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SUMMARY 

The plasmid-borne czc operon ensures for resistance to Cd 2+, Zn 2+ and Co > ions through a tricomponent export pathway and is associated m various conjugative 
plasmids of A. eutrophus strains isolated from metal-contaminated industrial areas. The czc region of pMOL30 was reassessed especially for the segments located 
upstream and downstream the structural genes czc CBA. In cultures grown with high concentrations of heavy metals, czc-mediated efflux of cations is followed 
by a process of metal bioprecipitation. These observations led to the development of bioreactors designed for the removal of heavy metals from polluted effluents. 

INTRODUCTION 

Soils or sediments that are contaminated by mine or metal- 
lurgical wastes with high levels of heavy metals may contain 
heterotrophic bacteria harboring plasmid-borne resistance to 
toxic concentrations of these heavy metals. This was the case 
with numerous samples collected from the Zairian copperbelt 
of Shaba or from metallurgical factories (non-ferrous metals) 
in Western Europe [10]. 

Alcaligenes eutrophus CH34 and related bacteria are 
characteristic of these biotopes. A. eutrophus CH34 is a facul- 
tative chemolithotroph that harbors large plasmids hosting 
various operons responsible for resistances and other responses 
to heavy metals [29-31]. One of these operons, czc (resistance 
to Cd 2+, Co 2+ and Zn2+), encodes for a chemiosmotic proton 
antiporter-mediated efflux of cations [34,36,38; (Nies, pers. 
comm.)]. Gene probes made with czc and used in colony or 
dot blot hybridization allowed the detection of various strains 
related to A. eutrophus CH34 from the biotopes quoted above 
[10]. The megaplasmids of A. eutrophus CH34 contain other 
well-studied operons for heavy metal resistance such as cnr 
(resistance to Co 2+, Ni > and Zn 2+ [5,26,45], chr [32,35], and 
mercury transposons [8]. Other genetic determinants that map 
on these plasmids are involved in resistance or response to 
Cu 2+, Pb 2+, T1 + and Mn 2+ (especially on pMOL30). Recently, 
the Cu and Pb resistance determinants were cloned but they 
are not yet understood at the DNA level and physiological 
studies do not provide clues about the mechanisms involved. 

Concern for environmental bioremediation has focused on 
the possibility of using multiple-resistant bacteria for the 
removal of heavy metals from polluted effluents or sediments 
through a form of bioaccumulation that would follow the 
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plasmid-mediated efflux or other resistance mechanism. The 
following phenomena were observed in cultures grown with 
organic acids in the presence of 2 mM Cd 2+ or 5 mM Zn2+: a 
progressive increase of pH up to a value of 9, and the con- 
comitant removal of metals from culture supernatant fluids 
through precipitation of carbonates and hydroxides [9]. The 
pH increase is proportional to the initial concentration of toxic 
cations and is thought to be the immediate consequence of the 
czc-mediated proton antiporter efflux of cations. Removal of 
cations from the supernatant medium was so efficient that 
bioreactors based on the immobilization of czc bacteria in 
composite membranes were designed and these bioreactors 
removed a variety of metals from polluted effluents [10-12]. 
Bioprecipitation and the biological sequestration of toxic met- 
als from culture media and polluted effluents are 'post efttux' 
events and start in the vicinity of the bacterial envelope. The 
mechanism of these events is still poorly understood as is the 
mechanism of efftux despite some recent progress [22,38,46]. 
The possible role of plasmid-mediated resistances in the geo- 
chemistry of soils and sediments contaminated with heavy 
metals waste also deserves further attention. 

In the present paper we have: 1) described some czc-con- 

taining bacteria isolated from a variety of soils and sediments 
with a high content of heavy metals; 2) reevaluated the genetic 
structure of the czc locus; 3) proposed an efflux mechanism 
mediated by CzcC, CzcB and CzcA proteins as suggested by 
the comparison of proposed protein sequence data; and 4) 
described the bioprecipitationPoiological sequestration pro- 
cesses as observed in bioreactors grown in the presence of 
Cd 2§ and Zn 2+ and where czc genes were put to full 
expression. 

Plasmid pMOL30 and other czc plasmids 
Many strains with pMOL30-1ike plasmids containing czc 

(as detected by DNA/DNA hybridization with a czc probe 
from pMOL30) were isolated from several contaminated sites. 



These soils were characterized by a relatively neutral pH (5- 
7) and quite high concentrations of bioavailable zinc 
(leachable with water). Such soils were found in the neighbor- 
hood of Belgian non-ferrous industries (five sites) and of Zair- 
ian mining sites (four sites). Most of the bacteria were isolated 
by selection on minimal medium containing 2 mM Zn 2+ and 
gluconate as; carbon source [10]. Until now, only/3 class Pro- 
teobacteriae related to A. eutrophus CH34 were found to bear 
czc DNA fragments (Table 1). Phenotypic variations in the 
expression of czc genes were observed among these strains. 
In A. eutrophus DS185, resistance to Cd 2-- and Co 2+ was 
observed only after induction by zinc. When corresponding 
plasmids were transferred to a plasmid-free derivative of A. 
eutrophus CH34, full resistance to Cd 2+ and Co 2§ occurred. 
In strain VA47, no resistance phenotype was associated with 
the czc plasmid pMOL214. The czc-encoding plasmids are 
generally very large and can promote their self transfer with 
variable frequencies (data not shown). Of interest is plasmid 
pMOL218 (104 kb) from strain VA53, which is self transfer- 
able at a frequency of 3.10 -5 transconjugants per recipient. 
Some of the hosts of czc plasmids are facultative chemolitho- 
trophs that are able to grow with H2 and CO2. 

