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FliI and FliJ form the FliI6FliJ ATPase complex of the bacterial flagellar
export apparatus, a member of the type III secretion system. The
FliI6FliJ complex is structurally similar to the α3β3γ complex of
F1-ATPase. The FliH homodimer binds to FliI to connect the ATPase
complex to the flagellar base, but the details are unknown. Here we
report the structure of the homodimer of a C-terminal fragment of
FliH (FliHC2) in complex with FliI. FliHC2 shows an unusually asymmet-
ric homodimeric structure that markedly resembles the peripheral
stalk of the A/V-type ATPases. The FliHC2–FliI hexamer model reveals
that the C-terminal domains of the FliI ATPase face the cell membrane
in away similar to the F/A/V-type ATPases. We discuss themechanism
of flagellar ATPase complex formation and a common origin shared
by the type III secretion system and the F/A/V-type ATPases.
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For survival and growth, bacteria move in liquid environment
by rotating a long filamentous organelle, the flagellum. The

bacterial flagellum is a huge extracellular assembly composed of
more than 20,000 subunits of about 30 different proteins. Most
of the component proteins are translocated into the central
channel of the growing flagellum via the flagellar protein export
apparatus driven by proton motive force and ATP hydrolysis,
and go through the channel to the growing tip for their assembly.
The export apparatus consists of a transmembrane export gate
complex made up of six integral membrane proteins, FlhA, FlhB,
FliO, FliP, FliQ, and FliR, and a cytoplasmic ATPase complex
composed of three soluble proteins, FliH, FliI, and FliJ (1–4).
These proteins are highly homologous to those of the type III
secretion system of pathogenic bacteria, which directly inject
virulence factors into eukaryotic host cells (5).
FliI is a Walker-type ATPase (6) and forms a homohexameric

ring structure (7, 8). The FliI6 ring has been identified to be
located at the base of the flagellum by electron cryotomography
(9). The FliI6 ring associates with the basal body through the
interactions of FliH with FlhA and FliN, a C-ring component of
the basal body (10–12) (Fig. S1). FliI is composed of the N-terminal,
ATPase, and C-terminal domains. The entire structure of FliI
greatly resembles those of the α and β subunits of F1-ATPase
(13). The ring formation and ATPase activity are facilitated by
FliJ. FliJ is a small coiled-coil protein similar to the F1-γ subunit.
FliJ binds in the central pore of the FliI6 ring to form the
FliI6FliJ complex, which resembles the F1-α3β3γ complex (14).
Interestingly, FliJ can partially act as a rotor within the central
pore of the A3B3 complex of the Thermus thermophilus A-type
ATPase (Tt A-ATPase) (15). It has been shown that infrequent
ATP hydrolysis is sufficient for processive protein transport during
flagellar assembly, suggesting that ATP hydrolysis by the FliI6FliJ
complex activates the export gate through an interaction between
FliJ and FlhA (16–19).
FliI also forms a heterotrimeric complex with the FliH

homodimer in the cytoplasm when free from the base of the
flagellum (20, 21). The FliH dimer binds to the N-terminal

region of FliI and inhibits the ring formation of FliI, thereby
repressing the ATPase activity in the cytoplasm (20, 22). The
chaperone–substrate complexes bind to the FliH2FliI complex
through cooperative interactions among FliI, the chaperone,
and the export substrate (23–25). FliI labeled with YFP shows
rapid turnovers between the basal body and cytoplasmic pool
in an ATP-independent manner (12), suggesting that the FliH2FliI
complex acts as a dynamic carrier to deliver export substrates or
the chaperone–substrate complexes to the docking platform made
up of the C-terminal domain of FlhA.
FliH consists of 235 amino acid residues, and can be divided

