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SUMMARY

We have previously described o and o® and their structural genes. mysA and mysB, respectively, in Mycobacterium
smegmatis. We have now sequenced the corresponding regions in the M. tuberculosis and M. leprae chromosomes, and
have found the two homologous genes. The chromosomal linkage and the deduced amino acid (aa) sequences of the
two genes show very high similarity in the three species of mycobacteria. We also report the finding of two other open
reading frames (ORF) in these clusters. orf'X. which has an unknown function, is located between mysA and mysB. The
other ORF, located downstream from mysB. encodes a homolog of DtxR, the iron regulatory protein from

Corynebacterium diphtheriae (Cd).

INTRODUCTION

The diseases caused by Mycobacterium tuberculosis
(Mt) and M. leprae (M) remain major causes of human
morbidity. Despite the importance of these pathogens.
our knowledge of their virulence determinants is still very
limited {Young and Cole, 1993). For an understanding
of the pathogenicity of mycobacteria. it is important to
know how these organisms control expression of genes
which allow survival and multiplication in the macro-
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phages. To approach this problem, our first goal was to
study the transcriptional apparatus in mycobacteria. We
initially purified and characterized the M. smegmatis (Ms)
RNA polymerase (Predich et al., 1995) and also cloned
and sequenced two o’ class genes, mysA and mysB,
which encoded o* and o®, respectively. Both genes are
co-localised on a 9-kb EcoRI fragment of the Ms chromo-
some. ¢* is thought to be the major mycobacterial sigma
factor based on its stronger sequence similarity to o8,
the major sigma factor of Streptomyces coelicolor (Tanaka
et al. 1991) whose structural gene was used as a probe
for the cloning. In this communication we report on sim-
ilar studies with the corresponding region of the Mt and
MI chromosomes.

EXPERIMENTAL AND DISCUSSION

(a) Mycobacterial o genes
In preliminary Southern experiments, DNA from M.
chelonii. M. gordonii, M. kansaii and M. bovis BCG were



68

Ms MU SO bR TE TR —102aa- bl
Mt A L T -1l65aa~
M1 oo D R -158aa-

Fig. 1. Comparison of the aa sequences in the N-terminal 1.1 region ol mycobacterial o* proteins. Dots indicate identical aa, regular letters in Mt
and M/ indicate conservative substitutions, while the underlined ones denote non-conservative substitutions. Conservative substitutions are defined
as any within the following groups: (I. L. M, V). (A. G): (S, T) (K, H. R): (D. E. N, Q): (F, Y, W); C; P; There is no similarity in the central core of
these sequences and this region differs also greatly in size. while the termini are almost identical. The rest of the proteins, including the variable region
between regions 1.2 and 2.1 are also very similar when the sequences are compared. The complete sequence of the Ms ¢* is given in a previous paper
from (Predich et al. 1995). nt sequence data are deposited in the EMBL/GenBank/DDBJ nt Sequence Data Libraries under the accession Nos.
U09821 (Ms), U10059 (M) and U00012 (M]). The numbers at the right end of the lines refer to the aa position.

hybridized with the same hrdB probe from S. coelicolor
used to isolate mysA and mysB from Ms. In each case.
the restriction patterns were similar to the one obtained
in Ms, suggesting a similar genomic structure in these
species (data not shown).

Cosmid clones from M/ and Mt that contain DNA
sequences hybridizing with hrdB have been previously
isolated (Eigelmeier et al., 1993; Cole and Smith, 1994).
We have now sequenced regions of these cosmids to see
if the gene organization was similar to that of Ms.

As expected, we found two genes with very high homol-
ogy to mysA4 and mysB. in the same orientation. The size
of the intergenic sequences was slightly different in the
two species: 3.0 kb in Mr, and 3.9 kb in Ml The corre-
sponding intergenic region in Ms has not been completely
sequenced, but restriction analysis of the Ms cosmid clone
had originally indicated that the two o genes are located
on the same 9-kb EcoRI fragment (Predich et al.. 1995).
To measure the intergenic distance more accurately, we
performed PCR experiments. using as primers sequences
from the extreme 3" end of mys4 and the extreme 5" end
of mysB from Ms. These experiments showed that the
distance is 3.0 kb as in Mr (data not shown). Similar PCR
analysis was performed on the M. bovis BCG and M.
avium genomes and showed that mysA and mysB are also
present in those species and that these two genes are also
3.0 kb apart (data not shown).

