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Abstract

With the worldwide emergence of multi-drug resistant (MDR) and extensively-drug-resistant
(XDR) strains of Mycobacterium tuberculosis (Mtb), there are serious concerns about the
continued ability to contain this disease. We discuss the most promising new drugs in late stage
development that might be useful in treating MDR and XDR forms of the disease. These agents
have novel mechanisms of action that are not targeted by the standard drugs used presently to treat
susceptible strains.

Introduction

Although effective chemotherapy for tuberculosis has been in place for over 50 years, it was
clear from the first clinical trials that monotherapy with any agent led to the development of
resistance and clinical failure in 2-5 months [1]. Therefore, tuberculosis chemotherapy has
involved the administration of multiple drugs since the late 1960’s [2]. At present, the most
widely used short course therapy involves taking isoniazid, pyrazinamide and rifampicin
(Figure 1) for two months, followed by an additional four months of treatment with
isoniazid and rifampicin alone [3,4]. Isoniazid and rifampicin are rapidly bactericidal agents,
while pyrazinamide is included to treat a presumed population of non-replicating organisms

[5].

In the early 1980’s, significant clinical resistance to isoniazid began to be noted and 15 years
later, combined resistance to isoniazid and rifampicin similarly began to increase [6,7].
MDR is defined as resistance to these latter two rapidly bactericidal agents [8,9]. Strains that
have acquired additional resistance to one of the three most potent injectables (second-
generation aminoglycosides such as kanamycin and amikacin, and cyclic polypeptides such
as capreomycin) and a fluoroquinolone are deemed extensively-drug-resistant (XDR)
[10,11]. This combination of resistances is associated with particularly poor outcomes in
patients due to the relative lack of potency of the remaining second-line agents [12,13]. In a
report published in 2006, an outbreak of XDR-TB was described in KwaZulu Natal, South
Africa where the strain was responsible for 100 % mortality of 54 infected individuals with
an average time from diagnosis to death of 16 days [14].
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In the last ten years, there has been resurgence in interest in identifying new compounds that
are effective against Mtb. Much of this interest has been within academic and governmental
laboratories, as opposed to the biotechnology or large pharmaceutical industries. Because of
space limitations, we will be unable to discuss many promising new compounds in
preclinical development (many of which have been reviewed recently [15-17], and have
elected instead to discuss those compounds for which clinical trials (Phase 1 and 2) have or
will begin shortly in some detail. Several of these compounds are similar to those used
against other bacterial infections; however, some appear to be quite specific for Mtb.

Diarylquinolines (R207910)

In early 2005, a report from a Johnson and Johnson group in Europe appeared describing the
activity of a new class of diarylquinolines against Mtb [18]. Using a whole-cell assay against
a surrogate organism (a fast-growing saprophytic cousin of Mtb called Mycobacterium
smegmatis) a hit was identified that was a structurally unique, highly substituted quinoline
that also showed activity against Mth. Diarylquinolines are distinct both in structure and
mechanism from fluoroquinolones (which inhibit type Il topoisomerases such as DNA
gyrase) and quinolines such as mefloquine. A series of analogs were prepared and assessed
for enhanced activity. Unfortunately, none of this chemistry has appeared outside of the
patent literature where it is sketchy and incomplete limiting the amount of available
structure-activity information (US Patent 2007/0249667). A smaller series of similarly
substituted quinolines have subsequently been reported by another group but these have
much more limited potency [19]. R207910 was selected as the lead compound in the series
after a mouse infection study showed it was the only compound in a series of three tested to
have significant activity. As shown in Figure 2, R207910 is a single enantiomer of a
compound with two chiral centers with the carbon bearing the phenyl substituent of the R
configuration and with the carbon bearing the hydroxyl group of the S configuration.

R207910 has extraordinary activity against both drug-susceptible and drug-resistant strains
of M. tuberculosis, exhibiting MIC (Minimum Inhibitory Concentration) values of 30-120
ng/ml, equal to or lower than isoniazid and rifampicin. The compound exhibits a rapid
bactericidal activity in vitro, causing losses of 3 log orders of CFU (Colony Forming Units)/
ml in 12 days. Surprisingly, the compound exhibits a very narrow spectrum of activity and
loses activity against even closely related actinomycetes such as Corynebacteria, and it is
also inactive against other Gram-positive and Gram-negative pathogens. Amongst the
mycobacteria, R207910 shows consistent activity against many species, including many
medically important opportunistic pathogens [20]. Recently it has even been shown to have
activity against Mycobacterium leprae, the causative agent of leprosy, in a mouse model of
the disease [21].

