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ABSTRACT

We functionalized Escherichia coli FliC flagellin proteins to form tailored nanotubes binding single types or pairs of ligands, including divalent
cations, fluorescent antibodies, or biotin-avidin-linked moieties such as ferritins. The ratio of each tag in bifunctionalized flagella could be
toggled extending their sophistication as nanoscaffolds. Tobacco Etch Virus (TEV) protease site-containing FliCs were cleaved by the cognate
protease without filament disintegration, potentiating their use as removable nanolithography masks to deposit attached ligands by protease
cleavage.

As the field of nanotechnology develops, inspiration is drawn
from nature, with the evolution in biological systems of self-
assembling nanostructures through millions of years of
molecular selection.1 The building blocks of living organisms
provide valuable miniature tools, as with proteins, attractive
due to the complex, reproducible structures formed with
nanoscale dimensions. With the progress made in genetic
engineering, along with the advances in amino acid chem-
istry, biomolecules have been exploited to develop novel
functional materials.2-4 The assembly and use of biological
nanotubes, as an alternative to carbon nanotubes, has been
widely studied with diverse structures available.5 Examples
include harnessing the natural binding properties of pili6 and
virus-based magnetic and semiconducting nanowires.7

The bacterial flagellum is an impressive example of a self-
assembling nanostructure, with more than 30 different
proteins combining to form a 50 nm wide membrane-bound
motor, a universal joint (hook), and long, thin filament which
is rotated to act as a propeller.8,9 The flagellar filament is a
polymer of over 20 000 identical protein subunits, assembled
into a helical hollow tube, with a diameter of 12-25 nm
and central pore of only about 2-3 nm.10 The single gene

encoding these flagellin monomers can be easily engineered
to allow the surface display of inserted epitopes along the
length of the filament, creating a functional protein nanotube.
The flagellin monomer has conserved regions at the N- and
C-termini, required for anchoring the monomers into the
filament structure.8,10However, the central region is variable
and partially displayed on the filament surface. Significant
portions of this variable region have been deleted and are
shown to still produce assembled functional flagellar fila-
ments.11 Determination of the atomic structure of the flagellar
filament in Salmonella typhimuriumhas allowed more
detailed structural predictions to be made regarding which
peptide sequences are fully displayed.10

As the structures of both the flagellar filament and the
FliC monomer were elucidated, the potential for surface
display along the length of the flagella was explored,12 with
antigen presentation research inEscherichia coli13 and
Salmonella.14,15 Flagellin has been used to display a variety
of adhesive peptides16,17 and flagellin-thioredoxin fusions
have been used to display conformationally constrained
inserts as part of a disulfide loop.18-20 More recently flagellar
filaments have been constructed to display epitopes that are
useful for vaccine developments.17,21 Other uses for the
flagella system have also been investigated, with the export
apparatus harnessed to secrete heterologous recombinant
proteins.22
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Here, we engineered flagellar filaments with functionalized
surfaces that can be applied as useful alternatives to carbon
nanotubes. Our idea is complementary to that of Kumara
and co-workers20 who produced cysteine-containing FliTrx
proteins to form bundles of functionalized flagella but in our
approach the functionalized FliCs can accept ligands or pairs
of ligands, or can be cleaved specifically to deposit bound
ligands on surfaces. This produces flagellar nanoscaffolds
with a sophisticated range of potential applications. We also
microscopically verified that the recombinant flagella pro-
duced were of micrometer lengths and we imaged the
distribution of epitopes on their surfaces. Surface function-
alization of chemically derived carbon nanotubes is possible,
although reliability and reproducibility pose problems.23

Genetic manipulation of flagellins allows tailoring of surface
properties, which are homogeneous, in contrast to that seen
with carbon nanotube functionalization. The functionalizing
tags we tested were a poly histidine tag (HisFliC) to allow
the binding of ligands via divalent cations including nickel
and cobalt; a commercial avidin tag AviTag, which binds
biotin (BioFliC) during synthesis, and allows binding of
many other ligands via further avidin moieties, and a TEV-
protease site tag (TEVFliC) which allows the site-specific
cleavage of flagellin monomers upon addition of TEV
protease. The precise assembly of the flagellar filaments
means identical display of each functionalized monomer.
With 11 flagellins per two turns of the filaments helical
structure, for a filament of 1µm length, 2200 identical
peptide inserts can be displayed. Alternatively, by titrating
the expression of two different flagellin genes, mosaic
nanotubes with different percentages of dual functions can
be produced. We have also characterized the efficiency of
functionalized flagellar expression on bacterial cell surfaces
and the motility properties of the strains with engineered
flagella.

