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ABSTRACT The A subunit of DNA gyrase in Mycobacte-
rium leprae, unlike its counterpart in Mycobacterium tubercu-
losis, is produced by protein splicing as its gene, gyrA, harbors
a 1260-bp in-frame insertion encoding an intein, a putative
homing endonuclease. Analysis of the gyrA locus from differ-
ent mycobacterial species revealed the presence of inteins in
Mycobacterium flavescens, Mycobacterium gordonae, and Myco-
bacterium kansasii but not in 10 other pathogenic or sapro-
phytic mycobacteria. In all four cases where intein coding
sequences were found, they were localized in the same position
in gyrA, immediately downstream of the codon for the key
active-site residue Tyr-130. The intein products were similar,
but not identical, in sequence and the splice junctions
displayed all the features found in other polypeptides known
to be produced by protein splicing from a precursor protein.
Paired motifs, found in homing endonucleases encoded by
some group I RNA introns, and inteins showing endonucle-
ase activity, were present in the gyrA inteins as were other
intein-specific signatures. Some strains of M. flavescens, M.
gordonae, and M. kansasii were shown by PCR analysis to
have inteinless gyrA genes, in contrast to the situation in M.
leprae where all the isolates possessed insertions in gyrA.
Sequencing of the corresponding regions revealed that,
although the GyrA protein sequence was conserved, the
nucleotide sequences differed in gyrA genes with and without
inteins, suggesting that the homing endonuclease displays
sequence specificity.

In 1990, revision of one of the dogmas of molecular biology was
required when it was found that splicing can occur at the
protein level and that a single gene can encode a precursor
protein, a mature protein, and a free intein (for reviews, see
refs. 1-4). The term intein refers to a protein sequence that is
excised from the precursor protein during maturation; its
coding sequence is always inserted in-frame within a protein-
coding gene (5). This process has been described for the
vacuolar ATPase from Saccharomyces cerevisiae (6) and Can-
dida tropicalis (7) and the DNA polymerase of Thermococcus
litoralis (8, 9) and Pyrococcus sp. (5). In mycobacteria, the first
case of excision of an internal segment of a polypeptide and
religation of the flanking peptides, the N-extein and C-extein,
to create a functional protein was discovered in the RecA
protein from Mycobacterium tuberculosis and later from My-
cobacterium leprae (10-12).

Several potential biochemical mechanisms for protein splic-
ing have been proposed and these generally involve nucleo-
philic attack on the peptide bond at the N-extein-intein
junction by the hydroxyl (or thiol) group of the N-terminal
amino acid of the C-extein (serine, threonine, or cysteine), thus
giving rise to a branched polypeptide chain. Cyclization of the
invariant Asn residue at the C terminus of the intein to

succinimide then occurs leading to excision of the intein and
ligation of the exteins (2, 9, 13-15).
While analyzing the oriC region of the chromosome of M.

leprae, it became apparent that protein splicing, would be
required to produce the A subunit of DNA gyrase. This
topoisomerase is the primary target for quinolone drugs and
consists of two A subunits and two B subunits encoded bygyrA
and gyrB, respectively. The A subunit is responsible for the
double-stranded breakage and reunion of DNA (nicking-
closing enzyme) while the B subunit mediates energy trans-
duction via ATP hydrolysis (16). DNA gyrase negatively
supercoils closed circular DNA and thus affects the essential
processes of DNA replication, recombination, and transcription.

It is shown here that an intein is located within the M.
leprae GyrA coding sequence after codon 130 and that its
product is related to inteins found in M. tuberculosis, T.
litoralis, and Pyrococcus, which are believed to correspond to
homing endonucleases. These enzymes mediate gene con-
version by cleaving at distinct chromosomal sites into which
their own coding sequences, or introns, are subsequently
inserted. On analysis of the gyrA locus of 14 mycobacterial
species, inteins were also found in the gyrA genes of Myco-
bacterium flavescens, Mycobacterium gordonae, and Mycobac-
terium kansasii. Further evidence 'in favor of homing, in the
form of inteinless alleles in different strains of the same
species, is presented.§

