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Abstract: The world in which we live is homochiral. The
ribose units that form the backbone of DNA and RNA
are all D-configured and the encoded amino acids that
comprise the proteins of all living species feature an all-
L-configuration at the α-carbon atoms. The homochir-
ality of α-amino acids is essential for folding of the
peptides into well-defined and functional 3D structures
and the homochirality of D-ribose is crucial for helix
formation and base-pairing. The question of why nature
uses only encoded L-α-amino acids is not understood.
Herein, we show that an RNA-peptide world, in which
peptides grow on RNAs constructed from D-ribose,
leads to the self-selection of homo-L-peptides, which
provides a possible explanation for the homo-D-ribose
and homo-L-amino acid combination seen in nature.

Introduction

Folding of peptides into well-defined and functional protein
structures,[1,2,3] as well as the duplex formation of RNA and
DNA,[4,5,6] in which information can be stored due to
Watson-Crick base-pairing,[7] requires homochirality.[8,9] The
living nature that surrounds us evolved based on homo-D-
configured ribose, which forms the backbone of RNA and
DNA, and homo-L-configured α-amino acids, which are
indispensable in the world of proteins. While homochirality
is the prerequisite for folding of these biopolymers into 3D
structures, the question of why D-sugars are combined with
L-amino acids and not with the D-counterparts and hence
the diastereoselectivity of nature is unknown.[10,11,12]

The current idea of how life may have started is based
on the RNA world hypothesis, in which RNAs self-
replicated and folded into catalytically active
structures.[13,14,15] At some point in evolution, these RNA
structures gained the potential to connect amino acids to
form peptides and proteins with increasing catalytic
capabilities.[16] Even though there is more than one model to
explain how RNA learned, at some point, to make peptides
and proteins, the amino acids were initially likely connected
to each other in close proximity to the RNA structures, with
RNAs acting as peptide forming catalysts.

We recently reported the idea that, instead of a pure
RNA world, chimeric RNA-amino acid/peptide structures
may have created an RNA-peptide world, in which RNA
and peptides were covalently connected until the structures
got large enough to replace covalent bonding by non-
covalent interactions.[17,18,19] We observed that RNA strands
equipped with ubiquitous non-canonical nucleosides, such as
5-methylaminomethyl uridine (mnm5U) and threonine-
modified N6-carbamoyl adenosine (Thr6A), which are found
in contemporary transfer RNAs (tRNAs)[20,21,22] and which
can be considered to be molecular fossils,[23,24] allow RNA to
self-decorate with peptides.[18]

The synthesis cycle that allows peptides to form directly
on RNA is depicted in Figure 1a, but it should be mentioned
again that this is just one example of how peptides can be
formed on and by RNA. The key features of our model
involve: 1. the reaction of two amino acids, attached via the
non-canonical nucleosides m6aa6A and mnm5U to comple-
mentary RNA strands, to give a stable hairpin structure. 2.
The subsequent cleavage of the urea bond by simple
heating, which breaks the hairpin. This is followed by a
potential exchange (3. release/4. annealing) of the formed
m6A-containing donor RNA strand for another amino acid-
containing oligonucleotide. Repeating this cycle allows the
growing of longer peptides on the acceptor RNA strand.

Although it is impossible to prove that these particular
reactions were indeed involved in creating an RNA-peptide
world on the early Earth, it is a prebiotically plausible
concept of how RNA could have initially templated the
synthesis of peptides. The models of how RNA encoded
peptide synthesis have in common that the peptide forming
reactions take place on RNA. Consequently, our non-
canonical nucleoside-based model allows us to investigate
the stereochemical preferences of RNA-templated peptide
growth.

Previous studies by the research groups of Lacey,[25,26]

Tamura and Schimmel,[27,28,29,30,31] Sutherland[32,33,34] and
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Richert[35] showed already that α-amino acids connected to
5’-phosphorylated nucleotides and RNAs, either via the
carboxylic acid group as acyl phosphate mixed anhydrides,[36]

or with the α-amino group in the form of
phosphoramidates,[37] react preferentially when they are L-
configured. Herein, we investigated how our RNA-peptide
synthesis cycle (Figure 1a) is influenced by stereochemistry.

