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Most of the antigens of Mycobacterium leprae and M. tuberculosis that have been identified are members of
stress protein families, which are highly conserved throughout many diverse species. Of the M. leprae and M.
tuberculosis antigens identified by monoclonal antibodies, all except the 18-kDa M. leprae antigen and the
19-kDa M. tuberculosis antigen are strongly cross-reactive between these two species and are coded within very
similar genes. Studies of T cell reactivity against mycobacterial antigens have indicated that M. tuberculosis
bears epitopes that are cross-reactive with the M. leprae 18-kDa antigen, but attempts to identify an 18-kDa
antigen-like protein or protein coding sequence in M. tuberculosis have been unsuccessful. We have used a
combination of low-stringency DNA hybridization and polymerase chain reaction techniques to identify,
isolate, and sequence genes from M. avium and M. intracellulare that are very similar to the 18-kDa antigen
gene ofM. leprae and others that are homologs of the 19-kDa antigen gene ofM. tuberculosis. Unlike M. leprae,
which contains a single 18-kDa antigen gene, M. avium and M. intracelulare each have two 18-kDa antigen
coding sequences. Although the M. kprae, M. avium, and M. intracellulare 18-kDa antigen genes are all very
similar to one another, as are the M. tuberculosis, M. avium, and M. intracelulare 19-kDa antigen genes, we
have been unable to detect any 18-kDa antigen-like coding sequences in DNA from M. tuberculosis.

Over the last 10 years, considerable effort has been
directed towards identifying and characterizing antigens of
mycobacteria. During this process, a small set of immuno-
dominant antigens that appear to be highly conserved among
the mycobacteria has emerged, and many of them represent
mycobacterial heat shock or stress proteins (6, 32-34). For
example, the 70-, 65-, 28-, and 14-kDa protein antigens of
mycobacteria are members, respectively, of the Hsp7O-
DnaK, Hsp65-GroEL, superoxide dismutase, and GroES
eukaryotic and prokaryotic stress protein families, with
which they share between 30 and 60% amino acid sequence
identity (4, 12, 26-28). The 18-kDa antigen of Mycobacte-
rium leprae also appears to be a member of the low-
molecular-weight heat shock protein family and bears 30%
sequence identity to the soybean Hsp18 family of molecules
(22). However, unlike the other mycobacterial antigens,
which are highly cross-reactive with other mycobacteria, the
18-kDa antigen has not been detected in any other species
except M. leprae and M. habana (16). The 18-kDa antigen-
specific monoclonal antibody L5 cross-reacts with an 18-kDa
molecule from cultivable M. habana, and when M. habana
was subjected to heat shock, expression of the protein was
significantly increased (16). M. habana is now considered to
be M. simiae serovar 1, and a recent DNA hybridization
analysis of mycobacterial DNA with an M. leprae 18-kDa
antigen gene-derived probe has revealed that, as well as M.
simiae, M. intracellulare, M. kansasii, M. terrae, M. avium,
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M. scrofulaceum, M. gordonae, and M. chelonei appear to
possess homologous sequences (20).
Although most of the immunodominant mycobacterial

antigens were originally identified by use of monoclonal
antibodies directed against mycobacterial extracts, some
contain epitopes that are antigenic for T cells and that may
be involved in the development of immunity to mycobacte-
rial infection (9, 10, 14, 19, 21, 23, 30). We have been
particularly interested in the M. leprae 18-kDa antigen
because of its apparent absence from M. tuberculosis and
because it appears to be a good stimulator of CD4+ T cell
responses. For example, nearly half of the M. leprae-specific
T cell clones from volunteers immunized with killed M.
leprae were stimulated to proliferate by lysates containing an
epitope of the 18-kDa antigen (21). Furthermore, cultured T
cells from control subjects (putative noncontacts) responded
poorly to antigens from sonicates ofM. leprae that had been
separated by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis, blotted onto nitrocellulose, and then
added to cultures as antigen-bearing nitrocellulose particles.
In contrast, T cells from leprosy contacts responded variably
to a wide range of antigens and most frequently (23%) to the
18-kDa fraction (11).
Given the high degree of homology and cross-reactivity

