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From pMOL28, one of the two heavy metal resistance plasmids of Alcaligenes eutrophus strain CH34, we
cloned an EcoRI-Pstl fragment into plasmid pVDZ'2. This hybrid plasmid conferred inducible nickel and
cobalt resistance (cnr) in two distinct plasmid-free A. eutrophus hosts, strains AE104 and H16. Resistances were
not expressed in Escherichia coli. The nucleotide sequence of the 8.5-kb EcoRI-PstI fragment (8,528 bp)
revealed seven open reading frames; two of these, cnrB and cnrA, were assigned with respect to size and
location to polypeptides expressed in E. coli under the control of the bacteriophage T7 promoter. The genes
cnrC (44 kDa), cnrB (40 kDa), and cnrA (115.5 kDa) are probably structural genes; the gene loci cnrH (11.6
kDa), cnrR (tentatively assigned to open reading frame 1 [ORF]; 15.5 kDa), and cnrY (tentatively assigned to
ORF0,,; ORF0,, 11.0 kDa; ORF0,, 10.3 kDa) are probably involved in the regulation of expression. ORFO0,,,
and ORF1 exhibit a codon usage that is not typical for 4. eutrophus. The 8.5-kb EcoRI-PstI fragment was
mapped by Tn5 transposon insertion mutagenesis. Among 72 insertion mutants, the majority were nickel
sensitive. The mutations located upstream of cnrC resulted in various phenotypic changes: (i) each mutation in
one of the gene loci cnrYRH caused constitutivity, (ii) a mutation in cnrH resulted in different expression of
cobalt and nickel resistance in the hosts H16 and AE104, and (iii) mutations in cnrY resulted in two- to
fivefold-increased nickel resistance in both hosts. These genes are considered to be involved in the regulation
of cnr. Comparison of cnr of pMOL28 with czc of pMOL30, the other large plasmid of CH34, revealed that the
structural genes are arranged in the same order and determine proteins of similar molecular weights. The
largest protein CnrA shares 46% amino acid similarity with CzcA (the largest protein of the czc operon). The
other putative gene products, CnrB and CnrC, share 28 and 30% similarity, respectively, with the

corresponding proteins of czc.

Alcaligenes eutrophus CH34 is a metal-resistant bacte-
rium that carries two plasmids; pMOL?28 (163 kb) determines
resistance to nickel, cobalt, mercury, and chromate, and
pMOL30 (238 kb) determines resistance to cadmium, zinc,
cobalt, mercury, and copper (7, 9, 16, 18). Metal-resistant
bacteria isolated from low-grade ore deposits in Belgium and
Zaire (7, 14) have several traits in common with strain CH34
and thus indicate the predominance of this type among
metal-resistant bacteria. Nickel and cobalt resistance (cnr)
encoded by pMOL28 has been studied in some detail. The
pMOL28-encoded nickel and cobalt resistance is inducible
(31) and is due to an energy-dependent specific efflux system
(20, 29, 38). In rare mutants, nickel and cobalt resistance is
expressed constitutively (32). Plasmid pMOL28 has been
transferred to other wild-type strains of A. eutrophus, such
as H16, N9A, and G29, and confers the ability to tolerate
3 mM NiCl, and 5 mM CoCl, to the transconjugants when
they are grown on solid or in liquid media (16). The plasmid
cnr determinant was cloned previously (18, 30), and chimeric
plasmids containing a 9.5-kb Kpnl fragment or a 13.5-kb
HindIII fragment complemented a nickel-sensitive Tn5 mu-
tant (30) of A. eutrophus to full nickel and cobalt resistance.
The hybrid plasmid containing the 13.5-kb HindIII fragment
expresses full nickel resistance in all nickel-sensitive deriv-
atives of the native host CH34 and confers partial nickel and
cobalt resistance to A. eutrophus H16 and JMP222. A lower
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degree of nickel resistance also was observed in Alcaligenes
hydrogenophilus, Pseudomonas putida, and P. oleovorans.
In all transconjugants the resistance to nickel and cobalt was
constitutively expressed. Resistance was not expressed in
Escherichia coli (30).

The genes coding for chromate and cobalt-nickel resis-
tance were cloned (18) from plasmid pMOL28, and the
nucleotide sequence of the chromate resistance gene was
determined (19). The genes of pMOL30, which determine
resistance to cadmium, zinc, and cobalt (czc), have also been
cloned (21) and sequenced (22). Four open reading frames
(ORFs) were identified and assigned to polypeptides (CzcA,
CzcB, CzcC, CzcD); the largest gene product, CzcA, was
recognized to be a potential transmembrane protein (18, 20).

The present work continues the study on the genetic
structure of the cobalt-nickel resistance (cnr) genes of
pMOL28 by random Tn5 mutagenesis of an 8.5-kb EcoRI-
Pst]l fragment and mapping the insertions as well as by
determining the nucleotide sequences and ORFs. Character-
ization of the insertion mutants was aimed at identifying the
structural genes and potential regulatory genes involved in
cobalt-nickel resistance.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains, plas-
mids, and phage used in this study are listed in Table 1.

Growth conditions. Strains of E. coli were grown in Luria
broth (LB) or in M9 medium (25) containing 0.4% (wt/vol)
glucose. A. eutrophus strains were grown in mineral salts
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TABLE 1. Bacterial strains, plasmids, and phage

Strain, plasmid,

Relevant characteristics

Reference or

or phage source
A. eutrophus
CH34 pMOL28, pMOL30, Czc* Cnr* Chr* 9
AE104 Plasmid free, metal sensitive 16
AE126 pMOL28, Czc~ Cnr* Chr* 16
M243 pMOL28.1, Cnr** 32
H16 pHG]1, metal sensitive, wild type 39
E. coli
JM109 F' recA endAl gyrA96 thi 40
K38 pGP1-2, HfrC 1
S17-1 thi pro hsdR hsdM* recA tra* 34
CSHS52 thi pro ara recA sup®, Str 17
Plasmids
pVDZ'2 Tc', mob* 5
pT7-5 Ap', $10 36
pT7-6 Ap’, $10 36
pHLI1 Tc" Cnr*, mob™, cnrHCBA, 12.2-kb EcoRI-Xbal fragment in pVDZ'2 This study
pHLI2 Tc" Cnr*, mob* cnrHCBA, 8.5-kb EcoRI-Pst1 This study
pHLI3 Tc' Cnr, mob* ORFO0,,, ORF1, cnrHCB and part of cnrA from pMOL28, part of cnrA This study
from pMOL28.1 in pVDZ'2
pHLI4 Ap’ Cnr~, ORFO0,,, ORF1, cnrHCBA in pT7-5 This study
pHLIS Ap’ Cnr~, ORFO0,,, ORF1, cnrHCB, part of cnr4 in pT7-5 This study
pHLI6 Ap® Cnr~, ORF0,,, ORF1, cnrHC, part of cnrB in pT7-5 This study
pHLI7 Ap" Cnr~, cnrHC, part of cnrB in pT7-5 This study
pHLIS8 Ap’ Cnr~, ORFO0,,, ORF1 in pT7-5 This study
pHLI9 Ap’ Cnr~, cnrC, part of cnrB in pT7-6 This study
pECD315 Tc" Cnr~, ORFO,,, ORF1, cnrHCB, part of cnrA in pSUP202 18
Phage \67 Ab221, rex::Tn5, cI857, Oam29, Pam80 4

2 Cnr¢, constitutive Cnr phenotype.

medium as described before (16). NiCl, was added before
autoclaving, and the pH was adjusted to 7.1. Selective media
contained antibiotics at the following concentrations: for E.
coli, ampicillin at 100 pg/ml, tetracycline at 25 pg/ml, and
kanamycin at 50 pg/ml; for A. eutrophus, tetracycline at
25 pg/ml and kanamycin at 700 pg/ml. Strains of E. coli were
grown at 37°C, and strains of A. eutrophus were grown at
30°C.

Tn5 mutagenesis. Cells of E. coli CSHS2 harboring the
8.5-kb EcoRI-Pstl fragment in the broad-host-range vector
pVDZ'2 were infected with \::Tn5 according to the protocol
of de Bruijn and Lupski (4). The plasmid DNAs of the
kanamycin-resistant cells were isolated by the alkaline lysis
method (25) and used to transform competent cells of E. coli
S17-1 as described by Mandel and Higa (13). The cells were
selected on LB agar plates containing tetracycline and
kanamycin and purified by restreaking.

