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The impermeability of the outer membrane in combination with drug efflux are major determinants of the
natural drug resistance of mycobacteria. 3-Lactams are the most widely used antibiotics for treatment of
bacterial infections. However, it is unknown how (3-lactams enter Mycobacterium tuberculosis and whether efflux
pumps exist that can export these drugs out of the cell. To identify the molecular mechanisms of M. tuberculosis
resistance to 3-lactams, a library of 7,500 transposon mutants was generated in the model organism Myco-
bacterium bovis BCG. Thirty-three unique insertion sites were determined that conferred medium or high-level
(=2,000 pg/ml) resistance to ampicillin. Three mutants in sulfolipid synthesis or transport were highly
resistant to ampicillin, indicating an indirect effect of the lipid composition on the outer membrane perme-
ability of M. bovis BCG to ampicillin. Mutants with insertions in genes encoding surface molecules such as PPE
proteins or lipoarabinomannan were also completely resistant to ampicillin, thus suggesting a lack of transport
across the outer membrane. Insertion of the transposon in front of bcg0231 increased transcription of the gene
and concomitantly the resistance of M. bovis BCG to ampicillin, streptomycin, and chloramphenicol by 32- to
64-fold. Resistance to vancomycin and tetracycline was increased four- to eightfold. Bcg0231 and Rv0194 are
almost identical ATP-binding cassette transporters. Expression of rv0194 significantly reduced accumulation
of ethidium bromide and conferred multidrug resistance to Mycobacterium smegmatis. Both effects were abro-
gated in the presence of the efflux pump inhibitor reserpine. These results demonstrate that Rv0194 is a novel

multidrug efflux pump of M. tuberculosis.

Tuberculosis (TB) is caused by Mycobacterium tuberculosis
and kills approximately 2 million people each year (22). Due to
the intrinsic resistance of M. tuberculosis to many antibiotics,
chemotherapy of TB is restricted to a very limited number of
drugs, which have to be used in combination for at least 6
months. Infections with multidrug-resistant M. tuberculosis
strains require a prolonged treatment with second-line drugs
for up to 2 years, which increases the cost of treatment dras-
tically (56). Even more alarming are the extensively drug-re-
sistant strains of M. tuberculosis, which are resistant not only to
isoniazid and rifampin but also to at least two second-line
anti-TB drugs (38). A better understanding of resistance mech-
anisms to known antibiotics may be one way to overcome these
problems. A major determinant of the intrinsic resistance of M.
tuberculosis is its unique outer membrane, which presents an
effective permeability barrier to both hydrophobic and hydro-
philic solutes (7). However, the mycobacterial outer membrane
can only slow down the influx of drugs and is required to act in
synergy with alternative mechanisms to effectively decrease the
intracellular concentration of drugs. Recent evidence suggests
that multidrug resistance of M. tuberculosis is associated with
constitutive or inducible expression of efflux systems (39). By
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using a bioinformatical approach it was predicted that at least
26 complete and 11 incomplete ATP-binding cassette super-
family (ABC) transporters and 16 major facilitator superfamily
proteins exist in M. tuberculosis. Involvement of several of
them in transport of aminoglycosides, fluoroquinolones, chlor-
amphenicol, isoniazid, rifampin, and tetracyclines has been
demonstrated (15).

B-Lactams are the most widely used antibiotics for treatment
of bacterial infections (43). However, they are not regarded as
useful for treatment of tuberculosis, because M. tuberculosis is
considered intrinsically resistant to B-lactams (10). The pro-
duction of the B-lactamase BlaC was assumed to be the most
significant factor for the resistance of M. tuberculosis to B-lac-
tam antibiotics (19). However, other factors, such as perme-
ability of the cell wall and low affinity of binding to penicillin-
binding proteins, cannot be dismissed (10). M. tuberculosis
does not grow in vitro with ampicillin concentrations of 100
pg/ml or higher, indicating that it is somewhat susceptible to
these antibiotics. Indeed, imipenem was used successfully to
treat TB patients infected with multidrug-resistant strains (11).
The aim of our work was to identify mechanisms that account
for the susceptibility of M. tuberculosis to B-lactam antibiotics,
in particular to identify proteins involved in uptake.

To identify genes associated with high resistance of M. fu-
berculosis to B-lactam antibiotics, we performed transposon
mutagenesis of the model organism Mycobacterium bovis BCG.
Here we describe the identification of 33 transposon mutants
with increased resistance to ampicillin. Insertions of the trans-
poson were found in genes involved in cell wall synthesis and
assembly, metabolism, and in genes of unknown function. Our
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investigations revealed a mutant with an insertion of the trans-
poson in front of the gene bcg0231, which leads to a drastically
increased resistance of M. bovis BCG to ampicillin and several
other unrelated drugs. Our results provide evidence that the
almost identical gene 10194 encodes a novel multidrug efflux
pump of M. tuberculosis.

MATERIALS AND METHODS

Chemicals and enzymes. Hygromycin B was purchased from Calbiochem. All
other chemicals were purchased from Merck, Roth, or Sigma at the highest
purity available. Enzymes for DNA restriction and modification were from New
England Biolabs and Invitrogen. Oligonucleotides were obtained from IDT.

Bacterial strains, media, and growth conditions. Escherichia coli DH5« was
used for cloning experiments and was routinely grown in Luria-Bertani broth at
37°C. Mycobacterium smegmatis strains were grown at 37°C in Middlebrook 7H9
medium (Difco) supplemented with 0.2% glycerol and 0.05% Tween 80 or on
Middlebrook 7H10 plates supplemented with 0.5% glycerol. M. bovis BCG
(strain Institut Pasteur) was grown in Middlebrook 7H9 medium (Difco) sup-
plemented with 0.2% glycerol, 0.05% Tween 80, and 10% oleic acid-albumin-
dextrose-catalase (OADC; Remel) or on Middlebrook 7H10 plates supple-
mented with 0.5% glycerol and 10% OADC (Remel). Antibiotics were used
when required at the following concentrations: hygromycin, 200 wg/ml for E. coli
and 50 pg/ml for mycobacteria; kanamycin, 30 pg/ml.

