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A group I self-splicing intron has been found in the
anticodon loop of tRNA™et genes in three cyano-
bacterial genera: Dermocarpa, Scytonema and Synecho-
cystis; it is absent in nine others. The Synechocystis
intron is also interrupted by an open reading frame
(ORF) of 150 codons. Of these three bacteria, only
Scytonema also contains the group I intron that has
previously been reported in tRNAL" (UAA) genes in
both cyanobacteria and chloroplasts. The presence of
an ORF in the tRNA™¢t intron, the sporadic distribu-
tion of the intron among cyanobacteria and the lack of
correlation between relatedness of the intron sequences
and the bacteria in which they reside, are all consistent
with recent introduction of this intron by lateral
transfer.
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Introduction

The origin of introns, especially the self-splicing introns
belonging to groups I and II, has been the subject of a
lively debate (for a concise summary see Doolittle, 1991;
Roger and Doolittle, 1993). One view holds that introns
are ancient, perhaps predating the existence of DNA as
genetic material, while the other considers them to be
relatively recent invaders of genomes. The distribution of
group I introns gives some support to both viewpoints.
The sporadic occurrence of these introns in homologous
genes of closely related species is consistent with their
mobility. A mechanism for their lateral movement is
provided by the presence in many of them of open reading
frames (ORFs) that encode homing endonucleases (Dujon,
1989). On the other hand, closely related group I introns
are inserted in the UAA anticodon of tRNAL" genes of
chloroplasts and a wide variety of cyanobacteria, which
is consistent with their antiquity and bacterial origin
(Kuhsel et al., 1990; Xu et al., 1990). The absence of
ORFs in tRNAL® introns also argues against their recent
spread. The recent demonstration of conserved intron
position in the cox/ genes of fungal and plant mitochondria
gives further support for the antiquity of some group I
introns (Ohta er al., 1993). Although ‘introns early’ and
‘introns late’ have been argued as mutually exclusive
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scenarios, others have proposed schemes in which ORFs
invade otherwise immobile introns, rendering them com-
petent for transposition and lateral transfer (for example
see Perlman and Butow, 1989; Belfort, 1991).

Group I introns capable of self-splicing in vitro can be
detected in crude RNA extracts by end-labeling with
[*’P]GTP (Garriga and Lambowitz, 1984). The group I
splicing reaction is dependent on GTP as a cofactor: the
3'-OH of GTP makes a nucleophilic attack on the 5’
splice site and becomes covalently attached to the 5’ end
of the intron during excision. We used this GTP end-
labeling assay in our demonstration of introns in two
species of Anabaena (Xu et al., 1990). In that study RNA
extracts of Synechocystis PCC 6803 were also screened,
and one major end-labeled band of ~650 nt was observed.
However, our subsequent attempts to amplify the putative
intron-containing gene using primers designed for
tRNAY, or to clone the gene in multicopy Escherichia
coli plasmids were unsuccessful (unpublished). We report
here the occurrence of a novel intron, with a highly toxic
OREF, in the tRNA™e gene of Synechocystis sp. PCC
6803, and the presence of homologous introns in two
other, distantly related cyanobacteria.

Results

An intron in Synechocystis PCC 6803

Southern blots of Synechocystis DNA were probed with
32p_labeled group I introns cloned from tRNAM" genes of
various cyanobacteria (Kuhsel et al., 1990; Xu et al.,
1990). A clear signal at 3.3 kb was detected when BamHI-
digested DNA was probed with intron sequences from
Synechococcus (Anacystis nidulans in Kuhsel et al., 1990)
(Figure 1). The ~3.3 kb band was excised from the gel
and the DNA was ligated with BamHI-cleaved pBSM13+.
Screening of transformed colonies with the Synechococcus
probe identified a clone that contained the same ~3.3 kb
fragment (pBB2.2). Southern blots (not shown) of the
digested cloned fragment placed the hybridizing sequence
at one end of the genomic insert (Figure 2).

Subclones of pBB2.2 were made, extending from the
BamHI site on the left of Figure 2 to the Xbal, proximal
Nhel and Ncol sites. The sequence (Figure 3) indicated
that the BamHI site lies within an ORF that is followed
by the core region of a group I intron (Figure 4). The
sequence immediately 3’ of the putative terminal G of
the intron resembles the 3 half of a tRNA, starting at the
CAU anticodon (Figures 3 and 5). Three G—C base pairs
flanking the anticodon stem were indicated, consistent
with tRNAMet (RajBhandary, 1994). It appeared that the
5" portions of the tRNA, the intron and the ORF were
all missing.

