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ABSTRACT

The search is underway for a catalytic RNA molecule capable of self-replication. Finding such a ribozyme would lend crucial
support to the RNA World hypothesis, which holds that very early life-forms relied on RNA for both replicating and storing
genetic information. We previously reported an RNA polymerase isolated from a pool of variants of an existing RNA ligase
ribozyme. Here we report eight additional ligase-derived polymerase ribozymes isolated from this pool. Because each of them is
a new potential starting point for further in vitro evolution and engineering, together they substantially enrich the set of
candidates from which an RNA replicase ribozyme might eventually emerge.
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INTRODUCTION

In discussing the origins of life, current editions of many
biology textbooks now sketch a description of the RNA
World, a very early and hypothetical period of evolution
during which it is imagined that ribo-organisms ruled the
earth (Purves et al. 2004; Campbell and Reece 2005; Freeman
2005; Audesirk et al. 2005). These ancestral creatures
had only one kind of encoded polymer: Both their enzymes
and their genome were made of RNA (Pace and Marsh
1985; Gilbert 1986; Orgel 1986). The appeal of the RNA
World hypothesis is rooted in its simplicity: Although the
evolutionary innovation of such a sophisticated molecule
as RNA would have been no small feat (Shapiro 1988;
Larralde et al. 1995; see also Ricardo et al. 2004; Springsteen
and Joyce 2004) and RNA might have been preceded by a
simpler genetic polymer during the ‘‘pre-RNAWorld’’ (Nelson
et al. 2000; Ichida et al. 2005), and although it has even been
suggested that the earliest life-forms lacked genes of any
kind (Shapiro 2000), the idea of a transitional RNA-only
phase at some period during early evolution seems com-
fortably plausible in comparison to the alternative scenario
in which oligonucleotides and coded protein synthesis
emerged together in miraculous concert. Since the discovery
that RNA, outside its well-established role as an information
carrier, can also act as an enzyme to catalyze chemical

reactions (Altman 1990; Cech 1990) and in fact catalyzes
protein synthesis in all modern organisms (Steitz and
Moore 2003), RNA has been the leading candidate for a poly-
mer that ‘‘did it all’’ in our very early ancestors (Joyce
2002; Dworkin et al. 2003; Hughes et al. 2004; Orgel 2004).

Despite the popularity of the RNA World hypothesis,
some of its crucial tenets remain assumptions. Chief among
them is the notion that RNA can be replicated without
proteins. In the early stages of the RNA World, nonenzy-
matic polymerization must have played a major role
(Luther et al. 1998; Huang and Ferris 2003; Monnard et al.
2003; Franchi and Gallori 2005), but in most versions of
the RNA World hypothesis, RNA at some point became
genetically self-sufficient, taking over responsibility for its
own synthesis. In order to substantiate the notion that RNA
can be a good enough enzyme to catalyze RNA replication,
considerable effort has been devoted to the search for an
RNA polymerase ribozyme (Bartel 1999; McGinness and
Joyce 2003).

The search has so far been dominated by efforts to
extend the functionality of existing ribozymes. Some prog-
ress has been made using natural self-splicing introns as a
starting point (Been and Cech 1988; Doudna and Szostak
1989; Bartel et al. 1991; Chowrira et al. 1993; Doudna et al.
1993; McGinness and Joyce 2002), while other approaches
have focused on an artificial ribozyme called the Class I
RNA ligase (Bartel and Szostak 1993; Ekland et al. 1995).
Derivatives of this ligase are able to extend an RNA primer
by several nucleotides, but they require specific base-pair-
ing to the RNA template strand (Ekland and Bartel 1996;
McGinness et al. 2002). This dependence on specific
sequence elements prevents them from being general
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polymerases, capable of copying any template. In an
attempt to convert the ligase into a general polymerase,
we previously constructed a pool of more than 1015 ligase
variants, to each of which was appended a 76-nt segment of
random sequence (Johnston et al. 2001). This was called
the Ligase+N76 pool (Fig. 1). It was hoped that some of
these chimeric RNA molecules would be able to bind and
extend a primer-template RNA duplex without base-pair-
ing to it. The pool was enriched for molecules with the
desired activity by repeated selection and amplification,
and after 10 rounds of this in vitro selection, a single
ribozyme was found showing robust template-dependent
polymerization activity. This ribozyme, referred to here as
Pol 1, was then subjected to eight further rounds of opti-
mizing selection, improving its activity
to the point where it could polymerize a
whole turn of an RNA helix. The
improved polymerase, referred to here
as Evolved Pol 1, has been characterized
with respect to its secondary structure
and fidelity (Johnston et al. 2001),
kinetics and processivity (Lawrence and
Bartel 2003), and substrate recognition
(Müller and Bartel 2003).

