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Life on Earth uses a common set of L-amino acids (L-aa) to construct proteins and p-nucleosides (D-
Nu) to form nucleic acids, which serve as the carrier of genetic information. Herein, we reveal the in-
trinsic mechanism of chiral selection of L-aa and p-Nu from the perspective of chemical origin of life.
This work employed '"N-labeled r-aa and performed one-pot synthesis of nucleotide amidate of amino
acid (N-aa-NMP) using equal amounts of L-'>N-aa and D-'¥N-aa with p-/L-Nu in the aqueous solution of
trimetaphosphate, generating L-'>N-aa-NMP and D-!“N-aa-NMP, respectively. The 3'P-NMR data indicated
that L-aa was preferentially selected during the formation of N-aa-NMP in the presence of D-Nu. Surpris-
ingly, D-aa was preferred over L-aa in the presence of L-Nu. Further analysis revealed that L->N-aa-D-NMP
vs. D-"N-aa-L.-NMP and D-'#N-aa-D-NMP vs. L-">N-aa-L-NMP were mirror isomers of each other, respec-
tively. These data suggest that there could be a set of chiral systems opposite to that on Earth, which
infers there might be a world of life that is a mirror image of the Earth.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Natural biological molecules have a unique characteristic of
chiral selection such as amino acids of L-configuration in pro-
teins and nucleosides of D-configuration in nucleic acids. Current
mechanisms affording chiral selection of biomolecules implicate
possible roles of force fields [1-5], crystallization [6], adsorption
[7], magnetization [8], circular polarized light [9-11] and self-
assembly [12-14]. However, the question of chiral selectivity in
natural amino acid and nucleoside is still a mystery. According to
the “RNA world” hypothesis, chemical evolution prepares condi-
tions for the emergence of life, prompting subsequent biological
evolution [15,16]. Thus, we proposed that chiral selection results
from some simple intrinsic chemical reaction in the prebiotic en-
vironment.

In contemporary biochemistry, aminoacyl-tRNA (aa-tRNA) is
produced by the transfer of aminoacyl group from 5’-aminoacyl-
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adenylates (5’-aa-AMPs) to the 2’/3/-OH terminus of tRNA (Fig. 1A)
[17-19]. Tamura and Schimmel have reported that the RNA minihe-
lix acts as a carrier for chiral selection of amino acids by simulat-
ing the aminoacylation of RNA. And the RNA minihelix is thought
to be the precursor of the tRNA (Fig. 1B) [20-22]. It is possible that
chiral selection happened in the formation of 5-aa-AMP. However,
to our best knowledge, such chiral selection has not been reported.
5’-aa-AMPs are the pivotal activated intermediates used by all
living organisms in peptide synthesis. Remarkably, they are highly
unstable and easily undergo hydrolysis [23-25]. Recently, we have
investigated nucleotide amidate (N-aa-NMP, including N-aa-AMP,
N-aa-GMP, N-aa-CMP and N-aa-UMP), which are the analogs of
5’-aa-AMPs, obtained from the reaction of amino acid, nucleoside
and trimetaphosphate (P;m) under prebiotic conditions (Scheme 1)
[26,27]. In particular, the Lost City hydrothermal field, where there
are 40-91°C alkaline hydrothermal fluids (pH 9~11), might be ap-
propriate as potential milieu for driving the origin of life [28,29].
As the chemical and physical characteristics of early evolu-
tionary biochemical module may not be related to contemporary
biosystem [30], we believed that the N-aa-NMP might be precur-
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Fig. 1. Biosynthesis of aa-tRNA and chiral selection of plausible prebiotic process. (A) Formation of 5-aa-AMPs from a mixture of L-aa and ATP lead to aa-tRNA forming in the
biosynthesis. (B) The chiral selectivity of L-/pD-amino acid comes during the formation of aa-RNA minihelix. (C) The chiral selectivity of L-/pD-amino acid in our experimental
scheme. aa: amino acid; 5'-aa-AMPs: 5’-aminoacyl-adenylates; tRNA: transfer RNA; aa-RS: aminoacyl-tRNA synthases; Nu: nucleoside.
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Scheme 1. Reaction of amino acid, nucleoside and Psm for N-aa-NMP synthesis.
B represents the nucleobase, namely adenine, guanine, cytosine and uracil. CAPA:
Cyclic acylphosphoramidate.

sors of 5'-aa-AMPs. Thus, N-aa-NMP were used as models to probe
the chiral selection between L-/D-amino acid (L-/D-aa) and D-/L-
nucleoside (D-/L-Nu) (Fig. 1C).

