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ABSTRACT

A group I intron from a bacterial tRNA precursor has
been converted into an RNA enzyme that catalyzes the
efficient polymerization of oligoribonucleotide analogs
of tRNA exons using a reaction scheme consisting of
multiple cycles of reverse and forward exon ligation
reactions. Here, we present results showing that this
system represents a novel and useful tool for the
analysis of 3' splice site reactions of group I ribo-
zymes. First, analysis of variant substrates containing
base substitutions in group I secondary structure
elements P1, P9.0 and P10 confirms that exon poly-
merization is dependent on these structures, and
therefore constitutes an appropriate and relevant
model system for studying the exon ligation step of
splicing. Second, to probe interactions between the
intron's catalytic core and the bases and backbone of
the P1/Pl0 reaction helix, two successful strategies for
separating the internal guide sequence from the intron
core were devised. One such strategy uses a construct
in which the reaction helix interacts functionally with
the catalytic core using only tertiary contacts. Further
stabilization of this interaction through the inclusion of
a 7 bp intermolecular P2 helix generates increased
reaction efficiency. Third, when provided with two
reaction helices, the ribozyme synthesizes mixed poly-
mers through a mechanism that involves sequential
binding and release of the duplexes. Fourth, in these
reactions, turnover of the external guide sequence
requires unwinding and annealing of the P2 helix,
suggesting that P2 unwinding may occur during group
I splicing. These results provide novel experimental
tools to probe the relatively poorly understood 3'
splice site reactions of group I introns, and may be
relevant to ribozyme-catalyzed assembly and recom-
bination of oligomers in prebiotic scenarios.

INTRODUCTION

Group I intron RNA molecules mediate transesterification
reactions that are required for expression of intron-containing
genes (for review, see ref. 1). The development of ribozymes that
catalyse 5' splice site reactions in trans (2,3) has proven to be
instrumental in analyzing the structural basis and detailed kinetic
mechanism for 5' splice site recognition and reactions (4). In
contrast, group I constructs that direct 3' splice site reactions in
trans are very much under-developed. Bimolecular reactions of
oligonucleotide analogs of the 5' exon with unspliced precursor
RNAs are well characterized (5). We have developed two unique
approaches to the development of bimolecular systems for
analysis of 3' splice site reactions. In one approach, we
reconstructed the Tetrahymena intron (I) so that the 5' exon (El)
was located downstream of the intron, and showed that this I * El
construct can attack oligonucleotide analogs of 3' splice sites in
trans through a reaction that generates ligated exons in the form
I El *E2 (6).

In the second approach, utilized in the work described here, we
have converted a self-splicing group I intron from a tRNAIle gene
ofthe bacteriumAzoarcus (7) into an RNA enzyme that catalyzes
the synthesis of long RNA polymers using a novel mechanism
(8). The reaction (Fig. lA) is based on reverse and forward 3'
splice site reactions of the self-splicing intron, and so is distinct
from previously described polymerization activities of group I
introns that are based on 5' splice site reactions (2,9-13). In our
system, RNA substrates function as analogs of ligated exons
(El E2) that associate with the intron enzyme (I) by forming
duplexes with an internal guide sequence (14), located at the 5'
end of the construct (Fig. IB). Repeated reverse exon ligation and
displacement steps then generate a series of covalent enzyme-
linked reaction intermediates of the structure I - (E2)n, where n =
1 to .19. Exon 1 (E1) accumulates during the course of the
reaction, and attacks the intermediate at sites to the 5' side ofexon
2 (E2), generating reaction products of the structure El * (E2),
where m < n. The key feature of this reaction pathway is that E2
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Figure 1. Exon polymeiization reaction catalyzed by the modified Azoarcus group I intron. (A) Mechanism for exon polymerization reaction (8). 1. The intron RNA
enzyme (I) binds the ligated exon substrate (El * E2) through alignment on the internal guide sequence (IGS). 2. The 3'-terminal guanosine attacks the splice junction
in a transesterification reaction that represents the reverse of the exon ligation step of group I splicing, generating the covalent intermediate I - E2. 3. Guanosine at the
3' end of the intron leaves the active site, and is replaced by the 3'-terminal G of I * E2. Exon 1 (El) is released. 4. I * E2 binds a second El * E2 molecule. 5. A second
reverse exon ligation step yields I * E2 - E2. 6. Displacement in the 3'-+5' direction brings the authentic 3' splice site into the active site of the enzyme. 7. Attack of
El on the 3' splice site generates the reaction product El * E2 * E2 and regenerates the enzyme. Note that steps 3-5 can be repeated many times to generate intermediates
of the structure I - (E2)n, and reaction products ofthe structure El * (E2)n. (B) Alignment structure of ligated exons on internal and extemal guide sequences. The ligated
exon substrate (El * E2) binds to the internal guide sequence through the complementary pairings P1 and PI0. Both internal and external guide sequences are used
in the work described here. The 3' end of the intron is aligned in the active site of the enzyme through P9.0 (19,20) and binding of the terminal G to the G-site (21,22).

