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ABSTRACT The type VI secretion system (T6SS) is an injection apparatus that uses a
springlike mechanism for effector delivery. The contractile tail is composed of a nee-
dle tipped by a sharpened spike and wrapped by the sheath that polymerizes in an
extended conformation on the assembly platform, or baseplate. Contraction of the
sheath propels the needle and effectors associated with it into target cells. The pas-
sage of the needle through the cell envelope of the attacker is ensured by a dedi-
cated trans-envelope channel complex. This membrane complex (MC) comprises the
TssJ lipoprotein and the TssL and TssM inner membrane proteins. MC assembly is a
hierarchized mechanism in which the different subunits are recruited in a specific or-
der: TssJ, TssM, and then TssL. Once assembled, the MC serves as a docking station
for the baseplate. In enteroaggregative Escherichia coli, the MC is accessorized by
TagL, a peptidoglycan-binding (PGB) inner membrane-anchored protein. Here, we
show that the PGB domain is the only functional domain of TagL and that the
N-terminal transmembrane region mediates contact with the TssL transmembrane
helix. Finally, we conduct fluorescence microscopy experiments to position TagL in
the T6SS biogenesis pathway, demonstrating that TagL is recruited to the mem-
brane complex downstream of TssL and is not required for baseplate docking.

IMPORTANCE Bacteria use weapons to deliver effectors into target cells. One of
these weapons, called the type VI secretion system (T6SS), could be compared to a
nano-spear gun using a springlike mechanism for effector injection. By targeting
bacteria and eukaryotic cells, the T6SS reshapes bacterial communities and hijacks
host cell defenses. In enteroaggregative Escherichia coli, the T6SS is a multiprotein
machine that comprises a cytoplasmic tail and a peptidoglycan-anchored trans-
envelope channel. In this work, we show that TagL comprises an N-terminal domain
that mediates contact with the channel and a peptidoglycan-binding domain that
binds the cell wall. We then determine at which stage of T6SS biogenesis TagL is re-
cruited and how TagL absence impacts the assembly pathway.
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Bacteria have evolved sophisticated mechanisms to attack or defend against com-
petitors that share the same environment, such as different bacterial species,