MATERIALS AND METHODS

Mycobacteria. Details of the various mycobacteria used in
this study are given in Table 1.
DNA Sequencing and Computer Techniques. Cosmid B1770

carrying the gyrA gene has been sequenced in the framework
of the M. leprae genome sequencing project by the shotgun
technique using an automated DNA sequencer (Applied Bio-
systems, model 373A) and the Staden software package as
described (17). The nucleotide sequences of the M. kansasii, M.
flavescens, and M. gordonae gyrA regions were obtained using
custom-made primers and fluorescent dye-labeled terminators.
PCR Amplification and TA Cloning. For PCR analysis of

mycobacterial gyrA genes, primers H49 (5'-AGGTTGTGCG-
GCGGGATATTGGT-3') and H50 (5'-TTCCGCCCGGAC-
CGCAGCCACG-3') were synthesized on the basis of con-
served regions around the homing site of the Mle gyrA intein
and used in standard PCR conditions (17). The 1665-bp PCR
product obtained after amplification of the gyrA region sur-

rounding the putative homing site from the M. flavescens, M.
gordonae, and M. kansasii strains was cloned in the T vector
pGEM-T (Promega). To avoid artifacts due to amplification
with Taq polymerase, DNA from at least three independently
isolated clones was sequenced.

tTo whom reprint requests should be addressed.
§The sequences reported in this paper have been deposited in the
GenBank data base [accession nos. Z68206 (Mle gyrA intein), Z68209
(Mpe gyrA intein), Z68208 (Mgo gyrA intein), and Z68207 (Mka gyrA
intein)].
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Table 1. Mycobacterial strains used and presence/absence (+/-)
of intein coding sequences in gyrA

Reference Presence
Strain

M. leprae
G
Ma
NC
P

Se
M. flavescens

FlaO
Fla4
Fla5

M. gordonae
GorO
Gorl
Gor2
Gor3
Gor4
Gor5
Gorl2

M. kansasii
KansO
Kans6
Kans7
Kans8
Kans9
KanslO
Kansl8
Kans,9
Kans21

M. tuberculosis
M. bovis BCG
M. avium
M. smegmatis
M. marinum
M. chelonae
M. fortuitum
M. simiae
M. szulgai
M. vaccae

number of intein

88056
92002
90049
89033
88063

930991
950450
940758

930835
941295
941268
941270
941334
941446
950025

930908
941295
941386
941419
941443
950051
950077
950211
950479
930095

Pasteur strain
930994
930587
930732
930836
930944
930759
950112

NCTC11659

+

+

+

+

+

+

+

+

+

+

+

+

RESULTS

The gyrA Gene of M. leprae Harbors an Intein. The M.
leprae gyrA gene is - 1.3 kb longer than its counterparts from
M. tuberculosis and Streptomyces coelicolor. At the N-
terminal end of the GyrA protein, where mutations associ-
ated with quinolone resistance are generally found, there is
extensive similarity over the first 130 amino acid residues
(Fig. 1) that terminates at Tyr-130. In Escherichia coli, the
corresponding residue Tyr-122 becomes covalently bound to
DNA when the enzyme breaks the phosphodiester bonds of
DNA (20). The C-terminal domain of the M. leprae GyrA
protein, comprising residues 551-1273 (723 amino acids), is
nearly identical in sequence and in size to the region
encompassing residues 130-838 (709 amino acids) of the M.
tuberculosis protein.
The M. leprae GyrA sequence is thus predicted to contain

a long, nonhomologous insert (residues 131-550) that is not
present in other GyrA proteins. Using the BLAST program
(21), significant similarity was found with four proteins: the
intein from the M. tuberculosis RecA protein (20% identity
in 423-aa overlap), the PI-TLI I endonuclease found in the
DNA polymerase of T. litoralis (21.5% identity in 163-aa
overlap), the endonuclease found in the Vent DNA poly-
merase of Pyrococcus sp. (24.7% identity in 97-aa overlap),
and a putative intein from an unidentified M. leprae protein

[Ppsl (22); 25% identity in 52-aa overlap]. Given these
similarities and the presence of the amino acid residues that
are essential for splicing to occur (see below), it is clear that
the M. leprae gyrA gene harbors an intein coding sequence
that may correspond to a homing endonuclease.
How Many Copies of the Intein Are Present in M. leprae?