Assuming that the 5’ part of the putative tRNA had to
match the 3’ part of the sequence, and that it would
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resemble Synechococcus tRNA™et (Ecarot-Charrier and
Cedergren, 1976), we designed primers for amplifying the
entire tRNA gene together with its group I intron by the
polymerase chain reaction (PCR) (Figure 6, lane 4). An
oligonucleotide primer complementary to the sequence
flanking the Bg/ll site (Figure 3) allowed separate ampli-
fication and cloning of the 5’ portion of the gene. Products
from two independent PCRs were cloned into pBSM13+,
and their sequences were determined on both strands. The
nucleotide sequence of the putative intron can be folded
into a secondary structure typical for group I introns
(Michel and Westhof, 1990), containing all conserved
base-paired regions (P1—P9), with splice site cleavage
following U (paired with a G) at its 5'-end, and G at its
3’-end, respectively (Figure 4).

P H B M kb

—1.26

Fig. 1. Southern hybridization of genomic DNA of Synechocystis PCC
6803 to Anacystis R2 (Synechococcus) tRNA intron probe.
Genomic DNA was digested with PstI (P), HindIIl (H) and BamHI
(B). Lane M contains a BstEIl digest of phage lambda DNA, with
some fragments showing non-specific hybridization due to the high
DNA concentration. The position of the cloned BamHI fragment is
indicated by an arrow.

An ORF within the intron

In contrast to other bacterial tRNA introns (Kuhsel et al.,
1990; Xu et al., 1990; Reinhold-Hurek and Shub, 1992),
whose structures conform to the minimal group I pattern,
the Synechocystis intron has a 450 nucleotide ORF inserted
in the P1 stem—Iloop, ending with a UGA stop codon on
the 3’ side of P2 (Figures 3 and 4). Database searches
with BLASTP using the NCBI network service (Altschul
et al., 1990; Benson et al., 1993) did not provide clues to
the function of the ORF. The only significant match was
to the 118 amino acid product of phage T7 gene 5.3
(Dunn and Studier, 1983), with 34% identity over the 74
amino acids that were aligned. Unfortunately, the function
of gene 5.3 is not known. The four other weak matches
that were obtained (using standard parameters) included
the 63.4 kDa protein product of free-standing ORF516
of Euglena gracilis chloroplasts (Hallick et al., 1993).
The function of this protein is also unknown, but part
of its sequence (which does not overlap with the short
matches we obtained) has recently been shown to align
with ORFs in group II introns (Mohr et al., 1994).
The absence of a recognizable strong ribosome binding
sequence, and the possible involvement of the first AUG
in a stem—loop structure (AG = —6.6 kcal) (Figure 3),
makes it unlikely that the ORF is expressed at a high
level.

Expression of the ORF is apparently toxic for E.coli.
Previous attempts at cloning the intron in multicopy
plasmids were consistently unsuccessful, while the adven-
titious use (in this work) of a BamHI site within the ORF
was apparently responsible for our eventual success. The
multiple cloning site of pPBSM13+ is flanked on one side
by a phage T7 promoter and on the other by tandem
phage T3 and E.coli lac promoters. The PCR-amplified
intron, presumably free of its promoter, was only obtained
in the orientation of the T7 promoter (eight clones obtained
from two independent PCRs). Even in the absence of a
strong predicted ribosome binding sequence for E.coli,
transcription from the /ac promoter seems to be lethal.
Introduction of an efficient ribosome binding site next to
the T7 promoter, through cloning in plasmid pAIIl7
(Perler et al., 1992), restores lethality: the only clone (of
15 isolates) in the correct orientation for expression
carried an insertion that destroyed the reading frame
(unpublished results).

