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Abstract Aquifex pyrophilus is a flagellated hyperthermo-
philic eubacterial species that grows optimally at 85°C. The
thermostable A. pyrophilus flagellar filament is primarily
composed of a single protein called flagellin (FlaA). The
N- and C-terminal sequence regions of FlaA are important
for self-assembly and share high sequence similarity with
mesophilic bacterial flagellins. We have developed a pre-
dictive 3D-structure of FlaA, using the published structure
of mesophilic Salmonella typhimurium flagellin (FliC) as a
template and analyzed it with respect to possible deter-
minants of thermostability. A sequence comparison of
FlaA and FliC revealed a +7.0% increase in FlaA hydro-
phobic residues, a +0.6% increase in charged residues and
a corresponding decrease of −6.0% in polar residues. The
FlaA N- and C-termini also have higher proportions of
hydrophobic and charged residues at the expense of polar
residues and higher non-polar surface areas. Thus, a pre-
dominant stabilizing factor in FlaA appears to be increased
hydrophobicity, which often confers greater rigidity to
proteins. Fewer intramolecular ion pairs were observed in
FlaA than FliC, although an increase in the positive charge
potential of the FlaA D0 and D1 domains was also
observed; increased intermolecular salt bridges may also
contribute to the thermal stability of the oligomeric flagel-
lar fiber.
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Introduction

The flagella is the primary organelle responsible for motility
in prokaryotes [1–5]. It is a complex structure composed of a
basal body, a trans-membrane rotary motor [3, 6–8], a
universal joint-like hook structure and a hollow helical
flagellar filament. This filament has an outer diameter of 12–
25 nm, a 2–3 nm diameter inner channel [9, 10] and can be
1–15μmor more in length [8, 11]. Flagella are rotated by the
membrane rotary motor to enable movement of the bacte-
rium in a process that is often regulated by chemotaxis [1].
Peritrichously arranged flagella either associate into a helical
bundle of multiple flagella [12] that generates a net thrust
along its axis or they separate into separate fibers, depending
on the direction of rotation and resulting supercoiled state of
the fiber.

Salmonella typhimurium is a bacterial pathogen that also
frequently serves as a model organism for the investigation
of bacterial flagellar structure and function. The flagellar
fibers in S. typhimurium are primarily composed of up to
20,000 copies of a single globular protein called flagellin,
which self-assembles via noncovalent forces to form a
helical fiber composed of 11 protofilaments. The primary
(phase-1) flagellin gene in S. typhimurium is designated as
fliC, a secondary (phase-2) flagellin gene is named fljB; other
bacterial flagellin genes are sometimes named as flaA, hag or
flaF. Flagellin proteins are synthesized in the cytoplasm as
soluble monomers and are prevented from self-assembly and
protected from proteolytic degradation by binding of the FliS
chaperone protein [13]. Flagellin is exported by a flagella-
specific type III secretion system through the central pore of
the flagellar fiber in a partially unfolded conformation,
followed by complete folding and oligomer assembly at the
distal end of the fiber [9, 10, 14, 15]. This terminal assembly
process is aided by the flagellar chaperone cap protein,
termed FliD or HAP2 [9, 10, 16–19].
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Aquifex pyrophilus is a motile, hyperthermophilic,
microaerophilic, chemolithoautotrophic, Gram-negative,
rod-shaped bacterium that was originally isolated from
the hydrothermal system at the Kolbeinsey Ridge north
of Iceland [20]. It grows at temperatures between 67–
95°C, with an optimum temperature of 85°C. Although it
is an extremophile, A. pyrophilus is a eubacterial mi-
crobial species, not an archaeal species, and has been
placed in the class Aquificae. Like many other species of
motile eubacteria, A. pyrophilus is flagellated, with a
polytrichous arrangement of up to eight flagella fibers on
the cell surface, as previously described by Behammer et
al. [21]. The diameter of A. pyrophilus flagella is 19 nm,
which conforms to the general morphology of the
mesophilic bacterial flagella [21]. A. pyrophilus flagella
are primarily composed of a single flagellin protein that
is encoded by the flaA gene [21]. The corresponding
FlaA protein has 501 residues (53.9 kDa), with the first
N-terminal Met residue removed post-translationally
[21]. The sequence length of FlaA is nearly identical to
that of some mesophilic bacteria, such as the 495-residue
S. typhimurium FliC protein (51.4 kDa). However, A.
pyrophilus flagella are unusual in that they are function-
al, i.e., remain self-assembled into fibers, at temperatures
higher than 100°C and at low pH values [21]. This
functional temperature range is much higher than that
typically observed for the flagella of well-characterized
mesophilic bacteria such as S. typhimurium and Escher-
ichia coli, which typically dissociate at temperatures
higher than 60–65°C [22, 23], a property often exploited
in their purification for biophysical studies [19]. The A.
pyrophilus flagellar fibers are prone to breakage during
low-speed centrifugation, unlike the flagella of S.
typhimurium and thus are more rigid than their meso-
philic counterparts at room temperature [21]. Hence-
forth, we refer to the S. typhimurium flagellin protein as
FliC and the A. pyrophilus flagellin protein as FlaA.

The partial and complete structures of mesophilic S.
typhimurium FliC were determined in 2001 [11] and 2003
[24]. The complete FliC structure (PDB 1UCU) shows four
distinct globular domains in the protein, termed D0, D1, D2
(with subdomains D2a and D2b) and D3. Domain D0
forms the inner core of the filament; D1 forms the outer
core and domains D2 and D3 form a knob-like projection
on the filament surface. Various sequence-analysis studies
have shown that the N- and C-termini of FliC that form the
D0 and D1 domains are essential for the export and
assembly into flagella and are conserved across most
bacterial species [25]. In contrast, the D2 and D3 domains
in the middle are highly variable in sequence and size
across different species. Flagellin molecular masses can
range from 20–77 kDa [26–30], corresponding to amino-
acid sequences ranging in size from under 300 amino acids
to almost 700 amino acids (e.g., Pseudomonas putida has
688 residues), with the majority of flagellins containing
∼500 amino acids [31]. These size differences are primarily
due to high genetic variation in a “hypervariable” middle
region of the protein encoding outer domains D2 and D3.
These hypervariable domain regions can be deleted to a

large extent while not affecting the self-assembly proper-
ties of the inner D0 and D1 domains [32].

