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ABSTRACT: Cu(Il) coordination complexes are emerging as
promising anticancer agents due to their ability to induce oxidative
stress through reactive oxygen species (ROS) generation. In this
study, we synthesized and characterized two novel Cu(II)
metallopeptide systems, 1/Cu(Il) and 2/Cu(Il), derived from the
oligocationic bipyridyl cyclopeptides 1 and 2, and designed to
enhance the transport of Cu(II) into cells and increase ROS levels.
Spectroscopic and electrochemical analyses confirmed the formation
of stable metallopeptide species in aqueous media. Inductively
coupled plasma mass spectrometry (ICP-MS) studies demonstrated
that both metallopeptides significantly increase intracellular Cu(II) ’
accumulation in NCI/ADR-RES cancer cells, highlighting their role cancer

as efficient Cu(Il) transporters. Additionally, ROS generation assays

revealed that 1/Cu(II) induces a substantial increase in intracellular ROS levels, supporting the hypothesis of oxidative stress-
induced cytotoxicity. Cell-viability assays further confirmed that both 1/Cu(Il) and 2/Cu(II) exhibit strong anticancer activity in a
number of cancer cell lines, with ICg, values significantly lower than those of their free cyclopeptide counterparts or Cu(1I) alone,
showing an order of activity higher than that of cisplatin. Finally, molecular modeling studies provided further insights into the
structural stability and coordination environment of Cu(Il) within the metallopeptide complexes. These findings suggest that these
Cu(II) cyclometallopeptide systems hold potential as novel metal-based therapeutic agents, leveraging Cu(Il) transport and ROS
increase as key strategies for cancer treatment.
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B INTRODUCTION
Recent high-throughput sequencing data have shown that

or weaken the antioxidant defenses beyond levels compatible
with cell survival.®* '° In this context, during the last 20 years,
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thousands of different mutations can lead to cancer develop-
ment and that the mutational signature of cancer is highly
dynamic and might be different even between histopatholog-
ically identical tumors."”” These results suggest that anticancer
strategies that target a single gene product will likely fail to
deliver effective treatments and support the use of combination
therapies.” Unfortunately, most of the standard antitumorals
converge on a small number of pathways, so new drugs are
required for the design of combination therapies. Reactive
oxygen species (ROS: '0,, 0,*7, HO®, H,0,) are a diverse
class of radical species produced in all cells as a natural
byproduct of metabolic processes that have essential functions
in living organisms, such as signaling cell growth and
differentiation, regulating enzymatic activity or inflammation
processes.”” Growing evidence indicates that cancer cells have
heightened levels of ROS that promote abnormal cell
proliferation and diverse processes required for tumor
progression.”” Such increased oxidative stress can also be
toxic to the cells, causing lipid peroxidation, DNA damage, and
protein oxidation, and makes tumoral cells more vulnerable to
chemotherapeutic agents that further increase ROS generation
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several copper(Il) coordination compounds, including com-
plexes with 2,2"-bipyridine (Bpy) ligands, have been studied
for their anticancer properties linked to their generation of
reactive oxygen species.ll_15 Among copper-based anticancer
agents, Casiopeinas (a class of copper(II) complexes
containing a phenanthroline or a bipyridine ligand) have
reached clinical trials in Mexico due to their potent cytotoxic
activity and ROS-mediated mechanisms of action. These
compounds exemplify the therapeutic potential of copper
coordination complexes in cancer treatment and highlight the
relevance of exploring alternative ligand scaffolds."® On the
other hand, some years ago, we reported a series of Bpy-based
iridium(III) cyclopeptides that display potent antitumoral
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Scheme 1. Solid-Phase Peptide Synthesis of Oligocationic Bipyridyl Cyclopeptides cyclo-(fAlaBpy-Arg;), (1) and cyclo-
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activity comparable to that of cisplatin,'” and also that
oligoarginine sequences can endow Bpy-based metallopeptides
with cell-internalization capabilities."® Based on these prece-
dents, we envisioned that we could exploit the versatility of
Bpy-derived peptide ligands to synthesize bioactive copper(II)
oligoarginine cyclopeptides that would display anticancer
activity through induction of oxidative stress inside the cell."”

