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Pseudomonas aeruginosa is one of leading opportunistic pathogens in humans and its movement is driven
by a flagellar filament that is constituted through the polymerization of a single protein, FliC flagellin
(paFliC). paFliC is an essential virulence factor for the colonization of P. aeruginosa. paFliC activates innate
immune responses via its recognition by Toll-like receptor 5 (TLR5) and adaptive immunity in the host.

Keywords: ) Thus, paFliC has been a vaccine candidate to prevent P. aeruginosa infection, particularly for cystic fibrosis
’; lse”dl‘:_'”‘m"s aeruginosa patients. To provide structural information on paFliC and its flagellar filament, we have determined the
F“acge mn crystal structure of paFliC, which contains the conserved D1 and variable D2 domains, at 2.1 A resolution.

Structure As observed for Salmonella FliC, the paFliC D1 domain is folded into a rod-shaped structure, and paFliC
TLR5 was demonstrated by gel filtration and native PAGE analyses to directly interact with TLR5. Moreover,
a structural model of the paFliC-TLR5 complex suggests that paFliC D1 would provide major TLR5-bind-
ing sites, similar to Salmonella FliC. In contrast to the D1 domain, the paFliC D2 domain exhibits a unique
structure of two B-sheets and one a-helix that has not been found in other flagellins. An in silico construc-
tion of a flagellar filament based on the packing of paFliC in the crystal suggests that the D2 domain
would be exposed to solution and could play an important role in immunogenicity. Our biophysical
and structure-based modeling study on paFliC, the paFliC-TLR5 complex, and the paFliC filament could

Flagellar filament

contribute to the improvement of vaccine design to control P. aeruginosa infection.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Pseudomonas aeruginosa is a Gram-negative bacterium that is
ubiquitously found in the environment including soil and water
[1]. P. aeruginosa is a major opportunistic human pathogen that
is responsible for severe hospital- and community-acquired infec-
tions in the urinary tract, the kidney, the lung, the cornea, and sur-
gical or burn wounds [2,3]. P. aeruginosa is a major cause of life-
threatening lung infections in cystic fibrosis (CF) patients and
~76% of adult CF patients are colonized by P. aeruginosa [4]. P.
aeruginosa is motile with a single polar flagellum that contributes
to infection as a virulence factor by facilitating bacterial adhesion
to host cells or wet surfaces [5].

Bacterial flagella are anchored to the cell wall and membrane
through the basal body that extends to the filament via the hook
[6,7]. The flagellar filament is composed of a single protein,
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flagellin. Structural studies on the flagellar filament from Salmo-
nella enterica subspecies enterica serovar Typhimurium (Salmonella
Typhimurium) demonstrated that the filament is produced
through the longitudinal assembly of 11 protofilaments, each of
which forms as a result of vertical polymerization of flagellin
monomers [8-10].

Flagellin has a mass of 28-65 kDa and contains at least two do-
mains [8-10]. The two essential domains, defined as DO and D1 in
FliC (a flagellin gene product) from S. Typhimurium (stFliC), medi-
ate intersubunit interactions in the flagellar filament and, thus,
share high sequence identity with other flagellins. The DO and D1
domains are assembled into a double-tubular structure and form
the inner and outer rings, respectively. stFliC contains two addi-
tional domains, D2 and D3, that project from the DO-D1 tubular
structure without significant contribution to intersubunit interac-
tions in the filament. The D2 and D3 domains exhibit high se-
quence variation, potentially due to a lack of evolutionary
restraint, and are even absent in some species, such as Bacillus sub-
tilis [9,11].

When pathogenic flagellated bacteria infect the host, flagellin is
detected as a pathogen-associated molecular pattern by innate
immune receptors, including Toll-like receptor 5 (TLR5) and
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NAIPs/NLRC4, which elicit potent immune responses against
pathogens [12,13]. In addition to the role in immune stimulation,
flagellin exerts radioprotective activity upon the hematopoietic
system and gastrointestinal tissues through TLR5 activation [14].
Thus, flagellin has been applied to develop new vaccines as adju-
vants against influenza, West Nile fever, malaria, and tuberculosis,
as well as anti-radiation therapeutics [15-18].

