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Enzyme-Free Replication with Two or Four Bases

Elena Hiinle and Clemens Richert*

Abstract: All known forms of life encode their genetic
information in a sequence of bases of a genetic polymer and
produce copies through replication. How this process started
before polymerase enzymes had evolved is unclear. Enzyme-
free copying of short stretches of DNA or RNA has been
demonstrated using activated nucleotides, but not replication.
We have developed a method for enzyme-free replication. It
involves extension with reversible termination, enzyme-free
ligation, and strand capture. We monitored nucleotide incor-
poration for a full helical turn of DNA, during both a first and
a second round of copying, by using mass spectrometry. With
all four bases (A/C/G/T), an “error catastrophe” occurred,
with the correct sequence being “overwhelmed” by incorrect
ones. When only C and G were used, approximately half of the
daughter strands had the mass of the correct sequence after 20
copying steps. We conclude that enzyme-free replication is
more likely to be successful with just the two strongly pairing
bases than with all four bases of the genetic alphabet.

Replication of genetic information is critical for life. Cells
must replicate their DNA prior to cell division to pass on their
genome to daughter cells. Without replication, there is also no
Darwinian evolution. All known cells use enzymes for
replication. How replication started before enzymes were
available is unclear.?! A simpler form of producing copies
must have existed that relied on molecular recognition and
chemical reactivity only.”! Enzyme-free copying reactions
based on nucleotides are known that produce or extend
a strand complementary to a template,*® but replication
requires two copying phases and strand separation to produce
a replica of the original sequence. Replication from nucleo-
tides in the absence of enzymes or ribozymes has never before
been demonstrated experimentally. In 2012, Szostak wrote:
“even given prebiotically generated RNA templates and
abundant ribonucleotides, we do not understand how cycles
of template-directed RNA replication could occur.””’ Among
the problems noted are low fidelity, slow and incomplete
reactions, and difficulties in separating the strands. Without
an experimental model, it is difficult to assess the feasibility of
enzyme-free replication because processes such as stalling
after misincorporation, error propagation, and secondary-
structure formation may have severe effects on overall
fidelity. These effects cannot be readily extrapolated from
assays involving single extension steps, and only full replica-
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tion shows that both the initial sequence and its complemen-
tary strand (the copy) successfully act as templates.

Most experimental systems for copying without poly-
merases or ribozymes® use activated nucleotide monomers
with an organic leaving group, such as 2-methylimidazole!” or
oxyazabenzotriazole (OAt).'"! Early studies focused on
template-directed oligomerization,* "l but recent work
has mostly focused on the extension of a primer strand or
hairpin, terminating in a ribonucleoside* or an amino-
nucleoside.'”*! Incomplete conversion severely limits ribo-
nucleoside-based copying,”” since inhibition by hydrolyzed
monomers slows down reactions that are already inefficient in
aqueous solution.” Inhibition can be overcome through
immobilization of the template®'! or in situ (re)activation of
monomers,”? but solely RNA-based assays are too slow to be
practicable for studies on multiple extensions, and only short
stretches of RNA have been copied thus far.”!

Unless fidelity is sufficiently high, the information stored
in genes will be lost upon replication.?” By using reactive 3'-
amino-2',3'-dideoxynucleoside termini, the fidelity of
enzyme-free copying of DNA has been studied. With
deoxynucleotide monomers, extension stops after a single
incorporation, facilitating product analysis by mass spectrom-
etry.*""! Error rates of up to 28 % per extension step were
found when using this method.!! This is too poor to replicate
even the very shortest of genes, such as the one coding for
a pentamer RNA enzyme.” Kinetic phenomena, such as
stalling after misincorporation,”®?” can improve fidelity, but
they also lower the yield of copying and thus replication.

Because of the lack of an experimental system for
replication, the question of “which and how many nucleo-
bases a self-replicating system must have” has remained open.
This question has been the subject of considerable debate.
The number of four bases in today’s genetic code has been
described as accidental, rather than as an evolutionary
optimum,! and nucleic acid precursors containing only two
bases have been proposed.”=!! Furthermore, a ribozyme
containing only two different nucleotides that shows ligase
activity has been described, thus allaying concerns that such
a simple nucleic acid would be without function.

