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ABSTRACT

There are several plausible abiotic synthetic routes from prebiotic chemical materials to ribonucleotides and even short
RNAoligomers. However, for refinement of the RNAWorld hypothesis to help explain the origins of life on the Earth, there
needs to be a manner by which such oligomers can increase their length and expand their sequence diversity. Oligomers
longer than at least 10–20 nucleotides would be needed for raw material for subsequent natural selection. Here, we ex-
plore spontaneous RNA–RNA recombination as a facile means by which such length and diversity enhancement could
have been realized. Motivated by the discovery that RNA oligomers stored for long periods of time in the freezer expand
their lengths, we systematically investigated RNA–RNA recombination processes. In addition to one knownmechanism,we
discovered at least three newmechanisms. In these, one RNA oligomer acts as a splint to catalyze the hybridization of two
other oligomers and facilitates the attack of a 5′′′′′-OH, a 3′′′′′-OH, or a 2′′′′′-OH nucleophile of one oligomer onto a target atomof
another. This leads to the displacement of one RNA fragment and the production of new recombinant oligomers.We show
that this process can explain the spontaneous emergence of sequence complexity, both in vitro and in silico.
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INTRODUCTION

On the primordial Earth, during abiogenesis, informational
polymerswould havehad toundergo someprocesses both
to elongate and to enrich their sequence diversity. The
complexity of living systems required a supply of polymers
long enough to possess phenotypic function and diverse
enough to provide raw material for natural selection. Prior
to Darwinian evolution through mutation, amplification,
and selection, there would have been a state of “prelife”
in which chemical processes drove populational evolution
without template-directed replication (Nowak and
Ohtsuki 2008). Recombination, the swapping of large
blocks of polymeric information through near energy-neu-
tral reactions, offers a facile means to accomplish these
goals (Lehman 2003, 2008; Lehman et al. 2011). In an
RNA or RNA-like world, these reactions can occur via
trans-esterification reactions, which can be cooperatively
facilitated by other RNAs (Higgs and Lehman 2015).
Recombinogenic events involving RNA on the early

Earth could have allowed for the disproportionation of
short polymers (e.g., 2-mer + 2-mer→3-mer + 1-mer, etc.)
and consequent length increase and diversification, pro-
vided there was a source of polymers to begin with.

Several theoretical and experimental results have given
us plausible scenarios for the existence of oligomeric
RNAs. For example, Orgel demonstrated the possibility
of nonenzymatic template-directed production of ∼2–30-
mers from activated nucleotides (Lohrmann et al. 1980;
Wu and Orgel 1992). Later Ferris showed that montmoril-
lonite clay could greatly enhance the lengths of such oligo-
mers under environmental cycling conditions (Ferris et al.
1996). Abiotic polymerization could also be lipid assisted
in wet-dry cycles (Rajamani et al. 2008; De Guzman et al.
2014). Recently Szostak’s group has provided alternative
mechanistic scenarios for oligomer production from acti-
vated monomers and trimers (Prywes et al. 2016).
Furthermore, Krishnamurthy has showcased the use of dia-
midophosphate to polymerize RNA monomers into oligo-
mers of at least 4 nucleotides (nt) long (Gibard et al.
2018), while Hud discovered that intercalating agents
such as ethidium bromide can enhance 3-mer deoxynu-
cleotide polymerization into much longer DNAs (Horowitz
et al. 2010). Thus, the synthetic routes to short random
RNAs seem abundant.
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With oligomers as substrates, both ligation (requiring
the use of an activated, or “high-energy”, leaving group)
and recombination can take place to diversify the popula-
tion (Briones et al. 2009). Intriguingly, a variety of RNA-
directed recombination events have been detected under
laboratory conditions (Chetverin et al. 1997; Chetverin
1999; Hayden et al. 2005; Lutay et al. 2007; Nechaev
et al. 2009; Pino et al. 2013), but these have not been in-
vestigated in a systematic fashion. The propensity of ran-
domly generated pools of RNA oligomers to possess an
intrinsic ability to change their length and compositional
distributions has been shown in a contemporaneous study,
although the mechanisms require further investigation
(Mutschler et al. 2018). The rationale for investigating
this phenomenon experimentally has been heightened
by a statistical-thermodynamic analysis that shows that,
counterintuitively, entropic factors would be expected to
drive an increase in polymer length through recombination
(Blokhuis and Lacoste 2017).

Here, we investigate the response of both random and
designed RNA populations to conditions under which
RNA–RNA strand exchange can be promoted. Notably,
we find that recombination is quite robust and facile in a
rangeof environmental settings.We induce theproduction
of novel sequenceswithpotentially catalytic structures, and
we showevidence that heretoforeunknownmechanisms of
spontaneous RNA recombination can operate efficiently.
Computer simulations support these findings, and they
depict a virile and dynamic prebiotic scenario in which cat-
alytic function canbootstrap itself out of randomchemistry.
There may also exist complementary processes that in-
clude templated end-to-end ligation, but we will not focus
on these, as the nature of the leaving group in such reac-
tions would differ from those involved in recombination.
Our work indicates that the spontaneous emergence of
an information-rich RNA world may have been far more
probable than previously believed.

