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A novel cell surface display system was developed by employing Escherichia coli outer membrane protein C
(OmpC) as an anchoring motif. Polyhistidine peptides consisting of up to 162 amino acids could be successfully
displayed on the seventh exposed loop of OmpC. Recombinant cells displaying polyhistidine could adsorb up

to 32.0 pmol of Cd** per g (dry weight) of cells.

Cell surface display aims to display proteins or peptides on
the surfaces of prokaryotic or eukaryotic cells, especially bac-
terial and yeast cells (6, 26). The possible applications of this
technique include live vaccine development (11, 15), antibody
production (3, 13), peptide library screening (2, 5), environ-
mental bioadsorbent development (24, 25), and whole-cell bio-
catalyst development (14, 21). A variety of surface displaying
systems have been developed, and these systems can be divid-
ed into the following three groups on the basis of their re-
combinant profiles: C-terminal fusion, N-terminal fusion,
and sandwich fusion. If a native surface protein has a dis-
crete localization signal within its N-terminal portion, a
C-terminal fusion strategy may be used to conjugate foreign
peptides to the C terminus of that functional portion (4, 5,
21). Similarly, N-terminal fusion systems have been devel-
oped by using Staphylococcus aureus protein A (8, 23), fi-
bronectin binding protein B (28), Streptococcus pyogenes
fibrillar M protein (18), and Saccharomyces cerevisiae o-ag-
glutinin (14), all of which contain C-terminal sorting signals,
to target foreign proteins to the cell wall. However, many
surface proteins, such as outer membrane proteins (OMPs)
and extracellular appendage subunits, do not have anchor-
ing regions, and the whole structure is required for assem-
bly. In this situation, sandwich fusion is the only choice.
Escherichia coli PhoE (1), FimH (17), FliC (12), and PapA
(27) have been shown to be good sandwich carriers for small
peptides.

In this study, our goal was to develop a novel cell surface
display system by using E. coli OmpC, one of the most abun-
dant OMPs in E. coli cells (up to 10° molecules per cell may be
present). This protein is one of the three classical porins of
E. coli K-12 strains (the other two are OmpF and PhoE) and
consists of 367 amino acids, including a signal peptide con-
sisting of 21 amino acids. Three OmpC molecules form a
pore structure on the outer membrane of an E. coli cell,
which allows small hydrophilic molecules to pass through.
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One OmpC molecule consists of 16 transmembrane, antipar-
allel B-strands, which produce a B-barrel structure surrounding
a large channel and are connected by seven internal loops and
eight external loops (16). In general, the amino acid sequences
of the external loops are less conservative, and thus these
loops may be relatively tolerant to insertion and deletion.
Therefore, we decided to use one of the external loops as
the point of insertion for foreign peptides for cell surface
display. Polyhistidine peptides (containing several hexahis-
tidine [6His] linkers) were used as model inserts for the
following two main reasons: (i) they are good chelators for
divalent metal ions, such as Cd?", Cu?", Zn**, Ni?", and
Pb?*, and therefore may be used as biosorbents for heavy
metal removal; and (ii) the permissive size limit of the poly-
peptide to be fused to the external loops of OmpC can be
easily examined by inserting different numbers of copies of
6His linkers.

Bacterial strains and growth conditions. E. coli K-12 strain
MC4100 [F~ araD139 A(argF-lac)U169 rpsL150 (Str") relAl
fIbB5301 deoC1 ptsF25 rbsR] (ATCC 35695) was used as a host
strain for all of the plasmids used in this study. All recombinant
strains were cultivated in Luria-Bertani medium supplemented
with 50 wg of ampicillin per ml. Recombinant cells were in-
duced at an optical density at 600 nm of 0.6 by adding isopro-
pyl-B-p-1-thiogalactopyranoside (IPTG) to a final concentra-
tion of 10 wM. Unless indicated otherwise, strains harboring
pTCdP, pTCHP1, pTCHP2, pTCHP3, or pTCHP6 were culti-
vated at 30°C and were grown for an additional 2 h after
induction, and strains harboring pTCHP12 or pTCHP18 were
cultivated at 25°C and were grown for an additional 4 h after
induction.

