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TssI2-TsiI2 of Vibrio fluvialis VflT6SS2 delivers pesticin domain-containing 
periplasmic toxin and cognate immunity that modulates bacterial 
competitiveness
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ABSTRACT
Vibrio fluvialis is a halophilic Gram-negative bacterium regarded as an emerging unusual enteric 
pathogen of increasing public health concern. Our previous work has identified two type VI 
secretion systems (T6SSs) in V. fluvialis, VflT6SS1, and VflT6SS2, and the latter is functional in 
mediating interbacterial competitiveness. However, its antibacterial effectors remain to be clarified. 
In this work, we focused on a new potential effector/immunity pair TssI2/TsiI2. Bioinformatics 
analysis revealed that the C-terminal domain of TssI2 belongs to a widespread family of pesticin, 
and its antibacterial toxicity and corresponding protection by TsiI2 were proved via bacterial killing 
assays, and their action sites were localized to the periplasm of bacterial cells. The interaction of 
TssI2 and TsiI2 was demonstrated by the bacterial adenylate cyclase two-hybrid, protein pull-down 
and isothermal titration calorimetry assays. Site-directed mutagenesis demonstrated that, in addi
tion to Glu-844, Thr-863, and Asp-869, which correspond to three reported residues in pesticin of 
Yersinia pestis, additional residues including Phe-837, Gly-845, Tyr-851, Gly-867, Gln-963, Trp-975, 
and Arg-1000 were also proved to be crucial to the bactericidal activity of TssI2. Muramidase/ 
lysozyme-related peptidoglycan (PG) hydrolase activities of TssI2 and its variants were validated 
with permeabilized Escherichia coli cells and purified PG substrate. Based on sequence homologies 
at C-terminals in various V. fluvialis isolates, TssI2 was subdivided into five clusters (12–22% identity 
among them), and the antibacterial activities of representative effectors from other four Clusters 
were also confirmed through periplasmic over-expression in E. coli host. Two selected cognate 
immunities were proved to confer protection against the toxicities of their effectors. Additionally, 
TsiI2, which belongs to Cluster I, exhibited cross-protection to effector from Cluster V. Together, 
current findings expand our knowledge of the diversity and consistency of evolved VgrG effectors 
in V. fluvialis and on how VflT6SS2 mediates a competitive advantage to gain a better survival.
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Introduction

Type VI secretion system (T6SS) is a nanoweapon 
widely used by Gram-negative bacteria to deliver 
toxic effectors into antagonizing competitors to 
gain a competitive fitness advantage.1,2 The T6SS 
comprises 13–14 “core” components, which assem
ble into the basal complex, the membrane complex, 
the sheath components, and the puncturing 
device.3,4 The formation of the membrane complex 
TssJLM initiates the assembly of T6SS,5–7 then 
recruits the TssEFGK basal complex built around 
a central VgrG-PAAR spike,8 followed by TssA 
connecting the basal complex to the Hcp tube 
encased within an outer TssBC sheath component. 

The contraction of sheath components propels the 
Hcp-VgrG-PAAR puncturing device and translo
cates Hcp, VgrG, and associated effectors into 
neighbor target cells.9 The T6SS apparatus shares 
a common evolutionary origin with phage tail- 
associated protein complexes10 and a common 
assembly pathway with bacteriophage tail tubes.11 

The T6SS operates via dynamic cycles of assembly, 
contraction, and disassembly. In terms of protein 
transport across lipid membrane to neighbor cells, 
the T6SS is very efficient.12,13 Although the T6SS 
can deliver effector proteins into an eukaryotic or 
fungal cell,14,15 and has even been proposed to 
mediate ion transport,16 the function of most
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T6SS effector proteins is still associated with anti
bacterial activity.17

The T6SS effectors can be classified as either 
cargo effectors or specialized effectors based on 
their transport mechanisms.1 The cargo effector 
is a protein with particular enzyme activity. It 
requires or not an adaptor or dedicated chaper
one protein to load onto one of the components 
of the tail spike structure (Hcp, PAAR, or VgrG) 
for delivery purposes.18 The DUF4123, 
DUF1795, DUF1875, and DUF2169 domains 
are usually found in the T6SS adaptors or cha
perone proteins.19–22 In contrast, the specialized 
effector is the homolog of one of these tail spike 
components that contain an additional effector 
domain covalently fused to the core domain, 
usually in the C-terminus of Hcp, VgrG, or 
PAAR.13,21,23–25 These covalent fusions function 
not only as of the structural components of the 
T6SS apparatus but also as the secreted effector 
proteins. Specialized Hcps with diverse 
C-terminal toxic domains were recently found 
in the Enterobacteriaceae.25 Specialized PAAR 
and VgrG effectors are widespread, and many 
different examples have been reported, including 
the diverse Rhs family proteins.21,26 The specia
lized VgrG effectors are also termed as “evolved 
VgrG” which contains a C-terminal extension 
covalently fused to the gp5 and gp27-like core 
region of VgrG,26,27 such as VgrG-1 and VgrG-3 
from V. cholerae, each containing actin cross
linking domain and peptidoglycan (PG) glyco
side hydrolase domain.13,23,28 It is also found 
that certain C-terminal extensions of VgrGs do 
not confer toxic functions per se but bind and 
recruit other effectors.29–31 To date, various anti
bacterial effectors and many “trans-kingdom” 
effectors acting on both prokaryotic and eukar
yotic cells have been identified with diverse 
enzymatic activities, including nucleases, lipase, 
lysozymes, and so on.32–36

V. fluvialis is a halophilic Gram-negative bac
terium that is commonly found in coastal 
environments.37 It causes sporadic cases and 
outbreaks of cholera-like bloody diarrhea and 
various extraintestinal infections with primary 
septicemia in immunocompromised individuals. 

Thus, it is considered as an emerging foodborne 
pathogen causing increasing public health con
cern, especially considering the rising prevalence 
of V. fluvialis infection37 and the increasing 
incidence of multidrug-resistant isolates.38–41 

Previously, we characterized two T6SS gene clus
ters (VflT6SS1 and VflT6SS2) in a V. fluvialis 
clinical isolate 85003. The activity of VflT6SS1 is 
not detected under normal laboratory culture 
conditions, but VflT6SS2 is active under low 
(25°C) and warm (30°C) temperatures and med
iates antibacterial activity and can be activated 
by high osmolarity conditions at 37°C, 
a nonpermissive temperature at which VflT6SS2 
is inert under normal culture condition.42 The 
transcription and function of VflT6SS2 is regu
lated by the integration host factor (IHF) and 
CqsA/LuxS-HapR quorum sensing system.43,44 

However, the effector proteins that contribute 
to the antibacterial activity of VflT6SS2 have 
not been described yet.

This study reported a new VgrG effector, 
TssI2, in the VflT6SS2 major cluster, which 
contains a pesticin (Pst) domain at the 
C-terminal. We demonstrated that this Pst 
domain-containing C-terminal fragment 
accounts for the antibacterial activity of TssI2, 
meanwhile its downstream TsiI2 functions as 
a cognate immunity through physical interac
tion. We also revealed that TssI2 has murami
dase/lysozyme activity by cleaving the β- 
1,4-glycosidic bond of PG molecule and the 
Pst domain-containing proteins exist widely in 
various module combination structures, with 
the most abundance in γ-proteobacteria. 
Furthermore, we identified additional residues 
vital to the antibacterial activity and PG hydro
lase activity of TssI2. Based on sequence homo
logies, five clusters of C-terminal extensions in 
evolved VgrGs were established from dozens of 
V. fluvialis isolates. Although sharing low 
sequence identity among the clusters, represen
tative from each of them all displayed intense 
bactericidal activity. Besides the protective 
effect endowed by immunity against its cognate 
effector, cross-protection to non-cognate effec
tor was also identified. Together, this study
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broadened our understanding of the diversity 
and functional mechanism of evolved VgrG 
effectors and their cognate immunities.

Results

TssI2-TsiI2 is a new VflT6SS2 antibacterial 
effector-immunity pair

Our previous study has shown that VflT6SS2 is 
functionally expressed in V. fluvialis 85003 and 
associated with antibacterial activity.42 TssI2 is 
a 1012-amino-acid VgrG protein encoded at the 
end of the VflT6SS2 major cluster, which has 
highly conserved genetic contents and gene 
organization with those of Vibrio cholerae 
T6SS42 (Figure 1a). VgrG3 (VCA0123), the 
homolog of TssI2 in V. cholerae, has 
a hydrolase activity and degrades PG in the 
periplasm of target bacteria,32 and its following 
gene VCA0124 encodes the immunity protein 
against VgrG3.23 However, sequence alignment 
of TssI2 and VgrG3 revealed that though TssI2 
residues 1–829 had 67% sequence identity to 
VgrG3 residues 1–811, their remaining 
C-terminal regions and the downstream genes 
had no homologies (Figure 1a), suggesting that 
TssI2 might be a novel extension domain- 
containing VgrG effector in V. fluvialis and the 
downstream TsiI2 is the potential immunity of 
TssI2.

To test whether TssI2 and TsiI2 are VflT6SS2 
effector-immunity pairs, we constructed the 
ΔtssI2 and ΔtssI2-tsiI2 mutants of V. fluvialis. 
Mutants ΔvasH42 and ΔvasK (this mutant will 
be described elsewhere) were used as T6SS nega
tive controls. The bacterial killing assay with 
E. coli MG1655 as prey showed that the wild- 
type V. fluvialis could strongly inhibit the survi
val of MG1655 after 5 h co-incubation, but this 
ability was significantly impaired in ΔtssI2 
mutant though the degree was not as strong as 
ΔvasH mutant where the VflT6SS2 completely 
lost its capability due to depleted expression of 
Hcp, the key structural component of T6SS 
inner tube42 (Figure 1b). This observation sug
gests that TssI2 contributes to the antibacterial 
virulence mediated by VflT6SS2 in V. fluvialis. 
To exclude the possibility that the defect of 