The mechanisms of FlaA flagellar thermostability are
fundamentally interesting, as this is a self-assembling
structural protein, rather than a thermostable enzyme.
Thermostable flagellin protein fibers based on Aquifex sp.
flagellins may also have potential applications in biotech-
nology for the extracellular display of thermostable
proteins and peptides with sensor or catalytic activity and
in nanotechnology as templates for biomineralization and
as bionanotubes [33] for the assembly of novel hybrid
nanostructures. Previous reports have demonstrated the
utility of genetically inserted fusion peptides and small
proteins displayed on the immunologically reactive, sol-
vent accessible, middle domain of mesophilic E. coli
flagellin [34–37]. Thus, it is possible that FlaA could be
adapted for use as similar peptide and protein display
system for use in applications that require high temperature
and chemical stability.

The complete amino-acid sequence of the thermostable
A. pyrophilus FlaA flagellin is available in the Swiss-Prot
database. It has a reasonable overall sequence homology of
∼30% with the structurally characterized Salmonella FliC
flagellin protein. Many hyperthermophilic and mesophilic
enzymes and proteins typically have very similar second-
ary and tertiary structures and functional mechanisms [38].
Thus, the mesophilic FliC structure represents a possible
folded structural template for the corresponding thermo-
stable FlaA protein. These observations suggested that it
would be possible to develop a predictive structural model
of the A. pyrophilus FlaA protein using standard computa-
tional homology modeling approaches. This 3D structural
model could then be analyzed with respect to its structural
determinants of thermostability and might also serve as a
basis for further protein engineering of thermostable fla-
gella fibers for use in peptide display and other
nanomaterial applications. Thus, we have used well-
established comparative modeling software including
MODELLER [39] to generate a hypothetical 3D structure
for the FlaA protein and standard model evaluation
software such as PROCHECK [40] to validate the
theoretical model.

Computational methods

The amino acid sequences of A. pyrophilus flagellin (FlaA:
P46210) and S. typhimurium phase-1 flagellin (FliC:
P06179) were obtained from the Swiss-Prot [41–45]
database of the Swiss Institute of Bioinformatics (SIB).
The refined crystal structure coordinates of S. typhimurium
flagellin FliC (PDB file 1UCU) were obtained from the
RCBS Protein Data Bank [46, 47]. The ProtParam [48, 49]
tool at the Expert Protein Analysis System (ExPASy)
Proteomics Server [50] was used to compute various
physical and chemical parameters for these two proteins
from their 3D coordinate files and amino-acid sequences.
The amino-acid composition of the proteins, aliphatic index
and grand average of hydropathicity (GRAVY) were of
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particular interest. The aliphatic index of a protein is
defined as the relative volume occupied by aliphatic side
chains (Ala, Val, Ile and Leu). It may be regarded as a
positive factor for the increase of thermostability of glob-
ular proteins. The GRAVYvalue for a peptide or protein is
calculated as the sum of hydropathy values [51] of all the
amino acids, divided by the number of residues in the
sequence. We analyzed the overall amino-acid flexibility of
the proteins using the Average Flexibility Calculator [52]
option in the ProtScale tool [48] at the ExPASy Proteomics
Server. We also analyzed the propensity of residues in the
proteins to be disordered using the DisEMBL [53] protein
disorder prediction tool and the GlobPlot [54] protein
disorder/order/globularity/domain predictor tool at the
ExPASy Proteomics Server. The homology models for
the human A. pyrophiluswere generated using the computer
program MODELLER (6v1) [39, 55, 56] of the Accelrys
(San Diego, CA) InsightII software package. The input to
the program is an alignment of the target sequence with the
related three-dimensional structure of FliC. The InsightII
visualization environment was used to analyze the struc-
tures and perform other structure-related operations. The
Solvent Accessible Surface Area (SASA) [57] was mea-
sured using the Solvation module of InsightII. The Delphi
module of InsightII was used to investigate the electrostatic
charge distribution [58, 59] on the surfaces of the proteins.
The protein model was validated using PROCHECK [40].
All Accelrys modeling software was run on an IBM
IntelliStation M Pro PC workstation with the Red Hat
Enterprise Linux WS 3 operating system. The multimer
model of FlaA was constructed using the coordinates
provided by Dr. Koji Yonekura (UCSF, San Francisco) and
Dr. Keiichi Namba (Osaka University). The helical param-
eters are l=66 n+361 m and the repeat distance is 1,698.8 Å.
The FlaA monomers were aligned with the FliC subunits
using the Magic Fit option in Swiss-PdbViewer [60, 61].
We have calculated the molecular surfaces of each subunit
to visualize the surface interactions.

The contribution of electrostatic pairing of ionized side
chains, i.e., salt bridges/ion pairs, to the stability of FlaAwas
evaluated using the criteria that a salt bridge is present if two
oppositely charged atoms of each neighboring side chain are
closer than 6 Å. The residues Arg, Lys, His, Asp and Glu
were all considered in the salt-bridge calculations [38].
Another school of thought is that proteins gain electrostatic
stabilization byminimizing the number of repulsive contacts
between like charged residues rather than by creating salt
bridges [62]. Thus, we have also investigated the occurrence
of like charged groups (+, + and −, −) within a 6 Å distance
and compared this parameter for both proteins. Protein α-
helices have a net dipole moment resulting from the
alignment of the peptide backbone hydrogen bonds. It has
been observed that negatively charged (Asp and Glu) and
positively charged (Arg, Lys and His) residues are found
preferentially at the N- and C-terminal ends of α-helices
[63–66]. This charge helps to counteract and stabilize the
charge dipole of an α-helix, resulting in increased stability

of the folded structure. The N-capping box (Ncap) is a local
motif that acts as a stop signal and gives stability to the
folded protein. A similar Ccap motif was also identified at
the C-terminus of α-helices [67]. The side chain of the
residue at N3/C3 is hydrogen bonded to the amide group of
Ncap/Ccap and the side chain of Ncap/Ccap is hydrogen
bonded to the amide group of N3/C3. Possible N-capping
boxes are characterized by the presence of any one of the
following residues at both the Ncap and N3 positions: Ser,
Thr, Asp, Asn, His, Glu or Gln. Similarly, C-capping boxes
are characterized by the presence of any one of the following
residues at both the Ccap and C3 positions: Ser, Thr, Asp,
Asn, His, Glu or Gln. The cap regions where the above-
mentioned residues are present but no hydrogen bonding
was observed were designated as “potential” capping boxes.
The FlaA model α-helices were evaluated for possible
charge–α-helix dipole interactions in terms of the number of
Asp and Glu residues at the Ncap, N1, N2 and N3 positions
and the number of Arg, Lys and His residues at the C3, C2,
C1 and Ccap positions.

