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Abstract 

Cu-chelation in biological systems is of interest as a tool to study the metabolism of this essential metal 

or for applications in case of diseases with a systemic or local Cu-overload, such as Wilson’s or 

Alzheimer’s disease. The choice of the chelating agent must meet several criteria. Among others, 

affinities and kinetics of metal-binding, and related metal-selectivity are important parameters of the 

chelators to consider. Here, we report on the synthesis and characterization of Cu-binding properties 

of two ligands, L1 and L2, derivatives of the well-known peptidic CuII-binding motif Xxx-Zzz-His (also 

called ATCUN), where CuII is bound to the N-terminal amine, two amidates and the imidazole. In either 

L, the N-terminal amine was replaced by a pyridine, and for L2, one amide was replaced by an amine 

compared to Xxx-Zzz-His. In particular, L2 showed several interesting features, including an affinity 

with a log KD
app = -16.0 equals EDTA and higher than all reported ATCUN peptides. L2 showed high 

selectivity for CuII over ZnII and other essential metal ions, even under the challenging conditions of the 

presence of human serum albumin. Further, L2 showed fast and efficient CuII redox silencing qualities 

and stability in the presence of mM GSH concentrations. Including the fact that L2 can be easily 

elongated on its peptide part by standard SPPS to add other functions, L2 has attractive properties as 

a CuII chelator for application in biological systems.  

 

Introduction 

Copper (Cu) ions play an important role in several biological processes for most of the living beings. Cu 

in biology exists mainly in the two oxidation states CuI and CuII. CuI is the prevalent form intracellularly, 

often attributed to the presence of high concentrations of thiols, in particular glutathione (GSH).1,2 GSH 

and the other thiols are able to reduce CuII rapidly to CuI and the coordination to cysteine thiolates 

stabilizes the CuI over CuII redox state.3 In the more oxidizing extracellular environment, CuII is more 

prevalent, in particular the more labile and accessible pool of CuII is bound to human serum albumin 

(HSA).4,5  

Cu metabolism is tightly controlled, as an excess or lack of Cu as well as misplaced Cu can be dangerous. 

Hence CuI/II ions are almost exclusively bound to proteins with high affinities, and Cu-transfer reactions 

occur normally via an associative mechanism. Overload of Cu is harmful by leading to trans-metalation 

(like with iron (Fe) in iron-sulfur clusters), binding and/or reacting with essential cysteines, catalysis of 

reactive oxygen species (ROS) generation and induction of protein misfolding.6–11 Notably, Cu ions can 

be very potent in catalyzing ROS production in presence of a reducing agent and dioxygen.12,13 The 

catalytic activity depends on the coordination environment of the Cu ion, which controls the redox 
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activity and reactivity.14–16 Often, so-called loosely bound Cu or "free" Cu, such as Cu in a buffer or Cu 

bound in a less controlled and/or dynamic way to ligands are highly competent in ROS production.17 

Some Cu-complex examples that attracted recent interest are composed of Cu bound to intrinsically 

disordered proteins, which are often also amyloidogenic. Intensively studied systems are Cu-

complexes with amyloid-beta (Aβ), alpha synuclein and prion-protein, linked to Alzheimer’s, Parkinson 

and prion diseases, respectively. 18–21 

There is a short peptide motif, consisting of the three N-terminal amino acids Xxx-Zzz-His, also called 

ATCUN (amino-terminal copper and nickel) motif. Xxx and Zzz can be any amino acid, apart from Pro 

for Zzz while a histidine (His) stands on the third position. This motif binds CuII with a quite strong 

affinity (log KD at pH 7.4 from -12.4 to -14.7).22–25 Moreover, the motif shows a high selectivity for CuII 

over other relevant essential metal ions (ZnII, FeIII, MnII, CaII and MgII), mainly attributed to the higher 

stability of the CuII complex that is able to deprotonate the two amide protons to bind the amidates at 

around neutral pH. Another interesting feature is, that Xxx-Zzz-His binds CuII with a rigid square planar 

coordination by two amines and two amidates, including two 5 and one 6-memered ring (see Scheme 

1). This highly CuII-stabilizing coordination is associated to a low redox potential that inhibits redox-

cycling between CuII and CuI and hence restrains the catalysis of ROS production almost completely.26–

