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A multivalent, bifunctional flagellum carrying two different adhesive peptides in separate flagellin subunits
within a filament was constructed in Escherichia coli. The inserted peptides were the fibronectin-binding
115-mer D repeat region of Staphylococcus aureus and the 302-mer collagen-binding region of YadA of Yersinia
enterocolitica. Western blotting, immunoelectron microscopy, and adhesion tests with hybrid flagella from an
in trans-complemented DfliC E. coli strain showed that individual filaments consisted of both recombinant
flagellins.

Various bacterial surface display techniques have been ap-
plied in basic research to define functional domains in pro-
teins, as well as in vaccinology and biotechnology to present
clinically or functionally important peptides (recently reviewed
in references 8 and 20). Bacterial surface display techniques
are based on genetic in-frame fusion to a gene encoding a
carrier protein whose synthesis and translocation onto the cell
surface tolerate insertion of a foreign peptide. Outer mem-
brane proteins, lipoproteins, subunits of fimbriae or flagella,
and secreted enzymes are examples of carrier proteins success-
fully applied in gram-negative bacteria; proteins of gram-pos-
itive bacteria with the cell wall anchoring motif have been
developed as carriers of foreign inserts (8, 20). The bacterial
surface display methods so far developed are bifunctional but
monovalent in the sense that the fusion partners are expressed
in one copy per hybrid molecule. Such hybrids can be com-
posed of two separate toxin subunits (12), two enzymes (3), a
viral epitope and bacterial toxin (1), or fusion of a targeting
peptide and a toxin (7, 13). Many of the applied bacterial
carrier proteins are expressed in multiple copies on the cell
surface and could be designed to simultaneously display sev-
eral foreign peptides. Carrier proteins with multiple biologi-
cally active inserts would be advantageous in, e.g., construction
of multivalent vaccine strains. The technique described in this
report has application in basic research as well as in biotech-
nology, e.g., in the generation of multivalent vaccines present-
ing two different epitopes fused to a carrier molecule, construc-
tion of targeted effector molecules carrying targeting peptides
and effector peptides, and in histological localization of specific
tissue domains for diagnostic purposes.

We have expressed adhesive peptides as fusions to the
flagellin (FliC) of Escherichia coli (25). By presenting foreign
epitopes in thousands of intimately associated copies along the
flagellum, a multivalent, high-affinity expression system can be
created for a range of applications. FliC, the major constituent
of the E. coli flagellar filament, is expressed in 20,000 copies
per flagellar filament. The flagellar hook connects the filament
to the flagellar basal body and is a polymer of FlgE proteins
(for a recent review of flagellar assembly and structure, see
reference 5). The N and C termini of FliC form domains

involved in subunit-subunit interactions that are important for
polymerization and stabilization of the flagellum (16). The
central, highly variable region of FliC forms a surface-exposed
domain that is responsible for the antigenic variability in fla-
gella (10, 16) and that tolerates large deletions and insertions
without loss of flagellar polymerization (9, 11). FliC-based
display has been used to express short, 15- to 36-mer, antigenic
epitopes for vaccination purposes (reviewed in reference 24).
A more recent application is the construction of a library of
constrained random dodecapeptides in FliC for the mapping of
epitopes for monoclonal antibodies (14). We have shown that
hybrid flagella can be successfully applied in the analysis of
adhesive domains within bacterial proteins, in localization of
their receptor-active domains in tissue sections and cultured
mammalian cells, and in raising antiadhesive antibodies (25).

We introduce here bihybrid flagella where two foreign pep-
tides are expressed within the same flagellar filament. We
constructed the bifunctional flagella using as model peptides
the fibronectin-binding repeats of the FnBPA protein (6, 19)
and the collagen-binding fragment of the YadA adhesin (25).
The inserts are 115 (D repeats) and 302 (YadA) amino acid
residues in size and are expressed as FliC fusions in a confor-
mation exhibiting the adhesive function (25). FnBPA and
YadA are important virulence factors that promote bacterial
adhesion and invasiveness and hence putative molecular tar-
gets for antiadhesive therapy.

