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Abstract
Gastroenteritis cases associated with non-toxigenic strains of Vibrio parahaemolyticus have been
reported in many countries, suggesting the contribution of novel virulence factors. One candidate
is zonula occludens toxin (Zot), which increases the intestinal permeability by other bacteria.
Recently we identified prophages belonging to the Inoviridae family encoding putative Zot-like
toxins in Chilean strains. Based on this information we performed sequence-based analyses of
these toxins, followed by phylogenetic and structural analyses using computational tools. Our
results showed that Zots found in Chilean V. parahaemolyticus strains are grouped into three
different phylogenetic clusters, sharing two conserved motifs (Walker A and B) in their N-terminal
region. These motifs are also conserved in Zots from the human pathogens Vibrio cholerae,
Neisseria meningitidis and Campylobacter concisus. Although Zots of V. parahaemolyticus do not
possess the FCIGRL sequence responsible for the effects produced by V. cholerae, they do possess
a conserved secondary structure within their C-terminal region with Zots proteins able to disrupt
the intestinal barrier, which is interesting since it has been suggested that the structure and not the
Zot sequence would be responsible for the biological effects. This preliminary study provides the
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basis to study the function of Zots found in V. parahaemolyticus on the intestinal barrier and their
possible role as a virulence factor.
Keywords: Vibrio parahaemolyticus, non-toxigenic strains, Zot, zonula occludens toxin, Vibrio
cholerae, Campylobacter concisus, intestinal permeability
Key Contribution: This study provides valuable information for a more in-depth examination of
Zot sequences found in Vibrio parahaemolyticus strains, and additionally provides the basis for
the study of their biological effects on the intestinal epithelial barrier and their definition as a
possible new virulence factor in this species.
1. Introduction
Inshore marine waters around the world are densely populated with Vibrio parahaemolyticus [1],
which is the leading cause of seafood-associated bacterial gastroenteritis [2]. However, only a few
strains can cause infections in humans and most environmental strains are non-pathogenic [3]. The
most characteristic virulence-associated factors are thermostable direct hemolysin (TDH) and
TDH-related hemolysin (TRH), encoded by the tdh and trh genes, respectively [2–5]. However,
V. parahaemolyticus remains pathogenic in the absence of these hemolysins, indicating that other
virulence factors exist [2]. Analysis of the complete genome sequence of V. parahaemolyticus
strain RIMD2210633 revealed the presence of other virulence factors such as the type III and VI
secretion systems (designated T3SS and T6SS respectively), in both chromosome and in various
genomic islands (VPaI) [6–8]. Studies reported that environmental isolates of V. parahaemolyticus
lacking tdh and/or trh and T3SS2 can be highly cytotoxic to human gastrointestinal cells [9–11].
These results indicate that cytotoxicity and enterotoxicity of pathogenic V. parahaemolyticus are
not explained only by classic virulence factors and suggest that one or more novel virulence factors
could be responsible for its pathogenicity [12]
It is known that Vibrio species share virulence genes in estuarine environments where they live
[8]. In fact, Vibrio cholerae has an arsenal of different toxins besides the classical cholera toxin
(CT), including the zonula occludens toxin (Zot), the most important toxin in the absence of CT
[13]. The zot gene was first described in V. cholerae; it is encoded by the CTX prophage [14,15].
The N-terminal domain of the V. cholerae Zot protein is involved in bacteriophage morphogenesis,
while the C-terminal domain is cleaved and secreted into the intestinal lumen [15–17]. Structurefunction analyses indicate that the biologically active fragment of Zot (FCIGRL) can be mapped
to amino acids 288-293. FCIGRL is structurally similar to another motif (SLIGRL) that activates
an intracellular signaling pathway by binding to proteinase-activated receptor-2 (PAR-2), a
receptor that has been implicated in the regulation of paracellular permeability, inducing a transient
reduction in transepithelial resistance and an increase in transepithelial flux along concentration
gradients by affecting the tight junction (TJ) permeability [18–20]. It was recently reported that
toxigenic Campylobacter concisus strains producing Zot have the potential to initiate
inflammatory bowel disease or could be aggravators of Crohn disease [21,22]. This Zot protein
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causes sustained intestinal barrier damage, induces the liberation of proinflammatory cytokines
and increases the response of macrophages to other microorganisms [23]. In our previous work we
showed that a V. parahaemolyticus zot sequence is encoded into prophage f237 of the pandemic
RIMD2210633 strain, which is different from the V. cholerae CTX prophage [11]. We also showed
that the clinical strain PMC53.7, which does not possess any other known virulence factor in its
genome, also possess a zot-encoding prophage [11]. However, whether these Zot proteins encode
bona-fide enterotoxins remains unknown. It was recently reported that different zot-encoding
prophages were found in 77.9% of the clinical isolates of V. parahaemolyticus [24]. These
prophages belong to the Inoviridae family, which plays an important role in the evolution and
pathogenesis of multiple bacteria, showing that Zot is highly prevalent in clinical strains of this
species [24]. This suggests that Zots could have a possible role in the pathogenesis of V.
parahaemolyticus. In this preliminary study we decided to perform sequence-based analyses of
Zot toxins from non-toxigenic Chilean V. parahaemolyticus strains, followed by phylogenetic and
structural analyses to identify their main features using computational tools. The phylogenetic
analysis of Zot-like toxin proteins showed that Zot from Chilean non-toxigenic strains PMC53.7
and PMA2.15 belongs to the B4 phylogenetic group, while Zot of PMA3.15 belongs to B2
phylogenetic group defined by Castillo et al. 2018b [24]. We noted that two motifs in the Nterminal end (Walker A and Walker B) and the secondary structure of the C-terminal motif
FCIGRL are highly conserved with Zots of V. cholerae and C. concisus strains, which are able to
damage the intestinal barrier and disturb intestinal permeability. These results will provide useful
information to study further a potential role of Zot in the pathogenesis of V. parahaemolyticus.