Strain Construction. Motile E. coli strain RP43724 was
used for construction of all strains expressing the function-
alized fliCs, while strain DH5R was used for cloning
purposes. Bacteria were grown with shaking in Mu broth
(10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl pH 7) for
16 h at 29°C for maximal flagellar expression for motility-
dependent experiments or at 37°C for cloning. Media were
supplemented with ampicillin 50µg/mL, kanamycin 50µg/
mL, or chloramphenicol 25µg/mL, when appropriate.
Standard recombinant DNA techniques were used. Unless
otherwise stated all chemicals were purchased from Sigma-
Aldrich and restriction enzymes purchased from New
England Biolabs or Invitrogen, and were used according to
manufacturer’s instructions. All primers were synthesized,
and all sequencing was performed by MWG Biotech.

A BstBI restriction site was engineered into thefliC gene
of E. coli RP437, using overlap extension PCR with internal
mutagenic primersfliC-BstBI_F 5′-GGT GAT AAC GAT
TTCGAA TAT TAC GC-3′ andfliC-BstBI_R 5′-GCA ACT
GTT ACT GCG TAA TATTCGAAA TCG TTA TCA CC-
3′ (BstBI site underlined) and end primersfliC_F 5′-CCC
AAGCTT GGA CGC TGA TGG TGT ATT TCC-3′ and
fliC_R 5′-GGAATT CCT TAA TCG GAC GAT TAG TGG

G-3′ (introducedHindIII and EcoRI restriction sites under-
lined). Following PCR, the fragment was digested and ligated
into the pUC19 cloning vector. This engineeredBstBI site
allowed the in-frame insertion of DNA encoding “function-
alizing” protein epitopes to be displayed on the surface of
the flagella, between Asp242 and Tyr245. The rationale used
was that the site chosen should be unique within the DNA
sequence of thefliC gene and allow, by mapping onto the
SalmonellaFliC structure, exposure of the functionalizing
epitopes at the tip of the D3 domain of FliC. A 10× His-tag
was designed withBstBI ends (underlined) by annealing:
His_F 5′- CGAACA TCA TCA CCA TCA CCA CCA TCA
TCA CCA TAA GCT TTT-3′ and His_R 5′-CGAAAA GCT
TAT GGT GAT GAT GGT GGT GAT GGT GAT GAT
GTT-3′ and ligated into the engineeredBstBI site in fliC.
The His-taggedfliC was ligated into the temperature sensitive
suicide vector pST76-C to allow integration into the genome
of E. coli RP437, as described in.25,26 This procedure was
repeated to create recombinantfliC strains containing a
biotinylation site (AviTag - Avidity, Colorado27,28) and TEV
protease site (2× to maintain similar length to other tags).
For the Biotin tag the following oligonucleotides were
used: Bio_F 5′ CGAAGG CCT GAA CGA CAT CTT CGA
GGC TCA GAA AAT CGA ATG GCA CGA ATT 3′;
Bio_R 5′CGAATT CGT GCC ATT CGA TTT TCT GAG
CCT CGA AGA TGT CGT TCA GGC CTT 3′. For the TEV
protease site the following oligonucleotides were used:
TEV_F 5′ CGAAGA AAA CCT GTA TTT CCA GGG
CGA AAA CCT GTA TTT CCA GGG CTT 3′; TEV_R 5′
CGAAGC CCT GGA AAT ACA GGT TTT CGC CCT
GGA AAT ACA GGT TTT CTT 3′.

