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Abstract Non-enzymatic RNA self-replication is integral to the emergence of the ‘RNA World’.

Despite considerable progress in non-enzymatic template copying, demonstrating a full replication

cycle remains challenging due to the difficulty of separating the strands of the product duplex.

Here, we report a prebiotically plausible approach to strand displacement synthesis in which short

‘invader’ oligonucleotides unwind an RNA duplex through a toehold/branch migration mechanism,

allowing non-enzymatic primer extension on a template that was previously occupied by its

complementary strand. Kinetic studies of single-step reactions suggest that following invader

binding, branch migration results in a 2:3 partition of the template between open and closed

states. Finally, we demonstrate continued primer extension with strand displacement by employing

activated 30-aminonucleotides, a more reactive proxy for ribonucleotides. Our study suggests that

complete cycles of non-enzymatic replication of the primordial genetic material may have been

facilitated by short RNA oligonucleotides.

Introduction
The replication of a genetic polymer within a vesicle capable of growth and division may allow a pro-

tocell to undergo Darwinian evolution. The construction of a protocell capable of autonomous repro-

duction, even within an artificial laboratory setting, may lead to significant insights into the origin of

life (Joyce and Szostak, 2018). Prior to the emergence of enzymes or ribozymes on the early Earth,

the first genetic material had to rely on non-enzymatic copying reactions to accomplish self-replica-

tion. Following template-directed RNA copying, the daughter strand, which is complementary to the

template, must undergo another round of copying to generate a product with the same sequence as

the original template, thus completing the replication process. Recent discoveries have greatly

improved the rate and extent of chemical RNA copying reactions in laboratory studies (Li et al.,

2017; O’Flaherty et al., 2018). However, the important question of how to non-enzymatically com-

plete a true replication cycle remains challenging. After the first round of templated copying, the

daughter strand is sequestered within a stable duplex with its parent strand. Even if heat is used to

temporarily separate the two strands, when cooled down, the rate of reannealing of the two strands

is much faster than the rate at which template copying occurs (Szostak, 2012). This ‘strand reanneal-

ing’ or ‘strand inhibition’ effect is a major obstacle to non-enzymatic genetic replication under pre-

biotically plausible conditions.

Due to the importance of the strand separation problem, several approaches have been explored

in efforts to enable cycles of replication. The Hud group has employed highly viscous solvent mix-

tures (glycholine) to slow the reannealing of complementary strands, together with temperature
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cycling to repeatedly separate the strands of RNA duplexes (He et al., 2017). Using this approach

they were able to demonstrate that 11 individual 32-mer RNAs could be enzymatically ligated on a

545 bp RNA template in the presence of the full length complementary strand. However, this

method may not be compatible with the much slower non-enzymatic RNA ligation or polymerization,

and may also not work as well for the copying of shorter templates that will still diffuse rapidly

through viscous solvents. The Richert group reported an example of genetic polymer replication,

using bead immobilization and iterative cycles of protection/deprotection (Hänle and Richert,

2018). While providing a powerful method to study the chemical replication of genetic polymers in a

laboratory context, this approach is not prebiotically relevant and is also incompatible with a proto-

cellular context. The Sutherland group has reported that pH fluctuations can drive RNA separation

(Mariani et al., 2018a), but this does not address the problem of rapid strand annealing following

the return of the pH to more neutral values. The Braun group has recently shown that wet-dry cycles

inside heated rock pores triggering salt concentration fluctuations can also lead to strand separation

(Ianeselli et al., 2019). Although these latter two approaches are simple and prebiotically plausible,

up till now no demonstration of non-enzymatic RNA copying has been reported with these methods.

Here, we explore a prebiotically plausible solution to the strand separation problem that enables

non-enzymatic copying reactions to proceed in the presence of a complementary template-bound

strand, and that is in principle compatible with operation in a protocellular context.

In extant biology, genomic replication never occurs by strand separation followed by template

copying; instead, duplex unwinding and primer extension occur in concert via strand displacement

synthesis (Benkovic et al., 2001). This approach has not typically been considered relevant to prebi-

otic replication because of the requirement for highly sophisticated enzyme catalysts. However, the

concept of strand displacement by branch migration, originally developed in the field of genetic

recombination (Holliday, 1964) has been widely used in the fields of DNA and RNA nanotechnology

(Zhang and Seelig, 2011) and the study of RNA function (Bhadra and Ellington, 2014). Inspired by

the precedent from biology and the powerful methods of nucleic acid nanotechnology, we asked

whether we could use the binding of short oligonucleotides to unwind an RNA duplex and trigger

non-enzymatic primer extension reactions.

In the non-enzymatic system we investigate, primer extension with activated nucleotides occurs

via reaction of the primer 3’-hydroxyl with a 5’�5’-phosphorimidazolium-bridged dinucleotide, which

is an obligate covalent intermediate in non-enzymatic primer extension that is formed by the reac-

tion of two 2-aminoimidazole activated ribonucleotides with each other (Figure 1A) (Walton and

Szostak, 2017; Zhang et al., 2018). The 2-aminoimidazole activated ribonucleotides are in turn gen-

erated by the reaction of nucleotides with 2-aminoimidazole in a process driven by methyl isocyanide

(Mariani et al., 2018b), and 2-aminoimidazole itself can be synthesized under prebiotically reason-

able conditions (Fahrenbach et al., 2017).

Here, we report that using short oligonucleotides as ‘invaders’ we can copy an RNA templating

region that is already occupied by its complementary strand. We first explored this concept in the

context of the addition of a single nucleotide to a primer through reaction with an imidazolium-

bridged dinucleotide. We then iterated this process to demonstrate primer extension by multiple

nucleotides, using multiple invaders. This study demonstrates a potential solution to the strand inhi-

bition problem and thus represents a step towards the realization of non-enzymatic RNA replication.

