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RNA-Catalyzed Polymerization of Deoxyribose, Threose, and
Arabinose Nucleic Acids

David P. Horning™, Saikat Bala¥, John C. Chaput*, Gerald F. Joyce™'
TThe Salk Institute, 10010 North Torrey Pines Road, La Jolla, California 92037, United States

*Departments of Pharmaceutical Sciences, Chemistry, and Molecular Biology and Biochemistry,
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Abstract

An RNA-dependent RNA polymerase ribozyme that was highly optimized through /in vitro
evolution for the ability to copy a broad range of template sequences exhibits promiscuity toward
other nucleic acids and nucleic acid analogues, including DNA, threose nucleic acid (TNA), and
arabinose nucleic acid (ANA). By operating on various RNA templates, the ribozyme catalyzes
multiple successive additions of DNA, TNA, or ANA monomers, although with reduced efficiency
compared to RNA monomers. The ribozyme can also copy DNA or TNA templates to
complementary RNAS, and to a lesser extent it can operate when both the template and product
strands are composed of DNA, TNA, or ANA. These results suggest that polymerase ribozymes,
which are thought to have replicated RNA genomes during the early history of life, could have
transferred RNA-based genetic information to and from DNA, enabling the emergence of DNA
genomes prior to the emergence of proteins. In addition, genetic systems based on nucleic acid-
like molecules, which have been proposed as precursors or contemporaries of RNA-based life,
could have been operated upon by a promiscuous polymerase ribozyme, thus enabling the
evolutionary transition between early genetic systems.
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All extant life relies on two chemically distinct nucleic acids, namely, DNA and RNA, to
store and transfer genetic information, and it utilizes polymerase proteins to copy
information between these two polymers. This system is widely thought to have evolved
from an ancestral life form containing RNA genomes that were copied by an RNA-
dependent RNA polymerase ribozyme.1-2 It has been speculated that other nucleic acid-like
molecules may have preceded or even competed with RNA.2~4 Evolutionary transitions
between these genetic systems would have required the emergence of mechanisms for
information exchange between the different nucleic acid polymers, enabled by polymerase
enzymes with the ability to catalyze this exchange. Evolution by natural selection proceeds
most efficiently by enhancing or modifying an existing activity. Thus, the promiscuity of
polymerase enzymes toward alternative compositions of the template and newly synthesized
strands could have facilitated the evolutionary transition between early genetic systems.

Although modern polymerase proteins are typically highly specific for either RNA or DNA,
structural and phylogenetic studies suggest that they have swapped substrate and template
specificity in the past.® Similar results have been achieved through targeted mutagenesis and
directed evolution®” and have expanded polymerase function to accommodate a variety of
non-natural xenobiological nucleic acids (XNAs).8° The transition from RNA to DNA
genomes may have preceded the invention of genetically encoded proteins, and this surely
would have been the case for any transition that occurred during the era of RNA-based life.
34,10 For such early transitions between genetic systems, the polymerases themselves would
have been composed of nucleic acids or nucleic acid-like molecules.

Although no polymerase ribozyme has been found in extant biology, a variety of RNA
polymerase ribozymes have been discovered using /n vitro evolution.11:12 The most active of
these, the class | polymerase (Figure 1a), catalyzes the RNA-templated synthesis of RNA
using ribonucleoside 5’-triphosphate (rNTP) substrates.1! This ribozyme has undergone
extensive evolutionary optimization and is able to generate long RNA products in a largely
sequence-general manner.13-15 Although never selected to operate with substrates or
templates other than RNA, the class | polymerase can tolerate some modifications of either
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the nucleobase or sugar—phosphate backbone for the first nucleotide incorporation step.16:17
However, early versions of the polymerase are unable to add multiple successive nucleotide
analogues, nor can they tolerate the presence of even a few DNA residues in the template.18