B RESULTS AND DISCUSSION

Design and Synthesis of Oligocationic Bipyridyl
Cyclopeptides 1 and 2. The solid-phase synthesis of the
Bpy-derived oligocationic cyclopeptides first required the
synthesis of a Fmoc-protected Bpy building block, Fmoc-
PAlaBpy—OH (Scheme 1), which was obtained followin%
previously reported procedures developed in our group.'”*"”
Having at hand this coordinating residue, we first assembled
the precursor linear sequences using regular Fmoc solid-phase
peptide synthesis (SPPS) on a chlorotrityl resin. Then, the
linear, side chain-protected, free amine/carboxylate peptides,

H-(BAlaBpy-[Arg(Pbf)];),-COOH, and H-(BAlaBpy-[Arg-

501

(Pbf)]5);-COOH were detached from the solid support by
treatment with a mild acidic mixture of AcOH/trifluoroetha-
nol/CH,Cl, (Scheme 1). These crude peptides were cyclized
using the phosphonium coupling reagent PyAOP to avoid the
formation of guanidino derivatives at the N-terminus, >’
leading to the desired protected cyclopeptides. Removal of the
Pbf groups in the Arg side chains with the standard
trifluoroacetyl (TFA)/CH,Cl,/H,O/triisopropylsilane cocktail
led to the final cyclopeptide ligands cyclo-(fAlaBpy-Arg;),, 1,
and cyclo-(fAlaBpy-Arg,);, 2, which were purified by high-
performance liquid chromatography (HPLC) (the purified
samples were lyophilized and the cyclopeptides were obtained
as TFA salts of the protonated Arg residues) and characterized
by matrix-assisted laser desorption ionization-mass spectrom-
etry (MALDI-MS) (see the Supporting Information)."”
Synthesis and Characterization of the Metallopep-
tide Systems 1/Cu(ll) and 2/Cu(ll): Fluorescence Spec-
troscopy Studies. While the 2,2'-bipyridine ligand is known
to be weakly emissive and for all practical purposes considered
nonfluorescent,”*** the 5'-amido-[2,2’-bipyridine]-5-carboxa-
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Figure 1. (a) Normalized emission spectrum of a 2 M solution of cyclopeptide 1 in 1 mM phosphate buffer, 10 mM NaCl, pH 6.5, thick black
line, and spectra of the same solution in the presence of increasing concentrations of Cu(II) ions (progressively lighter shades of gray). Inset:

titration profile showing the emission at 410 nm (4,

= 308 nm) of three independent fluorometric titrations and best fit according to the 1:2

model (cyclopeptide:metal) in DynaFit.***’ (b) Same as in (a), but with cyclopeptide 2 and best fit according to a simplified model, including 1:1

and 2:1 species (see the text for details).

mide unit in the SAlaBpy building block is highly emissive,
displaying an intense emission band at c.a. 410 nm with a
quantum yield of 0.37.”" Furthermore, the fluorescence of the
PAlaBpy units is quenched upon coordination to a wide range
of divalent transition metal ions. We exploited this property to
monitor the coordinative properties of cyclopeptides 1 and 2
in the presence of labile Cu(II) ions in aqueous media. Thus,
we measured the emission spectra of 2 yM solutions of the
cyclopeptides 1 and 2 in 1 mM phosphate buffer and 10 mM
NaCl, pH 6.5, upon excitation at 308 nm in the presence of
increasing concentrations of Cu(II) ions. The emission
intensity profile of the titrations was fitted to different binding
models depending on the cyclopeptide under study and
according to the species identified in the MALDI spectra of the
mixtures.”® Indeed, the MALDI spectra confirmed that
cyclopeptides 1 and 2 assemble into various species with
different stoichiometry that are in thermodynamic equilibrium
in solution because the connection of the Bpy units within the
cyclopeptides through their 5,5 positions allows for both exo
and endo coordination modes.”” Thus, the MALDI spectrum of
the final titration mixture of the bisbipyridyl cyclopeptide 1
with Cu(II) ions (see the Supporting Information), from now
on, metallopeptide system 1/Cu(II), shows peaks consistent
with the presence in solution of the 1:1 and 1:2 adducts
(cyclopeptide:metal), so the titration was fit to a 1:2 model
with a global dissociation constant K, = 0.39 + 0.19 uM using
the DynaFit software (Figure 12).**” On the other hand, the
MALDI spectrum of trisbipyridyl cyclopeptide 2 with Cu(II)
ions (see the Supporting Information), from now on,
metallopeptide system 2/Cu(II), shows peaks consistent with
the 1:1, 1:2, and 1:3 adducts (cyclopeptide:metal), as well as
peaks with higher masses involving two and even three
cyclopeptide units. Due to the complexity of the mixture and
the large errors associated with complex binding mechanisms
involving many species, we characterized this complex using a
simplified model, including 1:1 and 2:1 species, assuming that
the higher-order species would be minor. Indeed, this model
fits very well the experimental data (Figure 1b) with a global
Kp = 024 + 0.10 M. The profiles of the fluorescence
titrations for the two cyclopeptides clearly show that the
quenching on the first Cu(II) equivalent follows a linear trend
and that this slows as the following Cu(Il) equivalents come
into play. Therefore, the aflinity of the first part of the titrations
cannot be determined with this experiment as it is too strong.

