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The Hcp proteins fused with diverse extended-toxin domains represent a novel
pattern of antibacterial effectors in type VI secretion systems
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ABSTRACT

The type VI secretion system (T6SS) is a widespread molecular weapon deployed by many
bacterial species to target eukaryotic host cells or rival bacteria. Using a dynamic injection
mechanism, diverse effectors can be delivered by T6SS directly into recipient cells. Here, we
report a new family of T6SS effectors encoded by extended Hcps carrying diverse toxin domains.
Bioinformatic analyses revealed that these Hcps with C-terminal extension toxins, designated as
Hcp-ET, exist widely in the Enterobacteriaceae. To verify our findings, Hcp-ET1 was tested for
its antibacterial effect, and showed effective inhibition of target cell growth via the predicted
HNH-DNase activity by T6SS-dependent delivery. Further studies showed that Hcp-ET2 mediated
interbacterial antagonism via a Tle1 phospholipase (encoded by DUF2235 domain) activity.
Notably, comprehensive analyses of protein homology and genomic neighborhoods revealed
that Hcp-ET3-4 is fused with 2 toxin domains (Pyocin S3 and Colicin-DNase) C-terminally, and its
encoding gene is followed 3 duplications of the cognate immunity genes. However, some
bacteria encode a separated hcp-et3 and an orphan et4 (et4o;) genes caused by a termination-
codon mutation in the fusion region between Pyocin S3 and Colicin-DNase encoding fragments.
Our results demonstrated that both of these toxins had antibacterial effects. Further, all
duplications of the cognate immunity protein contributed to neutralize the DNase toxicity of
Pyocin S3 and Colicin, which has not been reported previously. In conclusion, we propose that
Hcp-ET proteins are polymorphic T6SS effectors, and thus present a novel encoding pattern of
T6SS effectors.
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Introduction
T6SS-exported effectors in several organisms.'' "> Three

Bacteria are often under heavy competition pressure for
limited resources, and have to export diverse toxins to
establish and defend their niche."” The type VI secretion
system (T6SS) plays a critical role in this process,” and
delivers diverse antagonistic effectors to adjacent cells by
one-step progress in a contact-dependent manner.*” In
fact, anti-bacterial T6SSs also confer competitive persis-
tence in mixed-species biofilms and even co—surgical,6'8
self-recognition behavior.” The self-protection mecha-
nism for predator cells uses cognate immunity proteins
to neutralize the specific toxic effectors, thus preventing
self-intoxication or sibling-intoxication.>° Toxic anti-
bacterial effectors are always encoded adjacent to their
cognate immunity proteins, either within or outside
T6SS gene clusters.

In recent years, bioinformatic and proteomic
approaches have been applied successfully to identify

T6SS effector families for interbacterial competition have
been well characterized: amidases,'' phospholipases,'>'*
and peptidoglycan hydrolases.'>'>'® Additionally, some
other antibacterial effectors, such as nucleases,!” NAD
(P)™ Glycohydrolase,'"® and pore-forming proteins,'’
have been characterized. However, with the identifica-
tion of T6SS in more than 25% of gram-negative bacte-
ria,2° the characterization of these antibacterial effectors
has lagged behind. Indeed, for many T6SS-possessing
bacteria, their toxic effectors have not been identified
and their antibacterial mechanisms are unclear.

The T6SS apparatus comprises a membrane-bound
baseplate, an Hcp inner tube, a VipAB outer sheath, and
a spike complex consisting of VgrG and PAAR pro-
teins.”' The Hcp protein is both a core component of the
T6SS tail tube and the exported receptor/chaperone of
the effectors.**** As an abundant protein of T6SS, Hep

CONTACT Huochun Yao @ yaohch@njau.edu.cn @ College of Veterinary Medicine, Nanjing Agricultural University, No. 1 Weigang, Xuanwu District, Nanjing

210095, China.

@ Supplemental data for this article can be accessed on the publisher's website.

© 2017 Taylor & Francis


https://crossmark.crossref.org/dialog/?doi=10.1080/21505594.2017.1279374&domain=pdf&date_stamp=2017-11-06
http://www.tandfonline.com/kvir
https://doi.org/10.1080/21505594.2017.1279374

1190 JMAETAL

forms a ring-shaped hexamer that is essential for the
assembly of the T6SS apparatus.”>**** In T6SS sci-1 of
enteroaggregative Escherichia coli, the Hcpl hexamers
assemble tubes in an ordered manner with head-to-tail
stacking, and this process was controlled by VgrG.*® In
fact, 3 distinct phylogenetic T6SSs (classified into T6SS1/
Sci-1, T6SS2 and T6SS3/Sci-2 by different gene organiza-
tions and homologies) have been reported in E. coli.*”**
The T6SS2 clusters encoded by the intestinal pathogenic
E. coli (including enterohemorrhagic E. coli, enterotoxi-
genic E. coli, enteropathogenic E. coli and so on) and
extraintestinal pathogenic E. coli, show significant differ-
ence in their sequence identity, while share similar gene
organizations.”””*” Notably, the T6SS2 from E. coli has
never been verified to mediate interbacterial antagonism.

Interestingly, bacteria often possess multiple copies of
PAAR, hcp and vgrG genes located outside of the major
T6SS cluster. Commonly, these ‘orphan’ hcp and vgrG
genes are always encoded in the proximity of putative
effector genes.’>’! Further studies demonstrated that in
T6SS-dependent delivery, the antibacterial effectors are
loaded onto the secretion complex by interaction with
PAAR/VgrG or by binding to the inner surface of the
Hcp tube.” Notably, some VgrG and PAAR proteins can
carry antibacterial extension domains, thus acting as
secreted T6SS effectors.'™>* In fact, the interaction with
the Hcp pore is a general requirement for the secretion
of non-VgrG/PAAR related effectors.*® A previous study
has described the “evolved” Hcps with C-terminal exten-
sions,*® while extended Hcps fused with toxin domains
have never been validated to mediate interbacterial
antagonism experimentally.

