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Abstract A 1,989-bp genomic region encoding nickel resistance
genes was isolated from Legionella pneumophila, a pathogen
for legionellosis. From a sequencing and computer analysis,
the region was found to harbor two structural genes, a nreB-like
protein gene (1,149 bp) and a nred-like protein gene (270 bp),
in a row. Both genes exhibited a significant degree of similarity
to the comresponding genes from Synechocystis sp. PCC6803 (54%
amino acid sequence identity) and Achromobacter xylosoxidans
31A (76%). The gene was successfully expressed in E. coli
MG1655 and conferred a nickel resistance of up to 5 mM in
an LB medium and 3 mM in a TMS medium including gluconate
as the sole carbon source. E. coli harboring the nickel resistance
gene also exhibited a substantial resistance to cobalt, yet no
resistance to cadmium or zinc. Since the extracellular concentration
of nickel remained constant during the whole period of cultivation,
it was confirmed that the nickel resistance was provided by an
efflux system like the Ni*” permease (nrsD) of Synechocystis
sp. strain PCC6803. Since polyphosphate (poly-P) is known as a
global regulator for gene expression as well as a potential virulence
factor in E. coli, the nickel resistance of a ppk mutant of E. coli
MG1655 harboring the nickel resistance gene from L. preumophila
was compared with that of its parental strain. The nickel resistance
was significantly attenuated by ppk inactivation, which was
more pronounced in an LB medium than in a TMS medium.
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Nickel, a transition metal, is an essential cofactor for several
metallo-enzymes catalyzing the reversible oxidation of carbon
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monooxide, hydrolysis of urea, methanogenesis, detoxification
of superoxide radicals, and production of molecular hydrogen
in both prokaryotic and eukaryotic cells [6]. However, like
the other essential metals acting as cofactors in enzymatic
reactions, nickel ions are also very toxic to living cells at
high extracellular concentrations through interfering with the
function of intracellular macromolecules and generating toxic
free radicals. Therefore, transporters, which are responsible
for the uptake or export of nickel ions through the membrane
barrier, have evolved in different bacteria to maintain the
appropriate intracellular concentration of nickel [1, 4, 7].
With regards bacterial resistance to nickel, two different kinds
of energy-dependent specific efflux systems have been
reported: one is chemiosmotic cation/proton antiporters, such
as the cnr of Ralstonia sp. (formerly Alcaligenes eutrophus
strain CH34) and the ncc of Achromobacter xylosoxydans
31A (formerly Alcaligenes xylosoxidans), while the other is
the P-type ATPase of Helicobacter pylori, which produces
Ni*'-containing urease for gastric survival [4, 15, 18]. It has
been suggested that the Ni*" efflux pumps of Helicobacter
pylori may function as safety valves to attenuate an
overload of Ni*” by rapid accumulation, while mediated by
the high-affinity uptake system, NixA, for the synthesis of
active urease in the bacterium [3, 5, 15]. In addition to an
nee operon for high-level nickel resistance, A. xylosoxydans
31A, isolated from an environment highly polluted with
heavy metals, has been shown to have another genetic loci,
nreB, for low-level nickel resistance on the megaplasmid,
pTOMO [18]. Although the resistance mechanism of the
nreB of A. xylosoxydans 31A has not yet been characterized
in detail, it is known that the gene encodes a Ni*" transporter
responsible for nickel ion efflux and can confer a nickel
resistance of up to 3 mM of NiCl, to E. coli as well as A.
xylosoxydans 31A [9, 18]. Computer analyses and in vivo



mutational studies have also reported putative homologues
of mreB in other strains, such as Klebsiella sp. and
Synechocystis sp. (also named nrsD) as members of a major
facilitator superfamily [8, 16, 18]. Legionella preumophila,
a human infectious pathogen, is known to be a causative
agent of acute pneumonia (Legionnaires disease) and
sometimes Pontiac fever. This pathogen is known to reside
in warm and stagnant water, such as that found in water
plumbing systems, hot-water tanks, and cooling towers,
etc. From an investigation of the chemical composition of
such habitats in which the concentrations of certain metals,
including nickel, are relatively high due to corrosion of
the metal container, it has been concluded that several
metal ions may be important factors in the survival of
L. pneumophila [12,21]. Accordingly, the current study
reports on the nickel resistance gene of L. pneumophila
and its expression in E. coli in both a minimal and complex
medium. In addition, experimental clues are presented that
describe the dependency of the phenotypic expression of
the nickel resistance gene of L. pneumophila on ppk,
known as the universal virulence factor in certain pathogenic
bacteria.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, Media, and Growth
Conditions