502

This behavior suggests that the first Cu(II) ion coordinates
more strongly to the cyclopeptides than the second or third,
which can be explained by assuming that metallopeptide
species in which Cu(II) ions are coordinated to two Bpy units
are thermodynamically favored, and that the coordination of
successive metal ions to form species of higher nuclearity/
order is disfavored. Owing to the high lability of Cu(II) ions
and the resulting highly dynamic equilibria in solution, our
metallopeptides could not be observed by HPLC, which only
showed the peaks corresponding to the free peptides.

UV-Vis Spectroscopy Studies. Incubation of low uM
solutions of the cyclopeptides in phosphate buffer with excess
of Cu(Il) ions (3 equiv for 1 and S equiv for 2) resulted in
clear hypo- and bathochromic shifts of the Bpy absorption
band from c.a. 312 nm in the free cyclopeptides to c.a. 334 nm
in the metallopeptide mixtures (Figure 2a,b), which supports
the successful coordination of the Cu(Il) ion to the Bpy units.
When using highly concentrated (500 uM) solutions of the
cyclopeptides, we could observe a single broad band centered
at c.a. 733 nm with extinction coefficients of 57 mol™' L cm™
for 1/Cu(1l) and 114 mol™ L ecm™ for 2/Cu(II), which can
be assigned to d—d transitions.”"** The shape, extinction
coeflicient, and position of these LF bands are consistent with
the presence of [Cu(Bpy),]*" coordination units in the
mixtures,”® in agreement with the MALDI mass spectra
and the fluorescence titration data.

We also performed UV—vis titrations of 6 uM solutions of
the cyclopeptides 1 and 2 in phosphate buffer (1 mM, 10 mM
NaCl, pH 6.5) with a stock solution of Cu(II) ions in order to
gain more information about the coordination processes that
take place during the addition of the metal ions (Figures S4
and S5). In both cases, two different processes can be
observed, one after the addition of approximately 1 equiv of
Cu(II) (Figures S4a and SSa, red line) and another one during
the addition of the remaining equivalents until the end of the
titration (Figures S4a and SSa, blue line). On the other hand,
during the titration with the peptide ligand Ac-fAlaBpy-NH,
(Scheme S3), which consists only of the Bpy coordinative unit
of both cyclopeptides, only a single coordinative process is
observed, which ends when the L:M ratio is 2:1 (Figure S6).
These data, taken together, suggest that for both cyclopeptides,
the species formed during the first phase of the titrations is the
1:1 adduct (cyclopetide:metal) and it is during the addition of
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Figure 2. Top: UV—vis spectra of cyclopeptides 1 (a) and 2 (b), in 1 mM phosphate buffer, 10 mM NaCl, pH 6.5, before (dashed lines) and after
(continuous lines) the addition of Cu(1I) ions (1/Cu(Il): 3 equiv; 2/Cu(Il): S equiv). Bottom: CD spectra of 10 M solutions of 1 (c) and 2 (d),
in 1 mM phosphate buffer, 10 mM NaCl, pH 6.5, before (dashed lines) and after (continuous lines) the addition of Cu(II) ions (1/Cu(II): 3
equiv; 2/Cu(Il): S equiv) in 1 mM phosphate buffer, 10 mM NaCl, pH 6.5. Spectra in parts b and c on the right are in the same scale as (a) in part

b on the left.

the remaining metal equivalents that higher-order minority
coordinative species begin to form.