Results and Discussion

The first step of the RNA-templated peptide growth cycle
involves the loading of an amino acid onto the donor RNA
strand to give a non-canonical amino acid-modified adeno-
sine nucleotide, (m6)aa6A. For example, Gly6A and
(m6)Thr6A are known to exist in the anticodon loop of
contemporary tRNAs.[38,39,40,41] Previously, we showed that
this loading step could be achieved in a prebiotically
plausible way by the reaction of an N6-methylurea adenosine
nucleotide with NO+ in the presence of amino acids or even
peptides via an N6-isocyanate intermediate (Figure 1b).[19,42]

Therefore, we initially investigated whether the loading
reaction displayed any stereochemical preference. We
performed this reaction onto an RNA strand containing an
N6-methylcarbamoyl adenosine nucleotide at the 5’-end with
a racemic mixture of L/D-Phe. The aromatic amino acid was
chosen because it facilitates the analysis of this crude
reaction mixture by high-performance liquid chromatogra-
phy (HPLC) using UV/Vis detection. In this loading
reaction, we did not observe any stereochemical preference
(Figure S12). The L- and D-Phe were loaded onto the RNA

strand with the same preference, which gives a 1 :1 isomeric
mixture of the terminal L- and D-Phe6A nucleotides in 35%
overall yield.

We next investigated how the peptide growth reaction
(step 1, Figure 1a) is influenced by either L- or D-amino
acids. For these experiments, we synthesized a series of
donor and acceptor RNA strands (ON1 and ON2, respec-
tively) using an automated solid-phase RNA synthesizer and
2’-OMe nucleosides (Figure 2 and SI). We used the 2’-OMe
nucleosides, which are very prevalent in contemporary
ribosomal RNA (rRNA), to increase the stability of the
phosphodiester backbone toward hydrolysis and to achieve
higher duplex melting temperatures with short RNA
strands.[43,44,45] In particular, we prepared the 7-mer donor
RNA strands ON1a-e with either L- and D-amino acid-
modified N6-methylcarbamoyl adenosine nucleotides
(m6aa6Am) at the 5’-end. We also synthesized the comple-
mentary 11-mer acceptor RNA strands ON2a with either L-
and D-amino acid-modified 5-methylaminomethyl uridine
nucleotides (aa-mnm5Um) at the 3’-end. We focused at Val,
Ala and Thr, which are thought to have been early amino
acids. They are found in meteorites and they are formed
under prebiotically plausible conditions.[46,47,48,49,50,51,52,53] All
RNA strands were purified by HPLC and characterized by
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (MS) (Tables S1-S2).

Next, peptide formation reactions leading to the corre-
sponding hairpin intermediates were performed (Figure 2).
In order to enable accurate analysis of the stereochemical
outcome of the coupling reactions by HPLC, we first
synthesized independently the hairpins ON3a-e as standards
from the complementary donor and acceptor RNA strands
ON1a-e and ON2a. After annealing of ON1a-e with ON2a,
we added in each case 50 mM of an activator,[54] either 1-

Figure 1. a) RNA-peptide synthesis cycle involving donor and acceptor
RNA strands with m6aa6A and aa-mnm5U, respectively, and b) prebiotic
loading reaction of a racemic mixture of L/D-Phe onto an RNA strand
containing a terminal N6-methylcarbamoyl adenosine nucleotide.
GdmCl=guanidinium chloride.

Figure 2. Peptide coupling reactions between donor and acceptor RNA
strands, ON1 and ON2, respectively, to yield hairpin products, ON3.
The RNA strands used in this work contained L- and D-amino acids.
aa=amino acid and R=aa side chain. m (subscript) indicates that the
RNA strands were composed of 2’-OMe nucleotides.
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ethyl-3-(3-dimethylaminopropyl) carbodiimide with N-hy-
droxysulfosuccinimide (EDC/Sulfo-NHS) or 4-(4,6-dimeth-
oxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM*Cl), in 100 mM 2-(N-
morpholino)ethanesulfonate (MES) buffer at pH 6 contain-
ing 100 mM of NaCl. After 2-6 h at r.t., the obtained hairpin
reference compounds ON3a-e were isolated by HPLC and
characterized by MALDI-TOF MS (Table S3).

