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Ribozyme-catalyzed RNA polymerization is inefficient and error
prone. Here we demonstrate that two alternative bases, 2-thio-
uridine (szU) and 2-thio-ribo-thymidine (szT), improve the rate and
fidelity of ribozyme catalyzed nucleotide addition as NTP
substrates and as template bases. We also demonstrate the

functionality of s’U and sZT-containing ribozymes.

The RNA world hypothesis posits that early life forms utilized
RNA molecules, both as genetic polymers and as chemical
catalysts.1 Central to this theory is the emergence of an RNA
enzyme (ribozyme) capable of catalyzing RNA polymerization.2
The plausibility of such a ribozyme polymerase is supported by
the existence of numerous and critical catalytic RNAs in
contemporary organisms such as self-splicing introns,3 the
peptidyl transferase core of the ribosome® and a multitude of
self-cleaving RNAs.’

Inspired by biological ribozymes,
successfully evolved ribozymes in the laboratory capable of
RNA-catalyzed RNA polymerization starting from pools of
random oligonucleotides.s‘7 In vitro evolution and subsequent
engineering have yielded, from such random pools, a class of
ribozymes capable of polymerizing RNA in a template directed
manner,8 culminating recently with the development of the
tC19Z ribozyme which is able to polymerize a strand of RNA
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Fig. 1 b1-233t ribozyme schematic. (a) Schematic of the b1-233t ribozyme. The
primer (red) is extended by a single nucleotide (blue) directed by a template
(grey). The template is base paired to both the primer and the ribozyme (black).
(b) Sequence of the 3’ portion of the primer (red) and the full sequence of the
template (grey). N indicates the position in the template that is varied in this
study. N’ indicates the NTP. Structures of s’U and s°T are shown.

longer than itself.’ Despite this progress, even state of the art
ribozyme polymerases achieve very low vyields of full-length
products on templates longer than 10 nucleotides and operate
with poor fidelity, with UTP addition across from a G template
being the most frequent error due to their propensity to form
a stable G-U wobble base—pair.9 Consequently, a ribozyme with
the capacity for complete and efficient self-replication has yet
to be isolated.

One compelling method for potentially improving the
fidelity and efficiency of ribozyme polymerases, and ultimately
achieving ribozymes capable of self-replication, is to explore
the use of non-canonical genetic polymers. Nucleic acids with
alternative backbone linkages, sugar structures or nucleobases
have been shown to fold into functional enzymes and
aptamers with various advantages compared with their natural
t:ounterparts.m’“'lz'13 Ribozymes with backbones modified to
include a mixture of 2’-5' and 3’-5’ phosphate linkages have
also been shown to be active.**** 2'-5 linkages are a natural
byproduct of non-enzymatic polymerization under prebiotic
conditions and are more amenable to duplex dissociation
following replication, a necessity for subsequent copying of
daughter strands. Aptamers evolved to contain one alternative
nucleobase, 7-(2-thienyl)imidazo[4,5-b]pyridine, displayed
tighter ligand binding than their wildtype counterparts.11 In a
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separate study, when two alternative nucleobases, 2-amino-8-
(1'-B-D-2-deoxyribofuranosyl)-imidazo[1,2-a]-1,3,5-triazin-
4(8H)one and 6-amino-5-nitro-3-(1'-B-D-2'-
deoxyribofuranosyl)-2(1H)-pyridone, were used, a tight
binding (low nM affinity) aptamer emerged from an earlier
round of in vitro evolution than is typical.13

As the high error rates observed in ribozyme-catalyzed RNA
replication are largely a consequence of G-U wobble base
pairing,7'9 we chose to explore 2-thio-uridine (sZU) and 2-thio-
ribo-thymidine (sZT) as potential alternatives to uridine in the
context of increasing ribozyme efficiency and fidelity because
these uridine analogues destabilize wobble pairing with
guanine and form more stable pairs with adenine, 1617181920
We have previously demonstrated the utility of s’U and s°T for
improving fidelity and efficiency of non-enzymatic RNA
polymerization.21 Furthermore, thiolated uracil-analogues are
abundant in biology; notably, s’U in the tRNA anticodon loop
plays a context-dependant role in prohibiting or tolerating
wobble pairing.22'23'24 s’T has been found to increase the
thermostability of tRNA and thermophilic
bacteria.”® More recently, Attwater et al. showed that s*UTP
may serve as a more facile alternative to UTP as a substrate for
ribozyme polymerization; however in the context of the highly
evolved tC19Z ribozyme, incorporation of s’U leads to a block
in transcription.10

We addressed the question of ribozyme efficiency and
fidelity in the simplified context of single-nucleotide addition.
The b1-233t ribozyme catalyzes the addition of one to three
ribonucleotides to an external RNA primer in a template
directed fashion.” Prior characterisation of b1-233t revealed
that addition of UTP across from a G (erroneous, wobble-
pairing template) proceeds more efficiently than UTP addition
across from an A (correct template).7 We sought to improve
the efficiency and fidelity of this ribozyme by using s’U and sZT,
two U analogues with increased affinity for A and reduced
affinity for G.reon Following the procedure of Ekland and
Bartel,7 we combined the b1-233t ribozyme with a
fluorescently labeled primer paired to a template with a single,
variable nucleotide—the first unpaired template base 3’ of the
primer-template duplex (Figure 1, supplemental table 1). UTP,
s’UTP or s*TTP were added to a reaction mixture containing
the b1-233t ribozyme (2.5 uM), primer (1 uM), template (2
uM) and buffer (30 mM Tris pH =8, 60 mM MgCl,, 200 mM KClI
and 600 uM EDTA). We then quantified primer extension rates
across a range of NTP concentrations for templates containing
either an A or a G base at the coding site and determined the
Michaelis-Menten parameters Ky, and k,;.

