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Type III secretion system (T3SS) is a protein translocator
complex family including pathogenic injectisome or bac-
terial flagellum. The inejectisomal T3SS serves to deliver
virulence proteins into host cell and the flagellar T3SS
constructs the flagellar axial structure. Although earlier
studies have provided many findings on the molecular
mechanism of the Type III protein export, they were not
sufficient to reveal energy transduction mechanism due
to difficulties in controlling measurement conditions in
vivo. Recently, we developed an in vitro flagellar Type 111
protein transport assay system using inverted membrane
vesicles (IMVs), and analyzed protein export by using
the in vitro method. We reproduced protein export of the
flagellar T3SS, hook assembly and substrate specificity
switch in IMYV to a similar extent to what is seen in living
cell. Furthermore, we demonstrated that ATP-hydrolysis
energy can drive protein transport even in the absence of
proton-motive force (PMF). In this mini-review, we will
summarize our new in vitro Type III transport assay
method and our findings on the molecular mechanism of
Type III protein export.

Corresponding author: Hiroyuki Terashima, Division of Biological
Science, Graduate School of Science, Nagoya University, Chikusa-ku,
Nagoya, Aichi 464-8602, Japan.

e-mail: terashima.hiroyuki@h.mbox.nagoya-u.ac.jp

Key words: In vitro reconstitution, Inverted membrane
vesicle, Type III secretion system,
injectisome, bacterial flagellum

Type III secretion system (T3SS) is one of the bacterial
protein translocators and its family contains two types of
supramolecular complexes, the injectisome (or the needle
complex) and the bacterial flagellum [1,2]. The bacterial fla-
gellum is a filamentous organelle with a rotary motor in the
cell envelope and responsible for motility in aqueous envi-
ronments or on wet surfaces. The flagellum is composed of a
basal body ring structure consisting of the MS-ring and the
C-ring, and a filamentous axial structure consisting of the
rod, the hook, the junction and the filament (Fig. 1). The
axial structure is assembled from more than 20,000 protein
subunits of 9 different proteins with the help of 3 different
scaffold proteins. The axial proteins and their scaffold pro-
teins are translocated through the flagellar T3SS, called the
export apparatus, into the central tubular space across the
cell membrane. The exported proteins diffuse through the
central tube toward the growing end of the flagellum [3.4].
The export apparatus consists of the transmembrane export
gate complex formed by FlhA, FIhB, FliP, F1iQ and FliR and
the cytoplasmic ATPase complex formed by FliH, Flil and
FliJ [1,5,6]. The export gate is located inside of the trans-
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Bacterial Type Il secretion system (T3SS) is a protein translocator to deliver virulence factors or its own axial structure components. The molecular
mechanism of protein export is still obscure due to difficulties in controlling measurement conditions in vivo. We developed an in vitro protein
transport assay system using inverted membrane vesicles (IMVs). Our method reproduced protein export of the flagellar T3SS in IMV and the sub-
sequent flagellar assembly. We demonstrated that T3SS can drive protein export by using either ATP-hydrolysis energy or proton motive force. Our

method will give us novel insights into the functional mechanisms of T3SS.
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Figure 1 Cartoons diagram of the Salmonella flagellum. The func-
tional parts of the flagellum are showed in following colors: MS ring,
green; C ring, light green; transmembrane export gate, orange; cyto-
plasmic ATPase complex, red; rod, blue; hook, cyan; hook-filament
junction, purple; filament, yellow; LP ring, gray; stator, black. CM, cyto-
plasmic membrane; PG, peptidoglycan layer; OM, outer membrane.

