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Significance

 Our understanding of the 
transition from prebiotic to biotic 
evolution and the formation of 
living cells is incomplete. Some 
theories propose that RNA 
molecules with catalytic 
properties were the key in this 
transition, ensuring that early 
cells can catalyze metabolic 
reactions and transmit genetic 
information. Alternative theories 
propose that peptides were the 
first catalysts, but peptides do 
not have the capacity to transmit 
genetic information. In this study, 
we demonstrate that genetic 
information can conceivably be 
transmitted from peptides to 
DNA, by using the existing 
molecular catalysts, both RNA 
and peptide based. Our results 
do not offer proof for any of the 
theories, nor do they challenge 
any of them. They merely 
contribute to assessing which 
scenarios are possible.
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Ensuring information flow (heredity) and metabolic processes (catalysis) are two 
important prerequisites for early evolution. The widely accepted “RNA world” theory 
proposes that ancient RNAs ensured both heredity and catalysis during the transition 
from prebiotic to biotic evolution. However, alternative hypothetical molecules and 
processes have also been proposed, suggesting that catalytic peptides may have existed 
before polynucleotides, and that their sequences were later reverse translated into 
genes. Our objective was to experimentally address these alternative theories by asking 
whether the steps required for the hypothetical conversion of peptide sequences into 
DNA could be catalyzed by the existing molecular kit. The reactions we tested com-
prise i) step-wise degradation of peptides by a processive amino peptidase, sequentially 
releasing amino acids, ii) matching the identity of released amino acids to codons 
by aptazymes (RNA adapters that recognize amino acids and self-cleave and release 
specific codon triplets in response), and iii) ligating codon triplets into longer RNAs 
that can be reverse-transcribed into DNA. In a hypothetical processive system based 
on these reactions, the resulting DNA sequence would match the sequence of amino 
acids in the starting peptide. Our results suggest that all these steps can be catalyzed, 
and therefore the possibility of reverse translation occurring at some point in early 
evolution should not be disregarded.

reverse translation hypothesis | prebiotic evolution | catalytic RNA | processive aminopeptidase |  
amino acid-to-codon matching

 As argued by Wolf & Koonin (1), the origin of translation of genetic information from 
nucleic acids to proteins in the RNA world is one of the most difficult problems in evo-
lutionary biology. The “frozen accident” theory, postulated by Francis Crick (2), claimed 
that the assignment of codons to amino acids was random. This notion has been aban-
doned due to accumulating evidence of specific interactions between amino acids and 
RNA, which were proposed to form a basis for the assignment of codons (3). This line of 
investigation resulted in the discovery of RNA aptamers (4) that are capable of binding 
many (but not all) proteinogenic amino acids (5). Coevolution theory (6) postulated that 
not all proteinogenic amino acids were available in prebiotic conditions. Hence, many of 
them had to be produced by biosynthetic pathways, and this guided the gradual develop-
ment of the genetic code during biotic evolution. Higgs’ and Massey’s theories proposed 
explanations for this code expansion, based on physicochemical properties of amino acids 
and error cost minimization (7, 8). Most of the current debate on the origin of translation 
consists of attempts to combine elements of the above-mentioned theories into a coherent 
narrative (9). However, to paraphrase a recent statement by Kun & Radványi (10) who 
urged empiricists to conduct more experiments: most papers on the origin of the genetic 
code are reviews and not original research.

