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The nickel-cobalt-cadmium resistance genes carried by plasmid pTOM9 of Alcaligenes xylosoxidans 31A are
located on a 14.5-kb BamHI fragment. By random Tn5 insertion mutagenesis, the fragment was shown to
contain two distinct nickel resistance loci, ncc and nre. The ncc locus causes a high-level combined nickel,
cobalt, and cadmium resistance in strain AE104, which is a cured derivative of the metal-resistant bacterium
Alcaligenes eutrophus CH34. ncc is not expressed in Escherichia coli. The nre locus causes low-level nickel
resistance in both Alcaligenes and E. coli strains. The nucleotide sequence of the ncc locus revealed seven open
reading frames designated nccYXHCBAN. The corresponding predicted proteins share strong similarities with
proteins encoded by the metal resistance loci cnr (cnrYXHCBA) and czc (czcRCBAD) of A. eutrophus CH34.
When different DNA fragments carrying ncc genes were heterologously expressed under the control of the
bacteriophage T7 promoter, five protein bands representing NccA (116 kDa), NccB (40 kDa), NccC (46 kDa),
NceN (23.5 kDa), and NccX (16.5 kDa) were detected.

Among the bacterial nickel resistance genes, those of Alcali-
genes eutrophus CH34, a hydrogen-oxidizing bacterium con-
taining two metal resistance plasmids, are the most studied
(17). One plasmid, pMOL?28 (163 kb), determines resistance to
nickel, cobalt, chromate, and mercury; the other plasmid,
pMOL30 (238 kb), determines resistance to cobalt, zinc, and
cadmium (9, 21, 26). The mechanism of pMOL28-encoded
nickel and cobalt resistance was shown to involve an energy-
dependent efflux system for the metal ions (38, 46). This Cnr
system enables A. eutrophus CH34 to grow in the presence of
3 mM nickel and 5 mM cobalt ions. The 7.1-kb cnr sequence
revealed six potential genes, cnrYXHCBA. The genes cnrYXH
encode proteins involved in the regulation of the cnr operon
(15). Recently CnrH was suggested to be an alternative sigma
factor belonging to the new ECF subfamily of o”° factors (16).
CnrH controls the transcription of the structural genes cnrCBA
encoding the subunits of the efflux pump (15). Interestingly,
mutations in the cnr operon affecting its regulation also
resulted in zinc resistance (4). The structural protein CnrA
shows similarities to a set of three proteins (NolG, NolH, and
Noll) that play a role in the nodulation of legumes, as well as
to the protein EnvD, which functions in cell division (30).

Other metal-resistant bacteria have been isolated, some of
which tolerate up to 40 mM nickel (14, 34, 35). Two of these
high-level nickel-resistant bacteria, Alcaligenes xylosoxidans
31A and A. eutrophus KT02, turned out to be closely related.
Strain 31A contains two plasmids, and strain KT02 contains
three plasmids. Strain 31A, initially isolated from a copper
galvanization tank, tolerates relatively high concentrations of
nickel (40 mM), cobalt (20 mM), zinc (10 mM), cadmium (1
mM), and copper (1 mM). Its metal resistance genes are
located on two large plasmids, pTOMS (340 kb) and pTOM9
(200 kb), which are transferable to A. eutrophus strains. In A.
eutrophus AE104, a metal-sensitive cured mutant of 4. eutro-
phus CH34, each plasmid confers resistance to nickel, cobalt,
and cadmium, whereas the presence of both plasmids causes in
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addition copper and zinc resistance (36). The other strain, 4.
eutrophus KT02, shows similar metal resistances. They are also
encoded by megaplasmids. With respect to the restriction
nuclease patterns, one of these plasmids, pGOE2, strongly
resembles plasmid pTOM? of A. xylosoxidans 31A. The nickel-
cobalt-cadmium resistance genes of pTOMS, pTOMS9, and
pGOE?2 are located on 14.5-kb BamHI fragments which are
apparently identical. The BamHI fragments ligated in a wide-
host-range vector are well expressed in strain AE104 but cause
only low-level nickel resistance in Escherichia coli. In contrast
to the expression of nickel resistance in AE104, the expression
in E. coli depends on a small subfragment (4.3 kb) (36).

In the present study, we describe the genetic analysis of the
cloned nickel resistance genes from A. xylosoxidans 31A. We
have evidence that its plasmid, pTOMY, contains two nickel
resistance systems. (i) The Ncc system confers high-level nickel
resistance as well as cobalt and cadmium resistance on A.
eutrophus AE104 but not on E. coli. In the corresponding DNA
sequence, seven genes, nccYXHCBAN, were identified. (ii) The
Nre system confers low-level nickel resistance on both A.
eutrophus and E. coli. The predicted Ncc polypeptides reveal
strong similarities to the metal resistance proteins encoded by
megaplasmids pMOL28 (cnr operon) and pMOL30 (czc
operon) from A. eutrophus CH34 (15, 27).

MATERIALS AND METHODS

Bacterial strains and plasmids. Strains and plasmids used in
this study are summarized in Table 1.

Growth conditions. Alcaligenes strains were grown at 30°C in
Tris-buffered mineral medium (17) supplemented with glu-
conate. Heavy-metal chlorides were added before autoclaving,
and the pH was adjusted to 7.0. E. coli strains were grown at
37°C in Luria-Bertani (LB) medium in the presence of the
appropriate antibiotics (32). The metal resistance of recombi-
nant E. coli clones was tested in N-tris(hydroxmethyl)methyl-
2-aminoethanesulfonic acid (TES)-buffered (50 mM) mineral
medium (36) supplemented with gluconate.

Estimation of MTCs. Cultures to be screened were grown
for 15 to 20 h in Tris-gluconate medium at 30°C (Alcaligenes
strains) or TES-gluconate medium at 37°C (E. coli strains).
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TABLE 1. Bacterial strains, plasmids, and phage

Strain, plasmid, - Reference(s)
or phage Relevant characteristic(s) or source
Strains
A. xylosoxidans 31A  Ni* Co" Cd" Cu" Zn" 35

(PTOMS, pTOM9)

A. eutrophus AE104 Plasmid free, metal sensitive 17

E. coli
JM109 (Alac-proAB) [F' traD36 49
PproAB, lacI"ZAM1S5] recA
endA1 gyrA96 thi-1
CSH52 thi-1 proA ara recA Str* Su® 18
S17-1 thi-1 eroA hsdR hsdM* recA 40
tra
K38 HfrC thi-1 leuB6 thr-1 2
supE44 tonA21 (pGP1-2)
Plasmids
pTOM8 Ni* Co" Cd" 35, 36
pTOM9 Ni* Co" Cd" 35,36
pTOMS8 + pTOM9 Ni* Co* Cd* Cn® Zn" 35, 36
pVvDZ'2 Tc" mob™ 6
pGP1-2 Km", T7 RNA polymerase 45
pT7-5 Ap', $10 44
pT7-6 Ap', $10 44
pBluescript Ap* Stratagene
pTV1 nccYXHCBAN, nre, 14.5-kb This study
BamHI fragment in
pVvDZ'2
pTB1 nccYXHCBAN, nre, 14.5-kb This study
BamHI fragment in
pBluescript
pTT1, pTT2 nccYXHCBAN, nre, 14.5-kb This study
BamHI fragment in pT7-5
(both orientations)
pTT3, pTT4 nccYXHCBAN, 8.5-kb This study
BamHI-Pstl fragment in
pT7-5 and pT7-6
pTTS, pTT6 Part of nccB, nccAN, 5.8-kb  This study
EcoRI fragment in pT7-5
(both orientations)
pTT7, pTT8 nccYXHCB, part of nccA, This study
5.2-kb BamHI-HindIII
fragment in pT7-5 and
pT7-6
pTT9, pTT10 nccYXHC, part of nccB, 3.2-  This study
kb BamHI-EcoRI
fragment in pT7-5 and
pT7-6
pTT11, pTT12 nccYXH, part of nccC, 2.2- This study
kb BamHI-Sst1 fragment
in pT7-5 and pT7-6
Phage \467 Ab221, rex::Tn5, cI857, 5
0Oam?29, Pam80

