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The bacterial flagellum and the virulence-associated injectisome are complex, structurally
related nanomachines that bacteria use for locomotion or the translocation of virulence
factors into eukaryotic host cells. The assembly of both structures and the transfer of extra-
cellular proteins is mediated by a unique, multicomponent transport apparatus, the type III
secretion system. Here, we discuss the significant progress that has been made in recent
years in the visualization and functional characterization of many components of the type
III secretion system, the structure of the bacterial flagellum, and the injectisome complex.

Bacteria swim in their environment by rotat-
ing a rigid, helical filament, the flagellum

(Berg and Anderson 1973). The flagellum is a
sophisticated molecular nanomachine made of
about 25 different proteins (Berg and Anderson
1973; Namba and Vonderviszt 1997; Macnab
2003; Kojima and Blair 2004; Chevance and
Hughes 2008) (Fig. 1A). Closely related to the
flagellum is the type III injectisome, another
complex nanomachine that allows Gram-nega-
tive bacteria to deliver effector proteins into
eukaryotic host cells (Galán and Collmer 1999;
Cornelis and Van Gijsegem 2000; Cornelis 2006;
Galán and Wolf-Watz 2006) (Fig. 1B).

Most extracellular components of the flagel-
lum and the injectisome are exported via a
specific type III secretion system (T3SS). Impor-
tantly, the export apparatus of both the flagellum
and the injectisome are closely related on struc-
tural and functional levels (Fig. 2 and Table 1).

STRUCTURAL AND FUNCTIONAL
SIMILARITIES OF THE FLAGELLUM
AND INJECTISOME

Electron micrographs (EM) of the injectisome
and the flagellum revealed clear structural sim-
ilarities (Fig. 1). However, in place of the flagel-
lar hook and helical filament, injectisomes have
usually a short, straight needle. In addition to
the structural resemblance, there is strong con-
servation in the constituent proteins. Of the
roughly 20 proteins needed to form the flagellar
basal body, about half have clear counterparts in
the injectisome (Table 1).

Importantly, most components of T3SS are
conserved in both flagellar and virulence-asso-
ciated T3SS and many proteins are homologous
in sequence or function (Kubori et al. 1998;
Blocker et al. 2003; Macnab 2004; Cornelis
2006) (Table 1).
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Figure 1. Schematic comparison of the flagellum and type III injectisome of Salmonella. (A) Schematic
overview of the flagellum of Salmonella. The structure of the flagellum consists of three parts: 1) a basal body
with a flagellar-specific type III secretion system within the inner membrane ring; 2) a flexible hook acting
as a universal joint to 3) the rigid filament. Dashed boxes illustrate proteins with functions in flagellar
type III secretion. Also indicated are FlgM, the negative regulator of late substrate gene expression that is
secreted after hook-basal-body secretion, and the hook-length regulator FliK that measures rod-hook
length and ultimately determines the secretion substrate specificity switch. (See facing page for legend.)
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Common features of all T3SS are the very
fast operation (in case of the flagellar T3SS,
almost 20 molecules of 55-kDa flagellin are
transported per second in early stages of fila-
ment assembly [Iino 1974]) and stringent sub-
strate discrimination (only a few proteins are

exported, from among the many hundreds pres-
ent in the cell). Additionally, substrates of T3SS
feature an amino (N)-terminal peptide secre-
tion signal that is usually structurally disordered
(Namba and Vonderviszt 1997; Namba 2001)
and distinct secretion chaperones stabilize or
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Figure 2. Schematic of the flagellar type III secretion apparatus. FlhA, FlhB, FliO, FliP, FliQ, and FliR are integral
membrane components of the flagellar type III secretion apparatus. The membrane components of the T3S
apparatus are believed to assemble within a central pore of the MS-ring. FliI, the flagellar-specific ATPase,
FliH, the regulator of FliI and FliJ, a general chaperone, are soluble proteins. FliI forms a heterotrimer together
with the homodimer FliH in the cytoplasm. After docking to the membrane components of the T3S apparatus,
FliI forms a functional hexamer. The protein translocation is dependent on the proton motive force and the sub-
strates have to be secreted in an unfolded state through a narrow channel of about 2.0 nm in diameter. It has been
proposed that FliI facilitates substrate unfolding in an ATP-dependent manner. CM ¼ cytoplasmic membrane.
(Reprinted, with permission, from Minamino et al. 2008a [Royal Society of Chemistry].)

Figure 1. (Continued). OM ¼ outer membrane; PG ¼ peptidoglycan; IM ¼ inner membrane. The inlay EM
(electron micrograph) picture shows an isolated hook-basal-body complex of Salmonella (Thomas et al.
2001). (B) Schematic overview of the SPI-1 injectisome of Salmonella. Many components of the flagellum
and injectisome are structurally and/or functionally related. The injectisome structure can also be divided
into three main parts: 1) the basal body with the type III secretion apparatus within the inner membrane
ring; 2) a straight needle connecting the bacterial secretion system to 3) the translocon complex that forms a
pore in the membrane of eukaryotic host cells. The inlay EM picture shows an injectisome of Salmonella enterica
(Marlovits et al. 2004). (The arrows on this image served in the original paper to explain aspects of the recon-
struction procedure.) (A [inlay], Reprinted, with permission, from Thomas et al. 2001 [# ASM]; B [inlay]
reprinted, with permission, from Marlovits et al. 2004 [# AAAS].)
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target their cognate secretion substrates to the
secretion apparatus (Parsot et al. 2003). Re-
cently, it has been unraveled that translocation
of the substrates across the inner membrane is
dependent on the proton motive force (PMF)
(Minamino and Namba 2008; Paul et al. 2008)
and is presumably coupled to ATP-dependent
substrate release and unfolding (Akeda and
Galán 2005).

