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Preamble

Humanity is a mystery. Since the very beginning, we have tried to understand why we are here and

where we come from. On one hand soft sciences are dedicated to this purpose; on the other hand I

think hard sciences do so. Maybe we have to look deeper around us and we will finally understand

that “the essential is invisible to the eye”. When I started to open my eyes, I was stunned and

fascinated by the microbial world. Microbes are everywhere, all around, within and essential for

us. We need them. They do not live alone and are able to build sophisticated interaction networks.

Bacteria are social one-cell organisms and communicate to survive with each other. They can also

be virulent and cause infections and diseases. These are why I chose microbiology. I wanted to

understand the unrevealed world that is microbiology and more specifically molecular microbiology.

My PhD work focused on the Type VI secretion system (T6SS). The T6SS is a multiprotein

apparatus that delivers toxin effectors directly into both prokaryotic and eukaryotic cells in a

contact-dependent manner. At the molecular level, it is composed of three sub-complexes: a

“contractile tail” assembled on a platform called “baseplate”, which is anchored to the cell envelope

by a “membrane complex”. By delivering toxins into competitor cells, the T6SS participates in

reshaping microbial communities.

In the introduction, I will first define what are bacterial communities, and the different types

of interactions that bacteria have developed with each other. I will then emphasize on competitive

behaviors, and will describe the T6SS: its role in bacterial antagonism, its architecture and its

biogenesis. Finally, I will describe my work on the TssM protein as well as studies in which I have

participated in the Results and Discussion part. The last part, General conclusion and Perspectives,

will recapitulate the results and will discuss them in a more broad vision of the T6SS.

vii
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Introduction
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Chapter 1

Microbial communities

A bacterium is a unicellular organism and exhibits all properties of life. However, bacteria are a

social microorganisms and are rarely found as isolated cells. At one point, the bacterium divides,

and its growth yields to the formation of a colony. A colony is a group of bacteria growing on the

same medium from a single ancestor. Although each cell within a colony is issued from a common

ancestor, the heterogeneity in gene expression is likely to give a colony assembled from distinct

individuals. We can then define a bacterial colony as the first level of organization or the simplest

microbial community. More widely, a microbial community is a group of microorganisms that

shares a common living space. Microbial communities bear different names: consortium, biofilm,

microbiome, etc. Why are there so many words to describe a group of microorganisms? In fact,

depending on specific criteria such as the level of association and the link between cells, each type

of community has a precise purpose and a proper functioning.

For example, a microbial consortium corresponds to two or more microbial groups living symbi-

otically; a biofilm is a multicellular community that adheres to a surface and in which bacteria stick

together, embedded into an extracellular matrix. It can be more or less complex and is usually

symbiotic. These two types of microbial associations are different from the microbiome, now a

byword for microbiota, which is an ecological community of symbiotic, commensal and pathogenic

microorganisms found on or within a multicellular organism, called the host (plants or animals).

The symbiosis is the common factor between almost all microbial communities. However, the mi-

crobial population that forms the community can interact in different ways (cf Chapter 1.2 ). The

following paragraphs will describe the main bacterial associations. I will define each association

and will describe its principal characteristics and well-known examples.

1.1 Happy Together

1.1.1 Consortia

A consortium is a term introduced by Johannes Reinke in 1872 to denote the mutual relation

between the organisms, which turns them into a unity. The concept of consortium has a slightly

more specific contemporary usage in microbiology, where it marks the groups of functionally re-

lated species. A more recent definition, given by Radu Popa is “a consortium is an association of

3



CHAPTER 1. MICROBIAL COMMUNITIES

microorganisms from different species living in metabolic interdependence” (Popa, 2004). A consor-

tium could be then considered as a group of microorganisms that works together to fulfill certain

biochemical transformation of the substrate (Caron, 2000)(Brenner et al., 2007). According to

another description, a consortium is a “spatial grouping of bacterial cells within a biofilm in which

different species are physiologically coordinated with each other, often to produce phenomenally ef-

ficient chemical transformations” (Elvers and Lappin-Scott, 2004). These occurrences can be seen

as special cases of the same concept. A consortium can therefore be defined as a group of organisms

in physical contact and participating to a common biological or biochemical process (Kull, 2010).

Microbial consortia might be involved in very distinct biological processes ranging from sewage

treatment to marine nitrogen cycling. Fascinating examples are phototrophic consortia, which have

been discovered by Robert Lauterborn at the beginning of the last century (Lauterborn, 1906).

These associations between a colorless central rod-shaped bacterium and several cells of green-or

brown-coloured epibionts have been reported in numerous stratified lakes worldwide (Glaeser and

Overmann, 2003)(Overmann et al., 1998). An epibiont is an organism that lives on the surface of

another living organism. Phototrophic consortia are unique in the microbial world as they are highly

ordered structures. Overall, seven different morphotypes of motile phototrophic consortia have

been repeatedly observed, and are distinguished according to the colour and shape of the epibionts

and the presence of intracellular gas vesicles (Overmann and Van Gemerden, 2000). The best-

characterized phototrophic consortium is the one named Chlorochromatium aggregatum (Overmann

and Van Gemerden, 2000): the coloureless bacterium is surrounded by up to 69 green-coloured rod-

shaped bacteria (Figure 1.1). The central rod was shown to be a β-proteobacterium (Fröstl and

Overmann, 2000) that is monopolarly flagellated (Overmann et al., 1998). The consortium exhibits

phototaxis: when it enters darkness, the green-coloured bacteria sense the light and the central

cell reverses direction back into the light (Fröstl and Overmann, 1998). Although the mechanistic

bases for this process are not yet described, a rapid communication must therefore occur between

the nonmotile light-sensing epibiont and the motile colourless central bacterium.

Figure 1.1: The Chlorochromatium aggregatum consortium. (A) Scanning electron microscopy
imaging of Chlorochromatium aggregatum showing the epibionts tightly packed; the cell surface appears rough
and exhibits numerous thin filaments interconnecting neighboring cells (frame). Epibionts exhibits numerous
bulb-shaped protrusions (circles) (Wanner et al., 2008). (B) Negative-stain electron microscopy transversal
section of Chlorochromatium. The central cell is an anaerobic heterotroph, and the seven peripheral cells are
green sulfur bacteria showing their photosynthetic vesicles in the cell periphery. Scale bar, 0.5 µm (Fenchel,
2002).

4



1.1. HAPPY TOGETHER

How the different cells communicate has been suggested by the characterization of the ultra-

structure (Wanner et al., 2008). Long, hair-like filaments connect epibionts and periplasmic tubules

extend from the outer membrane of the central bacterium toward the cell surface of the epibionts.

It has been thus hypothesized that the two bacteria share a common periplasmic space.

Direct exchange has not been yet characterized in this case, but it has been visualized for an

artificial consortium. Indeed, bacterial consortia could be now engineered, based on known prop-

erties of microorganisms (Figure 1.2). A recent publication from one of the teams of our institute

showed that two anaerobic bacteria, Desulfovibrio vulgaris and Clostridium acetobutylicum are

able to grow in co-culture (Benomar et al., 2015). These two strains make physical contacts to

exchange cytoplasmic molecules when starved: fluorescence microscopy experiments showed that

calcein, GFP and mCherry are bidirectionally exchanged. Another group has reported a similar

direct communication between bacteria. Pande et al. synthetically engineered cross-feeding inter-

actions within and between two bacterial species, Acinetobacter baylyi and Escherichia coli. They

showed that membrane-derived nanotubes allow to bidirectionally exchange amino-acids (Figure

1.2) (Pande et al., 2015).

Figure 1.2: Artificial consortia that exchange cytoplasmic contents. (A-B) Scanning electron
microscopy images showing nanotubular structures that connect two cross-feeding genotypes of E.coli cells
(A) and between A. baylyi and E. coli (B). Scale bar, 0.2 µm (Pande et al., 2015). (C-D) Scanning
electron microscopy images of D. vulgaris cells in close contact with C. acetobutylicum cells. Scale bar, 1
µm (Benomar et al., 2015).

The study of simple microbial communities is undeniably essential to decipher higher or more

complicated communities. We are still learning how bacteria can exist in adverse environments and

how they help each other.

5



CHAPTER 1. MICROBIAL COMMUNITIES

1.1.2 Biofilms

Microbial communities can reach a higher level of structuration with a temporal and spatial organi-

zation, termed biofilms (de Vos, 2015). Biofilms are populations of microorganisms that aggregate

at an interface (usually solid-liquid) and that are typically embedded within a matrix comprising

exopolysaccharides (EPS) and DNA (Hall-Stoodley et al., 2004). Biofilms are found ubiquitously

in natural environments and can be responsible for chronic infectious diseases.

In natural environments, biofilms have many different aspects but usually form similar structures

(Figure 1.3). In quiescent saline and hydrothermal waters, cyanobacteria assemble typical biofilms

called stromatolites, a mushroom-like structure formed by layers of cyanobacteria and entrapped

sediments (Dupraz and Visscher, 2005). In flowing waters, filamentous biofilm microcolonies form

streamers. They are attached to the surface by one side while the other can oscillate in the current

(Stewart, 2012). Another example is periphyton, an assemblage of organisms (algae, cyanobacteria,

bacteria and fungi) attached to and living on submerged solid surfaces in natural environments such

as rivers (Wu et al., 2014).

Figure 1.3: Biofilms from natural environment growing in hydrothermal hot springs (A-C)
and freshwater rivers (D-E). In quiescent environment, biofilms tend to form circular structures such
as mushrooms (A)(D) whereas in faster flows they form streamers (B)(E) and ripple structures (C).
Biofilms are from The Biscuit Basin thermal area (Yellowstone National Park, USA) (A-C), Gardener River
(Yellowstone National Park, USA) (D), and Hyalite Creek (Bozeman, Montana, USA) (E) (Hall-Stoodley
et al., 2004).

The best characterized example of biofilm is the one forms by the aggregation of bacteria on

surfaces. Biofilm development follows five successive stages (Stoodley et al., 2002)(Beloin et al.,

2008) (Figure 1.4). Stage 1 is referred as the “initial attachment” of cells to the surface. The motility

is important for adhesion to surfaces as it helps bacteria to find the adequate surface. Then, flagella

or surface adhesins such as curli (in the case of non-motile bacteria) play a role in addition to the

physicochemical and electrostatic interactions that occurs between bacteria and surfaces. Stage 2

corresponds to the beginning of exopolysaccharides EPS production that results in “irreversible”

attachment to the surface. The contribution of adhesive organelles of the fimbrial family such as

type 1 fimbriae (or pili), curli and conjugative pili at this stage is well established. Stage 3 represents
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the early development of biofilm architecture. Autotransporter adhesins (a subfamily of Type V

secretion systems) participate in the establishment of the matrix. The biofilm matrix contains

mainly water, but also EPS, proteins, nucleic acids, lipids, nutrients and metabolites. Stage 4 is

the maturation of biofilm architecture. The matrix is totally formed and has its structural and

protective role, channels and pores are generated within the biofilm to allow exchange of information

and molecules. After an extended incubation, biofilm development reaches stage 5 or dispersion.

Single cells detach from the biofilm reverting to the planktonic mode, which will form a new biofilm,

somewhere else (Figure 1.4).

Figure 1.4: Biofilm development is a five-stage process. Stage 1: initial attachment of cells to the
surface. Stage 2: production of EPS resulting in more firmly adhered “irreversible” attachment. Stage 3:
early development of biofilm architecture. Stage 4: maturation of biofilm architecture. Stage 5: dispersion
of single cells from the biofilm (Stoodley et al., 2002).

Biofilm formation is a tightly regulated process. The transcriptional landscape and physiologi-

cal changes occur in order to allow the transition between each stage (Sauer et al., 2002). Several

regulatory systems are implicated in sensing the environment, and controlling the expression of

different sets of genes. As examples, we can briefly cite the two-component CpxRA system that

senses envelope stresses via the CpxA sensor membrane protein and the CpxR cytoplasmic regula-

tor, or the OmpR/EnvZ system that senses osmolarity in the milieu. Small molecules such as the

second messager cyclic-di-GMP or the alarmone ppGpp are also part of this regulation with other

global regulators such as H-NS or RpoS. More importantly, bacteria communicate between each

other in other to synchronize. Quorum sensing is a mechanism that allows bacteria to function as

multicellular organisms and to reap benefits that they could never obtain if they always acted as

loners (Bassler and Losick, 2006).

While these biofilms might form in the environment, several bacteria are able to assemble

biofilms within the host and hence cause chronic diseases. The best characterized examples in-

clude Pseudomonas aeruginosa that infect the respiratory system of cystic fibrosis patients and

even reach lungs, or Porphyromonas gingivalis and members of the red complex that are involved

in periodontal diseases (Hall-Stoodley et al., 2004). Because the extracellular matrix creates a
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protection against the environment, biofilms are usually difficult to eradicate due to their higher

ability to resist antibiotic treatments. In addition, biofilms, notably Staphylococci, Streptococci

or P. aeruginosa biofilms, can grow in medical devices such as catheters or implants, and hence

represent an important cause of infection (Xu et al., 2017)(Gominet et al., 2017).

The biofilm lifestyle is predominant compared to planktonic cells. In the aggregate, bacteria en-

counter different microenvironments, resulting to heterogeneous populations particularly regarding

production of surface proteins and virulence factors, resistance to antibiotics, nutrient assimilation,

etc. Because these characters are regulated by the microenvironments, biofilms could be consid-

ered as communities of differentiated cells (Stoodley et al., 2002). They can be regarded as a very

efficient form of bacterial life because they allow bacteria to synergistically reach structural and

functional properties that cannot be possible in a free-living bacterial cell (Flemming et al., 2016)

(Sutherland, 2001).

Other biofilm-like structures exist, such as the pellicle, a structure that forms at the liquid/air

interface. Pellicule formation has been extensively studied in the Gram-positive model Bacillus

subtilis but several Gram-positive bacteria are also able to build a floating biofilm such as E. coli,

Pseudomonas, Salmonella and Vibrio species (Armitano et al., 2014). Based on the genetic under-

standing of well-known organisms combined with their abilities to naturally degrade hydrocarbon,

films of bacteria at interfaces might also be exploited in bioremediation in the future (Vaccari et al.,

2017)

1.1.3 Microbiomes

A microbiota is a microbial community that shares a common and specific ecosystem. The term

”microbiome” is now a byword for microbiota but was initially defined as the genetic material

encoded by all members of the microbiota. I will describe in this paragraph two examples of

microbiota that are well characterized.

The human body hosts a myriad of microorganisms named ”human microbiome”. At the

beginning of the 21st century, the human microbiome was “as much an unexplored frontier as the

collection of life found at deep-sea thermal vents if not more” (Relman, 2001). At that time, we had

no idea of the composition and the variability of this myriad of microorganisms. A review even called

the gut flora as the ”forgotten organ” (O’Hara and Shanahan, 2006). A scientific “Consortium”

was created in order to fill this gap, and the idea of a “Human Microbiome Project” emerged. In

2012, a study laid on the characterization of samples from different body habitats: gastrointestinal,

urogenital, nasal, oral and skin. This work was unique as samples were taken from a large variety

of individuals (The Human Microbiome Project Consortium, 2012). The analyses revealed that the

diversity of the human microbiome is unique to each individual and that it is strongly determined

by microbial habitat. They also defined the metabolic pathways of the microbial population and

concluded that they remain stable within a healthy population while microbial taxa vary.

Recent estimations have shown that the human body is composed of 3x1013 eukaryotic cells

and 4x1013 bacteria (Sender et al., 2016). The colonization of the human body starts very early
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(in utero) and expands rapidly after birth. The composition of the microbiota is derived from the

opportunistic colonization by the first bacteria to which the baby is exposed in its environment. It

is highly variable during the first year of life (Palmer et al., 2007) but reaches a stable composition

after 3 years of age (Yatsunenko et al., 2012). The instability during this period makes the bacterial

community more sensitive to variations in the environment. Recently, it has been suggested that

this period represents a “window of opportunity” for immune education (Gensollen et al., 2016)

that will leave a durable imprint. Nevertheless, it is admitted that the microbiota influences host

physiology and immunity. Indeed, the alteration of the composition of the gut microbiota, known

as dysbiosis, occurs in many diseases including cardiovascular diseases, colitis, malignancy, type

2 diabetes mellitus, obesity, psychiatric disorders, asthma, numerous immune disorders and in

elevated blood pressure diseases (Marques et al., 2017). The composition is closely influenced by

lifestyle factors such as diet, which suggests that the gut microbiota and its metabolites might be

as important for determining or preventing human diseases (Figure 1.5)(Marques et al., 2017).

Figure 1.5: Major factors influencing the composition of the gut microbiome. Gut architecture
is genetically defined, and phylogenetically related species tend to have more similar gut microbiomes than
distantly related species. Diet and lifestyle are likely the largest causes of inter-individual variation in the
composition of the gut microbiome in humans. Host genetic variants contribute to aspects such as gut
architecture, diet, body mass index (BMI) and immune system activity. Antibiotic usage can also have
marked effects on the composition of the gut microbiome. Age also has specific effects on the diversity and
richness of the gut microbiome (Hall et al., 2017).

Across host species, a handful of bacteria and archae have emerged as heritable, and have

been shown to associate with host genes related to immunity and diet (Goodrich et al., 2016).

Indeed, classic twin studies have been used for decade to estimate the importance of genetic versus

environmental influences on complex trait variations. Based on the comparison of resemblance in

monozygotic twins (who share 100% of the genes across their genome) and dizygotic twins (who

share on average 50%), it has been suggested that certain host genetic variants predispose an
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individual toward microbiome dysbiosis (Hall et al., 2017).

In addition to environment and genetic influences, the biogeography can affect the development

and maintenance of the microbiota (Figure 1.6). Bacterial communities form in microhabitats and

are stratified within the gut on different scales and axes. These microhabitats such as crypts, the

inner mucus layer, and the appendix are reservoirs of bacterial diversity. They facilitate immune

homeostasis, protect commensal species from competitors and re-seed the gut microbiota after

the bacterial community structure is altered or certain species are depleted from the lumen. The

understanding of the biogeography within the gut ecosystem and their spatial relationships among

microorganisms and between microorganisms and the host is crucial (Donaldson et al., 2015).

Undeniably, great advances have been recently made on the human microbiome. But the modus

operanti of our microbiota is in its infancy.

Figure 1.6: Microbial habitats in the human lower gastrointestinal tract. The dominant bacterial
families of the small intestine and colon reflect physiological differences along the length of the gut. The gra-
dient of oxygen, antimicrobial peptides and pH limits the bacterial density in the small intestinal community,
whereas the colon carries high bacterial loads. cfu, colony-forming units (Donaldson et al., 2015).

Another interesting and well-studied example of microbiota is the one associated with the

coral. A typical coral comprises three structures: the mucus layer, the coral tissue and the calcium

carbonate skeleton (Figure 1.7). The coral hosts an endosymbiotic algae. In addition, each structure

of the coral is associated with a distinct bacterial population that provides specific functions:

photosynthesis, production of molecular oxygen for efficient respiration, nitrogen fixation, chitin

degradation, etc. . . (Rosenberg et al., 2007). Coral can be attacked by bacterial pathogens that

cause coral bleaching. In the case of the Oculina patagonica coral, the causative agent of bleaching

is Vibrio shiloi. At high temperature, V. shiloi produces cell surface adhesins to attach to the
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coral, and a toxin, Toxin P, that inhibits photosynthesis by the endosymbiotic algae Zooxanthelae

(Banin et al., 2001).

Figure 1.7: The structure of the coral tissue. Corals are composed of three structures that provide
habitats for bacteria: the surface mucus layer, coral tissue (including the gastrodermal cavity) and the
calcium carbonate (CaCO3) skeleton. Zooxanthellae are present in the gastrodermis, shown in green in the
figure. (Rosenberg et al., 2007).

Interestingly, although corals lack adaptive immunity system and do not produce antibodies,

they develop resistance to the pathogen. It was shown that V. shiloi adheres and penetrates the

coral but then lyses. This inhibitory property is attributed to bacteria of the Roseobacter and the

Pseudoalteromonas genus (Nissimov et al., 2009). These two genus are known to produce antibiotics

(Brinkhoff et al., 2004)(Bowman, 2007); so a cocktail of bacteria with different antibiotic properties

could together prevent infection by the pathogen.

This phenomenon has led to the ”coral probiotic” hypothesis that proposes the existence of

dynamic relationship between corals and symbiotic microorganisms. First formulated by Lynn

Margulis in 1991, Zilber-Rosenberg and Rosenberg (Zilber-Rosenberg and Rosenberg, 2008) gener-

alized this hypothesis and retrieved it into the “hologenome theory of evolution”. The hologenome

is defined as the sum of the genetic information of the host and its microbiota. According to the

theory, the holobiont should be considered as “a unit of selection in evolution”. This idea converges

to the “superorganism theory” proposed by Wilson and Sober in 1989 (Wilson and Sober, 1989).

Indeed, they point out that communities (similarly to individuals) can possess similar properties

of functional organization, and therefore be regarded as ”superorganisms”.

The hologenome theory of evolution is now also associated to humans and its microbiota.

Indeed, some scientists raised the hypothesis that we are evolving as a complex system with our

microbiome and that any perturbation can cause emerging diseases (Salvucci, 2014).

Then, we can represent our microbiome as double-edged: it is beneficial for us but it can

cause severe effects. On one hand, thorough knowledge on the human microbiome will help to

understand the links between the human microbiome with our health and disease. One the other
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hand, the hologenome theory may help to better understand fitness potential of the holobiont and

a deep understanding will aid therapeutic potential of microbiota in human health from the clinical

perspective (Singh et al., 2013).

1.2 Interactions between bacteria

To assemble communities, bacteria should communicate, exchange and transfer information. Within

the community, bacteria may have neutral, beneficial or antagonistic behaviors. These behaviors are

grouped within the term ”bacterial interactions” (Faust and Raes, 2012). The possible interactions

between two species can be visualized and classified on a wheel (Figure 1.8).

Figure 1.8: Summary of ecological interactions between members of different species. The
wheel display introduced by Lidicker has been adapted to summarize all possible pairwise interactions. For
each interaction partner, there are three possible outcomes: positive (+), negative (-) and neutral (0). For
instance, in parasitism, the parasite benefits from the relationship (+), whereas the host is harmed (-); this
relationship is thus represented by the symbol pair +/- (Faust and Raes, 2012)

1.2.1 Commensalism and amensalism

The term commensalism describes when one partner benefits without helping or harming the other.

We can observe commensalism in biodegradation in which commensals cross-feed on compounds

produced by other community members (such as in cellulose degradation) (Leschine, 1995).

By contrast, amensalism is an interaction in which one partner is harmed without providing

any advantage to the other; for example when metabolic by-products of a microbial species alter

the environment to the detriment of other microorganisms. Pseudomonas taetrolens is a producer

of lactobionic acid from carbohydrates contained in dairy products whereas Lactobacillus casei

classically produces lactic acid. When both strains are present in the same milieu, lactic acid

and lactobionic acid are co-produced, hence inhibiting only the lactic metabolic pathways of P.

taetrolens and its growth (Garćıa et al., 2017).
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These asymmetric interactions affect unilaterally one species, and one may suspect that they

will affect the dynamics of the bacterial community. Mougi used a theoretical approach and showed

that commensalism and amensalism greatly increase the stability of the community compared to

a symmetrical interaction (such as symbiosis) but less than asymmetric antagonistic interactions

(such as competition or predation) (Mougi, 2016).

1.2.2 Parasitism and predation

Parasitism and predation are two distinct loss-win interactions. The term predator should be used

for organisms that actively hunt to kill their prey and consume their macromolecules as nutrients,

while the term parasite should be reserved for organisms that form close associations with their

hosts without killing it.

Parasites do not kill their host as they exploit them for the resources necessary for their survival.

As an example of parasitism, we can name the well-known relationship between bacteria and

temperate bacteriophages. Temperate phages are bacteriophages that display lysogenic life cycles.

They penetrate the bacterial cell and integrate their genome into the bacterial DNA to become

prophages. Then, the bacterial replication machinery is used to duplicate the phage genome at

each cell cycle.

Bacterial predation is well documented thanks to extensive studies carried out on theMyxococcus

and Bdellovibrio genera. But many predatory strains with diverse hunting strategies have been

identified, although the mechanistic details of the processes are not known (Pérez et al., 2016).

Three different hunting strategies could be distinguished: epibiotic, endobiotic and group attack.

In the epibiotic strategy, the predator does not invade the prey, but it remains attached to the outer

surface of the cell where it degrades and assimilates the prey molecules. In the endobiotic strategy,

the predator invades the prey cell by penetrating either into the periplasm or the cytoplasm. Finally,

in the group attack strategy, bacteria move as a pack and melt on the prey to destroy them and

grow on the leftovers.

Bdellovibrios include all bdellovribrio-like predatory bacteria with the same properties as B.

bacteriovorus. Bdellovibrio is a short rod, motile δ-proteobacterium that is a predatory invader of

Gram-negative bacteria (Sockett, 2009). Interestingly, Bdellovibrio have been shown to successfully

prey upon hosts growing within biofilms (Kadouri and O’Toole, 2005) and also on prey that are

encapsulated (Koval and Bayer, 1997). It has been shown that flagellar motility is important to

hunt prey but not required to enter prey cells (Lambert et al., 2006a) and that the type IV pili plays

a critical role (Evans et al., 2007). Once inside, predatory strains replicate within the periplasm

(Figure 1.9) in a structure known as the bdelloplast, a sealed environment that protects against

competition by other bacteria. It is worth to note that Bdellovibrio cannot replicate except inside

the prey cell. The bacterium proceeds through a coencytic development process, septating to yield

several progeny. During growth inside the bdelloplast, B. bacteriovorus uses prey molecules for its

own biosynthesis and reproduction (Lambert et al., 2006b). Genome sequencing has revealed genes

encoding the enzymatic players in the hydrolytic process. As an example, the breakdown of the

prey’s nucleic acids conducts to their assimilation into the newly-synthesized Bdellovibrio nucleic
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acids (Matin and Rittenberg, 1972)(Rosson and Rittenberg, 1979). The fascinating molecular

details of Bdellovibrio development in the bdelloplast is just starting to be delineated and many

questions remain unanswered such as how attachment to the prey is mediated or how the bacteria

cross the prey outer membrane to enter the periplasm.

Figure 1.9: Bdellovibrio invasion. Electron micrographs showing (A) Narrow entry point of Bdellovibrio
into the E. coli prey periplasm (Evans et al., 2007). (B) Replication of Bdellovibrio within the prey (Sockett,
2009).

Myxococcus xanthus is a well-studied predatory bacterium. M. xanthus has a complex life cycle

and is considered as a model system for bacterial social behavior (Zhang et al., 2012b)(Keane and

Berleman, 2016). This bacterium has the ability to move in order to colonize new territory thanks

to two motility systems: the “social” (S-) motility and the “adventurous” (A-) motility. S-motility,

or twitching motility, is characterized by the swarming movement of large cell groups and it is

stimulated by cell-cell proximity (Shi and Zusman, 1993). It allows movement on soft and wet

surfaces and it is known to be crucial for cooperative predation. Fibrils, the lipopolysaccharide and

the retractile type IV pili are the extracellular components associated with this motility (Muñoz-

Dorado et al., 2016). The A-motility system is a distinct process. A-motility or gliding motility

drives the movement of single cells at the swarm edges. The A-motility cells glide slowly to explore

new environments, change direction though reversal events, and leave behind extracellular matrix

slime trails that may be followed by other cells (Ducret et al., 2012) (Muñoz-Dorado et al., 2016).

Cells can then individually move on hard agar (Wolgemuth et al., 2002). M. xanthus penetrates

prey colonies and lyses prey cells (Figure 1.10) using various secreted compounds (Dworkin, 1996).

By contrast to Bdellovibrio, M. xanthus does not penetrate within the prey cell. However, it is

able to kill both Gram-positive and Gram-negative bacteria. The roles in predation of the two

motility systems are imprecise, but it seems that both A- and S- motility mechanisms are required

for efficient predation (Pham et al., 2005) (Berleman and Kirby, 2009). The detailed mechanisms

of prey sensing, prey attack and prey lysis are not yet defined.

1.2.3 Mutualism and competition

Bacteria may cooperate. These win-win relationships that are grouped under the term mutualism,

which could be also called cooperation or symbiosis. However, symbiosis is also used in a broader
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Figure 1.10: Myxococcus xanthus predation. Time course of (A) solitary predation by M. xanthus on
cyanobacteria cells. The cyanobacterial species can be observed as a chain of large, spherical cells (Shilo,
1970). (B) M. xanthus invading and lysing a colony of Escherichia coli prey (Berleman and Kirby, 2009)

.

sense to include all ecological relationships whereas cooperation designates mutualism between

single organisms rather than populations. The best examples of mutualism are the ability of

bacteria to build a biofilm, which confers resistance to antibiotics, phages, and toxic compounds,

and the exchange of metabolic products between two species to the benefits of both. I have already

described two examples of mutualism in the previous paragraphs: biofilm formation, as well as the

Chlorochromatium aggregatum consortium.

In the opposite, competition is a loss-loss interaction. The law of competitive exclusion indicates

that two species with similar niches exclude each other. When two strains compete, there is

formation of area of exclusion. The exclusion area between two colonies is called Dienes line

(Senior, 1977). This phenomenon has been well-studied by the Karine Gibbs lab using Proteus

mirabilis as it differentiates between self and non-self and shows a territorial behaviour. Indeed,

Proteus mirabilis is capable of movement on solid surface using a swarming motility. It has also the

ability to distinguish between self and non-self isolates. When it recognizes the other as foreign, it

does not merge and forms Dienes lines (Gibbs et al., 2008). This social recognition is dependent on

the ids and idr clusters (Gibbs et al., 2011). It has been shown that the Ids and Idr proteins are

linked to the T6SS (Wenren et al., 2013)(Figure 1.11). Microscopy experiments have shown that

Dienes lines results from T6S-mediated activities leading to lysis of non-self bacteria (Alteri et al.,

2013). It is proposed that the entire population indiscriminately uses the T6SS to deliver effectors

during its growth in order to maximize the cooperation, to acquire new resources or to get away

from predators.

Indeed, the main purpose of interbacterial killing is to eradicate competitors in their own niche.

A recent paper showed by mathematical modeling and experiments that V. cholerae favours evolu-
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tion of public goods cooperation. Competition has a twin role: causing death to local competitors

while creating good conditions for kin (McNally et al., 2017).

Figure 1.11: Model for Ids and Idr functional roles in self-recognition. (A) Functional flow chart
for the roles of the Ids, Idr, and T6S proteins in self-recognition and territorial behaviors. A subset of Ids
and Idr proteins are primarily exported via a shared T6S system (tss) and are necessary for competition on
surfaces with the parent strain. Idr proteins are also needed for competition against foreign strains. (B)
Model for self-recognition predicts that the combined actions of interactions between cognate Ids and Idr
proteins between two neighbouring cells result in the determination that self is present, ultimately resulting
in the merging of two swarms. Expression of the self-recognition components within the cells is sufficient,
though in wild-type strains, some of these components are exported from the cell by a T6S system. In
contrast, absence of one or more of the Ids and Idr self-recognition systems leads to the determination that
self is absence of one or more of the Ids and Idr self-recognition systems leads to the determination that self
is absent and ultimately to boundary formation (Wenren et al., 2013).

The next chapter will specifically describe the mechanisms and the actors of interbacterial

competition.
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Chapter 2

Interbacterial competition

In the environment, bacteria live in complex multispecies communities. In these communities,

bacteria communicate and compete with one another for colonization and survival. They have

developed several strategies as diverse as the competitors they encounter.

Competitive interactions are achieved indirectly by utilizing the nutrient resources to increase

the grow rate at the detriment of the other species (Hibbing et al., 2010). Competition can also

be achieved directly by (i) the production of diffusible antibacterial molecules such as antibiotics,

lantibiotics and bacteriocins, secreted enzymes, metabolites and outer membrane vesicles (OMV)

(Kommineni et al., 2015)(Riley and Wertz, 2002) or (ii) contact-mediated mechanisms such as

exchange of outer membrane material, or specialized machines such as contact-dependent inhibition

(CDI) or Type VI secretion system (T6SS)(Stubbendieck and Straight, 2016) (Figure 2.1). Beside

these mechanisms developed by bacteria, bacteria are used as hosts by phages, which also indirectly

participate to inter-bacterial competition.

I will describe in the next chapters the main actors of bacterial competition in Gram-negative

Proteobacteria: colicins, phages, CDI and T6SS; emphasizing their mechanism of action, their

structure and assembly as well as their role in microbial communities.

2.1 Generalities

Competition for a limiting resource can been categorized into two broad mechanisms: scramble and

contest (Nicholson, 1954).

• Scramble competition, also called exploitation competition, involves the rapid use of the lim-

iting resource without direct interaction between competitors. This competition is passive in

the sense that one strain deprives the others of a resource (such as a nutrient or habitable

space). In this case, the other strains will be outcompeted by the rapid growth of the cheater.

• Contest competition, also called interference competition, involves direct, antagonist inter-

actions between competitors. After destroying the other strains, winners appropriate the

available resources for its own growth. In this competition, one competitor actively harms

the other, such as by delivering toxins (Hibbing et al., 2010).
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Figure 2.1: Summary of mechanisms used in bacterial competition. (A) Contact-mediated mech-
anisms involve either direct contact between cell envelopes (OME) or are facilitated by protein complexes
(CDI and T6SS). In the case of CDI and T6SS, toxic effectors (square or wedged circle) are delivered into the
target cell. (B) Bacteria compete at a distance using SMs (examples shown are bacillaene and streptomycin),
secreted enzymes such as bacteriocins, and extracellular vesicles. CDI, contact-dependent inhibition; EVs,
extracellular vesicles; M, membrane; MT, target cell membrane; IM, inner membrane; OM, outer membrane;
PG, peptidoglycan; T6SS, type VI secretion system (Stubbendieck and Straight, 2016).

2.2 Specialized metabolites and secreted enzymes

The most intensively studied mechanism of bacterial competition is the production of small antimi-

crobial compounds (a subset of secondary metabolites). Specialized metabolites (SMs) previously

called “secondary” metabolites are molecules produced by bacteria that are not involved in pri-

mary metabolism but are involved in other biological processes (Davies, 2013). In the context of

competitive interactions, SMs are those affecting the growth and development of competing bacte-

ria. Although some recent literature calls into question the role of antibiotics as bacterial growth

inhibitors in the environment (Yim et al., 2007), extensive studies on a number of antibiotics have

verified their importance in mediating competition (Chao and Levin, 1981). For instance, antibi-

otics provide some of the clearest mechanistic insights into chemical interactions between competing

bacterial species. The biological functions of the SMs are numerous and largely unknown.

As mentioned above, exploitation competition can rise from direct consumption of nutrients,

buildup of toxic waste products, or the activity of SMs. Siderophore production is an exam-

ple of SMs implicated in exploitation competition (Figure 2.2). Siderophores are iron-scavenging

molecules. They are produced and released in the environment to chelate external iron that is

then imported as a complex into the producer cells (Wandersman and Delepelaire, 2004). Iron is
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essential for bacterial respiration and metabolism as it is required for the biogenesis and the ac-

tivity of cytochromes and iron-sulfur proteins. Many bacterial species are able to use heterologous

siderophores, and hence sequester iron away from the siderophore producer. Siderophore-mediated

competition relies also on differences in the iron-binding affinities. For example, when co-cultured

with Pseudomonas aeruginosa, Burkholderia cenocepacia produces ornibactin siderophores. They

sequester so much iron that P. aeruginosa expresses genes that are up-regulated in iron starvation

and then will grab the ornibactin siderophores from the milieu (Weaver and Kolter, 2004). The

smarter mechanism is developed by some species, called social cheaters, that have lost the ability

to produce siderophores but have maintained the capacity to take them up (West and Buckling,

2003).

Figure 2.2: Simplified models of siderophore-mediated bacterial competition. (A) Three compet-
itive scenarios in iron-limiting conditions in which the use of a siderophore is necessary for iron acquisition.
Species 1* represents a cheater of species 1 that has lost the ability to produce siderophores but that main-
tains the ability to use siderophores that are produced by cooperating individuals. Species 1 produces a
higher-affinity siderophore than species 2, which allows species 1 to monopolize the available iron. Com-
petition between species 1 and 3 is analogous to that between species 1* and 1, but species 3 has evolved
the ability to use the heterologously produced siderophore from species 1, having never had the ability to
produce this siderophore itself. (B-D) The predicted outcome of competition between the indicated species
(Hibbing et al., 2010).

Another involving iron is exemplified by the P. aeruginosa/Staphylococcus aureus pair. P.

aeruginosa has the ability to lyse Staphylococcus aureus, liberating free iron. But S. aureus also

competes with P. aeruginosa for free iron. It has been shown that in presence of S. aureus, and

in iron-limited conditions, P. aeruginosa increases siderophore production and cheat selection,

whereas siderophore production is downregulated and cheats evolve less readily in the absence of
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S. aureus or in free iron culture (Harrison et al., 2008).

Bacteria produce many SMs, representing a huge chemical diversity with unknown function

(Davies and Ryan, 2012). The effects of SMs on the development of a bacterial species have been

reported in several studies, but the mechanistic bases for the competition or inhibition are usually

not known. As an example, 2,4-diacetylphloroglucinol that is produced by Pseudomonas protegens

inhibits the cellular differentiation of Bacillus subtilis (Powers et al., 2015).

One additional strategy is the interference of SMs with quorum sensing and thus the disruption

of subsequent downstream processes linked to on communication between competitor cells (Teasdale

et al., 2009)(Kwan et al., 2011).

In addition to the production of specialized metabolites, bacteria also secrete enzymes that are

involved in competition. They confer antibiotics resistance or interfere with the development of

competing species. Secreted enzymes have many active roles but how bacteria use them to kill or

inhibit their competitors is not known. Some degradative enzymes have been shown to cleave acyl

homoserine lactones that are used as signal molecules in quorum sensing (Wang and Leadbetter,

2005). In some cases, the degradation products can be used carbon or nitrogen sources for the

cheater (Leadbetter and Greenberg, 2000).

2.3 Outer membrane vesicles (OMV)

Outer membrane vesicles (OMVs) are naturally produced from Gram-negative bacteria during

growth. OMVs protrude from the outer membrane and are then released into the environment

(Roier et al., 2016)(Figure 2.3). These OMVs contain outer membrane and periplasmic components

such as lipopolysaccharide (LPS), phospholipids and proteins (Henry et al., 2004) but have been

proposed to specifically encapsulate virulence factors (Allan et al., 2003)(Bielaszewska et al., 2017)

or DNA (Renelli et al., 2004)(Bitto et al., 2017). Once released, vesicles can encounter another

Gram-negative cell and fuse with its outer membrane (Kadurugamuwa and Beveridge, 1999). The

cargo components are then delivered into the recipient periplasm. Gram-positive bacteria are also

able to produce membrane vesicles but the mechanism is different as they lack an outer membrane

(Brown et al., 2015).

OMVs are especially capable of vectoring proteins, lipids, nucleic acids, and small molecules

implicated in competition and signaling processes (Berleman and Auer, 2013). These robust pro-

teoliposomes have evolved naturally to be resistant to degradation and provide a supportive envi-

ronment to extend the activity of encapsulated cargo (Alves et al., 2016). They also facilitate the

transfer of hydrophobic molecules across aqueous environments (Mashburn and Whiteley, 2005)

such as antibiotics or enzymes. As an example, Streptomyces lividans produces OMVs containing

an antibacterial compound called prodigiosin (Schrempf and Merling, 2015) whereas P. aeruginosa

produces peptidoglycan-degrading hydrolases (Kadurugamuwa and Beveridge, 1996).
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Figure 2.3: Outer membrane vesicles (OMVs). Negatively stained whole cells showing vesicles of (A)
Burkolderia cepacia and (B) Serratia marscens. Mv membrane-vesicle WC;, whole cell; cp; cable pilus; f,
flagella. (Allan et al., 2003). (C) Vesicles and membrane-blebbing in M. xanthus with TEM (Images from
Remis and Auer). (D) Arrangement of vesicles along the cell membrane in M. xanthus cryo-tomography
(Palsdottir et al., 2009). Bars= 100 nm.

2.4 Bacteriocins

2.4.1 Generalities

Bacteria produce a broad repertoire of peptide antibiotics. These antibiotics could be categorized

in three main families based on the length of the peptide chain and on the producer, ranging from

lantibiotics to bacteriocins. Lantibiotics and microcins are short peptides (15-40 residues) whereas

bacteriocins are composed of a single, large, polypeptide, or of a high-molecular weight complex.

Bacteriocins are one of the most abundant and diverse classes of anti-microbial molecules. They

are produced by almost every bacterial species from the Eubacteria and Archaebacteria kingdoms

(Chak et al., 1991)(Riley and Gordon, 1992). Bacteriocins are usually produced under stressful

conditions and most bacteriocins target strains of the same — or closely related — species, but few

have a broader spectrum of targets. Bacteriocins kill rapidly neighboring cells (within minutes)

that are non immune (Pugsley, 1984) and appear to mediate population dynamics (Chao and Levin,

1981).

Based on theoretical and experimental studies, a model emerged to explain the biological role

of bacteriocins: the rock-paper-scissors model (Kerr et al., 2002). This non-transitive competi-

tion network comprises three actors: the producing strain dominates the sensitive strain, which

outcompetes the resistant strain (because it does not incur the cost of resistance), which in turn

outcompetes the producing strain as it is resistant to bacteriocins and does not incur the cost of

production (Figure 2.4) (Hibbing et al., 2010). It is worth to note that the three types of strain

persist only when the environment that they inhabit is structured, creating individual niches and

suggest that the benefit of bacteriocin production in nutrient depletion environment will offset the

cost of production. A study, based on a multispecies system comprising an antibiotic-producing P.

aeruginosa strain P1, a resistant Raoultella ornithinolytica strain R1 and a sensitive Brevibacillys

borstelensis strain S1, demonstrated the ability of the three species to establish a non-transitive

competitive network (Narisawa et al., 2008).
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Figure 2.4: Non-transitive competition network. A model Escherichia coli non-transitive competition
network. A strain producing a colicin toxin outcompetes a sensitive strain, which outcompetes a resistant
strain, which in turn outcompetes the producing strain (Hibbing et al., 2010).

I will focus on two types of bacteriocins: colicins, which are single-protein anti-bacterial toxins

produced by Escherichia coli species; and R-pyocins, high-molecular weight assemblies produced

by P. aeruginosa that use a contractile mechanism to kill competitors.

2.4.2 Colicins

Colicins are anti-bacterial toxins that are released by E. coli strains. Colicin genes are present

within a operon which also contains the gene encoding the lysis protein (to release the colicin in

the milieu) and a gene encoding the immunity protein (which confers self-protection). Once in the

environment, colicins bind to a receptor at the cell surface of the target sensitive cell, penetrate

the cell envelope using the Tol (group A) or TonB (group B) complexes and then kill the cell by

interfering with peptidoglycan synthesis, collapsing the proton-motive force or degrading nucleic

acids.

2.4.2.1 Production of colicins

Colicins are produced by strains of E. coli that harbor colicinogenic plasmids (pCol). pCol plasmids

are classified as type I and type II (Hardy et al., 1973). Type I pCol plasmids are small plasmids

of 6-10 kb present in about 20 copies by cell and encode mainly colicins of group A such as colicins

A, E1-E9, K, N, 5, and 10. Type II pCol plasmids are 40-kb large monocopy plasmids that usually

encode colicins of group B such as colicins B, Ia, Ib, and M.

In agreement with colicin production during stress conditions, colicin operon promoters con-

tain SOS boxes and are therefore under the control of the LexA repressor (Little and Mount,

1982)(Lloubes et al., 1986). The operon is usually constituted of (i) the structural gene for colicin,

called cxa for colicin X activity, (ii) the gene encoding the immunity protein, designed cxi for

colicin X immunity, and (iii) the gene encoding the colicin lysis protein, named cxl for colicin X

lysis (Figure 2.5) (Cascales et al., 2007).
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Figure 2.5: Organization of colicin operons. The genes are represented by arrowheads. SOS promoters
(PSOS), the immunity promoter (Pim), and transcription terminators (T) are indicated by arrows. Names
of the colicin gene (cxa, in which x is specific to the colicin) and its immunity gene (cxi) and lysis protein
gene (cxl) follow the nomenclature (Cascales et al., 2007).

2.4.2.2 Mechanism of action

The release of colicins into the medium is accompanied by the lysis of the producing cell, due to the

colicin lysis protein. Colicin lysis proteins are small lipoproteins of 27-35 amino acids. By inserting

into the outer membrane, colicin lysis proteins induce the formation of large pores in the outer

membrane by the activation of the outer membrane phospholipase A (OmpLA) (Cavard et al.,

1987)(Cascales et al., 2007). However, only a subpopulation of the colicin-producing strain will

accumulate and release the colicin. Hence, it is considered that cells that release colicins sacrifice

for the other cells of the progeny.

Colicins are 600-residue proteins in average, with a maximum of 697 residues for colicin D and

a minimum of 271 residues for colicin M (Braun et al., 1994). Colicins are organized into three

domains, each corresponding to one step of the colicin mode of action (de Graaf et al., 1978). The

central domain binds to the outer membrane receptor of the target cell; the N-terminal domain is

involved in the translocation through the outer membrane, while the C-terminal domain specifies

the activity (Figure 2.6).

Reception: colicins bind to specific receptors at the surface of the sensitive strains (Fredericq,

1946). Mutations of the gene encoding the receptor lead to the loss of sensitivity to the corre-

sponding colicin. Receptors are usually outer membrane proteins involved in the entry of specific

nutrients such as nucleosides, siderophores and vitamins (Chai and Foulds, 1977)(Chai and Foulds,

1979)(Di Masi et al., 1973). The binding of colicins to receptors has been well characterized by

genetic, biochemical, biophysical and structural approaches (Figure 2.7) (Housden et al., 2013)

(Braun et al., 2002)(Cao and Klebba, 2002)(Lazdunski et al., 1998)(Kurisu et al., 2003)(Buchanan

et al., 2007).
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Figure 2.6: Outer membrane receptors and cytotoxicitic activities of group A and group B
colicins. Tol- and Ton-dependent import pathways: cell envelope proteins required for colicin reception and
translocation (Cascales et al., 2007).

Translocation: colicins parasitize two machineries to enter the target cell (Davies and Reeves,

1975)(Day et al., 2002). Group A colicins use the Tol system while group B colicins use the Ton

system. TonB and Tol system are two energized machineries that use the proton-motive force

for regulating processes at the outer membrane (Figure 2.6) and (Figure 2.7) . The Ton system

is constituted of three inner membrane proteins, TonB, ExbB and ExbD. The TonB complex is

involved, with cognate TonB-dependent receptors, in the uptake of siderophores and vitamin B12

(Postle and Kadner, 2003). The Tol system comprises proteins that share the same topology and

localization: TolA, TolQ and TolR, plus the periplasmic protein TolB. It also includes Pal, an

outer membrane-anchored lipoprotein, which is not required for colicin import (Lazzaroni et al.,

2002). The physiological role of the Tol system is not clear but it is required for stability of the

cell envelope and for the late stages of cell division (Bernadac et al., 1998)(Gerding et al., 2007).

Activity : colicins have different modes of action. With few exceptions, the C-terminal domains

of colicins bear pore-forming or nuclease activity (Bullock et al., 1983)(Martinez et al., 1983). Pore-

forming colicins form large pores in the inner membrane, hence depolarizing the chemical gradient.

A 2-helix hairpin inserts first, leading to an umbrella-like structure, before the insertion of the other

8 trans-membrane helices. The immunity of pore-forming colicins is located in the inner membrane

(Weaver et al., 1981) and by interaction with the hairpin, prevents channel formation (Duché et al.,

2006). Enzymatic colicins target phosphodiester bonds within genomic DNA (DNAses), 16S rRNA

(rRNases), or tRNAs (tRNAses) (Cascales et al., 2007), eliciting cell death. The immunity of

nuclease colicins forms complex with the cognate colicin, neutralizing its catalytic activity.

It is worth to note that colicin-like proteins are produced by various Gram-negative bacteria:

S-pyocins, carocins, vibriocins are respectively produced by Pseudomonas, Pectobacterium, and

Vibrio species. All these proteins share a similar organization and a similar mechanism of action.

However, other bacteriocins are very distinct for both their architecture and their uptake. An

important group of bacteriocins, such as R-pyocins, are particles comprising several polypeptide

that use a contractile mechanism for injection of the toxin activity.
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Figure 2.7: ColE9 binds BtuB and uses OmpF to capture TolB on the other side of the
membrane in a defined orientation. Structural representation of the ColE9 translocon (the structure
for the related ColE3-Im3 bound to BtuB is shown (PDB accession code 1UJW)) and its protein-protein
interaction network across the Gram-negative cell envelope (Housden et al., 2013).

2.4.3 R-type pyocins

2.4.3.1 Generalities

First identified by Jacob in 1954, R-pyocins are high-molecular weight proteins or protein complexes

produced and released in the extracellular medium by Pseudomonas aeruginosa (Jacob, 1954).

Pyocins target bacterial cell from the same species. Their anti-bacterial activity appears to create

a channel in bacterial membranes that dissipates the cell’s proton potential. 90% of Pseudomonas

aeruginosa strains produce pyocins upon DNA damage (Michel-Briand and Baysse, 2002). Three

general types of bacteriocins can be differentiated: S-type (soluble), which are colicin-like proteins,

R-type (retractile), which are non-flexible and contractile, and F-type (flexible), flexible but non-

contractile structures. It is worth to note that the R-type pyocins are related to the tails of

bacteriophages from the Myoviridae family whereas the F-type pyocins are related to Siphoviridae

phage tails. Based on their targets, R-type pyocins can be classified into five groups (R1 to R5).

They harbour the same general morphology, structure and mechanism of action.

2.4.3.2 Structure

The R-type pyocins gene cluster is located on the chromosome and comprises twelve genes that are

essential for R-pyocin assembly (from ORF 11 to ORF 23). By comparison with the structure of the

Myoviridae P2 or T4 bacteriophage, it is possible to assign functions to these ORFs (Michel-Briand

and Baysse, 2002). The ORFs numbered 17 and 18 encode tail sheath and tail tube proteins and

are homologous to gp18 and gp19 respectively. ORF 13 and ORF 15 encode baseplate and tail

fiber protein (Nakayama et al., 2000).
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The R-pyocins have been observed by negative-stain electron microscopy since the 60’s (Ishii

et al., 1965)(Takeda and Kageyama, 1975) but it is only recently that the atomic structures of the

pyocin R2 sheath and tube was solved (Ge et al., 2015). By cryo-electron tomography, the authors

solved the 3.4-Å resolution structure of pyocin R2 in its pre-contraction and post-contraction forms

(Figure 2.8). The overall structure is composed of three major parts (Figure 2.9): (i) a baseplate

resembling a ring-like structure with a diameter of 240 Å. The outer side of the baseplate is extended

by six tail fibers whereas the inner side of the baseplate ring is connected to the central spike protein;

(ii) a trunk formed by a sheath and a tube with a helical structure. The length of the trunk in the

extended conformation is 1000 Å for a diameter of 180 Å; and (iii) a collar with a diameter of 65

Å. The tail structure has a 6-fold symmetry and is made of discs that contain six tube subunits

and six sheath subunits.

Figure 2.8: R-type pyocin particles. Electron microscopy images of the pyocin R2 embedded in uranyl
acetate stain in a pre-contraction (A) and a post-contraction state (B) (Ge et al., 2015).

Figure 2.9: Structure of R-type pyocin. (A) Surface view of a 3D reconstruction of the entire pre-
contraction R-pyocin. (B-C) Comparison of R-pyocin contraction between the pre-contraction and post-
contraction sheath . The cryo-EM density map in (B) and in (C) is filtered to a comparable 3.9 Å-resolution
(Ge et al., 2015).
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2.4.3.3 Mechanism of action

The mechanism of action of the R-type pyocins is similar to the Myoviridae phages.

Release from the producing cell. Producing cell lysis is induced by five proteins: two holin

proteins (ORF9) disrupt the inner membrane by forming large holes. The cell wall is then degraded

by the R protein (ORF24) (Campbell and Delcampillo-Campbell, 1963). Finally, disruption of the

outer membrane is caused by the “spanning complex” which comprises the Rz inner and Rz1 outer

membrane proteins (ORF25 and ORF26) (Berry et al., 2012).

After their release in the environment, R-type pyocins bind the target cell surface via their tail

fibers that recognize the lipopolysaccharide (Govan, 1974). The tail fibers confer specificity against

target cells. By replacing the tail fibers of one R-pyocin by the tail fibers from the R-pyocin from

another strain, the initial R-type pyocins could be retargeted to the species specific for the second

one (Williams et al., 2008). Upon binding, R-pyocins contract their sheath leading to penetration

of the tube through the bacterial cell, which creates a channel in the envelope. The pore leads to

the dissipation of the cell’s proton potential and then causes cell lysis.

2.4.4 Role of bacteriocins in microbial communities

Although bacteriocins mediate microbial dynamics in laboratory conditions, the real impact that

bacteriocin production plays in microbial communities is unclear. Three potential roles have been

proposed (Riley and Wertz, 2002)(Dobson et al., 2012): (i) They may serve as competitors or

colonizing peptides facilitating the invasion of an occupied niche; (ii) They may play a defensive

role as antimicrobial peptides by prohibiting invasion of microbial communities by other strains or

pathogens; (iii) They can serve as signaling peptides for a ’quorum sensing’-like mechanism (Miller

and Bassler, 2001).

Experimental studies were inconclusive and contradictory (Riley et al., 2003). At first, the

narrow killing range of bacteriocins was the hallmark (Riley et al., 2003). However, bacteriocins

from natural isolates of several species of enteric bacteria were shown to have effects against a large

set of nonproducers isolated from the same sources (Riley et al., 2004). Some bacteriocin species

are most effective at killing their own species whereas others kill more broadly or specifically kill

isolates of different species. Thus, bacteriocins play equally roles in mediating both population

level and community level interactions.

Several studies have been conducted on colicins, microcins and R-pyocins.

R-pyocins. Very few studies have provided information on the role of R-pyocins on microbial

communities. However, it has been shown that two R-pyocins produced by the Pseudomonas chloro-

raphis 30-84 strain are involved in bacterial competition against plant-associated Pseudomonas

species, both in mixed surfaced-attached biofilms and in wheat rhizophere communities (Dorosky

et al., 2014).

Colicins. In 2011, Majeed et al. published a study using two colicigenic E. coli strains. Using

in vivo and in vitro approaches, they confirmed in silico simulations demonstrating that, due to
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the expression of colicin genes in stressful conditions, bacteriocin production by one strain induce

the production of colicins by the other, leading to mutual exclusion in a structured environment.

