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Abstract

We present simulations of non-enzymatic template-directed RNA synthesis that incorporate
primer extension, ligation, melting, and reannealing. Strand growth occurs over multiple
heating/cooling cycles, producing strands of several hundred nucleotides in length, starting
with random oligomers of 4 to 10 nucleotides. A strand typically grows by only 1 or 2 nucleo-
tides in each cycle. Therefore, a strand is copied from many different templates, not from
one specific complementary strand. A diverse sequence mixture is produced, and there is
no exact copying of sequences, even if single base additions are fully accurate (no muta-
tional errors). It has been proposed that RNA systems may contain a virtual circular
genome, in which sequences partially overlap in a way that is mutually catalytic. We show
that virtual circles do not emerge naturally in our simulations, and that a system initiated with
a virtual circle can only maintain itself if there are no mutational errors and there is no input
of new sequences formed by random polymerization. Furthermore, if a virtual sequence and
its complement contain repeated short words, new sequences can be produced that were
not on the original virtual circle. Therefore the virtual circle sequence cannot maintain itself.
Functional sequences with secondary structures contain complementary words on opposite
sides of stem regions. Both these words are repeated in the complementary sequence;
hence, functional sequences cannot be encoded on a virtual circle. Additionally, we consider
sequence replication in populations of protocells. We suppose that functional ribozymes
benefit the cell which contains them. Nevertheless, scrambling of sequences occurs, and
the functional sequence is not maintained, even when under positive selection.

Author summary

The earliest form of RNA replication may have been non-enzymatic, without requiring
polymerase ribozymes. Non-enzymatic replication forms double strands that are unlikely
to separate unless melting is driven by temperature cycling. However, re-annealing of
existing strands occurs rapidly on cooling, and this prevents subsequent cycles of copying
if there are multiple copies of similar sequences. In contrast, if there is a diverse mixture of
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sequences, partially matching sequences can reanneal in configurations that allow contin-
ued strand growth. We show that this allows continued synthesis of populations of ran-
dom sequences that are quite long. We test the idea that a virtual circular genome could
exist in such a mixture. We show that a virtual genome does not arise spontaneously and
that it cannot be maintained except in unrealistic ideal cases. We conclude that functional
sequence information cannot be encoded on the fragments of a virtual circle.

Introduction

It is widely believed that there was an RNA World period in the early stages of life on Earth in
which RNA sequences played the roles of both genes and catalysts [1-5]. RNA replication in
the RNA World may have been catalyzed by polymerase ribozymes, and there has been consid-
erable progress in developing functional polymerase ribozymes in the laboratory [6-10]. How-
ever, it also seems likely that some form of non-enzymatic template-directed synthesis could
have preceded the origin of polymerase ribozymes. The rates of nonenzymatic primer-exten-
sion have been measured in the laboratory [11-12]. It is found to be quite slow and error
prone. Furthermore, a stalling effect is observed [13], such that the rate of addition after a pre-
vious error is very much slower than after a correctly matching pair, and the probability of
another error after a previous error is higher. There are a number of practical problems associ-
ated with non-enzymatic replication [14], but there has been continued progress by making
use of new forms of activated nucleotides and using downstream oligomers to stabilize the
association of the incoming base with the growing primer and template [15-17].

One of the most important problems with non-enzymatic replication is product inhibition.
Synthesis of complementary strands leads to the formation of double strands which are stable
and difficult to separate, and which inhibit further replication. This has led to the suggestion
that temperature cycling could enable repeated rounds of sequence replication: double strands
would separate at high temperature, and each of these strands would be a template during the
next low-temperature phase. However, reannealing of existing strands is likely to be fast com-
pared to synthesis of new complementary strands. We have modelled the temperature cycling
process [18] and shown that reannealing prevents replication once a limiting strand concen-
tration is reached when reannealing becomes faster than synthesis of new strands. The limiting
concentration is very low if the polymerization rate is slow, as we expect from measurements
of non-enzymatic replication.

We therefore argued [18] for an alternative mechanism involving strand-displacement, in
which an old complementary strand is displaced in a stepwise manner as a new complemen-
tary strand is synthesized. This can be done at constant temperature without the need for
cycling. Many viruses replicate by strand-displacement driven by a protein polymerase, and
there is also some experimental progress on non-enzymatic strand displacement [19]. One
mechanism that seems likely as a means of starting replication in the RNA World is rolling cir-
cle replication [18], which is strand displacement on a circular template. This avoids a problem
that occurs on a linear template, where partially synthesized complementary strands are dis-
placed from the template by a full complementary strand that is already present, thus prevent-
ing new complete strands from being formed. The smallest known RNA replicators in current
biology are circular viroids [20] that replicate via a protein-catalyzed rolling circle mechanism.
Rolling circle replication using a ribozyme catalyst has also recently been demonstrated in the
laboratory [21].
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Despite our arguments that reannealing inhibits replication via the temperature cycling
mechanism [18], there are reasons to believe that temperature cycling can still allow non-enzy-
matic synthesis of long RNA strands in some circumstances. We previously considered only a
simple case in which there were multiple copies of a single type of complementary plus and
minus strand. In this case, reannealing creates a double strand which is inactive for further
primer extension and replication. However, in a diverse mixture of strands with different
sequences, there are many ways in which partially complementary strands can reanneal. If the
3’ end of one strand is paired in the middle of another strand, then continued primer extension
can occur in a productive way, as has been pointed out by Zhou et al. [22]. The aim of the pres-
ent paper is to develop a realistic computer simulation of primer extension incorporating tem-
perature cycling and reannealing in order to test whether synthesis of long strands is possible.

Zhou et al. [22] have termed this mechanism the ‘virtual circular genome’. They envisage
that many different short RNA sequences could exist in a population that are partially overlap-
ping in such a way that they could be assembled into a circular strand. The complete circle
need not exist in any one single strand. They argue that in this case, the collection of fragments
would act as mutual templates for each other and that the whole system could replicate. It was
further argued in [22] that the virtual genome might encode fragments of ribozymes that
could combine via secondary structure formation to give complete functional ribozymes with-
out the need for the whole ribozyme sequence to exist in a single sequence. This idea has been
partly validated experimentally by Wachowius et al. [23], who showed that a functional poly-
merase ribozyme could be assembled from fragments by using complementary fragments as
splints. Although this demonstrates that ligation is possible, it does not demonstrate continued
replication of the fragments. We will return to this point in the results below, where we use
computer simulations to test for assembly of a complete ribozyme from fragments and also for
replication of the fragments.

The possibility of a virtual circular genome is intriguing and we wished to test it in this
paper. There are two separate claims of [22] that must be distinguished. Firstly, there is the
claim that in a mixture of fragments of different sequences, the sequences could act as mutual
templates in such a way that continued synthesis of a population of strands of quite high
lengths is maintained. Secondly, there is the claim that in such a mixture, replication of a vir-
tual genome would occur, and that such a genome could encode functional ribozymes. Our
results below support the first of these claims but not the second. We will show that in a popu-
lation of diverse fragments there are many ways in which pairing can occur between strands in
a way that is productive for further primer extension. This leads to scrambling of sequences
and loss of sequence information.

Several previous simulation studies of template directed replication have been made, but
these have used simplified models of the process. We previously studied a model for templated
ligation [24] in which an oligomer can catalyze the ligation of two other shorter oligomers that
are complementary to it. This ligation was treated as a single reaction step in the model, rather
than treating binding and separation as separate steps. This model makes the interesting pre-
diction that templating selects for uniform polymers that are good templates, resulting in the
emergence of homochirality, regioselectivity in the polymer backbone, and a small subset of
RNA nucleotides from a diverse mixture of similar possible monomers. Another templating
model at this level was studied in [25]. Protein catalyzed template-directed ligation of random
12-mers was studied experimentally and simulated in [26]. Another detailed model of ligation
was studied in [27] which predicts interesting features of the distribution of strand lengths, but
which neglects the sequences of the strands. None enzymatic replication with explicit RNA
sequences was also simulated in [28], although it was assumed that replication of each strand
began from a primer at the beginning of each strand and proceeded in one cycle to the end.
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There was no reannealing of existing strands. None of these previous models includes the real-
istic separate steps of annealing, primer extension and ligation and the requirement for match-
ing of complementary sequences in the way that we do in this paper.

Methods

We carry out stochastic simulations of RNA synthesis in a solution containing monomers and
RNA strands. At any given point, the program stores the sequences of all strands present, the
positions of all helices connecting strands, and the number of available single monomers of
each type of nucleotide. Allowed reaction steps include (i) nucleation of new oligomers from
monomers on single-stranded templates; (ii) annealing of complementary single stranded
regions to form helices; (iii) monomer addition (primer extension) on the 3’ ends of sequences
that are paired to a template; (iv) ligation of two neighbouring strands that are bound to the
same template; (v) melting of existing helices. Rates of all possible reaction steps are calculated,
and the Gillespie algorithm [29] is used to select one possible reaction step with a probability
proportional to its rate. All allowed processes have some possibility of happening, but those
with the faster rates occur more often. This is a standard method for simulating stochastic
reaction systems in chemistry. The time is augmented by a random amount 8t with a mean
equal to the inverse of the sum of the rates of all possible processes. The growth phase of the
simulation proceeds for a fixed time duration (nominally 6 hours), after which there is a high
temperature phase in which all strands are separated. Inflow and outflow of monomers and
strands can then occur, after which a new growth phase is initiated. We follow the properties
of the sequences over multiple complete cycles.

Initial supply of monomers and oligomers

The system begins with an initial number of monomers (N = 5000) of each nucleotide A, C, G
and U (i.e 20000 in total), and an initial number (Nj,;; = 500) of oligomers of lengths in the
range 4-10. These oligomers are assumed to be generated by random polymerization without
a template and consist of random sequences of the four nucleotides. We suppose the oligomer
length # has an exponential distribution, with a probability distribution P(n) = A", where
= 1/2 and A is the constant necessary to normalize the distribution. We cut off this distribution
at a maximum of 10. In this way, whenever sequences longer than 10 are formed in the simula-
tion, it is clear that they have been created by templating reactions, not random
polymerization.