Construction of plasmids. Our previous expression vectors were based on
transcriptional fusions in which the Shine-Dalgarno sequence had to be included
in the forward primer (26). To provide an alternative cloning strategy with much
shorter forward primers, a Pacl restriction site which is not present in the M.
tuberculosis genome was used, making cloning with this enzyme very convenient,
and was engineered between the gene and the Shine-Dalgarno sequence in this
vector backbone. To this end, the mspA gene was amplified by PCR using
pMNO06 (52) as a template with the oligonucleotides pMS-Seql and MspA_SD
(see Table S1 in the supplemental material) that introduced Sphl and Pacl
restriction sites and a synthetic Shine-Dalgarno sequence which efficiently ini-
tiates translation of gfp (unpublished results). The PCR fragment was digested
with SphI and HindIII and cloned into the plasmid pMNO013 (26) digested with
the same restriction endonucleases. This cloning step yielded the vector pML653
in which the Shine-Dalgarno sequence was separated from the translation start
site by a Pacl restriction site. In this expression vector, genes can be cloned as
translational fusions using the restriction sites PacI/HindIII. Promoters can be
exchanged using the Spel and Sphl sites.

Then, the w0194 gene was amplified from genomic DNA of M. tuberculosis
H37Rv (obtained from Colorado State University as part of National Institutes
of Health, [NIAID] contract HHSN266200400091C entitled “Tuberculosis Vac-
cine Testing and Research Materials”) using the oligonucleotides rv0194_F4 and
rv0194_Hind2, which introduced the HindIII restriction site at the 3’ end (see
Table S1 in the supplemental material). The rv0194 PCR fragment was digested
with HindIIIT and cloned into pML653 digested with Pacl. The 5" overhanging
ends of the Pacl sites were removed by T4 DNA polymerase following HindIII
restriction digestion to obtain a 5-bp distance between the Shine-Dalgarno se-
quence and the w0194 translation start site in the overexpression vector pML655.
In addition the rv0194 expression cassette, pML655, features the pAL5000 origin
for replication in mycobacteria, the ColE1 origin for replication in E. coli, and a
hyg resistance gene.

Construction and analysis of a transposon library of M. bovis BCG. The
suicide plasmid vector pPR32, containing 1S71096::Km, was used to generate a
transposon insertion mutant library of M. bovis BCG as described previously
(40). The vector pPR32 was electroporated into M. bovis BCG. After recovery at
32°C, the bacteria were plated on 7H10 agar containing kanamycin and incu-
bated at 32°C for 5 to 7 weeks. The colonies were streaked on plates containing
kanamycin and gentamicin to prevent the premature loss of the plasmid. Clones
were picked from five Km"/Gm" candidates and transferred into 7H9 liquid
medium supplemented with kanamycin and gentamicin. Incubation was at 32°C
for 3 to 4 weeks. The cultures were filtered through a filter with a pore size of 5
pm (Sartorius) to remove cell clumps. The filtrate was grown for two further
weeks until an optical density at 600 nm (ODgq) of 0.4 to 0.5 was achieved.
Approximately 10 cells were plated on 7H10 agar containing kanamycin and 2%
sucrose. Incubation of the plates occurred at 39°C for 3 weeks. Counterselection
against the vector pPR32 and selection with kanamycin resulted in approximately
7,500 transposon mutants. This corresponds to a transposon efficiency of 1.5 X
1073. Ten colonies were arbitrarily picked, and chromosomal DNA was prepared
and analyzed by Southern blotting as described elsewhere (52) to examine the
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randomness of the IS71096::Km insertions. To select for ampicillin-resistant mu-
tants, the library was washed from the plates, passed through a 5-pm filter, and
plated on 7H10 plates supplemented with 100 pg/ml of ampicillin. To identify the
insertion sites of the transposon, ligation-mediated PCR was employed as de-
scribed previously (44). Chromosomal DNA was prepared and used as a tem-
plate for PCR with the primers Salgd and Tn_mut_seq2 or Tn_mut_seq4 and
1S2; primers Salgd and IS2 were used for sequencing (see Table S1 in the
supplemental material). The resulting sequences were compared with the M.
bovis BCG genome sequence using Blast analysis (http://genolist.pasteur.fr
/BCGList/).

RNA preparation. Total RNA of M. bovis BCG was isolated by the Trizol
method as recommended by the manufacturer (Invitrogen). Briefly, cultures
were grown in 30 to 60 ml of corresponding medium until late log phase. A 35-ml
volume of GTC buffer (5 M guanidium thiocyanate, 0.5% sarcosyl, 0.5% Tween
80, 1% B-mercaptoethanol) was added and centrifuged at 10,000 X g for 10 min
at 4°C. The pellet was resuspended in 1.5 ml Trizol and lysed by agitation with
glass beads (FastRNA Tubes-Blue) in a FastPrep FP120 bead beater apparatus
(Bio-101) three times for 45 seconds at level 6.5. Suspensions were cooled on ice
for 5 min between agitation steps. A 500-pl volume of chloroform was added,
and centrifugation was done for 5 min at 14,000 X g. The upper phase was
transferred to a new tube containing an equal volume of isopropanol. Tubes were
incubated for 20 min at —80°C and centrifuged at 14,000 X g for 20 min at 4°C.
The pellet was washed with 70% ethanol, dried, and resuspended in 100 pl
distilled water. Further purification of samples was performed using a Nucle-
ospin RNAII kit (Macherey-Nagel) following the instructions of the manufac-
turer.

