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A B S T R A C T

Many pathogenic gram-negative bacteria utilise the type III secretion system (T3SS), a specific protein injection 
apparatus, to translocate virulence effectors into host cells, modulating host cell functions and establishing 
infection. To facilitate the precise cytosolic transport of effectors to T3SS, a class of proteins called chaperones 
plays a crucial role. However, a limited number of available structural data on chaperone-effector complexes 
hampers understanding of the mechanisms underlying this process. In Vibrio parahaemolyticus, a major causative 
agent of seafood-associated acute gastroenteritis in humans, T3SS chaperone VecA transports its cognate 
membrane-disrupting effector, VepA. Here, we determined the crystal structure of VecA alone and in complex 
with VepA at resolutions of 2.20 Å and 2.49 Å, respectively. While the overall protein fold and the hydrophobic 
cleft that accommodates an N-terminal β-motif of effectors were conserved among T3SS chaperones, the struc
tural analysis revealed that surface residues are remarkably different, reflecting their substrate specificity. 
Additionally, unlike other reported structures of the T3SS chaperone-effector complexes, in which the effectors 
are partially unfolded and wrapped around the chaperone, VepA adopts a highly folded conformation in the 
complex. This compact structure appears to protect the fragile glycine-rich transmembrane domain of VepA and 
suggests that upon secretion, VepA undergoes conformational changes, including α-helix formation, allowing the 
transmembrane domain to embed into and disrupt the membrane of organelles containing its binding target, V- 
ATPase. These findings elucidate the chaperone-mediated regulation of effector transport and function of the 
bacterial virulence-related T3SS.

1. Introduction

Pathogenic gram-negative bacteria secrete virulence effectors to 
manipulate host cells, facilitate infection, and cause disease. Effectors 
are delivered via secretion systems, of which the type III secretion sys
tem (T3SS) is widely studied [1]. In the T3SS, newly synthesised effec
tors are initially recognised by chaperones and translocated to the host 

cell cytosol via a needle-like secretion apparatus [2]. Chaperones, which 
are structurally conserved in T3SS systems, are implicated in the selec
tive recognition of the substrate, stabilisation of its structure, and 
maintenance of its conformation for effective secretion [3].

Vibrio parahaemolyticus, a gram-negative marine bacterium, is a 
major foodborne pathogen that causes acute gastroenteritis in humans 
[4,5]. V. parahaemolyticus translocates effectors into host cells using two 
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types of T3SS: T3SS1 and T3SS2 [6,7]. Among these effectors, VepA 
(VP1680/VopQ), secreted via T3SS1, is a major cytotoxic factor in 
V. parahaemolyticus [8]. VepA binds to the V0 subcomplex of V-ATPase 
on lysosomes and causes lysosomal membrane permeabilisation, leading 
to deacidification and blockage of autophagic flux [9–13]. The analysis 
of the cryo-electron microscopy structure of V-ATPase in complex with 
VepA demonstrated that in addition to the C-terminal V-ATPase-binding 
domain (CTD) and N-terminal chaperone-binding domain (NTD), VepA 
possesses a transmembrane domain (TMD) in the middle region. In the 
VepA–V-ATPase complex, part of the TMD of VepA is inserted into the 
detergent micelles surrounding V-ATPase, while the remaining part is 
disordered within them, implying its potential role in disrupting the 
lysosomal membrane [13]. The TMD of VepA is largely hydrophobic and 
conformationally flexible, contains multiple glycine residues (27 of 158 
residues), and can disrupt membranes composed of lipids with acidic 
head groups [11]; thus, this domain requires tightly controlled transfer 
mechanisms until it encounters the V-ATPase in the host cell membrane. 
However, the structural basis underlying these processes is unclear.

In this study, we determined the crystal structure of VepA in complex 
with its cognate chaperone VecA for the first time in the genus Vibrio 
[14]. In the complex, the TMD of VepA adopts a highly folded confor
mation, with a potentially aggregation-prone flexible hydrophobic 
transmembrane helical segment masked by VecA. This conformation is 
markedly different from that observed in the cryo-electron microscopy 
structure of the VepA–V-ATPase complex. Based on these structures, we 
discuss the mechanisms of effector recognition and stabilisation by T3SS 
chaperone proteins, facilitating the successful delivery of effectors to 
their targets.