With these standards in hand, we next investigated the
diastereoselectivity of the RNA-based peptide synthesis
(Figure 2). To this end, we studied the coupling of the donor
RNA strands ON1, connected to either an L- (ON1L) or a
D-amino acid (ON1D), with the complementary acceptor
RNA strands ON2, containing either an L-Val (ON2aL) or a
D-Val (ON2aD), in direct competition experiments (Fig-
ure 3a-c). First, we started with Val in the donor RNA
strand ON1a. For the experiment, we prepared an equimo-
lar solution of ON1aL (L-Val) and ON1aD (D-Val) in water.
HPLC analysis of the mixture confirmed the 1 :1 relation-
ship (Figure 3a). Next, we performed the peptide coupling
reaction after the addition of 1 equiv. of the acceptor RNA
strand ON2aL (L-Val) using the activator EDC/Sulfo-NHS

(MES buffer pH 6, NaCl, r.t., 2 h). HPLC analysis of the
crude reaction mixture revealed the formation of the two
possible hairpin products, ON3aLL (L-Val,L-Val) and
ON3aDL (D-Val,L-Val), in 69% overall yield (Figure 3b). To
our surprise, we immediately noted a significant selectivity
for the L,L-product. ON3aLL formed with a remarkable
diastereoselectivity of 93 :7 (L,L :D,L). For comparison, we
carried out the same competition experiment (ON1aL and
ON1aD) in the presence of the acceptor RNA strand ON2aD
(D-Val). In this case, the HPLC analysis showed a lower
yield for ON3aLD (L-Val,D-Val) plus ON3aDD (D-Val,D-
Val) of only 36% and a lower diastereoselectivity of only
66 :34 (L,D:D,D) (Figure 3c). Similar results were obtained
when we repeated the competition experiments with ON1a
and ON2a at lower temperature (5 °C, Table S9). These data
showed that the L,L-hairpin products are the preferred
reaction outcomes. If we assume that life started with the
formation of peptides close to RNA, we can surmise that
the D-ribose in RNA promotes L-homochirality of the
peptide formed in close proximity.

To further strengthen this argument, we repeated the
experiment with other amino acids using the L/D-donor

Figure 3. a) Equimolar mixture of ON1aL and ON1aD, and competitive peptide coupling reactions between ON1aL and ON1aD with: b) ON2aL and
c) ON2aD. The HPLC chromatograms correspond to the analyzed crude reaction mixtures and the tables summarize the results obtained for the
coupling reactions of ON1a-e and ON2a using EDC/Sulfo-NHS and DMTMM*Cl (in parenthesis) as activators. n.d.=not determined due to
product overlap. Reaction conditions: [ON1]=50 μM; [ON2]=50 μM; [buffer]=100 mM; [NaCl]=100 mM and [activator]=50 mM. Yields
determined by HPLC analysis using the calibration curve of a reference compound (Figure S2).
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RNA strands ON1b-e loaded with Ala, Phe, Trp and Thr
(Figure 3 and Figures S4-S5). The competition experiments
with the acceptor RNA strands, ON2aL and ON2aD,
provided, in all cases, the expected hairpin products ON3b-
e. Again, with EDC/Sulfo-NHS activator, we observed
better yields with ON2aL (61-74%) compared to the
reaction with ON2aD (40-65%). For the L,L :D,L-selectivity
using ON2aL, we measured diastereoselectivities from 80 :20
(L,L :D,L, ON1b) to 91 :9 (L,L :D,L, ON1e) (Figure 4a). In
contrast, turning the selectivity experiment around
(L,D:D,D-combinations) with the acceptor strand ON2aD,
bearing a D-amino acid, provided unpredictable and largely
fluctuating selectivities ranging from 29 :71 (L,D:D,D,
ON1c) to 71 :29 (L,D:D,D, ON1e) (Figure 4b).

When we changed the activation method to
DMTMM*Cl, we observed diastereoselectivities from 58 :42

(L,L :D,L, ON1a) to 77 :23 (L,L :D,L, ON1c) for the
preferred L :D,L-combinations with ON2aL and only ca.
50 :50 (L,D:D,D) mixtures for the L :D,D-combinations
with ON2aD (Figure 3b-c). In all cases, the L,L-combinations
with ON2aL gave high yields and better diastereoselectiv-
ities.

We next wanted to know whether these selectivities
change when we use a prebiotically more suitable activation
method and performed experiments with methyl isonitrile
(MeNC) in 4,5-dicyanoimidazole (DCI) buffer at pH 6.[55]

We observed in the experiments with selected donor RNA
strands, ON1b (Ala) and ON1c (Phe), the clean formation
of the hairpin products ON3b-c in less than 16% overall
yield (Table S6). However, the diastereoselectivities were
very high with >72% in favor of the homochiral dipeptide
products. Only for the competitive reactions with the accept-
or RNA strand ON2aD, we obtained different diastereose-
lectivity ratios for the same amino acid depending on the
activator used (EDC/Sulfo-NHS, DMTMM*Cl or MeNC).