As the 5" end of our sequence was derived from PCR

Xbal BamHI Fspl Nhel
| Bglll Xbal Nhel Ncol
l | BamHI
|79 / )
% GROUP | INTRON 2— bioF
I g |
5'-tRNA ORF 3'-tRNA
SM1><|NV5 <SB1 INV3I> < SM2
1 L L [l L 1 l l L 1 1 1 [l L L
1 1 1 1 1 1 1 1 I 1 1 1 1 1 1
0 0.5 1.0 1.44

Fig. 2. Genomic location of tRNA™¢ in Synechocystis PCC 6803. The tRNA gene, its group I intron and ORF, and the bioF tragment are presented
in relationship to restriction enzyme cleavage sites mentioned in the text. Positions and directions of PCR primers are indicated by carets. The

numbering (in kb) refers to Figure 3.
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TTGATCGCGTCATGTCATCTAGTTGTGACCATTGCAGTAAAGTACCGCCCGTATACTTCG

61 AAAATCCCTAAAATTCTTACTCTTCAGTGCATAGACTATGGGATGAATCTGCCCTAAAAA
) ) ] ) > 52 tRNA™et __
121 TAAAGTTTGGCAAAAATTCCCCCGATCAGTTATGATATTCGAAGCGACGCGGGATAGAGC
-------------------- ¢ —_— -
181 AGTCTGGTAGCTCGTCGGGCTCAGGTCGCAAGATGTAAACCATGAGCACTAAGCTTAAGG
1 M S T K L K G
241 GTGACATTGCAGAGCAAGCCGCCATTCTTCGTGCATTGAAGCTTGGTTGGGGGGTTCTGA
8 D I A E Q A A I LRATLUZEKTULGUWG GV L K
BamHI
301 AGCCATTGGGAGACCGTCTTTCTTACGATTTGGTCTTTGATGTCGAAGGGATCCTTCTGA
28 P L GDRUL S YDILUV FDVETGTITLUL K
361 AGGTGCAGGTTAAAAGCTCCTGGTTCAGCGAAAAGACTGECAACTATGTTGTTGACAATC
48 V Q V X S S W F S E K T G N Y V V D N R
Bgllr
421 GCAGAACAAGGACAAACAGAAGAAACATTGTTAGATCTCCTTATCGTGGGAATGACTTTG
68 R TR TNUZ RU RUNTIV VI R SPYRGNUDTF D
481 ATTTTGCTGTTGCCTACGTCGAAGAACTTGAGCTGTTTTACGTCTTCCCGGTTGATGTCT
88 F AV A YV EETLTETLTFJVYV VT FUZPVDV F
541 TTATCAGTTACGGCAGTGAAATTCACCTGGTCGAAACTGATAAGCGTCAGAGAAAACCAA
108 I S Y G S E I HL V ETUDI KT RQU R K P R
FspI
601 GGTCATTCGGTTACCGAGAGGCTTGGCATCTCATCTTGCAAAAAGGGGCTIGCGCAAAAGG
128 S F &G YR EA AW HTLTITULG QU KGA A ATOQ K E
661 AAACTTCTGCGTGATTATCTCTCAAATTCGGGGAAGCCTTTCAAATGGTAATCCCGAGCE
148 T S A *
721 AAACCTAGGAATGCTTGGTGTTTCTGGGAAGGTGTAGAGACTTAATGGGAGACACCCTAA
781 CAGAAAAGCTGAGGGTGAAGAGAAAGTCCAGACCACAAACTGACAGAGTCAGGCAGTGAA
S, tRNA™et _ 3> <
841 AACTGTAGTTGGTAAGCATAACCCGAAGGTCGGTGGTTCAAATCCGCCTCCCGCCATTAA
— bioF
901 AAAAAAAGAAAAAAATTCCECCCGCCGGATAATGGTTGGGGGGTTTGTTTTATTCAATCT
1 M V @G G F V L F N L
Xbal
961 AAAGTTTATGGCTACTGGTTCCACTGCCTACACTTGGCTAGACGATGCTETAGAAACTAT
11 K F M A TG 8 TAJYTWULDDA ATLTETI
1021 TCAGCGGGCCCATTGGCATCGCCATCCCCAGATAATTACCCAAGGGCCAGGGCCAGAAAT
31 Q R A H WHU RUHUPOQTITI T QG PGP E I
. . . Md 0 . MeI .
1081 TAAGTTGGAGGGGCAACGGCTAGTTAATTTTGCTAGCAATGATTATCTTGGCTTAGCTAG
51 K L E @ Q R L V N F A S N D Y L G L A S
1141 CCATCCCCACCTAAAAACAGCGGCCATTAAGGCGATCGCCGAATGGGGAACCGGCAGTAC
71 "H P H L K T A A I K A I A EWGTG S T
1201 AGGTTCCCGGTTGCTGAGTGGCCACCGTCAGCTCCATCAAGACTTGGAACAGGCCATTGC
91 ¢ 8 R L L, 8 ¢ H R Q L H Q DL E Q A I A
1261 CCGCTGGAAGGGGACGGAAGCCGCTTTGGTGTTCAGTTCTGGCTATTTGGCTAATTTGGG
111 R W K 6 T E A A L V F S 8 G Y L A N L G
1321 CACCATCACGGCGTTGGTGGGTAAACGGGATTTGATTTTAGCGGACGAATATAACCATTC
133 T I T A L V 6 K R D L I L A D E Y N H 8
Neol
1381 CAGTCTGAAGCGTGGAGCCCAGTTGAGTGGAGCCAAGGTAATTAACTATGACCATGG
151 8 L K R G A Q L S 6 A K V I N Y D H G

