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Group IIC introns insert next to the stem-loop structure of rho-independent transcription terminators, thus
avoiding intact genes. The insertion sites of 17 copies of the G.st.I1 intron from Geobacillus stearothermophilus
were compared. One copy of the intron was found to interrupt an open reading frame (ORF) encoding an rRNA

methylase.

Reverse transcriptase (RT)-encoding retroelements are an
increasingly diverse collection of DNAs found in bacterial ge-
nomes (4, 14). The most widely dispersed and most frequently
encountered type of retroelement in bacterial genomes is the
group II intron. Other types of bacterial retroelements include
the multicopy single-stranded DNA (msDNA)-producing ret-
rons (5) and the diversity-generating retroelements (9).

Group II introns are self-splicing DNAs that code for a
functional RT and also produce a functional RNA ribozyme.
An mRNA containing a copy of the intron can fold into a
catalytically active secondary structure and splice itself out of
the mRNA molecule, producing fused 5’ and 3’ exons and a
free intron lariat. The multifunctional intron-encoded protein
(IEP) greatly aids splicing by binding to the intron RNA and
stabilizing the catalytic region during folding of the ribozyme
(3, 15).

Group II introns of bacteria are also mobile DNAs that use
a reverse transcription step catalyzed by the RT activity pro-
vided by the IEP. In the best-characterized mechanism, the
IEP binds to the intron RNA lariat after splicing and forms a
ribonucleoprotein (RNP) complex. The RNP complex then
recognizes a specific “homing” site in a DNA target via base
pairing between the intron RNA (exon binding sites [EBS];
EBS1 and EBS2 motifs) and DNA target exons (intron binding
sites [IBS]; IBS1 and IBS2 motifs). This is followed by reverse
splicing of the intron RNA lariat into the top strand of the
DNA target. The mobility process is completed when the bot-
tom DNA strand at the target is cleaved by an endonuclease,
also provided by the IEP. This cleaved bottom strand serves as
a primer for the reverse transcription of the inserted intron
RNA, thus copying the intron back into DNA (3, 15, 16).
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FIG. 1. Southern (DNA) hybridization of chromosome DNA from
G. stearothermophilus, with the cloned IEP gene of the G.st.I1 intron as
a probe. (A) Chromosome DNA from G. stearothermophilus strain 10
(lanes 1 to 3) and G. stearothermophilus strain ATCC 12980 (lanes 5 to
7) was digested to completion with Pstl (lanes 1 and 5), HindIII (lanes
2 and 6), or BamHI (lanes 3 and 7). The digested chromosome was
separated via agarose gel electrophoresis and stained with ethidium
bromide. Lambda DNA digested with HindIII served as a size stan-
dard (lane S), with numbers on the left in kilobase pairs. The plasmid
pTrt#16, containing a cloned copy of the IEP gene, was used as a
positive control (lane 4) (21). (B) DNA from the agarose gel (A) was
transferred to a Nytran filter via the Southern blot method. PCR DNA
of the IEP gene from intron G.st.I1 was labeled with DIG and used as
a hybridization probe. The DNA probe (IEP gene) hybridizes to many
discrete restriction fragments in the chromosome of strain 10 (lanes 1
to 3). No hybridization signal appears against the chromosome DNA
of ATCC strain 12980 (lanes 5 to 7).
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FIG. 2. The secondary structure of the G.st.I1 intron RNA is indicative of the group IIC-type introns. The DNA sequence of intron copy 12B43
was used to infer the structure of the intron RNA ribozyme. The six conserved stem-loops (domains) present in all group II introns are designated
with large roman numerals. Atypical structures commonly seen in group IIC introns include the following. The IBS1-EBS1 base pairing interaction
between exon and intron regions involves a short 4-bp interaction. Also, there appears to be an absence of an EBS2 pairing region in this intron.
In addition, the conserved domain V is composed of a short 12-bp stem and an atypical CCGC sequence at the base of this stem-loop structure.
The other structures shown include the “bulging A” (circled A), where the spliced lariat RNA will form, and the ORF, which designates the very
large region of domain IV containing the IEP gene sequence not shown here.

Many IEPs of bacterial group II introns do not contain an
endonuclease function and thus do not integrate into a specific
homing site. One of the most proficient of these non-site-
specific introns is the bacterial subclass C-type element (group
IIC). Bacterial group II introns are divided into subclasses A to
E based on the phylogenetic relationships of their IEPs and the
structure of the folded intron ribozyme (13, 19). After mobi-
lization, group IIC-type introns insert into intergenic regions of
the chromosome adjacent to rho-independent transcription
terminators (10). This is because the RNP complex recognizes
the stem-loop structure that may form in the DNA target at
transcription terminators or at attC sites of integrons (6, 8)
rather than at a specific DNA sequence. Thus, group IIC
introns can insert nonspecifically at the end of transcription
units and avoid disruption of vital host genes (12).

