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One pillar of protein chemical synthesis based on the application of ligation chemistries to cysteine is the group of reactions enabling the selective desulfurization of cysteine residues into alanines. Modern desulfurization reactions use a phosphine as a sink for sulfur under activation conditions involving the generation of sulfur-centered radicals. Here we show that cysteine desulfurization by a phosphine can be effected efficiently by micromolar concentrations of iron under aerobic conditions in hydrogen carbonate buffer, that is using conditions that are reminiscent of ironcatalyzed oxidation phenomena occurring in natural waters. Therefore, our work shows that chemical processes taking place in aquatic systems can be adapted to a chemical reactor for triggering a complex chemoselective transformation at the protein level, while minimizing the resort to harmful chemicals.

Introduction

Protein chemical synthesis is now established as a powerful means for accessing proteins harboring any type of modifications at precise positions. Proteins are usually produced starting from shorter peptide segments assembled through the application of chemoselective peptide ligation methods. [1] Among these, those exploiting the reactivity of cysteine are intensively developed owing to the special reactivity of this thiol amino acid and its natural presence in protein sequences. [1a, 1c] In particular, the native chemical ligation (NCL) involving the reaction of peptide thioesters with cysteinyl (Cys) peptides has met a lot of success in the field for being highly efficient in water under mild conditions (Fig. 1a). [1a, 2] However, one limitation of NCL is the low frequency of Cys residues in proteins (~1.5%). [3] The scope of NCL has been significantly enlarged with the introduction of selective cysteine desulfurization methods (Fig. 1a). [4] When applied as a post-ligation treatment, these methods enable the production of peptide junctions at alanine (Ala) that are more frequent in proteins (8%) than peptide bonds to Cys. Since the pioneering works on Cys desulfurization, [4a] the concept has been extended to the production of almost all types of junctions, including the formation of isopeptidic bonds. [2, 4b] Although the importance of Cys desulfurization in the chemical production of peptides and proteins is clearly established, the methods that enable to perform this transformation in water on unprotected polypeptides can be counted on the fingers of one hand. [4b, 5] The first approaches exploited the ability of metals such as Pd/Al2O3 and Raney nickel to desulfurize alkylthiols. [4a] A significant advance in the field was the discovery that unprotected Cys peptides can be desulfurized by a water soluble phosphine in the presence of a radical initiator through the intermediacy of thiyl radicals (Fig. 1a). [6] A popular phosphine enabling peptide desulfurization is tris(2-carboxyethyl)phosphine (TCEP), which is classically used in combination with an excess of the water-soluble azo radical initiator VA-044 (Fig. 1b). The phosphoranyl radical intermediate obtained by reaction of the Cys thiyl radical with the phosphine undergoes a homolytic cleavage to produce an alanyl radical with the concomitant formation of a sulfenylphosphine. Finally, the alanyl radical evolves into an Ala peptide upon reaction with a hydrogen donor such as a thiol. This method is particularly popular and accounts for the majority of the desulfurization reactions performed today. [3] Conceptually, the majority of the Cys desulfurization methods designed afterwards also rely on the powerfulness of TCEP to combine with Cys thiyl radicals (Fig. 1b), but differ by the way the latter are generated using either chemical (boron compounds [7] ), photochemical (UV light irradiation, [8] light irradiation in the presence of ruthenium or iridium metal complexes, [9] ) or electrochemical [10] methods. The discovery of novel Cys desulfurization methods that do not resort on harmful additives, rare metals or complex experimental settings is desirable to enlarge the scope of the NCL/desulfurization synthetic strategy and make it easier to implement. As discussed above, a key step for enabling Cys desulfurization by a phosphine is the formation of thiyl radicals from Cys thiols. This transformation is a single-electron transfer process for which the Fe(II)/Fe(III) couple is particularly competent. [11] We show here that micromolar concentrations of iron in sodium hydrogen carbonate buffer under aerobic conditions are sufficient to effect the selective and efficient desulfurization of Cys thiols in proteins, including as a post ligation treatment in one-pot. An important lesson taken from this work is that a chemical process found in nature can be adapted to serve as a production tool for peptides or proteins of biological interest. By doing so, we succeeded in substituting harmful chemicals by others that are abundant and non-toxic. This work, by showing the efficacy of homogenous iron catalysis for promoting complex chemoselective transformations at the protein level, adds also a novel avenue to the flourishing area of iron-catalysis in organic chemistry. [12] 