In this study, we report a novel encoding pattern of anti-
bacterial effectors using Hcp proteins to carry diverse
C-terminal extension toxins (ET domains). Bioinformatic
analyses revealed that this type of T6SS effectors, desig-
nated as Hcp-ETs, is widespread in the Enterobacteriaceae.
Five effector types, Hcp-ET1 to -ET5, and their immunity
proteins were identified and characterized. Further studies
demonstrated that the Hcp/DUF796 domain was required
for their delivery and interaction with the T6SS2 apparatus.
Thus, we propose that extended Hcps containing C-termi-
nal toxin domains are polymorphic T6SS effectors.

Results

A C-terminal toxin domain carried by an extended
Hcp exhibited antibacterial effect

Previous studies demonstrated that each T6SS can possess
more than one cognate Hcp, VgrG, or PAAR-repeat pro-
tein.’"** The VgrG and PAAR proteins have been demon-
strated to carry diverse C-terminal extension domains

functioning as T6SS antibacterial effectors,>'®** while the
toxic domains fused to Hcp proteins have never been veri-
fied to mediate interbacterial antagonism. Our comparative
genomics analysis identified an extended Hcp with a C-ter-
minal HNH-DNase toxin domain (ET-toxin) in human
0104 Shiga toxin-producing E. coli (STEC) strain C227-11
and piglet diarrhea isolate STEC004 (Fig. 1A). Further
NCBI database searching revealed that the T6SS2 cluster
and this extended Hcp with the C-terminal ET-toxin
domain are widely prevalent in O104:H4 STEC strains.
Thus, we designated this extended Hcp as Hep-ET1, and
managed to verify its predicted antibacterial function in
strain STEC004.

We deleted the hcp-etl/etil pair in E. coli STEC004 as
the recipient strain, reasoning that cells lacking etiI immu-
nity genes should be susceptible killing by hep-et1* donor
cells. Indeed, the hcp-etl mutant displayed a marked
attenuation in its capacity to kill Ahcp-et1Aetil recipient
cells (Fig. 1B). Immunity proteins can protect cells effec-
tively from attack by the cognate toxic effector produced
by donors. Thus, we reintroduced the etil gene carried by
the pGEN-MCS vector into Ahcp-et1Aetil recipient cells,
and demonstrated effective protection provided by ETI1
against growth inhibition (Fig. 1B). We next asked how
Hcp-ET1 inhibit target cell growth. The extension domain
of Hep-ET1 from E. coli STEC004 shares ~35% identity
with the HNH-DNase domain of the RhsB C-terminal
region from Dickeya dadantii 3937.>* HNH-DNase is
cytotoxic by virtue of its DNase activity,”*** suggesting
that Hcp-ET1 might also use the nuclease activity to
inhibit target cell growth. Further studies confirmed that
purified Hcp-ET1 could degrade linear plasmid DNA
completely (Fig. 1C), while its immunity protein ETI1
neutralized this DNase toxin (Fig. 1C). These results, cou-
pled with the above findings, indicated that E. coli
STEC004 cells deploy Hcp-ET1 to kill recipient cells and
protect themselves via the immunity protein ETII.

The Hcp-ET1 is delivered by T6SS2 to degrade target
cell DNA

Hcp is a central component of the bacteriophage-like
model of T6S-dependent intercellular effector trans-
port,”>*® suggesting that the Hcp-ET1 might be delivered
by T6SS via its Hcp/DUF796 domain. To confirm this
prediction, we tested whether the Hcp conserved domain
(DUF796) and T6SS2 are required for the antibacterial
activity of Hep-ET1 against Ahcp-et1Aetil cells. Similar
to Ahcp-etl, the DUF796 or T6SS2 mutant shown a sig-
nificant defect in killing recipient cells (Fig. 2A). Further-
more, we confirmed the HNH-DNase toxicity of Hcp-
ET1 according to the degradation of plasmid-DNA in
vivo. Using the Ahcp-etlAetil with plasmid pUC19 as
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Figure 1. A C-terminal toxin domain carried by an extended Hcp exhibited antibacterial activity in E. coli. (A) Schematic diagram of the
genetic organization of the T6SS locus and Hcp-ET1 effector-immunity pair in strain STEC004. The related sequences have been submit-
ted to GenBank under the accession nos. KX118291 and KX118294, and exhibit high sequence identity to that of sequenced 0104:H7
strain C227-11. (B) Growth competition assays between indicated E. coli donor and recipient strains. Experiments were initiated by mix-
ing the donor and recipient bacteria at a CFU ratio of 5:1. The Log, CFU values of the surviving recipient cells are shown on the y-axis.
The pGEN MCS with the target gene inserted under the control of Pcm promoter was used as the complementary plasmid. Asterisks
indicate significant differences in the outcome of competition assay for the same donor strain against the indicated recipient strains (**,
P < 0.05). Error bars indicate standard deviations (SDs) of 3 independent experiments. (C) Hcp-ET1 degraded plasmid-DNA pUC19
completely in vitro. Purified Hcp-ET1 was incubated with linear pUC19 DNA in the presence and absence of cognate ETI1 or non-cognate
Crp (cAMP receptor protein). Crp is a stable protein that exists generally in the cytoplasm of E. coli, and was used as a control for cyto-

plasmic toxin.®°

Reactions were analyzed by native agarose-gel electrophoresis and Goldview (Vazyme, China) staining. All samples

were also analyzed by SDS-PAGE and Coomassie blue staining to confirm the proteins’ stabilities.

recipient cells, we found that the donor strains lacking
any one of hcp-etl, DUF796 or T6SS2 completely lost
their capacity to degrade plasmid-DNA (Fig. 2B). Taken
together, these observations indicated that Hcp-ET1 is
delivered by T6SS2, relying on its Hcp/DUF796 domain,
to mediate interbacterial antagonism.