Here we report a new Ligase+N76

polymerase selection (called branch B),
in which the selection protocol was
modified using lessons learned from
the original experiment (called branch
A). The new selection led to the isola-
tion of seven additional ligase-derived
polymerase ribozymes, designated Pol 2
through Pol 8, each with another unique
‘‘auxiliary domain’’ derived from the
randomized N76 segment. Additionally,
a weak polymerase from the original
selection was re-examined and named

Pol 9. The whole collection of polymerase ribozymes was
compared head-to-head in polymerization assays using a
variety of primer-templates (PTs). Pols 1–4 had approxi-
mately equivalent levels of activity, while the activity of
Pols 5–9 was less robust. In general, Evolved Pol 1 showed
the strongest polymerization activity, although with some
PTs it was nearly matched by Pols 1–4.

RESULTS

New selection

Having found Pol 1 as the only robust polymerase from the
branch A selection, yet suspecting that the Ligase+N76 starting
pool might still hold undiscovered polymerases, we designed a
new selection strategy to look for ribozymes that the first
experiment might have missed. We returned to an early
point in the original selection and branched off along a new
path to look for more polymerases. This new selection path,
called branch B (Fig. 2), incorporated several modifications
that were expected to alter the course of the in vitro evolution.

In branch A, ribozymes had been incubated with 4-
thioUTP, and ribozymes that tagged themselves with 4-thioU
were isolated on the basis of their decreased mobility in a
mercury gel. Pol 1 was later confirmed to utilize 4-thioUTP
and unmodified UTP with comparable efficiency in polymer-
ization assays (data not shown). However, in later rounds
of branch A, an additional constraint had been imposed:
Ribozymes were incubated with biotin-ATP, with the idea
that ribozymes that tagged themselves with both 4-thioU and
biotin-A would be isolated by successive purification using

FIGURE 1. Ligase+N76 starting pool, consisting of an RNA ligase
ribozyme (black), plus P2-completing heptamer (purple) and two
randomized loops (blue), concatenated to a 76-nt random region
(blue), and flanked by primer-binding sites (green).

Fig. 1 and 2 live 4/c

FIGURE 2. Two branches of the polymerase selection, and breakdowns of pool populations.
Pool evolution is represented as a line extending rightward, with each selection round
indicated as a circled number. Pie graphs report the predominant families at certain rounds
(as percent of total population). Families detected at low levels are reported as ‘‘others.’’
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mercury gels and then streptavidin-coated magnetic beads
(Table 1). Although branch A was eventually successful, Pol 1
was later found to reject biotin-ATP as a substrate, despite its
efficient use of unmodified ATP. Moreover, the parental RNA
ligase ribozyme was also shown to use ATP, but not biotin-
ATP (data not shown), as a substrate in the single-nucleotide
addition reaction it catalyzes using an internal template
(Ekland and Bartel 1996). These findings suggested in hind-
sight that the use of biotin-ATP in some rounds of branch A
had been ineffective in imposing additional selective pressure
and that the survival of ribozymes at this step in those rounds
was due merely to background binding to the streptavidin-
coated beads. Moreover, some valuable polymerase ribozymes
could have been lost or disfavored when the population was
forced through this potential bottleneck. Therefore, in design-
ing branch B to look for additional polymerases in the ligase-
based pool, we eliminated the use of biotin-ATP (Table 1).

