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ABSTRACT Resistance to cobalt, zinc, and cadmium spec-
ified by the czc determinant on plasmid pMOL30 in Akaligenes
eutrophus results from a cation efflux system. Five membrane-
bound polypeptides that were expressed in Escherichia coli from
this determinant under the control of a phage T7 promoter were
assigned to four open reading frames identified in the nucleotide
sequence of the 6881-base-pair fragment containing the czc
putative operon. The contributions of the polypeptides to the
cation efflux system were analyzed with deletion derivatives of
the 6.9-kilobase fragment, constructed, and expressed in E. coli
under the control of the phage T7 promoter and in A. eutrophus
under the control of the lac promoter.

The divalent cations Zn2+ and Co2' are necessary as trace
elements for all cells but are toxic at higher concentrations,
a fact of considerable environmental importance. Cd2' and
Hg2+ are toxic and have no physiological functions. Resis-
tance to Hg2+, based on reduction of Hg2+ to metallic
mercury, which evaporates out of the cell, is widespread
among bacteria and a well-investigated system (1). In con-
trast, understanding of resistance to Zn2+, Co2+, and Cd2+ is
limited (1). The Gram-negative soil and water bacterium
Alcaligenes eutrophus strain CH34 contains two large plas-
mids that encode unique heavy metal resistances (2). Resis-
tances to Co2+, Zn2+, and Cd2+ are encoded by plasmid
pMOL30 [238 kilobase pairs (kb)] and were cloned together
on a 9.1-kb EcoRI fragment (3). The resistances to Co2+,
Zn2+, and Cd2+ are inducible and are based on a cation efflux
system (4).
We have determined the nucleotide sequencet ofthe 6.9-kb

region necessary for the expression of Co2+, Zn2+, and Cd2+
resistances and carried out transport studies with strains
carrying specific mutations in this DNA region. The data are
summarized in a model that proposes distinct roles for
different polypeptides in the cation export process.

MATERIALS AND METHODS
Bacterial Strains and Plasmids. Those used in this study are

listed in Table 1. Metal ion resistances, reduced accumulation
of metal cations, and metal ion efflux rates were tested as
described (3, 4). However, cells were incubated in the
presence of 1 AM radioactive cation instead of 200 AM (4) in
order to measure the efflux process more sensitively with
mutant strains. The calculated efflux constants (k) were
calculated, which are the initial efflux velocity (in ,mol/min
per g dry weight) divided by the initial cellular cation content
(in u.mol/g dry weight).

Molecular Genetics Techniques. These were performed as
described by Nies et al. (3) and by Maniatis et al. (9). For
construction of phage M13 derivatives containing the czc

Table 1. Bacterial strains and plasmids

Ref./
Strain Plasmid Relevant markers origin

Strain
A. eutrophus AE104 Metal-sensitive 2
E. coli

S17-1 RP4 tra genes 5
JM83 AlacZM15 6
JM83 pVDZ'2 Tetr, IncP1, lacZ', 7

Mob', Tra-
S17-1 pT7-3 S. Tabor*
S17-1 pT7-5 S. Tabor*
K38 pGP1-2 T7 RNA polymerase S. Tabor*
S17-1 pECD11 9.1-kb EcoRI fragment 3

Phage mTMO10 8
Plasmidt (vector)
pECD107 pT7-3 This study
pECD108 pT7-3t This study
pECD109 pT7-5 This study
pECD110 pT7-5t This study
pDNA130 pVDZ'2 This study

*Personal communication.
tczc-containing hybrid plasmid containing the 6.7-kb EcoRI-BamHI
fragment that was cloned into the pT7-3, pT7-5, and pVDZ'2
vectors.
tOpposite orientation.

region, restriction endonuclease subfragments of the 9.1-kb
EcoRI fragment (3) were cloned from plasmid pECD11
(called pEC11 in ref. 3) into phage mTMOO (8) in both
orientations. Nested deletions were made with BAL-31 exo-
nuclease, and the DNA sequence was determined from both
strands as described (8). The polypeptides expressed by the
czc region were analyzed as described (10, 11).

Isolation of Mutants. DNA fragments with BAL-31-gener-
ated deletions in the 6.7-kb EcoRI-BamHI fragment (which
were used for the DNA sequence analysis) were cloned from
the corresponding phage mTM01 hybrids into plasmids
pT7-5 and pVDZ'2 using EcoRI and Xba I. To introduce
small internal deletions into specific czc open reading frames,
plasmid pECD110 was digested with Xho I, Nsi I, Apa I, or
Ban II, respectively. The digested plasmids were treated
briefly with BAL-31, "polished" with Klenow DNA poly-
merase I, ligated, and transformed into Escherichia coli
S17-1. Plasmids from the transformants were isolated and
screened for the absence ofthe particular restriction nuclease
site. Plasmids carrying small deletions were expressed in E.
coli strain K38(pGP1-2) to establish the altered mutant poly-
peptide patterns. Finally, the deletion derivatives were sub-

Abbreviation: MIC, minimal inhibitory concentration.
*Present address: Institute of Plant Physiology, Cell Biology and
Microbiology, Free University of Berlin, Konigin-Luise-Strasse
12-16, D-1000 Berlin 33, F.R.G.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M26073).
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TTCTCCTGGTCACATACCTTGGTGCAATTC GATGCGAAGACTATTTCTGCCGCTCGGGCT GGCGGTAGCATTTCTCAGCCCAAACTTTGC CGTAGCGCAATCTGACACCGGCACGTCCAT 1 20
EcoRI