The bacterial strains and plasmids used in this study are
listed in Table 1. The ppkx mutant of E. coli MG1655 was
constructed by the deletion-insertion inactivation of both
ppk and ppx (exopolyphosphatase) using a kanamycin
resistance cassette [14]. Since 98.5% of PPK and 78% of
PPX were removed from the ppkx mutant, the ppkx mutant
is referred to as the ppk mutant in this work. The virulent
strain AA100 of L. pneumophila, obtained from the University

of Kentucky Chandler Medical Center was used for the

Table 1. Bacterial strains and plasmids used in the current study.
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isolation of the chromosomal DNA. The vector pBR322 was
used for the promoter proving study. The L. pneumophila
was cultivated in a BCYE (buffered charcoal yeast extract)
or BYE broth and the E. coli strains were grown on an LB
or modified TMS (tris-buffered medium salt) medium. The
compositions of the modified TMS were as follows: 6.0 g
Tris-Cl I, 47 g NaCl I'", 1.5g KCI 1", 1.0 g NH,Cl 1",
0.4 g Na,SO, 1", 2.7 g Na,HPO, 1", 0.025 g MgSO, - 7H,0
I, 0.15 g CaCl,- 2H,0 1"'. Gluconate (10 mM) was used
as the sole carbon source and the medium pH was adjusted
to 7.0. Most of the liquid cultures were executed at 37°C in
a shaking incubator (200 rpm). Ampicillin (50 ug ml™)
and kanamycin (30 ug ml™") were added as needed for
selection. The NiCl, CoCl,, CdCl,, and ZnCl, were all
purchased from Sigma-Aldrich Co. (MO, U.S.A.).

Construction of Partial Genomic Library of L.
pneumophila

The CTAB/NaCl method was used for the preparation of
the chromosome from L. preumophila [2]. The high
molecular chromosomal DNA was partially digested with
Sau3Al and separated by agarose gel electrophoresis. The
DNA fragments with a suitable size (4—12 kb) were eluted
from the gel and cloned into the BamHl site of pUC19.
E. coli DH50’ was transformed with the ligated DNA
mixture and plated on LB agar plates supplemented with
ampicillin and X-gal (80 pg ml™) for blue/white screening.

Cloning of Nickel Resistance Gene

The white colonies on the plates were directly transferred
to new LB plates including ampicillin and 3 mM of NiCl,.
After overnight incubation at 37°C, the colonies exhibiting
substantial growth were selected for further study.

Plasmid Preparation and DNA Sequencing
The double-stranded plasmid DNA was purified using a
Qiaprep Spin Miniprep Kit (Qiagen Co., Germany) and

Strain or plasmid Relevant characteristics Reference
Escherichia coli
DH5o’ 80d lacZ AM15, endAl, recAl, hsdR17(r,, m,’), NEBioLabs
supE44, thi-1, gyrAl, veldl, A(lacZYA- argF), U169 (Beverly, MA)
MG1655 wild-type K12 strain [11]
CF5802 Appkx::kan deletion-insertion mutant of MG1655 [13]
Legionella
pneumophila ATCC No.
AA100 virulent strain of L. pneumophila BAA-74
Plasmids
pBR322 Ap’, Tc', pMBI ORI NEBioLabs
pUC19 Ap’, lacZ’, lac promoter NEBioLabs
pKHI1 4.4-kb DNA fragment from L. pneumophila AA100 This study

into BamH]1 site of pUCI9
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sequenced in both directions. The sequencing of the DNA
fragments in pUC19 was performed with a DNA Analyzer
PE 3700 (Perkin Elmer Inc., MA, U.S.A.) using a Big Dye
Terminator Cycle sequencing kit. The BLAST network
service was used for protein homology searching.