into three regions (20, 26). The N-terminal region composed of
residues 1–100 (FliHN) is elongated, and the extreme N-terminal
region is responsible for the interaction with FliN and FlhA to
allow the FliI6 ring to associate with the export gate (10–12, 27).
The middle region, residues 101–140, is essential for homodimer
formation. The N-terminal and middle regions are predicted to
adopt α-helical coiled-coil structures (21). The C-terminal region
contains the binding site for FliI (21, 28). The N- and C-terminal
regions of FliH show weak sequence homologies to the b and δ
subunits of FOF1-ATP synthase, respectively (29). The b and δ
subunits form the peripheral stalk connecting F1 to FO, and thus
FliH may be a peripheral stalk that anchors the FliI6FliJ complex
to the export gate. However, it remains unclear how FliH works
during flagellar protein export, especially as to how FliH binds to
FliI and regulates the formation of the cytoplasmic ATPase
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complex. To answer these questions, we crystallized the full-
length FliI in complex with the homodimer of a FliH fragment
consisting of residues 99–235 (FliHC) from Salmonella enterica
serovar Typhimurium (30) and determined the structure of the
FliHC2–FliI heterotrimeric complex at 3.0-Å resolution. We
show that the FliHC homodimeric structure is highly asymmetric
and looks very similar to the peripheral stalk complex of A/V-
type ATPases. We discuss the structure of the cytoplasmic
ATPase complex in the flagellar type III export apparatus and
the evolutionary relationship of the type III ATPase complex
with the F/A/V-type ATPases.

Results
Overall Structure of the FliHC2–FliI Complex. The FliHC homodimer
binds to the N-terminal domain of FliI to form a FliHC2–FliI
heterotrimeric complex (Fig. 1A). Two heterotrimers form a
dimeric unit through the side-by-side interaction of the FliI
molecules (Fig. S2A), and two dimeric units related by a local
pseudotwofold axis are packed in a crystal asymmetric unit (Fig.
S2 B and C). The structures of these four trimer complexes are
similar to one another, but there are variations in the relative
orientations of the FliHC homodimer and the ATPase domain of
FliI to the N-terminal domain of FliI, and in the C-terminal
conformation of FliHC2.

Structure of FliHC. FliHC forms a J-shaped, unusually asymmetric
homodimer in the complex (Fig. 1A). Although the two FliHC
subunits (FliHC-A and FliHC-B) are similar in secondary struc-
ture, they are considerably different from each other in 3D

arrangement (Fig. 1 B and C and Fig. S3). This is in agreement
with a previous result showing the protease sensitivity difference
between the two subunits of the FliH homodimer (28). FliHC-A
consists of a long N-terminal helix (α1), a globular domain composed
of four β-strands (β1–4) and two α-helices (α2 and α3), and a
C-terminal helix (α4) (Fig. 1 B and D). α1 is divided into two parts
(α1a and α1b) by a small bend at Leu-119. α3 is significantly dis-
torted at Asp-176 and at Leu-184, and can be described as successive
three short helices (α3a, α3b, and α3c). α4 is located below the
globular domain and interacts with α1b in an antiparallel manner.
FliHC-B is composed of five helices (α1–α4 and αs) and three
strands (β1–β3). β1–β3 and α3 fold into a globular structure similar
to that of FliHC-A, but the arrangement of the other structural
components is quite distinct from those in FliHC-A (Fig. 1 C andD).
The N-terminal helix (α1) is clearly separated into two parts (α1a
and α1b) by the kink between Ile-123 and Ala-124. α2 and β4 are
missing in the globular domain of FliHC-B, and therefore the hy-
drophobic core of the domain is exposed. α2 turns its orientation
back to interact with α1b, and the globular structure interacts with
α1a to cover its exposed hydrophobic core in part. A short helix (αs)
not present in FliHC-A follows α2 and interacts with α1a. β4 changes
its conformation to a loop in its N-terminal half and to a helix to
become part of α4 in its C-terminal half. α4 of FliHC-B adopts two
distinct conformations in the dimeric unit (Fig. 1C and Fig. S3).

