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The essential Bacillus anthracis nrdE gene carries a self-splicing group I intron with a putative homing
endonuclease belonging to the GIY-YIG family. Here, we show that the nrdE pre-mRNA is spliced and that the
homing endonuclease cleaves an intronless nrdE gene 5 nucleotides (nt) upstream of the intron insertion site,
producing 2-nt 3’ extensions. We also show that the sequence required for efficient cleavage spans at least 4 bp
upstream and 31 bp downstream of the cleaved coding strand. The position of the recognition sequence in
relation to the cleavage position is as expected for a GIY-YIG homing endonuclease. Interestingly, nrdE genes
from several other Bacillaceae were also susceptible to cleavage, with those of Bacillus cereus, Staphylococcus
epidermidis (nrdEl), B. anthracis, and Bacillus thuringiensis serovar konkukian being better substrates than
those of Bacillus subtilis, Bacillus lichenformis, and S. epidermidis (nrdE2). On the other hand, nrdE genes from
Lactococcus lactis, Escherichia coli, Salmonella enterica serovar Typhimurium, and Corynebacterium ammo-
niagenes were not cleaved. Intervening sequences (IVSs) residing in protein-coding genes are often found in
enzymes involved in DNA metabolism, and the ribonucleotide reductase nrdE gene is a frequent target for
self-splicing IVSs. A comparison of nrdE genes from seven gram-positive low-G+C bacteria, two bacterio-
phages, and Nocardia farcinica showed five different insertion sites for self-splicing IVSs within the coding

region of the nrdE gene.

Group I introns are self-splicing RNA sequences that in the
splicing event merge the two flanking sequences that they inter-
rupt into a contiguous mRNA (2). They are widespread and can
be found in eukaryotes and viruses, as well as bacteria and bac-
teriophages (2, 15, 18, 30). Bacterial group I introns are mostly
found in tRNA genes and rarely interrupt protein-coding genes,
except in some prophage sequences (32). The annotated Bacillus
anthracis chromosome has two genes that are interrupted by
group I intron sequences, the nrdE and recA genes (17, 27). The
closely related Bacillus thuringiensis serovar konkukian contains a
shorter group I intron sequence in the nrdE gene and another
group I intron in the recA gene that is identical to the group I
intron in the B. anthracis recA gene (36). The group I introns in
the B. anthracis and B. thuringiensis nrdE genes are unique among
bacterial chromosomes, as they interrupt an essential protein-
coding gene, the large component (o polypeptide) of class Ib
ribonucleotide reductase. This enzyme catalyzes de novo produc-
tion of deoxyribonucleotides that are required for aerobic DNA
synthesis and bacterial proliferation (24, 35).

The nrdE intron in B. anthracis, but not the recA intron, also
encodes a newly reported homing endonuclease gene (HEG).
Homing endonucleases (HEases) cleave non-HEG-containing
DNA close to sites that represent their own locations, leaving
a single-strand break (nick) or a double-strand break (DSB)
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(1). The nick or DSB leads to a recombination/repair between
the allele carrying the HEG and the other allele lacking the
HEG. The recombination/repair results in copying of the
HEG, together with parts of the flanking genomic regions, to
the non-HEG allele, and HEGs can therefore be described as
selfish genetic elements.

HEGs have been found within intervening self-splicing in-
tron sequences and self-splicing intein sequences (here collec-
tively called IVSs) and at intergenic regions (1). A HEase
encoded in a self-splicing intron or intein usually has a recog-
nition site that spans the IVS insertion site and is interrupted
by the IVS harboring the HEG. The IVS-associated HEase
almost exclusively cleaves alleles lacking the IVS, since the IVS
with few exceptions interrupts the recognition site, preventing
the HEase from cleaving the IVS-containing allele. The free-
standing IVSs can also cleave a HEG-containing allele, since
the HEase target site resides in the neighboring gene. Both
types of HEases promote a non-Mendelian inheritance of the
HEG-containing allele.

Based on their active-site motifs, HEases are divided into
four families, LAGLIDADG, HNH, His box, and GIY-YIG
(1, 33). The HEases also contain a DNA binding motif(s). The
specific target sites recognized by the HEases span 14 to 35 bp
(1). This means that cleavage by HEase is rare, occurring
typically once per genome. Although HEases have long target
recognition sites, they display a rather low stringency and allow
some variation within the recognition sequence. The low strin-
gency in turn allows spreading to other alleles with a noniden-
tical recognition site. Once a HEG is established at a new
location, it has a good chance to spread efficiently at that site
in the population (11, 12, 14, 29). Phage genes are ideal hosts
for HEGs, as a double infection event is an opportunity for the
HEG to spread to a HEG-less allele.
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In this paper, we show that the nrdE intron in B. anthracis is
spliced and encodes a fully functional HEase (denoted I-BanI)
of the GIY-YIG family. We map the cleavage site and the
recognition site of I-Banl and show that it has a variable
capacity to spread among several closely and distantly related
Bacillaceae, even though it has been found only in B. anthracis
and B. thuringiensis serovar konkukian so far.