We assume that length ) = 4 is the shortest length of primer that is stable long enough for
primer extension to occur. Dimers and trimers will also be present in the mixture, but we
ignore them in this simulation because we assume that their rate of detaching from a template
will be high, and that detaching is likely to occur before addition of new monomers to the
primer. If dimers and trimers were included, there would be many on and off reaction steps
that would make little difference but would slow the program down considerably. The mean
length of the initial oligomers is

ZnZIU n/'«hnf'-i

n=4 _

S = 4.94.
n=4 A

Nucleation of new oligomers from monomers

]7[:

Strands in the mixture may be connected by double stranded regions (helices). New helices
may be formed by nucleation of monomers on an existing strand, or by annealing two existing
strands with complementary sequences. The minimum allowed helix length is /, = 4. The
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probability of a new helix nucleating on a given strand is proportional to the number of
unpaired windows of length /, on this strand. At the beginning of each cycle when there are no
other helices already present, a sequence of length n has a number of windows w = n—Iy+1.
This number is reduced when helices form because each helix blocks the formation of further
overlapping helices. The program keeps track of the number of available windows on each
strand. For each available window, the nucleation rate is

NilNiZNBNM

nuc nuc N4 ?
0

where k,,,,. is the nucleation rate constant, and N;;, Nj,, N;3 and Nj4 are the number of available
free monomers of the required type to form the new tetramer. The tetramer is assumed to be
exactly complementary to the template strand. At the beginning of the simulation, the number
of each monomer in the system is Nj. Thus, according to equation 1, the nucleation rate is
equal to k,,,. per window when the monomers are at their initial concentration, and it
decreases in proportion to monomer concentration to the power 4 when the monomers are
used up by the polymerization process. When a new tetramer is formed, the corresponding
monomers are removed from the count of free monomers.

Annealing existing strands

To form a new helix by annealing existing strands, there must be an available window of length
I on two different strands. We define the attempted rate of annealing per pair of windows as
Tann = Kann! N,. For any given available window, let the total number of other windows on
other strands that are potential partners for pairing be w,,,. The total attempted rate of anneal-
ing to the first window is

w
tot tot
7

ann ann °
NO

There are initially Ny monomers of each type of nucleotide. If all these monomers were turned
into tetramers, then w,,, would be Nj. Thus by scaling the annealing rate by 1/N, we keep the
total attempted rate of annealing to one window proportional to the total concentration of
sequence windows in the system. We choose random pairs of available windows at this attempt
rate, but the annealing only occurs if the sequences are complementary. If a matching helix of
the minimum length I, is possible, the helix is formed in this position and then ‘zipped up’ in
both directions as long as the bases in the two sequences form matching pairs and as long as
further extension of the helix is not prevented by a previously existing helix.

Monomer addition

If a helix forms in the middle of two sequences, the ends of the sequences are single-stranded tails
which cannot grow (as in Fig 1A). When the 3’ end of a strand is at the end of a helix (as in Fig 1B
and 1C, orange sites), monomer addition can occur (i.e. primer extension). Monomer addition is
directional and only occurs at 3’ ends. When the 5’ end of a strand is at the end of a helix (as in
Fig 1B and 1C, green sites), monomer addition cannot occur, but this 5’ end can be ligated to the
3’ end of another strand if the end of the other strand grows to be adjacent to this point.

Whenever there is a 3’ end that is paired and the next site on the template is unpaired,
monomer addition (also known as primer extension) can occur at a rate

N,

ra=k ,—
add add 9
NO
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Fig 1. Examples of structures that form via annealing of strands. (a) If a helix forms in the middle of the strands, so
that the ends of the strands are in single-stranded tails, then no growth is possible at these ends. (b) If the 3’ end of a
strand is the last base in a helix (orange squares), this is a site for monomer addition. If the 5’ end of a strand is the last
base in a helix (green squares), we assume that monomer addition cannot occur, but this is a potential site for ligation,
if the 3’ end of another strand grows to be adjacent to this site. (c) Connection of multiple strands forms branching
clusters with many tails and many potential points of sequence growth. We assume that formation of an additional
helix is not possible between strands that are already in the same cluster. This prevents unrealistic loops and knots
forming within a cluster.

https://doi.org/10.1371/journal.pcbi.1010458.9001

where N; is the number of monomers in solution of the type that are complementary to the
template. We scale the rate by the initial number of monomers, Ny. Thus, the addition rate is
k.44 when the monomer concentration is equal to the initial monomer concentration, and it
decreases in proportion to the remaining concentration of free monomers.

Initially, we consider a basic rates model in which there is perfect pairing between template
and the growing complementary strand, i.e. there is zero error rate. In this case, the only type
of nucleotide that can be added is the one complementary to the template.

Secondly, we consider an equal-error-rates model in which a single error rate parameter €
determines the relative rate of addition of all non-Watson-Crick bases. The rate of addition of
base i opposite template base j is

N.
r.qailj) = kuddﬁ’, if i is complementary to j,
0

N,
r.aa(ilj) = kaddeﬁ', if i is not complementary to j.
0

Thirdly, we consider a scaled-experimental-rates model in which rates for each combina-
tion are proportional to the rates measured in experiment. We make use of two sets of mea-
sured rates [11,12]. Table 1 shows the averages of these two sets of measurements. Both these

Table 1. Experimental rates of monomer addition r,,(i|j) in nucleotides per hour. Values are the averages of those
measured by [11] and [12].

Base added i
A C G U
A 0.043 0.079 0.145 0.204
Template base j C 0.012 0.013 1.940 0.004
G 0.037 14515 0.205 0.174
U 0.735 0.014 0.365 0.024

https://doi.org/10.1371/journal.pcbi.1010458.t001
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experiments used a concentration of 10 mM of single nucleotides for A, C and G, but a con-
centration of 40 mM for U, because the rates of U addition are slow and increasing the concen-
tration speeds up the experiment. We have adjusted for this in Table 1 by dividing all rates for
addition of U by 4, which means that the rates in the table should correspond to an equal con-
centration of 10 mM for each base.

There is a large variation among the rates of addition of the four correct Watson-Crick
pairs, and the average rate of these four is 7y = 4.348 h™'. We scaled all the experimental rates

by a factor % so that

re(ilj) N

Toaa(il) = Koaa Te N0~

The average rate of addition of the Watson-Crick pairs is k4, after this scaling, which is
directly comparable with the simpler models.

Ligation

Whenever there is a 3’ end that is paired and the next site on the template is paired to the 5’
end of another strand, then ligation can occur at rate kj;,. This rate is constant, independent of
the concentration of monomers and strands.

We keep track of clusters of sequences that are connected by helices. At the beginning of
each growth phase, each strand is defined to be in its own separate cluster. When two
sequences are connected, they are placed in the same cluster. We impose the restriction that a
new helix can be formed between two strands only if they are not already in the same cluster.
This means that all the clusters that form have a branching tree structure (as in Fig 1C). In an
early version of this program in which this restriction was not imposed, we found that multiple
connections formed between sets of sequences that were already in the same cluster, creating a
dense structure of entangled knots and loops. Such a structure would be impossible to achieve
in three-dimensional space with real molecules because of excluded volume restrictions and
the finite length and flexibility of strands. Our simulation does not account for excluded vol-
ume and three-dimensional coordinates of the strands. We impose the branching cluster rule
as a simple way of preventing the formation of unrealistic loops and knotted structures.

Helix melting

We suppose that polymerization and ligation occur during the growth phase of the cycle in
which the temperature is moderate and the double strands are stable. The growth phase lasts
for a time T,,,,, = 6 hours. At the end of the growth phase there is a high-temperature phase in
which all helices are immediately melted independent of length. The melting temperature of
long double helices may be quite high in practice, and may be difficult to drive purely by tem-
perature increase. However, experiments on DNA ligation have shown [30] that melting of
long double helices can occur at low salt content and low pH without requiring an unreason-
ably high temperature. He we simply assume that all helices melt at the end of each cycle, by
some means.

Melting of individual helices can also occur at a finite rate during the growth phase of our
simulations. When this occurs, the two strands forming a helix are separated, and the cluster
containing the helix is divided into two separate clusters. The melting rate for a minimum-
length helix of length Iy = 4 is k;,.;;- The melting rate for a longer helix of length I is

I—1)AG
rmelr(l) = kmelr CXP( ( k;—? > )
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where AG is the average stacking free energy per additional base pair in the helix. For simplic-
ity, we treat stacking free energy using a single average value, and we do not consider
sequence-specific stacking parameters.

Inflow and outflow

After all helices are melted, we deal with input and output to the system. We want to be able to
demonstrate that continued synthesis of new strands is possible in the mixture. For practical
computing reasons (memory and time) we cannot allow the number of sequences in the simu-
lation to increase exponentially for ever. The simplest way to limit the number of sequences is
by outflow. This could represent a physical system with a finite volume in which there is input
and output of material by diffusion or by steady fluid flow. It is also similar to what would hap-
pen in a growing and dividing vesicle, since growth leads to dilution. The main point is to
demonstrate that synthesis of new strands inside the reaction system is sufficient to replace
strands that are lost due to dilution, flow, or cell division, and to look at the distribution of
lengths that exists when the system reaches a steady state.

Most results in this paper deal with a single mixture of sequences with input and output
driven by a flow rate ¢. Each strand is lost from the system with a probability ¢ at the end of
each cycle. A fraction ¢ of monomers of each type is lost from the system. New monomers and
oligomers are then added at the initial concentration. Thus, ¢N, monomers of each type are
added, and a number Nj,g,,, = ¢Niyir of new oligomers are added with the same exponential
length distribution as the initial sequences.

We also consider simulations where only monomers are supplied at each new cycle and
there is no inflow of new oligomers. This would be the case if RNA synthesis was occurring
inside lipid vesicles whose membrane is impermeable to oligomers.

At the end of the paper, we consider simulations of populations of cells, each containing
separate mixtures of sequences. In this case, we assume that the monomer concentration
remains constant because the membranes are permeable to monomers, but there is no input
or output of new sequences. The growth and division of the cell gives dilution of strands, and
there is no need for an additional loss process to maintain a finite strand concentration.

Standard parameters

A list of parameters of the model is given in Table 2. It should be noted that all the rate con-
stants have the same units of h™. Some of these processes also depend on the monomer con-
centration, but we have included monomer concentrations in the way rates are calculated (as
described above), so the rate constants do not have a concentration dependence. We have also
expressed monomer concentrations as ratios of monomer numbers in the simulation relative
to the initial number. If the monomer concentration in an experimental situation was 10 mM
(as was the case in [11]), and the addition rate was 10 h™! at this concentration, then the simu-
lation represents a volume V such that Ny/V = 10mM, and k4 is the addition rate at this initial
concentration. In this way, we do not need to specify the volume, or the actual monomer
concentration.

Graph functions X, S and C

Zhou et al. [22] proposed that sequences in a mixture of replicating RNAs might form a virtual
circular arrangement. In order to detect the possible presence of virtual circles in our simula-
tions, we consider 5-letter words (5-mers) within the sequences formed in the simulation. We
choose 5-mers because we have already set the minimal length of a stable helix to be [, = 4.
Hence the shortest length of a sequence that can act as a template is 5. The number of possible
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Table 2. Standard values of the parameters used in the simulations.