is bifunctional, serving as both a 3' exon and an intron terminus
(Fig. 1).

In the work described here, we show that the reaction is
dependent upon substrate sequences known to be important for
recognition and reactions of 3' splice sites, and so constitutes a

valid system for analysis of the structural basis for 3' splice site
reactions or group I splicing. We demonstrate that the ribozyme
can be engineered to use external guide sequences (that is, internal
guide sequences that have been separated from the 5' end of the
intron), including those in which the P1/PO0 reaction helix
interacts with the catalytic core of the intron using only tertiary
contacts. Because P1/PlO reaction helices consisting of RNA
generated by solid phase synthesis can be utilized, modified
nucleotides can be introduced for probing tertiary interactions
between the catalytic core, guide sequences and substrates.
Interestingly, when provided with two external guide sequences

and cognate substrates, the ribozyme synthesizes mixed RNA
polymers via a reaction pathway that involves multiple turnover
events involving formation and unwinding of an intermolecular
P2 helix. Together, our results provide a novel and useful model
system for analysis of the structural basis for 3' splice site
reactions that may mimic some aspects of prebiotic polyribo-
nucleotide synthesis and recombination.

MATERIALS AND METHODS

RNA synthesis

Transcriptional templates to generate the modified intron RNA
were generated by PCR methods as follows. Plasmid pBGB 1.1
(7) was digested with restriction endonuclease SphI, which
releases a 0.7 kb fragment containing the Azoairus group I intron.
The restriction fragment was gel purified and used as a template
for PCR. The template for the modified ribozyme containing an

internal guide sequence was prepared by PCR using 5' primer
(5'-TAATACGACTCACTATAGGGAAGCGAAAGAGCAGG-
GAGATGTGCCTTGCGCC-3') and 3' primer (5'-CCGG'lTf-
GTGTGACTT1'-3'). The 5' primer incorporates a promoter for
T7 RNA polymerase. Following in vitro transcription with T7
RNA polymerase, a modified intron is produced wherein exon 1