On examination of the codon usage in gyrA gene, significant
deviation from the mean was observed in the region encod-
ing the intein (Fig. 2A). Furthermore, a striking difference
in the dG+dC content was detected between the intein
sequence (47.7%) and the gyrA extein coding sequences
(54.2%), which were more typical of M. leprae (56%). Taken
together, these observations suggested that the intein coding
sequence might be mobile and of foreign origin. To establish
whether additional copies were present on the chromosome
of M. leprae, Southern blots were hybridized at high strin-
gency with an appropriate probe. In each case, single bands
corresponding to the gyrA locus were detected (data not
shown). Similar experiments were performed at low strin-
gency with different mycobacterial DNAs but no signals
were obtained, suggesting that either the intein coding
sequence was not present in other species or that its nucle-
otide sequence differed extensively.

Analysis of the gyrA Locus in Different Mycobacteria. To
investigate the presence of intein sequences in the gyrA genes
of other mycobacterial species, a PCR strategy was devised
that employed primers to conserved sequences around the
intein insertion site in the gyrA gene from M. leprae. Myco-
bacteria with gyrA genes like that of M. leprae should yield
a PCR product of 1665 bp, whereas those like M. tuberculosis
should generate smaller fragments of around 350 bp (Fig.
2A). Fourteen different mycobacterial species (Table 1),
including M. tuberculosis, M. avium, and M. smegmatis, were
subjected to PCR analysis and representative results are
presented in Fig. 2B. Only the PCR products obtained from
M. flavescens, M. gordonae, and M. kansasii were as large as
that from M. leprae, thus suggesting the presence of an intein
coding sequence in the gyrA gene of these organisms.
Hybridization experiments with gyrA-specific probes con-
firmed the identity of the PCR products (data not shown).

Inteins from M. kansasii, M. flavescens, and M. gordonae. To
establish whether the intein coding sequences were related to
that of M. leprae and if it were inserted at the same position in
gyrA, the "1665 bp PCR products from M. kansasii, M.
flavescens, and M. gordonae were cloned and sequenced, and
the primary structures of the inteins were deduced. In all three
species, the intein coding sequence was found to be inserted
in-frame after the codon corresponding to Tyr-130 of M.
leprae. However, as expected from the hybridization studies,
the nucleotide sequences differed extensively and identity
values of 66-74% were found on pairwise comparison (Table
2). In all three mycobacterial species the dG+dC content of
the intein coding sequence of 59-61% was significantly lower
than that of the genome (66-67%), as previously observed
with M. leprae. Sequence divergence was also seen in the intein
primary structures (Table 2), although many of the differences
correspond to conservative substitutions. The key amino acid
residues at the N and C termini of the intein, which catalyze
protein splicing, were all conserved between the GyrA inteins
and those from other mycobacteria, archaebacteria, and yeast
(Fig. 3). Likewise, all of the inteins contain a pair of highly
related dodecapeptide motifs (26, 27), also referred to as the
LAGLI-DADG signature, that are known to be of functional
importance in intron-encoded nucleases (1, 28). In mycobac-
terial inteins, these are separated by 80-86 residues (Fig. 3). In
a very recent study (22), Pietrokovski identified an additional
set of intein-specific motifs, blocks A-G, and these are all
present in the four GyrA-inteins described here (Fig. 1; data
not shown).

Microbiology: Fsihi et al.
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M. leprae
M. tuberculosis
S. coelicolor

M. leprae
M. tuberculosis
S. coelicolor

1 50
.... MTDITL PPGDGSIQRV EPVDIQQEMQ RSYIDYAMSV IVGRALPEVR

MTDTTL PP DDSLDRI EPVDIEQEMQ RSYIDYAMSV IVGRALPEVR
MTDENTPVTT PEGDALAMRV EPVGLETEMQ RSYLDYAMSV IVSRALPVVR

101
LVRMAQPWSL
LVRMAQPWSL
LVRLAQPWSM

150
RYPLVDGQGN FGSPGNDPPA AMRYCVSGNS LVRLLFGKSI
RYPLVDGQGN FGSPGNDPPA AMRY...... ..........

RMPLVDSNGN FGSPGNDPAA AMRY......

