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Metalloenzyme-Mediated Thiol-Yne Addition towards Photoisomerizable Fluorescent Dyes

Proteins are able to irreversibly assemble biologically active ligands from building blocks bearing complementary reactive functions due their spatial proximity, through a kinetic target-guided synthetic process (also named in situ click chemistry). Although linkages thus formed are mostly passive, some of them have shown to significantly contribute to the protein binding through for instance hydrogen bonding and stacking interactions. Biocompatible reactions and click chemistry are a formidable source of inspiration for developing such new protein-directed ligations. In this study, we report a proximity-induced thiol-yne synthesis of carbonic anhydrase inhibitors. Not only this example widens the arsenal of Kinetic target-guided synthesis (KTGS) eligible reactions, but the obtained product displayed unsuspected photophysical properties. The corresponding vinyl sulfide linkage conjugated to a coumarin core proved to be engaged in a monodirectional Z to E photoisomerization process. Further investigations guided by theoretical calculations showed that fine-tuning of the nature of the substituents on the coumarin moiety allows to obtain a bidirectional photochemical process, thus discovering a new photoswitching moiety, displaying moreover fluorescence properties. Due to the spectral tunability of coumarin derivatives, this work should open new opportunities for the design of vinyl sulfide-based photoswitch systems with modular photophysical properties.

Introduction

Drug discovery is repeatedly facing the challenge of finding new biological targets, pharmacophores, or elucidating novel mechanisms of action, in a time-and cost-effective manner. [START_REF] Aldewachi | [END_REF] This interdisciplinary field of research benefits from constant innovations in biophysics (X-ray crystallography, NMR & surface plasmon resonance (SPR) spectroscopy, isothermal titration calorimetry (ITC)), [2] in computing technologies, including machine learning processes opening new frontiers to yet underexploited scaffolds, [3] in high-throughput screening with wide range of sophisticated assays and automated evaluation of large numbers of chemical/biological compounds. [4] Important advances in drug design have also been achieved with contributions from chemistry, in particular with the diversity-oriented synthesis which generates structural diversity in an efficient manner, [5] and with the kinetic target-guided synthesis (KTGS) strategy which allows the synthesis and the identification of potent pharmacophores in a single step process. [6] In KTGS, the biological target is able to assemble its own ligands by linking together two fragments bearing complementary reactive chemical functions due to their spatial proximity. This technology enabled the discovery and/or optimisation of bioactive molecules with more than 50 examples, covering 10 different therapeutic areas. [6e] Importantly, this method allowed the identification of unknown protein conformations, [7] or previously hidden binding pockets. [8] A handful of chemical ligation strategies have been reported to form a covalent bond between recruited fragments within the binding pocket of biological targets, among which the alkyne-azide 1,3-dipolar cycloaddition reaction leading to the formation of 1,4-or 1,5-triazole linkages has been used predominantly. [9] The triazole ring system has shown to offer a substantial additional and beneficial binding contribution with π-π stacking and hydrogen-bonding interactions. [7] More recently, Rademann and co-workers also highlighted a superadditive fragment combination through a protein-induced Mannich ligation. [10] Recent developments in protein-templated chemistry also include the amidation from activated carboxylic acids and amines, [11] the Knoevenagel reaction, [12] and the Ugi four-component reaction. [13] Other ligation strategies can be implemented by drawing inspiration from biocompatible and click chemistry portfolio reactions used in bioorthogonal bioconjugate processes, by tuning their kinetics to meet the requirements for use in KTGS strategies. [14] This can be achieved by structural modifications of the reactive partners in order to decrease their reactivity [15] or by removing the catalyst such as in the alkyne-azide click chemistry. [9] In this context, thiol-yne [16] click chemistry would offer attractive features such as the small size of the reactive moieties, the accessibility and apparent robustness of the alkyne group, and the requirement of additives or catalysts such as amines, [17] transition metals [18] or photoinitiators [19] to promote the reaction. This strategy has found key roles in polymer chemistry, biomaterials synthesis and surface modifications. [20] Importantly, Ovaa [21] and Mootz [22] have independently used alkynes as latent electrophiles for the design of covalent inhibitors upon their reaction with thiol group of enzymes, which contain an active site cysteine (Figure 1A). These important results show that the thiol-yne reaction can be triggered by a proximity effect (i.e., without any other external activation). This and other considerations discussed above prompted us to investigate this reaction as a new plausible ligation tool for the protein-directed synthesis of ligands (Figure 1B). In this study, we illustrate the potential of the thiol-yne addition in KTGS through the implementation of this click reaction to a model metalloenzyme whose specific inhibition is of interest for the treatment of several diseases.

