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The lactococcal group II intron LLItrB interrupts the /trB relaxase gene within a region that encodes a
conserved functional domain. Nucleotides essential for the homing of LLItrB into an intronless version of ltrB
are found exclusively at positions required to encode amino acids broadly conserved in a family of relaxase
proteins of gram-positive bacteria. Two of these relaxase genes, pcfG from the enterococcal plasmid pCF10 and
the ORF4 gene in the streptococcal conjugative transposon Tn5252, were shown to support LLItrB insertion into the
conserved motif at precisely the site predicted by sequence homology with lfrB. Insertion occurred through a
mechanism indistinguishable from retrohoming. Splicing and retention of conjugative function was demon-
strated for pCF10 derivatives containing intron insertions. LLItrB targeting of a conserved motif of a conjuga-
tive element suggests a mechanism for group II intron dispersal among bacteria. Additional support for this mech-
anism comes from sequence analysis of the insertion sites of the E.c.I4 family of bacterial group II introns.

Group II introns are self-splicing and mobile RNAs (14)
encoded within the genomes of bacteria (27) and in the or-
ganelle DNAs of plants, fungi, and protists (3). These RNAs
have a conserved secondary structure with six sets of base-
pairing regions, domains I through VI, arranged radially
around a central circle (29). Much of domain IV is looped out
of the secondary structure and determines the synthesis of an
intron-encoded protein (IEP) with maturase, endonuclease,
and reverse transcriptase (RT) activities (28, 33). Maturase
assists in splicing, probably by enhancing the formation or
stabilization of a catalytic ribozyme structure which mediates
splicing (28) via a mechanism very similar to that of eukaryotic
spliceosomal introns (38).

Group II introns home at high frequency into intronless
alleles of the same exon gene and transpose at low frequency
into ectopic sites with sequence similarity to the natural site
(26). Since group II intron mobility occurs through an RNA
intermediate, the terms retrohoming and retrotransposition
are used to designate these events (9, 21). During retrohoming,
the IEP, which is associated with the spliced-out intron RNA,
recognizes nucleotides in the distal 5’ portion of the DNA
target and EBS/ ribonucleotides in the intron base pair with
IBS/3" nucleotides in the DNA target site. This process is
followed by reverse splicing of the intron RNA into target
DNA (20, 28, 34, 40). The IEP then interacts with the 3’
portion of the DNA target, and the IEP endonuclease nicks
the antisense strand of recipient DNA a few base pairs down-
stream of the insertion site (20, 28). Using the 3’ end of the
nicked target DNA as a primer, IEP RT reverse transcribes the
intron RNA via a mechanism reminiscent of non-long terminal
repeat retrotransposon target DNA-primed reverse transcrip-
tion (14, 28). In retrohoming by yeast mitochondrial group II
introns all and al2, completion of the insertion event generally
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occurs by double-strand break repair recombination between
cDNA and the target site (15, 16). In contrast, retrohoming by
the Lactococcus lactis group 11 intron LLItrB is independent of
homologous recombination (9).

LLItrB was the first group II intron in bacteria that was
shown to splice (31) and home (30) in vivo. LLItrB interrupts a
putative relaxase gene, /trB, in the conjugative plasmid pRSO1
(31). Relaxase protein nicks conjugative plasmid DNA in a site-
specific, strand-specific manner at the origin of transfer (oriT).
Only after nicking can a plasmid be transferred to a recipient (7,
24). Genetic data indicate that LLItrB splicing is required for LtrB
relaxase expression and for pRS01 conjugation (31).

LtrB and a number of other relaxase proteins encoded by
conjugative elements of gram-positive bacteria share three
conserved motifs with relaxases in gram-negative bacteria (36,
41). Motif I contains the enzymatically active site. Motif IT may
play a role in DNA recognition. Motif III contains a histidine
that is thought to activate a motif I tyrosine residue by proton
abstraction. Motif III has the most amino acid identity among
diverse relaxases (36, 41).

LL1trB was independently identified in pRSO01 from L. lactis
subsp. lactis ML3 and the nearly identical sex factor of the
closely related strain L. lactis subsp. lactis 712 (31, 39). It is
likely that the two identical introns represent a single insertion
event in a common ancestor strain (25). Another intron that is
99.8% identical to LLItrB is present in pAHS82 of L. lactis
subsp. lactis biovar diacetylactis DPC220 (35). The interrupted
gene, mobD, is only about 50% identical to /trB, although the
predicted MobD peptide sequence does include the relaxase
structural motifs discussed previously. Although LLItrB family
members have so far been identified only in L. lactis, both the
IEP and the noncoding RNA are more closely related to yeast
mitochondrial introns than they are to other bacterial introns
(31, 43, 50).

Biochemical (34, 40) and genetic (19) studies have identified
nucleotides in the LLItrB target site that are critical for L1LItrB
insertion. Substitutions of several nucleotides in the IBS/3’
region (positions —12 to —8 and —6 to + 3 with respect to
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intron insertion), a region which base pairs with intron RNA,
severely reduced reverse splicing in vitro. Nucleotides outside
the IBS/8' region that interact with LtrA were also important,
including T-23, G-21, and A-20 for reverse splicing and T+5
for antisense strand cleavage.

A more recent study by Zhong et al. suggests that additional
positions (positions —23, —19, —17, —15, and —14) may also
be important for LLItrB targeting of insertion sites (48). How-
ever, since that study utilized an LLItrB-derived gene-targeting
vector with randomized EBS and 8 sequences to target the
Escherichia coli genome, it may not be completely relevant to
determining the target site specificity of the wild-type LL1trB in
L. lactis.

To test whether LL1trB might target other relaxase genes, we
introduced a marked LLItrB construct into cells containing
potential LLItrB targets and looked for the transfer of the
marker to the relaxase gene targets. Our results indicate that
(i) LLItrB does target relaxase genes of other conjugative ele-
ments, (ii) the insertion occurs within DNA encoding con-
served motif III, and (iii) LLltrB mobility can be observed in
Enterococcus faecalis as well as in L. lactis. The results of our
study suggest a model for group II intron dispersal in bacteria.

MATERIALS AND METHODS

Computer analyses. Protein and DNA searches and sequence alignments
utilized online software at the National Center for Biotechnology Information
website (http:/www.ncbi.nlm.nih.gov/). Sequences of relaxase proteins and en-
coding sequences were accessed there and at the Washington University Pfam
database of protein families (http:/pfam.wustl.edu/). Multiple-sequence align-
ments of DNA and protein were produced by using a Seqweb version of GCG
(Wisconsin Package) and online alignment tools available at the Baylor College
of Medicine website (http://searchlauncher.bcm.tmc.edu/multi-align) or the Ca-
nadian Bioinformatics Resource website (http://www.cbr.nrc.ca).

