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ABSTRACT

Group II introns are self-splicing, retrotransposable ribozymes that contribute to gene expression and evolution in most organisms.
The ongoing identification of new group II introns and recent bioinformatic analyses have suggested that there are novel lineages,
which include the group IIE and IIF introns. Because the function and biochemical activity of group IIE and IIF introns have never
been experimentally tested and because these introns appear to have features that distinguish them from other introns, we set out
to determine if they were indeed self-splicing, catalytically active RNA molecules. To this end, we transcribed and studied a set of
diverse group IIE and IIF introns, quantitatively characterizing their in vitro self-splicing reactivity, ionic requirements, and
reaction products. In addition, we used mutational analysis to determine the relative role of the EBS-IBS 1 and 2 recognition
elements during splicing by these introns. We show that group IIE and IIF introns are indeed distinct active intron families,
with different reactivities and structures. We show that the group IIE introns self-splice exclusively through the hydrolytic
pathway, while group IIF introns can also catalyze transesterifications. Intriguingly, we observe one group IIF intron that forms
circular intron. Finally, despite an apparent EBS2-IBS2 duplex in the sequences of these introns, we find that this interaction
plays no role during self-splicing in vitro. It is now clear that the group IIE and IIF introns are functional ribozymes, with
distinctive properties that may be useful for biotechnological applications, and which may contribute to the biology of host
organisms.
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INTRODUCTION

Group II introns are among the largest ribozymes found in
nature, and they are present in all kingdoms of life, from bac-
teria, protozoa, and fungi to plants and simple animals (Pyle
et al. 2007; Vallès et al. 2008). Group II introns play a crucial
role in genomic regulation (Pyle 2010). They can self-splice
by excising themselves from precursor mRNA transcripts
and ligating flanking exons. Furthermore, they can function
as mobile retroelements by invading genomic DNA at distant
sites (Lambowitz and Zimmerly 2011). As they are the likely
evolutionary predecessors of spliceosomal introns and retro-
transposons in eukaryotes, structural and functional studies
of group II introns have contributed considerably toward
our understanding of splicing mechanisms and RNA tertiary
structure (Cech 1986; Jacquier 1996; Keating et al. 2010).
However, recent discoveries identifying new lineages of

group II introns suggest that we have only begun to describe
the full functional diversity of these ribozymes (Toro et al.
2002; Simon et al. 2008; Toro and Martínez-Abarca 2013).
Group II introns vary widely in primary structure, but they

share a common secondary structure consisting of six do-
mains (DI–DVI) that radiate from a central wheel (Michel
et al. 1989; Pyle and Lambowitz 2006). DI, the largest
domain, forms a scaffold that is required for assembly of
the entire intron by engaging in tertiary interactions with oth-
er domains (Toor et al. 2010). The series of elaborate tertiary
interactions necessary for folding and catalysis have been de-
scribed (for review, see Pyle 2010; Lambowitz and Zimmerly
2011). Notably, DI recognizes both 5′- and 3′-exon via base-
pairing interactions between three motifs (EBS1-3, for exon-
binding sites) and complementary sites in the flanking exons
(IBS1-3, for intron-binding sites). These interactions are
critical for splice site selection and DNA target site recogni-
tion during retrohoming (Jacquier and Rosbash 1986; Jacqu-
ier and Michel 1987; Yang et al. 1996; Costa et al. 2000;
Aizawa et al. 2003; Jiménez-Zurdo et al. 2003).
The central catalytic core of the ribozyme is formed by DV,

an RNA hairpin that consists of two helices separated by a
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bulge and that terminates in a GNRA tetraloop (Costa et al.
1998). Tertiary contacts between the bulge, three nucleotides
of the first DV helix, and the J2/3 junction between DII and
DIII form a pocket around the 5′-splice site that positions it
for nucleophilic attack during the first step of splicing (Toor
et al. 2008a,b). In general, during the first step of splicing, at-
tack by the branch-point adenosine creates a 2′-5′ phospho-
diester linkage that shapes the intron into a lariat (Peebles
et al. 1986). This branching pathway is analogous to the reac-
tion catalyzed by the spliceosome.When a water molecule in-
stead serves as the nucleophile, no lariat forms, and the intron
is released as a linear molecule (Peebles et al. 1987; van der
Veen et al. 1987; Daniels et al. 1996). This is termed the hy-
drolytic pathway and occurs in the majority of group II in-
trons in vitro and in vivo (Daniels et al. 1996; Podar et al.
1998; Vogel and Börner 2002). In addition to water and the
2′-OH group of the branch-site, a free 2′-OH on the terminal
nucleotide of the intron can also behave as a nucleophile, re-
sulting in intron circles (Murray et al. 2001). This pathway re-
quires the prior release of the 3′-exon presumably by a trans
splicing event, and for many introns, circularization products
are prominent in vivo and in vitro (Murray et al. 2001; Li-
Pook-Than and Bonen 2006; Molina-Sánchez et al. 2006).
During the first step of splicing (by either transesterifica-

tion or hydrolysis), the 5′-exon is freed from the intron. In
the subsequent second step, conformational rearrangement
of the J2/3 junction is thought to reposition DVI and make
room for the 3′-OH of the 5′-exon to attack the 3′-splice
junction (Marcia and Pyle 2012). In vitro, DI and DV are
alone sufficient for catalysis of individual hydrolysis events,
whereas splicing requires DII, DIII, and DVI. In vivo, an in-
tron-encoded protein (IEP) from DIV is essential for proper
folding and catalysis of the intron (Lambowitz and Zimmerly
2004; Solem et al. 2009).
Based on RNA secondary structure motifs of the six func-

tional domains, group II introns are organized into three
structural classes: IIA, IIB, and IIC (Granlund et al. 2001;
Toor et al. 2001). An alternative classification of group II in-
trons into nine lineages (A, B, C, D, E, F, CL1, CL2, ML) is
based on phylogenetic analysis of the open reading frame
(ORF) in DIV (Zimmerly et al. 2001; Toro et al. 2002;
Simon et al. 2008). The ORF lineages coincide with distinct
RNA secondary structures, suggesting that the IEP and the ri-
bozyme have coevolved (Toor et al. 2001). Because of the rel-
atively well-conserved primary structure of the ORF, BLAST
searches of the ORF combined with computational folding
of flanking sequences are used to identify putative group II
introns. This method has become standard for predicting
group II-like structures but tells us little about the biochem-
ical capabilities of the predicted introns or the conditions in
which they are most active. Moreover, phylogenetic searches
may not account for introns that have lost catalytic activity
due to degradation in their host genomes. It has been hypoth-
esized that bacterial group II introns, which are generally
found in nonessential genomic regions, are probably subject

