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The RNA-based organisms from which modern life is thought to
have descended would have depended on an RNA polymerase
ribozyme to copy functional RNA molecules, including copying the
polymerase itself. Such a polymerase must have been capable of
copying structured RNAs with high efficiency and high fidelity to
maintain genetic information across successive generations. Here
the class I RNA polymerase ribozyme was evolved in vitro for the
ability to synthesize functional ribozymes, resulting in the markedly
improved ability to synthesize complex RNAs using nucleoside 5′-
triphosphate (NTP) substrates. The polymerase is descended from
the class I ligase, which contains the same catalytic core as the po-
lymerase. The class I ligase can be synthesized by the improved
polymerase as three separate RNA strands that assemble to form
a functional ligase. The polymerase also can synthesize the comple-
ment of each of these three strands. Despite this remarkable level
of activity, only a very small fraction of the assembled ligases retain
catalytic activity due to the presence of disabling mutations. Thus,
the fidelity of RNA polymerization should be considered a major
impediment to the construction of a self-sustained, RNA-based
evolving system. The propagation of heritable information requires
both efficient and accurate synthesis of genetic molecules, a re-
quirement relevant to both laboratory systems and the early history
of life on Earth.
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In all known extant life, heritable information is maintained
within the sequence of nucleic acid genomes that are copied by

polymerase proteins. In the RNA world, which is thought to have
preceded the invention of genetically encoded proteins, this task
likely would have been performed by an RNA polymerase
ribozyme that copies RNA molecules, including itself (1–3). For
an RNA-based organism to self-replicate and undergo Darwin-
ian evolution, the RNA polymerase ribozyme must have suffi-
cient activity to amplify RNAs as complex as itself and must do
so with sufficient accuracy to maintain heritable information against
deleterious mutations (4, 5). A demonstration of these properties is
essential both for understanding the nature of presumed RNA-
based life and for constructing synthetic RNA life in the laboratory
(6, 7).
Most examples of the RNA-catalyzed synthesis of complex

RNA molecules have relied on polymerase ribozymes that are
descendants of the class I ligase. These ribozymes were obtained
by in vitro evolution, initially selecting for the RNA-templated
joining of two RNA molecules and thereafter selecting for the
templated polymerization of multiple successive nucleoside 5′-
triphosphates (NTPs) (8–10). Numerous rounds of directed evo-
lution have been carried out over the past two decades, leading to
greatly improved polymerase activity and most recently yielding
polymerase ribozymes that are capable of synthesizing other
functional ribozymes (10–15). At the utmost limits of demon-
strated activity, substantial portions of complex functional RNAs,
including tRNA and the catalytic subunit of the polymerase itself,
can be synthesized, albeit only at very low yields and by relying on
preformed oligonucleotides to compose a substantial portion of
the functional sequence (14, 15). The synthesis of a complex
ribozyme in its entirety has remained elusive because complex

structural features of the ribozyme generally correspond to the
most difficult portions of the template for the polymerase
to copy.
Although a ribozyme must adopt a folded structure to achieve

catalysis, it need not be composed of a single, contiguous
RNA strand. Complex ribozymes that exist in nature, such as
the ribosome and spliceosome (16, 17), are formed by Watson–
Crick pairing and other noncovalent interactions among multiple
strands of RNA. Similarly, both natural and synthetic ribozymes
can be engineered to assemble from smaller, more loosely struc-
tured fragments (18–21). Examples of these constructs include
the class I ligase and some of its polymerase descendants,
which can be divided into fragments that self-assemble and
retain function (22–24). In an RNA-based organism, poly-
merase ribozymes composed of multiple fragments may have
been replicated more easily, and these smaller fragments may
have emerged more readily through the prebiotic synthesis of
RNA (2, 3, 18).
Here directed evolution was used to obtain a highly improved

class I polymerase ribozyme by selecting for its ability to syn-
thesize a functional hammerhead ribozyme, which catalyzes the
site-specific cleavage of RNA. An RNA polymerase that was
isolated after 14 rounds of evolution has the ability to synthesize
complex and highly structured RNAs. Most notably, the improved
polymerase can synthesize a functional copy of its own evolutionary
ancestor, the class I ligase, by generating three RNA fragments that
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can assemble spontaneously following purification to give a cata-
lytically active ligase. The improved polymerase also can synthe-
size the template RNAs that encode each of these three ligase
fragments.
This result represents the most complex functional RNA that

has been synthesized by a ribozyme from mononucleotide sub-
strates, and it suggests that a similar in vitro evolution strategy
could lead to further improvements that enable the polymerase
to synthesize itself. However, the fidelity of RNA synthesis is
modest, especially on the most challenging templates. Thus, only
a very small fraction of the assembled ligase ribozymes has cat-
alytic activity, due to the presence of disabling mutations. Fur-
ther efforts to improve the polymerase will need to select more
strongly for the accurate synthesis of complex RNAs to enable
the generalized replication of functional RNAs.
According to the formulation first devised by Manfred Eigen

