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Abstract The mechanisms of metal ion transport in ther-
mophilic organisms are poorly understood. Phage display-
based screening of a Thermus thermophilus genomic library
in Escherichia coli led to the identification of a novel metal
cation efflux protein. The Thermus protein showed exten-
sive sequence and putative structural conservation to Czr
and Czc proteins in mesophilic bacterial and mammalian
species. Expression of the gene in E. coli led to increased
resistance to zinc and cadmium ions, but not to cobalt, in an
effect that was apparently caused by increased efflux of
metals from the cell. This increased resistance was inducible
by zinc and cadmium and, to a lesser extent, by cobalt. Fur-
thermore, E. coli cells containing the Thermus gene exhib-
ited improved cell physiology and delayed cell lysis during
recombinant protein production, leading to accumulation of
higher levels of recombinant protein. The molecular basis
and potential application of the findings are discussed.
Key words CzrB Heavy metal efflux Thermus
thermophilus - Stress reduction

Introduction

Many heavy metals, although toxic to microorganisms at
high concentrations, are essential at lower levels for cellular
growth and survival. Metal ions such as Fe, Cu, Ni, Mg, and
Co are required for redox reactions and various enzymatic
activities in the cell, whereas others, such as Cd and Hg,
have no physiological function (Nies 1999). Zinc in par-
ticular plays an essential role in almost all aspects of
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metabolism, including catalysis, structural stabilization, and
regulatory functions, but is nevertheless toxic at higher con-
centrations (Silver et al. 1989; Hughes and Poole 1991; Nies
1999). Microorganisms, therefore, must have a finely tuned
mechanism for sensing the level of heavy metals present in
their growth environment and controlling the intracellular
concentrations of these metal ions according to their bio-
chemical needs.

Heavy metal uptake mechanisms consist of two dis-
tinct types: a fast, constitutively expressed, and generally
substrate-nonspecific group of transporters that are usually
proton motive force-driven and are of low energy cost to the
cell, and a slower, substrate-specific, and ATP-hydrolytic
family of transporter that is induced in times of metal
starvation (Nies and Silver 1995; Nies 1999). Easy entry of
metal ions into the cell via the former has necessitated
development of mechanisms to counteract their accumula-
tion to toxic levels in the cell. Because degradation is not a
viable option and detoxification (in the form of reduction
or complexation) tends to postpone rather than solve the
problem, efflux systems play a critical role in maintaining
cellular metal ion concentrations (Silver and Phung 1996;
Nies 1999).

Four major families of proteins that catalyze the trans-
port of heavy metal ions in microorganisms have been iden-
tified: P-type ATPases that transport Cd** and Cu?', as well
as H+, K+, Na*, Mg?, and Ca?, both into and out of the cell;
ABC-type transporters, which transport Ni*, Mn?*, Fe?,
and Mo?; RND transporters that efflux Ni*, Co*, Cd*,
and Zn?* from the cell; and a novel cation diffusion facilita-
tor (CDF) family that typically transport Zn?**, Cd?*", and
Co?* heavy metal ions (Paulsen and Saier 1997). During the
past two decades, our understanding of the specificity,
control, polarity, and efficiency of resistance mechanisms
such as these has advanced considerably. Metal transport
processes have primarily been characterized in mesophilic
organisms to date, however, and our understanding
of metal resistance mechanisms in species living at phy-
siological extremes is poor. Furthermore, many of the
best studied systems are plasmid-encoded and, although
genome sequencing efforts increasingly reveal evidence for
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chromosomal homologues (Kuroda et al. 1999; Stover et al.
2000), our knowledge of chromosome-mediated metal
resistance remains minimal.

Thermus thermophilus is a eubacterial thermophile that
is commonly found in thermal springs and geothermal
power plants. It requires metals such as zinc, cobalt, and
copper for its growth, but its mechanisms of metal uptake
and regulation are poorly understood. In this study, we
report identification and functional characterization for the
first time of a metal ion efflux protein from a thermophilic
bacterium, 7. thermophilus, and its expression and func-
tional analysis in Escherichia coli. The protein protected E.
coli cells from the toxic effects of heavy metal ions and
exhibited a beneficial effect during bacteriophage and
recombinant protein production.