DK VR* ** *P

DGLKPVHRRV LYAMLDSGFR PDRSHAKSAR SVAETMGNYH PHGDASIYDT
DGLKPVHRRV LYAMFDSGFR PDRSHAKSAR SVAETMGNYH PHGDASIYDS
DGLKPVHRRV LYAMYDGGYR PERGFYKCAR VVGDVMGNYH PHGDSSIYDA

A 200
RIGDIVTGAO FNSDNPIDLK VLDRHGNPVV ADYLFHSGEH QTYTVRTTEG

M. leprae
M. tuberculosis
S. coelicolor

M. leprae
M. tuberculosis
S. coelicolor

M. leprae
M. tuberculosis
S. coelicolor

201 B 250
YEITGTSNHP LLCLVNVGGI PTLLWKLIGE IRSGDYVVLQ RIPPVEFGPA

301 D 350
CISSRITVSG STLLELDVYN LIEFKKTRLS GLCGQRSADK LVPDWLWHSP

401 450
VSERYCHTVN EYKVVIANRA QVEMFFTQVG FGVTKQAKLI RDVVSMSPCV

C
DWYSTMEALL FGAFISGGFV SQDHAGFNSL

E
STVKRAFLOA LFEGEGFSSI LSRNIIEISY

GMDINCVPGL ATFIRKHCDN RWVEEDSFNQ

300
DRDYFTMVVN AYDTVVGGLR

400
STLSERLAAD VQQMLLEFGV

500
HNVDCVQHWH HHSAEIVGHI

M. leprae
M. tuberculosis
S. coelicolor

501 F 550 G
ADPDIRAIVT DLTDGRFYYA RVASVTDTGI OPVFSLHVDT EDHSFLTNG FISHNTEARLT PLAMEMLREI DEETVDFISN
.......... .......... .......... .......... ......... .....TEARLT PLAMEMLREI DEETVDFIPN
.......... .......... .......... .....TECKMA PLSMEMVRDI DEETVDFTDN

600
YDGRVQEPMV LPSRFPNLLA
YDGRVQEPTV LPSRFPNLLA
YDGRSQEPTV LPARFPNLLI

M. leprae
M. tuberculosis
S. coelicolor

601 650 700
NGSGGIAVGM ATNIPPHNLY ELADAVFWCL ENHDADEETM LVAVMERVKG PDFPTAGLIV GSQGIADAYK TGRGSIRIRG VVEVEEDSRG RTSLVITELP
NGSGGIAVGM ATNIPPHNLR ELADAVFWAL ENHDADEEET LAAVMGRVKG PDFPTAGLIV GSQGTADAYK TGRGSIRMRG VVEVEEDSRG RTSLVITELP
NGSAGIAVGM ATNIPPHNLR EVAAGAQWYL ENYEASHEEL LDALIERIKG PDFPTGALVV GRKGIEEAYR TGRGSITMRA VVEVEE.IQN RQCLVVTELP

FIG. 1. Sequence alignment between the GyrA proteins from M. leprae, M. tuberculosis, and S. coelicolor. Only the first 700 residues are shown.
The position of the Tyr-122 residue (according to the E. coli numbering) is indicated by # as well as the residues identified in M. tuberculosis (18),
Mycobacterium avium, and Mycobacterium smegmatis (19) associated with mutations conferring quinolone-resistance (*). Residue Ser-95 which, in
the M. tuberculosis complex, displays a natural polymorphism is indicated (A).
Are Inteins Always Associated with gyrA in Strains of M.

leprae, M. kansasii, M. flavescens, and M. gordonae? To
establish whether the intein coding sequence was always
present in gyrA, PCR was performed with genomic DNA
from different strains of M. leprae, M. kansasii, M. flavescens,
and M. gordonae. In contrast to the situation in M. leprae,
where the intein was detected in all five isolates tested, it did
not appear to be present in five strains ofM. kansasii of nine
tested, one strain of M. flavescens of three tested, and five

A

strains of M. gordonae of seven tested; typical results illus-
trating this dichotomy are presented in Fig. 4 and are
summarized in Table 1.

