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Abstract

The type VI secretion system (T6SS) is a widespread mechanism of protein delivery into tar-
get cells, present in more than a quarter of all sequenced Gram-negative bacteria. The
T6SS constitutes an important virulence factor, as it is responsible for targeting effectors in
both prokaryotic and eukaryotic cells. The T6SS comprises a tail structure tethered to the
cell envelope via a trans-envelope complex. In most T6SS, the membrane complex is
anchored to the cell wall by the TagL accessory protein. In this study, we report the first crys-
tal structure of a peptidoglycan-binding domain of TagL. The fold is conserved with mem-
bers of the OmpA/Pal/MotB family, and more importantly, the peptidoglycan binding site is
conserved. This structure further exemplifies how proteins involved in anchoring to the cell
wall for different cellular functions rely on an interaction network with peptidoglycan strictly
conserved.

Introduction

During evolution, Gram-negative bacteria have evolved sophisticated mechanisms to hunt
their prey or run away from their predators. Some of the most important examples are bacte-
rial secretion systems, specialized nano-machines utilized by bacteria to transport virulence
factors across the cell envelope [1,2]. The type VI secretion system is a widespread mechanism
found in more than a quarter of all sequenced Gram-negative bacteria, with one or several cop-
ies in each species [3-5]. This nanomachine transports protein effectors directly from the cyto-
plasm across the cell envelope and injects them into the target cells, both prokaryotic and
eukaryotic [6-9]. In pathogenic bacteria, the T6SS has been shown to participate in virulence
processes, such as the translocation of toxin proteins into eukaryotic cells, leading to cytoskele-
ton rearrangement, cell rounding and death or cytotoxicity [10-13]. The T6SS has also been
shown to be involved in stress sensing, cell mobility and biofilm formation [14-16]. The T6SS
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is therefore considered a versatile weapon that meets the need of each T6SS™ bacterial species
[17].

The T6SS functions by contraction of the TssBC sheath to force the spike-tube structure
out of the cell, puncturing the target cell and delivering toxin effectors [6,18-20]. The nano-
machine is composed of at least thirteen core-components [3,4] named TssA to TssM, (“T'ss”
named from “Type six secretion system” [21]). Two hallmark proteins, Hcp (haemolysin-
coregulated-protein) and VgrG (valine-glycine repeated protein), are found in the culture
supernatant of T6SS" bacteria [3]. The tail sheath polymerizes from a baseplate consisting of at
least four proteins: TssK, TssF, TssG, and TssE [22-24].

The baseplate-sheath structure is anchored to the cell trans-envelope via a membrane-asso-
ciated complex [25-27]. This complex comprises three T6SS core components: the TssL and
TssM inner membrane proteins and the Tss] outer membrane lipoprotein [26,28-31], presum-
ably making a trans-periplasmic channel for passage of the tail tube/spike [27]. Proper assem-
bly of the TssJLM complex requires the local degradation of the cell wall, which is
accomplished by the recruitment of a peptidoglycan (PG)-degrading enzyme [32,33]. It has
been proposed that the TssJLM complex undergoes a large conformational change during the
injection process [27]. The TssJLM complex should be stably anchored to the cell envelope to
ensure its maintenance when the sheath contracts. Interestingly, with the notable exceptions of
Vibrio cholerae and Edwardsiella tarda, there is a peptidoglycan-binding domain (PGBD) that
anchors the T6SS to the cell wall [6,25,26]. Other secretion systems spanning both the outer
and inner membranes comprise also a component harbouring a PGDB. ExA from the Aero-
mona hydrophila T2SS was shown to cross-link with PG [34], and recently, the structure of the
PorE PGBD from the Porphyromonas gingivalis T9SS was solved in complex with a PG frag-
ment [35]. In many T6SSs, the PGBD is fused to the C terminus of TssL, which are then called
“specialized TssL”. In some other T6SSs, the PGBD is carried by accessory T6SS subunits, such
as TagL, TagP, TagN and TagW [25,26]. These accessory proteins are usually encoded within
T6SS clusters. Although no data is available for TagP, TagN and TagW, the entero-aggregative
Escherichia coli (EAEC) TagL subunit has been studied for its PG-binding function [25,26].
TagL interacts with the TssJLM membrane complex through a direct interaction with TssL
[25]. A topology study has defined that TagL comprises two trans-membrane segments at the
N terminus, followed by a cytoplasmic domain and a third trans-membrane segment before
the periplasmic domain. The TagL periplasmic domain includes a PGBD of the OmpA/Pal/
MotB family (PF00691) at its C terminus, located between residues 442 and 556. This domain
binds in vitro and in vivo to the PG layer, and mutations within the PG-binding motif abolish
both the interaction with the cell wall and the function of the T6SS [25].