Characterization and Flagella Isolation.Two different
methods were employed to isolate flagella from each
recombinant or wild type strain. A vortex mixer was used
to prepare low concentration, relatively crude flagella,29 while
a kitchen hand-blender (Braun MR4000) and centrifugation
were used to prepare flagella of a higher concentration and
purity. For the vortex preparations, 50 mL of overnight
culture (OD600 nm >1.8) was pelleted (15 min, 5000g, +4
°C) and resuspended in 500µL of 10 mM Tris, 0.1 mM
EDTA pH 7.5 (TE), before vortexing in a microfuge tube
(30 s, full power Fisons WM/250/F Whirlimixer). After
pelleting of the bacteria (10 min, 13 000g, +4 °C) the
flagella-containing supernatant was removed and stored at
+4 °C. The blender method used 1 L of overnight culture
pelleted by gentle centrifugation (30 min, 1328g, +4 °C)
and gently resuspended in 100 mL of 10 mM HEPES pH 7
before shearing using the Braun MR4000 hand-blender (30
s, full power). The sheared bacteria from which filaments
had been removed were pelleted (20 min, 15 000g, +4 °C)
and discarded. The filament containing supernatant was
centrifuged (90 min, 160 000g, +4 °C) to pellet the flagella,
which were then resuspended in 300µL of TE for ligand
binding and electron microscopic analysis. Transmission
electron microscopy (TEM) was used to image the both the
recombinant bacteria and the sheared filaments on Formvar/
Carbon 200 mesh Cu EM grids (Agar Scientific). The
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samples were negatively stained with 1% or 2% phospho-
tungstic acid (pH 7).

Filament Decoration.His-tagged filaments were labeled
using a monoclonal anti-poly-Histidine antibody produced
in mouse (Sigma-Aldrich) and detected on blots using
Western Breeze chemilumescent detection kit (Invitrogen).
Fluorescent labeling of His-tagged filaments for visualization
of cells and for FACS was carried out using a FITC-
conjugated anti-mouse secondary antibody (Sigma-Aldrich).
Immunogold labeling of His-tagged filaments for electron
microscopy was carried out using a 5 nmgold particle-
conjugated anti-mouse secondary antibody (Agar Scientific
and Sigma Aldrich) as described in.30 FACS analysis was
carried out as follows. Equivalent volumes of RP437 and
HisFliC cultures, matched by OD at 600 nm, were harvested
by low-speed centrifugation (10 000g), resuspended gently
(to minimize flagellar shearing) and washed twice in
phosphate buffered saline (PBS; Invitrogen) supplemented
with 0.5% BSA (PBA), followed by centrifugation, as
described above. After blocking in 3% PBA for 30 min at
room temperature, cells were incubated with primary anti-
bodies diluted in 0.5% PBA (monoclonal anti-His, 1:1000;
mouse IgG2a isotype control, 1:1000; or unstained buffer
control) for 45 min at room temperature. Following further
washes in PBA, cells were incubated with anti-mouse FITC-
conjugated secondary antibody (Sigma-Aldrich) for 45 min.
After the final wash stage, cells were resuspended in 0.5%
paraformaldehyde and incubated in the dark at 4°C.
Fluorescence was measured by FACS analysis using an
EPICS Altra flow cytometry system (Beckman Coulter,
U.K.).

Constructing Chimeric Bifunctionalized Filaments. To
test whether mosaic flagellar filaments could be produced
expressing a combination of two functionalized FliCs, the
expression vector pTRC99A31 or a kanamycin-resistant
derivative, pTRC99K, was used to construct and express
pTRC99AfliC, pTRC99KHis, pTRC99ATEV and pTRC99ABio.
The fliC genes were amplified from the respectiveE. coli
strains using the primers pTRC_F CGAACCATGGCA-
CAAGTCATTAATACC and pTRC_R CAGTTAATCA-
GTCGACAACGATTAACCC (NcoI andSalI restriction sites
underlined respectively). ThefliC gene was then ligated in
frame into pTRC99A using theNcoI and SalI sites engi-
neered into the PCR primers and the resulting vector
transformed into theE. coli strains expressing taggedfliC
genes. Induction of thetrc promoter with varying concentra-
tions of IPTG (0-500 µM) allowed differing expression
levels of two different FliC monomers within the same
bacterial cell. The integrity of genomic and plasmid copies
of recombinantfliCs were confirmed by PCR, DNA se-
quencing, and SDS-PAGE analysis. Changes in motile
phenotype were confirmed by light and electron microscopy,
and inoculation in 0.35% agar swarm plates which allow
the swimming of motile cells to form swarms.

