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The fluoroquinolones (FQ) are used in the treatment of Mycobacterium tuberculosis, but the development of
resistance could limit their effectiveness. FQ resistance (FQR) is a multistep process involving alterations in
the type II topoisomerases and perhaps in the regulation of efflux pumps, but several of the steps remain
unidentified. Recombinant plasmid pGADIV was selected from a genomic library of wild-type (WT), FQ-
sensitive M. smegmatis by its ability to confer low-level resistance to sparfloxacin (SPX). In WT M. smegmatis,
pGADIV increased the MICs of ciprofloxacin (CIP) by fourfold and of SPX by eightfold, and in M. bovis BCG
it increased the MICs of both CIP and SPX by fourfold. It had no effect on the accumulation of 14C-labeled CIP
or SPX. The open reading frame responsible for the increase in FQR, mfpA, encodes a putative protein
belonging to the family of pentapeptides, in which almost every fifth amino acid is either leucine or phenyl-
alanine. Very similar proteins are also present in M. tuberculosis and M. avium. The MICs of CIP and SPX were
lower for an M. smegmatis mutant strain lacking an intact mfpA gene than for the WT strain, suggesting that,
by some unknown mechanism, the gene product plays a role in determining the innate level of FQR in M.
smegmatis.

Although the fluoroquinolones (FQ) are used against mul-
tidrug-resistant Mycobacterium tuberculosis (1), initial experi-
ence with ciprofloxacin (CIP) and ofloxacin (OFX) resulted in
the rapid development of resistance (27, 34) and the use of the
more effective sparfloxacin (SPX) is limited by toxicity (24).
Nevertheless, newer drugs, such as moxifloxacin and gatifloxa-
cin, have higher therapeutic ratios (8) and appear promising.
Therefore, continued study of the mechanisms by which FQ
resistance (FQR) develops in mycobacteria seems warranted.

Other bacteria, such as Escherichia coli, Streptococcus pneu-
moniae, and Staphylococcus aureus, develop FQR in a stepwise
process, principally involving alterations in the A and B sub-
units of both gyrase and topoisomerase IV (30). However,
there appear to be other elements involved in FQR, because a
very high level of resistance may not be completely explained
by mutations in topoisomerase genes and strains with a low
level of resistance may lack mutations in these genes (39). The
only other mechanism that has been implicated in FQR is the
increased expression of FQ-transporting efflux pumps (29),
which could play a role in both low-level and very high-level
resistance (25).

Mycobacteria do not contain topoisomerase IV (7), and
strains with moderate levels of resistance to CIP, OFX, or
levofloxacin (LVX) (�3 �g) or SPX (�1 �g) all contain gyrA
mutations (36). Mutations in gyrB have been found in FQR

mutants selected in vitro (19, 42) but have not been described
for FQR clinical isolates. No FQ-transporting pump has yet

been described for M. tuberculosis, but increased expression of
an efflux pump in M. smegmatis, LsrA, confers resistance to the
hydrophilic FQ (35). While attempting to identify an M. smeg-
matis efflux pump that confers resistance to the hydrophobic
FQ SPX, we instead found that a gene encoding a potential
protein similar to E. coli McbG (10) confers resistance to both
CIP and SPX and influences the baseline FQ MICs.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Wild-type (WT), FQ-sensitive M.
smegmatis strain mc2155 was used for genetic selections (14). Some plasmids
were also tested for the ability to confer resistance in M. bovis BCG Pasteur.
Mycobacteria were grown in 7H9 oleic acid-albumin-dextrose–0.05% Tween 80
(OAD-TW) liquid or on 7H10 OADC solid media. E. coli strain XL1-Blue was
grown in Luria-Bertani media and used for the construction of libraries and
plasmids. For routine selections, antibiotics were used at the following concen-
trations: carbenicillin, 50 �g/ml; and kanamycin (KAN), 20 �g/ml for mycobac-
teria and 25 �g/ml for E. coli. Concentrations of other antibiotics used are
indicated in the text or in Table 1. Tests for levels of resistance to antibiotics and
other compounds were performed with solid media.

