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ABSTRACT. The development of new chemotherapy for the treatment of tuberculosis has three major 
objectives: first, the development of faster-acting drugs to shorten the duration of treatment; second, the 
development of novel antimicrobials to counter the emergence of bacteria resistant to current therapies; and, 

third, the development of chemotherapeutics that specifically target dormant bacilli to treat the one-third of the 
world’s population latently infected with tubercle bacilli. Strategies based upon optimizing the inhibition of 

known targets require an extensive knowledge of the detailed mechanism of action of current antimycobacterial 
agents. For many agents such as isoniazid, ethambutol, rifampin, and pyrazinamide such knowledge is now 
available. Strategies based upon the identification of novel targets will necessitate the identification of 

biochemical pathways specific to mycohacteria and related organisms. Many unique metabolic processes occur 
during the biosynthesis of mycobacterial cell wall components, and some attractive new targets have emerged. 
The development of targets specific to latency will require a detailed picture of the metabolism and biochemical 

pathways occurring in dormant bacilli. Recent evidence suggests that anaerobic metabolic pathways may operate 
in dormant bacilli, and the enzymes involved in such pathways may also provide significant new targets for 
intervention. The combination of the mycobacterial genome sequence that is anticipated to become availahle 

this year with an improved understanding of the unique metabolic processes that define mycohacteria as a genus 
offers the greatest hope for the elimination of one of mankind’s oldest enemies. BlOCHEM PHARMACOL 54; 11: 

1165-l 172, 1997. 0 1997 Elsevier Science Inc. 
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Despite the existence of effective chemotherapy, more 
people died of tuberculosis in 1995 than in any other year 
in history [l]. Without immediate decisive action, 30 
million people will die from tuberculosis in this decade, 
more than from AIDS, malaria, cholera, and other tropical 
diseases combined [2]. Current guidelines for the treatment 
of active disease call for initial treatment with isoniazid, 
rifampin, and pyrazinamide for 2 months with a continua- 
tion of the isoniazid and rifampin for 6 months [3]. This 
regimen is typically supplemented with ethambutol or 
streptomycin until drug susceptibility tests have been com- 
pleted. This four-drug “short-course regimen” is generally 
effective against susceptible organisms in pulmonary infec- 
tions of adults provided the patient completes the full 
course of antibiotic treatment. The failure of patients to 
complete therapy as well as inappropriate monotherapy has 
led to the emergence and distribution of strains of MTBt 
resistant to every available chemotherapy (MDR-TB) [4, 
51. Such organisms will not remain confined to the Third 
World or to the poor and indigent of developed countries. 
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Laboratory of Intracellular Parasites, Rocky Mountain Laboratories, 
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t Abbreviations: MTB, Mycobacterium tuberculosis; MDR-TB, mulndrug- 
resistant TB; CMAS, cyclopropane mycolic acid synthase; MMAS, me- 
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The recent documentation of the spread of a single clone of 

multidrug-resistant MTB (the “W” strain) throughout the 
continental United States and to Europe highlights the 
danger of an airborne pathogen in our global society [6]. 

In part, the difficulties with current treatment are related 
to the nature of the disease process, since an initial 
infection with aerosolized MTB is typically controlled but 
not completely eliminated by the host immune system [7]. 
The presence of latent bacteria within the host means the 
continuous threat of reactivation exacerbated by subse- 
quent episodes of immunosuppression later in life. The 
AIDS pandemic has significantly worsened this situation; 
patients infected with tuberculosis alone have a 0.2% 
chance per annum of developing active disease, while 
patients coinfected with HIV and tuberculosis have a 
5-10% chance of reactivation [2]. The long lag time 
between infection and disease further complicates treat- 
ment since dormant bacilli are refractory to most if not all 
currently used antimycobacterial agents [8]. In this country, 
for instance, the number of patients latently infected with 
the “w” strain virtually guarantees future epidemics of 
MDR-TB, which will occur unpredictably over the next 
few decades as these patients reactivate [6]. 