Assay Methods

The bacterial growth was monitored by measuring the increase
in optical density at 580 nm using HP8453 (Hewlett-
Packard Co., CA, U.S.A.) spectrophotometer. An Inductively
Coupled Plasma Atomic Emission Spectrometer IRIS-AP
(Thermo Jarrell Ash Co., MA, U.S.A)) was used to
determine the residual amount of nickel in the minimal
medium. The instrumental operating conditions of the
ICP-AES were as follows: Flush pump rate, 1.85 ml min™';
Analysis pump rate, 1.85 ml min™'; Nebulizer pressure, 32 psi;
auxiliary gas flow rate, 0.5 liter min™'; Relaxation time, 0 s.

RESULTS AND DISCUSSION

Cloning and Sequencing of Nickel Resistance Gene
from L. pneumophila

Several clones from the genomic library of L. preumophila
were recovered after screening for nickel resistance. Among
them, a recombinant plasmid, pKH1, harboring the smallest
size of DNA insert (about 4.4 kb) was selected for sequencing.
The whole sequence of the DNA insert in pKH]1 revealed
that the nickel resistance determinants consisted of two
putative open reading frames at a distal end (Fig. 1). The
nucleotide sequence of the nickel resistance gene was
submitted to the GenBank under accession number
AY030282. From the sequence analysis using the BLAST
search engine of NCBI, it was found that the open reading
frames exhibited significant homologies with other low-
level nickel resistance genes, such as the nreAB operon of
A. xylosoxydans 31A (GenBank accession No. L31491)
and nreB of Synechocystis sp. (GenBank accession No.
D64005). However, there was little homology with other
representative nickel resistance genes, such as the cnr of
Ralstonia sp. strain CH34 and ncc of A. xylosoxidans 31A
[10, 18]. The sequence also exhibited putative -35 and -10
promoter region, ribosomal binding sites, and translational
start and stop signals. To examine the existence of an
intrinsic promoter in the cloned gene, the whole region of

Sau3Al/BamH]1
1 kb

BamH1/ Sau3Al

Fig. 1. Restriction map of pKH1.
Double line, insert DNA fragment including nred- and nreB-like protein
genes; single line, pUC19.

DNA insert in pKH1 was moved to the Sspl site of
pBR322, and then the construct was used to transform E.
coli cells. Since the E. coli transformants still showed a
comparable nickel resistance with those harboring pKH1 in
both solid and liquid media, the expression of the nickel
gene was confirmed to be controiled by its own promoter
(data not shown). The alignment of the deduced amino
acids of the cloned gene with those of other nickel
resistance genes showed 54% amino acid sequence identity
with the NreB of Synechocystis sp. PCC6803 and 76% with
the NreB in the pTOM9 of 4. xylosoxidans 31A (Fig. 2). In
addition, there was also a region exhibiting a 73% amino
acid sequence identity with the NreA in the pTOM9 of 4.
xylosoxidans 31A. Unlike the arrangement of the nredB
operon of A. xylosoxydans 31A, the nreA-like protein gene
was located behind the nreB-like protein gene and 264 bp
apart in L. pneumophila. There has been no previous report
on the resistance mechanism and functions of the nreA
or nreB of A. xylosoxydans 31A. Therefore, to examine
whether the nred-like protein gene of L. pneumophila
contributed to the nickel resistance of the E. coli
transformants, the region of the nred-like protein gene was
removed from the DNA insert in pKH1 through the
deletion of the DNA fragment from Ncol to Nrul (Fig. 1).
It was found that the nreB-like gene was sufficient to
produce nickel resistance, irrespective of the existence of
the nred-like protein gene in the E. coli cells. This means
that the nreA4-like protein gene of L. preumophila was not
properly expressed or its contribution to the nickel resistance
was not substantial in E. coli.