2. Results
Phylogenetic analysis of zot sequences and comparison of prophages containing zot in Vibrio
species
The zonula occludens toxin gene (zot) located in the CTX prophage has been associated with the
pathogenicity of V. cholerae [25,26] (Figure 1A). Interestingly, a recent report has shown that zotencoding prophages are widely distributed among Vibrio species, including the environmental
human pathogen V. parahaemolyticus [24]. For example, the zot gene has been detected in the V.
parahaemolyticus prophage f237 and in the filamentous phages VfO3:K6 and VfO4:K68.
However, no homologs to ctx toxin genes were present (Figure 1A).
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Figure 1. Genomic organization of zot-encoding prophages in Vibrio species A) Diagrammatic
representation of zot-encoding prophages and phages of different pathogenic and environmental
Vibrio parahaemolyticus isolates (See Supplementary Table 1S). B) Maximum likelihood tree
based on the amino acid sequences of Zots found in different Vibrio species. V. parahaemolyticus
Zots of Chilean non-toxigenic strains belonging to the B2 and B4 phylogenetic groups are
highlighted. Bootstrap values <80% were removed from the tree. The horizontal bar at the base of
the figure represents 0.5 substitutions per amino acid site.
A list of Zot-encoding prophages in V. parahaemolyticus and V. cholerae is shown in Table 1.
Table 1. Prophages which harbor zot in V. parahaemolyticus and V. cholerae prophage strains
Phage

Host

CTX
VFJ

Vibrio cholerae strain KMN002 Unknown
Vibrio cholerae strain ICDC- Unknown
4470
Vibrio
cholerae strain USA, MA
10E09PW02

VCY-phi

Origin

Year
1996
2012

Size
(bp)
10,638
8,555

Accession
number
HQ224500.1
KC357596.1

2011

7,103

JN848801.1
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VEJphi
KSF1
VSK
VGJphi
fs1
fs2
Vf12