Mapping of Tn5 insertions. The DNA of plasmid
pHLI2::Tn5 of cells of E. coli S17-1 was digested with
various restriction endonucleases (Bg/II-BamHI, HindIII-
Kpnl, and BstEIl) as described by the manufacturer of the
enzymes (GIBCO Bethesda Research Laboratories GmbH).
The DNA fragments were separated in horizontal slab gels
with Tris-phosphate buffer containing 1.0% (wt/vol) agarose.
The lengths of the DNA bands were estimated by Southern
analysis (35). Insertional sites of relevant Tn5 mutations
were sequenced with isynthetic oligonucleotides from cnr
into the Tn5 DNA. To test the expression of the Tn5-
carrying 8.5-kb EcoRI-Pstl fragments, the hybrid plasmids
were transferred to strains AE104 and H16 by spot mating
and the kanamycin-tetracycline-resistant transconjugants
were selected. The mutants carrying Tn5 within the 8.5-kb
EcoRI-PstI fragment were tested with respect to their nickel

resistance, i.e., the highest tolerable nickel concentration,
and the inducibility of nickel resistance.

Estimation of the highest tolerable nickel concentration.
Cells of strains AE104 and H16 carrying pHLI2::Tn5 were
grown on Tris-gluconate agar and spread on agar plates
containing various concentrations of nickel chloride. The
plates were incubated at 30°C and inspected at intervals for
up to 7 days. Instead of measuring the concentrations, which
inhibit the formation of colonies completely, we estimated
the maximum tolerable concentrations (MTCs) that allowed
growth. This concentration is lower than the MIC (14).

Inducibility of nickel resistance genes. Precultures of A/-
caligenes strains carrying the hybrid plasmids pHLI2::Tn5
were grown at 30°C in Tris-gluconate medium containing
kanamycin either without added NiCl, (to produce unin-
duced cells) or with 0.5 mM NiCl, (induced cells). Media in
Klett sidearm flasks containing high nickel concentrations (1
to 5 mM NiCl,) were inoculated with induced or uninduced
cells. A medium without added nickel was inoculated as a
positive control, and a comparable strain lacking nickel
resistance genes such as strains H16 or AE104 was inocu-
lated into a medium with a high nickel concentration as a
negative control. All cultures were incubated on a rotary
shaker at 30°C. Growth curves were based on turbidity
measurements in 300-ml Klett sidearm flasks with a Klett-
Summerson photometer.

DNA isolation and recombinant techniques. Plasmid DNA
was isolated as described previously (32). Cloning was done
essentially as described by Sambrook et al. (25).

Sequence analysis. For sequence analysis, three overlap-
ping subfragments of the 8.5-kb EcoRI-Pstl fragment, the
4.3-kb Pst1 fragment, the 5.5-kb EcoRI-Smal fragment, and
the 3.2-kb HindIII-Smal fragment were cloned into the
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FIG. 1. Effect of DNA fragments carrying a part of the entire cnr determinant ligated into plasmid pVDZ'2 on the level of nickel resistance
within A. eutrophus AE104 and H16 as hosts. The 9.5-kb Kpnl fragment (30) determined low (leaky) nickel resistance in A. eutrophus AE104
and no nickel resistance in 4. eutrophus H16. The 13.5-kb HindIII fragment (30) expressed full, constitutive nickel resistance in strain AE104
and H16 but a lower level of nickel resistance in strain H16, and the 8.5-kb EcoRI-PstI fragment expressed full, inducible nickel resistance

in both strains. i, inducible expression; c, constitutive expression.

vector pUC19. Sequencing was done by primer walking with
the universal primer and primers deduced from the nucle-
otide sequence by the dideoxy method of Sanger et al. (26).
The complementary strand was sequenced with cnr internal
primers. All sequencing reactions were carried out with
double-stranded DNA and a T7 DNA polymerase kit from
Pharmacia LKB or a Sequenase TM kit from U.S. Biochem-
ical Corp. The nucleotide and the deduced amino acid
sequences were analyzed with the Genmon program version
4.2 of the Gesellschaft fiir Biotechnologische Forschung
mbH and the programs of the University of Wisconsin
Genetics Computer Group (6).

Protein expression. Protein expression experiments were
done with the coupled T7 RNA polymerase promoter system
of Tabor and Richardson (36). The plasmids used are shown
in Results. The expression vectors were introduced into E.
coli K38 (1). Transformants were labelled with L-[>**S]me-
thionine by the protocol of Tabor and Richardson (36, 36a).
Proteins were separated by discontinuous sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
subjected to autoradiography. Protein sizes were assigned to
the polypeptides by comparing their electrophoretic mobili-
ties with those of L-[**C]methionine-labelled protein stan-
dards (molecular weights, approximately 14,300 to 200,000;
Amersham Buchler GmbH).

Nucleotide sequence accession number. The nucleotide
sequence of the cnr operon and flanking regions reported in
this study has been submitted to the EMBL-GenBank data
base under accession number M91650.

RESULTS

Construction of an 8.5-kb EcoRI-PstI fragment. To con-
struct a DNA fragment containing the complete region
required for the inducible expression of nickel resistance
(18), we combined two fragments previously cloned from
plasmid pMOL28 of A. eutrophus CH34. From the 13.5-kb
HindIIl fragment of pMOL28 (previously called HKI) (Fig.
1) (30), a 7.5-kb Smal-Xbal fragment was isolated. From
plasmid pECD315 (18), the 5.5-kb EcoRI-Smal fragment was
isolated. Both fragments were cloned into the broad-host-
range vector pVDZ'2, resulting in the hybrid plasmid
pHLIL. The regions around the Smal restriction sites within
the 13.5-kb HindIII fragment and within pHLI1 were se-
quenced and matched perfectly. Subcloning of the combined
fragment led to an 8.5-kb EcoRI-Pst1 fragment (Fig. 1) within
pVDZ'2, called plasmid pHLI2. When this hybrid plasmid
was transferred to A. eutrophus H16 or to the plasmid-free,
nickel-sensitive mutant AE104 of A. eutrophus CH34, the
resulting transconjugants showed an inducible nickel resis-

tance, indicating that all of the information for nickel resis-
tance is encoded within the 8.5-kb EcoRI-PstI fragment.

In addition, we used the 13.5-kb HindIII fragment derived
from plasmid pMOL28.1 (formerly designated HKK; 32).
This fragment is homologous to the 13.5-kb HindIII fragment
from pMOL28. Both fragments confer constitutive nickel
resistance to all recipients. The 13.5-kb HindIII fragment
from pMOL28.1 was used to prepare a combined plasmid as
described above for cloning pHLI2. When this hybrid plas-
mid, called pHLI3, was transferred to strains H16 and
AFE104, the resulting transconjugants also expressed the
inducible Cnr phenotype. These results indicate that the
regulatory region of the cnr operon is localized on the DNA
fragment derived from plasmid pECD315 (18).

Mapping of the cnr genes by Tn5 mutagenesis. To map the
structural genes and the regulatory region of the cnr genes,
we performed random Tn5 mutagenesis of plasmid pHLI2 in
E. coli CSHS52. The resulting Tn5-mutated hybrid plasmids
were transferred to A. eutrophus AE104 and H16 and
screened for expression of nickel resistance. Among 250
Tn5-labelled pHLI2 plasmids, 72 carried Tn5 insertions in
the 8.5-kb EcoRI-Pstl fragment. The locations of the Tn5
insertions within the 8.5-kb EcoRI-PstI fragment were ex-
amined by Southern analysis (35); for the mutants listed in
Table 2 (except two), the insertion sites were determined by
DNA sequencing. With the help of transconjugants AE104
(pHLI2::Tn5) and H16(pHLI2::TnS5) carrying the Tn5 inser-
tions 1 to 8 and 67 to 72, respectively, the coding region
could be restricted to about 7.2 kb (Fig. 2).

Although the majority of the Tn5 insertion mutants were
nickel sensitive (MTC, <0.5 mM Ni?*), a few mutants were
nickel resistant (MTC, between 0.6 and 3 mM Ni**) and
some even showed enhanced nickel resistance (MTC, up to
14 mM Ni?*). The nickel sensitivity of the Tn5 insertion
mutants of AE104 (MTC, <0.5 mM Ni2*) indicates the
location of at least two structural genes essential for expres-
sion of nickel resistance.

