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Yeast (CUP1) and mammalian (HMT-1A) metallothioneins (MTs) have been efficiently expressed in Esch-
erichia coli as fusions to the outer membrane protein LamB. A 65-amino-acid sequence from the CUP1 protein
of Saccharomyces cerevisiae (yeast [Y] MT) was genetically inserted in permissive site 153 of the LamB se-
quence, which faces the outer medium. A second LamB fusion at position 153 was created with 66 amino acids
recruited from the form of human (H) MT that is predominant in the adipose tissue, HMT-1A. Both LamB'%>-
YMT and LamB'*-HMT hybrids were produced in vivo as full-length proteins, without any indication of in-
stability or proteolytic degradation. Each of the two fusion proteins was functional as the port of entry of lamb-
da phage variants, suggesting maintenance of the overall topology of the wild-type LamB. Expression of the
hybrid proteins in vivo multiplied the natural ability of E. coli cells to bind Cd** 15- to 20-fold, in good cor-
relation with the number of metal-binding centers contributed by the MT moiety of the fusions.

Widespread pollution by heavy metals has important conse-
quences for human health and environmental quality (32).
Higher organisms respond systematically to the presence of
heavy metals with the production of metallothioneins (MTs).
This name was first used in 1957 for a Cd*"-binding protein
from mammalian kidneys (27), and it is currently applied to a
number of low-molecular-weight Cys-rich proteins that bind
metal ions (e.g., Zn*", Cd**, Cu*", Hg*", and Ag") and
sequester them in a biologically inactive form (8, 17). MTs are
widely distributed among living organisms, and they are fairly
well conserved in mammals, plants, and fungi (8, 20). Based on
structure, MTs have been subdivided into two classes. Class I
includes those polypeptides related to mammalian species
(25), while those that are more divergent but are still able to
chelate metal ions efficiently are considered class II. Mamma-
lian MTs are usually composed of 61 amino acids (molecular
mass, 6 to 7 kDa) and lack aromatic amino acids and histidines.
Two distinct domains of these proteins coordinate 7 divalent or
12 monovalent metal ions with 20 Cys residues. These are
present along the sequence in the form of Cys-X-Cys or Cys-
Cys motifs (X is any other amino acid residue), which are
characteristic and invariant for this class of proteins. Class II
MTs originate from nonanimal sources, such as yeasts (e.g.,
Saccharomyces cerevisiae, Candida glabrata, and Candida albi-
cans [28]), algae (36), or cyanobacteria (e.g., Synechococcus sp.
[33]). A well-known member of class II is the S. cerevisiae MT
responsible for copper tolerance, called CUP1. This product is
synthesized as a polypeptide of 61 amino acids, but its leading
8 residues are posttranslationally cleaved off, resulting in a
53-residue polypeptide. This protein contains 12 cysteine res-
idues organized in Cys-X-Cys, Cys-Cys, and Cys-X-X-Cys mo-
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tifs which originate eight binding sites for monovalent and four
binding sites for divalent metal ions (44).

Earlier attempts to produce MTs in bacterial cells (i.e.,
Escherichia coli) as a way to increase their metal-binding ability
were successful in some cases (2, 22, 31, 37). However, expres-
sion of such Cys-rich proteins is not devoid of problems be-
cause of the predicted interference with the redox pathways in
the cytosol (1, 30, 34, 35, 45). Intracellular expression of MTs
has been difficult to detect, perhaps because they become
quickly degraded by host proteases (14, 39) unless they are
associated with stabilizing moeities (13). More practically, in-
tracellular expression of MTs may prevent the recycling of the
biomass by desorption of the accumulated metal (16).