Dot blot analysis. The probe for the rv0194 gene was amplified from pML655
by PCR using the primers Rv0194_F1 and Rv0194_rev_T7 (see Table S1 in the
supplemental material). The probe for the 16S rRNA gene was amplified from
chromosomal DNA of M. bovis BCG using the primers 16SNbfw and
16SrevT7Prom (see Table S1 in the supplemental material). A recognition site
for T7 RNA polymerase was added to the 5" ends of the reverse primers (see
Table S1 in the supplemental material). The probes were labeled with digoxige-
nin by in vitro transcription. The dot blot experiments were carried out as
described previously (24). The amount of RNA was quantified photometrically.
A 7.2-pg aliquot of RNA was spotted in triplicate onto the blot for each sample.
To obtain a visible signal for the bcg0231 mRNA in comparison to the standard
16S rRNA, the exposure time of the blot was increased to 700 s. The LabWorks
4.6 software (UVP) was used for image analysis of the dot blot. The lane profile
of the dots was analyzed to examine saturation of the signals. The amount of
RNA in the dots was quantified using integrated optical density analysis. The
signals for the bcg0231 transcripts were normalized to those of 16S rRNA in the
same sample.

Determination of antibiotic susceptibility. To determine MICs of M. smegma-
tis and M. bovis BCG strains, a microplate Alamar blue assay (MABA) was used
as described previously (20) with some modifications (O. Danilchanka, M. Pav-
lenol, and M. Niederweis, submitted for publication). Final drug concentrations
for M. smegmatis were as follows: ampicillin, 62.5 to 2,000 wg/ml; erythromycin
and vancomycin, 0.3125 to 10 pg/ml; chloramphenicol and novobiocin, 2 to 64
pg/ml; tetracycline, 0.01875 to 0.6 pg/ml; kanamycin, 0.156 to 5 wg/ml; cipro-
floxacin, ofloxacin, and levofloxacin, 0.8 to 25.6 wg/ml. Final drug concentrations
for M. bovis BCG were as follows: ampicillin, 62.5 to 2,000 wg/ml; vancomycin,
1.25 to 40 pg/ml; streptomycin, 0.25 to 8 pwg/ml; chloramphenicol, 4 to 128 pg/ml;
tetracycline, 0.5 to 16 wg/ml. The MICs were defined as the lowest concentration
of antibiotic which reduced the viability of the culture by at least 90% as
determined by fluorescence measurements at room temperature in top-reading
mode at an excitation wavelength of 530 nm and an emission wavelength of 590
nm using a Synergy HT reader (Bio-Tek).

p-Lactamase activity assay. The B-lactamase activity of M. bovis BCG was
determined by measuring the hydrolysis of nitrocefin by whole cells as described
elsewhere (Danilchanka et al., submitted). Briefly, cells of M. bovis BCG strains
were grown to saturation (ODjgg, 2.0 to 4.0). Culture supernatants were filtered
through 0.2-pm filters (Pall Corporation) twice to obtain cell-free culture fil-
trates. To obtain lysates, cells were pelleted and washed in ice-cold 1X phos-
phate-buffered saline (PBS) buffer (pH 7.4). The cell pellets were resuspended in
a 1/30 volume of 1X PBS containing corresponding amounts of protease inhib-
itor cocktail (Sigma) and DNase I (New England Biolabs). Cells were disrupted
by agitation with glass beads (FastRNA Tubes-Blue) in a FastPrep FP120 bead
beater apparatus (Bio-101) twice for 30 seconds at level 6.0 with 5 min of rest on
ice between agitations. Cell debris was removed by centrifugation and filtered
twice through 0.2-pm filters. Protein concentrations were determined using a
bicinchoninnic acid protein assay kit (Pierce). Nitrocefin was added to a final
concentration of 200 wM in 1X PBS (pH 7.4), and hydrolysis was monitored as
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a change in absorbance at 490 nm using a microplate reader (Synergy HT;
Bio-Tek). The activities of B-lactamases for each strain were determined as the
Ago min~! mg of total protein~'.

Acc lation of ethidi bromide by mycobacteria. The accumulation of
ethidium bromide by mycobacteria was measured as described previously with
some modifications (33). M. smegmatis was grown to early exponential phase
(ODggg, 0.6 to 1.0). The cells were pelleted by centrifugation at room tempera-
ture, resuspended in uptake buffer (50 mM KH,PO, [pH 7.0], 5 mM MgSO,),
diluted to an ODgy of 0.5, and preenergized with 25 mM glucose for 5 min. One
hundred microliters of cells was added per well of black, clear-bottomed 96-well
microplates (Greiner Bio-One). Ethidium bromide was added to a final concen-
tration of 20 uM, and its entry was measured at room temperature in top-reading
mode at an excitation wavelength of 530 nm and an emission wavelength of
590 nm using a Synergy HT reader (Bio-Tek). When required, reserpine was
added after 8 min of incubation with ethidium bromide at a final concentra-
tion of 0.1 mM.

Susceptibility of M. smegmatis to ethidium bromide. The susceptibility of M.
smegmatis to ethidium bromide was tested as described previously (18). Shortly,
M. smegmatis was grown overnight in Middlebrook 7H9 medium supplemented
with 0.05% Tween 80 and 50 pg/ml hygromycin and filtered through a 5-pm filter
(Sartorius) to remove cell clumps. Cells were diluted in the same medium to an
approximate ODy, of 0.04. Bacterial growth was monitored by measuring the
optical density of the cultures at 600 nm. Ethidium bromide was added to the
cultures at final concentrations from 1.56 pM to 12.5 wM. When required
reserpine was added at a final concentration of 8§ mM.

