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Introduction

Fluorescence -or more generally luminescence -is a highly sensitive, inexpensive and easy-to-use analytical technique that finds a large scope of applications in various scientific and medical fields, including analytical chemistry, biological research, [1] medical diagnosis [2] and image-guided surgery. [3,4] Responsive luminescent probes capable of detecting a specific molecular species in a complex medium are in high demand today and find many applications, for instance, in biology to obtain a better knowledge of molecular processes at play in living organisms [5][6][7][8][9][10] or to detect relevant disease biomarkers. [11] Luminescent probes most often offer an intensity-based response: the interaction (reversible binding or chemical reaction) with the analyte turns the emission ON or OFF with a uniform evolution over the whole emission spectrum. Such probes are the easiest to design for a chemist and quantification of the analyte is possible provided that the concentration of the probe is known. However, in a complex biological medium such as a living cell or whole organism, the spreading of the probe may not be uniform and its concentration may vary depending on its location, thereby precluding quantification of the analyte. It is possible to overcome this issue by designing ratiometric probes that feature dual-wavelength excitation or emission. The ratio of intensities observed at two different wavelengths (excitation or emission) provides a reliable signal read-out that is independent of the probe concentration. Most common ratiometric probes display a dual-wavelength emission due to a spectral shift caused by an interaction with the analyte. [12] For such probes, the emission ratio measured at two wavelengths is directly related to the analyte concentration.

Complexes of trivalent lanthanide cations (Ln 3+ ) have fantastic luminescent properties. They offer an attractive alternative to the classical organic dyes, especially for biological application. [13][14][15][16][17] They possess (i) atom-like narrow emission bands at fixed wavelength that are independent of the experimental conditions and characteristic of the nature of the Ln 3+ , (ii) a large energy difference between the excitation and emission wavelengths, (iii) long luminescence lifetimes (micro to millisecond range) allowing suppression of background fluorescence by time-resolved detection and (iv) an excellent photostability. Since most 4f-4f transitions are forbidden by Laporte rules, [START_REF] Bünzli | Lanthanide Luminescence[END_REF] an efficient strategy for the sensitization of lanthanide cations to generate their luminescence is based on the excitation of a proximal highly-absorbing organic chromophores (antenna) that can transfer the resulting energy to the Ln 3+ in order to populate its emissive excited state. This process has been termed the "antenna effect". Several responsive lanthanide-based luminescent probes have been described to date but only few of them are ratiometric. [14,17] Actually, lanthanides offer two options to elaborate ratiometric probes. First, the relative intensity of each Ln 3+ emission band and the shape of these bands depend on the Ln 3+ coordination environment. Hence, ratiometric responsive sensing can be obtained in the case of coordinatively unsaturated luminescent Ln 3+ complexes that allow the analyte to replace one or two coordinated water molecules in the Ln 3+ coordination sphere. [START_REF] Bretonniere | [END_REF][20][21][22][23] This alters the geometry and symmetry around the Ln 3+ affecting the intensity ratios between the different f-f transitions and their Stark splitting. In this respect, Eu 3+ is the most interesting Ln 3+ due to the high sensitivity of its emission bands to changes in coordination environment. Emission of other Ln 3+ like Tb 3+ , for example, is less affected and changes are subtler. [21] The second approach for the design of Ln-based ratiometric probes takes advantage of their narrow emission bands with fixed emission wavelengths and uses two different Ln 3+ whose emissions vary in different ways upon interaction of the probe with the analyte. The simplest approach in this respect is to exploit a pair of responsive and non-responsive Ln 3+ complexes with distinct emission profiles. In such a mix, the nonresponsive complex serves as a reference for the calibration of the responsive probe. The Ln 3+ chelating ligands may be different for the two complexes [24] but, nevertheless, for biological imaging applications in living cells, it is recommended to use the same ligand in order to favour the same biodistribution of the responsive and non-responsive complexes in order to allow an accurate calibration . [25][26][27][28][29] This approach requires a common antenna that is able to sensitize both Ln 3+ . To date, the Tb 3+ /Eu 3+ pair has been widely used not only because of the availability of numerous antennas that can sensitize both cations but also because they exhibit easily detectable visible emission with long luminescence lifetimes within the millisecond range compared to microseconds for other Ln 3+ . Tb 3+ and Eu 3+ emission spectra overlap in the 560-670 nm spectral range but distinct and specific emission bands can be monitored at 490 and 545 nm for Tb 3+ and 700 nm for Eu 3+ (Figure 1). The proportion of Tb 3+ and Eu 3+ complexes in the global mixture can be adjusted to compensate for the differences in sensitization and emission efficiencies in order to provide emissions intensities in the same dynamic range for both complexes.

Figure 1:

Examples of emission spectra of Tb 3+ , Eu 3+ , Yb 3+ and Nd 3+ with DOTA-monoamide ligands obtained from compounds LZF1 Cs124|Tb , LZF1 Cs124|Eu and LZF1 NBD|Nd for Tb 3+ , Eu 3+ and Nd 3+ , [30] respectively, and compound LZF3 Anthra|Yb for Yb 3+ (this work).

Nevertheless, even if based on the same ligand, the use of a mix of two distinct Ln 3+ complexes do not fully ensure that the ratio of the two complexes is kept constant in cells as subtle changes in structure can affect biodistribution of molecules (possible discrepancy might arise from difference in Ln 3+ ionic radius or hydration). Therefore, designing ratiometric probes with two distinct Ln 3+ within the same molecules appears an interesting strategy to overcome this problem. For such a strategy we can envisage either a single antenna adapted both Ln 3+ or a pair of antennas, each sensitizing one of the Ln 3+ . The main challenges in this strategy is to selectively introduce each of the two Ln 3+ in a specific site of the molecule and to avoid scrambling. Such regiospecific hetero-bis-lanthanide complexes remain scarce. An example of hetero-bis-lanthanide complex with site-specific metalation was reported by Sames et al. with a DOTA/DTPA bis-chelate (DOTA = 1,4,7,10tetraaza-cyclododecane-1,4,7,10-tetraacetic acid, DTPA = diethylene-triaminepentaacetic acid). [31] The kinetic inertness of the DOTA macrocycle compared to DTPA was exploited to specifically metalate this molecule with a Tb 3+ and Eu 3+ pair at chosen chelating sites (in this case, Tb 3+ in DOTA and Eu 3+ in DTPA). The emission spectrum of this molecule is dependent on the solvent polarity. Faulkner et al. used the fourcomponent Ugi reaction to covalently assemble two DOTA-Tb 3+ and DOTA-Eu 3+ complexes and a naphthalene antenna thereby providing an O2-responsive ratiometric probe featuring a Tb 3+ /Eu 3+ pair at controlled positions. [32] Interestingly, the Tb/Eu probe and the inverted Eu/Tb counterpart do not behave the same toward O2. In this article, we describe a novel strategy relying on native chemical ligation [33,34] (NCL) to assemble hetero-bis-lanthanide ratiometric responsive probes based on a peptide scaffold. Indeed, by assembling two peptide segments, each containing a distinct DOTA-Ln 3+ complex, we were able to get two ratiometric probes that respond to Zn 2+ , a cation of interest in living systems. [30,[35][36][37][38][39][40] The first one features the classical visible-emitting Tb 3+ /Eu 3+ pair while the second one features a NIR-emitting Yb 3+ /Nd 3+ pair, which is unprecedented. 

Results and discussion

Design of hetero-bis-lanthanide peptide Zn 2+ -responsive probes

During the past years, we have described several responsive luminescent probes combining luminescent lanthanides, for their emission properties, and peptides, for their highly specific recognition properties. [30,[40][41][42][43] Especially, we have shown that a classical bba zinc finger peptide with an appended DOTA-Ln 3+ complex and a suitable antenna can operate as a turn-ON intensiometric luminescent probe for the detection of Zn 2+ . [30] Zinc fingers are small protein domains that bind a Zn 2+ ion thanks to a set of four cysteine and histidine residues. Among them, classical bba zinc fingers possess a (Tyr/Phe)-Xaa-Cys-Xaa2/4-Cys-Xaa3-Phe-Xaa5-Leu-Xaa2-His-Xaa3-His consensus sequence, where Xaa can be any amino acid. The peptide is folded into a double-stranded b-sheet and an a-helix when bound to zinc but it is unfolded in its Zn 2+ -free form. To take advantage of this conformational change, we have grafted a DOTA-Ln 3+ complex and a sensitizing antenna onto the peptide in remote positions in the sequence that come in close proximity when the peptide folds upon Zn 2+ -binding. Hence, the efficiency of the antenna effect increases upon Zn 2+ binding, thereby increasing the Ln 3+ emission intensity. Our system is quite versatile by its design, allowing to change the nature of the Ln 3+ and the corresponding antenna to control both the emission and excitation wavelengths. The first family of luminescent zinc finger-based probes, named LZF1 antenna|Ln , encompass visible-emitting probes were obtained with Tb 3+ or Eu 3+ as a lanthanide and a NIR-emitting probe was obtained with Nd 3+ . [30,40] Depending on the LZF1 antenna|Ln probe, the Ln 3+ emission intensity is increased 8 to 30 times in response to Zn 2+ . In order to improve the properties of these probes, we thought to design ratiometric probes instead of intensiometric ones by adding a second lanthanide emitter. Our hypothesis was to keep the previous design with antenna and Ln 3+ complex (Ln1 in Figure 2A) at the same positions in the sequence and to choose a second Ln 3+ (Ln2 in Figure 2A) that can be sensitized by the same antenna. We decided to graft the second Ln 3+ complex (Ln2) at the N-terminus, in close proximity to the antenna. In this case, the distance between the antenna and Ln2 is short enough to ensure a proper sensitization and to ensure that it is unaffected by Zn 2+induced folding of the probe. Therefore, we were expecting the emission of Ln1 to increase upon Zn 2+ binding but the emission of Ln2 to be almost constant for self-calibration purpose. Our first hetero-bis-lanthanide probe was based on the Tb 3+ /Eu 3+ pair and an amide derivative of Carbostyril 124 (Cs124, 7-amino-4-methyl-2(1H)quinolinone) was selected as an antenna because it is known to readily sensitize both of these Ln 3+ . [30,44] 