membrane MS ring of the basal body and exports the pro-
teins by proton-motive force [7,8]. The ATPase complex
interacts with the export gate and the cytoplasmic C ring of
the basal body [9]. Flil is a Walker-type ATPase and forms a
homo-hexameric ring [10,11]. FliH is a negative regulator of
FIil ATPase and interacts with the N-terminal region of FIil
[12—14]. FliH also interacts with FIhA and a C ring compo-
nent, FliN, to anchor the ATPase complex to the basal body
[15]. FLiJ fits into a central hole of the hexameric Flil ring
[16]. The ATPase complex is structurally similar to the F -
and V -ATPase, suggesting that it hydrolyzes ATP in a simi-
lar manner as F - and V,-ATPase [11,12,16]. While FliH, Flil
and FIiJ form the ATPase complex in the export apparatus,
FliH and Flil form the F1iH,/Flil hetero-trimeric complex in
cytoplasm and interacts with the filament-type proteins in
complex with their specific cognate chaperons, which allow
the filament-type proteins to somehow come close to the
export gate [17-19]. Two different energy sources, proton-
motive force (PMF) and ATP-hydrolysis energy, are utilized
to export the substrate proteins through the export gate
[7,8,15,20]. Since addition of CCCP, which is a proton
ionophore to disrupt PMF, inhibits the export of the substrate
proteins, PMF is a primary driving energy for protein export.
The export gate acts as a proton/protein antiporter to cou-
ple the proton translocation to the protein export [21,22].
The proton is thought to be translocated through an export
gate component, FIhA. On the other hand, the role of ATP-
hydrolysis energy remains controversial. The ATP hydro-
lysis by Flil ATPase is not an essential event for exporting
the substrate proteins across the cell membrane because
AiH-flil double null mutant cells formed the flagella [7,8].
PMF is defined as the sum of AY and ApH. The wild-type
cells can export the proteins by only AW, whereas the fliH-flil

double null mutant cells require both AY and ApH for pro-
tein export [7,8,20]. Infrequent ATP hydrolyzing mutant, Flil
E211D still transported enough proteins to construct the axial
structure, hence ATP hydrolysis energy may be used for acti-
vation of the export gate and switching of the export gate
into a highly efficient A¥-driven engine [23]. In the injecti-
some, however, the ATP-hydrolysis energy is suggested to
be utilized for unfolding substrate proteins for export [24].
Although genetic and biochemical in vivo experiments have
revealed many aspects of the molecular mechanism of the
T3SS, they are not enough to reveal the energy transduction
mechanism for protein export due to difficulties in controlling
measurement conditions in vivo. Therefore, an in vitro trans-
port assay system is required for further understanding of the
Type III protein transport. Here we summarize the new in vitro
method to analyze the Type III protein transport and the
energy utilization mechanism found by using our method [25].

Construction of an in vitro protein transport assay
system based on inverted membrane vesicles

