DMSO and pyruvate are able to quench
the emission intensity of both dyes (ESI, S61).*" A kinetic experi-
ment for the production of H,O, was assessed for comparing the

Dalton Trans., 2023, 52, 3279-3286 | 3283
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Fig. 9 Kinetics of H,O, evolution: fluorescence emission based on flu-
orescein formation by PBSF perhydrolysis (25 uM, lex = 485 nm, Aem =
513 nm) with complexes Cu-AAl, Cu-AA2, Cu-CAl and CuCl; (35 pM) in
the presence of ascH™ (1 mM) and MOPS buffer (50 mM, pH 7.4) at room
temperature.

inactive complex Cu-AA1 and a CuCl, control with the moderately
active complex Cu-AA2 and the most active complex Cu-CA1l
(Fig. 9, for the other complexes cf. ESI, S67).

The formation of H,0, was certainly enhanced with com-
plexes Cu-AA2 and Cu-CAl, the latter with a considerable
increase, compared to the poor ROS generation of complex Cu-
AA1, thus explaining its lacking nuclease activity (Fig. 8) and
confirming previous studies with Gly-containing Cu(u) com-
plexes.’® The kinetics remarkably reveals faster H,O, for-
mation for complex Cu-CAl in comparison to the others.
Additionally, Cu-CA1 surpasses previous examples from our
lab.§ ® ROS generation of Cu-CA1 and Cu-AA2 with ascorbate
was also assessed in a quenching assay by gel electrophoresis.
We could verify this way, firstly, an oxidative pathway of the
DNA damage since there was no cleavage in the absence of
ascorbate. Secondly, inhibition of nuclease activity was corro-
borated in the presence of scavengers DMSO and pyruvate
selective for reactive species 'OH and H,0,, respectively, but
was also observed when using scavengers NaN; for 'O, and
SOD for O,"~ (Fig. 10 for Cu-CA1, ESI, S5 for Cu-AA2).

In order to exclude that ROS were formed by released Cu(i)
upon reduction, Cu(1) stability constants with peptides AA1,
AA2 and CA1 were determined by a UV/VIS competition experi-
ment. K,y,, values were 20 x 10° M~" for the 5,5,6 chelator AA1,
and below 0.4 x 10° M~ for the 6,6,6 chelators AA2 and CA1,
respectively (ESI, S471). It could have been expected that the
stability would be even lower for 6,6,6-chelating peptides
(vide infra, CD spectroscopy), however, the calculated values
are in the same order of magnitude of previously reported Cu
(1) complexes with amyloid-g peptides.*>

DNA binding

Further experiments were directed to evaluate possible DNA
binding modes of the complexes in order to assess their
impact on the DNA cleavage activity. The melting temperature

§ Peptides in the previous work'® contained a Ser-Ser tail. Compound Cu-AA3
corresponds to compound 3 therein
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Fig. 10 Reactive oxygen species (ROS) assay by gel electrophoresis.
Incubation with complex Cu-CA1l at a concentration of 35 uM at 37 °C
and pH 7.4 for 1 h. Lane 1: DNA ladder (forms |, Il and Ill), lane 2: DNA
reference, lane 3: complex without ascH™, lane 4-10: complex with
ascH™ and the following scavengers: lane 4: none, lane 5: DMSO
(400 mM), lane 6: NaN3 (10 mM), lane 7: pyruvate (2.5 mM), lane 8: SOD
(625 U mL™), lane 9: pyruvate (2.5 mM) and SOD (625 U mL™), lane 10:
DMSO (400 mM), NaN3 (10 mM), pyruvate (2.5 mM), SOD (625 U mL™).

(Trm) of calf thymus DNA (CT-DNA) in the presence of all Cu(u)
complexes herein reported was monitored via absorbance at
260 nm as a function of the temperature. An increase of T,
(1-1.3 °C) was observed in the presence of Cu-CA1-CA5 and
Cu-AA2 (ESI, S71). These results suggest electrostatic and/or
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Fig. 11 CD spectra of CT-DNA (100 pM) in MOPS buffer (50 mM, pH
7.4) with 0 to 60 pM complex Cu-AAl (top) and Cu-CAl (bottom),
respectively.
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partial groove binding interactions with DNA.** Additionally,
CD spectral changes of CT-DNA in the presence of the metallo-
peptides were considered. Perturbations of the helical struc-
ture induced by Cu(n) complexes result in changes of the posi-
tive and negative band of the B-DNA conformation.***> The Cu
(1) complexes generate relatively weak distortions, which is
indicative for electrostatic interactions as the predominant
mode of DNA interaction caused by the Lys tail (ESI, S7,f
exemplarily Cu-AA1, Fig. 11, top).

Cu-CA1 is undoubtedly the complex that exhibits the most
significant changes in the CD spectrum, possibly associated
with groove binding interactions (Fig. 11, bottom). The out-
standing nuclease activity observed for Cu-CA1l is thus also
explained in terms of its interaction with DNA besides its con-
siderably higher ROS generation.

Conclusions

In conclusion, the experimental results herein presented show
the enhanced oxidative nuclease activity towards DNA of
ATCUN-based  Cu(m) complexes with  p-Ala  and
N-heteroaromatics (especially pyridine) replacing Gly in the
well-studied Cu-GGH model. Through structural changes in
the peptide sequence and the subsequent formation of larger
chelate rings (5,5,6- — 5,6,6- — 6,6,6-chelates) when coordinat-
ing to the metal, i.e. increasing the intramolecular flexibility,
we could prove that catalytic ROS generation is considerably
increased compared to Cu-GGH (in our studies Cu-AA1, Gly-
Gly-His-Lys, 5,5,6-chelate). A more flexible ligand like in Cu-
AA2 (B-Ala-p-Ala-His-Lys, 6,6,6-chelate) ensures that Cu(u)
species are indeed able to support Cu(u)/Cu(r) redox processes
accompanied by a switch from a 4N to a 3N coordination.
Moreover, the introduction of an N-terminal heteroaromatic
moiety in the ATCUN-type peptide to form a weakly co-
ordinated six-membered chelate ring promotes not only Cu(u)
reduction, and thus enhanced ROS production, but also a
better interaction with the double helix and consequently, a
higher nuclease activity. This is shown with Cu-CA1, the best
DNA cleaver in the presented series of compounds bearing an
N-terminal pyridine moiety. This feature brings to light that
Cu(u)-ATCUN complexes, initially considered poor catalysts for
ROS generation, could actually display an outstanding per-
formance as oxidative metallonucleases.
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