Therefore, cross-induction and co-existence maintain the diversity inside the community (Majeed

et al., 2011). In vivo experimental models demonstrated that colicins promote microbial diversity

in an animal host (Kirkup and Riley, 2004). However, although bacteriocin producers represent a

important part of microbial communities, a specific environment comprises a mixture of bacteriocin

producer, sensitive and resistant (i.e., mutated in gene(s) of the reception and/or import pathway)

species. This leads to the ”Rock-Paper-Scissors” model, in which the bacteriocin producer (Rock)

has a competitive advantage against sensitive strains (Scissors) but not against resistant species

(Paper). The sensitive strain (Scissors) is disadvantaged against the producer (Rock) but has a

better fitness that the resistant strain (Paper). Finally, resistant strains (Paper) are not impacted

by the producer (Rock) but are overgrown by sensitive strains (Scissors). This model implies that

equilibrium should be reached, the final outcome equilibrium depending on the difference of fitness

between the sensitive and resistant strains.

Later, an in vivo study was performed to test whether bacteriocin production is a critical factor

in determining the establishment of enteric bacteria into the gastro-intestinal (GI) tract of mice

(Gillor et al., 2009). The authors showed that over a long time period, the colicigenic E. coli strain

outcompetes non-producer strains. Thus, colicins appear to be beneficial by increasing persistence

in the mouse GI tract.

Microcins. Very recently, an E. coli microcin producer strain was tested against enterobacterial

competitors species such as S. enterica and Adherent-Invasive E. coli (AEIC) in a murine gut

(Sassone-Corsi et al., 2016). Under homeostatic conditions, microcin production has no effect but

when iron is limited such as during intestinal inflammation, microcins confer a great advantage to

the producer strain.

Based on the in vitro and in vivo data on the role of bacteriocins on microbial communities, the

use of bacteriocins as an alternative to antibiotics rises. They are attractive as therapeutic purpose

against multidrug resistant bacteria and chronic infections (Behrens et al., 2017). However, more

in vivo and preclinical experiments need to be carried out to fully confirm a potential bacteriocin

therapy (Kirkup, 2006).

2.5 Bacteriophages

2.5.1 Generalities

Bacteriophages are bacterial viruses. They are ubiquitous as they are found in all natural envi-

ronments. It is admitted that bacteriophages represent the most abundant and divers entities in

the biosphere. The number of bacteriophages is estimated to 1031 (Wommack and Colwell, 2000).

The extensive examination under the electron microscope of 5,500 particles allowed the defini-

tion of at least 14 families (Ackermann, 2009). Bacteriophages contain DNA or RNA in single

or double-stranded forms. Based on their symmetry, they are divided in binary, cubic, filamen-

tous and pleomorphic. Tailed bacteriophages of the Caudovirales order are categorized into three
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large families: (i) Podoviridae; (ii) Siphoviridae; and (iii) Myoviridae (Figure 2.10). Podoviridae

bacteriophages are defined by short tails. Bacteriophages from the Siphoviridae family, such as

phage λ, are long, non-contractile tailed particles. The Myoviridae family comprises contractile

bacteriophages, such as bacteriophages T4 or Mu.

Figure 2.10: Overview of bacteriophages. Bacteriophages are highly diversified and can be classified
based on theirs different characteristics. The Caudovirales order represent the most diversified groups and
is categorized into three large families (Myoviridae, Siphoviridae, Podoviridae). L, linear; C, circular; S,
supercoiled; M , multipartite. (Ackermann, 2001).

2.5.2 Mechanism of action of lytic bacteriophages

Based on their lifestyle, we can differentiate lytic and lysogenic (or temperate) bacteriophages.

Lysogenic bacteriophages integrate their genome into the chromosome of the host cell. This piece

of DNA, called “prophage”, then replicates with the host genome and remains quiescent as far as the

conditions are favorable. Upon stressful conditions, the prophage is excised and enters into a lytic

cycle. Lytic bacteriophages inject their nucleic acid into the host cell and use the bacterial resources

to assemble progeny virions. Once assembled into the host cell, they escape by inducing lysis of the

host (Wang et al., 2000). Lysis of the Gram-negative host is accomplished through a three steps

process: (1) permeabilization of the inner membrane by a holing protein; (2) degradation of the

peptidoglycan using a muralytic enzyme (or endolysin); and (3) disruption of the outer membrane

via a spanin complex. Four lysis genes are found clustered in cassettes and produce five proteins.

The λ holin forms lethal holes or S-holes in the inner membrane, which allow the endolysin R to

reach the peptidoglycan. To regulate the formation of the pore, an antiholin is produced with the

holin protein. The last genes encode for Rz, which is an integral membrane protein or i-spanin,
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and for Rz1 or o-spanin, an outer membrane protein. Together they form the complex that spans

the entire periplasm connecting the IM and the OM (Young, 2013).

2.5.3 Structure and assembly of bacteriophages

The subject of my thesis being the T6SS, which uses a mechanism structurally and functionally

similar to contractile bacteriophages, I will detail the structure and the assembly of the most

studied and the most evolved phage of the Myoviridae family, bacteriophage T4. It is worth to

note that it exists simpler phages from the Myoviridae, the Mu and P2 phages (Büttner et al.,

2016)(Haggard-Ljungquist et al., 1995), which are probably more closely related to the T6SS, but

also less characterized. The bacteriophage T4 comprises a capsid containing a double-strande DNA

genome, a collar region that carries short whiskers, a contractile tail with a complex baseplate that

harbors short tail fibers (STFs), and a set of long tail fibers (LTFs) (Figure 2.11)(Hu et al., 2015).

The mechanism of action of Myoviridae is well understood. The LTFs recognize receptors at the

cell surface of the host, and transmit the information to the baseplate. A conformational change of

the baseplate induces sheath contraction, which provides the channel connecting the capsid interior

to the host cell cytoplasm, through which the DNA moves.

Figure 2.11: 3D structure of the bacteriophage T4 by cryo-EM. The structures of the bacteriophage
T4 during infection before (A) and after (B) sheath contraction (with full DNA in the capsid) are shown.
(C) Schematic representation of the T4 bacteriophage showing the major elements (Hu et al., 2015)(Leiman
and Shneider, 2012).

2.5.3.1 The capsid

The capsid. The capsid - or head - packages and protects a 170-kb dsDNA. The head is first

assembled as an empty capsid. An ATP-dependent packaging machine is in charge to insert the

DNA into the head. After completion of DNA packaging, the gp13-gp14 complex creates a site for

attachment to the tail.
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2.5.3.2 The bacteriophage T4 Tail.

The tail comprises an inner rigid tube surrounded by an outer contractile sheath. During the

contraction of the sheath, the tube slides inside the sheath to be expelled.

The tail tube. The tube is formed by stacked gp19 hexamers. It is 924-Å long with an external

diameter of 90 Å and an internal diameter of 40 Å (Leiman et al., 2004)(Kostyuchenko et al., 2003).

A 4.1-Å resolution map was generated for the first two rings of the tube using the overall baseplate

for alignment (Taylor et al., 2016). More recently, a 3.4-Å resolution structure of the T4 tail tube

was solved by cryo-EM (Zheng et al., 2017).

Figure 2.12: Structure of the T4 tail tube. A 3.4 Å resolution cryo-EM dose-weighted reconstruction
of the T4 tube and the atomic model of a hexameric ring of gp 18 are shown (Zheng et al., 2017).

The tail sheath. The sheath is composed of 23 hexameric rings made of six gp18 proteins. In a

pre-contraction state, it is 925-Å long and 240-Å wide to reach the length of 420 Å and a diameter

of 330 Å in a post-contraction state (Kostyuchenko et al., 2005). The extended ring of the sheath

is 40.6-Å high and rotates by 17.2◦ whereas the contracted ring is 16.4-Å high with a twist angle of

32.9◦. The crystal structure of the sheath was solved and could be fitted into both conformations

demonstrating that the overall structure is not altered during contraction (Aksyuk et al., 2011),

but rather that the monomers slide on each other.

The tail initiator and terminator. The tail tube is a continuation of the spike complex from the

baseplate. Additionally, two proteins, gp48 and gp54, form the first two rings (”tube initiator”)

and have the same helical symmetry than the tube. In addition, gp54 interacts with the first layer

of the sheath, and has been proposed to initiate sheath polymerization.

On the other side compared to the baseplate, the gp3 and gp15 proteins cap the tail and form

the tail terminator. The tail terminator prevents depolymerization of the tail tube/sheath before

its attachment to the head (Yap and Rossmann, 2014). They form hexameric rings that bind both

gp18 and gp19. The structure of gp15 revealed that gp15 interacts with gp18 and gp3 at the

top and bottom, respectively (Fokine et al., 2013). It was shown that gp15 assembles before the

baseplate to prime and control polymerization of the tail (Ferguson and Coombs, 2000).
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2.5.3.3 The T4 bacteriophage baseplate.

Very recently, the atomic structure of the T4 baseplate-tail tube complex was published in its pre-

and post-attachment states (Taylor et al., 2016). The baseplate attached to the extended sheath

forms a high-energy hexagonal dome-shaped structure, which is 270-Å high and 520-Å in diameter.

After contraction, the baseplate has a low-energy star-shaped structure which is 120 -high and 610

Å in diameter.

Figure 2.13: Atomic models of T4 baseplate in pre- and post-atachment states. The two states
are with component proteins shown as ribbon diagrams. In (C) and D, the STFs (gp12 trimers) are
displayed semi-transparently to indicate that they are not present in the refined model of the post-attachment
baseplate. (Taylor et al., 2016).

The baseplate can be divided into distinct parts (Figure 2.13): (1) the proximal region of the

gp19 tail tube is in closed contact with the gp48-gp54 tube initiator complex; (2) the gp29 tape

measure protein locates inside the tube; (3) the central spike complex, that is an extension of the

tube, is composed of the gp5.4, gp5 and gp27 proteins; (4) the inner baseplate comprising the gp6,

gp25 and gp53 proteins, and part of gp7; (5) the intermediate baseplate essentially made of gp8
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and part of gp7; and (6) the peripheral baseplate comprising the tail fiber network composed of

gp9-12. The inner, intermediate and peripheral baseplates can be also called ”wedges”. Briefly,

the wedges surround the central hub and form a structure on which the short and long tail fibers

attach.

The central hub. The central hub is part of the cell-puncturing device or spike (Figure 2.14).

The spike is composed of the gp5 and gp27 subunits, which are organized as a double trimer.

The distal part of the spike interacts with gp5.4 that sharpens the spike. The base of the spike,

comprising gp27, contacts the inner tube and forms the ”hub”, i.e., the structure on which the

wedges connect. The crystal structure of the gp5-gp27 complex has been solved. The Gp5 trimer

forms the needle and is composed of three domains connected by long linkers. The C-terminal

domain is a rigid β-helix, the central part is the lysozyme domain that is attached via flexible

linkers, the N-terminal OB-fold domain connects the donut-like structure of the gp27 trimer. On

the other side, gp27 contacts the tail tube. Gp27 is an adaptor as it connects the trimeric spike

to the hexameric tail tube. It is worth to note that the gp5 lysozyme domain, that degrades the

target cell peptidoglycan after penetration, is cleaved during infection of the host cell (Kanamaru

et al., 2005).

Figure 2.14: Structure of the conserved inner baseplate . The minimal composition of a contractile
injection system is derived from the T4 tail structure: the central spike complex (gp5, gp5.4, gp27), the
conserved part of the wedge (gp6, gp7, gp25, gp53), the tail tube (gp19, gp48, gp54) and the conserved part
of the sheath (gp18), some of which is modeled using the pyocin sheath (Taylor et al., 2016).

The wedges. Six wedges are assembled around the central hub. One wedge is composed of seven

proteins and thirteen subunits: gp11(3)-gp10(3)-gp7- gp8(2)- gp6(2)-gp53- gp25 (Yap et al., 2010).

Gp8 interacts with gp10, gp7 and gp6. A dimer of gp8 and twelve gp6 proteins (one dimer

per wedge) form a ring constituting the backbone of the baseplate. The gp6-gp8 complex is at the

center. The gp6 ring maintains the integrity of the baseplate during conformational changes (Yap

33



CHAPTER 2. INTERBACTERIAL COMPETITION

and Rossmann, 2014). The N- and C-terminal domains of each gp6 monomer interact with two

different neighboring gp6 molecules depending on whether these are inter or intra-wedges dimers

(Aksyuk et al., 2009). The gp6 subunit is in close contact with six copies of gp25 and gp53 proteins

(one per wedge). The gp6-gp53-gp25 complex contacts the sheath and form the upper part of

the baseplate that surrounds the hub as a ring-like complex. The gp6-gp53-gp25 complex adopts

a six-fold symmetry with gp25 in the center. Gp25 has a fold similar to the domain IV of the

gp18 tail sheath subunit, and it has been proposed that it initiates sheath polymerization from the

baseplate by giving an arm to the first row of the gp18 monomers (Leiman and Shneider, 2012).

The structure of gp6 is slightly modified between the two baseplate conformations, and hence it

is considered that gp6 transmits the signal from the periphery to the center of the baseplate and

triggers sheath contraction (Aksyuk et al., 2009).

Attachment proteins and tail fibers. Tails fibers serve both as host cell recognition determinants,

and sensors. They have a crucial role during infection as they allow attachment to the host cell

and they transduce the signal to the baseplate. The gp9-11 proteins, which locate at the periphery

of the baseplate, are adaptors to connect the LTFs to the baseplate (Figure 2.15). The C-terminal

domain of gp9 interacts with a trimeric LTFs whereas its N-terminal domain associates with the

gp7 baseplate component. Gp9 allows the LFT to be articulated (Kostyuchenko et al., 1999) which

is crucial when the LTFs bind to the host and when the baseplate undergoes large conformational

changes .

Gp12 trimers form a 340-Å long structure called short tail fibers (STFs). They are located at

the periphery of the baseplate’s underside. During contraction, the STFs unfold and extend the

C-terminal receptor-binding domain near to the host cell surface (Kostyuchenko et al., 2003).

Six 1450-Å long LTF are attached to the periphery of the hexagonal baseplate. They consist of

four different proteins (gp34-37). The proximal half of the fiber is formed by gp34, which interacts

with the adaptor protein gp9. Gp35 forms the knee or the hinge and the distal part of the LTF is

formed by gp36 and gp37 (Yap and Rossmann, 2014).

2.5.3.4 Assembly of the T4 bacteriophage

The assembly pathway of the T4 bacteriophage is a highly ordered process in which independent

intermediates are assembled. It is worth to note that the tail genes are expressed simultaneously,

and hence the precise order is dictated by protein-protein interactions between each subunit. At

each intermediate stage, changes in the conformation of the components create new binding sites

for the following partner. Wedges are first assembled by the sequential recruitment of the various

subunits (Ferguson and Coombs, 2000)(Bartual et al., 2010)(Yap et al., 2010)(Plishker et al., 1988):

a trimer of gp11 associates with a trimer of gp10, and the gp10-gp11 hetero-hexamer recruits gp7.

Then, a dimer of gp8, a dimer of gp6, gp53 and gp25 are recruited to form the wedge complex

gp11(3)-gp10(3)-gp7-gp8(2)-gp6(2)-gp53-gp25 (Yap et al., 2010). Six wedges assemble around the

hub, whereas STFs and gp9 are then added to the baseplate. Finally, gp48 and gp54 form a

doughnut-like ring as the junction between the baseplate and the tail. The tube and the sheath

both polymerize in an extended conformation (King, 1968)(King, 1971)(Meezan and Wood, 1971).

To complete the assembly, a mature head is attached to the tail.
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Figure 2.15: Domain organization of T4 fibers. Evolutionary relationships between different 14 proteins
comprising baseplate’s periphery and fibers. The size of each bar is proportional to the amino acid sequence
length (Taylor et al., 2016).

.

2.5.4 Differences between Myoviridae and Siphoviridae

As mentioned above, tailed phages of the Caudovirales are categorized into three families (Podoviri-

dae, Siphoviridae and Myoviridae). The phage-related complex of the Type VI secretion is struc-

turally and functionally homologous to contractile bacteriophages of the Myoviridae family. How-

ever, the T6SS is a very mosaic structure, and we recently found that the baseplate-associated

TssK protein is structurally and functionally homologous to receptor-binding proteins (RBP) of

Siphoviridae phages (Figure 2.16).

Figure 2.16: The siphophage p2. (A) Electron microscopy images of phage p2. (B) Structure of phage
p2 was generated by assembling the reconstructions of the capsid (top), connector and tail (middle), and
the tail-tip (bottom) on low-resolution maps of the full phage. Dimensions are given in angstrom and the
angle of rotation between hexamers is given in degrees. (Spinelli et al., 2014)

.
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Phages of the Siphoviridae are the most abundant of the tailed phages as they represent 61 % of

the tailed phages (by comparison, Myoviridae, which are the most highly evolved phages, represent

25 %) (Ackermann, 2009). Siphoviridae phages have simple, noncontractile, flexible or rigid tails.

By contrast to Myoviridae, they do not use tail fibers to bind the target cell, but the first step of

the infection process rather involves interactions between the RBP and carbohydrate receptors at

the cell wall.

Figure 2.17: Structure of the receptor binding proteins (RBPs) of phage p2. (A) Ribbon view
of the p2 RBP trimer (Spinelli et al., 2014). (B) The crystal structure of the “heads-down” conformations
of p2 baseplate. The central ring is formed by ORF15 hexamers (green) and ORF16 trimers (pink). RBP
(ORF18) trimers (blue) have under a 200◦ rotation downwards (Sciara et al., 2010).

.

The RBP is the last component of the baseplate to be assembled and is located at the tip

of its tail (Vegge et al., 2005). Only few RBPs have been identified. Crystal structures of the

RBPs from phages TP901-1, 1358 and P2 have been reported (Spinelli et al., 2006a)(Spinelli et al.,

2006b)(Farenc et al., 2014). RBPs are homotrimers that are organized into three domains: a

shoulder, a neck and a head (Figure 2.17 A). The shoulder domain is inserted into the baseplate

whereas the head domain is receptor-specific. The comparison of the RBP structures reveals that

RBPs exhibit a modular assembly, with the head domain being very diverse (Simpson et al., 2016).

It appears that each phage evolves along with its host cell to ensure efficient entry. Then, the

receptor head domain differs highly in agreement with their distinct host range.

A model for the baseplate activation during attachment, and more specifically on the confor-

mational changes that occur has been proposed based on the structure of the p2 baseplate (Figure

2.17 B) (Sciara et al., 2010). The host recognition is a two-step process. The head domains of

RBPs bind the receptor in a “head’up” conformation that is destabilized upon contact with the

host cell. This reversible binding induces a baseplate conformational change into a “head’s down”

conformation.
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2.6 Contact-dependent growth inhibition

Contact-dependent growth inhibition (CDI) was first described in an E. coli isolate, EC93. Aoki et

al. found that E. coli EC93 inhibits the growth of E. coli K-12 strains (Aoki et al., 2005) and that

the growth inhibitory activity was not due to soluble, diffusible antibacterial toxins.

2.6.1 General mechanism of action

Contact-dependent growth inhibition is mediated by the cdiBAI gene cluster (Figure 2.18). CDI is

considered as a subfamily of Type V secretion systems, and more specifically of the Two-Partner

Secretion (TPS) pathway (Leo et al., 2012)(Jacob-Dubuisson et al., 2013). TPS systems comprise

the TpsB β-barrel transporter and the secreted TpsA virulence factor. TpsA proteins include a

number of important adhesins that are used by bacterial pathogens to adhere to eukaryotic host

cells (Cotter et al., 1998)(Relman et al., 1990)(Noel et al., 1994). In CDI, two proteins, CdiA

and CdiB share functional homologies with the TpsA and TpsB proteins respectively, whereas an

additional protein CdiI is the immunity that confers self-protection.

Figure 2.18: Genomic organization and genetic rearrangements. The cdi gene cluster from E. coli
EC93 is depicted with the cdiA-CT/cdiIo1 orphan gene pair. The genes colored in gray encode a predicted
IS3 family transposase. The cdiA-CTo1 toxin coding sequence is outlined in red and lacks an initiating
methionine codon (Ruhe et al., 2013a).

.

CdiA is a very large, usually >300-kDa, hemagglutinin-repeat protein that carries the growth in-

hibition activity within the carboxy-terminal region (CdiA-CT). All CdiA proteins bear N-terminal

signal sequence for Sec-dependent export, with an unusual extended signal peptide region (Desvaux

et al., 2006). The N-terminal region of the mature protein contains the TPS transport domain,

which is required for secretion across the outer membrane.

CdiB is a predicted outer-membrane β-barrel protein. It recognizes the TPS transport domain,

and supposedly translocates CdiA through the central pore of its β-barrel domain to the cell surface

(Delattre et al., 2011).

Due to its size and the known structural information on β-prism hemagglutinins, CdiA are

predicted to extend several tens of nanometers from the surface, hence allowing binding receptors

at the cell surface of target bacteria. Different CdiA receptors have been identified, such as the outer

membrane barrel assembly protein BamA (Aoki et al., 2008). Upon contact with the target cell,
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CdiA are cleaved to release CdiA-CT that then translocates into target cells, where CdiA-CT will

fulfill its activity. Similarly to colicins, CdiA-CT can bear various activities including nucleases and

pore-formation. In producing cells, the CdiI immunity protein neutralizes CdiA-CT and protects

the cell from autoinhibition (Figure 2.19).

Figure 2.19: Contact-dependent growth inhibition (CDI) in Escherichia coli. CDI+ E. coli cells
express cdiBAI gene clusters and present CdiB/CdiA on the cell surface. CdiA binds receptors on neighboring
E. coli cells and delivers its C-terminal activity domain (CdiA-CT) into the target cell. CdiA-CT toxins
inhibit the growth of CDI− cells, but isogenic CDI+ inhibitors produce CdiI immunity proteins that protect
them from toxin activity. The extracellular residues of most outer membrane proteins are highly variable
between species, suggesting that the CDI only targets closely related bacteria (Ruhe et al., 2013a)

.

2.6.2 Architecture of CdiA effector and CDI systems are modular

CDI are widespread among Gram-negative bacteria. cdi gene clusters are found in several α-, β-

and γ-proteobacteria (Aoki et al., 2010) and are commonly found in human, plant and arthro-

pod pathogens. Over the years, it has become clear that Burkholderia pseudomallei serves as a

good model to decipher CDI action. More than a hundred of B. pseudomallei isolates have been se-

quenced and their cdi loci have been categorized into 10 distinct cdi locus types, each characterized

by unique CdiA-CT-CdiI pairs (Nikolakakis et al., 2012)(Anderson et al., 2012).

CdiA-CT polymorphism is a hallmark of CDI (Aoki et al., 2011)(Poole et al., 2011). Com-

parative analyses of CdiA proteins typically show that the CdiA proteins share large regions of

sequence identity but a significant variability over the C-terminal region after a conserved motif

(VENN in E. coli, (E/Q)LYN in Burkholderia) that likely represents the processing motif (Aoki

et al., 2011)(Nikolakakis et al., 2012), suggesting that CDI+ strains deploy many different toxins.

These observations suggest that CdiA proteins are modular and that cdiA genes evolve rapidly

by horizontal gene and recombination. Indeed, functional CdiA chimera were generated with the

N-terminal of CdiA from uropathogenic E. coli 536 fused downstream the VENN sequence to the
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C-terminal domains of the CdiA from Yersina pestis CO92, E. coli EC93 or Dickeya dadantii

3937 (Aoki et al., 2010). In agreement with the variability of the CdiA-CT between families, CdiI

are also variable between families. CdiI are very specific for their cognate CdiA-CT, and hence

CdiA-CT/CdiI pairs represent polymorphic toxin-immunity modules.

2.6.3 Orphan toxin immunity modules

In addition to the cdiBAI operon, many CDI systems encode additional CdiA-CT-CdiI pairs in

tandem array downstream of the main cdiBAI genes. The toxin open reading frame (ORF) lacks an

initiation codon but codes for conserved VENN motif followed by an activity domain (Figure 2.18).

These toxin-immunity protein pairs have been termed “orphans” because they appear to be DNA

fragments displaced from full-length cdiA genes (Poole et al., 2011). Orphan regions usually contain

predicted transposase and integrase genes, as well as insertion sequence elements, suggesting that

the regions are subject to horizontal gene transfer and are issued from DNA acquisition (Figure

2.18).

It has been proposed that orphan CdiA-CT-CdiI modules represent a reservoir of toxin diver-

sity. This reservoir may confer a growth advantage to bacteria that produce them after homologous

recombinaison leading to the fusion of the CdiA-CT orphan domain to the main CdiA TPS do-

main (Figure 2.20) (Ruhe et al., 2013a). Interestingly, evolution experiments in mice showed that

this fusion event by recombination occurs in a clonally derived population of Salmonella enterica

Typhimurium (Koskiniemi et al., 2014).

2.6.4 Cell target recognition and CdiA-Ct activities

Cell target recognition. Genetic selections for E. coli K-12 mutants that are resistant to the EC93

CDI identified the outer membrane protein BamA as the receptor for CdiAEC93 (Aoki et al.,

2008). BamA is highly conserved, essential, protein that is required for the insertion of β-barrel

proteins into the outer membrane (Bos et al., 2007b)(Ricci and Silhavy, 2012). A multiple sequence

alignment of BamA proteins from γ-proteobacteria shows a high degree of sequence identity, with

the exception of the extracellular loops 4, 6 and 7 that are highly variable in sequence and length

(Noinaj et al., 2013). Indeed, binding of CdiAEC93 to E. coli K-12 BamA was shown to require

both loops 6 and 7 (Ruhe et al., 2013b). These loop sequences vary considerably between different

species, restricting the CDIEC93 target cell range to E. coli. Interestingly, the BamA proteins

from Burkholderia species lack extracellular loops, suggesting that the CdiA parasitizes a different

surface receptor. There is evidence that the lipopolysaccharide (LPS) serves as a receptor for the

B. pseudomallei 1026b CdiA (Nikolakakis et al., 2012)(Anderson et al., 2012). Hence, it seems

likely that CdiA effectors recognize different cell surface receptors to identify susceptible target

cells. Indeed, studies have demonstrated that the CdiA-CTs exploit a broad repertoire of cell entry

pathways. For example, the CdiA from other E. coli strains uses the F-pilus, the OmpC porin or

the Tsx nucleoside transporter as receptor (Beck et al., 2014)(Beck et al., 2016)(Ruhe et al., 2017).
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Figure 2.20: Models of orphan toxin-immunity protein gene rearrangements. Orphan cdiA-CT
genes that contain conserved sequences upstream of the VENN-encoding region (downward arrow) can
undergo homologous recombination with the full-length cdiA gene (indicated by crossover step 1). Recombi-
nation would delete the parental toxin-immunity protein coding sequences and fuse the orphan module (red)
to cdiA. Alternatively, the cdi locus could undergo spontaneous duplication (step 2) followed by homologous
recombination (step 3) to generate a recombinant cdiA gene. Further recombination between the orphan
cdiA-CT and the recombined cdiA’ could regenerate the original parental genotype (step 4) (Ruhe et al.,
2013a).

.

CdiA-CT activities. All the CDI toxins characterized so far disrupt target cell membrane

integrity or degrade cellular nucleic acids. However, a comprehensive analysis predicts that other

CDI toxins may have adenosine deaminase, ADP-ribosyl cyclase and metallopeptidase activities

(Zhang et al., 2011)(Zhang et al., 2012a).

As many CDI toxins are nucleases, they must translocate into the target cell cytoplasm. Recent

work shows that CDI toxin translocation requires the proton gradient across the inner membrane of

the target bacteria (Ruhe et al., 2014). In addition, a number of mutations within genes encoding

inner membrane or cytoplasmic proteins, such as the FtsH protease or elongation factors, have

been isolated in a screen for CDI resistance (Willett et al., 2015)(Jones et al., 2017). It has been

proposed that these proteins may serve as inner membrane receptors and/or translocators.

2.6.5 Regulation

The expression of most CDI genes is tightly regulated with the notable exception of the E. coli EC93

cdiBAI operon, which is constitutively expressed under laboratory conditions. Plant pathogens

appear to express their cdi genes only when colonizing specific hosts. As examples, the D. dadantii

EC16 cdi genes are regulated by VirA, a plant-responsive regulator (Rojas et al., 2004), whereas

the D. dadantii 3937 cdi gene cluster is expressed when the bacterium grows on chicory leaves

(Aoki et al., 2010). In addition to its role in bacterial competition, CDI systems also contribute
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to virulence towards hosts and to cooperative behaviour. D. dadantii EC16 cdi mutants present

defects in adherence to plant cells and fail to autoaggregate. Similar findings have been reported for

Neisseria meningitidis (Neil and Apicella, 2009)(Talà et al., 2008), Xylella fastidiosa (Guilhabert

and Kirkpatrick, 2005)(Voegel et al., 2010) and Xanthomonas axonopodis (Gottig et al., 2009)

suggesting that intercellular adhesion contributes to host colonization and infection. Regarding the

role of CDI in cooperative behaviours, cdiA mutants in B. thailandensis E264 and in E. coli EC93

abolish biofilm formation, suggesting that these CDI participate to establishing and maintaining

monospecies communities in mixed microbial populations (Anderson et al., 2012)(Ruhe et al., 2015).

Thus, they promote collective behaviours by collaborating to form biofilms and by excluding non-

identical bacteria (Anderson et al., 2014).

2.6.6 Role of CDI in microbial communities

Very few studies have addressed the role of CDI systems in vivo. Surprisingly, in Burkholderia

thailandensis, BcpA-CT has been shown to mediate biofilm formation (Garcia et al., 2013). A later

work revealed that the delivery of the BcpA-CT toxin into an immune cell results in a change in gene

expression and promotes biofilm formation. This phenomenon has been called contact-dependent

signaling (CDS; (Garćıa et al., 2017). Then, during biofilm formation, CDI proteins segregate

the biofilm structure. In a pre-establish biofilm community, a set of bacteria producing a specific

CDI system inhibit growth of another set producing a different CDI system, which exclude this

population from the community (Anderson et al., 2014). CDI systems allow bacteria to distinguish

self from non-self and to discriminate kin cells amongst neighboring bacteria. This suggests that

CDI systems have evolved as a mechanism to allow microbes to discern those in the population

that do not contribute to the persistence of their own genetic material variability in microbial

communities (Danka et al., 2017).
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Chapter 3

The Type VI secretion system

The type VI secretion system (T6SS) is a multiprotein apparatus that resembles a nano-crossbow.

It uses a spring-like mechanism to deliver a needle loaded with toxins directly into target cells. The

needle (also called the cell-puncturing device) is built on an assembly platform - the baseplate -

that is anchored to a membrane-associated complex. A contractile structure polymerizes on the

baseplate: a tail tube surrounded by a contractile sheath Figure 3.1. More details are in the section

Structure and Assembly below.

Figure 3.1: T6SS overview. The T6SS is composed of an assembly platform - the baseplate - that is
anchored to a membrane-associated complex. A contractile structure polymerizes on the baseplate: a tail
tube surrounded by a contractile sheath.

How it works? The overall mechanism is comparable to contractile bacteriophages. Basically,

once in contact with a target cell, the sheath will contract to propel the inner tube toward the

target. The membrane complex serves: (i) to orient the tail toward the exterior, and (ii) as channel

for passage of the tube. By delivering effectors into prokaryotic and eukaryotic cells, the T6SS

participates to bacterial competition and virulence.
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3.1 What does the T6SS in bacterial competition?

3.1.1 The antibacterial T6SS

Since the discovery of the T6SS as a secretory apparatus (Mougous, 2006)(Pukatzki et al., 2006),

its role as an antibacterial weapon has been extensively studied: effectors have been identified

and we have now a general overview on how these effectors are loaded and transported to the

target cell. Nevertheless, the real impact of this apparatus in in vivo competition is not yet well

documented. Compared to colicins and CDI that are restricted to a few bacterial geniuses, the

T6SS is distributed within the genomes of about 25 % of Gram-negative bacteria, with an over-

representation in γ-Proteobacteria. Most T6SS are involved in bacterial competition but several

studies have pointed its role in pathogenesis. In agreement with a main role in competition, T6SS

genes clusters are widely distributed in both pathogenic and non-pathogenic bacteria (Das and

Chaudhuri, 2003)(Bingle et al., 2008)(Boyer et al., 2009).

The first reports on the implication of the T6SS in interbacterial competition were published in

2010. Hood et al. analyzed the secretome of P. aeruginosa and identified three substrates: Tse1-3

and showed that Tse2 is a toxin that targets prokaryotic cells (Hood et al., 2010). A few months

later, MacIntyre et al. releaved that V. cholerae T6SS provides interbacterial activity against other

Gram-negative bacteria. The authors hypothesized that this interspecies competition may have a

role in enhancing survival in the environment (MacIntyre et al., 2010) but also might be of clinical

significance (Russell et al., 2012).

Many studies then demonstrated that the T6SS encoded in the genomes of other bacteria

have antibacterial activity: Serratia marcescens (Murdoch et al., 2011), Citrobacter rodentium

(Gueguen and Cascales, 2013), enteroaggragative E.coli (Brunet et al., 2013)(Flaugnatti et al.,

2016), Acinetobacter baumanii (Carruthers et al., 2013), V. parahaemolyticus (Salomon et al.,

2013), Agrobacterium tumefaciens (Ma et al., 2014), Salmonella enterica Typhimurium (Brunet

et al., 2015a), P. putida (Bernal et al., 2017), Erwinia amylovora (Tian et al., 2017).

This unique machinery is able to secrete a bunch of effectors and can target specific compart-

ments of the bacterial cell. In the following chapter, I will summarize all antibacterial effectors

known.

3.1.2 Effectors targeting prokaryotic cells

In order to efficiently kill competitors, T6SS+ bacteria need to produce and deliver harmful effectors

into vital compartments of the target. The T6SS utilizes different pathways to deliver enzymatic

activities into the prey cell: the direct injection of toxins that are bound to the injection device (the

Hcp-VgrG-PAAR needle) or to inject a component of the machinery (VgrG or Hcp) that carries an

extension with a deleterious activity (cf Chapter 3.3 ). So far, a number of anti-bacterial effectors

have been identified and characterized.

Based on the macromolecule that is targeted, the effectors categorize in distinct families: cell

wall-degrading effectors, membrane-targeting effectors and nucleases (Durand et al., 2014)(Russell
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et al., 2014)(Alcoforado Diniz et al., 2015) (Figure 3.2). It is worth noticing that anti-bacterial effec-

tors are co-produced with a cognate immunity protein that is usually encoded directly downstream

the effector gene in T6SS clusters or effector islands.

Figure 3.2: T6SS effectors target varying aspects of bacterial physiology. Localization and activity
of interbacterial T6S effectors delivered by an attacking donor cell to a recipient cell via the T6S apparatus.
Effector targets include the cell wall peptidoglycan (part a), the inner and outer membrane (part b)
and nucleic acids or other unknown cytoplasmic targets (part c). Precise enzymatic specificity is indicated,
where known; parentheses indicate enzymatic activities predicted from structure-function and/or nonspecific
enzymatic analyses that have yet to be biochemically confirmed. In the tables, group refers to the number
of evolutionarily distinct families of effector proteins within an enzymatic class, and number to the unique
instances of homologues in those groups. The numbers presented are limited to those reported in the
literature; groups and numbers are provided only when a systematic effort has been made to characterize
a class of effectors. G, N-acetylglucosamine; M, N-acetylmuramic acid; mDAP, meda-diaminopimelic acid;
NA, not applicable (Russell et al., 2014).

3.1.2.1 Cell wall-targeting effectors: amidases and glycosidases

In this category, there are two super-families: the type VI secretion glycoside hydrolase effectors

(Tge) and the type VI secretion amidase effectors (Tae). Glycoside hydrolase effectors hydrolyse

the glycan strands backbone whereas amidase effectors cleave the peptidoglycan peptide units and
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their cross-bridges (Figure 3.2 - part a). These two super-families are themselves divided into three

sub-families for the Tge named Tge1-3 (Whitney et al., 2013) and four sub-families for the Tae

named Tae1-4 (Russell et al., 2014). Tae1 and Tae4 are DL-endopeptidases as they hydrolase the

D-Glu/meso-diaminopimelic acid (mDAP) bond. Tae2 and Tae3 are DD-endopeptidases as they

cleave the cross-bridge between the mDAP and D-Ala (Durand et al., 2014)(Russell et al., 2011).

Two Tge super-family effectors have been characterized: Tge1PA from P. aeruginosa (Li et al.,

2013) and Tge2PP from P. protegens (Whitney et al., 2013). No member of the Tge3 sub-family

has been structurally characterized yet.

Regarding the Tae super-family effectors, we have access to more information. Tae1PA from

P. aeruginosa is an amidase with a high activity compared to housekeeping enzymes (Chou et al.,

2012). Briefly, we can name some structure solved such as the Tae2BT from B. thailandensis,

the Tae3RP from Ralstonia pickettii (Dong et al., 2013) or the Tae4-1SM and Tae4-2SM from S.

marcescens (English et al., 2012)(Srikannathasan et al., 2013).

Based on the crystal structures of Tae and Tge toxins that have been reported, alone or in

complex with their cognate immunity proteins, we can conclude that they usually have classic folds

of housekeeping peptidoglycan remodelling enzymes, and in general, the inhibition of their activity

by the immunity protein is caused by the insertion of a loop from the immunity into the catalytic

site of the enzyme (Durand et al., 2014).

3.1.2.2 Membrane-targeting proteins: phospholipases and pore-forming

The bacterial membrane is the target of a number of Type VI effectors including the characterized

lipolytic enzymes (Tle for Type VI secretion lipase effector) (Russell et al., 2013) and likely the

uncharacterized pore-forming colicin-like effectors (Figure 3.2 - part b). Tle effectors are classified

into five families. Enzymes of the Tle1-4 families have activities associated with esterases, lipases

or phospholipases whereas Tle5 has a phospholipase D activity.

With the exception of families 3 and 4, Tle effectors have been characterized. The B. thai-

landensis Tle1 effector, Tle1BT , acts as a phospholipase A2 (Russell et al., 2013) whereas the

same enzyme from enteroaggregative E. coli, Tle1EAEC , has strong phospholipase A1 and weak

phospholipase A2 activities (Flaugnatti et al., 2016). The V.cholerae Tle2 effector, Tle2V C , acts

as a phospholipase A1 (Brooks et al., 2013)(Jiang et al., 2014). The P. aeruginosa Tle5 effector,

Tle5PA, exhibits phospholipase D activity (Russell et al., 2013) whereas its Klebsiella pneumo-

nia homologue, Tle5KP , targets cardiolipins (Lery et al., 2014), which indicate a potential role in

targeting eukaryotic cells.

A pore-forming protein can also disrupt the membrane. An antibacterial T6SS effector from

V. cholerae, VasX, and two other effectors from B. thailandensis (BTH.I2691) and P. aeruginosa

(PA14.69520) are predicted to share structural conservation with pore-forming colicins (Durand

et al., 2014)(Russell et al., 2014).
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3.1.2.3 Nucleases

An effector with DNase activity, named Tde (for Type VI DNase effector), has been identified in

Agrobacterium tumefaciens where it confers a competitive advantage in plant co-infection assays

(Ma et al., 2014). Additional Tde toxins are encoded in T6SS clusters: the VP1415 and VPA1263

effectors of Vibrio parahaemolyticus carry nuclease domains of the AHH and colicin DNase families

(Salomon et al., 2014), whereas the P. aeruginosa H1-T6SS PA0099 potential toxin has character-

istics of the superfamily nuclease 2 toxin members (Hachani et al., 2014). In addition to PA0099,

it also has a Tse2 effector with a bacteriostatic role, but its activity and the macromolecule it

targets are unknown. However, Tse2 is toxic when produced into the cytosol of both prokaryotic

and eukaryotic cells suggesting its target is conserved across kingdoms (Li et al., 2012)(Hood et al.,

2010).

Nuclease domains can also be fused to T6SS-associated proteins with repetitive sequences,

named RHS (rearrangement hot-spot) and YD (tyrosine-aspartate (YD)-repeat-containing protein)

(Busby et al., 2013). Koskiniemi et al. reported two Rhs proteins from Dickeya dadantii, RhsA

and RhsB, carry nuclease domains that degrade target cell DNA (Koskiniemi et al., 2013) (Figure

3.2 - part c).

3.1.2.4 What else?

Other activities have been reported. The Tse6 from P. aeruginosa is capable of degrading the dinu-

cleotides NAD(P)+ and hence induces cell stasis when injected (Whitney et al., 2015). Three recent

studies by the group of Shen showed that one of the B. thailandensis and Y. pseudotuberculosis

T6SS secretes Mn2+-binding and Zn2+-binding effectors (TseM, TseZ and YezP) that sequester

manganese and zinc respectively. TseM then binds MnoT, a Mn2+-dependent outer membrane

transporter, whereas TseZ binds HmuR, an outer membrane heme transporter, allowing Mn2+ and

Zn2+ acquisition in B. thailandensis (Si et al., 2017a)(Si et al., 2017b).

These recent examples open new horizons for discovering effectors with diverse, and unexpected

functions. We can hypothesize that by secreting regulators or enzymes, the T6SS can be involved

in other process such as signaling (Russell et al., 2014).

3.1.3 Role of the T6SS in bacterial communities

In the last years, a number of studies have tested the impact of T6SS in different models. Basically, it

has been shown that the T6SS confers a competitive advantage: in certain cases, it allows symbiotic

strains to protect the host against pathogenic strains, whereas in others it permits pathogenic strains

to better colonize the host.

The first clue that the T6SS might have a significant role in microbial communities came with

the work of Fu et al. Using high-throughput Tn-seq in a rabbit ileal loop model of infection, they

showed that mutant V. cholerae cells missing an immunity protein against an anti-bacterial T6SS

effector was outcompeted (Fu et al., 2013). This result suggested that T6SS-deficient cells are

rapidly eliminated from the population.
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The human gut is mainly composed of bacterial cells of the Bacteroidetes clade (The Human

Microbiome Project Consortium, 2012). Interestingly, the vast majority of Bacteroidetes strains

harbours an active T6SS-like secretion system that is implicated in antagonistic interactions (Russell

et al., 2014). It was shown that a B. fragilis strain uses its T6SS - and more specifically the

T6SS Bte2 effector - to have a competitive advantage in the mammalian gut (Chatzidaki-Livanis

et al., 2016)(Hecht et al., 2016). The T6SS of this non-toxigenic symbiotic strain targets certain

Bacteroidetes species such as B. thetaiotaomicron and toxigenic B. fragilis in this polymicrobial

environment and hence protects the host against inflammatory diseases (Wexler et al., 2016).

On the opposite, T6SS+ pathogenic bacteria also use the T6SS to colonize new niches. A

recent study showed that the T6SS confers a competitive advantage to S. enterica Typhimurium in

a mouse model of infection. The observation that establishment of S. Typhimurium during infection

of the mouse gut requires the anti-bacterial Tae4 peptidoglycan-degrading effector suggested that

the T6SS is used for efficient colonization. Indeed, the S. Typhimurium T6SS targets enterobacterial

species of the normal mouse gut flora such as Klebsiella oxytoca (Sana et al., 2016). A similar study

demonstrated that Shigella sonnei, a pathovar of E. coli, eliminate E. coli and the T6SS− related

S. flexneri strain in the mice gut. The authors proposed that this ability to destroy related strains

explains the prevalence of S. sonnei compared to S. flexneri (Anderson et al., 2017).

However, T6SS− cells may develop immunity-independent mechanism of protection. Computer

simulation experiments, confirmed by in vivo studies, suggest that sensitive T6SS− cells can

dominate T6SS+ competitors by defending their established niche against invasion by forming

microcolonies (Borenstein et al., 2015).

The exact ecological role of the T6SS in microbial communities is still in its infancy but these

recent studies shed light on the evolution of a highly complex behaviour developed by microorgan-

isms.

3.2 What does the T6SS in virulence?

The current literature on T6SS emphasizes its role in bacterial competition. Although eliminating

competitors may have an impact on colonization and hence an indirect effect on virulence, several

T6SS effectors are directly involved in impeding cell host functions and promoting immune invasion

(Figure 3.3) (Hachani et al., 2016).

For examples, the T6SS of V. cholerae and A. hydrophila and the H1-T6SS of P. aeruginosa

confer resistance to phagocytosis or promote internalization in non-phagocytic cells by altering

the dynamics of cytoskeleton components. The effectors responsible for these activities have been

identified and characterized.

The V. cholerae VgrG1 protein possesses a C-terminal extension with an actin cross-linking do-

main (ACD) that is active in vitro (Durand et al., 2012a) and in vivo (Pukatzki et al., 2007)(Ma and

Mekalanos, 2010)(Durand et al., 2012a). By cross-linking G-actin in an ATP-dependent manner,

VgrG1 prevents phagocytosis of V. cholerae cells (Ma et al., 2009a).
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Figure 3.3: T6SS-dependent mechanisms of host cell subversion I. Burkholderia mallei, Burkholderia
pseudomallei and Burkholderia thailandensis (grouped as Bpmt) encode a T6SS-5 which is essential for full
virulence during infection. VgrG5 is responsible for the fusion of host cell membranes. The T6SS-5 cluster
also encodes TssM, a T2SS-dependent effector. II. Burkholderia cenocepacia causes the deregulation of
cytoskeleton-associated Rho-GTPases inluded RhoA and Rac1. T2SS substrates ZmpA and ZmpB are
released from the vacuole. III. Yersinia pseudotuberculosis T6SS-4 secretes a zinc-binding effector, YezP,
which protects the bacterium from the generated reactive oxygen species (ROS). IV. VgrG1 is secreted by
Aeromonas hydrophila, and its evolved catalytic domain possesses ADP-ribosyltransferase activity, inhibiting
actin polymerization. V.Vibrio cholerae secretes VgrG1, harboring a C-terminal actin cross-linking domain
into the cytosol of macrophages and predatory amoebae. VasX is thought to form pores in lipid bilayers. VII.
Pseudomonas aeruginosa secretes VgrG2b that modulates microtubule-mediated bacterial internalization.
PldA and PldB bind Akt to facilitate bacterial internalization using the PI3K pathway (Hachani et al.,
2016).

The A. hydrophila T6SS injects VgrG1 which displays a vegetative insecticidal protein-2 (VIP-

2) domain with ADP-ribosyltransferase activity. By modifying actin, it also prevents phagocytosis

(Suarez et al., 2010).

P. aeruginosa promotes its entry into non-phagocytic cells using VgrG2b. The C-terminus

of VgrG2b interacts in vivo with the γ-tubulin ring complex and promotes internalization of P.

aeruginosa (Sana et al., 2012)(Sana et al., 2015).

The B. thailandensis T6SS-5 promotes entry and replication in phagocytic and non-phagocytic

eukaryotic cells (Schwarz et al., 2010)(Whiteley et al., 2017). Although the mechanistic bases are

not yet defined, the VgrG-5 effector has been proposed to induce host cell fusion and to facilitate

intercellular spreading (Schwarz et al., 2014)(Toesca et al., 2014).

The Mn2+ and Zn2+ scavanging effectors delivered by the B. thailandensis and Y. pseudotu-

berculosis T6SS, as well as the enterohemorrhagic E. coli KatN catalase T6SS effector, may also

protects the bacterium from host reactive oxygen species and may therefore participate in host

colonization (Wang et al., 2015)(Si et al., 2017a)(Si et al., 2017b)(Wan et al., 2017).
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In addition to effectors that target eukaryotic cells, several trans-kingdom T6SS effectors have

been reported.

P. aeruginosa secretes two phospolipases: PldA (Tle5a) and PldB (Tle5b) via the H2- and

H3-T6SS (Russell et al., 2013)(Jiang et al., 2014). Both toxins target the phospholipid bilayers

of competing bacteria and are also translocated into epithelial cells to promote intracellular inva-

sion of non-phagocytic cells (Jiang et al., 2014). PldB induces PI3K/Akt pathway and facilitates

intracellular invasion.

Very recently, an additional trans-kingdom phospholipase effector of P. aeruginosa has been

identified: when it reaches the host endoplasmic reticulum, TplE (or Tle4) induces autophagy in

epithelial cells but is also capable to kill competitor bacteria (Jiang et al., 2016)(Bleves, 2016).

Finally, V. cholerae secretes VasX, a T6SS effector required to resist amoeba predation. VasX

binds to phosphatidic acid and phosphatidylinositol phosphates that are components of the inner

leaflet of eukaryotic cell membranes (Miyata et al., 2011).

3.3 Mechanism of secretion

How effectors are recruited to the T6SS and delivered is not totally understood yet. Nevertheless,

recent findings highlighted that varied effectors can be simultaneously delivered into a target cell.

The current model suggests that an effector can either be fused to one of the components of

the Hcp-VgrG-PAAR needle as an additional domain called “specialized effector” or can non-

covalently interact with one of the components of this structure (“cargo effector”) (Figure 3.4).

Effectors are then linked to and depend on a particular component (Hcp, VgrG or PAAR) for

delivery. In addition, adaptor proteins have been identified to facilitate the secretion (Durand

et al., 2014)(Cianfanelli et al., 2016).

Specialized effectors. Several VgrG or C-terminal domains of PAAR-containing Rhs proteins

are fused to an effector domain. Many VgrG with a C-terminal domain have been characterized

(Schwarz et al., 2014)(Sana et al., 2015)(Brooks et al., 2013). As an example, VgrG-1 of V. cholera

displays a C-terminal domain that is capable of cross-linking actin and inducing cell rounding

(Pukatzki et al., 2007)(Durand et al., 2012a). Rhs proteins are polymorphic toxins composed of an

N-terminal PAAR motif-containing domain, a central Rhs repeat domain and a variable C-terminal

toxin domain (Hachani et al., 2014)(Whitney et al., 2014)(Alcoforado Diniz et al., 2015).

Cargo effectors. Effectors are secreted via a direct interaction with Hcp, VgrG or PAAR. The

Hcp tail tube forms a 40-Å wide conduit , a diameter sufficient to accommodate small or unfolded

proteins (Ballister et al., 2008)(Brunet et al., 2014). The effector EvpP from Edwarsiella tard

interacts with Hcp (Zheng and Leung, 2007). Tse2 from Pseudomonas aeruginosa was shown to

bind the inner face of Hcp and occupied the lumen of the Hcp ring (Silverman et al., 2013). Larger

effectors can interact with VgrG (Liang et al., 2015)(Flaugnatti et al., 2016) or PAAR proteins

(Shneider et al., 2013).

Accessory proteins. Adaptor proteins play the intermediate between effectors and one of the

components. The interaction is indirect, via adaptors of PAAR or EagR proteins families (Alco-
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Figure 3.4: Model of the mechanism of secretion After sheath contraction, effectors are delivered into
the target cell. The current model suggests that an effector can either be fused to a homologue of one of the
components of the Hcp-VgrG-PAAR needle (“specialized effector”) or can non-covalently interact with one
of the components of the needle (“cargo effector”).

forado Diniz et al., 2015)(Unterweger et al., 2015). Tse6 from P. aeruginosa possesses transmem-

brane segments that will insert into the inner membrane of the recipient cell. An accessory EagR

protein has been shown to help its transport (Whitney et al., 2015).

Isolated or non-identified effectors. Using great advances in the field, potential strategies have

been proposed by Lien and Lay in order to identify new effectors in the future (Lien and Lai, 2017).

3.4 Regulation of the T6SS gene clusters

As emphasized in the previous paragraphs, the T6SS is involved in various functions such as

interbacterial competitions or virulence. These functions occur in diverse niches and hence it

exists as many regulatory mechanisms as T6SS functions and niches. It is worthy to note that

most species carry several T6SS gene clusters, which are usually independently regulated and may

act on different target, in different conditions. T6SS gene expression responds to different cues,

including temperature, pH, and iron, phosphate, magnesium, or zinc concentration. Almost all

regulatory mechanisms identified so far in bacteria, are used to control the expression of T6SS

gene clusters: quorum-sensing, two-component systems, transcriptional activators and repressors,

alternative sigma factors, histone-like proteins, small RNAs, etc (Bernard et al., 2010)(Miyata

et al., 2013)(Alteri and Mobley, 2016).

During my thesis, I have participated to a study that demonstrated that the Salmonella enterica

serovar Typhumium T6SS gene cluster is repressed by H-NS, a histone-like protein that usually

silences horizontally-acquired DNA fragments (Brunet et al., 2015a)(Annexe 1 ). I will not describe
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all these mechanism but will concentrate on the regulation of the sci-1 and sci-2 T6SS clusters in

EAEC, which is the model bacterium studied in our laboratory.

The EAEC 17-2 strain genome encodes two complete sets of T6SS genes called sci-1 and sci-2

(Dudley et al., 2006)(Journet and Cascales, 2016). The sci-1 cluster is under the control of the Fur

(Ferric uptake regulator) repressor (Figure 3.5) (Brunet et al., 2011). In presence of iron, Fur binds

to a specific sequence motif called Fur box and represses target genes. Two Fur boxes are present

within the promoter region of the sci-1 cluster, overlapping with the transcriptional -10 and -35

elements and preventing RNA polymerase recruitment. This simple mechanism is complexified by

an epigenetic circuit depending on the action of the DNA adenine methyltransferase (Dam), which

couples T6SS expression to the replication state. The Fur-10 box contains a GATC motif that is

recognized and methylated by Dam.

Figure 3.5: Regulation of the EAEC sci-1 gene cluster (A) Schematic representation of the promoter
organization of the EAEC sci-1 gene cluster. The localisation of the -10 and -35 transcriptional elements
(blue), of the Fur-binding sequences (red) and of one of the GATC sites (green) are shown. (B) Regulatory
mechanism of the EAEC sci-1 gene cluster. In iron-replete conditions, a Fur dimer (red balls) represses
the expression of the sci-1 gene cluster by binding to the Fur-10 box, which overlaps with the -10 element
(OFF). When iron is limiting, the -10 element is available for the RNA polymerase allowing expression of
the sci-1 genes (ON). Upon replication, the GATC site is methylated (CH3) and by preventing Fur binding
allows Fur-independent, constitutive expression of the sci-1 gene cluster (Journet and Cascales, 2016).

Interestingly, Fur and Dam compete on the same site. Under high iron concentrations, Fur

binds to the promoter and represses expression of the sci-1 genes. By preventing access to Dam,

the GATC site is not methylated (OFF expression). However, under low iron conditions, Fur is

relieved from the Fur box allowing expression of the sci-1 cluster (ON condition). If cells replicate,

the Fur-10 box is methylated after the first replication. Methylation of the GATC site prevents
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binding of Fur, and therefore turns sci-1 expression under a constitutive ON state. Fur therefore

controls the passage between the OFF and ON states whereas Dam is a sensor of replication and

controls the passage between the reversible and constitutive ON states.

In agreement, with these data, the EAEC sci-1 gene cluster is activated in minimal media

supplemented with glucose (to be limiting in iron without being limited in carbon source) or in

iron depletion conditions (addition of the iron chelator 2,2’-dipyridyl). However, this mechanism is

unlikely to be conserved because no Fur box could be readily identified in the promoter regions of

the sci-1 clusters encoded in the other pathogenic E. coli genomes (Journet and Cascales, 2016).

By contrast, the regulation of the sci-2 cluster depends on a AraC-like transcriptional regulator

called AggR (Dudley et al., 2006). This transcriptional activator is a global virulence regulator as

it regulates other EAEC virulence factors such as the Aaf fimbriae, the dispersin and the dispersin

transporter (Morin et al., 2013). Although the signal inducing AggR activation is unknown, the

cascade is activated in synthetic media mimicking the macrophage environment such as Eagle’s

medium (Dudley et al., 2006)(Brunet et al., 2013).