Enhanced nickel resistance, i.e., resistance to nickel con-
centrations significantly higher than those tolerated by the
control cells carrying the nonmutated 8.5-kb EcoRI-Pst1
fragment was found in four insertion mutants (Tn5 insertions
10 to 13) of AE104 (Table 2). Mutations by TnS5 insertions 10
and 11 resulted in resistance to 14 and 8 mM Ni?*, respec-
tively, which correspond to the 5 and 3 times the control
MTC. Furthermore, the respective mutants of AE104 (num-
ber 10 to 13) expressed nickel resistance constitutively. This
was determined by comparing the growth rates of the
mutants with that of the wild type in the presence of 3 mM
Ni?* (Fig. 3). The strains with Tn5 insertions downstream of
insertion 13 tolerated only 3 mM Ni?* or less and expressed
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TABLE 2. Expression of nickel resistance by transconjugants of A. eutrophus AE104 and H16 carrying
TnS5-mutated plasmid pHLI2 derived from pMOL28

MTC?
Plasmid or no. of Site of Tn5 L e Py X T
Tn$ insertion® insertion (bp)® Regulation Ni?* (mM) in strains: Co?* (mM) in
AE104 H16 strain AE104

No plasmid Without Tn5 NR 0.5 0.3 0.5
pvDZ’2 Without TnS NR 0.5 0.3 0.5
pMOL28 Without TnS i 3 1 5
pHLI2 Without Tn5 i 3 1 S

2 u cnr, 505 i 3 1 5

6 u cnr, 656 i 3 1 5

7 u cnr, 750 ND 3 1 ND
9 u ORFO,,, 874 i 3 1 5
10 ORF0,,, 1061 c 14 S 10
11 ORFO,,,, 1120 c 8 2 10
12 ORFO,,, 1150 c 6 1 8
13 ORFO,,, 1247 c 6 1 10
15 ORF1, 1555 c 3 1 6
19 d ORF1, 1871 c 0.6 0.3 1
20 cnrH, 2174 ND 0.6 0.3 ND
21 cnrH, 2203 ND 0.6 0.3 ND
22 cnrH, 2209 ND 0.6 0.3 ND
24 d cnrH, 2346 c 1 0.3 1

“ Tn5 insertions are numbered as in Fig. 2.

® The sites of Tn$ insertions were located on the molecular level by sequencing with appropriate primers of the cnr fragment into the Tn5 sequence. Insertions
7 and 12 were estimated by Southern analysis (35). u, location upstream of postulated gene, ORF, or operon; d, location downstream of postulated gene or ORF.

< i, inducible expression; c, constitutive expression; ND, not determined; NR, not relevant.

4 Inspected after 5 days of growth on Tris-gluconate mineral agar containing nickel salt at 30°C. Slow growth at the defined nickel concentration is indicated

by italic type.

constitutive nickel resistance. The strains carrying the Tn5
insertion upstream of insertion 10 exhibited inducible nickel
resistance like the parental plasmid.

The determination of the MTC of nickel showed that in
some mutants the degrees of nickel resistance expression in
AE104 and H16 are different. These differences indicate host
specificity. Only two mutants of AE104 carrying the TnS5
insertions 24 and 25 tolerated Ni** up to about 1 mM.
Moreover, the TnS insertions 16 to 23, 26, and 30 to 32
resulted in poor nickel resistance (MTC, about 0.6 mM Ni2*)
in strain AE104, but no resistance was detectable in strain
H16. The TnS mutations showed qualitatively similar phe-
notypes in the backgrounds of A. eutrophus H16 and AE104.
However, transconjugants of strain H16 expressed a degree
of resistance that was significantly lower than that of the
AE104 derivatives. These differences may indicate that the
interactions between cnr genes and chromosomal genes in

strains H16 and CH34 are different. Among the H16
(pHLI2::Tn5) mutants, only two showed enhanced nickel
resistance. The MTC of nickel for the strain carrying Tn5
insertion 10 was 5 mM Ni2*, and that for the strain carrying
TnS5 insertion 11 was 2 mM Ni?*; the MTC for the control
H16(pHLI2) cells was 1 mM Ni?*. In contrast to the
transconjugants of AE104, all H16(pHLI2::Tn5) strains car-
rying TnS insertions 16 to 66 (except Tn5 insertion 39) were
nickel sensitive. Various phenotypic changes, such as slow
growth on nickel or cobalt, constitutivity, decreased resis-
tance to nickel and cobalt, increased resistance to nickel and
cobalt, and increased resistance to zinc, induced by Tn35
insertions were only observed from insertion 9 up to inser-
tion 66. Therefore, a corresponding genotype, cnr, is pro-
posed for all the insertions 9 to 66. Since TnS insertion 67 is
located within the very end of the cnrA4 locus, this insertion
is considered to belong to the cnr operon, although it did not

E % E % =t - = —
Direction of transcription —= S b g3 T % EL? g; :Z-.:." <
PPElﬂamm I lb ' ) ILI H lll L] c”B L i l'l'=l li LI

WA \ AA

Number of Tn$ insertion A 126 opuB 15 HBERMUBIS n 3P 50 5 66 67
Number of Tn5 insertion | 8 2 4 16 2325 2930 40 72
MTC (mM of Ni%*) in AE104 3 3486 33 06 1060506 05 1 05 3
MTC (mM of Ni2*) in H16 1 1521 11 03 03030303 03 06 03 1

FIG. 2. Effect of TnS insertions on the level of nickel resistance encoded by hybrid plasmid pHLI2 within A. eutrophus AE104 and H16.
The numbers 1 through 72 designate the Tn5 insertions. Tn5 insertions localized by DNA sequencing are marked by triangles. The locations
of other Tn5 insertions are marked by short vertical lines. The numbers in the lower two lines represent the MTCs of Ni** on solid media;
numbers in italic type indicate slow growth. PPEI fragment, 8.5-kb EcoRI-PstI fragment; X, two possible ORFs, ORF0, and ORF0,; P,

tential o’° promoter.
po P!
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FIG. 3. Growth of A. eutrophus strains and transconjugants harboring plasmids or hybrid plasmids that confer inducible or constitutive
nickel resistance. The cells were grown as described in Materials and Methods. Precultures grown with or without 0.5 mM NiCl, were used
as inocula (induced and uninduced cells). Cells were grown in Klett sidearm flasks in Tris-gluconate medium containing 3 mM NiCl, (if not
otherwise stated) at 30°C. TnS insertion numbers are those in Fig. 2 and Table 2. Symbols: — - —, inoculated with induced cells; —,
inoculated with uninduced cells. (A) Controls: ¥, AE104(pHLI2); V, H16(pHLI2); ¢, AE126; x, M243; all growth curves monitored at 3 mM
Ni2*. (B) Strain AE104 harboring different TnS5-mutated pHLI2; @, insertion 9, 3 mM Ni?*; @, insertion 10, 10 mM Ni?*; A, insertion 11,
4 mM Ni?*; W, insertion 15, 3 mM Ni?*. (C) Strain H16 harboring different TnS5-mutated pHLI2 plasmids: 4, insertion 9, 1 mM Ni**; @,
insertion 10, 5 mM Ni?*; A, insertion 11, 1 mM Ni?*; R, insertion 15, 0.8 mM Ni2*.

show a phenotypic change. No genotype was assigned for
the other Tn5 insertions. The slight differences with respect
to the degree of expression of the cnr nickel resistance genes
in strains AE104 and H16 are certainly not caused by
differences in the copy number of cnr genes. The MTCs of
nickel for strains AE104(pHLI2), AE126, and AEI126
(pHLI2) were identical, although the last contained two sets
of cnr genes, one on the native plasmid pMOL28 and the
other on the medium-copy-number chimeric plasmid.

The detection of a cluster of strains exhibiting constitutive
as well as enhanced expression of nickel resistance among
Tn5-mutated strains provides evidence for the location of the
regulatory region upstream of the first HindIII restriction
site (Fig. 2).