RBS
GGTGCCCGTCTTCCCAAGGGAAGCGGCGGG ACCGTTGACCCTCGAGGCCGCGTTGTCGCT GGCGGCAGGAAGCAATTTCAACCTGTCCGC CGCCGCCAAGGAACTCGATTCCACAGAAGaG 240

M Q A R V I P N P E L K T L V E D T R K S T R T S T A Q M1 N I P I E L G G K 38
TGGGATCATGCAGGCCCGGGTTATTCCGAA CCCGGAACTCAAGACGCTGGTCGAGGACAC GCGGAAATCCACCCGTACATCCACCGCCCA GATGAATATCCCCATCGAACTGGGCGGCAA 360

R S A R I N A A E R T R E L A Q A T L A G V R G D I R A Q V I E S F F S V L I A 78
GCGCTCGGCTCGTATCAATGCCGCGGAAAG GACGCGCGAACTGGCGCAGGCAACGCTGGC TGGCGTTCGCGGTGACATTCGGGCGCAGGT AATCGAGAGCTTTTTTTCCGTCTTGATCGC 480

Q E R V K L A T G S A D I A A R G A Q A A S 8 V A A G K I S P V D E T K A 8 V E 118
ACAGGAACGCGTCAAGCTGGCAACTGGCTC CGCGGATATCGCTGCGAGGGGCGCGCAAGC CGCTTCACGCGTCGCGGCCGGCAAGATCTC CCCGGTTGACGAAACTAAGGCACGTGTCGA 600

Q A N A E L E L A E A T A S L Q S A R Q A L T A L W G N A S P Q F A E A Q G N L 158
ACAGGCCAACGCCGAACTTGAATTGGCCGA AGCAACGGCGAGCCTGCAGTCCGCCCGTCA GGCGTTGACGGCGTTGTGGGGCAATGCATC GCCGCAGTTTGCCGAAGCACAGGGCAATCT 720

D A L P S 8 P A P E L L Q K E L E N S P L V A A S 8 A E L D R R Q A L V G V E R 198
GGACGCGCTGCCATCCAGGCCGGCGCCTGA ACTCCTTCAGAAGGAGCTGGAAAACTCACC GCTGGTGGCCGCAAGCCGCGCTGAACTTGA CCGCCGCCAGGCATTGGTGGGCGTTGAGCG 840

S R Q V P D L T V S L G A K 8 D T E A N R N M A V I G V A I P L P I F D R N Q G 238
CAGCCGCCAGTATCCGGATCTGACAGTCAG TCTGGGTGCCAAGCGAGATACAGAAGCCAA CCGCAACATGGCGGTGATCGGTGTGGCGAT CCCGTTGCCGATTTTTGACCGGAATCAGGG 860

N L V S A I R Q A D K A Q D E V L A N R I S L T R N L L M A S N Q L S V S R A S 278
CAACTTGTATTCGGCCATTCGCCAGGCGGA CAAGGCCCAGGATGAATATCTGGCCAATCG CATCAGCCTGACCCGAAATCTCCTGATGGC ATCGAACCAGCTGTCGGTATCGCGCGCCTC 1080

A Q T L K Q T V L P G A E Q A F N A A T I G F E A G K F N V L D V L D A Q 8 T L 318
GGCACAAACGCTGAAGCAGACCGTCTTGCC AGGCGCCGAGCAAGCCTTCAACGCGGCGAC CATTGGCTTCGAGGCCGGCAAGTTCAATTA TCTGGACGTCCTGGATGCCCAGCGCACGCT 1200

F Q A R I 8 V L 0 V L 0 Q T V Q A A T T I D R I L G 88* RBS M A I S N K 6
GTTCCAGGCACGCATCCGCTATCTCGGCGT GCTTGGACAAACCTATCAGGCGGCGACCAC GATCGATCGCATTCTGGGACGTTAAGACGG GaATTCATAAAACATGGCTATTTCGAACAAA 1320

Q K A A I A A I V L V G G V A T G G V L L S 0 8 S A P E 6 Q G G N S E S K 0 N G 46
CAAAAGGCTGCCATTGCGGCCATCGTACTG GTGGGCGGCGTCGCGACTGGTGGCGTTCTG CTGAGCGGGCGCTCTGCGCCGGAAGAGCAG GGTGGGCACTCGGAATCCAAGGGGCATGGC 1440

D T 6 N N G K Q A A E A D N K 0 0 K S N G D G E N N E V K K G P N G G A L F S 8 88
GACACCGAGCACCATGGCAAGCAGGCGGCG GAAGCCGACCACAAGGATGACAAGTCACAC GGCGACGGCGAGCATCACGAGGTCAAGAAGGGCCCCAATGGTGGCGCGCTCTTTTCGCGT 1580

ApalI,BanII

O G V D V E I G T A E S K 0 6 A 8 I R L W V S K S G K A V A N G V A A T G Q L V 126
GATGGCTATGACGTCGAAATTGGCACGGCC GAATCCAAGGGCGAGGCCCGTATTCGGCTC TGGGTTAGCAAGTCTGGGAAGGCGGTGGCA AATGGCGTGGCAGCGACAGGCCAGCTCGTG 1880

