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Since the discovery of the tubercle bacillus by Robert Koch
in 1882 (110), a greater understanding of the dynamics and
survival mechanisms of this pathogen has led to more ques-
tions than answers. Despite stringent control strategies and
many advances in our knowledge of the epidemiology of tu-
berculosis (TB) and the biology of the causative agent Myco-
bacterium tuberculosis, TB still remains one of the most
common and deadly infectious diseases worldwide. The emer-
gences of multidrug-resistant TB (MDR-TB) (with resistance
to at least the first-line drugs isoniazid [INH] and rifampin
[rifampicin] [RIF]) (39) and extensively drug-resistant TB
(XDR-TB) (with additional resistance to a fluoroquinolone
[FQ] and any one of the injectable drugs kanamycin [KAN],
amikacin [AMI], and capreomycin [CAP]) (43, 67) are a major
concern in the control of the global TB epidemic.

Drug resistance is not acquired through horizontal gene
transfer in M. tuberculosis, since this pathogen does not contain
plasmids and the transfer of genomic DNA has not been dem-
onstrated (125). Thus, resistance to anti-TB drugs develops by
spontaneous mutation and the resulting resistant mutants are
selected by subsequent treatment with anti-TB drugs to which
the mutants are resistant.

Resistance to various first-line anti-TB drugs, such as INH,
RIF, pyrazinamide (PZA), ethambutol (EMB), and classes of
second-line drugs (FQs, aminoglycosides, thionamides, pep-
tides, and cycloserines) is attributed to specific mutations in
target genes or regulatory domains (10, 11, 28, 69, 107-109)
(Table 1). It is thus believed that a specific gene alteration
(mutation, insertion, or deletion) will alter the structure of the
target protein, thereby influencing the degree of susceptibility
to the drug (116). For example, the katG gene codes for both
catalase and peroxidase enzyme activity, which is essential for
the conversion of INH to its active form. Mutations in the katG
gene lead to a decrease in catalase activity, thereby resulting in
less INH being activated and M. tuberculosis being resistant to
high levels of INH (40). This relationship was confirmed by
Ramaswamy et al., who showed that INH-resistant isolates
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with MICs of >256 pg/ml INH all had low or no catalase
activity levels (89). In contrast, mutations in the regulatory or
structural regions of the inhA gene result in low-level resis-
tance to INH in M. tuberculosis (41, 89). Interestingly, muta-
tions within the promoter and the coding region of inhA were
found to also confer ethionamide resistance (7, 69). This dem-
onstrates that mutations in the same genes or regulatory do-
main can result in different drug resistance phenotypes.
However, resistance in a proportion of clinical M. tubercu-
losis isolates cannot be explained by classical gene mutations
such as those described above. For example, approximately 20
to 30% of clinical INH-resistant M. tuberculosis isolates do not
have mutations in any of the known genes (Table 1) associated
with INH resistance (88, 89). Similarly, approximately 5% of
clinical RIF-resistant M. tuberculosis isolates do not harbor
mutations in the RIF resistance-determining region of the
rpoB gene (112). Therefore, it is evident that other, more-
undefined mechanisms could play a role in drug resistance.
Additional mechanisms that contribute to drug resistance in
mycobacteria exist. These mechanisms include the production
of drug-modifying and -inactivating enzymes, low cell wall per-
meability, and efflux-related mechanisms (1, 9, 12, 88, 120,
121). Mycobacteria produce enzymes that degrade or modify
certain antibiotics, leading to their inactivation (61, 111). For
example, Mycobacterium smegmatis is naturally resistant to
RIF, although no mutations have been identified in the rpoB
gene (87). This suggests that an alternative mechanism or
mechanisms play a role in conferring resistance to RIF. In
1995, it was reported that M. smegmatis DSM43756 inactivates
RIF by ribosylation, whereby a ribose ring is covalently linked
to the RIF molecule (17, 46). Gene disruption experiments
provided evidence that RIF inactivation via ribosylation was
the principal contributor of RIF resistance in M. smegmatis
(87). However, only limited data exist for the production of
degrading and drug-modifying enzymes in M. tuberculosis. It
has previously been reported that bacterial resistance to
aminoglycosides can be attributed to enzymatic inactivation of
aminoglycosides by phosphotransferases, nucleotidyltrans-
ferases, and acetyltransferases (18). Acetyltransferase AAC
(2')-Ic and the phosphotransferase encoded by the Rv3225c
gene have been shown to display aminoglycoside-modifying
activity (25) that resulted in resistance to aminoglycosides in
mycobacteria. Individual mechanisms may not be sufficient to
confer clinical resistance but may interact with other resistance
mechanisms to cause high-level resistance. This accumulation
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TABLE 1. Genes associated with resistance to various anti-TB drugs
Frequency of
" Yr of o g mutations (%)
Drug(s) discovery Drug mode of action Gene Target enzyme associated References
with resistance
INH* 1952 Inhibits cell wall synthesis katG Catalase peroxidase 30-60 52, 55, 88, 90, 101,
128
InhA Fatty acid enoyl acyl carrier 70-80
protein reductase A
ahpC Alkyl hydroperoxidase Not known
reductase
kasA B-ketoacyl-ACP synthase Not known
ndh NADH dehydrogenase 9.5
RIF* 1966 Inhibits RNA synthesis rpoB B subunit of RNA 95 88, 90, 108, 128
polymerase
STR*** 1944 Inhibits translation rpsL Ribosomal protein S12 65-67 77, 88, 128
s 16S rRNA
gidB 7-Methylguanosine 33 67
methyltransferase
EMB* 1961 Inhibits cell wall synthesis embCAB Arabinosyl transferase 70-90 48, 88, 128
PZA* 1952 Disrupts plasmamembrane pncA Pyrazinamidase >70 62, 96, 128
and energy metabolism 1S6110 Not known
insertion
FQ** 1963 Introduces negative supercoils — gyr4 DNA gyrase 42-85 16, 32, 33, 128
in DNA molecules grB
KAN, AMI** 1957 Inhibits translation s 16S rRNA >060 2, 53, 105, 109, 128
CAP, VIO** 1957 s 16S rRNA 40-100 66, 105
tlyA rRNA methyltransferase 80
ETH** 1956 Disrupts cell wall biosynthesis ~ InhA Fatty acid enoyl acyl carrier >60 7,57, 69, 91, 128
protein reductase A
ethA Flavin monooxygenase >60
ethR Transcriptional repressor Not known

“ All drugs were hydrophilic. VIO, viomycin; ETH, ethionamide. *, first-line drug for treatment of TB; #*+*, second-line drug for treatment of MDR-TB; s,
alternative first-line drug for retreatment TB cases. The FQ for treatment of MDR-TB consists of OFL-CIP-moxifloxacin.

of resistance mechanisms may contribute to the variation in
level of resistance that is seen in M. tuberculosis isolates that
have identical mutations in resistance-causing genes (45).

In order to design new anti-TB drugs and to develop novel
diagnostics, it is essential to gain an in-depth insight into the
mechanisms, other than the classical mutations in known target
genes, that confer resistance. This is of particular importance
since pathogenic mycobacteria, such as M. tuberculosis, are
becoming increasingly resistant to many of the first- and sec-
ond line anti-TB drugs. This review gives a broad perspective
on the regulation of intracellular anti-TB drug concentration
by efflux-related mechanisms in mycobacteria.

MECHANISMS OF THE MYCOBACTERIAL
INTRINSIC RESISTOME

The intrinsic resistome is an evolutionary ancient phenotype
and can be defined as the intrinsic resistance of any bacterial
species that has not been acquired as a result of exposure to
antibiotics (27). Intrinsic resistance is usually the result of the
reduced permeability of the bacterial envelope and the activity

of multidrug efflux pumps (73). This suggests that the main
physiological role of the components of intrinsic resistance
involves the prevention of influx of toxic components by re-
stricting the permeability of the cell or the active export of
toxic compounds or their metabolites out of the cell.

In mycobacteria, the influx of toxic compounds is signifi-
cantly restricted by the complex cell wall and lipid bilayer. This
waxy, lipid-rich cell wall, comprising three covalently linked
molecules, i.e., peptidoglycan, arabinogalactan, and mycolic
acid, presents a significant barrier to the influx of antibiotics
(9). The reduction in membrane permeability leads to a de-
crease in the influx of the drug, thus leading to a decrease in
intracellular drug accumulation (71, 79, 116). However, the
first porin (MspA) was identified in mycobacteria, and it allows
hydrophilic compounds to enter the cell (72). MspA was also
shown to increase susceptibility to B-lactams in Mycobacterium
bovis BCG and M. tuberculosis (63). Thus, hydrophilic com-
pounds diffuse across the mycolic acid layer via porins.

