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Editorial 

MY COBA C TERIUM LE PRA E GEN O M E  S E Q U EN C E; A 

L AN D M A R K  A C H I EV EM EN T  

This edition of Leprosy Review is given over to the remarkable achievement, finally realized 

at the beginning of this year, of the sequencing of the genome of Mycobacterium leprae. 1 

M. leprae was one of the first organisms to be associated with a human disease. However, 

our inability to grow the organism in culture has made it extreme1y difficult to study in 

the laboratory. The pioneering work of Charles Shepard in the 1 960s,2,3 in which limited 

multiplication of M. leprae in the footpads of mice was demonstrated, provided new 

opportunities and eventually paved the way for testing and optimizing new drug regimens. 

This provided much of the rationale for the introduction of multiple drug treatment. How

ever, we were still unable to address fundamental questions about the organism; why does 

it grow so slowly? Why has it proved impossible to grow in culture medium? What is its 

relationship to other pathogenic mycobacteria such as Mycobacterium tuberculosis? 

The first step on the road to answering these questions was the demonstration that 

experimental infection of nine-banded armadillos could produce very large numbers of 

organisms ;4 enough to start looking at the biochemistry and physiology of the organismo 

Crucially, it was also enough to extract DNA and this marked the starting point of the genome 

sequencing project. 

Now the challenge is to try and understand, as fully as possible, the language of the genes. 

As you will read in this issue of Leprosy Review, we now know that M. leprae has been 

steadily losing genes, and with it the ability to respond to different environrnents .  The reason 

why it cannot be grown in vitro lies in this inability ; it has come to re1y on its host cell for 

essential nutrients . Our interpretation of information revealed in the genome sequence is 
discussed in the papers entitled 'The decaying genome of Mycobacterium leprae', 'DNA 
metabolism in Mycobacterium leprae' ,  'The microbial physiologist' s guide to the leprosy 
genome' and 'Genomic evidence for the retention of the essential mycobacterial cell wall in 
the otherwise defective Mycobacterium leprae' . We can also use the genome sequence to 

develop new tools, such as rapid methods for detecting drug resistance, as illustrated by 

Honoré and colleagues ( 'A method for rapid detection of rifampicin-resistant isolates of 
Mycobacterium leprae' ), or methods for differentiating strains of M. leprae which could help 

us to understand more about its transmission ( 'Repetitive sequences in Mycobacterium leprae 

and their impact on genome plasticity ' ) .  We can also now understand the molecular basis of 

drug resistance and identify potential new targets for drug development ( 'Genomics and the 
chemotherapy of leprosy' ) .  
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386 M. J. Colston 

Finally, the papers by Jones et aI. C Leproma: a Mycobacterium leprae genome browser') 

and Eiglmeier et aI .  CThe integrated genome map of Mycobacterium leprae') explain, in 

practical terms, how the information can be accessed, and how it has been possible to 

generate a renewable source of M. leprae DNA, which is available to researchers interested 

in pursuing the molecular biology of M. leprae. 

This issue marks a historie achievement in the study of leprosy. I am grateful to all of the 

authors for sharing their ideas and results and hence making it possible . I am particularly 

grateful to Stewart Cole for his invaluable contribution to the field and for his help in making 
this special edition of Leprosy Review possible. 

National Institute for Medical Research 

The Ridgeway, Mill Hill 

London NW7 lAA, UK 
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Summary Everything that we need to know about Mycobacterium leprae, a dose 

relative of the tuberde bacillus, is encrypted in its genome. Inspection of the 3·27 Mb 

genome sequence of an armadillo-derived Indian isolate of the leprosy bacillus 
identified 1,605 genes encoding proteins and 50 genes for stable RNA species. 

Comparison with the genome sequence of Mycobacterium tuberculosis revealed an 

extreme case of reductive evolution, since less than half of the genome contains 

functional genes while inactivated or pseudogenes are highly abundant. The leveI 

of gene duplication was -34% and, on dassification of the proteins into families, 

the largest functional groups were found to be involved in the metabolism and 

modification of fatty acids and polyketides, transport of metabolites, cell envelope 

synthesis and gene regulation. Reductive evolution, gene decay and genome down

sizing have eliminated entire metabolic pathways, together with their regulatory 

circuits and accessory functions, particularly those involved in catabolism. This may 

* Correspondenee to: S.  T. Cole, Unité de Génétique Moléeulaire Baetérienne, Institut Pasteur, 28 Rue du 
Doeteur Roux, 75724 Paris Cedex 1 5 ,  Franee; Phone: 33- 1 -45 68 84 46. Fax: 33 - 1 -40 6 1  35 83. 
E-mail: steole@pasteur.fr 
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Introduction 

explain the unusually long generation time and account for our inability to culture 

the leprosy bacillus.  

Deterrnining the complete genome sequence of a strain of Mycobacterium leprae was one 

of the highest priorities defined for leprosy research and control programmes at the joint 

WHO/Sasakawa Memorial Health Fund meeting held in Bangkok in 1 995. It was clear to all 

participants that genornics would not only provide understanding of the unusual biology of 

M. leprae but that the information thus obtained would underpin leprosy research in what 

are hopefully the final years of the elirnination campaign. The choice of the strain to be 

sequenced was influenced by the disease burden and as a result we chose to work with a 

patient isolate from Tarnil Nadu, lndia, one of the worst affected countries. 

ln order to produce sufficient bacilli to extract DNA for library construction this strain, 

referred to as TN, was passaged in the armadillo. J An immortalized source of DNA was 

then obtained in the form of a cosrnid library and this will facilitate future functional studies? 

The DNA sequence of the TN strain of M. leprae was obtained by a combined approach 

employing automated DNA sequence analysis of selected cosrnids and whole genome 

shotgun clones.2,3 After assembling the subsequences, the complete genome sequence was 

regenerated and this was subjected to bioinformatic analysis so that the genes, their control 

signals, repetitive elements and other genornic features could be identified. Comparison of 

the genome sequence and gene set of the TN strain with those of other organisms was then 

undertaken. Comparative genornic analysis with the tubercle bacillus, Mycobacterium 

tuberculosis H37Rv, was found to be a particularly powerful approach that enabled much 

of the biochernistry, physiology and genetics of M. leprae to be predicted and unraveled. 

The principal findings of this analysis were presented in the original landmark publication 

which the reader should consult for further details .4 Here we present a brief summary and 

an update of some of the findings. 

ResuIts and discussion 

ORGANIZATlON AND SEQUENCE OF THE GENOME 

The complete genome sequence of the TN strain of M. leprae was found to contain 

3 ,268,203 bp, and to have an average G + C content of 57 · 8%. There is a single circular 
chromosome and no plasrnids. Bioinformatics predicted the existence of 1605 genes 

encoding proteins and a further 50 that code for stable RNA molecules.  These values are 

much lower than those reported for the genome of the H37Rv strain of M. tuberculosis, 
comprising �4000 genes, at 4,4 1 1 ,532 bp and 65 ·6% G + c.5 

On analysis of the first complete M. leprae cosrnid sequence in 1 993, only 50% of 

the sequence was found to contain functional genes? At that time, meaningful comparisons 
were very lirnited as few other sequences were available and no clues could be found to 
the possible function of the remaining 50% of the DNA. However, the availability of the 

M. tuberculosis genome sequence in 1 998 changed things radically and enabled detailed 
pairwise comparisons of the genome and proteome sequences of both pathogens to be 

undertaken.5,6 These revealed that only 49·5% of the genome of M. leprae was occupied 

by protein-coding genes while at least 27% of the sequence contained recognizable 
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Figure 1. See enclosed poster. Organization of the genome of the TN strain of M. leprae. Only those genes predicted 
to be active are shown and their functions are colour coded as follows: lipid metabolism, black; intermediary 
metabolism and respiration, yellow; information pathways, pink; regulatory proteins, sky blue ; conserved hypothe
tical proteins, orange; unknown, light green; insertion sequences and phage-related functions, blue; stable RNAs, 
dark blue; cell wall and cell wall processes, dark green; virulence, detoxification and adaptation, white; PE and PPE 
protein families, magenta. For the sake of clarity the pseudogenes are not indicated but these occur in ali empty 
regions. The scale is shown with !O or 1 00 kb intervals. Genes shown above the line are transcribed from left to right, 
those below from right to left. 

pseudogenes ,  inactive reading frames with functional counterparts in the tubercle bacillus.  

The remaining 23 ·5% of the genome did not appear to be coding at alI, and probably contains 

gene remnants mutated beyond recognition together with the regulatory sequences that 

usually occur in intergenic regions. 

The distribution of the 1 , 1 14 recognizable pseudogenes was essentially random through

out the genome (Figure 1 ;  see attached poster of M. leprae genome). However, the 1605 
potentially active genes tend to occur in clusters often ftank:ed on both sides by long 

stretches of seerningly non-coding DNA. 

REDUCTIVE EVOLUTION 

The process by which large-scale loss of gene function arises has been termed reductive 

evolution. It has been observed in a number of important human pathogens such as the 

obligate intracellular parasites Rickettsia and Chlamydia Spp.7 and this suggests that genes 

become inactivated once their functions are no longer required in these highly specialized 

niches. ln some endosymbionts such as the Buchnera spp. ,  which are related to the enteric 

bacteria and found in aphids, reductive evolution has proceeded so extensively that the genome 
size is thought to have been reduced from -4·5 to 0·64 Mb. 8 There are few pseudogenes in this 

case, and deletion appears to have been the dominant means of genome downsizing. One 

hypothesis, known as Muller' s ratchet, has been proposed to explain reductive evolution. This 

involves the stochastic loss of genetic material and results in decreased fitness and little genetic 
variability. ln part, this is due to the inability of organisms with no sex-cycle to acquire DNA 

and hence to repair genetic lesions through acquisition of new genes or by recombination. 

Obviously, as a consequence of its highly specialized niche, the only organism with which M. 

leprae can exchange DNA is the human host. 

Until the sequence of M. leprae became available, the most extensive genome degradation 

reported in a pathogen was in Rickettsia prowazekii, the typhus agent, where only 76% of the 

potential coding capacity was used.9 ln comparison with M. leprae, the leveI of gene loss 
detected in R. prowazekii was modest, and it is notable that elirnination of pseudogenes by 

deletion lags far behind gene inactivation in both pathogens, in contrast to Buchnera.8 

lnterestingly, the G + C content of the functional genes in the leprosy bacillus (60· 1 %) is 
higher than that of the recognisable pseudogenes (56 ·5%), which is in tum greater than that 

of the remainder of the genome (54 ·5%), which may have undergone the most extensive decay. 

This suggests that the relatively high G + C content of M. leprae, and by extension, the other 
mycobacteria, is driven by the codon preference of the active genes,  while random mutation 
within the non-coding regions causes them to drift towards a more neutral G + C content that is 

closer to that of the host. Dearnination of cytosine residues in the DNA is a possible mechanism 

to account for this trend. This process would account for the leprosy bacil lus having the lowest 
G + C content of alI mycobacteria and it is noteworthy that the genomes of organisms that have 

undergone reductive evolution are generally richer in A + T. lO 



390 K. Eiglmeier et ai. 

When one examines closely the genes that have been lost or inactivated during the 

reductive evolutionary process, clear trends are observed that conform to Darwinian theory 
and testify to the importance of selective pressure. For instance, M. tuberculosis is capable 

of anaerobic respiration using nitrate as terminal electron acceptor in a reaction catalysed by 

nitrate reductase and using electrons from the quinone pool of the respiratory chain. Nitrate 

reductase comprises four subunits, encoded by narGHIJ, and uses a complex cofactor, 

molybdopterin, which is synthesized by at least nine moe/moa genes and requires molybdate 

to be taken up from the extracelIular medium by the ABC-transporter encoded by modABC.5 

ln the tubercle bacillus, the only other enzyme predicted to use molybdopterin as cofactor is 

formate dehydrogenase and many microbes are capable of growing on a defined medium 

containing formate and nitrate as sole carbon and energy sources. M. leprae has pseudogenes 

corresponding to both of these enzymes and for almost alI of the proteins required to transport 

molybdate and to insert it into the pterin ring. Apparent1y, once the need to use the formate

nitrate pathway was lost, the genes for the entire system acquired mutations and decayed 

as none of their functions was required. 

GENOME OOWNSIZING 

Reductive evolution involves gene loss through mutational inactivation and deletion. If one 

makes the reasonable assumption that the genomes of M. leprae and M. tuberculosis were 

once topologicalIy equivalent and roughly 4-4 Mb in size, as is the case for many other slow

growing mycobacteria, 1 1 - 1 3  then extensive downsizing must have occurred during evolution 

of the leprosy bacillus since its genome is <75 %  of the size of that of M. tuberculosis.4 It 

seems likely that recombination events involving repetitive DNA were responsible for both 

a reduction in genome size and the rearrangement of chromosomal segments that led to the 

10ss of global synteny between the genomes of the tubercle and leprosy bacilIi .4 This is 

discussed further in this issue. 14  

A 1 · 1  Mb reduction in the size of the genome would have eliminated � 11  00 protein

coding sequences, and M. leprae should, therefore, produce 3000 proteins compared to the 

4000 predicted in M. tuberculosis. On proteomic analysis of M. leprae, only 39 1 soluble 

protein species were detected, IS compared to nearly 1 800 in M. tuberculosis. 1 6 This is 

entirely consistent with the large number of pseudogenes in M. lepra e and excludes the 
possibil ity of gene expression by a novel mechanism such as RNA editing. S ince diverging 
from the last common mycobacterial ancestor, the leprosy bacilIus may have 10st over 2000 
genes, and reductive evolution has probably defined naturalIy the minimal gene set for a 
pathogenic mycobacterium. 

At present, little is known about the genomic diversity of different isolates of M. leprae 

as very few studies have been undertaken. No differences in genomic organization were 

uncovered by restriction fragment length polymorphism analysis 1 7  and the systematic sequence 
analysis of two regions of the genome of several different isolates of M. leprae revealed no 

single nucleotide polymorphisms? These regions correspond to the pseudogenes ML1 873, 
ML1 874, ML1 884 and ML1 885 , which are functionally inactive and should, therefore, be more 
prone to divergence as they are under less selective pressure. This sequence conservation 
suggests that the immediate ancestor of the present leprosy bacillus had already undergone 

reductive evolution and that a single clone then expanded and was disseminated globally. 

Sequence and micro-array analysis of more M. leprae isolates wilI shed further light on 

possible strain divergence and the emergence of the disease. 
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Of the 1 605 genes predicted in M. leprae, there are 1 440 which are also found in tubercle 

bacilli and 1 65 genes that have no orthologue in M. tuberculosis. Of the latter, some 

functional information could be predicted for 29 genes by bioinformatics, while the 

remaining 1 36 show no similarity to known genes elsewhere . It is highly likely that many 

of these will also be pseudogenes as they are generally shorter than average and occur 

in regions of low gene density .4 ln consequence, M. leprae may produce as few as 1 500 

proteins .  ln most cases, these proteins have been assigned roles in housekeeping functions, 

information pathways, various metabolic pathways, and so on,4 and they will not be 

discussed further here . A complete functional list may be found at http ://www.pasteur.fr/ 

recherche/uniteslLgmb/NATURE_DAT AJML_gene_Iist. From Figure 2, which presents the 

classification into the 1 1  functional categories used previously,5 it can be seen that the major 

groups contain genes for central and intermediary metabolism, cell wall processes and 

conserved hypothetical proteins.  Issues such as why M. leprae grows so slowly and resists 

attempts at in vitro culture are discussed elsewhere in this issue. 1 8 Instead, we will now 

concentrate on those proteins, and the principal protein farnilies, that have not been 

described previously in detail . 

MULTlGENE FAMILlES 

The majority of the genes (52%) present in M. tuberculosis arose from gene duplication 

events and this process may have conferred extensi ve functional redundancy. 6 Many of these 
genes are involved in lipid metabolism or encode the novel glycine-rich proteins of the PE 

and PPE farnilies.  Slightly more than 34% of the proteins now found in M. leprae are the 

products of gene duplication events, or share common domains, as defined by the bioinfor

matic routines used here.6, l 9  There are far fewer farnilies of duplicated proteins than in the 

tubercle bacillus and they are much smaller in size as a result of reductive evolution. For 

instance, whereas M. leprae contains 87 families containing two members and 37 with three 

members, M. tuberculosis has 2 1 3  and 72, respectively. 

The duplicated genes have been classified into partitions on the basis of their 

sirnilarity and part of this information is presented in Table 1 .  As in the tubercle 

bacilli, the largest partition, P46. 1 ,  contains enzymes involved in polyketide synthesis 

and fatty acid metabolism (Table 1 ) ,  and this again underlines the importance of these 

activities to slow growing mycobacterial pathogens. The second and third largest protein 
farnilies in M. tuberculosis are those for the 167 PE and PPE proteins; their counterparts 
in M. leprae are considerably smaller accounting for only 1 2  members (P5 . 8, P7 .2, 
Table 1) collectively, although about 30 pseudogenes also exist. None of the PE or PPE 
proteins predicted to be produced by M. leprae contain the multiple C-terminal 

repetitions that are suspected of being involved in antigenic variation.5 Retraction of 
these gene farnilies, which are exceptionally GC-rich, partly contributes to the difference 
in the respective genome sizes of the tubercle and leprosy bacilli , and to the much lower 

GC content of M. leprae. 

From Table 1 ,  it can be seen that the major protein families are involved in lipid or 

polyketide metabolism, modification and synthesis of cell envelope components (methyl
transferases, glycosyltransferases), transport processes (ABC transporters, MmpL proteins), 

or in gene regulation (TetR, WhiB, two-component system response regulators). 
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Figure 2. Broad functional classification of genes found in M. leprae. The functional groups and the percentage 
of total gene complement are shown, and correspond to: I, lipid metabolism; 2, inforrnation pathways; 3, cell wall 
and cell wall processes; 4, stabte RNAs; 5, insertion sequences and phage-related functions; 6, PE and PPE protein 
families; 7, interrnediary metaboJjsm and respiration; 8, unknown function; 9, regulatory proteins; lO, conserved 
hypothetical proteins; O, virulence, detoxification and adaptation. 

REGULAT10N ANO SlGNAL TRANSOUCTION 

Intracellular pathogens such as Chlamydia and Rickettsia,1O as well as endosymbionts like 
Buchnera,8 tend to have lost most of the genes involved in regulation, and M. leprae also 
displays this trend. The number of regulatory proteins predicted is roughly one-third of 

that recorded for M. tuberculosis, as a result of reductive evolution, and details of those 

remaining are presented in Table 2. 

At the leveI of promoter recognition and transcription initiation controlled by the sigma 

factors of RNA polymerase, major differences exist between the tubercle and leprosy bacilli 

and these may explain some of the differences in their physiology. There are 13 sigma 

factors in M. tuberculosis, 10 of which belong to the extra-cytoplasmic function (ECF) 

family.5 Only two of these ECF genes are still functional in M. leprae, sigC and sigE, while 

the eight others are present as pseudogenes. The sigma-70 family sigma factors SigA and 

SigB are predicted to be functional, however, whereas the 13th sigma factor gene, sigF, 

is inactive. It has been found recent1y in M. tuberculosis that the ability to survive at 

temperatures of 37°C and above is partly controlled by the ECF sigmas E and H, acting 

through the sigma 70 factor SigB.20,21 ln addition to the heat shock response, loss of sigE 

also affects resistance to SDS and oxidative stress, and survival in macrophages,zO,21 The 
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Table 1. Prominent protein families in M. leprae 

Family 

P5. l 
P5. 1O 
P5.2 
P5.3 
P5.4 
P5.5 
P5.6 
P5.7 
P5.8 
P5.9 
P6. l 
P6.2 
P6.3 
P6.4 
P7. l 
P7.2 
P8. l 
P8.2 
P9. l 
PIO. I  
P13 . I  
P I 8. I  
P46. I 

Description 

Various methyUcyclopropane mycolic acid synthases 
WhiB transcriptional regulators 
GTP-binding proteins 
sugar-phosphate nucleotidyl transferases 
two-component system response regulators 
acetohydroxyacidJacetolactate synthases 
glycosyl transferases 
membrane/cell division proteins 
PE family 
celldivisionlanion transporting A TPase 
MmpL, conserved large membrane proteins 
phosphoserine phosphatase/acyl transferases 
Mce proteins 
ABC-transport protein, inner membrane component 
methyltransferases 
PPE-family (6) 
conserved (membrane) protein 
phosphoglycerate mutases/mutTl 
enoyl-CoA hydratase/isomerase 
TetR-family transcriptional regulators 
conserved hypothetical proteins 
ABC-transport protein. ATP-binding component 
Polyketide synthesis/fatty acid metabolism 

Metabolic class 

Fatty acid metabolism 
Gene regulation 
Regulation 
Cell wall functions 
Signal transduction 
Central metabolism 
Cell wall functions 
Transport 
Unknown 
Transport 
Transport 
Fatty acid metabolism 
Pathogenesis 
Transport 
Fatty acid metabolism 
Unknown 
Transport 
Central metabolism 
Fatty acid metabolism 
Regulation 
Unknown 
Transport 
Fatty acid metabolism 

optimal growth temperature of M. leprae is 32°C and this probably explains why the 

bacterium, which contains a fu11 complement of heat shock proteins, multiplies principa11y 

in the extrernities of the human body. It is conceivable that mutational inactivation of the 

sigma factor gene sigH, and possibly others, leads to lowered production of SigB at higher 

temperatures, and this may have led to M. leprae colonizing cooler regions of the body such 

as the skin and ears . 

The interaction of RNA polymerase with the promoter regions of genes is often 

influenced by repressors or transcriptional activators that ensure expression under defined 

physiological conditions or in response to availability of a given substrate. ln M. tuberculosis 

there are > 1 1  O proteins that have broad regulatory potential and in the leprosy baci11us this 

number has dwindled to 46, suggesting that the organism resides within a more stable niche 
than M. tuberculosis (Table 2). These regulatory proteins can be classed in the correspond
ing farnilies on the basis of the characteristic motifs that they contain and, with one exception, 
a11 of these farnilies are substantially smaller than those of the tubercle bacillus .  The 
exception is the WhiB family22 as there are five of these proteins in M. leprae compared 

to seven in M. tuberculosis (Table 2). The cysteine-rich WhiB proteins, also known as 

WhmA-G,23 are confined to the Actinomycetes but in Streptomyces spp. they regulate 

developrnental processes such as sporulation. Although mycobacteria do not sporulate, the 
change from exponential growth to persistancy or dormancy can be considered as a differ

ent state of development and the whiB2 ortholog of M. smegmatis, whmD, has been found 
to be essential for septum forrnation and ce11 division.24 The fact that so many WhiB proteins 

have been preserved in the face of reductive evolution strongly argues for their playing 

a major biological role in M. leprae. 
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Table 2. The regulatory repertoire of M. leprae 

Sigma factors 

sigA (rpoT ) 
sigB 
sigC 
sigE 

ML1 022 
MLI 0 1 4  
MLl448 
ML1 076 

RNA polymerase sigma-70 factor 
RNA polymerase sigma-70 factor 
ECF subfamily sigma factor 
ECF subfamily sigma subunit 

Two component regulatory systems 

ML0 174 response regulator 
ML0 175 sensor kinase 

mIrA ML0773 response regulator 
mlrB ML0774 sensor kinase 

ML2 1 23 response regulator 
ML2 1 24 sensor kinase 

regX3 ML2439 response regulator 
senX3 ML2440 sensor kinase 

ML0803 sensor kinase 
ML1 286 response regulator 

Serine-Threonine protein kinases and phosphoprotein phosphatases 

pknA 
pknB 
pknG 
pknL 
ppp 

ML00 17 
ML00 1 6  
ML0304 
ML0897 
ML0020 

Repressors/activators 

TetRlAcrR-family 

WhiB-family 

MarR-family 
ArsR-family 
LysR-family 
NifR3-family 
CrplFnr-family 
Other families 

Possible others 

serine-threonine protein kinase 
serine-threonine protein kinase 
serine-threonine protein kinase 
serine-threonine protein kinase 
probable phosphoprotein phosphatase 

ML0064, ML03 16, ML07 17, ML08 15 ,  ML0949, MLI 070, ML 1 733, ML2457, 
ML2568. ML2677 
ML0382 (whiB3), ML0639, (whiB 7 ), ML0760 (whiB2), ML0804 (whiBl),  
ML2307 (whiB4 ) 
ML0550, ML2696, ML2 140 
ML0825 
ML2041 (oxyR), ML2663 (oxyS ) 
ML2 1 86 
ML2302 
ML0565 (whiA), ML0824 (furB), ML0988 (recX ), MLl O03 (lexA), ML l O 1 3  (ideR), 
ML 141 1 (argR), ML2 1 88 (phoYl )  
ML0320, ML0592, ML0898, ML09 1 9, ML1 320, ML 1 328, ML1 3 30, ML 1 367, 
ML 1 4 1 9, ML 1 652, ML 1753, ML 1 783, ML2063, ML2 1 56, ML2429, ML2530 

Bacteria respond to changes in environmental conditions by means of diverse signal 

transduction systems that control gene expression through phosphorylation of regulatory 

proteins. These are of two types in mycobacteria, the classical two-component systems, 
comprising membrane-bound histidine protein kinases and phospho-aspartyl response 

regulators,25 and the eukaryotic-like serine-threonine protein kinase phosphorelay system 

(STPK).26,27 Of the 1 1  complete two-component systems present in the tubercle bacillus, 
only four have been retained by M. leprae together with isolated genes coding for a single 

histidine protein kinase and a response regulator. One of these systems, mtrAB, is essential 

for M. tuberculosis and this is almost certain1y true of M. leprae as well . Indeed, one can 
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speculate with confidence that orthologs of the remaining two-component system genes of 

M. leprae will also prove to be essential in the tubercle bacillus. 

Although formal evidence is still lacking, it is highly likely that the STPK, are also 

involved in signal transduction given their similarity to many other enzymes of the STPK 

superfamily that play this role. Only four of the 1 1  STPK genes of M. tuberculosis and the 

putative phosphoprotein phosphatase (Table 2), have functional orthologues in M. leprae. 

