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The membrane-bound CzcCBA protein complex mediates heavy metal resistance in Alcaligenes eutrophus by
an active cation efflux mechanism driven by cation-proton antiport. The CzcA protein alone is able to mediate
weak resistance to zinc and cobalt and is thus the central antiporter subunit. The two histidine-rich motifs in
the CzcB subunit are not essential for zinc resistance; however, deletion of both motifs led to a small but
significant loss of resistance to this cation. Translation of the czcC gene encoding the third subunit of the
CzcCBA complex starts earlier than predicted, and CzcC is probably a periplasmic protein, as judged by the
appearance of two bands after expression of czcC in Escherichia coli under control of the phage T7 promoter.
Fusions of CzcC and CzcB with alkaline phosphatase and b-galactosidase are in agreement with a periplasmic
location of most parts of both proteins. Both CzcC and CzcB are bound to a membrane, probably the outer
membrane, by themselves and do not need either CzcA or each other as an anchoring protein. Based on these
data, a new working model for the function of the Czc system is discussed.

Alcaligenes eutrophus CH34 contains at least seven heavy
metal resistance determinants, located either on the bacterial
chromosome or on one of the two indigenous plasmids
pMOL28 (163 kb) and pMOL30 (238 kb) (9, 15, 17, 19, 20).
One of them, the czc determinant of plasmid pMOL30, medi-
ates inducible resistance to Co21, Zn21, and Cd21 in A. eutro-
phus CH34 (21). The products of the genes czcA, czcB, and
czcC form a membrane-bound protein complex catalyzing an
energy-dependent efflux of these three metal cations (25, 26).
The mechanism of action of CzcCBA is that of a cation-proton
antiporter (24).

Besides the CzcR and CzcS regulatory proteins (37), the
membrane-bound CzcD, possibly a sensor protein, is essential
for induction of czc (23). CzcD belongs to the newly coined
CDF (cation diffusion facilitator) family (27). The function of
the products of additional czc genes located upstream of the
czcCBA structural gene region remains unclear (37).

In an old working model (22, 27), CzcA may function as a
cation-proton antiporter and CzcB may function as a cation-
binding subunit; both subunits together form the Zn21 efflux
system. The CzcC protein acts as a modifier extending the
substrate specificity to Co21 and Cd21. This model is based on
computer-assisted predictions of the secondary structure and
membrane orientation of the three proteins CzcA, CzcB, and
CzcC and on the analysis of deletion mutants (25). In this
study, we reinvestigated the function and localization of the
three subunits by using more sophisticated approaches, and
here we propose a new working model.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. A. eutrophus AE104 (17)
is a metal-sensitive, plasmid-free derivative of strain CH34. Escherichia coli
K38(pGP1-2) (36) was used for expression of czcCBAD derivatives under control

of the phage T7 promoter as described previously (19). The other bacterial
strains and plasmids used are listed in Table 1, Table 2, and Fig. 1.

Tris-buffered mineral salts medium (17) containing 2 g of sodium gluconate
per liter was used for testing metal resistance and growth of A. eutrophus.
Escherichia coli was cultivated in Luria broth (31). Analytical-grade salts of
CdCl2 z H2O, ZnCl2, and CoCl2 z 6 H2O were used to prepare 1 M stock
solutions, which were sterilized by filtration. Solid Tris-buffered media contained
2 g of agar per liter. MICs were determined as described previously (17), using
Tris-buffered mineral salts medium. Protein concentrations were determined by
the Bradford method (1) unless otherwise stated.

Genetic techniques. Standard molecular genetic techniques were used (21, 31).
Transformation of E. coli strains was done as previously described (21). For
expression of czcCBAD derivatives under control of the lac promoter in A.
eutrophus AE104, plasmid pT7-5 derivatives containing the various czc constructs
were cut with EcoRI and XbaI and cloned into the broad-host-range plasmid
pVDZ92 (6). The pVDZ92 derivatives were transformed into E. coli S17-1 (33)
and transferred into A. eutrophus AE104 by conjugation as described previously
(21).

Mutations in the czcB gene were constructed via PCR by an overlap extension
method (18). The 266-bp ClaI-ApaI fragment which starts at the ClaI site at
position 1263 was mutated (25). The 59 part of the DNA fragment was amplified
from plasmid pECD417 by using a primer corresponding to the DNA sequence
at the ClaI site (25) plus an additional EcoRI site at the end to facilitate
cloning (59-ATCAGGCGGCGAATTCGATCGATCGCATTCT-39; primer 1)
and a primer corresponding to a DNA sequence downstream of the region which
was mutated (ATCGGTAGACGCGAAAAGAGCGCGCCAC; primer 2); this
primer contained six nonmatching nucleotides at its 59 end. The 39 part of the
fragment was amplified from plasmid pECD417 with primers corresponding to
the mutated region (CAGGGTGGGCGCTCGGAATCC for the H39R muta-
tion, CATGGCGACACCGACCACCATGGCAAGCAGGCGGCG for the E49D
mutation, CATGGCGACACCGAGCGCCATGGCAAGCAGGCGGCG for
the H50R mutation, and CACGGCGACGGCGAGCGTCATGAGGTCAAG
for the H71R mutation; the underlined bases were changed with respect to the
wild-type sequence [25], sequences of the other mutations, respectively) plus a
primer corresponding to the DNA sequence at the ApaI site (25) (GTAGCCC
GCAGGATCCGGCCTGTCGCTG; primer 3) with a BamHI site at the end to
facilitate cloning. After purification, each pair of PCR fragments was used as a
template in another PCR with primers 1 and 3, purified, digested with EcoRI and
BamHI, and cloned into pUC19 (40).

Deletions were created by another overlap extension method as described
elsewhere (12). To generate the H39-H51 deletion, primers 3 and 8 (GAAGA
GCAGGGTGGG-AAGCAGGCGGCGGAA; the location of the 39-bp dele-
tion is indicated by a dash) were used to create the mutated 39 part of the ClaI-
ApaI fragment, and primers 1 and 9 (TTCCGCCGCCTGCTT-CCCACCCTGC
TCTTC; the location of the 39-bp deletion is indicated by a dash) were used in
the same way for the 59 part. The purified, overlapping templates were used for
a second PCR with primers 1 and 3 and then treated as described above. The
H39-H72 deletion of 102 bp was created in a similar fashion with primer 3 and
primer 10 (GAAGAGCAGGG-TGGGGAGGTCAAGAAG) for the first tem-
plate and primer 1 and primer 11 CTTCTTGACCTCCC-CACCCTGCTCTTC
for the second (positions of deletions are indicated by dashes).
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All final PCR products were sequenced to verify the exchange and to check for
PCR-mediated unwanted changes. To construct the complete czcCBAD operon
carrying the mutated sequences, two “upcloning” steps were required: first, the
wild-type 226-bp ClaI-ApaI fragment had to be exchanged for the mutant frag-
ments; second, the larger wild-type 846-bp NsiI-ApaI fragment had to be ex-
changed for the mutant fragments. To facilitate these exchanges, we constructed
two vectors, pECD418 and pECD419, which contained a kanamycin resistance
gene instead of the respective wild-type fragments. To construct pECD419, the
1.6-kb BglII fragment of czcCBAD (bp 563 to 2164 [25]) was cloned into pBlue-
script SK1 (28), leading to plasmid pECD417. The kanamycin resistance gene of
plasmid pRME1 (11) was amplified by PCR (primers TGTTACATCGATTTA
ACCAATTCT and TGCGTTGTCGGGCCCATGCGTGATCTG), and the
266-bp ClaI-ApaI fragment of plasmid pECD417 was exchanged for this gene. In
a similar fashion, the 846-bp NsiI-ApaI fragment of plasmid pECD110 (25) was
exchanged for the kanamycin resistance gene of pRME1 (11) and amplified
(primers TGCGTTGTCGGGCCCATGCGTGATCTG and TGTTACATGCA
TTTAACCAATTCT), leading to plasmid pECD418. The kanamycin resistance