Materials and methods
Bacterial strains and plasmids

Escherichia coli XL1-Blue (Bullock et al. 1987) was used
for DNA cloning, sequencing, bacteriophage production,
and growth experiments. E. coli JM83 (Yanisch-Perron et
al. 1985) was the host for determination of minimal inhibi-
tory concentrations (MICs) and zinc accumulation analysis.
Phagemid pHB102 (Bothmann and Pliickthun 1998) was
used for T. thermophilus library construction and screening
(Spada et al. 2001); pUC19 was used for DNA sequencing
and MIC determinations.

Manipulation of DNA

All DNA manipulation, if not otherwise stated, was carried
out using standard methods (Sambrook et al. 1989).

Construction of Thermus thermophilus genomic library

A 5-ml culture of T thermophilus KT8 was har-
vested at an ODy,, of 1.8 and the cell pellet was resus-
pended in 0.5ml STE buffer (10 mM Tris-HCl, 100 mM
NaCl, 1mM EDTA, pH8.0). RNase A was added to a
final concentration of 100 pg/ml, SDS to 8.5 mg/ml, and
proteinase K to 100 pg/ml. Incubation for 2 h at 37°C was
followed by two phenol extractions, three phenol:chloro-
form:isoamyl alcohol extractions, ethanol precipitation,
and resuspension in 100yl TE buffer (10 mM Tris-HCI,
1mM EDTA, pH7.6). The DNA was partially digested
using Sau3Al, and fragments in the 1- to 5-kb range were
purified using a QIAEXII agarose gel DNA extraction kit
(Qiagen) and cloned into a Bgl/ll-digested pHB102
phagemid vector containing an anti-fluorescein isothiocy-
anate (anti-FITC) scFv antibody fragment (Bothmann and
Pliickthun 1998). The library was transformed into E. coli
XL1-Blue cells, and library size and diversity were esti-
mated by Norl digestion.

DNA sequencing and analysis

Double-stranded DNA was prepared using a Wizard Plus
SV Minipreps DNA kit (Promega). DNA sequencing reac-
tions were performed using the Sequitherm EXCEL II
Long Read DNA Sequencing kit (Epicentre) and oligonu-
cleotides PHBFOR (5'-AGTGTGACCGTGTGCTTCTC-
3") and PHBREYV (5'-GGAGAGCCTGAGCAAAGCGG-
3"). Reactions were run on a Long ReadIR 4200 automated
DNA sequencer (Licor), and sequences of both strands
were determined before deposition in the EMBL database.
Sequences were analyzed by BLASTx (Altschul et al. 1997)
query of the EMBL database using the default parameters
provided, and multiple sequence alignments were gener-
ated using CLUSTALW (Thompson et al. 1994). PSORT II
(Nakai and Kanehisa 1992) was employed for subcellular
localization predictional analysis, and a modified hidden
Markov model was utilized for prediction of transmem-
brane helices (TMHMM,; Krogh et al. 2001).

Recloning the czrB gene

The czrB gene, with 100 bp upstream and 78 bp down-
stream, was amplified from 7. thermophilus genomic DNA
using oligonucleotides CZRBFOR1 (5'-CTGGATCCGCC
TCGCCATGCTCCTCACC-3") and CZRBREV1 (5'-CTC
AAGCTTAGAGCCAGTCGTGCTTCCTGCGC-3'). The
amplification product was cloned into pUCI9 and
resequenced.