In branch A, ribozymes that added one nucleotide had
been lumped together with ribozymes that added two
or more. At each step of the selection, all ribozymes that
managed to add the first 4-thioU were recovered and
amplified, regardless of how much additional polymeriza-
tion they had succeeded in catalyzing. Thus, Pol 1 was
isolated on the basis of its ability to add merely a single
nucleotide. During the Pol 1 optimization selection (rounds
A11–A18) (Fig. 2), we learned that RNA molecules contain-
ing two 4-thioUs halted in a mercury gel, rather than

merely slowing down, and that we
could therefore increase the stringency
of the mercury-gel technique to select
for addition of two 4-thioUs by collect-
ing only those molecules caught at the
mercury interface. In branch A, this
two–4-thioU technique had been used
in the Pol 1 optimization phase
(rounds A11–A18), but not in the orig-
inal polymerase discovery phase
(rounds 1–A10). In branch B, the
two–4-thioU technique was implemen-
ted much earlier (Table 1), in hopes
that the more stringent selection crite-
rion (demanding addition of two 4-
thioUs instead of just one) would shift
the course of the in vitro evolution and
reveal new polymerases.

Branch B was further enhanced by
earlier application of several other
selection techniques that had been
employed only in the Pol 1 optimiza-
tion phase (rounds 11–18) of branch A.
These modifications included the use of
competitor NTPs (unlabeled ATP,
CTP, and GTP), to select for high-
fidelity polymerization; the use of 2-
aminopurine in the polymerization

template, to improve Watson-Crick pairing geometry
with 4-thioU (by avoiding steric clash of the 4-thioU sulfur
atom and the adenine 6-amino group); the use of longer
templates, to favor ribozymes that could accommodate
them; the reduction of 4-thioUTP concentration, to favor
ribozymes with stronger NTP binding; and the use of
mutagenic PCR, to increase pool diversity and optimize
active ribozymes. Finally, whereas branch A had essentially
alternated one pair of primer-templates, sometimes repeat-
ing a PT in subsequent rounds (Table 1), branch B
employed a greater diversity of PT sequences in order to
enhance its selective power for polymerases that catalyze
general (as opposed to sequence-specific) template-directed
RNA polymerization.

Branch B began with pool 3 of the original selection
(Fig. 2), a pool that had already undergone three rounds
of selection for the ability to add a single 4-thioU but did
not yet have detectable polymerization activity. This pool
was subjected to eight new rounds of selection, incorporat-
ing the changes described above (Table 1). Pool activity was
detected after the first new round of selection (round B4),
with �2% of the pool adding a single 4-thioU in 24 h. In
every subsequent round, the selection criterion was addi-
tion of two 4-thioUs, and this activity was first detected
after round B6. Following round B8, pool activity was
robust, and was shown to require a correctly paired primer
and template. After round B10, the pool was shown to

TABLE 1. Polymerization templates and selection parameters used in polymerase evolution

NTPs (mM)
Time Selection

Round Template 4SU BA A,C,G (hr) criteria

Shared initial rounds
1 GGUCAGAUU 2 0 0 36 4SU
2 GGUCAGAACC 2 0 0 20 4SU
3 GGUCAGAA 2 0 0 20 4SU

Branch A
A4 CUUAGUUCAUU 2 0 0 19 4SU
A5 CUUAGUUCAUU 2 0 0 1 4SU
A6 GGUCAGAUU 1 1 0 14 BA, 4SU
A7 CUUAGUUCAUU 1 1 0 17 BA, 4SU
A8 GGUCAGAUU 1 1 0 17 BA, 4SU
A9 GGUCAGAUU 1 1 0 4 BA, 4SU
A10 CUUAGUUCAUU 1 0 0 20 4SU