In this study, we examine the performance of the outer
membrane protein of E. coli designated LamB as a carrier in
vivo for expression of eukaryotic MTs and the resulting in-
crease in the metalloadsorption by the bacterial cells. LamB is
the port of entry for maltose and maltodextrins through the
outer membrane as well as the receptor for phage lambda (19).
The active LamB includes three monomers, each containing
18-stranded antiparallel B sheets arranged as a barrel and
connected to each other by rather long loops and turns (19).
The protein segments spanning amino acid positions 153 to
154 and 183 to 184 (located on the outer surface and in the cell
periplasm, respectively [Fig. 1]) tolerate insertions of heterol-
ogous peptides of various sizes without disrupting the overall
structure of the protein or its ability to assemble in functional
trimers (5, 9, 12, 18). These two sites were used to construct
and express LamB-MT hybrids in various configurations. Our
results show that expression in vivo of LamB derivatives in
which the yeast (YMT) or the human MT (HMT) 1A se-
quences were genetically grafted to an external permissive site
multiplies the natural ability of E. coli cells to accumulate
metal ions such as Cd** 15- to 20-fold.

MATERIALS AND METHODS

Strains, plasmids, and general procedures. E. coli TG1 (supE hsd his Alac-
proAB F'[traD36 proAB™ lacl® lacZAM15]) and E. coli CC118 F'SURE were
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FIG. 1. Organization of lamB-MT and lamB-HIS hybrid genes. The figure
shows relevant sequences of the constructs used to insert metal-chelating se-
quences within LamB and their expression as fusions in the outer membrane of
E. coli. pLBB9 and pLBBI10 are derivatives of low-copy-number vector pVDL8
which harbor a 1.4-kb EcoRI-HindIII restriction fragment spanning the lamB
sequence with BamHI sites engineered at structural codons 153 and 183, respec-
tively. The orientation of the lac promoter present in the vector is marked with
an arrow. The ribosomal binding site (SD), the first structural codon (ATG), and
the stop codon TAA are indicated at the extremes of the structural sequence.
The inserts born by the different plasmids listed to the left are indicated (not to
scale) as follows: CUP1 of S. cerevisiae, encoding YMT; MT1A, encoding HMT-
1A; and the HIS linker (41), encoding an artificial six-His sequence.

used to host recombinant plasmids. E. coli C600 (40) was used as the reference
\ phage-sensitive strain. The lamB-minus E. coli K-12 strain pop6510 (thr leu
tonB thi lacY1 recA dex5 metA supE) was used as the recipient of all plasmids
bearing LamB variants (11, 12). The vector for expression of protein fusions to
the position 153 or 154 of the amino acid sequence of LamB, called pLBBY, has
been described before (9). pLBB9 is a derivative of the pSC101-based Cm" vector
(15) bearing a lac promoter in front of a lamB sequence variant (11, 12) with a
BamHI site overlapping codon 153 of the gene. The equivalent vector for ex-
pression of fusions to position 183 of LamB (which faces the periplasm) is called
pLBB10 (Fig. 1).

Low-phosphate MJS medium contained 12.5 mM HEPES (pH 7.1), 50 mM
NaCl, 20 mM NH,CI, 1 mM KCI, 1 mM MgCl,, 0.1 mM CaCl,, 0.05 mM MnCl,,
0.8% (wt/vol) Casamino Acids, 0.4% (vol/vol) glycerol, and 0.005% (wt/vol)
thiamine. Both MJS medium and complete Luria-Bertani medium (29) were
supplemented, when required, with 30 wg of chloramphenicol and 100 pM
isopropyl thiogalactopyranoside (IPTG). Recombinant DNA techniques were
carried out according to standard protocols (38). Insertion and orientation of the
HIS linkers, YMT, and HMT-1A within the lamB sequence (Fig. 2) were verified
by subjecting the clones under examination to a PCR under the conditions
specified in reference 9.