3.5 Sensing and response

M. Basler observed a phenomenon called “T6SS duelling” for the first time in 2012 (Basler and

Mekalanos, 2012). He observed that P. aeruginosa cells respond to a T6SS attack occurring in

a neighbouring sister cell by a T6SS counterattack. This “Tit-for-Tat” mechanism stimulates the

T6SS activity and increases its own dynamics (Basler et al., 2013). Leroux et al. also analysed this

double-edged sword quantitatively by fluorescence microscopy (LeRoux et al., 2012). This activity

was not observed in Vibrio cholerae which fires at high levels without any obvious regulation

whereas it could be visualized in Salmonella enterica cells when de-repressed by hns (Brunet et al.,

2015a). The two different behaviours of T6SS activities lead to differentiate the ”offensive T6SS”

such as V. cholerae or E. coli, and the “defensive T6SS” such as P. aeruginosa.

The specificity of the P. aeruginosa H1-T6SS is that it is regulated at a posttranslationnal

level by a signal transduction cascade (Figure 3.6) (Mougous et al., 2007). The TagQRST sys-

tem senses membrane perturbation and controls the phosphorylation and dephosphorylation of

the forkhead-associated protein Fha1 by the Threonine kinase/phosphatase pair PpkA and PppA

(Casabona et al., 2013). This system called ”threonine phosphorylation pathway” (TPP) reflects

the requirement to respond rapidly and reversibly by triggering the assembly of the machinery. It

has been noticed that this response occurs at the precise attack (Basler et al., 2013). However, the

molecular mechanism on how Fha1 phosphorylation status is transmitted to the T6SS machinerie

is not known. In A. tumefaciencs, Fha1 transfers the phosphate to TssL, a component of the T6SS

membrane complex (Lin et al., 2014)

Recently, LeRoux et al. identified another distinct pathway to sense an attack. The authors

call it the “P.aeruginosa response to antagonism” (PARA) (Le Roux et al., 2015). P. aeruginosa

cells actually detect the signal indirectly. Lysed cells serve as a signal for a Gac/Rsm-mediated
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Figure 3.6: Post-translational regulation of the H1-T6SS of Pseudomonas aeruginosa by the
Threonine Phosphorylation Pathway (TPP). (A) Membrane perturbation caused by an attacker cell
is sensed by a complex of TagQ, TagR, TagS, and TagT. This causes autophosphorylation of PpkA which in
turn phosphorylates Fha1. Phosphorylated Fha1 (Fha1-P) then somehow interacts with the T6SS machinery,
promoting an active state, firing and effector secretion. (B) Once effectors are released, ClpV is recruited
to the contracted sheath, in order to recycle TssBC subunits. PppA can dephosphorylate Fha1, perhaps
unlocking the machinery to allow it to dissassemble and reassemble at a new location (Cianfanelli et al.,
2016).

stimulation. The surviving cells then turn on a pathway that activates the type VI secretion system.

This mechanism is not yet well understood.

3.6 Structure and assembly

3.6.1 Generalities

Most bacterial species have one or two copies of T6SS clusters, but a few species, including

Burkholderia and Yersinia species, may have up to six clusters. T6SS gene clusters therefore

exist as multiple copies in many microorganisms, although, whether these clusters arise from dupli-

cation or distinct genetic transfer is not clear (Bingle et al., 2008). T6SS gene clusters are usually

encoded within pathogenicity islands (Cascales, 2008). A minimal set of 14 genes is required to

assemble a functional T6SS. These 14 genes encode for components called “core components” (Fig-

ure 3.7) (Boyer et al., 2009)(Zheng and Leung, 2007). Aside from these core components, T6SS

clusters may encode accessory components, which might be structural components required for the

proper assembly of the apparatus, transcriptional or post-translational regulators that control the

expression or the activity of the T6SS, or effector-immunity pairs (Silverman et al., 2012). Core

and accessory components are differentiated by a universal nomenclature: core components are
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named Tss (for Type six secretion) whereas accessory subunits are refereed as Tag (for Type six

associated gene) (Shalom et al., 2007).

Figure 3.7: Type VI secretion gene organization The minimal set of T6SS genes required for assembly
of a functional T6SS is shown. Genes are partitioned as genes involved in the assembly of the membrane
complex (tssJ,tssK, tssL, tssM ) or of the tail complexe (tssA, tssB, tssC, hcp, tssE, tssF, tssG, clpV, vgrG
and paar). Genes with conserved transcriptional orientation are connected, the percentage value indicating
the conservation frequency. The localization of the products of these genes is indicated (cyto, cytoplasm;
IM, inner membrane; OM, outer membrane). For T6SS subunits implicated in the assembly of the tail
complex, the localization in the tail structure is also indicated (using phage nomenclature: tube, sheath and
baseplate). The clpV gene, although not related to any phage protein, is classified in the tail complex based
on its interaction with the TssBC proteins and its role in the dissassembly of the contracted TssBC sheath
(Zoued et al., 2014).

The core components assemble two distinct subcomplexes: a structure related to the tail of

contractile bacteriophages that is anchored to the cell envelope by a membrane-associated complex.

Based on its structural homologies with tailed bacteriophages, the T6SS could be represented as an

upside-down bacteriophage that secretes toxins directly into target cells. This representation has

been supported by the first visualization of the T6SS by electron cryo-tomography in V. cholerae

cells (Basler et al., 2012). These cryo-tomograms revealed that the T6SS assembles long tubular

structures in the cytoplasm that exist in either extended or contracted conformation, and connected

to the membrane by two sub-complexes (Figure 3.8). This long tubular structure corresponds to the

tail: a tail tube wrapped by the sheath. In the same study, time-lapse fluorescence microscopy using

a fusion between one sheath protein with GFP (TssB) demonstrated that this tail is contractile:

it assembles at a constant speed of approximately 20-30 seconds per micrometre. The contraction

occurs in few milliseconds and is followed by disassembly of the sheath (Basler and Mekalanos,

2012).

Based on these results, the mode of action of the T6SS is divided into three steps (Figure

3.9): (1) Assembly : the membrane complex composed of TssJ, TssL and TssM is assembled first

into the cell envelope. TssA is recruited and positions the baseplate components. The baseplate

is constituted by TssA, VgrG/PAAR – the cell-puncturing device –TssE, TssF, TssG and TssK.

Finally, T6SS assembly is completed by the polymerization of the tail tube (Hcp) and tail sheath

(TssB and TssC). (2) Contraction of the sheath: the inner tube tipped by VgrG/PAAR is propelled

by the sheath contraction through the membrane complex into the target cells. The current models

for T6SS-mediated protein secretion propose that toxins are associated with VgrG/PAAR or Hcp

or additional adaptor proteins (Durand, 2014). Penetration of the Hcp-VgrG/PAAR syringe in the
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Figure 3.8: Overview of the T6SS. (A) Electron cryo-tomography of Vibrio cholerae cells producing
the T6SS. The arrow points the long cytoplasmic tubular structure corresponding to the T6SS sheath.
A magnification of the upper part of the tomograph is shown in panel (B), emphasizing the presence of
distinct complexes (green, tail sheath; purple, putative baseplate; yellow, putative membrane complex). (C)
Schematic representation of the T6SS based on the electron cryo-tomographs and on genetic, biochemical,
microscopy and structural data (IM, inner membrane; PG, peptidoglycan layer; OM, outer membrane).
Scale bar is 50 nm (Zoued et al., 2014).

target cell delivers toxins. (3) Disassembly : ClpV, the AAA+ ATPase, recognizes the contracted

sheath and recycles sheath components (Basler and Mekalanos, 2012)(Kapitein et al., 2013).

Based on its structure and mechanism of action, the T6SS is categorized in the contractile phage-

like structure family, which comprises bacteriophages, R-type pyocins, anti-feeding prophage (Afp)

(Hurst et al., 2007)(Heymann et al., 2013)(Rybakova et al., 2015), Photorhabdus virulence cassettes

(PVC) (Yang et al., 2006)(Gillespie et al., 1997), and metamorphosis-associated contractile struc-

tures (MAC) (Huang et al., 2012)(Shikuma et al., 2014)(Sarris et al., 2014)(Ge et al., 2015)(Böck

et al., 2017). All these structures act as a molecular syringe and adopt common features (Cascales,

2017). They harbour an internal tube capped by a needle and surrounded by a contractile sheath.

This tubular structure is built on an assembly platform.

However, beside these common features, these structures have notable differences (Cascales,

2017). First, the T6SS injects toxins from the inside the predator cell into the prey cell periplasm

or cytoplasm, and thus needs to cross three or four membranes. To do so, the length of the tail

is much longer than in the other machineries (app. 670-nm long for T6SS compared to 92 nm

for bacteriophages). Another difference is that bacteriophage tail structures are associated with

a capsid that contains the nucleic acid to be delivered, whereas the T6SS tail is connected to a

membrane-associated complex. The membrane complex has then a distinct evolutionarily history

and hence phage-like T6SS components must have evolved to structurally and functionally fit with

membrane components.

In the next sub-headings, I will describe the T6SS sub-complexes and will detail the structures,

interactions and functions of the different components.
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Figure 3.9: Schematic representation of the different stages of the assembly and mechanism
of action of the T6SS. (A) The biogenesis of the macromolecular complex starts with the assembly of
the membrane complex at the site of secretion and recruitment of TssA and the baseplate, which initiates
polymerization of the tail by the incorporation of Hcp hexamers and TssBC building blocks. During elonga-
tion of the tail structure, effectors can be loaded inside the inner tube lumen or attached to the VgrG spike.
(B) Once in contact with a prey cell, the T6SS sheath contracts hence propulsing the internal tube towards
the target prey cell to deliver effector proteins. (C) The contracted sheath recruits the ClpV ATPase that
dis-assembles and recycles the TssBC sheath proteins (Journet and Cascales, 2016).

3.6.2 Tail complex

As described above, the T6SS tail complex shares a common evolutionary origin with contractile

systems. Similarly to contractile tail-like structures, it comprises an inner tube, a contractile sheath

and a baseplate.

3.6.2.1 The tail tube Hcp

Structure. The tail tube is formed by the superimposition of hexamers of the Hcp (haemolysin co-

regulated protein) protein (Figure 3.10). Hcp is structurally homologous to the tail tube proteins

GpV and Gp19 from bacteriophages λ and T4 (Pell et al., 2009)(Leiman et al., 2009). Hcp hexamers

form 100-Å wide donut-shaped rings with an internal diameter of 40 Å (Mougous, 2006)(Jobichen

et al., 2010)(Douzi et al., 2014).

Assembly. Using cysteine cross-linking, it has been shown that nanotubes formed by the super-

imposition of Hcp hexamers can be assembled in vitro (Ballister et al., 2008). A similar approach

revealed that in vivo Hcp hexamers stack onto each other in a head-to-tail manner (Brunet et al.,

2014). In vivo, the proper head-to-tail assembly of the tube is controlled by baseplate components,
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Figure 3.10: Stucture of the Hcp hexameric ring. (A) Structural similarities between gpVN and
Hcp1. Each secondary structure element in Hcp1 is colored-coded based on its alignment with gpVN . Loops
and secondary structure differences are colored in grey, with the exception of the β2-3 loop that is colored
red (Pell et al., 2009). (B) Top view and edge-on views of a ribbon representation of the crystallographic
Hcp1. The individual subunits are colored differently to highlight their organization (Mougous, 2006). (C)
Model of an Hcp engineered in vitro by disulphide bounds chemical cross-linking. The sites of each cysteine
substitution are indicated in black (Ballister et al., 2008). (D) Class averages from analysis of transmission
electron micrographs of Tse2(NT )-His6 – Hcp1-V and a Hcp1-V-only control. The percentage of particles
represented by each class average is indicated in the corresponding frame (Silverman et al., 2013).

a result consistent with bacteriophage tail biogenesis (Brunet et al., 2014)(Brunet et al., 2015b).

Biophysical studies determined that Hcp hexamers interacts with a 7 µM affinity (Douzi et al.,

2014). This low affinity indicates that these nanotubes are instable. In vivo, the tail tube should

be stabilized by the polymerization of the sheath. The stability of the T6SS tube is a striking

difference compared to phage tail tubes, which are very stable and could be readily purified with-

out cross-linking agents (Kostyuchenko et al., 2005). However, it is noteworthy that phage tubes

should be maintained stable for a relatively long period to allow the passage of the entire nucleic

acid to the target. By contrast, the T6SS tube should be rapidly dissociated once in the target cell

to liberate effectors present within the lumen. Recently, Vettiger et al. proposed that Hcp proteins

are exchanged among sister cells for new T6SS assemblies suggesting that Hcp hexamers reach the

cytoplasm of the target cells (Vettiger and Basler, 2016). Because Hcp tubes are propelled during

T6SS firing, the presence of Hcp in the culture supernatant is a reporter of T6SS activity (Mougous,

2006)(Cascales, 2008).
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3.6.2.2 The tail sheath

In most contractile structures, such as bacteriophages, the sheath is assembled by the polymeriza-

tion of a single subunit. In the T6SS, two proteins are necessary to assemble the sheath: TssB

and TssC. These two proteins interact and stabilize each other (Bönemann et al., 2009)(Broms

et al., 2009)(Lossi et al., 2013)(Zhang et al., 2013). TssB and TssC form heterodimers that poly-

merize using the Hcp tube as template (Brunet et al., 2014) in an extended conformation that is

metastable, energetically unfavourable.

Sheath dynamics. In 2012, Basler et al reported the first in vivo observation of the sheath

(Figure 3.11) (Basler et al., 2012). They conclusively showed that T6SS sheath exists in two con-

formations: a short wider contracted (370 nm) and long thinner extended (670 nm) form (Basler

and Mekalanos, 2012). In the contracted state, the tubular structure is hollow whereas in the

extended state an extra-density is observed inside suggesting that it could accommodate the inner

tube Hcp (Basler et al., 2012). A complete cycle of assembly/contraction could be observed by flu-

orescence microscopy using functional TssB-GFP or TssB-mCherry fusions (Basler and Mekalanos,

2012)(Brunet et al., 2013)(Brunet et al., 2014). In V. cholerae, the assembly duration is about 20-

60 sec, whereas the sheath contracts in less than 2 msec and is dissassembled within few minutes

(Basler and Mekalanos, 2012)(Kapitein et al., 2013)(Brunet et al., 2013)(Vettiger et al., 2017).

Figure 3.11: Electron cryotomographic imagining of T6SS structures inside intact cells. Shown
are different tomographic slices (19 nm) of an extended (A) and a contracted (B) structures imaged in two
different wild-type cells (IM, inner membrane; OM, outer membrane; F, flagellum; R, putative ribosome;
SG, polyphosphate storage granule). Scale bars, 100 nm (Basler et al., 2012).

Assembly. Recently, it has been elegantly showed that the polymerization of the sheath starts

at the baseplate and proceeds with the addition of new subunits at the distal end (Vettiger et al.,

2017). Brunet et al. showed that the assembly of the sheath is coordinated with that of the inner

tube: sheath can not polymerize in absence of Hcp, and only two Hcp hexamers can superimpose in

absence of sheath (Brunet et al., 2014). Hence, the addition of a Hcp hexamer immediately precedes

that of a tube. In EAEC, the coordinated assembly of the tail tube/sheath is mediated by the TssA

chaperone (Zoued et al., 2016b). TssA assembles dodecameric complexes that harbour a starfish-like
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conformation (Figure 3.12): the N-terminal domain constitutes the long arm around the central C-

terminal domain. Protein-protein interaction and fluorescence microscopy experiments showed that

TssA binds the baseplate and then primes and leads polymerization of the tail tube/sheath (Zoued

et al., 2016b)(Zoued et al., 2017). An independent study shows divergent results. The P. aeruginosa

TssA1 protein presents sequence and structural similarities with the gp6 C-terminus and forms

ring-shaped structures. TssA1 has been shown to interact with baseplate components (Planamente

et al., 2016). However, TssA1 is not essential for T6SS assembly and activity (Planamente et al.,

2016), and has a very distinct architecture compared to the EAEC TssA protein, and therefore

the two proteins should not be confused (Zoued et al., 2017). In EAEC and V. cholerae, a third

protein of the TssA family, named TagA, is encoded within the T6SS gene cluster but its function

is unknown (Zoued et al., 2017). By contrast to the situation in contractile phages and R-pyocin,

the length of the sheath is not controlled by a tape measure protein. Modification of the bacterial

size yields sheaths with lengths that adapt to the new dimensions (Vettiger et al., 2017).

Figure 3.12: Structures of TssA. (A) SAXS/X-ray comparison: fitting of TssANt2 (blue ribbon) and
TssACt (red ribbon) X-ray structures into the TssA SAXS envelope (transparent grey surface). (B) SAXS
(grey surface) / EM (transparent light-blue surface) / X-ray comparison. (C) EM/X-ray comparison:
fitting of TssANt2 (blue ribbon) and TssACt (red ribbon) X-ray structures into the TssA SAXS envelope
(transparent grey surface). (D) X-ray structure of the C-terminal domain of TssA (PDB: 4YO5). Top view
of the dodecamer structure, shown in ribbon representation with each monomer differently coloured. Scale
bars are 10 nm (Zoued et al., 2016b).

Structure. Contracted sheaths can be easily purified: they consist to tubular structures that

exhibit cogwheel-like cross sections with external and internal diameters of 300 Å and 110 Å re-

spectively. The structure of V. cholerae and Francisella novicida contracted sheaths was solved

by cryo-electron microscopy at low (Kube et al., 2014) and high resolution (Kudryashev et al.,

2015)(Clemens et al., 2015)(Figure 3.13). The atomic-resolution structure revealed that TssB and

TssC assemble into a six-start helix with interlaced β-sheets that stabilize the heterodimer. In

addition, domain swapping occurs between neighbouring TssBC heterodimers and between consec-

utive rows. By contrast, the extended form is not stable enough to be purified in its native form.

However, by substituting residues at the sheath row interface, a recent study has provided a high

resolution of the extended T6SS sheath (Wang et al., 2017)

Disassembly. After the contraction of the sheath, the N-terminal helix of TssC, hidden in the

extended conformation, is recognized by the ClpV AAA+ ATPase (Pietrosiuk et al., 2011)(Douzi

et al., 2016). ClpV disassembles TssBC tubules in vitro in an ATP dependent manner (Bönemann
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Figure 3.13: Structure of the T6SS contractile sheath (A) Cryo-electron microscopy image of a
contracted TssBC sheath. (B) Atomic structure of the V. cholerae TssBC sheath revealing promoter
assembly into a 6-start helix, side and top view. (C) Representation of TssB/TssC subunit interactions.
The “handshake domain” is composed of two antiparallel β-strands from one TssC molecule (light blue),
one parallel β-strand from a second TssC on the same helical strand (dark blue) and one parallel β-strand
of TssB from a neighbouring helical strand (red) (Kudryashev et al., 2015).

et al., 2009) and also prevents formation of aberrant, aggregated TssBC tubules in the cytoplasm

(Kapitein et al., 2013). ClpV is essential for the dynamics of TssBC tubules (Basler and Mekalanos,

2012). Yet, we do not know whether the disassembled TssB and TssC subunits are recycled (i.e.,

incorporated in a newly polymerized sheath) or whether they are degraded.

3.6.2.3 The baseplate

The tail tube/sheath is built on an assembly platform named ”baseplate”. This structure likely

corresponds to the bell-like density that connects the tubular structure and membrane complex

in V. cholerae cryo-tomograms (Basler et al., 2012). Baseplate-like structures are also conserved

features of all contractile injection systems. Using the in vivo cysteine cross-linking approach,

Brunet, Zoued et al. revealed that 6 T6SS subunits are required for proper assembly of the tail:

TssA, TssE, TssF, TssG, TssK and VgrG (Brunet et al., 2015b). In agreement with the proposal

that the baseplate connects the membrane complex to the tail tube/sheath, many interactions of

baseplate subunits with the cytoplasmic domains of the TssL and TssM inner membrane proteins

and with tail tube/sheath have been reported (Zoued et al., 2016b)(Brunet et al., 2015b)(Zoued

et al., 2013)(Logger et al., 2016) (see page 64). My Ph.D work identified new contacts between the
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TssM cytoplasmic domain and TssG, as well as between TssL and TssM with TssK. These results

will be described in the Results part.

TssE. TssE proteins share a high degree of similarity with gp25, a component of the base-

plate wedges of bacteriophage T4 (Bingle et al., 2008)(Leiman et al., 2009)(Lossi et al., 2011).

During phage tail biogenesis, gp25 initiates the polymerization of the sheath by an arm-exchange

mechanism with the first row of gp18 sheath subunits.

TssF and TssG. Bioinformatic analyses show that TssF and TssG share limited homologies to

two proteins associated with phage baseplate: phage P2 gpI and gpJ, and phage Mu Mup47 and

Mup48 (Brunet et al., 2015b)(Büttner et al., 2016). Like gp25, these proteins are components of the

wedges. gpI and Mup47 share homologies with phage T4 gp6. gp6 is a structural component of the

baseplate, and has a second function as a connector between the baseplate and the fibers (Taylor

et al., 2016). It is thus involved in the signalling cascade leading to baseplate conformational change

and sheath contraction after sensing the host cell (Taylor et al., 2016). In the T6SS, TssF and TssG

interact and stabilize each other.

TssK. TssK is a cytoplasmic protein that oligomerizes to form a three-armed structure with an

overall pyramidal shape (Figure 3.14) (Zoued et al., 2013). The recent structure of TssK showed

that it is composed of three domains: a β-stranded N-terminal domain, an α-helical central domain

and a mixed α/β C-terminal globular domain. Interestingly, the N-terminal domain of TssK is

structurally homologous to the shoulder domain of phage receptor-binding proteins (Nguyen et al.,

2017). In vivo interaction studies with TssK partners support the idea that TssK acts as a connector

between two T6SS complexes that are evolutionarily unrelated: the phage-like baseplate and the

membrane complex (Zoued et al., 2013)(English et al., 2014)(Nguyen et al., 2017). The description

of TssK domains and contacts will be detailed in the Results part.

Figure 3.14: Small-angle X-ray scattering data and low-resolution structure of TssK. SAXS
envelope (light gray mesh) of the “best representative” model of TssK. The EM model is fitted in the SAXS
envelope. Each view is rotated by 90 degree around the Y-axis. The scale bar is 3 nm (Zoued et al., 2013).

The VgrG-PAAR spike complex. VgrG is a trimeric protein that shares structural homology

with the cell-puncturing devices of bacteriophages, which is composed of a trimer of (gp27)3-(gp5)3

complex in phage T4 (Pukatzki et al., 2007)(Leiman et al., 2009)(Sṕınola-Amilibia et al., 2016).

The crystal structure of the VgrG trimer was solved: the N-terminal domain structure is similar to

gp27 and superimposes well with the Hcp hexamer, whereas the central and C-terminal domains
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resemble the OB fold and β-prism domains of gp5 (Figure 3.15) (Leiman et al., 2009)(Sṕınola-

Amilibia et al., 2016)(Uchida et al., 2014). The base of VgrG is presumably recognized by the

first hexamer of Hcp during biogenesis. A number of VgrG proteins called “specialized VgrG”

carry C-terminal extensions located downstream the β-prism, which bear enzymatic activities or

adaptor domains. VgrG trimers might be capped by PAAR proteins (Figure 3.16). By forming a

conical cap at the extremity of the VgrG spike, PAAR sharpens the tip of the needle (Shneider

et al., 2013)(Bondage et al., 2016). In addition to sharpen the needle, several roles have been

attributed to PAAR proteins: (i) they can act as adaptor proteins between VgrG and effectors or

even can be directly fused to effector domains and (ii) they helps VgrG folding (Shneider et al.,

2013)(Cianfanelli et al., 2016)(Ma et al., 2017).

Figure 3.15: The cell-puncturing device VgrG shares structural features with the phage tail
spike of bacteriophage T4. VgrG is a fusion of the phage tail proteins gp27 and gp5 omitting the OB-fold
and lysozyme domains of the phage gp5 protein. (A) Structure of the (gp27)3-(gp5)3 complex (B) Structure
of the E. coli CFT073 VgrG protein (Kanamaru et al., 2002)(Leiman et al., 2009)

TssA. The TssA chaperone coordinates the assembly of the tail tube/sheath. However, it

is transiently associated with the baseplate by interacting with TssE and VgrG. Because TssA

interacts first with the TssJLM membrane complex, prior to baseplate docking, it has been proposed

that TssA recruits the baseplate or participate to its recruitment, and stabilizes the TssEFGK-VgrG

complex (Zoued et al., 2016b).

In addition to its role in controlling the assembly of the tail, the baseplate serves as connector

between the tail and the membrane complex. Numerous interactions between baseplate subunits

and tail and membrane complex proteins have been reported (Figure 3.17).

Interactions between baseplate subunits. In EAEC, Brunet et al. showed that TssG interacts

with TssF and TssE and that VgrG and TssK interact with the TssFG complex (Brunet et al.,
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Figure 3.16: Crystal structure of the T6SS PAAR protein bound to gp5. (A) Ribbon diagram of
the gp5 domain-PAAR complex. (B) The polypeptide chain of the VCA0105 PAAR protein is coloured in
rainbow colours with the N terminus in blue and C terminus in red. Residues responsible for Zn binding are
labelled. PAAR motifs are highlighted with thick purple coils. The sequence and residue members of the
starting and ending position for each of the three PAAR motifs are boxed. (Shneider et al., 2013).

2015b). In S. marcescens, a complex containing (TssK)4-(TssF)2-(TssG)1 was purified (English

et al., 2014) whereas in uropathogenic E. coli a complex comprising TssK, -F, -G and -E was

purified. However, a different stoichiometry was proposed with (TssK)3- (TssF)2-(TssG)1-(TssE)1

(Taylor et al., 2016). Recently, the EAEC TssK protein was also co-purified with TssFG forming a

complex of (TssK)4-(TssF)2-(TssG)1 stoichiometry (Nguyen et al., 2017). However, no structural

information has been reported for the TssKFG or TssKFGE complexes. Finally, although it is not a

component of the baseplate per se, the TssA protein was shown to interact with TssK (Zoued et al.,

2013) TssE and VgrG (Zoued et al., 2016a). In P. aeruginosa, the H1 gene cluster encodes a TssA-

like protein, TssA1, which is required for T6SS activity but that has been proposed to associate with

the baseplate (Planamente et al., 2016). As described in the bacteriophage section, the minimal

bacteriophage baseplate comprises gp25, gp6, gp53 and the gp27 hub. The T6SS counterparts are

TssE, TssF, TssG and VgrG respectively. Therefore, the T6SS baseplate comprises an additional

subunit, TssK.

Interactions between the baseplate and the tail tube/sheath. Many interactions have been shown

between the tail and the baseplate. TssK, TssF, and TssG interact with the inner tube component

Hcp (Zoued et al., 2013)(Brunet et al., 2015b). TssK and TssG interact with TssC (Zoued et al.,

2013)(Brunet et al., 2015b). It is also proposed that TssE is initiating the polymerization of the

sheath and should interact with TssB and/or TssC (Leiman and Shneider, 2012)(Taylor et al.,

2016). Indeed, unpublished data from our laboratory have shown that TssE interacts with TssC.

Interactions between the baseplate and the membrane complex. Baseplate components also inter-

act with the cytoplasmic portion of the membrane complex. The cytoplasmic loop of TssM interacts

with TssG and TssK (Logger et al., 2016)(Brunet et al., 2015b)(Zoued et al., 2013) whereas the
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Figure 3.17: Interactions within T6SS subunits Schematic representation of the interactions between
baseplate subunits (A), between the baseplate and the tail tube/sheath (B) and between the baseplate and
the membrane complex (C).

TssL cytoplasmic domain interacts with TssE and TssK (Zoued et al., 2016a)(Zoued et al., 2013).

By interacting with both TssL and TssM, and because of the strong co-occurrence of the tssK and

tssL genes in bacterial genomes, the TssK protein appears clearly as a key player for connecting

the baseplate and the membrane complex.

3.6.3 Membrane complex

The T6SS membrane-anchoring complex is composed of three proteins: TssJ, TssM and TssL

(Cascales, 2008). The localization, the topology and the structure of most soluble domains of

these subunits are known (Figure 3.18). In several bacteria, an additional component called TagL

associates with the three proteins (Aschtgen et al., 2010b)(Aschtgen et al., 2010a). Recently, the

EAEC TssJ-L-M proteins were co-purified and the structure of the 1.7-MDa TssJLM complex was

solved at 11.6 Å resolution by negative-stain electron microscopy (Figure 3.22) (Durand et al.,

2015).

3.6.3.1 The outer membrane TssJ lipoprotein

TssJ is a lipoprotein. The unprocessed form of TssJ bears a classical lipobox at its N-terminus

including a cysteine residue that is processed by acylation. The glycine residue at the position

+2 is responsible for the targeting of TssJ at the outer membrane (Aschtgen et al., 2008). The

crystal structures of TssJ from EAEC (Figure 3.19), S. marcescens and P. aeruginosa were solved

(Felisberto-Rodrigues et al., 2011)(Rao et al., 2011)(Robb et al., 2013). They present the same

overall structure: TssJ is a β-sandwich with a transthyretin-fold with an additional L1-2 loop and

a helical domain. The two loops L1-L2 and L5-L6 may have a functional importance as they adopt

similar sizes and conformations. Indeed, the L1-2 loop of TssJ is involved in the interaction with

TssM. This loop varies in sequence when comparing other TssJ orthologs, which could indicate

a specificity determinant between cognate TssJ and TssM subunits (Felisberto-Rodrigues et al.,
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Figure 3.18: The T6SS membrane-anchoring complex. Schematic representation of the membrane
complex with localization, topology and structure of its subunits. Are represented the outer membrane
lipoprotein TssJ and the inner membrane components TssL, TssM and TagL. The interaction network is
indicated with arrows. IM, inner membrane; OM, outer membrane.

2011).

Figure 3.19: Structure of the EAEC outer membrane TssJ lipoprotein. (A) Ribbon diagram
of the soluble part (residues 25-178) of the TssJ protein represented in rainbow color running from the
N- (blue) to C-terminal (red). (B) Topology cartoon of TssJ using the same color scheme as in the (A).
(Felisberto-Rodrigues et al., 2011).

3.6.3.2 The inner membrane TssM polytopic protein

With the exception of the P. aeruginosa H1-T6SS protein that is predicted to have a single trans-

membrane segment, TssM are inner membrane proteins inserted by three transmembrane helices

(Ma et al., 2009b)(Logger et al., 2016). The second and third transmembrane segments delimitate

a 35-kDa cytoplasmic loop.

The large C-terminal domain of approximately 800 amino-acids resides in the periplasm. The

periplasmic portion is composed of a large α-helical region followed by a C-terminal β-domain.
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This β-domain is responsible for contacting the TssJ lipoprotein. TssJ and TssM form a complex

with a 1:1 stoichiometry and interact with a KD of 2-4 µM (Felisberto-Rodrigues et al., 2011). The

crystal structure of a 26-kDa fragment of the periplasmic domain of TssM comprising the last four

α-helices of the helical domain, the β-domain and the C-terminal helix has been solved alone and

in complex with TssJ (Durand et al., 2015).

The second and third transmembrane helices delimit a cytoplasmic loop of 300 amino-acids.

This loop harbours a classical NTPase fold but NTP-binding and hydrolysis motifs (Walker A,

Walker B and NTP specific motifs) are missing in EAEC (Logger et al., 2016). The relevance of

these motifs is not clear, as they do not have the same impact on T6SS function. In Edwardsiella

tarda, the TssM Walker A motif is not necessary (Zheng and Leung, 2007) whereas it is essential

in A. tumefaciens (Ma et al., 2009b). The A. tumefaciens TssM protein binds and hydrolyses

ATP, which modulates the structural conformation of TssM and the recruitment of Hcp to the

TssM-TssL complex (Ma et al., 2012).

During my Ph.D work, I have defined the topology of the EAEC TssM protein and the inter-

action network of its cytoplasmic loop with the other T6SS components. I have participated to

additional studies on the TssJLM complex and on the in vivo characterization of llama nanobodies

that target the TssM periplasmic domain and disrupt the TssJ-TssM interaction. These data will

be described in Articles 1, 2 and 3.

It is worth to note that TssM is a homologue of IcmF, an accessory protein of the Legionella

pneumophila and Coxiella burnetii Type IVb secretion system (T4bSS). TssM and IcmF share

similar topology and architecture. In addition, IcmF interacts with IcmH, a homologue of TssL,

to form a complex required for the stability of the T4bSS complex (Sexton et al., 2004)(Zusman

et al., 2004).

3.6.3.3 The inner membrane TssL bitopic protein

TssL is an inner membrane protein with a unique transmembrane segment located at the C-terminus

leaving the vast majority of the protein in the cytoplasm (Aschtgen et al., 2012). This unusual

topology categorizes TssL as a C-tail anchored protein. Its insertion in the membrane is medi-

ated by the YidC insertase and the DnaK chaperone (Aschtgen et al., 2012)(Pross et al., 2016).

TssL dimerizes and the dimerization is required for the proper function of the T6SS. The crystal

structures of the TssL cytoplasmic domain from EAEC, F. novicida and V. cholerae were solved

(Durand et al., 2012b)(Robb et al., 2013)(Chang and Kim, 2015). TssL is constituted of two three-

helix bundles resembling of a hook. In addition to the negatively-charged cavity at the intersection

of the two bundles, TssL harbours interesting features such as highly charged loop. A structure-

function analysis of the different conserved motifs of TssL determined the contribution of each of

these motifs in the interaction with the different TssL partners (Zoued et al., 2016a).

Several TssL carry an additional periplasmic C-terminal domain that shares similarities with

the OmpA/Pal/MotB or SPOR peptidoglycan-binding motifs (Aschtgen et al., 2010b). In the

absence of such domain, such as for the EAEC sci-1 cluster, T6SS clusters encode for an accessory

protein capable of binding the peptidoglycan (Aschtgen et al., 2010a).
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Figure 3.20: Structure of the EAEC TssL cytoplasmic domain. (A) Ribbon diagram of the soluble
part of the TssL protein represented in rainbow color running from the N- (blue) to C-terminal (red). (B)
Topology cartoon of TssL using the same color scheme as in the A. The three-helix bundles (hb1 and hb2)
are indicated (Durand et al., 2012b).

Figure 3.21: Schematic representation and topology of the TssL proteins. Case A: no PG-binding
domain on TssL. Case B: TssL proteins carrying a PG-binding domain of the OmpA/MotB/Pal. Case C:
TssL interacts with TagL carrying the PG-binding domain (Aschtgen et al., 2010b)

In EAEC, TagL is an inner membrane protein containing three transmembrane domains and

a large C-terminal domain of 32 kDa in the periplasm. This C-terminal domain contains the

OmpA/Pal/MotB peptidoglycan-binding motif. TagL anchors the TssJLM complex to the cell

wall and is required for the function of the T6SS (Aschtgen et al., 2010a).

3.6.3.4 The TssJLM complex

Structure. The TssJLM membrane complex from enteroaggregative E. coli was purified and vi-

sualized by negative-stain electron microscopy (EM) (Durand et al., 2015). The overall structure

of this 1.7-MDa complex was solved at 11.6 Å resolution with a clear five-fold symmetry (Figure

3.22). The T6SS membrane core complex is 300 Å in height and 205 Å in diameter. In the centre

of the structure a small hole of 15 Å in diameter is observed. The membrane complex is composed

of a base and a tip complex linked by arches. We can distinguish five internal pillars and five
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external pillars in concentric rings that are the TssM proteins in 10 copies and a large domain in

the cytoplasmic side, probably the cytoplasmic domains of TssL ans TssM.

Stepwise assembly. A simple but elegant experiment revealed in which order the three membrane

proteins are assembled. The reasoning is if an early protein is missing, the recruitment of a later

protein will be affected (Durand et al., 2015). Fusion proteins from their native chromosomal loci

were produced in the wild-type strain or in deletion backgrounds. The proper localization of each

protein with or without partners was analysed. The recruitment of TssM is affected by the absence

of TssJ, whereas TssL requires both TssJ and TssM for its recruitment. Thus, TssJ is the first

protein to be recruited and is followed by the sequential additions of TssM and TssL

Peptidoglycan local degradation. The TssJLM complex is inserted in both inner and outer

membrane. More specifically, TssM extends into the periplasm and interacts with TssL and TssJ.

The TssJLM thus crosses the peptidoglycan layer. Two independent studies revealed that a lytic

transglycosylase -MltE- and a peptidoglycan hydrolase –TagX- locally degrade the cell wall to allow

proper insertion of the T6SS membrane complex. in EAEC and Acinetobacter respectively (Santin

and Cascales, 2016)(Weber et al., 2016).

Figure 3.22: TssJLM complex structure. Structure of the TssJLM complex. Side, cut-away, bottom
and top views are shown from top left to bottom right respectively. The different regions of the complex are
indicated on the cut-away view (Durand et al., 2015).
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Introduction

The bacterial model used in the laboratory is enteroaggregative Escherichia coli, a pathotype of

the E. coli group. The E. coli species regroups commensal and pathogenic bacteria of the gastro-

intestinal tract. The commensal species are inoffensive inhabitants and are part of the healthy flora.

By contrast, adapted clones that have acquired virulence factors cause diseases (Kaper et al., 2004).

A number of mobile genetic elements bearing secretion systems or toxin genes have contributed to

the evolution of the harmless E. coli strains into pathogenic strains (Kaper et al., 2004). Based on

the acquired virulence factors, and hence on the mode of infection to cause diseases, a number of E.

coli pathotypes could be distinguished: extraintestinal pathogenic E. coli (ExPEC) and intestinal

E. coli pathogens. The ExPEC sub-group includes strains that cause cystitis and polynephritis,

such as uropathogenic E. coli (UPEC), and strains that are responsible for meningitidis-like syn-

droms and cause neurological lesions (MNEC). Intestinal E. coli strains are responsible for diarrheal

diseases, and depending on the mode of colonization and infection, are categorized in six pathotypes

(Figure 1.23): enterotoxigenic (ETEC), enteropathogenic (EPEC) enterohemorrhagic (EHEC), en-

teroinvasive (EIEC), diffusely adherent (DAEC) and enteroaggregative (EAEC) E. coli. Each of

them has unique features in their interaction with eukaryotic cells (Kaper et al., 2004)(Harrington

et al., 2006). However, horizontal transfers occur between these strains, and hence new clones

combining adaptive traits from several of these pathotypes regularly emerge.

The model that is used in the laboratory is the EAEC 17-2 strain. The EAEC pathotype could

be distinguished by its ability to form packed biofilm-like structures that adhere to Hep-2 cells

(Nataro et al., 1987). Several EAEC strains have been isolated, including the prototypical 042 and

17-2 strains. 042 was isolated from a child with diarrhea in Peru whereas 17-2 was isolated from

a child with diarrhea in Chile (Nataro et al., 1995). Using experiments on volunteers, it has been

shown that these strains exhibit heterogeneity in virulence levels (Nataro et al., 1995). Only 1 of

19 volunteers fed with the 17.2 strain experienced diarrhea whereas the 042 strain caused diarrhea

in 3 of 5 volunteers (Nataro et al., 1995).

The microbiological and pathogenic characterization of EAEC isolates revealed that a 60-MDa

plasmid, pAA, is the major genetic element responsible for the EAEC-specific mode of colonization

(Vial et al., 1988). pAA encodes important virulence factors such as the heat-stable enterotoxin

(EAST) and the AAF/I adherence factor, a bundle-forming fimbria responsible for the hemagglu-

tination of human erythrocytes (Nataro et al., 1992). The AAF/I genes are positively regulated

by AggR, an AraC family transcriptional activator (Nataro et al., 1994). Interestingly, AggR also
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Figure 1.23: Schematic representation of diarrhoeagenic E. coli. The six recognized categories of
diarrhoeagenic E. coli have unique features in their interaction with eukaryotic cells. (A) EPEC adhere to
enterocytes (1. Initial adhesion, 2. Protein translocation by T3SS, 3. Pedestal formation. (B) EHEC induce
lesions in the colon by the elaboration of the Shiga toxin (Stx). (C) ETEC adhere to enterocytes and induce
diarrhoea by the secretion of heat-labile (LT) and/or heat-stable (ST) enterotoxins. (D) EAEC adheres to
bowel epithelia in a thick biofilm and elaborates secretory enterotoxins and cytotoxins. (E) EIEC invades
the colonic epithelial cell, lyses the cell and migrate into adjacent cell. (F) DAEC elicits a characteristic
signal transduction effect in small bowel enterocytes (Kaper et al., 2004).

activates the expression of one chromosomal cluster encoding a T6SS. This cluster, named sci-2,

is localized within a pathogenicity island (PAI) inserted at the pheU tRNA locus. The fact that

AggR is a global regulator of EAEC virulence determinants suggests that the Sci-2 T6SS may also

contribute to EAEC pathogenesis (Dudley et al., 2006). The EAEC pheU PAI encodes a second

T6SS gene cluster: the sci-1 locus, which is the main model used in the laboratory. The expression

of this gene cluster is under the control of the ferric uptake repressor (Fur) and modulated by

Dam-dependent methylation (Brunet et al., 2011). Finally, the complete genome sequence of the

archetypal EAEC 042 strain revealed the existence of a third T6SS cluster localized at the aspV

tRNA locus.

According to the gene organization and to homologies/similarities, the E. coli T6SS gene clusters

categorize in three distinct phylogenetic groups: T6SS-1 to T6SS-3 (Figure 1.24) (Journet and

Cascales, 2016). The T6SS-1 (sci1-like) and T6SS-2 gene clusters are the most commonly found

in E. coli chromosomes. Concerning the T6SS-2 gene cluster, it is overrepresented in pathogenic

strains with high virulence traits. For example, in EAEC, the 042 strain which is a T6SS-2+

strain causes diarrhea whereas the attenuated 17-2 strain that is T6SS-2- fails to elicit diarrhea

in human volunteers. However, the T6SS-1 and T6SS-2 ((sci2-like) gene cluster are also found in

non-pathogenic strains of E. coli such as E. coli W indicating that they are probably not directly

involved in pathogenesis (Journet and Cascales, 2016). Indeed, the Sci-1 (T6SS-1) and Sci-2 (T6SS-

3) T6SSs are involved in bacterial competition (Brunet et al., 2013)(Flaugnatti et al., 2016).

Because of its weak virulence, its sensitivity to most of the common antibiotics and its ease
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Figure 1.24: Organization of T6SS-1 to -3 gene clusters of EAEC 042. Homologous genes are
colored similarly (see box below). Open reading frames with unknown function are shown in white. Genes
into brackets are not present or not identical in all strains listed. Genes were identified using the SecReT6
database. (Journet and Cascales, 2016).

for genetic manipulations, we use the 17-2 strain as model in the laboratory. The study of the

EAEC T6SS has been a major research topic in the team since 2008. The goal of the team is to

contribute to the understanding of the T6SS mode of action, by determining how it is regulated,

by structurally and functionally characterizing the different subunits that compose the T6SS, by

understanding its biogenesis pathway and by defining the toxin delivered by the T6SS and how

they are transferred into target cells. Before my arrival in the laboratory, three PhD students had

already worked on the T6SS and have contributed new information.

Marie-Stéphanie Aschtgen (thesis defended in 2011) characterized the four T6SS membrane

proteins - TssJ, TssL, TssM and TagL - in terms of localization, topology and function. She found

that TagL binds the peptidoglycan layer and anchors the T6SS to the cell wall (Aschtgen et al.,

2010b)(Aschtgen et al., 2010a). TagL binds to the TssL C-tail protein (Aschtgen et al., 2012)(Du-

rand et al., 2012b). She also reported that TssJ is an outer membrane lipoprotein (Aschtgen et al.,

2008) that interacts with the periplasmic domain of TssM (Felisberto-Rodrigues et al., 2011).

Yannick Brunet (Thesis defended in 2013) was interested in 2 main topics: the T6SS phage-

related complex - more specifically the assembly of the sheath and the inner tube - and the regu-

lation of T6SS clusters. He first identified the regulation mechanisms of the EAEC sci-1 and the

Salmonella T6SS gene clusters (Brunet et al., 2011)(Brunet et al., 2015a). He then found that the

Sci-2 T6SS is responsible for antibacterial competition and demonstrated that contraction of the

T6SS sheath coincides with the lysis of the target prey cell (Brunet et al., 2013). By working on

the T6SS tail, he demonstrated that the inner tube is made by the stacking of Hcp hexamers in

a head-to-tail manner, and that the inner tube serves as template for the assembly of the sheath

(Brunet et al., 2014). Finally, by using the Hcp assembly assay, he showed that a number of T6SS

subunits, that likely assemble the baseplate, are necessary for proper polymerization of the inner

tube (Brunet et al., 2015b).
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Abdelrahim Zoued (Thesis defended in 2015) characterized the assembly pathway of the T6SS

membrane complex (Durand, Zoued, 2015), participated to the characterization of the baseplate

(Brunet et al., 2015b) and more specifically on the TssK subunit and its interaction with the

TssL membrane protein (Zoued et al., 2013)(Zoued et al., 2016a). He also identified TssA, the

subunit that coordinates the polymerization of the inner tube with that of the sheath (Zoued et al.,

2016b)(Zoued et al., 2017).

Based on these previous studies, the projects that I developed during my PhD work were

focused on the TssM membrane protein: its topology and the link between the TssM C-terminal

extension and the outer membrane. I then provided details on the docking of the baseplate to

the membrane complex by characterizing the cytoplasmic domain of TssM and the TssK baseplate

component. The description of the Results will be divided in two chapters. In the first chapter, I will

concentrate on the ”periplasmic” portion of TssM, including the characterization of specific camelid

antibodies targeting TssM (Article 1 ) and the extracellular localization of the TssM C-terminal

extension (Article 2 ). I will provide in this chapter unpublished results regarding a mutagenesis and

functional study of this C-terminal extension, and the construction and characterization of EAEC

mini-cells aimed at providing in vivo structural information on the T6SS membrane complex by

electron cryo-tomography. In the second chapter, I will present the topology of TssM and the

characterization of its cytoplasmic domain (Article 3 ) and notably, its interactions with baseplate

components. Article 4 describes the structure of TssK, and the contribution of its C-terminal

head domain to docking to the membrane complex. During my thesis I have also participated to

other studies, including the characterization of the TssB-TssC interaction and a structure-function

analysis of the TssB C-terminal domain. These articles, as well as review and protocol chapters on

which I have participated are listed in the Annexes.
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Article 1: Inhibition of type VI

secretion by an anti-TssM llama

nanobody

As mentioned in the Introduction, the T6SS is a contact-dependent mechanism and hence is likely

activated by a close contact with a target bacterium. Sensing the presence of a target is thus of

primary importance. ”Defensive” T6SS utilize a post-translational activation pathway to sense

an attack or a perturbation of the cell envelope, and the genetic determinants of this pathway

are known and characterized. By contrast, nothing is known for ”offensive” T6SS for which the

genes encoding the post-translational pathway are not present. The simplest hypothesis is that the

outermost part of the T6SS is likely to sense the target cell. Hence, the characterization of the

outer shell components is crucial.

The membrane complex of the T6SS comprises three proteins: TssJ, TssL and TssM. TssJ

is an outer membrane lipoprotein (Aschtgen et al., 2008) with a β-sandwich transthyretin fold

(Felisberto-Rodrigues et al., 2011). The extended L1-L2 loop mediates interaction with the periplas-

mic domain of TssM (TssMp, residues 386-1129), and more specifically with the C-terminal β-

stranded domain of TssM (Felisberto-Rodrigues et al., 2011). Interestingly, in other trans-envelope

apparati, outer membrane lipoproteins are involved in the proper insertion of β-stranded secretins

in the outer membrane. One exciting hypothesis is that TssJ mediates insertion of the C-terminal

TssM domain into the outer membrane. To test this hypothesis, we sough to gain structural and

functional information of the periplasmic portion of TssM. When I started this project, no in-

formation was available for the periplasmic domain of TssM, and crystallization trials have been

unsuccessful. To by-pass crystallization problems, our collaborators proposed to raise camelid

nanobodies. Camelid antibodies are devoid of light chains and are composed of a heavy-chain

homodimer terminated by monomeric variable antigen-binding VHH domains called nanobodies.

These single-domain VHH antibodies are the smallest antibodies and can be easily produced in

the E. coli periplasm. They improve protein solubility and co-crystallization with the protein of

interest. In this work, two nanobodies - nb25 and nb02 - that bind TssMp with nanomolar affinities

were selected and their structures were described. The nb25 nanobody competes with TssJ binding

on TssMp and can even disrupt the TssM-TssJ complex in vitro. I then tested the impact of the

production of the nanobodies in the periplasm of EAEC. The data showed that the nanobodies

also compete for formation of the TssJ-TssM complex in vivo and that they disrupt T6SS function:

Hcp is not released and no antibacterial activity could be observed in presence of the nanobody in

79



RESULTS AND DISCUSSION

the periplasm. These data showed that these nanobodies are indeed very good TssM binders and

that they compete for TssJ binding, resulting in T6SS dysfunction.
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Abstract

The type VI secretion system (T6SS) is a secretion pathway widespread in Gram-negative

bacteria that targets toxins in both prokaryotic and eukaryotic cells. Although most T6SSs

identified so far are involved in inter-bacterial competition, a few are directly required for full

virulence of pathogens. The T6SS comprises 13 core proteins that assemble a large com-

plex structurally and functionally similar to a phage contractile tail structure anchored to the

cell envelope by a trans-membrane spanning stator. The central part of this stator, TssM, is

a 1129-amino-acid protein anchored in the inner membrane that binds to the TssJ outer

membrane lipoprotein. In this study, we have raised camelid antibodies against the purified

TssM periplasmic domain. We report the crystal structure of two specific nanobodies that

bind to TssM in the nanomolar range. Interestingly, the most potent nanobody, nb25, com-

petes with the TssJ lipoprotein for TssM binding in vitro suggesting that TssJ and the nb25

CDR3 loop share the same TssM binding site or causes a steric hindrance preventing

TssM-TssJ complex formation. Indeed, periplasmic production of the nanobodies displacing

the TssM-TssJ interaction inhibits the T6SS function in vivo. This study illustrates the power

of nanobodies to specifically target and inhibit bacterial secretion systems.

Introduction

The type VI secretion system (T6SS) is a machinery widespread in Gram-negative bacteria and
dedicated to the delivery of toxins in bacterial and eukaryotic host cells. By its anti-bacterial an-
tagonistic action, the T6SS is one of the main players in the bacterial warfare for the access to
nutrients and for colonization of the ecological niche [1, 2]. The T6SS assembles from 13
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conserved components. Architecturally, the T6SS can be seen as a micrometer-long syringe an-
chored to the cell membrane by a trans-envelope complex [3–6]. The phage tail-related sy-
ringe-like tubular structure is composed of an internal tube tipped by a spike-like complex,
wrapped by a contractile sheath and tethered to the membrane through contacts with compo-
nents of a trans-envelope multiprotein complex [6, 7]. This membrane-associated complex is
composed of the TssL and TssM inner membrane proteins and of the TssJ outer membrane li-
poprotein [8–13]. The TssM and TssL proteins interact and stabilize each other and share ho-
mologies with the Type IVb secretion system IcmF and DotU subunits respectively [12, 14,
15]. In enteroaggregative Escherichia coli (EAEC), TssM (accession number: EC042_4539;
gene ID: 387609960) is a 1129-amino-acid protein anchored to the inner membrane by three
transmembrane helices and bearing a large ~ 750 amino-acid periplasmic domain (amino-
acids 386–1129). The C-terminal extremity of the TssM periplasmic domain interacts with the
L1-2 loop of the TssJ lipoprotein with a KD of 2–4 μM [11]. By combining interactions with
inner membrane and outer membrane-associated components, the TssM protein crosses the
cell envelope and is therefore central to the T6SS membrane complex.

Although the EAEC TssM periplasmic domain purified readily, we did not succeed to gain
structural information [11]. One of the most efficient approaches to improve the crystallization
process is to use co-crystallization of the protein of interest with cognate camelid nanobodies.
Camelid (llamas, dromaderies and alpacas) antibodies differ from classical antibodies as they
only associate two heavy-chains, lacking the CH1 domain and terminated by monomeric vari-
able antigen-binding VHH domains called nanobodies [16, 17, 18]. By contrast to the conven-
tional immunoglobulin domains, these single-domain VHH antibodies are highly convenient:
in addition to be the smallest antibodies, they are easy to produce in the E. coli periplasm [19].
Therefore, they have remarkable potential in the biotechnology and bio-pharmaceutical fields
[18, 20, 21]. More important for structural biologists, they also demonstrated their efficiency to
improve protein solubility and facilitating crystallization when complexed with the protein of
interest [19], in particular for membrane-associated or flexible proteins [22, 23, 24, 25, 26]. Fi-
nally, due to their high affinity and selectivity and their small size, nanobodies are excellent en-
zymes and receptors inhibitors and can be used for functional studies.

To gain further information on the EAEC TssM protein, the purified TssM periplasmic do-
main was used for llama immunization. Here we report the selection and the structural analysis
of two specific nanobodies. These antibodies bind to the TssM periplasmic domain with a KD

in the nanomolar range. One of these nanobodies disrupts the TssM-TssJ interaction in vitro

and prevents the proper function of the T6SS apparatus.

Results and Discussion

Selection and crystal structures of TssM-specific nanobodies

Nanobodies were raised by immunization of llamas with the purified periplasmic domain of
the EAEC TssM protein (TssMp). Three strong TssMp binders were identified from the im-
mune library by three rounds of panning using phage display coupled to ELISA. Two nanobo-
dies, called nb02 and nb25, were selected for further studies based on their high affinity for
TssM and on their amino-acid differences in the variable regions, suggesting they bind distinct
regions of TssMp (Fig. 1A). The third nanobody, nb42, is very similar to nb25, and was not re-
tained for the structural studies. The two selected nanobodies, nb02 and nb25, sharing 77% se-
quence identity, were produced in the periplasm of E. coli, purified to homogeneity and
concentrated to 10 mg/ml. Both nb02 and nb25 behaved as monomers in size-exclusion chro-
matography and both crystallized readily, allowing to solve their three-dimensional structures
by molecular replacement (Fig. 1B and 1C). Crystal structures were refined to 1.7 Å and 1. 38

Nanobody-Mediated T6SS Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0122187 March 26, 2015 2 / 14

no role in study design, data collection and analysis,

decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared

that no competing interests exist.



Å resolution with R/Rf values of 25.1/20.5% and 19.1/19.8%, respectively (Table 1). Overall, the
two structures (nb02, PDB 4QLR; nb25, PDB 4QGY) are very similar. The superimposed struc-
tures of nb02 and nb25 differ by a rmsd of 1.13 Å on 118 aligned residues (Fig. 1D). However,
despite identical lengths, the conformations of the nb02 and nb25 CDR1 and CDR2 regions
differ significantly (Fig. 1D). More importantly, large differences can be observed on the CDR3
regions, notably in terms of size (14-residue long for nb02, 19-residue long for nb25). Notewor-
thy, the nb25 CDR3 region is stabilized by a disulfide bridge between Cys-106 and CDR2 Cys-
50 and extends out of the nanobody core, providing a large putative binding area for the anti-
gen (Fig. 1C).

