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Ni2�-binding staphylococci were generated through surface display of combinatorially engineered variants
of a fungal cellulose-binding domain (CBD) from Trichoderma reesei cellulase Cel7A. Novel CBD variants were
generated by combinatorial protein engineering through the randomization of 11 amino acid positions, and
eight potentially Ni2�-binding CBDs were selected by phage display technology. These new variants were
subsequently genetically introduced into chimeric surface proteins for surface display on Staphylococcus
carnosus cells. The expressed chimeric proteins were shown to be properly targeted to the cell wall of S. carnosus
cells, since full-length proteins could be extracted and affinity purified. Surface accessibility for the chimeric
proteins was demonstrated, and furthermore, the engineered CBDs, now devoid of cellulose-binding capacity,
were shown to be functional with regard to metal binding, since the recombinant staphylococci had gained
Ni2�-binding capacity. Potential environmental applications for such tailor-made metal-binding bacteria as
bioadsorbents in biofilters or biosensors are discussed.

Bacterial surface display of heterologous proteins has in
recent years become an increasingly active research area with
a wide range of applications in immunology, vaccinology, and
biotechnology (11, 49). An interesting application area is the
display of metal-binding proteins on bacteria to create whole-
cell tools for improved sequestration of toxic metals in waste-
water (3), a field in which naturally occurring bacteria have
been evaluated previously (10, 31). The heterologous expres-
sion of peptides and proteins with inherent metal-binding ca-
pacity have been employed to create bacteria with improved
metalloadsorption properties (39), and surface display has
been used as an attractive strategy in this context (22, 38, 47,
51).

Short metal-binding peptides, such as hexahistidyl peptides,
have been introduced into bacterial surface proteins in order
to create bacteria with improved metal-binding capacity (21,
46). Using this strategy, both Escherichia coli (46) and Staph-
ylococcus carnosus (43) strains with increased ability to bind
Ni2� and Cd2� ions have been generated. The introduction of
combinatorial protein engineering has also made it possible to
select peptides, from large peptide libraries with increased
selectivity for certain metals (4, 30, 37, 44), and such peptides
might become interesting for surface display applications (44).

Gram-positive surface display systems have been suggested
to exhibit some advantages compared to gram-negative bacte-
ria (28, 49): (i) the translocation involves only a single mem-
brane, and (ii) gram-positive bacteria have been shown to be
more rigid and thus less sensitive to shear forces (19, 36) due
to the thick cell wall surrounding the cells, and thus potentially
more suitable for field applications such as bioadsorption. For
metal adsorption applications, gram-positive bacteria have the

additional advantage of having inherent metal-binding capacity
due to the thick peptidoglycan layer (31).

A gram-positive bacterium that has been investigated exten-
sively for various surface display applications is the nonpatho-
genic S. carnosus (26, 42) which is used traditionally in starter
cultures in meat fermentation applications (18). Recombinant
S. carnosus strains with various proteins expressed on the sur-
face have been successfully evaluated as live bacterial vaccine
delivery vehicles (5, 6, 50), for potential diagnostic applications
through the display of single-chain Fv antibody fragments (16)
and engineered S. aureus protein A domains, called affibodies
(15).

Recently, a fungal cellulose-binding domain (CBD) derived
from the cellobiohydrolase Cel7A of Trichoderma reesei was
subjected to a combinatorial protein engineering approach
(23). A combinatorial library comprising 46 million variants of
the 36-amino-acid CBD domain was constructed through the
randomization of 11 amino acid positions, including the resi-
dues involved in cellulose binding. Using phage display tech-
nology, CBD variants that showed specific binding of and abil-
ity to inhibit the target enzyme porcine �-amylase (PPA) could
be selected (23). Furthermore, a related CBD, derived from T.
reesei cellulase Cel6A, was recently expressed in its nonengi-
neered form on the surface of S. carnosus (24). Cellulose bind-
ing was demonstrated in different whole-cell assays in which
the recombinant staphylococci were found to bind efficiently to
cotton fibers.