amoeba, other unicellular microorganisms, or fungi (1, 2). Among these mechanisms,
the type VI secretion system (T6SS) is a multiprotein complex that is widespread in
Gram-negative bacteria (3–9). The T6SS is capable of delivering effectors in bacteria
and eukaryotic cells and is therefore an important player in interbacterial competition
and pathogenesis (10–14). At the molecular level, the T6SS can be architecturally and
mechanistically compared to a nanocrossbow or -spear gun (6, 15). It is related to a
broad family of contractile injection systems (CIS) that include bacteriophages,
R-pyocins, and anti-feeding prophages (16–19). A CIS comprises a springlike structure,
called the tail, composed of an inner tube terminated by a spike, wrapped by a
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contractile sheath and built on an assembly platform (18, 19). Once in contact with the
target cell, the sheath contracts and hence propels the inner tube/spike needle. The
T6SS tail tube is made of Hcp hexamers stacked on each other and tipped by a trimer
of the VgrG spike protein, which is further sharpened by the metal-bound PAAR protein
(20–24). The contractile sheath that wraps the inner tube is composed of two proteins,
TssB and TssC (15, 25–28). The T6SS tail assembly platform, or baseplate (BP), comprises
the TssEFGK subunits that form a complex similar to bacteriophage baseplate wedges
(29–32). Similar to baseplate assembly in bacteriophages, six TssEFGK wedges polym-
erize around the VgrG spike to form the functional baseplate (31–32). Once the
baseplate is assembled, the TssA protein will control the polymerization of the tube and
of the sheath by adding tube and sheath building blocks from the distal end until the
tail contacts the TagA stopper at the opposite membrane (33–37). In addition to the
conserved CIS tail, T6SSs comprise an additional transenvelope complex that anchors
the tail to the cell envelope, positions the tail for firing toward the exterior, and serves
as a channel for the passage of the inner tube (38, 39). This membrane complex (MC)
is composed of three proteins: TssJ, TssL, and TssM. TssJ is an outer membrane
lipoprotein, whereas TssL and TssM are two inner membrane proteins, inserted by one
and three transmembrane helices (TMHs), respectively (40–43). TssL dimerizes and
interacts with TssM by its single TMH (42, 44, 45), whereas the C-terminal region of the
TssM periplasmic domain binds to TssJ (39, 46). The negative-stain and cryo-electron
microscopy and cryo-electron tomography structures of the 1.7-MDa T6SS MC from
enteroaggregative Escherichia coli (EAEC) have been reported, defining a rocket-like
shape, with a large cytoplasmic base followed by arches likely corresponding to the
TssL and TssM TMHs and by pillars crossing the periplasm and corresponding to the
TssM periplasmic domain and TssJ lipoprotein (39, 47, 48). The central portion of the MC
defines a channel that is narrowed at the periplasmic entrance and closed at its outer
membrane extremity, suggesting that the MC undergoes significant conformational
changes during firing to allow the passage of the needle (39, 47). The cytoplasmic base
of the membrane complex represents the docking station for the assembled baseplate,
mainly by contacts between the C-terminal domain of the baseplate TssK subunit with
the cytoplasmic domains of TssL and TssM (30, 32, 43, 49–52). The assembly of the
membrane complex starts with the positioning of the TssJ lipoprotein and the ordered
recruitment of TssM and TssL (39). Polymerization of the TssJLM complex to assemble
the MC requires local remodeling of the peptidoglycan, which is ensured by a dedi-
cated or housekeeping transglycosylase (53, 54). In most T6SSs, the MC is stably
anchored to the cell wall by a peptidoglycan-binding (PGB) domain (38, 55). In most
cases, the PGB domain is fused to the C terminus of the TssL TMH (Fig. 1). However,
other T6SSs have evolved different strategies to be anchored to the peptidoglycan
layer, such as accessory inner membrane or periplasmic proteins bearing a PGB domain
(55). In EAEC, the PGB domain is carried by the accessory protein TagL (formerly known
as SciZ) that associates with the membrane complex by directly interacting with TssL
(38). TagL is constituted of three TMHs and the periplasmic PGB domain (Fig. 1) (38).
Mutations within the PGB domain that prevent peptidoglycan binding in vivo and in
vitro abolish T6SS activity, demonstrating that TagL-mediated anchoring to the cell wall
is necessary for T6SS function (38). Here, we show that fusing the TagL PGB domain to
the C terminus of TssL is sufficient to compensate for the absence of tagL, demon-
strating that the PGB domain is the only functional domain of TagL. We further
demonstrate that TagL-TssL complex formation is mediated by interactions between
their TMHs. We then generated a functional superfolder green fluorescent protein
(sfGFP)-TagL fusion protein and showed by fluorescence microscopy that it colocalizes
with TssL at the base of the sheath and is recruited downstream of TssL but upstream
of baseplate docking. Finally, microscopy recordings of functional GFP fusions to T6SS
subunits in the absence of tagL demonstrate that TagL is not necessary for recruitment
of TssA and of the baseplate but is required for sheath polymerization.

Santin et al. Journal of Bacteriology

June 2019 Volume 201 Issue 12 e00173-19 jb.asm.org 2

https://jb.asm.org


RESULTS
TagL PGB domain fusion to TssL bypasses the requirements for full-length

TagL. The EAEC T6SS sci1 gene cluster encodes TagL, a three-TMH inner membrane
protein that bears a periplasmic peptidoglycan-binding (PGB) domain (38) (Fig. 1).
Binding to the cell wall is required for T6SS function as TagL PGB domain amino acid
substitutions that prevent in vitro and in vivo interaction with the peptidoglycan abolish
T6SS activity (38). However, although TagL is not broadly conserved in T6SSs, T6SS gene
clusters usually encode a PGB domain that can be either carried by an accessory protein
or fused to the TssL core component (55) (Fig. 1). We therefore asked whether the
N-terminal transmembrane portion of TagL is necessary for T6SS function. For this, we
engineered a strain deleted of both tssL and tagL. ΔtssL-tagL cells, as well as ΔtssL-tagL
cells expressing tssL or tagL only, were unable to release Hcp in the culture supernatant
and to outcompete E. coli K-12 cells in antibacterial assays (Fig. 2), in agreement with
the essential roles of TssL and TagL in the EAEC T6SS (38, 42). However, a plasmid-borne
fragment encoding both TssL and TagL complemented the phenotypes associated with
the ΔtssL-tagL deletion to wild-type levels (Fig. 2). Interestingly, fusion of the TagL
periplasmic PGB domain at the C terminus of TssL to yield the TssL-PGB domain
chimeric protein was sufficient to promote T6SS activity in ΔtssL-tagL cells (Fig. 2). This
result demonstrates that the C-terminal PGB domain is the only functional domain of
TagL. In agreement with this observation, production of the TssL-PGB domain chimeric
protein bearing substitutions that prevent anchorage of the PGB domain to the cell wall
(TssL-PGB*, with substitutions N494L/L497N/S498A/R501Q/A502D [38]) was unable to
restore T6SS activity in ΔtssL-tagL cells (Fig. 2).