Growth Characteristics of Recombinant E. coli
Harboring Nickel Resistance Gene

The E. coli MG1655 transformed with pKH1 was cultivated
in an LB or TMS minimal medium under various
concentrations of nickel ions. Figure 3 shows the growth
curves of three different strains of E. coli MG1655, i.e. a
wild-type, a recombinant with pKH1, and a recombinant
with pUC19 in LB media including 0, 3, or 5 mM of NiCl,.
Although a minimal difference was observed between the
three strains in the nickel-free media in terms of the growth
rate and final yield, the E. coli recombinant cells with pKH1
exhibited outstanding growth in the media containing high
concentrations of nickel ions, as shown in Fig. 3. No strain
showed any detectable growth with a nickel concentration
of over 5 mM. In a TMS medium, the E. coli cells with
pKHI1 exhibited similar patterns of nickel resistance as in
the LB medium, except that the upper limit for the nickel
concentration at which a considerable cell growth was
observed was 3 mM (Fig. 4). This threshold concentration
for nickel ions implies that the nickel-resistant gene of L.
prneumophila in pKHI included an enzymatic property of
low-level nickel resistance as in the cnr of Ralstonia sp.
strain CH34 and nre of A. xylosoxidans 31A. In general,
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Fig. 2. Sequence similarities of deduced amino acid sequences of nickel resistance gene from Legionella pneumophila with those of

other nickel resistance genes.

The upper lines of (A) and (B) indicate nreB- and nred-like proteins from Legionella pneumophila, respectively; the middle line of (A) indicates NREB from
A. xylosoxidans 31A; the bottom lines of (A) and (B) indicate NREB from Synechocystis sp. PCC6803 and NREA from 4. xylosoxidans 31A, respectively.

The identical amino acids are shown in gray boxes.

high-level nickel resistance genes exhibit the resistance
with up to 40 mM of nickel ions as in the case of the nce of
A. xylosoxidans 31A and 4. eutrophus KT02 [18, 19]. E.
coli cells are known to have two kinds of nickel transport
system: one is nikABCDE, an archetypal ABC transporter,
which is highly specific and tightly regulated by the
external nickel concentration, and the other is cor4, a low-
affinity high capacity Mg™ transport system, which can
contribute to a nonspecific and massive Ni*" uptake under
physiological conditions [6]. Therefore, at higher nickel
concentrations than those of natural environments (5-30
nM), nickel ions are readily taken up by the Mg* transport
system and then are pumped out of the cells by an
energy-dependent efflux system. As shown in Fig. 5, the
concentration of external nickel ion remained constant
throughout the whole period of batch cultivation in a TMS
minimal medium. Accordingly, this study would seem to
suggest that the nickel ions that readily entered the cells

were excluded by an efflux pump encoded by the nickel
resistance gene of L. preumophila, although the resistance
mechanism was not characterized in detail.

Resistance to Other Heavy Metals and Antibiotics

Most nickel-resistant determinants are known to exhibit
resistance to other transition metals as well as nickel, for
example, the cnr of A. eutrophus KTO2 (Co”, Cr”, and
Hg™), the ncc of A. xylosoxidans 31A (Co™ and Cd™), and
P-type ATPase of H. pylori (Co™, Cd”, and Zn™) [17, 18].
With regards to the nre system of 4. xylosoxidans 31A,
little information has been reported about its metal specificity
and functional mechanism except that it has evolved
separately from ncc and is a widespread gene among
nickel resistance bacteria [18]. To examine the substrate
specificity of the nickel resistance gene of L. pneumophila,
its resistance to other metal ions, such as Co”, Cd”, and
Zn”, was tested in an LB medium. The E. coli MG1655
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Fig. 3. Time courses of growth curves of MG1655 wild-type,
recombinant harboring pUC19, and recombinant harboring pKH]1.
The LB media including 0 mM (A), 3 mM (B), or 5§ mM (C) of NiCl, were
used to cultivate the strains.

transformed with pKH1 exhibited a comparable resistance
to cobalt, as shown in Fig. 6. However, no resistance was
observed against cadmium or zinc. Whereas most nickel
resistance determinants, such as ncc, cnr, and czc, are
known to exhibit a broad range of metal specificity, the
nreB determinant is relatively specific for nickel ions
[10, 18, 19]. Recently, it was also reported that the nre
determinant of A. xylosoxidans 31A has a strict metal
specificity for only nickel [9]. Since metal resistance is
often associated with antibiotic resistance, the resistance to
various kinds of commercial antibiotics, such as ampicillin,
kanamycin, chloramphenicol, and tetracyclin was also tested.
However, no substantial resistance was observed, which
means that the nickel resistance of the gene could not be
attributed to the function of multi-drug resistance (MDR)
(data not shown).