ΔtssI2 antibacterial activity was an indirect effect 
caused by somehow reduced secretion function 
of VflT6SS2, we measured the Hcp secretion in 
ΔtssI2 mutant with and without MG1655 co- 
culture. Western blot analysis showed that the 
deletion of tssI2 did not affect the expression 
and secretion of Hcp (Figure 1c), indicating 
that the antibacterial virulence defect of ΔtssI2 
is due to the deficiency of the effector per se. To 
further evaluate the bactericidal ability of TssI2, 
we performed the self-intoxication assay using 
the ΔtssI2-tsiI2 double mutant as prey. As 
shown in Figure 1d, only the wild-type strain 
repressed the growth of the prey, while both 
ΔtssI2 and ΔtssI2-tsiI2 failed to kill the ΔtssI2- 
tsiI2 mutant, and the situation is similar to 
ΔvasK mutant where T6SS is nonfunctional. To 
exclude the possibility of tssI2 gene mutation 
polarity, we performed complementation test. 
As shown in Figure 1e, the complementation of 
ΔtssI2 mutant with an inducible TssI2- 
expressing plasmid pTssI2 greatly recovered the 
ability of ΔtssI2 to compete against the ΔtssI2- 
tsiI2 mutant compared with control vector 
pSRKTc. These results established that TssI2 
had the bactericidal ability, and the lack of tsiI2 
in ΔtssI2-tsiI2 resulted in the loss of protection 
against TssI2-mediated self-intoxication, indicat
ing that TsiI2 is the immune protein of TssI2 
effector. Consistently, introducing a complement 
plasmid pTsiI2 into ΔtssI2-tsiI2 mutant signifi
cantly increased the survival of the prey com
pared to pSRKTc vector control, further 
confirming that TsiI2 is the cognate immunity 
of TssI2 (Figure 1f). We noticed that WT 
V. fluvialis showed higher killing ability with 
E. coli MG1655 as prey (Figure 1b) than with 
ΔtssI2-tsiI2 (Figure 1d). To exclude the possibi
lity that TssI2 expression was differently induced 
with interaction with prey, we measured the 
tssI2 mRNA abundance without and with differ
ent prey species. No obvious differential expres
sion of tssI2 was detected by quantitative real- 
time PCR analysis under different prey condi
tions (data not shown). Therefore, the difference 
of WT killing ability to MG1655 and ΔtssI2-tsiI2 
preys is probably due to the existence of multi
ple bactericidal effectors besides TssI2 in 
V. fluvialis. Despite ΔtssI2-tsiI2 prey is devoid
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Figure 1. TssI2-TsiI2 is an antibacterial effector-immunity pair. (a) Genetic organization of VflT6SS2 major cluster of V. fluvialis 85003 and 
that of T6SS major cluster of V. cholerae N16961 and homology comparison of their 3’ end. (b) Viability counts of E. coli MG1655 prey 
before (0 h) and after (5 h) co-incubation with phosphate buffered solution (PBS) or the indicated V. fluvialis 85003 attackers on media 
containing 340 mM NaCl at 30°C. PBS was used as blank control, and wild type (WT) was used as T6SS+ while ΔvasH as T6SS− controls. 
Statistical analysis was performed by one-way ANOVA with Dunnett’s T3 test using the surviving E. coli MG1655 between samples at 5 h 
time point (*P < .05, **P < .01). (c) Western Blot analysis of Hcp expression in WT and ΔtssI2 mutant co-cultured with and without prey 
MG1655. Cell pellets and culture supernatants were analyzed by immunoblot assays using anti-Hcp and anti-Crp antibodies. Lanes 1–2 
and 5–6, cell pellets; lanes 3–4 and 7–8, culture supernatants. The arrows indicate the reaction bands of the Hcp and Crp proteins. (d) (e) 
(f) Viability counts of ΔtssI2-tsiI2 prey or ΔtssI2-tsiI2 containing complement plasmid pTsiI2 or pSRKTc empty vector before (0 h) and after 
(5 h or 12 h) co-incubation with the indicated V. fluvialis 85003 attackers on media containing 340 mM NaCl at 30°C. WT was used as 
T6SS+, and ΔvasK or ΔvasK/pSRKTc as T6SS−. The ΔtssI2/pTssI2 was used as tssI2 tran-complemented strain. Statistical analysis was 
performed by one-way ANOVA with Dunnett’s T3 test using the surviving prey between samples at 5 h or 12 h time point (**P < .01). (g) 
Viability counts of V. cholerae toxigenic strains A1552 and C7258, nontoxigenic strain 93097, V. alginolyticus ATCC17749 and V. vulnificus 
ABH2018-w-021 before (0 h) and after 5 h co-incubation with V. fluvialis 85003 attackers on media containing 340 mM NaCl at 30°C. WT 
was used as T6SS+, and ΔvasH as T6SS−. Statistical analysis was performed by one-way ANOVA with Dunnett’s T3 test using the surviving 
prey between samples at 5 h time point (**P < .01).
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Figure 2. Functional domain characterization and taxonomic distribution analysis of TssI2 C-terminal domain. (a) Schematic repre
sentation of the domain architecture of TssI2 protein. The atomic model shows the results of the Swiss-MODEL prediction of TssI2 
N-terminal residues 13–627 and C-terminal residues 834–1010 reference to templates 6h3n.1.B and 4AQN.1.B respectively. (b) 
Bactericidal activities of TssI2 and its various truncated constructs in E. coli MG1655. E. coli MG1655 transformants containing the  
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of tssI2, it contains other possible effector- 
immunity pairs, and the inhibition on T6SS- 
negative MG1655 is the synergistic effect of mul
tiple effectors while that on ΔtssI2-tsiI2 only 
comes from TssI2 effector. Consistent to this 
speculation, when ΔtssI2 was used as attacker, 
it could still partially inhibit proliferation of 
MG1655 (Figure 1b) but not ΔtssI2-tsiI2 
(Figure 1d), though the inhibition extent is sig
nificantly lower than that of WT but obviously 
higher than ΔvasH (Figure 1b). Altogether, these 
data demonstrated that TssI2-TsiI2 is an effec
tor-immunity pair involved in VflT6SS2- 
mediated antibacterial virulence in V. fluvialis.

Additionally, we investigated the VflT6SS2 
and TssI2 mediated antibacterial effect against 
other pathogenic Vibrio species, including toxi
genic and non-toxigenic V. cholerae, 
V. alginolyticus, and V. vulnificus, which share 
a common aquatic environment with V. fluvialis. 
The bacterial killing assays showed that wild- 
type V. fluvialis could inhibit the growth of all 
tested-preys with varying degrees comparing to 
ΔvasH mutant whose VflT6SS2 is loss of func
tion, while TssI2 seems only partially contribute 
to the killing ability of V. fluvialis against toxi
genic V. cholerae A1552 and V. alginolyticus 
ATCC17749 but have no inhibitory effect to 
V. cholerae toxigenic strain C7258, non- 
toxigenic strain 93097, and V. vulnificus 
ABH2018-w-021 (Figure 1g). These results 
further illustrated that VflT6SS2 could endow 
V. fluvialis a survival advantage by inhibiting 
other species competing for a common niche 
and its TssI2 effector mediated bactericidal activ
ity displays species- and/or strain-specific effect.

TssI2 belongs to a widespread family of pesticin

To further investigate the bactericidal activity and 
structural characteristics of TssI2, we firstly per
formed conserved domain prediction by searching 
the Pfam45 and SWISS-MODEL46 databases. The 
Pfam predicted that the N-terminal of TssI2 pos
sesses a Phage_GPD domain (residues 39–336), 
and the C-terminal contains two domains: 
a PG_binding domain (residues 748–795) and 
a Pst domain (residues 834–984). SWISS-MODEL 
analysis also revealed that the N-terminal of TssI2 
(residues 13–627) shares 35.52% identity with 
VgrG1 protein (template 6h3n.1.B), and the 
C-terminal (residues 834–1010) shares 29.78% 
identity with Yersinia pestis’s Pst (PDB code 
4AQN.1.B). These analyses indicated that TssI2 is 
an evolved VgrG harboring a C-terminal Pst exten
sion (Figure 2a).

Since Pst is a bacteriocin protein toxin pro
duced by Y. pestis to kill related bacteria of the 
same niche and confers muramidase/lysozyme 
activity in the periplasm,47 we reasoned that 
TssI2 might also target the cell wall and func
tion in the periplasmic space. To verify the 
hypothesis and dissect the related functional 
domain, we constructed a series of recombinant 
plasmids expressing the full-length TssI2 and its 
different truncates. These plasmids were intro
duced into E. coli MG1655 to measure their 
bactericidal activities. As expected, cytoplasmic 
expression of full-length TssI2 (pTssI2-His) dis
played no killing effect. Unexpectedly, we tried 
but could not get the full-length tssl2 construct 
with Sec signal peptide fusion. We inferred that 
this might be due to the toxicity of expression 
of TssI2 in the periplasm. Among the truncated

indicated constructs were normalized to 3.5 McF, 1:100 diluted in 5 ml LB and incubated at 37°C for 1 h (T0). Then the culture was split 
in two, one half was induced by adding IPTG, and the other half was used as a control. The cultures were continually incubated for 2 h 
(T2). 10-fold serial dilutions were spotted on gentamicin-resistance LB agar at T0 and T2 time points. (c) Cells of V. fluvialis ΔtssI2-tsiI2 
mutant expressing pMAL-TsiI2-Myc were fractionated and analyzed by Western blotting using anti-Myc, anti-Crp (cytoplasmic), and 
anti-MBP (periplasm) antibodies. (d) Lysozyme activity detection of purified TssI2 protein in vitro. The tssI2 gene was cloned into the 
pET-30a(+) vector with a C-terminal His-tag, expressed in BL21(DE3)pLysS with IPTG induction. The purified His-TssI2 was assayed for 
lysozyme activity using the fluorescence-labeled M. lysodeikticus substrate. The supernatant of empty pET-30a(+) vector was used as 
a negative control. Statistical analysis was performed by unpaired T test using the lysozyme activity between purified His-TssI2 and 
empty pET-30a(+) vector (**P < .01). (e) Illustration of the distribution of the pesticin domain in various microbe species. A Sankey 
diagram depicted the relationship between bacterial taxa (kingdom, phylum, and class from left to right) and various proteins 
harboring pesticin domains (rightmost). The types of composition domains and multidomain architectures of target proteins were 
shown. The number of sequences involved in each node was labeled after the name of taxon or type of domains.
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Figure 3. Characterization of the interaction between TsiI2 and TssI2. (a) Bacterial two-hybrid analysis of TssI2–TsiI2 interaction. pT25- 
TssI2 and pT18-TsiI219−127 or pTsiI219−127-T18 constructs expressing the indicated proteins fused in frame to the T25 or T18 domain of 
the B. pertussis adenylate cyclase were co-expressed in the reporter strain BTH101 on LB agar supplemented with IPTG and X-gal. The 
pKT25-zip and pUT18C-zip served as positive control, pUT18C and pKT25 as negative control, and pUT18C-zip and T25-TssI2 or T25- 
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constructs with Sec fusion, pSec-TssI2834−1012- 
His includes the predicted Pst domain (residues 
834–984) as well as the last 28 C-terminal resi
dues readily killed E. coli host. The constructs 
expressing the TssI2 N-terminal 833 residues 
(pSec-TssI21−833-His), the PG binding and Pst 
domain (pSec-TssI2747−984-His), the Pst domain 
alone (pSec-TssI2834−984-His), or the C-terminal 
86 residues (pSec-TssI2927−1012-His) did not 
show apparent antibacterial activity. These 
results demonstrated that the C-terminal 179 
residues covering the Pst domain (residues 
834–984) and the last C-terminal 28 residues 
are required for TssI2 antibacterial activity 
when located in the periplasmic space of E. coli 
(Figure 2b and S1). The above results also indi
cate that the major destination for incoming 
TssI2 is likely to be the periplasm of target 
cells. Consistently, immunity TsiI2 was supposed 
to be at periplasmic space as a Sec peptide was 
predicted at its N-terminal. For further confir
mation, we performed subcellular fractionation 
of V. fluvialis ΔtssI2-tsiI2 mutant cells expressing 
pMAL-TsiI2-Myc isolating whole cells, periplas
mic contents, and the membrane/cytosolic frac
tion and assayed for the presence of TsiI2. The 
results clearly showed that the Myc-tagged TsiI2 
protein was mainly detected in the periplasmic 
section (Figure 2c), implying that TsiI2 interacts 
with TssI2 in the periplasm of V. fluvialis. 
Subsequently, we cloned and purified the TssI2 
with a C-terminal 6× His tag. The hydrolase 
activity of the purified TssI2 protein was assayed 
in vitro using fluorescence-labeled Micrococcus 
lysodeikticus cell walls as a substrate according 
to the manufacturer’s directions (Thermo Fisher 
Scientific). The result demonstrated that the 
TssI2 protein induced a 14.5-fold increment of 

enzymatic activity compared with its empty vec
tor indicating it has a lysozyme activity 
(Figure 2d).