DNA manipulations. DNA isolation, cloning, and hybridization were per-
formed with standard protocols (3). M. smegmatis genomic DNA was isolated as
previously described (37). Genomic libraries were constructed in plasmid
pMD31 using 3- to 6-kb fragments of M. smegmatis mc2155 genomic DNA
generated by partial digestion with Sau3AI. The libraries were electroporated
into E. coli strain XL1-Blue, KAN-resistant colonies were pooled, and plasmid
DNA was isolated by alkaline lysis. The amplified libraries were then electropo-
rated into WT M. smegmatis strain mc2155, with selection for resistance to KAN
and CIP or KAN and SPX. For initial subcloning of the 3.2-kb insert of recom-
binant plasmid pGADIV, which was selected from the genomic libraries, frag-
ments of various sizes generated by partial Sau3A digestion were ligated into
pMD31. These sublibraries were amplified in E. coli and then electroporated into
M. smegmatis mc2155, again with selection for resistance to both KAN and SPX.
This selection produced pCM8, whose 2.1-kb insert was subcloned into pUC118
and pUC119 for sequencing. Plasmid pMD31 (9) was used to construct other
subclones to be tested in mycobacteria.

E. coli was electroporated as described previously(13), and mycobacteria were
electroporated using the protocols of Jacobs et al. (14). Some ligation mixtures
were desalinated before electroporation (2). Ligations and restriction enzyme
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digestions were done with commercial enzymes as specified by the manufacturers
or in standard protocols (3).

Allelic exchange. Allelic exchange was performed essentially as described by
Sander et al. (33). The aph gene from pYUB53 (35) was ligated into the PstI site
within mfpA. The disrupted gene was ligated into rpsL suicide plasmid pYUB608
and then electroporated into streptomycin-resistant strain mc21255, the kind gifts
of M. Pavelka (31). Strains with a disrupted mfpA gene were selected on 7H10
OADC plates containing streptomycin at 500 �g/ml and KAN at 20 �g/ml.
Allelic exchange in Smr mfpA::aph strain GM1 was confirmed by Southern
hybridization (3).

DNA sequencing. Sequencing was performed manually with Sequenase 2.0
(U.S. Biochemicals) or with an ALFexpress sequencer (Pharmacia). Plasmid
DNA was prepared for sequencing by alkaline lysis with lithium chloride (41).
Single-stranded M13 DNA was produced with helper phage M13K07 (32).

Sequence analysis. Analysis of DNA and implied protein sequences was per-
formed using the MacVector package (Oxford Molecular) and the National
Center for Biotechnology Information Blast site. Information on open reading
frames (ORFs) in the M. tuberculosis genome was obtained from the National
Center for Biotechnology Information genome website. Preliminary sequence
data were obtained from The Institute for Genomic Research (TIGR) website at
http://www.tigr.org.

FQ uptake studies. SPX and CIP labeled with 14C were obtained from the
National Institutes of Health AIDS Research and Reference Reagent Program
(catalog numbers 3579 and 3638, respectively). The specific activities were 13.5
mCi/mmol for 2-14C-labeled CIP and 9 mCi/mmol for 2-14C-labeled SPX. Up-

take studies were performed essentially as previously described (21), with counts
per minute standardized to 5 mg (dry weight) of bacteria per assay.

Chemicals and drugs. Acriflavine, CCCP (carbonyl cyanide m-chlorophenyl-
hydrazone), CHH (2-chlorophenylhydrazine hydrochloride), chloramphenicol,
CTAB (hexadecyltrimethylammonium bromide), ethidium bromide, KAN, nali-
dixic acid, norfloxacin, phenylmercuric acetate, reserpine, and tetracycline were
obtained from Sigma or Aldrich Chemical Company. CIP was obtained from
Miles; SPX was a gift from Rhone Poulenc USA; and LVX, OFX, and DU-6859a
were kindly provided by Daichii Pharmaceuticals, Tokyo, Japan. Reserpine was
dissolved in chloroform, CCCP was dissolved in N,N-dimethylformamide, nali-
dixic acid was dissolved in methanol, and the FQ were dissolved in 0.1 N NaOH.
All other compounds were dissolved in distilled water.

RESULTS

Isolation of resistance-conferring plasmid pGADIV. A
genomic library was constructed in pMD31 using chromo-
somal DNA from WT M. smegmatis strain mc2155. The library
was electroporated into WT mc2155 and plated on 7H10
OAD-TW containing KAN (20 �g/ml) and either SPX (0.125
�g/ml) or CIP (0.25 �g/ml). Five colonies were obtained on
plates with KAN and CIP; four of these contained vector
pMD31 without an insert, and the plasmid isolated from the
fifth, which contained a 4.1-kb insert, did not confer CIP re-
sistance upon retransformation of M. smegmatis mc2155. The
single colony obtained on plates with KAN and SPX contained
a plasmid with a 3.2-kb insert. This plasmid, named pGADIV,
was retransformed into WT strain mc2155, with selection for
KAN resistance. Compared to the WT mc2155 parent strain,
the transformants showed increased resistance to FQ; the MIC
of SPX increased by eightfold, those of CIP, OFX, and LVX
increased by four- to eightfold, and those of norfloxacin and
DU-6859a increased by twofold (Table 1). The increased FQR