and five nucleotides at the 5' end of the intron (positions 1-5) are

deleted and a 18 ntunrelated sequence was substituted. The intron
transcript terminates with G205. Transcriptional templates used to
synthesize P2-cis IVS and P2-trans IVS were prepared by PCR
using two modified versions of the upstream primer, T7P2-
cis primer (5'-TAATACGACTCACTATAGGGCCTlGCGCC-
GGGAAACCA-3') and T7P2-trans IVS (5'-TAATACGACT-
CACTATAGGGGAAACCACGCAAGGGA-3').
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Figure 2. Ribozymes, internal and external guide sequences, and substrates. (A) Intron structure and modifications to utilize external guide sequences. The structure
of the Azoarcus tRNAlle intron (7) is shown. Modifications were introduced into the 5' end of the intron to extend and stabilize P1O (8). Exon sequences are shown
in lower case. The guide sequence is the sequence GGGAGAUGUG near the 5' end of the intron. When covalently linked to the intron, this sequence is termed the
'internal guide sequence' (IGS, shown at right). When separated from the intron, it is termed the 'external guide sequence' (boxed constructs). The two strategies used
for separating the internal guide sequence [P1(3') and Pl0 (3')] from the intron enzyme are shown in boxes. Intron RNA was transcribed from a DNA template using
17 RNA polymerase as described. Transcription products were separated on a 10% denaturing polyacrylamide gel andRNA was visualized byUV shadowing, excised,
then eluted. (B) Sequences ofligated exon substrates (El * E2) used in this work. The reference sequence is the molecule El * E2g derived from the tRNA exon sequences
as described (8). Base substitutions relative to the reference sequence are indicated. El * E2g and other RNAs containing 20 or fewer nucleotides were synthesized using
solid phase RNA phosphoramidite methods, deprotected, and gel-purified as described (35,36). RNA phosphoramidites were obtained from Chemgenes, Inc.

Exon polymerization reactions

For polymerization reactions using an internal guide sequence,
0.4 gM unlabeled IVS RNA and 20 iM 3'-end labeled El E2g

RNA were denatured at 95°C for 1 min and renatured on ice for
1 min in a buffer containing 40 mM Tris-HCl (pH 7.5) and 100
mM (NH4)2SO4. The mixture was preincubated at 50'C and
initiated by adding MgCl2 to a final concentration of 30 mM.
After 30 min, reactions were quenched by adding an equal
volume of formamide loading buffer and freezing on crushed dry
ice. The samples were resolved on 10% denaturing polyacryl-
amide gels. Gels were dried and quantitated by radioanalytic
imaging with a Betascope instrument (Betagen).
For reactions using external guide sequences, 3' end-labeled

El E2g (10 ,uM) was hybridized to unlabeled external guide
sequence (12 gM) by heating to 90°C for 1 min followed by
renaturation at 50°C for 10 min in the presence of 40 mM
Tris-HCl pH 7.5, 30 mM MgCl2, 100 mM (NH4)2SO4 and 10
mM spermidine. Similarly, P2-cis IVS (0.4 ,uM) was denatured
and renatured separately at 50°C for 10 min. Reactions were
initiated by mixing the enzyme with the substrate-guide sequence
complex at 50°C in the presence of 0.1% ethanol. No polymeriz-
ation was observed in the absence ofspermidine (data not shown).

RESULTS

The exon polymerization reaction is a faithful reporter
of group 1 3' splice site reactions

The 3' splice site reactions of group I introns are dependent on
four known RNA structural elements: (i) P1, a short helix
between the intron's internal guide sequence (IGS) and El

(14,15); (ii) PlO, a helix between the IGS and E2 (16-18); (iii)
P9.0, 1-2 bp involving intron sequences at the 3' splice site and
within the catalytic core (19,20); (iv) binding of the invariant G
at the 3' end ofthe intron to its binding site in the core (21,22; Figs
B and 2A). To substantiate that our exon polymerization reaction

is an appropriate model system for the study of 3' splice site
structure and reactions, it was important to demonstrate that exon
polymerization is dependent upon sequences that form these
structures. Therefore, we carried out reactions in which the P1,
P9.0 and PlO structures were systematically destabilized by base
substitutions within the appropriate sequences of the ElI E2
polymerization substrate. Figure 3A shows that mutations that
destabilize P1 (A_2C, C_3A) and P9.0 (C+7A, C+8A) strongly
inhibit the formation of polyerization reaction products. In
addition, the P1 mutation also inhibits the initial reverse exon