The cells were streaked onto agar plates containing various
concentrations of metal chlorides. The plates were incubated
at 30 and 37°C, respectively, and inspected at intervals for up
to 5 days. The maximum tolerable concentration (MTC) of
metal chloride was designated as the highest concentration of
metal chloride which allows confluent growth after 5 days
(Alcaligenes strains) or 2 days (E. coli).

Tn5 mutagenesis of cloned fragments. Cells of E. coli
CSHS52 harboring the 14.5-kb BamHI fragment in vector
pVDZ'2 (pTV1) were infected with N\467 as described by de
Bruijn and Lupski (5). Tn5 mutants were selected on LB agar
containing 20 pg of kanamycin per ml (about 150 mutants per
plate). The Km" colonies were washed off the plate, and the
plasmid DNAs of these mutants were used to transform E. coli
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S17-1. Tn5-carrying plasmids were identified by selecting Km"
Tc* transformants.

DNA sequence analysis. DNA sequencing was performed by
the method of Sanger et al. (33) as specified by the manufac-
turer of the Sequenase kit (United States Biochemical Corp.,
Cleveland, Ohio). For determining the nucleotide sequence of
the ncc operon, initially the corresponding Tn5 insertion
mutants were used. The relevant plasmids were digested with
BamHI-EcoRI, and subfragments containing part of Tn5 and
the adjacent ncc sequence were cloned into the Bluescript
vector. Double-stranded DNA sequencing was performed with
a primer derived from IS50L. It is important to consider that
Tn5 insertion mutations are accompanied by duplication of a
short target DNA sequence (9 bp). Distances of more than 0.6
kb between adjacent transposons required the application of
additional synthetic primers.

The opposite DNA strand was sequenced by using single-
stranded template DNA (pTB1) and primers synthesized on
the basis of the sequence data obtained. The nucleotide
sequence data were compiled and analyzed with Genmon
program 4.3 of the Gesellschaft fiir Biotechnologische For-
schung mbH, Braunschweig, Germany, and the programs of
the University of Wisconsin Genetics Computer Group (8).
Sequence similarity searches in the current NCBI nucleic acid
databases were performed by using the BLAST network
service (1).

Identification of proteins involved in nickel resistance. The
T7 RNA polymerase/promoter system was used as previously
described (45). The genes to be expressed were cloned into a
T7 promoter-containing vector, pT7-5 or pT7-6 (44, 45), and
the resulting plasmids were transformed into E. coli
K38(pGP1-2). The transformants were induced at 42°C in the
presence of rifampin (400 ug/ml) and pulsed with L-[3*S]me-
thionine (10 .Ci/ml) for 5 min at 30°C. To analyze the induced
proteins by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis, the cells were resuspended in SDS sample
buffer (60 mM Tris HCI [pH 6.8], 2% SDS, 5% 2-mercapto-
ethanol, 10% glycerol, 0.01% bromphenol blue) and heated for
5 min at 100°C immediately before electrophoresis. Sizes of
radioactively labelled proteins were estimated by comparing
their electrophoretic mobilities with those of appropriate
standards (molecular weight kits SDS-6H and SDS-7 manufac-
tured by Sigma Chemie GmbH, Deisenhofen, Germany).

Nucleotide sequence accession number. Accession number
L31363 (EMBL and NCBI databases) has been assigned to the
nucleotide sequence of the ncc operon and adjacent regions.

RESULTS

Tn5 mutagenesis of cloned metal resistance genes. It had
been shown previously that the nickel resistance genes of A.
xylosoxidans 31A are located on a 14.5-kb BamHI fragment
(36). This fragment in vector pVDZ'2 (called pTV1) confers
high-level nickel resistance (MTC of 30 mM) together with
cobalt and cadmium resistance (MTCs of 15 and 0.8 mM,
respectively) on the plasmid-free, metal-sensitive derivative
AE104 of CH34. In contrast, in E. coli S17-1, only low-level
nickel resistance (MTC of 3 mM) was observed. This observa-
tion as well as expression studies with the subfragments
derived from the 14.5-kb BamHI fragment suggested the
presence of at least two separate gene clusters (36). We
isolated Tn5-induced mutants of the hybrid plasmid pTV1.
Among 170 Tn5-carrying derivatives of pTV1, 54 different Tn5
insertions in the 14.5-kb BamHI fragment were found. The
insertions were localized by analyzing BamHI-EcoRI digests
and Sall digests, and about half of them were also localized by
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FIG. 1. Sites of TnS5 insertions in the 14.5-kb BamHI fragment. Fifty-four Tn5 insertions localized by DNA sequencing or by restriction analysis
are shown as lines or dashed lines, respectively. The ncc genes and the nre locus are also indicated.

DNA sequencing (Fig. 1). Fragments carrying Tn5 insertions
werte transferred to A. eutrophus AE104 by conjugation. The
effects of the insertions on the degree of metal resistance in 4.
eutrophus and E. coli S17-1 are summarized in Table 2. There
were three types of TnS insertional mutants.

The first type is represented by Tn5 insertions 2 to 29, which
affected the expression of nickel resistance in A. eutrophus
AFE104 but not in E. coli S17-1. Most of these mutations
(numbers 3 to 27) caused a strong reduction of nickel resis-
tance (MTCs of 1 to 2 mM) and also the loss of cobalt and
cadmium resistance in strain AE104. The corresponding DNA
region comprised about 8 kb. In contrast, mutants 28 and 29
were impaired only in nickel resistance, thus indicating special
functions of the gene(s) affected. Their MTCs were reduced to

TABLE 2. MTCs of metal ions of mutants carrying TnS insertions
in the 14.5-kb BamHI fragment derived from plasmid
pTOMY of A. xylosoxidans 31A

Metal resistance of A. eutrophus

Nickel resistance

Insertion AE104 (mM)><4 of E. coli S17-1
no.? 3 "
Nickel Cobalt Cadmium (mM)™~
1 30 15 0.8 3
2 40 25 1 3
3 2 2 02 3
45 1 <1 02 3
6 N <1 02 3
7 1 <1 02 3
8 2 <1 02 3
9-11 Y] <1 02 3
12 1 <1 02 3
13-14 N <1 02 3
15 1 <1 02 3
16-27 ) <1 0.2 3
28-29 10 15 0.8 3
3042 30 15 0.8 3
43 25 15 0.8 1
44 25 15 0.8 3
45-46 0) 15 08 <
4748 15 0.8 <1
49 30 15 0.8 3
50 30 15 0.8 1))
51-54 30 15 0.8 3
pTV1 30 15 0.8 3
pvDZ'2 <1 <1 02 <1
¢ See Fig. 1.