 Information flow (heredity) and metabolic processes (catalysis) are arguably the two 
central concepts featured in the transition from prebiotic to biotic evolution. The ancient 
RNAs in the RNA world theory unite both these concepts (11), having the capacity to 
ensure heredity and catalysis. In line with the RNA world theory, plausible scenarios have 
been proposed for transition from RNA-based to peptide-based catalysis (12, 13). One 
issue with the RNA world theory, as pointed out by Stanley E. Miller (14), is that no 
plausible prebiotic process for producing ribonucleosides or ribonucleotides has been 
demonstrated. An alternative molecule that can be synthesized in prebiotic conditions 
(14), the peptide nucleic acid (PNA), has been proposed as the first genetic molecule (15). 
PNA is essentially a DNA analogue with a peptide backbone that can hybridize to com-
plementary oligonucleotides (16). In the PNA/RNA world hypothesis (15), the 
peptide-based PNAs serve at the molecules of heredity, and the RNAs enter the stage later, 
serving as catalysts. Further alternative theories exist, stipulating that autocatalytic systems 
existed first, and genetic heredity evolved later (17). Among others, this point has been 
argued by Markus Rasler in his concept of nonenzymatic metabolism (18), and William 
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F. Martin in the concept of autocatalytic chemical networks that 
preceded proteins and RNA in evolution (19, 20). Hartmann & 
Smith proposed the existence of early catalytic peptides in the 
evolutionary transition from a thioester world to a phosphate 
world, where sugar phosphates, nucleotides, and polynucleotides 
hypothetically appeared after the emergence of these catalytic 
peptides (21). In several of these theories, the problem of prebiotic 
synthesis of ribonucleosides or ribonucleotides is solved by cata-
lytic peptides. But, if catalytic peptides existed before polynucle-
otides (14, 21) then a key question arises about information flow 
and heredity. Was the information contained in peptide sequences 
at some early point of evolution “written” into nucleic acid 
polymers?

 Logically, the idea that reading (transcription of DNA sequences 
to mRNA and translation of mRNAs to proteins) is linked to 
writing, is not controversial. Yet, this hypothetical scenario of a 
process of inversed transcription/translation has not been exten-
sively explored. The theoretical possibility of reverse translation 
of proteins into genes has been excluded from the standpoint of 
information theory by Yockey (22), based on the argument that 
the genetic code is degenerate. This argument was later refuted by 
Craig (23), who argued for the theoretical possibility of a reverse 
translation mechanism involving tRNAs, and essentially a reverse 
sequence of ribosomal reactions, coupled to elongation of mRNAs. 
To the best of our knowledge, the only experimental attempt to 
simulate such mRNA elongation was done by Masayuki 
Nashimoto (24), who demonstrated that engineered tRNA can 
be cleaved to transmit its anticodon to another RNA molecule. 
This concept had definite value but did not have a means of con-
necting codon transfer to the identity of a specific amino acid, nor 
was it able to repeatedly connect codons together based on the 
identity of amino acids. As a theoretical alternative to tRNA-based 

reverse translation, Tozzi & Mazzeo proposed the existence of 
hypothetical two-dimensional peptides capable of amino acid–
nucleotide matching (25).

 In this paper, we propose a series of catalyzed reactions that 
represent all the steps required for a hypothetical process of reverse 
translation. Our proposed sequence of reactions (Fig. 1) starts 
with a processive amino peptidase, which sequentially releases 
amino acids from the N terminus of a peptide. The identity of 
released amino acids can be matched to codons by aptazymes, 
specific RNA adapters that contain an aptamer module that rec-
ognizes amino acids, and a ribozyme module, that can self-cleave 
and release specific codon triplets in response to amino acid bind-
ing. These codon triplets can be ligated into a longer RNA and 
reverse-transcribed into DNA. In a hypothetical processive system 
based on these reactions, the resulting DNA sequence would 
match the sequence of amino acids in the starting peptide.           

Results

From Peptides to Amino Acids. To carry out the first step in 
the proposed sequence of reactions (Fig.  2A), we chose a rare 
processive bacterial aminopeptidase YsdC (26) (SI  Appendix, 
Fig. S1). We chose to work with several synthetic peptides that 
were 12 amino acid-long. The peptides contained arginine (R) 
and/or glutamine (Q) in different ratios: R12, Q12, (RRRQ)3 and 
(QQQR)3 (Fig.  2B). The peptides were incubated with YsdC, 
and the reaction products were analyzed by mass spectrometry. 
The analysis of free amino acids revealed that YsdC successfully 
degraded the synthetic peptides into single amino acids, releasing 
only R from the peptide R12, only Q from the peptide Q12, and 
stoichiometrically correct mixtures of R and Q from the peptides 
(RRRQ)3 and (QQQR)3, respectively (Fig. 2B).

