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ABSTRACT: Bacterial flagellins are generally self-assembled into extracellular flagella for cell motility.
However, the flagellin homologue p5 is found on the cell surface ofSphingomonassp. A1 (strain A1)
and binds tightly to the alginate polysaccharide. To assimilate alginate, strain A1 forms a mouthlike pit
on the cell surface and concentrates the polymer in the pit. p5 is a candidate receptor that recognizes
extracellular alginate and controls pit formation. To improve our understanding of the structure and function
of p5, we determined the crystal structure of truncated p5 (p5∆N53C45) at 2.0 Å resolution. This, to our
knowledge, is the first structure of flagellin_IN motif-containing flagellin. p5∆N53C45 consists of two
domains: anR-domain rich inR-helices that forms the N- and C-terminal regions and aâ-domain rich
in â-strands that constitutes the central region. TheR-domain is structurally similar to the D1 domain of
Salmonella typhimuriumflagellin, while theâ-domain is structurally similar to the finger domain of the
bacteriophage T4 baseplate protein that is important for intermolecular interactions between baseplate
and a long or short tail fiber. Results from the deletion mutant analysis suggest that residues 20-40 and
353-363 are responsible for alginate binding. Truncated N- and C-terminal regions are thought to constitute
R-helices extending from theR-domain. On the basis of the size and surface charge, the cleft in extended
R-helices is proposed as an alginate binding site of p5. Structural similarity in theâ-domain suggests that
the â-domain is involved in the proper localization and/or orientation of p5 on the cell surface.

Sphingomonassp. A1 (strain A1) isolated from the soil is
a nonmotile Gram-negative bacterium that assimilates algi-
nate (1). Alginate is a high-molecular weight linear polysac-
charide ofR-L-guluronate and its C5 epimerâ-D-mannur-
onate and is produced by brown seaweed and certain bacteria
(2). Although most alginate-degrading microbes such as
marine bacteria, soil bacteria, and fungi produce alginate
lyase in the extracellular and/or periplasmic fractions, i.e.,
outside the cytoplasmic membrane (3, 4), strain A1 alginate
lyases are exclusively localized in the cytoplasm. Strain A1
differs from other alginate-degrading microbes with respect
to the alginate import and degradation pathway. To assimilate
alginate, strain A1 forms a mouthlike pit (0.02-0.1 µm) on
the cell surface. An external alginate polymer concentrated
in the pit is directly incorporated into the cytoplasm through
the action of periplasmic alginate-binding proteins and an
inner membrane ATP-binding cassette (ABC)1 transporter
(5, 6). The polymer is then degraded into monosaccharides

through the action of intracellular exo- and endo-type alginate
lyases (7, 8). This alginate import system is peculiar since,
generally, microbes assimilate macromolecules by secreting
extracellular degrading enzymes and subsequently incorpo-
rating their degradation products into the cell. Genes for the
proteins involved in alginate uptake and degradation form a
single cluster. This gene cluster has also been found in the
genome ofAgrobacterium tumefaciens(9), suggesting that
the pit observed in strain A1 is latent in several bacteria.
Some sphingomonads transformed with a plasmid containing
the strain A1 gene cluster formed a pit on their cell surface
(10). However, pit formation in these transformants is
independent of alginate, indicating that alginate-dependent
pit formation and disappearance in strain A1 are controlled
by factors other than the gene cluster. Such factors include
a receptor for alginate. To understand this novel macromol-
ecule import system, it is important to elucidate the mech-
anism employed by strain A1 for polysaccharide recognition
and regulation of pit formation.

Recently, to clarify the details of the overall alginate import
system in strain A1, we performed a proteomics-based
analysis that focused on strain A1 outer membrane proteins
(11). This led to the identification of eight cell-surface
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proteins whose expression was found to be alginate-depend-
ent (11, 12). Unexpectedly, two of these proteins turned out
to be homologues of a bacterial flagellar protein, i.e.,
flagellin, although strain A1 cells grown in different media
show no motility or flagellum formation. As in the case of
human receptor CD44 that binds to the acidic polysaccharide
hyaluronan (13), strain A1 flagellin homologues, which were
designated p5 and p6, were experimentally confirmed to have
high-affinity interactions with alginate (Kd ∼ 10-9 M) (11).
Immunoelectron microscopy using an anti-p5 antibody
indicated that strain A1 flagellin homologues are exclusively
localized on the cell surface. These findings suggest that p5
and p6 recognize external alginate as receptors on the cell
surface and are distinct from bacterial flagellins that con-
stitute helical flagellar filaments (11).