Comparison of the sequenced mycobacterial * pro-
teins reveals that the derived aa sequence of the conserved
regions (1.2, 2. 3 and 4) (Lonetto et al., 1992} exhibits a
very high degree of identity. In fact. we found only one
aa change in the region 4.1 at position 378. The Glu*™®
found in Ms and M! i1s conservatively replaced by an
aspartate residue in Mr (because of the high level of iden-
tity, the sequences are not presented and they are avail-
able in the references listed in the caption to Fig. 1). The
1.1 subregion is very poorly conserved amongst various
sigma factors. Similarly this part of mysA differs in abso-
lute size in Ms, Mt and MI; being 150, 213 and 216 aa,
respectively (Fig. 1). However, the first 23 and last 35 aa
of this region are highly conserved. while the middle sec-
tions are completely different. We do not know if these
homologies or differences have any significance, however
region 1.1 is known to be important for modulating the

DNA-binding properties of ¢ factors (Dombroski et al.,
1993). On the other hand, the usually variable region in
all o factors connecting 1.2 and 2.1, is conserved in the
three mycobacterial c* proteins.

More variation is seen when the o® sequences are com-
pared, and the aa differences observed are mostly located
in regions 3 and 4 (Fig. 2). However, the entire region 2
is totally conserved, including the three aa located in
region 2.4 known to be involved in the binding to —10
promoter nt, as are the three aa located in the 4.2 region
that are involved in binding to the —35 region. As for
the c* series, the region between 1.2 and 2.1 is highly
conserved in the o® series. Unlike o*, there is also a high
degree of conservation for the N-terminal region 1.1 of
the mycobacterial o® proteins. Overall, the identity level
in the o® sequences is very high (more than 90% identity).
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Fig. 2. The deduced aa sequences in the conserved regions of o® pro-
teins and the corynebacterial homolog. Also indicated is the previously
uncharacterized ORF found directly upstream from the Cd dtxR. The
dots. letters and numbers have the same significance as in Fig. 1. The
regions are named and numbered as described previously (Lonetto
et al.. 1992). The asterisks indicate the aa in the conserved regions 2.4
and 4.2 implicated in the promoter recognition of specific nt in the — 10
and — 35 promoter regions, respectively {Lonetto et al, 1992). The
complete sequences for MysB proteins are deposited in the EMBL/
GenBank DDBI nt Sequence Data Libraries under the accession Nos.
V09863 (Ms). U10059 (Mr) and U00012 (MI). The Cd sequence was
previously deposited under the access number M34329 (Oct., 1991).
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Fig. 3. The aa sequence of the mycobacterial OrfX. The dots. letters
and numbers have the same significance as in Fig. 1. The corresponding
region of the Ms chromosome has not been sequenced. but PCR analysis
indicates the presence of orf X in the same chromosomal location.

(b) Mycobacterial orfX

During the sequencing of the chromosomal region
between mysA and mysB in Mt and M/ cosmids, we noted
a highly conserved ORF (323 aa in Mr and 330 aa in M{)
approximately 1 kb upstream from mysB (Fig. 3). Its
function is completely unknown as it shows no relation-
ship to any protein product currently in existing data-
banks but both ORFs have a verv high content of
hydrophobic aa. As expected from the deduced aa
sequences, the hydrophobicity profiles are almost iden-
tical. More importantly. they suggest that the proteins
are integral membrane components as they have seven
putative transmembrane segments (data not shown). The
corresponding region of the Ms genome has not been
sequenced, but PCR and Southern analyses indicate that
orfX is also found in this species. in the same location
between mysA and mysB {data not shown).

(c) Mycobacterial dtxR

We also sequenced regions of the Ms and Mt chromo-
somes adjacent to the ¢ encoding genes. In both organ-
isms. immediately downstream from mysB (134 nt in My
and 223 nt in Ms). we found an ORF with extremely high

similarity to DtxR (Fig. 4). the iron-binding repressor of

iron uptake and the production of toxin in Cd (Boyd
et al., 1990; Schmitt and Holmes. 1991). Overall identity
between the 226-aa DixR and the two mycobacterial
ORFs was 58% and conservation was 70%,. However, in
the region defined by the first 140 aa. the comparable
figures are 80 and 87%. respectively. We have not
sequenced yet the region of the MI chromosome that is
expected to contain the dryR. since cosmid B1764. origi-
nally used for sequencing of the mysA-mysB region termi-
nates immediately downstream from mysB. We have
analysed by PCR M/ cosmid B832, which contains
sequences adjacent to mysB (data not shown). These
studies show that nt sequences corresponding to the drxR
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Fig. 4. The aa sequences of the Cd DtxR and the mycobacterial homo-
logs. The dots, letters and numbers have the same significance as in
Fig. 1. The region containing the DNA-binding domain (aa 26-52) of
the corynebacterial DtxR is overlined. The asterisks indicate the resi-
dues His™. Glu®?. His®. Cys'%, Trp'™. and His'®® which form part of
the metal-binding pocket (Tao et al. 1994 Qiu et al. 1995). The
GenBank access number for the Mt drxR sequence is U14191 and for
the corresponding Ms sequence is U14190.