Asymmetric Homodimeric Structure of FliHC. The asymmetric dimer
interface is mainly constructed of α1a and α1b of FliHC-A, α1a′,
α1b′, and α2′ of FliHC-B (′ denotes FliHC-B hereafter), and the
globular structure of FliHC-B (Fig. 2A). α1a and the following

Fig. 1. Structure of the FliHC2–FliI complex. (A) Cα ribbon drawing of the FliHC2–FliI complex. FliI and two FliHC subunits (FliHC-A and FliHC-B) are shown in
green, cyan, and magenta, respectively. (B and C) Structure of FliHC. Cα ribbon representation of FliHC-A (B) and FliHC-B (C) shown in rainbow colors from
the N terminus (blue) to the C terminus (red). The secondary structure elements are labeled. (C) FliHC-B shows two distinct conformations in the dimeric unit.
FliHC-B of trimer-1 (trimer-3) (Upper Left) and that of trimer-2 (trimer-4) (Lower Right) are shown. (D) Structure-based amino acid sequence alignment of FliHC

and the E (TtE) and G (TtG) subunits of A-ATPase from T. thermophilus (PDB ID code 3V6I). The red and blue bars indicate α-helices and β-strands, respectively.
The secondary structures of FliHC-A and FliHC-B are shown below and above the FliH sequence, respectively, with the labels of the secondary structure
elements. Conserved residues are highlighted in red characters. Every 10 residues are denoted with asterisks.
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eight residues of α1b (Pro-100 to Leu-127) interact with α1a′
(Pro-100 to Ile-123) in a parallel manner, but α1a′ shifts by about
9 Å toward the C-terminal direction relative to α1a with an an-
ticlockwise rotation of 120° around the helix axis. These helices
form a loose, right-handed coiled-coil structure. Compared with
other right-handed coiled-coil structures, such as the E–G pe-
ripheral stalk complex of A/V-ATPases, these helices are arranged
nearly side-by-side, and thus the hydrophobic residues are rather
exposed on the molecular surface (Fig. 2 B and C). The hydro-
phobic residues are covered by the exposed hydrophobic core of
the partially disrupted globular domain of FliHC-B together with
the hydrophobic residues of αs′ (Fig. 2B). The C-terminal half of

α1b comes in contact with α1b′ at a relative angle of about 50°. The
hydrophobic surface of the amphiphilic helix of α2′ is accommo-
dated in the hydrophobic cleft between α1b and α1b′ (Fig. 2 A and
B). These structural features of the dimer interface agree with a
previous result showing that the in-frame deletion of residues 101–
140, which corresponds to α1, abolishes FliH dimerization (21). α4′
also contributes to the dimer interaction in one of the trimer
complexes in the dimeric unit (trimer-1 or -3). α4′ is inlaid into the
groove between α1b and α4. The groove of the other trimer (tri-
mer-2 or -4) in the dimeric unit is actually filled by α4′ of the
neighboring trimer-2 or -4 related by crystallographic symmetry in
the same way as trimer-1 or -3, implying the significance of the
interaction (Fig. S3 C and D).

FliHC2 Resembles the E–G Complex, the Peripheral Stalk of A/V-Type
ATPases. The FliHC homodimer shows remarkable structural
similarities to the E–G heterodimeric peripheral stalk complex of
A/V-type ATPases (Fig. 2 D and E) (31, 32). The two dimers can
be superimposed with a root-mean-square distance of 2.68 Å for
the corresponding 150 Cα atoms. The folding topology of FliHC-A
is essentially the same as subunit E of Tt A-ATPase, although the
sequence identity of both proteins is only 16% (22/136) (Fig. 1D).
The secondary structure arrangement of the globular head group
of the E–G heterodimer is almost the same as that of the corre-
sponding region of the FliHC homodimer. α1b of FliHC-B is lo-
cated in a similar position to the C-terminal helix of subunit G
(Fig. 2 D and E). The N-terminal helix of subunit G winds around
the N-terminal helix of subunit E to form a right-handed coiled-
coil. The orientation of α1a of FliHC-A is nearly identical to that
of the N-terminal helix of subunit E, but α1a′ of FliHC-B stands
almost in parallel with α1a of FliHC-A. Thus, the helix–helix in-
teraction of the FliHC homodimer is rather loose, and seems to be
reinforced by the globular domain of FliHC-B (Fig. 2 B and C).