More recent versions of the class | polymerase were optimized not just for catalytic rate but
also for the ability to tolerate a wide variety of sequence contexts, enabling the RNA-
catalyzed synthesis of complex functional RNAs and the exponential amplification of short
RNAs.1° These improvements extend beyond the activities that were directly targeted by
selection, with the most active published variant of the enzyme, termed “24-3”, found to
have promiscuous activity for reverse transcribing an RNA template to a complementary
DNA product using deoxyribonucleoside 5’-triphosphate (INTP) substrates.1® Under
optimal conditions, the 24-3 polymerase can synthesize DNAS that contain more than 30
residues, incorporating all four ANTPs. However, this enzyme was found to be incapable of
catalyzing the forward transcription of DNA to complementary RNA.

The present study sought to explore the catalytic promiscuity of the polymerase ribozyme
toward other nucleic acid-like polymers, in both the template and complementary product.
Attention was directed toward nucleic acid analogues of potential relevance to the origins of
life that are based on either threose or arabinose sugars (TNA or ANA, respectively; Figure
1b). RNA, DNA, TNA, and ANA all can engage in Watson—Crick base pairing as either
homo- or heteroduplexes.2921 The tetrose sugar of TNA is compositionally simpler than the
pentose of RNA, whereas the arabinose of ANA is an epimer of ribose. Both could have
emerged through prebiotic chemistry or during the early history of life.

RESULTS AND DISCUSSION

The class | polymerase ribozyme has undergone many generations of /n vitro evolution,
resulting in highly robust RNA-dependent RNA polymerase activity.1113-15 The 24-3
variant of the polymerase was recently shown to function as an RNA-dependent DNA
polymerase, albeit with substantially reduced activity compared to RNA polymerization.1®
Subsequent to that work, an even more active form of the polymerase, termed “38-6", was
isolated following 14 additional rounds of /n vitro evolution in which the ribozyme was
selected for the ability to synthesize other functional ribozymes (Horning and Joyce,
unpublished). The 38-6 enzyme differs from 24-3 by the acquisition of 14 mutations (for
sequences, see Table S1).

The 38-6 polymerase variant was tested for its ability to copy RNA templates to
complementary DNA, TNA, or ANA products. 38-6 catalyzed multiple successive additions
of these three NTP analogues (Figure 2). In each case, the polymerase extended a 15-
nucleotide RNA primer, bound to a complementary RNA template that also contained a
templating region of variable sequence and a region that forms Watson—Crick pairs with the
“processivity tag” at the 5" end of the polymerase (Figure 1a).14 As expected from its
evolutionary history, the polymerase performs best with rNTPs, readily extending the primer
across the entire templating region, and even copying the portion of the template that binds
the processivity tag, displacing that base-paired interaction. As was seen with the 24-3
polymerase,1® the 38—6 variant has lower activity with dNTPs compared to rNTPs,
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generating full-length products only for template 1, which is the shortest and most C-rich.
Activity with threofuranosyl-nucleoside 3’-triphosphates (tNTPs) and arabino-nucleoside
5’-triphosphates (aNTPs) is further reduced, with only a few residues added and a
propensity to stall at A residues in the template.

The four different polymeric products have distinct mobilities in a denaturing
polyacrylamide gel (Figure 2), indicative of their distinct chemical composition. To confirm
the identity of the TNA and ANA extension products, reactions were performed using a
shorter RNA template (5) that required the addition of three successive G residues (Figure
3a). For both TNA and ANA, four product bands were seen in the gel. Three of these bands
had progressively slower mobility, likely corresponding to the addition of one, two, or three
G residues. The fourth band had faster mobility than the starting primer, and no such band
was seen in the reactions with either rNTPs or dNTPs (Figure 2).