Results and Discussion

Carbonic anhydrase II (CA-II) selected as the model protein to evaluate the potential of thiol-yne reaction in KTGS is a zinc-containing metalloenzyme that catalyses the reversible hydration of carbon dioxide (CO2) to generate bicarbonate (HCO3 -) and a proton (H + ), through a metal hydroxide nucleophilic species. The zinc ion is located at the bottom of a 16 Å deep canonical active site, where it is tetrahedrally coordinated by three imidazole groups of His residues and by one hydroxide ion. CA is ubiquitous in numerous tissues, and involved in a variety of physiological processes, including pH regulation, gas exchange, ion transport, bone resorption, fatty acid metabolism. Inhibitors of CAs are clinically used for the treatment of glaucoma, oedema, altitude sickness, and epilepsy. [23] Up-regulation or overexpression of CAs may be associated with physiological disorders such as tumours, and neurodegenerative pathologies such as Alzheimer disease. [24] Sulfonamides are an important class of CA inhibitors due to their effective binding to the zinc(II) ion, thereby preventing the binding of the endogenous CO2 and H2O substrates. [25] Accordingly, in this study, a readily accessible αmercaptotosylamide 1a playing the role of anchor was incubated with a series of aliphatic-2a-d or aromatic alkynes 2e-h as binary mixtures, in parallel of negative controls without enzyme (Figure 2). Alternatively, the alkyne-bearing sulfonamide 4-ethynylbenzenesulfonamide 2f was incubated with heteroaromatic thiols 1b, 1c or the thiobenzyl alcohol 1d. The crude reaction mixtures were analysed by LC-MS/MRM or LC-HRMS and compared with products obtained from chemical synthesis. 

Hit discovery

From this study, a ~2-to 10-fold acceleration (depending on the protein reference and batch, see SI section 7, S45-50) of the thiol-yne addition reaction between 1a and 2h leading to the vinyl sulfide 3ah (as a mixture of diasteoisomers Z/E: 89:11) was observed, as compared with the control experiments carried out in the absence of bCA-II. No trace of the Markovnikov thiol-yne product (Figure 1B) was detected, nor in the untemplated reaction. Of note, the formation of 3ah, although in the subnanomolar range, was significantly affected by the presence of acetazolamide ATZ or ethoxazolamide ETOX (3.3 equivalents relative to the active-site binder 1a), two highly effective commercially available active-site bCA-II submicromolar inhibitors. Moreover, the reaction carried out between the non-zinc coordinating analogue 1d of 1a, and 2h was not accelerated in the presence of bCA-II. Together, these results confirmed that templated reaction occurred in the active site of the bCA-II and not in another hidden pocket or binding site. Then, the biological activity of templated products Z-3ah and E-3ah was evaluated through 4-nitrophenyl acetate hydrolysis assays (see SI section 9, S62) [26] by measuring their half maximal inhibitory concentration (IC50), which was found to be 0.33 ± 0.01 and 0.55 ± 0.07 M, respectively, while acetazolamide ATZ, has an IC50 value of 0.14 ± 0.02 M (Figure 2). A flexible thioether analogue 10 was prepared in order to investigate the impact of the rigidity of the vinyl sulfide linkage of 3ah on the biological activity, and its activity (0.36 ± 0.07 M) was found to be in the range of that of the most active Z-3ah. The stability of the vinyl sulfide linkage of 3ah was investigated in the presence of biothiols (N-acetyl cysteine, glutathione), as well as in human blood plasma (HBP) after a few days of incubation at 37 °C. Neither thiol release nor degradation was noticed, which confirms the stability of 3ah and the irreversibility of the reaction under physiological conditions. In contrast, the thioether analogue 10 was partially oxidized (~5%) into the corresponding sulfoxide after incubation in HBP at 37 °C for 3 days (see SI section 8.1 S51-61).

