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(R)-α-Trifluoromethylalanine as a 19 F NMR Probe for the Monitoring of Protease Digestion of Peptides
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Fluorinated non-natural amino acids are useful tools to improve the bioavailability of peptides but can also serve as fluorinated probes in 19 F NMR based enzymatic assays. We report herein that the use of the non-natural α-quaternarized (R)-αtrifluoromethylalanine ((R)-α-TfmAla) provides a convenient and accurate monitoring of trypsin proteolytic activity and increases the resistance towards pepsin degradation.

10.

Peptides constitute good drug candidates since they often show good selectivity and binding constants toward their target. [1] However their potential as therapeutics is frequently limited by a poor oral bioavailability due to fast protease digestion and a short half-life in plasma. [2] Among the different approaches to overcome this issue, the use of non-natural or chemically modified amino acids is one of the most promising strategies. [3] In this context, the incorporation of fluorinated amino acids in peptides is of great interest since they can alter their biophysical and chemical properties and finely modulate their interaction with proteases. [4] For example, hexafluoroleucine analogs of the antimicrobial peptide magainin 2 or the Glucacon like peptide 1 (GLP-1) showed an increased resistance toward trypsin or dipeptidyl peptidase digestion. [5] The incorporation of quaternarized αtrifluoromethylated amino acids in peptides can also prevent chymotrypsin digestion. [6] Moreover, fluorinated peptides are valuable probes for investigating by liquid or solid-state 19 F NMR spectroscopy the interactions of biological molecules since biological media are free of fluorine atoms avoiding background signal and because 19 F isotropic chemical shift is very sensitive to small structural perturbations. [7] Recently, 19 F NMR was applied successfully in several drug discovery processes: screening, fragment based drug discovery, binding assays, enzymatic activity monitoring, conformational and structural analysis. [8] Among these methods, n-FABS (n-Fluorine Atoms for Biochemical Screening) is especially well suited for performing a functional assay. [9] We report herein that the incorporation of the enantiopure nonnatural α-quaternarized (R)-α-trifluoromethylalanine ((R)-α-TfmAla) in a substrate peptide can provide a convenient and accurate monitoring of the enzyme proteolytic activity or an increase of its resistance towards degradation. The efficiency of TfmAla as a suitable fluorinated tag for performing the 3-FABS against trypsin will be highlighted and its ability to delay the digestion of peptides by pepsin will be demonstrated. The 19 F NMR -based functional assay n-FABS (n Fluorine Atoms for Biochemical Screening) represents a powerful approach for the rapid screening of molecules against an enzyme or multiple enzymes in order to discover inhibitors or enhancers of the enzymatic reaction. [9,10] Although this approach is currently suffering from low sensitivity when compared to methods such as for example fluorescence, colorimetric and radioactive assays, it has some unique properties. This method can be applied to all different classes of enzymes because the fluorinated group can be inserted into the substrate far away from the modification site thus not interfering with the enzymatic reaction. It is biocompatible, flexible, rapid in its set-up and can be applied to simple and composite chemical biological systems such as, for example, those encountered in intact living cells. [9d] Furthermore the lack of signal interference and the simultaneous NMR quality control of the tested molecules allows identification and accurate measurement of the IC50 and KI values of bona fide inhibitors. [9c,11] The n-FABS method requires the labeling of the substrate or cofactor with a fluorinated moiety. For sensitivity purposes, the use of CF3 or multiple magnetically equivalent CF3 groups are preferred when this is possible. [9,12] For the application to peptidic substrates, several strategies are available for the synthesis of fluorinated amino acids. [13] One appealing approach is offered by the use of α-trifluoromethylalanine. [14] In this study, we designed two short tetrapeptidic substrates of trypsin and pepsin containing (R)-α-trifluoromethylalanine. The trifluoromethylated trypsin substrate 1 includes an arginine in P1 position (Px position precedes and Px' position follows the amide bond cleaved according to the nomenclature of Schechter and Berger) [15] and an alanine in P1' position that would ensure a good recognition by trypsin, the C-terminal amide function mimics a longer peptide and the TfmAla is placed in the P2 position,close enough to the cleavable amide bond to ensure a sufficient fluorine chemical shift difference between the substrate and product. [9a] Noteworthy, the incorporation of an aromatic amino acid generally used to facilitate the detection by HPLC analysis, was not needed here since the digestion will be monitored by 19 F NMR. On the other hand, the trifluoromethylated pepsin substrate 2 has a phenylalanine in P1 position to provide a good recognition by pepsin. The α-TfmAla in P1' position is intended to increase the resistance towards pepsin. Two alanines placed in P2 and P2' positions protected as an acetate in the N-terminal position and an amide function at the C-terminal position complete the structure (Figure 1).