Determination of MICs

Escherichia coli clones were grown in Luria-Bertani (LB)
medium containing 100 pg/ml ampicillin and 25 pg/ml strep-
tomycin for 90 min at 37°C. This growth was carried out
with and without addition of 165 uM ZnCl,, 220 uM CoCl,,
or 80 pM CdCl, (chosen as approximately 10% of MICs).
Following dilution in LB, 103-10* cells were spread on LB
agar (plus ampicillin and streptomycin) containing ZnCl,
(at concentrations ranging from 1.4 to 2.9 mM at 0.1-mM
intervals), CoCl, (from 1.7 to 2.2 mM with 0.1-mM steps), or
CdCl, (from 0.6 to 1.2 mM with 0.1-mM steps). Growth of
E. coli was measured after 24 and 40 h, with MICs of the
three metals defined as the lowest concentrations not allow-
ing detectable E. coli growth after 40 h at 37°C. MIC deter-
minations were carried out three times with each clone and
metal ion; results shown are representative of three inde-
pendent experiments.

Analysis of metal accumulation

Intracellular zinc concentrations were measured using a
protocol modified from Beard et al. (1997). E. coli clones
were grown at 37°C in LB medium (100 pg/ml ampicillin,
25 pg/ml streptomycin) in the presence or absence of
165 pM ZnCl, until an ODy, of 1.0 was reached. After addi-
tion of 1, 2, or SmM ZnCl,, growth was continued for



30min, 1h, or 2h, with control cultures grown in the
absence of ZnCl,. Samples (20 ml) of each culture were cen-
trifuged at 8,000 g for 20 min at 4°C, and cell pellets were
washed in 4ml LB and in 4ml 0.1 N HNO;. Following
15 min at 121°C, pellets were dissolved in 500 pl H,SO,, and
approximately 150 pl HNO; was added dropwise until the
solution became clear; then, 6 ml of water was added, fol-
lowed by centrifugation at 8,000 g for 25 min. The zinc con-
centration was measured in the supernatant using an atomic
absorption spectrophotometer (Varian SpectrAA-400
Plus), with standard solutions prepared immediately before
use from commercial standards (Fisher Scientific). A cali-
bration curve relating ODy,, to cell dry weight was used
to calculate intracellular zinc concentrations at time of
harvesting.

Phage production and library screening

Escherichia coli cells harboring the Thermus library were
inoculated to an ODgy, < 0.05 in 10ml 2x YT (yeast-
tryptone ) medium containing tetracycline (15 pg/ml), addi-
tional salts (8.6 mM NacCl, 2.5 mM KCI, 10 mM MgCl,), and
0.4% glucose. After 1 h at 37°C, 30 pg/ml chloramphenicol
was added, followed by 10" plaque-forming units (pfu) of
helper phage (VCSM13 helper phage; Stratagene) at an
0Dy, of 0.5. Incubation at 50°C for 5min was followed
by the addition of 50ml 2x YT containing tetracycline,
chloramphenicol, additional salts, and 0.5 mM isopropyl-3-
D-thiogalactoside (IPTG). The culture was shaken at 40°C
for 2 h and, after the addition of 30 pg/ml kanamycin, grown
for a further 12-14 h at 40°C.

Phage particles were precipitated from culture superna-
tants by two polyethylene glycol (PEG) precipitation steps
and resuspended in 1 ml phosphate-buffered saline (PBS)
(8 g Na(l, 0.24 g KH,PO,, 1.44 g Na,HPO,, 0.2 g KCl in 11,
pH 7.4). Immunotubes (Nunc) were coated overnight at 4°C
with 1 pg/ml fluorescein isothiocyanate coupled to bovine
serum albumin (FITC-BSA) (Bothmann and Pliickthun
1998) in PBS. Blocking was with 5% skimmed milk in PBST
(PBS containing 0.05% Tween-20) for 2 h at 37°C, followed
by dilution of 800 pl of the phage solution in 3.3ml 2%
skimmed milk in PBST and incubation in the tubes for 2 h at
25°C. Twenty washes with PBST and two with PBS were fol-
lowed by elution of bound particles for 10 min at room tem-
perature using 1 ml 0.1 M glycine/HCI (pH 2.2). The eluate
was neutralized immediately with 60 ul 2 M Tris and used
for reinfection of E. coli; this procedure was repeated for
five rounds of binding and reinfection (”panning”). After
each panning round, DNA from the phage pool was
digested with Notl to check for enrichment of Thermus
DNA inserts. After the fifth panning round, insert sizes of 30
isolated clones were determined by Notl digestion.

