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Abstract 
Catalases (CAT) are antioxidant metalloenzymes necessary for life in oxygen-metabolizing cells to regulate H2O2 concentration by accelerating 
its dismutation. Many physio-pathological situations are associated with oxidative stress resulting from H2O2 overproduction during which 
antioxidant defenses are overwhelmed. We have used a combinatorial approach associated with an activity-based screening to discover a 
first peptidyl di copper complex mimicking CAT. The complex was studied in detail and characterized for its CAT activity both in vitro and in 
cells using different analytical methods. The complex exhibited CAT activity in vitro and, more interestingly, on HyPer HeLa cells which possess 
a genetically encoded ratiometric fluorescent sensors of H2O2. These results highlight the efficiency of a combinatorial approach for the 
discovery of peptidyl complexes that exhibit catalytic activity. 
 

Introduction 
Aerobic organisms generate their energy through the reduction 
of O2 to H2O. During this process, reactive oxygen species (ROS) 
are continuously formed. The redox cascade initially forming 
O2•- leads to the subsequent formation of H2O2, a second ROS. 
H2O2 then dissociates to the hydroxyl radical (•OH) in 
mitochondria and/or peroxisomes. ROS play a key role in a 
range of different mechanisms such as cell proliferation and cell 
differentiation.1–3 ROS are very reactive molecules with strongly 
oxidizing properties. The most reactive and damaging is •OH. 
Although H2O2 and O2•- are not as reactive, they can become 
cytotoxic if their intracellular concentration exceeds a limiting 
threshold, overwhelming the protective pathways and leading 
to oxidative stress. Indeed, under oxidative stress, the 
uncontrolled oxidation of biomolecules such as lipids, proteins, 
or DNA can occur inducing cell damage and/or death.4 Oxidative 
stress is thus implicated in many physio-pathological situations 
such as neurodegenerative diseases (Parkinson's disease and 
Alzheimer’s disease),5 chronic inflammatory diseases, chronic 
obstructive pulmonary diseases (COPD),6,7 chronic kidney 
diseases (CKD),8–10 metabolic diseases (diabetes),11,12 or 
cancers.13,14 Although the presence of ROS is not always the sole 
cause of these different diseases, it, nevertheless, is a major 
contributor. It is, therefore, essential to control ROS 
concentration in order to limit their deleterious effects. 
Antioxidant defences protect biological systems from free 
radical toxicity and prevent damage due to excessive 
concentrations of ROS. This can be achieved either by 
controlling the reduction of ROS and/or by controlling the 
elimination of ROS. Antioxidants may either be synthesized by 
the cell or obtained through the diet. Cellular antioxidants such 
as glutathione (GSH), CoQ10 ubiquinol and those obtained 
through the diet15 (vitamins E and C, carotenoids, some 
polyphenols, essential oils, carnosine)16 react stoichiometrically 
with the ROS. Another family of antioxidants includes 

metalloenzymes such as superoxide dismutase (SOD),17–23 
catalase,24,25 glutathione peroxidase (GPx), and glutathione 
reductase.26,27 Unlike the small molecules referred to above, 
these metalloenzymes react catalytically with ROS to transform 
them into less toxic cellular species.28 
Despite the fact that higher concentrations of H2O2 than O2•- or 
OH• are tolerated in cells, the intracellular concentrations of 
H2O2 must be tightly controlled at 1-100 nM.3 Indeed, through 
the Fenton or Haber-Weiss reaction or in the presence of 
chloride and myeloperoxidase (MPO), H2O2 is able to form the 
hydroxyl radical ion and hypochlorous acid, respectively, which 
are much more toxic.29 CAT is one of the enzymes involved in 
the regulation of H2O2 concentration by accelerating its 
dismutation, which is thermodynamically favorable but 
kinetically slow.30 During this reaction, a molecule of H2O2 is 
reduced to two molecules of H2O, and a second molecule of 
H2O2 is oxidized to O2.31 CAT is present in all aerobic species: 
archaea, bacteria, fungi, plants, and animals including 
humans.25 To date, two classes of catalase have been identified: 
a monofunctional heme CAT (HemeCAT), and a non-heme 
dinuclear manganese CAT (MnCAT).30–33 HemeCAT is found in 
the majority of aerobic prokaryotes, eukaryotes, and some 
anaerobes and is located in different cellular compartments 
including the cytosol, mitochondria and peroxisomes. HemeCAT 
is a heme enzyme existing in a tetrameric quaternary structure 
that forms a 20 Å long channel making the active site accessible 
to substrates. The dismutation catalyzed by HemeCAT is carried 
out according to a ping-pong mechanism with a catalytic 
constant of 4 107 M-1.s-1. The dismutation of H2O2 consists of 
two bi-electronic processes, requiring a bielectronic catalyst. In 
the case of the HemeCAT, the iron and porphyrin ligand both 
participate to the two electron exchanges, cycling between an 
(P)FeIII resting state and a (P•+)FeIV=O high oxidation state, (also 
called compound I).34,35 Three amino acids play a key role in 
catalyzing the dismutation of H2O2: two distal residues, a 
histidine and an asparagine, which are involved in H2O2 
stabilization in the active site, and one proximal tyrosine, which 
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is directly bonded to the heme iron. A mutation of any one of 
these amino acids induces the total loss of enzymatic 
activity.31,36,37 MnCAT was more recently discovered in lactic 
acid bacteria, L. plantarum,33 T. thermophilus,38 and T. album.39, 
which lack heme and cytochrome. It has been demonstrated 
that MnCAT possesses a binuclear manganese active site which 
cycles between the reduced state MnII-MnII and the oxidized 
state MnIII-MnIII, affording the two electrons required for the 
dismutation reaction.30,32,33 
Small molecular complexes mimicking CAT have been 
developed to reduce oxidative stress in particular, in 
pathological conditions.40–45 These bioinspired mimics are thus 
mainly mononuclear (Mn or Fe) porphyrin derivatives or 
dinuclear manganese complexes analogous to the active site of 
HemeCAT or MnCAT, respectively.46 It has been proposed that 
for Mn porphyrin (MnP), the catalysis occurs via the redox 
couples MnIII(P)/(O)2MnV(P) or MnII(P)/O=MnIV(P).46 In this 
situation, the porphyrin can accommodate the metal cation 
with different redox states. A number of non-porphyrin 
mononuclear complexes such as salen derivatives, corroles, 
macrocyclic, and polyamines are described as CAT mimics 
although these ligands may not be able to stabilize the 
corresponding metal ion with oxidation states varying from Mn+ 
to M(n+2)+ during the catalysis. When mechanistic studies were 
performed, it appeared that rapid dimerization of these 
compounds was observed in solution, to provide the required 
two electrons without reaching the high oxidation state of a 
single complex.47 However, under the conditions of the catalase 
assay, these dimers lose their activity within a few minutes.48 
Dinuclear Mn complexes bioinspired from MnCAT are mainly 
alkoxo, phenoxo, or oxo/carboxylato bridged complexes. In an 
excellent review, Signorella and Hureau have reported that 
besides the redox potentials of the metal ions key to catalytic 
H2O2 dismutation, the efficacy of the complexes is associated 
with the presence of an intramolecular base to assist in 
deprotonation. In addition, the presence of a vacant site on the 
Mn ion is required to coordinate H2O2, but the complex stability 
is reduced by the protonation of the bridging ligand.48 