® Inspected after 4 days of growth at 30°C on Tris-gluconate mineral agar
containing metal salt (metal concentrations used were 1, 2, 10, 20, 25, 30, and 40
mM nickel, 1, 2, 15, 20, and 25 mM cobalt, and 0, 0.4, 0.6, 0.8, 1, and 1.2 mM
cadmium).

¢ Inspected after 2 days of growth on TES-gluconate mineral agar containing
nickel salt at 37°C (nickel concentrations used were 0, 1, 2, 3, and 4 mM).

4 Slow growth at the defined metal concentration is indicated by parentheses.

10 mM nickel (Table 1). Moreover, Tn5 insertion 2 caused a
remarkable effect, i.e., an enhancement of nickel-cobalt-cad-
mium resistance in 4. eutrophus AE104, thus indicating a gene
possibly involved in the regulation of a putative nickel-cobalt-
cadmium (ncc) resistance operon.

The second type of Tn5 insertions represented by mutations
43, 45 to 48, and 50 affected nickel resistance in A. eutrophus
AE104 as well as in E. coli S17-1. In strain AE104, a slight
reduction of nickel resistance was observed (MTCs from 20 to
25 mM). In contrast, in E. coli S17-1, Tn5 insertions 45 to 48
caused a complete loss of nickel resistance, and Tn5 insertions
43 and 50 resulted in a reduction of nickel resistance to MTCs
of 1 and 2 mM, respectively. These results suggested the
existence of a second metal resistance determinant, different
from the putative ncc operon and responsible for low-level
nickel resistance. This was tentatively called the nre operon.

The third type of Tn5 insertions included mutations 1, 30 to
42, and 51 to 54; they turned out to have no effects on metal
resistance. Interestingly, mutations 30 to 42 are located be-
tween the ncc and nre genes, thus indicating that the two
putative resistance operons are separated by a large interspace
fragment.

Nucleotide sequence of the ncc genes. All Tn5 insertions in
the 14.5-kb BamHI fragment affecting the nickel-cobalt-cad-
mium resistance in A. eutrophus AE104 mapped in a DNA
region of about 8 kb. Although the Tn5 insertions were
localized in one of the ncc genes, it should be noted that
downstream genes were usually affected. The TnS5 derivatives
were used for sequencing of the putative ncc operon (see
Materials and Methods).

The nucleotide sequence of the entire DNA region is shown
in Fig. 2. Seven open reading frames (ORFs) designated
nccYXHCBAN were identified (Fig. 1). They show significant
similarities to the metal resistance operons (cnr and czc) of A4.
eutrophus CH34 (15, 27). The nucleotide sequences of nccYXH
and nccCBA overlap by one codon.

The first ORF (nccY) extends from nucleotides 223 to 507,
encoding a possible protein of 95 amino acid residues (10.5
kDa). Interestingly, TnS5 insertion 2, located in nccY, caused an
increased nickel-cobalt-cadmium resistance in A. eutrophus
AE104 (Fig. 1; Table 2). The second ORF (nccX), which
encodes 148 amino acids (16.5 kDa), starts at nucleotide 507
and continues to nucleotide 950. NccX contains many histidine
residues, possibly forming metal-binding sites. The third ORF
(nccH) begins with a GTG codon at nucleotide 950 and
continues to nucleotide 1507. The correspondmg protem con-
sists of 186 amino acids (21 kDa). A Tn5 insertion in nccH
(msertlon 3) caused a strong decrease of nickel-cobalt-cad-
mium resistance in strain AE104. The predicted amino acid
sequences of nccY, nccX, and nccH share strong amino acid
identities with proteins encoded by the cnr operon (riccY and
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BamHI
GGATCCTTCCCTAGGCGTTGGAGAGGTTATTTCGCAGTGCGTCAGCACGCGCGAGGGGCGAAACTCTGAATAGTGCATCCCTTGATGCATCTCATTGATG

TGAGTTGGAGTGCCGCCAAGCTATCAATCCGTACGGCGGCGAAAAAAAGTCAAAAAATGCGAGGGGGACGTGCTCGGGCGACGTATGAATAATGTCCCGC
nccy

S/D M E N I DEWULVQAIKI KV VTYEASTREUPGTULGR
AAGTCAGATAGGAGATCTGATC!TGGAAAACATTGATGAGTGGCTGGTGCAAGCCAAAAAAGTGACTTATGAGGCGTCTCGAGAGCCGGGCTTGGGCAGG
I Q Q R L S R E P S QMUVLTARUHDTITILURAYVCCAATLA ASTLVA
ATTCAGCAGCGGTTGTCCCGTGAGCCGTCTCAGATGGTGCTGACCGCGCGCCACGATATCTTGCGAGCGGTGTGCTGCGCGGCACTCGCGTCGCTGGTGG
s/D

F TA I DRIAVGILTYOQZKUOQQPTWVAAPSA AASUZPTFGIULTILTI
CCTTCACGGCCATCGACAGGATTGCGGTCGGTTTGTACCAGAAACAGCAGCCGACCTGGGTGGCTGCACCCTCGGCGGCCTCGCCGTTTGGCCTGCTGAT

nccxX

G KM*M K S R T F R L S V S TULVGAULUVGV L MATIUVG Y V T H
TGGCAAATGATGAAATCCCGCACGTTTCGTCTGTCGGTGTCGACGCTGGTTGGCGCCCTGGTTGGCGTCCTGATGGCAATCGTCGGCGTCTATGTCACCC

S T E E P HTSLHEMTLUHDA AVUZPULUDSNETRETITLTETLIKEEE
ATTCGACGGAAGAACCCCACACAAGTCTTCACGAAATGCTCCACGACGCCGTACCGCTGGATAGCAACGAGCGCGAGATCCTGGAACTCAAGGAAGAGGA

F T A R R R E S R L RAANGI KT LA AESTIAIKNZPIOQWSPEV
GTTCACCGCGCGACGTCGCGAGATCGAGTCGCGGCTGCGCGCGGCCAACGGCAAGCTGGCCGAGTCTATCGCGAAGAATCCGCAGTGGAGTCCCGAGGTG

E EA TREV ERAAADTLIGQRATTULVHVFEM A G L K P E H R
GAAGAGGCCACGCGCGAGGTGGAGCGCGCCGCTGCCGATTTGCAGCGTGCCACGCTCGTACACGTGTTCGAGATGCGTGCGGGTTTGAAGCCTGAGCACC
S/D nccH
A A Y DRUVULVDALIKRGS S QMTDUPSVDEALARIRAADIOQG
GCGCAGCCTATGATCGCGTTCTGGTGGACGCGCTCAAACGTGGCTCGCAGTGACCGATCCTTCTGTCGATGAAGCGCTGGCCAGGCGTGCCGCCCAAGGC

D Q YAF GQULVQRHGRALAAQAARTSTFGV?PESDJVDDTIUV
GACCAGTACGCGTTCGGCCAGTTGGTGCAACGGCACGGCCGCGCGCTCGCGCAGGCCGCGCGCAGCTTTGGCGTGCCGGAGAGCGACGTTGACGACATCG

Q DT F I A A WHALUDTUDT FDSD I KTULTFRUPWILTFURTIGILNIEKMR
TGCAGGACACGTTCATCGCCGCCTGGCACGCGCTGGACGATTTCGACTCGGACAAGCTGTTTCGCCCGTGGCTGTTCCGCATCGGCCTGAACAAGATGCG