ligation reaction that generates IVS * E2. It is important to note
that the mutations in P9.0 and the 3'-terminal G (G+10) interfere
with polymerization but do not interfere with the initial attack on
El * E2, because P9.0 and the terminal G reside within the intron
for the first cycle, and within E2 for subsequent reactions (this
work and ref. 8). The importance of Pl0, the pairing between the
internal guide sequence and exon 2, was tested by the use of
E I * E2 substrates capable offorming Pl0 structures consisting of
2, 4, 5 and 7 bp (Fig. 3B). Results showed that destabilizing Pl0
resulted in a progressive decrease in the extent of exon
polymerization (Fig. 3B), although production of IVS * E2 was

essentially undiminished. The finding that the initial step of the
polymerization reaction, reverse exon ligation, is insensitive to
mutations in PlO is consistent with previous results obtained
using the Tetrahymena system (23). Together, these results verify
that reactivity in the exon polymerization assay is sensitive to
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system may recapitulate important features of protein-free RNA
replication and/or recombination in an 'RNA world' scenario
(12,24-26). In this regard, and also to develop the ability to probe
functional groups within the guide sequence, we asked if the
ribozyme could utilize an external guide sequence instead of an
internal one. Previously, Szostak and co-workers pioneered the
concept of external guide sequences in the group I system (27),
showing that they could function in the reverse of the group 1 5'
splice site splicing reaction, i.e. ligation of oligoribonucleotide
analogs of El and proximal intron sequences, accompanied by
guanosine release. It should be noted that the system developed
by Szostak uses a guide sequence that can form P1 (guide
sequence paired with exon 1) but not PlO (guide sequence paired
with exon 2), while the reaction employed here uses an external
guide sequence capable of forming both P1 and PlO.
Two experimental strategies were employed to separate the

internal guide sequence from the catalytic core of the enzyme;
both are depicted in Figure 2A. First, we split the intron between
P1 and P2, and supplied the ribozyme (P2-cis-IVS, Fig. 2A) with
substrate (El * E2) pre-annealed to the EGS (ribozyme segments
of P1 and PlO). The reaction yielded enzyme-linked intermedi-
ates and polymerization products up to at least El * (E2)4 (Fig.
4A); the length distribution of polymerization products was
significantly shorter than for the internal guide sequence.
Nevertheless, the reaction efficiency is surprisingly high when it
is noted that no base pairs exist between the P1/PO0 reaction helix
and the ribozyme; binding must take place exclusively through
tertiary contacts. We expect that this construct will prove to be
particularly valuable for investigations of tertiary contacts
between the catalytic core and the reaction helix.

In a second construct, we split the intron from the internal guide
sequence by bisecting P2, thus stabilizing binding of the reaction
helix to the ribozyme through an intermolecular P2 stem
(P2-trans-IVS, Figs 2A and 4B). Results showed that the
anchored guide sequence served to direct exon polymerization as
effectively as the internal guide sequence (Fig. 4C).

Figure 3. Exon polymerization is sensitive to mutations in sequences
responsible for 3' splice site reactions. (A) Exon polymerization reaction with
El * E2 variants containing mutations in P1 and P9.0. The P1 mutant contains
the two base substitution A-2C, C_3A. The P9.0 mutant contains the two base
substitution C+7A, C+8A. Reactions were carried out for 30 min. IVS - (E2g)n,
covalent reaction intenmediate or intenmediates as described in Figure 1.
El * (E2g)n, exon polymerization products. Intron enzymes were unlabeled, and
EIE2 molecules were 3'-end labeled with [32P]pCp to trace levels, as

described (8). (B) Exon polymerization reaction with El * E2 variants
containing mutations in PI0. The number of base pairs in PI0 for each El * E2
variant is shown. Reaction conditions were as described (8). In both parts A and
B, the origin ofthe gel is not shown; all radiolabeled species have migrated well
into the gel during electrophoresis.

perturbations of the correct 3' splice site structure, and so is an

appropriate assay for 3' splice site reactions of this group I intron.