Vibrio cholerae strain MO45
Vibrio cholerae strain 55V71
Vibrio cholerae O139
Vibrio cholerae strain SG25-1
Vibrio cholerae strain A1-4450
Vibrio cholerae strain MDO14
Vibrio parahaemolyticus strain
Vp12
Vf33
Vibrio parahaemolyticus strain
Vp33
VfO4K68 Vibrio parahaemolyticus strain
O4:K68
VfO3K6 Vibrio parahaemolyticus strain
O3:K6

doi:10.20944/preprints201905.0105.v1

India
Bangladesh
India
India
Unknown
Unknown
Unknown

2010
2005
2001
2003
1997
1998
1998

6,849
7,107
6,882
7,542
6,341
8,651
7,965

FJ904927
AY714348.1
AF453500.3
AY242528.1
NC_004306.1
AB002632.1
AB012574.1

Unknown

1998

7,965

AB012573.1

Japan

2002

6,891

AB043679.1

Japan

2000

8,784

AB043678.1

We constructed a phylogenetic tree based on the amino acid sequences of Zots found in various
Vibrio species, including the three Chilean non-toxigenic V. parahaemolyticus strains PMA2.15,
PMA3.15 and PMC53.7 (Supplementary Table S1). As shown in Figure 1B, the Zot toxin present
in PMA2.15 grouped with Zots of the pandemic strain and the V. parahaemolyticus phages O3:K6
and O3:K48. In contrast, the Zot toxin present in PMC53.7 was different in sequence and had
greater similarity to sequences encoding Zots present in V. campbellii and other V.
parahaemolyticus strains. The toxin of PMA 3.15 was the most different in sequence and shared
an ancestor in common with the V. cholerae phage VFJ (Figure 1B). It should also be noted that
the clade formed by the coding sequences for Zot present in V. cholerae does not include V.
parahaemolyticus sequences (Figure 1B). Interestingly, the phylogenetic analysis of these Zot-like
toxin proteins showed four different clusters, B1–B4 defined by Castillo et al., 2018b, where the
B4 group included the Zot toxin encoded by prophage VfO3K6 identified in the pandemic V.
parahaemolyticus clone. Our analysis showed that Zots found in Chilean non-toxigenic strains
PMC53.7 and PMA2.15 belong to B4 while the Zot of PMA3.15 belongs to the B2 phylogenetic
group (Figure 1B). Interestingly, all these zot-encoding prophages contained the Accessory
Cholera Enterotoxin gene (ace), which has also been described in the CTX prophage.
Multiple sequence alignment (MSA) in different Zot proteins and their Walker A and
Walker B motifs
To detect conserved patterns present in the Zot protein sequences of V. parahaemolyticus, an MSA
was performed comparing Zot of different species of human pathogens. Alignment using Zot
amino acid sequences from C. concisus, N. meningitidis and V. cholerae strains demonstrated that
the two highly conserved domains of these proteins, named Walker A (GXXXXGK[S/T] where X
is any residue) and Walker B (HHHH[D/E] where H is a hydrophobic residue) [27], were also
present in V. parahaemolyticus strains (Figure 2, black squares).
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Figure 2. Walker A and walker B motifs identified in different Zot proteins (N. meningitidis
MC58, V. cholerae El Tor Inaba N16961, C. concisus 13826) are also present in all sequences
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of V. parahaemolyticus Chilean strains PMC53.7, PMA2.15 and PMA3.15. Both Walker motifs
are marked with black squares.
We noticed that three V. parahaemolyticus strains sequences have a glycine changed to a tyrosine
in the Walker A motif (GXXXXYK[S/T]) as also was observed in V. cholerae. Both Walker motifs
were located at the N-terminal side prior to the transmembrane domains (approximately 1–270, as
defined for V. cholerae Zot). As these Walker A and Walker B motifs belong to the proteins of the
p-loop containing the nucleoside triphosphate hydrolase (p-loop NTPase) superfamily, we used
the entry identity IPR027417 in InterPro database [23]. As expected, we identified that the Zot
proteins of V. parahaemolyticus had p-loop NTPase domains, the most prevalent domain of the
several distinct nucleotide-binding protein folds (Figure 2, black squares). All sequences of the
Zot proteins identified in V. parahaemolyticus aligned with 100% identity with the previously
identified active domain of V. cholerae FCIGRL located in the C-terminal domain (Figure 3, black
square) [19]. However, neither the other Zot sequences of C. concisus or N. meningitidis had the
FCIGRL domain (Figure 3, black square). Di Pierro and coworkers showed that the eight amino
acids shared by Zot and zonulin represent the putative receptor-binding site, characterized by the
motif: non-polar (G)/variable/non-polar/variable/non-polar (V)/polar (Q)/variable/non-polar (G)
[26]. They also showed that the glycine residue in position 298 has a key role in the activation of
the intercellular TJ opening. We showed that PMC53.7, PMA2.15 and PMA3.15 do not have a
glycine in position 298 (Table 2), but also C. concisus. Instead, PMA2.15 and PMA3.15 have a
serine (S) and asparagine (N) residue, respectively, in this position (Table 2).
Table 2. Amino acid sequence of V. parahaemolyticus and C. concisus strains aligned with
the octapeptide suggested as the Zot putative receptor-binding site of V. cholerae.
Strain