8 A T G E S Q A L K F V V S 6 0 A L E S Q Q P V A 6 P N V F D V T A N V T L p G 188
CGGGCTACGGGCGAGTCTCAAGCGCTCAAG TTCGTGGTGTCTGGCGACGCGCTGGAAAGC CAACAGCCAGTTGCCGAGCCCCATGTCTTT GACGTGACCGCAAATGTGACCTTGCCCGGT 1800

BanHl

S S S P L A V 8 L S K E E G K I E L T A D Q L A K T G V V V Q T A G S A K V Q A 206
TCGTCTTCGCCACTCGCCGTGCGGCTCTCG AAAGAGGAAGGCAAGATTGAGTTGACAGCG GACCAGCTGGCCAAGACAGGGGTAGTGGTT CAAACCGCGGGCTCGGCAAAGGTCCAGGCT 1920

BanII

G V Q F P G E I R F N 6 0 K T A N V V P 8 L A G V V 6 S V P A N I G Q Q V K K G 248
GGCGTCCAGTTCCCCGGCGAAATCCGTTTC AACGAAGACAAGACAGCCCACGTGGTGCCG CGACTGGCTGGCGTCGTAGAGAGCGTTCCG GCCAATATTOGGCAACAGGTTAAGAAGGGA 2040

Q V L A V I A S T G L S 0 Q R S E L L A A Q K 8 L 0 L A 8 V T V 0 8 E K K L W 6 286
CAGGTTCTCGCGGTCATCGCGAGCACCGGA CTTTCTGACCAGCGCAGCGAACTGCTCGCA GCACAGAAACGTCTGGATCTGGCGCGTGTC ACTTATGACCGCGAGAAGAAGCTCTGGGAA 2 180

Q K I S A E Q D Y L S A R N A L Q E A Q I S V Q N A Q Q K L T A I G A S N S S T 326
CAGAAGATCTCTGCGGAGCAAGATTATCTG AGCGCCCGCAACGCGCTGCAGGAAGCGCAG ATCAGTGTCCAGAACGCGCAGCAGAAGCTG ACCGCCATTGGCGCCAGCAACAGCTCGACG 2280

A L N R Y E L R A P F A 6 M I V E K H I S L G E A V A D N A N V F T L S 0 L S S 366
GCACTCAATCGCTACGAGCTGCGCGCACCG TTCGCAGGCATGATCGTTGAAAAGCATATC: TCGCTTGGGGAAGCGGTGGCGGACAACGCC AACGTGTTCACGCTGTCGGATCTGTCGTCC 2400

V W A E F V V S A K D V E R V R I G E K A S I N S A S 0 V K A D G T V S Y V G 406
GTCTGGGCCGAGTTCGTGGTGTCTGCCAAG GATGTCGAGCGGGTGCGCATCGGCGAAAAG GCGTCGATCAATTCGGCATCGTCCGATGTG AAGGCAGATGGCACCGTTTCATACGTGGGT 2520

S L L G E Q T R T A K A R V T L T N F Q M A W R F G L F V T V 0 V F 0 A D V E V 446
TCGCTGCTGGGCGAGCAGACGCGGACGGCG AAGGCCCGCGTAACATTGACCAATCCACAG ATGGCTTGGCGACCGGGTCTCTTCGTCACG GTCGACGTATTCGGTGCTGATGTCGAGGTG 2640

P V A V K T E A V Q D V N G E S V V F V A V Q G G F V F Q P V K V 0 R T N G K V 486
CCCGTTGCGGTGAAGACCGAGGCCGTCCAG GACGTCAATGGCGAGAGCGTAGTCTTTGTC GCGGTTCAAGGTGGATTCGTGCCGCAGCCG GTGAAGGTCGGCCGGACAAACGGCAAGGTC 2760

I E I V E G L K P G A R Y A A A N S F V L K A E L G K S S A E H G H RBS 520
ATCGAGATTGTCGAGGGCCTGAAGCCCGGC GCACGTTACGCCGCCGCCAACAGTTTTGTT CTGAAGGCCGAACTTGGCAAATCCAGCGCC GAACACGGCCATTGATACGGGGGAAACAGC 2880

M F E R I I S F A I Q Q R W L V L L A V F G M A G L G I F S V N R L P I D A V F 40
AATGTTTGAACGTATCATTAGTTTCGCCAT CCAGCAGCGATGGCTGGTCCTGCTCGCCGT GTTTGGAATOGGCCGGGTTAGGGATTTTCAG CTACAACCGACTACCGATCGACGCGGTCCC 3000

0 I T N V Q V Q V N T S A P G V S F L E T E Q R A T V P I E V V M A G L P G L E 80
TGACATTACCAACGTTCAGGTTCAGGTCAA TACCTCGGCACCAGGCTATTCACCGCTCGA AACCGAACAGCGTGCTACGTATCCGATCGA GGTCGTGATGGCCGGCCTGCCGGGACTCGA 3 120

Q T R S L 5 6 Y G L S Q V T V I F K D 0 T D V V F A R Q L V N Q R I Q 6 A K 0 N 120
ACAGACGCGTTCCCTGTCCCGCTATGGCTT GTCGCAGGTGACGGTCATCTTCAAGGATGG CACGGACGTCTATTTCGCGCGCCAACTCGT CAACCAGCGCATCCAGGAAGCCAAGGACAA 3240