RESULTS

Long-term incubations

To begin, we examined the results of a long-term (2-yr)
incubation of fully random RNA 16-mers at −15°C. When
incubated under these conditions, with sporadic (approxi-
mately five times) thaw-and-refreeze cycles that transited
the RNA in aqueous solution at −15°C to 28°C and back
again at roughly 100 µM and in 0.1 mM Na2EDTA, we
were curious as to whether any RNA at or near twice the in-
put length (i.e., 32 nucleotides [nt]) could arise. This could
occur via RNA–RNA recombination, and/or be consistent
with an end-to-end ligation (Nechaev et al. 2009), even
among oligomers that ostensibly contained no 2′,3′-cyclic
phosphate (“<p”) activation on their 3′ ends (Pino et al.
2013).We thus ran the RNAon a 15%denaturing polyacryl-

amide gel, excised a region of this gel spanning the 32-mer
product ± ca. 16 nt (Fig. 1A), and then subjected the result-
ing RNA to a high-throughput nucleotide sequence analy-
sis. From20,904 reads of RNAs of 17 nt in length or greater,
we detected a distribution of oligomer lengths ranging
from17 to over 50 nt in length (Fig. 1B). As the bulk of these
RNAs were 17–30 nt, with a sharp drop-off above the 31 nt
value, and, because the initial pool contained RNAs with
only 5′- and 3′-OH groups, these products must result
from recombination, rather than ligation. A single RNA–
RNA recombination among 16-mers could lead to RNAs
17–31 nt long (Lehman 2003). Among the products 25–
30 nt long, we detected a significant enrichment of RNAs
thatwould have contained a cytidine at a putative recombi-
nation junction. Likewise, there appears to be a paucity of
the adenosine nucleotide at a putative recombination junc-
tion (Fig. 1C).

By comparison, wewere also able to examine the effects
of long-term cold incubation on a specific oligomer se-
quence, the 11-mer LO2 (5′–GAG AGC AGG AA–3′).
After 2 yr at −15°C with occasional (roughly 20 times)
thaw and refreeze cycles akin to those described above, a
series of distinctly sized products from 12 to 21 nt clearly
appears, along with a fainter 22-mer product (Fig. 1D).
Given that this product distribution is biased toward prod-
ucts up to 2N− 1 nt in length, these products are also the
result of recombination rather than ligation; there is a prod-
uct at approximately 22 nt, and it is unclear what ligation
mechanism could be operative on RNAs with hydroxyl
groups on their 5′ and 3′ termini.

Confirmation of known spontaneous RNA–RNA
recombination

To investigate RNA recombination more directly, we
then compared the spontaneousRNA–RNA recombination
mechanisms proposed by Vlassov (Lutay et al. 2007;
Nechaev et al. 2009) and Di Mauro (Pino et al. 2013). Using
synthetic RNAs with specific sequences, we confirmed that
the formerworkswell inourhands, andweoptimized the re-
action conditions (Supplemental Fig. 1). This reaction re-
quires a splint oligomer to pair simultaneously with two
substrate oligomers, catalyzing a two-step recombination
(Fig. 2A). In the first step, the rate of spontaneous self-cleav-
ageof a3′-overhangofone fragment is enhanced, followed
bya second, slower step, inwhich the5′-OHof the5′-nucle-
otideon theother fragment attacks the resulting2′,3′-cyclic
phosphate.Thecleavage/ligationevents togetherproduce
a recombination of sequences in the substrates. Here, we
will designate this as theαmechanism. Using a variety of ra-
tionally designed oligomers, including the sequences em-
ployed previously (Lutay et al. 2007), we were able to
achieve a ∼2% product yield using pH 9.9 in a 3-d reaction
at 22°C (Supplemental Fig. 1). Notably the inclusion of 5–
100 mM MgCl2 in the reaction was greatly beneficial
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(Supplemental Fig. 2). We were unable to confirm the
mechanism proposed byDiMauro (Pino et al. 2013), which
would be a one-step cross-strand attack of a 3′-OH (or 2′-
OH) on a phosphor-ester center, with a nucleotide/polynu-
cleotide leaving group to form a hairpin (Fig. 2B).

New mechanisms of spontaneous RNA–RNA
recombination

We did however detect three novel recombination mecha-
nisms that are of great potential significance to the systems
chemistry of a prebiotic soup (Fig. 2). The first is a variant of
the previously reported α mechanism (Lutay et al. 2007).
We designed two pairs of RNA oligomers that are partially
complementary; the design was chosen to hinder the 2-
step attack of the 5′-OH of one splinted oligomer on any
<p of another splinted oligomer because of a lack of prox-

imity, but allow for a putative cross-strand attack (Fig. 2B).
The 3-d self-incubation of one oligomer (the 16-mer,
R16) showed a trace of the α recombination to produce a
23-mer at pH 9.9 (Fig. 3A). The self-incubation of another
oligomer (the 13-mer, H13) did not show evidence of this
α recombination under the same conditions. However,
both self-incubations gave other significant products (Fig.
3A). A time course showed the relative appearanceof these
products over 1–8 d at pH 8.0 (Fig. 3B). Both the ca. 29-mer
products in the R16 self-incubation and the 25-mer prod-
uct in the H13 self-recombination can be explained by a
pairing topology that produces a 3-nt unpaired region on
the splint oligomer (Fig. 2C). The resulting flexibility in
the helical arrangement could lead to variability in the at-
tack site of the 5′-OH, and we in fact see a range of product
sizes from 28–30 nt with the R16 self-incubation, and two
products at 24 and 25 nt with the H13 self-incubation

BA

C

D

FIGURE1. Long-term incubation of RNAat−15°C leads to recombination. (A) Denaturing polyacrylamide gel electrophoresis of random16-mers
after 2 yr. A range of products spanning roughly 17–48 nt were excised from the gel and subjected to high-throughput sequence (HTS) analysis.
A faint band at 32 nt can be seen, presumably from highly complementary duplex RNAs resistant to denaturation. (B) Distribution of sequence
lengths determined by HTS analysis. Arrow denotes the dropoff in counts above one recombination event (16-mer+16-mer→ 31-mer+1-mer).
(C ) Heat maps of nucleotide identities from HTS analyses of products in the 25–30 nt range. An enrichment in cytosine and a deficit of adenosine
can be seen at the putative recombination junction, 16 nt from the 3′ terminus. (D) Comparison of fresh 16-mer LO1 (CUC UCCUUCCUGAAA A;
pyrimidine-rich) RNA and 2-yr-old LO2 (GAGAGCAGGAA; purine-rich) RNA as visualized by SYBRGreen staining after electrophoresis through a
15%denaturing polyacrylamide gel. Numbers refer to RNA lengths, as denoted in nucleotides. The extreme purine/pyrimidine bias of these olig-
omers explains their slight mobility difference.
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(Fig. 3B). Given that the pH profile of this reaction is similar
to that of theα reaction (Supplemental Fig. 3), wedesignat-
ed this reaction as α′′′′′ to reflect a similar mechanism as that
of α but with a different geometry.