gene of plasmid pECD419 was then exchanged for the appropriate ClaI-ApaI
fragments carrying the mutations in the czc operon. In the second construction
step, the kanamycin resistance gene of plasmid pECD418 was exchanged for the
NsiI-ApaI fragments isolated from the plasmid pECD419 derivatives. The prod-
ucts were finally sequenced again to confirm the desired mutation. The resulting
plasmids were designated pECD406, pECD407, pECD408, pECD410, and
pECD411 (Fig. 2).

To generate the frameshift mutation of plasmid pECD413 (Fig. 1), plasmid
pECD110 (25) was digested with XhoI, and blunt ends were inserted with T4
DNA polymerase. After religation, transformants were screened for loss of the
XhoI restriction site. The DNA sequence of the XhoI region (25) changed from
ACCGTTGACCCTCGAGGCCGCGTTGTCGCT (XhoI site underlined) to
ACCGTTGACCCTCGATCGAGGCCGCGTTGTCGCT (inserted base pairs
underlined). All other czcC deletions (plasmids pECD412, pECD415, pECD416,
pECD417, pECD420, and pECD423 [Fig. 1 and 2]) were done by digesting
pECD110, pECD406, or pECD407 with XhoI and NsiI. The larger of the two
resulting DNA fragments was purified and treated with mung bean nuclease or

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid Relevant characteristics Reference

Bacterial strains
A. eutrophus AE104 Plasmid free, metal sensitive 17

E. coli
K38(pGP1-2) T7 expression system 36
S17-1 RP4 tra genes 33
CC118 araD139 D(ara, leu)7697 DlacX74 phoAD20 galE galK thi rpsE rpoB argE(Am) recA1 16

ColE1-derived plasmids
pBluescript SK1 Cloning vector, Ampr 28
pBR322 Cloning vector, Ampr Tetr 2
pECD110 czcCBA(D) cloned in pT7-5 25
pECD119 bp 1–1507 of czcCB9 in pT7-5 This report
pECD125 bp 1–4017 of czcCBA9 in pT7-5 This report
pECD127 bp 1–2889 of czcCBA9 in pT7-5 This report
pECD130 XhoI-NsiI deletion of pECD127 This report
pECD133 ApaI frameshift mutation of pECD110 This report
pECD134 XhoI frameshift mutation of pECD110 This report
pECD279 pECD119 with Kmr cassette downstream of czcCB9 This report
pECD417 1.6-kb BglII fragment of czcCBAD (bp 563–2164) in pBluescript SK1 This report
pECD418 Contains a Kmr gene instead of the 846-bp NsiI-ApaI fragment in pECD110 This report
pECD419 Contains a Kmr gene instead of the 266-bp ClaI-ApaI fragment in pECD417 This report
pMC1871 lacZ gene 28
pRME1 Kmr cassette 11
pT7-5 T7 expression plasmid 35
pUC19 Vector plasmid 40

RP4-derived plasmids
pVDZ92 IncP1, lac promoter 6
pDNA130 Complete czcCBAD in pVDZ92 20

TABLE 2. MICs of cobalt, zinc, and cadmium for A. eutrophus AE104 containing derivatives of the czc determinant
expressed under control of the lac promoter

Strain Characteristics
MIC (mM)a of:

Zn21 Cd21 Co21

AE104(pVDZ92) Negative control 0.2 6 0.0 0.2 6 0.0 0.25 6 0.05
AE104(pDNA130) Positive control 10.0 6 0.0 1.5 6 0.1 30.5 6 2.5
AE104(pDNA280) czcA(D9) alone 0.25 6 0.05 0.20 6 0.0 0.3 6 0.0
AE104(pDNA275) czcB, H39R 10.0 1.5 27.5
AE104(pDNA276) czcB, H50R 10.0 1.5 27.5
AE104(pDNA277) czcB, H71R 10.0 1.5 27.5
AE104(pDNA273) czcB, DH39-H51 10.0 6 0.0 1.6 6 0.1 27.5 6 2.5
AE104(pDNA274) czcB, DH39-H72 7.5 6 2.5 1.1 6 0.1 25.0 6 2.0
AE104(pDNA278) DczcC 4.5 6 0.5 0.225 6 0.025 1.25 6 0.25
AE104(pDNA281) DczcC DczcB (H39-H51) 3.75 6 0.25 0.225 6 0.025 1.25 6 0.25
AE104(pDNA282) DczcC DczcB (H39-H72) 4.0 6 0.0 0.3 6 0.0 1.25 6 0.25
AE104(pDNA279) XhoI frameshift 4.0 0.2 1.25

a Determined at 30°C for 5 days. The standard deviations of three independent experiments are given for most experiments.
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T4 DNA polymerase. After religation and transformation, the constructs were
analyzed by restriction mapping and sequencing. The deletion covering czcC and
parts of czcB (plasmid pECD414 [Fig. 1 and 2]) was constructed in a similar way
from pECD110, using NsiI digestion followed by treatment with T4 DNA poly-
merase, using various amount of deoxynucleoside triphosphates.

Localization of the Czc proteins. To localize the Czc proteins, various deriv-
atives of the czcCBAD operon were cloned under control of the phage T7
promoter and expressed in E. coli as described previously (19) but with fourfold
more cells. After addition of [35S]methionine, the cells of one part of four were
harvested by microcentrifugation. This cell pellet was suspended in 100 ml of
denaturing buffer (19) and incubated for 3 min at 95°C (total control). The cells
in the remaining three parts were harvested by using a microcentrifuge. The
washed membranes were isolated after ultrasonification as described previously
(19) and suspended in 200 ml of Tris-HCl buffer (pH 7.0). Then 100 ml of
threefold denaturation buffer was added, and the membranes were incubated for
3 min at 95°C (membranes) 100 ml of each fraction, membranes and total control,
was subjected to gel electrophoresis and autoradiography as described previously
(19).