L F 6 0 V V F A M G F I S T G L 0 6 I V L W T V E A E E 0 A R K A 0 0 T A V T P 160
TCTGCCTGAAGGCGTTGTGCCGGCGATGGG GCCTATTTCGACCGGCCTCGGGGAGATCTA TCTATGGACCGTTGAAGCCGAAGAGGGTGC TCGCAAAGCTGACGGGACTGCCTATACGCC 3360

T 0 L R E T Q D W V V F F Q L R N V F 0 V T 6 I N T I 0 0 F N K Q V L V A F S L 200
GACAGATTTGCGCGAAATCCAGGATTOGGT GGTACGGCCGCAACTGCGTAACGTGCCCGG TGTCACCGAGATCAATACTATCGGTGGTTT CAACAAGCAGTACCTGGTCGCGCCGAGTCT 3480

E R L A S V G L T L T 0 V V N A L N K N N 0 N V 0 A G Y I E R R 0 6 Q V L V R A 240
TGAACGGCTAGCGTCGTACGGGCTGACGCT GACCGACGTCGTCAATGCGCTGAACAAGAA CAACGACAACGTGGGTGCGGGCTACATCGA GCGTAOGGGCGAGCAGTATCTGGTTCGTGC 3600

P 0 Q V A 5 6 0 0 I R N I I V 0 T A Q 0 Q P I R I R 0 I 0 D V E I 0 K 6 L R T 0 280
GCCGGGTCAGGTTGCGTCCGAAGACGACAT CCGCAACATTATTGTCGGTACAGCGCAGGG GCAGCCGATCCGCATTCGCGACATCGGGGA TGTGGAGATTGGCAAGGAACTGCGTACCGG 3720

A A T E N 0 K E V V L 0 T V F M L I 0 6 N S R A V S K A V 0 E K V A S I N R T M 320
TGCGGCAACCGAGAATGGCAAGGAAGTTGT GCTGGGCACGGTATTCATGCTCATCGGCGA AAACAGCCGGGCTGTGTCAAAAGCGGTCGA TGAAAAGGTCGCTTCCATTAACCGTACGAT 3840

F E 0 V K I V T V Y 0 R T R L V 0 K A I A T V K K N L L E 0 A V L V I V I L F L 360
GCCGGAAGGTGTGAAGATCGTAACGGTATA CGACCGGACACGTCTGGTCGACAAGGCCAT TGCGACCGTCAAGAAGAACCTTCTTGAAGG CGCGGTGCTCGTCATCGTAATTCTGTTCCT 3960

F L G N I R A A L I T A T I I P L A M L F T F T 0 M V N V K I S A N L N S L 0 A 400
TTTCCTGGGTAACATCCGCGCGGCGCTGAT TACCGCGACGATCATTCCGCTGGCGATGTT GTTCACCTTCACGGGGATGGTGAACTACAA GATCAGTGCGAACCTGATGAGCTTOGGCGC 4080

L D F G I I I 0 0 A V V I V 6 N C V R R L A H AQ E H H 0 R F L T R 5 E R F H 6 440

V F A A A K E A R R P L I F 0 Q L I I M I V V L F I F A L T 0 V E 0 K N F H F N 4680
GGTGTTTGCCGCAGCGAAGGAGGCGCGTCG CCCACTGATCTTCGGTCAGCTCATCATTAT GATCGTCTACCTGCCGATCTTTGCGCTGAC GGGGGTGGAAGGCAAGATGTTCCACCCGAT 4320

FIG. 1. (Figure continues on the opposite page.)
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A F T V V L A L L G A M I L S V T F V P A A V A L F I G E R V A E K E N R L M L 520
uGCGTTCACGGTCGTCCTGGCGCTGCTGGG CGCGATGATTCTGTCCGTGACGTTCGTTCC GGCTGCGGTCGCCTTGTTCATCGGCGAACG GGTGGCCGAGAAAGAAAATCGTCTCATGCT 4440

W A K R R Y E P L L E K S L A N T A V V L T F A A V S I V L C V A I A A R L G S 560
CTGGGCGAAGCGTCGCTACGAGCCGCTGCT GGAAAAGTCGCTCGCGAACACGGCCGTTGT ATTGACGTTTGCCGCGGTGTCAATTGTTCT GTGCGTGGCCATTGCGGCCCGCCTGGGCAG 4560

E F I P N L N E G D I A I Q A L R I P G T S L S Q S V E M Q K T I E T T L K A K 600
CGAGTTCATCCCCAATCTGAACGAAGGCGA CATTGCCATCCAGGCGCTGCGCATTCCTGG CACGAGCCTGTCGCAGTCCGTGGAGATGCA GAAGACGATCGAGACGACCCTCAAGGCAAA 4680

F P E I E R V F A R T G T A E I A S D L M P P N I S D G Y I M L K P E K D W P E 640
ATTCCCCGAAATCGAGCGCGTGTTTGCGCG GACAGGTACGGCGGAGATTGCATCCGATCT GATGCCGCCGAATATTTCGGATGGCTACAT CATGCTCAAGCCTGAGAAGGATTGGCCAGA 4800

P K K T H A E L L S A I Q E E A G K I P G N N V E F S Q P I Q L R F N E L I S G 680
GCCGAAGAAAACACATGCCGAACTGCTGTC CGCCATCCAGGAGGAAGCCGGCAAGATCCC CGGGAACAACTACGAGTTCTCCCAACCGAT CCAGCTGCGGTTCAACGAGCTGATCTCCGG 4920