Results and Discussion

Screening of Peptide Desulfurization Parameters

The discovery that micromolar concentrations of iron can effect the selective and efficient desulfurization of cysteine residues in the presence of a phosphine came by serendipity, after having noticed that a peptide got spontaneously and quickly desulfurized after being solubilized in ~0.25 M sodium hydrogen carbonate in the presence of tris(2-carboxyethyl)phosphine (TCEP). Experiments conducted using sodium phosphate as the buffering system showed that peptide desulfurization can also proceed in such media, albeit with a rate 2.7-fold lower than those obtained in sodium hydrogen carbonate solution of same concentration (see Supplementary Information). Sodium hydrogen carbonate proved also superior to Good's buffers, further pointing out the peculiarity of this buffer system. The spontaneous desulfurization of thiols in the presence of TCEP was noticed as a side reaction by several authors, but was never considered of synthetic value for being low yielding and erratic. [13] The extent of desulfurization in our experiment in the absence of any apparent radical source was thus surprising and stimulated us to scrutinize some reaction parameters, before investigating in more depth how thiyl radicals can form in such conditions (Fig. 2). We started by looking at the dependence of the reaction to the type of thiol additive used as the hydrogen donor in the desulfurization process (Fig. 2b). Glutathione (GSH), a classical thiol used for peptide desulfurization in the presence of azo radical initiators, [14] gave the worst results. Sodium 3-mercapto-1-propanesulfonate (MPSNa) proved to be superior to the other alkyl thiols examined, followed by sodium mercapto-2ethanesulfonate (MESNa). Interestingly, varying MPSNa concentration revealed that its presence in the desulfurization mixture is beneficial to the reaction but only when used at 10-30 mM (Fig. 2c). In contrast, MPSNa was strongly inhibitory above 50 mM. Regarding the phosphine used in the desulfurization process, TCEP proved to be by far superior to tris(3hydroxypropyl)phosphine (THPP, Fig. 2d), although their pKa are very similar (TCEP pKa 7.7, [15] THPP pKa 7.2 [16] ). Fixing the MPSNa concentration to 30 mM and varying TCEP concentration from 10 to 200 mM revealed that TCEP concentration had to be at least 50 mM to achieve the highest conversions (see supplementary information). The desulfurization of peptide 1a into 2a was scaled up successfully to 810 mg scale (80% isolated). The reaction was performed in plasticware with passive diffusion of oxygen into the aqueous solution. * By-product corresponding to peptide PILKESVHGV-NH2. The proportion of this by-product is increasing if air is bubbled into the reaction mixture (see Supplementary Information). For precedents describing the formation of Ser from Cys during the deselenization of selenocysteine, see refs [18] .

Having clarified the importance of the type and concentration of phosphine and thiol additives, we examined the dependency of the desulfurization process to sodium hydrogen carbonate concentration. The rate of the desulfurization process increased markedly in the concentration range 0.05-0.15 M and plateaued above ~0.24 M (Fig. 2e, see also Supplementary Information). At 0.24 M and 25 °C, the desulfurization reaction followed a second order rate law with k = 0.189  0.005 M-1 s-1 (mean  SEM) and was completed in about 6 h. We also noticed that reactors made of glass were detrimental to the reaction compared to reactors made of polypropylene, perhaps due to a critical component of the desulfurization process that disappears from the solution by adsorbing on glass, or to the inhibition of soluble iron catalyst by silicates liberated in solution (Fig. 2e). [17] 

Reproducibility, Scale-up and Scope

The optimal conditions defined above for effecting the desulfurization of Cys (TCEP 50-100 mM, MPSNa 30 mM, NaHCO3 0.24-0.3 M, 25-37 °C, plastic reactor) proved highly reproducible whether the desulfurization of peptide 1a into 2a was performed in the presence of guanidine hydrochloride (Gdn•HCl, mean HPLC yield 91%, standard error 1.6% for n = 12) or not (mean HPLC yield 91%, standard error 2.2% for n = 9). Importantly, the method was useful on a preparative scale by providing the desulfurized peptide 2a in good yields following HPLC purification (Fig. 3a). The reaction could be scaled up from 30 to 810 mg scale with success without changing the above reaction parameters and by taking care of using plasticware only (Fig. 3b, 78-81% isolated, see Supplementary Information), showing the suitability of the method for peptide production at g scale. We further showed that the method works as well when a methionine (Met) residue is present in the peptide sequence as for peptide 1b (Fig. 3a, see also Supplementary Information), or when the Cys residue is substituted by a penicillamine one (Pen, peptide 1c in Fig. 3a). [14] In the latter case, the desulfurization yields a valine residue and by doing so shows its potential for accessing different peptide junctions. One interesting application of peptide desulfurization is the production of site-specifically deuterated peptides, which are useful tools in life sciences. [19] To probe if the method might enable peptide deuteration, the desulfurization of peptide 1a was performed in deuterated water (Fig. 4a). Doing so resulted in the clean formation of peptide 2a D featuring a deuterium atom in replacement of the Cys thiol and was validated at a preparative scale (5 mg, Fig. 4b).