Bacterial strains and growth conditions. E. coli DH5« (Gibco-BRL) was used
in plasmid cloning and as an indicator strain for assessing the frequency of LLItrB
insertion into artificial target plasmids. All intron insertion experiments (regard-
less of the target) were conducted with Enterococcus faecalis strains. Enterococ-
cus faecalis UV202 is resistant to rifampin and fusidic acid and is recombination
deficient (47). Three plasmid-free Enterococcus faecalis strains derived from
OGT1 (13, 18) were also used in this study. OG1RF and OG1SSp are resistant to
rifampin and fusidic acid (13) and streptomycin and spectinomycin (12), respec-
tively. OG1ES, which is resistant to erythromycin and streptomycin, was devel-
oped in this study. It was constructed by plating out OG1 on Todd-Hewitt broth
(THB) agar plates containing 50 times the MIC of erythromycin. (We deter-
mined that the erythromycin MIC was ~0.16 pg/ml.) An erythromycin-resistant
strain (for which the MIC is =160 pg/ml) was then used for the selection of an
erythromycin- and streptomycin-resistant mutant, termed OGIES. For strain
OGIES, the erythromycin MIC is >100 wg/ml and the streptomycin MIC is
>1,000 pg/ml. Because of the high degree of natural resistance of other OG1
strains to streptomycin (the streptomycin MIC for OGIREF is between 100 and
1,000 pg/ml), erythromycin selection alone was typically used in experiments
involving OG1ES.

Strain OG1RF::Tn5252 was created by filter mating of the broad-host-range
conjugative transposon Tn5252 from Streptococcus pneumoniae SP1000 (1).
SP1000 and OG1RF were grown to the stationary phase and then diluted 1:3 and
1:5, respectively, and grown for about 2 h. One hundred microliters of OG1RF
and 1,000 pl SP1000 were mixed and passed via a syringe through a 0.2-um-
pore-size membrane filter (Gelman Sciences, Ann Arbor, Mich.) with a diameter
of 13 mm. The filter was placed on an agar plate containing brain heart infusion
broth supplemented with 0.2% bovine serum albumin (BHI-BSA), overlaid with
soft agar containing BHI-BSA, and incubated overnight. The filter was rinsed
in 1 ml of potassium phosphate-buffered saline (1.68 mM KH,PO,, 8.0 mM
K,HPO4, 150 mM NaCl [pH 7.4]), and the rinse solution was plated out on THB
agar supplemented with rifampin, fusidic acid, and chloramphenicol to select for
OGI1RF::Tn5252.

Enterococcus faecalis was grown in THB, E. coli was grown in Luria broth, and
S. pneumoniae was grown in BHI-BSA. For Enterococcus faecalis, antibiotics
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were used at the following concentrations: chloramphenicol, 25 wg/ml; erythro-
mycin, 10 pg/ml for plasmid and 100 pg/ml for chromosomal marker; fusidic
acid, 25 pg/ml; kanamycin, potency of 750 to 1,000 wg/ml; rifampin, 200 pg/ml;
spectinomycin, potency of 600 to 1,000 wg/ml for plasmid and 150 to 250 pg/ml
for chromosomal marker; streptomycin, potency of 767 pg/ml; tetracycline,
10 pwg/ml. For E. coli, antibiotic concentrations were as follows: chloramphenicol,
30 wg/ml; erythromycin, 300 wg/ml; kanamycin, potency of 38 to 50 pg/ml;
spectinomycin, potency of 30 to 50 wg/ml. For S. pneumoniae, chloramphenicol
was used at 5 ug/ml. All strains were grown at 37°C. E. coli was generally grown
with aeration, whereas Enterococcus faecalis and S. pneumoniae were not.

Extrachrc 1 genetic el ts. Two conjugative plasmids, pCF10 (11)
and its derivative, pCF11 (12), were used in this study. They encode a putative
relaxase, PcfG, as well as tetracycline resistance. pCF11 contains a point muta-
tion that results in a constitutively elevated transfer phenotype (12). The conju-
gative transposon Tn5252 encodes chloramphenicol resistance (1) and a bio-
chemically characterized relaxase protein (encoded by ORF4) (41).

Three LLItrB-Kan donor plasmids were used in this study. pLEIIzd " KR” was
jointly constructed by us and the Belfort laboratory. The pLE vector encodes
chloramphenicol resistance, while 3’,5"-aminoglycoside phosphotransferase type
IIT kanamycin resistance (44) is encoded by a gene that was cloned in LLItrB just
downstream of /r4. A self-splicing group I intron, tdA1-3, was cloned between
ItrA and the kanamycin resistance gene. The presence of the kanamycin resis-
tance gene and tdA1-3 did not affect the splicing efficiency of LL1trB in a previous
construct (9). The modified LLItrB, flanked by /B exon fragments, was cloned
under the control of the nisin-inducible promoter PnisA. While the two-compo-
nent system for nisin induction is absent in Enterococcus faecalis, the PnisA pro-
moter is somewhat leaky in Enterococcus faecalis (6). Plasmid pLEIlzd " KR"AORF
is identical to pLEIlzd "KR” except that we replaced lr4 with an internally
deleted version from pLI2(7)AOREF, in which over 88% of ItrA is deleted. In a
previous construct, this deletion abolished splicing and severely reduced homing
(9). A third LLItrB donor plasmid, shuttle plasmid pCOMT-Kan, is a modified
version of pCOM9 (49). pCOMT-Kan contains the pRSO1 oriT (32) and a
spectinomycin resistance gene within its vector sequence. The kanamycin resis-
tance gene that encodes 3',5"-aminoglycoside phosphotransferase type III (44) is
cloned into the LLItrB insert downstream of ltrA.

Nisin-inducible LLItrB target plasmids were constructed by cloning a 271-bp PCR
product amplified from a region spanning the intron target site in pcfG (positions
—179 to +92 with respect to the LLItrB insertion) under the control of the PnisA
promoter of pMSP3535 (6). Primers used for PCR amplification incorporated Spel
and Xbal sites, simplifying insertion into the pMSP3535 multicloning site. See Table
1 in the supplemental material (http:/Awww.micab.umn.edu/faculty/Dunny.html) for
the oligonucleotide primer sequences. Plasmids were electroporated into DH5a.
Orientation and sequences were verified by PCR and automated dideoxynucleotide
sequencing (Advanced Genetic Analysis Center, University of Minnesota) before
electroporation into Enterococcus faecalis. pMSP3535-FT contained the target in the
forward orientation with respect to transcription, while the target in pMSP3535-RT
was in the reverse orientation.