D LRRTFRU QVRHTFILTFGAKDTIETDAETLTSDVUPGZPETRE
CGATCTCCGCCGGTTCCGACAAGTCAGGCATTTCCTGT TCGGTGCCAAAGACATCGAAGATGCAGAGCTGACGAGCGATGTCCCCGGCCCCGAACGCGAG

VS ARLETLAIKTIMQVZ LNRTLDTILASR RETITIITLTS ST FVGMS
GTATCGGCCCGCCTCGAACTCGCAAAGATCATGCAGGTGTTGAATCGGCTGGACCTCGCTTCGCGCGAGATCATCATCCTGACCTCGTTCGTTGGCATGT

H P EAAMALGT T S A KAV ESU RVARARAIKIELTATLTILUG QS S
CCCCGAAGCGGCCATGGCACTGGGCACCAGCGCCAAAGCCGTAGAGAGCCGCGTGGCCCGTGCAAGGGCCAAGCTCACCGCGCTGCTGCAATCGAG

Q VvV *
TCAGGTCTGACGCTGGGCCTCCGGCAAGCCGTATCACCATCTCCCATCATGCTGCATGCCTCGGCTTCCGCTTTAGTGTGCTGTTTCGTGCACGTTATGG
nceC
S/D M G AV L KAEANTITFRSHUPTFRP
TGCGATTCCGAAATATTTCTCCTTTTTTCGAGGGGGAGTCCATCTCGGCGCCGTATTGAAAGCTGAAGCAAACATTTTCCGGTCTCACCCTTTTCGTCCG
————>
M N Q AT P K KILRSAPTC CIGVALTLTULMMATTGS STIQAATEATPP
ATGAACCAGGCTACCCCCAAAAAACTCCGCAGCGCTCCCTGCATTGGTGTCGCACTGTTGCTCATGGCAACA TCCAGGCAGCCGAAGCGCCTC

Y S V L L Q S L AMAUPTMM Q A ANV RAAGA ADA AAUQ QAR
CGTATTCCGTTCTTCTACAACAATCCCTGGCGATGGCACCCACCATGATGGTGCAGGCCGCCAAAuA “GCGCGGC “CGATGCAGCGCAGGCGCG

A WL NUPRTFDTILAENILSGA APSSGGQSQROQNTYSTITQ
CGCCTGGCTCAATCCGCGTTTCGATACGCTGGCCGAAAATCTCGGTGCGCCCAGCAGCGGCGGGCAGAGCCAGCGTCAGAACACGTACTCGATCACGCAG

P F E I 6 6 KRG ARTIEUVGEIRNYEWA AAQAREURU QLR RUVNYA

CCATTCGAAATCGGCGGGAAGCGCGGCGCGCGGATCGAGGTCGGTGAGCGCAACTACGAAGCGGCCCAGGCGCGGGAGCGCCAGTTGCGGGTCAACTACG
Sstl

A EL AV AYATA AEA AATFGRIOQATLAETENTLALANETETLTV

CCGCCGAGCTGGCGGTGGCTTATGCCACCGCCGAAGCGGCGTTCGGACGACAGGCACTTGCCGAGGAGAACCTGGCACTCGCCAACGAGGAGCTCACTGT

A R ALV E.T G KEATTULURTAQAAQASUV S AAQATIEAARAMA-AS
AGCGCGCGCACTGGTGGAAACAGGCAAGGAAGCCACGCTGCGCACCGCGCAGGCGCAGGCCAGCGTATCCGCCGCACAGGCCATCGAAGCAGCCGCCTCT

S DV TSTULARTILSA ALSGA ATEA AYTSGTIS S S L L SAQPAM
AGCGACGTGACGAGCACCCTGGCGCGACTTTCCGCGCTGTCGGGTGCCACCGAGGCGTATACCGGTATCAGCAGTTCGCTGCTGAGCGCACAGCCCGCCA

T P GG TTTDD S P AV RTA AEATET RNATFDA V NV E R K R
TGACACCGGGTGGGACGACGACGGACGATTCACCCGCTGTGCGCACGGCCGAAGCCGAGCGCAACGCATTCGACGCACAGGTGAACGTGGAGAGAAAGCG

W I PE V GITAGV VR RIRYGWSNESGYTIVGLTASTIZPTULTF
CTGGATTCCCGAAGTCGGCATCACGGCAGGCGTGCGCCGGTATGGCTGGTCCAACGAGAGCGGCTATATCGTCGGCTTGACGGCATCGATTCCGCTGTTC

D RNRNGTIUDA AAVQRVAAAQARTILDTV VR RTULEA ANAARARTR RS
GACCGGAATCGCAACGGGATCGACGCCGCTGTCCAGCGTGTGGCAGCCGCTCAGGCGCGTCTCGACACCGTGAGGT TGGAGGCCAACGCCGCGCGGCGGT

AV S Q VA ATUDI KA QLA AAASUGQGETU QA AASTEAYIRUVGRILGY
CGGCGGTTTCGCAGGTTGCCGCCACCGACAAGCAACTGGCTGCGGCAAGCCAGGGCGAGCAGGCCGCATCGGAAGCCTATCGCGTGGGCCGTCTCGGTTA
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FIG. 2. Nucleotide seqﬁence and predicted translation products of the ncc operon. The Shine-Dalgarno (S/D) sequences and restriction
endonuclease recognition sites are underlined and labeled above the sequence. Start codons are printed in boldface type; stop codons are marked

by asterisks. Regions of dyad symmetry are marked by arrows.

cnrY, 59%; nccX and cnrX [ORF1}, 76%; and nccH and cnrH,
67%; Fig. 3). Additionall Iy NccH shows significant similarities
to a new subfamily of ¢’ factors, the ECF subfamily (16).
More than 100 bp downstream from nccH, three other
transcriptional ORFs were identified (nccCBA). The corre-
sponding gene products show strong similarities to proteins
CnrC, CnrB, CnrA, CzcC, CzcB, and CzcA of A. eutrophus
CH34 (Fig. 3). Probably nccC begins with a GTG codon at
nucleotide 1644, because it is the only possible start codon
preceded by a ribosome-binding-site-like sequence. The prod-
uct of this gene comprises 437 amino acids (46 kDa) and

revealed 75% identity with CnrC and 29% identity with CzcC.
The second ORF (nccB) begins at nucleotide 2954 and should
encode a protein of 397 amino acids (40 kDa). This protein
shares 75% identity with CnrB and 31% identity with CzcB.
The third ORF (nccA) starts at nucleotide 4144 and continues
to nucleotide 7371. The product of nccA consists of 1,076
amino acids (116 kDa), sharing 89% identity with CnrA and
49% identity with CzcA. All Tn5 insertions located in nccC,
nccB, or nccA caused a strong decrease of nickel-cobalt-
cadmium resistance in 4. eutrophus AE104.