to more negative selective pressures than organellar group II
introns, many of which have coevolved with their hosts
(Dai and Zimmerly 2002; Chillón et al. 2011; Leclercq and
Cordaux 2012). Thus, experimental validation remains a
crucial step in assigning function to group II-like intron
structures.
The group II intron lineages IIE and IIF have been compu-

tationally defined (Toro et al. 2002; Simon et al. 2008).
However, to date, none of these bacterial intron lineages
have been functionally characterized in vitro or in vivo. A
number of features apparent from the predicted secondary
structures suggest these introns may exhibit novel behaviors.
For example, the essential α′ motif, which is generally located
in a bulge loop of DId3, is instead located at the terminus of
a stem–loop in DId3 in group IIE and IIF introns. Other
idiosyncrasies include an additional bulge loop in DId3 and
a 5-nt loop instead of the typical 4-nt ζ′ loop in DV (see
Fig. 1 for selected candidates) (Toro et al. 2002; Simon et al.
2008). Apart from these unique features, group IIE and IIF
introns are similar to the IIB structural class. But unlike
organellar group IIB introns in eukaryotes that have been
previously studied, the group IIE and IIF introns are marked-
ly smaller (450–700 nt without the IEP compared to 1200 nt
for the ai5γ group IIB intron). Only group IIC introns are
smaller (412 nt for the Oceanobacillus iheyensis intron), but
group IIC introns lack a portion of the EBS1 motif and the
entire EBS2 motif and therefore differ significantly from
IIB introns with respect to splice site definition and first
step catalysis (Granlund et al. 2001; Toor et al. 2001, 2010).
These attributes suggest that group IIE and IIF introns may
shed new light on our understanding of RNA molecular rec-
ognition and catalysis if they were shown to be active.
Here, we report the biochemical characterization of group

IIE and IIF introns, and we demonstrate their ability to self-
splice in vitro. In this study, we elucidated the identity of re-
action products and determined reaction rate constants for
selected introns under a variety of salt concentrations and
temperatures. To gain information about splice site selection,
fidelity, and splicing pathway preferences, we subjected
intron splicing products to RT-PCR analysis. Finally, to
better understand the mechanistic basis for their splicing
fidelity, we designed mutant constructs of two selected in-
trons, and we evaluated the importance of EBS–IBS interac-
tions on kinetics and splice site specificity. Taken together,
the results show that group IIE and IIF introns are function-
ally distinct from one another and from other introns char-
acterized to date.

RESULTS

Selection and construct design of group
IIE and IIF introns

Sixteen group IIE and six group IIF intron candidates for
study were identified by a comprehensive search of the
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Database for Group II Introns (Dai et al. 2003; Simon et al.
2008). We were primarily interested in candidate group IIE
and IIF introns with EBS1 and EBS2 sites located in DId
and complementary IBS1 and IBS2 sites located immediate-
ly upstream of the predicted 5′-splice site in the 5′-exon.
Candidate introns were chosen if they contained individual
EBS-IBS pairings that were at least 5-bp long. Our pool of
candidates was further reduced by limited access to samples
of organisms that encode group IIE and IIF introns. Based
on the above criteria, we designed constructs for six group
IIE introns from Chlorobium phaeobacteroides (Ch.ph.I2-1),
Clostridium beijerincki (Cl.be.I2 and Cl.be.I3), Photorhabdus
luminescens (P.l.I1), Prosthecochloris aestuarii (Pr.ae.I1),
Syntrophomonas wolfei strain Goettingen (Sy.wo.I1-1), and
three group IIF introns from Dechloromonas aromatica
(D.a.I1-1), Geobacter uraniumreducens (Ge.ur.I1-1), and
Pelotomaculum thermopropionicum strain SI (Pe.th.I2). The
large ORF-bearing terminal loop of intron DIV was deleted
and replaced with a tetraloop (see Fig. 1, green). To provide
an adequate handle for intron binding and to accommodate
cryptic intron binding sites that might lie further upstream
of the putative 5′-exon-intron junction, we included at least
100 nt of the 5′-exon and 30 nt of the 3′-exon. The splicing
precursor constructs were cloned under control of a T7 pro-
moter and transcribed as described previously (Fedorova
2012).

Group IIE and IIF introns are catalytically
active in vitro

In order to determine if the selected introns are active in vi-
tro, we subjected internally radiolabeled transcripts to high-
salt self-splicing conditions [500 mM (NH4)2SO4 or KCl
and 100 mM MgCl2 at pH 7.5 and 42°C]. These conditions
promote the reactivity of many group II introns in vitro
(Jarrell et al. 1988). In this assay, three group IIE introns
(Ch.ph.I2-1, Cl.be.I2, and Sy.wo.I1-1) and three group IIF
introns (D.a.I1-1, Ge.ur.I1-1, and Pe.th.I2) were observed
to undergo both steps of self-splicing, as determined by the
disappearance of precursor and appearance of products at
predicted electrophoretic mobilities (Fig. 2). Additional reac-
tion products corresponded in size to linear intron-3′-exon,
linear intron, and free exons. Importantly, all three group
IIF introns tested formed a band of slower electrophoretic
mobility than precursor RNA (Fig. 2), suggesting a species
corresponding to intron lariat or intron circle (Peebles
et al. 1986; Murray et al. 2001). In contrast, the three active
group IIE introns did not form any slower mobility products
under the conditions employed in this study. Rather, these
introns produced exclusively linear intron, which is char-
acteristic of the hydrolytic pathway (Jarrell et al. 1988;
Daniels et al. 1996). The remaining three group IIE introns
Cl.be.I3, P.l.I1, and Pr.ae.I1 did not splice under any of the
conditions tested.

FIGURE 1. Annotated secondary structures of selected group IIE and
IIF introns. Secondary structures of (A) the group IIE intron Cl.be.I2
and the group IIF introns (B) Ge.ur.I1-1 and (C) Pe.th.I2. The folded
secondary structures were obtained from the database of mobile group
II introns (Dai et al. 2003; Simon et al. 2008). Annotations are based on
general conserved structural features of group IIE and IIF introns (Toro
et al. 2002; Simon et al. 2008). Conserved sequence elements involved in
long-range Watson-Crick and non-Watson-Crick interactions are high-
lighted in red and boxed, respectively. The unpaired branch-point aden-
osine is highlighted in green. Residues replacing the extended loop in
DIV are indicated in green font. Intron-surrounding exons are indicated
by bold lettering, and complementary EBS and IBS regions are indicated
by blue shading. Dashed line boxes highlight distinct features of group
IIE and IIF introns.