Indeed, it has been suggested that three of these genes pknA, pknB and ppp may control the 

timing of cell division or septation as they occur in an operon with other division genes?6 

PA THOGENICITY 

ln some microbes, the combination of genomics and bioinformatics has been of great value 

in identifying genes for potential virulence factors that augment the degree of pathogeni

city, and an excellent example is provided by the genome of the plague bacillus, Yersinia 

pestis?8 When bioinformatic tools such as the GC skew29 or dinucleotide bias30 were applied 

to this genome, several new pathogenicity or adaptation islands of atypical base composi

tion were uncovered. Using similar approaches to investigate the M. leprae genome, no 

such islands were detected, although they did provide evidence for recent chromosomal 

rearrangements.4 Likewise, when database searches were performed few bits to genes for 

known virulence factors were obtained. Similar observations have been made previously 

for the tubercle bacillus,3 1 and it now seems unlikely that any virulence genes were acquired. 

Instead, it seems more probable that the ability to survive in the macrophage or Schwann cell 

and hence to persist in the body represent the major deterrninants of pathogenicity. Although 

our understanding of the initial steps in infection of Schwann cells by M. leprae has improved 

considerably, thanks to the definition of the roles of laminin-binding protein and phenolic 

glycolipid 1 in this process,32-36 we know little about the ensuing events or mycobacterial 

persistance in either Schwann cells or macrophages .  Nevertheless, although genomics has 

not pinpointed a handful of potential candidate virulence genes, the sample size has been 

reduced to a tangible leveI by comparative genomics. A set of -120 genes of unknown 

function has been defined that are common to both the leprosy and tubercle bacilli but 

no other sequenced pathogens4 and this includes the mce genes encoding the cell entry 

factors37 ,38  (Table 1 ) .  Testing their role in pathogenesis can now be undertaken by means 

of surrogate functional genomics .  

NOVEL FUNCTIONS, HORIZONTAL GENE TRANSFER ANO IMMUNOOIAGNOSTICS 

As outlined above, while most of the M. leprae genes have orthologues in M. tuberculosis, 

there are several that appear to be unique and may have novel activities. These include 
hypothetical proteins of unknown function and a number of potential enzymes such as the 

inorganic pyrophosphatase encoded by ppa, prolyl-tRNA synthetase, a eukaryotic-like 
uridine phosphorylase, phospho-enol-pyruvate carboxylase, adenylate cyclase, cytochrome 

P450 and enoyl-CoA hydratase. Furthermore, there are two transport systems that may 
play significant physiological roles:  an ABC-transporter for sugars, and a second Nrampl 

like protein, possibly involved in divalent metal ion uptake39 that may offset the apparent 

absence of a siderophore system. It is probable that the phospho-enol-pyruvate (PEP) 

carboxylase replaces the pyruvate carboxylase of M. tuberculosis, as this enzyme is missing 

from M. leprae, and intervenes in the anaplerotic pathways. There is only one cytochrome 
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P450 (ML2088) present in the leprosy bacillus, compared to 20 in M. tuberculosis and, as 

this enzyme has no counterpart in M. tuberculosis, its function might be specific. 

There is evidence that some of these enzymes have been acquired as a result of horizontal 

gene transfer and this is best illustrated by the prolyl-tRNA synthetase, ProS, which is the 
sole aminoacyl-tRNA synthetase of M. leprae with no counterpart in M. tuberculosis. 

Surprisingly, ProS is more similar to the enzymes of Borrelia burgdorferi and to eukaryotes 

such as Drosophila, humans and yeast . It has been proposed that horizontal transfer of tRNA 

synthetase genes occurs frequently, and that the pathogen B. burgdorferi may have acquired 

proS from its host.40 Comparison of the genetic neighbourhood provides further support 

for this hypothesis as the M. leprae proS is both displaced and inverted with respect to the 

M. tuberculosis genome,4 consistent with recent acquisition. ln this case, the domain structure 

of the enzyme is indicative of a eukaryotic origin, and the human host appears the most 

likely candidate. Another example is found in the case of uridine phosphorylase, an enzyme 

that is not common in bacteria, as the closest relative of the M. leprae protein is that of the 

mouse. 

Ensuring the elimination of leprosy as a public health problem will require both continued 

implementation of multidrug therapy and improved detection of infected individuais .  

Diagnosis is difficult in patients with few lesions and accurate information about sub

clinical infection is often rare. The identification of proteins that may be specific for the 

leprosy bacillus opens up new avenues for the development of immunodiagnostic tests 

possibly of the transdermic kind. ln the post-genomic era it is important that the immuno

gellÍcity of these polypeptides be appraised and, if the illÍtial findings are promising, 

attempts should be made to produce batches suitable for field testing. Determining the 

genome sequence of M. leprae has taught us much about the biology of the pathogen but 

it is the application of this new knowledge to disease control that should be prioritized now. 
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One of the most exciting things about living in the genome sequencing era is that hitherto 

intractable pathogens can be understood for the first time in unimaginable detail .  Many 
bacterial genomes have been sequenced and one can now enquire about their physiology. 1t is 

possible not just to enquire about Mycobacterium leprae, but make comparisons with other 

host-dependent and axenicalIy uncultivable pathogens 1 such as Treponema pallidum, that 

have also had their genomes sequenced. 

Previously, to study the metabolism and biochemistry of leprosy bacilli one had to purify 

them fram the heavily infected tissues of armadilIos or nude mice. Some data were obtained 

fram less heavily infected sources induding even human biopsies but from such limited 

material only very limited data could be obtained. To be able to start to deduce metabolic 

pathways in operation, greater numbers of leprasy bacilli fram more heavily infected tissue 

were needed? Regardless of the source, it was always essential to prave that any metabolic 

activity was fram the bacteria, and not contamination from the host. For example, catalase 

activity is readily detected in suspensions and extracts of leprosy bacilIi but biochemical3 and 

genetic4,5 analysis show that this was host-derived, and there was no mycobacterial KatG (see 

Box 1) catalase activity. AlI this was difficult, but perhaps on balance easier than having 

to extract bacteria fram rabbit testides as is the case for the aforementioned agent of syphilis, 
T. pallidum. 

Now there is genome data to mine. The truth is in there, ar rather predictions of the truth 
are. It is important to keep in mind that deducing a function for a gene (that is, to give an 

example, referring to ML2323 as ask, the gene for aspartokinase) are predictions of function 

made on the basis of similarities to raw sequence information elsewhere in nature. Many of 
the similarities are so high, and so consistent throughout a metabolic pathway, that the 

attributions are essentially incontestable. These have been compiled into metabolic pathways 
in the KEGG database (http://www.genome.ad.jp/kegg/) where, for example, the nudeotide 
biosynthetic pathways referred to in Box 1 can be viewed. Other areas of metabolism are still 
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Box 1 .  The physiology of Mycobacterium leprae as deduced from its genome 
• Uniquely for  a host-dependent pathogen , the b iosynthetic pathways for  pur ine and pyrimidine 

nucleotides are complete. 

• Biosynthetic pathways for l ipids and amino acids are also complete with the exception that 
M. leprae is a methionine auxotroph.  

• Only central pathways of carbon and energy metabol ism are complete but alternative pathways are 
degenerate. 

• The co-enzyme central to the most u n iversal metabol ic pathways - NADH cannot be recycled to 
NAD by the usual oxidative respi ratory route . 

• Redundancy seen in M. tuberculosis is often lost in M. lepra e, as most paralogues seen in  
M. tuberculosis are pseudogenes (= non-functional) i n  M. leprae. 

• Defence against toxic radicais is severely degenerate ,  as neither katG nor the narGHJI cluster is 
functional . 

• None of the few ( 1 42) additional genes only found in M. leprae appear to confer additional 
metabolic pathways. 

far from c1ear. Some of these are explored in this review, such as whether M. leprae is capable 

of the biosynthesis of siderophores for the vital activity of acquisition of iron from the 

environment. This is but one example of how the genomic data generates hypotheses to be 

tested. There are yet others to be generated. The 'take-home message' is that the genome 

sequence is not the conc1usion of research into any particular microbe, but merely the 'end of 

the beginning' ,  a beginning started with rational research on microbial metabolism and the 

action of antimicrobial agents by Pasteur, Entner and Doudoroff, Stamp and Green amongst 

others.6 

Anabolic and catabolic pathways - what's different about M. leprae? 

The big questions in bacterial physiology are: how do bacteria obtain their nutrition, use it for 
production of energy (catabolism) and make all their components - proteins, lipids, cell 

envelope, nuc1eic acids and so on (anabolism) . The first four points in Box 1 summarize how 

the genome project has shown how M. leprae differs from other microbes in general, while 

the fifth point shows how M. leprae differs from Mycobacterium tuberculosis in particular. 
Microbes of medical interest vary considerably in their metabolic capabilities. At one 

extreme, some are autotrophs so that they can make everything they need from ammonium 
ions and carbon dioxide. At the other extreme, there are highly host-dependent organisms 
such as Rickettsia and treponeme species . 1 A c1assical example of their dependency upon the 
host for preformed intermediates is that they are unable to synthesize the structures on which 

nuc1eotides are based - purine and pyrimidine rings that inc1ude four to tive carbon atoms and 
two to five nitrogen atoms. Thus, like many parasitic microbes, they have to scavenge purines 
and pyrimidines from their host. Intuitively, M. leprae would be expected to lie on the host

dependent end of this scale, since it cannot be grown axenically and it grows almost by 

stealth when it is in the host, dividing no more rapidly than every 1 2  days (growth rate 
-0.0035 h - I  ) .7  However, a surprising tinding from the genome sequence is that M. leprae has 

the capacity to make most of its own components .  For example, although it is able to obtain 

lipids, amino acids, purines and pyrimidines directly from the host,4 it can also make all these 

from the simplest components.  ln this respect its metabolism is no different from E. coZi or 

M. tuberculosis. The one exception is that M. leprae cannot make methionine and must 



Table 1. Distribution of genes by selected functions 

Category 

Energy metabolism 
Nucleotide and nucleoside metabolism 

(includes purine and pyrimidine biosynthesis) 
Arnino acid biosynthesis 
Lipid biosynthesis 
PEIPPE 
Virulence detenninants 

M. tuberculosis 
genes 

300 

65 
9 1  
68 

1 67 
39 
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M. leprae 
genes 

95 

57 
78 
37 

8 
16  

M. leprae 
pseudogenes 

1 20 

5 
5 

1 2  
8 
4 

depend upon the host for this one amino acido This one piece of degeneracy in the major 

anabolic pathways is evidently something that pathogenic mycobacteria can tolerate, since 

experimentally obtained methionine auxotrophs of M. tuberculosis show little or no 

attenuation. 8,9 

Compare now in Table 1 the difference between the distribution of genes for the anabolic 

pathways I have just mentioned and those for energy metabolismo The former are virtually 

complete, with losses in M. leprae compared with M. tuberculosis being down to loss of 

redundancy more often than function. Thus, whereas M. tuberculosis may have two or more 

genes capable of performing a particular function, M. leprae frequently has just one. Even in 

the case of lipid biosynthesis, central pathways are complete with the losses reflecting the 

more limited, but still extensive, repertoire of lipids produced by M. leprae. However, for 

energy metabolism (catabolism) M. leprae has less than one-third the functional genes 

possessed by M. tuberculosis. Here, alternative pathways are lost and M. leprae has a very 

limited aerobic respiratory metabolismo It is possible for M. leprae to use glucose or glycerol 

or even pyruvate, catabolizing them to carbon dioxide to generate ATP oxidatively (Figure 1 ) .  

However, the rate at which pyruvate is converted to  acetyl-CoA to  feed carbon into the 

oxidative Krebs cyc1e (Figure 1 )  is limited by a loss of redundancy. The pdh genes found in 

M. tuberculosis are lost in M. leprae and the function - the corresponding enzymatic activity 

- is markedly 10w. 1O This remaining function is apparently encoded by aceE and lpd, two 

separate genes that are ML 165 1  and ML2387, respectively. Disregarding the rate of 

catabolism of glucose and glycerol to carbon dioxide, their oxidation is predicted to generate 

only about 35% the ATP per mole carbon source oxidized that analogous pathways in 
M. tuberculosis generate, since all the NAD is predicted to be recycled in an oxygen
independent way (Figure 1 ) .  This faiIure to coupIe NADH oxidation to electron transport 
appears to be an adaptation to low oxygen tension yet the anaerobic respiratory systems seen 

in M. tuberculosis are alI gone in M. leprae. Finally, the inabiIity to recycle acetate (Figure 1 )  

i s  predicted t o  lessen opportunities for axenic growth by limiting the number o f  carbon 

sources that M. leprae can use. 1 1  

Other notable differences between M. leprae and M. tuberculosis occur in the anaplerotic 
pathways in which 3-carbon (pyruvate, phospho-enol-pyruvate or PEP) and 4-carbon 
compounds (e.g. oxaloacetate, malate) can be interconverted to be used in either a catabolic 
or anabolic direction (Figure 1 ) .  Here, M. leprae lacks the pca gene. This is predicted to be 
required for pyruvate to be used in gluconeogenesis in groups of organisms that posses pca, 

such as actinomycetes and yeasts; thus another component of carbon metabolism is lacking in 
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Figure 1. Carbon and energy metabolism in M. leprae; a comparison with a pathogen that can be cultured on simple 
media, M. tuberculosis. This simplified figure shows how glucose, glycerol, pyruvate, acetate and galactose can be 
metabolized in leprosy bacteria. Black arrows show reactions that can take place in both bacteria, gray ones only in 
M. tuberculosis and the open arrow shows the reaction that can only occur in M. leprae. Dashed arrows are for 
reactions predicted to occur at a limited rate. Left of the tine arrows show interconversion of substrates, right of the 
Une arrows show electron flow, in essentially respiratory pathways. The conversion of PEP (phospho-enol-pyruvate) 
to pyruvate is shown twice for clarity. For M. leprae, it follows that glucose and glycerol can be used for both ATP 
generation and gluconeogenesis to lead to cell wall intermediates as black arrows can be followed throughout the 
pathways. Pyruvate can only be used to generate ATP in the pathways shown in this figure, and acetate and galactose 
cannot be used at alI. Ali substrates can be used in ali directions by tubercle bacilli. 

M. leprae. Intriguingly, M. leprae has a gene not present in M. tuberculosis, ppc (Figure 1 ) .  It 
is hard to predict the function of ppc, with certainty. Possibly it would allow oxaloacetate to 
be topped up so that the citric acid cyc1e could continue through dismutation of PEP 

(Figure 1 ) .  The effects of these differences should be ascertained by comparing the metabolic 
fate of pyruvate, glycerol, and perhaps other carbon sources (see Figure 1 for examples) in 
M. leprae and other actinomycetes.  

A further enzyme in interconverting 3- and 4-carbon compounds is malic enzyme 

(decarboxylating), which converts malate to pyruvate. The dichotomy between fast and 
slow growing mycobacteria was once thought to be based, with few exceptions, on the 
presence or absence of this enzyme, with its activity found only in fast growers (mycobacteria 
that have a growth rate of above about 0. 1 5  h- I ) .  Intriguingly the corresponding gene, mez, is 

actually found in M. tuberculosis (Rv2332),  but is a pseudogene in M. leprae. Together with 
the apparent 'pinch-point' for conversion of pyruvate to acetyl-CoA mentioned above, this 

may reftect an irreversible commitment of M. leprae to a lifestyle characterized by slow 

growth and necessarily slow central metabolismo 

The overall conc1usion is that loss of altemative pathways in catabolism and also the loss 
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of 'redundant' genes (Box 1 )  has resulted in M. leprae occupying, and being severely 

restricted to a specialized niche. But there is worse to come ! 

Defence against toxic radicais 

Intracellular pathogens such as M. leprae and M. tuberculosis have to protect themselves 

from exposure to toxic products produced by host macrophages. M. leprae lacks major 

components of its defences against the highly toxic and damaging oxygen- and nitrogen-free 

radicaIs .  Against oxygen radicais there is no functional katG to encode catalase. This is 

evident from the genome sequence and has been proved biochemically3 and genetically.4.5 

The narGHJI gene c1uster, 1
2 

which is lacking in M. leprae, may be a virulence factor, and 

could be involved in resistance against nitrogen oxide radicaIs.  Their deletion, together with 

the lack of a functional katG to encode catalase as a defence against oxygen-free radicaIs, 

makes M. leprae look very vulnerable to the host' s cell defence mechanisms. This reduction 

in the genes for respiration and to deal with the consequences of an oxygen-rich environment 

may therefore reftect a niche with relatively constant conditions (intracellular, little toxicity, a 

fairly constant microaerophilic environment) for M. leprae. ln contrast, M. tuberculosis exists 

in a variety of tissues,  from intracellular when it has been engulfed by alveolar macrophages, 

to caseated, probably almost anaerobic, Iesions. Extreme specialization of the leprosy 

bacillus in terms of its oxygen environment may account for the deletion or inactivation in 

the M. leprae genome of 145 of the 1 70 remaining oxidoreductases and oxygenases found in 

M. tuberculosis. 

Iron acquisition and metabolism 

Classical studies show that the ability to acquire iron from the host is essential for the survival 

and growth of intracellular pathogens .  Yet in comparison with M. tuberculosis M. leprae 

appears to have a major deficiency in its ability to acquire iron. Its entire mbt operon is 

deleted, rendering it unable to make either the membrane-associated or excreted form of 

mycobactin T. ln M. tuberculosis, such a deletion would lead to loss of virulence as deletion 

of the mbtB gene results in restriction of growth in iron-limited media and in macrophages. 1 3 

However, suspensions of M. leprae do not take up iron from the excreted mycobactin 
siderophores of slow-growing mycobacteria inc1uding M. tuberculosis and 
Mycobacterium avium. Instead, they acquire iron from the exochelin siderophores of 
Mycobacterium neoaurum, one of the most rapid-growing and least fastidious mycobacteria, 

and an unc1assified, cultivable, armadillo-derived mycobacterium. Although they share the 

function of iron acquisition, these two types of siderophores are chemically distinct. While 

mycobactin T is derived from salicylate, the exochelins are hydroxymate-derived side

rophores. 1 4  Thus, maybe it is the genes for a hydroxymate-based siderophore that should be 
searched for in the M. leprae genome. The genes for the biosynthesis, and probably the export 
and uptake of the exochelin of M. smegmatis are known. 1 5 The fxb genes for biosynthesis 
have no strong matches in the M. leprae or M. tuberculosis genomes even though one would 

predict that M. leprae would synthesize the c1ass of siderophore that it can transport. 

However, there are important differences between the exochelins of M. smegmatis and 

M. neoaurum (for example the use of D-omithine and N-methylation in the M. noeaurum in 
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contrast to L-omithine and N-formylation in M. smegmatis) (see 14 for a comparison of the fulI 

structures) so alI the similarity one might expect to see in the genes could be peptide 

synthases. Thus it is difficult to deduce whether M. leprae possesses functional genes for 

siderophore biosynthesis. However, it might be more feasible to search for genes involved in 

their transport. ln M. smegmatis, fxuD is regarded as the gene encoding the ferri-siderophore 

receptor, but while this has 36% identity to the M. tuberculosis fecB2 gene for an iron 

transport protein (Rv0265c), the corresponding gene (ML2548) in the M. leprae genome is a 

pseudogene. A c1uster of three orfs immediately downstream of the M. smegmatis exochelin 

biosynthesis locus have strong similarity to c1usters of three orfs (in both M. tuberculosis 

(Rv 1458c to Rv 1456c) and M. leprae (ML0589 to ML0591 )  but in both pathogens these 

appear neither to be under iron regulation nor ftank:ed by genes likely to be involved in iron 

metabolismo 

While the genes involved in iron acquisition by the leprosy bacillus remain obscure, there 

is no doubt that M. leprae does utilize iron. The presence of genes for cytochrome c (ccsA,B), 

a haemoglobin-like oxygen carrier (glbO), ferredoxin ifdxC,D), biosynthesis of the haem 

group (hem genes) and for the iron-storage bacterioferritin bfrA (in one of the many examples 

of loss of redundancy, a second, bfrB gene present in M. tuberculosis is deleted from 

M. leprae) are alI examples of genes encoding iron-containing molecules . Finally, IdeR, the 

key iron regulation protein dependent on intracelIular iron, is highly conserved, with 84% 

identity to the M. tuberculosis IdeR. As in M. tuberculosis, ideR is just downstream of another 

important regulator, sigB, which is involved in response to stress and growth in macrophages . 

The capacity of M. leprae to tightly regulate intracelIular iron would be anticipated to be vital 

since its katG, the gene that encodes the major catalase activity of pathogenic mycobacteria, 

is a pseudogene. Thus an excess of iron that would catalyse the formation of peroxides and 

oxygen-free radicaIs would be especialIy disastrous for the leprosy bacilIus, and just as 

harrnful to the bacterium as iron deficiency. 

Do the genes found only in M. leprae expIain its neurotropism? 

Two distinctive properties of M. leprae are its ability to invade and grow in peripheral nerves, 

and its production of a unique phenolic glycolipid that forms a capsule around the bacilIus. 
These properties are now thought to be link:ed, as the phenolic glycolipid binds to peripheral 
nerves. This lipid binds to the basal lamina of Schwann celI axons in a specific way that is 
inhibited by both (neural) laminin fragments and the trisaccharide moiety of the glycolipid. 1 6 

Another product that is involved in binding to Schwann cells is the laminin binding protein, 

Lbp, though this is found in other mycobacteria. 1 7  The phenolic glycolipid is unique because 

it has a unique trisaccharide moiety, whereas other similar glycolipids, such as the one found 

in M. bovis, have a single sugar. I S  The genes for adding the additional sugars have not been 
identified yet,4 but the 142 genes specific to M. leprae are not candidates since they are too 
short to encode for the required glycosyltransferases enzymes. However, some of the 

apparent gene fragments amongst the 142 specific genes could be large enough to encode 

neuroactive peptides .  
Genes found in M. leprae but not in M. tuberculosis, for which it has been possible to 

attribute functions, are shown in Table 2. It is hard to implicate any of them in neurotropism 

but they do appear to be involved in uptake and metabolismo The adenyl cyc1ase and nramp 

homologues (ML234 l and ML2667, respectively) may suggest unusual regulatory functions, 
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Table 2. Genes with attributed functions in M. leprae but not in M. tuberculosis 

Gene 

ML0397 
ML0398 
ML0458 

ML0578 

Between ML l O92 and 
ML1 093 

ML 1553 
ML1 795 

ML2 1 77 
ML234 1 

ML2667 

Function 

ABC transporter involved in ribose transport? 
D-Ribose binding protein 
Possible oxidoreductase 

Phospho-enol-pyruvate carboxylase (ppc) 

Similarities to malate oxidoreductases 

ProS, prolyl-tRNA synthetase 
hsp 1 8  

Uridine phosphorylase 
Adenylate cyclase - regulatory function 

Mn2+ transporter, similar to nramp 
family - regulatory function 

Paralogues in . . .  