The ensemble of products from the TNA and ANA reactions were analyzed by liquid
chromatography mass spectrometry (LC/MS; Figure 3b). For TNA, the calculated and
observed masses for the addition products were: tG, 5999.0 calcd, 5998.4 found; (tG),,
6314.1 calcd, 6313.7 found; (tG)3, 6629.3 calcd, 6628.8 found. For ANA, the calculated and
observed masses were: aG, 6029.0 calcd, 6028.8 found; (aG),, 6374.2 calcd, 6373.8 found;
(aG)3, 6719.4 calcd, 6718.8 found. For both the TNA and ANA reactions, the product with
faster mobility had an observed mass of 5745.7 Da. This product likely corresponds to an
RNA primer with a terminal 2,3 -cyclic phosphate, which has a calculated mass of 5745.7
Da. Such material could be produced by a two-step reaction, involving first the addition of a
G residue to the 3" end of the primer, then excision of the newly added residue via attack of
the vicinal 2 -hydroxyl on the newly formed phosphodiester.

Some polymerase proteins have a proofreading mechanism that relies on a separate
exonuclease domain, which competes with the polymerase active site to bind the 3 end of
the primer, and which excises a mis-incorporated nucleotide that would otherwise stall the
polymerase.® The presumed exonuclease activity of the ribozyme that is seen with TNA and
ANA, but not RNA or DNA polymerization, may reflect either a distinct site or
reorganization of the polymerase active site to enable this activity in certain contexts. Such
an activity, if further optimized by evolution, may have had selective advantage for RNA-
based life by enabling the synthesis of RNA homopolymers, despite the presence of
nucleotide analogues in the local environment.

The accuracy of information transfer between an RNA template and DNA, TNA, or ANA
products was assessed using template 1 and various combinations of xNTPs. Providing
XCTP alone would be expected to allow only a single nucleotide addition, which is the case
for all three polymeric products (Figure S1). Providing XxGTP alone should not allow any
nucleotide addition, but in fact a single mismatched G is added in all cases, followed by five
additional templated G residues for DNA and two additional templated G residues for TNA
and ANA. When both xCTP and xGTP are provided, the complementary sequence 5’-
CGGGGG-3’ is generated in near quantitative yield for DNA, whereas ANA extension
progresses no further than 5"-CGG-3’. The situation with TNA is more complicated,
because either C or G is added at the first position, followed by three more G residues. In
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that case, the tetrameric addition products are dominated by the complementary sequence,
but the shorter products contain either C or G at the first position. When all four XNTPs are
provided, the pattern is similar, except that for DNA the extension reaction continues
through the entire sequence 5"-CGGGGGAC-3’,

To further investigate the fidelity of RNA-templated DNA polymerization, a template (6)
that contains all four nucleotides was used to generate DNA products with the expected
sequence 5'-GCGAGGAGTG-3’. The 10-nucleotide addition product was gel purified and
sequenced, both as an ensemble and by examining cloned individuals (Figure S2). In both
cases, the majority of products had the correct sequence, with an average fidelity of 97% per
nucleotide position, calculated from the sequences of 23 cloned individuals.

Preservation of hereditary information between alternative genetic systems requires copying
that information in both the forward and reverse directions between the genetic polymers.
Thus, the ability of the 38—6 polymerase to tolerate alteration of both the template and
product strands was investigated. Chimeric templates were prepared, where both the primer
binding site and the region complementary to the processivity tag were composed of RNA,
flanking an 8-nucleotide templating region having the sequence 3’-CC(U/T)CACAC-5" and
composed of RNA (r7), DNA (d7), or TNA (17).

For each of these templates, primer extension reactions were performed using rNTPs,
dNTPs, tNTPS, or aNTPs (Figure 4). As seen previously, the reaction with an RNA template
was most efficient, even extending into the region of the processivity tag. The reaction with
an RNA template was progressively less efficient when using dNTPs (six nucleotides
added), tNTPs (four added), or aNTPs (three added). When either a DNA or TNA template
was used, the polymerase exhibited robust activity with rNTPs, generating full-length
products. A lower level of activity was seen with dNTPs on either a DNA or TNA template,
and still lower activity was seen when either tNTPs or aNTPs were used. Nonetheless, the
polymerase ribozyme is able to catalyze multiple nucleotide additions for all 12
combinations of template and product. This high degree of catalytic promiscuity of the 38—6
ribozyme toward alternative backbone compositions had not been seen for earlier, less
optimized versions of the class | polymerase.