The bacterial flagellum is an extracellular organelle that
facilitates motility. In addition to cell motility, flagella are
known to be involved in other biological functions of bacteria
such as host adhesion, colonization, and virulence (14). The
bacterial flagellar filament is a tubular structure composed
of several thousand flagellin subunits (15). Filament assembly
is involved in the passage of the newly generated flagellin
through a central channel. Although many extensive struc-
tural studies on bacterial flagellin have been performed, only
one three-dimensional structure ofSalmonella typhimurium
flagellin has been determined by X-ray crystallography and
electron cryomicroscopy (16, 17). Bacterial flagellin consists
of four structural domains, i.e., D0, D1, D2, and D3. The
N-terminal chain starts from D0, passes through D1 and D2,
and reaches D3. It then returns through D2 and D1, and the
C-terminal chain ends in D0 (17). The D0 and D1 domains
are crucial for self-assembly. The N- and C-terminal regions,
which contain∼50 residues each, constitute the D0 domain
and are rich in hydrophobic residues and thus interact
hydrophobically with other flagellin subunits in the filament
(16, 17). D0 domain-truncated flagellins fail to form a stable
filament (18). Due to restrictions on filament formation and
molecular passage inside the filaments, amino acid sequences
in the D0 and D1 domains are highly conserved among
diverse bacteria, whereas the solvent-exposed central D2 and
D3 domains vary in sequence and length. This is also true
of strain A1 flagellin homologues p5 and p6; however, these
homologues differ from bacterial flagellated flagellins in
terms of function and localization.

Analysis of the structure-function relationship of strain
A1 flagellin homologues would contribute to elucidation of
the mechanisms of alginate recognition and pit formation
and also to understanding of the diversity of bacterial
flagellins in terms of structure and function. In this study,
to obtain information about the structural factors of strain
A1 flagellin homologues involved in alginate binding and
cell-surface localization, we carried out a deletion mutant
analysis and X-ray crystallographic studies on p5. As a result,
we determined the crystal structure of the N- and C-terminal
truncated mutant p5 (p5∆N53C45). Although p5∆N53C45 lacks
the alginate-binding domain identified by deletion mutant
analysis, a homology model for the missing parts of p5
suggests that the cleft in extendedR-helices is an alginate
binding site. We also discuss the role of the central domain
of p5 on the basis of its structural homology with the T4
phage protein.T
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EXPERIMENTAL PROCEDURES

Construction, Expression, and Purification of Deletion
Mutants of p5. Mutants of p5 were constructed by the
polymerase chain reaction (PCR). The plasmid and primers
used for the amplification of individual genes are summarized
in Table 1. A linear fragment amplified by PCR using each
primer set and KOD plus DNA polymerase (Toyobo, Tokyo,
Japan) contained the truncated p5 gene inserted in pET21b.
The PCR was performed according to the manufacturer’s
instructions for KOD plus DNA polymerase, and the
conditions were as follows: 30 cycles of denaturation
(94 °C for 15 s), annealing (55°C for 30 s), and elongation
(68 °C for 6 min). The DNA fragment was self-ligated after
treatment with the T4 DNA polynucleotide kinase (Toyobo).
Escherichia coliBL21(DE3) cells were transformed with
each plasmid. For structure determination, the selenom-
ethionine (SeMet)-labeled p5∆N53C45 was prepared by
transforming the methionine-requiring auxotrophE. coli
B384(DE3) with pET21b-p5∆N53C45. The nucleotide se-
quences of p5 mutant genes were determined by dideoxy
chain termination using an automated DNA sequencer (model
377, Applied Biosystems, Foster City, CA) (19). Subcloning,
transformation, and gel electrophoresis were carried out as
described elsewhere (20). Since the pET21b vector was
designed to express a fusion protein with a histidine-tagged
sequence at the C-terminus,E. coli transformants thus
constructed produced p5 with a histidine-tagged sequence
at the C-terminus.