Plasmids and DNA manipulation. The plasmids used in this
study are shown in Fig. 1. Plasmid pTrc99A was purchased
from Amersham Pharmacia Biotech (Uppsala, Sweden). One
6His linker was obtained by performing overlapping PCR with
the following primers: 5'-GATAGATATCCTGCAGGTCGA
CCCAAGCGGACATCACCATCATCACCAT-3" and 5'-CC
AACTGCAGGATATCCTCGAGACCAGAATGGTGATG
ATGGTGATG-3'. This 6His linker was designed so that it
contained PstI-Sall sites at the 5’ end and Xhol-PstI sites at the
3" end. The PstI sites were used to introduce the first copy of
6His into the ompC gene, and the Sall and Xhol sites were
used to insert 6His linkers in tandem. The E. coli ompC gene
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FIG. 1. Construction of the plasmids used in this study. The grey rectangles represent sets of 6His linkers.
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OmpC-—(6His)12

162 aa:
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240 aa:
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FIG. 2. Structure of OmpC and amino acid sequences of polyhistidine inserts. (A) Predicted structure of E. coli OmpC, based on the findings of Jeanteur et al. (9)
and Puente et al. (19, 20). (B) Sequences of polyhistidine inserts. The arrow indicates the site of insertion. The boxes in panel B correspond to the box in panel A. aa,

amino acids; L1, loop 1.

was cloned from K-12 strain MC4100 by performing PCR with
the following primers: 5'-CTGCGCCTGGTCTCACATGAA
AGTTAAAGTACTG-3' and 5'-CCGGGATCCTTATTAGA
ACTGGTAAACCAG-3'. All DNA manipulations were car-
ried out by using the procedures described by Sambrook et al.
(22). Restriction enzymes and modifying enzymes were pur-
chased from New England Biolabs (Beverly, Mass.) and were
used as recommended by the manufacturer.

Construction of OmpC-(6His),, fusion vectors. Based on
homology studies (9, 20) and information concerning the Sal-
monella typhi OmpC structure (19), we suggested the pre-
sumed structure of E. coli OmpC shown in Fig. 2A. Loop 7 of
E. coli OmpC, the second external loop from the C terminus,
was selected as the fusion point. The PstI site loop 7 was used
for inserting 6His linkers.

The entire ompC gene, including the signal sequence, was
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FIG. 3. SDS-PAGE of OMPs from recombinant strains that were cultivated
at 30°C and were grown for an additional 2 h after induction (A) and
recombinant strains that were cultivated at 24°C and were grown for an ad-
ditional 4 h after induction (B). Lane 1, MC4100; lane 2, MC4100(pTCdP); lane
3, MC4100(pTCHP1); lane 4, MC4100(pTCHP2); lane 5, MC4100(pTCHP3);
lanes 6 and 7, MC4100(pTCHP6); lane 8, MC4100(pTCHP12).

inserted into the Ncol-BamHI site of pTrc99A downstream of
the trc promoter in order to make pTrcC (Fig. 1). Therefore,
expression of ompC and its derivatives carrying (6His),, could
be induced by IPTG. Plasmid pTrcC was digested with HindIII
and Xbal and filled in by using the Klenow enzyme, and the
linear fragment was self-ligated to make pTCdP. In this way
the Pstl site present in the multiple cloning site was delet-
ed. The following pTCHP series plasmids bearing different
ompC-(6His),, fusion genes were constructed as shown in Fig.
1: pTCHP1, pTCHP2, pTCHP3, pTCHP6, pTCHP12, and
pTCHP18, which contained 1, 2, 3, 6, 12, and 18 sets of 6His
linkers, respectively. The sequences of the resulting peptides
are shown in Fig. 2B.

