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Group II introns as controllable gene targeting
vectors for genetic manipulation of bacteria

Michael Karberg, Huatao Guo, Jin Zhong, Robert Coon, Jiri Perutka, and Alan M. Lambowitz*

Mobile group II introns can be retargeted to insert into virtually any desired DNA target. Here we show that
retargeted group II introns can be used for highly specific chromosomal gene disruption in Escherichia coli
and other bacteria at frequencies of 0.1–22%. Furthermore, the introns can be used to introduce targeted
chromosomal breaks, which can be repaired by transformation with a homologous DNA fragment, enabling
the introduction of point mutations. Because of their wide host range, mobile group II introns should be useful
for genetic engineering and functional genomics in a wide variety of bacteria.

Mobile group II introns—catalytic RNAs found in eubacteria and
organelles—use a mobility mechanism termed retrohoming, which
is mediated by a ribonucleoprotein (RNP) complex containing the
intron-encoded reverse transcriptase (RT) and the excised intron
lariat RNA (refs 1,2). The excised intron RNA inserts directly into
one strand of a double-stranded DNA target site by a reverse splicing
reaction, while the intron-encoded protein (IEP) site-specifically
cleaves the opposite strand and uses the 3′-end of the cleaved strand
for target DNA–primed reverse transcription (TPRT) of the inserted
intron RNA. Several features of the retrohoming mechanism make it
attractive for genetic manipulation. First, retrohoming is highly effi-
cient and specific. Retrohoming frequencies can approach 100% and
are six orders of magnitude higher than the frequency of ectopic
integration1–6. Second, the introns are minimally dependent on host
factors. The TPRT mechanism requires only the IEP and the excised
intron RNA (ref. 7), and the complementary DNA (cDNA) copy of
the intron can be integrated into genomic DNA by recombination or
repair mechanisms3–5. The Lactococcus lactis Ll.LtrB intron, used as a
model system, has a wide host range, being efficiently mobile both in
its Gram-positive host and in Gram-negative E. coli4. Finally, unlike
other integrating elements, group II introns can be retargeted to
insert efficiently into virtually any desired DNA target8.

The key to retargeting group II introns lies in the mechanism by
which they recognize their DNA target sites8–11. The DNA target site
for the Ll.LtrB intron extends from position –26 to +9 from the
intron-insertion site, with a 15-nucleotide region from –12 to +3
recognized by base pairing of the intron RNA. The target-site
sequences recognized by base pairing are denoted IBS1 and IBS2
(intron-binding sites 1 and 2) in the 5′-exon and δ’ in the 3′-exon,
and the complementary intron sequences are denoted EBS1, EBS2
(exon-binding sites 1 and 2) and δ (Fig. 1). The IEP recognizes only a
few additional bases in the flanking regions of the DNA target site
and facilitates local DNA unwinding, enabling the intron RNA to
base pair to the IBS/δ’ sequences for reverse splicing9,11.

Because most of the DNA target site is recognized by base pairing,
the intron-insertion site can be controlled simply by modifying the
intron RNA (refs 3,8–10). Previously, we developed an E. coli genetic
system that enabled us to determine detailed target site-recognition
rules for the L. lactis Ll.LtrB intron and to select introns that insert

into desired target sites from combinatorial intron libraries having
randomized target site-recognition sequences8. We chose the HIV-1
provirus and the human gene encoding the HIV-1 co-receptor CCR5
as initial examples and showed that targeted group II introns could
insert into these genes carried on plasmids in human cells8. Here we
show that retargeted group II introns can be used for chromosomal
gene disruption and modification in E. coli and two other bacteria.

Results
Selection of introns targeted to the E. coli thyA gene. We chose the 
E. coli thyA gene for initial experiments because chromosomal dis-
ruptants are scored readily by trimethoprim resistance (TmR)12.
Introns targeted to the thyA gene were selected from a combinatorial
intron library using the previously developed, plasmid-based genetic
system (Fig. 1A)8. In this system, a ∆-open reading frame (∆ORF)
derivative of the Ll.LtrB intron, carrying a phage T7 promoter near
its 3′-end, inserts into a desired DNA target site cloned in a recipient
plasmid upstream of a promoterless tetR gene, thereby activating that
gene. The intron-donor plasmid (pACD2) contains the modified
intron and flanking exons cloned downstream of a T7lac promoter
in a CamR vector, with the IEP (denoted LtrA protein) expressed
from a position just downstream of the 3′-exon. Because the ∆ORF
donor intron no longer encodes the LtrA protein, it cannot splice
when it inserts at a new location.