Alternatively, the cells were fractionated as previously described (5). Briefly,
after separation of the soluble cytoplasmic, periplasmic, and membrane frac-

tions, the membranes were subjected to sucrose gradient centrifugation (25 to
60% sucrose) (5). Ten 0.5-ml fractions were collected from the bottom to the top,
the protein concentration was determined (39), the proteins in the fractions were
precipitated with 1 volume of methanol and 0.25 volume of chloroform, and the
pellet was rinsed in 0.75 volume of methanol, vacuum dried, suspended in
denaturing buffer by boiling for 3 min, and subjected to gel electrophoresis and
autoradiography as described previously (19).

Translational fusions. Plasmid pECD119 contains the first 1,507 bp (with czcC
and the first 204 bp of czcB) of the czcCBAD region (nomenclature according to
reference 25); plasmid pDNA142 (Fig. 1) carries the same fragment cloned in
pVDZ92) cloned as an EcoRI-XbaI fragment under control of the T7 promoter
in plasmid pT7-5 (35). The kanamycin resistance cassette from plasmid pRME1
(11) was cloned as a HindIII-XbaI fragment downstream of the czcCB9 deriva-
tive, leading to plasmid pECD279. The kanamycin resistance cassette was ex-
changed with a KpnI-HindIII fragment containing the phoA gene from mini-Tn5
phoA (4). This led to plasmid pECD280. Plasmid pECD280 was digested with
BamHI, and the resulting 59-protruding ends were filled in with thiolated de-
oxynucleotide, using the Klenow fragment. Following a digestion with XbaI,
exonuclease III and S1 nuclease were used to generate deletions in the czcCB9
derivative. After treatment with T4 DNA ligase, the derivatives of plasmid

FIG. 1. Physical map of the czcCBAD structural region. The map shows the coding regions of the four genes czcC, czcB, czcA, and czcD9, indicated by the filled
boxes. The czcC gene is larger than previously published (25). The inserts of the pT7-5 (35) derivative plasmids pECD110 (25), pECD406 [czcCBAD derivative encoding
a D(H39-H51) mutant CzcB], pECD407 [czcCBAD derivative encoding a D(H39-H72) mutant CzcB], pECD412 (DczcC), pECD413 (XhoI frameshift mutation in czcC),
pECD414 (DczcCB), pECD415 (DczcC mutation in pECD406), and pECD416 (DczcC mutation in pECD407) are shown, with open boxes indicating untranslated DNA
regions and line indicating deletions. The corresponding pDNA plasmids harbor the same fragments in pVDZ92 (6); pDNA142 contains bp 1 to 1507 of czcCB9 (25).
Restriction endonucleases: E, EcoRI; X, XhoI; P, PstI; N, NsiI; A, ApaI; S, SalI; B, BamHI; and H, HindIII.

FIG. 2. Polypeptides produced by various derivatives of the czc determinant. Various mutant derivatives of the czc determinant were cloned into plasmid pT7-5.
The mutant derivatives were expressed under control of the phage T7 promoter in E. coli. Five 35S-labeled proteins with sizes corresponding to 120 kDa (CzcA), 66
kDa (CzcB), 44 kDa (CzcC1), 42 kDa (CzcC2), and 21 kDa (CzcD9) were marked as published elsewhere (25). The plasmids used for expression were pECD110
(czcCBAD wild type; lanes 1 and 15), pECD412 (DczcC; lane 2), pECD413 (DczcC; lane 3), pECD416 (DczcC DH39-H51 in CzcB; lane 4), pECD423 (DczcC DH39-H72
in CzcB; lane 5), pECD415 (DczcC DH39-H51 in CzcB; lane 6), pECD420 (DczcC H39-H51 in CzcB; lane 7), pECD414 (DczcCB; lane 8), pECD411 (H71R mutation
in CzcB; lane 9), pECD410 (H50R mutation in CzcB; lane 10), pECD409 (E49D mutation in CzcB, lane 11), pECD408 (H39R mutation in CzcB; lane 12), pECD407
(DH39-H72 mutation in CzcB; lane 13), and pECD406 (DH39-H51 mutation in CzcB; lane 14). Arrowheads mark positions of double bands corresponding to shortened
CzcC derivatives. Note that the truncated CzcC protein in lane 2 has fortuitously a size similar to that of CzcD. The autoradiograms were scanned by using Ofoto 2.0
(Light Source Computer Images, Inc.) and processed with Adobe Photoshop 3.0 (Adobe Systems, Inc.).
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pECD280 were transformed into E. coli CC118 (16), and transformants forming
blue colonies were selected on LB containing ampicillin (125 mg/ml) and X-P
(5-bromo-4-chloro-3-indolylphosphate toluidine salt; 40 mg/ml). Six transfor-
mants were selected (see Fig. 4); plasmid DNA was isolated and sequenced by
using the primer 59-ACCGCCGGGTGCAGTAATATC-39 to identify the fusion
site.

In addition, we constructed a set of two vector plasmids which allowed the
translational fusions of PCR-amplified DNA fragments containing czcC9 or czcB9
with either phoA (pECD500) or lacZ (pECD499). To construct these plasmids,
the single EcoRI site of plasmid pBR322 (2) was changed to a KpnI site with an
adapter DNA. The lacZ gene from plasmid pMC1871 (28) was amplified as a
KpnI-XbaI-lacZ-PstI fragment and cloned into the pBR322 derivative, leading to
plasmid pECD499. This plasmid allows fusion of genes amplified as KpnI-XbaI
PCR fragments with the lacZ gene. To construct the phoA fusion vector
pECD500, the KpnI-XbaI-lacZ-PstI fragment of plasmid pECD499 was replaced
by a KpnI-XbaI-phoA-PstI fragment, which was obtained by PCR amplification of
the phoA gene of plasmid pECD280. Alkaline phosphatase (16) and b-galacto-
sidase (23) activities were determined as described elsewhere.

RESULTS AND DISCUSSION

The CzcA subunit alone is able to mediate metal resistance
in A. eutrophus. The three gene products CzcA, CzcB, and
CzcC are required for full resistance to Co21, Zn21, and Cd21

in A. eutrophus (25). Mutant strains carrying deletions in the
czcC or czcB gene are different with respect to zinc and cad-
mium resistance; however, both types of strains display a small
residual resistance to cobalt as a common phenotype (25). It
was therefore concluded (22, 27) that this residual cobalt re-
sistance is based on the cobalt-proton antiport activity of CzcA
alone. However, due to a possible toxic action, it was previ-
ously not possible to clone and express czcA without czcB or
czcC.