among the other mycobacterial antigens, the question arises
as to whether T cells specific for the M. leprae 18-kDa
antigen also cross-react with other mycobacteria. Results
obtained by four groups of investigators indicated that they
do. Lymph node cells from mice immunized with purified
recombinant M. leprae 18-kDa antigen responded in culture
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to challenge with either M. leprae or M. tuberculosis (14).
Protection of mice against infection with M. leprae could be
achieved by immunizing them with M. habana (16). Fifty
percent of untreated tuberculoid leprosy patients and 93% of
long-term leprosy contacts responded to a recombinant
18-kDa fusion protein. Moreover, 70% of M. bovis BCG-
vaccinated European donors also responded, and 18-kDa
antigen-responsive T cell lines could be isolated from the
blood lymphocytes of a BCG-vaccinated donor (9). Forty
seven percent of patients with tuberculosis in Nepal had
serum antibodies against M. leprae 18-kDa protein (25).

Collectively, these results strongly suggest either that an
18-kDa counterpart exists in M. tuberculosis or that epitopes
found on the M. leprae 18-kDa antigen cross-react with
similar epitopes on unrelated M. tuberculosis antigens. In
this paper, we report on endeavors to detect 18-kDa antigen
homologs in M. tuberculosis and other mycobacteria.

MATERILS AND METHODS

Mycobacterial isolates and purification of mycobacterial
DNA. M. intracellulare serotypes 18 and 19 and M. avium
serotype 2 bacteria were grown and DNAs were prepared
from them as previously described (20).

Antibodies. Monoclonal antibody L5, which recognizes a
determinant on the M. leprae 18-kDa protein (10), was
obtained from A. Basten, Sydney, New South Wales, Aus-
tralia. Polyclonal antibodies raised in rabbits against purified
recombinant (Eschenchia coli-derived) 18-kDa protein and
in mice against synthetic 20-mer peptides derived from the
18-kDa protein sequence were previously described (10).
DNA manipulation, sequencing, and gene library construc-

tion. Mycobacterial DNA was digested with restriction en-
donucleases, fractionated by agarose gel electrophoresis,
ligated into plasmid or bacteriophage vectors, and trans-
formed into E. coli (strain DH5a for plasmids and strain
JM101 for M13 bacteriophage) by standard molecular bio-
logical techniques (2). Restriction endonucleases, DNA li-
gase, and DNA polymerase were obtained from New En-
gland Biolabs, Beverly, Mass. DNA fragments for
subcloning were isolated from agarose gels by use of Gene-
clean (Bio 101, Inc., La Jolla, Calif.). For Southern blot
analysis, DNA fragments were transferred from agarose gels
to GeneScreen Plus (New England Nuclear, Wilmington,
Del.) or Immobilon-P (Millipore Corp., Bedford, Mass.)
nylon membranes by standard alkaline capillary transfer
methods (24). Gene libraries were constructed from M.
avium serovar 2 and M. intracellulare serovar 19 (Darden)
DNAs as follows. Purified DNA (2 rig) was digested with 20
U of either EcoRI or PstI for 2 h at 37°C and then purified by
phenol-chloroform extraction and ethanol precipitation.
DNA digests were ligated into EcoRI-cut or PstI-cut pUC19
plasmid vectors and transformed into E. coli DH51a. Colo-
nies were replicated on Hybond-C Extra nitrocellulose mem-
branes (Amersham, Buckinghamshire, England) and lysed,
and DNA was denatured, air dried, and baked at 80°C for 2
h in vacuo. After being washed, the filters were probed at a
low stringency with a 32P-labelled M. leprae 18-kDa antigen
gene probe, washed again, and autoradiographed (see be-
low).
DNA fragments for sequencing were subcloned into

M13mp series, M13BM20, or M13BM21 vectors (Boehringer
GmbH, Mannheim, Germany), and single-stranded recom-
binant DNA was prepared and sequenced by use of an
Applied Biosystems model 373A automated sequencer. Se-
quences of DNA fragments were compared, assembled into
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0 -3kb
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FIG. 1. Detection of 18-kDa antigen gene-like sequences in M.
avium and M. intracellulare. M. leprae, M. avium serovar 2, and M.
intracellulare serovar 19 (Darden) DNAs (2 p.g) were digested with
EcoRI, fractionated on a 1% agarose gel, Southern blotted onto a
nylon membrane, probed with a 32P-labelled M. leprae 18-kDa
antigen gene probe at a low stringency, and autoradiographed.