TLR5 is a type I receptor that consists of an N-terminal extracel-
lular domain, a single-pass transmembrane domain, and a C-termi-
nal intracellular domain. The extracellular domain of TLR5 is folded
into a curved leucine-rich repeat (LRR) domain structure and is
responsible for direct interaction with flagellin from B- and y-pro-
teobacteria of Gram-negative bacteria and some Gram-positive
bacteria [11,19]. Structural studies on the interaction between
the N-terminal 14 LRR modules of Danio rerio TLR5 (TLR5-N14)
and the D1-D2 domains of Salmonella Dublin FliC (sdFliC) revealed
that TLR5 interacts with the highly conserved residues of the sdFliC
D1 domain that are buried within the flagellar filament [11,19,20].
Flagellin organizes two TLR5 chains into a tail-to-tail assembly
through high-affinity 1:1 ‘primary binding’ and subsequent low-
affinity ‘secondary dimerization’ of two 1:1 complexes into a 2:2
complex.

FliC flagellin from P. aeruginosa (paFliC) activates innate immu-
nity as a TLR5 agonist and promotes adaptive immune responses as
an antigen [21,22]. Thus, paFliC has been one of the major targets
for vaccine and therapeutic development in particular for CF pa-
tients. For example, P. aeruginosa flagella were developed as a vac-
cine against P. aeruginosa and significantly lowered the risk for
initial P. aeruginosa infection in CF patients in a phase Il study
[23]. A fusion protein of the P. aeruginosa OprF fragment, Oprl,
and FliC promoted the clearance of P. aeruginosa in a pulmonary
challenge model [24]. Furthermore, topical administration of paF-
liC protects injured cornea from P. aeruginosa infection by activat-
ing the corneal innate immune response in the mouse system [25].
To improve vaccine design and to define its action mechanism,
structural information on paFliC and its flagellar filament are re-
quired, and the paFliC-TLR5 binding mode must be investigated.

Here, we report the crystal structure of DO-deleted paFliC (paF-
1iC-ADO), which contains the D1 and D2 domains, at 2.1 A resolu-
tion. In contrast to the conserved D1 domain, the D2 domain of
paFliC adopts a unique structure that has not been observed in
other flagellum-forming flagellins. Based on our modeling study
on the paFliC filament, we propose that the variant D2 domain
could function as an immunogenic determinant.

2. Materials and methods
2.1. Expression and purification of paFliC and TLR5-N14

To generate the paFliC-ADO expression vector, paFliC-ADO (res-
idues 55-341) from the a-type FliC gene of P. aeruginosa (ATCC
15522) was amplified using PCR and ligated to a modified pET49b
vector that contained the N-terminal Hisg tag and thrombin cleav-
age site.

Selenomethionine-incorporated paFliC-ADO (SeMet-paFliC-
ADO) proteins were expressed using an Escherichia coli B834
(DE3) strain that contained the paFliC-ADO expression vector. Cells
were grown at 37 °C in M9 minimal medium (Molecular Dimen-
sions) containing 50 pg/ml kanamycin and 40 pg/ml L-SeMet. Pro-
tein expression was induced at an ODggo (optical density at
600 nm) of ~0.8 using 1 mM IPTG and continued for 3 h at 37 °C.
The Cells were then collected using centrifugation. SeMet-paFliC-
ADO was initially purified by Ni-NTA affinity chromatography,
and the N-terminal Hisg tag was removed using thrombin. The

resultant proteins were further purified by anion exchange
chromatography.

Danio rerio TLR5-N14 proteins that contained the N-terminal
capping motif to LRR14 were expressed in the baculovirus expres-
sion system and purified by Ni-NTA affinity, Strep-Tactin affinity,
and gel filtration chromatography, as previously described [11,20].

2.2. Crystallization of paFliC-AD0 and X-ray data collection

SeMet-paFliC-ADO was crystallized in a drop containing 0.5 pl
of 16.7 mg/ml protein and 0.5 pl of 22% (w/v) PEG6000/0.1 M bi-
cine, pH 9.0/8% 2,2,2-trifluoroethanol at 18 °C by the sitting drop
vapor diffusion method. The crystals were flash-frozen in 25% (w/
v) PEG6000/0.1 M bicine, pH 9.0/8% 2,2,2-trifluoroethanol/25% eth-
ylene glycol under cryo-stream at 100 K. X-ray diffraction data
were collected at beamline 7A of the Pohang Accelerator Labora-
tory (Korea). Diffraction data were reduced and scaled using the
HKL2000 package [26].

2.3. Structure determination of paFliC-ADO0

The paFliC-ADO structure was determined by single-wave-
length anomalous diffraction (SAD) phasing. Selenium sites were
identified and refined using AutoSol in the Phenix program [27].
Phase calculation and modification were performed using AutoSol.
The initial paFliC-ADO model was obtained using AutoBuild in the
Phenix program. Iterative model building and refinement were car-
ried out using the Coot and Refmac5 programs, respectively, and
yielded a high quality structure of paFliC-ADO [28,29].

