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important for TssL function.
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(Background: TssL is a core component of the T6SS and has homologue in the T4bSS.
Results: The TssL cytoplasmic domain adopts a globular a-helical domain and forms dimers.
Conclusion: Dimer formation involves the trans-membrane segment, but contacts mediated by the cytoplasmic domain are

Significance: The structural and functional characterization of TssL leads to a better understanding of T6SS and T4bSS
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The Type VI secretion system (T6SS) is a macromolecular
system distributed in Gram-negative bacteria, responsible for
the secretion of effector proteins into target cells. The T6SS has
a broad versatility as it can target both eukaryotic and prokary-
otic cells. It is therefore involved in host pathogenesis or killing
neighboring bacterial cells to colonize a new niche. At the archi-
tecture level, the T6SS core apparatus is composed of 13 pro-
teins, which assemble in two subcomplexes. One of these sub-
complexes, composed of subunits that share structural
similarities with bacteriophage tail and baseplate components,
is anchored to the cell envelope by the membrane subcomplex.
This latter is constituted of at least three proteins, TssL, TssM,
and Tss]. The crystal structure of the Tss] outer membrane lipo-
protein and its interaction with the inner membrane TssM pro-
tein have been recently reported. TssL and TssM share sequence
homology and characteristics with two components of the Type
IVb secretion system (T4bSS), IcmH/DotU and IcmF, respec-
tively. In this study, we report the crystal structure of the cyto-
plasmic domain of the TssL inner membrane protein from the
enteroaggregative Escherichia coli Sci-1 T6SS. It folds as a hook-
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like structure composed of two three-helix bundles. Two TssL
molecules associate to form a functional complex. Although the
TssL trans-membrane segment is the main determinant of self-
interaction, contacts between the cytoplasmic domains are
required for TssL function. Based on sequence homology and
secondary structure prediction, we propose that the TssL struc-
ture is the prototype for the members of the TssL and IcmH/
DotU families.

The Type VI secretion system (T6SS)? is a macromolecular
system encoded within the genomes of Gram-negative bacteria.
This pathway has been recently described to translocate pro-
tein substrates into both eukaryotic and prokaryotic cells (1-6).
T6SS-dependent translocation of proteins into eukaryotic cells
leads to cytoskeleton rearrangements and cytotoxicity (7-9).
More recently, the translocation of canonical protein effectors
degrading the peptidoglycan layer into the periplasm of recipi-
ent bacterial cells has been demonstrated (10, 11). The T6SS
has also been shown to be involved in stress sensing or biofilm
formation, although the mechanistic bases for these pheno-
types have not been described yet (12—14). The T6SS is there-
fore a versatile machine that adapts to the specific needs of each
bacterium.

The T6SS is composed of 13 core components named Tss
(Type six secretion (15)), but several additional subunits might
be encoded within T6SS gene clusters (1,16 —18). Two proteins,
Hcp (hemolysin-coregulated protein) and VgrG (valine-glycine
repeat protein), are released in the culture supernatant and are
suggested to form the extracellular portion of the T6SS

® The abbreviations used are: T6SS, Type VI secretion system; T4bSS, Type IVb
secretion system; Tss, Type VI secretion subunit; Hcp, hemolysin-co-regu-
lated protein; VgrG, valine-glycine repeat protein; EAEC, enteroaggrega-
tive E. coli, SAD, single anomalous dispersion, DDM, n-dodecyl-3-pD-malto-
pyranoside; PFA, para-formaldehyde; TMS, trans-membrane segment(s);
Bicine, N,N-bis(2-hydroxyethyl)glycine.
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FIGURE 1. Schematic models of bacterial Type VI (left) and Type IVb (right) secretion systems. The localizations and topologies of the T6SS-
associated TssL (orange) and TssM (blue) proteins, as well as those of their T4bSS homologues, IcmH/DotU and IcmF, respectively, are schematized. TssM
interacts with the TssJ outer membrane lipoprotein (29, 31), whereas IcmF stabilizes the outer membrane-associated DotH protein (37). OM, outer

membrane; IM, inner membrane.

machine (16). Interestingly, Hcp and VgrG are structurally
related to two components of the bacteriophage T4, the tail
protein and the needle-like structure, respectively. Hcp
forms hexameric rings, a structure that is superimposable to
the major tail protein gpV (19, 20). VgrG assembles as trim-
ers resembling the bacteriophage gp27/gp5 complex (7, 21,
22). Recently, electron microscopy studies have proposed
that the TssB and TssC proteins form structures resembling
the bacteriophage sheath (21, 23, 24) From these observa-
tions and the structural similarities of TssE with the bacte-
riophage baseplate component gp25 (1), a model on how the
T6SS is structurally arranged and how it functions has
recently emerged (25, 26). It has been proposed that the
T6SS forms an inverted bacteriophage-like structure that
will puncture the target cell to deliver the protein effectors.