To select group II introns targeted to thyA, we co-transformed the
donor intron library (pDL2) into E. coli HMS174(DE3), with recipi-
ent plasmids pBRR3-thyA(s) and (a), which contain the thyA gene
cloned in either the sense (s) or antisense (a) orientation upstream of
the promoterless tetR gene. Screening of TetR colonies obtained after
induction of the host strain’s isopropyl-β-D-thiogalactoside (IPTG)-
inducible T7 RNA polymerase yielded 29 different introns that insert
at 19 sites in the thyA gene. When recloned into the donor plasmid
with modifications to correct mismatches in the EBS/IBS and δ/δ’
pairings, the selected introns inserted into the cloned target sites at
frequencies up to 2.6%, compared with 98% for the wild-type
intron–target site combination (Fig. 1C and data not shown).

We tested six of the retargeted introns for their ability to insert
into the chromosomal thyA gene (Fig. 1B,C). For chromosomal inte-
gration, donor plasmids containing the retargeted introns were
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transformed into E. coli HMS174(DE3) and induced with 100 µM
IPTG. Thy– colonies were then selected by plating on minimal medi-
um containing thymine and trimethoprim. The different anti-thyA

introns gave TmR colonies at frequencies of 0.077–4.5%, well above
the spontaneous mutation frequency of 8.0 × 10–6 (Fig. 1C).
Disruption of the chromosomal thyA gene was confirmed by PCR
with flanking primers for at least 10 randomly selected colonies in
each case, and by sequencing 10 independent events for the ThyA-
444s and 495a introns (data not shown). In other experiments, with
500 µM IPTG induction, ThyA-444s integrated at frequencies of
5–22%. By using appropriate mutants, we confirmed that chromoso-
mal integration is dependent on both the RT and DNA endonuclease
activities of the IEP, as expected for the TPRT mechanism (data not
shown). Deletion of the internal T7 promoter had little if any effect
on the chromosome integration frequency. Importantly, Southern
hybridizations for the ThyA-444s and 495a disruptants showed that
the retargeted introns inserted only at the desired chromosomal tar-
get site (Fig. 2A–C).

Disruption of other E. coli chromosomal genes. To test the gener-
ality of the approach, we designed group II introns targeted to differ-
ent locations in four other E. coli genes: lacZ, trpE, dadA, and proA.
The basic strategy was to identify the best matches to the “fixed”
positions recognized by the IEP and then modify the intron to base
pair to the adjacent 15-nucleotide region of the DNA target site for
the EBS/IBS and δ/δ’ interactions8,10. As shown in Figure 3, we readi-
ly obtained group II introns that insert into the desired chromoso-

Table 1. Introduction of point mutations into the E. coli thyA
gene by group II intron-stimulated homologous recombinationa

Transformants Frequency

BL21(DE3) recA+ 3.9 × 10-6

+ Stop1 4.3 × 10-6

+ Stop2 5.7 × 10-6

+ ThyA-495a RT– 1.1 × 10-5

+ Stop1 + ThyA-495a RT– 5.3 × 10-5

+ Stop2 + ThyA-495a RT– 5.6 × 10-5

aCells were transformed with the indicated plasmids, induced with 100 µM IPTG for
1 h at 37°C, grown in fresh LBT for an additional hour, and plated on minimal medi-
um containing thymine (50 µg/ml), with or without trimethoprim (20 µg/ml).
Plasmids pBR-thyA-Stop1 and 2 (Stop1 and 2) contain stop codons at different
positions in the thyA gene (see Fig. 5). In the experiment shown, the frequencies of
TmR colonies for cells transformed with both the group II intron and plasmid Stop1
or 2 were 5.3 and 5.6 × 10–5, ∼ 15-fold higher than the spontaneous thyA mutation
frequency of 3.9 × 10–6 in the absence of the intron or Stop1 or 2. In six repeats of
the experiment, the homologous recombination frequencies in cells transformed
with both the group II intron and Stop1 or 2 ranged from 1.1 to 7.2 × 10–5.