The high level of activity of the 38—6 polymerase in the DNA-templated synthesis of RNA
appears to conflict with the earlier observation that the 24-3 polymerase cannot perform this
reaction.1® In those previous experiments, the template strand was composed entirely of
DNA, including the region that binds the processivity tag of the ribozyme. To further
investigate this issue, a variant of the d7 template was constructed, where the primer-binding
region was composed of DNA, and the region that binds the processivity tag was composed
of RNA, which exhibited only a modest decrease in DNA-dependent RNA polymerase
activity. If, however, both of these regions were composed of DNA, then all activity was lost
(Figure S3a). Tests with the 24-3 polymerase variant showed the same pattern of behavior
(Figure S3b).

The inability to form a productive complex between a DNA template and RNA processivity
tag may simply be due to the lower stability of a DNA*RNA heteroduplex compared to
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RNA<RNA homoduplex.22 To investigate this hypothesis, the stability of the interaction
between ribozyme and template was increased by increasing either the length or the GC
content of the pairing region. Either approach resulted in DNA-dependent RNA polymerase
activity equivalent to that seen with an RNA*RNA homoduplex in this region (Figure S3).
The calculated Ty, for the RNA*RNA homoduplex is 22.6 °C, and for the original form of
the DNA*RNA heteroduplex it is 3.5 °C, whereas the predicted T, values for the two
stabilized forms are 34.5 and 25.2 °C, respectively.23

With a stabilized processivity tag interaction, the 38—6 polymerase was able to synthesize
complementary RNAs from a variety of all-DNA templates (Figure 5a). In each case, the
polymerase generated full-length products, surpassing the yield of DNA polymerization with
comparable RNA templates.1® The stabilized processivity tag also enables TNA-templated
polymerization to occur (Figure 5b). With various all-TNA templates, an RNA primer was
extended to yield full-length RNA products, although the yields with TNA templates were
lower than those seen with corresponding DNA templates.

The ability of an RNA-dependent RNA polymerase to operate with DNA, TNA, or ANA
requires its active site to accommodate alternate backbone structures in both the template
and product strands. The heteroduplex formed between RNA and each of the other three
polymers resembles the A-form helix of an RNA homoduplex, thus easing the requirement
for recognition by a polymerase that has been optimized for RNA.24:25 However, when both
the template and product strands are not RNA, the geometry can deviate from A-form, as is
the case for DNA homoduplexes, which tend to adopt the B-form geometry. Local
differences in structure may also pose difficulties for recognition by the polymerase, for
example, due to the loss of 2”-hydroxyl contacts in the minor groove of the template-primer
complex, which have been observed in structural studies of an earlier version of the RNA
polymerase.28 Replacing some of those RNA residues with DNA resulted in decreased
catalytic activity.1® Similarly, the alternative orientation of the 2”-hydroxyl in ANA and the
lack of a vicinal hydroxyl in TNA may cause local structural perturbations.

Despite its exclusive optimization for activity as an RNA-templated RNA polymerase, the
most active variants of the class | polymerase ribozyme exhibit promiscuous activity toward
distinct backbone structures in both the template and product strands. Earlier forms of the
polymerase were highly sensitive to alteration of the NTP substrates6:18 put also highly
restricted in their behavior as an RNA polymerase, strongly preferring to operate on
unstructured C-rich templates.1®> The more advanced 24-3 and 38-6 variants are the result
of extensive evolution for improved activity with a broad range of RNA template sequences.
The enhanced tolerance of these enzymes to a variety of RNA templates appears to have
increased their tolerance to alternative backbones. The promiscuous activities of the
improved polymerases, even without having selected directly for these properties, suggests
that the polymerases have enhanced capacity to bind the primer-template complex and, thus,
may be more tolerant to the loss of interactions that are specific to RNA. A correlation
between catalytic robustness and substrate promiscuity is not unprecedented,2” having been