2. Materials and methods

2.1. Protein expression and purification

Recombinant VecA and VepA were expressed in Escherichia coli BL21 
(DE3). For VecA, cells were transformed with plasmid pGEX-6P1 
encoding VecA [14] and cultured in LB medium containing 100 
μg/mL ampicillin at 37 ◦C until OD660 reached 0.6. Protein expression 
was induced with 1.0 mM IPTG at 20 ◦C for 18 h. For VepA, a TEV 
protease recognition site was introduced upstream of the open reading 
frame via PCR using phosphorylated primers (5′-ATGGTGAAT 
ACAACGCAAAAAATC-3′ and 5′-GCCCTGAAAGTACAGATCCTCGGA 
TCCGATATCAGCCATGGCCTTG-3′), and the pET30a-vepA plasmid was 
used as the template [10]. The resulting plasmid was transformed into 
BL21(DE3), then cultured in LB medium, and induced with 0.2 mM IPTG 
under the same experimental conditions. Cells were harvested, lysed via 
sonication, and centrifuged to remove cellular debris. GST-VecA was 
purified using GSTrap HP and HiTrap Q HP columns and cleaved with a 
Turbo3C protease. Following tag and protease removal, the protein was 
purified by size-exclusion chromatography (SEC) using a HiLoad 16/600 
Superdex 200 pg column in 20 mM Tris-HCl, 150 mM NaCl, 2 mM DTT 
(pH 8.0), and concentrated to 10 mg/mL. VepA was purified using a 
HisTrap FF column and digested with TEV protease. The cleaved sample 
was reapplied to the column, and the flowthrough was further purified 
by SEC in a buffer containing 20 mM Tris-HCl and 150 mM NaCl (pH 
8.0), yielding 10 mg/mL protein for crystallisation experiments. For 
complex formation, VepA and VecA were mixed at a 1:2.5 M ratio and 
separated from unbound proteins by SEC using a HiLoad 16/600 
Superdex 200 pg column equilibrated with the same buffer supple
mented with 2 mM DTT. The samples were concentrated to 8 mg/mL for 
crystallisation experiments.

2.2. Crystallisation, data collection, and structural analyses

Crystallisation assays were conducted at 4 ◦C using the sitting-drop 
vapour diffusion method. VecA crystals were obtained in 0.1 M Tris- 
HCl (pH 8.8) and 1.8 M ammonium sulfate. For phasing, crystals were 

soaked in 0.2 mM Ta6Br12. The VepA–VecA complex was crystallised in 
100 mM sodium cacodylate (pH 6.5), 20 % (v/v) PEG 400, and 200 mM 
Li2SO4. For X-ray diffraction data collection, crystals were cryoprotected 
by increasing PEG 400 to 40 % before flash-freezing in liquid nitrogen. 
All diffraction data were collected at the beamline BL38B1 of SPring-8. 
The VecA crystal belonged to space group P41212 with cell dimensions 
of a = b = 73.75 Å, c = 109.91 Å. Data were collected at 1.25380 Å for 
anomalous phasing. VepA–VecA complex crystals belonged to space 
group C2221 with cell dimensions of a = 109.85 Å, b = 152.93 Å, c =
101.12 Å. For VecA crystals, phasing was performed using AutoSol from 
the Phenix suite [15], followed by manual model building in Coot [16] 
and refinement using phenix.refine [15]. The final model was refined to 
a resolution of 2.20 Å with Rwork and Rfree values of 0.239 and 0.295, 
respectively. For VepA–VecA complex crystals, molecular replacement 
was applied to determine the initial phase using Phaser from the Phenix 
suite [15] and the VecA structure as the search model. The VepA portion 
was built in Coot, and the structure was refined to a resolution of 2.49 Å 
with Rwork and Rfree values of 0.241 and 0.276, respectively. Data 
collection and refinement statistics are summarised in Table 1. Model 
validation with MolProbity [17] indicated good stereochemistry and 
overall quality for both structures (Table 1).

3. Results and discussion

3.1. Structure of VecA

To elucidate the mechanism of effector recognition by the T3SS 
chaperone VecA from V. parahaemolyticus, we performed an X-ray 
crystallographic study on the VepA–VecA complex. Although we suc
cessfully obtained its crystals, our attempts to resolve its structure via 
molecular replacement utilising previously known or AlphaFold- 

Table 1 
X-ray data collection and structure refinement statistics.