Conjugation. Cultures of donor and plasmid-free recipient Enterococcus fae-
calis strains were grown overnight in THB plus antibiotics. Donor and recipient
bacteria were washed in THB to remove antibiotics and then combined in THB
with a 1:10 donor-to-recipient ratio and incubated for 30 min to 2 h at 37°C, fol-
lowed by quantitative plating on THB agar with relevant selective antibiotics.
Transconjugant-to-donor ratios were calculated by dividing the number of CFU per
milliliter resistant to both a recipient chromosomal marker and a conjugative plas-
mid-mediated marker by the number of CFU resistant to donor antibiotic markers.

Plasmid electroporation. Electroporation of plasmids into E. coli and Entero-
coccus faecalis was done by using the Gene Pulser (1.7 kV, 200 Q, 25 pF, 1-mm-
diameter cuvettes; Bio-Rad, Philadelphia, Pa.). Electrocompetent E. coli cells
were prepared according to the manufacturer’s instructions, while electrocompe-
tent Enterococcus faecalis cells were prepared according to the protocol of Bae
et al. (2). Following electroporation, E. coli cells were added to 1 ml of SOC (2%
Bacto Tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,,
10 mM MgSO,, 20 mM glucose) and incubated with aeration at 37°C for 2 h
before plating on Luria broth plates plus antibiotics. Following electroporation
of Enterococcus faecalis, the slurry was added to 200 pl of THB supplemented
with 0.5 M sucrose and incubated for about 2 h before plating on THB plates
with antibiotics.

DNA and RNA analyses of LLItrB-Kan insertions in pCF11 and Tn5252.
Plasmid isolation was done with miniprep kits (QIAGEN, Valencia, Calif.).
Restriction enzymes were purchased from New England Biolabs (Beverly, Mass.)
or Promega (Madison, Wis.) and used according to the manufacturer’s instruc-
tions. PCR was done by using the GeneAmp PCR system 2400 (Perkin-Elmer,
Wellesley, Mass.) or a Mastercycler (Eppendorf, Hamburg, Germany) with Bio-
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X-Act polymerase (Bioline, Randolph, Mass.). DNA sequences were determined
by automated dideoxynucleotide sequencing (Advanced Genetic Analysis Cen-
ter, University of Minnesota). Detailed descriptions of PCR protocols used to
analyze LLItrB-Kan insertions in pCF11 and Tn5252 are presented in the sup-
plemental Materials and Methods and Table 2 in the supplemental material
(http://www.micab.umn.edu/faculty/Dunny.html). Oligonucleotide primer se-
quences are given in Table 3 in the supplemental material. RT PCR analysis of
pcfG splicing was performed by using SuperScript II reverse transcriptase and
Bio-X-Act polymerase (Bioline) in a two-step RT PCR as described in the
supplemental Materials and Methods.

Examination of LLItrB-Kan insertion into an inducible target. OG1RF was
electroporated with pMSP3535-FT, pMSP3535-RT, or pMSP3535, followed by
electroporation with pCOMT-Kan. Colonies resistant to erythromycin (pMSP3535
marker) and spectinomycin (pCOMT-Kan marker) were grown overnight with
continued antibiotic selection in the presence or absence of nisin induction
(10 ng/ml). Plasmid was isolated and electroporated into DH5a«. Electrotrans-
formant colonies resistant to erythromycin were patched to kanamycin and
spectinomycin. LLItrB-Kan insertion into the target plasmids was calculated as
the fraction of erythromycin-resistant and spectinomycin-sensitive DH5a colo-
nies that were resistant to kanamycin. Experiments were done in triplicate, and
about 50 erythromycin-resistant and spectinomycin-sensitive colonies from each
DHS5a electrotransformation were examined. DHS« plasmid preparations from
each OGIRF experiment that resulted in genetically determined LLItrB-Kan
insertions were further analyzed by restriction enzyme digestion. DNA se-
quences of intron-exon junctions from single examples of each LLItrB-Kan in-
sertion type were determined.

Real-time RT PCR verification of nisin induction. Nisin induction of RNA
transcription from pMSP3535-FT and pMSP3535-RT was confirmed by one-step
real-time RT PCR by using the iCycler (Bio-Rad) according to the manufactur-
er’s instructions. OG1RF/pMSP3535-FT,pCOMT-Kan and OG1RF/pMSP3535-
RT,pCOMT-Kan were grown up overnight with erythromycin and spectinomycin
selection in the presence and absence of nisin. RNA was isolated with the
RNeasy minikit (QIAGEN). Primers for RT PCR were designed to anneal
between the nisin promoter and the intron insertion site such that LLItrB inser-
tion is not predicted to affect RT PCR efficiency. As a control for RNA loading
levels, erm ¢cDNA was also amplified by real-time RT PCR. The erm gene codes
for erythromycin resistance.

Sequencing of pcfG. The pcfG gene was amplified by PCR with primers that
correspond to the sequence of pTEF2, a pCF10-like plasmid in Enterococcus
faecalis V583 sequenced by the Institute for Genomic Research (37). The se-
quences of both strands were determined by automated dideoxynucleotide se-
quencing (Advanced Genetic Analysis Center and MicroChemical Facility, Uni-
versity of Minnesota).

Nucleotide s. The GenBank sequence accession
number for the pcfG gene is AY288104. GenBank sequence accession numbers
for the plasmids used in this study are as follows: pLEIItd*KR", AY303236;
pLEIItd "KR"AORF, AY303237; pCOMT-Kan, AY303238; pMSP3535,
AY303239; pMSP3535-FT, AY303240; pMSP3535-RT, AY303241.
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RESULTS

Comparative analysis of LLItrB insertion sites. Nearly iden-
tical group II introns are present in divergent relaxase genes of
the lactococcal conjugative elements pRS01 (31) and pAHS2
(35). We noted that the intron insertions in these elements are
at the same nucleotide within a sequence that encodes a con-
served motif (Fig. 1B). The motif includes a conserved histi-
dine residue shown to be catalytically active in the homologous
Tral relaxase encoded by the RP4 plasmid found in gram-
negative bacteria (36).