Implication of Radicals and Homogeneous Metal

Catalysis in the Desulfurization Process Having identified the reagents and conditions enabling peptide desulfurization to proceed efficiently, we next probed if Cys thiol desulfurization proceeds through the intermediacy of free radical species as proposed in Fig. 1c. The introduction of sodium ascorbate in the reaction mixture, a powerful reductant of oxygen free radicals and thiyl radicals and thus a strong inhibitor of the reactions proceeding through such species, strongly inhibited the desulfurization of peptide 1a from the lowest concentration tested (0.1 mM, see Supplementary Information). This experiment shows that free radicals are likely involved in the desulfurization process. We therefore looked for the mechanism leading to their formation. Oxygen free radicals and thiyl radicals are notoriously implicated in the thiol autoxidation into disulfides, a process that has been thoroughly investigated in the past for its importance in organic synthesis, in chemical industry processes such as oil sweetening and biology. [20] Thiolates can spontaneously react with molecular oxygen to produce thiyl radicals and peroxide ion, i.e. RS -+ O2 RS . + O2 .-. However, the catalysis of this process by some metal salts is so efficient that when present, most of the oxidation proceeds via the metal-catalyzed pathway. [START_REF] Tarbell | Organic Sulfur Compounds[END_REF] For example, copper has been shown to be particularly powerful in catalyzing the oxidation of cysteine or related thiols in neutral water. [20] Model peptide 1a was again used to investigate the implication of metal-catalysis in the process (Fig. 5a). One established means for blocking metal-catalysis during the autoxidation of thiols into disulfides is to add a metal complexing agent such as cyanide ion. [20][START_REF] Tarbell | Organic Sulfur Compounds[END_REF] In our case, the addition of cyanide ion to the desulfurization mixture resulted in a dramatic decrease of the reaction rate from the lowest concentration tested (0.1 mM, Fig. 5b). This experiment tells us that a metal is likely implicated in the desulfurization process but gives no information on its nature, because of the capacity of cyanide ion to bind many metal species. We therefore looked at the effect of other metal chelators that are more selective for copper or iron. The addition of tripeptide Gly-His-Lys (GHK) to the desulfurization mixture, a peptide that binds strongly and selectively copper (II), [START_REF] Lau | [END_REF] had almost no effect on the rate of desulfurization (Fig. 5c). In contrast, the addition of desferrioxamine B, [23] a naturally-occurring hydroxamate-type siderophore that has a strong preference for Fe(III) species, blocked the desulfurization of peptide 1a when used above 5.7 µM (Fig. 5c). These data point toward the potential role of iron catalysis in the desulfurization process.

Although desferrioxamine B has a strong preference for Fe(III), it can also bind other metal species such as Al(III) or Ga(III), and to a much lesser extent Cu(II). [23] To definitely establish the nature of the metal implicated in the desulfurization process, we looked at the effect of adding various metal salts to a desulfurization reaction inhibited by desferrioxamine B (Fig. 6a). The inhibition of the desulfurization reaction by desferrioxamine B (5.7 µM) could be removed by adding as low as 5-10 µM of iron sulfate to the reaction mixture (Fig. 6b). In contrast copper sulfate proved to be a poor catalyst (Fig. 6c) and none of the other metals tested (CoSO4, NiSO4, MnSO4) enabled to restore the efficiency of the desulfurization process at its initial levels as does iron (Fig. 6d). Iron is known to be a common contaminant of chemicals and buffers. [24] The reagents and buffer used for the desulfurization process were analyzed separately by inductively coupled plasma mass spectrometry (ICP-MS) to determine their iron content (Fig. 6e). The main source of iron was found to be the peptide, the phosphine TCEP•HCl and the sodium hydroxide used for pH adjustments and to a lesser degree the thiol additive MPSNa. The iron content of a 0.24 M sodium hydrogen carbonate solution was below the detection limit. Summing the individual contributions yields a total iron content of 1.27  0.03 µM. The desulfurization mixture was also analyzed the same way to give an iron content of 1.45  0.68 µM, a value which is in agreement with the preceding one obtained by summing individual contributions. To sum-up at this stage, low micromolar concentrations of iron are sufficient to promote the desulfurization of Cys residues in the presence of TCEP and sodium hydrogen carbonate under extremely mild conditions (25-37 °C, pH 7).