Design of hetero-bis-lanthanide peptide Zn 2+ -responsive probes

As mentioned in the introduction, the main issue in the synthesis of hetero-bis-lanthanide compounds lies in the accurate control of the location of the two Ln 3+ within the molecule. It would have seemed possible to graft the DOTA-Ln 3+ complexes by chemoselective (click) reactions such as copper-catalysed alkyne-azide cycloaddition (CuAAC) or thiol-maleimide coupling. However, CuAAC is not suitable for peptides with many cysteine or histidine residues such as zinc fingers because of their high affinity for copper(I). Thiol-maleimide ligation would be difficult to control because of the presence of Zn-binding cysteines in the peptide. Zinc finger peptide comprises several cysteines that can be used to chemically synthetize the zinc finger protein by NCL. [45,46] Compared to other chemoselective ligations, NCL allows the assembly of two peptide segments by establishing a native amide bound between them, ensuring that neither the nature of the final zinc finger protein nor its folding properties are impaired. Additionally, this strategy allows using in both segments the thermodynamically and kinetically DOTA-Ln 3+ complex, which is an asset in view of acidic HPLC conditions required for the purification of peptides. Thus, our strategy was to prepare two peptide segments, each of them comprising a DOTA-Ln 3+ complex, but with a distinct Ln 3+ , and to assemble them by NCL [33,34] to get a peptide with Tb 3+ and Eu 3+ at chosen pre-defined positions (Figure 3). The amidated C-terminal cysteinyl segment contains a DOTA-Ln 3+ complex whereas the N-terminal segment with a SEA latent thioester (SEA = bis(2sulfanylethyl)amido) contains the amidated Cs124 antenna and the second DOTA-Ln 3+ . The C-terminal segment was synthesized on Rink Amide resin using an Alloc-protected diaminopropionic acid (Dap) residue, which can be selectively deprotected by Pd 0 , to selectively incorporate the DOTA ligand using DOTAtris(tBu)ester as a reagent (see Supporting Information for details of the synthesis). After resin cleavage and removal of protecting groups, this segment was metalated with either Tb 3+ or Eu 3+ . The N-terminal segment was synthesized on SEA-PS resin using the Fmoc-Glu(Cs124)-OH building block to incorporate the antenna during peptide elongation and the N-terminus was capped by coupling DOTA-tris(tBu)ester. After resin cleavage and removal of protecting groups, this segment was metalated with either Tb 3+ or Eu 3+ as well. As a next step, in order to check that the scrambling of Ln 3+ cannot occur, the Tb-loaded N-terminal and Eu-loaded C-terminal segments were mixed in an ammonium acetate buffer at neutral pH. After 3 days on stirring, no trace of Eu-loaded N-terminal segment or Tb-loaded C-terminal segment could be detected by ESI-MS (electrospray ionization mass spectrometry). This indicates that no exchange of Ln 3+ occurs between the two DOTA units (Figure S8 of Supporting Information). Thus, the Tb-loaded N-terminal and Eu-loaded Cterminal segments were readily assembled by SEA ligation conducted in phosphate buffer in the presence of MPAA (4-mercaptophenylacetic acid) and TCEP (tris(carboxyethyl)-phosphine) to trigger the NCL. This synthesis afforded peptide r-LZF1 Tb|Cs124|Eu (Figure 2B). Similarly, because the respective positions of Tb 3+ and Eu 3+ might be important, peptide r-LZF1 Eu|Cs124|Tb (Figure 2B), with inverted Tb 3+ and Eu 3+ sites, was obtained from the Eu-loaded N-terminal and Tb-loaded C-terminal segments. Both peptides were obtained as pure products and were identified by ESI-MS analysis (Figure S7 of Supporting Information).

Characterization of ratiometric probes emitting in the visible

The luminescence properties of r-LZF1 Eu|Cs124|Tb and r-LZF1 Tb|Cs124|Eu were investigated in HEPES buffer at pH 7.5. When the antenna is excited at 330 nm, the characteristic emissions of the antenna (Figures S9 and S10 of Supporting Information) as well as Tb 3+ and Eu 3+ are observed for both peptides. Excitation spectra of Tb 3+ (lem = 545 nm) and Eu 3+ (lem = 700 nm) confirm that both lanthanides are sensitized by the amide derivative of Cs124. The normalized time-resolved emission spectra (100 µs delay) of the Zn-free peptides are displayed in Figure 4A. In both cases, the terbium emission dominates the europium one, which is not surprising since this antenna is known to sensitize Tb 3+ more efficiently than Eu 3+ . [25] Comparatively, the Eu 3+ emission is far less intense and the Tb/Eu emission ratio is larger for r-LZF1 Tb|Cs124|Eu vs r-LZF1 Eu|Cs124|Tb (Table 1). In agreement with our design, locating the Eu 3+ at the N-terminus, closer to the antenna improves Eu 3+ sensitization efficiency and corresponding emission intensity. When r-LZF1 Eu|Cs124|Tb is titrated by Zn 2+ , Tb 3+ emission increases linearly with the amount of Zn 2+ up to 1.0 eq. and plateaus above. 

GKP-Z-ECTKSA GKKFTK-X-EELQKHAKTHTG n N N N N O O - O -O O O - O Ln2 r-LZF1 Ln2|Cs124|Ln1 GKP-Z-ECTKSACGKKFTK-X-EELQKHAKTHTG N N N N O O - O -O O O - O Ln2 HN N N N N O O - O O - O -O O Ln1 O NH HN O GKP-Z-ECTKSACGKKFTK-X-EELQKHAKTHTG N N N N O O - O -O O O - O Ln2 HN N N N N O O - O O - O -O O Ln1 4 r-LZF3 Ln2|Anthra|Ln1 Z = Glu(Cs124) X = Dap(DOTA-Ln1) Z = Ala(9-Anthryl) X = Lys(DOTA-Ln1)
Zn 2+ -binding causes an 11-fold increase of Tb 3+ emission intensity, similar to the previously described intensiometric probe LZF1 Cs124|Tb (13-fold increase). [30] Comparatively, the increase in Eu 3+ emission intensity is less affected, i.e. only ca. 30 % increase, and the Eu 3+ signal remains very weak in comparison to the one of Tb 3+ (Figure 4B and Figure S9 of Supporting Information). Therefore, the evolution of Tb 3+ and Eu 3+ emissions upon Zn 2+ addition differs markedly making r-LZF1 Eu|Cs124|Tb a ratiometric probe. Nevertheless, Eu 3+ emission is too weak and hardly detectable in comparison to Tb 3+ , complicating practical use of this probe. Eu|Cs124|Tb (left) and r-LZF1 Tb|Cs124|Eu (right) in their Zn-free forms. (B) Emission spectra of r-LZF1 Eu|Cs124|Tb in its Zn-free (black) and Zn-bound (grey) forms (left) and monitoring of Tb 3+ (490 nm, green) and Eu 3+ (702 nm, red) channels during a Zn 2+ titration of r-LZF1 Eu|Cs124|Tb (middle) and evolution of the emission ratio of the Tb 3+ channel over the Eu 3+ channel (right). (C) Emission spectra of r-LZF1 Tb|Cs124|Eu in its Zn-free (black) and Zn-bound (grey) forms (left) and monitoring of integrated Tb 3+ (470-510 nm, green) and Eu 3+ (680-720 nm, red) channels during a Zn 2+ titration of r-LZF1 Eu|Cs124|Tb (middle) and evolution of the emission ratio of the Eu 3+ channel over the Tb 3+ channel (right). Solutions were prepared with 10 µM r-LZF probe in aerated HEPES buffer (10 mM, pH 7.5) containing TCEP (250 µM).