We constructed pMB1-based and p15A-based plasmids en-
coding YadA84-385/FliCD and D1,D2,D3/FliCD, thus facilitat-
ing simultaneous in trans complementation with the two dif-
ferent hybrid genes in the host strain E. coli C600 hsm hsr
fliC::Tn10 fimA::cat, also called JT1 (25). The pBluescript-
based plasmid pYadA84-385/FliCD that encodes collagen-
binding hybrid flagellin was available from previous work (25).
Compatible, coselectable plasmid pD1,D2,D3/FliCD-Km was
constructed of pACYC184 (18) by subcloning into the tet gene
the 1.75-kb fragment of plasmid pD1,D2,D3/FliCD (25) con-
taining the fliC gene fused in frame to the DNA fragment that
encodes the D1, D2, and D3 repeats of FnBPA, and by sub-
cloning into the Klenow-treated NcoI site within the cat gene
the 2.2-kb Klenow-treated BamHI fragment containing the
kanamycin resistance gene of plasmid pHP45V-Km (4). The
bihybrid complementation strain E. coli(pD1,D2,D3/FliCD-
Km)(pYadA84-385/FliCD) was named BFS1. E. coli JT1
(pFliCD) that expresses the deletion derivative of FliCH7 lack-
ing 58 amino acids of the variable region was available from
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previous work (25) and was used as a control. For production
of flagella, strains were grown on Luria plates for 72 h at 28°C
with appropriate antibiotics.

Hybrid flagella were purified, and the FliC content in each
flagellar preparation was estimated using image analysis as
described before (25). Hybrid flagella were analyzed by elec-
tron microscopy after negative staining and by Western blot-
ting using polyclonal anti-H7 flagellum antibodies (25), phos-
phatase-conjugated secondary antibodies (Dako A/S, Glostrup,
Denmark), and a phosphatase substrate solution, essentially as
detailed earlier (24). Complementation of the silenced fliC
gene in E. coli strain JT1 with each plasmid individually or
simultaneously resulted in expression of flagella with normal
morphology as assessed by electron microscopy (data not
shown). In Western blotting (Fig. 1), the apparent sizes of 69
kDa for D1,D2,D3/FliCD and 87 kDa for YadA84-385/FliCD
corresponded well to their calculated sizes of 67 kDa and 86
kDa, respectively (19, 21). Two equally well expressed, major
polypeptides, corresponding in size to D1,D2,D3/FliCD and
YadA84-385/FliCD, were detected in the Western blot of fla-
gella purified from the strain BFS1. The polypeptides of
smaller apparent size present in the preparations were appar-
ently flagellar minor proteins and hook proteins also present in
flagellar preparations used for immunization. The results
showed that both foreign inserts in FliC were expressed simul-
taneously in BFS1 and polymerized with similar efficiency.

We used immunoelectron microscopy (IEM) as detailed re-
cently (25) to analyze whether the two inserts were expressed
along the same flagellar filament. Bacteria were immobilized
onto copper grids coated with Pioloform and carbon and, to
detect the YadA fragment, were left to react with the diluted
monoclonal anti-YadA antibody 2G12 (25) for 1 h and 30 min
at 20°C. The grids were washed, and bound antibodies were
detected with secondary antibodies conjugated to colloidal
gold particles with a diameter of 5 nm (Amersham, Little
Chalfont, England). To detect expression of the D repeats,
soluble human plasma fibronectin (100 mg/ml in 1% bovine
serum albumin–phosphate-buffered saline [BSA-PBS]; Becton
Dickinson, Bedford, Mass.) was added onto the grid and al-
lowed to react with the flagella for 1 h at 20°C. After washing,
bound fibronectin was detected with polyclonal antifibronectin
antibodies (Chemicon, Temecula, Calif.) and Auroprobe EM
protein A conjugate with gold particles 10 nm in diameter
(Amersham). Control grids were prepared by omitting one
reagent (anti-YadA antibodies, gold-conjugated secondary an-
tibodies, fibronectin, antifibronectin antibodies, or gold-conju-
gated protein A) at a time. Bacteria were negatively stained by
1% potassium tungstic acid, pH 7.0, and the grids were exam-
ined in a Jeol 1200-EX transmission electron microscope at an
operating voltage of 60 kV. The results of the IEM are shown
in Fig. 2. Bihybrid flagellar filaments (Fig. 2A to C) bound
anti-YadA antibodies as well as soluble fibronectin, and double

