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Bacteria employ the flagellar type III secretion system (fT3SS) to construct flagellum, which acts as a 
supramolecular motility machine. The fT3SS of Salmonella enterica serovar Typhimurium is composed of a 
transmembrane export gate complex and a cytoplasmic ATPase ring complex. The transmembrane export gate 
complex is fueled by proton motive force across the cytoplasmic membrane and is divided into four distinct 
functional parts: a dual-fuel export engine; a polypeptide channel; a membrane voltage sensor; and a docking 
platform. ATP hydrolysis by the cytoplasmic ATPase complex converts the export gate complex into a highly 
efficient proton (H+)/ protein antiporter that couples inward-directed H+ flow with outward-directed protein 
export. When the ATPase ring complex does not work well in a given environment, the export gate complex will 
remain inactive. However, when the electric potential difference, which is defined as membrane voltage, rises above 
a certain threshold value, the export gate complex becomes an active H+/protein antiporter to a considerable degree, 
suggesting that the export gate complex has a voltage-gated activation mechanism. Furthermore, the export gate 
complex also has a sodium ion (Na+) channel to couple Na+ influx with flagellar protein export. In this article, we 
review our current understanding of the activation mechanism of the dual-fuel protein export engine of the fT3SS. 
This review article is an extended version of a Japanese article, Membrane voltage-dependent activation of the 
transmembrane export gate complex in the bacterial flagellar type III secretion system, published in SEIBUTSU 
BUTSURI Vol. 62, p165–169 (2022). 
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The flagellar type III secretion system (fT3SS) consists of a transmembrane export gate complex powered by the 
electrochemical potential difference of protons across the cell membrane and an associated ATPase ring complex 
that serves as an activator of the export gate complex. The fT3SS is equipped with a dual-fuel engine that exploits 
H+ and Na+ as the coupling ions and a membrane voltage sensor to drive flagellar protein export, allowing the 
fT3SS to maintain its protein transport activity against various internal and external perturbations. This review 
describes our current understanding of the structure and function of the Salmonella fT3SS. 
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Introduction  

 
The cell membrane is positively charged on the outside and negatively charged on the inside due to the difference in ion 

concentrations between the inside and outside of the cell, thereby creating the electric potential difference (ΔΨ) across the 
cell membrane, which is defined as membrane voltage. Various membrane protein complexes, such as FOF1-ATP synthase, 
protein transporters, ion channels, ion-driven motility machines, and so on, utilize proton motive force (PMF), which 
consists of the ΔΨ and the proton (H+) concentration difference (ΔpH) across the cell membrane, to exert their biological 
activities. In physics, Δψ and ΔpH are equivalent driving forces for H+ movement, and they are believed to play equivalent 
roles in biological functions as well, such as those involving membrane H+ channels [1]. However, the studies we describe 
here clearly indicate that Δψ and ΔpH are used differently in the flagellar protein export process [2]. 

Salmonella enterica serovar Typhimurium (hereafter referred to as Salmonella) is a pathogenic bacterium that causes 
bacterial food poisoning, and Salmonella infection results in acute gastroenteritis. Salmonella cells use a long filamentous 
organelle called the flagellum to travel to intestinal epithelial cells of human body and then utilizes an appendage named 
the injectisome to directly inject virulence effector proteins into host cells for invasion. The flagellum also promotes 
bacterial adhesion to host cell surfaces and biofilm formation on solid surfaces. Thus, flagella-driven motility allows 
bacterial cells not only to reach a suitable site, but also to adhere efficiently to the cell surfaces for their invasion [3]. 