complete coding sequences, and translated by use of the
University of Wisconsin Genetics Computer Group se-
quence analysis software package (7). For all deduced amino
acid sequences described in this paper, both strands of the
DNA were completely sequenced.
Probe preparation and hybridization. A 624-bp Asp718-

BamHI DNA fragment containing the complete M. leprae
18-kDa antigen coding sequence (GenBank accession num-
ber M19058) was isolated from plasmid PML3 (5), and a
610-bp EcoRI fragment containing the complete M. tubercu-
losis 19-kDa antigen coding sequence (GenBank accession
number X07945) was isolated from plasmid pTB147APT (1).
Following purification from agarose gels by the Geneclean
method, these fragments were labelled with [32P]dCTP (Am-
ersham) by use of a random priming DNA labelling system
(GIBCO BRL Life Technologies, Gaithersburg, Md.).
Southern blot or colony hybridization was performed under
low-stringency conditions with this probe as follows. Mem-
branes were hybridized at 60°C for 48 h in hybridization
solution (1 M NaCl, 10% dextran sulfate, 1% SDS, 100 ,g of
denatured salmon sperm DNA per ml) containing 15 x 106
cpm of the 32P-labelled probe per ml, washed for 1 h at 60'C
in 3x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) with 0.1% SDS, and then autoradiographed over-
night at -70°C with X-Omat XAR-5 film (Eastman Kodak
Co., Rochester, N.Y.) and two Cronex Lightning-Plus inten-
sifying screens (Dupont, Wilmington, Del.).
PCR analysis. For amplification of 19-kDa antigen gene

fragments from mycobacteria (see Fig. 5), 250 pg of myco-
bacterial DNA in 39 ,u of H20 was boiled for 5 min, rapidly
cooled on ice, and then mixed with 5 RI of lOx polymerase
chain reaction (PCR) buffer (15)-i RI of deoxynucleotide
triphosphate (dNTP) mixture (15 mM each dNTP)-2.5 ,u of
each 25-mer primer (20 pmol/pl)-1 pul of Taq polymerase (2
U/pl; Amersham) in a 0.5-ml microcentrifuge tube. Mineral
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FIG. 2. Comparison of 18-kDa proteins from M. leprae, M. avium, and M. intracellulare. Shown are deduced amino acid sequences of
genes coding for 18-kDa protein-like proteins isolated from M. avium and M. intracellulare plasmid libraries with an M. leprae 18-kDa antigen
gene probe. Predicted molecular weights for the proteins are as follows: M. leprae (Mlep M8kD), 16,607; MintC73, 16,508; MavC124, 16,543;
MintC541, 15,748; and MavC83, 15,948. With respect to the M. leprae 18-kDa protein sequence, the M. avium and M. intracellulare
sequences display the following percentages of amino acid similarity (identity): MintC73, 88 (79); MavC124, 84 (69); MintC541, 85 (71); and
MavC83, 88 (69).

oil (100 pl) was added to each reaction mixture, which was
then subjected to 40 cycles of 94°C for 2 min, 37°C for 2 min,
and 72°C for 3 min in a Perkin-Elmer Cetus DNA thermal
cycler.
Attempts to amplify 18-kDa antigen gene-like fragments

from M. tuberculosis DNA by use of degenerate primers (see
Fig. 7) were carried out as follows. Purified DNA (200 ng) in
82.2 p1 of H20 was mixed with 10 p,l of 10x PCR buffer
(15)-1.3 pI of dNTP mixture-3 pul of each degenerate primer
(15 pmol/,pl). Mineral oil (100 pI) was added, the mixture was
heated to 94°C for 6 min, and then 0.5 p,l of Taq polymerase
(5 U/pl) was added. Samples were cycled 30 times through a
sequence of 94°C for 1 min, 40°C for 1.5 min, and 72°C for 1.5
min and then subjected to a final 5 min of extension at 72°C.

RESULTS

Detection of 18-kDa antigen-related sequences in other
mycobacteria. In view of the T cell-specific cross-reactivity
between the M. leprae 18-kDa protein and antigenic deter-
minants from M. tuberculosis, we initially attempted to
discover 18-kDa protein-like proteins and protein coding
sequences in preparations from M. tuberculosis. We were
unable to detect antibody-binding material in Western blots
(immunoblots) of electrophoretically fractionated M. tuber-
culosis proteins by using the 18-kDa antigen-specific mono-
clonal antibody L5 or polyclonal antibodies raised against
purified recombinant 18-kDa protein or against synthetic
peptides derived from the 18-kDa protein amino acid se-
quence (data not shown). DNA hybridization with a radio-
actively labelled probe derived from the M. leprae 18-kDa
antigen gene sequence did not reveal any similar sequences
in preparations of M. tuberculosis DNA, at either a low or a
high hybridization stringency (31). However, at a low strin-
gency, the 18-kDa antigen gene probe hybridized to DNA
sequences from M. avium and M. intracellulare (Fig. 1), a
result confirming other recent results (20).