Fig. 3. Nucleotide sequence of tRNA™¢ gene and surrounding regions (GenBank accession number U10482). Splice sites are indicated by arrows.
Protein coding sequences are represented beneath the DNA sequence. Restriction enzyme recognition sites are underlined, while overlines indicate

self-complementary regions discussed in the text.

primers, we could not be sure that the genomic sequence
resembled a functional tRNA. To resolve this uncertainty,
inverse PCR was used to obtain the complete split gene
and flanking sequences. Southern blots of Synechocystis
PCC 6803 DNA, using the BamHI—Xbal fragment of
pBB2.2 as probe, revealed an Xbal fragment of ~1.6 kb
that was large enough to contain the entire gene (see
Figure 2). After diluting and religating the genomic Xbal
digest, primers that start within the intron were used to
amplify the surrounding regions and the 1.1 kb amplifica-

tion product was cloned into pBSM13+. The sequence
flanking the intron can be folded into a characteristic
cloverleaf secondary structure (Figure 5) which conforms
in every respect to conserved features of eubacterial
tRNAMet (RajBhandary, 1994). There are only seven
changes between the DNA of the Synechocystis gene and
the RNA sequence of tRNA™e from Synechococcus
(Anacystis nidulans; Ecarot-Charrier and Cedergren,
1976). As with tRNAT™, the only other tRNA whose gene
has been sequenced in Synechocystis PCC 6803 (Schmidt
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Fig. 4. Secondary structure of the Synechocystis PCC 6803 tRNA™et intron. Exon sequence is in lowercase and intron sequence in uppercase, with
arrows indicating the splice boundaries. Conserved structural elements P1—P9 are indicated. Start and stop codons for the intron ORF are

underlined. Numbering corresponds to Figure 3.

and Subramanian, 1993), the 3'-terminal CCA sequence
of tRNA™Met is not encoded in DNA.

Another ORF begins downstream of the tRNA gene, at
position 932, and continues for 169 codons until the
sequence ends at the Ncol site (Figure 3). It is not clear
whether the AUG of the first or thirteenth codon is
the translation start, as no obvious ribosome initiation
sequence is apparent. Search of protein databases with
BLASTP revealed a strong match (without gaps in the
alignment) to the bioF genes of Bacillus subtilis (42%
identity starting with codon 27) and E.coli (36% identity
starting at codon 23). bioF encodes 8-amino-7-oxononano-
ate synthase, the first enzyme of biotin biosynthesis.
The region between these genes is a long interrupted
palindrome, a G+C-rich stem flanked 5’ by a string of A
and 3’ by a string of U, with potential to serve as a factor-
independent termination signal in both transcriptional
directions. This may function to uncouple the biosynthesis
of biotin operon mRNA from t(RNAMet,

Group | introns in tRNA™et genes of other
cyanobacteria

Although bacterial tRNAs™¢ have relatively few invariant
nucleotides, all have three consecutive G—C base pairs
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closing the anticodon stem (RajBhandary, 1994). As our
primers end at the base of the anticodon stem, we hoped
that they would also amplify this tRNA gene from other
bacteria. The expected size for PCR products of an
uninterrupted gene is 71 bp, while larger PCR products
would indicate a potential intron. Amplification of cyano-
bacterial DNA from Xenococcus sp. (ATCC 29373),
Synechococcus R2, Anabaena sp. (PCC 7120), Lyngbya
kuetzingi (UTEX 1547), Chlorogloeopsis fritschii (ATCC
27193), Calothrix sp. (PCC 7101), Fischerella ambigua
(UTEX 1903) and Chamaesiphon sp. (PCC 7430) result
in a single band of ~70 bp (not shown). The Synechococcus
amplification product (Figure 6, lane 3) was cloned and
sequenced, confirming an uninterrupted anticodon loop
identical in sequence to that previously determined for its
tRNA™Met (Ecarot-Charrier and Cedergren, 1976). How-
ever, PCRs with genomic DNAs of Scyfonema hofmanii
(UTEX 2349) and Dermocarpa sp. (ATCC 29371) resulted
in amplification products of ~310 and 320 bp, respectively
(Figure 6, lanes 5 and 6). As was the case with Synecho-
cystis, no tRNA-sized PCR product was visible in these
reactions, consistent with the absence of an uninterrupted
gene in these organisms.
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Fig. 5. tRNA™¢t structure. Complete Synechocystis tRNA™Me!
sequence determined from inverse PCR. Features diagnostic of
tRNA™¢t are shown as white against a black background. The intron