We then tested whether the 2 hcp genes encoded in
the T6SS2 cluster were required for the antibacterial
activity of Hcp-ET1. The results showed that Wt-
STEC004 killed the recipient cells efficiently, whereas
the Ahcp2A and Ahcp2B mutants did not (Fig. 2C).
These observations suggested that Hcp2A and Hcp2B
likely formed a heterohexamer with the Hcp/DUF796
domain to control the translocation of the ET1 toxin
via the T6SS2 complex. We next asked whether the
genomic DNA is degraded in Ahcp-etlAetil recipient
cells during co-incubation with hcp-etI™ donors. We
labeled STEC004 and Ahcp-etl donor cells with GFP to
differentiate them from unlabeled recipient cells under
fluorescence microscopy. Staining with 4’,6-diamidino-
2-phenylindole (DAPI) staining revealed that many

recipient cells had lost DNA during co-incubation with
STEC004 donors (Fig. 2D). However, the recipient cells
co-incubated with Ahcp-etl donors retained their DNA
(Fig. 2D). These findings demonstrated that the Hcp-
ET1 toxin acts by degrading target cell DNA.

The extended Hcps with diverse ET-toxins are
widespread in Enterobacteriaceae

Hcp proteins are distributed widely in Gram-negative bac-
teria, and have been reported to fuse with C-terminal
extensions to exert unknown functions.”> We speculated
that a few of these extended Hcps might carry diverse tox-
ins in their C-termini to serve as T6SS effectors. Thus, the
template, N-terminal Hcp/DUF796 domain plus the C-
terminal toxin domain, was used for domain-architecture
retrieval and a large-scale search for T6S-dependent Hcp-
ETs in Gram-negative bacteria. Subsequently, 17 bacterial
species from the Enterobacteriaceae were found to encode
more than 350 Hep-ETs (Table S1). To verify these search
results, we performed a neighborhood analysis, and no
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Figure 2. Hcp-ET1 is a T6S-dependent effector that degrades target cell DNA. (A) The toxicity of Hcp-ET1 was dependent on the DUF796
domain and a functional T6SS. The donor and recipient strains were mixed together at a ratio of 3:1, and then incubated for 6 h at 30 °C.
The bacterial plaques (Nal® recipients) from left to right were increasing serial 10-fold dilutions on Nal® eosin-methylene blue agar. The
pGEN MCS with the hcp-et1 gene inserted under the control of Pcm promoter was used for complementation (strain CAhcp-et1). (B)
The Hcp-ET1 degraded the plasmid DNA of target cells. The recipient (Ahcp-et1Aetil with pUC19) was mixed with the indicated donor
strains at a ratio of 3:1, and then collected after a 6 h incubation at 30°C. Equal cell mass was collected from each group, and plasmid
DNA was extracted. The linear plasmid DNA from each preparation was analyzed by agarose-gel electrophoresis and Goldview (Vazyme,
China) staining. The “untreated STEC004” means only STEC004 cells that were not mixed with recipient cells for the bacterial competi-
tion assay. (C) Effects of Hcp proteins on Hcp-ET1 delivery. Donor cells were STEC004 and its derivative hcp and T6SS mutants, as indi-
cated. Experiments were initiated by mixing the donor and recipient bacteria at a CFU ratio of 5:1. The Log;, CFU values of the
surviving recipient cells are shown on the y-axis. Error bars indicate standard deviations (SDs) of 3 independent experiments. (D) Fluo-
rescence microscopy for E. coli STEC004 co-incubation. The GFP-labeled donor cells (containing plasmid pGEN-pcm-GFP) were co-incu-
bated with the unlabeled target cells lacking eti7 on an LB plate at a 1:1 ratio. Samples from 0 and 12 h were stained with DAPI to
visualize genomic DNA. White arrows indicated anucleate target cells. GFP, green fluorescent protein.

contains a C-terminal DUF2235 domain in enterotoxi-
genic E. coli (ETEC) strain PE321 (Fig. 3). In a com-

distinct conserved or T6SS-related proteins were found.
Next, we examined whether their C-terminal domains

have putative antibacterial activity. Applying a protein
homology detection program, HHpred (43), we found
that most Hep-ETs encoded predicted toxic enzymes tar-
geting cell walls, membranes or nucleic acids, with the
exception of a few domains of unknown function
(Table S1). In fact, these toxic Hep-ETs could be classified
into 5 clans (designated as Hcp-ET1 to -ET5), namely
HNH-DNase, DUF2235, Pyocin S3, Colicin-DNase and
Papain-like peptidase, respectively (Fig. 3). Such a wide
distribution of the C-terminal domains fused to Hcp/
DUF796 highlights its ability to acquire potential func-
tions, acting as a new T6SS effector.

Hcp-ET2 functioned as a Tle1 family phospholipase

To functionally validate the predicted Hcp-ET mod-
ules, we managed to characterize the Hcp-ET2, which

prehensive analysis of polymorphic toxin systems,
DUF2235 was identified as an AB hydrolasel that acts
on lipids.”> The Tle phospholipases are well-defined
T6SS effectors that target both prokaryotic and
eukaryotic host cells,"**”*® and family members
always contain a DUF2235 domain. In fact, our phylo-
genetic analyses demonstrated that ET2 toxins exhib-
ited a close evolutionary relationship with the known
Tlel family effectors from E. coli KD1 and Salmonella
enterica ATCC BAA-1581 (Fig. 4A). Furthermore, the
ET2 domains encode a conserved GxSxG sequence,
which has been identified as the catalytic motif of Tlel
proteins."* These results suggested that Hcp-ET2s
might be the putative T6SS effectors of the Tlel
family.