The Salmonella flagellum is composed of a basal body, a hook, and a filament (Figure 1). The basal body is embedded 
in the cell membranes and acts as a bi-directional rotary motor powered by PMF. The hook and filament extend outward 
from the cell body. The filament functions as a helical propeller to propel the cell body. The hook exists between the basal 
body and filament and works as a universal joint to transmit torque produced by the rotary motor to the helical propeller 
[4-6].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 
The Salmonella basal body consists of the C-ring (composed of FliG, FliM, FliN), the MS-ring (FliF), the P-ring (FlgI), 

the L-ring (FlgH) and the rod (FliE, FlgB, FlgC, FlgF, FlgG). These component proteins and their arrangement in the 
flagellum are highly conserved among bacterial species [7]. Recently, the entire structure of the Salmonella basal body 
has been revealed by cryoEM image analysis [8,9]. The MS-C-ring complex has 34-fold rotational symmetry and serves 

Figure 1  Schematic diagram of the Salmonella flagellum. The bacterial flagellum consists of a basal body that acts as a 
bi-directional rotary motor, a filament that works as a helical propeller, and a hook that connects the basal body and 
filament and serves as a universal joint to transmit rotational force produced by the motor to the helical propeller. A 
dozen stator units surround the rotor ring complex consisting of the MS-ring and the C-ring. To construct the axial 
structure consisting of the rod, the hook, the junction, the filament, and the filament cap, each structural subunit is 
translocated by the flagellar type III secretion system (fT3SS), diffuses down the central channel and assembles at the 
distal end of the growing structure. OM, outer membrane; PG, peptidoglycan layer; CM, cytoplasmic membrane. 
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as the rotor of the flagellar motor [10]. The C-ring also acts as a switching device to allow the motor to rotate in both 
counterclockwise and clockwise directions [11]. Maximally a dozen stator units surround the rotor, and each stator unit 
acts as a transmembrane H+ channel that couples H+ influx through the channel with torque generation [12]. The rod is a 
helical assembly consisting of 11 protofilaments that is straight and rigid against bending and twisting and acts as a drive 
shaft [13]. The P and L rings together form a very strong and stable ring complex that serves as a bushing for high-speed 
rod rotation inside it [14].  

The basal body also contains a specific protein export apparatus required for construction of the axial structure consisting 
of the rod, the hook (FlgE), the hook-filament junction (FlgK, FlgL), the filament (FliC), and the filament cap (FliD) 
(Figure 1). Because the flagellar protein export apparatus is very similar in structure and function to the injectisome, they 
are categorized into the type III secretion system (T3SS) [15]. The T3SS is composed of a transmembrane export gate 
complex and a cytoplasmic ATPase ring complex (Figure 2) [16].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

The transmembrane export gate complex of the Salmonella flagellar T3SS (fT3SS) is composed of 9 copies of FlhA, a 
single copy of FlhB, 5 copies of FliP, 4 copies of FliQ, and a single copy of FliR and is divided into two distinct structural 
parts: a transmembrane protein complex containing an ion channel and a polypeptide channel; and a docking platform for 
component proteins of the cytoplasmic ATPase complex, flagellar export chaperones, and export substrates [17-21]. The 
ion and polypeptide channels are located inside the MS-ring whereas the docking platform projects into the central cavity 
of the C-ring. The flagellar export gate complex is powered by PMF and serves as a H+/protein antiporter that couples 
inward-directed H+ flow through the ion channel with outward-directed protein translocation through the polypeptide 
channel [2,22-24]. The export gate complex requires ATP hydrolysis by the cytoplasmic ATPase ring complex to become 
an efficient and robust H+/protein antiporter under a variety of environmental conditions [2,25]. In addition to ΔΨ, the 
export gate complex by itself prefers to use sodium ions (Na+) to drive Na+-coupled protein export over a wide range of 
external pH when the cytoplasmic ATPase complex is absent or non-functional [26,27]. Furthermore, when ΔΨ exceeds 
above a certain threshold value, an inactive export gate complex autonomously becomes an active H+-driven protein 
transporter even in the absence of external Na+ [28]. These observations suggest that the export gate complex is equipped 
with a dual-fuel protein export engine and a membrane voltage sensor so that it can conduct both H+ and Na+ to drive ion-
coupled protein export in a ΔΨ-dependent manner. Thus, the fT3SS can maintain its protein transport activity against 
internal and external perturbations. In this review article, we describe our current understanding of the activation 
mechanism of the dual-fuel export engine in the Salmonella fT3SS. 