DNA sequencing has predicted that the genome of M.
tuberculosis strain H37Rv encodes multiple putative efflux pro-
teins, of which the majority have not yet been characterized (1,
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116). These efflux pump mechanisms probably have a preex-
isting physiological role, protecting the bacillus against low
intracellular levels of toxic molecules. In addition, they main-
tain cellular homeostasis and physiological balance through
transport of the toxins or metabolites to the extracellular en-
vironment. Recent evidence suggests that mycobacteria ex-
trude many drugs (61, 111, 115) via active efflux systems (64,
79, 94). However, the efflux of a broad range of structurally
unrelated toxic compounds can be considered an “accidental
and opportunistic” side effect of the transport of unidentified
physiological substrates in bacterial and mycobacterial species
(12, 13, 86, 130). Some efflux pumps are specific for certain
antibiotics, while others extrude structurally and functionally
unrelated compounds, as is the case for multidrug resistance
efflux pumps (54, 61, 64). Experimental procedures for the
identification of these pumps are limited to laboratory-induced
mutants overexpressing efflux pumps (14). Very few studies
have been done on clinical isolates. Therefore, the specific
conditions required for the induction of these pumps are not
known yet, although it is well recognized that the expression of
efflux pump genes is tightly regulated (73, 86, 92). This ensures
that efflux pump genes are available when required by the cell
to perform their physiological function.

Multidrug resistance efflux pumps. Multidrug resistance ef-
flux pumps by definition reduce the intracellular concentra-
tions of more than one antibiotic to subinhibitory levels (61,
64) and thereby are thought to promote the emergence of
resistance to multiple drugs. Genes encoding multidrug resis-
tance pumps are constitutively expressed in wild-type cells (74)
and thereby confer a low level of resistance. Current evidence
suggests that M. tuberculosis contains more than one efflux
pump capable of extruding the different antibiotics, e.g., the
Tap efflux pump extrudes both aminoglycosides and tetracy-
clines (TETSs) (1). Multidrug resistance efflux pumps and trans-
porters can be overexpressed due to mutations in regulatory
regions (73). Alternatively, antibiotics can induce the expres-
sion of a multidrug resistance efflux pump by interacting with
regulatory systems (92), e.g., TET-specific pumps possess reg-
ulatory controls that sense the presence of TET and thereby
act as an inducer (35, 36). Both of the above-mentioned mech-
anisms lead to an increase in the level of drug resistance. Thus,
inactivation or silencing of the efflux pumps (including multi-
drug resistance efflux pumps) could be a possible mechanism
for controlling drug resistance. This would render the bacte-
rium more susceptible, allowing lower doses of drugs to be
used in the treatment of TB.

Multidrug resistance transporters are grouped into the fol-
lowing two major classes, based on their bioenergetic and
structural profiles.

(i) Secondary multidrug transporters (influx/efflux pumps).
Secondary multidrug transporters utilize the transmembrane
electrochemical gradient of protons or sodium ions to extrude
the drugs from the cell (19). They are divided into four fami-
lies: the major facilitator superfamily (MFS), the small multi-
drug resistance family (SMR), the resistance nodulation cell
division family (RND), and the multidrug and toxic compound
extrusion family (1, 54, 64). Most RND proteins are either
multidrug or multication transporters (74) and are mostly
found in gram-negative bacteria. The SMR proteins bind cat-
ionic, lipophilic antibiotics and transport them across the mem-
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brane in exchange for protons. In M. tuberculosis, Mmr is an
example of an SMR protein that confers resistance to acrifla-
vine, ethidium bromide, and erythromycin (6). The expression
of MFS and RND superfamily transporters is known to be
subject to regulatory controls (79, 86, 114). In some in-
stances, the transported substrates act as the inducer, while
in others, the transported substrates act as the repressor by
binding to the specific regulatory domains, thereby modulating
gene expression. An example is the M. tuberculosis tap gene
designated Rv1258c, which is a proton-dependent TET efflux
pump. In the presence of a compound that inhibits the activity
of this pump, the level of resistance to TET was decreased (1).
The expression of this transporter is dependent on the expres-
sion of the MDR effector gene whiB7 (70).

(ii) ABC-type multidrug transporters. ATP-binding cassette
(ABC)-type multidrug transporters utilize the free energy of
ATP hydrolysis to pump drugs out of the cell. The ABC trans-
porters occupy about 2.5% of the total genome content of M.
tuberculosis (12) and can be classified as importers or exporters
on the basis of the direction of translocation of their substrate
(50, 51). As their names suggest, importers are involved in the
uptake of extracellular molecules while exporters export sub-
strates from the cytoplasm to the external environment. The
ABC importers are composed of four domains: two mem-
brane-spanning domains associated with two cytoplasmic nu-
cleotide-binding domains (NBDs) (50). Sequence conservation
is marked in five of the NBD motifs. Two of the five motifs
(namely, the WALKER A and WALKER B motifs) are
present in a vast majority of ATP-binding proteins. The re-
maining motifs characteristically consist of histidine and glu-
tamine loops that are unique to ABC transporters (42, 118).
Evidence suggests that phosphorylation of the NBD of the
ABC transporter Rv1747 by the serine/threonine kinase PknF
is a possible mechanism for regulation of this transporter in M.
tuberculosis (68).

EVIDENCE OF EFFLUX MECHANISMS LEADING TO
MYCOBACTERIAL DRUG RESISTANCE

(i) INH. There is substantial evidence for efflux-related mech-
anisms in M. smegmatis, which is 300-fold more resistant to INH
than M. tuberculosis. The overexpression of the M. tuberculosis
mmpL7 gene in M. smegmatis confers high-level INH resistance.
With the addition of the efflux pump inhibitors reserpine, car-
bonyl cyanide m-chlorophenylhydrazone (CCCP), ortho-vana-
date, reserpine, and verapamil in M. smegmatis (13), the level of
INH resistance decreases. These results suggest that mmpL7 is
involved in the energy-dependent efflux of INH (79). Earlier
reports demonstrate that efflux systems could be induced by pro-
longed exposure of M. tuberculosis to INH, resulting in an in-
creased resistance phenotype (117). More evidence for efflux-
related INH resistance comes from analysis of the ini4 gene in M.
tuberculosis. It was shown, by gene knockout experiments, that the
iniA gene is essential for the activity of an efflux pump that confers
resistance to INH and EMB (14). This suggests that ini4 confers
resistance to multiple drugs that might lead to the development of
MDR- or XDR-TB. M. tuberculosis strains lacking the ini4 gene
showed increased susceptibility to INH. The ini4 deletion also
results in an accumulation of intracellular ethidium bromide,
thereby suggesting that inid plays a role in efflux (14). This was
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supported by the observation that on the addition of reserpine,
the resistances to both INH and ethidiumbromide were reversed
(14). Recent investigation of gene expression differences by quan-
titative reverse transcription-PCR with clinical isolates of M.
tuberculosis showed that various MFS efflux pump genes (efpA,
pstB, Rv1258¢, and Rv1410c) and ABC transporters (Rv1819c
and Rv2136c) were overexpressed in the presence of INH (38,
47, 119). Collectively, these results suggest that INH resistance
in M. tuberculosis may be attributed to mutations in known
genes and could also be influenced or modulated by efflux-
related mechanisms.

(i) RIF. Although mutations in the 7poB gene in RIF-resis-
tant Mycobacterium avium and M. tuberculosis isolates have
been described, certain clinical isolates of M. avium and My-
cobacterium intracellulare demonstrate a significant level of
innate resistance to RIF in the absence of rpoB mutations,
possibly as a result of the permeability barrier (37, 75, 85).
Low-level RIF resistance in wild-type M. smegmatis, Mycobac-
terium aurum, and M. tuberculosis has been shown to be due to
an efflux mechanism that extrudes the drug (83). Even though
95% of RIF-resistant clinical M. tuberculosis isolates are attrib-
uted to mutations in the RIF resistance-determining region,
there is evidence to suggest that efflux-related RIF resistance
mechanisms may play a role in M. tuberculosis, as RIF has been
shown to upregulate the expression of the tap-like pump
Rv1258c¢ and other putative efflux pumps (Rv1410c, Rv1819c,
and Rv2136¢) in a clinical isolate of M. tuberculosis (38, 47, 99).
In addition, the ABC transporter pstB has been shown to be
overexpressed in the presence of RIF (38, 47, 81, 95).