insertion site is indicated by an arrow.
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Fig. 6. PCR amplification products of cyanobacterial tRNA genes.
Synechocystis (lane 1) and Dermocarpa (lane 2) DNA amplified with
tRNAL®Y (UAA) primers. Lanes 3-6: tRNA™t primers using DNA
from Anacystis R2 (Synechococcus) (lane 3), Synechocystis (lane 4),
Scytonema (lane 5) and Dermocarpa (lane 6). M: 100 bp DNA marker
(Gibco/BRL).

We sequenced the cloned amplification products from
two or three independent PCRs of Scytonema and Dermo-
carpa DNA, respectively. Both have group I introns
(Figure 7) whose insertion sites are consistent with the
anticodon loop of tRNA™et genes, 5’ of the anticodon.
These new introns are 244 and 258 bp long, respectively,
and are very similar to the Synechocystis intron in second-
ary structure as well as in sequence, displaying in addition
the P10 interaction typical of most group I introns (not
shown). Although the P1 stem—loop structures are more
extended than is the case for the other bacterial tRNA
introns, these introns do not have an ORF inserted into
them. Alignment of the sequences from the beginning of
P2 to the 3’ end of these introns revealed that the
Scytonema and Dermocarpa introns share >90% identity
over 195 nucleotides. The main difference between these
two introns is the variable length of P9. The Synechocystis

Group | intron in cyanobacterial tRNAfVet

intron is more distantly related to the other two, with 76%
and 74% identity, respectively. This result is not expected,
as Dermocarpa is more closely related to Synechocystis
than to the filamentous, heterocystous Scyronema (Rippka
et al., 1979; Giovannoni et al., 1988).

As all other cyanobacteria so far investigated have
introns in their tRNAL® (UAA) genes, we were curious
to determine whether this is also true of the strains bearing
introns in tRNA™et Neither the Synechocystis nor the
Dermocarpa tRNA™" (UAA) gene is disrupted by an
intron. Rather, sequences of the cloned tRNA-sized ampli-
fication products (Figure 6, lanes 1 and 2) display the
anticodon stem—loop and long extra arm characteristic of
tRNAL®Y cloverleaf structures (Figure 8A and B). The
Scytonema tRNA (UAA) gene was already reported to
be interrupted by a group I intron (Kuhsel et al., 1990),
which we confirmed by the size of its amplification product
(not shown). Thus, Scytonema is the only bacterium so
far reported to have two genes divided by group I introns.

No group | introns detected in tRNA™et genes of
other bacterial phyla

The primers used to amplify cyanobacterial tRNAMet
genes were also used to amplify DNA from bacteria in
other phyla, with no evidence so far for the presence of
an intron (not shown). We detected a tRNA-sized product
in all cases and, where additional more slowly migrating
bands were also present, they turned out to be clusters
of two or more tRNA™et genes (D.Biniszkiewicz and
D.A.Shub, in preparation). While these results do not
exclude finding split tRNA™e genes in diverse phyla,
they are clearly not common.

Discussion

A group | intron in a novel bacterial gene

The few previously described examples of group I introns
in bacteria are located within, or immediately 3’ of the
anticodons of tRNAM" (UAA) genes in various cyano-
bacteria (Kuhsel et al., 1990; Xu et al., 1990), and tRNAA™
(CCU) and tRNA" (CAU) in a- and B-proteobacteria,
respectively (Reinhold-Hurek and Shub, 1992). The intron
described in this work was originally detected on the basis
of the GTP end-labeling reaction, characteristic of the
group I splicing mechanism (Xu et al., 1990), independent
of any preconception of the gene it might inhabit. Yet, it
is also located in the anticodon loop of a tRNA gene, in
this case inserted 5’ of the first anticodon nucleotide of
tRNA™Met in Synechocystis and two other cyanobacterial
genera: Dermocarpa and Scytonema. Interestingly, like all
other group I introns in tRNA genes, they are closely
related members of the IC3 subfamily (Michel and
Westhof, 1990). The tRNA™et introns described here are
distinguished from the others by an extended P1 stem,
which in Synechocystis is expanded into an ORF of
150 codons.