Construction and expression of hybrid LamB proteins. The source of the
YMT gene sequence was plasmid pUC7-YMTL, which contains the CUPI cod-
ing sequence of S. cerevisiae (2). Two PCR primers, 5'-AAAGGATCCGTTCA
GCGAATTAATTAACTTCCAA-3" and 5'-GTTAGATCTGTTTTCCCAGAG
CAGCATGACTTCTT-3', were designed to amplify the entire gene sequence as
a BamHI/BgIII DNA fragment. This fragment was inserted into the BamHI sites
of vectors pLBBY and pLBBI10, resulting in plasmids pLMT1 and pLMT2. The
source of the edited HMT-1A gene sequence was phagemid clone HAWAUG68
(ATCC 100746), which spans the a and B domains of the protein, originated in
a cDNA isolated from adipose tissue. Similarly to the case of the yeast counter-
part, PCR primers 5'-AAGGATCCCGAAATGGACCCCAACTGC-3" and 5'-
CATAGATCTGAGGCACAGCAGCTGCACTTC-3' were designed to amplify
the HMT-1A sequence from HAWAUG6S. These primers introduced BarmHI and
Bgl1I sites for the purposes of allowing insertion of the sequence into the unique
BamHI site of pLBBY and originating the corresponding fusion at position 153
of the protein sequence. The resulting plasmid was named pLBMT1. Plasmid
pLH1, encoding a LamB variant with a poly-His insert in position 153, has been
described before (41). The equivalent plasmid expressing the same His cluster
fused to position 183 of LamB was constructed by inserting a synthetic HIS linker
encoding the sequence Asp-Pro-Ser-Gly-His-His-His-His-His-His-Ser-Gly in the
BamHI site of vector pLBB10. The resulting plasmid was called pAIl.

Sensitivity of E. coli to \ phage variants. Lambda phages A\h* (wild type), Ah,
(single mutant), and Ahh* (double mutant) have been described elsewhere (6,
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10). High-titer phage stocks were prepared by infection and lysis of the permis-
sive strain E. coli C600 as reported before (40). Approximately 100 wl of each of
these lysates (titer, ~10'° CFU/ml) was spread in a vertical line across the
surface of Luria-Bertani agar plates (supplemented with chloramphenicol and
100 uM IPTG) and allowed to dry. E. coli pop6510 transformants bearing each
of the plasmids encoding LamB variants were then spread perpendicular to and
across the phage line in a single swath. Overnight incubation of the plates at 37°C
revealed the sensitivity or resistance of each transformant to the corresponding
phage lysate.

Protein techniques. Whole-cell extracts were examined by denaturing 12%
polyacrylamide gel electrophoresis (26). When required, proteins were trans-
ferred onto Immobilon membranes (Millipore) by electroblotting (43), treated
with 2% skim milk in phosphate-buffered saline (PBS; 10 mM sodium phosphate
[pH 7.4], 150 mM NaCl, 3 mM KCl) for 30 min, and then washed three times for
10 min each time with the same buffer. Anti-LamB polyclonal rabbit serum (a
kind gift of M. Hofnung) was preadsorbed with a cell extract of E. coli pop6510
and added at a 1:1,000 dilution to the blotted and blocked membranes. Following
1 h of incubation with the serum, the blots were washed three times for 10 min
each time with PBS buffer and then incubated with 0.5 mg of protein A-perox-
idase conjugate (Sigma)/ml. This was followed by another wash with PBS for 15
min and rinsing with distilled water. The position of the LamB protein and its
derivatives was revealed with 0.02% diaminobenzidine tetrahydrochloride (Sig-
ma) and 0.03% oxygen peroxide. Alternatively, gels were electroblotted on ni-
trocellulose membranes (Bio-Rad) which were blocked with 10% skim milk in
TBS (20 mM Tris-Cl, 250 mM NaCl, 3 mM KCl). In this case, anti-LamB serum
was applied at a 1:5,000 dilution in TBST (0.1% Tween 20 in TBS) with 2% skim
milk for 2 h. Then the blots were washed with TBST, incubated with swine
anti-rabbit antibody conjugated with alkaline phosphatase (Bio-Rad), and finally
washed again with TBST. The LamB and LamB-MT1 were visualized with
5-bromo-4-chloro-3-indolylphosphate as a substrate along with nitroblue tetra-
zolium.