 
FliP, FliQ, and FliR Form a Polypeptide Channel Inside the MS-ring 

 
FliP and FliR assemble into the FliP5-FliR1 complex with the help of FliO [29,30], and four FliQ subunits surround the 

Figure 2  Schematic diagram of the flagellar type III protein export apparatus. The flagellar protein export apparatus is 
composed of a transmembrane export gate complex with a stoichiometry of 9 FlhA, 1 FlhB, 5 FliP, 4 FliQ and 1 FliR and 
a cytoplasmic ATPase ring complex with a stoichiometry of 12 FliH, 6 FliI and 1 FliJ. The export gate complex is located 
within the MS-ring. The FliH dimer binds to each of 6 FliI subunits, and the interaction of the FliH dimer with FliN in 
the C-ring anchors the FliI6-FliJ ring to the base of the flagellum. CM, cytoplasmic membrane.   
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FliP5-FliR1 complex to form the FliP5-FliQ4-FliR1 complex [19] (Figure 3). The FliP5-FliQ4-FliR1 complex is located 
within a central pore of the MS-ring and serves as a polypeptide channel for the translocation of export substrate across 
the cytoplasmic membrane. The structure of the FliP5-FliQ4-FliR1 complex is formed with a helical array of subunits, and 
so FliE, which is the first export substrate transported by the fT3SS [31], can directly assemble on FliP and FliR to form 
the most proximal part of the rod structure with a helical symmetry [8,9]. Interactions of FliE with FliP and FliR fully 
open the exit gate of the polypeptide channel, allowing other axial proteins to diffuse down the central channel of the 
growing structure and assemble at the distal end [32]. So, if FliE is missing in the basal body, the fT3SS is unable to 
transport other axial proteins out of the cytoplasm [17,31]. 
 
FlhB Regulates the Opening and Closing of the Polypeptide Channel 

 
FlhB consists of an N-terminal transmembrane domain (FlhBTM) with four transmembrane helices (TMHs) and a C-

terminal cytoplasmic domain (FlhBC) [33,34]. A single copy of FlhB directly associates with the FliP5-FliQ4-FliR1 
complex through interactions of FlhBTM with FliP, FliQ, and FliR (Figure 3) [20]. The cytoplasmic loop (FlhBLoop) 
between TMH-2 and TMH-3 wraps around the entrance gate of the polypeptide channel through the interactions with 
each FliQ subunit. FlhBC provides binding sites for export substrates such as the rod and hook proteins [35-37]. Recent 
genetic analysis has shown that FlhBC, together with the cytoplasmic ATPase complex, regulates the opening and closing 
of the entrance gate of the polypeptide channel [34].  

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The fT3SS transports the hook protein during hook assembly. When the hook reaches its mature length of about 55 nm 
in Salmonella, the fT3SS switches its substrate specificity from hook-type to filament-type, thereby terminating hook 
assembly and initiating filament assembly [38]. The fT3SS infrequently secrets the FliK ruler protein during hook 
assembly to measure the hook length [39,40]. FliK is composed of an N-terminal domain (FliKN) that serves as a molecular 
ruler, a C-terminal domain (FliKC) that interacts with FlhBC to catalyze the substrate specificity switch, and a flexible 
linker region (FliKL) between FliKN and FliKC [41-43]. Recently, it has been reported that FliKL is required for efficient 
interaction of FliKC with FlhBC upon completion of hook assembly [44]. Thus, FlhBC, together with FliK, appears to bring 
the order to flagellar assembly.  
 