About 70 bp downstream from nccA, the last ORF (nccN)
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E A G KT PULV ELTLA AV RRALUVDA ARUGOQTLTTIUDATRTILARVR
CGAGGCGGGCAAGACACCGTTGGTGGAACTGCTGGCTGTACGTCGCGCGTTGGTCGACGCGCGGCAATTGACGATTGACGCCCGCCTGGCACGCGTACGC
s/D nccB
A L AALAQADGRTILATFTETESZ RMMTIEKNETRIRU OZPSWPMTINA
GCCCTGGCGGCATTGGCTCAGGCGGACGGCCGTCTGGCATTTGAGGAATCACGATGATGACGAAGAACGAGCGTCGGCAGCCGAGCTGGCCCATGATCGC

G V A A A A AL V G F A ARG L G S S G A E S K L A A A P E
AGGGGTGGCCGCCGCGGCGGCGTTGGTTGGATTTGGCGCGGCACGCGGGCTTGGTTCCCCGTCGGGCGCCGAGGTATCGAAGCTCGCCGCCGCACCGGAA
ECORI
K A A A S A PAAEUPAETUVRTIUPGETZYTLAA I E P V S A G
AAGGCAGCCGCCTCGGCGCCGGCCGCCGAGCCTGCGGAGGTCAGAATTCCAGGCGAATACCTTGCCGCGGCAAATATCGCGGTGGAGCCGGTATCGGCGG

G V G S VL L AP A S V A A P G S E S A A G A V L R I
GTGGTGTCGGCTCGGTAC'l‘GT'I‘GGCGCCGGCGTCGGTAGCGGCCG’I‘GCCGGGCAGCGAGGCAGTCATCGCCTCGCGTGCGGCAGGCGCCGTGTTGCGCAT

Q R K L 6D AV RAGUDUVULA AL D S P EAAA AMAAETRIKUV A Q
CCAGCGCAAACTTGGCGATGCCGTACGTGCGGGCGATGTGCTCGCGCTGGTGGACAGTCCCGAGGCCGCCGCCATGGCCGCCGAGCGTAAGGTGGCGCAG

A RADULARIKTYERTESSLV F QQGVTPRU QEMMESARTIA AL
GCCCGTGCGGACCTGGCGCGCAAGACATACGAACGTGAATCGAGCCTGTTTCAGCAAGGCGTGACGCCGCGCCAGGAGATGGAGTCGGCGCGCATAGCCC

DV A QA EV QRAATVAOQAA ATI KV S D G R S V AV V S P I A
TGGACGTGGCGCAAGCCGAGGTCCAGCGCGCGGCAACGGTGGCTCAGGCTGCCAAGGTCTCGAGCGATGGCCGCTCGGTGGCCGTCGTCAGCCCCATCGC

I T A QS VTLGAYUVAPAOQA AETLTFUR RUVAGS ST GA AV QVE A
CGGCAGMTTACCGCGCAGTCGGTCAULLIW TATGTCGCGCCACAGGCAGAGTTGTTCCGCGTGGCGGGCTCCGGCGCGGTACAGGTTGAAGCC

Y vT AADTSRIAAGSUDATTIVILANSGA APTLAGT RUVYVAOQAUVT
TATGTCACCGCTGCCGATACCAGCCGCATTGCCGCCGGCAGCGACGCCACCATCGTGCTCGCCAACGGCGCGCCGCTGGCTGGCCGCGTGCAGGCCGTGA

P T V G S A RAATUV VVTPVDANSUGTLTIUVGEGVQVRIL
CGCCAACCGTTTCGGGCAGTGCCCGCGCCGCCACGGTAGTCGTGACGCCGGTCGATGCCAACAGCGGCCTGATCGTCGGCGAGGGCGTTCAGGTCCGTCT

H T KAADA ANA AM SV P EDA AV QNTLDGRUDVV YV FVRTUGQAQG
GCATACGAAGGCGGCCGATGCCAACGCGATGTCGGTGCCGGAGGATGCCGTGCAGAACCTCGATGGCCGCGATGTGGTTTTCGTGCGCACGCAGCAGGGC

F RPKS VLV G SRS GGV AQILSGVI KZPGETU QUVATTR RNATF

TTTCGCCCCAAGTCCGTGCTGGTTGGCTCGCGCAGCGGTGGTGTGGCGCAAATCCTCTCCGGCGTGAAGCCCGGCGAGCAGGTGGCCACCCGTAATGCCT
s/D nccA

L I KA EMNJIKAGGDUDEMTIES I L S GAVU RV FRUWILUVILTFL

TCCTGATCAAGGCGGAAATGAACAAGGCGGGCGGGGACGACGAATGATCGAAAGCATCCTGAGCGGCGCCGTCCGCTTCCGGTGGCTCGTGCTGTTCCTC

I NT V V

T AV V GAIGAWO QTLNTLTULZPTIDV VTZPUDTITNI KU QUVQ
TCGGCGCGATCGGGGCGTGGCAGCTCAACCTGCTGCCCATCGACGTGACGCCGGACATCACGAACAAGCAGGTGCAGATCAACACCGTGG

ACCGCCGTCG

P T L S PV EVEIKRVTYUPTIETA ATIA AGTLNSGVENMRBRTSTLS
TGCCCACGCTGAGCCCCGTCGAAGTGGAAAAGCGCGTGACGTACCCGATCGAGACGGCCATTGCGGGCCTGAACGGCGTGGAGAACATGCGTTCGCTCTC

R NG F S Q VT VITFIKESSNLYT FMRUIOQQVTTEUZRTLA AQATRP
GCGCAACGGCTTCAGCCAGGTCACGGTGATCTTCAAGGAGAGTTCCAATCTCTACTTCATGCGCCAGCAGGTGACCGAACGTCTCGCGCAGGCGCGACCG

N L PAGVEUPAO QMGTPVSTGLSGEUVTFHYSVETYTETFZPUDGTIKG
AACCTGCCCGCGGGTGTCGAACCCCAGATGGGCCCGGTGTCCACCGGCTTGGGCGAGGTCTTCCACTACAGCGTGGAATACGAGTTCCCGGATGGCAAGG

A KV KDGEUPGWOQSDGS FLTEURSG GETZ RTILTUDIZ RUYVSIKTLA AY
GCGCCAAGGTGAAGGACGGCGAGCCGGGCTGGCAGAGCGACGGCAGCTTCCTGACCGAGCGGGGAGAGCGGCTGACGGATCGCGTATCGAAGCTGGCCTA

L RTVQDUWTITIRUPOQLIRTTA AGV VA AUDTUVHDSTULSGSG Y Q F
TCTGCGCA\CGGTGCAGGACTGGATCATCCGTCCGCMCTGCGTACGACCGCTGGTGTGGCCGATGTGGACTCGCTGGGCGGTTACGTCMGCAGTTCGTG

V E P D AAKMAAY G I S F EETLA AQATLTEUDA ANTLSUVGA ANTFI
GTGGAGCCGGACGCGGCGAAGATGGCCGCGTATGGCATCTCGTTCGAGGAACTGGCGCAGGCGCTGGAAGATGCCAACCTGTCGGTGGGCGCGAACTTCA

R R S GE S Y L VRADUA ARTIIKSA AT DE V I A Q R Q G V P
TCCGCCGTTCGGGTGAGTCGTATCTGG'I‘GCGTGCCGA'I‘GCGCGCA’I‘CAAG'l‘CGGCTGACGAGATCGCGOGTGCCGTGATCGCGCAGCGCCAGGGCGTGCC

I T V G Q V A N N VG G E L R S G AASRNGYETUV VG S AL
GATCAC’I‘GTGGGTCAGGTCGCCMTATCMTGTGGGCGGCGAACTACGCTCGGGCGCGGCCAGCCGAAATGGCTACGAGACCGTGGTGGGCAGTGCGCTG
HindIIl
M L VG A NSRTVAQA AV GDI KT LTETETITZ KT KTTULZPZPGVUV I VPT
ATGCTGGTGGGCGCCAACAGCCGCACCGTGGCGCAGGCCGTGGGCGACAAGCTTGAGGAAATCAAGAAGACGTTGCCGCCTGGCGTGGTAATCGTGCCGA