Another interesting fact is that the flagellar
T3SS is believed to be the ancestor of all T3SS.
Flagellar T3SS are present in both Gram-posi-
tive and Gram-negative bacteria, and it has
been proposed that type III secretion required
for pathogenesis evolved from flagellar-specific
T3SS (Hueck 1998; Macnab 2004). However,
recent phylogenetic studies indicate that both
the flagellum and the injectisome share a com-
mon ancestor (Gophna et al. 2003).

THE FLAGELLAR TYPE III SECRETION
APPARATUS

The flagellar-specific T3S apparatus is believed
to assemble within the MS-ring at the basis of
the flagellar basal body and consists of six inte-
gral membrane proteins (FlhA, FlhB, FliO, FliP,
FliQ, FliR) and three cytoplasmic proteins
(FliH, FliI, FliJ) (Minamino and Macnab 1999),
which are essential for the export of rod-type,
hook-type, and filament-type secretion sub-
strates (Minamino 1999; Minamino 2008a). A
schematic of the flagellar-specific T3S apparatus
is displayed in Figure 2.

It is important to note that secretion sub-
strates are translocated by the flagellar T3S
apparatus across the cytoplasmic membrane
through a narrow channel of about 2.0 nm in
diameter (Yonekura et al. 2003); therefore, the

Table 1. Comparison of structurally and/or functionally related components of the flagellum and injectisome
systems of Salmonella enterica, Yersinia ssp., Shigella ssp., and enteropathogenic Escherichia coli.

Flagellum

(S. enterica)

Injectisome

(S. enterica

SPI-1)

Injectisome

(Yersinia ssp.

Ysc)

Injectisome

(Shigella

ssp.)

Injectisome

(enteropathogenic

Escherichia coli

EPEC) Structure/Function

FliF PrgH/PrgK YscJ MxiJ MxiJ MS-ring inner-membrane
ring

FliI InvC YscN Spa47 EscN ATPase
FliJ YscO T3S chaperone
FliGMN PrgJ/SpaO YscQ Spa33 C-ring cytoplasmic ring

(HrcQ in Pseudomonas)
FliP SpaP YscR Spa24 T3S apparatus

inner-membrane protein
FliQ SpaQ YscS Spa33 T3S apparatus

inner-membrane protein
FliR SpaR YscT Spa29 T3S apparatus

inner-membrane protein
FlhA InvA YscV MxiA T3S apparatus

inner-membrane protein
FlhB SpaS YscU Spa40 T3S apparatus

inner-membrane protein
N/A InvG YscC MxiD outer-membrane ring
FlgE? PrgI YscF MxiH EscF extracellular needle
N/A SipBC YopBD IpaBC EsoBD translocation pore
FliC? SseB LcrV IpaD EspA needle extension
FliH? YscL MxiN ATPase regulator
FliK InvJ YscP Spa32 hook/needle length

regulator
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proteins are most likely exported in an unfolded
or partially folded state.

The soluble components FliH, FliI, and FliJ
of the flagellar T3S system are thought to facil-
itate delivery and unfolding of secretion sub-
strates to the export apparatus (Macnab 2003).
FliI is an ATPase (Fan and Macnab 1996) that
can form a hexameric ring-shaped structure
(Claret et al. 2003) and that is presumed to cou-
ple ATP hydrolysis to some energy-utilizing
step(s). FliI was thought to energize the trans-
membrane transport process, but other studies
indicate that ATP hydrolysis energizes steps in
substrate delivery instead, probably facilitating
the unfolding of the substrate and its release
from the chaperone (Akeda and Galán 2005).

Recent findings have shown that the trans-
port process itself is energized by the proton
motive force and does not require FliI (Mina-
mino and Namba 2008; Paul et al. 2008). The
two other soluble components of the T3S ap-
paratus are FliH, which regulates the ATP-hy-
drolyzing activity of FliI, and FliJ, a general
chaperone for flagellar secretion substrates.

The integral membrane components FliO-
PQR of the flagellar-specific T3SS are rela-
tively small (FliO ¼ 13.1 kDa; FliP ¼ 26.8 kDa;
FliQ ¼ 9.6 kDa; FliR ¼ 28.9 kDa) and are pre-
dicted to have one to eight membrane spanning
helices. Little is known about possible functions
of FliO, FliP, FliQ, and FliR respectively, but
the proteins are essential for flagellar type III
secretion. FlhA and FlhB are much larger inte-
gral membrane proteins (75 kDa and 42 kDa,
respectively) and also have large cytoplasmic
domains, where the proteins interact with the
soluble components of the T3S apparatus, FliH,
FliI, andFliJ (MinaminoandMacnab2000).FlhB
is furthermore controlling the switch of substrate
specificity to export late structural subunits
upon completion of early flagellar structures
(Ferris and Minamino 2006). Although the
major players in export have probably all been
identified, the molecular mechanism of flagellar
T3SS is still poorly understood. A reasonable,
general proposal for the mechanism is that
FliH/FliI/FliJ complexes bind to substrate pro-
teins and target them to the membrane-bound
export apparatus. Subsequently, the membrane

components of the apparatus then translocate
the substrate across the membrane and into the
channel, using energy from the electrochemical
potential gradient of protons, which is the sum
of the membrane potential Dc and the proton
concentration gradient DpH (Minamino and
Namba 2008; Paul et al. 2008).