To further dissect the sequence feature, we used 
position-specific iterated BLAST (PSI-BLAST) to 
search for the homologs of the TssI2 C-terminal 
region in the non-redundant protein database of 
NCBI (Dec 31, 2020), and a total of 473 proteins 
containing a Pst domain (Supplementary Data 1) 
were identified. These proteins are annotated at the 
class level, 439 of which belong to Proteobacteria, 
including γ-Proteobacteria (84.74%), δ- 
Proteobacteria (6.38%), and β-Proteobacteria 
(5.01%). Interestingly, 16 homology proteins come 
from the class Caudoviricetes in the viruses. The 
Pfam results showed that 65.96% of the 473 homo
logous proteins contain only the Pst domain, and the 
rest of the proteins carry additional domain(s) with 
distinct predicted functions. Twenty-five different 
modular genetic combination forms were identified. 
Forty proteins possess the predicted VI_Rhs-Vgr 
domain indicating their association with T6SS, 21 of 
which show similar domain organization as TssI2 
where the Pst domain fused to the PG_binding 
domain and Phg_GPD domain (Figure 2e), and 
another 18 proteins carry an additional DUF2345 
domain that is considered to extend the T6SS spike 
in Enteroaggregative E. coli31 and exert antibacterial 
and antifungal effect itself in Klebsiella pneumoniae.48 

Together, these results showed that TssI2 possesses 
cell wall hydrolase activity, and its C-terminal region 
is functional and belongs to the Pst family, which is 
widespread in the class γ-Proteobacteria.

TssI2 interacts with TsiI2

As immunity of the TssI2 effector, TsiI2 is located 
downstream of and adjacent to TssI2 and efficiently

TsiI219−127 as specificity controls. (b) Pull-down assay of the interaction of TsiI219−127 with full-length TssI2 or its C-terminal region. The 
His-tagged TssI2 or TssI2834−1012 (TssI2 C-terminal) was co-expressed with Myc-tagged TsiI219−127 in E. coli BL21(DE3). Cell lysates were 
incubated with HisPurTM Ni-NTA resin, and bound proteins were analyzed by Western blotting using anti-His and anti-Myc monoclonal 
antibodies. Co-expression of His-tagged VgrG3727−1017 and Myc-tagged TsiI219−127 was used as a negative control. (c) Model of the 
predicted TssI2 C-terminal domain binding to TsiI2 protein based on ZDOCK prediction, with TssI2 C domain depicted in yellow, and 
TsiI2 labeled in red. (d) ITC analysis of specific binding between TssI2 and TsiI2. Purified TssI2 (15 μM) was titrated with purified TsiI219 

−127 (210 μM), TsiI binds to TssI2 with a Kd of 1.07 nM. Top panel shows the raw calorimetric data for the interaction, and bottom panel 
shows the integrated heat variation, corrected for dilution heat, to fit the “one set of sites binding model”. (e) Diagram of the co- 
occurrence of TssI2 C-terminal and TsiI2 in 53 gene clusters from tBLASTn search. The T6SS structure genes are colored in apricot, the 
homologs of TssI2 C-terminal, TsiI2, and transposase/integrase are in pink, blue and purple, respectively.
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restrained the TssI2-mediated self-toxication in 
V. fluvialis 85003 (Figure 1f). Besides, TssI2 exerted 
the antibacterial effect in periplasm (Figure 2b) 
meanwhile TsiI2 was proved to be located in the 
periplasmic space (Figure 2c). The functional asso
ciation and the consistent spatial co-localization of 

TsiI2 and TssI2 imply the possibility of interaction 
between each other. To verify this speculation, we 
used a bacterial two-hybrid system based on the 
functional complementation of T18 and T25 frag
ments of Bordetella pertussis adenylate cyclase.49 

The interacting proteins functionally reconstitute

Figure 4. Exploration of key residues responsible for TssI2 C-terminal activity. (a) Schematic of the conserved domains and homology 
alignment of Y. pestis pesticin and TssI2. (b) The amino acid sequence alignment of TssI2 C-terminal and Y. pestis pesticin. The identical 
residues are highlighted in red. Residues chosen for alanine substitutions are marked with arrows. The most critical residues resulting in 
complete loss of activity in both pesticin and TssI2 are indicated with red arrows, and the less critical residues with Orange arrows. (c) 
The structure alignment of TssI2 C-terminal (residues 834–1012) (left) and PstA (residues 167–357) of Y. pestis pesticin (PDB code 4AQN) 
(right) in ribbon representation. Residues mutated according to the sequence and structure alignment are represented as sticks 
together with residue and number for both TssI2 and pesticin. (d) (g) Survival of E. coli expressing wild type TssI2 C-terminal or its 
variants containing substitutions of alanine for selected residues. The bacterial lawns containing the indicated constructs were 
normalized to 3.5 McF, 1:100 diluted in LB and incubated at 37°C for 1 h (T0). Then the culture was divided in half. One half was 
induced by adding IPTG, and the other half was not induced as a control. The cultures were continually incubated for 2 h (T2). 10-fold 
serial dilutions of cultures were spotted on LB agar. (e) Schematic diagram of TssI2 C-terminal three-dimensional structure. The red 
pocket in the upper-left panel was predicted by CASTp 3.0 server. The right panel shows a zoom-in into the structure with the residues 
selected for alanine substitutions are represented as sticks together with residue and number. The residues in dashed box are mutated 
ones selected according to the sequence alignment of 473 Pst domain containing proteins. Two components forming the activity 
domain of TssI2 are encircled by dotted lines. (f) Weblogo depicting conserved residues of TssI2 C-terminal sequences derived from the 
alignment of 473 Pst domain containing homologs. Red arrows indicate the conserved residues that are mutated in current and 
previous studies,52 while dashed boxes indicate the newly selected residues for alanine substitutions in this study.
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the activity of adenylate cyclase that results in a Cya 
+ phenotype, i.e. blue colony on LB agar supple
mented with X-gal. Thus, tssI2 was cloned in 
pKT25 at the C-terminal of the T25 polypeptide 
and tsiI2 without N-terminal Sec-secretion signal 
sequence into pUT18C, pUT18, or pKT25. We 
observed Cya+ phenotype when T25-TssI2 was co- 
expressed with either T18-TsiI219−127 or TsiI219 

−127-T18, but no Cya+ phenotype between T18- 
zip and T25-TssI2 or T25-TsiI219−127, suggesting 
a specific interaction between TssI2 and TsiI2 
(Figure 3a). Subsequently, we performed a protein 
pull-down assay to further confirm the interaction, 
and our results demonstrated that full-length TssI2 
or its C-terminal interacted with TsiI2. In contrast, 
the negative control protein VgrG3727−1017 of 
V. choleare could not interact with TsiI2 
(Figure 3b). Furthermore, based on the 3D model 
of TssI2 C-terminal residues 834–1012 and TsiI2 
predicted by SWISS-MODEL and Alphafold2,50 we 
built the protein docking model of TssI2 
C-terminal and TsiI2 by using the ZDOCK 
service.51 The generated model suggested that 
TsiI2 directly binds TssI2 C-terminal by inserting 
itself into the groove of the TssI2 C-terminal 
domain (Figure 3c and Table S1). We further exam
ined the interaction intensity between TssI2 and 
TsiI2 by isothermal titration calorimetry (ITC) ana
lysis and the result revealed a very strong binding 
affinity between TssI2 and TsiI2 with 
a disassociation constant (Kd) of 1.07 nM 
(Figure 3d and S2).

By using tBLASTn, we searched the co- 
occurrence of TssI2 C-terminal and TsiI2 protein 
in the non-redundant database of NCBI (Jun 11, 
2021). We got 55 hits from 53 gene clusters in 52 
strains, which all belong to marine bacteria, includ
ing Marinomonas, Aliivibrio, and Vibrio (Figure 3e 
and Supplementary Data 2). The TssI2 C-terminal 
and TsiI2 mainly coexist as modules flanking the 
structural gene cluster or in the accessory cluster of 
T6SS. Specifically, in V. fluvialis, V. furnissii, 
V. cholerae, and V. mimicus, these genetic modules 
are located at the 3’ end of the T6SS major cluster. 
While in the hits from V. anguillarum, the module 
is located in the hcp-vgrG accessory cluster of T6SS. 
Though the chromosomal location varies, we can 
see that these TssI2 C-terminal homologs exist as 
C-terminal extensions of evolved VgrGs among 

these species. Interestingly, solitary TssI2 
C-terminal-TsiI2 modules, independent of VgrG, 
are also present which are mainly found in 
V. alginolyticus, Aeromonas salmonicida, and 
Marinomonas primoryensis. Especially, the orphan 
TssI2 C-terminal-TsiI2 modules in M. primoryensis 
are commonly associated with transposase alone or 
together with integrase, indicating that this genetic 
module could be horizontally transferred among 
microbes within the same niche.