Growth experiments and phage titering
Escherichia coli cells infected with phage were grown as

described for phage production. The ODy, was read at
hourly intervals for the first 8-10 h after induction, and cul-
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ture samples were collected to determine phage titers
(Sambrook et al. 1989) and the amount of antibody on the
phage surface. Individual clones were analyzed by restric-
tion digestion after 22 h of induction to confirm they con-
tained the Thermus insert and the recombinant antibody
gene. Clones were analyzed in at least three independent
experiments and, although absolute OD values, phage
titers, and enzyme-linked immunosorbent assay (ELISA)
readings varied between experiments, the respective pat-
terns of growth and production exhibited by individual
clones remained highly consistent throughout.

Enzyme-Linked Immunosorbent Assay

Immunoplate wells (Nunc) were coated with 100 pl FITC-
BSA and blocked with 5% skimmed milk in PBST. After
washing, 100-pl phage solutions containing 0.5% skimmed
milk were added and incubated for 2h at 25°C. Phage
particles were detected using a peroxidase-conjugated anti-
M13 antibody (1:3,000 in PBST, Amersham Pharmacia
Biotech), and development was carried out using a BM
Blue POD soluble substrate (Roche Diagnostics). After
stopping the reaction using 25 pl 1 N H,SO,, the absorbance
was read at 405 nm.

Nucleotide sequence accession number

The czrB sequence data were submitted to the EMBL data-
base under accession number AJ307316.

Results and discussion

Phage display technology is the technique of expressing
proteins or peptides in functional form on the surface of
bacteriophage particles. These bacteriophages each display
the recombinant molecule encoded in their genome and
phage particles with a high affinity for a ligand of interest
are selected on the immobilized ligand and propagated in E.
coli cells (McCafferty et al. 1990). The approach has gener-
ally been used to isolate high-affinity binders, typically anti-
bodies, from large, combinatorial libraries. In this work, all
phage particles expressed the same antibody molecule so
that the strength of the antibody-ligand interaction was
identical for all bacteriophage particles. Thus, selection of a
bacteriophage from the phage population was dictated, not
by antibody affinity, but by the efficiency with which it, and
its displayed protein in particular, was produced by the host
E. coli cells (Bothmann and Pliickthun 1998). Many recom-
binant molecules are, however, poorly folded or expressed
in E. coli (Wall and Plickthun 1999). To identify novel
factors that might improve antibody folding in E. coli, we
introduced a T. thermophilus genomic library into the
phage-producing cells, resulting in a selection for proteins
from the thermophile that aid expression of the recombi-
nant antibody in E. coli. T. thermophilus was chosen for the
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work in an attempt to identify novel chaperone-like mole-
cules that enable this thermostable organism to efficiently
fold its proteins at elevated temperatures.

Construction and screening of
Thermus thermophilus library

Cloning of T. thermophilus genomic DNA vyielded a library
of 1.1 x 10* clones. Restriction analysis of the library pool
and of isolated clones indicated that 90% of clones con-
tained an insert and that insert diversity was high. The
library was calculated to be tenfold the size necessary to
include all 7. thermophilus genes.

Phage production was induced overnight in E. coli cells
harboring the Thermus library. As these cells also expressed
an antibody fragment on the phage surface, five rounds of
phage selection on immobilized FITC, the antigen recog-
nized by the displayed antibody fragment, were carried out.
After the third round, a DNA fragment of approximately
1.2kb began to appear in the digested library pool, as well
as a less intense band of 1.8 kb that became considerably
enriched by the fifth panning round (data not shown). After
the fifth round, 30 isolated clones were analyzed by Notl
digestion. One clone had an insert of approximately 1.8 kb,
2 clones had inserts of 1.2kb, 25 clones between 50 and
280 bp, and the remaining 2 clones no insert. Clones con-
taining the 3 larger fragments were sequenced to identify
the isolated Thermus genes.