Bacillus subtilis, other bacteria 
Bacillus subtilis, other bacteria 
Bacteria and eukaryotes, e.g. 
Schizosaccharomyces pombe 
Bacteria, e.g. Rhodopseudomonas 
palustris and streptomycetes 
Other bacteria 

Eukaryotic 
Other actinomycete hsps, e.g. in 
Mycobacterium intracellulare and 
Streptomyces albus 
Eukaryotic 
Many, e.g. Stigmatella aurantiaca 
and Streptomyces coe/icolor 
Bacteria, e.g. Pseudomonas 
aeruginosa 

perhaps related to a predilection of the leprosy bacillus for adenosine, a property predicted by 

c1assical biochemical studies. 1 9 A possible link that emerges fiom the M. leprae genome is 

that while most of the genes for making cobalamin and related vitamins have been lost in 

M. leprae, most of the few that remain use adenosine or its derivatives as one of their 

substrates. While the genes for making cobalarnin are in M. tuberculosis, another of the genes 

found only in M. leprae (uridine phosphorylase) encodes an enzyme in pyrirnidine nuc1eotide 

metabolismo There is something unusual about this whole area of purine and pyrirnidine 

metabolism in M. leprae. Why should the biosynthetic pathways have been retained in such a 

host-dependent pathogen? Maybe it is part of the mechanism that allows the leprosy bacillus 

to survive and grow within the rather metabolically inert Schwann ce1ls. Most leprosy bacilli 

that have been used for biochernical work were obtained from established infections in 

macrophages (spleens, lymph nodes and livers of experimentally infected armadillos2) .  ln 

such established macrophage infections, biochernical studies showed that M. leprae only uses 

scavenging pathways typical of obligate parasites and not the de novo purine biosynthesic 

pathways20 of which it is capable according to its genome. It is possible that the de novo 
purine biosynthetic pathway is required to establish infection if the early stages are analogous 
to M. tuberculosis infections in which purC mutants in the de novo pathway are cleared by 

innate immunity?1 

ln this section, I have raised a number of speculative ideas. However, it should be possible 
to test these ideas in the post-genornic era. It may be possible, for example to compare the 

transcripts of mRNA produced by leprosy bacilli in macrophages and in Schwann ce1ls. Thus 

one could identify genes that are preferentially expressed during growth in Schwann ce1ls and 
hence might account for this unusual property. 

A few conclusions and many more questions 

Obtaining a genome sequence should be regarded as a springboard to research on the rnicrobe 
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in questiono I hope in this short review I have shown that this is a time to push forward with 

researeh into M. leprae, a paradigm of obligate intraeelIular host-dependeney. Fundamental 

questions for an intraeelIular pathogen about iron metabolism ean be addressed. How the loss 

of redundaney throughout the genome in eomparison with the tubercle baeilli has resulted in a 

speeialized pathogen in eontrast to the adaptable M. tubereulosis eomplex is another basie 

issue in myeobaeteriology. Does the apparent limitation in virulence determinants and celI 

entry genes (Table 1) eommit M. leprae to gaining access only to its narrow niehe? While two 

of the three haemolysin genes found in M. tubereulosis, including tlyA, persist in M. leprae, 

alI four pie genes are lost. Will we find out the role of PPEs and PEs in tubercle bacilli by 

making eomparisons with M. leprae, a 'natural mutant' for most of them? What else ean we 
leam about tubercle baeilli by eomparative genomies now we have the leprosy genome? Why 

eannot M. leprae be grown axenicalIy; do the lesions in energy metabolism only alIow 

interrupted growth when eonditions are just right in the host? Are media too toxie, at least in 

aerobie eonditions? With a massive loss of regulatory functions4 have those that would alIow 

M. leprae to adapt to axenie eulture been lost? We are now in a position to generate better 

defined hypotheses. Soon the Myeobaeterium uleerans genome will be sequeneed; will 

eomparisons with this diffieult to grow myeobacterium help us to formulate new hypotheses 

for M. leprae? FinalIy, we ean design experiments that will provide a better understanding of 

the interaetion between M. leprae and Sehwann ee1ls. With neurologieal reactions still a 

major clinieal issue in the treatment of leprosy these are urgent experiments. My eonclusion 

would be to reeommend the leprosy researeh eommunity develops post-genornie research and 

investigates the expression of M. leprae genes as a means of addressing the many biologieal 

questions that still remain. 
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Understanding the molecular basis underlying the hallmark features of Mycobacterium 

leprae, such as its parasitism and extraordinarily slow growth rate, has stimulated research 

into the biology of this pathogen for decades, but it is through the completion of its genome 

sequence that a quantum leap of progress has been achieved. 1 ln this review, we analyse the 

genes in M. leprae that are involved in the synthesis and salvage of purines and pyrimidines 

and in DNA replication and repair in an attempt to uncover the relationship between the 

massive gene decay observed in the M. leprae genome and its DNA metabolic capacity. 

This analysis has provided insights into possible mechanisms for the genomic deterioration 

in the leprosy bacillus and supplements the sparse biochemical data hard won from this 

organismo 

Nucleotide biosynthesis and salvage 

Purine and pyrimidine compounds are central to nucleic acid synthesis and byproducts of the 
purine pathway are essential components of energy metabolism and protein synthesi s .  
Cellular leveIs of purines also affect induction of the stringent response and are important 
for the regulation of many other genes. 

DE NOVO S Y N THESIS OF PURINES 

Purine biosynthesis proceeds in a stepwise fashion that is conserved across prokaryotes 

and eukaryotes. A complete pathway for the production of purines has been preserved in 

M. leprae but it has a minimal gene complement for the conversion of ribose-5-phosphate 

to inosine monophosphate (!MP) ; it does not possess purT or purU (encoding the formate
dependent phosphoribosylglycinamide formyltransferase II and formyltetrahydrofolate 
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deformylase, respectively) which restricts the addition of the C-8 position to 5'-phospho

ribosyl- l -g1ycinamide to the action of phosphoribosylglycinamide formyltransferase (purN) .  

ln  contrast to E. coZi, where phosphoribosylformylglycinamide synthase activity comprises 

PurL alone,
2 mycobacteria follow the B. subtilis modee with the M. leprae activity 

comprising PurL, PurQ and PurS (ML22 1 9A) . 

For a genome so peppered with pseudogenes, it is surprising that M. leprae has retained three 

guaB genes (guaBl -B3) encoding IMP dehydrogenase, which converts IMP to xanthine 

monophosphate (XMP). By analogy with Mycobacterium tuberculosis,4 GuaB2 probably 

provides most of the IMP dehydrogenase activity in M. leprae. A candidate for the M. 

tuberculosis purR regulator5 •6 is Rv3575c,7 the counterpart of which is a pseudogene in M. 

leprae (ML0338), suggesting that regulation of this pathway may differ between mycobacterial 

species . The presence of a complete pathway for de novo purine biosynthesis deduced from the 

genome sequence is not consistent with the conclusion that M. leprae is dependent upon the host 
as a source for the purine ring.8 ,9 However, regulatory impairment and low leveIs of constitutive 

gene expression might explain the observed purine auxotrophy of M. leprae. LeveIs of 

phosphoribosylamine glycine ligase (purD) and phosphoribosylaminoimidazole carboxylase 

ATPase (purK) in M. leprae were undetectable compared to adenylosuccinate lyase (purB). l o  

D E  N O VO SYNTHES IS O F  PYRIMIDINES 

M. leprae also possesses a complete gene set for de novo pyrimidine synthesis, in accord

ance with experimental observations . l l , 1 2 Although the biosynthetic components of the 

pathway are conserved with M. tuberculosis, the M. leprae pyrR, which would be responsible 

for UMP-dependent attenuation of the pyrimidine operon, is a pseudogene. The context of the 

biosynthetic genes is largely conserved between these two species, but the genes encoding 

the first three steps in the conversion of glutamine to dihydroorotate differ in their operonic 
structure, suggesting that this biosynthetic cluster may be differentially regulated. 

B lOSYNTHES IS OF DEO XYRI B ONUC LEOTlDES FROM RIB ONUC LEOTlDES 

The reduction of ribonucleotides to deoxyribonucleotides is catalysed by ribonucleotide 

reductases (RNRs),  which are classified on the basis of their O2 dependence. The O2 
dependent, class I family of RNRs is divided into subclasses I(a) and I(b), represented by 

NrdAB and NrdEF respectively, which utilize NDPs as substrates.  Class II RNRs (NrdJ) 

are indifferent to 020 catalyse the reduction of NTPs and utilize adenosy1cobalamin as a 
co-factor, and the anaerobic class III (NrdDG) enzymes generate a glycyl radical from 
S-adenosylmethionine and an iron-sulfur cluster to reduce NTPs. The RNR gene repertoire 
of M. leprae is simpler than that of M. tuberculosis,4 consisting only of nrdE and nrdF. As in 
M. tuberculosis, nrdE is operonic with nrdH and nrdI, which encode the electron transport 
component of NrdEF and a protein with stimulatory properties for ribonucleotide reduction, 

respective1y. 1 3  dADP, dGDP and dCDP are derived directly by reduction of the correspond

ing NDPs and ali other enzymes involved in the production of dNTPs are conserved 
(nucleotide diphosphate kinase, dUTPase and thymidylate synthase). 

S A L V AGE PAT H WAYS 

SaIvage pathways controI the intracellular leveIs of nucleosides and bases produced from 

catabolism of nucleic acids and nucleotides and those taken up from the extracelluIar miIieu. 



410  S .  S .  Dawes and V. Mizrahi 

Analysis of the genome sequence suggests that the purine salvage pathway of M. leprae is 

largely intact, whereas the pyrimidine pathway is fragmented, consistent with experimental 

evidence suggesting that salvage of purines plays a more important role than that of pyri

midines . 14  The uptake and utilization of adenosine and hypoxanthine has been demon

strated in macrophage-maintained leprosy bacilli , 1 5  and dephosphorylation of nuc1eotides 

and subsequent importation of nuc1eosides has aIs o been shown to occur in M. leprae.8, 1 4 

The purine salvage pathway converting adenosine to AMP via adenine by pnp or 

deoD (purine nuc1eoside phosphorylases) and apt (adenine phosphoribosyltransferase) is 

not complete in M. leprae; although the pnp-apt pathway is probably functional in 

M. tuberculosis, pnp and apt are pseudogenes in M. leprae. ML0707 is annotated as deoD, 

a guanosine/inosine/adenosine phosphorylase of the PNP family I of phosphorylases, but 

domain analysis indicates that it belongs instead to the PNP family II and would therefore 

catalyse the degradation of all purine nuc1eosides except adenosine and deoxyadenosine. 

However, conversion of adenosine to adenine is a minor pathway in E. coZi and the major 

pathway, which cyc1es adenosine to !MP is conserved in M. leprae (add, ML0707 and hpt) . 

Guanosine can be cyc1ed to guanosine monophosphate (GMP) in a similar fashion (ML0707, 

hpt). ln Escherichia coZi and Bacillus subtilis, xanthine and guanine are only cyc1ed to !MP 

via GMP. Neither xanthine phosphoribosyltransferase (xpt/gpt), which recyc1es xanthine to 

XMP, nor GMP reductase (guaC) was identified in the M. leprae genome, but since IMP 

dehydrogenase and GMP reductase are c10sely related enzymes with similar tertiary 

structures, GuaB 1 and/or GuaB2 may function as GMP reductase. Finally, although high 

leveIs of adenosine kinase activity were detected in M. leprae, la we could not correlate a 

coding region(s) with this activity, suggesting that a non-orthologous enzyme may be present. 

M. leprae has been shown to incorporate exogenous pyrimidines as bases or nuc1eosides, 

with uracil alone being able to supply all of its pyrimidine requirements. 1 4  Incorporation of 
3H-thymidine has also been reported in M. leprae isolates. 1 5  However, we could not identify 

genes for thymidine kinase (tdk), thymidine phosphorylase (deoA) or uridine/cytidine 

kinase (udk). Moreover, the genes encoding uracil phosphoribosyltransferase (upp, pyrR) 

are non-functional, which would prec1ude the direct conversion of uracil to UMP. M. leprae 

has also acquired a eukaryotic-like uridine phosphorylase (ML2 1 77) that is not found in 

M. tuberculosis, for the interconversion of uracil and uridine (and possibly also thymine and 

thymidine, and uracil and deoxyuridine). Cytidine may also be converted to uridine by 
cytidine deaminase (cdd) and deoxycytidine to deoxyuridine by deoxyctidine dearninase 

(ML2507) .  ln the absence of an enzyme to produce UMP from uracil or uridine, it is 
surprising that an intact cdd gene still remains, as this would shuttle cytidine to a meta
bolic dead-end. These observations, in conjunction with experimental evidence, 14, 1 5  argue in 

favour of the presence of non-orthologous uridine and/or thymidine kinases. 

DNA replication 

The highlights of our comparative analysis of the DNA replication and repair gene 

complements of M. leprae and M. tuberculosis are summarized below. 

lNlTlA TlON/ELONGA TlON/ PROCESS ING PROTEINS 

Proteins involved in initiation (DnaA), accessory proteins (rnlHF, HU, RNA-P), those in 
the pre-priming complex (SSB, DnaB),  DnaG primase and DNA gyrase are all conserved 
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in M. leprae, but DnaC is absent, suggesting that the replicative complex does not require 

DnaC to load DnaB . Like M. tuberculosis, M. leprae lacks RNase Hl, suggesting that TopA 

and RNase IllI provide initiation specificity . The RNA primers for replication could be 

processed by the 5'-3' exonuc1ease activity of PolI, but as previously noted, the RLEP 

elements flanking the polA gene may affect its expression and hence compromise its 

processing function. 1 6 

REPLlCATlV E  COM PLEX 

Although most information on the bacterial replication complex (DNA PolIU holoenzyme) 

has been gained from studies in E. coli, 1 7 recent work has elucidated the subunit composi

tion of a Gram-positive PolIll 1 8 against which that of M. leprae can be compared. M. leprae 

Polill comprises 7/"{ (dnaZX ), ô' (hoIB) and ô (ML0603) subunits . As in Streptomyces 

coelicolor, the polymerase activity of M. leprae PolIU is provided by the Gram-negative 

type 01 subunit encoded by dnaEl . 1 9 This structure differs fiom that of low G+C Gram 

positive organisms, which contain a PolC subunit. 1 8 Mycobacteria also possess a second, 

Gram-negative type 01 subunit gene (dnaE2), but in M. leprae, this is a pseudogene. Studies 

in E. coZi have revealed that in the core holoenzyme, 01 is tightly associated with E,  the dnaQ

encoded proofreading subunit, which serves to markedly increase the fidelity of replica

tion?O,2 1 ln addition to its 3'-5' exonuc1ease activity, E is required for maximal DNA 

synthesis22 and also plays an important structural role within the core?3 We therefore 

consider the fact that M. leprae dnaQ is a pseudogene to be highly significant.4 Apart fiom 

less efficient (slower) polymerase action, the absence of a proofreading subunit of the 

replicative polymerase has major implications for the maintenance of genome integrity 

particularly as M. leprae also lacks the genes involved in mutLS-based rnismatch repair.4 

The absence of two of the three pillars of replication fidelity in M. leprae places the full 

burden of fidelity on the 01 subunit, which led us to speculate that enhanced base selectiv

ity by 01 rnight be the only mechanism available to avoid error catastrophe2 1 ,24 in this 

organism.4 

The loss of dnaQ may be reflected in the astonishing number of base substitutions and 

frameshifts in the M. leprae genome. M. leprae isolates also display variable numbers of TTC 

repeats that are not found in M. tuberculosis or Mycobacterium avium.25 Since expansion and 

contraction of triplet repeats map to mutations in dnaQ,26 this forrn of genornic diversification 

argues against the existence of an altemate proofreading subunit in M. leprae. This 
conc1usion is also consistent with the absence of intact 3 '  exonuc1ease-encoding genes that 
could serve this function. Finally, as replication in M. leprae may be inherently inefficient and 
error-prone, it is not surprising that this organism has also dispensed with its UmuC-like, 
error-prone polymerases.  

DNA repair 

As in other metabolic processes, considerable decay is evident in the repertoire of DN A repair 

genes in M. leprae. However, as highlighted below, the decay has mainly served to reduce 

the number of genes encoding redundant or overlapping biochernical functions while leaving 
the major repair pathways intact. 
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DAMAGE REVERS AL 

AIthough M. tuberculosis is well equipped to reverse bases damaged by O-aIkyIation and 

pyrimidine dimers, M. leprae has retained only the suicidaI DNA methyItransferase, Ogt, 

which is required for mutation avoidance. 

MISMATCH REPA I R  

All mycobacterial genomes sequenced to date Iack the highIy conserved, mutLS'-based 

mismatch repair pathway,4.27 impIying that as in M. tuberculosis, base substitution and 

simpIe frameshift mutations may become fixed in M. leprae due to the Iack of strand 

discrimination inherent in repair by enzymes such as MutY and UvrABc.27 

EXCIS ION REPAIR 

M. leprae possesses at Ieast one copy of each of the genes required for the base excision repair 

(BER) of Iesions created by hydrolytic, aIkyIative and oxidative and damage, nameIy uracil 

DNA glycosylases (ung and possibly ML l 105),  3-methyIpurine DNA glycosylases (tagA, 

ML 1 35 1 ), glycosylase/lyases (fpg, nth) and an apyrimidinic/apurinic endonuclease (nfo), 

but its restricted gene repertoire reflects the functional redundancy of BER activities. As such, 

M. leprae possesses neither nei nor xthA, but as these genes play minor roles in the presence 

of functional fpg, nth and nfo?8
.
29 their absence is tolerable . Both M. tuberculosis and 

M. leprae possess AlkB (ML01 90), which acts on alkylated single-stranded (ss) DNA at 

replication forks.30 Since AlkB is not widely distributed amongst the genomes sequenced 

to date, its presence suggests that mycobacteria may be particularly prone to alkylation 

damage? l 

M. leprae also possesses a complete gene complement for nucleotide excision repair 

(NER) of bulky lesions and adducts that cannot be repaired by BER. The NER process is 

initiated by UvrABC, which recognizes and binds to the lesions, with UvrD and PolI being 

responsible for further processing.  

REC OMB INATIONAL REPAIR 

The recombinational proficiency of M. leprae is evident in the structure of its genome, which 
shows that multiple homologous recombination events have occurred between repetitive 
sequences. J It is therefore not surprising that M. leprae contains a complete set of genes for 
homologous recombination. As in other mycobacteria, the recA gene, which pIays a pi votaI 

role in the recombinational repair of strand breaks, is probably lexA-regulated and damage
inducible in M. leprae.32-34 The function of M. tuberculosis RecA is well described35 and 
M. leprae RecA is assumed to have a similar activity. ln E. cofi, a number of pathways exist 

for the initial processing of double-stranded DNA breaks to ss substrates for recombination, 

each featuring the action of exonucleases and helicases. ln E. coli, 3' invasive ends for 

recombination can be generated by RecBCD or by the exonuclease/helicase pairs, RecE/ 
RecT or RecQ/RecJ. Mycobacteria do not contain recE, recT, recO or recI, and are 
unique amongst the Gram-positive organisms sequenced thus far in that they possess a 
Gram-negative type RecBCD, rather than the analogous AddAB found in low G + C Gram

positives. 36 M. leprae possesses neither of these systems, but it does possess homologues of 
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an archaeal exonuc1ease (ML1 1 55) and helicase (ML 1 3 12) belonging to  the recB family of 

exonuc1eases/helicases,37 in addition to several other helicases (heIY, ML21 57 and ML1 624) 

and exonuc1eases (sbcD (ML 1 l 1 9) ,  xseAB) which could provide the break-processing 

function. 

ln E. cofi, only one pathway has been shown to process the resulting ss DNA substrate 

further, and this RecFOR pathway is conserved in M. leprae. Helicase II (UvrD) is proposed 

to play an important part in RecBCD- cells in the RecF pathway of recombination, and in 

this context it is notable that M. leprae has retained both uvrD and uvrD2 genes. Strand 

exchange is subsequently promoted by the actions of TopA and DNA Pol I, both of which 

are present in M. lepra e, and as in other organisms, RecA, together with Ruv AB and RecG 

would carry out branch migration and RuvC and DNA ligase would finally resolve the 

heteroduplex. 

Conclusions 

While acknowledging the limitations inherent in deducing gene function from ' sequence 

gazing' ,  our analysis has nonetheless provided some intriguing insights into the genetics of 

DNA metabolism in M. leprae, which could guide future studies. High on our list of priorities 

would be to investigate the functional relationship between defects in components of 

replication fidelity and the process of gene decay. 
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Summary The obligate intracellularism of Mycobacterium leprae may be attribu

table to the effects of mutations in major metabolic areas due to a genome capable of 

encoding only about 1 600 proteins .  Yet cell wall biosynthesis capability remains 

relatively intact and comparisons with the genome of Mycobacterium tuberculosis 

provide insights into the genetic basis of a minimal mycobacterial cell wall. 

ACP:acyl carrier protein; AG: arabinogalactan; Ara/: arabinofuranose; Cso-P: decaprenyl 

5-phosphate; CoA: coenzyme A; DAP: meso-diaminopimelic acid; DMAPP: dimethyl

allyl diphosphate; DPA: decaprenyl phosphoarabinose; DXP: deoxyxylulose 5-phosphate; 

FPP: farnesyl diphosphate; Galf galactofuranose; GAP: glyceraldehyde 3-phosphate; GDP: 

guanosine 5 '  diphosphate; GlcNAc: N-acetyl glucosamine; GPP: geranyl diphosphate; 
IPP: isopentenyl diphosphate; LAM: lipoarabinomannan; LM: lipomannan; mAGP: myco

lyl-arabinogalactan-peptidoglycan; Mal :  malonyl; Man: mannose; Me: methyl; MurNAc: 

N-acetylmuramic acid; MurNGly: N-glycolylmuramic acid; P: phosphate; PG: peptido

glycan; PDIM: phthiocerol dimycocerosate ; PGL: phenolic glycolipids ;  PIMs: phospho

inositol mannosides; PAPP: 5 '  phospho arabinofuranosyl pyrophosphate; PRPP: 

5 '  phospho ribosyl pyrophosphate; Rha: rhamnose; TDM: trehalose dimycolate ; TDP: 

thymidine 5' -diphosphate; TMM: trehalose monomycolate; UDP: uridine 5' -diphosphate 

Introduction 

ln the last decade of biological research dominated by the pursuit of genomic sequence of 

organisms, the genus Mycobacterium has not been left behind. ln fact, several species of 
mycobacteria have been or are currently being sequenced to aid in the prevention and 
treatment of diseases such as leprosy and tuberculosis in humans and Johne' s disease and 
tuberculosis in cattle. 1 -3 The sequences of the virulent M. tuberculosis H37Rv, avirulent fast 

growing M. smegmatis and that of the slow-growing M. leprae are a valuable data set for 
comparative studies on physiology and virulence of mycobacteria. Unraveling the genetics of 
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essential biosynthetic pathways is the preferred approach for identifying new dug targets and 

has already yielded several candidates.4 The sequencing of the M. leprae bacterium is 

especially significant to medicine because it gives the genetic blue print of an organism yet to 

be cultivated in a laboratory. The sequence has revealed 'a decaying genome' with a dramatic 

loss of functional capacity by mutations that gave rise to 1 1 16 pseudogenes in every aspect of 

central and intermediary metabolism resulting in the obligate in vivo and intracellular habitat 

of M. leprae I ,
S
(see also 'The decaying genome of Mycobacterium leprae' ,  this issue) . The 

very long doubling time of 1 1 - 1 2  days6 and the preference for a cooler environment (30°C) 7 

may also be due the presence of temperature sensitive mutations in some of the remaining 

1 600 or so genes. Neverthe1ess, M. leprae can sustain growth and cause disease. The survival 

of mycobacteria under unfavorable conditions has been attributed to the characteristic 

permeability barrier of the cell envelope and its role in infection of host macrophages and 

modulation of immune responses.8 The properties of the cell envelope are particularly 

relevant for M. leprae, because the organism may depend on the host for several nutrients due 

to defects in the synthesis of methionine, cysteine, purine rings, and uptake of several amino 

acids, ions and sugars l ,S (see also 'The microbial physiologist' s guide to the leprosy genome' ,  

this issue). ln  this report we have therefore analyzed the impact of  the genome down sizing 

and decay on the cell wall of M. leprae. We have compared the genomes of M. leprae and 

M. tuberculosis and assume that genes for the biosynthesis of similar molecules are 

orthologous (same gene in different genomes) or at least homologous (similar gene) and 

those genes that are present in M. tuberculosis, but absent or pseudogenes in M. leprae are 

probably not involved in these syntheses or are redundant (spare). 