Although binding to the cell wall is important for T6SS assembly and function, no structure
is available for any of these domains. In this study, we solved the structure of the PGBD of the
EAEC TagL protein. The structure is similar to those of known PGBD of the OmpA/Pal/MotB
family, and the PG binding pocket is conserved, suggesting that T6SS anchoring to PG is
mainly mediated by interactions with the diaminopimelic acid (DAP) residue.

Materials & methods
Production of TagL Peptidoglycan-binding domain (TagL PGBD)

A DNA fragment corresponding to residues 440-552 of the TagL. PGBD from the EAEC strain
17-2 was cloned into the pDEST17 expression vector using the Polymerase Incomplete Primer
Extension (PIPE) cloning method [36]. The final construct encodes the TagL PGBD fused to a
N terminal hexahistidine tag followed by a TEV cleavage site. This construct was then pro-

duced and purified as described previously [29]. Briefly, the expression vector was transformed
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into E. coli T7 pLysS cells (New England Biolabs). Cells were grown in Terrific Broth (TB) at
37°C until the optical density at 600 nm reached 0.6-0.8. Expression of the TagL. PGBD was
induced by 0.5 mM isopropyl-B-thio-galactoside (IPTG) for 16 hours at 17°C. Cells were har-
vested at 4,000 x g for 15 minutes at 4°C, resuspended in lysis buffer (50 mM Tris-HCI, pH 8,
300 mM NaCl, 10 mM imidazole, 0.25 mg/mL lysozyme) and lysed by sonication. The lysate
was cleared by centrifugation at 18,000 x g for 45 minutes and the supernatant loaded onto a
Ni** affinity chromatography column (HisTrap 5 mL, GE Healthcare). The protein was eluted
with a step gradient of 250 mM imidazole. The hexahistidine tag was cleaved by incubation of
the protein with the histidine-tagged TEV protease (ratio 10:1, protein:TEV, w/w) overnight,
coupled with dialysis to eliminate imidazole. The untagged TagL PGBD was obtained in the
flow through of a second Ni*" affinity chromatography and further purified by gel filtration on
a preparative Superdex 75 column (GE Healthcare) equilibrated in 20 mM Tris-HCI, pH 8,
150 mM NaCl. The TagL PGBD was concentrated to 5 mg/mL for crystallization.

Crystallization and data processing of TagL PGBD

Crystallization trials were carried out using the sitting-drop vapour diffusion method at 20°C
in 96-well Greiner crystallization plates. The reservoirs of the Greiner plates were filled with a
TECAN pipetting robot, and nanodrops were dispensed by a Mosquito robot (TTP Labtech).
Crystals of TagL PGBD appeared after 1 day by mixing a protein solution (5 mg/mL) with 0.1
M imidazole, pH 6.5, and 1.2 M sodium acetate. Crystals were cryo-cooled in a well solution
supplemented with 25% glycerol in a flow of liquid nitrogen. Datasets were collected at the
European Synchrotron Radiation facility (ESRF, Grenoble, France), and were processed using
the XDS package [37]. TagL PGBD crystals belonged to space group P63, a=b =75.9 A,
c=177.7 A; 0= B=90", y = 120°, with four molecules per asymmetric unit. The structure of
TagL PGBD was solved by molecular replacement using MolRep [38] with the OmpA-like
domain from A. baumannii (3TD3) as initial model. The structure was corrected and refined
with COOT [39] and BUSTER [40], respectively. The validity of the refined structure was
assessed by MolProbity [41]. Data collection and refinement statistics are given in Table 1; the
atomic coordinates and structure factors have been deposited at the Protein Data Bank (PDB)
under accession code 7BBA.

Results
Sequence analysis and TagL PGBD purification

A previous study has shown that the EAEC TagL subunit (accession numbers: EC042_4528;
GI: 284924249) bears a PGBD that is required for the function of the Sci-1 T6SS. TagL is a
polytopic inner membrane protein, and its PGBD locates at the periplasmic C terminus [25].
We first attempted to produce the whole periplasmic domain of TagL (amino acids 348-572).
This domain exhibited limited solubility, and crystallization trials failed. The periplasmic
domain comprises the C terminal PGBD per se (amino acids 436-554) separated from the
third transmembrane segment by a linker. In order to clone the PGBD alone, we first define its
boundaries. The TagL protein sequence was subjected to the secondary structure homology
and prediction server HHpred [42]. HHpred returned a long list of homologous structures
with HHpred probability > 99.9%. They all belong to the outer membrane protein A (OmpA)
family or OmpA-like domains (e.g., bacterial flagellar motor MotB or peptidoglycan associated
lipoprotein Pal). A sequence alignment with selected sequences corresponding to known
structures (OmpA and Pal from Acinetobacter baumannii, and Pal from Yersinia pestis)
showed that the TagL PGBD is restricted between residues Thr440 and Pro552 (Fig 1). The
DNA sequence corresponding to the Tagl 440-552 amino acids fragment was cloned, and the
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Table 1. Data collection and refinement statistics of the TagL peptidoglycan binding domain (PGBD).