STRUCTURE AND ASSEMBLY OF THE
BACTERIAL FLAGELLUM

The structure of the flagellum can be divided
into three parts: I) the basal body as the rotary
motor (Berg and Anderson 1973; Silverman and
Simon 1974) and the type III export apparatus;
II) the flexible hook that couples the rotary
motor to III) the rigid filament (DePamphilis
and Adler 1971a,b) (Fig. 1A). The filament is
about 10 to 15 mm long, yet only 120–240 nm
in diameter, and the rotary machine turns at
hundreds of revolutions per second, utilizing
both Dc and DpH (Manson et al. 1977; Mat-
suura et al. 1977).

Flagellum assembly initiates with the for-
mation of the MS-ring (consisting of FliF) in
the inner membrane, followed by attachment
of the rotor/switch complex (C-ring proteins
FliG, FliM, and FliN) at the cytoplasmic face
of the MS-ring. An overview of the assembly
process is given in Figure 3. Upon completion
of the C-ring, the motor proteins MotA and
MotB are assembled in the inner membrane.
MotA and MotB form the stator complex,
which also forms the pathway for proton influx,
and attach noncovalently to the peptidoglycan
layer via the C-terminal periplasmic domain
of MotB, whereas the rotor (FliG) is noncova-
lently attached to the MS-ring. Together, the sta-
tor and the rotor form the flagellar motor,
whose rotation is energized by the proton
motive force (Macnab 2003; Chevance and
Hughes 2008). The periplasmic domain of
MotB is thought to go through a relatively large
conformational change to bind to the peptido-
glycan layer and open the proton pathway upon
assembly of the MotAB complex to the motor
(Kojima et al. 2008).

After assembly of the C-ring, the flagellar-
specific T3SS (consisting of FlhA, FlhB, FliH,
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Figure 3. Steps in assembly of the bacterial flagellum. The self-assembly process of the bacterial flagellum
starts from the top left (A) and proceeds to the bottom right (R). Assembly starts with the formation of
the MS-ring in the cytoplasmic membrane (A). Afterward, the cytoplasmic C-ring is attached to the
MS-ring and the flagellar-specific type III secretion apparatus assembles within a central pore of the
MS-ring (B). Flagellar secretion substrates are now secreted specifically via the T3S apparatus. Flagellar
proteins that reach the distal end of the growing structure, self-assemble onto the existing structure with
the help of distal cap proteins (shown as pentamers at the tips of the axial structures) (C–O). First, the rod
acting as a driveshaft is assembled beneath the rod-cap, which is also a muramidase to allow penetration
through the peptidoglycan layer (D). (See facing page for legend.)
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FliI, FliJ, FliO, FliP, FliQ, and FliR) assembles
within the putative central pore of the MS-ring
at the basis of the basal body (Aizawa 1996),
facilitating the PMF-dependent export of most
extra cytoplasmic components of the flagellum
(Paul et al. 2008). Subsequently, the rod compo-
nents FliE, FlgB, FlgC, FlgF (proximal rod), and
FlgG (distal rod) are secreted by the T3S appa-
ratus and progressively assembled (Minamino
et al. 2000). The P-ring protein FlgI and the
L-ring lipoprotein FlgH are probably exported
by the Sec-dependent pathway (Homma et al.
1987), but the assembly of the periplasmic P-
ring and the L-ring in the outer membrane is
dependent upon the construction of the preced-
ing flagellar rod structure. Upon completion of
the rod and the rings, the hook (consisting of
FlgE) is assembled to an approximate length
of 55 nm, which is controlled by the hook-
length regulator FliK (Patterson-Delafield et al.
1973; Hirano et al. 1994). The last steps of flag-
ellum assembly include secretion of the anti-s28

factor FlgM (Hughes et al. 1993), which results
in s28-dependent expression of flagellar genes
that are under Class III promotor regulation,
and the assembly of the hook-associated pro-
teins FlgK, FlgL, and FliD (Homma et al. 1990).
Subsequently, the filament is constructed with
the subunit FliC or FljB (flagellin) as the last
structural component of the flagellum, where
the assembly of flagellin occurs at the distal
end of the growing filament under the cap
composed of FliD, as described later. A single
filament can be constructed of as many as
20,000–30,000 flagellin subunits (Macnab 2003;
Chevance and Hughes 2008), which represents
a significant amount of the total protein mass
of the cell.

STRUCTURE AND ASSEMBLY OF THE
INJECTISOME

The injectisome is used by many Gram-negative
pathogens to pump virulence-effector proteins
into host cells (Kubori et al. 1998; Blocker
et al. 2003; Journet et al. 2005; Cornelis 2006;
Galán and Wolf-Watz 2006). Members of the
injectisome family are found in many Gram-
negative plant and animal pathogens, including
Salmonella sp., Yersinia sp., enteropathogenic
Escherichia coli (EPEC), Shigella sp., Chlamydia
sp., and Erwinia carotovora (Blocker et al. 2003;
Galán and Wolf-Watz 2006). Injected effector
proteins alter host-cell functions and mem-
brane cytoskeletons to promote invasion, sur-
vival, and growth of the bacterium, or in some
cases are used to facilitate symbiosis.