While the starting 7-ethynylcoumarin was not emissive in PBS, [27] both 3ah isomers displayed fluorescence properties, with very similar absorption and emission spectra (Figure 3A and 3B). They exhibited a relatively high emission wavelength (510 nm) and an unusual large Stokes shift (155 nm) for low molecular-weight coumarin derivatives. [28] However, their fluorescence quantum yields are significantly different with 0.16 and 0.52 for Z-3ah and E-3ah, respectively in PBS pH 7.4. Whilst the absorption spectrum displays a minor change with decreasing polarity of the solvent, a hypsochromic shift (up to 88 nm) of the fluorescence emission spectrum was observed (Figure 3C and see SI section 10.5 S72-74). These unusual optical features were found to be particularly suitable for their use in the intrinsic Förster Resonance Energy Transfer (iFRET) technique, [29] which could further support the existence of specific protein-ligand interactions between CA-II and the vinyl sulfide inhibitor 3ah. In fact, the iFRET approach uses a FRET mechanism between endogenous tryptophan (Trp) residues (λabs ~ 280 nm, λem ~ 310-350 nm) that are in close proximity to fluorescent ligands bound in the active site of target proteins, which act as donor (D) and acceptor (A), respectively (Figure 4A). However, the limited Stokes shift of reported probes used in such iFRET experiments such as 1-naphthylamine or 7-hydroxycoumarin dyes are subject to self-absorption, [30] or display low sensitivity such as the dansyl moiety, [31] which decreases the FRET efficiency. Accordingly, the use of vinyl sulfide-based coumarin as a new acceptor in Trp-FRET was examined in order to address these issues. First, excitation of Trp residues at 280 nm of a solution of bCA-II (2 M) in PBS (pH 7.4) led to an emission band centred at 336 nm. This emission peak significantly decreased in the presence of Z-3ah (2 or 4 equiv.), evidenced by an iFRET efficiency E of 86%, which was determined from the equation E = 1 -IDA/ID (where IDA and ID are the intensities of the donor D in the presence or in the absence of the acceptor A, respectively) (Figure 4B). [29] A) Moreover, Z-3ah undergoes a 15 nm hypsochromic shift in the emission spectrum upon binding to bCA-II (from 510 to 495 nm), which, together with Z-3ah solvatochromic character is consistent with a hydrophobic environment surrounding the fluorophore in the CA active site. Next, as negative controls, Z-3ah was incubated with different non-target proteins as binary mixtures, including porcine liver esterase (pLE), lysozyme (LYZ), bovine serum albumin (BSA), concanavalin A (ConA) and papain (Figure 4C). None of them led to a significant fluorescence enhancement in the probe region compared with the probe alone, a result which also indicates the probe's specificity for the bCA-II binding site. Only BSA displayed a 2-fold increase in fluorescence intensity, which could be associated to non-specific probe-protein interactions. This is often observed with this major small molecules binding protein, which size and collection of non-specific binding sites are used to transport a wide range of fluorophores or drug like small molecules and even to solubilize dye aggregates. [32] Finally, the fluorescence response of a solution of Z-3ah (1 M) towards a mixture of these five non-target proteins (2.5 M each) was investigated. No significant fluorescence was observed in the 500 nm region (in blue, Figure 4D) whereas the fluorescence intensity of probe Z-3ah showed a 10-fold increase in this spectral region when bCA-II (2.5 M) was present in the protein mixture (in black, Figure 4D). Of note, in the presence of ATZ (100 M), no more significant iFRET signal was detected (in red, Figure 4D).

Wavelength (nm)