Investigating the key residues in TssI2 C-terminal

Our bioinformatics analysis predicted the existence 
of the Pst domain in the TssI2 C-terminal region. 
The structural architecture and functional mechan
ism of Pst from Y. pestis have been revealed, which 
is composed of a translocation (PstT, residues 1– 
40), a receptor binding (PstR, residues 41–166), and 
an activity domain (PstA, residues 167–357)52 

(Figure 4a). The crystal structure of Pst (PDB 
code 4AQN) reveals a phage T4 lysozyme fold of 
the activity domain, which determines the protein’s 
lethal activity.52 To further characterize the active 
center of the TssI2 C-terminal region, we employed 
sequence comparison, structural modeling, and 
mutagenic analysis. The sequence alignment 
between TssI2 and Y. pestis’s Pst showed that resi
dues 858–1010 of TssI2 had 33% amino acid iden
tity to the PstA (residues 196–349) (Figure 4a). 
Then we compared the key features in protein 
structures between TssI2 C-terminal (residues 
834–1012) and PstA with ENDscript server and 
PyMol software, and our results showed high con
servation in the primary sequence and overall fold
ing structure (Figure 4b and 4c).52 Especially, the 
residues within and around Pst’s small β-strands 
β8, β10, β11, as well as α5 helix display much higher 
conservation than residues at other positions. Based 
on the structural alignment of TssI2 C-terminal 
and PstA, combined with reported key residues in 
Pst, we selected five equivalent residues in TssI2 to 
verify their functional contribution to the toxicity 
of the TssI2 C-terminal. Specifically, Glu-844, Pro- 
853, Thr-863, Asp-869, and Gln-963 of TssI2 were 
selected for alanine substitutions, and the 834–1012 
segment without Sec signal peptide was used as 
a negative control since TssI2 C-terminal exerted 
toxic effect only when located in periplasmic space
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Figure 5. Confirmation of the contribution of selected conserved residues to TssI2 activity and determination of the PG hydrolysis 
products of TssI2 by UPLC-MS analysis. (a) (b) Incubation of recombinant TssI2 (purple), TssI2K942A (orange), other variants (black) and 
HEWL (red) with polymyxin B-permeabilized E. coli cells (a) or purified PG (b). A decrease in turbidity indicates bacterial lysis or PG 
hydrolysis. HEWL acts as a positive control, while the buffer-only condition acts as the negative control. Points and error bars represent 
the mean ± SEM (n = 3 biological replicates). (c) UPLC chromatograms of PG hydrolysis products by recombinant TssI2 and its variants. 
The purified PG was digested by HEWL, recombinant TssI2, TssI2F837A, TssI2W975A, or TssI2R1000A, and reduced by sodium borohydride, 
then filtered by 0.22 μm filter membrane (Millex, SLGV004SL). The flow-through samples were collected for UPLC analysis. The fractions 
of peak 1 and 2 were then identified by mass spectrometry (see also Figure S5), and structures of the muropeptides are shown. 
Abbreviations: GlcNAc, N-acetylglucosamine; MurNAc, N-acetylmuramic acid; L-Ala, L-alanine; D-iGlu, D-isoglutamic acid; mDAP, meso- 
diaminopimelic acid; D-Ala, D-alanine. (d) Neutral masses of fractions of peak 1 and 2 from UPLC. (e) Simplified representation of the 
inferred TssI2 cleavage site on a PG dimer based on data summarized in (b) to (d). Abbreviations are the same as in (c).
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of bacteria. These mutant derivatives were cloned 
into pSRKGm with an N-terminal Sec-tag and 
a C-terminal His-tag and their bactericidal activ
ities were tested in E. coli MG1655. TssI2834−1012 

(E844A), TssI2834−1012(T863A), TssI2834−1012(D869A), 
and TssI2834−1012(Q963A) exhibited no toxicity, 
while TssI2834−1012(P853A) showed a slight loss of 
toxicity (Figure 4d). The loss of function was not 
due to the defects of protein expression as Western 
blot analysis showed that all TssI2 mutants were 
well expressed (Figure S3). The mutation effects of 
Glu-844, Thr-863, Asp-869 in TssI2 are consistent 
with those of Glu-178, Thr-201, and Asp-207 in Pst 
from Y. pestis where these three residues were 
identified as active sites.52 The major difference 
was found between Gln-963 of TssI2 and Gln-301 
of Pst. Mutation of Gln-963 resulted in complete 
loss of bactericidal activity of TssI2 C-terminal, 
while alanine substitution of Gln-301 in Pst barely 
led to about 20% reduction of the enzymatic activ
ity as estimated by the diameters of pesticin lysis 
zones.52

Alphafold2 analysis revealed that TssI2 
C-terminal is composed of nine α-helicals and 
four small β-strands and could roughly be divided 
into two components, namely the TssI2 C-terminal 
domain 1 (TssI2CD1, residue 834–928) and 2 
(TssI2CD2, residue 929–1012), which are connected 
by the long α-helical segment α5. The predicted 
structure of TssI2 C-terminal matched closely to 
PstA with a root mean square deviation (RMSD) 
value of 1.96 Å between each other. We also identi
fied the surface cavity using CASTp 3.0 software,53 

and recognized a clear pocket between the TssI2CD1 

and TssI2CD2 (Figure 4e), indicating a potential 
active center. This prediction was supported by 
the alanine substitution analysis of three residues 
(Glu-844, Thr-863, and Asp-869) in the pocket, 
which resulted in the loss of bactericidal activity 
(Figure 4d).

To identify other potential key residues in TssI2 
C-terminal, we performed multiple alignments of 
473 TssI2 C-terminal homolog proteins previously 
retrieved from the non-redundant database of 
NCBI based on PstA domain search. Sequence 
alignments revealed additional highly conserved 
residues except for the above-mentioned five ones 
(Figure 4f). As a result, we selected additional seven 
residues for alanine substitutions to examine their 

contributions to TssI2 C-terminal bactericidal 
activity. Gly-845, Gly-867, Tyr-851, and Arg-1000 
of TssI2 were chosen due to their proximity to the 
surface cavity (Figure 4e and 4f). Another two 
strictly conserved residues, Phe-837 and Trp-975, 
were also selected, despite being distant from the 
cavity (Figure 4e and 4f). Lys-942 was selected as 
a possible negative control because of its low con
servation. As shown in Figure 4g, TssI2834−1012 

(G845A), TssI2834−1012(Y851A), TssI2834−1012(G867A), 
TssI2834−1012(F837A), TssI2834−1012(W975A), and 
TssI2834−1012(R1000A) all lost bactericidal activities 
when expressed in the periplasmic space of 
MG1655 though Western blotting showed they 
were all highly expressed, while TssI2834−1012 

(K942A) maintained toxicity (Figure 4g and S4). 
However, our effects to purify the TssI2834−1012 

and its variant proteins failed due to the formation 
of inclusion bodies under tested experimental 
conditions.

To further clarify the role of the conserved 
residues to TssI2 activity, we selected Gln-963, 
which displayed a different mutation phenotype 
from the counterpart Gln-301 of Y. pestis Pst, 
and above seven newly-identified ones as repre
sentatives and constructed recombinant expres
sion plasmids pET30a-TssI2F837A, pET30a- 
TssI2G845A, pET30a-TssI2Y851A, pET30a- 
TssI2G867A, pET30a-TssI2K942A, pET30a- 
TssI2Q963A, pET30a-TssI2W975A, and pET30a- 
TssI2R1000A for soluble TssI2 variant proteins 
expression and purification. We employed an 
outside-in approach, where the purified pro
teins were incubated with polymyxin 
B-permeabilized MG1655 with an initial cell 
density of 0.5 at OD600 and the culture turbid
ity was monitored at five-minute intervals for 
50 minutes. Hen egg-white lysozyme (HEWL) 
and wild-type TssI2 were used as positive con
trols, while buffer alone served as a negative 
control. As shown (Figure 5a), the wild-type 
TssI2 and TssI2K942A variants both caused 
obvious drop of OD600 of the culture as 
HEWL, while the TssI2 variants TssI2F837A, 
TssI2G845A, TssI2Y851A, TssI2G867A, TssI2Q963A, 
TssI2W975A, and TssI2R1000A lost the ability to 
kill MG1655 similar to the corresponding 
C-terminal TssI2834−1012 variants containing 
the same specific residue substitutions
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Figure 6. Conservation analyses of TssI2 in V. fluvialis. (a) Sliding window analyses of GC content of VflT6SS2 region from tssM2 to rbsD 
in V. fluvialis 85003. The Y axis is the GC%, and the X axis indicates the relative distance (bp) from the start of the tssM2 gene. The size of 
the sliding window was 50 bp. (b) (c) Phylogenetic trees of VflT6SS2 TssI2-TsiI2 modules in various V. fluvialis strains. Phylogenetic trees 
were constructed using maximum likelihood methods with the Whelan And Goldman + Freq. model based on homology of TssI2 (b) or 
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(Figure 4d and 4g). These results proved again 
that the conserved residues Phe-837, Gly-845, 
Tyr-851, Gly-867, Gln-963, Trp-975, and Arg- 
1000 are also critical for the bactericidal activ
ity of TssI2. To provide additional in vitro 
evidence of PG hydrolysis activity of TssI2 
and its variants, we incubated the proteins 
with purified MG1655 PG and measured the 
turbidity at OD600 during the incubation. 
Consistently, HEWL and wild-type TssI2 
instead of variants resulted in a rapid drop in 
the turbidity of the suspension indicating that 
the PG material is hydrolyzed (Figure 5b). Out 
of expectation, TssI2K942A variant displayed no 
hydrolysis activity on PG. We reasoned that 
this may be due to less optimal hydrolysis 
condition in vitro than in vivo for TssI2K942A. 
Together, these results demonstrated that 
except Glu-844, Thr-863, and Asp-869, which 
constitute the originally proposed Glu-Asp-Thr 
catalytic triad, other highly conserved residues 
are also required for the bactericidal function 
or enzymatic activity of TssI2. We deduced 
that these residues probably play a necessary 
role in assisting folding or stabilization of the 
active site of the enzyme or participating in 
substrate binding.

Subsequently, we identified the soluble PG 
hydrolysis products of TssI2 by ultra- 
performance liquid chromatography (UPLC)- 
tandem mass spectrometry (MS) analysis. The 
LC separation profile of TssI2-digested PG is 
highly similar to that of HEWL, indicating that 
TssI2 cleaves the β-1,4-glycosidic bond between 
N-acetylmuramic acid (MurNAc) and 
N-acetylglucosamine (GlcNAc) residues of PG 
(Figure 5c and 5e). While the variant represen
tatives TssI2F837A, TssI2W975A, and TssI2R1000A 

displayed significantly diminished activity, no 
soluble peptidoglycan fragments were released 
(Figure 5c). The molecular masses as well as 

MS spectra (Figure 5d and S5) support peak 
assignments for the muramidase/lysozyme pro
ducts. The peaks at m/z 869 and 940, respec
tively, correspond to GlcNAc–MurNAc–L-Ala– 
D-iGlu–mDAP (Tri) and GlcNAc–MurNAc– 
L-Ala–D-iGlu–mDAP–D-Ala (Tetra) which is 
the major component of E. coli cell wall.