The overall structure of the injectisome is very
similar to the flagellum: I) a basal, cylindrical
structurespanning the innerand outer membrane
and containing the T3SS and II) an extracellular,
hollow tubular structure (Tampakaki et al. 2004;
Cornelis 2006) (Fig. 1B). The extracellular ap-
pendages have different structures and length,
depending on the family of injectisomes; for
example, a stiff needlewith an approximate length
of 58 nm in Yersinia enterocolitica, a filament with
a length up to 600 nm in enteropathogenic Esche-
richia coli, or a Hrp pilus with a length of several
mm in Pseudomonas syringae (Cornelis 2006).

Similar to the assembly of the flagellum,
it has been assumed that the injectisome also
assembles in a sequential manner. The basal
structure of the injectisome includes the T3SS,
a pair of rings in the inner and outer mem-
branes, and the rod. In Salmonella ssp., the
inner ring consists of the proteins PrgH and

Figure 3. (Continued). In addition, motor force generators that couple proton flow to torque gener-
ation assemble in the cytoplasmic membrane and interact with C-ring components (D). Rod assem-
bly ends with the formation of the PL-ring bushing, outer membrane penetration, and the
replacement of the rod scaffold with the hook scaffold (E–G). Afterward, hook subunits are secreted
and the hook grows to a final length of 55 nm (Hirano et al. 1994), triggering a secretion specificity
switch from rod-hook-type substrates to late-secretion substrates (H ). Upon completion of the
hook-basal-body complex, hook-filament junction proteins (I– J ), the filament cap (K–L), and fil-
ament subunits are secreted, and the filament grows to a maximal length of about 10–15 mM (M–
R). (Reprinted, with permission, from Minamino et al. 2008a [Royal Society of Chemistry].)
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PrgK that are homologous to the MS-ring pro-
tein FliF (Kimbrough and Miller 2000; Kubori
et al. 2000). In the flagellar system, the C-ring
(FliGMN) is attached to the MS-ring on the cyto-
plasmic face. Although no EM pictures of injec-
tisome show any attached C-ring-like structure,
the proteins of the YscQ family share significant
similarity to FliN and FliM (Cornelis 2006).
The membrane-embedded components YscR,
YscS, YscT, YscU, and YscV are located within
the inner membrane ring of the injectisome
T3SS. Although these inner-membrane com-
ponents of the injectisome T3SS share high
sequence homology to the inner-membrane pro-
teins FliPQR and FlhAB of the flagellum, no fur-
ther structural data is available. As it has been
shown for the flagellar T3SS (Minamino and
Namba 2008; Paul et al. 2008), the T3SS of Yersi-
nia enterolitica is also dependent on the proton-
motive force (Wilharm et al. 2004), indicating
also a functional similarity. At the base of the
inner membrane ring, the hexameric ATPase of
the YscN family shares striking similarity to the
flagellar ATPase FliI (Imada et al. 2007; Zarivach
et al. 2007). It has been shown for the Salmonella
homolog InvC that the ATPase energizes the
secretion substrate release from its cognate cy-
toplasmic chaperone prior to PMF-dependent
secretion (Akeda and Galán 2005).

A protruding rod structure assembles on
top of the MS-ring in the flagellar basal body,
and it has been suggested that the inner rod of
the Salmonella injectisome is composed of PrgJ
(Kubori et al. 2000; Marlovits et al. 2004). The
last components of the basal structure are a
pair of rings associated with the peptidoglycan
layer and the outer membrane made of the
YscC family of Secretin proteins (Koster et al.
1997; Kubori et al. 2000).

The extracellular structures of the Yersinia
injectisome are exported via the membrane-
embedded T3SS and can be divided into three
parts: I) a needle, II) a needle-extension forming
the tip complex, and III) the translocation pore
that presumably forms a channel in the host cell
membrane. The injectisome needle is made of ap-
proximately 100–150 molecules of the YscF fam-
ily proteins that polymerize as a helical assembly
into a filamentous structure (Kubori et al. 2000;

Cornelis 2006). The molecular ruler YscP controls
needle length in Yersinia to about 58+10 nm
(Journet et al. 2003). At the top of the needle,
the tip complex formed by LcrV is located (Muel-
ler et al. 2005; Deane et al. 2006). It has been sug-
gested that the tip complex forms a scaffold for the
assembly of the translocator pore consisting of
YopB and YopD, which will be inserted into the
membrane of host cells (Cornelis 2006).

ELECTRON MICROGRAPH
RECONSTRUCTIONS OF THE FLAGELLAR
HOOK-BASAL BODY COMPARED TO THE
NEEDLE COMPLEX STRUCTURE

The core basal complexes of both the flagellar
hook-basal-body and injectisome are struc-
turally very similar. Figure 4 compares 3D-EM
image reconstructions of both the hook-basal-
body (Derosier 2006) and the needle complex
(Marlovits et al. 2004) of Salmonella enterica
serovar Typhimurium. The structure of the nee-
dle complex from Shigella has also been studied
by 3D-EM image reconstruction (Hodgkinson
et al. 2009). The 3D images of those purified nee-
dle complexes revealed a cylindrical basal body
and a hollow, needle-like structure that spans
both membranes with a central channel of 20–
30 Å diameter (Blocker et al. 2003). The hook-
basal-body structure of the flagellum also dis-
plays a cylindrical basal body with rings in the
inner and outer membrane, as well as in the pep-
tidoglycan layer. The main differences are the
diameter of the cytoplasmic ring of the flagellar
basal body, which is significantly wider (approx.
40 nm) (Macnab 2003) compared to the ring of
the injectisomes (approx. 20 nm) (Marlovits
et al. 2004; Hodgkinson et al. 2009), and the
lack of a C-ring-like structure in the injectisome.