Results and discussion

The properties of thermophilic proteins have been
examined extensively over the past two decades. Many
structural determinants for thermostable proteins have been
postulated, as reviewed by Petsko [68], Vieille and Zeikus
[38], Scandurra et al. [69, 70], Fields [71] and Sterner and
Liebl [72]. Sequence analysis of hyperthermophilic bacte-
rial genomes has detected some preferences of thermo-
philic proteins for particular amino acids but general design
principles are not fully defined [70, 73]. Factors that have
been reported to increase thermal stability of proteins
include tighter internal packing of hydrophobic residues
[69], increased structural rigidity [38, 71], increased
numbers of hydrophobic residues with branched side
chains [74], additional prolines [75], fewer glycines [76],
deletion of flexible surface loops, fewer Asn and Gln
residues [75, 77], fewer histidine residues [69] and greater
numbers of charged residues and consequently, increased
hydrogen bonds and salt bridges (ion pairs) on the protein
surface, at the expense of uncharged polar residues [62, 69,
74, 78–80]. Other forms of electrostatic stabilization forces
include increased stabilization of α-helices by intrahelical
salt bridges, an increase in negative charge at the N-
terminus (helix dipole stabilization) [80] and increased
cation-π interactions [80]. Protein oligomerization has also
been noted as a factor in increased protein stability [81, 82],
in part due to decreased exposed surface area. Confinement
of proteins in a small inert volume, i.e., an “Anfinson
cage”, is also known to stabilize the folded state of globular
proteins [83]. Flagella, which are directly exposed to the
external solvent environment, are a rather unique and ideal
system to investigate several aspects of protein thermosta-
bility, in the context of a self-assembling, oligomeric
structural system, rather than a catalytic enzyme system.
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We have systematically compared the sequences and
structures of FliC and FlaA to elucidate the factors
responsible for the thermostability of FlaA.

Sequence comparison

Sequence alignment for modeling was done using the
pairwise-alignment tool of InsightII. The alignment of the
protein shows a 29.1% overall sequence similarity between
the thermophilic and mesophilic flagellins, FlaA and FliC
(Fig. 1).

The protein sequences were divided into three separate
regions, based on their similarity and structure, for
purposes of further sequence analysis: the N-terminus,
the middle domain and the C-terminus. The FlaA N-
terminus includes amino acid residues 1–180, the FlaA
middle domain includes residues 181–398 and the FlaA C-
terminus includes residues 399–500. The FliC protein was
similarly divided into an N-terminal region of residues 1–
175, a middle domain composed of residues 176–394 and a
C-terminal region comprising residues 395–494. Both the

N- and C-terminal regions have a higher sequence identity
that the overall proteins; the FlaA and FliC N-termini have
54% similarity whereas the corresponding C-termini have
55% similarity. Conversely, the middle domain hypervari-
able regions have only 16% similarity. This is in contrast to
an earlier estimate of 27% similarity for 246 residues,
starting at residue 173, by Behammer et al. [21]. The highly
conserved N- and C-terminal regions are essential for both
recognition by the type III export apparatus and subsequent
self-assembly into the flagellar fiber. Sequence analysis
studies have shown that the N- and C-termini of flagellins
are conserved across most bacterial species [25]. This
sequence conservation also confers functional conserva-
tion; flagellins from different mesophilic bacterial species
can be recombined into heterogeneous flagella in vitro [8,
84–86], due to complimentary interactions between their
highly conserved N- and C-terminal domains. Thus, it is
not surprising that a relatively high degree of similarity
(∼55%) is observed for the N- and C-terminal domains of
FlaA and FliC. However, it remains to be determined
experimentally if Aquifex flagellin will interact in a
functional manner with mesophilic flagellins, mesophilic

Fig. 1 A pairwise sequence
alignment of FliC and FlaA. The
overall sequence identity of the
alignment was 29.1%. The se-
quence identity at the N- and C-
termini was much greater
(∼55% identity) than the middle
domain (16% identity)

484



FliS chaperone proteins and can be expressed and self-
assembled into flagella in mesophilic E. coli or Salmonella
bacteria.

The original investigation of A. pyrophilus flagella and
FlaA sequence by Behammer et al. in 1995 [21] suggested
some possible sequence and structural determinants for its
thermostability. These authors noted increased levels of
hydrophobic residues, including aromatic residues and
proline in several heat-stable flagellins, with a correspond-
ing decrease in polar hydrophilic residues. This increase in
average hydrophobicity is frequently accompanied by a
decrease in average chain flexibility at lower temperatures
[87, 88], as possibly indicated by fragility of the ther-
mostable FlaA flagellar filaments at room temperature.
They also proposed that thermostable flagellins form
compact monomer structures and large interfaces between
subunits (excluding water molecules) in the helical
polymer.

Comparison of the amino-acid compositions using the
ProtParam tool was performed for the complete FlaA and FliC
polypeptides, their more conserved N-termini and C-termini
and their hypervariable middle domains. Residues were clas-
sified as hydrophobic: {Ala(A), Val(V), Ile(I), Leu(L), Met
(M), Phe(F), Tyr(Y), Trp(W) and Pro(P)}; polar: {Asn(N),
Gln(Q), Ser(S), Thr(T) and Cys(C)}; charged: {Arg(R), Lys
(K), His(H), Asp(D) andGlu(E)}; and aromatic: {(Phe(F), Trp
(W) and Tyr(Y)}.