Parameter Standard Value Meaning

Ny 5000 Initial number of monomers of each type (A, C, G and U)

Ninit 500 Initial number of random oligomers

¢ 0.05 Fractional flow rate = fraction of strands lost at the end of each cycle
Ninflow 25 Number of random oligomers flowing in per cycle

Iy 4 Minimum possible length of primers and helices

A 0.5 Parameter controlling exponential distribution of primer lengths

ke 0.1h" Nucleation rate constant per hour at the initial nucleotide concentration.
kann 10h Annealing rate constant per hour per window pair

Kada 10h! Rate constant for monomer addition at the initial nucleotide concentration.
kg 1h! Ligation rate constant

Kpels 1h! Melting rate of a helix of length I,

AG/KT 2 Stacking free energy per base pair, relative to kT.

Terow 6h Length of growth phase

https://doi.org/10.1371/journal.pcbi.1010458.t002

5-mers is 4> = 1024. Each word can be labelled by an integer from i from 0 to 1023. Let f; be the
frequency of word i in the mixture, counting all overlapping 5-mers in sequences of length 5
or longer.

We will say that a word j follows from word i if the first 4 letters of j are the last four letters
of i. There are four possible following words from any given word, as there are four possibili-
ties for the last nucleotide in j. For a given mixture of words, we define a transition matrix Tj;
such that Tj; = 1 if word j follows word i and both i and j are present in the mixture, and Tj; = 0
otherwise. We say there is a path of length # steps from i to j if there is a series of n words that
follow from each other that are all present in the mixture. We define a path matrix, such that
P = lif such a path exists, and P;; = 0 if no such path exists. Clearly, P; = T;. The path
matrices for larger numbers of steps can be calculated by iteration. Pi*' = 1,if 3, Py T); > 0,
otherwise P;* = 0.

For any given word i, the fraction of words in the mixture that are accessible by a path of
length nis ) _ £ P;;. We define the connectivity function X(n) as the probability that two ran-
domly chosen words from the mixture are connected by a path of length n.

X(n) = Z Z f£P;

If P} = 1, there is a circular path that returns to word i after » steps. We define the circular-
ity function C(n) as the fraction of words in the mixture which are part of a circular path of n
steps.

Cn) = _fP;

Furthermore, we define P;; = 1 if word i is part of a circular path of any length (i.e. there is at
least one n for which P}, = 1). The fraction of words that are part of a circular path of any
length is

pcirc = Zf;PZ

We also determine to what extent a particular word specifies the word that follows it after n
steps. We define the specificity of word i as S;(n) = 0 if there is no word accessible from i by a
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path of length n, and S;(n) = 1 if there is exactly 1 accessible word. If there is more than one
accessible word,

_ max;fP;”

Wi
This is the relative frequency of the most common accessible word in comparison to the total
frequency of all accessible words. We define the specificity function of the mixture, S(n), as the

S,(n)

1

mean value of specificity of the words:

S(n) =>_fSi(n).

The functions X(n), S(n) and C(n) have distinctive shapes that indicate clearly whether a vir-
tual circle is present, as we will show in the Results section.

Word graphs

The relationship between the set of 5-mer words occurring in a simulation can also be illus-
trated by drawing word graphs, in the following way. Each node represents a 5-mer word that
is present in the mixture. The size of the nodes is scaled to indicate word frequency. Words
not present in the mixture are not drawn in the graph. A directed link (arrow) is drawn
between two nodes whenever the second node is a word that follows from the first.

Nodes which are part of cyclic paths are coloured red. Intermediate nodes on non-cyclic
paths are coloured grey. Source nodes (those which have no preceding words) are coloured
green. Sink nodes (those which have no following words) are coloured blue. Nodes are labelled
with the last nucleotide of the word that they represent. Previous nucleotides can be deduced
by tracing the pathways backwards. In the case of source nodes, this is not possible. Therefore,
source nodes are labelled with the full 5-mer sequence.

Resulits
Basic polymerization model

In this section we investigate the distribution of lengths of sequences formed when using the
basic polymerization model. In this basic model there are no sequence errors. The only base
that can be added to the growing strand is the correct Watson-Crick base that matches the
template. Figs 2-5 show results from four separate simulations with four different values of the
monomer addition rate k4. All other parameters take the standard values in Table 2. Quanti-
ties are shown as a function of time, with data plotted at the end of each growth phase, before
melting of helices and loss of strands via outflow. In Fig 2, the mean length begins at the mean
length of the inflowing oligomers (7 = 4.94) and increases in time due to primer extension and
ligation reactions. It reaches a stationary value at which the loss of old (long) strands is bal-
anced by the inflow of new (short) oligomers. The mean length of sequences created by tem-
plating reactions is very much higher than #;,;. Fig 2 also shows the maximum length
sequence in the population. This is substantially higher than the mean.

Fig 3 shows the number of sequences in the mixture, N,,,. In each run, N, begins at the
initial value N;,;; = 500. It rises rapidly in the first few cycles and then falls to a steady state
value where the increase in strands due to inflow and nucleation is balanced by the outflow.
The number of A monomers in the solution begins at Nj = 5000, and falls to a steady state
value, where the reduction in monomers due to polymerization is balanced by the inflow rate
¢Ny. The other three monomers, C, G and U, are close in number to A.
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Fig 2. Mean length and Maximum length as a function of time in cycles for four simulations with varying values
of the monomer addition rate k.

https://doi.org/10.1371/journal.pcbi.1010458.9002

Max sequence length

The number of strands in the mixture begins at Ny, = Nj,i;» and rises above this as new
strands are nucleated from monomers. N, then falls again because the nucleation rate falls
when the concentration of free monomers decreases. The steady state value of N, is highest
for the lowest rate of monomer addition (k,4; = 1 h™*) because the steady state monomer con-
centration remains quite high, and the nucleation rate remains high. For the highest rate of
monomer addition (k,4; = 1000), almost all monomers are polymerized, therefore the mono-
mer concentrations fall almost to zero, and the nucleation rate becomes negligible. New
sequences are then created only by inflow.

Fig 4 shows the steady state length distribution N(#n). Lengths of each strand were taken at
the end of the growth period of each cycle, and data were averaged over the last 250 cycles of
the simulation runs, which lasted 500 cycles. The distribution of lengths arising from random
polymerization is a rapidly decreasing exponential distribution (~A™"). The measured distribu-
tions decrease with n very much more slowly than this (even for k,;; = 1). For the three higher
values of k4, there is a broad peak in the distribution, which clearly does not correspond to a
single exponential. There are substantial numbers of long sequences in the range 50-100
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Fig 3. Number of sequences, N, and number of free A nucleotides, NA, as a function of time in cycles for four
simulations with varying values of the monomer addition rate k4.

https://doi.org/10.1371/journal.pchi.1010458.9003

nucleotides for all three of the larger values of k,;; and small numbers of these sequences still
exist even for the smallest k.

For any given sequence, # is the length at the end of the growth phase, and n,,, is the
length of the same sequence at the start of the growth phase. The increase in length during one
growth phase is An = n—ng,,,. Fig 4 shows the mean An as a function of #,,,. It can be seen
that An is larger for higher k,;,, as would be expected, but An is quite small, even for the largest
addition rates. For k.43 = 1000 h™", An is close to 5 for short sequences (tetramers and penta-
mers) and decreases to around 1 for longer sequences of length 100. For k,;; = 1, An is around
0.3, and is almost independent of n (large fluctuations at large n arise because of small numbers
of sequences).

These results show that substantial numbers of long sequences are formed, even though the
increase in length in any one cycle is quite small. Growth of long sequences thus requires con-
tinued presence in the reaction chamber over many cycles.

Fig 5 shows the mean number of separate helices h(n) in which a sequence is bound, as a
function of the length of the sequence at the end of the growth period (averaged over the last
250 cycles). If h were 1 for every strand, the system would consist of paired strands only. If h
were 2 for every strand, there would be a long chain of connected strands. If h were greater
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Fig 4. Distibution of sequence lengths, N(n), and mean increase in length, An, for four simulations with varying
values of the monomer addition rate k, ;.
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than 2 for every strand, there would be branching clusters. It is found that for short sequences
h(n) is close to 1, and the number of helices increases linearly with #. A length n = 100
sequence has h(n) close to 3, for the fastest addition rate (k,4; = 1000). This means that long
sequences are involved in branching clusters that connect many strands (as in Fig 1C) rather
than very long duplexes that link only two sequences. Fig 5 also shows the mean number of
nucleotides, m(n), that are paired in helices at the end of the growth period, for a given total
length n. It can be seen that m(n) is approximately linear with #, and that m(100) is around 30
for k.44 = 1000. Hence, approximately 30% of nucleotides are paired.

Many simulations were carried out with varying values of the other rate constants. Table 2
shows a summary of measured values in these simulations. For each group of four runs, one
rate is varied (as specified in column 1 of Table 3) and the other rates are fixed at their standard
values given in Table 2. The runs with varying k,,,; are the same runs shown in Figs 2-5. In
Table 3, the mean length, the number of sequences N, and the number of A nucleotides N4
are the values of these quantities at the end of growth phase of the last cycle (¢ = 500). The max
length in the table is the maximum length of any sequence produced during the whole run.
The functions An(n) and h(n) were averaged over the final 250 cycles of the runs (as in Fig 4),
and Table 3 summarizes this with the increase in length for short (n = 5) and longer sequences
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Fig 5. Mean number of helices, h(n), and mean number of paired bases, m(n), as a function of total sequence
length n for four simulations with varying values of the monomer addition rate k.
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(n = 50) sequences. The number of helices and the number of paired bases are given for a
sequence of length n = 50.

The trends with k,;; have already been seen in Figs, 2-5. The mean and max lengths and An all
increase with k,;; because there is a higher rate of primer extension. The concentration of available
nucleotides decreases with k,;; which causes a reduction in the nucleation rate and hence a decrease
in the number of sequences. An increases with k,;;, while h(n) and m(n) decrease.