Nonpolar
(G)
G
G
N
E
E
T

Variable

Nonpolar

Variable

Non-polar
(V)

R
L
C
Vc N16961
G
V
L
Human zonulin
T
V
A
Vp PMC53.7
R
W
H
Vp PMA2.15
S
S
M
Vp PMA3.15
C
L
N
Cc 13826
Vp: V. parahaemolyticus; Vc: V. cholerae; Cc: C. concisus

V
V
N
K
N
N

Polar
(Q)

Variable

Q
Q
T
A
P
N

D
P
H
T
P
C

Non-polar
(G) Position
298*
G
G
S
N
-

Interestingly, a later comparison of the Zot amino acid sequence found in PMC53.7 strain against
known toxin databases using BTXpred [45] showed that the sequence matched with an endotoxic
bacterial toxin, while PMA2.15 matched with an enterotoxin which actives the guanylate cyclase
and PMA3.15 has not-matched. As control, the sequence of V. cholerae matches with an exotoxin
(data not shown).
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Secondary structure of the C-terminal region of V. parahaemolyticus Zot proteins.
As was described above, the active domain of V. cholerae FCIGRL was absent from Zot proteins
of V. parahaemolyticus, C. concisus and N. meningitidis. However, the secondary structure of the
-sheet of sequences that aligned with this fragment using PROMALS3D alignment [28,29] was
highly conserved among V. cholerae, N. meningitidis, C. concisus and all the V. parahaemolyticus
strains (Figure 3).

Figure 3. Zot alignment considering the C-terminal secondary structure of PMC53.7, PMA2.15,
PMA3.15, VpKX and N. meningitidis MC58, V. cholerae El Tor Inaba N16961 and C. concisus
13826. The C-terminal was calculated based on the information of domains reported for V.
cholerae [26]. The conserved structure of the α-helix and -sheet can be observed under the
alignment in red (hhhhhh) and blue (eeeee) respectively. The conserved structure of the FCIGRL
fragment is marked with a black square. Complete alignment can be observed in Supplementary
figure 1.
Interestingly, it has been previously suggested that the structure and not the sequence would be
responsible for the biological effects of Zot on the epithelial barrier [30]. Considering the
importance of the structure in the possible role of Zot, we performed a secondary structure
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prediction using PSIPRED [31]. Zot proteins of V. parahaemolyticus, V. cholerae and C. concisus
showed a conserved secondary structure in their C-terminal region (Supplementary Figure 2). Zots
of PMC53.7, PMA2.15 and PMA3.15 contain 7, 8 and 9 α-helices, and 17, 19 and 17 β-strands
respectively, compared to the 7 and 8 α-helices and 20 and 14 β-strands of V. cholerae and C.
concisus. Interestingly, in all cases the region of the FCIGRL peptide of V. cholerae was part of
conserved β-strand structure (see PMC53.7 in Supplementary Figure 2, PMA2.15 and PMA3.15
are not shown).
Prediction of the transmembrane domain in the Zots of V. parahaemolyticus
Since the Zot of V. cholerae had 3 well-defined domains (amino-end, carboxy-end and
transmembrane), we predicted the transmembrane domain Zots in V. parahaemolyticus strains
using the Phobious server [32]. Similarly, all Zots of V. parahaemolyticus showed three defined
domains: cytoplasmic in the N-terminal, non-cytoplasmic domain in the C-terminal and a
transmembrane domain (Figure 4A, B and C). This last domain was predicted in amino acids 260
to 294 in the three Zots of V. parahaemolyticus (Figure 4A, B and C), while V. cholerae possesses
this domain located within amino acid positions 227 to 245 (Figure 4D).
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Figure 4. Prediction of transmembrane domains in Zot of V. parahaemolyticus strains using the
Phobius server. (a) V. parahaemolyticus PMA3.15; (b) V. parahaemolyticus VpKX and PMA2.15;
(c) V. parahaemolyticus PMC53.7; (d) V. cholerae used as control.
Structure prediction and 3D modeling
The Zot protein homology was determined using HHpred [33]. Amino acids aligned with a
probability of 99.72% in the N-terminal region of the "Zonula Occludens Toxin" from N.
meningitidis MC58 (template 2R2A from the PDB database), which has a crystallized structure of
199 amino acids from its N-terminal domain. The tridimensional structure was predicted with
Phyre2 [34] and Swiss-Modell [35] using the template 2R2A, which had sequence identity with
the target protein. Since to date there is no model for the C-terminal region of this protein, we
could only align the first 250 amino acids of V. parahaemolyticus Zots using the crystallized Zot
of N. meningitidis as template (partially available N-terminal structure). A total of 8 threedimensional models were obtained (Figure 5).