Monitoring Expression of Functionalized Flagella and
Effects on Cell Motility. All engineered strains produced
flagellar filaments that could be readily sheared from cells
by simple blender or vortex treatment and could be visualized

on SDS-PAGE. The functionalized FliCs ran with different
apparent molecular weights: RP437 55 kDa, HisFliC 63 kDa,
TEVFliC 67 kDa, and BioFliC 69 kDa. This was caused by
the diverse inserted tags, due to a combination of charge
and amino-acid mass differences (and biotin or metal binding
for BioFliC or HisFliC); this was a convenient way to
differentiate functionalized FliCs from each other. (Figure
1a,c). Harvested yields of recombinant flagellin proteins were
found to be approximately 40 times less than that of wild
type RP437 FliC when vortex treatments were used but only
5 times less when using the blender method. Flagella were
expressed as fully formed filaments on the surfaces of each
strain although they were shorter and less numerous than
those on wild type RP437(Figure 1b). Interestingly, the
nature of the tag affected flagellar motility as seen by phase
contrast microscopy of wet mounts of cultures, where
percentage motility of populations of all tagged strains was
much lower than wild type RP437. Cells of the recombinant
strain encoding chromosomally the His tagged FliC were
seen in tangled clumps writhing against each other (Figure
1b). Motility analysis of the cultures on 0.35% agar swarm
plates (1% tryptone, 0.5% NaCl) showed that for the HisFliC
strain the tangling of the flagella was sufficient to prevent
outward swimming motility of the culture, despite the good
number of flagellar filaments on the surface (Figure 1d). For
the BioFliC and TEVFliC strains the size of the motile
swarms was reduced to half of wild type. As evolution has
shaped flagellar filament surfaces, over millions of years, to
be monomers that are readily transportable up the hollow
center of the growing flagellum and to produce nontangling
smooth propellers; it is not surprising that shorter and fewer
filaments that tangle are made in the recombinant strains
where foreign amino-acid tags have been introduced to the
FliC surfaces (Figure 1). For the HisFliC strain it is likely
that the co-ordinate binding, between filaments of endog-
enous metal ions in the bacterial growth medium or swarm
plate medium, causes the excessive cell clumping, and lack
of motility seen. However, this did not adversely affect the
harvesting of flagellar filaments from the cell surface by
shearing.

The functionalizing tags were predicted to be exposed on
the surface of theE.coli flagellin proteins (Figure 1e) and
this was confirmed experimentally for each flagellin type.
The presence of the biotin bound to the avidity tag in BioFliC
strains was revealed by the binding of ferritin-avidin nano-
particles (A5405 Sigma-Aldrich). The presence of the TEV
protease site in TEVFliC strains was determined by digestion
with AcTEV protease (Invitrogen) using standard conditions
overnight at 4°C. That the 10× His-tag was displayed on
the surface of HisFliC cells was confirmed by both Western
blotting with an anti-His monoclonal antibody(Figure 2a)
and by binding of diverse metal nanoparticles (data not
shown). Fluorescent microscopy with primary anti-His and
FITC-conjugated secondary antibodies revealed fluorescent
foci corresponding to groups of flagella on the cell surface
(Figure 2b). The expression of His-tagged flagellar filaments
on HisFliC cells was also confirmed using flow cytometry.
Over 50% of the HisFliC cells displayed significant fluo-
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rescence above wild type RP437 cells (mean fluorescent
intensity of 19.82 and 4.18, respectively) using FACS
analysis, indicating that this number of cells were expressing
the filaments. The lack of isotype control antibody-binding
to HisFliC filaments showed that the FITC fluorescence
observed was only due to anti-His positive binding to flagella
(Figure 2c), and confirmed our observations by microscopy.
Purified HisFliC filaments could be regularly decorated along
their length with 5 nm immunogold conjugated secondary
antibodies, revealing the His tags to be accessible for ligand
binding on the functionalized flagellar surface (Figure 2d).
Similarly, the BioFliC filaments could be decorated, on EM
grids, with avidin conjugated to 8-12 nm horse-spleen
ferritin nanoparticles (Figure 2e). This interesting result
showed that the AviTag introduced into the FliC monomer
sequences was being biotinylated inside theE. coli cells,
presumably by the endogenousbirA gene; prior to the export
of the BioFliC monomers up the hollow center of the
growing flagellum. Thus, the biotin attached to the AviTag
was no impediment to recognition of the FliC protein by
the Type III flagellar export apparatus nor was it an
impediment to conductance of the monomers up the flagellar
core.9