EPR Studies. We performed electron paramagnetic
resonance (EPR) studies at room temperature (300 K) on
the metallopeptide system 1/Cu(Il), formed by mixing 200
UM of cyclopeptide 1 and 3 equiv of Cu(ll) in 1 mM
phosphate buffer 10 mM NaCl, pH 7.0, to characterize the
coordinative environment of Cu(II) ions in solution (Figure
S7). The EPR spectrum of 1/Cu(Il) is compatible with a
Cu(Il) ion in a distorted square planar coordination with g//
>gA,”” a typical coordination geometry in d° systems
undergoing Jahn—Teller distortion.”®

CD Spectroscopy Studies. Following the initial spectro-
scopic characterization, we studied the cyclopeptides 1 and 2
and their corresponding Cu(Il) metallopeptide systems 1/
Cu(II)—using 3 equiv Cu(1l)—and 2/Cu(II)—using S equiv
Cu(Il)—by circular dichroism (CD) spectroscopy. Both
cyclopeptides display very similar CD spectra characterized
by an exciton band with a positive Cotton effect at ca. 318 nm
that can be ascribed to the Bpy chromophores. The addition of
Cu(1l) to the cyclopeptide solutions induced a bathochromic
shift of this band to ca. 323 and ca. 354 nm, respectively, with a
crossover at ca. 333 nm, plus an inversion of the Cotton effect.

Moreover, the Cu(Il) coordination induces the appearance
of a new band with a positive sign centered at ca. 293 nm. The
CD spectra of both Cu(II) metallopeptide systems show very
similar profiles, suggesting a similar arrangement of the Bpy
chromophores around the Cu(1II) ions in both of them.” This
is in agreement with the results obtained in the MALDI mass
spectra, as well as in the fluorescence and absorption studies,
which suggest that for both cyclopeptides, the most favorable
species are those in which a Cu(Il) ion is coordinated to two
Bpy units (Figure 2c,d).

503

Molecular Modeling Studies. To confirm the proposed
structure, density functional theory (DFT) calculations were
performed using Gaussian 16, following a two-step optimiza-
tion process. First, the complete structure of cyclopeptide 1
was optimized using the PM6 semiempirical method (Figure
S18). To further refine the geometry, an ONIOM calculation
was conducted, where PM6 was applied to the arginine
residues, while the B3LYP method, incorporating Grimme’s
Dispersion 3 (D3) correction, was used for the SAlaBpy
residues with the 6-311+G(d,p) basis set for H, N, C, and O
atoms. In both steps, a solvation model based on density
(SMD) for water was employed, and convergence was
achieved with a tight (107°) criterion. The most stable
structure proposed for the 1/Cu(Il) metallopeptide system,
based on experimental data (Figures 3 and S19), was
optimized using the same computational methodology just
described for the analysis of the cyclopeptide and the
Stuttgart/Dresden (SDD) pseudopotential was used for
Cu(II) (Figures 3).

Cytotoxicity Studies. Having demonstrated the formation
of the cyclopeptides 1 and 2, we studied the cytotoxicity of
these ligands and their corresponding Cu(II) metallopeptide
systems 1/Cu(II) (3 equiv of Cu") and 2/Cu(Il) (5 equiv of
Cu") with a set of tumor cell lines including HCT-116 (colon
carcinoma), SF-268 (human glioma), NCI/ADR-RES (doxor-
ubicin resistant ovarian carcinoma), and NCI-H460 (lung
carcinoma), as well as in nontransformed lung fibroblast
(MRC-5) (Table 1). Interestingly, the cytotoxicity of the free
cyclopeptides seems to be dependent on the number of Bpy
units, so the bisbipyridyl cyclopeptide 1 can be considered
inactive in all of the cell lines under study, as the cell growth
inhibition curve could not be completed, even reaching a
concentration of 100 #M of compound. However, trisbipyridyl
cyclopeptide 2 is moderately cytotoxic against all of the cell

https://doi.org/10.1021/acs.bioconjchem.4c00561
Bioconjugate Chem. 2025, 36, 500—509


https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00561/suppl_file/bc4c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00561/suppl_file/bc4c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00561/suppl_file/bc4c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00561/suppl_file/bc4c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00561/suppl_file/bc4c00561_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.4c00561?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.4c00561?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.4c00561?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.4c00561?fig=fig2&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.4c00561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Bioconjugate Chemistry

pubs.acs.org/bc

Figure 3. DFT-optimized model of the most stable structure of the 1/
Cu(II) metallopeptide system based on experimental data.

