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The biological system uses L-amino acids (L-AAs) to construct peptides. The selection of AA chirality in the prebiotic Earth still remains a mystery. Here we report the intrinsic mechanism of AA chiral selection in the formation of prebiotic proline-containing cyclic dipeptide (DKPs). The DKPs were synthesized by equal amounts of L-AA and D-AA with L-Pro that exhibited a clear preference for D-AA as opposed to L-AA. And surprisingly, the L-AA was preferred over D-AA in the mirror-image system with D-Pro. These results indicate that prebiotic DKPs synthesis has a certain selectivity for AA chirality preceded the biological enzymatic catalysis.
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1 INTRODUCTION
Life on Earth has a unique characteristic of chiral selection, e.g., L-amino acids (L-AAs) in proteins and D-nucleosides in nucleic acids (Bondy and Harrington, 1979; Bonner, 2000; Tamura, 2008). It is widely known that the chirality of biomolecules is catalyzed by bio-enzymes. The process of enzymatic catalyzed chirality is extremely precise and complex and cannot be realized at the beginning of life. However, the question of prebiotic chiral selection in biomolecule remains an abstruse problem. For the chemical origin of life, the simpler forms must have driven the prebiotic chiral selection process. Something as simple as intrinsic reactivity may have driven the prebiotic evolution process (Joshi et al., 2000; Rikken and Raupach, 2000; Hazen and Sholl, 2003; Ying et al., 2018a; Guasti, 2019; Yachmenev et al., 2019; Ye et al., 2019).
Cyclic dipeptides (DKPs), as one kind of the simplest peptide derivatives, have been found to have chiral catalysis properties (Prasad, 1995; Poullennec et al., 2002; Borthwick, 2012; Manchineella et al., 2013). DKPs might have chiral catalytic characteristics previous to the appearance of the bio-enzymes within the prebiotic chemical evolution. Consequently, it is reasonable to consider that DKPs ought to have played a crucial function in this process (Huber et al., 2003; Ying et al., 2018b). The synthesis of DKPs has been implemented under different conditions (Botti et al., 1996; Trauger et al., 2000; Lambert et al., 2001; Jainta et al., 2008; Nonappa et al., 2011; Borthwick, 2012), but there are limited reports involving plausible prebiotic chemical inventory, i.e., aqueous environment (Parker et al., 2014; Ying et al., 2018b; Guo et al., 2021). P3m may have existed in the prebiotic environment. Yamagata found volcanic production of polyphosphates including P3m (Yamagata et al., 1991). Rabinowitz demonstrated that some amino acids, such as Gly and Ala, could be condensed to dipeptides in aqueous solutions with maximum yield by treatment of P3m which may play an important role in the prebiotic synthesis of peptides (Rabinowitz et al., 1969).
We recently reported the formation of DKPs from free AAs with the presence of trimetaphosphate (P3m) in aqueous solution (Ying et al., 2018b). Meanwhile, we found proline-containing DKPs (cyclo-Pro-AAs) can spontaneously be acquired from linear dipeptides under aqueous environment. Notably, the yields of DKPs had been suffering from the sequence of linear dipeptides and whether the reaction contains P3m (Guo et al., 2021). These findings are very useful to understand the formation of DKPs and provide some guidelines for properly know-how the function of DKPs in the process of prebiotic chemistry.
In our assay, cyclo-Pro-AAs were detected in L-Pro reaction with L-AAs (Ying et al., 2018b). How the effect of Pro and AAs chirality on the formation of cyclo-Pro-AAs in plausible prebiotic situations has not been mentioned. In other words, it was unclear whether the chirality of Pro and another AA (components of cyclo-Pro-AA) have effect on the corresponding DKPs synthesis. In this paper, we experimentally explored the amino acid chiral selection in the process of prebiotic DKPs synthesis.
2 MATERIALS AND METHODS
A sealed tube was charged with L-Pro or D-Pro (.05 mmol, .5 equiv.), L-AA or D-AA (.1 mmol, 1 equiv.) and P3m (.1 mmol, 1 equiv.) in water (1 ml) under regular air compositions. The pH of reaction mixtures were adjusted to 11.7 with 10 M NaOH. Then, the samples were carried out in an incubator at 35°C for 6 days. After cooling at room temperature, the mixture were filtered with the .22 μm filter for HPLC-MS analysis.