Nanobodies bind TssM with nanomolar affinities

To gain further information on the nanobodies, the strengths of their interactions with TssMp
were measured by surface plasmon resonance (SPR). Nb02, nb25 and the nb25 variant nb42
were covalently coupled to the CHIP and sensorgrams were recorded after injection of the pu-
rified TssMp fragment in the microfluidic channel (Fig. 2). Analysis of the SPR curves indicate
that nb02, nb25 and nb42 bind to TssMp with KD values of 66.8±2 nM, 1.61± 0.1 nM and
1.76± 0.1 nM, respectively (Table 2).

Nb25 interferes with TssJ binding to TssM

We previously reported that TssJ binds to TssMp with a KD value of 2–4 μM. This interaction
is mediated by the L1-2 loop of TssJ and is essential for the proper function of the T6SS [11].

Fig 1. Structure of the anti-TssM nanobodies. (A) Sequence alignment of nanobodies nb02, nb25 and
nb42. Identical amino-acids are in white and underlined in red, similar amino-acids are colored in red,
different amino-acids are in black. The CDR1, CDR2 and CDR3 are highlighted in blue, green and yellow,
respectively. The green numbers (1 or 2) below the sequence indicate cysteine residues involved in
disulphide bridges SS1 (1, Cys22 and Cys96) and SS2 (2, Cys50 and Cys106) disulphide bridges formation.
Crystal structure of nanobodies nb02 (B) and nb25 (C), represented as ribbons and colored in rainbowmode.
(D) Superimposition of the structures of nb02 (grey) and nb25 (rainbow color). The locations of the CDR1,
CDR2 and CDR3 variable regions are indicated as well as the positions of disulphide bridges (SS1 and SS2).

doi:10.1371/journal.pone.0122187.g001
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Based on these results, we hypothesized that the TssJ L1-2 loop will contact a crevice within
TssM [11]. Because nanobodies are known to target enzymatic sites or crevices [27], we sought
to determine whether the nanobodies and TssJ share the same TssM-binding site. We therefore
performed Bilayer interferometry (BLI) competition experiments between the nanobodies and
TssJ on TssMp. The TssJ protein (devoid of its N-terminal Cys acylation residue) was biotiny-
lated and coupled to the streptavidine BLI chip. The chip was immersed on solution containing
TssMp-nanobody complexes. Due to the 50- to 1000-fold magnitude differences between the
KDs of TssJ and that of the nanobodies to TssMp, we expected that the occupation of the TssJ
binding site by the nanobody would prevent TssMp binding to TssJ. Fig. 3 shows that the
TssMp-nb02 complex can readily interact with TssJ. The formation of the nb02-TssMp-TssJ
ternary complex demonstrates that TssJ and nb02 bind TssM differently. By contrast, the
TssMp-nb25 complex does not bind TssJ demonstrating that nb25 interferes with TssJ binding
on TssMp. This result suggests that nb25 and TssJ share the same TssM binding site or that
nb25 binding on TssMp causes steric hindrance preventing TssJ binding.

Nb25 disrupts the TssMp-TssJ interaction in vitro

We hypothesized that if nb25 and TssJ share the same TssM binding site, nb25 should disrupt
the TssM-TssJ complex. We therefore analyzed the effect of nb25 on the stability of the
TssM-TssJ complex. Competition experiments were performed by incubating the purified
TssMp-TssJ complex with an excess of nb25, prior to analysis by gel filtration. Three peaks
were observed on the chromatogram (Fig. 4). Analysis of the peaks by SDS-PAGE (Fig. 4,
inset) showed that peak 1 (~ 90 kDa) contained TssMp and nb25 (theoretical weight of the
TssMp-nb25 complex = 98 kDa), while peak 2 (~ 18 kDa) contained TssJ (theoretical

Table 1. Data collection and refinement statistics for the nb02 and nb25 anti-TssM nanobodies.

DATA COLLECTION nb02 (PDB:4QLR) nb25 (PDB:4QGY)

Diffraction source ESRF Soleil PX1

Detector Pilatus 6M Pilatus 6M

Space group P 21 C2221

Cell dimensions (Å,°) a = 50.0, b = 48.6, c = 52.9 Å
3 β = 118.8° a = 52.0, b = 70.9, c = 145.7 Å

3

Resolution rangea (Å) 50–1.70 (1.76–1.70) 50–1.38 (1.42–1.38)

R-mergea (%) 7.0 (52) 3.1 (70)

CC(1/2)a (%) 99.7 (73.1) 100 (85)

Mean((I)/sd(I))a 9.6 (1.7) 29 (2.6)

Total number of reflectionsa 62041 (5333) 395611 (25318)

Number of unique reflectionsa 23496 (2222) 55440 (3886)

Completenessa (%) 94.3 (90.3) 99.6 (95)

Multiplicitya 2.64 (2.4) 7.1 (6.5)

REFINEMENT

Resolutiona (Å) 44.1–1.7 (1.78–1.7) 20–1.38 (1.42–1.38)

Nr of reflectionsa 23498 (2742) 55416 (3814)

Nr protein / water 1931 / 211 1918 / 309

Nr test set reflections 1201 2813

Rwork/Rfree
a (%) 20.5/25.1 (24.0/25.4) 19.1/19.8 (32.2/36.7)

r.m.s.d.bonds (Å) / angles (°) 0.01 / 1.02 0.01 / 1.09

B-wilson / B-average 21.0 / 23.6 20.3 / 24.8

a numbers in brackets refer to the highest resolution bin.

doi:10.1371/journal.pone.0122187.t001
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Fig 2. Nanobodies nb02 and nb25 bind TssMpwith nanomolar affinity. Surface Plasmon Resonance recordings representing binding and release of the
purified periplasmic domain of TssM (from bottom to top: 1.95, 3.9, 7.8, 15.6, 31.25, 62.5, 125 and 250 nM) to nanobody nb02 (A), nb25 (B) or nb42 (C)
immobilized on the Chip. The variation of the Surface Plasmon Resonance (shown as the experimental and fitting curves) is reported on the y axis (in
arbitrary unit, RU) plotted versus the reaction time on the x axis (in sec.). The apparent KDs are indicated on the top of each graph. The kinetic and
thermodynamic parameters are indicated in Table 2.

doi:10.1371/journal.pone.0122187.g002

Table 2. Kinetic and thermodynamic parameters of the interactions between anti-TssM nanobodies
with TssMp.

kon (M-1.s-1) koff (s
-1) KD (nM) Rmax

nb02 6.02 105 402 10-4 66.8 ± 2.5 734

nb25 3.5 105 5.6 10-4 1.61 ± 0.05 1165

nb42 2.04 105 3.6 10-4 1.76 ± 0.08 3155

doi:10.1371/journal.pone.0122187.t002
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Fig 3. Binding of TssMp:nanobody complexes to TssJ. Bilayer interferometry recordings representing
binding of TssMp alone (blue) or the TssMp:nb02 (red) or TssMp:nb25 (green) complexes to chip coupled to
TssJ. The response (in nm) is plotted versus the time (in sec.). The absence of response in the green
sensorgram indicates that nb25 prevents attachment of TssMp to TssJ.

doi:10.1371/journal.pone.0122187.g003

Fig 4. Nanobody nb25 disrupts the TssMp:TssJ complex. The pre-formed TssM-TssJ complex was analyzed by size exclusion chromatography before
(dash line) and after incubation with an excess of nb25 (plain line). The composition of the different complexes, eluting at different volumes, was analysed by
SDS-PAGE and Coomassie blue staining (inset). The fractions corresponding to peak 1–3 are indicated on the top. The molecular masses of the protein
markers (in kDa) are indicated on the left. According to the calibration of the column, the apparent molecular weights for peak 1 (9.72 ml), peak 2 (13.02 ml)
and peak 3 (14.43 ml) are about 90, 18 and 14 kDa, respectively. The faint band at the position of TssMp in peaks 2 and 3 of the SDS gel arise from
contamination by the large main TssMp peak 1.

doi:10.1371/journal.pone.0122187.g004
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Fig 5. TssM-specific nanobodies nb25 and nb42 specifically affect T6SS function. (A) Hcp release assay. HA-epitope-tagged Hcp (HcpHA) release was
assessed by separating whole cells (C) and supernatant (S) fractions from wild-type (WT), ΔtssM cells or WT cells producing 6His-tagged nanobodies as
indicated. 2×108 cells and the TCA-precipitated material of the supernatant from 5×108 cells were loaded on a 12.5%-acrylamide SDS-PAGE and the
nanobodies (lower panel), Hcp (middle panel) and periplasmic TolB (cell integrity control, upper panel) proteins were immunodetected using anti-5His, anti-
HA and anti-TolB antibodies respectively. (B) Anti-bacterial assay. The Sci-1 T6SS-dependent anti-bacterial activity was assessed by mixing prey cells
(W3110 gfp+, kanR) with the indicated attacker cell (K-12, W3110; WT, EAEC 17–2; ΔtssM, 17–2ΔtssM or WT cells producing the indicated nanobody) for 16
hours at 37°C in sci-1-inducing medium (SIM). The recovered fluorescent level (in arbitrary units) is shown in the upper graph (mean of fluorescence levels
per OD600nm obtained from four independent experiments). The number of recovered viable prey cells, expressed in colony forming unit (cfu) is shown in the
lower graph (the triangles indicate values from four independent assays, and the average is indicated by the bar).

doi:10.1371/journal.pone.0122187.g005
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weight = 17 kDa) and peak 3 (~ 14 kDa), the excess of nb25 (theoretical weight = 14 kDa).
These data confirm that nb25 binds to TssMp and chases TssJ from the pre-assembled TssMp-
TssJ complex.

Nb25 prevents formation of a functional T6SS

The TssM-TssJ interaction was previously shown to be indispensable for the proper function
of the Type VI secretion apparatus in enteroaggregative E. coli [11]. As nb25 (and nb42) com-
pete with TssJ for TssM binding in vitro, we wondered whether these nanobodies would dis-
rupt the TssM-TssJ interaction in vivo. The vectors allowing the periplasmic production of the
nb02, nb25 and nb42 nanobodies, as well as a control nanobody (a nanobody targeting the Lac-
tococcus lactis phage 1358 receptor binding protein) were introduced into the wild-type EAEC
strain 17–2. The function of the T6SS was assessed by the Hcp1 release assay and by the Sci1--
dependent antibacterial activity. As shown in Fig. 5, the control nanobody and nb02 had no—
or little—effect on the function of the T6SS as 17–2 cells producing nb02 released the Hcp1
protein and retained anti-bacterial activities at levels comparable to that of wild-type 17–2
cells. By contrast, the periplasmic production of nb25 and nb42 inhibited the function of the
T6SS as (i) no Hcp1 was found in the culture supernatant of 17–2 cells producing these VHHs
and (ii) these cells did not have any growth advantage when co-cultured with E. coli K-12 cells.
Taken together, these results suggest that disruption of the TssM-TssJ interaction prevents the
formation of a functional Type VI secretion apparatus in EAEC.

Concluding Remarks

In this study, we raised and selected two camelid variable fragments of heavy-chain antibodies
specific to the EAEC T6SS TssM periplasmic domain. Although this strategy was originally ini-
tiated to help the crystallization of the TssM protein, we used here these nanobodies to gain
functional information on the assembly of the T6SS apparatus. We showed that the two select-
ed nanobodies bind TssMp with nanomolar affinities. These values are in agreement with the
affinities of nanobodies, including that targeting the Salmonella Typhimurium actin ADP-
ribosylating toxin or the Pseudomonas aeruginosa flagellin [28, 29]. BLI and gel filtration ex-
periments showed that nb25 is a competitor of TssJ in vitro, suggesting that nb25 binds at—or
close to—the TssJ binding site on TssMp or at least causes a steric hindrance or a TssM confor-
mational change preventing TssM-TssJ complex formation. Due to the variability of the CDR3
protruding loop and the observation that nanobodies are often targeting crevices [27], we hy-
pothesize that the nb25 CDR3 loop mediates the interaction with a crevice in TssM, such as the
TssJ L1-2 loop does [11]. Significant sequence differences occur in the CDR1 and CDR2 of
nb25 and nb42, while the CDR3 are identical. This observation is in line with our hypothesis of
CDR3 binding to the TssJ binding site of TssM. Sequence alignment between the TssJ LI-2
loop and the CDR1, CDR2 and CDR3 of nb25 shows that, except an A-X-G-I motif, very limit-
ed similarities exist between TssJ and CDR3. However, the TssJ L1-2 loop being elongated
whereas the CDR3 having a compact fold, no structural conservation is observed between
these loops suggesting that TssJ L1-2 and nb25/nb42 CDR3 do not bind identically to TssM, al-
though we cannot exclude loop rearrangements upon binding. In view of these results, the co-
crystallization between TssMp and nb25 is therefore essential, not only to gain structural infor-
mation on TssM but also to identify the nb25-binding site and to test whether this region is
also responsible for making contacts with the TssJ L1-2 loop. Interestingly, the use of nanobo-
dies for co-crystallization was successful in this specific case as we recently obtained co-crystals
between a fragment of the periplasmic domain of TssM and nb25 and performed a preliminary
X-ray diffraction analysis [30].
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By contrast, although nb02 has strong affinity for TssM, we showed that nb02 does not
compete with TssJ for TssM binding in vitro. Because of the formation of an nb02-TssMp-TssJ
ternary complex, nb02 is an interesting tool to assist the crystallization of the TssMp-TssJ com-
plex. Hcp release and growth competition assays showed that nb02 has no inhibitory effect in
vivo. Therefore, defining the site of binding of nb02 on TssM is also interesting as this nano-
body targets a region that is not critical for the assembly of the T6SS membrane complex.

Nanobodies targeting bacterial multi-protein complexes or toxins have already been re-
ported. For examples, specific nanobodies to the Vibrio Type II secretion (T2SS) GspD secretin
and EspI/J pseudopilin complex have been selected and used for structural studies but their ef-
fect on the assembly of the T2SS in vivo has not been addressed [31]. By contrast, nanobodies
interacting with the P. aeruginosa or Campylobacter jejuni flagellin decrease the swimming rate
and biofilm formation of these strains [29, 32]. Similarly, nanobodies that bind to and interfere
with the catalytic site of the S. Typhimurium ADP-ribosylation toxin diminish the cytotoxicity
in vivo [28]. Our study not only paves the way to the structural characterization of the TssM
periplasmic domain and of the TssMp-TssJ complex, but also demonstrates that nanobodies
can be used to inhibit the assembly of the T6SS or of secretion systems in general with the goal
to diminish or abolish the fitness or the virulence of bacterial pathogens in their
ecological niche.

Materials and Methods

Bacterial strains, growth conditions and chemicals

The entero-aggregative E. coli EAEC strain 17–2 and its ΔtssM isogenic derivative [10] were
used for this study. The E. coli K-12 WK6 strain was used for nanobody production. The E. coli
K-12 W3110 strain carrying the pUA66-rrnB plasmid (gfp under the control of the constitutive
rrnB ribosomal promoter, specifying strong and constitutive fluorescence, and kanamycin re-
sistance [33]) was used as prey in antibacterial competition experiments. Strains were routinely
grown in lysogeny broth (LB) or Terrific broth at 37°C, with aeration. For antibacterial compe-
tition assays, cells were grown in sci-1-inducing medium (SIM: M9 minimal medium, glycerol
0.2%, vitamin B1 1 μg/ml, casaminoacids 100 μg/ml, LB 10%, supplemented or not with bac-
toagar 1.5%). Plasmids were maintained by the addition of ampicillin (200 μg/mL) or kanamy-
cin (50 μg/mL). The expression of the nanobody constructs cloned into pHEN6 vector
derivatives was induced by the addition of isopropyl-β-thio-galactoside (IPTG).

Generation of llama nanobodies against TssM

The periplasmic domain of TssM (amino-acids 386–1129; TssMp) was produced and purified
as described previously [11]. Four injections of 1 mg of recombinant TssMp (in Tris-HCl 20
mM (pH 8.0), NaCl 150 mM) were performed subcutaneously with two weeks intervals fol-
lowed by a fifth injection one month later in two llamas (Lama glama) (Capralogics Inc., Hard-
wick, MA 01037 USA). Lymphocytes were isolated from blood sample obtained 1 week after
the last immunization. cDNA was synthesized from purified total RNA by reverse transcrip-
tion. The cDNA was used as template for PCR amplification to amplify sequences correspond-
ing to the variables domains of the heavy-chain antibodies. PCR fragments were cloned into
the phagemid vector pHEN4 [34] to create a nanobody phage display library. Selection and
screening of nanobodies were performed as previously published [35]. Three rounds of pan-
ning resulted in the isolation of TssMp-specific binders. Nanobodies nb02, nb25 and its variant
nb42 were selected, sequenced and cloned into the pHEN6 expression vector downstream the
pelB signal peptide and fused to a C-terminal 6×His tag [36].
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Purification of nanobodies

E. coliWK6 cells carrying the pHEN6 derivatives were grown at 37°C in Terrific Broth medium
containing 0.1% glucose and ampicillin to an optical density (OD600nm) ~ 0.8. The expression
of the nanobody was induced by the addition of 1 mM IPTG and incubation for 16 hours at
28°C. The periplasmic fraction containing the nanobodies was prepared by osmotic shock. The
His-tail-containing fusion proteins were purified by immobilized metal affinity chromatogra-
phy on a 5-mL Ni-NTA column equilibrated in 50 mMNa/K phosphate (pH 8.0), 300 mM
NaCl, 10% glycerol. Nanobodies were eluted in 250mM imidazole and concentrated (Amicon-
Ultra 10-kDa cut-off) prior to be loaded on a HiLoad 16/60 Superdex 75 gel filtration column
equilibrated in 20 mM Tris–HCl (pH 8.0), 150 mMNaCl.

Nanobodies structure determination

Crystallization screening experiments were performed with several commercial kits. The nano-
drop crystallization experiments were performed in Greiner plates. The reservoirs of the Grei-
ner plates were filled up using a TECAN pipetting robot, while the nano-L drops were dis-
pensed by a Mosquito robot using nano-crystallization protocols [37]. All crystallization
experiments were performed at 293K. Nanobody nb02 crystallized at 15 mg/mL in 100 mM so-
dium cacodylate (pH 6.5), 25% w/v PEG 8000, 200 mM (NH4)2SO4. Nanobody nb25 crystal-
lized at 15 mg/mL in 100 mM CHES (pH 10), 1 M K/Na tartrate, 200 mM Li2SO4. Crystals
were mounted in loops and soaked in their crystallization solution supplemented by 4M
TMAO before cryocooling.

Data collection of nb02 and nb25 were performed at synchrotrons ESRF (Grenoble, France)
beamline ID29 and Soleil PX1 (saint-Aubin, France), respectively (Table 1). Data were inte-
grated with XDSME and scaled with XSCALE. The nb02 crystals belong to space-group P21,
with cell dimensions a = 50.0, b = 48.6, c = 52.9 Å3, β = 118.8°. Two molecules in the symmetric
unit yield a Vm value of 2.0 Å3/Da and 38% solvent. The nb25 crystals belong to space-group
C2221, with cell dimensions a = 52.0, b = 70. 9, c = 145.7 Å3. Two molecules in the asymmetric
unit yielded a Vm value of 2.20 Å3/Da and 45% solvent. These crystals diffracted to 1.70 Å and
1.38 Å resolution, respectively (Table 1). Molecular replacement was performed using MOL-
REP [38] and nanobody structures with high sequence similarity to nb25 (PDB: 4KRP) and
nb02 (PDB: 4HEP) as starting models. Refinement was performed using autoBUSTER [39] al-
ternated with rebuilding with COOT [40].

Accession numbers

Atomic coordinates have been deposited in the Protein Data Bank as identifiers 4QLR (nb02)
and 4QGY (nb25).

Surface Plasmon Resonance (SPR) measurements

The interaction between TssMp and nanobodies was tested by SPR using a Biacore X100 (GE
healthcare). Nb02, nb25 and nb42 were covalently linked to a CM5 chip and different concen-
trations of TssMp were injected in the microfluidic channel. Regeneration was achieved by the
injection of glycine-HCl (pH 2.5) buffer. The KD values were calculated by the multi-cycle ki-
netics method (Biacore, GE-healthcare).

Biolayer interferometry (BLI)

TssJ was first biotinylated using the EZ-Link NHS-PEG4-Biotin kit (Perbio Science, France).
The reaction was stopped by removing the excess of the biotin using a Zeba Spin Desalting
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column (Perbio Science, France). BLI studies were performed in black 96-well plates (Greiner)
at 25°C using an OctetRed96 (ForteBio, USA). Streptavidin biosensor tips (ForteBio, USA)
were first hydrated with 0.2 ml Kinetic buffer (KB, ForteBio, USA) for 20 min and then loaded
with biotinylated TssJ (10 μg/ml in KB). The association of TssJ with TssM (300 nM) was mon-
itored for 200 sec, as well as the dissociation in KB. For TssM/nanobody competition experi-
ments, nb02 or nb05 nanobodies were used at a TssJ:nanobody ratio of 3:1.

Size Exclusion Chromatography (SEC)

Size exclusion chromatography was performed on an Alliance 2695 HPLC system (Waters)
using a pre-calibrated Superdex 75 10/300 GL gel filtration column run in 20 mM Tris-HCl
(pH 8.0), 100 mM NaCl at 0.5 mL/min.

Hcp release assay

The expression of the nanobody constructs cloned into pHEN6 vector derivatives was induced
by the addition of 0.5 mM isopropyl-β-thio-galactoside (IPTG) for 45 min. Supernatant and
cell fractions were separated as previously described [12, 13] with the addition of the iron che-
lator 2,2’-dipyridyl (125 μM final concentration) to the culture medium 30 min before harvest-
ing the cells to induce the expression of the sci-1 T6SS [41]. Briefly, 2 × 109 cells producing HA
epitope-tagged Hcp (from plasmid pOK-HcpHA; [10]) and the 6×His-tagged nanobody con-
structs were harvested and collected by centrifugation at 2,000 × g for 5 min. The supernatant
fraction was then subjected to a second low-speed centrifugation and then at 16,000 × g for 15
min. The supernatant was filtered on sterile polyester membranes with a pore size of 0.2 μm
(membrex 25 PET, membraPure GmbH) before overnight precipitation with trichloroacetic
acid (TCA) 15% on ice. Cells and precipitated supernatants were resuspended in loading buffer
and analyzed by Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (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. The production of the
nanobodies was verified by immunoblotting with the anti-5His antibody.

Sci-1-dependent antibacterial assay

The antibacterial competition growth assay was performed as described for the studies on the
Citrobacter rodentium and EAEC Sci-2 T6SSs [42, 43] with modifications. The wild-type E. coli
strain W3110 bearing the pUA66-rrnB plasmid KanR [33] was used as prey in the competition
assay. The pUA66-rrnB plasmid provides a strong constitutive green fluorescent (GFP+) phe-
notype. Attacker and prey cells were grown for 16 hours in LB medium, then diluted 100-fold
in SIM. Once the culture reached an OD600nm = 0.8, the cells were harvested and resuspended
to an OD600nm of 0.5 into SIM. For the attacker cells, the expression of the VHH-encoding
genes was induced for 45min. with 0.5 mM IPTG prior to cell harvest. Attacker and prey cells
were mixed to a 4:1 ratio and 25-μl drops of the mixture were spotted in triplicate onto a pre-
warmed dry SIM agar plate supplemented with 0.5 mM IPTG. After overnight incubation at
30°C, the bacterial spots were cut off, and cells were resuspended in LB to an OD600nm of 0.5.
Triplicates of 150 μl were transferred into wells of a black 96-well plate (Greiner), and the ab-
sorbance at 600 nm and fluorescence (excitation, 485 nm; emission, 530 nm) were measured
with a Tecan Infinite M200 microplate reader. The relative fluorescence was expressed as the
intensity of fluorescence divided by the absorbance at 600 nm, after subtracting the values of a
blank sample. For enumeration of viable prey cells, bacterial suspensions recovered from the
spots were serially diluted and spotted onto selective LB agar plates supplemented with kana-
mycin (for the E. coli prey cells).
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Miscellaneous

SDS-Polyacrylamide gel electrophoresis was performed using standard protocols. For immu-
nostaining, proteins were transferred onto nitrocellulose membranes, and immunoblots were
probed with primary antibodies, and goat secondary antibodies coupled to alkaline phospha-
tase, and developed in alkaline buffer in presence of 5-bromo-4-chloro-3-indolylphosphate
and nitroblue tetrazolium. The anti-TolB polyclonal antibodies are from our laboratory collec-
tion, while the anti-HA (3F10 clone, Roche), the anti-5His (Qiagen) monoclonal antibodies
and alkaline phosphatase-conjugated goat anti-rabbit, mouse, or rat secondary antibodies
(Millipore) have been purchased as indicated.
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As shown in Article 1, three nanobodies raised against the periplasmic domain of TssM were good

binders. Two of them, nb25 and nb42, compete with TssJ and hence are proposed to bind to -

or close to - the TssJ binding site(s). The third anti-TssM nanobody, nb02, binds TssMp with

high affinity but did not displace the TssJ-TssMp complex. These nanobodies were used to help

crystallization of TssMp or of the TssJ-TssMp complex. The use of nanobodies was combined

with limited proteolysis to obtain stable fragments. The high-resolution X-ray structures of the

C-terminal 26-kDa and 32-kDa subdomains of TssMp, alone or in association were TssJ were then

obtained. These structures were incorporated into a manuscript that reports information on the

assembly and structure of the TssJLM complex. This multidisciplinary study combined electron

microscopy, fluorescence microscopy, X-ray crystallography and functional assays.

Eric Durand succeeds to purify, image and solve the overall structure of the purified TssJLM

membrane complex. After the co-production of the three proteins, the membrane proteins were sol-

ubilized with detergents, and the TssJLM complex was purified to homogeneity by two consecutive

affinity chromatographies (His-tag and Strep-tag) and gel filtration. Analyses of the purified sam-

ple demonstrated that TssJ, TssL and TssM assemble a 1.7-MDa membrane complex with a 1:1:1

stoichiometry. The TssJLM complex was visualized by negative-stain electron microscopy (EM)

and processing based on 2D-class average obtained with 50,000 particles yielded a reconstruction at

a resolution of 11.6 Å. The membrane complex has a 5-fold symmetry and is composed of 10 copies

of each protein. This pentamer of dimers of heterotrimeric complexes has the overall structure of a

rocket, with a large base linked to the tip by arches and pillars. The base comprises the cytoplasmic

domains of TssL and TssM, the arches likely correspond to the transmembrane segments whereas

the pilars are composed of the periplasmic domain of TssM and the TssJ lipoprotein. Although the

two arches of each dimer start at the periphery of the base, the corresponding pillars separate to

distinguish internal and external pillars. The internal pillars converge to the center of the complex

and hence close the central lumen at the outer membrane.

Using functional chromosomal fluorescent fusions to TssM and TssL in wild-type cells, Abdel-

rahim Zoued defined that up to 8 static membrane complexes can assemble per cell and that, as

expected from the biogenesis model, that the TssJLM complex forms first and serves as a docking
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station for the tail. He also demonstrated that membrane complexes could be reused for several

firing events. By engineering the same constructs in different mutant backgrounds, he unveiled

that assembly of the TssJLM complex proceeds inward: it starts with the positioning of the TssJ.

lipoprotein and continues with the recruitment of TssM and then TssL.

Son Nguyen obtained the high-resolution structure of TssMp subdomains, alone or in complex

with TssJ. The C-terminal portion of TssM comprises two domains: a helical domain composed

of a bundle of four α-helices followed by nine β-strands, a long α-helix and an approx. 30-residue

non-folded tail.

Because in the involvement of lipoproteins in the insertion of β-barrel channels in the outer

membrane, the interaction of TssJ with the TssM C-terminal β-domain, and the absence of an

outer membrane protein in the T6SS, we wondered whether the β-domain of TssM may assemble

the outer membrane pore. To test this hypothesis, I substituted residues located in between each

β-strand (positions 989, 972, 1005, 1019, 1035, 1062, 1075, 1092 and 1109) by cysteine residues.

Each of these variants of TssM were functional. I then tested the accessibility of each cysteine

to maleimide-activated Bovine Serum Albumine. BSA is a large protein that is unable to cross

the outer membrane, while the maleimide moiety reacts with the thiol group of free cysteines to

form a covalent bond. Hence, only extracellularly exposed cysteine side-chains will be labelled

with maleimide-BSA, thus causing an increase of the molecular weight of the protein that could

be observed by SDS-PAGE. Using this approach, I showed that 5 variants were labelled in vivo.

Interestingly, these substitutions include position 1109, located in the C-terminal tail (i.e., after

the long α-helix), and four positions that are located on the upper part of the β-domain. These

results suggest that either the β-domain is inserted in the outer membrane, with its upper part

exposed to the extracellular milieu, or that its upper part is accessible from the exterior (by a large,

unknown, pore). When the same experiment was repeated in ∆tssBC cells, only position 1109 was

labelled, suggesting that the TssM C-terminal tail is exposed at the cell surface, whereas the upper

part of the β-domain is accessible only when the sheath assembles or contracts. Finally, none of

the positions was labelled in ∆tssJ cells. Based on these results, we propose that TssJ facilitates

the insertion of the long α-helix of TssM in the outer membrane, a situation that is reminiscent to

the insertion of the T4SS VirB10 antennae (Bayliss et al., 2007). Then, the β-strands of the TssM

β-domain insert into the membrane during sheath assembly or contraction, allowing formation of

the outer pore necessary for the passage of the needle.
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Biogenesis and structure of a type VI
secretion membrane core complex
Eric Durand1,2,3,4,5*, Van Son Nguyen2,5*, Abdelrahim Zoued1*, Laureen Logger1, Gérard Péhau-Arnaudet4,
Marie-Stéphanie Aschtgen1, Silvia Spinelli2,5, Aline Desmyter2,5, Benjamin Bardiaux4,6, Annick Dujeancourt3,4,
Alain Roussel2,5, Christian Cambillau2,5, Eric Cascales1 & Rémi Fronzes3,4

Bacteria share their ecological niches with other microbes. The bacterial type VI secretion system is one of the key
players in microbial competition, as well as being an important virulence determinant during bacterial infections. It
assembles a nano-crossbow-like structure in the cytoplasm of the attacker cell that propels an arrow made of a
haemolysin co-regulated protein (Hcp) tube and a valine–glycine repeat protein G (VgrG) spike and punctures the
prey’s cell wall. The nano-crossbow is stably anchored to the cell envelope of the attacker by a membrane core
complex. Here we show that this complex is assembled by the sequential addition of three type VI subunits (Tss)—
TssJ, TssM and TssL—and present a structure of the fully assembled complex at 11.6 Å resolution, determined by
negative-stain electron microscopy. With overall C5 symmetry, this 1.7-megadalton complex comprises a large base
in the cytoplasm. It extends in the periplasm via ten arches to form a double-ring structure containing the
carboxy-terminal domain of TssM (TssMct) and TssJ that is anchored in the outer membrane. The crystal structure of
the TssMct–TssJ complex coupled to whole-cell accessibility studies suggest that large conformational changes induce
transient pore formation in the outer membrane, allowing passage of the attacking Hcp tube/VgrG spike.

In the environment, bacteria have evolved collaborative or aggressive
mechanisms to communicate, exchange information and chemicals,
or compete for space and resources1–3. One of the main weapons of
bacterial conflicts is amulti-protein device called the type VI secretion
system (T6SS) that is assembled in the attacker bacterium4. The T6SS
is a versatile nanomachine that can deliver toxin proteins directly not
only into prey prokaryotes but also into eukaryotic cells during bac-
terial infections3,5–9. Anti-host activities have been shown to inhibit
phagocytosis and therefore to disable macrophages, while the anti-
bacterial activities allow the bacterium to destroy competitors and to
have a privileged access to the niche, to nutrients or to new DNA3,9,10.
The T6SS is composed of 13 different proteins, encoded by genes that
are usually clustered11. It assembles a tubular puncturing device that is
evolutionarily, structurally and functionally similar to the tail of con-
tractile bacteriophages. Its sheath is a tubular structure, hundreds of
nanometres long, that extends in the cytoplasm and is built by the
polymerization of TssBC building blocks12–14. It is assembled on an
assembly platform, the baseplate13,15–17, and maintained in an
extended, metastable conformation16–18. The attacking arrow,
wrapped by the sheath, comprises an inner tube that is built by stacked
Hcp hexameric rings19 and tipped by a puncturing spike composed of
VgrG20. Upon contact with the prey, structural rearrangements of the
sheath subunits induce its contraction and propulsion of the Hcp
tube/VgrG spike towards the target cell, allowing toxin delivery16,17,21.
The phage-like T6SS tail is anchored to the attacker cell membrane by
a trans-envelope complex22. This membrane complex not only serves
as a docking station but has been proposed as a channel for the passage
of the inner tube after sheath contraction, thereby preventing mem-
brane damage in the attacker16,17. The membrane core complex of the
T6SS (that is, the minimal module required to function and conserved

in all T6SS) is composed of the TssL and TssM inner-membrane pro-
teins and the TssJ outer membrane lipoprotein15–17,22–26. These proteins
are connected through a network of interactions between TssM and
TssL, and TssM and TssJ22,24,25. Although the localization and topology
of these subunits, their interactions and the crystal structures of the
soluble domains of TssJ and TssL have been described17,22–29, we still
lack crucial information on the biogenesis and overall architecture of
this complex and how it is used as a channel during T6SS action.

Localization, dynamics and biogenesis of the T6SS
membrane core complex
We first sought to determine the assembly pathway of the entero-
aggregative Escherichia coli (EAEC) T6SS membrane core complex.
Strains producing fluorescently labelled T6SS membrane subunits
were engineered. The sequence encoding the super-folder green fluor-
escent protein (sfGFP) was inserted upstream of the stop codon of the
tssJ gene or downstream of the start codon of the tssL and tssM genes.
In these constructs, the fusion proteins were produced from their
native chromosomal loci. Hcp release and anti-bacterial assays
demonstrated that the sfGFP–TssL and sfGFP–TssM fusion proteins
were functional (Extended Data Fig. 1a). By contrast, strains pro-
ducing TssJ–sfGFP or TssJ–mCherry had a non-functional T6SS
(Extended Data Fig. 1b). Fluorescence microscopy analyses showed
that sfGFP–TssL and sfGFP–TssM cluster at discrete positions at the
cell periphery, in agreement with their membrane localization (Fig. 1a
and Extended Data Fig. 1c). These foci are stable and static (Fig. 1a
and Extended Data Fig. 1d). Statistical analyses further showed that
one or two foci are observable in cells expressing the T6SS (Fig. 1b)
and that these clusters are randomly distributed around the cell
(Fig. 1c). Co-localization experiments with strains producing
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sfGFP–TssM andmCherry-tagged TssL showed that the two subunits
are present in the foci, demonstrating that each focus corresponds to
the position of an assembled membrane complex (Fig. 1d). To test
whether these foci are used to anchor the phage-like tail tubular
structure, mCherry was fused to the tssB sheath gene, at its original
chromosomal locus in the strain producing sfGFP–TssL. Time-lapse
recordings showed that T6SS sheathes polymerize and extend from
the membrane complex (Fig. 1e). On the basis of these results, we
conclude that membrane complexes comprising TssL and TssM (and
probably TssJ) assemble at discrete positions in the cell and are then
used to recruit the tail-complex subunits. Statistical analyses showed
that the number of sfGFP–TssL or sfGFP–TssM foci per cell is higher
than the number of sheathes (Extended Data Fig. 1e), suggesting that
themembrane complexes exist in a pre-assembled form. Interestingly,
long-term time-lapse recordings showed that these membrane com-
plexes can be re-used for new tail polymerization events (Extended
Data Fig. 1f). To gain further information on the biogenesis of this
initial step, tssJ or tssM were deleted in the sfGFP–TssL-producing
strain, and tssJ or tssL were deleted in the sfGFP–TssM-producing
strain. The rationale behind these experiments is that if a protein
assembled early is missing, the recruitment of late proteins will be
affected, yielding a diffuse fluorescent signal. Figure 1f shows that
the recruitment of sfGFP–TssM and sfGFP–TssL is affected in the

absence of TssJ, and that of sfGFP–TssL is affected in the absence of
TssM. Conversely, the absence of TssL had no effect on TssM recruit-
ment (Fig. 1f and Extended Data Fig. 1g). On the basis of these results,
we conclude that TssJ is used as a nucleation factor and that the
biogenesis of the T6SS membrane core complex is pursued by the
inward sequential addition of TssM and TssL (Fig. 1g).

Architecture of the T6SS membrane core complex
To gain further insights on the architecture of the T6SS membrane
core complex, the tssJ, tssL and tssM genes were co-expressed in
E. coli BL21(DE3). Constructs were designed to add StrepII, Flag
and 63His tags at the carboxy (C) terminus of TssJ, amino (N)
terminus of TssL and N terminus of TssM, respectively (Extended
Data Fig. 2). Total membranes were isolated and solubilized using
detergents. Two-step affinity chromatography followed by gel filtra-
tion resulted in the purification of a complex containing TssJ, TssL
and TssM (Fig. 2a and Extended Data Fig. 2f–h). In this complex, we
determined the TssM–TssL stoichiometry as 1 to 1 (Extended Data
Fig. 2h). Purified complexes were visualized by negative-stain elec-
tron microscopy (EM) (Fig. 2b and Extended Data Fig. 3a). A data set
was collected, and reference-free classification and averaging revealed
characteristic views of the complex (class averages) (Fig. 2b). We
observed rocket-shaped and ring-shaped views corresponding to side
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Figure 1 | Biogenesis of the T6SS membrane-associated core complex.
a, Time-lapse fluorescence microscopy recordings showing localization and
dynamics of the sfGFP–TssM and sfGFP–TssL fusion proteins. Individual
images were taken every 30 s. The positions of the foci are indicated by
arrowheads. Scale bars, 1mm. Larger fields are presented in Extended Data
Fig. 1c. b, Statistical analysis of sfGFP–TssM and sfGFP–TssL localization.
Shown are box-and-whisker plots of themeasured number of sfGFP–TssMand
sfGFP–TssL foci per cell for each strain with the lower and upper boundaries of
the boxes corresponding to the 25%and 75%percentiles respectively. The black
horizontal bar represents the median values for each strain and the whiskers
represent the 10% and 90% percentiles. The number of cells studied per
strain is indicated above the bars. c, Spatial repartition of the sfGFP–TssM and
sfGFP–TssL foci. Shown is a superposition of the different foci analysed in a
single cell. d, sfGFP–TssM and mCh–TssL proteins co-localize. Fluorescence
microscopy recordings showing co-localization between sfGFP–TssM and

mCh–TssL fusion proteins. The positions of the foci are indicated by the
arrowheads. Scale bar, 1mm. e, Themembrane complex serves as a docking site
for tail sheath polymerization. Time-lapse fluorescence microscopy recordings
showing co-localization between sfGFP–TssL and TssB–mCh fusion proteins.
Individual images were taken every 30 s. Assembly/contraction of the sheath
and TssL localization events is schematized in the bottom row of panels. Scale
bars, 1 mm. f, Assembly pathway of the T6SS TssJLM membrane complex.
Fluorescence microscopy recordings showing sfGFP–TssM and sfGFP–TssL
localization in the absence of the TssJ or TssL and TssJ or TssM proteins
respectively. The positions of the foci are indicated by the arrowheads. Scale
bars, 1 mm.The quantification of the sfGFP–TssMand sfGFP–TssL clusters per
cell is presented in Extended Data Fig. 1g. g, Schematic representation of the
sequential biogenesis of the T6SS membrane complex. The names of the
proteins, their localizations and topologies are shown.
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and end views of the T6SS membrane core complex respectively
(Fig. 2b). Rotational symmetry analysis of end-view class-averages
revealed a clear five-fold symmetry in the whole TssJLM population
(Extended Data Fig. 3b). The complex is composed of a base and a tip
complex linked by arches (Fig. 2b). The negative-stain data set was
used to reconstruct a 11.6-Å resolution three-dimensional (3D)
volume of the complex with five-fold symmetry applied (Fig. 2c and
Extended Data Fig. 3c, d). Local resolution calculations using
ResMap30 indicated that the local resolution was significantly lower
in the base (Extended Data Fig. 3e, f). This impaired a correct inter-
pretation of this part of the TssJLM map. Since this could be due to
flexibility between the base and the rest of the complex, we performed
a local 3D refinement on the base region only, which yielded a 3D
reconstruction of the base at 16.6-Å resolution. A composite map
where this new reconstruction of the base replaces the equivalent
densities in the reconstruction of the whole complex is shown in
Fig. 2c. The T6SS membrane core complex is 300 Å in height and
205 Å in diameter (Fig. 2c). It is made of a base that is decorated at its
bottom by five hooks and is pierced at its centre by a small hole of 15 Å
in diameter (Fig. 2c). Ten arches connect this base to a tip complex of
160 Å in diameter covered by a small cap. Remarkably, five arches
gather at the centre of the tip complex to define a 15- to 20-Å diameter
channel. The five other arches form a scaffold at the periphery of this
complex (Extended Data Fig. 4a). Overall, the tip complex is made of
internal and external pillars arranged in concentric rings (Extended
Data Fig. 4a).

To define how the core complex is inserted in the cell envelope, we
first performed differential solubilization of the inner and outer mem-
branes. The total membrane fraction was solubilized with N-lauryl
sarkosyl, a detergent that preferentially solubilizes inner-membrane
proteins. This differential solubilization resulted in the fractionation
of the core complex in both inner and outer membrane fractions
(Extended Data Fig. 4b), indicating that this complex resides in both
membranes. To determine its orientation in the cell envelope, the puri-
fied core complex was incubated with anti-StrepII antibodies or Ni-
NTA-coated gold particles targeting the TssJ C-terminal StrepII and
TssM N-terminal 63His tags respectively (Extended Data Fig. 4c),
before EM analyses. Anti-StrepII antibodies labelled the tip complex/
capwhile the base was labelled by the Ni-NTA gold particles (Extended
Data Fig. 4c). We concluded that the TssJ C terminus is located in the
tip complexwhile the TssMN terminus is located in the base (Extended
Data Fig. 4c). When the N-terminal cysteine residue of the TssJ lipo-
protein was substituted by Ser (C1S) to prevent its acylation, an intact
TssJC1S–L–M core complex was formed (Extended Data Fig. 4b), but
differential solubilization proved the complexmis-localized to the inner
membrane fraction only (ExtendedData Fig. 4b). Hence, TssJ acylation
tethers the apex of the complex to the outermembranewhereas the base
of the complex is located in the cytoplasm.
We next analysed the EM reconstruction to assign the different

regions of the core complex to its components. The volume corres-
ponding to one arch and the corresponding pillar within the tip com-
plex (Extended Data Fig. 4a) is comparable in size and shape to that of
the isolated TssM periplasmic domain (amino acids 386–1129;
TssMp) in complex with TssJ obtained by small-angle X-ray scatter-
ing (SAXS) (Extended Data Fig. 4d, e). Segmentation of this volume
yielded five different sub-volumes (Fig. 3a). We propose that the sub-
volume closest to the cap corresponds to TssJ, in agreement with its
location close to the outer membrane. The other four sub-volumes
would correspond to sub-domains of TssMp. Sub-volume 4 is in close
contact with TssJ, suggesting that it corresponds to the C-terminal
domain of TssM domain, which was previously shown to mediate
contact with TssJ25.With sub-volume 3, it forms the tip complex while
sub-volumes 1 and 2 correspond to the arches (Fig. 3a). Interestingly,
the last TssM transmembrane segment crossing the inner membrane
is located just upstream of TssMp. This would place the inner mem-
brane at the bottom of the arches or at the top of the base. The volume
of the base (1,450 Å3) is much bigger than the estimated volume
occupied by ten copies of the cytoplasmic domains of TssM and
TssL (825 Å3). The crystal structure of the TssL cytoplasmic domain
dimer28,29 could be fitted in the hooks with 88% correlation (Extended
Data Fig. 4f). This indicates that the remainder of the base could
correspond to the cytoplasmic domain of TssM and the 40 transmem-
brane segments bound to detergent (Extended Data Fig. 4f).
To gain more insight into the structure of the TssMp–TssJ complex,

TssMp was produced and purified as described previously25. To help
crystallization, TssMp complex was subjected to controlled proteolytic
digestion31. A protease-resistant fragment of an apparent size of ,32
kDa (called hereafter TssM32Ct; residues 836–1129; Extended Data
Fig. 5a) was further purified and co-crystallized with nb25, a specific
camelid single-chain nanobody31,32. The structure of theTssM32Ct–nb25
complex was solved by molecular replacement using the X-ray struc-
ture of nb25 reported previously32 (Extended Data Fig. 5b and
Extended Data Table 1). In the complex, the TssM32Ct amino-acid
chains are defined in the electron density map between residues 868
and 1107. We therefore purified a new TssMp fragment (TssM26Ct)
encompassing the crystallographic visible chain. This shorter fragment
crystallized readily alone as well as in complex with the unacylated TssJ
protein (Extended Data Table 1). The structure of TssM26Ct is com-
posed of two domains. The N-terminal domain (residues 870–974) is a
bundle of four a-helices, covered on one side by a b-hairpin (Fig. 3b)
and on the other by theC-terminal elongated stretch of the protein. The
C-terminal domain (residues 975–1085) is a nine-strandedb-sandwich
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Figure 2 | TssJLM complex purification and structure. a, SDS–
polyacrylamide gel electrophoresis (SDS–PAGE) analysis of the purified
EAEC TssJLM complex. The bands corresponding to TssM (130 kDa), TssL
(24 kDa) and TssJ (18 kDa) after SDS–PAGE and Coomassie blue staining
are indicated. b, Representative views (class averages) of purified TssJLM
complexes. End to side views are shown from top left to bottom right. Scale bar,
10 nm. c, Structure of the TssJLM complex. Side, cut-away, bottom and top
views are shown from top left to bottom right respectively. The different
regions of the complex are indicated on the cut-away view.
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that contacts nb25 or TssJ (Fig. 3b and Extended Table 2a, b). This
C-terminal domain is followed by a stretch of residues (1086–1107)
comprising helix a5 (Fig. 3b). TssJ binds to the apex of the C-terminal
domain, and the 590-Å2 interaction area involves contacts betweenTssJ
loops L1–2, L3–4 and L5–6 with TssM26Ct loops L3–4 and L5–6
(Extended Data Fig. 5c and Extended Data Table 2b), in agreement
with a previous study demonstrating the importance of TssJ loop L1–2
for TssM–TssJ complex formation25. Superimposition of the structures
of TssM32Ct–nb25 andTssM26Ct–TssJ shows that nb25 andTssJ cannot
bind simultaneously to TssM (Extended Data Fig. 5d), explaining the
nb25 in vivo inhibitory effect on T6SS function32. The comparison
between TssM26Ct–TssJ crystal structure and the volume proposed to
correspond to TssJ and domains 3 and 4 of TssMp determined by EM
resulted in 95% correlation between the two structures (Fig. 3c). This
confirms the location of TssM26Ct–TssJ in the tip complex (Fig. 3d).

Cell surface accessibility and transient pore formation
The orientation of the TssJ N terminus places the outer membrane
above TssJ, where the cap is located (Figs 2c and 4a and ExtendedData
Fig. 5e). Accordingly, close inspection of the proposed oligomeric
structure of the TssM26Ct–TssJ complex could not reveal any obvious
transmembrane region (Extended Data Fig. 5f). To test this, we engi-
neered functional cysteine derivatives between the b-strands of the
C-terminal domain of TssM (Extended Data Fig. 6a). The extracel-
lular accessibility of these residues was assessed by incubating whole
cells with an outer membrane-impermeant cysteine-reactive malei-
mide. We observed that positions 989, 1005, 1035, 1075 and 1109
were labelled whereas positions 972, 1019, 1062 and 1092 were not
(Extended Data Fig. 6b and Extended Data Table 2c).With the excep-
tion of position 1092, all other positions were labelledwhen cell lysates
were used instead of intact cells (Extended Data Table 2c). The
labelled cysteine substitutions are on the tip of TssM facing the outer
membrane (Fig. 4a). Interestingly, residues 989 and 1005 are buried at
the interface with TssJ (Extended Data Fig. 6c). Therefore, for these
residues to be labelled, the TssM–TssJ complex has to dissociate. This
result also suggests that the tip of TssM26Ct is exposed to the cell
exterior. To test whether TssM stably crosses the outer membrane
or accesses the cell exterior temporarily, similar experiments were
conducted in a tssBC-deleted background. In the absence of the
TssB and TssC sheath components, the TssJLM membrane complex

is properly assembled but the T6SS is inactive as no sheath assembly
or contraction could occur. In tssBC cells, only position 1109 was
labelled (Extended Data Fig. 6b and Fig. 4a). These results suggest
that the TssM a5-helix crosses the outer membrane permanently,
exposing the C-terminal extension to the extracellular medium
whereas part of TssM26Ct domain is exposed transiently at the cell
surface during the T6SS mechanism of action.

Closing remarks and outlook
The data presented here allow an unprecedented understanding of the
biogenesis, architecture and role of the T6SS TssJLM membrane core
complex. This complex anchors the phage tail-like structure to the cell
envelope and is thought to serve as conduit to guide the Hcp tube/
VgrG spike upon sheath contraction15–17. Using fluorescence micro-
scopy, we demonstrate that the three subunits are recruited in a spe-
cific order, starting from the outer membrane TssJ lipoprotein and
pursued by the sequential addition of TssM and TssL, a hierarchy in
agreement with previously published localization and interaction
studies17,22–27. Therefore, T6SS biogenesis is initiated by an outer
membrane lipoprotein nucleation factor and progresses inwards, like
the assembly mechanisms of other bacterial secretion systems33–39.
Our fluorescence microscopy analyses also showed that the T6SS
membrane core complex assembles randomly in the cell envelope,
without specific localization. The complex is stable and can be used
for several events of sheath assembly/contraction, increasing the
amount of toxin effectors delivered to the target cell.
The TssJLM complex has a five-fold symmetry and is composed of

ten copies of each component that assemble a 1.7-MDa structure
crossing the inner membrane, the periplasm and anchored to the
outer membrane via the TssJ N-terminal lipid moiety. Its architecture
is unique compared with other trans-envelope bacterial secretion
systems (Extended Data Fig. 7a). On the basis of our accessibility
experiments, we propose that upon assembly of other T6SS subunits
with the membrane core complex, the TssM C-terminal extension
(C-terminal extended stretch following helix a5 in the crystal struc-
ture and the remaining 22 non-visible amino acids) will change its
conformation and will cross the outer membrane. The base of the
TssJLM complex defines a small cavity and hole that cannot accom-
modate the VgrG protein and potential effectors bound to it (Fig. 4b,
stages 1 and 2)9,20. We propose that the base changes its conformation
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Figure 3 | Structure of the TssJLM tip complex.
a, Segmentation of the TssJLM complex
reconstruction. Each volume encompassing one
arch and the corresponding pillar within the
tip complex is segmented in five different domains
(shown in different colours). b, Crystal structure of
the TssM26Ct–TssJsol complex represented as
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to receive the baseplate components. This state would correspond to a
‘resting’ state of the T6SS machinery (Fig. 4b, stage 2). Ten arches
cross the periplasm and are followed by ten pillars positioned in two
concentric layers in the tip complex. The inner pillars define a channel
of 15–20 Å in diameter that is not large enough to allow the passage of
the ,110 Å Hcp tube16–18 (Extended Data Fig. 7b). Interestingly, it
was previously shown that TssM undergoes large conformational
changes during secretion26. Therefore, we propose that the inner
TssM pillars are pushed outwards to define a wider TssM ring with
internal dimensions compatible with the passage of the Hcp tube/
VgrG spike (Fig. 4b, stages 3 and 4, and Extended Data Fig. 7b, c).
In other secretion systems, specific components are dedicated to
assemble the outermembrane pore.Noobvious transmembrane region
could be found in the TssMC-terminal domain or in TssJ. It is unlikely
that the C-terminal portion of TssM would form a pore of sufficient
dimension by itself. Therefore, we propose that the stroke of the Hcp–
VgrG arrow would mechanically push the C-terminal TssM domain
towards the cell exterior, allowing the transient formation of a pore
through the outer membrane (Fig. 4b, stage 4). To avoid deleterious
effects for the bacterium, onemay expect that theC-terminal domain of
TssM returns to its initial ‘resting’ conformation at the periplasmic face
of the outermembrane once theHcp tube has been released, closing the
outermembrane channel (Fig. 4b, stage 5). Overall, themembrane core
complex appears to act like a docking station for the phage-like T6SS
device. It nucleates the assembly of the rest of the secretion system and
then guides the Hcp tube/VgrG spike through the bacterial cell envel-
ope upon sheath contraction. Further studies will be necessary to fully
understand the complete assembly process of the T6SS, the trigger that
releases sheath contraction and how the Hcp tube/VgrG spike crosses
both bacterial and host membranes.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.
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METHODS
No statistical methods were used to predetermine sample size. The experiments

were not randomized. The investigators were not blinded to allocation during
experiments and outcome assessment.

Strains,media and chemicals.The strains, plasmids and oligonucleotides used in
this study are listed in Supplementary Table 1. The E. coli K-12 DH5a strain was
used for cloning steps whereas E. coli K-12 BL21(DE3) and T7-Iq pLys strains
were used for protein purification. The enteroaggregative E. coliEAEC strain 17-2

was used to engineer gene knockouts and fusions with fluorescent labels. Strains
were routinely grown in lysogeny broth (LB) rich medium (or Terrific broth
medium for protein purification) or in Sci-1-inducing medium (SIM; M9 min-
imal medium, glycerol 0.2%, vitamin B1 1 mg ml21, casaminoacids 100mg ml21,

LB 10%, supplemented or not with bactoagar 1.5%)40 with shaking at 37 uC.
Plasmids were maintained by the addition of ampicillin (100mg ml21 for E. coli
K-12, 200mg ml21 for EAEC) or kanamycin (50mg ml21). Expression of genes
from pETG20A and pRSF vectors was induced with 1mMof isopropyl-b-D-thio-

galactopyrannoside (IPTG, Eurobio) for 16 h.

Strain construction. Gene deletion into the enteroaggregative E. coli 17-2 strain
was achieved by using a modified one-step inactivation procedure41 as previously
described23 using plasmid pKOBEG42. Briefly, a kanamycin cassettewas amplified
from plasmid pKD441 using oligonucleotide pairs carrying 59 50-nucleotide

extensions homologous to regions adjacent to the gene to be deleted. After elec-
troporation of 600 ng of column-purified PCR product, kanamycin-resistant
clones were selected and verified by colony-PCR. The kanamycin cassette was
then excised using plasmid pCP20 (ref. 41). Gene deletions were confirmed by

colony-PCR. The same procedure was used to introduce themCherry- or sfGFP-
coding sequences downstream from the start codon (vector pKD4-sfGFP or
pKD4-mCherry) or themCherry-coding sequence upstream from the stop codon
(vector pmCherry-KD4). This procedure yields strains producing fusion proteins

from their original chromosomal loci.