Consistent with previous reports, UTP is added at
comparable rates across from an A-containing template (k.. =
4.81x107 hr't, K., = 7.34 mM, keoo/ Ky = 6.56 x 10° mM™ hrl) or
a G-containing template (k. = 5.68x107 hr, Ky = 9.31 mM,
keat/Km = 6.10 X 10% mm? hr'l) (Figure 2a, Figure S2,
Supplemental Table 2). Interestingly, the thiolated UTP
analogue s>UTP exhibits more stable binding across from an A-
containing template than UTP (Ky, UTP = 7.34 mM, Ky, s’UTP =
2.84 mM, Figure S2, Supplemental Table 2). Furthermore
s*UTP is polymerized with diminished efficiency across from a
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Fig. 2 Ribozyme kinetics and specificity. (a) Gel image showing the extension of
the primer (bottom band) by the indicated nucleotide triphosphate (blue) when
paired with the indicated template uridine analog in the template (grey) after 3
days. Reaction conditions were as specified by Bartel and colleagues (Ekland
1996). In the bar graph below, k.../Ku for each of the pairings is plotted. (b) Same
as in (a) but with uridine analogs as NTPs and with A and G in the template. (c) The
specificity of the reaction was calculated as the k../Ku value for the U:A pair
divided by that of the U:G pair.

x102 mm™* hr?, Keat/ K s’UTP = 1.6x10° mm™ hr'l), confirming
the hypothesis that substituting s’UTP for UTP in single
nucleotide primer extension reactions inhibits the formation of
G-templated wobble base-pairs (Figure 2a). We also observed
the same trend for s’TTP: addition of s>TTP across from an A-
containing template increased k., and lowered Ky, compared
to UTP while addition of s>TTP across from a G-containing
template was impaired both in addition rate and binding
strength compared to UTP (Supplemental Table 2). We found
that both s’UTP and s’TTP exhibited at least a six-fold better
selectivity for Watson-Crick template primer extension than
UTP (Figure 2c). As NTP substrates, the thiolated uracil
analogues that we tested each substantially improved both the
efficiency and selectivity of ribozyme-catalyzed primer
extension. Despite the utility of s’UTP and s’TTP as substrates
for single-nucleotide addition, thiolated uracil analogues have
been shown, in the context of the tC19Z polymerase ribozyme,
to impair the copying of long templates.10 We reason that
these nucleobases may
interactions between the growing primer strand and the
ribozyme, the canonical
nucleobases. Further evolution with thiolated nucleobase
substrates might overcome this hurdle.

In addition to assessing s’UTP and s°TTP as NTP substrates,
we also evaluated s’U and s°T as template coding bases for

interfere with tertiary structural

which was evolved to use

ribozyme-catalyzed primer extension. Using identical reaction
conditions as those described above, we determined kinetic
parameters for b1-233t ribozyme-catalyzed ATP and GTP
addition to a primer across from a template containing U, s’U
or s°T in the coding position (Figure 2b, Supplemental table 2).
When U was replaced by s’U as the template coding base for
ribozyme-catalyzed primer extension and ATP is used as a
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substrate, the K, decreased by 30% and k., increased five-fold
(Figure S2, Supplemental Table 2). Though replacing U with s’U
in the template coding position increases the overall efficiency
of ATP primer extension, it also serves as a more efficient
template for GTP, diminishing the selectivity of addition by
55% as compared to U (Figure 2b—c). This is in accord with
previous studies that have shown that s’U can, under some
circumstances, pair more tightly to G than U does. ¥’
Replacing U with s’Tin the template coding position, however,
improves both the efficiency and selectivity of ribozyme-
catalyzed primer extension. As a template for ATP addition, $°T
reduces the Ky two-fold and increases the k. threefold as
compared to a U-containing template (Figure S2, Supplemental
Table 2). As a template for GTP addition, a szT-containing
template does not significantly affect the efficiency of primer
extension compared to a U-containing template (p = 0.33,
unpaired t test). Consequently, a szT-containing template
improves both the efficiency and the selectivity of accurate
primer extension by six-fold and five-fold, respectively, when
compared to a canonical U-containing template (Figure 2b,c).
Taken together, these data suggest that thiolated uracil
analogues generally improve multiple parameters of ribozyme-
catalyzed monomer addition both as templates and as
substrates.