The challenge in developing future chemotherapy, 
therefore, lies in meeting these three goals: first, to improve 
the efficacy of current therapy and develop truly short- 
course antibiotic regimens to encourage patient compliance 
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FIG. 1. Structures of antimycobacterial compounds. 

and slow the development of drug resistance; second, to 
develop drugs with novel targets to treat patients already 
infected with MDR-TB; and third, to develop agents that 
specifically target latent organisms to treat the vast num- 
bers of people at risk of developing active disease through 
reactivation. These goals will be facilitated by recent 
improvements in our understanding of the mechanism of 
action of current drugs, by recent advances in our under- 
standing of the molecular biology and biochemistry of the 
tubercle bacillus, and by the mycobacterial genome project, 
which will better enable us to define biochemical pathways 
unique to the bacilli. This review is not intended to provide 
exhaustive coverage of the mechanisms of action of current 
antimycobacterials or an exhaustive review of potential 
antimycobacterial targets; the reader is pointed elsewhere 
for some excellent efforts in these directions [9-131. In- 
stead, this review is intended to highlight recent studies 
suggesting novel targets of high potential, which are suffi- 
ciently well characterized that the outline of future studies 
can be clearly defined. 

REDESIGN OF EXISTING 
ANTIMYCOBACTERIALS 
Isoniazid 

Isoniazid (Fig. 1) demonstrates an amazing specificity for 
the tubercle bacilli with little or diminished activity against 

even closely related mycobacterial species and no activity 

against other unrelated bacteria [14]. Isoniazid is a pro-drug 
that requires activation by an endogenous mycobacterial 
enzyme, KatG, prior to exerting its bactericidal effect on a 
cellular target [15]. Isoniazid-resistant mutants frequently 
have an altered katG gene producing a mutant protein or 
lack KatG altogether [16]. Restoring katG to isoniazid- 
resistant strains defective in KatG production restores 
isoniazid sensitivity [17]. While the role of KatG in isoni- 
azid resistance is well established, the actual function of 
KatG regarding isoniazid activation is unclear. The most 
informative work suggests that KatG serves to oxidize 
isoniazid to a highly reactive acyldiimide or acyldiazonium 
ion that could then react with a cellular nucleophile and 
thereby inactivate a specific target [18]. Recently, the 
conversion in vitro of isoniazid into isonicotinic acid and 
isonicotinamide was shown to proceed through the gener- 
ation of an oxyferrous form of KatG by prior hydrazinolysis 
of a portion of the isoniazid [19]. This may not be an 
exclusive mechanism, however, as hydrogen peroxide and 
isoniazid toxicity are quite synergistic, suggesting that 
hydrogen peroxide may be a capable oxidant of isoniazid 
when present in sufficient quantity [20]. 

The definition of the actual active form of isoniazid 
seems unlikely due to the highly reactive nature of the 
intermediate and the extremely complex chemistry of the 
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acylpyridine nucleus. On the other hand, targeting oxida- 
tive stress response proteins such as KatG is a promising 
new direction in the development of antimycobacterial 
agents. In part, this is because the availability of isoniazid- 
induced katG mutants has resulted in a great deal of 
understanding of the biological function of these enzymes. 
Under normal conditions, KatG is the only catalase- 
peroxidase produced by MTB and is essential for growth of 
the organism inside macrophages but not in vitro [20, 211. In 
most bacteria, katG is regulated by a transcription factor, 
called OxyR, which responds to oxidative conditions by 
up-regulating expression of the approximately 30 genes that 
comprise the OxyR regulon [22]. Recently, it was observed 
that MTB uniquely lacks a homologue of this transcription 
factor and has a severely circumscribed ability to affect gene 
regulation in response to oxidative challenge [23, 241. The 
ability to increase KatG expression in the absence of OxyR 
may be related to another layer of catalase regulation 
mediated by the mycobacterial homologue of the iron- 
binding Fur protein, IdeR [25]. 