V R S D V A V K I F G D D N N V L S E T A K K V S A V L Q G I P G A Q E V K V E 720
GGTCCGCTCGGACGTCGCAGTCAAGATCTT CGGCGATGACAACAACGTGCTCAGCGAGAC GGCGAAGAAGGTATCGGCCGTGCTGCAGGG CATCCCCGGCGCGCAGGAGGTGAAGGTAGA 5040

Q T T G L P M L T V K I 0 R E K A A R Y G L N M S D V Q D A V A T G V G G R D S 760
ACAGACCACCGGCTTGCCGATGCTGACGGT CAAGATCGATCGGGAGAAGGCGGCGCGATA CGGGCTTAACATGAGCGACGTGCAAGACGC GGTGGCAACGGGCGTCGGAGGCCGTGATTC 5160

G T F F Q G D R R F D I V V R L P E A V R G E V E A L R R L P I P L P K G V D A 800
CGGAACCTTCTTCCAGGGCGATCGTCGTTT CGATATCGT.GGTCCGCCTGCCCGAAGCTGT GCGCGGCGAGGTCGAGGCTCTGCGCCGATT GCCGATTCCGTTGCCAAAAGGAGTGGACGC 5280

R T T F I P L S E V A T L E M A P G P N Q I S R E N G K R R I V I S A N V R G R 840
GAGAACGACGTTTATCCCATTGAGCGAGGT GGCGACGCTGGAAATGGCGCCCGGCCCGAA CCAGATCTCGCGCGAGAACGGCAAGCGCCG CATCGTGATCAGTGCCAACGTTCGTGGACG 5400

D I G S F V P E A E A A I Q S Q V K I P A G Y W M T W G G T F E Q L Q S A T T R 880
TGATATTGGTTCATTCGTGCCCGAGGCGGA AGCGGCTATCCAAAGCCAGGTCAAGATCCC GGCTGGCTACTGGATGACATGGGGTGGCAC CTTTGAGCAACTGCAGTCCGCCACCACCCG 5520

L Q V V V P V A L L L V F V L L F A M F N N I K D G L L V F T G I P F A L T G G 920
CCTGCAGGTGGTAGTGCCGGTGGCGCTGTT GCTGGTCTTCGTACTGTTGTTTGCGATGTT CAACAACATCAAGGATGGCTTGCTAGTCTT CACGGGCATTCCCTTTGCGCTGACTGGCGG 5640

I L A L W I R G I P M S I T A A V G F I A L C G V A V L N G L V M L S F I R S L 960
GATTCTTGCCCTGTGGATACGCGGCATTCC GATGTCCATTACTGCAGCGGTGGGCTTCAT CGCGCTGTGCGGGGTGGCGGTGCTCAATGG TCTGGTGATGCTGTCGTTTATCCGATCGCT 5760

R E E G H S L D S A V R V G A L T R L R P V L M T A L V A S L G F V P M A I A T 1000
GCGCGAAGAAGGGCATTCCCTCGACAGCGC GGTCCGAGTTGGCGCCCTGACGCGACTGCG TCCGGTGCTGATGACGGCCCTGGTGGCATC CCTGGGTTTCGTGCCGATGGCCATCGCCAC 5880

G T G A E V Q R P L A T V V I G G I L S S T A L T L L V L P V L V R L A H R K D 1040
CGGTACGGGCGCTGAGGTGCAACGTCCCCT CGCAACGGTGGTAATCGGTGGCATCTTGTC GTCCACGGCGCTGACCCTACTGGTGTTGCC GGTGCTCTATCGACTTGCTCACCGCAAGGA 6000

E D A E D T R E P V T Q T H Q P D Q G R Q P A * RBS 106
TGAGGACGCGGAAGATACTCGCGAGCCAGT CACTCAGACGCATCAACCGGATCAAGGCCG CCAGCCTGCATGACGTAAATCCTTGGGCGG TCATCGTACCGCCCAATTTTTATAOGAGTT 6120

M G A G H S H D H P G G N E R S L K I A L A L T G T F L I A E V V G G V M T K 39
TCTATGGGCGCAGGTCACTCACACGACCAT CCCGGTGGCAACGAGCGATCGCTCAAGATC GCCCTTGCGCTGACCGGTACGTTCCTGATT GCCGAAGTGGTCGGTGGTGTCATGACGAAG 6240

S L A L I S D A A H M L T D T V A L A I A L A A I A I A K R P A D K K R T F G Y 79
AGCCTGGCGTTGATCTCCGACGCCGCGCAC ATGCTCACGGACACCGTCGCACTGGCCATC GCACTGGCTGCTATTGCGATCGCCAAGCGA CCCGCGGACAAGAAGCGGACATTTGGCTAC 6360

Y R F E I L A A A F N A L L L F G V A I V I L Y E A Y L R L K S P P Q I E S T G 119
TACCGTTTTGAGATTCTTGCCGCGGCCTTT AACGCATTGCTGCTGTTCGGTGTGGCTATC TACATCCTGTACGAAGCCTACCTGCGGCTG AAATCGCCACCTCAGATTGAGTCAACCGGC 6480

M F V V A V L G L I I N L I S M R M L S S G Q S S S L N V K G A Y L E V W S D L 159
ATGTTCGTCGTGGCTGTGCTGGGCCTGATC ATCAATCTCATCAGCATGCGCATGCTGTCC TCCGGGCAAAGCAGCAGCCTGAACGTGAAG GGTGCTTATCTGGAAGTCTGGAGCGATCTG 6600