Figure 1. Group II introns targeted to the E. coli thyA gene. (A) Plasmid-based genetic system for the selection of targeted group II introns. The intron-
donor plasmid pACD2 and donor intron library pDL2 (with randomized target site-recognition sequences (EBS2, EBS1, and δ)) contain a ∆ORF derivative
of the Ll.LtrB intron, with a phage T7 promoter (PT7) inserted near its 3′-end. The intron and short stretches of flanking exons (E1 and E2) are cloned
downstream of a T7lac promoter (PT7lac) in a CamR pACYC184-based vector, with the LtrA ORF expressed from a position downstream of E2. The
recipient plasmids pBRR3-thyA(s) and (a) contain the E. coli thyA gene cloned in the sense (s) or antisense (a) orientations upstream of a promoterless
tetR gene in an AmpR pBR322-based vector. T1, T2, and TΦ are E. coli rrnB T1 and T2, and phage T7 TΦ transcription terminators. (B) Map showing
insertion sites of anti-thyA introns in the E. coli thyA gene. Insertion sites in the top (sense) and bottom (antisense) strands are indicated by arrows above
and below the gene, respectively. Introns are identified by the thyA position number of their insertion site (GenBank accession no. J01710), followed by “s”
or “a” to denote orientation. The numbers in parentheses indicate plasmid/chromosome integration frequencies. (C) thyA target-site sequences and base-
pairing interactions for selected anti-thyA introns. The wild-type Ll.LtrB target site and base-pairing interactions are shown at the top. Nucleotide residues
in the thyA target sites that match the wild-type target site are highlighted in gray. Modifications introduced into the EBS and δ sequences to optimize base
pairing of the anti-thyA introns with their target sites are indicated above in italics. Intron-insertion frequencies are expressed as the percentage of TetR

colonies in the plasmid assay and the percentage of TmR colonies for chromosomal integration. The insertion frequency of the wild-type Ll.LtrB intron into
a recipient plasmid containing the wild-type Ll.LtrB target site (pBRR3-ltrB) was determined in parallel. Mobility frequencies are the average ± s.d. for two
to four independent experiments in each case.
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mal target sites at frequencies of
0.1–10%, sufficient for detection by
screening without selection. In each
case, specific integration was con-
firmed by PCR and Southern
hybridization (Fig. 2D and data not
shown).

Generation of retargeted introns
by PCR. For rapid chromosomal
gene disruption, we developed a
PCR-based method for generating
the retargeted introns without
cloning (Fig. 4). This method
involves an initial two-step PCR
with three unique primers and one
“constant” primer to generate a
0.36-kilobase linear DNA containing
the 5′-exon and 5′-end of the intron
with modified IBS1/IBS2, EBS1/
EBS2, and δ sequences. EBS1/EBS2
and δ are made complementary to
the desired target site, while
IBS1/IBS2 are made complementary
to the modified EBS1/EBS2 for effi-
cient RNA splicing (the δ/δ’ interac-
tion is not required for efficient
splicing)8. The small linear DNA
containing the modifications is then
used as a megaprimer for a second
PCR with a vector backbone con-
taining the remainder of the donor
intron in a thermosensitive plasmid
with a camR marker. The resulting
noncovalently closed, “circularized”
PCR product is transformed directly
into E. coli, where the nicks are
sealed enabling replication as a plas-
mid. In a test with the ThyA-495a
intron, the PCR product yielded
chromosomal disruptants at a fre-
quency of 0.20% compared to 0.45%
for pACD-ThyA-495a. The slightly lower frequency for the PCR
product likely reflects the lower copy number of the thermosensitive
origin plasmid. By using this PCR strategy in conjunction with
designed introns, it is possible to obtain essentially “overnight” chro-
mosomal gene disruptions.

Use of retargeted group II introns in other bacteria. To test
whether retargeted group II introns could be used in other bacteria,
we co-transformed donor plasmids containing introns targeted to
relatively conserved sequences in the thyA gene into Shigella flexneri
and Salmonella typhimurium with plasmid pAR1219 (ref. 13), which
encodes an IPTG-inducible T7 RNA polymerase. After induction
with 100 µM IPTG at 37°C for 1 h, TmR colonies were obtained at a
frequency of 1% for pACD-ThyA-444s in Shigella and 0.3% for
ThyA-19a in Salmonella, within the range of the integration frequen-
cies in E. coli. Specific integration was again confirmed by PCR,
sequencing, and Southern hybridization (data not shown).