Nucleotide sequence of the cnr region. The nucleotide
sequence of the 8,528-bp EcoRI-PstI fragment (Fig. 4) re-
vealed seven ORFs in an orientation that resulted in three
observed protein bands in the T7 protein expression exper-
iments. Three ORFs (cnrC, encoding a 44-kDa protein;
cnrB, encoding a 40-kDa protein; and cnrd, encoding a
115.5-kDa protein) showed significant homology to the struc-
tural genes czcC, czcB, and czcA, respectively, from
pMOL30 (18). The designation of the cnr genes in the order
C, B, A was chosen in consideration of the high homology to
previously described czcCBA genes (18). Statistical analysis
on the basis of the strong third-position GC bias and the
codon usage of the czc genes from pMOL30 (22) and the chr
genes from pMOL28 (19) agree with the assumption that
these three ORFs are coding regions (2). Nucleotide se-
quences and phenotypic analysis allowed us to define differ-
ent subloci upstream from the structural genes cnrCBA. In
this region four small ORFs were detected: ORFO0, (encoding
a 11.0-kDa protein), ORF0,, (encoding a 10.3-kDa protein),
ORF1 (encoding a 15.5-kDa protein), and ORF2 (encoding a
11.6-kDa protein). Tn5 insertions 20 to 22 in the N-terminal
coding region of ORF2 resulted in a sensitive phenotype for
strain H16 and strongly diminished resistance of AE104.

This suggests that ORF2, called cnrH, has an activating
effect on the expression of nickel resistance. Gene cnrH has
the same third-position GC content as cnrCBA, in contrast to
ORF1, which has only 57% GC in the third position. Tn5
insertions 14 and 15 are located in the putative ORF1,
display a different phenotype (Table 2), and might therefore
be designated cnrR. TnS insertions 10 to 13, which display a
constitutive phenotype and an increased resistance to co-
balt, nickel, and zinc, map inside the putative ORFs, ORF0,
(from bp 970 to 1267) and ORFO0, (from bp 982 to 1270),
located at the extreme left of the cnr locus. One of these two
ORFs might therefore be denominated as sublocus cnrY.
ORF0,, and ORF1 exhibit a codon usage that is not typical
for A. eutrophus. We did not find any sequence similar to
these ORFs and cnrH in the EMBL-GenBank data base.

Immediately upstream of ORF0,,, a potential ¢’° pro-
moter with TATAAG in the —10 consensus sequence and
TTCAAG in the —35 consensus sequence was found at
positions 922 to 955. The —10 sequence of this potential
promoter is identical to that of the fnr-controlled adh gene of
strain H16 (10, 11). All Tn5 insertions that caused constitu-
tive nickel resistance were mapped downstream of this
potential promoter sequence, and all Tn5 insertions that
mapped upstream exhibited inducible nickel resistance.

Heterologous expression studies. The 8.5-kb EcoRI-Pstl
fragment and some of its subfragments (Fig. 5) were cloned
into the T7 RNA polymerase promoter plasmids pT7-5 and
pT7-6. The fragments were cloned in both orientations
toward the ¢10 promoter. All resulting plasmids were intro-
duced into E. coli K38 containing the heat-inducible T7 RNA
polymerase gene on plasmid pGP1-2. Plasmid-encoded pro-
teins were labelled with L-[**S]methionine (36), separated by
SDS-PAGE, and autoradiographed (Fig. 5).

Expression studies with plasmid pHLI4, which carries the
8.5-kb EcoRI-Pstl fragment with the complete cnr operon,
resulted in four labelled protein bands. The molecular
masses were determined with approximately 125, 44, 14, and
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EcoR1
GAATTCATCGCCCCCTGCGCATACGACAGAGCCCCTGTACATCCGGGCCATCGTTCTTGTTGCCGAGTTGGGTCTATTTAGGAGGTGCCTTATGAAAGGA

CTCTCGATCGCATTGATTGTGATGGATATCTCGCCGTTCCTTCTGCTGTTGCCGCCGCGCCACGACAACGCAAGCGCGAAGGCGATTCTGGTTCGGCGAG
ACTAGGGACGATGACGTTGTACTTCGCTGGAAAGAGCAGCCCCGATGCCAAATCCTGCGAGGGGAACTGCGAGCGGAATTTTCCACCTGCACTCGCCGCT

TCCGACGACAAACCGGTTGGGATGCTCACGCTAGTCCCCGGCCGCGGTGGTAAATCGCAATGGGCTTATCAAGGAAAGCCGTTGTATCGCGGCCTGATGG

ACAAGAAGCCAGGCGACCGTTCAGGGGATGGTCTGAATGAGGTTTGGCACAGCGTGCCTGTGCGATGAACGCTTGGTCGAAATGAGAGT TCGGGCGGGAG

ACCCTCGTGCATTGACTGCGGTCAGAACCCTGGCGGCCGCGACGTTGGCGGCCGCCAGGTAATGCCTGGCTTTGCTT TAGTGGCAGTGACGAATGCCGGT

CTTCTGGTCCATATGACAGCCTTGACTGTCAGTTCCGCCGCTGTGCGCCCATACACTGCCCGATGCGCAAGCCAGAACGGCGGTGAGAATGATGGCAATC

CGTTTCAAAGTCAGTCTCCCTGGAATATTGGTTTGCGGTCTCAATTTGCCGCACGCTCAAACTATCATCAGAGCGGTGATTAGGCCTTCCCCGCCACGGG

AGGGCCTGTTGCGGCCGTGTCACAGCGCCAACGCCCGAGARTCTCGGCGGCAAGACGTGCCGCGAGGCTGAAGTCTCCTTCAGCCCCTGAGTCGCGAATT
ORFOy,
ORFO, M ADV EE

-35 -10 M E V C H G R R G R V
TCTGCAATTTTCTACCCGAGGIICAAGGGGGAGTCCTTCGCGCAGCCGIATAAGAGGCAATGGATC TGGATGGAGGT TTGCCATGGCAGACGTGGAAGAG

W L T HARIKUVTOQEA ASTIGVDUVTSTIOQETCTISAEUZPA AU QT RUVL
A DAREIKSDA ARGVHWGRTCDUO QUHSGVHOQT CRA AGTPI KS P
TGGCTGACGCACGCGAGAAAAGTGACGCAAGAGGCGTCCATTGGGGTCGATGTGACCAGCAT TCAGGAGTGCATCAGTGCAGAGCCGGCCCAAAGAGTCC

VARRIRDA AWRAIOCCAATFAALUVATFAABATINIRUVATTIMIL
R R A PP RIRVACHTILTLR RIR RTITCSILGRUVCGNU QSU RGDHUHV
TCGTCGCGCGCCGCCGCGACGCGTGGCGTGCCATCTGCTGCGCCGCATTTGCAGCCT TGGTCGCGTTTGCGGCAATCAATCGCGTGGCGACCATCATGTT

E K P AP TWVATUP S AASUPFGULUL I G K * ORFl
G K A CUPDV G GDAVI R RILSULWTP H R * M K s R T R R L § L
GGAAAAGCCTGCCCCGACGTGGGTGGCGACGCCGTCCGCCGCCTCTCCCTTTGGACTCCTCATCGGTAAATGATGAAATCTCGTACCCGACGGCTTTCCT

s T L F GA LL GV S VA AAUWTILYY S HRNEA RAGUHSGT DTULHEI
TGTCTACGCTGTTTGGCGCACTACTTGGCGTGTCCGTCGCGGCGGCATGGCTGTATTACTCGCATCGGAATGAAGCCGGACATGGTGACTTGCATGAAAT

L HEAV?PLUDA ANEITRETITULTETLI KEUDA ATFA AU QRI RR RIETITETT RL
CCTGCACGAAGCTGTTCCACTAGATGCCAACGAGCGCGAGATTCTTGAGTTGAAAGAAGATGCCTTTGCGCAGCGTCGGCGCGAGATCGAAACACGCCTG

R A ANGIKULA ADA ATIA AIKNZPA AWSUPEVEA AA AT GQEVETZRIAAGTSD
CGGGCTGCAAATGGCAAGCTTGCCGACGCCATCGCCAAGAATCCCGCCTGGTCACCGGAGGTGGAAGCAGCAACCCAGGAAGTAGAGCGGGCCGCCGGCG

LQRATULVHV FEMRBRAGTLI KU PEUHRZPAYUVIRUVILTIDA ATLR
ATCTCCAGCGAGCGACCTTGGTTCACGTGTTTGAAATGCGTGCGGGCCTGAAGCCGGAACATCGACCTGCTTACGTACGAGTTCTTATCGATGCACTACG