(iii) PZA. PZA resistance in M. tuberculosis is primarily
attributed to a wide spectrum of mutations in the pncA gene,
which encodes the enzyme pyrazinamidase (PZase) (49, 62,
88). PZase activates PZA by converting it into active pyrazi-
noic acid (POA) (126). About 70% of PZA-resistant clinical
isolates can be attributed to mutations in the pncA gene (96,
97, 103). The pncA gene can also be inactivated by the inser-
tion of IS6110, thereby conferring the resistance phenotype
(58). However, studies by Zhang et al. confirmed that efflux
pumps also play a role in mycobacterial resistance to PZA
(104, 130). Notably, in nontuberculous M. avium and M. smeg-
matis isolates, innate resistance to PZA is not due to a defec-
tive pncA gene but is due to a highly active efflux mechanism
that extrudes the active POA from the cell as soon as PZA is
converted by PZase (104). The unique susceptibility of M.
tuberculosis to PZA is due to efficient PZase activity at acidic
pH as well as to a defective POA efflux mechanism (130). The
definitive components of the POA efflux mechanism remain to
be described, although accumulation of radioactive POA in M.
tuberculosis and its extrusion by nontuberculous mycobacteria
have been demonstrated (104). The efflux pump inhibitor re-
serpine has been shown to be an effective inhibitor of the POA
efflux pump, increasing the susceptibility of M. tuberculosis to
PZA threefold (129).

(iv) FQs and cationic dyes. The FQs target and inactivate
DNA gyrase and type II DNA topoisomerase (32, 90), which
are encoded by gyr4 and gyrB, respectively (90). Missense mu-
tations within the quinolone resistance-determining-region
have been identified and are associated with FQ resistance
(32). However, not all FQ resistance in clinical M. tuberculosis
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isolates can be explained by mutations in the gyr4 and gyrB
genes.

An FQ efflux pump of the MFS superfamily, /fr4, was the
first efflux pump to be described for M. smegmatis (60). This
efflux pump exhibits broad substrate specificity to more hydro-
philic FQs. When expressed on a plasmid, /fr4 mediates low-
level resistance to FQs and other toxic compounds, such as
ethidium bromide. The disruption of the /fr4 gene in M. smeg-
matis causes increased sensitivity to ethidium bromide (60) and
a minor decrease in the level of ciprofloxacin (CIP) resistance
(106). Recently, an automated method that allows for detec-
tion and quantification of ethidium bromide transport across
M. avium and M. smegmatis cell walls was developed. This
study shows that the intrinsic resistance of M. avium and M.
smegmatis is affected by thioridazine or chlorpromazine (93).

Recently, it has been shown that FQ-resistant M. tuberculosis
strains with mutations in the gyr4 and gyrB genes were influ-
enced by the efflux pump inhibitors MC207.110 and reserpine.
The levels of resistance for ofloxacin (OFL) and CIP were
reduced between two- and sixfold (26). The disruption of the
Pst phosphate-specific protein of M. smegmatis was also corre-
lated with a decrease in CIP efflux. This resulted in an in-
creased susceptibility to CIP, suggesting an involvement in the
efflux of this antimicrobial agent (84).

The M. tuberculosis Rv2686c-Rv2687¢c-Rv2688c operon en-
codes an ABC transporter that confers resistance to CIP. Pasca
et al. showed that the addition of the efflux pump inhibitors
reserpine, verapamil, and CCCP to CIP-resistant M. tubercu-
losis increased the intracellular accumulation of CIP. It was
also observed that M. smegmatis cells containing the Rv2686c-
Rv2687¢c-Rv2688c operon actively pumped out CIP by using
ATP hydrolysis as an energy source (78) (Table 2).

(v) Aminoglycosides and TETs. Streptomycin (STR), KAN,
and AMI are some of the known aminoglycosides used for the
treatment of MDR-TB. STR targets the 30S subunit of the
ribosome by binding to the 16s RNA and S12 ribosomal pro-
teins in M. tuberculosis specifically. Mutations in the rrs gene
(encoding 16s RNA) and the rpsL gene (encoding the S12
protein) have been shown to confer resistance to this amino-
glycoside (44, 98, 113). Approximately 65 to 67% of STR-
resistant clinical isolates harbor mutations in one of these two
genes; however, some resistant isolates lack identifiable gene
mutations. Recently, mutations in a highly conserved gene,
gidB, which functions as an rRNA methyltransferase, were
identified. It was observed that mutations in gidB result in
low-level STR resistance and contribute approximately 33% of
STR resistance in M. tuberculosis (77). It has been suggested
that the blocking of STR uptake as a result of membrane
impermeability (9) could explain resistance in these cases;
however, efflux-related mechanisms leading to aminoglycoside
resistance have recently been observed (12, 102).

The tap-like Rv1258c gene, from the MFS superfamily, has
been identified to confer low-level resistance to aminoglyco-
sides and TET when expressed in M. smegmatis (1). Rv1258c
also showed increased expression in the presence of INH and
RIF in an MDR-TB isolate (47). Another example of efflux-
related drug resistance to aminoglycosides and TET includes
the characterization of the P55 protein isolated from M. bovis,
which was shown to be related to aminoglycoside and TET
efflux pumps in mycobacteria (100). Addition of CCCP, vera-
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TABLE 2. Reported putative efflux pump genes and transporters that play a role in drug resistance in M. tuberculosis
Gene Possible drug(s) extruded Transporter Function Protein product Reference(s)
pstB INH, RIF, EMB, CIP ABC Active import of inorganic Phosphate-transport ATP- 5,8, 15,95
phosphate and export of drugs binding protein
Rv2686¢ CIP ABC Active transport of drugs Integral membrane ABC 8, 15,78
transporter
Rv2687¢c CIP ABC Export of highly hydrophobic drugs Antibiotic transport integral 8, 15,78
protein
Rv2688c CIP ABC Export of toxic compounds Antibiotic-transport ATP-binding 8, 15, 78
rotein
Rv1747 INH ABC Transport of drug across the Co%served transmembrane ATP- 8,15
membrane. binding protein
drrA TET, STR, EMB ABC Export of antibiotic in the cell wall. ATP-binding protein DrrA 8,12, 15
drrB TET, STR, EMB ABC Export of antibiotic in the cell wall. ATP-binding protein DrrB 8,12, 15
drrC TET, STR, EMB ABC Export of antibiotic in the cell wall. ATP-binding protein DrrC 8,12, 15
Rv1348 Multiple drugs ABC Active export/translocation of drugs ~ Probable drug transport- 15
across the membrane. associated transmembrane
ATP-binding protein
Rv1456¢ Undetermined ABC Active export of antibiotic across Integral membrane protein 15
the membrane
Rv1463 Undetermined ABC Active transport and energy Probable conserved ATP-binding 15
coupling across the membrane. protein
Rv1258¢ INH, RIF, EMB, OFL MFS Export of drugs Conserved membrane protein 15, 20, 47, 99
Rv2994 Undetermined MES Efflux of drugs Conserved membrane protein 15, 20, 59
Rv1877 TET, KAN, erythromycin MEFS Efflux of drugs Conserved membrane protein 15, 20, 59
Rv1634 Undetermined MFS Efflux of sugars and drugs Drug efflux membrane protein 15, 19, 20, 59
efpA Possibly INH MEFS Export of drugs Integral membrane efflux protein 15, 24, 59
Rv2333c TET MEFES Efflux of drugs Conserved integral membrane 15, 20
transport protein
Rv2459¢ Drugs MEFS Transport of substrates Conserved integral membrane 15, 20
transport protein
Rv3239c Sugar or drugs MFS Could be involved in efflux Conserved transmembrane 15, 20
transport protein
Rv3728 Sugar or drugs MEFS Involved in efflux Conserved two-domain 15, 20
membrane protein
mmpL7 INH RND Export of antibiotic Transmembrane transport 15, 23, 79, 82
rotein
emrB Undetermined SMR Export of multiple drugs lnt%gral membrane efflux protein 15, 21
mmr Erythromycin SMR Export of multiple drugs Integral membrane efflux protein 6, 15
whiB7 RIF Regulatory protein Transcriptional regulation Transcriptional regulatory 99
protein and effector gene
Rv2989 Undetermined Transcriptional regulator Transcriptional mechanism Transcriptional regulatory 15
protein
iniA INH, EMB Membrane protein Drug transport INH-inductible protein IniA 3,14, 15
iniB INH Membrane protein Drug transport INH-inductible protein IniB 3,14, 15
iniC INH Membrane protein Transcriptional mechanism INH-inductible protein IniC 3,14, 15
Rv1002¢ Undetermined Membrane protein Unknown function Integral membrane protein 15
Rv3806¢c Undetermined Membrane protein Unknown Function Integral membrane protein 15
Rv3679 Undetermined ATPase Extrusion of anions Probable anion transporter 15