MATERIALS AND METHODS

Bacterial strains and general methods. Wild-type B. anthracis Sterne 7700
pXO17/pX0O2~ (lacking both virulence plasmids) was obtained from the Swed-
ish Defense Research Agency. Strains of Bacillus subtilis 168, Bacillus cereus
ATCC 14579, Bacillus licheniformis ATCC 14580, Staphylococcus epidermidis
ATCC 12228, S. epidermidis RP62A, Salmonella enterica serovar Typhimurium
LT2, Corynebacterium ammoniagenes ATCC 6872, and Escherichia coli K-12
were obtained from the Spanish Type Culture Collection. Lactococcus lactis
MG1363 was kindly provided by Jan Kok. All strains were grown in brain heart
infusion medium (Becton Dickinson) at 30°C, with the exceptions of B. anthracis,
S. enterica serovar Typhimurium, and E. coli, which were grown at 37°C.
Genomic DNA was extracted using the Genomic DNA extraction kit (QIAGEN)
according to the manufacturer’s recommendations. All primers mentioned below
are specified in the supplemental material. All target and template PCR products
were amplified from genomic DNA using Tag DNA polymerase (Fermentas)
according to the manufacturer’s recommendations and purified using a QIAquick
PCR purification kit (QIAGEN).

In vivo splicing analysis. RNA isolation from B. anthracis Sterne cells har-
vested at an Agy, of 1.0 was carried out using the RNeasy kit for total-RNA
isolation (QIAGEN) according to the manufacturer’s recommendations, includ-
ing the on-column DNase I treatment. Reverse transcriptase (RT)-PCRs were
carried out using the ThermoScript RT-PCR system (Invitrogen) according to
the manufacturer’s recommendations. The RNA concentration used in the RT
step was 1.37 pg/ml. After the RT step, the presence of spliced and unspliced
products was analyzed by PCR. The primers used were exl, intl, and ex2. PCRs
were performed using standard conditions with Tag DNA polymerase (Fer-
mentas) according to the manufacturer’s recommendations. Products were sep-
arated on agarose gels and visualized with ethidium bromide and UV light. The
PCR product of the spliced RNA was sequenced (by MWG Biotech AG) with
primers B.ant forw and B.ant rev.

Prediction of intron secondary structure. Prediction of the intron secondary
structure was performed using Mfold default settings (http://www.bioinfo.rpi.edu
/applications/mfold/rna/form1.cgi) and corrected by hand.

In vitro translation of endonuclease constructs. Templates for in vitro trans-
lation were amplified using primers I-Banl TNT start and I-BanI end. To make
the I-Bthl variant of the endonuclease primers, I-BthI del and I-BthI del inv were
used in conjunction with the start and end primers. The deletion primers also
included the single amino acid residue change (F24L) at the 24th position that
differs between I-Bthl and I-Banl. Templates were amplified from genomic DNA
from B. anthracis Sterne and were used for in vitro translation using the kit TNT
T7 Quick for PCR DNA (Promega) according to the manufacturer’s recommen-
dations. Radiolabeled [>>S]Met was included in the reactions, and the products
were separated on a denaturing 15% polyacrylamide gel and analyzed with a
phosphorimager (Fujifilm FLA-3000).

In vitro endonuclase activity assays. Targets for HEase cleavage were ampli-
fied using genomic DNA as a template and one of the two primers labeled with
fluorescein according to the method described previously (29). Cleavage reac-
tions were performed using in vitro-translated HEases directly in the reaction
according to the method described previously (29). The reaction mixtures con-
tained 500 fmol target DNA, 3 wl in vitro translation reaction mixture, and 0.1 pg
RNaseA in 50 pl of 10 mM Tris-HCI (pH 8.5), 10 mM MgCl,, 100 mM KCl, and
0.1 mg/ml bovine serum albumin and were incubated at 37°C for 30 min. Incu-
bations with mock in vitro translation without template DNA served as negative
controls. All cleavage products were separated on agarose gels except for one
experiment (see Fig. 4), in which the products were separated on a 5% poly-
acrylamide gel with 7 M urea, analyzed by excitation of fluorescein-labeled targets
and products at 473 nm, and filtered at 520 nm (FujiFilm FLA-3000). Note that
only one cleavage product was visualized, as only one strand was fluorescein
labeled. The cleavage efficiencies of the different targets were analyzed with
ImageGauge v3.45 (Fujifilm). The cleavage efficiency was calculated by dividing
the fluorescence of the product by the total fluorescence of the substrate and
product. The most efficiently cleaved target was set to 100% cleavage. All
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cleavage efficiencies were adjusted accordingly to give the relative efficiency
of cleavage.