Fig. 1.   Schematic representation of the proposed processes of reverse translation: from peptides to DNA. Cleavage I: the aminopeptidase (blue) processively 
cleaves the peptide bonds at the N terminus of a peptide (pink), releasing free amino acids. Cleavage II: the RNA aptazyme binds a free amino acid, which 
triggers its ribozyme activity, self-cleaving, and releasing the RNA triplet from its 3’ end. Ligation: the RNA triplet is ligated into long RNA by T4 RNA Ligase 1 
(ssRNA ligase). DNA linkers I and II are introduced in the ligation reaction to obtain the sites for pairing with the primer for reverse transcription, and thereafter 
for pairing with primers during PCR. DNA linker II is phosphorylated at 5’ to enable the ligation with the codons and is modified with dideoxycytidine (orange 
solid circle) at 3’ to block further ligation at that end. Reverse-transcription: long RNA is converted into RNA–DNA hybrid by reverse transcriptase. PCR: RNA–DNA 
hybrid is amplified by PCR. RNA sequences are shown in green and DNA in orange.D
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From Amino Acids to RNA Triplets. Next, we needed a reaction 
that can match the identity of the released amino acids to the 
correct codons. For this, we tested recombinant aptazymes, 
RNA molecules that self-cleave in response to binding a 
specific amino acid (27) (Fig. 3). An aptazyme is essentially an 
allosteric ribozyme, with the ribozyme function triggered via a 
“communication module,” when the aptamer binds its ligand 
(28). We attempted to construct two types of aptazymes, one 
self-cleaving in the presence of arginine (R), and releasing the 
arginine codon CGG, and another responding to the presence 
of glutamine (Q), and releasing the corresponding codon CAG. 
Fig. 3 outlines our strategies to construct these aptazymes, based 
on the RNA motifs reported in the literature. We combined 
elements of two ribozymes: the hammerhead ribozyme from 
Yarrowia lipolytica (29) (Fig. 3A) and the Sm1 ribozyme variant 

N117 from Schistosoma mansoni (30) (Fig. 3B). The Y. lipolytica 
hammerhead ribozyme comprises three stems, and the tertiary 
contacts between stem 1 and stem 2 lead to a conformational 
change in the catalytic core, triggering self-cleavage (31). The 
S. mansoni ribozyme also involves a hammerhead, which cleaves 
an RNA transcript when inserted in the correct position (32). 
A general communication module that works in aptazymes 
was proposed by Kertsburg and Soukup (33). It contains a 
9-nucleotide communication module that can couple a variety 
of ribozymes and aptamers (Fig.  3C). For arginine binding, 
we selected an in  vitro evolved aptamer with an L-arginine 
dissociation constant (Kd) of about 10−5 M (34) (Fig.  3D). 
For glutamine binding, we used the 67 glnA RNA motif from 
Synechococcus elongatus with Kd for L-glutamine estimated at 
575 μM (35) (Fig. 3E). Two strategies of connecting ribozymes 