31 A residual activity has been recently assigned to a very low populated CuII coordination to Xxx-Zzz-

His without amidate coordination.32 The ATCUN motif is the native CuII-binding site of serum albumin 

(with the sequence Asp-Ala-His in HSA) and has been more recently employed for its ability to suppress 

ROS production.23,33–36 Indeed, peptides with Xxx-Zzz-His motifs are able to withdraw CuII from Aβ1-

16/40/42 peptides (and others) and can suppress Cu-Aβ catalyzed ROS production in presence of 

ascorbate and dioxygen.34,37–41 Moreover, a truncated form of Aβ (Aβ4-X) contains also this motif and 

can retrieve CuII from Aβ1-X and hence redox silence the CuII.42  

In the present work, we explore the possibility to modify this Xxx-Zzz-His motif in terms of higher 

affinities and by keeping the CuII-selectivity, still based on peptide chemistry. Hence, we designed two 

new ligands, L1 and L2 (Scheme 1). 

Scheme 1. Representation of the CuII-complexes with the Xxx-Zzz-His/ATCUN motif and the ligands L1 and L2. 

 

 

Results and Discussion 

Design and synthesis of the ligands. 

The two tetradentate ligands L (with L = L1, L2) were designed based on the well-known CuII-binding 

ATCUN motif. In L1 and L2, the N-terminal amine is replaced by a pyridine. Pyridine has normally a 

stronger affinity compared to an amine at neutral pH, hence an increase in affinity of L1 and L2 

compared to the simplest motif (Gly-Gly-His) is expected. In addition, for L2 one of the two amide 

functions (between Xxx and Zzz) is replaced by an amine, again with the idea to increase the affinity 

by replacing an amidate with an amine, but with the risk of losing selectivity towards CuII.  
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Both ligands were synthesized by standard solid-phase peptide synthesis (SPPS) procedure. The C-

terminal position is of importance, as it would be straightforward to elongate the peptide on the C-

terminal end. Hence, either L could be elongated with a peptide to add another function, as peptides 

are versatile platforms. The synthesis was performed on a Rink Amide resin starting with the 

attachment of His(Trt) and Gly. Then, 2-picolinic acid was used for the introduction of the pyridinyl 

derivative in the last coupling step to obtain L1. For L2 a nucleophilic substitution reaction involving 2-

picolyl chloride hydrochloride constitutes the last synthetic step.  After cleavage from the resin and 

removal of the protecting groups, the ligands L were purified by HPLC and characterized by 1D and 2D 

NMR and HR-ESI-MS (see SI section 1). 

 

Characterization of the CuII-L complexes by electronic absorption and EPR. 

The CuII-binding stoichiometry and spectroscopic characteristics were investigated. L1 and L2 were 

titrated by CuII in HEPES buffer at pH 7.4 and the formed complexes were characterized by UV-Vis 

(Figure S15). For L1 and L2, characteristic d-d bands were evolving in a regular manner up to one 

equivalent, and then leveled off. This is in line with the formation of a stoichiometric 1:1 complex for 

L1 and L2 with CuII. The d-d absorption bands were centered at λmax = 552 nm and 564 nm for CuII-L1 

and CuII-L2, respectively. The molar extinction coefficient ε had typical values for d-d bands of 116 M-

1cm-1 for CuII-L1 and 97 M-1cm-1 for CuII-L2. The red shift of the band of CuII-L2 compared to CuII-L1 is in 

line with the lower ligand field generated by a neutral amine against a negatively charged amidate. 

Indeed, according to a formula1 reported in the literature, CuII-L1 is predicted to have the λmax at 537 

nm whereas CuII-L2 at 547 nm (by treating the pyridine like an imidazole).43 These calculated values 

are slightly too blue shifted, which might be partially due to our approximation of equivalent 

contribution of pyridine and imidazole.   

 

To further characterize the CuII-L complexes, low temperature EPR was employed. Both CuII-L 

complexes showed typical EPR spectra for square planar CuII-coordination (Figure 1, Figure S16 and 

Table 1). The higher g parallel value for CuII-L2 (g‖ = 2.205) than CuII-L1 (g‖ = 2.194) are in line with the 

absorption spectra and the higher ligand field in CuII-L1. The superhyperfine interactions in the gꞱ 

region are consistent with the coupling to four nitrogens. 

 
Figure 1. EPR experimental and simulated spectra of CuII-L1 and CuII-L2 (600 µM L, 500 µM CuCl2, 50 mM HEPES buffer pH 

7.4, supplemented by 10% glycerol v/v, at 100 K). 