The TagL N-terminal region mediates interaction with the TssL TMH. The
observation that the PGB domain of TagL (orange in Fig. 3A and B) is necessary and
sufficient for T6SS activity raised the question of the role of its N-terminal region that
comprises three TMHs, a short periplasmic linker connecting TMH1 and TMH2, and a
cytoplasmic domain located between TMH2 and TMH3 (blue in Fig. 3A and B). We
hypothesized that this region might engage in the interaction with TssL. To test
whether the TagL N-terminal region is important for TagL-TssL complex formation, we
performed coprecipitation analyses. As previously shown (38), precipitation of 6�His-
tagged TagL on nickel magnetic beads coprecipitated TssL (Fig. 3C, third and fourth
lanes). However, TagL did not coprecipitate TssLC, a TssL variant with a deletion of its
C-terminal TMH (Fig. 3A and B, red, and Fig. 3C, fifth and sixth lanes), suggesting that
TagL-TssL complex formation does not require interactions between their cytoplasmic
domains and, thus, that it likely involves their TMHs. In agreement with this hypothesis,

FIG 1 Schematic representations of selected T6SS subunits that bind the cell wall. In EAEC and other
species, T6SS gene clusters encode TssL and TagL, a three-TMH protein with a periplasmic
peptidoglycan-binding (PGB) domain (orange). In the vast majority of cases, the PGB domain is fused to
TssL to yield the TssL-PGB specialized TssL protein. Additional cases have been described by Aschtgen
et al. (55). IM, inner membrane; PG, peptidoglycan; OM, outer membrane.
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FIG 2 The PGB domain is the only functional domain of TagL. T6SS functional assays were performed
with wild-type (WT) cells and ΔtssL-tagL cells bearing the pASK-IBA37(�) empty vector (�) or the
pASK-IBA37(�) vector encoding TssL, TagL, both TssL and TagL, the TagL PGB fused to TssL (TssL-PGB),
or the mutated TagL PGB fused to TssL (TssL-PGB*). (A) Hcp release was assessed by separating whole
cells (C) and supernatant (Sn) fractions from the indicated strains producing HA-tagged Hcp from the
pOK-HcpHA vector. A total of 2 � 108 cells and the trichloroacetic acid-precipitated material of the
supernatant from 5 � 108 cells were subjected to 12.5% acrylamide SDS-PAGE and immunodetected
using the anti-HA monoclonal antibody and the anti-TolB polyclonal antibody (lysis control). The
positions of HcpHA and TolB are indicated on the right. Molecular weight markers (in kilodaltons) are
indicated on the left. (B) E. coli K-12 recipient cells (W3110 expressing mCherry; Ampr) were mixed with
the indicated attacker cells, spotted onto SIM agar plates, and incubated for 4 h at 37°C. The image of
a representative bacterial spot is shown below the graph reporting the fluorescence level of the spots.
The average fluorescence and standard deviation are indicated, as well as the values from nine
independent measurements (gray dots). The lower graph reports the number of surviving E. coli recipient
cells counted on selective ampicillin medium. The gray dots correspond to the nine values from three
independent biological replicates. The average is indicated by a horizontal bar.
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a TagL variant deleted of its periplasmic domain but retaining its three TMHs (TagLΔP)
(Fig. 3A and B, blue) coprecipitated TssL at levels comparable to those of full-length
TagL (Fig. 3C, seventh and eighth lanes). From these results, we conclude that the TagL
periplasmic region, which includes the PGB domain, and the TssL cytoplasmic domain
do not contribute to TagL-TssL complex formation and, hence, that the interaction of
the two partners is likely mediated by their TMHs. Taken together, the results shown in
Fig. 2 and 3 suggest that the TagL PGB domain is a functional module for T6SS activity
whereas its TMHs are required for recruitment to the T6SS MC via direct interactions
with the TssL TMH.