A gene related to KatG, which apparently conferred 
low-level isoniazid resistance on Mycobacterium smegmatis 
and whose promoter was mutated in isoniazid-resistant 
clinical isolates, was identified recently as a/&, a myco- 
bacterial thioredoxin-dependent alkylhydroperoxidase [26]. 
These and subsequent authors concluded that AhpC was 
contributing directly to isoniazid resistance by detoxifying 
toxic metabolites produced upon isoniazid activation [27]. 
A second interpretation of these results, that the observed 
AhpC up-regulation arose due to a compensatory mutation 
selected because of the loss of the required catalase- 
peroxidase function, was supported by the fact that in the 
absence of katG mutation massive AhpC overexpression 
does not confer isoniazid resistance on sensitive MTB [20]. 
Remarkably, this simple experiment continues to be ig- 
nored by some authors who claim that AhpC is somehow 
directly involved in detoxifying isoniazid in saprophytic M. 
smegmatis [28, 291. Such studies have failed to account for 
KatG levels in these OxyR-proficient organisms and are 
undoubtedly simply measuring a decrease in isoniazid acti- 
vation. What these experiments do make clear, however, is 
that KatG (or AhpC as a functional equivalent) is essential 
for the pathogenesis of MTB and that inhibitors of the 
catalase-peroxidase function (either as inhibitors of KatG 
in wild-type bacilli or as inhibitors of AhpC in KatG- 
deficient bacilli) represent a viable target for the develop- 
ment of new chemotherapy. 

The second major area of research related to improving 
isoniazid is the identification of the target for the activated 
form of isoniazid to enable the design of analogues that 
would bypass the requirement for activation. Through 
extensive biochemical work, the target for isoniazid is 
known to lie in the biosynthetic pathway for the unique 
mycobacterial lipids, the mycolic acids [30]. These studies 
narrowed the search to a desaturase that produced tetracos- 
5-enoic acid [31-331. Recently, a gene encoding an enoyl 
reductase was cloned by selecting for resistance to isoniazid 

in M. smegmatis an isoniazid-insensitive saprophytic myco- 
bacterium [34]. This gene was shown to encode a protein 
called InhA, which has been subsequently crystallized and 
studied extensively [35, 361. Unfortunately, this target 
conflicts with the wealth of biochemical information al- 
ready in the literature, which suggests that the target in 
MTB was not an enoyl reductase but a desaturase. In fact, 
expressing InhA in the tubercle bacilli does not induce 
isoniazid resistance, and the failure of recent clinical studies 
to document any mutations in the InhA protein suggests 
that this protein is only an isoniazid target in M. smegmatis 
[37]. Obviously, the actual target for isoniazid in the 
mycolic acid biosynthetic pathway represents an attractive 
goal of future studies. 

Rifampin 

Rifampin (Fig. 1) is a key component of current antimyco- 
bacterial therapy, and resistance to this drug significantly 
lengthens treatment duration [12]. Rifampin acts by inhib- 
iting the p-subunit of the DNA-dependent RNA polymer- 
ase encoded by the rpoB gene, and MTB, M. smegmatis, and 
M. l~rae mutants resistant to rifampin are mutated in this 
gene [38-411. The introduction of rifampin in the treat- 
ment of tuberculosis was instrumental in shortening ther- 
apy duration from 18 to 9 months, and these aspects have 
been reviewed recently [42]. 

Very active semi-synthetic derivatives of rifamycin have 
appeared recently, which promise some hope in further 
shortening the duration of chemotherapy and offer a proof 
of principle that improving drug affinity for current targets 
can shorten treatment duration. KRM-1648 (Fig. 1) is a 
benzoxazinorifamycin derivative, synthesized in 1991, 
which has been evaluated extensively in tuberculosis mod- 
els [43-451. In oitro studies were followed up quickly by 
studies in murine models in which KRM-1648 was shown 
to have potent antitubercular activity exceeding that of 
rifampin and rifabutin [46]. This activity was shown to be 
useful in combination therapy with isoniazid in mice and 
shown to have a significant advantage in the speed of 
clearance of organisms from infected animals [47, 481. 
Organs from infected mice were sterile after 6 weeks of 
treatment with KRM-1648, while viable cells could still be 
observed even after 12 weeks of treatment with either 
isoniazid or rifampin. These results suggest that inclusion of 
KRM-1648 in standard combination therapy may shorten 
significantly the duration of such therapy [47]. Finally, 
although not effective against all isolates carrying mutant 
rpoB alleles, KRM-1648 is effective against some specific 
mutations that are clinically significant and has additional 
activity against atypical mycobacteria such as M. &urn [49, 
501. 