Figure 1.

Structures of trifluoromethylated peptides 1 and 2. Px position precedes and Px' position follows the amide bond cleaved according to the nomenclature of Schechter and Berger. [15] Because of the strong nitrogen atom deactivation imparted by the trifluoromethyl group, the incorporation of the α-TfmAla in a peptide requires specific conditions especially concerning the Nterminal coupling reaction. [14c] Thus the tetrapeptide H-Ala-TfmAla-Arg-Ala-NH2 1 has been synthesized using Cbz protection in a classical liquid phase synthesis procedure starting from commercially available Cbz-Arg(NO2)-OH and H-Ala-NH2. The Cbz removal was performed in acidic conditions (HBr/AcOH) to prevent the reduction of the nitro protecting group. A mixed anhydride activation was used to perform the N-terminal coupling of the deactivated TfmAla with alanine. A final palladium catalyzed hydrogenolysis followed by a semi-preparative HPLC purification gave the tetrapeptide 1 in 22% overall yield (Scheme 1).

Scheme 1. Synthesis of tetrapeptide H-Ala-TfmAla-Arg-Ala-NH2 1. HOBt: hydroxybenzotriazole, EDCI: 1-éthyl-3- [3-(diméthylamino)propyl]carbodiimide, DMF: dimethylformamide, Cbz: carboxybenzyle, NMM: N-méthylmorpholine, IBCF: iso-butylchloroformate.

The Cbz-TfmAla-OH 5 was synthesized following our previously reported procedure. [14c] Alternatively, the trifluoromethylated peptide 1 has also been prepared by Solid Phase Peptide Synthesis (SPPS) using a dipeptide block strategy to introduce the α-TfmAla. The fluorinated dipeptide Cbz-Ala-TfmAla-OH was synthesized independently in liquid phase. If higher quantities of peptide are obtained using the liquid phase synthesis, SPPS give a faster access to peptide 1. Therefore the same dipeptide block strategy was used for the SPPS synthesis of the peptide 2 Ac-Ala-Phe-(R)TfmAla-Ala-NH2 (see Supporting Information). [14c] Trypsin was chosen for the validation of peptide 1 as a fluorinated tag in a 19 F NMR based activity assay. Trypsin is part of pancreatic proteases and can be considered as the prototype of the serine S1 endopeptidase family. Trypsin prefers to cleave amide bond after basic Arg or Lys in P1 position at an optimum pH of 7.6. Typical activity assays use a colorimetric substrate such as Nbenzoyl-L-Arginine ethyl ester hydrochloride (BAEE). A timecourse NMR experiment was performed by incubation of peptide 1 with trypsin directly in NMR tubes, in absence or presence of the known trypsin inhibitor 9 (3-fluoro-4-methylbenzamidine). [16] Figure 2 As it can be appreciated the fluorinated product (P) of the enzymatic reaction diffuses faster with respect to the substrate (S) in agreement with its smaller size due to the cleavage by trypsin. The 2D 19 F NMR DOSY experiment is particularly useful for the deconvolution of fluorinated chemical mixtures. [17] In particular; it is useful for characterizing systems where a substrate or multiple substrates undergo multiple enzymatic modifications because the enzymatic reaction(s) results in a change in mass of the substrate(s). In the presence of 100 µM of 9 the enzymatic reaction is significantly slowed down as it can be appreciated in Figure 2 right. A plot of the formation of fluorinated cleaved peptide in the absence and in the presence of the inhibitor 9 is shown in Figure 4.