We refer the readers to the reviews by Brennan and Nikaid08, McNeil et a1.9, Chatterjee 

and Khoo
LO, Barry et al. 1 1  Baulard et alY, Belanger and Inarnine '3  and Crick et al. 1 4 for 

details of the structure, function, biosynthesis and distribution among mycobacteria of these 

envelope components and only provide a brief outline in this review. Instead we have focused 

primarily on gene assignments for M. leprae in relation to those for M. tuberculosis based on 

the completed and annotated genome sequences. 

Morphology of M. leprae and the ultrastructure of the cell wall 

M. leprae is a strongly acid fast staining rod 1 -8 ftm 10ng and 0.3 ftm in diameter and thus 
does not differ remarkably from M. tuberculosis. Studies of the ultrastructure of M. leprae, in 
sections and as whole bacteria from man, mouse and armadillo, have been extensive l s, but 
have not shown any gross unique features compared to other mycobacteria. However, 

Draperl 6 has described three ultrastructural features of the cell walls that may be character

istic of M. leprae: aberrant morphology, wall bands and paracrystalline bodies .  He had 
observed departure from the classical cylindrical shape of a bacillus in suspensions prepared 
from armadillos, in that ce1ls typically have a tapered or double-tapered shape with 
hemispherical ends, which he attributed to a defect in the normal process of cell wall 
construction. Wall bands first observed by Nishiura et ai. are described as 'circurnferential 
ridges on the outer surface of the cell ' , very numerous and positioned at random along the 

length of the cell. 1 7 These may be scars left when the cell wall separated during the division 

process and their randomness may reflect a defect in the cell wall construction. The 
paracrystalline, quasi-crystalline bodies seen in sectioned M. leprae 1 8  probably correspond 

to the capsular matrices and foamy structures responsible for binding hundreds of bacilli into 
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'c1umps' or  globi and into smaller c1umps where the individual cells occur in  parallel arrays, 

the noted 'bundles of cigars ' .  

Biochemical structure and composition 

Current knowledge on the biosynthesis and genetics of several components of the myco

bacterial cell wall that are described below has evolved primarily from studies with 

M. smegmatis, M. tuberculosis, M. bovis BCG and M. avium using a combination of methods 

inc1uding chemical and structural analysis, metabolic labeling, cell free assay systems, 

isolation and characterization of naturally occurring variants or mutants and, more recently, 

genetic manipulation such as mutagenesis of the genome and recombinant gene expression. 

However, such opportunities are limiting for M. leprae research due to the inability to 

cultivate the organism in vitro and the lack of proven genetic tools. Despite these limitations, 

sufficient information was gathered on the chemical and structural composition using small 

amounts of ce1ls obtained from animal or human sources to conc1ude that the basic 

architecture of the cell wall is the covalently linked peptidoglycan-arabinogalactan-mycolic 

acids complex (mAGP) seen amongst all mycobacteria and the related corynebacteria and 

nocardia, except for few modifications . 1 9,20 

The peptidoglycan (PG) of M. leprae is characteristic of the chemotype IV group that 

inc1udes mycobacteria, corynebacteria and nocardia because they contain meso-diaminopi

melic acid (DAP) , in the peptide chains. 8 The murarnic acids of the sugar backbone are 

modified with N-glycolyl rather than N-acetyl groups in mycobacteria and nocardia. 8 A 

feature unique to M. leprae is the substitution of L-ala with glycine in the peptide of 

peptidoglycan.2 1 The effect of this change on the physical properties of the peptidoglycan is 

not known. 

Arabinogalactan (AG) is a polymer of furanose sugars of galactose and arabinose, not 

found in humans.22 Typically, a homogalactan (-30 units in M. tuberculosis) composed of 

altemating 5 and 6 linked ,l3o-Galf residues is linked to the peptidoglycan via a disaccharide 

bridge (-L-Rha-o-G1cNAc-P-) called the linker unit (LU).23 Three branches of 5-linked 

arabinan are attached near the reducing end of the galactan. The arabinan is composed of 

5-linked Araf' 
which further branch (3- and 5-linked Arar -a). The non reducing ends are 

composed of the hexaarabinofuranosyl motif [,13o-Araf - ( 1-2)-a-o-Araf h-3,5-a-o-Arar 
( l-5)-a-o-Araf (Ara6)?4 All these major motifs are identical in M. tuberculosis and 

M. leprae, with the exception that M. leprae has 40-50% fewer galactan residues?O Two
thirds of the terminal arabinoses of the arabinan chains are esterified with mycolic acids in 
M. tuberculosis?5 The extent in M. leprae has not been determined. 

The a-alkyl branch of the a-alkyl, ,l3-hydroxy fatty acids called mycolic acids which range 

from C 14 to C26, is C20 in M. leprae. 1 1  The ,l3-hydroxy (meromycolate) chain is often modified 

with double bonds (cis and trans), cyc1opropane, methyl, epoxy, keto, and methoxy groups 
that render flexibility (fluidity) to the wall. M. leprae does not have methoxymycolates26 due 

to the lack of a functional mmaA3 gene, as demonstrated in Mycobacterium bovis BCG 
(Pasteur)?7 It appears that ketomycolates have a more specific role for growth in macro

phages in M. tuberculosis as their abundance increases 5-fold in vivo, and under low oxygen 
tensions in vitro while the methoxymycolates decrease 2-fold. The absence of ketomycolates 

reduces ability to survive in macrophage like cell lines. 28 Therefore, the lack of methoxy

mycolates in M. leprae may not impair viability in macrophages. 
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ln addition to the mycolates esterified to AG, mycolic acids are also present in the 

extractable lipids as esters of trehalose: 6-0-mycolyl and 6, 6' -O-dimycolyl trehalose (TMM 

and TDM respectively). Small amounts of TMM but not TDM were identified in M. leprae?9 

The wall of M. leprae is also endowed with an unusually abundant proportion of the 

extractable intercalated lipoglycans, phosphatidylinositol mannosides (PIMs), lipomannans 

(LM) and lipoarabinomannans (LAM) characterized in several mycobacteria which may be 

anchored in the plasma membrane via the acyl chains (tuberculostearic and palmitic acid) of 

phosphatidyl inositol (PI) . 30 LM and LAM are made up of linear ex- I-6 linked mannan chain 

originating from PIM2 in which each mannose is further branched with ex- I-2 D-mannose? l 

LAM is a heterogeneous macromolecule arising from LM that contains arabinan branches 

similar in composition and structure to that of AG that may be terminated with 'caps' of 

variable numbers of mannose or inositol residues. 10.32 The LAM of M. leprae has fewer Ara6 
termini, and a lesser degree of mannose capping than that of M. tuberculosis. 

However, there are other solvent extractable components8 such as glycopeptidolipids 

(GPLs) typical of M. avium spp that define serovar specificity and colony morphology; 

trehalose based lipids such as acylated trehaloses (containing straight chain, mycerocerosic 

acids, mycolipanolic and mycolipenic fatty acids) and sulpholipids (trehalose 2' sulphate 

acylated with phthioceranic and hydroxyphthioceranic acids) present in strains of M. 

tuberculosis ; and lipooligosaccharides (LOSs) isolated from several species are absent in 

M. leprae. Instead, the dominant lipid is the phenolic glycolipid PGL- l 33 , a glycosylated 

derivative of the phenolphthiocerol dimycocerosate. The trisaccharide-of PGL- I of M. leprae 

is {3-D-3 ,  6, di-O-methyl Glu ( 1-4)-ex-2,3-di-O-methyl-L-Rha-( 1-2)-ex-3-0-methyl-L-Rha 

and is highly antigenic. Synthetic glycoconjugates containing this trisaccharide are sensitive 

tools for serodiagnostics of leprosy.34 Recently the trisaccharide was shown to be involved in 

the specific interaction of M. leprae with the laminin of Schwann ce1ls.35 This discovery is an 

important step towards the identification of a mechanism for entry of M. leprae into nerve 

cells that can initiate the subsequent nerve damage that is the hallmark of leprosy. M. 

tuberculosis H37Rv contains only phthiocerol dimycocerosates.8 

Biosynthesis and genetics of cell wall (envelope) in M. leprae: insights from the 
genome sequence 

The biosynthetic pathway for the individual components and their assembly to form 
the mAGP complex, as deciphered from the approaches mentioned before, is depicted 

in Figure 1 .  ln the recent review by Crick et ai. 1 4, only the 1 3  M. tuberculosis genes for 

AGP synthesis that have been functionally characterized have been highlighted. Eleven of 

these were identified by the 'cloning by homology' approach. ln Table 1 ,  we show the 
homologs for these genes in M. leprae. We predict that these genes will be functional in 

M. leprae without the need for their functional characterization as the homology is high, and 
genetic context is similar. Furthermore, we have included putative genes for reactions not yet 

characterized in mycobacteria, by finding homologs for known genes in other organisms 

using the BLAST algorithm?6 The genes for the mycolic acid and phenolphthiocerol 
dimycocerosate synthesis are also included. ln the following section, some of the biosynthetic 

pathways are described in brief. The common names of the genes involved are indicated in 

italic font in parenthesis. 



LU-AG 

t 
UDP-Galf 

�-PP-GlcNAc-Rha 

t TDP-Rha 

Ç"o-PP-GlcNAc 

t UDP-GlcNAc 

Retention of mycobacterial cell wall in M. leprae 419  

Mycolic acid transfer �L�aúon����====�� ��--
T
-
D
-
M

--------� 

AGP t 
PG 

TMM 
P
t
G Peptide bridge 

Cross-Iinking 
Ç"o-PP-MurNGly(5aa)-GlcNAc 

t UDP-GlcNAc 
Ç"o-PP-MurNGly(5aa) 

Cso-P t 
UDP-MurNGly(5aa) 

-1---" Cso-P-Man 
GDP-Man 

GPP 

IPPt DMAP 

t 

t 
Myc-Man-P-C50 

Cso-P-Mat 
Myc-X 

t Condensation 

� � 
abranch meromycolate 

t t 
Mal-CoA 

t 
Acetyl-CoA 

Mycolic acids 

Figure 1. Biosyntbesis of tbe mycolic acid-arabinogalactan-peptidoglycan complex (mAGP) of tbe cell wall of 
mycobacteria. The patbways for tbe syntbesis of the individual components and tbe stages at which tbey are 
assembled to form tbe mAGP complex are shown schematically. The genes involved in tbese reactions and in tbe 
synthesis of tbe sugar donors are listed in Table 1 .  Polyprenyl-phosphate linked biosynthetic intermediates have been 
underlined. 5aa represents tbe pentapeptide linked to MurNGly in PG syntbesis. The Myc-X represents mycolic acid 
esterified to an unknown carrier. Myc-Man-P-C50 is a polyprenyl-phosphate linked mycolate, shown to be involved in 
transport of mycolic acids through tbe membrane for deposition on AG (Besra et ai, Proe Natl Aead Sei USA, 1 994, 

91: 1 2735- 1 2739). 

PEPTIDOGL YCAN 

The basic peptidoglycan biosynthetic machinery is similar to E. coZi and appears to be 

remarkably well preserved in M. tubercuZosis 1 3 , 1 4 and M. Zeprae. The main events are the 

synthesis of the unusual sugar-nuc1eotide UDP-MurNAc from UDP-GlcNAc (murA, murB), 
the sequential addition of five amino acids to the MurNAc (mure, murV, murE and murF), 
transfer of the sugar-pentapeptide to a polyprenyl-phosphate carrier (murX), followed by 
attachment of GlcNAC from UDP-GlcNAc (murG). Glycan chains are formed by transgly
cosylation reactions of the disaccharide-pentapeptide chains (releasing the lipid carrier 
from the incoming unit), followed by cross-linking of such chains via DAP-DAP and DAP-D

ala bridges in the final stage of peptidoglycan synthesis. The enzymes for transglycosylation 

and transpeptidation are members of the penicillin-binding protein (PBP) family. Two M. 

Zeprae genes (ponA and ponl) have been c10ned and expressed but their role in peptidoglycan 
synthesis has not been reported?7.38 The M. Zeprae genome also contains several pseudo
genes with homology to PBPs. ln mycobacteria, amidation of the carboxyl side chains of 
glutamate and DAP and the oxidation of the N-acetyl group of MurNAc to a glycolyl moiety 

occur at an undetermined stage in this pathway. 
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Table 1. Genetics of cell envelope synthesis in M. leprae. Using gene sequences of the M. tuberculosis or E. coli 
genes involved in the biosynthesis of the major components of the cell wall, homologs were identified in the genome 
of M. leprae (http://www. sanger.ac.uklProjectslM_leprae) with the BLAST tool.36 The genes indicated in bold have 
been characterized either by genetic analysis of mutants or by recombinant gene expression. The absence of a 
homolog is indicated by a dash (-) . Pseudogenes in M. leprae are indicated by 1/; 

Name Number assigned by genome project 

M. tuberculosis M. leprae 
Polyprenyl-P synthesis 
Cso-P synthesis 
dxs-I Rv 2682c ML 1 0388 
dxs-Il Rv3379c 

dxr Rv2870c ML1 5833 

ygbP Rv3582c ML032 1 1  

ychB Rv l O l l ML02422 

ygbB Rv 3581c  ML03222 

lytB2 Rv l l lO ML 1 9388 
idi Rv l 745c 

Rvl086 ML24677 
Rv2361c ML06344 

Peptidoglycan synthesis 
murA Rv1315 ML 1 l 50 

murB Rv0482 ML2447 

murC Rv2152c ML0915 
murD Rv2155c ML09 1 2  
murE Rv2 158c ML0909 
murF Rv21 57c ML09 1 0  
murX Rv2 1 56c ML09 1 1 
murG Rv2 153  ML09 1 5  

ponA RvOO50 ML2688 
ponA' Rv3682 ML2308 

Linker unit-arabinogalactan synthesis 

dTDP-rhamnose synthesis 
rmLA Rv0334 ML2503 

rmlB Rv3464 ML1 964 
rmlC Rv3465 ML 1 965 
rmLD Rv3266c ML075 I 
UDP-galactofuranose synthesis 
galE Rv3634c ML0204 
glf Rv3809c MLOOn 
Lipid linked linker unit -arabinogalactan pol ymerization 
rfe Rv 1 302 MLI 1 37 

wbbl Rv3265c ML0752 

glfT Rv3808c MLOO93 
embC Rv3793 ML0 1 06 

embA Rv3794 ML0 105 
embB Rv3795 ML0 104 

Function 

l -deoxY-D-xylulose 5-phosphate synthase 
probable l -deoxY-D-xylulose 5-phosphate 

synthase 
probable l -deoxY-D-xylulose 5-phosphate 

reductase 
probable 2C-methyl-D-erithritol-4-phosphate 

cytidylyltransferase 
probable 4-diphosphocytidyl-2C-methyl-D

erythritol kinase 
probable 2C-methyl-D-erythritol 

2,4-cyclodiphosphate synthase 
gene function has not been deciphered 
probable isopentenyl diphosphate isomerase 
E,Z farnesyl disphosphate synthase 
E,Z decaprenyl diphosphate synthase 

phosphoenolpyruvate:UDP-GlcNAc 
enolypyruvate transferase 

UDP-N-acetylenolpyruvoylglucosamine 
reductase 

UDP-MurNAC: L-alanine ligase 
UDP-MurNAc-L-ala: D-glutamate ligase 
UDP-N-acetylmuramyl-tripeptide synthetase 
UDP-MurNAc-pentapeptide synthetase 
UDP-acetylmuramyl-tripeptide synthetase 
pentapeptide pyrophosphoryl-decaprenol 

N-G1cNAc transferase 
PBP; transpeptidase or transglycosylase 
PBP; transpeptidase or transglycosylase 

D-glucose l -phosphate thyrnidyly! 
transferase 

dTDP-D-glucose-4,6 dehydratase 
dTDP-4-dehydrorhamnose 3,5-epimerase 
dTDP-4-dehydro-rharnnose reductase 

UDP-glucose-4-epimerase 
UDP-galactopyranose mutase 

probable UDP-G1cNAc: Cso-P G1cNAc 
transferase 

probable dTDP-rharnnose: Cso-PP-G1cNAc 
rharnnose transferase 

UDP-galactofuranose transferase 
arabinofuranose transferase? (arabinan 

synthesis) 
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Table I. Continued 

Name Number assigned by genome project 

Mycolic acid synthesis and deposition 
cx-branch synthesis 
fas Rv2524c ML1 1 9 1  
Meromycolic acid synthesis 
accD6 Rv2247 ML1 657 

acpM Rv2244 ML1 654 
fabD Rv2243 ML1 653 

fabH Rv0533c 
kasA Rv2245 ML1 655 
kasB Rv2246 ML1 656 
mabA Rv 1483 ML1 807 
inhA Rv1484 ML1 806 
Meromycolic acid modification 
cmaAI Rv3392c ML0404 
cmaA2 Rv0503c ML2426 

mmaAI Rv0645c ML1 900 

mmaA2 Rv0644c ML1 90 1 ,p  

mmaA3 Rv0643c ML1 902,p 
mmaA4 Rv0642c ML 1903 
umaAI Rv0469 ML2460,p 
umaA2 (pcaA) Rv0470c ML2459 

desAI Rv0824c ML2 1 85 
desA2 Rv 1094 ML1 952 
desA3 Rv3229c ML0789,p 
Deposition of mycolic acids 
jbpA Rv3804c MLOO97 

jbpB Rvl886c ML2028 
jbpC2 RvOl29c ML2655 
PGL-I synthesis 
Mycocerosoic acid synthesis 
mas Rv2940c ML0 1 39 
fadD28 Rv2941 ML0 1 3 8  
mmpL7 Rv2942 ML0 1 37 

Phthiocerol synthesis 
fadD26 Rv2930 ML2358 
ppsA Rv2931 ML2357 
ppsB Rv2932 ML2356 
ppsC Rv2933 ML2355 
ppsD Rv2934 ML2354 
ppsE Rv2935 ML2353 
drrA Rv2936 ML2352 
drrB Rv2937 ML235 1  
drrC Rv2938 ML2350 
papA5 Rv2939 ML2349 

Glycosylation of PDIM (trisaccharide synthesis) 
Rv 1 524 ML2348 

Rv1 526c 
Rv2962c 

ML2348? 
ML0 1 25 

Function 

fatty acid synthase (F ASI) 

acetyl-CoA carboxylase (malonyl-CoA 
synthase) 

acyl carrier protein 
malonyl-CoA-[ACP]-transacylase 

(malonyl-ACP) synthase 
�-ketoacyl-ACP synthase III 
�-ketoacyl-ACP synthase 

3-ketoacyl-ACP reductase 
enoyl-ACP reductase 

cyclopropane mycolic acid synthase (distal) 
cycJopropane mycolic acid synthase 

(proximal) 
trans cyclopropane mycolic acid synthase 

(oxygenated mycolates) 
cyclopropane mycolic acid synthase 

(oxygenated mycolates) 
methoxymycolate synthase 
hydroxymycolate synthase 
probable mycolic acid methyltransferase 
cyclopropane mycolic acid synthase 

(proximal, cx-mycolates) 
probable acyl-ACP desaturase 

mycolyltransferase (TMM, TDM and mAGP 
synthesis?) 

mycocerosoic acid synthase 
probable acyl-CoA synthase 
mycobacterium membrane protein 

(transport of PDIM) 

probable acyl-CoA synthase 
(phenol) phthiocerol synthase 

? 
? 
transport of PDIM 
polyketide associated protein 

(transport of PDIM) 

probable TDP-Rhamnose:phenol PDIM 
rhamnose transferase 

probable UDP-glucose: phenol 
PDIM-rhamnose glucose transferase 
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Table 1. Continued 

Name Number assigned by genome project 

Rv2958c 
Rv2959c 
Rv2952 

PIMs, LM and IAM synthesis 
Rv0486 

pgsA 

pimB 

Rv205 1 c  
Rv2612c 

Rv26 1 1  c 

Rv26 1 0c 

Rv0557 

Rv2 1 88c 

Rv3032 
Rv0225 

ML0 1 28 
ML0 1 27 
ML0 1 30 

ML2443 

ML 1 440 
ML0454 

ML0452 

ML0453 

ML2272,p 

ML0886 

ML1 7 1 5  
ML2583 

Function 

probable metbyltransferase 
probable metbyltransferase 

probable GDP-mannose: polyprenyl
P mannosyl transferase 

CDP-diacylglycerol: inositol phosphitidyl 
transferase 

probable phosphitidylinositol: 
GDP-mannose mannose transferase 

probable diacylphosphitidylinositol 
mannose: palmitoyl-CoA acyltransferase 

triacylphosphitidylinositol mannose: 
GDP-mannose mannosyl transferase 

probable mannose transferase 
(mannan synthesis?) 

Since the M. leprae peptidoglycan has glycine rather than L-alanine in the peptide cross

links, it was thought there rnight be a genetic basis for this substitution. Mahapatra et al?9 

analysed the genome but could not find a second ligase gene. ln fact they demonstrated by in 

vitro studies with the recombinant Mure enzyme, that it can use L-alanine or glycine substrate 

with comparable affinities . Therefore the presence of glycine in M. leprae is perhaps an in 

vivo phenomenon driven by the ambient arnino acid rnilieu. 

ARA B INOGA LACTAN 

The synthesis of AG requires the sugar donors UDP-G1cNAc,4o TDP-rhamnose (rrnIA, rrnlB, 
rrnlC and rrnlD)40,4 1 , UDP-galactofuranose UDP-galf (galE and glf )42 and decaprenyl
phospho-arabinose DPA.43 Successive addition of G1cNAc (rfe), rharnnose (wbbl), galacto
furanose and arabinofuranose on a prenyl-phosphate lipid carrier44 occurs before the entire 
LU-AG is transferred (ligated) to approximately 1 in 10 MurNAc units of peptidoglycan. 

The synthesis of DPA is interesting and is proposed to originate from the pentose 

phosphate pathway as phosphoribose pyrophosphate (PRPP).45 Epimerization of the ribose to 
arabinose may occur before or after transfer to a decaprenyl-phosphate carrier. Regarding the 

galactosyltransferases, Mikusova et al.44 showed that the gene Rv3808c (glfI) of M. 

tuberculosis, is a galactosyltransferase in AG synthesis. There is an ortholog in M. leprae. 

Furthermore, Kremer et al.46 suggest that it encodes a bi-functional transferase for the 

alternating 5 and 6 linked galactose residues of the galactan by use of synthetic acceptors. It 
has not been demonstrated if GIIT can also catalyse the addition of the first galactose unit to 

the rhamnose sugar of the linker unit and the second galactose of the galactan. GIIT contains 
the sugar nucleotide binding motif hhhhDxDxh where 'h' represents an arnino acid with 

hydrophobic nature. 
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With regard to arabinosyltransferases, the work of Belanger47 suggests that the embA or 

embB genes of M. avium encode putative transferases for AG. A third gene, embC, also exists 

in all mycobacteria sequenced thus far and Escuyer et a!. 48 have shown that knocking out the 

embA or embB genes of M. smegmatis causes changes in the arabinan content and structure of 

AG. These Emb proteins are very homologous to each other; they are large and hydrophobic, 

and span membranes. The genes are well conserved amongst many mycobacteria and are 

intact in M. leprae in a gene c1uster very similar to that seen in M. tuberculosis. However, the 

proteins they encode have no significant homology to any other proteins in the database and 

no known domains or motifs. It is not c1ear if the Emb proteins are involved in the actual 

glycosyltransferase catalysis or in the assembly of the arabinan. 