2.1 Materials
L-proline (L-Pro), L-alanine (L-Ala), L- arginine (L-Arg), L-leucine (L-Leu), L- Methionine (L-Met), D-proline (D-Pro), D-alanine (D-Ala), D- arginine (D-Arg), D-leucine (D-Leu) and D- methionine (D-Met) were purchased from MACKLIN (China). Trimetaphosphate (P3m) was purchased from Sigma Aldrich (United States). NaOH was obtained from Energy Chemical (China). Analytical reagents methanol (High Performance Liquid Chromatography (HPLC) grade) was purchased from SpectrumChemical. HPLC grade formic acid was purchased from Sigma Aldrich (United States). Ultrapure water (Millipore, 18.2 MΩ) was used to prepare the aqueous solutions and the mobile phase.
2.2 General Procedure for Trapping the Proline-Containing DKPs (Cyclo-Pro-AAs)
For Cyclo-L-Pro-AAs, .1 mmol L-/D-AA was mixed with .05 mmol L-Pro in 1 ml trimetaphosphate (P3m, .1 mmol) aqueous solutions, respectively. The pH of the mixtures was adjusted to 11.7 with 10 M NaOH. Then, the samples were carried out at 35°C for 6 days.
For Cyclo-D-Pro-AAs, .1 mmol L-/D-AA was mixed with .05 mmol D-Pro in 1 ml P3m aqueous solutions, respectively. The pH of mixtures was adjusted to 11.7 with 10 M NaOH. Then, the samples were carried out at 35°C for 6 days.
2.3 Analytical Methods of HPLC- Mass Spectrometry
MS was performed using Bruker micrOTOF-Q Ⅱmass spectrometer in positive-ion mode. The MS main spectrometer parameters were as follows: capillary voltage: 4,500 V; nebulizer pressure: 2 bar; dry gas: 8 L min−1; dry temperature: 200°C. Mass spectra were recorded in the mass range from m/z 50 to m/z 1,000. The 1/10 eluate sample was introduced into electrospray ionization-MS (ESI-MS) through a splitting three-way pipe. In order to detect the reaction product online, we set up the divert valve of the MS spectrometer parameters as follows: 1) when the divert valve was set to waste position in the first 3 min, so that the HPLC flows directly to waste tank; 2) and then, when the divert valve was switched to source position, the valve can be used for HPLC flows immediately to MS ion source.
The HPLC was performed on Agilent HPLC systems series 1,260 Infinity. The mobile phase A was .1% formic acid and mobile phase B was methanol. The gradient elution program was used: 5%–30% B: 0–15 min; 30%–70% B: 15–20 min; 70% B: 20–22 min; 70%–5% B: 22–24 min; 5% B: 24–29 min. The column was kept at ambient temperature. The HPLC flow rate was .8 ml min−1 with TC- C18 column (4.6 mm × 150 mm, 5 μm, Agilent).
2.4 Analytical Methods of Circular Dichroism
CD were performed on a 1700 JASCO circular dichroism spectrometer. The samples for the CD measurements were prepared in 1 mm cuvette. The CD instrument parameters were as follows: scanning speed: 50 nm min−1; bandwidth: 1 nm; sheath gas flow rate: 3 L min−1; data pitch: .1 nm. CD were registered in the scan range from 190 to 260 nm.
3 RESULTS AND DISCUSSION
Initially, we investigated whether the chirality of amino acid (AA, one of components of cyclo-Pro-AA) would affect the formation of cyclo-Pro-AAs. The synthesis of chiral cyclo-Pro-Leu using equal amounts of D-Leu and L-Leu with L-Pro and trimetaphosphate (P3m) was carried out at an initial pH 11.7 at 35°C for 6 days, respectively. The pH was not adjusted during the whole process. The reaction was quenched with 4 M HCl solution. All the experimental data reported here were obtained after repeating the experiments three times. The resulting reactions were monitored by HPLC-high resolution mass spectrometry (HPLC-HRMS).