The target of R207910 was identified by selecting resistant mutants in both Mtb and M.
smegmatis and subsequently applying whole genome resequencing to identify candidate
polymorphisms associated with resistance. Mutations common to the organisms that had
acquired resistance were found in the atpE gene, encoding the membrane-bound subunit of
the Fg ATP synthase complex. In an Mth mutant, a single point mutation that generated an
A63P substitution was observed, while in one M. smegmatis mutant, a point mutation
generated a D32V substitution. Subsequent investigations of large numbers of in vitro
generated mutants have confirmed a role for AtpE in resistance to R207910, and the few
atypical mycobacteria that show intrinsic resistance to R207910 have naturally occurring
polymorphisms at A63 [20,22]. Similarly, the eukaryotic mitochondrial ATP synthase has a
methionine at position 63, a fact that may explain the remarkable selectivity (>20,000 fold)
of R207910 for Mtb versus mammals [23]. Based on a homology model built from the
NMR-derived structure of the c-subunit from E. coli, both A63 and D32 are within the
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membrane-spanning portion of the antiparallel a-helices (Figure 2). Computational docking
studies based on this model structure suggest that important contacts are possible with R186,
E61 and F65 but do not convincingly explain the observed mutations at A63 and D32, nor
do they produce a convincing ranking of the stereoisomeric versions of this compound [24].
The intrinsically low resolution of NMR structures amplified by uncertainties in deriving
homology models from such structures limit the confidence in the predicted binding site and
contacts of R207910 with this protein.

A recent study looking at the development of resistance to R207910 in nearly 100
spontaneously resistant mutants obtained from seven different clinical isolates found
mutation of atpE only partially accounted for the resistance observed. In 38 of these isolates
no mutations were found anywhere in the ATP synthase operon, suggesting the possibility
that R207910 has additional, as yet unknown, targets [22]. However, inhibition of ATP
synthesis clearly plays a major role in the mechanism of R207910. Treatment of whole cells
with the drug reduces ATP concentrations and the drug inhibits ATP synthesis even in
isolated vesicles. Finally, coupling of a derivative of the drug (Figure 2) to an affinity
column effectively bound the a and B subunits of ATP synthase from solubilized membrane
proteins of M. smegmatis (but unfortunately not the ¢ subunit which is highly hydrophobic)
[25]. These results are not overly surprising given the nuances of drug-mediated bacterial
cell death that are being revealed for even “simple” antibiotics like aminoglycoside
inhibitors of protein synthesis [26,27].

One of the major challenges for tuberculosis drug development is the ability of a
subpopulation of the organism to exist in a non-replicating, but viable form. Several models
of this physiological state have been developed, but the most commonly used is the Wayne
model [28]. Although assumed to be an obligate aerobe, when deprived of oxygen, M.
tuberculosis can enter into a metabolic state termed “persistence”. In this state, the
organisms are insensitive to, or substantially less sensitive to common drugs used to treat the
disease, including isoniazid and rifampicin. In this state, intracellular ATP concentrations
decrease to approximately 20% of those in actively growing cells. Administration of
R207910 to cultures of anaerobic cells causes a dose-dependent reduction of ATP levels and
a corresponding decrease in CFU’s recoverable after readmission of oxygen [29]. These
results have led to the conclusion that ATP homeostasis is critical in non-replicating cells
and validate the ATP synthase as a valuable target in this important subpopulation [30].

R207910 has performed exceptionally well in various mouse models of TB [31-35] and
initial Phase | safety and Phase Il efficacy studies continue to look very promising
[18,36,37]. The most compelling results so far are from a Phase 2, randomized, controlled
clinical trail in South Africa of patients diagnosed with MDR-TB. In this study, patients
were treated with either R207910 or a placebo in combination with five other second-line
antituberculosis agents. In the placebo control group fewer than 10 % of patients had
converted their sputum from culture-positive to culture-negative after two months, while
50% of the patient group treated with R207910 converted in the same period.