Results
To test whether non-enzymatic RNA synthesis could proceed via spontaneous strand displacement

synthesis, we prepared RNA primer/template complexes in which the templating region was either

open (Figure 1B) or occupied by a complementary strand (the ‘blocker’) with a 6-nucleotide (nt) toe-

hold region at its 5’-end (Figure 1C). As the substrate for primer extension, we used the 5’�5’-imi-

dazolium-bridged diribocytosine (C*C) intermediate for copying the GG template. With an open

template, the C*C intermediate base pairs with the GG template, followed by attack of the 3’-

hydroxyl group of the RNA primer on the adjacent phosphate of the C*C, resulting in rapid +1

extension of the primer and release of one free *C as the leaving group (Figure 1E). In the presence

of the template blocking strand, defined as a closed conformation, the C*C cannot base pair with

the template, and no primer extension was observed (Figure 1F). Thus, as expected, non-enzymatic

primer extension cannot occur by strand displacement synthesis without an auxiliary.
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We then tested the hypothesis that a short ‘invader’ RNA strand could open up the template

region next to the primer by first binding to the 5’ overhang, or toehold region, of the blocker

strand, followed by branch migration (Figure 1D). Full base-pairing of the invader and blocker

strands should release the template and allow it to bind the C*C substrate, defined as an open con-

formation. As an initial test, we employed an 8-nt RNA oligonucleotide as an invader, with a 6-nt

region complementary to the 6-nt toehold of the blocker, plus a 5’-GG sequence to allow for

extended base-pairing with the blocker. If the invader was able to fully pair with the blocker by com-

peting for template-blocker pairing, the template should be freed, allowing C*C binding to occur.

Strikingly, after C*C addition to the primer/template/blocker complex in the presence of the

invader, we observed the appearance of the +1 product of primer extension (Figure 1G). The

invader-mediated primer extension reaction was slower than primer extension on an open template,

presumably reflecting the equilibrium between the open and closed template states in the presence

of the invader oligonucleotide. This experiment demonstrates that primer extension by strand dis-

placement synthesis can be facilitated by short RNA oligonucleotides.

Encouraged by our initial observation of non-enzymatic strand displacement synthesis, we sought

to optimize this process by varying invader length and concentration. We examined primer exten-

sion reactions with 6-nt and 8-nt invaders as a function of concentration, and calculated the pseudo-

first order reaction rate, kobs, from the disappearance of unreacted primer versus time (Figure 2).

For the octamer invader at room temperature, kobs increased as a function of invader concentration

until a maximal rate of 0.9 ± 0.1 h�1 was reached at a concentration of 5 mM. For the hexamer

invader, essentially no primer extension could be observed when the concentration was 15 mM or

Figure 1. Single step non-enzymatic primer extension with strand displacement. (A) Chemical structure of the 5’�5’-phosphorimidazolium-bridged

dinucleotide. (B)-(D) Experimental design illustrations in three different cases. (E) PAGE analysis of a primer extension reaction corresponding to (B), the

imidazolium-bridged dinucleotide C*C binds the open GG templating region and reacts with the 3’-end of the primer, resulting in +1 extension

product. (F) PAGE analysis of a primer extension reaction corresponding to (C). The blocker (green), an oligonucleotide complementary to the

templating region, inhibits the primer extension reaction. (G) PAGE analysis of a primer extension reaction corresponding to (D). An invader (red), a

short oligonucleotide partially complementary to the blocker, is able to rescue the primer extension reaction by sequestering the blocker and allowing

C*C to bind and react. All primer extension reactions were conducted at room temperature, 50 mM Na+-HEPES, pH 8.0, 50 mM MgCl2, 3 mM C*C, 1.5

mM primer, 2.5 mM template, 0 or 3.5 mM blocker, 0 or 5 mM invader.
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below. The reaction rate increased at higher concentrations, but even at 100 mM, kobs was only

0.11 ± 0.03 h�1, and we were unable to reach a saturating concentration of hexamer. These results

are consistent with the hypothesis that invader binding to the toehold region of the blocker is a nec-

essary first step for strand displacement synthesis, and that saturation of invader/blocker binding

leads to the maximum observed rate of strand displacement synthesis. We were therefore curious as

to whether lower temperature could promote the reaction at lower invader concentrations and espe-

cially for shorter invaders. Lower temperature could facilitate strand displacement synthesis by

increasing the stability of the invader/toehold duplex, but could also slow down the rate of the

Figure 2. Rates of primer extension reactions as a function of invader concentration. (A) Reactions with the blocker possessing a 6-nt toehold, and an 8-

nt long invader. (B) Reactions with the blocker possessing a 4-nt toehold, and a 6-nt long invader. All primer extension reactions were conducted in 50

mM Na+-HEPES, pH 8.0, 50 mM MgCl2, 3 mM C*C, 1.5 mM primer, 2.5 mM template, 3.5 mM blocker, at room temperature or on ice as indicated.

Reaction products were analyzed by denaturing PAGE. (n � 3, The error bars are smaller than the symbol when they are not visible.).

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Numerical data represented in Figure 2.

Figure supplement 1. Representative denaturing PAGE data and plots of ln(P/P0) vs. time for the reaction kinetics with an octamer invader, as

described in Figure 2.

Figure supplement 2. Representative denaturing PAGE data and plots of ln(P/P0) vs. time for the reaction kinetics with a hexamer invader as described

in Figure 2.
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chemical reaction step, rendering the effects difficult to predict. We therefore conducted the same

series of experiments as above, except on ice (blue squares, Figure 2). For reactions using the

octamer invader, kobs in general decreased by ~50%, reaching a plateau of 0.4 h�1. In contrast,

when using the hexamer invader, the lower temperature significantly increased the reaction rates,

and the plateau now also reached 0.4 h�1. These results are consistent with the enhanced binding of

a shorter invader to the toehold region at lower temperature facilitating strand displacement synthe-

sis, together with a modest slowing of the overall reaction rate, possibly due to a slower chemical

step.