gene are found in MI and the intergenic space between
this region and mysB is identical to that of Mt. We have
done Southern analysis with genomic DNAs isolated
from M. avium. M. boris BCG, Mt and M. hemophilum.
Using an internal fragment of the Ms dtxR gene as a
probe. we were able to detect hybridizing bands in all
samples tested except M. hemophilum (L.D., B. Kreiswirth
and 1.S., unpublished data). Interestingly, we have noted
in the GenBank database (accession No. M34239, Oct
1991) that there is a uncharacterized ORF (115 aa) in
the Cd chromosome 225 bp upstream from the dtxR gene
that has 75% identity and 83% conservation with the
C-terminal region of the mycobacteria mysB (Fig. 2).
We believe this ORF actually is the C-terminal part of
the corynebacterial o®. The organization of the gene clus-
ter. as described in sections a—c 1s summarized schemati-
callv in Fig. 5.

mysA orfX mysB dixR
1 kb

Fig. 5. Map of the mycobacterial gene cluster. This schematic diagram
is a composite of data obtained from complete sequencing of a 10-kb
chromosomal fragment from Ml a 6-kb fragment from Mt and approxi-
mately 4 kb around mysA4 and around mysB-dixR in Ms genome. The
distances are roughly drawn to scale. but there are some differences
when each organism is compared, e.g.. the intergenic space between
mys and mysB is approximately 900 bp longer in M{ than in the other
two mycobacteria. The region of the chromosome expected to contain
dixR in M! has not been sequenced. as is the case with the orf X region
of Ms. but PCR analyses indicate the presence of these genes in the
respective organisms. Arrows indicate the orientation of the genes.
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(d) Conclusions

(1) We have demonstrated that the genes, mys4 and
mysB, encoding sigma A and sigma B, are maintained in
a contiguous cluster structure in M/ and Mt, 3 to 4kb
apart, as previously demonstrated in Ms (Predich et al..
1995). We have shown that this genomic structure is
found in other mycobacterial species as well. The very
high degree of identity we observed for the ¢* protein
encoded by mysA in the three species, as well as the high
sequence similarity to hrdB of S. coelicolor suggests that
mysA codes for the major mycobacterial o factor. We
found highly variable aa sequences in the 1.1 region of
the mysA gene. This region may be under less selection
pressure than other domains of the protein.

(2) We have found orfX, an ORF located between
mysA and mysB in M|, Mr and Ms. Its conserved aa
sequence does not show any resemblance to previously
described proteins or ORFs, but the presence of several
putative transmembrane hydrophobic domains suggests
that it may be an integral membrane protein.

(3) We have found in Mt, M and Ms a gene coding
for a protein that, on the basis of its structure, is the
homolog of the DtxR protein of Cd (Tao et al., 1994).
There is a very high similarity when the first 140 aa of
the corynebacterial DtxR and the mycobacterial homo-
logs are compared (Fig.4). Mutational studies have
shown that the N-terminal region of DtxR contains the
DNA-binding domain at residues 26-52 and the metal-
binding region at His™, Glu®*. His*®. Cys!'%?, Trp!®® and
His!®® (Wang et al., 1994; Tao et al. 1994; Qiu et al.
1995). The C terminus is not as conserved, but all of the
essential domains of dixR are conserved in the myco-
bacterial homologs (Fig. 4). Recently, we have shown, in
collaboration with M. Schmitt and R. Holmes, that
the mycobacterial dtxR protein behaves identically to
its corynebacterial counterpart. In an iron dependent
manner, in vivo, it represses corynebacterial genes con-
taining drxR operator sites and also binds to these sites
in vitro, giving footprints identical to those obtained with
the corynebacterial DtxR (Schmitt et al., 1995).

(4) It is of interest that, as in mycobacteria, the Cd
dtxR gene is located approximately 200 bp from the 3’
end of a gene showing high similarity to mysB. In addi-
tion, it has recently been shown that a drxR homolog in
the Gram-positive coryneform bacteria Brevibacterium
lactofermentum is closely linked to a & factor gene homol-
ogous to mysB (Oguiza et al., 1995). These observations
suggest a functional significance to this close linkage of
mysB and dtxR in mycobacteria and corynebacteria.
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