Functional trans-interactions between catalytic core
and reaction helix

The exon polymerization reaction demonstrates that an RNA
enzyme is capable of assembling oligonucleotides into rather
long polymers through a mechanism that requires a guide
sequence resembling, in some respects, an RNA 'template'. This

Polymerization-specifficity changes directed by the
external guide sequence

We next asked if we could change the specificity of the RNA
sequence that was polymerized by altering the sequence of the
EGS. To accomplish this, we changed two ofthree bases in P1 and
five of seven bases in Pl0 in our variant El * E2 substrate and
made compensatory changes in the EGS (Fig. 4B). The exon
polymerization assay (Fig. 4C) showed, as expected, that no
reaction took place when the variant substrate and mismatched
anchored EGS (EGS A) were provided. However, when the
variant substrate and its cognate EGS (EGS B) were added
together, the exon polymerization reaction proceeded with an
efficiency similar to that ofthe original substrate-EGS pair. These
results clearly show that we can engineer major changes in the
sequence-specificity of the exon polymerization reaction; we
anticipate relatively few restrictions on the sequences that can be
polymerized (see Discussion).

Synthesis of heterogeneous polymers and turnover of
the external guide sequences on the ribozyme via P2
unwinding and reannealing
Because the ribozyme can use alternative guide sequences to
direct the polymerization of different RNA sequences, we used

..s
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Figure 4. Exon polymerization using external guide sequences. (A) Exon polymerization reaction using P2-cis ribozyme and a 10 nt unanchored extemal guide
sequence, as shown in Figure 2A (top left). The mobilities of the high molecular weight intermediates derived from the ribozyme using the EGS are higher than those
obtained with the IGS because the EGS-dependent ribozyme is 19 nt smaller. (B) Anchored extemal guide sequences and substrates used in experiments of part C
and Figure 5. Arrow indicates reaction site (splice junction). (C) Exon polymerization reactions using P2-trans ribozyme and 19 ntextemal guide sequences that anchor
the EGS to the ribozyme by forming a bimolecular P2 stem, as shown in Figure 2A (bottom left).

the anchored EGS system described above to investigate the
consequences of including more than one EGS-substrate pair in
an exon polymerization reaction. Two outcomes seemed possible.
First, the EGS that initially bound to the ribozyme might remain
in place, such that each ribozyme molecule would react with only
a single substrate sequence to generate a homogeneous polymer.
Alternatively, the guide sequences might turn over on the
ribozyme, such that each ribozyme molecule would react with
multiple guide sequences to synthesize mixed polymers. Note
that turnover of the EGS on the ribozyme requires dissociation of
the 7 bp intermolecular P2 helix, followed by P2 formation using
a different EGS molecule.
We conducted the following experiment to test for EGS

turnover and the synthesis of mixed RNA polymers. The
ribozyme was incubated with an equimolar mixture of the two
substrates and external guide sequences used in the experiment of
Figure 4. The most convincing demonstration of the synthesis of
mixed polymers would involve direct sequence analysis of the
RNA products. To make sequencing possible, we restricted the
complexity of the RNA products in the following manner. First
we labeled only one substrate on its 3' end with trace quantities
of [32P]pCp. Second, we used a strategy analogous to the use of
2',3'-dideoxynucleotides in DNA sequencing, in that we con-

verted the same El * E2 substrate into a chain-terminating
oligomer by changing G+10 to A. In this manner, the 32P-labeled
oligomer can be added to the 3' end of a growing chain, but the
reaction product will be unable to undergo further elongation. In
the figures, oligoribonucleotide substrates ending in a 3'-terminal
A are labeled El * E2a; those ending in G are labeled El * E2g.
The ensuing reaction yielded polymerization products up to