Data collection

Space group P6;

a, b, c(A) 75.9,75.9,177.6
o By (") 90, 90, 120
Number of monomers 4
Resolution limits (A)* 34.9-2.43 (2.57-2.43)
Rmerge* 0.125 (0.90)
CC1/2 0.991 (0.777)
Unique reflections* 21834 (3454)
I/o* 11.7 (1.8)
Completeness (%)* 99.7 (98.2)
Multiplicity* 21.1 (22)
Refinement

Resolution (A)* 34.9-2.43 (2.45-2.43)
Reflections* 21796 (436)
Ryvork/Reree (%) 23.8/24.6
Number of atoms: protein/water/ion 3463/176/45
Rmsd.: bond (A)/angles ) 0.009/1.07
B-factors (A?): protein/water/ion 76.0/64.0/87.3
Ramachandran (%): preferred/allowed/outliers 91.8/7.3/0.9
PDB accession code 7BBA

* Values in parentheses are for the highest-resolution shell.

https://doi.org/10.1371/journal.pone.0254232.t001
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ARG E RIS MY LIQ GK|G ADQISIVSYGKEKIJAVILGHDEAAFAKRIIIAVIVY. . . .

Fig 1. Sequence alignment of the TagL peptidoglycan binding domain (PGBD) with other representative OmpA
family proteins. Secondary structure elements and numeration from the TagL PGBD structure are displayed above
the alignment. Strictly conserved residues are in black blocks; the five residues that were shown to be required for TagL
binding to the cell wall are indicated by an asterisk; selected N and C termini of the TagL. PGBD are indicated by
vertical arrows. 3TD3: OmpA from Acinetobacter baumannii; 4G4X: Pal from Acinetobacter baumannii; APWT: Pal
from Yersinia pestis. Amino acid sequences were aligned using Multalin [43], and the figure was prepared using
ESPript (version 3.0, http://espript.ibep.fr/) [44].

https://doi.org/10.1371/journal.pone.0254232.g001
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new construct was product at a high yield with good solubility. Gel filtration analyses suggested
that the TagL PGBD behaves as a monomer in solution (S1 Fig).

Crystal structure of the EAEC TagL PGBD

Crystals of the TagL PGBD grew readily and its structure was solved by molecular refinement
at 2.43A. The structure of the TagL PGBD consists of three o-helices around a four-stranded
B-sheet with connectivity pl-ol1-B2-02-B3-03-p4, B4 being antiparallel to the other B-strands
(Fig 2A). The surface of the PGBD exhibits a deep crevice defined by three loops: LB1-a1, L2-
02 and LB3-03. Among the five residues that were previously shown to be required for TagL
binding to the cell wall (Asn494, Leu497, Ser498, Arg501 and Ala502 [25]), the residues
Asn494, Leud497 and Arg501 locate in this crevice (Fig 2B). As expected, a DALI [45] search
returned many hits of structures from the OmpA/Pal/MotB family. Superimposition with such
proteins in complex with PG fragments (OmpA and Pal from A. baumannii, and PorE from P.
gingivalis) strongly suggests that TagL interacts with PG. In the complex structures, the PG lies
in the crevice described above, with the DAP residue buried into the molecule core between
the LB1-01 and LB2-02 loops (Fig 3). The structures are very similar, the major difference con-
cerning the LB3-a3 loop, especially in PorE from the P. gingivalis T9SS where a large insertion
is present. The LB3-a3 loop is located quite far from the DAP burring site but could be still
involved in PG binding. Its conformational diversity could therefore be related to the struc-
tural diversity of PG among bacterial species. Alternatively, the LB3-03 loop could be involved
in modulation of PG binding, or in interaction with protein partner(s). Nevertheless, the resi-
dues forming the DAP binding site are relatively conserved in TagL, especially the residues
that interact with the DAP residue through hydrogen bonds and hydrophobic contacts:
Asp486, Asn494, Leu 497 and Arg501 (Fig 3). This observation further confirms at the

LB3-a3

S

B \

Fig 2. Overall structure of the TagL peptidoglycan binding domain (PGBD). A. The TagL PGBD is displayed as a ribbon diagram with blue B-sheets
and red o-helices; the N and C termini are labelled. B. The surface of the TagL PGBD is displayed, with the residues involved in the cell wall binding
coloured in red. The figure was prepared using PYMOL (version 1.20, https://pymol.org).

https://doi.org/10.1371/journal.pone.0254232.9002
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PorE