Comparison of the FlaA and FliC residue proportions
(percentages) for the total proteins show a +7.0% increase
in the total hydrophobic residues and a decrease of −6.0%
and a +0.6% increase in the polar and charged residues in
FlaA (Table 1). The FlaA aromatic residues increased by
2.4%. According to one analysis, more charged residues
(+3.2%), fewer polar residues (−5.0%) and slightly more

hydrophobic residues are found in hyperthermophilic
proteins, on average [38]. FlaA seems to be an exception
to this rule as there is only a minor increase of +0.6% in the
number of charged residues and a very high increase of
+7.0% in the hydrophobic residues. The greatest contribu-
tion to the increase of hydrophobic residues in FlaA is from
the branched hydrophobic residue, isoleucine (+4.5%).

A number of individual amino-acid compositions were
analyzed in further detail. Isoleucine has greater thermo-
stability at temperatures above 100°C [38]. The relative
percentages of Ala, Asn, Asp, Gln, Lys, Ser, Thr and Val
decreased in FlaAwhile those of Arg, Glu, His, Met and Pro
increased, which conforms to the general trend observed
among hyperthermophilic proteins. Several properties of
Arg residues suggest that they are better suited to
functioning at higher temperatures than Lys residues. The
Arg δ-guanido moiety has a reduced chemical reactivity
due to its high pKa and significant resonance stabilization
[38]. Arg also forms more stable ion-pair interactions at
high temperatures [38]. The Arg/Lys ratio in FlaA is 0.9 and
in FliC is 0.5. Hyperthermophilic proteins can have an
increase in the total number of Pro residues in loop regions;
Pro decreases the conformational entropy by conferring
rigidity to loops. Thermophilic proteins can also have a
decreased proportion of Gly residues because Gly has an
opposite effect of Pro in terms of increasing conformational
entropy of the polypeptide [38]. There are nine Pro residues
in FlaA and five Pro residues in FliC, an increase of +0.8%.
Most of the Pro residues in FlaA are located in the loop
regions of the D2 and D3 domains except for residue
Pro106, which is located in the α-helix of the D1 domain.
There is also a −1.3% decrease in the Gly residue per-
centage in FlaA. The observed increase of Pro residues and
decrease of Gly residues help to explain the thermostability

Table 1 Amino acid composi-
tion (percentages) of the full
length Aquifex pyrophilus FlaA
and Salmonella typhimurium
FliC flagellin sequences and
their middle domains

aThe Aquifex pyrophilus FlaA
flagellin protein consists of 500
amino acids
bThe Salmonella typhimurium
FliC flagellin protein consists of
494 amino acids
cPercentage difference in amino
acid composition between FlaA
and FliC for each individual
amino acid
dThe FlaA middle domain is
composed of residues 176–394
eThe FliC middle domain is
composed of residues 181–398
fPercentage difference in amino
acid composition between the
middle domains of FlaA and
FliC for each individual amino
acid

Amino
acid

FlaAa

(%)
FliCb

(%)
FlaA–FliCc

(%)
FlaA middle
domaind (%)

FliC middle
domaine (%)

FlaA–FliC middle
domainf (%)

Ala (A) 10.8 12.3 −1.5 7.3 12.8 −5.5
Arg (R) 4.0 2.8 1.2 2.3 0.0 2.3
Asn (N) 6.8 8.5 −1.7 6.4 4.6 1.8
Asp (D) 7.4 7.5 −0.1 7.3 9.1 −1.8
Cys (C) 0.0 0.0 0.0 0.0 0.0 0.0
Gln (Q) 5.0 6.5 −1.5 1.8 2.3 −0.5
Glu (E) 3.8 3.4 0.4 3.2 2.7 0.5
Gly (G) 7.4 8.7 −1.3 10.1 13.2 −3.1
His (H) 0.4 0.2 0.2 0.5 0.5 0.0
Ile (I) 9.6 5.1 4.5 9.6 2.7 6.9
Leu (L) 9.0 8.5 0.5 5.5 5.0 0.5
Lys (K) 4.6 5.7 −1.1 4.1 10.0 −5.9
Met (M) 1.6 0.4 1.2 0.5 0.5 0.0
Phe (F) 2.0 1.2 0.8 2.8 1.4 1.4
Pro (P) 1.8 1.0 0.8 3.2 1.4 1.8
Ser (S) 6.8 7.7 −0.9 9.2 5.9 3.3
Thr (T) 9.6 11.5 −1.9 14.7 15.1 −0.4
Trp (W) 0.4 0.0 0.4 0.9 0.0 0.9
Tyr (Y) 3.6 2.4 1.2 2.8 5.0 −2.2
Val (V) 5.6 6.5 0.9 7.8 7.8 0.0
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and rigidity of the protein. Apart from the Gly and Pro
composition, the flexibility of a protein also depends on its
primary structure. By using the ProtScale tool of ExPASy,
we have calculated the overall amino-acid flexibilities of
FliC and FlaA and for their N- and C-termini and middle
domains. The entire protein, N- terminus, C-terminus and
middle region (D2 and D3 domains) have average flexibil-
ity values of 0.447, 0.446, 0.438 and 0.452 for FlaA and
0.450, 0.455, 0.444 and 0.450 for FliC. These values
indicate a marginally higher relative flexibility for the entire
FliC protein (+0.67%), N-terminal and middle domains
(+2.0 and +1.4%) and a slightly lower flexibility for the C-
terminal domain (−0.44%). DisEMBL predicted that FliC
has 6% more residues than FlaA that may be disordered,
whereas GlobPlot predicted a 3% increase in the disordered
residues in FliC. Thus, all three algorithms yielded a
consistent prediction of a slightly higher flexibility for
mesophilic FliC than for thermostable FlaA, although the
differences were statistically minor. Both FlaA and FliC
proteins lack Cys; Cys is not observed in any wild-type
flagellin sequences identified to date.