The Synechocystis intron ORF

Most ORFs that are found within group I introns are site-
specific endonucleases that cleave double-stranded DNA
near the intron insertion site. DNA that contains the intron
is not cleaved, as the endonuclease recognition sequence
is split. Subsequent repair of the cleaved gene, using its
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AUGUG CCUUGCGCCGGGAAACCACGCAAGG--

Pl
1. AU UUCG
2. AA GGUAAA
3. AG AAAA

UUGGG GGUUGCGCCCGGAAACGACGCAAUC--

CUGAG CCUUGAUAGA-GAAA-UCUUUCAAGUG

4. EEACGAGUAAGAUUGACUAAACGCUUAAAAGUUAUUCUUAQQAQQQQQ GGUACGUAAA-GAAA-CUUACGUAUGU
5. CAACAUGCAAGAUUAACUAAGUGCUUAGCAGUUAGUUUUGCUAUGGGC GGUACGUAAA-GAAA-UUUGCGUGCGU
6. CAGGUCGCAAGAUGUAAACCaug[405]CUCAUCUUGCAAAAAGGGGC UGCGCAAAAG-GAAA-CUUCUGCGuga

P3 P4 P5

PS! P4' P6 Péa

1. GAUGGUGUCAAAUUCGGCGAAACCUAAGCGCCCGCCCGGGCGUAUGGCAACGCCGA GCCAAGCUUCGGCG
2. GAUCUGCUCAAAGUCGGGGAAAGCUUCGCUGG-UCUU-CCAGUAUGCCAAUCCCGA GCCAAGCUCCGGA-
3. ACUGCUCUCAAACUCAGGGAAACCUAAAUCUG-GUUA-CAGACAUGGCAAUCCUGA GCCAAGCCAAGGUG

4. UUACCUGUCAAACUCGGGGAAGCC-~--—--— AAUAGCGC

5. UUACCUGUCAAACUCGGGGAAGCC------- AUUAGCGC

6. UUAUCUCUCAAAUUCGGGGAAGCC-======< UUUCAAAU
péa’' pP6' P7 P3!

1. CCUGCGCCGAUGAAGGUGUAGAGACUAGACGGCACC
2. GAAA-UCCGGUGAAGGUGUAGAGACUGGAUGGGCAG
3. [74)UAGCUAGGAAGGUGCAGAGGCCCGACGGGAGC
4 GAAA---UGGAGAAGGUGUAGAGACUGGAAGGCAGG
5. GCAA---GAGAGAAGGUGUAGAGACUGGAAGGCAGG
6. [ 9)UUUCUGGGAAGGUGUAGAGACUUAAUGGGAGA

p7!' P9.0 P9a

------ GGUAAUCCCGA ACCAAGCUCCA---

------ GGUAAUCCCGA ACCAAGCUCUC---
—————— GGUAAUCCCGA GCCAAACCUAGGAA

P8 p8!

CACCUAA-GGC--AAAC-GCUAUGGUGAAGGCA
CACCUAAAGGCCGCAAGGUCCACGGUGAAGGGA
UACCCUAACG--UAAAG-UCGAGGGUAAAGGGA
UACCCUAACAG-UAAAG-CUGAGGGUAAAGGGA
CAUCCUAACG--UUAAG-CCGAGGAUGAAGGGA
CACCCUAACAG-AAAAG-CUGAGGGUGAAGAGA

P9a' P9b P9b' P9.0!'

1. UAGUCCAGGGA

GUGGCGAAAGUCACA-CAAACCGG

2. CAGUCCAGACCACGAACGCCCUUAUC--CGAUU--GAGAUGGGCGGCGGCGAAAGCCGAA-GCGGUAUG
3. GGGUCCGAUUCUCAAAACCUUUCAAUUCUGUGGAAGUGUAAGGCAGUAGCGAAAGCUGCA-GGAGAAUG

4. CAGUCCAGACCACAAACUGGUUAA==—===mmm===mm

UCCAG-GCAGUGAAAACUGUAGAUGGUAAG

5. CAGUCCAGACCACAAACUGGUUAA GCUAGUUAAUUCAG-GCAGUGAAAGCUGUAGAUGGUAAG
6. AAGUCCAGACCACAAACUGAC AGA GUCAG-GCAGUGAAAACUGUAGUUGGUAAG