In order to study how the selectivities evolve when larger
peptides grow on RNA, we next prepared donor RNA
strands containing L-homochiral di- and tripeptides with
Val, ON1fL and ON1gL, respectively (see SI). In the first set
of competition experiments with the activator EDC/Sulfo-
NHS, we used an equimolar mixture of ON1aL with ON1fL
or ON1gL (Figure 5a and Figure S7). The competitive
coupling reactions with ON2aL indicated that the mono-L-
Val donor RNA strand ON1aL reacted preferentially with
the acceptor strand to give the L,L-dipeptide hairpin
ON3aLL with high selectivities of 73 :27 and 89 :11 over the
larger tri- and tetrapeptide hairpin products, ON3fLL and
ON3gLL. In contrast, the same competition reactions with
the acceptor strand carrying a D-amino acid, ON2aD,
showed low selectivity (ca. 50 :50).

Figure 4. Relative isomeric composition of the hairpin products, ON3,
obtained in the competitive peptide coupling reactions between ON1
with: a) ON2aL and b) ON2aD.

Figure 5. Competitive peptide coupling reactions a) between ON2aL with ON1aL and ON1f,gL, and b) between ON2aL and ON2aD with ON1aL,
ON1fL or ON1gL. The tables summarize the results obtained using EDC/Sulfo-NHS as activator. All amino acids and peptides contain Val. Reaction
conditions: [ON1]=50 μM; [ON2]=50 μM; [buffer]=100 mM; [NaCl]=100 mM and [activator]=50 mM. Yields determined by HPLC analysis
using the calibration curve of a reference compound (Figure S2).
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In a second set of experiments, we conducted reverse
competition reactions with the activator EDC/Sulfo-NHS, in
which an equimolar mixture of ON2aL and ON2aD was
allowed to couple with either ON1aL, ON1fL or ON1gL
(Figure 5b and Figure S8, see SI for a competition experi-
ment with ON1aD). In all these cases, the results showed a
clear preference for the formation of the L,L-homochiral
products ON3LL. The highest diastereoselectivity was ob-
tained with the mono-L-Val donor RNA strand ON1aL
(87 :13 L,L :L,D). The longer di- and tripeptides in ON1fL
and ON1gL led to decreased selectivities of 66 :34 and 67 :33
(L,L :L,D), respectively. All together, these data suggest a
strong tendency for the preferred formation of L-homochiral
peptides, when the peptide synthesis occurs in close
proximity to RNA.

In order to investigate whether the tendency to grow all-
L-homochiral peptides is the result of different thermody-
namic stabilities of the initially formed RNA duplexes, we
measured melting temperatures (Tm) and we determined
rate constants (kapp) for the peptide coupling reactions using
selected donor and acceptor RNA strands. For reasons of
prebiotic plausibility, we decided to perform these experi-
ments with the amino acid Val in ON1a and ON2a,
respectively.

First, we measured the melting temperatures of all
possible duplex combinations (ON1aL*ON2aL,
ON1aD*ON2aL, ON1aL *ON2aD and ON1aD*ON2aD) using
temperature-dependent UV spectroscopy experiments at
260 nm (Figure 6a). All recorded melting curves displayed a
mono-sigmoidal shape and were fit to a two-state model.[56]

The obtained data showed that the Tm values were

indistinguishable for the four donor*acceptor RNA duplex
combinations with Tm=37.1�0.8 °C. In addition, we meas-
ured the same Tm value for an RNA duplex composed of
ON1aL and ON2b, which lacked the amino acid at the 3’-
terminal mnm5U nucleotide (Figure 6a). These data showed
that different duplex stabilities cannot explain the observed
diastereoselectivities.