Plasmid construction. PCRs were performed using the Phusion DNA polymer-
ase (Thermo Scientific). Restriction enzymes were purchased fromNew England
Biolabs and used according to the manufacturer’s instructions. Custom oligonu-
cleotides were synthesized by Sigma Aldrich and are listed in Supplementary

Table 1. Enteroaggregative E. coli 17-2 chromosomal DNAwas used as a template
for all PCRs. E. coli strain DH5awas used for cloning procedures. The pETG20A
vector derivative encoding the periplasmic domain of the TssM periplasmic
domain (TssMp, residues 386–1129) or the TssJ soluble domain have been prev-

iously described25. The fragment encoding TssM26Ct (residues 869–1107) was
cloned into the pETG20A vector by restriction-free cloning43. The pRSF–TssJS

intermediate plasmid was constructed by restriction cloning. Briefly, the
sequence encoding the full-length tssJ gene (residues 1–178) was PCR-amplified

using primers RSF-sJ-F and RSF-sJ-R. The PCR introduced a 59 NdeI and a 39
XhoI restriction site and a C-terminal streptavidin extension. The tssJ PCR prod-
uct was sub-cloned into the pRSF-Duet (Novagen) MCS2 corresponding restric-
tion sites. The pRSF–TssJS-FL-HM (encoding C-terminally StrepII-tagged TssJ,
N-terminally Flag-tagged TssL and N-terminally 63His-tagged TssM) was con-

structed by restriction-free cloning43 as previously described22. Briefly, the
sequence encoding the full-length tssL (residues 1–217) and full-length tssM
(residues 1–1129) genes were PCR-amplified using the primer pairs RSF-fL-F/
RSF-fL-R and RSF-hM-F/RSF-hM-R, respectively. The two PCR products (tssL

and tssM) were synthesized with 30-base-pair overhangs, from both 59 and 39
ends, corresponding to the designed integration sites into the pRSF–TssJS plas-
mid. The double-stranded product of the first PCRwas then used as oligonucleo-
tides for a second PCR using the target vector as template. The introduction of

the C1S mutation in TssJ was performed by QuikChange mutagenesis of the
pRSF–TssJS-FL-HM plasmid using oligonucleotides Jcs-F and Jcs-R. Plasmid
pIBA37-TssM was constructed by restriction-free cloning and cysteine deriva-
tives were obtained by QuikChange mutagenesis using pIBA37-TssM-C757S

mutant as template.

Hcp release assay. Cells producing Flag- or HA-tagged Hcp from plasmids
pUCHcpFlag or pOKHcpHA

22,23were grown in SIM to an absorbanceA600 nm, 0.8.
Supernatant and cell fractions were separated as previously described23. Briefly,
23 109 cells were harvested and collected by centrifugation at 2,000g for 5min.

The supernatant fraction was then subjected to a second low-speed centrifugation
and then at 16,000g for 15min. The supernatant was filtered on sterile polyester
membranes with a pore size of 0.2mm (Membrex 25 PET, membraPure) before
overnight precipitation with trichloroacetic acid 15% on ice. Cells and precipitated

supernatants were resuspended in loading buffer and analysed by SDS–PAGE and
immunoblotting with the anti-Flag or anti-HA antibody. As control for cell lysis,
western blots were probed with antibodies raised against the periplasmic TolB

protein. The assays were performed from three independent cultures, and a repres-
entative experiment is shown.

Interbacterial competition assay. The antibacterial growth competition assay
was performed as described for the studies on the Citrobacter rodentium and
EAEC Sci-2 T6SSs21,44 with modifications. The wild-type E. coli strain W3110
bearing the KanR pUA66-rrnB plasmid45 was used as prey in the competition
assay. Attacker and prey cells were grown for 16 h in LB medium, then diluted in
SIM to allow maximal expression of the sci-1 gene cluster40. Once the culture
reachedA600 nm, 0.8, the cells were harvested and normalized toA600 nm5 0.5 in
SIM. Attacker and prey cells were mixed to a 4:1 ratio and 20-ml drops of the
mixture were spotted in triplicate onto a pre-warmed dry SIM agar plate supple-
mented or not with anhydrotetracyclin 0.02 mg ml21. After overnight incubation
at 37 uC, the bacterial spots were then cut off, and cells were resuspended in SIM
to A600 nm5 0.5. Two hundred microlitres of serial dilutions were plated on
kanamycin LB plates and the number of colonies was scored after overnight
incubation at 37 uC. The assays were performed from at least three independent
cultures, with technical triplicates and a representative technical triplicate shown.
Fluorescence microscopy, image treatment and statistical analyses. Fluores-
cence microscopy experiments were performed essentially as described21,46.
Briefly, cells were grown overnight in LB medium and diluted to A600 nm, 0.04
in SIM. Exponentially growing cells (A

600 nm
, 0.8–1) were harvested, washed in

phosphate buffered saline buffer (PBS), resuspended in PBS to A600 nm, 50,
spotted on a thin pad of 1.5% agarose in PBS, covered with a cover slip and
incubated for 1 h at 37 uC before microscopy acquisition. For each experiment,
ten independent fields were manually defined with a motorized stage (Prior
Scientific) and stored (x, y, z, Perfect Focus System (PFS) offset) in our custom
automation system designed for time-lapse experiments. Fluorescence and phase
contrast micrographs were captured every 30 s using an automated and inverted
epifluorescence microscope TE2000-E-PFS (Nikon) equipped with PFS. PFS
automatically maintains focus so that the point of interest within a specimen is
always kept in sharp focus at all times despite mechanical or thermal perturba-
tions. Images were recorded with a CoolSNAP HQ 2 (Roper Scientific) and a
3100/1.4DLL objective. The excitation light was emitted by a 120Wmetal halide
light. All fluorescence images were acquired with a minimal exposure time to
reduce bleaching and phototoxicity effects. The sfGFP images were recorded by
using the ET-GFP filter set (Chroma 49002) with an exposure time of 200–400
ms. The mCherry images were recorded by using the ET-mCherry filter set
(Chroma 49008) using an exposure time of 100–200ms. Slight movements of
the whole field during the time of the experiment were corrected by registering
individual frames using StackReg and Image Stabilizer plugins for ImageJ. sfGFP
and mCherry fluorescence channels were adjusted and merged using ImageJ
(http://rsb.info.nih.gov/ij/). sfGFP fluorescence sets of data were treated to mon-
itor foci detection. Noise and background were reduced using the ‘Subtract
Background’ (20 pixels Rolling Ball) plugin from Fiji (Image J/National
Institutes of Health). The sfGFP foci were automatically detected by simple image
processing: (1) create a mask of cell surface and dilate, (2) detect the individual
cells using the ‘Analyse Particle’ plugin of Fiji and (3) identify foci by the ‘Find
Maxima’ process in Fiji. To avoid false positive results, each event was manually
controlled in the original data. Microscopy analyses were performed at least six
times, each in technical triplicate, and a representative experiment is shown. Box-
and-whisker plots representing the number of detected foci for each strain were
made with R software. To compare each population, t-tests were performed in R.
Sub-pixel resolution tracking of fluorescent foci: Fluorescent foci were detected
using a local and sub-pixel resolution maxima detection algorithm and tracked
over time with a specifically developed plug-in for ImageJ. The x and y coordi-
nates were obtained for each fluorescent focus on each frame. The mean square
displacement was calculated as the distance of the foci from its location at t0 at
each time using R software and plotted over time. For each strain tested, themean
square displacement of at least ten individual focus trajectories was calculated.
Inner and outer membrane separation. Cells were broken using an Emulsiflex-
C5 (Avestin) and the crude membrane fraction was isolated by ultracentrifuga-
tion at 100,000g for 45min. Outer and inner membranes were separated by
differential solubilization. Inner membranes were solubilized by 0.5% sodium
N-lauroyl sarcosyl in 50mM Tris-HCl pH 8.0 for 30min at 20 uC. The insoluble
material containing the outer membrane fraction was isolated by ultracentrifuga-
tion at 100,000g for 20 min. The outer membrane pellet was then solubilized in
SDS-loading buffer. The assay was performed in triplicate, from three independ-
ent cultures and a representative experiment is shown.
TssJLMcomplex production andpurification.The pRSF–TssJS-FL-HMplasmid
was transformed into the E. coli BL21(DE3) expression strain (Invitrogen). Cells
were grown at 37 uC in lysogeny broth (LB) toA600 nm, 0.7 and the expression of
the tssJLM genes was induced with 1.0mM IPTG for 16 h at 16 uC. Cell pellets
were resuspended in ice-cold 50mMTris-HCl pH8.0, 50mMNaCl, 1mMEDTA
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and 1mM TCEP, supplemented with 100mg ml21 of DNase I, 100mg ml21 of
lysozyme and EDTA-free protease inhibitor (Roche). After sonication, MgCl2
was added to the final concentration of 10 mM and the cell suspension was
further broken using an Emulsiflex-C5 (Avestin). The broken cell suspension
was clarified by centrifugation at 38,500g for 20 min. The membrane fraction
was then collected by centrifugation at 98,000g for 45min. Membranes were
mechanically homogenized and solubilized in 50mM Tris-HCl pH 8.0, 50mM
NaCl, 0.5% (w/v) n-dodecyl-b-D-maltopyranoside (DDM, Anatrace), 0.75% (w/v)
decylmaltose neopentyl glycol (DM-NPG,Anatrace), 0.5% (w/v) digitonin (Sigma-
Aldrich), 100 mMTCEP and 1mMEDTA at 22 uC for 45min. The suspension was
clarified by centrifugation at 98,000g for 20min. The supernatant was loaded onto a
5-ml StrepTrap HP (GE Healthcare) column and then washed with 50mM Tris-
HCl pH 8.0, 50mM NaCl, 0.05% (w/v) DM-NPG (Affinity buffer) at 4 uC. The
TssJLM core complex was eluted in the affinity buffer supplemented with 2.5mM
desthiobiotin (IBA) into a 5-ml HisTrapHP (GEHealthcare) column. The column
was thenwashed in the affinity buffer supplementedwith 20mM imidazole and the
TssJLM core complex was eluted in the same buffer supplemented with 500mM
imidazole. Peak fractions were pooled and loaded onto a Superose 6 10/300
column (GE Healthcare) equilibrated in 50mM Tris-HCl pH 8.0, 50mM NaCl,
0.025% (w/v)DM-NPG.TheTssJLMcore complex eluted as a singlemonodisperse
peak close to the void volume of the column. The sample was used immediately for
EM sample preparation.

Stoichiometry analyses. The purified TssJLM core membrane complex was
diluted to a final concentration of 0.1mg ml21 and denaturated at 100 uC for
10min after the addition of 1% sodium dodecyl sulfate. The denatured sample
was incubated in presence of 40 mM of Alexa Fluor 532 C5-maleimide
(Invitrogen) and 1mM TCEP (Pierce) for 2 h at room temperature. The labelled
proteins were separated by SDS–PAGE and protein-bound fluorescence was
visualized and quantified using a Fujifilm FLA-3000 scanner. The assay was
performed in triplicate, from three independent TssJLM complex preparations,
and a representative experiment is shown. The quantification is expressed with
the standard deviation from the three biological replicates.

EM and image processing. Determination of the TssJLM core membrane com-
plex structure was achieved by negative-stain EM. Nine microlitres of suitably
diluted (,0.01mg ml21) TssJLM complex sample was spotted to glow-dis-
charged carbon-coated copper grids (Agar Scientific). After 30 s of absorption,
the sample was blotted, washed with three drops of water and then stained with
2% uranyl acetate. Images were recorded automatically using the EPU software
on an FEG microscope operating at a voltage of 200 kV and a defocus range of
0.6–25 nm, using an FEI Falcon-II detector (Gatan) at a nominalmagnification of
50,000, yielding a pixel size of 1.9 Å. A dose rate of 25 electrons per square
ångström per second, and an exposure time of 1 s, were used. A total of 72,146
particles were automatically selected from 1,200 independent images and
extracted within boxes of 280 pixels3 280 pixels using EMAN2/BOXER47. The
defocus value was estimated and the contrast transfer function was corrected by
phase flipping using EMAN2 (e2ctf). All 2D and 3D classifications and refine-
ments were performed using RELION 1.3 (refs 48, 49). We used three rounds of
reference-free 2D class averaging to clean up the automatically selected data set.
Only highly populated classes displaying high-resolution features were conserved
during this procedure and a final data set of 26,544 particles was assembled. An
initial 3D model was generated in EMAN2 using 30 classes. Three-dimensional
classification was then performed in Relion with five classes. The particles cor-
responding to the most populated class (,16,738) were used for refinement.
Relion auto-refine procedure was used to obtain a final reconstruction at
11.56-Å resolution after masking and with C5 symmetry imposed. Reported
resolutions are based on the ‘gold standard’ Fourier shell correlation (FSC)
0.143 criterion, and FSC curves were corrected for the effects of a soft mask on
them by using high-resolution noise substitution50. Before visualization, all den-
sity maps were corrected for the modulation transfer function of the detector and
then sharpened by applying an ad hoc negative B-factor (21,000). Local resolu-
tion variations were estimated using ResMap51.

Three-dimensional maps display and analysis. Three-dimensional reconstruc-
tions were displayed and rendered in USCF Chimera segmented using the
SEGGER module implemented in UCSF Chimera52. Segments corresponding
to individual structural domains are represented in Fig. 3c–e. All other maps
were left un-segmented. A volume/mass conversion of 0.81Da Å23 was used to
estimate the volume occupied by TssM and TssL cytoplasmic domains.

Protein production and purification for SAXS and X-ray analyses. The peri-
plasmic domain of the TssM protein, TssMp (residues 386–1129), was produced
and purified as described previously25. The purified recombinant TssMp was
digested with trypsin (at a 1,000:1 molecular ratio) at room temperature for
24 h. The reaction was quenched by the addition of 1mM phenyl-methane-
sulfonyl fluoride (PMSF) and the insoluble TssMp fragments were discarded

by centrifugation at 20,000g for 30 min. A proteolysis-resistant fragment
of apparent size ,32 kDa (called hereafter TssM32Ct) was further purified by
consecutive ion-exchange (Mono Q 5/50 GL column, GE Healthcare) and size-
exclusion (Superdex 75 16/600 HL column) chromatographies using an Äkta
system (GE Healthcare). The purified fragment was subjected to N-terminal
Edman sequencing. A PVDF membrane was rinsed three times with a water/
ethanolmixture (10/90) and inserted in the A cartridge of a Procise 494A sequen-
cer. After five cycles of Edman degradation, the sequence DYGSL was identified
by mass spectrometry, indicating that cleavage after Arg834 generated a
C-terminal fragment of theoretical mass 32,398 Da, in agreement with the 32-
kDa band observed by SDS–PAGE analyses.

For production and purification of the TssM26Ct fragment (Thr869 to
Glu1107), E. coli BL21(DE3) cells cultivated in the TB medium carrying plasmid
pETG20A-TssM26Ctwere grown toA600 nm, 0.6 and the expression of TssM26Ct

was induced by the addition of 0.5mM IPTG for 16 h at 17 uC. Cells were
collected by centrifugation at 10,000g at 4 uC for 15min. The cell pellet was
resuspended in lysis buffer and lysed by sonication. The lysate was clarified by
centrifugation at 20,000g at 4 uC for 15min, and the supernatant containing the
Trx–His6–tev–TssM26ct fusion protein was purified by consecutive Ni21-affinity
and size-exclusion (Superdex 75 column) chromatographies on an Äkta purifier
(GEHealthcare). The fractions containing the protein of interest were pooled and
the 63His-tagged TEV protease was added (5% w/w). The cleaved protein was
purified using Ni21 affinity, removing the Trx-His6, followed by size-exclusion
chromatography (Superdex 75 column) on an Äkta purifier (GE Healthcare).
Over 100mg of TssM26ct fragment were obtained per litre of culture. The purified
protein was verified by mass spectrometry, before being concentrated up to
8.7mg ml21 in 20mM Tris-HCl pH 8.0, NaCl 150mM.

The production of nanobody nb25 and the formation of its complex with
TssM32Ct have been described previously31,32. The production of unacylated
TssJ was previously described25. The TssM26Ct–TssJ complex was obtained by
mixing TssM26Ct (8.7mg ml21) with purified TssJ (30mg ml21) in a 1:1.2
molecular ratio and the complex was then concentrated up to 15mg ml21 using
centricon (cut-off of 10,000 Da) in 20mM Tris-HCl pH 8.0, 150mM NaCl.

SAXS and ab initio 3D shape reconstruction. SAXS analyses were performed at
the ID29 beamline (European Synchrotron Radiation Facility, Grenoble, France)
at a working energy of 12.5 keV (l5 0.931 Å). Thirty microlitres of protein
solution at 1.6mg ml21 in Tris-HCl 20mM pH 8.0, NaCl 150mM, were loaded
by a robotic system into a 2-mm quartz capillary mounted in a vacuum. Ten
independent 10-s exposures were collected on a Pilatus 6M-F detector placed at a
distance of 2.85 m for each protein concentration. Individual frames were pro-
cessed automatically and independently at the beamline by the data collection
software (BsxCUBE), yielding radially averaged normalized intensities as a func-
tion of the momentum transfer q, with q5 4psin(h)/l, where 2h is the total
scattering angle and l is the X-ray wavelength. Data were collected in the range
q5 0.04–6 nm–1. The ten frames were combined to give the average scattering
curve for each measurement. Data points affected by aggregation, possibly
induced by radiation damage, were excluded. Scattering from the buffer alone
was also measured before and after each sample analysis and the average of these
two buffer measures was used for background subtraction using the program
PRIMUS53 from theATSASpackage54. PRIMUSwas also used to performGuinier
analysis55 of the low q data, which provides an estimate of the radius of gyration
(Rg). Regularized indirect transforms of the scattering data were performed with
the programGNOM56 to obtain P(r) functions of interatomic distances. The P(r)
function has a maximum at the most probable intermolecular distance and goes
to zero at Dmax, the maximum intramolecular distance. The values of Dmax were
chosen to fit with the experimental data and to have a positive P(r) function.
Three-dimensional bead models that fitted with the scattering data were built
with the program DAMMIF57. Twenty independent DAMMIF runs were per-
formed using the scattering profile of the TRX–His–TssJp and TRX–His–TssMp
complexes, with data extending up to 0.35 nm–1, using slow mode settings,
assuming no symmetry and allowing for a maximum 500 steps to grant conver-
gence. Themodels resulting from independent runs were superimposed using the
DAMAVER suite58. This yielded an initial alignment of structures based on their
axes of inertia followed by minimization of the normalized spatial discrepancy59.
The normalized spatial discrepancy was therefore computed between a set of 20
independent reconstructions, with a range of normalized spatial discrepancies
from 0.678 to 0.815. The aligned structures were then averaged, giving an effective
occupancy to each voxel in the model, and filtered at half-maximal occupancy to
produce models of the appropriate volume that were used for all subsequent
analyses. All themodels were similar in terms of agreement with the experimental
data, as measured by DAMMIF x parameter and the quality of the fit to the
experimental curve. The DAMFILT average volume was used as the final model
of the TRX–His–TssJ and TRX–His–TssMp complexes.
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Ni-TNA-Nanogold labelling. The TssJLM complex was spotted onto a glow-
discharged carbon coated grid (CF-400, Electron Microscopy Sciences). After
1min, excess liquid was blotted, and the grid was washed on a drop of cold
purification buffer (50mM Tris pH 8, 50mM NaCl, 0.025% (w/v) DM-NPG)
containing 50mM imidazole, quickly blotted and deposited on a second drop of
the same buffer in the presence of 5 nMNi-TNA-Nanogold beads (Nanoprobes).
After 2min, the grid was rinsed sequentially for 20 s with one drop of purification
buffer, one drop of the same buffer without detergent and three drops of 2%
uranyl acetate. Images were collected on an FEI Tecnai F20 FEG microscope
operating at a voltage of 200 kV, equipped with a direct electron detector
(Falcon II). Particles were selected manually using EMAN2. The assay was per-
formed at least in triplicate, from independent TssJLM complex preparations,
and representative particles are shown.

Anti-Strep labelling. The TssJLM complex was mixed with monoclonal anti-
Strep antibodies (Sigma) at a ratio of complex:antibody of 2:1. The mixture was
incubated at 4 uC for 30min and the labelled complex was isolated by gel filtra-
tion. The sample was analysed by negative-stain EM as described above for
negative-stain EM of the unlabelled TssJLM complex. The assay was performed
at least in triplicate, from independent TssJLM complex preparations, and rep-
resentative particles are shown.

Crystallization and structure determination. The crystallization of the
TssM32Ct–nb25 complex has been described previously31. For TssM26Ct alone,
several kits were used for crystallization screening, including STURA, WIZARD,
MDL, INDEX and PEGs. A hit was observed in the PEGs kit, within a well
containing 0.2M zinc acetate and 20% (m/v) PEG3350. Crystal optimization
was performed by varying PEG3350 amount in the 15–25% range in 0.1M
sodium acetate and 0.2 M ZnCl2 at pH varying between 3.8 and 5.5. Crystals
appeared after few days in 20% PEG3350, 0.1M sodium acetate pH 4 and 0.2M
ZnCl2. Crystals were tested at the European Synchrotron Radiation Facility
(ESRF) ID23-1 beamline after cryo-cooling in the crystallization liquor supple-
mented with 12.5% propylene glycol.

The TssM26Ct–TssJ complex was screened for crystallization using the PEGs
and PACT1 kits. Hits were observed in PACT1. All contained Zn21: 0.01M zinc
chloride, 0.1M sodium acetate pH 5, 20% (w/v) PEG 6000; or 0.01M zinc chlor-
ide, 0.1MMES pH 6, 20% (w/v) PEG 6000. Crystal optimization was performed
by using PEG6000 in the 10–20% range in 0.1M sodium acetate/MES pH 4.75–6,
and ZnCl2 at 0, 0.01, 0.05 and 0.2M. No crystals were obtained in conditions
without ZnCl2 or containing 0.2 M ZnCl2. By contrast, well-shaped crystals
appeared in 50mM ZnCl2, 15% PEG6000 and 0.1 sodium acetate pH 4.75.
Crystals were cryo-cooled with polypropylene glycol 12.5% but diffracted to only
,4.0 Å at the Soleil Proxima 2 beamline (Saint Aubin, France). Further crystals
were obtained in LIMBRO plates. Large crystals were obtained by mixing 6 ml of
protein and 2 ml of well solution in 50mMZnCl2, 15% PEG6000, 94mM sodium
acetate pH 4.75 and 6mM MES pH 6. Crystals were dipped in polypropylene
glycol for ,20 s and exposed at the ESRF ID23-1 beamline.

Data collection was performed at 100K at the Soleil Proxima 1 beamline (Saint
Aubin, France) for TssM32Ct–nb25 and at the ID23-1 beamline (ESRF synchro-
tron, Grenoble, France) for TssM26Ct alone and for the TssM26Ct–TssJ complex.
Data were processed by the XDS60 package and scaled with XSCALE (Extended
Data Table 1).

The structure of the TssM32Ct–nb25 complex was determined by molecular
replacement with Molrep61 using the previously determined structure of nb25
(Protein Data Bank accession number 4QGY)32. After refining the positions of
the two nb25 molecules in the asymmetric unit by rigid body refinement with
AutoBuster62, an electron density map was calculated at 1.92-Å resolution.
Features such as a-helices were easily identified, making it possible to trace
manually the model of TssM32Ct using COOT63, alternated with cycles of refine-
ment with AutoBuster62, with non-crystallographic symmetry restraints, and
translation, rotation and screw-rotation (TLS) group refinement64, features
used in all refinement procedures described below. The final structure at
1.92-Å resolution had Rwork/Rfree values of 18.4/21.0%, 96.3% of the residues
in the preferred area of the Ramachandran plot and no outliers (Extended Data
Table 1).

The structure of TssM26Ct alone was solved by molecular replacement with
Molrep61 using the refined model of TssM32Ct from the TssM32Ct–nb25 complex.
The initial structure model was improved through iterative refinement with
AutoBuster62 and manual refitting with COOT63. The final structure at 1.51-Å
resolution had Rwork/Rfree values of 19.2/20.2%, 97.4% of the residues in
the preferred area of the Ramachandran plot and no outliers (Extended
Data Table 1).

The structure of the TssM26Ct–TssJ complex was solved by molecular replace-
ment with Molrep61 using the refined structure of TssM26ct and the previously
determined TssJ structure (Protein Data Bank 3RX9)25 in which all the other

conformations were removed. A first round of rigid body refinement and four
cycles of Phenix65 cartesian-simulated annealing were performed. The resulting
model was improved through iterative refinement with AutoBuster62 andmanual
refitting with COOT63. The final structure at 2.24-Å resolution had Rwork/Rfree
values of 20.0/22.3%, 96.9% of the residues in the preferred area of the
Ramachandran plot and four outlier residues in very poorly defined loops
(Extended Data Table 1). The TssM32Ct–nb25, TssM26Ct and TssM26Ct–TssJ
structures form similar homodimers in the asymmetric unit. However, as
reported by PISA66, and the known topologies of TssM and TssJ23,24, these dimers
are not biologically relevant. Molecular contacts were analysed by the PISA
server33 and figures were prepared with Chimera52 and Pymol67.

The crystal structures of the TssM32Ct–nb25 complex, and of the TssM26Ct

fragment and TssM26Ct–TssJ complexes, have been deposited in the Protein
Data Bank under accession numbers 4Y7M, 4Y7L and 4Y7O respectively.

Docking TssM26ct–TssJ structure and TssLcyto. The crystal structures of the
TssM26ct–TssJ complex and of the TssL cytoplasmic domain (Protein Data Bank
3U66)28 were docked automatically using Chimera52 after map segmentation.

Refinement of docked TssM26Ct-J pentamer in the EM density map. The
atomic model of the docked TssM26Ct-J structure was refined in the EM density
with RSRef68. First, missing side-chain and polar hydrogen atoms were added
with Modeller69. The structure was minimized using 2,000 steps of least-squares
conjugate gradient refinement in the presence of distance restraints for hydrogen
bonds and backbone dihedral angle restraints to maintain secondary structures.
The minimization was performed with the real-space objective function calcu-
lated by RSRef in CNS70. The C5 symmetry was enforced by strict non-crystal-
lographic symmetry restraints. The total energy included internal parameters
(bond length, bond angle, improper and dihedral angles) and non-bonded inter-
actions with full Van der Waals and electrostatic potentials using a 7.5 Å cutoff.
The final correlation coefficient between the EM reconstruction and the refined
TssM26Ct-J atomicmodel was 0.929 (as calculated by RSRef), whereas it was 0.706
before minimization.

Modelling of TssM26Ct-J decamer. The atomic position of a TssM26Ct-J proto-
mer from the outer ring of the pentamer served as the starting structure to
generate a TssM26Ct-J decamer model with cyclic ten-fold symmetry using
CNS70. The symmetry was enforced by strict non-crystallographic symmetry
restraints (rotations of 36u around the symmetry axis). First, 5,000 steps of rigid
body minimization were performed including only inter-protomer energetic
contributions (full Van der Waals and electrostatic potentials). After a short
all-atom minimization (300 steps), 1.5 ps of molecular dynamics simulation at
1,000K was performed, followed by 300 steps of minimization and 10 ps of
molecular dynamics simulation at 200K.Minimizations andmolecular dynamics
simulations were realized with both intra-protomer and inter-protomer energetic
contributions activated, and the backbone conformation of the protomer was
restrained with harmonic constraints.

Substituted cysteine accessibility method. Cysteine accessibility experiments
were performed on whole cells, mainly as described71,72 with modifications. A
20-ml culture of wild-type or DtssBC strains producing a periplasmic cysteine-
less TssM (Cys727-to-Ser) or derivatives bearing cysteine substitutions were
induced for tssM gene expression with 0.05mg ml21 anhydrotetracyclin (AHT)
for 1 h. Cells were harvested and resuspended in buffer A (100mM Hepes (pH
7.5), 150mM NaCl, 25mMMgCl2) to a final A600 nm of 12 in 500ml of buffer A.
Bovine serum albumin (BSA)-coupled maleimide (Sigma-Aldrich) was added to
a final concentration of 100mM(from a 20mM stock freshly dissolved in DMSO)
and the cells were incubated for 30min at 25 uC.b-Mercaptoethanol (20mM final
concentration) was added to quench the biotinylation reaction, then cells were
washed twice in buffer A and resuspended in buffer A containing N-ethyl mal-
eimide (final concentration 5mM) to block all free sulfhydryl residues. After
incubation for 20min at 25 uC, cells were disrupted by sonication. Membranes
recovered by ultracentrifugation at 100,000g for 40min were resuspended in
Laemmli buffer before SDS–PAGE analysis and immunodetection with anti-
Flag antibodies (to detect the TssM proteins). Controls were performed by label-
ling total membranes from the same samples instead of whole cells. The assay was
performed in triplicate, from three independent cultures, and a representative
experiment is shown.

SDS–PAGE, protein transfer, immunostaining and antibodies. SDS–PAGE
was performed on Bio-Rad Mini-PROTEAN systems using standard protocols.
For immunostaining, proteins were transferred onto 0.2-mmnitrocellulose mem-
branes (AmershamProtran). Immunoblots were probed with primary antibodies
and goat secondary antibodies coupled to alkaline phosphatase, and developed in
alkaline buffer in presence of 5-bromo-4-chloro-3-indolylphosphate and nitro-
blue tetrazolium. The anti-TolB was from our laboratory collection, whereas
the anti-HA (3F10 clone, Roche), anti-Flag (M2 clone, Sigma Aldrich), anti-
StrepII (Sigma Aldrich), anti-5his (Sigma Aldrich) monoclonal antibodies and
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alkaline-phosphatase-conjugated goat anti-rabbit or mouse secondary antibodies
(Millipore) were purchased as indicated.
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Extended Data Figure 1 | Functional and dynamic properties of
fluorescently labelled Tss proteins. a, GFP–TssM and GFP–TssL fusion
proteins are functional. Top: Hcp release assay. Hcp release was assessed by
separating whole cells (C) and supernatant (S) fractions from the indicated
strains. A total of 13 109 cells and the TCA-precipitated material from the
supernatant of 23 109 cells were analysed by western blot using anti-Flag
monoclonal antibody (lower panel) and anti-TolB polyclonal antibodies as a
lysis control (upper panel). The molecular mass markers (in kilodaltons) are
indicated on the left. Bottom: anti-bacterial assay. The anti-bacterial activity
was assessed by mixing kanamycin-resistant prey E. coli K-12 cells with the
indicated attacker cells for 16 h at 37 uC in SIM. The number of recoveredE. coli
prey cells is indicated in the graph (as log of colony-forming units (c.f.u.)). The
circles indicate values from three independent assays, and the average is
indicated by the bar. b, TssJ–sfGFP and TssJ–mCh fusion proteins are non-
functional. Hcp release was assessed by separating whole cells (C) and
supernatant (S) fractions from the indicated strains. A total of 13 109 cells and
the TCA-precipitated material from the supernatant of 23 109 cells were
analysed by western blot using anti-Flag monoclonal antibody (lower panel)
and anti-TolB polyclonal antibodies as a lysis control (upper panel). The
molecular mass markers (in kilodaltons) are indicated on the left. c, sfGFP–
TssM and sfGFP–TssL cluster in foci. Large fields of fluorescence microscopy
recordings showing localization of the sfGFP–TssL (left) and sfGFP–TssM
(right) fusion proteins. The positions of selected foci are indicated by

arrowheads. Scale bars, 5 mm. d, sfGFP–TssM and sfGFP–TssL foci are stable
and static. Mean square displacement (in arbitrary units (a.u.)) of sfGFP–TssM
(blue line) and sfGFP–TssL (red line) clusters were measured by sub-pixel
tracking of fluorescent foci and plotted over time (in minutes). e, The TssBC
sheath tubular structures assemble onTssJLMmembrane complexes. Statistical
analyses reporting the average number of sheath per cell compared with the
number of membrane complexes per cell, highlighting the observation that the
number of membrane complexes is at least equal to the number of sheathes.
Lower and upper boundaries of the boxes correspond to the 25% and 75%
percentiles respectively. Black bold horizontal bar, median values for each
strain; whiskers, 10% and 90% percentiles; n indicates the number of cells
studied per strain. f, Long-term fluorescence microscopy recordings. Time-
lapse fluorescence microscopy recordings showing localization and dynamics
of the sfGFP–TssL and TssB–mCherry fusion proteins. Individual images were
taken every 15 min. Assembly/contraction of the sheath and TssL localization
events are schematized in the lowest panel. Scale bars, 1mm. g, Statistical
analysis of sfGFP–TssM and sfGFP–TssL localization in various tss
backgrounds. Shown are box-and-whisker plots of the measured number of
sfGFP–TssM and sfGFP–TssL foci per cell for each indicated strain with the
lower and upper boundaries of the boxes corresponding to the 25% and 75%
percentiles respectively (horizontal bar, the median values for each strain;
whiskers, the 10% and 90% percentiles); n indicates the number of cells studied
per strain.

RESEARCH ARTICLE

G2015 Macmillan Publishers Limited. All rights reserved



ARTICLE RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved



Extended Data Figure 2 | Expression and purification of the T6SS
membrane core complex. a–e, T6SS operon genomic organization and
constructs used for in vitro analyses. a, Schematic representation of the T6SS
sci-1 gene cluster from entero aggregative E. coli. The numbers on top refer
to the gene locus tag (EC042_XXXX). Genes encoding core components
(identified by their names on bottom, for example, ‘B’ refers to the tssB gene) are
coloured grey. Genes of unknown function are coloured white. The three genes
used to reconstitute the core membrane complex are coloured orange (tssJ),
blue (tssL) and green (tssM). b, Schematic representation of the engineered
constructs: the tssJ, tssL and tssM genes were amplified with an additional Shine
Dalgarno (SD) sequence and 39 StrepII, 59 Flag and 59 63His tags respectively.
These three fragments were cloned into the pRSF-Duet vector (c). This
construct allows the production of the C-terminally StrepII-tagged TssJ
outer membrane (OM) lipoprotein and N-terminally Flag-tagged TssL and
63His-tagged TssM inner-membrane (IM) proteins (d, e). The proteins
are schematized and their boundaries and principal characteristics (TM,
transmembrane segments; SP, signal peptide; CYS, acylated cysteine) are

indicated (d) and their topologies are shown (e). The additional TssM
constructs (TssMp, TssM32Ct and TssM26Ct) used for SAXS or X-ray analyses
are shown at the bottom. f–h, Purification and biochemical characterization
of the T6SS membrane core complex. f, Analytical size-exclusion chromato-
graphy analysis of the purified TssJLM complex (continuous line) on a
Superose 6 column, calibrated with 75-, 158-, 440- and 660-kDa molecular
mass markers (dotted lines). The molecular mass of each marker (in
kilodaltons) is indicated on the top of the corresponding peak. An arrow
indicates the position of the peak fraction corresponding to the TssJLM
complex. g, SDS–PAGE of the purified TssJLM complex analysed by
Coomassie staining (CB) or immunoblotting using anti-His (a-His), -Flag
(a-Flag) and -StrepII (a-STREP) antibodies. h, Left: cysteine labelling of the
purified TssJLM complex in reducing and denaturing conditions as described
in Methods. The total number of cysteine residues was nine for TssM, five
for TssL and none for TssJ (the N-terminal cysteine is acylated). Right: the
relative amount of TssL compared with TssM (densitometry relative to
the number of free cysteine residues, fixed at 1 for TssM).
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Extended Data Figure 3 | Architecture of the T6SS membrane core
complex. a, Negative-stain EM of the EAEC TssJLM complex. Representative
micrograph of the data set used for image processing. Isolated TssJLM
complexes were clearly visible (white circles). b, Plot of the rotational
autocorrelation function for a representative class average of an end-view.
c, FSC curve of the TssJLM reconstruction. The ‘gold standard’ FSC curve
was calculated in Relion using the masked reconstruction of the TssJLM
complex. The resolution at 0.143 correlation was 11.56 Å. d, Top: side and
corresponding cut-away views of the 3D reconstruction for the whole

TssJLM complex. Bottom: local resolution as calculated by Resmap. The
TssJLM volume (left reconstruction, side view; right reconstruction, cut-away
view) is coloured according to the local resolution from high resolution
(,12 Å) in blue to low resolution (.30 Å) in red. e, FSC curve of the TssJLM
base. The ‘gold standard’ FSC curve was calculated in Relion using the
unmasked reconstruction of the TssJLM base. The resolution at 0.143
correlation was 16.6 Å. f, Top, side and bottom views of the 3D reconstruction
after specific refinement of the base.
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Extended Data Figure 4 | Structural analysis and segmentation.
a, Segmentation of the TssJLM reconstruction. Left: above the base, ten
equivalent densities could be defined by segmentation. They are arranged in
two concentric rings. The internal ring is represented in green in the top
panel and the external ring is represented in blue in the bottom panel. Right:
cut-out views of the complex showing the arrangement of the two concentric
rings at different levels (grey lines) along the periplasmic portion of the
TssJLM complex. The cut-out views are seen from the bottom of the complex.
b, Requirement of TssJ lipidation for complex assembly and insertion into the
outer membrane. Left: membrane fractionation by differential solubilization
followed by immunoblot analysis. Total membrane extracts from cells
producing the wild-type TssJLM complex or the TssJLM complex with an
unacylated variant of TssJ (Cys1-to-Ser substitution, CS) were solubilized
by lauroyl sarcosine to separate inner membranes and outer membranes.

HisTssM, FlagTssL and TssJStrep (indicated on the right) were revealed by anti-
His, anti-Flag and anti-StrepII antibodies respectively. Controls included
immuno-detection of the inner membrane DglA diacylglycrol lipase and the
outermembraneOmpFporin.Wild-type TssJLMcomplex co-fractionateswith
both the inner and outer membrane fractions whereas the Cys1-to-Ser
substitution mutated complex co-fractionates only with the inner-membrane
fraction. Top right: negative-stain EM of the mutated TssJCSLM complex.
Representative micrograph of the data set used for image processing. Isolated
TssJCSLMcomplexes were clearly visible (white circles). Bottom right: gallery of
representative class averages generated after reference-free 2D classification
in Relion. End to side views are shown from top left to bottom right.
c, Orientation of the TssJLM complex in the cell envelope. Left: schematic
representation of the TssJ (J, orange), TssL (L, blue) and TssM (M, green)
proteins. Their localization, main characteristics (lipidation or transmembrane
segments shown in black) and the location of the 63His and StrepII tags

(red balls) are indicated. The strepII and 63His tags were introduced at the C
terminus and N terminus of TssJ and TssM respectively. Middle: immune and
Nanogold labelling coupled to EM. Anti-StrepII or Nanogold-NTA were
incubated with the TssJLM complex and visualized by negative-stain EM. A
gallery of representative views is presented (top row, StrepII labelling;
bottom row, Ni-NTA labelling). StrepII antibodies (a schematic diagram with
StrepII antibodies depicted as blue circles is shown on top) andNanogold-NTA
are highlighted in red circles. Right: the positions of the StrepII antibody
(targeting TssJ C terminus) and of the Ni-NTA gold particle (targeting TssM
N terminus) are indicated on the TssJLM reconstruction. d, SAXS data and
low-resolution structure of the TssMp–TssJ complex. Top left: experimental
scattering data (green crosses) and the fitting curve (continuous red line)
calculated from an ab initiomodel of the TssMp–TssJ complex. Top right:
Guinier plot (dots) with the linear fit (continuous line). Bottom left: distance
distribution function of theTssMp–TssJ complex. Bottomright: SAXS envelope
(grey surface) of the ‘best representative’ model of the TssMp–TssJ complex.
Each view is rotated by 90u around the y-axis. e, Location of the TssMp–TssJ
complex SAXS envelope in the 3D reconstruction of TssJLM complex. Left:
the volume of the TssMp–TssJ complex determined by SAXS was docked
into the EM 3D reconstruction of the TssJLM complex (top). Two optimal
docking positions were found, both with 82% correlation with the EM map
(colouredmagenta and pink). The corresponding volumes in the EMmapwere
extracted (bottom). They correspond to the same volume displayed in
Extended Data Fig. 4a. Right: direct comparison of the SAXS (magenta) and
EM (blue and green) volumes corresponding to the TssMp–TssJ complex. The
volumes are equivalent in size and shape. f, TssL cytoplasmic domain docking
into the TssJLM complex base. Fitting of the TssL cytoplasmic domain
(TssLcyto)

28 dimer in green ribbons in the hooks found in the base. Top and
bottom: side and bottom views, respectively.
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Extended Data Figure 5 | Crystal structure of the TssJ–TssM C-terminal
domain complex. a, Amino-acid sequence of TssM. The different domains
as well as the fragments used in this study are indicated (yellow, transmem-
brane helix; grey, cytoplasmic domain; green, blue and purple, periplasmic
domain; blue and purple, C-terminal domain corresponding to the TssM32Ct

fragment; purple, C-terminal domain corresponding to the TssM26Ct

fragment). b, Crystal structure of the TssM32Ct–nb25 complex. The two
proteins are represented as rainbow-coloured ribbons. The complementary
determining regions (CDRs 1–3, coloured blue, green and red, respectively) of
nb25 are indicated. The inset highlights the TssM32Ct–nb25 interface: the
TssM32Ct surface is coloured beige whereas nb25 is represented as rainbow-
coloured ribbons; the side chains of the amino acids in contact with TssM32Ct

are indicated. The nb25 nanobody binds the TssM C-terminal domain, and
covers a surface area of 580 Å2 by inserting its protruding CDR3 between
TssM32Ct loops L5–6 and L9–10. The contacts between the two proteins are
listed in Extended Data Table 2a. c, Crystal structure of the TssM26Ct–TssJ
complex. Left: the two proteins are represented as ribbons and coloured in
rainbowmode.Middle: same view rotated by 90u. The TssJ loop 1–2, previously
shown to contact TssM25, is indicated. Right: TssM26Ct–TssJ interface. Top
panel: the TssM26Ct surface is coloured violet, whereas TssJ is represented as
rainbow-coloured ribbons. The TssJ side-chains of the amino acids in contact
with TssM are indicated. The loops are numbered according to the flanking

b-strands. Bottom panel: the TssJ surface is coloured beige whereas TssM26Ct is
represented as rainbow-coloured ribbons. The TssM side-chains of the amino
acids in contact with TssJ are indicated. The contacts between the two
proteins are listed in Extended Data Table 2b. d, Comparison of the binding
sites of nb25 and TssJ on TssM. Left: the structure of the TssM26Ct–TssJ
complex (rainbow coloured) has been superimposed to the structure of the
TssM32Ct–nb25 complex (only nb25 is shown in grey for clarity). Right: the
same partners as in the left panel in surface representation. TssM26Ct (violet),
TssJ (green) and nb25 (pink). e, Insertion of the TssJ lipid anchor in the outer
membrane. Left: TssJ structure25 with the N-terminal 24 residues (absent in
the crystal structure). This N-terminal extension (in magenta), predicted to be
disordered, wasmodelled in Chimera usingModeller. The first cysteine residue
is acylated to allow anchorage to the inner leaflet of the outer membrane
(orange rectangle). Right: docking of the TssM26Ct–TssJ complex in the EM 3D
reconstruction of the TssJLM complex (only the uppermost (tip) part of the
TssJLMcomplex is shown). Left panel: twoTssM26Ct–TssJwere docked into the
inner and outer pillars of the tip complex. Right panel: docking in each
pillar of the TssJLM tip complex (C5 symmetry). f, Hydrophobicity of the
TssM26Ct–TssJ complex. Surface representation of the TssM26Ct–TssJ decamer
(left, top view; right, side view). The hydrophobicity of the surface residues is
displayed (blue to red scale from most hydrophilic to most hydrophobic).
No obvious hydrophobic patch is visible at the surface of the complex.
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Extended Data Figure 6 | Cell surface accessibility of TssM C-terminal
domain. a, Functionality of the TssM cysteine variants. Hcp release was
assessed by separating whole cells (C) and supernatant (S) fractions from the
wild-type (WT) 17-2 strain and its DtssM derivative producing a wild-type
allele of TssM or TssM cysteine substitution derivatives (as indicated). A total
of 13 109 cells and the TCA-precipitated material from the supernatant of
23 109 cells were analysed by western blot using anti-HA monoclonal
antibody (lower panel) and anti-TolB polyclonal antibodies as a lysis control
(upper panel). The molecular mass markers (in kilodaltons) are indicated on
the left. b, Cysteine substitution labelling. Accessibility to cysteine residues
positioned in TssM domain 4 loops was assessed by treating isolated
membranes (M) or whole cells (WC) of the indicated strain (WT, wild-type
17-2; DtssBC; DtssJ) producing the indicated TssM cysteine derivative (in red
letters) with the cysteine-reactive, membrane-impermeant BSA-maleimide

(BSA-mal). Samples corresponding to a total of 53 109 cells were analysed
by western blot using anti-Flag monoclonal antibody. The position of the
TssM protein (,125 kDa) is indicated as well as that of a retarded band
corresponding to BSA-maleimide-coupled TssM (,190 kDa; asterisk). The
molecular mass markers (in kilodaltons) are indicated. c, Close-up of the
TssM26Ct–TssJ interface. TssM26Ct is represented in blue ribbons. TssJ is
represented in orange ribbons and orange transparent surface. TssM residues
accessible from the cell exterior when the T6SS is functional are indicated by
yellow spheres whereas unaccessible residues are shown by grey spheres.
The accessible residues 989 and 1005 are buried at the interface between TssM
and TssJ, suggesting that this interface is probably disrupted during T6SS
assembly and/or function. Left and right panels are orthogonal views of the
same molecule.
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Extended Data Figure 7 | Comparison with other bacterial secretion
systems and model for channel opening. a, Comparison between the T6SS
TssJLM membrane core complex structure and other bacterial secretion
systems. From left to right, the E. coli AcrAB-TolC multi-drug efflux pump
(EMDB accession number emd-5915)73, the EAEC T6SS membrane core
complex (this study, EMDB accession number emd-2927), the Shigella T3SS
transmembrane complex (EMDB accession number emd-1617)74 and the
E. coli R388 T4SS complex (EMDB accession number emd-2567)75. The
positions on the inner membrane (IM) and outer membrane (OM) are
indicated (C, cytoplasm; P, periplasm). Scale bar, 10 nm. b, Docking of the Hcp
tube/VgrG spike into the TssJLM 3D reconstruction. Left: before sheath
contraction. The Hcp tube/VgrG spike (VgrG in yellow and Hcp in green;
surface representation) was manually docked in the 3D reconstruction of
TssJLM complex (grey surface). The diameter of the channel defined by the
closed tip complex is not large enough to allow the passage of the tube/spike,

suggesting that large conformational changes probably occur. The cavity at the
tip of VgrG could be filled by VgrG-bound PAARmodules or toxin effectors20.
Right: during sheath contraction. The diameter of the C10-symmetrized
TssM26Ct model (represented as ribbons) is compatible with the passage of
theHcp tube/VgrG spike (same colours as in the left panel). c, Closed and open
forms of the TssM26Ct oligomer. Crystal structure of TssM26Ct represented
as ribbons and transparent surface. The TssM26Ct a- and b-domains are
coloured cyan andblue, respectively. The C-terminala5-helix and the extended
stretch are coloured pink. Cysteines with extracellular accessibility when the
T6SS is active are coloured yellow, while the unlabelled ones are coloured
red. Left: docking of the TssM26Ct–TssJ crystal structure in the EM 3D
reconstruction of theTssJLM tip complex. Top and bottompanels, side and top
views, respectively. Right: model of a C10-symmetrized oligomer of the
TssM26Ct domain. Top and bottom panels, side and top views, respectively.
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Extended Data Table 1 | Data collection and refinement statistics

1Each data set has been collected on a unique crystal.

*Highest resolution shell is shown in parenthesis.
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Extended Data Table 2 | Interactions and accessibility data

The letter H in right-hand columns indicates that atoms establish a hydrogen bond.

WAS, water-accessible surface of the original amino acids (measured in the unbound TssM/in the TssM–TssJ complex).

*Not visible in the electron density map.
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General discussion and additional

results

4.1 The assembly of the T6SS membrane complex

Our study revealed the in vivo localization of the T6SS membrane complex and its assembly

pathway. In average, 1-3 complexes can be visualized per cell using fluorescent-labeled TssM and

TssL proteins. These complexes are not dynamic and can be used for several rounds of sheath

elongation/contraction. TssJ is the first protein that positions at the site of assembly, and is

followed by TssM and TssL. Nevertheless, we do not know yet whether TssJ finds the site of

assembly by itself or whether an additional component is required to control its positioning. None

of the GFP or mCherry fusions to TssJ were functional, and therefore these data will be difficult

to obtain. It is also worthy to note that the fact that TssJLM foci are static suggest that there is

not a target cell contact-dependent positioning.

The assembly pathway of the T6SS membrane complex proceeds inward, i.e., from the outer-

most part of the cell to the interior. Inward biogenesis of cell envelope complexes is the rule. For

secretion systems, outer membrane components are usually nucleation factors. In the V. cholerae

T2SS, the outer membrane secretin EpsD is critical to the localization of T2SS subunits (Ly-

barger et al., 2009). Assembly of the Yersinia T3SS starts with the YscC outer membrane secretin

(Diepold et al., 2010). Assembly of the T4SS is also initiated by the outer membrane-associated

VirB7-VirB9 complex (Kumar and Das, 2002)(Judd et al., 2005)

4.2 Architecture of the system

The structure of the T6SS confirms that each double-membrane-spanning system possesses a unique

structure and export mechanism, but individual protein components exhibit similarities in struc-

ture, shape and/or function (Costa et al., 2015).

We have reported the structure of the T6SS membrane complex from EAEC. However, we do

not know whether this TssJLM complex represents a prototypical structure and whether variability

exists between T6SS membrane complexes. Variability is likely to exist as the T6SS membrane

components from different species have differences. For examples, the vast majority of T6SS gene

clusters does not encode a TagL component, but rather have a peptidoglycan-binding domain fused

at the C-terminus of TssL (Aschtgen et al., 2010a). So these TssJLM complexes should have an
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extra-density in the periplasm. It has also been shown that the tssM genes of Citrobacter roden-

tium and Yersinia pseudotuberculosis encode two different length variants due to RNA polymerase

frameshifting (Gueguen et al., 2014). Hence, the TssJLM complexes should also exhibit significant

differences. Finally, the TssM protein of the P. aeruginosa H1-T6SS is predicted to have a single

trans-membrane segment (compared to the 3-transmembrane segment of classical TssM proteins).

Thus, one immediate perspective to this work will be to purify and image TssJLM complexes from

different species, including those cited above. Similarly, the TssJLM complexes of Francisella tu-

larensis and of Bacteroidetes species, that belong to distinct T6SS families could be interesting

targets.

It is also important to note that the structure of the EAEC TssJLM membrane complex was

solved from a purified complex produced in a heterologous host, in absence of other T6SS subunits.

It would therefore be interesting to purify and image the TssJLM complex from native, chromosomal

expression, and to compare this structure with the one we have reported. This approach may

provide supplemental information such as conformational changes of the membrane complex that

may undergo upon baseplate docking or sheath contraction, or information regarding the in vivo

symmetry. The purified TssJLM complex exhibits 5-fold symmetry, which is different from the

6-fold symmetry of TssA or the predicted 6-fold symmetry of the baseplate (Zoued et al., 2017),

and it remains possible that the 5-fold symmetry corresponds to a more stable conformation, but

that TssA may act as a chaperone to impose a 6-fold symmetry in vivo (Zoued et al., 2017).

This situation is possible as TssA interacts with the TssJM complex, prior to the recruitment of

TssL and the polymerization of the membrane complex (Zoued et al., 2016b). Imaging the T6SS

membrane complex in vivo is therefore a very exciting perspective to define the in vivo symmetry

of the TssJLM complex and to define its structure once bound to the baseplate or after firing. To

answer this question, we have to develop an in vivo approach that aims to visualize the membrane

complex and the full T6SS in the bacterial cell.

4.3 Additional results

Visualizing membrane complexes directly inside bacterial cells is a challenge. However, recent pro-

gresses in electron cryo-tomography (ECT) have revealed the structure of several large complexes,

including flagellum, chemotaxis machineries, T3SS, T4SS, T6SS and Type IV pili (Oikonomou

and Jensen, 2017)(Beeby et al., 2016)(Briegel et al., 2016)(Ghosal et al., 2017)(Chang et al.,

2016)(Chang et al., 2017)(Hu et al., 2017). ECT produces three-dimensional images of cells in

a near native state at a macromolecular resolution. This in situ technique requires no purifica-

tion and is label-free. To achieve this project, our laboratory had initiated collaboration with the

group of Martin Pilhofer (ETH Zürich, Switzerland), a recognized expert in ECT. However, one

limitation of ECT is the thickness of the sample, as thin samples will provide better images. Thin

samples could be obtained by milling the surface of the bacterial cell or by genetically decreasing

the size of the bacterial cell (Farley et al., 2016)(Rigort et al., 2012). As T6SS sheath contraction is

usually responsive to cell envelope perturbations, it will be easier to achieve our goal by genetically

manipulating EAEC.
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4.3.1 E. coli mutants that form skinny and minicells.

As mentioned above, bacterial cells are too thick to allow high-resolution as they reduce the quality

of the tomographic images. It has been previously shown that mutations can induce significant

reduction of the length and width of bacterial cells (Figure 4.25) (Liu et al., 2011). A specific

mutation on the bacterial actin homolog, MreB, A125V has been shown to affect the thickness of

rod-shaped cells, and hence causes the formation of thinner bacterial cells called “skinny cells”.

(Liu et al., 2011). Size decrease could be obtained by deletion of the minCDE genes, which are

responsible for proper positioning of the cell divisome at the septum. Deletion of the minCDE

genes thus induces asymmetric cell division, and the production of spherical “minicells” (Carleton

et al., 2013). By inactivating the Min system in skinny mreBA125V cells, we can obtain ”skinny

minicells” that may provide good imagining conditions.

Figure 4.25: Size comparison of standard versus engineered tiny E. coli. Cryo-EM of a typical
wild-type E. coli cell with an average diameter of 1µm (A), a skinny WM3433 E. coli cell with a diameter
of 0.5 µm (B) and a minicell from WM3433 with a diameter of less than 0.4 µm . All three cultures were
in exponential phase prior to dilution for the growth curve measurements (Liu et al., 2011).