R G s Q ~*
CCGCGGCTCGCAGTGAATCCGGAAGACGCTGACAGGATCCTTGCCGCACAGGCCGCTTCCGGCAACCAGCGTGCATTCGGCCAACTTGTGGCGCGACATG

GCGTGGCGCTGGCTCAGGCCGCGCGCAGCTTCGGCATCCCTGAAACCGATGTGGACGACGTCGTCCAGGACACCTTTGTTGCCGCCTGGCACGCCCTGGA
cnrH
M R DL Y RFRI RV R QF L
TGACTTCGATCCCGACAGGCCATTTCGCGCCTGGCTCTTCCGCATTGGGCTGAACAAGATGCGGGACTTGTATCGCTTTCGGCGCGTCAGGCAGTTCCTT
SD
F G A ENULGDULETLAGS GVANUDEUZPGU?PEU QU QVAA AIRILETLA AR
TTCGGTGCCGAAAACCTCGGCGACCTGGAGCTTGCGGGCGGCGTGGCCAACGACGAGCCGGGCCCGGAGCAACAGGTTGCCGCCCGGCTGGAGTTGGCCC

VASTULG KU LDTS GSREUVIVILTATIUVSGMMSQQPEA AN AA AUVL
GCGTGGCTAGCACCTTGGGCAAGCTGGACACGGGTTCGCGAGAAGTCATAGTCCTGACGGCCATTGTCGGGATGTCTCAGCCAGAAGCGGCTGCCGTGCT

G L $ VX AV EGRTIGRARAIKILSA ALTLDUDA AD S E K *
TGGGCTGAGTGTGAAGGCTGTCGAAGGGCGCATCGGGCGGGCACGGGCCAAGCTTTCCGCCCTGCTGGATGCTGACTCGGAAAAATAAGT TTGGATTCAC
cnrC
M K Q VI s s F L CR P RF
CGAGGGGAAGCATCGACCTGGTCCGTATAGAGAGGGATAGCCTCCACCGCTGACCTCTTGATGAAACAGGTGATCTCCTCGTTCCTTTGTCGACCTCGCT
SD
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FIG. 4. Nucleotide sequence of the 8.5 kb EcoRI-Pstl fragment containing the cnr operon and flanking regions. The postulated genes are
indicated by their names. The Shine-Dalgarno sequences, the potential 0’ promoter, and the start codons are underlined, the stop codons

are marked by asterisks.

12.5 kDa. No labelled bands were detectable with the 8.5-kb
EcoRI-Pstl fragment and its subfragments in the opposite
orientation. With respect to their molecular weights, the
protein bands correlated with the predicted gene products of

the putative genes ORF0,,,, ORF1, cnrH, cnrB, and cnrA.
Expression experiments with pHLI4, pHLIS, pHLI6,
pHLI7, and pHLI8 showed that the protein bands of the
putative gene products of cnrB and cnrA were expressed
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V G s A I W UL L P VAL S HAWA AEA A?PU®PFU®PNILILU QU QS SULATLAF?P
TCGTCGGCTCCGCAATATGGCTGCTGCCCGTTGCGTTGAGCCACGCTGCCGAGGCGCCTCCTTTTCCGAACCTGTTGCAGCAATCGCTTGCACTCGCTCC

A MV A QA ANV RAAGADA AAOQAOQAWTLNWZ®PRTIDTV L E N
GGCGATGGTCGCGCAGGCCGCCAATGTTCGTGCGGCTGGCGCCGATGCTGCTCAGGCCCAAGCCTGGCTGAATCCGCGAATCGATACGGTGCTTGAAAAC

L GA P S S D GL S QR QNT Y S I TOQPVFEULGSGI KU R GA AR RTIEUV
CTTGGCGCTCCCAGTAGTGATGGGCTGAGTCAGCGCCAGAATACCTATTCGATCACGCAGCCTTTCGAGCTAGGAGGTAAGCGCGGCGCACGGATCGAAG

G E RNV FAAAOQA AREIR QA ALQV AYAAEULA AV AYA ATA ATEA ANA-A
TTGGCGAACGCAACTTCGCTGCGGCGCAAGCACGGGAGCGTCAGGCACAGGTAGCCTACGCCGCCGAACTTGCAGTAGCCTATGCAACGGCTGAAGCGGC

L G R XK I LA TUEWNUILAIRA ANEETLAAARALUVD S G K EA S L
GCTCGGACGCAAGATACTGGCCACGGAAAACCTGGCGCGTGCCAATGAAGAGTTGGCGGCCGCGCGTGCGTTGGTCGATTCCGGGAAAGAAGCCAGCTTG

R S A QA KA S VA AAOQA AAEA AAATNDA AT QA ATLA AIRTILSAMS
CGCAGCGCGCAGGCCAAGGCCAGTGTGGCGGCGGCGCAGGCCGCGGAGGCGGCAGCCACCAACGATGCCACCCAGGCTCTGGCGAGATTGTCCGCGATGT

G A S EPYTA AUV TS SLLTT QA AVVPNA APA AATLA AE S P SV
CCGGCGCCTCCGAACCCTATACGGCCGTCACGAGTTCCTTGCTGACGACCCAGGCCGTCGTCCCGAATGCCCCGGCAGCACTCGCCGAGTCTCCGTCAGT

R A A EA ERWNALUDA AOQVDVEIZ RI KU RWTIU®PDUV GV S A GV R R
GCGGGCCGCCGAAGCGGAACGCAATGCGCTGGATGCTCAAGTTGACGTCGAGAGGAAGCGCTGGATTCCTGATGTTGGCGTCAGTGCGGGCGTCCGCCGC

Y G W T N S S G Y VV GGV TA S IUPULVFUDOQNUIRNGTINAAUVE RV
TATGGCTGGACCAATTCCAGTGGCTATGTGGTTGGGGTCACGGCCTCCATTCCATTGTTCGATCAGAACCGGAACGGCATCAATGCCGCGGTTGAGCGGG

A A AQARULUDSVRULEA ANUVA AR OSATISOQVATA ADI K OQTLA
TTGCAGCCGCCCAAGCGCGGCTTGACAGCGTCCGGCTCGAGGCCAACGTGGCGCGCCAATCGGCCATATCCCAGGTAGCGACCGCCGACAAGCAGCTCGC

A A S EGEOQAAAMEA AYI RMGR RTIGYESGI KTU®PIULMMETLTLA AWV
TGCTGCCAGCGAAGGAGAGCAGGCGGCGGCAGAAGCCTATCGCATGGGGCGCATTGGCTATGAATCCGGCAAGACGCCACTGATGGAATTGCTAGCGGTG

R R ALV DA AIRIOQTLTTIWDA ARILARUVIRERALA AALA AU OQADG RTULATF
CGGCGAGCGCTCGTCGACGCCCGGCAACTGACGATCGATGCGCGCCTGGCGCGCGTGCGCGCCCTGGCGGCGCTGGCACAGGCGGACGGCCGCCTAGCCT
cnrB
E E S RM¥M K N E R R S V NWPMTIAGV AAUVAAAUVGT FGA-A
TTGAGGAATCACGATGATGAAGAACGAGCGCCGGTCGGTCAACTGGCCGATGATCGCAGGGGTCGCCGCCGTCGCAGCGGCAGTAGGTTTTGGCGCGGCG
sD
H L PV S E K S P A ST QA AUPEA A QI KU?POQS APV KUPSGTULI KEV K I
CATCTCCCAGTGTCGGAGAAGTCCCCCGCATCTACACAGGCCCCGGAAGCACAGAAGCCACAATCCGCCCCAGTAAAGCCCGGTCTGAAGGAGGTTAAGA

P A TY L A AANTIA AV EUZPVASAAUVGTETITULA AP ATV A AL
TCCCAGCAACCTATCTTGCCGCCGCAAACATTGCCGTAGAACCTGTGGCGAGCGCCGCCGTCGGAACGGAAATACTTGCGCCCGCCACGGTTGCTGCGCT

P G S EA VI VS RAAGAV QRVQRI RUILGDUVV KA AGTUDUVTULA
GCCCGGTAGCGAAGCCGTGATCGTATCGCGTGCGGCCGGCGCCGTACAACGCGTCCAGCGCCGGCTTGGCGACGTCGTGAAGGCTGGCGATGTACTCGCC