Fig. 1. Alignment of the
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Identification and analysis of Thermus thermophilus czrB

Sequencing of the isolated 1.8-kb clone revealed an insert of
1,743 bp, containing a single complete open reading frame
(ORF) of 876 bp. BLASTx analysis (Altschul et al. 1997) of
the complete ORF using the EMBL database revealed
homology to cation efflux system proteins, mostly termed
Czr (for cadmium-zinc resistance) or CzcD (for cadmium-
zinc-cobalt resistance), from a variety of organisms (Pfam
01545; Protein Families database, http://www.sanger.ac.uk/
Software/Pfam/; Paulsen and Saier 1997). Based on exper-
imental analysis, we propose naming the 7. thermophilus
gene czrB, after the Staphylococcus aureus gene (Kuroda et
al. 1999). Of the homologous proteins, only those from rat
(Palmiter and Findley 1995), Saccharomyces cerevisiae
(Kamizono et al. 1989; Conklin et al. 1994), Ralstonia
eutropha-like CH34 (previously Alcaligenes eutrophus
CH34; Nies et al. 1989; van der Lelie et al. 1997), and S.
aureus (Xiong and Jayaswal 1998; Kuroda et al. 1999) have
been phenotypically characterized, with the main structural
difference between proteins being the extended loops
between putative transmembrane segments in eukaryotic
species (Fig. 1). Predictional analysis of the Thermus protein
envisaged it to be a cytoplasmic membrane protein also, of
molecular mass 31,233Da. It contained six putative
membrane-spanning o-helices, of which the 4 N-terminal
spanners were highly hydrophobic (Krogh et al. 2001),
features conserved in other CzcD-like proteins (Fig.1)
(Paulsen and Saier 1997; Anton et al. 1999). The Thermus
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protein, however, lacked both the C-X-X-C putative metal-
binding motif and the histidine-rich N- and C-termini found
in a number of other CzcD-like proteins and, although none
of these features is strictly conserved (Singh et al. 1999), the
mechanism of its interaction with metal cations remains
unclear. Helices II, V, and VI generally each contain a
conserved aspartyl residue, the [-carboxyls of which may
form a cation-binding site in the membrane, but the 7.
thermophilus protein also exhibits a D42N change from this
consensus in helix IT (Fig. 1).

The Thermus structural gene had a GC content of 72%
overall and 94% in the third nucleotide position, typical of
genes from thermophilic species (Wilquet and van de
Casteele 1999). Amino acid compositional analysis revealed
a number of characteristics of thermostability in the
Thermus protein (Kumar et al. 2000), such as significantly
(+>2 SD) higher arginine and lower serine contents than in
the other prokaryotic members of the Pfam 01545 cation
efflux family. Protein modeling would now be necessary to
determine whether the overall compactness of the molecule
is increased compared to its mesophilic homologues.

Sequencing of the two 1.2-kb clones isolated during
library screening revealed identical partial copies of czrB,
encoding the 108 C-terminal amino acids of this 291-residue
protein. With the next consensus ATG in the czrB gene
(Metyy) closely preceded by a putative ribosome-binding
site, it is likely that translation begins in these clones at res-
idue 200 and yields a 92-amino-acid peptide corresponding
to the C-terminal, cytoplasmic tail of the mature CzrB mol-
ecule (see Fig. 1). Subcellular localization analysis of this
putative polypeptide (Nakai and Kanehisa 1992) predicted
it to form a soluble, cytoplasmic molecule in the cell.

Subcloning of czrB

Partial ORFs that showed homology to lysyl-tRNA syn-
thetase and methylmalonyl-CoA mutase chain A were iden-
tified flanking czrB in the 1.8-kb Thermus DNA insert. Thus,
the czrB gene was recloned from the Thermus genome to
eliminate potential interference of the flanking genes in
phenotypic analysis of CzrB in E. coli. Following cloning
into pUC19, the original czrB sequence was confirmed.