The proven capacity of CBD to be engineered (23) and
displayed on the surface of bacteria (24) inspired us to inves-
tigate the possibility of using the CBD scaffold for metal cap-
ture as well. In this study we have evaluated a strategy to
generate bacteria with an increased affinity for nickel ions by
combining phage display-based combinatorial protein engi-
neering with subsequent surface expression on S. carnosus
cells. Potential nickel ion-binding CBD variants were selected
from the constructed library by biopanning against Ni2�-mag-
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netic agarose beads. Eight such engineered CBD variants were
selected and investigated for correct staphylococcal cell wall
targeting, surface accessibility, and proteolytic stability. In ad-
dition, the Ni2�-binding ability of the generated recombinant
S. carnosus cells with the surface-displayed engineered CBD
variants was investigated in a whole-cell assay.

MATERIALS AND METHODS

Preparation and transformation of staphylococcal protoplasts. The prepara-
tion and transformation of protoplasts from S. carnosus were performed as
described by Götz and coworkers (13, 14).

Preparation of phage stocks. E. coli cells, approximately 109 cells of bacterial
strain RRI�M15 (40), containing the constructed CBD library (23), were added
to 100 ml of TSB medium supplemented with 100 mg of ampicillin per liter and
2% glucose, incubated at 37°C to an A600 nm of �0.5, and then infected with
helper phage M13K07 (5 � 1010 particles) (New England Biolabs) at 37°C for 30
min. Superinfected cells were harvested and used to inoculate TSB medium
supplemented with ampicillin (100 mg/liter), kanamycin (25 mg/liter), and iso-
propyl-�-D-thiogalactoside (IPTG) (100 �M). The culture was grown overnight
at 30°C with shaking. Cells were pelleted by centrifugation, and phage particles
were concentrated from the supernatant by polyethylene glycol-NaCl precipita-
tion. The phages were suspended in phosphate-buffered saline (PBS; 50 mM
phosphate, 100 mM NaCl, pH 7.2) and filtered through an 0.45-�m filter (Sar-
torius, Göttingen, Germany). The phage stock was titrated by transfection into
exponentially growing E. coli RR1�M15.

Phage selection of Ni2�-binding CBD variants. Commercially available Ni-
nitrilotriacetic acid (NTA) magnetic agarose beads (Qiagen, Hilden, Germany)
were used for biopanning against Ni2� ions. Beads were washed three times with
PBS. Precipitated phage stock was preblocked by adding 2% gelatin (Difco,
Detroit, Mich.) and incubating for 2 h in end-over-end rotation. Then 120 �l of
the preblocked phage stock was suspended with 200 �l of a 5% suspension of
Ni-NTA magnetic agarose beads. The suspension was incubated at room tem-
perature for 2 h (end-over-end), and the beads were washed with PBS with 0.1%
Tween 20 (PBST) and 20 mM imidazole: once in the first panning cycle, three
times in the second cycle, six times in the third cycle, and eight times in the fourth
and fifth cycles. Phage particles were eluted with 500 �l of 0.1 M glycine-HCl
buffer (pH 2.2) by incubating for 10 min at room temperature. After elution, the
beads were separated from the solution by magnetic sedimentation, and the
supernatant containing eluted phage particles was neutralized by adding 50 �l of
1 M Tris-HCl (pH 8.5). Eluted phages were used to reinfect exponentially
growing E. coli RR1�M15 (10 ml of cells, A600 � 1), and a new phage stock was
prepared as previously described. Five panning cycles were carried out. Ran-
domly picked clones were sequenced by cycle sequencing with Big Dye termi-
nators on the ABI377 (Perkin Elmer) system, and eight different CBD variants,
CBD1 to CBD8, were selected for expression on bacterial surfaces.