L vD s PEAAGMMAAERIKUVAOQAI KA ADT LA ARIEKTYEIREA ASL
CTGGTCGATAGCCCCGAGGCCGCCGGCATGGCAGCGGAGCGGAAAGTGGCCCAGGCCAAGGCCGATCTCGCGCGCAAGACCTACGAGCGCGAGGCGAGCC

F QQ QG VT?PRQEMEA AAI KA AATLTUDUVAOQAEA ATILIRAATUVAOQ
TGTTTCAGCAAGGCGTGACACCGCGCCAGGAAATGGAGGCGGCAAAGGCTGCTCTGGATGTTGCGCAAGCCGAGGCGCTGCGCGCTGCTACGGTGGCCCA

S A H LA SDGI RSV AV VS PIAGTI KTITA AU QSUVTULGATF V A
GTCCGCTCACCTTGCGTCCGACGGGCGCTCGGTCGCCGTGGTCAGCCCGATTGCAGGAAAGATCACCGCCCAGTCCGTCACCCTGGGTGCATTTGTGGCG

P QA ELVFRVAGTSGA AV QVEA AAUVTA AADTSU RTIVAG S E A
CCACAAGCCGAACTCTTTCGGGTAGCCGGAACTGGCGCCGTACAGGTAGAAGCCGCCGTGACGGCTGCAGATACCAGTCGCATCGTCGCTGGGAGCGAAG

T I L.L ANGSPULSARVQAVTU®PTUVTSGSAIRUVA ATV V VYV
CCACCATTCTGTTGGCCAATGGATCGCCATTGTCAGCGCGCGTGCAGGCGGTGACGCCAACCGTGACGGGCAGCGCTCGCGTTGCAACCGTGGTGGTGGT

P AQPTWD RILVVGEG GV QVRILIR RTA AVADIA AA AATLS VP ED
ACCAGCACAGCCTACAGATCGACTTGTCGTTGGCGAGGGTGTGCAGGTGCGTCTGCGTACAGCGGTGGCTGATGCCGCCGCCCTGTCCGTGCCGGAAGAC

AV O NLDGURD VL FUVRTOQESGTF RUPMEPVILUVGTI RS GG S a
GCGGTGCAGAACCTCGACGGCCGTGACGTCCTATTCGTCCGCACGCAGGAAGGCTTCCGCCCTATGCCCGTCCTCGTCGGCACCCGCAGCGGCGGCTCGG

FIG. 4—Continued.
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only from DNA fragments carrying the corresponding
OREFs. Since plasmids pHLI4, pHLIS, pHLI6, and pHLIS
contain ORF1, ORFO0,, and ORFQ,, it is not possible to
assign the 14-kDa protein product to one of them. Because of

degradation products of the partial gene cnrB in plasmids
pHLI6, pHLI7, and pHLI9, a correlation between a 12.5-
kDa labelled protein and cnrH is not certain. We did not
detect any protein that correlated in molecular weight or



774 LIESEGANG ET AL. J. BACTERIOL.

cnrA
Q I L s GV QA GEOQV AT RNATFTULUVI KA AEMNIEKTGT GG D E EM*
CACAGATTCTGTCAGGCGTGCAGGCTGGAGAACAGGTGGCCACCCGTAATGCCTTCCTGGTTAAGGCCGAGATGAACAAAGGCGGCGGGGACGAGGAATG 4800
sD
I E s I L $ G S VRYRWIL VL FULTA AUV VAUV I G AWZ GQTLNIULTULTP
ATCGAGAGCATTCTCAGCGGCTCAGTCCGCTATCGCTGGCTGGTCCTGTTTCTGACAGCAGT TGTCGCCGTAATTGGGGCCTGGCAGCTCAACCTGCTCC 4900

I bv T?®PDTITNI K~ QUVOQINSUVVPTMSUZPVEUVEI KT RUVTYP
CCATCGACGTCACACCGGACATTACCAACAAGCAGGTCCAGATCAACTCCGTGGTGCCAACGATGAGCCCCGTGGAGGTAGAAAAGCGTGTCACGTATCC 5000

I ETATIAGTULNGVEZ ST RSMSURNGT FSQV TV I F KE S A
AATCGAGACGGCGATTGCTGGTCTGAACGGGGTGGAAAGCACGCGATCGATGTCGCGCAACGGCTTCAGCCAGGTGACGGTGATCTTCAAGGAGAGTGCC 5100

N L Y F M RHEV S ERTULAOQARZPNTILZPENVEUPIOQMGZ PV S TG
AACCTGTACTTCATGCGCCACGAGGTGTCAGAACGACTGGCACAGGCGCGGCCGAATCTGCCAGAAAACGTCGAGCCACAGATGGGGCCTGTTTCGACGG 5200

L G EVF HY S VEYQYZPDSGTG G AJ STII KU DTG GEU PSGUWUOQSDG s
GGCTGGGGGAAGTGTTCCACTACAGCGTGGAATACCAGTATCCGGACGGCACAGGGGCCTCCATCAAGGACGGCGAGCCCGGATGGCAGAGCGACGGCAG 5300

F L TERGEW RULDU DU RV S RLAYTLRTUVQDWTITIURUZPUOQULIZ RTETT
CTTTCTCACCGAGCGTGGCGAGAGGTTGGACGATCGTGTGTCACGACTGGCCTATTTGCGTACGGTGCAAGACTGGATCATCCGCCCGCAATTGCGCACC 5400

T P G VADVDSULGGY VKOQF VVEZPUDTS GI KM AA AYG GV S Y A
ACGCCTGGTGTCGCCGATGTCGATTCCCTAGGGGGCTATGTCAAGCAATTTGTGGTGGAGCCGGACACGGGGAAGATGGCAGCATACGGAGTTTCCTACG 5500

DL ARALEUDTNILS SV GANZFTIW RI RSGES YLV RADA AT RTI
CGGACCTAGCCCGGGCGCTCGAAGATACCAACCTTTCTGTCGGCGCGAACTTTATTCGGCGCTCAGGCGAGTCGTATCTGGTCCGCGCCGACGCGCGTAT 5600

K s A D ETI S RAVIAUHSGI KMMSU HUHUVGOQVAIRVI KTIGSGTETLR
CAAATCTGCGGACGAGATATCCCGTGCCGTGATTGCGCACGGCAAAATGTCCCATCACGTCGGGCAGGTAGCGCGCGTCAAGATTGGTGGTGAATTGCGA 5700

S GA AS RNGNETUV V GS ALMTLVGANSI RTUVAOQA AUV G DK
TCAGGCGCCGCCAGCCGGAATGGCAATGAAACGGTGGTGGGCAGTGCGCTGATGCTGGTCGGTGCCAACAGCCGGACGGTGGCGCAAGCCGTGGGTGACA 5800

LEQTI S XK TULU®PU®PGV YV IVPTILNI RSO OQLUVTIATTIETV A K
AGCTCGAACAGATCTCGAAGACGCTGCCACCAGGCGTGGTGATTGTCCCGACGCTGAATCGTTCGCAACTGGTGAT TGCAACCATCGAAACGGTGGCAAA 5900

N L I E G A L L V VA I L FAULULSGNWARAATTIA AATLUVTIUPIL S
AAACCTGATCGAAGGCGCGCTGCTCGTGGTGGCGATTCTGTTCGCGCTGCTGGGTAACTGGCGTGCCGCCACCATTGCCGCGCTAGTCATTCCGTTGTCC 6000

L L Vs AIGMNZ QT FUHTISGNULMMSTULGALDTFGTU LTITIUDGAUVTI
CTGCTGGTCAGCGCAATCGGCATGAATCAGTTCCACATCTCGGGCAACCTGATGAGCCTGGGTGCGCTCGACTTCGGCCTGATCATTGACGGCGCGGTCA 6100

I VE N S L RRULAEU RUOQHRESGRTILIULTIULUDU DU RIULUGQEV V Q S s
TCATCGTCGAGAACTCCCTCAGGCGGCTGGCCGAGCGCCAGCACCGCGAAGGGCGCCTGCTGACGCTCGATGACCGTTTGCAGGAAGTTGTCCAATCGTC 6200