We propose that the other two novel mechanisms are
one-step (SN2-like) concerted mechanisms, which we will

designate β and γ. A larger product can be seen in the
R16 self-incubation at ∼31 nt. We posit that this new prod-
uct is the result of the attackof the 3′–OHof the terminal nu-
cleotide of R16 on the first phosphor-ester bond of the
downstream splinted oligomer (Fig. 2D). As there is no cy-
clic phosphate involved in this reaction, this (β) mechanism,

E
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FIGURE 2. Spontaneous RNA–RNA recombination schemes. (A) Two-step cleavage-ligationmechanism shown previously (Lutay et al. 2007) and
confirmed herein and designated the αmechanism. In the first step, a splint (green) oligomer hybridizes to two substrate oligomers, and the over-
hanging portion of the left substrate (black) undergoes spontaneous cleavage to generate a 2′,3′-cyclic phosphate on the resulting 3′-nucleotide.
In the second step, the 5′-OH of the right substrate (blue) attacks, resulting in a new phosphoester bond. (B) Theorized cross-strand attack pro-
posed previously (Pino et al. 2013). The 16-mer R16 and 13-mer H13 were designed to test one arrangement of this reaction, but no reaction
products have been detected in our hands (Supplemental Fig. 4). (C ) A variant of the αmechanism in which a 3-nt bulge is created at the recom-
bination junctionwhen a ternary complex of eitherR16 (top) orH13 (bottom) forms. The recombination reaction shown is designated theα′′′′′ mech-
anism. (D) Another variant of recombination that could take place upon formation of an R16 ternary complex. Here, the 3′-OH (or possibly the 2′-
OH) of one substrate strand displaces the terminal 5′-nucleotide of the other substrate strand. This reaction shown is designated the βmechanism.
(E) Another detected recombination reaction that produces branched products. Upon ternary complex formation of either R16 orH13, attack of a
2′-OH on a hybridized strand at a variety of locations generates a suite of products that are branched and migrate slowly on a denaturing poly-
acrylamide gel. These reactions shown are designated the γ or γ′′′′′ mechanism, depending on the substrate.
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if confirmed, would be of a concerted
(1-step) type, akin to the reaction cata-
lyzed by group I (or group II) self-splic-
ing introns. Use of an R16 oligomer
with a 2′-deoxyguanosine residing on
its 3′ terminus still produces the 31-
mer β product, thus we conclude that
the nucleophile is the 3′-OH rather
than the 2′-OH (Fig 3C). Note that
this mechanism is not the same as
that suggested by Di Mauro (Pino
et al. 2013). On the one hand, the β
mechanism is strongly Mg2+-depen-
dent (Supplemental Fig. 2), and on
the other hand the geometry of the
catalytic complex in the β mechanism
requires a splinting of two oligomers
with a 3-nt bulge (as in the α′′′′′ mecha-
nism). Di Mauro proposed a mecha-
nism that occurs in pure water and is
a cross-strand attack to produce a hair-
pin (Pino et al. 2013). Our reaction be-
tween equimolar R16 and H13, which
should allow for this type of reaction,
did not show any such products
(Supplemental Fig. 4); we conclude
that this cross-strand attack mecha-
nism is improbable.

The final product type we detected
appears relatively rapidly (ca. 1 d)
when R16 or H13 are self-incubated
at high (ca. 10–100 µM) concentra-
tions. We designate these products
as the result of the γ mechanism. The
apparent size (based on migration
rate) of this product exceeds twice
the input oligomer size (Fig. 3B), im-
plying at first glance that it could not
be either an end-to-end ligation prod-
uct or a single-step recombination
product. However, because there are
no products of higher molecular
mass that can be observed within the
few apparent half-times of the reac-
tion, a recursive mechanism seemed
unlikely. Thus, we pursued the possi-
bility that these are branched RNAs,
resulting from an attack of an internal
2′-OHofoneoligomeronaphosphate
linkage of another, in a fashion similar
to the intermediate that is formed dur-
ing group II intron- or spliceosomal-di-
rected splicing. In fact, we detected
two general products in the 34–38-nt
size range on the R16 self-incubation