Measurement of Cd>* adsorption to and desorption from the biomass. Bio-
accumulation of Cd>* was measured in cells growing at 37°C in MJS medium
with chloramphenicol. The cells were induced with 100 M IPTG when cultures
reached an absorbance of 0.4, and then 20 M Cd>" was added in order to allow
expression of the LamB-MT hybrids in the presence of the cation (—SH groups
not bound by metal ions quickly become oxidized). The cultures were grown for
another 4 h. Prior to determination of metal content, the bacterial cells were
pelleted, washed twice with 0.85% NaCl in 5 mM HEPES (pH 7.1), and treated
overnight with 70% nitric acid (37). Cd** concentrations were measured directly
from the soluble fraction resulting from this acid treatment by atomic absorption
with a spectrophotometer (Hitachi Z-8200 or Varian Spectra A300). Alterna-
tively, cells collected after being washed were incubated on ice for 15 min with an
excess volume of 5 mM EDTA (pH 8.0) to remove the surface-bound metal. The
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FIG. 2. (A) Expression of LamB hybrid proteins in E. coli pop6510. Approx-
imately 10% E. coli pop6510 cells transformed with each of the plasmids indicated
were run in a denaturing polyacrylamide gel, blotted on a membrane and probed
with a preadsorbed polyclonal anti-LamB serum, and further developed with
protein A conjugated to horseradish peroxidase. (B) Accumulation of Cd>* by
cells expressing hybrid LamB proteins. The same transformants as for panel A
were grown in a medium with 20 pM Cd?* and examined for their metal content,
with the results shown in the plot. The data shown are the mean values (+
standard deviation) of three separate experiments. pLH1 is a previously reported
control plasmid (41) in which a six-His peptide is inserted in position 153 of the
LamB sequence.
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FIG. 3. Sensitivity of E. coli pop6510 expressing LamB hybrids to N phage
variants. The lamB mutant strain E. coli pop6510 was transformed with each of
the plasmids listed to the left and subjected to a sensitivity assay with phages Nh™
(wild type), Nh” (single mutant), and Ahh* (double mutant), as described in
Materials and Methods. E. coli C600 was used as the reference phage-sensitive
strain. The proteins expressed by the transformants in each case are indicated to
the right.

supernatant resulting from this treatment was then subjected to atomic absorp-
tion analysis as described above. The same procedure was used to determine
bioaccumulation of Cu®" and Zn?".

RESULTS AND DISCUSSION

Structural tolerance of LamB to yeast MT and His fusions.
To address the issue of whether LamB could act as a molecular
anchor for the expression of eukaryotic MTs in E. coli, we
started by inserting the YMT sequence at two different sites in
LamB, i.e., positions 153 and 183. To this end, the same PCR
fragment spanning the YMT sequence was inserted into the
BamHI sites of equivalent vectors pLBB9 (around 154) and
pLBB10 (around 183), generating plasmids pLMT1 (lamB*>*-
YMT*) and pLMT2 (lamB*>-YMT™).