All steps of non-enzymatic strand displacement synthesis are expected to be affected by the con-

centration of Mg2+ in the reaction. Mg2+ is thought to catalyze non-enzymatic primer extension in

part by deprotonating the 3’-hydroxyl group (Giurgiu et al., 2018), and also by promoting the for-

mation of stable RNA duplex structures as well as other effects. We therefore investigated the effect

of Mg2+ concentration on the rate of primer extension. At room temperature and with a saturating 5

mM concentration of octamer invader, kobs reached a maximum of 2.9 h�1 at 400 mM Mg2+, com-

pared to 0.5 h�1 at 20 mM Mg2+ (Figure 3). The same trend also occurred for reactions on ice; kobs
reached 1.4 h�1 with 400 mM Mg2+, compared to 0.1 h�1 with 20 mM Mg2+. High concentrations of

Mg2+ are known to favor canonical primer extension on open templates, and the effect appears to

Figure 3. Rates of primer extension reactions as a function of Mg2+ concentration. All primer extension reactions

were conducted in 50 mM Na+-HEPES, pH 8.0, 3 mM C*C, 1.5 mM primer, 2.5 mM template, 3.5 mM blocker and 5

mM octamer invader, at room temperature or on ice as indicated. (n � 3).

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Numerical data represented in Figure 3.

Figure supplement 1. Representative denaturing PAGE data and plots of ln(P/P0) vs. time for the reaction kinetics

with an octamer invader, as described in Figure 3.
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be qualitatively similar for primer extension with strand displacement. The simplest explanation for

this observation is that the chemical step of primer extension is enhanced at high concentrations of

Mg2+, with other effects being relatively minor, at least in the presence of a saturating concentration

of invader oligonucleotide. We performed all following experiments, unless otherwise indicated,

with 50 mM Mg2+, to be consistent with previous work (Li et al., 2017).

Following invader-toehold binding and branch migration, the template should be in an open state

such that the C*C substrate can bind to the template and react with the primer. However, it is possi-

ble that C*C binding to the template could be sterically impaired by the overhanging blocker-

invader duplex, and furthermore, once bound to the template the conformation of the C*C could be

impacted in a way that might alter its reactivity with the primer. We therefore performed three

experiments to disentangle the effects of the toehold and invader on substrate binding and on the

rate of the chemical reaction step (Figure 4). In the first case (1), the ‘blocker’ did not contain a toe-

hold region and did not block the GG templating region, only base pairing with the downstream

sequence. In the second case (2), the ‘blocker’ contained an 8 bp toehold region but was not com-

plementary to the GG templating region, due to substitution of AA for CC in the blocker sequence.

In this case, the templating region is expected to remain open for substrate binding. The third case

Figure 4. C*C dependent primer extension reactions in three different template regimes. (A) Three different

template configurations. In case (1), the template region GG is open. In case (2), the blocker oligonucleotide

cannot base-pair with the template region GG. The complex is constitutively open. In case (3), the template region

GG is partitioned between open and closed states. (B) Rates of primer extension reactions as a function of C*C

concentration. (C) An experimental design illustration for case (2). Case (1) and (3) schematics have been shown in

Figure 1B and D, respectively. All primer extension reactions were conducted at room temperature, 50 mM Na+-

HEPES, pH 8.0, 50 mM MgCl2, 1.5 mM primer, 2.5 mM template, 3.5 mM blocker, 0 or 5 mM invader as indicated.

Reaction products were analyzed by urea PAGE. (n = 4).

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Numerical data represented in Figure 4.

Figure supplement 1. Representative denaturing PAGE data and plots of ln(P/P0) vs. time for the reaction kinetics

in case (1) as described in Figure 4.

Figure supplement 2. Representative denaturing PAGE data and plots of ln(P/P0) vs. time for the reaction kinetics

in case (2) as described in Figure 4.

Figure supplement 3. Representative denaturing PAGE data and plots of ln(P/P0) vs. time for the reaction kinetics

in case (3) as described in Figure 4.
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(3) represents the strand displacement scenario discussed above with an octamer invader (Figure 1).

We measured the rate of primer extension as a function of C*C concentration for each of the three

scenarios (Figure 4B).

For cases (1) and (2), in which the template region is expected to be open, the observed maxi-

mum rates (kobs max) are identical (9.6 ± 0.1 h�1 and 9.5 ± 0.1 h�1, respectively). This suggests that

once the C*C substrate is bound to the GG template region, its reactivity is not affected by the pres-

ence or absence of the overhanging invader-blocker duplex. In contrast, when the blocker is able to

bind the GG templating region (case 3), kobs max drops to 3.6 ± 0.1 h�1,~40% of kobs max in (1) and

(2). This effect is consistent with a two-state model in which the blocker strand is base-paired to the

template GG (and thus preventing C*C binding) about 60% of the time, but is base-paired to the

invader GG the other 40% of the time, in which case C*C can bind to the template and once bound

reacts normally with the primer. The apparent Km values for C*C show larger differences across

these three regimes. In case (1) where the template is open and there is no overhanging invader-

blocker duplex, the Km for C*C is approximately three times lower (0.34 ± 0.01 mM) than previously

observed for binding to a primer template complex with no blocker strand at all (Walton and Szos-

tak, 2017). This suggests that the binding of C*C is stabilized by stacking with the downstream

blocker strand. In contrast, the presence of an overhanging invader-blocker duplex increases the Km

for C*C roughly 6-fold to 2.2 ± 0.1 mM, suggesting that the presence of an invader-blocker duplex

sterically interferes with C*C binding. Finally, for case (3), in which the blocker is partitioned between

base-pairing with the template or the invader, the binding of C*C to the template is further impaired

and the apparent Km is 7.3 ± 0.5 mM. The reason for this further increase in Km is not obvious, but

could reflect subtle changes in the extent of steric blocking due to the altered sequence context

near the bound C*C, or perhaps more complex effects not fully accounted for by a simple two state

model for blocker partitioning.