2.4. Analysis of paFliC-AD0:TLR5-N14 binding

To examine the formation of a complex between paFliC-ADO
and TLR5-N14, gel filtration chromatography was performed using
a Superdex 200 10/300 column in running buffer consisting of
20 mM Hepes, pH 7.4/150 mM NacCl. 14 pg of paFliC-ADO, 24 pg
of TLR5-N14, or their mixture at a 1:1 molar ratio was injected into
the column and the elution profile was recorded by monitoring the
UV absorbance at 280 nm.

To analyze the interaction, native polyacrylamide gel electro-
phoresis (PAGE) was carried out using 6% polyacrylamide gels at
pH 8.8. 10 ul of each sample (paFliC-ADO, TLR5-N14, and their
mixture) was loaded into a native gel and electrophoresed at
100V for 1.5 h. The gel was stained with Coomassie brilliant blue.

3. Results and discussion
3.1. The Overall structure of paFliC-AD0

FliC from P. aeruginosa strain ATCC 15522 (paFliC) consists of
three domains (DO, D1, and D2) (Fig. 1A). The crystal structure of
paFliC-ADO containing the D1 and D2 domains was determined
by SAD phasing using a crystal of SeMet-incorporated proteins
(residues 55-341) and was refined at 2.1 A resolution. Data collec-
tion, phasing, and refinement statistics are shown in Table S1. The
asymmetric unit contains one paFliC-ADO molecule (residues 58-
334).

The paFliC-ADO structure is composed of two domains: D1 (res-
idues 58-168 and residues 285-334) and D2 (residues 169-284)
(Fig. 1). The D1 domain is folded into an ~70 A-long rod that is con-
structed from two discontinuous segments, the N-terminal portion
(D1N) of two a-helices (aD1a and aD1b) and two B-strands (pD1a
and pD1b), and the C-terminal portion (D1) of an o-helix (aD1c).
Two long o-helices (40-residue aD1a and 41-residue oD1c) and a
shorter a-helix (24-residue aD1b) form one side of the rod and
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Fig. 1. The domain organization and crystal structure of paFliC-ADO. (A) Schematic representations of the domain structures and secondary structure elements in paFliC. o~
helices and B-strands (>3 residues) are represented by waves and arrows, respectively. Domain boundary residues and terminal residues of each secondary structure are
labeled in black. The protein region that was built in the paFliC-ADO structure is highlighted by a red box with terminal residue numbers shown in red. (B) The paFliC-ADO
structure in rainbow ribbons from the N-terminus in blue to the C-terminus in red. Secondary structures are labeled. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

are supported on the back by two B-strands (BD1a and BD1b) and
random coils.

The D2 domain adopts a cup-like structure consisting of two -
sheets (BD2g-a-e-d and BD2f-b-c) with a handle (Fig. 1B). The top
of the cup is closed by one a-helix (aD2) that is embraced by
BD2c and BD2d at the entrance (Fig. 1B right). The bottom of the
cup comprises BD2f, BD2f-g loop, the N-terminal part of BD2a,
and BD2a-b loop, and is connected to the side of the D1 rod
through the handle of BD2a and BD2g (Fig. 1B left). The exterior
surface of the pD2g-a-e-d sheet contacts the N-terminal residues
of aD1c and buries a surface area of ~550 A2 The relative orienta-
tion of paFliC D1 and D2 seems to be inflexible, given that another
paFliC-ADO structure in a different space group showed an essen-
tially identical D1-D2 inter-domain angle (data not shown).

3.2. Structural comparison of paFliC-AD0 with its homologues

In addition to our paFliC structure, two types of FliC, including
stFliC and sdFliC (PDB ID, 3A5X and 3V47, respectively), have been
structurally characterized. Comparative analysis revealed a com-
mon conserved structure in the D1 domain but distinct features
in the variable D2 domain. The paFliC D1 domain exhibits high
similarities in structure and sequence to those of stFliC and sdFliC

with root mean square deviation (RMSD) values of ~1.1 A (~140
from 148 D1 residues) and sequence identities of 45-47%
(Figs. 2A and S1). In contrast, the paFliC D2 domain shows several
unique structural features compared with those of stFliC and sdFliC
(Fig. 2A). First, each D2 domain of the currently available flagellin
structures presents a completely different fold, as expected from
the high sequence variation of the D2 domains. Second, paFliC con-
nects D1 and D2 in a different mode. D2 of paFliC extends from the
side of the D1 domain through a handle structure, whereas each D2
domain of stFliC and sdFliC directly stacks on the top of the D1 do-
main (the box of Fig. 2A). Third, we observed positional differences
of the D2 domains when the D1 domains were superimposed. paF-
1iC D2 and stFliC D2 are placed in opposite directions with respect
to D1, and sdFliC D2 is positioned on the top of D1.