Implication of molecular oxygen in the desulfurization process

Having established that micromolar levels of an iron salt are sufficient for catalyzing the peptide desulfurization reaction in sodium hydrogen carbonate buffer, we looked at the mechanism enabling the recycling of the catalyst. Indeed, in the mechanism proposed in Fig. 1c, iron (III) species convert thiolates into thiyl radicals and by doing so are concomitantly reduced into iron (II) species. The latter need to be oxidized back to iron (III) to make the process catalytic in iron. A good candidate for recycling iron (II) species is molecular oxygen.

Figure 7. Evidence for the involvement of molecular oxygen in the peptide desulfurization process. a An NCL reaction was performed under nitrogen atmosphere in sodium hydrogen carbonate buffer in the presence of MPSNa. Then, TCEP and FeSO4 were added and the reaction mixture splitted into two equal parts. One sample was kept under nitrogen, while the other was aerated. b LC-MS analysis of the crudes. c The yield of desulfurized peptide 6 over time was determined by HPLC (UV detection at 215 nm). The experiment was performed once.

To investigate the importance of oxygen in the desulfurization process, we compared the extent of desulfurization achieved using classical aerobic conditions or an inert nitrogen atmosphere. However, and although the greatest precautions were taken to remove oxygen from the buffer and reactants prior to transferring them to the nitrogen atmosphere and running the desulfurization reaction, only a modest decrease in desulfurization yield was observed compared to the control (see Supplementary Information). A convincing proof for the involvement of oxygen in the desulfurization process came from studies aimed at developing a one-pot NCL/iron-catalyzed desulfurization process. Indeed, we found that the NCL reaction proceeds well in sodium hydrogen carbonate buffer in the presence of MPSNa (30 mM). The NCL reaction between peptides 3 and 4 as depicted in Fig. 7a proceeds with a halfreaction time of 1.1 h (k = 1.70  0.05 10 -4 s -1 ) and is completed in about 6 hours. Logically in such conditions lacking TCEP, no desulfurization can occur during NCL. We reasoned that the desulfurization of the ligated peptide might be triggered subsequently in one-pot by adding TCEP (50 mM) and iron sulfate (10 µM). In the experiment shown in Fig. 7a, extensively degassed solutions of TCEP and iron sulfate were added to the ligated peptide mixture under nitrogen atmosphere and the reaction mixture was split in two equal parts. One sample was aerated while the other was kept under nitrogen. The data presented in Fig. 7b show that the desulfurization process proceeded with the aerated sample, while the extent of desulfurization for the sample kept under nitrogen was insignificant. While in the previous experiment performing the desulfurization reaction under nitrogen atmosphere led only to a limited decrease in extent of desulfurization, in this case we found a striking difference between aerated and non-aerated samples. We believe that for the latter experiment, the oxygen that was present in the buffer at the beginning of the ligation step was consumed during NCL for oxidizing thiols into disulfides, so that no oxygen was still present in the solution when TCEP and iron sulfate were added, explaining the absence of desulfurization for the sample kept under nitrogen.