E. coli cells transformed with the wild-type or mutant p5
gene were cultivated and harvested as described elsewhere
(11). LB medium was used for BL21(DE3) cultivation, and
minimal medium containing SeMet (25 mg/L) was used for
B384(DE3) (21). The harvested cells were suspended in 20
mM Tris-HCl (pH 8.0) and ultrasonically disrupted (model
201M insonator, Kubota, Kyoto, Japan) at 0°C and 9 kHz
for 20 min. The cell extracts were applied to a DEAE-
Toyopearl 650M column (Tosoh Co., Tokyo, Japan) equili-
brated with 20 mM Tris-HCl (pH 8.0). The protein was
eluted with a linear gradient of NaCl (0 to 0.5 M) in 20 mM
Tris-HCl (pH 8.0) at 4°C. Fractions containing p5 or one
of its mutants were identified by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed
by staining with Coomassie brilliant blue. After the fractions
containing significant amounts of p5 or one of its mutants
had been pooled, a 500 mM imidazole solution was added
to the protein solution to give a final concentration of 50
mM. The protein solution was then applied to a column of
Ni2+ ion-bound chelating Sepharose Fast Flow (GE Health-
care, Buckinghamshire, England) that had been pre-
equilibrated with 20 mM Tris-HCl (pH 8.0) containing 500
mM NaCl and 50 mM imidazole. The protein was eluted
with a linear gradient of imidazole (50 to 500 mM) in 20
mM Tris-HCl (pH 8.0) containing 500 mM NaCl. The
protein fractions were analyzed by SDS-PAGE and pooled.
The protein was further purified using a Mono Q 10/100
column (GE Healthcare) that had been pre-equilibrated with
20 mM Tris-HCl (pH 8.0). The protein was eluted with a
linear gradient of NaCl (0 to 0.7 M) in the same buffer.
Fractions containing purified p5 or one of its mutants were
pooled and dialyzed against 20 mM Tris-HCl (pH 8.0).

Measurement of Protein Concentration. Protein concentra-
tion was determined by measuring the absorbance at 280
nm. The absorption coefficient for 1 mg/mL p5 was
determined to be 0.208 by ProtParam (http://kr.expasy.org/
tools/protparam.html), and the values for all the p5 mutants
are listed in Table 1.

Self-Assembly Analysis. To analyze the self-assembly of
wild-type p5 and its mutants, we subjected the purified
proteins to gel filtration column chromatography on a
Superdex 200 10/300 column (GE Healthcare) that had been
pre-equilibrated with 10 mM 2-morpholinoethanesulfonic
acid-NaOH (MES-NaOH) (pH 6.0) containing 0.15 M NaCl
at a flow rate of 0.5 mL/min. Proteins were dialyzed against
10 mM MES-NaOH (pH 6.0) at 4°C prior to gel filtration
column chromatography.

Circular Dichroism (CD) Spectropolarimetry. The second-
ary structures of wild-type p5 and its mutants were evaluated
by CD spectroscopy. CD spectra were recorded with a Jasco
(Tokyo, Japan) model J720 spectropolarimeter. The far-UV
spectra were recorded between 190 and 260 nm using a
demountable quartz cell with a path length of 0.1 mm. The
protein concentration was adjusted to 1.0 mg/mL in 10 mM
MES-NaOH (pH 6.0) containing 0.15 M NaCl.

Surface Plasmon Resonance (SPR) Biosensor Analysis.
The SPR biosensor analysis was conducted at 25°C using
CM5 sensor chips on a Biacore 2000 instrument (Biacore
International AB, Uppsala, Sweden). Each purified protein
was immobilized on a sensor chip by standard amine
coupling as follows. The dextran surface was activated by
adding 50µL of a mixture of 0.05 MN-hydroxysuccinimide
and 0.2 M ethyl 3-[3-(dimethylamino)propyl]carbodiimide.
The purified protein (50µg/mL, 100µL) in 10 mM sodium
acetate (pH 5.0) was injected, followed by the addition of
ethanolamine (50µL) to block any remaining activated
groups on the dextran surface. The HBS-EP buffer [10 mM
HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.005%
surfactant p20] was used as the running buffer for im-
mobilization at a flow rate of 5µL/min. Each protein was
immobilized in the dextran matrix on the sensor chip at 3000
resonance units (RU) for wild-type p5, 1890 for p5∆N53,
1680 for p5∆N53C20, 740 for p5∆N53C30, 5020 for p5∆C45,
3780 for p5∆N10C45, 1680 for p5∆N20C45, 610 for p5∆N40C45,
and 1800 for p5∆N53C43. The protein-alginate interaction
was assessed using 10 mM MES-NaOH (pH 6.0) or sodium
acetate (pH 4.0) containing 150 mM NaCl and 0.005%
Tween 20 as the running buffer at a flow rate of 20µL/min.
Alginate (Nacalai, Kyoto, Japan) dissolved in the running
buffer was injected for 2 min, and the dissociation was
monitored for 5 min. After each binding assay cycle, the
sensor chip surface was regenerated by adding 30µL of 100
mM Tris-HCl (pH 8.0) at a flow rate of 20µL/min. All
binding data were subtracted from the level of binding to a
blank flow cell.