Branch B
B4 ACAUACGGAUAUU 2 0 0 24 4SU
B5 UCGACGGAACC 2 0 0 18 23 4SU
B6 ACCUGAGaaCC 0.5 0 0 18 23 4SU
B7 CAAGUCCaaGG 0.1 0 2 ea. 14 23 4SU
B8 ACCUGAGaaCC 0.1 0 2 ea. 15 23 4SU
B9 CAAGUCCaaGG 0.1 0 2 ea. 1 23 4SU
B10 CAAGUCCaaUGAUCGUA 0.1 0 2 ea. 5 23 4SU
B11 UCGACGGaaCCUGCGUC 0.1 0 2 ea. 0.4 23 4SU

Polymerization primer was complementary to the underlined portion of each template (‘‘a’’
indicates the adenine isomer 2-aminopurine). BA indicates N6-biotin-A, and 4SU indicates
4-thioU.
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catalyze polymerization in the untethered format (with no
covalent linkage between pool and primer) using all three
different PTs tested. After one more round, selection was
stopped and pool populations were analyzed.

Dramatic population shifts

In the present study, 139 clones from pools B7–11 were
isolated and sequenced, then grouped into 33 families, with
the members of each family having nearly identical sequences,
by virtue of descent from a single ancestral sequence in the
starting pool. Immediately obvious was the early dominance
of the Pol 1 family in the branch B selection: 90% of the
isolates from pool B7 were identical or nearly identical to Pol
1 (Fig. 2). Had this result been apparent immediately after
round B7, it might have led to the early abandonment of the
branch B selection; despite our efforts to improve the selection
protocol and uncover new polymerases, evolution seemed
stuck in a rut. Fortunately, however, branch B had already
been carried forward several more rounds, thereby revealing
the first new polymerase family, represented by Pol 2. This
new family gradually but completely displaced the Pol 1
family during rounds B8–B10, apparently indicating its supe-
rior fitness under branch B selection conditions. Several addi-
tional families were also detected during the population shift:
The Pol 5 family dominated pool B9 but disappeared in the
next round, while Pols 3, 4, 6, 7, and 8 were detected at small
numbers in pools B7–B9. At round B10, about half of the
clones had multiple lesions in their ligase domains. Clones
such as these always failed in polymerization assays and were
provisionally classified as ‘‘parasites,’’ because their garbled
catalytic domain and consequent inactivity meant that they
had been able to prosper during the selection by alternative,
uncharacterized mechanisms. Most of the parasites in branch
B belonged to a few large families.

New polymerases

A consensus clone was chosen to represent each new poly-
merase family (Table 2; Fig. 3). The new clones were eval-

uated alongside Pol 1 in polymerization assays using a
variety of PTs (Fig. 4). On the basis of these compar-
isons, the new clones were named Pols 2–8 in order of
their approximate overall activity. All eight polymerases
extended PT A, which codes for addition of a single C.
Pols 1–5 went further by adding an additional, untem-
plated nucleotide, as do most proteinaceous polymerases
(Bausch et al. 1983; Clark et al. 1987). With a longer
template (PT D), extension by at least 3 nt was detected
using all eight polymerases. With other PTs, the perfor-
mance of Pols 1–4 was consistently strong, and their activ-
ity levels were generally comparable. Pols 5 and 6 were
usually much weaker, and Pols 7 and 8 extended only a
few of the PTs tested.

Polymerization requires both domains

Without an auxiliary domain, the ligase core was completely
inactive in all polymerization assays (Fig. 4, ‘‘L’’ lanes). Pol 2
activity was dependent on the P2-completing oligo (data not
shown), as observed previously with Pol 1 (Johnston et al.
2001), indicating that the ligase P2 stem remained essential
for polymerization. Clones with disrupted ligase domains
(parasites) were always inactive in polymerization assays
(data not shown). However, many families with intact ligase
domains were also found to be inactive, indicating that not
just any auxiliary domain will do.