The czc region of  pMOL30: a reassessment 
The determinants of Cd, Zn and Co resistances are encoded 

by the czc operon [36]. Related metal efflux systems carried 
by plasmids include cnr which is involved in cobalt and nickel 
resistances in A. eutrophus CH34 [5,26], and ncc, which en- 
codes nickel, cobalt and cadmium resistances in Alcaligenes 

xylosoxidans 31A (Schmidt and Schlegel, submitted). 
The known structural genes of the czc gene cluster are 

czcC, czcB and czcA [36]. Here we will review the genes of 
the czc region, from czcC to czcD and continuing to the 
regions located directly upstream and downstream these genes. 
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In Fig. 1, we propose some modifications to the Nies et al. 
[37] map of the czc region as a consequence of: (1) sequencing 
of the czcC upstream region; (2) comparison of czc sequence 
date with cnr and ncc; and (3) discovery of new mutants. 
a) czcC: When the czc DNA sequence was published by Nies 
et al. [36], CzcC was interpreted to be a polypeptide of 375 
amino acids. However, recent analysis of the same sequence 
suggests the possibility of the open reading frame of czcC 

extending at the 5' end by adding 72 amino acids. The nucleo- 
tide sequence of czcC remains unchanged; it is only its pre- 
sumed open reading frame that has been altered. The reas- 
sessed czcC ORF begins 29 nucleotides downstream of the 
EcoRI  site. Furthermore, the analysis that was based on Von 
Heijne's method [50] demonstrated clearly that the N-terminal 
part of the reassessed CzcC protein possesses features typical 
of a peptide secretion signal (Fig. 2). As we will describe 
below, there are sequence homologies and topological simi- 
larities between CzcC and other accessory proteins of ABC 
exporter systems, precisely with a family of outer membrane 
factors (OMF). 
b) czcB: The second structural gene of the czc operon has a 
gene product (CzcB) containing 512 amino acids. Sequence 
analysis suggests that CzcB is likely an inner membrane pro- 
tein which belongs to a family of bacterial membrane fusion 
proteins (MFP). Besides CzcB displays some homology with 
calphotin [4]. Calphotin is described as a metal 'mobilizing' 
protein that sponges Ca + + cations from the cytoplasm. 
c) czcA: The third and largest gene encodes the central compo- 
nent of the whole system. In the three plasmid-encoded heavy 
metal resistance systems from Alcaligenes that have been 
sequenced so far, czcA, cnrA and nccA are the most conserved 
structural genes in the three operons. Very recent experimental 
data (Nies and Silver, submitted; Nies, pers. comm.) directly 
demonstrates that CzcA, the center part of the heavy metal 
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TABLE 1 

Overview of some czc plasmids in AlcaIigenes eutrophus strains a 

Strain Origin czc plasmid Size Markers Frequency of 
(kb) self-transfer 

CH34 Liege (Belgium) pMOL30 240 Cd, Co, Zn, 10 .8 
Cu, Pb, T1, Hg 

DS185 Lommel (Belgium) pMOL85 250 Zn (Co, Cd) 5x10 -4 
Cu, Pb 

ER8 Overpelt (Belgium) pMOL62 160 Zn, Cd, Hg 10 -5 

ER121 Overpelt (Belgium) pMOL70 160 Zn, Hg (Cd) 10 3 

VA53 Kolwezi (Za'ire) pMOL218 104 Cd, Co, Cu, 3• 5 
Zn, Hg 

VA47 Kakanda (Za'ire) pMOL214 40 Cu? NT 

VA12 Likasi (Zai're) pMOL224 >300 Cd, Co, Zn NT 

aczc plasmids were determined by hybridization with the czc probe from pMOL30. All plasmids with mercury resistance hybridized also with 
mer probe made from mer transposon Tn4380 [8]. Self-transfer was assayed by selecting Zn R transconjugants to a plasmid-free derivative of 
A. eutrophus CH34 (AE229, phe-42 nal-110) and counterselecting with nalidixic acid. Most of the donor strains contain one or more plasmids 
in addition to their czc + plasmid. Between parenthesis: conditional expression for some metals. 
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Fig. 1. Gene organization of the czc operon, czcI and czcN are putative ORFs (see Fig. 2). Putative transcription termination sites are shown 
by arrows, czc-1433::Tn4431 is a lux-mediated gene fusion also illustrated in Figs 3 and 4. Capital letters indicate restriction nuclease sites: 

B, BamHI, E, EcoRI, H, HindIII, K, KpnI, P, PstI, S, SalI, X, XhoI. 

