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A zinc ion-sensitive mutant of Mycobacterium smegmatis was isolated. The transposon insertion was located
in zitA (MSMEGO0750), a gene coding for a cation diffusion facilitator family protein. Zinc ions specifically
induced expression of zit4. In silico analysis revealed that environmental and opportunistic pathogenic species
contain higher numbers of cation diffusion facilitator genes than do obligate pathogens.

Zinc is an essential trace element. However, a high concen-
tration of zinc ions causes toxicity. Therefore, cells require
homeostasis mechanisms to control the intracellular zinc ion
concentration. In bacteria, the zinc ion concentration is con-
trolled by the activity of membrane transporters belonging to
different families that mediate its uptake and efflux. The cation
diffusion facilitators (CDFs) are integral membrane proteins
that transport various divalent cations, including Zn(II) (19).
Some of the CDF proteins have been shown to be specific
for a single metal ion substrate whereas others possess broad
substrate specificity (8, 15).

The genus Mycobacterium encompasses various environmen-
tal and pathogenic species. Zinc acts as an important compo-
nent of many mycobacterial enzymes such as superoxide dis-
mutase, alcohol dehydrogenase, carbonic anhydrase, etc. (5, 7,
25). Sufficient acquisition of zinc ions may therefore be impor-
tant for production of zinc-containing enzymes in active form.
Moreover, both pathogenic and environmental mycobacteria
survive in various inhospitable conditions in external habitats
(6, 12, 16). Resistance mechanisms become important for sur-
vival and growth in zinc ion-contaminated habitats. Studies
aiming to understand zinc ion homeostasis mechanisms in my-
cobacteria have recently been initiated. Two transcriptional
regulators shown to be induced by zinc ions have been identi-
fied from Mycobacterium tuberculosis and Mycobacterium smeg-
matis (13), and their role in regulation of genes involved in zinc
ion homeostasis was later suggested (3). However, molecular
determinants for zinc ion acquisition and resistance in myco-
bacteria are yet to be identified. Here we report the identifi-
cation and characterization of a chromosomal zinc ion resis-
tance determinant of M. smegmatis.

Isolation of a zinc ion-sensitive mutant. Strains, plasmids,
and oligonucleotides used in this study are summarized in
Table 1. A transposon mutant library of M. smegmatis mc*155
was prepared using a previously described protocol with minor
modifications (22). The plasmid pMycoMar was transformed
by electroporation (23), and the transformants were allowed to
grow at 28°C for 24 h without antibiotic selection. The mutants
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were selected at 42°C on Luria-Bertani (LB) agar plates sup-
plemented with 5% sucrose and kanamycin (20). The mutant
library, consisting of more than 2,500 mutants, was screened
for zinc ion sensitivity, and mutant K516, which failed to grow
on 400 M zinc acetate-containing LB agar, was identified.
The MIC assays were performed by growing M. smegmatis
strains for 24 h in LB broth with 0.05% Tween 80 and further
inoculating the cultures as 1:200 dilutions in fresh medium
containing a range of concentrations of different metal salts.
The cell growth was monitored after 48 h as absorbance at 600
nm. Mutant K516 showed 10-fold-increased sensitivity to zinc
ions in comparison to wild-type M. smegmatis mc*155; how-
ever, the sensitivity to other tested divalent metal ions re-
mained unchanged (Table 2). Southern hybridization using an
Ndel-BamHI fragment carrying the mariner minitransposon
from pMycoMar as a probe revealed a single transposon in-
sertion in the mutant chromosome (Fig. 1), indicating that the
disrupted locus is responsible for the zinc ion-sensitive pheno-
type of the mutant.

Mapping of transposon insertion site and sequence analy-
sis. The transposon- and flanking-region-containing fragment
was cloned after BamHI digestion of genomic DNA from the
mutant and used for determining the DNA sequence flanking
the transposon using primers MarA for the 5" insertion site and
MarB for the 3’ insertion site (21). The sequences obtained
were searched using the Basic Local Alignment Search Tool
(BLAST) in M. smegmatis genome sequence databases (http:
//tigrblast.tigr.org/cmr-blast/) to map the transposon insertion
site. The transposon insertion was located 462 bp downstream
of the translation initiation site of an open reading frame
predicted to encode a putative cobalt-zinc-cadmium resistance
protein (TIGR accession no. MSMEG0750). Since the disrup-
tion of this gene resulted in zinc ion sensitivity of the mutant,
it was designated zitA (zinc ion tolerance gene A).