That the TEV protease site was cleavable on the surface
of the TEVFliC filaments, to give two approximately 30 kDa
products, without further degradation of the flagellin protein
and that wild type RP437 FliC filaments were not cleaved,
was shown by SDS-PAGE (Figure 2f), but TEVFliC
filaments were still seen to be intact by TEM (Figure 2g).
This was expected because the conserved N- and C-terminal
ends of FliC monomers comprise the binding sites that make
up the polymerized filament. Cleavable TEV sites positioned
either side of another functionalizing tag would allow
functionalized flagella to become nanoscale printing/
lithography masks. These would deposit nanoligands, such
as metals loaded onto HisFliC filaments (with the His flanked
by TEV tags) in a regular pattern dictated by the (nm×
µm) dimensions of the functionalized FliC filament, along
a surface with the cleaved flagellar filament “mask” being
washed off following TEV cleavage.

Having established that flagella could be surface-func-
tionalized as nanotubes with a single type of epitope tag,
we used IPTG-induced expression offliCs from pTRC99A
or pTRC99K in the different single functionalizedfliC
chromosomally engineered strains to ask whether we could
synthesize mixed flagellar nanotubes with two different tags

Figure 1. Flagellar filament formation and motility in wild type and functionalizedfliC strains ofE. coli RP437. (a) Amino-acid inserts
into the wild type (RP437) sequence to give functionalized His, TEV and Bio FliC proteins. (b) SDS-PAGE [12%] of filaments vortex-
prepared from matched OD600nm cultures with chromosomally engineeredfliC genes expressing the single tag sequences indicated above
each lane. 20µL of each FliC preparation was loaded per lane except for wild type RP437 where 20µL of a 1/40th dilution of sample was
used. (c) Negatively stained transmission electron micrographs (TEMs) of cells and isolated functionalized filaments for each strain (scale
bars 1000 nm for cells, 100 nm for filaments). (d) Soft agar swarm plate assay of motility of the three recombinant strains, after 14 h
incubation at 29°C, compared to wild type RP437. (e) Model of RP437 FliC protein sequence mapped onto the atomic structure of Salmonella
flagellin (PDB 1UCU) using the 3D-JIGSAW Protein Comparative Modeling Server,38 on which the predicted tag insertion site is highlighted
in black.
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in one mosaic filament. Pairwise combinations were tried
for all three functionalized FliCs and for wild type RP437;
typical data are shown for the HisFliC strain transformed
with the plasmid pTRC99ABio or for the reverse BioFliC
strain transformed with a plasmid incorporating the His tag
(pTRC99KHis) combination. In both cases, taking the HisFliC:
pTRC99ABio combination as an example, induction with
IPTG caused a decrease in the proportion of chromosomally
encoded FliC protein appearing in purified, sheared filaments,
as the proportion of plasmid encoded filament rose with
increasing IPTG concentration (Figure 3a). Thus, there seems
to be an upper threshold amount of FliC that can be produced
in cells and it may be possible to “toggle” the amounts of
each FliC type in the total produced, by varying IPTG levels.

That the different expression of BioFliC and HisFliC affected
the nature of the flagellar filaments produced and the motility
of the cultures expressing the other functionalized FliC
chromosomally, was evident from swarm plates as expected
(Figure 3b). Coexpression of the filament-tangling His-tagged
FliC from pTRC99KHis in the BioFliC strain reduced the
strain swarm size and hence motility. Conversely, expression
of the pTRC99ABio in the HisFliC strain increased swarm
diameter and motility of that strain. Labeling with avidin-
ferritin and also with secondary 5 nm immuno-gold
antibody detection of primary anti-His antibody in filaments
sheared from such dual His/BioFliC-expressing strains
showed definitively that both His and Bio FliCs were
contained within the same mosaic filaments, as these were