Multiple copies of the G.st.I1 intron. Recently, a group II
intron-like RT was isolated from the thermophile Geobacillus
stearothermophilus and shown to display RT activity at hot
temperatures (21). To clone the entire intron plus flanking
DNA, the previously cloned IEP gene was used as a probe in
a Southern hybridization experiment. Chromosome DNA from
G. stearothermophilus strain 10 (17) and ATCC strain 12980
was digested to completion with a restriction endonuclease
(HindIII, EcoRI, or Pstl), separated by gel electrophoresis,
transferred to a Nytran membrane, and hybridized with a
digoxigenin (DIG)-labeled DNA probe consisting of the IEP
gene. The DNA probe hybridized to numerous (around 20)
discrete restriction fragments in the chromosome of strain 10
(Fig. 1B, lane 2). No hybridization signal was detected against
the chromosome of ATCC strain 12980 (Fig. 1B, lanes 5 to 7).
The hybridization experiment indicates that perhaps 20 or

more copies of the G.st.I1 intron are present at different loca-
tions on the chromosome of strain 10 but absent from the
ATCC strain.

Structure of intron RNA. The DNA sequence of the G.st.I1
intron was used to infer the folded structure of the intron RNA
ribozyme by comparison with a known, closely related intron,
B.h.I1, from Bacillus halodurans (19). As shown in Fig. 2, the
G.st.I1 intron RNA can fold into a complex series of stem-loop
structures designated I through VI (11). However, this intron
RNA has an atypical structure that is commonly seen in a
group IIC-type intron. For example, the highly conserved do-
main V contains a shorter stem of 12 bp rather than the more
typical 14-bp stem in this stem-loop domain. In addition, the
conserved sequence at the base of the stem in domain V is
CCGC rather than the more common RAGC (19). Also atyp-
ical for most introns, the G.st.I1 intron contains a short IBS1-
EBS1 pairing (4 bp rather than the usual 6 bp). Also, there
appears to be a complete absence of the EBS2 pairing site in
the G.st.I1 intron RNA and the IBS3-EBS3 pair is only a single
base (Fig. 2). All of these abbreviated structures have been
observed in well-characterized subclass C-type introns (12, 20).

Insertion occurs adjacent to transcription terminators. The
5" and 3’ exon DNAs of 14 different copies of the G.st.I1 intron
(designated b through m, o, and p) (Fig. 3) were derived from
BLAST searches of the unfinished genome sequence of strain
10 (7). These DNA sequences were compared with three
cloned copies of this intron (12B43, 8A6, and 9A22) produced
from this study. These three cloned copies were obtained from
a plasmid library containing HindIII restriction fragments of
the strain 10 chromosome and recovered via colony hybridiza-
tion, using the IEP gene as a probe. The aligned DNA se-
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cga ti§GCAGC GGGGAGGAGC
cga ti§GC CGACGGAAGGGGT
cga tiyTT TTTGT TGTACTTT
cga tiyTTACT TCGCCGCCGT
. cga tp§GTATTAGTGAAT TAT
cgatCATGCGGT CGAACGGA
cgatAGGCTATTTTCGCCTG
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FIG. 3. The upstream and downstream (exon) sequences adjacent to each of the 17 copies of the G.st.I1 intron are compared. With the
exception of intron copy 9A22, all the intron copies appear to insert adjacent to a transcription terminator stem-loop structure (gray-shaded
sequences below the large arrows) in the genome of strain 10. Intron DNA is in lowercase letters, and the blue-shaded sequences are the
proposed IBS1 pairing region of the upstream exon and the single-base IBS3 pairing region downstream of the intron.

quences revealed that indeed most intron copies appear to
have inserted just 3’ to a transcription terminator-like stem-
loop followed by several Ts (gray-shaded DNA sequence under
the arrows in Fig. 3). In addition, at the immediate 5" junction
with the intron, most copies contain at least 3 of the 4 bases of
the IBS1 motif (blue-shaded TCCA in Fig. 3), and at the
immediate 3’ junction with the intron, most copies contain the
single-base IBS3 site (blue-shaded T in Fig. 3). These common
properties of the different insertion sites for intron G.st.I1 are
typical of other group IIC-type introns described by others
(12).