seen in both natural and /n vitro evolution of other enzymes, including polymerase proteins.
6,7
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The 38-6 polymerase has much lower activity in the RNA-templated synthesis of TNA or
ANA compared to DNA. The sugar pucker of DNA tends to be more flexible than that of
TNA or ANA, potentially allowing DNA to adopt the RNA-like C2"-endo conformation
within the polymerase active site.2> Likewise, the DNA-templated polymerization of DNA is
less efficient than the DNA-templated polymerization of RNA, which may be due to the
greater difficulty for a DNA homoduplex to adopt an A-form geometry. DNA polymerase
proteins induce DNA to adopt an A-form within the active site,28 but the polymerase
ribozyme may not bind tightly enough to the primer-template complex to achieve the same
result. The present form of the polymerase has far lower activity than what would be needed
to support the replication of DNA, let alone TNA or ANA. In each case, substantial
evolutionary optimization would be required to improve binding of the primer-template
complex, achieve greater sequence generality, and operate in a substrate-specific manner
with a particular set of XNTPs.

CONCLUSIONS

Transitions between genetic systems can proceed in either a continuous manner or through a
genetic takeover. The former may enable the preservation of genetic information across the
transition, if there is a way to copy the ordering of subunits from the old genetic material to
the new. In a genetic takeover, an entirely different replication machinery emerges and
replaces the previous genetic system.2? There is potential selective advantage to a
continuous transition, if traits that conferred fitness in the prior system can benefit the
successor. The two systems need not have genetic material of similar composition for this to
be the case, so long as there is a means to “translate” information from the old system to the
new one. However, it likely would have been simpler to “transcribe” information from the
prior genetic material to a successor that has similar composition, as is thought to have
occurred during the transition from RNA to DNA genomes. Furthermore, if the transcription
machinery derives from the replication machinery, a continuous transition becomes more
plausible.

The class | polymerase has an evolutionary history of fewer than 100 generations spanning
only 25 years, whereas natural polymerase proteins have a history that dates back at least to
the last universal common ancestor. However, the class | polymerase recapitulates a key
function of prior RNA-based life, which is the RNA-templated polymerization of RNA. This
ribozyme, in the absence of direct selection pressure to operate on alternative polymers, has
promiscuous activity toward other nucleic acid-like polymers. This finding suggests that an
RNA-based organism could have evolved polymerase activity for related genetic polymers,
potentially enabling transfer of genetic information to such polymers as an elaboration of the
RNA polymerase machinery. Further /n vitro evolution studies could be used to determine
the capacity for improving these promiscuous activities to achieve the RNA-catalyzed
replication of other plausible genetic materials.
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EXPERIMENTAL SECTION

Materials.

The sequences of nucleic acids used in this study are listed in Table S1. Polymerase
ribozymes were prepared by /n vitro transcription of double-stranded DNA templates that
were generated by polymerase chain reaction (PCR) from corresponding plasmid DNA.
Primers and chimeric templates were prepared by solid-phase synthesis using an Expedite
8909 DNA/RNA synthesizer, with reagents and phosphoramidites purchased from Glen
Research, with the exception of the chimeric RNA/TNA template t7, which was prepared by
the DNA Core Facility at the University of Utah using TNA phosphoramidites that were
chemically synthesized in the Chaput laboratory.39 RNA templates were prepared by 7 vitro
transcription of synthetic DNAs, which were purchased from IDT. DNA templates were
obtained from the same source. TNA templates were prepared by /n vitro transcription of
DNA templates using Kod-RI TNA polymerase, as described previously.3! All primers,
templates, and ribozymes were purified by denaturing polyacrylamide gel electrophoresis
(PAGE) and ethanol precipitation prior to use. NTPs were purchased from Sigma-Aldrich,
dNTPs from Denville Scientific, and aNTPs from Tri-Link Biotechnologies. tNTPs were
chemically synthesized as described previously.32 TURBO DNase I, Superscript IV reverse
transcriptase, and streptavidin C1 Dynabeads all were from ThermoFisher. Universal
miRNA Cloning Linker and thermostable 5"-App DNA/RNA ligase were from NEB.