  

 
1 λmax = 1000/[1.18 + 0.140(Im) + 0.166(NH2) + 0.200(N= (amidate))] 
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In summary visible and EPR spectroscopies suggest that CuII forms a well-defined 1:1 complex with L1 

and L2 according to the initial design (see Scheme 1). 

 

The structures of the CuII-L1 and CuII-L2 complexes were also investigated using density functional 

theory (DFT) calculations. The optimized geometries of the two complexes display the expected square 

planar coordination around CuII (Figure 2). The CuII-N bond distances in CuII-L1 are very similar to those 

observed by X-ray diffraction for the complex with Gly-Gly-His-N-methyl amide.44 The substitution of 

a negatively charged amidate donor in CuII-L1 by an amine in CuII-L2 results in a significant elongation 

of the corresponding Cu-N bond, as would be expected. The square-planar coordination environment 

is more distorted in CuII-L2 than in CuII-L1, as judged by the mean deviation of the N donor atoms from 

the least-squares plane defined by the CuN4 core (0.128 and 0.270 Å, respectively). This is in line with 

the lower crystal field generated by the ligand in CuII-L2 compared with CuII-L1. 

 

Figure 2. Structures of the CuII-L1 (a) and CuII-L2 (b) complexes obtained with DFT calculations (uwB97XD/Def2tzvp). 
Numbers correspond to the calculated bond distances of the CuII coordination sphere (Å). 

 

 

The quality of the DFT structures was assessed by comparison of the experimental and calculated EPR 

parameters (Table 1). The A-tensors were computed at the TPSSh/Def2-QZVPP level, as the hybrid 

meta-GGA functional was found to provide accurate hyperfine coupling constants for both organic 

radicals and metal complexes, including CuII complexes.45,46 The g-tensors were calculated using the 

double-hydrid density functional PBE0-DH, following a recently described methodology.47 The 

calculated EPR parameters are in very good agreement with the experiment. This is especially the case 

for the hyperfine coupling constants. Both approaches characterize CuII-L1 with slightly lower g‖ and A‖ 

values than CuII-L2, while the trend in 14N Aiso values is reversed. 

 

Table 1. Parameters obtained from the fits of EPRa spectra and obtained with DFT calculations. 

 

  g‖ g⊥ A‖ / MHz A⊥ / MHz 14N Aiso / MHzb 

CuII-L1 Exp. 2.194 2.043 576 45d 42 
 DFT 2.175 2.049 580c 37 41.4 

CuII-L2 Exp. 2.205 2.046 592 65d 39 
 DFT 2.192 2.053 592c 14 35.9 

ag and A strain parameters were used to account for experimental line broadening b Calculated values are 

averages over the Aiso values obtained for the four N donor atoms. c Calculated as negative values. dA⊥ is given on 
an indicative basis as being mostly unresolved experimentally.  
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CuII affinity of L1 and L2. The binding affinity at pH 7.4 towards CuII of L1 and L2 was investigated. Due 

to the high expected affinity, an indirect approach was employed by using well characterized 

competitors. Thus, only apparent relative affinities to the competitor can be obtained under the given 

condition (here 40 mM HEPES buffer whose pH has been adjusted to pH 7.4 with NaOH addition). 

Competition experiments were conducted with the well-characterized ligands EDTA (ethylene diamine 

tetraacetic acid) and EGTA (ethylene glycol-bis(2-aminoethyl ether)-tetraacetic acid). CuII-EDTA and 

CuII-EGTA have a dissociation constant at pH 7.4 (KD(pH7.4)) of 10-15.9 and 10-14.2 and exhibit d-d bands at 

735 nm and 687 nm, respectively.48,49 By assuming that the apparent KD(pH7.4) in the here used buffer 

(named KD(pH7.4)
app) are similar to the calculated KD(pH7.4). Indeed, these competitors were very well 

suited as it turned out that their affinity is very similar to that of L1 and L2 and their d-d bands are 

rather well separated. This allows more accurate measurements. In order to make sure that the 

thermodynamic minimum of the chemical reactions 1 and 2: 

 

was reached, the measurements were started from both sides, i.e. the competitor ligand (EDTA or 