pamil, and reserpine to the cells expressing P55 decreased the
levels of resistance to both STR and TET. Therefore, it has
been suggested that P55 is sensitive to the efflux pump inhib-
itors and that this protein uses energy from the proton gradient
to drive transport of drugs (100). Other examples of aminogly-
coside- and TET-related efflux include the expression of the
ABC transporter genes drirAB in M. smegmatis, which confer
resistance to a broad range of clinically relevant antibiotics,
including TET, STR, and EMB. The addition of reserpine and
verapamil to these cells reversed the resistance phenotype
(12). Recently, it has been shown that the transcriptional reg-
ulator whiB7 of M. tuberculosis is upregulated in the presence
of STR and KAN, although its target gene has not been de-
termined (30). The phosphate transport ATP-binding protein
PstB was also shown to extrude STR in M. smegmatis (38).
For TET specifically, an energy-dependent efflux pump,
Tet(V), was identified in M. smegmatis. The tet(}))) gene en-
codes an efflux protein which uses proton motive force to
extrude TET from M. smegmatis. The Tet(V) protein is not
homologous to any known specific TET efflux pump and re-

mains restricted to the M. smegmatis and Mycobacterium for-
tuitum species (22, 59).

Reports of efflux-related drug resistance are not limited to
mycobacteria. Studies of other bacteria also provide evidence
that proteins involved in efflux can contribute to drug resis-
tance as well as resistance to other toxic compounds and heavy
metals (31, 56, 74, 76, 122-124).

EFFLUX PUMP GENES NOT IMPLICATED IN
DRUG RESISTANCE

Antibiotic resistance characteristics have facilitated the identi-
fication of many efflux proteins. However, efpA was discovered
fortuitously during the screening of genes for novel M. tuberculo-
sis membrane proteins (24). EfpA is predicted to be highly related
to members of the QacA transporter family, which is also known
as the drug resistance transporter family. Thus far, efpA has not
been implicated in drug resistance, although all other members of
the QacA transporter family mediate resistance to antibiotics (29,
34, 80). The investigation of intrinsic resistance in M. smegmatis
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showed that efpA4 was expressed at detectable levels. Deletion of
the efpA gene resulted in increased susceptibility to FQs, acrifla-
vine, and ethidiumbromide. However, in contrast, deletion of
efpA also resulted in decreased susceptibility to rifamycins, INH,
and chloramphenicol (59). It was shown that the exposure of
resistant M. tuberculosis to INH resulted in induced expression of
efpA. However, the researchers suggested that this induced ex-
pression could be used to mediate metabolic processes that are
linked to the toxic consequences of INH (119). EfpA mutations
were also detected in drug-susceptible and drug-resistant M.
tuberculosis isolates examined (24, 127). Therefore, on the basis of
these contradictory studies, it remains questionable whether
the efpA gene plays a role in drug resistance.

CONCLUDING REMARKS

Dogma informs us that mutations in drug target genes are
the principal cause of drug resistance in M. tuberculosis. Thus,
the identification of these mutations has been proposed as a
means to genetically identify drug resistance and to thereby
improve the time to diagnosis and prevent the transmission of
drug resistance. However, this review highlights the observa-
tion that M. tuberculosis may have adopted certain intrinsic
mechanisms, normally used to remove toxic compounds from
the cell, to evade the killing and toxic effect of anti-TB drugs.
These intrinsic mechanisms include regulation of the intracel-
lular concentration of the anti-TB drug by efflux pumps. This
suggests that drug resistance may be more complex than the
simple relationship between the presence and absence of mu-
tations in drug target genes. From the data presented, we
propose that drug resistance can be attributed to mutations in
drug target genes and/or upregulation of efflux mechanisms.
Although the clinical relevance of the upregulation of efflux
activity remains to be determined, we postulate that such
mechanisms may influence the level of resistance as well as
conferring cross-resistance to different anti-TB drugs. The ob-
servation that certain compounds (such as thioridazine and
SILA 421) were able to restore susceptibility by inhibiting
efflux activity suggests that such compounds may have an im-
portant role in the future treatment of MDR- and XDR-TB (4,
65). Therefore, it is imperative to broaden our knowledge of
the mechanisms of efflux and their role in drug resistance. This
will enable the identification of new drug targets and the de-
velopment of new drugs to counteract the natural mechanisms
of defense against toxic compounds.

REFERENCES

1. Ainsa, J. A., M. C. Blokpoel, I. Otal, D. B. Young, K. A. De Smet, and C.
Martin. 1998. Molecular cloning and characterization of Tap, a putative
multidrug efflux pump present in Mycobacterium fortuitum and Mycobacte-
rium tuberculosis. J. Bacteriol. 180:5836-5843.

2. Alangaden, G. J., B. N. Kreiswirth, A. Aouad, M. Khetarpal, F. R. Igno,
S. L. Moghazeh, E. K. Manavathu, and S. A. Lerner. 1998. Mechanism of
resistance to amikacin and kanamycin in Mycobacterium tuberculosis. Anti-
microb. Agents Chemother. 42:1295-1297.

3. Alland, D., A. J. Steyn, T. Weisbrod, K. Aldrich, and W. R. Jacobs, Jr. 2000.
Characterization of the Mycobacterium tuberculosis iniBAC promoter, a
promoter that responds to cell wall biosynthesis inhibition. J. Bacteriol.
182:1802-1811.

4. Amaral, L., M. Martins, M. Viveiros, J. Molnar, and J. E. Kristiansen.
2008. Promising therapy of XDR-TB/MDR-TB with thioridazine an inhib-
itor of bacterial efflux pumps. Curr. Drug Targets 9:816-819.

5. Banerjee, S. K., K. Bhatt, S. Rana, P. Misra, and P. K. Chakraborti. 1996.
Involvement of an efflux system in mediating high level of fluoroquinolone

10.

11.

12.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

ANTIMICROB. AGENTS CHEMOTHER.

resistance in Mycobacterium smegmatis. Biochem. Biophys. Res. Commun.
226:362-368.

. Basting, D., M. Lorch, I. Lehner, and C. Glaubitz. 2008. Transport cycle

intermediate in small multidrug resistance protein is revealed by substrate
fluorescence. FASEB J. 22:365-373.

. Baulard, A. R., J. C. Betts, J. Engohang-Ndong, S. Quan, R. A. McAdam,

P. J. Brennan, C. Locht, and G. S. Besra. 2000. Activation of the pro-drug
ethionamide is regulated in mycobacteria. J. Biol. Chem. 275:28326-28331.

. Braibant, M., P. Gilot, and J. Content. 2000. The ATP binding cassette

(ABC) transport systems of Mycobacterium tuberculosis. FEMS Microbiol.
Rev. 24:449-467.

. Brennan, P. J., and H. Nikaido. 1995. The envelope of mycobacteria. Annu.

Rev. Biochem. 64:29-63.

Ciceres, N. E., N. B. Harris, J. F. Wellehan, Z. Feng, V. Kapur, and R. G.
Barletta. 1997. Overexpression of the p-alanine racemase gene confers
resistance to D-cycloserine in Mycobacterium smegmatis. J. Bacteriol. 179:
5046-5055.

Cheng, A. F., W. W. Yew, E. W. Chan, M. L. Chin, M. M. Hui, and R. C.
Chan. 2004. Multiplex PCR amplimer conformation analysis for rapid de-
tection of gyrA mutations in fluoroquinolone-resistant Mycobacterium
tuberculosis clinical isolates. Antimicrob. Agents Chemother. 48:596—601.
Choudhuri, B. S., S. Bhakta, R. Barik, J. Basu, M. Kundu, and P.
Chakrabarti. 2002. Overexpression and functional characterization of an
ABC (ATP-binding cassette) transporter encoded by the genes drrA and
drrB of Mycobacterium tuberculosis. Biochem. J. 367:279-285.