L NR S QL VMATTII KTV VAZ KNTILVEGAATLUVVVITLTFA ATLTL
CGCTGAACCGTTCGCAACTGGTGATGGCAACGATCAAGACCGTGGCCAAGAACCTGGTGGAAGGTGCGGCGCTGGTGGTAGTCATCCTGTTTGCGCTGCT

G N W R A AV I AALVIPILSTILTILTIZSAIGMNGTIELNTISGNTL
GGGCAACTGGCGCGCGGCCGTGAT TGCGGCACTGGTGATTCCGTTGTCGCTGCTGATCAGTGCCATCGGCATGAACGGGCTGAACATCTCGGGCAACCTG

M S L GALUDTFGTLTITIDGAVTITIVENSTULRIRTLAETRTGOIHIUHEG
ATGAGTCTCGGTGCGCTGGACT TCGGCCTGATCATCGACGGCGCGGTCATCATCGTGGAGAACTCGCTGCGGCGCCTGGCCGAACGGCAGCATCACGAAG

R L L TLIKEH RTULTETETVTITLSSREMMVRTPTUVYGQULUVITFMZUV
GCCGTCTGCTCACCCTCAAGGAGCGGCTGGAGGAAGTCATCCTGTCGTCGCGCGAGATGGTGCGTCCTACCGTGTACGGCCAGTTGGTGATCTTCATGGT

FIG. 2—Continued.
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belonging to the ncc operon was identified. The hydrophobic
protein NccN consists of 213 amino acids (23.5 kDa) and shows
strong similarities to a new possible Czc protein (216 amino
acids, 66% identity). The corresponding ORF (czcN) is located
in the same DNA region as czcR. czcN would be transcribed in
the same orientation as the czcCBA operon, while czcR is
transcribed in the opposite direction (11) (Fig. 3). No équivalent
protein was found in the Cnr resistance system. This result is
remarkable, because Tn5 mutations in nccN cause only a reduc-
tion of nickel resistance which is not encoded by the czc operon.

Gene expression directed by the T7 promoter. The 14.5-kb
BamHI fragment and different subfragments were cloned in

both orientations into expression vector pT7-5 or pT7-6. The
corresponding plasmids were transferred to E. coli K38, har-
boring a heat-inducible T7 RNA polymerase gene on plasmid
pGP1-2. In the presence of rifampin, this strain enables the
exclusive expression of genes located downstream from the T7
RNA polymerase promoter (¢10). The resulting proteins were
labeled with L-[>**S]methionine and identified by autoradiogra-
phy after SDS-polyacrylamlde gel electrophoresis (Fig. 4). In
expression exgperlments performed with plasmids pTT1 to
pTT12, the 3*S-labeled proteins were detectable only if the
$10-dependent transcription proceeded in the direction indi-
cated in Fig. 4. Expression of pTT1, carrying both the ncc locus
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F L PCULT TV FQGVEG KMTFSPMVITULMILATLASATFUVLS
TGCCTGACGTTCCAGGGCGTGG!

GTTCCTGCCA'

AAGGCAAGATGTTCTCGCCGATGGTCATCACGCTGATGCTGGCGCTGGCTTCCGCGTTCGTGCTGTCG 5700

L T F V PAMVAVLILRIKIKVSEIZKTEVRVIAVTI KTETRTYRPIL
CTGACGTTTGTGCCGGCCATGGTGGCGGTGCTGCTGCGCAAGAAGGTGTCCGAGAAGGAAGTGCGTGTCATCGCCGTGACCAAGGAACGCTACCGTCCGC 5800

L E RAVARPMPTFILGAALUVTTLALAAMATFTTFVGREF
TGGCGCGTCCGATGCCGTTCCTTGGCGCGGCACTGGTGACGCTGGCGC TGGCCTTCACGTTTGTTGGCCGCGAGTT

TGCTGGAACGTGCCG'

M P T L D EQNTULNILSSVRTIUP S
TGTCTTCGGTGCGCA'

CATGCCGACGCTGGACGAGCAGAATCTGAACC

T
TTCCGTCGACATCGATCGACCAG

5900

S I DQ S VA IDTULUPTULER
' TCCGTGGCCATCGACCTGCCGCTCGAACGC 6000

A VL SLPEVA QTVYSIKAGTA ASTLA AADU PMEPZPNA ASTUDNYI
TGCCGCCGAACGCT"

GCGGTGTTGTCGTTGCCTGAAGTACAGACCGTGTACTCCAAGGCGGGTACGGCCAGCCTCGCGGCCGACCCGA!

I L K P K S E WUPEGTITTIKEQ

'TCAGACAACTACA 6100

V I ER I REIKTA APMMV S NN

TCATCCTGAAACCCAAGAGCGAGTGGCCCGAGGGCATTACCACCAAGGAGCAGGTCATCGAGCGCATTCGCGAGAAGACCGCGCCGATGGTTAGTAACAA 6200

Yy b v T QP I QMRTFNIETILIGG GV VHRSDVAVIKTIYSGENTLDD
\CGCAGCCGATTCA

CTACGACGTGA

GATGCGGTTCAACGAGCTGATCGGCGGGGTGCGTAGCGATGTGGCAGTGAAGATCTACGGCGAGAATCTCGACGAT 6300

L A S TAQK I AAVLRIKTUPGATDTURUVZPILTG GG GT FPTTFDI
CTGGCGAGCACCGCGCAAAAGATCGCAGCCGTGCTGCGCAAGACGCCAGGCGCGACGGATACGCGTGTGCCGTTGACCGGTGGCTTCCCGACCTTCGACA 6400

V F DR AAIARTYGTL LTV KTEVA ADTUVAAAMAMAGTR RUPSGAO QI
TCGTGTTCGACCGTGCCGCGATTGCGCGCTACGGCCTGACCGTCAAGGAGGTGGCGGACACCGTGGCGGCAGCCATGGCGGGTCGTCCGTCGGGCCAGAT 6500

F D GDRIRYWDIUVIRILZPG G QA QRTENTLDV VLG GATLUPVMTLPA
CTTCGATGGTGACCGCCGCTACGACATCGTGATCCGTCTGCCGGGCCAGCAACGCGAGAACCTCGATGTACTGGGTGCACTGCCGGTCATGCTGCCTGCC 6600

VEGQPIRASVPILIRAQLUVQFRT FTAOGQGILNEUVSRUDNGI KRR
\GGGCCAGCCGCGTGCGTCGGTGCCGCTGCGTCAGCTCGTGCAGTTCCGCT

GTGGA!