R EMVRPTVY GGQUL VI FMVFLUZPSULTUFOQGUVESGI KMTF s
ACGTGAAATGGTGCGTCCGACGGTCTACGGCCAGCTTGTGATCTTCATGGTCTTCCTGCCATCTCTGACAT TCCAGGGCGTGGAAGGCAAGATGTTCTCC 6300

P MV ITLMULALASATFUVILSLTF FVPAMUVAVMTIULIRIKIK VA
CCGATGGTAATCACGCTGATGCTGGCGCTTGCCTCTGCCTTCGTGCTGTCGCTCACCTTCGTGCCGGCCATGGTCGCCGTGATGCTCCGGAAAAAGGTTG 6400

E TEV RV IVATI KESYRUPWILEHAVAIRUZPMMPTFTIGA ASGTI
CAGAGACAGAAGTGCGCGTCATCGTGGCGACCAAAGAAAGTTACCGGCCATGGCTGGAGCATGCCGTGGCACGCCCAATGCCCTTCATCGGCGCAGGCAT 6500

ATV AV ATVAVFTU FUV GREVFMZPTTULDETLNITLNILS SV RI
CGCGACAGTCGCTGTGGCTACAGTGGCGTTCACATTTGTTGGTCGCGAGTTTATGCCCACGCTGGATGAGTTGAACCTGAACCTGTCGTCGGTTCGGATT 6600

P s T s I DQ s v aIDULPLEIRAVILSLZ®PEVQTUVY S KA AGT
CCGTCTACGTCGATTGACCAGTCGGTTGCCATAGACCTGCCGCTCGAACGCGCCGTCTTGTCGCTGCCGGAAGTGCAGACTGTGTATTCGAAGGCGGGTA 6700

A S L A ADUPM®PUPNASDNWNYTITIULKU?PIKSEWU?PUETS GV TT K E
CGGCCAGCCTCGCCGCCGACCCCATGCCGCCCAATGCATCGGATAACTACATCATTCTGAAACCGAAAAGCGAATGGCCGGAGGGCGTGACGACCAAGGA 6800

Q vI ER I REI KT AUPMVGNNYUDVTQ?PTIEMRBRTFNIEITLTIG
CCAGGTGATTGAGCGTATCCGCGAGAAGACAGCACCGATGGTCGGCAACAACTACGACGTGACGCAACCGATCGAGATGCGCTTTAACGAGCTGATCGGT 6900

G VR S D VAV KV Y GENUILDETLA AATA AU QI RTIA AAUVILI KI KTP G
GGGGTCCGAAGCGACGTGGCCGTAAAGGTGTACGGAGAGAATCTCGACGAGTTGGCGGCCACAGCGCAACGCATTGCCGCAGTCTTGAAGAAGACGCCGG 7000

FIG. 4—Continued.

position to the putative gene for cnrC. Considering the Homology of Cnr and Czc. The derived amino acid se-
background bands in the region of the predicted protein size, quences of the cnr and the czc structural genes share
a weak protein band of cnrC might be hidden in the back- significant homologies, and the genes are arranged in the

ground (Fig. 5). same order. We compared the hydrophobicity patterns (data
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A T DV RV PL TS GVF P TVF DI VF DI RAATIAIRYGTLTV KE
GAGCGACGGACGTCCGTGTGCCTTTGACTAGCGGCTTTCCGACCTTTGACATCGTGTTCGACCGCGCCGCAATCGCCCGATATGGACTCACGGTCAAGGA

v ADTTI ST AMAGI RUPA AG QTIFDSGDI RURYFDTIUVIIRILUPGE
AGTCGCCGATACTATTTCCACCGCCATGGCGGGCCGACCTGCCGGGCAGATTTTCGATGGTGACCGCCGCTTCGATATTGTGATCCGCTTGCCCGGTGAG

Q R ENL D VL GALUPUVMILUZPILSESGU QA ARASUVZPILIRUOQILUVOQTF
CAGCGGGAAAACCTCGACGTCCTCGGCGCGCTTCCCGTCATGTTGCCGCTATCGGAAGGCCAGGCCCGCGCCTCGGTGCCTTTGCGCCAACTGGTACAGT

R F T Q G L NEV S RDNGI K RIR RV YV EA ANUVSGSGURDILG S F V
TCCGGTTCACGCAGGGGCTCAACGAAGTAAGCCGCGACAACGGAAAGCGGCGCGTCTACGTGGAGGCCAATGTCGGCGGCCGTGACCTGGGCAGTTTTGT

DDA AAIRTIAIKEVI KL LZPUZPGMYTIUEWSGS GU QT FQNILWOQA AA AT K
GGACGATGCCGCGGCGCGGATCGCCAAGGAAGTGAAGT TGCCGCCGGGTATGTACATCGAATGGGGTGGCCAATTTCAGAATCTTCAGGCGGCTACGAAG

R L A I I V?PLCFILTIAATIULYVYMATIGSA AATLTA ATV L T A S
CGCCTGGCCATCATTGTCCCGCTGTGCTTTATTTTGATTGCGGCGACGCTGTACATGGCGATCGGCAGCGCGGCGCTGACGGCGACCGTGCTGACCGCCT

P L AL AG GV FALILULWRTGTIU®PUFS I S AAV G F I AV S G V A
CGCCGCTGGCACTTGCGGGGGGCGTGTTTGCGCTGCTACTGCGCGGGATTCCGTTCTCTATTTCGGCGGCAGTTGGCTTCATTGCGGTATCCGGTGTGGC

VL NG L VL I S AIIRI KI RLDIDSGMAZPU DA AAVTIETGA AMERYV
GGTGCTGAACGGACTGGTGCTGATTTCCGCTATCCGAAAACGCCTGGACGATGGGATGGCGCCTGACGCTGCGGTGATTGAAGGTGCGATGGAACGCGTG

R PV L MTATLUVASULGV FVPMATIA AT GT GA AEV QI KU®PULATV
CGCCCGGTACTGATGACGGCTCTGGTGGCCTCTCTGGGCTTCGTGCCGATGGCGATTGCTACAGGTACAGGTGCCGAAGTCCAGAAACCACTAGCTACGG

v Ii 66 G L VTATVLTULUV FVLPAILT CSGTIUVLI KU RI RTAGT RPE
TCGTCATCGGTGGACTCGTCACCGCAACTGTGCTGACACTGTTTGTACTGCCGGCCCTTTGCGGCATAGTACTGAAGCGCCGGACCGCTGGCCGACCGGA

A Q A AL E A *
AGCGCAAGCAGCGCTGGAAGCATGAGTTTGCGAGTCCACGCTCCCACTGCGCCTTGATCCTTGATTTCCCATGTCTATTCGTACCGCATCTCCGGCATTA

CTGGCGCTCTGCTTTTCGGAGCTAGCACGCCGCTGGCCAAGGCGCTAACCGGTTCCGTTGCCCCACTCCTGTTGGCGGGCTTGCTCTATCTTGGCAGTGG
CATCGGACTGGCGCTTGTGCTCGCAATCCGAAGAGCCTGGATCACGCCTGACCCAGGAAATGATGACGTGGGTATTCCGCGAGGGGAAGTGCCGTGGCTG
ATCGGCGCAATCCTCGCTGGCGGCGTAGCGGGGCCAGCGTTGCTGATGACCGGGCTCGTCTCAACCAATGCCGCTTCGGCATCCCTGCTGCTGAACGTGG

AGGGTGTGTTCACGGCCGTCATCGCCTGGGTGGTGTTCAAGGAGAATGCTGACCGCCAGATTGTCCTGGGGATGATCGCGATCGTGGCCGGTGGCCTTCT
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not shown) and amino acid sequences (6) of the cnr struc-
tural genes with those of the czc structural genes.

CnrC (418 amino acids) and CzcC (346 amino acids) share
30% identity on the amino acid level, and both are hydro-
philic proteins. CnrB (395 amino acids) and CzcB (521 amino
acids) share 28.5% identity. According to computer analysis,
neither of these gene products contains a pronounced hydro-
phobic region, but each carries a short hydrophobic peptide
of about 25 amino acids at its N terminus. This peptides do
not show similarity to known signal sequences. The cnrB
gene product is essential for nickel resistance, since the TnS
insertions in this gene (except TnS insertion 39 in the C
terminus; Fig. 2) resulted in a nickel-sensitive phenotype.