was not affected by either CCCP or reserpine, and there was no
increase in resistance to nalidixic acid or compounds described
as substrates for multidrug efflux pumps, including acriflavin,
ethidium bromide, chloramphenicol, CTAB, CCCP, CHH, tet-
racycline, or phenylmercuric acetate (data not shown) (35). Plas-
mid pGADIV was stably maintained within M. smegmatis
mc2155, and when it was electroporated into M. bovis BCG, it
increased the MICs of both CIP and SPX by fourfold (Table 1).

Drug accumulation studies. To determine whether pGADIV
conferred resistance by decreasing the concentration of drug
within bacteria, drug accumulation studies were performed

FIG. 1. The presence of FQR-conferring plasmid pGADIV in M. smegmatis strain mc2155 has no effect on the accumulation of 14C-labeled SPX
(Spar) or CIP (Cipro). M. smegmatis strain mc2552 (21) was used as a low-accumulation control.

TABLE 1. Effect of pGADIV on FQ MICs

Strain FQ

MICa in the
presence of:

Relative
change in
the MIC

(fold)
pMD31
(vector) pGADIVb

M. smegmatis
mc2155

CIP 0.25 1.0 4
CIP � CCCP 0.25 1.0 4
SPX 0.0625 0.5 8
SPX � CCCP 0.0625 0.5 8
Norfloxacin 2 4 2
OFX 0.25 1.0–2.0 4–8
LVX 0.0625 0.25–0.5 4–8
DU-6859a 79 pg/ml 158 pg/ml 2

M. bovis BCG CIP 0.5 2 4
SPX 0.125 0.5 4

M. smegmatis mc2155
mfpA::aph (GM1)

CIP 0.0625c 0.25 0.25
SPX 0.0312c 0.5 0.5

a Reported in micrograms per milliliter, unless otherwise indicated.
b Containing ORF1, ORF2, and ORF3.
c MIC in the presence of no plasmid.
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using 14C-labeled SPX and CIP. As shown in Fig. 1, pGADIV
had no effect on the accumulation of either drug within strain
mc2155 and therefore does not appear to contain an efflux
pump. The slight increase in SPX accumulation seen with
pGADIV was more pronounced with vector pMD31 alone,
and thus is not an effect of the pGADIV insert.

Sequencing and subcloning of pGADIV. Shotgun subcloning
of the 3.2-kb pGADIV insert yielded plasmid pCM8 (Fig. 2),
whose 2.1-kb insert also conferred SPX resistance. Sequence
data revealed that this insert contained the following (Fig. 2):
ORF1, encoding a potential 121-amino-acid (aa) protein with
homology to M. tuberculosis Rv3363c; ORF2, encoding a po-
tential 193-aa protein similar to Rv3362c and ATP or GTP
binding proteins; ORF3, encoding a potential 192-aa protein
similar to Rv3361c and E. coli protein McbG; and the 3� por-
tion of ORF4, which would encode an 899-aa protein that is
73% identical to the putative ATPase transporter Rv1747. In
the M. tuberculosis genome, the Rv3360 ORF also has similar-
ity to the Rv1747 ORF but would encode a protein of only 122
aa (Fig. 3). All of the ORFs contained in pGADIV are also
similar to ORFs present in the same order in the M. avium
genome (contig 87; TIGR). The M. leprae genome contains
nucleotide sequences similar to ORF2 and ORF3, but no cor-
responding proteins are found in the Leproma website (geno-
list.pasteur.fr/leproma), suggesting that they may be pseudo-
genes.

Figure 2 shows the subcloning of the pGADIV insert to
determine which ORF increased FQR. Plasmids pGAD20 and

pGAD21 were constructed using a PstI site within ORF3. Plas-
mid pCM2 was constructed by ligating pMD31 with a 1-kb
DNA fragment amplified from pGADIV by use of primers
Lsr1 (5� TTCTGGTTCATGTGGGACGAC) and Lsr2 (5�
GGAAGATCCGTCTCAAAGCC). It contains only one com-
plete ORF, ORF3, and conferred twofold less FQR than
pGADIV. The complete sequence of this region was subse-
quently obtained from the M. smegmatis genome project
(TIGR) and used to confirm uncertain bases in our sequence
data and to provide the entire sequence of ORF4.