B
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FIGURE 3. Gel electrophoretograms of spontaneous RNA–RNA recombination. (A)
Recombination of RNAs for 3 d at 22°C in 100mMMgCl2 using 30 µM each with one 5′-32P-la-
beled oligomer (designated by ∗) on the gel. Product RNAwas electrophoresed through a 15%
denaturing polyacrylamide gel and visualized by phosphorimaging. Note that the 10-nt ladder
(M, lengths in nt) has a3′-phosphate, so itmigrates∼1nt faster than theotherRNAon thegel. (B)
Several-day time course of 100 µM R16 (left) and H13 self-incubations at 0°/22°C in 100 mM
MgCl2 at pH 8.0. Product RNAwas electrophoresed through a 15%denaturing polyacrylamide
gel and stainedwith SYBRGold. Themarker lane (M)was amixtureof 5′-OH-containingRNAsof
known lengths. Proposed mechanisms that generate the product bands are indicated. (C )
Effects of 5′ phosphorylation and inclusion of deoxy residues in R16 (left) and H13 (right).
Phosphorylation inhibits the α′′′′′ (and β) mechanisms, but not the γ or γ′′′′′ mechanisms (at least
in R16). Sequences of the deoxy-containing oligomers are as follows: R16 (2′-dG) =CGU
ACC GUU GCA UUU dG; R16 (2′-d{AUUU}) =CGU ACC GUU GCdA dUdUdU G; H13 (2′-dG)
=CUG CAA CGG UAC dG; H13 (2′-dG) =CUG CAA CGG UAdC G. {+} lanes are positive con-
trols, with the all ribose oligomers with 5′-OH utilized. Product RNA was electrophoresed
through a 15% denaturing polyacrylamide gel and stained with SYBR Gold. (D) Reaction prod-
ucts after a 5-d incubation of R16 at 0°C/22°C in 100mMMgCl2 at various pH values. Negative
control {−} wasun-incubatedR16RNA.Product RNAwaselectrophoresed througha15%dena-
turing polyacrylamide gel and stained with SYBR Gold.
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gel, and we designated the upper band(s) as γ′′′′′, to allow for
the possibility of different target phosphates. Upon further
analysesweconclude that there are approximately seven γ-
like products (Fig. 3D), five (γ) of which are the result of the
attack of the 2′-OHofG7orU8of the splint strandon the 3′-
overhang of the left substrate, giving 19–21-nt branched
products. The remaining two (γ′′′′′) could be the result of
the attack of the 2′-OH of C6 or G7 of the splint strand on
the 5′-overhang of the right substrate, giving 31-nt
branched products (Fig. 2E). We were unable to obtain
any evidence for the products being circular RNAs.

Nucleotide-sequence analyses

We excised the R16 and H13 self-incubation products
from a 15%denaturing polyacrylamide gel, taking extreme

care to only cut products in the size range from 20–38 nt,
i.e., those that could be products of a single recombination
but are not starting material. High-throughput nucleotide-
sequence (HTS) analyses of these RNAs (Tables 1, 2) led to
us to confirm the existence of the α′′′′′ products with high
certainty for both the self-incubations. From 21,746 reads
resulting from ≥15-mers from the R16 self-incubation after
seven days, 17, 102, and 24 products had the expected se-
quences that would result from an α′′′′′ recombination at the
➂,➁, and➀ junctions, respectively (Fig. 2C). Though these
are small numbers, they do mirror the observation that the
29-mer product (i.e., attack at R16 junction ➁) is the most
intense band in this region of the gel (Fig. 4). Likewise,
from 10,204 reads resulting from the H13 self-incubation,
141 and 258 products had the expected sequences that
would result from an α′′′′′ recombination at the ➁ and ➀

TABLE 1. HTS analyses of R16 self-recombination products; 20–38 nt gel region after 7 d

Sequence (5′ to 3′) nt N Notes

R16 self-recombination (total counts= 21,746)

{cgu acc guu gca uuu g}−1 15 331 R16-like 15-mers
–GU ACC GUU GCA UUU G 15 2916 R16 Δ5′C (γ′)

CGU AC– GUU GCA UUU G 15 42 R16 ΔC6 (γ′)

CGU ACC GUU GCA UUU G 16 19437 R16 per se (γ or γ′)
CGU ACC AUU GCA UUU G 16 24 R16 G7A (γ or γ′)

CGU ACC UUU GCA UUU G 16 79 R16 G7U (γ or γ′)

CGU ACu GUU GCA UUU G 16 13 R16 C6U
CGU ACC cGU UGC AUU UG 17 316 R16+C (γ or γ′)

CGU ACC GUU GgC AUU UG 17 251 R16+G (γ or γ′)

CGU ACC GUU GcC AUU UG 17 65 R16+C (γ or γ′)
CGU AC [CGU UGC AU] CGU ACC GUU 22 23 α or α′′′′′ recycling

CGU AC [CGU UGC AUU U] GCA UUU G 22 32 α or α′′′′′ recycling

{cgu acc guu gca uuu g} 23 14 R16-like 23-mers
CGU ACC GUU GCA U•CG UAC CGU UGC 24 47 α (R16Δ+R16Δ)

{cgu acc guu gca uuu g} 25 22 R16-like 25-mers

CGU AC [CGU UGC AUU U] CGU AC [CGU UGC] 26 8 α or α′′′′′ recycling
{cgu acc guu gca uuu g} 26 3 R16-like 26-mers

{cguaccguugcauuug} 27 4 R16-like 27-mers

CGU ACC GUU GCA CGU ACC GUU GCA UUU G 28 17 α′′′′′ at ➂
–GU ACC GUU GCA UCG UAC CGU UGC AUU UG 28 3 α′′′′′ at ➁, then γ∗

CGU ACC GUU GCA U•G UAC CGU UGC AUU UG 28 1 α′′′′′ at ➁, then γ∗

CGU ACC GUU GCA UCG UAC CGU UGC AUU UG 29 102 α′′′′′ at ➁
{cgu acc guu gca uuu g} 29 14 R16-like 29-mers

CGU ACC GUU GCA UUC GUA CCG UUG CAU UUG 30 24 α′′′′′ at ➀

CGU ACC GUU GCA UUG UAc CCG UUG CAU UUG 30 3 α′′′′′ at ➁, then γ∗

{cgu acc guu gca uuu g} 30 16 R16-like 30-mers

CGU ACC GUU GCA UUU GGU ACC GUU GCA UUU G 31 13 β

CGU ACC GUU GCA UUU GGU ACC AUU GCA UUU G 31 1 β with G22A
CGU ACC GUU GCA UUU GGU ACC GUU UCA UUU G 31 1 β with G25U

CGU ACC GUU GCA UUU G•C GUA CCG UUG CAU UUG 32 3 R16+R16 ligation?