We have developed a method for template-directed
primer extension on immobilized templates.’” This method
uses “reversible termination” and mass spectrometric analysis
as read-out for each step. Our previous work involved primer
extension with the correct nucleotide only,™ not genetic
copying with incorporation of nucleotides from a mixture of
competing monomers. Strand separation at the end of copy-
ing, capture of the copy, and a second copying phase, were
also missing. Here, we present an experimental system for the
enzyme-free replication of genetic sequences. Replication of
a sequence of the length of one helical turn (ten bases) was
achieved by using the four nucleobases of natural DNA. Our
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results suggest that replication with all four bases (A/C/G/T)
is too error-prone to be useful in replicating even short genes
in the absence of enzymes or ribozymes, whereas replication
with the two strongly pairing bases (C/G) appears more
feasible.

Figure 1 shows the monomers and principal steps of our
assay. As in other experimental systems, 273>l an amino
group replaces the 3'-hydroxy group at the primer terminus,
and an OAt group replaces the pyrophosphate of natural
dNTPs to avoid overly long reaction times. Furthermore,
a small protecting group (Azoc) is used to avoid polymeri-
zation and thus allow for read-out after each extension step.””!
The core structure responsible for pairing with the template is
unchanged compared to natural monomers, the nucleophilic
group at the terminus of the primer is isoelectronic with that
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Figure 1. System for enzyme-free replication. a) Structure of a monomer
of enzymatic replication (dATP) and of the enzyme-free replication
performed here (1a), together with the structure of the 3'-terminus
resulting from incorporation of Ta. Structures are those of free acids,
with coordinates generated in Chem3D Pro, 14.0 visualized in VMD.
b) Assay format: the template sequence (red) is a stretch of a DNA
strand, immobilized on a support (gray), to which a primer (green) is
bound. Step-wise extension of the primer through reversible termina-
tion with monomers (blue) produces the first copy (blue), which is
ligated to a capture strand and then used as the template for the
second copying phase to produce the original sequence (purple),
completing replication.
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of deoxynucleotides, and all reactions occur in aqueous
buffer, including the deblocking after read-out, which is
induced under native conditions and does not affect the
fidelity of primer extension. After a copying run, a non-
enzymatic ligation is followed by heat denaturation and
capture of the product on a new support.

Figure 2 shows the compounds employed. The 3'-amino-
nucleotide monomers 1a-t were utilized under conditions for
extension and deblocking previously described for assays with
individual, preselected monomers.” We chose template
sequences of ten bases, that is, twice the length of the short
ribozyme mentioned above,” which is one helical turn, and
thus only slightly shorter than the longest stretches of
sequence copied with highly reactive 2’-aminonucleotides.!"”)
We included templates with just two bases (2, 5, and 7) and
the four bases (4 and 9) in our study. All had flanking regions
for binding the primer (3 or 6) and downstream-binding
strands, as well as a Ty, linker to the beads. After each
extension, samples were analyzed by MALDI-TOF mass
spectrometry, using a matrix/co-matrix mixture known to
allow quantitative detection.*! Mass spectrometry gives more
detailed information on base composition than HPLC™ or gel
electrophoresis.>*! Controlled, stepwise extension and the
monitoring technique allowed us to gather information on
fidelity for each nucleotide incorporation.

Our experimental system enabled replication because,
after the first round of copying, the ten-fold extended primer
was ligated to a 5'-phosphorylated strand dubbed “ligator”
(16 or 17, Figure 2). This step was performed using in situ
activation to avoid the handling of labile active esters.
Enzyme-free ligations have been employed in studies on the
origins of replication in the past,*®*”! and so have capture
steps after denaturation.®™ The captured ligation products
containing the copied sequence were then treated with
primers 18 or 20, which were subsequently extended in the
second round of enzyme-free copying to obtain a replica of
the original template sequence.

Figure 3 shows mass spectra after two extension steps.
Significant peaks for misincorporation products are discern-
ible, particularly for sequence 4, the copying of which was
discontinued after the fourth step due to broadening of the
peak cluster for the extension products. Data for individual
misincorporations during early copying steps can be found in
Table S2 of the Supporting Information. Template 2 was
copied further, and the fidelity after each step was analyzed
(three spectra per sample). Figure 4a shows a plot of the
fidelity, as expressed by the relative intensity of the peak of
the correct mass over the sum of the peak intensities for all
side products of the same length. The standard deviation of
this ratio, determined from three separate spectra, was less
than or equal to 5 % in all cases. Numerical data can be found
in Tables S3-S8. For template 2, the fidelity varied strongly
with the position in the template. The accumulation of
incorrectly extended products reduced the number of fully
correct copies to 35% or less after ten extension cycles.