In Vitro Transcription.

RNA templates were prepared by /n vitro transcription of 0.5 ¢M single-stranded DNA that
had previously been annealed with 0.5 M of a synthetic oligodeoxynucleotide encoding the
second strand of the T7 RNA polymerase promoter. Transcription was performed in a
mixture containing 15 U/uL T7 RNA polymerase, 0.002 U/yL inorganic pyrophosphatase, 5
mM each NTP, 25 mM MgCl,, 2 mM spermidine, 10 mM DTT, and 40 mM Tris (pH 8.0),
which was incubated at 37 °C for 2 h. The DNA then was digested by adding 0.1 U/l
TURBO DNase | and continuing the incubation for 1 h. Polymerase ribozymes were
transcribed from fully double-stranded DNA templates (20 mg/mL) that were obtained by
PCR amplification of plasmid DNA encoding either the 24-3 or the 386 ribozyme.
Ribozymes with altered processivity tags were prepared in the same manner, using a
different PCR primer (Table S1).

Preparation of TNA Templates by Primer Extension.

The DNA template and DNA primer (for sequences, see Table S2) were mixed at a
concentration of 1 ¢M each in ThermoPol buffer (NEB), heated to 95 °C for 5 min, then
annealed at 24 °C. Extension was performed using 1 M Kod RI TNA polymerase and 100
UM each tNTP at 55 °C for 3 h. The products were diluted with 95% formamide and 25 mM
ethylenediaminetetraacetic acid (EDTA), and then the DNA-TNA chimeric material was
purified by denaturing PAGE, recovered from the gel by electroelution, exchanged into
water using a YM-30 microcentrifuge device, and lyophilized. To remove the DNA primer,
the material was resuspended in 10 mM MgCly, 40 mM Tris (pH 8.4), and 0.0625 U/L snake
venom phosphodiesterase | (Sigma-Aldrich) and then incubated at 37 °C overnight. The
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nuclease was removed by phenol/chloroform extraction, and the TNA was desalted using a
YM-30 microcentrifuge device.

RNA-Catalyzed Polymerization.

Unless otherwise noted, all RNA-catalyzed polymerization reactions were performed using
100 nM ribozyme, 100 nM template, and 80 nM primer. The RNA primer contained both a
fluorescein label and biotin moiety at its 5” end. The ribozyme, template, and primer first
were heated at 80 °C for 2 min, then cooled to 17 °C over 5 min and added to the reaction
mixture, which also contained 200 mM MgCl,, 0.05% TWEEN20, and 50 mM Tris (pH
8.3). Reactions comparing various XNTPs used 0.5 mM each NTP, dNTP, tNTP, or aNTP,
whereas reactions comparing DNA and TNA templates used 4 mM each NTP.
Polymerization was performed at 17 °C and quenched by adding 250 mM EDTA. The
biotinylated primers and extended products were captured on streptavidin C1 Dynabeads,
washed twice with alkali (25 mM NaOH, 1 mM EDTA, and 0.05% TWEENZ20), once with
TE-urea (1 mM EDTA, 0.05% TWEEN20, 10 mM Tris (pH 8.0), and 8 M urea), and then
eluted with 98% formamide and 10 mM EDTA at 95 °C for 10 min. The reaction products
were analyzed by denaturing PAGE.

Analysis of Polymerization Products.

Products for analysis by LC/MS were prepared using 200 nM ribozyme, 200 nM template,
and 160 nM primer. The reactions were performed as described above, using 1 mM tGTP or
aGTP at pH 8.3 for 24 h. After purification using streptavidin C1 Dynabeads, 5% of the
reaction products were analyzed by denaturing PAGE, while the remainder were ethanol-
precipitated, dissolved in 1 mM EDTA, 0.05% TWEENZ20, and 10 mM Tris (pH 8.0), and
used for LC/MS analysis, which was performed by Novatia LLC using 40 pmol of purified
material. Analyses were performed by electrospray ionization LC/MS on the Oligo HTCS
platform, which achieves a mass accuracy of 0.01-0.02%.