Cleavage site mapping. For mapping of the DSB, one *?P-radiolabeled and
one unlabeled primer were used in the target PCR for labeling of each strand
separately. Primers [3?P]-nrdE seq forw and B.ant rev were used for identifying
the cut on the coding strand. Primers [>?P]-nrdE seq rev and B.ant forw were
used for identifying the cut on the template strand. The targets were then cleaved
with I-Banl. The cleavage products were purified and separated on 10% poly-
acrylamide gels with 7 M urea, together with sequencing ladders produced with
the fmol DNA Cycle Sequencing System (Promega) according to the method
described previously (29). The sequencing ladders were labeled using
[y->>S]dATP incorporation and the unlabeled primers nrdE seq forw and nrdE
seq rev. Template sequences for both cleaving and sequencing were IVS-less
nrdE variants constructed from B. anthracis Sterne. The gel was visualized and
analyzed with a phosphorimager (Fujifilm FLA-3000).

Mapping of the recognition site. Targets used in mapping of the required site
for cleavage of I-Banl were amplified from a IVS-less nrdE PCR product using
fluorescein-labeled primers and primers successively shortening the target se-
quence. The targets for the downstream part of the site were amplified using
primers B.ant forw 2 (F) and Ltd bind +28 to +35. The targets for the upstream
part of the site were amplified using primers B.ant rev (F) and Ltd bind —3 to
—10. (F) denotes fluorescein labeling.

Cleavage of nrdE from related Bacillaceae. The targets used in the activity
assays were amplified from genomic DNAs from respective strains by PCR using
one fluorescein-labeled primer and one unlabeled primer. For a full list of the
primers and templates used, see the supplemental material.

Sequence data were obtained from the GenBank genome data (accession
numbers NC_003997 for B. anthracis Ames (NP_843829 for the HEG),
NC_005945 for B. anthracis Sterne (YP_027537 for the HEG), NC_004722 for B.
cereus, NC_006270 for B. licheniformis, NC_000964 for B. subtilis 168 and B.
subtilis 168 prophage SPB, NC_005957 for B. thuringiensis serovar konkukian
strain  97-27, Y09572 for C. ammoniagenes, NC_000913 for E. coli,
NZ_AAGO01000069 for L. lactis, NC_003197 for S. enterica serovar Typhi-
murium, NC_004461 for S. epidermidis ATCC 12228, and NC_002976 for S.
epidermidis RP62A).

Sequence alignments and phylogenetic analysis. Sequence alignments of tar-
get sites were done using Clustalw (34). Phylogenetic analyses were done as
previously described (35) and visualized with TreeView (25).

RESULTS

In vivo splicing and secondary structure of the group I
intron in B. anthracis nrdE. The intron of the B. anthracis nrdE
gene was tested for in vivo splicing activity by nonquantitative
RT-PCR (Fig. 1A). RNA isolated from cells in the late log
phase showed the presence of both unspliced and spliced nrdE
mRNAs. Exonl- and exon2-specific primers gave a product of
2.1 kbp from RT-PCR, corresponding to the size of the spliced
product, and no unspliced products could be detected in this
way (Fig. 1A, lane 1). As a control, intron- and exon2-specific
primers gave a product of 1.5 kbp from RT-PCR, correspond-
ing to unspliced mRNA (Fig. 1A, lane 2). In addition, these
primer pairs were used in PCR with genomic DNA, giving
products of 3.2 kbp and 1.5 kbp, respectively, corresponding to
the length of unspliced mRNA (Fig. 1A, lanes 5 and 6). The
primer pairs were also used as controls in an RT-PCR without
RT, giving no observed product (Fig. 1A, lanes 3 and 4),
indicating that genomic contamination did not occur. Sequenc-
ing of the spliced product showed the spliced site to be as
predicted (see the sequence in Fig. 4). These results show that
the group I intron of B. anthracis nrdE is efficiently spliced in
vivo.