lines except HCT-116. On the other hand, both Cu(II)
metallopeptide systems show very high cytotoxicity against all
of the cell lines under study, with very little differences among
them. In particular, the IC;, values are in the same order as
those of cisplatin for SF-268 and NCI-H460 and 1 order of
magnitude higher for HCT-116 and NCI/ADR-RES. Interest-
ingly, although the E,,, values for 1/Cu(II) and 2/Cu(Il) are
fairly similar to that of cisplatin for HCT-116, SF-268, and
NCI/ADR-RES cancer cell lines, as well as for the nontumoral
MRC-S, they are significantly higher for NCI-H460. For
instance, the measured E_,, for cisplatin in this cancer cell line
is 62%, whereas both Cu(II) metallopeptide systems showed
values of 96% under the same experimental conditions. ICyj is
the concentration at which 50% growth inhibition is obtained
and E,_, represents the efficacy of the compound at its
maximum concentration, expressed as the maximum % cell
inhibition achieved by the compound (see Section S6 and
Figure S8 of the Supporting Information).

The metallopeptide systems 1/Cu(II) and 2/Cu(Il), like
cisplatin, did not show selective cytotoxicity in cancer cell lines
compared to a noncancer cell line, MRC-5; this may be related
to higher oxygen saturation levels in standard cell culture
compared to in vivo conditions, leading to an altered redox
balance in cultured noncancer cells,* and does not mean that

these metal complexes lack potential for the selective treatment
of cancer.

ICP-MS Studies. To evaluate the ability of the Cu(II)
metallopeptide systems to internalize in cancer cells, ICP-MS
studies were performed in NCI/ADR-RES cells after 48 h of
incubation with cyclopeptides 1 and 2, as well as their
corresponding 1/Cu(II) and 2/Cu(Il) metallopeptide deriv-
atives formed by mixing each cyclopeptide with 1 equiv
Cu(II), and using CuCl,-2H,0O both as a Cu(Il) source and a
control. The results confirm that both metallopeptide systems
significantly enhance intracellular Cu(Il) accumulation, with
1/Cu(Il) and 2/Cu(Il) displaying comparable levels of Cu
uptake, which exceed in both cases those observed for free
cyclopeptides or Cu(II) alone.

Interestingly, while free cyclopeptides 1 and 2 contribute to
intracellular Cu(II) accumulation, their effect is notably lower
than that of the metallopeptide systems, suggesting that the
coordination of Cu(II) by the cyclopeptides plays a crucial role
in facilitating metal transport across the cellular membrane,
likely stabilizing Cu(II) in a form more amenable to
internalization. The observation that both cyclopeptides can
transport Cu(1l) from the medium, where ICP-MS measure-
ments detected 41.46 ng of Cu(II) per 3 mL, further reinforces
the idea that these molecules can act as copper carriers even in
the absence of an exogenous Cu(Il) source. Moreover, the
data indicate that free Cu(II) (CuCl,-2H,0) by itself only
results in a modest increase in intracellular copper, which
suggests that passive diffusion of the metal ions is ineflicient
compared to the transport mediated by metal coordination.

To ensure consistency and avoid excess free Cu(Il), all
experiments with metallopeptide systems were conducted by
using equimolar amounts of cyclopeptide and Cu(II). These
findings highlight the role of metallopeptides as eflicient
Cu(Il) transporters, further supporting their potential bio-
logical relevance (Figure S9).

Both Cu(ll) Metallopeptide Systems Efficiently Cata-
lyze Ascorbate Oxidation. Having demonstrated the
antitumoral activity and cell internalization properties of
both Cu(II) metallopeptide systems, we tested their ability
to generate cytotoxic ROS in physiological media by measuring
the rate of ascorbate oxidation. Indeed, the ascorbation rate has
been related to the production of H,0,, which can be further
reduced to HO® (Scheme $4)."* The rate of ascorbate
oxidation was monitored by variation in the absorption at 265

Table 1. IC, (#M) and E,,, (%) Values of the Set of Cyclopeptides 1 and 2 and Their Corresponding Cu(II) Metallopeptide
Systems 1/Cu(II) and 2/Cu(II) for HCT-116, SF-268, NCI/ADR-RES, and NCI-H460 Tumoral Cell Lines, as well as for the