In the absence of inhibitor, the reaction rapidly deviates from linearity due to the large substrate consumption whereas in the presence of the inhibitor the reaction is linear even after three hours of incubation time due to the small substrate consumption. In order to calculate the IC50 value for molecule 9 from this continuous format assay, it is necessary to restrict the analysis of the data of Figure 4 only to the initial linear phase of the reaction. The ratio of the fitting line slopes a+ and a-in the presence and absence of the inhibitor, respectively, are used to extract the inhibition value F according to the equation:

𝐹 = 100 * (1 - 𝑎 + 𝑎 - ) (1)
The IC50 value, using only one concentration of inhibitor [I], is then given by the equation: In our case the F value at a 100 µM concentration of molecule 9, calculated with equation ( 1), is 87% thus resulting, according to equation ( 2), in an IC50 value of 14.9 µM. This is very close to the value of 8.6 µM reported in the literature and obtained with full titration of the inhibitor. [16] The peptide 2 (Ac-Ala-Phe-(R)-TfmAla-Ala-NH2) was tested as substrate with the main stomach enzyme: pepsin. This broad specificity endopeptidase cleaves peptides with large aromatic and hydrophobic amino acid on either side of the peptide bond.

𝐼𝐶 50 = [𝐼] * ( 100-𝐹 𝐹 ) (2) 
The 19 F NMR spectra recorded as a function of incubation time after the addition of 32 µM pepsin from porcine gastric mucosa are reported in Figure 5. The consumption of the substrate (S) is slow and a fluorinated product (P) starts to be visible only after six hours of incubation. The reaction is not complete even after 70 hours of incubation time. In the absence of pepsin the peptide is stable and only the 19 F NMR signal of the substrate is visible. Two dimensional 19 F DOSY, 1 H TOCSY and 1 H ROESY experiments were performed to characterize the product resulting from the cleavage of peptide 2. Therefore, the cleavage site cannot be at the C-terminus of the Phe residue because this would have resulted in a fluorinated peptide which would be significantly smaller in size compared to the substrate. Two Dimensional 1 H NMR TOCSY and 1D 1 H NMR experiments performed on this sample reveal the presence of the amide NH resonances for all the residues of the products with the exception of the NH of Phe (see Figure S1). In addition, sequential ROE cross peaks αH Phe/NH TfmAla are observed for both substrate and fluorinated product (see Figure S2) thus confirming the presence of the Phe-TfmAla peptide bond in the fluorinated product. Based on these results we can conclude that the enzymatic cleavage occurs at the peptide bond between the Ala and Phe residues. From these results it is clear that the presence of the (R)-α-TfmAla in P1' position has two strong effects on peptide degradation by pepsin. First we observe a clear increase of the peptide proteolytic resistance towards pepsin. Only 40% of 2 is cleaved after 24 hours when a non-fluorinated substrate is cleaved more rapidly (see SI for the degradation of Ac-Ala-Phe-Ala-Ala-NH2). Secondly the amide bond between Phe and (R)-α-TfmAla is totally preserved during the study; the only cleavage is observed at the N-terminus of the phenylalanine. If the metabolic resistance of (R)-α-TfmAla incorporating peptides towards chymotrypsin was already known, [6] we show herein that a comparable resistance is observed towards the aspartic protease pepsin. Previous studies showed that S1' subsite could accommodate a large highly fluorinated hexafluoroleucine, [4b,4c] it is not the case for the α-quaternarized (R)-α-TfmAla being poorly recognized by the enzyme subsite. Moreover we can hypothesize that the resistance of the amide bond between Phe and (R)-α-TfmAla is due to the strong electron withdrawing effect of the trifluoromethyl group preventing nitrogen protonation during amide hydrolysis mechanism.