In a previous study, Guo et al. tested the homing of LLItrB
into a plasmid pool containing /trB target sites with multiple
random mutations (19). Each position in the target site (posi-
tions —30 to +15 with respect to the LLItrB insertion) was
randomly mutated, with an average overall mutation frequency
of ~30% at each position. Using the raw supplemental data
available at http://www.sciencemag.org/feature/data/1050641
.shl, we recalculated the mutability values with the formulas of
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Guo et al. and determined an average mutability value for each
position. Briefly, mutability values were determined by com-
paring the ratios (R) of mutant to wild-type nucleotide resi-
dues in active DNA target sites with those in the initial recipi-
ent pool by using the expression [(R .yt active/(Rmutawt)poot] — 1-
A mutability value of —1 corresponds to a nucleotide that is
completely absent at a particular residue in active DNA target
sites yet present at some frequency at that position in the
recipient pool. In contrast, an increased frequency of mutant
nucleotides in the active DNA target site compared to that in
the recipient pool corresponds to a positive mutability value.
Positions —21, —12, —11, —6, 1, 2, and 5 had average mutabil-
ity values of less than —0.75, implying a >75% reduction in
homing among target plasmids containing at least one muta-
tion at these seven positions. Since the target plasmids in the re-
cipient pool contained multiple mutations throughout the tar-
get site, one cannot determine on the basis of this experiment
how single mutations at these sites would affect homing. How-
ever, single mutations at positions —21, —12, and +5 reduced
homing frequency by 95 to 97% (34). To our knowledge, no
single-mutation data are available for the other four positions.

Each of these seven positions in pAHS2 is identical to its
homologue in pRSO01 (Fig. 1A), compared to an overall
identity of 71% throughout the 45-bp target sequence. These
sites are also conserved in >80% of firmicute bacterial relax-
ase genes that have this domain and that are listed in the
Pfam database (http://pfam.wustl.edu/) (Fig. 1A). Interesting-
ly, these seven nucleotides map in every case to highly con-
served first or second positions of codons that encode widely
conserved amino acids, including the putative functional histi-
dine residue in motif III (Fig. 1B).

Three nucleotides that map to less-conserved third codon
positions (positions —10, —4, and —1) base pair with G nucle-
otides in the intron EBS sequences during LLItrB homing.
Each position contains either a C or a T nucleotide in pRS01
and pAHS2 (Fig. 1A). Positions —10, —4, and —1 had average
mutability values of —0.635, —0.563, and —0.650, respective-
ly. When we excluded C—T and T—C mutations from our
calculations, average mutability values decreased to —0.785,
—0.620, and —0.884 for positions —10, —4, and —1, respec-
tively. Intriguingly, all but one of the 24 Pfam database firmi-
cute relaxase genes contain exclusively C or T nucleotides at
positions —10, —4, and —1 (Fig. 1A).

Sequencing in our laboratory of the enterococcal conjuga-
tive plasmid pCF10 (H. Hirt and E. M. Bryan, unpublished
data) revealed a putative relaxase gene, pcfG, which showed a
degree of similarity to ItrB of pRS01. The pcfG nucleotide
sequence flanking a predicted LLItrB insertion site is identical
to the /frB sequence at the seven critical positions discussed
above and also contains either T or C nucleotides at positions
—10, —4, and —1 (Fig. 1A).

LLItrB insertion into the pCF10 pcfG gene. Preliminary ex-
periments (data not shown) indicated that an LL1trB derivative
could move from a donor plasmid (pCOMT-Kan) to pcfG in
pCF10 when both plasmids were present in the same Entero-
coccus faecalis host strain. To examine LLItrB insertion into
pcfG in detail, we used a conjugation assay in which the intron,
expressed from the nonconjugative plasmid pLEIltd " KR”, was
allowed to transpose into pCF11 (a derivative of pCF10 with
an identical pcfG gene whose higher constitutive conjugative
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A (EBS2) (EBS) (o)
GUG UA GUG UUG  GUA

1. LTRB_LACLA pRSO1 Ll ACC CAC GTC GAT ... ... CGT GAR CAC ATC CAT AAC | CAT ATC ATT TIT AAT
2. LTRB_LACLC pRSO1-like sex factor L./ ACC CAC GTC GAT ... ... CGT GAA CAC ATC CAT AAC || CAT ATC ATT TTT AAT
3. QYFB66 pAHS2 Lt ACT CAT ACC GAT ... ... BAG CCA CAC CTC CAT AAT || CAT ATT ATT TTA AAT
4. AY288104 pCF10 Eyf ACA CAT GTC GAC ... ... AAA GAA CAT TTA CAC AAT | CAT ATT ATT TTT AGT
5. Q54%83 Tns252 Sp ACT CAT GIC GAT ... ... AAA GGT CAT ATC CAC AAT | CAC ATC ATC CTA AAT
6. QBESBI genome Sag ACA CAC CAA GAT ... ... AAG GGA CAC TTG CAC AAT CAT ATC ATT TTC AGC
7. Q8DL67 genome S.ag ACT CAT GTT GAT ... ... CAG GAC CAT TGT CAT AAT CAC ATT ATT ATC AAC
8. Q8DPX7 genome Sp ACT CAC ACA GAC ... ... AAA GAT CAT GTT CAT AAT CAC ATC CTA ATC AAC
9. QBEJR3 genome S.ag ACT CAC ACG GAT ... ... AAG TCG CAT CTT CAT AAC CAT ATA GTG ATA AAT
10. Q97QY6 genome Sp ACC CAT GTT GAT ... ... AAA GAC CAC CTG CAC AAT CAC ATC ATT ATC AAT
11. Q§CUET pSE-12228-03 Se ACA CAA TGC GAT GGC AAG TCT GGG TTG TAT CAC AAT  CAC CTA ATT AGT RAT
12.QULEYS piP834 Ef ACC CAT ATT GAT ... ... AAG GGC CAC GTC CAC AAT CAC ATT ATT TTC TGT
13. Q57087 pCI528 Ll ACG CAT TTA GAC GGA AAA AAT CAC GTC TTA CAC AAC CAC ATC ATT GTC AAT
14. 054677 pNZ3000 Ld ACG CAT TTA GAC GGA AAA AAT CAC GTC TTA CAC AAC CAC ATC ATT GTC AAT
15. QYWW30 pMD136 Pp GAA CAC GCA GAT ... ... ACG AAT GCT TTA CAC GTIT CAT GCC GTG ATT GGG
16. Q8GFD7 pEFI1071 Ef ACC CAC GCC GAC ... ... ACA GAC CAT ATC CAT AAC CAT CTG GTG ATC AAT
17. REXI_STAAU pS194 S ACA CAT ACA GAC ... ... AAA GAC CAT TAT CAC AAT CAC ATT ATT ATT AAT
18. RLX2_STAAU pC221 S.au ACG CAT ACA GAT ... ... AAA GAC CAT TAT CAT AAT CAT ATT GTA ATT AAT
19. Q8CUFK3 PSE-12228-02 Se ACG CAC GCA GAT ... ... ACA AAT CAT GTA CAC AAT CAT ATT GTG ATT AAT
20. RLX3_STAAU pC223 S.au ACA CAT AAC GAT ... ... ACA GAC CAT GTT CAT AAT CAT ATT GTG ATT AAT
21.Q8GPII pRJY S.ai ACA CAC AAT GAT ... ... ACG AAT CAT GTG CAT AAT CAC ATT GTG ATT AAT
22.Q8CUA3 pSE-12228-06 Se ACG CAT GCA GAT ... ... ACA AAC CAT GTA CAC AAT CAT ATT GTA CTT AAT
23, PYSTIR pSK639 Se ACG CAT AAT GAT ... ... ACA GAT CAT GTG CAC AAT CAT ATT GTG ATA AAT
24 QYRY68 piP1630 Se ACG CAT AAT GAT ... ... ACA GAT CAT GTG CAC AAT CAT ATT GTG ATA AAT
25.Q92361 pIP1630: pIP1629 S.e ACG CAT GCA GAT ... ... ACA GAC CAT GTA CAC AAT CAT ATT GTG ATG AAT