ZitA shared 40% identity with the cobalt, zinc, and cadmium
resistance protein CzcD of Cupriavidus (formerly Ralstonia)
metallidurans CH34 (2); 36% identity with the zinc resistance
protein ZitB of Escherichia coli (8); and 29% identity with the
zinc and cobalt resistance protein ZntA of Staphylococcus au-
reus RN450 (26). ZitA has one histidine-rich region at the
amino terminus (four amino acids out of six), which may be
involved in zinc ion binding. Similar histidine-rich regions have
been predicted for binding of metal ions in ZntA and ZitB (11,
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TABLE 1. Bacterial strains, plasmids and oligonucleotides used in this study
Strqm, plasmu_i, or Relevant characteristic(s) or sequence Source or
oligonucleotide reference
Strains
E. coli DH10B F~ mcrA A(mrr-hsdRMSmcrBC) $80dlacZ AM15 AlacX74 deoR recAl araA139 Gibco-BRL
(ara leu)7697 galU galK N~ rpsL endAI nupG
M. smegmatis mc*155 High-frequency transformation strain derived from wild-type M. smegmatis mc-6 23
M. smegmatis LR222 High-frequency transformation strain derived from wild-type M. smegmatis mc>-6 23
K516 M. smegmatis mc*155; zitA::Tn Km" This work
Plasmids
pUC19 Sequencing vector; lacZo Ap* MBI Fermentas
pSMT3 E. coli-Mycobacterium shuttle vector; Hyg" 10
pSMT3*¢ E. coli-Mycobacterium shuttle vector; hsp60 promoter; Hyg" 17
pJEM13 E. coli-Mycobacterium promoter-probe shuttle vector for lacZ fusions; Km" 24
pAG1 M. smegmatis zitA with native promoter cloned in pSMT3 This work
pAG2 zitA promoter cloned in pJEM13 This work
pAG3 MAP3865¢ gene cloned in pSMT3* This work
pAG4 MAP2784 gene cloned in pSMT3* This work
pAGS Rv2025¢ gene cloned in pSMT3* This work
pAG6 ML0283 gene cloned in pSMT3* This work
pAG7 MSMEGO0750 gene (zitA) cloned in pSMT3* This work
Oligonucleotides
MarA TAG CGA CGC CAT CTA TGT GTC 21
MarB CTT GAA GGG AAC TAT GTT G 21
ZitAF CCC AAG CTT AGG TCA GCC GCG CGA CGT GCA CCG This work
ZitAR TGC TCT AGA TCA CTC GGC CTC GCA CCT GCA GTC This work
ZitApF TAC GGT ACC ATC CGC AGG CGT GCG ATT CCG TGC This work
ZitApR CTT GGT ACC CAT CCG GCT CAC CCG TGC GTC GGT This work
MSMEG0750 5 ATC AAG CTT AAT GGG CGC GGG CCA CGA TCA CAG This work
MSMEGO0750 3’ GAT AAG CTT TCA CTC GGC CTC GCA CCT GCA GTC This work
MAP3865 5’ GGC TGC AGG ATG GGC GCC GGC CAC AAC CAC ACC This work
MAP3865 3’ GAT AAG CTT TCA GAA GCT GTC GGA GCA CTC GG This work
MAP2784 5’ GGC TGC AGG ATG CAC GTG ATC AAC GGG GTC CGC This work
MAP2784 3’ GAT AAG CTT TCA TCT GGC AGG GAT CGC TGA TCG This work
Rv2025¢ 5’ GGC TGC AGG ATG ACC CAC GAC CAC GCT CAT TC This work
Rv2025¢ 3’ GAT AAG CTT TCA CTC TAC GGT GCG GCC ACG ATC This work
ML0283 5’ GGC TGC AGG TTG CAA TGC ATG CGT AAA CAC GC This work
ML0283 3’ GAT AAG CTT TCA GGT GCG CGG TGG GAC ATA TC This work

“ Because two plasmids used in this study have the same name, the one with the hsp60 promoter is identified with an asterisk.