The overall behaviour of the other peptide LZF1 Tb|Cs124|Eu is quite similar (Figure 4C and Figure S10 of Supporting Information) with a linear increase of both Tb 3+ and Eu 3+ emissions up to 1.0 eq. of Zn 2+ but with an 8-fold increase of the Eu 3+ emission and a much smaller (1.4-fold) increase of the Tb 3+ signal providing a ratiometric response upon binding of one Zn 2+ ion. However, compared to r-LZF1 Eu|Cs124|Tb , r-LZF1 Tb|Cs124|Eu displays Tb 3+ and Eu 3+ emissions of comparable intensities allowing practical ratiometric detection of Zn 2+ as confirmed by the evolution of the emission ratio of Eu 3+ channel around 700 nm over Tb 3+ channel around 490 nm (Figure 4C). For both peptides, Tb 3+ and Eu 3+ luminescence lifetimes for Zn-free probes were ca. 1.93 ± 03 ms and 0.65 ± 0.02 ms, respectively, and they remain unchanged for the Zn-bound peptide (Table 1 and Table S2 of Supporting Information). These luminescence lifetime values are typical of DOTA-monoamide Tb 3+ and Eu 3+ complexes in related mono-lanthanide peptide conjugates. [30,32,40] Complementary luminescence lifetimes measurements on r-LZF1 Tb|Cs124|Eu conducted in deuterated water shows that one water molecule is bound to Tb 3+ or Eu 3+ for both Zn-free and Zn-bound forms (Figure 17 of Supporting Information). Altogether, this result indicates that the ratiometric behaviour of r-LZF1 Eu|Cs124|Tb and r-LZF1 Tb|Cs124|Eu is caused only by the Zn 2+ -induced peptide folding that shortens the distance between the antenna and the Ln 3+ and that it is not due to a change in the Ln 3+ hydration number or to a Tb 3+ -to-Eu 3+ energy transfer. Quantum yields of Ln 3+ luminescence upon excitation of the Cs124 antenna (Table 1) are rather modest but similar to those of the related probe LZF1 Cs124|Tb . [30] Finally, the dissociation constant (Kd) of the Zn•r-LZF1 Tb|Cs124|Eu -complex was measured to be 10 -9.2 by competitive Zn 2+ titration using EGTA (ethylene glycol-bis( -aminoethylether)-N,N,N',N'-tetraacetic acid) as a competitor (Figure S20 and Table S3 of Supporting Information). This value falls within the suitable range for detection of circulating Zn 2+ in cells, where [Zn 2+ ] lies between 10 -11 and 10 - 8 M. [37,47] Hence, the design of r-LZF1 Tb|Cs124|Eu and its spectral behaviour in response to Zn 2+ demonstrate that NCL gives access to hetero-bis-lanthanide peptide conjugates that can behave as ratiometric luminescent sensors. The comparison between r-LZF1 Eu|Cs124|Tb and r-LZF1 Tb|Cs124|Eu clearly indicates the importance of the location of each lanthanide relative to the antenna to adapt their emission range and to optimize the probe response. The Tb/Eu ratio was obtained by deconvolution of the emission spectra using spectra of related Tb-and Eu-DOTA-monoamide compounds, i.e. LZF1 Cs124|Tb and LZF1 Cs124|Eu . [30] c lex = 330 nm.

Toward NIR-emissive probes: screening of antennas for the sensitization of Nd 3+ and Yb 3+ luminescence

Besides the Tb 3+ /Eu 3+ pair, other pairs of lanthanides could be used to design ratiometric probes. Of special interest are NIR-emitting lanthanides, neodymium and ytterbium, which emit around 1000 nm (Figure 1). Therefore, our next challenge was the unprecedented design of a ratiometric probe based on these two lanthanides for ratiometric NIR detection. We have previously described that an amino-derivative of 7-nitro-2,1,3-benzoxadiazole (NBD) can sensitize Nd 3+ luminescence and that LZF1 NBD|Nd featuring a Dap(NBD) amino acid and a DOTA-Nd 3+ complex is a NIR-emitting intensiometric luminescent probe for the detection of Zn 2+ . [30] Unfortunately, NBD is unable to sensitize Yb 3+ . Therefore, we looked for antennas that could sensitize both Nd 3+ and Yb 3+ . For this purpose, and to limit the synthetic effort, we decided to use once again NCL to perform this screening. We synthesized a series of N-terminal segments bearing a candidate antenna chromophore and two C-terminal segments bearing either a DOTA-Yb 3+ or a DOTA-Nd 3+ complex (Figure 5A). Note that C-terminal segment with both Dap or Lys anchorage for the DOTA chelator were used in this screening process, giving LZF1 or LZF3 probes, respectively. Indeed, we switched from Dap to Lys residue because the C-terminal segment with Lys anchorage was obtained in better yield. This structural variation has a minor impact on the probe properties as evidenced by comparison of LZF3 Cs124|Ln probes (Ln = Tb or Eu) with the previously described LZF1 Cs124|Ln probes [30] (Figure S18 and S19 of Supporting Information). For the implementation of this screening, we assessed the potential of five antennas for the sensitization of NIRemitting Ln 3+ through various chromophores absorbing in the UV or the visible ranges (Figure 5B): 4-(dimethylamino)-1,8-naphthalimide (4-DMN, lmax = 447 nm), 1-amino-anthraquinone (AAQ, lmax = 505 nm), 7-(diethylamino)-coumarin (DEAC, lmax = 433 nm), a water-soluble derivative of 3,6-diphenyldiketopyrrolopyrrole [48] (DPP, lmax = 455 nm) and anthracene (Anthra, lmax = 369 nm). The experimental procedures for the synthesis of the various LZF1 Antenna|Ln or LZF3 Antenna|Ln (Ln = Nd and Yb) peptides are described in the Supporting Information. 

A B

Ln 3+ complexes with a coordinated amido-derivative of anthraquinone have already been described to sensitize both Nd 3+ and Yb 3+ luminescence in deuterated water [49] and a remote 1,8-diamino-anthraquinone antenna has been shown to sensitize both lanthanides in methanol. [50] However, no sensitized NIR lanthanide luminescence could be detected for LZF1 AAQ|Nd or LZF1 AAQ|Yb with their amino-anthraquinone chromophore in buffered water (HEPES, pH 7.5). 4-Amino-1,8-naphthalimide has already been used by one of us as a sensitizing antenna for Nd 3+ and Yb 3+ in dendrimeric systems [51] but unfortunately, here again, neither Nd 3+ nor Yb 3+ luminescence could be observed for LFZ3 4DMN|Ln upon excitation of the chromophore. In contrast, LZF1 DPP|Ln (Figure S11 of Supporting Information) and LFZ3 DEAC|Ln (Figure S12 of Supporting Information) displayed sensitized Nd 3+ emission but not the one arising from Yb 3+ . Upon Zn 2+ binding, the Nd 3+ emission is increased ca. 3-fold for LZF1 DPP|Nd and 7-fold for LFZ3 DEAC|Nd , showing that these two peptides can operate as intensiometric probes for Zn 2+ detection in the NIR. The fifth antenna to be assessed was anthracene, which has already been reported to successfully sensitize Nd 3+ , Yb 3+ and Er 3+ NIR luminescence in dichloromethane solution or in the solid state. [52,53] Indeed, with LZF3 Anthra|Nd and LZF3 Anthra|Yb , anthracene was able to sensitize both lanthanides upon excitation in the 330-400 nm spectral range and both peptides show a weak lanthanide luminescence increase upon zinc binding, i.e. 1.3 and 1.5-fold for Nd 3+ and Yb 3+ , respectively (Figure 6 and Figure S13 and S14 of Supporting Information). The quantum yields of Ln 3+ luminescence upon antenna (DPP, DEAC or Anthra) excitation (Table S1 of Supporting Information) are in the same order of magnitude as the one of the previously described LZF1 NBD|Nd probe, i.e. 10 -4 -6´10 -3 %. From this screening study, it appears that anthracene is a suitable antenna for both Nd 3+ and Yb 3+ in our peptide-based system. Thus, it appeared to be a promising candidate for the design of a dual-wavelength NIR-emitting ratiometric probes. Therefore, the hetero-bis-lanthanide peptides r-LZF3 Yb|Anthra|Nd and r-LZF3 Nd|Anthra|Yb (Figure 2B) were assembled by NCL of a N-terminal segment bearing a DOTA-Ln 3+ complex and the anthracene antenna and a C-terminal segment bearing the second DOTA-Ln 3+ complex, as described in Figure 3. 