Interaction Between the FliHC Dimer and FliI. FliHC2 binds to the
N-terminal domain of FliI with a buried surface of 1,758 Å2 for
the interface. The globular domain of FliHC-A is bound to the top
of the N-terminal domain of FliI by creating an intermolecular
β-sheet formed by β4 of FliHC-A and β-strand n0 (Val-25 to Tyr-28)
of FliI (Fig. 3A and Fig. S4). The interaction surface of FliHC-A is
negatively charged with Glu-161, Asp-211, Glu-212, Asp-214, Asp-
216, and Glu-225, and its complementary surface of FliI is positively
charged with Arg-26, Arg-27, Arg-30, Arg-76, and Arg-93 (Fig. 3 B
and C). The electrostatic interactions at the interface stabilize
the heterotrimeric structure. In fact, a triple mutant variant of FliI
(R26A/R27A/R33A) significantly reduced its binding affinity for
FliH, as judged by a pull-down assay with Ni-NTA affinity chro-
matography, and the motility ring in soft agar of the cells expressing
the triple mutant variant was smaller than that of wild-type cells
(Fig. S5 A and B). These results suggest the importance of the
charge interactions for complex formation.
FliHC2 tightly binds to the N-terminal amphiphilic α-helix of

FliI (N1; Val-2 to Leu-21), which was not included in the pre-
viously determined FliI structure (13). The N1 helix runs along
α1b′, and fits into the hydrophobic groove formed by α1b, α1a′,
and α1b′ (Fig. 3 A, D, and E). Hydrophobic residues of N1, Trp-8,
Leu-12, Phe-15, and Met-19, plunge into the bottom of the hy-
drophobic groove formed by Ile-123, Leu-127, Met-128, and Leu-
132 of FliH α1b, Phe-112′, Leu-116′, and Leu-119′ of FliH α1a′,
and Leu-127′, Met-130′, and Ala-134′ of FliH α1b′ (Fig. 3D).
Hydrophobic residues of α4 (Leu-226, Leu-229, and Ala-230) also
contribute to the interactions with Phe-15 and Met-19 of N1. Other
hydrophobic residues of N1, such as Leu-5 and Leu-9, interact with
Ala-118′, Val-122′, and Ile-123′ of FliH, which are located on the
lateral ridge of the groove (Fig. 3D).
In addition to these hydrophobic interactions, electrostatic

interactions greatly contribute to the binding of N1 of FliI to
FliH. The N-terminal end of N1 is accommodated in the cleft

Fig. 2. Structure of the FliHC homodimer compared with the peripheral
stalk complex of A/V-type ATPases. (A) Cα backbone trace of the dimer in-
terface. FliHC-A is shown in orange. α1′a and α1′b′ (′ denotes FliHC-B) of
FliHC-B are colored in green, and the other parts of FliHC-B are in cyan. α4 of
FliHC-B is removed for better visualization. (B) The hydrophobic surface
produced by α1a, α1b, α1a′, and α1b′. The molecular surfaces composed of
FliHC-A and α1a′ and α1b′ of FliHC-B are shown with the Cα backbone trace
of α2′, αs′, and the following globular domain of FliHC-B. The surfaces of the
aromatic and other hydrophobic residues are painted orange and yellow,
respectively, and those of the other residues are white. (C) Surface repre-
sentation of the E–G complex of A-ATPase from T. thermophilus (PDB ID
code 3V6I) with the same color coding as B. (D) Ribbon diagrams of the FliHC

homodimer and the E–G complex of A-ATPase from T. thermophilus (PDB ID
code 3V6I) (Left and Right, respectively). (Middle) Superposition of the two
complexes. FliHC-A is shown in cyan, FliHC-B in magenta, the E subunit in
green, and the G subunit in orange. (E) View from the back side of D.
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made up of α1a and α1a′ of FliH. Negatively charged resides of
FliH, Glu-111, Asp-117, and Asp-120, are located on both banks
of the cleft. These three charged residues of FliH form an
electrostatic interaction network with the N-terminal end, Arg-4
and Arg-7 of N1 of FliI (Fig. 3 F and G). These charge interac-
tions seem to be essential for FliHC–FliI heterotrimer forma-
tion, because truncation of the N-terminal seven residues of
FliI abolishes the binding of FliH (33). Another electrostatic
interaction network is found around the middle of N1. Asp-13 and
Glu-16 of N1 and Arg-126′ and Gln-129′ of α1b′ are involved in
this network, and stabilize the complex structure (Fig. 3F).