> 80.0% conservation: *xk kR ** LI S L L ko Kk * * ko

<-0.75 average mutability: # #4+ # + 121 #

TRI6_ECOLI RP4 E.c v H H D T D N L H 1 H I A I N
|. LTRB_LACLA pRS01 Li T H V D . R E H 1 H N H I I F N
2. LTRB_LACLC pRSO1-like sex factor L./ T H v D . R E H I H N H I I F N
3. QYFB66 pAHS82 Li T H T D . K P H L H N H 1 1 L N
4. AY288104 pCF10 Ef T H v D . K E H L H N H I I F S
5. Q54883 Tn5252 Sp T H V D . K G H I H x H I I L N
6. Q8ESBI genome Say T H Q D . K G H L H H I I F 8
7. Q8DL67 genome Sag T H V D . QO D H C H N H 1 I I N
8. Q8DPX7 genome Sp T H T D . K D H v H N H I L I N
9. Q8E4R2 genome Sag T H T D . K s H L H «x H I \ I N
10, QY7QY6 genome Sp T H V D . K D H L H n H I 1 I N
L. Q8CUE7 pSE-12228-03 Se T ¢ ¢ D G X s G L Y H «w H L I S N
12. QYLRYS pIP834 Ef T H 1 D . K ¢ H v H n H 1 I F ¢C
13. Q57087 pCl1s28 Ll T H L D G K N H Vv L H x H I I V N
14. 054677 pPNZI000 Ll T H L D G K N H V L H N H I 1 VvV N
15. QYWW30 pPMDI136 Pp E H A D . T N A L H Vv H A V I G
16. Q8GED7 pEE1071 Ef T H A D . T p B I H N H L Vv I N
17. RLX1_STAAU pS194 S.an T H T D . K D H Y H «w H I I I N
18. RLX2_STAAU pC221 S.au T H T D . K D H Y H N H I VvV I N
19. Q8CLE3 pSE-12228-02 Se T B A D . T N E v H N H I VvV I N
20. RLX3 STAAU pC223 S.an T H N D . T p W v H N H I Vv I N
21. Q8GPJI pRIY S.au T H N D . T N W v H N H I Vv I N
22.Q8CUA3 pSL-12228-06 S.e T H A D . T N H v H N H I Vv L N
23.PYSTIR pSK639 S.e T H N D . T D H Vv H N H I Vv I N
24, QYRYOR pIP1630 S.e T H N D . T b H VvV H N H I VvV I N
25.QYZ361 pIP1630: pIP1629 S.e T H A D . T D H Vv H N H I VvV M N

> 80% conscrvation * * * * * * * * *

FIG. 1. The LLItrB target site encodes a highly conserved relaxase domain. Sequence identifiers (except the pcfG GenBank identifier)
correspond to those given in the Pfam database (http://pfam.wustl.edu/). Sequences of Q9FB66 and LTRB_LACLC are given according to the
updated exon-intron junctions of Dai and Zimmerly (10). Calculations of overall nucleotide and amino acid conservation are based exclusively on
sequences listed on the Pfam database. E.f, Enterococcus faecalis; L., L. lactis; P.p, Pediococcus pentosaceus; S.ag, Streptococcus agalactiae; S.au,
Staphylococcus aureus; S.e, Staphylococcus epidermidis; S.p, Streptococcus pneumoniae. (A) Nucleotide sequences homologous to the /7B insertion
site (positions —30 to +15 with respect to the LLItrB insertion). Nucleotides of LLItrB intron RNA that base pair with /7B during homing are
shown above the alignment. Identities with /B are indicated with boldface type. Wide arrows (1)) indicate previously identified LLItrB family
intron insertion sites in nature, while narrow arrows ( | ) indicate LLItrB insertion sites determined experimentally in this work. Asterisks below
the alignment indicate >80% conservation of /trB-type nucleotides, while carets indicate combined conservation of >80% of C and T at positions
that are thought to base pair with specific G residues in LLItrB RNA. Pound signs (#) indicate average mutability values of less than —0.75 for
non-ltrB-type nucleotides, as described in the text. Plus signs represent average mutability values of less than —0.75 for A and G nucleotides at
positions where wild-type /trB residues (C or T) base pair with specific G residues in intron RNA. (B) Predicted relaxase polypeptide sequences
encoded by the nucleotide sequences shown in panel A. Putative functional histidine residues are indicated by “H.” Asterisks indicate >80%

conservation of LtrB-type amino acids. Homologous sequence from the Tral relaxase protein, including its functional histidine, is shown above the
alignments.