X-ray Crystallography. SeMet-substituted p5∆N53C45 was
crystallized by hanging-drop vapor diffusion. Single crystals
were obtained at 20°C in a mixture of protein solution (3
µL) and mother liquor (3µL) [28% polyethylene glycol 5000
monomethyl ether, 0.2 M ammonium sulfate, and 0.1 M
MES-NaOH (pH 6.5)]. The initial protein concentration was
18 mg/mL. The crystal was flash-frozen under a cold nitrogen
stream and stored in liquid nitrogen. Diffraction data were
collected at aλ of 0.97906 Å using a Jupiter 210 CCD
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detector at the BL38B1 station of SPring-8 (Harima, Japan).
Diffraction data were indexed, integrated, and scaled with
HKL2000 (22). The space group of the crystal was deter-
mined to beP1 with the following unit cell dimensions:a
) 32.49 Å,b ) 52.17 Å,c ) 76.20 Å, R ) 99.11°, â )
93.90°, and γ ) 107.97°. There were two p5∆N53C45

monomers per crystallographic asymmetric unit. The SHELXD
program (23) showed that there were two Se atoms per
monomer. Phases were computed to 2.0 Å resolution with
SHELXE (24). Subsequent solvent flattening was conducted
with DM (25). Models of ordered residues were built
manually using winCoot (26). The model was refined with
REFMAC5 (27). A randomly selected 5% of the reflections
were excluded from refinement and used to calculateRfree.
After several rounds of energy minimization and manual
model building, isolated electron densities exceeding 3σ on
the Fo - Fc map and/or 1.2σ on the 2Fo - Fc map were
assigned as water molecules when their locations were
sterically reasonable. The final model quality was checked
using PROCHECK (28). Figures for protein structures were
prepared using PyMol (29).

RESULTS

Structural Assignment of p5 Mutants. Previously, we found
that the flagellin homologues p5 and p6 were expressed on
the cell surface of strain A1 (11). Both proteins exhibit a
high affinity for alginate. In addition to p5 and p6,E. coli
flagellin also binds to alginate with a binding affinity in the
nanomolar range, suggesting that bacterial flagellins share
common characteristics with respect to the binding of
polysaccharides. Since the amino acid sequences of the N-
and C-terminal regions are highly conserved in many
bacterial flagellins, it is possible that these regions play an
important role in polysaccharide binding. To determine the

effects of conserved N- and/or C-terminal regions on alginate
affinity, we constructed three deletion mutants that lacked
one or both regions (Figure 1A). Recombinant mutant
proteins were expressed inE. coli cells and purified using
anion exchange and affinity chromatography (Figure 1B).

In addition to in vivo polymerization,Salmonellaflagellin
is known to polymerize into a flagellar filament in vitro (30),
but its deletion mutant that lacked the N- and C-terminal
regions was unable to form a filament (18). We therefore
checked the self-assembly of p5 by using gel filtration
column chromatography (Figure 1C). We found that purified
wild-type p5 and p5∆C45 were eluted in the void volume,
indicating their polymerization. However, p5∆N53 and
p5∆N53C45 were found to be monomeric.

To confirm that the folding was correct, we measured the
far-UV CD spectra of the mutants (Figure 1D). The CD
spectra of all mutants were essentially equivalent, indicating
that the deletions had no effect on the secondary structure
of p5. The spectra showed minima at 208 and 222 nm, the
heights of which were almost equal, suggesting the abun-
dance ofR-helices in p5.