Aside from bacteriophage-related components, a number
of membrane-embedded proteins are associated with the
T6SS. At least three proteins, Tss], TssL, and TssM, form a
trans-envelope complex that may be augmented by TagL, an
additional protein containing a peptidoglycan-binding
domain (27, 28). Tss] is an outer membrane lipoprotein (12)
whose structure has been reported recently (29, 30). Tss]
interacts with the inner membrane TssM protein (29, 31).
TssM forms a stable complex with TssL (31, 32). TssL and
TssM are closely related to two proteins associated with the
Type IVb secretion system (T4bSS), IcmH/DotU and IcmF,
respectively (Fig. 1). These two components are required for
the optimal function of the T4bSS in Legionella pneumo-
phila and Coxiella burnetii (33, 34). The TssL protein and its
T4bSS IcmH/DotU counterpart are inner membrane pro-
teins (32, 35-38). The membrane topology of the TssL has
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been determined; TssL has a single trans-membrane seg-
ment (TMS) located at the C terminus of the protein (36).
However, in some cases, the TMS can be followed by an
additional domain protruding into the periplasm and carry-
ing a peptidoglycan-binding motif (28, 32). The topology of
the IcmH/DotU protein is not known, but the absence of
labeling with the membrane-impermeant sulfo-NHS-biotin
suggests that, as shown for TssL, the bulk of the protein
locates in the cytoplasm (38). In L. pneumophila, IcmH/
DotU stabilizes IcmF, whereas IcmF is absolutely required
for IcmH/DotU production (38). Regarding the T6SS homo-
logues, de Bruin et al. (35) reported that TssL stabilizes
TssM. Taken together, these data suggest that the TssL-
TssM pair is closely related to the IcmH/DotU-IcmF pair in
terms of localization, topology, interaction, and stabiliza-
tion. However, although the primary sequences of the TssL
and IcmH/DotU proteins are not conserved, both proteins
belong to the DUF2077 family (Pfam PF09850). This and the
observation that TssL and IcmH/DotU hold similar second-
ary structure predictions (supplemental Fig. S1) suggest that
these two proteins share a common fold. In this study, we
report the crystal structure of the cytoplasmic domain of the
enteroaggregative Escherichia coli (EAEC) TssL protein.
TssL is formed by the association of two helix bundles each
composed of three helices. This globular structure is con-
nected to the TMS through a linker of ~20 residues. Analysis
of the crystal packing and mutagenesis studies further
showed that TssL form dimers. Although the main dimer
interface involves the trans-membrane segment, functional
contacts occur between the cytoplasmic helices 1 of each
protomer. Based on the similarities between the T6SS TssL
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and T4bSS IcmH/DotU protein, we propose that the EAEC
TssL structure represents the prototypic fold for the
DUF2077 family.

EXPERIMENTAL PROCEDURES
Bacterial Strains, Medium, Growth Conditions, and Chemicals

E. coli K12 DH5a was used for cloning procedures. The
enteroaggregative E. coli strain 17-2 (kindly provided by Arlette
Darfeuille-Michaud, University of Auvergne, Clermont-Fer-
rand, France) and its AtssL derivative (AsciP (27)) were used for
this study. EAEC strains were routinely grown in LB medium
at 37 °C with shaking. Expression of tssL (from plasmid
pIBA-TssL (36)) was obtained by the addition of anhydrotet-
racycline. For the Hcp release assay, the sci-1 gene cluster
was induced by the addition of the iron chelator 2,2’ -dipyri-
dyl (125 um final concentration), 30 min prior to harvesting
the cells (39). Plasmids were maintained by the addition of
ampicillin (100 ug/ml for E. coli K12, 200 pg/ml for EAEC).
Anhydrotetracycline, used at 0.2 ug/ml throughout the
study, was purchased from IBA. The anti-TolB polyclonal
antibodies are from the laboratory collection, whereas the
anti-HA (3F10 clone, Roche Applied Science) and anti-
FLAG (M2 clone, Sigma-Aldrich) monoclonal antibodies are
commercially available.

Constructions for in Vivo Studies

The plasmids used for this study are listed in supplemental
Table S1. Polymerase chain reactions (PCRs) were performed
with a Biometra thermocycler, using the Phusion DNA polym-
erase (Thermo scientific). Custom oligonucleotides were syn-
thesized by Sigma-Aldrich and are listed in supplemental Table
S1. For in vivo complementations, the pIBA-TssL plasmid,
encoding an N-terminally FLAG epitope-tagged TssL pro-
tein (36), has been used. For bacterial two-hybrid assay, the
fragment encoding the TssL cytoplasmic domain has been
cloned downstream the T18 or T25 sequence in vectors
pEB354 and pEB355 (40) to yield pTssL-T18 and pTssL-T25,
respectively. These plasmids have been constructed by a
double PCR technique, allowing the amplification of the
gene of interest flanked by extensions annealing to the target
vector (41). The TssL variants have been constructed by site-
directed mutagenesis using pIBA-TssL, pTssL-T18, or
pTssL-T25 as template and complementary oligonucleo-
tides introducing the required mismatch(es) (supplemental
Table SI1). All constructs have been verified by restriction
analyses and DNA sequencing (GATC).

Hcp Release Assay

Supernatant and cell fractions have been separated as
described previously (36). Briefly, 2 X 10° cells producing
hemagglutinin (HA) epitope-tagged Hcp (from plasmid pOK-
HcpHA (27)) were harvested and collected by centrifugation at
2,000 X g for 5 min. The supernatant fraction was then sub-
jected to a second low-speed centrifugation and then at
16,000 X g for 15 min. The supernatant was filtered on sterile
polyester membranes with a pore size of 0.2 um (Membrex 25
PET, membraPure GmbH) before precipitation with 15% tri-

APRIL 20, 2012+VOLUME 287+NUMBER 17

T6SS TssL Crystal Structure and Dimer Formation

chloroacetic acid (TCA). Cells and precipitated supernatants
were resuspended in loading buffer and analyzed by SDS-PAGE
and immunoblotting with the anti-HA antibody. As control for
cell lysis, Western blots were probed with antibodies raised
against the periplasmic TolB protein.