RESULTS

Isolation of M. bovis BCG mutants resistant to ampicillin.
To identify molecular mechanisms of resistance of slowly grow-
ing mycobacteria such as M. tuberculosis to B-lactam antibiot-
ics, we used M. bovis BCG as a model organism and generated
a transposon library. The transposon IS7096::Km was chosen,
which inserts randomly with a high frequency into mycobacte-
rial genomes (36). A culture of a clone from M. bovis BCG
containing pPR32 with the transposon IS71096::Km (40) was
plated under conditions nonpermissive for replication of the
vector, and this yielded approximately 7,500 kanamycin-resis-
tant clones. To examine the uniqueness of the insertions, chro-
mosomal DNA was prepared from 10 randomly selected
clones from the library. Southern blot analysis showed the
presence of the transposon in all clones at different positions in
the chromosome (not shown). This indicated a random trans-
position of 1S7096::Km into the chromosome of M. bovis BCG.
To select mutants with a high resistance to B-lactam antibiot-
ics, the library was washed from the plates and filtered to
remove cell clumps. Serial dilutions were plated on 7H10 agar
with 100 pg/ml ampicillin, on which wild-type (wt) M. bovis
BCG did not grow. Seventy-eight ampicillin-resistant mutants
were obtained. MICs of ampicillin for all transposon mutants
were higher than 62.5 wg/ml for wt M. bovis BCG as deter-
mined in a MABA. Twenty-one mutants were completely re-
sistant to ampicillin (=2,000 wg/ml), while 11 mutants showed
a moderate resistance with MICs of 250 to 500 pg/ml (Table
1). Twenty mutants with MICs lower than 250 wg/ml were
excluded from further analysis.

Sequence analysis and functional classification of ampicil-
lin-resistant transposon mutants. To determine the insertion
sites of the transposon, chromosomal DNA was prepared from
all mutants and was analyzed by ligation-mediated PCR (44).
Thirty-three unique insertion sites in M. bovis BCG were de-
termined that conferred a medium or high level of resistance to
ampicillin (Table 1). The mutants were grouped into four
functional classes based on the predicted or known functions
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of the disrupted genes (Table 1). The vast majority of the
disrupted genes (11/31) encode proteins involved in cell wall
biosynthesis or assembly (Table 1, group A). This was not
unexpected, considering the periplasmic location of the
transpeptidases and the necessity of ampicillin to cross the
permeability barrier established by the outer membrane to
reach these targets. Other mutant classes included genes in-
volved in general metabolism and genes of unknown function.
Six of the sequenced mutants had insertions in intergenic re-
gions (Table 1).

The mutant ML1034 is highly resistant to multiple drugs. In
the ML1034 mutant, the transposon had inserted 54 bp in front
of the predicted start codon of the open reading frame bcg0231
in M. bovis BCG, which is almost identical to rv0194 from M.
tuberculosis (Table 1; Fig. 1). Blast analysis revealed that
0194 encodes a putative ATP-binding cassette (ABC) trans-
porter. The Rv0194 protein consists of two membrane-span-
ning domains, each consisting of six predicted transmembrane
helices and two cytoplasmic nucleotide-binding domains fused
together. Hence, Rv0194 constitutes a complete multidrug ef-
flux pump (6). However, the function of this protein has not
been demonstrated experimentally. The bcg0231 and rv0194
genes differ only by one base pair which causes a proline-to-
leucine exchange at position 328. This amino acid is located in
one of the cytoplasmic loops, is not part of known functional
domains of ABC transporters, and should, therefore, not cause
any functional difference. The mutant ML1034 was extremely
resistant to ampicillin, with its MIC increased by 32-fold from
62.5 pg/ml to 2,000 wg/ml (see Fig. S1 in the supplemental
material).

To examine whether the resistance of this mutant was spe-
cific for ampicillin, its sensitivity to several structurally unre-
lated antibiotics was determined in a MABA (20) (Table 2).
The resistance to the small antibiotics chloramphenicol and
tetracycline was 64- and more than 8-fold increased, respec-
tively, compared to wt M. bovis BCG. Resistance to strepto-
mycin, one of the first-line drugs used for the treatment of
tuberculosis, was increased by 32-fold compared to wt M. bovis
BCG. A fourfold increase in the resistance to the large and
hydrophilic antibiotic vancomycin was also observed for the
ML1034 mutant (Table 2), therefore suggesting that this mu-
tant is highly resistant to multiple antibiotics.

Insertion of the transposon increases transcription of
bcg0231 in the ML1034 mutant. In case of insertion of the
transposon in front of a gene, two possibilities exist: the
transposon can inactivate the gene by inactivating the pro-
moter or other signals required for transcription, or alter-
natively, gene expression can be upregulated or the gene can
be expressed constitutively from a promoter inside the
transposon. To distinguish between these two possibilities,
total RNA was prepared from wt M. bovis BCG and the
ML1034 mutant grown to late logarithmic phase. Dot blot
experiments were used to quantify the relative amount of
bcg0231 mRNA in both strains. While bcg023] mRNA was
barely detectable in wt M. bovis BCG, it was clearly more
visible in the ML1034 mutant (Fig. 2A). Quantitative image
analysis showed a threefold increase in the amount of
bcg0231 mRNA relative to the 16S rRNA in the ML1034
mutant (Fig. 2B). The lane profile across each dot revealed
that the signal for 16S rRNA was not saturated in samples 3
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TABLE 1. Bioinformatic analysis of insertion sites of the mutants resistant to ampicillin”