Structure-Based Mutational Analyses of Residues Involved in Heterotrimer
Formation. To confirm the contribution of residues found in the in-
teraction surface to heterotrimer formation, we constructed seven
alanine-substituted mutant variants of FliI (R4A, R7A, W8A, L12A,
F15A, E16A, and R4A/R7A) and examined the complex formation
with the FliH homodimer by pull-down assays using Ni-NTA affinity
chromatography. The amount of coeluted FliH was reduced signif-
icantly by the R4A, W8A, L12A, and R4A/R7A mutations and
slightly by the R7A, F15A, and E16A mutations, suggesting the
contribution of these residues to the complex formation (Fig.
S5C). We also prepared six FliH mutants (D117A, D120A,
I123A, R126A, L127A, and D117A/D120A) and examined the
coelution with His-FliI because these residues were found to

interact with those selected for the mutational analysis of FliI.
The other FliH residues in the interaction surface were not ex-
amined, because their corresponding residues in the other half
of the FliH dimer are located on the FliH dimer interface, and
therefore the mutation of these residues could affect the dimer
formation as well. In agreement with the mutational analysis of
FliI, the D120A, R126A, L127A, and D117A/D120A mutant
variants showed a lower binding affinity for FliI than the wild-
type FliH. However, D117A and I123A bound to FliI at almost
the same level as the wild type (Fig. S5D). We further analyzed
the motility of the cells expressing these mutant proteins in soft
agar. Both double mutants, FliI (R4A/R7A) and FliH (D117A/
D120A), indicated severe inhibitory effects on motility in soft
agar. The other mutants showed slightly smaller swarm rings
than the wild type (Fig. S5 E and F). These results indicate that
these residues are involved in complex formation but that the
contribution of each residue is rather small.

Discussion
FliI ATPase assembles into a hexameric ring structure. Recent in
situ electron cryotomographic studies of the type III secretion
system revealed that a globular density corresponding to the
ATPase hexamer is located on the axis but below the basal body
cup (34, 35). The FliI hexameric ring model was fitted in the
density, but there remained extra density around the bottom

Fig. 3. Interaction between FliHC2 and FliI. (A) FliHC2 and the N-terminal region of FliI. FliHC-A, FliHC-B, and FliI are shown in cyan, magenta, and green,
respectively. The secondary structure elements involved in the FliH–FliI interaction are labeled. (B and C) Electrostatic interactions between the globular
domain of FliHC-A and the N-terminal domain of FliI. (B) The interaction surfaces of the N-terminal domain of FliI (Left) and FliHC2 (Right) colored by elec-
trostatic potential. (C) The complex structure viewed from the same direction as in B, Left. FliHC is shown as a Cα backbone trace with rainbow colors from the
N terminus in blue to the C terminus in red. (D and E) Hydrophobic interaction between FliHC2 and the N1 helix of FliI. (D) The interaction surfaces of FliHC2

(Left) and the N1 helix of FliI (Right). Aliphatic and aromatic residues are colored yellow and orange, respectively. (E) The structure of FliHC2 with the N1 helix
of FliI viewed from the same direction as in D, Left. The N1 helix of FliI is shown as a Cα backbone trace color-coded as follows: blue, nitrogen; red, oxygen; and
green, carbon. (F and G) Electrostatic interactions between FliHC2 and the N1 helix of FliI. (F) The interface of FliHC2 (Left) and the N1 helix of FliI (Right)
colored by electrostatic potential. (G) The structure of FliHC2 with the N1 helix of FliI viewed from the same direction as in F, Left. The N1 helix of FliI is shown
in the same way as in E.
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half of the globular density (35). The FliI ring stably associates
with the C ring of the basal body through the interactions of the
N-terminal region of FliH with FliN and the C-terminal region of
FliH with FliI. Thus, the extra density is thought to be part of
FliH (36). Here we built a hexameric ring model of the FliHC2–