This experiment shows unambiguously the critical role played by molecular oxygen in the desulfurization reaction. In all the experiments discussed so far including the scale-up study, the entry of molecular oxygen into the reaction mixture was ensured by passive diffusion through the liquid-air interface. In one experiment (peptide 1a, 30 mg scale), air was bubbled into the reaction mixture or not to see if forcing the entry of molecular oxygen into the aqueous solution has any positive impact on the outcome of the desulfurization reaction. We found that bubbling air into the reaction mixture diminished the conversion of peptide 1a into peptide 2a and promoted the formation of a by-product, i.e. peptide PILKESVHGV-NH2 (see Fig. 3 and Supplementary Information), compared to the control. The formation of a seryl residue from Cys one during peptide dechalcogenation has some precedents and is likely due to the interception of intermediate alanyl radicals by molecular oxygen. [18] Having established the implication of iron, hydrogen carbonate and oxygen in the studied reaction, we performed iron(II) speciation calculations to have an idea of the iron-carbonate species formed during desulfurization and propose a candidate for catalyst recycling through oxidation by molecular oxygen. [25] Iron(II) speciation calculations using the iron concentration determined by ICP show that Fe(CO3) is by far the major species formed under our experimental conditions (88%), followed by Fe(HCO3) + (9%) and [Fe(CO3)2] 2-(1%, see Supplementary Information). Of these three iron species, the latter is known to react ~10.000 times faster with molecular oxygen than the other iron-carbonate species. [26] Therefore and although [Fe(CO3)2] 2-represents a minor fraction of total iron(II), it likely plays a major role in the in situ production of iron(III) species. In accord with this hypothesis, the fraction of [Fe(CO3)2] 2-is predicted to increase 7-fold by varying NaHCO3 buffer concentration from 47.5 mM to 285 mM otherwise being identical, a value which is consistent with the ~10-fold decrease in the half-reaction time observed experimentally (see Supplementary Information). 

One-Pot NCL/Iron-Catalyzed Desulfurization

Designing one-pot NCL/iron-catalyzed desulfurization methods is an important goal to achieve for enabling a reduction of poteconomy during chemical protein synthesis, and thus a significant gain in time and yield. [27] During the first attempts to perform an NCL/desulfurization process in one-pot, the addition of TCEP to the ligation mixture triggered the conversion of Cys residue into Ala as expected but at a rate significantly less than those measured for the desulfurization experiments performed on purified peptides. The only difference in reaction mixture composition between the one-pot NCL/desulfurization process and the desulfurization of a purified peptide is the additional presence in the former conditions of a thiol that is released from the thioester component, i.e. 3-mercaptopropionic acid (MPA) for the experiment depicted in Fig. 7a. Since MPA was less powerful than MPSNa for promoting the desulfurization process (see Fig. 2b), the MPA thioester 3 was replaced by an analogue derived from MPSNa in the one-pot NCL/desulfurization process. However, this change did not improve the rate of the desulfurization step, ruling out the possibility that the MPA released during ligation was responsible for the problem. In contrast, adding iron sulfate (10 µM) after completion of the ligation step along with TCEP restored the rate of the desulfurization process to expected values, suggesting that part of the iron catalyst is lost during NCL under anaerobic conditions. With the simple precaution of adding iron sulfate together with TCEP after the ligation step, the one-pot NCL/desulfurization process proved of practical value (Figs. 8,9).

The conditions for performing one-pot NCL/iron-catalyzed desulfurization processes being defined, we sought to exemplify the usefulness of the method by synthesizing polypeptides of biological significance. The first example shown in Fig. 8 describes the synthesis of dermaseptin B2, an antibacterial peptide produced by the frog Phyllomedusa bicolor. [28] Dermaseptin B2 produced through the one-pot NCL/ironcatalyzed desulfurization process proved indistinguishable by LC-MS from an authentic sample produced by solid phase peptide synthesis (SPPS). Both peptides exhibited also the same antibacterial activity against E. coli or S. aureus strains (Minimum Inhibitory Concentration of 1.25 µM and 20 µM respectively, n = 3).

The second example provided in Fig. 9 shows the chemical synthesis of ubiquitin protein. Depending on the peptide thioester used for the assembly, the product of the NCL step features one (12a) or two (12b) internal Cys residues. In both cases, native ubiquitin was successfully obtained by performing the iron-catalyzed desulfurization after ligation in one-pot (see Fig. 9b for the crude ubiquitin obtained from the desulfurization of 12a). Importantly, the circular dichroism spectrum of synthetic ubiquitin was similar to the one obtained from recombinant ubiquitin, showing that the synthetic protein was correctly folded (Fig. 8c).