PRENYL· PHOS PHATE CARRIERS 

The biosynthesis of many of the key cell wall polymers requires prenyl-phosphate carriers as 

sugar donors (DPM and DPA) and for carriers of the intermediates of cell wall polysaccharide 

synthesis (AG and PG). 1 4  The synthesis begins with the formation of deoxyxylulose 

phosphate from pyruvate and glyceraldehydes-3P (dxs-l), which is converted to the 5-

carbon isoprene compounds isopentenyl pyrophosphate (!PP) and its isomer dimethylallyl 

pyrophosphate (DMAPP) by the non-mevalonate pathway, also called the 2-C-methyl-o

erythritol 4-phosphate (MEP) pathway.49 ln M. tuberculosis there are two possible genes for 

this function (dxs-I and dxs-Il) . DXS-I has been shown to be functional by expression in 

E. coZi.sO Studies on DXS-Il, are in progresso However, dxs-Il may be redundant in 

M. tuberculosis, since the M. leprae genome has only one gene that is homologous to dxs

I. The complete pathway for the synthesis of !PP and DMAPP is not known. However, for all 

genes identified in E. colis l .
s2, homologous genes have been found in M. tuberculosis and 

M. leprae for this essential pathway. A non-essential IPP isomerase (idi) for the inter

conversion of IPP and DMAPP is present in E. coUS3 and M. tuberculosis but not in M. 

leprae. The gene responsible for condensation of IPP with DMAP, to form geranyl 

diphosphate (GPP, C L O-PP) has not been identified in any organismo The addition of IPP 

to GPP results in famesyl diphosphate (FPP, C I S-PP), which is subsequently elongated by 

seven cyc1es of polymerization to form decaprenyl diphosphate in a specific stereochem

istry in M. tuberculosiss4 and also probably in M. leprae because homologous polymerase 

genes exist. ln terms of synthesis of other isoprenoids, there are no homologs in M. leprae 

for four other prenyldiphosphate synthase genes found in the M. tuberculosis genome, 
except for the grcCl gene, which may be involved in the transfer of a prenyl moiety in the 
menaquinone pathway. There are also no homologs in M. leprae for the M. tuberculosis 
squalene synthase, monoxygenase and cyc1ase genes probably involved in steroid synthesis .  

Biosynthesis of PI, PIMs, LM and LAM 

The biosynthesis of phosphatidylinositol mannosides is initiated on the precursor PI using 

the gene product of pgsASS , followed by mannosylation using GDP-mannose as the sugar 

donor.56 Genes for a mannosyltransferase and an acyltransferase are linked to pgsA and 

may be required for the synthesis of PIM 1 and the acylation of mannose to form triacy! 

PIM) ,  respectively. The gene product of Rv0557 (pimB) of M. tuberculosis has been 

identified as the second mannosyltransferase.s7 The rPimB was shown to convert labeled 
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tri-acylated PIMl to PIM2 in the presence of GDP-mannose. PimB belongs to the family of 

glycosyltransferases that have a conserved C terminal motif EX7E.58 This gene is a 

pseudogene in M. leprae and we predict that one of the other genes sharing a homologous 

active site is used (Table 1 ) .  Subsequent mannosylation with undefined enzymes generates 

LM. 

Of the many putative glycosyltransferases in the M. tuberculosis genome, several 

(Rv0539, Rv0696, Rv178 1c ,  Rv 1 500, Rv I 5 13 ,  Rv1 5 14c, Rv1 5 1 6c, Rv 1 5 1 8, Rv 1 520 and 

Rv 1 525) do not have orthologs in M. leprae. We propose that these enzymes are not involved 

in the biosynthesis of mannan, arabinan and galactan, since there are no significant structural 

differences between these molecules in M. tuberculosis and M. leprae. 

Mycolic acids, TMM and TDM and deposition on AG 

The synthesis of mycolates occurs in several stages :  synthesis of the a-alkyl chain and the 

primer for the meromycolic acid by the multifunctional fatty acyl synthase FASI enzyme 

(jasi9; linking by the ,a-keto acyl synthase III (jabH)60 and elongation of the primerl 1 by the 

disassociated fatty acyl synthase complex FASII (accD6, fabD, kasA, kasB, acpM, mabA, 

inhA);6 l ,62 modification of the meromycolic acid (introduction of double bonds, cyclopro

pane rings, keto, methyl and methoxy groups), probably in paralIel with elongation;63 and 

finalIy condensation of the a-alkyl chain and meromycolate. The condensation step and the 

carrier on which this reaction occurs are not known. The mycolates are then transfeITed to AG 

and trehalose to forrn mAGP and TMMffDM respectively and may occur using the 

mycolyltransferases encoded by the members of the antigen 85 complex (jbpA, fbpB and 

fbpC2)64
,
65 . All of these steps have been characterized in M. tuberculosis and homologs for 

the genes are present in M. leprae, with the exception of the gene encoding the linking 

enzyme FabH. The mechanism in M. leprae is not clear. 

Phenolic glycolipids PGLs (glycosylphenolpthiocerol dimycocerosates) 

The phthiocerol moiety is synthesized using a set of multifunctional enzymes (ppsA, ppsB, 
ppsC, ppsD and ppsE ) that contain one or more of the acyltransferase, ketoacyl synthase, 
keto reductase, dehydratase, enoyl reductase and acyl carrier modules for the polymerization 

of malonyl-CoA and methylmalonyl-CoA units on a C22-CoA fatty acid precursor.66 

Mycocerosic acid syntheisis occurs by the elongation of fatty acyl-CoA primers with 

methylmalonyl-CoA67 (mas), folIowed by the transfer to the phthiocerol using a specific 
acyl-CoA synthase (jadD28). Two membrane associated proteins MmpL7 and DITC have 

been shown to be responsible for the transport of the PDIM. ln M. tuberculosis, genes for alI 

these functions are clustered on the genome and mutations in these genes result in disruption 

of PDIM synthesis and loss of virulence.68 ln M. leprae, the ppsA-E genes are intact but have 
been separated from the mas,fadD28 and mmpL7 genes. For the addition of the first rhamnose 

in the trisaccharide of PGL- l in M. leprae, we have analyzed the genome for genes 
homologous to the rharnnosyltransferases such as rifA of M. avium (for addition of L

rhamnose to the 6-deoxy talose in GPL synthesis69) ,  and the wbbL gene of M. tuberculosis 

(involved in linker unit synthesis). Based on homology searches with rifA, we have 
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identified the gene ML2348 in M. leprae as a candidate. Co-incidentally, ML2348 is located 

where the phthiocerol gene c1uster of pps/drr/papA5 has separated from the mas/fadD28/ 

mmpL7 in M. leprae and may indicate its role in PGL- l .  ML2348 is also homologous to 

genes used for the synthesis of glycosylated steroids in plants, and for antibiotics such as 

balhimycin and tylosin (tyIN, 6-deoxyalIosyltransferase) in microbes .70 AlI these homologs 

use sterol/phenol like acceptors . Furtherrnore, rifA and tylN encode glycosyltransferases for 

sugars other than glucose (particularly 6-deoxy hexoses). Combining these pieces of 

inforrnation, we propose that ML2348 is a good candidate for the enzyme that transfers 

the first rhamnose. We postulate that the genes ML0 1 25 and ML0 1 28 are glycosyltrans

ferases aud ML01 27 and ML0 1 30 are methylases for the synthesis of the second and third 

sugars of PGL- l .  These genes are located c10se to the mycocerosoic acid gene c1uster mas/ 

fadD28/mmpL7 genes. Genes that are highly homologous to ML2348 are also present in M. 

tuberculosis (RV 1 524 and 1526c) . However, these are c1ustered with another pks system 

(Pks5). There are also homologs in M. tuberculosis for the candidate glycosyltransferases 

(Rv2958c and Rv2962c) and methyltransferases (RV 2952 and Rv2959c) in a c1uster similar 

to that in M. leprae, but may have no function since only phthiocerols and not the 

phenolpthiocerols are found in M. tuberculosis.8 

Concluding remarks 

ln this review, we have identified putative genes of M. leprae for some biosynthetic pathways 

by homology searches with known genes of other organisms. We are comfortable with the 

premise that the genome of M. leprae approaches a minimal and perhaps also an 'essential'  

gene set for alI basic structural and biological properties shared by virulent and avirulent 

mycobacteria, particularly for celI walI core synthesis. Genes for the synthesis of precursor 

molecules that cannot be obtained from the host environment such as UDP-Galf and TDP-Rha 

for AG, PI for PIMs, LM and LAM and DXP for polyprenyl phosphates have been retained in 

M. leprae. 

ln terrns of the practical approaches to verifying and harnessing this genetic inforrnation, 

recombinant proteins can be purified and used in suitable assays. ln the future, it may even be 

possible to set up de novo synthesis of complex macromolecules in crude extracts of M. leprae, 

since viable and high titre M. leprae are now available from nude mouse foot pads.7 1 ln 

addition, M. leprae from this source have been kept viable for up to 6 weeks in broth culture at 
30°C. Since the number of functional ORFs is smaller thau M. tuberculosis, use of microarrays 

and comparative proteomics, is a reasonable approach to identify genes that are preferentially 
regulated under defined and modified test conditions in vitro . We believe the M. leprae 
sequence inforrnation will be valuable towards efforts for elimination of leprosy. 
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Summary The information deduced from the genome sequence of Mycobacterium 

leprae is of immense value for the chemotherapy of leprosy. Knowing the complete 

set of genes, enzymes and proteins allows us to understand why some drugs are 

without effect whereas others are fully active. It may also enable better use to be made 

of existing drugs, such as ,B-Iactams, and opens new avenues for the development of 

novel compounds. M. leprae is relatively susceptible to a wide range of drugs, unlike 

the highly related tubercle bacillus, and severa1 new multidrug regimens are in 

clinical trials. Genomics provides a number of possible explanations for this broader 

susceptibility as some of the genes encoding enzymes involved in antibiotic 

inactivation have decayed whereas the number of transporters available to contribute 

to drug efflux is considerably lower than in Mycobacterium tuberculosis. Several 

leads for new drug targets have been uncovered. 

The WHO-recommended multidrug therapy (MDT) for leprosy has been, without question, 

one of the major success stories in the field of public health. I There is, however, no room for 

complacency as the incidence of detected cases of leprosy has not fallen during the last 

decade2 and the spectre of drug resistance is never far away. This has been well illustrated by 
the increased spread of multidrug resistant tuberculosis during the last decade.3 Furthermore, 
regimens can always be improved by increasing efficacy or reducing duration and this is only 
likely to be achieved by employing drugs that are stronger or more effective than dapsone and 
clofazirnine. 

A number of compounds, such as rninocycline, various ftuoroquinolones and macrolides, 

have shown excellent activity in the mouse model of leprosy, and in lirnited clinical trials,4-6 

and ROM, a new regimen for the treatment of single lesion paucibacillary leprosy, 
comprising rifampicin, oftoxacin and minocycline,7,8 has shown particular prornise. ln 
contrast to the situation in tuberculosis, where new chemotherapeutic agents are desperate1y 
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needed, the future of leprosy treatment is well poised. Nevertheless, it is important not to 

neglect any opportunities for improvement and to remain aware of potential new leads for 

strengthening the chemotherapy of leprosy. 

Drug resistance in bacteria can result from four different mechanisms. The commonest 

one, found in bacteria, is the enzymatic inactivation of the antibiotic by modification or 

hydrolysis. Since the genes encoding these enzymes are generally transferable, this resistance 

mechanism has often lirnited the usefulness of numerous ,8-lactam and arninoglycoside 

compounds. Transferable drug resistance has not been reported among the intracellular 

mycobacteria where the most frequent mechanism encountered is alteration of the drug target 

by mutation,9. I O which is the case for rifampicin resistance in Mycobacterium leprae. I I , 1 2  ln 

some pathogens, innate drug resistance results from efficient permeability barriers preventing 

the entry of sufficient concentrations of drugs into the cell, and this appears to be operational 

in some mycobacteria. 1 3, 1 4 Active efftux of antibiotics also occurs from various pathogens, 

including mycobacteria, 1 5 and is mediated by protein pumps that belong to different farnilies 

such as the major facilitator superfarnily (MFS),  the resistance-nodulation-division (RND) 

superfarnily, the ATP-binding cassette (ABC) superfamily, or the small multidrug resistance 

(SMR) superfarnily. 1 6- 1 8 

The genome sequence of M. leprael 9 provides clear explanations for the natural 

resistance of the leprosy bacillus to many antitubercular compounds and also indicates 

areas of potential susceptibility where existing drugs rnight find application. Our aim here 

is to discuss these topics in the light of the available clinical and rnicrobiological 

knowledge. 

Materiais and methods 

Bioinformatic analysis was performed using the procedures outlined
' 

previously l9,20 in 

conjunction with the relational databases, Leproma (http://genolist.pasteur.fr/LepromaPI ) 

and TubercuList (http://genolist.pasteur.frlTubercuListl) . 

Results and discussion 

RIFAMPICIN, OAP SONE ANO CLOFAZIMINE 

WHO-recommended MDT relies on the association of three agents: rifampicin, dapsone and 
clofazirnine. Since rifampicin is the backbone of leprosy treatment, the genome sequencing 

project began by studying the region encompassing the rpoB gene, encoding the drug target, 

the ,8-subunit of DNA-dependent RNA polymerase?2 The sequence information, in con

junction with a paneI of well-characterized resistant patient isolates,23 enabled the molecular 
basis of rifampicin resistance to be elucidated. I I Missense mutations were found in a 
restricted region of rpoB that probably reduces the affinity of the drug for RNA polymerase, 
and this information has been used to develop rapid diagnostic tests for resistance. 1 2,24,25 

There is only one rpoB and no other genes associated with rifampicin resistance, like those 

mediating its ribosylative inactivation in certain actinomycetes,26,27 could be found in the 

genome. This explains why other rifamycin derivatives that have the sarne drug target as 

rifampicin are inactive because of cross-resistance, and cannot be used as replacement drugs 

in the case of rifampicin resistance. However, some of them have pharmacokinetic 
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parameters more favourable than those of rifampicin for monthly adrninistration. For 

example, rifapentine, a long lasting rifamycin derivative, has a serum half life 6 times 

longer than that of rifampicin and gives in humans an AVC after oral adrninistration of 
600 mg, 3 times larger than that given by 600 mg of rifampicin. Consequently, a monthly 

regimen containing rifapentine combined with a new fluoroquinolone and rninocycline is 

under intensive investigation at the present time.67 

Possibly as a result of its widespread, initial use in monotherapy, primary resistance to 

dapsone became common in the 1 960s . Again, genornics was of great importance for 

understanding the basis of this resistance as the availability of the folate synthase gene 

sequence, folP 1 ,  enabled Kai and coworkers to demonstrate the presence of mutations in the 

gene from dapsone resistant strains?8 Intriguingly, both Mycobacterium tuberculosis and 

M. leprae have a second gene, folP2, that resembles folP 1 ,  but this does not encode folate 

synthase nor mediate dapsone sensitivity?9 Since folate synthesis is an essential activity, 

rnissense mutations occur that lead to arnino acid substitutions at positions 53 and 55,28,29 and 

from the crystal structure of the M. tuberculosis enzyme it is apparent that these are located in 

loop 2 near the active site. 30 The availability of the three-dimensional structure will allow 

lead compounds for antimycobacterial drug design to be designed in a rational manner, and 

clearly, if successful, this could benefit leprosy treatment. 

The third component of MDT, clofazirnine, is the least well understood in terms of its 

mode of action and resistance mechanism.3 1 Its activity is primarily confined to mycobacteria 

where it is believed to bind to DNA. The genome sequence has yet to provide clues to 

possible targets. 

ISONIAZID, ETHIONAMIDE, CELL W ALL INHI B ITORS 

The unusual cell wall of mycobacteria has provided a rich and specific source of drug targets 

and, with the exception of rifampicin, three of the four agents used in the short course 

chemotherapy of tuberculosis block the synthesis of cell wall components.  Somewhat 

surprisingly, in light of the conserved, if somewhat simplified nature of the cell wall of 

M. leprae,32 none of these compounds is active, but explanations for their lack of efficacy are 

provided by the genome sequence. Isoniazid (INH) is exquisitely potent on the tubercle 

bacillus, where it is converted by catalase-peroxidase,33 to an iso-nicotinoyl radicat34 which 

forms an adduct with NADH that blocks the action of the enoyl-ACP reductase, InhA?5,36 

This enzyme is involved in mycolic acid synthesis, as part of the fatty acid synthase II 
complex (FAS II), and is also a target for ethionarnide?5 ln addition, INH interacts directly 
with another FAS II component, the beta-ketoacyl-ACP synthase, KasA.37,38 

Although M. leprae has an intact F AS II system and functional kasA and inhA genes, it 
is not susceptible to clinically significant leveIs of INH as a result of multiple lesions in 
the catalase-peroxidase (katG) gene.39,40 Vnlike some other mycobacteria,4 1 the genome 

of M. leprae does not contain a second catalase-peroxidase gene. 1 9 By contrast, as the FAS 

II complex is active, it is possible that M. leprae will be susceptible to triclosan, which 

inhibits InhA, and to an old compound, thiolactomycin, which affects KasA in 
M. tuberculosis, and other bacteria?8 The leprosy bacillus is known to be inhibited by 

prothionarnide (combined with isoniazid and dapsone in the fixed drug combination 
isoprodian), a hepatoxic drug42 which, like ethionarnide, should target InhA. It has recently 
been shown that ethionarnide requires an activation step that is catalysed by a mono

oxygenase belonging to a 14-membered farnily (http://genolist.pasteur.frrrubercuListlmastl 
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PI4.2 .html) in M. tuberculosis.43.44 It is of some interest that expression of the mono

oxygenase gene, Rv3854c, (ethA or etaA) is regulated by a TetR repressor protein encoded by 

the neighbouring gene Rv3855,  (ethR, etaR). Both the monoxygenase and the regulatory gene 

have been conserved in M. leprae, (ML0064, ML0065), implying that thioamide activation 

should proceed in a similar manner. Astonishingly, the monoxygenase gene is the sole 

survivor of the P14.2 family and, in the face of such extensive gene loss, 19 this implies that its 

physiological function must be important for M. lepra e in particular, and mycobacteria in 

general. 

Ethambutol inhibits the arabinosyltransferase(s), membrane-bound enzymes involved in 

the polymerization of arabinan which, in tum, impacts on arabinogalactan and lipoarabino

mannan production thereby destabilizing the cell wall.45 Using complementary approaches 

with M. tuberculosis and Mycobacterium avium,46,47 these enzymes were shown to be 

encoded by linked genes, emb(C)AB, that have evolved by a gene duplication mechanism and 

are probably controlled by the regulatory gene, embR. While M. leprae has the embCAB 

operon it appears to have lost embR, which may mean that arabinosyltransferase production is 

no longer regulated. 19 Missense mutations located in a tetrapeptide at positions 303-306 of 

EmbB are responsible for acquired drug resistance in the majority of clinical isolates of 

M. tuberculosis48 and in laboratory mutants of Mycobacterium smegmatis.49 The embB gene 

of M. leprae harbours a 'mutation' at this position46 and this undoubtedly accounts for its 

natural resistance to ethambutol . 

Pyrazinamide is the third antitubercular agent that is believed to affect cell wall 

biogenesis possibly through indirect effects on fatty acid synthesis mediated by FAS I in 

the tubercle bacillus.5
o 

Drug activity requires its conversion to pyrazinoic acid in a reaction 

catalysed by the pyrazinamidase enzyme encoded by pncA in M. tuberculosis5 1 or by a broad

spectrum arnidase coded for by pzaA in M. smegmatis.52,53 Resistance is associated with 

mutations that inactivate pncA,  or alter the stability of pyrazinarnidase, and in some 

mycobacteria, pyrazinoic acid efftux systems may also contribute.54,55 The pncA gene of 

M. leprae has been inactivated and the genome contains no counterpart of pzaA. Pyrazina

mide is therefore likely to be of no therapeutic value for leprosy. 

TRANS LATION INHIB ITORS 

Antibiotics belonging to the tetracyline, arninoglycoside and macrolide families are potent 
inhibitors of protein synthesis. The arninoglycosides streptomycin and kanamycin show 
strong bactericidal activity in the mouse, and streptomycin has been used to treat leprosy in 

humans .56 Resistance to streptomycin in mycobacteria arises as a result of missense 

mutations to the rpsL and rrs genes encoding the drug targets, the ribosomal protein S 1 2  

and the 16S rRNA, respective1y.57,58 Likewise, resistance to kanamycin i s  due to base 
changes around position 1400 in the 16S rRNA of M. tuberculosis that prevent the drug from 
binding.59 As expected, both genes have wild type sequences in M. leprae thereby explaining 
its susceptibility to streptomycin and kanamycin. 

Clarithromycin is a macrolide antibiotic that shows bactericidal activity against M. leprae 
in mice and humans .5,6 Susceptibility can be attributed to the wild type sequence of the rrl 

gene, encoding the 23S rRNA. A to G transitions affecting positions 2058 and 2059 of this 

RNA have been described in clarithromycin resistant strains of M. avium and Mycobacterium 

kansasii, among others.60,6 1 Minocycline, a second-generation tetracycline, is also active on 

M. leprae,7,62 probably as a result of its ability to bind to a site on the ribosome comprising 
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proteins S7, S 14, S 1 9  and the 3' domain of 16S rRNA. At present nothing is known about 

minocycline resistance in mycobacteria, although tetracycline resistance has been studied 

intensively in other Gram positive bacteria where it often involves efftux or ribosome 

protection systems63 

Fusidic acid is another broad spectrum antibiotic that targets the ribosome and inhibits the 

growth of M. leprae.64,65 It acts by preventing release of elongation factor EF-G from the 

ribosome and, in enteric bacteria, fusidic acid resistance is due to missense mutations in three 

highly conserved regions of the efg gene.66 The availablity of the efg sequence of M. leprae 

alIows genotypic tests for resistance to be developed should the need arise.22 

Q U INOLONES 

Fluoroquinolones offer great potential to the future therapy of leprosy and have shown 

outstanding activity in vitro and in vivo.4,62,67 Ofloxacin is a key component of the ROM 

regimen, discussed above, although some of the newer fluoroquinolones such as 

moxifloxacin appear to be even more bactericidal . A limited number of cases of 

fluoroquinolone resistance have been reported68 and, as in M. tuberculosis,69 these 

involve amino acid substitutions in the quinolone resistance determining region, 

QRDR, of the DNA gyrase A protein. ln some bacteria, resistance also results from 

alterations of DNA topoisomerase IV, but genomics suggests that both M. leprae and 

M. tuberculosis lack this function. 1 9,70 The QRDR is situated very near the active site of 
GyrA and most unusualIy this region of gyrA has acquired an intein sequence coding for 

a putative homing endonuclease.7 ! ln consequence, production of active GyrA requires 

excision of the intein from the nascent polypeptide by protein splicing. There are three 
other inteins in the ML0593, dnaB, and recA genes of M. leprae, although these alI 

differ in size and sequence.72 Since both gyrA and dnaB encode essential functions they 

are valid drug targets whose functions would be lost if protein splicing were blocked. 

ANTlB IOTIC INACTIV ATlON 

Of the several reasons why M. lepra e shows susceptibility to a broader range of drugs than 
M. tuberculosis, one is provided by the finding that its genome contains far fewer genes 

encoding enzymes that could inactivate or modify antibiotics. Only two of the 10 genes, 
annotated as being putatively involved in antibiotic modification in M. tuberculosis, are 
predicted to be functional in M. leprae. One of these, ML255 1 ,  encodes an arninoglycoside-
2'-N-acetyltransferase that may be involved in peptidoglycan modification.73 

While the tubercle bacilIus has seven known or potential {J-lactamase genes (Table 1 ) ,  
M. lepra e has only two that appear to  be  functional (ML0270, MLI 923). Consequently, 

{J-lactam antibiotics may be more active in leprosy than in tuberculosis .  It should be noted 

that there is no blaC ortholog encoding the class-A {J-lactamase present in M. tuberculosis 
which contributes to its innate resistance to {J-lactam antibiotics.74,75 As expected of a class

A enzyme, inhibition was achieved by the {J-lactamase inhibitors clavulanate or sulbactam, 
thereby raising the possibility of treating tuberculosis with penicillins and cephalosporins in 
conjunction with such inhibitors. There has been some recent interest in using these 

combinations to treat leprosy as welI, inspired in part by Shephard' s observations that, of 
the 12 {J-lactams tested, two cephalosporins and one cephamycin were active in the mouse 
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Table 1. Predicted f3-lactamase-like proteins in tubercIe and leprosy bacilli 

Gene 

b/aC (Rv2068c) 
lipD (Rv l 923) 
IppW (Rv2905) 
IpqF (Rv3593) 
Rv0406c 

Rv0907 
Rv 1 9 1 3  

Predicted function in M. tuberculosis 

Class A f3-1actamase 
Similar to esterases, f3-1actamase 
Lipoprotein with slight similarity to f3-1actamase 
Lipoprotein with sUght similarity to cIass C f3-1actamase 
f3-1actamase-Uke protein with Pfam match PF00753 

lactamase_B, metallo-beta-lactamase superfamily 
Similar to PBP 4, cIass C f3-1actamase 
Similar to dehydrase, metallo-f3-1actamase 

*ps, denotes pseudogene; deI, missing probably deIeted. 