Having developed a basic understanding of single-step strand displacement synthesis, we asked

whether it is possible to achieve multiple steps of primer extension using multiple invaders. For the

addition of multiple nucleotides, the invader must be able to dissociate from the blocker after the

formation of the primer +1 product, to allow the second invader to base pair with the blocker and

open the next templating region so that the +2 product can be made, and so forth for multiple reac-

tion cycles. For these experiments we decided to adopt hexamer invaders. Although an octamer

invader results in a higher kobs than a hexamer invader at room temperature, the 8 nt invader/

blocker duplex may be too stable to dissociate rapidly at room temperature. We reasoned that the

faster on and off rate of a hexamer invader could be beneficial in the context of multiple addition

reactions. To partially compensate for the weaker binding of hexamer invaders, we used 400 mM

Mg2+ instead of 50 mM Mg2+ and replaced U with 2sU for these experiments, because 2sU forms a

stronger base-pair with A than U (Heuberger et al., 2015). We synthesized seven different hexamer

invaders (Figure 5A) to allow for seven steps of strand displacement synthesis. Instead of preparing

all possible imidazolium-bridged-dinucleotides, we combined C*C with 2-amino-imidazole activated

guanosine (2-AIpG) and 2-amimo-imidazole activated 2-thio-uridine (2-AIp2sU), which rapidly equili-

brate within the reaction mixture to form all required imidazolium-bridged dinucleotides. Without a

bound blocker, RNA primer extension was poor, although several faint bands above +1 products

were present (Figure 5B). This is as expected, because the efficient copying of mixed sequence

RNA templates requires activated short oligonucleotide helpers (Li et al., 2017; Prywes et al.,

2016). In the presence of the blocker without invaders, no primer extension was observed, as

expected, because the imidazolium-bridged-dinucleotides cannot bind to the occluded template.

With blocker and seven hexamer invaders, we observed unambiguous +1 and +2 primer extension

products, and several faint bands above as well. This result indicates that multiple nucleotide addi-

tions are indeed possible during primer extension with strand displacement. The observation that

primer extension is improved in the strand displacement context versus a completely open template

suggests that the binding and/or reactivity of the imidazolium-bridged-dinucleotides may be

enhanced when they are sandwiched in between the primer and the blocker strand.

Because the slow rate of non-enzymatic RNA copying on mixed-sequence templates made it diffi-

cult to clearly demonstrate continued iterative steps of strand displacement synthesis, we repeated

the above experiments with 2-aminoimidazole activated 30-amino-20,30-dideoxyribo-nucleotide

monomers (30-NH2-2AIpddN). We have recently shown that these monomers polymerize rapidly on

an RNA template, forming a 30-NP-DNA complementary strand (O’Flaherty et al., 2019;
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Zhang et al., 2013a; Zhang et al., 2013b). We also used a primer in which the last nucleotide was

also substituted with a 30-NH2-2
0,30-dideoxyribo-nucleotide. In the reaction without any blocker or

invaders, the full-length product appeared within 5 hr. In the presence of the blocker but absence of

invaders, no primer-extension occurred. In the presence of both the blocker and the seven hexamer

invaders, the majority of the primer was extended to the full-length product within 24 hr

(Figure 5C).

To investigate whether the multiple addition products observed in these experiments resulted

from primer extension with strand displacement, or because the blocker had failed to form a stable

duplex with the template under these conditions, we adapted a fluorescence-quencher assay

(Larsen et al., 2016). In this assay the primer was not fluorescently labeled, but the template was

labeled with Cyanine 3 at its 50-end and the blocker was modified with Black Hole Quencher�2 at its

30-end. When the blocker forms a duplex with the template, the fluorescence of Cy3 is quenched.

When the blocker dissociates from the template, the fluorescence is recovered (Figure 6A). When

we added an unlabeled RNA strand that was complementary to the template prior to addition of

the labeled blocker, binding of the blocker was inhibited, and fluorescence remained the same high

level throughout the time course of 48 hr (Figure 6B). In three negative control reactions, 30-NH2-

2AIpddN monomers and/or invaders were omitted, and we observed very low fluorescent signal

throughout the reaction time courses, indicating that the blocker had remained base-paired with the

Figure 5. Multi-step primer extension with strand displacement. (A) Illustration of the experimental configuration

with seven different hexamer invaders. (B) PAGE analysis of primer extension with RNA monomers. The reactions

were conducted at room temperature, 50 mM Na+-HEPES, pH 8.0, 400 mM MgCl2, 1.5 mM primer, 2.5 mM

template, with or without 3.5 mM blocker as indicated, with or without 20 mM each hexamer invader as indicated, 5

mM C*C, 10 mM 2-AIpG and 10 mM 2-AIp2sU. (C) PAGE analysis of primer extension with 30-amino-20,30-

dideoxyribonucleotide monomers. Reactions were conducted as in (B), except that 10 mM 30-NH2-2AIpddA, 10

mM 30-NH2-2AIpddG and 10 mM 30-NH2-2AIpddT were used instead of RNA monomers, and the 30-amine primer

was used instead of the RNA primer.
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template. Finally, in a complete reaction mixture containing all components, the fluorescence signal

grew to ~50% of that observed in the positive control in 24 hr, and ~60% in 48 hr. These results con-

firm that a strand displacement mechanism is operating and is required for successful primer exten-

sion under these conditions.

Discussion
Our experiments show that non-enzymatic primer extension by strand displacement synthesis can be

facilitated by short RNA oligonucleotides, resulting in the template-directed synthesis of RNA (and

the related polymer 30-NP-DNA) without prior strand separation. The idea of using strand displace-

ment synthesis for replication provides an alternative to the more commonly considered model in

which the copying of a template leads to a duplex whose strands must be separated and remain

separated in order to be copied again. Strand separation models are plagued by the mismatch

between the comparatively slow rate of non-enzymatic template copying and the much faster kinet-

ics of strand reannealing (except at extremely low strand concentrations). In contrast, strand dis-

placement synthesis should proceed well at high strand concentrations, allowing both genomic and

functional strands to build up to high enough levels to have strong phenotypic influences on the

host protocell. Replication by strand displacement synthesis is also appealing in that it is closer to

the mode of replication universally employed in biology, and because it should operate in a complex

prebiotic context of concentrated and heterogeneous nucleotides and oligonucleotides.