efflux pump, is a chemiosmotic cation/H + antiporter. The 
hydropathy pattern of CzcA predicts a 12-transmembrane 
polypeptide with a symmetry between the first and second 
halves of CzcA. It is possible that the two halves of czcA arose 
by tandem intragenic duplication during evolution [42]. Such 
tandem repeat organization of chemiosmotic antiporters 
resembles strikingly the dimer organization of an ABC trans- 
porter where 2 • 6 transmembrane spanners have also been 
observed [17,20]. 
d) czcN: Upstream of CzcCBA, two open reading frames have 
recently been identified, where one was previously predicted 
[33]. The first one, most distal from czcCBA, czcN with a 
putative gene product containing 216 amino acids, begins 1442 
nucleotides upstream of czcC (Fig. 1). czcN was recognized 
due to a close homology with a gene that was detected in the 
ncc operon region, nccN. The amino acid identity between 
CzcN and NccN is surprisingly high (66%). Curiously, nccN 
is located downstream of nccCBA with gene order 
nccYXHCBAN, while czcN (for which no phenotype is 
known), is found upstream of czcCBA. A protein databank 
search revealed that CzcN shares protein sequence similarities 
with the ORF7 of the cob gene region in Pseudomonas denitri- 
ficans and the protein-s-isophenylcysteine o-methyltransferase 
(STE14) in Saccharomyces cerevisiae (28% and 21% identity 
respectively). Most of the cob genes nearby the ORF7 are 
involved in the biosynthesis of Cob(I)-alamine [7]. However, 
the function of the ORF7 is still unknown. The STE14 
mediates c-terminal methylation of the a-factor and RAS pro- 
tein in Saccharomyces cerevisiae [21]. The hydropathy profile 
of CzcN and sequence comparisons suggest that CzcN may 
be a transmembrane protein. No czcN mutants are known and 
their phenotype is not yet predictable. In the ncc operon, nccN 
mutants display decreased resistance to nickel (T. Schmidt, 
pers. comm.). 
e) czcI: Starting 318 bp downstream of czcN, another putative 
ORF coding for CzcI, which has 115 amino acids (Fig. 1), 
was found (Fig. 2). Moreover, by using a DNA probe for this 
region, a corresponding mRNA band of 400 bp has been 
detected in Northern blots (Q. Dong, unpublished data). No 
homology has been found between putative CzcI amino acid 
sequence and that of any other protein in available databases. 
It might be suspected that this potential protein would play a 
regulatory role in the czc efflux system, though no experimen- 
tal evidence has been furnished. 
f) czcD: czcD (gene product: CzcD, 199 amino acids) is 

located downstream of the three structural genes czcCRA 
[33,36]. A typical rho independent transcription terminator 
was found between CzcA and CzcD which possibly means 
that czcD is likely not to be cotranscribed with czcCBA. The 
hydropathy plots indicate that CzcD may be a membrane-span- 
ning protein. Moreover, CzcD shares a high amino acid 
sequence identity with Cotl  [6] and zrc [23] of Saccharomyces 
cerevisiae (37% and 37% respectively). Cotl confers increased 
tolerance to cobalt and rhodium in yeast, and zrc is involved 
in zinc and cadmium resistance in yeast. It was also reported 
that the CzcD could participate in induction of czc efflux [33]. 
It is possible that CzcD functions to activate the high level 
efflux system. Another hypothesis is that czcD would belong 
to another operon located downstream of czcCBA. 
g) A metal-inducible lux mediated gene infusion was mapped 
1.4 kb downstream of czcD. This fusion resulted from inser- 
tion of transposon Tn4431, which contains the reporter lux 
operon derived from functional luxI and luxR regulatory genes 
[48,49] with this fusion, czc-1433::Tn4431, light was found 
inducible by zinc, cadmium, cobalt and lead (Fig. 3) and not 
by copper, nickel, thallium or mercury. This observation 
shows the presence of additional genes involved in resistance 
to metals located downstream of czcD. It is one of the first 
clues for the plasmid-borne genes responding to lead, which 
have long been supposed to be present in pMOL30 [9]; and 
it is also one of the first clues for genes inducible by cadmium 
and cobalt. Inducibility by cadmium and cobalt have been sus- 
pected from growth studies but not previously demonstrated 
at the genetic level [34; (Diels, unpublished)]. Deletion map- 
ping [9; (van der Lelie, unpublished data)] revealed the pres- 
ence of lead and copper resistance genes downstream of czc. 
Fig. 4 shows that zinc and lead induce light at different times 
in the growth cycle, and that the production of light increases 
as a function of lead concentration. 

czc efflux: a three-component export pathway 
A global similarity search of SWISSPROT (Release 28) 

using an exhaustive algorithm related to that of Smith and 
Waterman [47] revealed that CzcC belongs to a family of outer 
membrane factors (OMF). CzcB is part of a family of inner 
membrane proteins, or membrane fusion protein (MFP); and 
CzcA is a member of a family of 12-transmembrane helix 
exporters, which according to Saier et al. [42] belongs to the 
RND family (Resistance/Nodulation/Division) [14]. Such 
exporters, which are not driven by ATP (and are thus different 
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SalI CzcN 