To reduce expression of czcA in the absence of functional
czcC and czcB genes, a part of the czcCB gene region was
deleted such that neither czcC nor czcB could be functionally
expressed and the 59 end of czcA was not located directly at
the beginning of the transcriptional unit. Therefore, plasmid
pECD110 (25), which contains the czc structural region from
the EcoRI to the BamHI site (Fig. 1), was digested with NsiI,
and the DNA was digested with the exonuclease activity of T4
DNA polymerase to create random deletions. The plasmid
carrying the largest deletion (pECD414; 1.7-kb deletion [Fig.
1]) was selected and characterized by digestion with EcoRI,
BamHI, XhoI, NsiI, PstI, ApaI, and SalI; the deletion starts
between the EcoRI and XhoI sites and ends between the ApaI
site and the following PstI site (Fig. 1). Therefore, nearly all of
the czcC gene and the 59 end of czcB were deleted; the 59 end
of czcA is located about 1.2 kb away from the 59 end of the
resulting mutant czc operon.

When the deletion derivative of the czcCBA determinant in
pECD414 was expressed in E. coli under control of the phage
T7 promoter (Fig. 2, lane 8), the products of czcA and czcD9;
but not the product of czcB or czcC, were clearly visible. Ex-
pression of czcA from pECD414 in the heterologous system
was weaker than that from most of the other plasmids (Fig. 2).

The czc9-containing fragment from pECD414 was cloned
under control of the lac promoter into the broad-host-range
plasmid pVDZ92 (6), leading to plasmid pDNA280 (Fig. 1),
and transferred into A. eutrophus AE104 by conjugation. When
metal ion resistance of AE104(pDNA280) was compared to
that of AE104(pVDZ92) on solid medium, a slight increase in
resistance to Co(II) and Zn(II) was found (Table 2). In liquid
culture, AE104(pDNA280) grew in the presence of 200 mM
Zn21 (Fig. 3) or 200 mM Co21 (data not shown), while the
AE104(pVDZ92) control strain failed to grow within 24 h.

When cells of strain AE104 with the complete czcD gene or
one of its yeast homologs ZRC1 (14) and COT1 (3), all three
cloned into pVDZ92 under control of the lac promoter, were

cultivated in the presence of heavy metal cations, there was no
effect on the MIC on solid medium. In liquid culture, the
presence of all three transporters in strain AE104 increased
the metal resistance of the host cell, but far below the resis-
tance obtained by the expression of czcAD9 (29a). While cells
with czcAD9 grew in the presence of 200 mM Zn21 or 200 mM
Co21 like cells cultivated without toxic heavy metals to a cell
density of 320 Klett units within 25 h (shown for zinc in Fig. 3;
not shown for cobalt), cells with czcD, ZRC1, or COT1 dis-
played a lag phase of 30 h in 100 mM Co21, did not grow in the
presence of 200 mM Co21, and needed 120 h to reach a density
of 160 Klett units in the presence of 200 mM Zn21 (29a). The
truncated czcD9 gene, which is present on plasmid pECD414,
had no effect on metal resistance of strain AE104 (data not
shown).

Therefore, the czcA gene alone is able to mediate a low-level
metal ion resistance in A. eutrophus. CzcA is the only subunit
of the proposed CzcCBA efflux protein complex with several
possible transmembrane a-helices (22). Since CzcCBA is a
cation-proton antiporter (24) and neither CzcB nor CzC alone
is able to mediate metal resistance (25), CzcA is probably the
actual proton-cation antiporter subunit of the complex. Due to
the homology between the cation-RND proteins (30) CzcA,
CnrA, and NccA (27), CnrA and NccA are probably also the
central proton-cation antiporter subunits of the respective
CnrCBA and NccCBA efflux systems.

The histidine-rich motifs in the CzcB subunit are involved
in cation resistance, but they are not essential. The CzcB
polypeptide contains two histidine-rich motifs close to its
amino terminus which are absent in the otherwise related
CnrB and NccB proteins (15, 27, 32). Since AE104 cells har-
boring a czc derivative which expresses czcA and czcB (but not
czcC) display a high resistance level to zinc, the CzcB subunit
adds to the CzcA cation-proton antiporter subunit the ability
for an efficient detoxification of Zn21 (25). Moreover, the
presence of two histidine-rich motifs with similar amino acid
sequences is consistent with the fact that zinc transport by the
CzcCBA complex follows a sigmoidal substrate saturation
curve with a Hill coefficient of 2 (24). Therefore, the histidine-
rich motifs were thought to form the zinc-binding site of the
CzcCBA complex (27).

To investigate the function of the histidine-rich motifs in the
CzcB protein, all eight histidine residues in both motifs were
changed to arginine residues by PCR. Moreover, the glutamate

FIG. 3. CzcA alone mediates zinc resistance. Cells of A. eutrophus AE104
containing plasmid pDNA280 [h and ■; pVDZ92 with czcA(D9) cloned under
control of the lac promoter] or pVDZ92 control (E and F) were cultivated in
Tris-buffered mineral salts medium containing 200 mM (■ and F) or no (h and
E) Zn21. The arrow marks the time point when the zinc was added.

6874 RENSING ET AL. J. BACTERIOL.



residues E49 and E70 were changed to aspartate residues.
Derivatives of the czcCBAD region carrying the resulting mu-
tations were constructed and expressed under control of the
phage T7 promoter to verify correct expression of the Czc
proteins (shown in Fig. 2 for H71R [lane 9, plasmid pECD411],
H50R [lane 10, plasmid pECD410], E49D [lane 11, plasmid
pECD409], and H39R [lane 12, plasmid pECD408]; all other
data not shown). Three of the resulting derivatives of the
czc structural gene region were cloned under control of the
lac promoter in the broad-host-range plasmid pVDZ92 (6),
leading to plasmids pDNA275 (H39R), pDNA276 (H50R),
and pDNA277 (H71R), respectively. The plasmids were trans-
ferred by conjugation into A. eutrophus AE104. Table 2 gives
the MICs of the three metal cations for strain AE104 contain-
ing plasmids carrying the mutations. There was no detectable
difference between resistance to Zn21, Co21, or Cd21 medi-
ated by the three histidine/arginine mutants and the wild type.
Therefore, neither of the three histidine-sites tested is essential
for resistance to either of the three cations.

Since the first three mutant strains carrying histidine/argi-
nine changes in the CzcB protein did not show any effect on
metal cation resistance, both histidine-rich motifs were com-
pletely deleted from the CzcB protein. Again, the mutations in
czcB were made by PCR, and the complete mutant derivative
of the czc structural gene operon was constructed and verified
by DNA sequencing and T7 expression. The mutant CzcB
protein was clearly smaller than the CzcB wild-type protein
(shown for DH39-H51 in Fig. 2, lane 14; data for other mutants
not shown). The czcCBAD mutant expressing a CzcB deriva-
tive without the first histidine-rich motif (DH39-H51; plasmid
pECD406 [Fig. 1]) was cloned under control of the lac pro-
moter in pVDZ92 (plasmid pDNA273 [Fig. 1]) and transferred
into strain AE104. When the MICs of cobalt, zinc, and cad-
mium for AE104(pDNA273) were compared with the respec-
tive MICs of the wild type, again no difference was found
(Table 2).