El (E2)11 (Fig. 5A), although the length distribution of the
products was curtailed by the use of the chain-terminating
oligonucleotide. We excised the 30 nt reaction product and
determined its sequence using enzymatic methods (Fig. 5B). The
sequencing gel showed clearly that this band was a pure sequence
mixed polymer of the structure Elvar * E2var * E2a. Knowing the
polymerization mechanism (8) and the reaction specificity of this
intron, we can deduce the reaction pathway through which this

elongation product was formed (Fig. 5C). Several steps are

required: (i) binding of the variant substrate-EGS duplex, (ii)
transesterification to yield I * E2var and free Elvar, (iii) dissocia-
tion of the Elva-EGS duplex, (iv) binding of the El * E2a-EGS
duplex, (v) transesterification to yield I * E2var * E2a and free El,
(vi) dissociation of the El-EGS duplex, (vii) binding of the
Elva-EGS duplex, and finally (viii) transesterification to yield
Elvar * E2var * E2a and the regenerated intron enzyme. The overall
reaction for synthesis of the observed 30 nt RNA product, then,
is:

Elvar * E2var + El * E2a -+ Elvar * E2var * E2a + El

A unique and interesting feature of this pathway is that two EGS
turnover events are required, first to link E2a to the 3' end of the
enzyme-linked intermediate I * E2var, and second to deliver Elvar
to the active site for formation of the final reaction products.

It should be noted that the reaction pathway that generates the
30 nt RNA product that was sequenced represents only one of a
number of possible reactions. In particular, if the ribozyme is
presented with multiple EGS-substrate combinations capable of
being elongated, a highly heterogeneous population of RNA
products would be expected.

DISCUSSION

In the work presented here, we report several new and significant
findings that extend previously reported results obtained using the
Azoarcus exon polymerization reaction (8,28). First, we have used
mutational analysis to verify that the exon polymerization reaction
is a faithful reporter of group I 3' splice site reactions; indeed it
appears to be more sensitive to structural changes in the reacting
RNA species than the simple reverse exon ligation reaction (this
work and ref. 23). Second, functional reconstitution of the reaction
after covalent separation of the internal guide sequence from the
ribozyme is demonstrated. Third, we show that the P1/PlO reaction
helix can functionally interact with the catalytic core utilizing only
tertiary contacts. Fourth, P2 unwinding and reannealing occurs

during the cycles of reverse and forward exon ligation reactions.
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Figure 5. Synthesis of mixed polymers using multiple external guide sequences. (A) Polymerization using two substrates and external guide sequences. Exon
polymerization reactions were set up with the variant El * E2g substrate and EGS B (left), with the El * E2a substrate and EGS A (center), and with both substrate-EGS
combinations (right). Note that the G+IOA substitution in El * E2a blocks further elongation after formation of I * E2a, so that no polymerization products are observed.
Reaction conditions were as described in Figure 4A. In the reaction with two substrate-EGS combinations (right), ElI E2a was 3'-end labeled, and was the only labeled
RNA species present in the reaction. (B) RNA sequence analysis of the 30 nt extension product. The 30 nt extension product from the reaction with two substrate-EGS
combinations (part A, right) was isolated from the gel and sequenced using sequence-specific endoribonucleases T1 (G), PhyM (A and U), B.cereus (C and U), U2
(A) and C13 (C) (37). Enzymes were obtained from United States Biochemicals, Inc. Autoradiogram of a 20%o sequencing gel is shown. (C) Reaction pathway for
synthesis of the 30 nt extension product, varE1 * varE2g E2a.