The overall aliphatic indexes of FlaA and FliC proteins
with their N-terminal Met residues removed are 99.6 and
84.0 (Table 2). These aliphatic-index values indicate a
higher overall aliphatic character for FlaA than FliC, a
common sequence feature of thermostable proteins. The
GRAVY values are −0.121 for FlaA and −0.400 for FliC
(Table 2), which strongly indicates a much higher hydro-
phobic character for the FlaA sequence. Overall, both FlaA
and FliC have very similar numbers of charged residues
(Table 2), with 56 and 54 negative residues and 43 and 42
positive residues, respectively. However, the distribution of
charged residues was very different in these two proteins,
as discussed below.

The sequence compositions of FlaA and FliC were
further analyzed at three different regions, as discussed
above. The aliphatic indexes of the N-terminal regions of
FlaA and FliC are 105.4 and 99.3 and the corresponding
GRAVYvalues are −0.266 and −0.428 (Table 2). The FlaA
N-terminus has an increase of +9.7% in hydrophobic
residues, a decrease of −0.4% in charged residues and a
decrease of −10.2% in polar residues (Table 3). The
increase in charged residues was only due to an increase of
seven additional positive residues (20 vs. 13, Table 2), as
the numbers of negative residues were similar for both
proteins, 19 vs. 18. The aliphatic index values of the FlaA
and FliC C-terminal regions are 111.9 and 97.7 and the
corresponding GRAVY values are −0.002 and −0.269
(Table 2). The FlaA C-terminal region has an increase of
+7.6% in hydrophobic residues and a +5.4% increase in
charged residues, relative to FliC (Table 3). The polar
residues correspondingly decreased by −12.7% in FlaA. In
contrast with the N-terminal region, 40% more negative
residues were found in the C-terminal region of FlaA (14
vs. 10, Table 2), although two additional positive residues
were also observed (9 vs. 7). The extensive increase in
hydrophobic residues in the C- and N-terminal regions of
FlaA leads to increased hydrophobicity and should
contribute to its higher thermal stability. Thus, in spite of
high sequence similarity between the FliC and FlaA N- and
C-terminal regions, significant differences are apparent in
the proportions of hydrophobic and polar amino acids. The
structural implications of these differences are discussed in
the next section.

The hypervariable middle domains of FlaA and FliC have
aliphatic index values of 89.0 and 65.6, while the correspond-
ing GRAVY values are −0.061 and −0.437 (Table 2). The
individual amino-acid compositions for the middle domains

Table 2 Computed parameters of FlaA and FliC flagellin proteins and their N-terminal, C-terminal and middle hypervariable domain
regions

Protein/domaina Aliphatic index GRAVY valuesb pIc Negative residuesd Positive residuese

FlaA protein 99.6 −0.121 4.82 56 43
FliC protein 84.0 −0.400 4.79 54 42
FlaA N-terminusf 105.4 −0.266 8.12 19 20
FliC N-terminusf 99.3 −0.428 4.65 18 13
FlaA C-terminusg 111.9 0.002 4.50 14 9
FliC C-terminusg 97.7 −0.269 4.61 10 7
FlaA middle domainh 89.0 −0.061 4.46 23 14
FliC middle domainh 65.6 −0.437 5.04 26 22
aAll sequence analysis calculations were performed using the ProtParam tool of the ExPASy proteomics server, using the Swiss-Prot
database files P46210 for Aquifex pyrophilus FlaA flagellin and P06179 for Salmonella typhimurium FliC phase-1 flagellin, with the
N-terminal Met residue excluded from the calculations for both proteins
bGrand average of hydropathicity (GRAVY) values
cThe theoretical isoelectric point of each protein or domain region
dTotal number of negatively charged residues (Asp + Glu)
eTotal number of positively charged residues (Arg + Lys). FliC has 1 His residue and FlaA has 2 His residues that were not included in this
calculation
fThe N-terminal domain regions were defined as residues 1–180 out of 500 total amino acid residues for FlaA and residues 1–175 out of
494 for FliC
gThe C-terminal domain regions were defined as residues 399–500 out of 500 for FlaA and residues 395–494 out of 494 for FliC
hThe FlaA hypervariable middle region encompassing domains D2 and D3 is defined as residues 181–398 out of 500 total residues. The
FliC middle hypervariable region is defined as residues 176–394 out of 494 total residues
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of FlaA and FliC are given in Table 1. The middle domain of
FlaA has an increase of 3.8% in the hydrophobic side chains
and a 4.9% decrease in the charged residues. There is an
increase of 4.2% in the polar residue composition (Table 3).
The FlaA middle domain has significantly fewer positively
charged residues (14 vs. 22) and slightly fewer negatively
charged residues (23 vs. 26). This indicates that this domain
region is more acidic in FlaA and that it is not stabilized by
formation of additional salt bridges, but rather by hydrophobic
interactions.

Structure comparison

The 3D model for the FlaA protein was built using the
coordinate file 1UCU from the Protein Data Bank as a
structural basis using the MODELLER software. Alto-
gether, ten models were generated with a high level of loop
optimization and structurally aligned with FliC. The best-fit
model had the lowest probability density function viola-
tions; its free energy and loops were refined further. The
secondary structures were visualized using the Kabsch and
Sander [89] method in InsightII (Fig. 2a and b). The FlaA
secondary structure comprises nine α-helices and 20 β-
sheets similar to the FliC structure. The three-dimensional
model was verified using PROCHECK. The coordinates of
this model have been deposited in the RCSB PDB
theoretical model online database, under the ID 1XGX.

A Ramachandran plot (Fig. 3) shows that 87.2% of the
total residues of the FlaA model occupy the most favored
regions, 9.7% occupy additional allowed regions, 1.3%
occupy generously allowed regions and only 1.1% fall in
the disallowed region. Figure 4 shows the 3D-structure
alignment of FlaA model and the experimentally deter-
mined FliC structure, PDB 1UCU. The average root-mean-
square (rms) deviation at C� positions between the FlaA
model and PDB 1UCU is 1.9 Å.