(4) and broadly adopted by others in the field, the fitness of a
replicating, evolving entity is determined by three key variables:
the rate of amplification (A), the fidelity (quality) of information
transfer from parent to progeny (Q), and the rate of decompo-
sition (D). The net production of new copies of a replicating
entity is proportional to the current number of copies multiplied
by the factor A·Q – D. Studies aiming to develop an RNA rep-
licase ribozyme have generally focused on the production of full-
length products (A) rather than on the production of accurate,
full-length products (A·Q). Future efforts to improve the activity
of the RNA polymerase ribozyme will need to address the latter
if the aim is to develop RNA-based life in the laboratory.

Results
Evolution of Polymerase Ribozymes That Synthesize Functional
Ribozymes. The class I RNA polymerase ribozyme has pre-
viously been evolved in vitro for the ability to synthesize func-
tional RNA aptamers (14). Those efforts resulted in the “24-3”
variant, which has substantially improved activity compared with
its predecessors in copying highly structured RNA templates and
in synthesizing a variety of functional RNAs, including simple
ribozymes. A more stringent selection procedure was devised to
take advantage of this improved activity by requiring the syn-
thesis of a functional hammerhead endonuclease ribozyme. The
population of evolved RNAs from which the 24-3 polymerase
was isolated were covalently attached to a synthetic oligonucle-
otide containing an RNA primer, biotin moiety, and the sub-
strate for the hammerhead ribozyme (Fig. 1A). These RNAs
were challenged to extend the attached primer on a separate
RNA template using NTP substrates, resulting in synthesis of the
catalytic motif of the hammerhead ribozyme (Fig. 1B).
The products of the primer extension reaction were captured

via binding of biotin to streptavidin-coated beads. Then the
captured products were incubated under conditions that enable a
functional hammerhead to cleave a site within the RNA substrate
region lying between the primer and the polymerase, thereby re-
leasing the polymerase from the beads. The released polymerase
ribozymes then were reverse-transcribed, PCR-amplified, and
forward-transcribed to yield a progeny population of ribozymes to
begin the next round of evolution.
The in vitro evolution procedure was continued for 14 rounds,

with the time allowed for polymerization decreasing progressively
from 2 h to 5 min. Selection stringency was further increased
during the final eight rounds by adding a gel-shift selection step in
which only those polymerases that had extended the primers to
full length, as reflected by corresponding mobility in a denaturing
polyacrylamide gel, were carried forward to the biotin capture step
and subsequent hammerhead cleavage.
After the final round of evolution (round 38 in total), indi-

viduals were cloned from the population and sequenced. This
analysis revealed three distinct sequence families, the largest of
which contained the most efficient polymerases. The most active

of these individuals, termed “38-6,” differs from 24-3 by 14 mu-
tations (Fig. 1C). These mutations are distributed throughout
both the core ligase domain and the structurally distinct acces-
sory domain of the ribozyme. Most of the mutations occur in the
same regions that distinguish 24-3 from earlier versions of the
polymerase. The most notable structural change is disruption of
the distal portion of the P7 stem, opening the L7 loop that closes
the stem. Previous biochemical and structural studies have sug-
gested that this region is not functionally important (10, 25, 26),
but that no longer appears to be the case.

The Evolved Polymerase Can Synthesize Complex RNAs. The 38-6
ribozyme has markedly improved RNA-dependent RNA poly-
merase activity compared with the 24-3 predecessor, especially in
the synthesis of complex, structured RNAs. When challenged to
synthesize the hammerhead ribozyme on a separate RNA tem-
plate using a separate RNA primer, 24-3 generates full-length
product in 2.4% yield after 24 h, whereas 38-6 achieves a 2.0%
yield in 1 h and a 24% yield in 24 h (Fig. 2A). The synthesis of
more complex RNAs shows even greater improvement. The
RNA-catalyzed synthesis of yeast phenylalanyl tRNA, starting
from a primer that contains the first 15 nucleotides and requiring
the addition of 61 nucleotides, was barely detectable even after 5 d
using the 24-3 polymerase, with a yield of 0.07%. In contrast, the
38-6 polymerase yielded 2.4% full-length product after 5 d (Fig. 2B).
As shown in Fig. 2 and described previously (27), the poly-