The reaction of D-Leu with L-Pro showed an extracted ion chromatogram (EIC) of m/z 211.1441 with retention times, respectively, of 19.8 and 20.2 min, which correspond to cyclo-Pro-Leu molecular ions [M + H]+ (Figures 1A,B). This result indicated that the cyclo-Pro-Leu has two isomers. There are two reasons for this phenomenon. One is the racemization of D-Leu or L-Pro during the reaction. Another possibility is that enantioselection occurred during the cyclo-L-Pro-D-Leu formation. To explain this confusion, we then investigated whether the chiral amino acids used in the experiment were racemized under the above reaction conditions (that is an initial pH 11.7 at 35°C for 6 days). The results showed that these chiral amino acids did not undergo chiral racemization (Figure 2). So, the two isomers may be the result of the condensations reaction itself, in which two different stereoisomer products were formed from the reaction of L-Pro and D-Leu. Therefore, the yield of cyclo-L-Pro-D-Leu is the sum of these two peaks of 19.8 min and 20.2 min (Figures 1A,B). Similarly, in Figure 1C, the yield of cyclo-L-Pro-L-Leu is the sum of peak 19.8 min and peak 20.2 min (Figures 1A,C).
[image: Figure 1]FIGURE 1 | Formation of cyclo-L-Pro-Leu from a reaction mixture of L-Pro, L/D-Leu and P3m in an alkaline aqueous solution (pH = 11.7). The calculated value of cyclo-Pro-Leu [M + H]+ is 211.1441. (A) Reaction scheme. (B) EIC-MS spectrum of the cyclo-L-Pro-L-Leu from the L-Pro reaction with L-Leu. (C) EIC-MS profile of the cyclo-L-Pro-D-Leu from the L-Pro reaction with D-Leu.
[image: Figure 2]FIGURE 2 | CD spectra of four chiral Leu. Blue line: the CD spectrum is derived from freshly prepared L-Leu aqueous solutions. Purple line: the CD spectrum of L-Leu in an initial pH 11.7 at 35°C for 6 days Black line: the CD spectrum is derived from freshly prepared D-Leu aqueous solutions. Red line: the CD spectrum of D-Leu in an initial pH 11.7 at 35°C for 6 d. The results showed that L-Leu or D-Leu did not undergo chiral racemization in the experiment reaction conditions.
These results indicated that both L-Leu and D-Leu with L-Pro can form corresponding chiral cyclo-Pro-Leu under alkaline aqueous solution, respectively. And remarkably, it showed that the formation of cyclo-L-Pro-D-Leu was preferred over that of cyclo-L-Pro-L-Leu by a ratio of about 6.61: 1, i.e., D-Leu was preferred over L-Leu in the presence of L-Pro (Figures 3, 4). Moreover, when the chirality of Pro was changed into the D-configuration, the results showed that the yield of cyclo-D-Pro-L-Leu from L-Leu was higher than that cyclo-D-Pro-D-Leu from D-Leu, which was improved to 6.42-fold (Figure 4; Supplementary Figures S2–S3). As in our previous study, cyclo-Pro-Pro was the primary product of Pro reaction with other amino acids in the P3m alkaline solution, while cyclo-Pro-Leu (heterocyclic dipeptides) were relatively rare (Ying et al., 2018b). The formation of cyclo-Pro-Pro did not involve chiral selection, so the cyclo-Pro-Pro was not considered in this study.
[image: Figure 3]FIGURE 3 | HPLC spectra analysis of cyclo-Pro-Leu products. (A): HPLC profile for the reaction products cyclo-L-Pro-L-Leu of L-Leu with L-Pro and P3m in aqueous solution. (B): HPLC spectrum of products cyclo-L-Pro-D-Leu from the reaction system with D-Leu, L-Pro and P3m. The peaks in the gridlines represent corresponding products cyclo-Pro-Leu. The peak with retention time of 11.9 min was cyclo-Pro-Pro.
[image: Figure 4]FIGURE 4 | The relative intensity of UV- absorption of the cyclo-Pro-AAs at 210 nm in these reactions. (A) Bar graph representation of the reaction L-Pro with four L-/D-AAs, respectively. (B) Bar graph representation of the reaction D-Pro with four L-/D-AAs, respectively.