E. coli pop6510(pLMT1) displayed normal growth in both
liquid and solid media compared to the same strain carrying
pLBB9 vector without an insert. The growth rate (approxi-
mately 2 h™! in MJS medium during exponential growth) was
not significantly altered when expression of LamB!**-YMT
was induced with IPTG. Immunoblotting of crude bacterial
extracts with a polyclonal anti-LamB serum demonstrated ex-
pression of the full-length hybrid protein (Fig. 2A). As ex-
pected, the hybrid protein displayed an increase in its apparent
molecular weight in comparison to that of the wild-type pro-
tein. The same experiment (Fig. 2A) indicated that lamB*>*-
YMT is expressed to a level in the range of that of LamB devoid
of inserts. Furthermore, Western blot assays of cell fractions
from E. coli pop6510(pLMT1) indicated that the LamB variant
encoded by the plasmid is entirely located at the outer mem-
branes of the cells (data not shown). In order to determine
whether the hybrid was not only expressed and secreted but
also assembled in the outer membrane of E. coli with a topol-
ogy not unlike that of wild-type LamB, we examined the sen-
sitivity of E. coli pop6510(pLMT1) to lambda phages Ah™ (wild
type) and its variants \h® and Ahh* (Fig. 3). In spite of the
permissiveness of these variants to some changes on the LamB
surface, infection in all cases requires the assembly of a defined
LamB trimer (6, 10). Therefore, sensitivity of the LamB hy-
brids to one or more of these phages is evidence of the correct
folding and domain positioning of the fusion protein at the
outer membrane. Figure 3 shows that E. coli pop6510(pLMT1)
was resistant to wild-type phage but sensitive to the Ahh* vari-
ant. Taken together, these results indicated that LamB***-YMT
was expressed in E. coli to roughly the same extent and with
roughly the same properties as the wild-type protein. On the
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contrary, when pLMT2 plasmid carrying lamB**>-YMT was
introduced into E. coli pop6510, no expression of the corre-
sponding hybrid could be detected by any of these procedures.
When the MT insert at position 183 of LamB was replaced by
a shorter poly-His peptide, the resulting LamB'®*-HIS protein
(encoded by pAIl) was detectable in Western blots (Fig. 2),
could be located in the outer membrane, and endowed E. coli
pop6510 with sensitivity to all phage variants (Fig. 3). These
data suggested that it was the size of the YMT insertion and
not its metal-binding properties that hindered expression of
lamB*>-YMT.

Expression of a HMT fusion to LamB. In view of the fact
that only site 153 of LamB appeared to be adequate for pro-
duction in vivo of YMT fusions, we also employed it to insert
the HMT-1A gene (17, 25). This MT species was chosen on the
basis of its superior metal-binding capacity compared to that of
its yeast counterpart, owing to the presence of twice as many
metal-binding centers in its structure (three sites at its o do-
main and four sites at its § domain). The insertion of the entire
DNA segment spanning 198 bp of the HMT-1A sequence
within LamB was predicted to result in a hybrid protein with an
extra 66 amino acids anchored at position 153 and facing the
external medium. To verify these predictions, E. coli pop6510
(pPLBMT1) cells expressing LamB'*>3>-HMT were passed through
the same battery of assays as the other hybrids described above
to determine the expression, location, and correct assembly of
the protein. The results shown in Fig. 3 and 4 indicated that
like LamB!>>-YMT, the LamB hybrid with the human gene
product, was present in a stable fashion in the outer membrane
fractions of the bacteria. Interestingly, E. coli pop6510(pLBMT1)
was fully resistant to Ah™ and partially resistant to Ah® but
sensitive to Ahh* (Fig. 3), a behavior somewhat different from
that of cells expressing the yeast gene.

Metal-binding properties of MT fusions to LamB in vivo. In
order to test the ability of bacterial cells expressing various
LamB hybrids with metal-binding peptides to increase bio-
accumulation in vivo of Cd**, we monitored binding of the
metal to E. coli pop6510 cells transformed independently
with pLMT1 (lamB**3-YMT"), pLBMT1 (lamB'>>-HMT"),
and pAll (lamB*®3-HIS™) through atomic absorption spec-
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FIG. 4. (A) Bioaccumulation of divalent ions by lamB**3-HMT" strain E. coli
pop6510(pLBMT1). E. coli pop6510 cells transformed with either pLBMT1
(lamB">3-HMT™) or the control plasmid pLBB9 (devoid of inserts in lamB), as
indicated, were grown in MJS medium and induced with IPTG, and 30 pM of
either Cd,Cl, Cu,Cl, or Zn,Cl was added. Their metal content after expression
of the LamB hybrids is shown. The bars represent the mean values of three
separate measurements. Note the different scales, depending on the metal. (B)
Expression of LamB'*3>-HMT in E. coli pop6510(pLBMT1). Approximately 2 X
10° E. coli pop6510 cells transformed with the plasmids indicated were run in a
polyacrylamide gel electrophoresis system, blotted and probed with a crude (not
preadsorbed) polyclonal anti-LamB serum, and further developed with swine
anti-rabbit antibody conjugated with alkaline phosphatase.
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trometry. As a control, we employed cells expressing LamB
devoid of inserts (i.e., bearing pPLBB9 or pLBB10) as well as E.
coli pop6510 cells transformed with pLHI1, a plasmid which
expresses the metal-binding LamB variant LamB'>3-HIS (41).
For these experiments, we grew the cells in the low-phosphate
MIJS medium (to avoid chelation of the metal ions) supple-
mented with a subinhibitory concentration of Cd** (20 to 30
wM). As shown in Fig. 2 and 4, cells expressing LamB hybrids
displayed metal-binding capacities superior to those of the
controls, albeit to different extents.