Prediction of the secondary structure of the intron showed
that it contained all conserved regions of pairing (P1 to P10)
and the conserved sequence elements R and S and shared
characteristics with the subgroup IA2 introns (23). The open
reading frame (ORF) is predicted to start in the P6.1b region
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FIG. 1. Efficient splicing of the group I self-splicing intron in B. anthracis nrdE. (A) Agarose gel showing RT-PCR products of unspliced and
spliced nrdE mRNA in total-RNA extraction from B. anthracis Sterne 7700 pXO1~/pXO2~. Exonl- and exon2-specific primers (ex1 and ex2,
respectively) in RT-PCR gave a product of 2.1 kbp, corresponding to spliced nrdE mRNA (lane 1). The intron-specific primer intl, in combination
with ex2, gave an RT-PCR product of 1.5 kbp, corresponding to unspliced nrdE mRNA (lane 2). Primer pairs were used in control RT-PCR without
RT and showed no DNA contamination in the RNA extraction (lanes 3 and 4). Primer pairs were also used in PCRs with genomic DNA as primer
controls and showed products of 3.2 kbp and 1.5 kbp, respectively (lanes 5 and 6). A molecular size marker (M) was run for reference, where bands
4 to 6, 8, and 10 from the bottom correspond to 1,000 bp, 1,500 bp, 2,000 bp, 3,000 bp, and 4,000 bp, respectively. (B) Predicted secondary structure
of the nrdE intron. The lowercase letters indicate the coding sequence of the nrdE gene. The uppercase letters indicate the intronic sequence.
Boldface uppercase letters indicate the ORF in the intron, with the numbers in the loop in P6.2 representing the sequences of B. thuringiensis
serovar konkukian and B. anthracis Sterne. Conserved sequence elements (R and S), conserved base-paired regions (P1 to P9), and additional
pairings (P3.1, P3.2, P5.1, P5.1a, P5.2, p5.2a, P6a, P6.1a to P6.1c, P6.2, P7.1, and P7.2) are shown. Alignment between the 5’ and 3’ splice sites can
be promoted by the boxed nucleotides, UUGGU, in the P1 loop, and ACCAA, near P9, making pairing P10. The shaded boxes represent
nucleotides identical with the group I intron in the recA gene in B. anthracis (17).

and to span the P7 region with the conserved R element (Fig. the group I intron in the nrdE gene of the B. subtilis BSG40
1B). The intron also showed high similarity to the predicted prophage (20) shared 50% identity with the ORF encoding
secondary structure of the group I intron in the rec4 gene of B. I-Banl.

anthracis (17) over the conserved regions of the intron. The A GIY-YIG endonuclease in the B. anthracis nrdE intron and
group I intron in the nrdE gene of the B. subtilis BSG40 a remnant HEG in B. thuringiensis serovar konkukian. The
prophage (20) also shared similar secondary structure with the annotated 1,102-bp B. anthracis nrdE intron, located between
nrdE intron in B. anthracis and was found at the same insertion Asp255 and Thr256, contains an ORF encoding a 253-amino-
site in their respective nrdE genes, suggesting a distant rela- acid-residue putative HEase of the GIY-YIG family (Fig. 2A).
tionship between the introns. In addition, the ORF found in We named the ORF I-Banl, according to the suggested no-
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FIG. 2. The B. anthracis nrdE intron encodes a GIY-YIG HEase. (A) I-Banl, identified as a GIY-YIG endonuclease, contains an N-terminal
GIY-YIG domain (red box) with the GIY-YIG endonuclease motif, a C-terminal GIY-YIG domain (blue box) with a minor-groove DNA binding
a-helix motif, and a helix-turn-helix motif (yellow box). A large deletion in I-Bthl spans most of both the N-terminal and C-terminal domains.
(B) [**S]Met-radiolabeled in vitro translation of I-BthI and I-BanI showed products of 5 kDa and 30 kDa, respectively.

menclature for HEases (28). I-Banl contains two major do-
mains found in the GIY-YIG endonuclease family, the N-
terminal GIY-YIG domain, containing the GIY-YIG motif,
and the C-terminal GIY-YIG domain, containing a minor-
groove DNA binding a-helix motif and a helix-turn-helix motif
(8, 22). The closely related B. thuringiensis serovar konkukian
includes a much shorter ORF (encoding 45 amino acid resi-
dues) in its nrdE intron (478 bp). The ORF here called I-Bthl
was found to be a deletion variant of I-Banl. The B. thurin-
giensis serovar konkukian nrdE intron has a deletion of 624 bp
compared to the B. anthracis nrdE intron (36). This deletion
gives rise to an in-frame deletion of major parts of both the
N-terminal and C-terminal domains of the ORF of the HEase
(Fig. 2A and 1B) plus a 1-amino-acid substitution, but it still
retains the GIY-YIG motif. A structure prediction experi-
ment using the SwissModel First Approach Mode at http:
//swissmodel.expasy.org/ (13, 26, 31) showed the I-BanI to have
high similarity to the I-Tevl GIY-YIG catalytic N-terminal
domain (36), while no similarities were found for I-Bthl. These
findings indicate a loss of function for I-BthI (data not shown).