Using a bacterial competition assay to test the anti-
bacterial-effect of the DUF2235 domain, we found
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Figure 3. The extended Hcps harbored diverse ET-toxins in multiple bacterial species from Enterobacteriaceae. The genomic organiza-
tion of the Hcp-ET modules was shown. Red boxes indicate the DUF796 domains. The dark-blue and brown boxes indicate the toxic
domains, and the sky-blue boxes indicate the putative immunity genes. All of the predicted Hcp-ET effector-immunity pairs are listed in
Table S1, and some representative Hcp-ET pairs from 5 clans are presented here.

that the Ahcp-et2Aeti2 mutant was outcompeted by
hep-et2t  strains during co-incubation on solid
medium (Fig. 4B). Further analyses demonstrated that
the deletion of DUF796yp g1, attenuated their capac-
ity to inhibit growth of eti2™ cells severely (Fig. 4B),
suggesting that the DUF796 domain is required for
the T6SS-dependent delivery of Hcp-ET2. To explore
the mechanism of immunity proteins protecting
against cognate Hcp-ETs, we speculated that specific
binding between ETI2 and DUF2235/Tlel might pre-
vent ET2-mediated autoinhibition. Therefore, the
Ni**-affinity pull-down experiments were performed
to examine the interaction between Hcp-ET2 and
ETI2-Hiss proteins. The Ni**-NTA resin retained
Hcp-ET2 that was pre-incubated with ET2-Hise, but
not that pre-incubated with non-cognate Crp-Hisg
(Fig. 4C), which confirmed the toxin/immunity bind-
ing between Hcp-ET2 and ETI2.

The domains-fusion of Pyocin S3 and Colicin-DNase
toxins, and multiple duplications of immunity
proteins in the Hcp-ET3-4 module

Interestingly, the neighborhood analyses for extended
Hcp proteins revealed 2 specific Hep-ET modules,
namely Hcp-ET3-4 and Hcp-ET3_ET40; (Fig. 3). In
the first module, the Pyocin S3 and Colicin-DNase
domains are fused to the C-terminus of the extended
Hcp to form the 3 domains architecture of Hep-ET3-
4. However, some Hcp-ET3-4s were disrupted by a
mutation of the termination-codon to generate Hcp-
ET3 and an orphan ET4 (ET40,), which was designed
as the Hcp-ET3_ETo4 module (Fig. 3). The putative
immunity protein (pfam01320) was annotated to
antagonize both pyocin and colicin toxins in pfam
database; therefore, we designated it as ETI3/4. To fur-
ther analyze its genomic neighborhood in ETEC strain
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Figure 4. Hcp-ET2 functions as Tle1 family phospholipase for interbacterial competition. The sequence of the Hcp-ET2 effector-immunity
pair from ETEC PE321 has been submitted to GenBank under the accession no. KX118290. (A) Hcp-ET2 is a T6S-dependent Tle1 phospho-
lipase. The phylogenetic tree of ET2 and Tle1 phospholipase effectors was constructed based on an alignment of catalytic motifs, as
described previously." ET2 proteins (labeled red) were clustered into the same branch with 2 known Tle1 members of E. coli KD1 and
Salmonella enterica ATCC BAA-1581. Sequence logos analysis indicated that ET2 proteins also contained a GxSxG catalytic motif, which
has been identified as the conserved catalytic motif of Tle1-4 families."* (B) Hcp-ET2 provided a competitive growth advantage under
cell contact-promoting conditions. Donor and recipient strains were mixed at a 5:1 ratio, incubated for 6 h on solid media and differenti-
ated using blue/white screening. The pGEN MCS with the hcp-et2 gene inserted under the control of Pcm promoter was used for com-
plementation (CAhcp-et2). The Log,, CFU values of the surviving recipient cells are shown on the y-axis. Asterisks denote significant
difference in the outcome of the competition assay for the same donor strain against the indicated recipient strains (**, P < 0.05). Error
bars represent the SDs for 3 independent experiments. (C) ETI2 could bind to its cognate Hcp-ET2 directly. Purified Hcp-ET2 and ETI2-
Hise proteins were mixed at equimolar ratios, and then purified by Ni**-affinity chromatography. Crp (CAMP receptor protein) is a stable
protein in the cytoplasm of E. coli generally, and was used as a control in this assay. Input samples represent the protein mixtures before
chromatography. All fractions were analyzed by SDS-PAGE and Coomassie blue staining.

PE086, we found 3 et4-eti3/4 duplications located
downstream of hcp-et3 (Fig. 5A). However, the second
and third orphan et4 open reading frames (ORFs)
were destroyed by a series of point mutations, and
only the 3 eti3/4 ORFs were retained (Fig. 5A). These
observations suggested that excessive copies of ET40,
might lead to self-destruction of Hcp-ET3-possessing
cells. To rescue themselves, cells have to invoke self-
protection measures to destroy the excessive toxic
genes and preserve more immunity genes.