staining of the flagella revealed both small and large immuno-
gold particles along single flagellar filaments (Fig. 2A). The
D1,D2,D3/FliCD hybrid flagella (Fig. 2D to F) bound fibronec-
tin but not anti-YadA antibodies, and the YadA84-385/FliCD
flagella (Fig. 2G to I) reacted with the anti-YadA antibodies.
Binding of fibronectin to D repeat-containing flagella is seen as
massive deposition of antifibronectin antibodies on the fla-
gella. Control flagella lacking inserts (Fig. 2J to L) did not
interact with soluble fibronectin or anti-YadA monoclonal an-
tibodies. No immunostaining was observed in control samples
lacking one of the reagents in the mixture (data not shown).
The IEM results showed that both hybrid flagellins are incor-
porated into the same filaments.

We earlier showed that the D1,D2,D3/FliCD hybrids specif-
ically bind to immobilized or cell-bound fibronectin and that
the YadA84-385/FliCD flagella recognize collagens (25). To
assess the correct expression of the inserts in the BFS1 flagella,
we tested binding of the bihybrid flagellar filaments by enzyme-
linked immunosorbent assay (ELISA) technology, essentially
as described previously (25). As the ELISA was based on
immunological detection of flagella with anti-H7 flagellum an-
tibodies, we first determined the reactivity of the chimeric
flagella with the anti-H7 flagellum antibodies. Purified flagella
were immobilized onto polystyrene 96-well microtiter plates
(Nunc, Roskilde, Denmark) at a concentration of 5 mg of
FliC/ml, anti-H7 flagellum antibodies (25) were added, and
bound antibodies were detected with alkaline phosphatase-
conjugated secondary antibodies. After addition of p-nitrophe-
nyl phosphate substrate (Sigma), the absorbance at 405 nm was
measured in a Multiscan Titertek recorder (Eflab, Helsinki,
Finland). No significant differences were detected in the reac-
tivity of the flagellar constructs with the anti-H7 flagellum
antiserum (data not shown). To analyze the binding of the
flagella to the target proteins, microtiter wells were coated with
purified fibronectin and type IV collagen (Sigma) at a concen-
tration of 2 pmol/well as described earlier (23), and fetuin
(Sigma) was immobilized at a concentration of 25 mg/ml. After
quenching and washing, hybrid flagella were added at a con-
centration of 0 to 1.25 mg of FliC/ml in 0.1% BSA-PBS, and 2 h
later the wells were washed with PBS. Bound flagella were
detected with polyclonal anti-H7 flagellum antibodies as de-
scribed above. Bihybrid flagella bound to immobilized fi-
bronectin and type IV collagen but not to fetuin, and the
binding was dose dependent and saturable (Fig. 3). Flagella
carrying D repeats bound to fibronectin. The YadA84-385/
FliCD flagella bound to collagen as efficiently as did the bihy-
brid flagella (Fig. 3B), and a weak binding to immobilized
fibronectin was also detected (Fig. 3A). Flagella lacking inserts
did not bind to fibronectin or collagen, and none of the flagel-
lar constructs bound to fetuin (Fig. 3). The weak binding of the
YadA84-385/FliCD flagella to immobilized fibronectin is in
accordance with the finding by Tamm and coworkers (21) that
YadA binds strongly to laminin and collagens and only weakly
to immobilized fibronectin. YadA does not bind to soluble
fibronectin (22), which explains why YadA84-385/FliCD fla-
gella did not bind to fibronectin in the IEM analysis.