Attempts were made to trim some of the new poly-
merases. Earlier work that had produced the ligase ribo-
zyme itself (Ekland et al. 1995) showed that ribozymes
isolated from in vitro selection experiments could often
tolerate terminal truncations. We suspected that the ribo-
zymes emerging from the branch B selection would not
require their very 30 ends, because the last four nt of the
pool’s 30 terminus had been systematically varied at each
round of the selection in a deliberate effort to discourage
the pool from relying on its 30 terminus (for instance, by
subversively using it as the polymerization primer in place
of the primer ligated to the 50 end of the pool at each
round). However, in the case of Pol 2, deleting just 8 nt
from its 30 end was enough to nearly abolish its activity.

Attempts to trim Pol 5 were slightly
more successful: This polymerase toler-
ated the deletion of 10 nt from its 30

terminus. (The truncated version of Pol
5, depicted in Fig. 3, was used in the Fig.
4 assays.) Further truncation was not
tolerated, however, with Pol 5 complete-
ly inactivated by deletion of 20 or more
nt from its 30 end.

A closer look at Pol 1

During the original branch A selection,
74 variants were cloned and sequenced

TABLE 2. Ligase loop sequences and other changes in each polymerase

Polymerase Isolate no. Loop 5 Loop 7 Ligase changes

Pol 1 A10.2 UGUGAAUU GCGAUUGC
Pol 2 B11.78 ACUCAUAA CAUCAUAA A9C, A63C
Pol 3 B9.41 UAGUAUCG AAUCUCUC A63U
Pol 4 B8.36 ACAUUGGU CUAAGUUG
Pol 5 B9.02 AGUCCCAA UCCGCUAA
Pol 6 B9.50 AGUCCCAA UCCGCUAA A100G
Pol 7 B8.64 GCGUAUGU ACGUGCCU C72U
Pol 8 B8.38 CAUAUUCGG GGGGUGCC
Pol 9 A9.1 GCAGUAGC UGAUACUA
Ev Pol 1 A18.12.23 UUCG GCGAUAGC D3–8, U106C
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from pools A8–A10, then grouped into 23 families
(Johnston et al. 2001). One family, represented by isolate

10.2, showed robust template-dependent polymerization
and was renamed the round 10 ribozyme, referred to here
as Pol 1. It was the starting point for further optimization
(rounds A11–A18) and site-directed sequence engineering,
yielding eventually the round 18 ribozyme or Evolved
Pol 1. With one of the primer-templates examined, this
polymerase can accurately synthesize a full turn of an
RNA helix, extending this primer by 14 nt (Johnston et al.
2001). It also showed strong activity with a 3 nt-shorter
version of this template (PT E) (Fig. 4). However, with
other PTs, the activity of Evolved Pol 1 was more modest.
PTs B and C are analogous to the PTs used during the
selection in that they code first for the addition of two Us.
With PT B, Evolved Pol 1 managed to add the first two Us
to all of the PT molecules but added the final encoded A to
only a tiny fraction of them (Fig. 4). With PT C, which
codes for the addition of 12 nt, Evolved Pol 1 was able to
add the first U to most of the PTs, but it usually stalled
there; it added the second U to only a small fraction of the
molecules; addition of 3–6 nt was barely detectable, and no
polymerization was observed beyond 6 nt. With PT F,
which codes for 30 nt, Evolved Pol 1 added at most 7 nt;
similar results were seen with two other PTs of the same
length (data not shown).

Race against hydrolysis

Evolved Pol 1 typically extends its PT by 4–8 nt, and never
by more than 14 nt, even when the template codes for
many more. Why doesn’t it do better? The reason is its
very weak primer-template binding. The polymerization

FIGURE 3. Polymerase ribozymes. Each polymerase contains a ligase
domain (shown as boxed ‘‘Lig’’; see Table 2 for details) concatenated
to an auxiliary domain derived from the pool N76 region (blue) and 30

primer-binding site (green). Secondary structures of Pols 2–9 are
speculative. Evolved Pol 1 is shown with changes from Pol 1 indicated
in pink and in gray.