VoL. 186, 2004

-—
& P >
/ \
I \
S SOV ;
pLEIItd*KR" \ I
pCF11 \ /
conjugation N~
UV202/pCF11, pLEI/@*KR" OG18Sp
-——
e S
\
/
\
I
|
) /
\ pCF11::LLItrB-Kan
N\

~
OG1SSp/pCF11::LLItrB-Kan

FIG. 2. Overview of homing assay. The homing of LLItrB-Kan into
pCF11 (illustrated by a curved arrow) was made possible by the trans-
formation of Enterococcus faecalis UV202 cells containing pCF11 with
the intron donor plasmid pLEIlzd "KR”. pCF11 plasmids with integrated
LLItrB-Kan were separated from pLEIlzd " KR” by conjugative mating
to a plasmid-free strain, OG1SSp, for subsequent analysis. Experiments
using the pLEIlzd "KR"AORF control plasmid, which contains the splic-
ing-deficient LLItrBAORF-Kan construct, utilized identical procedures.

transfer frequency simplified genetic analysis). The intron do-
nor and recipient plasmids were maintained in the recombina-
tion-deficient host strain UV202. This strain was then mated
with a second enterococcal strain, OG1SSp (Fig. 2). A kana-
mycin resistance gene cloned into L1L1trB made genetic selec-
tion for the intron possible. Intron insertion prevalence was
calculated by dividing the frequency of transfer of kanamycin
resistance by the frequency of transfer of pCF11-encoded tet-
racycline resistance. We observed an insertion prevalence of 1.8
X 1072 when pLEIItd*KR” served as the intron donor plasmid,
whereas insertion was undetectable when we used a donor plas-
mid carrying the splicing- and homing-deficient LLItrBAORF-
Kan intron. Assuming that approximately 30 generations elapsed
between electroporation of pLEId " KR” into UV202/pCF11
and conjugation into OG1SSp, the insertion frequency per pCF11
target was approximately 6 X 10~*/generation.

Structural and functional analysis of inserted LLItrB. We
PCR amplified and sequenced the 5’ and 3’ intron-exon junc-
tions of 11 LLItrB-Kan insertions into pCF11 from indepen-
dent experiments. As shown in Fig. 3A, LLItrB-Kan insertion
into pcfG occurred at precisely the site predicted by homol-
ogy with the pRS01 insertion site. The resulting plasmid was
termed pCF11::LLItrB-Kan. There was no conversion of DNA
sequence from the recipient pcfG sequence to the donor exon
sequence which flanks LLItrB in pLEIzd "KR".

In 1 of the 11 LLItrB insertions in pCF11 that we examined,
an extra thymidine was inserted into the pentathymidine tract
found 3’ from the insertion site in pcfG. This plasmid was
termed pCF11T::LLItrB-Kan. We also observed this thymidine
insertion in a preliminary experiment involving LLItrB inser-
tion into pCF10. The insertion is predicted to result in a stop
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codon and truncation of the PcfG protein, even if the intron
was spliced from the mRNA (Fig. 3B).

To analyze the precision of intron splicing, we performed RT
PCR of spliced pcfG RNA from enterococcal transconjugants
containing either pCF11::LLItrB-Kan or pCF11T::LLItrB-Kan. As
demonstrated in Fig. 3C, LLItrB remains splicing proficient in the
context of pcfG whether or not pcfG contains a thymidine inser-
tion in the 3’ exon. Sequences of the cDNA around the exon-exon
junction were identical to the cognate DNA sequences, includ-
ing the presence or absence of the thymidine insertion. While
pCF11::LLItrB-Kan plasmids displayed unimpaired conjugation
frequency relative to pCF11, pCF11T::LLlItrB-Kan conjugation
frequency was decreased more than 10-fold (Fig. 3D).

In order to examine whether LLItrB could insert into a
relaxase gene of another type of conjugative element, we ex-
amined insertion into the conjugative transposon Tn5252.
Tn5252 contains a relaxase-encoding sequence, open reading
frame 4 (ORF4) (41), that includes a region highly homolo-
gous to the LLItrB insertion target (Fig. 1A). Tn5252 was
originally isolated from S. pneumoniae, but it can transfer by
conjugative transposition to the chromosomes of various gram-
positive bacterial species (46). We introduced pLEIzd"KR”
into an Enterococcus faecalis strain into which we had previ-
ously introduced Tn5252 by conjugation from S. pneumoniae
and propagated the strain for ~40 generations. We subse-
quently observed PCR products consistent with insertion of the
intron into the expected location within ORF4. The sequences
of LLItrB-ORF4 junctions from one experiment were deter-
mined and revealed an absence of sequence coconversion or
other changes to the flanking exons. The extremely low trans-
fer frequency (~10~°/donor) of Tn5252 from the Enterococcus
faecalis strain used for these studies prevented us from carrying
out quantitative conjugation-based assays of intron insertion
frequency. However, there is no evidence to suggest that the
mechanism of insertion is any different from that observed
when pCF11 was used as the target.

Mechanistic analysis of LLItrB insertion into pcfG. The
presence of a self-splicing group I intron, tdA1-3, cloned into
LLItrB-Kan of pLEIlzld"KR” (Fig. 4A) allowed us to distin-
guish between RNA- and DNA-mediated LLItrB insertion
events. The insertion of LLItrB DNA directly into the target
site should result in the retention of tdA1-3, whereas if an RNA
intermediate is involved, tdA1-3 should be lost in at least some
cases (9). PCR of eight independent LLItrB insertion events
into pCF11 demonstrated the loss of zdA1-3 in every case (Fig.
4B). Therefore, LLItrB insertion into pCF11 occurred through
an RNA intermediate.

Proposed mechanisms for retrotransposition once focused
upon insertion into single-stranded RNA followed by homol-
ogous recombination of cDNA with the target DNA (8). More
recent evidence suggests that retrotransposition occurs by re-
verse splicing directly into DNA, with a propensity for target-
ing the template for the lagging strand of DNA replication (21).
To determine whether LLItrB insertion into the pcfG target
site is dependent upon either RNA transcription or target site
orientation with respect to DNA replication, we cloned a
271-bp target site from pcfG in both orientations under the
control of the nisin promoter of pMSP3535 (Fig. 5A). Since
pMSP3535 contains the well-characterized pAMp1 unidirec-
tional theta replication origin (4, 5), we were able to determine
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A

5’ Exon-Intron junction:

