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Ribonucleotides and RNA Promote Peptide Chain Growth
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Abstract: All known forms of life use RNA-mediated poly-
peptide synthesis to produce the proteins encoded in their
genes. Because the principal parts of the translational machi-
nery consist of RNA, it is likely that peptide synthesis was
achieved early in the prebiotic evolution of an RNA-dominated
molecular world. How RNA attracted amino acids and then
induced peptide formation in the absence of enzymes has been
unclear. Herein, we show that covalent capture of an amino
acid as a phosphoramidate favors peptide formation. Peptide
coupling is a robust process that occurs with different
condensation agents. Kinetics show that covalent capture can
accelerate chain growth over oligomerization of the free amino
acid by at least one order of magnitude, so that there is no need
for enzymatic catalysis for peptide synthesis to begin. Peptide
chain growth was also observed on phosphate-terminated
RNA strands. Peptide coupling promoted by ribonucleotides
or ribonucleotide residues may have been an important
transitional form of peptide synthesis that set in when amino
acids were first captured by RNA.

All known forms of life produce proteins through RNA-
directed formation of polypeptides, catalyzed by the ribo-
some, the catalytic core of which consists of RNA.M It is clear
that a molecular machinery of the complexity of the
ribosomal apparatus did not arise in one step, starting from
random sequences.””! There must have been a simpler form of
RNA-induced peptide synthesis that preceded translation in
prebiotic evolution. This simpler system cannot have
depended on protein enzymes encoded in genes, such as the
known aminoacyl tRNA synthetases,””) because genes could
not yet be translated. Something as simple as intrinsic
reactivity and/or molecular recognition may have driven the
formation the first peptides produced in RNA-promoted
reactions.

Numerous hypotheses on the origin of the translational
system have been formulated,**) and there are famous
proposals on the even more difficult problem of the origin
of the genetic code,® but an experimental system that starts
from free amino acids and ribonucleotides and that shows
peptide growth in the absence of enzymes has been lacking.
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As a consequence, the questions of how amino acids were first
recruited by the “molecular agents” of the “RNA world”"!
and what drove peptide formation have remained open,
although oligomerization pathways producing depsipeptides
through wet—cool/dry-hot cycles have been found.'"” Interest
in this question is increasing, as amino acids are being found
in ever more remote places, such as the coma of comets,' and
new pathways for the enzyme-free formation of ribonucleo-
tides are being described.>"*! So it is important to know what
reactions may have favored a “peptide-RNA world”.!"¥

Covalent attachment of a peptide to an RNA strand
prevents the loss of the precious oligomer through diffusion
and favors complex formation. Therefore, covalently linked
ribonucleopeptides could have provided evolutionary bene-
fits.'>!%1 Even today, growing polypeptides are covalently
linked to RNA during translation as peptidyl tRNAs. Ideally,
an experimental set-up used to search for primordial peptidyl
RNAs should run without the need for separate chemical
steps, such as the ex situ activation of nucleotides or amino
acids,"”'® or the esterification of tRNA model com-
pounds."”?! Tt should start from free biomolecules and
should run without human intervention. Furthermore, the
experimental system should have the ability to encode and
transmit genetic information, so that advances in the capa-
bilities of the system”" can be preserved.

We have recently reported an experimental system in
which peptides that are covalently linked to oligoribonucleo-
tides form from free amino acids and ribonucleotides
(Figure 1).22! The peptides are N-linked, which is why we
now prefer to call them “peptido RNAs”. The peptido RNAs
were found under conditions that induce the de novo
formation of RNA chains, as well as genetic copying of
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Figure 1. RNA-primed growth of peptide chains involves covalent
capture and subsequent amide coupling.
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existing RNA sequences, that is, in a system capable of
encoding genetic information.” The salt-rich aqueous con-
densation buffer that fosters these processes contains a water-
soluble carbodiimide as the chemical driving force and 1-
ethylimidazole as an organocatalyst. Alkylated adenine also
shows organocatalytic activity.”) The spontaneous condensa-
tion processes observed in the ice-cold aqueous solution
include the formation of cofactors, such as NAD*, FAD, and
ATP, and control experiments showed that the system
tolerates phospholipids. It was unclear, however, whether
ribonucleotide-linked peptide chain growth was faster than
oligomerization of amino acids alone. Herein, we show that
the capture of an amino acid by the phosphate of a ribonu-
cleotide accelerates peptide formation over the ribonucleo-
tide-free oligomerization of the amino acid. Further, we
demonstrate that peptido RNA also grows on RNA strands,
both by itself, and simultaneously with RNA chain growth at
the 3'-terminus. This shows that there is a chemistry that links
amino acids and RNA that could have favored RNA-
promoted peptide coupling long before aminoacyl tRNAs
synthetases began to charge tRNAs.