Fig. 7. Alignment of bacterial tRNA introns. (1) Azoarcus tRNA", (2) Agrobacterium tRNAA (Reinhold-Hurek and Shub, 1992) and (3)
Scytonema tRNAXY (Kuhsel er al., 1990) intron sequences are aligned with tRNA™e introns from (4) Scytonema (GenBank accession number
U10481), (5) Dermocarpa (U10480) and (6) Synechocystis. Underlining indicates base-paired portions of conserved secondary structural elements
(see Figure 4). Numbers in brackets indicate residues not shown. Lower case letters indicate the start and stop codons of the Synechocystis intron

ORF.

intact homolog as template, results in acquisition of
the intron and co-conversion of nearby genetic markers,
a phenomenon that has been called intron homing (Dujon,
1989; Lambowitz and Belfort, 1993). Although we are
not able to assign a function to the Synechocystis intron
OREF, its apparent toxicity is consistent with a presumed
function as a homing endonuclease. At 150 amino acids
it is only slightly smaller than the smallest of these
enzymes. '

The conserved nature of the anticodon stem and loop
of bacterial tRNA™Me genes makes it a likely target for
nuclease-containing introns, which tend to occupy genomic
locations that do not tolerate sequence variation. Once
inserted in such a highly conserved site the intron is
difficult to dislodge: exact deletion merely provides a
substrate for the homing endonuclease, whereas deletions
that simultaneously change the homing site are deleterious
(Shub and Goodrich-Blair, 1992). In contrast to the
tRNA introns—which are maintained in widely diver-
gent cyanobacteria and chloroplasts in spite of the absence
of an ORF to provide the means for mobility—the introns
in tRNA™et are found only sporadically. Moreover,
Dermocarpa’s intron is most similar to the one in
Scytonema, in spite of the much closer evolutionary
relatedness to Synechocystis (Giovannoni et al., 1988).
These observations are consistent with the hypothesis that
the tRNA™et introns are recent examples of lateral gene
transfer in the cyanobacteria.

Although all bacterial tRNA introns are closely related
(Reinhold-Hurek and Shub, 1992), the three tRNAMet
introns are more closely related to each other than they
are to any of the others, including the tRNAL introns in
cyanobacteria (D.A.Shub, in preparation). This is true
even in the case of Scytonema, which is the only example,
so far, of a bacterium with two group I introns. One of
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these is apparently ancient and is preserved due to an
unknown selective value, while the other was probably
obtained more recently through lateral transfer from a
distant species.

Materials and methods

DNA preparation

Synechocystis and Synechococcus cultures were grown as previously
described (Xu et al., 1990). Cells obtained from 400 ml cultures were
resuspended (10 ml/g wet cells) in STET buffer (0.1 M NaCl, 10 mM
Tris—Cl, pH 8.0, | mM EDTA, 5% Triton X-100) containing 10 mg/ml
lysozyme, and incubated for 1 h at 37°C. Pronase (1 mg/ml) and SDS
(0.5%) were added and incubation continued for another hour, after
which the SDS concentration was increased to 2% and incubation
continued for an additional hour. The viscous, translucent suspension
was subjected to standard phenol and phenol/chloroform extractions
until the protein interface disappeared, and extracted once with chloro-
form. DNA was precipitated with 2 vols of ethanol, collected by spooling
on a sterile glass rod, air dried and dissolved in 10 mM Tris—Cl
(pH 8.0), | mM EDTA. Other cyanobacterial DNAs were the gift of
S.Nierzwicki-Bauer.

DNA filter hybridization

Five micrograms of DNA from Synechocystis PCC 6803 were digested
with restriction enzymes, and the resulting fragments were separated on
a 1.0% agarose gel and vacuum blotted onto a positively charged
nitrocellulose membrane (Hybond-N*, Amersham). Before blotting, the
agarose gel was incubated for 20 min in 0.25 M HCIl. The vacuum
transfer solution contained 0.4 M NaOH and 0.6 M NaCl. After
neutralization with 5 X SSC (5 min) and prehybridization for 1 h. at
50°C, the membrane was hybridized to the probe for 15 h at 50°C in
6 X SSC, 0.1% SDS, 5% dextran sulfate, 5 X Denhardt’s solution,
10 mM EDTA, 100 pg/ml heparin and 10 pg/ml yeast RNA (type III,
Sigma). The radiolabeled probe was generated using random hexamer
primers (Feinberg and Vogelstein, 1983), and purified on Sephadex G50
columns. After incubation with the radiolabeled probes, all membranes
were washed three times for 10 min in 6 X SSC and 0.1% SDS.