merase generates some products that are several nucleotides
longer than full length. This is due to extension beyond the ca-
nonical template region and into the adjacent region of the tem-
plate comprised of a hexadenylate spacer and nucleotides that are
complementary to the “processivity tag” (12) of the polymerase.
This behavior suggests that the processivity tag, although benefi-
cial for activity, may ultimately be dispensable.
The 38-6 polymerase is a descendant of the class I ligase

ribozyme and retains the same catalytic core as the ligase, with
77% sequence identity in this 97-nucleotide region (10). The
ligase is the fastest and most structurally complex ribozyme that
has been evolved starting from a pool of random-sequence
RNAs (25). As a highly demanding test of the 38-6 polymer-
ase, it was challenged to synthesize the b1-207t variant of the
class I ligase, using a primer that contains the first 20 nucleotides
of the ligase. The yield of full-length products in this reaction was
0.12% after 5 d (Fig. 2C). Notably, the 24-3 predecessor is unable
to synthesize the class I ligase in detectable yield, even after long
incubation. Nonetheless, the yield of full-length ligase obtained
with 38-6 is low, and the 20-nucleotide primer provides a signifi-
cant portion of the ligase motif, including residues that coordinate
the catalytic Mg2+ ion within the ribozyme’s active site (26).

The Polymerase Can Synthesize Its Own Ancestor in Three Fragments.
A divide-and-conquer strategy was adopted to enable the 38-6
polymerase to synthesize the class I ligase in its entirety, splitting
the ligase into three fragments that can assemble noncovalently
to form a functional ribozyme (Fig. 3A). The sites of fragmen-
tation were chosen within stem-loop elements that are known to
be tolerant of insertions and are not critical for the ribozyme to
adopt its correctly folded structure (8, 26). The sites of frag-
mentation have been used previously to split the ligase or its
descendants to provide a complex that retains catalytic activity
(22, 24). One split was at the distal end of the P5 stem between
nucleotides C40 and G41, and the other was at the distal end of
the P7 stem, replacing the L7 loop with two C·G base pairs to
stabilize the interaction between fragments 2 and 3. The result-
ing three-part class I ligase is only approximately sevenfold less
active than the contiguous form of the b1-207t ribozyme (SI
Appendix, Fig. S1).
To enable the RNA-catalyzed synthesis of the entire class I

ligase and its complement, the primers used to initiate synthesis
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must not include any nucleotides of the ribozyme. Thus, external
primer sites were added to both ends of each fragment (Fig. 3A).
Including these primer regions, the lengths of fragments 1, 2, and
3 are 64, 54, and 49 nucleotides, respectively, and similarly for
their complements. The class I ligase assembled from the three
fragments is approximately eightfold less active compared with
an assembled three-fragment ligase that does not include the
added primer regions (SI Appendix, Fig. S1).
On dividing the class I ligase into three fragments, each frag-

ment is much more readily synthesized by the 38-6 polymerase
compared to the synthesis of the contiguous ligase. Following a
3-d incubation, fragments 1, 2, and 3 were generated from their

corresponding RNA templates in yields of 1.1%, 1.0%, and
5.7%, respectively (Fig. 3B). The polymerase was also able to
synthesize the complement of each fragment, in yields of 0.53%,
0.91%, and 2.0%, respectively.
Each of the 95 nucleotides that compose the class I ligase were

susceptible to mutation during synthesis by the polymerase ribo-
zyme, with the expectation that many of these mutations would be
detrimental to the activity of the ligase. If only one of the ligase
fragments is synthesized by the ribozyme and the other two are
prepared using T7 RNA polymerase protein, then there is ∼10-
fold decreased ligase activity compared with the situation in which
all three fragments are synthesized by the protein (Fig. 3C). If the
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hammerhead. (2) Hybridization of the primer to an RNA template (brown) that encodes the hammerhead. (3) Extension of the primer by polymerization of
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polymerase from the beads. (5) Recovery of functional polymerases. (6) Reverse transcription and PCR amplification. (7) Transcription to generate progeny
polymerases. (B) Sequence and secondary structure of the hammerhead ribozyme (cyan), together with the primer used to initiate its synthesis and the RNA
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ligase is assembled from three fragments that have been synthe-
sized by the 38-6 ribozyme, then there is an ∼8,000-fold reduction
of ligase activity, with an observed rate of only 6.1 ± 0.2 × 10−5 h−1

(SI Appendix, Fig. S2). This rate is only sevenfold faster than that
of the uncatalyzed, RNA-templated reaction. Thus, while the
improved polymerase ribozyme has the ability to synthesize large
complex RNAs, including a three-fragment form of its own an-
cestor, the fidelity of synthesis is insufficient to enable a significant
fraction of the products to retain the information necessary for
catalytic function.