Figure 6. Fluorescence-quencher assay for non-enzymatic primer extension with strand displacement. (A) Illustration of the experimental design. The

template was labeled with Cy3 at its 50-end. The blocker was modified by Black Hole Quencher�2 at the 30-end. When the blocker forms a stable

duplex with the template, the fluorescent signal of Cy3 is quenched. In the presence of invaders and 30-NH2-2AIpddN, the primer extends, resulting in

blocker dissociation and increasing Cy3 signal. (B) Time course of the fluorescent signal in five different experiment groups. Strand displacement

reactions contained 1.5 mM template, 2 mM blocker, 2.5 mM primer, 50 mM Na+-HEPES, pH 8.0, 50 mM MgCl2, 20 mM each hexamer invader and 10

mM 30-NH2-2AIpddA/G/T. Positive control reactions contained the same components, with the addition of 2 mM of complementary strand RNA to the

template, so that the blocker was unbound. The negative control reactions contained the same components but omitted monomers and/or invaders, as

indicated. The experiments were performed at room temperature in triplicate.

The online version of this article includes the following source data for figure 6:

Source data 1. Numerical data represented in Figure 6.
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The mechanism of strand displacement synthesis that we have explored involves short oligonu-

cleotides, which act as ‘invaders’ to open up the template region to be copied through a toehold/

branch migration process. We propose two prebiotically relevant sources for such oligonucleotides.

First, the hydrolysis of longer oligonucleotides could generate multiple short oligonucleotides that

can serve as invaders. Second, incomplete or partial products of template copying could dissociate

from the template and act as invaders. Such partial replication products would include stalled primer

extension products, resulting from the incorporation of mismatched monomers or non-canonical

nucleotides (Kim et al., 2018; Rajamani et al., 2010). Additionally, other prebiotically plausible

genetic polymers (TNA, ANA, DNA, etc.) and heterogeneous oligonucleotides that could have coex-

isted alongside oligoribonucleotides could also promote strand displacement via the formation of

invaders. Recent work in our lab (Kim et al., 2019) has shown that oligonucleotides ending in a 30-

arabino nucleotide cannot be further extended, providing a mechanism for the generation of short

invaders that are inert to copying chemistry. Thus, the products of both degradative reactions and

stalled replicative processes could contribute an essential function to genomic replication. In the

context of a protocell, the set of such small oligonucleotides would not include all possible sequen-

ces, but would derive from and therefore be biased towards the genomic sequences of the host pro-

tocell. We have previously suggested that the accumulation of such fragments within a primitive

protocell could serve useful homeostatic regulatory functions, by acting as reversible concentration

dependent inhibitors or activators of ribozymes (Engelhart et al., 2016).

We propose that non-enzymatic strand displacement synthesis could potentially enable or at least

contribute to complete cycles of RNA replication. However, three major problems must be over-

come before complete replication cycles can be demonstrated in the laboratory. First is the problem

of initiation. In the presence of a defined primer, a transient thermal fluctuation might allow a primer

to bind to a template and begin strand displacement synthesis, but how initiation might begin in the

absence of defined primers remains an open question. Second, cycles of replication would require

the copying of both complementary strands, which would seem to require the presence of invaders

derived from both strands. Whether strand displacement synthesis could proceed in the presence of

invaders derived from complementary strands must be examined experimentally. We suggest that

frequent thermal fluctuations might allow invader-invader and invader-blocker duplexes to dissociate

and then re-form, allowing for one to a few nucleotides of primer extension with each cycle of reor-

ganization. Finally, the slow rate of non-enzymatic primer extension with ribonucleotides is a prob-

lem for all models of non-enzymatic RNA replication. As a proxy for RNA and ribonucleotides, the

more reactive 3’-NP-DNA and 3’-aminonucleotides have enabled us to demonstrate multi-step

strand displacement synthesis. However, an important goal for laboratory studies is to make tem-

plate directed RNA synthesis as efficient as 3’-NP-DNA synthesis. One possibility under investigation

in our lab is that prebiotically relevant small molecules or short peptides could act as catalysts for

the copying reaction by promoting the binding or positioning of the catalytic metal ion within the

reaction center. However, we note that in a strand displacement synthesis model, genomic RNA

fragments remain largely double stranded and thus protected from degradation, which could make

replicative synthesis possible even if primer extension is quite slow.

Beyond the scope of replication, we propose that strand displacement could potentially be

involved in the regulated synthesis of primitive ribozymes. After the first round of copying, any ribo-

zyme sequence would remain sequestered as a stable duplex with its daughter strand and would be

unable to perform its catalytic function. However, primer extension with strand displacement could

liberate the ribozyme from its complementary strand, enabling it to fold into a tertiary structure and

execute its catalytic function. Hence strand displacement reactions with invader oligonucleotides

that can rapidly associate and dissociate could allow both the rate of RNA replication and ribozyme

catalytic activity to be controlled.

In summary, our work demonstrates the concept of non-enzymatic RNA copying with strand dis-

placement, offering a novel approach to RNA self-replication that relies on the presence of RNA

fragments derived from degradation or partial template copying. If the problems of initiation and

replication of both strands could be overcome, it might be possible to initiate the non-enzymatic

evolution of RNA inside model protocells, mimicking the origin of life.
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Materials and methods

Oligonucleotides synthesis and purification
Chemical reagents were purchased from Chemgenes (Wilmington, MA) and Glen Research (Sterling,

VA). Oligonucleotides were prepared by solid-phase synthesis on an Expedite 8909 or ABI 394

DNA/RNA synthesizer. RNAs were deprotected by standard methods. Non-dye labeled oligonucleo-

tides were purified by GlenPak columns. Dye-labeled oligos were purified by polyacrylamide gel

electrophoresis and desalted on Sep-Pak C18 cartridges from Waters (Milford, MA). Oligonucleoti-

des were analyzed by high resolution mass spectrometry (HRMS) on an Agilent 6520 QTOF LC-MS

in house.