γ∗ represents a γ product that creates a branch in which a mutation occurs during reverse transcription during HTS preparation.
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junctions, respectively (Table 2; Fig. 2C). Again, these val-
ues parallel the relative band intensities, with the 25-mer
(i.e., attack at H13 junction ➀) being favored. We note
that the low yields of these reactions, even after 1 wk
(∼1%–2% conversion atmost of startingmaterial into prod-
uct), coupled with the need to gel purify the products and
subject them to HTS preparation, including reverse tran-
scription, led to far fewer HTS hits than one would expect
for the sequencing of genomic DNA or cellular RNAs (tens
of millions). Nevertheless, both the R16 andH13 self-incu-
bations gave many products that can be explained if ex-
pected α′′′′′ products were then subsequently recombined
with a γ mechanism (see Discussion). We designate these
as “recycling” reactions that are evidence of more than
one recombination event occurring in the time frame of
the experiment.
The HTS analyses also gave support, albeit weaker, for

the β mechanism, which was clearly fainter on the electro-
phoretic images (Figs. 3D, 4). Only 13 examples of the ex-
pected β RNA sequence were detected among the R16
gel extracts, plus two sequences that contained point mu-
tations in the downstream oligomer (Table 1). A β-derived
RNA sequence was not detected among the H13 gel ex-
tracts. Nonetheless this mechanism remains plausible for
R16; it is a 31-mer product whose existence from any α′

mechanism was not detected (Table 1).
However, by far the most dominant sequences that we

detected were ones that were either R16 (or H13) exactly,
or were close variants thereof, despite being excised from
a gel region that excluded these sizes (Tables 1, 2).
Approximately 89% of products from each reaction fit
this pattern. While many of these could be the result of
fragmentation during the preparation for the HTS analysis,
or from contamination of the starting material during gel
purification (despite the many countermeasures em-

ployed), we propose that amore likely explanation for their
abundance is the tendency of RNase-H deficient reverse
transcriptases such as Superscript IV (which we used to ob-
tain the data in Tables 1, 2) to generate both truncated
products at a 2′–5′–3′ branched junction and full-length
cDNA upon reading through the 3′,5′ side of such branch-
es (Döring and Hurek 2017). This would result in the frag-
ments we observed. Moreover, some RNase H-deficient
M-MLV reverse transcriptases frequently cause mutations
and/or deletions around the branch point (Döring and
Hurek 2017), which is consistent with our detection of
the slight variants of R16 andH13 (Tables 1, 2). The obser-
vation that the γ/γ′′′′′ products appear prior to any other
product in both self-incubations (Fig. 3B) helps to explain

TABLE 2. HTS analyses of H13 self-recombination products; 20–38 nt gel region after 7 d

Sequence (5′ to 3′) nt N Notes

H13 self-recombination (total counts= 10,204)

CUG CAA C–G UAC G 12 12 H13 ΔG8 (γ)
CUG CAA CGG UAC G 13 9074 H13 per se (γ)

CUG CAA CGG UAU G 13 242 H13 C12U (γ)

GUG CAA CGG UAC G 13 128 H13 C1G
{cug caa cgg uac g} 13 238 H13 single mutants

{cug caa cgg uac g}+1 14 37 H13 single inserts

CUG CAA CGg GUA CG 14 28 H13+G (γ)
CUG CAA CG [UGC AAC GGU ACG] 20 14 α or α′′′′′ recycling

CUG CAA CGC UGC AAC GGU ACG 21 26 α or α′′′′′ recycling

CUG CAA CGG UAC UGC AAC GGU ACG 24 141 α′′′′′ at ➁
CUG CAA CGG UAC CUG CAA CGG UAC G 25 258 α′′′′′ at ➀

CUG CAA CGG UAC G•CU GCA ACG GUA CG 26 6 H13+H13 ligation?

γ∗ represents a γ product that creates a branch in which a mutation occurs during reverse transcription during HTS preparation.

FIGURE 4. Comparison of relative electrophoretic band intensity and
HTS frequency for R16 self-incubation products. (Blue bars) Relative
band intensities for 28-, 29-, and 30-mers (α′ products), along with
31-mers (β products) from the image in Figure 3B at 7 d. (Red bars)
Relative number of HTS hits from Table 1. Values scaled to sum
equals 1.0.
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the dominance of these fragments in the HTS analyses. In
the same vein, several α′′′′′ sequences exhibit single-nucleo-
tide insertions or deletions, which could be the result of re-
verse transcriptase stalling at a 2′–5′ linkage (Lorsch et al.
1995), which is the dominant product from the α mecha-
nism (Lutay et al. 2007).

Mechanistic data

We sought additional confirmation of the proposed mech-
anisms. Prior phosphorylation of the 5′ nucleotide shuts
down the α′′′′′ mechanism as expected; the 5′-OH nucleo-
phile is removed (Fig. 3C). Interestingly, 5′ phosphoryla-
tion also suppresses the β mechanism, possibly through
electrostatic interference of the 5′-nucleotide during at-
tack of the 3′-OH (Fig. 3C). However, as expected, 5′ phos-
phorylation does not inhibit the production of the γ/γ′′′′′

products (Fig. 3C). Use of a 2′deoxy residue at the cytosine
that is the target of the H13 α′′′′′ reaction at junction ➁
completely inhibits reaction at this junction, while permit-
ting reaction at junction➀ (cf. Fig. 2C); this would a be con-
sequence of the inability to form the 2′,3′-cyclic phosphate
intermediate during the spontaneous cleavage step of this
mechanism. Note that when the 3′-terminal guanosine in
H13 was converted to a 2′ deoxyG, recombination at nei-
ther junction was inhibited. We obtained similar data for
the R16 self-incubation (Fig. 3C); in fact, with this deoxy
construct, a band remains at 31 nt, providing support for
the β mechanism. Lastly, should the canonical α mecha-
nism operate weakly or the newly discovered α′′′′′ mecha-
nism operate in the R16 or H13 self-incubations, as it
does for the LO2-directed recombination of LO1 (Fig.
3A), recycling products (α2) should be seen if the hydro-
lyzed left substrate were to be released prior to ligation
and instead move to become a right substrate. We see
both electrophoretic and HTS evidence of this process oc-
curring occasionally (Tables 1, 2; Fig. 3A). This portends
the ability of multiple rounds of recombination to produce
a wide variety of RNA sequences from a limited starting
pool. After investigating the optimal reaction conditions
for each product, wewere able to summarize the differenc-
es among the various mechanisms (Table 3).