Introduction of point mutations by group II intron–stimulated
homologous recombination. Studies using rare-cutting endonucle-
ases have shown that double-strand breaks in bacterial, plant, and
animal cell chromosomal DNAs greatly stimulate homologous
recombination with a co-transformed DNA fragment, enabling the
introduction of desired mutations by gene replacement14–17. In prin-
ciple, group II introns can be used analogously with the advantage

that the double-strand break can be targeted to any desired region.
Figure 5 outlines an experiment using this approach to introduce
stop codons into the chromosomal thyA gene. In this experiment, we
co-transformed a recA+ E. coli strain with an RT-deficient ThyA-495a
intron and a cloned thyA template containing two TGA stop codons
(asterisks) on either side of the ThyA-495a insertion site. The stop
codons were either within (Stop1) or just outside (Stop2) the
intron’s recognition sequence. In the absence of cDNA synthesis by
the RT-deficient IEP, the inserted intron RNA is apparently degrad-
ed, leaving a double-strand break at the target site. After induction
with IPTG, cells transformed with both the targeted intron and the
homologous fragment produced Thy– colonies at frequencies of 5 to
6 × 10–5, ∼ 15-fold higher than the spontaneous thyA mutation fre-
quency (3.9 × 10–6)(Table 1). The introduction of the stop codons
was confirmed by sequencing (see Fig. 5 legend for details). The
stimulation of homologous recombination requires recA function
and was relatively independent of the IPTG concentration used for
induction (data not shown), suggesting that the introduction of the
double-strand break was not limiting.

In another test, a chromosomal thyA gene disrupted by insertion
of the wild-type Ll.LtrB target site and a camR gene was repaired by
co-transformation with the wild-type Ll.LtrB intron and an overlap-
ping wild-type thyA template. In this case, wild-type recombinants

Figure 2. Southern hybridization showing disruption of E. coli chromosomal genes by targeted group II introns.
(A, B) Southern blots for thyA disruptants. AatII digests of DNAs from 10 independent TmR colonies (1–10)
obtained with ThyA-444s-T7 or ThyA-495a-T7 (internal T7 promoter deleted by SalI digestion followed by 
re-ligation) were hybridized with 32P-labeled Ll.LtrB intron (positions 294–935) or thyA (positions 1–519) probes.
Control lanes show AatII-digests of DNA from untransformed E. coli HMS174(DE3) (WT); E. coli HMS174(DE3)
transformed with the untargeted wild-type Ll.LtrB donor plasmid pACD2 (WT + pACD2); and the intron-donor
plasmids pThyA-444s-T7 or pThyA-495a-T7. (C) Schematic showing restriction fragments detected by
Southern hybridization for the E. coli thyA gene with and without the inserted intron. (D) Southern blots showing
specificity of group II intron insertion into other E. coli genes. DNAs from randomly isolated disruptants obtained
with the indicated retargeted group II introns in the experiment of Figure 3 were digested with FspI (lacZ) or FspI
plus AatII (dadA, proA, and trpE), which do not cut within the intron, and Southern blots were hybridized with the
32P-labeled intron probe.The lacZ disruptant was plated on IPTG + X-Gal, which leads to loss of the donor
plasmid. In the TrpE-186s disruptant, the modification of the IBS1 and IBS2 sequences in the donor plasmid
introduces a FspI site, leading to two donor plasmid bands in the FspI/AatII digest.These and all other
disruptants analyzed (total >50) show a single intron insertion at the desired site. A, AatII site.
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were obtained at a frequency of 10–7, at least 100-fold higher than the
recombination frequency for cells transformed with the wild-type
thyA plasmid alone (<10–9; not shown). The group II intron–based
system should permit the introduction of any desired modification
into any chromosomal gene, provided a suitable selection or screen is
available.