Fig 3. Superimposition of the TagL peptidoglycan binding domain (PGBD) with other OmpA family proteins in complex with a peptidoglycan
(PG) fragment. Right: TagL PGDB, P. gingivalis PorE (6TOP), A. baumannii Pal (4G4V) and A. baumannii OmpA (3TD4) are displayed in white,
cyan, pink and yellow, respectively. The N- and C-terminal extremities are labelled; for clarity purpose the structures are displayed as worm diagram,
and only the DAP bound to A. baumannii OmpA is displayed, in stick format. Enclosed: Close-up view of the PG binding site. The PG fragments as
well as the side chains of the conserved residues that interact with the DAP residue are displayed in stick format; hydrogen bonds are displayed as
dashed lines. For clarity purpose, only the TagL residues are labelled. The figure was prepared using PYMOL (version 1.20, https://pymol.org).

https:/doi.org/10.1371/journal.pone.0254232.9003

structural level the importance of the TagL residues Asn494, Leu497 and Arg501 whose muta-
tion was shown to abolish interaction with the cell wall. The two other residues important for
the cell wall binding (Ser498 and Ala502) are unlikely involved in DAP interaction. As they are
not located at the surface of the molecule, they are probably neither involved in interaction
with another part of the PG but could be rather important for the proper DAP binding site
conformation.

Discussion

In this study, we have determined the first structure of a PGBD of a protein associated with the
T6SS, that of the TagL inner membrane protein of EAEC. This domain belongs to the OmpA/
Pal/MotB family and was previously shown to be required for the function of the EAEC Sci-1
T6SS [25]. As expected, the structure is highly similar to other members of the family; most
importantly, the PG binding pocket is conserved as the residues involved in DAP interaction
are structurally conserved, which strongly suggests that TagL binds to PG through DAP inter-
action in the same way as other members of the OmpA/Pal/MotB family. Thus, this structure
provides another example of a PGBD and illustrates that interaction with PG through the DAP
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residue is conserved in proteins with different cellular functions: cellular integrity through sta-
bilization of the cell wall for OmpA or Pal, or immobilization of large assemblies such as
molecular motors or secretion systems for MotB, PorE or TagL.

Co-crystallization trials of TagL PGBD with the commercially available PG fragment
iE-DAP (D-y-Glu-meso-DAP) did not yield any crystals. Further investigations would be nec-
essary to characterize an interacting ligand in order to solve the structure of the TagL PGBD in
complex with a PG fragment that could confirm whether the interaction network is actually
conserved. Nevertheless, it was previously shown that TagL interacts with PG, and that this
interaction is essential for the T6SS function [25]. In the T6SS, TagL interacts with TssL. As
ten copies of TssL are present in the TssJLM membrane complex [27], we can suppose that at
least as many TagL molecules associated to the complex interact with the PG, thus resulting in
the tight anchoring of the TssJLM complex to the PG layer.

While the T6SS tail is a dynamic structure, the TssJLM complex was shown to be static in
EAEC cells [27] and one may hypothesize that by firmly interacting with the cell wall, TagL
fixes the membrane complex and prevents lateral movement in the cell envelope. In addition,
binding to the PG may allow the T6SS membrane complex to tolerate the force generated dur-
ing sheath contraction. However, while most T6SS gene clusters encode for a PG-binding pro-
tein, a few are lacking such a gene, and one may ask how these T6SS function. Interestingly,
the T6SS is a highly mosaic system. For example, assembly of the T6SS membrane complex
requires a PG-degrading enzyme that is either encoded within the T6SS gene cluster or by a
housekeeping gene [32,33]. Similarly, one may imagine that PG-binding proteins such as
OmpA- or Pal-like, with genes located outside the T6SS cluster, associate with T6SS lacking
PGBD to anchor the membrane complex to the cell wall.

Supporting information

S1 Fig. Size exclusion chromatography analysis of the TagL peptidoglycan binding domain
(PGBD). The elution volume (77.7mL) corresponds to a monomer (15.6kDa). Arrows with
molecular weights indicate the elution volumes corresponding to proteins used in the calibra-
tion experiment.

(TIF)

S1 File.
(PDF)

Acknowledgments

We thank the members of the Cascales and Cambillau laboratories for insightful discussions,
and the ESRF (Grenoble, France) for beamline allocation.

Author Contributions

Conceptualization: Eric Cascales, Alain Roussel, Christian Cambillau.

Data curation: Van Son Nguyen, Silvia Spinelli, Christian Cambillau, Philippe Leone.
Formal analysis: Van Son Nguyen, Silvia Spinelli, Christian Cambillau, Philippe Leone.
Investigation: Van Son Nguyen.

Methodology: Van Son Nguyen, Silvia Spinelli.

Project administration: Eric Cascales, Alain Roussel, Christian Cambillau.