Consequently, PCR products from the inteinless gyrA genes
were cloned and sequenced, and the nucleotide sequences
aligned with those from other mycobacterial gyrA genes (Fig.
5). Interestingly, in all gyrA genes that did not contain the
intein coding sequence, the Tyr codon corresponding to the
site of insertion was TAC, whereas in three of the four species
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FIG. 2. (A) Organization and codon usage of theM tuberculosis and M. leprae gyrA genes and PCR strategy used for analysis of mycobacterial
gyrA genes. Coding potential was determined by the codon usage method using the FRAMESCAN program with a window of 91 codons and a table
of known M. leprae codons (23, 24). Only two of the three possible reading frames, corresponding to 'gyrB and gyrA, are shown and the scale is
in kb. When the codon usage is typical of mycobacteria a high-scoring plateau is obtained-e.g., above gyrA in M. tuberculosis-deviations from
the norm result in troughs and this is readily apparent in the 1260-bp segment corresponding to the intein coding sequence in M. leprae. The midpoint
value in the open reading frame is denoted by the line. Primers H49 and H50 used for amplification and the length of the PCR product, depending
on the absence or presence of an intein in the gyrA gene, are indicated. (B) PCR analysis of genomic DNAs from different mycobacterial species
(indicated at top). Sizes of markers in kb are shown.
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Table 2. Pairwise identifies (%) between intein sequences at DNA
and protein levels determined by FASTA (25)

Protein

M. M. M. M.
leprae flavescens gordonae kansasii

DNA
M. leprae 100 64.6 65.0 63.6
M. flavescens 66.2 100 74.6 73.9
M. gordonae 67.2 70.7 100 77.6
M. kansasii 66.8 71.9 73.8 100

haboring inteins this was TAT. In the exception, M. flavescens
FlaO, there were 2 base differences between strains with and
without the intervening sequence within 12-bp stretches either
side of the insertion site in gyrA (indicated in Fig. 5).
The finding that some strains of a given species have GyrA

inteins while others do not raised the possibility that if
sufficient isolates of an apparently inteinless species were
examined, intein coding sequences might be detected in gyrA.
This was appraised by screening 40 recent clinical isolated of
M. tuberculosis by PCR but in all cases intein-free gyrA genes
were detected (data not shown).

DISCUSSION
In some mycobacteria the GyrA subunit of DNA gyrase
appears to be made by means of a protein splicing event in
which an intein is excised from the precursor protein in a
reaction catalyzed by critical amino acid residues at the
extein-intein junctions. A protein of the size expected of mature
GyrA (-94 kDa) has been detected by means of immunoblotting
experiments (data not shown) in extracts of cultivable myco-
bacteria, both with or without intein-coding sequences in gyrA.
Given the highly conserved structural features and sequence
homologies with intron-encoded nucleases and homing endo-
nucleases, it is reasonable to propose that the gyrA-associated
intein should also behave as a homing endonuclease. There are
striking parallels between the inteins in gyrA and the PI-Sce I
endonuclease, which is produced by protein splicing from the
vacuolar H+-ATPase subunit precursor encoded by VMA1/
TFP1 in S. cerevisiae. PI-Sce I has been shown to behave as a
homing endonuclease that mediates meiotic gene conversion
leading to insertion of its own coding sequence (29). A closely
related enzyme is encoded by the intervening sequence located
at exactly the same site in the VMA1 gene of C. tropicalis (7).
In some yeast strains, this homing site remains unoccupied.
Among the mycobacteria, the putative homing site in gyrA

appears to be permanently occupied in M. leprae, occasion-
ally occupied in M. kansasii, M. flavescens, and M. gordonae,
and probably unoccupied in the other species examined. This

05 0

I1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 c

6 -

29
2 -
1.65-
1 32 -

0.75
0.52 -

- 1.665

- 0.35

FIG. 4. PCR analysis of genomic DNAs from different strains of
various mycobacterial species (indicated at top). Lanes: 1-5, M. leprae
isolates, G, Ma, NC, P, and Se (Table 1), respectively; 6-10, M. kansasii
strains KansO, Kans7, Kans8, Kans9, and Kans21, respectively; 11-14,
M. gordonae strains GorO, Gorl2, Gorl, and Gor2, respectively; 15-17,
M. flavescens strains, FlaO, Fla4, and Fla5, respectively. Strains with
gyrA genes harboring inteins gave PCR fragments of 1.665 kb and those
with inteinless genes gave fragments of 0.35 kb. Sizes of markers in kb
are indicated.