R207910 represents one of the most promising of the new drug candidates for the treatment
of tuberculosis but there remains a critical issue. The drug is rapidly metabolized by
cytochrome P-450 isoform 3A4, an isoform that is strongly upregulated with the use of
rifampicin, perhaps the single most important agent used for first line chemotherapy [33]. In
healthy volunteers receiving both drugs the level of R207910 was reduced by 50%.
Although additional drug-drug interaction studies are certainly necessary it remains to be
seen whether R207910 will be able to be used as a component of first line therapy for drug-
susceptible disease. In retrospect it is surprising that a compound with such a liability was
selected as a candidate since screening for metabolic instability typically occurs very early
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in drug development. Unfortunately, the complexity of an integral membrane target with
little structural information, added to the chemical complexity of the scaffold that requires
chiral HPLC resolution at the last step, make it very difficult to address this liability from an
informed medicinal chemistry perspective.

Nitroimidazoles (PA-824 and OPC67683)

Metronidazole is perhaps the most well known antibiotic of the nitroimidazole class. It is
effective against anaerobic bacteria, protozoa and hypoxically-adapted, non-replicating Mtb
[38]. In 1989, a group from Ciba-Geigy India reported the powerful antitubercular activity
of a series of bicyclic nitroimidazo[2,1-bJoxazoles. The most potent of these, CGI 17341,
inhibited both drug-susceptible and multi-drug resistant strains of Mth and was specifically
active against Mth with significantly less active against M. avium, M. intracellulare and M.
fortuitum [39]. In preliminary tests in a mouse model of infection, the compound exhibited a
dose-dependent increase in mean survival time. However, further development of the
compound was halted, presumably due to concerns relating to mutagenicity.

Ten years later, a related compound, PA-824, featuring a six-membered oxazine rather than
the five-membered oxazole, was reported [40]. From more than 300 6-substituted 6,7-
dihydro-5H-imidazo[2,1-b][1,3]oxazines, PA-824 was selected as a lead molecule. Much of
the initial excitement around the series was due to the fact that this compound, like its
distant progenitor metronidazole, had activity against hypoxic bacilli, an observation
interpreted as indicating potential for shortening of the overall duration of treatment.
PA-824, though was selected based on one characteristic — activity in the mouse model of
TB, activity that has subsequently been confirmed many times and in many models [41-45].
From the very beginning bioreductive activation of the molecule was suspected as being a
key feature of its potent activity, and examination of the fate of radioactive drug in the
presence of sensitive cells confirmed a complex mixture of bacterial metabolites were
produced. In addition, reductions in protein synthesis and a specific effect on ketomycolate
synthesis were noted.

Because of the tantalizing anaerobic activity, and the strange connection with an important
component of the bacterial cell wall PA-824 became a powerful tool to unravel some of the
biochemistry surrounding anaerobic metabolism. Because the primary mechanism of
resistance to this agent involved the loss of reduction capacity in resistant organisms, the
major cofactor involved in this reductive process, the deazaflavin F420 was quickly
identified, as was F420-dependent mycobacterial glucose-6-phosphate dehydrogenase
(G6PDH), its major redox partner. Careful examination of PA-824 resistant mutants also
allowed the identification of the major biosynthetic genes involved in F420 biosynthesis
[46,47]. What became clear ultimately was that F420 was essential for reduction, and Fdg
(the G6PDH) was essential for reducing F420 at the expense of G6P, but that there had to be
a missing enzyme that catalyzed the actual reduction.

Because the major class of mutants that were obtained always mapped to the biosynthetic
genes for F420 or the Fdg protein whether selected in vivo (from treated mice) or in vitro
searching for the missing enzyme required screening through many mutants and quickly
ruling out those with defects in either of these. Eventually, a rarer class of mutants were
identified and whole genome resequencing revealed that thes mutants all had mutations in a
single gene annotated as Rv3547 [48]. This gene encoded a conserved predicted 151 amino
acid protein with no sequence homology to any protein of known function. Three close
homologs of Rv3547 were identified in the TB genome, and one of these appeared to be
structurally related to FMN-binding proteins. Homologs of this enzyme were also found
throughout the Actinobacteria suggesting an important, and as yet unidentified,
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physiological role for this enzyme family. Based on these results, Rv3547 was proposed to
be the nitroreductase that bound reduced F420 and catalyzed the reduction of PA-824.