C*C synthesis and purification
0.3 mmol CMP (Sigma) was mixed with 0.15 mmol 2-amino-imidazole.HCl (Combi-blocks) in 5 ml

anhydrous DMSO (Sigma) and 0.4 ml TEA (Sigma). Then 1 g triphenylphosphine (Sigma) and 0.88 g

2,2’-dipyridyldisulfide (Combi-blocks) were added in order and stirred vigorously. The reaction was

continued in a sealed container for 20 min. The product C*C was precipitated by adding 40 ml ace-

tone and 2 ml NaClO4-saturated acetone. After centrifugation at 3500 rpm for 10 min, the pellet

was washed with 40 ml acetone:diethyl ether (1:1) and centrifuged again. The pellet was washed

twice, then dried under house vacuum to remove organic solvent. The dry pellet was resuspended in

20 mM TEAB pH 8.0 and purified on a 50 g C18Aq column over 12 CV of 0–10% acetonitrile in 2

mM TEAB buffer (pH 8.0). The product was analyzed by 31P-NMR and low resolution mass spectrom-

etry (LRMS) before being aliquoted and lyophilized.

2-AIpG synthesis and purification
2-AIpG was prepared by the same procedures as C*C, except that 0.3 mmol GMP (Sigma) and 3

mmol2-amino-imidazole.HCl were used in the reaction. The dry pellet was resuspended in 20 mM

TEAB pH 8.0 and purified on a 50 g C18Aq column over 12 CV of 0–10% acetonitrile in 2 mM TEAB

buffer (pH 8.0). After purification, the 2-AIpG solution was adjusted to pH ~10 with NaOH before

being aliquoted and lyophilized.

2-AIp2sU synthesis and purification
2-AIp2sU was prepared according to previously published procedures (Li et al., 2017), as summa-

rized below.

Base

O

NHFmoc

HO POCl3, H2O, DIPEA

PO(OCH3)3

Base

O

NHFmoc

OPHO

OH

O 1. DPDS, PPh3, 2-AI, 

    TEA, DMSO

2. Piperidine, DMSO

Base

O

NH2

OPN

OH

O
N

NH2

Chemical structure 1. 2-AIp2sU synthesis.

The purification procedure is the same as 2-AIpG.

30-NH2-2AIpddA/G/T synthesis and purification
30-NH2-2AIpddA, G, and T were prepared according to previously published procedures

(O’Flaherty et al., 2019), as summarized below.

Base

O

NHFmoc

HO POCl3, H2O, DIPEA

PO(OCH3)3

Base

O

NHFmoc

OPHO

OH

O 1. DPDS, PPh3, 2-AI, 

    TEA, DMSO

2. Piperidine, DMSO

Base

O

NH2

OPN

OH

O
N

NH2

Chemical structure 2. 30-NH2-2AIpddA/G/T synthesis.

The purification procedure is the same as 2-AIpG.

Zhou et al. eLife 2019;8:e51888. DOI: https://doi.org/10.7554/eLife.51888 11 of 14

Research article Biochemistry and Chemical Biology

https://doi.org/10.7554/eLife.51888


Primer extension reaction and PAGE analysis
The primer-template and primer-template-blocker complexes were prepared in a solution containing

7.5 mM primer, 12.5 mM template, 0 or 17.5 mM blocker, 50 mM Na+-HEPES (pH 8.0), 50 mM NaCl

and 1 mM EDTA (pH 8.0) by heating at 95˚C for 30 s and slowly cooling down to 25˚C. The annealed

product was diluted five fold in primer extension reaction. Stock solutions of C*C and monomers

used in the reaction were prepared freshly and adjusted to pH 8.0 immediately before the reaction.

At each time point, 0.5 ml of reaction sample was added to 25 ml quenching buffer, containing 8M

Urea, 20 mM EDTA, 1x TBE and 10 mM complementary RNA of template. Primer extension products

were resolved by 20% (19:1) denaturing PAGE with 7 M urea. The gel was scanned using a Typhoon

9410 scanner, and the bands were quantified using the ImageQuant TL software.

Fluorescence-quencher assay
All components were mixed in 96 well, half-area, black, polystyrene plates (Costar). Fluorescence sig-

nals were recorded at an excitation wavelength of 535 nm and an emission wavelength of 595 nm

using a SpectraMax i3 plate-reader.
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bec - Nature et Technologies

Postdoctoral Research
Scholarship (B3)

Derek K O’Flaherty

Canadian Institutes of Health
Research

Postdoctoral Fellowship Derek K O’Flaherty

The funders had no role in study design, data collection and interpretation, or the

decision to submit the work for publication.

Author contributions

Lijun Zhou, Conceptualization, Investigation, Visualization, Writing—original draft, Writing—review

and editing; Seohyun Chris Kim, Katherine H Ho, Derek K O’Flaherty, Constantin Giurgiu, Tom H

Wright, Investigation, Writing—review and editing; Jack W Szostak, Conceptualization, Resources,

Supervision, Funding acquisition, Writing—review and editing

Author ORCIDs

Lijun Zhou https://orcid.org/0000-0002-0393-4787

Seohyun Chris Kim https://orcid.org/0000-0002-2230-1774

Derek K O’Flaherty https://orcid.org/0000-0003-3693-6380

Constantin Giurgiu https://orcid.org/0000-0003-0145-0110

Tom H Wright https://orcid.org/0000-0003-2231-8223

Jack W Szostak https://orcid.org/0000-0003-4131-1203

Zhou et al. eLife 2019;8:e51888. DOI: https://doi.org/10.7554/eLife.51888 12 of 14

Research article Biochemistry and Chemical Biology

https://orcid.org/0000-0002-0393-4787
https://orcid.org/0000-0002-2230-1774
https://orcid.org/0000-0003-3693-6380
https://orcid.org/0000-0003-0145-0110
https://orcid.org/0000-0003-2231-8223
https://orcid.org/0000-0003-4131-1203
https://doi.org/10.7554/eLife.51888


Decision letter and Author response

Decision letter https://doi.org/10.7554/eLife.51888.sa1

Author response https://doi.org/10.7554/eLife.51888.sa2

Additional files
Supplementary files
. Transparent reporting form

Data availability

All data generated or analysed during this study are included in the manuscript and supporting files.