Polymerase chain reaction
PCRs were performed using 0.1-0.5 pg DNA, 20 pmol of each primer,
200 uM of each deoxynucleotide triphosphate, 2 U of Tug DNA
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Fig. 8. Absence of introns in tRNAMY (UAA) genes of

(A) Svnechocystis and (B) Dermocarpa. Sequences of PCR
amplification products using primers for tRNALY (UAA) are shown.
PCR primers are shown as solid lines.

polymerase and | X Tag buffer (Boehringer Mannheim) containing
1.5 mM MgCl,. The reaction mixtures were heated to 92°C for 1 min,
48°C or 40°C (for tRNA!<Y) for 1 min, and 72°C for 2 min. After
incubation for 30 cycles, one final extension step at 72°C for 10 min
was added. PCR products were separated on a 1.8% agarose gel using
a 0.5 mm comb.

Primers SM1 (5'-GCGGGGTAGAGCAGCCTGGTACCTCGTCGGG-
3’) and SM2 (5'-GCGGGATCCGGATTTGAACCACCGACCTTCGGG-
3') were used to amplify IRNA™ The 5" part of the Svnechocystis
tRNA™¢C gene was amplified using primers SM1 and SBI, which
is complementary to residues 442—470 of the sequence, spanning a Bg/Il
site (Figure 3). Primers INV3 (5'-CAGAAAAGCTGCAGGTGAAGA-
GAAAGTCC-3") and INVS5 (5'-GCTTAGTGCTCATGGTCTAGATCT-
TGCGAC-3") were used for inverse PCR. Positions of primers for PCR
of tRNA™¢t genes are shown in Figure 2. Primers TL25 [5'-GGGG(G/
AT(G/A)TGG(C/T)G(A/G)AAT(C/T)\GGTAGACGC-3'] and TL23 [5'-
TGGGG(G/A)C/T)G/A)G(G/A) GGGACTTGAACCC(C/A/T)CACG-
3’| were used to amplify (RNAMY (UAA) genes.

Cloning and sequencing

Plasmid pBSM 13+ (Stratagene) was used as the vector for all cloning
experiments. pBB2.2 was constructed by purifying the 3.3 kb fraction
of a BamHI digest of Svaechocystis PCC 6803 DNA and ligating it into
the BamHI site. Subclones were obtained from the upstream BamHI site
to the Xbal, proximal Nhel or Ncol sites and from the Bg/ll or Xbal
sites to the downstream BamHI site (Figure 2). PCR amplification

Group | intron in cyanobacterial tRNAfMet

products of the entire Svnechocystis intron were cloned into the vector
Hincll site. Additionally, the amplification products were digested with
Bglll and Fspl, and the fragments from Bg/II to Fspl, and Fspl to the
3’ end of the tRNA (Figure 2) were cloned. The 5’ part of the intron
was cloned separately after amplification using primers SM1 and SB1.
All sequences were obtained by the dideoxy chain termination method,
on both DNA strands. Intron sequences were from clones obtained from
two independent PCRs. In the case of Dermocarpa tRNA™M® a third
independent clone was used to resolve a discrepancy. Overlap between
sequences of PCR clones of the Synechocystis intron was confirmed on
one strand of genomic subclones. The 3" exon and bioF sequences were
obtained from genomic subclones, while the 1.13 kb inverse PCR product
was used to determine the 5’ exon and upstream flanking sequence.

Inverse PCR

Svnechocystis PCC 6803 DNA was digested with restriction endo-
nucleases and Southern blots were probed with the BamHI—Xbal
fragment of pBB2.2. A hybridizing band of 1.6 kb was observed for the
Xbal digest, which is large enough to contain the entire gene plus
flanking regions (Figure 1). Xhal-digested and religated DNA was
amplified with primers INVS5 and INV3 (Figure 2). PCR conditions
were: 92°C for | min, 42°C for 1 min and 72°C for 2 min, and after 30
cycles, a final extension step at 72°C for 10 min. Products were separated
on a 1.29% agarose gel, and the band of the expected size (1.1 kb) was
extracted for cloning.
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