Fidelity of the Evolved Polymerase. The fidelity of RNA polymer-
ization by the 38-6 ribozyme was investigated more thoroughly to
assess the incidence of deleterious mutations that compromise
the activity of the assembled class I ligase. Using an unstructured
C-rich template that has been the subject of previous studies
(12–14), full-length RNA products were generated within mi-
nutes using either the 24-3 or 38-6 ribozyme. Sequence analysis
of these full-length products revealed an average fidelity of 97%
and 96% per nucleotide position for the 24-3 and 38-6 poly-
merase, respectively (SI Appendix, Table S1). If one instead con-
siders all oligomeric products, irrespective of length, then the
fidelity of 24-3 is only 92% (14). This result indicates that partial-
length products that contain a mutation are less likely to be extended
to full length compared with accurately synthesized intermediates.
Similar behavior has been observed with other variants of the class
I polymerase (10, 13).

The trade-off between yield and fidelity is even more apparent
for the most challenging templates. When the 38-6 polymerase
was pushed to its limits to generate the fragments that assemble
to form the class I ligase, sequence analysis of full-length frag-
ment 1 revealed a fidelity of only 83% per nucleotide position
due to point mutations, as well as frequent insertions with an
occurrence of 1.7% per nucleotide position (SI Appendix, Table
S2). There are notable hotspots for substitution and deletion
mutations, in some cases exceeding a frequency of 40%. The
38-6 polymerase ribozyme can generate far more complex RNA
products than could be achieved previously, but only at the ex-
pense of reduced fidelity for the most challenging cases.
Deep sequencing analysis was carried out to investigate more

thoroughly the relationship between yield and fidelity, both of
which are important for the synthesis of functional RNAs. For
the RNA-catalyzed synthesis of the hammerhead ribozyme, the
fidelity of the 24-3 and 38-6 polymerases is similar for compa-
rable yields of full-length products (Fig. 4). The hammerhead is
synthesized in an ∼2% yield by the 24-3 polymerase after 24 h
and in the same yield by the 38-6 polymerase after 1 h, with the
products of these two reactions having similar specific activity
(Fig. 4A). However, if the reaction with the 38-6 polymerase is
allowed to continue for 24 h or 72 h, by which time the yield has
increased to 20% or 28%, respectively, then the specific activity
of the resulting materials decreases significantly. Thus, it appears
that at longer incubation times, the 38-6 polymerase is able to
continue the extension of partial-length products that contain a
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mutation, improving the yield of full-length products but resulting
in decreased fidelity of those full-length products.
This hypothesis is supported by deep sequencing analysis,

which reveals that fidelity is lowest for the last added nucleotide
(∼67%) and increases monotonically for nucleotides that are
increasingly further upstream from the 3′ terminus (Fig. 4B).
Positions that are at least 10 nucleotides upstream from the
terminus have an average fidelity of ∼92%. These data are very
similar for the 24-3 and 38-6 polymerases. The two polymerases
also are very similar with regard to the position-specific fre-
quency of mutation, which ranges from 76% to 99%, depending
on the difficulty of copying various template positions (Fig. 4C).
The frequency of mutation is greatest at positions that are sus-
ceptible to wobble mutation (SI Appendix, Table S3) or that in-
volve a run of consecutive U residues in the template. Where the
two polymerases differ is in the propensity for chain termination
that results in partial-length products, with 38-6 being substantially
less prone to early termination, especially at the most challenging
template positions (Fig. 4D). This is seen most clearly at a region
of predicted stable secondary structure in the template that cor-
responds to the central stem-loop of the hammerhead ribozyme.
Because the 38-6 polymerase can more effectively traverse such
challenging positions, it can generate complex functional RNAs
that cannot be synthesized by 24-3 or its evolutionary predecessors.