M. leprae* 

deI 
deI 
ML1 6 14, ps 
MLl 923 
ML0270 

ML2 1 1 6, ps 
ML200 1 ,  ps 

footpad mode1.76 ln two studies involving {:l-lactam antibiotics with {:l-lactam ase inhibitors, 

bactericidal activity was reported.77,78 . 

DRUG EFFLUX 

Another potential mechanism that could contribute to natural antimicrobial resistance is drug 

efflux and, in some pathogenic bacteria, this is known to be mediated by transmembrane 

proteins belonging to the ATP-binding cassette (ABC), and major facilitator superfamilies 

(MFS), 1 6 the small multidrug resistance family (SMR) and the resistance/nodulation/cell 

division family (RND). 1 7, 1 8,79 M. leprae has proteins be10nging to all four of these families 

but they are considerably less abundant than in the tubercle bacillus .  

Careful analysis of the ABC transport proteins of M. tuberculosis has been undertaken,80 

and these can be divided into import and export systems on the basis of their structure and 

organization. Of the I I  potential drug export systems predicted (Table 2), only six remain in 

M. leprae. Pseudogenes for two may be found and the remainder appear to have been deleted. 

The drrABC system is very similar to those produced by various Streptomyces spp. and like 

them may ais o be involved in the export of daunorubicin-like molecules.8 1  lnvestigations into 

the possible contribution of some of the -30 MFS proteins of M. tuberculosis to drug efflux 
have been reported and these can be used to interpret the likely role of the few remaining 

orthologs in M. leprae. Two MFS proteins, Rv1 258c and Rv 1 4 1 Oc, have been shown to serve 
as proton motive force-dependent drug pumps that confer increased resistance to several 
aminoglycosides and tetracycline when expressed in M. smegmatis,82,83 Both of these 

functions have been conserved in M. leprae, together with a third MFS protein, EfpA 

(Table 2) which is similar to the multidrug resistance pump, QacA.84 Recently, expression of 
EfpA has been shown to be strongly induced during drug-mediated inhibition of cell wall 
synthesis in M. tuberculosis.85 It is possible that these three conserved MFS proteins also act 

as drug pumps in M. leprae (Table 2). 
M. leprae, like the tubercle bacillus, has only one member of the SMR family, the 1 08 

residue ML1 756 protein (Table 2, equivalent to Rv3065) and this has four transmembrane 

stretches like its relatives. 1 9,70 When expressed in M. smegmatis the Rv3065gene confers 
resistance to a variety of compounds, inc1uding acriflavine, erythromycin, ethidium bromide, 

safranin O, and pyronin Y 8586. M. tuberculosis is somewhat unusual as its genome contains 
1 6  genes (Table 2) encoding members of the RND superfamily,19 an exceptionally high 
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Table 2. Predicted drug efflux systerns in tubercle and leprosy bacilli 

ABC systems 

Gene 

drrABC 
Rv 1456-58c 
Rv2686-88c 
Rv 1 2 1 7 - 1 8c 
Rv 1 272-73c 
Rv 1 348-49 
Rv0 1 94 
Rv 1 8 1 9c 
Rv 1473 
Rv2477c 
Rv1 667-68c 

Predicted function in M. tuberculosis 

Daunorubicin resistance 
Antibiotic resistance 
Antibiotic resistance 
Antibiotic resistance 
Multidrug resistance 
Multidrug resistance 
Multidrug resistance 
Multidrug resistance 
Macrolide resistance 
Macrolide resistance 
Macrolide resistance 

M. leprae* 

drrABC 
ML0590, ML05 89 
ML 1033-35, ps 
MLI 072-73, ps 
ML1 1 1 3- 14  
dei 
dei 
ML2084 
ML1 8 1 6  
ML 1 248 
ML 1239-40, ps 

MFS systems 

Gene Observed or predicted function in M. tuberculosis M. leprae 

tap (Rv 1 258c) 
efpA (Rv2846c) 
Rv 14JOc 
Rv 1 877, Rv2044, Rv2333c 
Rv2459, Rv3728, Rv3239c 

SMR systems 

Gene 

emrE (Rv3065) 

RND systems 

Gene 

mmpLl -6 

mmpL7 
mmpL8-14 

Aminoglycoside, tetracycline efflux 
Induced by drugs 
P55 ,  arninoglycoside, tetracycline efflux 
Probable drug efflux proteins 
Probable drug efflux proteins 

Predicted function in M. tuberculosis 

Acriflavine, erythrornycin, ethidiurn brornide, 
safranin 0, pyronin Y resistance 

Known or predicted function in M. tuberculosis 

Lipid transport 

PDIM transport 
Jipid transport 

ps, denotes pseudogene; dei, rnissing probabl y deleted. 

ML 1 1  04 
ML1 562 
ML0556 
Ali missing 
Ali missing 

M. leprae 

ML1 756 

M. leprae 

mmpLJ (ML2620) 
mmplA (ML2378) 
mmpL7 (ML01 37) 
mmpLlO (ML 1 23 I) 
mmp 11 (ML26 17) 

number compared to other fully sequenced bacterial genomes rivalled only by Pseudomonas 
aeruginosa .87 There are only five RND proteins predicted in M. leprae (Table 2). 

ln the Oram negative pathogens P. aeruginosa and Escherichia coli, RND proteins, such 

as MexAB or AcrAB ( � 1 000 amino acids), act as proton motive force-dependent efflux 

systems and confer high leveIs of resistance to fluoroquinolones and other antimicrobial 

agents.88,89 The genetic context of the mmpL genes, encoding the M. tuberculosis RND 

proteins, suggested an involvement in the export of lipids or glycolipids, and a body of 
experimental evidence to support this has since been amassed.90,9 1 ln particular, the MmpL 7 
protein is responsible for the export of the complex lipid phthiocerol-dimycocerosate (PDIM) 
and in M. leprae, modifies PDIM to produce phenolic glycolipid 1 (POLI ), MmpL7 may be 
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involved in the transport of POL I .  ÇJiven the similarities with other RND transporters it is 

possible that the MmpL proteins can also act in drug efflux, and as M. leprae produces far 

fewer than the tuberc1e bacillus does, it should be susceptible to more drugs as has been 

observed. 

NEW DRUG REGIMENS AND NEW LEADS FOR DRUG DIS COVERY 

Oiven the cost of developing new drugs, it seems certain that the pharmaceutical industry will 

not invest in the field of leprosy although tuberculosis may present a somewhat more lucrative 

market. Consequently, pharmacogenomics and high-throughput screening technologies will 

not be applied directly to M. leprae and we must look elsewhere for new leads for drug 

discovery. An exciting opening has emerged recently from studying the action of nitroimi

dazopyran derivatives on M. tuberculosis and a novel compound, PA824, shows great 

promise.92 ln order to be active, PA824 requires the F420-dependent glucose-6-phosphate 

dehydrogenase encoded by fgd, (Rv0407) ,  and resistance mutations reside in this gene which 

is also conserved in M. leprae (ML0269) .  It is thus conceivable that PA824 could find use in 

leprosy treatment and a particularly attractive feature of this drug is its action under 

microaerophilic growth conditions similar to those which M. leprae is believed to favour. 1 9 

Another area where novel drug targets may be found is in signal transduction. ln most 

bacteria, changes in gene expression in response to environmental cues are mediated by the 

His-Asp phosphorelay system effected by the two-component systems.93 These are common 

in prokaryotes and comprise a membrane-bound sensor protein with histidine kinase activity 

which phosphorylates an aspartyl residue in a response regulator protein that in tum controls 

the target genes. ln mycobacteria, a second, eukaryotic like phosphorelay system may be 

found in the form of the serine-threonine protein kinases and their cognate phosphoprotein 

phosphatases and these may also control cellular processes such as division and septa

tion.70,94 The pharmaceutical industry has batteries of lead compounds for both of these 

protein kinase families, since there has been intensive research into the histidine kinases as 

novel drug targets in recent years,95 ,96 and numerous inhibitors of serine threonine protein 

kinases have been developed for use in cancer treatment. If these kinase inhibitors became 

available, they should certainly be tested on M. leprae as this pathogen has only four 

complete two-component systems and four serine-threonine protein kinases, thus increasing 
the chances of attaining complete inhibition. 
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Surnrnary A genotypic method for predicting rifampicin resistance in Mycobacter

iurn leprae has been developed and rigorously tested on mouse footpad-derived and 

clinical specimens. A series of immobilized oligonucleotide capture probes can 

discriminate between wild type and mutant rpoB alleles, and positive controls are 

available for the most frequent mutation affecting Ser425. Two different non

radioactive detection formats have been tested with comparable success in both an 

industrialized and a developing country. The standardized procedure could now be 

used in a prospective study of potential rifampicin resistance among multibacillary 

patients. 

Rifampicin is the backbone of the multidrug therapy currently used to treat leprosy l .2 and it, 

or a related rifamycin, will almost certainly be inc1uded in any new regimens that may be 

developed? Fortunately, resistance to rifampicin is rare and has only been documented in a 

limited number of lepromatous patients, mostly receiving monotherapy or other inadequate 
treatment.4 On characterization, all rifampicin resistant isolates of Mycobacterium leprae 

were found to harbour mis-sense mutations in a short segment of the rpoB gene, encoding 
the {j-subunit of DNA-dependent RNA polymerase.5-8 The sarne region, termed RIF-RDR 
has been shown to be associated with rifampicin resistance in almost all resistant isolates, 

of Mycobacterium tuberculosis,7.9- 1 2 and in a range of other bacteria. 1 3• 1 4  

Testing M. leprae isolates for rifampicin susceptibility is generally performed after 
inoculation of mice 1 5  but this is expensive and requires specialized resources that are 

gradually disappearing from leprosy control programmes.  Radio-respirometry is a useful, 

more rapid altemative 1 6 but this also needs a sophisticated laboratory infrastructure and 
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relatively large numbers of metabolically active organisms that can only be obtained by 

passage and growth in experimental animaIs.  ln recent years, severa! groups have estab

lished predictive molecular methods for detecting rifampicin resistance that are based on 

the rpoB genotype. The first such approach involved single strand conformation polymorph

ism (SSCP)-PCR,6 yielding excellent results within 48 h and giving perfect agreement with 

those obtained from the mouse. Similar results were subsequently obtained using PCR

facilitated heteroduplex analysis (RDA) of rpoB7 and this method has also been applied 

to detecting dapsone resistance. l 7 Rowever, both PCR-SSCP and PCR-RDA require gel 

electrophoresis and sophisticated laboratory equipment and may not be suitable for resource

poor settings. Rere we describe the development of a simpler method for predicting 

rifampicin resistance, involving solid-phase hybridization to oligonuc1eotide capture 

probes, and its application in the field. 

Materiais and methods 

MEMBRANE PREPARATION 

Oligonuc1eotides corresponding to both strands of the RIF-RDR region were designed 

(Figure 1 ,  Table 1) then tested empirically for use as capture probes. The best results were 

obtained with probes corresponding to the complementary strand so these were then used 

exc1usively . Capture probes were synthesized with a 5' -amino group to facilitate covalent 

linkage to Biodyne C membranes and diluted to the optimized concentrations in 350 1L1 of 

500 mM NaRC03, pR 8 .4. Membranes (9·5 x 7 cm) were activated by incubation in 20 ml 

freshly prepared 16% (w/v) l -ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC), with 

shaking at room temperature for 10 min, rinsed with water and placed in a c1ean miniblotter 

system. Diluted oligonuc1eotides solutions (350 1L1) were added to the slots and left for 5 min 

before removal. The membrane was removed from the miniblotter, inactivated in 100 mM 
NaOR for 10  min, then washed in 2 x SSPE/O· l % SDS for 5 min at 60°C. After washing in 

20 mM EDTA pR 8, for 15 min, membranes were stored at 4°C in Saranwrap, then cut into 

appropriate strips before use. 

c 

t 
D 

t 
L F M 

T S Q L  S Q F M D Q N N P L S G L T H K R R L S A L G P 
416 420 425 ACCAGCCAGCTGTCGCAGTTCATGGATCAGAACAACCCTCTGTCGGGCCTGACCCACAAGCGCCGGCTGTCGGCGCTGGGCCC -------A 2 7  

-------A 3 4  
-------.A 3 5  -------A 3 6  

-------A 3 7  
-------.A 3 8  

-------A 3 9  ---------- 4 
--------- 3 _ A A {;;C ____ A 3 0  R l  

_________ 2 _T A c  A 3 2  R 3  
- A A "-G. ____ A 3 3  R9 

Figure 1. Organisation and sequence of the RIF-RDR of rpoB from M. leprae and location of capture probes. The 
upper part shows the DNA sequence and predicted protein sequence together.with mutations known or suspected to 
confer rifampicin resistance. The lower part shows the position of the probes discussed in the text; their sequences 
may be found in Table I .  
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Table 1. Oligonucleotides used in this study* 

For PCR and sequencing 

Brpo22 
rpo32 
rp046 

bCAGGACGTCGAGGCGATCAC 
TCCTCGTCAGCGGTCAAGTA 
TCGATCGGGCACATCCGGC 

Capture probes 

S I  
S2 
S3 
S4 
A27 
A30Rl 
A32R3 
A33R9 
A34 
A35 
A36 
A37 
A38 
A39 

aCCATGAACTGCGACAGCTGGCTG 
aGGGTTGTTCTGATCCATGAACTG 
aTGGGTCAGGCCCGACAGAGGGT 
aGACAGCCGGCGCTTGTGGGTCAG 
aAAAGGGCCCAGCGCCGACAG 
aAAAGGGCCCAGCGCCAACAG 
aAAAGGGCCCAGCGCCATCAG 
aAAAGGGCCCAGCGCGAACAG 
aAAACGACAGCCGGCGCTTGT 
aAAAGCTTGTGGGTCAGGCCC 
aAAAAGGCCCGACAGAGGGTT 
aAAAAGGGTTGTTCTGATCCA 
aAAAGATCCATGAACTGCGAC 
aAAATGCGACAGCTGGCTGGT 

a, denotes tbe position of tbe 5' -amino tink group; b, denotes biotin. 

PREPARATION OF B IOTINYLATEO PRO B ES ANO ONA S EQUENCING 

PCR was performed using the primers B-rp022 and rp032 (Table 1 ) ,  where B-rp022 is 

biotinylated, with samples of M. lepra e DNA prepared by the freeze-boiling method, 1 8 as 

described previously.5 For control purposes, plasmids carrying c10ned RIF-RDR from wild 

type and three rifampicin resistant isolates of M. leprae were used in PCR reactions. ln some 

experiments, DNA sequencing was performed to confirm the presence of mutations predicted 

by the kit. Primers B-rp022 and rp032 were used to generate a PCR fragment spanning the 

RIF-RDR, which was then sequenced using primer rpoB46 (Table 1 )  and fluorescent big 

dye terminators. Sequences were obtained using an ABI373 automated sequencer. 

HY B RIDIZATION ANO OETECTION 

This requires the following prewarmed buffers (20°C, unless specified otherwise) : denatura

tion buffer (DB) 2 M NaOH/2 mM EDTA; hybridization buffer (HB) 6 x SSPE/O· l % SDS, 
50°C; washing buffer (WB 1) 4 x SSPE/O· l % SDS, 55°C,and 42°C; washing buffer (WB2) 

2 x SSPE/O· l % SDS ; washing buffer (WB3) 2 x SSPE; staining buffer (SB) 0· 1 M Tris-buffer 

pR 9·5/0·05 M MgCI2, 0· 1 M NaCl. PCR fragments were denatured in an equal volume of 

DB for 5 min then added to prewarmed RB ( 1  mI, 55°C), and incubated with the strips, in a 
shaking water-bath at 50°C, for 30-60 min. After discarding the hybridization solution 

and washing the strips with 2 mI of prewarmed WB 1 for 1 5  min, the appropriate 

streptavidin-conjugate in WB 1 (2 mI, 42°C) was added and incubated for 30-60 mino 
Streptavidin-peroxidase conjugate was diluted 1/4000 for chemiluminescent detection and 

streptavidin-alkaline phosphatase conjugate was diluted 1/1000 for colorimetric detection. 

After discarding the conjugate solution, strips were washed with 2 mI of WB2 for 10 min 
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before adding 2 mI of WB3 and washing for 10 mino For chemiluminescent detection, strips 

were incubated for 2 min in 2 mI ECL detection liquid (Amersham), washed, then covered 

with Saran-wrap and exposes to X-ray film for 1 mino For colorimetric detection, 2 mI of 

diluted NBT/BCIP stock solution in SB (200 1-'1/10  mI) ,  was added and the strips incubated 

for 1 5-60 mino 

Results 

S TANDARDIZ ING THE METHOD 

The aim of this work was to construct and standardize a kit that allows mutations to be 

detected in the rpoB gene of M. leprae, and hence to predict whether the corresponding 

isolates would be sensitive or resistant to rifampicin. The approach involved the synthesis of 

a series of oligonuc1eotide capture probes spanning the lower strand of the RIF-RDR, their 

immobilization on a nylon membrane and use in reverse hybridization experiments. Many 
oligonuc1eotide probes of different lengths spanning RIF-RDR were synthesized, bound to 

the membrane then tested with biotinylated probes prepared from wild type and mutant rpoB 

alleles by PCR. The optimal combination of oligonuc1eotides, their sequence and location 

is shown in Figure 1 .  We found that the best results were obtained by combining four 23-mer 

probes with six (or seven) 17-mer probes for the bottom strand. Hybridization results were 

uneven in initial experiments with the shorter probes, probably due to steric hindrance 

from the membrane resulting in less of the capture probe being available to forrn hybrids. 

Consequently, these probes were resynthesized with three additional deoxyadenosine 

residues at the 5' -end thereby allowing better access of the biotinylated PCR fragment to 

the 17-mer capture sequence. 

To date, only a limited number of mutations responsible for rifampicin resistance have 

been reported in M. leprae.5,7 The amino acid substitutions involved are His420Asp (position 

525 in Escherichia coZi) , Ser425Leu, Ser425Met and Ser425Phe. For control purposes, 17-

mer capture probes (with 5' -adenosine) corresponding to mutant rpoB alleles of Ser425 were 

also synthesized and inc1uded on the membranes. This proved particularly useful as the DNA 

sequence encompassing Ser425 is very GC-rich and readily adopts stable secondary 
structures that often prec1ude hybridization. 

Typical results obtained with this method are shown in Figure 2. Hybridization to capture 
probes 1 -4 is seen in alI cases except when a mutation affecting the codon for His420 
is present as probe 4 then displayed no signal (column 5) .  Mutations affecting this codon 

can also be detected with probe A35 .  Probe 4 also covers part of the mutational hot-spot 

corresponding to codon 425 but does not detect mutations affecting this position probably 
because the site is too c10se to the 5' -end of the capture probe for heteroduplex formation 
to be sufficiently destabilized. However, the shorter probe A27, in combination with the 

mutant probes A30R l ,  A32R3 and A33R9, allows alI known mutations affecting codon 425 
to be detected efficiently (Figure 2, columns 2, 3 and 4). The mutant probes displayed 

excellent specificity as no signals due to crosshybridization with the wild type rpoB gene 

were obtained. Probes A34 and A37 sometimes displayed weaker signals than the others 

but the corresponding region are well covered by probes A27 and 4, or 2 and 3, respectively 

(Figure 1 ) .  Mutations were correctly revealed under standard laboratory conditions using 

either colorimetric or chemilurninescent detection methods .  
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Figure 2. Detection of rifampicin resistance by reverse hybridization. The results were obtained using the protocol 
described in Materiais and methods with biotinylated probes generated by peR using M. leprae DNA from the 
following sources: column 1, wild type M. leprae; column 2, positive control rpoBSer425Leu; column 3, positive 
control rpoBSer425Met; column 4, positive control rpoBSer425Phe; column 5, strain 92041 with rpoBHis420Asp 
mutation. The capture probes are indicated on the right, for further details see Table 1 or Figure 1 .  

B LlND TESTING 

Having established that the method reproducibly detected the common rpoB mutations at 
our disposal ,  it was then evaluated blindly on a set of six uncharacterized M. Zeprae isolates. 

Five of these proved to be wild type for rpoB (represented in column 2, Figure 3), but one of 

them appeared to harbour an rpoB mutation as no signal was obtained with capture probes 3 

and A36 (column 1 ,  Figure 3) .  These results were confirmed by DNA sequencing of PCR 

fragments spanning the RIF-RDR as the missense mutation Ser4 16Cys (TCG->TGT) was 
uncovered. Mutation of this residue to Leu and Ser has been reported in rifampicin resistant 
isolates of M. tubercuZosis and E. coZi, respectively.9. 1 1 , 1 3  

FIELD TESTING 

Kits for detecting rifampicin resistance were established in Paris then tested in Kathmandu 
at the Anandaban Leprosy Hospital . The results obtained there were of comparable quality 

to those generated in France as were those obtained with membranes produced locally. A 

potential case of rifampicin resistance was successfully detected in a mouse footpad-derived 

specimen. The corresponding strain was predicted to harbour a Ser425Phe mutation by solid

phase hybridization and this was confirmed by DNA sequencing. An M. Zeprae isolate 

harboring the corresponding allele has previously been shown to be drug resistant in the 
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Figure 3. Detection of rifampicin resistance by reverse hybridization. As stated in legend to Figure 2 except: column 
1, strain 25200 with 1poBSer41 6Cys mutation; column 2, wild type M. leprae; column 3, positive control 
rpoBSer425Leu; column 4, positive control rpoBSer425Met; column 5, positive control rpoBSer425Phe. 

mouse mode1.4,5 Having validated the system, attempts were then made to apply it to clinical 

specimens obtained from leprosy patients. 

Skin biopsies were collected from -60 lepromatous leprosy patients in Nepal and India, 
stored in 70% ethanol, then transported to the Anandaban Leprosy Hospital for further 

analysis. Most of these patients had either relapsed or not responded to treatment. After 

rehydration and rnincing, the biopsies were prepared for PCR analysis by freeze-boiling. 

Qnly tive samples reproducibly yielded PCR fragments and these were used successfully 

with the cherniluminescent detection system. Two samples from patients who had not res
ponded to treatment were found to be resistant by both methods and harboured the Ser425Phe 
mutation. The remaining three samples were found to be wild type, or rifampicin-susceptible, 

by both methods . 
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This study has convincingly demonstrated that detection of rifampicin resistance by mole

cular methods is a feasible and practical altemative to the mouse footpad assay. Equivalent 

results were obtained using two different non-radioactive detection systems in laboratories 

: in France and Nepal. There is thus no technical reason why a kit such as that described here 

should not find more extensive application in developing countries . A similar method has 

been deve10ped for detecting rifampicin resistant M. tuberculosis and is now commercially 

available. 1 9 It has yielded satisfactory results in several settings. 1 O  The availability of the 

M. leprae genome sequence also provides us with means to develop genotypic methods for 

detecting resistance to other drugs. This could now be done for dapsone and ftuoroquino

lones and, in the near future for other therapeutic agents as information about the molecular 

basis of resistance becomes available. 

We believe that the time is now right to extend the study and to learn from the present 

work as this approach has much to offer leprosy control programmes .  ln the next phase, a 

much larger number of specimens should be tested. Although every available mutation 

has been detected by the reverse hybridization system, the number of sites within rpoB that 

can be monitored by positive controls is limited by the restricted set of base changes 
described. 5-7 As a result, the faint possibility that new mutations might be missed by the 

system cannot yet be excluded and more extensive evaluation is required. 