The requirement of a bi-electronic process involves designing 
CAT mimics with two redox centres that can be achieved by a 
metal and an oxidizable ligand, such as porphyrins, or by the 
presence of two metal centres. This is different than what is 
required for mimics of monoelectronic catalysts, such as 
superoxide dismutase (SOD). Whereas peptidyl SOD mimics 
have been studied,49–52 no peptidyl catalase mimics have been 
reported so far, which may be explained by the difficulty to 
rationally design a peptide able to bind two metal cations with 
appropriate redox potentials and affinities.48,53–55 
In this manuscript, we describe implementation of a 
combinatorial approach to synthesize a library of copper 
complexes, associated with an activity-based screening to 
discover the first peptidyl di copper complex mimicking CAT 
redox chemistry. The selected dinuclear copper complex was 
studied in detail and characterized for its CAT activity in vitro 
and in cells. Very interestingly, despite moderate intrinsic 
catalysis constants, this complex was efficacious in a cellular 
assay. 

Results and discussion 
To generate a large number of small peptidyl metal complexes, 
a peptide library was synthesized on a solid support by a split-
and-pool combinatorial method leading to a one-bead-one-
peptide library (Scheme S1). Inspired by the method developed 
by B. Imperiali who discovered a lanthanide binding tag56 which 
we have recently implemented for the discovery of peptidyl 
SOD mimics efficient in cells,52 the peptide library was designed 
to generate peptides that strongly bind copper. Peptides of the 
library have a general sequence Ac-PX2X3KHX6LH-OH where X 
indicates places where diversity was introduced. Amino acids 
possessing coordinating side chains (aspartate or glutamate, 
tyrosine and histidine) and non-coordinating side chains 
(glycine and arginine) at positions Xn were chosen to explore the 
properties of the 53 peptides (Fig. 1A).

 
Fig. 1 (A) Peptide library on bead. Beads are Tentagel macrobeads. Two linkers were introduced: 10% of 4-nitrophenylalanine cleaved under UV irradiation and 90% of 4-
(hydroxymethyl)benzoic acid (HMBA) cleaved in basic conditions. (B) Scheme of peptidyl complexes screening using a colorimetric activity-based assay.
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After side chain deprotection using trifluoroacetic acid, the 
supported peptides were incubated in a solution of CuSO4 (10 
mM) in HEPES buffer (50 mM, pH 7.5) for 2 hr. The beads were 
then washed with buffer and EDTA (25 mM, pH 8), a strong 
competitor57 for Cu(II) chelation, to increase differential 
selectivity. This additional washing step allows for the removal 
of more loosely bound copper ions and/or the release of copper 
from less inert complexes. However, this step does not ensure 
that the remaining complexes are more stable or inert than the 
EDTA-Cu complex since it is a heterogenous process. To perform 
the screening of the peptidyl complexes library, the beads 
carrying the peptidyl complexes were immobilized in a 2% 
agarose gel according to the method developed by Nitz et al. 
(Fig. 1B).56 The gel was then irradiated using UV light (254 nm) 
for 15 minutes to release the portion of peptidyl complexes that 
were linked to the resin via a photocleavable linker (ca.10%, Fig. 
1A). The diffusion of the complexes from the bead within the 
gel increased their accessibility and the surface area where the 
potential CAT mimics are present. To screen the peptidyl metal 
catalysts according to their CAT activity, a protocol inspired 
from the functional assay used to characterize CAT on 
electrophoretic gels was implemented.58 The gel was incubated 
with a solution of H2O2 (0.015 %) for 10 min and subsequently 
with two ferric complexes, K3Fe(CN)6 and FeCl3. In the presence 
of H2O2, K3Fe(CN)6, an orange-yellow solution, is reduced to 
K4Fe(CN)6, which then reacts with FeCl3 to give Prussian blue 
(K3FeIII(FeII(CN)6)), which has a deep blue color.58 The medium 
around the bead is depleted in H2O2 when a CAT mimic is 
present, because of the fast dismutation of H2O2. This prevents 
the reduction of K3Fe(CN)6 and the formation of Prussian blue. 
A colorless area around the bead thus indicates that an active 
CAT mimic is present. It is worth mentioning that when the 
beads were not incubated in the copper solution, no positive 
results were obtained. This supports the fact that if iron 
complexes were formed from the K3Fe(CN)6 and FeCl3, they are 
not active for H2O2 dismutation. Using this procedure, sixteen 
beads from the pool of 600 tested were selected, removed from 
the gel, and extensively washed with EDTA to eliminate the 
copper. The peptides were then cleaved from the resin and 
analyzed by MALDI-TOF mass spectrometry (Fig. 1B). To enable 
the unambiguous elucidation of the peptide sequence using a 
single mass spectrometric analysis, the method developed by 
Griesinger et al.,59 adapted by Imperiali et al.56 which we used 
previously52 was employed (Fig. S1). Among the sixteen beads 
collected, the primary sequence could be determined for twelve 
peptides (Table S1, A). Interestingly, at positions X2 and X3, 
coordinating amino acids were mainly found with histidine 
being the more often observed amino acid at position X2 and 
tyrosine at position X3. On the contrary, at position X6 non-
coordinating amino acids were mainly observed (Table S1, B). 
Importantly, the peptide sequence PHYKHRLH (called CATm1) 
was found twice and a third, with a sequence (PHYKHGLH) that 
differs only by the non-coordinating amino acid at position X6 
was also found. CATm1 was selected for further investigations. 
The CATm1-Cu2+ complex was first investigated in solution in a 
MOPS buffer (50 mM), a fairly low complexing buffer, at pH 7.5 
by Electron Paramagnetic Resonance (EPR) spectroscopy. 
Frozen solutions with different CATm1:Cu2+ ratios ranging from 