Nagy et al.

1268 RNA, Vol. 19, No. 9



Investigation of splice site fidelity of group IIE
and IIF introns

With one exception, Ge.ur.I1-1, all the introns found to
splice in this study produced a single distinct band migrating
near the expected molecular weight of ligated exons (Fig. 2).
To confirm that the second step of splicing occurred, bands
of appropriate mobility were excised, and RT-PCR was per-
formed on the sequence spanning the ligation point (Fig.
3A). The RT-PCR products were subsequently cloned and se-
quenced. We selected the group IIE intron Cl.be.I2 and the
group IIF introns Ge.ur.I1-1 and Pe.th.I2 for this analysis.
For the Cl.be.I2 and Pe.th.I2 introns, sequencing of the resul-
tant clones confirmed that exon ligation occurred at the pre-
dicted splice junctions and resulted in a single product (Fig.
3B,C).
In contrast, splicing of Ge.ur.I1-1 results in three bands

that migrate approximately at the expected position of ligated
exons. We isolated one gel section containing all three bands
and subjected the resulting RNAmixture to a single RT-PCR.
Sequencing of the cloned RT-PCR products revealed onema-
jor and two minor ligation products composed of an intact
3′-exon joined to varying 5′-exon species that differ by several

nucleotides in length (Fig. 3D). One of the minor products,
E5a-E3, corresponds to expected excision of the 5′-exon at
the predicted 5′-splice site based on similarity to the group
IIB consensus 5′-GUGYG splice site, thereby representing
correctly spliced exons.
The major product of Ge.ur.I1-1 splicing, E5b-E3, corre-

sponds to excision of the 5′-exon at a site that is located
nine nucleotides upstream of the predicted 5′-splice site
(within the 5′-exon). Careful examination of the 5′-exon at
this position revealed the presence of an alternative intron
binding site. For example, recognition of 5′-AUUCG and
5′-CGUGU by EBS1 and EBS2 results in the cleavage of the
precursor at alternative 5′-splice site 5′-UGUCA (Fig. 3D).
A secondminor product, E5c-E3, is formed from an EBS1 in-
teraction with the 5′-CAUUCG sequence located 19 nucleo-
tides upstream of the expected splice site, resulting in
excision at 5′-UGUUA (Fig. 3D). All three ligated exon spe-
cies share the same 3′-splice site, 5′-AC, which is consistent
with the group IIB consensus 3′-splice site 5′-AY. Taken to-
gether, these results show that Group IIE and IIF introns
undergo the second step of splicing with proper fidelity,
forming ligated exon products.

FIGURE 2. Splicing of group IIE and IIF introns. Splicing products of three group IIE and three group IIF introns. Reaction time points and nucle-
otide size markers are indicated on top and to the left of the gel, respectively. Precursors (E5-I-E3) and linear introns (lin-I) are labeled according to
their predicted sizes. Ligated exon species (E5-E3) were verified by sequencing. Ligated exon bands are boxed, and product sizes are indicated. Intron
lariat/intron circle species (I-σ) were verified by sequencing for Ge.ur.I1-1 and Pe.th.I2. Presumable splicing intermediates, where the 3′-exon is still
attached to the linear intron (lin-I-E3) and intron lariat (I-σ-E3), are also marked. The group IIE introns were reacted in 500 mM KCl. Although
Ch.ph.I2-1 and Cl.be.I2 also spliced in (NH4)2SO4, they reacted much more slowly and did not form slower mobility products that correspond
to intron lariat or intron circle (data not shown). Sy.wo.I1-1 was inactive in (NH4)2SO4. We show activity of the group IIF introns in
(NH4)2SO4. All Group IIF introns were also active in KCl, but formation of slower mobility products was reduced (data not shown). The splicing
rate constant for the D.a. intron was 0.012 min−1 under conditions shown. See Figure 5 for kinetic analysis of other introns. For detailed splicing
conditions see Materials and Methods.
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Pe.th.I2 forms an intron lariat, and Ge.ur.I1-1 1 forms a
circular intron

It was important to establish whether the slow-mobility
products of group IIF splicing correspond to excised lariat
or circular introns (Murray et al. 2001). To address this ques-
tion, reaction products from two representative cases (Ge.ur.
I1-1 and Pe.th.I2) were isolated and analyzed in detail. In
order to distinguish between lariat and circular species,
RT-PCR was used to amplify the sequences that flank the
intron branch-site in both lariat and circular molecules.
Specifically, we designed a reverse primer to bind within in-
tron DI and a forward primer to bind toward the 3′-end of
the intron, amplifying a ∼300-nt region that spans any junc-
tion between these domains. (Fig. 4A). Resulting RT-PCR
products were then incorporated within a plasmid and sub-
sequently sequenced.

Sequencing of the cloned Pe.th.I2 RT-PCR product indi-
cates a direct connection between the branch-site and the
first nucleotide of D1 and a lack of the six nucleotides be-
tween the branch-site and the 3′-splice site (Fig. 4B). In ad-
dition, a thymidine is located in place of the branch-point
adenosine (Fig. 4B), a polymerase error that commonly re-
sults from the reduced fidelity of reverse transcriptase over
2′-3′-5′ phosphodiester linkages (Vogel et al. 1997). Taken
together, these results indicate that Pe.th.I2 reacts through
branching and forms proper lariats.

In contrast, sequences of the cloned Ge.ur.I1-1 RT-PCR
product show that the six nucleotides that connect the branch
point to the 3′-splice site have been included, indicating that a
2′-5′ phosphodiester bond has formed between the first and

last nucleotides of the intron to produce
true circles (Fig. 4C). Because Ge.ur.I1-
1 uses multiple 5′-splice sites within the
5′-exon, the sequences of the RT-PCR
products differ in inclusion of various
upstream sequences, as expected from
mapping of the ligated exon products.
Interestingly, the sequences obtained
from RT-PCR of cyclic intron products
correspond to the alternatively spliced
5′-exons E5a and, more frequently, to
E5b (Fig. 3D). We did not observe circu-
lar intron sequences that correspond to
the 5′-exon E5c.
These results demonstrate that, as a

class, group IIF introns use three path-
ways for cleavage at the 5′-splice site:
They can react via hydrolysis, as observed
in all cases, or they can undergo transes-
terification whereby the nucleophile is ei-
ther the branch-point adenosine (as with
Pe.th.I2), or the terminal intron nucleo-
tide (in the case of Ge.ur.I1-1).