When people plan to construct a biochemical in vitro
experiment, they often have to purify protein molecules or
complexes of interest. The export apparatus, however, has
never been purified as an active complex so far because the
export apparatus with the base structure is a huge transmem-
brane protein complex with molecular mass of over 7 MDa.
Therefore, an inverted membrane vesicle (IMV)-based pro-
tein transport assay system seems to be a possible in vitro
method. Since the IMV is a membrane vesicle with inside-
out orientation derived from the cytoplasmic membrane, we
can precisely control measurement conditions for protein
transport. To prepare the IMVs, we introduced the follow-
ing mutations into Salmonella cells: fliT null mutation and
exogenous FIhD/FIhC expression to increase the number of
flagellum; f7hB N269A mutation to lock the export apparatus
in the rod-hook type secretion mode; flgD null mutation to use
FlgD as an export substrate to evaluate the protein transport
activity of IMV [26-28]. We removed the outer membrane
and the peptidoglycan layer from the grown mutant cells with
EDTA and lysozyme, respectively, to produce spheroplasts
(Fig. 2A). The spheroplasts were disrupted by high-pressure
cell homogenizer to invert the cytoplasmic membrane (Fig.
2A). To purify the IMVs, the IMVs were precipitated by
ultra-centrifugation, then separated from the contaminated
outer membrane, protein aggregations and DNA by sucrose
density gradient centrifugation (Fig. 2A). To verify the orien-
tation of the membrane vesicles, limited-proteolytic analysis
with proteinase K was performed. FIhA and Flil, which are
located at the cytoplasmic side, were degraded, indicating
that they face outward on the vesicles. Furthermore, the basal
body with the cytoplasmic C-ring exposed on the outside
of the vesicle was observed by electron cryo-tomography
(Fig. 2B). Therefore, we concluded that the orientation of
the IMVs is inside out. Next, we designed a transport assay
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Transport assay procedure
- Mix the IMV solution with external assay soution containing
purified substrate proteins and purified FliH/FIiI/FliJ proteins.
- Initiate the transport reaction by adding ATP solution.
- Incubate at 37°C for 1 hr.
- Add proteinase K to stop the transport reaction.
- Further incubate for 30 min to degrade non-transported
substrate molecules.
- Ultra-centrifuge at 100,000 x g for 30 min.
- Wash the precipitated IMVs.
- Solubilize the IMVs by Triton X100
- Precipitate the transported proteins in the IMV by trichloroacetate
- Detect the transported proteins by immunoblotting analyses. H" & "ADP+Pi o
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Figure 2 Schematic drawing of the typical in vitro protein transport assay. (A) Schematic drawing of the IMV preparation. The cultivated cells
were converted to spheroplasts by treatment with EDTA and lysozyme to remove the outer membrane and the peptidoglycan layer, respectively, then
disrupted by a high pressure homogenizer to form the inside-out vesicles. The vesicles were purified by ultracentrifugation and sucrose density
gradient centrifugation. (B) Electron cryo-tomographic image of the typical IMV in which the flagellar basal structure is embedded. The lower left
panel is an enlarged image of the basal body in the IMV. The disk like density formed by FIhA cytoplasmic domain is indicated by yellow arrow.
This image was cited from Terashima et al. In Vitro Reconstitution of Functional Type III Protein Export and Insights into Flagellar Assembly. MBio.
9,e00988-18. (2018) [25]. Please read the full license for further details at—https://creativecommons.org/licenses/by/4.0/. (C) (D) The in vitro Type
III protein transport assay method. (C) The procedures for the in vitro transport assay was described as a list. (D) To apply the initial PMF to the
IMV, the IMVs filled with 300 mM Na* solution at pH 6.0 were suspended in solution at pH 7.5 containing 125 mM K" and 5mM MgCl,. The
inverted membrane vesicle is mixed with the export substrates, ATP-Mg*', the FliH,/Flil complex and/or FliJ depending on experiment purpose.
Addition of ATP induces proton pumping into the IMVs by reverse reaction of the endogenous F_F -ATP synthase, resulting in generating PMF across
the membrane. The PMF and ATP hydrolysis drive the protein transport into the IMV. The transported proteins are detected by immunoblotting.

method using IMVs (Fig. 2C, 2D). Since protein export by
T3SS is driven by primarily PMF, we applied the initial PMF
by providing the pH and ionic strength differences between

The IMV-based assay system preserved protein
transport ability as well as that seen in cells

inside and outside of the IMVs, and maintained the PMF
by proton pumping by reverse reaction of endogenous F F -
ATP synthase. ATP-Mg?" was added into the assay solution
containing the IMVs, purified substrate proteins and FliJ to
initiate the protein transport, and the solution was incubated
at 37 degree Celsius for 60 min. To stop the protein transport
and digest non-transported proteins, proteinase K was added
in the assay solution. The substrate proteins transported into
the IMVs were detected by immunoblotting.

First of all, we confirmed the protein transport ability of
the IMV using purified FlgD, FIgE and FliK. FIgE is a hook
protein and FlgD is a scaffolding protein for hook formation
[28]. FIgE is incorporated into the growing hook beneath the
FlgD cap complex that is attached on the tip of the hook
[29]. FliK is a molecular ruler protein which regulates the
hook length at c.a. 55 (£6) nm [30]. FlgD was transported
into the IMVs in the presence of ATP-Mg** but not in the
absence of ATP-Mg?*. Addition of CCCP, a proton iono-
phore, hindered the protein transport, indicating that protein
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Figure 3 Three possilble energy transduction modes of T3SS. The left panel, protein export by cooperative use of PMF and the ATP hydrolysis
energy in wild-type cells; the middle panel, protein export by PMF without the ATP hydrolysis energy in the ffiH-flil null mutant cell; the right panel,

protein export by the ATP hydrolysis energy without PMF.