Hcp-ET3 carrying a pyocin S3 domain could inhibit
the growth of target cells

To test our observations, we first characterized the Hcp-
ET3 with a C-terminal pyocin S3 toxin in ETEC strain
PE086. We found that the deletion of hcp-et3 in strain

PE086 severely impaired its capacity to kill eti3/4™ cells
(Fig. 5B). To explore whether all the eti3/4 duplications
are functional for pyocin S3 antagonism, multiple eti3/4
mutants were used in competition assays. The results
showed that only the tripartite deletion of eti3/4
completely abrogated self-protection against pyocin S3
toxin (Fig. 5C), indicating that all the eti3/4 copies were
functional in vivo. Pyocin S3 is cytotoxic by virtue of its
DNase activity,” suggesting that Hcp-ET3 might utilize
cytoplasmic nuclease activity to inhibit target cell growth.
Indeed, a cytoplasmic expression assay of hcp-et3 in E.
coli LMG194 abruptly inhibited cells growth after L-
arabinose induction (Fig. 5D). However, the co-expres-
sion of hcp-et3 and eti3/4 could partially eliminate the
toxic inhibition of Pyocin S3 (Fig. 5D), further indicating
that the downstream eti3/4 was the cognate immunity
gene of hcp-et3.
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Figure 5. The ET3 domain is involved in interbacterial antagonism. The sequence of the Hcp-ET3_ET4; module from ETEC PE086 has
been submitted to GenBank under the accession number KX118289. (A) Artemis Comparison Tool (ACT) comparison of the Hcp-ET3-4
module from uropathogenic E. coli UTI89 and the Hcp-ET3_ET401 module from ETEC PE086. The PEC_het4—6 is located downstream of
PEC_het1-3 in the genome of PE086. The highly conserved genomic region (red blocks denote nucleotide conservation) included these
2 loci from 5’ to 3, and showed 3 duplications of the et4-eti3/4 fragment. (B, C) Hcp-ET3 provided a competitive growth advantage
under cell contact-promoting conditions between the indicated E. coli donor and recipient strains. Experiments were initiated by mixing
the donor and recipient bacteria at a CFU ratio of 5:1. The Log,o CFU values of the surviving recipient cells are shown on the y-axis.
Asterisks denote significant difference in the outcome of the competition assay of the same donor strain against the indicated recipient
strains (**, P < 0.05). Error bars represent the SDs for 3 independent experiments. (D) Growth curves of E. coli cells producing Hcp-ET3
or co-producing Hcp-ET3 and ETI3/4. The cytoplasmic expression of et3 and eti3/4 was induced by L-Arabinose at the indicated time
(arrow). A native ribosome binding sites of E. coli located upstream of eti3 gene contributed to achieve its co-expression (blue curve).
The experiments were run in triplicate.

The orphan ET4 toxin was also involved in bacterial assay, the strain lacking only the pyocin S3 domain sig-
competition nificantly inhibited MG1655 cells growth by more than
100-fold compared with the Ahcp-et3 mutants (Fig. 6B),
suggesting that the retained Hcp/DUF796 plus orphan
ET4 could confer an effective antibacterial activity.
Indeed, the APCE_het1-6 survival assay also showed
similar results when Hcp/DUF796 and orphan ET4
coexisted in the donor cells (Fig. 6C). Nevertheless, the
antibacterial activity of colicin-possessing strains was
completely abolished by the lack of the Hcp/DUF796
domain (Fig. 6B and 6C), suggesting that Hcp/DUF796
was essential for orphan ET4 delivery. Thus, we specu-
lated that some unknown interaction between orphan
ET4 and the retained DUF796 containing C-terminal
residual fragment might contribute to the export of the
colicin-DNase toxin.

We next asked whether the orphan ET4 is also functional
for interbacterial antagonism via growth inhibition by its
colicin-DNase toxin. To determine the expression of
orphan et4 in strain PE086, a quantitative real-time
reverse transcription PCR (qRT-PCR) assay was per-
formed to amplify the potential et4o, and hcp-et3 tran-
scripts (Fig. 6A). The results revealed that orphan et4
was expressed in Wt-PE086 cells, and had a similar tran-
script level to hcp-et3 (Fig. 6A). Additionally, the et4p;
was transcribed at similar levels in the Ahcp-et3 mutant
(PCE_het1 deletion) and Wt-PE086 (Fig. 6A), suggesting
that the promoter driving the orphan region transcrip-
tion lay upstream of hcp-et3. These results implied that
the orphan et4 might be co-transcribed with the
upstream hcp-et3 gene.

To further validate the predicted function of ET4, a
series of et4” or et4" strains were constructed. In  Previous research has highlighted that numerous bacterial
MG1655 (reference strain for T6SS killing “°) survival ~ pathogens take advantage of the T6SS organelles through

Discussion
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Figure 6. Orphan ET4 toxin is functional for interbacterial competition. (A) The orphan et4 might be co-transcribed with the hcp-et3 by
the same promoter. The data were normalized to the transcription level of the housekeeping gene tus. The relative expression levels
represent the mean =+ SD for 3 independently isolated RNA samples. (B) The toxic activity of ET4o; was dependent on the retained
DUF796 domain and functional T6SS. The recipient (screened Nal® MG1655, a reference strain for T6SS killing*’) and indicated donor
strains were mixed together at a ratio of 3:1, and then incubated for 6 h at 30°C. The bacterial plaques from left to right were increasing
serial 10-fold dilutions on Nal® eosin-methylene blue agar. The pGEN MCS with the target gene inserted under the control of the Pcm
promoter was used as the complementary plasmid. The presence and absence of Colicin-DNase (ET4) in donor strains were indicated by
blue “+" and “—,” respectively. Similarly, red icons indicate the presence and absence of DUF796. (C) Growth competition assays
between the indicated donor and recipient strains. Experiments were initiated by mixing the donor and recipient bacteria at a CFU ratio
of 5:1. The Log,o CFU values of the survivaing recipient cells are shown on the y-axis. Asterisks denote significant difference in the out-
come of the competition assay for the same donor strain against the indicated recipient strains (**, P < 0.05). Error bars represent the

SDs for 3 independent experiments.