Strains bearing plasmids pLH1 (lamB’*>-HIS™) and pAll
(lamB'®>-HIS™), which express the same metal-binding pep-
tide at different cell compartments, increased their accumula-
tion of Cd** by ca. fivefold. E. coli pop6510(pLMT1), which
expresses the hybrid with the YMT, LamB'**>-YMT, more than
doubled this amount (Fig. 2) and increased metalloadsorption
to >15 nmol of Cd**/mg (dry weight) of cells. Finally, cells
expressing the human hybrid LamB'>>-HMT (Fig. 4) further
increased metalloadsorption by ca. 30 nmol of Cd**/mg (dry
weight) of cells. These results are consistent with the increased
number of metal-binding centers present in each of the hybrid
proteins.

The best strain in terms of metal accumulation, E. coli
pop6510(pLBMT1), was subjected to additional tests to gain
some insight into the physiology of the adsorption. Figure 4
shows the data on accumulation of Zn** and Cu®* by this
strain under the same conditions employed with Cd**. Al-
though there was an evident increase in metal ion binding, the
absolute figures were below those observed with Cd**. In no
case was the level of tolerance of E. coli pop6510(pLBMT1) to
any of the metals assayed increased by the expression of the
hybrid (not shown), thus reinforcing the notion that heavy
metal resistance and heavy metal adsorption are independent
phenomena (24). Finally, E. coli pop6510(pLBMT1) cells pre-
loaded with 31.9 + 6.4 nmol of Cd**/mg were subjected to a
desorption assay with EDTA. Under the conditions specified
in Materials and Methods, which did not affect cell viability,
only 40% of the metal could be released from the bacteria.
This result suggested that only about half of the bound cations
were available on the cell surface, whereas the rest were oc-
cluded in other cell compartments. This is consistent with the
realization that the total increase in bioaccumulation of Cd**
by cells expressing LamB'**-HMT exceeds by at least 1 order
of magnitude the theoretical increase of metal-chelating cen-
ters contributed by the MT moiety of the fusion. This can only
be explained if, besides direct binding of cations, the hybrid
protein helps to increase the local metal concentration around
the cells and thus facilitates interactions of the ions with other
cell structures (3). The fate of the metal ions bound to LamB
hybrids deserves further study (41).

Conclusion. In this work, we have constructed and charac-
terized LamB fusions in which the complete MT sequences are
anchored by their N termini and C termini to the permissive
site 153 of the protein. Such a double anchor appears to result
in increased stability and maintenance of the topology of the
hybrid and the properties of the two separate proteins.
LamB-MT fusions increase by more than 1 order of magnitude
the natural ability of E. coli cells to bind Cd?™, a trait that can
be unequivocally traced to the expression and surface presen-
tation of the metal-binding polypeptide. On this basis, it seems
that the LamB protein is a versatile vector to expose not only
peptides but even heterologous proteins of considerable size in
an active form on the surfaces of different bacteria, such as
E. coli, Salmonella typhimurium (42), and even nonenteric bac-
teria such as Pseudomonas (9). Expression of LamB-MT hy-
brids in environmentally robust strains of Ralstonia eutropha
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(formerly Alcaligenes eutrophus) and Pseudomonas putida (4) is
under way in view of the potential for increasing the bioad-
sorption of cations from sites polluted with heavy metals (7, 16,
21, 23).
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