Pyra&amide 

Pyrazinamide (Fig. 1) is an analogue of nicotinamide whose 
mode of action is remarkably analogous to that of isoniazid. 
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Like isoniazid, pyrazinamide is thought to be a pro-drug that 
requires deamidation by an endogenous mycobacterial en- 
zyme, pyrazinamidase, to form pyrazinoic acid [51, 521. 
Pyrazinoic acid is thought to be a toxic metabolite, but the 
precise cellular functions inhibited by this molecule have 
not been defined [53]. There have also been intriguing 
suggestions that pyrazinamide may have some efficacy 
against dormant or semi-dormant bacteria in vitro, although 
the molecular mechanisms involved remain obscure [54, 
551. Very recently, the requirement for activation of pyrazi- 
namide via the action of a pyrazinamidase was proven by 
cloning the gene from MTB which encodes this enzyme 
(pncA). The pncA gene from a set of five clinical isolates 
resistant to pyrazinamide was examined and found to be 
mutated, correlating with a loss of pyrazinamidase activity. 
Transformation of strains with known pncA mutations with 
a wild-type pncA gene restored both pyrazinamidase activity 
and pyrazinamide sensitivity [56]. Also unexplained but of 
interest is the observation that pyrazinamide is only effec- 
tive against bacilli at an acidic pH [57]. The possibility that 
the pncA gene is specifically responsive to acid pH will 
undoubtedly be resolved quickly and may offer further clues 
to the intracellular environment hosting MTB. 

Knowledge of the mechanistn of action of a prodrug may 
be helpful in designing out the requirement for activation 
and circumventing drug resistance. The intracellular pro- 
duction of pyrazinoic acid occurring by deamidation of 
pyrazinamide could also occur by hydrolysis of an ester of 
pyrazinoic acid by a non-specific cellular esterase [58]. Such 
esters have been shown to have potent activity not only 
against MTB but also against more difficult to treat atypical 
mycobacteria such as M. avium [59]. In addition recent 
compounds in the pyrazinoic acid ester series such as 13 

and 25 have been shown to have lOO-fold greater activity 
against MTB and IOOO-fold greater serum stability [60]. 
These compounds offer considerable promise as potent new 
anti-tuberculars. 

Ethumbutol 

NOVEL TARGETS FOR FUTURE 
DEVELOPMENT 
Mycolic Acid Methyltransferases 

The molecular mechanism of ethambutol action has under- Mycolic acids represent a major constituent of the myco- 

gone a renaissance in the recent literature, and the mode of bacterial cell wall complex and form the inner leaflet of a 

action is now reasonably well defined. Early studies (re- terminal covalently attached asymmetric lipid bilayer [30, 

viewed in Ref. 9) suggested a target in the mycobacterial 691. The properties of this bilayer appear to be a direct 
cell wall but were not successful in identifying the macro- consequence of the various functional groups occurring in 
molecule that was directly affected. The observation by the longer chain of these complex a-alkyl-P-hydroxy fatty 
Takayama and Kilburn that arabinose incorporation into acids [70]. Maintenance of the proper viscosity in this 

the cell wall arabinogalactan was inhibited [61] was the membrane will be essential not just for ensuring appropriate 
foundation for a series of experiments that resulted in the diffusion rates of hydrophobic molecules but also for proper 

identification of arabinose decaprenylmonophosphate as enzyme function in this extremely hydrophobic microenvi- 

the biogenetic source of arabinose in the cell wall arabi- ronment. In pathogenic species of mycobacteria the most 

nogalactan [62]. These studies demonstrated that arabinose common modification is the introduction of cis-cyclopro- 

incorporation into the cell wall was specifically inhibited, panes at two positions in the cr-alkyl chain. An enzyme 
while arabinose incorporation into lipoarabinomannan was (CMAS- 1) involved in cis-cyclopropane formation was 
not as severely affected [63]. Chemical synthesis of the cloned in a saprophytic mycobacterial species that does not 
polyprenolphosphate arabinose donor allowed a direct dem- normally catalyze this transformation, and this functional 

onstration of the effect of ethambutol in cell-free assays of group was thereby shown to play a role in the protection of 