TagL colocalizes with the membrane complex at the base of the tail. To define
the localization and dynamics of TagL in wild-type EAEC cells, we engineered a
chromosomally encoded superfolder green fluorescent protein (sfGFP) fusion to TagL
by inserting the sfGFP-encoding fragment in frame, downstream of the tagL ATG start
codon. Hence, sfGFP-TagL is produced from the native locus, under the control of the
expression signals of tagL. Antibacterial assays demonstrated that this sfGFP-TagL
fusion is functional as sfGFP-TagL-producing cells outcompete E. coli K-12 competitor
cells (see Fig. S1 in the supplemental material). Fluorescence microscopy analyses
showed that sfGFP-TagL clusters in foci in EAEC cells (Fig. 4A). Time-lapse recordings
further showed that these foci remain static (Fig. 4A). Quantitative and distribution
analyses demonstrated that most cells contain fewer than 2 foci per cell (Fig. 4B) and
that sfGFP-TagL foci localize throughout the cell body with an underrepresentation at
the cell poles (Fig. 4C). The number of foci per cell and their spatial distribution are
comparable to what has been previously reported for sfGFP-TssL and sfGFP-TssM in
EAEC (39). In agreement with this observation, and with previous protein-protein
interaction data showing that TagL interacts with TssL (38) (Fig. 3C), fluorescence
microscopy analyses of EAEC cells producing both sfGFP-TagL and TssL fused to
mCherry (mCh-TssL) demonstrated that, in most cases, TagL and TssL colocalize (Fig.
4D). In some cases, only an mCh-TssL focus was visible without evidence for the
presence of sfGFP-TagL (Fig. 4D, white arrowheads). While we cannot rule out that
some MCs may assemble without TagL, we hypothesize that these cases represent
assembly intermediates in which TagL has not been recruited yet to the MC. Never-
theless, these results suggest that TagL colocalizes with the MC and, hence, should be
located at the base of the extended sheath. Indeed, sfGFP-TagL foci localized at one
extremity of the T6SS sheath (Fig. 4E). Time-lapse recordings further showed that the

FIG 3 TssL and TagL interact via their TMHs. (A) Schematic representation of the EAEC T6SS. The membrane
complex comprises TssJ (dark gray), TssM (light gray), TssL (red, N-terminal cytoplasmic domain [TssLC]; green,
C-terminal TMH), and TagL (blue, N-terminal membrane domain [TagLΔP]; orange, C-terminal peptidoglycan-
binding domain). The baseplate is shown in green. The contractile tail is shown in blue. The TssA protein, located
at the distal end of the tail, is shown in red. IM, inner membrane; PG, peptidoglycan; OM, outer membrane. (B)
Schematic representation of EAEC TssL and TagL highlighting their topologies (38, 42) and different domains, using
the scheme described for panel A. The three TagL TMHs are numbered from the N terminus. (C) Coprecipitation
assay. Igepal CA-630-solubilized extracts of E. coli cells producing the indicated proteins or protein variants were
mixed with nickel magnetic beads to precipitate 6�His-tagged TagL and interacting partners. The total lysates (T)
and eluted (E) material were subjected to 12.5% acrylamide SDS-PAGE and immunodetected with anti-His (TagL)
and anti-HA (TssL) monoclonal antibodies. The positions of TssL, TagL, and their variants are indicated on the right.
Molecular weight markers (in kilodaltons) are indicated on the left.
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sheaths contract on sfGFP-TagL foci (Fig. 4F), demonstrating that TagL localizes at the
base of the sheath.

Recruitment and role of TagL during T6SS biogenesis in EAEC. T6SS biogenesis
is a hierarchized pathway in which subunits or complexes are recruited in a strict order.

FIG 4 Localization, dynamics, and distribution of TagL. (A) Representative fluorescence microscopy time-lapse recording
of wild-type EAEC cells producing sfGFP-TagL. Individual images were taken every 30 s. The arrowheads highlight the
position of one sfGFP-TagL focus, showing that it is static over time. Scale bar, 2 �m. (B) Percentage of cells with 0, 1,
2, or �2 sfGFP-TagL foci (n � 1,110 cells from four biological replicates). The mean number of foci per cell is 0.67 � 0.86.
(C) Spatial distribution of sfGFP-TagL foci. Shown is a projection of the foci from n � 743 cells on a single cell (from blue
to yellow, according to the color chart). (D and E) Representative cells producing sfGFP-TagL and mCherry-TssL or
TssB-mCherry, as indicated. The merged images show overlays of the sfGFP and mCherry channels, with schematic repre-
sentations at right. White and blue arrowheads in panel D indicate isolated TssL foci and TssL/TagL foci, respectively. Scale bars,
1 �m. (F) Representative fluorescence microscopy time-lapse recording of a wild-type EAEC cell producing sfGFP-TagL and
TssB-mCherry. Individual images were taken every 30 s. A schematic representation is shown below. Scale bar, 1 �m.
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T6SS biogenesis is initiated by the assembly of the MC (39) and followed by the docking
of the BP (30, 32) and the extension of the tail tube/sheath structure (30, 39). TssA is
recruited to the TssJM complex and helps the recruitment of the BP complex prior to
tail tube/sheath polymerization (33). Finally, TagA stops tail tube/sheath polymerization
and maintains the sheath under the extended conformation (37). We therefore wished
to determine at which step TagL is recruited and how TagL absence impacts the T6SS
biogenesis pathway.