S T W T V H V S S F Q R N I A D S V W F 

.... GT CGACATGGACGGTCCATGTGTCTTCCTTT CAACGCAATATT GCGGACTCGGTCTGGTT 60 

L G L S V V V E S F D L F H D A G V L R 

61 TCT CGGCCTGTCGGTGGTCGTGGAGT CGTTT GATCTGTTCCATGACGCCGGCGTCCT CCG 120 

A V V T L A * 

121 GGCGGTCGTGACGCTTGCCT GATGCGGGCAACT CCGCATACACGTACAGCCATGCACTAC 180 

145 

181 GCTCACGTCTCCGATTCTGTTGTCGAGAGCATGCTCGTGATGCTGGTCGGCCTGatCGTC 240 

241 CTGTATGTGGGGTTCGCTGTCTATTTGCGGTGGAAGCATGGGCCCGCCCCCAAGCGTAAG 300 

301 ACTGAgtAGGGGCGAAAGCGGCACCCCAA]kACGAGCAGGCGAAAGCGATAATCGTAATCT 360 

361 GCTCTTAATGCTGGTGATCGAGGATTCATGTAAACTTCGGCGACGGCCCAGCCgtTAGTA 420 

CzcI 

M R R F V L I F 

421 CTTCAACCCCAAGCCCCCCGCACAGTCTCCCAAGGAATGCGACGTTTCGTTCTGATCTTC 480 

V L L I L P F Q F S W A A A A R Y C Q H 

481 GTGCTGCTCATTTTGCCGTTCCAGTTTTCCTGGGCGGCAgCGGCACGCTATTGTCAGCAC 540 

E K A T A T W H L G H H E H R H Q Q P E 

541 GAGAA-AGCCACGGCCACTTGGCACCTT GGGCACCACGAGCATCGT CATCAGCAGCCGGAA 600 

G K T D A E K K P F V D T D C G V C H L 

601 GGTAAAACGGAT GCC GAGAAAAAGC CATT C GT GGATACAGACT GCGGGGTAT GCCAT CT G 660 

V S L P F V Y G Q T Q D V L I A N R V E 

661 GT CT CCCT CCCGTT CGTCTAT GGACAGACGCAGGACGTGTTGATAGCGAATCGGGTAGAA 720 

V T D T Q H S S E F S S L N A R A P D R 

721 GTGACCGATACTCAACATTCGTCCGAGTT CTCGTCTCTGAATGCCAGGGCTCCCGACCGT 780 

P Q W Q R L A * 

781 CCTCAGT GGCAGCGT CTCGCTTGATCGGCC~GACGACGACTCTTTTTCTC CTTTCGTCTC 840 

CzcC 

EcorI M R R L F L P 

841 T CGCCGAATTCTCCTGGT CACATACCTT GGT GCAATTCGATGCGAAGACTATTTCTGCCG 900 

L G L A V A F L S P N F A V A Q S D T G 

901 CT CGGGCT GGCGGTAGCATTTCTCAGCCCAAACTTT GCCGTAGCGCAATCTGACACCGGC 960 

T S M V P V F P R E A A G P L T L E A A 

961 ACGT CCATGGT GCCCGT CTTCCCAAGGGAAGCGGCGGGACCGTTGACCCTCGAGGCCGCG 1020 

L S L A A G S N F N L S A A A K E L D S 

1021 TTGTCGCTGGCGGCAGGAAGCAATTTCAACCTGTCCGCCGCCGCCAAGGAACTCGATTCC 1080 

T E G G i M Q A R V I P N P E L K T L 

1081 ACAGAAGGTGGGATCATGCAGGCCCGGGTTATTCCGAACCCGGAACTCAAGACGCTGG ..... 

Fig. 2. The partly revised DNA sequence of the czc operon. The sequence shown contains the C-terminus of czcN and the N-terminus of czcC 
as well as a putative ORF czcI. This new sequence (EMBL data base accession number X71400) was made from czc fragments cloned in E. 
coli and from PCR product made on pMOL30 extracted from cultures of CH34 grown in the presence of Cd a+. Both sequencing procedures 
gave the same unequivocal results. The new nucleotide order led to the definition of at least two ORFs where only one (CzcR) was postulated 
before [33]. T]he putative czcI shown with a possible RBS (underlined) is followed by a putative 0-independent termination site (bold). czcC 
is shown 216 bp longer than in the formerly-published sequence. Previously-postulated ATG is marked with an asterisk. The aminoacids of 
the putative signal peptide are in italics. The nucleotides conflicting with the formerly published nucleotide sequence are shown in lower case. 
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Fig. 3. czc-1433::lux gene fusion. Effects of metals on light pro- 
duction, Cultures (0.5 ml) of A. eutrophus strain AE1534 (pMOL30- 
czc-1433::Tn4431) in minimal medium + gluconate + tetracycline 
(20/xg m1-1) were incubated at 25 ~ in the presence of different 
heavy metal salts. The total amount of light produced during a 72-h 
period was measured, using an automated luminometer LKB type 
1251. The results axe expressed as the ratio between the light produced 
in the presence of the metals and the light produced by a control 
culture without heavy metals added (signal/noise ratio). The results 
represent the average of duplicate samples (-+ 1 standard deviation). 
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Fig. 4. czc-1433::lux gene fusion. Light production as a function of 
time. Cultures (0.5 ml) of A. eutrophus strain AE1433 (pMOL28, 
pMOL30-czc1433::Tn4431) in minimal medium containing gluconate 
and tetracycline (20/xg ml -l)  were incubated at 25 ~ in the presence 
of 0.5 mM Zn 2+ alone or in the presence of 0.5 mM Zn 2+ together 
with increasing concentrations of Pb 2+. The amount of light produced 
was simultaneously registered as a function of time, using an auto- 
mated luminometer LKB type 1251. The results represent the average 
of duplicate samples and are expressed in arbitrary bioluminescence 

units (mV). 

from traffic ATPases) transport various metabolites, antibiotics 
or drugs to the extracellular space. 

The gene organization of czcCBA and the functions associ- 
ated with these genes are strikingly similar to a range of bac- 
terial export pathways (Table 2) and include: 

�9 OrfABC (also named MexAB and OprK [39], which 
mediate the secretion of siderophores and resistances to 
antibiotics in Pseudomonas aeruginosa [40,41]. OprK is the 
outer membrane component of the system and shares 24% 
amino acid identity with CzcC; MerA is an inner membrane 
component and shares 24% amino acid identity with CzcB; 
and MerB is the central 12-transmembrane helix pump and 
has 26% sequence identity with CzcA. 