FlhA Provides a Docking Platform for Export Substrates and Flagellar Export Chaperones 

 
FlhA is composed of an N-terminal transmembrane domain with eight TMHs, a C-terminal cytoplasmic domain (FlhAC) 

and a flexible linker (FlhAL) connecting these two domains [33,34,45]. FlhA interacts with FliP, FliQ, and FliR during 

Figure 3  CryoEM structure of the FlhB1-FliP5-FliQ4-FliR1 complex [PDB ID: 6S3L]. FliP (light green) and FliR 
(yellow) assemble into a helical structure with a stoichiometry of 5 FliP and 1 FliR molecules, and 4 FliQ (pink) 
molecules bind to the outside of the FliP5-FliR1 complex, forming the FliP5-FliQ4- FliR1 complex with a helical subunit 
array. The transmembrane domain of FlhB (light blue, FlhBTM) associates with the FliP5-FliQ4-FliR1 complex. The 
central pore of the FliP5-FliQ4-FliR1 complex serves as a polypeptide channel. The cytoplasmic loop of FlhB (FlhBLoop) 
encases all four FliQ molecules and seems to stabilize a closed conformation of the polypeptide channel.  
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MS-ring formation, thereby assembling into a homo-nonameric ring structure [18,29,46-48]. High-speed atomic force 
microscopy has shown that FlhAC with the FlhAL linker can form a stable homo-nonameric ring in vitro whereas FlhAC 
without FlhAL cannot (Figure 4A), suggesting that FlhAL stabilizes the FlhAC ring structure [49]. This is well supported 
by the structure of the FlhAC ring revealed by cryoEM image analysis [21, PDB ID: 7AMY] 

The FlhAC ring structure serves as a docking platform for component proteins of the cytoplasmic ATPase complex, 
flagellar export chaperones, and export substrates and coordinates flagellar protein export with assembly in a highly 
organized and well-controlled manner, thereby the flagellar axial structure to be efficiently built on the cell surface [38]. 
The crystal structures of FlhAC show that it consists of domains D1, D2, D3, and D4 and adopts open [PDB ID: 3A5I], 
semi-closed [PDB ID: 6AI0], and closed [PDB ID: 3MYD] conformations [50-52]. When FlhAC adopts the open 
conformation, there is a large cleft between domains D2 and D4. In contrast, when FlhAC switches its conformation from 
the open form to the closed form, domain D4 is much closer to domain D2 (Figure 4B). Molecular dynamic simulation 
has revealed that the flhA(G368C/K548C) mutation stabilizes a completely closed conformation at 300 K, thereby 
suppressing dynamic open-close domain motions and that the flhA(F459C) mutation restores cyclic open-close domain 
motions of FlhAC with the G368C/K548C substitution [53]. Because the flhA(G368C/K548C) mutation causes loss of 
motility in Salmonella whereas the flhA(F459C) mutation partially suppresses this motility defect [51], this suggests that 
the cyclic open-close domain motions of FlhAC are important for flagellar protein export by the fT3SS.  

FlgN, FliS, and FliT function as flagellar export chaperones specific for FlgK/L, FliC, and FliD, respectively [4] and 
bind with high affinity to the highly conserved hydrophobic dimple of FlhAC formed by its Asp-456, Phe-459, and Thr-
490 residues (Figure 4C), allowing the fT3SS to efficiently unfold and transport their cognate substrate to construct the 
flagellar filament at the tip of the hook [54-57]. These chaperones can bind to the open form of FlhAC but not to its closed 
form [51,58]. Because cyclic remodeling of hydrophobic side chain networks in FlhAC induces periodic open-close 
domain motions of FlhAC [53], such dynamic domain motions may facilitate the cycle of chaperone association and 
dissociation for efficient and robust protein transport during filament assembly. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FlhA Acts as a Dual-fuel Export Engine of the fT3SS 
 

In Salmonella wild-type cells, ΔΨ alone is sufficient for flagellar protein export by the transmembrane export gate 
complex over a wide range of environmental conditions [2,23,26]. In contrast, certain Salmonella mutants with FliI that 
cannot work as a flagellum-specific ATPase in the fT3SS require the ΔpH component for flagellar protein export in 