L G S V G V I A G A I I I R F T G W A W V D S A I A V L I G L W V L P R T W I L 199
CTCGGGTCGGTTGGCGTCATCGCCGGTGCG ATCATCATCCGCTTCACGGGCTGGGCGTGG GTCGACTCCGCCATTGCGGTGCTGATCGGC CTCTGGGTACTGCCTCGCACGTGGATCCTC 6720

BamHI

TGAAGTCGAGCCTGAATGTGCTGCTCGAAG GCGTACCCGATGACGTGGATCTGGCAGAGG TTGAGAAGCAAATTCTCCGACGCCCGGGOT AAAAAGCTTCCATGAACCTCCACATCTGGG 6840
Hi ndIII

CCACTTACCAACGGCCAGGCGAGCTTGACG GTTCAGTCTGT 6881

FIG. 1. Nucleotide sequence of the 6881-bp DNA fragment containing the czc determinant. The strand equivalent to the mRNA is shown
from the EcoRI site to 146 bp beyond the BamHI site (see Fig. 2). Proposed ribosome binding sites (RBS), the predicted polypeptides, and
restriction endonuclease sites used for mutagenesis are indicated.

cloned into plasmid pVDZ'2 by using EcoRI and Xba I,

leading to the plasmids pDNA145 (Xho I-generated, no CzcC
protein), pDNA146 (Nsi I-generated, a 25-kDa truncated
CzcC; CzcC-), pDNA147 (Apa I-generated, no CzcB pro-

tein), and pDNA148 (Ban TI-generated, a CzcC-CzcB fusion
protein; CzcC' CzcB-).

RESULTS AND DISCUSSION
Nucleotide Sequence of the czc Determinant. Fig. 1 shows the

nucleotide sequence of the 6881 base pairs (bp) containing the
putative czc operon and the amino acid translation products of
the four major open reading frames. The sequence starts with
the last three nucleotides of the left EcoRI site of the 9.1-kb
EcoRI fragment (3) and ends 146 bp after the BamHI site (Fig.

Table 2. Proposed genes (from open reading frames) of the czc

nucleotide sequence

Start Stop
Proposed codon, codon, Length, Size,*

gene bp bp a.a. kDa

czcC 248 1285 345 37.3
czcB 1303 2865 520 54.5
czcA 2881 6073 1063 116.0
czcD 6124 6723 199 21.2

a.a., amino acids.
*Size of the predicted polypeptide in kilodaltons.

1). Besides the four open reading frames summarized in Table
2, one additional open reading frame was detected, which is
oriented in the opposite direction, compared with the four
open reading frames shown in Fig. 2. It would start at position
2336, end at nucleotide 1495, and potentially correspond to a
35-kDa polypeptide (data not shown). However, no consensus
ribosome binding site was found upstream of the proposed
start codon, and the T7 polymerase experiments (see Fig. 3)
did not indicate that a polypeptide was expressed from the
opposite strand. Proposed start and stop codons and ribosomal
binding sites for the four major open reading frames are
summarized in Table 2.

EX GPN ACCCGP S G S GPGPPP SBHPS F

CzcC CzcB CzcA CZCD 1 kb

346 aa 521 aa 1064 Aa 200 aa

FIG. 2. Structure of the DNA region containing the czc deter-
minant. The restriction endonuclease sites of the original 9.1-kb
EcoRI fragment (4) shown (E, EcoRI; X, Xho I; G, Bgl II; P, Pst I;
N, Nsi I; A, Apa I; C, Ban I1; S, Sal I; B, BamHI; and H, Hindill)
were determined by enzyme digestion and predicted from the DNA
sequence in Fig. 1. The arrow gives the predicted length and direction
of transcription of the czc determinant. The sizes of the predicted
gene products in amino acids (aa) are indicated.
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The 6.7-kb EcoRI-BamHI Fragment Encodes Five Mem-
brane-Bound Polypeptides. The 6.7-kb EcoRI-BamHI frag-
ment (Fig. 2) was cloned in both orientations into plasmids
pT7-3 and pT7-5. Both vector plasmids carry a phage T7
RNA polymerase promoter downstream of a multilinker
restriction nuclease site. In plasmid pT7-3, the bla gene
encoding ampicillin resistance can be transcribed from the
phage T7 promoter; in plasmid pT7-5, the bla gene is oriented
in the opposite direction, f-Lactamase appeared as three
bands corresponding to sizes ofabout 27 kDa (Fig. 3; ref. 10).
When plasmids pECD108 and pECD110 (Table 1) were
expressed in E. coli strain K38(pGP1-2), five radioactive
polypeptide bands corresponding to sizes of about 120
(CzcA), 66 (CzcB), 44 (CzcCl), 42 (CzcC2; tentatively hy-
pothesized to originate from the same gene), and 21 (CzcD)
kDa appeared (Fig. 3A). No extra radioactive polypeptide
was visible after expression of plasmids pECD107 and
pECD109 (Fig. 3A). [Two polypeptides with the same sizes
as CzcC1 and CzcC2 appeared after expression of plasmids
pECD107, pECD109, p17-3 and pT7-5 (Fig. 3A). However,
these bands were faint compared with the bands appearing
after expression of plasmids pECD108 and pECD11O (Fig.
3A).] In plasmids pECD108 and pECD11O, parts of the
polylinker region downstream of the BamHI site (which is
different in the two plasmids because of different ways of
construction) were fused and incorporated into the CzcD
open reading frame (Fig. 2). Therefore, the two CzcD poly-
peptides seen had slightly different sizes (Fig. 3A). The CzcA
polypeptide appeared as a broader band rather than a sharp
band (Fig. 3). This is characteristic for membrane proteins on
polyacrylamide gels (12).
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FIG. 3. Polypeptides produced by the czc determinant. The