Fig. 2.   From peptides to long RNA. (A) Representation of the proposed reaction steps leading from peptides to codon polymers in a long RNA. (B) Cleavage 
I: from peptide to free amino acids. Four different 12-amino acid-long peptides were employed: R12, Q12, (RRRQ)3 and (QQQR)3. Cleavage reactions were 
performed in the presence (+) and absence (−) of aminopeptidase. Measured concentrations of released free amino acids are shown for each reaction. Data are 
presented as mean + SD from three independent replicates. (C) Cleavage II, from free Q to CAG. (Left) structure of Q-responsive aptazyme type 2. The aptazyme 
is composed of 3 parts: I) ribozyme (black), II) stem 2 communication module (orange) and III) aptamer (blue). The RNA triplet at 3’ that is to be released as a free 
codon after cleavage is shown in green. Cleavage site is indicated by an arrow. (Right) Cleavage II, release of CAG RNA triplet by self-cleavage of the Q-responsive 
aptazyme type 2 in the presence of free Q. RNAs were separated on 15% Novex™ TBE-Urea Gels and visualized with SYBR™ Gold Nucleic Acid Gel Stain. The 
reaction duration is indicated above each lane. Upper gel: dependence of self-cleavage of Q-responsive aptazyme type 2 on the presence of Q, indicated as 
+/− above each lane. The bands of noncleaved and cleaved Q-responsive aptazyme are indicated by arrows. Lower gel: time dependence of self-cleavage of 
Gln aptazyme type 2 in the presence of Mg2+ and Gln. (D) Ligation of CAG, from RNA triplets to long RNA (CAG)n. 5’ phosphorylated CAG was incubated with T4 
RNA ligase 1 (ssRNA ligase). The presence or absence of each component, as well as DNase or RNase treatment are indicated as “+/−” above each lane. Sizes of 
DNA linkers I and II are indicated by arrows. (E) Cleavage II, from free R to CGG. The panel is analogous to (C), with the R-responsive aptazyme type 2 and free 
R replacing the Q-system. (F) Ligation of CGG, from RNA triplets to long RNA (CGG)n. The panel is analogous to (E), with 5’ phosphorylated CGG instead of CAG.
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to aptamers were tested (Fig. 3 F and G). In type 1 aptazyme, 
the communication module was placed within the ribozyme 
as an independent stem-and-loop structure separated from the 
aptamer. In type 2 aptazyme, the communication module was 
placed to directly bridge the ribozyme to the aptamer structure. 
The first attempt was made with type 1 aptazymes (SI Appendix, 
Fig. S2). This failed to provide the desired result because the 
Q-responsive aptazyme self-cleaved even in the absence of Q, 

while the R-responsive aptazyme did not self-cleave even after 
addition of R. Our next attempt involved aptazymes of type 2 
(Fig. 2 C and E). The Q-responsive aptazyme (Fig. 2 C, Right) 
did not self-cleave in the absence of either Q or Mg2+ (required 
for ribozyme reaction), but it did self-cleave in the presence of 
both, reaching >50% self-cleavage in 45 min. The R-responsive 
aptazyme (Fig. 2 E, Right) also strictly required the presence of 
R and Mg2+ for self-cleavage, reaching >50% self-cleavage in 8 h.

Fig. 3.   Schematic representation of the design of R- and Q-responsive aptazymes. The three key modules of amino acid-responsive aptazymes are indicated 
with different colors: I, ribozyme (gray); II, communication module (orange); and III, amino acid-responsive aptamer (blue). The two R/Q-responsive aptazymes, 
type 1 and type 2, were obtained by combining each of the three elements, based on the available literature. (A) Schematic representation of the hammerhead 
ribozyme and a motif from Y. lipolytica (29). Cleavage site is indicated by an arrow. (B) Self-cleaving Schistosome Sm1 ribozyme from the digenetic trematode 
Schistosoma mansoni (30). Cleavage site is indicated by an arrow. Our ribozyme design combined elements of both ribozymes (gray box). (C) The general 
aptazyme communication module as proposed by Kertsburg and Soukup (33). (D) Arginine-specific RNA aptamer that was obtained from an in vitro selection 
study for specific binding to L-citrulline, and then subjected to further selection for recognition and binding for L-arginine (34). (E) A glnA motif of the 67 glnA RNA 
from Synechococcus elongatus, binding to L-glutamine (35). (F) The resulting R-responsive aptazymes of type 1 and 2. (G) The resulting Q-responsive aptazymes 
of type 1 and 2.
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From RNA Triplets to DNA. Next, the RNA triplets, CAG for the 
Q-responsive aptazyme and CGG for the R-responsive aptazyme, 
were ligated with the help of DNA linkers (as outlined in Fig. 1) 
using a T4 RNA Ligase 1 (ssRNA Ligase). It is important to note 
that triplets released by the self-cleavage of aptazymes do not have a 
phosphorylated 5’ end, which is necessary for subsequent ligation. 
This issue can be solved by polynucleotide kinases (36), which 
can catalyze 5’ phosphorylation of short RNA oligonucleotides, 
and are known to be ancient enzymes (37). Alternatively, there 
are mechanisms of RNA cleavage that produce a phosphorylated 
5’ end, such as ribonuclease P (38), which is an ancient 
ribonucleoprotein. It contains an RNA component that is sufficient 
for catalyzing the cleavage in vivo (39). In our experiments, we 
used a 5’ phosphorylated version of RNA triplets, thus established 
long RNA templates for the reverse transcriptase (Fig. 2 D and 
F). The DNA linkers were used to provide an anchor point for 
the following steps, reverse transcription and PCR. Following the 
ligation step, we observed the growth of long RNAs, although the 
RNA triplets themselves could not be visualized in TBE-urea gels 
(SI Appendix, Fig. S3). From this point onward, routine reactions 
of reverse transcription and PCR were carried out, producing 
an RNA–DNA hybrid and a double-stranded DNA, respectively 
(Fig. 1 and SI Appendix, Fig. S4 A–D). The synthesized double-
stranded DNA was sequenced (SI Appendix, Fig. S4E), revealing 
the correct subsequent placement of poly(CAG) sequences issued 
from the “Q” RNA triplets, and poly(CGG) sequences issued 
from the “R” RNA triplets.