26). In contrast to two other characterized bacterial zinc ion-
transporting CDF homologues, ZitB and ZntA, ZitA has no
histidine-rich region at the carboxy terminus. It was similar to
CzcD, which also lacks a histidine-rich region at the carboxy
terminus. An amino acid sequence alignment of ZitA with
characterized bacterial CDF proteins, i.e., CzcD, ZitB, and
ZntA (data not shown), revealed that the majority of the con-
served residues found important for activity of ZitB and CzcD
were present in ZitA (except H159 of ZitB and C290 and H298

TABLE 2. MICs of different metal salts

Apparent MIC (mM)*

Metal salt

M. smegmatis K516
mc?155 (zitA::Tn)

Zn(OAc), 1.500 0.150
Cd(OAc), 0.015 0.015
CoCl, 1.250 1.250
NiCl, 2.000 2.000
CuSO, 4.000 4.000
MnCl, 5.000 5.000

“ The apparent MIC is the concentration of metal ion at which no cell growth
was observed.

of CzcD), indicating that these proteins use similar mecha-
nisms for zinc ion detoxification (1, 11).

zitA complements the zinc ion-sensitive mutant. The zit4
gene along with the putative promoter region was PCR ampli-
fied using primers ZitAF and ZitAR and cloned in pSMT3 to
create pAG1. Mutant K516 and M. smegmatis mc*155 were
transformed with pAG1 and vector control. The MICs of zinc
ion were 1,250 uM and 150 pM for K516/pAG1 and K516/
pSMTS3, respectively. Thus, expression of zit4 from a multicopy
plasmid, pAG1, was able to complement the zinc ion sensitivity
of the mutant (Fig. 2A). Disruption of zitB, a close homologue
of zitA in E. coli, did not affect zinc ion sensitivity, and only a
double mutant, zitB along with zntA (a P-type ATPase), exhib-
ited hypersensitivity to zinc ions (8), confirming that zitB is an
additional determinant and that zntA4 acts as a major determi-
nant for zinc ion resistance in E. coli, whereas disruption of
zntA, a CDF, from S. aureus resulted in 10- and 6-fold sensi-
tivity to zinc and cobalt ion, respectively (26). Our results
showed that disruption of zit4 leads to zinc ion sensitivity of
the mutant to a greater extent, while sensitivity to other metal
ions remained unaffected, indicating that zit4 is a major and
specific determinant of zinc ion resistance in M. smegmatis.
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FIG. 1. Southern blot analysis of zinc ion-sensitive mutant K516.
The genomic DNA from M. smegmatis mutants was isolated and di-
gested with BamHI, an enzyme that does not cut within the transpo-
son. The blot was probed with a purified Ndel-BamHI fragment car-
rying the mariner minitransposon. Lane 1, 2-log DNA ladder; lane 2,
mutant K516.

zitA is induced by zinc ions. To analyze metal-dependent
expression of zitA, a translational fusion using lacZ as a re-
porter gene was constructed. The promoter sequence was
searched by using the prokaryotic option of the neural network
promoter prediction algorithm of the Berkeley Drosophila Ge-

A

5.0
4.5
40
35
3.0
2.5
2.0
1.5
1.0
05

0.0 v \ . ‘ :
0 200 400 600 800 1000 1200

0. D. at 600nm

Zinc acetate (UM)