EGTA) was added to CuII-L, and ligand L was added to CuII-EDTA or CuII-EGTA (Figures 3 and 4). The 

kinetics were monitored and indeed, very similar end-point absorbances were reached (Figures 3C - 

3D and 4C - 4D). As such the affinity at pH 7.4 was determined for L2 to be about 1.3 times stronger 

than EDTA, and for L1 about 4 times weaker than EGTA. By assuming that the KD(pH7.4)
app values in the 

used buffer are similar to the calculated KD(pH7.4) for EDTA and EGTA, we obtain KD(pH7.4)
app values of 10-

13.6 for CuII-L1 and 10-16.0 for CuII-L2 (see SI section 2.4). This would correspond to pCuapp values of 14.6 

for CuII-L1 and 17.0 for CuII-L2 (with 1 µM Cu and 10 µM L at pH 7.4).50  

Table 2: UV-Vis spectroscopic parameters and apparent stability constants and pCu values of CuII-L1 

and CuII-L2. 

complex λmax [nm] ε [M-1·cm-1] KD(pH7.4)
app pCuapp 

CuII-L1 552 116 10-13.6 14.6 

CuII-L2 564 97 10-16.0 17.0 

 

Hence, compared to Gly-Gly-His, the simplest ATCUN motif, replacing the amine by a pyridine led to 

an increase of KD(pH7.4) by about one order of magnitude if one assumes KD(pH7.4)
app = KD(pH7.4).  (However, 

the determined log KD(pH7.4) of -12.2 or -12.4  are for Gly-Gly-His containing a COO- at the C-terminus 

position, not an amide like in L1, hence this could also contribute to the increase in the affinity of L1 

compared to Gly-Gly-His.23,51 The replacement of an amidate by an amine resulted in a higher affinity 

of about 1 to 2 log unit at pH 7.4, clearly above all the reported ATCUN motifs and at the same level as 

EDTA.  



6 
 

 

  

Figure 3. A and B: UV-Vis absorption spectra of the competition of A) CuII-L1 with 1 eq. EGTA and B) CuII-EGTA with 1 eq. L1. The graphs 
C and D show the evolution of the absorption maximum of the d-d band of CuII-L1 (C) and CuII-EGTA (D) over time. After approximately 
800 min an equilibrium state is reached where the concentration of CuII-L1 and CuII-EGTA are stable over time. Conditions: 400 µM 
concentration of ligand and competitor, 320 µM CuII (0.8 eq.) in 40 mM HEPES buffer pH 7.4. The competition experiments were 
performed in triplicate and a representative experience is presented. 
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The pH-dependence complex formation was followed via the presence of the d-d absorption bands 

around 552 and 564 nm for CuII-L1 and CuII-L2 respectively (see Figure S17). Formation of CuII-L1 starts 

at pH 3 and is complete at around pH 5.  Formation of CuII-L2 occurs at more acidic pH, roughly from 

pH 2 to pH 4.5. The stability to lower pH of CuII-L2 is in agreement with the higher affinity constant log 

KD(pH7.4) value. 

 

Competition with CuII-HSA with/without the presence of ZnII with CD and UV-Vis absorption 

spectroscopy. Extracellularly, where CuII and ZnII mostly occur together, ZnII is much more available for 

chelation than CuII, due to its higher concentration and lower affinity to the native proteins. In the 

blood plasma, the CuII accessible for chelators, called labile or exchangeable Cu pool (mainly bound to 

HSA) with a KD(pH7.4) of 10-13.48,52 Most ZnII is exchangeable and bound as well to HSA with a KD(pH7.4)  of 

10-7.53,54 Exchangeable ZnII in the blood is about 10 times more abundant than CuII and 106 times less 

strongly bound. In other words, to mimic this situation the selectivity of CuII-binding over ZnII would 

have to be achieved with a 107 times higher ZnII concentration. This seems not feasible as it would 

demand insoluble high ZnII concentration based on the low intensity d-d bands of CuII. To measure the 

selectivity in a more challenging situation like it is expected to be in the blood, we performed 

competition experiments with HSA, first to show that the ligands L1 and L2 are able to retrieve CuII 

from HSA, and then when HSA was loaded with CuII and ZnII, to see the selectivity. The competition 

experiments were followed by UV-Vis absorption spectroscopy and circular dichroism (CD). The latter 

was used due to its better resolution of the d-d bands, and is in coherence with the data obtained by 

UV-Vis analyses (Figures S18-S21). 

