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efficient RNA splicing. E. coli cells (strain DH5␣) containing
the resulting plasmid (pDNR) were grown in liquid Luria
broth medium at 37°C to mid-log phase (A600, 0.3), and 0.8
mM isopropyl-1-thio-␤-D-galactopyranoside (IPTG) was
added to induce transcription for 2 h. The cellular RNAs were
extracted by using the RNAease kit (QIAGEN) and analyzed
by reverse transcription (RT)-PCR using an RT-PCR kit
(QIAGEN), and the resulting cDNA products were analyzed
by agarose gel electrophoresis. This analysis revealed a 152-bp
DNA product that corresponded to (was derived from) the
spliced mRNA. Cloning and sequence determination (data not
shown) of the 152-bp DNA product confirmed its identity and
the predicted splice junctions.
Identification of a novel insertion sequence element (ISE)
inside the group I intron. The 383-nucleotide (nt) intron sequence was predicted by the Mfold program (17), followed by
manual folding, to fold into the structure of a group I intron
(Fig. 3). The structure contains 9 of the 10 base-paired stems
(P1 to P10) of typical group I introns but lacks a P2 stem. Its
P8 loop contains an 86-nt sequence flanked by 8-nt direct
repeats, which suggests an ISE. To determine whether this ISE
is required for RNA splicing, a 94-nt ISE sequence (the 86-nt
sequence plus one copy of the 8-nt repeat) was deleted from
the intron coding sequence. The resulting mini-intron (plasmid
pDNR-1) showed RNA-splicing activity comparable to that of
the full-length intron (Fig. 2C).
BLAST searches of the complete genome sequence of Nostoc punctiforme revealed over 50 ISE-like sequences at dispersed locations in the genome, and some representatives are
shown in Fig. 4. These ISE-like sequences are ⬃90% identical
to the intron ISE over a 60-nt core region, most are flanked by
terminal direct repeats 5 to 21 nt long, and all are located in
intergenic sequences and not in introns. The sequence boundaries of the ISEs are not certain, but they are most likely at the
terminal direct repeats, because mobile elements often have
terminal repeats and because some members (e.g., ISE-3 and
ISE-4) of the ISE family show sequence conservation, including the terminal direct repeats.
The family of ISE sequences in N. punctiforme likely originated as mobile elements a long time ago, because some of its
members have diverged extensively outside the core sequence.

Group I introns are ribozymes catalyzing their own RNA
splicing to produce ligated exons (mature RNA) and the excised intron (4). Group I introns with dissimilar sequences can
fold into similar structures consisting of up to 10 base-paired
helices (stems) denoted P1 through P10, with P1 and P10
involving the 5⬘ exon and the 3⬘ exon, respectively (12, 16).
Group I introns can persist in a host gene and spread across
species via an intron homing process that is initiated by the
intron-encoded homing endonuclease (2, 7). However, introns
are extremely rare in bacterial protein-coding genes, and only
one group I intron has been reported in a bacterial protein
gene, which suggests strong barriers against intron insertions in
such genes (5).
Identification of a rare group I intron in a bacterial protein
gene. We found a group I intron in the cyanobacterial ribonucleotide reductase (RIR) gene of Nostoc punctiforme strain
PCC73102 (Fig. 1). The intron boundaries were predicted by
comparing the N. punctiforme RIR sequence to the closely
related (but intron-lacking) RIR sequence of the cyanobacterium Nostoc sp. strain PCC7120. The predicted N. punctiforme
RIR protein sequence is 83% identical and 91% similar to the
Nostoc sp. strain PCC7120 RIR sequence, which is known as a
class II B12-dependent ribonucleotide reductase (6). Blast
searches (1) of the recently completed genome sequence of
Nostoc punctiforme (http://www.jgi.doe.gov/) did not reveal an
additional RIR gene, which suggests that the group I intron of
the N. punctiforme RIR gene must be active in RNA splicing in
order to produce the functionally essential RIR protein.