the spike/tube VgrG/Hcp complex to deliver toxic effec-
tors to their bacterial competitors or eukaryotic hosts.,*'
Current research further underlined the importance of
T6SS in dictating bacterial dynamics in complex commu-
nities, such as the microbiota in humans, animals and
plants.'®”** Nevertheless, the systematic identification
and assignment of enzymatic function to T6SS effectors
remains a challenge. Recently, an N-terminal sequence
marker, the MIX motif, was applied successfully to iden-
tify several antibacterial effectors with diverse C-terminal
toxin domains,"”> suggesting a novel method for effector
screening by using specifically conserved domain. Simi-
larly, we found that the extended Hcp proteins with
diverse C-terminal toxin domains (Hcp-ETs) were wide-
spread in Enterobacteriaceae. Although “evolved” Hcp
proteins with C-terminal extensions have been reported
by a previous study, > they have never been verified as
antibacterial effectors of T6SS. Hcp proteins are required
for both the assembly of a functional T6SS and the export
of its effectors.”>***** Crystallographic data of Hcp
homologs showed that the protein forms hexameric rings,
which can stack into a tube.”***** The T6SS effectors are
injected into target cells by binding to the inner surface of
the Hep ring-shaped hexamer.*

Given that VgrG proteins have been reported to form
a heterotrimer for effectors’ delivery,”>** we speculated
that Hcp proteins have the potential to form a hetero-
hexamer with the DUF796 domain of Hcp-ETs, thereby
facilitating the delivery of fused toxins. Indeed, our
results showed that all 3 Heps (Hep2A, Hep2B and Hep/

DUF796 domain of Hcp-ET1) were required for the
delivery of the ET1 toxin, which partially proved our
speculation. A previous study has reported that Hcp pro-
teins are also required for the stability of posttransla-
tional effector proteins in cytoplasm.>> Therefore, the
defect in antibacterial capacity of 3 hcp mutants
(Ahcp2A, Ahcp2B and ADUF796/hcp) might be caused
by 3 reasons: (i) the failure of secretion of ET1 toxin, (ii)
the degradation of posttranslational ET1 toxin in cyto-
plasm, and (iii) losing the synergy among Hcps and ET1
which is required for the complete antibacterial activity
of ET1 toxin. These potential mechanisms need to be
further clarified in future work.

To expand our findings in Hcp-ET antibacterial effec-
tors, a systematic search for extended Hcps was per-
formed. According to the enzymatic activity of
C-terminal toxins, more than 350 Hcp-ET's from 17 bac-
terial species of Enterobacteriaceae (Table S1) could be
classified into 5 clans, namely HNH-DNase, DUF2235,
Pyocin S3, Colicin-DNase and Papain-like peptidase
(Fig. 3). The HNH-endonuclease domain has been dem-
onstrated to function in interbacterial antagonism by
degrading target cell DNA in the RhsB-CT of Dickeya
dadantii 3937,”* which accorded with our results about
Hcp-ET1 delivered by T6SS2 in Shiga toxin-producing
E. coli. Similarly, the homolog of Pyocin S3 toxin in
Hcp-ET3 also inhibited the growth of competitors in the
contact-dependent growth inhibition (CDI) system of
Dickeya dadantii 3937.%° In fact, the Colicin-DNase and
DUF2235 toxin domains are distributed wildly in the



MIX family and DUF4123-related effectors,"**’ and
mediate interbacterial competition via T6SS delivery.

It should be noted that the extended Hcps with toxin
domains are so prevalent in the Enterobacteriaceae but
not so in other bacteria (Vibrio, Aeromonas, or Pseudo-
monas) even though related T6SS core islands have been
reported. We speculated that the mobile genetic elements
related to these Hcp-fusions may be transferred among
the bacterial species of Enterobacteriaceae specifically,*®
and have a very low probability to be transferred into
other bacteria. However, their toxin domains (HNH-
DNase, DUF2235, Pyocin S3 and Colicin-DNase) exist
widely in diverse bacteria species by being fused to or
associating with other T6SS-related proteins (such as
PAAR, Mix, Rhs and DUF4123),">'%2*** suggesting that
these toxins are not the specific weapons for Enterobac-
teriaceae species to antagonize unrelated bacteria.

Multiple duplication events for immunity genes have
been observed in the Tle/Tli superfamily and Tae4/Tai4
pairs of T6SS,'"'* and also reported in rhs loci and CDI
systems.*”"** However, it is not fully understood whether
each copy is functional in immunity against the cognate
toxin. Although we confirmed that only the deletion of
all 3 eti3/4 could completely abolish the immunity
against the Hcp-ET3 toxin, it remains unclear whether
dissimilar transcript regulations occur among duplica-
tions under different conditions. Remarkably, the immu-
nity protein, ET13/4, could neutralize the toxicity of both
Pyocin S3 and Colicin-DNase specifically, which has
never been reported for effector/immunity pair of T6SS.
In fact, both Pyocin S3 and Colicin are cytotoxic by vir-
tue of their DNase activity,”*>* and this similar enzy-
matic activity might partially explain this phenomenon.

Orphan toxins have been found in rhs loci and CDI
systems of multiple bacteria.*”*® The orphan toxins in
CDI or Rhs modules are encoded by a fragmented read-
ing frame, and they lack translation initiation and pro-
tein export signals.*”** Nonetheless, the orphan CdiA-
CTo, of E. coli EC93 is functional in contact-dependent
growth inhibition when fused to a full-length CdiA pro-
tein.*” Indeed, it also has been confirmed that evolved
cells undergo recombination between the main rhs gene
and the rhs orphan toxin gene fragment, yielding a
fusion that enables the production and delivery of the
orphan toxin.”” In contrast to the above orphan toxins,
the orphan ET4q; is encoded by a complete ORF, does
not need a signal peptide and is transported across the
envelope by the T6SS complex in a Sec-independent
way. In particular, we identified 3 et4-eti3/4 duplications
located downstream of hcp-et3; however, the second and
third orphan et4 ORFs are destroyed by a series of point
mutations (Fig. 5A), only 3 complete eti3/4 ORFs are
retained for neutralization of Pyocin S3 and Colicin-
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DNase toxins. It is possible that excessive copies of
ET4,, might cause serious self-destruction, which par-
tially supports our experimental results that ET4c; is a
functional antibacterial effector.