�9 AcrAB [27] which is involved in acriflavine resistance in 
E. coli and in which AcrA is the homologue of CzcA (24% 
identity). No associated outer membrane component 
(homologue of CzcC) has been identified in this system. 

�9 AcrEF of E. coli which has the similar function and high 
sequence similarity with AcrAB, are counterparts of 
CzcBA [24]. 

�9 NolFGHI [3], which is assumed to secrete a nodulation fac- 
tor in Rhizobium meliloti, has a similar and quite interesting 
organization vis-a-vis CzcB and CzcA. NolF is, based on 
sequence similarity, the homologue of CzcB (inner mem- 
brane protein). NolGHI codes for three short polypeptides 
which together are colinear with CzcA [42], and together 
they may also perform an export function. 

�9 CyaBDE, which participates in the cyclolysin secretion in 
Bordetella pertussis, in which CyaE is an OMF, CyaD is a 
MFP, and CyaB is the central exporter. Interestingly, the 
exporter CyaB is a traffic ATPase [19]. 

�9 HlyBD-TolC, which are involved in the hemolysin secretion 
in E. coli [18] and in which TolC is a member of OMP 
family, HlyD is a member of MFP family, and HlyB is an 
ABC transporter [51]. Fig. 5 summarizes the gene organiza- 
tion of different bacterial export pathways and Fig. 6 shows 
evolutionary relationships between the different members of 
every family of proteins involved in the tricomponent efflux 
systems. These trees show the strong relationships between 
the various Alcaligenes genes implied in plasmid-borne cat- 
ion efflux (czc, cnr and ncc) but also quite unexpectedly the 
strong relationship of czcCBA with heICBA, helCBA might 
be involved in virulence factor transport in a LegioneIla 
strain (a 7-Proteobacterium) [(C. Engleberg, personal 
communication); 2]. 

According to our sequence analysis and by analogy with 
the structural organization of other ABC transporters, we pro- 
pose a modified Czc efflux model (Fig. 7) : CzcA, the central 
protein, functions as a pump driven by a H + gradient. CzcB, 
a MFP, possibly acts to connect the inner and outer mem- 
branes and to facilitate the export of ions across both mem- 
branes without release in the periplasm, It might also function 
in providing specificity for heavy metals [35]. In the case of 
homologous ABC transporters, the membrane fusion proteins 
are anchored in the inner membrane and span the periplasm. 
CzcC, the outer membrane factor, is also required in the czc 
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Operon and organism 

OMF 

Translocator organization 

MFP Exporter (type) 

Function Reference 

czc in A. eutrophus CH34 CzcC CzcB 

cnr in A. eutrophus CH34 CnrC CnrB 

ncc in A. xylosoxidans NccC NccB 

orfABC in Pseudomonas OprK MexA 
aeruginosa (OrfC) (OrfA) 

acrAB in Escherichia coli ? AcrA 

nol in Rhizobium meliloti ? NolF 

cya in Bordetella pertussis CyaE CyaD 

hly in Escherichia coli TolC HlyD 

apr in Pseudomonas AprF AprE 
aeruginosa 

prt in Erwinia PrtF PrtE 
chrysanthemi 

CzcA 

(H-antiporter) 

CnrA 
(H+-antiporter) 

NccA (H +- 
antiporter?) 

OrfB 
MexB 

AcrB 

NolGHI 

CyaB (ABC 
exporter) 

HlyB (ABC 
exporter) 

AprD (ABC 
exporter) 

PrtD (ABC 
exporter) 

Co 2+, Zn 2+, Cd 2+ 

efflux 

Co 2+, Ni 2+ Zn 2+ 
efflux 

Ni 2+, Co 2+, 
Cd 2+ efflux 

Siderophore 
secretion, antibiotic 
efflux 

Acriflavine resistance [27] 

Nodulation factor [3] 
secretion 

Cyclolysine secretion [19] 

Hemolysin secretion [18] 

Alkaline protease [15] 
secretion 

Protease A,B,C [25] 
secretion 

[36] 

[5,26] 

[Schmidt, submitted 
accession number 
L31363] 

[40,41] 

efflux process to complete the efflux of ions into the extra- 
cellular medium. Transport data [37] suggest that the export 
of very toxic Cd 2+ to the extracellular medium requires the 
participation of CzcC, which is however dispensable for the 
efflux of Zn 2+. Since Zn 2+ is an essential metal, it is conceiv- 
able that a chromosomal OMF involved in the homeostasis of 
Zn 2+ can act to replace CzcC for the efflux of Zn 2+. 

In conclusion, several bacterial export pathways have 
newly recognized and similar three-component constitutions, 
although in some systems the outer membrane components 
have not yet been identified. The function of the central pump 
may be different from one system to another. In other words, 
certain ABC transporters (ATPases) and 12-transmembrane 
helix transporters (chemiosmotic) have the same overall struc- 
tural organization and use the same classes of accessory pro- 
teins to complete their export pathways. 