J. BACTERIOL.

nome Project (http://www.fruitfly.org/seq_tools/promoter.html).
A 550-bp region containing the putative promoter, ribosomal
binding site, and translation initiation site along with 18 initial
codons of the zit4 gene was amplified by using primers ZitApF
and ZitApR by PCR. The PCR product was cloned in promoter-
probe vector pJEM13 in the Kpnl restriction site (24). The
construct with correct orientation was selected by restriction
digestion. The resultant plasmids pAG2 and pJEM13 were
electroporated in M. smegmatis mc®155. The cultures from
mid-log phase were diluted in fresh Sauton medium and were
grown at 37°C to an optical density at 600 nm of 1.0. Induction
with different metal ions was carried out for 6 h. A zinc ion
chelator, TPEN [tetra-kis-(2-pyridylmethyl)ethylenediamine;
Sigmal], was added in culture media as needed. Cells were then
disrupted by sonication and centrifuged at 12,000 X g for 10
min at 4°C. B-Galactosidase activity of the extracts was mea-
sured as previously described (14). Total protein was deter-
mined using a protein determination kit (BCA-1 kit; Sigma)
according to the supplier’s instructions. The enzyme activity
was expressed as nanomoles of o-nitrophenol produced min !
mg of protein™'. Background B-galactosidase activities were
estimated using vector control in each experiment and were
subtracted from the tests. The background activities were al-
ways less than 10% of the activities obtained for the test. The
B-galactosidase activity of M. smegmatis mc?155/pAG2 grown
in Sauton medium or Chelex-100 (10 g/liter)-treated Sauton
medium, supplemented with filter-sterilized MgSO, and ferric
ammonium citrate solution (13), was 585.71 * 30.57 U/mg
protein, which indicated a possibility of zinc ion contamination
in Sauton medium even after Chelex-100 treatment. Reporter
assays were then performed with cultures grown in Sauton
medium containing variable concentrations of the zinc ion
chelator TPEN (4, 18). TPEN addition to culture medium at a
final concentration of 1.0 puM was able to reduce promoter
activity about threefold, whereas further additions of TPEN of
up to 7.5 uM did not reduce expression of the gene below a

600

400 -

300 4

200 -

100

B-galactosidase activity (U/mg protein) 9y

0 T . . f {
0 1 25 5 175

TPEN (uM)

FIG. 2. (A) Effect of zinc ion on growth of M. smegmatis mc*155/pAG1 (O), M. smegmatis mc*155/pSMT3 (@), K516 (zitA::Tn)/pAG1 (V), and
K516 (zitA::Tn)/pSMT3 (V). The graph depicts growth in the presence of different concentrations of zinc acetate. Experiments were performed
in triplicate; values are averages, and standard deviations are shown as error bars. (B) Repression of zit4 expression by TPEN. The cultures were
grown in the presence of variable concentrations of the metal ion chelator TPEN in Sauton medium. B-Galactosidase activity was monitored and
expressed as nanomoles of o-nitrophenol produced min~! mg of protein~'. Experiments were performed in triplicate; values are averages, and

standard deviations are shown as error bars.
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FIG. 3. Induction of zitA. M. smegmatis mc*155 cultures were grown in Sauton medium supplemented with 1 uM TPEN or not. (A) Metal-
dependent regulation of zit4 expression. Induction with different metal ions was done for 6 h. Cadmium acetate was used at 10 wM, and all other
metal salts were used at 100 uM final concentration. (B) Zinc ion-dependent expression of zitA. An increasing concentration of zinc acetate was
added to cultures for induction for 6 h. B-Galactosidase activity was monitored and expressed as nanomoles of o-nitrophenol produced min™! mg
of protein~'. Experiments were performed in triplicate; values are averages, and standard deviations are shown as error bars.

basal B-galactosidase activity of 170.10 * 5.30 U/mg protein
(Fig. 2B).

To examine the metal ion specificity of zit4 expression, -
galactosidase assays were performed with cultures grown in
medium supplemented with TPEN or not. Cultures were in-
duced with different metal ions at 100 uM (except for cadmium
salt, which was used at 10 wM) for 6 h and then used for
B-galactosidase assays. Zinc was able to induce promoter ac-
tivity about twofold in comparison to control (Fig. 3A). In 1.0
pM TPEN-supplemented Sauton medium, addition of zinc
ions induced B-galactosidase activity more than sixfold in com-
parison to the respective control. In contrast, other metal ions
did not induce expression from the zit4 promoter. Addition of
other metal ions to TPEN-supplemented Sauton medium in-
creased B-galactosidase activity approximately close to the
level in the control without TPEN. This is expected due to
competitive release of TPEN-bound zinc ions by the presence
of a manyfold-higher concentration of other metal ions. The
concentration dependence of zitA expression by zinc ions was
examined. Induction was observed with 1.0 uM zinc acetate
and reached a maximum at 100 uM (Fig. 3B). These results
imply that zit4 is specifically regulated by zinc ion in the mi-
cromolar range.