Figure 4  Atomic model of the C-terminal cytoplasmic domain of FlhA (FlhAC). (A) End-on view of FlhAC nonameric 
ring structure. The FlhAC ring model is built by fitting domains D1 and D2 of FlhAC [PDB ID: 3A5I] to those of MxiAC 
in the nonameric ring structure [PDB ID: 4A5P]. The flexible linker region of FlhA (FlhAL) binds to its neighboring 
FlhAC subunit to stabilize the FlhAC ring structure. (B) Structural comparison between the open [blue, PDB ID: 3A5I] 
and closed [magenta, PDB ID: 3MYD] forms of FlhAC. When FlhAC adopts the closed form, domain D4 is much closer 
to domain D2. (C) The crystal structure of FlhAC in complex with the FliT-FliD chaperone-substrate complex [PDB ID: 
6CH2]. The FliT chaperone (purple) binds to the C-terminal segment of FliD (FliDC) to form the FliT-FliD complex. This 
complex binds to the well-conserved hydrophobic dimple at the interface between domains D1 and D2. Asp-456, Phe-
459, and Thr-490 are critical for the FlhAC-FliT interaction.  
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addition to the ΔΨ component [2]. This suggests that these two components of PMF plays distinct roles in the flagellar 
protein export process. Because the number and length of visible flagellar filaments produced by these mutant cells 
increase substantially with an increase in the extracellular Na+ concentration over a wide range of external pH (Figure 5) 
[26], the export gate complex has a dual-fuel export engine that can couple either H+ or Na+ flow with the translocation 
of export substrate through the polypeptide channel complex. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Which component of the export gate complex is responsible for the dual-fuel export engine? It has been shown that 

overexpression of Salmonella FlhA alone in Escherichia coli cells results in a significant decrease in intracellular pH [26]. 
Furthermore, overexpression of FlhA with the D208A substitution causes a further decrease in intracellular pH compared 
to wild-type FlhA. Because the D208A substitution exists in FlhATM, these results suggest that FlhATM has a H+ channel 
activity and that Asp-208, which is highly conserved among FlhA homologs, suppresses massive H+ flow through the 
FlhATM channel. Interestingly, the intracellular Na+ concentration of E. coli cells overexpressing Salmonella FlhA has 
been shown to increase to about 100 mM by adding 100 mM NaCl to the culture medium, indicating that FlhATM also has 
the Na+ channel activity. However, the Na+ channel activity of FlhA with the D208A substitution is essentially the same 
as that of the wild-type, indicating that Asp-208 of FlhA is not involved in the Na+ influx through the Na+ channel. 
Therefore, it seems likely that FlhATM is the one that serves as a dual-fuel export engine of the fT3SS.  
 
FlgN Chaperone Activates the Na+-driven Export Engine 
 

The Salmonella ΔfliH-fliI flhB(P28T) mutant, which not only lacks both fliH and fliI genes encoding components of the 
cytoplasmic ATPase ring complex, but also contains the flhB(P28T) point mutation, has been shown to preferentially use 
sodium motive force (SMF) across the cytoplasmic membrane to produce a few flagella over a wide range of external pH 
(Figure 5) [26]. In contrast, when FliH and FliI are co-expressed from a plasmid, the ΔfliH-fliI flhB(P28T) mutant can 
transport flagellar proteins to produce flagella even in the absence of external Na+ [26]. Furthermore, removal of Na+ from 
the culture medium has no effect on the export of flagellar proteins by Salmonella wild-type cells [26]. These observations 
suggest that the export gate complex prefers to use the H+-driven export engine when the cytoplasmic ATPase complex 
is fully functional whereas it prefers to use the Na+-driven export engine when the ATPase complex is absent or non-
functional. Thus, the Na+-driven export engine appears to serve as a backup engine for the fT3SS. 