FIGURE 4. Ribozyme-catalyzed primer extension. Each panel shows
polymerization using a different primer-template (PT), shown at top
(‘‘a’’ indicates 2-aminopurine). In each panel, the first two lanes are
negative controls, showing primer incubated with no ribozyme (�) or
with ligase core only (L). Lanes 1–9 and Ev1 show the activity of Pols
1–9 and Evolved Pol 1. Extension products are numbered at right,
with stars indicating full-length molecules extended by an additional,
untemplated nucleotide.

Fig. 3 live 4/c
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reaction uses micromolar concentrations of RNA, but the
polymerase binds its PT substrate with only millimolar
affinity, and simply increasing the PT concentration fails
to improve the situation, because higher RNA concentra-
tions actually inhibit the ribozyme (Lawrence and Bartel
2003). This extremely poor affinity makes PT binding the
rate-limiting step. As the ribozyme slowly polymerizes
NTPs, it suffers the constant hydrolytic onslaught of the
high-magnesium, high-pH reaction buffer, and this causes
the reaction to decelerate. We measured how long Evolved
Pol 1 survives under polymerization assay conditions and
found that its half-life was in close agreement with the
halving time of reaction rate; after a day-long exposure to
200 mM magnesium and a pH of 8.5, only about half of the
polymerase remained full-length.

Weak additional ribozymes from branch A

Pol 1 was the only robust polymerase discovered during
branch A of the selection. However, a second polymerase
family was also reported, represented by isolate 9.1 and
comprising 55% of the pool after round A9 (Fig. 2). It had
an unmutated ligase domain and was shown to catalyze a
weak but template-dependent extension of a tethered primer
(Johnston et al. 2001). Here we renamed this ribozyme Pol 9
(Fig. 3) and tested it with several untethered PTs, confirming
that its polymerization activity is very weak, in fact undetect-
able with most PTs (Fig. 4). A third family that rose to
prominence during branch A comprised 41% of pool A8
and 35% of pool A10 (Fig. 2), but despite its evolutionary
success and intact ligase domain, it showed no activity in the
initial tethered PT assay, and so was not reported. After the
branch B selection, this family was recognized as including
Pol 8 (Fig. 3), a very weak polymerase present at low fre-
quency in several branch B pools (Fig. 2).

DISCUSSION

The Class I RNA ligase is one of the fastest ribozymes
known (Bergman et al. 2000), and it catalyzes a reaction
similar in many crucial respects to a single step of RNA
polymerization: The reactants are aligned by Watson-Crick
pairing to an RNA template, the 30-hydroxyl of one reac-
tant attacks the 50-triphosphate of the other reactant, pyro-
phosphate is released, and a new internucleotide linkage is
created. When assisted by base-pairing, the ligase can
extend an RNA primer by as many as 6 nt (Ekland and
Bartel 1996). However, with PTs that don’t base-pair to it,
the ligase can’t add even a single nucleotide (Fig. 4, ‘‘L’’
lanes). The Ligase+N76 pool (Fig. 1) was constructed in
hopes of finding an auxiliary domain that, when appended
to the ligase, would somehow help it bind the PT sequence
nonspecifically, thus converting the ligase into a general
polymerase (Johnston et al. 2001). Now nine such auxiliary
domains have been identified. Thus it appears that there

are multiple ways of binding the primer-template RNA
duplex, and a corresponding diversity of ways to convert
this RNA ligase into an RNA polymerase.