OVerall Structure of p5∆N53C45. To determine the three-
dimensional structure, initial crystallization screenings were
carried out for wild-type p5 and all its mutants. Among these,
p5∆N53C45 formed single crystals that were suitable for
structure determination. Because we failed to determine the
structure by molecular replacement using the crystal structure
of Salmonellaflagellin, we determined the crystal structure
of SeMet-substituted p5∆N53C45 by using the single-
wavelength anomalous diffraction method at 2.0 Å resolution.
The statistics for data collection and structure refinement are
summarized in Table 2. Each asymmetric unit has two
monomers. The final model contains 530 amino acid residues
(265 per monomer) and 344 water molecules. No electron

FIGURE 1: Construction and structural characterization of p5 mutants. (A) Schematic design of deletions. (B) SDS-PAGE of purified
wild-type p5 and its mutants: lane M, molecular markers; lane 1, wild-type p5; lane 2, p5∆N53; lane 3, p5∆C45; and lane 4, p5∆N53C45.
Numbers on the left indicate the molecular mass (kilodaltons). (C) Gel filtration patterns of wild-type p5 and its mutants: thick solid line,
wild-type p5; thick dashed line, p5∆N53; thin dashed line, p5∆C45; and thin solid line, p5∆N53C45. (D) Far-UV CD spectra of wild-type p5
(top trace) and p5∆N53C45 (bottom trace).

1396 Biochemistry, Vol. 47, No. 5, 2008 Maruyama et al.



density was observed for eight N-terminal and 12 C-terminal
residues. N-Terminal sequencing and Western blotting using
an antibody for the C-terminal His tag showed that these
residues were present but were flexible in the crystal.

The ribbon diagrams of the overall structure and topology
of the secondary structure elements of p5∆N53C45 are shown
in panels A and B of Figure 2. The protein has dimensions
of approximately 30 Å× 30 Å × 82 Å. The p5∆N53C45

protein is divided into two structural domains connected by
two short peptide linkers. The terminal domain (R-domain)
consists of residues 62-167 and residues 283-326. The
N-terminal part of theR-domain forms two longR-helices
(H1 and H2) that are arranged in an antiparallel fashion and
are followed by twoâ-hairpins (S1 and S2, and S3 and S4),
and the C-terminal part forms anR-helix (H5), which greatly
resembles the D1 domain ofSalmonellaflagellin (Figure 2C)
(16). On the other hand, the central domain (â-domain,
residues 173-281) between the N- and C-terminal parts of
the R-domain significantly differs from the D2 and D3
domains of Salmonella flagellin, although each consists
mainly of â-strands. Theâ-domain contains two antiparallel
â-sheets, i.e., sheets A and B (Figure 2B), which sandwich
anR-helix (H3). Eachâ-sheet consists of four strands (SA1-
SA4 and SB1-SB4). A longer helix (H3) is present between
the two â-sheets, and a shorter helix (H4) connects two
strands (SB2 and SB1) of sheet B.

Construction of the Entire p5 Model. When p5∆N53C45

andSalmonellaflagellin (PDB entry 1UCU) were superim-
posed using the CR atoms of theR-domain of p5∆N53C45

and the D1 domain of the flagellin, the root-mean-square
deviation (rmsd) was 1.45 Å for 125 CR atoms, indicating
that the backbone structures for these domains are essentially
the same; this is consistent with the observation that the
amino acid sequences of these domains are highly conserved.
The primary structures of the D0 domain are also highly
conserved among the flagellins, including p5. This strongly
suggests that the truncated N- and C-terminal regions in

p5∆N53C45 fold into R-helices in wild-type p5 in the same
way as the D0 domain ofSalmonellaflagellin. We thus
referenced the model of the superimposedSalmonella
flagellin and constructed a model of the p5 N- and C-terminal
regions with its amino acid sequence (Figure 2D). The entire
p5 model is thought to be long and thin (approximately 30
Å × 30 Å × 160 Å), similar to a matchstick.