PLOS ONE | https://doi.org/10.1371/journal.pone.0254232  July 2, 2021 7/10


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254232.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254232.s002
https://doi.org/10.1371/journal.pone.0254232

PLOS ONE

T6SS- peptidoglycan-binding domain of TagL

Supervision: Silvia Spinelli.

Validation: Eric Cascales.

Writing - original draft: Van Son Nguyen.

Writing - review & editing: Eric Cascales, Alain Roussel, Christian Cambillau, Philippe

Leone.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Durand E, Verger D, Rego A, Chandran V, Meng G, Fronzes R, et al. Structural Biology of Bacterial
Secretion Systems in Gram-Negative Pathogens- Potential for New Drug Targets. Infect Disord—Drug
Targets. 2009. https://doi.org/10.2174/187152609789105722 PMID: 19594425

Green ER, Mecsas J. Bacterial Secretion Systems: An Overview. Microbiol Spectr. 2016. https://doi.
org/10.1128/microbiolspec.VMBF-0012-2015 PMID: 26999395

Cascales E. The type VI secretion toolkit. EMBO Reports. 2008.

Bingle LE, Bailey CM, Pallen MJ. Type VI secretion: a beginner’s guide. Current Opinion in Microbiol-
ogy. 2008. https://doi.org/10.1016/j.mib.2008.01.006 PMID: 18289922

Boyer F, Fichant G, Berthod J, Vandenbrouck Y, Attree |. Dissecting the bacterial type VI secretion sys-
tem by a genome wide in silico analysis: What can be learned from available microbial genomic
resources? BMC Genomics. 2009. https://doi.org/10.1186/1471-2164-10-104 PMID: 19284603

Zoued A, Brunet YR, Durand E, Aschtgen MS, Logger L, Douzi B, et al. Architecture and assembly of
the Type VI secretion system. Biochimica et Biophysica Acta—Molecular Cell Research. 2014. https://
doi.org/10.1016/j.bbamcr.2014.03.018 PMID: 24681160

Coulthurst SJ. The Type VI secretion system—a widespread and versatile cell targeting system. Res
Microbiol. 2013. https://doi.org/10.1016/j.resmic.2013.03.017 PMID: 23542428

Ho BT, Dong TG, Mekalanos JJ. A view to a kill: The bacterial type VI secretion system. Cell Host and
Microbe. 2014. https://doi.org/10.1016/j.chom.2013.11.008 PMID: 24332978

Basler M. Type VI secretion system: Secretion by a contractile nanomachine. Philosophical Transac-
tions of the Royal Society B: Biological Sciences. 2015. https://doi.org/10.1098/rstb.2015.0021 PMID:
26370934

Pukatzki S, Ma AT, Revel AT, Sturtevant D, Mekalanos JJ. Type VI secretion system translocates a
phage tail spike-like protein into target cells where it cross-links actin. Proc Natl Acad Sci U S A. 2007.
https://doi.org/10.1073/pnas.0706532104 PMID: 17873062

Ma AT, McAuley S, Pukatzki S, Mekalanos JJ. Translocation of a Vibrio cholerae Type VI Secretion
Effector Requires Bacterial Endocytosis by Host Cells. Cell Host Microbe. 2009. https://doi.org/10.
1016/j.chom.2009.02.005 PMID: 19286133

Suarez G, Sierra JC, Erova TE, Sha J, Horneman AJ, Chopra AK. A type VI secretion system effector
protein, VgrG1, from Aeromonas hydrophila that induces host cell toxicity by ADP ribosylation of actin. J
Bacteriol. 2010. https://doi.org/10.1128/JB.01260-09 PMID: 19880608

Durand E, Derrez E, Audoly G, Spinelli S, Ortiz-Lombardia M, Raoult D, et al. Crystal structure of the
VgrG1 actin cross-linking domain of the Vibrio cholerae type VI secretion system. J Biol Chem. 2012.
https://doi.org/10.1074/jbc.M112.390153 PMID: 22898822

Weber B, Hasic M, Chen C, Wai SN, Milton DL. Type VI secretion modulates quorum sensing and
stress response in Vibrio anguillarum. Environ Microbiol. 2009. https://doi.org/10.1111/j.1462-2920.
2009.02005.x PMID: 19624706

De Pace F, Nakazato G, Pacheco A, De Paiva JB, Sperandio V, Da Silveira WD. The type VI secretion
system plays a role in type 1 fimbria expression and pathogenesis of an avian pathogenic Escherichia
coli strain. Infect Immun. 2010.