The reaction sequence shown in Figure 1 involves two
distinct phosphoramidate species. The first is the product of
amino acid capture, the second is a peptido RNA that results
from coupling of the first. We had previously found that
covalent capture occurs both in solution containing N-ethyl-
N'-(3-dimethylaminopropyl) carbodiimide (EDC) or cyan-
amide, as well as with ribonucleotides pre-activated as OAt
esters.’”l It was unclear, however, whether coupling would
occur with an activating agent other than EDC. What
activation agents are prebiotically most plausible is an open
issue that will not be easy to settle, as it will be extremely
difficult to find fossils that answer this question conclusively.

We therefore studied the reaction of glycine with adeno-
sine 5-monophosphate (AMP) in aqueous buffer containing
cyanamide®! or carbonyl diimidazole (CDI), a derivative of
carbonic acid, as activation agent. In either case, both capture
and coupling were detected by *'P-NMR at near-neutral pH
(Figure 2). Additional data and mass spectra are shown in the
Supporting Information. The reactivity is much lower for
cyanamide, so that the assay was run for more than two
months at 20°C, and for CDI, the condensation agent was
quickly used up, but all three of the condensation agents lead
to formation of covalently linked peptide from the free amino
acid with a covalent capture product as intermediate. Because
EDC contains the cyanamide locked in the productive
carbodiimide tautomer, so that assays can be performed on
a reasonable time scale, the subsequent experiments were
performed with this activation agent. We have no reason to
believe that the ethyl and dimethylaminopropyl groups of
EDC guide the reaction pathway of amino acids.

Next, we studied whether the covalent capture promotes
the formation of peptide bonds over the background reaction.
For this, we first monitored the consumption of glycine in
condensation buffer in the absence of a ribonucleotide by 'H-
NMR (Figure 3). After one day of slow reactions of glycine,
when approximately 25 % of the EDC had been consumed,
we supplemented the solution with a substoichiometric
amount of the phosphoramidate Gly-AMP, that is, the

www.angewandte.org

Communications

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

(i Chemie
- <
(a) N=C-NH, i
Cyanamide =
I
«\/N\C/N\/)
1l
(o]
CDI
(c) MeN
N=C=aN"
EDC
_l—l_f_l—l—l_l—l—l'_r_'[
9 8 7 ppm

Figure 2. Capture and coupling occur for different activation agents, as
determined by *'P-NMR. Structures of activation agents and *'P-NMR
spectra of reaction solutions with glycine (0.2-1 m) and AMP (0.2—

0.5 M) in buffer (0.5m HEPES, 0.08 M MgCl,, and 0.15m 1-ethylimid-
azole). a) With cyanamide (2 m) after 75 d at 20°C, pH 6.5; b) with
CDI (1 m) after 10 d at 20°C, pH 7.5; or ¢) with EDC (0.8 m) as
activation agent after 7 d at 0°C and pH 7.5. See Table ST in the
Supporting Information for further details.
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Figure 3. Priming by ribonucleotide capture accelerates peptide cou-
pling. Glycine (0.2m) was allowed to react in condensation buffer
(0.5m HEPES, 80 mm MgCl,, 0.15m 1-ethylimidazole, and 0.8 m EDC)
at 0°C, and after 1d, Gly-AMP (0.12 m) was added, leading to
accelerated consumption of the amino acid, as determined by

"H NMR. See the Supporting Information for details.

product of amino acid capture. Now, a strong acceleration
was observed, and the remaining free glycine was consumed
within eight hours. As the glycine pool was depleted, the Gly-
AMP signal leveled off. The more rapid decay of the glycine
signal was indicative of chain growth, with several glycine
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residues being attached to one initial phosphoramidate. Such
chain growth is a multistep process with complex kinetics, but
simple monoexponential fits indicate an approximately 10-
fold faster consumption of glycine in the second phase of the
kinetic experiment.”! Inorganic phosphate does not have the
same effect. It largely precipitates from condensation buffer,
and when the Mg®" concentration is lowered to 1 mwm to
prevent this, little or no peptide formation is detectable, while
AMP still gives robust chain growth (Supporting Informa-
tion).

We wished to better understand ribonucleotide priming.
Initially, we assumed that, like acylation,*® the phosphoryla-
tion of the amino group prevents diketopiperazine formation.
It also affects the reactivity of the carboxylic acid moiety,
possibly improving activation and coupling. Because it is not
easy to monitor peptide chain growth quantitatively in
condensation buffer by '"H NMR due to signal overlap, we
developed a methodology for the C-NMR channel. This
methodology uses glycine that is "C-isotope-labeled at
position 1 for much-improved signal, and Gd-DTPA (a
compound used clinically in MRI) as a water-soluble relax-
ation enhancer to obtain quantifiable signals. Control experi-
ments with the latter added either at the beginning or at the
end of the assays confirmed that the stable paramagnetic
complex does not affect product distribution detectably. That
near-equal signal intensities for carbon nuclei in different
relaxation environments result was confirmed by measuring
spectra for histidine, an amino acid similar in size to
glycylglycine and containing a variety of different carbon
centers. When inverse-gated “C-spectra were run with
a recycle delay of 2s at low millimolar Gd-DTPA concen-
tration, all of the signal intensities of histidine were within 2 %
of each other (Figures S5 and S6).

