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Expression of the Escherichia coli multiple antibiotic resistance marA gene cloned in Mycobacterium smeg-
matis produced increased resistance to multiple antimicrobial agents, including rifampin, isoniazid, etham-
butol, tetracycline, and chloramphenicol. Cloned marR or marA cloned in the antisense direction had no effect.
Resistance changes were lost with spontaneous loss of the plasmid bearing mar4. A MarA mutant protein,
having an insertional mutation within either of its two alpha-helices of the first putative helix-turn-helix
domain, failed to produce the multiresistance phenotype in E. coli and M. smegmatis, indicating that this region
is critical for MarA function. These results strongly suggest that E. coli marA functions in M. smegmatis and
that a mar-like regulatory system exists in this organism.

Multidrug resistance in Mycobacterium is presumed to occur
via the accumulation of independent chromosomal mutations
which affect susceptibility to individual drugs. In Escherichia
coli and other members of the family Enterobacteriaceae, mul-
tidrug resistance is generally attributed to plasmids and trans-
posons. Still, multidrug resistance can arise via derepression of
the E. coli mar (multiple antibiotic resistance) operon, either
by mutation or exposure to inducing compounds (4). In Myco-
bacterium, the observed relatively high frequency of multidrug
resistance and the suggested relationship of inadequate treat-
ment to the emergence of resistance (2) fit with the selection of
E. coli Mar mutants. We looked for the possible existence of a
mar-like regulatory drug resistance response in Mycobacterium
smegmatis by examining antimicrobial susceptibility in cells
expressing the cloned E. coli marA gene.

PCR oligonucleotide primers were used to prepare a wild-
type marA amplicon from E. coli AG100 (9) chromosomal
DNA, based on the annotated sequence (4). The oligonucle-
otide primers corresponded with nucleotide positions 1893 to
1910 and 2265 to 2282 and contained terminal EcoRI restric-
tion enzyme sites to allow insertion of marA in frame with the
hsp60 mycobacterial heat shock promoter resident on the E.
coli-Mycobacterium shuttle plasmid pMV261 (11) (Table 1).
We also used the “megaprimer” PCR method (12) to create
insertional mutants of marA in the center of each alpha-helical
region of the putative helix-turn-helix (HTH) domain of MarA
(Fig. 1). These mutant marA genes were ligated to pMV261
and pET13a for testing in M. smegmatis and E. coli, respec-
tively. Plasmids were introduced into E. coli and M. smegmatis
mc*155 by electroporation with a Gene Pulser transfection
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apparatus (Bio-Rad, Richmond, Calif.) and selected on kana-
mycin (10 or 25 pg/ml).

Cultures of M. smegmatis mc*155 with and without plasmids
were grown at 30 or 37°C by using 7H9 or 7H10 Middlebrook
medium (Difco) enriched with Middlebrook albumin-dextrose
complex (ADC) supplement and oleic albumin-dextrose com-
plex supplement (OADC), respectively, supplemented with
0.05% Tween 80 and with kanamycin (10 wg/ml) where ap-
propriate to maintain the Kan" plasmids. Antimicrobial sus-
ceptibilities were tested without kanamycin in 7H10-OADC
antibiotic gradient plates (5) at 30 and 37°C. Tetracycline,
chloramphenicol, norfloxacin, and phenazine methosulfate
were purchased from Sigma Chemical Co. (St. Louis, Mo.).
Isoniazid, rifampin, streptomycin sulfate, and ethambutol were
kindly provided by J. Crawford (Centers for Disease Control
and Prevention, Atlanta, Ga.), and sparfloxacin was received
from Rhone-Poulenc (Paris, France).