Determination of minimal inhibitory concentrations of
heavy metals

CzcD homologues were originally thought to act as
membrane-bound sensors that detect divalent metal cations
in the cellular environment, leading to efflux of metal ions
via a CzcCB,A zinc efflux-proton antiporter channel (Nies
1992; Paulsen and Saier 1997). More recently, it has become
apparent with a number of organisms that the protein also
carries out metal efflux directly (Palmiter and Findley 1995;
Anton et al. 1999; Grass et al. 2001). E. coli cells containing
the T. thermophilus czrB gene exhibited a significantly
higher minimal inhibitory concentration (MIC) for Zn?*
than cells containing pUC alone, whereas the cadmium
MIC increased only slightly and cobalt resistance was unaf-
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fected by the presence of czrB (Table 1). The substrate
specificity is more similar to that of CzrB of S. aureus
(Kuroda et al. 1999) and ZRC1 of S. cerevisiae (Kamizono
et al. 1989), in which separate cobalt export systems also
exist, than to the well-characterized R. eutropha CzcD,
which uses cobalt as a substrate (Nies and Silver 1995),
suggesting that an independent cobalt efflux system also
exists in 1. thermophilus. Homologues of czrB are fre-
quently (van der Lelie et al. 1997, Kuroda et al. 1999),
although not exclusively (Sturr et al. 1997), coregulated
with additional, contiguous genes in other species; these
gene products, such as components of the CzcCB,A efflux
pump, are also involved in metal pumping and are respon-
sive to czrB.There appear to be no such functionally related
genes flanking czrB in T. thermophilus, and it is currently
unclear whether these genes exist in a noncontiguous
location in the T. thermophilus genome. Alternatively,
because thermophilic species generally have relatively small
genomes, the 1. thermophilus czr system may by necessity
be less complex than its mesophilic homologues, with CzrB
carrying out sensing and efflux in the absence of the
dedicated efflux pump found in other species.

Induction of metal resistance

Induction of metal resistance in E. coli cells carrying czrB
was studied by preincubation with sub-MIC (~10%) levels
of metal ions for 90 min, followed by analysis of growth on
increasing metal ion concentrations after 24 and 40 h. This
relatively short induction period, designed to drive produc-
tion of the transporter from its multicopy plasmid, was
found to have a significant effect on metal tolerance of cells
over the subsequent growth period, but with no difference
observed between relative MICs measured after 24 or 40 h.
Resistance to zinc mediated by the Thermus czrB could be
induced by preincubation of E. coli cells with zinc, cad-
mium, or cobalt (see Table 1). Thus, curiously, the Thermus
protein appears to recognize cobalt and yet not to transport
the cation. The ability to induce zinc tolerance was consid-
erable, with the zinc MIC increasing from 1.6 mM (no czrB)

Table 1. Minimal inhibitory concentrations (MICs) of ZnCl,, CoCl,,
and CdCl, determined for Escherichia coli JM83, JM83 containing
pUC, and JM83 containing pUC with cloned czrB

Clone Preinduction Zinc Cobalt Cadmium
(mM) (mM) (mM)
IMS83 None 2.0 2.1 0.9
+pUC None 1.6 2.1 0.9
+pUC Zinc 1.6 2.1 0.9
+pUC Cobalt 1.6 2.1 0.9
+pUC Cadmium 1.6 2.1 0.7
+pUC-czrB None 1.9 2.1 1.0
+pUC-czrB Zinc 2.5 21 1.0
+pUC-czrB Cobalt 2.1 2.1 1.1
+pUC-czrB Cadmium 2.2 2.1 0.9

MICs were determined for each metal with and without preexposure of
clones to ZnCl, (165 pM), CoCl, (220 uM), or CdCl, (80 uM). Results
shown are representative of three independent experiments
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to 1.9 mM (with czrB) to 2.5 mM (with czrB preinduced by
zinc) in the E. coli cells. The ability to induce cadmium resis-
tance was poor, however, with only slight, statistically non-
significant, increases in MIC inducible with cadmium or
cobalt, and no detectable effect with zinc, whereas zinc and
cadmium commonly induce resistance to each other via the
czclezr efflux systems in other organisms (Nies and Silver
1995; Hassan et al. 1999) in a process mediated by increased
transcription of efflux protein-encoding genes (Conklin et
al. 1994; Xiong and Jayaswal 1998).