We suspected that the variability in fidelity was due to
folding of template 2 into secondary structures that reduce the
accessibility of templating bases to incoming monomers
(uppermost entry in Figure 4b). A UV melting curve of 2
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T11GCGTGCTCGCCCGCGGGAGACAGTGGAAATTACC-5'  (2)
5'-CGCACGA-3' (3)

...................... CAGTGGATCC ..o B (8)
53 (3)
or . ACTGTCTCGCCCGCGGG .......oooreveervoresssorroees 5 (5)

5-TGACAGA-3' (6)

... CGCCCGCCCCCTCTACCTCACCCAATCG-5' (7)
3' (6) 5'-GAGATGGAGTG-'3 (8)

or

+5'-BBBB-3'
(microhelper 10a-10p)

1. Extension 2. Deprotection

buffer, Mg2* buffer, TCEP
S —_

(26) 3-CGCCCGCGGGAGACAGTG GAAATTACCGTCT 1‘_"’0

5-... GCGGGCGCCC .... -3 (22)
(27) 3-CGCCCGCGGG
5-... GECGGGCGCCC ... B 7 %)

(28)  3-CGCCCGCCCCCTCTACCT CACCCAATCGT 14 -""O
5... GCGGGCGGGE ... 3 (24)

(29) 3-ACTTCGCTAC..
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T11GCGTGCTCGCCCGCGGGAGACAGTGGAAATTACC-5'  (2)
5-CGCACGAGCGGGCGCCC-3' (11)

()

5'-TGACAGAGCGGGCGCCC-3' (13)
... CGCCCGCCCCCTCTACCTCACCCAATCG-5' (7)
.. GCGGGCGGGG-3' (14)

e ACTTCGCTAC ..o -5 (9)
... TGAAGCGATG-3'  (15)

Ligation then 5'-pTCTGTCACCTTTAATGGCAG-3' (16)

. or
Denaturation | 5 pGAGATGGAGTGGGTTAGC-3'  (17)

(18) (19)
Capture and | 3-AGACAGTG 3'-GAAATTACCGTCT”—""O

or
Priming {3 crcTaceT 3‘-CACCCAATCGT“-’V‘-O
(20) (1)

+5-BBBB-3'  3.AGACAGTG GAAATTACCGTCT”—""O
5-CGCACGAGCGGGCGCCCTCTGTCACCTTTAATGGCAG -3'(22)
3-.
5-TGACAGAGCGGGCGCCCTCTGTCACCTTTAATGGCAG-3'(23)
3-CTCTACCT CACCCAATCGT y{
5-TGACAGAGCGGGCGGGGGAGATGGAGTGGGTTAGC-3' (24)

Bl vy sasmonmsesmn
5'-TGACAGATGAAGCGATGGAGATGGAGTGGGTTAGC-3'  (25)

Figure 2. Sequences and reactions of enzyme-free replication. The inset shows the two reactions of copying with reversible termination. Red:
“gene” sequences, green: aminoterminal primers, blue: the copy of the gene sequence with a phosphoramidate backbone, purple: the replicated
sequences. Regions not involved in copying are shown as dots; p denotes a 5’-phosphate. Primer extensions used monomer mixtures 1a-t

(40 mwm total nucleotide concentration) in 0.2 m HEPBS, pH 8.9, 400 mm NaCl, and 80 mm MgCl,, with reaction times of 4 h for templates 2, 5
and 7 and 12 h for templates 4 and 9 at 22°C. Deblocking was carried out using 100 mm aqueous TCEP in 0.2 m HEPBS, pH 8.9, 400 mm Nacl,
and 80 mm MgCl, for 30 min at 0°C. Azoc = azidomethoxycarbonyl, B/B'=nucleobases, OAt = 1-oxy-7-azabenzotriazole, gray spheres are beads.
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Figure 3. High error levels of copying after two extension cycles, as
determined by MALDI-TOF MS. a) Template 2, copied with just two
monomers (C and G). b) Template 4, copied using all four bases (A, C,
G, and T). The most prominent peak has the mass of the correct copy,
smaller peaks are from “mutants” resulting from misincorporation.

indicated that secondary structures do indeed form (Fig-
ure S16). To suppress this, ligator strand 16 was hybridized to
2. A modest increase in fidelity and a more even error
frequency at the individual positions resulted. Next, we
introduced short downstream-binding strands (tetramers or
trimers) as microhelpers!®!®l that are washed off at the end of
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an extension and that further suppress folding of the template.
Again, a significant improvement in fidelity resulted (third
entry in Figure 4b). Because sequence analysis indicated that
primer 3 had a tendency to dimerize, possibly leading to off-
template extensions, the system was changed to a less self-
complementary version (primer 6, template 5). Now, the
product of the correct mass gave more than or equal to 50 %
of the peak intensity after ten extension cycles.