Structural Comparison of theâ-Domain. To structurally
characterize theâ-domain, we searched the homologous
structure of theâ-domain of p5∆N53C45 using the DALI
program (http://www.ebi.ac.uk/dali/). Significant similarity
was detected only in the structure of the finger domain of
gp11, which is a baseplate protein of bacteriophage T4
(Figure 3A,B) (31), with a Z value of 4.6 and a reference
amino acid length of 90. As shown in Figures 2B and 3B,
the topologies of the p5â-domain and the gp11 finger
domain are similar, although their latter half is somewhat
different. Most similar parts of these domains, i.e., SA2, SB3,
SB4, H3, SA4, and SA3 (residues 173-249) in the p5
â-domain andâ3, â5, â4, R4, â6, andâ7 (residues 81-
160) in the gp11 finger domain, superimpose well (Figure
3C), and the rmsd between them is 2.7 Å for 57 correspond-
ing CR atoms. However, the primary structures of the
â-domain of p5 and the finger domain of gp11 show little
similarity even in the region where the three-dimensional
structures are most similar (Figure 3D). The gp11 protein
binds to a short tail fiber protein (gp12) and another baseplate
structural protein (gp10) to connect both proteins when the
T4 phage is in solution. When the T4 phage attaches to the
host cell surface, gp11 dissociates from the short tail fiber
protein (gp12) and binds to a long tail fiber protein (gp34)
to connect the baseplate and long tail fiber. In a series of
conformational transitions that occur upon adsorption of the
T4 phage onto the host cell surface, the finger domain of
gp11 is thought to invariably bind to gp10 (32-34).

Alginate Binding. The p5 protein binds to alginate under
acidic conditions at pH<6.0 with a peak at pH 4.0 (11).
Considering the nonspecific electrostatic interactions between
proteins and the acidic polysaccharide (alginate), we mea-
sured the alginate binding ability of p5 deletion mutants by
SPR analysis using MES-NaOH buffer containing 0.15 M
NaCl and 0.005% Tween 20 at pH 6.0, a pH that is
significantly higher than the pI of p5 (4.75). Alginate was
bound to p5∆N53 and p5∆C45 as well as to wild-type p5
(Figure 4A) but not to p5∆N53C45. No interaction was
observed between p5∆N53C45 and alginate even at pH 4.0.

To investigate the binding site of alginate on p5, we
constructed seven additional mutants inE. coli cells (Figure
4B). The protein that was expressed was checked using the
anti-His tag antibody. Of these mutants, little p5∆N30C45 and
p5∆N53C10 expression was observed inE. coli. The other
five mutants were purified by anion exchange and affinity
chromatography (Figure 4C). Gel filtration column chroma-
tography showed all five mutants to be present as monomers,
and by measuring the far-UV CD spectra, we confirmed that
their secondary structures were comparable to those of wild-
type p5. The p5∆N10C45, p5∆N20C45, and p5∆N53C20 mutants
interacted with alginate at pH 6.0, although p5∆N40C45 and
p5∆N53C30 did not (Figure 4D). This observation indicates
that residues 20-40 and 353-363 of p5 are important for
alginate binding. The lack of alginate binding by p5∆N40C45,
p5∆N53C30, and p5∆N53C45 is not due to structural disorder

Table 2: Overview of Data Collection and Refinement Statisticsa

Data Collection
wavelength (Å) 0.97906

space group P1
unit cell dimensions a ) 32.49 Å,b ) 52.17 Å,

c ) 76.20 Å,
R ) 99.11°, â ) 93.90°,

γ ) 107.97°
no. of observed reflections 113599
no. of unique reflections 61347
resolution (Å) 50.0-2.0 (2.07-2.00)
Rsym 0.051 (0.19)
completeness (%) 97.4 (93.5)
I/σ 23.9
WilsonB factor (Å2) 17.1

Refinement Statistics
Rcryst 0.197 (0.25)
Rfree 0.283 (0.31)
rmsd for bond lengths (Å) 0.018
rmsd for bond angles (deg) 1.743
averageB (Å2)/no. of atoms

proteins 15.8/3855
water molecules 21.2/344

Ramachandran plot (%)
most favored regions 91.3
additional allowed regions 8.3
generously allowed regions 0.4

a Values for the outer resolution shell are given in parentheses.
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caused by the long deletion because no significant difference
was observed between the secondary structures of mutants
and wild-type p5. Similarly, p5 polymerization is not
essential for alginate recognition because no correlation exists
between self-assembly and alginate binding.