Several attempts at cloning and overexpressing I-Banl in E.
coli failed, presumably due to its toxicity to E. coli. Also, with
I-Banl expressed in and secreted from Drosophila sp. strain
Schneider S2 cells, no specific cleavage was detected (data not
shown). On the other hand, cleavage activity was observed with
in vitro-translated I-Banl (see below). In vitro translation of
I-BanI and I-BthI gave rise to ~30-kDa and ~5-kDa products,

A
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targets C T
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respectively (Fig. 2B), which are in agreement with the pre-
dicted molecular masses for these ORFs. The products were
tested for DSB cleavage activity on target sequences amplified
from B. anthracis Sterne nrdE. No cleavage activity was de-
tected when the wild-type nrdE sequence containing the intron
sequence was incubated with I-BanI or I-Bthl in vitro transla-
tions or with mock translation (no DNA template in the in
vitro translation reaction) (Fig. 3A, lanes 1 to 3). As IVSs are
known to divide the target sites of most HEases residing within
them, two IVS-less target variants were constructed on the
assumption that the target site would be recreated if the
intron sequence was deleted. The Sterne and Ames/serovar
konkukian IVS-less targets both showed cleavage products
when incubated with I-Banl (Fig. 3A, lanes 5 and 8, respec-
tively), indicating that the target sites were recreated by dele-
tion of the intron. No significant difference in I-Banl cleavage
was seen for the Sterne and Ames/serovar konkukian nrdE
sequences that differ by a T-to-C transition 17 bp downstream
and an A-to-G transition 334 bp upstream of the intron inser-
tion site. No cleavage activity was found when the IVS-less
targets were incubated with either I-BthI or mock translations
(Fig. 3A, lanes 6 and 9 and lanes 4 and 7, respectively). Note
that only one cleavage product was visualized, as only one
strand was fluorescein labeled.

Mapping of the I-Banl cleavage site. Based on fragment
sizes from cleavage assays on IVS-less target variants (Fig.
3A), a DSB was estimated to occur close to the intron
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FIG. 3. Mapping of the cleavage site of the I-Banl HEase. (A) Agarose gel showing products from a cleavage assay with fluorescein-labeled
targets, wild-type Sterne (2,276 bp; lanes 1 to 3), Sterne IVS-less (1,174 bp; lanes 4 to 6), and Ames/serovar konkukian (1,174 bp; lanes 7 t09)
incubated with mock translation, I-Banl, and I-BthI. No cleavage products were found for targets incubated with mock translation or I-BthI (lanes
1, 4, and 7 and lanes 3, 6, and 9, respectively). Cleavage products corresponding to the predicted 722 bp were found for IVS-less targets incubated
with I-Banl (lanes 5 and 8). No cleavage product was found for wild-type Sterne incubated with I-Banl (lane 2). Note that only one cleavage
product was visualized, as only one strand was fluorescein labeled. (B) Polyacrylamide gel showing sequencing reactions run alongside **P
single-strand-labeled cleavage reactions to identify the I-Banl cleavage site and overhang. The second gel is inverted to more clearly show the

cleavage sites on both strands.
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FIG. 4. Mapping of minimum sequence required for I-BanlI cleavage. Polyacrylamide gels show products from cleavage assays with fluorescein-
labeled targets with short flanking sequences upstream and downstream of the cut on the coding strand, —10 bp and + 35 bp, respectively. The
target (t) and product (p) are indicated for each gel. Note that only one cleavage product was visualized, as only one strand was fluorescein labeled.
The left and right gels show cleavage of the targets with successively shorter sequence upstream and downstream. The end positions are indicated
below the lanes. Cleavage is indicated with + for efficient cleavage, (+) for low or nearly no cleavage, and N.d. for no cleavage detected. DSB is

indicated with * and ~ for the cuts on the template and coding strands, respectively.

insertion site. In separate experiments, the DSB could be
identified by the isotopic labeling of one or the other strand
of the IVS-less target incubated with I-Banl. The cleavage
products were run alongside sequencing reactions using the
same primers as for target construction. Figure 3B shows
that the DSB occurs 5 and 7 nucleotides (nt) upstream of
the intron insertion site, with 2-nt 3’ extensions, i.e., 760 nt
and 758 nt from the start of nrdE on the coding and template
strands, respectively.

Mapping the length of the I-Banl recognition site. Sterne
IVS-less nrdE was used as a template for producing targets
flanking the cleavage site and with successively shorter up-
stream or downstream sequences. Figure 4 shows that we could
map the approximate length of the I-Banl recognition site with