Discussion
We show here that retargeted group II introns can be used for chro-
mosomal gene disruption and modification in bacteria. The introns
insert site-specifically into targeted E. coli genes at frequencies of
0.1–22% and, as demonstrated for S. flexneri and S. typhimurium, are
readily adaptable to other bacteria simply by co-transforming the
T7-driven intron-donor plasmid with a second plasmid encoding T7
RNA polymerase. The introns can also be expressed in other bacteria
under the control of a native promoter, an approach taken to obtain
chromosomal gene disruptions at frequencies >10% in the Gram-

positive bacterium L. lactis (D. Mills and A.M.L., unpublished data).
For practical purposes, the donor introns can be designed by compu-
tation and generated by PCR without cloning, permitting essentially
“overnight” disruptions. Because of the wide host range of group II
introns, we anticipate that the procedures developed here will be
directly applicable to a wide variety of bacteria.

Recently, alternative E. coli gene disruption systems have been
developed that use phage λ Red or Rac RecE/RecT recombination
functions to stimulate homologous recombination with linear PCR
products or single-stranded oligonucleotides18–23. The group II
intron system is similarly facile in that the retargeted intron can be
introduced as a PCR product. The efficiency of these systems differs
for different genes. For group II introns, the frequencies range from
0.1–22% and were in almost all cases >0.1%, at the higher end of the
published values for the λ Red and ET systems (10–7 to 10–2). With

Figure 3. Group II introns targeted to E. coli chromosomal genes. Group II
introns designed to insert into the E. coli genes lacZ, trpE, dadA, and
proA were constructed by identifying the best matches to the “fixed”
positions recognized by the IEP (refs 8,10) and then modifying the intron’s
EBS2, EBS1, and δ sequences to base pair to target-site positions –12 to
–8, –6 to –1, and +1 to +3, respectively, for the EBS/IBS and δ/δ’
interactions. In the DadA-918s intron, the RNA was modified to avoid a
potentially deleterious GC pair at position –7 (ref. 8), and the +3 position
was left unpaired. The designed introns were cloned into the pACD2
donor plasmid with complementary IBS1 and IBS2 sequences in the 
5′-exon to insure efficient RNA splicing. The figure shows target sites and
base-pairing interactions for the retargeted introns. Nucleotide residues
that match the wild-type target site (Fig. 1C, top) are highlighted in gray.
Insertion frequencies were determined for cloned target sites in the
plasmid assay by TetR and for chromosomal gene disruption by blue/white
selection on X-Gal (lacZ), auxotrophy (trpE and proA), or PCR (dadA).
Similar frequencies were obtained in a repeat of the experiment for the
LacZ-1240s, TrpE-186s, DadA-918s, and ProA-117s introns. The
experiment was not repeated for the remaining three introns, which have
relatively low mobility frequencies. Chromosomal insertion frequencies for
ThyA-444s and 495a under the same induction conditions (500 µM IPTG,
30°C) were 4.6 and 3.0%, respectively.

Figure 4. PCR strategy for generating retargeted group II introns without
cloning. A 361-bp linear DNA (top) corresponding to the 5′-exon and 
5′-end of the intron was generated in a two-step PCR by using two pairs
of partially overlapping primers (primers 1 and 3, and primers 2 and 4) to
introduce changes into IBS1/2 (primer 1), EBS2 (primer 2), and EBS1/δ
(primer 4). Primer sequences were as follows:
primer 1, 5′AAAAAAGCTTCGTC GATCGTGAAGTCACAGGAGCGGTGC
GCCCAGATAGGGTG;
primer 2, 5′-CGCAAGTTTCTAATTTCGGTTGTGACTCGATAGAGGAAAG
TGTCT;
primer 3, 5′-AACCGAAATTAGAAACTTGCGTTCAG;
primer 4, 5′-CAGATTGTACAAATGTGGTGATAACAGATAAGTC
GGAACGCTG AACTTACCTTTCTTTGT, 
where the underlined nucleotides are those changed for targeting to the
thyA gene. The initial 361-bp linear DNA was then used as a megaprimer
in a second PCR with the 8.2-kb vector backbone to produce a
noncovalently closed, “circular” DNA, corresponding to a thermosensitive
donor plasmid expressing the retargeted intron under the control of the
T7lac promoter. In the experiment outlined, the vector backbone was
generated by PCR of pMAKD, using primers LE1A 
(5′-TCACGATCGACAAGCTTTTTTCTAGA GGGGAA) and LtrBS2 
(5′-GTTATCACCACATTTGTACAATCTGTGG AGAA), but could also be
generated by restriction digestion of a cloned plasmid. The final PCR
product contains gaps (arrowheads) at different positions, depending on
the strand of the 361-bp linear DNA from which priming occurred. After
transformation into E. coli, the gaps are sealed by cellular enzymes to
generate a replicating plasmid. The temperature-sensitive replication
origin permits curing of the plasmid if desired. B, BsrGI site; H, HindIII site
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insertion frequencies >0.1%, it is possible to use group II introns in
the absence of a selectable marker, making them more amenable to
obtaining strains with multiple disruptions. Finally, with respect to
use in other bacteria, group II introns have minimal dependence on
host-specific factors, retain full activity in recA– hosts (cf. ref. 22),
and unlike λ Red, are not dependent on a highly efficient electropo-
ration procedure for introduction of sufficiently high concentrations
of DNA oligonucleotides.