may indicate that the intein coding sequence has been
acquired independently by each species since divergence
from their common ancestor or, alternatively, that it was lost
by others. Indirect evidence for the former is available as in
all four cases the base composition and codon usage of the
intein coding sequence is not representative of mycobacteria,
thus suggesting horizontal transfer. Differences in the nu-
cleotide sequences of the putative homing sites (Fig. 5) might
also explain why some, but not all, strains of the same species
had acquired the intein coding sequence since the corre-
sponding homing endonuclease could exhibit sequence spec-
ificity. Inteinless alleles have also been reported for other
genes encoding spliced proteins (5). Homing endonucleases
generally recognize extended sites of 15-40 bp, which would
occur only once in a bacterial genome (30); this is consistent
with the finding that only one copy of the intein was present
in M. leprae.

If one assumes that the ancestral mycobacterium had a gyrA
gene with an intein, it is difficult to envisage how the intein
coding sequence could have been lost by the majority of the
species, although it should be remembered that mycobacteria
are haploid. Consequently, in contrast to the well-documented
situation in yeast where homing endonuclease-mediated gene
conversion occurs at high frequency (29), loss of the intein
coding sequence would not be corrected by the second allele.
The present analysis does not exclude the possibility that intein
coding sequences may be inserted elsewhere in the gyrA genes

Protein N-Extein

GyrA P A A M R Y
GyrA P A A M R Y
GyrA P A A M R Y
GyrA P A A M R Y

M. eprae Pps A V W S G G

M. leprae RecA
M. tuberculosis RecA

T. litoralis Poll2
T. litoralis Poll1
Pyrococcus sp. Pol

IVGMFG
KV V KN K

KVL YAD
KL LAN

IK LAN

II
Intein

VT GDA (118 aa) L H L G A FIS E G FV S E (84 aa)
L T G D A (118 aa) L L G A F IS E G F M S E (84 aa)
V T G D A (118 aa) L L G A F IS E G C V S E (84 aa)
V S G N S (118 aa) L F G A F ISGGFV S Q (84 aa)
L T A D A (135 aa) WI] LLLW L G H T A A(80 aa)
M N Y ST (107 aa) V V L[S L M G[ N L S P(82 aa)
L A E G T (107 aa) RE[L GIY L G R D GW (86 aa)
V S G E S (140 aa) E[-VFG L V GDNWGG (84 aa)

L P N E (270 aa) ED F K L L G Y Y V S EG (85 aa)
L P E E (269 aa) E D F A K L LG Y Y V S E G (85 aa)

FA KGT (203 aa) Y[LGLW G L SD R (94 aa)
F T K G T (194 aa) YLIT WAG I[JN V K S (121 aa)

Bag] d aF G

F LQ A F EGD G S C S A (178 aa)N G F V S
F L QA L F EGDGS C SA (177 aa) N G F V S
F LQA L FEGDG S C S (177 aa) N G F V S
F LQ A LL F E G EG F S S I(177 aa)N G F S

L GF['L VDADGWT E S (130 aa) N G V A

VL A W Y M D GS F T V(135 aa)D G V M V

LLF[G_Lj F E S|DGWV S R (206 aa) E G V V V

F LR F SD GT V T (125 aa) N N L V
F L E A Y FT G D H P (142 aa) G L L Y A

F[ E[] Y F G GJD V H P (142 aa) G F L Y A

FL AGL I, GY V T D (116 aa) N Q V V V
L IA G LV[JAIGJN V E T (115 aa) N MA L V

|LA G Lg i|DA D G
FIG. 3. Schematic sequence alignment of key regions from polypeptides known, or suspected, to be produced by protein splicing showing the

positions of the N-extein, intein, C-extein. Distances between conserved features are shown and the paired motifs associated with intron-encoded
nucleases and homing endonucleases (26, 27) are indicated. Critical residues at the intein-extein junctions are shown as white on black, whereas
conserved residues of the LAGLI-DADG motif and Pietrokovski's intein signatures are boxed (22).