1:0.5 to 1:5 were prepared and recorded at low temperature (T 
= 110 K). 

 
Fig. 2 (A) Electron Paramagnetic Resonance spectra in MOPS buffer (50 mM, pH 7.5, 
25°C, glycerol 10%) of a mixture CATm1: Cu2+ at different ratios, [CATm1] = 20 µM, 
T=110K. The inset shows a zoom with the new set of signals indicated with stars (B) 
CATm1 titration with Cu2+ by UV-vis circular dichroism in MOPS buffer (50 mM, pH 7.5, 
25°C), [CATm1] = 200 µM, T=25°C. The inset shows the evolution of the two maxima at 
230 and 260 nm upon Cu2+ addition. The plateau is reached after two equivalents of Cu2+. 

The EPR spectrum obtained in the presence of 0.5 equivalent of Cu2+, 
where the observed parameters were g// = 2.26 > g^ = 2.06 and A// 
= 0.178 cm-1, indicates a square planar geometry (Fig. 2A).60–62 This 
spectrum suggests a coordination site very similar to the copper 
coordination site of an Imidazoyl N4 ligand.63,64 Upon addition of 
Cu2+, the intensity of the signal increased and a second set of signals 
appeared gradually. This suggests that a first complex may be formed 
and that above one equivalent, a second copper ion is also bound 
(Fig. 2A). A titration performed in MOPS buffer (50 mM, pH 7.5) by 
UV-vis circular dichroism spectroscopy confirmed this hypothesis: 
upon addition of Cu2+, the bands at 230 nm and at 260 nm increased 
up to two equivalents and reached a plateau (Fig. 2B). 
The key parameter in efficiently catalysing H2O2 dismutation is 
the two-electron redox potential of the CAT. The redox 
potential must lie between the potentials of the O2/H2O2 and 
H2O2/H2O couples that are 0.28 V and 1.35 V vs. NHE, 
respectively.47 The CATm1-Cu2+ complex was examined by cyclic 
voltammetry in a MOPS buffer (50 mM) at pH 7.5. For a 1:1 
CATm1:Cu(II) ratio, the mixture exhibited anodic and cathodic 
potentials that differ from those of Cu2+ and CATm1 in solution, 
providing evidence that at least one complex is formed (Fig. 3A). 
A titration was performed by electrochemistry (Fig. 3B). Upon 
addition of Cu2+, the current corresponding to the anodic 
potential (at ca. 0.5 V vs. NHE) increased linearly up to 2 
equivalents (Fig. 3C left). Interestingly, after 2 equivalents, the 
slope was modified (Fig. 3C), showing that after a 1:2 ratio, the 
system behaved differently. In addition, above the 1:2 ratio, the 
current at the potential corresponding to anodic re-dissolution 
of Cu0 adsorbed onto the electrode appeared at ca. 0.24 V/NHE, 
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highlighting the fact that the peptide was unable to bind more 
than two copper cations (Fig. 3B yellow to red). The titration 
was also performed in TRIS buffer (50 mM, pH 7.5), which is 
considered to bind copper with a higher affinity than MOPS 
buffer.65,66 Interestingly, the same trend was observed except 
that the peak corresponding to the anodic redissolution 
appeared before 2 equivalents, probably because of the 
presence of a TRIS-Cu complex (Fig. S4). All together these 
results suggest that at pH 7.5, CATm1 is able to bind 2 copper(II) 
cations with an affinity for the second copper ion that is lower 
than for the first one. The reduction and oxidation potentials of 
the complex were measured at 0.14 V/NHE and 0.5 V/NHE, 
respectively, and are thus in the correct range to catalyze H2O2 
dismutation. In the same way, the titration performed by cyclic 
voltammetry at pH 7.0 in MOPS buffer (50 mM) indicated that, 
at this pH, a 1:2 complex was also formed with a second site 
showing a weaker affinity constant (Fig. S5). 