In conclusion, the trifluoromethylated peptide 1, incorporating an (R)-α-TfmAla in P2 position, was successfully used as a substrate in a 19 F NMR -based functional assay (3-FABS) against trypsin. It allowed a rapid and accurate IC50 measurement of trypsin inhibitors. Trifluoromethylated peptide 2, incorporating an (R)-α-TfmAla in P1' position, was tested as a pepsin substrate and showed an interesting metabolic resistance toward this enzyme. [START_REF]pepsin digestion of peptide Ac-(R)-TfmAla-Phe-Ala-Ala-NH2 show also a good resistance to proteolysis with the (R)-TfmAla in P2 position. SPPS synthesis, characterization of Ac-(R)-TfmaAla-Phe-Ala-Ala-NH2 and preliminary results of time-course 19 F NMR observed digestion by pepsin: all details can be found in Supporting Info[END_REF] Therefore, the non-natural α-quaternarized αtrifluoromethylalanine ((R)-α-TfmAla) constitutes an excellent fluorinated tag for 3-FABS studies or an efficient tool to increase the metabolic stability of peptides depending on the enzyme and depending on its position relative to the cleavage site. "On the fly" characterization of the enzymatic degradation products underlined the great potency of these 19 F NMR -based assays. 
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  left shows the 19 F NMR spectra of the peptide 1 recorded as a function of incubation time after the addition of 100 nM bovine pancreas trypsin. The enzyme trypsin cleaves the peptide at the C-terminus of the arginine. The 19 F NMR signal of the peptide 1 labelled S (substrate) rapidly decreases in intensity and a new upfield (Δδ ≈ 0.1 ppm) signal labelled P (product) appears and rapidly increases in intensity. The new signal originates from the enzymatically cleaved peptide containing the CF3 moiety. This is confirmed in the 2D 19 F DOSY experiment of Figure 3.

Figure 2 .

 2 Figure 2. Expanded region of the 19 F NMR spectra of 1 (100 µM) in phosphatebuffered saline (PBS) solution (8% D2O) in the presence of 100 nM bovine pancreas trypsin. The symbols S and P correspond to the 19 F NMR signals of the substrate and fluorinated product, respectively. The spectra were recorded at 25 o C in the absence (left) and presence (right) of 100 µM of the inhibitor (9).
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Figure 3 .

 3 Figure 3. Expanded region of the 2D 19 F NMR DOSY spectrum recorded at 25 o C for the sample containing 1 (100 µM) and 100 nM trypsin in PBS (8% D2O). The symbols S and P correspond to the 19 F NMR signals of the peptide 1 and fluorinated cleaved peptide H-Ala-TfmAla-Arg-OH, respectively.

Figure 4 .

 4 Figure 4. The % of fluorinated cleaved peptide (P) in the presence of 100 nM trypsin as a function of incubation time in the absence (square) and presence (circle) of 100 µM of compound (9) and best fit of the experimental data. The % of product is calculated in each spectrum by measuring the integral of the signals S and P and by normalizing the sum of these two values to 100.

Figure 5 .

 5 Figure 5. Expanded region of the 19 F NMR spectra of 2 (160 µM) in aqueous solution (8% D2O) at pH 2.0 in the presence of 32 µM pepsin from porcine gastric mucosa. The symbols S and P correspond to the 19 F NMR signals of the substrate and fluorinated product, respectively.

Figure 6

 6 Figure 6 reports the 2D 19 F DOSY spectrum and the 1D 19 F spectrum acquired immediately before. It is worth noting the small difference in the diffusion coefficient D for the two peptides.

Figure 6 .

 6 Figure 6. Expanded region of the 2D 19 F NMR DOSY spectrum recorded at 25 o C for the sample containing 2 in aqueous solution at pH 2.0 (8% D2O) in the presence of 32 µM pepsin from porcine gastric mucosa. The symbols S and P correspond to the 19 F NMR signals of the peptide and fluorinated cleaved peptide, respectively.
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