DNA constructions. Gene fragments encoding the eight novel CBD vari-
ants were PCR amplified using AmpliTaq polymerase (Perkin Elmer) and
primers WeHe19 (5�-GGGGGTCGACGGATCCGGGTGCTAACCCAACC
CAGTCTCACTACGGCCAG-3�) and WeHe20 (5�-GGGGGTCGACGGGT
TGGCGCCGGGCAGGCACTGAG-3�) and pKN1 phagemids (32) carrying
inserts corresponding to the selected CBD variants as templates. The gener-
ated gene fragments were ligated into the pGEMT vector system (Promega,
Madison, Wis.). The CBD gene fragments were restricted from the pGEMT
vector with endonucleases BamHI and SalI and ligated to pSPPmABPXM
(42) previously restricted with the same enzymes. To determine the se-
quences of the selected CBD variants, the inserts were subjected to cycle
sequencing as described above. The eight verified expression vectors
pSPPCBD1ABPXM to pSPPCBD8ABPXM, designed for surface expression
on S. carnosus, encode the surface-anchored fusion proteins PP-CBD1-ABP-
XM� to PP-CBD8-ABP-XM�, respectively. The expression vectors were used
to transform S. carnosus TM300 (12) protoplasts to generate the eight dif-
ferent recombinant S. carnosus strains, which for simplicity were denoted
Sc:CBD1 to Sc:CBD8.

Extraction and affinity purification of chimeric surface proteins. The resulting
recombinant staphylococci Sc:ABP (representing S. carnosus cells transformed
with the parental vector pSPPmABPXM) and Sc:CBD1 to Sc:CBD8 were grown
overnight at 37°C in 10 ml of tryptic soy broth (TSB) (Difco) (30 g/liter),
supplemented with yeast extract (Difco) (5 g/liter) and chloramphenicol (Boehr-
inger, Mannheim, Germany) (10 mg/liter). An aliquot of 0.5 ml of the overnight
cultures was resuspended in 100 ml of the growth medium described above and
grown to A578 of � 0.8. Cells were harvested by centrifugation and washed twice

with PBS (pH 7.5) before being resuspended in 5 ml of a modified SMMP
medium (14) composed of 7.5 parts SMM (1 M sucrose, 0.04 M maleic acid, and
0.04 M MgCl2) and 2.5 parts of 7% Penassay antibiotic broth (Difco). The cells
were then incubated with 50 U of lysostaphin (Sigma, St. Louis, Mo.) at 37°C for
2 h. The resulting protoplasts were pelleted by gentle centrifugation (6,000 � g,
room temperature, 20 min), and the solubilized surface proteins PP-ABP-XM�
and PP-CBD1-ABP-XM� to PP-CBD8-ABP-XM� could be recovered from the
supernatant by taking advantage of the albumin-binding protein ABP (42) from
streptococcal protein G (34) via affinity chromatography on human serum albu-
min (HSA)-Sepharose columns (34). The solubilized chimeric surface proteins
were diluted five times by adding water and 20� TST (0.5 M Trizma base-HCl
[pH 8.0], 4 M NaCl, 20 mM EDTA, 1% Tween 20) to a final concentration of 1�
TST, loaded onto HSA-Sepharose columns, and affinity purified as described by
Ståhl and coworkers (48). Relevant purified fractions were pooled, lyophilized,
and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (10 to 20% polyacrylamide) under reducing conditions. The gel
was stained with Coomassie brilliant blue.

Enzymatic assay for detection of cell surface-exposed chimeric proteins. Over-
night cultures of recombinant and wild-type staphylococci were diluted 1:200 in
growth medium (containing chloramphenicol when appropriate) and grown at
37°C to an A578 of �1. The cells were harvested and washed twice with PBS
supplemented with 0.05% Tween 20 (PBST) (pH 7.5) before being resuspended
in PBST to an A578 of 1. One-milliliter aliquots from these suspensions were
incubated with biotinylated HSA (biotinylated with D-biotinoyl-	-aminocaproic
acid N-hydroxysuccinimide ester [Boehringer, Mannheim, Germany] according
to the supplier’s recommendations) at a final concentration of 60 nM for 30 min
at room temperature. Cells were washed three times in PBST prior to resuspen-
sion in 1 ml of PBST containing 0.5 U of streptavidin-alkaline phosphatase
conjugate (Boehringer) and then incubated for another 30 min at room temper-
ature. After three additional washes, the cells were diluted 1:5 in substrate buffer,
and five aliquots of 100 �l of each cell type were loaded into a microtiter plate
before addition of 100 �l of the substrate solution p-nitrophenyl phosphate
(Sigma). The change in A405 was measured for 10 min in an enzyme-linked
immunosorbent assay (ELISA) plate reader (Sunrise: Tecan, Grödingen, Aus-
tria).