Several years later this was finally confirmed by reconstitution of the enzyme, cofactor and
PA-824 and both the enzymatic function of Rv3574 (renamed Ddn: deazaflavin-dependent
nitroreductase) and the mechanism of anaerobic killing became somewhat clearer [49]. In
the presence of reduced F420 and Ddn, PA-824 was converted to three products, the major
one being the des-nitro form of PA-824. As reduced F420 is an obligate hydride ion donor,
the reaction proceeds via hydride ion transfer to the C3 position of the imidazole ring,
followed by protonation at the C2 position. This generates an intermediate that can
decompose with the generation of nitrous acid that will rapidly decompose to generate nitric
oxide. Indeed using both the Greiss reagent to directly detect nitrous acid in vitro and
diaminofluorescein, that specifically fluoresces in the presence of NO, in mycobacterial
cells, this chemistry was confirmed. Finally, the correlation between the anaerobic activity
of a series of nitroimidazopyrans and the amount of denitrated product produced supports
the role of Ddn as the nitroreductase responsible for the activity of PA-824 in the Wayne
model.

PA-824 and its derivatives were initially optimized for activity against organisms during
mouse infection. Even with a rapid assay for assessing bacterial burden in mice [50] this was
an inefficient and labor-intensive way to screen analogs. The reason this was necessary was
because there was a poor correlation between in vivo and in vitro activities. Likewise there is
a poor correlation between aerobic and anaerobic activities across series of analogs of these
compounds [51]. Both activities appear to be dependent upon unique structural features of
the molecule suggesting that there are two different modes of action for the drug following
reduction. In fact a reexamination of the transcriptional response of the organism to drug
treatment revealed two discrete responses, one that appeared to be based on inhibition of
respiration and the other based on inhibition of cell wall synthesis [52].

Simultaneously with the PA-824 development program another program to optimize
bicyclic nitroimidazoles based upon the inhibition of cell wall mycolic acid synthesis was
undertaken in Japan at Otsuka Pharmaceuticals. The resulting compound, dubbed
OPC-67683, has now reached Phase 11 clinical trials and is highly likely to be activated by
the Ddn/F420 reductase [53,54]. It is clear that the two activities are both dependent upon
reduction but are nonetheless distinct. The distribution of products formed by partitioning
between products formed may play a role in this dual activity and the availability of a
known enzyme that catalyzes this reaction may allow a more informed structure-based
interpretation of the mechanism and may facilitate design of a new generation molecule with
improved properties.

Diamines (SQ109)

SQ109 was first synthesized in an attempt to generate more effective analogs of ethambutol
(Figure 4). A report in 2003 used a combinatorial approach to generate a library of 1,2-
disubstitued ethylenediamine derivatives. Some 288 amines were tested and using a split and
pool strategy four libraries were generated containing >60,000 asymmetrically disubstituted
ethylenediamines. Compounds were screened for in vitro activity against Mtb in pools of ten
to thirty compounds. More than 2000 active wells were then deconvoluted and of these, 69
of the most active compounds were resynthesized, purified and evaluated in detail. Of these,
25 exhibited MIC values equal to or less than ethambutol. In particular, compound 109, N-
geranyl-N'-(2-adamanthyl)ethane-1,2-diamine, exhibited submicromolar MIC values in
broth microdilution methods (MIC = 0.2 uM) [55]. This compound, dubbed SQ109 has been
shown to have good selectivity and efficacy in mouse models of disease [56]. It also has
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acceptable pharmacokinetics and pharmacodynamics and concentrates more than 100 fold in
the lung [57,58]. SQ109 has synergistic effects both in vitro and in vivo with most of the
major front-line agents [59,60]. SQ109 is currently in late-stage Phase 1 (safety) trials.

So why hasn’t SQ109 generated as much enthusiasm as the other novel classes of agents that
have arisen recently? One factor is that the actual target of SQ109 remains elusive. SQ109
was derived intellectually from ethambutol, a 1,2-diamine of similar structure. Unfortunately
it was discovered early on that SQ109 is active against isoniazid and rifampicin resistant
strains of TB, but surprisingly was also active against ethambutol resistant strains [56]. The
target of ethambutol is an arabinosyltransferase involved in construction of the polymeric
cell wall unique to this group of organisms [61,62]. Somewhere in the process of analoging
around the diamine structure the series may have acquired other, related cellular targets or
might have acquired a different binding mode to the target of ethambutol. The strategy used
for screening these analogs was to incorporate a green fluorescent protein driven by a
promoter known to be highly sensitive to cell wall inhibitors [63]. Although it was thought
at the time that the combination of keeping a minimal pharmacophore (the 1,2-diamine) and
utilizing this genetic marker of cell wall inhibition would be sufficient to stay on target the
suspicion arose from the sensitivity of the ethambutol resistant strains to SQ109 that the
target had drifted.