TCACGCAGGGGCTGAACGAAGTGAGCCGCGACAACGGCAAGCGTC 6700

E ANV G GRDTULGSF VDDA AAIKRTIAAEUVI KTLUZPUPGM
GCCAACG'

Vv vy Vv
GTGTGTATGTGGAA

'TGGGTGGACGTGACCTGGGCAGCTTCGTCGACGATGCCGCGAAGCGGATCGCTGCGGAAGTGAAGCTGCCGCCGGGCAT 6800

Y I E W G G Q F Q NLQAAT QRTULATITIUVPILTCT FTIULTIAATL
"TCCAGGCCGCAACCCAGCGCCTGGCCA

GTACATCGAATGGGGCGGTCAGTTCCAGAACC

TCATCGTGCCGCTGTGCTTCATCCTGATCGCCGCCACGTTG 6900

Y M A I GSAALTA ATUVULTA AVUPULALAGS GV VT FALVILRUDTITFP
'TGCCGCGCTGACGGCCACCGTGCTGACGGCCG'

TACATGGCGATAGGTAG

TGCCGCTGGCGCTGGC 'GTT

>GCGATATCC 7000

TCTGGTGT

F S 1 S A S VG F I AV S GV AVLNGTULV VI LTISATIURIKIP RTILTED
TGTCCGGCGTGGCCGTGTTGAACGGA!

CGTTCTCGATCTCGGCCTCGGTTGGATTCATTGCCG'

CTGGTGCTGATCTCCGCTATCCGCAAGCGTCTGGAGGA 7100

G A A PNEAVIEG GAMERVRZPVILMTALUVASTLSGTFVPM
TGGAGCGGCGCCGAATGAAGCCGTCATCGAAGGCGCGATGGAACGTGTCCGTCCGGTGCTGATGACCGCACTGGTGGCGTCGCTCGGCTTCGTGCCGATG 7200

A I AT G T G
GCGATTGCAACGGGTACTGGCGCGGAAGTGCAGAA!

A EV QKPILATUVVIGGLTITA ATV VLTTULTFVLP
GCCGCTGGCAACGG'

TGATCACGGCGACCGTGCTCACGCTGTTTGTGCTGC 7300

A V CGMVLRRUQIKI KTLET KTPG GG GETLTLTE A *
'TGCGCCGCCA GAA( \GAACTGC'

CAGCCGTGTGCGGCATGGTGC'
nceN
N I

S/D M S
GCCGCCCCGACTCTCAAAAGCAACAAAACAGTAGACGAGACAACATGAATATTTCGCT!

TCGAGGCATGACCGTGGCAACGGGGCGGCAGCATGCT 7400

L RPA I AAPSPULUDSFL
'CCGCCCGGCGATTGCTGCCCCCAGCCCGCTGGATAGCTTCCT 7500

T R HR I G I WR UV V VSV VL IALTITGHSQWDUDTWTIS A
TCACAGGCCA

GACCCGCCATCGCATCGGCATCTGGCG TTCC

'GCTGATCGCCCTCA

CTCGCAATGGGATGACACCTGGATTTCCGCT 7600

A L L TVGMILGVTMATV VG RIULWUCALTYTISGRIKSTETLUVT
GCGCTGCTGACGGTGGGCATGCTGGGCGTCACCATGGCCACCGTTGGCCGCCTGTGGTGCGCGCTGTATATCTCGGGCCGCAAGAGCACCGAACTGGTGA 7700

T G P Y S M
CGACCGGACCGTACTCGATGTGCCGCCACCCGC!

R HPLYVCNTFUVG I VGLGAMTESTITTULAARA
TGTATGTGTGCAATTTCGTGGGTATCGTGGGGCTGGGTGCGA'

TGACCGAGTCGATCACGCTTGCCGC 7800

I L ALAVFALMYUPAUVIRSEDU HTLTLSU RNTFUPETFUDUDYAR
' TCCCGCAA

GATCCTGGCATTGGCGTTCGCGCTGATGTATCCGGCCGTGATCCGTTCGGAGGATCATCTGTTG

CTTTCCGGAGTTCGACGACTATGCACGT 7900

R TPAF F P RUL SLFRSESTJ YULVHVGS FQRNILADS VW
CGCACTCCGGCATTCTTCCCCAGGCTGTCGCTGTTCCGCTCGGAGAGTACCTACCTCGTCCATGTGGGCTCGTTCCAGCGCAACCTTGCCGATTCCGTGT 8000

F L GMT I V VNA AV ETLARUHAIKU MWTLPTTFVILLP *
GGTTCCTCGGCATGACGATTGTCGTGAACGCAGTGGAACTGGCACGCCACGCCAAGTGGCTGCCTACGTTTGTACTGCTGCCCTGAGCGTATTGCGATTC 8100

AAGACATGAAGGTATTGGTCATCGAA

FIG. 2—Continued.

and the nre locus, resulted in several protein bands (Fig. 4, lane
1), five of which could be related to ncc genes. The apparent
molecular mass of the largest protein (114 kDa) corresponds to
the calculated value (116 kDa) derived from gene nccA.
Moreover, the synthesis of the 114-kDa protein appears to be
correlated exclusively with the presence of ncc4 (Fig. 4,
plasmids pTT1, pTT3, and pTTS; lanes 1 to 3). The 43-kDa
protein is encoded by plasmids pTT1, pTT3, pTT7, and pTT10
(Fig. 4, lanes 1, 2, 4, and 5). This band probably represents
NccC, a gene product with a calculated molecular mass of 46
kDa. Plasmids pTT1, pTT3, and pTT?7 also produce a 41-kDa
protein, which seemed to be NccB (calculated molecular mass,
40 kDa). The synthesis of the 21-kDa protein depends on the

presence of nccN (Fig. 4, lanes 1 to 3). The calculated molec-
ular mass amounts to 23.5 kDa, also confirming the assignment
of this protein as NccN. Plasmids pTT1, pTT3, pTT7, pTT10,
and pTT12 directed the synthesis of an 18-kDa protein, which
seemed to be either NccX or NccH (calculated molecular
mass, 16.5 or 21 kDa, respectively). Presumedly the 18-kDa
protein represents NccX; many RNA polymerase sigma factors
like NccH show anomalous mobilities on SDS-polyacrylamide
gels; i.e., they run larger than their calculated masses (16). A
gene product corresponding to NccY was not detectable.
Additionally we found a 28-kDa protein, which was ex-
pressed by pTT1 but not by pTT3, carrying also the complete
ncc operon (Fig. 4). Therefore, the corresponding gene seemed to
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FIG. 3. Organization of the metal resistance operons ncc, cnr, and czc. The putative gene czcN (11) is marked by a dashed frame, and its
orientation in the direction opposite to czcR is indicated with arrows. czcN starts 147 nucleotides upstream of the Kpnl site of the DNA sequence
published by Nies (23) and continues to nucleotide 876. The percent homologies of the predicted gene products are indicated. The direction of

transcription is marked by arrows.

be located downstream from the DNA region which we have
sequenced.

DISCUSSION

Like many metal-resistant bacteria, A. xylosoxidans 31A
carries resistance determinants located on plasmids. These
plasmids, pTOMS8 and pTOMY, are transferable to the metal-
sensitive strain A. eutrophus AE104 and cause a combined
nickel, cobalt, and cadmium resistance (35). The correspond-
ing genes were localized on a 14.5-kb BamHI fragment. They
confer nickel resistance to 4. eutrophus AE104 and also to E.
coli strains (36). In the present report, we demonstrate that two
DNA loci, designated ncc and nre, are involved in nickel
resistance of A. xylosoxidans 31A. The nucleotide sequence of
the ncc locus revealed seven ORFs, showing strong homologies
to the metal resistance loci cnr and czc of A. eutrophus CH34
(15, 23, 27).