One-pot synthesis of chiral N-aa-NMPs using equal amounts of
L-N-aa and p-N-aa with the nucleoside and P;m were carried
out at an initial pH of 11.7 and 45 °C for simulating the alkaline
aqueous solution of the Lost City hydrothermal field as the plau-
sible prebiotic conditions. The pH value of the reaction eventually
dropped to 8~9 after 5 h. The resulting reaction was monitored by
31p NMR spectroscopy. It was found that the 3'P NMR signal of L-
15N-aa-NMP was split into a doublet signal due to the coupling by
I5N. The corresponding signal for that of p-4N-aa-NMP appeared
as a singlet (Fig. 2).

For example, reaction of L-"°N-Leu and p-™N-Leu with b-
adenosine showed a 3!P doublet resonance at 6.7 ppm with cou-
pling constant J;sn.3;p = 34.7 Hz and a singlet at 7.4 ppm at-
tributable to L-!N-Leu-D-AMP and D-'“N-Leu-D-AMP, respectively
(red line of Fig. 2A and Table 1). It showed that the formation of
L-"°N-Leu-D-AMP was preferred over that of p-¥N-Leu-p-AMP by
a ratio of about 2.6:1 (Fig. 3A).

Moreover, when the chirality of adenosine was changed into the
L-configuration, the result showed that the dominant product was
D-N-Leu-L-AMP by a factor of 3.3 (blue line of Figs. 2A and 3B).
It is noteworthy that the 3P NMR spectra gave perfect two pairs
of mirror image products with identical chemical shift (L-°N-Leu-
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Fig. 2. Tracing chiral N-aa-AMP in the presence of adenosine by 3'P NMR. (A) The
formation of L-">N-Leu-D-AMP was preferred over that of p-"*N-Leu-b-AMP in the
presence of p-adenosine (red). The L-adenosine chose p-Leu more than L-Leu (blue).
(B) In the presence of p-adenosine, the formation of L-'>N-lle-D-AMP was the only
product observed (red). The L-adenosine chose D-Ile more than L-Ile (blue).
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Fig. 3. The relative intensity of 3'P peaks of the L-'>N-aa-NMP and D-'“N-aa-
NMP forming in these reactions. Bar graph representation of the reaction with b-
adenosine (A), L-adenosine (B), p-guanosine (C) and L-guanosine (D).
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Table 1
31P chemical shift (ppm) and 'Jisn.3;p (Hz) in parentheses of N-aa-NMPs.
Entry N-aa-NMPs Leu Ala Val Phe Ile
1 1-15N-aa-D-AMP (1a) 6.7 (34.7) 6.7 (33.8) 7.3 (35.1) 6.2 (34.7) 7.1 (35.8)
D-'4N-aa-D-AMP (1b) 7.4 7.0 7.9 6.4 ND @
2 D-'%N-aa-L-AMP (2a) 6.7 6.7 7.3 6.2 7.5
L-15N-aa-L-AMP (2b) 7.4 (34.7) 7.0 (33.8) 7.9 (35.1) 6.4 (35.1) 7.9 (35.2)
3 L-15N-aa-D-GMP (3a) 6.6 (35.1) 6.5 (33.9) 7.1 (35.2) 6.5 (34.8) 6.9 (35.8)
D-'%N-aa-p-GMP (3b) 7.4 7.0 8.0 6.4 ND @
4 D-'4N-aa-L-GMP (4a) 6.6 6.5 7.1 6.5 7.4
L-15N-aa-L-GMP (4b) 7.4 (35.1) 7.0 (33.9) 8.0 (34.2) 6.4 (34.8) 8.0 (35.4)

2 The amount of corresponding N-aa-NMP was below the limit of detection.

D-AMP vs. D-¥N-Leu-L-AMP and D-'#N-Leu-D-AMP vs. L-1>N-Leu-L-
AMP, Fig. 2A and Table 1).