Proteins similar to ORF3 protein. As mentioned above, a
Blast search determined that the putative protein encoded by
ORF3 is similar to E. coli protein McbG, a protein that confers
resistance to microcin B17. Further GenBank Entrez and Blast
searches identified proteins similar to McbG in other bacteria,
including Treponema pallidum, Legionella pneumophila, Rick-
ettsia prowazekii, Bacillus megaterium, and Synechocystis sp., as
well as in the plant Arabidopsis thaliana. From the alignment of
these proteins in Fig. 3, there emerges a repeating consensus of
leucines or phenylalanines occurring every fifth amino acid.
This pattern has been previously described as pentapeptide
repeats (5). The first amino acid in the 5-aa motif is often
arginine; the second is often glycine; the third is often serine,
cysteine, alanine, or threonine; and the fourth is often aspar-
tate. Most of the proteins shown have one or two repeats with
the submotif ADLRGA/T. The ORF3 gene was named mfpA,
for mycobacterial FQR pentapeptide.

FIG. 2. Subcloning of M. smegmatis genes contained in plasmid pGADIV and genomic arrangement of ORFs encoding similar proteins in E.
coli and M. tuberculosis. �, plasmid pCM2 contains only one complete ORF, ORF3, subsequently named mfpA, and confers twofold less resistance
to CIP (Cip) and SPX (Spar) than plasmid pGADIV. (Diagrams are not drawn to scale.)
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Construction and phenotype of an mfpA mutant strain. To
determine whether the MfpA protein plays a role in determin-
ing the intrinsic level of FQR in M. smegmatis, a mutant strain,
GM1, was constructed so that its only mfpA gene is disrupted
by a KAN resistance cassette. The mfpA disruption was stably
maintained in mutant strain GM1, which was found to be two-
fold more sensitive to SPX and fourfold more sensitive to CIP
than WT strain mc2155 (Table 1). Thus, it appears that in M.
smegmatis the baseline MICs of the FQ are influenced by MfpA.

DISCUSSION

Using genetic selection for a gene conferring SPX resistance
in multiple copies, we isolated mfpA, which encodes a potential
protein similar to McbG of E. coli (10). When M. smegmatis

contains mfpA on a multicopy plasmid, it is two- to eightfold
more resistant to FQ but shows no increased resistance to
nalidixic acid or several other compounds often transported by
multidrug efflux pumps. Further evidence that MfpA is not an
efflux pump was the absence of any effect on the accumulation
of 14C-labeled CIP and SPX. In addition, the amino acid se-
quence of the MfpA peptide shows no similarity to any trans-
porter but instead is similar to the recently described family of
pentapeptide proteins (5). Plasmid pCM2, which contains only
mfpA, conferred twofold less FQR than the original recombi-
nant plasmid pGADIV, but it is unclear if this lower level of
resistance is related to the level of mfpA expression from this
plasmid or whether perhaps one of the upstream ORFs plays a
role in the unknown FQR mechanism. The mfpA promoter has
not been identified (11).

FIG. 3. Clustal W alignment of M. smegmatis protein MfpA (ORF3, nucleotides [nt] 13826 to 14398 of TIGR contig 2943) with similar
hypothetical proteins from M. tuberculosis (Rv3361c) and M. avium (nt 7330 to 7893 of TIGR contig 87). The other pentapeptide proteins
(GenBank accession numbers) included are PknA (S76132), a Synechocystis sp. protein kinase of 574 aa; OxrA (T00033), a B. megaterium plasmid
pOXTB2 oxetanocin A resistance protein of 185 aa; FIP2 (BAB10574), an A. thaliana AFH1 interacting protein of 298 aa; McbG, (P05530), an
E. coli microcin B17 resistance protein of 187 aa; RP563 (A71661), an R. prowazekii hypothetical protein of 588 aa; IcmE (T18334), an L.
pneumophila protein of 1,048 aa; and McbG (D71329), a T. pallidum protein of 149 aa. Dark grey highlighting indicates identical amino acids; light
grey highlighting indicates similar amino acids.
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The similarity of MfpA to McbG is particularly interesting
because McbG confers resistance to the peptide antibiotic mi-
crocin B17, whose target, like that of the FQ, is DNA gyrase
(38). However, mutations conferring resistance to microcin
B17 map in gyrB, while FQR mutations are most commonly
found in gyrA (36). In E. coli, the gene for McbG is found next
to the genes for McbE and McbF (10), in the plasmid-based
operon that produces microcin B17, and McbEF and McbG
have been shown to confer resistance to the bacteria producing
the microcin. The resistance conferred by McbE and McbF is
thought to be related to their role in exporting microcin B17
from the cytoplasm, but the separate mechanism of resistance
conferred by McbG is unknown (10). One notion is that it
somehow protects the gyrase (4). A subsequent study (22)
found that the McbGEF genes also conferred resistance to
SPX (eightfold), tosufloxacin (fourfold), and LVX (twofold)
and but not to CIP, norfloxacin, temafloxacin, lomefloxacin,
oxolinic acid, KAN, tetracycline, or chloramphenicol. The in-
creased FQR was presumed to be the result of FQ export by
the McbEF pump, but this action was not demonstrated. The
M. smegmatis mfpA gene also had its greatest effect on resis-
tance to SPX (eightfold) but, in addition, conferred resistance
to CIP, OFX, LVX (fourfold), and norfloxacin (twofold).