FliI complex using the hexamer model of F1-ATPase as a
template. The shape of the model quite resembles the globular
density found in the cytoplasmic side of the basal body
(EMDataBank ID code EMD-2521) and FliHC2 filled the extra
density, suggesting that the FliHC2–FliI complex is located
below the basal body with the C-terminal domains of FliI facing
the cell membrane and the C-terminal domain of FliH on the
opposite side (Fig. 4). Because the globular density is apart
from the bottom of the C ring by more than 100 Å, FliHN
should adopt an elongated structure. In fact, previous analytical
gel filtration and sedimentation velocity ultracentrifugation
analyses have shown that the FliH homodimer has an elongated
shape (20, 28, 33). The extreme N-terminal region of FliHN is
critical for binding to the C ring and is essential for export
function (21). The first 10 residues in FliH are crucial to the
interaction with FliN, and Trp-7 and Trp-10 directly interact
with FliN (11). A recent structural study revealed that the FliH
N-terminal 18 residues bind to FliM and FliN in an extended
conformation (37). Thus, residues 19–100 in FliH are expected
to connect the globular density of the FliHC2–FliI complex and
the C ring. Pallen et al. (29) have shown a sequence similarity
between the FliH homologs and the E subunits of A/V-type
ATPases. Moreover, they also found that the amino acid sequence
of FliHN is homologous to that of the b subunit of F1-ATPase,
which forms a homodimer with a coiled-coil structure. Secondary
structure prediction of FliHN indicated that residues 39–100 have
high probability of forming an α-helix and that residues 40–70
are predicted to form a coiled-coil structure. If residues 39–100
adopt an extended α-helix, the estimated length is more than 90 Å.
This is long enough to reach the C ring if we also take into account
the contribution of residues 19–38 of FliH.

Although FliH is needed to form the FliI hexamer below the
export gate, it also inhibits FliI oligomerization by forming the
stable heterotrimer in solution. In the crystal structure, FliHC
does not interact with the possible oligomerization interface of
FliI. Therefore, it is still unclear how FliH regulates the FliI
oligomerization state. One possible regulatory mechanism is that
FliH binding may restrict the movement of the ATPase domain
relative to the N-terminal domain to prevent FliI from its olig-
omerization. In fact, to construct the hexamer model of the
FliHC2–FliI complex without collisions, we had to change the
relative orientation of the ATPase domains. In F/A/V-type
ATPases, the N-terminal domains of the A/B (α/β for F-ATPase)
subunits form a rigid ring structure, whereas the orientation of
each ATPase domain is different (38, 39). Thus, the flexibility of
the ATPase domain relative to the N-terminal domain appears
to be important in forming the functional hexamer. In addition,
the conformational change of the peripheral stalk is needed for
assembly of the A/V-type ATPase complex (40), raising the
possibility that the conformational change of FliH affects FliI
ring formation. The conformation of FliH may be changed by the
interaction with other components, such as the C ring and FlhA,
and such conformational changes may allow the movement of
the ATPase domain for FliI to assemble into the hexamer.
FliH forms an unusual, globally asymmetric homodimer in the

complex. To our knowledge, there is no precedent of such an
asymmetric homodimer with distinct subunit structures, except
for the N-terminal domain homodimer of nonstructural protein
3 (NSP3) from rotavirus (41). NSP3 binds to the viral mRNA
and circularizes it for translation. The NSP3-N is responsible for
the binding to mRNA, and its dimerization is important for the
strong binding to RNA. The two subunits of NSP3-N are es-
sentially the same in secondary structures but their spatial ar-
rangements are quite distinct, just like the FliHC homodimer. A
recent study on asymmetric homodimers showed that the global
intrinsic asymmetry is used for strong 2:1 binding to other mol-
ecules (42). Because limited proteolysis of purified FliH dimer
yielded two different types of cleavage pattern in solution (28),
the asymmetry of the FliH dimer seems to be its intrinsic nature.
The asymmetric structure may be needed for the FliH dimer to
achieve strong binding to FliI.
Although the N-terminal helix of FliI is essential for FliH