Because deletion of the coding region for the first histidine-
rich motif did not have any effect on metal cation resistance, a
mutant with a complete deletion of both histidine-rich motifs
(DH39-H72) was constructed and cloned under lac control
(plasmid pDNA274 [Fig. 1]) in pVDZ92. When expressed un-
der control of the phage T7 promoter, the mutant CzcB pro-
tein was smaller than the CzcB derivative, with a deletion
in only one histidine-rich motif (Fig. 2, lane 13, plasmid
pECD407; Fig. 1). When metal resistance governed by this
mutant czc system was evaluated in strain AE104, a slight
decrease in metal resistance was found which was most pro-
nounced with zinc (pDNA274 [Table 2]). Therefore, the histi-
dine-rich motifs of the CzcB protein are not essential for cation
detoxification by CzcCBA; however, they are required for full
resistance to zinc.

Modification of the substrate specificity of the Czc complex
by the CzcC subunit is independent of the histidine-rich motifs
in the CzcB subunit. Deletion of the czcC gene results in a loss
of cadmium resistance and most of the cobalt resistance; how-
ever, most of the zinc resistance is retained (25). On the other
hand, deletion of the histidine-rich motifs of CzcB led to a
decrease in zinc resistance, but resistance to cadmium and
cobalt was only slightly affected. Therefore, cation transport
through the Czc complex might use two different pathways: a
CzcC-dependent pathway is used by cadmium, cobalt, and half
of the zinc ions, and a CzcC-independent pathway which in-
volves the histidine-rich motifs of CzcB is used by the other
half of the zinc cations.

To test this hypothesis, the czcC gene was deleted from all
czcB mutants previously described (plasmids pECD415 and

pECD416 [Fig. 1]). The mutations were verified by DNA se-
quencing and/or restriction analysis and by heterologous ex-
pression in E. coli under control of the phage T7 promoter
(Fig. 2). Finally, the czc derivatives carrying the double muta-
tions were cloned under control of the lac promoter in plasmid
pVDZ92 and transferred into strain AE104 (plasmids pDNA281
and pDNA282 [Fig. 1]). When metal resistance encoded by
czcC czcB double mutation was compared to the effect of the
czcC single mutation, however, there was no significant differ-
ence (Table 2).

Therefore, there are probably not two different pathways for
cation transport by the CzcCBA system. Since loss of the his-
tidine-rich motifs in addition to deletion of CzcC does not
further decrease metal cation resistance, the motifs are not
even required for cation resistance catalyzed by the hypothet-
ical CzcAB subcomplex. The large increase in zinc resistance,
which occurs when CzcB is added to CzcA, is probably cata-
lyzed by the large C-terminal part of CzcB, designated CzcB*.
Compared to CzcA alone, addition of CzcB* increased zinc
resistance by a factor of 16, increased cobalt resistance four-
fold, and increased cadmium resistance slightly (Table 2).
Therefore, CzcB* is also needed for efficient cobalt and cad-
mium detoxification but mainly for zinc detoxification.

When CzcC was added to the hypothetical CzcAB* subcom-
plex, zinc resistance doubles and cadmium and cobalt resis-
tances increase 20- and 4-fold, respectively (Table 2), but CzcC
does not function without CzcB (25). Therefore, there are four
levels of heavy metal resistance catalyzed by the Czc system:
the lowest level is mediated by CzcA alone, the next level is
mediated by CzcA plus CzcB*, the third level is mediated by
CzcAB* plus CzcC, and the highest level is mediated by the
complete CzcCBA complex. The strongest increase in zinc
resistance occurs when CzcB* is added, while the addition of
CzcC leads to the strongest increase in cobalt and cadmium
resistance (Table 2).

Translation of the czcC gene starts earlier than previously
predicted. It has been suggested (7) that translation of the czcC
gene starts earlier than published (25), since this would in-
crease the homology between CzcC, CnrC, and NccC (10). To
evaluate this hypothesis, an XhoI frameshift mutation was in-
serted into the czcC gene. If czcC starts as published (25), this
frameshift should have no effect; however, if czcC starts earlier
(7), the frameshift should lead to a CzcC2 phenotype.

To construct the XhoI frameshift mutation, plasmid pECD110
(25) was digested with XhoI and treated with T4 DNA poly-
merase. DNA sequencing revealed an insertion of the four
base pairs 59-T162CGA-39 (nomenclature according to refer-
ence 25; data not shown). When the resulting derivative (plas-
mid pECD413 [Fig. 1]) was expressed under control of the
phage T7 promoter in E. coli (Fig. 2, lane 3), no band corre-
sponding to the CzcC protein was found.

The mutant czc derivative was cloned under control of the
lac promoter into plasmid pVDZ92, leading to plasmid
pDNA279 (Fig. 1), and transferred into strain AE104 by con-
jugation. Strain AE104(pDNA279) displayed a typical CzcC2

phenotype (Table 2). For these reasons, the czcC genes has to
start upstream of the XhoI site as proposed previously (7) (Fig.
1). The newly sequenced CzcC protein displays a possible
amino acid leader sequence (38) of about 2 kDa. The existence
of a leader peptide explains the two bands of about 44 and 42
kDa which were always observed when czcC was expressed
under T7 control in E. coli (25). Additionally, all czcC czcB
double mutants carrying an in-frame deletion in the czcC gene
displayed two bands after T7 expression. The size difference
was always about 2 kDa (Fig. 2, lanes 3 and 4, arrowheads).
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CzcC and CzcB are probably located in the periplasm. To
investigate the location of CzcC, five CzcC::PhoA translational
fusions were constructed and alkaline phosphatase activity was
determined. By chance, two CzcB::PhoA fusions were also
obtained. Four of the five CzcC::PhoA fusions (CzcC-30, -226,
-237, and -391) displayed high alkaline phosphatase specific
activity, which indicates a periplasmic localization of the CzcC
protein (Fig. 4). One CzcC::PhoA fusion resulting in low phos-
phatase specific activity was located in the middle of a hydro-
phobic region of the CzcC polypeptide chain and could thus
represent a false negative (CzcC-292 [Fig. 4]). The two CzcB::
PhoA fusions showed different activities, one high and one low
(CzcB-58 and -68 [Fig. 4]). These data did not lead to a clear
hypothesis for the localization of CzcC or CzcB.