In silico simulations

Finally, to address the possibility of complex structure and
function arising spontaneously out of random sequence
pools via recombination, we constructed a sequence-ex-
plicit computer simulation of an RNA population undergo-
ing iterative α recombination. The model (see Materials
and Methods) starts with an abiotic polymerization of
monomers to create short oligomers (i.e., ≤15-mers),
which can then undergo iterative cycles of hybridization,
recombination, degradation by hydrolysis, and dissocia-
tion. Herein, we examined only how the length distribution
could change after many generations of the α recombina-
tion being the only chemical process (Fig. 5). Beginning
with a random length distribution that is negatively expo-
nentially populated as a function of length, after many
generations the length distribution became skewed to-
ward longer RNAs, as predicted from an entropic view-
point (Blokhuis and Lacoste 2017). After 2 billion cycles,
RNAs as long as 61 nt can be observed (Fig. 5). Future
work will be to construct a series of computer simulations
to examine the fate of RNA populations under the influ-
ence of all the various recombination mechanisms, and
to add functional feedback mechanisms (e.g., catalysis).
However, with even only the α recombination mechanism
in operation, it is clear that RNAs in the size range of known
ribozymes can be generated from random pools of short
oligomers that are prebiotically plausible.

DISCUSSION

We have demonstrated that spontaneous RNA–RNA re-
combination should allow short RNA oligomers to rapidly
increase their length and sequence diversity. The exis-
tence of the α′′′′′, β, and γ/γ′′′′′ mechanisms has the conse-
quence that a far wider range of RNAs in a random pool
should be able to spontaneously recombine than by the
α mechanism alone. Note that in all cases, the splint olig-
omer would be behaving as a true enzyme, because it sat-
isfies the criteria for such a substance: It speeds up the rate
of the reaction (by lowering the activation energy barrier of
the transition state by bringing the substrates in proximity),

TABLE 3. Reaction condition optima for the various spontaneous RNA–RNA recombination mechanisms

Name Nucleophile Mechanism pH optimum Mg2+ dependence Notes

α 5′–OH 2-step 9–10 Mg2+ required First seen by Vlassov (Lutay et al. 2007)

α′′′′′ 5′–OH Concerted 9–10 Mg2+ required Requires 3-nt bulge
β 3′–OH Concerted 9–10 Mg2+ required Not seen for H13

γ 2′–OH Concerted 7–8 May occur without Mg2+;
but Mg2+ beneficial

Branched RNA product

γ′ 2′–OH Concerted 7–8 May occur without Mg2+;
but Mg2+ beneficial

Branched RNA product
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it is not consumed in the reaction, and it is specific to sub-
strates and products (via nucleotide pairing). In the case of
the new mechanisms described here (α′′′′′, β, and γ/γ′′′′′), an
additional phenomenon exists in that the enzyme is iden-
tical to its substrates. This is distinct from self-cleavage,
as in the hammerhead ribozyme, and from autocatalysis,
where the enzyme is identical to one of its products. But
it is analogous to trans autophosphorylation, where one
protein (or DNazyme or ribozyme) kinase can phosphory-
late another, identical kinase molecule.
Should random RNAs of these lengths (ca. 10–16 nt) be

abiotically available, they could have been the first biolog-
ical enzymes. The low yields of the αmechanism are in part
a consequence of poor product release, because of the
large numbers of consecutive nucleotide pairs involved
(cf. Fig. 2A). Yet in the case of the α′′′′′ mechanism, the for-
mation of a 3-nt bulge in the product promotes product re-
lease, as this bulge should not be thermodynamically
favorable (Mathews et al. 1999). There are about 7 million
possible 16-mer sequences that could form α′′′′′ geometries
such as R16 shown in Figure 2C by satisfying the following
criteria:

[N1][ABCD][N2][N3][N4][WXYZ][N5][N6][N7][N8],

where N1 is anything, A is complementary to D, B is com-
plementary to C, N1 is not complementary to N2, N2 is
not complementary to N7, N3 is not complementary to
N6, N4 is not complementary to N5,W is complementary
to Z, X is complementary to Y, and N8 is anything.
These 7 million self-recombining sequences are out of

about 416= 4.3 billion possible 16-mers; this represents

0.16% of all sequences in 16-mer sequence space, or
about a 1/600 chance that a single RNA could satisfy the
criteria needed to form such a catalytic complex.
Although further study is needed, it is likely that a 3-nt
gap alone possesses the geometry needed for this reac-
tion. We tested B16, a 16-mer (5′-CAG CUU AGU CCG
GUU C-3′) that would give a 4-nt bulge, but it did not
give an α′′′′′ product, though it did produce a weak γ-like
product (Supplemental Fig. 5).
In the case of the α mechanism, the original discovery