A bouquet of long stems

The secondary structures of the auxiliary domains of Pols 2–9
are not yet known. Speculative structures based on the pre-
dictions of the m-fold algorithm (Zuker 2003) are shown in
Figure 3. In many cases, long paired regions (for example, a
putative 13-base pair stem in Pol 3) lend credibility to the
structures, because these long stems would be extremely
stable in the presence of 200 mM magnesium, and they
significantly constrain the rest of the fold. Moreover, m-fold
correctly predicted the structure of the Evolved Pol 1 auxilia-
ry domain; the predicted structure includes all the base pairs
shown in the Figure 3 structure, which was modeled inde-
pendently by comparative analysis of 25 diverse variants
(Johnston et al. 2001). It is tempting to interpret these highly
base-paired, largely linear structures as a general feature of
successful polymerase auxiliary domains. The auxiliary
domains of the most active polymerases, Pols 1–5, were
each compared to their permuted cohort, a set of sequences
in which the N76-derived sequence was randomly reordered,
neutralizing the contributions of evolution but preserving
base composition (Schultes et al. 1999). In each case, the
evolved structure was more stable than at least 70% of its
permuted cohort (95% in the cases of Pols 1 and 5). Thus, the
predicted stability trend reflects conformational order accu-
mulated during selection, and not merely the innate folding
behavior of RNA. It would be interesting to explore whether
this property directly aids polymerization, or whether it was
favored during the selection for more general reasons, such as
compactness or resistance to hydrolysis.

Polymerase ecology

The defining feature of in vitro evolution is the use of iterated
selection and amplification to move from a starting pool in
which sequences are distributed randomly, to an evolved pool
in which they occur in proportion to their aptitude for the
desired activity. In our ribozyme selections, however, we have
often been frustrated by a perversely weak correlation between
activity and multiplicity. For instance, the Pol 8 and Pol 9
families dominated the branch A pools numerically but
showed only weak activity, whether assayed in the tethered
format (analogous to the selection context) or untethered
(requiring the activity ultimately desired). Conversely, Pols 3
and 4, two of the most active polymerases to emerge from the
Ligase+N76 pool, never multiplied beyond a few percent of
total population. This weak correlation exposes a fundamental
inefficiency in the selection protocol. A related issue is the
emergence of ‘‘parasites,’’ clones with ruined catalytic domains
and no polymerization activity whatsoever, which emerge
consistently in later rounds of our polymerase selections. We
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speculate that these inactive clones survive by efficiently insert-
ing their primers into the active sites of working polymerases,
thus exploitatively ensuring their own propagation while con-
tributing nothing to the overall level of pool activity. This
hypothesis explains their absence during early selection
rounds, when there are not yet enough working polymerases
around to exploit. Similar phenomena have been observed in
other in vitro selection experiments (Hanczyc andDorit 1998).

On the path to RNA self-replication?

Each of these nine rudimentary polymerases is a potentially
promising evolutionary intermediate between ligase and
replicase. In the case of Pol 1, the promise has already
borne fruit: After eight rounds of optimizing selection
and a little site-directed tinkering, it gave rise to Evolved
Pol 1, the strongest polymerase ribozyme yet reported.
Evolved Pol 1 can add 14 nt to one particular PT, but
more typically it adds 4–8 nt (Fig. 4). Previous work
demonstrated its sensitivity to PT sequence: A change as
slight as adding or subtracting a single nucleotide from the
starting primer altered the observed extension rate by as
much as an order of magnitude (Lawrence and Bartel
2003). Such sequence-specific variation is not surprising,
having been observed as well with proteinaceous poly-
merases (Echols and Goodman 1991; Kunkel 1992). None-
theless, without exception, Evolved Pol 1 has extended
every PT tested: It is truly a general RNA polymerase.

Pols 2–9 have not yet had the benefit of optimization,
and it is interesting to imagine what Evolved Pols 2–9
might be like. One could imagine constructing a pool of
variants of each ribozyme, then mixing them all together
into one super pool and letting them all compete against
each other during selection. By this approach, the problem
of ‘‘declaring wild type’’ (Joyce 2004) would be softened
slightly: Instead of forcing the population through the
bottleneck of a single sequence, an increased genetic diver-
sity of forms would be retained, and with it the possibility
of productive recombination between unrelated structures.
In any case, it will be interesting to see if an RNA replicase
ribozyme can eventually be isolated, whether it descends
from one of these ligase-derived polymerases, or from any
other branch of the ribozyme family tree.