We constructed two vectors, pECD500 and pECD499, which
allowed the fusion of czcC9 and czcB9 gene fragments to the
phoA and the lacZ genes, respectively, at the same position.
Eight czcC and three czcB fragments of various sizes were
amplified with PCR and cloned into these fusion vectors. Al-
kaline phosphatase and b-galactosidase activities expressed
from the resulting plasmids were determined and compared to
those of controls (Fig. 4). All eight CzcC::PhoA hybrid pro-
teins displayed activities severalfold higher than that of a PhoA
protein without leader peptide (Fig. 4, delta bla). Of the three
CzcB hybrid proteins, activities of CzcB-38 and CzcB-520 were
also high, but activity of CzcB-283 was within the range of the
cytoplasmic control (Fig. 4, none). The activities of the LacZ
hybrid proteins were always lower than that of a cytoplasmic
control but higher than the background control level (Fig. 4).
The LacZ fusions with the highest activities were CzcC-20,
CzcC-288, and CzcB-520. In all CzcC::LacZ hybrid proteins
except CzcC-20, a high LacZ activity was accompanied by a
comparable high PhoA activity.

Since all fusions were expressed from the same promoter
and all phoA or lacZ fusions had identical 39 ends of the
mRNAs, the level of transcription should be the same in the
phoA and lacZ groups. Moreover, since all czcC or all czcB
fusions were translated from the same ribosome-binding sites,
the overall expression level should also be the same in the
groups of CzcC::PhoA, CzcC::LacZ, CzcB::PhoA, or CzcB::
LacZ fusions. Only clusters of rare E. coli codons (13) may
interfere with the translation; however, these codons are also
rare in A. eutrophus. Such clusters would result in a polar effect
on translation, thereby reducing the expression level of all
fusions downstream from the cluster. This has not been ob-
served (Fig. 4).

Thus, the activities observed are the result of the stability
and specific activity of the enzymatically active part of the
hybrid proteins and of the transport of this part across the
cytoplasmic membrane. Crude extracts from strains expressing
eight czcC::phoA fusions were analyzed by native acrylamide
gel electrophoresis and activity staining for alkaline phospha-
tase (data not shown). All fusions larger than CzcC-93 dis-
played bands running at the same position, with band intensi-
ties (data not shown) correlating with the specific activities
(Fig. 4). The protein responsible for the activity of CzcC::
PhoA-28 migrated faster than the other six bands; CzcC::
PhoA-20 was in the middle.

These data agree with the assumption that CzcC is located in
the periplasm. PhoA activities of all fusions downstream of
CzcC-93 are probably based on an active and stable PhoA
domain. Since these domains all ran at the same position in a
native polyacrylamide gel (data not shown), the various CzcC
parts of the original hybrid proteins should have been removed
up to the same point by periplasmic proteases. However, the
CzcC part seems to dictate the stability of the PhoA and LacZ
hybrid proteins, which results in the different enzymatic activ-
ities of the final products.

The final products resulting from CzcC::PhoA-28 or CzcC::
PhoA-20 processing were different from the other six PhoA
proteins examined (data not shown). The PhoA activities of
the two fusions were the same (Fig. 4); however, the activity of
CzcC::LacZ-20 was very high and similar to that of the cyto-
plasmic LacZ control. This could indicate that the leader pep-
tide of CzcC-20 is not complete and does not contain the
peptidase cleavage site, while it is complete in CzcC-28.

CzcB-38 should be located in the periplasm, as indicated by
the high activity of CzcB::PhoA-38 and the low activity of
CzcB::LacZ-38. In CzcB-520, which contains the complete
CzcB protein, both PhoA and LacZ activities are high (Fig. 4).
The high LacZ activity of CzcB-520 may be the result of the
size of the respective hybrid protein: it may be difficult to
export the 1,500-amino-acid residue CzcB::LacZ-520 hybrid
protein; thus, the carboxy terminus with the LacZ domain
might remain in the cytoplasm. Since CzcB was discussed as a
member of the membrane fusion protein family (8) and some
proteins of this family are probably located in the periplasm
(34), a periplasmic localization of CzcB is probable.

CzcB and CzcC do not need an anchor protein for their
localization at a membrane. The CzcCBA protein complex is
located at a membrane (25). CzcA is probably a transmem-
brane protein, but most parts of the CzcB and the CzcC pro-
teins are rather hydrophilic (25). Therefore, it was unclear if
CzcB and CzcC are membrane bound by themselves or if they
use one of the other proteins of the CzcCBA protein complex
as an anchor protein at the cytoplasmic or the outer mem-
brane.

Plasmids containing deletion derivatives of the czcCBAD
operon were expressed under control of the phage T7 pro-

FIG. 4. Specific activity of czcC::phoA and czcB::phoA translational fusions.
The alkaline phosphatase (shaded bars) or b-galactosidase (open bars) activity
specific of cells containing the indicated czcC::phoA, czcC::lacZ, czcB::phoA, or
czcB::lacZ fusion was determined in triplicate and divided by the highest PhoA
or LacZ activity, which was 31.5 (delta bla-LacZ) or 11.3 (CzcC::PhoA-288)
U/mg. As controls, fusions with no promoter and ribosome-binding site (none) or
the promoter and ribosome-binding site of a b-lactamase gene without a leader
peptide (delta bla) were used. The fusions CzcC::PhoA-30 (pECD421), CzcC::
PhoA-226 (pECD422), CzcC::PhoA-237 (pECD294), CzcC::PhoA-296 (pECD296),
CzcC::PhoA-391 (pECD293), and CzcB::PhoA-58 (pECD295) were constructed
by random deletions of the czcCB downstream region of the fusion czcCB::
phoA-68 in plasmid pECD280 (CzcB::PhoA-68); the remaining fusions were
constructed by cloning PCR-amplified czc fragments into the fusions vectors
pECD499 and pECD500.
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moter in E. coli and labeled with [35S]methionine. The proteins
from the total cell fractions were compared to the proteins
from washed membranes isolated from the same amount of
cells (Fig. 5). For both proteins, CzcC and CzcB, the presence
or absence of another Czc protein did not alter the presence of
the CzcC or CzcB protein in the total membrane fraction.
Since neither of the Czc proteins is clearly visible when the
polyacrylamide gel is Coomassie blue stained (data not
shown), the Czc proteins are most likely not present in inclu-
sion bodies, which might otherwise explain the sedimentation
behavior during ultracentrifugation. Moreover, centrifugation

of the crude extract should have efficiently removed inclusion
bodies. The CzcD protein, which was expressed together with
the other Czc proteins in some cases, was also located in the
membrane fraction (Fig. 5).

The bands of CzcA, of CzcB, and of the two CzcC proteins
(CzcC1 and CzcC2 [Fig. 5]) were scanned, and the resulting
intensities were divided by the number of cysteine and methi-
onine residues (equals the number of 35S molecules per pro-
tein molecule) present in either of the proteins (Table 3). This
quotient, designated specific intensity, was twofold higher for
CzcB than for either CzcA or CzcC1 plus CzcC2. Thus, in the
Czc protein complex, there might be two CzcB subunits per
CzcA and per CzcC subunit, while the number of CzcAs equal
the number of CzcCs. If CzcD9, composed of the N-terminal
200 amino acid residues of CzcD (25, 37), was expressed, the
specific intensity of this protein was always far below the spe-
cific intensities of the other three proteins. Thus, either CzcD
is not part of the Czc efflux complex, CzcD is part of only some
Czc complexes, or a CzcCBAD complex with a very large size
and complicated subunit structure exists.