Conservation analysis of evolved VgrG of VflT6SS2 
in V. fluvialis isolates

Sliding-window analysis of GC content of the 
VflT6SS2 major gene cluster revealed extremely 
low GC content of tssI2 C-terminal and tsiI2 com
pared to their surrounding sequences (Figure 6a). 
Both tssI2 C-terminal (2500–3039 bp) and tsiI2 
have GC contents of 36%, while their flanking 
sequence reaches around 50%. The unique compo
sition and mode structure denote a possibility of 
horizontal acquisition of the tssI2 C-terminal and 
its following tsiI2 gene. So, we speculated that the 
tssI2-tsiI2 genetic modules of VflT6SS2 might have 
much sequence variation in different V. fluvialis 
isolates.

To test this presumption, we searched the pro
teins of the VflT6SS2 cluster using BLASTp analysis 
against 31 V. fluvialis strains of the GenBank data
base (Supplementary Data 3) and compared the 
protein sequences of TssI2-TsiI2 effector- 
immunity modules. The phylogenetic classification 
of TssI2 homologs (Figure 6b) or their downstream 
immunities (Figure 6c) revealed five clusters for 
these effector-immunity loci. Each cluster corre
sponds to a conserved TssI2-TsiI2 module. 
Cluster I seems to be the most popular one and 
makes up 55% of the analyzed TssI2-TsiI2 homo
logs, including the module studied here. The com
positions of the five clusters were conserved by, 
respectively, comparing TssI2 and TsiI2 phyloge
netic trees, i.e., there are good corresponding rela
tions between the effector and immunity. However,

downstream immunity (c) from 31 V. fluvialis isolates. Strain names were used to indicate the corresponding effectors or cognate 
immunity proteins, and the same color marked the same cluster between Figure 6b and 6c. (d) Schematic representation of the domain 
architectures of VgrG effectors representing five different clusters. (e) Survival of E. coli expressing C-terminal regions of representative 
effectors from Clusters II to V. The proteins are targeted to the periplasm by the Sec-tag. 10-fold serial dilutions of cultures were spotted 
on LB agar containing inducer or repressor at the indicated concentrations and were grown overnight at 37°C. (f) (g) Growth of E. coli 
expressing C-terminal region of the Cluster II or V effector alone, or co-expressing effector and its cognate immunity or non-cognate 
immunity, such as Cluster III, IV, or TsiI2 immunity, under inducing or repressing condition.
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the phylogenetic relationships of the five clusters 
between the two trees were inconsistent, indicating 
the possibility of recombination during the TssI2- 
TsiI2 module evolution. To simplify the analysis, 
we selected an effector protein from each cluster as 
a representative and performed multiple sequence 
alignments of these five TssI2 homologous pro
teins. The results showed that the N-terminals of 
these representative sequences share 95%–98% 
identity, but their C-terminals exhibit very low 
identity (12%–22%) (Figure S6). Conserved 
domain analysis using Pfam service showed that 
the C-terminals of Cluster III (residues 846–1064) 
and IV (residues 834–983) proteins belong to the 
lysozyme family, whereas the C-terminals of 
Cluster I homologs harbor the PstA domain. 
Nevertheless, no known domains were predicted 
in the C-terminals of Cluster II and V (Figure 6d). 
Beyond our expectation, the representative protein 
sequence of Cluster II shares 68% identity and 
100% coverage with V. cholerae VgrG3 
(VCA0123), which has a hydrolase activity and 
degrades PG in the periplasm of target bacteria.54 

The overall structure of the C-terminal of VgrG3 
owns a T4-lysozyme-like architecture.32 Therefore, 
we intended to test whether the highly variable 
C-terminal of the representative proteins of 
Cluster II to V conferred the antibacterial activity 
as TssI2. For this purpose, we cloned the 
C-terminus of the representative proteins with an 
N-terminal Sec-tag and a C-terminal His-tag into 
the pBAD24 vector, which can be induced by 
L-arabinose or repressed by D-glucose. As shown 
in Figure 6e, induction of pSec-Cluster II812−1031- 
His, pSec-Cluster III846−1068-His, pSec-Cluster 
IV834−990-His, and pSec-Cluster V816−1009-His 
greatly inhibited the growth of host E. coli BL21 
(DE3) compared to the empty vector. Notably, the 
pSec-Cluster II812−1031-His and pSec-Cluster V816 

−1009-His exhibited the strongest bactericidal activ
ity with >104-fold inhibitory effect under induced 
conditions and even showed substantial killing 
activity under glucose-repressed conditions.

Then, Cluster II812−1031 and Cluster V816−1009, 
the two C-terminus proteins with the highest bac
tericidal activity, were selected to investigate 
whether their downstream adjacent gene products 
could provide immunity protection. We introduced 
the coding genes of the downstream proteins of 

Cluster II and Cluster V representative effectors 
into the pBAD33 vector and co-expressed with 
their respective C-terminal effector constructs in 
E. coli BL21(DE3). For convenient monitoring of 
the putative immunity expression, a Myc-tag was 
added to the C-terminus of the proteins. The co- 
expression experiments showed that both Cluster II 
and V immunities provided substantial protection 
against the toxicities of their corresponding effec
tors compared to the empty vector control 
(Figure 6f and 6g). The protection efficiency of 
Cluster V immunity to its effector seems higher 
than that of Cluster II. We also tested the cross- 
protection of non-cognate immunity to Cluster II 
and Cluster V effectors. The results showed that the 
Cluster III immunity and TsiI2 (belongs to Cluster 
I) could not efficiently refrain from the toxicity of 
the Cluster II effector (Figure 6f). However, the 
toxicity of Cluster V effector was significantly 
inhibited by TsiI2, but not by Cluster IV immunity 
(Figure 6g). These results revealed that the evolved 
VgrG effectors and cognate immunities in the 
V. fluvialis VflT6SS2 homologous locus were 
genetically diverse. The immunity protected host 
bacteria from being killed by the cognate effector. 
Of note, certain immunity could provide cross- 
protection against its non-cognate VgrG effector.

Discussion

In this study, we analyzed and characterized 
TssI2-TsiI2, a new effector-immunity pair in 
the VflT6SS2 of V. fluvialis and demonstrated 
that TssI2 is toxic when located in target cell 
periplasm by employing its lysozyme activity. 
TsiI2, which is located downstream and adjacent 
to TssI2, interacts with and antagonizes the anti
bacterial activity of TssI2. As we know, many 
T6SS effectors targeting cell walls22,23,28,32,55–57 

were classified as cargo effectors, except VgrG3 
in V. cholerae and VgrG2b in P. aeruginosa, 
which belong to evolved VgrG or specialized 
effectors.1 Here, we provided evidence to sup
port that the TssI2 in V. fluvialis VflT6SS2 is 
a new member of the specialized VgrG effector 
family.

Pst is a key bacteriocin secreted by Y. pestis and 
some pathogenic E. coli strains to kill associated 
bacteria of the same niche.47,52 Our current study
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discovered that the C-terminal of TssI2 is highly 
homologous to the PstA domain of Y. pestis Pst 
toxin and seems to be fully responsible for the kill
ing activity of TssI2. To our knowledge, this is for 
the first time we identified a T6SS effector contain
ing an active PstA domain, and disclosed a broad 
distribution of this domain in various forms in 
Proteobacteria, especially with high prevalence in 
γ-Proteobacteria. These results indicate that the 
PstA domain can be integrated with many other 
functional domains and may participate in various 
biological processes of host cells. Especially, the 
adoption of the PstA domain as an effective anti
bacterial weapon by T6SS greatly broadened the 
biological killing targets of this active domain com
pared with the Pst toxin itself, whose targets are 
strictly narrowed to those carrying the FyuA recep
tor responsible for the Pst uptake.52 The distribu
tion diversity of the PstA domain also suggests that 
its integration may be related to horizontal gene 
transfer.

Pst is unique among the bacteriocins in that it 
targets the periplasmic PG. Although, we proved 
that TssI2 C-terminal also executes its functions in 
periplasm, the spatial structure and conserved resi
dues of the TssI2 C-terminal are not completely 
identical to those of the PstA domain. Supporting 
this assumption, TssI2 was identified to be able to 
hydrolyze fluorescence-labeled M. lysodeikticus cell 
walls and purified E. coli PG in vitro (Figure 2d and 
5b), while Pst failed to do so.52 Additionally, the 
mutant of Gln-963 of TssI2 almost completely lost 
its ability to inhibit host bacterial growth while that 
of the equivalent Gln-301 of Pst demonstrated only 
about 20% reduction of the enzymatic activity.52 By 
using UPLC-MS analysis, we further confirmed 
that TssI2 hydrolyzes the β-1,4-glycosidic bond 
between MurNAc and GlcNAc residues of PG sub
strate (Figure 5c to 5e).

In pesticin, PstAD1 and PstAD2 form a pocket 
with an approximate diameter of 1 nm, which is 
for substrate binding.52 TssI2CD1 and TssI2CD2 

were predicted to form a similar pocket 
(Figure 4e). Based on sequence alignments of sev
eral hundreds of PstA domain-containing proteins, 
more strictly conserved residues surrounding the 
TssI2 substrate-binding pocket were proved to be 
essential to the killing activity of TssI2 in periplas
mic space (Figure 4e to 4g and Figure 5a). Among 

the residues, two of them are even located far away 
from the pocket (Figure 4e). Therefore, our current 
work uncovered more previously unrecognized 
conserved residues inside and outside the putative 
active pocket that is required for the bactericidal 
activity of TssI2. These residues probably partici
pate in substrate-specific binding and maintenance 
of proper conformation of the domain. Yet, the 
exact roles of these residues remain to be further 
defined.

There are a total of four VflT6SS2 VgrGs in 
V. fluvialis 85003. TssI2 at the VflT6SS2 major 
cluster is the only specialized VgrG effector. The 
other three homologs, TssI2_a, TssI2_b, and 
TssI2_c, located at three orphan clusters, do not 
have any C-terminal extensions.42 T6SS-wielding 
bacteria typically employ diverse effectors for the 
interbacterial competition, which are species- 
specific or even strain-specific. Cognate immunities 
are usually located downstream and adjacent to the 
effector genes and protect their host from neigh
boring bacterial effector attacks. In this study, we 
confirmed that TssI2-TsiI2 is a genuine effector- 
immunity pair from the locus, physical interaction, 
functional antagonism, and cellular co-localization. 
The V. fluvialis TssI2-TsiI2 module search revealed 
that this specific effector-immunity pair also exists 
in several pathogenic Vibrio species, such as 
V. anguillarum, V. cholerae, and V. alginolyticus, 
etc., implying that these species could coexist in the 
same niche.