Discussion

 Our results suggest that each step of the hypothetical conversion 
of a peptide sequence into a DNA sequence (Fig. 1) can be cata-
lyzed with existing types of macromolecules/biocatalysts. By con-
sequence, it is not impossible to imagine that prebiotic peptides 
capable of synthesizing RNA precursors could have provided all 
the catalysts needed to carry out a similar process. Importantly, 
to offer an evolutionary advantage, such reverse translation systems 
would need to operate in the presence of forward translation. 
Current evolutionary theory stipulates that forward translation 
arose gradually from a set of primitive reactions (40, 41). Hence, 
it could be speculated that primitive versions of reactions leading 
to both forward and reverse translation may have coexisted at some 
point in early evolution.

 The key component of the proposed hypothetical process of 
reverse translation would be an appropriate “converter” of amino 
acid to nucleotide triplet identities, which in our case was an RNA 
aptazyme. While we demonstrated catalysis of each step in the 
hypothetical process of reverse translation, our current system is 
not processive. Processivity would require a more complex molec-
ular structure where all the above-mentioned steps are sterically 
confined and coupled. It is plausible to presume that such pro-
cesses would start with low processivity in more primitive stages 
and evolve efficiency over time. Many authors discussed physical 
compartmentation from the environment and self-organization 
as an important step in protocells, forming early catalytical com-
partments, giving rise to gradually more processive and efficient 
metabolic pathways (42, 43). In the absence of physical confine-
ment, other mechanisms, such as clay hydrogels, may have played 
the role of ensuring high local concentrations of biomolecules, 
allowing for processive reactions (44). A good definition of such 
microspaces in which protometabolites and protobiopolymers 
could coevolve and gradually increase catalytic processivity and 
efficiency has been provided by Jan Spitzer (45). Of particular 
interest in this respect is the metabolosome model proposed by 

Gibson & Lamond (46), in which RNA structures function as 
coordination centers/scaffolds binding small molecules, cofactors, 
and potentially amino acids that participate in primitive metabolic 
pathways.

 In conclusion, we propose that our results allow for the possi-
bility of an evolutionary scenario in which sequences of early 
catalytic peptides could get written into DNA (23–25). In such 
a hypothetical scenario, at some early point after the emergence 
of the first genomes, new evolutionary forces would have kicked 
in, balancing genome stability versus plasticity. Once functional 
protogenomes have been formed, maintaining the function of 
“genome writers” would gradually be counterselected, since they 
would compromise genome stability. Inactivation of biological 
pathways commonly occurs by blocking the first step of the pro-
cess. In the case of our putative genome writer system, this would 
mean blocking, or counterselecting, the activity of processive ami-
nopeptidases. From this perspective, it is interesting to point out 
that extant cells degrade most of their polymers processively. For 
example, nucleic acids and polysaccharides are degraded one 
nucleotide (47) or sugar monomer (48) at a time, which makes 
perfect sense energetically. Not so for protein degradation. Cells 
break down proteins into increasingly shorter peptides, using 
complex and energetically costly multienzyme assemblies (49). 
N-terminal peptidases with any sort of processivity are very rare 
in nature. Could it be that processive aminopeptidases were coun-
terselected early in the genomic era? We hope that our findings 
and the questions they raise will meaningfully contribute to the 
debate about early evolution. In addition, they could have poten-
tial uses in synthetic biology, as a basis for a method to synthesize 
genome components based on known protein sequences.  