This could be done in the framework of a prospective study of rifampicin resistance 

in which skin biopsies are examined from ex-multibacillary leprosy patients who have not 

responded properly to the treatment of MDT. Combined with PCR-based, DNA sequence 

analysis of the rpoB gene from M. leprae extracted from the biopsies rigorous appraisal 

of the reverse hybridization kit would be obtained and valuable information about the leveI 

of rifampicin resistance generated. Such a study would also enable us to evaluate, in a 

systematic manner, the long-term efficacy of multidrug therapy for multibacillary leprosy. 
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Surnrnary About 2% of the genome of Mycobacteriurn leprae is composed of 

repetitive DNA. There are more than 26 extinct IS elements together with four 

families of dispersed repeats, present in five copies or more, RLEP (37 copies), 

REPLEP ( 1 5  copies), LEPREP (eight copies), and LEPRPT (five copies) . Although 

there is no sequence similarity to known transposable elements, RLEP occurs 

predominant1y at the 3' -end of genes and, in several cases, within pseudogenes, 

suggesting that it was capable of dissemination. Strikingly, on comparison of 

the genome sequences of M. leprae and the c10sely related tuberc1e bacillus, 

Mycobacteriurn tuberculosis H37Rv, many of these repetitive sequences were 

found at sites of discontinuity in gene order. Evidence is presented that 10ss of 

synteny, inversion and genome downsizing may have resulted from recombination 

between dispersed copies of these repetitive elements. 

Repetitive sequences are cornrnon constituents of the genomes of all living organisms 

although they are far more prorninent in higher eukaryotes where they can account for a 
substantial percentage of the chromosomal DNA. There are two principal forms of repetitive 
DNA in bacterial genomes: dispersed and tandem repeats . Dispersed repetitive sequences 
can correspond to duplicated genes, or to mobile genetic elements present in several copies 
like insertion sequences (IS) .  IS are often an important component of bacterial genomes and 
as a result of their ability to transpose have mutational potential based on their ability to locate 

within coding or regulatory regions. Hundreds of individual IS have been described and 
grouped into 17 farnilies on the basis of their genetic organization, sequence sirnilarities in 
their recombinases/transposases, the sirnilarity of their ends (direct or terminal inverted 

repeats) and their target sites which are often duplicated during transposition. 1 The genome 
sequence of Mycobacterium tuberculosis H37Rv contains more than 56 IS, belonging to eight 
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families and these are an important source of plasticity and genetic variability?-6 A novel 

repeated sequence, the REP13E12  family, is present in seven copies on the chromosome and 

contains a probable phage attachment site. 3 A large portion of the genome has also evolved 

from gene duplication events, followed by sequence divergence, leading to functional 

redundancy and expansion of the biological potential of the tuberc1e bacillus.7 

Tandem repeats can be relatively simple, such as multiple repetitions of di- or tri

nuc1eotide sequences, or more complex such as the tandem duplication of large chromosomal 

segments,8 like those described in Mycobacterium bovis BCG Pasteur.9 Genetic variation is 

commonly associated with di- or tri-nuc1eotide repeats which are prone to amplification and 

contraction. These are often referred to as micro- or mini-satellites and are useful for typing 

purposes. One such mini-satellite that has been described in M. tuberculosis is the 

mycobacterial interspersed repetitive unit (MIRU), and this is also found in M. leprae. lO A 

very promising epidemiological tool for tuberc1e bacilli has been developed that is based on 

variable number tandem repeats (VNTRs) of MIRU and this is capable of efficiently 

discriminating between outbreak strains. 1 1 , 1 2  

Here w e  describe the complete repertoire o f  repetitive DNA sequences identified i n  the 

genome of M. leprae13  and discuss their potential impact on the evolution of the organismo ln 

addition, attempts are being made to exploit some of these sequences for the development of 

a test that can distinguish between isolates of the leprosy bacillus.  

Materiais and methods 

To identify repetitive DNA, the BLASTN programl4, 1 5  was used to compare the genome 

sequence with itself. Areas showing >99% identity were then inspected visually and 

annotated using Artemis. 1 6 Potential IS elements were uncovered by database searches 

using BLASTX and tandem repeats identified using the program tandem repeats finderY 

MIRUs were localized by BLASTN searches of the genome sequence using the consensus 

sequences of MIRUl -3 as strings, and all hits with scores >70 were investigated using a 

combination of Artemis the relational database, Leproma. 1 8 

To investigate MIRU-based polymorphism, PCR primers were designed using the Oligo 

5 .0 software (National Biosciences, Plymouth, MN, USA), and the sequences are summar
ized in Table 1 .  M. leprae DNA was prepared by the freeze-boiling method. 1 9 For PCR 
reactions, 5 t-tl of DNA solutions was added to a final volume of 25 t-tl containing 10% DMSO, 
0·5 mmol/l of each dATP, dCTP, dGTP and dTIP, 0·2 t-tmol/l of primers, 2·5 t-tl of PCR buffer 
[ 1 70 mmol/l (NH4hS04, 600 mmol/l Tris-HCL (pH 8 ·8) ,  20 mmol/l MgC12, 1 00 mmolll 

{3-mercaptoethanol] and 1 ·25 1U of Taq polymerase (Gibco-BRL). The PCR was performed 

using a PTC- 100 (MI Research, Inc .) for 35 cyc1es of 1 min at 94°C, 2 min at 59°C, 2 min at 

n°c. The reactions were terrninated by incubating for 10  min at noc and analysed by 
agarose gel electrophoresis using the appropriate controls. 

Results and discussion 

DIRECT REPEA TS 

On examination of the M. leprae genome sequence a series of perfect direct repeats was 

found ranging in size from 2 to 52 bp. All repeat sequences of >20 bp that were present in 
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two or more identical copies were annotated together with all perfect repeats present in three 

or more copies. There are far fewer tandem repeats in the genome of M. leprae compared 

to that of M. tuberculosis, main1y as a result of the much smaller number of PE-PGRS genes 

that are composed of such motifs. No tetranuc1eotide repeats are found in M. leprae nor 

in M. tuberculosis and dinuc1eotide repeats were on1y observed in the leprosy bacillus. A 

trinuc1eotide repeat (TIC) displaying copy number differences has been described in some 

isolates of the leprosy bacillus,20 and this has 2 1  repetitions in the TN strain used for genome 

sequencing, while a hexanuc1eotide repeat in the sigA (rpoT) gene has been found recently to 

be present in three copies in most strains of M. leprae, inc1uding TN, but in four copies in 

others.2 1 Prornising discrirninatory tests have been devised that target these polymorph
isms,20.2 1 and this encourages us to examine di- and trinuc1eotide repeats for variability in 

different isolates of M. leprae. 

MYCOB ACTERIAL INTERS PERSEO REPETITIV E  UNITS (MIRUS ) 

Prorninent among the tandem repeats found in M. tuberculosis, are the MIRUs, as these can 

occur in from two to four tandem copies ranging in size from 46 to 10 1  bp, and are present 

at 4 1 loci . 1 0. 1 2 MIRUs generally occur in intergenic regions and have the potential to encode 

small peptides as they contain short open reading frames whose start overlaps the stop codon 

of the upstream gene whereas the stop codon overlaps the iniation codon of the following 

gene. No MIRUs were detected by tandem repeat finder, but 20 single copies were found in 

the M. leprae genome by BLAST (Table 2). Eleven of these MIRUs had no counterparts 

in the M. tuberculosis genome, whereas four of the conserved loci contained multiple MIRUs 

in M. tuberculosis but only one in M. leprae. 

To determine whether any of the sites harbouring MIRUs were occupied by multiple 

copies in other M. leprae strains, PCR primers were designed for 14 loci and used to screen a 

paneI of 14  different isolates from Mali, Martinique, New Caledonia and the Philippines 

for diversity. ln all cases, the size of the PCR fragments was consistent with the presence of 

a single MIRU, and when the DNA sequence was determined this was found to be identical to 

that of the TN strain. These results indicate that MIRUs are unlikely to represent a source 

of polymorphism in the leprosy bacillus, in contrast to the situation in M. tuberculosis. I I  

INSERTION SEQUENCES ANO OUPLlCATED GENES 

Unlike M. tuberculosis H37R v, which contains 56 IS e1ements, most of which are predicted to 
be functional,3 M. leprae has on1y vestigial IS elements, as >26 transposase gene fragments 

were identified. These could not be c1assified reliably owing to the extensive leveIs of 

mutation and truncation incurred. All of these sequences appear in single copies.  
Two identical copies of 1 6  dispersed repeats of >700 bp were detected and examined 

(Table 3) .  Three of these ( 1 329, 1 26 1  and 1 179 bp) probably correspond to extinct IS, 
although it is interesting to note that despite loss of function their sequences are perfectly 
conserved, whereas two others ( 1 054 and 753 bp) appear to be counterparts of the REP13E12  
repeats described in  the tuberc1e bacilli . 3 The remaining duplicated sequences correspond 

to genes or more rarely to pseudogenes (Table 3), and again it is unusual to find perfect 

conservation of the sequence in bacteria. This suggests that these duplication events may 

have occurred very recently or that sequence divergence occurs at an exceptionally slow rate 

in M. leprae. 



Table 2. Features of MIRU in M. leprae and comparison with M. tuberculosis 

Class Position Bases 

MIRU2 153610 ... 153666 57 
MIRU2 534710 ... 534766 57 
MIRUl 648342 ... 648425 84 
MIRUI 862062 ... 862114 >53 
MIRU3 877171 ... 877223 53 
MIRU2 1164265 ... 1164320 57 
MIRUl 1194835 ... 1194886 52 
MIRU2 1207116 ... 1207172 57 
MIRU2 1327764 ... 1327823 60 
MIRUl 1368453 ... 1368519 67 
MIRUl 1371749 ... 1371830 83 
MIRU2 1629692 ... 1629746 55 
MIRU2 1777816 ... 1777872 57 
MIRUl 1692100 ... 1692180 81 
MIRU2 1915421 ... 1915483 66 
MIRU2 2044283 ... 2044339 57 
MIRUl 2613356 ... 2613460 105 
MIRUl 2617793 ... 2617873 81 
MIRU2 2884042 ... 2884095 54 
MIRUI 2917923 ... 2918003 81 

* Underlining indicates pseudogenes. 
0 -, denotes MIRU absent. 

Genes* 

rjbe ... ML01l2 
scoA ... scoB 
ML0534 ... carA 
ML0719 ... aldB 
purK ... purE 
miaA ... dapF 
dut ... ML1029 
MLI042 ... MLI041 
ML1I35 ... MLI136 
cysM ... ML1I71 
rphA ... ML1175 
ML1368 ... ML1369 
ML1476 ... ML1475 
argD ... argF 
pyrH .. .frr 
ilvb ... ilvN 
ML2199 ... ML2200 
pabC ... ML2203 
ML2412 ... ML2413 
ML2442 ... ML2443 

M. tuberculosis Class (No.t Comments 

rjbE ... 3781 
scoA ... scoB In-frame stop 
Rv1382 ... carA 3 (2) 
Rv3292 ... aldB Degenerate 
purK ... purE 3 Embedded in purK 
miA ... dapF NoATG 
dut ... Rv2696c 1 Out-of-frame 
Rv2680 ... echA15 2 (3) 
Rv1300 ... Rv1301 2 (3) 
cysM ... Rv1337 In-frame with ML1171 
rphA ... Rv1341 2 Out-of-frame 
RvI709 ... RvI71O 2 Out-of-frame 
Rv2454c ... Rv2455c 
argD ... argF 
pyrH .. .frr 2 (2) NoATG 
ilvB ... ilvN NoATG � 

Rv0813c ... Rv0814c � '" 
pabC ... Rv0811c ::l". 

::l". 

Rv0525 ... Rv0526 2 NoATG <0 '" 
Rv0486 ... Rv0487 t:I 

� 
S· 

� 
� '" .., 
� 

.j::. 
lJl 
W 
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Table 3. ldentical duplicated genes and sequences of >700 bp 

Sequence Genes* 

1 329 bp ML0040 
1261  bp ML1749 
1 179 bp ML0444 
1 054 bp MLI 290/MLI 850 
753 bp ML1 1 1 8/ML2236 

1 5 5 1  bp ansP 1/ansP2 
1391  bp ML2356/ML2357 
1 2 1 9  bp mmpL2/mmplA 
1 1 86 bp ML0396/ML2692 
1063 bp ML 1 053/ML 1 1 83 
1063 bp MLI054/ML 1 l 82 
l 006 bp ML0125/ML01 28 

879 bp MLI 055/ML 1 1 80 
879 bp MLI 056/ML 1 1 8 1  
87 1 bp MLI047/ML1943 
847 bp fadD5/fadD5 
740 bp ML0447/ML2159 
704 bp umaA2/umaAl 

Description 

Possible transposase remnant 
Possible transposase remnant 
Pseudogene similar to group II intron maturase 
Pseudogenes orthologous to REP13EI2  proteins 
Pseudogenes orthologous to REP13EI2  proteins 

L-asparagine transport proteins 
Part of polyketide synthase 
RND family transport proteins 
Myo-inositol- l -phosphate synthase 
PE proteins 
PPE proteins 
Putative glycosyl transferase 
QILSS family 
ESA T -6 family 
Pseudogene orthologous to Rv3714c 
Acyl-CoA synthase pseudogenes 
Similar to region of cytochrome P450s 
Mycolic acid synthase and pseudogene 

* Underlining indicates pseudogenes. 

Of particular interest are two regions of 1063 and 879 bp as these encode proteins of the 

PE, PPE, and ESAT-6 families .2,7,22 ln M. tuberculosis there are 1 1  regions containing 

ESA T -6 genes and these show two configurations comprising blocks of four or 10 conserved 

genes. There are three ESA T -6 regions of the larger type in M. leprae and two blocks of four 

genes. The latter consist of two identical repeat sequences of 1063 and 879 bp (Table 2; 

Figure 1). Interestingly, in one of these ESAT-6 regions, an additional unique sequence of 

6 1 9  bp is present within the ML 1 1 82 gene, encoding a PPE protein, but one cannot teU 

whether this has been acquired by ML1 1 82 or lost from ML1054. This is further evidence 

indicating that the ESAT-6 regions are dynamic7.23 and that PPE proteins can undergo 

variation.2,24 

RLEP 

The RLEP element was intitially detected as a repetitive sequence in M. leprae by means 
of Southem blotting25,26 and subsequently characterized at the molecular level by W oods 

M L 1 1 82 M L 1 1 8 1  M L I l 80 M L I l 83 

- ------

1 063 

1 063 

6 1 9  

879 

_ ____ � E1I�i!íllI 
M L 1 053 M L 1 054 M L 1 055 M L l 056 

� 

879 

Figure 1. Organization of repeated loci encoding PE, PPE, and ESAT-6 proteins. Gene names are given and repeat 
sizes indicated in bp. 
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et aI. 27 These authors estimated that there were at least 28 copies of RLEP in the genome and 

demonstrated that there was a central portion, common to all copies of RLEP, ftank:ed by 
additional sequences whose presence was variable. With the complete genome sequence at 

our disposal we were able to perform the definitive bioinformatic analysis and this revealed 

that the TN strain of M. leprae contains 37 copies of RLEP, one of which, RLEP _29, lacks 
part of the central domain and will not be discussed further here. There is a conserved 

segment of 488 bp found in all intact copies of RLEP and this is ftank:ed by additional 

sequences present in two or more independent RLEP elements. Consequently, the total length 

can vary from 601 to 1 075 bp (Figure 2) and, as described previously, no open reading 

frames capable of coding for transposases, resolvases or other IS-associated functions 

could be found.27 Further comparisons uncovered six polymorphic sites in the 488 bp con

served segment, three of which occurred only once while the remainder were found in 

numerous copies of RLEP. AlI of these polymorphisms can be accounted for by C-T 

transitions. On construction of a tree of RLEP sequences (Figure 2) by phylogenetic analysis 

using parsimony routines (PAUP), three large branches were established together with 

several outliers. However, there was little c1ear association between the length of the RLEP 

element or the presence of particular polymorphic nuc1eotides and its position in the tree 

(Figure 2). This is consistent with the complex organization of these sequences. 

Roughly 1 % of the chromosome is composed of RLEP DNA and these elements are 

distributed fairly randornly. 1 3 It is c1ear, however, that RLEP has contributed extensively 

to the remodelIing of the M. leprae genome as copies are often found at breaks in synteny 

with M. tuberculosis. This will be discussed further below. There is a marked over

representation of RLEP elements, in either orientation, at the 3'-ends of genes, since -30 

of the copies are within 80 bp of the stop codon of the nearest gene. ln several instances, 

RLEP is situated within the coding sequence at the 3' -end or overlapping the stop codon. 

Examples of this may be found in the truA, truB and polA genes. ln two cases, important 

genes such as glnA and polA are ftank:ed by inverted pairs of RLEPs in a configuration 

resembling that of a transposon. Data have been published that show that this composite 

polA structure is polymorphic between isolates of M. leprae28 and it is conceivable that 

similar variability may also be associated with glnA. Transcription of polA may also have 

been impaired by RLEP,29 as RLEP _22 is situated 6 bp upstream of the polA initiation 

codon. Some copies of RLEP are found within the sequences of pseudogenes that have 

intact functional orthologues in M. tuberculosis, notable examples are RLEP _8 in the 

spermidine biosynthetic gene, speE, RLEP _29 in the phosphoglucomutase gene, pgmA, 

and RLEP _28 in ML1 722, a pseudogene orthologous to Rv3037c, a conserved hypothetical 
gene of M. tuberculosis. These observations suggest that RLEP may have been capable of 
transposition at one time although it is quite unc1ear how this was mediated. Furthermore, 

attempts to detect restriction fragment length polymorphisms link:ed to RLEP have revealed 
no diversity suggesting that RLEP is no longer capable of movement.30 

REPLEP 

There are 13 essentialIy intact sequences belonging to the REPLEP farnily and two large 

fragments (Figure 3) .  The largest elements are 8 8 1  bp long, with extensive complementarity 

between bases 1 -95 and 783-880 (68% identity) .  REPLEP is bounded in most cases by 

an 8 bp inverted repeat (5'-GTTGTGGG) and contains no open reading frames. ln several 
cases the inverted repeats continue past this octamer with certain REPLEP elements 
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RLEP_2 3 697_GAA 

RUP_2 669_AAA 

RUP_ l I  601_GGA 

RUP_3 7 629_AAA 

RLEP_ 7 63 1_GGG 

RLW_ 1 9  67 1 _AAA 

RUP_ 1 8  928_AAA 

RUP_3 1 694_G GA 

RLEP_ 3 3  8 1 9_G GG 

RUP_2 6  1 058_AAA 

RLW_2 1 940_G AA 

RUP_2 2  1 075_G AA 

RLEP - I 723_GGG 

RLEP_ 2 0  725_AAA 

RUP_3 2  764_AAA 

RUP_9 761_GGA 

RLEP_ 6 749_GGG 

RLE P_ 3 6  834_GGG 

RUP_5 850_AAA 

RLW_3 782_GGG 

RLEP_ 2 8  826_AGG 

RLEP_ 4 786_AAA 

RLW_ 2 5  793_AAA 

RLW_3 0 8 1 8_AAA 

RLEP - 1 4  836_AAA 

RLEP - 1 0  863_AAA 

RUP_ 1 7  757_AAA 

RUP_3 4  847_G AA 

RLEP_ 2 7  700_AAA 

RLEP_ 3 5  736_GAA 

RUP_ 1 2  982_AAA 

RUP_ t 3  92S_AAA 

RLE P_ 2 4  777_AAA 

RLEP_ 8 694_GGA 

RUP_ 1 5  800_AGA 

RUP_ 1 6  769_AAA 

Figure 2. Phylogenetic tree of RLEP elements established using the phylogenetic analysis using parsimony routine 
of the GCG package. RLEP identifiers, sequence lengths and the sequence present at the concatenated polymorphic 
sites are indicated on the right. The sequence gaa signifies the presence of G, A and A at positions 501 , 583 and 592 in 
the multi pie alignment. 

dispIaying a 45 bp sequence, or subsequence thereof, at the 3' -end that is aIs o wholly or 

partially present at the 5'-end of some copies (Figure 3) .  With the exception of a singIe site, 

where six copies of REPLEP have a GGG tract whereas the remaining nine have GG, the 
nuc1eotide sequences are identical. No information as to a possible function is avaiIabIe. 
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REPLEP 
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45/45 

1 27/45 1-----------�L...:::....:::.:..:::..J 
7,9,10 �881 bp 

28/45 
1 ,5 2,3,8,10,1 1,13,14 

Figure 3. Schematic organization of REPLEP elements. The variable segments associated with the ends are shown as 
boxes with the numbers corresponding to the length in bp; 27/45 denote that 27 bp of the 45 bp segment are present. 
Identifiers for each REPLEP are shown below the boxes. 

LEPREP 

There are five intact sequences belonging to the LEPREP family and three fragments 

(Figure 4). These display near identical sequences with only three base differences being 

detected, two C-T transitions in REPLEP5 and one in REPLEP3 . Unlike RLEP, REPLEP 

and LEPRPT, LEPREP displays a number of features commonly associated with IS elements 

and most probably corresponds to a degenerate version. The complete LEPREP sequence 

is 2383 bp long, contains a 54 bp palindromic inverted repeat and has a 6 bp inverted repeat 

(5' -CTAGTG) at its ends. Although there are no open reading frames that could code for 

195 2383 
1 

33 2383 2 1  
2 

195 2383 2 1  
3 

291  2 1  
4 

IS1549-like 

2 106 IS1549-like 
5 

146 2383 
6 

146 2383 17/2 1 
7 

33 455 
8 

Figure 4. Schematic organization of LEPREP elements. The length in bp of each element is indicated. The variable 
segments associated with the ends are shown as stippled boxes with the numbers corresponding to the length in bp; 
1 7/2 1 denotes that 17 bp of the 21 bp segment are presento Identifiers for each REPLEP are shown to the left. 
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A B 

Rv l 056 Rv0409, Rv0408 

(ackA, pta) 

• • 

.. .. 

Rv336 1 c  Rv252 1 (bcp), Rv2520 

ML 0266 REPLEP M L0267, M L0268 M L0423 RLEP ML0424 (bcp), M L0425 

c 

Rv l 8 1 7  

--+ 
Rv l l 1 5  

--+ 

M L0934 LEPREP M L0939, M L0940 

D 

Rvl l05,04 Rvl l00 
xseAB Rvl l06 Rvl l03,02,Ol Rvl099,jum 

---•• + �  ---.. . 

REPLEP 

REPLEP 

---.• � . 

REPLEP 

xseAB ML1942 ML1946,jum 
ML1945 

Figure 5. Repetitive elements and genome discontinuities. The three main repetitive elements in the M. leprae 
genome are shown together with examples of ftanking genes and their counterparts in M. tuberculosis. The 
M. tuberculosis genes are designated with Rv prefixes, and the M. leprae genes with ML prefixes. Note the 
breaks in continuity of number of M. tubercu/osis genes that indicate translocation event. A. REPLEP, 12 complete 
copies of -875 bp, plus 2 fragments; B. RLEP, 36 complete copies of 545-700 bp plus 1 fragment; C. LEPREP, 6 
complete copies of 2,400 bp plus 3 fragments. D. Example of gene loss by deletion following transposition of a 
REPLEP element and homologous recombination between the two copies. The gene organization in M. tuberculosis 
H37Rv is shown at the top followed by the corresponding region in an ancestor of M. leprae. The present situation 
in the TN strain of M. leprae is shown at the bottom. 
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functional proteins, BLASTX searches revealed extensive sequence sirnilarity to parts of 

transposases from Pseudomonas putida (EMBL:AJ245436) and Agrobacterium tumefaciens 

(EMBL:ZI 8270), and to putative group II intron maturase-related proteins such as that of the 

fungus, Cryphonectria parasitica (EMBL:AF2 1 8567). Copies 4, 5 and 8 of LEPREP have 

been truncated and in two cases this appears to have resulted from the insertion of another 

IS element of 126 1  bp that is now degenerate but still shows extensive sirnilarity to IS1549 

from Mycobacterium smegmatis. Copies 4 and 5 are truncated at their 3'- and 5'-ends, 

respectively, share a 14  bp residual sequence and are followed by the IS1549-like element 

(Figure 4). They may once have comprised part of the sarne LEPREP element. Four copies of 

LEPREP are followed by the sarne 2 1  (or 17)  bp sequence whereas two copies are preceded 

by common sequences of 195 ,  146 and 33 bp, respectively.  It is conceivable that these 

sequences represent preferential sites of insertion for LEPREP. 

LEPRPT 

There are five sequences be10nging to the LEPRPT farnily. Copies 1 ,  2 and 4 are 1252-

1 254 bp in length whereas copies 3 and 5 appear to have been shortened, as they only 

comprise 707 and 533 bp. The sequences of the LEPRPT elements are identical and contain 

no significant open reading frames .  Copies 4 and 5 are preceded by the sarne 5 1  bp segment 

while copies 2 and 3 both have identical 7 bp sequences at their 5' -ends. Although the size 

of LEPRPT is consistent with that of an IS element, there is no other evidence to this effect. 