Isolation and characterization of duplicated 18-kDa antigen
genes in M. avium and M. intracellulare. Plasmid libraries
were constructed from EcoRI- and PstI-digested DNAs from
M. avium and M. intracellulare and screened by low-
stringency hybridization with a radioactively labelled M.
leprae 18-kDa antigen gene probe. DNA fragments that
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FIG. 3. Comparison of three M. intracellulare isolates by South-
ern blot analysis. DNAs from three separate M. intracellulare
isolates were digested with PstI, fractionated by electrophoresis on
a 1% agarose gel, Southern blotted, and probed at a low stringency
with the M. leprae 18-kDa antigen gene probe.

I
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FIG. 4. Detection of 19-kDa antigen gene sequences in mycobac-
terial DNAs by the PCR. DNAs from various mycobacteria were
subjected to PCR amplification as described in Materials and Meth-
ods by use of oligonucleotide primers derived from the M. tubercu-
losis 19-kDa antigen gene sequence.

hybridized were subcloned into M13 vectors and sequenced,
and the sequences were compared with the M. leprae probe
sequence. Two 18-kDa antigen gene-like sequences each
were isolated from the M. avium and M. intracellulare
genomes. As shown in Fig. 2, when these were translated
into amino acid sequences, they were found to be very
similar to the M. leprae 18-kDa protein sequence, showing
between 70 and 80% amino acid identity and 84 and 88%
amino acid similarity. One of the 18-kDa protein-like se-
quences from M. avium and one from M. intracellulare
(MintC73 and MavC124, respectively) were almost the same
length as the M. leprae 18-kDa protein sequence, while the
other two (MintC541 and MavC83) were truncated, lacking,
respectively, 9 and 11 amino acids near the amino terminus.
In the M. leprae genome, there is a second open reading
frame that resides about 500 bases downstream from the
18-kDa protein coding sequence (5). Sequences very similar

M. tb
M. av
M. int

M. tb
M. av
M. int

M. tb
M. av
M. int

to this open reading frame were present about 500 bases
downstream from the "full-length" M. avium and M. intra-
cellulare 18-kDa protein coding sequence homologs
(MintC73 and MavC124) but not downstream from the
truncated ones (MintC541 and MavC83) (data not shown).

Duplicate 18-kDa antigen genes are unlikely to be due to
intraspecies polymorphisms. Although the DNA preparations
used for library construction were from single isolates of M.
avium and M. intracellulare, they were not clonally derived,
so it was possible that the duplicate gene sequences were a
reflection of polymorphisms within a heterogeneous popula-
tion of mycobacteria rather than an indication of truly
multiple gene copies within each species. For testing this
possibility, DNA preparations from three different isolates
of M. intracellulare were digested with PstI, fractionated by
electrophoresis, blotted, and probed with the M. leprae
18-kDa antigen gene probe at a low stringency. As shown in
Fig. 3, the same three bands, at 1.9, 2.3, and 7kb, were
present in all three DNA preparations, a result giving no
indication of intraspecies polymorphisms but rather support-
ing the view that duplicate 18-kDa antigen genes exist within
the genome of M. intracellulare.

Relationship between M. tuberculosis and M. avium and M.
intracellulare. Ashbridge et al. (1) have cloned and se-
quenced the gene for the 19-kDa antigen from M. tubercu-
losis and shown that, although this antigen is highly antigenic
and of a similar size, it is not related to the M. leprae 18-kDa
antigen. Using oligonucleotide primers derived from the M.
tuberculosis 19-kDa antigen coding region, we used PCR to
test for the presence of similar genes in other mycobacterial
DNA preparations. As shown in Fig. 4, 19-kDa antigen
gene-like genes were apparent in DNAs from M. bovis
(subsequently found to be identical to the M. tuberculosis
19-kDa antigen gene) and M. avium but not from the other
mycobacteria tested, including M. leprae. Using the radio-
actively labelled M. tuberculosis 19-kDa antigen gene as a
probe, we isolated hybridizing clones from the M. avium and
M. intracellulare plasmid libraries described above. As
shown in Fig. 5, single 19-kDa antigen gene-like genes were
found in both the M. avium and M. intracellulare genomes,
and their deduced amino acid sequences displayed a striking