this approach. When the target sequence was limited to 8 bp
upstream (and 452 bp downstream) of the cut on the coding
strand, it was readily cleaved by I-Banl. However, targets with
shorter upstream sequences showed a gradual decrease in
cleavage efficiency, and cleavage was abolished when the target
was limited to only 3 bp upstream of the cleavage site. Limiting
the target sequence to 30 bp downstream (and 431 bp up-
stream) of the cut on the coding strand abolished cleavage of
I-Banl. A very small amount of cleavage product was detected
with 31 bp downstream, whereas a target sequence limited to
32 bp downstream showed full activity of I-Banl cleavage.
These experiments suggest that the I-Banl recognition site is
35 to 40 bp and covers the cleavage site with a bias toward the
downstream region including the IVS insertion site.
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27 2 EF8E3EER
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1 23 45 6 7 8 910
B 10 DSB  IVS 10 20 30
| | | | Mean (3) 8D
Consensus -GA-TT--T-gAtAC-AA-AA—-T--—-tG—-GAtGA-—A-
Bcer TTATTGAATTCCTTGATACARAARAAATALATGCCGATEAGARGAGCEE  100% -
Sepi E1 TTGAAGACTTTTEAGATACTARGAMAGTGAATGCAGATGAAGATTTACE 95¢ +5
Sterne PTATTGAATTCCHGGATACCARRARAATANATGTCEGATGAGAAGAGCEG 80% +5
Ames/konkukian [ETATTGAATTCCTGGATACCARARAANTAAATGCCEATCAGARGAGCEE 77% +8
Bsub 168 TCAATGATTTTCITGATACGARARAGAT TTCTGCGGATGAAGATGTGEG 64% +6
Blich TCAACGATTTCCICGATACGAAGAAGATTTCGGC TEGACGAGGATGTCEG 40% +7
SER TTACAGACTICCIGGATACCARARAAATARGTGCTEGATGAAGATGTCEG 16% +4
Sepi E2 TAATTGAGETATEAAACACTAAGAAAGT TAATGCAGATGAAGATACACE 12% +5
Llac FeATGEAAFT TTHATCARE TREAREAGAARATECCERCEAAAEARTCER N.d.
Ecol TTCTGCGTTITCHCGACACGARACGGGARRATGCCGACGAARBARTCLG N.d.
Camm TCTTGAACTTCCHCGACACCARGCGCGARRACGCTGACGAGARGATCLG N.d.
Styp PTCTGCGTEITCHGGATACCARACGAGARAACGCTGACGALAAARTCEG N.d.

FIG. 5. I-Banl can cleave several closely related Bacillaceae nrdE genes. (A) Agarose gel showing products (p) from a cleavage assay with
fluorescein-labeled targets (t) from the B. subtilis 168 prophage SPB (2,106 bp), B. subtilis 168 (2,103 bp), B. licheniformis (2,103 bp), S. epidermidis
nrdE1 (2,103 bp) and nrdE2 (2,103 bp), B. cereus (1,174 bp), C. ammoniagenes (2,106 bp), E. coli (2,106 bp), S. enterica serovar Typhimurium (2,106
bp), and L. lactis (2,106 bp) incubated with I-Banl. Cleavage products corresponding to the predicted sizes were found for targets B. subtilis 168
prophage SPB (1,073 bp), B. subtilis 168 (784 bp), B. licheniformis (784 bp), S. epidermidis nrdE1 (787 bp) and nrdE2 (766 bp), and B. cereus (722
bp) (lanes 1 to 6). No cleavage products were detected for the targets C. ammoniagenes, E. coli, S. enterica serovar Typhimurium, and L. lactis (lanes
7 to 10). Note that only one cleavage product was visualized, as only one strand was fluorescein labeled. (B) Target site alignments showing a region
from positions —12 to +37 flanking the cuts on the coding strands of all target sequences tested. For each target, the measured relative activity
is indicated, with the most efficiently cleaved target set as 100%. N.d. indicates no cleavage detected. Means and standard deviations (SD) were
calculated from measurements from three experiments. DSB is indicated with * and ~ for the cuts on the template and coding strands, respectively.
Uppercase letters in the consensus sequence and gray boxes indicate fully conserved nucleotides within all cleaved targets. Lowercase letters in the
consensus sequence indicate conserved nucleotides in target sequences cleaved 50% or more.
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I-Banl cleaves nrdE sequences from related strains of Bac-
illaceae. PCR-amplified target sequences from several related
Bacillaceae strains were tested for I-Banl cleavage. Sequences
of nrdE were amplified from B. subtilis 168 prophage SPS,
B. subtilis 168, B. licheniformis, S. epidermidis RP62A nrdE1
(identical to S. epidermidis ATCC 12228 nrdE) and nrdE2, and
B. cereus ATCC 14579. I-Banl was shown to produce DSBs
with varying efficiencies of cleavage for all Bacillaceae targets
tested (Fig. 5A, lanes 1 to 6). Surprisingly, the most efficiently
cleaved targets were B. cereus and S. epidermidis nrdE1 (100 to
95% cleavage) compared to the IVS-less targets from the
strains Ames/serovar konkukian and Sterne (77 to 80% cleav-
age), where we originally found the HEG variants. The least
efficiently cleaved target was S. epidermidis nrdE2 (12% cleav-
age). However, this target differs less in sequence from S.
epidermidis nrdE1 (4 bp substitutions between position —8 and
position +31 of the cut on the coding strand) than the other
susceptible targets (10 to 15 bp substitutions compared to S.
epidermidis nrdE1) (Fig. 5B). To further investigate the strin-
gency of I-Banl, target nrdEs from L. lactis, C. ammoniagenes,
E. coli, and S. enterica serovar Typhimurium were also tested
for I-Banl cleavage with no cleavage products detected (Fig.
5A, lanes 7 to 10).