During preliminary studies, we also observed an E to Z isomerization of the vinyl sulfide double bond of 3ah in aqueous solution upon exposure to ambient light, at room temperature. This photophysical behaviour caught our attention and was further investigated, as only few chemical scaffolds have been reported to undergo such catalyst-free reversible photoisomerization despite the increasing importance of photoswitch systems for the fine control of materials and biological systems properties [33] with applications in drug delivery, [34] bio-imaging, [35] or in the development of hydrogels. [36] Major classes of photoswitchable molecules include azobenzenes, [37] stilbenes, [38] diarylethenes, [39] or spiropyranes, [40] and emerging systems such as hydrazones, [41] iminothioindoxyls. [42] Among them, azobenzenes received considerable attention due to their straightforward synthetic access and good photo-fatigue resistance, although substantial efforts have been devoted to overcome shortcomings such as short thermal half-lives of Z-isomers (metastability), and incomplete reverse Z to E photoisomerizations due an overlap of the n* bands of E and Z isomers. In this present study, the conversion of the Z-isomer into its E-form was first confirmed by [START_REF] Aldewachi | [END_REF] H NMR spectroscopy studies upon the exposure of an isomeric mixture of 3ah (Z/E 70:30) to ambient light source, which shifted the ratio in favour of the E-isomer (45:55) (dotted curve, Figure 5A). Starting from the pure Z isomer, a photostationary state (PSS) containing 82% of the E isomer was rapidly reached in aqueous system, under 365 nm LED spotlight irradiation (continuous curve, Figure 5B). This PSS isomeric composition was confirmed by irradiating the pure E isomer, which underwent isomerization reaching the same equilibrium state (Figure 5B). Then, the photostationary 380, 405, 450 nm). In all these studies, the E isomer was obtained preferentially, albeit with different proportions (PSS380 nm = 77%; PSS405 nm = 73%; PSS450 nm = 64%). A monochromatic excitation at 300 nm, or 450 nm by using a xenon lamp coupled with a monochromator did not increase the proportion of Z isomer. From these results, it was, however, anticipated that reversible photoisomerization would occur but with a low amplitude as shown in Figure 5C, upon alternating the irradiation wavelength between 365 and 450 nm. The Z isomer has shown to be highly stable in the dark and can be kept for several months at room temperature without noticeable isomerization. Thermal conditions (80 °C for 2h) did not enable Z to E isomerization, which was also confirmed by density functional theory (DFT) calculations since the ground state activation barrier for this step was found to be equal to 61 kcal mol -1 in pure implicit DMSO in terms of standard Gibbs energy with respect to E diastereoisomer, which is 1.6 kcal mol -1 more stable than the Z diastereoisomer (see SI section 13.6, S167). Although vinyl sulfide coumarin 3ah still constitutes a rare example of fluorescent molecules with a photoswitchable character, [41,43] the low E to Z photoconversion prevents any important applications in this field. Therefore, as a natural extension of these studies, we questioned whether further optimization, guided by theoretical studies, would be possible. Indeed, the strong overlap of the absorption spectra of both isomers, prevents Z enriched PSS. This issue may be circumvented by the introduction of specific chemical functions (electron withdrawing or electron donating groups) on the coumarin ring at positions 3, 4, that are known to significantly alter its absorbance. [28,44] Besides, the introduction of chemical functions at position 6, and/or 8, that are at the ortho-position of the vinyl sulfide moiety, may intuitively cause a distortion of the planar Z isomer, thus affecting specifically its   * transition. These features can be tackled from a quantum chemistry point of view using time-dependent DFT (TD-DFT, see SI section 13.1, S108 for the computational details). To this aim, eight common substituents, representative of inductive and mesomeric electron withdrawing or -donating moieties were considered (CH3, CF3, CN, CO2H, OCH3, F, Cl, Br) and tested at each of these positions. Note that in order to understand the role of a given site, hydrogen atoms only were first considered on the three remaining positions. Besides, for the sake of simplicity, only the s-trans conformation of the C=C double bond linking the coumarin to the sulfide moiety was investigated, as represented in Figure 6. Due to steric hindrance, such a conformation does not actually allow accommodating the CF3, CO2H, Cl and Br substituents in position 6, so that the vertical absorption wavelengths (corresponding to the ground state to the first electronic excited state transition) for Z and E isomers were computed for 28 mono-substituted compounds in implicit pure DMSO solvent (coordinates and energies are collected in sections 13.2 and 13.3 in SI).

As shown in Figure 6 and in section 13.5, S166, the absorption wavelength is lower for the Z-than for E isomer in almost all cases (only 5 exceptions), and there are only two of them that feature a significant  difference: 35 nm for R 6 = CN and 19 nm for R 6 = F. Noteworthy, in both cases, the Z isomer is far from being planar (the C a C b C 7 C 6 dihedral angle being equal to 69° and 46°, respectively). Moreover, all substitution patterns exhibiting a value higher than 5 nm, involve a Z isomer for which ∠C a C b C 7 C 6 is higher than 35°. However, this non-planarity condition, while necessary, is not sufficient One may also wonder whether a simple molecular orbital (MO) analysis could be used instead of this more timeconsuming TD-DFT approach. As shown in section 13.4, S165, the frontier canonical Kohn-Sham MO gap, gap, is nicely linearly correlated to the absorption wavelength according to hcgap with a mean absolute error equal to 3 nm.