1 50
VKRTVAVAGAAI GCSS. TTT GAA

QLEjtVAGjIIL V CSSGNKS SS S
VKRQLTVAVAGAAILAA I GCS SNKSM RRL G

51 100

2 TKVI IDGKDQNVSGSVVCTNAGGTVNIAIGGAATGIAAVLSDGNPPQV
. TKVTIDGKDQNVSGSVVCTNAGGIXIAIGGAATGIAAVLSDGNPPQV

101 150
KSVGLGNVNGVTLGYTSGTGQGNAS KITGTATGVDMANP

KSVGLGNVNGVTLGYTSGTGQGNASAEGNSYKITGTATGVDMAN P
KSVGLGNVNGVTLGYTSGTGQGNAF C KDGNSYKI GTATGVDMANPMQP

151 164
M.tb FE T.SI
M.av 'VINKPFEI VTCNS*
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FIG. 5. Comparison of 19-kDa proteins from M. tuberculosis (M.tb), M. avium (M.av), and M. intracellulare (M.int). Shown are deduced
amino acid sequences of genes coding for 19-kDa protein-like proteins isolated from M. avium and M. intracellulare plasmid libraries with
an M. tuberculosis 19-kDa antigen gene probe. Predicted molecular weights for the proteins are as follows: M. tuberculosis, 15,114; M. avium,
15,472; and M. intracellulare, 15,471. Percentages of amino acid similarity (identity) are shown in Fig. 6.
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FIG. 6. Relatedness among the 18-kDa and 19-kDa proteins of mycobacteria. Percentages of amino acid similarity (identity) among the M.
leprae, M. avium, M. intracellulare, and M. tuberculosis 18-kDa and 19-kDa protein genes are given.

degree of identity with their M. tuberculosis-derived coun-
terpart (Fig. 6).
Attempts to identify an 18-kDa antigen gene-like gene in M.

tuberculosis DNA. Because of the high degree of similarity
among the M. leprae, M. avium, and M. intracellulare
18-kDa antigen genes and among the M. tuberculosis, M.
avium, and M. intracellulare 19-kDa antigen genes (Fig. 6),
we attempted to identify an 18-kDa antigen gene-like se-
quence in the M. tuberculosis genome by two methods.
First, we prepared radioactively labelled probes containing
the M. leprae 18-kDa antigen gene or a mixture of the five
18-kDa antigen gene sequences (one from M. leprae, two
from M. avium, and two from M. intracellulare) and used
them to probe at a low stringency Southern blots and
plasmid libraries made from M. tuberculosis DNA. Using
this approach, we were unable to detect any M. tuberculosis
18-kDa antigen gene-like sequences. The second approach
was to synthesize degenerate oligonucleotide primers based
on highly conserved regions of the M. leprae, M. avium, and
M. intracellulare 18-kDa antigen gene sequences (Fig. 7) and
to attempt to amplify 18-kDa antigen gene-like bands from
M. tuberculosis DNA by PCR. This method was also unsuc-
cessful.

DISCUSSION

Although comparative DNA hybridization studies of
genomic DNA indicate that M. leprae is only remotely
genetically related to other species of mycobacteria (13),
many of the immunodominant antigens ofM. leprae are very
similar to those of other mycobacteria and to families of
highly conserved stress proteins. One exception was the
18-kDa antigen which, until the discovery of cross-reactivity

Mlep
Mint
Mav
Mint
Mav

18kD
c73
c124
c541
c83

...tggacattgacatcgaacgcaacg

...tggacatcgacatcgagcgcaatg

... tcgacatcgacatcgagcgcaatg

... tggacctcgacatcgagcgcaatg

... tcgacctcgacgtggagcgcaacg

TCGACATCGACATCGAACGCAACGTIX
G C T G G G T/

PCR primer 1

with M. habana (M. simiae serovar 1) and more recently of
low-stringency hybridization homologies with various other
mycobacteria (20), was thought to be antigenically unique to
M. leprae. When M. habana was subjected to heat shock but
not other forms of environmental stress, expression of the
protein was significantly increased, a result suggesting that,
like the other immunodominant mycobacterial antigens, the
18-kDa antigen is also a stress protein in mycobacteria.
Moreover, protection of mice against infection with M.
leprae could be achieved by immunizing them with M.
habana (16).
The observations that T cells primed with the M. leprae