We now consider the trends in Table 3 when the other rate parameters are varied. The rate
of nucleation of new tetramer primers from monomers is proportional to k. (equation 2).
The second series in Table 2 shows that N, increases with k,,,,c as expected. In the case k,,,,c =
0, the only new strands created are random oligomers that enter on each cycle with the inflow.
Increasing k,,,,. leads to a decrease in the available number of free monomers, Ny, and a
decrease in the mean and max lengths (i.e a larger number of shorter sequences). An decreases
with k,,,,., while h(n) and m(n) increase. It can be seen that the nucleation process is not essen-
tial to sustain replication, because a population of sequences can be sustained by inflow of ran-
dom oligomers even when k,,,,. = 0. However, the results are fairly sensitive to even a small rate
of nucleation; therefore, this is an important parameter to include in the simulation.
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Table 3. Summary of quantities measured in simulation runs as a function of the rate variables. In each group of four runs, one rate constant is varied (as in the first
column) and the other rates are set to their standard values in Table 1.

mean length

koaa=1
Kaaa =10
Kaaa = 100
Kaqq = 1000

e =0
nue = 0.01
nue = 0.1

banlita nlitouliite ol

e = 1

ann =0
=1

k
Kann
Kann =10
Kann = 100
ket =0
kmelt =0.1
kmelt =1
Kperr = 10

https://doi.org/10.1371/journal.pcbi.1010458.1003

8.6
31.0
47.9
46.1
37.1
35.1
31.0
23.0

4.5
18.4
31.0
34.1
27.9
29.0
31.0
234

length

Neeg N, An(5) An(50) h(50) m(50)

920 1703 1875 0.27 0.19 4.44 28.4
232 603 870 2.15 0.87 2.70 20.7
287 439 143 5.48 1.76 1.98 17.7
300 464 5 4.30 1.41 1.86 17.5
267 456 1253 2.87 1.08 2.27 18.2
258 507 1334 2.71 1.13 2.39 194
232 603 870 2.15 0.87 2.70 20.7
210 810 609 1.56 0.72 3.13 22.2

10 2997 2259 0.00 0.00 0.00 0.00
191 994 1144 0.34 1.03 2.43 21.6
232 603 870 2.15 0.87 2.70 20.7
246 580 797 5.58 0.88 2.61 19.7
251 631 1138 2.22 0.80 3.21 21.2
223 617 1070 2.16 0.81 3.02 20.5
232 603 870 2.15 0.87 2.70 20.7
247 712 1112 1.14 1.33 2.45 22.8

The annealing rate k,,,, is also an important parameter. When k,,,,, = 0, an existing sequence
never binds to another existing sequence, and the only helices formed are between newly nucle-
ated tetramers and existing oligomers. The new strand can never grow longer than the template
strand. The mean length in this case is 4.5, which is slightly shorter than the mean of the ran-
dom sequences in the inflow (71 = 4.9), and the max length is 10, which is the max length in the
random inflowing sequences. Thus, to grow long sequences, it is essential to have k,,,, > 0.
When k,,,,, increases, the probability of forming structures that allow productive primer exten-
sion and ligation increases. Therefore, the mean and max lengths increase with k,,,,, (third series
of Table 3). N, decreases because when sequences anneal to existing strands, fewer single-
stranded sites remain for nucleation of new sequences. The number of free monomers decreases
with k,,,, because annealing promotes primer extension, which uses up the monomers. When
kann = 0, there is some probability of growth of a newly nucleated tetramer (we find An(4) =
0.03), but longer sequences cannot grow without annealing; hence An(5) and An(50) are zero in
Table 3. There is a small possibility of helix formation for oligomers of length < 10, but longer
sequences do not exist; therefore 4(50) and m(50) are zero in the table. When k,,,,, > 0, increas-
ing k., gives increased An(5), but has little effect on An(50), h(50) and m(50).

The fourth series in Table 3 shows that changing the helix melting rate k,,,.;; has a fairly
small effect on all the quantities measured. If k,,,.;, = 0, every helix which forms remains in
place until the end of the growth phase, and then all helices melt together. The simulation
works fine in this limit. When k,,,.;; > 0, short helices have some probability of melting during
the growth phase, but long helices are still very unlikely to melt before the end of the growth
phase, since the melting rate decreases exponentially with length (equation 5). Thus, the value
of k,,..;; makes little difference to the results.

More complex polymerization models

Above, we considered the basic model for polymerization rates in which only the correct Wat-
son Crick base can be added opposite a template base. Here we consider the equal error-rates
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model defined in the Methods section, which allows non-Watson-Crick combinations with a
relative error rate €. It was observed in experiments [11,12] that rates of subsequent base addi-
tion after an initial error are very much lower. Here, we assumed that growth is completely
stalled after a single mismatch. The mismatch base that was added is treated as an unpaired tail
of length 1. No further addition is permitted to this tail in this growth cycle, but the same
sequence may continue to grow in subsequent cycles if it is paired to a different template
where the last base matches.

Table 4 shows results of simulations using the equal-error-rates model. All rate parameters
are set to their standard values in Table 2. The line for € = 0 in Table 4 is the same as the line
for k.44 =10 in Table 3. As € increases, sequence growth is slowed slightly because mismatches
cause complete stalling. The mean and max sequence lengths decrease by a relatively small fac-
tor. The values of An are mostly somewhat smaller for € > 0 than for € = 0, but the increase in
length per cycle is only of order 1 when there are no errors, so the introduction of errors does
not reduce this very much.

We also considered a rate matrix where the rates are proportional to the observed experi-
mental rates and are different for each combination of bases (see Methods). When the scaled
experimental rates are used with k,;; = 10, there is a large reduction in the mean and max
lengths compared with previous cases. This is a result of the large variance of rates in the exper-
imental rate matrix. The smallest of the four addition rates for the WC pairs is 7.,(U|A) =
0.204, which is much less than the mean. We therefore chose a higher value of k4, so the rate
of the slowest WC pair was scaled to 10. This requires k,,; X (224) = 10, so that the mean rate
of the four WC pairs is k,4; = 213. With this higher value of k4, the mean and max lengths
are again comparable to those for the basic rates model and the equal-error-rates model. Thus,
synthesis of long strands is still possible when there is a large variance of the rates for different
base combinations, provided the rate of the slowest matching base combination is fast enough.

In both the equal-error-rates model and scaled-experimental-rates model we have assumed
that growth is completely stalled after an initial mismatch. In experimental measurements, the
addition rate is reduced by one or two orders of magnitude after a mismatch, so it is a reason-
able approximation to completely exclude further addition after a mismatch. We also consid-
ered simulations in which addition after a mismatch was still possible at a reduced rate. This
leads to very little change in results relative the case of no growth after a mismatch, as would
be expected, simply because these kinds of addition steps occur very rarely (results not
shown).

Can a virtual circular genome exist in our simulations?

Zhou et al. [22] proposed the idea of a virtual circular genome in which partially overlapping
sequences were present in such a way that they could be assembled into two complementary

Table 4. Summary of quantities measured in simulations using the equal-error-rates model with four values of £ and the scaled-experimental-rates model.

e=0

£=0.01

£=0.05

e=0.1

Scaled rates, k4 = 10
Scaled rates, k45 = 213

https://doi.org/10.1371/journal.pcbi.1010458.1004

31.0
28.3
24.2
21.0
8.6

26.1

max Nieq N, An(5) An(50) h(50) m(50)
length

232 603 870 2.15 0.87 2.70 20.7

262 606 1015 2.23 1.01 2.68 20.49

195 727 1357 1.71 0.84 3.02 20.2

184 842 1277 1.21 0.60 3.46 21.09

51 1816 1584 0.3 0 0 0

224 705 1669 1.76 0.55 3.12 24.88
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(i) - (i) CRACG (iii) CACAC
AACGC ACACA
AQEESG ACGCA CACAC (n=2)
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CEUGE GCAAC (iv) cccee
GggggA CAACG (n=5) cceee (n=1)
GCGAC
CGACA
GACAA
ACAAC

CAACG (n=10)

Fig 6. (i) A circular path of 10 steps formed from words taken from a virtual circular genome of length 10. (ii) A
circular path of length 5 existing in a mixture in which all 5-mers are present. (iii) and (iv) Short circular paths arising
when there is a repeating structure in the 5-mer sequence.

https://doi.org/10.1371/journal.pcbi.1010458.9006

circular strands. In that case, they argued, every sequence would have a possible template for
its continued growth, and it would be possible to replicate the whole set of sequences in a kind
of mutual catalysis. Although we were intrigued by this suggestion, we suspected it was more
likely that the sequences in our simulation were simply diverse mixtures of random strands
without any specific virtual circular sequence. Therefore, we wished to develop a method that
would detect the presence of a virtual circle, should anything like this arise in our simulations.

The three graph functions X(n), S(n) and C(n) defined in the methods section were chosen
to highlight the difference between mixtures that contain virtual circles and those that do not.
If there is a virtual circular genome of length 10, then there are 10 5-mers that can be formed
from each strand of this genome. Fig 6i shows an example of one strand of this virtual circular
genome, and a circular path of 10 words taken from this genome. Consider a perfect virtual
circle sequence mixture that contains all 20 words of this genome at equal frequency and no
words that are not part of the genome. In this case, all words in the mixture are part of circular
paths, so p.i,c = 1, and all the circular paths are length 10, so C(10) = 1. There are also circular
paths for any » which is a multiple of 10, but not for other lengths. Thus C(n) = 0 when # is
not a multiple of 10. For any word in this mixture there is exactly one word that can be reached
by a path of length n steps. Therefore, the perfect virtual circle mixture has specificity S(n) = 1
for all n. Since there is only one word accessible by a path of length # from any starting word,
the probability that a randomly chosen word is accessible is 1/20. Thus X(n) = 1/20, for all n.

Now consider a complete random mixture, where every possible 5-mer is present with
equal frequency. In this case, it is possible to make a circular path with 5 steps from any initial
word, as shown in Fig 6ii. For some words with repeating structures, circular paths shorter
than 5 are possible, as in Figs 6iii and 6iv. For this complete mixture, C(n) = X(n) = 1/4°7", for
n < 5and C(n) = X(n) = 1 for n > 5. The specificity falls off with n: S(n) = 1/4", forn < 5and S
(n) = 1/4° for n > 5.

Fig 7A and 7B show graph functions for the limiting cases of the perfect virtual circle and
the complete random mixture, in comparison to the same functions calculated for the mixture
of sequences that arises in our simulation run 500Y1, shown in Fig 7C. This run uses the basic
polymerization model and the standard parameter values from the earlier part of this paper.
The signatures of the perfect virtual circle are that the connectivity X(n) is low but non-zero
for all n, the specificity S(n) remains high for all , and the circularity C(n) shows peaks corre-
sponding to cycles of particular lengths. The signatures of the diverse random mixture are that
X(n) increases with n and is 1 or close to 1 for n > 5, S(n) is low and drops off with increasing
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Fig 7. Connectivity X, Specificiy S, and Circularity C functions for (a) perfect virtual circle mixture, (b) complete
random mixture with all words present, (c) simulation run 500Y1.

https://doi.org/10.1371/journal.pcbi.1010458.9007

n, and C(n) = X(n). The mixture in the simulation resembles the complete random mixture.
We define the diversity D of the mixture as the number of 5-mers that are present at least
once. The complete random mixture has D = 1024. The simulation mixture has D = 974. Since
almost all words are present, there are very many connected circular paths in the mixture and
the graph functions are similar in shape to those of the complete random mixture.

The word graph for the perfect virtual circle in Fig 8A consists of two disconnected circles
representing the plus and minus strands of the genome. The word graph for simulation 500Y1
is a densely connected network whose structure cannot be seen in a two-dimensional plot.