Similarly, analogous experiments were also performed with
other four L-/D-amino acids (Ala, Val, Phe and Ile) revealing similar
selectivity for the L-°N-aa-AMP and Dp-'¥N-aa-AMP species. Thus
D-adenosine preferentially reacted with the L-amino acids while L-
adenosine chose p-amino acid more than L-amino acid (Figs. 2B,
3A, 3B and Figs. S21-S23 in Supporting informaiton).

In the case of isoleucine (Ile), the reaction with D-adenosine
showed L-°N-Ile-D-AMP as the only product (red line of Fig. 2B).
Conversely, D-“N-Ile-L.-AMP was favored in the reaction with L-
adenosine by a factor of 2.1 (blue line of Fig. 2B). The unusual
behavior for Ile is attributed to the presence of one more chi-
ral center (Fig. 2B). Hence, L-N-Ile-D-AMP (§ 7.1 ppm) and D-N-
lle-L.-AMP (6 7.5 ppm) are not mirror isomers, as evidenced by
the differing chemical shifts of 3P NMR, indicating that 3'P NMR
is senstive enough to reflect chiral variation on the surroundings
(Table 1, Fig. 2B). The CD spectra of L-lle-D-AMP and D-Ile-L.-AMP
were showed at Fig. S29 (Supporting information).

Using D-guanosine, a clear preference for the reaction of the L-
amino acid over D-amino acid was also observed. Conversely, the
p-amino acid showed significant preference for reaction with L-
guanosine (Figs. 3C and D, Figs. S24-S28 in Supporting informa-
tion).

N-Leu-AMP (Figs. S1-S8 in Supporting information), N-Ile-AMP
(Figs. S9-S14 in Supporting information) and N-Val-GMP (Figs.
S15-S20 in Supporting information) were isolated by HPLC, and
characterized by 1D and 2D NMR and HR-MS, respectively. The re-
sults confirmed that the structure of these compounds were co-
valent bound to the phosphate group via the 2’-OH of ribose and
amino group of amino acid (2’-N-aa-NMP). This is consistent with
our previous result [26].

In general, our data show each pair L-/D-aa reaction with D-
or L-nucleoside respectively generate mixtures of two stereoiso-
mers of chiral N-aa-NMPs, as well as the corresponding mirror
isomers. Nonetheless, these results showed that reactions of L-/D-
amino acid and p-/L-nucleoside exhibit an intrinsic chiral selection
at the molecular level. Fig. 3 showed that the chiral selectivity was
about 1.2~7.3-fold for each case, respectively. Although this iterated
chiral selection was under weak pressure, it could lead to an over-
powering preference to use L-amino acids in biological system over
the long period of prebiotic evolution in “RNA world”.

Table 1 presented very important and interesting data that each
pair L-/D-aa reaction with p- or L-nucleoside respectively can gen-
erate a mixture of two stereoisomers of chiral N-aa-NMPs, where
showed two sets of mirror image isomers. For example, adenosine
reacted with amino acid (leucine, alanine, valine or phenylalanine)
to give two sets of mirror image isomers (1a vs. 2a and 1b vs. 2b),
respectively, in which both the chirality of adenosine and amino
acid were simultaneous opposite. And they showed perfect two
pairs of mirror image products with identical 3'P NMR chemial
shift and »N-31P coupling constant, respectively. For the case of
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guanosine, 3a vs. 4a and 3b vs. 4b also gave the very neat mirror
image isomers with identical NMR data.

Based on the above observations and the known dominance
of L-amino acids and D-nucleosides in life systems on Earth, it is
tempting to speculate that mirror image biopolymers might also
exhibit biological activity. In this regard, we noted that Wang et al.
have reported synthetic biopolymer molecular system capable of
mirror image genetic replication and transcription [31,32].

In conclusion, the chiral selection of amino acids and nucleo-
sides were observed at the molecular level during the formation of
N-aa-NMP. While this selectivity provides insights relevant to pre-
biotic chemistry, it also suggests the concept of a mirror image life
system in which the building blocks are the mirror image isomers
of those on Earth.
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