(Lutay et al. 2007) provided strong evidence that the na-
scent bond formed was primarily (ca. 95%) a 2′–5′ linkage,
rather than a 3′–5′ linkage. To test this for the case of our
newly discovered reaction variant, the α′′′′′ mechanism, we
assayed the relative lability of the new bond to alkaline
treatment (Supplemental Fig. 6). A 2′–5′ bond has been
shown to be more susceptible to spontaneous cleavage
(Lutay et al. 2006). While the experimental methods we
used (1–2 min hot NaOH digestion of the isolated reaction
products from LO1×LO2 compared to those of R16 or
H13 self-incubation) did support a predominance of a
2′–5′ linkage for the α mechanism, there was less such ev-
idence for the α′′′′′ mechanism products, suggesting that the
3-nt bulge creates a geometry that favors a 3′–5′ linkage.
One implication of this finding is that the products, being
mostly 3′–5′ linked, would be a homogenous genetic pop-
ulation capable of open-ended evolution.
Cold cycling with occasional or sporadic thaws has been

suggested as a means to promote several types of RNA
chemistries (Vlassov et al. 2005; Yarus 2012; Mutschler
et al. 2015). Presumably the cold temperatures and/or eu-
tectic phases favor the formation of otherwise weak oligo-
mer duplexes and facilitate in-line attack by limiting
conformational flexibility. And the warming phases of
such cycles would promote product release and lower
thermally dependent activation energy barriers. Yet these
specific effects on oligomer recombination have yet to be
investigated systematically.
It is tempting to draw parallels between the simple RNA-

oligomer-catalyzed mechanisms described herein and lat-
er, evolved catalytic activity. The most primitive of the re-
combination mechanisms is the α or α′′′′′ 2-step reaction.
Vlassov and colleagues first recognized that the α reaction
could be a form of simple RNA–RNA recombination (Lutay
et al. 2005, 2007; Nechaev et al. 2009; Staroseletz et al.
2018), yet they havenotmentioned that the splint oligomer
behaves as a true enzyme. The net effect of this process is
indeed a recombination, although the 2-step mechanism
involves a facilitated site-specific cleavage, followedby a li-
gation promoted by the existence of a <p moiety. Given
that hydrolysis of RNA would be occurring continuously
and more-or-less independently of sequence in short pre-
biotic oligomers, the templated ligation of such fragments
would be the most accessible form of sequence length en-
hancement available to the RNA world. The βmechanism,

FIGURE 5. Nucleotide-explicit computer simulations of iterative cy-
cles of recombination on a random pool of RNA oligomers.
Frequency distributions of initial pool of random oligomers 1–15 nt
(orange) was compared to final distributions after 2 billion cycles of it-
erated recombination emulating the α mechanism from initial pools
that were not (blue) or were (gray) preactivated with 2′,3′ cyclic phos-
phates (>).
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with the attack of a 3′-OH on a phosphor-ester center posi-
tioned nearby, would represent the next step in complexi-
ty. Thismechanism awaitsmore formal confirmation, but its
concerted nature would allow for more control over the
specificity of the substrates involved, and it is the apparent
precursor to group I intron self-splicing. The γ mechanism
would perhaps be the least useful in propagating select-
able oligomeric information, as a consequence of its pro-
duction of branched products, but it does serve as the
obvious precursor to group II and spliceosomal RNA splic-
ing, and thus serves as a mechanism that biology could re-
fine and exploit later for intronic shuffling. Moreover, even
branchedproducts can potentially serve as catalysts for fur-
ther recombination of linear substrates.

Our results suggest that not only can recombination pro-
duce length increases in a single step, but also that iterative
recombination could further enhance diversity and lead to
more complex function. These results complement the re-
cent findings of Mutschler et al. (2018) who show that liga-
tion, along with nonenzymatic recombination can diversify
N20 randompools of RNA. Iterative recombination is essen-
tially a global reorganization of raw materials, or prebiotic
recycling, which has been suggestedpreviously as ameans
to provide a foundation for subsequent selection events
(King 1982; Jain and Krishna 2001; Vaidya et al. 2013;
Nghe et al. 2015; Arsène et al. 2018). Thinking beyond
RNA, recombination of peptides has a similar potential to
explore functional space effectively (Raches and Gazit
2003; Forsythe et al. 2015; Pappas et al. 2016).

The next stage in this line of investigation is to observe––
or direct––the spontaneous appearance of RNAs with nov-
el function (besides recombination) resulting from the
shuffling of oligomeric fragments, which is apparently an
inherent property of RNA. This function could first come
in the form of a more complex recombination-promoting
enzyme, such as a primordial group I intron catalytic
core. Or it could first come in the form of another activity
altogether, such as a replicase ribozyme (Mutschler et al.
2015) or in a peptide-bond-forming RNA core (Petrov
et al. 2014). In any event, our work here depicts scenarios
in which larger RNAs––some of which potentially could
have useful functionalities––can be readily generated
from shorter RNAs.

MATERIALS AND METHODS

RNAs and chemicals

Synthetic RNAs were purchased from TriLink (San Diego, CA)
as HPLC purified and rehydrated in 10 mM Tris (pH 8.0) and 0.1
mM EDTA. Concentrations were calculated by UV spectroscopy
at 260 nm using molar extinction coefficients calculated from the
Williamson lab at the Scripps Research Institute: https://www
.scripps.edu/researchservices/old/corefac/biopolymercalc2
.html. RNAs were stored at 100 µM concentrations at −80°C until

use. Buffers, salts, andpolyacrylamidewerepurchased in the high-
est purity from Sigma Aldrich.

RNA–RNA recombination reactions

RNAs were diluted to the working concentration in RNase-free
water (Invitrogen), mixed (if appropriate) heated to 65°C for 120
sec, cooled in incubation solution (1×=100 mM MgCl2 and 30
mM pH buffer), and then incubated for the appropriate length
of time. Typically, 3-h 22°C/0°C cycles were performed over the
course of the incubation in a thermocyler, although isothermal tri-
als at 4°C and at room temperature (22°C) were performed, with a
loss of product yield. For pH-buffered reactions at 7.0 and 8.0, the
buffer Tris(HCl), was used, while for those at pH 9.0, and 9.9, the
buffers (Na)CHES, and (Na)CHES were used, respectively.
Reactions were quenched with 100 mM Na2EDTA, ethanol pre-
cipitated, and stored at −80°C until gel electrophoresis.