Figure 4. A and B: UV-Vis absorption spectra of the competition of A) CuII-L2 with 1 eq. EDTA and B) CuII-EDTA with 1 eq. L1. The graphs 
C and D show the evolution of the absorption maximum of the d-d band of CuII-L2 (C) and CuII-EDTA (D) over time. After approximately 
70 min an equilibrium state is reached where the concentration of CuII-L2 and CuII-EDTA are stable over time. Conditions: 400 µM 
concentration of ligand and competitor, 320 µM CuII (0.8 eq.) in 40 mM HEPES buffer pH 7.4. The competition experiments were 
performed in triplicate and a representative experience is presented. 
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Figure 5. CD spectra of the competition experiment of CuII-HSA with L1 (A) and L2 (B). Conditions: 500 µM HSA, 450 µM CuCl2, 
50 mM, 500 µM ligand, HEPES buffer pH 7.4. The endpoint of the competition was compared to the CD-spectrum of CuII-L 
measured under the same conditions (500 µM ligand, 450 µM CuCl2, 50 mM HEPES pH 7.4). The CD-spectra of the competition 
experiments in the presence of ZnII (ZnII-CuII-HSA with L and CuII-L with ZnII-HSA) can be found in Figure S18.  

Figure 5 shows the addition of L1 (left) and L2 (right) to CuII-HSA (0.8:1). CuII-HSA has a positive band 

at 320 nm and two bands in the region of the d-d bands, a positive at 490 nm and negative at 560 nm 

(as reported in the literature55). The addition of the ligand leads to an evolution of the spectra with a 

red shift for the d-d bands in either case. The reaction came to a halt after about 200 min for L1 and 

20 min for L2, with a spectrum very similar to the CuII-L alone. This is in line with the transfer of CuII 

from HSA to the added ligand. To confirm that all CuII was transferred to L, EPR spectra were collected 

at the end of the reaction (Figure S19 and Table S1). No signal for CuII-HSA could be detected, indicating 

a transfer of CuII close to completion, in line with the reported lower affinity of Cu for HSA (log KD = -

13).52 L2 was about 10 times faster under the present condition to retrieve CuII from HSA. This indicates 

that L2 is not only a stronger ligand than L1 and the ATCUN motif in general, but it is also quite fast in 

CuII complexation. 

The experiments were repeated in the presence of ZnII, i.e. L was added to ZnII-CuII-HSA (0.8 : 0.8 : 1) 

and the reaction was followed by CD and verified at the end by EPR. The same endpoints were reached, 

meaning that the same amount of CuII can be retrieved from HSA regardless of the presence of ZnII 

(Figure 6). This supports the high selectivity of L for CuII over ZnII under this challenging condition. In 

the presence of ZnII, CuII retrieval from HSA was slightly slower for L2, but not for L1 (Figure 6).    

 

Figure 6. Comparison of the kinetics with and without the presence of ZnII. A) The evolution of θ over time was monitored in 
the wavelength range of 300-600 nm by taking a spectrum every 6 min. As θ of the start and end-point of the competition 
shows a huge difference in the wavelength region 318-328 nm, this averaged θ value was used for the comparison of the 
competition with and without ZnII). B) As the kinetics of L2 is very fast, the evolution of θ over time was monitored directly at 
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310 nm by doing a measurement every 20 s during the competition.  Conditions: 500 µM HSA, 450 µM CuCl2, 450 µM ZnSO4, 
50 mM, 500 µM ligand, HEPES buffer pH 7.4. The CD competition experiments were performed in duplicate for L1 and 
triplicate for L2 and representative experiments are presented. 

 

Selectivity over other metal ions. Although less of an issue, the selective CuII-binding of L1 and L2 was 

also investigated in the presence of a mixture of essential metal ions (ZnII, FeIII, MnII, CaII and MgII) in 

the absence of HSA. These experiments were evaluated by UV-Vis absorption spectroscopy. The curves 

showed no decrease of the d-d band upon addition of a mixture of ZnII, FeIII, MnII, CaII and MgII, 

indicating selectivity under these conditions (Figure S22). Moreover, up to 1000 eq. of ZnII did not 

impact the d-d band intensity (Figure S23). This supports the high selectivity of L1 and L2 for CuII, as it 

is known for the parent Xxx-Zzz-His/ATCUN motif.23 

 

Redox-silencing. CuII-complexes with ligands of the Xxx-Zzz-His/ATCUN type attracted quite a lot of 

interest in terms of ligands able to redox-silence CuII. In particular, CuII bound to amyloidogenic 

peptides, such as amyloid-β, is supposed to be implicated in the development of Alzheimer’s disease 

and to play a catalytic role in the production of ROS. In vitro, in the presence of ascorbate under aerobic 

conditions, Cu-Aβ1-16 is known to catalyze the oxidation of ascorbate with concomitant formation of 

ROS.56 Therefore, the ability of the ligands L1 and L2 to redox silence Cu-Aβ1-16 were tested. 