Discussion

The desulfurization process is catalyzed by iron species, is fueled by molecular oxygen and proceeds through the intermediacy of free radical species. The reaction is sensitive to the nature and concentration of the thiol additive, of the phosphine, as well as of the buffer system. The desulfurization process is particularly powerful in sodium hydrogen carbonate buffer and its rate increases markedly with hydrogen carbonate ion concentration. Overall, the data presented in this report support the mechanism proposed in Fig. 1c. According to this mechanism, the formation of thiyl radicals consumes Fe(III) species that are concomitantly reduced to Fe(II) species. In our experiments, the concentration of iron species is three orders of magnitude less than the peptide concentration. In such conditions, Fe(II) species must be recycled to achieve useful desulfurization yields. Several studies established that the rate of oxidation of Fe(II) into Fe(III) by molecular oxygen is critically dependent on iron speciation. [29] In particular, King and coworkers showed that in natural waters containing more than 1 mM of carbonate ions, the ferrous carbonate complexes Fe(CO3), [Fe(CO3)(OH)] -and [Fe(CO3)2] 2-dominate the speciation of Fe(II). [26] Of these three ferrous carbonate complexes, Fe(CO3)2 2-is the most kinetically active species at neutral pH for reacting with molecular oxygen. The consequence is that [Fe(CO3)2] 2-plays a major role in the degradation of organic matter in many aquatic systems, albeit it is a minor iron species in natural water. Although the exact nature of the iron species involved in the desulfurization process remains to be established, the ease of Fe(II) recycling through the oxidation of ferrous carbonate complexes by molecular oxygen offers a simple explanation for the high dependence of the desulfurization process to sodium hydrogen carbonate buffer concentration. It provides also an explanation for the strong inhibitory effect observed at high thiol additive concentrations, by considering that thiolates bind iron(II) and thus are expected to compete for carbonate ion binding to iron (see supplementary information). [30] Conversely, the speciation calculations indicate that the fraction of Fe(II)-thiolate complex at a total thiol concentration of 30 mM decreases significantly by increasing NaHCO3 concentration (~2% of total iron at 0.3 M NaHCO3). We think that part of the iron(II)-catalyzed peptide desulfurization process reported here is likely reminiscent of the iron-catalyzed oxidation phenomena occurring naturally in aquatic systems. [26,31] Note that phosphate ions have also been shown to promote the oxidation of Fe(II) by molecular oxygen in neutral solutions. [32] Consistent with this knowledge, we found that peptide desulfurization proceeds also well in concentrated sodium phosphate buffer, albeit at a rate significantly well below that measured in sodium bicarbonate buffer. It is well known that iron is a common contaminant of chemical reagents. The trace amounts of adventitious iron present in the HPLC purified peptide and the different reagents used for the desulfurization process, i.e. the phosphine TCEP, sodium hydroxide and the thiol additive MPSNa, result in a total iron concentration of about 1 µM in the desulfurization mixture. Apparently, such a low concentration of iron species is sufficient to ensure an efficient, reproducible and scalable desulfurization process, with the conditions that the buffer providing the carbonate anion catalyst is used at a minimal concentration of 0.24 M.

Conclusion

A hallmark of the desulfurization method reported in this work is the capacity of micromolar levels of a homogeneous iron catalyst to effect a sophisticated chemoselective reaction at the protein level, as well as the simplicity of the reagents needed to effect such a transformation. Iron was found to be by far the most active metal for promoting the desulfurization of Cys residue, and its complexation by carbonate ion is likely critical for achieving high catalytic efficiencies. We showed that the NCL reaction proceeds at a useful rate in sodium hydrogen carbonate buffer in the presence of sodium 3-mercaptopropyl sulfonate, giving the possibility to perform one-pot NCL/desulfurization processes by adding TCEP and FeSO4 to the ligation mixture and aerating the solution. By doing so, one of the most popular method for chemical protein synthesis can be setup with ease by using only cheap and harmless reagents for generating thiyl radicals, i.e. iron, hydrogen carbonate ion and molecular oxygen from air, and by exploiting chemical processes occurring naturally in aquatic systems. The growth of the field of homogeneous iron catalysis has been primarily stimulated by the need for alternatives to noble metal catalysts for effecting organic reactions on small molecules. This work shows that homogeneous iron catalysis has also a great role to play in protein chemistry.

Figure 1 .

 1 Figure 1. The native chemical ligation/desulfurization strategy is central to the field of protein chemical synthesis by enabling the production of peptide bonds to alanine, a frequent amino acid residue found in proteins. a The native chemical ligation/desulfurization strategy utilizing the capacity of phosphines to combine with thiyl radicals is extremely popular. b Methods used so far for in situ generation of thiyl radicals. c In this work, thiyl radicals are formed by reaction of thiolates with Fe(III) carbonate species. The proposed mechanism is reminiscent of the iron-catalyzed oxidation of thiols by molecular oxygen and of iron carbonatecatalyzed oxidative processes occurring in natural waters.