M. smegmatis mc*155 bearing pMV261::marA showed in-
creased resistance to multiple antimicrobial agents, including
rifampin, isoniazid, ethambutol, chloramphenicol, and tetracy-
cline, compared to the organism with vector alone (Table 2)
when grown at 37°C but not at 30°C. Increased resistance to
rifampin, however, was also noted at 30°C. Rifampin resistance
also increased in the presence of vector alone at both temper-
atures, although this finding was variable. When it did occur,
this was the only drug to which the vector appeared to affect
parental susceptibility levels. Resistance of M. smegmatis to
chloramphenicol increased twofold and resistance to tetracy-
cline increased nearly fivefold in the presence of marA. Etham-
butol and isoniazid resistance increased 1.5- and 2.5-fold at
37°C. Little if any change in susceptibility to nalidixic acid,
phenazine methosulfate, or sparfloxacin occurred; some in-
creased susceptibility was observed for norfloxacin and strep-
tomycin (data not shown).

These changes in drug susceptibility were not seen with the
marA gene cloned in the reverse orientation relative to the
mycobacterial Aisp60 promoter. Also, introduction of marR
cloned with the same vector by PCR methods (primer nucle-
otide positions 1446 to 1462 and 1864 to 1879) caused no
changes in susceptibility of M. smegmatis to any of the com-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description I;ff:;zlr_f:
Strains
E. coli AG100 Wild type 9
E. coli AG102 Mar mutant of AG100 9
E. coli BL21 Expression strain for pET Novagen
vectors

M. smegmatis mc*155  Electroporation competent 18

Plasmids

pMV261 Mycobacterium-E. coli shut- 19
tle vector

pPM10 pMV261:marA This study

pPM10R pMV261::marA in antisense  This study
orientation

pPM11 pMV261::marR This study

pPM1989R pPM10 insertional mutant This study
of helix A (Fig. 1)

pPM2016A pPM10 insertional mutant This study
of helix B (Fig. 1)

pET13a T7 expression vector 20

pECI10 pET13a::marA This study

pEC1989R pECI10 insertional mutant This study
of helix A (Fig. 1)

pEC2016A pECI10 insertional mutant This study
of helix B (Fig. 1)

pounds tested (Table 2). Strains selected for spontaneous loss
of plasmids by growth in the absence of kanamycin showed a
return of the wild-type susceptibility phenotype (data not
shown). While multidrug resistance was clearly temperature
dependent and correlated with the presence of marA behind
the heat shock promoter, it could reflect a resistance mecha-
nism(s) per se which functions better at 37°C than at 30°C
regardless of MarA expression. Of note, however, no temper-
ature-dependent differences in susceptibility of wild-type cells
were observed with any of the agents tested (Table 2).

To obtain support for the notion that the resistance pheno-
type was a direct result of MarA activity in the cell, insertional
mutants targeted to the predicted HTH domain (1) of the
MarA protein were constructed. Megaprimer PCR (12) was
used to introduce an Nhel restriction site into the centers of
both the helix A (position 1989) and helix B (position 2016)
regions of marA. A double-stranded synthetic oligonucleotide
with compatible ends was ligated to the Nhel sites to produce
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A. Nhel
CTAGCGCGGCGGCGGLGE
(REERREREREEEE
GCGCCGCCGCCGCCGATC
Nhel

Mutagenic
oligonucleotide

B. Helix A ASRRRRAS

Wild type HTH PLSLEKVSERSGYSKWHL

Helix B ASAAARAS

FIG. 1. MarA mutants. (A) Nucleotide sequence of the mutagenic oligonu-
cleotide. (B) Wild-type MarA amino acid residues 27 to 44, the putative HTH
domain of MarA, based on the sequence (4). Mutants contained the amino acids
shown at the indicated sites of insertion in helix A and helix B. Mutants differ in
amino acid composition due to the mutagenic oligonucleotide inserting in op-
posite orientations.

two distinct insertional mutants interrupting each of the two
putative alpha-helical regions (Fig. 1). These mutated genes
were cloned into pMV261, as described above, for susceptibil-
ity testing in M. smegmatis at 37°C. They were also expressed
from the isopropyl-B-p-thiogalactopyranoside (IPTG)-regu-
lated T7 promoter resident on plasmid pET13a (20) for testing
in E. coli BL21. Insertional inactivation of MarA at either helix
A or helix B abolished the multidrug resistance phenotype in
both E. coli and M. smegmatis (Tables 2 and 3).