Abundant occurrence of IVSs in the nrdE gene in bacteria,
prophages, and phages. The previously sequenced nrdE genes
available in public databases were observed to encode IVSs
with five different insertion sites, IVS1 to IVS5 (Fig. 6A) (7, 19,
20, 32); the IVS in B. anthracis is at IVS3. B. cereus E33L
(GenBank accession number NC_006274) has an intron at
IVS4. One of the two nrdE genes in S. epidermidis RP62A (10)
has an intein at IVS4 instead and an intron with a HEG at
IVS5. The closely related S. epidermidis ATCC 12228 has no
IVSs. The B. subtilis 168 prophage SPB has an intron at IVS2
and an intein at IVS4 (32), and the Staphylococcus aureus
phage Twort has an intron each at IVS2 and IVS5 (19). In
addition, the actinobacterium Nocardia farcinica has an intein
at IVS1 (16).

The presence of IVSs and HEases in the nrdE gene in
Bacillaceae is scattered, and a sequence similarity tree of the
NrdE protein shows that the Bacillaceae NrdEs are distributed
in three different branches (Fig. 6B). As expected, the B. an-
thracis Sterne NrdE protein clusters together with NrdEs from
the B. cereus group of bacteria (B. cereus, B. anthracis, and B.
thuringiensis), whereas close relatives of the B. cereus group,
like the other Bacillus species (e.g., B. subtilis), form an inde-
pendent cluster and the B. thuringiensis subsp. israelensis
NrdE2 is on a branch diverging from the B. cereus branch (Fig.
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6B). NrdEs from other low-G+C gram-positive members are
found in three additional branches, Streptococcus/Lactococcus
in one branch and Staphylococcus in two branches, one to-
gether with NrdEs in S. aureus phages. NrdEs from other
bacteria, including all proteobacteria, gram-positive high-G+C
bacteria, spirochetes, and mollicutes (e.g., Mycoplasmas), are
clustered together and independently of the NrdE branches of
the low-G+C gram-positive bacteria. The diversity in the
NrdEs from species of the low-G+C gram-positive bacteria
was previously also observed for the class Ib ribonucleotide
reductase protein NrdF (B polypeptide) (35), whereas this
group of bacteria contains close family members, based on a
16S rRNA tree (6).

There are subtle differences in the branch clustering within
the B. cereus group, in most cases related to whether the gene
contains an IVS. For example, B. thuringiensis subsp. israelensis
NrdE1 and B. cereus ATCC 14597 without an I'VS cluster apart
from other IVS-containing B. thuringiensis serovar konkukian
and B. cereus strains (Fig. 6B). On the other hand, the IVS2-
containing Bacillus weihenstephanensis KBAB4 and B. cereus
subsp. cytotoxis are in different subclusters of the B. cereus
branch. As shown in Fig. 5, S. epidermidis nrdE1 and nrdE2, the
B. subtilis 168 prophage SPB, B. subtilis 168, and B. lichenformis
lacking IVS3 are susceptible to I-Banl cleavage, whereas low-
G+C gram-positive L. lactis, the gammaproteobacteria E. coli
and S. enterica serovar Typhimurium, and the high-G+C gram-
positive C. ammoniagenes are not. Thus, the lack of IVSs at the
third site (IVS3) in some species of the low-G+C gram-posi-
tive group is not due to a lack of DNA sequences that are
susceptible to cleavage by the HEase.

DISCUSSION

Self-splicing group I introns are rarely found in protein-
coding genes in bacteria (2, 9, 15). In this study, we show that
the B. anthracis nrdE gene, an essential component of the
aerobic ribonucleotide reductase in this bacterium, carries a
group I intron that is efficiently spliced in vivo and that the
intron encodes a functional GIY-YIG HEase. From the results
presented in Fig. 4, we suggest that the target site covers 4 to
8 bp upstream and 31 to 32 bp downstream of the cut on the
coding strand. This correlates with what is expected of HEases
of the GIY-YIG family.

Interestingly, the B. anthracis endonuclease denoted I-Banl
has the potential to cleave several nrdE genes in the family
Bacillaceae. As was found for other HEases (1, 33), the target
site has relatively low stringency. It would be tempting to