No increase in zinc MICs was seen on preincubation of
wild-type E. coli cells with zinc (see Table 1), in spite of
reports in the literature of a number of zinc-inducible
transporters in the organism. Functional analysis of such
transporters has generally involved identification of metal
toxicity in gene-deleted or gene-interrupted strains (Beard
et al. 1997; Grass et al. 2001), with increased metal tolerance
arising from expression of the genes on multicopy plasmids
(Grass et al. 2001). It appears likely that the increased tol-
erance to metals observed with czrB in this work is depen-
dent on the high copy number of the gene, as observed by
other groups with homologous zinc transporters (Xiong and
Jayaswal 1998; Grass et al. 2001) and that the short prein-
duction step incorporated into our experimental setup is not
sufficient to produce a detectable effect on MICs via induc-
tion of chromosomally encoded genes.

Measurement of intracellular zinc concentrations

Investigation of intracellular zinc concentrations was car-
ried out to determine whether czrB-mediated resistance
was the result of metal sequestering, which would increase
the level of metal ions in the cell, or variations in transport,
which should reduce intracellular levels. The presence of
czrB was found to significantly reduce the levels of zinc in E.
coli cells, whereas pUC alone led to elevated intracellular
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Fig. 2. Quantification of intracellular zinc levels in Escherichia coli
clones. Intracellular zinc concentrations were determined by atomic
absorption spectroscopy for E. coli IM83 (JM83), IM83 containing
pUC (pUC), and JM83 containing pUC-czrB without (czrB) and with
[czrB (Zn)] a zinc preinduction step. Results are shown for 1-h incu-
bations in 0, 1, 2, and 5 mM extracellular zinc concentrations

zinc levels (Fig.2), indicating that increased metal resis-
tance was mediated by modification of either influx or efflux
activity. This effect was particularly evident at high extracel-
lular zinc concentrations that led to elevated initial
intracellular concentrations in E. coli cells (see Fig.2).
Preexposure of cells to zinc further reduced cellular levels
in czrB clones in high-zinc environments, indicating an
inducible resistance mechanism, as observed in MIC
experiments.

A time course experiment was carried out to distinguish
between reduced influx and increased efflux as the cause of
this reduced cellular accumulation of zinc. Intracellular zinc
concentrations decreased significantly over the analysis
period, with the rate of ion removal increased on preexpo-
sure of cells to zinc (data not shown), indicating that the
protective mechanism of czrB involves an inducible metal
efflux process. CzrB-like proteins in other organisms have
been found to act as metal sensors as well as efflux proteins
per se. Because little or no benefit might be expected to
accrue to host cells from increased numbers of sensor mol-
ecules at the very high metal concentrations used in our
work, we propose that the T. thermophilus CzrB protein
effluxes metals directly, as has been reported in rat
(Palmiter and Findley 1995), R. eutropha (Anton et al.
1999), and, more recently, E. coli (Grass et al. 2001).

Effects on growth of Escherichia coli under
stress conditions

The strong selection of clones that had eliminated all or part
of their Thermus insert during phage panning (27 of 30
clones analyzed had inserts <300 bp) indicated that czrB
exerted a strong positive effect on its host cells merely to be
retained throughout library screening. In addition, the czrB
gene was contained in all three large-insert clones selected
from the library, in one case as a full-length molecule and in
the other two as identical partial sequences. Because an
increased metal efflux capability was of no apparent advan-
tage in the screening process, E. coli clones were analyzed
under recombinant antibody and phage production condi-
tions to investigate the basis of the effect of CzrB. This study
revealed that czrB-containing clones grew considerably bet-
ter than cells containing only the phagemid vector (Fig. 3),
with delayed cell lysis and attained cell densities greater
than twofold higher. These cell density differences were
maintained after 22 h of induction (data not shown), and
this improved growth in the presence of czrB is believed to
account for selection of the gene from the library.