transport in IMV was driven by PMF as well as that in cell.
Next, we investigated whether the FliH,/Flil complex and
FliJ in the assay solution affect on the protein transport
because Flil shows turn-over between the ATPase complex
attached on the export gate and the cytoplasmic pool [31].
Transport activity was significantly enhanced when both the
FliH,/Flil complex and FliJ were added in the assay solu-
tion, but transport activity was little changed by adding the
FliH,/FLil complex or FliJ alone in the assay solution. The
IMVs pre-incubated with the FliH/Flil complex and FliJ
showed only slight enhancement of transport activity. These
results indicate that the presence of FliH, Flil and FIiJ in the
cytoplasmic pool is required for efficient protein export.
Although the IMVs show protein export activity, it is still
obscure whether the protein export proceeds as in the cell. If
the protein export process in IMV fully retains that in cell,
the transported proteins would be assembled into the axial
structure. Therefore, we added FIgE with/without FlgD to
the assay solution, and then observed the IMVs by electron
cryo-tomography. The transported FIgE molecules assem-
bled into the hook on the rod in IMV. Next, we tried to regu-
late the hook length by adding FliK in the assay solution.
IMVs were prepared from a Salmonella AfthB AfigD AliT
mutant strain expressing wild-type FIhB, instead of FlhB
N269A, to switch the substrate specificity upon completion
of the hook. In the absence of FliK, the polyhook, the abnor-
mally long hook structure, was formed in IMV, but in the
presence of 4 uM FliK, the average length of the hook was
controlled at c.a. 55 (£22) nm. These results indicate that
only FliK is required to terminate the transport of the rod-
hook type proteins. These in vitro experiments clearly show
that our in vitro assay system fully reproduces the T3SS pro-
tein export and following events, such as the hook assembly
process and substrate specificity switching as in the cell.

Analysis of energy transduction mechanism by
using the in vitro protein transport assay system

Protein export by T3SS is thought to be primarily driven
by PMF and facilitated by ATP hydrolysis energy [7,8,15,20],
but the roles of these energies are still not clear. To clarify
the role of ATP hydrolysis energy produced by the T3SS
ATPase complex, we tried to examine the protein transport
without PMF. Since our IMV includes endogenous F F,-ATP
synthase, we genetically disrupted both fliH-flil genes and
F F,-ATP synthase locus (subunit a, B, v, 6, €, A, B, C and I)
from the Salmonella AflhB AfigD AfliT strain expressing
FIhB N269A and FIhD/FIhC, then prepared the IMVs with-
out the pH and ion concentration gradient. In the PMF-
depleted condition, surprisingly, FlgD transport activity was
still retained when the F1iH,/Flil complex, FliJ and ATP-Mg**
were present in the external solution. In order to further con-
firm the protein export without PMF, we added CCCP in the
assay solution with the FIliH,/Flil complex, FliJ and
ATP-Mg?*. FlgD transport was not affected by CCCP addi-
tion. Moreover, the polyhook formation was observed in the
PMF-depleted condition when FlgD and FIgE were added in
the assay solution, indicating that the flagellar T3SS can
transport proteins without PMF if the FliH,/Flil complex,
FliJ and ATP-Mg*" are present in solution. To confirm whether
ATP hydrolysis by Flil ATPase contributes to protein export,
Flil E211Q mutant protein, which binds ATP but does not
hydrolyze it, was added to the assay solution. Unlike wild-
type Flil, the protein transport didn’t occur. These results
indicate that protein export by T3SS can be driven by only
ATP hydrolysis energy produced by Flil ATPase even in the
absence of PMF (Fig. 3). Our study clearly revealed that
T3SS can drive protein export by using either PMF or ATP
hydrolysis energy, although they are both needed for the
maximum export activity. It is still unclear how the ATP
hydrolysis energy by Flil ATPase is utilized to drive protein



export. Thus, further investigations are needed for under-
standing the role of ATP hydrolysis energy.

Conclusion

Our in vitro protein transport assay system based on IMVs
reproduced protein export and flagellar assembly as well as
those seen in cell. Although the previous in vivo studies have
shown that T3SS is primarily driven by PMF and facilitated
by ATP hydrolysis energy, the transport analyses using IMVs
revealed that the export apparatus can export the substrates
using only ATP hydrolysis energy. This suggests that T3SS
is a “hybrid-engined” protein translocator that is capable of
using either PMF or ATP hydrolysis energy as the energy
source. The energetic robustness may contribute to maintain
the protein export activity of T3SS against environmental
perturbations.
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