DISCUSSION

Flagellin_IN Motif Structure. Three major pfam motifs
(http://pfam.cgb.ki.se/), flagellin_N, flagellin_IN, and flagel-

lin_C, are well-known in bacterial flagellins. Almost all
flagellins contain the flagellin_N and flagellin_C motifs,
while the presence of the flagellin_IN motif varies due to
diversity in the central domain. Although this motif varies
in sequence, an Ile-Asn pair is present at the center. Some
flagellar proteins such as the hook-associated protein (HAP)
and flagellin contain several (one to five) flagellin_IN motifs
in their molecules. Theâ-domain of p5 contains one
flagellin_IN motif that consists of 53 residues. Residues in

FIGURE 2: Overall structure of p5 andSalmonellaflagellin. (A) Ribbon diagram (wall-eye stereoview) of p5∆N53C45. The terminalR-domain
is colored green, and the centralâ-domain is colored yellow. The model starts from Thr62 and ends at Ala326. (B) Topology of the
secondary structure of p5∆N53C45. (C) Ribbon diagram ofSalmonellaflagellin (PDB entry 1UCU) with the domain nomenclature. (D)
Homology model of wild-type p5. Residues 1-61 and 327-383 are modeled on the basis of the coordinates ofSalmonellaflagellin. The
chain in panels C and D is color-coded from blue to red from the N-terminus to the C-terminus. Both structures in panels C and D are
shown on the same scale and in the same orientation.
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the motif form into strands (SB3 and SB4), a helix (H3),
and strands (SA4 and SA3) in p5∆N53C45, which correspond
to residues 197-249. To the best of our knowledge, this is
the first determination of the three-dimensional structure of
bacterial flagellin with the flagellin_IN motif because
Salmonellaflagellin contains no flagellin_IN motif. The
secondary structure elements ofâ5, R4, and â6 in gp11
correspond to the flagellin_IN motif, but gp11 does not
contain the motif (Figure 3D). The fact that the flagellin_IN
motif is abundant in flagellar proteins but is absent in

structurally similar gp11 suggests that this motif is not
necessary for the folding of these proteins. Although the
function of the flagellin_IN motif is unknown, the results
obtained here may indicate that some biological functions
specific to flagella rather than to structure formation restrict
amino acid substitution and conserve the motif sequence.

Alginate-Binding Site. As shown by the SPR analysis of
deletion mutants, residues 20-40 and 353-363 are crucial
for alginate binding. Several basic residues, such as arginine
and lysine, are present on the surface around these regions

FIGURE 3: Structural comparison of the p5â-domain and gp11 finger domain. (A) Three-dimensional structure of the gp11 finger domain
(PDB entry 1EL6). (B) Topology of the secondary structure of the gp11 finger domain. (C) Wall-eye stereoview of the superimposition of
the â-domain (yellow) and the finger domain (blue). Residues 173-249 of p5 and 81-160 of gp11 are represented in the figure. An
Ile-Asn pair at the center of the Flagellin_IN motif of p5, and the corresponding amino acid residues of gp11 are shown as a stick model
(p5, yellow; gp11, blue). (D) Sequence alignment of the flagellin_IN motif and the corresponding residues in gp11: P5_SPHA1, p5;
FLAA_VIBPA, flagellin A from Vibrio parahaemolyticus; FLAA_CAMJE, flagellin A fromCampylobacter jejuni; FLAB_HELPY, flagellin
B from Helicobacter pylori; FLA_PSEFL, flagellin fromPseudomonas fluorescens; HAP1_RHOSH, HAP1 fromRhodobacter sphaeroides;
HAP2_VIBPA, polar flagellar HAP2 fromV. parahaemolyticus; HAP2_SALTY, HAP2 fromS. typhimurium; HAP2_ECO57, HAP2 from
E. coli O157:H7; and GP11_BPT4, gp11 from bacteriophage T4. Residue numbers and the secondary structure assignment of p5 are as
indicated. Sequence alignment for p5 and gp11 is based on the three-dimensional structure.
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(Figure 5A,B). These positively charged residues may be
important in recognizing the negatively charged alginate.
AlgQ1 and AlgQ2, which are periplasmic proteins in strain
A1, also bind to alginate (6). The crystal structures of AlgQ1
and AlgQ2 complexed with alginate tetrasaccharides (PDB
entries 1Y3P and 1J1N) show that these proteins bind to
alginate in the cleft lined with basic and hydrophobic residues
(6, 35). The p5 protein also has a cleft lined with Arg near
residues 20-40 and 353-363. The cleft is approximately
20 Å wide, which corresponds to the width of the alginate
tetrasaccharide (Figure 5C). The cleft also contains acidic
residues, i.e., Asp and Glu, and a few hydrophobic residues.
The preference of a lower pH for the binding of p5 to alginate
may reflect the protonation of these acidic residues. The

residues forming the cleft, the so-called spoke region, are
mostly conserved among flagellins. The N-terminus of this
region is responsible for plant defense (36). The results
obtained here suggest that the conserved spoke region is also
involved in alginate binding, although more experiments will
be necessary to prove the model in Figure 5C and details of
the alginate binding properties of p5.