From Figs 7 and 8, we see that the word diversity arising in the simulations is too diverse
for a virtual circular structure to exist using the parameters we have been using so far. Word
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(a) (b)

Fig 8. (a) Word graph from the perfect virtual circle of length 10. (b) Word graph of the diverse mixture arising in
simulation 500Y1.

https://doi.org/10.1371/journal.pcbi.1010458.g008

diversity depends on the initial number of random oligomers and the inflow of new random
oligomers at each cycle. We therefore carried out a range of simulations intended to show the
effect of deliberately limiting word diversity. The results of these simulations are summarized
in Table 5. The runs are labelled in the following way. The first number indicates the initial
number of oligomers, N;,;; = 500, 100, or 40. The next character indicates whether there was
inflow of new random oligomers at each time step. Y indicates ‘yes’ there was inflow of Nj,,,,
= ¢N;,ir new random oligomers in the usual way. N indicates there was no further inflow of
oligomers other than what was in the initial set up. In both Y and N runs there is loss of
sequences with a probability ¢ each time step, and there is both inflow and outflow of mono-
mers in the usual way. The last character is either an integer, which indicates that the initial
oligomers were random sequences, or C, which indicates that the system was set up with a vir-
tual circular genome of length 10 and that all the initial oligomers were chosen from this circle
or its complementary circle. All these runs were done for 1000 cycles, after which the graph
functions and the word graphs were calculated.

The situation of no oligomer inflow in the N runs could represent a case where the random
polymerization rate outside the system in negligible, or it could also represent a case where
strands are inside lipid vesicles which are permeable to monomers but not oligomers. We
retain the loss of strands in this case, because growth and division of vesicles would also lead to
dilution and reduction of strand numbers in each cell. Later, we will explicitly model popula-
tions of protocells with growth and division, and in this later case there is neither input nor
output of strands from each cell.

Run 500YC begins with a virtual circle but has continued input of new random oligomers
that do not belong to the circle. The summary statistics shown in Table 5 are almost the same
for 500YC as for 500Y1. Thus, there is no memory that the run began with a circular genome.
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Table 5. Summary of runs used to investigate the possibility of virtual circular genomes.

Run number Ninfow mean max Diversity Peirc cycle type
length length D
500Y1 25 30.0 142 974 1 mixed
500YC 25 29.8 146 977 1 mixed
500N1 0 41.2 209 304 1 mixed
500NC 0 146.62 300 20 1 10
100Y1 5 38.4 283 567 0.9997 mixed
100YC 5 43.0 293 267 0.991 mixed
100N1 0 11.2 300 66 0.511 2
100N2 0 15.2 300 74 0.532 1,24
100N3 0 18.8 74 112 0.430 6,12,18
100N4 0 314 300 57 0.872 3
100N5 0 99.5 300 26 1 6,8
100N6 0 108.5 300 22 1 14,18,22
100NC 0 132.9 300 20 1 10
40Y1 2 53.4 292 181 0.998 mixed
40YC 2 68.8 300 108 0.997 mixed
40N1 0 6.0 10 58 0 none
40N2 0 6.5 10 64 0 none
40N3 0 7.6 16 54 0 none
40N4 0 8.0 142 69 0.349 6
40N5 0 20.7 300 44 0.803 4
40N6 0 58.9 265 10 1 5,10
40NC 0 136.7 300 20 1 10

https://doi.org/10.1371/journal.pcbi.1010458.t005

The graph functions and word graph for 500YC are given in the supplementary pdf file. These
are almost identical for the run 500YC as the run 500Y1. Run 500N1 begins with random
sequences and has no further inflow during the run. The resulting mixture is less diverse.

D =304 in run 500N1 in comparison to D = 974 for 500Y 1, but the word graph is still highly
connected (see the supplement) and the shapes of the graph functions resemble those for
diverse random word mixtures. Run 500NC begins with a virtual circular genome and has no
further inflow. In this case, the virtual circle maintains itself. The word graph and the graph
functions remain equal to those for a perfect virtual circle. The diversity remains D = 20, since
only the words present in the initial set up can be present in the mixture. The mean and max
strand lengths are much longer than the previous cases, and they are much longer than the
length of the virtual circle (10). This means that long strands form that contain repeats of the
whole circular sequence or the complementary sequence.

We will now consider cases where we begin with fewer sequences initially, so that the initial
diversity of words is low, and where there is no inflow of new oligomers. This might arguably
be the case on the inside of a small lipid vesicle. It is known that monomers, dimers and tri-
mers can penetrate lipid vesicles [17] and potentially provide a supply for further replication,
whereas longer oligomers cannot enter the vesicle. This would be similar to the ‘N’ simulations
in which there is monomer inflow but no oligomer inflow. These runs are summarized in
Table 5. Several examples of word graphs are shown in Figs 9-11, and the word graphs for all
the runs are shown in the supplementary pdf file.

The outcomes of runs 40N1 — 40N6 and 100N1 - 100N6 are all different and depend on the
particular set of random oligomers with which the simulation began. In some cases, such as
40N2 shown in Fig 9, there are no cyclic paths present in the mixture. All the words are part of
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Fig 9. The graph functions and word graph for run 40N2 shows disconnected elements with no cycles.

https://doi.org/10.1371/journal.pcbi.1010458.9g009

non-circular paths (p.;,. = 0), and the mean and max sequence lengths are short (see Table 5).
In other cases, such as 100N2 shown in Fig 10, there is a mixture of words that are part of short
circular paths, and those on non-circular paths (p,. = 0.532). Fig 10 shows the present of
cycles of length 1 (simple repeats CCCCC and GGGGG), length 2 (dimer repeats AGAGAG
and CUCUCU) and length 4 (tetramer repeats GGCCGGCC). In cases such as 100N6, shown
in Fig 11, all the words form part of cyclic paths. In this example, there is a principal cycle of
length 14, and a few ‘detours’ leading to cycles of length 18 and 22 and others. The C(n) func-
tion has peaks at these values, somewhat resembling the case of the virtual circle (in Fig 7A).
However, there is more than one way to travel around the word graph in Fig 11, so the mixture
will contain sequences from all these possible paths and not just from one virtual circular
sequence. Other examples of interesting graph structures generated by the simulations are
shown in the supplementary file.

In Table 5, the runs 100N1-100N6 and 40N1-40N6 are numbered in order of increasing
mean length. There is a trend that the mean sequence length is larger when p,;,. is larger. If the
original set of random oligomers happens to contain words that form cyclic paths, this permits
greater extension of sequences composed of these words. If words lie only on linear paths,
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Fig 10. The graph functions and word graph for run 100N2 show the presence of cycles of period 1, 2 and 4.
https://doi.org/10.1371/journal.pcbi.1010458.g010
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Fig 11. The graph functions and word graph for run 100N6 show the presence of cycles of period 14,18 and 22.
https://doi.org/10.1371/journal.pcbi.1010458.9011

then the length of the sequences is limited to the length of the paths. This explains the short
mean length of the sequences in runs 40N1, 40N2 and 40N3 with p,;, = 0, and the long mean
lengths of runs 40N6, 100N5 and 100N6 with p,;,. = 1. There is also an indication that these
three runs with p;,. = 1 have lower word diversity than other runs that begin with the same
number of oligomers. This suggests that other words that were not part of circular paths that
may have been present initially in these runs have been eliminated during the simulations
because they were less efficiently replicated, leaving only those words on circular paths remain-
ing. Nevertheless, the results show many examples that contain both words on circular paths
and words not on circular paths. These have survived for 1000 cycles of the simulation; thus, it
is not inevitable that words that not on circular paths are eliminated in a short time.

The other runs in Table 5 confirm expectations from our runs beginning with 500
sequences. Runs 40Y1 and 100Y1 build up high word diversity and highly connected word
graphs with many cyclic paths of all lengths. Runs 40YC and 100YC begin with virtual circles
but lose this structure and end up resembling 40Y1 and 100Y1. Runs 40NC and 100NC begin
with virtual circles and have no inflow of new words. Therefore, the virtual circular structure is
maintained.

These runs show that a virtual circle does not emerge naturally in runs that begin with ran-
dom oligomer mixtures. If the run is artificially set up with a mixture that only contains
strands from a virtual circle, then the circle maintains itself only in an ideal case where there is
no input of further oligomers with unrelated sequences. In practice, we would expect random
sequence oligomers to form by random polymerization. If random polymerization did not
occur at all, then it is unclear where the initial set of oligomers came from with which the sim-
ulation was initialized. Our model assumes that random polymerization outside the system
gives random oligomers that can flow in, but we did not include random non-templated join-
ing of oligomers already inside the system. If this were included, this would also lead to loss of
information from the virtual circle. The simulations here are done with the basic polymeriza-
tion model with no sequence errors, but if errors were incorporated, this would be a further
way in which words not contained in the virtual circle would form, and this would lead to
even more rapid loss of the information in the virtual circle.
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Can a functional sequence be encoded on a virtual circle?

Zhou et al [22] argued that functional RNA sequences could be encoded on the fragments of a
virtual circle. We now show that this is not possible if the sequence contains repeated tetra-
mers. Tetramer repeats are relevant here because of our earlier assumption that the minimal
length of a stable helix is 4. The following argument shows what happens when a tetramer is
repeated. Suppose the tetramer CCCC occurs twice in different contexts:

....ACCCCA....and....GCCCCG....

The reverse complements must also exist:

....UGGGGU....and....CGGGGC....

All fragments from both strands of the genome exist. Therefore, it is possible to form dou-

ble helices of the form
....ACCCC
GGGGC....
Primer extension then creates
....ACCCCG and UGGGGC... ..

which were not in either strand of the original genome sequence. When repeated tetramers
are present, words of 5 or less remain equal to those that were present in the initial genome,
but words of 6 or more can be created that were not in the genome. We will now show that
this leads to loss of sequence information on a length scale of 6 or more.

It should be noted that any RNA sequence that folds to a secondary structure with a stem-
loop structure will contain tetramer words in stem regions that are paired with the comple-
mentary tetramers on the opposite side of the stem, for example CCCC and GGGG may be on
opposite sides of a stem. If this sequence is encoded by a virtual circle, both the plus strand and
the complementary minus strand of the circle will contain CCCC and GGGG. Thus, the com-
bination of plus and minus strands is bound to contain repeated tetramers. This rules out the
possibility of encoding any RNA sequence with a secondary structure (including all functional
ribozymes) on a virtual circle.

The following example shows what happens if we try to encode a functional ribozyme on a
virtual circle. It was shown experimentally that functional polymerase ribozymes could be
assembled from fragments by using complementary fragments as splints [23]. As the plus
strand of a virtual circle, we use the F ribozyme catalytic core, which is of length 100, and can
be split into five fragments of length 20, as shown in Fig 3 of [23]. As the minus strand of the
virtual circle we use five fragments of length 20 that act as splints. Each splint matches the final
10 bases of one fragment and the first 10 bases of the next fragment. We use five splints here,
rather than the four used in [23], because we want to complete the circle.