Kinetic analysis of group IIE and IIF introns

To evaluate the relative reactivity of each intron, we analyzed
the splicing reaction kinetics under a diverse set of experi-
mental conditions. However, it was first essential to identify
optimal conditions for in vitro splicing of each intron. To this
end, we varied concentrations of monovalent salt [KCl or
(NH4)2SO4] from 0 to 500 mM, concentrations of MgCl2
from 8 to 100 mM, and temperatures from 37°C to 55°C,
while monitoring the appearance of splicing products over
time. Rate constants were calculated by fitting the relative
fractions of precursor RNA remaining at each time point

FIGURE 3. Sequences and identification of ligated exon species. (A) Schematic of the RT-PCR
across the splice site of ligated exons. Arrows indicate the primers utilized and the arrowhead in-
dicates the splice site. Sequences of RT-PCR products for the exon–exon junctions of spliced ex-
ons for (B) Cl.be.I2, (C) Pe.th.I2, and (D) Ge.ur.I1-1 are shown. The 5′-exons (E5), 3′-exons
(E3), IBS1, and IBS2 regions are indicated. The three different exon–exon junctions (E5a-c-
E3) and EBS-IBS interactions of Ge.ur.I1-1 are shown in relation to the excised introns in D.
The precursor of Ge.ur.I1-1 is depicted for reference, and the predicted splice site is boxed.

FIGURE 4. Characterization of slow-mobility reaction products. (A)
Schematic of the RT-PCR across the branch point of an intron lariat
and the circularization point of a circular intron. RNA sequences of
the corresponding RT-PCR products for (B) Pe.th.I2 and (C) Ge.ur.
I1-1 are illustrated. The unpaired branch-point adenosine in DVI and
the 3′-tail are highlighted in red, and DI and DVI are indicated. For
Ge.ur.I1-1, the corresponding alternative ligated exons species are indi-
cated to the right.
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to a single exponential decay equation (see Materials and
Methods).
We first conducted an overview of ionic conditions for

group IIE and IIF splicing. Under conditions of high MgCl2
concentration (80–100 mM), introns from both classes
spliced in either type of monovalent salt employed in this
study (Fig. 2 and legend) except for Sy.wo.I1-1, which reacts
only in the presence of KCl. Generally, the introns spliced
most rapidly at high concentrations of KCl (500 mM) and
MgCl2 (80–100mM). An exception is D.a.I1-1, which spliced
primarily through transesterification and which spliced most
rapidly at high concentrations of (NH4)2SO4 (Fig. 2). When
we tested D.a.I1-1, Ge.ur.I1-1, Ch.ph.I2-1, and Cl.be.I2 in
the presence of low concentrations of MgCl2 (8–10 mM)
and 40 mM MOPS, pH 7.5 without additional monovalent
ion, we observed splicing by hydrolysis for all four introns, al-
beit with generally much slower reactivity (data not shown).
An important exception isGe.ur.I1-1, whichwas able to splice
about twice as fast under these low salt conditions (0.022 ±
0.0036 min−1) compared to high salt conditions (0.011 ±
0.0015 min−1). However, a substantial decrease in amplitude
from 0.88 ± 0.043 (100 mM MgCl2, 500 mM KCl) to 0.58 ±

0.025 (10 MgCl2) suggests that, in the ab-
sence of monovalent ions, a fraction of
Ge.ur.I1-1 introns is misfolded or other-
wise kinetically trapped.

An overview of temperature depen-
dence for theCl.be.I2 andPe.th.I2 introns
suggests differences in relative stability
and reactivity. For example, we observed
that the Cl.be.I2 intron remained stable
at 50°C and spliced 10-fold more rapidly
than at 42°C under the same salt condi-
tions (data not shown). When the tem-
perature was raised to 55°C, a further
increase in Cl.be.I2 splicing rate was ob-
served, but it was accompanied by RNA
degradation. The observed temperature
optimum for the Pe.th.I2 intron was
42°C, and the reaction rate did not in-
crease at higher temperatures.

For selected introns (Cl.b.e.I2, Ge.ur.
I1-1 and Pe.th.I2), we collected time
courses at intervals ranging from 0.5 to
300 min in order to calculate rate con-
stants for the splicing reaction. Maximal
rate constants were calculated for reac-
tions under optimized conditions (Fig.
5). The fraction of precursor at each
time point was fit to a single exponential
decay equation in order to determine the
total rate constant for reaction via all
splicing pathways (ktotal). For example,
Cl.be.I2 reacted to completion by 2 h
via the hydrolytic pathway, with a rate

constant of 0.032 min−1 (Fig. 5A). The Pe.th.I2 intron react-
ed about 1.5 times faster in the presence of KCl as a mono-
valent (0.012 min−1) (time course not shown) than in
(NH4)2SO4 (0.0083 min−1) (Fig. 5B), but branching was re-
duced in KCl. Notably, the formation of circles was signifi-
cantly increased when Ge.ur.I1-1 was reacted in (NH4)2SO4

compared to reactions in KCl without a significant change
in ktotal (0.010 min−1 and 0.011 min−1, respectively) (Fig.
5C,D). Overall, we observe that the group IIE and IIF introns
studied here react with an efficiency similar to that of previ-
ously studied introns (Matsuura et al. 2001; Adamidi et al.
2003; Zingler et al. 2010).