Although these EM studies provide an ex-
cellent overview of the architecture of both the
flagellar and injectisome basal bodies, the reso-
lution of these EM maps is too low to allow
detailed studies of the localization of individual
structural elements. Additionally, because of
harsh sample preparation methods, the result-
ing structures lack essential components, like
the soluble components of the T3SS and the
C-ring homolog of the injectisome.
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A POSSIBLE ATOMIC MODEL OF THE
INNER MEMBRANE RING ESCJ OF THE
INJECTISOME

The formation of a ring complex in the inner
membrane seems to be one of the first steps in
the assembly of both the flagellum and injecti-
some basal structure. The inner membrane ring

is thought to act as a scaffold for the assembly of
other sub-structures and houses the membrane-
embedded components of the T3SS.

The inner membrane ring of the flagellum is
made of a single protein, FliF, forming the MS-
ring. In case of the injectisome, the inner mem-
brane ring is composed of the highly conserved
YscJ family (PrgK in Salmonella, EscJ in EPEC).

Figure 4. EM reconstructions of basal bodies of the flagellum and type III injectisome of Salmonella. (A) Model
of the bacterial hook-basal-body complex based on EM reconstructions (Derosier 2006). (B, C) Surface render-
ings of the injectisome basal body and needle structure based on EM reconstruction data EmDep Database acces-
sion number EMD1100 (Marlovits et al. 2004). (B) View of the injectisome basal body complex from the
cytoplasm and (C) side-view of the injectisome basal body with attached needle. (A, Reprinted, with permis-
sion, from Derosier 2006 [# Elsevier]; B, C, based on Marlovits et al. 2004 [# AAAS].)
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Recently, the atomic structure of EscJ has been
determined by X-ray crystallography, and a
symmetrical 24-subunit model has been con-
structed (Yip et al. 2005) (Fig. 5). The overall
dimensions of the modeled EscJ ring (diameter
180 Å, height 52 Å) are similar to previous esti-
mations of the diameter of the inner ring based
on EM reconstructions of the injectisome (Mar-
lovits et al. 2004). Intriguingly, the EscJ ring
model can be fitted into existing 3D-EM maps
of the injectisome basal body of Salmonella
enterica (Moraes et al. 2008).

CRYSTAL STRUCTURES OF THE C-RING
COMPONENTS FliN, FliG, AND HrcQ

At the cytoplasmic face of the flagellar MS-
ring, a cytoplasmic ring (C-ring) composed of
FliG, FliM, and FliN is assembled. The C-ring

components of the flagellum are assumed to
be part of the rotor and have functions in torque
generation, switching of the rotational direc-
tion, and flagellar export (Vogler et al. 1991;
Sockett et al. 1992; Lloyd et al. 1996). It has
been estimated that about 26 copies of FliF
and FliG, about 34 copies of FliM, and about
130 copies of FliN are located in the flagellar
basal body structure (Thomas et al. 1999,
2001, 2006; Paul and Blair 2006).

The crystal structure of the middle and C-ter-
minal domains of FliG is available (Brown et al.
2002) and importantly can be fitted into a 3D-
EM structure of the C-ring (Brown et al. 2007),
where both the middle and C-terminal domains
of FliG can interact with FliM (Fig. 6A).

In the case of the injectisome, no EM images
are available that prove the presence of a C-ring-
like structure. However, biochemical evidence

Figure 5. Model of the injectisome inner membrane ring, EscJ. Shown are ribbon and surface representations of
the 24-subunit EscJ ring model. The sideview illustrates the two-layered exterior structure that closely resembles
the flagellar MS-ring structure based on cryo-EM studies. The N-termini of the EscJ subunits are located at the
wide face of the ring (also labeled N in the ribbon diagrams sideview). Scale bar 25 Å. (Reprinted, with permis-
sion, from Yip et al. 2005 [Nature Publishing Group].)
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argues strongly toward the existence of a C-ring
in injectisomes made of proteins of the YscQ
family (Cornelis 2006). Additionally, the YscQ
family shows significant sequence similarity
to the flagellar C-ring components FliM and
FliN, and high-resolution structures of both
FliN with the N-terminal 22 residues trunc-
ated (Brown et al. 2005), and the C-terminal
part of HrcQ of the YscQ family of Pseudomonas
syringae (Fadouloglou et al. 2004) are available.
The overall structures of HrcQ and FliN are re-
markably similar and both proteins form
dimers composed mostly of b-sheets (Fig.
6B–D). Two HrcQ dimers form a homote-
tramer that has been proposed to be the repeat-
ing unit forming a C-ring-like structure in the
injectisome basal body (Fadouloglou et al.
2004), and a FliN tetramer can also be modeled
to fit into the flagellar basal body C-ring (Paul
and Blair 2006) (Fig. 6A).

COMPARISON OF THE STRUCTURES
OF ATPase SUBUNITS OF THE T3SS, FliI,
AND EscN

At the basis of the basal body of both the flagel-
lum and the injectisome, the T3SS is localized.
The T3SS is composed of several integral-mem-
brane and soluble components. Soluble com-
ponents are a T3SS-specific ATPase, regulators
of the ATPase, and T3SS chaperones. As noted
above, the ATPase subunit FliI of the flagellar
T3SS is thought to unfold secretion substrates
prior to the PMF-dependent export (Akeda
and Galán 2005; Minamino et al. 2008a; Paul
et al. 2008).