J. BACTERIOL.

pcfG (no intron): ACA CAT GTC GAC AAA GAA CAT TTA CAC AAT  CAT ATT ATT TTT AGT
kKK kkk kkk kkk kkk kkxk kkk kkk kk*k kXX * k%

pefG::LL1trB-Kan: ACA CAT GTC GAC AAA GAA CAT TTA CAC AAT GTG CGC CCA GAT AGG

* % * X * k% k% * kk k% * * ¥ * % kkk kkk kkk kkkx kxXxk

ItrBEI-LLItrB: ACC CAC GTC GAT CGT GAA CAC ATC CAT AAC  GTG CGC CCA GAT AGG

3’ Intron-Exon junction:

pcfG (no intron): ACA CAT GTC GAC AAA GAA CAT TTA CAC AAT  CAT ATT ATT TTT AGT

* * X * X% X * k% %k kkk kkk kkxk kxkx*k

pcfG ::LLItrB-Kan: TGT GAA CAA GGC GGT ACC TCC CTA CTT CAC  CAT ATT ATT TTT AGT

* %k kkx ,*** kkk kkk kkk kkk kkk kkk Kkxk X k% k% kkk kkx k%

LLltrB-ltrBE2: TGT GAA CAA GGC GGT ACC TCC CTA CTT CAC  CAT ATC ATT TTT AAT

Exon 1 Exon 2

B pcfG::LLItrB-Kan cDNA ACA CAT GTC GAC AAA GAA CAT TTA CAC AAT  CAT ATT ATT TTT AGT
T H V D K E H L H N H I I F S

pcfG T:LLItrB-Kan cDNA  ACA CAT GTC GAC AAA GAA CAT TTA CAC AAT  CAT ATT ATT TTT TAG
T H V D K E H L H N H I I F *

400 bp =P

200 bp =P
RT:

Plasmid
pCF11

pCF11::LLItrB-Kan

D

pCF11T::L1LItrB-Kan

4 5 6 7 8 9

| 2

- + - + - +

Transconjugant/Donor ratio
7.00 X 102 +2.67 X 102

7.88 X 102+ 1.09 X 102
445X 103 +£1.94X 103

FIG. 3. Structural and functional analysis of LLItrB homing into pCF11. (A) 5" and 3’ exon-intron junctions in pCF11::LLItrB-Kan. Nucleotide
identities with intronless pcfG and the relaxase-intron junctions of pRS01 are indicated by asterisks. The 5’ junction is the junction between DNA
encoding exon 1 and LLItrB. The 3’ junction is the junction between DNA encoding LL1trB and exon 2. (B) Exon-exon junctions of cDNA. In 1
of 11 homed products analyzed (pCF11T::LLItrB-Kan), a thymidine insertion resulted in the incorporation of a stop codon (x). (C) Gel
electrophoresis of products of RT PCR of spliced exon in the presence (+) or absence (—) of RT. Lane 1, DNA ladder; lane 2, PCR control of
intronless pCF11; lanes 3 and 4, pCF11::LLItrB-Kan; lanes 5 and 6, pCF11T::LLItrB-Kan; lanes 7 and 8, intronless pCF11; lane 9, plasmid-free
OG1SSp. (D) Conjugation frequencies of pCF11, pCF11::LLItrB-Kan, and pCF11T::LLItrB-Kan. Mean transconjugant-to-donor ratios = standard

deviations for three independent matings are given.

target site orientations with respect to the direction of DNA
replication. The pMSP3535 vector served as a negative control.

Each construct was introduced into Enterococcus faecalis,
followed by the introduction of the LLItrB-Kan donor plasmid,
pCOMT-Kan. Intron insertions were analyzed following the
introduction of the plasmids containing intron insertions into
E. coli, as described in Fig. 5B and Materials and Methods. We
carried out three independent experiments per target con-
struct. If RNA is the target of LLItrB insertion, nisin induction
should greatly increase the frequency of LLItrB insertion into
the forward target while not increasing the frequency of inser-
tion into the reverse target. However, if LLItrB inserts into
DNA and there is a bias for the template for the lagging strand,
the reverse target, which is encoded on this strand, should be
favored, and nisin induction should have little or no effect. Our
genetic analysis indicated that LLItrB-Kan inserted into 100%

of target plasmids containing the 271-bp pcfG fragment, irre-
spective of target orientation and nisin induction. No insertion
into a vector plasmid lacking the target sequence was detected.
Restriction enzyme analysis and sequencing confirmed LL1trB-
Kan insertion into precisely the same site as that observed in
pCF11. Real-time RT PCR analysis indicated that nisin in-
creased transcription of the LLItrB target between 13- and
37-fold in the two constructs (data not shown).

DISCUSSION

Group II introns in bacteria are often found to be associated
with mobile genetic elements, which may facilitate lateral
transfer to other bacteria (22). In a recent study, 23 of 31
full-length bacterial group II introns identified in computer
searches were found in mobile DNAs, especially plasmids (10).
Interestingly, the three introns identified in the LLItrB family
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ltrBE1

400 bp —»

200 bp —»

100 bp —

5 6 7 8 9

kan ltrBE2

10

FIG. 4. Analysis of tdA1-3 splicing from LLltrB during events of LLItrB-Kan insertion into pCF11. (A) LLItrB-Kan-tdA1-3 construct. PCR
primers used to amplify 1dA1-3 anneal to flanking /tr4 and kan sequences. (B) PCR products of the tdA1-3 region. Lane 1, DNA ladder; lanes 2
to 9, PCR products (arrows) from strains representing eight independent LLItrB insertion events; lane 10, pLEIIzd *KR” control. Plasmid figures
(not to scale) shown on the right illustrate predicted sizes in the presence and absence of tdA1-3.

(>99.8% identical) are found only in a conserved domain of
relaxase genes. In this work, we showed experimentally that
LLItrB is able to target similar relaxase genes of other mobile
genetic elements and that insertion can occur in Enterococcus
faecalis at a relatively high efficiency. Since multiple conjuga-
tive elements may be present in the same strain, the targeting
of a conserved conjugative transfer gene is predicted to facil-
itate lateral transfer between conjugative elements. Because
LLItrB splices out of RNA, its presence in an essential conju-
gation gene should not impair the mobility of the targeted
conjugative element. In fact, the use of this target site might
provide a selection for precise insertion events that do not
mutate the region flanking the insertion site.

Not all relaxase genes have this domain. For example, two
relaxases, TraX and Orf8, encoded by Enterococcus faecalis
pheromone plasmids pAD1 and pAM373, respectively, appear
to completely lack the three-histidine signature of motif III
(17). A third example is the recently characterized MbeA re-
laxase encoded on plasmid ColE1, which contains a histidine,
a glutamate, and an asparagine in place of the typical three-
histidine motif (45). Nevertheless, relaxase genes encoding the

three-histidine motif III remain the rule. Our observations
suggest that the LLItrB family is adapted to target relaxase
genes of conjugative elements found in a broad spectrum of
gram-positive bacteria.