How does the Na+ channel of FlhATM open to become active when the ATPase ring complex ceases to function? FliJ, 
which is a component of the cytoplasmic ATPase ring complex, binds to FlhAL with high affinity and FlhAC with low 
affinity [60]. When FliJ cannot stably bind to FlhAL, the export gate complex opens the Na+ channel of FlhATM to drive 

Figure 5  Capability of the Salmonella ΔfliH-fliI flhB(P28T) mutant to form flagella. The Salmonella ΔfliH-fliI 
flhB(P28T) mutant (ΔHI B*), which not only lacks both fliH and fliI genes, but also has the P28T substitution in FlhB, 
cannot form flagella when there is little difference between intracellular and extracellular proton concentrations (left 
panel). The ΔHI B* cells, however, can produce a few flagella in the presence of 100 mM NaCl (right, upper panel). An 
increase in ΔΨ generated by an upward shift of external pH from 7.5 to 8.5 also significantly increases the probability 
of filament formation by the ΔHI B* cells (right, bottom panel). PMF, proton motive force; SMF, sodium motive force. 
This figure is modified from ref. [59]. 
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Na+-coupled protein export [27]. Removal of FlgN from the ΔfliH-fliI flhB(P28T) mutant causes a completely non-motile 
phenotype because none of the flagellar proteins are transported out of the cytoplasm even in the presence of 100 mM 
NaCl [27], indicating that FlgN is required for Na+-coupled protein export by the export gate complex. Interestingly, either 
of two mutations in FlhAC, flhA(D456V) to flhA(T490M), significantly suppresses this motility defect [27], suggesting 
that these two mutations allow FlhAC to adopt a conformation mimicking a FlgN-bound state to let the export gate complex 
utilize Na+ as the coupling ion to transport flagellar proteins in the absence of FlgN. Because FlgN alone can bind to 
FlhAC with nanomolar affinity [55], the FlgN-FlhAC interaction appear to generate a conformational change in FlhATM 
that activate its Na+ channel function. Thus, FlgN serves not only as an export chaperone specific for FlgK and FlgL, but 
also as a switch that turns on the Na+-driven export engine when the cytoplasmic ATPase ring complex becomes non-
functional (Figure 6, middle panel). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Export Gate Complex is Equipped with a Membrane Voltage Sensor 
 

How does the export gate complex utilize ΔΨ, which is measured as membrane voltage, to drive ion-coupled protein 
export. Intracellular pH of bacterial cells is unaffected by changes in external pH and is generally maintained at around 
7.5. So, to maintain total PMF as much as possible, the cells autonomously increase ΔΨ when external pH is higher than 
7.5 [61-63]. In fact, an upward shift of external pH from 7.5 to 8.5 increases ΔΨ significantly but decreases the total PMF 
in Salmonella cells (Figure 5). Even in the absence of external Na+, the transmembrane export gate complex of the ΔfliH-
fliI flhB(P28T) mutant can become an active H+/protein antiporter to drive H+-coupled protein export when ΔΨ exceeds 
a certain threshold value [28]. As a result, many ΔfliH-fliI flhB(P28T) mutant cells produce a few flagella even in the 
absence of external Na+ (Figure 5). These observations suggest that the export gate complex is equipped with a voltage-
gated mechanism to activate H+-coupled protein export.  

At what stage of the flagellar protein export process is ΔΨ used? Overexpression of FliJ significantly increases the 
secretion level of flagellar proteins by the Salmonella ΔfliH-fliI flhB(P28T) mutant at an external pH value of 7.5, and an 
upward shift of external pH from 7.5 to 8.5 does not enhance flagellar protein export by this mutant [28]. Furthermore, 
removal of FliJ from the ΔfliH-fliI flhB(P28T) mutant significantly reduces the ΔΨ-dependent protein export activity of 
the export gate complex even at an external pH value of 8.5, but the flhA(T490M) mutation located in FlhAC significantly 
restores this protein export activity in the absence of FliJ [28]. Because FliJ binds to FlhAL to facilitate H+-coupled protein 

Figure 6  Activation mechanism of the dual-fuel export engine in the fT3SS. When the cytoplasmic ATPase complex is 
functional, ATP hydrolysis by the FliI ATPase activates the export gate complex to become an active protein transporter 
through an interaction between FliJ and FlhA. As a result, the export gate complex efficiently utilizes ΔΨ or PMF to 
couple H+ flow through the FlhA ion channel with the translocation of export substrate into the polypeptide channel (left 
panel). When the cytoplasmic ATPase ring complex becomes non-functional, FlgN binds to FlhA and activates the Na+ 
channel of FlhA, allowing the export gate complex to drive Na+-coupled protein export (middle panel). Furthermore, an 
increase in ΔΨ above a certain threshold value stabilizes the interaction between FliJ and FlhA, and this interaction 
activates the H+ channel of FlhA, allowing the export gate complex to drive H+-coupled protein export in the absence of 
external Na+ (right panel). Thus, the export gate complex is equipped with a dual-fuel export engine and a membrane 
voltage sensor. CM, cytoplasmic membrane. This figure is modified from ref. 59. 

