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Editorial

MOLECULAR BIOLOGY OF THE MYCOBACTERIA

The molecular biology of the mycobacteria is poised at the threshold of making major contributions
to the understanding of the biochemistry and pathogenic mechanisms involved in mycobacterial
infections. The application of molecular biology to the study of mycobacteria has recently begun,
with preliminary studies on the nucleic acids of mycobacteria, cloning and expression of a number
of mycobacterial genes and the development of mycobacteria themselves as gene cloning systems. In
thisreview, we will discuss the progress that has been made so far and the likely direction of future
work.

The nucleic acids of mycobacteria

Both DNA and RNA have been isolated from mycobacteria, including armadillo-grown
Mycobacterium leprae. They belong to the high guanine plus cytosine (G + C) Gram-positive group
of bacteria; the cultivable mycobacteria have G + C in the range 60-67%, while M. leprae’s G+C
content is somewhat lower, at 56%.' The genome size for M. tuberculosis is similar to that for
Escherichia coli (2-:5 x 10° M,), while that for M. leprae is smaller (1-:3-2:2 x 10° M,).?

Plasmids and phages have been isolated from cultivable mycobacteria, but not, probably for
technical reasons, from M. leprae. There is a sugestion that plasmids isolated from members of the
M. avium, M. intracellulare and M. scrofulaceum (M AIS) complex may be associated with antibiotic
resistance’® and virulence.* A plasmid carrying a gene associated with mercury resistance has been
reported.’ One plasmid (pALS5000) from M. fortuitum has been sequenced and is being developed as
a vector for cloning DNA into mycobacteria (see below). Both lytic and temperate bacteriophages
have been isolated from mycobacteria® and these are also being developed as cloning vectors.

In growing cells, more than 90% of extractable RNA is ribosomal RNA (rRNA) which is
present in many thousands of copies.” The genes coding for rRNA are present in several copies in
most eubacteria; thus E. coli has seven rRNA genes,® Bacillus subtilis has 10° and Streptomyces
lividans has 6.° By contrast, slow-growing mycobacteria (M. tuberculosis and M. lepraemurium)
have one such rRNA gene while rapid growers (M. smegmatis and M. phlei) have two.!"'? Bacteria
contain 3 species of ribosomal RNA (58S, 16S, and 23S). Sequence analysis of the 16S molecule has
allowed preliminary taxonomic analysis which shows that M. leprae is clearly a mycobacterium and
that mycobacteria conform to the Gram-positive pattern.!>!4

Cloning of mycobacterial genes and expression of the gene products

One of the most powerful tools available to molecular biologists is the ability to take DNA from one
type of cell and transfer it to another cell in which it can be replicated in limitless amounts, as part of
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the host cell’s own replication machinery. This construction of DNA ‘libraries’ is particularly
important with difficult-to-grow organisms such as mycobacteria. Libraries of mycobacterial DNA
have now been constructed in E. coli by a number of groups.!!>'® Ideally, libraries will be
constructed such that the host cells, e.g. E. coli, contain segments of mycobacterial DNA, and that
the entire mycobacterial genome is represented. Single E. coli cells which contain a particular
mycobacterial gene of interest can then be grown up (‘cloned’) in large amounts, and the nucleic acid
of that gene studied in detail or the corresponding gene product expressed.

Preliminary experiments indicated that mycobacterial promoters (sequences of DNA which are
responsible for controlling the expression of genes) do not function very efficiently in E. coli.'1920
Thus while the genes can be cloned they are not expressed (they do not produce the corresponding
protein product). One way of overcoming this problem is to place the mycobacterial gene under the
control of a foreign promoter which is known to work efficiently in E. coli. Such an approach has
been successfully used to express the M. leprae gene which codes for citrate synthetase;?! here the
mycobacterial gene is expressed in E. coli under the control of a streptococcal promoter!

In what now has become a classic experiment, Young et al.'’ used a somewhat different
approach. They took small fragments of mycobacterial DNA (M. leprae and M. tuberculosis) and
inserted them into the middle of an E. coli gene (that encoding for the enzyme f-galactosidase).
When this E. coli gene is switched on a hybrid (or fusion) protein is formed, consisting partly of a
mycobacterial protein and partly of the E. coli protein. The ‘vector’ which is used to transfer the
DNA into E. coliis a bacteriophage called Agtll. The Agtll expression system does not usually
allow for the high level production of the foreign protein, but once the gene has been identified and
cloned in this way, other techniques can then be used to engineer E. coli (or other organisms) to
produce large amounts of mycobacterial protein.