Guan J, Xiao X, Xu S, Gao F, Wang J, Wang T, et al. Roles of RpoS in Yersinia pseudotuberculosis
stress survival, motility, biofilm formation and type VI secretion system expression. J Microbiol. 2015.
https://doi.org/10.1007/s12275-015-0099-6 PMID: 26310305

Alteri CJ, Mobley HLT. The Versatile Type VI Secretion System. Microbiol Spectr. 2016. https://doi.org/
10.1128/microbiolspec.VMBF-0026-2015 PMID: 27227310

Basler M, Pilhofer M, Henderson GP, Jensen GJ, Mekalanos JJ. Type VI secretion requires a dynamic
contractile phage tail-like structure. Nature. 2012. https://doi.org/10.1038/nature 10846 PMID:
22367545

PLOS ONE | https://doi.org/10.1371/journal.pone.0254232  July 2, 2021 8/10


https://doi.org/10.2174/187152609789105722
http://www.ncbi.nlm.nih.gov/pubmed/19594425
https://doi.org/10.1128/microbiolspec.VMBF-0012-2015
https://doi.org/10.1128/microbiolspec.VMBF-0012-2015
http://www.ncbi.nlm.nih.gov/pubmed/26999395
https://doi.org/10.1016/j.mib.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18289922
https://doi.org/10.1186/1471-2164-10-104
http://www.ncbi.nlm.nih.gov/pubmed/19284603
https://doi.org/10.1016/j.bbamcr.2014.03.018
https://doi.org/10.1016/j.bbamcr.2014.03.018
http://www.ncbi.nlm.nih.gov/pubmed/24681160
https://doi.org/10.1016/j.resmic.2013.03.017
http://www.ncbi.nlm.nih.gov/pubmed/23542428
https://doi.org/10.1016/j.chom.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24332978
https://doi.org/10.1098/rstb.2015.0021
http://www.ncbi.nlm.nih.gov/pubmed/26370934
https://doi.org/10.1073/pnas.0706532104
http://www.ncbi.nlm.nih.gov/pubmed/17873062
https://doi.org/10.1016/j.chom.2009.02.005
https://doi.org/10.1016/j.chom.2009.02.005
http://www.ncbi.nlm.nih.gov/pubmed/19286133
https://doi.org/10.1128/JB.01260-09
http://www.ncbi.nlm.nih.gov/pubmed/19880608
https://doi.org/10.1074/jbc.M112.390153
http://www.ncbi.nlm.nih.gov/pubmed/22898822
https://doi.org/10.1111/j.1462-2920.2009.02005.x
https://doi.org/10.1111/j.1462-2920.2009.02005.x
http://www.ncbi.nlm.nih.gov/pubmed/19624706
https://doi.org/10.1007/s12275-015-0099-6
http://www.ncbi.nlm.nih.gov/pubmed/26310305
https://doi.org/10.1128/microbiolspec.VMBF-0026-2015
https://doi.org/10.1128/microbiolspec.VMBF-0026-2015
http://www.ncbi.nlm.nih.gov/pubmed/27227310
https://doi.org/10.1038/nature10846
http://www.ncbi.nlm.nih.gov/pubmed/22367545
https://doi.org/10.1371/journal.pone.0254232

PLOS ONE

T6SS- peptidoglycan-binding domain of TagL

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Cascales E, Cambillau C. Structural biology of type VI secretion systems. Philosophical Transactions of
the Royal Society B: Biological Sciences. 2012.

Basler M, Ho BT, Mekalanos JJ. Tit-for-tat: Type VI secretion system counterattack during bacterial
cell-cell interactions. Cell. 2013. https://doi.org/10.1016/j.cell.2013.01.042 PMID: 23415234

Shalom G, Shaw JG, Thomas MS. In vivo expression technology identifies a type VI secretion system
locus in Burkholderia pseudomallei that is induced upon invasion of macrophages. Microbiology. 2007.
https://doi.org/10.1099/mic.0.2007/006585-0 PMID: 17660433

Taylor NMI, Prokhorov NS, Guerrero-Ferreira RC, Shneider MM, Browning C, Goldie KN, et al. Struc-
ture of the T4 baseplate and its function in triggering sheath contraction. Nature. 2016. https://doi.org/
10.1038/nature17971 PMID: 27193680

English G, Byron O, Cianfanelli FR, Prescott AR, Coulthurst SJ. Biochemical analysis of TssK, a core
component of the bacterial Type VI secretion system, reveals distinct oligomeric states of TssK and identi-
fies a TssK-TssFG subcomplex. Biochem J. 2014. https://doi.org/10.1042/BJ20131426 PMID: 24779861

Brunet YR, Zoued A, Boyer F, Douzi B, Cascales E. The Type VI Secretion TssEFGK-VgrG Phage-
Like Baseplate Is Recruited to the TssJLM Membrane Complex via Multiple Contacts and Serves As
Assembly Platform for Tail Tube/Sheath Polymerization. PLoS Genet. 2015. https://doi.org/10.1371/
journal.pgen.1005545 PMID: 26460929

Aschtgen M-S, Gavioli M, Dessen A, Lloubés R, Cascales E. The SciZ protein anchors the enteroaggre-
gative Escherichia coli Type VI secretion system to the cell wall. Mol Microbiol. 2010 Feb; 75(4):886—
99. https://doi.org/10.1111/j.1365-2958.2009.07028.x PMID: 20487285

Aschtgen MS, Thomas MS, Cascales E. Anchoring the type VI secretion system to the peptidoglycan
TssL, TagL, TagP,... what else? Virulence. 2010.