—@— MGI1655
—® - MGI655 (pUC19) ]
—A— MG1655 (pKHI)

0.D. (580 nm)
[\*)

—
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Time (h)

Fig. 4. Time courses of growth curves of MG1655 wild-type,
recombinant harboring pUC19, and recombinant harboring pKH]1.
The modified TMS media including 0 mM (A), 1 mM (B), or 3 mM (C) of
NiCl, were used to cultivate the strains.

Expression of Nickel Resistance Gene in ppk Knock-
Out Mutant of E. coli

It is known that poly-P exists in almost all kinds of living
organisms, from bacteria to animal cells, and has many
biochemical and physiological functions, such as a reservoir
of phosphate ion (P,), chelator of metal ions, buffer against
alkali, cell capsule, channel for DNA transformation, and
global regulator for stress responses and survival in E. coli
and other bacterial cells {13, 20]. It has also been reported
that ppk, a gene for poly-P synthesis, is highly conserved
among diverse bacterial species, including some of the
principal pathogenic bacteria, and is also essential for
stationary responses through the control of »poS (a sigma
factor for starvation gene expression) in E. coli [13]. Based
on these observations, the dependence of ppk on the
virulence of pathogenic bacteria has been argued and ppk
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Fig. 5. Time course of residual nickel concentration during
cultivation of MG1655 harboring pKH1 in modified TMS medium
including 1 mM of NiCl,.

The arrows indicate the points at which the supernatant was sampled and
each fraction in the bracket means the dilution factor by which the
supernatant was diluted with distilled water.

is now considered as a novel target for the development of
new antibacterial drugs. To examine whether the expression
of the nickel gene of L. pneumophila was affected by PPK
in E. coli, the growth profiles of ppk mutants of £. coli
harboring pKH1 were compared with those of wild-type
strains harboring the same plasmid in the LB and minimal
media including nickel ions. As shown in Fig. 7, the ppk

35

30 ¢

257

20¢

0.D. (580 nm)

0 mM 1 mM 3 mM 5 mM

CoCl, concentration

Fig. 6. Comparisons of cobalt resistance of MG1655 wild-type
(M), recombinant harboring pUC19 (), and recombinant
harboring pKH1 (@).

The LB media including 0, 1, 3, and 5 mM of CoCl, were used to cultivate
the strains. The optical density was measured after 20 h of cultivation.
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Fig. 7. Time courses of growth curves of MG1655 wild-type
and its ppk mutant harboring pKHI in LB medium including
3 mM of NiCL,

The growth curves of both strains in LB without nickel ions are shown in
the inset graph.

mutant with pKH1 was unable to grow in the LB including
3 mM of NiCl,, whereas the wild-type strain could grow
under the same conditions. There was little difference in
the growth profiles between the ppk mutant and the wild-
type strain in the LB without nickel ions. This means that
PPK positively affected the expression of the nickel resistance
gene of L. pneumophila either directly or indirectly in E.
coli cells. However, the attenuation of the growth rate of
the ppk mutant with pKH1 was not substantial in a TMS
minimal medium including 1 mM of NiCl,, despite a longer
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Fig. 8. Time courses of growth curves of MG1655 wild-type
and its ppk mutant harboring pKH1 in modified TMS medium
including | mM of NiCl,.
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lag at the beginning of the growth (Fig. 8). This might be
due to the high concentration of external P, which was
required to support substantial growth as a nutritional
component. However, it has not yet been proved that the
ppk response in E. coli is directly affected by the external
concentration of P, in the medium, although putative pho
boxes has been found in the ppk promoter region [13]. It
was recently reported that one of the novel functions of
ppk is to positively regulate the expression of many stress-
inducible genes, such as rpoS-dependent genes (osmotic
stress, oxidative stress, and thermo-tolerance genes, efc.)
and SOS genes through controlling the intracellular levels
of poly-P [20, 22]. The current study was unable to determine
whether the expression of the nickel resistance gene was
controlled directly by poly-P or indirectly by another global
mediator under the control of poly-P. However, it was
concluded that the expression of the nickel resistance gene
of L. pneumophila inevitably required ppk expression in
the E. coli cells and thus may be linked to the survival in
their barren habitats.
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