Relative role of the EBS-IBS interactions in group IIE
and IIF introns reactivity and fidelity

Long-range interactions between recognition elements in the
5′-exon (the IBS sequences) and within intron DI (the EBS
sequences) play a crucial role in properly positioning the
5′-exon during the two steps of splicing (Jacquier and
Michel 1987; Xiang et al. 1998; Su et al. 2001). For each in-
tron characterized in this study, we identified potential

FIGURE 5. Kinetics of representative group IIE and IIF introns. Time courses for self-splicing
reactions were performed under optimized conditions for each intron (see Materials and
Methods for conditions). Experimental data for the disappearance of precursor RNA over time
were fit to a single exponential equation with endpoint correction. We obtained rate constants
of (A) 0.032 ± 0.0017 min−1 for Cl.be.I2, (B) 0.0083 ± 0.00077 min−1 for Pe.th.I2, (C) 0.011 ±
0.0015 for Ge.ur.I1-1 in KCl, and (D) 0.01 ± 0.00075 for Ge.ur.I1-1 in (NH4)2SO4. Rate constants
derived from three independent experiments were averaged. Data points and curve fits are derived
from a single representative trial. Error bars represent the standard error of the mean over three
trials. Outliers have been omitted in the calculation of the mean and errors.
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base-pairing interactions between sequences in two distinct
loops of DI and the 5′-exon, suggesting the existence of pu-
tative EBS1 and EBS2 structures. To determine whether these
EBS-IBS interactions contribute to in vitro self-splicing, we
designed sets of mutants in which three consecutive base
pairs at either the proximal or distal terminus of the EBS1-
IBS1 duplex (relative to the 5′-splice site) were disrupted by
mutations in EBS1 and in IBS1 of Cl.be.I2 and Pe.th.I2,
which were chosen as representative IIE and IIF introns for
this part of the study. Compensatorymutants that restore dis-
rupted base-pairings were also created (Figs. 6, 7). Mutation-
al analysis was not performed on Ge.ur.I1-1 owing to the
presence of multiple EBS-IBS interactions (see above).

Under the optimized reaction conditions, wild type (WT)
Cl.be.I2 spliced to completion within two hours via the hy-
drolytic pathway (Fig. 6A,B). Under the same conditions,
mutations at the distal end of EBS1 (EBS1a) diminished over-
all reactivity and resulted in the formation of a slowly migrat-
ing splicing product (Fig. 6B). This product also formed
when IBS1 was mutated at the corresponding positions
(IBS1a). Interestingly, compensatory mutations that restore
disrupted base-pairing (E + IBS1a) did not reverse this effect,

and the slower mobility product still formed with roughly the
same efficiency (Fig. 6B). In addition to the formation of
a slower mobility product, the EBS1a and IBS1a mutants
formed an additional linear product that migrates just below
the precursor band. These results suggest that disruption of
the three EBS/IBS base pairs farthest from the 5′-splice site
disrupt both the efficiency and fidelity of initial 5′-splice
site selection. Reduction in fidelity was particularly severe
with mutant combinations EBS1b and IBS1b, which disrupt
the three base pairs closest to the 5′-splice site, resulting in
formation of multiple additional products (Fig. 6B). In this
case, unlike the case of E + IBS1a, the compensatory muta-
tions, E + IBS1b, fully restored WT splicing behavior.
Strikingly, we did not observe negative effects on splicing

when we disrupted three consecutive base pairs within the
EBS2-IBS2 interaction of Cl.be.I2 (Fig. 6C). To probe the
EBS2-IBS2 interaction further, we mutated the entire IBS2
site. Neither mutation of the entire IBS2 site (IBS2c) nor ad-
ditional mutation of a potential alternative IBS2 95 nu-
cleotides upstream of the 5′-splice site (IBS2c∗) led to the
formation of additional splicing products or diminution of
reactivity compared to WT Cl.be.I2 (Fig. 6D). This suggests

FIGURE 6. Mutational analysis of EBS-IBS interactions in Cl.be.I2. (A) Wild type EBS1-IBS1 and EBS2-IBS2 regions are shown. Splicing of Cl.be.I2
variants with sets of three consecutive point mutations of (B) the EBS1-IBS1 and (C) the EBS2-IBS2 interactions. (D) Splicing of variants with dis-
ruption of the entire IBS (IBS2c) and the entire IBS in addition to an alternative IBS2 region 95 nt upstream of the splice site (IBS2c∗). Note that the
experiments in D were done on a different day, whereas experiments in B and C were done on the same day. Mutated residues are highlighted in
capitalized bold characters. Time points of the splicing reaction indicated for wild type (WT) also apply for mutant splicing reactions in B, C, and
D. Splicing products are labeled as in Figure 2.
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that the EBS2-IBS2 interaction is dispensable for splice site
recognition and catalysis.
A similar mutagenesis analysis of Pe.th.I2 was performed

in which three consecutive base pairs at either the proximal
or distal terminus (relative to the 5′-splice site) of the
EBS1-IBS1 duplex were disrupted by respective mutations ei-
ther in EBS1 or in IBS1 (Fig. 7A,B). Reactions were carried
out in the presence of KCl to enhance overall reactivity, de-
spite the fact that these conditions reduce the branching
pathway. Under these conditions, WT Pe.th.I2 appears to
form linear intron, lariat, and free 5′-exons based on product
sizes. The second step of splicing appears to proceed too
slowly for the accumulation of ligated exons (Fig. 7B).
Mutations at the distal end of EBS1 (EBS1a) diminished re-
activity and resulted in three products migrating at ∼400,
250, and 120 nt (Fig. 7B). Mutation of IBS1 at the corre-
sponding positions (IBS1a) completely abolished catalytic
activity. These findings suggest that mutation of EBS1-IBS1
base-pairings that are relatively distant from the 5′-splice
site impede splice site selection, perhaps because they weaken
proper anchoring of the 5′-splice site in a unique spot.
Variants of Pe.th.I2 in which we mutated three base pairs

of the EBS1-IBS1 closest to the splice site (EBS1b and IBS1b)

were unable to splice by branching. These
mutants formed one product that migrat-
ed just above the linear intron of the WT
Pe.th.I2 reaction and a second product
migrating at ∼120 nucleotides in size
(Fig. 7B). The compensatory mutant E
+ IBS1b restored the splicing products
observed in the WT Pe.th.I2 reaction.
These findings suggest that disrupting
the base-pairings close to the splice site
of the EBS1-IBS1 duplex affects fidelity
of 5′-splice site selection. Mutants of Pe.
th.I2 in which three consecutive base-
pairings in the center of EBS2-IBS2 inter-
action were disrupted showed no effect
on splicing (Fig. 7B).
Taken together, we conclude that the

EBS1-IBS1 interaction of Cl.be.I2 and
Pe.th.I2 is crucial for splice site fidelity
as well as for the catalytic reactivity of
the introns. In contrast, the EBS2-IBS2
interaction does not contribute to the
mechanism of self-splicing by either
intron.

DISCUSSION

We have, for the first time, characterized
the biochemical activity of novel group
IIE and IIF intron lineages that had
been identified computationally in previ-
ous studies (Toro et al. 2002; Simon et al.