Group and M. bovis BCG M. tuberculosis Position (bp) MIC of .
strain no. gene gene of insertion ampicillin Gene function
(ng/ml)
Group A
ML1075 gea 0112 +899 2,000 Putative GDP-mannose 4,6-dehydratase; LAM
synthesis (51)
ML1010 ppel2 m0755¢ +43 500 PPE family protein
ML1041 ppe24* wl753c +1707 >2,000 PPE family protein; required for growth of M.
marinum in macrophages (37)
ML1061 IppA 2543 +19 >2,000 Putative lipoprotein
ML1058 IprR* v2203c +320 2,000 Putative lipoprotein
ML1064 IppB 2544 +569 2,000 Putative lipoprotein
ML1036 agpS mw3107c +277 250 Putative alkyldihydroxyacetonephosphate synthase
(lipid biosynthesis)
ML1007 ppe53* rv3159c +988 2,000 PPE family protein; virulence factor of
M. marinum (49); required for growth of
M. marinum in macrophages (37)
ML1040 papA2 v3820c +1390 2,000 Putative polyketide synthase-associated protein;
sulfolipid synthesis (5)
ML1047 fadD23 3826 +544 2,000 Putative fatty-acid-coenzyme A ligase; sulfolipid
synthesis (31)
Group B
ML1069 gmhA w0113 +205 2,000 Putative phosphoheptose isomerase
ML1013 cpsY* rv0806¢ +923 2,000 Putative UDP-glucose-4-epimerase
ML1009 cypl21* w2276 +368 2,000 Cytochrome P450
ML1006 bcg3787* 3727 +720 2,000 Putative oxidoreductase
Group C
ML1025 bcg3145 w3124 +435 250 Putative transcriptional regulator
Group D
ML1065 bcg0061 0030 +96 >2,000 Unknown
ML1048 bcgl567c v1503c +519 250 Unknown; survival in macrophages (47)
ML1030 bcg1988¢ w1949¢ +849 2,000 unknown; LAM synthesis (51)
ML1053 bcg2326¢* 2307B +271 2,000 Unknown
ML1029 bcg2734c* rv2721c +524 >2,000 Putative conserved transmembrane Ala/Gly-rich
protein
ML1038 bcg2735 2722 +78 2,000 Unknown
ML1046 bcg2743 w2730 +33 500 Unknown
ML1052 bcg2824 2806 +78 >500 Unknown
ML1050 bcg2827 w2809 +41 2,000 Unknown
ML1037 bcg3693 3635 +1765 250 Unknown
ML1012 bcg3960c* mv3903c +1255 >2,000 Unknown
Group E
ML1034 bcg0231 0194 —54 2,000 ABC transporter
ML1060 fadD25/mmpL12 w1521/rv1522¢ —206 250 Fatty acid-coenzyme A ligase/conserved
transmembrane protein
ML1062 pksll 1665 -18 >2,000 Chalcone synthase
ML1044 ppe33b wl810 —178 250 PPE family protein
ML1042 bcg2123c/pe22 v2104c/rv2107 —509 500 Putative transposase/PE family protein
ML1051 bcg2965 2943 —420 >500 Probable transposase for insertion sequence
1S1533
ML1005 mmpL8 rv3823¢ =76 ND Conserved transmembrane protein; sulfolipid

transport (13)

“ MICs were determined by MABA. The MIC of ampicillin for wt M. bovis BCG was 62.5 pg/ml. Transposon mutants that were resistant to 125 wg/ml are not listed.
The open reading frame numbers and annotations of transposon mutants that were resistant to at least 250 ug/ml were taken from the genome websites for M. bovis
BCG Pasteur 1173P2 (bcg) and M. tuberculosis H37Rv (rv), respectively, at http://genolist.pasteur.fr. Group A contains proteins associated with cell wall synthesis and
assembly, group B contains enzymes involved in metabolic functions, group C contains regulators, group D contains proteins with unknown functions, and group E
contains proteins with unknown effects of mutations (intergenic insertions). The mutants are ordered according to their gene tag within the functional groups. The
position of insertion was determined relative to the predicted gene start in M. bovis BCG. Negative values indicate insertion of the transposon upstream of the gene.
Two or more transposon mutants with identical insertion sites were obtained for genes marked with an asterisk. ND, not determined.

and 6 (Fig. 2A). Quantification of these signals revealed an
8.5-fold-increased amount of bcg0231 mRNA in the ML1034
mutant. In conclusion, these results demonstrated that in-
sertion of the transposon increased transcription of the

bcg0231 gene in the ML1034 mutant by at least threefold.
This result suggested that the ABC transporter Bcg(0231
constitutes an efflux pump and its increased expression
caused the multidrug resistance of the ML1034 mutant. A
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1IS71096::Km insertion V2D
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bcg0230c bcg0231 )

M. bovis BCG < — ) )

I
1000 bp

TCTGCCCGAAAGGGAAAACCCGGTGTCCTTTCTGGTTATC
GAAGTGACCGGAATATTCGGTGCCGGCGGCGCACACGCGA
GAATGGATGCCGCGCACGAGTTTATGCGCTTGTTCGGGTT