To define the requirements for TagL recruitment at the T6SS, we fused sfGFP to TagL
in various mutant backgrounds deleted of T6SS genes. Figure 5A shows that sfGFP-TagL
localizes in foci in the absence of TssK, TssA, or the TssBC sheath subunit. In addition,
statistical analyses showed that the absence of these T6SS subunits does not signifi-
cantly impact the localization and distribution of sfGFP-TagL foci (Fig. S2). These results
suggest that TagL is recruited to the apparatus prior to BP assembly and docking to the
MC. Biogenesis of the MC starts with the positioning of TssJ and the subsequent
recruitment of TssM and TssL (39). Then, TssJLM complexes polymerize to assemble the
MC once the cell wall has been locally degraded by MltE (54). Fluorescence microscopy
experiments showed that TssJ, TssM, TssL, and MltE are necessary for sfGFP-TagL
recruitment (Fig. 5A), suggesting that TagL binds to the MC once this complex has been
fully assembled.

Based on these results, we hypothesized that TagL should not be required for MC
assembly but will be necessary for BP docking. To verify this hypothesis, we deleted the
tagL gene in EAEC cells producing sfGFP-TssM, sfGFP-TssL, sfGFP-TssA, TssK-sfGFP, or
TssB-mCh from their native loci. As expected, the absence of TagL did not impact the
recruitment of TssM or TssL (Fig. 5B). However, in contrast to our initial hypothesis, TssA
and TssK formed foci in the absence of TagL (Fig. 5B). Statistical analyses showed that
the number of sfGFP-TssM, sfGFP-TssL, sfGFP-TssA, and TssK-sfGFP foci per cell was not
impacted by the absence of TagL (Fig. S3), suggesting that TagL does not participate

FIG 5 Recruitment and impact of TagL on T6SS biogenesis. (A) Representative fluorescence microscopy fields of
wild-type (WT), ΔtssJ, ΔtssM, ΔtssL, ΔmltE, ΔtssK, ΔtssA, and ΔtssBC cells producing sfGFP-TagL. Statistical analyses
are shown in Fig. S2 in the supplemental material. Scale bars, 2 �m. (B) Representative fluorescence microscopy
fields of wild-type (WT) or ΔtagL cells producing sfGFP-TssM, sfGFP-TssL, sfGFP-TssA, TssK-sfGFP, or TssB-mCh.
Statistical analyses are shown in Fig. S3. Scale bars, 1 �m. (C) Schematic representation of the EAEC T6SS biogenesis
pathway based on previous studies (30, 32, 33, 39, 54), highlighting the position of TagL (green). TagL is recruited
after completion of the MC and prior to BP docking (solid green line). TssA recruitment, baseplate positioning
(represented by the TssK subunit in this study), and tail tube/sheath polymerization (represented by TssBC in this
study) are not required for TagL localization, but TagL is necessary for tail tube/sheath polymerization (dotted
green line). LTG, lytic transglycosylase.
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in the stability of the T6SS MC and BP. Taken together, these results demonstrate that
TagL binding to the MC is not a prerequisite for BP docking. Interestingly, although the
absence of TagL does not prevent TssA recruitment to the MC, TssA forms static foci
which do not move to the opposite membrane in ΔtagL cells (Fig. S4A), suggesting that
TagL is necessary for sheath extension. Indeed, no sheath structure was observable in
the absence of TagL (Fig. 5B). Finally, because previous data have shown that the MC
is static over time (39), we asked whether TagL-mediated interaction with the cell wall
stabilizes the MC and prevents its diffusion in the cell envelope. This hypothesis is,
however, unlikely as time-lapse recordings showed that sfGFP-TssM foci remain static
in the absence of TagL (Fig. S4B).

Taken together, our fluorescence microscopy observations demonstrate that TagL is
recruited once the MC is fully assembled, is dispensable for the assembly of the MC and
for the docking of the BP, but is necessary for tail sheath extension (Fig. 5C).