Based on the sequence homologies of TssI2- 
TsiI2 modules in different V. fluvialis isolates, 
TssI2 C-terminal extension and TsiI2 were indivi
dually classified into five clusters. Despite the rela
tively low protein sequence identity (14%–22%) 
among the Clusters, each representative of the 
C-terminal extension selected was proved to have 
bactericidal activity with vastly varying degrees. To 
be specific, Cluster II and V displayed more potent 
killing effects than Cluster III and IV, despite no 
apparent domain being predicted from the former 
two. In addition, cross-protection was identified in 
this study since TsiI2 immunity from Cluster 
I provided full protection against Cluster 
V effector. Two possible explanations exist, and 
one is due to the similar spatial conformation 
between effectors of Cluster V and I though they 
share only 15% sequence identity, and the other
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may come from the immunity side, i.e. TsiI2 prob
ably mimic Cluster V immunity, and this deduction 
is somehow supported by the fact that they share 
27% identity that is the highest among the five types 
of cluster immunities. However, it is worth noting 
that though Cluster III immunity has as high as 
22% identity with Cluster V immunity, no cross- 
protection was observed. Generally, the relation
ship between the toxic effector and its cognate 
immunity is specific. The organization of toxic 
effector-immunity pairs enables them to be easily 
fused to various effector classes.58 The cross- 
protection of immunity to a non-cognate effector 
is rare. However, increasing evidence shows that 
bacteria may retain or actively accumulate 
“orphan” immunities for effectors, which they do 
not have, adopting as a strategy to protect them
selves against T6SS attacks from other bacteria.59 

The cross-protection works simply through acquir
ing bi- or multi-functional immunity proteins and 
therefore is a more cost-effective approach.

The modular genetic architecture and drastic GC 
content variation of the composition sequences of 
tssI2-tsiI2 in V. fluvialis VflT6SS2 suggest a possible 
exchange and horizontal acquisition of this toxin- 
immunity pairs.60 It is also possible that exogenous 
toxin domains evolve independently, as closely 
related strains contain dramatic sequence varia
tions. These different mechanisms greatly increase 
the diversity of toxic cargos.58 Through repeat 
sequence search, we tried to identify the potential 
integration or exchange site of the VflT6SS2 major 
cluster C-terminal toxin-immunity pairs on the 
chromosome but failed to get a potential candidate 
sequence. Unexpectedly, we found that strain 
CRA_S5 whose VgrG effector belongs to Cluster 
II carries an identical copy of the immunity gene of 
Cluster III effector and strain FDAARGOS_100, 
which is sub-grouped into Cluster IV carries 
a duplicate copy of the immunity gene of Cluster 
V effector (Figure S7). These data suggest that the 
heterologous exchange or transfer of the 
C-terminal of evolved VgrG and its immunity 
occurs, and the existence of multiple copies of 
immunity proteins may help to enhance interspe
cies and intraspecies antibacterial competitiveness 

in their niche. However, the origin of the five clus
ters of evolved VgrG effectors and their cognate 
immunities and the mechanism that effectors and 
immunities horizontally transfer still needs to be 
further explored.

In conclusion, our current work identified a new 
evolved VgrG effector TssI2 and its immunity TsiI2 
from VflT6SS2 in V. fluvialis, and characterized 
their sequences, structures, functions, possible evo
lution mechanism, and biological relevance. These 
findings will aid us to get a better understanding of 
the bacterial type VI secretion system and its func
tions in mediating interspecies and intraspecies 
antibacterial competitiveness.

Materials and Methods

Strains and media

The bacterial strains and plasmids used in this study 
were listed in Table 1 VF85003 and its derivatives 
were routinely grown in Luria-Bertani (LB) broth 
(pH 7.4) containing 170 mM NaCl at 30°C unless 
specifically indicated. E. coli strain DH5αλpir, 
SM10λpir, MG1655, BL21(DE3), XL1-Blue and 
BTH101 were routinely cultured at 37°C. Culture 
media were supplemented with ampicillin (Amp, 
100 µg/ml), streptomycin (Sm, 100 µg/ml), rifampi
cin (Rfp, 50 µg/ml), kanamycin (Km, 50 µg/ml), 
tetracycline (Tc, 10 µg/ml for E. coli, 2.5 µg/ml for 
V. fluvialis), chloramphenicol (Cm, 10 µg/ml), gen
tamicin (Gm, 50 µg/ml), L-arabinose, D-glucose, or 
isopropyl-β-D-thiogalactopyranoside (IPTG), if 
required.

Plasmid construction

For IPTG-inducible expression in bacteria, DNA 
fragments corresponding to the full-length or trun
cated forms of tssI2 or tsiI2 were amplified from 
V. fluvialis 85003 genomic DNA. PCR fragments 
were inserted into the multiple cloning sites (MCS) 
of the pSRKGm vector harboring a gentamicin- 
resistance cassette, pSRKTc vector with 
a tetracycline-resistance one or pMALc2x vector 
with an ampicillin-resistance gene.
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Table 1. Bacterial strains and plasmids used in this study.

Strains/Plasmids Characteristics Reference/Source

E. coli

DH5αλpir F-D(lacZYA-argF)U169recA endA1 supE44 relA1λ::pir Laboratory stock
SM10λpir thr thi tonA leu supE lacY recA::RP4-2Tc::Mu (λpirR6 K), KmR Laboratory stock
MG1655 K-12 F− λ− ilvG− rfb-50 rph-1, RfpR Laboratory stock

BL21(DE3) F− ompT hsdS (rB− mB−) gal dcm (DE3) Laboratory stock
BL21(DE3)pLysS F- ompT hsdS (rB− mB−) gal dcm (DE3) pLysS, CmR Laboratory stock

XL1-Blue endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 F’[::Tn10 proAB+ lacIq Δ(lacZ)M15] hsdR17(rK− mK+) Laboratory stock
BTH101 F− cya-99 araD139 galE15 galK16 rpsL hsdR mcrA1 mcrB1 Laboratory stock

V. fluvialis

WT V. fluvialis 85003, wild type, SmR Laboratory stock
ΔvasK 85003 with vasK in-frame deletion, SmR Laboratory stock

ΔvasH 85003 with vasH in-frame deletion, SmR 42

ΔtssI2 85003 with tssI2 in-frame deletion, SmR This study

ΔtssI2-tsiI2 85003 with tssI2 and tsiI2 in-frame deletion, SmR (attacker) or RifR (prey) This study
Pathogenic Vibrios

V. cholerae A1552 toxigenic wild type V. cholerae, O1 El Tor Inaba (Latin America isolate, 1992) 61

V. cholerae C7258 toxigenic wild type V. cholerae O1 El Tor Ogawa (Peru isolate, 1991) 62

V. cholerae 93097 nontoxigenic wild type V. cholerae, O1 El Tor Ogawa Laboratory stock

V. alginolyticus ATCC17749 V. alginolyticus reference strain Laboratory stock
V. vulnificus ABH2018-w- 

021
wild type V. Vulnificus, biotype 3 Laboratory stock

Plasmids
pWM91 Suicide vector containing R6 K ori, sacB, lacZa; AmpR Laboratory stock
pSRKTc Broad-host-range vector containing lac promoter, lacIq, lacZα+, TetR Laboratory stock

pTsiI2 TsiI2 cloned at NdeI/XbaI sites in pSRKTc This study
pTssI2 TssI2 cloned at NdeI/XhoI sites in pSRKTc This study

pMALc2x Cloning vector with lac promoter, lacIq, AmpR Laboratory stock
pMAL-TsiI2-Myc TsiI2 with a C-terminal Myc-tag in pMALc2x This study

pSRKGm Broad-host-range vector containing lac promoter and lacIq, lacZα+, GmR Laboratory stock
pTssI2-His TssI2 with a C-terminal His-tag in pSRKGm This study
pSec-TssI21-833-His TssI21-833 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study

pSec-TssI2747-984-His TssI2747-984 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study
pSec-TssI2834-984-His TssI2834-984 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study

pSec-TssI2834-1012-His TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study
pSec-TssI2927-1012-His TssI2927-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study

pET30a(+) Expression vector containing f1 ori, lacI; KanR Laboratory stock
pET30a-TssI2 TssI2 cloned at NdeI/XhoI sites in pET30a(+) This study

pET30a-TsiI219-127 TsiI219-127 cloned at NdeI/XhoI sites in pET30a(+) This study
pKT25 BACTH vector with T25 fragment of CyaA (amino acids 1–224); plac, p15A ori, KmR Laboratory stock
pUT18C/pUT18 BACTH vector with T18 fragment of CyaA (amino acids 225–339); plac, ColE1 ori, AmpR Laboratory stock

pKT25-zip Leucine zipper of yeast protein GCN4 fused in frame with T25 in pKT25 Laboratory stock
pUT18C-zip Leucine zipper of yeast protein GCN4 fused in frame with T18 in pUT18C Laboratory stock

pT25-TssI2 TssI2 fused at C-termini of T25 in pKT25 This study
pT18-TsiI219-127 TsiI219-127 fused at C-termini of T18 in pUT18C This study

pTsiI219-127-T18 TsiI219-127 fused at N-termini of T18 in pUT18 This study
pT25-TsiI219-127 TsiI219-127 fused at C-termini of T25 in pKT25 This study
pTssI2834-1012-His TssI2834-1012 with a C-terminal His-tag in pSRKGm This study

pVgrG3727-1017-His V. cholerae N16961 VgrG3727-1017 with a C-terminal His-tag in pSRKGm This study
pTsiI219-127-Myc TsiI219-127 with a C-terminal Myc-tag in pBAD24 This study

pBAD24 Cloning vector with pBAD promoter, ColE1 ori, araC, AmpR Laboratory stock
pSec-TssI2834-1012(E844A)-His E844A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His tag in pSRKGm This study

pSec-TssI2834-1012(P853A)-His P853A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study
pSec-TssI2834-1012(T863A)-His T863A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study
pSec-TssI2834-1012(D869A)-His D869A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study

pSec-TssI2834-1012(Q963A)-His Q963A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study
pSec-TssI2834-1012(F837A)-His F837A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study

pSec-TssI2834-1012(G845A)-His G845A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study

(Continued)
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To check the toxicity of the representative effectors, 
the C-terminals of V. fluvialis CRA_S5 
DM587_RS00760 (Cluster II812−1031), V. fluvialis 
2013 V-1300 GPY10_RS21745 (Cluster III846−1068), 
V. fluvialis FDAARGOS_100 AL475_RS00350 
(Cluster IV834−990), and V. fluvialis 12605 
BV404_RS19285 (Cluster V816−1009) were synthesized 
at Tsingke Biological Technology and cloned into 
pBAD24 vector. To test the protection of immunity 
against effector, TsiI2 (Cluster I), DM587_RS00765 
(Cluster II), PY10_RS21750 (Cluster III), 
AL475_RS00345 (Cluster IV), and BV404_RS19280 
(Cluster V) was synthesized and cloned into 
pBAD33. All constructs were confirmed by DNA 
sequencing and listed in Table 1.