18-kDa antigen respond to challenge with M. tuberculosis
bacteria (9, 14) and that M. tuberculosis-immunized T cells
respond to M. leprae 18-kDa antigen determinants (9, 25)
suggest that M. tuberculosis has either an 18-kDa antigen
homolog or cross-reactive epitopes on unrelated molecules.
Oligonucleotide primers derived from the 18-kDa antigen
gene sequence have been used in PCR assays specifically to
detect the presence of M. leprae DNA from as few as 100
mycobacteria in infected tissue (31). In view of the potential
use of 18-kDa antigen gene sequences as tools for the early
detection of M. leprae infection and the significance of the
18-kDa antigen as a T cell immunogen, it is important to
discover whether this molecule is present in other mycobac-
teria and if so, how it is distributed. We have found that M.
avium and M. intracellulare each contain two 18-kDa anti-
gen genes that are very similar to the 18-kDa antigen gene of
M. leprae. Eukaryotes commonly contain multiple copies of
genes encoding heat shock proteins (18), and recently some
mycobacterial heat shock proteins and other antigens were
found to have duplicate (8) or multiple (29) copies. Given
that M. avium and M. intracellulare are genetically only 5 to

t... ... ctcggcgaaaacctcgacaccga...
t... ... ctcggcgaaaacctcgacaccga...
t... ... ctcggcgacaacctcgacaccga...
t... ... ctcggcgacaatctcgacaccga...
t... ... cttggggacaacctcgacaccga...

7 CTCGGCGAAAACCTCGACACCGA
NJ T G C T

PCR primer 2

141bp fragment
FIG. 7. Degenerate primers used in attempts to detect an 18-kDa antigen gene-like gene in M. tuberculosis DNA.
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10% similar to M. leprae, as determined by DNA hybridiza-
tion analysis (13), but are about 25% similar to M. tubercu-
losis (3) and that the 19-kDa antigens of M. avium, M.
intracellulare, and M. tuberculosis are all very closely
related (Fig. 6), it is surprising that we have been unable as
yet to detect an 18-kDa antigen homolog in M. tuberculosis
DNA. Other strongly immunogeneic antigens of mycobacte-
ria are also highly conserved in M. leprae and M. tubercu-
losis (27, 28, 32). Cellular immunology studies from a num-
ber of laboratories (discussed above) have indicated
antigenic cross-reactivity between M. tuberculosis and the
18-kDa protein of M. leprae. However, until an 18-kDa
antigen homolog is discovered in M. tuberculosis, this phe-
nomenon may be the result of a fortuitously similar epitope
on an unrelated antigen from M. tuberculosis. Finally, if M.
tuberculosis does not have an 18-kDa antigen homolog, then
it is pertinent to ask what protein(s) in this organism carries
out the function of such a conserved, widely distributed
molecule and whether that protein(s) is also immunologically
important. Recently, a 19-kDa protein purified from enriched
membrane fractions of M. tuberculosis was sequenced and
found to show a low degree of homology to the M. leprae
18-kDa antigen (27% identity in a 79-amino-acid overlap
containing a highly conserved stretch of 11 residues) (17). It
will be interesting to determine whether this protein cross-
reacts antigenically with the M. leprae 18-kDa antigen.

ACKNOWLEDGMENTS

This work was supported by grants from the Pacific Leprosy
Foundation, the Health Research Council of New Zealand, the
Hieser Program for Leprosy Research, and the UNDP/World Bank/
WHO Special Programme for Research (grant 890096).

REFERENCES
1. Ashbridge, K. R., R. L. Prestidge, R. J. Booth, and J. D.

Watson. 1990. The mapping of an antibody-binding region of the
Mycobacterium tuberculosis 19 kilodalton antigen. J. Immunol.
144:3137-3142.

2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G.
Seidman, J. A. Smith, and K. Struhl. 1991. Current protocols in
molecular biology. John Wiley & Sons, Inc., New York.