Intron copy 9A22 interrupts an ORF. From the aligned
DNAs in Fig. 3, it is clear that one of the intron copies,
designated 9A22, has a very atypical insertion site. Namely, the
5" exon DNA does not appear to contain a sequence capable of
forming a strong stem-loop-type transcription terminator.
Also, there is a poorly conserved IBS1 motif at the 5" junction
with this intron copy (Fig. 3). For these reasons, a larger region
around the insertion site for copy 9A22 (and 12B43 and 8A6)
was examined for intergenic DNA and open reading frames
(ORFs). The complete, known genome sequence of Geobacil-
lus kaustophilus was used as a guide to annotate the ORFs
around the insertion site of these intron copies (18).

The intron copy 9A22 is unusual because it does not appear
to have inserted adjacent to a transcription terminator (Fig. 3).
Indeed, when DNA around this insertion site is analyzed, in-
tron copy 9A22 is found to interrupt a small ORF encoding an
rRNA methylase (Fig. 4C). This intron copy is inserted in the
same orientation (i.e., into the coding strand) as the ORF, at
codon 203 of a total of 247 codons. None of the other intron
copies, 12B43 and 8A6 (Fig. 4) and b through p (not shown),
appear to insert into an ORF.

This appears to be the first report of a group IIC intron that
interrupts a chromosomally encoded ORF. The rRNA meth-
ylase encoded by this ORF is part of a large family of struc-
turally similar methyltransferases related to the SpoU methyl-
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FIG. 4. Insertion sites for G.st.I1 intron copies 12B43, 8A6, and
9A22. (A) Intron copy 12B43 inserts (in the opposite orientation)
adjacent to a transcription terminator stem-loop for the ORF coding
for NifU. (B) Intron copy 8A6 inserts adjacent to a terminator stem-
loop in an intergenic region between two converging ORFs. The
dashed lines indicate a unique DNA sequence not present in the
related genome of G. kaustophilus. (C) Intron copy 9A22 interrupts an
OREF coding for a rRNA methylase by insertion at codon 203 of the
247-codon ORF.
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FIG. 5. A postulated stem-loop structure that may form in the
bottom DNA strand lies adjacent to the intron copy 9A22. A large but
imperfect hairpin structure from the bottom strand of DNA is shown.
This stem-loop lies immediately 5’ to the IBS1 motif at the ORF
insertion site of the G.st.I1 intron (copy 9A22) and might form during
lagging-strand synthesis of the replicating chromosome. Such a struc-
ture may have served as an integration signal for the intron.

ase of Escherichia coli (1). This is a distinct group of
methyltransferases (termed SPOUT) broadly involved in RNA
processing of tRNA and rRNA. All 8 completed Geobacillus
genomes currently posted in GenBank contain this rRNA
methylase gene (or a very similar gene). However, none appear
to be interrupted with an intron (or other genetic element), as
is the case for the strain 10 genome. It is not clear why in this
one instance (copy 9A22) the G.st.I1 intron inserted into an
OREF with presumably no adjacent terminator stem-loop. This
ORF region does not appear to show any similarity to an
integron attC site (no similarity to the 1L-1R and 2L-2R con-
served regions) (6). However, an analysis of the bottom strand
of the DNA at the insertion site revealed a long but imperfect
stem-loop structure that may possibly form in single-stranded
DNA, as might occur during lagging-strand synthesis of the
replicating chromosome. This imperfect hairpin structure (Fig.
5), which lies immediately adjacent to the IBS1 motif, may
have served as an aberrant integration signal for the G.st.I1
intron.

Several attempts were made to detect splicing of the G.st.I1
intron, but it was not observed. This included in vivo experi-
ments in which total RNA from strain 10 cells was used to
produce specific amplified cDNA of spliced intron mRNA (2).
Also, plasmid clones of two intron copies (12B43 and 9A22)
were used to produce runoff transcripts. These RNAs were
then used to produce specific amplified cDNA copies of any
spliced products (2). Finally, an in vitro experiment was done
using radiolabeled intron RNA placed in a splicing reaction
buffer to detect spliced products via electrophoresis.

Splicing and retrotransposition of group IIC introns have
been observed and biochemically defined (2, 12, 20). We did
not detect any genetic or structural differences in this intron
(G.st.Il) to explain our failure to observe splicing. Thus, we
expect that this intron is able to splice in vivo and therefore
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would not block the expression of the rRNA methylase gene,
which could be essential to the host cell.

Nucleotide sequence accession numbers. The cloned copies
12B43, 8A6, and 9A22 of the G.st.I1 intron with flanking DNA
have been deposited in GenBank under the accession numbers
HM566446, HM566447, and HM368526, respectively.
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Public Health, East Tennessee State University, and a grant from
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