 
Fig. 3 Cyclic voltammetry in MOPS buffer (50 mM, pH 7.5, 25°C) (A) Voltammograms of 
CATm1 (1 mM), CATm1:Cu2+ 1:1 (1 mM) and Cu(OAc)2 (1 mM in TRIS buffer, 50 mM, pH 
7.5); (B) Titration of CATm1 (1 mM) by Cu(OAc)2 (C) Evolution of the current at the anodic 
potential 0.5 V vs NHE (left) and at the potential corresponding to the anodic re-
dissolution (0.24 V, right). Working electrode: Glassy carbon (3 mm diameter), counter 
electrode: Platinum, reference electrode: SCE. Scan rate of 100 mV/s, the small arrow 
indicates the scanning direction and arrows in bold, the evolution of the waves upon 
addition of Cu(OAc)2. 

In order to obtain further insight into the stability of this 1:2 
complex, the apparent dissociation constants were determined 
by isothermal titration calorimetry (ITC) at pH 7 and 7.5 in MOPS 
buffer (50 mM). At pH 7, the thermogram obtained was 
successfully fitted with a “2 independent sites” model leading 
to apparent dissociation constants of about Kd1 = 2.34 10-7 and 
Kd2 = 3.62 10-6, thus confirming that the peptide is able to bind 

two copper(II) ions with a second site exhibiting a weaker 
affinity constant (Fig. S6, Table 1). The first complexion reaction 
has a large favorable enthalpic component (DH1 = -47.49 kJ mol-

1) and an unfavorable entropic component (-TDS1 = 10.7 kJ mol-

1), whereas it is the opposite for the second site (DH2 = 11.02 kJ 
mol-1 and -TDS2 = -41.4 kJ mol-1) leading to overall Gibbs free 
energies of -36.8 and -30.4 kJ mol-1 for the first and the second 
site, respectively. The first complexation reaction is more 
favorable than the second one which is entropically driven (Fig. 
S6, Table 1).  

Table 1 Thermodynamic parameters for complexation of Cu(II) with CATm1 measured 
using ITC or mass spectrometry at 25°C. 

  pH 7.0 (MOPS) pH 7.5 (NH4HCO2) 
1st Site n1 0.89 ± 0.10 - 

 DH1 (kJ mol-1) - 47.49 - 
 DS1 (J mol-1 K-1) - 35.74 - 
 Kd1 2.3 ± 1.7 10-7 1.12 10-9[a] 

2nd Site n2 1.07 ± 0.02  

 DH2 (kJ mol-1) 11.02  
 DS2 (J mol-1 K-1) 138.80  
 Kd2 3.6 ± 1.6 10-6 4.57 10-9[a] 

[a] Apparent dissociation (Kd) constants measured by ESI at 25°C. 

At pH 7.5, a copper(II) titration measured by ITC did not allow 
for the measurement of the binding constants of the two sites, 
probably because they are too high and the ITC method is not 
sensitive enough (Fig. S7). It has been recently shown that mass 
spectrometry can reliably and accurately provide both 
speciation and binding constants for non-covalent protein 
complexes and peptidyl or proteyl metal complexes.67–70 
Consequently, a titration by electrospray ionization mass 
spectrometry (ESI-MS) was performed in ammonium formate 
(10 mM) at pH 7.5 to obtain the binding constants. Upon 
addition of copper(II) acetate to a solution of CATm1 (20 µM), 
complexes with two stoichiometries corresponding to 
CATm1:Cu 1:1 and 1:2 were identified. After each addition of 
Cu(II), the ESI-mass spectrum was measured. Representative 
spectra are given in Fig. 4A. The relative abundances of CATm1, 
CATm1:Cu 1:1, and CATm1:Cu 1:2 were normalized at each step 
in the ESI-MS titration and the mole equivalents of Cu(II) bound 
were calculated from the mass spectra to generate the 
speciation as a function of Cu(II) added (Fig. 4B). The speciation 
curves obtained were simulated using Hyperquad Simulation 
and Speciation (HySS) to afford the stepwise apparent 
dissociation constants for the first copper(II) (Kd1) and the 
second copper(II) (Kd2) bound to the peptide. The corresponding 
apparent dissociation constants found were 1.12 10-9 and 4.57 
10-9 for the first and second sites, respectively. 
In order to determine the intrinsic catalase-like activity of the 
redox-active peptidyl complex derived from CATm1, O2 
formation was monitored in solutions containing H2O2 and the 
catalyst. O2 was measured by polarography using a Clark-type 
electrode.46 This was performed at several CATm1:Cu(II) ratios, 
leading to apparent kinetic constants. The measurement of the 
initial rates v0 = kcat [catalyst]0 [H2O2]0, which can be written v0 
= kobs [catalyst]0 under pseudo first order conditions depending 
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on the catalyst concentration, enabled the determination of 
kobs. The dismutation reaction follows second order kinetics 
where D[H2O2] = 2D[O2], thus kcat could be calculated using the 
determined kobs to be kcat = 2kobs/[H2O2]0 (Fig. S8). The measured 
kcat is 10 times greater for the 1:2 peptide:Cu2+ ratio than for the 
1:1 ratio, which is consistent with the requirement of 2 
electrons for the catalysis of H2O2 dismutation, each copper 
cation bringing one election (Table 2). The apparent kcat for the 
1:2 complex represents 0.001% of CAT activity measured under 
the same conditions. This is consistent with the activities 
measured for manganese porphyrins (MnP), which range from 
0.0004% to 0.006% of CAT activity, depending on the structure 
of the porphyrin.46  