The above observations indicate that the modeled FlaA
structure is conformationally correct. However, it should be
noted that the probability of the middle domain region
having an alternate conformation is higher, due to the high
variability of sequences observed in this region for
bacterial flagellins. We have also modeled the structure

Table 3 Amino acid composition (percentages) of N-terminus, C-
terminus and middle domains of FliC and FlaA

Protein/domain Hydrophobic
residues (%)a

Polar
residues (%)b

Charged
residues (%)c

FlaA
N-terminusd

45.2 30.7 17.4

FliC
N-terminusd

35.5 40.9 17.8

FlaA
C-terminuse

50.6 24.3 22.4

FliC
C-terminuse

43.0 37.0 17.0

FlaA middle
domainf

40.4 32.1 17.4

FliC middle
domainf

36.6 27.9 22.3

aThe hydrophobic amino acids include Ala(A), Val(V), Ile(I), Leu
(L), Met(M), Phe(F), Tyr(Y), Trp(W) and Pro(P)
bThe polar residues include Asn(N), Gln(Q), Ser(S), Thr(T)
and Cys(C)
cThe charged residues include Arg(R), Lys(K), His(H), Asp(D)
and Glu(E)
dThe N-terminal domain regions were defined as residues 1–180 out
of 500 total amino acid residues for FlaA and residues 1–175 out of
494 for FliC
eThe C-terminal domain regions were defined as residues 399–500
out of 500 for FlaA and residues 395–494 out of 494 for FliC
fThe FlaA hypervariable middle region encompassing domains
D2 and D3 is defined as residues 181–398 out of 500 total residues.
The FliC hypervariable middle region is defined as residues
176–394 out of 494 total residues

Fig. 2 a Model 3D structure of thermostable A. pyrophilus FlaA
flagellin. b 3D structure of mesophilic S. typhimurium FliC flagellin.
α-helices are shown in red, β-sheets are shown in yellow, turns are
shown in blue and coils are shown in green. Both the structures
show domains D0, D1, D2 and D3. c, d Stereo view of surface
charge distribution of FlaA. e, f Stereo view of surface charge
distribution of FliC. The legend shows the scale for coloring of the
charge spectrum. Blue represents positive charge, red represents
negative charge and white represents neutral
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using the SWISS-MODEL server [90] and Rosetta algo-
rithms [91, 92] implemented on the Robetta comparative
modeling server [93]. SWISS-MODEL failed to build a
comparative model, whereas Robetta gave a 3D-model
(data not shown) comparable to the one generated by
MODELLER. The gross topologies of the FlaA model and
the FliC structure are very similar, as expected for a
homology model. The α-helical coiled-coil conformations
at the N- and C-termini of the FlaA model were conserved
as these regions form the intricate intersubunit interactions
in the flagellar filament structure. The C-terminal region of
the D0 domain, which forms the inner surface of the
channel, consists of mainly polar amino acids, as in the
case of the mesophilic homolog, FliC. The polar nature of
the surface is thought to help the diffusion of the unfolded
monomers, because unfolded proteins with hydrophobic
side chains exposed will be trapped on a hydrophobic
surface [24]. It is interesting to consider that the C-terminus
of FlaA that forms the inner core of the flagellum channel
has a higher aliphatic index, 111.9 (Table 2), which may
retard monomer movement in the channel. A conserved C-
terminal Arg residue is present in both proteins, Arg500 in
FlaA and Arg494 in FliC. This residue projects into the
flagellar central channel formed by FliC oligomers and was
previously hypothesized to have a functional role in trans-
port of the unfolded flagellin monomers through the
channel [24].

The proportions of residues in regular secondary
structures were determined from the ratio of total number
of helical, strand and loop residues to the total number of
residues in FliC and FlaA. Loop residues include turns,

bends and other irregular secondary structures. The
proportion of residues in helical, strand and loop regions
are 38.5, 19.6 and 41.9% for FliC compared to 42.5, 18.2
and 39.3% in FlaA. Although both proteins have the same
number of secondary structures, the proportion of residues
falling in the secondary structures in FlaA is greater,
especially in the α-helical region. There is a 4.0% increase
in the α-helical residues, a decrease of 1.5% in the β-strand
residues and a 2.6% decrease in the loop residues in the
FlaAmodel. The predicted increase of α-helical secondary-
structure content and decrease in the loop residues in the
FlaA proteins should contribute to the thermal stability
[80].

Several studies have demonstrated that β-branched
residues are α-helix-destabilizing due to their reduced
conformational freedom in α-helices [38]. Thus, the
proportions of β-branched residues Ile, Val and Thr were
analyzed in the FlaA α-helices. We found results contrary
to the general trend as there is an overall increase in the
proportion of the β-branched residues in the FlaA α-
helices. The overall percentages of Ile, Val and Thr in the
α-helices are 13.0, 4.8 and 7.9%, with a total content of
25.7%. The corresponding Ile, Val and Thr percentages in
FliC α-helices are 4.0, 5.2 and 6.1%, for a total content of
15.3%. Thus, there is a total of +10.6% increase in the β-
branched residues in α-helices in FlaA. This suggests that
the extensive increase in the hydrophobic β-branched
residues leads to better packing of the α-helices, resulting
in a more extensive hydrophobic environment in the
coiled-coil structural motif and more stability in the D0 and
D1 domains.

Fig. 3 Ramachandran plot of
the FlaA model. Of the FlaA
model residues, 87.2% occupy
the most favored regions, 9.7%
occupy additional allowed re-
gions, 1.3% occupy generously
allowed regions and only 1.1%
are in the disallowed region
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In contrast with the highly conserved N- and C-terminal
regions, the middle D2 and D3 domains of FlaA have
relatively low homology with the same region in FliC.
Given that the numbers of amino acids in each protein are
similar and minimally acceptable sequence homology is
apparent, the FlaA model was built with secondary struc-
tures and domain folds for the hypervariable D2 and D3
middle domains that are similar to the FliC structure
(Fig. 2a). These conserved secondary structures include the
three β-folium secondary structures observed for residues
220–260 in FliC domain D3; residues 308–345 in FliC
domain D2a and residues 345–383 in FliC domain D2b
[11]. The FlaA model shows β-folium structures at the
same residues in the D2a, D2b and D3 domains.