The simulations in Fig 12 begin with 50 copies of each of the five ribozyme fragments and
each of the five splints. Firstly we carried out a ligation-only simulation in which the monomer
addition rate and the nucleation rate were set to zero. There is no inflow or outflow of any
kind in this run. N, is the number of copies of the complete ribozyme sequence in the mix-
ture, including copies which are subsequences of sequences longer than 100. Fig 12 shows that
N, increases with time until all short sequences have been ligated into longer ones. There is
then no further change because there is no input and output from the system. This demon-
strates that the full ribozyme can be assembled from the fragments, given that the correct frag-
ments are there initially. This is exactly what is shown by the experiment [23].

We then did a second run beginning with the same fragments using standard parameters.
This run has monomer addition and nucleation in addition to ligation in the usual way. We
allowed monomer inflow and outflow and strand outflow in the usual way, but no inflow of
random oligomers because we do not want to introduce additional word diversity into the
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Fig 12. Number of complete ribozymes as a function of time for simulations beginning with the fragments and
splits of the F ribozyme catalytic core. The simulation with ligation only shows that multiple copies of the complete
ribozyme are assembled from fragments. The simulation with standard parameters allows monomer addition and
nucleation, inflow/outflow of monomers and outflow of oligomers, as well as ligation. The full ribozyme is synthesized
from the original fragments but disappears after some time because the correct fragments are not resynthesized.

https://doi.org/10.1371/journal.pcbi.1010458.9012

mixture (as with the N runs above). In this case N,;; increases in the early part of the run, but
then reduces to zero when these copies are lost. In the later stages of the run there is a diverse
mixture of sequences with a broad distribution of lengths. The sequence fragments are scram-
bled because there are repeated tetramers in the original virtual circle. The mixture no longer
contains the correct fragments to assemble the full ribozyme; therefore no further copies of the
full ribozyme can be synthesized after the early-forming ones disappear.

Fig 13 shows the fraction g(n) of sequences of length # that are part of the sequence of the
original virtual circle (i.e. the F ribozyme or its complement). This is calculated after a long
time when the sequence distribution reaches a steady state: an average is taken of cycles 500-
1000. For n =4 and n = 5, g(n) remains at 1 because there is no input of new oligomers. For
n > 5, g(n) is less than 1 and falls rapidly with n. For n = 20, g(n) is only 11%, and g(n) is virtu-
ally zero for n > 50. This shows that the information on the original virtual circle is lost due to
scrambling of sequence fragments. This scrambling is bound to occur whenever there are repeated
tetramers, even in the ideal case where there is no oligomer inflow and no mutational error.

Can functional sequences be maintained by selection at the cell level?

So far, we have shown that functional sequences cannot be maintained in a well-mixed set of
sequences in which templating reactions are occurring with cycles of melting and reannealing.
However, we have not yet considered the possibility that natural selection could help to main-
tain ribozymes with beneficial functions (such as polymerases, ligases, and nucleotide
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Fig 13. Simulation beginning with the fragments of the F ribozyme (as in Fig 12) using standard parameters. g(n)
is the fraction of sequences of length n in the mixture that are still part of the ribozyme sequence or its
complement after 1000 temperature cycles.

https://doi.org/10.1371/journal.pcbi.1010458.9013

synthetases). It is clear that natural selection cannot operate in a single well-mixed system,
because any benefit given by the ribozyme would apply to all sequences equally in the mixture,
and would not increase the replication of the functional sequence relative to other random
sequences. However, if there were a population of protocells, each containing its own mixture
of sequences, then a beneficial ribozyme might increase the rate of growth and division of its
own cell relative to others. We therefore wished to ask if it is possible that selection at the cell
level could maintain a beneficial ribozyme encoded on a virtual circle, assuming that RNA syn-
thesis occurs separately in each cell driven by cycles of melting and reannealing in the way we
have been considering.

The program was modified to deal with a population of cells in the following way. Each cell
has a separate mixture of sequences. Annealing, nucleation, monomer addition and ligation all
occur in the usual way in each cell. Only sequences in the same cell can interact. We assume
that the cell membrane is permeable to monomers, and that the concentration of monomers
remains constant in each cell (rather than decreasing during the growth cycle, as was done pre-
viously). At the beginning of the simulation the total length of sequences in each cell is L;,;.
Sequences are assumed to be impermeable; therefore there is no addition or removal of
sequences from the cells. New sequences can be nucleated from monomers in the usual way.
The simulation proceeds in time cycles as before. At the end of the growth phase of a cycle, the
total length of strands in each cell is counted. If this total length > 2L;,.;, the cell divides. Each
strand in the parent cell is independently assigned to one of the two daughter cells. Another
random cell in the population is then eliminated so that the total number of cells remains con-
stant. This introduces selection in favour of cells that grow and divide more rapidly.
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We used the F ribozyme catalytic core from [23] as an example of a functional ribozyme.
Each cell began with 5 complete copies of the ribozyme (length 100) and 5 copies of each of
5 fragments and 5 splints (length 20 each). The total length in each cell was therefore 1500
initially, and division occurred when the length reached 3000. There were 50 cells in the
population. The number of copies of the complete ribozyme N,;;, in each cell was tracked
continually (including full copies of the complete sequence that are subsequences of longer
sequences). If the ribozyme was intended to represent a polymerase, we set the monomer
addition rate to be k,34(1+N,;;,), which is different in each cell because the number of ribo-
zymes in each cell changes during the simulation. Cells containing higher numbers of func-
tional polymerases grow and divide faster than those with lower numbers. If the ribozyme
represented a ligase, the ligation rate was set to be kj;g(1+N,;,). In simulations where the
ribozyme has no useful function, the rates are set to their initial values k.44 and k;;, indepen-
dently of N,

Fig 14 shows the mean number of ribozymes per cell as a function of time. In the case of no
function, N,;, decreases to zero in less than 100 cycles. When selection acts on ligase function,
there is little difference from the case of no function. The decrease is somewhat slower when
there is selection in favour of polymerase function, but the ribozymes disappear in all three
cases. This suggests that sequence scrambling destroys the ribozymes, even when selection acts
on a beneficial function, and even in the ideal case when there is no mutational error and no
input of random oligomers.
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Fig 14. Simulations of a population of 50 cells beginning with 5 copies of the F ribozyme per cell plus fragments
and splints. The ribozyme either has no function, or has a beneficial function as a ligase or a polymerase. In all cases
the ribozyme is lost due to sequence scrambling.

https://doi.org/10.1371/journal.pcbi.1010458.9014
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Maximum length of a virtual circle without repeated words

We have shown above that repeated tetramers cause sequence scrambling and prevent the
maintenance of sequence information by virtual circles. It is therefore an interesting theoreti-
cal question to ask what is the maximum length of virtual circle that does not contain repeated
tetramers. The number of possible tetramers is 4* = 256. If these were divided into two comple-
mentary circles of length L, this would give a maximum possible L of 128. However, certain tet-
ramers are self-complementary-they are their own reverse complement (eg. ACGU). There
are 16 tetramers of this form. These cannot be included in the sequence, because if there were
a self-complementary tetramer in one strand it would also be present in the complementary
strand, which would violate the requirement for no repeats. The number of remaining tetra-
mers is 256-16 = 240, which gives an upper limit of L = 120.

We wrote a program which searches for virtual circles without repeated tetramers. The pro-
gram begins with a random sequence of length L. The complementary sequence is then cre-
ated. The number of occurrences of tetramer i in both strands is n;. We define an energy score

- ni(ni - 1)

E=)_ 5

i=1

which counts the number of repeated words. A perfect solution with no repeated words has
E =0. We then used a Metropolis Monte Carlo routine to minimize E. At each step, a new trial
sequence was created by modifying the current sequence. The trial was either a single point
mutation in the first strand of the genome, or a cut-and-paste change where a subsequence of
arandom length was deleted from the first strand of the genome and reinserted at a random
point in the circle. Whenever a change was made in the first strand, the complementary change
was made in the complementary strand. The trial sequence was then accepted with probability
exp(—2E). The effective temperature T was gradually reduced so that the sequence converged
to a low-E state.

It was found that when L < 114, a solution with E = 0 was always reached, but when
L > 114, the best solution found always had E > 0 (i.e. some repeated tetramers were still pres-
ent). The argument giving an upper limit of L = 120 is therefore insufficient. When we looked
at which words were present in the E = 0 solution for L = 114, we found that self-complemen-
tary tetramers were excluded as expected, but tetramers consisting of two self-complementary
pairs (eg. CGAU and CGGC) were also excluded. There are 16 such tetramers, but there are 4
of these that are also self-complementary (eq CGCG) which have already been excluded.
Therefore, there are 12 additional tetramers to exclude. The number of remaining words is
256-16-12 = 228, which gives a maximum L of 114. The algorithm was run several times with
L =114 starting from a different random sequence. This gave a different sequence with E = 0
each time, but the same tetramers were always excluded. We are therefore confident that the
maximum length of a perfect virtual circular genome without repeated tetramers is 114,
although we do not have a proof of why the tetramers consisting of two self-complementary
pairs must be excluded.

The above limits all arise from the assumption that the minimum helix length that is stable
is I = 4. The maximum virtual circle length would be longer if [, were larger. When I, = 5,
there is a requirement for no repeated 5-mers. The number of 5-mers is 4° = 1024. There are
no self complementary words for odd length words. Thus we have L < 1024/2 = 512. Using
our Monte Carlo algorithm, we were able to find a zero-energy solution for L = 512; therefore,
we know this is the correct limit for J, = 5. When I, = 6, the number of 6-mers is 4° = 4096, and
the number of self-complementary 6-mers is 4> = 64. This gives an upper limit for the length
of a genome without repeated 6-mers as L < (4096-64)/2 = 2016. Our Monte Carlo algorithm
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Table 6. Comparison of runs with different values of the minimum helix length I,.

range of length of input oligomers Kapn mean length max length Nieq N, An(ly+1) An(50) h(50) m(50)
(")
lh=4 4-10 10 31.0 232 603 870 2.15 0.87 2.70 20.7
Ih=5 5-10 10 16.5 152 1067 1024 0.42 0.56 2.79 26.08
Ihy=6 6-10 10 8.6 80 1824 1731 0.048 0.00 2.67 37.44
Ip=5 5-10 100 30.0 198 612 725 2.05 0.79 2.98 27.39

https://doi.org/10.1371/journal.pchi.1010458.t006

for finding sequences without repeated words proved to be very slow for [, = 6. The longest
length for which we have found a zero-energy solution is L = 1462, but the limit is probably
somewhat larger than this. So, the best we can say at this point is that the limit for [, = 6 lies
somewhere between 1462 and 2016.