In the case of the injectisome, the YscN fam-
ily of proteins represents the ATPase subunit.
The ATPase subunit forms hexameric oligomers
that are associated with the inner membrane as
it has been shown for both FliI and HrcN, the
ATPase of Pseudomonas syringae (Claret et al.
2003; Pozidis et al. 2003).

Recently, the atomic structures of EscN of
EPEC (Zarivach et al. 2007) and FliI of Salmo-
nella (Imada et al. 2007) have been determined
(Fig. 7C,D). Although the probable function of
the T3SS ATPase is to disassemble itself and se-
cretion chaperones from their cognate secretion

substrates, the high-resolution structures of both
EscN and FliI reveal a structural homology to
the a/b-subunit of F1-ATPase rather than to
the AAA ATPase as previously suggested (Akeda
and Galán 2005). Based on the atomic struc-
tures of EscN and FliI, respectively, hexameric
models have been constructed that reveal the
close structural homology to the a3/b3-hetero-
hexamer of F1-ATPase (Fig. 7A,B).

As displayed in Figure 7, the overall struc-
tures of EscN and FliI are highly similar to
each other. The EscN structure is composed of
two domains corresponding to the ATPase and
C-terminal domains of F1-ATPase, respectively,
while the FliI structure contains all three do-
mains of F1-ATPase. The N-terminal domain
containing a six-stranded b-barrel might func-
tion in oligomerization (Okabe et al. 2009). The
ATPase domain has Walker A/B motifs and
the Rossman fold for nucleotide binding. The
C-terminal domain shares less homology to
that of F1-ATPase and might function in
interaction with T3SS chaperones.

STRUCTURES OF EXTRACELLULAR
APPENDAGES: THE FLAGELLAR HOOK,
FILAMENT, AND INJECTISOME NEEDLE

The injectisome needle is a straight, hollow tube
of approximately 60 nm in length and 7 nm in
diameter and is made of 100–150 subunits of
proteins of the YscF family (Cornelis 2006).
YscF proteins are relatively small with about
9 kD, compared to the flagellar hook subunit
FlgE (42 kDa) and filament subunit FliC
(51 kDa).

Although YscF proteins share no sequence
homology to the flagellar filament or hook,
the atomic resolution structure of MxiH, the
needle subunit of Shigella ssp. (Deane et al.
2006), revealed structural features similar to
the D0 domain of flagellin and EspA, the needle
extension protein (Fig. 8A). MxiH consists of
two antiparallel a-helices that are connected
via a short turn, and the same helix bundles
can be found in both EspA and flagellin. Fur-
thermore, the atomic modeling of an injec-
tisome needle was possible by docking the
MxiH structure onto a 3D-EM reconstruction
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Figure 6. Crystal structures of the components of the C-ring, FliGMC, FliM, and FliN. (A) Left panel:
Ribbon representation of the crystal structures of FliGMC (middle and C-terminal domains of FliG),
FliM, and the doughnut-like tetramer of FliN. Upper right panel: cyro-EM image of a hook-basal-body
complex. The arrows illustrate the positions of the FliG, FliM, and FliN proteins in the C-ring structure.
Lower right panel: Model of the flagellar basal body complex with proposed locations of FliF, FliG,
FliM, and FliN forming the MS-ring and C-ring, respectively (Minamino et al. 2008b). (B,C) Comparison
of the homologous structures of FliN and HrcQBC (Fadouloglou et al. 2004). (B) Crystal structure
of the C-terminal fragment of FliN of Thermotoga maritima (PDB 1O6A). (See facing page for legend.)
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of the Shigella needle (Cordes et al. 2003; Deane
et al. 2006) (Fig. 8B).

Importantly, the overall helical properties of
the needles isolated from Shigella are remark-
ably similar to the helical properties of the flag-
ellar hook and filament (5.6 subunits per turn
of the 1-start helix and a helical pitch of 2.4 nm),
highlighting the structural similarities of both
the flagellum and the injectisome (Cordes
et al. 2003; Cornelis 2006).

The flagellar hook acts as a universal joint
connecting the motor with the helical filament
and thereby allows for transmission of torque
even if the motor and the helical filament are
not coaxially orientated (Berg and Anderson
1973). The hook is composed of about 120 sub-
units of FlgE and assembles, like the filament,
into 11 circularly arranged protofilaments.
Importantly, overall hook-length is relatively
tightly controlled to a length of 55 nm+6 nm
(Hirano et al. 1994; Macnab 2003; Chevance and
Hughes 2008). The structure of the FlgE31 frag-
ment, which is missing both terminal regions
of the hook protein FlgE, has been solved
(Samatey et al. 2004). The FlgE31 structure con-
sists of two domains, D1 and D2, each having an
oval shape, and is predominantly made of
b-sheets. Although the structure of the hook
subunit FlgE is very different compared to that
of the filament subunit flagellin, their helical
symmetries are strikingly similar to each other
as stated above (Morgan et al. 1993; Mimori
et al. 1995).

A partial atomic hook model was obtained by
docking the crystal structure of the FlgE31 frag-
ment into a 3D-EM density map of a straight
hook (Samatey et al. 2004; Shaikh et al. 2005)
(Fig. 9A). By deforming the helical lattice of the
straight hook it was possible to model a curved
hook, as shown in Figure 9B,C. Using this curved
hook model, the molecular mechanism of the

universal joint function of the flagellar hook
has been studied in detail by molecular dynamics
simulations (Samatey et al. 2004). This curved
hook model revealed that, while the hook
subunits are tightly packed in the inner core
domains, the outer two domains are loosely
packed in the axial intersubunit interactions in
the protofilament structure.