To determine the rate constants, we monitored separate
peptide coupling reactions between the complementary
donor and acceptor RNA strands at different time intervals
using EDC/Sulfo-NHS (Figure 6b and Figure S10) and
DMTMM*Cl (Figures S9-S10) as activators. The kinetic
data for the formation of the hairpin products (ON3aLL,
ON3aDL, ON3aLD and ON3aDD) were fit to a pseudo-first
order equation[57] (see SI). The calculated apparent rate
constant values were, as expected, different and dependent
on the donor RNA strand, ON1aL and ON1aD, as well as the
activator used (Table 1). To our delight, we noted that the
hairpin product ratios, calculated using exclusively the kapp

values (kapp (ON1aL)/kapp (ON1aD)= [ON3aL]/[ON3D]), are
in good agreement with the values obtained in the competi-
tion experiments (Figure 3b-c). Taken together, these data
support the idea that the L-amino acids are better aligned
for reaction on RNA (constructed from D-ribose). The D-
ribose creates a right-handed A-form RNA helix that
appears to promote L-homochirality if the amino acids react
directly on the RNA to form peptides.

Conclusions

Nature utilizes homo-D-ribose to build the backbone of
DNA and RNA and homo-L-configured α-amino acids to
create well-defined and functional protein structures. Here-
in, we investigated the question of how RNA can help to

Figure 6. a) UV (260 nm) melting curves of the four possible duplexes
formed between the donor RNA strands ON1aL and ON1aD with the
acceptor RNA strands ON2aL and ON2aD. The melting curve of ON1aL

with ON2b (acceptor RNA strand without amino acid) is also shown.
b) Kinetic plots for the separate peptide coupling reactions of ON2aL

with ON1aL and ON1aD, respectively, using EDC/Sulfo-NHS as
activator. Error bars are shown as standard deviations.

Table 1: Apparent rate constant values (kapp) determined for the
peptide coupling reactions of ON1a with ON2a using EDC/Sulfo-NHS
and DMTMM*Cl as activators. Errors are indicated as standard
deviations.

[a] Product ratio calculated from the measured apparent rate constants.
n.d.=not determined due to signal overlap with activated species.
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establish an L-homochiral peptide world. The basic assump-
tion was that initially peptides were formed close to RNA or
directly connected to RNA in an RNA-peptide world. To
simulate this process, we used our recently introduced
concept of peptide growth directly on RNA as a model.[18]

First, we studied the stereochemical preference of the
loading reaction of an amino acid onto RNA. We observed
that this reaction provided donor RNA strands with a 1 :1
relationship of the L- and D-amino acids. Specifically, we
studied how L/D-Phe reacts with an RNA strand, equipped
with a terminal N6-methylcarbamoyl adenosine nucleotide,
which creates in situ an N6-isocyanate. Both L- and D-amino
acids reacted with the same preference and hence no
diastereoselectivity was observed. Next, we investigated the
coupling reaction with a set of selected amino acids (Val,
Ala, Phe, Trp and Thr), and we observed a high preference
for the coupling of L-configured amino acids connected to
RNAs. In all cases, we found that the L,L-homochiral
dipeptide hairpin products were formed in better yields and
with higher diastereoselectivities. This preference was main-
tained even when larger tri- and tetrapeptide hairpins, for
the growth of longer peptides, were formed. On the other
hand, the coupling reactions with a D-amino acid on the
acceptor RNA strand provided variable selectivities depend-
ing on the amino acid and the activator, potentially because
of an unfavorable steric alignment of the amino acids for
coupling.

These data allow us to formulate a scenario that yields
an all-L-homochiral peptide world. If we assume that small
RNAs (or nucleosides) captured amino acids and peptides
out of the primordial soup to bring them in close proximity
within an RNA duplex, the connection of the amino acids to
each other is strongly favored when the amino acids are L-
configured, which leads with time to an enrichment of the
L,L-coupling products. Repetitive cycles of peptide growth
and peptide release followed by recapturing of the peptides
by RNA and connection of the recaptured peptides with
either amino acids or peptides could then lead to a possible
outgrowth process that provides a homo-L-configured
peptide world.

What it is next needed is a scenario that leads to the
preferred recapturing of peptides over single amino acids
and fragment condensation reactions, which were already
observed,[18] that quickly grow longer peptide structures in
just a few chemical steps.

The most important result of this study is that D-ribose-
based nucleotides, which give rise to right-handed A-form
RNA duplexes, preferentially connect L-amino acids to
form homo-L-peptides. We do not address in this study the
question of the origin of homo-D-RNA.

Supporting Information

Reaction procedures, characterization data, peptide cou-
pling reactions, melting curves, kinetic experiments and
additional references are included in the Supporting In-
formation (Ref. [17,18,19,56,57,58,59,60,61,62,63]).
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