The frequency of LLItrB insertion into the pcfG target site
may be somewhat lower than that of LLItrB insertion into the
ItrB target site. In work done with L. lactis, Mills et al. reported
that approximately 60% of a high-copy-number recipient plas-
mid, pMN1343 (based on the shuttle vector pDL278), con-
tained LLItrB homed from the pRS01 derivative pM2036 (30).
Based upon an estimate of 30 generations between the intro-
duction of pMN1343 into L. lactis/pM2036 and pMN1343 plas-
mid isolation, we calculated an insertion frequency of 3 X
10~ %/generation, two orders of magnitude greater than that
observed with the pCF11 target in the present work. However,
when the pcfG target was cloned into pMSP3535, LLItrB in-
sertion frequency approximated that observed with the 7B
target. Given the different bacterial hosts, LLItrB donor plas-
mids, and target plasmids used in the two studies, a precise
comparison of homing efficiencies into the two targets cannot
be made at this time.



2400 STADDON ET AL.

g O

pCOMT-Kan pMSP3535-FT

ColE1 ori

Purify plasmid DNA
Transform E. coli
Select for Erm, score for Kan

8588 bp

pMSP3535-FT::L11trB

FIG. 5. Genetic analysis of the frequency of LLItrB-Kan insertion
into the pCF10 LLItrB target. (A) Map of pMSP3535 target showing
forward and reverse orientations of the insertion site from pcfG cloned
downstream from the nisin-inducible promoter. (B) Schema for ge-
netic analysis of the frequency of LLItrB insertion into the target
plasmids. The intron donor plasmid, pPCOMT-Kan, was electroporated
into Enterococcus faecalis cells containing one of the target plasmids.
E. coli cells, illustrated by the rectangular box, were transformed with
purified plasmid DNA from Enterococcus faecalis cells and used to
assess the frequency of the homing of LLItrB-Kan into the target
plasmids. See Materials and Methods for more details.

In 1 out of 11 sequences we examined, an extra thymidine was
inserted into pCF11 just downstream of the LLItrB insertion site
in pcfG. While this could be an artifact of PCR, the identical
sequences obtained from RT PCR, combined with the reduction
in the conjugation frequency of pCF11T::LLItrB-Kan compared
to that of pCF11::LLItrB-Kan, suggest that the thymidine inser-
tion is real. During LLItrB retrohoming, endonuclease nicks the
antisense strand at position +9 with respect to LLItrB insertion.
These nine nucleotides are regenerated by the RT transcribing
from the opposite DNA strand. This region contains a run of five
thymidines (positions +8 to +12), which might allow RT frame-
shifting due to DNA slippage by the Streisinger frameshift mech-
anism (42).

The mechanism of LLItrB insertion into an intronless site
has been the subject of considerable research. While retro-
transposition was once believed to occur through intron re-
verse splicing into RNA rather than DNA (8), subsequent
work showed that both retrotransposition and retrohoming
target DNA, at least in the majority of insertions (21). Retro-
transposition does show some specificity for the template for
the lagging strand of DNA synthesis, suggesting that a single-
stranded DNA target may be favored (21). In the present work,
LLItrB targeting of the pcfG target site occurred with 100%
efficiency regardless of the orientation of the target with re-
spect to plasmid replication and in the absence or presence of
nisin-induced target RNA transcription. Thus, while we could
not determine whether or not target site transcription or target
orientation increases intron insertion frequency, neither target
site transcription nor a particular target site orientation with
respect to replication is essential for LLItrB insertion.

In their comprehensive review, Dai and Zimmerly (10) iden-
tified two bacterial group II intron families whose members are
inserted within ORFs: the LLItrB family and the E.c.I4 family.

J. BACTERIOL.

Ecl4: TGG TGC GGT GAT GTG ACC TAT A | TC TGG ACG GGT AAG
SA£I1: TGG GTG GCT GAT TTT ACT TAC G | TC AGC ACA TGG CAG

Y.pFl: T6G GTG AGC GAT ATC ACC TAT C |

* k% * %k * * ¥ * % * %k * * % * *

B
Ecl4: W C G D v T Y I W T G K
SAIl: W \ A D F T Y \ S T W Q
Y.pFl: W \ S D 1 T Y

* * * * *

C

HIVL W Q L D ¢ T H L

FIG. 6. Target sites of E.c.14 family group II introns in insertion
sequence (IS) elements of gram-negative bacteria identified by Dai
and Zimmerly (10). Nucleotide and amino acid identities are indicated
by asterisks. (A) DNA sequences spanning E.c.I4, S.f.I1, and Y.p.F1.
[\}], intron insertion site. Because of a deletion, the downstream
intron-exon junction of Y.p.F1 cannot be determined. (B) Amino acid
residues encoded by intron-spanning sequences. Aspartate (D, in
boldface type) corresponds to the first conserved aspartate of the
D,D(35)E region. The residue is conserved in transposases of bacterial
IS elements, retrotransposons, and retroviruses. (C) Homologous sub-
region of HIV-1 integrase (accession number P04585), with amino acids
conserved among retroviral and IS element transposases underlined.

Members of the latter family include E.c.I4, S.£I1, and Y.p.F1
from E. coli, Shigella flexneri, and Yersinia pestis, respectively.
Since the target sites are only 57% identical (17 of 30 bp up-
stream of the insertion sites), compared to 93% homology among
the introns, lateral gene transfer events, rather than vertical
descent from a common ancestor, appear to be responsible for
the presence of E.c.I4 family members in these sites (10).

We deduced the amino acid sequences encoded by the DNA
flanking E.c.I4 intron family insertions and found that in each
case in which intron-exon junctions could be determined, the
intron insertion site was in a domain encoding a conserved
transposase functional domain of insertion sequence elements
(Fig. 6). Interestingly, this domain, termed the D,D(35)E
region, is conserved in transposases of insertion sequence ele-
ments of eubacteria, as well as in integrases of retrotranspo-
sons and even eukaryotic retroviruses, including human immu-
nodeficiency virus type 1 (HIV-1) (23). While the HIV1 integrase
gene may not be an efficient target for E.c.I4 family introns, its
similar sequence does illustrate the widespread conservation of
another group II intron target site in nature (Fig. 6C).

In conclusion, we have demonstrated experimentally that
when given the opportunity, LLItrB is able to efficiently insert
into a conserved relaxase gene motif on mobile genetic ele-
ments. These experimental data shed light on the observation
that LLItrB and E.c.I4 family group II introns are found exclu-
sively within conserved DNA. We suggest that the targeting of
conserved sites on mobile genetic elements may be a recurring
theme in group II intron dispersal in bacteria.
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