Functional analysis of surface-displayed polyhistidyl peptides. The Ni2�-bind-
ing assay was performed essentially in accordance to the colorimetric assay
described above. However, instead of incubating the cells with biotinylated-HSA,
Qiaexpress Ni-NTA-alkaline phosphatase conjugate (Qiagen, Hilden, Germany)
was used. One-milliliter aliquots of cell suspension (A578 
 1) in PBST were
incubated for 60 min at room temperature with Ni-NTA-alkaline phosphatase
conjugate at a dilution of 1:500. The cells were then washed four times (the three
first in PBST and the last in substrate buffer) before being resuspended in 1 ml
of substrate buffer. Five aliquots of 100 �l of each cell type were loaded into a
microtiter plate, after which 100 �l of the substrate solution (p-nitrophenyl
phosphate) was added. The change in A405 was measured for 60 min in an ELISA
reader.

RESULTS

Expression vectors for surface display of CBD variants on S.
carnosus. Eight randomly picked clones were sequenced after
five consecutive rounds of biopanning. The results from the
DNA sequencing of the selected CBD variants are shown in
Fig. 1. Sequence analysis of selected CBD variants (Fig. 1C)
revealed a striking preference for histidine residues at the
randomized positions, with Sc:CBD1 containing six consecu-
tive histidine residues and Sc:CBD6 also being rich in histidine
residues. Other frequently occurring amino acids were, in de-
scending order, Arg, Thr, Lys, Asn, Gly, Pro, Asp, and Glu.
Eight novel E. coli-Staphylococcus shuttle vectors were con-
structed for display of chimeric surface proteins containing the
phage-selected engineered CBD variants on S. carnosus. The
gene fragments encoding the eight different CBD variants,
here denoted CBD1 to CBD8, were introduced by PCR-based
subcloning into the general surface expression vector pSP-
PmABPXM (42), designed for surface display on S. carnosus.
The parental vector (Fig. 1A) and the eight novel expression
vectors (Fig. 1B) are schematically depicted together with the
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encoded gene products PP-ABP-XM� and PP-CBD1-ABP-
XM� through PP-CBD8-ABP-XM�.

The surface display system of S. carnosus takes advantage of
the promoter, signal sequence, and propeptide region (PP)
from a Staphylococcus hyicus lipase gene construct (25). For
efficient anchoring to the cell wall, the vector also contains the
cell wall-anchoring region of Staphylococcus aureus protein A
(SpA). This consists of X, a charged repetitive region postu-
lated to interact with the peptidoglycan cell wall (17), and M,
a region common to many gram-positive cell surface-bound
proteins that is required for cell surface anchoring (29, 45). M�
represents the processed and covalently anchored form of the
M sequence of S. aureus protein A (29, 45). Also present in the
vector is a multifunctional albumin-binding protein (ABP) de-
rived from streptococcal protein G (34, 42). The ABP domain
is expressed as the part of the chimeric surface protein closest
to the cell wall-anchoring regions. This ABP region has proven
to be useful as a reporter molecule in a colorimetric assay to
analyze the surface accessibility of the expressed chimeric sur-
face proteins (42), as an affinity tag for recovery of recombi-
nant surface proteins (42), and also as a spacer protein to
increase the surface accessibility of displayed proteins (50).
Note that the PP from S. hyicus is not processed in S. carnosus
(12), while it is cleaved off in its homologous host S. hyicus (1,
2). The PP has been shown to be essential for efficient trans-

location of heterologous gene fusions through the cell wall in
S. carnosus when the S. hyicus promoter system is used (8, 41).
The recombinant Staphylococcus strains will for simplicity be
called Sc:ABP and Sc:CBD1 to Sc:CBD8, respectively.