Biofilm Assay

The adherence was tested on cover-glasses after incubation
at 30 °C without agitation for 20 h. Attached bacteria were
stained with 1% crystal violet for 15 min and washed four times
with water. For quantification, the ring of stained bacteria was
collected with 500 ul of 95% ethanol and diluted in the same
volume of water. The absorbance of the suspension was then
measured at 590 nm. This value was divided by the absorbance
of the bacterial culture (measured at 600 nm), and data are
reported relative to the wild-type strain.

Bacterial Two-hybrid Assay

We used the adenylate cyclase-based two-hybrid technique
(42) using previously published protocols (40). Briefly, pairs
of proteins to be tested were fused to the two catalytic
domains T18 and T25 of the Bordetella adenylate cyclase.
After co-transformation of the BTH101 strain with the two
plasmids producing the fusion proteins, plates were incu-
bated at 30 °C for 2 days. 600 ul of LB medium supplemented
with ampicillin, kanamycin, and 0.5 mm isopropyl-B-thio-
galactoside were inoculated with independent colonies.
Cells were grown at 30 °C overnight, and the 3-galactosidase
activity was determined as described by Miller (43). The val-
ues presented are the mean of three independent assays,
each in triplicate.

Constructions for in Vitro Studies and Purification Procedures

The sequence encoding the £ssL cytoplasmic domain (resi-
dues 1-183) of enteroaggregative E. coli strain 17-2 was cloned
into the pETG-20A expression vector (a kind gift from Dr. Arie
Geerlof, European Molecular Biology Laboratory (EMBL),
Hamburg, Germany) according to standard Gateway™™ proto-
cols. The final construct allows the production of the soluble
cytoplasmic TssL fragment (TssLo) fused to an N-terminal
hexahistidine-tagged thioredoxin followed by a tobacco etch
virus protease cleavage site. The plasmid was transformed into
the E. coli T7 Iq pLysS expression strain (New England Biolabs).
Cells were grown at 37 °Cin terrific broth until the A, reached
0.9, and tssL expression was induced with 0.5 mm isopropyl-3-
thio-galactoside overnight at 17 °C. After cell harvesting, cells
were resuspended in 20 mm Tris-HCI, pH 8.0, 150 mm NaCl,
0.25 mg/ml lysozyme and broken by sonication. The soluble
proteins were separated from inclusion bodies and cell debris
by centrifugation 30 min at 20,000 X g. The TssL fusion was
purified using Ni*" affinity chromatography (5-ml HisTrap
column, GE Healthcare, on an AKTA FPLC system) and eluted
with a step gradient of imidazole. The TssL fusion protein was
digested overnight at 4 °C by a hexahistidine-tagged tobacco
etch virus protease using a 1:10 (w/w) protease:protein ratio.
The tobacco etch virus protease and contaminants were bound
on a second Ni*" affinity chromatography, and the native TssL
cytoplasmic fragment was collected in the flow-through and
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separated on a preparative Superdex 75 gel filtration column
(GE Healthcare) equilibrated in 20 mm Tris-HCI, pH 8.0, 150
mMm NaCl, 5% glycerol. The final concentration of the TssL.
solution was 23 mg/ml.

The seleno-methionine (Se-Met) derivative of TssL was pro-
duced in minimal medium supplemented with 100 mg/liter
lysine, phenylalanine, and threonine and 50 mg/liter isoleucine,
leucine, valine, and seleno-methionine. Protein production was
performed overnight at 17 °C after the addition of 0.5 mm iso-
propyl-B-thio-galactoside, and the Se-Met-TssL. protein was
purified as described above.

Crystallization and Structure Determination

TssLc crystallization trials were carried out by the sitting-
drop vapor diffusion method in 96-well Greiner crystallization
plates at 20 °C, using a nanodrop-dispensing robot (Cartesian
Inc.) (44). Crystals grew in a few days after mixing 300 nl of the
TssL protein at 23 mg/ml with 100 nl of 4.3 M NaCl, 0.1 M Bicine,
pH 10.6. Crystals were cryoprotected with mother liquor sup-
plemented with 10% glycerol and flash-frozen in liquid
nitrogen.

Two single anomalous dispersion datasets were collected on
the same crystal at the selenium edge wavelength. The first
dataset was collected at the European Synchrotron Radiation
Facility (ESRF) ID14-4 beamline (Grenoble, France), and the
second was collected at the SOLEIL Proxima 1 beamline
(Saint-Aubin, Gif-sur-Yvette, France) with a 30° offset reori-
entation of the crystal using the kappa axis of the Proxima 1
goniometer. After processing the two datasets using the XDS
(45) program, the scaling was done using XSCALE (see Table
1). The selenium sites were determined using SHELXD (46),
and the phase was calculated using PHASER (47). These
phases were then improved by solvent flattening and histo-
gram matching using the PARROT program (48), assuming
49% solvent content. This results in interpretable maps from
which an initial model comprising more than 90% of the
expected amino acids was built using BUCCANEER (49).
Structure refinement was performed with autoBUSTER,
alternated with rebuilding using COOT (50), using transla-
tion/libration/screw parameters.

Cloning, Expression, and Purification of Full-length TssL

Full-length TssL Production—The full-length tssL gene of
enteroaggregative E. coli strain 17-2 was cloned into the pETG-
20A expression vector according to standard Gateway' ™ pro-
tocols. The plasmid was transformed into the E. coli C43(DE3)
expression strain (51). Cells were grown at 37 °C in terrific
broth to an Ay, of 0.9 prior to induction of the zssL expression
with 0.3 mMm isopropyl-B-thio-galactoside overnight at 17 °C.