Discussion
To achieve self-sustained replication, an RNA polymerase ribo-
zyme must be able to synthesize copies of both itself and its com-
plement in sufficient yields to enable exponential growth. Although
various ribozymes have been shown to copy themselves either
partially or entirely, these reactions have always depended on
carefully curated sets of preformed oligonucleotide substrates,
thereby restricting the ability of the copied RNA to mutate and
evolve (15, 18, 28–30). Another issue that has not been addressed
in previous studies, or in the current study, is the need to separate

the template and product strands, other than by means such as
thermal or chemical denaturation. Strand separation is necessary
to liberate the functional strand and to make both strands avail-
able to serve as new templates.
The 38-6 polymerase was selected based on its ability to syn-

thesize functional ribozymes from NTP substrates. This poly-
merase is able to synthesize its own ancestor, the class I ligase, in
the form of three fragments that, following purification, can self-
assemble to give an active complex. This is the most complex
ribozyme ever synthesized by a ribozyme from mononucleotide
substrates, and it suggests that further improvements in activity
might enable the polymerase to synthesize itself. However, it is
also clear that the fidelity of polymerization, especially on the
most challenging templates, severely limits the amount of func-
tional information that can be copied. This limitation would
prevent the propagation of heritable information across succes-
sive generations of RNAs (4).
The high number of mutations seen with the most challenging

templates do not appear to result from an increased propensity
to incorporate mismatched nucleotides. At similar yields, the
error rates of the 24-3 and 38-6 polymerases are similar; how-
ever, over the long incubation times needed for the 38-6 poly-
merase to complete the most difficult syntheses, the number of
mutations within the full-length products is substantially higher,
causing most of the product molecules to lack function. Prior
forms of the class I polymerase generally had difficulty extending
past a misincorporated nucleotide, so the full-length products
contain fewer mutations compared with the partial-length
products (10, 13). The improved activity of 38-6 also appears
to enhance its ability to extend mismatched intermediates. In
addition, it may have an increased tendency to bypass sites of
polymerase stalling by incorporating a mismatched nucleotide.
The selection scheme used to obtain the 38-6 polymerase re-

quired the accurate synthesis of a hammerhead ribozyme and thus
imposed selection pressure favoring improved fidelity. However,
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only 11 of the 33 nucleotides that the polymerase was required to
synthesize are critical for hammerhead function (31, 32). Fur-
thermore, the short reaction times in the later rounds of evolution
placed strong selection pressure on the reaction rate, forcing a
trade-off between efficiency and fidelity. Going forward, it will be
important to impose greater pressure on fidelity by requiring the
polymerase to synthesize more complex RNAs that contain a
larger number of nucleotides that are critical for function. The 38-
6 polymerase is now able to synthesize such complex RNAs,
making it possible to impose highly stringent requirements for
fidelity. The greater the efficiency and fidelity of the ribozyme, the
more readily it can be evolved toward further improvements in
efficiency and fidelity. This bootstrapping process is analogous to
what is thought to have driven the evolution of more complex
genomes in the RNA world (3, 33).
The dual requirements of efficiency and fidelity for the

propagation of heritable information have long been recognized
but too often ignored when considering synthetic replicating
systems. Eigen’s formulation of the “error threshold” considered
the relative advantage of a selectively advantageous individual
compared with the population as a whole, demonstrating how
that relative advantage must exceed the probability of the individual
producing an error copy (4). Note, as described above, that the
production of full-length copies (A) and the fraction of those
copies that are error-free (Q) are two distinct variables, the
product of which reflects the production of accurate, full-length

products (A·Q). For RNA replication, the probability of producing
an error-free copy is the product of the fidelity of the component
nucleotide addition reactions. Thus, there is an inverse relationship
between the per-nucleotide fidelity of polymerization and the
maximum length of RNA that can be maintained through suc-
cessive rounds of replication. For any realistic values for selective
advantage and per-nucleotide fidelity, the maximum length of
RNA that can be maintained is approximately the inverse of the
fidelity. The class I ligase contains approximately 100 nucleotides
and thus must be copied with an average fidelity of >99%. The
38-6 polymerase contains nearly 200 nucleotides and thus must be
copied with an average fidelity of >99.5%.
In the present study, the class I ligase was divided into three

fragments that assemble to form an active complex that has only
slightly reduced activity compared with the contiguous molecule.
Excluding the primer regions, the number of nucleotides that
must be synthesized to produce these three fragments are 40 +
30 + 25 = 95. It is likely that the 38-6 polymerase similarly could be
divided into fragments that assemble noncovalently to provide a
functional molecule. The smaller size of the fragments compared
with the contiguous molecule makes them easier to synthesize but
does not alleviate the error threshold, which applies to the total
number of nucleotides necessary to produce the replicating entity.
It is possible that the assembly of components fragments provides a
means of “proofreading” to exclude defective fragments, but that
does not appear to be the case here. Based on comparison of mixed
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assemblages of RNA strands produced by either the 38-6 poly-
merase ribozyme or T7 RNA polymerase protein, the deleterious
effects of mutations within each strand appear to be compounded
in the assembled complex.
In seeking to surmount the error threshold and to achieve the

self-sustained evolution of RNA, it will be necessary either to
increase the fidelity of the polymerase ribozyme substantially or
to decrease its size substantially. Previous studies have focused
on improving the efficiency and sequence generality of RNA-
templated RNA polymerization, which are worthy objectives.
Going forward, however, these parameters should no longer be
regarded as the chief impediment to the construction of synthetic
RNA life.