Nontransformed Lung Fibroblast (MRC-5) Cell Line”

HCT-116 SF-268 NCI/ADR-RES NCI-H460 MRC-5
Cyclopeptides
1 5100.0; 27 + 1 >100.0; 45 + 2 >100.0; 10 + 2 >100.0; 32 + 2 >100.0; 24 + 2
2 >100.0; 80 + 1 160 +1; 92 + 1 280 + 1; 86 + 1 200+ 1;92 + 1 180 +1;92 + 1
Cu(II) Metallopeptide Systems
1/Cu(II) 2.81 £0.04;94 +1 249 £ 0.03; 93 £ 1 242 +£0.04; 88 + 1 3.64 + 0.07; 96 + 1 173 £ 0.03; 92 + 1
2/Cu(11) 2.82 £ 0.06; 95 + 1 227 £ 0.07; 94 £ 2 2.83 £ 0.07; 88 + 1 348 £ 0.02; 96 + 1 148 £ 0.03; 92 £ 1
Controls

cisplatin 130+ 1; 941 3.89 +£0.08; 92 + 1 130+ 1; 86 + 1 5.29 + 046; 62 + 4 570 £ 0.22; 92 + 1
CuCl,-2H,0 >100.0; 94 + 1 >100.0; 87 = 1 990 +1;91 + 1 >100.0; 97 £ 1 790 £3;91 1

“ICs is the concentration at which 50% growth inhibition is obtained and E,,, represents the efficacy of the compound at its maximum
concentration, expressed as the maximum % cell inhibition achieved by the compound. CuCl, was selected as a negative control because, according
to literature data, [Cu(Bpy),]** is not expected to be highly cytotoxic, ° unlike Cu(II)-phen complexes.40
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nm (100 yM ascorbate in 100 mM HEPES at pH 7.4) in the
presence of Cu(Il) ions and the preformed Cu(Il) metal-
lopeptide systems (added after 10 min incubation of Cu(II)
ions with cyclopeptides 1 or 2) or the control ligand S,5'-
dimethylbipyridine (SDMB) (Figure 4).

1.5
€
[
To)
© o free Cu(ll)
% 1.0
8 — 5DMB/Cu(ll) (2.1:1)
5 —==- 1/Cu(ll) (1.1:1)
§ 0.5 —=- 2/Cu(ll) (1.1:1)
< — 1/Cu(ll) (2.1:1)
0.0 T T T T — 2/Cu(ll) 2.1:1)
0 20 40 60 80 100

time (min)

Figure 4. Time course of ascorbate oxidation monitored by the
absorbance at 265 nm. The reaction was started by the addition of
free Cu(Il) (circles) ions or the preformed Cu(II) metallopeptide
system to a solution of ascorbate in 100 mM HEPES at pH 7.4 after
10 min. The equivalents of each ligand (cyclopeptide or SDMB) in
the medium were fixed to 1.1 (dashed lines) or 2.1 (solid lines) with
respect to the concentration of Cu(Il) ions. The final concentration of
Cu(II) ions and ascorbate were 300 nM and 100 uM, respectively.

The absorbance at 265 nm in the presence of free Cu(Il)
ions changes linearly with time, whereas SDMB/Cu(1I) follows
classical kinetics.** Both 1/Cu(II) and 2/Cu(II) were more
active than Cu(II) ions in buffer, a feature quite rarely
observed as most copper complexes show lower rates of
ascorbate oxidation than Cu(II) ions.*> 1/Cu(II) had quite
fast rate similar to SDMB/Cu(Il). In contrast, 2/Cu(II) was
only faster after a lag phase. 1/Cu(II) showed a more classical
exponential decay but slowed down with time. This behavior
could be explained by the degradation of the cyclopeptide in
the presence of ROS (most likely via HO®). An indication for
that is that the activity of the 1/Cu(Il) complex is less slowed
down with time with 2.1 equiv compared to 1.1. With an
excess of ligand in 2.1, the Cu(Il) ions can coordinate
undegraded cyclopeptide 1 and continue their catalytic action
for a longer period of time.