DISCUSSION

In this work, we provide details on the role of the TagL peptidoglycan-binding
protein for T6SS function and during T6SS biogenesis in EAEC.

TagL comprises two domains: an N-terminal domain constituted of three TMHs and
a C-terminal domain that binds the cell wall. Our results show that the PGB domain is
the only functional domain of TagL as a fusion protein between TssL and the TagL PGB
domain is sufficient to support T6SS activity. Based on this observation, we hypothesize
that the TagL N-terminal transmembrane domain is only necessary to bind TssL and
hence to accessorize the T6SS with the PGB domain. Interestingly, previous analyses
have shown that most T6SS gene clusters encode proteins with peptidoglycan-binding
motifs. However, these proteins come in many flavors: inner membrane-anchored
accessory proteins such as TagL or TagP, predicted periplasmic proteins such as TagN
or TagW, or a protein with the PGB domain fused to the TssL core component
(“specialized” TssL) (55). A detailed phylogenetic study of these proteins would be
required to understand how these genes have been acquired and how they have
evolved to accessorize the T6SS. One interesting question is whether specialized TssL
arose from a reduction of the gene cluster by fusing the PGB domain of TagL/TagN/
TagP/TagW to TssL or whether TagL/TagN/TagP/TagW evolved from the partition of the
TssL core and PGB domains. Our observations that a TagL PGB domain fusion to TssL
bypasses the requirement for full-length TagL and that its TMHs are only necessary to
mediate contact with TssL tend to support the reduction hypothesis.

By using deletion variants, we have shown that TssL-TagL complex formation is
mediated by their TMHs. While we have not defined which of the three TagL TMHs is
implicated in the interaction with the TssL C-terminal TMH, previous studies have
reported that the TssL TMH is engaged in interaction with itself and with the TssM
TMHs (39, 43, 45). Because there is no conserved sequence homology or helical motifs
between the TagL and TssM TMHs, we suggest that TagL and TssM do not share the
same face of interaction on the TssL TMHs and, hence, that TssL-TagL and TssL-TssM
interactions are not exclusive. This hypothesis is in agreement with previous data
reporting the coprecipitation of a ternary TssM-TssL-TagL complex (38). These obser-
vations suggest that in addition to the tryptophan residues engaged in �-� interactions
in the TssL TMH dimer (45), two additional faces of the TssL TMH are involved in TssM
and TagL interactions. Further studies need to be performed to better understand the
organization of the TMHs of the TssM-TssL-TagL complex in the inner membrane.

In this work, we performed a comprehensive fluorescence microscopy analysis to
position TagL in the T6SS biogenesis pathway. By using a functional sfGFP-TagL fusion,
we showed that TagL colocalizes with TssL at the base of the extended sheath, in
agreement with TagL association with the MC. From our time-lapse fluorescence
recordings of cells producing both sfGFP-TagL and TssB-mCherry, one can notice that
TagL remains at the MC during sheath contraction, suggesting that TagL is associated
with TssL throughout the T6SS mechanism of action. We can hypothesize that TagL-
mediated PG anchoring is important to stabilize the MC and to prevent its dissociation
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by the mechanical strength generated by sheath contraction (15). Our analyses of
sfGFP-TagL focus formation in various T6SS mutant backgrounds revealed that posi-
tioning TagL at the site of T6SS assembly requires TssJ, TssM, TssL, and MltE but does
not require TssK, TssA, or TssBC. Therefore, TagL is recruited to the MC prior to BP
docking. Because the MltE lytic transglycosylase enables full assembly of the MC by
locally remodeling the cell wall (54), these results suggest that TagL is recruited to the
MC when its assembly is completed (Fig. 5C). Indeed, TagL and TagL-mediated PG
anchoring are not required for TssJLM MC assembly, in agreement with the facts that
TagL is an accessory protein that is not conserved in all T6SSs (38, 55) and that the MC
can be purified from E. coli K-12 cells lacking TagL (39). However, although TagL is
recruited upstream of the BP, it is not necessary for BP docking to the MC (Fig. 5C). This
result clearly shows that the T6SS biogenesis pathway is not a strict linear pathway,
with the ordered recruitment of one subunit after the other, but, rather, that indepen-
dent branches exist. However, while the BP docks to the MC in ΔtagL cells, extension
of the tail/tube cannot proceed in the absence of TagL. This observation hence
suggests that once the BP docks to the MC, TagL mediates a structural modification of
the MC or BP that is required to initiate sheath extension. Electron microscopy models
of the MC bound to TagL or of the MC-BP complex would likely provide further
information on the impact of TagL on the conformation of the MC or BP.