Expression of recombinant mycobacterial antigens and ‘the heat-shock protein story’

Studies with monoclonal antibodies which are specific for mycobacterial proteins had identified a
limited number of proteins (five in M. leprae) which were apparently ‘immunodominant’. With the
construction of libraries of mycobacterial DNA it then became possible to use these monoclonal
antibodies to try to detect expression of the corresponding proteins in E. coli. Using the Agtll
approach described above, Young er al'” were able to detect expression of the five M. leprae proteins
which had been identified using monoclonal antibodies (in most, but not all cases, the M. leprae
proteins were expressed, as fusions with f-galactosidase). To our knowledge the genes encoding
three of these proteins, those with molecular weights of 65kDa,?? 18kDa?* and 28kDa?* have been
sequenced and the corresponding amino acid sequences of the proteins deduced. Recombinant
mycobacterial proteins are becoming available in relatively large quantities,?>?® and their
immunological characteristics studied in detail. It now seems likely that the small number of
proteins which have been concentrated upon does not adequately represent the immunogenicity of
M. leprae; all of the original monoclonal antibodies were produced by immunizing one particular
inbred strain of mouse. From work with M. tuberculosis*" it appears that different mouse strains
‘see’ proteins other than the five originally described. For this reason a number of groups are
attempting to identify important antigens using T cells rather than antibodies.?®?°

One interesting aspect of the work in which immunodominant antigens have been studied using
a molecular approach is that several of the mycobacterial antigens appear to be related to ‘heat-
shock’ proteins found in other cells.®® Heat-shock proteins are proteins whose production is
increased when the cells are subjected to a suddenincrease in temperature (or other forms of stress).
Itis thought that this response is a means by which cells protect themselves against stressful changes
in environment. It has also become clear that stress proteins have been identified as being important
in the immune response to other infectious agents,’!3? and this has led to the suggestion that the
process of infection stresses the infectious agents and leads to the overproduction of these proteins;
hence their immunodominance.
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One important outcome of the heat-shock protein story is that antibodies and T cells which
recognize mycobacterial antigens (particularly the 65kDa protein, which is a major heat-shock
protein) have been found in patients with apparently autoimmune phenomena. For example, T cells
reactive to mycobacterial 65kDa protein are present in the synovial fluid of patients with active
rheumatoid arthritis,>*** and antibodies to this protein are readily detected in such patients. One
possible explanation for this is that there is a high degree of sequence conservation between stress
proteins from different species, i.e. humans possess, for example, a protein equivalent to the
mycobacterial 65kDa protein and which is very similar in terms of its amino acid sequence. Thus, if
immune responses are directed towards parts of the protein which are similar in man and bacteria it
could lead to an autoimmune response.

Molecular genetics of mycobacteria

Although the most obvious application of molecular biology is the production of recombinant
proteins, perhaps the most exciting future applications will lie in the ability to manipulate genes in
the mycobacteria themselves. Being able to delete, transfer or add genes to mycobacteria will enable
a whole new approach to studies of virulence, pathogenicity, protective immunity and chemo-
therapy to be developed.

In order for such studies to become feasible it will be necessary to develop efficient methods for
getting DNA into mycobacteria and for introducing genes into the mycobacterial chromosome.
Jacobs et al*’ developed a vector for introducing DNA into mycobacteria by constructing a hybrid
of an E. coliplasmid and a mycobacterial phage; this ‘phasmid’ was capable of growingas a phagein
mycobacteria and as a plasmid in E. coli. The problem with this approach was that the phage lysed
its mycobacterial host, whereas ideally one would wish to have the introduced DNA expressed in
growing bacteria. This is being overcome by the use of lysogenic mycobacteriophages (phages
which do not normally lyse their host, but whose DNA becomes stably integrated into the host
chromosome).’ An alternative approach has been to construct a hybrid plasmid from an E. coli
plasmid and pAL 5000;% this hybrid can be introduced into mycobacteria by electroporation, and is
reproduced. It is likely that other methods for stably introducing genes into mycobacteria, and for
deleting specific genes will be developed in the near future.

Future applications of molecular biology in the study of the mycobacteria

The analysis of mycobacterial antigens at the molecular level has begun, but there is still much to be
done. In addition, only two of the M. leprae recombinant proteins have been produced in sufficient
quantities to carry out detailed studies on their immunogenicity. As more of these materials become
available it will become possible to study their role in protective immunity. In addition, synthetic
peptides based on known protein sequences could be developed as immunodiagnostic or
immunoepidemiological tools. Enzymes which are potential targets for drugs could be produced by
cloning and expressing the corresponding genes, thus enabling in vitro screens to be developed. The
ability to transfer such genes to other mycobacteria will enable the effect of the permeability barrier
posed by the mycobacterial cell wall to be investigated.

New methods for detecting small sequences of nucleic acids might enable us to detect the
presence of M. leprae in tissue with a much greater degree of sensitivity than is currently possible.
Forexample, a technique called the ‘polymerase chain reaction’ (PCR) involves the amplification of
a single stretch of nucleic acid sequence to several thousand copies, which can then be readily
detected; thus, in theory, it should be possible to detect the presence of a single bacillus. Information
about nucleic acid sequences will enable much more rapid methods for species identification; for
example the identification of species specific rRNA sequences has been used to rapidly differentiate
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between M. tuberculosis and M. avium intracellulare.’” Perhaps by using the PCR technique to
amplify M. leprae specificrRNA sequences, it might be possible to detect strain differences between
different isolates of M. leprae.

The use of molecular genetic techniques has been of great importance in understanding the basic
mechanisms of pathogenicity with a number of bacterial pathogens. For example, the mechanisms
of entry of Yersinia pestis into host cells has been defined at the protein level,*® and genes which are
responsible for virulence in a number of bacteria have been found to be closely associated. The
ability to transfer genes between mycobacteria and to add or delete specific mycobacterial genes is
likely to be of great importance in understanding the basic mechanisms by which mycobacteria
invade and survive within their host cells.
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