1
CTGCCCGAAAGGGAAGACTTGATTTCCCGTTAGTTCAACC
ACCGGGTGATCGGCGCACTGAACGAGAAAGGATATGGCGA
ATGCGCACGAATTGCTGG...

FIG. 1. Genomic region of the mutant M. bovis BCG ML1034 and
its corresponding region in M. tuberculosis H37Rv. The bcg0231 gene
and its flanking genes are depicted. Block arrows represent open read-
ing frames. A vertical arrow depicts the insertion of the transposon
1S7096::Km. The sequence of the DNA —200 to +18 relative to the
rv0194/bcg0231 start codon is shown. This sequence is identical in M.
tuberculosis H37Rv and M. bovis BCG. The black arrow depicts the
start of the w0194 gene with the potential start codon ATG. Putative
Shine-Dalgarno and extended —10 promoter sequences (4) are shown
in bold and underlined, respectively. The annotated functions of the
encoded proteins are as follows: Bcg0230c, hypothetical protein;
Bcg0231, probable drug transport transmembrane ATP-binding pro-
tein cassette transporter; Bcg0232, possible two-component transcrip-
tional regulatory protein; Bcg0233, possible transcriptional regulatory
protein.

similar activation of gene expression by insertions in front of
genes due to promoters inside the transposon has been
observed previously, for example, for the mpr gene of M.
smegmatis (48).

The B-lactamase activities of wt M. bovis BCG and the mu-
tant ML1034 are identical. To examine whether altered ex-
pression of B-lactamases contributed to the high resistance of
the ML1034 mutant to ampicillin, we measured the B-lacta-
mase activity of M. bovis BCG using the nitrocefin hydrolysis
assay. The vast majority of the B-lactamase activity of wt M.
bovis BCG was cell associated and was approximately 10-fold
higher than the activity of the culture filtrate (see Fig. S2 in the
supplemental material). Importantly, the B-lactamase activity
of the ML1034 mutant was not higher than in the wt strain.
Therefore, we concluded that the increased resistance of the
ML1034 mutant to ampicillin is not caused by faster hydrolysis
of the drug. This result is consistent with the hypothesis that
the high resistance of ML1034 to ampicillin is a direct result of
the overexpression of the Bcg0231 pump that reduces the ac-
cumulation of ampicillin inside the cell. It should be noted that
the multidrug resistance of the ML1034 strain also strongly
argues against secondary mutations as a cause of this pheno-
type, because such mutations are specific for a single antibiotic
in most cases (57).

Rv0194 confers multidrug resistance to M. smegmatis. To
examine whether the multidrug-resistant phenotype of the
ML1034 mutant was directly associated with overexpression of
the ABC transporter, the n0194 expression vector pML655
was transformed into M. smegmatis SMRS and M. bovis BCG.
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In several attempts, colonies were only obtained for M. smeg-
matis, and not for M. bovis BCG. Importantly, overexpression
of w0194 increased the MICs of ampicillin, vancomycin, no-
vobiocin, and erythromycin for M. smegmatis (Table 3). Similar
resistance factors were obtained when 0194 was overex-
pressed in M. smegmatis mc*155 (data not shown). These re-
sults confirmed that the multidrug resistance of the ML1034
mutant was directly associated with overexpression of r0194.

Rv0194 reduces accumulation of ethidium bromide in M.
smegmatis. An obvious experiment to examine the function of
Bcg0231/Rv0194 would be to measure accumulation of antibi-
otics whose MICs are increased drastically for the ML1034
mutant. However, uptake by slow-growing mycobacteria is very
slow (32), and interpretation of the uptake experiments is
complicated by the high amount of surface-adsorbed com-
pounds (unpublished data). This problem is even more pro-
nounced for antibiotics which are substrates of drug efflux
pumps (15). Therefore, we have chosen ethidium bromide as a
model compound whose uptake can be measured continuously.
This assay is based on the increased fluorescence of ethidium
bromide by binding to nucleic acids after entry into the bacte-
rial cell (33) and does not therefore suffer from surface ad-
sorption as all radiolabeled compounds. Importantly, expres-
sion of 0194 reduced accumulation of ethidium bromide in
M. smegmatis compared to the wt strain (Fig. 3A). When re-
serpine, an inhibitor of multidrug transporters (1), was added
to the rv0194-expressing strain, accumulation of ethidium bro-
mide quickly reached levels observed for wt M. smegmatis (Fig.
3A). Then, we determined the influence of Rv0194 on the
ability of M. smegmatis to grow in the presence of ethidium
bromide in order to examine whether the efflux activity of
Rv0194 also increased the resistance of M. smegmatis. Growth
of wt M. smegmatis and the rv0194-overexpressing strain in
Middlebrook 7H9 medium did not differ (data not shown). By
contrast, addition of 1.56 uM ethidium bromide drastically
reduced the growth of wt M. smegmatis compared to the
rv0194-expressing strain (Fig. 3B). This was caused by an in-
crease of the MIC of ethidium bromide from 1.25 pg/ml for the
wt to 2.5 pg/ml for the rv0194-expressing strain. This effect was
reversed by addition of 8 mM reserpine, which completely
inhibited growth of both strains (Fig. 3B). These results dem-
onstrate that Rv0194 directly extrudes ethidium bromide and
that this activity increases the resistance of M. smegmatis to
ethidium bromide. This clearly established the link between
the efflux activity of Rv0194 and increased drug resistance of

TABLE 2. Susceptibility of wild-type M. bovis BCG and the
ML1034 mutant”

MIC (pg/ml) for

Antibiotic M. bovis BCG Resistance
factor
Wild type ML1034
Ampicillin 62.5 2,000 32
Chloramphenicol 8 512 64
Streptomycin 0.5 16 32
Tetracyclin 2 >16 >8
Vancomycin 5 20 4

“ The ML1034 mutant carries a transposon in front of the 0194 gene of M.
tuberculosis. The MICs were determined in a microplate Alamar Blue assay. The
resistance factor is defined as the MICy; 1034/MICy, ratio.
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FIG. 2. bcg0231 mRNA levels are increased in the ML1034 mutant of M. bovis BCG. A. Total RNA was prepared from M. bovis BCG cultures
in late logarithmic phase. A 7.2-pg sample of RNA was spotted onto duplicate membranes in triplicate. The bcg0231 mRNA and the 16S rRNA
were detected using digoxigenin-labeled probes which were visualized with an antidigoxigenin antibody-alkaline phosphatase conjugate and a
chemiluminescent substrate. B. Quantification of the dot blot results. The chemiluminescence of the dots was quantified using integrative optical
analysis. The lane profile of the dots was analyzed to examine saturation of the signals. The amount of bcg0231 transcripts was normalized to that
of 16S rRNA in the same sample. The bcg0231 amounts detected for the ML1034 mutant were set as 100%.