binding, it is not conserved among type III export ATPases or
A/V-type ATPases. The sequence alignment shows a length
variation of the N-terminal region (Fig. S4), suggesting a large
variation in peripheral stalk binding to the ATPase subunit.
The N-terminal regions of InvC, Spa47, and the B subunit of Tt
A-ATPase are about 20 residues shorter than that of FliI. They
contain residues corresponding to the n0 β-strand but not those
corresponding to the N-terminal helix. The N-terminal helix of
FliI interacts with the hydrophobic groove formed by α1b, α1a′, and
α1b′ of the FliH dimer. The corresponding groove in the E–G
complex of T. thermophilus is filled by the C-terminal helix of the
E subunit. These observations suggest that the peripheral stalks of
these ATPase complexes bind to ATPases only through intersubunit
β-sheet formation. The N-terminal regions of EscN, YscN, and the
B subunit of yeast V-ATPase, in contrast, are comparable to that of
FliI in length and are predicted to contain an α-helix, implying that
they bind the peripheral stalk complexes in a similar manner to FliI.
Although the hydrophobic groove in the E–G complex of yeast is
also occupied by the C-terminal helix of the E subunit, a new hy-
drophobic groove is made between the C-terminal helices of the
G and E subunits (43) [Protein Data Bank (PDB) ID codes 4D0L
and 4EFA]. Interestingly, this hydrophobic groove interacts with
subunit C of the neighboring EGChead complex in the crystal
structure of the EGChead complex of yeast V-ATPase (43) (PDB
ID codes 4D0L and 4EFA). Therefore, it is possible that the hy-
drophobic groove binds to the N-terminal region of the B subunit
in the yeast V1 complex in a way similar to the FliHC2–FliI complex.

Fig. 4. Hexameric ring model of the FliHC2–FliI complex. (A) Ribbon diagram of
the ring model. Each FliHC2–FliI trimer is shown in a different hue. FliHC2 and FliI
in each trimer are indicated in light and dark colors, respectively. (B) View from
the bottom of A. (C) The ring model fitted into the globular density below the
flagellar basal body obtained by electron cryotomography (35).
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It should be noted that the N-terminal helix of the mitochondrial
F-ATPase α subunit shows a helix bundle interaction with its pe-
ripheral stalk protein OSCP (44) (PDB ID code 2WSS).
The peripheral stalk of A/V-type ATPases is a heterodimer of

the E and G subunits, and that of F-type ATPases is composed of
the δ subunit and a dimer of b subunits. In contrast, FliH forms a
homodimer. We aligned the amino acid sequences of the E and G
subunits to FliH on the basis of their structures and compared the
sequence similarity of the E and G subunits. The sequence identity
was 28.3% (26/92) for the overlapped region (M1–E92 of the E
subunit and K29–P120 of the G subunit) and 35% (24/69) for the
conserved region (A23–L91 of the E subunit and A51–L119 of the
G subunit) (Fig. S6). This sequence similarity suggests that the E–
G complex might have been differentiated from a homodimer of
an ancestral protein. Similarly, the ATPase ring complex of the
flagellar type III secretion system is composed of the homohex-
amer of FliI, whereas that of A/V-type ATPases is an A3B3 hetero-
hexamer and that of F-ATPases is an α3β3 heterohexamer. These
heterohexamers might also have been differentiated from a common
ancestral homohexamer. The flagellar type III ATPase complex is

composed of only three components, FliH, FliI, and FliJ, and thus
involves a much simpler assembly process at the base of the flagellum
than those of F/A/V-type ATPases. Therefore, we propose that the
flagellar type III ATPase complex may be the closest to the common
ancestor of these types of ATPase families.

Materials and Methods
Bacterial strains and plasmids used in this study are listed in Table S1. The
FliHC2–FliI complex was expressed and purified as described previously (30).
Diffraction data were collected at beamline BL41XU at SPring-8 with the
approval of the Japan Synchrotron Radiation Research Institute (JASRI)
(proposals 2010B1013 and 2010B1901). The statistics of the diffraction data
and refinements are summarized in Tables S2 and S3. Full methods are
provided in SI Materials and Methods.
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