Figure 5. Tertiary structure of V. parahaemolyticus Zot. Crystallized Zot of N. meningitidis 2R2A
was used as template. (a) Swiss-Model, (b) Phyre2
Validity evaluation of the model
To determine whether the model predicted by the homology modeling software is valid, quality
and potential errors were calculated using the Protein Structure Analysis (ProSA) web server [36].
The quality index calculated by ProSA-web for a specific input structure is shown on a graph that
gives the scores of all experimentally determined protein chains, and is currently available at PDB.
This feature correlates the punctuation of a specific model with scores calculated from all

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2019

doi:10.20944/preprints201905.0105.v1

experimental structures deposited in PDB. Z-scores outside a range characteristic for native
proteins indicate erroneous structures [36,37]. The results obtained are shown in Table 3.
Comparing with calculated z-score, the model is shown to be valid according to the quality of the
structure (Figure 6).

Figure 6. (a) ProSA analysis; Z-score plot (overall quality model) and (b) graphic plot (local model
quality) of PMC53.7 Zot protein (Swiss-model 3D model).
Table 3. ProSA-web z-score results for the Zot 3D structure
Z-score

PMC53.7

PMA2.15

PMA3.15

VpKX

Phyre2

-4.21

-2.91

-4.47

-3.75

Swiss-Model

-5.28

-2.57

-3.64

-2.57

To predict the stereochemical quality of the desired PMC53.7 protein model, PROCHECK server
has been used [44]. From the server, in the Ramachandran plot, 168 residues (76.7 %) are plotted
in the most favorable region (Figure 7) [44], which concludes the protein to be a good quality
model.
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Figure 7. Ramachandran plot for PMC53.7 Zot (predicted 3D model) generated using PROCHECK
server. The areas showing different colors i.e. red, yellow and light yellow represents most favored
regions (76.7%), additional allowed regions (19.6%) and generously yellowed regions (2.7%)
respectively. Residues in disallowed regions (0.9%).
3. Discussion
We are currently focused on the identification and characterization of new virulence factors that
could explain the pathogenicity of non-toxigenic strains of V. parahaemolyticus. We have
identified that some of these strains possess zot genes in their accessory genome associated with
prophages and pathogenicity islands [11]. To understand better the relation among these toxins,
we constructed a phylogenetic tree based on the amino acid sequences of Zots found in various
Vibrio species [11]. The Zot toxin present in PMA2.15 grouped with Zot of the RIMD2210633
strain and Zots of other Vibriophages also found in pandemic strains. However, the Zot toxin
present in PMC53.7 was different in sequence and had major similarity to sequences encoding
Zots present in V. campbellii and other V. parahaemolyticus strains. It should also be noted that
the clade formed by the coding sequences for Zot present in V. cholerae does not include V.
parahaemolyticus sequences, which is interesting since the V. cholerae toxin Zot has been
extensively studied and characterized, but this has not occurred in V. parahaemolyticus.
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Our previous studies demonstrated that V. parahaemolyticus Zot proteins had low (about 24%
identity) similarity to V. cholerae Zot, but they share some conserved regions located toward the
N-terminal domain [11]. One of these domains is the Pfam PF05707 Zot domain, named for the
homologue in the Vibrio CTX phage, which is essential for the assembly and export of phage
virions. All Zot proteins of V. parahaemolyticus also contained Walker A and Walker B motifs,
which are conserved motifs of the p-loop NTPase superfamily [27]. P-loop NTPase binds to NTP,
typically ATP or GTP, through the Walker A and B motifs. Specifically, the N-terminal of Zot is
predicted to act as an ATPase, powering the assembly and transport of phages through the
envelope, as has been observed for Escherichia coli Ff-type phages [38].
The change of a glycine (non-polar aliphatic amino acid) to a tyrosine (aromatic amino acid) into