. Choudhuri, B. S., S. Sen, and P. Chakrabarti. 1999. Isoniazid accumulation

in Mycobacterium smegmatis is modulated by proton motive force-driven
and ATP-dependent extrusion systems. Biochem. Biophys. Res. Commun.
256:682-684.

Colangeli, R., D. Helb, S. Sridharan, J. Sun, M. Varma-Basil, M. H. Haz-
bon, R. Harbacheuski, N. J. Megjugorac, W. R. Jacobs, Jr., A. Holzenburg,
J. C. Sacchettini, and D. Alland. 2005. The Mycobacterium tuberculosis
iniA gene is essential for activity of an efflux pump that confers drug
tolerance to both isoniazid and ethambutol. Mol. Microbiol. 55:1829-1840.
Cole, S. T., R. Brosch, J. Parkhill, T. Garnier, C. Churcher, D. Harris, S. V.
Gordon, K. Eiglmeier, S. Gas, C. E. Barry III, F. Tekaia, K. Badcock, D.
Basham, D. Brown, T. Chillingworth, R. Connor, R. Davies, K. Devlin, T.
Feltwell, S. Gentles, N. Hamlin, S. Holroyd, T. Hornsby, K. Jagels, B. G.
Barrell, et al. 1998. Deciphering the biology of Mycobacterium tuberculosis
from the complete genome sequence. Nature 393:537-544.

Cynamon, M. H., and M. Sklaney. 2003. Gatifloxacin and ethionamide as
the foundation for therapy of tuberculosis. Antimicrob. Agents Chemother.
47:2442-2444.

Dabbs, E. R., K. Yazawa, Y. Mikami, M. Miyaji, N. Morisaki, S. Iwasaki,
and K. Furihata. 1995. Ribosylation by mycobacterial strains as a new
mechanism of rifampin inactivation. Antimicrob. Agents Chemother. 39:
1007-1009.

. Davies, J., and G. D. Wright. 1997. Bacterial resistance to aminoglycoside

antibiotics. Trends Microbiol. 5:234-240.

De Rossi, E., J. A. Ainsa, and G. Riccardi. 2006. Role of mycobacterial
efflux transporters in drug resistance: an unresolved question. FEMS Mi-
crobiol. Rev. 30:36-52.

De Rossi, E., P. Arrigo, M. Bellinzoni, P. A. Silva, C. Martin, J. A. Ainsa,
P. Guglierame, and G. Riccardi. 2002. The multidrug transporters belong-
ing to major facilitator superfamily in Mycobacterium tuberculosis. Mol.
Med. 8:714-724.

De Rossi, E., M. Branzoni, R. Cantoni, A. Milano, G. Riccardi, and O.
Ciferri. 1998. mmr, a Mycobacterium tuberculosis gene conferring resistance
to small cationic dyes and inhibitors. J. Bacteriol. 180:6068-6071.

De Rossi, E., M. C. Blokpoel, R. Cantoni, M. Branzoni, G. Riccardi, D. B.
Young, K. A. De Smet, and O. Ciferri. 1998. Molecular cloning and func-
tional analysis of a novel tetracycline resistance determinant, tet(V), from
Mycobacterium smegmatis. Antimicrob. Agents Chemother. 42:1931-1937.
Domenech, P., M. B. Reed, and C. E. Barry IIL. 2005. Contribution of the
Mycobacterium tuberculosis MmpL protein family to virulence and drug
resistance. Infect. Immun. 73:3492-3501.

Doran, J. L., Y. Pang, K. E. Mdluli, A. J. Moran, T. C. Victor, R. W. Stokes,
E. Mahenthiralingam, B. N. Kreiswirth, J. L. Butt, G. S. Baron, J. D. Treit,
V. J. Kerr, P. D. van Helden, M. C. Roberts, and F. E. Nano. 1997.
Mycobacterium tuberculosis efpA encodes an efflux protein of the QacA
transporter family. Clin. Diagn. Lab. Immunol. 4:23-32.

Draker, K. A., D. D. Boehr, N. H. Elowe, T. J. Noga, and G. D. Wright. 2003.
Functional annotation of putative aminoglycoside antibiotic modifying pro-
teins in Mycobacterium tuberculosis H37Rv. J. Antibiot. (Tokyo) 56:135—
142.

Escribano, 1., J. C. Rodriguez, B. Llorca, E. Garcia-Pachon, M. Ruiz, and
G. Royo. 2007. Importance of the efflux pump systems in the resistance of
Mycobacterium tuberculosis to fluoroquinolones and linezolid. Chemother-
apy 53:397-401.

Fajardo, A., N. Martinez-Martin, M. Mercadillo, J. C. Galan, B. Ghysels, S.
Matthijs, P. Cornelis, L. Wiehlmann, B. Tummler, F. Baquero, and J. L.



VoL. 53, 2009

28.

29.

30.

3L

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Martinez. 2008. The neglected intrinsic resistome of bacterial pathogens.
PLoS ONE 3:¢1619.

Feng, Z., and R. G. Barletta. 2003. Roles of Mycobacterium smegmatis
p-alanine:p-alanine ligase and p-alanine racemase in the mechanisms of
action of and resistance to the peptidoglycan inhibitor p-cycloserine. Anti-
microb. Agents Chemother. 47:283-291.

Galluzzi, L., P. Virtanen, and M. Karp. 2003. A real-time analysis of
QacR-regulated multidrug resistance in Staphylococcus aureus. Biochem.
Biophys. Res. Commun. 301:24-30.

Geiman, D. E., T. R. Raghunand, N. Agarwal, and W. R. Bishai. 2006.
Differential gene expression in response to exposure to antimycobacterial
agents and other stress conditions among seven Mycobacterium tuberculosis
whiB-like genes. Antimicrob. Agents Chemother. 50:2836-2841.

Gill, M. J., N. P. Brenwald, and R. Wise. 1999. Identification of an efflux
pump gene, pmrA, associated with fluoroquinolone resistance in Strepto-
coccus pneumoniae. Antimicrob. Agents Chemother. 43:187-189.
Ginsburg, A. S., J. H. Grosset, and W. R. Bishai. 2003. Fluoroquinolones,
tuberculosis, and resistance. Lancet Infect. Dis. 3:432-442.

Ginsburg, A. S., S. C. Woolwine, N. Hooper, W. H. Benjamin, Jr., W. R.
Bishai, S. E. Dorman, and T. R. Sterling. 2003. The rapid development of
fluoroquinolone resistance in M. tuberculosis. N. Engl. J. Med. 349:1977-
1978.

Grkovic, S., M. H. Brown, N. J. Roberts, I. T. Paulsen, and R. A. Skurray.
1998. QacR is a repressor protein that regulates expression of the Staphy-
lococcus aureus multidrug efflux pump QacA. J. Biol. Chem. 273:18665—
18673.

Grkovic, S., M. H. Brown, and R. A. Skurray. 2001. Transcriptional regu-
lation of multidrug efflux pumps in bacteria. Semin. Cell Dev. Biol. 12:225-
237.

Grkovic, S., M. H. Brown, and R. A. Skurray. 2002. Regulation of bacterial
drug export systems. Microbiol. Mol. Biol. Rev. 66:671-701.

Guerrero, C., L. Stockman, F. Marchesi, T. Bodmer, G. D. Roberts, and A.
Telenti. 1994. Evaluation of the rpoB gene in rifampicin-susceptible and
-resistant Mycobacterium avium and Mycobacterium intracellulare. J. An-
timicrob. Chemother. 33:661-663.

Gupta, A. K., D. S. Chauhan, K. Srivastava, R. Das, S. Batra, M. Mittal, P.
Goswami, N. Singhal, V. D. Sharma, K. Venkatesan, S. E. Hasnain, and
V. M. Katoch. 2006. Estimation of efflux mediated multi-drug resistance
and its correlation with expression levels of two major efflux pumps in
mycobacteria. J. Commun. Dis. 38:246-254.

Gupta, R., and M. Espinal. 2003. A prioritised research agenda for DOTS-
Plus for multidrug-resistant tuberculosis (MDR-TB). Int. J. Tuberc. Lung
Dis. 7:410-414.