Products for DNA sequencing were prepared using template 6 and the four dNTPs, as
described above. The 10-nucleotide addition product was separated by PAGE, excised from
the gel, ethanol-precipitated, and ligated to the Universal miRNA Cloning Linker using
thermostable 5"-App DNA/RNA ligase according to the manufacturer’s protocol. The
ligated product was reverse-transcribed using Superscript IV reverse transcriptase, PCR-
amplified, and purified by agarose gel electrophoresis. This material was used directly for
ensemble sequencing. For clonal sequencing, the amplified DNA was cloned into
Escherichia coli using the TOPO-TA cloning kit (ThermoFisher), and the cells were grown
at 37 °C for 16 h on lysogeny broth (LB) agar plates containing 50 pg/mL kanamycin.
Individual colonies were transferred to 3 mL of LB media containing 50 pg/mL kanamycin
and grown at 37 °C for 16 h. Plasmid DNA was recovered using the PureLink Quick
Plasmid Miniprep Kit (ThermoFisher). Both the ensemble and clonal materials were
sequenced by Eton Bioscience.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RNA-catalyzed polymerization of RNA, DNA, TNA, or ANA. (a) Secondary structure of the

complex formed by the ribozyme, template, and primer. The template consists of a primer
binding site, the region copied by the polymerase, and the region that binds the processivity
tag at the 5" end of the ribozyme. (b) Composition of nucleic acids and nucleic acid
analogues used in this study.
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Figure 2.
RNA-catalyzed polymerization of rNTPs, dNTPs, tNTPs, or aNTPs on various RNA

templates (1-4). The sequence of the template region to be copied by the polymerase is
shown. Reaction conditions: 100 nM polymerase, 100 nM template, 80 nM RNA primer, 0.5
mM each xNTP, 200 mM MgCls, pH 8.3, 17 °C, 24 h. Black dots indicate the expected
position of full-length products resulting from copying the entire templating region.
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Figure 3.

Page 14

Extension of an RNA primer (p) on a complementary RNA template by addition of up to
three tGTP (blue) or aGTP (red) residues. (a) Gel separation of the products corresponding
to one, two, or three additions, as well as faster-migrating material (c) that was identified as
the primer with a terminal 2”,3-cyclic phosphate. (b) Summed LC/MS mass spectra from
the two extension reactions. Reaction conditions: 200 nM polymerase, 200 nM template 5,

160 nM primer, 1 mM either tGTP or aGTP, 200 mM MgCl,, pH 8.3, 17 °C, 24 h.
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Figure 4.
RNA-catalyzed polymerization of rNTPs, dNTPs, tNTPs, or aNTPs on an RNA (r7), DNA

(d7), or TNA (t7) template. Reaction conditions: 100 nM polymerase, 100 nM template, 80
nM primer, 0.5 mM each xNTP, 200 mM MgCl,, pH 8.3, 17 °C, 24 h.
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Figure 5.
RNA-catalyzed polymerization of RNA on all-DNA or all-TNA templates. (a)

Polymerization on DNA templating regions having the sequence 3’-GCsAC-5" (d1), 3'-
GCsACGC5TC-5" (d8), 3'-CGCTCCTCACACACAC-5" (d9), or 3'-GCsACGC5TCGCs-
ACGCsTC-5" (d10). (b) Polymerization on DNA or TNA templating regions having the
sequence 3-CCTCACGC-5" (d11 or t11) or that of d8 or d9 (similarly for t8 or t9).
Reaction conditions: 100 nM polymerase, 100 nM template, 80 nM primer, 4 mM each
rNTP, 200 mM MgCl,, pH 8.3, 17 °C, 24 h.
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