Characterization of ratiometric probes emitting in the NIR

The luminescence properties of r-LZF3 Nd|Anthra|Yb and r-LZF3 Yb|Anthra|Nd were investigated in degassed HEPES buffer at pH 7.5. Upon excitation of the anthracene chromophore at 370 nm, both r-LZF3 Nd|Anthra|Yb and r-LZF3 Yb|Anthra|Nd display the characteristic emission signals of Yb 3+ and Nd 3+ (Figure 7) with similar intensities (see Nd/Yb ratio in Table 2). Addition of Zn 2+ up to 1.0 eq. leads to an overall emission increase (Figure 7 and Figure S15 and S16 of Supporting Information). In the case of r-LZF3 Nd|Anthra|Yb , emission of both Yb 3+ and Nd 3+ increase in a similar extent, i.e. 1.8 and 1.5-fold for Yb 3+ and Nd 3+ , respectively, making ratiometric detection difficult (Figure 7A). Conversely, the other peptide, r-LZF3 Yb|Anthra|Nd , displays an increase of the Nd 3+ emission only, while the one of Yb 3+ remains constant, making the ratiometric detection obvious as seen in Figure 7B. The quantum yields of Ln 3+ emission of these two ratiometric probes (Table 2) are comparable to those of LZF3 Antra|Nd and LZF3 Antra|Yb (Table S1 of Supporting Information). The dissociation constant (Kd) of the Zn•r-LZF3 Yb|Anthra|Nd complex was determined to be 10 -10.8 by competitive Zn 2+ titration using EGTA (Figure S20 of Supporting Information), in line with the lower Kd for probes containing a Lys(DOTA-Ln) residue with respect to Dap(DOTA-Ln), as observed for LZF1 Cs124|Ln vs LZF3 Cs124|Ln probes (Figure S20 and Table S3 of Supporting Information). To the best of our knowledge, r-LZF3 Yb|Anthra|Nd constitute the first proof-of-principle responsive and lanthanide-based ratiometric probe with dual-wavelength emission in the NIR. (970-1010 nm, blue) and Nd 3+ (1040-1100 nm, pink) channels during a Zn 2+ titration of r-LZF3 Nd|Anhra|Yb (right). (B) Emission spectra of r-LZF3 Yb|Anthra|Nd in its Zn-free (black) and Zn-bound (grey) forms (left) and monitoring of integrated Yb 3+ (970-1010 nm, blue) and Nd 3+ (1040-1100 nm, pink) channels during a Zn 2+ titration of r-LZF3 Yb|Anhtra|Nd (middle) and evolution of the emission ratio of the Nd 3+ channel over the Yb 3+ channel. Solutions were prepared with 25 µM probe in degassed HEPES buffer (10 mM, pH 7.5). Zn-free Zn-bound 4.4´10 -3 6.6´10 -3 3.9´10 -3 4.7´10 -3 a Not determined. b The Nd/Yb ratio was obtained by deconvolution of the emission spectra using spectra of the related Yb-and Nd-DOTA-monoamide compounds LZF3 Anthra|Yb and LZF3 Anthra|Nd . c lex = 370 nm.

Conclusions

In summary, we have demonstrated that hetero-bis-lanthanide peptide conjugates site-specifically labeled with two distinct Ln 3+ within the same molecule framework can be easily prepared by native chemical ligation of two peptide segments, each bearing a distinct kinetically and thermodynamically-stable DOTA-Ln 3+ complex. As a proof-of-concept of this strategy, we have created several zinc-responsive probes with dual-wavelength ratiometric emission in the visible or in the NIR. Among them, r-LZF1 Tb|Cs124|Eu and r-LZF3 Yb|Anthra|Nd display ratiometric detection properties in response to the presence of Zn 2+ with visible (480-710 nm) and NIR (950-1150 nm) emission signals, respectively. These two probes clearly demonstrate that NCL is an attractive and efficient approach to properly design ratiometric luminescent lanthanide-based probes.

Amino acid synthesis

N-a-Boc-3-(1-anthraquinone-amino)-L-Ala-OH:

To a solution of Boc-Dap-OH (500 mg, 2.45 mmol) and DIEA (1.9 mL, 11 mmol) in H2O/DMF 1:1 (36 mL) was added 1-chloroanthraquinone (297 mg, 1.2 mmol) and CuSO4 (586 mg, 3.7 mmol). The reaction mixture was stirred for 24 h on reflux. The solvents were removed under reduced pressure and the oily residue was dissolved in DCM, washed twice with 0.01 M aq. HCl, then twice with 1 mM aq. NaOH. DCM was added to the basic aqueous phases and 0.1 M aq. HCl was added to adjust the pH of the aqueous layer to 3. The organic layer was separated, dried over anhydrous Na2SO4 and evaporated under reduced pressure to give the desired product as a red solid (27 mg, 0.07 mmol, 5.6 %). 1 

N-a-Fmoc-3-(1-anthraquinone-amino)-L-Ala-OH:

Boc-3-(1-anthraquinone-amino)-L-Ala-OH (58 mg, 140 µmol)
was dissolved in DCM/TFA 1:1 (10 mL) and stirred at room temperature for 2 h. The solvents were removed under reduced pressure. The residue was triturated in Et2O and the supernatant was removed (three times). The solid was dried under vacuum. It was then dissolved in H2O (3 mL) with K2CO3 (29 mg, 275 µmol). Then a solution of Fmoc-OSu (70 mg, 185 µmol) in 1,4-dioxane (6 mL) was added. After 30 minutes on stirring, H2O (25 mL) was added and the aqueous solution was washed twice with Et2O (150 mL). The aqueous layer was acidified to pH 3 with 2 M aq. HCl and extracted with AcOEt. The organic layer was dried over anhydrous Na2SO4 and evaporated under reduced pressure. The residue was sequentially triturated in toluene, Et2O and acetone to give the desired N-Fmoc amino acid as a red solid (78 mg, 146 µmol, 78 %). 1 H NMR (400 MHz, 298 K, acetone-d6): d = 10.01 (br t, 1H), 8.17 (m, 2H), 7.86-7.74 (m, 4H), 7.73-7.61 (m, 3H), 7.55 (d, J = 6.9 Hz, 1H), 7.46-731 (m, 3H), 7.26 (t, J = 6.9 Hz, 2H), 7.10 (d, J = 7.0 Hz, 1H), 4.67 (m, 1H), 4.45-4.17 (m, 3H), 4.05 (m, 1H), 3.87 (m, 1H) ppm; 13 

Peptide synthesis

Peptide elongation: Peptide elongation was performed using standard SPPS procedure using Fmoc/tBu chemistry either manually or on an automated peptide synthesizer (CEM Liberty1 Microwave Peptide Synthesizer). Double couplings (30 min) were performed using 4-fold molar excess of Fmoc-L-amino acid, 4-fold molar excess of PyBOP and 8-fold molar excess of DIEA at room temperature. A capping step was performed after each coupling with Ac2O/DIEA in DMF (5 min). Fmoc removal was performed using 20% piperidine in DMF (2×10 min).

SEA off N-terminal segments 1:

Figure S1. Synthetic pathway for the preparation of 1a Cs124 and 1b Ln|Cs124 (Ln = Tb or Eu). * denotes standard side chain protecting group (Boc for Lys; tBu for Glu, Thr and Ser).

1a Cs124 : The synthesis was performed as described previously. [5] 1b Cs124 : Peptide elongation was performed as described above on SEA-PS resin (0.025 mmol, 0.16 mmol/g) after attachment of the first amino acid by double manual coupling (30 min) using 10-fold excess of Fmoc-Ala-OH, 9.5-fold excess of HATU and 10-fold excess of DIEA in DMF with pre-activation (5 min) followed by acetylation using Ac2O/DIEA/DCM (2:1:17 v/v/v, 10 mL, 2×5 min). [6] Non-standard Fmoc-L-Cys(StBu)-OH amino acid was used to introduce the cysteine residue. Fmoc-L-Glu(Cs124)-OH [1] was used to introduce the antenna. DOTA-tris(tBu)ester (3 eq.) was coupled overnight to the N-terminus using PyBOP (3 eq.) activation with DIEA (6 eq.) in DMF (5 mL). Removal of acid-labile side chain protecting groups and cleavage of the peptidyl resin was performed with TFA/H2O/TIS/thioanisole (92.5:2.5:2.5:2.5 v/v/v/v, 10 mL) during 2 h. The peptide was then precipitated in ice-cold Et2O/heptane (1:1 v/v, 100 mL), dissolved in H2O, and lyophilized. The peptide was dissolved in H2O/AcOH and treated with a solution of I2 (200 mM in DMSO) to oxidize the C-terminal SEA on group into SEA off group. [6,7] After 30 s, DTT (65 mM in H2O, 500 µL) was added to quench the excess of iodine. The oxidized peptide was immediately purified by HPLC to give fragment 1b 1a DEAC : Peptide elongation was performed as described above on SEA-PS resin (0.1 mmol, 0.16 mmol/g) after attachment of the first amino acid by double manual coupling (30 min) using 10-fold excess of Fmoc-L-Ala-OH, 9.5-fold excess of HATU and 10-fold excess of DIEA in DMF with pre-activation (5 min) followed by acetylation using Ac2O/DIEA/DCM (2:1:17 v/v/v, 10 mL, 2×5 min). [6] Fmoc-L-Dap(Alloc)-OH and Fmoc-L-Cys(StBu)-OH amino acids were used to introduce the diaminopropionic acid and cysteine residues, respectively. After acetylation of the N-terminus, removal of the N-Alloc protecting group of the Dap(Alloc) residue was performed by adding a solution of Pd(PPh3)4 (0.05 mmol, 0.5 eq., 58 mg) and phenylsilane (2.5 mmol, 25 eq., 0.3 mL) in degassed anhydrous DCM (15 mL) for 1 h in the dark (twice). [8] The resin was then washed successively with DCM (2×2 min), DMF (2×2 min), 1% H2O in DMF (2×2 min), DMF (2×2 min), 1% DIEA in DMF (2×2 min), DMF (2×2 min), sodium diethyldithiocarbamate in DMF (0.12 M, 2×5 min) and DMF (2×2 min). The rest of the synthesis was performed on three tenth of the resin (0.03 mmol scale). A solution of 7-(dimethylamino)-coumarin-3-carboxylic acid (0.09 mmol, 23.5 mg, 3 eq.), PyBOP (0.09 mmol, 46.8 mg, 3 eq.) and DIEA (0.18 mmol, 32 µL, 6 eq.) in DMF (8 mL) was prepared and added to the resin. The resin was agitated 2 h at room temperature. The resin was washed with DMF (2×2 min), DCM (2×2 min) and Et2O (2×2 min) and dried.