Materials and Methods
Materials. The sequences of all oligonucleotides used in this study are listed in
SI Appendix, Table S4. Synthetic oligonucleotides were either purchased
from IDT or prepared by solid-phase synthesis using an Expedite 8909 DNA/
RNA synthesizer, with reagents and phosphoramidites from Glen Research.
RNA templates were prepared by in vitro transcription of synthetic DNA
templates and polymerase ribozymes were prepared by in vitro transcription
of double-stranded DNAs that were generated by PCR amplification of the
corresponding plasmid DNA (14) (SI Appendix, Materials and Methods). His-
tagged T7 polymerase was prepared from Escherichia coli strain BL21 con-
taining plasmid pBH161 (kindly provided by W. McAllister, SUNY Downstate
Medical Center, Brooklyn, NY). Hot Start OneTaq, Universal miRNA Cloning
Linker, K227Q T4 RNA Ligase 2, terminal transferase, and Q5 Hot Start High-
Fidelity DNA Polymerase were obtained from New England BioLabs. MyOne
C1 streptavidin magnetic beads, Pierce high-capacity streptavidin agarose
beads, SuperScript IV reverse transcriptase, RNase H, Turbo DNase, and TOPO
TA Cloning Kit were obtained from Thermo Fisher Scientific. γ-(2-Azidoethyl)-
ATP and sulfo-cyanine5-azide were purchased from Jena Bioscience, and NTPs
were purchased from Chem-Impex International. All other chemical reagents
were obtained from Sigma-Aldrich.

In Vitro Evolution. Selective amplification of polymerase ribozymes based on
their ability to synthesize the hammerhead ribozymewas performed similarly
to the procedure used to select polymerases that synthesize RNA aptamers
(14). In vitro transcription of DNAs encoding the population of polymerases
was performed in the presence of γ-(2-azidoethyl)-ATP, which enabled at-
tachment via click chemistry of a 5′-hexynylated RNA primer (P1a) that was
linked to both biotin and the hammerhead substrate (Fig. 1A and SI Ap-
pendix, Table S4). Following purification by denaturing polyacrylamide gel
electrophoresis (PAGE), 12 nM ribozyme-primer conjugate was mixed with
24 nM RNA template (Tem1) and annealed by first heating to 80 °C for 30 s
and then cooling to 17 °C. These materials were added to a reaction mixture
containing 4 mM each NTP, 200 mM MgCl2, 50 mM Tris·HCl pH 8.3, and
0.05% Tween-20, which was incubated at 17 °C for various times. The re-
action was quenched by adding an equal volume of quench buffer (250 mM
EDTA pH 8.0, 500 mM NaCl, 5 mM Tris·HCl pH 8.0, and 0.025% Tween-20),
then mixed with 5 μg of streptavidin magnetic beads per 1 pmol of
ribozyme-primer conjugate and allowed to stand at 23 °C for 1 h. The beads
had been preblocked by incubating with 1 mg/mL tRNA. The RNA template
was removed by three washes with NaOH buffer (25 mM NaOH, 1 mM EDTA,
and 0.05% Tween-20), followed by two washes with urea buffer (8 M urea,
1 mM EDTA, and 10 mM Tris·HCl pH 8.0).

During the initial rounds of evolution, the beads were washed with
binding buffer (300 mM NaCl, 1 mM EDTA, and 10 mM Tris·HCl pH 8.0); again
blocked by incubating with 1 mg/mL tRNA; washed once more with binding
buffer; resuspended in 20 mM MgCl2, 50 mM Tris·HCl pH 8.0, and 0.05%
Tween-20; and incubated at 23 °C for 30 min to allow hammerhead-
catalyzed cleavage of the attached RNA substrate. During the later rounds
of evolution, a gel-shift selection step was added after removal of the RNA
template and before hammerhead cleavage. For those rounds, following the
washes with urea buffer, the reaction products were eluted from the beads
by incubating in 95% formamide and 10 mM EDTA at 95 °C for 10 min. Then
the polymerase-primer conjugates that had been extended to full length
were separated by PAGE, eluted from the gel, and bound to 20 μg of
streptavidin magnetic beads that had been preblocked with tRNA. After one
wash each with NaOH buffer and urea buffer, the beads were again blocked
with tRNA, and hammerhead cleavage was allowed to occur, as described
above. For all rounds of evolution, the solution containing the RNAs re-
leased from the beads by hammerhead cleavage was passed through a

0.2-μm filter, then the RNAs were reverse-transcribed and PCR-amplified
to provide materials to begin the next round of evolution.