In contrast, the 2/Cu(Il) complex shows a lag phase at the
beginning of the experiment, which could be explained by a

rearrangement process between a resting state and a catalyti-
cally active state. At this point, it should be noted that at the
beginning of the experiment, the copper ions are all in an
oxidation state +2 and then must cycle between Cu(II)/Cu(I).
2/Cu(1I) is slower than 1/Cu(II) but shows the same behavior
in terms of the dependence of its activity on its concentration
in the medium. At 10 uM, 1/Cu(II), and 2/Cu(II) become
much faster than SDMB/Cu(Il), according to the decrease in
the absorbance band at 265 nm of SDMB/Cu(II) (Figures S12
and S13). However, for both Cu(II) metallopeptide systems,
this occurs almost immediately. A reasonable hypothesis for
this behavior is that higher concentrations favor the formation
of more active dinuclear and higher-order complexes.
Interestingly, we observed a new absorption band at 390 nm
for 1/Cu(II) and 2/Cu(Il) but not for SDMB/Cu(II), which
strongly indicates that the species present in the medium at the
end of the experiments are not the same as those at the
beginning (Figure S14). Finally, it should be noted that there is
no correlation between the ascorbate oxidation activity and cell
cytotoxicity (Table 1). Specifically, both metallopeptide
systems show high and very similar cytotoxicity against all of
the cell lines studied, but 1/Cu(Il) is more active than 2/
Cu(II) against ascorbate oxidation. However, note that
cyclopeptide 2 shows some cytotoxicity in the free state
against all but one of the cell lines studied, which is not
observed in the case of cyclopeptide 1.

Intracellular ROS Generation Induced by the 1/Cu(ll)
Metallopeptide System. Measurement of intracellular ROS
levels in NCI/ADR-RES cells treated with Cu(II) ions,
cyclopeptide 1, or the 1/Cu(II) metallopeptide system
confirmed a time-dependent increase in the level of ROS
generation. In short, after 24 h of incubation, cells were stained
with ROS Assay Stain 1X and treated with 100 yM Cu(II)
(CuCl,2H,0), cyclopeptide 1, or 1/Cu(Il), along with 12
uM H,0,, and fluorescence was recorded (4, = 495/4,, = 520
nm) every hour for the first S h and again at 24 h. The
experiment with the metallopeptide system was conducted by
using equimolar amounts of cyclopeptide 1 and Cu(Il) to
prevent an excess of free copper in the medium. The results
show that 1/Cu(Il) induces the highest ROS levels,
particularly at 24 h, while cyclopeptide 1 also promotes ROS
generation, albeit to a lesser extent (Figure S15). Cu(II) ions
alone has a moderate effect, and untreated cells exhibit
minimal fluorescence. Considering these findings alongside
ICP-MS data, which demonstrate that 1/Cu(1l) efficiently
increases intracellular Cu(II) levels and that trace Cu(II)
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Figure 5. Cyclic voltammetry of 1 mM Cu(II) metallopeptide systems 1/Cu(II) (3 equiv of Cu") and 2/Cu(II) (S equiv of Cu") in an aqueous
solution of 50 mM AMPD/HCI pH § + 0.1 M NaClO,, on a glassy carbon disk (diameter 1 mm). Scan rate 0.5 V-s™'. (a) Cyclopeptide 1 (black
line) and metallopeptide system 1/Cu(II) (blue line); (b) cyclopeptide 2 (black line) and metallopeptide system 2/Cu(II) (blue line).
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present in the culture medium can be internalized by free
cyclopeptide 1, these results reinforce the proposed mecha-
nism of action. The cytotoxicity of the metallopeptide systems
appears to be closely linked to their ability to enhance
intracellular oxidative stress via increased ROS production,
likely driven by Cu(II) accumulation within the cells.

Electrochemistry of the Cu(ll) Metallopeptide Sys-
tems in Water. Following the demonstration of the capability
of the metallopeptide systems 1/Cu(ll) and 2/Cu(Il) to
generate ROS in water media and considering that these
reactions are only possible due to the ability of their copper
centers to carry out redox processes between their +2 and +1
oxidation states, we decided to study their electrochemical
properties by cyclic voltammetry.