 
Fig. 4 Titration of CATm1 (20 µM) by copper acetate monitored by electrospray ionization 
mass spectrometry in ammonium formate (10 mM) at pH 7.5. a) Representative 
normalized spectra at ratio CATm1:Cu(II) 1:0, 1:0.3, 1:1.1, 1:1.8 from top to bottom. b) 
Normalized abundance of each species calculated from the mass spectra during the 
titration. The experimental speciation was fitted by a simulated speciation using 
Hyperquad Simulation and Speciation (HySS) at the same concentration. From the 
simulated speciation, HySS provides cumulative (b) binding constants for the first (b1) 
and second (b2) Cu(II) binding to the peptide. From these cumulative binding constants, 
the stepwise binding constants (KA) for the first (K1) and second (K2) Cu(II) bound to the 
peptide were determined as 108.95 and 108.34, respectively. 

Additionally, the turnover number (TON), the turnover frequency 
(TOF), and the maximum yield of H2O2 dismutation were calculated 
and are reported in Table 2. The TON is about 3.7 which is slightly 

weaker than for most MnP but higher than for other Mn complexes 
possessing CAT-like activities.46 To note, as already reported, the 1:1 
complex has been investigated for its SOD activity in cuvette using 
the Mc Cord and Fridovich assay.52 In this assay, the IC50 of the 1:1 
complex was 372 nM which was only 1.6 time better than CuSO4 (IC50 
= 603 nM). This shows that this complex has a very weak SOD activity. 
This illustrates that the strategy allowed for the selection of an 
efficacious catalyst for the targeted activity only. 

Table 2. Parameters describing the catalysis of H2O2 dismutation in MOPS (50 mM, pH 
7.5, 25°C): kcat, the initial rates of O2 formation, the end point (maximum amount of O2 
formed), the TON (turnover number), O2 yield and TOF (turnover frequency). 

 kcat 
(M-1.s-1) 

v0 
(µM.s-1) 

End 
Point[a] 

TON 
Yield[b] 

(%) 
TOF[c] 
(s-1) 

CATm1:Cu(II) (50 µM)      

     1:1[d] 0.52 0.12 146 2.9 5.8 0.002 
                1:2 5.12 1.17 187 3.7 6.7 0.023 
Cu(OAc)2 (100 µM)      

 2.08 0.56 272 2.7 10.9 0.006 
Catalase (1 nM)      
 4.5 105 0.80 396 4105 15.9 800 

[a] (max, µM O2). [b] Yield of O2. [c] Based on initial rate. [d] In sodium phosphate 
(50 mM, 25°C) at pH 7.5. 

To go further, this new catalyst was assayed on HeLa cells which 
express the protein HyPer intracellularly. HyPer is a genetically 
encoded ratiometric fluorescent sensor of H2O2 based on a 
circularly permuted yellow fluorescent protein (cpYFP) 
integrated into the regulatory domain of the bacterial H2O2 
sensing protein OxyR (OxyR-RD).71 In presence of H2O2, thiols of 
HyPer are oxidized, leading to the formation of disulfide bridges 
that modify the conformation of the protein and thus its 
spectral properties. The ratiometric modification of the 
excitation spectrum of HyPer can consequently allow 
monitoring H2O2 levels by measuring the ratio 
I(491/530)/I(405/530).72,73 This ratio was monitored for 60 min for 
several cells (typically 10 to 25 cells) before and after addition 
of CATm1:Cu 1:1 or 1:2 mixtures at 250 µM and the 
corresponding controls (CATm1 at 250 µM, or CuSO4 at 500 µM) 
in MOPS buffer (30 mM, pH 7.5). To note, no additional H2O2 
was added, the observed effects are thus modifications of the 
basal level of H2O2. Since H2O2 is mainly produced at the 
membranes and can easily diffuse through,74 an efficient 
catalase mimic that remains outside the cells may induce a 
decrease of the H2O2 concentration inside the cells. This is the 
case of HeLa HyPer cells incubated with catalase that does not 
translocate into cells but leads to a fluorescence ratio 
decrease.75 The intensity ratios (I(491/530)/I(405/530)) normalized 
against the values from the cells before the addition of the 
tested compounds are reported in Fig. 5. As shown in Fig. 5, the 
H2O2 concentration decreased rapidly after addition of the 1:2 
complex and was then stabilized around 28% after 40 min. The 
same trend was observed for the 1:1 ratio, but to a lesser extent 
than for the 1:2 ratio. For the CATm1 peptide alone, a slight 
decrease of the fluorescence ratio was also observed, but after 
20 min the H2O2 concentration increased to the initial level. 
Addition of copper salt led to a decrease of the H2O2 
concentration, but only by 19%.
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Fig. 5 H2O2 levels in Hela Hyper cells monitored by fluorescence for 60 min after treatment with H2O (control cells), CATm1 peptide (250 µM), CuSO4 (500 µM), complex CATm1-Cu2+ 
1:1 (250 µM) or complex CATm1-Cu2+1:2 (250 µM). The right panel represents the mean of the ratio for 2 or 3 independent experiments.

Significantly, these data strongly support the fact the 1:2 
complex is the most efficient species for H2O2 dismutation in 
cells. 

Conclusion 
In conclusion, this innovative strategy combining a combinatorial 
approach with an activity-based screening of the peptidyl metal 
complexes library led to the discovery of an efficacious di-Cu(II) 
complex with CAT activity. As far as we know, this is the first peptidyl 
complex mimicking the anti-oxidant properties of CAT reported so 
far. Its characterization was performed using a range of techniques 
(DC, ITC, CV, and ESI-MS), and its activity was determined in vitro 
using a Clark electrode and in a cellular assay. The cellular assay 
results are very encouraging as many potential metal ligands exist in 
the cell culture media that could have competed with the peptide 
and could have led to its destruction. The biological activity of this 
class of complexes may be improved if a higher stability could be 
achieved and work towards this goal is currently in progress in the 
lab. 