REMODELLlNG THE GENOME 

When whole genome comparisons of the tuberc1e and leprosy bacilli were performed it 

became apparent that there were -65 conserved chromosomal segments common to both 

bacteria with loss of gene synteny occurring at sites occupied by repetitive elements in 

most cases. 1 3 This is illustrated in Figure 5, where one can see that gene order changes 

abruptly at sites harbouring RLEP, REPLEP and LEPREP. It is probable that this resulted 

from recombination events between dispersed repetitive sequences of the sarne farnily. If the 

e1ements were arranged in inverted orientation this would result in displacement and 

inversion of segments of the chromosome whereas recombination events between directly 

oriented repeats would result in deletion of the intervening segment. A potential example 

of this is shown in Figure 5D. 

To conc1ude, it is likely that chromosomal rearrangements, gene deletions and dupli
cations have had a profound effect on the biology of M. leprae and in tum on leprosy itself. 

One of the major forces that shaped this process was undoubtedly the dispersion of repetitive 
DNA, which may have been catalysed by enzymes encoded by the e1ements, followed by 
homologous recombination between these dispersed repeats effected by recombinases such 

as RecA. Characterization of the residual repeti tive sequences has helped us to understand 

the past of the leprosy bacillus and may provide us with new tools to track its dissernination 
in the future. 
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Summary The integrated map of the Mycobacterium leprae genome unveiled for 

the first time the genomic organization of this obligate intracellular parasite. Selected 

cosmid clones, isolated from a genomic library created in the cosmid vector Lorist6, 

were identified as representing nearly the complete genome and were subsequently 

used in the M. leprae genome sequencing project. Now a new version of the 

integrated map of M. leprae can be presented, combining the mapping results from 

the Lorist6 cosmids with data obtained from a second genomic library constructed 

in an Escherichia coli-mycobacterium shuttle cosmid, pYUB I8 .  More than 98% of 

the M. leprae genome is now covered by overlapping large insert genomic clones 

representing a renewable source of well defined DNA segments and a powerful tool 

for functional genomics.  

When Gerhard Henrik Armauer Hansen established in 1 873 the contagious nature of leprosy, 

and thereby associated for the first time bacteria with a disease in man, he probably did 

not envisage that over 100 years later leprosy, caused by Mycobacterium leprae, would still 

be an important health problem in several countries. Only in the last 2 decades of the 20th 
century, due to the leprosy elirnination strategy recommended by the WHO ' ·2 and the 
widespread implementation of multidrug therapy (MDT), there was a substantial reduction 
of leprosy prevalence achieved, resulting in an estimated 1 -2 rnillion registered cases. 
Effective MDT kills the bacteria; however, it does not reverse or cure the nerve damage in the 

afflicted patients. For this reason, some of the current major leprosy research priorities are 

the development of new diagnostic tools for the detection of early leprosy cases, new methods 

for detecting drug resistance or persistence, and the design of new drugs with increased 
effectiveness, capable of shortening the duration of antileprosy chemotherapy and which 

are operationally less demanding. To prevent the onset of infection by developing a leprosy 

vaccine could also contribute towards leprosy elirnination efforts. The wide-spread adrnin

istration of BCG, Mycobacterium bovis Bacille Calmette Guérin, is probably already 
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contributing to the reduction of leprosy prevalence, offering a significant degree of protec

tion from clinical leprosy.3 ,4 The characterization of protective antigens from M. leprae to be 

included in a prophylactic vaccine and the understanding of its unusual life style, particularly 

its ability to enter and live inside Schwann ce1ls, are research areas where many questions 

remain unanswered. 

Research on M. leprae-the challenge 

M. leprae, is an obligate intracellular parasite which has, so far, evaded cultivation in vitro 

outside of living animaIs .  The development of the mouse model for leprosy research5-8 was 

the first step towards the study of M. leprae in the laboratory, and is still in use for testing drug 

susceptibility and monitoring of treatment. The introduction of the armadillo (Dasypus 

noveminctus Linnaeus) as an animal model9 made it possible for the first time to prepare 

a sufficient quantity of bacteria to envisage biochernical or genetic studies of M. leprae. 

Together with the rapidly developing recombinant DNA technologies, this represented a 

watershed for leprosy research. Preparation of chromosomal M. leprae DNA and first 

estimations of its G + C content and size became possible with the availability of arma

dillo-derived bacteria. l
o 

The values obtained (G + C 56%, genome size of about 3 ·38  Mb) 

were ultimately shown to be very close to the data generated by the M. leprae sequencing 

project (57 ·8%,  3 ,268 Mb) several years later. l l  

The Àgtll period in M. leprae research and the generation of other genomic Iihraries 

The advent of recombinant DNA technologies opened new avenues for leprosy research by 

analysis of gene products expressed in a cultivable bacterium, Escherichia coli . ln the 

bacteriophage Àgt 1 1 system, a relatively small (2-8 kb) foreign insert DNA is expressed 
under the control of the E. coZi IJ-galactosidase promoter, therefore ensuring that the cloned 

sequence will be efficiently transcribed and translated in E. coZi, generating a IJ-galactosidase 

fusion protein. Armadillo-derived genornic DNA was utilized in Àgt 1 1 expression libraries 

and many investigators successfully identified recombinant clones producing antigens recog

nized by a paneI of monoclonal antibodies or patient' s sera I2- l 9 ; see references 20 and 21 for 
a compilation. These antigenic determinants were subsequently characterized; however, it 

became evident that despite using different murine and human sera to screen the libraries, a 
lirnited number of immunodorninant protein antigens was identified,22 and the sarne antigen 
was sometimes independently re-isolated in different laboratories,20 suggesting an element 
of bias in the system used. ln addition, the size lirnitation in the Àgtl l cloning system, while 
ideal for the detection of small antigenic epitopes, was not suitable for the analysis of full 

length genes. 
To date, alI attempts to obtain high molecular weight chromosomal DNA isolated from 

armadillo-derived M. leprae have been unsuccessful. The strong physical barrier of the cell 
envelope is one explanation, necessitating a re1atively rough treatment to obtain permeabil

ization and preventing in situ preparations of M. leprae DNA suitable for pulsed-field gel 

electrophoresis (PFGE). The second reason is that M. leprae isolated from an animal host is 
a heterogenous population of bacilli with many ce1ls probably harbouring already degraded 

DNA. This lirnits the maximum insert length to 40-60 kb. Chromosomal DNA fragments 
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of this size can be prepared in sufficient quantities from armadilIo-derived bacteria. The 

technique used to manipulate DNA of this size is the cosmid cloning strategy. However, 

because of the relatively smalI size of the starting material, the conventional partial digest 

methods employed for library construction are not always appropriate due to the risk of 

obtaining chimeric inserts. Nevertheless, investigators subjected M. leprae chromosomal 

DNA to partial restriction enzyme digestion and subsequent1y utilized size fractionated 

DNA fragments for the construction of different types of large insert libraries. 1 O  

The integrated map of  M. leprae 

With the aim of centralizing and unifying the M. leprae data and creating a new starting point 

for leprosy research, an integrated genome map was initiated, with the first step consisting 

of the construction of an ordered cosmid library. No M. leprae strain has ever been cloned, 

strict1y speaking, so working with a clinical isolate seemed to be an acceptable solution. 

Thus M. leprae, originalIy derived from a patient from Tamil Nadu, was purified from an 

experimentally infected armadilIo and the chromosomal DNA was prepared as described 

by Clark-Curtiss et aI. 1 0 ln order to circumvent the problem of chimeric clones, the DNA was 

gel-fractionated, end-repaired and blunt-end fragments in the 35-50 kb size range were 

cloned direct1y into the cosmid vector Lorist6 .23 About 1000 independent clones harbour

ing M. leprae DNA were obtained, corresponding to about 10 genome equivalents ,  and the 

cosmids were subjected to a modified fingerprint analysis.24 Briefty, clones are 'finger

printed' by treatment with restriction enzymes, measurement of the sizes of alI the resulting 

fragments, folIowed by employing a computer-assisted matching technique25 to detect 

regions common to several clones .  The fingerprint data permit overlapping cosmids to be 

identified, enabling a contiguous physical map of the M. leprae chromosome to be built up 

of overlapping clones .26 

This contig map was refined and completed by hybridization, either using complete 

cosmids or suitable end-fragments of cosmids as probes .  The understanding of the basic 

organization of the M. leprae chromosome was further improved by the successful position

ing of alI the available cloned M. leprae genes and loci, along with welI-conserved, 
heterologous genes from other bacteria (such as housekeeping genes or stable RNAs). The 
ultimate comparison of fingerprinting data and hybridization results with genetic markers 
finalIy resulted in the integrated map of the M. leprae chromosome. 

Based on this integrated map, the chromosome was estimated to be �2·8 Mb in size. 

Seven years later the M. leprae sequencing project revealed a genome of =3 ·2 Mb for 

the leprosy bacilIus, I I indicating that the data from the fingerprint analysis had led to the 
underestimation of the contig sizes, due to paucity of bands in the fingerprint or different 

restriction fragments having similar lengths and hence appearing to be the same fragmento 

Nevertheless, the overalI clone and gene distribution on the integrated map was left nearly 

unchanged and the hypothesis of a circular chromosome was confirrned. 

First genome comparisons of M. leprae with M. tuberculosis27 based on the genetic maps 

were within reach, revealing existing regions of synteny. However, it rapidly became evident 

that the order of these limited genome sections was different, observations which were 

later substantiated by the corresponding genome sequencing projects of M. leprae and M. 

tuberculosis. 
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A prerequisite for studying proteins produced by mycobacterial pathways or those whose 

expression is catalysed by the products of other mycobacterial genes is the introduction 

of their genes in an appropriate surrogate host such as Mycobacterium smegmatis or 

M. bovis BCG where faithful gene expression can be obtained. The replicative shuttle 

cosmid p YUB 1 8 ,28 which contains an origin of replication functional in E. coli and a second, 

mycobacterial origin of replication for stable maintenance in mycobacteria, proved to be 

very useful for this purpose. As a selective marker pYUB 1 8  carries a kanamycin resis

tance gene, functional in both E. coZi and mycobacteria; however, due to the size of the 

vector, slightly smaller chromosomal DNA inserts can be cloned (between 30 and 35 kb) .  

ln order to pave the way for new functional genomic experiments, we  wanted to determine 

a minimum tiling path (i .e .  the combination of cosmids which gave the minimum overlap) 

of M. leprae shuttle cosmid clones representing the entire genome. Having the complete 

M. leprae genome sequence at our disposal, the positioning of M. leprae shuttle clones by 

cosmid end-sequencing became feasible as a direct mapping approach. About 800 shuttle 

cosmid clones from a pYUB 1 8-based library (obtained from W. Iacobs Ir) , generated from 

a different source of chromosomal M. lepra e DNA, were characterized by end-sequencing 

and positioned on the M. leprae genome ; however, only incomplete coverage with shuttle 

cosmids was obtained. A high number of chimeric clones were identified and eliminated, 

due to an apparent discrepancy with the genome sequence. Additional proof for the chimeric 

nature of these shuttle cosmids was generated by comparison of their fingerprint data with 

the complete cosmid fingerprint dataset. 

These comparisons also reinforced the initial assumption, that M. leprae strains from 

different origins exhibit no obvious, important genome diversity, I O·29-3 \  a hypothesis that 

was also strengthened by sequence comparisons of the generated end-sequences with the 

genome sequence .  However, the previously reported polymorphisms, the RLEP distribution 

in the genome32 and the variations in the TIC repeats ,33 have not yet been exploited in 

the pYUB 1 8  based library. 

The integration of the Lorist6-based cosmids and the p YUB 1 8  shuttle cosmid clones 

yielded a new integrated map, which, as in the first version, still exhibits the four gaps in the 

library coverage creating contig breaks. Comparisons with the annotated M. leprae genome 

reveal gap sizes of approximately 2·9, 7 ·5 ,  5 · 1  and 42·3 kb, corresponding to about 1 ·7% of 

the genome. Table 1 summarizes the open reading frames which are absent from the two 

cosmid libraries; in total 34 possible ORFs are concemed, comprising only 1 9  genes and 10  
conserved hypotheticals .  Why these regions are not present in  the two different libraries 
is unclear. There could be, as in other similar genome projects,34-37 M. leprae sequences 
that cannot be cloned in E. coli using these vectors. Another explanation could be the quality 
of the DNA preparation used as starter material for the library construction in that these 

regions might be underrepresented in the cloned, size fractionated region and more clones 

should be specifically screened for the presence of these missing sequences. 

Conclusions and future studies 

These ordered libraries are valuable tools and will facilitate genetic research considerably 
as they represent renewable sources of well-defined segments of the M. leprae genome, easy 

to distribute and convenient to handle in a non-pathogenic, cultivable host bacterium. They 
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Table 1. Regions of the M. leprae chromosome absent from the Lorist6 and also from the p YUB 18 genomic libraries. 
The first column indicates the limits, corresponding to the sequenced M. leprae genome, of the regions absent in the 
two mapped libraries. ln column two the putative genes present in these regions are given. Columns three and four 
indicate the number of conserved hypotheticals and hypothetical genes present in these unc10ned regions and the fifth 
column contains the number of identified pseudogenes 

Coordinates Conserved 
(nts) Genes hypotheticals Hypotheticals Pseudogenes 

174 526- 177 499 
MLO 1 3 1  - oxidoreductase 
fadD29 - acyl-CoA synthetase 

254 01 5-261 597 MLOI 92 - membrane protein 2 4 

PPE - PPE-family protein 
mihF - integration host factor 

655 781 -660 9 1 2  gmk - guanylate kinase 
dfp - flavoprotein 
metK - S-adenosylmethionine synthase 

sahH - S-adenosyl-L-homocysteine hydrolase 
tmk - thymidylate kinase 6 4 17 
mtrA - two-component response regulator 
mfrB - two-component system sensor kinase 
lpqB - lipoprotein 

9 1 1 5 1 2-953 873 
secA - preprotein translocase subunit 
ML0782 - transmembrane transpor! protein 
aroA - 3-phosphoshikimate l -carboxyvinyl 

transferase 
ML0793 - bacteriophage protein 
ML0803 - two-component system sensor kinase 
whiBl - putative transcriptional regulator 

Total 19  10  5 2 1  

remove the tedious step of preparation of mycobacterial chromosomal DNA and, in  addition, 

the insert size permits investigations of longer operons or genes with related functions, often 

linked on the chromosome. 

Nowadays, complete bacterial genome sequences are relatively easy to produce without 
prior mapping of clones with large inserts or the establishment of a complete integrated map . 

However, sequencing projects concerning species necessitating labOlious culture conditions, 
biohazard facilities or with complex genomes which make the sequencing approach by 
a whole genome shotgun difficult due to their special features (for example, extensive, 

numerous repetitive regions or DNA segments which are difficult to clone) benefit from 

clones carrying defined DNA fragments and a detailed cosmid map, serving as a framework 
for the assembly. Selected clones represented ideal starting material for the systematic 
genome sequencing, giving early access to thoroughly analysed and annotated regions of 

the chromosome, long before the genome was completely sequenced, as for example, the 

first completely sequenced cosmid, B 1 790?8 Sequence analysis of this cosmid revealed 
the presence of the genes for four potential drug targets: rpoB (rifampicin), tui (tetra

cyclin derivatives), rpsL (streptomycin) and eig (fusidic acid) . These results permitted the 

early development of molecular diagnostic tests for determining rifampicin resistance in 

M. leprae39 which, refined further, culminated in a relatively simple assay for resistance 

detection40 (Honoré et al. , this issue) . ln addition, benefiting from the sequence data obtained 
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from the evolutionary well-conserved rpsL gene of M. leprae, the molecular basis of strepto

mycin resistance in M. tuberculosis4 1 could be determined. 

The resources described here also provide a new foundation for functional genomics. 

Comparisons of the genomes of M. leprae and M. tuberculosis reveal a number of genes 

common to both species which could be characteristic for mycobacteria, plus another group 

of genes which are specific to M. leprae. Capitalizing on the contig map plus the genome 

sequence and its annotation, defined shuttle vector cosmids could be used to introduce, in 

a straightforward way, these M. leprae specific genes into fast-growing mycobacteria 

allowing M. leprae proteins to be expressed and studied. Clearly comparative mycobac

terial genomics in combination with the well-defined M. leprae cosmids can open new and 

systematic ways of searching for vaccine candidates, immunodiagnostic reagents and 

molecules involved in the pathogenesis of M. leprae. 
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Leproma is a powerful Web based tool for extracting information about annotations from a 

Mycobacterium leprae genome database. The URL for the Leproma web site is http:// 

genolist. pasteur .frlLeproma. 

With Leproma, the user may search the M. leprae genome1 database using several search 

criteria. One can search by gene name or synonym, by region in the genome, by gene function 

or c1assification, by DNA or protein patterns, by a BLAST2,3 or FASTA 4 search in the DNA 

sequence or the protein sequences, or by free text. 

Search results can be in the form of a list where the columns in the list are set by the user 

or in the form of a drawing if the search results in a region in the genome. The user can also 

download or view the DNA sequence or the protein sequence from a single gene or from the 

list of a search result. 

Leproma opening Web page 

The Leproma web server will show a page (Figure 1) with free frames. The left frame shows 
the form for entering search criteria, The top right frame is used for showing the search 
results, either in the form of a list or a drawing (if the search request results in a region) . It 

is also used for entering additional search criteria for a BLASTIFASTA search, a pattern 

search, or an extended annotation search. The bottom right frame is used for showing detailed 

information for a gene. Other pages may be shown for the help pages, a view of a DNA or 

protein sequence, the pre-ca1culated BLAST results for a gene, or links to other external 
databases.  

The opening Web page (Figure 1 ;  see also accompanying colour poster) shows in the 

upper right frame, the Leproma data version and date of the data re1ease and an image of 

the M. leprae genome showing CDS or ORF positions, gene c1assification, and GC%.  This 

image is clickable and results in a list (or drawing) of all the genes ± 10 kb in the region 
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Figure 1. Leproma opening Web page (for colour version of this figure see also accompanying colour poster. 

around the c1ick point. The bottom right frame gives links to information about the M. leprae 

genome projecto 
The left side frame contains the form for entering basic search criteria. 

• The Gene name field is used for specifying a gene name. One or more wild-card 
characters may be used for searching several genes. For example, 'dnaA' will search for 
the gene ' dnaA' while ' dna * ,  will search for all genes whose name starts with 'dna' . The 

Synonym option allows the use of synonyms or old gene names. The Region option gives 

a list of genes ± 20 kb around the specified gene name. This option is ignored if a wild
card character is used in the Gene name field. 

• The Location fie1ds From and To will give a list (or drawing) of all genes within the 
given genome coordinates .  The coordinates are in kilo-bases. The Chromosome button 

will display the image of the M. leprae genome from the opening page (Figure 1 ) .  
• The Func t i ona l cat egory field is used to  search for all genes of  the given 

c1assification code. 
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• The Free t ext field is used for searching for text string in the description fields for 

all genes in the database. 
• The Ext ended Search button is used for a detailed search of gene annotations such 

as Accession number, protein length, DNA length, molecular weight, isoelectric point, 

and a free text search lirnited to certain annotation fields . The extended search cri teria 

form is displayed in the upper right frame. 
• The BLAST and F AST A buttons wilI alIow a BLAST or F AST A search of the genome 

DNA sequence or the protein sequences. The options for BLAST or FASTA are presented 

in the upper right window. AlI available BLAST programs are presented and inc1ude 

the BLAST versions from the NCBI and Washington University. 
• The Search Pat t e rn button alIows a pattem or motif search of the genome DNA 

sequence or the protein sequences. The options for the pattem search are presented in the 

upper right window. 
• The Opt i ons button alIows the selection of several default options : 

• Whether a region is displayed as a list or a drawing. 
• For a list, which annotation columns are displayed. 
• The default sort order for a list. 
• How many items to be displayed at once in a list. A More . . .  button is displayed for 

scrolling through the list. 

Leproma Iist display of a region 

The list display (Figure 2; see also accompanying colour poster) shows the genes in a certain 

region or the genes based on the user specified search criteria. A gene name in the 

Gene Name colurnn may be c1icked to display the detailed annotations for the given gene 

in the lower right frame. 

For a gene list of a region, the Navigate in region options are displayed. The 

user can shift the region to the left (lower genome coordinates) by c1icking the yellow left 

arrow, expand the region, contract the region, or shift the region to the right. The region 

coordinates may be changed directly with the From and To fields and c1icking the 
Update List button. Also, the list display can be changed to a drawing (Figure 3; see 
also accompanying colour poster) by c1icking the Draw Region button. 

The list colurnns may be changed by selecting the appropriate gene list colurnns and 
c1icking the Updat e  List button. 

The user may export information from the list inc1uding the list of genes and selected 

colurnns, the protein sequence for each CDS in the list, the DNA sequence for alI entries 

in the list, and for a region list, the DNA sequence for the region in direct or reverse com
plement formo The data may be displayed on the user' s screen or it may be downloaded 

to a local file on the user ' s  system. 

Leproma drawing of a region 

The region drawing (Figure 3 ;  see also accompanying colour poster) displays a region in the 

Leproma genome. Each genornic element is represented by a graphic symbol on the drawing. 
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Figure 2. Leproma region list (for colour version of this figure see also accompanying colour poster). 

A gene or CDS is represented by a coloured, horizontal line with the start-end points 

representing the beginning and end of the CDS and the direction of transcription. The colour 
represents the functional classification of the CDS that has been used for both the M. leprae 

and the M. tuberculosis genome projects.5 There is one exception, as pink is used for the 
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Figure 3. Leproma region drawing (for colour version of this figure see also accompanying colour poster). 

many pseudogenes in M. leprae. The caption at the bottom of the drawing gives the colour 

code for each category of c1assification. RNA is represented by a black vertical arrow. Each 

graphic symbol and its name is c1ickable and displays detailed annotation in the lower right 

frame of the window. 

As with the region gene list (Figure 2), the user may shift the region to the left, expand the 

region, contract the region, or shift the region to the right. The user may change the base-pair 
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Figure 4. Leproma detailed gene annotation (for colour version of this figure see also accompanying colour poster). 

density per line and change to a list display of the region. The user may export the genes or 

the DNA sequence in the region as for the gene list of a region. 

Leproma detailed gene annotation 

The gene detail display (Figure 4; see also accompanying colour poster) shows ali anno

tations available for the selected CDS or RNA. These annotations inc1ude the size in base
pairs and in amino acids, for a CDS, the synonyms (if any), the accession number, the 
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product, comments, the localization on the genome, the molecular weight, and the isoelectric 

point. For a CDS, there is a link to a BLASTP report for the CDS run against the NCBI 

non-redundant protein database. The BLASTP reports are updated regularly and may contain 

hits to new sequences that were first described during the previous annotation. This facility 

ensures that new c1ues to function are made available and we recommend that Leproma 

users check them regularly. Information about membership of a CDS to a partition, or protein 

family, can be found by c1icking the MAST link as this provides graphic output generated 

by the MEME6 and MAST7 programs. A table of partition functions summarizes the 

functional information about all the families and the TMHMM8 link provides details about 

the number and position of potential member spanning segments in likely membrane 

proteins. 

The user has the option to display in a list (Figure 2) or a drawing (Figure 3) the region 

around the gene or export the gene sequence as a DNA sequence or a protein sequence if it is 

a CDS . 

GenoList genome browsers 

Leproma is a part of the GenoList family of genome browsers. The following table lists 

available GenoList browsers: 

SubtiList for the Bacillus subtilis genome http://genolist.pasteur.fr.subtiIList 

Colibri for the Escherichia coli genome http ://genolist.pasteur.fr/Colibri 

TubercuList for the Mycobacterium tuberculosis genome http://genolist.pasteur.fr/ 

TubercuList 

Pylorigene, a multi-genome browser for the two Helicobacter pylori strains J99 and 

26695 http://genolist.pasteur.frlPyloriGene 

MypuList, for the Mycoplasma pulmonis genome http://genolist.pasteur.frlMypuList 

Other genomes are being added regularly. An updated status can be seen at http:// 

genolist.pasteur.fr 
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Erratum 

ln Editor' s Choice in the September is sues of Leprosy Review, the Editorial 'Needing to know? Ethical 

dilemmas in leprosy treatment and control' was erroneously attributed to John Porter and Anthony 

Zwei, rather than John Porter and Anthony Kessel. We apologise for this error, and for any confusion 

that it may have caused. 
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