Expression of OmpC-(6His),, fusion proteins. First, all re-
combinant strains were cultivated at 30°C and were incubated
for an additional 2 h after IPTG induction. Outer membrane
fraction samples were prepared from the induced cultures and
were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (Fig. 3A). OMPs were prepared
as described by Puente et al. (19), except that 0.5% (wt/vol)
Sarkosyl was used instead of Triton X-100 and the samples
were incubated on ice. Protein samples were analyzed by elec-
trophoresis (7) on a 12% (wt/vol) SDS-PAGE gel as described
by Laemmli (10). The apparent molecular mass of OmpC-
(6His),, increased in proportion to n, as we intended. The
results suggested that polyhistidine peptides up to 84 amino
acids long could be targeted efficiently to the E. coli outer
membrane by OmpC protein (Fig. 3A). The expression level of
OmpC-(6His),, decreased as the number of inserted 6His link-
ers increased, as follows: 34.7, 33.1, 32.8, and 26.7% of the total
OMPs for OmpC-(6His),;, OmpC-(6His),, OmpC-(6His),, and
OmpC-(6His),, respectively. Expression of OmpC-(6His),,
and OmpC-(6His),g could not be detected in this experiment
(data not shown). However, when the recombinant strains
were cultivated at 25°C and were incubated for an additional
4 h, OmpC-(6His),, could be targeted to the outer mem-
brane quite efficiently (up to 10.2% of the total OMPs) (Fig.
3B). Under these conditions, the amount of expressed
OmpC-(6His), increased to 29.9% of the total OMPs (Fig.
3B). However, OmpC-(6His),g was still not detected under
the same conditions or even after induction with a higher
concentration of IPTG (100 or 500 M or 1 mM) (data not
shown).
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Cells began to display less OmpC-(6His), fusion protein
when the insert became larger. There are two possible reasons
for this. First, large inserts interfere with the folding of OmpC-
(6His),, peptide into the correct conformation much more
severely than small inserts do. Second, cells may encounter
a shortage of aminoacyl-tRNA™* when they have to synthe-
size large inserts containing many histidines. The same ex-
planation can be proposed for the failure to display OmpC-
(6His)g.

Whole-cell adhesion to Ni-NTA-agarose beads. Adhesion of
recombinant E. coli cells to nickel-nitrilotriacetic acid (NTA)-
agarose (Qiagen GmbH, Hilden, Germany) beads was exam-
ined as described by Sousa et al. (24). Ni-NTA-agarose is
precharged with nickel ions, and six pairs of electrons are nec-
essary to form a stable coordination sphere around each ion.
Four of the pairs are available from NTA, and the other two
should come from neighboring histidines. Figure 4 shows re-
combinant E. coli cells expressing OmpC-(6His),, fusion pro-
teins bound to Ni-NTA-agarose beads. MC4100(pTCdP) did
not bind to the beads, and therefore, the beads were invisible
under fluorescent light (Fig. 4a). With MC4100(pTCHP) strains,
the outlines of the beads were clearly visible due to the at-
tached recombinant E. coli cells. Since only the exposed (6His),,
was accessible to nickel ions on the agarose beads, the micro-
graphs indicate that OmpC-(6His),, fusion proteins were suc-
cessfully exposed outside the recombinant cells. Among the
MC4100(pTCHP) strains, MC4100(pTCHP3) attached to the
beads most efficiently (Fig. 4d and h), followed by MC4100
(pTCHP2) (Fig. 4c and g), MC4100(pTCHP1) (Fig. 4b), and
finally MC4100(pTCHP6) (Fig. 4e) and MC4100(pTCHP12)
(Fig. 4f). Again, MC4100(pTCHP18) gave no indication of ad-
hesion (data not shown).

Theoretically, stronger binding should occur with cells ex-
pressing more 6His units. This was true for MC4100(pTCHP1),
MC4100(pTCHP2), and MC4100(pTCHP3). Just one set of
6His linkers was enough to make cells attach to the beads,
while two and three sets were much better (Fig. 4g and h). The
decreased binding efficiencies observed when the number of
6His sets was increased to 6 or 12 seemed to be due to long
protruding loops that became obstacles for cells trying to ac-
cess restricted nickel ions. The relatively lower level of expres-
sion might be another reason. No attachment was observed
when the number of 6His linkers was increased to 18, which is
consistent with the finding that no protein band was visible in
the SDS-PAGE gel.