Membrane Isolation and Detergent Solubilization—All steps
were performed at 4 °C. Cells were resuspended in lysis buffer
(50 mm Tris-HCI, pH 8.0, 300 mm NaCl, 5% glycerol (v/v), 0.5
mg/ml lysozyme, 20 pug/ml DNase, 20 mm MgSO,, 1 mm phen-
ylmethylsulfonyl fluoride (PMSF)) supplemented with protease
inhibitors (Complete EDTA-free, Roche Applied Science).
Upon lysis by sonication, cell debris and inclusion bodies were
removed by centrifugation at 20,000 X g for 20 min. Mem-
branes were collected from the cleared suspension by ultracen-
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trifugation for 1.5 h at 125,000 X g (Ti45; Beckman Coulter).
The membrane pellet was resuspended in buffer A (50 mm Tris-
HCl (pH 8.0), 300 mm NaCl, 5% glycerol (v/v), PMSF, and Com-
plete (Roche Applied Science)) supplemented with 1% n-dode-
cyl-B-p-maltopyranoside (DDM; Anatrace SOLgrade) by
gentle stirring for 1 h at 4°C. The insoluble material was
removed by ultracentrifugation for 30 min at 125,000 X g.

Purification—The full-length TssL protein was purified from
the detergent-solubilized membrane proteins using a protocol
similar to the soluble TssL fragment except that all buffers were
supplemented with 0.05% DDM (Anatrace ANAgrade). For
chemical cross-linking studies, proteins were dialyzed against
10 mMm sodium phosphate buffer (Na,HPO,/NaH,PO,) (pH
6.3), 150 mm NaCl supplemented (full-length TssL) or not
(TssL cytoplasmic domain) with 0.05% DDM.

Analytical Gel Filtration

2 mg of each protein standards (ovalbumin (43 kDa), car-
bonic anhydrase (29 kDa), and ribonuclease (13.7 kDa) (GE
Healthcare)) and 1 mg of the soluble or full-length TssL protein
were run separately on an analytical Superdex 75 10/30 column
(GE Healthcare) equilibrated in 20 mm Tris-HCI, pH 8.0, 150
mM NaCl, 5% (v/v) glycerol, 0.05% DDM (Anatrace ANAgrade).

Chemical Cross-linking

Chemical cross-linking experiments were performed with
para-formaldehyde (PFA, Merck) essentially as described pre-
viously (52). For in vivo studies, cells were washed and resus-
pended in 10 mm sodium phosphate buffer (Na,HPO,/
NaH,PO,) (pH 6.3), 150 mm NacCl prior to sonication. Cleared
cell lysates were treated with PFA (0.2 or 1% final concentra-
tion). For in vitro studies, 10 ug of protein were mixed in a final
volume of 20 ul with 1% PFA. After incubation for 25 min at
25 °C, the cross-linking reaction was quenched by the addition
of 50 mm Tris-HCI, pH 6.8, and samples were analyzed by SDS-
PAGE and immunodetection or Coomassie Blue staining.

RESULTS

We recently reported that the TssL protein is anchored into
the inner membrane through a C-terminal trans-membrane
segment (36). The bulk of the protein (amino acids 1-183)
resides in the cytoplasm. To gain insight into its biological func-
tion, we purified the soluble, cytoplasmic fragment of the TssL
protein encoded within the sci-1 T6SS gene cluster of EAEC
(GenBank™ accession number CBG37349; locus tag
EC042_4527). This fragment was fused in the Gateway vector
pETG20A to an N-terminal hexahistidine-tagged thioredoxin
for purification (53). A Se-Met TssL. derivative was produced
in minimal medium and purified by affinity chromatography
and gel filtration. The native T'ssL protein was obtained upon
fusion and tag cleavage using the tobacco etch virus protease.

Crystal Structure of EAEC TssL. Domain—TssL. crystal-
lized readily with 4.3 M NaCl as precipitant. We collected a
dataset from a unique Se-Met crystal. The structure was solved
from a 2.7 A resolution single anomalous dispersion map cal-
culated from a combined dataset collected with a unique crystal
exposed at beamlines ID14-4 (ESRF) and Proxima 1 (Soleil syn-
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TABLE 1

Data collection (ID14 -4 at ESRF and PROXIMA 1 at SOLEIL) and refine-
ment statistics

Proxima-1 Soleil IDA4 -4 ESRF

Data collection _
Wavelength (A)

Resolution limits (A) 50.00-2.74 (2.81-2.74) 45.0-2.63 (2.70-2.63)

Riprerge™” (%) 4.6 (57.0) 5.6 (68)

No. of observations® 35,674 (2550) 65,807 (4720)

No. of unique reflections” 10,304 (745) 11,601 (853)

Mean ((1)/sd(1))* 156 (2.1) 20.2 (2.5)

Completeness” (%) 99.4.(96.9) 99.4(99.8)

Multiplicity” 3.5 5.7
Refinement

Resolution® (A)
No. of reflections”

43.7-2.63 (2.94-2.63)
6278 (1576)

No. of 1288/31/6
protein/water/glycerol

atoms

No. of test set reflections 604 (167)
Ryond R 0.235/0.257
r.m.s.d.® bonds (A)/angles (°) 0.09/1.07
B-wilson/B-average 70.2/69.8
Coot’s Ramachandran 97.6/2.4

Preferred/allowed %

“ Numbers in brackets refer to the highest resolution bin.
> (‘ L, — Ih‘))/Z (Ih,i)‘

¢ il

2 -, n
@ (Fops = Feare)/Z (Fops))-
¢ r.m.s.d., root mean square deviation.

chrotron). The structure was further refined with the ID14-4
dataset at 2.63 A resolution (Table 1).