Another conserved structural feature is the β-hairpin
structure in the conserved N-terminal D1 domain region of
FlaA that extends from residues 140–160, with beta strands
from residues 141–146 and 154–159 and a β-turn in
residues 151–152. This secondary structure motif was

hypothesized to function as a two-state switch that abruptly
changes conformation and as a result, changes the packing
distance between monomers and alters the supercoiled state
of the flagellar fiber. This conformational change occurs in
response to a change in the direction of flagellar rotation
and is ultimately responsible for the ability of motile
bacteria such as S. typhimurium to change their swimming
mode between running (moving) and tumbling (stationary)
modes [11]. The previous study by Behammer et al. did not
present any data that A. pyrophilus bacteria can alternate
their direction of flagellar rotation, with resultant differ-
ences in their flagellar helical supercoiling and monomer
spacing. However, it is not unreasonable to postulate that
these thermophilic bacteria also use the same means of
reversing flagellar rotation to either swim or remain
stationary by forming or disassembling flagella into larger
bundles, to enable sampling of temperature and chemical
gradients over time, as observed for mesophilic S. typhi-
murium bacteria.

As discussed by Honda et al. [94], the secondary-
structural elements in flagellin are well segregated radially,
with inner domains that are rich in α-helices and outer
domains that are rich in β-strands. Given the extremely
harsh extracellular environment in which Aquifex flagella
function, e.g., high temperature and low pH, it is not
unreasonable to assume that the same secondary structural
features that stabilize mesophilic FliC against proteases and
denaturing chemicals could also be adapted for increased
thermal stability in FlaA. Thus, it is also not unreasonable
for the FlaA outer D2 and D3 domains to be largely
composed of β-strands, as observed in the analogous FliC
protein. These structures can be relatively rigid because of
cooperative hydrogen-bonding networks. When combined
with increased residue hydrophobicity and resulting tighter
packing of the hydrophobic core regions, they can also be
more stable against proteolysis due to minimal size β-turn
loop regions that do not present themselves as flexible
substrates for proteases.

A separate analysis of the secondary structure of FlaA
indicates that the secondary structures in the FlaA model,
including those in the hypervariable middle domain, are
largely consistent with standard secondary-structure pre-
diction algorithms (e.g., PSIPRED). Thus, in addition to
having consistent structural similarity with FliC, the FlaA
structure does not appear to violate any of the secondary-
structure predictions that were independently derived by
standard prediction algorithms. However, the relatively
low degree of sequence homology (16%) observed for the
FlaA and FliC hypervariable middle domains suggests that
alternative conformations are possible for the D2 and D3
domains in the FlaA model. The contribution of this middle
domain to the thermostability of the flagellar fiber remains
to be investigated; this region also has very low sequence
homology with that of thermostable Aquifex aeolicus
flagellin.

The hydrophobic effect is considered to be one of the
most important of the various molecular forces that
determine the tertiary structure of proteins, and thus their
stability [95], and the strength of this effect increases with

Fig. 4 3D structural alignment of FliC with the model of FlaA. The
FliC structure is represented as a red chain and the FlaA model as a
blue chain. The average root-mean-square (rms) deviation at C�

positions between the FlaA model and the FliC structure (PDB
1UCU) is 1.9 Å
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increasing temperature. Thus, the greater the magnitude of
the hydrophobic effect, the more stable the protein [38]. An
inverse correlation has been observed between flexibility
of thermostable proteins and their hydrophobicity; they
may be significantly flexible at elevated temperatures,
allowing proper function, but may be too rigid, i.e. “solid”
or “wax-like”, to function at typical mesophilic tempera-
tures (10–45°C) [69, 96]. The increased rigidity previously
noted for FlaA flagella filaments at mesophilic tempera-
tures is likely a result of their increased hydrophobic
character and resulting increased compactness. Summation
of the non-polar solvent accessible surface areas (SASA) of
a folded chain yields a measure of the potential hydropho-
bic effect. The SASA values were computed using the
Solvation module of InsightII. SASA values were calcu-
lated only for more conserved D0 and D1 domains that
include N- and C-terminal regions as the lower sequence
homology in the middle region may not give an accurate
measurement (Table 4). The total SASA of the FliC D0 and
D1 domains that include N- and C-termini is 1,673 Å2,
which includes a polar surface area of 718 Å2 and a non-
polar surface area of 955 Å2. The FlaA monomer model D0
and D1 domains have a total SASA of 1,917 Å2 that
includes a polar surface area of 638 Å2 and a non-polar
surface area of 1,278 Å2. Thus, the predicted total surface
area of the more conserved regions of FlaA is 15% greater
than that of FliC, suggesting that more interfacial area is
available for interaction between flagellin subunits in the
thermostable helical flagella fiber. There is also a decrease
of −11% in the polar surface area and a corresponding large
increase of +34% in the non-polar surface area. This is a
strong indicator that increased hydrophobic interactions
can form between FlaA monomers, resulting in a greater

hydrophobic effect upon burial from the aqueous solvent
and thus leading to a tighter packing of the protein.

A surface charge spectrum was constructed for each
protein using a DelPhi grid to visualize the relative charge
distributions on the surface of the proteins (Fig. 2c,d). The
D0 and D1 domains of the FlaA model have a higher
positive charge distribution on the surface. This is due to
the fact that the number of negatively charged residues in
the N-terminal D0 and D1 domains is the same for both
FlaA and FliC, whereas FlaA has 6 more positively
charged residues compared to FliC in these regions. The C-
terminal D0 and D1 domains of FlaA have 13 negatively
charged and nine positively charged residues while FliC
has eight negatively charged and seven positively charged
residues. The D0 and D1 α-helical coiled-coil domains
interact with other subunits and are thought to form inter-
subunit interactions and stabilize the fiber [24]. The
increase of positively charged residues in the D0 and D1
domains of FlaA could have significance in terms of the
increasing the stability of the fiber by forming inter-subunit
salt-bridges.