Isolated clones containing the partial czrB insert
(thought to synthesize a 92-amino-acid cytoplasmic tail
of CzrB) exhibited growth characteristics intermediate
between the full-length czrB clone and cells containing the
phagemid vector (see Fig. 3), whereas a randomly selected
control clone with a 2-kb insert displayed significantly
poorer growth than clones with the vector, providing an
insight into how the original library became biased in favor
of clones containing small-sized or no Thermus inserts in the
absence of a phenotypic benefit associated with the cloned
DNA.
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Fig. 3. Growth of E. coli clones containing 7. thermophilus czrB.
Growth characteristics are shown for E. coli clones containing pHB102
phagemid vector alone (circles) or with czrB (triangles), a partial czrB
gene (squares), or random T. thermophilus DNA (diamonds) as an
insert. The experiment was carried out during bacteriophage and
recombinant antibody production in the E. coli cells

Analysis of effects on bacteriophage and recombinant
protein production

Escherichia coli cultures containing czrB were found to
exhibit twofold-higher phage titers and to produce more
than twice the amount of functional antibody as cultures
containing the vector alone (Fig. 4). These increased yields
could be attributed to the increased cell densities observed
with czrB, such that the czrB gene product appeared to have
no effect on cellular antibody expression or bacteriophage
production. To investigate this further, czrB was expressed
from a lac promoter in a standard pUC-based expression
vector. The same pattern of E. coli cell growth, relative to
cells containing the vector alone, was observed on P,,. induc-
tion (data not shown), confirming that the effect of CzrB
appears to be to improve E. coli physiology, at least in the
presence of pUC-based vectors, rather than to interact
directly with the antibody or bacteriophage molecules in the
cell. Cells containing the partial czrB gene also showed inter-
mediate signals in both phage titer and ELISA studies (data
not shown), leading to the conclusion that, although the
transmembrane domains of the T. thermophilus protein are
required for its full effect to be achieved, the putative cyto-
plasmic tail of CzrB alone makes a significant contribution to
the beneficial effects of the protein in E. coli. Although our
truncated CzrB construct was not tested in efflux experi-
ments, other workers have found that the C-terminal 62 and
72 amino acids from rat ZnT-1 (Palmiter and Findley 1995)
and R. eutropha CzcD (Nies et al. 1989), respectively, are not
essential for the role of the protein in cation efflux, suggest-
ing that the roles of T. thermophilus CzrB in metal efflux and
in facilitating E. coli growth occur via distinct mechanisms.

Biotechnological potential of CzrB

Polypeptide misfolding and stress-induced lysis of host cells
are phenomena frequently encountered when expressing
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Fig. 4A,B. Phage titers and ELISA analysis of clones expressing czrB.
A Phage titers of clones containing pHB102 phagemid vector or
pHB102-czrB were determined 10 h (left) and 22 h (right) after induc-
tion; cfu, colony-forming units. B Anti-FITC ELISAs were carried out
on the same clones to investigate functionality of bacteriophage-
displayed FITC-binding antibody fragments. Results are shown for
samples taken 10 h (left) and 22 h (right) after induction

heterologous proteins in E. coli. Rational engineering has
generally provided only protein-specific solutions to this
problem to date (Knappik and Pliickthun 1995; Wall and
Pliickthun 1999), whereas coexpression of folding-assisting
molecules, although apparently highly promising, has also
failed thus far to provide a general means of improving pro-
tein yields. This study has identified a T. thermophilus pro-
tein that improves, by a mechanism which is apparently
independent of the heterologous protein being expressed,
E. coli growth characteristics under recombinant protein
production conditions. We speculate that overproduction of
exported proteins in E. coli leads to pressure on the cyto-
plasmic membrane translocation machinery, resulting in
agglomeration of polypeptides at the membrane and inter-
ference with metal extrusion systems. Coexpression of this
T thermophilus gene thus may have general application in
increasing production of heterologous proteins in E. coli
and, in particular, molecules that impose a severe physio-
logical strain on the producing cell.
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