arabinose transfer [64]. Mutants of M. smegmatis resistant to 
ethambutol show that the effects of the drugs also extend to 
the biosynthesis of lipoarabinomannan, pointing out a 
commonality between the biosynthetic incorporation of 
arabinose into these two macromolecules [65, 661. In fact, 
the heterogeneity in the truncated forms of arabinan used 
in cell wall arabinogalactan and lipoarabinomannan to- 
gether suggest that ethambutol may have many discrete 
arabinosyltransferases as its physiological targets with vary- 
ing inhibition constants [66]. Recently, a three-gene 
operon from M. avium was identified (the emh region) 
which was sufficient to confer ethambutol resistance upon 
M. smepatis when present on a high copy vector [67]. Two 
of the genes (e&A and embR) encode apparent arabino- 
syltransferases and are homologous to each other, while the 
third gene is homologous to transcriptional repressors and 
may play a role in regulating operon expression. Ethambu- 
to1 resistance was shown to be correlated with overexpres- 
sion of the two arabinosyltransferases, and these activities 
were supported by in vit?-o assays. These results suggest that 
the embAB genes encode the enzymes responsible for the 
polymerization of arabinose into cell-wall bound arabinan, 
the primary target for ethambutol. As will be pointed out 
again later in the context of mycolate modification en- 
zymes, targeting several enzymes that catalyze related chem- 
ical functions is a significant advantage in terms of slowing 
the development of drug resistance, since single mutational 
events in such targets would not confer resistance to the 
antibiotic. The availability of arabinosyl transferase in vitro 
assays and the appropriate arabinose donor for such en- 
zymes, coupled with the ability to identify likely glycosyl- 
transferases as they emerge from the mycobacterial genome 
sequence, suggest that such enzymes may become increas- 
ingly important in future efforts to develop effective new 
chemotherapy [68]. 
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mycolic acids from degradation with peroxides [71]. This 
first enzyme had specificity for one of the two functional- 
ized positions, and a second enzyme, CMAS-2, was cloned 
by homology and shown to have specificity for the other 
functionalized position [72]. This second cis-cyclopropane 
was shown to have an effect on the fluidity of the 
mycobacterial cell wall. 

These two enzymes also showed high homology to a 
cluster of four enzymes whose functions were deduced 
recently by individually expressing each enzyme as well as 
expressing them pairwise. These four enzymes were suffi- 
cient to catalyze the formation of the second major series of 
mycolates occurring in the tubercle bacilli, methoxymyco- 
lates. Three of these four enzymes were shown to be 
involved in the formation of the cis-cyclopropane contain- 
ing methoxymycolate series by catalyzing the following 
series of reactions: MMAS-2 catalyzes the introduction of a 
cis-cyclopropane into the oxygenated mycolates, MMAS-4 
introduces an a-methyl hydroxy group, and MMAS-3 
0-methylates the secondary alcohol to form the methyl 
ether [73]. The last gene in this cluster has been shown 
recently to catalyze the conversion of a cis-olefin into a 
tram-olefin with concomitant introduction of an allylic 
methyl branch (Yuan Y and Barry CE III, unpublished 
results). This enzyme family is highly homologous so that 
the least degree of identity between any two members is 
52(X),, and all share an S-adenosyl-L-methionine binding 
site, which is absolutely conserved [73]. These features 
suggest the simplifying hypothesis that all of these enzymes 
function using a common chemical mechanism involving 
an initial methyl group addition to an olefinic mycolate 
precursor and that the fate of the cationic intermediate 
species thus formed determines the structure of the result- 
ing mycolate (Fig. 2). As was noted earlier in this review, 
this makes these enzymes attractive drug targets since 
targeting of this common intermediate could be done in 
such a way as to affect the entire family of enzymes 
simultaneously. The essentiality of these targets is suggested 
by the fact that perturbations in the normal complement of 
mycolates induced in the various recombinant organisms 
has had profound effects on measurable macroscopic char- 
acteristics of the cell wall and the organism producing this 
wall. 