The electrochemical behaviors of cyclopeptides 1 and 2 in
solution are very similar in all cases. A single irreversible
reduction wave is observed at ca. E, = —0.9 V (vs SCE)
(Figure Slla—d). This reduction wave can be attributed to
Bpy moieties of the cyclopeptide structures by comparison
with the electrochemical behavior of 2,2'-bipyridine pure
solutions under the same conditions (Figure Sllef). As the
scan rate (v, V s7!) is increased, the wave becomes reversible,
indicating the stability of the reduced peptide at that pH. A
more detailed analysis of the electron transfer indicates that the
electron transfer is fast (peak width of 60 mV). However, the
electrochemical behavior of the metallopeptide systems 1/
Cu(Il)—3 equiv of Cu(ll)—and 2/Cu(ll)—S equiv of
Cu(II)—in solution are quite different. Figure Sa shows the
cyclic voltammetry response for cyclopeptide 1 and its
metallopeptide system 1/Cu(Il), which are relatively complex
due to the overlap with the redox processes of the
uncomplexed Cu(Il) ions in solution. Note that the electro-
chemical signals related to the uncoordinated Cu(II) ions
(asterisks) can be assigned by comparison with the electro-
chemical data obtained for pure CuCl, solutions under the
same experimental conditions (Figure S10). Thus, starting
from a cathodic scan, two reduction electronic transfers from
Cu(II) to Cu(I) can be distinguished at Epa/cumy = =021V
and E,, /comy = —0.54 V, which indicate the presence of two
Cu(II) ions per cyclopeptide. In the oxidation sweep, a single
anion peak is observed corresponding to the oxidation of
Cu(I) to Cu(Il) at Epa1/cany = 0.34 V. On the other hand,
Figure Sb shows the CV response of cyclopeptide 2 and its
metallopeptide system, 2/Cu(Il), as a single electronic transfer
of reduction from Cu(II) to Cu(I) at Epep/cum = —0.57 'V,
which would indicate the presence of a single Cu(1l) ion per
cyclopeptide. The oxidation scan also shows a single peak
corresponding to the process of oxidation of Cu(I) to Cu(Il)
at E, 5/coqn) = 0.34 V. Again, the fact that the oxidation wave is
irreversible suggests conformational or coordination changes
from Cu(I) to Cu(Il). The oxidation potentials from Cu(I) to
Cu(II) for both cyclopeptide systems are the same, indicating
that the coordinative environment of the Cu(II) ions is similar
in both cases. As noted above, the fact that the oxidation waves
are irreversible indicates conformational and/or coordination
changes between the oxidized and reduced forms of the metal.
Finally, the reduction potentials from Cu(Il) to Cu(I) are
different depending on the cyclopeptide. This could suggest
that OH/H,O bridges may exist in one of the two systems
when the metal is in its reduced form.

B CONCLUSIONS

This study demonstrates that the novel oligocationic bipyridyl
cyclopeptides 1 and 2 effectively coordinate Cu(II) ions,
forming the metallopeptide systems 1/Cu(1I) and 2/Cu(I).
These metallopeptide systems significantly enhance the
intracellular accumulation of Cu(II) ions in NCI/ADR-RES
cancer cells, as confirmed by ICP-MS analysis. Both Cu(1I)
metallopeptide systems exhibit comparable Cu(Il) uptake
efficiency, surpassing that of the free cyclopeptides or Cu(1l)
alone, suggesting that metallopeptide coordination facilitates
the transport of Cu(II) across the cell membrane. ROS
generation assays showed that 1/Cu(II) induces a significant
increase in intracellular ROS levels, reinforcing the role of
oxidative stress in its cytotoxic mechanism, while cyclopeptide
1 alone also promotes ROS production but to a lesser extent.
Cytotoxicity assays demonstrated that both 1/Cu(II) and 2/
Cu(II) exhibit potent cytotoxic activity in a number of cancer
cell lines, with significantly lower ICs, values compared to the
free cyclopeptides or Cu(II) alone, showing an order of activity
higher than that of cisplatin. Finally, molecular modeling
studies provided valuable insights into the coordination
environment and stability of the metallopeptide systems,
further supporting their structural integrity in biological media.
These findings highlight the potential of these Cu(II)
metallopeptide systems as promising candidates for metal-
based anticancer strategies, where the ability to increase
intracellular Cu(Il) levels, enhance ROS production, and
induce cytotoxicity could be key factors in their therapeutic
activity.

B EXPERIMENTAL PROCEDURES

All of the experimental procedures are described in detail in
the Supporting Information.
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