Membrane location of the Czc proteins. After expression of
czcC or czcB under control of the phage T7 promoter, the cells
containing the 35S-labeled Czc proteins present in the crude

FIG. 5. Cellular localization of the Czc proteins. Derivatives of the czc de-
terminant encoding czcCBAD (pECD110; lanes 1 and 2), czcC alone (pECD119;
lanes 3 and 4), czcCB (pECD125; lanes 5 and 6), czcB alone (pECD130; lanes 7
and 8), czcCAD (pECD133; lanes 9 and 10), and czcBAD (pECD134; lanes 11
and 12) were expressed in E. coli under control of the phage T7 promoter and
labeled with [35S]methionine. The autoradiographs of the Czc proteins separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis are shown. The
proteins in 100 ml of total cell extract (lanes 1, 3, 5, 7, 9, and 11) are shown in
comparison with 100 ml of washed (using sucrose and sodium chloride) mem-
branes from the same amount of cells (lanes 2, 4, 6, 8, 10, and 12). Five
35S-labeled proteins with sizes corresponding to 120 kDa (CzcA), 66 kDa (CzcB),
44 kDa (CzcC1), 42 kDa (CzcC2), and 21 kDa (CzcD) were marked as published
elsewhere (25). The autoradiograms were scanned by using Ofoto 2.0 (Light
Source Computer Images, Inc.) and processed with Adobe Photoshop 3.0 (Ado-
be Systems, Inc.).

FIG. 6. Membrane localization of CzcC and CzcB. The czcC (F; plasmid
pECD119) and czcB (E; plasmid pECD130) genes were expressed under control
of the phage T7 promoter in E. coli K38(pGP1-2) (36) and labeled with [35S]me-
thionine. The cells were harvested and disrupted by ultrasonication. The mem-
branes were obtained by ultracentrifugation and layered on top of a sucrose
gradient. After ultracentrifugation, the gradient was collected as 10 fractions
from the bottom to the top. The total protein (A) in each fraction was deter-
mined (39), and each fraction was subjected to sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis and autoradiography. The films were scanned and
analyzed (NIH Image), and the resulting intensities were divided by the number
of 35S molecules per protein (cysteine and methionine residues, seven for CzcC
and three for CzcB) to give the specific intensity of the signal (B). To align the
protein peaks corresponding to the outer and inner membranes of the CzcC and
CzcB preparations, the numbering of the CzcC gradient started with fraction 2.

TABLE 3. Specific intensities of the Czc protein bands
after T7 expression

Complex Protein Band
intensity

No. of
35S-labeled

residues

Specific
intensitya

CzcCBA(D9) CzcA 115,000 29 3,960
CzcB 19,000 3 6,320
CzcC1 16,000 7 2,300
CzcC2 5,320 7 760
CzcC1 1 CzcC2 3,040
CzcD 2,580 6 430

CzcBA(D9) CzcA 101,000 29 3,480
CzcB 15,900 3 5,280
CzcD9 9,520 6 1,590

CzcBC CzcB 22,800 3 7,610
CzcC1 15,100 7 2,155
CzcC2 15,700 7 2,240
CzcC1 1 CzcC2 4,400

a The signals of the Czc proteins in Fig. 6 were scanned and analyzed (NIH
Image; National Institute of Health, Bethesda, Md.), and the resulting intensities
were divided by the number of 35S molecules per protein (cysteine and methi-
onine residues) to give the specific intensity of the signal.
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extract were subjected to cell fractionation. In this overexpres-
sion system, both proteins were mainly found in the membrane
fraction (69% of CzcC and 48% of CzcB), and a part remained
in the cytoplasmic fraction (23% of CzcC and 46% of CzcB),
probably due to membrane contamination of the cytoplasmic
fraction. Less than 1/10, however, was found in the soluble
periplasmic fraction (8% of CzcC and 6% of CzcB [data not
shown]).

The membranes were separated by sucrose gradient centrif-
ugation and fractionation (Fig. 6). The outer membranes were
predominantly found in fraction 5, and the proteins of the
cytoplasmic membrane peaked in fraction 8 (Fig. 6). The high-
est amount of the CzcC and the CzcB proteins was in fraction
3, which was between the bottom of the tube and the main
fraction of the outer membrane (Fig. 6). Thus, the proteins are
probably attached to the outer membrane, maybe at locations
with a unusually high density.

Since it has been suggested (10) that CzcC belongs to a
family of outer membrane-associated proteins, CzcC might be
located at the periplasmic face of the outer membrane. Due to
its high hydrophobicity (25), however, CzcC does not contain
sufficient hydrophobic b-sheets or a-helices to be an integral
outer membrane protein.

Functions of the subunits of the CzcCBA complex. It is now
highly probable that CzcA alone is able to transport zinc and
cobalt across the cytoplasmic membrane by acting as a cation-
proton antiporter. Since CzcB and CzcC seem to be periplas-
mic proteins, they should act on the dissociation of the enzyme
(CzcA)-substrate (cation) complex. CzcB shows some homol-
ogy to membrane fusion proteins (8); it might span the peri-

plasm and draw the outer membrane close to the CzcA anti-
porter, thereby connecting both membranes in a flexible
fashion as has been proposed for HlyD (29). By doing that,
CzcB should create a hole in the murein sacculus, but it is
unlikely that CzcB also forms a pore in the outer membrane,
since this would lead to a release of all three cations into the
extracellular lumen; however, CzcAB* is most efficient on zinc
transport only. Moreover, the formation of a membrane fusion
and a hole in the murein sacculus is not the only possible
function of CzcB* since CzcCBA catalyzes zinc, cadmium, and
cobalt transport into inside-out membrane vesicles (24). CzcB*
could create a pathway required to funnel away the cations
from the CzcA subunits. Without CzcB*, the periplasmic cat-
ions could stay close to CzcA as a positively charged “cloud”
and prevent diffusion of the protons to CzcA. Thus, proton-
cation antiport could be a self-inhibiting process without
CzcB*.

There is no difference between a mutant strain expressing
CzcA alone and a mutant strain expressing CzcCA (25). There-
fore, CzcC needs CzcB for its action, and it must handle the
cations in cooperation with CzcB* or after the proposed
CzcB*-funnelling process. CzcC might open up an escape
route for the cations through the outer membrane; since CzcC
is not a very hydrophobic protein (25), it might contact a
hypothetical outer membrane protein, OmpY, as has been
demonstrated for another transport process which involves a
membrane fusion protein (34). Therefore, the zinc, cobalt, and
cadmium cations might be transported across the cytoplasmic
membrane by CzcA, through the periplasm by CzcB*, and
across the outer membrane with the help of CzcC. Figure 7
summarizes the new working model for the function of the Czc
system. This model is in agreement with the transport of sub-
stances across the cell envelope as proposed by Saier et al.
(30).
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9. Dressler, C., U. Kües, D. H. Nies, and B. Friedrich. 1991. Determinants
encoding resistance to several heavy metals in newly isolated copper-resis-
tant bacteria. Appl. Environ. Microbiol. 57:3079–3085.