Figure 7 shows the ascorbate oxidation followed at 265 nm by absorption spectroscopy. Upon addition 

of CuII, the absorption decreases due to the oxidation of ascorbate. The addition of L1 or L2 stops very 

rapidly and completely the ascorbate oxidation. No further oxidation occurs for the rest of the 

measured time (Figure 7A). In the case of the presence of CuII complexed to Aβ1-16 (Figure 7B), 

ascorbate oxidation started after the addition of Cu- Aβ1-16. In line with the literature, the oxidation 

catalysis by the Cu-Aβ1-16 complex was slower compared to CuII in buffer.57,58 Again, additions of L1 and 

L2 lead to an arrest of ascorbate oxidation. This occurred immediately in the case of L2, whereas for 

L1 ascorbate oxidation stopped completely only after about 10 min. This slower kinetic of L1 compared 

to L2 could be confirmed by experiments at 10 times lower concentrations of Cu- Aβ1-16 and L, which 

slowed down further the arrest of ascorbate oxidation by L1, in contrast to the still immediate arrest 

by L2 (Figure S24).  

 

 

Figure 7. Evolution of the absorbance at 265 nm over time. Conditions: A) 100 µM ascorbate, 10 µM CuCl2, 20 µM ligand, 50 
mM HEPES buffer pH 7.4, B) 15 µM Aβ1-16 precomplexed with 10 µM CuCl2, 30 µM ligand, 100 µM ascorbate, 50 mM HEPES 
buffer pH 7.4. Control experiments without the addition of any ligand are shown in black.  



10 
 

These experiments suggest that L1 and L2 efficient redox silencer, i.e. they form CuII-complexes inert 

towards reduction by ascorbate. Moreover, L2 was able to retrieve CuII rapidly from the CuII-Aβ 

complex, whereas L1 was more sluggish.  

 

Interaction of CuII-L with GSH. Another important reducing agent in biology is glutathione (GSH). GSH 

is present at mM concentrations (~1-10 mM) intracellularly, but only at low µM in the blood plasma.59 

GSH is not only a reducing agent, but also a strong chelator of CuI.2 Several Cu-Xxx-Zzz-His-peptide 

complexes have been investigated for their reaction with GSH. Classically, mM GSH concentrations 

were able to reduce CuII and retrieve it from several ATCUN motifs to form CuI-thiolate clusters, mainly 

Cu4-GSH6. This indicates that Cu-Xxx-Zzz-His/ATCUN complexes would be dissociated when entering 

the cell.60,61 Also in the present case, 2 mM GSH was able to reduce CuII-L1 under aerobic conditions 

slowly, with a t1/2 of about 120 min (Figure 8). However, it did not go to completion, as a plateau was 

reached. In contrast, no obvious reduction of the intensity of the d-d band was observed for CuII-L2 

over 20 hours, showing a remarkable inertness against reduction and withdrawal of CuII-L2 by GSH. 

 

Under anaerobic conditions, reduction of both CuII-L1 and CuII-L2 with GSH occurred (Figure 8 and 

Figure S25). This suggests that CuII-L2 was only apparently stable under aerobic conditions, indeed GSH 

is able to reduce CuII slowly and O2 reoxidizes it more rapidly. Hence the CuII-L2 is a steady state where 

Cu cycles slowly between CuII and CuI, with the reduction as rate limiting step. CuII-L2 is reduced faster 

under anaerobic conditions, again indicating that reoxidation by O2 occurs under aerobic conditions. 

This reoxidation is slower in absence of O2, so that GSH is able to retrieve CuI from L2. Concerning CuII-

L1, its reduction went to completion in absence of O2, which was not the case under aerobic conditions, 

again suggesting that under aerobic conditions some reoxidation occurred.  