In conclusion, the formerly well-known T6SS core
component, the Hcp protein, was demonstrated to har-
bor diverse toxin domains in their C-termini, thus pre-
senting a novel encoding pattern of T6SS effectors. The
Hcp-ETs greatly increased the growth advantage for
interbacterial competition via diverse enzymatic activi-
ties, and were bound specifically by cognate immunity
proteins to prevent self-intoxication. The systematic
identification of these Hcp-ET effectors in multiple spe-
cies from the Enterobacteriaceae contributed to a better
understanding of the complex mechanism of T6SS for
interbacterial antagonism.

Materials and method
Bacterial strains and growth conditions

A list of strains and plasmids used in this study are
shown in Table S2. The competitive strains were derived
from intestinal pathogenic strains STEC004, PE321 or
PE086. Cultures were routinely grown in LB medium
containing 0.5% sodium chloride at 37°C with aeration,
unless otherwise indicated. When necessary, the follow-
ing antibiotics and chemicals were added to the medium:
kanamycin (Kan, 50 pug/ml), ampicillin (Amp, 100 ug/
ml), chloramphenicol (Clm, 25 wg/ml), and nalidixic
acid (Nal, 50 pg/ml). E. coli strains TOP10 and LMG194
were used for plasmid maintenance and gene expression,
respectively. LMG194 with recombinational pBAD/HisA
was used for the toxicity assay of ET3, and for purifica-
tion of ET2, ETI2 and Crp.

DNA manipulations and plasmids construction

All oligonucleotide primers were synthesized by Genewiz
Corporation (Suzhou, China) and are listed in Table S3.
DNA amplification, ligation and electroporation were
performed as described previously, unless otherwise
indicated.” The creation, maintenance and transforma-
tion of plasmid constructs followed standard molecular
cloning procedures. DNA sequencing was performed by
Sunny Biotechnology Corporation (Shanghai, China).
All restriction and DNA-modifying enzymes were pur-
chased from Thermo Fisher Scientific and used accord-
ing to the suppliers’ instructions.

Deletion mutants were constructed using the lambda
Red recombinase system as described previously.” For
complementation, a Pcm promoter region from pKD3
was inserted pGEN MCS °! between the EcoRI and Ndel
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restriction sites, and then the target genes were cloned
into the new pGEN using Ndel and BamHI restriction
sites, independently. The native coding ribosome binding
sites were used to achieve the co-expression of effector/
immunity pairs in pPBAD/HisA.

Bioinformatic identification of Hcp-ET proteins

Protein sequences were retrieved from the National Cen-
ter for Biotechnology Information (NCBI) database, and
the GenBank accession numbers for all Hcp-ET proteins
identified in this study are listed in Table S1. The func-
tional prediction was performed using HHpred” and
Phyre2.”** The extended Hcp protein with N-terminal
Hcp/DUF796 and C-terminal toxin domains was sug-
gested as a potential template to search for T6S-depen-
dent effectors. A bioinformatics screen for this specific
domain-architecture was performed using the CDART
tool as described previously.”> Using these screened
Hcp-ETs, BLASTP analyses were performed against the
non-redundant protein database (ftp://ftp.ncbinih.gov/
blast/db/) to identify their homologs. The phospholi-
pases Tlel family members were aligned using the Clus-
talW method,'* and a phylogenetic tree was generated
using the MEGA 7.0 Neighbor-joining method with
bootstrap analysis of 1,000 replicates. Visual representa-
tion of the comparative alignments between the Hcp-
ET3/ET4 module of E. coli UTI89 and the ET3_ET4c,
module of E. coli PE086 was performed using the Arte-
mis Comparison Tool (ACT) by nucleotide similarities
(TBLASTX). Sequence logos were generated based on
the manual alignment of conserved catalytic motifs with
the Geneious software.

Interbacterial competition assays

The interbacterial competition experiment was performed
as described previously with minor modifications.”
Briefly, fresh cultures of donor and recipient bacteria were
adjusted to an ODgppnm 0Of 0.5 and mixed at a 5:1 ratio
(donor to recipient) after 50 times concentration.” Then,
10 pl of the mixture was spotted on a 0.2-um nitrocellu-
lose membrane placed on low-salt LB agar. After 6 h of
incubation at 30°C, the mixed inoculum was used to
obtain the final CFU of the surviving recipient bacteria by
plate counting. The activity of a native p-galactosidase
reporter was used to distinguish donor (lacZ") and recipi-
ent (lacZ™) colonies via blue/white screening on plates
containing 40 pg/ml X-gal and 1 mM IPTG, as described
previously."* All assays were performed in triplicate. Sta-
tistical analyses were performed with a 2-tailed Student’s
t-test. Error bars represent the standard deviations of 3
independent experiments.

Recipient survival assays for visualization on plates

Briefly, the spontaneous nalidixic acid-resistant (Nal®)
mutants of the recipient strains were screened by plating
10° CFU onto LB containing 50 ug/ ml Nal and con-
firmed to retain full growth properties.”® The donor and
recipient strains (Nal®) were mixed together at a ratio of
3:1 after the cultures were normalized to an ODgggp Of
0.5. The mixture was then spotted on the nitrocellulose
membrane placed on low-salt LB agar for 6 h incubation
at 30°C. The bacterial spots were then resuspended, seri-
ally diluted in PBS and visualized on plates (eosin-meth-
ylene blue medium) containing 50 pg/ ml Nal to
compare the survivals of the recipient cells co-incubated
with different donor strains.