Heym, B., P. M. Alzari, N. Honore, and S. T. Cole. 1995. Missense muta-
tions in the catalase-peroxidase gene, katG, are associated with isoniazid
resistance in Mycobacterium tuberculosis. Mol. Microbiol. 15:235-245.
Heym, B., B. Saint-Joanis, and S. T. Cole. 1999. The molecular basis of
isoniazid resistance in Mycobacterium tuberculosis. Tuber. Lung Dis. 79:
267-271.

Hollenstein, K., R. J. Dawson, and K. P. Locher. 2007. Structure and
mechanism of ABC transporter proteins. Curr. Opin. Struct. Biol. 17:412—
418.

Holtz, T. H. 2007. XDR-TB in South Africa: revised definition. PLoS Med.
4:el61.

Honoré, N., and S. T. Cole. 1994. Streptomycin resistance in mycobacteria.
Antimicrob. Agents Chemother. 38:238-242.

Huitric, E., J. Werngren, P. Jureen, and S. Hoffner. 2006. Resistance levels
and rpoB gene mutations among in vitro-selected rifampin-resistant Myco-
bacterium tuberculosis mutants. Antimicrob. Agents Chemother. 50:2860—
2862.

Imai, T., K. Watanabe, Y. Mikami, K. Yazawa, A. Ando, Y. Nagata, N.
Morisaki, Y. Hashimoto, K. Furihata, and E. R. Dabbs. 1999. Identification
and characterization of a new intermediate in the ribosylative inactivation
pathway of rifampin by Mycobacterium smegmatis. Microb. Drug Resist.
5:259-264.

Jiang, X., W. Zhang, Y. Zhang, F. Gao, C. Lu, X. Zhang, and H. Wang.
2008. Assessment of efflux pump gene expression in a clinical isolate My-
cobacterium tuberculosis by real-time reverse transcription PCR. Microb.
Drug Resist. 14:7-11.

Johnson, R., A. M. Jordaan, L. Pretorius, E. Engelke, G. van der Spuy, C.
Kewley, M. Bosman, P. D. van Helden, R. Warren, and T. C. Victor. 2006.
Ethambutol resistance testing by mutation detection. Int. J. Tuberc. Lung
Dis. 10:68-73.

Juréen, P., J. Werngren, J. C. Toro, and S. Hoffner. 2008. Pyrazinamide
resistance and pncA gene mutations in Mycobacterium tuberculosis. Anti-
microb. Agents Chemother. 52:1852-1854.

Kerr, L. D. 2002. Structure and association of ATP-binding cassette trans-
porter nucleotide-binding domains. Biochim. Biophys. Acta 1561:47-64.
Kerr, 1. D., E. D. Reynolds, and J. H. Cove. 2005. ABC proteins and
antibiotic drug resistance: is it all about transport? Biochem. Soc. Trans.
33:1000-1002.

Kiepiela, P., K. S. Bishop, A. N. Smith, L. Roux, and D. F. York. 2000.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

60.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

MINIREVIEW 3187

Genomic mutations in the katG, inhA and aphC genes are useful for the
prediction of isoniazid resistance in Mycobacterium tuberculosis isolates
from Kwazulu Natal, South Africa. Tuber. Lung Dis. 80:47-56.

Kriiiiner, A., P. Jureen, K. Levina, S. Ghebremichael, and S. Hoffner. 2003.
Discordant resistance to kanamycin and amikacin in drug-resistant Myco-
bacterium tuberculosis. Antimicrob. Agents Chemother. 47:2971-2973.
Kumar, A., and H. P. Schweizer. 2005. Bacterial resistance to antibiotics:
active efflux and reduced uptake. Adv. Drug Deliv. Rev. 57:1486-1513.
Lee, A. S., A. S. Teo, and S. Y. Wong. 2001. Novel mutations in ndh in
isoniazid-resistant Mycobacterium tuberculosis isolates. Antimicrob. Agents
Chemother. 45:2157-2159.

Lee, E. W., J. Chen, M. N. Huda, T. Kuroda, T. Mizushima, and T.
Tsuchiya. 2003. Functional cloning and expression of emeA, and charac-
terization of EmeA, a multidrug efflux pump from Enterococcus faecalis.
Biol. Pharm. Bull. 26:266-270.

Lee, H., S. N. Cho, H. E. Bang, J. H. Lee, G. H. Bai, S. J. Kim, and J. D.
Kim. 2000. Exclusive mutations related to isoniazid and ethionamide
resistance among Mycobacterium tuberculosis isolates from Korea. Int.
J. Tuberc. Lung Dis. 4:441-447.

Lemaitre, N., W. Sougakoff, C. Truffot-Pernot, and V. Jarlier. 1999. Char-
acterization of new mutations in pyrazinamide-resistant strains of Mycobac-
terium tuberculosis and identification of conserved regions important for the
catalytic activity of the pyrazinamidase PncA. Antimicrob. Agents Che-
mother. 43:1761-1763.

Li, X. Z., L. Zhang, and H. Nikaido. 2004. Efflux pump-mediated intrinsic
drug resistance in Mycobacterium smegmatis. Antimicrob. Agents Che-
mother. 48:2415-2423.

Liu, J., H. E. Takiff, and H. Nikaido. 1996. Active efflux of fluoroquinolones
in Mycobacterium smegmatis mediated by LfrA, a multidrug efflux pump. J.
Bacteriol. 178:3791-3795.

Lomovskaya, O., and W. J. Watkins. 2001. Efflux pumps: their role in
antibacterial drug discovery. Curr. Med. Chem. 8:1699-1711.

Louw, G. E., R. M. Warren, P. R. Donald, M. B. Murray, M. Bosman, P. D.
van Helden, D. B. Young, and T. C. Victor. 2006. Frequency and implica-
tions of pyrazinamide resistance in managing previously treated tuberculo-
sis patients. Int. J. Tuberc. Lung Dis. 10:802-807.

Mailaender, C., N. Reiling, H. Engelhardt, S. B nn, S. Ehlers, and M.
Niederweis. 2004. The MspA porin promotes growth and increases antibi-
otic susceptibility of both Mycobacterium bovis BCG and Mycobacterium
tuberculosis. Microbiology 150:853-864.

Marquez, B. 2005. Bacterial efflux systems and efflux pumps inhibitors.
Biochimie 87:1137-1147.

Martins, M., M. Viveiros, J. Ramos, 1. Couto, J. Molnar, M. Boeree, and L.
Amaral. 2009. SILA 421, an inhibitor of efflux pumps of cancer cells,
enhances the killing of intracellular extensively drug-resistant tuberculosis
(XDR-TB). Int. J. Antimicrob. Agents 33:479-482.

Maus, C. E., B. B. Plikaytis, and T. M. Shinnick. 2005. Mutation of tly4
confers capreomycin resistance in Mycobacterium tuberculosis. Antimicrob.
Agents Chemother. 49:571-577.

Migliori, G. B., G. Besozzi, E. Girardi, K. Kliiman, C. Lange, O. S. Toun-
goussova, G. Ferrara, D. M. Cirillo, A. Gori, A. Matteelli, A. Spanevello,
L. R. Codecasa, and M. C. Raviglione. 2007. Clinical and operational value
of the extensively drug-resistant tuberculosis definition. Eur. Respir. J.
30:623-626.

Molle, V., D. Soulat, J. M. Jault, C. Grangeasse, A. J. Cozzone, and J. F.
Prost. 2004. Two FHA domains on an ABC transporter, Rv1747, mediate
its phosphorylation by PknF, a Ser/Thr protein kinase from Mycobacterium
tuberculosis. FEMS Microbiol. Lett. 234:215-223.

Morlock, G. P., B. Metchock, D. Sikes, J. T. Crawford, and R. C. Cooksey.
2003. ethA, inhA, and katG loci of ethionamide-resistant clinical Mycobac-
terium tuberculosis isolates. Antimicrob. Agents Chemother. 47:3799-3805.
Morris, R. P., L. Nguyen, J. Gatfield, K. Visconti, K. Nguyen, D. Schnap-
pinger, S. Ehrt, Y. Liu, L. Heifets, J. Pieters, G. Schoolnik, and C. J.
Thompson. 2005. Ancestral antibiotic resistance in Mycobacterium tuber-
culosis. Proc. Natl. Acad. Sci. USA 102:12200-12205.