After the final round of evolution (round 38 in total), the PCR-amplified
DNA was cloned into Escherichia coli using the TOPO-TA cloning kit, and the
cells were grown at 37 °C for 16 h on LB agar plates containing 50 μg/mL
kanamycin. Individual colonies were picked and grown in 3 mL of LB me-
dium with 50 μg/mL kanamycin at 37 °C for 16 h. Plasmid DNA was harvested
using the QIAprep Spin Miniprep Kit (Qiagen) and sequenced by GENEWIZ.

RNA-Catalyzed RNA Polymerization. Unless noted otherwise, RNA polymeri-
zation reactions used 100 nM polymerase, 80 nM primer, and 100 nM
template; sequences are provided in SI Appendix, Table S4. The RNAs were
annealed by first heating to 80 °C for 30 s then cooling to 17 °C, and were
then added to a reaction mixture containing 4 mM each NTP, 200 mM
MgCl2, 25 mM Tris·HCl pH 8.3, and 0.05% Tween-20, which was incubated at
17 °C for various times. The reactions were quenched with an equal volume
of quench buffer, and the products were captured on streptavidin magnetic
beads to enable removal of the RNA template, as described above.

For synthesis of either tRNA or the class I ligase, the reaction products were
analyzed directly by PAGE. For synthesis of the 11-nucleotide RNA used to
measure fidelity, the products were separated by PAGE, and the full-length
materials were eluted from the gel and purified by ethanol precipitation. The
purified RNAs were ligated to the Universal miRNA Cloning Linker using
K227Q T4 RNA Ligase 2 according to themanufacturer’s protocol, after which
the RNAs were captured on streptavidin magnetic beads and the ligated
products were eluted from the beads, as described above. These RNAs were
reverse-transcribed and PCR-amplified using primers Fwd2 and Rev2, then
cloned into E. coli, as described above. Individual colonies were picked and
sequenced by Eton Bioscience, and sequences were aligned using SnapGene
(GSL Biotech).

For synthesis of the hammerhead ribozyme, the extension products were
captured, washed, eluted, and purified by ethanol precipitation, as described
above. RNA cleavage activity was assayed under multiple-turnover conditions
in a reaction mixture containing 10 to 100 nM ribozyme, 4 μM Cy5-labeled
RNA substrate (S1), 20 mM MgCl2, 50 mM Tris·HCl pH 8.0, and 0.05% Tween-
20, which was incubated at 23 °C for 90 min. The reaction was quenched
using 95% formamide and 10 mM EDTA, and the products were analyzed by
PAGE. Reaction rates were calculated based on a linear fit of the fraction
cleaved during the initial phase (<10%) of the reaction. To determine spe-
cific activity, these rates were compared with that of a hammerhead ribo-
zyme that had been synthesized by T7 RNA polymerase.

Deep Sequencing of the Hammerhead Ribozyme. The hammerhead ribozyme
was synthesized by either the 24-3 or 38-6 polymerase, as described above,
pooling all partial- and full-length products after 24 and 1 h, respectively. The
products were ligated to the Universal miRNA Cloning Linker using K227Q T4
RNA Ligase 2 according to the manufacturer’s protocol, then reverse-
transcribed using SuperScript IV. The resulting RNA-cDNA complexes were
captured on streptavidin magnetic beads and washed to remove unex-
tended DNA primer, and the cDNAs were released by digesting the RNA
strand with RNase H. The cDNAs were tailed with poly(C) using terminal
transferase according to the manufacturer’s protocol. The enzymes were
inactivated by heating at 80 °C for 20 min, then dsDNA was generated by
PCR using Q5 Hot Start High-Fidelity DNA Polymerase. Illumina adapter se-
quences were added to the ends of the cDNA using primers Fwd4 and Rev4,
followed by amplification using the Illumina Nextera Index primers. The fi-
nal dsDNA products, ranging in size from 150 to 250 nucleotides, were pu-
rified by agarose gel electrophoresis and then sequenced on an Illumina
MiniSeq with a 75-cycle paired-end run, carried out by the Salk Next Gen-
eration Sequencing Core.