In addition to the applications demonstrated here, group II
introns with foreign genes inserted in domain IV can be used as vec-
tors to integrate these genes at desired chromosomal locations (J.Z.
and A.M.L., unpublished data)4,24. In principle, group II introns can
also be used to obtain conditional disruptions by linking splicing of
an integrated ∆ORF intron to expression of the IEP from a separate,
inducible promoter. In practice, however, we find that the splicing of
the Ll.LtrB intron inserted into E. coli chromosomal genes is fre-
quently inefficient, so that the possibility of obtaining conditional
disruptions must be evaluated in each case.

Finally, in another application, we show that group II introns can

be used to introduce point mutations into chromosomal genes by
targeting double-strand breaks that stimulate homologous recombi-
nation with a co-transformed DNA fragment containing the desired
modification. Although the recombination frequencies obtained
here using group II introns (10–4 to 10–5) are lower than those report-
ed for the λ Red system, they are still suitable for routine genetic
manipulation. Furthermore, the group II intron system may be use-
ful for stimulating homologous recombination in other bacteria that
are less amenable to λ Red and for introducing targeted double-
strand breaks in eukaryotes.

Experimental protocol
Bacterial strains. E. coli HMS174(DE3) recA– (Novagen, Madison, WI) and
BL21(DE3) recA+ (Stratagene, La Jolla, CA) were used for intron mobility
experiments, and DH5α and DH10B for cloning. Other bacteria were 
S. flexneri SA100 (ref. 25) and S. typhimurium JR501 (ref. 26). Antibiotics
were ampicillin, 100 µg/ml; chloramphenicol, 25 µg/ml; tetracycline,
25 µg/ml; and trimethoprim, 20 µg/ml (50 µg/ml for S. typhimurium).

Recombinant plasmids and libraries. The intron-donor plasmid pACD2
(Fig. 1A) was previously denoted pACD-∆ORF+ORF2 (ref. 8). Derivatives of
pACD2 include the RT-deficient mutant pACD2-RT– (conserved YADD
changed to YAAA)24 and pMAKD in which a 4.6-kb AseI/Bsu36I fragment
containing the temperature-sensitive replication origin of pMAK705 
(ref. 27) replaces the 2.4-kilobase AseI/Bsu36I fragment containing the
pACYC184 origin. The combinatorial intron library pDL2 was constructed
from pACD2 by inserting random sequences at EBS2 positions –12 to –8,
EBS1 –6 to –1, and δ +1 to +3, as well as the corresponding IBS2–IBS1 posi-
tions to provide complementary nucleotide combinations for RNA splicing8.

The recipient vector pBRR3 is a derivative of pBRR1 (previously denoted
pBRR-Tet)8, which contains three (instead of one) rrnB T2 transcription ter-
minators (116-bp EcoRI/XbaI fragment of pBRR1) inserted between the
polylinker used for cloning the target DNA and the promoterless tetR gene
(Fig. 1A). The T2 sequences terminate E. coli but not T7 RNA polymerase
and thus reduce background expression from cryptic E. coli promoters in
cloned target DNAs. pBRR3-thyA(s) and (a) contain the E. coli thyA gene
(801-bp EcoRI/SphI fragment of pSUThyA; ref. 10) cloned in the sense (s) or
antisense (a) orientations upstream of the promoterless tetR gene in the XhoI
site of pBRR3.

pBR-thyA-Stop1 and 2 contain the cloned thyA gene of E. coli
HMS174(DE3) (2.3 kb HincII fragment) beginning 422 bp upstream of the
thyA coding sequence and ending 1,295 bp downstream, with stop codons
introduced at different positions in the coding sequence (TAT490–492TGA,
TCC499–501TGA in Stop1 and GCA463–465TGA, TTC526–528TGA in Stop 2). The
stop codons are positioned on either side of the intron ThyA-495a insertion
site, within (Stop1) or just outside (Stop2) of the intron’s recognition
sequence (positions 486–521).