Figure 2. Detection and quantification of ligand-binding on the surfaces of functionalized flagella. (a) Western blot with anti-His monoclonal
antiserum detects HisFliC band of 63 kDa molecular weight in matched OD600nmwhole cell extracts of chromosomally engineered HisFliC
strain and wild type RP437 strain expressing HisFliC from plasmid pTRC99A, but not wild type RP437 strain alone. (b) Fluorescence
microscopy of FITC secondary antibody detection of the monoclonal anti-His binding to the outside of cells from cultures of HisFliC vs
RP437 wild type. (c) FACS analysis showing FITC fluorescence for anti-His binding to surface flagella on the HisFliC (filled gray area)
or RP437 (bold line) strains vs Isotype control antibody (dashed line) -which was ineffective at binding to HisFliC cells. (d) TEM of 5 nm
immunogold-secondary-antibody, binding to HisFliC filaments. (e) TEM for the BioFliC filaments avidin-conjugated 8-12 nm horse spleen
ferritin particles decorated the length of the filaments. (f) SDS-PAGE analysis of protease treatment of TEVFliC and RP437 filaments,
showing digest patterns produced when 5µg of filament protein was loaded in each lane, after treatment of 25µg of each filament type
with or without (() 10U of AcTEV protease (seen itself as a 29 kDa band). (g) Negatively stained electron micrograph of TEVFliC
filaments following TEV treatment for 12 h at 4°C, showing that the filaments are substantially intact (scale bar 100 nm).
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labeled by both particles simultaneously (Figure 3c). Proof
that single HisFliC control filaments did not bind avidin-
ferritin and that BioFliC control filaments did not bind anti-
His was obtained (supporting online material Figure 1). Thus,
mosaic functionalized flagella with dual binding properties
can be simply synthesized for use in nanotechnology
applications.

Discussion.Here we have shown that the insertion of
functional tags between Asp242 and Tyr245 of the E. coli
flagellin are surface-displayed on the flagellar filament
tailoring it for nanoscaffold uses. A variety of small peptide
tags have been expressed in this location, ranging from 16
amino acids in HisFliC to the 19 amino acids in BioFliC.
All tags produced bacterial strains with altered swarm plate
motility phenotypes and a degree of flagellar aggregation,
likely due to the altered charges present on the surface of
the flagella. This is not surprising considering evolution has
shaped these appendages for the specific task of motility,
over millions of years, and therefore eliminated any residues
which may cause binding and impede motility. The HisFliC
strain was seen to form the highest proportion of writhing,
motile, flagellar-attached clumps in liquid culture, and had
least directional motility on swarm plates, suggesting binding
between filaments was strongest in this strain. Metal atoms
from culture media are bound by the histidine residues (data
not shown) with ligands to the metal atoms forming
coordinate bonds between filaments. The TEVFliC and
BioFliC strains do not contain extensive metal-binding amino
acids but their tags do contain several polar glutamate
residues and also hydrophobic residues that may enhance
filament-filament binding interactions compared to the wild
type (Figure 1a).

Shearing of the engineered filaments from the respective
strains was possible using vortexing methods and by using
a simple Braun domestic blender; each strain produced
truncated filaments compared to the wild type, even though
an identical protocol was used for each. This truncation may
be due to the mechanical stresses involved in engineered
filaments rotating while being tethered to other filaments or,
possibly, due to the less efficient transportation of tagged
FliC monomers up the hollow core of the growing flagellum
compared to wild type. The structural weakness of these
engineered filaments was to be expected as previous work
has detailed the importance of the variable region in
stabilizing the filament structure.32-34 Even these small tag
insertions into the variable region will have caused a degree
of warping, leading to a reduction in stabilizing interactions.
The filaments rarely exceeded 1µm in length, although we
were able to use in vitro polymerization with ammonium
sulfate preparations of FliCs to produce nanotubes of
increased length35,36 (data not shown).