Subsequent studies of the transcriptional response to various inhibitors confirmed that
SQ109 had distinct effects from ethambutol, suggesting that the compound was inhibiting a
different target (albeit still a target involved in cell wall biosynthesis since the locus used to
generate the reporter used in the screen was still prominent in the array profiles) [64]. This
result was confirmed by an analysis of whole cells of Mtb treated with both inhibitors that
showed that incorporation of arabinose into cell wall arabinogalactan, well known to be
inhibited by ethambutol, was not inhibited at all with SQ109.

In an attempt to define the target of SQ109 and its possible mechanism of action, a
proteomic study of the effects of SQ109, ethambutol and isoniazid was performed. When
tested at their respective MIC values for 24 hours, relatively few and small changes were
observed for any of the compounds with the exception of the increased levels of the secreted
antigens ESAT-6/CFP-10 and AhpC, a small disulfide-containing protein that catalyzes the
reduction or organic hydroperoxides [64]. The effects on ESAT-6/CFP-10 expression were
more pronounced for isoniazid and ethambutol but equal for all three compounds in the case
of AhpC. This again points out that the intracellular targets of ethambutol and SQ109 are
likely different.

Two other groups have reported more recently additional analogs of SQ109 with either
alterations in the geranylamine side chain or substitutions in the adamantine ring and
although some slight changes in overall activity were noted in general the SAR of both of
the amine substituents is quite flat [65,66]. In an effort to improve upon the bioavailability
of orally administered SQ109, a series of carbamate derivatives was prepared that would be
chemically stable but hydrolyzed once inside the host [67]. One of these compounds, the
N2-isopropyl carbamate of SQ109 exhibited quite superior pharmacokinetic properties when
administered orally compared to SQ109. The tolerance of this series to significant changes
in the two amine substituents is very high and suggests the possibility that the binding site of
the drug must show little specificity except for requiring the presence of large hydrophobic
groups. It has proven very difficult to select resistant mutants (a good thing for the patients if
this drug makes it into efficacy trials, but a bad thing for attempting to use this methodology
for identifying the target). The mechanism of SQ109 remains a very important outstanding
issue in the field of tuberculosis drug discovery.
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B-lactams (Clavulanate/Carbapenems)

The B-lactam class of antibacterials is one of the most important and successful classes of
antibiotics ever developed. However, tuberculosis has only episodically been evaluated for
susceptibility to this class. This likely stems from the report in 1949 [68] that
Mycobacterium tuberculosis produces a “penicillinase” that prevented the penicillin class of
B-lactams from inhibiting mycobacterial growth. In 1989, the MIC value of amoxicillin was
shown to drop precipitously when clavulanate, an FDA-approved B-lactamase inhibitor, was
added to amoxicillin (Figure 5) [69]. This combination (trademark name: Augmentin, Glaxo
Smith Kline) was used ten years later to successfully treat a single MDR-TB-infected
individual [70]. Given this success, it is curious that no additional reports of using
Augmentin to treat drug-susceptible or drug resistant TB infected individuals. When Cole
and colleagues published the genome of Mycobacterium tuberculosis in 1999, a single
chromosomally-encoded B-lactamase homologue of Class A (Ambler) B-lactamases was
annotated [71]. This gene, Rv3587, included an N-terminal secretory signal sequence as well
as a sequence that likely allowed for the anchoring of the protein in the outer aspect of the
cell membrane and its periplasmic location [72,73]. Removal of these first 40 residues
allowed the production of a soluble and active form of the enzyme that was crystallized and
whose three-dimensional structure was determined [74]. The activity for a series of B-
lactams, including penicillins, cephalosporins and imipenem, a carbapenem, were reported,
and the structure exhibited a fold similar to previously reported Class A B-lactamases.