Organism

M. flavescens
M. gordonae
M. kansasii
M. leprae

S. cerevisiae VMA1 A Y V G
C. tropicalis VMA1 V Y V G

C-Extein

E AR L T
E AR L T
E AR L T
EAR LT

F YV P

P ETTT
S PP FK
D GF YA
Y YG YM
Y Y0GYY
G ER G N
G ER G N
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D P P A

M. tuberculosis CA G 1G

M. flavescens (Fla5) A T G C G

M. gordonae (Gor2) A C A G C

M. gordonae (Gor3) A C A G

M. kansasii (Kans8) A T A G G

M. kansasii (Kansl 0) A T A G G

M. leprae
M. flavescens (FlaO)
M. gordonae (GorO)
M. kansasii (KansO)

AA C (

13A CEI GE G3C3 c

A GGc
T T A G G

A M R Y T E A
V

G AG A~~~CA
G C3 G C3C G

3G AAC GAG

G

R L T P L

C G C G T

iCG!T!GC

3C G lC IG TX
3CS Gls CE G T

3CiG3CE GC3
3T GEs CE G C3

C T T A T

CCACGTT
C C GCA CG

No Intein

Intein present

FIG. 5. Alignment of nucleotide sequence of the putative homing sites in mycobacterial gyrA genes. Sequences were from alleles from gyrA genes
with (+) or without (-) inteins from M. leprae, M. flavescens, M. gordonae, M. kansasii, and M. tuberculosis. Universally conserved nucleotides are
shaded. Deduced GyrA protein sequence is shown above and arrow indicates intein insertion site. Two nucleotides that differ in the respective gyrA
alleles of M. flavescens strains are underlined.

of some mycobacterial strains, as described for recA (12), for
only a critical segment of the gene was screened. However, this
was excluded in the case of M. kansasii as PCR experiments
using intein-specific primers only yielded products of the
expected size from intein-plus strains KansO and Kans6 (Table 1),
thereby indicating that this intein coding sequence was present
neither in gyrA nor elsewhere in the genome (data not shown).

Undoubtedly, the most intriguing feature of this study is
the location of the putative homing site adjacent to, and
partially overlapping, the codon for Tyr-130. This tyrosine
residue corresponds to Tyr-122, the residue involved in
strand cleavage, covalent attachment to DNA, and rejoining
by the E. coli GyrA protein (20). There is a strong, albeit
indirect, argument in favor of protein splicing being required
to liberate a mature GyrA protein since the presence of an
additional domain of 420 amino acids, near the active site,
would almost certainly inhibit both the folding and the
catalytic activity of the enzyme. Based on their findings with
the precursor of the RecA protein of M. leprae, which
negatively complements mature multimeric RecA in some
situations, Colston and Davis proposed that splicing may be
conditional and involve regulation by environmental factors
or accessory molecules (11, 12). It is conceivable that
unspliced GyrA could also have a negative dominant effect
on DNA gyrase, a multisubunit enzyme. Furthermore, it is
indeed noteworthy that inteins appear to be associated
predominantly with genes encoding proteins, like RecA (12),
GyrA, DNA polymerase (8), and possibly DnaB (22), that
are involved in DNA metabolism.

It has also been hypothesized that inteins could play a role
in intracellular survival or pathogenesis of M. tuberculosis and
M. leprae (12). With the finding that nonpathogenic mycobac-
teria, such as M. gordonae and M. flavescens, possess inteins, it
seems more likely that inteins are merely selfish elements that
can be transferred both horizontally and vertically. Experi-
ments are in progress to determine whether all four gyrA
inteins have endonuclease activity and, as seems likely, are
isoschizomers that recognize the same site. This is unlike the
situation of the recA intein where insertion occurs at different
positions in M. tuberculosis and M. leprae (12). Finally, if the
gyrA intein does prove to have endonuclease activity, it would
have great potential for genome analysis as gyrA is such a well
conserved bacterial gene.
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