A unique TssL- molecule is contained in the asymmetric
unit, and the polypeptide chain could be traced from residue
Ile-6 to Arg-178, with a gap between Glu-79 and Trp-85 due to
scarce electron density. TssL. is an eight-a-helix protein con-
stituted of two three-helix bundles connected by two short hel-
ices that presents, overall, a hook shape (Fig. 2). The three first
long helices (h1-3) form a tight bundle and are followed by a
disordered loop of 4 polar residues (loop 3—4). The first helix is
bended, due to the presence of a proline residue at position 15,
which induces a helix kink. Two short helices (h4 and h5) and
loops connect the two bundles. The second helix bundle is
formed by three helices (h6 —8), shorter than those of the first
bundle. Of particular interest, a long stretch of 10 residues pro-
trudes between helices 7 and 8 (amino acids 138 —147), formed
by two elongated structures separated by a loop. The central
part of this loop (amino acids 141-146) is mainly composed of
charged residues (RSQDDE). The last helix ends at residue 157
and is followed by an elongated unstructured segment (residues
158 —178), which links the TssL cytoplasmic core domain to the
TMS. This linker segment is ordered in the crystal due to pack-
ing contacts with a symmetry-related protein.

Searching the Protein Data Bank for structurally related pro-
teins with Dali (54) returned hits in the twilight zone, with the
best z scores comprised between 5 and 6. However, examina-
tion of the aligned structures reveals that only three-helix bun-
dle proteins have been selected, which superimpose on the TssL
first helix bundle with root mean square deviations comprised
between 3.2 and 5.6 A (data not shown). These hits are there-
fore probably not significant to suggest a molecular function for
TssL. Therefore, the TssL structure defines a new fold.

Examination of TssL. surface and calculations of contact
electrostatic potential did not highlight any hydrophobic or
positively/negatively charged surface patches, but indicated a
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scattered and balanced charge distribution over the whole sur-
face (supplemental Fig. S2). In particular, we did not observe
any patch of positively charged residues that might be candi-
dates for interactions with the phosphate groups of the inner
membrane lipids nor patches of hydrophobic residues that
might interact through their hydrophobic lateral chains.

Analysis of the surface cavities using the CASTp software
(55) returned three spots of open crevices. The first cavity
involves the portion of space between the base of the linker and
the core (1000 A% supplemental Fig. S2, indicated by an arrow).
The second and third small cavities (280 A®) are located at
either side of the domain between the helix bundles.

The conserved residues of TssL identified in supplemental
Fig. S1 were mapped onto the TssL. structure (supplemental
Fig. S3). Although several of these residues are structural deter-
minants of the helix association within the bundles, a large con-
served area is located on the core domain facing the 1000 A
cavity. This groove forms at the interface between the two helix
bundles. This conserved area must be structurally important to
maintain the interaction between the two-helix bundles or to
accommodate a protein partner.

TssL Structure-Function Analysis—To identify functional
regions of the TssL protein, we introduced substitutions to
inverse the charge of loops connecting h3 and h4 (E79K/D82K,
called EKDK) and h7 and h8 (Q143K/D144K/D145K, called
QDDXKKK). Loop h3-h4 is disordered in the crystal and proba-
bly subjected to flexibility. Loop h7-h8 has an outgoing plug
shape protruding from the core domain and might be involved
in contacting a protein partner. Substitutions were introduced
into plasmid pTssL, which encodes a functional N-terminally
FLAG-tagged TssL protein (36), and the constructs were
assayed for complementation of a nonpolar tssL mutation.
Complementation was tested by using the biofilm and Hcp
release assays as reporters, two assays previously shown to
reflect the functionality of the EAEC Sci-1 T6SS (12). Both
mutant TssL proteins were produced at levels comparable
with the WT TssL protein (Fig. 3). Although mutations of
the charged residues of the h3-h4 loop caused a strong defect
in T6SS assembly without abrogating it, mutations within
the h7-h8 loop completely abolished TssL function (Fig. 3).
These results suggest that the plug-shaped h7-h8 loop is crit-
ical for TssL function and might be required for TssL activity
or to functionally associate with an interacting partner. It is
worthy to note that this loop is not conserved among the
TssL proteins.

TssL Dimer Formation—Although a unique molecule of
TssL is present in the asymmetric unit, Western blot analyses
showed thata TssL dimer can be detected upon denaturation in
SDS-containing loading buffer and boiling (Fig. 3, indicated by
asterisk in anti-FLAG blots). The crystal structure was analyzed
for probable packing interactions. Packing interactions
extracted with the PISA server (56) revealed putative interac-
tions (supplemental Fig. S4). The packings involving three or
four TssL molecules (supplemental Fig. S4, D and E) can be
ruled out because they will prevent proper insertion of the TssL
TMS in the inner membrane. In the 1190 A? configuration
(supplemental Fig. S4A), the largest contact area involves resi-
dues of h8 and of the linker (amino acids 148 —177). In the 700
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FIGURE 2. Structure of enteroaggregative E. coli T6SS TssL cytoplasmic domain. A, stereo view of the EAEC TssL cytoplasmic domain in ribbon represen-
tation and rainbow coloring from blue (N terminus (Nt)) to red (C terminus (Ct)); the figure was made with PyMOL (57). IM, inner membrane. B, top view of the
TssL cytoplasmic domain, with the same coloring as in A (k, kink). C, amino acid sequence of TssL. The amino acids are colored according to the same rainbow
code. D, topology graphic of TssL (same coloring as in A) The three-helix bundles (hb7 and hb2) and the h3-h4 and h7-h8 loops are indicated.