Removal of acid-labile side chain protecting groups and cleavage of the peptidyl resin was performed with TFA/H2O/TIS/thioanisole (92.5:2.5:2.5:2.5 v/v/v, 10 mL) during 2 h. The peptide was then precipitated in ice-cold Et2O/heptane (1:1 by vol., 100 mL), dissolved in H2O, and lyophilized. The crude peptide was dissolved in phosphate buffer 0.1 M pH 7.5 (1 mg/mL) and treated with diamide to oxidize the C-terminal SEA on group into SEA off group. [6,7] After 1 h on stirring, the oxidized peptide was purified by HPLC to give fragment 1a DEAC as a powder ( 15 1a DPP (SEA on form): Peptide elongation on SEA-PS resin (0.1 mmol, 0.16 mmol/g) and Alloc removal were performed as described above for 1a DEAC . The rest of the synthesis was performed on one tenth of the resin (0.01 mmol scale). A solution of DPP-OH [3] (0.02 mmol, 11.8 mg, 2 eq.), PyBOP (0.03 mmol, 15.6 mg, 3 eq.) and DIEA (0.08 mmol, 14 µL, 8 eq.) in DMF (8 mL) was prepared and added to the resin (0.01 mmol scale). The resin was agitated overnight at room temperature and the coupling step was repeated once for 4 h. The resin was washed with DMF (2×2 min), DCM (2×2 min) and Et2O (2×2 min) and dried. Removal of acid-labile side chain protecting groups and cleavage of the peptidyl resin was performed with TFA/H2O/TIS/thioanisole (92.5:2.5:2.5:2.5 v/v/v/v, 10 mL) during 2 h. The peptide was then precipitated in ice-cold Et2O/heptane (1:1 v/v, 100 mL), dissolved in H2O, and lyophilized (8 mg). Due to its instability to I2 or diamide treatment, this compound was not converted into the SEA off form and it was used without further purification. HPLC (anal. 1a DMN : Peptide elongation was performed as described above on SEA-PS resin (0.03 mmol, 0.16 mmol/g) after attachment of the first amino acid by double manual coupling (30 min) using 10-fold excess of Fmoc-L-Ala-OH, 9.5-fold excess of HATU and 10-fold excess of DIEA in DMF with pre-activation (5 min) followed by acetylation using Ac2O/DIEA/DCM (2:1:17 v/v/v, 10 mL, 2×5 min). [6] Non-standard Fmoc-L-Cys(StBu)-OH amino acid was used to introduce the cysteine residue and Fmoc-3-(4-N,N-dimethylamino-1,8-naphthalimido)-L-Ala-OH [2] was used to introduce the antenna. After acetylation of the N-terminus, removal of acid-labile side chain protecting groups and cleavage of the peptidyl resin was performed with TFA/H2O/TIS/thioanisole (92.5:2.5:2.5:2.5 v/v/v/v, 10 mL) during 2 h. The peptide was then precipitated in ice-cold Et2O/heptane (1:1 v/v, 100 mL), dissolved in H2O, and lyophilized. The peptide was dissolved in H2O/AcOH and treated with a solution of I2 (200 mM in DMSO) to oxidize the C-terminal SEA on group into SEA off group. [6,7] After 30 s, DTT (65 mM in H2O, 500 µL) was added to quench the excess of iodine. The oxidized peptide was immediately purified by HPLC to give fragment 1a DMN 1a AAQ : Peptide elongation was performed as described above on SEA-PS resin (0.03 mmol, 0.16 mmol/g) after attachment of the first amino acid by double manual coupling (30 min) using 10-fold excess of Fmoc-L-Ala-OH, 9.5-fold excess of HATU and 10-fold excess of DIEA in DMF with pre-activation (5 min) followed by acetylation using Ac2O/DIEA/DCM (2:1:17 v/v/v, 10 mL, 2×5 min). [6] Non-standard Fmoc-L-Cys(StBu)-OH amino acid was used to introduce the cysteine residue and Fmoc-3-(1-anthraquinone-amino)-L-Ala-OH was used to introduce the antenna. After acetylation of the Nterminus, removal of acid-labile side chain protecting groups and cleavage of the peptidyl resin was performed with TFA/H2O/TIS/thioanisole (92.5:2.5:2.5:2.5 v/v/v/v, 10 mL) during 2 h. The peptide was then precipitated in ice-cold Et2O/heptane (1:1 by vol., 100 mL), dissolved in H2O, and lyophilized. The crude peptide was dissolved in phosphate buffer 0.1 M pH 7.5 (1 mg/mL) and treated with diamide to oxidize the C-terminal SEA on group into SEA off group. [6,7] After 10 min on stirring, the oxidized peptide was purified by HPLC to give fragment 1a AAQ as a powder ( 11 1a/b Anthra : Peptide elongation was performed as described above on SEA-PS resin (0.06 mmol, 0.16 mmol/g) after attachment of the first amino acid by double manual coupling (30 min) using 10-fold excess of Fmoc-L-Ala-OH, 9.5-fold excess of HATU and 10-fold excess of DIEA in DMF with pre-activation (5 min) followed by acetylation using Ac2O/DIEA/DCM (2:1:17 v/v/v, 10 mL, 2×5 min). [6] Non-standard Fmoc-L-Cys(StBu)-OH amino acid was used to introduce the cysteine residue. Fmoc-3-(9-anthryl)-L-Ala-OH was used to introduce the antenna. The resin was split into two equal parts. For 1a Anthra , the N-terminus was acetylated. For 1b Anthra , DOTA-tris(tBu)ester (2 eq.) was coupled overnight to the N-terminus using PyBOP (2 eq.) activation with DIEA (6 eq.) in DMF (5 mL). Removal of acid-labile side chain protecting groups and cleavage of the peptidyl resin was performed with TFA/H2O/TIS/thioanisole (92.5:2.5:2.5:2.5 v/v/v/v, 10 mL) during 4 h. The peptide was then precipitated in ice-cold Et2O/heptane (1:1 v/v, 100 mL), dissolved in H2O, and lyophilized. The peptide was dissolved in phosphate buffer (1 mg/mL) and treated with diamide (5 eq.) was added to oxidize the C-terminal SEA on group into SEA off group. [6,7] The oxidized peptide was immediately purified by HPLC to give fragment 1a/b as a powder. MPAA (100 mM), TCEP (100 mM), phosphate buffer, pH 6.5, 37°C, overnight 
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ESI-MS monitoring of the absence of Ln 3+ scrambling

A solution of 2a Eu (0.4 mg) in NH4OAc buffer (0.1 M, pH 6.9, 200 µL) was prepared and let under air to convert 2a Eu into its dimeric disulphide form, in order to prevent the N-terminal cysteine to react with 1b Tb|Cs24 . Then 1b Tb|Cs24 (0.2 mg) was added to the solution. Half of the solution was analysed immediately while the other half was stirred at room temperature for 72 h. Formation of 1b Eu|Cs124 and 2a Tb was not observed after 72 h. m/z = 977.2) of segment 1b Tb|Cs124 recorded immediately after mixing of peptides 1b Tb|Cs124 and 2a Eu (top) and 72 h later (middle). The simulated isotopic patterns for 1b Tb|Cs124 (green) and 1b Eu|Cs124 (red) are displayed at the bottom.

Luminescence spectroscopy

Measurements: For Tb 3+ -and Eu 3+ -containing samples, emission and excitation spectra were measured on a Varian Cary Eclipse spectrometer equipped with a thermo-regulated (298 K) cell holder or on a modular Fluorolog FL3-22 spectrometer from Horiba-Jobin Yvon-Spex equipped with a double-grating excitation monochromator and an iHR320 imaging spectrometer coupled to an R928P Hamamatsu photomultiplier. Spectra are corrected for wavelength-dependant spectrometer response. Time-gated Tb 3+ and Eu 3+ luminescence spectra were acquired with 100 µs time delay. Tb 3+ and Eu 3+ luminescence lifetimes were measured using a Varian Cary Eclipse spectrometer. Quantum yields of europium emission of LZF probes were determined using the Fluorolog spectrometer by a relative method with quinine sulphate in 0.5 M H2SO4 as standard. [9] Estimated experimental error for the quantum yield determination is ca. 10 %.