2008).We show now that both types of introns comprise fully
functional ribozymes that self-splice independently of pro-
tein factors in vitro. The group IIE introns that we analyzed
splice predominantly by hydrolysis, while the group IIF in-
trons can also react through transesterification, producing
lariats or circular introns. We found that Cl.be.I2 (IIE) and
Pe.th.I2 (IIF) produce accurate splicing products based on
canonical splice site recognition, whereas Ge.ur.I1-1 (IIF)
can also use alternative 5′-splice sites. Intriguingly, we find
that the apparent EBS2-IBS2 interaction in Cl.be.I2 (IIE)
and Pe.th.I2 (IIF) plays no role in the fidelity or efficiency
of self-splicing, whereas the EBS1-IBS1 interaction is crucial
for splice site recognition and catalysis.

Group IIE and IIF introns are highly
reactive ribozymes

The predicted group IIE and IIF introns tested here are reac-
tive over a wide range of salt concentrations and temperatures
with reaction rates comparable to previously studied group
IIB introns (Matsuura et al. 2001; Adamidi et al. 2003;
Zingler et al. 2010). We found group IIE and IIF introns
that retained activity under conditions of very low salt

FIGURE 7. Mutational analysis of EBS-IBS interactions in Pe.th.I2. (A) Wild type EBS1-IBS1
and EBS2-IBS2 regions are shown. (B) Splicing of Pe.th.I2 variants with sets of three consecutive
point mutations of the EBS1-IBS1 and EBS2-IBS2 interactions. Mutated residues are highlighted
in capitalized bold characters. Time points of the splicing reaction indicated for WT also apply for
mutant splicing reactions. Precursors (E5-I-E3), linear introns (lin-I), and 5′-exon (E5) are la-
beled according to their predicted sizes.
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concentrations (10 mM MgCl2 without additional monova-
lent salt). It is remarkable that these introns are able to
form a stable and catalytically active tertiary structure under
these types of conditions. Even in the presence of protein, salt
requirements usually remain relatively high for most introns
(Noah and Lambowitz 2003). The group II intron from
brown algae Pylaiella littoralis is similarly reactive under
low magnesium concentrations; however, it maintains a re-
quirement for high concentrations of monovalent salts
(Costa et al. 1997). Indeed, the ionic requirements of the
Ge.ur.I1-1 intron are most similar to those of certain group
IIC introns, such as theOceanobacillus iheyensis intron, which
splices efficiently under physiological conditions (Toor et al.
2008a).

Interestingly, we found that the Cl.be.I2 intron is most re-
active at elevated temperatures, although the host organism
has an optimal temperature for growth at 37°C. In vivo, the
IEP or other host-encoded factors may facilitate reactivity
of Cl.be.I2 at physiological temperatures. Alternatively, the
intron could be “silent” and only be activated upon dramatic
changes in temperature. Activation of a group II intron at el-
evated temperatures has been observed for an intron in
Azotobacter vinelandii. The intron is located in a heat-shock
protein and possibly regulates a pathway of heat shock re-
sponse (Adamidi et al. 2003).

Group IIE and IIF introns utilize different
splicing pathways

Group IIE and IIF introns tested in our study display clear
differences in the mechanism for the first step of splicing,
with the former preferring hydrolysis while the latter can
also catalyze transesterification. The group IIF introns per-
form transesterification reactions and hydrolysis competi-
tively as previously observed for group II introns (Daniels
et al. 1996). We detected intron lariat for Pe.th.I2 and intron
circles for Ge.ur.I1-1. For many years, circular introns were
presumed to be byproducts or reaction artifacts of a minority
of introns. However, recent studies demonstrate that circles
are a direct result of the splicing reaction in vivo (Vogel
and Börner 2002; Li-Pook-Than and Bonen 2006; Molina-
Sánchez et al. 2006) and in vitro (Murray et al. 2001;
Stabell et al. 2007). Although we identified only true circles
for Ge.ur.I1-1, this group IIF intronmay also form intron lar-
iat in vitro. There are cases in which reverse transcriptase may
be strongly stopped by the 2′-3′-5′ phosphodiester linkage of
the branched adenosine (Murray et al. 2001). If this were true
for Ge.ur.I1-1, an intron lariat would fail to amplify in our
RT-PCR assay.

We have attempted to rationalize why group IIE and IIF in-
trons prefer different splicing pathways by comparing the
structural features of the two group II intron lineages.
Despite structural differences between consensus secondary
structures of group IIE and IIF introns (Simon et al. 2008),
there is no single feature that clearly explains the mechanistic

differences we observe. However, the IIF introns tend to have
long, highly structured D6 stems, which may stabilize the
branch-site and promote transesterification reactions by
these introns. The long D6 stems of IIF introns may also en-
gage in additional tertiary interactions that stabilize the in-
tron core and shield the active site from water, which is the
predominant nucleophile in reactions catalyzed by the group
IIE introns studied here.
Investigation of more group IIE and IIF introns will be

necessary to verify our observed trends in splicing preference.
For example, some group IIF introns may splice predomi-
nantly through hydrolysis, whereas other group IIE introns
may perform catalysis through transesterification, particular-
ly in the presence of their encoded maturase proteins. It is
possible that group IIE introns are highly dependent on pro-
tein factors to facilitate branching or circularization, and
these may be provided in vivo. The IEP lineages E and F do
not appear to be closely related and may have distinct roles
in splicing (Simon and Zimmerly 2008). For instance, IEPs
of lineage F could be limited to assistance in folding of the
group IIF intron at physiological conditions, whereas IEPs
of lineage E could play an additional role in facilitating trans-
esterification reactivity of the intron.