Our results showed that the hybrid flagellins were expressed
and polymerized in the same filament with equal frequency.
Earlier studies have shown that up to 187-mer deletions and up
to 36-mer insertions in the variable region of FliC can be
constructed without loss of secretion of flagellin; such manip-
ulations, however, frequently impair filament assembly (9, 11,
26) as well as function. Yoshioka and coworkers (26) described
spontaneous, 89- and 97-mer deletions in the FliC of Salmo-
nella typhimurium that affected the net charge of the FliC
molecule and thereby the filament structure. It was concluded

FIG. 1. Western blot of flagellar constructs with anti-H7 flagellum antibod-
ies. The flagella were bihybrid flagella from E. coli BFS1 (lane 1); D1,D2,D3/
FliCD flagella (lane 2); YadA84-385/FliCD flagella (lane 3); and FliCD flagella
(lane 4). The positions of molecular mass markers (in kilodaltons) are indicated
on the left.
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that electrostatic repulsive force between FliC subunits be-
came weaker and destabilized the structure of the flagellar
filament. The two FliC hybrids used in this study differed in
size by 18 kDa from each other and by 15 and 33 kDa from
FliCD, and the isoelectric points of the inserts, pI 4.4 (D re-
peats) and 8.6 (YadA84-385), differed from the pI 5.5 of the
fragment deleted in FliCD. This fragment contains 8.6% pos-
itively charged and 10% negatively charged amino acid resi-
dues, whereas the amount of positively and negatively charged
residues range from 4 to 13% and 4 to 24% in the foreign

peptides that we have successfully displayed as fusions to
FliCD. These results indicate that substantial differences in
size, pI, and charge of the variable domain in FliC are tolerated
in flagellar polymerization. This is an obvious advantage of the
flagellum-based display system. The M13 phage display tech-
nology is based on fusions of foreign peptides to the major
pVIII or the minor pIII coat protein of the filamentous bac-
teriophage. The use of pVIII as a carrier facilitates expression
of up to 2,700 hybrid peptides on the phage surface, but the
biotechnological applications of the method are limited by the

FIG. 2. Immunoelectron microscopy of hybrid flagella. The flagella were bihybrid flagella from E. coli BFS1 (A to C), the D1,D2,D3/FliCD flagella (D to F), the
YadA84-385/FliCD flagella (G to I), and the FliCD flagella lacking an insert (J to L). Flagella were stained with monoclonal anti-YadA antibodies and with
gold-conjugated secondary antibodies (5 nm in diameter) in C, F, I, and L; or with fibronectin, antifibronectin, and protein A-gold (10 nm in diameter) in B, E, H, and
K. In A, D, G, and J, flagella double stained with both procedures are shown. Arrowheads indicate binding of anti-YadA antibodies, as visualized with 5-nm gold
particles; black arrows indicate binding of fibronectin, as visualized with 10-nm gold particles; and white arrows indicate flagellar hooks. Size bar, 100 nm.
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size and sequence of the foreign peptides that are tolerated in
pVIII. Inserts over 8 or 9 amino acids in length significantly
hamper the assembly of the phage particle; the molecular basis
for the variable sequence tolerance in pVIII is not well known
but relies, apparently, upon the net charge as well as the
conformation of the inserted peptide (15, 17). The host cell-
binding protein pIII of phage M13 tolerates large inserts but is
only expressed in five copies at one end of the phage, and large
peptides in pIII also significantly decrease phage infectivity
(17). The display of foreign epitopes in tobacco mosaic virus
coat protein is affected by the charge as well as the pI of the
inserted epitope; the pI of the insert must be near or equal to
that of wild-type coat protein, and positively charged epitopes
are only poorly tolerated (2). The inability of bacteria to form
disulfide bonds in flagellins (25, 26) remains a limitation of the
FliC display systems.

Bihybrid flagella can be used to present simultaneously, in
the same flagellar filament, two different antigenic epitopes,
thus facilitating immunization against two epitopes using a
single type of antigen molecule. The technique offers a com-
petitive tool for basic research as well as for a range of bio-
technological applications. Multihybrid surface display systems
can be applied in, e.g., construction of multivalent live bacterial
vaccine strains or targeted effector bacteria or in histological
localization and quantitation of specific tissue domains for
diagnostic purposes. Construction and purification of hybrid
flagella are relatively uncomplicated, and we are currently as-
sessing the efficiency of multihybrid flagella in the production
of serotype-specific antibodies for virus diagnostics.
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