We noted that ligator 16 with its 5'-phosphate slowly
reacted during copying, most probably through formation of
pyrophosphate-linked products. To prevent this, it was
replaced with an unphosphorylated “blocking strand” (8),
which is later displaced. Furthermore, a “gene” with a tem-
plate sequence was picked that had a lower propensity to fold,
as predicted computationally.’”) On this template (7), the
accumulated error level at the end of the assay was lower. The
high fidelity at position 5 suggested that stalling after
misincorporation®?” contributed to faithful copying (penul-
timate entry in Figure 4b). Finally, we adjusted the ratio of
the monomers®®“”’ to give the more readily incorporated G
less of an advantage, resulting in an improved overall fidelity
(<74 % after ten steps). A control experiment showed that in
this system, blocking strand 8 has no measurable influence on
overall fidelity (73% +1 after ten copying steps if 8 was
omitted), but the yield of the ligation product, as determined
by gel electrophoresis, was slightly higher (Figure S15).

With the optimized replication system, we then revisited
the question of whether a two- or four-base system may have
been successful in an early form of replication. For this, we
changed the all-G/C “gene” of template 7 to a sequence with
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Figure 4. Effect of sequence and strand composition on fidelity. a) The relative intensity of the peak for the correct extension product is plotted for
each extension step for the templates shown in part (b), in the absence or presence of a ligator or blocking strand and short microhelper
tetramers, added together with the monomers. b) Template sequences and ancillary strands; issues likely to lower fidelity are highlighted..

all four bases (template 9), again carefully avoiding sequences
predicted to fold into stable secondary structures. Figure 5
shows the results of copying assays performed on 7 with C and
G as monomers (ratio 2:1) or on template 9 with all four bases
(reactivity-adjusted ratiol®*! T/A/C/G of 5:2:2:1).

Figure 5a shows that for the two-base system, the correct
product dominates at the end of the assay, whereas even for
the optimized four-base system, the accumulation of mutants
is massive after copying one helical turn. Numerical data for
the fidelity in representative early copying steps are given in
Table S1 of the Supporting Information. For 9, the most
prominent peak after the first round of copying still had the
mass of the correctly copied sequence. This changed after
ligation and the subsequent second copying round (Figure 6).
For the system with all four bases, a broad cluster of peaks was
found, and the peak with the correct mass was indistinguish-
able from those of mutants. In other words, the genetic
information encoded in the ten-nucleotide “gene” had
disappeared into the “noise”. In contrast, even after two
rounds of copying, the peak of the correct mass was still the
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most prominent signal for the all-C/G system. This peak made
up 47 % £ 1 of the total signal intensity in the mass region of
the fully extended product (Figure 6a).

In conclusion, we show the first enzyme-free replication
with mononucleotides in a genetic model system isoelectronic
to natural DNA. This system relies on enzyme-free copying,
enzyme-free ligation, thermal strand separation, and strand
capture by hybridization. By monitoring both phases of
replication quantitatively, nucleotide by nucleotide, we were
able to provide a glimpse of molecular processes that are
important for understanding the ability of nucleic acids to
replicate in the absence of enzymes. Some sequences show
effects that could not have been extrapolated from single-
nucleotide extension reactions or copying of short stretches of
a single template. The results of Figure 4 in particular show
that fidelity depends on sequence in more than one way. Some
sequence combinations are more likely to succeed in the
molecular selection of the fittest than others, thus favoring
rapid molecular evolution. The successful systems identified
thus far use an interplay of upstream- and downstream-

b
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— SO < £ &
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s % 5
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Figure 5. Tenfold primer extension in sequences with minimized possible secondary structures. a) A C/G template leads mostly to the correct
copy of the template. Peaks with * are from blocking strand 8. b) A template sequence with all four bases leads to an “error catastrophe”.
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Figure 6. MALDI-TOF mass spectra after replication consisting of 20
primer extension steps. a) Template 7 and ligation product 24, copied
with only C and G. b) Template 9 and product 25, copied with A, C, G
and T. The mass of the correct product is labeled with its sequence

(purple).

binding strands and are strongly dependent on “regulation”
by secondary structure formation.

We are currently extending this work to RNA and more
extensive replication. Because RNA and the phosphorami-
date-linked DNA employed here show similar levels of
fidelity in enzyme-free copying,[® it is fair to state even now
that two-base systems with just C and G were more likely to
have avoided an error catastrophe during enzyme-free
replication than present-day four-base systems.
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