McbG and MfpA are composed of pentapeptide repeats that
were originally described for HglK (6), a protein in Anabaena
that may be involved in the transport or assembly of hetero-
cyst-specific glycolipids. Sixteen pentapeptide proteins of un-
known function were found in the cyanobacterium Synechocys-
tis (15), and one has been described for the plant Arabidopsis
(16). An interesting pentapeptide protein is OxrA (26), a B.
megaterium protein that confers resistance to the nucleoside
oxetanocin A produced by this bacterium. The oxetanocins are
potential antiviral agents that preferentially inhibit viral DNA
polymerases (28).

It has been suggested that each pentapeptide repeat forms a
beta sheet (5), and the proteins have been modeled as a su-
perhelix with three beta-sheet pentapeptide repeats per turn.
The presence in these proteins of regions where the hydropho-
bic amino acids leucine and phenylalanine alternate in the fifth
position (Fig. 3) suggests that their structure may be more
complex. The ADLRG motif may also represent a substructure
or functional motif.

The family of leucine-rich proteins is characterized by pro-
tein-protein interactions (17). In some of these proteins, an
alternating alpha-helix and beta-sheet structure results in a
horseshoe-shaped protein that can cover an interacting pro-
tein, as the RNase inhibitor covers RNase A (18). Because
both FQ and microcin B17 have gyrase as their target, it is
tempting to imagine that the McbG homologues somehow
protect gyrase. Alternatively, these proteins may confer resis-
tance through hydrophobic interactions with structured mole-
cules, such as quinolones, or the thiazoles and oxazoles in
microcin B17 (40) and oxetanocin A. SPX is one of the more
hydrophobic FQ, and strong hydrophobic interactions may ex-
plain the higher level of resistance to SPX conferred by MfpA.
It is not clear why MfpA has no effect on the MIC of nalidixic
acid.

The evolutionary function of these proteins is unknown.
They could serve to protect bacteria from phytoalexins, which
are toxins and signaling molecules produced by plants in re-

sponse to bacterial or fungal infections (12, 40). Another pos-
sibility is that, like McbG, MfpA protects bacteria from a
bacteriocin or other antibiotic synthesized by enzymes pro-
duced from nearby genes (20). While the M. smegmatis ge-
nome is not yet annotated, ORFs near the M. tuberculosis
mfpA homologue are similar to genes encoding oxidoreducta-
ses, such as mitR (Rv3353c), which have been implicated in the
synthesis of mitomycin C and other antibiotics (23). It is there-
fore conceivable that proteins encoded by surrounding genes
are involved in the production of an antibiotic and that MfpA
affords protection against this product, but there is currently
no evidence to support this idea.

Because the mfpA mutant strain had a two- to fourfold lower
level of resistance to the FQ, MfpA appears to play a role in
determining the innate MICs of the FQ, at least in M. smeg-
matis. Although it remains to be demonstrated, this is likely to
be true also in M. tuberculosis, both because of the similarity of
M. tuberculosis MfpA and because the M. smegmatis mfpA gene
carried on a plasmid increased the FQR of M. bovis BCG.
Thus, mutations that alter MfpA or increase its expression
could constitute one of the unknown steps in the development
of FQR. At this time, however, although the ability of MfpA to
confer FQR is an interesting observation, especially because of
the unusual structure of the predicted protein, its significance
in clinical FQR or in the relative efficacies of different FQ
structures remains to be determined.
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