Group II intron mobility assays and chromosomal gene disruption. Group
II intron mobility and selection were carried out with intron-donor and
recipient plasmids in E. coli HMS174(DE3)8. After 1 h induction with 
100 µM IPTG at 37°C (thyA) or 500 µM IPTG at 30°C (lacZ, trpE, proA, and
dadA), cells were plated on Luria–Bertani (LB) medium containing ampi-
cillin, with or without tetracycline, and mobility events were selected as TetR

colonies. For chromosomal gene disruptions, cells were transformed with a
donor plasmid containing the targeted intron and induced with IPTG as
above.

PCR method for generating retargeted group II introns. A 361-bp PCR
product corresponding to the 5′-exon and 5′-end of the intron (E1–25 to
I+326) was generated by an initial two-step PCR, using two pairs of
partially overlapping primers, three of which introduce modifications into
the IBS1/2, EBS2, and EBS1/δ sequences (see Fig. 4). The gel-purified 
361-bp PCR product was then used in a second PCR with a pMAKD vector
backbone made up of 0.05 units/µl Taq polymerase (Invitrogen, Carlsbad,
CA) plus 0.025 units/µl PFU polymerase (Stratagene, La Jolla, CA);
10 cycles of 94°C for 15 s, 65°C for 30 s, 68°C for 12 min. After column
purification (QIAGEN, Valencia, CA), the PCR product was dissolved in
10 µl of 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, and 1 µl was electroporat-
ed directly into E. coli.

Figure 5. Introduction of point mutations into the wild-type thyA gene by
group II intron-stimulated homologous recombination. Escherichia coli
BL21(DE3) recA+ was transformed with a pACD2-based donor plasmid,
which contains the ThyA-495a intron with an RT– mutation, and 
pBR-thyA-Stop1 or 2, which contain the cloned E. coli HMS174(DE3) 
thyA gene, with stop codons (asterisks) at different positions in the thyA
coding sequence. The thyA coding sequence is shaded, and the upstream
and downstream sequences are unshaded and not drawn to scale.
Frequencies of TmR colonies, indicative of loss of thyA function, are
summarized in Table 1. The introduction of TGA stop codons was
confirmed by DNA sequencing: For Stop1, 16/20 TmR colonies contained
the TGA stop codons, with 13 containing both TGAs and 3 containing only
the upstream TGA; for Stop 2, 20/22 TmR colonies contained the stop
codons, with 13 containing both TGAs, 4 containing only the upstream
TGA, and 3 containing only the downstream TGA. Three of the six
remaining TmR colonies (2 for Stop1 and 1 for Stop2) had other mutations
at or within 100 bp of the target site and may have been generated by
incorrect double-strand break repair. Such mutations may also contribute
to the background of TmR colonies for cells transformed with the 
ThyA-495a intron alone (see Table 1).
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Group II intron-stimulated homologous recombination. To introduce stop
codons into the chromosomal thyA gene (Fig. 5), the recA+ E. coli strain
BL21(DE3) was co-transformed with pBR-thyA-Stop 1 or 2 and intron-
donor plasmid pACD2-ThyA-495a-RT– and grown overnight at 37°C in LB
medium containing chloramphenicol and ampicillin to select for both plas-
mids. After induction with 100 µM IPTG for 1 h at 37°C, the cells were trans-
ferred to fresh LBT (LB medium supplemented with 50 µg/ml thymine),
grown for an additional hour for completion of double-strand break repair,
and plated on minimal medium containing 50 µg/ml thymine, with and
without trimethoprim.

DNA analysis. E. coli genomic DNA and plasmids were prepared by using a
Genomic DNA isolation kit and Plasmid Maxi kit, respectively (QIAGEN).

For Southern hybridizations, DNAs were digested with restriction enzymes,
run in a 0.7% agarose gel, blotted to a nylon membrane, and hybridized as
described28 with 32P-labeled DNA probes prepared by random octamer label-
ing of PCR products with 32P-dCTP (RTS RadPrime DNA Labeling System;
Invitrogen).
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