Recovery and characterization of chimeric surface proteins.
In order to investigate whether the expressed chimeric surface
proteins (Fig. 1A and 1B) were successfully produced and
targeted to the cell surface, the recombinant staphylococci
Sc:ABP and Sc:CBD1 through Sc:CBD8 were cultivated to
equal cell densities, harvested, and subjected to lysostaphin
treatment to release cell wall-bound proteins without disrupt-
ing the bacterial membrane. After centrifugation, the super-
natant containing the released proteins was loaded onto HSA
columns for ABP-mediated affinity purification (34). The
eluted proteins were then subjected to SDS-PAGE analysis
followed by Coomassie staining of the gel (Fig. 2). Full-length
proteins with little or no proteolytic degradation could be
recovered from the cell wall fractions of the recombinant
staphylococci. In accordance with earlier observations for pro-
teins containing the lipase propeptide, the recovered cell wall
proteins all migrated as somewhat larger than their calculated
theoretical values (12, 42). The wild-type strain does not ex-
press any serum albumin-binding surface protein (42). These
results demonstrate that the hybrid receptors were properly
expressed and localized to the cell wall of the recombinant S.

FIG. 1. Schematic representation of expression cassettes, encoded gene products, and identified amino acid residues at randomized positions
in the engineered CBD variants. (A and B) Expression cassettes of the different expression vectors designed for surface display on S. carnosus,
shown with their encoded gene products illustrated as anchored to the staphylococcal cell wall. The names of the constructed vectors are given
below the expression cassettes, and the molecular masses of the encoded proteins are indicated together with the abbreviated names of the
recombinant staphylococci. (C) Amino acid sequences of the wild-type and engineered CBD at the randomized positions.
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carnosus cells. Furthermore, the extracted hybrid surface pro-
teins display serum albumin-binding capacity, since full-length
fusion proteins could be recovered by HSA affinity chromatog-
raphy. However, surface accessibility and functionality of the
hybrid receptors on intact recombinant staphylococci re-
mained to be demonstrated.

Surface accessibility of chimeric surface proteins. The sur-
face accessibility of the displayed chimeric proteins on whole-
cell staphylococci was analyzed by a previously described col-

orimetric assay (42), again by taking advantage of the ABP
region present in the chimeric surface proteins as a reporter
peptide. Recombinant and wild-type staphylococci were grown
to early logarithmic phase, harvested, and then incubated with
biotinylated HSA, followed by incubation with a streptavidin-
alkaline phosphatase conjugate. The presence of surface-dis-
played ABP-containing surface proteins was detected using a
chromogenic substrate. All recombinant staphylococci showed
a significant positive response of similar magnitude (Fig. 3,
bars 2 to 9), while wild-type S. carnosus (Fig. 3, bar 1), as
expected, was negative in this assay. The chimeric surface pro-
teins were thereby shown to be targeted and anchored, in an
accessible form, to the outer surface of the recombinant staph-
ylococci.

Whole-cell Ni2� binding. In order to investigate the metal-
binding capacity of recombinant S. carnosus strains expressing
the selected CBD variants, a whole-cell assay was developed.
Recombinant and wild-type staphylococcal cells were grown to
equal cell densities and incubated with a nickel-chelating al-
kaline phosphatase conjugate. After subsequent washing steps,
a chromogenic substrate was added, and the color response
was monitored (Fig. 4). It was demonstrated that recombinant
S. carnosus cells carrying surface-displayed CBD variants (Fig.
4, bars 3 to 10) all showed a higher Ni2�-binding capacity than
did wild-type S. carnosus (Fig. 4, bar 1). While it was expected
that wild-type S. carnosus cells would show significant back-
ground binding to Ni2� (Fig. 4, bar 1), most probably related
to the inherent metal-binding capacity of the thick peptidogly-
can layer (31), it is not evident why the staphylococci trans-
formed with the parental vector (Fig. 4, bar 2) have gained
improved metal-binding capacity. Similar observations have,
however, been demonstrated previously (43).