Data collection VecA (Ta6Br12 derivative) VepA-VecA

Beamline SPring-8 BL38B1 SPring-8 BL38B1
Detector Pilatus3 6 M MX225HE
Wavelength (Å) 1.25380 1.00000
Space group P41212 C2221

Unit-cell 
parameters (Å, ◦)

a = b = 73.75, c = 109.91, 
α = β = γ = 90.00

a = 109.85, b = 152.93, c =
101.12, α = β = γ = 90.00

Total measured 
reflections

382229 (33342) 195356 (24194)

Unique reflections 16059 (1354) 29792 (3334)
Resolution (Å) 47.12–2.20 (2.27–2.20) 48.26–2.49 (2.59–2.49)
Rmerge 0.120 (1.612) 0.147 (1.108)
CC1/2 0.999 (0.794) 0.995 (0.608)
Completeness (%) 100.0 (100.0) 99.0 (99.1)
Wilson B-factors 

(Å2)
56.3 53.1

Average I/σ (I) 20.9 (2.1) 15.0 (2.0)
Redundancy 23.8 (24.6) 6.6 (7.3)

Refinement

Resolution (Å) 32.81–2.20 (2.26–2.20) 48.26–2.49 (2.53–2.49)
Reflections 15999 (1292) 29612 (1398)
No. Atoms

Protein 264 668
Water 18 –
Others ​ ​

Ta6Br12 1 –
PO4 1 –

Rwork 0.239 (0.304) 0.241 (0.348)
Rfree 0.295 (0.346) 0.276 (0.380)
R.M.S.D. from ideal

Bonds (Å) 0.009 0.003
Angles (◦) 1.070 0.677

B-factors (Å2) 68.0 68.5
Ramachandran plot analysis (%)

Most favored 96.9 95.4
Allowed 3.1 4.3
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predicted structures were unsuccessful. Therefore, we tried to determine 
the structures of VepA and VecA in the free state and use them for initial 
phasing. Several crystallisation trials utilising various constructs of 
VepA resulted in precipitation in crystallisation drops, possibly due to 
the flexible nature of the NTD and TMD (vide infra). In contrast, we 
obtained crystals of VecA, and the structure was then determined at a 
resolution of 2.20 Å by the single anomalous dispersion method using a 
Ta6Br12 metal ion cluster as an anomalous scatterer (Fig. 1A, Table 1). 
This structure represents the first reported structure of a T3SS chaperone 

from the genus Vibrio.
Similar to other T3SS chaperones, VecA forms a dimer in an asym

metric unit (Fig. 1A). Both monomers possess almost identical structures 
with a backbone Cα root-mean-square deviation (RMSD) value of ~0.3 
Å. Each VecA monomer adopts an α1-β1-β2-β3-α2-β4-α3 fold topology, 
which is conserved among T3SS chaperones (Fig. S1A) [18]. The 
dimerisation interface is formed predominantly by α2, β4, and two loops 
(L5 and L6), and Y76 in L5 penetrates the hydrophobic pocket created by 
β4 and L6 of the adjacent monomer (Fig. S1B and C).

Fig. 1. Structures of the T3SS chaperone VecA. (A) Cartoon representation of the structure of the VecA dimer consisting of three α helices and five β antiparallel 
strands. The monomers are shown in yellow and cyan. (B) Cartoon representation of the ExsC, SycE, SigE, and Spa15 chaperones (PDB accession codes 3KXY, 1JYA, 
1K3S, and 1RY9, respectively). (C) Sequence alignment and conservation of surface-exposed amino acids in class IA and IB T3SS chaperones. Multiple sequence 
alignments were performed using ClustalW [31], and conservation scores ranging from 0.05 (variable) to 0.7 (conserved) were calculated using UCSF Chimera [32]. 
The alignments are shown in Fig. S2. Amino acid conservation is depicted in a colour gradient from turquoise (highly variable) to purple (highly conserved). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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T3SS chaperones are classified into three categories (I, II, and III) 
based on the type of substrate they bind to [3,19]. Class I chaperones 
bind to T3SS effectors and are further divided into two subclasses: class 
IA (a single substrate) or class IB (multiple substrates) [3,19]. Our pre
vious study identified VecA as a class IA chaperone that specifically 
recognises VepA [14]. VecA shares overall protein fold with class IA 
T3SS chaperones—ExsC of Pseudomonas aeruginosa, SycE of Yersinia 
pseudotuberculosis, and SigE of Salmonella enterica—and class IB chap
erones, including Spa15 of Shigella flexneri (Fig. 1B) [20–23]. Compar
ative sequence analyses of 16 class IA and IB chaperones revealed that 
despite their similar overall structures, surface regions exhibited lower 
sequence conservation, which might influence the specificity of chap
erones to effectors (Fig. 1C–S2, and S3).