Experimental section 

General 

All chemicals and solvents were of synthesis grade and were 
used as received without further purification. Common solvents 
for solid support synthesis and L-amino acids were obtained 
from either Sigma Aldrich, Novabiochem or Iris biotech GMBH. 
CATm1 peptide was synthesized on an Advanced ChemTech 
automated synthesizer at the IBPS SU, FR3631 peptide synthesis 
core facility and purified by HPLC as described. 
MALDI-TOF mass spectra were recorded on a Voyager DE-Pro 
MALDI-TOF mass spectrometer (Applied Biosystems) in positive 

mode using as matrix a solution of α-Cyano-4-hydroxycinnamic 
acid (CHCA) at 10 mg/mL in CH3CN:H2O (50:50) containing 0.1% 
TFA. Calibration was performed using external standards 
(Proteomix 4, LaserBio Labs Sofia-Antipolis, France). 
Electrospray ionization mass spectrometry was performed on a 
Bruker MicrOTOF II with the following parameters: capillary 
voltage= 4200 V, Nebulizer= 2.0 Bar, Dry gas = 4.0 L/min, Dry 
Temp = 200 °C, Capillary exit voltage = 100 V. Analytical HPLC 
was performed on an Agilent Technologies 1200 Series 
equipped with a multiple wavelength absorbance detector, 
using a Proto 200 C18 3 μm Higgins Analytical Inc. 100 x 4.6 mm 
column. Preparative HPLC was performed on a Waters 600 HPLC 
Pump equipped with a Waters 2487 dual wavelength 
absorbance detector, using a Column VP 260/16 C18 Htec 5 μm. 
UV-vis spectrometry was performed on a Cary 300 bio in a 
double beam mode with the buffer in the reference cell at 25°C. 
Electron Paramagnetic Resonance (EPR) data were recorded 
using an Elexsys E500 Bruker spectrometer, operating at a 
microwave frequency of approximately 9.44 GHz. Spectra were 
recorded using a microwave power of 20 mW across a sweep 
width of 250 mT (centered at 310 mT) with modulation 
amplitude of 0.5 mT. Experiments were carried out at 110 K 
using a liquid nitrogen cryostat. Circular dichroism (CD) spectra 
(215-300 nm) were collected on a J-810 spectropolarimeter 
(Jasco, Tokyo, Japan). Cyclic Voltammetry measurement were 
performed using a MetrOhm potentiostat (AUTOLAB model). All 
measurements were carried out in the indicated buffer. Glassy 
carbon (GC), a platinum plate and SCE KCl saturated were used 
as working electrode, counter and reference electrode, 
respectively; all potential values are reported versus NHE 
reference. Isothermal titration calorimetry (ITC) experiments 
were performed on a TA Instrument (New Castle, DE) NanoITC 
calorimeter and analyzed using the provided software. The 
ability of the complex to catalyze H2O2 dismutation was 
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measured by polarography. An O2-sensitive Clark-type 
electrode OD InLab 605-ISM purchased from Mettler Toledo 
was used. Prior to measurements, the electrode was calibrated 
in ambient air then in a provided 0% dissolved oxygen solution. 

Procedures and data analysis 

Peptide library synthesis on solid support (Fig. S1) 

Linkers coupling and first amino acid grafting. The peptides 
library was synthesized manually on solid support by using 
standard Fmoc chemistry on 1 gram of Tentagel macrobeads 
(loading: 0.24 mmol/g, 280-300 µm). First, orthogonal linkers (6 
equiv.) coupling was performed on a solution of HMBA and 3-
N-Fmoc-amino-3-(2-nitrophenyl)propionic acid (Fmoc - ANP) 
linkers (10:1) with HOBT (1 equiv.) and DIC (1 equiv.) in DMF for 
1h. Standard deprotection conditions of Fmoc group were 
employed (20% piperidine in DMF for 1 min then 10 min at room 
temperature) followed by washings with NMP. Then the first 
amino acid was introduced by treatment with the symmetrical 
anhydride of ßAla (6 equiv.) in the presence of 4-
dimethylaminopyridine (0.1 equiv.) in DMF for 1h. 
Amino acid coupling reactions (without capping). Coupling 
reactions were performed in NMP (3 mL) with HOBT (3 equiv.) 
and HBTU (3 equiv.) as coupling agents and in basic conditions 
(diisopropylethylamine, DIEA, 6 equiv.). The resin was shaken 
for 45 to 60 min at room temperature. After each reaction, 
solvents and soluble reagents were removed under vacuum and 
the resin was washed 5 times with NMP. Completion of the 
reaction was monitored by the Kaiser test, which indicates the 
presence of free amine by a blue coloration of the bead. The 
amino acid coupling was repeated as many times as necessary 
until a negative test Kaiser was obtained. Then, Standard 
deprotection conditions of Fmoc group were employed (20% 
piperidine in DMF for 1 min then 10 min at room temperature) 
followed by washings with NMP (5 ´ 3 mL).  
Amino acid coupling reactions (with capping). By using Bibilo 
software, the positions in the library that required capping were 
identified, then manual calculation of truncated peptide molar 
mass allowed for the determination of which commercially 
available capping reagent combination was required to obtain a 
non-degenerate mass ladder. The twelfth coupling required 
simultaneous capping since it is a mass encoding step. Coupling 
then involved treatment with a mixture of the desired amino 
acid and mass cap (85:15, 10 equiv.), N,N 
diisopropylcarbodiimide (DIC), and N-hydroxybenotriazole 
(HOBt) in 10:10 ratio in DMF for 1 hour. The mass caps were: 
BocD for E, BocW for H, BocF for Y, BocI for R and BocA for G. 
Split and pool strategy. The ninth, twelfth and the thirteenth 
coupling were performed after splitting the resin. The resin was split 
into 5 approximately equal portions. Then, each batch reacted with 
a different amino acid using standard coupling 
conditions. After the reaction, all five batches were pooled 
together and the next coupling was performed. 
A final acetylation was performed on the last amino acid 
(Proline) by a solution of acetic anhydride in dichloromethane 
(DCM) (3 mL, 10/90 v:v) for 1 h at room temperature. Solvents 
and soluble reagents were removed by filtration. The resin was 
washed with DCM (5 x 3 mL) then by methanol (3 x 3 mL). The 
resin was dried under vacuum for 1h. Finally, deprotection of 