10. Dong, Q., and M. Mergeay. 1994. Czc/Cnr efflux: a three-component chemi-
osmotic antiport pathway with a 12-transmembrane-helix protein. Mol. Mi-
crobiol. 14:185–187.

11. Gielow, A., L. Diederich, and W. Messer. 1991. Characterization of a phage-
plasmid hybrid (phasyl) with two independent origins of replication isolated
from Escherichia coli. J. Bacteriol. 173:73–79.

12. Higuchi, R., B. Krummel, and R. K. Siaki. 1988. A general method of in vitro
preparation and specific mutagenesis of DNA fragments: study of protein
and DNA interactions. Nucleic Acids Res. 16:7351–7367.

13. Ikemura, T. 1981. Correlation between the abundance of Escherichia coli
transfer RNAs and the occurrence of the respective codons in protein genes:
a proposal for a synonymous codon choice that is optimal for the E. coli
translational system. J. Mol. Biol. 151:389–409.

14. Kamizomo, A., M. Nishizawa, Y. Teranishi, K. Murata, and A. Kimura.
1989. Identification of a gene conferring resistance to zinc and cadmium in
the yeast Saccharomyces cerevisiae. Mol. Gen. Genet. 219:161–167.

15. Liesegang, H., K. Lemke, R. A. Siddiqui, and H. G. Schlegel. 1993. Charac-
terization of the inducible nickel and cobalt resistance determinant cnr from
pMOL28 of Alcaligenes eutrophus CH34. J. Bacteriol. 175:767–778.

16. Manoil, C. 1990. Analysis of protein localization by use of gene fusions with
complementary properties. J. Bacteriol. 172:1035–1042.

17. Mergeay, M., D. Nies, H. G. Schlegel, J. Gerits, P. Charles, and F. Van
Gijsegem. 1985. Alcaligenes eutrophus CH34 is a facultative chemolithotroph
with plasmid-bound resistance to heavy metals. J. Bacteriol. 162:328–334.

18. Michaelian, I., and A. Sergeant. 1992. A general and fast method to generate
multiple site directed mutations. Nucleic Acids Res. 20:376.

19. Nies, A., D. H. Nies, and S. Silver. 1989. Cloning and expression of plasmid
genes encoding resistances to chromate and cobalt in Alcaligenes eutrophus.
J. Bacteriol. 171:5065–5070.

20. Nies, A., D. H. Nies, and S. Silver. 1990. Nucleotide sequence and expression
of a plasmid-encoded chromate resistance determinant from Alcaligenes
eutrophus. J. Biol. Chem. 265:5648–5653.

21. Nies, D., M. Mergeay, B. Friedrich, and H. G. Schlegel. 1987. Cloning of
plasmid genes encoding resistance to cadmium, zinc, and cobalt in Alcali-
genes eutrophus CH34. J. Bacteriol. 169:4865–4868.

22. Nies, D. H. 1992. Resistance to cadmium, cobalt, zinc and nickel in microbes.
Plasmid 27:17–28.

23. Nies, D. H. 1992. CzcR and CzcD, gene products affecting regulation of
resistance to cobalt, zinc, and cadmium (czc system) in Alcaligenes eutrophus.
J. Bacteriol. 174:8102–8110.

24. Nies, D. H. 1995. The cobalt, zinc, and cadmium efflux system CzcCBA from
Alcaligenes eutrophus functions as a cation-proton antiporter in Escherichia

coli. J. Bacteriol. 177:2707–2712.
25. Nies, D. H., A. Nies, L. Chu, and S. Silver. 1989. Expression and nucleotide

sequence of a plasmid-determined divalent cation efflux system from Alcali-
genes eutrophus. Proc. Natl. Acad. Sci. USA 86:7351–7355.

26. Nies, D. H., and S. Silver. 1989. Plasmid-determined inducible efflux is
responsible for resistance to cadmium, zinc, and cobalt in Alcaligenes eutro-
phus. J. Bacteriol. 171:896–900.

27. Nies, D. H., and S. Silver. 1995. Ion efflux systems involved in bacterial metal
resistances. J. Ind. Microbiol. 14:186–199.

28. Pharmacia LKB GmbH. 1990. Pharmacia catalog. Pharmacia LKB GmbH,
Freiburg, Germany.

29. Pimenta, A., M. Blight, D. Clarke, and I. B. Holland. 1996. The Gram-
negative cell envelope “springs” to life: coiled-coil trans-envelope proteins.
Mol. Microbiol. 19:643–645.

29a.Reißmann, J., T. Schwuchow, and D. H. Nies. Unpublished data.
30. Saier, M. H., R. Tam, and J. Reizer. 1994. Two novel families of bacterial

membrane proteins concerned with nodulation, cell division and transport.
Mol. Microbiol. 11:841–847.

31. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

32. Schmidt, T., and H. G. Schlegel. 1994. Combined nickel-cobalt-cadmium
resistance encoded by the ncc locus of Alcaligenes xylosoxidans 31A. J. Bac-
teriol. 176:7045–7054.

33. Simon, R., U. Priefer, and A. Pühler. 1983. A broad host range mobilization
system for in vivo generic engineering: transposon mutagenesis in Gram-
negative bacteria. Bio/Technology 1:784–791.

34. Skvirsky, R. C., S. Reginald, and X. Shen. 1995. Topological analysis of the
colicin V export protein CvaA in Escherichia coli. J. Bacteriol. 177:6153–
6159.

35. Tabor, S. Personal communication.
36. Tabor, S., and C. C. Richardson. 1985. A bacteriophage system for con-

trolled exclusive expression of specific genes. Proc. Natl. Acad. Sci. USA
82:1074–1078.

37. van der Lelie, D. T. Schwuchow, U. Schwidetzky, S. Wuertz, W. Baeyens, M.
Mergeay, and D. H. Nies. 1997. Two component regulatory system involved
in transcriptional control of heavy metal homoeostasis in Alcaligenes eutro-
phus. Mol. Microbiol. 23:493–503.

38. von Heijne, G. 1987. Sequence analysis in molecular biology—treasure trove
or trivial pursuit, p. 113–117. Academic Press, San Diego, Calif.

39. Warburg, O., and W. Christian. 1942. Isolierung und Kristallisation des
Gärungsfermentes Enolase. Biochem. Z. 310:384–421.

40. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage
cloning vectors and host strains: nucleotide sequences of the M13mp18 and
pUC19 vectors. Gene 33:103–119.

VOL. 179, 1997 FUNCTIONS OF THE CzcCBA SUBUNITS 6879