3.2. Structure of the VepA–VecA complex

The structure of VecA was utilised for molecular replacement to 
determine the VepA–VecA complex at a resolution of 2.49 Å (Fig. 2A). 
The VecA structure remained essentially unchanged upon binding to 
VepA (backbone Cα RMSD was approximately 0.9 Å), with only minor 
structural variations in β1 and β2 of one monomer (Fig. S4). The VepA 
structure was resolved from the NTD to the TMD (residues 11–243), 
linker domain (residues 312–392), and part of the CTD (residues 
402–492) (Fig. 2B–S5). A portion of the NTD (residues 1–10), a segment 
of the CTD (residues 393–401), and the region of the TMD adjacent to 
the linker domain (residues 244–311) were not resolved, reflecting the 
flexibility of these regions.

Fig. 2. Structure of chaperone-effector complexes. (A) Cartoon representation of the VepA–VecA complex. The region highlighted in Fig. 3A is indicated by a black 
square. (B) Structure and domains of VepA in the complex. The NTD, TMD, linker, and CTD are shown in blue, green, brown, and pink. (C) Cartoon representations of 
the T3SS chaperone-effector complexes YopE-SycE, ExsE-ExsC, SipA-InvB, ExoT-SpcS, and YopN-SycN-YscB (PDB accession codes 1L2W, 3KXY, 2FM8, 4JMF, and 
1XKP, respectively). The N-terminal regions of effectors (residues 1–50) are highlighted in blue, and the remaining residues are shown in grey. CTD, C-terminal 
domain; NTD, N-terminal domain; TMD, transmembrane domain. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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Fig. 3. Conserved regions of chaperone-effector complexes. (A) Interaction between the N-terminal domain of VepA (blue) and a VecA monomer (yellow) between β 
strands. Clusters of basic residues are surrounded by dashed lines. The three residues that constitute the β-motif are indicated in bold. (B) The alignment of T3SS 
effector sequences is shown in Fig. 2C. β-motif residues are shown in white with a red background. The β-motif residues of VepA are numbered above the alignment. 
(C) Detailed view of the insertion of β-strands of T3SS effectors into the hydrophobic cleft of chaperones in the complexes shown in Fig. 2C. Three key residues 
forming the β-motifs are shown as stick diagrams. Surface hydrophobicity gradients of chaperones are represented using the normalised consensus hydrophobicity 
scale [33]. In complexes with two interaction sites, both sites are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)
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Two VecA molecules bind to a single VepA molecule to form a 2:1 
complex, similar to previously characterised T3SS chaperone-effector 
complexes [3]. The interaction with VecA is achieved by residues 
1–154 of the NTD of VepA, consistent with our previous findings 
demonstrating that residues 30–100 are essential for interaction with 
VecA [14]. The interaction between VepA and VecA is partly similar to 

that of previously characterised effector-chaperone complexes (Figs. 2A, 
2C, and 3) [24]. VepA β3 interacts with the edge of the β-sheet of VecA 
within the hydrophobic cleft (Fig. 3A). In most T3SS chaperone-effector 
complexes, β-motif, which comprises three key residues in the 
chaperone-binding β-strand and is widely conserved in T3SS substrates 
across animal and plant pathogens [24–26], docks into the hydrophobic 

Fig. 4. Comparison of the structures of VecA-bound and V0-bound VepA. (A) Cartoon representation of the structure of VepA bound to the V0 subcomplex of V- 
ATPase (PDB accession code 6PE4). (B) Resolved residues of VepA in the VecA-bound and V0-bound structures. (C) Structure of VecA-bound and V0-bound VepA. The 
TMD is shown in green, and the other regions are shown in grey. Glycine residues are shown in red. (D) Amino acid sequence and predicted secondary structure 
(green) of the TMD of VecA-bound and V0-bound VepA. Secondary structures were predicted using JPred4 [34]. Glycine residues are shown in red. (E) Structural 
changes in the TMD of VepA before and after secretion. CTD, C-terminal domain; NTD, N-terminal domain; TMD, transmembrane domain. Dotted lines indicate 
flexible disordered regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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cleft [24–26] (Fig. 3B and C). In VepA, residues H47, F49, and S51 bind 
to the hydrophobic cleft of VecA (Fig. 3C). The amino acid composition 
of this β-motif varies between effectors and is not strictly limited to 
hydrophobic residues, suggesting that the relative contribution of this 
motif to binding affinity differs across complexes [24], and that varia
tions in interaction patterns contribute to substrate selectivity. In the 
VepA–VecA complex, the β-strand interactions are further stabilized by 
amino acid residues in the 310-helix (S41), α2 (K60), and loop L4 (H47, 
K48) of VepA that form hydrogen bonds or salt bridges with residues in 
loop L1 (P19), loop L2 (D33, D34, R35), and α3 (E123) of VecA (Fig. 3A).