the lateral chains was carried out in acidic conditions with 
TFA/H2O/Trisopropylsilane (95%/2.5%/2.5%) for 2 h at room 
temperature. The resin was then washed sequentially by TFA, 
DCM and HEPES buffer. 

Complexes formation 

Beads (ca. 50 mg) were inserted in PP syringe with a frit and 
were washed with HEPES (50 mM, pH 7.5) solution (3 ´ 1 mL). 
The beads were incubated for 2h at 60°C with 2 mL of a 
Cu(OAc)2 solution (10 mM) in HEPES (50 mM, pH 7.5). After 
incubation, the solution was removed by filtration and the 
beads were washed with HEPES (50 mM, pH 7.5, 1 ´ 1 mL), EDTA 
(25 mM, 1 min, 1 ´ 1 mL) then again with HEPES (50 mM, pH 
7.5, 3 ´ 1 mL) solution to increase the selectivity pressure. 

Combinatorial screening and selection 

The beads (approximatively 50-100) were introduced in a small 
beaker and molten agarose (10 mL, 2% in HEPES 50 mM, pH 7.5) 
was added. The solution was poured into a Petri dish, so that 
the beads were evenly distributed in the dish. The solution was 
kept at room temperature for 10 minutes to allow the 
formation of a gel. The agarose gel was then placed under a UV 
lamp (electronic dual light transilluminator) at 254 nm during 
10-15 min to cleave the photocleavable linker. The gel was then 
incubated with a H2O2 solution (10 mL, 0.015%, 10 min) then 
rinsed extensively with H2O milliQ. The water was poured off. A 
2% FeCl3 solution (0.6 mg in 30 mL H2O milliQ) and a 2% 
potassium ferricyanide solution (0.6 mg in 30 mL H2O milliQ) 
were poured together directly on top of the gel. The solution 
became blue and the gel was incubated for 3 minutes then 
extensively washed by H2O milliQ. Beads with white halos were 
cut from the agarose gel with a tip of a 1 mL pipette and 
transferred to a 1.5 mL eppendorf tube. The residual agarose 
surrounding the selected bead was melted away in distilled H2O 
(1 mL) at 110°C. The selected bead was subsequently washed 
with ethylenediaminetetraacetate (0.5 M; pH 7.0), then 
extensively with H2O for the metal decoordination. Peptides 
were cleaved from the bead by treatment with NH40H (28%, 50 
µL) overnight at room temperature. After cleavage, the solution 
was freeze-dried, and the peptide residue resuspended in an 
H2O milliQ (100 µL) as a library stock solution.  

Sequence determination by MALDI-TOF mass spectrometry 

1 µL of peptide stock solutions was mixed with 1 µL of matrix 
solution and 1 µL of the mixture solution was placed onto the 
MALDI plate and allowed to crystallize. Peptides sequencing 
was carried out with the Software developed by C. Griesinger et 
al.59 ( Fig. S4). 

CATm1 purification 

The peptide was purified by reverse phase HPLC on a VP260/16 
semipreparative column with a linear gradient from 5 to 30% 
acetonitrile in water both containing 0.1% TFA over 30 min. High 
purity (> 95%) was confirmed by analytical HPLC (Proto 200 C18 
column from 5% to 100% acetonitrile in water and 0.1% TFA 
over 10 min) and the expected mass was found by MALDI-TOF 
mass spectrometry: [M+H]+ = 1128.4 (Fig. S2 and S3). 
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Peptide stock solution preparation 

Stock solution of the peptide was prepared by dissolving 
peptide powder in milliQ water. Stock solution concentration 
was determined by measuring the UV-vis spectrum of a diluted 
solution (1 µl in 449 µl of milliQ water) and using the extinction 
coefficient of the tyrosine Tyr considered as free tyrosine (ε276  
= 1280 cm-1M-1). 

Electron Paramagnetic Resonance spectroscopy (EPR) 

EPR experiments were carried out at 110 K using liquid nitrogen 
cryostat. EPR samples (200 µl) were prepared from stock 
solution of peptide diluted down to 0.2 mM in MOPS buffer (0.5 
M, pH 7.5). Cu2+ was added from 50 mM stock solution of CuSO4 
in water to form the complexes. Samples were frozen in an 
ethanol/liquid nitrogen solution in quartz tube after addition of 
10% glycerol as a cryoprotectant and stored in liquid nitrogen 
until used. 