3. Baess, I. 1979. Deoxyribonucleic acid relatedness among spe-
cies of slowly-growing mycobacteria. Acta Pathol. Microbiol.
Scand. Sect. B 87:221-226.

4. Baird, P., L. Hall, and A. Coates. 1989. Cloning and sequence of
the lOkDa antigen gene of Mycobacterium tuberculosis. J. Gen.
Microbiol. 135:931-939.

5. Booth, R. J., D. P. Harris, J. M. Love, and J. D. Watson. 1988.
Antigenic proteins of Mycobacterium leprae. Complete se-
quence of the gene for the 18-kDa protein. J. Immunol. 140:597-
601.

6. Cohen, I. R., and D. B. Young. 1991. Autoimmunity, microbial
immunity and the immunological homunculus. Immunol. Today
12:105-110.

7. Devereux, J., P. Haeberli, and 0. Smithies. 1984. A comprehen-
sive set of sequence analysis programs for the VAX. Nucleic
Acids Res. 12:387-395.

8. Dewit, T. F. R., S. Bekelie, A. Osland, T. L. Miko, P. W. M.
Hermans, D. Vansoolingen, J. W. Drijfhout, R. Schoningh,
A. A. M. Janson, and J. E. R. Thole. 1992. Mycobacteria contain
two groEL genes: the second Mycobacterium leprae groEL
gene is arranged in an operon with groES. Mol. Microbiol.
6:1995-2007.

9. Dockrell, H. M., N. G. Stoker, S. P. Lee, M. Jackson, K. A.
Grant, N. F. Jouy, S. B. Lucas, R. Hasan, R. Hussain, and K. P.
McAdam. 1989. T-cell recognition of the 18-kilodalton antigen of
Mycobacterium leprae. Infect. Immun. 57:1979-1983.

10. Doherty, T. M., B. T. Backstrom, R. L. Prestidge, S. G. Love,
D. R. K. Harding, and J. D. Watson. 1991. Immune responses to

the 18-kDa protein of Mycobacterium leprae. Similar B cell
epitopes but different T cell epitopes seen in inbred strains of
mice. J. Immunol. 146:1934-1940.

11. Filley, E., C. Abou-Zeid, M. Waters, and G. Rook. 1989. The use
of antigen-bearing nitrocellulose particles derived from Western
blots to study proliferative responses to 27 antigenic fractions
from Mycobacterium leprae in patients and controls. Immunol-
ogy 67:75-80.

12. Garsia, R. J., L. Hellqvist, R. J. Booth, A. Radford, W. J.
Britton, L. Astbury, R. J. Trent, and A. Basten. 1989. Homology
of the 70-kilodalton antigens from Mycobacterium leprae and
M. bovis with the M. tuberculosis 71-kilodalton antigen and with
conserved heat shock protein 70 of eukaryotes. Infect. Immun.
57:204-212.

13. Grosskinsky, C. M., W. R. Jacobs, J. E. Clark-Curtiss, and B. R.
Bloom. 1989. Genetic relationships among Mycobacterium lep-
rae, Mycobacterium tuberculosis, and candidate leprosy vac-
cine strains determined by DNA hybridization: identification of
an M. leprae-specific repetitive sequence. Infect. Immun. 57:
1535-1541.

14. Harris, D. P., B. T. Backstrom, R. J. Booth, S. G. Love, D. R.
Harding, and J. D. Watson. 1989. The mapping of epitopes of
the 18-kDa protein of Mycobacterium leprae recognised by
murine T cells in a proliferation assay. J. Immunol. 143:2006-
2012.

15. Kogan, S. C., A. B. M. Doherty, and J. Gitschier. 1987. An
improved method for prenatal diagnosis of genetic diseases by
analysis of amplified DNA sequences. N. Engl. J. Med. 317:
985-990.

16. Lamb, F. I., N. B. Singh, and M. J. Colston. 1990. The specific
18-kilodalton antigen of Mycobacterium leprae is present in
Mycobacterium habana and functions as a heat-shock protein.
J. Immunol. 144:1922-1925.

17. Lee, B.-Y., S. A. Hefta, and P. Brennan. 1992. Characterization
of the major membrane protein of virulent Mycobacterium
tuberculosis. Infect. Immun. 60:2066-2074.