This same construct was used to express and purify the TB BlaC B-lactamase for a more
complete kinetic description. The enzyme catalyzes hydrolysis of all penicillin-class -
lactams at nearly the diffusion-limited rate, While cephalosporins are less rapidly
hydrolyzed, all compounds tested were substrates for the enzyme [75]. Finally, we tested
two carbapenems, compounds that are derivatives of thienamycin, a natural product:
imipenem and meropenem. Imipenem, the first carbapenem approved for human use, was a
good substrate for the enzyme with a turnover number of 10 min~1. Meropenem, which
contains a methyl-substituted pyrroline ring, was an extremely poor substrate, which a low
micromolar Km value and a turnover number of 0.08 min~1, some 120 times slower than
imipenem. In an attempt to define the nature and extent of inhibition of BlaC by FDA-
approved B-lactamase inhibitors, sulbactam, tazobactam and clavulanate were tested as
inhibitors of the enzyme. Neither of the penicillanic acid sulfone inhibitors, sulbactam and
tazobactam, irreversibly inhibited BlaC, with activity being regained within 20-30 minutes
of incubation with these compounds. However, addition of clavulanate at near
stoichiometric concentrations, resulted in rapid and irreversible inhibition, suggesting a
mechanistic rationale for its in vitro efficacy in combination with amoxicillin against
H37Rv, and its in vivo activity against MDR-TB.

The determination of the structure of the complex gave hints as to why the inhibitory
activity of clavulanate was unique [76]. Once clavulanate binds, and the active site serine
attacks the p-lactam ring, the oxazol ring subsequently opens, generating a C6 carbonyl. The
C5 carboxyl group is beta to the carbonyl and rapidly decarboxylates to a product that
accumulates as observed by mass spectrometry. The final step is the tautomerization of the
C3-N4 imine to the C2-C3 eneamine. This final step reorients the clavulante skeleton to
increase the distance between the ester carbonyl and the catalytic water molecule, and
change the orientation of the catalytic water molecule.

When clavulanate is added to any beta-lactam, the MIC values are dramatically reduced at
concentrations as low as 0.5 pg/ml. However, meropenem was selected for detailed analysis
due to its extremely low turnover number, and its excellent safety profile. The combination
of meropenem (2—-4 pg/ml) and clavulanate (2 ug/ml) was rapidly bactericidal against
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aerobically growing organisms and sterilized cultures in ~ 2 weeks [77]. In similar types of
experiments performed in the Wayne model of anaerobic noon-replicative growth, we were
surprised to find that the combination of clavulanate-meropenem was bactericidal in a dose-
dependent manner. This suggests that while organisms in this physiological state are not
producing new peptidoglycan, that there must be dynamic remodeling occurring in this state,
and that inhibiting the re-cross-linking of peptidoglycan has cidal consequences for the
organism. Finally, this combination was tested for activity against 13 clinical strains of TB
that are phenotypically XDR. Many of these strains exhibited MIC values for amoxiciilin or
imipenem that were greater than 5 pg/ml, even in the presence of 2.5 pg/ml of clavulanate.
However, all 13 strains exhibited MIC values for meropenem less than 1.25 pg/ml in the
presence of 2.5 pg/ml of clavulanate. Given that these FDA-approved compounds have been
shown to be individually (meropenem) bactericidal, or mycobactericidal in combination
with a second beta-lactam (Clavulanate/Amoxicillin), the rapid in vivo testing of
clavulanate/carbapenem combinations should be a high priority.

Oxazolidinones (Linezolid, PNU-100480)

N-aryl substituted 1,3-oxazolidin-2-ones were first identified in the 1950s as antidepressant
monoamine oxidase inhibitors. Their antibacterial activity was uncovered in a screen against
drug-resistant Staphylococci by researchers at E. I. Dupont de Nemours and Co in 1978
[78]. Chemical optimization was based upon both whole cell activity and in vitro protein
synthesis. Improvements in potency were realized by numerous groups working in this class
of molecules (summarized in [79]) but the breakthrough that propelled Linezolid to the
status of a marketed drug was at Pfizer’s laboratories in Kalamazoo, Michigan. The primary
target of these compounds was known to be protein synthesis, therefore toxicity problems
arising from inhibiting mammalian protein synthesis were both predictable and frequent
[78]. Early evidence from key compounds suggested strongly that the SAR (Structure
Activity Relationships) and STR (Structure Toxicity Relationship) were distinct and that
such toxicity could be minimized to produce a drug with acceptable toxicity. Although it
was known that these compounds inhibited prokaryotic protein synthesis, their precise
mechanism of action was only described in 2001. As a result, this discovery program was
achieved by classical medicinal chemistry since the highly complex structure of the bacterial
ribosome was not known at the time.