MATERIALS AND METHODS

In vitro selection

The starting pool for the branch B selection (Fig. 2) was an aliquot
of pool 3 DNA archived during the original selection experiment
(Johnston et al. 2001). RNA was transcribed using T7 RNA poly-
merase, purified by PAGE (polyacrylamide gel electrophoresis),
and ligated to an RNA primer using T4 DNA ligase and a DNA
splint, then PAGE-purified again and annealed to an RNA
template. Primer and template sequences were changed in each

round (Table 1). The pool was also annealed to the RNA hep-
tamer GGCACCA, which completed the P2 stem of the ligase
domain. The polymerization reaction was initiated by addition
of selection buffer (60 mM MgCl2, 200 mM KCl, 50 mM EPPS
[pH 8.0]) plus 4-thioUTP and competitor NTPs, then allowed to
proceed at 22�C for 0.4–24 h (Table 1). The reaction was stopped
by addition of 80 mM EDTA, and excess 4-thioUTP was removed
by Centricon filtration. Molecules containing 4-thioU were isolated
by mercury PAGE. From round B4 onward, RNA was excised from
the interface between the �Hg and +Hg regions, enforcing selec-
tion for addition of two 4-thioUs. RNA was eluted from the gel
slice, then used to seed the next round of amplification-selection.

Cloning and sequencing

Molecules were cloned from pools B7–B11 using TOPO-TA clon-
ing (Invitrogen), then 72 were sequenced and grouped into nine
families of nearly identical sequences. The population statistics
shown in Figure 2 were computed from this first set of clones (for
rounds 7–11, n= 18, 12, 15, 20, and 19, respectively). Additional
minor families were then uncovered using a two-step colony
hybridization screen. In the first step, thousands of cloned colon-
ies from pools B8–B10 were transferred to nitrocellulose mem-
branes and screened with 70-nt DNA probes corresponding to the
auxiliary domains of the known major families. Clones that
hybridized to any of these probes were ruled out as novel candi-
dates. In the second step, the clones were rescreened using a probe
that corresponded to the ligase domain. Clones that hybridized
only in this second step were candidates of interest, because they
had an intact ligase domain and an unknown auxiliary domain.
Sixty-seven such clones were sequenced, bringing the total num-
ber of sequence families to 33.

Polymerization assays

Polymerase ribozymes (5 mM final concentration) were transcribed
from cloned DNA templates, PAGE-purified, and annealed to a
1.25-fold molar excess of P2 oligo. Primer (0.1 mM, 50-radiolabeled)
and template (0.5 mM) were annealed separately, then mixed with
assay buffer (200 mMMgCl2, 50 mM Tris-HCl [pH 8.5]) and NTPs
(4 mM each). Polymerization reactions were initiated by mixing
annealed ribozyme with annealed PT/buffer/NTPs. After a 24-h
incubation at 22�C, reactions were mixed with 4 vol of gel loading
buffer (8 M urea, 25 mM EDTA), template was separated from
primer by addition of 5 molar equivalents of a competitor RNA
identical to fully extended primer, and extension products were
resolved by denaturing PAGE.

Measurement of polymerase survival time during
polymerization

Three identical polymerization assays were carried out as above,
varying only the position of the 50 radiolabel: In one reaction the
primer was end-labeled (as normally), whereas in the other two
either the template or the ribozyme (Evolved Pol 1) was end-
labeled. Aliquots were withdrawn and quenched at a series of time
points, and RNAs of different sizes were separated by denaturing
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PAGE. At each time point, amounts of full-length ribozyme and
degradation fragments were quantitated.
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