M. smegmatis and strongly suggests that the multidrug resis-
tance of M. bovis BCG ML1034 is associated with increased
efflux of antibiotics due to expression of Rv0194.

DISCUSSION

Mechanisms of ampicillin resistance in slow-growing myco-
bacteria. In this study, we identified 21 transposon mutants
that increased the resistance of M. bovis BCG to ampicillin by
32-fold. None of these mutations was in a gene known to be
involved in resistance to B-lactam antibiotics. In gram-negative
bacteria, resistance to B-lactam antibiotics is mainly mediated
by four mechanisms: (i) enzymatic hydrolysis by B-lactamases,
(ii) target alterations, i.e., mutations in the penicillin-binding
proteins, (iii) reduced uptake across the outer membrane, and
(iv) drug efflux. Augmented levels of B-lactamases can drasti-
cally increase the resistance to B-lactams, as has been shown
for Salmonella enterica (12). However, mutants with insertion
of the transposon upstream of any of the B-lactamases of M.
bovis BCG or M. tuberculosis were not observed. Mutants with
transposon insertions in penicillin-binding protein genes were
also not observed, because the activity of these proteins is
essential for cell growth (27). However, we expected to obtain
mutants with reduced uptake across the outer membrane, as
they are found frequently in gram-negative bacteria (23, 45). In
these resistant mutants, expression or the activity of porins that
provide an uptake pathway across the outer membrane for
hydrophilic B-lactams was reduced (36). We showed that the

TABLE 3. Susceptibility of M. smegmatis overexpressing the rv0194
gene of M. tuberculosis®

MIC for M. smegmatis (pg/ml)

b Resistance
Antibiotic
. 0194 factor
Wild type overexpression
Ampicillin 125 250 2
Chloramphenicol 32 32 1
Erythromycin 2.5 10 4
Novobiocin 4 8 2
Tetracyclin 0.3 0.3 1
Vancomycin 1.25 2.5 2

“The MICs were determined in a microplate Alamar Blue assay. The resis-
tance factor is defined as the MIC,,,;0,/MIC,, ratio. The wt strain was M.
smegmatis SMRS.

lack of MspA and other Msp porins drastically decreases the
permeability of B-lactams across the outer membrane of M.
smegmatis and concomitantly increases the resistance of M.
smegmatis to B-lactams (52, 54; Danilchanka et al., submitted).
Furthermore, expression of MspA significantly increased the
susceptibility of M. tuberculosis and M. bovis BCG to these
antibiotics (32), indicating that uptake across the outer mem-
brane is not as efficient in these organism as in M. smegmatis.
However, endogenous porins of M. tuberculosis and M. bovis
BCG that allow diffusion of B-lactams are yet to be identified.
OmpA forms pores in vitro (3) and is located in the outer
membrane of M. tuberculosis (50), possibly representing a
channel accessible for B-lactam antibiotics. However, the
OmpA mutant is not more resistant to B-lactams or other
antibiotics than wt M. tuberculosis (H. Song et al., unpublished
data), indicating that OmpA does not play a critical role in the
transport of these drugs. In addition, none of the ampicillin-
resistant mutants (Table 1) appears to have an insertion in a
gene encoding an outer membrane protein, according to the
criteria recently established for mycobacteria (50). One reason
why putative porins are missing in the list of ampicillin-resis-
tant mutants might be that a lack of porins can inhibit the
growth of the mutant, as recently shown for M. smegmatis (53).

Unexpectedly, our screen revealed mutants with insertions
in genes encoding polyketide synthases, such as Pksll
(Rv1665), or polyketide synthase-associated proteins, such as
PapA2 (Rv3820c), which conferred high-level resistance to
ampicillin (Table 1). Polyketide synthases are involved in the
synthesis of complex mycobacterial lipids (21). In particular,
synthesis or transport of sulfolipids appears to be important for
susceptibility of M. bovis BCG to ampicillin (Table 1). Since
ampicillin is a small and hydrophilic antibiotic, direct diffusion
through the outer membrane would be very slow. This has
been shown for other zwitterions, such as tryptophan and
model lipid membranes (9). This indicates an indirect effect of
the lipid composition on the outer membrane permeability of
M. bovis BCG to ampicillin, possibly through channel proteins
such as porins. Indeed, such a mechanism exists in E. coli,
which does not synthesize porins in mutants with defective
lipopolysaccharides, whereas other outer membrane proteins,
such as OmpA, are produced at wt levels (46).