Niederweis, M. 2003. Mycobacterial porins—new channel proteins in
unique outer membranes. Mol. Microbiol. 49:1167-1177.

Niederweis, M., S. Ehrt, C. Heinz, U. Klocker, S. Karosi, K. M. Swiderek,
L. W. Riley, and R. Benz. 1999. Cloning of the mspA gene encoding a porin
from Mycobacterium smegmatis. Mol. Microbiol. 33:933-945.

Nikaido, H. 2001. Preventing drug access to targets: cell surface permeabil-
ity barriers and active efflux in bacteria. Semin. Cell Dev. Biol. 12:215-223.
Nikaido, H., and H. I. Zgurskaya. 1999. Antibiotic efflux mechanisms. Curr.
Opin. Infect. Dis. 12:529-536.

Obata, S., Z. Zwolska, E. Toyota, K. Kudo, A. Nakamura, T. Sawai, T.
Kuratsuji, and T. Kirikae. 2006. Association of rpoB mutations with
rifampicin resistance in Mycobacterium avium. Int. J. Antimicrob.
Agents 27:32-39.

Ogawa, W., M. Koterasawa, T. Kuroda, and T. Tsuchiya. 2006. KmrA
multidrug efflux pump from Klebsiella pneumoniae. Biol. Pharm. Bull.
29:550-553.

Okamoto, S., A. Tamaru, C. Nakajima, K. Nishimura, Y. Tanaka, S.




3188

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

MINIREVIEW

Tokuyama, Y. Suzuki, and K. Ochi. 2007. Loss of a conserved 7-methyl-
guanosine modification in 16S rRNA confers low-level streptomycin resis-
tance in bacteria. Mol. Microbiol. 63:1096-1106.

Pasca, M. R., P. Guglierame, F. Arcesi, M. Bellinzoni, E. De Rossi, and G.
Riccardi. 2004. Rv2686¢-Rv2687c-Rv2688c, an ABC fluoroquinolone efflux
pump in Mycobacterium tuberculosis. Antimicrob. Agents Chemother. 48:
3175-3178.

Pasca, M. R,, P. Guglierame, E. De Rossi, F. Zara, and G. Riccardi. 2005.
mmpL7 gene of Mycobacterium tuberculosis is responsible for isoniazid
efflux in Mycobacterium smegmatis. Antimicrob. Agents Chemother. 49:
4775-4777.

Paulsen, 1. T., M. H. Brown, T. G. Littlejohn, B. A. Mitchell, and R. A.
Skurray. 1996. Multidrug resistance proteins QacA and QacB from Staph-
ylococcus aureus: membrane topology and identification of residues in-
volved in substrate specificity. Proc. Natl. Acad. Sci. USA 93:3630-3635.
Peirs, P., P. Lefevre, S. Boarbi, X. M. Wang, O. Denis, M. Braibant, K.
Pethe, C. Locht, K. Huygen, and J. Content. 2005. Mycobacterium tubercu-
losis with disruption in genes encoding the phosphate binding proteins
PstS1 and PstS2 is deficient in phosphate uptake and demonstrates reduced
in vivo virulence. Infect. Immun. 73:1898-1902.

Perez, J., R. Garcia, H. Bach, J. H. de Waard, W. R. Jacobs, Jr., Y. Av-Gay,
J. Bubis, and H. E. Takiff. 2006. Mycobacterium tuberculosis transporter
MmpL7 is a potential substrate for kinase PknD. Biochem. Biophys. Res.
Commun. 348:6-12.

Piddock, L. J., K. J. Williams, and V. Ricci. 2000. Accumulation of rifam-
picin by Mycobacterium aurum, Mycobacterium smegmatis and Mycobac-
terium tuberculosis. J. Antimicrob. Chemother. 45:159-165.

Poole, K. 2000. Efflux-mediated resistance to fluoroquinolones in gram-
positive bacteria and the mycobacteria. Antimicrob. Agents Chemother.
44:2595-2599.

Portillo-Gomez, L., J. Nair, D. A. Rouse, and S. L. Morris. 1995. The
absence of genetic markers for streptomycin and rifampicin resistance in
Mycobacterium avium complex strains. J. Antimicrob. Chemother.
36:1049-1053.

Putman, M., H. W. van Veen, and W. N. Konings. 2000. Molecular prop-
erties of bacterial multidrug transporters. Microbiol. Mol. Biol. Rev. 64:
672-693.

Quan, S., H. Venter, and E. R. Dabbs. 1997. Ribosylative inactivation of
rifampin by Mycobacterium smegmatis is a principal contributor to its low
susceptibility to this antibiotic. Antimicrob. Agents Chemother. 41:2456—
2460.

Ramaswamy, S., and J. M. Musser. 1998. Molecular genetic basis of anti-
microbial agent resistance in Mycobacterium tuberculosis: 1998 update.
Tuber. Lung Dis. 79:3-29.

Ramaswamy, S. V., R. Reich, S. J. Dou, L. Jasperse, X. Pan, A. Wanger, T.
Quitugua, and E. A. Graviss. 2003. Single nucleotide polymorphisms in
genes associated with isoniazid resistance in Mycobacterium tuberculosis.
Antimicrob. Agents Chemother. 47:1241-1250.

Rattan, A., A. Kalia, and N. Ahmad. 1998. Multidrug-resistant Mycobacte-
rium tuberculosis: molecular perspectives. Emerg. Infect. Dis. 4:195-209.
Ristow, M., M. Mohlig, M. Rifai, H. Schatz, K. Feldmann, and A. Pfeiffer.
1995. New isoniazid/ethionamide resistance gene mutation and screening
for multidrug-resistant Mycobacterium tuberculosis strains. Lancet 346:
502-503.

Roberts, M. C. 1996. Tetracycline resistance determinants: mechanisms of
action, regulation of expression, genetic mobility, and distribution. FEMS
Microbiol. Rev. 19:1-24.

Rodrigues, L., D. Wagner, M. Viveiros, D. Sampaio, I. Couto, M. Vavra,
W. V. Kern, and L. Amaral. 2008. Thioridazine and chlorpromazine inhi-
bition of ethidium bromide efflux in Mycobacterium avium and Mycobac-
terium smegmatis. J. Antimicrob. Chemother. 61:1076-1082.

Sander, P., E. De Rossi, B. Boddinghaus, R. Cantoni, M. Branzoni, E. C.
Bottger, H. Takiff, R. Rodriquez, G. Lopez, and G. Riccardi. 2000. Contri-
bution of the multidrug efflux pump LfrA to innate mycobacterial drug
resistance. FEMS Microbiol. Lett. 193:19-23.

Sarin, J., S. Aggarwal, R. Chaba, G. C. Varshney, and P. K. Chakraborti.
2001. B-subunit of phosphate-specific transporter from Mycobacterium
tuberculosis is a thermostable ATPase. J. Biol. Chem. 276:44590-44597.
Scorpio, A., P. Lindholm-Levy, L. Heifets, R. Gilman, S. Siddiqi, M. Cyna-
mon, and Y. Zhang. 1997. Characterization of pncA mutations in pyrazin-
amide-resistant Mycobacterium tuberculosis. Antimicrob. Agents Che-
mother. 41:540-543.

Scorpio, A., and Y. Zhang. 1996. Mutations in pncA, a gene encoding
pyrazinamidase/nicotinamidase, cause resistance to the antituberculous
drug pyrazinamide in tubercle bacillus. Nat. Med. 2:662-667.

Sekiguchi, J., T. Miyoshi-Akiyama, E. Augustynowicz-Kopec, Z. Zwolska, F.
Kirikae, E. Toyota, I. Kobayashi, K. Morita, K. Kudo, S. Kato, T. Kurat-
suji, T. Mori, and T. Kirikae. 2007. Detection of multidrug resistance in
Mycobacterium tuberculosis. J. Clin. Microbiol. 45:179-192.

Siddiqi, N., R. Das, N. Pathak, S. Banerjee, N. Ahmed, V. M. Katoch, and
S. E. Hasnain. 2004. Mycobacterium tuberculosis isolate with a distinct

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

ANTIMICROB. AGENTS CHEMOTHER.

genomic identity overexpresses a tap-like efflux pump. Infection 32:109—
111.

Silva, P. E., F. Bigi, S. M. de la Paz, M. 1. Romano, C. Martin, A. Cataldi,
and J. A. Ainsa. 2001. Characterization of P55, a multidrug efflux pump in
Mycobacterium bovis and Mycobacterium tuberculosis. Antimicrob. Agents
Chemother. 45:800-804.