Immunofluorescence microscopy demonstrated that the
10x His-tag was surface displayed and could be recognized
by antibodies in its native folded state. Immunogold labeled
secondary antibodies were used to visualize the tags on the
surface of the HisFliC filaments by TEM, demonstrating
specific binding of immunogold particles. The flagellar
filaments of the BioFliC strain bound avidin-conjugated horse
spleen ferritin particles directly, and these were visualized
as 8-12 nm particles with an electron dense metal center.
This showed that the AviTags on the BioFliCs were being
biotinylated in ViVo, probably by biotin protein ligase
naturally expressed inE. coli, yet biotinylation did not
impede translocation of the FliCs up the center channel of

Figure 3. Coexpressing 2 functionalized FliCs to make bifunctional flagellar nanotubes. (a) SDS-PAGE [12%] of vortex preparations of
sheared flagella from HisFliC cells expressing BioFliC from the vector pTRC99ABio or empty vector control. Cultures were all matched to
the same OD600nm, prior to shearing. Different levels of IPTG induction are shown with the ratio of the upper BioFliC band increasing to
dominate over the lower HisFliC band as IPTG concentrations are raised from 1µM to 4 µM. (b) Soft agar swarm plate assay of motility,
after 20 h incubation at 29°C of both the BioFliC strain expressing an approximately equal amount of HisFliC due to 1µM IPTG promoting
HisFliC expression from pTRC99KHis and the converse HisFliC strain expressing the BioFliC due to 1µM IPTG promoting HisFliC
expression from pTRC99ABio. (c) Mosaic filaments sheared from HisFliC strains expressing pTRC99ABio due to 1µM IPTG induction are
decorated withboth 5 nm immunogold conjugated secondary antibodies binding to anti-His primary antibodies that attach to HisFliC
monomersand avidin-conjugated 8-12 nm horse spleen ferritin particles that bind to BioFliC monomers (scale bar 200 nm).
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the growing flagellum to polymerize at the growing tip of
the filament. Although high efficiency biotinylation seems
evident here, this could be further increased by overexpres-
sion of thebirA gene or by supplementing the growth media
with biotin. Mass spectrometry could be used to quantify
any increase in tag biotinylation. These biotinylated flagella
facilitate the direct attachment of a variety of avidin-labeled
ligands that may allow future nanotechnology applications,
where tailored diverse avidin-linked nanostructures could be
attached; or the filaments could be immobilized on avidin
coated surfaces. This may allow flagellar filaments to be
employed as structural bridges or links between components
of an artifical nanomachine, to act as strands of insulation
in nanocircuits, or if His or Bio FliC filaments were
combined with metal-binding epitopes and metal nanopar-
ticles, to possibly conduct current or act as small magnetic
strands in nanomachines.

Insertion of the TEV protease tag allowed cleavage of
TEVFliC within assembled filaments, at the variable, surface-
exposed site. Digestion of the 67 kDa TEVFliC protein with
TEV protease produced two bands of 31 kDa and 33 kDa in
size, as seen by SDS-PAGE analysis. When imaged by
TEM, TEV-treated flagellar filaments in this sample were
still intact with no apparent structural change because,
without denaturing treatment for SDS-PAGE, the monomers
were still polymerized into filaments with the TEV sites on
the outer exposed surface. Thus, the intermolecular bonds
within the N- and C-termini of the flagellins were strong
enough to maintain the integrity of the flagellar filament
structure, even though the variable region had been nicked.
This means that filaments could be attached to a surface, by
an epitope tag, but have flanking TEV protease sites to allow
swift removal of intact filaments at will. This facilitates the
deposition of tags or their attached nanoligands in trails,
mirroring flagellar filament dimensions: several micrometers
long by multiples of 15 nm wide using the flagellar filaments
as nanoscale masks.

Conclusion. The work reported here extends the use of
bacterial flagella from the work of other pioneers for antigen
display and epitope secretion13,14,16,17to their use as structural
nanotubes and micrometer-scale, cleavable nanotemplates for
laying down specific epitopes on surfaces. The strengths of
our functionalized flagella, compared to conventionally
labeled carbon-nanotubes, are that they homogeneously
express their surface epitopes, can be simply purified and
cheaply produced, and that two functionalized FliCs can be
produced at varying concentrations in a single filament giving
different degrees of mixed-nanoligand binding. The AviTag
avidin-biotin moiety allows extensive ligation of other
nanostructures to build up networks and the accessible and
specific TEV protease cleavage site shows that such ligands
can be released from the filaments if desired.

Note Added in Proof. While this manuscript was under
review, Kumara and co-workers showed that His function-
alized flagella could indeed be used as scaffolds for the
binding of diverse metal nanoparticles.37
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