6.7-kb EcoRI-BamHI fragment was cloned in both orientations into
plasmids pT7-3 and pT7-5, leading to plasmids pECD107 (vector
pT7-3, opposite orientation), pECD108 (vector pT7-3, correct ori-
entation), pECD109 (vector pT7-5, opposite orientation), and
pECD110 (vector pT7-5, correct orientation). In vector plasmid
pT7-3, the bla gene products (Bla, 25.0, 26.5, 27.5, and 29.0 kDa; ref.
10) are also expressed under the control of phage T7 promoter. (A)
Five 35S-labeled polypeptides with sizes corresponding to 21, 42, 44,
66, and 120 kDa are marked as expressed by plasmids pECD108 and
pECD110. The approximate sizes were assigned to these polypep-
tides by comparison to the electrophoretic mobilities of radioactive
protein standards. (B) Polypeptides in the total sonicate extract (son.)
of the cells with plasmids pECD108 and pECD110 or membrane
(mem.) and supernatant (sup.) fractions after ultracentrifugation.

Since the bla gene products were strongly expressed from
plasmid pECD108 (Fig. 3A), transcription was not inter-
rupted within the 6.7-kb fragment. Therefore, the five poly-
peptides are all gene products encoded by this fragment. No
polypeptides were expressed from the opposite strand with
plasmids pECD107 and pECD109 (Fig. 3A). Therefore, the
direction of transcription of the czc operon is from the EcoRI
site (the left end in Fig. 2) toward the Bam HI site. When the
E. coli cells containing plasmids pECD108 and pECD110
were disrupted, the major fraction of each of the five czc-
encoded polypeptides appeared in the washed membranes
(Fig. 3B), while only a small amount was visible as contam-
ination in the supernatant fractions. Therefore, the czc poly-
peptides are probably membrane-bound.
Assignment of the Open Reading Frames and Polypeptides.

Derivatives of the 6.7-kb EcoRI-BamrHI fragment carrying
various deletions were subcloned into plasmid pT7-5 and
expressed in E. coli strain K38(pGP1-2) (Table 3). Thus, the
polypeptides expressed from the 6.7-kb fragment could be
assigned to the different open reading frames: the 21-kDa
polypeptide corresponds to CzcD; the 120-kDa polypeptide,
to CzcA; the 66-kDa polypeptide, to CzcB; and the 42- and
the 44-kDa polypeptides, both to CzcC (Table 2). Note that
two polypeptides differing in size by 2 kDa are tentatively
assigned to czcC, although there is no evidence as to whether
this results from two start sites or proteolytic processing.

Function of the czc Gene Products. The deletion derivatives
of the 6.7-kb EcoRI-BamHI fragment were subcloned from
the p17-5 hybrid plasmids into plasmid pVDZ'2. When
transferred into A. eutrophus strain AE104, the deletion
derivatives were constitutively expressed under the control
of E. coli lac promoter (since there is no lac repressor gene
present; ref. 7), and the effect of each deletion on the
expression of metal resistance was determined.
Compared with the expression of the complete czc deter-

minant (plasmid pDNA130), deletion of the carboxyl-
terminal 62 amino acids ofthe putative CzcD protein (plasmid
pDNA135; Table 3) had no effect on the minimal inhibitory
concentration (MIC) for Co2+, Zn2+, and Cd2+ and no effect
on zinc and cobalt efflux (Fig. 4). Cd2+ efflux in strains
AE104(pDNA135) and AE104(pDNA130) was slightly differ-
ent (Fig. 4), but these strains showed similar low levels of

Table 3. Deletion derivatives of the 6881-bp fragment cloned into
plasmids pT7-5 and pVDZ'2

Ccz polypeptides
Plasmid* Mutation Deletion formed
pDNA130 None None A, B, C, D
pDNA135 czcD Abp 6536-6713 A, B, C, AD = 15 kDa
pDNA132 AczcAD Abp 5896-6713 B, C, AA = 110 kDa
pDNA137 AczcAD Abp 5108-6713 B, C, AA = 72 kDa
pDNA138 AczcAD Abp 4016-6713 B, C, AA nv.
pDNA139 AczcAD Abp 2890-6713 B, C, AA nv.
pDNA140 AczcBAD Abp 2646-6713 C, AB = 59 kDa
pDNA141 AczcBAD Abp 2106-6713 C, AB nv.
pDNA142 AczcBAD Abp 1508-6713 C, AB = 15 kDa
pDNA148 czcB Ban II sd. A, D, C::B = 80 kDat
pDNA147 czcB Apa I sd. A, C, D, AB nv.
pDNA146 czcC Nsi I sd. A, B, D, AC = 25 kDa
pDNA145 czcC Xho I sd. A, B, D, AC nv.