 

Figure 8. Absorbance of the d-d band of CuII-L1 and CuII-L2 in the presence and absence of oxygen upon time. Conditions: 220 
µM L, 200 µM CuCl2, 2 mM GSH, 50 mM HEPES buffer pH 7.4. Experiments were carried out as triplicates and representative 
experiments are shown. 

 

To have a good signal to noise ratio of the weak d-d bands, quite high CuII-L concentrations were used. 

We repeated the same experiments at more biological relevant concentrations with 30 µM CuII-L and 

3 mM GSH (Figure S26) and found similar behavior, CuII-L2 was again much more stable aerobically 

than high CuII-L1. 
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The UV-VIS spectroscopic results under aerobic conditions indicate that CuII-L2 can redox-cycle in the 

presence of GSH, whereas CuII-L1 loses its Cu to GSH. Hence, CuII-L2 can catalyze the oxidation of GSH 

by O2 without dissociation. Such reactions are of interest as they can deplete GSH and produce reactive 

oxygen species. Hence, we evaluated the reactivity by measuring the formation of the product GSSG 

(oxidized GSH) via HPLC and compared it to CuII-Dp44mT (di-2-pyridylketone-4,4,-dimethyl-3-

thiosemicarbazone), a complex able to deplete GSH in cancer cells and able to oxidize GSH in vitro 

although relatively slow.62  CuII-L1, CuII-L2 and CuII without ligand were able to catalyze GSH oxidation 

with very similar kinetics (Figure 9 and Figure S29). The reaction involving CuII-L1, CuII-L2 and CuII was 

not terminated after 20 h and the initial turnover rate was calculated to be 4-5 cycles per hour. These 

initial rates were 2-3 times slower than the one measured for Cu-Dp44mT, which reached a plateau at 

about 12h. 
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Figure 9. Monitoring of the GSH oxidation to GSSG by following the area of the GSSG peak at 254 nm by HPLC. Conditions: 30 

µM L, 27 µM CuCl2, 3 mM GSH, 100 mM HEPES buffer pH 7.4, 2.2% DMSO for Dp44mT, gradient: 1-7% eluent B in 7 min. 

Next the strong CuI-(but weak CuII) chelator bathocuproine disulfonate (BCS) was used to determine 

whether CuI can be retrieved from the ligands L upon reduction by GSH (Figure 10). Indeed, BCS has 

been used to mimic the presence of strong CuI-binding proteins in the cytosol of cells.63 CuI-BCS, but 

not BCS alone, is known to present an intense absorption band at 483 nm and a high affinity for CuI 

(log β = 20.8).64 Upon addition of 3 mM GSH to BCS in the presence of CuII in the buffer the absorption 

band at 483 nm appeared very rapidly in less than a minute, due to reduction of CuII to CuI and its 

binding to BCS. When CuII was coordinated to L1 or L2 and GSH added the CuI-BCS2 complex was formed 

with similar kinetics (Figure 10) and reached the same plateau as free CuII after about approximately 

50 min.  The experiments of CuII-L1 and CuII-L2 were also repeated as a control in the absence of GSH, 

where no band at 483 nm rises. This suggests that upon reduction of CuII-L to CuI, CuI is binding to BCS. 

The similar kinetics for the two complexes is in line with the similar reduction observed under 

anaerobic conditions (see above). Hence the difference between CuII-L1 and CuII-L2 is in the much 

faster reoxidation rate of CuI-L2 by O2 compared to CuI-L1. CuII-Dp44mT was also measured for 

comparison, and despite the fact that CuII-Dp44mT is able to catalyze GSH oxidation (see above), which 

includes CuI formation, BCS was not able to withdraw CuI as no significant increase of the absorbance 

at 483 nm was observed over time. Furthermore, CuII-L1 and CuII-L2 were compared to the Cu-

complexes measured by Xiao et al.63, i.e. the CuII-ATSM (diacetylbis(4-methylthiosemicarbazone) and 

CuII-GTSM (glyoxal-bis(N4-methyl-3-thiosemicarbazone), two bis(thiosemicarbazonato) complexes.  
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Confirming their findings, BCS was able to withdraw CuII from GTSM but not from ATSM in the presence 

of GSH (Figures S27 and S28).    
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Figure 10. Following the absorbance of CuI(BCS)2 at 483 nm over time. Conditions: 30 µM L, 27 µM CuII, 67.5 µM BCS, (3 mM 
GSH), 100 mM HEPES pH 7.4, DMSO: 2.2% for Dp44mT. 