Construction of mutant strains

The construction of deletion mutants was performed 
as previously described.42 The primers used are listed 
in Supplementary Table 1. Briefly, for in-frame 
mutant ΔtssI2 and ΔtssI2-tsiI2, 600-bp sequences 
upstream and downstream of each target were cloned 
into pWM91, constructs were inserted into V. fluvialis 

85003 via conjugation with SM10λpir E. coli. 
Transconjugants were selected on LB agar plates con
taining ampicillin and streptomycin and were coun
ter-selected by growing them on LB agar containing 
no salt and 10% (w/v) sucrose. The mutants were 
identified by PCR and confirmed by DNA sequencing 
and listed in Table 1

Site-directed mutagenesis of TssI2 C-terminal

Site-directed mutagenesis was performed by 
overlapping PCR using pSec-TssI2834−1012-His 
plasmid as the template. All primers used are 
listed in Supplementary Table 1. The resultant 
fragments were cloned at NdeI/XhoI site in 
pSRKGm before the transformation of DH5α. 
All the constructs were confirmed by DNA 
sequencing and listed in Table 1.

Subcellular localization of TsiI2 protein

Subcellular fractions were extracted based on the 
cold osmotic shock procedure.63,64 Briefly, 
V. fluvialis ΔtssI2-tsiI2 harboring pMAL-TsiI2-

Table 1. (Continued).

Strains/Plasmids Characteristics Reference/Source

pSec-TssI2834-1012(Y851A)-His Y851A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study
pSec-TssI2834-1012(G867A)-His G867A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study

pSec-TssI2834-1012(W975A)-His W975A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study
pSec-TssI2834-1012(R1000A)- 

His
R1000A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in 

pSRKGm
This study

pSec-TssI2834-1012(K942A)-His K942A mutant of TssI2834-1012 with an N-terminal Sec-secretion signal and a C-terminal His-tag in pSRKGm This study

pET30a-TssI2Q963A Q963A mutant of TssI2 cloned at NdeI/XhoI sites in pET30a(+) This study
pET30a-TssI2F837A F837A mutant of TssI2 cloned at NdeI/XhoI sites in pET30a(+) This study

pET30a-TssI2G845A G845A mutant of TssI2 cloned at NdeI/XhoI sites in pET30a(+) This study
pET30a-TssI2Y851A Y851A mutant of TssI2 cloned at NdeI/XhoI sites in pET30a(+) This study

pET30a-TssI2G867A G867A mutant of TssI2 cloned at NdeI/XhoI sites in pET30a(+) This study
pET30a-TssI2W975A W975A mutant of TssI2 cloned at NdeI/XhoI sites in pET30a(+) This study
pET30a-TssI2R1000A R1000A mutant of TssI2 cloned at NdeI/XhoI sites in pET30a(+) This study

pET30a-TssI2K942A K942A mutant of TssI2 cloned at NdeI/XhoI sites in pET30a(+) This study
pSec-Cluster II812-1031-His DM587_R00760812-1031 with a C-terminal His-tag in pBAD24 This study

pSec-Cluster III846-1068-His GPY10_RS21745846-1068 with a C-terminal His-tag in pBAD24 This study
pSec-Cluster IV834-990-His AL475_RS00350834-990 with a C-terminal His-tag in pBAD24 This study

pSec-Cluster V816-1009-His BV404_RS19285816-1009 with a C-terminal His-tag in pBAD24 This study
pBAD33 Cloning vector with pBAD promoter, p15A ori, araC, CmR Laboratory stock
pCluster II-immunity-Myc DM587_00765 with a C-terminal Myc-tag in pBAD33 This study

pCluster III-immunity-Myc GPY10_RS21750 with a C-terminal Myc-tag in pBAD33 This study
pCluster IV-immunity-Myc AL475_RS00345 with a C-terminal Myc-tag in pBAD33 This study

pCluster V-immunity-Myc BV404_RS19280 with a C-terminal Myc-tag in pBAD33 This study
pTsiI2-Myc TsiI2 with a C-terminal Myc-tag in pBAD33 This study
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Myc was grown in 40 ml LB broth for 3 h to an 
OD600 of 0.5 and induced for 5 h with 200 μM of 
IPTG. The cells were harvested by centrifugation at 
7,500 × g for 10 min at 4°C. Cell pellet was washed 
twice with LB, resuspended in 1 ml of osmotic 
shock buffer (50 mM Tris-HCl pH 7.4, 20% 
sucrose, 10 mM EDTA, and protease inhibitor), 
incubated at 30°C for 10 min and then a 100 μl 
aliquot was collected for analysis of the whole-cell 
fraction. The remaining cells were recovered by 
centrifugation (7,500 × g, 10 min at 4°C) and resus
pended in 1 ml of ice-cold water and incubated on 
ice for 10 min for release of the periplasm. Samples 
were subjected to centrifugation (9,000 × g, 10 min 
at 4°C), 100 μl of the resulting supernatant was 
collected for analysis of the periplasm fraction. 
The remaining samples were centrifuged again 
(15,000 × g, 10 min at 4°C) and pellet was resus
pended in 900 μl of 50 mM Tris-HCl pH 7.8 and 
100 μl aliquot was retained for analysis of the cyto
plasm and membrane fraction. Ten microliter of 
each fraction were separated by SDS-PAGE and 
subjected to immunoblotting with anti-maltose 
binding protein (MBP) (New England Bio-Labs 
#E8032L), anti-E. coli Crp (BioLegend, 664304) 
and anti-c-Myc (ProteinFind®, TransGen Biotech, 
HT101-01) antibodies.

Bacterial competition assay

Attacker (Smr) and prey (Rfpr) strains were grown 
overnight in LB broth with proper antibiotics addi
tion when maintenance of plasmids was required. 
Competition assays were performed as previously 
described.42 Briefly, cultures were normalized to 1.5 
McF and were mixed at a 9:1 ratio (attacker:prey). 
Triplicates of mixtures were incubated for 5 h or 
12 h at 30°C on LB agar plates or LB plates contain
ing 0.5 mM IPTG (when required to induce expres
sion from plasmids). CFU of prey was calculated 
after they were grown on selective plates for 0 and 
5 h or 12 h. Assays were repeated at least three 
times, and the results from representative experi
ments were shown.

Bacterial toxicity assay

To assess the toxicities of effector TssI2 or its trun
cated mutants or alanine substitution mutants, 

E. coli MG1655 was transformed with the indicated 
pSRKGm-based IPTG-inducible expression vec
tors. E. coli transformants were normalized to 3.5 
McF and diluted 100-fold in 5 ml LB broth supple
mented with proper antibiotics when necessary. 
Cultures were grown at 37°C for 1 h and then 
induced or not induced at 37°C for 2 h. CFUs 
were enumerated at 0 h (T0) and 2 h (T2) after 
induction. Assays were repeated at least three times 
with similar results. To investigate immunity pro
tection against effectors, we transformed pBAD24 
or pBAD33-based recombinant plasmids harboring 
His-tagged effectors or Myc-tagged immunity into 
E. coli BL21(DE3). E. coli transformants were nor
malized to 2.0 McF and serially diluted. The dilu
tions were spotted on LB agar containing inducer 
(0.2% L-arabinose) or repressor (0.2% D-glucose). 
The images were acquired after 24 h. The experi
ment was repeated at least two times with similar 
results.

Bacterial adenylate cyclase-based two-hybrid 
(BACTH) assay
The BACTH system kit was used.65 Briefly, the 
indicated proteins were fused to either the T18 or 
T25 fragments of CyaA in BACTH vectors and 
stored in E. coli K12 recA strains (XL1-Blue), and 
then the recombinant plasmids were transformed 
into the E. coli BTH101 reporter strain. 
Transformants were plated on LB agar plates sup
plemented with appropriate antibiotics, bromo- 
chloro-indolyl-galactopyranoside (X-gal, 40 mg/ 
ml), IPTG (1 mM), and incubated for 24 h at 
30°C. The experiment was repeated three times 
with similar results. Results from a representative 
experiment were shown.

Protein pull-down assay

Overnight cultures of E. coli BL21(DE3) containing 
plasmids for IPTG-inducible expression of the indi
cated 6xHis-tagged TssI2, TssI2834−1012, or 
VgrG3727−1017 and the Myc-tagged TsiI219−127 (the 
immunity protein was removed the Sec fragment 
(residue 1–18) to accumulate immunity fusion pro
tein insides the cells) were diluted 100-fold in 
200 ml LB broth supplemented with gentamicin 
and ampicillin and incubated at 37°C with agitation 
(200 rpm). Protein expression was induced by
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adding 0.5 mM IPTG and 0.2% (w/v) L-arabinose 
when cultures reached an OD600 of 0.5, followed by 
incubation at 30°C for 4 h with agitation (200 rpm). 
Cells were harvested by centrifugation and then 
resuspended in 5 ml binding buffer (50 mM Tris- 
HCl, pH 7.5, and 150 mM NaCl, 2% (v/v) glycerol). 
The solution was sonicated five times with a 10s 
pulse, and cell debris was removed by centrifuga
tion for 10 min at 12,000 × g at 4°C. Then, 100 μl of 
cleared supernatant was mixed with 25 μl of 5× SDS 
loading buffer, boiled at 100°C for 10 min, and kept 
for subsequent input protein analysis. In the follow
ing, 1 ml cleared supernatant was mixed with 100 μl 
HisPurTM Ni-NTA resin (Thermo, 88221) and 
incubated overnight at 4°C with constant rotation. 
The resin was collected by centrifugation at 
1000 × g at 4°C and washed with 1 ml binding 
buffer for three times, and resuspended with 
100 μl of 1× SDS loading buffer, boiled at 100°C 
for 5 min, and kept for output protein analysis. The 
resin-bound proteins were analyzed by Western 
blotting using anti-His mAb (ZSGB-Bio, TA-02) 
or anti-c-Myc antibody (ProteinFind®, TransGen 
Biotech, HT101-01). The experiment was repeated 
at least two times with similar results, and the 
representative results were shown.

Western blot analysis

Western blotting was performed as described 
previously.42 Briefly, the protein samples were 
separated by SDS-PAGE (12%), transferred onto 
PVDF membranes, and analyzed using specific pri
mary antibodies as required, including anti-His 
monoclonal antibody (ZSGB-Bio, TA-02), anti- 
c-Myc antibody (ProteinFind®, TransGen Biotech, 
HT101-01), anti-E. coli Crp antibody (BioLegend, 
664304) and anti-Hcp antisera.42 Each immunoblot 
experiment was repeated at least two times.