References
Benkovic SJ, Valentine AM, Salinas F. 2001. Replisome-mediated DNA replication. Annual Review of
Biochemistry 70:181–208. DOI: https://doi.org/10.1146/annurev.biochem.70.1.181, PMID: 11395406

Bhadra S, Ellington AD. 2014. A spinach molecular beacon triggered by strand displacement. RNA 20:1183–
1194. DOI: https://doi.org/10.1261/rna.045047.114, PMID: 24942625

Engelhart AE, Adamala KP, Szostak JW. 2016. A simple physical mechanism enables homeostasis in primitive
cells. Nature Chemistry 8:448–453. DOI: https://doi.org/10.1038/nchem.2475, PMID: 27102678

Fahrenbach AC, Giurgiu C, Tam CP, Li L, Hongo Y, Aono M, Szostak JW. 2017. Common and potentially
prebiotic origin for precursors of nucleotide synthesis and activation. Journal of the American Chemical Society
139:8780–8783. DOI: https://doi.org/10.1021/jacs.7b01562, PMID: 28640999

Giurgiu C, Wright TH, O’Flaherty DK, Szostak JW. 2018. A fluorescent G-Quadruplex sensor for chemical RNA
copying. Angewandte Chemie 130:9992–9996. DOI: https://doi.org/10.1002/ange.201805785

Hänle E, Richert C. 2018. Enzyme-Free replication with two or four bases. Angewandte Chemie International
Edition 57:8911–8915. DOI: https://doi.org/10.1002/anie.201803074, PMID: 29779237

He C, Gállego I, Laughlin B, Grover MA, Hud NV. 2017. A viscous solvent enables information transfer from
gene-length nucleic acids in a model prebiotic replication cycle. Nature Chemistry 9:318–324. DOI: https://doi.
org/10.1038/nchem.2628, PMID: 28338690

Heuberger BD, Pal A, Del Frate F, Topkar VV, Szostak JW. 2015. Replacing uridine with 2-thiouridine enhances
the rate and fidelity of nonenzymatic RNA primer extension. Journal of the American Chemical Society 137:
2769–2775. DOI: https://doi.org/10.1021/jacs.5b00445, PMID: 25654265

Holliday R. 1964. A mechanism for gene conversion in fungi. Genetical Research 5:282–304. DOI: https://doi.
org/10.1017/S0016672300001233

Ianeselli A, Mast CB, Braun D. 2019. Periodic melting of oligonucleotides by oscillating salt concentrations
triggered by microscale water cycles inside heated rock pores. Angewandte Chemie International Edition 58:
13155–13160. DOI: https://doi.org/10.1002/anie.201907909, PMID: 31322800

Joyce GF, Szostak JW. 2018. Protocells and RNA Self-Replication. Cold Spring Harbor Perspectives in Biology
10:a034801. DOI: https://doi.org/10.1101/cshperspect.a034801, PMID: 30181195

Kim SC, O’Flaherty DK, Zhou L, Lelyveld VS, Szostak JW. 2018. Inosine, but none of the 8-oxo-purines, is a
plausible component of a primordial version of RNA. PNAS 115:13318–13323. DOI: https://doi.org/10.1073/
pnas.1814367115

Kim SC, Zhou L, Zhang W, O’Flaherty DK, Rondo-Brovetto V, Szostak JW. 2019. A model for the emergence of
RNA from a prebiotically plausible mixture of ribonucleotides, arabinonucleotides and 2’-deoxynucleotides.
bioRxiv. DOI: https://doi.org/10.1101/813675

Larsen AC, Dunn MR, Hatch A, Sau SP, Youngbull C, Chaput JC. 2016. A general strategy for expanding
polymerase function by droplet microfluidics. Nature Communications 7:11235. DOI: https://doi.org/10.1038/
ncomms11235, PMID: 27044725

Li L, Prywes N, Tam CP, O’Flaherty DK, Lelyveld VS, Izgu EC, Pal A, Szostak JW. 2017. Enhanced nonenzymatic
RNA copying with 2-Aminoimidazole activated nucleotides. Journal of the American Chemical Society 139:
1810–1813. DOI: https://doi.org/10.1021/jacs.6b13148, PMID: 28117989

Mariani A, Bonfio C, Johnson CM, Sutherland JD. 2018a. pH-Driven RNA strand separation under prebiotically
plausible conditions. Biochemistry 57:6382–6386. DOI: https://doi.org/10.1021/acs.biochem.8b01080,
PMID: 30383375

Mariani A, Russell DA, Javelle T, Sutherland JD. 2018b. A Light-Releasable potentially prebiotic nucleotide
activating agent. Journal of the American Chemical Society 140:8657–8661. DOI: https://doi.org/10.1021/jacs.
8b05189, PMID: 29965757

O’Flaherty DK, Kamat NP, Mirza FN, Li L, Prywes N, Szostak JW. 2018. Copying of Mixed-Sequence RNA
templates inside model protocells. Journal of the American Chemical Society 140:5171–5178. DOI: https://doi.
org/10.1021/jacs.8b00639, PMID: 29608310

O’Flaherty DK, Zhou L, Szostak JW. 2019. Nonenzymatic Template-Directed synthesis of Mixed-Sequence 3’-
NP-DNA up to 25 nucleotides long inside model protocells. Journal of the American Chemical Society 141:
10481–10488. DOI: https://doi.org/10.1021/jacs.9b04858, PMID: 31180644

Zhou et al. eLife 2019;8:e51888. DOI: https://doi.org/10.7554/eLife.51888 13 of 14