The existence of two nickel resistance loci on the 14.5-kb
BamHI fragment was indicated by experiments described
previously (36). Depending on the host strain, we found two
levels of nickel resistance, i.e., high-level resistance (up to 30
mM NiCl,) in A. eutrophus AE104 and low-level resistance (up
to 3 mM NiCl,) in E. coli strains. Additionally, as shown by
studies with subfragments, the relevant genes comprise DNA
regions of different sizes. By Tn5 mutagenesis, we were able to
characterize those gene loci more precisely. The 8-kb ncc locus
encodes nickel-cobalt-cadmium resistance in A. eutrophus
AE104, whereas the 1.8-kb nre locus encodes low-level nickel
resistance in E. coli and A. eutrophus AE104. The different
features of the Ncc and Nre systems suggest that the two
systems evolved separately. This hypothesis has been sup-
ported by DNA-DNA hybridization experiments. Fragments
carrying either the ncc locus or the nre locus were used as
biotinylated probes. Target DNAs originated from various
strains isolated all over the world. Although the majority of the

strains are carrying resistance determinants that show homol-
ogies to both ncc and nre, some of the tested strains possess
only resistance determinants homologous to ncc. A new strain,
Klebsiella oxytoca 15788, carrying exclusively an nre equivalent,
was also included (42, 43). Besides the divergent evolution of
ncc and nre, these results indicate that both resistance deter-
minants are widespread among nickel-resistant bacteria.

The mechanism of resistance conferred by the ncc and nre
genes has not been characterized in detail. Previous studies on
the transport of nickel ions in 4. xylosoxidans 31A suggest that
the cells contain an energy-dependent efflux system resembling
the Cnr system of A. eutrophus CH34 (37, 38). The efflux
system of strain 31A is probably encoded by the ncc locus,
because it shares strong homologies with the cnr locus (15) and
the czc locus (27). The largest of the Ncc proteins, NccA (116
kDa), contains a double set of six extended hydrophobic
regions possibly spanning the membrane. Additionally, the
amino-terminal part of NccA shows similarities to common
leader peptides (31). NccA is thought to form a membrane
tunnel, which allows ion transport across the membrane.
Neither potential ATP-binding motifs (19) nor homologies to
known metal ion-translocating ATPases (3, 28, 41) were found
in any of the Ncc proteins. On the other hand, the NccABC
complex shows strong similarities to the CzcABC complex,
which seems to be a cation-proton antiporter (24, 25). There-
fore, we tentatively conclude that the Ncc resistance complex
works in a similar way.

NceB and NeeC contain small hydrophobic regions of about
15 amino acids in their amino-terminal parts. Both proteins
show significant similarities to CzcB or CzcC, which are
assumed to be involved in metal cation binding or substrate
(metal cation) specificity, respectively (24). NccB belongs to a
novel family of extracytoplasmic proteins (MFP family). Pos-
sibly these proteins are embedded in the cytoplasmic mem-
brane at their N termini and function in conjunction with
export permeases (10).
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FIG. 4. Expression of proteins encoded by the ncc genes. The 14.5-kb BamHI fragment and five different subfragments carrying ncc genes were
cloned into vectors pT7-5 and/or pT7-6 (plasmids pTT1 to pTT12; Table 1). Gene products were expressed in E. coli K38(pGP1-2) and labeled
with L-[>*S]methionine. As indicated, only one orientation of the fragments cloned behind the T7 promoter resulted in [**S]methionine-labeled
proteins. The second orientation of the fragments and vectors pT7-5 and pT7-6 without inserts expressed no labeled proteins (data not shown).
Lanes: 1, pTT1 (ncc operon and nre locus); 2, pTT3 (ncc operon); 3, pTTS (part of nccB, nccAN); 4, pTT7 (nccYXHCB, part of nccA); 5, pTT10
(nccYXHC, part of nccB); 6, pTT12 (nccYXH, part of nccC). Five potential gene products of the ncc operon were identified: a 114-kDa protein
(NccA), a 43-kDa protein (NccC), a 41-kDa protein (NccB), a 21-kDa protein (NccN), and an 18-kDa protein (NccX). A 28-kDa protein
correlating to a gene downstream from the ncc operon was also found. Gene products corresponding to NecY and NccH were not detectable.

NccH probably functions as a sigma factor and belongs to
the ECF subfamily of ¢’ factors (16). Like CnrH, it shows
significant similarity to the conserved regions of the ECF sigma
factors. These data are in accordance with previous results.
First, experiments performed with DNA fragments containing
cnrCBA or cnrHCBA indicate that full constitutive nickel
resistance in A. eutrophus AE104 depends only on the genes
cnrCBA, whereas in A. eutrophus H16 (wild type), cnrH is also
essential (29, 39). Second, CnrH was shown to function as a
trans-acting activator in strain H16 (15); in strain AE104, its
function is probably complemented by a related chromosom-
ally encoded sigma factor.

Although the data available so far confirm that NccH
belongs to the ECF subfamily (¢F), the promoter specificity
seems to be different. In the DNA region preceding the
structural genes nccCBA, there are no striking similarities to
the oF consensus promoter (7, 16). We identified only a few
single sequences resembling the —10 or —35 region.

The function of NccX has not been resolved, but some
conclusions may be drawn from the comparison with the
related protein CnrX (ORF1). In comparison to the other Ncc
and Cnr proteins, NccX and CnrX contain many histidine
residues and therefore seem to be potentially capable of
binding nickel ions (13). Since CnrX is not necessary for
expression of full nickel resistance, it could be involved in the
regulation of the cnr operon (15).

The first gene of the putative ncc operon, nccY, effects a
down regulation of the operon; a Tn5 insertion in nccY

resulted in higher levels of resistance to nickel, cobalt, and
cadmium ions. Similar effects were observed with cnrY, the
homologous gene of the cnr operon (15). Concerning their
functions, NccY and CnrY may resemble MerD and ArsD.
These trans-acting regulatory proteins bind to the mer and ars
operators, respectively, and limit gene expression, when the
corresponding operons are induced (20, 48). If resistance
systems export essential metal ions like nickel and cobalt, such
a down regulation is important to maintain the beneficial metal
concentrations inside the cell.

The protein NccN is apparently involved in metal specificity.
Whereas all of the other Ncc proteins affect nickel, cobalt, and
cadmium resistance, NccN affects only nickel resistance. To-
gether with the hydrophobic properties of NccN, these results
suggest that the protein is located in the membrane, possibly
involved in nickel transport. Surprisingly, NccN shows strong
similarities to a putative gene product of the czc operon. The
corresponding gene (czcN) is a newly recognized ORF up-
stream from the czc structural genes (11, 22, 23) and oriented
in the opposite direction to the previously proposed gene czcR.

As shown previously, plasmid pTOM9 of A. xylosoxidans
31A encodes an inducible nickel resistance, whereas the loci
ncc and nre located on the cloned 14.5-kb BamHI fragment
were expressed constitutively (36). Therefore, we assume that
besides nccY, at least one other gene located outside the
14.5-kb BamHI fragment is involved in the regulation of the
nickel resistance genes. Apparently the putative NccR has a
function similar to that of MerR or ArsR, namely, the repres-
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sion of the corresponding operon at low metal concentrations
(12, 47). In this connection, it is interesting to consider the cnr
locus of A. eutrophus CH34, which strongly resembles the ncc
locus. Although the two loci are very similar in organization,
the cnr genes are inducible but the ncc genes are not. There-
fore, future investigations should aim at completing the se-
quencing of the ncc operon and identifying the ncc and cnr
regulation genes.
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