For Yb 3+ and Nd 3+ -containing samples: Emission and excitation spectra were measured on a custom-designed Horiba Scientific Fluorolog 3 spectrofluorimeter equipped with either a visible photomultiplier tube (PMT) (220-850 nm, R928P;

Hamamatsu) or a NIR PMT (940-1650 nm, H10330-75; Hamamatsu) or 300-1400 nm, R5509; Hamamatsu). Excitation and emission spectra were corrected for the instrumental functions. Luminescence lifetimes were determined under an excitation at 355 nm provided by a Nd:YAG laser (YG 980; Quantel). Signals were detected in the NIR by a Hamamatsu H10330-75 PMT. Output signals from the detector were fed into a 500 MHz bandpass digital oscilloscope (TDS 754C;

Tektronix), transferred to a PC for data processing with the program Origin 8 ® . Luminescence lifetimes are averages of at least three independent measurements. Quantum yields were determined with the Fluorolog 3 spectrofluorimeter based on an absolute method using an integration sphere (Model G8, GMP SA, Renens, Switzerland). [10] Each sample was measured several times under comparable experimental conditions. Estimated experimental error for the quantum yield determination is ca. 10 %.

Sample preparation and Zn 2+ titrations: All samples were prepared in a HEPES buffer (10 mM, pH 7.5) containing TCEP or DTT as reducing agent (250 µM). Zn 2+ titrations were performed using a Zn(ClO4)2 solution (1.00 mM in H2O). showing, on the right side, the evolution of the emission at 545 nm (Tb 3+ ) and 700 nm (Eu 3+ ). Determination of q, the number of water molecules coordinated to Tb 3+ and Eu 3+ : Solutions of r-LZF1 Tb|Cs124|Eu in a HEPES buffer (10 mM, pH 7.5) containing TCEP (250 µM) were prepared in various H2O/D2O mixtures (25, 50, 75 and 100 % H2O). Lifetimes in 100 % D2O were extrapolated from the plot of the rate constants of Ln 3+ luminescence decay (kLn = tLn -1 ) against the fraction of H2O in H2O/D2O mixtures (Figure S19). The number of coordinated water molecules (q) was determined using q = 5´(kTb/H2O -kTb/D2O -0.06) for Tb 3+ and q = 1.2´(kEu/H2O -kEu/D2O -0.325) for Eu 3+ . [11] Table S2. Lanthanide luminescence lifetimes (t) and hydration numbers (q) for Zn-free and Zn-bound r-LZF1 Tb|Cs124|Eu .

Compound Ln 3+ t in H2O / ms t in D2O / ms q (± 0.3)

r-LZF1 Tb|Cs124|Eu

Zn-free Tb 3+ 

Influence of Dap vs Lys anchorage for DOTA (LZF1 vs LZF3)

The C-terminal segment 2a with Dap anchorage for the DOTA ligand was obtained with a low 8% yield due to uncomplete deprotection of Dap(Alloc) used during the synthesis (see ref. [5] ). Repeating Pd 0 treatment several times never allowed to get more than 60% conversion during the Alloc removal step and to increase the yield. On contrary, the use of a Lys(Alloc) residue allowed complete Alloc removal and better overall yield for the synthesis of the C-terminal segment 2b (21%). In order to evaluate the influence of the Dap to Lys substitution, we prepared peptides LZF3 Cs124|Tb and LZF3 Cs124|Eu with a Lys(DOTA-Ln) residue and compared their luminescence properties to that of the previously described LZF1 Cs124|Tb and LZF1 Cs124|Eu probes with a Dap(DOTA-Ln) residue. [5] They behave the same way, the only difference being (i) a slightly higher luminescence increase upon Zn 2+ binding (a 16-fold versus a 13-fold increase for the Lys derivative LZF3 Cs124|Tb compared to the Dap derivative LZF1 Cs124|Tb and a 12-fold versus a 9.5-fold increase for the Eu derivatives LZF3 Cs124|Eu and LZF1 Cs124|Eu , respectively) and a slightly lower Kd for the lysine derivatives (10 -10.3 vs 10 -9.1 ). Therefore, lengthening the anchorage of the DOTA moiety from one carbon (Dap) to four (Lys) has minor effect on the probe behaviour but affords better synthesis yield. The antenna screen was processed using either Dap or Lys anchorage for DOTA. 

Determination of Zn 2+ binding constants

Binding constants were determined by titrating a solution containing the LZF probe and a known amount of an appropriate competitor tested among EDTA, HEDTA and EGTA. For all probes, EDTA and HEDTA were found to be too strong competitors and the binding constants were determined using EGTA. For r-LZF1 Tb|Cs124|Eu , LZF3 Cs124|Tb and LZF3 Cs124|Eu time-gated Ln 3+ emission was used to monitor the titration whereas fluorescence emission was used for r-LZF3 Yb|Anthra|Nd . 

Figure 2 :

 2 Figure 2: (A) Principle of dual-color ratiometric Zn 2+ -sensing by r-LZF peptides (ET = energy transfer). (B) Amino acid sequences of r-LZF peptide probes with Zn 2+ -binding cysteines and histidines underlined.

Figure 3 :

 3 Figure 3: Synthesis of r-LZF probes by native chemical ligation.

Figure 4 :

 4 Figure 4: Time-gated luminescence spectroscopy ( ex = 330 nm, delay time = 100 µs, gate time = 2 ms) of visible-emitting ratiometric probes. (A) Normalized emission spectra of r-LZF1Eu|Cs124|Tb (left) and r-LZF1Tb|Cs124|Eu (right) in their Zn-free forms. (B) Emission spectra of r-LZF1 Eu|Cs124|Tb in its Zn-free (black) and Zn-bound (grey) forms (left) and monitoring of Tb 3+ (490 nm, green) and Eu 3+ (702 nm, red) channels during a Zn 2+ titration of r-LZF1 Eu|Cs124|Tb (middle) and evolution of the emission ratio of the Tb 3+ channel over the Eu 3+ channel (right). (C) Emission spectra of r-LZF1 Tb|Cs124|Eu in its Zn-free (black) and Zn-bound (grey) forms (left) and monitoring of integrated Tb 3+ (470-510 nm, green) and Eu 3+ (680-720 nm, red) channels during a Zn 2+ titration of r-LZF1 Eu|Cs124|Tb (middle) and evolution of the emission ratio of the Eu 3+ channel over the Tb 3+ channel (right). Solutions were prepared with 10 µM r-LZF probe in aerated HEPES buffer (10 mM, pH 7.5) containing TCEP (250 µM).

Figure 5 :

 5 Figure 5: Screening of antennas for Nd 3+ and Yb 3+ sensitization by native chemical ligation. (A) Reaction scheme for the 2-segment peptide assembly by NCL. (B) Structures of antenna amino acids explored in this screening and summary of their ability to sensitize Nd 3+ and Yb 3+ luminescence.

  (DPP) n = 1: LZF1 Antenna|Ln n = 4: LZF3

Figure 6 :

 6 Figure 6: (A) Absorption spectrum of the anthracene antenna. (B,C) Excitation (lem = 990 nm for Yb3+ and 1060 nm for Nd 3+ ) and emission (lex = 370 nm) spectra of (B) LZF3 Athra|Yb and (C) LZF3 Athra|Nd in their Znfree (black) and Zn-bound (grey) forms. Solutions were prepared with 50 µM probe in degassed HEPES buffer (10 mM, pH 7.5).

Figure 7 :

 7 Figure7: Luminescence spectroscopy (lex = 370 nm) of NIR-emitting ratiometric probes. (A) Emission spectra of r-LZF3 Nd|Athra|Yb in its Zn-free (black) and Zn-bound (grey) forms (left) and monitoring of Yb 3+ (970-1010 nm, blue) and Nd 3+ (1040-1100 nm, pink) channels during a Zn 2+ titration of r-LZF3 Nd|Anhra|Yb (right). (B) Emission spectra of r-LZF3 Yb|Anthra|Nd in its Zn-free (black) and Zn-bound (grey) forms (left) and monitoring of integrated Yb 3+ (970-1010 nm, blue) and Nd 3+ (1040-1100 nm, pink) channels during a Zn 2+ titration of r-LZF3 Yb|Anhtra|Nd (middle) and evolution of the emission ratio of the Nd 3+ channel over the Yb 3+ channel. Solutions were prepared with 25 µM probe in degassed HEPES buffer (10 mM, pH 7.5).

  H NMR (200 MHz, 298 K, CDCl3): d = 9.89 (s, 1H), 8.14 (m, 2H), 7.66 (t, 2H), 7.56-7.44 (m, 2H), 7.16 (d, J = 7.5 Hz, 1H), 5.60 (d, J = 7.6 Hz, 1H), 4.66 (m, 1H), 3.83 (br, 2H), 1.45 (s, 9H) ppm; HPLC (anal.): tR = 9.8 min (method B); LRMS (ESI+): monoisotopic m/z = 411.0 (+) / calculated monoisotopic m/z = 411.16 [M+H] + for M = C22H22N2O6.