e190046_7



 
 
 
 

export by the export gate complex [2,64], FlhA itself seems to have a membrane voltage-dependent activation mechanism, 
and an increase in ΔΨ above a certain threshold value may stabilize the interaction between FlhAL and FliJ, thereby 
opening the H+ channel of FlhATM to facilitate H+ flow to be coupled with flagellar protein export (Figure 6, right panel). 
Therefore, ΔΨ appears to be necessary not only for an efficient and robust interaction between FlhAL and FliJ, but also 
for efficient H+ influx through the FlhATM ion channel to be coupled with flagellar protein export. 
 
The Cytoplasmic ATPase Ring Complex Serves as an Activator of the Export Engine 
 

The cytoplasmic ATPase ring complex is composed of 12 copies of FliH, 6 copies of FliI, and 1 copy of FliJ and serves 
as an activator of the transmembrane export gate complex (Figure 7) [65]. FliI is a Walker-type ATPase [66] and forms a 
homo-hexameric ring to hydrolyze ATP at the interface between FliI subunits [67,68]. The entire structure of FliI is very 
similar to the α and β subunits of FOF1 ATP synthase, which couples H+ flow through the FO part with ATP synthesis by 
the F1 part [69]. The FliI ring has been observed to be located in the cytoplasmic side of the flagellar basal body C-ring 
by electron cryotomography and sub-tomogram averaging [70].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The FliI6 ring requires FliH for efficient localization to the flagellar base [71-73]. FliH adopts a quite elongated 

conformation and forms a homodimer through its central α-helical coiled coil structure [74,75]. The C-terminal domain 
of FliH (FliHC) shows different conformations from each other in the two subunits of the dimer structure [76]. These two 
FliHC domains bind to different regions of the N-terminal domain of FliI (FliIN), and these two distinct interactions are 
demonstrated to be critical for the stable formation of the FliH2-FliI complex [76,77] (Figure 7). Two highly conserved 
Trp-7 and Trp-10 residues in the N-terminal domain of FliH (FliHN) are directly involved in the interactions with FliN in 
the C-ring for FliI ring location and FlhA in the export gate complex for export substrate shuttle function of the FliH2-FliI 
complex [78,79]. High-resolution single-molecule imaging techniques have shown that these two distinct interactions are 
necessary for FliI by labelling FliI with a yellow fluorescent protein to efficiently localize it at the base of the flagellum 
[80]. Because FliHN and FliHC are homologous to the b and δ subunits of FOF1 ATP synthase, respectively, which form 
the peripheral stalk connecting the cytoplasmic F1 unit to the membrane-embedded FO unit [81], FliH is likely to act as a 
peripheral stalk to stably anchor the cytoplasmic FliI6 ring to the flagellar base through interactions of FliH with FliIN, 
FliN, and FlhA. 

FliJ adopts an antiparallel coiled-coil structure that is structurally similar to the two-stranded α-helical coiled-coil part 
of the γ subunit of FOF1 ATP synthase and binds to the central pore of the FliI6 ring [82] (Figure 7). This is supported by 
the cryoEM structure of the ATPase ring complex of the virulence associated T3SS, consisting of 6 copies of the FliI 
homolog SctN and a single copy of the FliJ homolog SctO [83]. 

