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A Terbium(III) luminescent ATCUN-based peptide sensor for selective and reversible detection of Copper(II) in biological media

The measurement of exchangeable Cu 2+ levels in biological samples is gaining interest in the context of copper-related pathologies. Here, we report a Tb 3+ luminescent turn-off sensor for Cu 2+ based on the specific and suitable-affinity Xxx-Zzz-His (ATCUN) peptide motif, enabling Cu 2+ detection in the presence of a biological fluorescent background.

 Indeed, we recently proved that at least one of

several alleged turn-on binding-based probes works through irreversible Cu 2+ -induced sensor oxidation. 28 On the other hand, fluorescent sensing in biological media is challenged by the intrinsic fluorescence background of biomolecules such as proteins and cofactors. This issue can be overcome, for instance, employing long-lifetime luminophores, which allow getting rid of the biological fluorescence background via time-delayed detection. In this respect, luminescent trivalent lanthanide ions (Ln 3+ ) have long-lifetime emission (in the millisecond range) and show very interesting photophysical properties, such as ligand-independent atom-like narrow emission bands, large Stokes shift and low tendency to photobleach. [START_REF] Lakowicz | Principles of fluorescence spectroscopy[END_REF] However, the lanthanide-based probes for Cu 2+ that have hitherto been reported are based on ligands that do not benefit from the advantageous properties of the ATCUN motif, i.e. the high selectivity for Cu 2+ , the appropriate affinity and the reversibility. [START_REF] Nonat | [END_REF][31][32][33][34][35][36] In this article, we present the design of a turn-off luminescent peptide for Cu 2+ , combining the selectivity and suitable affinity of the ATCUN motif with the long-lifetime emission of the lanthanide Tb 3+ , and we prove its suitability for Cu 2+ sensing in biological-like media via time-resolved luminescence detection. As the low extinction coefficients of the Laporte-forbidden 4f-4f transitions impair the efficient excitation of Ln 3+ ions, it is necessary to resort to the so-called "antenna effect", i.e. the energy transfer from a suitable excited chromophore to the accepting excited electronic levels of Ln 3+ . 37 Typically, the amino acid tryptophan (Trp) can be chosen as an antenna due to its recognised ability to sensitize Tb 3+ ions and its straightforward inclusion into a peptide scaffold. [38][39][40][41] Thus, we designed a Tb 3+ luminescent ATCUN peptide, GNH W/Tb (GNHWK DOTA(Tb) GK-NH2), containing the first four N-terminal amino acids (GNHW) of the peptide NMC, which includes the ATCUN motif and a Tb 3+ -DOTA luminescent complex grafted on a lysine residue next to the Trp antenna (see Figure 1). GNH W/Tb was obtained using classical peptide synthesis methodology (see Figure S1 andS2). First, the luminescent properties of GNH W/Tb were investigated by steady-state luminescence spectroscopy in HEPES buffer (pH 7.4). In the absence of Cu 2+ , excitation of Trp at 280 nm promotes its emission at 348 nm, and by the antenna effect the characteristic emission of Tb 3+ at 487, 544, 585 and 623 nm due to 5 D4  7 FJ (J = 6, 5, 4, 3) transitions. Indeed, time-delayed excitation spectrum (at λem = 544 nm), also confirmed that Trp acts as a sensitizing antenna for Tb 3+ luminescence (Figure S3). Next, the effect of Cu 2+ binding on the peptide luminescence was investigated by a Cu 2+ titration (Figure 2A). Cu 2+ addition caused the gradual quenching of both Trp and Tb 3+ emission until one equivalent of Cu 2+ , confirming 1:1 Cu 2+ :GNH W/Tb stoichiometric binding, as also shown by UV-vis titration via the increase of the d-d band at λmax = 525 nm (Figure S4). Conversely, Tb 3+ luminescence lifetime remained constant upon Cu 2+ addition and equal to ≈1.97 ms (Figure S5) indicating that Cu 2+ does not quench the Tb 3+ excited state but quenches the Trp antenna S1 excited state, resulting in lower efficiency of the antenna effect. Besides, the selectivity of the probe in the presence of a physiological concentration of other extracellular relevant di-and trivalent cations (Zn 2+ , Fe 3+ , Co 2+ , Mn 2+ 10 µM, Mg 2+ and Ca 2+ 2 mM) was evaluated. These cations did not alter significantly the intensity of Trp (Figure 2B) and Tb 3+ emission bands (Figure S6), while Cu 2+ did, even in the presence of all the other cations. Thus, GNH W/Tb was able to detect specifically Cu 2+ among these essential metals for humans, expected to be the main competitors in the extracellular space. Since the ATCUN motif also binds Ni 2+ ions effectively, we investigated the effect of Ni 2+ binding on GNH W/Tb luminescence, which was efficiently quenched upon Ni 2+ addition (Figure S7). Nevertheless, the sensor can be considered selective for Cu 2+ since (i) Ni 2+ is not a physiological ion for mammals, (ii) the affinity of the ATCUN motif for Ni 2+ is about 5÷6 orders of magnitude lower than for Cu 2+ (for NMC, log c K Ni 7.4 = 7.3 and log c K Cu 7.4 = 13.6), and (iii) Ni 2+ -binding is much slower than Cu 2+ -binding. 