In contrast to the conserved β-strand-mediated interaction described 
above, the interaction between the remaining segment of VepA and 
VecA is drastically different from that found in other effector-chaperone 
complexes, reflecting the low sequence conservation of surface-exposed 
chaperone residues (Fig. 2A–C). In most complexes, the effector wraps 
around the chaperone, partially unfolding the NTD (Fig. 2C) [20,24,
27–29]. In contrast, the NTD of VepA adopts a folded conformation and 
is located adjacent to VecA. While α10 in the TMD of VepA is positioned 
close to α2 of VecA (Fig. 2A), no direct interaction was detected. This 
structural feature was unexpected because NTD unfolding may be 
essential for secretion. However, the N-terminal 20 residues in the NTD 
of VepA are exposed to the solvent region, and our previous study has 
shown that residues 5–20 in the N-terminal region are important for 
secretion [14]. As the solvent-exposed flexible N-terminal region is 
found in other effector-chaperone complexes (Fig. 2C), the partial 
unfolding of the NTD may be sufficient only at the most N-terminus of 
effectors.

The secretory signals by which the T3SS recognises its cognate 
effector have not been determined. In this regard, we also identified a 
positively charged NTD region containing an unusually dense cluster of 
basic residues near a conserved hydrophobic cleft of VecA (Fig. 3A). 
Although this uniquely charged region of VepA may play a role in rec
ognising the T3SS, further studies are required to confirm this 
hypothesis.

3.3. Conformational changes in VepA

Previous studies have demonstrated that VepA directly interacts with 
subunit c of the V-ATPase V0 subcomplex in target cells and integrates its 
TMD into the lysosomal membrane [10,13]. The structure of the TMD of 
V0-bound VepA differs substantially from that in VecA-bound VepA 
(Fig. 4A–C). In the V0-bound form, over half of the TMD adopts an 
extended conformation, forming three transmembrane helices 
(TMH1-TMH3) that insert into the detergent micelles surrounding 
V-ATPase (Fig. 4B–D). The remaining region of TMD is disordered and 
thus may have a unique mode of membrane disruption (i.e., not by 
forming α helical pores) [13]. In the chaperone-bound state, TMH1 and 
TMH2 are fragmented into shorter helices (i.e., α8–α10) and are 
compactly folded (Fig. 4C), while the C-terminal 70 residues of the TMD, 
including part of TMH2 and TMH3 formed in the V0-bound form, are 
disordered (Fig. 4D). The TMD contains an unusually high proportion of 
glycine residues (27 of 158 residues), which is unusual in 
membrane-embedded helices, allowing for conformational changes 
depending on the environment (Fig. 4B–D).

Based on these structural findings, we propose a mechanistic model 
for VepA secretion and function in the host cell (Fig. 4E). Initially, VepA 
is synthesised in a state in which its NTD and TMD exhibit flexibility, and 
then VecA recognises VepA and recruits it to the T3SS apparatus. At this 
stage, VecA interacts with VepA in a way that partially protects the 
fragile NTD and TMD in the bacterial cytoplasm (Fig. 4E, left panel). 
Upon dissociation from the chaperone, VepA is secreted through the 
T3SS needle complex, adopting an unfolded intermediate state [30]. 
Following translocation, VepA refolds and immediately binds to 
V-ATPase and embeds into the lysosomal membrane, culminating in 
membrane destabilisation (Fig. 4E, right panel) [10,13].

Effector secretion is crucial for the virulence of V. parahaemolyticus. 

As part of our effort to clarify the molecular basis of this process, we 
determined the structure of the class IA chaperone VecA in complex with 
its cognate effector VepA. Using this new information and the known 
structure of VepA bound to V0 subcomplex of V-ATPase, we propose a 
model describing conformational changes in VepA before and after 
secretion. These findings elucidate the functional roles of VecA, which 
stabilises VepA and maintains its conformation, thereby restricting its 
function in bacterial cells. These results advance our understanding of 
tightly regulated mechanisms of chaperone-mediated effector 
translocation.
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