The sequencing datawere processed to categorize all mutations relative to
the expected hammerhead ribozyme sequence. The Illumina adapter se-
quences were trimmed, and unindexed reads were removed using cutadapt
v2.4 (34). Then the paired reads were merged using FLASH v1.2.11 (35), with
a minimum overlap of four nucleotides and maximum mismatch density of
0.3, and filtered to remove low-quality reads with a Phred score <30 at any
position using fastq_quality_filter from FASTX Toolkit v0.0.13 (36). The
resulting reads were aligned using bowtie2 (37) in end-to-end mode, with a
seed length of five nucleotides and with reference to a sequence consisting
of the expected full-length hammerhead and the flanking constant regions,
including the complement of the processivity tag: CTACAGGGCACTCCA-
CACGACGTACTGATGAGGCCGAAAGGCCGAAAAGCGTTTTTTGTCATTGTCCT-
GTAGGCACCATCAAT (constant regions underscored). Samtools v1.9 (38) was
then used to prepare a sorted, indexed, and compressed alignment file, and
the bamtoaln module of breseq (v 0.27.0) (39) was used to produce a gapped
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alignment of the reads relative to the reference sequence. Finally, a custom
JavaScript (SI Appendix) was used to calculate the numbers of matches, mis-
matches, deletions, and insertions as a function of template position and read
length along the reference sequence. The script was compiled after extracting
the Java files using Javac v1.7 (Oracle), and run with Java using the output
tables from breseq bamtoaln and a reference length of 83. The resulting
data tables were manually processed to generate fidelity tables and position-
specific data plots. All raw and processed data have been deposited in the
Gene Expression Omnibus (GEO) database (accession no. GSE142114) (40).
The average per-nucleotide fidelity was calculated as the geometric mean of
the averaged fidelities for each of the four nucleobases.

RNA-Catalyzed Synthesis of the Class I Ligase. Analytical-scale polymerization
reactions used either 0.1 μM RNA template (for fragments 1, 3, and 3′, with
prime denoting the complementary strand) or 0.05 μM RNA template (for
fragments 2, 1′, and 2′), 0.08 μM primer, and 0.1 μM polymerase ribozyme,
which were annealed as described above (sequences listed in SI Appendix,
Table S4). These RNAs were added to a reaction mixture containing 4 mM
each NTP, 200 mM MgCl2, 25 mM Tris·HCl pH 8.3, and 0.05% Tween-20,
followed by incubation at 17 °C for 72 h. The reactions were quenched,
the RNA template was removed, and the extension products were analyzed
by PAGE, as described above.

Preparative-scale reactions were performed under the same conditions as
above, except the extension products were captured on streptavidin-coated
agarose beads that had been preblocked with 1mg/mL tRNA. The beads were
collected in a 10-mL chromatography column attached to a vacuummanifold
and washed twice with NaOH buffer, twice with urea buffer, and twice with
binding buffer, then blocked again with 1 mg/mL tRNA. The extension prod-
ucts were eluted from the beads by incubation in 95% formamide and 10 mM
EDTA at 95 °C for 10 min, then collected using a centrifugal filter. Free
streptavidin monomers were removed using the Monarch RNA Cleanup Kit
(New England BioLabs), then the full-length products were separated by PAGE,
eluted from the gel, purified by ethanol precipitation, and quantified by
comparing their fluorescence intensity to known standards by analytical PAGE.

Purified fragment 1 RNAs were ligated to the Universal miRNA Cloning
Linker as described above, then reverse-transcribed using primer Rev3. The
RNA/cDNA hybrid was captured on streptavidin magnetic beads and washed
oncewith binding buffer, then the cDNAwas elutedwith NaOHbuffer, which
was passed through a 0.2-μm filter, quenched in 100 mM Tris pH 7.5, and
ethanol-precipitated. Cytidine residues were added to the 3′ end of the
cDNA using terminal transferase according to the manufacturer’s protocol
using 1 mM dCTP, followed by incubation at 37 °C for 30 min and then
heating at 70 °C for 10 min. The products were PCR-amplified using primers
Fwd3 and Rev3, cloned into E. coli, and sequenced by Eton Bioscience, and
the sequences were aligned using SnapGene, as described above.

Activity of the Class I Ligase. Ligation reactions were performed under
multiple-turnover conditions (41) in a mixture containing 20 μM 5′-substrate
(S2) that had been labeled with Cy5, 80 μM 3′-substrate (S3) that had been
chemically triphosphorylated (42), and 1 μM ligase that was provided as ei-
ther a contiguous strand or three separate fragments. The reaction mixture
also contained 60 mM MgCl2, 200 mM KCl, 0.6 mM EDTA, and 50 mM Tris·HCl
pH 8.3, which was incubated at 23 °C. Aliquots were obtained at various times
and quenched by adding four volumes of 80% formamide and 100 mM EDTA,
after which the products were analyzed by PAGE.
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