However, such an approach would be inefficient for accurate screening. Indeed, it reveals unsatisfying to predict wavelength differences and even their correct sign. For instance, for R 8 = CH3, it gives = +5 nm, while the TD-DFT value is -6 nm. Secondly, the slope of this linear model is a little bit far from 1.0, suggesting that the electronic transition might be more complex than a simple HOMO→LUMO transition. Indeed, even if, for most systems, this mono-electronic transfer (as expected of the 𝜋 → 𝜋 * type, as pictured in section 13.7, S171) represents about 85-90% of the transition, it only describes 75% and 82% of it for Z isomer with R 6 =CN and F respectively, which are, as previously mentioned, the most promising systems.

However, while featuring the highest  value, R 6 = CN is subsequently disqualified by its low value for the Z absorption wavelength (297 nm), which is actually too far from the visible spectrum, precluding its practical use in a biological context. We thus turned out attention to the fluorine substitution. Interestingly, adding another fluorine atom in position 8 resulted in a non-negligible increase (compound #29 in Figure 6) of the wavelength separation, leading to  = 23 nm. However, from a synthetic point of view, adding a methyl group in position 4 leads to a much more straightforward synthesis (see below), with a very slight increase of the  values (24 nm, compound #30 in Figure 6) and keeping the significant nonplanarity (∠C a C b C 7 C 6 = 48°, coordinates and views in section 13.8 in SI).

In order to experimentally verify this theoretical screening strategy, the synthesis of the 4-methyl-6,8-difluorocoumarin 17 (i.e. compound 29 : R 3 = R 4 = H, R 6 = R 8 = F, Figure 6) was achieved in 5 steps and 33% overall yield from commercially available 2,4-difluororesorcinol, and obtained as a mixture of Z/E diastereoisomers (63:37), that were separated by RP-HPLC (see SI section 4.2, S19). Isomers Z-and E-17 in hand, their biological activities were determined and found to be 0.30 ± 0.05 and 0.99 ± 0.11 M, respectively, thus demonstrating that the presence of an extra methyl group (position 3) and two fluorine atoms (position 6 and 8) did not significantly alter the biological activity of the reference compound 3-ah. Regarding the photophysical properties of 17 (Figure 7A-B), satisfyingly, a ~20 nm bathochromic shift of the absorption maximum of the Z isomer (max 337 nm) was observed with theoretical predictions (305 and 329 nm, respectively, in pure implicit DMSOexperimental values being recorded in a H2O-DMSO mixture), proving the reliability of the computational protocol for semiquantitative screening. Both isomers were fluorescent with emission maxima at 495 nm, and a quantum yield of 0.06 and 0.22 for Z-17 and E-17, respectively. Then, the composition of the PSS was investigated upon the irradiation of 17 at different wavelengths (300, 350, 400, 450 nm) with a xenon lamp coupled with a monochromator (see SI). Using light at 300 nm, Z-17 photoswitched to generate a PSS of 65% E isomer. Conversely, E-17 underwent a remarkable E to Z photoisomerization under irradiation at 450 nm providing the Z isomer with a PSS of 87% (Figure 7C). Noteworthy, LEDs did not provide effective Z to E isomerization (see SI section 12.8, S103-104).

TD-DFT calculations were then carried out to cast the light on the physico-chemical origin of this conversion. To this aim, vertical excitations were performed along the minimum energy reaction path (monitored by intrinsic reaction coordinate ) for the ground state S0 isomerization process to approximate excited state potential energy surfaces (PESs), as depicted in Figure 8 (note that the rotation itself around the C=C double bond mainly occurs in the small [-5; 5 amu 1/2 bohr]  range, see right vertical axis). The S0 and second excited state S2 energy profiles display a similar shape with a maximum around ∠HCCH = 90°. The corresponding activation barriers from E isomer (which is the thermodynamically most stable one) were found respectively equal to 55 and 26 kcal mol -1 .