EMERGING TARGETS IN LATENT BACILLI 

The vast majority of tuberculosis cases arising in the United 
States and other developed countries are the result of 
reactivation, not initial infection, and as many as lo-15 
million Americans have such infections. Lesions from such 
patients typically consist of completely blocked airways 
harboring bacilli that may or may not be cultivable [7]. 
MTB is a facultative aerobe that is known to possess various 
anaerobic metabolic capabilities, and latent bacilli are 
thought to inhabit a largely anaerobic microenvironment 
[74]. The ability of MTB to grow under reduced oxygen 
tension has been correlated with virulence, and fully 
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FIG. 2. The common cationic intermediate formed during my- 
colic acid modification. 

virulent organisms metabolize glucose, for example, primar- 
ily through anaerobic glycolysis [75]. Understanding the 
anaerobic metabolic pathways involved in survival of latent 
bacilli has been facilitated by the development of in vitro 

model systems, which enable the phenotypic adaptation of 
bacilli to a condition allowing them to survive anaerobi- 
cally [7, 761. The development of such systems is allowing 
the definition of proteins essential for long-term survival of 
MTB. One such protein is the mycobacterial homologue of 
a family of small heat-shock proteins, called au-crystallins 
due to their initial discovery in vertebrate eyes. This 
protein appears to contribute to protein stability and 
diminished autolysis of stationary-phase organisms, and 
heterologous expression in the saprophyte M. smepntis 

(which does not normally contain the gene for a corre- 
sponding protein) confers some of these properties on the 
recombinant organism [76]. Expression of the a-crystallin 
protein is not observed under aerobic growth conditions but 
is specifically triggered by lowered oxygen content during 
the transition to stationary phase. In fact, small changes in 
atmospheric oxygen content (from 10 to 2.5% oxygen in 
nitrogen) induce a dramatic up-regulation of expression of 
this protein, suggesting that the primary regulatory mech- 
anism for expression of this protein is oxygen dependent 
[76] (Barry CE III and Sherman DR, unpublished results). 
Other proteins are known to be induced when the bacilli 
adapt to low oxygen, among them the enzymes isocitrate 
lyase and glycine dehydrogenase [77]. 

An exciting case has been made recently for the specific 
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action of a nitroimidazole compound, metronidazole, on 
dormant bacilli [78]. Metronidazole has long been known, 
and used, for the treatment of obligate anaerobes such as 
trichomonads, Entamoeba histolytica, Giurdia intestinalis, and 
more recently against Helicobacter pylori in the treatment of 
gastroduodenal ulcers [79]. The action against anaerobic 
MTB presumably occurs through reduction of the nitroim- 
idazole by one electron to the corresponding nitro radical 
anion, which could then decompose to give nitrite and an 
imidazole radical. This imidazole radical is then thought to 
inflict DNA damage upon the cell as the ultimate mecha- 
nism of action [80]. Any redox reaction in the cell with a 
reduction potential more negative than the nitroimidazole 
could conceivably cause activation of the drug. Typically, 
aerobes possesses only redox couples with higher potentials 
than that necessary to reduce such compounds and are 
therefore unaffected. The requirement for anaerobic bacilli 
could indicate that a unique protein system is up-regulated 
during the shift to anaerobiosis. This need not be the case, 
though, as activation of nitroimidazoles in the presence of 
oxygen results in regeneration of the nitro compound in a 
process known as futile cycling [81, 821. Thus, the myco- 
bacterial enzyme may be present during aerobic growth but 
would not appear to activate drug. The identity of the 
mycobacterial enzyme that activates metronidazole will be 
a valuable clue to anaerobic metabolism in the tubercle 
bacilli and may provide a novel target for the design of 
nitroimidazole analogues of increased potency. 

rial agent has been introduced into widespread use since 
rifampicin in the 1960s. The need for novel antimycobac- 
terials is greater than ever, and it is only a question of time 
before increasing numbers of outbreaks of MDR-TB in 
developed countries force the reallocation of resources 
necessary to produce new pharmaceuticals. In only focusing 
on active disease, the potential market is simply too small 
to interest many pharmaceutical companies. Identification 
of targets that might be efficacious in treating tuberculin 
skin test positive individuals latently infected with anaer- 
obically growing organisms could provide both an expanded 
market and some real hope for the global eradication of 
tuberculosis. 
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