 

Conclusions 

The synthesis and characterization of two CuII chelators L1 and L2, derivatives of the well-known 

peptide Xxx-Zzz-His/ATCUN motif, are reported.  

L2 is a remarkable chelator as it was able to go beyond the affinity of all so far reported ATCUN motifs, 

reaching the level of the well-known chelator EDTA. But in contrast to EDTA, the selectivity towards 

CuII is very high, in particular over ZnII, its most challenging competitor in biology. Even in the presence 

of HSA, that binds CuII 106 times more tightly than ZnII, L2 was able to bind CuII selectively. In contrast, 

EDTA binds CuII only about 102.5 times stronger than ZnII.65The high affinity was obtained by replacing 

the N-terminal amine by a pyridine and by replacing one amide by an amine. Classically, the selectivity 

of the ATCUN for CuII over ZnII is assigned to the capability of CuII to deprotonate amides for binding.23,66 

Recently, Jakusch et al.67 (reported a 108.4 higher affinity of a related ligand (called DPMGA: N-(pyridin-

2-ylmethyl)-2-((pyridin-2-ylmethyl)amino)acetamide) with the tetra-coordination of pyridine-amine-

amide-pyridine (all 5-membered rings with CuII). In line with their findings, our data confirm that one 

amidate coordination can still give a high selectivity for CuII, at least selective enough to bind CuII over 

ZnII in the presence of HSA as it could occur in blood plasma. DPMGA showed a log KD of 14, i.e. about 

2 logarithmic units lower than EDTA under standard conditions at pH 7.4. L2 had about the same 

affinity as EDTA at pH 7.4 in the present conditions. Despite the different conditions, the comparison 

with a reference compound such as EDTA suggests a stronger CuII affinity of L2 over DPMGA of about 

two log units. Structural differences that might explain this stronger affinity are the imidazole bound 

in a 6-membered ring compared to a pyridine with a 5-membered ring.   

Not only the selectivity is kept for L2 compared to ATCUN, also the ability to redox silence Cu is still 

efficient. Indeed, L2 was able to stop the ascorbate oxidation catalyzed by CuII or CuII bound to Aβ1-16 

in buffer as also reported for DPMGA67, again indicating that already one amidate can redox silence Cu 



13 
 

quite efficiently. Compared to L1, L2 is also kinetically faster in abstracting Cu from HSA and in redox 

silencing Cu bound to Aβ1-16.  

Another quite distinct feature of L2 compared to L1 or ATCUN is its resistance to 2 mM concentrations 

of GSH under aerobic conditions. GSH was not able to retrieve Cu via reduction and chelation from the 

complex CuII-L2, whereas this retrieving was possible from CuII-L1 as well as from other ATCUN motifs 

studied in the literature.60,61 

Nevertheless, an intracellular environment is lower oxygenated than buffer and contains strong CuI-

binding and hence one can expected that both CuII-L1 and -L2 would release Cu after slow reduction 

by GSH or other thiols to CuI-binding proteins. This is supported by the retrieval of CuI by the strong 

chelator BCS from CuII-L in presence of GSH. This opens the possibility to use L2 as Cu-ionophore. 

Moreover, the redox reaction of CuII-L2 with GSH is very slow, as it was with Asc, indicating that there 

is little danger of a high ROS production.  

In summary, L2 has interesting Cu-binding properties for biological applications, in particular its fast 

and efficient redox-silencing of Cu, its selectivity, and its thermodynamic stability against HSA and its 

slow reactivity with mM GSH concentrations. 
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Synopsis 

 

Two new CuII-ligand complexes (CuII-L1 and CuII-L2) inspired by the well-known N-terminal peptidic 

motif Xxx-Zzz-His, also called ATCUN motif, are reported. The replacement of the amine and amidate 

by a pyridine and amine respectively, increased substantially the CuII-affinity of L2 up to the range of 

Affinity

Selectivity  CuII > ZnII

Redox silencing

log KpH 7.4
app 12.4 13.6 16.0



19 
 

EDTA. At the same time, CuII-L2 also kept several properties of the parent ATCUN motif, in particular 

the high selectivity for CuII and the redox silencing of CuII in this complex. 