A? configuration (supplemental Fig. S4B), the main contacts
involve helix h1 (residues 11-30). Finally, the 690 A® symmetry-
related pair (supplemental Fig. S4C) involves contacts between
core residues 27—41 and 77-79 and the linker.

We therefore designed substitution mutations targeting the
putative dimerization interfaces and tested these TssL variants
for dimer formation. Because two of the hypotheses involve the
linker, we first constructed a TssL derivative lacking amino
acids 165-178 (TssL-Alink). The second hypothesis was tested
by targeting residues of hl facing the exterior of the core

14162 JOURNAL OF BIOLOGICAL CHEMISTRY

domain. Substitutions of Leu-18 (L18S) and Ser-21 (S21E) were
constructed to provoke a large clash with the symmetrical mol-
ecule through charge repulsion. Deletion of the linker region
led to a defect in T6SS function as shown by the absence of Hcp
release in culture supernatant (Fig. 44) and lower levels of bio-
film (Fig. 4B). Similarly, substitutions L18R, L18S, S21E, and
S21K completely abolished TssL function. However, dimers
were still detectable upon Western blot analyses of all these
TssL variants (Fig. 44). One of the elements present in the full-
length TssL protein but absent in the structure is the TMS. To
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FIGURE 3. Structure-function analysis of negatively charged loops of TssL. A, in vivo Hcp release assay. Hcpy, , release was assessed by separating whole cells
(WC) and supernatant (Sn) fractions from wild-type (WT) or tssL cells carrying the empty vector (tssL), the plasmid encoding wild-type TssL (tssL"7), or plasmids
encoding the TssL-E79K-D82K (tssL5PX) or TssL-Q144K-D145K-D146K (tssL2PPK<K) variants. 2 X 108 cells and the TCA-precipitated material of the supernatant
from 5 X 10® cells were subjected to 12.5% acrylamide SDS-PAGE and immunodetection using the anti-TolB polyclonal antibodies (lysis control; upper panel)
and the anti-HA (Hcp detection, middle panel) and anti-FLAG monoclonal antibodies (TssL detection, lower panel). The proteins are indicated on the right, and

the molecular mass markers are indicated on the /eft (in kDa). The asterisk indicates the dimeric form of TssL observable on SDS denaturing gels. B, biofilm

formation. Biofilms formed in static cultures of WT, tssL, tssL"V7, tssLEPK and tss

LODDKKK

cells were visualized on cover-glass by crystal violet staining (upper panel)

and quantified using the ethanol solubilization procedure, relative to the WT EAEC strain (lower graph). Error bars indicate S.D.

test whether the TMS is required for dimer formation, we intro-
duced a stop codon at position 165 or 184, leading to a cytoplas-
mic soluble TssL derivative lacking both the linker and the TMS
(165stop; TssL-Alink+TM) or only the TMS (184stop; TssL-
ATM). Although these derivatives were produced at levels
comparable with the wild-type protein, dimers were not
observed upon Western blot analyses (Fig. 54). To confirm this
result, the full-length TssL protein was produced and purified
from detergent-solubilized membrane extracts. As shown in
Fig. 5B, the full-length protein, but not the soluble derivative,
forms oligomers detectable on Coomassie Blue-stained SDS-
PAGE. The presence of only TssL in the oligomeric bands was
confirmed by mass spectrometry analyses (data not shown).
The full-length T'ssL and the isolated cytoplasmic domain were

APRIL 20, 2012+VOLUME 287+NUMBER 17

further analyzed using gel filtration. Although the isolated cyto-
plasmic domain was monomeric in solution, a unique peak cor-
responding to the molecular weight of two molecules was
obtained with full-length TssL (Fig. 5C). To confirm these data,
in vivo and in vitro cross-linking experiments were performed
with para-formaldehyde. In vitro, a weak band corresponding
to a dimer of the cytoplasmic domain of TssL can be observed
upon Coomassie Blue staining, whereas most of the full-length
TssL protein assembles as dimer (Fig. 5D). In vivo, 0.2% of form-
aldehyde was sufficient to efficiently achieve full-length TssL
dimer formation (Fig. 5E), whereas a faint dimerization of the
TssL cytoplasmic domain was observed with 1% formaldehyde.
The TssL protein is therefore dimeric, and dimer formation is
mainly controlled by the TMS.
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FIGURE 4. Mutational analysis of probable TssL dimer interfaces. A, in vivo Hcp release assay. Hcpy, , release was assessed by separating whole cells (WC) and
supernatant (Sn) fractions from tssL cells carrying the empty vector (tssL), the plasmid encoding wild-type TssL (tssL.V") or plasmids encoding the TssL-Alinker
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on SDS denaturing gels. B, biofilm formation. Biofilms formed in static cultures of tssL, tssL"7, tssL2"k, tssL 1755, tssL 527, or tssL-78°52 cells were visualized on

cover-glass by crystal violet staining (upper panel) and quantified using the ethanol solubilization procedure, relative to the WT EAEC strain (lower graph). Error

bars indicate S.D.