With the "C-based methodology, we were now in
a position to track the fate of glycine in the absence and
presence of AMP. For glycine alone, 65% of the free amino
acid remained after 24 h at 0°C (Figure 4). No diketopiper-
azine was detectable,””! as also confirmed by spiking with
authentic material. Instead, guanidine formation (Gly-EDC,
18% of glycine) and formation of the two different N-
acylureas (Gly-EDU, 8% after 1 d) were largely responsible
for glycine consumption. At best, 9 % of the glycine carbonyl
signals after 1 d were due to peptide coupling products. It is
likely that what little peptide chain growth occurred is primed
by guanidine formation. In stark contrast, in the assay
solution containing AMP, almost all of the glycine was
consumed after 24 h, with only 4% free Gly left. Besides
capture product Gly-A (13%) and some guanidine (9%),
peptido nucleotides with chain lengths of up to five residues
were identified as products of glycine consumption (70%).

We then asked whether peptide chain growth was limited
to ribonucleotide-based forms, or could also be primed by 5'-
terminal phosphates of RNA strands. For this, we performed
assays with the RNA primer 5-pGUAUGCUGG-3', featur-
ing a 5'-phosphate, as expected for oligomerization products
of NMPs bound to a longer RNA strand. Under all of the
conditions tested thus far, peptide chain growth was detect-
able. Figure 5 shows MALDI mass spectra that were acquired
under conditions that allow for quantitatively monitoring
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Figure 4. Peptide formation is more efficient in the ribonucleotide-
captured form, as detected by >C NMR of assays involving C1 "*C-
labeled glycine (0.2 M) in condensation buffer, a) without and b) with
AMP (0.2 m). Shown are >*C-NMR spectra (100 MHz, carbonyl region)
of assay solutions after 24 h at 0°C at 1.8 mm Gd-DTPA as relaxation
enhancer and inverse gated proton decoupling to minimize the NOE
effect of conventional decoupling. In (a), both the signals for remain-
ing glycine (Gly) and the products of reactions with EDC (guanidium
adduct Gly-EDC and the two different N-acylureas (Gly-EDU) are
labeled. Other peak assignments, based on two-dimensional spectra,
are given as color bars below the spectra, with green for C-terminal
carboxylates, red for internal amide carbons, and black for amide
carbons of glycine residues directly linked to AMP. The latter appear
as doublets, because of coupling to the 5'-phosphorous nucleus. See
Figure S7 for an earlier time point.

primer extension.”®?! For 0.1m glycine in full-strength con-
densation buffer, peaks for peptido RNAs with up to six
glycine residues were readily discernible after 3 d (Figure 5a).
For the side-chain-bearing amino acids serine and threonine,
we increased the amino acid concentration and lowered the
EDC concentration to 0.4M. Again, significant chain growth
was detected (Figure S5b,c).

Next, we performed an assay with both an amino acid and
the ribonucleotide CMP to test for the compatibility of
peptide synthesis and RNA copying. Indeed, the hoped-for
simultaneous extension of the primer at both of its termini
was observed (Figure 5d). Extension at the 3'-terminus by
a nucleotide and peptide production at the 5'-terminus (as
peptido chains) manifested themselves in the peak pattern of
the mass spectrum acquired after 2 d. Apparently, peptido
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Figure 5. Peptide chain growth on RNA strands: reaction schemes and
MALDI-TOF mass spectra showing formation of a peptido chain at the
5'-terminus of the 5'-phosphate-terminated RNA primer (50 um) in
duplex with a longer RNA strand in condensation buffer (0.5m HEPES,
0.08 M MgCl,, 0.15m T-ethylimidazole at pH 7.5 and 0°C). Assay with
a) glycine (0.1 M) and EDC (0.8 m) after 3 d; b) 0.4 m serine and 0.4 m
EDC after 9 d; c) 0.4 M threonine and 0.4m EDC after 9 d; and d) both
glycine (0.1 M) and cytidine 5'-monophosphate (CMP, 40 mm) at 0.8 m
EDC after 2 d. See Table S2 for a list of peak intensities.
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difference between unsuccessful and successful peptide syn-
thesis. Both ribonucleotides and the terminal phosphates of
RNA chains induce the effect. Taken together, this suggests
that RNA had the ability to capture and couple amino acids
long before either ribozymes or enzymes were formed. The
rich structure space of peptido RNAs forming with other
proteinogenic amino acids and ribonucleotides is reported in
the accompanying paper.t*”!
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