the Walker A motif (GXXXXGK[S/T]) observed in most of V. parahaemolyticus strains was also
observed in V. cholerae (GXXXXYK[S/T]) but non-observed in V. parahaemolyticus PMA3.15.
This strain has a Glycine as also N. meningitidis and many Campylobacter species [23]. Despite
this change, the Zot of V. cholerae maintains the functionality [15]. Also, a transmembrane domain
was found in all V. parahaemolyticus Zot proteins, showing that Zots are transmembrane proteins
in this species. We observed very low similarities (a, b, c values) among the C-terminal end of V.
parahaemolyticus Zot proteins compared to Campylobacter, V. cholerae and N. meningitidis Zot
proteins. No Zots of V. parahaemolyticus contained the active fragment described for V. cholerae
in their sequences. However, since the Zot of C. concisus, lacking the FCIGRL fragment, also
affects the paracellular pathway experimentally, it may be that the presence of this amino acid
sequence would not be strictly necessary to perform the action of all Zot proteins. Similarly, a
glycine in position 298 of V. cholerae Zot, with a crucial role in producing the opening of
intracellular TJs, is also absent in C. concisus. These observations support that the structure and
not the sequence would be responsible for the biological effects of Zot on the epithelial barrier.
Indeed, all Zots of V. parahaemolyticus shared the secondary structure observed for the active
fragment in V. cholerae and this -sheet structure is also observed in C. concisus. In summary, our
results showed high variability in the amino acid sequences of Zot proteins between different
bacterial species and between strains of V. parahaemolyticus, but all of them shared a general
similarity in the secondary structure. However, it must be considered that the comparison of Zot
amino acid sequences of V. parahaemolyticus strains against known toxin databases suggests that
not all Zots would have a function, or at least not the same function. Interestingly, the sequence of
PMA3.15, having not-match with any toxin, was the most different in sequence.
Regrettably, although the tertiary structure was modeled we obtained results only with the first
250 amino acids (partial N-terminal structure) using crystallized Zot of N. meningitidis as template.
The tertiary structure prediction indicated that Zot structures from these three bacterial species
were highly variable. The accuracy of predicted models was confirmed through the online ProSAweb server. The scores determined by ProSA-web compare the tridimensional models obtained
with existing models predicted by NMR or X-ray and verify the probability of mistakes that may
exist in these predictions. The different models presented a z-score around -4.21 (Phyre2) and 5.29 (Swiss-model); this negative z-score is a reflection of the amino acid residues present in the
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N-terminal region. These values indicate that the predicted structures are located in the range of
native protein and are close to the database average, allowing the choice of the better model.
Altogether, our results provide useful information for further examination of V. parahaemolyticus
Zot proteins as potential virulence factors in non-toxigenic strains. Future studies will be
conducted to determine the role of Zot in V. parahaemolyticus and the mechanism that could affect
human cells.
4. Materials and Methods
Multiple sequence alignment (MSA) and phylogenetic analysis
The amino acid sequences of the Zot proteins from V. cholerae, C. concisus and N. meningitidis
were obtained from UniprotKB. Multiple alignment was converted to PHYLIP format using
Clustal Omega software [39]. It is shown in the InterPro database that the Zot family proteins
(InterPro entry identity: IPR008900) belong to the p-loop NTPase superfamily. The proteins of the
p-loop NTPase superfamily have Walker A and Walker B motifs [27]. Here we examined the
presence of Walker A and Walker B motifs in V. parahaemolyticus Zot proteins by protein
alignment using Clustal Omega software [39] and the PROMALS3D multiple sequence and