However, when tested in a bacterial two-hybrid assay, the
soluble cytoplasmic domain gave a reproducible weak but sig-
nificant positive signal (Fig. 6), suggesting that the soluble
domain is able to dimerize in the in vivo conditions. The L18S
and S21E substitutions were introduced into the bacterial two-
hybrid constructs. As shown in Fig. 6, the L18S and S21E muta-
tions drastically decrease the B-galactosidase activity, suggest-
ing that dimerization in the cytoplasm occurs through contacts
between the h1 of two adjacent TssL molecules. To validate this
hypothesis, we took advantage of the observation that a smaller
serine residue at position 18 (L18S) provides more space to a
glutamate residue at position 21 (S21E) to fit properly. In this
configuration, the serine residue can also form a hydrogen
bond with the lateral chain of the glutamate of the adjacent
TssL molecule to restore a favorable dimer interface (sup-
plemental Fig. S5). In the bacterial two-hybrid assay, the
TssL-L18S/S21E variant dimerizes (Fig. 6), demonstrating
that contacts between the h1 helices of two adjacent TssL
molecules can be restored by suppressive mutations. Taken
together, these results support a model in which TssL self-
interaction occurs mainly through the TMS, but in which

14164 JOURNAL OF BIOLOGICAL CHEMISTRY

contacts between helices 1 of the soluble domain contribute
to the stability of the TssL dimer (see model in Fig. 7). How-
ever, cytoplasmic contacts are critical for TssL function;
although the single L18S and S21E TssL derivatives were
unable to complement the biofilm and Hcp release defects of
the ¢ssL mutant, production of a TssL protein carrying both
substitutions was fully functional (Fig. 4).

DISCUSSION

The T6SS is an important determinant of bacterial pathogen-
esis. It can act as a direct virulence factor by producing and
translocating effector domains into eukaryotic host cells such
as the Vibrio cholerae or the Aeromonas hydrophila T6SS (7-9).
Several T6SS have been found to be required for bacterial tar-
geting, and the Pseudomonas aeruginosa HSI-1 T6SS has been
shown to export canonical substrates into bacterial recipient
cells (2-5, 10, 11). The overall architecture of the T6SS is not
known, but the current data converge to the idea that the T6SS
is composed of two subcomplexes. We recently reported co-
immunoprecipitation data that identify four components,
TssL, TssM, Tss], and TagL, constituting the membrane-asso-
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FIGURE 5. The TssL trans-membrane segment is required for dimer formation. A, cell extracts of tssL strains producing the wild-type TssL protein (WT) or
TssL deleted of the linker (Alink), of the linker and trans-membrane segment (Alink+TM), or of the TMS (ATM) were subjected to 12.5% acrylamide SDS-PAGE
and immunodetection using the anti-FLAG monoclonal antibody. The proteins are indicated on the right, and the molecular mass markers are indicated on the
left (in kDa). The asterisks indicate the dimeric forms of the TssL variants. B, the purified detergent-solubilized full-length TssL protein (TssL"7, theoretical mass
of the monomer: 24 kDa) and the purified cytoplasmic domain of TssL (TssL%*, theoretical mass of the monomer: 20 kDa) were subjected to 12.5% acrylamide
SDS-PAGE and detected by Coomassie Blue staining. The proteins are indicated on the right, and the molecular mass markers are indicated on the /eft(in kDa).
The asterisk indicates the dimeric form of TssL. C, analytical gel filtration analysis of TssL"" (dashed thick line) and TssL<* (continuous thick line) on a Superdex
75 column, calibrated with molecular size markers. The sizes of the markers are indicated on the top of each peak (in kDa). mAU, milliabsorbance units. D, in vitro
chemical cross-linking using para-formaldehyde. The detergent-solubilized full-length TssL protein (TssL"/7) and the cytoplasmic domain of TssL (TssL<*) were
treated (+) or not (—) with 1% PFA and subjected to 12.5% acrylamide SDS-PAGE and detected by Coomassie Blue staining. As control, a PFA-treated sample
was heated 20 min at 96 °C (+/96) to break the cross-links. E, in vivo chemical cross-linking using para-formaldehyde. Lysates from tssL cells producing the
wild-type TssL protein (TssL"7) or TssL deleted of the trans-membrane segment (TssL*™) were treated or not with PFA (0.2 or 1% as indicated) and subjected
to 12.5% acrylamide SDS-PAGE and immunodetection using the anti-FLAG monoclonal antibody. The proteins are indicated on the right, and the molecular
mass markers are indicated on the left(in kDa). The asterisks indicate the dimeric form of the TssL variants.

(29, 31). TssM and Tss] associate onto a 1:1 complex with a K,

£ in the micromolar range (29). The Tss] protein has been struc-
3 i 320 turally characterized and folds as a B-sandwich characteristic of
A e thetransthyretin family (29, 30). One of the Tss] loops has been
% 3 shown to specifically contact TssM (29).

] 2 160 Here, we report the structural characterization of the cyto-
RN . B |,  plasmicdomainofthe Tssl subunit. We recently showed that

TssL is a membrane protein anchored to the inner membrane

| T protein through a C-terminal trans-membrane segment (36).

Pal Pal TssL TssL L18S S21E gy -T18  The cytoplasmic domain (amino acids 1-184) was produced
TolB TssL TolB TssL L18S S21E ;_‘1’132 125 and crystallized. The TssL cytoplasmic domain is composed of

two bundles of three helices, each of which are combined to

FIGURE 6. Bacterial two-hybrid analysis of TssL cytoplasmic domain. Pairs X .
y y s form a globular structure. Although TssL is an inner membrane

of plasmids corresponding to proteins fused to the T18 or T25 domains of the

Bordetella adenylate cyclase (as indicated) were transformed into the BTH101
reporter strain, and the B-galactosidase activity is reported in Miller units.
Error bars indicate S.D.

ciated subcomplex (27). Although Tss] is an outer membrane
lipoprotein (12), the three other components are anchored in
the inner membrane. TssM interacts with Tss], and this inter-
action has been characterized through different approaches

APRIL 20, 2012+VOLUME 287+NUMBER 17

protein, its cytoplasmic domain behaves as a classical soluble
protein; (i) it possesses numerous charged residues that are
scattered on the whole domain surface, and (ii) it does not
exhibit any hydrophobic patches. This compact domain is con-
nected to the inner membrane by a ~20-amino acid linker. The
absence of catalytic residues or of a putative catalytic site sug-
gests that TssL is a structural component of the T6SS.
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FIGURE 7. Schematic model for TssL self-interaction. TssL dimerization through the inner membrane-anchored trans-membrane segment (i) induces
contacts between the cytoplasmic domains (i), leading to a functional TssL dimer (jii).