Fifth, we find that this RNA enzyme can use more than one

template in an exon polymerization reaction to generate co-

polymers of mixed oligoribonucleotide substrates.
An important feature of this system is that oligoribonucleotide

analogs of exons and guide sequence can be generated by
solid-phase synthesis. Combined with our functional reconstitu-
tion based on non-Watson-Crick interactions, this system prom-
ises to be very useful for probing tertiary contacts between the
P1/P10 reaction helix and the catalytic core. Such experiments are

currently being initiated in our laboratory. A disadvantage of the
exon polymerization reaction is that it is not highly amenable to
kinetic analysis, because of the multitude of reaction substrates
and products, and the fact that reaction products themselves

become substrates for both forward and reverse reactions in what
is essentially a disproportionation reaction.
We have shown that a drastic change in reaction specificity can

be accomplished without a detectable decrease in polymerization
efficiency. Therefore, those parts of the reaction helix that dock
with the catalytic core of the Azoarcus intron in 3' splice site
reactions appear to do so through contacts with the conserved
G-U wobble pair in P1 and with the sugar-phosphate backbone;
similar findings for forward and reverse 5' splice site reactions of
the Tetrahymena intron have been reported (29,38-40). Sargueil
and Tanner have shown that a pseudoknotted substrate containing
exon 1, the internal guide sequence, and exon 2 can function as

a substrate for both splicing steps of the Tetrahymena intron (30).
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With regard to the synthesis of the mixed polymer
EIvar- E2var E2a, it is of interest that only Elvar was identified at
the 5' end of the polymerization product, as determined by
sequencing. This indicates that there is a strong preference for the
use of Elvar over El in the forward exon ligation step that forms
the last step in the synthesis of this product. This is an interesting
result, because the El-EGS duplex is bound to the ribozyme prior
to the synthesis of the last reaction intermediate, I - E2var E2a. In
order for the observed reaction product to be generated, the
El * EGS duplex must be released from the ribozyme and then be
replaced with the cognate Elvar * EGS duplex (Fig. SC). This result
clearly demonstrates that unwinding and re-formation of the 7 bp
intermolecular P2 helix can occur during the course of 3' splice site
reactions, but does not tell us whether or not such a conformational
change is essential for the second step of splicing. We attribute the
strong preference for Elvar over El in this last step to the fact that
formation of a stable PlO complex for the last transesterification
reaction to generate the observed product requires the use of the
EGS to which Elvar is bound, rather than that to which El is bound.
What are the limitations on the sequences that can be

polymerized using the reaction described here? Efficient group I
reactions require that the nucleotide at the 3' end of El must be
U and that at the 3' end of E2 must be G, although it is possible
that in vitro selection methods might be used to isolate highly
active ribozymes that are not subject to these constraints (31-34).
The sequence at all other positions in the El * E2 substrate should
be essentially unrestricted, because sequences in P1, P9.0 and PlO
are found to vary widely in both naturally-occurring group I
introns and synthetic constructs. We anticipate that the lengths of
sequences that can be polymerized may be reduced slightly or
expanded considerably. Because E2 must function as both a 3'
exon and an intron terminus, there is likely to be a lower limit on
the length of the sequence that can be polymerized, which we
estimate to be 5-7 nt. The upper limit on the length of E2 is
unknown; however, we expect that E2 may be lengthened
considerably as long as it does not form a structure that would
inhibit intron folding or limit access of the 3' terminus ofE2 to the
catalytic core of the enzyme.
An interesting feature of the exon polymerization reaction is that

the ribozyme recognizes and utilizes ribonucleotides adjacent to
the splice site, and at the 3' end of exon 2. This raises the
possibility that non-nucleic acid materials could be inserted into
the E2 sequence between P10 and P9.0 (Fig. 1B), in such a way
that the ribozyme could catalyze the synthesis of polymers that
were, in large part, non-nucleic acids.
The finding that an RNA enzyme can utilize multiple external

guide sequences to direct the synthesis of RNA polymers with
new sequences suggests a mechanism through which single-
stranded oligonucleotides could have been assembled into novel
polynucleotides during prebiotic evolution. While modern-day
group I introns are unlikely to directly resemble such postulated
prebiotic ribozymes, one can envision several possible mechan-
isms, both synthetic and recombinogenic, through which reac-
tions similar to those described here could have contributed to the
emergence of primitive self-sustaining RNA replicons.
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