Splice site recognition of group IIE and IIF introns

The group IIE intron Cl.be.I2 and the group IIF intron Pe.th.
I2 utilize canonical splice sites in vitro. For these introns, the
EBS1-IBS1 interaction is crucial to splice site recognition and
catalysis, as observed for other group II introns (Jacquier and
Michel 1987). Interestingly, we observed that compensatory
mutants in both Cl.be.I2 and Pe.th.I2, that restore disrupted
base-pairing at the distal end of the EBS1-IBS1 duplex (E +
IBS1a), fail to completely reverse the effect of base pair dis-
ruption. This suggests that correct base-pairing in the
EBS1-IBS1 duplex is not sufficient for positioning the 5′-
splice site correctly. Instead, correct splice site selection
may involve additional structural components that recognize
a specific sequence of the EBS1-IBS1 duplex.
Strikingly, we found that the well-conserved and clearly

defined EBS2-IBS2 interaction in Cl.be.I2 and Pe.th.I2 is
completely dispensable for catalysis and splice site fidelity.
Possibly, the EBS2-IBS2 interaction in group IIE and IIF in-
trons is instead important for retrohoming and would allow
highly site-specific reintegration into the genome as demon-
strated for the Lactococcus lactis Ll.LtrB group IIA intron or
the Sinorhizobium meliloti RmInt1 group IIB intron (Mohr
et al. 2000; Barrientos-Durán et al. 2011). In contrast, group
IIC introns, which naturally lack the EBS2-IBS2 interaction,
are highly mobile, and they retrotranspose without high
sequence specificity (Dai and Zimmerly 2002; Robart et al.
2007). Our findings indicate that the appearance of an
EBS2-IBS2 interaction within the secondary structure of a
group II intron does not mean that this interaction forms,
or that it contributes to splicing; but the persistence of this
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covarying element in sequences of group IIE and IIF introns
implies that the EBS2-IBS2 interaction is likely to be impor-
tant for some aspect of function, such as retrotransposition.
This implies that different stages of the group II intron “life-
cycle” may have differential dependence on specific intron
substructures.
Analysis of splicing products revealed that the group IIF

intron Ge.ur.I1-1 uses two alternative 5′-splice sites (E5b-
E3 and E5c-E3) in addition to the canonical splice site
(E5a-E3) (Fig. 3D). The three splice sites are directly preced-
ed by a variant of the IBS1 motif, which would allow sam-
pling of the splice sites by different EBS1-IBS1 interactions.
But only E5a-E3 and E5b-E3 are associated with an IBS2 mo-
tif that is directly upstream of the respective IBS1. Strikingly,
despite the missing IBS2 motif and the distance to the intron
domains, the E5c-E3 splice site seems to be favored over the
conserved splice site E5a-E3 (2, 25, and 14 clones for E5a-E3,
E5b-E3, and E5c-E3, respectively). This independently cor-
roborates the observation that the IBS2 motif in the IIE
and IIF introns is dispensable. Though band intensities cor-
relate with our RT-PCR analysis, we note that it is difficult to
precisely quantitate the splicing products by counting clones
due to possible variation in the efficiency of reverse transcrip-
tion, PCR, and cloning for the three spliced exon products.
Interestingly, only the spliced exon species E5a-E3 and
E5b-E3 coincide with the circular intron species we identified
(2 and 16 sequences for E5a-E3 and E5b-E3, respectively)
(Fig. 4B). Possibly, recognition of the E5c-E3 splice site trig-
gers exclusively hydrolysis, whereas the canonical splice site
and the alternative splice site immediately adjacent to it allow
circularization.
Alternative splice site recognition has been observed in in-

trons of other classes (Tourasse et al. 2005; Costa et al. 2006a,
b; Toor et al. 2006). For the group IIC intron B.h.I1, alterna-
tive 5′-splice site selection was observed in vitro but not in
vivo (Toor et al. 2006). Whether these alternative splicing
events actually occur under physiological conditions in
vivo, and what role they may play in Geobacter uraniumredu-
cens biology, remains to be investigated.

CONCLUSION

We have shown that members of the group IIE and IIF intron
families are catalytically active, self-splicing ribozymes in vi-
tro. Although they have some distinct characteristics, these
introns display many properties that are typical of other
group II introns tested previously. For example, in the ab-
sence of the maturase, and without stabilizing host proteins
such as Mss116 (Karunatilaka et al. 2010; Zingler et al.
2010; Fedorova and Pyle 2012), most of the group IIE and
IIF introns are optimally reactive under high salt conditions.
For the most part, the group IIE and IIF introns display ap-
propriate splice site selection fidelity, with exceptions occur-
ring only in cases where alternative EBS interactions are
possible within the 5′-exon. The group IIE and IIF introns

have properties that suggest that they are distinct from one
another, as indicated by phylogenetic analyses and inspection
of their secondary structures. The group IIE introns use the
hydrolytic pathway exclusively during the first step of splicing
in vitro, generating only linear intron products. In contrast,
the group IIF introns behave more like eukaryotic group
IIB introns in that they can self-splice via either the branching
or hydrolysis pathways. In addition, one group IIF intron
forms circular products, indicating that the IIF family cata-
lyzes multiple transesterification reactions. Finally, we ob-
serve a parallel with group IIC introns in that the group IIE
and IIF introns only utilize the EBS1-IBS1 interaction to
define the 5′-splice site. Although an EBS2-IBS2 interaction
is apparent from the secondary structures of group IIE and
IIF introns, this motif plays no apparent role during in vitro
splicing, perhaps serving to mediate the specificity of homing
during subsequent retrotransposition reactions in vivo.
Group IIE and IIF introns can now be considered functional
ribozymes with distinct properties, having potential utility in
structural biology, biotechnology, in medicine, and in studies
of molecular evolution.

MATERIALS AND METHODS

Generation of intron constructs

We obtained information about secondary structures and sequences
of group IIE and IIF introns from the website for mobile group II in-
trons (http://www.fp.ucalgary.ca/group2introns/) (Dai et al. 2003;
Simon et al. 2008). We used genomic DNA of Chlorobium phaeo-
bacteroides (DSM 266), Dechloromonas aromatica (CP000089.1),
Geobacter uraniumreducens Rf4 (NZ_AAON01000001.1), Peloto-
maculum thermopropionicum (DSM 13744 from DSMZ), and Pros-
thecochloris aestuarii (DSM 271), and cells of Clostridium
beijerinckii (NCIMB 8052 from NCIMB), Photorhabdus luminescens
(NCIMB 14339 from NCIMB), and Syntrophomonas wolfei str.
Goettingen (DSM2245B fromDSMZ) as templates for amplification
of the group II introns. The region upstreamof the distal loop of DIV
(product A) was amplified using oligonucleotides, A-for and A-rev;
and the downstream region (product B) was amplified using oligo-
nucleotides B-for and B-rev from 1 µL liquid culture or 0.1 µg geno-
mic DNA (Supplemental Table 1). Oligonucleotides A-rev and B-for
contained overlapping regions to join product A and B by overlap ex-
tension PCR using primer A-for and B-rev. The resulting constructs
including the intron and flanking exon regions were cloned down-
stream from a T7 promoter in pBluescript II SK (+) using HindIII
and BamHI restriction enzymes. Construct sequences were verified
by sequencing.
Mutant Cl.be.I2 and Pe.th.I2 constructs were generated by