Conversely, the energy is minimal at this point for the first excited state S1. The PES topology corresponds with a conical intersection (CI) with the ground state, allowing a non-radiative transition between S1 and S0. The photo-induced E → Z isomerization mechanism is thus the following: (i) vertical excitation from E to E*, (ii) reaching the highest local point A1*, a step that requires an activation energy equal to only 11 kcal mol -1 (less than 0.5 eV), (iii) reaching the CI zone, (iv) non-emissive transition to S0, (v) vibrational structural relaxation towards either E-or Z isomer. Obviously, evaluating the rate constants and branching ratios of such steps are clearly outside the scope of this static approach, which is however able to qualitatively account for the observed isomerization process and that is fully consistent with similar mechanisms reported for stilbenes. Altogether, these results demonstrate that vinyl sulfide patterns can be subject to effective bidirectional photoconversion and that in aqueous systems. The progress of the E to Z photoisomerization process was followed by recording the absorption spectra of the reaction at different times (Figure 7D). As the reaction progresses, the maximum absorption peak at 355 nm, corresponding to the * transition of the E isomer, decreases and shifts towards higher energy to stabilize at 337 nm corresponding to the isomeric mixture at PSS450 nm (Z/E, 88:12). Figure 7E highlights the good photofatigue-resistance of 17 upon several photoisomerization cycles. Finally, no Z to E isomerization was observed when Z-17 was incubated at 20 or 40 °C in the darkness for more than 50 days, which further illustrates the robustness of vinyl sulfide pattern (see SI section 12.10, S106-107).

Conclusion

This work reports (1) an unprecedented thiol-yne protein-assisted KTGS ligation on small, accessible alkyne and thiol partners, which enabled (2) the identification of a submicromolar inhibitor of bCA-II. It is worth noting that we identified thiol-yne reaction as a potential candidate for KTGS in a recent study evaluating tailored bioorthogonal and bioconjugate chemistry as potential source of inspiration to discover new KTGS eligible reactions. [14] We also found (3) that the vinyl sulfide linkage, formed by the addition of thiol to alkyne groups, is an effective, yet unexplored, electron-donating group for the design of coumarin based fluorophores with large Stokes shifts, with potential applications in bio-imaging or biological target identification in complex media.

Besides, (4) this work underscored the bidirectional photoswitching behaviour of these fluorescent vinyl sulfides coumarine derivatives in aqueous systems, whose -(5) spectral properties could be fine-tuned by structural modifications guided by a theoretical in-silico design. In this context, it was observed that the introduction of fluorine atoms in ortho position on the coumarin ring caused a ~20 nm splitting of E and Z isomers' * bands, which enabled effective bidirectional photoconversion of thermally bistable isomers. The Z to E photoisomerization required UV light, which may temper the impact of this approach for some biological applications. However, the red shift of spectral bands of coumarins by modifications of the lactone ring are well documented, [28,44] moreover we also noticed from theoretical considerations that such modifications should not impact the maximum absorption wavelengths difference between the E and Z isomers. Thus, as a direct perspective, the development of fluorescent vinyl sulfides conjugated to coumarin rings capable of photoswitching exclusively under visible light excitation could be envisioned.