Materials and Methods

Aminopeptidase Cleavage. Aminopeptidase gene ysdC was amplified from B. 
subtilis 168 genomic DNA by primer ysdC_Bam_F (5’-ATATGGATCCGCAAAATTAG
ATGAAACATTGACC-3’) and ysdC_Hind_R (5’-ATATAAGCTTCTATTGGTACGTAATTTCG
TCAAC-3’), then inserted in pQE30 between BamHI and HindIII. 6xHis-tagged 
YsdC was purified using Ni-NTA agarose (Qiagen) as described previously (26). 
Aminopeptidase reaction was performed by mixing 160 µM peptides with 40 
µM aminopeptidase in a 50 µL reaction solution. For reactions with R12, (RRRQ)3 
and (QQQR)3, the solution contained 100 mM Tris-HCl pH 7.5, 100 mM NaCl, 
50 mM KCl, 1 mM magnesium acetate, 5% glycerol and 0.05% Triton X-100. For 
reaction with Q12, 100 mM Tris-HCl pH 7.5 was replaced by 100 mM Tris-HCl 
pH 8.8, while the other components remained the same. The reactions were 
incubated overnight at room temperature. The control reactions were stopped 
immediately by being frozen at −20 °C directly after mixing.

Amino Acid Quantification. The quantification of free amino acids released 
into reaction solution was determined by aTRAQ™ Kit Physiological 50 Assay kit 
(SCIEX) in an LC-tandem MS (LC–MS/MS) system QTRAP 6500+ (SCIEX) with an 
amino acid analyzer (AAA) C18 column (SCIEX). The concentration of free amino 
acids was calculated according to aTRAQ™ Internal Standard (SCIEX). In brief, 
the reactions were first mixed with sulfosalicylic acid solution to precipitate and 
remove proteins. The obtained soluble samples were then labeled with aTRAQ 
Reagent Δ8 and mixed with the internal standards, which were prelabeled with 
aTRAQ Reagent Δ0. The mixtures were analyzed by LC–MS/MS using QTRAP 
System operating in multiple reaction monitoring (MRM) mode. The amino acids 
labeled with Δ8 or Δ0 have identical structures but with different numbers of 
isotopes, and therefore they exhibit the same retention times but can be differ-
entiated by MS/MS.

Aptazyme Cleavage. Four aptazymes, Gln aptazyme type 1 (​5’-​GGT​TCG​CGG​
AAA​CGC​GTA​CAC​CCT​GCT​GAC​GAG​TCC​CAA​ATA​GGA​CGA​AAA​CGT​TGG​CCC​AGT​ATT​TCT​
GGG​TGG​AAG​TAA​GGTCTTTGGCCTGAAGCAACGCTCCAG-3’) and type 2 (​5’-​GGT​TCG​
CGG​AAA​CGC​GTA​CAC​CCT​GCT​GAC​GAG​TCC​CAA​CGT​TGG​CCC​AGT​TTA​TCT​GGG​TGG​AAG​
TAA​CCG​GTT​TCT​GGT​GAA​GCA​ACG​CTA​GGACGAAACGCGCTTCGGTGCGTCCAG-3’), Arg D
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aptazyme type 1 (​5’-​GGT​TCG​CGG​AAA​CGC​GTA​CAC​CCC​GCT​GAC​GAG​TCC​CAA​ATA​GGA​
CGA​AAG​ACA​GGT​AGG​TCG​CAC​GAAAGTGAAGGAGCGTCTCCGG-3’) and type 2 (​5’-​GGT​
TCG​CGG​AAA​CGC​GTA​CAC​CCC​GCT​GAC​GAG​TCC​CAA​GAC​AGG​TAG​GTC​GCA​CGA​AAG​TGA​
AGG​AGC​GTC​ATA​GGA​CGAAACGCGCTTCGGTGCGTCCGG-3’) were synthesized by 
Integrated DNA Technologies. Self-cleavage of Gln type 1 and 2 was performed 
at 50 °C in reactions containing Tris-HCl 25 mM, NaCl 50 mM, glycerol 5%, MgCl2 
0.5 mM, and Gln 50 mM as indicated in figures. Self-cleavage of Arg type 1 and 
2 was performed at 12 °C in reactions containing Tris-HCl 25 mM, NaCl 50 mM, 
glycerol 5%, MgCl2 0.5 mM, and Arg 50 mM as indicated in the figures. Incubation 
times for all cleavage reactions are indicated in respective figure legends. To 
stop all reactions, they were mixed with Novex™ TBE-Urea Sample Buffer (2×) 
(Invitrogen) and the reaction products were separated on 15% Novex™ TBE-Urea 
Gels (Invitrogen) for 6.5 h at 180 V in 4 °C. RNA was visualized by SYBR™ Gold 
Nucleic Acid Gel Stain (Invitrogen).