Other genes whose inactivation causes high-level resistance
to ampicillin encode lipoproteins and PPE proteins, some of
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FIG. 3. Effects of w0194 expression in M. smegmatis on accumulation of and killing by ethidium bromide. A. Accumulation of 20 pM ethidium
bromide by M. smegmatis SMRS transformed with control plasmid pMS2 (closed circles) and with the 0194 expression vector pML655 (open
triangles) was measured by fluorescence. A 0.1 mM solution of reserpine was added to half of the culture of SMR5/pML655 after 8 min of
incubation with ethidium bromide (closed squares). Fluorescence was measured as relative fluorescence units (RFU) at an excitation wavelength
of 530 nm and an emission wavelength of 590 nm. B. Growth of M. smegmatis SMRS transformed with control plasmid pMS2 (closed circles) and
with the 0194 expression vector pML655 (closed triangles) was measured in the presence of 1.56 mM ethidium bromide. Reserpine at a final
concentration of 8 mM was added to cultures of M. smegmatis SMRS with a control plasmid pMS2 (open circles) or with the /0194 expression

vector pML655 (open triangles) containing 1.56 mM ethidium bromide.

which have been shown to be surface proteins (14). It is pos-
sible that these proteins also play a role in the transport of
B-lactams. Interestingly, the PPE24 and PPES3 proteins were
also identified in a screen for Mycobacterium marinum mutants
defective for infection of and growth in macrophages (37).
Also, PPE53 was shown to be a virulence factor of M. marinum
(49). These results suggest multiples roles of these PPE pro-
teins in resistance to toxic compounds.

The functions of most genes identified in our screen have
not been described previously. However, several genes were
found previously in other screens. For example, gca and
v1949¢ (bcgl988c) were shown to be important for normal
surface expression of lipoarabinomannan (LAM) (51). LAM is
one of the major lipoglycans of M. tuberculosis and is thought
to play a role in the cell wall structure and for interaction of M.
tuberculosis with host immune cells (8). However, it is unclear
how the lack of LAM promotes the resistance of M. bovis BCG
to ampicillin.

The ABC transporter Rv0194 is a drug efflux pump of M.
tuberculosis. Our experiments clearly show that overexpression
of the ABC transporter Rv0194 leads to increased resistance of
both M. smegmatis and M. bovis BCG to multiple drugs and to
ethidium bromide. The easiest and most likely explanation of
these results is that Rv0194 constitutes a multidrug efflux pump
which extrudes ampicillin, chloramphenicol, streptomycin, tet-
racyclin, vancomycin, erythromycin, and novobiocin (Tables 2
and 3). In fact, multidrug efflux pumps such as AcrAB of E. coli
have similar broad transport capacities (41). AcrAB belongs to
the resistance-nodulation-division family of efflux pumps,
which play a dominant role in multidrug resistance in gram-
negative bacteria, in contrast to ABC transporters (30). VcaM
of Vibrio cholerae (25) and now Rv0194 appear to be among
the very few ABC transporters involved in resistance to several
structurally unrelated drugs. It should be noted that export of
lipids by Rv0194 cannot be ruled out as an additional expla-
nation for the increased drug resistance of the rv0194-express-
ing strain. A larger amount of a particular lipid in the outer
membrane might reduce uptake of antibiotics and hence indi-
rectly cause resistance in mycobacteria. Such a mechanism has

been observed in gram-negative bacteria for the essential ABC
transporter MsbA, which transports lipid A, lipopolysaccha-
rides, and hydrophobic drugs across the inner membrane (42).
A connection between lipid transport and drug resistance has
been also observed for several mmpL mutants of M. tubercu-
losis (17). In vitro reconstitution experiments are required to
identify the substrate specificities of a transporter (33). How-
ever, in all of these cases, the multidrug efflux pump trans-
ported both lipids and several unrelated drugs. This supports
our conclusion that Rv0194 is a multidrug efflux pump.

The Rv0194 efflux pump has unusual properties. First, no
efflux pump is known to be involved in resistance to B-lactams
in gram-positive bacteria (34) or in mycobacteria (15). This is
a significant discovery, because the transpeptidases as targets
of the B-lactam antibiotics are localized in the periplasm (27).
A mechanism for how an inner membrane efflux transporter
can confer resistance to an antibiotic that targets a periplasmic
protein is known only for gram-negative bacteria so far. Here,
the bacteria have a tripartite efflux system consisting of an
inner membrane efflux pump that connects to an outer mem-
brane channel protein, such as TolC. This complex is stabilized
by periplasmic adapter proteins (28). These findings suggest
that M. tuberculosis employs a similar drug efflux system.

Second, the resistance factors upon overexpression of a mul-
tidrug efflux pump of M. tuberculosis in M. smegmatis or other
mycobacteria resulted in most cases in MICs that increased by
2- to 4-fold (2, 16, 55), while MICs were increased 4- to 64-fold
upon expression of rv0194. At first sight, it appears surprising
that a threefold-increased expression of w0194 can lead to
such high resistance factors in M. bovis BCG. However, this
pump does not seem to be expressed in wt bacteria (Fig. 2).
Thus, artificial expression of an efficient drug efflux pump
might indeed account for the observed drastic increases in
MICs for M. bovis BCG ML1034. By contrast, the resistance
factors of M. smegmatis expressing rv0194 were low and similar
to those observed for heterologous expression of other drug
efflux pumps of M. tuberculosis and M. smegmatis. This might
be due to the very different background of multidrug trans-
porters and different levels of B-lactamases in both organisms.
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Indeed, it was only possible to measure the contribution of the
efflux pumps LfrA and LfrX to B-lactam resistance of M. smeg-
matis after deletion of the major B-lactamase gene blaA (blaS)
(29).

Conclusions. We have identified Rv0194 as the first drug
efflux pump of M. tuberculosis that is involved in resistance to
B-lactam antibiotics. Furthermore, low-level expression of
rv0194 drastically increased resistance of M. bovis BCG to
multiple antibiotics. These findings suggest a novel molecular
mechanism by which M. tuberculosis can easily acquire a mul-
tidrug-resistant phenotype.
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