The overall TssL. fold resembles a hook, and one may
hypothesize that TssL recruits other subunits during the
assembly of the apparatus or the protein effectors prior to their
translocation. Indeed, TssL interacts with the TssM inner
membrane protein (31, 32). A yeast two-hybrid approach
showed that the cytoplasmic domains of the Agrobacterium
tumefaciens TssL and TssM proteins are required for their
association (32). An additional support for this interaction is
the observation that TssL stabilizes TssM in Francisella tular-
ensis (35). In the TssLc structure, several elements might be
required to mediate the contacts with TssM. First, the plug-
shaped h7-h8 loop, which has been shown to be required for
TssL function (Fig. 3), might be necessary for this interaction.
Interestingly, this loop is not conserved among the TssL homo-
logues. However, the TssM-Tss] interaction is mediated by a
nonconserved loop, which has been proposed to serve as a spec-
ificity determinant during the T6SS assembly, especially when
several T6SS are encoded within the genome (29). A similar role
for the TssL h7-h8 loop can be suggested. Another TssL struc-
tural element that can accommodate the cytoplasmic domain
of TssM is the highly conserved groove located on the core
domain and facing the linker (see supplemental Fig. S3). Exper-
iments currently underway are dedicated to define the contri-
bution of these elements for formation of the TssL-TssM
complex.

In this study, we also showed that the T'ssL protein oligomer-
izes. The detergent-solubilized, membrane-extracted full-
length protein is dimeric in solution, as shown upon gel filtra-
tion (Fig. 5). This dimer is sufficiently stable to be partly
resistant to boiling in SDS-loading buffer as a band correspond-
ing to a dimer can be observed upon SDS-PAGE, both from
purified full-length protein and from cell extracts. Dimer for-
mation is strengthened by chemical cross-linking both in vivo
and in vitro. The dimerization mainly involves the trans-mem-
brane segment, which has been previously shown to be impor-
tant for TssL function (36). A purified TssL protein deleted of
the TMS is monomeric in solution. However, dimerization of
the cytoplasmic domains is visualized upon chemical cross-
linking or in bacterial two-hybrid experiments. These results
demonstrate that contacts between the cytoplasmic domains
are established, albeit at low affinity, suggesting that this inter-
action is transient or weak. How the cytoplasmic domains self-
interact has been tested by analyzing the possible packings.
Although the most probable packing (interface of 1190 A)
involves contacts between the linker of two adjacent molecules,
our in vivo data do not support this mode of self-interaction; a
TssL protein deleted of the linker is still able to form dimers.
The data rather support a model in which contacts are medi-
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ated by the h1 helices of the two monomers. Mutagenesis of 2
residues located at the interface, Leu-18 and Ser-21, abrogates
TssL cytoplasmic dimerization in the bacterial two-hybrid
assay. Interestingly, the combination of the L18S and S21E sub-
stitutions, which reconstitute a favorable dimer interface,
restores the interaction in the bacterial two-hybrid assay, as
well as the phenotypes associated with the tssL mutation. It is
also worthy to note that although the S21E TssL variant is
unstable, the L18S/S21E TssL variant is as stable as the WT
protein (Fig. 4), suggesting that reconstituting the cytoplasmic
contacts within the TssL dimer has a stabilizing effect. These
results demonstrate that (i) two TssL proteins contact each
other through the cytoplasmic domains and (ii) cytoplasmic
contacts are functionally relevant for TssL function. Interest-
ingly, dimerization of the Serratia marcescens TssL cytoplasmic
domain has also been evidenced in a bacterial two-hybrid
assay,’ strengthening the functional role of this interface. As
noted above, this packing is not predicted to be the more prob-
able based on the contact area (~700 A). However, in this pack-
ing, the linkers are arranged in a parallel manner, allowing the
two TMS to be brought together. The contacts mediated by the
TMS therefore significantly increase the interface between the
two monomers.

From these data, we propose a zipper-like model in which the
TssL TMS is responsible for the dimerization of the protein.
Formation of the contacts in the membrane might increase the
local concentration, sufficiently to favor the association
between the cytoplasmic domains (Fig. 7). The TssL dimer
being the functional form of TssL, it would be interesting to test
whether dimer formation triggers the recruitment of a protein
partner, such as TssM.

The sequence alignments provided in this study show that
although the TssL homologues are not highly conserved, the
predicted secondary structures are identical. We can therefore
consider the Sci-1 EAEC TssL three-dimensional structure as
a prototype for all the T6SS-associated TssL homologues. More
interestingly, the T6SS TssL proteins and the T4bSS-associated
IcmH/DotU proteins also share conservation of the secondary
structures, and we therefore propose that the TssL structure
might also represent a prototype for all the DUF2077 family
members. Our results therefore extend the list of characteris-
tics shared by the TssL-TssM and IcmH/DotU-IcmF pairs,
highlighting the homology between these complexes associated
with two different secretion systems. What is the function of
these pairs in the T6 and T4bSS and how these pairs have been

6 S. Coulthurst, personal communication.
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exchanged during the evolution are two questions that remain
to be answered.
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