Distribution of CDF family proteins in mycobacteria. ZitA
homologues were searched in completed mycobacterial ge-
nomes by BLASTP in the NCBI database and the Mycobac-
terium marinum genome database at the Sanger Institute
(Table 3). Mb2025c¢ from Mycobacterium bovis was identical
in sequence with Rv2025c¢ from M. tuberculosis Hy,Rv, so it
was not taken for further analysis. A search for paralogous
proteins in the M. smegmatis genome revealed the similarity of
MSMEG5964 and MSMEGS5963 to the N-terminal and C-
terminal regions of CDF proteins, respectively. This indicated
that a nonsense mutation in the gene encoding the second
CDF of M. smegmatis resulted in two open reading frames
with similarity to CDF proteins. Comparative analysis of DNA
and translated sequence of the M. smegmatis MSMEGS5963/

MSMEGS5964 region with MAP2784 from Mycobacterium
avium subsp. paratuberculosis k10 revealed that a nonsense
mutation probably changed codon CAG to stop codon TAG.
To confirm that it is not a sequencing error, we amplified this
region from M. smegmatis mc*155 and M. smegmatis LR222
and sequenced the amplified product (data not shown). The
sequence analysis revealed that both strains had this mutation,
indicating that these M. smegmatis strains carry mutations in
the second CDF gene. Phylogenetic analysis (Fig. 4) of myco-
bacterial CDF proteins and characterized bacterial CDF pro-
teins revealed that these proteins cluster in two main groups,
the CzcD/ZitB group and the other (FieF) group. M. smegma-
tis mc*155 possesses only one functional CDF protein, ZitA,

TABLE 3. Distribution of ZitA homologues in different
mycobacterial species

% Amino acid

Organism No. of Gene identifier identity/
homologues P

similarity
M. marinum 4 MMO0677 66/74
MM2144 40/57
MM2137 30/50
MM3313 29/45
M. vanbaalenii PYR-1 4 MvanDRAFT_0901 86/93
MvanDRAFT_2256 29/48
MvanDRAFT_3638 27/39
MvanDRAFT_3554 24/40
M. avium subsp. 2 MAP3865¢ 77/86
paratuberculosis k10 MAP2784 30/47
M. flavescens PYR-GCK 2 MIflvDRAFT 3657 85/92
MIflvDRAFT_2161 26/41
M. tuberculosis H3;Rv 1 Rv2025¢ 26/41
M. bovis 1 Mb2025¢ 26/41
M. leprae TN 1 ML0283 65/78
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FIG. 4. Unrooted phylogenetic tree depicting distribution of ZitA homologues in different Mycobacterium species. Multiple alignments of the
sequences were done by ClustalX version 1.81, and the phylogenetic tree was constructed using the neighbor-joining method. The figure was
generated from TreeView version 1.6.6. Sequences are as follows (organism name and accession number or gene identifier are in parentheses):
ZitA (M. smegmatis, MSMEG0750), MvanDRAFT 0901 (M. vanbaalenii PYR-1, ZP_01208500), MflvDRAFT_3657 (M. flavescens PYR-GCK,
ZP_01191608), MAP3865c (M. avium subsp. paratuberculosis k10, NP_962799), MM0677 (M. marinum, MM0677), DmeF (C. metallidurans CH34,
RmetDRAFT _5471), FieFr (C. metallidurans CH34, RmetDRAFT_5081), Rv2025¢ (M. tuberculosis H37Rv, NP_216541), MvanDRAFT _3638 (M.
vanbaalenii PYR-1, ZP_01203811), MlvDRAFT _2161 (M. flavescens PYR-GCK, ZP_01193700), MvanDRAFT _3554 (M. vanbaalenii PYR-1,
ZP_01203727), MAP2784 (M. avium subsp. paratuberculosis k10, NP_961718), MM3313 (M. marinum, MM3313), MvanDRAFT 2256 (M.
vanbaalenii PYR-1, ZP_01207250), FieF (E. coli K12, NP_418350), ZitB (E. coli K12, NP_415273), ZntA (S. aureus, AAC32485), MM2137 (M.
marinum, MM2137), CzcD (C. metallidurans CH34, CAA67085), MM2144 (M. marinum, MM2144), and ML0283 (M. leprae TN, NP_301323).