The aims of our project are triple: (i) visualize the membrane complex with a heterologous

expression in BL21(DE3) and compare with the purified complex extracted from BL21(DE3) cells;

(ii) visualize the membrane complex in strain 17.2; and (iii) visualize the entire T6SS under different

conformations, using deletion backgrounds (i.e., without the baseplate (tssK mutant), without

the sheath (tssBC mutant), with accumulated contracted sheaths (clpV mutant)). To do so, I

introduced the minCDE deletion and the mreBA125V mutation in E. coli BL21(DE3) and EAEC

17-2. In addition, these mutations were also introduced in 17-2 cells bearing the chromosomal GFP-

TssM (to test whether TssJLM complex are observable in minicells) or the chromosomal TssB-GFP

fusion (to test whether sheath dynamics are observable in minicells). To genetically engineer E. coli

and EAEC skinny minicells, mutations were introduced directly into the chromosome. Deletion of

the minCDE operon was achieved by the Datsenko and Wanner one-step inactivation method using

PCR products and short-length recombination by the λ red recombinase (Datsenko and Wanner,

2000). The mreBA125V mutation was introduced by double homologous recombination using the

pKO3 suicide vector (Link et al., 1997)(List of strains, plasmids and primers in Table S1 presented

in Annexe).
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4.3.2 Morphological characterization of skinny, mini and skinny mini-cells

In collaboration with Leon Espinosa (Plateforme de Biophotonique, LCB, CNRS-Marseille), I an-

alyzed these strains by using the MicrobeJ software (Ducret et al., 2016), allowing an automatic

characterization of the different strains. First, we quantified the percentage of minicells in the

different populations.

Figure 4.26: Percentage of minicells produced in the engineered strains The percentage of minicells
were calculated for each engineered strain as indicated. Three independent experiments were analyzed and
noted as an asterisk.

Figure 4.26 shows that a wild-type and a mreBA125V mutant produce ≈ 2 % of minicells in both

BL21(DE3) (A) and EAEC (B). As expected, deletion of the min genes increases the production

of minicells to 16.6 % and 27.7 % in BL21(DE3) and EAEC, respectively. Combination of the two

mutations does not significantly change the percentage of minicells compared to minCDE mutants

with minicells representations of 20.2 % and 28.3 % in BL21(DE3) and EAEC. In addition to the

percentage, we can visualize the entire population by representing cells on a diagram with the X

and Y-axis Figure 4.27, upper panel. It allows us to better appreciate the morphology of minicells

compared to normal sized cells. We can see that the length and the width are reduced. It is worth

to note that the double mutation homogenizes minicells size. The populations of minicells are

shown separately on a different diagram Figure 4.27, lower panel. As conclusion, deletion of the

minCDE and introduction of the mreBA125V mutation induced the expected phenotypes, observed

in E. coli K-12.

4.3.3 Impact of minCDE and mreB mutations on T6SS function

Minicells are not simply small cells that lack a chromosome. They have different sizes, as the

positioning of the Z-ring is impaired. They remain metabolically active even if we can observe

variation in minicell sizes from a single bacterial culture. We do not know if mutations impairing

the cell division have an impact on the function of the T6SS. To test T6SS function, I performed an

antibacterial assay on the entire population of each strain. Figure 4.28 shows that all engineered

strains have a killing activity comparable to a WT strain, demonstrating that the minCDE and

mreB mutations do not affect T6SS function.
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Figure 4.27: Morphological characterization of the engineered strains. Diagrams showing the
morphology of the entire population (upper panels) and the minicell population (lower panels) of each
engineered strains according the X- and Y- axis. The scale is in µm.

4.3.4 Isolation of minicells

As for electron microscopy, the resolution of the final model relies on the initial number of particles

observed. However, because bacterial strain produces a mixture of filaments and minicells, pilot

experiments showed that we were limited by the low amount of minicells on each ECT grids. To

obtain more usable objects, I decided to isolate minicells from the population. Several methods

have been developed for the purification of minicells such as differential centrifugation, multiple

density gradient centrifugation and multistep filtration (Farley et al., 2016). For the first attempt,

we decided to use differential centrifugation in order to minimize damages to the cells, and to limit

the use of additional compound. This isolation protocol was improved to obtain satisfying results

(Figure 4.29).

Using this protocol, we can obtain 99.9% of minicells. The improved protocol is at follows:

A volume of 10 mL of bacterial culture was grown in SIM at 37◦C. Once the culture reached an

OD600nm of 0.8, cells were harvested and collected by three successive centrifugations at 2000 x g

for 15 min to remove the majority of larger cells and cellular debris. Supernatant fractions were

collected each time. Minicells were then subject to a high-speed centrifugation at 15000 x g for
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Figure 4.28: Antibacterial assay. E. coli K-12 prey cells (W3110 kanR) were mixed with the indicated
attacker cells, spotted onto SIM agar plates, and incubated for 4h at 37◦ C. The number of recovered E. coli
prey cells is indicated in the graph (in log10 of colony-forming unit). The circles indicate values from three
independent assays, and the average is indicated by the bar.

30 min. Supernatants were discarded and a volume of 150 µL was left for pellet resuspension. All

fractions were then pooled into an eppendorf tube to a last centrifugation step at 15000 x g for

15 min. The totality of the supernatant was removed and enriched minicells fractions were finally

resuspended with 40 µL of PBS.

Figure 4.29: Minicells enrichment. Phase contrast micrographs of cells of BL21mreBA125V (A) and
BL21mreBA125V

∆minCDE :kan (B) after isolation.

4.3.5 Imaging the T6SS in skinny minicells

In BL21(DE3). Using the pRSF-TssJLM plasmid, utilized in the Article 2 to purify the TssJLM

complex, we are able to produce a high number of TssJLM complexes in BL21(DE3) cells.

In EAEC. In EAEC, the TssJLM complex is produced at native levels, which correspond to 1-3

complexes per cell (up to 8). The number of complexes is therefore limiting, and as a consequence,

it is difficult to observe TssJLM complexes. To increase the detection of these complexes, we can

develop a correlative approach, in which both fluorescence microscopy and ECT are performed on
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the same sample. The fluorescent signal is then used to identify and locate the items of interest

for later imaging by ECT. For this, we will use the skinny minicells producing GFP-TssM. Figure

4.30 shows that fluorescent foci are observed in minicells and hence that the correlative approach

could be an interesting perspective.

Figure 4.30: Skinny minicells producing GFP fusion proteins. Fluorescence microscopy images of
skinny minicells producing TssB-sfGFP (A) and sfGFP-TssM (B). Differential interference contrast and
GFP channels are merged. The magnifications show fluorescent foci in minicells.

The different strains were subjected to ECT observations in a frozen-hydrated state. A 3-D

reconstruction at low resolution was then carried out from a series of images at different tilted

angles and collected at very low electron dose. The first tomograms allowed to observe contracted

and elongated sheaths, as well as TssJLM complexes (Figure 4.31). A 3-D model of the membrane

complex was constructed. Figure 4.32 shows that the TssJLM complex adopts a C5 symmetry and

has an architecture similar to that obtained in vitro (Figure 4.32).

Figure 4.31: T6SS tomographs. 2D images from a tomograph recorded on EAEC overproducing TssJLM.
The TssBC sheath contracted (A), elongated (B) and the TssJLM membrane complex (C) are shown. OM,
outer membrane; IM, inner membrane.
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Figure 4.32: TssJLM reconstruction. 3D reconstruction of TssJLM membrane complex by averaging
420 sub-tomograms.

Our collaborators at ETH Zürich currently put efforts to obtain better images with the goal

to reconstruct a high resolution structure of the membrane complex and of the entire apparatus.

For this, more images will be collected and a sub-tomogram averaging approach will be used to

analyze several thousand of sub-tomograms containing all or part of the T6SS. During the process,

a 3D classification will allow us to visualize and to model different conformations and to identify

conformational changes, which might be of biological importance.

It is worth to note that two articles have been recently published on the structure of the T6SS

complex fromMyxococcus xanthus (Chang et al., 2017) and a T6S-like tail structure in Amoebophilus

asiaticus (Böck et al., 2017) using ECT.

4.4 The T6SS membrane complex undergoes conformational changes

to form the pore

The crystal structure of C-terminal region of TssM shows that it is composed of two domains.

The N-terminal domain is constituted of four α-helices, a β-hairpin and an elongated stretch. The

C-terminal domain comprises nine β-strands followed by α-helix 5 and a stretch of residues with

no secondary structure. Based on this structure, we could not detect any obvious transmembrane

region that may form the outer membrane channel. To gain information on the location of this

domain relative to the membrane, we introduced cysteine residues between each β-strands and

tested their accessibility in WT, ∆tssJ and ∆tssBC cells. In the wild-type situation, cysteine

side-chains located at the tip of the TssM C-terminal region were labeled in a WT strain but not

labeled in ∆tssBC cells. This suggests that the tip is transiently exposed to the exterior during

sheath polymerization and/or contraction. This experiment also sheds light on the fact that the

TssM α-5 helix permanently crosses the outer membrane, except when TssJ is absent.

We conclude that the membrane complex is assembled in a closed conformation named “resting

state”, in which only helix α-5 is inserted into the outer membrane. This closed conformation

would prevent entry of toxic compounds into the periplasm. Once the baseplate and the sheath
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are assembled, we propose that the tip of TssM must undergo large conformational changes to

cross the OM and form the pore to allow the passage of the tube. One hypothesis will be that

the internal pillars would move outward to open a large channel compatible with the passage of

the Hcp needle. Interestingly, limited proteolysis experiments have shown that TssM undergoes

conformational changes that permit to interact with Hcp in Agrobacterium tumefaciens (Ma et al.,

2012).

4.5 Sensing the prey cell

Whole-cell accessibility studies revealed that the C-terminal extension of TssM is exposed to the

outside. It is thus the only region of the entire T6SS that is exposed to the cell exterior, and this

makes the TssM C-terminal extension a good candidate for sensing the prey. In addition, Article

3 will show that the cytoplasmic domain of TssM mediates contacts with baseplate components –

TssG and TssK, and one may imagine that the information regarding the presence of the prey might

be transduced to the sheath through TssM and the baseplate. As described in the introduction

section, sheath contraction is initiated at the baseplate. Similarly, in contractile bacteriophages,

long tail fibers transduce the information (i.e., reception on the host cell) to the baseplate. We then

hypothesize that TssM might play the role of phage fibers by connecting the sensing of the contact

with the contraction of the sheath. If this hypothesis is true, understanding the contribution of

the TssM C-terminal extension in T6SS function is important. In the following Additional results

section, I will describe the results I obtained on this extension.

4.6 Additional results

4.6.1 The C-terminal extension is well conserved among Escherichia coli strains.

To better understand the role of the C-terminal extension, I first performed a bioinformatics ap-

proach. Because the TssM proteins are very diverse (e.g., the TssM protein associated with the

P. aeruginosa H1-T6SS is predicted to have a single transmembrane segment compared to the

prototypical TssM proteins; the TssM proteins of Citrobacter rodentium and Yersinia pseudo-

tuberculosis are produced as two different length variants (Gueguen et al., 2014), I focused my

studies on Escherichia coli strains. Using T-coffee, I generated a sequence alignment for the TssM

C-terminal extremity (starting from the beginning of the last long α-helix) from 70 Escherichia

coli strains. Sequences were found using the web-based resource for T6SS SecReT6 (Li et al.,

2015)(http://db-mml.sjtu.edu.cn/SecReT6/). Figure 4.33 shows that the C-terminal extremities

can be categorized into three groups. Interestingly, these groups correspond to the T6SS groups

already identified: T6SS-1 (or i2), T6SS-2 (or i1), and T6SS-3 (or i4b) (Journet and Cascales,

2016)(Li et al., 2015). Within each group the sequences are highly conserved. The TssM protein

associated with the EAEC Sci-1 T6SS belongs to group i2, a group of TssM proteins that bear an

additional C-terminal region compared to the T6SS-2 family; which corresponds to the cell surface

exposed region defined by the cysteine accessibility approach in Article 2. This additional region is

negatively charged, with the presence of a large number of aspartate and glutamate residues. For
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example, the EAEC Sci-1 TssM C-terminal extremity possesses 8 negatively charged residues for a

23-aminoacid long sequence (35%). It is worthy to note that the T6SS-2 family (i.e., without this

additional extracellular region) groups T6SS gene clusters that encode FHA, a protein involved in

the post-translational activation pathway. Thus, we have two categories: T6SS-2 with FHA and

likely a simplified form of post-translational pathway for activation of the T6SS, and T6SS-1 with

no FHA but for which TssM proteins bear a cell surface exposed additional region.

Figure 4.33: Sequence alignment of the C-terminal extension from TssM homologues. T-coffee
sequence alignment of the C-terminal extension from E. coli strains is shown. Sequences were found on the
web-based resource for T6SS SecReT6 (Li et al., 2015). This figure has been prepared with T-COFFEE
(Di Tommaso et al., 2011).

To define whether this dichotomy observed in E. coli strains could be extended to other T6SS,

I performed a sequence alignment between randomly selected TssM proteins belonging to T6SS

gene clusters encoding - or not - the post-translation pathway (P. aeruginosa H1, Agrobacterium

tumefaciens, etc). Figure 4.34 shows that similarly to EAEC, E. tarda has a long C-terminal region

whereas P. aeruginosa, A. tumefaciens, S. enterica, A. hydrophila or V. cholera contain a short

version. Interestingly, this length difference is more correlated with the presence on the Walker A

/ B and GTP specific motif than a post-translational activation pathway. Moreover, the NTPase

domain of E. tarda has been shown to be inactive which could explain this example. Further

analysis needs to be carried out to decipher the link between NTPase domain and the length of the
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C-terminal region.

Figure 4.34: Sequence alignment between randomly selected TssM proteins. T-COFFEE sequence
alignment of the C-terminal region of TssM of (from top to bottom) enteroaggregative Escherichia coli
(EAEC) Sci-1 (EAEC 17-2), Y. pseudotuberculosis (IP31758)T6SS-3, Yersinia pseudotuberculosis (IP31758)
T6SS-5, Vibrio cholerae (O395), Salmonella enterica Typhimurium (LT2), Agrobacterium tumefaciens
(C58), Pseudomonas aeruginosa H1-T6SS (PA01), Aeromonas hydrophila (ATCC7966), and Edwardsiella
tarda. Local homologies are indicated by a colour code (bad to good from blue to red). The figure has been
prepared with T-COFFEE.

4.6.2 The C-terminal extension is essential for T6SS antibacterial activity.

To better understand the contribution of this additional C-terminal extremity for T6SS activity,

I decided to target this region. To avoid problems due to TssM overproduction, mutations were

introduced on the chromosome. Based on the bioinformatics analysis, I constructed three TssM

variants (Figure 4.36): (i) deletion the entire C-terminal extremity (i.e., the 30 amino-acids located

after the last α-helix); (ii) substitution of all the E and D residues to alanines (Figure 4.36 sequence

(1)); and (iii) modification of the order of residues without changing the net charge by creating a

“scrambled” C-terminal extension (Figure 4.36 sequence (2)-.

Figure 4.35: Sequences of the C-terminal variants. Sequences of the wild-type C-terminal extension
(C-ter WT) and the two variants are shown (1-2). The position of the serine residue (in orange) was labeled
with the BSA-maleimide. The negative amino-acids Aspartate (D) and Glutamate (E) are in blue. Residues
that were substituted by an Alanine residue (A) are in red.

Hence, I engineered pKD4 vectors encoding the C-terminal fragment of TssM in order to use the

one-step inactivation procedure (Datsenko and Wanner, 2000) for chromosomal insertion. These

vectors were constructed as follow: DNA fragments corresponding to the sequences described above

were synthesized by IDT (see Table S2 presented in Annexe). They were cloned by megapriming

into the pKD4 plasmid. Oligonuclotides and plasmids used in this study are listed in the Table S2.

The pKD4 vectors constructed were then used as template for DNA amplification and recombination

on the chromosome after electroporation.
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Once obtained, the strains with TssM C-terminal extension variants at the native chromosomal

locus were used as attackers for an antibacterial assay. As seen in Figure 4.36, the three engineered

strains are unable to kill target cells, as their antibacterial activities are comparable to∆tssM. From

these data, I concluded that the TssM C-terminal extension, and more specifically the charged

residues and the order of the sequence, are required for T6SS antibacterial activity.

Figure 4.36: The TssM C-terminal extension is essential for T6SS antibacterial activity. E. coli
K-12 prey cells (W3110 kanR) were mixed with the indicated attacker cells, spotted onto SIM agar plates,
and incubated for 4h at 37◦C. The number of recovered E. coli prey cells is indicated in the graph (in log10 of
colony-forming unit). The circles indicate values from three independent assays, and the average is indicated
by the bar.

4.6.3 The EAEC Sci-1 T6SS is able to kill an E. coli rough target cell.

If the cell surface-exposed region of TssM has a role in sensing the target cell, identifying the ”recep-

tor” of the TssM extension will be of high interest. Previous unpublished studies in the laboratory

have shown that the EAEC Sci-1 T6SS is able to provide a competitive advantage to diverse bacte-

rial species, including different E. coli pathotypes, Salmonella enterica and Citrobacter rodentium

but has no effect on Gram positive bacteria such as Bacillus subtilis. Thus, if TssM recognizes a

”receptor”, we hypothesize that such ”receptor” should be surface exposed, and conserved within

these species. Although these bacterial species are all enteric strains, they are sufficiently different

to hypothesize that the lipopolysaccharide (LPS) might be a good candidate.

To test this hypothesis, I used an E. coli rough strain. Strain CA8000 (kindly provided by R.

Lloubès)(Raina and Georgopoulos, 1990) has a transposon insertion in the htrM gene (Raina and

Costa, 1991)(Karow et al., 1991). HtrM (also called RfaD or HldD) is an epimerase implicated in

the final step of the ADP-L-glycero-D-manno-heptose pathway (Figure 4.37, A) (Kneidinger et al.,

2002). The final product of this pathway forms the precursor inner core LPS (Figure 4.37, B).

Thus, the htrM mutation results in a truncated LPS lacking the O-antigen and outer core. The

antibacterial assay shown in Figure 4.38 demonstrates that the wild-type EAEC attacker strain is

capable of killing rough target cells to levels comparable to a smooth strain. Therefore, it seems
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that the O-antigen and outer core of the LPS is not the signal sensed for the activation of the

EAEC Sci-1 T6SS.

Figure 4.37: E. coli lipopolysaccharids. (A) Biosynthesis pathway for ADP-L-glycero-D-manno-
heptose. The HtrM (also called RfaD or HldD) enzyme is implicated in the final step of the ADP-L-
glycero-D-manno-heptose synthesis (Raetz and Whitfield, 2002). (B) Schematic representation of the LPS,
highlighting the different structures: O-antigen, core and lipid A.

The results obtained with the TssM C-terminal extension variants demonstrated that this region

is critical for T6SS activity. However, these results might be indirect and could be the consequence

of a non-proper insertion of TssM, of an instability of TssM or of a weaken interaction with TssJ.

I therefore performed a BACTH experiment to test whether the TssM variants interact with TssJ.

4.6.4 TssM periplasmic variants interact with TssJ.

To test whether the TssM C-terminal variants interact with TssJ, I constructed BACTH plasmids

encoding the periplasmic domains of the TssM variants upstream and downstream T18 and T25.

These constructs were tested against TssJ fused to the complementary Cya domains. As expected

from the co-crystal TssM26Ct-TssJ structure, the deletion or modification of the C-terminal region

do not impact TssM-TssJ complex formation (Figure 4.39). Hence, the TssM C-terminal variants

properly interact with TssJ.

These experiments showed that the TssM C-terminal extension is necessary for T6SS function,

but the variants we have engineered do not affect the ability of TssM to interact with TssJ. We

have now to understand which stage of the T6SS biogenesis is impacted by the modification of

the TssM C-terminal extension: TssM recruitment, baseplate docking, sheath extension, sheath

contraction,.... I project to gain information by performing fluorescence microscopy experiments

to follow the localization and dynamics of (i) the TssM variants fused to the GFP, and (ii) the

GFP-TssA, TssK-GFP and TssB-GFP fusions when the TssM variants are produced.
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Figure 4.38: A rough prey cell has no impact on the T6SS antibacterial activity. E. coli K-12
prey cells (CA8000 htrM:Tn5 kanR) were mixed with the indicated attacker cells, spotted onto SIM agar
plates, and incubates for 4h at 37 degree C. The number of recovered E. coli prey cells is indicated in the
graph (in log10 of colony-forming unit). The circles indicate values from three independent assays, and the
average is indicated by the bar.

Many questions remain to understand how the presence of the target cell is sensed and to define

the signal that triggers the assembly of the apparatus and/or the contraction of the sheath. Based

on the observation that the TssM C-terminal extension, present in TssM proteins belonging to

T6SS lacking the post-translational pathway is necessary for T6SS activity, we hypothesized that

this region might be involved in signal sensing. Our results cannot refute this hypothesis and there

is still a lot of experiments to perform. In addition to the fluorescence microscopy experiments

described above, it would be interesting to (i) identify the receptor, i.e., what is recognized at the

cell surface of the target cell, and (ii) to define the signaling pathway. Regarding the putative

receptor, we have also to keep in mind that it could be not genetically encoded, as we can imagine

that a ”surface tension” is sensed, i.e., a difference of pressure exerted at the outer membrane.

This hypothesis could be tested by following T6SS sheath extension/contraction events under agar

pads made with different concentrations of agar. Regarding how the signal is sensed, one other

possibility is that the TssJ outer membrane lipoprotein is involved in sensing. It has been shown

that RscF, a regulator of capsule synthesis, is a surface-exposed outer membrane lipoprotein and

senses defects at the outer membrane (Cho et al., 2014)(Konovalova et al., 2014).

Once the signal found, we have to decipher how the signal is transmitted to the baseplate to

regulate sheath extension or contraction. The topology of the T6SS membrane proteins and the

structure of the TssJLM complex demonstrated that there is a large cytoplasmic base (Durand et al.,

2015) and further fluorescence microscopy experiments showed that the baseplate is recruited to

the assembled membrane complex (Brunet et al., 2015b). It is therefore likely that the cytoplasmic

base of the TssJLM complex, which comprises the TssL and TssM cytoplasmic domains, could be

involved in the transmission of the information. We therefore decided to gain information on the

structure of the TssM cytoplasmic domain and to better understand its contribution for baseplate

docking.
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Figure 4.39: TssM periplasmic variants interact with TssJ. BTH101 reporter cells carrying pairs of
plasmids producing the indicated T6SS proteins fused to the T18 or T25 domain of the Bordetella adelynate
cyclase were spotted on X-Gal-IPTG indicator LB agar plates as described. Only periplasmic (p) soluble
domains were used. Controls include T18 and T25 fusions to TolB and Pal, two proteins that interact but
are unrelated to the T6SS.

Previous studies reported that the cytoplasmic part of TssM interacts with two components

of the baseplate, TssG and TssK (Brunet et al., 2015b)(Zoued et al., 2013). The cytoplasmic

domain of TssL also mediates contact with baseplate components: TssE and TssK (Zoued et al.,

2013)(Zoued et al., 2016a). Thus, docking of the baseplate onto the membrane complex involves

multiple contacts. Nevertheless, the cytoplasmic face of TssM appears to play an important role in

the assembly of the T6SS, but we lack information on its architecture, structure and details on the

interaction with the baseplate. Interestingly, the TssM cytoplasmic domains come into different

flavours. Most TssM cytoplasmic domains harbour a Walker A motif, which is a typical motif

associated with binding and hydrolysis of nucleotide triphosphate such as GTP and ATP. However,

controversial data on the role of this TssM Walker A motif have been reported in the literature.

In Agrobacterium tumefaciens, TssM-mediated ATP binding and hydrolysis has been shown to

be essential for T6SS function and regulates conformational changes within the TssM periplasmic

domain (Ma et al., 2009b)(Ma et al., 2012). By contrast, TssM variants bearing mutations within

the Walker A motif are fully functional in Edwarsiella tarda (Zheng and Leung, 2007). We therefore

decided to provide a detailed analysis of the EAEC TssM cytoplasmic domain and of the molecular

interface between this domain and the baseplate components.
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In this study, we conducted a topological study of TssM to define the boundaries of the different do-

mains and trans-membrane segments. We then defined the interaction network of the cytoplasmic

domain of TssM. Beside numerous attempts we did not succeed to purify the TssM cytoplasmic do-

main for in vitro protein interaction assays, biophysical characterization and X-ray crystallography.

To gain information on the putative structure of this domain, we performed structural modelling

based on homologous domain. Finally, we performed a structure-function analysis by targeting

conserved residues and motifs and tested their contribution for TssM interactions.

Our results showed that the EAEC TssM protein is a polytopic IM protein bearing three trans-

membrane helices (TMH). The TssM N-terminus locates in the cytoplasm whereas the C-terminus

locates in the periplasm. The TMH boundaries were defined by a cysteine accessibility assay us-

ing maleimide-propionyl biocytin, a thiol-reactive compound that crosses the outer membrane but

unable to reach the cytoplasm. We found that the three TMH, at positions 13-29 (TMH1), 44-62

(TMH2) and 360-382 (TMH3) are oriented in-to-out, out-to-in and in-to-out, respectively. TMH2

and TMH3 delimitate a 35-kDa cytoplasmic domain (TssMCyto) that is conserved among TssM

homologues. The bioinformatic analyses revealed that the TssM cytoplasmic domain comprises a

subdomain with a nucleotide triphosphatase (NTPase)-like fold (residues 62-248), followed by a

110-amino-acid region (residues 249-360). This region comprises a dumpy-30 (DPY-30)-like motif,

a dimerization motif initially found in the histone methyltransferase complex in eukaryotic cells.

Interestingly, we found that although the EAEC TssM cytoplasmic domain comprises a NTPase-

like subdomain, the Walkers A and B and NTP specific motifs are degenerated or are lacking.

Therefore, the T6SS TssM proteins can be categorized in three families: (i) TssM with an active

NTPase-domain such as in A. tumefaciens, (ii) TssM with an inactive NTPase-domain such as in

E. tarda, and (iii) TssM with the classical NTPase fold but lacking the functional motifs such as

in EAEC.

Then, I investigated the contribution of the two subdomains to the TssMCyto interactions. The

TssM NTPase-like subdomain mediates interaction with TssK, while the TssM DPY-30 motif is
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involved in dimerization of TssMCyto and interaction with TssG. Finally, I identified specific con-

served motifs that mediate TssMCyto dimerization (F278-E284) and interaction with TssG (L309-

S315), and showed that these motifs are essential for T6SS function, sheath assembly and baseplate

stability.
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Abstract

The type VI secretion system (T6SS) is a multiprotein complex that catalyses toxin secretion through the
bacterial cell envelope of various Gram-negative bacteria including important human pathogens. This
machine uses a bacteriophage-like contractile tail to puncture the prey cell and inject harmful toxins. The
T6SS tail comprises an inner tube capped by the cell-puncturing spike and wrapped by the contractile sheath.
This structure is built on an assembly platform, the baseplate, which is anchored to the bacterial cell envelope
by the TssJLM membrane complex (MC). This MC serves as both a tail docking station and a channel for the
passage of the inner tube. The TssM transmembrane protein is a key component of the MC as it connects the
inner and outer membranes. In this study, we define the TssM topology, highlighting a large but poorly studied
35-kDa cytoplasmic domain, TssMCyto, located between two transmembrane segments. Protein–protein
interaction assays further show that TssMCyto oligomerises and makes contacts with several baseplate
components. Using computer predictions, we delineate two subdomains in TssMCyto, including a nucleotide
triphosphatase (NTPase) domain, followed by a 110-aa extension. Finally, site-directed mutagenesis coupled
to functional assays reveals the contribution of these subdomains and conserved motifs to the interaction with
T6SS partners and to the function of the secretion apparatus.

© 2016 Elsevier Ltd. All rights reserved.

Introduction

The type VI secretion system (T6SS) is a versatile
multiprotein secretory machine that is implicated in
both interbacterial competition and anti-eukaryotic
host activities. The T6SS delivers a broad arsenal of
toxins with peptidoglycan, phospholipid, or DNA
hydrolysis activities or induces cytoskeleton rear-
rangements directly into the target cell [1–4].
For toxin delivery, the T6SS uses a contractile

mechanism that is comparable to that of Myoviridae
phages or R-pyocins [5–10]. This machine is
composed of 13 core subunits, categorised in three
subcomplexes [8,10–12]: a cytoplasmic tubular
structure built on an assembly platform—or base-
plate (BP)—that is evolutionarily, structurally, and
functionally related to bacteriophage contractile tails
[5,13–15] and is anchored to the cell envelope by a
membrane complex (MC) [16].

The T6SS tail is composed of an inner tube made
of stacked Hcp hexameric rings and is wrapped into
a sheath-like structure, formed by the polymerisation
of TssB–TssC heterodimeric complexes and that is
assembled in an extended conformation [14,17–19].
Indeed, the assembly of the tail can be followed by
time-lapse microscopy: fluorescent-labelled sheath
components assemble a ~600-nm-long tubular
structure in tens of seconds, which then contracts
in a few milliseconds [14,20]. The contraction of the
sheath coincides with bacterial prey lysis, suggest-
ing that similar to phages, sheath contraction propels
the inner tube towards the target cell, allowing the
delivery of toxin effectors [8,11,20,21]. The assem-
bly of the tube and the sheath is coordinated by
TssA, a protein that controls the elongation of the tail
at the distal end and that maintains the sheath under
the extended conformation [22]. The inner tube is
tipped by a spike constituted of a trimer of the VgrG
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protein, which is proposed to puncture the target cell
membrane [13,23]. The VgrG trimer is also part of
the BP that is used as an assembly platform for the
tail. Recently, the T6SS BP composition has been
revealed. In addition to VgrG, it is composed of the
TssE, -F, and -G subunits, the homologues of the
phage T4 gp25, gp6, and gp7 proteins, respectively,
and of TssK, a protein of unknown function with
limited homologies to phage T4 gp8 or gp10 proteins
that has been proposed to be a connector to the MC
[15,24–27]. This MC is composed of the two TssL
and TssM inner membrane (IM) proteins and of the
TssJ outer membrane (OM) lipoprotein [28–32].
TssL and TssM interact in the IM, whereas the
C-terminal periplasmic domain of TssM contacts the
TssJ lipoprotein close to the OM [16,29,30,33–35].
TheMCserves as a docking station for the BPand the
tail but has also been proposed to serve as a channel
for the passage of the inner tube during sheath
contraction [16]. In the recent years, the assembly
pathway of the T6SS has been well defined. T6SS
biogenesis progresses from the OM to the cytoplasm.
It starts with the positioning of the TssJ lipoprotein and
the successive recruitments of TssM and TssL [16].
Recruitment of TssA then positions the BP complex
onto the MC and primes the polymerisation of the tail
tube/sheath [15,22,36]. This ordered assembly path-
way requires tight contacts between the different
subunits. Indeed, docking of the BP onto the MC
requires multiple contacts including the interactions of
TssE and TssK with TssL and of TssG and TssK with
TssM [15,24]. TssM is therefore a key component as it
mediates contact with the OM TssJ lipoprotein and
with cytoplasmic BC subunits.
Here, we show that the enteroaggregative

Escherichia coli (EAEC) TssM protein is a polytopic
membrane protein, inserted into the IM by three
transmembrane helices (TMH). The C-terminal
portion of TssM is in the periplasm and interacts with
TssJ [34]. TMH2 and TMH3 delimitates a ~35-kDa
cytoplasmic domain, TssMCyto, which is conserved
among TssM homologues. Computer analyses show
that TssMCyto is constituted of two subdomains: a
subdomainwith anucleotide triphosphatase (NTPase)-
like domain, followed by an extension. Indeed, TssM
has been previously shown to bind and hydrolyse
nucleotide triphosphates (NTPs) [37]. However, the
role of the NTP-binding motif and its functional
implication during T6SS activity are still a matter of
debate [29,33]. The extension comprises a eukaryotic
Dumpy-30 (DPY-30)-like dimerisationmotif. We show
that the NTPase-like domain mediates the interaction
with TssK, whereas the extension is necessary and
sufficient for TssMCyto oligomerisation and interaction
with TssG. Site-directed mutagenesis of conserved
motifs within the extension revealed their contribution
for TssMCyto oligomerisation and TssMCyto–TssG
interaction and for proper assembly of the T6SS.
Our results thus provide details on the molecular

interface between the T6SS membrane and the BP
complexes.

Results

TssM is a polytopic IM protein

The TssM protein encoded within the EAEC sci-1
gene cluster [EC042_4539; Genbank accession (GI):
284924260] is a large protein of 1129 aa. Based on
hydrophobicity plots, the most widely used computer
tools predict TssM as an IM protein with three TMH
(Fig. 1a). Indeed, fractionation experiments showed
that TssM co-fractionates with membrane proteins
(data not shown). To experimentally define the TssM
topology and determine the TMH boundaries, we
performed a cysteine accessibility assay using the
substituted cysteine accessibility method [38]. This
assay relies on the ability of 3-(N-maleimidylpropionyl)
biocytin (MPB), a sulfhydryl reagent, to cross the OM
but not the IM of Gram-negative bacteria including
EAEC [30,31]. TssM possesses nine native cysteine
residues, with one (C727) predicted to locate in the
periplasm. Hence, the wild-type (WT) TssM protein is
labelled by MPB in vivo (Fig. 1b). In agreement with
the computer predictions, a TssM protein, in which the
cysteine at position 727 is substituted to serine
(C727S), was not labelled with MPB (Fig. 1b). These
data suggest that C727 is located in the periplasm,
whereas all other eight cysteine residues are located in
the cytoplasm or buried into the structure of the protein
and are then inaccessible toMPB.We then introduced
cysteine substitutions in the C727S TssM variant at
various positions along the protein (at positions 37, 67,
352, and 386; Fig. 1a). All thesemutated proteins were
produced at similar levels (Fig. 1b) and were able to
complement the effect of the tssM mutant in an Hcp
secretion assay (data not shown). The A37C and
S386C variants were biotinylated with MPB, suggest-
ing that the A37 and S386 residues are located in the
periplasm (Fig. 1b). By contrast, the V67C and S352C
variants were not labelled, indicating that the V67 and
S352 residues are located in the cytoplasm (Fig. 1b).
Altogether, the data of the cysteine accessibility
defined the topology of TssM; TssM is constituted of
three TMH, with the N terminus in the cytoplasm and
the C terminus in the periplasm. TssM spans the IM
through two TMH-oriented in-to-out (TMH1, residues
13–29; TMH3, residues 360–382) and one TMH-
oriented out-to-in (TMH2, residues 44–62; Fig. 1c).
TMH2 and TMH3 thus delimitate a ~35-kDa domain
located in the cytoplasm, called TssMCyto hereafter.

The cytoplasmic domain of TssM oligomerises
and interacts with the components of the T6SS
membrane and BP complexes

The topology of TssM indicates the existence of
two soluble domains, one in the periplasm (TssMPeri,
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amino acids 383–1129) and one residing into the
cytoplasm (TssMCyto, amino acids 63–359). The
T6SS is a multiprotein complex in that the large
protein domains might be necessary for interacting
with other T6SS components. Indeed, we and others
have previously demonstrated that TssMPeri inter-
acts with the TssJ OM lipoprotein in Edwardsiella
tarda and EAEC [33,34]. By contrast, little is known
regarding the cytoplasmic domain of TssM. To gain
further insights into TssMCyto partners, we used
TssMCyto as a bait for an in vivo systematic, bacterial
two-hybrid assay. TssMCyto was fused to the T18
domain of the Bordetella adenylate cyclase, and all
the other T6SS proteins—or soluble domains—were
fused at their N or C terminus of the T25 domain. The
results presented in Fig. 2 show that TssMCyto

interacts with itself and TssK whatever the construc-
tions used. In addition, TssMCyto interacts with TssG

and the cytoplasmic domain of TssL (TssLCyto) when
fused at the N terminus of T25. In conclusion,
TssMCyto is capable of oligomerisation and interacts
with the components of theT6SSmembrane (TssLCyto)
andBP (TssKandTssG) complexes. These results are
in agreement with the previously published bacterial
two-hybrid screens and co-immunoprecipitations that
identified TssM–TssK, TssM–TssL, and TssM–TssG
interactions [15,24,29,30].

Subdomain architecture of TssMCyto

Pfam, Blast, and HHPred analyses suggest that
EAEC TssMCyto is organised as an NTPase domain
(TssMCyto/NTP; amino acids 62–248; Pfam acces-
sion: PF06858), followed by a C-terminal extension
(TssMCyto/Ct; amino acids 254–360; Fig. 3 and
Supplementary Figs. S1 and S2). However, despite

Fig. 1. TssM is a polytopic IM protein. (a) The transmembrane helices (TMH) predicted using the algorithms listed on
the left are represented by black rectangles. The EAEC Sci-1 TssM natural cysteine residues and the cysteine
substitutions engineered in this study are indicated. Filled circles indicate cysteine residues labelled with the
3-(N-maleimidylpropionyl) biocytin (MPB) probe, whereas open circles indicate unlabelled cysteine residues. Arrowheads
indicate transmembrane segments determined experimentally. (b) Accessibility of cysteine residues. Whole EAEC Δ tssM
cells producing WT TssM (WT) or the indicated mutant proteins were labelled with the MPB probe, lysed, and solubilised,
and TssM and mutant proteins were immunoprecipitated with anti-FLAG-coupled beads. The precipitated material was
subjected to SDS-PAGE and Western blot analysis using anti-FLAG antibody (TssM detection, upper panel) and
streptavidin coupled to alkaline phosphatase (MPB-labelled TssM detection, lower panel). Molecular weight markers are
indicated on the left. (c) Topology model for the EAEC TssM protein at the IM. The localisations of the labelled and
unlabelled cysteine residues are indicated by filled and open circles, respectively. The cytoplasmic (TssMCyto) and
periplasmic (TssMPeri) domains are highlighted in green and orange, respectively. The three transmembrane segments
identified by the accessibility studies are shown, with their membrane boundaries (in blue).
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the fact that the overall NTPase domain is conserved
among the TssMCyto homologues, the sequence
alignment shows that the NTP-binding and hydrolysis
motifs (Walkers A & B and NTP specific motif) are not
well conserved (Supplementary Fig. S1). In agree-
ment with this observation, an evolutionary analysis of
TssMCyto NTPase domains shows that they catego-
rise into two subgroups: while the TssM proteins
encoded within the Pseudomonas aeruginosa
H1, Agrobacterium tumefaciens, and E. tarda T6SS
gene clusters carry a complete NTPase domain,
a number of TssM, including that of EAEC, Serratia,
and Citrobacter, possess an NTPase domain
amputated of hydrolysis motifs (Supplementary
Figs. S1 and S2).
Our attempts to produce and purify the EAEC

TssMCyto domain or the TssMC NTPase subdomain
in order to gain structural information were unsuc-
cessful, as the different constructs used were all
insoluble. Consequently, we sought to construct
homology-basedmodels of both TssMCyto subdomains
using a bioinformatic approach. The TssMCyto/NTP

structure was predicted using HHpred [39]. The
program confirmed that the EAECTssMCyto/NTP protein
resembles the solved structure of various Guanosine
triphosphate (GTP)-hydrolysing proteins (Supplemen-
tary Fig. S3). The X-ray structure of the Burkholderia
thailandensis EngB GTP-binding protein (PDB ID:

4DHE) [40] was subsequently used as template to
build a homology model of the EAEC TssMCyto/NTP

domain. Figure 3 shows that TssMCyto/NTP adopts a
compact fold consisting of a four-stranded parallel
β-sheet with one side being in contact with three
α-helices. The TssMCyto/NTP domain belongs to the α/
β class, harbouring an incomplete Rossmann fold, a
motif associated with nucleotide-binding proteins [41].
The EAEC TssMCyto/NTP architecture is typical of
P-loop NTP hydrolases. The predicted structure of
EAEC TssMCyto/NTP diverges, however, from the
classical αβα sandwich architecture, as the second
α-helix is not strictly sandwiching the β-strand. As
expected, the large loops that bear the binding and
hydrolysis motifs are absent in the EAEC TssMCyto/

NTP, by contrast to EngB or the homologymodel of the
A. tumefaciens TssMCyto/NTP domain (Supplementary
Fig. S4). The TssMCyto/Ct homology model was
constructed using the Swiss-Model server based on
the X-ray structure of the C-terminal domain of human
DPY-30-like protein, a component of the eukaryotic
histone methyltransferase complex (PDB ID: 3G36)
[42], as template (Supplementary Fig. S3). The
TssMCyto/Ct structure was confidently modelled from
residue Q254 to N289 (Fig. 3). This fragment
encompasses the two-helix 40-aa DPY-30 motif
(Pfam accession: PF05186) found inDPY-30 proteins
and is involved in DPY-30 dimerisation [42].

Fig. 2. TssMCyto interaction network identified by bacterial two-hybrid analysis. BTH101 reporter cells carrying pairs of
plasmids producing the indicated T6SS proteins fused to the T18 or T25 domain of the Bordetella adenylate cyclase were
spotted on X-Gal-IPTG indicator LB agar plates. Only the cytoplasmic (Cyto) or periplasmic (Peri) domains were used for
membrane-anchored proteins. Controls include T18 and T25 fusions to TolB and Pal, two proteins that interact but are
unrelated to the T6SS.
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Specific motifs are involved in TssMCyto

oligomerisation and interaction with TssG

Thestructural organisation of TssMCytoprompted us
to investigate the contribution of the two subdomains
to the TssMCyto interactions. The interaction network
of TssMCyto/NTP and TssMCyto/Ct was assessed by
bacterial two-hybrid. As shown in Fig. 4a, TssMCyto/NTP

interacts with TssK, whereas TssMCyto/Ct mediates
oligomerisation and interactions with TssG and
TssLCyto. Interestingly, the interaction network of the
isolated subdomains, TssMCyto/NTP and TssMCyto/Ct,
recapitulates the interaction network of TssMCyto

(Fig. 4a), supporting the hypothesis of two indepen-
dently folded domains. The TssMCyto/Ct–TssG and
TssMCyto/NTP–TssK interactionswere further confirmed
by co-immunoprecipitation experiments; TssG was
co-precipitated with TssMCyto and TssMCyto/Ct (Fig. 4b,
upper panel). As previously shown [24], TssK did not
interact with TssMCyto by co-immunoprecipitation.
However, our results suggest that it is prevented by
the extension, as the TssMCyto/NTP domain alone inter-
acts with TssK (Fig. 4B, lower panel).

Interestingly, the TssMCyto/Ct subdomain interacts
with several partners from the membrane and BP
subcomplexes. We therefore questioned whether
these different interactions involve the same recogni-
tionmotif or different binding epitopes onTssMCyto. The
sequence alignment of TssMCyto homologues empha-
sised two well-conserved regions, F278-E284 and
L309-S315 (Supplementary Fig. S1). Region F278-
E294 is specifically conserved in TssMCyto lacking
functional NTPase domain, whereas the L309-S315

motif is conserved among all TssMCyto (Supplementary
Fig. S1). Using site-directed mutagenesis, we engi-
neered TssMCyto variants in which these motifs were
targeted. Although these twomotifs do not appear to be
involved in TssMCyto–TssLCyto interactions, substitu-
tions within the L309-S315 motif specifically abolished
the TssMCyto–TssG interaction (Fig. 5a and B). We
also noted that the substitutions within the F278-E284
motif impacted TssMCyto oligomerisation. However,
although the L279W and L282W/A283W mutations
prevented the interaction with TssMCyto in the bacterial
two-hybrid assay (Fig. 5a), only the L279W mutations
had a strong effect on multimerisation in the co-
immunoprecipitation assay (Fig. 5b). It is worthy to
note that the TssMCyto/Ct F278-E284 residues corre-
spond to the dimerisation motif in DPY-30 proteins
(Supplementary Fig. S4B).

TssMCyto oligomerisation and interaction with the
TssG BP subunit are critical for T6SS function

The mutations that specifically affect TssMCyto

oligomerisation and TssMCyto–TssG complex forma-
tion were tested for their repercussion on T6SS
function. EAEC Sci-1 T6SS function could be
monitored by measuring its antibacterial activity
[43]. The four TssM substitutions were introduced
within the native, chromosomal tssM gene. Figure 6a
shows that all four mutated strains were defective in
T6SS-dependent killing of prey bacterial cells. We
therefore conclude that TssMCyto oligomerisation
and interaction with TssG are required for the proper
function of the type VI secretion apparatus.

Fig. 3. Structural architecture
of TssMCyto. (a) The cytoplasmic
domain of TssM and TssMCyto,
delimitated by the TMH2 and
TMH3 could be partitioned into an
NTPase-like domain (NTP, blue)
and a C-terminal extension (Ct,
green). TssMCyto/NTP was modelled
using HHpred based on the X-ray
structure of the Burkholderia thai-
landensis EngB GTP-binding pro-
tein (PDB ID: 4DHE). TssMCyto/Ct

was modelled using SwissModel
based on the X-ray structure of the
C-terminal domain of the human
DPY-30-like protein, a component
of the histone methyltransferase
complex (PDB ID: 3G36). All im-
ages were made with Chimera [66].
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T6SS biogenesis starts with the assembly of the
MC and is followed by (i) the recruitment of the BP
and (ii) tail polymerisation. We therefore sought to

define which stage of T6SS biogenesis is impacted by
these mutations. We first tested the effects of these
mutations on T6SS sheath assembly by following the

Fig. 4. The two TssMCyto subdomains mediate the interaction with two BP components. (a) Bacterial two-hybrid assay.
BTH101 reporter cells carrying pairs of plasmids producing the indicated T6SS proteins fused to the T18 or T25 domain of
the Bordetella adenylate cyclase were spotted on X-Gal-IPTG indicator LB agar plates. Only the cytoplasmic (C) or
periplasmic (P) domains were used for membrane-anchored proteins. Controls include T18 and T25 fusions to TolB and
Pal, two proteins that interact but are unrelated to the T6SS. (b) Co-immunoprecipitation assay. Soluble lysates
from 5 × 1010 E. coli K12 W3110 cells producing FLAG-tagged TssMCyto (MCyto_FL), FLAG-tagged TssMCyto/NTP (NTPFL)
or FLAG-tagged TssMCyto/Ct (CtFL), and VSV-G-tagged TssG (TssGV) or TssK (TssKV) proteins were subjected to
immunoprecipitation with anti-FLAG-coupled beads. The total soluble (Tot) and the immunoprecipitated (IP) material were
separated by 12.5% acrylamide SDS-PAGE and immunodetected with anti-VSVG (TssGV or TssKV) monoclonal
antibodies. Molecular weight markers (in kDa) are indicated on the left. The asterisk on the lower panel indicates a
degradation product from the TssK protein.

Fig. 5. Specific conserved motifs mediate TssMCyto dimerisation and interaction with TssG. (a) Bacterial two-hybrid
assay. BTH101 reporter cells carrying pairs of plasmids producing the indicated T6SS proteins fused to the T18 or T25
domain of the Bordetella adenylate cyclase were spotted on X-Gal-IPTG indicator LB agar plates. Only the cytoplasmic (C)
or periplasmic (P) domains were used for membrane-anchored proteins. Controls include T18 and T25 fusions to TolB and
Pal, two proteins that interact but are unrelated to the T6SS. (b) Co-immunoprecipitation assay. Soluble lysates from
5 × 1010 E. coli K12 W3110 cells producing FLAG-tagged TssMC WT (MCyto_FL) or mutants and VSV-G-tagged TssG
(TssGV) or TssMCyto (TssMCyto_V) proteins were subjected to immunoprecipitation with anti-FLAG-coupled beads. The
total soluble (Tot) and the immunoprecipitated (IP) material were separated by 12.5% acrylamide SDS-PAGE and
immunodetected with anti-FLAG (lower panels) and anti-VSV-G (upper panels) monoclonal antibodies. Molecular weight
markers (in kDa) are indicated on the left.
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dynamics of a chromosomally encoded TssB-sfGFP
fusion using fluorescence microscopy (Fig. 6b). All
the substitutions severely affected T6SS sheath
assembly as indicated by the decrease in the num-
ber of sheath per bacterial cell (Fig. 6b).While ~25%
of the WT cells assembled sheath structures, the
TssBC sheath assembled on rare occasions in cells
carrying mutations affecting TssMCyto oligomerisa-
tion (3–4% of cells with sheath structures). The
effect of the TssMCyto–TssG disruption was even
more drastic, as sheath assembly was observed in
~1% of the cells.
Second, we tested the effect of these mutations on

the recruitment of the BP. By following the dynamics

of a sfGFP–TssF fusion, a recent study concluded
that the MC recruits and stabilises the T6SS BP [15].
We therefore investigated whether the mutations
affecting the oligomerisation of the cytoplasmic loop
of TssM and the contacts between this loop and the
TssG BP component impact BP assembly, stability,
and recruitment. As TssG-to-sfGFP fusions were
previously shown to be nonfunctional [15], we intro-
duced the TssM point mutations in a strain producing
the chromosomal and functional sfGFP–TssF fusion,
which is a TssG protein partner, and we monitored the
formation and stability of BP foci by fluorescence
microscopy (Fig. 6c). All four mutations significantly
decreased the number of cells with sfGFP–TssF foci

Fig. 6. TssMCyto oligomerisation and interaction with the TssG BP are essential for T6SS function, sheath assembly,
and BP stability. (a) Antibacterial assay. E. coli K-12 prey cells (W3110 gfp+, kanR) were mixed with the indicated attacker
cells, spotted onto SIM agar plates, and incubated for 4 h at 37 °C. The number of recovered E. coli prey cells is indicated
in the graph (in log10 of colony-forming unit). The circles indicate values from three independent assays, and the average
is indicated by the bar. (b) Image recordings of the TssB-sfGFP fusion protein in the indicated cells. Statistical analyses
(n = number of sheath/cell) are indicated under each strain. The number of cells studied per strain (n) is 150. The scale bar
represents 2 μm. (c) Image recordings of the super folder Green Fluorescent Protein (sfGFP)–TssF fusion protein in the
indicated cells. The scale bar represents 2 μm. (d) Statistical analyses of sfGFP–TssF in the indicated strains. Shown are
box-and-whisker plots of the measured number of sfGFP–TssF foci per cell for each strain with the lower and upper
boundaries of the boxes corresponding the 25% and 75% percentiles, respectively. The black bold horizontal bar
represents the median values for each strain, and the whiskers represent the 10% and 90% percentiles. Outliers are
shown as an open circle. n indicates the number of cells analysed per strain.
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and the average number of foci per cell (1 cluster in
15–25% of the mutated cells compared to 1–3 foci in
~65% for WT cells; Fig. 6c and d). Taken together,
these data demonstrate that the mutations that affect
TssMCyto oligomerisation and TssMCyto–TssG com-
plex formation abolish T6SS sheath formation and
function by impacting T6SSBP assembly and stability.

Discussion

In this manuscript, we report the characterisation
of the cytoplasmic domain of the T6SS membrane
core complex protein TssM from EAEC. We showed
that TssMCyto comprises two subdomains, a domain
resembling NTPases but lacking nucleotide-binding
and hydrolysis motifs, followed by a ~110-aa exten-
sion. Protein–protein interaction studies revealed
that this extension mediates TssMCyto oligomerisa-
tion and interaction with the TssG BP subunit. We
finally defined the specific motifs involved in these
interactions and reported that these interactions are
critical for the assembly of a functional T6SS. Models
summarizing the findings reported in this study are
depicted in Fig. 7.
We first defined the boundaries of the TssM

transmembrane segments using cysteine accessibility

experiments. We determined that TssM is constituted
of three TMH. The TssM N terminus locates in the
cytoplasm and is followed by a transmembrane
hairpin, a cytoplasmic domain, and the third TMH,
TMH3. Finally, the ~750-aaC-terminal domain locates
in the periplasm (Fig. 1c). This topology is similar to the
topology of theA. tumefaciensTssMprotein previously
defined using translational reporter fusions [29].
Computer analyses of TssM proteins encoded within
well-studied T6SS gene cluster showed that this
topology is likely shared among all the homologues
with the notable exception of the P. aeruginosa
H1-T6SS TssM protein that is predicted to have a
single TMH corresponding to TMH3 (Supplementary
Fig. S5).
The topology experiments also defined that TssM

TMH2andTMH3delimit a35-kDacytoplasmicdomain,
TssMCyto. Our data showed that TssMCyto oligomerises
and interacts with TssLCyto. The TssMCyto–TssMCyto

and TssMCyto–TssLCyto interactions have been report-
ed in the A. tumefaciens T6SS [29]. The conservation
of TssMCyto oligomerisation and the interaction with
TssLCyto between A. tumefaciens and EAEC suggest
that these contacts are important for T6SS function.
Indeed, mutation of L279, a residue that participates to
TssMCyto oligomerisation, severely impacts T6SS
function in EAEC. The low resolution of the recently

Fig. 7. Schematic representation of the TssMCyto interaction network. (a) Schematic representation of the TssJLM MC
and its interactions with the TssKEFG–VgrG BP complex. The TssMCyto/NTP and TssMCyto/Ct and the TssL cytoplasmic
domain (TssLCyto) are shown in blue, green, and orange, respectively. The interactions defined in this study are indicated
by red arrows. Interactions determined previously [24] or in the accompanying article [69] are shown in blue dashed
arrows. (b) Schematic representation of a TssMCyto dimer (TssMCyto/NTP are shown in blue; TssMCyto/Ct are shown in
green). The cartoon highlights the TssMCyto/Ct–TssMCyto/Ct interface and the interaction with TssK, TssG, and the
cytoplasmic domain of TssL.