Figure 2 .

 2 Figure 2. Screening of desulfurization reaction parameters. a Studied reaction. b Influence of the type of thiol additive used. c Influence of MPSNa concentration (MPSNa 0-100 mM). d Influence of the type of phosphine used. e Dependency to sodium hydrogen carbonate concentration. The yield of desulfurization over time was determined by HPLC (UV detection at 215 nm). Reactions were performed once.

Figure 3 .

 3 Figure 3. Use of the desulfurization process on preparative scale. a Desulfurization of Cys-or Pen-containing peptides 1a-c at 5 mg scale. bThe desulfurization of peptide 1a into 2a was scaled up successfully to 810 mg scale (80% isolated). The reaction was performed in plasticware with passive diffusion of oxygen into the aqueous solution. * By-product corresponding to peptide PILKESVHGV-NH2. The proportion of this by-product is increasing if air is bubbled into the reaction mixture (see Supplementary Information). For precedents describing the formation of Ser from Cys during the deselenization of selenocysteine, see refs[18] .

Figure 4 .

 4 Figure 4. Use of the desulfurization process for site-specific peptide deuteration. a Desulfurization of peptide 1a in D2O yields mono-deuterated product 2a D . b HPLC analysis of the desulfurization reaction performed in D2O at 5 mg scale.

Figure 5 .

 5 Figure 5. Evidence for the implication of metal catalysis in the desulfurization process. a Reaction used for investigating the implication of a metal in the desulfurization reaction. b Effect of cyanide ion on the desulfurization process. c Effet of Gly-His-Lys (GHK) tripeptide, a strong Cu(II) binder, on the desulfurization process. d Effet of desferrioxamine B, a siderophore that binds efficiently iron(III), on the desulfurization process. The yield of desulfurization over time was determined by HPLC (UV detection at 215 nm). Reactions were performed once .

Figure 6 .

 6 Figure 6. Effect of adding various metal salts to the desulfurization reaction inhibited by desferrioxamine B (5.7 µM). a Reaction used for identifying the metal implicated in catalysis. In panels b-f, the control experiment corresponds to a desulfurization reaction run without added desferrioxamine B and metal salt. b The inhibition of the desulfurization reaction by desferrioxamine B (5.7 µM) is restored by adding iron sulfate to the reaction mixture. c Effect of adding copper sulfate. d Besides FeSO4, none of the other metal salts tested (CuSO4, CoSO4, NiSO4, MnSO4) enabled to restore the efficiency of the desulfurization process as it is observed for the control experiment. The yield of desulfurization over time was determined by HPLC (UV detection at 215 nm). Reactions were performed once. g Fe content of aqueous solutions of peptide 1a, TCEP•HCl, NaHCO3, NaOH, MPSNa and of the desulfurization mixture (1 mM peptide) was determined by

Figure 8 .

 8 Figure 8. One-pot NCL/iron-catalyzed desulfurization process applied to the synthesis of antimicrobial peptide dermaseptin B2. a Principle of the synthesis of dermaseptin B2. b UPLC-MS analysis of the crude NCL/desulfurization process leading to dermaseptin B2 formation.

Figure 9 .

 9 Figure 9. One-pot NCL/iron-catalyzed desulfurization process applied to the synthesis of ubiquitin protein. a Principle of the synthesis of ubiquitin. b UPLC-MS analysis of the crude NCL/desulfurization process leading to ubiquitin formation from peptide thioester 10a (the structure of ubiquitin was generated using pdb entry 1D3Z). c Circular dichroism spectra of synthetic and recombinant ubiquitin (25 °C, 0.1 mg/mL, 10 mM sodium phosphate buffer, pH 7). The synthetic ubiquitin used for CD measurements was produced from peptide thioester 10a. The data represent the mean and standard error (95%), n = 6.
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Cysteine desulfurization by a phosphine can be effected efficiently under aerobic conditions in hydrogen carbonate buffer by micromolar concentrations of iron. The desulfurization mechanism involves likely iron(III) species produced through the oxidation of iron(II)-carbonate complexes by molecular oxygen and is reminiscent of iron-catalyzed oxidation phenomena occurring in natural waters.