Research article Biochemistry and Chemical Biology

https://doi.org/10.7554/eLife.51888.sa1
https://doi.org/10.7554/eLife.51888.sa2
https://doi.org/10.1146/annurev.biochem.70.1.181
http://www.ncbi.nlm.nih.gov/pubmed/11395406
https://doi.org/10.1261/rna.045047.114
http://www.ncbi.nlm.nih.gov/pubmed/24942625
https://doi.org/10.1038/nchem.2475
http://www.ncbi.nlm.nih.gov/pubmed/27102678
https://doi.org/10.1021/jacs.7b01562
http://www.ncbi.nlm.nih.gov/pubmed/28640999
https://doi.org/10.1002/ange.201805785
https://doi.org/10.1002/anie.201803074
http://www.ncbi.nlm.nih.gov/pubmed/29779237
https://doi.org/10.1038/nchem.2628
https://doi.org/10.1038/nchem.2628
http://www.ncbi.nlm.nih.gov/pubmed/28338690
https://doi.org/10.1021/jacs.5b00445
http://www.ncbi.nlm.nih.gov/pubmed/25654265
https://doi.org/10.1017/S0016672300001233
https://doi.org/10.1017/S0016672300001233
https://doi.org/10.1002/anie.201907909
http://www.ncbi.nlm.nih.gov/pubmed/31322800
https://doi.org/10.1101/cshperspect.a034801
http://www.ncbi.nlm.nih.gov/pubmed/30181195
https://doi.org/10.1073/pnas.1814367115
https://doi.org/10.1073/pnas.1814367115
https://doi.org/10.1101/813675
https://doi.org/10.1038/ncomms11235
https://doi.org/10.1038/ncomms11235
http://www.ncbi.nlm.nih.gov/pubmed/27044725
https://doi.org/10.1021/jacs.6b13148
http://www.ncbi.nlm.nih.gov/pubmed/28117989
https://doi.org/10.1021/acs.biochem.8b01080
http://www.ncbi.nlm.nih.gov/pubmed/30383375
https://doi.org/10.1021/jacs.8b05189
https://doi.org/10.1021/jacs.8b05189
http://www.ncbi.nlm.nih.gov/pubmed/29965757
https://doi.org/10.1021/jacs.8b00639
https://doi.org/10.1021/jacs.8b00639
http://www.ncbi.nlm.nih.gov/pubmed/29608310
https://doi.org/10.1021/jacs.9b04858
http://www.ncbi.nlm.nih.gov/pubmed/31180644
https://doi.org/10.7554/eLife.51888


Prywes N, Blain JC, Del Frate F, Szostak JW. 2016. Nonenzymatic copying of RNA templates containing all four
letters is catalyzed by activated oligonucleotides. eLife 5:e17756. DOI: https://doi.org/10.7554/eLife.17756,
PMID: 27351102

Rajamani S, Ichida JK, Antal T, Treco DA, Leu K, Nowak MA, Szostak JW, Chen IA. 2010. Effect of stalling after
mismatches on the error catastrophe in Nonenzymatic nucleic acid replication. Journal of the American
Chemical Society 132:5880–5885. DOI: https://doi.org/10.1021/ja100780p, PMID: 20359213

Szostak JW. 2012. The eightfold path to non-enzymatic RNA replication. Journal of Systems Chemistry 3:1–14.
DOI: https://doi.org/10.1186/1759-2208-3-2

Walton T, Szostak JW. 2017. A kinetic model of nonenzymatic RNA polymerization by Cytidine-5’-phosphoro-2-
aminoimidazolide. Biochemistry 56:5739–5747. DOI: https://doi.org/10.1021/acs.biochem.7b00792, PMID: 2
9022704

Zhang S, Blain JC, Zielinska D, Gryaznov SM, Szostak JW. 2013a. Fast and accurate nonenzymatic copying of an
RNA-like synthetic genetic polymer. PNAS 110:17732–17737. DOI: https://doi.org/10.1073/pnas.1312329110,
PMID: 24101473

Zhang S, Zhang N, Blain JC, Szostak JW. 2013b. Synthesis of N3’-P5’-linked phosphoramidate DNA by
nonenzymatic template-directed primer extension. Journal of the American Chemical Society 135:924–932.
DOI: https://doi.org/10.1021/ja311164j, PMID: 23252395

Zhang W, Walton T, Li L, Szostak JW. 2018. Crystallographic observation of nonenzymatic RNA primer extension.
eLife 7:e36422. DOI: https://doi.org/10.7554/eLife.36422, PMID: 29851379

Zhang DY, Seelig G. 2011. Dynamic DNA nanotechnology using strand-displacement reactions. Nature
Chemistry 3:103–113. DOI: https://doi.org/10.1038/nchem.957, PMID: 21258382

Zhou et al. eLife 2019;8:e51888. DOI: https://doi.org/10.7554/eLife.51888 14 of 14

Research article Biochemistry and Chemical Biology

https://doi.org/10.7554/eLife.17756
http://www.ncbi.nlm.nih.gov/pubmed/27351102
https://doi.org/10.1021/ja100780p
http://www.ncbi.nlm.nih.gov/pubmed/20359213
https://doi.org/10.1186/1759-2208-3-2
https://doi.org/10.1021/acs.biochem.7b00792
http://www.ncbi.nlm.nih.gov/pubmed/29022704
http://www.ncbi.nlm.nih.gov/pubmed/29022704
https://doi.org/10.1073/pnas.1312329110
http://www.ncbi.nlm.nih.gov/pubmed/24101473
https://doi.org/10.1021/ja311164j
http://www.ncbi.nlm.nih.gov/pubmed/23252395
https://doi.org/10.7554/eLife.36422
http://www.ncbi.nlm.nih.gov/pubmed/29851379
https://doi.org/10.1038/nchem.957
http://www.ncbi.nlm.nih.gov/pubmed/21258382
https://doi.org/10.7554/eLife.51888