Because the structural fold of paFliC D2 has not been observed
in filament-forming flagellins, structural homologues of paFliC D2
were searched using the Dali server. In the search list, p5 (PDB
ID, 2ZBI) of Sphingomonas sp. A1 was found to be the most
homologous to paFliC D2 with an RMSD value of 2.75 A (87 from
116 residues). p5 is a cell surface protein of Sphingomonas sp. Al,
and does not seem to be involved in the formation of a flagellar fil-
ament, which was expected because Sphingomonas sp. Al is not
motile. p5 functions in the recognition and transport of alginate



112 W.S. Song, S.-i. Yoon/Biochemical and Biophysical Research Communications 444 (2014) 109-115

—
A

) §3
&\
2 ']

3

paFliC D2

Fig. 2. Structural comparison of paFliC with its homologues. (A) Structural comparison of paFliC-ADO (magenta) with stFliC (cyan; PDB ID 3A5X) and sdFliC-ADO (green; PDB
ID 3V47). The D1 domains were superimposed. (B) Structural comparison of paFliC-ADO (D1, magenta; D2, red) and p5-ADO (D1, green; D2, cyan; PDB ID 2ZBI). The D1
domains were superimposed. (C) Structural comparison of paFliC D2 (red) and p5 D2 (cyan). The D2 domains were superimposed. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

polysaccharides into the cell [30,31]. Although p5 and paFliC medi-
ate unrelated functions, both contain three domains of DO-D1-D2
and exhibit structural resemblance within each domain, especially
in D1 (RMSD, 0.73 A for 147 from 161 residues) (Fig. 2B). The paFliC
and p5 D2 domains share similar secondary structure organization
that consists of two B-sheets and one a-helix (Fig. 2C). The B-sheet
(BD2g-a-e-d) that is closer to D1 is similar in length and organiza-
tion of its B-strands. However, the other B-sheet (BD2f-b-c) of paF-
1iC is composed of three long B-strands, whereas the counterpart of
p5 consists of four short B-strands. Another distinct feature is the
D1-D2 inter-domain angle (Fig. 2B). D2 of p5 rotates toward the
top of the D1 domain by ~50° from paFliC D2 using the pivot of
the D1-D2 connecting region.

3.3. Interaction of paFliC with TLR5
paFliC activates TLR5-mediated cellular responses [21]. How-

ever, the direct interaction between paFliC and TLR5 has not been
characterized. To examine the paFliC-TLR5 interaction, we carried

out gel filtration chromatography and native PAGE using paFliC-
ADO and TLR5-N14 (Fig. 3A and B). In gel filtration chromatogra-
phy, a mixture of paFliC-ADO and TLR5-N14 eluted earlier than
each component, suggesting complex formation (Fig. 3A). In native
PAGE analysis, paFliC-ADO and TLR5-N14 shifted to a new band
that corresponded to their complex (Fig. 3B). Complete complex
formation was observed at a 1:1 molar ratio, suggesting a 1:1 pa-
FliC:TLR5 binding stoichiometry, similar to sdFliC:TLR5 [11].
Based on the high sequence and structure similarities of paFliC
D1 and sdFliC D1, a paFliC-TLR5 binding model was generated by
superimposing paFliC D1 on the structure of the 2:2 sdFliC-
ADO:TLR5-N14 complex (Fig. 3C) [11]. paFliC forms a 2:2 complex
with TLR5-N14 without major steric clashes. The D2 domain of
paFliC is located above D1 away from the binding interfaces and
does not contact any TLR5 chains or the other paFliC molecule. In
contrast, paFliC D1 forms primary binding and secondary dimer-
ization interfaces, as observed for sdFliC D1. Three a-helices of paF-
1iC D1 provide major binding sites for TLR5, and the R90 and E114
residues of paFliC aD1a are located at a core interaction site. The
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Fig. 3. TLR5-N14 interactions with paFliC. (A) Gel filtration chromatography analysis of paFliC-ADO:TLR5-N14 complex formation using a Superdex 200 10/300 column. (B)
Native PAGE analysis of paFliC-ADO:TLR5-N14 complex formation. (C) A proposed model of paFliC-ADO in complex with TLR5-N14. sdFliC of the 2:2 sdFliC-ADO:TLR5-N14
complex (PDB ID 3V47) was replaced with paFliC by superposition of the D1 domains. The paFliC molecules are colored in orange and magenta. TLR5 chains are shown in cyan
and green, and the C-terminal regions that are not built into the structure are represented by broken lines. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