Experimental Section

General remark: Unless otherwise stated, all chemicals were used as received from commercial sources without further purification. bCA-II was purchased from Merck-Sigma-Aldrich (reference C2624, lyophilized powder >95% SDS-PAGE, specific activity ≥3,500 W-A units/mg protein; and reference C2522, lyophilized powder, ≥3,000 W-A units/mg protein) and was stored at -20 °C. Triethylamine and diisopropylethylamine (DIPEA) were distilled over KOH and CaH2, respectively. Solvents, unless otherwise stated, were purchased in reagent grade or HPLC grade and used as received. Dry solvents were obtained following standard procedures: N,N-dimethylformamide (DMF) was purchased as dry solvent from Fisher Scientific and stored over 3 Å molecular sieves; Tetrahydrofuran (THF) was distilled over sodium/benzophenone; Dichloromethane (DCM), acetonitrile (ACN), toluene and diethylether were obtained from MB SPS-800 apparatus from MBRAUN ; isopropanol, methanol and acetone were stored over molecular sieves (3 Å or 4 Å according to the solvent) prior to use. For non-aqueous reactions, flasks were dried by heating with a heat gun under vacuum. All reactions were monitored by thin layer chromatography (TLC) and/or RP-HPLC. TLC were carried out on Merck DC Kieselgel 60 F-254 aluminum sheets. Visualization of spots was performed under a UV lamp at λ = 254 or 365 nm, and/or staining with a KMnO4 solution/K2CO3 + 5% NaOH, developed with heat. Flash column chromatography purifications were performed manually on silica gel (40-63 µM) under pressurized air flow. Aqueous buffers such as tris(hydroxymethyl)aminomethane (Tris) (pH 7.6, 0.05 M), phosphate buffer salin (PBS) (pH 7.4, 0.1 M) or phosphate buffer (PB) (pH 7.4, 0.25 M) and aq. mobile phases for HPLC were prepared using water that was purified with a Milli-Q system (purified to 18.2 MΩ cm) and were stored at 4 °C. Formic acid (FA) for mobile phases was purchased in HPLC grade (Fisher Scientific or Acros Organics) and stored at 4 °C. For LC-MS analyses, ultrapure water (Alfa Aesar, LC-MS quality) was employed for the preparation of mobile phases.

Instruments: 1 H, 19 F and 13 C NMR spectra were recorded on 300 MHz Bruker FT-NMR machine operating at ambient probe temperature. High Resolution Mass spectrometry (HRMS) for compounds characterization was performed with a Waters Micro-mass LCT Premier XE® equipped with an orthogonal acceleration time-of-flight and an electrospray source in positive or negative mode. Infrared spectra were recorded with a universal ATR accessory on a Perkin-Elmer Spectrum One FT-IR spectrum 100 spectrometer. Melting points were recorded on a LEICA VMHB Kofler system at atmospheric pressure and without correction. UV-Vis spectroscopy was performed on an Agilent Cary 60 UV-Vis® at 20 or 25 °C. Fluorescence spectroscopic studies (emission/excitation spectra) were performed on a Horiba Scientific Fluorolog® spectrophotometer, equipped with a Hamamatsu photomultiplier tube R13456 and a xenon 450 W illuminator. Centrifugations were performed with a VWR MicroStar 12® (11 000 rotations/min for 30 min). For bCA-II inhibition assay, the inhibitory activity (IC50) was evaluated spectrophotometrically at 25 °C using a SPARK® Tecan apparatus and 96 well microplates (Eppendorf). p-Nitrophenyl acetate (PNPA) for biological assays was recrystallized from EtOH prior to use and was stored at -25 °C. For KTGS experiments, incubations were conducted in a dedicated oven in which the temperature was maintained to 37 °C.

Representative procedure for the synthesis of vinyl sulfides 3ah and 17: To a solution of 4-(mercaptomethyl)benzenesulfonamide 1a (0.29 mmol, 1 equiv.) in dry MeCN (3 mL) under argon atmosphere was added the corresponding 7-ethynyl-2H-chromen-2-one (0.33 mmol, 1.1 equiv.). The flask was protected from light and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (0.09 mmol, 0.3 equiv.) was added. The reaction was stirred at room temperature for 2.5 h. Then, reaction was quenched with water and extracted with EtOAc ( 2). The combined organic layers were washed with brine ( 1), then dried over MgSO4 and the solvents were removed by vacuum. The crude product was purified firstly by flash-column chromatography (silica gel, DCM/EtOAc as a gradient from 100:0 to 98:2, 95:5 and 90/10, v/v) to provide the desired isomers Z and E as a mixture. Then, both isomers were separated by RP-HPLC (System E) and fractions were collected and lyophilized to provide the desired compounds. (CAUTION! Every steps described above were performed under a complete protection from light) All other characterization data, original spectra, etc., as well as all computational details, are provided in the Supporting Information.

Figure 1 .

 1 Figure 1. Thiol-yne reaction used for A) covalent cysteine protease inhibition, B) proteins-directed inhibitors synthesis (KTGS).

Figure 2 .

 2 Figure 2. Library of KTGS experiments between thiols (60 M), alkynes (400 M), bCA-II (30 M).

Figure 3 .