QuikChange site-directed mutagenesis (Stratagene) of the WT con-
structs (Supplemental Table 1). The Cl.be.I2 mutant IBS2c was gen-
erated by two sequential mutageneses using primers IBS2c-1-for
and IBS2c-1-rev to mutate the first half of IBS2. In a second step,
the resulting construct was mutated using primers IBS2c-2-for
and IBS2c-2-rev to alter the second half of IBS2. The Cl.be.I2
IBS2c∗ mutant was generated from the IBS2c mutant. Sequences
of mutant constructs were verified by sequencing.
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Transcription and splicing

Constructs were transcribed from 4 µg BamHI linearized plasmids.
Transcription reactions were performed in 50-µL reactions in the
presence of 40 mM Tris-HCl pH 7.5, 15 mMMgCl2, 2 mM spermi-
dine, 15 mM dithiothreitol (DTT), 1 mM each ATP, GTP, CTP, 65
µM UTP, 0.2 µM (0.6 µCi) [α-32P]UTP, 2 µL RNase inhibitor, and
3 µL T7 RNA polymerase for 1.5 h at 37°C, resulting in internally
32P-labeled precursor RNA. Reactions were spun over an Illustra
MicroSpin G-25 or G-50 column (GE Healthcare) to separate re-
action products from unincorporated nucleotides. Products were
resolved on a 5% denaturing 7 M urea polyacrylamide gel. The ma-
jor reaction product of each construct was cut out from the gel, the
gel pieces were crushed, 500 µL elution buffer (10 mM MOPS pH
6.0, 300 mM NaCl, 1 mM EDTA) were added, and samples were
frozen and thawed before eluting for 3 h at 4°C while shaking.
The solution was filtered to remove remaining gel pieces. RNA
was precipitated at−80°C for at least 1 h upon adding 1 ml cold eth-
anol and 30 µg glycogen. RNA pellets were dried, washed with 70%
ethanol, and dissolved in 10–50 µL storage buffer (10 mM MOPS
pH 6.0, 1mMEDTA). In some cases, instead of gel purification, pre-
cursor RNAwas purified using RNeasy columns (Qiagen), following
manufacturer’s protocols and eluted with 10 mM MOPS, pH 6.0,
1 mM EDTA.

Splicing reactions were performed in 40 mM MOPS pH 7.5.
Precursor RNA was preincubated for 1 min at 95°C and cooled
for 2 min at room temperature. Monovalent salt and MgCl2 were
added to start the reaction. In time-course experiments, 2 µL of
the splicing reaction were added to 5 µL quench buffer (0.18×
TBE, 3.6% sucrose [w/v], 72% formamide [v/v], 50 mM EDTA,
0.04% bromophenol blue [w/v], 0.04% xylene cyanol [w/v]) to
stop the reaction at different time points. Splicing products were
separated on a 5% denaturing 7 M urea polyacrylamide gel. Gels
were then dried, exposed to a phosphor screen (GE Healthcare),
and scanned with a Storm 860 phosphor imager (GE Healthcare).
For isolation and characterization of splicing products, 25 µL tran-
script RNA was reacted for 4 h in a total volume of 50 µL. The reac-
tions were stopped by adding 100 µL quench buffer.

Introns shown in Figure 2 were reacted in the presence of 500mM
monovalent salt and 100mMMgCl2 at 42°C. For isolation and char-
acterization of splicing products, Ge.ur.I1-1 was spliced in the pres-
ence of 500 mM (NH4)2SO4 and 100 mM MgCl2 at 42°C, Pe.th.I2
was spliced in 500 mM (NH4)2SO4 and 80 mM MgCl2 at 42°C,
and Cl.be.I2 in 500 mM KCl and 80 mM MgCl2 at 50°C. Reaction
rate constants were determined for time-course experiments in
the presence of 500 mM KCl and 80 mM MgCl2 at 50°C (Cl.be.
I2), 500 mM (NH4)2SO4 and 100 mM MgCl2 at 42°C (Pe.th.I2)
and 500 mM monovalent salt and 100 mM MgCl2 at 42°C (Ge.ur.
I1-1). Splicing of Cl.be.I2 mutants and Pe.th.I2 mutants was per-
formed in the presence of 500 mM KCl and 80 mM MgCl2. The
Cl.be.I2 mutants were reacted at 50°C and Pe.th.I2 mutants at 42°C.

Kinetics

The precursor and product bands were quantified using the pro-
gram ImageQuant TL 7.0. Band signal intensities were adjusted
for the uridine-content of each species, and the fraction of precur-
sor, lariat, and linear intron calculated relative to starting material.
Fractions of intensities were plotted over time. Using Graphpad
Prism, the data were fit to a single exponential decay equation

with endpoint correction of the form (y0 − yfinal) · e[−kobs(t)]+
yfinal, where y0 is the starting point, yfinal is the endpoint, and kobs
is the reaction rate. Values of kobs are reported as averages of three
independent time courses with standard errors.

Characterization of splicing products

Constructs were transcribed in a standard labeling reaction and sub-
sequently spliced as described above. Splicing products were re-
solved on a 5% denaturing 7 M urea polyacrylamide gel. The
reaction product that corresponded in size to ligated exons and
the major product of slower electrophoretic mobility than precursor
RNAwere cut out from the gel, eluted, filtered, precipitated, and dis-
solved as described for transcription products.

Reverse transcriptions were set up in a total volume of 20 µL.
Reactions containing 5 µL RNA, 0.5 µM reverse primer, and 500
µM dNTP each were preincubated for 5 min at 65°C and cooled
on ice. Then, 4 µL 5× SuperScript II RT reaction buffer (Invitrogen),
10 mMDTT, and 2 µL Protector RNase inhibitor (Roche) were add-
ed, and reactions were incubated for 2 min at 42°C, followed by ad-
dition of 2 µL SuperScript II RT (Invitrogen) and incubation for
35 min at 42°C and 15 min at 70°C. RT reaction products were am-
plified by PCR using 1 µL template and 0.5 µM each of forward and
reverse primers. RT-PCR reactions of ligated exons were performed
with reverse primers B-rev and forward primers A-for. Primers DI-
rev and RT-PCR-for were used to amplify slower mobility splicing
products (Supplemental Table 1). PCR products were extracted
from an agarose gel and blunt-end ligated into pJET-1.2 (Fermen-
tas). After transformation, plasmid DNA of several clones was puri-
fied for each splicing product and analyzed by sequencing.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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