Metal efflux and bioprecipitation 
The czc- and cnr-mediated heavy metal resistance mechan- 

isms are based on the three-component, chemiosmotic, energy- 
dependent, ,cation efflux systems composed of the CzcABC 
and CnrABC proteins, respectively. During the late log phase 
and the stationary phase of cultures grown in the presence of 
high concentrations of Cd 2+ (2 raM) or Zn 2+ (4-10 raM), a 
decrease in concentration of Cd 2+ or Zn 2+ ions in solution 
was observed [13]. Up to 99% of the initial metal concen- 

tration was removed from culture supernatant fluids. Metal 
sequestration and metal precipitation were observed. This 
bioprecipitation increased with initial metal concentration and 
was influenced by the nature and the concentration of carbon 
sources. The pH of the growth medium increased as a function 
of increasing metal concentration, as shown for Cd 2+ in Table 
3. This effect of increasing concentrations of Zn 2+ or Cd 2+ on 
the final pH of the culture was observed in any growth con- 
dition including chemolithotrophy (Diels, unpublished data) 
and only when active resistance mechanisms take place. We 
think the slow build up of alkaline pH may be related to the 
proton influx during the czc-mediated efflux of cations. 

The highest metal precipitation rate was found with 0.8% 
lactate or with 1.0% acetate as carbon source. Higher concen- 
trations led to substrate inhibition of growth, lower concen- 
trations resulted in too low a CO2 production. Carbonates 
could precipitate with Cd 2+ ions to form Cd(HCO3)2 and 
CdCO3. This was shown by X-ray diffraction spectrometry of 
the bioprecipitated material. The precipitation of cadmium 
seems to occur at defined nucleation foci around the cell sur- 
face as shown by transmission electron microscopy (Fig. 8). 

Search of  functions involved in post-efflux events 
This search is not easy because it requires distinctions 

between unknown plasmid-mediated functions, pH or acute 
stress-mediated responses, and the physicochemical properties 
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Fig. 5. Gene organization of selected bacterial export pathways 
including A. eutrophus CH34 czcCBA- and cnrCBA-mediated efflux, 
A. xylosoxydans nccCBA-efflux, P. aeruginosa oprK mexAB 
(orfABC)-efflux and secretion system, E. coli acriflavine-resistance 
(acrAB, acrEF), R. meliloti nodulation factor secretion (nolGHI), B. 
pertussis cyclolysin secretion (cyaBDE), E. coli hemolysin secretion 
(hlyBD-tolC), E. chrysanthemi protease secretion (prtDEF) and P. 
aeruginosa alkaline protease secretion (aprD,E,F). Open symbols: 
genes encoding membrane fusion proteins (MFP); Dark gray: genes 
for outer membrane factors (OMF); Hatched: genes responsible for 
12-transmembrane helix exporters; Light gray: genes for ABC ATP- 

ases. 

of the bacterial cell envelope. Some physiological responses 
occur as a consequence of Cd 2+ resistance. First, an increase 
in extracellular polymers was observed (Table 3 and Fig. 8). 
Extracellular polymers were isolated from the supernatant 
medium by precipitation with two volumes of ethanol. The 
concentration was measured by determining their sugar con- 
tent. Sugars were lysed with sulfuric acid and, after reaction 
with phenol, measured spectrophotometrically. Polysacchar- 
ides can bind high amounts of metals (up to 50% of the poly- 
mer weight). A related observation is on electrophoretic 
mobility of A. eutrophus cells grown with Cd 2+, which 
decreased substantially as the pH increased in the culture fol- 
lowing czc-mediated efflux. This increased negative charge 
also indicates a high cation binding capacity for A. eutrophus 
CH34 (F. Glombitza, personal communication). 

Another observation is the appearance of a 27-kDa protein 
in the supernatant fluid which was found in the presence of 
Cd 2+, Co 2§ or Zn 2§ but not in the presence of Cu 2§ or Pb 2§ 
(P. Corbisier, G. Nuyts and L. Diels, in preparation). This pro- 
tein was not observed during the stationary growth phase, 
although this may be an artifact due to the interaction of bio- 
precipitation with the protein extraction method. Working 
hypotheses are that this protein could play a role either in the 

Oute r  M e m b r a n e  Pro te in  Fami l y  
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Fig. 6. Dendrogram alignment of protein sequences showing relation- 
ships between members of the three families of proteins involved in 
tricomponent efflux systems: outer membrane protein including CzcC, 
Associated Membrane Proteins (also called Membrane Fusion 
Proteins) including CzcB, Inner Membrane Proteins (12-transmem- 
brahe helix transporters) including CzcA (by courtesy from Dr S. 
Silver). Hel proteins are involved in the expression of virulence by a 

Legionella strain. Accession number for helC is U11704. 

nucleation process or in a kind of metal sequestration required 
to minimize the metal cation reentry. This soluble protein of 
27 kDa is apparently not compatible with any of the known 
czc gene products (czcC or czcD), which seem to be mainly 
membrane-bound. Finally, it would be very interesting to 
examine which component of the outer cell membrane is 
involved in the nucleation foci that are visible in Fig. 8. 

A bioreactor concept to manage continuous bioprecipitation 
The observation of bioprecipitation as a physiological 

consequence of plasmid-mediated efflux of cations, especially 
with some carbon sources, led to the possible application of 
metal sequestration/bioprecipitation as a tool to remove heavy 
metals from polluted effluents. In order to use the bioprecipit- 
ation process for the removal of heavy metals from waste- 
water, A. eutrophus cells must be kept viable. This requires a 
special reactor concept involving immobilization of the cells, 
a crystal collection system, and a feeding system to keep bac- 
teria alive. Furthermore, the reactor needs to be controlled for 
optimal metal removal. 