Durand E, Nguyen VS, Zoued A, Logger L, Péhau-Arnaudet G, Aschtgen M-S, et al. Biogenesis and
structure of a type VI secretion membrane core complex. Nature. 2015 Jul 22; 523(7562):555-60.
https://doi.org/10.1038/nature 14667 PMID: 26200339

Aschtgen MS, Bernard CS, De Bentzmann S, Lloubés R, Cascales E. SciN is an outer membrane lipo-
protein required for type VI secretion in enteroaggregative Escherichia coli. J Bacteriol. 2008. https://
doi.org/10.1128/JB.00945-08 PMID: 18805985

Felisberto-Rodrigues C, Durand E, Aschtgen MS, Blangy S, Ortiz-Lombardia M, Douzi B, et al. Towards
a structural comprehension of bacterial type vi secretion systems: Characterization of the TssJ-TssM
complex of an escherichia coli pathovar. PLoS Pathog. 2011. https://doi.org/10.1371/journal.ppat.
1002386 PMID: 22102820

Aschtgen MS, Zoued A, Lloubés R, Journet L, Cascales E. The C-tail anchored TssL subunit, an essen-
tial protein of the enteroaggregative Escherichia coli Sci-1 Type VI secretion system, is inserted by
YidC. Microbiologyopen. 2012. https://doi.org/10.1002/mbo3.9 PMID: 22950014

Durand E, Zoued A, Spinelli S, Watson PJH, Aschtgen MS, Journet L, et al. Structural characterization
and oligomerization of the TssL protein, a component shared by bacterial type VI and type Vb secretion
systems. J Biol Chem. 2012. https://doi.org/10.1074/jbc.M111.338731 PMID: 22371492

Weber BS, Hennon SW, Wright MS, Scott NE, de Berardinis V, Foster LJ, et al. Genetic dissection of
the type VI secretion system in Acinetobacter and identification of a novel peptidoglycan hydrolase,
TagX, required for its biogenesis. MBio. 2016. https://doi.org/10.1128/mBio.01253-16 PMID: 27729508

Santin YG, Cascales E. Domestication of a housekeeping transglycosylase for assembly of a Type VI
secretion system. EMBO Rep. 2017. https://doi.org/10.15252/embr.201643206 PMID: 27920034

Howard SP, Gebhart C, Langen GR, Li G, Strozen TG. Interactions between peptidoglycan and the
ExeAB complex during assembly of the type Il secretin of Aeromonas hydrophila. Mol Microbiol. 2006
Feb; 59(3):1062—72. https://doi.org/10.1111/j.1365-2958.2005.05003.x PMID: 16420372

Trinh NTT, Tran HQ, Van Dong Q, Cambillau C, Roussel A, Leone P. Crystal structure of Type IX secre-
tion system PorE C-terminal domain from Porphyromonas gingivalis in complex with a peptidoglycan
fragment. Sci Rep. 2020; 10(1). https://doi.org/10.1038/s41598-020-64115-z PMID: 32355178

Klock HE, Lesley SA. The polymerase incomplete primer extension (PIPE) method applied to high-
throughput cloning and site-directed mutagenesis. Methods Mol Biol. 2009; https://doi.org/10.1007/
978-1-59745-196-3_6 PMID: 18988020

Kabsch W. Integration, scaling, space-group assignment and post-refinement. Acta Crystallogr D Biol
Crystallogr. 2010 Feb; 66(Pt 2):133—44. https://doi.org/10.1107/S0907444909047374 PMID: 20124693

Vagin A, Teplyakov A. Molecular replacement with MOLREP. Acta Crystallogr D Biol Crystallogr. 2010
Jan; 66(Pt 1):22-5. https://doi.org/10.1107/S0907444909042589 PMID: 20057045

Emsley P, Cowtan K. Coot: model-building tools for molecular graphics. Acta Crystallogr D Biol Crystal-
logr. 2004/12/02. 2004; 60(Pt 12 Pt 1):2126-32. https://doi.org/10.1107/S0907444904019158 PMID:
15572765