4431T6SS Baseplate–Tssm Interactions



published electron microscopy map of the 5-fold
symmetry TssJLM MC does not allow the of use
docking simulations to precisely locate the TssM
cytoplasmic domain and therefore provide insight
onto its oligomeric state in the complex. However,
stoichiometry analyses and reconstruction of the MC
suggested that it is constituted of five dimers of the
TssJLM heterotrimers [16]. These information suggest
that, similar to the TssL cytoplasmic domain [32],
TssMCyto dimerises. The biogenesis of the MC may
therefore start with the formation of dimers of the
heterotrimers that will then symmetrise. Based on the
TssMCyto interactionwith the TssL cytoplasmic domain,
it has been proposed that these two domains form the
large base of the T6SSMC [16]. This cytoplasmic base
corresponds to the docking site for theTssEFGK–VgrG
BP complex [15,16,22]. Indeed, our bacterial two-
hybrid and co-immunoprecipitation experiments con-
firmed that TssMCyto interactswith twoBPcomponents,
TssK and TssG (Fig. 7).
Bioinformatic analyses predict that TssMCyto

comprises an N-terminal NTPase domain and a
C-terminal DPY-30-like domain named TssMCyto/NTP

and TssMCyto/Ct, respectively. However, although the
EAEC TssMCyto/NTP domain belongs to the NTPase
fold, it misses the specific binding and hydrolysis
motifs found in functional NTPases, such as the
Walker A and B motifs. Sequence alignment of
TssMCyto/NTP domains from various bacterial species
revealed that they categorise in two subfamilies.While
a number of TssMCyto/NTP domains do not carry these
motifs, other TssM possess Walker A and B signa-
tures, including that of A. tumefaciens, E. tarda, or
P. aeruginosa H1-T6SS (Supplementary Fig. S2).
Indeed, the detergent-solubilised A. tumefaciens
TssM protein exhibits ATPase activity [37]. However,
mutations of these motifs in A. tumefaciens and
E. tarda did not have the same impact on the function
of the T6SS. Production of the K124A TssM variant in
Edwardsiella was fully functional as shown by
T6SS-dependent Hcp, VgrG, and EvpP release [33].
By contrast, ATP binding and hydrolysis regulate
conformational changes within the periplasmic do-
main of the A. tumefaciens TssM protein, and the
Agrobacterium TssM K145A variant is unable to
restore Hcp release [29,37]. Therefore, TssMCyto/NTP

domains come in different flavours: active NTPase
domains (e.g., A. tumefaciens), inactive NTPase
domains (e.g., E. tarda), and NTPase fold lacking
the functional motifs (e.g., EAEC). Interestingly, our
protein–protein interaction studies showed that
TssMCyto/NTP contacts TssK. In the case of TssM
with functional NTP domains, it would be interesting to
test whether the presence of TssK influences NTP
binding and hydrolysis.
The TssMCyto C-terminal extension shares struc-

tural homologies with the dimerisation motif of
DPY-30, a subunit of the histone methyltransferase
complex in eukaryotic cells. This two-α-helix motif

forms an antiparallel bundle at the dimer interface,
which is mediated by extensive hydrophobic and van
der Waals interactions (Supplementary Fig. S4) [42].
Indeed, this DPY-30-like hairpin and, notably, the
conserved L279 residues are involved in TssMCyto

oligomerisation. In addition to its role in TssMCyto

oligomerisation, this subdomain is also required for
proper interaction with the cytoplasmic domain of
TssL and TssLCyto and with TssG, one of the
components of the T6SS BP (Fig. 7). Whereas we
have not identified in this study the residues of
TssMCyto/Ctmediating the interaction with TssLCyto, a
conserved hydrophobic sequence (L-A-G-I-V-F-S in
EAEC) is required for TssMCyto–TssG complex
formation. Taken together, our results show that
this relatively small subdomain is responsible for
several interactions. Interestingly, a similar case has
been reported for DPY-30, which is a partner of
several complexes involved in the regulation of
chromatin and nucleosome organisation [44]. One
may hypothesise that TssMCyto/Ct uses its DPY-30-
like domain to interact sequentially with its different
protein partners. Purification of the TssMCyto–TssLCyto–
TssG complex or the high-resolution structure of
the different binary complexes involving TssMCyto/Ct

will shed light on the dynamic nature of these
interactions.
The interactions between TssMCyto and TssK and

TssG, the two components of the BP complex, might
be important to recruit or stabilise the BC at the
cytoplasmic base of the TssJLM MC. In addition to
this structural role, it is likely that these interactions
are required for proper function of the BP. As shown
for other contractile structures such as bacterio-
phages, the BP serves as an assembly platform for
the tail but is also responsible for initiating sheath
contraction [26,45–47]. The TssMCyto–TssG interac-
tion might therefore be important to regulate BP
assembly, recruitment or sheath assembly, and/or
contraction. Indeed, point mutations disrupting the
TssMCyto–TssG interaction destabilise the BP com-
plex and prevent the elongation of the tail sheath. It is
interesting to note that TssM undergoes structural
transitions [37], and one may suggest that TssM
conformational changes might be transduced to the
BP via the TssMCyto/NTP–TssK and/or TssMCyto/Ct–
TssG interactions leading to sheath assembly. As
TssM has a large periplasmic domain and a short
extension that lies outside of the cell [16], it is a
strong candidate to sense the modifications of the
cell envelope, such as an attack by neighbouring
cells or a contact with a prey, and to transmit the
information to the BP complex. Further experiments
will provide insights on how sheath assembly and/or
contraction are regulated.
Our results also pointed that mutations disrupting

TssMCyto oligomerisation and TssMCyto–TssG com-
plex formation affect T6SS-dependent activities, as
they abolish TssBC sheath assembly and inhibit
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bacterial prey killing. The drastic effect of these
mutations makes these interactions attractive tar-
gets for the rationale design of drugs that, by binding
to TssMCyto, would hamper the T6SS activity and the
delivery of harmful toxins. This approach has been
successfully achieved in the case of the Brucella
type IV secretion VirB8 IM subunit for which specific
inhibitors of its dimerisation were identified by a
high-throughput bacterial two-hybrid screen and
were further shown to inhibit Brucella infection of
macrophages [48,49]. This example emphasises the
importance of understanding protein–protein inter-
actions in bacterial secretion systems with the
ultimate goal of targeting specific interactions with
small-molecule inhibitors.

Materials and Methods

Bacterial strains, media, growth conditions,
and chemicals

Strains used in this study are listed in Supplementary
Table S1. E. coli K-12 DH5α, BTH101, and W3110 were
used for cloning procedures, bacterial two-hybrid, and
co-immunoprecipitation, respectively. The E. coli K-12
W3110 strain carrying the pUA66-rrnB plasmid (gfp under
the control of the constitutive rrnB ribosomal promoter
specifying strong and constitutive fluorescence and
kanamycin resistance) [50] was used as prey in antibac-
terial competition experiments. EAEC strain 17-2 and its
ΔtssM, tssB-GFP, and GFP-tssF derivatives [15,24,30]
were used in this study. Chromosomal fluorescent reporter
insertions were obtained using the modified one-step
inactivation procedure [51] using the red recombinase
expressed from pKOBEG [52], as previously described
[28], using pgfp-KD4 as a template for PCR amplification.
Briefly, the sfGFP-coding sequence and the kanamycin
cassette were amplified from the pgfp-KD4 vector [15] with
oligonucleotides carrying 50-nt extensions homologous to
regions that are adjacent to the site of insertion. The PCR
product was column purified (PCR and Gel Clean up kit,
Promega) and electroporated. Kanamycin-resistant clones
were recovered, and the insertion of the kanamycin cassette
at the targeted site was verified by PCR. Kanamycin
cassettes were then excised using pCP20 [51]. tssM point
mutations were engineered at the native locus on the
chromosome by allelic replacement using the pKO3 suicide
vector [53,54]. Briefly, 17-2 tssB-GFP or GFP-tssF cells
were transformed with a pKO3 plasmid in which a fragment
of the tssM gene carrying the point mutations has been
cloned (see below). Insertion of the plasmid into the
chromosome was selected on chloramphenicol plates at
42 °C. Plasmid sequence removal was then selected on 5%
sucrose plates without antibiotic, and tssM point mutation
recombinant strains were screened by PCR and confirmed
by DNA sequencing (Eurofins, MWG). Unless specified,
cells were grown in LB or in sci-1-inducingmedium (SIM;M9
minimal medium, 0.2% glycerol, 1 μg/mL vitamin B1,
100 μg/mL casaminoacids, and 10% LB, supplemented
with or without 1.5% bactoagar) [55] at 37 °C with shaking.
Plasmids were maintained by the addition of ampicillin
(100 μg/mL), kanamycin (50 μg/mL), or chloramphenicol

(30 μg/mL). Gene expression from pASK-IBA37+ and
pBAD vectors was induced by the addition 0.1 μg/mL of
anhydrotetracyclin (AHT; IBA Technology) and 0.02% of
L-arabinose (Sigma-Aldrich), respectively.

Plasmid construction

Plasmids used in this study are listed in Supplementary
Table S1. PCRs were performed using a Biometra
thermocycler using the Q5 high-fidelity DNA polymerase
(New England Biolabs). Restriction enzymes were pur-
chased from New England Biolabs and used according to
the manufacturer's instructions. Custom oligonucleotides,
listed in Supplementary Table S1, were synthesised by
Sigma-Aldrich. EAEC 17-2 chromosomal DNA was used
as a template for all PCRs. E. coli strain DH5α was
used for cloning procedures. With the exception of the
pKO3-′tssM ′ vector, plasmids have been constructed by
restriction-free cloning [56] as previously described [30].
Briefly, genes of interest were amplified with oligonucleo-
tides introducing the extensions annealing to the target
vector. The double-stranded product of the first PCR has
then been used as oligonucleotides for a second PCR using
the target vector as a template. pKO3-′tssM ′ has been con-
structed by the restriction–ligation procedure. A BamHI-SalI
PCR product corresponding to a fragment of the tssM gene
(nucleotides 216–1569) was ligated into pKO3 digested
by the same enzymes using T4 DNA ligase (New England
Biolabs). Substitutions into pIBA37-FLAGTssM, pTssMCyto-
T18, pT18-TssMCyto, and pKO3-′tssM ′ have been intro-
duced by site-directed mutagenesis using complementary
pairs of oligonucleotides and the Pfu Turbo high-fidelity
polymerase (Agilent Techologies). All constructs have
been verified by restriction analysis and DNA sequencing
(Eurofins, MWG).

Antibacterial assay

The antibacterial competition growth assay was
performed as described [43]. The WT E. coli strain W3110
bearing the green fluorescent kanamycin-resistant pUA66-
rrnB plasmid [50] was used as prey in the competition assay.
The kanamycin-resistant pUA66-rrnB plasmid provides a
strong constitutive green fluorescent phenotype. Attacker
and prey cells were grown for 16 h in SIM and then diluted
100-fold in SIM. Once the culture reached an OD600 of 0.8,
cells were harvested and resuspended to an OD600nm of 10
in SIM. Attacker and prey cells weremixed to a 4:1 ratio, and
20-μL drops of the mixture were spotted in triplicate onto a
prewarmed dry SIM agar plate. After incubation for 4 h at
37 °C, the bacterial spots were resuspended in LB, and
bacterial suspensionswerenormalised toanOD600of 0.5. For
the enumeration of viable prey cells, bacterial suspensions
were serially diluted and spotted onto selective LB agar plates
supplemented with kanamycin (for the E. coli prey cells). The
experiments were done in triplicate, with identical results, and
we report here the results of a representative experiment.

Substituted cysteine accessibility method

Cysteine accessibility experiments were carried out as
described [57,58] with modifications [30,31]. A 40-mL
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culture of strain Δ tssM producing the TssM or cysteine-
substituted TssM derivatives was induced for tssM gene
expression with 0.02% AHT for 2 h. Cells were harvested
and then resuspended in buffer A [100 mMHepes (pH 7.5),
250 mM sucrose, 25 mMMgCl2, and 0.1 mM KCl] to a final
OD600 of 12 in 500 μL of buffer A. MPB (Molecular Probes)
was added to a final concentration of 100 μM (froma 20-mM
stock freshly dissolved in Diméthylsulfoxyde (DMSO)), and
the cells were incubated for 30 min at 25 °C.
β-Mercaptoethanol (20 mM final concentration) was added
to quench the biotinylation reaction, and cells were washed
twice in buffer A and resuspended in buffer A containing
N-ethylmaleimide (5 mM final concentration) to block all free
sulfhydryl residues. After incubation for 20 min at 25 °C,
cells were disrupted by four passages at the French press at
800 psi. Membranes recovered by ultracentrifugation for
40 min at 100,000g were resuspended in 1 mL of buffer B
[10 mM Tris (pH 8.0), 100 mM NaCl, 1% (wt/vol) Triton
X-100, and protease inhibitor cocktail (Complete, Roche)].
After incubation on a wheel for 2 h, unsolubilised material
was removed by centrifugation for 15 min at 20,000g, and
solubilised proteins were subjected to immunoprecipitations
using anti-FLAG M2 affinity gel (Sigma-Aldrich). After 3 h of
incubation on a wheel, the beads were washed twice with
1 mL buffer B and once with buffer C [10 mM Tris (pH 8.0),
100 mM NaCl, and 0.1% (wt/vol) Triton X-100]. Beads were
air-dried, resuspended in Laemmli buffer, and subjected to
SDS-PAGE and immunodetection with anti-FLAG antibod-
ies and streptavidin coupled to alkaline phosphatase.

Bacterial two-hybrid assay

The adenylate cyclase-based bacterial two-hybrid tech-
nique [59] was used as previously published [24,60]. Briefly,
pairs of proteins to be tested were fused to the isolated T18
and T25 catalytic domains of the Bordetella adelynate
cyclase. After the transformation of the two plasmids
producing the fusion proteins into the reporter BTH101
strain, plates were incubated at 30 °C for 48 h. Three
independent colonies for each transformation were inocu-
lated into 600 μL of LB medium supplemented with
ampicillin, kanamycin, and IPTG (0.5 mM). After overnight
growth at 30 °C, 10 μL of each culture was dropped onto LB
supplemented with 40 μg/mL bromo-chloro-indolyl-β-D-
galactopyrannoside (X-Gal) and was incubated for 16 h at
30 °C. The experiments were done at least in triplicate, and
a representative result is shown.

Co-immunoprecipitation

100 mL of W3110 cells producing proteins of interest
were grown to an OD600 of 0.4 and the expression of the
cloned genes were induced with AHT or L-arabinose for
45 min. The cells were harvested, and the pellets were
resuspended in 20 mM Tris–HCl (pH 8.0), 100 mM NaCl,
30%sucrose, 1 mMEDTA, 100 μg/mL lysozyme, 100 μg/mL
DNase, and 100 μg/mL RNase supplemented with protease
inhibitors (Complete, Roche) to an OD600 of 80 and were
incubated on ice for 20 min. Cells were lysed by three
passages at the French Press (800 psi), and lysates were
clarified by centrifugation at 20,000g for 20 min. Supernatants
were used for co-immunoprecipitation using anti-FLAG M2
affinity gel (Sigma-Aldrich). After 3 h of incubation, the beads

were washed three times with 1 mL of 20 mM Tris–HCl
(pH 8.0), 100 mM NaCl, and 15% sucrose, were resuspend-
ed in 25 μL of Laemmli loading buffer, boiled for 10 min, and
subjected to SDS-PAGE and immunodetection analyses.

Fluorescence microscopy and statistical analyses

Overnight cultures of EAEC 17-2 derivative strains were
diluted 1:100 in SIM medium and grown for 6 h to an
OD600 of ~1.0 tomaximise the expression of the sci-1 T6SS
gene cluster [55]. Cells were washed in phosphate-buffered
saline (PBS), resuspended in PBS to an OD600 of ~50, and
spotted on a thin pad of 1.5% agarose in PBS and covered
with a cover slip. Microscopy recording and digital image
processing have been performed as previously described
[15,16,18,20,24]. The Z project (average intensity) plugin
has been used tomerge and flatten all Z-planes.Microscopy
analyses were performed at least six times, each with
technical triplicate, and a representative experiment is
shown. The number of sheath per number of cells and
sfGFP–TssF foci was measured manually.

Computer analyses

TMH predictions were made using HMMTop [61],
TMHMM [62], TMpred [63], and PHDhtm [64]. Secondary
structure predictions were made using the Psipred server†.
Structural predictions and homology modelling of the
tri-dimensional structure of TssMCyto/NTP and TssMCyto/Ct

were performed using HHpred [39] or Swiss-Model [65],
respectively. Figures were made using Chimera [66]. Amino
acid sequences were aligned with T-COFFEE [67], and
phylogenetic analyses were performedwith phylogeny.fr [68].

Miscellaneous

SDS-PAGE was performed using standard protocols. For
immunostaining, proteins were transferred onto nitrocellulose
membranes, and immunoblots were probed with primary
antibodies and goat secondary antibodies coupled to alkaline
phosphatase and were developed in alkaline buffer in the
presence of 5-bromo-4-chloro-3-indolylphosphate and nitro-
blue tetrazolium. The anti-FLAG (M2 clone, Sigma-Aldrich),
anti-VSV-G (clone P5D4, Sigma-Aldrich) monoclonal anti-
bodies, the alkaline phosphatase-conjugated streptavidin
(Pierce), and alkaline phosphatase-conjugated goat
anti-mouse secondary antibodies (Beckman Coulter) have
been purchased as indicated and used as recommended by
the manufacturer.
Supplementary data to this article can be found online at

http://dx.doi.org/10.1016/j.jmb.2016.08.032.
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During T6SS biogenesis, the baseplate docks to the membrane complex. A number of interactions

involving baseplate and membrane components have been identified: TssM interacts with TssG

and TssK (Zoued et al., 2013)(Brunet et al., 2015b)(Article 3), and TssL interacts with TssE and

TssK (Zoued et al., 2013)(Zoued et al., 2016a). TssK is particularly important as it is involved

in binding both TssL and TssM cytoplasmic domain, and bioinformatic analyses revealed that the

tssK gene co-occurs with the tssL gene in 3/4 of the T6SS gene clusters (Boyer et al., 2009)(Zoued

et al., 2013). Previous studies have demonstrated that TssK is a cytoplasmic protein that forms

trimers (Zoued et al., 2013)(English et al., 2014) and by interacting with the TssFG complex, is also

part of the baseplate (English et al., 2014)(Brunet et al., 2015b). The fact that TssK is a baseplate

component was hypothesized based on the stability of the TssFGK complex (English et al., 2014)

and on the involvement of TssK in Hcp tube formation (Brunet et al., 2014). However, contrarily

to other T6SS baseplate components that share homologies with bacteriophage baseplate subunits

(TssE/gp25, VgrG/gp27, TssF/gp6, TssG/gp53), TssK does not share obvious similarity to phage

proteins. Based on secondary structure prediction, Planamente et al. proposed that TssK presents

similarity with gp8 (Planamente et al., 2016). Based on the TssK interaction network, Taylor et

al. proposed that TssK has functional similarity to gp10 (Taylor et al., 2016).

Due to the TssK central role in the baseplate and in baseplate docking to the membrane

complex, it was critical to gain structural and functional information on this T6SS subunit. In this

study, the crystal structure of the full-length TssK was solved at 2.6-Å resolution in complex with

a camelid nanobody (nbK18). The TssK structure reveals a three-domain protein organized as a

tightly packed trimer. Due to its general architecture, the three domains were named ”shoulder”

(N-terminal domain, ), ”neck” (central domain) and ”head” (C-terminal domain). The trimer is

110-Å long, and 85-Å wide at the base (shoulder) and 40-Å wide at the neck.

The N-terminal shoulder (residues 19-174) is a β-sandwich and is followed by a linker (residues
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174-193), the four-helix-bundle neck domain (residues 194-313) and the C-terminal head domain

(residues 315-447). The structure of the C-terminal domain was improved to 1.6 Å by using a

new construct comprising this isolated domain. It is a very compact domain of three α-helices and

seven β-strands. Initially, the structure of the bottom of the shoulder domain was missing: residues

1-19 and loop 130-144. Using another nanobody, nbK27, this problem was overcome. Nbk27 binds

the base of the shoulder domain and hence structurally orders this region by preventing flexibility.

However, the most important information of the structural characterization of TssK is that TssK

does not share any similarity with gp8 and gp10, but rather that it has the global architecture of

siphophage RBPs and that its N-terminal domain is superimposable to the shoulder domains of

RBPs.

I tested the contribution of each domain to the interaction with TssK partners. Using bacterial-

two hybrid and co-immunoprecipation, I showed that the C-terminal head domain (TssKH) inter-

acts with TssLCyto and TssMCyto whereas the N-terminal shoulder domain (TssKS) interacts with

TssFG. In addition, as expected from the structure, the neck is necessary for TssK oligomerization.

These results were confirmed by co-purification as TssKFG and TssKS-FG complexes were puri-

fied. Finally, a nanobody binding experiment showed that nbK18 binds to the TssKS-FG complex

whereas nbK27 does not. Because nbK27 binds the bottom of the TssK trimer and that formation

of the TssKFG complex prevents nbK27 binding, it was concluded that TssFG binds the bottom

of TssKS .

Based on these data, we concluded that TssK has the general architecture of a classical RBP

protein. The TssK shoulder domain is structurally homologous to shoulder domains of RBPs, and

such as these domains, it mediates insertion into the baseplate. By contrast, the C-terminal head

domain is very distinct structurally and binds the membrane complex. Because RBP head domains

are responsible for receptor recognition and binding, these results suggest that TssK has evolved

a different head domain to use the membrane complex as a receptor in order to allow baseplate

docking and to properly orient the T6SS tail towards the cell exterior.
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Type VI secretion TssK baseplate protein exhibits

structural similarity with phage receptor-binding

proteins and evolved to bind themembrane complex
Van Son Nguyen1,2, Laureen Logger3, Silvia Spinelli1,2, Pierre Legrand4, Thi Thanh Huyen Pham1,2,5,

Thi Trang Nhung Trinh1,2,5, Yassine Cherrak3, Abdelrahim Zoued3, Aline Desmyter1,2, Eric Durand3,

Alain Roussel1,2, Christine Kellenberger1,2, Eric Cascales3* and Christian Cambillau1,2*

The type VI secretion system (T6SS) is a multiprotein machine widespread in Gram-negative bacteria that delivers toxins
into both eukaryotic and prokaryotic cells. The mechanism of action of the T6SS is comparable to that of contractile
myophages. The T6SS builds a tail-like structure made of an inner tube wrapped by a sheath, assembled under an
extended conformation. Contraction of the sheath propels the inner tube towards the target cell. The T6SS tail is
assembled on a platform—the baseplate—which is functionally similar to bacteriophage baseplates. In addition, the
baseplate docks the tail to a trans-envelope membrane complex that orients the tail towards the target. Here, we report
the crystal structure of TssK, a central component of the T6SS baseplate. We show that TssK is composed of three
domains, and establish the contribution of each domain to the interaction with TssK partners. Importantly, this study
reveals that the N-terminal domain of TssK is structurally homologous to the shoulder domain of phage receptor-binding
proteins, and the C-terminal domain binds the membrane complex. We propose that TssK has conserved the domain of
attachment to the virion particle but has evolved the reception domain to use the T6SS membrane complex as receptor.

D
elivery of bacterial effector proteins and toxins into target cells
relies on trans-envelope nanomachines called secretion systems.
These machines select and transport effectors in the milieu or

directly into the target cell1. Most of these secretion systems evolved
from efflux pumps or from machineries involved in conjugation or
flagellar, twitching or gliding motility1. The type VI secretion system
(T6SS) is a fascinating machine that uses a contractile mechanism
similar to that of the bacteriophage or R-pyocin contractile tail2–7.
The T6SS delivers toxins and effectors in both eukaryotic and prokar-
yotic cells, and participates in bacterial pathogenesis and interbac-
terial competition8,9. By eliminating competing bacteria, the T6SS
confers an increased ability to colonize a niche10–16.

The T6SS, in essence, can be viewed as a contractile tail oriented
towards the target cell, and anchored to the cell envelope by a mem-
brane complex (MC)3,17. The MC is evolutionarily related to a sub-
complex associated with the type IVb secretion system18,19, and is a
1.7 MDa trans-envelope structure composed of three conserved
subunits: the TssJ outer membrane lipoprotein and the TssL and
TssM inner membrane proteins20–26. In several cases, the MC is
properly inserted and anchored to the cell wall by additional pro-
teins with peptidoglycan hydrolysis and peptidoglycan binding
properties21,27–29. The contractile tail is composed of an inner tube
made of hexamers of the Hcp protein, stacked on each other30,31,
tipped by VgrG, and surrounded by a contractile sheath made of
the TssBC proteins30–32. Polymerization of the tail tube/sheath
tubular structure is initiated on an assembly platform—the base-
plate (BP), the less characterized T6SS subcomplex—and is

coordinated by the TssA protein33–35. The T6SS contractile tail
shares functional and structural homologies with the tails of
several bacteriophages5,6,30,36–38. Once the T6SS tail is assembled,
the sheath contracts and propels the inner tube/spike needle
complex towards the target cell39–42, and it has been proposed that
this needle complex traverses the cell envelope through the MC
(ref. 26). A recent in vivo study identified five components of the
BP: TssE, TssF, TssG, TssK and VgrG (ref. 34). Although TssA was
also identified in this screen, later observations demonstrated that
TssA is not a structural component of the BP per se35. TssE is a
homologue of gp25, a bacteriophage T4 BP wedge protein18,19,43.
By contrast, no tridimensional structure is available for TssF,
TssG or TssK. In silico analyses recently predicted that TssF and
TssG share limited homologies with gp6 and gp7, respectively34

and controversies exist regarding TssK (refs 44, 45). Interestingly,
T6SS BP subcomplexes could be isolated in Serratia marcescens
and uropathogenic Escherichia coli (UPEC), including the
TssKFG or TssKFGE complexes33,45. These complexes probably rep-
resent the equivalent of wedge complexes of phage BPs, which
assemble around the central gp27–gp5 hub/spike46,47. In addition
to appearing central for the assembly of the T6SS wedges, TssK is
a key BP subunit mediating contacts with the cytoplasmic
domains of MC components35,48,49. Hence, TssK is an essential
BP component connecting the MC, BP and tail components.
However, we still lack structural information on TssK. Although
we have shown that TssK assembles trimeric complexes in entero-
aggregative E. coli (EAEC)48, a study has reported that it assembles
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trimers and hexamers in S. marcescens33. The available structural
information on the EAEC TssK protein (accession no. EC042_4526)
consists of a low-resolution (∼26 Å) negative-stained electron
microscopy (EM) structure of the TssK trimer, as well as its
small-angle X-ray scattering envelope48. Despite intensive efforts,
neither full-length nor cleaved forms of TssK could be crystallized.
Here, we report the crystal structure of the full-length EAEC TssK
protein, obtained as a complex with a camelid nanobody that facili-
tated the crystallization process. The structure of trimeric TssK
reveals an unexpected homology of its N-terminal domain with
siphophage receptor-binding protein (RBP) shoulders, hence
expanding the number of homologous proteins between T6SS and
bacteriophages. The TssK N-terminal domain attaches to the rest
of the T6SS BP, and the C-terminal domain binds the MC and
has evolved to use the T6SS MC as a receptor for docking the BP.
In addition, the flexibility of the TssK C-terminal domain suggests
that TssK may establish a flexible link to maintain the anchorage of
the BP to the T6SS MC before, during and after tail contraction.

Results
TssK crystallization is facilitated when complexed to the TssK-
specific nb18 nanobody. Despite extensive efforts, previous
attempts to crystallize TssK were unsuccessful. Crystallization of
proteins has been shown previously to be facilitated once the
protein of interest is complexed to camelid single-chain antibodies
(called nanobodies)50. We used this approach for crystallization of
the periplasmic domain of the T6SS TssM subunit26,51,52. We
immunized a llama with purified TssK and isolated nanobodies
that bind TssK: nbK18, nbK25 and nbK27. The crystal structure
of nbK18 was determined (Supplementary Fig. 1a) and its
complexation with TssK was then monitored by biolayer
interferometry (BLI). Kinetic and steady-state analyses provided
dissociation constant (Kd) values of 2.4 and 3.1 nM, respectively.

The TssK structure reveals a three-domain protein organized as a
tightly packed trimer. The structure of the nbK18–TssK

co-crystallized complex was determined at 2.6 Å resolution. The
complex contains three TssK molecules to which three nbK18
units are bound (Supplementary Fig. 1b). TssK trimerization is in
agreement with previous gel filtration data suggesting that TssK
forms a trimer48. Each nanobody interacts with two monomers of
TssK and covers ∼700 Å2 of the accessible surface area of a TssK
monomer and 80 Å2 of a second monomer. Interaction of nbK18
with TssK is mainly mediated by nbK18 complementarity-
determining region 3 (CDR3), but also by the two other CDRs
and the conserved skeleton (Supplementary Fig. 1b and
Supplementary Table 2), a feature already observed in other
cases53,54. NbK18 binds the TssK N-terminal β-sandwich and
more specifically the L4–5 and L6–7 loops (Supplementary Fig. 1b
inset and Supplementary Table 2).

The TssK trimer has the overall structure of an apple core, or an
hourglass, with two globular domains—the N-terminal shoulder
(hereafter named TssKS) and the C-terminal head (TssKH)—separ-
ated by a helical stalk, the neck (TssKN). The TssK trimer is tightly
packed, as 1,400–1,570 Å2 of the accessible surface area of each
monomer is covered by the two other monomers (Fig. 1a). The
structure exhibits high B-factors (∼100 Å2), and the side chains of
solvent-exposed residues are often disordered when not involved
in crystal packing contacts. A large segment is missing at the
bottom of the shoulder domain between residues 130 and 144,
and a short loop is incomplete at the top of the neck domain,
between residues 221 and 224. These segments have not been
incorporated into the model (Fig. 1a). Two of the three monomers
are not complete: their amino-acid chains start at residue 19 and end
at residues 320 and 315 for monomers A and C, respectively,
suggesting that their C-terminal domains might be totally
disordered. In contrast, the main chain of monomer B could
be traced up to residue 334, and the side-chain identity can be
assigned (Fig. 1a). However, despite its stabilization by crystal
contacts, the C-terminal domain of chain B exhibits an average
B-factor double that of the rest of the structure, impeding its
complete assignment (Fig. 1a).
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Figure 1 | Structure of TssK. a, Ribbon view of the TssK trimer. Monomers A, B and C are in pink, blue and green, respectively. The locations of the

N-terminal (shoulder), central (neck) and C-terminal (head) domains are indicated. b, Ribbon view of TssK monomer B (full-length TssK). The monomer is

rainbow-coloured (blue to red from N to C terminal). The α-helices and β-strands are numbered. c,d, Side (c) and bottom (d) views of the TssK X-ray

structure fitted into the TssK negative-stain EM map (EMD-5739), highlighting that the TssK C-terminal head domain is disordered.
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The TssK monomer structure comprises three domains: an
N-terminal β-sandwich domain (shoulder, TssKS , residues 19–174),
a linker (residues 175–193) and a four-helix-bundle middle
domain (neck, TssKN , residues 194–313) and, in chain B only, a
partially traced C-terminal domain (head, TssKH , residues
315–447) (Fig. 1b). The N-terminal domain starts with a long
α-helix followed by three anti-parallel β-strands forming a β-sheet
(β1–β3). After β-strand 4, a short β-hairpin (β4, β5) is followed by
β-strands 6 and 7. Together, β-strands 4, 6 and 7 form the second
β-sheet of the β-sandwich. After a long linker, α-helices 2, 3 and 4
form an antiparallel bundle. Helix 4 is then followed by a long unstruc-
tured stretch of residues returning in the direction of the N terminus
and positioning α-helix 5 parallel to α-helix 3, allowing the chain to
continue in a direction opposite to the N terminus. The C-terminal
domain, starting at residue 317, is predicted by JPRED55 as assembling
three α-helices and seven β-strands.We assigned 106 amino acids for a
total of 125 for the complete C-terminal domain. At this stage it
comprised two complete α-helices and an incomplete one, as well as
two β-sheets forming a β-sandwich of putatively seven β-strands,
but most connections were not visible in the electron density map.

To obtain a better model of TssK, the C-terminal domain (amino
acids 316–445) was produced, crystallized and its structure solved at

1.6 Å resolution. This domain is very compact and comprises three
α-helices (α6–8) and seven β-strands (β10–16) (Fig. 1b). The struc-
ture of the isolated C-terminal domain was reintroduced in the
structure of full-length TssK and refinement was performed.
Apart from loop 372–382, which has a different conformation,
the domain conformations are very close in the isolated and full-
length structures (r.m.s.d. = 1.2 Å on 115 residues) (Supplementary
Fig. 2). Notably, the C-terminal domain of chain B establishes
stabilizing packing contacts, involving mainly loop 372–382. As
such, the complete TssK trimer is ∼110 Å long and ∼85 Å wide
at the level of the shoulder domains and ∼40 Å wide at the level
of the central domain (Fig. 1a).

We previously reported the negative-stain EM structure of TssK
(ref. 48). The crystal structure of TssK was fitted into the EM map
using Chimera56 (Fig. 1c,d). With the exception of the C-terminal
domain of monomer B, TssK fits exquisitely well into the EM struc-
ture with a correlation of 0.89 and 93% of atoms included in the map.

Nanobody epitope analysis performed by BLI revealed that
nbK27 and nbK25 bind TssK using an epitope different to that
for nbK18. We therefore co-crystallized the cloned TssKSN
domain (shoulders and neck domain, residues 1–315) with nbK18
and nbK27. Crystals of TssKSN–nbK18–nbK27 were obtained and

90°

Nt

Nt

Nt

a b

c d

Figure 2 | Structure of the TssKSN–nbK18–nbK27 complex. a, Ribbon view of the TssKSN–nbK18–nbK27 complex. Monomers A, B and C are in pink, blue

and green, respectively. The three nbK18 are in grey and the unique nbK27 is in beige. b, Same view as in a, rotated by 90°, presenting the bottom of the

TssKSN domain. c, Same orientation and colours as in b, but with a molecular surface representation. The TssKSN domain trimer (beige) and the nbK18

nanobody (grey) are represented as ribbons. The TssKSN N-terminal segments ordered upon surface binding are identified by their darker coloured ribbon

(brown) and their green semi-transparent surface. d, Same orientation as in b.
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the structure was solved (Supplementary Table 1). The structure of
TssKSN–nbK18–nbK27 superimposes well with that of the TssK–
nbK18 complex, with a small rotation of the three nbK18. In con-
trast to nbK18, which binds each TssK monomer, a unique
nbK27 binds the trimeric assembly along the three-fold axis at
the bottom of the shoulder domains (Fig. 2a,b), resulting in a
TssK3/nbK183/nbK271 stoichiometry. The most striking result of
nbK27 binding to TssK is ordering of the bottom of the shoulder
domains segments, which were disordered in the TssK–nbK18
complex: N-terminal segment 1–19 and β-hairpin 130–144
(Fig. 2c,d). This ordering results in strong domain-swapped-like
interactions of the 1–19 segment with the i − 1 monomer, and of
the 130–144 β-hairpin with the i + 1 monomer (Fig. 2c). Notably,
the stabilized structures comprise all the bottom part of TssK, a
surface with a diameter of ∼50 Å (Fig. 2d). The list of domains or
segments present in the different crystal structures is summarized
as a linear sequence representation with secondary structures in
Supplementary Fig. 3.

The TssK N-terminal domain shares structure similarities with
phage RBP shoulder domains. The three domains of TssK were
subjected to DALI server (http://ekhidna2.biocenter.helsinki.fi/dali/)
analyses to detect structural similarities. Interestingly, DALI retrieved
strong similarities between the TssK N-terminal β-sandwich domain
and the shoulder domains from lactococcal siphophage RBPs
(Fig. 3), including phages 1358 (PDB: 4L9B, Z = 9.0, r.m.s.d. = 3.0 Å;
ref. 57) and p2 (PDB: 1ZRU, Z = 6.0 r.m.s.d.= 3.0 Å; ref. 58). In
addition, although helix bundles represent a common structural fold,
DALI analyses detected similarities between the TssK neck domain
and a domain of the human adenylosuccinate lyase (PDB: 4FFX,
Z = 9.4, r.m.s.d. = 3.1 Å; ref. 59) (Supplementary Fig. 4).

Interaction analyses of TssK domains. Previous studies have
shown that TssK is a central subunit of the T6SS, as it interacts
with components of the MC (the cytoplasmic domains of TssL
(TssLC) and TssM (TssMC)), of the BP (the TssFG complex) and
of the tail (TssA, TssC and Hcp)33,34,39,48,60. We therefore sought
to define the domains mediating TssK interactions with MC and
BP. First, the N-terminal shoulder and neck (TssKSN), shoulder
(TssKS), neck (TssKN) and C-terminal head (TssKH) domains of
TssK were cloned in two-hybrid vectors and tested for their
ability to promote oligomerization and to interact with TssFG,
TssLC and TssMC (Fig. 4a). In agreement with the crystal
structure of the TssK trimer (Fig. 1a), both shoulder and neck
domains oligomerize, whereas the TssK head domain does not
interact with TssK (Fig. 4a, first column). More interestingly,
the two-hybrid analyses revealed that the N-terminal shoulder
domain mediates contacts with the TssFG complex, whereas the
C-terminal head domain interacts with TssLC, TssMC and to a
lesser extent to TssFG. We then monitored co-immunoprecipitation
experiments. Soluble lysates of cells producing the VSV-G-tagged
TssK domains were combined with lysates containing FLAG-tagged
TssF and TssG, or the cytoplasmic domains of TssL (TssLC) or
TssM (TssMC). FLAG-tagged proteins were immobilized on agarose
beads coupled to the monoclonal anti-FLAG antibody and the eluted
material was analysed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS–PAGE) and immunostaining. Figure 4b shows
that the TssKS domain is co-precipitated with the TssFG complex,
whereas the the TssKH domain co-precipitates with TssLC and
TssMC, and—and to a lower extent—with TssFG. The results of
bacterial two-hybrid (BACTH) and co-immunoprecipitation analyses
are summarized in Supplementary Fig. 5.

To confirm these results, we engineered vectors producing TssFG
as well as either 6×His-tagged TssKSN or TssKH. High-performance
liquid chromatography (HPLC) indicated that TssKFG and
TssKSNFG complexes form (Supplementary Fig. 6a). However,

although we succeeded in purifying the TssKSNFG complex
(Fig. 4c and Supplementary Fig. 6a), TssKH was purified alone
and did not co-purify with TssFG (isolated TssFG is not observed
on the chromatogram as it is insoluble) (Supplementary Fig. 7a).
These results confirm the TssKSN/TssFG complex interaction and
indicate that the low TssKH/TssFG interaction, observed by
BACTH and co-immunoprecipitation, should be weaker and in
fast exchange. To gain further insights into the contribution of
the TssKSN domain for binding to the TssFG complex, we then
tested binding of the TssK-specific nbK18 and nbK27 nanobodies
to the TssKSNFG complex. The purified TssKSNFG complex was
mixed with an excess of nanobody and analysed by gel filtration
and HPLC. First, we confirmed that nbK18 and nbK27 bind alone
and simultaneously to TssKSN. We then performed an analysis of
TssKSNFG in the presence of nbK18, nbK27 and nbK18 + nbK27
(Supplementary Fig. 6b). We found that nbK18 binds to the
TssKSNFG complex (Fig. 4c,d and Supplementary Fig. 6c) whereas
nbK27 does not (Fig. 4c,e). From these results, we concluded that
nbK27 and TssFG share the same binding site as TssK and,
hence, that TssFG should bind to the bottom of the TssKS
domain comprising the residues 1–19 segment and the 130–144
β-hairpin. Taken together, the results of the co-purification and
nanobody binding experiments confirmed the interaction of
TssKS with the TssFG complex and suggested that TssFG binds
the bottom of TssKS.

We could not assay the TssKH interaction with the TssMc
domain, as it is insoluble. However, we performed a gel filtration
of a mixture of TssLc and TssKH , and found that they do not
co-purify. As an interaction is observed by double-hybrid and
co-immunoprecipitation, this latter result suggests that this
interaction is rather weak (∼1–10 mM) and in fast exchange.
Indeed, this does not reflect the biological situation in which the
interaction of several TssK trimers and several Lc dimers occurs,
leading certainly to a tremendous avidity increase.

Discussion
In this Article, we present the crystal structure and a domain analy-
sis of a T6SS core component, TssK. Previous studies have demon-
strated that TssK is a trimer and is an essential subunit of the type VI
secretion apparatus by connecting the trans-envelope MC to the
phage-like contractile tail48. In addition, TssK has been shown to
be part of the T6SS assembly platform or BP33,34,39,45,48. It has
been reported recently that phage T4 is a very complex phage and
that phage Mu is simpler, widespread, and better paradigm for
phages with contractile tails61. Notably, TssK has no counterpart
in phage Mu, whereas other T6SS baseplate components have
counterparts in both phages T4 (ref. 45) and Mu (ref. 61): TssE

Ct

Nt

TssK-Nt
Phage1358-RBP-Nt
Phage p2-RBP-Nt

Figure 3 | Structural comparison of the TssK N-terminal shoulder domain

with shoulder domains of siphophage RBPs. Superimposed ribbon views of

the TssK N-terminal shoulder domain (pink) with the shoulder domains of

phages p2 (green) and 1358 (blue) RBPs (PDB 1ZRU and 4L9B, respectively).
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corresponds to gp25 (T4) and Mup46 (Mu), TssF to gp6 and
Mup47, and TssG to Mup48 (no homologue in T4).

The X-ray structure of TssK confirms that TssK exists as a trimer.
The TssK trimer has an overall architecture resembling that of an
apple core: a shoulder base and a distal head separated by the

central neck. The structure of TssK is modular. It comprises three
domains: an N-terminal domain, essentially β-stranded and com-
parable to the N-terminal shoulder domains of phages p2 and
1358 RBPs, followed by an α-helical central domain and a mixed
α−β C-terminal globular domain. In vivo interaction studies with
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Figure 4 | Protein–protein interaction study of TssK domains. a, Bacterial two-hybrid assay. BTH101 reporter cells producing the indicated proteins or

domains (K, TssK; KSN, TssK shoulder and neck domains; KS, TssK shoulder domain; KN , TssK neck domain; KH, TssK head domain) fused to the T18 or T25

domain of the Bordetella adenylate cyclase were spotted on X-gal indicator plates. The blue colour of the colony reflects the interaction between the two

proteins. TolB and Pal are two proteins known to interact but unrelated to the T6SS. The BACTH experiments were performed in triplicate with identical

results. b, Co-immunoprecipitation assay. A mixture of soluble lysates from 2 × 1010 E. coli K-12 W3110 cells producing VSV-G-tagged TssK shoulder + neck

(KSN), TssK shoulder (KS) and TssK head (KH) domains (individually shown on the left panel) was mixed with FLAG-tagged TssF+TssG, TssLC or TssMC.

FLAG-tagged proteins were subjected to immunoprecipitation with anti-FLAG-coupled beads and the immunoprecipitated material was separated by 12.5%

acrylamide SDS–PAGE and immunodetected anti-VSV-G monoclonal antibodies. The position of each protein and domain is indicated, molecular weight

markers (in kDa) are indicated on the right. The co-immunoprecipitation experiments were performed in duplicate with identical results. c, Gel filtration

chromatograms of TssKFG (brown), TssKSNFG (red), TssKSNFG+nbK18 (blue) and TssKSNFG+nbK27 (green). Inset: enlargement of the top of the peaks, with

the elution time indicated above each peak. a.u., arbitrary units. d, SDS gels of the main peak of TssKFG (brown) and TssKSNFG (red) showing the presence

of TssK, TssF and TssG, and TssKSN , TssF and TssG, respectively. The stoichiometry of complexes TssK/TssF/TssG and TssKsn/TssF/TssG were found to

be 4.04/1.86/1 and 4.6/1.97/1, respectively (values reported: 4.1/1.8/1 (ref. 33) and 3.36/2.18/1 (ref. 45); expected ratio: 3–6/2/1). e, SDS gels of the main

peak of TssKSNFG (red), TssKSNFG+nbK18 (blue) and TssKSNFG+nbK27 (green) showing the presence of nbK18 attached to TssKSNFG, but not nbK27.

M
w
, molecular weight. In a and b, experiments were performed at least in triplicate, and a representative result is shown. In c–e, experiments were performed

in triplicate, and a representative result is shown.
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known partners of TssK support the idea that TssK acts as a connec-
tor between two T6SS complexes that are evolutionarily unrelated:
the phage-like BP/tail and the T4bSS IcmF/DotU-like MC
(Fig. 5). From the protein–protein interaction assays we concluded
that the TssK N-terminal shoulder domain binds to TssFG and that
the C-terminal head domain mediates interactions with the TssL
and TssM inner membrane proteins.

The fascinating observation of this study is that TssK shares an
overall architecture similar to that of lactococcal siphophage
RBPs. These RBPs are trimers and comprise shoulder and head
domains separated by a neck57,58,62. They recognize the host cell
surface and are responsible for properly orienting the phage onto
the host cell63,64. RBPs are anchored to the virion and bind to recep-
tors at the cell surface of the target cell. Anchorage to the virion
particle is mediated by the shoulder domain, whereas the ability
to recognize the cell envelope receptor is conferred by the head
domain. It has been reported that in each lactococcal phage
family, the shoulder domain structure is strictly conserved
whereas the head domain is relatively diverse and confers specificity
for binding to the proper target cell57,58,62,63,65. Another striking
similarity between the TssK and RBP shoulder domains is the
ordering of their bottom segments upon binding to partners.
When the phage p2 RBP is expressed alone, the 20 N-terminal
residues are disordered and not visible in the electron map density.
In contrast, they are ordered when the RBP is complexed with the
other BP components, forming the main contributors to the inter-
action. It is worth noticing that the ‘arm and hand’ domain of the
Dit protein inserts between the three N termini, thus holding the
RBP trimer58,62,65. A similar situation may exist with TssK.
Although we do not have the structure of TssK within the TssKFG
complex, nanobody binding experiments on the TssKFG complex
have shown that the TssFG binding site on TssK involves the
bottom of the trimer, including the N termini (Supplementary

Fig. 8). The ordering of this site upon nbK27 binding suggests that
this nanobody acts as a surrogate of the TssFG complex.

In myophages, such as phages T4 or Mu, both the BP and tail
sheath change conformation upon contraction45,61. The tail sheath
conformational change is also documented for the T6SS (ref. 32).
It is therefore expected that a conformational reorganization also
occurs for the T6SS BP (refs 35, 38). The flexibility of the TssK
head domain relative to the rest of the trimer suggests that TssK
may constitute a flexible link between the T6SS BP and its mem-
brane domain to accommodate the different conformations and
radii before and after tail contraction. The TssK flexible hinge
would therefore prevent disruption of the contact between the
membrane and the BP complexes during sheath contraction.

By sharing the overall architecture and the N-terminal shoulder
domain with RBPs, we propose that TssK represents a RBP-like
component of T6SS. As in RBPs, the TssK has a modular architec-
ture with an N-terminal shoulder domain and a C-terminal head
domain. The TssK shoulder domain interacts with the other T6SS
BP components (TssFG). By contrast, the head domain of TssK
mediates interaction with the cytoplasmic domains of TssL and
TssM and hence docks the BP to the MC (Fig. 5). These data are
consistent with previous fluorescence microscopy imaging demon-
strating that green fluorescent protein-labelled TssK is recruited to
the MC and is necessary for recruiting the gp6/Mup47-like TssF
BP subunit34. Based on these data and on the observation of TssE
and TssG interactions with the cytoplasmic domains of TssL and
TssM, respectively34,49,66, we propose that TssK first interacts with
the MC and that TssF–TssL and TssG–TssL additional contacts
stabilize the MC–BP complex. TssK therefore has a function
similar to that of RBPs: it is anchored to the phage-like structure
by a conserved shoulder domain but, instead of allowing the
phage particle to bind to the target cell surface, it has evolved a dis-
tinct head domain to recognize and bind to the T6SS MC. It should
be stressed that although TssFG have sequence similarity with
Myoviridae phage BP components, the TssK shoulder domain has
structural similarity with Siphoviridae phage RBPs and has no
counterpart in Myoviridae. Therefore, even if the origin of the
T6SS tail and BP is from Myoviridae phages, the TssK N-terminal
domain may derive from horizontal transfer from a Siphoviridae
component to provide the ability to bind the TssJLM complex of
T6SS. These results point to a more complicated evolutionary
process leading to the T6SS, in which elements of different phage
types were combined.

Methods
Bacterial strains, growth conditions and chemicals. The strains used in this study
are listed in Supplementary Table 3. E. coli K-12 strains DH5α, W3110, BTH101 and
T7 Iq pLys were used for cloning procedures, co-immunoprecipitation, bacterial
two-hybrid and protein purification, respectively. EAEC wild-type O3:H2 17-2
strain genomic DNA was used as template for cloning. E. coli K-12 and EAEC cells
were routinely grown in Luria-Bertani (LB) broth at 37 °C, with aeration. For protein
production, cells were grown in terrific broth. Plasmids and mutations were
maintained by the addition of ampicillin (100 µg ml–1), kanamycin (50 µg ml–1)
or chloramphenicol (40 µg ml–1). Gene expression was induced by the addition
of iso-propyl-β-D-thio-galactopyranoside (IPTG, Sigma-Aldrich, 1 mM for
nanobodies, 0.5 mM for TssK and TssK domain production and BACTH analyses),
L-arabinose (Sigma-Aldrich, 0.2%) or anhydrotetracyclin (AHT, IBA Technologies,
0.2 µg ml–1).

Plasmid construction. PCR analyses were performed with a Biometra thermocycler,
using Pfu Turbo DNA polymerase (Stratagene). Plasmids and oligonucleotides are
listed in Supplementary Table 3. Plasmids producing EAEC TssK domains fused to a
VSV-G tag or to the T18 or T25 domains of the Bordetella pertussis adenylate cyclase
were engineered by restriction-free cloning67. Briefly, DNA fragments corresponding
to TssK domains were amplified from EAEC 17-2 genomic DNA using
oligonucleotides bearing 5′ extensions annealed on the target plasmid. The PCR
products were then used as primers for amplification of the target plasmid.
Constructs were screened by colony PCR and verified by DNA sequencing. The
TssKH domain (residues S316–T445) was cloned into the pETG20A expression
vector using the same procedure.

OM
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JLM

VgrG

Hcp
Ksn Ksn

KH KH

FGE FGE

Lc,Mc Lc,Mc

BC/A

Figure 5 | Schematic model of the baseplate docked to the membrane

complex, highlighting the connector role of TssK. The TssJLM membrane

complex (MC) is represented in green, TssK is in beige and the other BP

components are in blue (TssFGE), yellow (VgrG) and orange (Hcp). The tail

complex is shown in dark green. The three domains of TssK are represented

in beige, with the N-terminal shoulder domain anchored to the BP and the

C-terminal head domain bound to the MC. OM, outer membrane; IM, inner

membrane.
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tssK, tssF and tssG were initially cloned in a pCDF-Duet1 vector with Cter
His6tag, Nter TREP tag and Cter FLAG tag, respectively (Supplementary Fig. 8). The
TREP and FLAG tags were removed by overlapping PCR (Supplementary Fig. 8).
The tssKSNFG and tssKHFG vectors were obtained by Gibson assembly (Gibson
Assembly Cloning Kit, New England BioLabs) (Supplementary Fig. 9).

Bacterial two-hybrid assay. The adenylate cyclase-based bacterial two-hybrid
technique68 was used as previously described69. Briefly, the proteins to be tested were
fused to the isolated T18 and T25 catalytic domains of the Bordetella adenylate
cyclase. After introduction of the two plasmids producing the fusion proteins in the
reporter BTH101 strain, plates were incubated at 30 °C for 24 h. Three independent
colonies for each transformation were inoculated into 600 μl of LB medium
supplemented with ampicillin, kanamycin and IPTG (0.5 mM). After overnight
growth at 30 °C, 10 µl volumes of each culture were dropped onto LB plates
supplemented with ampicillin, kanamycin, IPTG and 5-bromo-4-chloro-3-indolyl-
β-D-galactopyranoside (X-gal) and incubated for 12 h at 30 °C. Controls include
interaction assays with TolB and Pal, two protein partners unrelated to the T6SS.
The experiments were conducted at least in triplicate, and a representative result
is shown.

Co-immunoprecipitation. Co-immunoprecipitation experiments were performed
as previously described35. A total of 1 × 1011 exponentially growing cells producing
the proteins of interest were collected and resuspended in CellLytic B Cell Lysis
reagent (Sigma-Aldrich) supplemented with protease inhibitors (Complete, Roche),
lysozyme (100 µg ml–1) and DNase (100 µg ml–1), then incubated for 1 h with
strong shaking. The insoluble material was discarded by centrifugation for 45 min at
60,000g and the supernatant from 2 × 1010 cells was incubated overnight at 4 °C with
anti-FLAG M2 affinity beads (Sigma-Aldrich). Beads were then washed twice with
CellLytic and once with Tris-HCl 20 mM pH 8.0, NaCl 100 mM. The total extract
and immunoprecipitated material were resuspended and boiled in Laemmli loading
buffer before analyses by SDS–PAGE and immunoblotting.

High-performance liquid size-exclusion chromatography. Size exclusion
chromatography was performed on an Ultimate 3000 HPLC system (Dionex) using
a Superdex 200 increase 10/30 GL column equilibrated in Tris 10 mM pH 8, NaCl
150 mM, at a flow rate of 0.6 ml min–1. Accurate injections of 30 μl samples were
done using the autosampler and detection was monitored at 280 nm.

Gel filtration analyses. The effect of domains deletions on TssKFG as well as the
binding of nanobodies nbK18 and nbK27 to TssKSNFG were analysed using nickel
affinity chromatography and gel filtration chromatography. The three constructs
possess a unique module bearing a His6 tag (Supplementary Fig. 9): on TssK for the
TssKFG construct, on TssKH for the TssKHFG construct and on TssKSN for the
TssKNSFG construct. The purification procedures were similar to those used for the
TssK–nbK18 complex (see section ‘Protein purification’). A 1.2 molar excess of
nanobody, nbK18 or nbK25, was added to the TssKSNFG complex and submitted to
nickel affinity purification followed by gel filtration. The mixtures were immobilized
on a 5 ml Ni2+ HisTrap prepacked column (GE Healthcare) using an AKTA FPLC
system. After extensive washing steps in the absence or presence of 50 mM
imidazole, they were eluted with 250 mM imidazole. The fractions containing the
His6-tagged proteins were pooled and loaded onto a preparative 10/300 Superdex
200 gel filtration column (GE Healthcare) equilibrated in 20 mM Tris-HCl, pH 8.0,
150 mM NaCl. The peaks were analysed by SDS gels. The same conditions were
applied to the TssKHFG construct. Fractions containing the His6-tagged proteins
were pooled and loaded onto a HiLoad 16/600 Superdex 200 column equilibrated in
20 mM Tris-HCl pH 8.0, 150 mM NaCl buffer.

Protein purification. 6×His-tagged TssK was purified as previously described48.
E. coli T7 Iq pLys cells carrying pRSF–TssK (TssK6His) or pETG20A–TssKCt
(TssK C-terminal domain fused to a thioredoxin-6×His-TEV N-terminal extension,
TRX–6His-TEV–TssKCt) were grown at 37 °C in terrific broth to an optimal optical
density (OD600) of ∼0.6–1.0 and tssK expression was induced with 0.5 mM IPTG for
16 h at 17 °C. Cells were collected, resuspended in 50 mM Tris-HCl pH 8.0, 300 mM
NaCl supplemented with 1 mM phenylmethylsulfonyl fluoride, 0.25 mg ml–1

lysozyme, 100 µg ml–1 DNase I and 20 mM MgCl2. After sonication, soluble
proteins were separated from inclusion bodies and cell debris by centrifugation at
20,000g for 30 min. TssK6His and TRX–6His-TEV–TssKCt were immobilized on a
5 ml Ni2+ HisTrap prepacked column (GE Healthcare) using an AKTA FPLC
system. After extensive washing steps in the absence or presence of 50 mM
imidazole, TssK6His and TRX–6His-TEV–TssKCt were eluted with 250 mM
imidazole. The fractions containing the TssK6His protein were pooled and loaded
onto a preparative Superdex 200 gel filtration column (GE Healthcare) equilibrated
in 20 mM Tris-HCl, pH 8.0, 150 mMNaCl. TssK6His was concentrated to 25 mg ml–1

and stored at 4 °C for crystallization trials. The fractions containing TRX–6His-
TEV–TssKCt were pooled and incubated with TEV protease (protein:TEV in a 20:1
molecular ratio) coupled to dialysis against 50 mM Tris-HCl pH 8.0, 300 mM NaCl
supplemented with 10 mM imidazole overnight at 4 °C. The proteins were then
subjected to a second Ni2+HisTrap prepacked column. The untagged TssKH protein
was collected in the flowthrough and concentrated on a preparative Superdex 200 gel

filtration column equilibrated in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl. TssKH
was concentrated to 26 mg ml–1 and stored at 4 °C for crystallization trials.
pETG20A–TssKSN (TssK N-terminal domain fused to a thioredoxin-6×His-TEV
N-terminal extension, TRX–6His-TEV–TssKSN) was prepared and purified in the
same conditions as TssK6His.