Although increasing I, makes the maximum possible length L without repeated words lon-
ger, it does not get round the problem that any sequence that encodes a secondary structure
with a stem length of at lest [, must contain complementary words of length [, on opposite
sides of the stem, and, therefore, must contain repeated words when both plus and minus
strands of a virtual circle are considered. This problem prevents encoding functional sequences
on virtual circles for any [,. Also, increasing I, makes it generally more difficult to generate
long sequences. Table 6 compares several runs of the simulation with different values of [
using the basic polymerization model and standard rate parameters. One point to note is that
only oligomers of length at least [, can grow. For this reason, we had input oligomers in the
range 4-10 when ], was 4. We have compensated for this, by changing the range of input oligo-
mers to be [;-10. The initial number of oligomers is still Nj,,;; = 500, and the number of new
oligomers per cycle is still Nj,,,, = 0.05 x 500 = 25 in all cases. Even after accounting for this,
there is a substantial decrease in the mean and max sequence lengths as I, is increased from 4
to 5 to 6. Another problem with increasing I, is that we only allow annealing between two
regions of strands that are exactly complementary over a window of length J,. Thus, the frac-
tion of attempted annealing events that succeed in pairing decreases when I, increases. In the
final run in Table 6, we have increases k., (the rate of attempted annealing events) to com-
pensate for the fact that the fraction of successful annealing events is lower. We observe that
the mean and max lengths with I, = 5 and k,,,,, = 100 4" are similar to those for I, = 4 and
Kpun =10 h7".

Discussion

Non-enzymatic replication is a complex process whose details are not fully understood. There
is still no fully-working experimental system that exhibits all the features that would be
required for RNA replication at the time of the origin of life. Hence the value of computer sim-
ulations that attempt to understand how the process might work. In these simulations, we
have attempted to include realistic reaction steps in a way that has not been done previously.
Previous simulations have always simplified things in some way that does not seem fully realis-
tic. For example, the templating reaction is sometimes treated as a ligation reaction of two
strands that requires a matching complementary strand as a catalyst (e.g. Tupper et al. [24]

and Tkachenko and Maslov [25]), without requiring separate steps of binding a strand separa-
tion. This ignores the problem of product inhibition, i.e. that strand separation is difficult
unless there is a temperature cycling process. The stages of the cycling process are explicitly
included by Roy et al. [28], but this work does not deal with reannealing of existing strands. It
simply assumes that each strand always starts replicating from a primer that is at the 3’ end of
the template. There is no ligation in this model because there is only one complementary
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strand bound to each template. Thus there is no blocking of polymerization by other strands
bound to the template. In our simulations, we find that clusters of sequences form by reanneal-
ing, and that long strands are often connected to several other strands by separate helical
regions (structures such as Fig 1C). When double stranded regions occur in the middle of
sequences, there are single-stranded tails at the end of the sequences. If these tails are present,
ligation of two sequences cannot occur even when the double stranded regions are on neigh-
bouring sites of the same template. The simulations of Rosenberger et al. [27] allow multiple
helices per template (configurations such as Fig 1B), but they do not include single stranded
tails, and they do not include explicit base sequences on strands. This means that any two olig-
omers can always anneal (without a requirement of matching sequences), and that any two
oligomers bound to the same template can always ligate (because there are no single stranded
tails). The blocking effect of tails in our simulation is one reason why the mean increase in
length of sequences per cycle, An, is relatively small, even when the monomer addition rate is
high (e.g. k,44 = 1000 in Fig 4 above).

The reannealing process is important in our results, and has both positive and negative con-
sequences for RNA synthesis. In the simple treatment of reannealing given by Tupper et al.
[18], reannealing occurs between exactly complementary plus and minus strands producing a
double strand that cannot be a template. Therefore reannealing blocks replication in the simple
model. In the current model, reannealing occurs in random positions between sequences that
are divergent; therefore the double stranded regions typically do not cover the whole sequence.
This sometimes forms configurations where monomer addition or ligation is possible. In this
sense, reannealing is beneficial for RNA synthesis. The input oligomers formed by random
polymerization have a maximum length of 10 in our results. Due to the presence of reanneal-
ing, sequences much longer than this can be formed. Without reannealing, sequences longer
than the template cannot be formed. We did not include non-templated polymerization of
sequences in the mixture in these simulations. If this were added, and if it occurred sufficiently
rapidly, then long random polymers might form without the need for reannealing (as in the
simulations of Roy et al. [28]), but it seems likely that templated primer extension would be
much faster than random polymerization in a real case, as we have assumed here.

If we want to get primer binding without reannealing of long strands, then we might con-
sider a situation where the concentration of long strands was very much less than the concen-
tration of short oligomers and monomers. In this case random short oligomers might act as
primers, or new primers might nucleate from monomers. But if short oligomers can bind to
templates, then longer strands should also reanneal, unless the concentration of longer strands
is extremely low. So this argument does not seem promising. Also, if primer extension starts
only from very short primers without the possibility of long strands reannealing, then we have
the problem that monomer addition is directional. We assumed here that monomers are
added at the 3’ end of strands because the monomers have an activated 5’ group. In order to
get replication beginning from short primers only, it would be necessary that the primers
always bind at the end of the template (which seems like wishful thinking) or that primer
extension works in both directions.

Our results show that cycles of melting and reannealing of long strands allow continued
synthesis of long strands, but do not allow sequence replication. To see why no sequence informa-
tion is passed on in these simulations it is sufficient to realize that each sequence is paired with
many other sequences acting as templates during its lifetime. It only grows for a small number of
nucleotides on any one template. Therefore, it is a combination of the sequences of all its tem-
plates and not a perfect complement of any of any one template. Sequence information is lost,
except in the artificial ideal case where there is no mutational error and there is no input of new
random sequences. Even in this ideal case, sequence information is lost due to scrambling
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whenever there are repeated short words. This prevents the encoding of long functional sequences
on several shorter fragments, as we have shown with the example of the F ribozyme sequence
taken from [23]. Although the fragments can correctly be ligated via the splinting mechanism to
form the full ribozyme, the copying mechanism studied here does not allow continued replication
of the fragments, so the functional sequences are lost. There are several other ribozymes that have
mechanisms of self-assembly from fragments, including the ligase of Lincoln and Joyce [31] and
the recombinase of Hayden and Lehman [32]. Neither of these could be maintained in a system
like this without a separate mechanism of copying the fragments.

Most of the simulations presented here deal with a single mixture of sequences without the
possibility of selection acting on functional sequences. These clearly show that sequence infor-
mation is not maintained. We have briefly looked at the case of populations of cells containing
separate sequence mixtures, in which case the possibility of maintaining sequences by selection
at the cell level exists in theory. But our results show that scrambling of sequence fragments
still leads to loss of the functional sequences even when selection benefits cells containing full
ribozyme sequences, and even if the mutational error rate is zero. If, on the other hand, there
were a mechanism of copying each of the fragments completely from one end to the other in
one cycle, then the correct fragments would be replicated, and selection at the cell level would
maintain cells containing the full ribozyme sequences. The problem is that melting and ran-
dom reannealing does not correctly replicate the fragments.

The suggestion that sequence information could be encoded in a virtual circular genome [22]
is intriguing, and we have tried hard to find conditions where it might work. We investigated the
possibility that structures like the virtual circle might spontaneously arise in mixtures where the
diversity of words was low. When we began with a smaller number of initial oligomers (either 100
or 40, rather than 500), and when no further input of random oligomers occurred, then some-
times these mixtures contained words that are connected via circular paths. The word graphs of
cases such as this are shown in Figs 9, 10 and 11 and further examples are in the supplementary
file. It should be noted that cyclic paths do not always emerge in the low-diversity mixtures, as in
Fig 9 and runs 40N1, 40N2, and 40N3 in the supplement, and that sequences that are not part of
circular paths are still maintained over large numbers of cycles. Where cyclic structures did
emerge in the simulations (all the runs with p,;,.>0 listed in Table 5), the lengths of these cycles
were usually short, and often cycles of more that one length existed in the mixture. It would be
very unusual for a combination of words to exist in a mixture that could form a long cycle,
because if word diversity is low, long connected cycles will not exist, and if word diversity is high,
many alternative cyclic paths will exist, most of which will be very short (5 steps or less).

Given all these difficulties associated with non-enzymatic replication, how could replication
actually have got started in the RNA World? The arguments given by Tupper and Higgs [18]
in favour of rolling circle replication still apply. We argued that using temperature cycling as a
means to avoid product inhibition is ineffective, because reannealing of existing strands occurs
much more rapidly than synthesis of new ones. The current results modify this by showing
that continued synthesis of new random sequences driven by temperature cycling is possible,
but that no replication of sequence information is possible. This suggests that a mechanism
requiring strand displacement is preferable. Strand displacement driven by a polymerase pro-
tein occurs in the replication of viruses and viroids. In contrast, there are no naturally occur-
ring sequences that replicate via a temperature cycling mechanism. A strand displacement
model for RNA replicators has also been studied by Takeuchi et al. [33].

We also pointed out [18] a problem for strand displacement on a linear strand. If a par-
tially-complete new strand is displacing a long complete complementary strand, then it is
likely that the growing 3’ end of the new strand will separate from the template and that branch
migration will occur, leading to the loss of the incomplete new strand from the template before
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reaching the end of the sequence. The old complete strand is almost bound to win this compe-
tition, since if the branch point migrates to the beginning of the template, the short incomplete
strand is lost, whereas if the branch moves the other way, the long sequence cannot be lost
unless the synthesis of the new strand continues to completion. This problem is eliminated if
the template strand is circular, and the rolling circle mechanism is occurring. In this case, the
growing 3’ end is displacing the other end of its own strand, and the complementary strand
cannot be completely lost from the template. We emphasize that the rolling circle mechanism
should not be confused with the virtual circular genome proposal discussed in the present
paper. The former involves strands that are covalently linked to form a circle; the latter
involves linear strands whose sequences can be arranged in a circular fashion.

The RNA World theory remains compelling as a general scenario for the origin of life. Rep-
lication of nucleic acid sequences must have evolved at some stage, even if one does not sub-
scribe to an origins theory in which RNA replication is primary. Template-directed replication
is a surprisingly complex process. We are gradually making progress in understanding the the-
oretical details of the primer extension process and in getting it to work in the laboratory, but
important puzzles still remain, as we have seen here.

Supporting information

S1 Fig. Contains Figures $1.01 -S1.22. Each figure corresponds to one of the simulation runs
in Table 5. For each run, the plot of the graph functions X(n), S(n) and C(n) is shown, together
with the word graph. Parameters for each of the runs are described in the text in the section
"Can a Virtual Circular Genome exist in our simulations?".

(PDF)

Author Contributions
Conceptualization: Paul G. Higgs.

Funding acquisition: Paul G. Higgs.
Investigation: Pouyan Chamanian.
Methodology: Paul G. Higgs.

Software: Pouyan Chamanian, Paul G. Higgs.