Moreover, analogous experiments were also performed with the other three L-/D-AAs (Arg, Met and Ala) revealing similar selectivity for the cyclo-L-Pro-AAs and cyclo-D-Pro-AAs species. That was L-Pro preferentially reacted with the D-AA to form cyclo-L-Pro-AA while D-Pro chose L-AA more than D-AA to form cyclo-D-Pro-AA (Figure 4; Supplementary Figures S1, S4–S15). It was further shown that the yield of heterochiral cyclo-Pro-AA was higher than that of homochiral cyclo-Pro-AA (Figure 5; Supplementary Figure S16).
[image: Figure 5]FIGURE 5 | Effect of chirality of Pro and Leu on the cyclo-Pro-Leu formation. These reactions were carried out under standard conditions.
In the case of Ala, the reaction with L-/D-Pro showed EIC (m/z 169.0972) of cyclo-Pro-Ala yielding one peak with the retention time of 8.6 min (Supplementary Figures S12–S15). The unusual behavior of Ala was attributed to the small polarity difference between two stereoisomers of cyclo-Pro-Ala, which results in their retention times being almost identical in the HPLC-MS.
Taken together, our data showed that chiral selection of amino acids can occur during the process of AAs reaction with Pro generating cyclo-Pro-AAs. These results revealed that the formation of cyclo-Pro-AAs for the reaction of L-/D-AA and Pro exhibit an intrinsic chiral selection at the molecular level. Figure 4 shows that the chiral selectively was about 1.65–6.61 fold for each case, respectively. Alata argues that cyclic dipeptide was a planar structure when it was formed by amino acids with small side chains (e.g., glycine). When the side chain groups of amino acids are larger, a planar structure is produced only when the amino acids have opposite chirality which had smaller formation energy (Alata et al., 2017). It is coincided with our results. In other words, heterochiral cyclic dipeptides are formed more than homochiral cyclic dipeptides. Pro is thought to have existed in the prebiotic environment and was one of the first amino acids to be biologically encoded (Zaia et al., 2008). Cis-trans isomerization reactions usually limit the rate of peptide and protein folding (Wedemeyer et al., 2002). Pro can kink the helix, terminate the helix, and form amide hydrogen without the helix (Counterman and Clemmer, 2004). We speculate that Pro may have provided a special contribution to the evolution of peptides due to its aforementioned properties. Studying the formation and structure of Pro-containing DKP may be a key step in prebiotic peptides. According to previous studies, some characteristic environmental factors could achieve chiral enrichment of amino acids from the initial racemic mixing in the early Earth (Bondy and Harrington, 1979; Hazen et al., 2001; Wedyan and Preston, 2005; Breslow and Cheng, 2009; Fraser et al., 2011a; Fraser et al., 2011b). During the long-term evolution of the Earth, some environmental conditions led to selective enrichment of L-AA under a prebiotic environment (Bondy and Harrington, 1979; Breslow and Cheng, 2009). In the above mentioned case, D-AAs are more likely to participate in the formation of cyclic dipeptides in the presence of L-Pro of enantio-enrichment, resulting in more L-AAs to take part in other reactions (e.g., linear dipeptides synthesis). Although this chiral selection is under weak pressure, it could lead to an overpowering preference to use L-amino acids in the biological system over the long period of the prebiotic evolution process.
4 CONCLUSION
In conclusion, reactions of L-/D-amino acids (AAs) with Pro can shape the corresponding chiral cyclo-Pro-AAs in the alkaline aqueous solution. Furthermore, the chiral selectivity of AAs, during the cyclo-Pro-AAs formation, has been found at the molecular level. In other words, cyclo-Pro-AAs can be synthesized by L-Pro with a clear preference for D-AA over L-AA. Vice-versa, L-AA was preferred over D-AA in the presence of D-Pro. These findings are very helpful to understand the chiral selection of AA in the prebiotic chemical evolution. Therefore, we believe that the fixed chirality of AA in biosystem peptides is not necessarily determined in a certain process, but may be caused by the confluence of multiple processes.
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