We then demonstrated the intron’s RNA-splicing activity in
Escherichia coli cells (Fig. 2). The intron-coding DNA was
PCR amplified from Nostoc punctiforme genomic DNA
(ATCC product no. 29133D) and inserted in the T/A cloning
site of the plasmid pDrive (QIAGEN). Short pieces of the
native exon sequences (23 bp 5⬘ and 37 bp 3⬘) were included
with the intron-coding sequence, which is usually needed for
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A rare group I intron in a cyanobacterial ribonucleotide reductase gene has been characterized. It contains
a mobile insertion sequence element not required for RNA splicing. Ribonucleotide reductase genes were found
to be hot spots for all three types of self-splicing intervening sequences, including group I and II introns and
inteins.
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FIG. 2. RNA-splicing activity in E. coli. (A) Schematic illustration
of the fusion gene in plasmid pDNR. The intron (open boxes) and its
native exon sequences (black boxes) are inserted into the LacZ␣ coding sequence (hatched boxes) downstream of the IPTG-inducible tacp
promoter. Positions are marked for the ISE that was deleted in plasmid pDNR-1 and for the oligonucleotide primers used in RT-PCR.
(B) Insertion sequence in plasmid pDNR. The 383-nt intron sequence
is shown in uppercase letters and contains the 102-nt ISE sequence,
shown in boldface italic letters. The 23-nt 5⬘ and the 37-nt 3⬘ native
exon sequences are shown in lowercase letters and contain the PCR
primer sequences (used for cloning the intron), which are underlined.
(C) Detection of RNA-splicing products in E. coli cells. Lanes 1 and 2,
PCR products directly from plasmids pDNR and pDNR-1, respectively; lanes 3 and 4, RT-PCR products from RNAs transcribed from
plasmids pDNR-1 and pDNR, respectively. The plus and minus signs
indicate the presence and absence, respectively, of an ISE in the
intron. P and S mark the positions of DNA bands corresponding to the
coding DNA (or precursor RNA) and the spliced RNA, respectively.

The high conservation of the core sequence may be due to
a common structural constraint for a common function, such
as recognition (and binding) by a common protein factor. It
is formally possible that the ISEs may play regulatory roles
in RNA splicing and gene expression in N. punctiforme, as
was suggested for putative mobile elements in certain fungal
mitochondria (14), although the ISEs and the mitochondrial
elements do not have sequence similarity. Database
searches did not reveal significant sequence similarity between the ISE and any other known sequences, and the
383-nt N. punctiforme RIR intron does not encode anything
other than the ISE.
An intron/intein hot spot with evolutionary implications.
We found the cyanobacterial RIR gene to be an exceptional
hot spot for all three types of self-splicing intervening sequences, including a group I intron, a group II intron, and an
intein (Fig. 5). The insertion sites of these intervening sequences are inside a highly conserved protein sequence motif
(Fig. 5B) that is inside the catalytic center of the enzyme (15).
This suggests a breakdown of barriers against intron insertion
in the bacterial RIR gene. One suggested barrier is the fact that
bacterial translation, which can start before transcription is
completed, may interfere with RNA splicing (5, 13). Interestingly, there is a stop codon just 3 nt into the intron sequence,
which may pause the translation until RNA splicing is completed.
The group I intron of the N. punctiforme RIR gene does not
encode a homing endonuclease, which may be explained by the
loss of the homing endonuclease through evolution. We propose an alternative hypothesis of intein-assisted intron homing
(Fig. 6), which can also explain the close proximity of this
intron and an intein that does have a homing endonuclease
(11). This hypothesis is consistent with the known process of
intein homing (3), except that it requires the presence of an
intron-containing donor DNA in addition to an intein-containing donor DNA. After the intein homing endonuclease cuts the
recipient DNA, the double-stranded break is expanded (by
cellular exonucleases) into a gap that is expected to span both
the intein insertion site and the nearby intron insertion site.
During the subsequent double-stranded-break repair, the intein-containing donor DNA may serve as the template, leading
to intein homing; alternatively, the intron-containing donor
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FIG. 1. Sequence analysis of the N. punctiforme RIR gene. (A) Schematic illustration of the N. punctiforme RIR gene and its flanking genes.
(B) Alignment of the predicted RIR protein sequence of Nostoc punctiforme (Npu) with the homologous sequence of Nostoc sp. strain PCC7120
(Nsp). Only sequences proximal to the intron insertion site (indicated) are shown, with the numbers of omitted amino acids shown in parentheses.