In order to fulfil all these conditions, a new reactor named 
BICMER (Bacteria Immobilized Composite MEmbrane 
Reactor) was designed [11]. The concept is based on the separ- 
ation of the waste stream to be treated and a small nutrient 
stream to keep the bacteria alive. The two streams are separ- 
ated from each other by a membrane inside and on the surface 
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Fig. 7. czc efflux model. This model is based on protein sequence 
comparisons [14; (S. Silver, personal communication)]. CzcC is 
shown as an outer membrane protein, CzcB as a protein encompassing 
both membranes, perhaps containing /3 sheet regions in the outer 
membrane and an X helical hydrophobic region in the inner mem- 
brane. The dimeric structure of the 12-transmembrane helix-CzcA cat- 
ion pump is suggested on the Figure. The arrows indicate the direc- 
tions of the cation and proton fluxes. The figure was provided by 

Simon Silver. 

TABLE 3 

pH and extracellular polysaccharides in function of the initial Cd con- 
centration a 

Initial Cd pH in Sugar concentration in the 
concentration stationary phase extracellular polymers 
(raM) (mg sugar L-1 

growth medium) 

0.00 7.69 3.0 
0.50 8.16 3.5 
1.00 8.43 6.5 
2.00 8.97 8.1 

aA. eutrophus CH34 was grown in Tris minimal medium sup- 
plemented with 0.8% lactate as a carbon source. Final pH was meas- 
ured 48 h after the end of exponential phase. Extracellular polymers 
were harvested 10 h after the end of the exponential phase. The initial 
pH was always 7.00. 

of which the bacteria are immobilized. The bacteria form a 
biofilm on the effluent side of the membrane. The metals of 
the effluent are bioprecipitated by the bacteria on the biofilm, 
and the crystals formed are released from the biofilm and reco- 
vered on a column filled with glass beads. This column can 
be regenerated by an acid treatment without disturbing the 
biofilm on the membrane. This membrane reactor concept is 
novel in a way that nutrient and effluent were separated by a 
membrane which forms the carrier for the immobilization of 
the cells. Both streams (effluent and nutrient) flow tangentially 
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along the membrane. Conventional membrane bioreactors do 
contain a membrane system outside the bioreactor for the sep- 
aration of biomass from the liquid. 

The membrane itself is composed of an organic polysulfone 
matrix with ZrO2 (Zirfon | membranes, VITO, Mol, Belgium). 
ZnO, Sb203 or A1203 are used as pore formers to prepare mem- 
branes with 60% total porosity, and pore diameters between 4/zm 
(at the open side) and 0.2/zm (at the sldn side). The bubble point 
of the membranes is between 0.3 and 0.6 bar and the thickness 
is around 100/xm. The flux is around 200 L h i per m 2. These 
characteristics allow for membranes with a low flux to avoid 
transport of too high a volume of liquid from one side to the 
other. On the other hand, there is a need for a good diffusion of 
nutrients through the membrane into the biofilm and the biofilm 
needs a good anchor in the membrane. 

This concept was used in a Flat Sheet Reactor (FSR) con- 
figuration as a test system for bacteria and membranes. Scale 
up was done in Tubular Membrane Reactors (TMR) used in 
a continuous way. The BICMER reactor consisted of multipipe 
TMR reactors with a glass bead column and two sandfilters 
in order to remove v~ry small crystallites that are not retained 
by the column [11,12]. A scanning electron microscope photo 
(Fig. 9) shows crystals induced by bacteria in a membrane 
reactor. At an early stage (4 days) of the biofilm colonization, 
some large precipitates were observable and spread on the 
biofilm. These structures were only observable in the begin- 
ning of colonization. The tiny brilliant points (Fig. 9(A)) are 
mixtures of small crystals and bacteria. 

After 6 days of incubation the biofilm was much more 
developed and nice crystals of around 10/xm are formed. After 
10 days the crystals form a crust embedded in the biofilm. 
Bacteria colonize the faces of the crystals. Although the strains 
are also resistant to Cu 2§ Co 2§ and Ni 2§ ions, their seques- 
tering activity was only induced by Cd 2+ or Zn 2+. Y and Ge 
could also be removed after induction by Cd 2§ although no 
special resistance or plasmid-mediated response to these met- 
als has been observed (Table 4). 

OVERVIEW 

czc + bacteria have been found via phenotypic analysis and 
dot blot or colony hybridization in a variety of soils or sedi- 
ments polluted by mine or metallurgical wastes. Such contami- 
nated soils or sediments contain up to 5% Zn 2+, Cu 2+, Co 2+ 
and Pb 2+ by weight and traces of Cd 2+ from which a fraction 
is sufficiently bioavailable to exert a toxic effect on all hetero- 
trophic bacteria, with the exception of those that are equipped 
with specific resistance mechanisms. All czc-containing bac- 
teria isolated display a carbon source utilization spectrum very 
similar to that o fAIca l i genes  eutrophus strain CH34. The plas- 
mid composition of these strains is more variable than might 
be expected [10]. The size of czc § plasmids (some of which 
are able to self-transfer at high frequencies, based on transfer 
of metal resistance markers to a plasmid-free derivative of A. 
eutrophus (CH34) varies from 40 kb to 350 kb. 

An efflux mechanism was recognized as the mechanism of 
resistance for czc on plasmid pMOL30 [36], and also for the 
evolutionarily-related cnr system (plasmid pMOL28) [44]. 
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Fig. 8. Cadmium precipitation by CH34 cells. A transmission electron micrograph showing A. eutrophus cells after growth with 1 mM Cd 2+ 
for 120 h. Cd precipitates (black spots indicated by arrows) are seen on structures surrounding the bacterial rods and partially released from 

cells. 