The bacterial flagellar filament is much lon-
ger than the injectisome needle and grows up to
10–15 mm long, consisting of about 20,000–
30,000 subunits of flagellin per filament
(Namba and Vonderviszt 1997; Berg 2003).
The filament structure is composed of 11 proto-
filaments, each of which can be in either a left-
handed (L-type) or a right-handed (R-type)
conformation (Asakura 1970). Only when all
protofilaments are in the same conformation,
the filament morphology is straight (Kamiya
et al. 1979), and accordingly the filament can
adopt a variety of helical morphologies by the
supercoiling of the filament structure due to
the mixture of the two protofilament confor-
mations in different number ratios (Asakura
1970; Calladine 1975, 1978). The left-handed
supercoiled filaments allow the formation of a
bundle that propels the cells through the media.
During a process called chemotaxis, the transi-
tion to a few different types of right-handed
supercoiled forms upon reversal of the motor
rotation results in disruption of the bundle and
tumbling of the cell (Macnab and Ornston 1977).

The complete atomic structure of the fila-
ment and the individual flagellin subunit has
been solved by cryo-EM image analysis and
X-ray crystallography (Samatey et al. 2001;
Yonekura et al. 2003) (Fig. 10). The structure
of the filament has a diameter of about 23 nm
with a central channel of about 2 nm (Fig.
10B,C). The filament structure is stabilized by
interaction of the a-helical coiled-coils of the

Figure 6. (Continued). (C) Crystal structure of the C-terminal domain of HrcQBC of Pseudomonas syringae
(PDB 1O9Y) (Fadouloglou et al. 2004). (D) Ribbon representation of the FliN dimer (gold) superimposed
on half of the HrcQBC tetramer (green) illustrating the highly homologous structure (Brown et al. 2005). (A,
reprinted, with permission, from Minamino et al. 2008b [# Elsevier]; B, Protein data base accession number
1O6A, based on Fadouloglou et al. 2004; C, Protein data base accession number 1O9Y, based on Fadouloglou
et al. 2004; D, reprinted, with permission, from Brown et al. 2005 [# ASM].)

Type III Structures

Cite this article as Cold Spring Harb Perspect Biol 2010;2:a000299 13



Figure 7. Crystal structures of the type III secretion ATPases, FliI, and EscN. (A) Model of the ATPase domain of
the FliI hexamer (blue and yellow) superimposed onto the ATPase domain (blue-green) and (orange) of
F1-ATPase (Imada et al. 2007). (B) Top-view of the EscN hexamer model; position of the ATP shown in a
van-der-Waals representation in gold (Zarivach et al. 2007). (C) Crystal structure of the flagellar type III ATPase
FliI (D1–18) missing the first 18 residues (PDB 2DPY). (D) Crystal structure of the C-terminal domain, residues
103–446 of the injectisome ATPase EscN (PDB 2OBL). (A, reprinted, with permission, from Imada et al. 2007
[# National Academy of Sciences]; B, reprinted, with permission, from Zarivach et al. 2007 [Nature Publishing
Group]; C, Protein database accession number 2DPY, based on Imada et al. 2007; D, Protein database accession
number 2OBL, based on Zarivach et al. 2007.)
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D0 and D1 domains of flagellin in the inner core
of the filament structure, in which the structure
of the D0 domain is strikingly similar to the
anti-parallel a-helices of the needle protein
MxiH (Deane et al. 2006) (Fig. 8A).

CAP STRUCTURES, THE FILAMENT TIP FliD,
AND THE NEEDLE TIP LrcV
The flagellar filament grows at its distal end by
self-assembly of flagellin subunits that have to
be transported in an unfolded conformation

Figure 8. Crystal structure and molecular model of a type III secretion needle. (A) Ribbon representation of the
D0 domain of flagellin (cyan), the ordered (chaperone-bound) region of EspA (orange) and molecule A of MxiH
(red). The modeled N-terminal helix of MxiH is also shown rotated by 908 about the long axis of the molecule.
(B) Model of the type III secretion needle obtained by docking of the atomic model of MxiH into the EM density
of the Shigella T3SS needle. Left panel: end-on view of a 40-Å-thick section of the assembled needle. Each MxiH
monomer is colored differently. The EM density is shown as a blue mesh. Right panel: side-view of the assembled
needle, with colors as in the left panel. Note that the needle models in the left and right panel are not shown at the
same scale. (Reprinted, with permission, from Deane et al. 2006 [# National Academy of Sciences].)
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Figure 9. Model of the supercoiled flagellar hook and crystal structure of the hook subunit fragment, FlgE31. (A)
Docking of the atomic model of the crystal structure of the hook subunit fragment FlgE31 into the outer two
domains of the hook obtained by cyro-EM. Left panel: end-on-view; right panel: side-view. The hook EM den-
sity is shown as a purple mesh. (B) Atomic model of the supercoiled hook and a schematic diagram of the basal
body complex. OM, outer membrane; PG, peptidoglycan layer; CM, cytoplasmic membrane. (C) Magnified,
atomic model of the supercoiled hook shown in (B). The innermost and the outermost protofilaments are dis-
played on the left and right, respectively. Dotted gray lines represent the central channel. (Reprinted, with per-
mission, from Samatey et al. 2004 [Nature Publishing Group].)
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through the narrow channel of the filament. At
the very end of the filament, an essential cap
structure made of the FliD protein promotes
flagellin self-assembly and polymerization by a
rotation mechanism. EM studies revealed that
the pentameric cap is attached at the distal
end of the filament via its five leg-shaped
anchor domains (Yonekura et al. 2000) (Fig.
11A). The five domains are separated from