Protein purification

The complete open reading frame of tssI2 and the 
coding sequence of TsiI2 residues 19–127 were 
amplified and cloned into pET-30a(+) expression 
vector to construct recombinant plasmids pET30a- 
TssI2 and pET30a-TsiI219−127, respectively. E. coli 
BL21(DE3)pLysS containing pET30a-TssI2 or 
pET30a-TsiI219−127 was grown in LB broth at 

37°C for 3 h, then shifted to 16°C, induced by 
0.5 mM IPTG overnight. The cells were harvested 
by centrifugation (5,500 × g, 5 min at 4°C). Cell 
pellets were resuspended in a binding buffer 
(15 mM Tris-HCl, 500 mM NaCl), lysed by sonica
tion, and centrifuged again (10,000 × g, 30 min at 
4°C) to remove cellular pellets. The 6xHis-tagged 
TssI2 or TsiI219−127 in the supernatant was purified 
with the His•Bind® Purification Kit (Novegen, 
70239–3). The target protein was rinsed with wash
ing buffer (binding buffer supplemented with 
20 mM imidazole (pH 8.0)) three times and eluted 
by elution buffer (binding buffer supplemented 
with 250 mM imidazole (pH 8.0)), and the solution 
was replaced with PBS. Protein purity was checked 
by SDS-PAGE and Coomassie blue staining. 
Protein concentrations were determined using the 
BCA assay and stored at −80°C.

The sequence of TssI2 N-terminal residues 1– 
833 and the sequence of C-terminal residues 834– 
1012 containing the site directed mutations were, 
respectively, amplified and cloned into the pET30a 
(+) vector to generate TssI2 variant constructs by 
using the pEASY®-Basic Seamless Cloning and 
Assembly Kit (Transgen Biotech, CU201-03). 
TssI2 variants with specific amino acid substitu
tions at the Pst domain were induced and purified 
as described above. The primers used are listed in 
Supplementary Table 1, and the constructs were 
confirmed by DNA sequencing and listed in 
Table 1.

Isothermal titration calorimetry

ITC was performed to analyze the binding affi
nity between TssI2 and TsiI2 with the use of the 
MicroCal iTC200 instrument (GE Healthcare). 
The 6xHis-tagged TssI2 and TsiI219−127 proteins 
were purified as described above and prepared 
by dialysis in the PBS buffer (pH7.4). Protein 
concentrations were measured using the BCA 
Protein Assay Kit (TAKARA, T9300A) and 
were diluted to a concentration of 15 μM for 
TssI2 and 210 μM for TsiI2 protein. TsiI2 was 
filled into the syringe compartment while TssI2 
was dispensed into the microcalorimetric cell. 
After temperature equilibration to 25°C, 3 μl of 
TsiI2 was titrated every 6 s into the TssI2- 
containing cell with a 150 s delay between each
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injection under constant stirring. The titration 
heat was calculated to eliminate the effect of 
heat generated from titrating TsiI2 into PBS 
buffer. Data were analyzed using MicroCal- 
enabled Origin™ software (OriginLabs), and the 
thermal data were fitted to One Set of Sites 
binding model with a fixed N value of 1 to 
calculate the value of the equilibrium dissocia
tion constant (Kd).

Lysozyme activity detection

Lysozyme activity was detected with fluorescence- 
labeled M. lysodeikticus cell walls by the EnzChek 
Lysozyme Assay Kit (Invitrogen, E-22013) according 
to the manufacturer’s instructions. Samples were incu
bated with the above substrate in a 96-well microtiter 
plate (Thermo Fisher Scientific, 2605) at 37°C for 1 h 
or longer, protected from light. Fluorescence incre
ment was measured with an excitation wavelength of 
485 nm and an emission wavelength of 530 nm by 
a microplate reader (Infinite M200 Pro, Tecan). 
Background fluorescence without sample was sub
tracted from each value.

Lysis Assay

The cell lysis effects of TssI2 and its variants 
were tested as described elsewhere.23,57 HEWL 
was used as a positive control. Briefly, mid-log 
cultures of E. coli MG1655 were harvested and 
suspended in PBS buffer (pH 7.4) to an OD600 of 
~0.5. Aliquots of 100 μl were transferred to 
a Bioscreen Honeycomb 100-well plate, and the 
OD600 at 0 min was measured using Bioscreen 
C MBR (Growth Curves Ltd, Finland). A volume 
of 5 µl of PBS or 2 mg/ml of HEWL, TssI2, or 
its variant proteins was added to wells, followed 
immediately by the addition of 1 µl of 4 mg/ml 
of polymyxin B. The plate was incubated at 37°C 
in Bioscreen C MBR machine and the turbidity 
at OD600 was monitored at five-minute intervals 
for totally 50 minutes.

PG hydrolase assay and UPLC-MS analysis

PG isolation, hydrolase assay, and UPLC-MS ana
lysis were conducted as described previously with 
some modifications.57,66 Briefly, MG1655 were 

cultured to a stationary phase, and the cells were 
collected by centrifugation and resuspended in PBS 
buffer (pH 7.4). Cell lysis was achieved by adding 
the cell suspension dropwise to an equal volume of 
boiling 5% (w/v) SDS in tubes with stirring bar, 
inside a beaker of boiling water on a magnetic hot 
stirrer. The samples were boiled for an additional 
1.5 h and stirred overnight at room temperature. 
Cell sacculi were collected by centrifugation for 
40 min at 150,000 × g at 20°C and washed thor
oughly with distilled water to remove SDS and then 
treated with Pronase E (1 mg/ml) overnight at 56°C 
to remove PG-associated proteins. The reaction 
was stopped by boiling it in SDS for 5 min. 
Purified peptidoglycan was washed four more 
times with distilled water and then suspended to 
a final wet weight concentration of 300 mg/ml.

For in vitro hydrolase assay, reactions were car
ried out in 10 mM NaAc buffer (pH 4.9) containing 
10 mM NaCl, 3 mM MgCl2 and 0.1% Triton X-100. 
100 mg/ml (wet weight concentration) of purified 
PG was incubated with 5 μl of reaction buffer or 
1 mg/ml HEWL, TssI2, or its variant proteins in 
a final volume of 105 μl. The turbidity at OD600 was 
monitored at five-minute intervals for totally 
50 minutes at 30°C.

For the UPLC-MS analysis, the above hydrolase 
reaction mixtures were incubated overnight at 
37°C. Following incubation, the reactions were ter
minated by boiling at 100°C for 5 min, and the 
insoluble debris was removed by centrifugation at 
12,000 × g for 5 min. The muropeptide-containing 
supernatant was adjusted to pH 8.5–9.0 with 0.5 
M borate buffer (pH 9.0) and then reduced with 
freshly prepared 2 M NaBH4 for 30 min at room 
temperature. The samples were adjusted to pH 3.0 
with 25% (v/v) orthophosphoric acid and filtered 
using 4 mm syringe filters (PVDF membrane, 
0.22 μm pore size). The filtered samples were 
applied UPLC-MS analysis on the Agilent 1290 
Infinity LC/6530 Q-TOF MS System. A Kinetex 
C18 UPLC column (2.6 μm particle size, 100 Å 
pore size, 10 × 2.1 mm) was used to separate indi
vidual muropeptides (detection wavelength of 
204 nm) with mobile phase A (deionized water, 
0.1% (v/v) formic acid) and mobile phase 
B (acetonitrile, 0.1% (v/v) formic acid). The injec
tion volume was 10 μl. The column temperature 
was set at 45°C, and the flow rate was 0.2 ml/min.
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The separation was achieved using the following 
gradient: 2–2.8% B at 0–2 min; 2.8–7.2% B at 2– 
5 min; 7.2–20% B at 5–13 min. The composition 
was then held at 20% B for 1 min and returned to 
initial conditions and maintained for 3 min for 
equilibration. The MS conditions were as follows: 
Peak identification was performed in positive 
mode, nitrogen gas nebulization was set at 35 psi 
with a flow of 5 l/min at 325°C while the sheath gas 
was set at 9 l/min at 325°C. The capillary and nozzle 
voltages were set at 3.5 kV and 1 kV, respectively. 
A complete mass scan ranging from m/z 300 to 
1200 was used. Compounds of the unknown 
peaks were analyzed and identified from the rela
tive retention time and mass-to-charge ratio67 

using Agilent MassHunter Qualitative Analysis 
software.

PSI-BLAST search for TssI2 C-terminal domain

Position-Specific Iterated BLAST was used to 
search homologous sequences containing TssI2 
C-terminal domain, namely, the amino acid resi
dues 834–1012 of TssI2. Nine iterations of PSI- 
BLAST were performed against the non- 
redundant protein sequence database. 
A maximum of 5000 hits was used, and the 
expected value threshold was set to 10−6 in each 
iteration. The proteins containing the TssI2 
C-terminal domain were identified, and their 
sequences and feature tables were downloaded 
from NCBI on December 28–31, 2020. The results 
were filtered with 30% identity and 50% coverage 
and an E-value threshold of 10−9. The result of 
taxonomy and domains of proteins were visualized 
using the SankeyMATIC software (http://sankey 
matic.com/).

Identification of V. fluvialis containing VflT6SS2 
locus

The amino acid sequence from TssB2 to RbsD 
(accession numbers KY319183) was employed to 
search VflT6SS2 locus against protein sequences 
in V. fluvialis genomes of the NCBI genome 
database by the BLASTp program. The e-value 
threshold was set to 10.−5 The results were fil
tered and merged by their serial number pre
dicted by prodigal68 and alignment start 

position, then manually inspected to identify 
the VflT6SS2 locus.

Other bioinformatics Analyses

The comparative analysis of VflT6SS2 locus in 
V. fluvialis 85003 and V. cholerae N16961 was 
performed using tBLASTn with an e-value of 
1e,−2 and the alignments of >1 kilobase (kb) 
were kept. The result was displayed by 
BlastViewer (https://github.com/dupengcheng/ 
BlastViewer). Motif searching for tssI2 and 
tsiI2 was performed using the Pfam and NCBI- 
CDD databases.45,69 An e-value of 0.01 was 
used. The tridimensional models were calcu
lated by SWISS-MODEL servers and 
alphafold250 and validated using the SAVES 
server (https://saves.mbi.ucla.edu/), the highest 
score models were used in this study. The 
molecular docking of effector and immunity 
was analyzed through ZDOCK server v3.0.2 
(http://zdock.umassmed.edu/). The multiple 
sequence alignments were constructed by 
Clustal Omega,70 and the web logos were cre
ated by WebLogo 3 (http://weblogo.threeplu 
sone.com/).71 The structure figure of TssI2 
and its homologs was prepared with IBS 
software.72 Evolutionary analyses were con
ducted in MEGA X73 from the amino acid 
sequences of TssI2 homologs, using the 
Maximum Likelihood method and Tamura-Nei 
model.74 The tree presented is the consensus of 
100 bootstrap repetitions.75 GC content of the 
region from tssM2-rbsD was generated by the 
DNA Features Viewer 3.0.1 package in Python 
v.3.7.76 The alignment of multiple amino acid 
sequences was displayed using ESPript 3.0 
server.77

Statistical analysis

Data were statistically analyzed in the 
R programming environment, using the unpaired, 
two-tailed Student's t-test or ANOVA. P < .05 was 
considered statistically significant.
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