Adsorption of Cd**. Induced cells were washed twice with
0.85% (wt/vol) NaCl and were resuspended in 0.85% (wt/vol)
NaCl (pH 5.8) to an optical density at 600 nm of 5.0. An equal
volume of CdCl, (50 ppm in 0.85% [wt/vol] NaCl [pH 5.8]) was
added, and the mixtures were incubated for 24 h with shaking
at 25°C. The cells were pelleted, washed twice with 0.85%
(wt/vol) NaCl, and then digested with 70% (wt/vol) nitric acid
overnight at room temperature. Samples were analyzed with
an atomic analysis system (model 3300; Perkin-Elmer, Nor-
walk, Conn.) by using an air-acetylene flame and a hollow cath-
ode lamp. The wavelength and slit width were 228.8 and 0.7
nm, respectively. Recombinant E. coli cells displaying OmpC-
(6His),, fusion proteins containing up to six copies of 6His were
examined to determine their abilities to adsorb Cd**. Cells
harboring pTCdP, pTCHP1, pTCHP2, pTCHP3, and pTCHP6
could absorb 10.3, 18.9, 23.9, 26.1, and 32.0 wmol of Cd*" per
g (dry weight) of cells, respectively (Fig. 5). The ability to ad-
sorb Cd** increased as the number of 6His units increased,
a result which was different from the results of the Ni-NTA-
agarose binding test. The reason for this was probably the
different status of metal ions (free versus restricted). In the



5146 XU AND LEE

bead binding test, Ni** ions are confined to the surfaces of
agarose beads, and therefore, cells have to overcome steric
hindrance to access Ni** ions. In the Cd** biosorption test,
however, all Cd?>" ions exist as free ions and thus are free to
be adsorbed. The greatest Cd>* removal capacity observed

APPL. ENVIRON. MICROBIOL.

FIG. 4. Adhesion of recombinant strains to Ni-NTA-agarose beads. (a to f)
Transmission micrographs (left) and matching fluorescent micrographs (right).
(a) MC4100(pTCdP). (b) MC4100(pTCHP1). (c) MC4100(pTCHP2). (d)
MC4100(pTCHP3). (e) MC4100(pTCHP6). (f) MC4100(pTCHP12). (g and h)
Fluorescent micrographs. (g), MC4100(pTCHP2). (h) MC4100(pTCHP3). The
fluorescent images in panels a to f were taken by focusing on the outlines of
agarose beads. The images in panels g and h were taken by focusing on the
surface-bound cells. The transmission images in panels a to f are background
reference images. The large circles are nickel-precharged agarose beads, which
did not fluoresce by themselves. The bright dots in the fluorescence images are
stained E. coli cells. Bars = 30 pm.

in this study was 32 umol per g (dry weight) of cells, which
was twice the value obtained with the LamB—polyhistidine
displaying motif (24) and also was slightly greater than val-
ues obtained with the recently developed LamB systems
displaying metallothioneins (25).

In conclusion, we developed a novel cell surface displaying
system in which E. coli OmpC was used as an anchoring motif.
A large polyhistidine peptide up to 162 amino acids long could
be successfully displayed on the E. coli outer membrane, which
is not consistent with the size limit for peptides to be inserted
previously suggested for sandwich fusion motifs (6, 26). Fur-
thermore, the recombinant strains developed in this study

35

30

25

201

umols Cd2* adsorbed per gram cell dry weight

pTCdP PTCHP1 pTCHP2 pTCHP3 pTCHPE

FIG. 5. Adsorption of Cd** by recombinant strains expressing OmpC-
(6His),, fusion proteins.
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could adsorb large amounts of Cd**, suggesting that they may
be useful as bioadsorbents.
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