Writing - review & editing: Pouyan Chamanian, Paul G. Higgs.

References

1. Robertson MP, Joyce GF. The origins of the RNA world. Cold Spring Harbor perspectives in biology,
2012; 4(5): a003608. https://doi.org/10.1101/cshperspect.a003608 PMID: 20739415

2. Bernhardt HS. The RNA world hypothesis: The worst theory of the early evolution of life (except for all
the others). Biol. Direct 2012; 7: 23.

3. Higgs PG, Lehman N (2015). The RNA World: molecular cooperation at the origins of life. Nature
Reviews Genetics 2015; 16(1): 7. https://doi.org/10.1038/nrg3841 PMID: 25385129

4. Martin LL, Unrau PJ, Muller UF. RNA synthesis by in vitro selected ribozymes for recreating an RNA
World. Life 2015; 5: 247-268.

5. Nelson JW, Breaker RR. The lost language of the RNA World. Science Signalling, 2017; 10:
eaam8812. https://doi.org/10.1126/scisignal.aam8812 PMID: 28611182

6. Attwater J, Wochner A, Holliger P. In-ice evolution of RNA polymerase ribozyme activity. Nature chem-
istry, 2013; 5(12), 1011. https://doi.org/10.1038/nchem.1781 PMID: 24256864

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1010458  August 24, 2022 31/33


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010458.s001
https://doi.org/10.1101/cshperspect.a003608
http://www.ncbi.nlm.nih.gov/pubmed/20739415
https://doi.org/10.1038/nrg3841
http://www.ncbi.nlm.nih.gov/pubmed/25385129
https://doi.org/10.1126/scisignal.aam8812
http://www.ncbi.nlm.nih.gov/pubmed/28611182
https://doi.org/10.1038/nchem.1781
http://www.ncbi.nlm.nih.gov/pubmed/24256864
https://doi.org/10.1371/journal.pcbi.1010458

PLOS COMPUTATIONAL BIOLOGY Computer simulations of template-directed RNA synthesis

7. Horning DP, Joyce GF. Amplification of RNA by an RNA polymerase ribozyme. Proceedings of the
National Academy of Sciences, 2016; 113(35), 9786—9791. https://doi.org/10.1073/pnas.1610103113
PMID: 27528667

8. AttwaterJ, Raguram A, Morgunov AS, Gianni E, Holliger P. Ribozyme-catalysed RNA synthesis using
triplet building blocks. Elife, 2018; 7, e35255. https://doi.org/10.7554/eLife.35255 PMID: 29759114

9. Cojocaru R, Unrau PL. Processive RNA polymerization and promoter recognition in an RNA World. Sci-
ence 2021; 371: 1225-1232. https://doi.org/10.1126/science.abd9191 PMID: 33737482

10. Wachowius F, Holliger P. RNA Replication and the RNA polymerase ribozyme. Robozymes 2021; 1:
359-386.

11. LeuK, Obermayer B, Rajamani S, Gerland U, Chen |A. (2011). The prebiotic evolutionary advantage of
transferring genetic information from RNA to DNA. Nucleic acids research, 2011; 39(18), 8135-8147.
https://doi.org/10.1093/nar/gkr525 PMID: 21724606

12. Bapat NV, Rajamani S. Effect of Co-solutes on Template-Directed Nonenzymatic Replication of Nucleic
Acids. Journal of Molecular Evolution. 2015; 81:72-80. https://doi.org/10.1007/s00239-015-9700-1
PMID: 26439883

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

14. Szostak JW. The eightfold path to non-enzymatic RNA replication. Journal of Systems Chemistry.
2012; 3(1):1-14.

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

16. Walton T, Szostak JW. A Highly Reactive Imidazolium-Bridged Dinucleotide Intermediate in Nonenzy-
matic RNA Primer Extension. Journal of the American Chemical Society. 2016; 138(36): 11996—
12002. https://doi.org/10.1021/jacs.6b07977 PMID: 27552367

17. O’Flaherty DK, Kamat NP, Mirza FN, Li L, Prywes N, Szostak JW. Copying of Mixed-Sequence RNA
Templates inside Model Protocells. Journal of the American Chemical Society. 2018; 140(15): 5171—
5178. https://doi.org/10.1021/jacs.8b00639 PMID: 29608310

18. Tupper AS, Higgs PG. Rolling-circle and strand-displacement mechanisms for non-enzymatic RNA rep-
lication at the time of the origin of life. J Theor Biol. 2021; 527: 110822 https://doi.org/10.1016/j.jtbi.
2021.110822 PMID: 34214567

19. Zhoul, Kim SC, Ho KH, O’Flaherty DK, Giurgiu C, Wright TH, Szostak JW. Non-enzymatic primer
extension with strand displacement. eLife 2019; 8:e51888. https://doi.org/10.7554/eLife.51888 PMID:
31702557

20. Flores R, Gago-Zachert S, Serra P, Sanjuan R, Elena SF. Viroids: Survivors from the RNA World?
Annu Rev Microbiol. 2014; 68(1):395—414. https://doi.org/10.1146/annurev-micro-091313-103416
PMID: 25002087

21. Kiristoffersen EL, Burman M, Noy A, Holliger P. Rolling circle RNA synthesis catalyzed by RNA. Elife
2022; 11:e75186. https://doi.org/10.7554/eLife.75186 PMID: 35108196

22. Zhoul, Ding D, Szostak JW. The Virtual Circular Genome Model for Primordial RNA Replication. RNA.
2021; 27:1-11. https://doi.org/10.1261/rna.077693.120 PMID: 33028653

23. Wachowius F, Holliger P. Non-Enzymatic Assembly of a Minimized RNA Polymerase Ribozyme. Chem
Systems Chem 2019; 6, e1900004. https://doi.org/10.1002/syst.201900004 PMID: 31673682

24. Tupper AS, ShiK, Higgs PG. The role of templating in the emergence of RNA from the prebiotic mixture.
Life 2017; 7(4): 41.

25. Tkachenko AV, Maslov S. Onset of natural selection in populations of autocatalytic heteropolymers. J
Chem Phys 2018; 149: 134901. https://doi.org/10.1063/1.5048488 PMID: 30292218

26. Kudella PW, Tkachenko AV, Salditt A, Maslov S, Braun D. Structured sequences emerge from a ran-
dom pool when replicated by templated ligation. Proc Nat Acad Sci2021; 118: €2018830118.

27. Rosenberger JH, Goppel T, Kudella PW, Braun D, Gerland U, Altaner B. Self-assembly of informational
polymers by templated ligation. Phys Rev X 2021; 11: 031055.

28. Roy S, Bapat NV, Derr J, Rajamani S, Sengupta S. Emergence of ribozyme and tRNA-like structures
from mineral-rich muddy pools on prebiotic earth. J Theor Biol. 2020; 506: 110446. https://doi.org/10.
1016/}.jtbi.2020.110446 PMID: 32798505

29. Gillespie DT. Exact stochastic simulation of coupled chemical reactions. J Phys Chem 1977; 25, 2340—
2361.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1010458  August 24, 2022 32/33


https://doi.org/10.1073/pnas.1610103113
http://www.ncbi.nlm.nih.gov/pubmed/27528667
https://doi.org/10.7554/eLife.35255
http://www.ncbi.nlm.nih.gov/pubmed/29759114
https://doi.org/10.1126/science.abd9191
http://www.ncbi.nlm.nih.gov/pubmed/33737482
https://doi.org/10.1093/nar/gkr525
http://www.ncbi.nlm.nih.gov/pubmed/21724606
https://doi.org/10.1007/s00239-015-9700-1
http://www.ncbi.nlm.nih.gov/pubmed/26439883
https://doi.org/10.1021/ja100780p
http://www.ncbi.nlm.nih.gov/pubmed/20359213
https://doi.org/10.7554/eLife.17756
https://doi.org/10.7554/eLife.17756
http://www.ncbi.nlm.nih.gov/pubmed/27351102
https://doi.org/10.1021/jacs.6b07977
http://www.ncbi.nlm.nih.gov/pubmed/27552367
https://doi.org/10.1021/jacs.8b00639
http://www.ncbi.nlm.nih.gov/pubmed/29608310
https://doi.org/10.1016/j.jtbi.2021.110822
https://doi.org/10.1016/j.jtbi.2021.110822
http://www.ncbi.nlm.nih.gov/pubmed/34214567
https://doi.org/10.7554/eLife.51888
http://www.ncbi.nlm.nih.gov/pubmed/31702557
https://doi.org/10.1146/annurev-micro-091313-103416
http://www.ncbi.nlm.nih.gov/pubmed/25002087
https://doi.org/10.7554/eLife.75186
http://www.ncbi.nlm.nih.gov/pubmed/35108196
https://doi.org/10.1261/rna.077693.120
http://www.ncbi.nlm.nih.gov/pubmed/33028653
https://doi.org/10.1002/syst.201900004
http://www.ncbi.nlm.nih.gov/pubmed/31673682
https://doi.org/10.1063/1.5048488
http://www.ncbi.nlm.nih.gov/pubmed/30292218
https://doi.org/10.1016/j.jtbi.2020.110446
https://doi.org/10.1016/j.jtbi.2020.110446
http://www.ncbi.nlm.nih.gov/pubmed/32798505
https://doi.org/10.1371/journal.pcbi.1010458

PLOS COMPUTATIONAL BIOLOGY Computer simulations of template-directed RNA synthesis

30. lanaselli A, Atienza M, Kudella PW, Gerland U, Mast CB, Braun D. Water cycles in a Hadean CO, atmo-
sphere drive the evolution of long DNA. Nature Physics 2022; 18: 579-585.

31. Lincoln TA, Joyce GF. Self-sustained replication of an RNA enzyme. Science 2009; 323: 1229-1232.
https://doi.org/10.1126/science.1167856 PMID: 19131595

32. Hayden EJ, Lehman N. Self-assembly of a group | intron from inactive oligonucleotide fragments.
Chem. Biol. 2006; 13:909-918. https://doi.org/10.1016/j.chembiol.2006.06.014 PMID: 16931340

33. TakeuchiN, Salazar L, Poole AM, Hogeweg P. The evolution of strand preference in simulated RNA
replicators with strand displacement: implications for the origin of transcription. Biol Direct. 2008; 3:33.
https://doi.org/10.1186/1745-6150-3-33 PMID: 18694481

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1010458  August 24, 2022 33/33


https://doi.org/10.1126/science.1167856
http://www.ncbi.nlm.nih.gov/pubmed/19131595
https://doi.org/10.1016/j.chembiol.2006.06.014
http://www.ncbi.nlm.nih.gov/pubmed/16931340
https://doi.org/10.1186/1745-6150-3-33
http://www.ncbi.nlm.nih.gov/pubmed/18694481
https://doi.org/10.1371/journal.pcbi.1010458