Given the efficiency of thiolated uracil analogues as
templates and substrates of nucleotide addition, we asked
whether ribozymes fully substituted with s’U or s’T were
capable of catalyzing RNA primer extension (Figure 3a).
Consequently, we sought to synthesize modified versions of
the b1-233t ribozyme containing s’U or s’T in place of U. We
first transcribed a 26-mer DNA (Supplemental table 1)
oligonucleotide template containing 8 As with T7 RNA
Polymerase (T7-RNAP) using a reaction mixture comprised of
GTP, CTP, ATP and s*UTP (75mM each) and assayed the
resulting transcript by liquid chromatography mass
spectrometry (LCMS) (Figure S3). The major product (m/z =
8989.8828) agreed with the predicted molecular weight for
the sZU-containing transcript (m/z = 8989.8827), confirming
the previously established®® capacity for T7-RNAP to
polymerize RNA oligonucleotides using thiolated nucleotide
triphosphates as substrates.

Next, we transcribed a DNA template for the b1l-233t
ribozyme in vitro using T7-RNAP, substituting s’UTP or s°TTP
for UTP in the reaction mix. T7-RNAP was able to synthesize
full-length transcripts with both s’UTP and s*TTP (Figure 3a).
We term these new, s’U or szT-containing versions of the
ribozyme b1-233t-s’U and b1-233t-szT, respectively. We
assessed the capacity of these modified ribozymes to catalyze
single-nucleotide addition reactions. Remarkably, despite
analogue substitution at all uracil positions, both b1-233t-s’U
and b1-233t-s’T were able to extend an RNA primer, albeit at
much slower rates than the wildtype b1-233t ribozyme, with
b1-233t-s’T requiring three days to achieve appreciable primer
extension at the detection limit of our assay (Figure 3b). We
reasoned that the class 1 ligase ribozyme, the evolutionary
precursor to b1-233t might also be amenable to substitution of
s’U and s’T substitution. We generated two variants of the

This journal is © The Royal Society of Chemistry 20xx

class 1 ligase by replacing UTP with s’UTP or s°TTP in the in
vitro transcription reaction and assessed the capacity of each
ribozyme to ligate itself to an external primer.6 Again, both
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Fig. 3 Transcription, function and reverse transcription using modified rNTPs. (a)
PAGE gel showing T7 transcription products after gel purification for transcription
reactions containing the indicated triphosphate. (b) Gel showing ribozyme
polymerase activity for WT and thiolated ribozyme varients. Time points are 0, 1, 2
and 3 days. (c) Gel showing class 1 ligase activity for wildtype, s?U and s°T
containing varients. The reaction in lane one is a negative control run at an
inhibitory EDTA concentration (200 mM). (d) Gel showing reverse transcription of
the ribozymes from (b). These reactions were treated with RNaseH and RNaseA to
remove residual RNA so that only cDNA would remain.

thiolated ligase variants were functionally active albeit at rates
markedly lower than the wildtype class 1 ligase (Figure 3c).
Though functional ribozymes have been evolved to contain
non-canonical nucleotides,zg'30 to our knowledge, there is only
one previous example31 wherein a previously isolated
ribozyme can be completely retrofitted with a new nucleobase
and maintain functionality. In a diverse prebiotic chemical
space, tolerance for chemical substitutions may have
conferred a fitness advantage on catalytic RNAs.

In vitro evolution would likely yield more efficient
thiolated-ribozyme polymerases. The ability to reverse-
transcribe RNA containing s’U and s°T would be critical for
such experiments.32 We tested whether SuperScriptWI reverse
transcriptase could reverse transcribe b1-233t-s’U and b1i-
233t-s’T (Figure 3d, Supplemental table 1), and confirmed that
RNA containing s’U and s°T can indeed be reverse-transcribed
by conventional methods; thus, all of the tools required to
evolve a thiolated ribozyme are readily accessible.

Here we have comprehensively assessed s’U and s°T as
template bases and as NTP substrates for the b1-233t
ribozyme.7 We show that, in the context of this particular
ribozyme, s’U and s°T have several advantages over U in terms
of both the rate and the fidelity of primer extension. We have
also demonstrated that both of these thiolated Uracil
analogues are compatible substrates for T7 RNA polymerase,
thus allowing us to synthesize several ribozymes containing
s’U or s’T in place of U. Remarkably, s’U or s’T substitutions
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are tolerated in the b1-233t ribozyme at all U residues
simultaneously. The capacity for primer extension is
maintained in both variants, albeit at substantially reduced
efficiency. Not only do thiolated uracil analogues improve
several dimensions of RNA-catalyzed nucleotide addition,
ribozymes containing s’U and s°T are functionally active and
can be generated by protein polymerases. These thiolated
ribozyme variants can be reverse transcribed paving the way
for future in vitro evolution of thio-nucleotide substituted
ribozymes.

We thank Dr. Aaron Engelhart and Mr. Tony Z. Jia for their
thoughtful advice in preparing this manuscript. We also thank
Dr. Todd M. Lowe (UCSC) for useful discussions and Dr.
Jonathan C. Blain and Dr. Victor Lelyveld for their technical
assistance.
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