RNA Triplet Ligation. RNA triplets CAG (5’-Phosphorylation CAG-3’) and CGG 
(5’-Phosphorylation CGG-3’) with phosphorylated 5’ end were synthesized by 
GenScript. RNA ligation was performed using T4 RNA Ligase 1 (ssRNA Ligase) 
(New England Biolabs), according to the manufacturer’s instructions. DNA linker 
I (5’-CTCGAGGTCGACGGTATCGATAAGCTTGATATC-3’) and II (5’-phosphorylation 
AATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGA dideoxycytidine-3’) were included 
in the ligation reaction to introduce the sites for following reverse-transcription 
and PCR. Their sequences were selected to match the MCS region of the plasmid 
pBluescript to enable integration of the reaction products into the plasmid. Briefly, 
a 10 μL reaction contained 1× T4 RNA Ligase Reaction Buffer, 20% (wt/vol) PEG 
8000, 0.5 μL RNase Inhibitor (Murine), 1 μL T4 RNA Ligase 1, 1 mM ATP, 20 μM 
RNA triplets, 0.2 μM DNA linkers I and II. The reaction was incubated at 16 °C 
overnight, then mixed with Novex™ TBE-Urea Sample Buffer (2×) (Invitrogen) 
and incubated at 70 °C for 2 min to remove secondary structures. Samples were 
separated by 15% Novex™ TBE-Urea Gels (Invitrogen) for 1 h, unless otherwise 

specified in figure legends, at 180 V at 4 °C. Reaction products were visualized by 
SYBR™ Gold Nucleic Acid Gel Stain (Invitrogen). For DNA digestion, the overnight 
RNA ligation reaction was subjected to RNase-free DNase Set (Qiagen). For RNA 
digestion, the overnight RNA ligation reaction was subjected to RNase Cocktail™ 
Enzyme Mix (Invitrogen).

Reverse-Transcription. Before reverse transcription, the RNA ligation reaction 
was subjected to column cleanup with Monarch® RNA Cleanup Kit (Qiagen). 
Reverse-transcription was performed by the RevertAid First Strand cDNA Synthesis 
Kit (Thermo Scientific) with the oligo for reverse-transcription (5’-TCTAGAACTA
GTGGATCCCCCGGGCTGCAGGAATT-3’). Reverse-transcription reaction was mixed 
with Novex™ TBE-Urea Sample Buffer (2×) (Invitrogen) and subjected to 70 °C 
for 2 min, then separated on 15% Novex™ TBE-Urea Gels (Invitrogen) for 0.5 
h at 180 V and 4 °C. RNA/DNA was visualized by SYBR™ Gold Nucleic Acid Gel 
Stain (Invitrogen).

PCR, Plasmid Integration, and Sequencing. DNA fragments issued from the 
reverse transcription reaction were amplified with PCR oligo forward (5’-CTCGA
GGTCGACGGTATCGATAAGCTTGATATC-3’) and PCR oligo reverse (5’-TCTAGAACTAG
TGGATCCCCCGGGCTGCAGGAATT-3’) using DreamTaq DNA Polymerase (Thermo 
Scientific). PCR products were digested by HindIII and BamHI and inserted into 
pBluescript II SK. The inserts were analyzed by commercial DNA sequencing.

Data, Materials, and Software Availability. Study data are included in the 
article and/or SI Appendix.
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