Linezolid received approval by the US FDA in April of 2000 for the treatment of severe
Gram-positive skin infections (e.g., MRSA, methicillin-resistant Staphylcoccus aureus) and
hospital-acquired pneumonia. Linezolid, and other oxazolidinones, bind to the 23S rRNA in
the 50S subunit and prevent the binding of the initiating formyl-Met-tRNA [80]. By
inhibiting this binding, oxazolidinones also prevent the formation of the intact 70S
ribosome. Mutations in the 23S RNA that confer linezolid resistance (G2032A and G2447A)
allow the site of binding to be mapped quite precisely to the region between the A
(Acceptor) and P (Peptidyl transfer) sites on the 50S ribosomal subunit [81]. Linezolid has
been successfully used off-label to treat MDR-infected tuberculosis patients (for example
[82-84]), although the effects of extended linezolid therapy are still unclear.

PNU-100480 (originally U-100480) is a close structural analog of Linezolid developed by
Upjohn, where the morpholino ring has been replaced by the thiolmorpholino group [85].
The sulfur atom of the thiomorpholine ring is rapidly oxidized first to the sulfoxide and
eventually to the sulfone. The antimycobacterial activity of both the parent and the sulfoxide
are nearly equal with reported MIC values of ~0.12 ug/ml, values comparable to isoniazid.
Likewise in murine models PNU-10048 was more effective than Linezolid and approached
INH in potency [86]. Curiously, a related oxazolidinone, eperezolid, showed almost no
activity.

Curr Opin Chem Biol. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Barry and Blanchard

Page 9

The identification of the oxazolidinone class of antibacterials represents a significant new
addition to our antibacterial armementum, and the identification of PNU-100480 similarly
bodes well in the development of new treatments for tuberculosis. TB has, of course, been
an incidental bystander in the story of the development of oxazolidinones. Fortunately the
ultimate broad-spectrum molecule (Linezolid) retains considerable activity against TB and
mounting evidence of efficacy of this drug in highly drug-resistant patients, combined with
two on-going prospective clinical trials (ClinicalTrials. gov Identifiers: NCT00727844 and
NCT00664313) have dramatically increased enthusiasm for this class of molecules and the
therapeutic potential of oxazolidinones for TB treatment. The extended courses of
chemotherapy with Linezolid required for TB have already been shown to cause serious side
effects [87]. Whether the toxicity associated with long-term administration of linezolid [88]
can be avoided with PNU-100480 is unknown, but increased study is certainly warranted.

There are many other candidate oxazolidinones that could be developed for TB but these
need to be reconsidered in light of the significant toxicology of these to date and they were
not specifically developed with an extended dosing problem in mind. The recent solution of
the co-crystal structure of Linezolid bound to the 50S subunit of the ribosome has enabled
the possibility that further analogs could maximize differences between activity on the TB
ribosome and activity on the mamallian ribosome to develop a much more highly selective
agent with reduced toxicity specifically for the treatment of TB [89,90].

Conclusions and perspectives

The pipeline of promising agents for the treatment of TB has certainly advanced from where
it was ten years ago but the glass is far from half-full. Statistically there is about a 10%
chance that any given agent will advance from Phase Il to larger Phase I11 studies and there
are only two classes of new agents currently in Phase Il. There is therefore a critical need for
dramatically expanding efforts in TB drug discovery. The existing new agents also stand a
negligible chance of slowing the rising epidemic of MDR, XDR and now TDR (totally drug-
resistant) TB strains since, unless multiple agents can be introduced simultaneously, further
development of resistance is inevitable.

It is not enough to simply continue to develop drugs against whole cells and optimize them
based upon activity in mice (a notably poor surrogate for human TB that fails to predict the
activity observed in clinical trials in humans [91]). Until we begin to unravel, in detail, the
mechanisms involved in cell death and survival it will be difficult to prospectively select
targets for structure-guided drug design. It is noteworthy that chemical biology has played
an important role in this respect in understanding the mechanisms of killing of various
bacteria [92] and chemical biologists are uniquely positioned to consider the mechanisms of
cell death.
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Homology model of the Mtb ¢ subunit of ATP synthase. Position 28 (left, spheres) is the
aspartate residue equivalent to D32 in M. smegmatis. Position 63 (right sphere) is the Ala
residue mutated to a Pro in the Mtb strain reisitant to TMC207. This figure was generously
provided by Josh Goldman and Mark Girvin, Department of Biochemistry, Albert Einstein
College of Medicine.
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