Yonekura et al. [24] have shown that most of the
intersubunit interactions found in the outer tube of S.
typhimurium flagellum filament are polar-polar or charge-
polar and contributions of hydrophobic interactions are
relatively small, whereas those found within the inner tube
and between the inner and outer tubes are mostly
hydrophobic, contributing to the high stability of the
filament structure. A pentamer of the FlaA subunit (Fig. 5)
was constructed based on the FliC heptamer coordinates
provided by the authors of the complete FliC structure [24],
Dr. Koji Yonekura (UCSF, San Francisco) and Dr. Keiichi
Namba (Osaka University). The multimer was visualized in
Swiss-PdbViewer [60, 61]. The subunits were numbered
according to the scheme shown in the Fig. 5a. The subunit
numbered 1 and rendered in blue ribbon is used as a
reference for analyzing the intersubunit interactions. Sub-
units 2, 3, 4 and 5 form the most extensive interactions
along each direction of the major helical array with subunit
1 and are rendered in different ribbon colors. The lateral
interactions of subunit 1 with subunits 2 and 3 can be seen
in Fig. 5b. As we have noted earlier, there is an increase of
hydrophobic and charged residues at the expense of polar
residues in the N- and C-terminal regions of FlaA. The
predominant lateral interactions between the D0 and D1
domains of subunits 1, 2 and 3 appear to be hydrophobic in
nature. Many hydrophobic residues are exposed on the
surface of D0 domain and to a lesser extent on D1 domain.
Fig. 5c shows the interactions of subunit 1 with subunits 4
and 5 that lie immediately on top and bottom of the subunit
in the protofilament. In this case both subunits show a
mixture of hydrophobic and polar-charged interactions.
Our prediction is that the FlaA subunits in the filaments are
tightly packed due to stronger hydrophobic interactions
around the D0 and D1 domains that make them rigid at
room temperature and stable at higher temperatures.

Salt bridges/ion pairs were defined using the distance
criteria that a salt bridge exists if two oppositely charged
atoms of adjacent side chains are located closer than 6 Å.

Table 4 Solvent accessible surface area (SASA) calculations for
conserved D0 and D1 domains of FlaA and FliCa

Protein
domain

Total SASAb

(Å2)
Polar SASAc

(Å2)
Non-polar SASAd

(Å2)

FlaA D0 and
D1e

1,917 638 1,279

FliC D0 and
D1f

1,673 718 955

FlaA–FliCg 244 −80 324
aAll SASA calculations were performed using the Solvation module
of InsightII software (Accelrys)
bTotal computed solvent accessible surface area for conserved D0
and D1 domains
cComputed solvent accessible surface area for polar surface regions
of D0 and D1 domains
dComputed solvent accessible surface area for non-polar surface
regions of D0 and D1 domains
eThe D0 and D1 domains of FlaA include the more conserved
N-terminal residues 1–180 and C-terminal residues 399–500 out of
500 total amino acids
f The D0 and D1 domains of FliC include the more conserved
N-terminal residues 1–175 and C-terminal residues 395–494 out
of 500 total amino acids
gDifference between the corresponding SASA values of D0
and D1 domains of FlaA and FliC
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Only the amino acids Arg, Lys, His, Asp and Glu were
considered for salt-bridge calculations. Based on these
criteria, FlaA has a total of 15 salt bridges, of which 12 are
located in the α-helical regions of the D0 and D1 domains.
In contrast, FliC has 24 salt bridges, of which nine are in
the α-helical regions. These results suggest that intramo-
lecular ion pairs do not play an important role in the
increased thermostability of the FlaA monomer, relative to
mesophilic FliC, in agreement with the previous results of
the SASA calculations of polar surface area. However,
these results do not necessarily indicate the importance of
intermolecular ion pairs between FlaA monomers in
stabilizing FlaA in the polymeric flagellar fiber, as noted
above, the D0 and D1 domains have a positively charged
region. We have also inspected the presence of like charged
groups within the 6 Å cutoff distance visually. FliC has
three potentially destabilizing interactions involving like
charged groups where FlaA has ten such interactions. This
result does not agree with the previously stated theory that

minimizing the number of repulsive contacts between like-
charged residues will increase the thermal stability of
proteins [62].

We inspected the charge dipoles of FliC and FlaAα-helices
visually to determine if any of them are stabilized further by
the presence of negatively charged (Asp and Glu) and
positively charged (Arg, Lys and His) residues at the N- and
C-terminal ends. Neither FliC nor FlaAα-helices showed any
preferential occurrence of these charged residues. FliC has
four potential N-capping motifs and four actual C-capping
boxes. FlaA has five potential N-capping boxes and two
actual C-capping boxes. Thus, there is little apparent
difference in the contribution of helix-dipole stabilization
factors in FliC and FlaA.

As previously noted, protein oligomerization is another
method for increasing the thermostability of proteins and
flagellin functions in vivo by forming extended “20,000-
mer” helical fibers. It has only recently been observed that
the terminal FliD chaperonin cap complex contributes to

Fig. 5 a Stereo diagram of 5
FlaA subunits, viewed from
inside of the flagellar filament.
The subunit numbered 1 and
rendered as a blue ribbon
structure is used as a reference
for analyzing the intersubunit
interactions. Subunits 2, 3, 4
and 5 form the most extensive
interactions with subunit 1 in
the filament and are rendered in
different ribbon colors.
b Interaction of subunit 1 with
subunits 2 and 3 that form
immediate neighbors in the
filament. The molecular surface
of each subunit is shown. Blue
represents positive potential,
red, negative and white, zero
charge potential. c Interaction of
subunit 1 with subunits 4
and 5 that lie immediately above
and below subunit 1 in the
flagellar protofilament. These
images were generated with
Swiss-PdbViewer
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the thermal stability of S. typhimurium flagellar filaments
[97]. Thus this additional oligomerization factor represents
an additional potential stabilizing factor in thermostable
Aquifex sp. flagella that may not be directly encoded in the
FlaA protein itself.

Conclusions

In this work, a 3D-structure of A. pyrophilus FlaA protein
was modeled based on the crystal structure of S. typhimu-
rium FliC with reasonable accuracy. The overall secondary,
tertiary and quaternary structure comparisons of FlaA and
FliC indicate that electrostatic interactions do not play a
major role in FlaA monomer thermostability, in contrast to
some other thermophilic proteins. However, this does not
preclude increased strength and numbers of intermolecular
electrostatic interactions in the oligomeric flagella fiber.
The predominant stabilizing force appears to be the
hydrophobic effect, which leads to tighter packing of the
fiber and its resulting rigidity.
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