42,43 Next, we tested the ability of GNH W/Tb in detecting Cu 2+ in the presence of a more biologically relevant fluorescent background. In particular, we studied (i) the Cu 2+ transfer from Pig Serum Albumin (PSA), which contain many fluorescent aromatic amino acids residues, to GNH W/Tb , and (ii) the Cu 2+ sensing in a complex mixture such as Luria-Bertani (LB), which is rich in peptides and vitamins, including possible competing Cu 2+ -binding sites. In both cases, no significant change of the fluorescence emission intensity upon Cu 2+ addition can be observed (Figures 3A andS8A), as PSA or LB medium signal overrode that of the probe. Moreover, under steady-state fluorescence condition, the fluorescent background at higher wavelength was so intense that Tb 3+ emission bands were undetectable in the presence of PSA or LB medium. Advantageously, long luminescence lifetime of Tb 3+ allows to perform time-resolved detection and hence to get rid of the autofluorescence of the biological background. Under this condition, with a 100 µs time delay before the recording of the emission, only the emission bands of Tb 3+ were observed (Figures 3B andS8B). As Cu 2+ was slowly transferred from PSA to GNH W/Tb , the intensity of these bands progressively decreased (Figure S8B). To assess the reversibility of the sensor, an excess of the stronger Cu 2+ chelator EDTA was added. The latter took Cu 2+ slowly out from the sensor, restoring the initial signal. Time-delayed detection also allowed the measurement of Tb 3+ emission in LB medium (Figure 3B). Specifically, the sensor showed a slow response and the quenching by Cu 2+ was not complete, even upon the addition of an excess. Finally, the signal was slowly recovered by the addition of excess EDTA. This behaviour suggests that the sensor is likely in kinetic competition with Cu 2+ -binding medium components. Indeed, Cu 2+ -binding to ATCUN motif is known to be slower than the binding to non-amide ligands, as amide deprotonation is relatively slow. 44,45 Therefore, Cu 2+ could bind first to kineticallyfavoured ligands in the medium and then move to the thermodynamically competitive ATCUN motif in the sensor. Overall, the observed behaviour shows that the designed sensor is sensitive to fluctuations of exchangeable Cu 2+ levels in the presence of fluorescent background and possible competitors. In order to enhance the kinetic competitiveness of the sensor, we designed a sequence variant, AHH W/Tb (AHHWK DOTA(Tb) GK-NH2), bearing the ATCUN-like motif Xxx-His-His, which occurs for instance in rice albumin (DHH) 46 and Aβ12-x fragment peptides (VHH). The AHH motif has been recently investigated thoroughly. 48,49 At pH 7.4 Cu2+ binds predominantly in the ATCUN 4N coordination mode, but a small portion is bound in a 3N (NH2, N -, NIm) mode with an external ligand (Figure S9). Cu 2+ exchanged much more rapidly in AHH than AAH, which was attributed to the possible formation of ternary complexes of the 3N form. In addition, AHH motif also shows higher affinity (log c K7.4 = 14.3) than GNH. Hence, we first investigated Cu 2+ -AHH W/Tb interaction by UV-vis and luminescence titrations (Figures S10), which showed similar behaviour to GNH W/Tb . Then, we tested the kinetic properties of the probes, first comparing the rate of Cu 2+ transfer from the simple dipeptide AH to the two sensors (Figure S11). Indeed, the AHH W/Tb revealed to be faster than the canonical GNH W/Tb . Thus, we further compared the Cu 2+ -binding kinetics of the two sensors in the complex LB medium. The peptide AHH W/Tb showed again faster Cu 2+ -binding than the GNH W/Tb , proving to be more readily responsive to Cu 2+ levels fluctuation (Figure 4). In conclusion, in this work, we report for the first time a Tb 3+ luminescent sensor for Cu 2+ based on a naturally occurring ATCUN motif, proving its suitability for competing with endogenous ligand and for applications in biological media. This represents a proof of principle study showing the favourable application of Ln 3+ -based ATCUN-bearing peptide probes to study Cu 2+ handling. Advantageously, the versatility of this peptide scaffold opens the way for improving and tuning sensitivity, affinity and kinetics of this prototype by modulating the amino acid sequence as well as the nature of the antenna-Ln 3+ couple. Such optimised sensors could not only be applied to monitor Cu 2+ transfer reactions in vitro but have also the potential to be used in cell cultures and biological fluids. 
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 1 Figure 1. Structure and schematic mechanism of Cu 2+ sensing by GNH W/Tb : in absence of Cu 2+ , Trp excitation (violet flash) gives rise to Trp (blue flash) emission and also Tb 3+ (green flash) emission via energy transfer (ET, orange arrow); upon Cu 2+ -binding to the peptide ATCUN motif, both Trp and Tb 3+ luminescence is quenched.
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 2 Figure 2. Selective Cu 2+ sensing by GNH W/Tb via Trp and Tb 3+ luminescence quenching. (A) Cu 2+ titration of the sensor. Conditions: [GNH W/Tb ] = 10 µM, HEPES 100 mM pH 7.4. (B) Effect of other physiologically relevant metal ions on Trp emission (M = mix of all the cations). Conditions: [GNH W/Tb ] = 10 µM, [Cu 2+ ] = [Zn 2+ ] = [Fe 3+ ] = [Co 2+ ] = [Mn 2+ ] = 10 µM, [Mg 2+ ] = [Ca 2+ ] = 2 mM, HEPES 100 mM, pH 7.4.
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 3 Figure 3. Reversible Cu 2+ sensing by GNH W/Tb in the presence of LB medium monitored by steady-state (A) and time-delayed (B) luminescence. Conditions: [GNH W/Tb ] = 10 µM, [EDTA] = 100 µM, LB 10 %. Inset: kinetics profile of Cu 2+ binding.
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 4 Figure 4. Kinetics of Cu 2+ binding to XZH W/Tb in LB medium. Conditions: [Cu 2+ ] = 9 µM, [XZH W/Tb ] = 10 µM, LB medium 10%.
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