How does the cytoplasmic ATPase ring complex activate the H+-driven export engine? FliJ requires FliH and FliI for 
efficient binding to FlhAL, thereby turning on the H+-driven export engine in the fT3SS [2]. A highly conserved Glu-211 
residue in the catalytically active site of FliI is directly involved in the ATP hydrolysis reaction cycle [25,68]. The ATPase 

Figure 7  Atomic model of the FliHC12-FliI6-FliJ1 ring complex. The FliHC2-FliI1 complex [FliI; PDB ID: 5B0O] and 
FliJ [PDB ID: 3AJW] are shown in Cα ribbon representation. FliI assembles into a homo-hexamer. The C-terminal 
domain of FliH (FliHC) forms a homodimer through its central coiled coil structure, and the FliHC dimer (FliHC2) binds 
to each N-terminal domain of the FliI6 ring. FliJ binds to the central pore of the FliI6 ring. 
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activity of FliI with the E211D substitution is about 100-fold lower than that of wild-type FliI. However, the number and 
length of flagellar filaments produced by more than 90% of the fliI(E211D) mutant cells are reduced to only about half of 
those of the wild type [25], indicating that infrequent ATP hydrolysis by FliI with the E211D substitution is sufficient for 
processive protein transport by the fT3SS. This suggests that the rate of ATP hydrolysis by the FliI ATPase is not at all 
coupled with the export rate by the fT3SS and that ATP consumption by the fT3SS must be relatively low during flagellar 
assembly. Interestingly, the fliI(E211Q) mutant whose substitution does not affect ATP binding to the catalytic site of FliI 
but completely inhibit ATP hydrolysis [68] produces flagella albeit at a very low probability [25], suggesting that even 
just the binding of ATP to the catalytic site of FliI can activate the export gate complex to some degree. Thus, the energy 
derived from the binding of ATP to FliI and the subsequent ATP hydrolysis by the FliI6 ring seems to be used only to 
activate the export gate complex (Figure 6, left panel). 
 
Conclusions and Perspective 
 

The transmembrane export gate complex is composed of a dual-fuel protein export engine that uses either H+ or Na+ as 
the coupling ion to drive ion-driven protein export, a polypeptide channel, a membrane voltage sensor, and a substrate 
docking platform. Based on available information, three distinct gate activation mechanisms have been proposed (Figure 
6). The transmembrane export gate complex remains inactive until the cytoplasmic ATPase ring complex is installed into 
the flagellar base. ATP hydrolysis by the FliI ATPase induces conformational changes in the FlhATM domain through an 
interaction between FliJ and FlhAL, opening the H+ channel of FlhATM and unlocking the entrance gate of the polypeptide 
channel. As a result, the transmembrane export gate complex can act as a H+/protein antiporter that efficiently utilizes ΔΨ 
to drive H+-coupled protein export in a highly processive manner (left panel). When FliJ cannot efficiently bind to FlhAL, 
the FlgN chaperone binds to FlhAC and activates the Na+ channel of FlhATM to facilitate Na+ influx to be coupled with 
flagellar protein export (middle panel). The export gate complex is also equipped with a voltage-gated mechanism, in 
which an increase in ΔΨ above a certain threshold value significantly stabilizes the FliJ-FlhAL interaction in the absence 
of FliH and FliI, thereby activating the H+ channel of FlhATM to a considerable degree. As a result, the export gate complex 
can drive H+-coupled protein export (right panel).  

Recently, the entire structure of the FliP5-FliQ4-FliR1 polypeptide channel complex associated with the basal body has 
been revealed by cryoEM image analysis [8,9]. However, because both FlhA and FlhB are missing in these cryoEM 
structures, it remains unknown how H+ and Na+ with different ionic radii move through the ion channel of FlhATM, how 
ATP hydrolysis by the cytoplasmic ATPase ring complex activates only the H+ channel of FlhATM, how the FlgN chaperon 
opens only the Na+ channel of FlhATM, how the H+ channel of FlhATM is activated in a ΔΨ-dependent manner, and how 
the export gate complex couples ion flow through the ion channel with the translocation of export substrate through the 
polypeptide channel. To clarify these critical questions, the overall structure of FlhA in complex with the FlhB1-FliP5-
FliQ4-FliR1 complex is needed to be revealed by high-resolution cryoEM image analysis. 
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