Role of the â-Domain. Flagellin monomers mutually
interact using evolutionarily conserved N- and C-terminal
regions (D0 and D1 domain). The N-terminal residues are
recognized by the flagellar export system (37), mammalian
Toll-like receptor (38, 39), and plant defense receptor kinase
(36, 40). The C-terminal residues interact with FliS, a
flagellin chaperone (41). We showed that alginate binds to

FIGURE 4: Alginate binding ability of p5 and its mutants. (A) SPR analyses of wild-type p5 (black), p5∆N53 (red), p5∆C45 (blue), and
p5∆N53C45 (green). Values on the left indicate the response of wild-type p5, p5∆N53, and p5∆N53C45, and those on the right represent that
of p5∆C45. (B) Schematic design of deletion mutants containing different lengths of terminal amino acids. (C) SDS-PAGE of purified
mutants: lane M, molecular markers; lane 1, p5∆N53C20; lane 2, p5∆N53C30; lane 3, p5∆N10C45; lane 4, p5∆N20C45; and lane 5, p5∆N40C45.
Numbers on the right indicate the molecular mass (kilodaltons). (D) SPR analyses of p5∆N53C20 (red), p5∆N53C30 (blue), p5∆N10C45
(green), p5∆N20C45 (black), and p5∆N40C45 (pink).

FIGURE 5: (A and B) Surface models of p5. Panel B is rotated 180° from that in panel A. Red indicates acidic residues, while blue denotes
basic ones. (C) Surface of the cleft and the alginate tetrasaccharide. The tetrasaccharide coordinates were obtained from the Protein Data
Bank (entry 1J1N).
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the N- and C-terminal regions of some bacterial flagellins.
In contrast, to the best of our knowledge, there is no report
that suggests the involvement of central hypervariable
domains in the intermolecular interaction. The D2 and D3
domains ofSalmonellaflagellin also make relatively minor
contributions to filament structure and stability (42, 43).

Typical bacterial flagellins are self-assembled into external
flagellar filaments for cell motility. However, different
flagellin types vary in function and localization. Flagellins
of spirochetes form flagella in the periplasmic space and are
involved in cell motility (44). FlaC, a flagellin homologue
of Campylobacter jejuni, is secreted into the extracellular
milieu through the inner flagella. This secreted flagellin is
believed to function as a virulence factor that binds to human
epithelial cells (45). The central hypervariable region is
missing from the secreted flagellin ofC. jejuni. Recent
reports also indicated that a mutantSalmonellaflagellin in
which most residues in the D2 and D3 domains were deleted
can be transported properly to the outside of the cell but
cannot form a filament (46). Because p5 has rather different
amino acid residues in place of the amino acid residues in
the D2 and D3 domains ofSalmonellaflagellin, cell-surface
localization of p5 may be related to itsâ-domain structure.

To localize on the cell surface, p5 must be anchored to
the outer membrane. Structural similarity between the p5
â-domain and the gp11 finger domain is evidence of the
possibility that theâ-domain interacts with other molecules
because the finger domain plays an important role in
associating with other proteins in the T4 phage. This
possibility led us to hypothesize that the N- and C-terminal
regions of strain A1 flagellin homologues are exposed to
the extracellular milieu for alginate recognition through the
interaction between theâ-domain and cell-surface proteins.

A homology search of theâ-domain (residues 170-280)
of p5 using the BLAST program showed only five proteins
with anE value higher than 10-4. All of these were flagellin-
homologous proteins from bacteria. Generally, it is believed
that a bacteriophage is involved in horizontal gene transfer
between different biomes (47-49). The finding that the
finger domain of gp11 and theâ-domain of p5 are similar
is also of interest in the determination of the origin of these
p5-like flagellin homologues.
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