MATERIALS AND METHODS
Bacterial strains, media, growth conditions, and chemicals. Bacterial strains are listed in Table S1

in the supplemental material. Escherichia coli K-12 DH5� and W3110 strains were used for cloning
procedures and coimmunoprecipitations, respectively. Escherichia coli K-12 W3110 cells carrying the
pFPV-mCherry plasmid (mCherry under the control of the constitutive and strong ribosomal rpsM
promoter; Ampr [56]) were used as recipients for the antibacterial competition assays. The enteroaggre-
gative E. coli (EAEC) wild-type strain 17-2, its ΔtagL, ΔtssM, ΔtssL, ΔtssJ, ΔtssA, and ΔtssK derivatives, and
17-2 strains producing the TssB-mCh, TssB-sfGFP, sfGFP-TssA, sfGFP-TssM, sfGFP-TssL, mCh-TssL, and
TssK-sfGFP fusions from their native chromosomal loci have been previously described (30, 33, 38–40,
49). Strains were routinely grown in LB broth at 37°C with aeration. For induction of the T6SS sci1 genes,
strains were grown in Sci1 inducing medium (SIM; M9 minimal medium supplemented with 0.25%
glycerol 1 �g/ml vitamin B1, 40 �g/ml Casamino Acids, and 10% [vol/vol] LB) (57). Plasmids and
mutations were maintained by the addition of ampicillin (100 �g/ml for K-12; 200 �g/ml for EAEC),
kanamycin (50 �g/ml for K-12, 50 �g/ml for chromosomal insertion on EAEC, and 100 �g/ml for plasmid-
bearing EAEC). Gene expression from pASK-IBA vectors was induced for 30 min with 0.05 �g/ml anhy-
drotetracycline (AHT) (IBA Technologies).

Strain construction. The 17-2 derivative strains were engineered by lambda Red recombination (58)
using plasmid pKOBEG (59). For construction of the 17-2 strain deleted of tagL or of both tssL and tagL
(ΔtssL-tagL strain), a kanamycin cassette was amplified from plasmid pKD4 (58) with primers carrying
50-bp extensions corresponding to the 5= and 3= sequences of the region to be deleted. For construction
of 17-2 strain derivatives producing sfGFP-TagL, a kanamycin-sfGFP cassette was amplified from the
pKD4-Nter-sfGFP vector (39) with primers carrying 50-bp extensions corresponding to the upstream and
downstream regions of the tagL initiation codon. PCR products were electroporated into target cells, and
lambda Red-mediated recombination at the proper locus was verified by PCR. The excision of the
kanamycin cassette, when possible, was then obtained by production of the Flp recombinase using
pCP20 (58). The final strains were verified by PCR.

Plasmid construction. Plasmids used in this study are listed in Table S1. PCRs were performed with
a Biometra thermocycler, using Pfu Turbo DNA polymerase (Stratagene). Custom oligonucleotides were
synthesized by Sigma-Aldrich and are listed in Table S1. The pASK-IBA37(�) vector producing
N-terminally 6�His-tagged TagL (initially called pIBA-28 [38]), the FLAG-tagged TssL or TssL fused to the
periplasmic domain (amino acids 360 to 576) of TagL (TssL-PGB, initially named pIBA-SciP and pIBA-
SciP-PG [42]), and the pOK12 derivatives producing N-terminally hemagglutinin (HA)-tagged Hcp (HcpHA)
(38) or TssL (initially named pOK-SciP-HA [38]) have been previously described. The pOK12 plasmid
producing the TssL cytoplasmic domain (TssLC; amino acids 1 to 186) was constructed by standard
restriction/ligation cloning by inserting an EcoRI-tssLC-XhoI fragment into the EcoRI-XhoI-digested pOK12
derivative plasmid pMS600 (40). Plasmid producing TagL deleted of the periplasmic region (TagLΔP) was
constructed by replacing tagL codon 366 by a TAA stop codon on pIBA-TagL, using site-directed
mutagenesis and primers carrying the desired substitutions. The pIBA-TssL-TagL plasmid, producing
both TssL and TagL, and pIBA-TssL-PGB*, producing TssL fused to the TagL mutated PGB domain
(PGB*; Asn494Leu-Leu497Asn-Ser498Ala-Arg501Gln-Ala502Asp substitutions [38]), were constructed by
restriction-free cloning (38, 60). Briefly, the sequence encoding the TssL protein or the mutated PGB
domain of TagL was amplified from 17-2 DNA or plasmid pIBA-TagL-PG* (38), respectively, with
oligonucleotides carrying 5= extensions annealing upstream and downstream of the site of insertion on
the target plasmid. The products of the first PCR were then used as oligonucleotides for a second PCR
using the target vector as the template. The tssL fragment was inserted into plasmid pIBA-TagL, whereas
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the PGB*-encoding fragment was inserted into plasmid pIBA-TssL. All constructs were verified by
restriction analyses and DNA sequencing (Eurofins Genomics).