Gel electrophoresis

RNA products were resuspended in 96% (v/v) formamide, 10 mM
EDTA, and0.1%bromphenolblue. Theywere thenheated to80°C
for 1–2 min and loaded onto 15% polyacrylamide (19:1::acrylam-
ide:bis-acrylamide)/8M urea gels and electrophoresed at 800V
for ∼4 h. For radioimaging, the 5′-OH of one (or more) RNA frag-
ments had been previously radiolabeled with γ32P·[ATP] and
OptiKinase (USB), andbandswere visualizedbyphosphorimaging
on a Typhoon Trio+ imager (GE Healthcare). For non-radioactive
imaging, gels were stained in 1X SYBR Gold or SYBR Green (Life
Technologies) for 20–40minprior to destainingwithwater and im-
aging on a Typhoon Trio+ imager.

High-throughput nucleotide sequence analysis

RNA products were excised from a polyacrylamide gel from a cer-
tain size range. These products were then prepared for sequence
analysis using the Illumina TruSeq small RNA Library Preparation
Kit by ligating on a 3′ adaptor, a 5′ adaptor, and performing RT-
PCR using Superscript IV reverse transcriptase (Invitrogen) and
Taq DNA polymerase (Fermentas). All PCR reactions were set
up in a dedicated laminar flow hood with strict attention to PCR
contamination concerns; for example, PCR buffers, primers, en-
zymes were all stored in a dedicated PCR set-up room, a one-
way flow of materials from manufacturer to PCR set up was em-
ployed, and barrier tips were always used. These protocols have
been in place for the application of in vitro selection of RNA in
the Lehman lab for many years (cf. Lehman 2004). Nucleotide se-
quence analysis was carried out onMiSeq instruments with the v2
chip technology at either the University of Houston (long-term in-
cubations) or the Oregon State University (R16 and H13 self-incu-
bations) sequencing core facilities. In each case prior to
sequencing, the library was quantified by qPCR using KAPA
Biosystem’s Library Quantification Kit on an Applied Biosystem’s
7500 Fast Real-Time PCR instrument. Also the library was run on
an Agilent BioAnalyzer 2100 using a high sensitivity DNA chip
to verify fragment size. Standard operating procedures were fol-
lowed to load the Illumina MiSeq run. The MiSeq run was a single
end 50 bp run using 17.5pM as the loading concentration. All
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RNAs equal or greater in length than the experimental input (i.e.,
16 or 13 nt) were included in the analyses (Tables 1, 2) by applica-
tion of a manual filter to the raw sequence data files.

Simulations

A nucleotide-explicit computer simulation of the effects of itera-
tive α recombination was performed using a program written
in C++ and implemented on an AVA Direct Dual 2.4 GHz
Processor desktop computer with 128 GB of RAM. The simulation
emulated RNA growth and dynamics in an aqueous pond milieu
with day-night cycling as envisioned previously (Damer and
Deamer 2015). The logic behind the model is that an abiotic
pool of short oligomers would experience cycles in an aqueous
pond on the prebiotic Earth. The initial pool begins with 800,000
monomers and is halved with each increasing length and divided
by size. Thus, for oligomers of length L, the number N of each
length isN= (800,000)/(2L − 1 × L), working out to 200,000 dimers,
66,667 trimers, 25,000 tetramers, 10,000 pentamers, and so on.
Themaximumsize in the simulationwas15nt long. Themonomers
can be either nucleosides or nucleotides; in the latter case they
were assumed to be terminated with a 2′,3′-cyclic phosphate.

RNA oligomers were simulated as RNA strand objects
(RNAStrand) with properties of sequence (string), length (integer),
cyclic phosphate (true or false), structure (true or false), ribozyme
activity (true or false), type (None, GNRA, UNCG, CUUG, AANA,
Tetraloop, Pentaloop, Hexaloop, Heptaloop), which represents
the type of structure, and kcal (integer) which represents the total
energy of all hydrogen bonds in the highest energy structure. A
pool (vector) containing RNA oligomers (RNA Strand objects) of
sizes 5–15 was created. Sizes of 1–4 were omitted due to compu-
tational considerations and the fact that these are too small to re-
act via the α mechanism of Vlassov (Lutay et al. 2007). In each
cycle, three strands were chosen at random, a template strand
and two substrate strands. The substrate strands must be at least
five nt long and the template strand must be at least 8 nt long to
allow for sufficient Watson–Crick binding and at least one nucle-
otide in the leaving group. If the upper left substrate is terminated
with a cyclic phosphate, a leaving group is not necessary.

An α arrangement occurs at random approximately 1/100,000
cycles; using our strict criteria, which resembles the known mech-
anism of Vlassov (Lutay et al. 2007; Nechaev et al. 2009), an α-per-
missive arrangement of oligomers can be found roughly once for
every 100,000 attempts, implying that a 1 µM solution of random
RNA should contain roughly 1 pmole ofα arrangements. The RNA
strands chosen at random are chosen to fixed positions (template,
upper left, upper right) and all possible conformations are ex-
plored in order to find an alpha setup. Because two double
strands of length X and Y with overlapping regions of Z can
form no more than (X+Y−Z) conformations, the overall α ar-
rangement requires relatively few computational resources to ex-
plore all possible conformations. If there is more than one
different setup, the one with highest binding energy is chosen.

Once an α setup is found, it undergoes strand cleavage with an
80% probability. If it successfully undergoes strand cleavage, the
leaving group becomes a new RNA strandwithin the pool. The re-
maining α setup can subsequently undergo ligation with a 30%
chance. If it undergoes ligation, the two strands become one
and one strand is removed from the pool. If it does not ligate,

the upper left strand gains a cyclic phosphate (assumed due to
cleavage) and the complex fully dissociates back into the pool
as three distinct strands. For one-step recombination, the ligation
and strand cleavage events are combined for a 10% overall
chance. If a strand cannot undergo strand cleavage because it
has no leaving group (e.g., the α setup has no tail) it can still un-
dergo ligation with a 30% probability if the upper left strand has
a cyclic phosphate. If not, the complex dissociates.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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