To confirm marA expression, Northern blotting (10) was
performed with total cellular RNA isolated by the TRIzoL
method (Gibco BRL, Gaithersburg, Md.) from mid-log-phase
cells grown at 30 and 37°C in Middlebrook 7H9-ADC medium
following 1 h of pretreatment with lysozyme (4 mg of Tris-
EDTA [pH 8.0] per ml) at 30°C. Equal amounts of RNA,
separated electrophoretically in 20 mM guanidine isothiocya-
nate, were probed with a radiolabeled mar4A PCR product.
Hybridization signals were visualized with a PhosphorImager
(Molecular Dynamics, Sunnyvale, Calif.).

marA expression was observed in cells carrying the wild-type
E. coli marA gene but not in the host carrying vector alone
(Fig. 2A). The intensity of the marA hybridization signal was
approximately fivefold higher in cells grown at 37 than at 30°C.
As expected, a hybridization signal was detected in cells bear-
ing the vector carrying marA in the reverse orientation, since a
double-stranded marA probe was used.

Production of MarA protein was also examined. Anti-MarA
antiserum was prepared with MarA purified from BL2(DE3)

TABLE 2. Antibiotic susceptibilities of M. smegmatis mc*155 organisms with and without plasmids bearing different E. coli mar genes

% Growth in antibiotic gradient®

M. smegmatis organism RIF INH CML TET ETM
30°C 37°C 30°C 37°C 30°C 37°C 30°C 37°C 30°C 37°C
Wild type 11+*12 1111 2112 2010 2008 22x09 20*x19 19x12 40x22 44=x21
Transformants bearing
plasmids:

pMV261 22*+11 45%x26 22x13 2010 22x09 23x11 20x18 20*x13 42*x24 44=x15

pPM10 6816 90x21 15x15 45x22 13x11 46x16 1521 95%x31 38x18 63x27

pPMI10R 2410 47x22 2009 24x17 22x09 27x11 2120 20*x1.0 38x20 45x24

pPM11 2410 4521 22x10 23x12 22x10 27x1.0 22x22 20%x13 40x20 46x24

pPM1989R ND 10 £ 1.0 ND 1821 ND 26 =14 ND 20 =20 ND 48 £ 2.2

pPM2016A ND 13 0.8 ND 22*+1.0 ND 2722 ND 22+ 1.7 ND 50=+24

“ The antibiotics were used at various concentrations (in micrograms per milliliter) as follows: rifampin (RIF), 150; isoniazid (INH), 3.5; chloramphenicol (CML),
30; tetracycline (TET), 0.3; and ethambutol (ETM), 2.0. Values are means * standard deviations of experiments performed in triplicate. ND, not determined.
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TABLE 3. Antibiotic susceptibilities of E. coli organisms with
plasmids bearing different E. coli mar genes

Plasmid borne by E. coli % Growth in antibiotic gradient”

transformant CML TET AMP NAL
pET13a 2011 33*x1.0 2+1.1 17 = 0.8
pEC10 100 100 1120 100
pEC1989R 2016 33*+14 2+1.0 17+1.2
pEC2016A 20x13 33x1.0 2*+1.7 17 £ 1.1

“The antibiotics were used at various concentrations (in micrograms per
milliliter) as follows: chloramphenicol (CML), 2.0; tetracycline (TET), 1.0; am-
picillin (AMP), 3.0; and nalidixic acid (NAL), 1.0. Values are means *+ standard
deviations of experiments performed in triplicate.