18. Lindquist, S., and E. Craig. 1988. Heat-shock proteins. Annu.
Rev. Genet. 22:631-677.

19. Mehra, V., B. R. Bloom, V. K. Torigian, D. Mandich, M.
Reichel, S. M. M. Young, P. Salgame, J. Convit, S. W. Hunter,
M. McNeil, P. J. Brennan, T. H. Rea, and R. L. Modlin. 1989.
Characterization of Mycobacterium leprae cell wall-associated
proteins with the use of T lymphocyte clones. J. Immunol.
142:2873-2878.

20. Moudgil, K. D., D. L. Williams, and T. P. Gillis. 1992. DNA
hybridisation analysis of mycobacterial DNA using the 18kDa-
protein gene of Mycobacterium leprae. FEMS Microbiol. Lett.
89:165-174.

21. Mustafa, A. S., H. K. Gill, A. Nerland, W. J. Britton, V. Mehra,
B. R. Bloom, R. A. Young, and T. Godal. 1986. Human T-cell
clones recognize a major M. leprae protein antigen expressed in
E. coli. Nature (London) 319:63-66.

22. Nerland, A. H., A. S. Mustafa, D. Sweetser, T. Godal, and R. A.
Young. 1988. A protein antigen of Mycobacterium leprae is
related to a family of small heat shock proteins. J. Bacteriol.
170:5919-5921.

23. Oftung, F., T. M. Shinnick, A. S. Mustafa, K. E. Lundin, T.
Godal, and A. H. Nerland. 1990. Heterogeneity among human T
cell clones recognizing an HLA-DR4,Dw4-restricted epitope
from the 18-kDa antigen of Mycobacterium leprae defined by
synthetic peptides. J. Immunol. 144:1478-1483.

24. Reed, K. C., and D. A. Mann. 1985. Rapid transfer of DNA from
agarose gels to nylon membranes. Nucleic Acids Res. 13:7207-
7221.

25. Roche, P., W. Theuvenet, and W. J. Britton. 1992. Cellular and
humoral immune response to mycobacterial heat shock proteins
in Nepali leprosy patients and controls. Int. J. Lepr. Other
Mycobact. Dis. 60:36-43.

26. Shinnick, T. M. 1991. Heat shock proteins as antigens of
bacterial and parasitic pathogens. Curr. Top. Microbiol. Immu-
nol. 167:145-160.

27. Thangaraj, H. S., F. I. Lamb, E. 0. Davis, P. J. Jenner, L. H.
Jeyakumar, and M. J. Colston. 1990. Identification, sequencing,

INFECT. IMMUN.



LOW-MOLECULAR-WEIGHT MYCOBACTERIAL ANTIGENS 1515

and expression of Mycobacterium leprae superoxide dismutase,
a major antigen. Infect. Immun. 58:1937-1942.

28. Thole, J. E., P. Hindersson, J. de Bruyn, F. Cremers, J. van der
Zee, H. de Cock, J. Tommassen, W. van Eden, and J. D. van
Embden. 1988. Antigenic relatedness of a strongly immunogenic
65 kDa mycobacterial protein antigen with a similarly sized
ubiquitous bacterial common antigen. Microb. Pathog. 4:71-83.

29. Thole, J. E., R. Schoningh, A. A. Janson, T. Garbe, Y. E.
Cornelisse, J. E. Clark-Curtiss, A. H. Kolk, T. H. Ottenhoff,
R. R. De Vries, and C. Abou-Zeid. 1992. Molecular and immu-
nological analysis of a fibronectin-binding protein antigen se-

creted by Mycobacterium leprae. Mol. Microbiol. 6:153-163.
30. Watson, J. D. 1989. Leprosy: understanding protective immu-

nity. Immunol. Today 10:218-221.
31. Williams, D. L., T. P. Gillis, R. J. Booth, D. Looker, and J. D.

Watson. 1990. The use of a specific DNA probe and polymerase
chain reaction for the detection of Mycobacterium leprae. J.
Infect. Dis. 162:193-200.

32. Young, D., R. Lathigra, R. Hendrix, D. Sweetser, and R. A.
Young. 1988. Stress proteins are immune targets in leprosy and
tuberculosis. Proc. Natl. Acad. Sci. USA 85:4267-4270.

33. Young, D. B. 1988. Stress-induced proteins and the immune
response to leprosy. Microbiol. Sci. 5:143-146.

34. Young, R. A., and T. J. Elliott. 1989. Stress proteins, infection
and immune surveillance. Cell 59:5-8.

VOL. 61, 1993