CnrA (1,076 amino acids) and CzcA (1,064 amino acids)
share 45.8% amino acid identity. A comparison of CzcA with
CnrA on the basis of related amino acids revealed even
greater similarity. The hydropathy patterns of the deduced
amino acid sequences revealed two strongly hydrophobic
regions and two hydrophilic regions in both proteins and a
striking similarity of the hydrophobic and hydrophilic pat-
terns in these regions (20; data not shown). Both proteins
start with a hydrophobic peptide with simmilarity to known
common leader peptides (24). Secondary structure analysis
for CnrA predicted six hydrophobic a-helices. These are
probably transmembrane helices, as predicted for CzcA (20).
These findings indicate that CnrA represents the internal
membrane protein of the cnr resistance system, just as CzcA

is postulated to be in the czc resistance system. In SDS-
PAGE gels, the protein band that correlated with the cnrA4
gene product had the fuzzy shape that has been described as
typical for membrane proteins (8).

Surprisingly, we did not encounter any frame within the
cnr nucleotide sequence that is homologous to the regulatory
gene czcD (20, 22), and we did not find any frame in the czc
nucleotide sequence that is homologous to cnrH and ORF1.
This indicated that the cnr and czc resistance systems export
the toxic divalent cations by a similar mechanism but that
they are regulated in a different manner.

DISCUSSION

Resistance to the toxic divalent heavy-metal cations of
cobalt, nickel, cadmium, and zinc is present in many bacte-
ria that have been isolated after enrichment culture with any
one of these metals as a selective agent (7, 15, 16, 27, 37). In
the case of A. eutrophus CH34, resistance to cobalt, zinc,
and cadmium is determined by the czc operon and resistance
to cobalt and nickel is determined by the cnr operon, which
can mutate to additional zinc resistance (3). The extensive
homologies of the cnr and czc structural genes and the
ranges of the exported cations suggest that the two operons
have evolved from a common ancestor operon. Both oper-
ons code for cobalt efflux. Mutants containing only a func-
tional czcA gene confer a low-level cobalt resistance and no
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FIG. 5. Heterologous protein expression of the cnr determinant. The 8.5-kb EcoRI-Pstl fragment and some of its subfragments were
cloned in pT7-5 or pT7-6, resulting in the depicted plasmids (the vector parts of the plasmids are not shown). Only the fragments with correct
orientation toward the T7-RNA polymerase promoter of the vector resulted in protein formation. Plasmid pT7-5, without an insert, did not
show protein bands. The polypeptides formed by the heterologous expression correlated with respect to their molecular mass to ORFO,,
ORFO0,, ORF1, cnrH, cnrB, and cnrA and are marked with arrows. For comparison, the proposed cnr genes are displayed as boxes in the
plasmids. The approximate sizes were assigned to the polypeptides by comparison with the electrophoretic mobilities of radioactive protein
standards. In the case of the protein band with a molecular mass of 12.5 kDa (lanes 1 and 2), a degradation product of the partial cnrB gene
product of the same size is visible in lanes 3, 4, and 6. This product therefore may hide a product of the cnrH gene, which should code for
a protein of comparable size. A protein band correlating to cnrC was not detected. Lanes: 1, pHLI4 containing the complete cnr operon; 2,
pHLIS (ORFO,,, ORF1, cnrHCB, part of cnrA4); 3, pHLI6 (ORFO0,,,, ORF1, cnrHC, part of cnrB); 4, pHLI7 (cnrHC, part of cnrB); 5, pHLI8
(ORFO,,,, ORF1); 6, pHLI9 (cnrC, part of cnrB). Restriction endonuclease sites: B, BamHI; Bg, Bglll; E, EcoRI; H, HindIIl; K, Kpnl; P,

Pstl; S, Smal; X, Xhol. *, ORFO0,,.

resistance to cadmium and zinc (20). Spontaneous mutations
of the regulatory region of the cnr operon lead to a zinc-
resistant Zn" phenotype (3). Thus these data support the idea
of an ancestral cobalt or cobalt-zinc resistance operon that
evolved divergently by duplication and by acquiring addi-
tional specificities to become cnr and czc.

A previous study (28) reports on DNA-DNA hybridization
signals between the low-level metal resistance determinants
of pMOL28 from A. eutrophus CH34 and the high-level
metal resistance determinants of pTOM8 and pTOM9 from
Alcaligenes xylosoxydans 31A, pGOE2 from A. eutrophus
KTO02, and chromosomally encoded cobalt-nickel resistance
determinants from A. denitrificans 4a-2 (12). In the case of
pTOMY, the significant DNA homology between pMOL28
and pTOM9 is restricted to a 3.6-kb fragment encoding
nickel resistance and to the potential structural gene cnrA4.
Tn5 insertions in the regulatory region of the cnr operon
resulted in an increased nickel resistance up to 14 mM NiCl,.
These findings suggest that the differences between low-level
and high-level resistance are due to regulatory functions.
Possibly the resistance operons present in pTOM9 and in
pMOL28 belong to one family of divalent cation transport-
ers.

Tn5 insertions in the region upstream from the HindIII
restriction site at position 2250 and the constitutive expres-
sion of the 13.5-kb HindIII fragment (30) suggest that the
regulation of expression of the cnr genes is coded down-
stream from Tn5 insertion 9 and upstream from the gene
cnrC. Considerations on the mechanism of the cnr regula-
tory system revealed at least three regulatory elements: one
involved in inducibility of nickel resistance, one involved in
the increase of nickel resistance in strain H16, and one
setting the upper limit of cobalt and nickel resistance. All
TnS5 insertions downstream from the TnS insertion 9 confer

constitutive nickel resistance to H16 and AE104. A fragment
containing the regulatory region of cnr, including cnrH,
turned out to complement the 13.5-kb HindIII fragment to
full but still constitutive expression in H16 (12a). This
indicates that upstream from cnrH, one locus, possibly an
operator connected to the potential o’° promoter, is required
to induce the cnr operon. Furthermore this experiment
shows that cnrH can activate the cnr structural genes in
trans. In the plasmid-free strain AE104, the 13.5-kb HindIII
fragment containing only the three structural genes cnrCBA
is sufficient to express resistance to 3 mM NiCl,, whereas
the strain A. eutrophus H16, in addition, cnrH is needed for
wild-type-level resistance. This host-dependent different ex-
pression of the cnr structural genes in A. eutrophus H16 and
AE104 is perhaps due to a cnrH-like chromosomal gene of
AE104. The TnS insertions in the gene locus cnrY, which
lead to increased nickel resistance, indicate that the potential
capacity of the cnr system is higher than that expressed in
the wild type. Since the corresponding mutants of Tn5
insertions 10 to 13 express different levels of nickel resis-
tance, the effect of cnrY might not necessarily be mediated
by a protein. This points to an additional mechanism of
control of the cnr operon that is different from that of cnrH,
which sets the upper limit of the expression of nickel
resistance. Such a mechanism of downregulation makes
sense insofar as A. eutrophus requires nickel as a trace
element for the synthesis of hydrogenase and thus depends
on the maintenance of a certain intracellular nickel concen-
tration.

Concerning the mechanism of metal transport, we did not
encounter any amino acid sequence motifs resembling
known functional sites, especially an ATP-binding site, in
the sequences of cnrC, cnrB, and cnrA. This is in accordance
with results of studies on the efflux of nickel ions in
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gMOLZS-harboring strains of A. eutrophus. The efflux of
3Ni2* is highly sensitive to protonophores such as carbonyl
cyanide m-chlorophenylhydrazone, carbonyl cyanide p-tri-
fluoromethoxyphenylhydrazone, and tetrachlorosalicylanil-
ide, which dissipate the electrochemical potential, but insen-
sitive to N,N’'-dicyclohexyl carbodiimide, which is an
inhibitor of the F_ channel of ATPase. These results have
already suggested that the pMOL28-encoded nickel efflux is
dependent on chemiosmotic potential rather than on ATP
(38). Only the unexpected finding that the cadmium efflux
genes, previously assumed to code for Cd**-H™* antiporters
(23), exhibited a high homology with cation transporting
ATPases (33) made us hesitant to conclude that nickel efflux
is due to a Ni**-H™ antiporter. Further investigations ought
to result in more molecular data to explain the kind of
regulation, the cellular localization of the cnr-encoded pro-
teins, the molecular mechanism of cation efflux, and poten-
tial interactions of determinants linked to the hox genes and
the cnr efflux systems.
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