FIG. 6. The nrdE gene in Bacillaceae is a refuge for self-splicing IVSs. (A) Alignments of sequences flanking the insertion sites of IVSs in the
nrdE gene (IVSI to -5 in different colors) found within the family Bacillaceae, S. epidermidis, Staphylococcus phage Twort, and N. farcinica. The
insertion sites of the IVSs and fully conserved nucleotides are indicated with light gray and dark gray, respectively. The numbers indicate the
distances in nucleotides between the shown aligned sequence locations in the B. anthracis Sterne nrdE. Symbols denote group I intron with HEG
(filled circles), group I intron without HEG (open circles), and intein with HEG (filled triangles). Inteins IVS1 and IVS4 have also been called
RIR1+j and RIR1-b, respectively (http://bioinfo.weizmann.ac.il/~pietro/inteins/), and introns IVS2, IVS3, and IVS4 have also been called RIR1-1,
RIRI1-IIL, and RIR1-III, respectively (20). (B) Phylogenetic tree of bacterial NrdEs with a selected set of Bacillaceae. The low-G+C gram-positive
bacteria are shown with a shaded background. Vertical lines indicate subgroups within the B. cereus group, underlining denotes phage sequences,
and dashed underlining denotes prophage. The occurrence of IVS1 to IVSS is indicated with symbols and colors as shown in panel A, and relative
cleavage efficiencies by I-Banl according to Fig. 4 are indicated. Only bootstrap values below 950 are shown. The distance bar in the lower left

corner indicates 0.1 changes per site.
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deduce a preliminary optimal cleavage sequence based on our
data, but an extensive mutagenesis study would be needed to
characterize the target site. Despite the wide range of cleaved
targets, it seems that the spread of the IVS encoding the I-Banl
HEase has been limited, since it has been found only in B.
anthracis and B. thuringiensis serovar konkukian so far. Only
with more sequence data from many strains of the same spe-
cies might the spread of this IVS be traced and reveal clues to
how non-prophage-associated HEases might spread in a bac-
terial host.

HEases may hop into new sites quite frequently (11, 12, 29),
but they will be detected in bacterial genomes only if they are
fixed. The homing event is more likely to occur if the recogni-
tion site of the HEase is in a conserved sequence, e.g., an
essential gene. Such a recognition site will be encountered
more frequently, and therefore the homing event has a higher
probability to lead to fixation. In addition, an essential gene
will not be lost from the genome despite a higher cost that an
IVS may inflict on the organism. Essential genes, such as nrdE,
may therefore act as a haven for IVSs and HEases. The ribo-
nucleotide reductase class Ib NrdE protein has highly con-
served sequences, especially in proximity to the active-site re-
gions and the allosteric regulatory sites (24), and it is essential
for B. anthracis DNA replication and proliferation during aero-
biosis (35). Among the more than 100 sequenced nrdE genes
(see http://rnrdb.molbio.su.se/ for a full account of RNR oc-
currences in organisms), 16 contain one or more IVSs in this
gene (and several B. subtilis prophages have at least one IVS in
the nrdF gene) (20, 21, 32). Interestingly, the nrdE IVSs are
found at five different insertion sites, IVS1 to IVS5 (Fig. 6A),
and they are found exclusively in some members of the Bacil-
laceae (including B. subtilis prophages), Staphylococcus and S.
aureus phages, Streptococcus/Lactococcus groups, and N.
farcinica (Fig. 6B).

Group I self-splicing IVSs have been found in all types of
organisms and frequently in rRNA genes in mitochondria and
chloroplasts of unicellular eukaryotes, in tRNA genes in bac-
teria, and in genes involved in DNA metabolism in bacterio-
phages (2, 15, 18, 30). In bacteria, IVSs have also been ob-
served to interrupt protein-coding genes in prophages (32), but
interestingly, the nrdE genes in B. anthracis and B. thuringiensis
do not appear to be associated with prophage sequences, even
though members of the B. anthracis family carry annotated
prophage sequences elsewhere in their genomes (27). In addi-
tion, bacterial group I introns in protein-coding genes have
been reported only for the family Bacillaceae, S. epidermidis,
and N. farcinica (Fig. 6). It has been argued that the occurrence
of HEG-containing IVSs in phages is an effective source of
horizontal gene transfer (HGT) (9, 12, 19, 20, 29, 30, 32, 33),
as phages multiply to several copies in an infected bacterium
and bacteria may be infected by more than one phage, pro-
moting horizontal spread among phages, as well as between
phages and host cell genomes. The potential group I intron-
encoded GIY-YIG HEG in the B. subtilis BSG40 prophage
nrdE gene (20) could indicate that the nrdE intron in B.
anthracis has been transmitted by phage. In addition, natural
competence is widespread among soil organisms and may con-
tribute to HGT among the Bacillaceae (3, 5). Several authors
suggest that HGT is the major force for incorporating different
and new metabolic functions in a given bacterium (4). As more

J. BACTERIOL.

examples of IVSs and HEGs within the nrdE gene in the family
Bacillaceae are found, the different possibilities for inheritance
can be tested statistically. Here, we have shown that not only
phage genes are prone to harbor IVSs with or without HEGs,
but host cells may also encounter IVS copies. A similar obser-
vation has been made for the rec4 gene (17). Despite being
widespread, the distribution of group I introns is irregular, and
they may be found in one gene of an organism but not in the
same gene of a closely related species.
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