 3 Figure 3. Photophysical properties of vinyl sulfide coumarin 3ah. A) Relative absorption of Z-3ah (-) and E-3ah (---) in H2O/DMSO 1:1 (v/v) at 25 °C; B) Relative emission of Z-3ah (-) and E-3ah (---) ex 350 nm in H2O/DMSO 1:1 (v/v) at 25 °C; C) Photograph of E-3ah (10 M) in different solvents under UV light (ex = 365 nm).

Figure 4 .

 4 Figure 4. Analysis of Trp-FRET experiments. A) iFRET principle; B) Fluorescence emission spectra of a solution of bCA-II (2 M) in the absence (in blue), or in the presence of Z-3ah (2 M in red, 4 M in black), upon an excitation at 280 nm, in PB pH 7.4; C) Relative fluorescence intensity observed at 495 nm of a solution of Z-3ah (1 M) in the presence of various proteins (2.5 M), upon an excitation at 280 nm, in PB pH 7.4; and D) fluorescence emission of Z-3ah (1 M) in a solution containing five Z -3ah non-target proteins (PCE, LYZ, BSA, ConA, papain, 2.5 M each) in the absence (in blue) or in the presence of bCA-II (2.5 M, without ATZ in black; or with 100 M ATZ in red), upon an excitation at 280 nm, in PB pH 7.4.

  upon the irradiation of Z-3ah with blue visible LEDs of different wavelengths (

Figure 5 .

 5 Figure 5. Photoisomerization studies of 3ah. A) Partial 1 H NMR (DMSO-d6/D2O 75:25, 300 MHz, 298 K) showing the lactone region (H1) of 3ah at t=0 (Z/E, 70:30) and after 2h (Z/E, 45:55) irradiation under ambient light source; B) Time-course of photoisomerization of Z-3ah (solid line) and E-3ah (dotted line) upon irradiation at 365 nm (LED spotlight) determined by RP-HPLC (detection at 350 nm); C) Photofatigue-resistance of 3ah upon alternating irradiation at 365 nm and 450 nm (LED spotlight) determined by RP-HPLC (detection at 350 nm).

  to ensure a high  value, as exemplified by the R 8 =CO2H case for which ∠C a C b C 7 C 6 = 41° and  = 1 nm, proving that structural and electronic effects cannot be fully disentangled.

Figure 6 .

 6 Figure 6. Calculated vertical absorption wavelengths (in nm) for the 𝑆 0 → 𝑆 1 vertical electronic transition in selected molecules. CAM-B3LYP/6-31++G(d,p) level of theory, pure DMSO is treated as an implicit solvent by the IEF-PCM model.

Figure 7 .

 7 Figure 7. Photoisomerization studies of 17. A) Relative absorption of Z-17 (-) and E-17 (---) in H2O/DMSO 1:1 (v/v) at 25 °C. B) Relative emission of Z-17 (-) and E-17 (---) ex 350 nm in H2O/DMSO 1:1 (v/v) at 25 °C; C) Time-course of photoisomerization of Z-17 upon irradiation at 300 nm (monochromator) and E-3ah upon irradiation at 450 nm (LED spotlight), determined by RP-HPLC (detection at 303 nm); D) Evolution of the absorption spectra for E-17 (in red) under irradiation at 450 nm (LED spotlight) after 1, 3, 5, 7, 10 min. (in black), and 15 min. (in blue); E) Photofatigueresistance of 17 upon alternating irradiation at 300 nm (monochromator) and 450 nm (LED spotlight), determined by RP-HPLC (detection at 303 nm).

Figure 8 .

 8 Figure 8. Calculated energy profiles () of the three lowest electronic states for the Z-E isomerization process for compound 17 as a function of intrinsic reaction coordinate  and variation of the HCCH dihedral angle (right vertical axis). CAM-B3LYP/6-31++G(d,p) level of theory, DMSO is treated as an implicit solvent by the IEF-PCM model.
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Metalloenzyme-Mediated Thiol-Yne Addition towards Photoisomerizable Fluorescent Dyes

A regioselective metalloenzyme-directed synthesis of a vinyl sulfide-based inhibitor, which has shown to be involved in an unexpected Z to E photoisomerization process, is reported. Tuning of the spectral features guided by theoretical studies, revealed structural modifications for effective bidirectional photoconversion of thermally bistable vinyl sulfide diastereoisomers, while maintaining high the biological activity of the parent inhibitor.