Interestingly, two of the eight recombinant strains, Sc:CBD1

FIG. 2. Characterization of gene products by SDS-PAGE (10 to
20% polyacrylamide) analysis under reducing conditions. The chimeric
surface proteins were extracted from the cell wall of the recombinant
staphylococci and subjected to ABP-mediated HSA affinity chroma-
tography. Sc:ABP (lane 1), Sc:CBD1 (lane 2), Sc:CBD2 (lane 3),
Sc:CBD3 (lane 4), Sc:CBD4 (lane 5), Sc:CBD5 (lane 6), Sc:CBD6
(lane 7), Sc:CBD7 (lane 8), Sc:CBD8 (lane 9); lane M, marker pro-
teins, with molecular masses shown in kilodaltons.

FIG. 3. Histogram representation of results from the colorimetric assay for detection of surface-displayed receptors containing ABP. Wild-type
(wt) and recombinant S. carnosus cells were incubated with biotinylated HSA (for binding to surface-exposed ABP-containing surface proteins).
After addition of streptavidin-alkaline phosphatase and a chromogenic substrate, the color shift is monitored at 405 nm. Sc:wt (bar 1), Sc:ABP (bar
2), Sc:CBD1 (bar 3), Sc:CBD2 (bar 4), Sc:CBD3 (bar 5), Sc:CBD4 (bar 6), Sc:CBD5 (bar 7), Sc:CBD6 (bar 8), Sc:CBD7 (bar 9), Sc:CBD8 (bar
10). Error bars show standard deviation.
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(Fig. 4, bar 3) and Sc:CBD6 (Fig. 4, bar 8), exhibited a sub-
stantial increase in Ni2�-binding capacity compared to Sc:
ABP, while the remaining strains displayed intermediate ca-
pacities or no increase in Ni2� binding. Taken together, these
results demonstrate that 25% of the new recombinant staphy-
lococcal strains generated through a combinatorial engineering
approach and expressing the selected CBD variants CBD1 and
CBD6 had significantly improved Ni2�-binding capacity com-
pared to the parental strain.

DISCUSSION

We have in this study described how Ni2�-binding CBD
selected by phage display technology from a combinatorial
CBD protein library have been expressed as part of a chimeric
surface protein on the gram-positive bacterium S. carnosus.
The surface localization of the expressed CBDs were analyzed
by lysostaphin treatment to release cell wall-bound proteins,
and the extracted proteins were recovered by ABP-mediated
HSA affinity chromatography. The cell wall localization of
recombinant proteins was verified by SDS-PAGE analysis. The
purified proteins were shown to be proteolytically stable, as
they were produced in a full-length form with little or no
degradation products present, indicating that the native cys-
teine bridges have been formed correctly. Furthermore, the
displayed CBDs were shown to be accessible at the cell surface
by a colorimetric assay based on the ABP domain. This dem-
onstrates that the engineered CBD variants had also retained
their capacity to be secreted and anchored at the bacterial cell
surface.

The functionality of the recombinant S. carnosus strains, in
terms of Ni2�-binding capacity, was evaluted using a whole-cell
enzymatic assay involving a nickel-chelating alkaline phospha-
tase conjugate. The results clearly indicated that all recombi-
nant strains had gained metal-binding capacity compared to

the wild-type staphylococcal strain. Furthermore, two of the
strains, Sc:CBD1 and Sc:CBD6, also showed a significant in-
crease in Ni2� binding compared to the cells expressing only
the ABP, while the remaining six recombinant strains showed
an intermediate or no increase in metal-binding properties
compared to the ABP variant. Sequence analysis of all selected
CBD variants revealed a marked preference for histidine res-
idues at the randomized positions, corresponding to 41% of
the total amino acid content at substituted codons. There does
not seem to be a marked preference for certain positions for
the histidine residues. In fact, histidine residues have been
found in all of the randomized positions, taking into account
all eight CBD variants investigated. This would indicate that
the principle of phage-mediated biopanning against the Ni2�-
NTA-agarose beads was indeed functioning, but that only two
of the eight selected CBD clones could improve Ni2� binding
in the whole-cell format. A potential strategy to improve the
Ni2�-binding capacity of the bacteria might be to use multi-
meric copies of the selected CBD variants in the chimeric
surface proteins. This would increase the stoichiometric poten-
tial for metal binding but could also be advantageous from a
steric perspective.