PLOS ONE | https://doi.org/10.1371/journal.pone.0254232  July 2, 2021 9/10


https://doi.org/10.1016/j.cell.2013.01.042
http://www.ncbi.nlm.nih.gov/pubmed/23415234
https://doi.org/10.1099/mic.0.2007/006585-0
http://www.ncbi.nlm.nih.gov/pubmed/17660433
https://doi.org/10.1038/nature17971
https://doi.org/10.1038/nature17971
http://www.ncbi.nlm.nih.gov/pubmed/27193680
https://doi.org/10.1042/BJ20131426
http://www.ncbi.nlm.nih.gov/pubmed/24779861
https://doi.org/10.1371/journal.pgen.1005545
https://doi.org/10.1371/journal.pgen.1005545
http://www.ncbi.nlm.nih.gov/pubmed/26460929
https://doi.org/10.1111/j.1365-2958.2009.07028.x
http://www.ncbi.nlm.nih.gov/pubmed/20487285
https://doi.org/10.1038/nature14667
http://www.ncbi.nlm.nih.gov/pubmed/26200339
https://doi.org/10.1128/JB.00945-08
https://doi.org/10.1128/JB.00945-08
http://www.ncbi.nlm.nih.gov/pubmed/18805985
https://doi.org/10.1371/journal.ppat.1002386
https://doi.org/10.1371/journal.ppat.1002386
http://www.ncbi.nlm.nih.gov/pubmed/22102820
https://doi.org/10.1002/mbo3.9
http://www.ncbi.nlm.nih.gov/pubmed/22950014
https://doi.org/10.1074/jbc.M111.338731
http://www.ncbi.nlm.nih.gov/pubmed/22371492
https://doi.org/10.1128/mBio.01253-16
http://www.ncbi.nlm.nih.gov/pubmed/27729508
https://doi.org/10.15252/embr.201643206
http://www.ncbi.nlm.nih.gov/pubmed/27920034
https://doi.org/10.1111/j.1365-2958.2005.05003.x
http://www.ncbi.nlm.nih.gov/pubmed/16420372
https://doi.org/10.1038/s41598-020-64115-z
http://www.ncbi.nlm.nih.gov/pubmed/32355178
https://doi.org/10.1007/978-1-59745-196-3%5F6
https://doi.org/10.1007/978-1-59745-196-3%5F6
http://www.ncbi.nlm.nih.gov/pubmed/18988020
https://doi.org/10.1107/S0907444909047374
http://www.ncbi.nlm.nih.gov/pubmed/20124693
https://doi.org/10.1107/S0907444909042589
http://www.ncbi.nlm.nih.gov/pubmed/20057045
https://doi.org/10.1107/S0907444904019158
http://www.ncbi.nlm.nih.gov/pubmed/15572765
https://doi.org/10.1371/journal.pone.0254232

PLOS ONE

T6SS- peptidoglycan-binding domain of TagL

40.

M.

42,

43.

44,

45.

Blanc E, Roversi P, Vonrhein C, Flensburg C, Lea SM, Bricogne G. Refinement of severely incomplete
structures with maximum likelihood in BUSTER-TNT. Acta Crystallogr D Biol Crystallogr. 2004 Dec; 60
(Pt12 Pt 1):2210-21. https://doi.org/10.1107/S0907444904016427 PMID: 15572774

Chen VB, Arendall WB, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, et al. MolProbity: all-atom
structure validation for macromolecular crystallography. Acta Crystallogr Sect D Biol Crystallogr. 2010
Jan 1; 66(1):12-21. https://doi.org/10.1107/S0907444909042073 PMID: 20057044

Soding J, Biegert A, Lupas AN. The HHpred interactive server for protein homology detection and struc-
ture prediction. Nucleic Acids Res. 2005. https://doi.org/10.1093/nar/gki408 PMID: 15980461

Corpet F. Multiple sequence alignment with hierarchical clustering. Nucleic Acids Res. 1988. hitps://doi.
org/10.1093/nar/16.22.10881 PMID: 2849754

Robert X, Gouet P. Deciphering key features in protein structures with the new ENDscript server.
Nucleic Acids Res. 2014; 42(W1). https://doi.org/10.1093/nar/gku316 PMID: 24753421

Holm L, Rosenstréom P. Dali server: Conservation mapping in 3D. Nucleic Acids Res. 2010.

PLOS ONE | https://doi.org/10.1371/journal.pone.0254232  July 2, 2021 10/10


https://doi.org/10.1107/S0907444904016427
http://www.ncbi.nlm.nih.gov/pubmed/15572774
https://doi.org/10.1107/S0907444909042073
http://www.ncbi.nlm.nih.gov/pubmed/20057044
https://doi.org/10.1093/nar/gki408
http://www.ncbi.nlm.nih.gov/pubmed/15980461
https://doi.org/10.1093/nar/16.22.10881
https://doi.org/10.1093/nar/16.22.10881
http://www.ncbi.nlm.nih.gov/pubmed/2849754
https://doi.org/10.1093/nar/gku316
http://www.ncbi.nlm.nih.gov/pubmed/24753421
https://doi.org/10.1371/journal.pone.0254232