The deletion derivatives of the 6.7-kb fragment were cloned into
plasmid pT7-5 and expressed from the phage T7 promoter to estab-
lish the altered mutant polypeptide pattern (the names ofthese hybrid
plasmids are not given). The sizes of deletion derivatives of the Czc
proteins (AA, AB, or AD) seen in E. coli under T7 promoter function
are given in kDa. The deletion derivatives were then subcloned into
plasmid pVDZ'2 and expressed in A. eutrophus strain AE104. nv.,
Not visible; sd., enzyme-promoted small deletion.
*Names of the pVDZ'2-derived hybrid plasmids.
tFusion between CzcC and CzcB.
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FIG. 4. Effect of deletion mutations in the czc determinant on
expression of cation resistances. Plasmid pDNA130 (Table 3) con-
tains the complete czc determinant; plasmids pDNA135, pDNA132,
pDNA137, pDNA138, pDNA139, and pDNA140 contain proges-
sively larger deletions of the czc determinant from the distal 3' end
as indicated (Table 3). Plasmids pDNA148, pDNA147, pDNA146,
and pDNA145 have small deletions in either czcC (pDNA145 and
pDNA146) or czcB (pDNA147 or pDNA148) (Table 3). All czc
fragments were cloned in plasmids pVDZ'2 and transferred into A.
eutrophus strain AE104 for MIC and transport studies. (A) Efflux
(negative values) or net uptake of Cd2+ (black bars), Zn2+ (white
bars), and Co2+ (shaded bars) by strains with mutant plasmids. (B)
The MICs of strain AE104 containing a mutant plasmid divided by
the MIC of the metal-sensitive strain AE104(pVDZ'2) for Cd2+
(black bars), Zn2+ (white bars), or Co2+ (shaded bars).

Cd2+ accumulation (data not shown). Deletion of the entire
czcD gene and of 59 amino acids ofthe putative CzcA protein
(plasmid pDNA132; Table 3) reduced the MIC for Cd2+ but
did not affect the MICs for Co2+ and Zn2+. Zn2+ efflux was
not affected, but Co2+ and Cd2+ efflux were reduced.

Further deletion of about one-third (321 of 1063 amino
acids) from the carboxyl terminus of the putative CzcA
polypeptide (plasmid pDNA137; Table 3) completely elimi-
nated all three resistances, and strain AE104(pDNA137)
accumulated Cd2+, Zn2+, and Co2+ at rates equivalent to the
sensitive strain AE104(pVDZ'2) (Fig. 4). Larger deletions
had similar effects (plasmids pDNA138, pDNA139, and
pDNA140; Table 3 and Fig. 4). Therefore, the CzcA poly-
peptide is essential for the expression of all three resistances.

Strains AE104(pDNA145) and AE104(pDNA146), which
are CzcC- (Table 3) are sensitive to Cd2+ and have reduced
MICs for Co2+ but only slightly reduced MICs for Zn2+ (Fig.
4). Both strains showed Zn2+ efflux and accumulated Cd2+ and
Co2+ to a lesser extent than did the sensitive strain
AE104(pVDZ'2) (Fig. 4). Strains AE104(pDNA147) and
AE104(pDNA148) were CzcB- (Table 3) and sensitive to Cd2+
and Zn2+ and exhibited residual Co2+ resistance similar to the
CzcC- strains AE104(pDNA145) and AE104(pDNA146) (Ta-
ble 3 and Fig. 4). In contrast to the CzcC- strains, the CzcB-
strains did not show Zn2+ efflux or Zn2+ resistance (Fig. 4).
These results may be incorporated into a preliminary

model with the CzcA protein alone having low cation trans-
port activity for Co2+. CzcA and CzcB together would act in
Zn2+ efflux nearly as effectively as the complete Czc efflux
system (CzcABC). Thus, the CzcB protein is thought to
funnel Zn2+ cations to the CzcA transport protein.
When the CzcC protein was added to CzcA and CzcB, the

efflux system gained specificity for Cd2+ and Co2+. How-
ever, the CzcC and CzcA proteins apparently did not cata-

lyze Co2" or Cd2+ efflux when the CzcB protein was absent.
Therefore, the CzcC protein appears to modify the specificity
of the system, perhaps by acting on the CzcB protein.
The absence ofthe CzcD polypeptide did not affect expres-

sion of the czc efflux system from the E. coli lac promoter.
The CzcD protein was necessary, however, for activation of
the czc determinant in A. eutrophus. A CzcD- mutation in
plasmid pMOL30 led to low-level expression of metal resis-
tance. This mutation could be complemented in trans by a
czcD gene cloned into plasmid pVCZ'2 and expressed in the
mutant strain (D.H.N., unpublished data).
The czc determinant is the only determinant known to

encode the Zn2W, Co2+, and Cd2' resistances together. The
cadA determinant of Staphylococcus aureus encodes Cd2+
and Zn2+ resistance (13) and has been cloned and sequenced
(14, 15), but the sequence consists of one gene unrelated to
czc. Although both Cd2+ resistances are based on energy-
dependent efflux of Cd2+ (4, 16), the czc system is inducible
(4), whereas the cadA system appears to be expressed
constitutively (17). The czc system appears more compli-
cated compared to the single-gene cadA system.
One other example of a three-polypeptide cation transport

system is the well-studied Kdp potassium transport system of
E. coli (18). KdpA, KdpB, and KdpC are membrane-bound
polypeptides (18). KdpB contains ATPase activity and is
related to ATPases of eukaryotic organisms (18). The Czc
polypeptides showed no sequence relationships to the Kdp
polypeptides and the direction of transport is opposite-
efflux rather than uptake. Therefore, multiple component
membrane transport systems may occur following more than
a single pattern.
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