pLysS cells (20) bearing marA (1) cloned under the control of
the T7 RNA polymerase initiation signals of pET13a. After
induction with IPTG for 30 min, rifampin was added to max-
imize MarA synthesis. MarA was purified by a combination of
the procedures of Li and Demple (14) and Langley et al. (13).
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FIG. 2. Expression of the E. coli marA gene in M. smegmatis mc?155. Lanes
1 to 4, samples from M. smegmatis cells grown at 30°C. Lanes 5 to 8, samples from
cells grown at 37°C. (A) Northern analysis with PCR-amplified marA probe
(nucleotide primers 1910 to 1893 and 2265 to 2282). Each lane has 30 wg of total
RNA from M. smegmatis mc?155. (B) Western analysis with anti-MarA rabbit
antiserum. Each lane contains 7.5 ug of mycobacterial protein from supernatant
fractions. The arrow indicates MarA protein.
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Anti-MarA rabbit antiserum was generated with purified
MarA by Biodesign International (Kennebunk, Maine).

For Western analysis, cell lysates were prepared from mid-
log-phase M. smegmatis or E. coli cultures by sonication in
buffer (10 mM Tris-HCl [pH 8.0], 3% sodium dodecyl sulfate)
on ice. Prior to electrophoresis, samples were treated by boil-
ing for 5 min in sample buffer (125 mM Tris-HCl [pH 6.8], 20%
glycerol, 6 mM B-mercaptoethanol, 0.05% bromphenol blue),
and equivalent amounts of total protein were resolved by elec-
trophoresis in a sodium dodecyl sulfate—17.5% polyacrylamide
electrophoresis gel. Proteins from E. coli AG100 and AG102
were used as negative and positive controls. Proteins were
transferred to Immobilon-P membranes (Amersham) and an-
alyzed by using rabbit anti-MarA antiserum and chemilumi-
nescence detection (with a kit from New England Biolabs,
Beverly, Mass.).

A protein band migrating to the same place as purified
MarA and having the expected molecular mass (14.3 kDa) was
detected in marA-containing cells grown at both temperatures
(Fig. 2B); however, considerably more MarA was produced in
cells incubated at 37°C. Since small amounts of MarA were
detected at 30°C (Fig. 2B), the variable resistance to rifampin
and the increased susceptibility phenotypes at 30°C may have
been produced by relatively low cytoplasmic levels of MarA
protein. By the same Western analysis, MarA was easily de-
tected in E. coli and M. smegmatis lysates containing the mu-
tant marA genes (data not shown).

The mechanism of MarA-mediated multidrug resistance in
Mycobacterium is unknown. The lack of a resistance phenotype
mediated by the two different expressed mutant MarA proteins
suggests that the multidrug resistance we observed resulted
from direct transcriptional activation of cognate promoters by
MarA in M. smegmatis. Alternatively, MarA may have acted
indirectly through induction of or interaction with endogenous
proteins that mediate the mycobacterial Mar phenotype. In
both instances, the multidrug resistance phenotype would have
resulted from a mar-like regulatory system operating on other
genes in this organism. The effect, as with MarA in E. coli, may
be linked to activation of a yet-to-be-discovered multidrug
efflux system. The presence of efflux-like proteins (6, 15), along
with the earlier report of the existence of mycobacterial porin
proteins (16, 21), indicates that, as in E. coli, effector proteins
for mar-like multidrug resistance are present in Mycobacte-
rium. The recently completed Mycobacterium tuberculosis ge-
nome sequencing project (17) identified at least two proteins
similar to MarA. Determination of whether these elements
represent an endogenous mar-like system in this species awaits
further study.

In addition to defining a function for MarA in a heterolo-
gous genus, our results are the first direct evidence of struc-
turally important regions of MarA. The HTH region we tar-
geted in site-directed mutagenesis corresponds to regions in
the homologous proteins AraC and XylS (8), which are in-
volved in DNA binding and transcriptional activation (3, 7).
Although the insertional mutations reported here involve sig-
nificant changes to the wild-type protein, they point to the
predicted HTH domain as critical for protein function.
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