Titration by circular dichroism (CD) 

Spectra of solutions of Catm1 (200 µM) in MOPS buffer (50 mM, 
pH 7.5) were recorded before and after successive additions of 
CuSO4. A 1 mm cell was used and the spectra were recorded 
with a Peltier temperature controller set at 298 K under 
constant nitrogen flush. The wavelength range was set from 300 
nm to 215 nm. The scan rate, the sensitivity, and bandwidth 
were respectively 200 nm.min−1, 0.125 s, and 1 nm. Each 
spectrum was an average of three scans. 

Cyclic voltammetry experiments 

All measurements were carried out in a buffer (MOPS or TRIS at 
pH 7.5 or 7). Glassy carbon (GC), a platinum plate and SCE KCl 
saturated were used as the working electrode, counter and 
reference electrode, respectively. All potential values are 
reported versus the SCE reference electrode. Dissolved 
dioxygen was removed by bubbling the solution with dinitrogen 
gas. Between each measurement the working electrode was 
washed with distilled water and polished with sand paper. 

Isothermal titration calorimetry (ITC) 

Titration at pH 7: titrations were performed by injecting 10 μL 
aliquots of 5 mM CuSO4 into the calorimeter cell containing the 
peptide CATm1 solution (0.5 mM) diluted in MOPS buffer (50 
mM; pH 7), with 10 min between two injections. The 
experiments were performed at 25 °C. Data were analyzed 
using the program NanoAnalyze provided by TA Instruments. 

Titration by electrospray ionization mass spectrometry 

1 mM Cu(OAc)2•H2O was titrated into 20 µM CATm1 peptide 
solution in a 10 mM ammonium formate solution at pH 7.5. 
After each addition of Cu(II), the sample was measured using 
electrospray ionization mass spectrometry. The abundance of 
apo CATm1, CATm1-Cu1, and CATm1-Cu2 were normalized from 
each step in the ESI-MS titration. The amount of Cu(II) bound 
was calculated from the mass spectra to generate the 
speciation as a function of Cu(II) added. This speciation was 
simulated using Hyperquad Simulation and Speciation (HySS). 
The same concentrations of peptide and Cu(II) as the 
experimental data were used in the HySS simulation. 2.0 mol. 

eq. of Cu(II) were added in the simulated titration. HySS uses 
cumulative (b) binding constants and the simulated cumulative 
constant for the first (b1) and second (b2) Cu(II) binding to the 
peptide were adjusted until the simulation fit the experimental 
data. From these cumulative binding constants, the stepwise 
binding constants for the first (K1) and second (K2) Cu(II) bound 
to the peptide were found to be 8.95 and 8.34, respectively. 

Catalase activity assay using a Clark-type electrode 

The experiments were carried out in MOPS buffer (0.1 M, pH 
7.5) in a micro cell sealed with a rubber septum to avoid the 
introduction of O2 from the air. The dissolved dioxygen was 
removed by bubbling the solution with dinitrogen gas. 
Hydrogen peroxide solution (15%, 1 µl) was added. The 
dioxygen from the spontaneous dismutation of hydrogen 
peroxide was removed by bubbling the solution with dinitrogen 
gas. Finally, sample was injected through the septum to the 
stirred H2O2 solution. Reaction rates were determined by 
measurement of the O2 evolved upon time as described in 
reference.46 The initial rates v0 were measured from the initial 
slope of dioxygen formation at several complex concentrations 
(50, 100, 150, 200 and 250 µM. Then kobs corresponds to the 
slope of the linear fit of v0 = f[catalyst] (Fig. S7). The apparent 
second-order rate constant in M–1 s–1 (kcat) were determined 
from kobs since [H2O2] = 2 [O2]; kcat = 2 kobs / [H2O2]0. 
Complementary kinetics parameters were determined at 50 µM 
of the catalysts in 5 mM H2O2 solution in MOPS (50 mM) at pH 
7.5. The maximal yield of O2 production (in %) was calculated 
from the measured [O2]max obs values using the following 
equation: Yield O2 (%) = (2[O2]max obs /[H2O2]0)´100. The TON was 
calculated as maximal number of O2 moles produced per mole 
of a catalyst, TON = [O2]max obs / [Catalyst]0.  The TOF values in s–

1 which represents the ratios of initial rates per concentrations 
of catalysts was calculated as followed: TOF = v0/[Catalyst]0 

Experiments on HeLa HyPer cells 

Cell culture. Stable cell line HeLa HyPer1 was prepared using the 
HeLa Flp-In cell line, which was kindly provided by Stephen 
Taylor76 and cultured at 37°C under a 5% CO2 atmosphere. 
HyPer1 expression in this stable cell line was controlled by 
doxycycline, added 24 h after seeding. The cells were cultured 
for an additional 24 h before being processed for analysis. 
Pharmacological treatments. Cells were incubated with or 
without antioxidant during 1 hr at 37°C under a 5% CO2 
atmosphere. 
Imaging. Imaging was performed with a CSU-W1 Yokogawa 
spinning disk coupled to a Zeiss Axio Observer Z1 inverted 
microscope equipped with a sCMOS Hamamatsu camera and a 
63× objective (63×/1.4 oil WD: 0.17 mm) oil objective. DPSS 100 
mW 405 nm and 150 mW 491 nm lasers and a 525/50 bandpass 
emission filter were used. 
H2O2 levels quantification and statistical analysis. Images were 
processed with the Fiji software, to obtain the HyPer1 ratio of 
the emission at 530 nm (491/530)/ (405/530). HyPer ratio was 
then measured for several cells, and normalized to the ratio 
value of the control condition. Data were analyzed using 
GraphPad Prism 8 and expressed as the mean ± standard error 
of the mean (SEM). Statistical significance was calculated using 
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an ordinary one-way ANOVA followed by Tukey’s multiple 
comparison test. 
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