The N. punctiforme RIR gene is flanked immediately upstream by the gatA (Glu-tRNA amino transferase subunit A) gene and downstream by the
qor gene (encoding an alcohol dehydrogenase).

FIG. 4. Comparison of ISEs. (A) The ISE of the group I intron in the N. punctiforme RIR gene is aligned with sequences (ISE-2 through ISE-7)
from other locations of the genome, with the length of each sequence indicated at the end and the terminal direct repeats underlined. Dashes
represent gaps introduced to optimize the alignment, asterisks mark the positions of identical bases, and # marks the positions of just two different
bases. (B) Names (or descriptions) of flanking genes for each ISE, with the distance (space) between the ISE and the flanking genes indicated.
The genes marked by arrows are on the DNA strand opposite to the ISE. ORF, open reading frame.
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FIG. 3. Predicted intron folding. The exon-intron boundaries are marked with arrowheads and labeled as 5⬘ splice site (5⬘SS) and 3⬘ splice site
(3⬘SS), with flanking exon nucleotides shown in lowercase letters. Typical group I intron features, which include the base-paired stems P1 and P3
to P10, are indicated, with P10 formed between the P1 loop and the 3⬘ exon (shaded). An insertion sequence element in the P8 loop consists of
an 86-nt sequence (indicated by a box) and 8-nt flanking direct repeats (marked by arrows).
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DNA may serve as the template, leading to intron homing.
This model predicts that the recipient DNA may acquire
either the intein or the intron, but not both, because the
insertion of either the intein or the intron disrupts the
recognition sequence of the intein homing endonuclease
and prevents further cutting. This prediction is consistent
with all three known cases of closely positioned inteins and
introns in homologous genes (Fig. 5B), and no exception has
been found. The three cases include cyanobacterial RIR
genes in which the intein and intron are 6 bp apart, bacteriophage RIR genes (distantly related to the cyanobacterial
RIR gene) in which the intein and intron are 3 bp apart (9,
10), and bacterial RecA genes in which the intein and intron
are 3 bp apart (8). In all three cases, the intron does not
encode a homing endonuclease, the intein has a homing
endonuclease domain, and each individual gene has either
the intron or the intein, but not both.
Nucleotide sequence accession number. The GenBank accession number of the group I intron in the cyanobacterial RIR gene
of Nostoc punctiforme strain PCC73102 is AAAY02000101.
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FIG. 6. A hypothetical model of intein-assisted intron homing. A
bacterial cell with a recipient DNA acquires from its environment two
homologous genes (donor DNAs) containing either an intein (black
box) or an intron (open box). Expression of the intein-containing gene
produces the intein homing endonuclease (Endo), which makes a cut
on the recipient DNA at or near the intein insertion site that is
expanded into a gap by cellular exonucleases. In the subsequent double-stranded-break repair (DSBR), either the intein-containing donor
DNA or the intron-containing donor DNA may serve as the template.
As a result, either the intein-coding sequence or the intron-coding
sequence is copied into the recipient DNA, which results in intein
homing or intron homing, respectively.
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FIG. 5. Comparison of intron and intein insertion sites. (A) Schematic comparison of RIR genes. The symbols mark the insertion sites
of introns and intein-coding sequences. (B) Protein sequence alignment showing insertion sites of introns and inteins close to each other
in the ribonucleotide reductase genes and the RecA protein genes.
Introns and inteins are represented by the same symbols as in panel A.
Only conserved sequences near the intron and intein insertion sites are
shown, with the numbers of omitted residues shown in parentheses and
with dashes representing gaps introduced to optimize the alignment.
Residues with known functions in ribonucleotide reductase are shown
in boldface letters. The sequences compared are from Nostoc punctiforme (Npu), Nostoc sp. strain PCC7120 (Nsp), Synechococcus elongatus (Sel), Synechococcus sp. (Ssp), Trichodesmium erythraeum (Ter),
Bacillus subtilis phages M1321 (Bsu-M1321) and M168 (Bsu-M168),
Bacillus anthracis (Ban), and Mycobacterium leprae (Mle).
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