which branches with the CzcD/ZitB group along with one
homologue each from Mycobacterium leprae TN, M. avium
subsp. paratuberculosis k10, Mycobacterium flavescens PYR-
GCK, and Mycobacterium vanbaalenii PYR-1, whereas three of
the CDF proteins from M. marinum branched with the CzcD/
ZitB group. The M. tuberculosis H;,Rv CDF protein branched
with the FieF group along with one CDF each from M. avium
subsp. paratuberculosis k10, M. flavescens PYR-GCK, and M.
marinum, whereas three CDF proteins belonged to the FieF
group from M. vanbaalenii PYR-1. This analysis revealed the
presence of a higher number (two to four) of CDF proteins in
environmental and opportunistic pathogenic species, except
for M. smegmatis mc*155, which is mutated in the gene coding
for the second CDF protein. This mutation might have oc-
curred recently during generation of an electroporation-effi-
cient strain (23), as the gene region still showed a high level of
similarity with a homologous region from M. avium subsp.
paratuberculosis k10 (data not shown). In comparison, obligate
pathogenic species M. tuberculosis Hy,Rv and M. leprae TN
possess only single CDFs. These results indicate that the CDF

proteins are required for survival in an external contaminated
environment. The presence of more than one member of a
particular group may reflect differences in their substrate pref-
erence and efficiency (15).

Genes for zitA homologues from other cognitive mycobac-
terial species, MAP3865¢c, MAP2784, Rv2025c, and ML0283,
were PCR amplified and cloned individually under the control
of the hsp60 promoter at Pstl and HindIII sites in pSMT3*.
Oligonucleotides used for cloning are described in Table 1.
MSEMGO0750 (zitA) was also cloned in the HindIII site under
the control of the hsp60 promoter in pSMT3*, and the con-
struct with correct orientation was checked by restriction di-
gestions. The resultant plasmids pAG3, pAG4, pAGS, pAGo6,
and pAG7 were electroporated independently in mutant K516
and M. smegmatis mc*155. An M. avium subsp. paratuberculosis
k10 zitA orthologue, MAP3865c, partially complemented mu-
tant K516 and increased the zinc acetate MIC to 500 pM in
comparison to 150 pM for control (Fig. 5). Another zit4 or-
thologue from M. leprae TN, ML0283, did not result in reversal
of the zinc ion sensitivity of the mutant K516 but slightly
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FIG. 5. Effect of zinc ion on growth of mutant K516 containing zit4
mycobacterial homologues. Strains used include M. smegmatis mc*155/
pSMT3 (@), K516(zitA::Tn)/pAG7 (as a positive control) (O), K516
(zitA::Tn)/pAG3  (V), K516(zitA::Tn)/pAG4 (m), K516(zitA::Tn)/
PAGS (O), K516 (zitA::Tn)/pAG6 (#), and K516(zitA::Tn)/pSMT3
(V). The graph depicts growth in the presence of different concentra-
tions of zinc acetate. The experiment was performed in triplicate;
values are averages, and standard deviations are shown as error bars.

improved the growth of the mutant at 50 wM zinc acetate.
MLO0283 is predicted to have a frameshift after codon 220 by
GCframeprot and codon usage plot analysis (http:/genolist
.pasteur.fr/Leproma). The similarity of the encoded protein to
known CDFs ends after the probable frameshift, and it is
predicted to be nonfunctional. In line with these predictions,
our complementation analysis also indicates that the ML0283
gene encodes a defunct protein with very low activity. Homol-
ogous CDFs MAP2784 and Rv2025c improved the growth of
mutant K516 at 50 wM zinc acetate but failed to provide zinc
ion resistance at higher concentrations; nonspecific activity of
the translational product of these genes towards different
metal ions might be the reason for resistance at lower concen-
trations of the zinc ions. Many CDF proteins are known to
transport more than one metal ion (2, 15, 26). The iron-trans-
porting CDF protein (FieF) and the divalent cation-transport-
ing CDF protein (DmeF) are also shown to transport zinc ions
with lower specificity and provide some resistance towards zinc
ions (9, 15). Assignment of a precise function to other CDF
proteins in mycobacteria needs further functional character-
ization. The zitA mutant obtained in this study, K516, will be
useful for these studies as both the CDF genes are mutated in
this strain.
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