structure alignment server [28,29] at http://prodata.swmed.edu/promals3d/promals3d.php. The
Walker A motif has a sequence of GxxxxGK[S/T], where x is any residue, and the Walker B motif
has a sequence of hhhh[D/E], where h is a hydrophobic residue [27]. The alignments for multiple
protein sequences and secondary structure prediction were performed with PROMALS3D [28,29].
To reveal the phylogenetic relationship among genes encoding the identified Zot, amino acid
sequences were aligned using ClustalW version 2.042 and phylogeny was inferred using
Maximum Likelihood (1,000 bootstrap replicates) in Geneious version 10.1.338 [40].
Sequence-based analyses of the Zot protein
Sequence-based analysis of the Zot protein was performed using different web-based tools: the
InterProScan
https://www.ebi.ac.uk/interpro/;
the
PSIPRED
server
[31]
at
http://bioinf.cs.ucl.ac.uk/psipred/;
CD
search
tools
[41,42]
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi and the NetPhos server [43]
http://www.cbs.dtu.dk/services/NetPhos/ to detect domains and motifs, secondary structures,
superfamily, and phosphorylation sites of the Zot protein, respectively. The prediction analysis of
bacterial toxins was performed with the BTXpred program in SVM mode [45].
Prediction of transmembrane domains in V. parahaemolyticus Zot
The Phobius server [32] was used for prediction of transmembrane topology and signal peptides
at https://www.ebi.ac.uk/Tools/pfa/phobius/.
Construction of the Zot protein structure using homology modelling
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Homology modeling of selected protein sequences was performed using Phyre2 [34] at
http://www.sbg.bio.ic.ac.uk/phyre2/, the SWISS-MODEL automated comparative modeling
server [35] at https://swissmodel.expasy.org/. Protein structure files were compiled from the
protein data bank available at http://www.rcsb.org/pdb. Protein structures were viewed using CLC
Sequence Viewer version 8.0.
Validation of the Zot protein model generated
The internal consistency and reliability of the model of the Zot protein (Swiss- Model and Phyre2)
were evaluated using the ProSA-web server [36] at (https://prosa.services.came.sbg.ac.at/). The
ProSA-web calculates the general quality score for a 3D structure. If the calculated scores are
outside the native protein range, an error in the predicted structure is indicated. The overall quality
of the targeted protein is validated with a graphical output map of local quality estimates. The zscore for homology modeling was calculated with a graphical plot, where the X-ray and NMR data
from all the known protein sequences commencing to the PDB database are clearly depicted.
Accordingly the residue score has been calculated using each amino acid sequence positions. Both
10 amino acid residue and 40 amino acid residue energy data are calculated for further
consideration in experimental and theoretical structure validation [36]. Parallely the ProCheck
server at http://servicesn.mbi.ucla.edu/PROCHECK/ has been applied for validation of the
stereochemical quality of proteins structure using the Ramachandran plot [44].

Supplementary Materials
Figure 1S. Complete alignment of secondary structure of PMC53.7, PMA2.15, PMA3.15, VpKX
and N. meningitidis MC58, V. cholerae El Tor Inaba N16961 and C. concisus 13826. The C-terminal
was calculated based on the information of domains reported for V. cholerae [26]. The conserved
structure of the α-helix and B-sheet can be observed under the alignment in red (hhhhhh) and blue
(eeeee) respectively. The conserved structure of the FCIGRL fragment is marked with a black
square.
Figure 2S. The secondary structure composition of the Zot protein of V. cholerae, C. concisus and
V. parahaemolyticus PMC53.7 was predicted using the PSIPRED web server. The pink cylinders
represent helices, the yellow arrows represent β-strands, and the black lines represent coiled
structures. The height and color intensity of the blue bars indicate the confidence (conf) of the
prediction. Pred: predicted secondary structure; AA: target sequence.
Table 1S. Amino acid sequences of Zots found in various Vibrio species.
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