The obtained results would furthermore suggest that it
might be possible to select CBDs with selective binding for
specific metal ions if solid supports (such as agarose beads)
with different chelated metal ions were available. Furthermore,
if fluorescent reagents with chelated metal ions were available,
the biopanning might be more conveniently performed using
fluorescence-activated cell sorting of staphylococcal cells car-
rying a surface-displayed CBD library, as has been demon-
strated in antibody maturation and enzyme evolution strategies
(7, 35). Such a strategy would obviously have the advantage of
eliminating the initial phage display selection procedure.

For the generation of tailor-made bacteria with specific

FIG. 4. Histogram representation of results from the whole-cell Ni2�-binding assay. Wild-type (wt) and recombinant staphylococci were
incubated with a nickel-chelated alkaline phosphatase conjugate. After addition of substrate, the color shift was monitored at 405 nm. Sc:wt (bar
1), Sc:ABP (bar 2), Sc:CBD1 (bar 3), Sc:CBD2 (bar 4), Sc:CBD3 (bar 5), Sc:CBD4 (bar 6), Sc:CBD5 (bar 7), Sc:CBD6 (bar 8), Sc:CBD7 (bar 9),
Sc:CBD8 (bar 10). Error bars show standard deviation.
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binding properties, it would perhaps be interesting to explore
other protein scaffolds with the capacity to selectively bind
metal for surface display and metal adsorption. De novo design
of mercury-binding two- and three-helix bundle protein do-
mains has recently been demonstrated (9), and similar exam-
ples have also been presented (27). Metal-binding capacity has
been engineered into protein domains occurring naturally on
gram-positive bacteria, such as the B1 domain of streptococcal
protein G (20). This might suggest that the combinatorial pro-
tein libraries based on a three-helical bundle S. aureus protein
A domain (32, 33) could be used for selection of metal-binding
domains, and such domains should be particularly suited to
create recombinant staphylococci with selective metal-binding
ability.

Although S. carnosus is a food-grade bacterium (18) and
nonpathogenic (50), and thus safe to use as a microbial bio-
adsorbent in the development of biosensors, it is not evident
that S. carnosus is optimal for treatment of wastewater and at
other environmental sites. Further experimentation is needed
to investigate how well the bacteria survive in different situa-
tions. Nevertheless, this investigation, in which metal binding
has been engineered into a staphylococcal surface, should be of
importance since it presents a novel strategy for recruiting new
types of bacteria into environmental research.

In conclusion, we have demonstrated the possibility of using
combinatorial protein engineering in the phage display format
to select novel Ni2�-binding CBD variants and to use these
binders to create recombinant staphylococci with increased
Ni2�-binding capacity. This is the first study in which metal
binding has been engineered into a gram-positive bacterium
through a combinatorial protein engineering approach.
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8. Demleitner, G., and F. Götz. 1994. Evidence for importance of the Staphy-
lococcus hyicus lipase pro-peptide in lipase secretion, stability and activity.
FEMS Microbiol. Lett. 121:189–197.

9. Dieckmann, G. R., D. K. McRorie, D. L. Tierney, L. M. Utschig, C. P. Singer,
T. V. O’Halloran, J. E. Penner-Hahn, W. F. DeGrado, and V. L. Pecoraro.
1997. De novo design of mercury-binding two- and three-helical bundles.
J. Am. Chem. Soc. 119:6195–6196.

10. Gadd, G. M. 2000. Bioremedial potential of microbial mechanisms of metal
mobilization and immobilization. Curr. Opin. Biotechnol. 11:271–279.

11. Georgiou, G., C. Stathopoulos, P. S. Daugherty, A. R. Nayak, B. L. Iverson,
and R. Curtiss 3rd. 1997. Display of heterologous proteins on the surface of
microorganisms: from the screening of combinatorial libraries to live recom-
binant vaccines. Nat. Biotechnol. 15:29–34.
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