Fluorescence microscopy

Recipient and GFP-labeled donor cells were mixed at a
1:1 cell ratio on a 0.2—um nitrocellulose membrane
placed on low-salt LB agar. After 12 h of incubation at
30°C, the mixed inoculum was resuspended by 1xPBS
and fixed in 4% (vol/vol) formaldehyde for 12 h,
quenched with 125 mM glycine (pH 7.5) for 15 min and
washed twice with 1xPBS. Diluted bacteria were plated
onto glass slides coated with poly-D-lysine and stained
with DAPI supplemented with 0.1% Triton X-100.
Images were collected and processed under a confocal
laser scanning microscope (CLSM) (LSM 710; Zeiss,
Germany). Cells were scored as anucleate if they lacked
visible DAPI staining.

Protein purification

All Hep-ET/ETI-Hiss complexes were overproduced and
purified under non-denaturing conditions in reaction
buffer (20 mM sodium phosphate at pH 7.0, 150 mM
NaCl, 10 mM pB- ME), as described previously.39
Untagged Hcp-ET was isolated from ETI-Hise by Ni*™-
affinity chromatography with denaturing wash buffer
(20 mM sodium phosphate at pH 7.0, 6 M guanidine-
HCIl, 10 mM B- ME). ETI-Hiss was then eluted from
Ni**-NTA using denaturing elution buffer (20 mM
sodium phosphate at pH 7.0, 6 M guanidine-HCI,
10 mM B-ME; 250 mM imidazole). Purified Hcp-ET and
ETI-Hiss proteins were refolded by dialysis into reaction
buffer and quantified by their absorbance at 280 nm.

Plasmid DNA degradation activity of Hcp-ET1

The in vitro DNA degradation experiments were per-
formed as described previously.”*** The HNH-DNase
activity of Hcp-ET1 was assayed using 100 ng of
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EcoRI-digested pUC19 DNA as the substrate in the pres-
ence and absence of cognate ETII1 or non-cognate Crp.
The Hcp-ET1 was mixed with ETII or Crp, and incu-
bated for 30 min at room temperature before the assays.
Plasmid DNA stability in the recipient strains derived
from E. coli STEC004 with pUC19 was assessed. Donor
and recipients were cultured in low-salt LB at 30°C over-
night. Equivalent cell masses (ODggonm, 0.5) were col-
lected from each culture and co-incubated for 6 h as
described above. Equal cell masses were collected from
each group, and the plasmid DNA was extracted. The
linear plasmid DNA from each preparation was analyzed
by 1% agarose-gel electrophoresis and Goldview
(Vazyme, China) staining.

The N#"-affinity pull-down of Hcp-ET2 and ETI2

Binding interactions between Hcp-ET2 and ETI2 pro-
teins were assayed following previously published proce-
dures.**” Briefly, the purified Hcp-ET2 (untagged) was
mixed with ETI2-Hiss or Crp-Hiss at a final concentra-
tion of 10 uM in reaction buffer, and incubated for
30 min at room temperature. An aliquot was removed
for subsequent SDS-PAGE analysis, and the mixtures
were then incubated with Ni*"-NTA for 1.5 h at 4°C.
The reactions were centrifuged, and the supernatant con-
taining unbound proteins was collected for SDS-PAGE
analysis. The Ni*"-NTA was washed 3 times and loaded
onto Poly-Prep column. Bound complexes were eluted
with native elution buffer supplemented with 250 mM
imidazole for SDS-PAGE analysis.

Growth curves for the ET3 toxicity assay

The vector pPBAD/HisA (Invitrogen) was used to express
hcp-et3 and for co-expression of hcp-et3 and eti3. A
native ribosome binding sites of E. coli, located upstream
of the eti3 gene, aided their co-expression. Both vectors
added a C-terminal hexahistidine tag to the expressed
proteins, allowing for western blot analysis of their
expressions. For E. coli growth curves, LMG194 cells har-
boring the above recombinat plasmids were grown over-
night and sub-inoculated to a starting ODggonpm 0f 0.05 in
LB at 37°C with shaking for 1.5 h. The target genes then
were induced with 0.25% L-arabinose. Cell growth was
tracked by measuring the ODggonm every 30 min. The
results represented the mean plus standard deviations
(error bars) of 3 independent experiments.

Measurement of gene expression by qRT-PCR

The bacteria were cultured overnight in low-salt LB with
shaking in 30°C. Total RNA was then extrated using an
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E.ZN.A. bacterial RNA isolation kit (Omega), followed
by treatment with RNase-free DNase I (Roche) to
remove residual genomic DNA. The cDNA was synthe-
sized using a PrimeScript RT reagent kit (Takara)
instantly. Quantitative real-time PCR was conducted on
an ABI StepOne RT-PCR detection system using SYBR
green supermix (Takara) and gene-specific primers
(Table S3). The data were normalized to the transcript
levels of the housekeeping gene tus.”® The relative fold
change was calculated by using the threshold cycle
(2722C;) method® The reported values represented the
mean plus standard deviations (error bars) of 3 indepen-
dent RNA extractions.

Statistical analysis

The data were analyzed using SPSS version 17.0 (SPSS
Inc.). Two-way ANOVA was performed for the qRT-
PCR results, and a 2-tailed Student’s ¢-test was used for
the interbacterial competition assays. P values of less
than 0.05 were defined as significant and indicated with
a double asterisk (“**”).
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