  C NMR (100 MHz, 298 K, acetone-d6): d = 185.6, 183.8, 172.0, 157.2, 157.1, 152.4, 145.1, 145.0, 142.1, 136.4, 135.7, 135.6, 134.1, 133.8, 128.5, 127.9, 127.5, 127.2, 126.2, 126.1, 120.7, 118.9, 116.5, 114.3, 67.5, 54.4, 48.0, 44.5 ppm; HPLC (anal.): tR = 10.4 min (method B); LRMS (ESI-): monoisotopic m/z = 531.1 (-) / calculated monoisotopic m/z = 531.16 [M-H] -for M = C32H24N2O6.
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 S2 Figure S2. Synthetic pathway for the preparation of 1a DEAC and 1a DPP . * denotes standard side chain protecting group (Boc for Lys; tBu for Glu, Thr and Ser).

  .5 mg, 31 % yield for the 1a DEAC ×(TFA)2 salt). HPLC (anal.): tR = 12.6 min (method A); LRMS (ESI+): monoisotopic m/z = 1439.4 (+), 720.4 (2+) / calculated monoisotopic m/z = 1439.62 [M+H] + , 720.31 [M+2H] 2+ for M = C62H98N14O17S4.

  ): tR = 11.1 min (method A); LRMS (ESI+): average m/z = 1774 (+), 887 (2+) / calculated average m/z = 1773.11 [M+H] + , 887.06 [M+2H] 2+ for M = C72H106N16O24S6.

Figure S3 .

 S3 Figure S3. Synthetic pathway for the preparation of 1a DMN and 1a AAQ . DMNA denotes 3-(4-N,N-dimethylamino-1,8naphthalimido)-L-alanine and AAQA denotes 3-(1-anthraquinone-amino)-L-alanine. * denotes standard side chain protecting group (Boc for Lys; tBu for Glu, Thr and Ser).

  as a powder (13.8 mg, 28 % yield for the 1a DMN ×(TFA)2 salt). HPLC (anal.): tR = 7.4 min (method B); LRMS (ESI+): monoisotopic m/z = 1419.4 (+), 710.3 (2+) / calculated monoisotopic m/z = 1419.59 [M+H] + , 710.30 [M+2H] 2+ for M = C62H94N14O16S4.

  mg, 22 % yield for the 1a AAQ ×(TFA)2 salt). HPLC (anal.): tR = 12.7 min (method A); LRMS (ESI+): monoisotopic m/z = 1402.3 (+), 701.7 (2+) / calculated monoisotopic m/z = 1402.57 [M+H] + , 701.79 [M+2H] 2+ for M = C62H91N13O16S4.
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 S47 Figure S4. Synthetic pathway for the preparation of 1a Anthra and 1b Ln|Anthra (Ln = Nd or Yb). A9A denotes 3-(9-anthryl)-L-alanine. * denotes standard side chain protecting group (Boc for Lys; tBu for Glu, Thr and Ser).

1a Anthra : 17 C-terminal segments 2 :Figure S5 .

 172S5 Figure S5. Synthetic pathway for the preparation of 2a Ln (Ln = Tb or Eu) and 2b Ln (Ln = Tb, Eu, Nd or Yb). * denotes standard side chain protecting group (Boc for Lys; tBu for Glu, Thr and Ser; Trt for Cys, Gln and His).

Fmoc/tBu SPPS 1 )

 1 Pd 0 ,PhSiH 3 , DCM 2) DOTA-tris(tBu)ester, PyBOP, DIEA, DMF 3) TFA/TIS/H 2 O/thioanisole

Figure S6 .

 S6 Figure S6. Preparation of hetero-bis-lanthanide probes by NCL. A9A denotes 3-(9-anthryl)-L-alanine.

Figure S7 .

 S7 Figure S7. Typical examples of HPLC chromatograms (left) and ESI-MS spectra (middle: full MS spectrum; right: experimental and simulated isotopic pattern of the [M+5H] 5+ peak) obtained for the above compounds. (A) r-LZF1 Tb|Cs124|Eu and (B) r-LZF3 Nd|Anthra|Yb .

Figure S8 .

 S8 Figure S8. (A) ESI-MS spectra of the mixture of peptides 1b Tb|Cs124 (l) and 2a Eu (dimeric disulphide form, o) recorded immediately (top) and 72 h after preparation of the solution. (B) Experimental isotopic pattern of the [M+2H] 2+ peak (av.

Figure S9 .

 S9 Figure S9. Spectroscopic characterizations of r-LZF1 Eu|Cs124|Tb (7 µM) in its Zn-free (black line) and Zn-bound (grey) forms in HEPES buffer pH 7.5. (A) Absorption spectrum. (B) Fluorescence excitation spectra (lem = 365 nm). (C) Fluorescence emission spectra (lex = 330 nm). (E) Zn 2+ titration monitored using fluorescence emission. (E) Tb 3+ (solid lines, lem = 545 nm) and Eu 3+ (dashed lines, lem = 700 nm) time-gated luminescence excitation spectra. (F) Time-gated luminescence emission spectra (lex = 330 nm). (G) Zn 2+ titration monitored using time-gated luminescence emission

Figure S10 .

 S10 Figure S10. Spectroscopic characterizations of r-LZF1 Tb|Cs124|Eu (7 µM) in its Zn-free (black line) and Zn-bound (grey) forms in HEPES buffer pH 7.5. (A) Absorption spectrum. (B) Fluorescence excitation spectra (lem = 365 nm). (C)Fluorescence emission spectra (lex = 330 nm). (E) Zn 2+ titration monitored using fluorescence emission. (E) Tb 3+ (solid lines, lem = 545 nm) and Eu 3+ (dashed lines, lem = 700 nm) time-gated luminescence excitation spectra. (F) Time-gated luminescence emission spectra (lex = 330 nm). (G) Zn 2+ titration monitored using time-gated luminescence emission showing, on the right side, the evolution of the emission at 545 nm (Tb 3+ ) and 700 nm (Eu 3+ ).

Figure S11 .

 S11 Figure S11. Spectroscopic characterizations of LZF1 DPP|Nd (50 µM) in its Zn-free (black line) and Zn-bound (grey) forms in HEPES buffer pH 7.5. (A) Absorption spectrum. (B) Fluorescence excitation spectra (lem = 560 nm). (C) Fluorescence emission spectra (lex = 440 nm). (D) Zn 2+ titration monitored using fluorescence emission. (E) Nd 3+ luminescence excitation spectra (lem = 1064 nm). (F) Nd 3+ emission spectra (lex = 450 nm).

Figure S12 .

 S12 Figure S12. Spectroscopic characterizations of LZF3 DEAC|Nd (50 µM) in its Zn-free (black line) and Zn-bound (grey) forms in HEPES buffer pH 7.5. (A) Absorption spectrum. (B) Fluorescence excitation spectra (lem = 510 nm). (C) Fluorescence emission spectra (lex = 430 nm). (D) Nd 3+ luminescence excitation spectra (lem = 1060 nm). (E) Nd 3+ emission spectra (lex = 430 nm).

Figure S13 .

 S13 Figure S13. Spectroscopic characterizations of LZF3 Anthra|Nd (50 µM) in its Zn-free (black line) and Zn-bound (grey) forms in HEPES buffer pH 7.5. (A) Absorption spectrum. (B) Fluorescence excitation spectra (lem = 418 nm). (C) Fluorescence emission spectra (lex = 370 nm). (D) Zn 2+ titration monitored using fluorescence emission. (E) Nd 3+luminescence excitation spectra (lem = 1064 nm). (F) Nd 3+ emission spectra (lex = 370 nm). (G) Zn 2+ titration monitored using Nd 3+ luminescence emission.

Figure S14 .

 S14 Figure S14. Spectroscopic characterizations of LZF3 Anthra|Yb (50 µM) in its Zn-free (black line) and Zn-bound (grey) forms in HEPES buffer pH 7.5. (A) Fluorescence excitation spectra (lem = 418 nm). (C) Fluorescence emission spectra (lex = 370 nm). (D) Zn 2+ titration monitored using fluorescence emission. (E) Yb 3+ luminescence excitation spectra (lem = 990 nm). (F) Yb 3+ emission spectra (lex = 370 nm). (G) Zn 2+ titration monitored using Yb 3+ luminescence emission.

Figure S15 .

 S15 Figure S15. Spectroscopic characterizations of r-LZF3 Yb|Anthra|Nd (25 µM) in its Zn-free (black line) and Zn-bound (grey) forms in HEPES buffer pH 7.5. (A) Fluorescence excitation spectra (lem = 418 nm). (B) Fluorescence emission spectra (lex = 370 nm). (C) Zn 2+ titration monitored using fluorescence emission. (D) Yb 3+ (solid lines, lem = 990 nm) and Nd 3+ (dashed lines, lem = 1060 nm) time-gated luminescence excitation spectra. (E) Lanthanide emission spectra (lex = 370 nm). (F) Zn 2+ titration monitored using lanthanide luminescence emission showing, on the right side, the evolution of the emission at 990 nm (Yb 3+ ) and 1060 nm (Nd 3+ ).