each other, thereby forming five differently sized
gaps. One significantly larger gap is thought
to represent the exit site as well as the binding
site for individual flagellin subunits during
the assembly process. Insertion of a flagellin
subunit presumably forces the legs of the cap
subunits to transition into the next stable con-
formation, thereby providing another gap
for the subsequent assembly of the following
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Figure 10. Crystal structure and model of the flagellar filament. (A) Atomic model of the flagellar filament
obtained by cyro-EM. Ribbon representation of the filament subunit (Yonekura et al. 2003). (B) Ribbon repre-
sentation of the model of the flagellar filament. Upper panel: end-on-view from the distal end of the filament
displaying 11 subunits. Lower panel: side-view from outside of the filament (Yonekura et al. 2003). (C) Docking
of a protofilament into the electron density map of the filament. Upper panel: end-on-view from the top. Bot-
tom panel: Side-view. D0, D1, D2, and D3 indicate domains of the flagellin protein (Samatey et al. 2001). (A, B,
Reprinted, with permission, from Yonekura et al. 2003; C, reprinted, with permission, from Samatey et al. 2001
[all Nature Publishing Group].)
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Figure 11. EM images of the flagellar filament cap, needle tip and model of the needle-tip interaction. (A)
3D-EM image reconstruction of the flagellar cap pentamer (labeled A in the image) and decamer (labeled B
in the image). On the lower left side of the image are shown: averaged end-on-view (labeled C); projection of
the 3D reconstruction along the 5-fold axis (labeled D); averaged side-view (labeled E), and projection of the
3D reconstruction perpendicular to the 5-fold axis (labeled F) (Maki-Yonekura et al. 2000). (B) Upper three
panels: averaged EM images of the needle tip complexes formed by LcrV (left; resolution 1.5 nm), PcrV (center;
resolution 1.5 nm), and AcrV (right; resolution 2.5 nm). Also visible is the central channel of both the needle
and tip complex. Lower images on the bottom display typical single images (Mueller et al. 2005). (C) The
LcrV tip complex modeled onto the distal end of a injectisome needle. The LcrV tip complex is displayed in sur-
face representation (gray) (Deane et al. 2006). (A, Reprinted, with permission, from Maki-Yonekura et al. 2003
[# National Academy of Sciences]; B, reprinted, with permission, from Mueller et al. 2005 [# AAAS]; C,
reprinted, with permission, from Deane et al. 2006 [# National Academy of Sciences].)
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flagellin subunit. This conformational rearrange-
ment sequence has been described as awalk of the
pentameric cap along the helical steps of the fila-
ment end. Accordingly, the assembly of approxi-
mately 55 flagellin subunits results in a complete
rotation of the cap (Yonekura et al. 2000; Maki-
Yonekura et al. 2003).

In the case of the injectisome needle, the tip
proteins are thought to be responsible for the
correct insertion of the translocon complex
that forms a pore in eukaryotic cell membranes.
In Yersinia, LrcV forms the tip complex at the
distal end of the needle (Mueller et al. 2005).
It has been suggested that LrcV functions as a
scaffold or platform for the proteins of the
translocation pore (Cornelis 2006).

However, it cannot be ruled out that the
LrcV tip complex also promotes the assembly
of individual needle subunits during needle
growth, similarly to the function of the filament
cap described above. The overall structure of the
needle tip complex and the filament cap are
indeed comparable. Similar to the filament
cap, the LrcV tip complex seems to form a bell-
shaped structure at the distal end of the needle,
as visualized by EM studies of Yersinia needles
(Mueller et al. 2005) (Fig. 11B). A pentameric
complex has been suggested by superimposing
the LrcV structure with the C-terminal helices
of the needle subunit MxiH (Deane et al.
2006). A maximum of five LrcV molecules
could be placed at the tip of the needle, and
the resulting bell-shaped structures are strik-
ingly reminiscent of the flagellar cap com-
plex (Yonekura et al. 2003; Deane et al. 2006)
(Fig. 11C).

CONCLUSIONS AND FUTURE
PERSPECTIVES

Significant progress has been made in the visual-
ization of various components of both the flag-
ellum and the type III injectisome. Importantly,
high-resolution structures of several key compo-
nents of the highly homologous systems, like the
cytoplasmic ATPase, the inner membrane ring,
the flagellar C-ring proteins, the injectisome
needle, the flagellar hook, and the flagellar
filament are now available. Together with the

3D-EM image reconstructions of both the flag-
ellar hook-basal-body and the injectisome basal
body complex, we now have a relatively compre-
hensive picture of the overall structure of these
fascinating nanomachines. However, high-
resolution 3D images that allow the visualization
of secondary structures are still essential to build
more reliable atomic models to obtain deeper
insights into their mechanisms.

The other main challenges in the field are the
structure determination of several missing com-
ponents like the flagellar rod and C-ring of the
injectisome. Importantly, no structural informa-
tion about the membrane components of the
T3SS is available. Recent studies emphasized the
importance of the membrane components in
the PMF-dependent protein transport process,
and obtaining structural information about how
proton influx is coupled to the protein export
process remains the most challenging goal.
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