Slayden, R. A., and C. E. Barry III. 2000. The genetics and biochemistry of
isoniazid resistance in mycobacterium tuberculosis. Microbes. Infect.
2:659-669.

Spies, F. S., P. E. da Silva, M. O. Ribeiro, M. L. Rossetti, and A. Zaha. 2008.
Identification of mutations related to streptomycin resistance in clinical
isolates of Mycobacterium tuberculosis and possible involvement of efflux
mechanism. Antimicrob. Agents Chemother. 52:2947-2949.

Sreevatsan, S., X. Pan, Y. Zhang, B. N. Kreiswirth, and J. M. Musser. 1997.
Mutations associated with pyrazinamide resistance in pncA of Mycobacte-
rium tuberculosis complex organisms. Antimicrob. Agents Chemother. 41:
636-640.

Sun, Z., and Y. Zhang. 1999. Reduced pyrazinamidase activity and the
natural resistance of Mycobacterium kansasii to the antituberculosis drug
pyrazinamide. Antimicrob. Agents Chemother. 43:537-542.

Suzuki, Y., C. Katsukawa, A. Tamaru, C. Abe, M. Makino, Y. Mizuguchi,
and H. Taniguchi. 1998. Detection of kanamycin-resistant Mycobacterium
tuberculosis by identifying mutations in the 16S rRNA gene. J. Clin. Micro-
biol. 36:1220-1225.

Takiff, H. E., M. Cimino, M. C. Musso, T. Weisbrod, R. Martinez, M. B.
Delgado, L. Salazar, B. R. Bloom, and W. R. Jacobs, Jr. 1996. Efflux pump
of the proton antiporter family confers low-level fluoroquinolone resistance
in Mycobacterium smegmatis. Proc. Natl. Acad. Sci. USA 93:362-366.
Takiff, H. E., L. Salazar, C. Guerrero, W. Philipp, W. M. Huang, B. Kre-
iswirth, S. T. Cole, W. R. Jacobs, Jr., and A. Telenti. 1994. Cloning and
nucleotide sequence of Mycobacterium tuberculosis gyrA and gyrB genes and
detection of quinolone resistance mutations. Antimicrob. Agents Che-
mother. 38:773-780.

Taniguchi, H., H. Aramaki, Y. Nikaido, Y. Mizuguchi, M. Nakamura, T.
Koga, and S. Yoshida. 1996. Rifampicin resistance and mutation of the
rpoB gene in Mycobacterium tuberculosis. FEMS Microbiol. Lett. 144:103—
108.

Taniguchi, H., B. Chang, C. Abe, Y. Nikaido, Y. Mizuguchi, and S. L
Yoshida. 1997. Molecular analysis of kanamycin and viomycin resistance in
Mycobacterium smegmatis by use of the conjugation system. J. Bacteriol.
179:4795-4801.

Taylor, G. M., G. R. Stewart, M. Cooke, S. Chaplin, S. Ladva, J. Kirkup, S.
Palmer, and D. B. Young. 2003. Koch’s bacillus—a look at the first isolate
of Mycobacterium tuberculosis from a modern perspective. Microbiology
149:3213-3220.

Telenti, A. 1997. Genetics of drug resistance in tuberculosis. Clin. Chest
Med. 18:55-64.

Telenti, A., P. Imboden, F. Marchesi, D. Lowrie, S. Cole, M. J. Colston, L.
Matter, K. Schopfer, and T. Bodmer. 1993. Detection of rifampicin-resis-
tance mutations in Mycobacterium tuberculosis. Lancet 341:647-650.
Tracevska, T., 1. Jansone, A. Nodieva, O. Marga, G. Skenders, and V.
Baumanis. 2004. Characterisation of rpsL, rrs and embB mutations asso-
ciated with streptomycin and ethambutol resistance in Mycobacterium
tuberculosis. Res. Microbiol. 155:830-834.

Van Bambeke, F., Y. Glupczynski, P. Plesiat, J. C. Pechere, and P. M.
Tulkens. 2003. Antibiotic efflux pumps in prokaryotic cells: occurrence,
impact on resistance and strategies for the future of antimicrobial therapy.
J. Antimicrob. Chemother. 51:1055-1065.

Victor, T. C., P. D. van Helden, and R. Warren. 2002. Prediction of drug
resistance in M. tuberculosis: molecular mechanisms, tools, and applica-
tions. [UBMB Life 53:231-237.

Viveiros, M., C. Leandro, and L. Amaral. 2003. Mycobacterial efflux
pumps and chemotherapeutic implications. Int. J. Antimicrob. Agents
22:274-278.

Viveiros, M., I. Portugal, R. Bettencourt, T. C. Victor, A. M. Jordaan, C.
Leandro, D. Ordway, and L. Amaral. 2002. Isoniazid-induced transient
high-level resistance in Mycobacterium tuberculosis. Antimicrob. Agents
Chemother. 46:2804-2810.

Walker, J. E., M. Saraste, M. J. Runswick, and N. J. Gay. 1982. Distantly
related sequences in the alpha- and beta-subunits of ATP synthase, myosin,
kinases and other ATP-requiring enzymes and a common nucleotide bind-
ing fold. EMBO J. 1:945-951.

Wilson, M., J. DeRisi, H. H. Kristensen, P. Imboden, S. Rane, P. O. Brown,
and G. K. Schoolnik. 1999. Exploring drug-induced alterations in gene
expression in Mycobacterium tuberculosis by microarray hybridization.
Proc. Natl. Acad. Sci. USA 96:12833-12838.

Wright, G. D. 1999. Aminoglycoside-modifying enzymes. Curr. Opin. Mi-
crobiol. 2:499-503.

Wright, G. D., A. M. Berghuis, and S. Mobashery. 1998. Aminoglycoside
antibiotics. Structures, functions, and resistance. Adv. Exp. Med. Biol. 456:
27-69.

Xu, X. J., X. Z. Su, Y. Morita, T. Kuroda, T. Mizushima, and T.



VoL. 53, 2009

123.

124.

125.

126.

Tsuchiya. 2003. Molecular cloning and characterization of the HmrM
multidrug efflux pump from Haemophilus influenzae Rd. Microbiol.
Immunol. 47:937-943.

Yamada, Y., K. Hideka, S. Shiota, T. Kuroda, and T. Tsuchiya. 2006.
Gene cloning and characterization of SdrM, a chromosomally-encoded
multidrug efflux pump, from Staphylococcus aureus. Biol. Pharm. Bull.
29:554-556.

Yamada, Y., S. Shiota, T. Mizushima, T. Kuroda, and T. Tsuchiya. 2006.
Functional gene cloning and characterization of MdeA, a multidrug efflux
pump from Staphylococcus aureus. Biol. Pharm. Bull. 29:801-804.
Zainuddin, Z. F., and J. W. Dale. 1990. Does Mycobacterium tuberculosis
have plasmids? Tubercle 71:43-49.

Zhang, H., J. Y. Deng, L. J. Bi, Y. F. Zhou, Z. P. Zhang, C. G. Zhang, Y.

127.

128.

129.

130.

MINIREVIEW 3189

Zhang, and X. E. Zhang. 2008. Characterization of Mycobacterium tuber-
culosis nicotinamidase/pyrazinamidase. FEBS J. 275:753-762.

Zhang, M., J. Yue, Y. P. Yang, H. M. Zhang, J. Q. Lei, R. L. Jin, X. L.
Zhang, and H. H. Wang. 2005. Detection of mutations associated with
isoniazid resistance in Mycobacterium tuberculosis isolates from China.
J. Clin. Microbiol. 43:5477-5482.

Zhang, Y. 2005. The magic bullets and tuberculosis drug targets. Annu.
Rev. Pharmacol. Toxicol. 45:529-564.

Zhang, Y., S. Permar, and Z. Sun. 2002. Conditions that may affect the
results of susceptibility testing of Mycobacterium tuberculosis to pyrazin-
amide. J. Med. Microbiol. 51:42-49.

Zhang, Y., A. Scorpio, H. Nikaido, and Z. Sun. 1999. Role of acid pH and
deficient efflux of pyrazinoic acid in unique susceptibility of Mycobacterium
tuberculosis to pyrazinamide. J. Bacteriol. 181:2044-2049.