Both efflux systems involve three proteins CzcCBA and 
CnrCBA, with CzcA (and CnrA) working as the central cation 
pump. CzcA has been shown to be a chemiosmotic pump 
working as a cation/proton antiporter [36,38]. The functions 
for CzcC and CzcB have also been discussed in other papers 
of this issue, but a reexamination of the sequences led us to 
propose a longer open protein reading frame for czcC (417 aa 
product instead of 375 aa; Fig. 1) making it more similar to 
the proposed CnrC polypeptide in length and to a family of 
Outer Membrane Factors. All these OMFs are in fact compo- 
nents of a tri-transporter involved in the efflux of a variety 
of molecules: extracellular proteins, siderophores, metal and 
mutagenic substances. 

The reassessment of the czc region was extended to the 
upstream region, where the new gene czcI is proposed on the 
basis of reappraised sequence data and of Northern blotting 
data. Although czcI was found to be inducible by zinc its poss- 
ible role in the regulation of czc is still unknown. The same 
is the case for czcN. The latter was identified through sequence 
analysis and analogies with a very similar gene found in the 
ncc operon (resistance to Ni 2§ Co 2+ and Cd 2+) ofA. xylosoxi- 
dans (Schmidt and Schlegel, submitted). The regulation of the 
expression of czcCBA remains to be elucidated, although the 
czcD gene downstream of czcA may play a role [33]. The 
insertion czc-1433::Tn4431, which was inducible not only by 
Zn 2§ but also by Cd 2+ and Co 2+, gave a clue for a possible 
genotropic effect of Cd 2+ and Co 2+. Lead also induced the 
production of light with this insertion. Therefore, it seems that 
new interesting genes are present on both sides of czcICBAD 

that are either involved in the resistance to Cd 2+, Zn 2+ and 
Co 2+ or to other heavy metals including Cu 2§ and Pb 2§ 

The czc-mediated efflux allows A. eutrophus cultures to 
process heavy metals at the millimolar level (1-10 mM). Cd 2§ 
and Zn 2§ were efficiently removed from fully grown cultures. 
Metal sequestration occurred by bioprecipitation, especially in 
the presence of carbon sources such as lactate or acetate, and 
was associated with an increase of pH. Clearly, in the czc- 
mediated resistance mechanism, post-efflux events have to be 
addressed to answer the question of how the cells would avoid 
or minimize reentry of exported metal especially at such high 
concentrations of heavy metals. Bioprecipitation offers an 
answer and has been exploited in bioreactors specifically 
designed for environmental biotechnology. 

Other microbial bioprecipitation processes include the for- 
mation of CaCO3 by Synechococcus [43], CdHPO 4 formation 
by Citrobacter N14 [28], CdS intracellular precipitation in 
Klebsiella aerogenes [1 ], and the formation of manganese nod- 
ules in oceans [16]. 

In A. eutrophus CH34, bioprecipitation is strongly depen- 
dent on available carbonates and more generally on active het- 
erotrophic growth conditions, and therefore does not seem to 
be the exclusive strategy used by A. eutrophus to answer the 
problem of reentry. The avoidance or the minimization of 
reentry of toxic metals is crucial in the very oligotrophic eco- 
logical conditions where all czc bacteria are found (zinc 
deserts, etc.). 

The phenomenon of bioprecipitation observed as a conse- 
quence of czc-mediated efflux leads to important physiological 
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Fig. 9. Cd cI~r formed on A. eutrophus CH34 biofilm in a tubular membrane reactor TMR. Surface views of membranes colonized by A. 
eutrophus CH34. The white bars = 100/zm. Three incubation times are represented: (A) Early stage (4 days) incubation of the biofilm. Some 
large precipi~Lates are spread on the biofilm. The tiny brilliant points (white arrows) are mixtures of small crystals and bacteria. (B)Biofilm 
after 6 days of colonization. The colonization between the cubic structures is much more developed. (C) Biofilm after 10 days of colonization. 

Formation of a crust made of crystals embedded in the biofilm. 

questions such as: i) the nature and the role of  cellular compo- 
nents in the nucleation of crystals, as suggested by Fig. 8; 

ii) the nature and evolution of  crystals formed from apparently 
amorphous structures; i i i ) the  formation and the evolution of 

biofilms and microbial communities in such conditions. The 
czc system offers a special opportunity to study the effect of 

a rather small group of genes and functions on the formation 
and the evolution of  a biofilm; and iv ) the  role of the pH 
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TABLE4 

Removal ofseveralheavy metals ~om effluents a 

Metal Initial metal 
concentration (p.p.m.) 

Final metal 
concentration (p.p.m.) 

CdC12 120 0.05 
ZnSO4 60 0.05 
Cu(NO3) 2 10 0.05 
CoC1 z 8 0.10 
NiC1 a 10 0.10 
Pb(CH3COO)2 97 0.05 
YCI3 44 0.05 
GeC14 140 0.10 

aA. eutrophus CH34 was grown to stationary phase. Twelve hours 
after the end of the exponential phase, the biomass was diluted 7-10 
times in media containing known amounts of different heavy metals 
and allowed to grow for an additional 48 h. Then, the final heavy 
metal concentration in the effluent was determined. 

increase and the correlated stress reactions on biofilm forma- 

tion (polysaccharides, etc...). 
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