Figure S16 .

 S16 Figure S16. Spectroscopic characterizations of r-LZF3 Nd|Anthra|Yb (25 µM) in its Zn-free (black line) and Zn-bound (grey) forms in HEPES buffer pH 7.5. (A) Fluorescence excitation spectra (lem = 418 nm). (B) Fluorescence emission spectra (lex = 370 nm). (C) Zn 2+ titration monitored using fluorescence emission. (D) Yb 3+ (solid lines, lem = 990 nm) and Nd 3+ (dashed lines, lem = 1060 nm) time-gated luminescence excitation spectra. (E) Lanthanide emission spectra (lex = 370 nm). (F) Zn 2+ titration monitored using lanthanide luminescence emission showing, on the right side, the evolution of the emission at 990 nm (Yb 3+ ) and 1060 nm (Nd 3+ ).

Figure S17 .

 S17 Figure S17. Plot of the Ln 3+ luminescence decay rate constants kTb (A) and kEu (B) against the volume fraction of H2O in H2O/D2O mixtures for free (black) and Zn-bound (red) r-LZF1Tb|Cs124|Eu . Luminescence decays were recorded in a HEPES buffer (10 mM, pH 7.5).

Figure S18 .

 S18 Figure S18. Spectroscopic characterizations of LZF3 Cs124|Tb (10 µm) in its Zn-free (black line) and Zn-bound (grey) forms in HEPES buffer pH 7.5. (A) Fluorescence excitation spectra (lem = 365 nm). (B) Fluorescence emission spectra (lex = 330 nm). (C) Zn 2+ titration monitored using fluorescence emission. (D) Tb 3+ time-gated luminescence excitation spectra (lem = 545 nm). (E) Time-gated luminescence emission spectra (lex = 330 nm). (F) Zn 2+ titration monitored using time-gated luminescence emission.

Figure S19 .

 S19 Figure S19. Spectroscopic characterizations of LZF3 Cs124|Eu (10 µm) in its Zn-free (black line) and Zn-bound (grey) forms in HEPES buffer pH 7.5. (A) Fluorescence excitation spectra (lem = 365 nm). (B) Fluorescence emission spectra (lex = 330 nm). (C) Zn 2+ titration monitored using fluorescence emission. (D) Eu 3+ time-gated luminescence excitation spectra (lem = 616 nm). (E) Time-gated luminescence emission spectra (lex = 330 nm). (F) Zn 2+ titration monitored using time-gated luminescence emission.

Table 1 :

 1 Summary

		r-LZF1 Eu|Cs124|Tb	r-LZF1 Tb|Cs124|Eu
	log Kd	n.d. a		-9.2 ± 0.2	
	IZn/I0	Tb: 11	Eu: 1.3	Tb: 1.4	Eu: 8
	Tb/Eu ratio b				
	Zn-free	2.2		8.1	
	Zn-bound	17.8		1.4	
	F Ln / % c				
	Zn-free	0.13		0.24	
	Zn-bound	1.6		0.60	
	lifetimes / ms				
	Zn-free	Tb: 1.96	Eu: 0.64	Tb: 1.93	Eu:0.66
	Zn-bound	Tb: 1.92	Eu: 0.66	Tb: 1.91	Eu:0.67

of r-LZF1

Eu|Cs124|Tb 

and r-LZF1 Tb|Cs124|Eu probes characterizations: dissociation constants, terbium and europium luminescence enhancements, ratios of terbium over europium emission, quantum yields (F Ln ) and Ln 3+ luminescence lifetimes. a Not determined. b

Table 2 :

 2 Summary of r-LZF3 Nd|Anthra|Yb and r-LZF3 Yb|Anthra|Nd probes characterizations: dissociation constant, ytterbium and neodymium luminescence enhancement, ratio of neodymium over ytterbium emission in the spectra.

r-

LZF3 Nd|Anthra|Yb r-LZF1 Yb|Anthra|Nd

  

	log Kd	n.d. a	-10.8 ± 0.2
	IZn/I0	Yb: 1.8 Nd: 1.5 Yb: 1.0	Nd: 1.5
	Nd/Yb ratio b		
	Zn-free	0.44	1.6
	Zn-bound	0.33	2.6
	F Ln / % c		

Table S1 .

 S1 Lanthanide luminescence quantum yield (F Ln ) and lifetimes (t) for Zn-free and Zn-bound NIR-emitting LZF peptides.CompoundF Ln ´ 10 3 / % t Nd / ns t Yb / µs

	LZF1 DPP|Nd	Zn-free	1.21	108	-
		Zn-bound 3.23	97	-
	LZF3 DEAC|Nd	Zn-free	0.133	124	-
		Zn-bound 0.74	93	-
	LZF3 Anthra|Nd	Zn-free	2.2	102	-
		Zn-bound 2.7	97	-
	LZF3 Anthra|Yb	Zn-free	4.2	-	29.2 (91%), 2.8 (9%)
		Zn-bound 6.0	-	22.0 (89%), 2.0 (11%)
	r-LZF3 Yb|Anthra|Nd Zn-free	3.9	88	19.4 (87%), 1.8 (13%)
		Zn-bound 4.7	96	18.7 (36%), 5.7 (64%)
	r-LZF3 Nd|Anthra|Yb Zn-free	4.4	99	10.0 (73%), 1.7 (28%)
		Zn-bound 6.6	88	7.2 (85%), 1.2 (15%)
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Supporting Information

Materials and methods

Reagents and solvents: N-α-Fmoc-protected amino acids for peptide synthesis, PyBOP and HATU coupling reagents were obtained from Novabiochem or Iris Biotech. Fmoc-L-Glu(Cs124)-OH and Fmoc-L-Ala(4-DMN)-OH and disulfonated 3,6-diphenyl-DPP dye (abbreviated as DPP-OH in this article) were synthetized according to literature procedures. [1][2][3] Fmoc-3-(9-anthryl)-L-Ala-OH was purchased from Santa Cruz Biotechnology. SEA-PS and NovaPEG Rink Amide resin were purchased from X'prochem and Novabiochem, respectively. DOTA-tris(tBu)ester was purchased from CheMatech. Other reagents for peptide synthesis, solvents, buffers and metal salts were purchased from Sigma-Aldrich. All buffer or metal solutions for spectroscopic measurements were prepared with ultrapure water produced by a Millipore Milli-Q ® purification system (purified to 18.2 MW.cm). The concentration of the Zn 2+ solution was determined by colorimetric EDTA titrations. [4] Buffer solutions were treated with Chelex 100 resin (Bio-Rad) to remove trace metal ions.

Characterization and purification: Analytical HPLC separations were performed on an Agilent Infinity 1260 system using Merck Chromolith RP-18e (100 mm ´ 4.6 mm) columns at a flow rate of 2 mL/min. Preparative HPLC separations were performed on a VWR LaPrepS system using Waters XBridge Peptide BEH130 C18 (5 µm, 150 mm ´ 19 mm) or Waters XBridge Peptide BEH130 C18 (5 µm, 150 mm ´ 10 mm) columns at flow rates of 14 or 6 mL/min, respectively.

Mobile phase consisted in a gradient of solvent A (0.1% TFA in H2O) and B (0.1% TFA in MeCN/H2O 9:1). For analytical separations, Method A consisted in 5% B during 1 min followed by a 5 to 50 % B linear gradient in 14 min at 2 mL/min and Method B consisted in 5% B during 1 min followed by a 5 to 100 % B gradient in 14 min at 2 mL/min. Eluate was monitored by electronic absorption at 214, 280 and 331 nm. ESI-MS analyses were performed on a Thermo LXQ spectrometer. UV-Vis absorption spectra were recorded on a Perkin-Elmer Lambda 35 spectrophotometer equipped with a thermo-regulated cell holder.

For each titration, the evolution of the intensity against the Zn 2+ /peptide ratio (r) was fitted to the equilibrium Zn•LZF + EGTA ⇌ LZF + Zn•EGTA by Equations (1-7) in which I0 and IF are the emission intensities at the beginning and the end of the titration, [LZF]t, [EGTA]t and [Zn]t the total concentrations of LZF, EGTA and Zn 2+ introduced in the solution.

The apparent Zn 2+ binding constant of EGTA at pH 7.5 was calculated from pKa and log b11 values reported in the literature: KZnEGTA = 10 9.2 . [12,13] (L The dilution could be neglected. Figure S20 shows the Zn 2+ titrations of the LZF probes in the presence of EGTA and their fits, which yielded KZnLZF/KZnEGTA = 1.1 ± 0.1 (A), 9 ± 1 (B), 8.9 ± 0.5 (C) and 36 ± 8 (B). Table S3 summarizes the binding constants.

, when [Zn]t < [LZF]t + [EGTA]t (1)

(3)