binding model, along with the high conservation (61%) of the
sdFliC interface residues in paFliC (22 of 36 interface residues)
(Fig. S1), suggests that paFliC and sdFliC share a similar TLR5 bind-
ing mechanism.

3.4. Flagellar filament model from the pakFliC structure

Although the asymmetric unit of the paFliC crystal contains one
paFliC molecule, vertically aligned paFliC molecules in the crystal
packing form a continuous polymer chain that mimics the stFliC
protofilament (Fig. S2), providing a paFliC protofilament model.
Intersubunit binding in the paFliC protofilament model is mediated
by a combination of D1-D1’ and D2-D1’ interactions with buried
surface areas of 680 and 450 A2, respectively (Figs. 4A and S3A).
The D1-D7’ interaction is conserved in the paFliC and stFliC proto-
filaments. However, a significant contribution of the variable D2
domain to paFliC protofilament formation has not been observed
in stFliC protofilaments. The unique role of D2 in the paFliC proto-
filament was further supported by the conservation of binding
interface residues in flagellins of diverse Pseudomonas species
(Fig. S3B).

High sequence identity (~50%) of the DO-D1 domains between
paFliC and stFliC, combined with the observation that vertical

alignment of the stFliC molecules in the protofilament is recapitu-
lated in the crystal packing of paFliC, suggests that both flagellins
would form a flagella filament in a conserved manner. The molec-
ular architecture of the paFliC filament was modeled by superim-
posing paFliC D1 on the cryo-electron microscopy structure of
the stFliC filament (Fig. 4B and C). No significant steric clashes
were observed in the paFliC filament model, indicating the reliabil-
ity of the model. The paFliC D1 domains occupy the tubule of the
filament with three D1 o-helices buried inside the filament (a view
on Fig. 1B right) and the other side of the two B-strands faced out-
wards (a view on Fig. 1B left). In the paFliC D2 domain, the top of
the D2 cup at BD2c, D2, and BD2d is buried into the filament.
However, the other side (BD2a, BD2b, BD2a-b loop, PD2f, BD2e-f
loop, pD2g, and BD2f-g loop) at or near the bottom of the cup is ex-
posed to solution (Fig. 4D), suggesting that they would function as
major epitopes for antibodies that would be produced by a flagella
vaccine against P. aeruginosa for CF patients. Another distinct fea-
ture of the paFliC filament is that its diameter (~15 nm) is smaller
than that of the stFliC filament (~24 nm) since paFliC lacks the D3
domain and its D2 domain protrudes less (Fig. 4B and C). In conclu-
sion, our structural and modeling study proposes a critical role for
the variable D2 domain of paFliC in forming a flagellar filament and
eliciting immunogenicity.
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Fig. 4. A proposed model of a flagellar filament from P. aeruginosa compared with the stFliC filament. (A) Intermolecular contacts of paFliC formed by vertically aligned paFliC
molecules in the crystal lattice provide the basis on a paFliC-ADO protofilament model. The D1-D1’ and D2-D1’ binding interfaces are colored in blue and magenta,
respectively, on the surface representation of a paFliC molecule located in the center. (B) A model of a paFliC filament (middle, a side view of the filament; bottom, a cross-
section view of the filament) with the structure of the paFliC-ADO monomer (top). paFliC D1 and D2 are colored in magenta and red, respectively. (C) Cryo-electron
microscopy structure of the stFliC filament (PDB ID 3A5X). The DO, D1, D2, and D3 domains of stFliC are colored in yellow, green, cyan, and blue, respectively. (D) Exposed
regions (BD2a, BD2b, BD2a-b loop, BD2f, BD2e-f loop, BD2g, and BD2f-g loop) of D2 in the paFliC-ADO filament model. D1 and D2 of the paFliC-ADO molecule in the center are
colored in blue and green, respectively, and its surrounding paFliC-ADO molecules are in red and magenta. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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