T6SS function reporter assays. An Hcp release assay was performed as described previously (40),
using plasmid pOK-HcpHA, except that cells were grown in SIM to an absorbance at a wavelength (�) of
600 nm (A600) of 0.6. The periplasmic TolB protein was used as a control for cell integrity. An interbacterial
competition assay was performed as described previously (61) with modifications as follows: (i) E. coli
W3110 cells constitutively expressing mCherry from plasmid pFPV-mCherry (Ampr) (56) were used as
recipients; (ii) fluorescence measurements with the Tecan microplate reader were performed by exciting
mCherry at a � of 575 nm and recording its emission at a � of 610 nm; and (iii) survival of recipient cells
was calculated by counting CFU (CFU on recipient-selective LB plates supplemented with ampicillin).

Coprecipitation on nickel magnetic beads. A total of 5 � 109 E. coli W3110 cells producing the
proteins of interest was harvested and resuspended in CelLytic B lysis reagent (Sigma-Aldrich) supple-
mented with 100 �g/ml lysozyme, 100 �g/ml DNase, protease inhibitors (Complete; Roche), and 1.65 mM
octylphenoxy poly(ethyleneoxy)ethanol (Igepal CA-630; Sigma-Aldrich). After a 30-min incubation at 25°C
with strong agitation, unsolubilized material was discarded by centrifugation for 20 min at 20,000 � g.
The cleared lysates were supplemented with 10 mM imidazole and incubated with nickel magnetic beads
(PureProteome; Millipore) for 2 h at room temperature on a wheel. Magnetic beads were then washed
three times with CelLytic B lysis reagent supplemented with Igepal CA-630 and 20 mM imidazole,
resuspended in nonreducing Laemmli loading dye, and subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and immunoblot analyses using monoclonal anti-His and
anti-HA antibodies.

Fluorescence microscopy and data analysis. Cells producing the chromosomal sfGFP or mCherry
fusion proteins were grown in SIM to an A600 of 0.6 to 0.8, harvested, and resuspended in SIM to an A600

of 8. Cells were then spotted on a thin pad of SIM supplemented with 2% agarose, covered with a
coverslip, and incubated for 20 to 30 min at room temperature before microscopy acquisition. Fluores-
cence microscopy recordings were performed with a Nikon Eclipse Ti microscope equipped with an
Orcaflash 4.0 LT digital camera (Hamamatsu) and a perfect focus system (PFS) to automatically maintain
focus so that the point of interest within the specimen was always kept in sharp focus at all times despite
mechanical or thermal perturbations. All fluorescence images were acquired with a minimal exposure
time to minimize bleaching and phototoxicity effects. Exposure times were typically 30 ms for phase
contrast, 250 ms for sfGFP fusion proteins, and 200 ms for TssB-mCh and TssL-mCh. The images shown
in the figures are representative regions cropped from large fields and are from at least triplicate
experiments. Images were analyzed using ImageJ (62) and the MicrobeJ plug-in (63). Statistical data set
analysis was performed using the R software environment (https://www.r-project.org/).

Miscellaneous. SDS-PAGE and transfer onto nitrocellulose membranes (Amersham Protran, 0.2-�m
pore size; GE Healthcare) were performed with standard procedures using Mini-Protean II systems
(Bio-Rad). After protein transfer, membranes were probed with primary antibodies and goat secondary
antibodies coupled to alkaline phosphatase. Immunodetections were performed in alkaline buffer in the
presence of 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium. The anti-FLAG (clone M2;
Sigma-Aldrich), anti-HA (clone HA-7; Sigma-Aldrich), and antihistidine tag (clone AD1.1.10; Bio-Rad)
monoclonal antibodies and alkaline phosphatase-conjugated goat anti-mouse and anti-rabbit secondary
antibodies (Beckman Coulter) are commercially available. The anti-TolB polyclonal antibodies were from
the laboratory collection.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB

.00173-19.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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