Generation and purification of TssK-specific llama nanobodies. To obtain
nanobodies against TssK, a llama (Lama glama) was immunized with purified
TssK6His (Ardèche-lamas France). Approximately 400 µg of TssK6His in 10 mM
HEPES, 150 mM NaCl, pH 7.5, was injected subcutaneously four times at one-week
intervals using incomplete Freund’s adjuvant, followed by a fifth injection two weeks
later. Blood samples were collected aseptically 5 days after the last boost.
Lymphocytes were isolated from blood samples and cDNAwas synthesized from the
acquired RNA using a reverse PCR protocol. A nanobody phage display library of
∼1 × 109 independent transformants was generated using the phagemid vector
pHEN4 (refs 70, 71). Phage display selection and screening of specific nanobodies
were performed as previously described72. Enrichment of antigen-specific clones was
observed after two consecutive rounds of selection on solid-phase coated antigen.
After the second round, TssK-specific nanobodies were identified and the inserts of
the corresponding pHEN4-derived plasmids were sequenced and cloned into the
pHEN6 vector. E. coli WK6 cells carrying the pHEN6 derivatives were grown at
37 °C in terrific broth supplemented with 0.1% glucose and 100 µg ml–1 ampicillin
to an optical density of ∼0.6–1.0 and the expression of the nanobodies was induced
by the addition of 1 mM IPTG for 16 h at 28 °C. The periplasmic fraction containing
the nanobodies was prepared using mild osmotic shock and the His-tagged
nanobodies were immobilized on a 5 ml Ni-NTA column equilibrated in 50 mM
Tris-HCl, pH 8.0, 300 mM NaCl and 10 mM imidazole. Nanobodies were eluted in
250 mM imidazole and concentrated using the Amicon technology (10 kDa cutoff )
before loading on a HiLoad 16/60 Superdex 75 gel filtration column equilibrated in
20 mM Tris-HCl, pH 8.0, 150 mM NaCl. The final concentrations for NbK18 and
NbK27 were 13 mg ml–1 and 10 mg ml–1, respectively.

Crystallization and structure determination of nbK18, TssK–nbK18 complex,
TssKH and TssKSN–nbK18–nbK27. Crystallization screening experiments were
performed with several commercial kits, including STURA, WIZARD and MDL.
The nanodrop crystallization experiments were performed in SWISSCI three-well
plates. The reservoirs of the SWISSCI plates were filled up using a TECAN pipetting
robot, and the nanodrops were dispensed with a Mosquito robot. All crystallization
experiments were performed at 293 K. For nbK18, a single crystal was obtained by
mixing 100 nl of the nbK18 protein solution with 100 nl of 0.2 M Li2SO4 , 0.1 M
NaAc, pH 4.75 and 30% m/v PEG8000. The crystal was cryo-cooled in reservoir
liquid supplemented with 5% ethylene glycol. For the TssK–nbK18 complex,
purified TssK was mixed with nbK18 (TssK:nbK18 at 1:1.2 molecular ratio) and then
adjusted to a concentration of 10 mg ml–1 for 1 h before crystallization experiments.
Small crystals were obtained in 100 mM Tris-HCl, pH 8.5, 200 mM MgCl2 , 15%
PEG-6000. Optimization was achieved by varying the concentration of PEG-6000
from 8 to 20% m/v and the pH from 8 to 9. Quality crystals were obtained in
100 mM Tris-HCl, pH 8.3, 200 mM MgCl2 , 10% PEG-6000. All crystals, including
CsI/NaI derivatives, were cryo-cooled in a well solution supplemented with 20%
ethylene glycol. For the CsI/NaI derivatives, the TssK–nb18 crystals were soaked for
a few seconds in a well solution supplemented with 20% ethylene glycol and 0.5 M
CsI/NaI. For TssKH , the best crystals appeared in 400 mM NaH2PO4 , 1.6 M
K2HPO4, 100 mM imidazole, pH 8.0. Crystals were flash-cooled in 5 M sodium
formate. Crystals of the TssKSN–nbK18–nbK27 complex were obtained in the
STURA Footprint Screening plate. TssKSN (35 mg ml–1) was mixed with the purified
nanobodies nbK18 and nbK27 at concentrations of 10 mg ml–1, with a molar excess
of 1.2 versus TssKSN. A volume of 100 nl of the protein mixtures was mixed with
45% PEG-600, 0.1 M HEPES pH 7.5 and dispersed over the reservoir. Crystals
appeared in a few days. Crystals were cryo-cooled in the mother liquor.

Data collection was performed at ID23-2 of the ESRF synchrotron (Grenoble,
France) for nbK18 and TssKH and at Proxima 1 of the Soleil synchrotron
(Saint-Aubin, France) for the TssK–nbK18 complex, and the data for the crystal of
the TssKSN–nbK18–nbK27 complex were collected at ESRF beamline ID30A-3
(Supplementary Table 1). The data were integrated and scaled with the
XDS/XSCALE package and converted to a ccp4 input format file by XDSCONV
(ref. 73). For nbK18, the crystal diffracted up to 1.5 Å (Supplementary Table 1) and
belonged to space group P43 , with cell dimensions a = b = 53.4 Å, c = 88.0 Å,
α = β = γ = 90°. Two molecules in the symmetric unit yielded a Vm value of
2.29 Å3 Da−1 and 46.35% solvent. Molecular replacement was performed using
MOLREP (ref. 74) and with a truncated nanobody structure as a starting model.
Refinement was performed using autoBUSTER (ref. 75) alternating with rebuilding
with COOT (ref. 76). Two nbK18 molecules are contained in an asymmetric unit and
possess a shorter CDR3 compared to those usually found in camelid single-chain
domains. For TssK–nbK18, the crystal belonged to the orthorhombic space group
P212121 with cell dimensions a = 93.3, b = 153.7, c = 154.8 Å, α = β = γ = 90°.
Diffraction images were processed and scaled with the XDS/XSCALE package73. The
high-resolution data cutoffs were defined based on the CC1/2 statistical indicator77.
Molecular replacement on the native data set using the structure of nbK18 provided
the positions of three nbK18, but this did not yield a good enough initial electron
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density map. Therefore, three 360° rotation data sets were collected at different
positions of the large single CsI/NaI crystal derivative at 1.7712 Å X-ray wavelength to
3.5 Å resolution. The heavy atom substructure, comprising 20 sites, was obtained with
the SHELXC/D/E software suite78 using the HKL2MAP graphical interface79. This
substructure was subsequently refined and used for phase calculation with PHASER
(ref. 80). Phase improvement and extension by density modification using three-fold
non-crystallographic symmetry averaging performed with PARROT (ref. 81)
produced readily interpretable maps that allowed positioning of the three nbK18 and a
first rough TssK model to be built. Inspection of electron density maps and model
adjustment and rebuilding were performed using COOT (ref. 76) and BUSTER was
used for model refinements75. The initial refined model was then positioned by
molecular replacement with MOLREP (ref. 74) in a 2.7 Å resolution native data set
collected at 0.9786 Å wavelength with cell dimensions a = 93.3, b = 153.7, c = 154.8 Å.
Then, several iterations of model improvement were conducted by cycling through
refinement with autoBUSTER (ref. 75), phase improvement by density modification
with PARROT (ref. 81), autotracing with BUCCANEER (ref. 82) and manual
pruning and rebuilding using COOT (ref. 76). The structure of TssKH was obtained
by molecular replacement using MOLREP (ref. 74) using the partial structure in the
refined full-length TssK and a 1.6 Å resolution data set. Refinement and manual
building were performed as for TssK-nbK18. The TssKSN–nbK18–nbK27 data were
processed and scaled with the XDS/XSCALE package73. The crystals belong to the
same space group as TssK–nbK18 (P212121) with comparable packing and cell
dimensions of a = 90.9, b = 143.3, c = 150.3 Å. The structure was determined by
molecular replacement with MOLREP (ref. 74) using the TssKSN and nbK18
structures as separate models. The resulting map made it possible to complete the
missing segments of TssKSN (1–19 and 130–144) as well to construct the nbK27
model using alternative manual fitting with COOT (ref. 76) and autoBUSTER
(ref. 75) for model refinements at 2.2 Å resolution (Supplementary Table 1).

BLI. NbK18 was biotinylated using the EZ-Link NHS-PEG4-Biotin kit (Perbio
Science). The reaction was stopped by removing excess biotin reagent using a Zeba
Spin Desalting column (Perbio Science). BLI assays were performed in black 96-well
plates using an OctetRed96 (ForteBio) apparatus. The total working volume for
samples or buffer was 0.2 ml and the r.p.m. setting was 1,000 r.p.m. for baseline,
loading and association and dissociation steps. The experiments were performed at
25 °C. Before each assay, streptavidin (SA) biosensor tips (ForteBio) were hydrated
in 0.2 ml kinetic buffer (KB, ForteBio) for 20 min. SA biosensor tips were then
loaded with biotinylated nbK18 at 5 mg ml–1 in KB, followed by a quenching step
using biocytin. A baseline was recorded and nbK18 binding to TssK6Hiswas performed
at concentrations of 0.08–50 nM. Association and dissociation were carried out for 300
and 600 s, respectively. Complete dissociation of the complex was achieved by threefold
regeneration (5 s in glycine 10 mM, pH 1.7) and neutralization (5 s in KB).

Data availability. The structures of nbK18, TssK–nbK18 complex, TssKSN–nbK18–
nbK27 complex and TssKH have been deposited in the Protein Data Bank (PDB)
under accession codes 5M2W, 5M30, 5MWN and 5M2Y, respectively.
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General discussion and additional

results

5.1 General discussion

Articles 3 and 4 provide details on how the membrane complex and the baseplate are connected. In

Article 3, I have characterized the TssM cytoplasmic loop and have determined domains and motifs

that mediate interaction with TssG and TssK. In Article 4, I have participated to the structure-

function analysis of TssK, showing that the shoulder and head domains of this RBP-like protein

are involved in the interaction with the baseplate and the membrane complex, respectively.

The TssM cytoplasmic domain is composed of two subdomains: a domain with a NTPase

fold followed by a DPY-30-like 110-aminoacid region. The DPY-30-like region is responsible for

TssMCyto oligomerization and interaction with TssG. The NTPase-like domain interacts with TssK.

TssK is composed of three domains, and assembles trimers. The N-terminal domain is structurally

homologous to the shoulder of RBPs that interacts with baseplate components whereas the C-

terminal domain interacts with the membrane complex. Therefore, TssK connects the TssJLM

membrane complex to the baseplate.

The motifs of TssM and TssK involved in TssM-TssK interaction have not been addressed in

this work. It would be interesting to better understand how these two proteins interact. The head

domain is an α/β globular domain with several loops. A mutagenesis study of these loops could

be performed in order to understand how they contribute to interactions to TssL and TssM.

Structural servers predict that part of the TssM cytoplasmic domain present a fold associated

with NTPases. However, no structure of TssM cytoplasmic domains is available. Proteins with

NTPase proteins are known to regulate cellular processes by switching between different confor-

mations, depending on the NTP binding and/or hydrolysis and on associated GEF and/or GAP

proteins (Bos et al., 2007a)(Cherfils and Zeghouf, 2013)(Wittinghofer and Vetter, 2011). Indeed,

the TssM protein from A. tumefaciens has been shown to be responsive to ATP binding and hydrol-

ysis, and to change conformation. However, in the EAEC Sci-1 TssM protein, the Walker A and B

motifs involved in NTP binding and hydrolysis are lacking. One interesting immediate perspective

to this work will be to define whether TssM changes conformation depending on the conditions

(presence of the target cell, baseplate docking, sheath contraction,...). We have shown that TssK

interacts with the TssM NTPase-like domain, and it will be thus interesting to determine whether

TssK modulates TssM conformation.
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To validate that the cytoplasmic domain of TssM presents an NTPase-like fold, we wished to

purify TssM for structural studies.

5.2 Additional results

This study revealed that the predicted TssM NTP-like fold region binds to TssK. TssK was pre-

viously shown to connect the membrane complex and the phage-like complex (Zoued et al., 2013).

Moreover, NTPase proteins (more specifically GTPase) constitute switches that quickly activate

or inhibit various cellular processes (Wittinghofer and Vetter, 2011). To gain further information

in the cytoplasmic domain of TssM and how it is connected to the baseplate, we wished: (i) to

produce the TssMCyto domain, alone or with TssK; (ii) to test the TssMCyto domains from EAEC,

and Salmonella for their ability to bind and/or hydrolyse nucleotides; (iii) to define whether TssK

contribute to these activities; (iv) to purify TssMCyto and/or the TssMCyto-TssK complex for

crystallization trials; and (v) to determine precisely how TssMCyto and TssK interact.

The sequence encoding the cytoplasmic domain of the EAEC TssM protein was cloned into the

pETG20A vector. This vector is dedicated to T7-driven protein production and purification by

affinity chromatography. In this construct, TssMCyto is fused to the thioredoxin (TRX) followed

by 6-His tag and a cleavage site for the TEV protease (Strains, plasmids and primers are listed

in Table S3 presented in Annexe). The 6-His epitope allows immobilization of the protein on

nickel/cobalt affinity column and its elution using an imidazole gradient. The TRX improves

protein solubility whereas the cleavage site could be used to obtain the native protein. In addition

to EAEC TssMCyto, the sequence encoding the cytoplasmic domain of the S. enterica Typhimurium

TssM was also cloned (Table S3 ). The S. enterica Typhimurium TssM cytoplasmic domain bears

the catalytic residues required for NTP binding and hydrolysis. The expression of the cloned

fragments was induced in BL21(DE3) cells with 1 mM of IPTG. The two proteins were produced

but after cell lysis and ultracentrifugation, SDS-PAGE analyses of soluble and insoluble fractions

showed that both proteins are insoluble. Both proteins aggregated (data not shown).

However, the analysis of the TssMCyto sequence showed that it harbours a hydrophobic region

at its C-terminus. We then constructed new versions encoding only the NTPase-like domain of

the EAEC and the S. Typhimurium TssMCyto domains (Table S3 ). A small fraction of the S. Ty-

phimurium TssMCyto remained soluble. After purification by affinity chromatography, SDS-PAGE

analyses showed that several bands are observable, likely corresponding to TssMCyto degradation

products and multimers (Figure 5.40).

Previous analyses have demonstrated that the TssM cytoplasmic domain interacts with TssK.

We then co-produced TssMCyto and TssK with the hypothesis that TssK will help TssMCyto sol-

ubilization. Proteins were still located in inclusion bodies (data not shown). We decided to stop

this project, but many experiments could be done to purify TssMCyto: solubilization by urea or

guanidine and refolding in specific buffers, solubilization in presence of detergents,... Another per-

spective to continue this project will be the co-purification of the TssJLM complex with TssK.
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Figure 5.40: Protein profile of fractions after purification by affinity chromatography of
TssMCyto-NTP-Stm. NS, non soluble; Sol, soluble; NR, flow-through; E, eluted fractions. Fractions
were eluted with an imidazole gradient). Band 4 corresponds to the protein TRX-6His-TssMc-NTP-Stm.
Band 5 corresponds to TRX cleaved at TEV site.

This will provide significant information on how TssK interacts with the cytoplasmic face of the

membrane complex. In addition, a mutagenesis study could be performed to define the residues

implicated in TssMCyto-TssK complex formation.

5.3 Anchoring the baseplate to the membrane complex

The T6SS baseplate and the membrane complex are evolutionarily distinct. The T6SS tail and

baseplate are structurally, evolutionarily and functionally similar to the contractile tailed bacterio-

phages whereas the TssM and TssL membrane complex subunits have homologies with the IcmF

and IcmH/DotU proteins, two accessory subunits of the Type IVb secretion system (T4bSS) (Sex-

ton et al., 2004)(vanRheenen 2004). This evolutionary difference is highlighted by the mismatch

symmetry between the two complexes. As shown in Article 2, the membrane complex has a 5-fold

symmetry whereas the T6SS baseplate has likely a 6-fold symmetry such as TssA, the inner Hcp

tube or the sheath, and similarly to baseplate bacteriophages.

Several hypotheses have been raised. First, it might be a real symmetry mismatch that could

be of functional importance, e.g., the symmetry mismatch allows a strong flexibility necessary

for rotation of one complex compared to the other. Such a symmetry mismatch exists between

the 6-fold symmetry tail portal and the pentagonal vertex of several bacteriophages, allowing the

packaging of the DNA into the capsid (Hendrix, 1978). Second, no symmetry mismatch exists, and

the TssJLM complex purified from BL21(DE3), i.e., in absence of the other T6SS components,

has a more-stable 5-fold symmetry, but is forced to a 6-fold symmetry in vivo, in presence of

the remaining of the T6SS machine. This hypothesis is also possible as TssA has been shown

to interact with the TssJM complex, before the recruitment of TssL and the polymerization of

the TssJLM complex (Zoued et al., 2016b). Therefore, TssA might act as a chaperone to guide

the 6-fold symmetrization of the TssJLM complex (Zoued et al., 2017). Testing this hypothesis

is quite simple, by purifying the TssJLM-A complex. Third, the symmetry mismatch could be
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accommodated by an adaptor. The role of symmetry adaptor could be done by TssK, which has

been shown to interact with both baseplate and membrane complex components. Prior to the

publication of Article 4, it was proposed in the literature that TssK may have homologies with

bacteriophage T4 gp8 (Planamente et al., 2016). This hypothesis, based on limited conserved

secondary elements predicted using algorithms, was extravagant. The crystal structure of TssK

solved this issue and revealed that the N-terminal domain of TssK harbors structural homology

with shoulder domains of siphophage RBPs. In phages, shoulder domains anchor the RBP in the

phage baseplate. Similarly, the N-terminal shoulder domain of TssK interacts with the TssFG

complex. In phages, the head domains of RBPs contain the receptor-binding motif that specifically

recognizes receptors at the host cell surface. In the case of TssK, the C-terminal “head” domain

interacts with the membrane complex. TssK then uses the membrane complex as a receptor, which

permits proper anchoring to the cell envelope and proper orientation towards the cell exterior.

Therefore, bacteria have acquired (probably by horizontal transfer) a RBP and evolved its C-

terminal domain to recognize and bind the base of the T6SS membrane complex, which comprises

the cytoplasmic domains of both TssM and TssL. The TssM and TssL proteins have homologies

with the T4bSS-associated IcmF and IcmH/DotU proteins (Bingle et al., 2008)(Cascales, 2008).

One may predict that the TssK head domain would have the same origin. It would be therefore

interesting to determine whether one of the IcmF or DotU partners has a domain structurally

homologous to the TssK head-like domain.

Interestingly, the crystal structure of TssK showed that the structure of several loops within

the head domain could not be solved easily, due to intrinsic flexibility. This means that the

membrane complex-TssK interface is likely very flexible, and this may prevent disruption of the

contact between the membrane and baseplate complexes during the large conformation changes

that is induced during sheath contraction.

Based on these findings, I propose a multi-step model for the anchoring the baseplate to the

membrane complex: (1) TssA binds the membrane complex and acts as a chaperon protein by

reconciling the symmetry mismatch; (2) TssK, in complex with baseplate components, interacts

with TssM and TssL; (3) Then, additional contacts involving TssG and TssE stabilize the membrane

complex-baseplate interface. A first step toward testing this model will be to obtain affinity data

between the different complexes involved in baseplate docking to the membrane complex: TssK-

TssM, TssK-TssL, TssG-TssM, TssE-TssL.

In addition to the experiments proposed above, it would be interesting to purify and image

by negative-strain or cryo-electron microscopy the TssJLM complex with and without TssK to

understand how TssK plays its connector role. Finally, the strains engineered for electron cryo-

tomography (see Additional results of Article 2 ) will be of particular interest to determine how

the baseplate is docked to the membrane complex in vivo. Very recently, the structure of the

T6SS from Myxococcus xanthus was visualized by ECT (Chang et al., 2017). The sub-tomogram

averaging revealed a density of 300 Å between the membrane complex and the sheath/Hcp tube.

The baseplate suggests a layer organization from the tail to the membrane complex with a thin

and a thinker layer followed by a cage-like structure. The exact composition of these layers needs

to be determined.
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Additional studies

During my PhD, in addition to my main work on the TssM protein, I had the opportunity to

participate to several studies, and more specifically on studies related to the T6SS tail sheath.

During my first internship in the lab, Basler et al showed by fluorescence microscopy that

T6SS assembles sheath structures that oscillated between extended and contracted conformations

(Basler and Mekalanos, 2012). I first participated to a study showing that the histone-like H-

NS protein represses the expression of the Type VI secretion gene cluster in Salmonella enterica

ser. Typhimurium. In this study, I engineered a TssB-GFP fusion on the chromosome of S.

Typhimurium and imaged the dynamics of T6SS sheath by fluorescence microscopy. This work has

been published in Infection and Immunity and is presented in Annexe 1.

I then participated to a work on the complex between the TssB and TssC subunits, and more

specifically on the domains of TssB involved in TssBC complex formation. In this study, we have

shown that the N-terminal region of TssC and a long α-helix close to the TssB C-terminus are

implicated in TssB-C interaction. This work, published in PLOS One, is presented in Annexe 2.

Similar data were obtained by a Swedish group on the Francisella TssBC proteins (Bröms et al.,

2013).

More recently, the group of M. Basler has provided the cryo-EM structure of the T6SS sheath

in its contracted conformation (Kudryashev et al., 2015). However, the C-terminal fragment of

TssB, comprising the long α-helix was missing in this structure. We thus tried to obtain structural

information on this missing piece. We obtained crystals of a short C-terminal fragment of TssB

and solved the structure. The TssB C-terminal domain comprises the long α-helix followed by

a hairpin. The structure showed that this hairpin bears an important number of positively and

negatively charged residues that are exposed at the surface of the protein. I then carried out

a structure-function analysis by substituting these residues by opposite charges and testing the

impact of these mutations on T6SS activity and sheath dynamics. A manuscript describing these

data, currently submitted to J Mol Biol, is presented in Annexe 3.

Finally, I have also been involved in the redaction of a review describing the architecture and the

assembly of the T6SS (Annexe 4 ) and in the redaction of a method chapter describing two fusion

reporter approaches to study interactions between transmembrane helices in bacterial membranes

(Annexe 5 ).





Part III

General Conclusion and Perspectives
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In the environment, bacteria live in complex multispecies communities. In these communities,

bacteria communicate and compete with one another for colonization and survival. They have

developed several strategies as diverse as the competitors they encounter. During my PhD, I have

been working on the Type VI secretion system, a key actor of bacterial competition in the soil and

in the human body.

Each secretion system has a specific overall structure, biogenesis, and function. The T6SS fits to

this rule. It is a unique secretory apparatus, combining two evolutionarily distinct sub-assemblies.

The contractile tail-like complex resembles contractile injection systems such as bacteriophages T4

and Mu, or R-type pyocins. By contrast, the inner membrane part of the membrane complex is

similar to the accessory complex of the Type IVb secretion system.

We recently shed light on the overall architecture of the T6SS membrane complex. This great

advance in the field paves the way to further in situ experiments such as ECT. This “in-cell

“approach will for sure fill gaps and help to answer many questions regarding the structure of the

membrane complex or that of the baseplate.

During my PhD, I have been interested on the TssM protein and how this protein is connected

to the baseplate: How a protein that spans the entire periplasm is involved in the assembly of the

system? How TssM is organized at the outer membrane? What are the molecular determinants

of the connection between TssM and the baseplate? Does TssM participate in the sensing of the

prey? I have presented in this manuscript the data I have obtained during my Ph.D.

The EAEC TssM protein is a large protein of 1129 amino acids. Topological experiments have

shown that TssM is constituted of three TMH, with the N-terminus in the cytoplasm and the

C-terminus in the periplasm (Article 3 ).

6.1 TssM cell surface exposition: a role in sensing the target cell?

I have participated to the structural characterization of the periplasmic domain of TssM in complex

with TssJ. By using specific nanobodies that compete with TssM-TssJ complex formation and

hence inhibits T6SS activity (Article 1 ), our collaborators succeeded to crystallize a fragment of

the TssM periplasmic domain, alone and in complex with TssJ. Based on this structure and by

using a cysteine-labelling approach, I revealed that a C-terminal extension of TssM, located after

the last α-helix, is exposed at the cell surface (Article 2 ). Based on the secondary structures
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and on the fact that a few cases of α-helix insertion into the OM (Chandran et al., 2009)(Low

et al., 2014)(Ford et al., 2009)(Dong et al., 2006) have been reported, we propose that this long

α-helix crosses the outer membrane. Cell surface exposition of the TssM C-terminal extension

is dependent on the TssJ lipoprotein, and this is reminiscent of most trans-envelope apparati in

which outer membrane lipoproteins chaperone outer membrane components and/or facilitate their

insertion. Because the TssM C-terminal extension represents the only extracellular portion of the

T6SS (as far as we know), an exciting hypothesis is that this extension participates in the sensing

of the target cell. Although this is not a proof, an argument for this hypothesis is that TssM

proteins associated with T6SS that do not encode the post-translational TagQRST-PpkA-PppA-

FHA activation pathway have a C-terminal extension. Fluorescence microscopy recordings have

shown that the T6SS responds rapidly to a contact with a target cell. Pre-assembled membrane

complexes and a fragment permanently exposed outside of the cell is the perfect combination to

sense a stimulus and fire efficiently. Thus, how the target is sensed and how the signal is transmitted

to induce machine assembly or sheath contraction are two questions that need to be answered. I

have presented here additional results to better characterize the TssM C-terminal extension but

much more experiments need to be conducted. In addition, the sensing is likely not an easy task, as

T6SS are versatile machines that could inject effectors into both prokaryotic and eukaryotic cells.

In this case, is the signal different according to the target cell? The hypothesis of sensing a ”surface

tension” will reconcile these questions.

6.2 TssM: a transient pore at the OM ?

The cysteine accessibility approach also revealed that the β-strands of the TssM β-domain, located

upstream the α-helix, are transiently exposed to the cell exterior (Article 2 ). One hypothesis is

that this region inserts into the membrane allowing formation of the outer membrane pore when

the sheath contracts. This hypothesis is interesting as it would explain (i) how the bacteria is

protected from the formation of a deleterious permanent large pore at the outer membrane, and

(ii) how the needle can cross the outer membrane without perturbing the cell envelope. Of course, it

is a challenging project to monitor the insertion of TssM in the outer membrane. Does the baseplate

recruitment induce a rearrangement of the β-strands? Does the sheath contraction that expulses

the cell-puncturing device and the tube loaded with the effectors indeed modify this domain to

form the channel? A reconstitution approach in the heterologous host E. coli might be used to

understand this process: following TssM β-strands insertion in the TssJLM complex on which

additional subunits (TssK? all baseplate components?) are added. The opposite experiments, i.e.,

deletion of specific genes, might be used to define the determinants of TssM β-strands exposition.

If TssM is used to sense the target cell and to transmit the information, it will play a role

comparable to the Myoviridae long tail fibers.

During infection, binding of the LTFs on the target cell induces a structural transition that

propagates from the extremity of the LTF to the sheath through the baseplate. Upon contact with

the target, components at the interface between LTFs and the baseplate are reorganized: a rotation

of the gp10-gp11-gp12 module and gp9 transfers information to gp7 that induces a reorganization
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of the inner baseplate (gp6)2-gp7 heterotrimers. As the diameter of the (gp6)2-gp7 ring increases,

the gp25 and gp53 proteins dissociate from the hub an cause sheath contraction (Taylor et al.,

2016).

If TssM is functionally similar to the LTF, this hypothesis suggests that (i) the information is

transmitted through the inner membrane, and (ii) that TssMCyto is connected to the baseplate,

which is the complex that controls tail extension and contraction.

6.3 Transmitting information through the inner membrane

Usually, information are transduced through the inner membrane by structural modification of

the trans-membrane helices. A number of bacterial transporters, permeases and molecular motors

such as the flagellar stator, the ExbBD and TolQR complexes, transmit the information (coupling

between proton-motive force and conformational changes) by cis-trans isomerization of proline

residues located at the TMH boundaries (Jing et al., 1998)(Braun et al., 1999)(Goemaere et al.,

2007). Interestingly, TMH1 and TMH2 contain proline residues at the interface with the cytoplasm.

Hence, it would be interesting to test whether the TssM TMH proline residues are required to

control TssM conformational changes (observed in A. tumefaciens) (Ma et al., 2009b)(Ma et al.,

2012) and whether these residues are required for T6SS assembly and function.

6.4 Transmitting the information to the baseplate

The topological experiments showed that TMH2 and TMH3 delimitate a 35-kDa domain located in

the cytoplasm that has been the focus in the Article 3. I have defined that this cytoplasmic domain

comprises two domain: a 25-kDa domain that likely folds as an NTPase, although the Walker

A and B motifs are missing, and a C-terminal dimerization hairpin. In addition, I have shown

that the NTPase domain interacts with the TssK baseplate component, whereas a conserved motif

within the C-terminal region mediates interaction with TssG (Article 3 ). On the other hand, the

structure of TssK revealed that it folds as a Siphoviridae receptor binding protein with a classical

shoulder-neck-head architecture. Protein-protein interaction studies have then demonstrated that

the head domain binds and recognizes the cytoplasmic base of the membrane complex (Article 4 ).

Additional data are required to better understand the interface between the membrane complex

and the baseplate: a structure-function analysis of the TssK head loops, and in vivo imaging of the

T6SS. The development of electron cryo-tomography imaging of the T6SS requires the engineering

of smaller cells. I have deleted the minCDE genes and inserted a point mutation on the mreB gene

within the EAEC chromosome, and have characterized the resulting skinny mini-cells, which will

be an important tool for our collaborators at the ETH Zürich.

6.5 A working model for a sensor role for TssM

Baseplate subunits are universally conserved in contractile injection systems. Based on the struc-

tural transition undergone by the bacteriophage T4 baseplate, I can propose a working model for
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T6SS activation. the C-terminal extension of TssM “senses” the target cells, hence modifying its

intrinsic structure. Through movements of the transmembrane domains, the NTPase subdomain

of the cytoplasmic domain switches, allowing (i) interaction with TssK or (ii) a modification of

the TssMCyto/TssK or TssMCyto/TssG interface. The transduction of the information to TssK

and/or TssG then triggers reorganization of the central baseplate by transferring the signal to the

TssEFG complex to initiate sheath contraction. If we take account that several contacts between

the membrane complex and the baseplate components have been identified, a slight modification

in the TssM structure may have a huge impact on the baseplate allowing large conformational

changes.

According to our model, each domain of TssM may participate to signal transmission. Deter-

mining their role is an exciting future project to shed light on how the T6SS is activated.

220



Part IV

Bibliography

221





Bibliography

Ackermann, H. W. (2001). Frequency of morphological phage descriptions in the year 2000. Brief

review. Archives of virology, 146(5):843–57.

Ackermann, H.-W. (2009). Phage classification and characterization. Methods in molecular biology

(Clifton, N.J.), 501:127–40.

Aksyuk, A. A., Kurochkina, L. P., Fokine, A., Forouhar, F., Mesyanzhinov, V. V., Tong, L., and

Rossmann, M. G. (2011). Structural conservation of the myoviridae phage tail sheath protein

fold. Structure, 19(12):1885–1894.

Aksyuk, A. A., Leiman, P. G., Kurochkina, L. P., Shneider, M. M., Kostyuchenko, V. A.,

Mesyanzhinov, V. V., and Rossmann, M. G. (2009). The tail sheath structure of bacteriophage

T4: a molecular machine for infecting bacteria. The EMBO Journal, 28(7):821–829.

Alcoforado Diniz, J., Liu, Y. C., and Coulthurst, S. J. (2015). Molecular weaponry: Diverse effectors

delivered by the Type VI secretion system. Cellular Microbiology, 17(12):1742–1751.

Allan, N. D., Kooi, C., Sokol, P. a., and Beveridge, T. J. (2003). Putative virulence factors are

released in association with membrane vesicles from Burkholderia cepacia. Canadian Journal of

Microbiology, 49(10):613–624.

Alteri, C. J., Himpsl, S. D., Pickens, S. R., Lindner, J. R., Zora, J. S., Miller, J. E., Arno, P. D.,

Straight, S. W., and Mobley, H. L. T. (2013). Multicellular Bacteria Deploy the Type VI Secretion

System to Preemptively Strike Neighboring Cells. PLoS Pathogens, 9(9):e1003608.

Alteri, C. J. and Mobley, H. L. (2016). The Versatile Type VI Secretion System. Microbiology

Spectrum, 4(2):37–54.

Alves, N. J., Turner, K. B., Medintz, I. L., and Walper, S. A. (2016). Protecting enzymatic function

through directed packaging into bacterial outer membrane vesicles. Scientific Reports, 6(1):24866.

Anderson, M. C., Vonaesch, P., Saffarian, A., Marteyn, B. S., and Sansonetti, P. J. (2017). Shigella

sonnei Encodes a Functional T6SS Used for Interbacterial Competition and Niche Occupancy.

Cell Host and Microbe, 21(6):769–776.

Anderson, M. S., Garcia, E. C., and Cotter, P. A. (2012). The Burkholderia bcpAIOB Genes Define

Unique Classes of Two-Partner Secretion and Contact Dependent Growth Inhibition Systems.

PLoS Genetics, 8(8):e1002877.

223



BIBLIOGRAPHY

Anderson, M. S., Garcia, E. C., and Cotter, P. A. (2014). Kind Discrimination and Competitive Ex-

clusion Mediated by Contact-Dependent Growth Inhibition Systems Shape Biofilm Community

Structure. PLoS Pathogens, 10(4):e1004076.

Aoki, S. K., Diner, E. J., de Roodenbeke, C. t., Burgess, B. R., Poole, S. J., Braaten, B. A., Jones,

A. M., Webb, J. S., Hayes, C. S., Cotter, P. A., and Low, D. A. (2010). A widespread family of

polymorphic contact-dependent toxin delivery systems in bacteria. Nature, 468(7322):439–442.

Aoki, S. K., Malinverni, J. C., Jacoby, K., Thomas, B., Pamma, R., Trinh, B. N., Remers, S.,

Webb, J., Braaten, B. A., Silhavy, T. J., and Low, D. A. (2008). Contact-dependent growth

inhibition requires the essential outer membrane protein BamA (YaeT) as the receptor and the

inner membrane transport protein AcrB. Molecular Microbiology, 70(2):323–340.

Aoki, S. K., Pamma, R., and Hernday, A. D. (2005). Contact-Dependent Inhibition of Growth in

Escherichia coli. 309(August):1245–1249.

Aoki, S. K., Poole, S. J., Hayes, C. S., and Low, D. A. (2011). Toxin on a stick. Virulence,

2(4):356–359.
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Sṕınola-Amilibia, M., Davó-Siguero, I., Ruiz, F. M., Santillana, E., Medrano, F. J., and Romero,

A. (2016). The structure of VgrG1 from Pseudomonas aeruginosa, the needle tip of the bacterial

type VI secretion system. Acta crystallographica. Section D, Structural biology, 72:22–33.

250



BIBLIOGRAPHY

Srikannathasan, V., English, G., Bui, N. K., Trunk, K., O’Rourke, P. E. F., Rao, V. A., Vollmer,

W., Coulthurst, S. J., and Hunter, W. N. (2013). Structural basis for type VI secreted pepti-

doglycan dl-endopeptidase function, specificity and neutralization in Serratia marcescens. Acta

Crystallographica Section D: Biological Crystallography, 69(12):2468–2482.

Stewart, P. S. (2012). Mini-review: Convection around biofilms. Biofouling, 28(2):187–198.

Stoodley, P., Sauer, K., Davies, D. G., and Costerton, J. W. (2002). Biofilms as Complex Differ-

entiated Communities. Annual Review of Microbiology, 56(1):187–209.

Stubbendieck, R. M. and Straight, P. D. (2016). Multifaceted interfaces of bacterial competition.

Journal of Bacteriology, 198(16):2145–2155.

Suarez, G., Sierra, J. C., Erova, T. E., Sha, J., Horneman, A. J., and Chopra, A. K. (2010). A

type VI secretion system effector protein, VgrG1, from Aeromonas hydrophila that induces host

cell toxicity by ADP ribosylation of actin. Journal of Bacteriology, 192(1):155–168.

Sutherland, I. W. (2001). The biofilm matrix - An immobilized but dynamic microbial environment.

Trends in Microbiology, 9(5):222–227.

Takeda, Y. and Kageyama, M. (1975). Subunit arrangement in the extended sheath of pyocin R.

Journal of biochemistry, 77(3):679–84.
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H-NS Silencing of the Salmonella Pathogenicity Island 6-Encoded
Type VI Secretion System Limits Salmonella enterica Serovar
Typhimurium Interbacterial Killing
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The secretion of bacterial toxin proteins is achieved by dedicated machineries called secretion systems. The type VI secretion

system (T6SS) is a widespread versatile machine used for the delivery of protein toxins to both prokaryotic and eukaryotic cells.

In Salmonella enterica serovar Typhimurium, the expression of the T6SS genes is activated during macrophage or mouse infec-

tion. Here, we show that the T6SS gene cluster is silenced by the histone-like nucleoid structuring H-NS protein using a combi-

nation of reporter fusions, electrophoretic mobility shift assays, DNase footprinting, and fluorescence microscopy. We further

demonstrate that derepression of the S. Typhimurium T6SS genes induces T6SS-dependent intoxication of competing bacteria.

Our results suggest that relieving T6SS H-NS silencing may be used as a sense-and-kill mechanism that will help S. Typhimu-

rium to homogenize and synchronize the microbial population to gain efficiency during infection.

During the course of infection, bacteria produce and secrete
bacterial toxins. Secretion of these toxin proteins is achieved

by dedicated, specialized machineries called secretion systems.
The type VI secretion system (T6SS) is required for the virulence
of several Gram-negative pathogens. In Vibrio cholerae, the T6SS
translocates VgrG1, a toxin that carries a domain responsible for
actin cross-linking in eukaryotic cells (1–4). However, the role of
the T6SS is not limited to virulence toward eukaryotes; an increas-
ing number of reports demonstrate that the T6SS is also involved
in interbacterial intoxication (5–10). With bacteriocins and con-
tact-dependent inhibition (CDI), the T6SS is therefore involved in
shaping bacterial communities (11–14) by delivering antibacterial
toxins, including murein hydrolases, DNases, and phospho-
lipases, directly into the target recipient bacterial cell (5, 6, 15; for
recent reviews see references 14, 16 and 17). The attacker cell is
protected from these toxins by the coproduction of cognate pro-
teins that confer immunity (15, 18). The T6SS therefore confers a
growth advantage to bacteria in mixed cultures and has been sug-
gested to be important in environmental niches where bacterial
competition for nutrients is critical for survival or for the uptake
of DNA for transformation and acquisition of new traits (14, 19).
However, while the role of the T6SS in interbacterial competition
has been evidenced and characterized under laboratory condi-
tions, its role in shaping bacterial communities of the microbiota
is not yet clearly elucidated.

At the molecular level, the T6SS is assembled from 13 proteins,
called core components, that form a transenvelope apparatus an-
choring a cytoplasmic tubular structure to the membrane (20–
24). Based on structural homologies with bacteriophage tail com-
ponents, this tubular structure has been proposed to be
constituted of an inner tube assembled by stacked hexameric rings
of the Hcp protein, resembling the tail tube of bacteriophages,
tipped by the VgrG protein (21, 25–27). The current model de-
scribes the internal tube as a conduit for the secretion of the effec-
tor toxins (13, 28–30). This model has been recently supported by
data demonstrating direct contacts between the Hcp protein and

effectors (31). However, additional mechanisms have recently
been reported, such as the tip protein, VgrG, or an adaptor pro-
tein, PAAR (proline, alanine, alanine, arginine), serving as a car-
rier for effectors (17, 32, 33). The Hcp internal tube is wrapped
into a coating cylinder resembling the sheath of contractile phages
(21, 26, 34). Cryo-electron and fluorescence microscopies showed
that this sheath-like structure is dynamic and undergoes cycles of
elongation and contraction (21). Similarly to the bacteriophage
infection mechanism, it has been proposed that upon contact with
a bacterial neighbor, contraction of the T6SS sheath propels the
Hcp tube toward the target cell (2, 9, 35, 36). Because of the T6SS
function in bacterial virulence and interbacterial competition, the
expression of T6SS genes needs to be tightly controlled. A broad
variety of transcriptional, translational, and posttranslational reg-
ulatory mechanisms have been identified and characterized (13,
37, 38).

In Salmonella enterica serotypes, T6SS gene clusters are en-
coded within different pathogenicity islands (SPIs), the most
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commonly distributed being the T6SS associated with SPI-6 (39).
In S. enterica serovar Typhimurium (S. Typhimurium), the caus-
ative agent of gastroenteritis, only a single T6SS gene cluster is
found on the genome, within SPI-6. This T6SS gene cluster is
composed of two operons organized in divergent orientations
(Fig. 1A) (39, 40). A recent bioinformatics study demonstrated
that the genes encoding the core components are separated by

noncore clusters of genes, probably acquired more recently (Fig.
1A) (41). The gene cluster encodes all the genes required to assem-
ble a functional secretion apparatus, as well as three effectors
(STM0277, tae4; STM0291 and STM0292, rhs) and their cognate
immunity proteins (STM0278, tai4; STM0291b and STM0293,
rhsI) (42–45). tae4 encodes a toxin with peptidoglycan hydrolase
activity, whereas the Rhs C-terminal domains carry putative nu-

FIG 1 Summary of genome-wide studies on H-NS in Salmonella Typhimurium focusing on the T6SS gene cluster. (A) Schematic representation of the
Salmonella Typhimurium SPI-6-encoded T6SS gene cluster. The names of the different genes are indicated (the tss nomenclature has been used for the T6SS core
components except for the generic names for hcp, vgrG, and clpV). The two promoters identified in this study are indicated by arrows. The noncore clusters and
the potential promoters identified by Mulder et al. (41) are indicated by horizontal brackets and asterisks, respectively. The positions and orientations of the lacZ
transcriptional reporter fusions used in this study are indicated by the dashed arrows (beginning of the arrow represents the fusion joint). (B and C) Summary
of the ChIP-on-chip experiments showing the enrichment of H-NS and of the RNA polymerase (RNAP) (56) (B) or the enrichment on H-NS for each gene (57)
(C). In panel B, the locations of the six DNA fragments used for the electrophoretic mobility shift assays (Fig. 4) are indicated above the graph (black underlining,
fragment with H-NS binding sites predicted with high scores; gray underlining, fragment with no predicted H-NS binding site, used as a negative control). (D)
Summary of the microarray data (from reference 57). Bars represent the fold change for each T6SS gene in WT cells compared to the level in hns mutant cells (�10
means that the transcript is 10-fold more abundant in hns cells than in wild-type cells [57]). The STM gene numbers are indicated between the bars of the
corresponding genes in panels C and D (e.g., STM02xx).
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clease activities (42–45). The upstream operon (STM0266-
STM0271) consists of a number of genes encoding machine sub-
units and two genes of unknown function. The downstream
operon (STM0272-STM0289) consists of the remaining machine
core component genes and the toxin/antitoxin pairs. The expres-
sion of T6SS genes encoded within the SPI-6 pathogenicity island
is not detected under laboratory in vitro conditions (41, 46, 47);
however, promoter-reporter and transcriptional profiling studies
showed that the expression of these genes is activated in the late
stages of macrophage and epithelial cell infection (41, 48). Indeed,
the SPI-6 T6SS was first identified as a modulator of intracellular
proliferation in macrophages (46, 49). Recent studies further re-
vealed that the SPI-6 T6SS is an important actor for virulence
toward mice and for chicken gastrointestinal colonization (50–
52). The undetectable level of T6SS expression under in vitro con-
ditions suggests that these genes are silenced and that this silencing
might be counteracted in vivo. The major bacterial silencing pro-
tein is the histone-like nucleoid structuring protein (H-NS).
H-NS usually binds to and represses the expression of A/T-rich
genes, such as those acquired by horizontal gene transfer, and
therefore acts as a general xenogeneic silencer (53–55). Upon ex-
amination of published S. Typhimurium genome-wide H-NS
transcriptional profiling reports and of data from combined chro-
matin immunoprecipitation and microarray (ChIP-on-chip)
analysis (56–57) (Fig. 1B to D), we noted a significant enrichment
in H-NS binding to the SPI-6 T6SS gene cluster (Fig. 1B and C)
and upregulated expression of these genes in hns mutant cells (Fig.
1D). In this study, we confirm that H-NS acts as a silencer for
SPI-6 T6SS genes in S. Typhimurium using chromosomal re-
porter fusions. Electrophoretic mobility shift assays further dem-
onstrate that H-NS binds to different regions of the gene cluster.
DNase I footprinting of the noncoding region between the two
divergent operons revealed that H-NS binds to discrete sites and
then spreads from them to upstream and downstream regions.
Finally, we show that derepression of the T6SS leads to the assem-
bly of dynamic sheath-like structures and provides a growth ad-
vantage to S. Typhimurium in bacterial competition experiments.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and chemicals. Escherichia coli
K-12 DH5� and W3110 strains were used for cloning procedures and
competition assays, respectively. The S. enterica serovar Typhimurium
strain LT2 (kindly provided by Josep Casadesus, University of Sevilla,
Spain) was used for this study. The S. Typhimurium LT2 strain is leaky for
rpoS, a mutation that counteracts the lethality of the hns null mutation
(57). Strains were routinely grown in LB broth at 37°C with aeration.
Plasmids were maintained by the addition of ampicillin (100 �g · ml�1),
kanamycin (50 �g · ml�1), or chloramphenicol (40 �g · ml�1).

Strain construction. Strains and oligonucleotides used for strain con-
structions are listed in Table S1 in the supplemental material.

(i) Construction of E. coli mutant strains. The E. coli W3110 hns
mutant strain was constructed by P1 transduction of the BW25112 hns::
kan cassette obtained from the Keio collection (58) into W3110. Deletion
of the kanamycin cassette was obtained by using the Flp recognition target
(FRT)-specific flippase-encoded pCP20 plasmid (59).

(ii) Construction of S. Typhimurium mutant strains. Isogenic mu-
tant strains were constructed by �-Red recombination engineering using
the one-step inactivation procedure developed by Datsenko and Wanner
(59) using pKD4-amplified PCR products. �-Red functions were ex-
pressed from plasmid pKD46 (59). Strains were verified by colony PCR
before transfer of the mutations into new LT2 cells by P22 transduction.

Cassettes were excised with the pCP20 plasmid as described previously

(59).

(iii) Construction of chromosomal transcriptional fusions to lacZ.

Chromosomal transcriptional fusions were inserted at the original locus

as described previously (60). Briefly a kanamycin resistance cassette (from

pKD4) (59) flanked by two FRT sites was inserted downstream of both

STM0271 and STM0272 promoter regions or in place of the STM0277

(tae4) or STM0285 (tssM) gene in S. Typhimurium LT2 using �-Red re-

combination and then excised using pCP20, generating strains carrying a

single FRT site. Chromosomal lacZ fusions were constructed by integrat-

ing the plasmid pCE36 (60) and selected on LB agar plates supplemented

with kanamycin at 37°C. Strains were verified by PCR before P22 trans-

duction of the chromosomal fusions into new LT2 cells.

(iv) Construction of the chromosomal tssB-sfgfp fusion. To insert

the gene encoding the superfolder green fluorescent protein (sfGFP) on

the chromosome of S. Typhimurium, we first engineered a pKD4 deriva-

tive plasmid carrying the sfgfp gene upstream of the FRT site. This plasmid

was constructed by restriction-free cloning (61). Then the sfGFP-FRT-

Kan-FRT fragment was PCR amplified and inserted in frame at the 3= end

of tssB using �-Red recombination. The strain was verified by colony PCR

before transfer of the mutations into new LT2 cells by P22 transduction

and cassette excision using pCP20.

(v) Construction of S. Typhimurium hns mutant strains. The hns

mutation was transferred by P22 transduction from a P22 lysate of Sal-

monella ATCC 14028 �hns (62) kindly provided by Françoise Norel (In-

stitut Pasteur, Paris, France).

�-Galactosidase activity assay. �-Galactosidase activities were mea-

sured as described previously (63) from mid-exponential-growth-phase

cells (optical density at 600 nm [OD600] of 0.8) as S. Typhimurium hns

cells present a growth defect. The values reported are the averages of

�-galactosidase activities of 27 measurements, representing experimental

triplicates of three independent clones for each transduction (three inde-

pendent hns P22 transductions).

Flow cytometry. Salmonella cells were grown overnight in LB broth,

diluted 100-fold in LB broth, and grown to an OD600 of �1. Cells were
harvested, diluted in LB broth to �106 cells · ml�1, and fixed by addition
of paraformaldehyde (3.2% final concentration) for 10 min. Fixed cells

were sorted at a debit rate of 7.5 �l · min�1 and a sheath pressure of 2 �
104 Pa using an A50 Micro flow cytometer instrument (Apogee) equipped
with a 50-mW argon ion laser (488 nm) for excitation. Prior to sorting,

flow cytometer settings were calibrated with Apogee Flow Systems 1-�m

beads. Acquisition was triggered with small (224/65,535) and large (980/

65,535) scatters to discriminate bacterial populations from the noise. Data

were acquired with the PC Control, version 3.40, and Histogram, version

110.0, software programs (Apogee) and analyzed using FlowJo, version 10

(TreeStar, Inc.). Experiments were carried out in duplicate with a techni-

cal duplication. Each experiment gave similar results. The data are pre-

sented as the number of total cells (from the four replicates) as a function

of the fluorescence level (in arbitrary units).

5= RACE assay. Total RNA was isolated from 8 � 109 LT2 or LT2 hns

exponentially growing (OD600 of �0.8) cells using a PureYield RNA
Midiprep system (Promega). RNAs were eluted with 1 ml of water, cleaned

with DNase (Ambion), and precipitated overnight at �80°C by ammo-

nium sulfate-ethanol procedures. After a washing step, pellet RNA was

resuspended into 45 �l of nuclease-free water. RNA quality and integrity

were tested on agarose gel and by the absorbance ratio at 260/280 nm.

Total RNAs (80 �g · ml�1) were then subjected to transcriptional �1
mapping using a 5= rapid amplification of cDNA ends (RACE) system

(Invitrogen). The oligonucleotides designed for amplification and clon-

ing of cDNA are listed in Table S1 in the supplemental material.

H-NS purification. E. coli K-12 H-NS was purified according to pub-

lished protocols (64). The S. enterica Typhimurium LT2 and E. coli H-NS

proteins share 95% identity and 98% similarity at the protein level.

Electrophoretic mobility shift assays (EMSAs). PCR products were

generated with Phusion Taq polymerase (New England BioLabs) using S.

Brunet et al.
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Typhimurium genomic DNA (purified using a DNeasy blood and tissue

kit; Qiagen), a mix of deoxynucleoside triphosphates (dNTPs) supple-

mented with [�-32P]dGTP (2.5 �Ci per PCR in a total volume of 50 �l;

Perkin-Elmer), and oligonucleotide pairs (see Tables S1 and S2 in the

supplemental material) and then column purified (Wizard Gel and PCR

Cleanup kit; Promega). PCR products were incubated for 30 min at 20°C

with the indicated concentration of H-NS (see Fig. 4) in a final volume of

10 �l in H-NS binding buffer (20 mM HEPES, pH 8.0, 8 mM magnesium

aspartate, 60 mM potassium glutamate, 5 mM dithiothreitol [DTT],

0.05% [vol/vol] Nonidet P-40 [Sigma], and 0.3 mg · ml�1 bovine serum

albumin [BSA; New England BioLabs]). After incubation, the mixture

was loaded on a prerun 8% nondenaturing polyacrylamide (Tris-borate)

gel, and DNA and DNA complexes were separated at 100 V in Tris-borate

buffer (45 mM Tris base, 45 mM boric acid, 100 mM MnCl2 buffer). Gels

were fixed in 10% trichloroacetic acid for 10 min and exposed to Kodak

BioMax MR films.

DNase I footprints. A fragment was obtained by PCR using Phusion

Taq polymerase and a couple of primers in which one was labeled prior to

the PCR. The primer was end labeled with [�-32P]ATP (3,000 Ci ·

mmol�1) using phage T4 polynucleotide kinase (New England BioLabs)

and purified on a Sephadex G-25 column (Amersham Biotech). The 5=-

end-radiolabeled fragment (2.5 nM) was incubated for 30 min at 20°C

with the indicated concentration of H-NS (see Fig. 5A) in H-NS binding

buffer (see the paragraph above on EMSAs). The DNA was then incubated

for 30 s with 0.25 �g · ml�1 of DNase I (Worthington Biochemicals), and

the reaction was quenched by the addition of 180 �l of phenol-chloro-

form (5:1; pH 8.0) and 180 �l of DNase Stop buffer (0.2 M sodium acetate,

pH 5.0, 100 �g · ml�1 calf thymus DNA, 200 mM EDTA, 100 �g · ml�1

glycogen) successively. After centrifugation (15,000 � g for 3 min), the

aqueous phase was submitted to ethanol precipitation. Samples were

washed, dried, and resuspended in 5 �l of formamide blue buffer (Tris-

borate–EDTA [TBE] buffer supplemented with 90% [wt/vol] formamide,

0.01% [wt/vol] xylene cyanol, 0.025% [wt/vol] bromophenol blue). Sam-

ples were heated at 90°C for 4 min and loaded on 7% (wt/vol) polyacryl-

amide– 8 M urea denaturing gels. Gels were fixed in 20% ethanol–10%

acetic acid for 10 min, dried, and exposed to a phosphor storage screen

(GE Healthcare).

H-NS binding quantification/quantitative gel analysis. Quantitative

analyses of the DNase footprint were performed as previously described

(65). Briefly, the intensity of each band in digital images of the gels was

quantified using ImageQuant, version 5.0, software (GE Healthcare) and

normalized with the intensity of the corresponding band in the absence of

protein (66). Nonlinear least-square curve fitting of the data was carried

out using the Origin software (OriginLab) and the following binding

equation: Y � L � (U � L) � knxn/(1 � knxn), where L is the lower y value,

U is the upper y value, K is the affinity constant, and n is the Hill coeffi-

cient. The values obtained for U and L were used to normalize the data

from 1 to 0 to obtain the value for the normalized band intensity. We

determined the fractional saturation of sites and fitted these data by the

nonlinear least-squares method. Apparent dissociation equilibrium con-

stants (Kds) for H-NS binding were calculated from the curves.

Fluorescence microscopy. Overnight cultures of S. Typhimurium

cells bearing the chromosomal tssB-sfgfp fusion were diluted 1:100 into LB

medium and cultivated at 37°C to an OD600 of �1.0. Cells were washed in

phosphate-buffered saline (PBS), resuspended to an OD600 of 50 in PBS,

and spotted on a thin pad of 1.5% agarose in PBS covered with a coverslip.

Fluorescence and phase-contrast micrographs were recorded using an

automated and inverted epifluorescence microscope (TE2000-E-PFS;

Nikon, France), equipped with a CoolSNAP HQ 2 camera (Roper Scien-

tific SARL, France) and a 100�/1.4 DLL objective and the Perfect Focus

System (PFS), as previously described (9, 67). Images were collected every

15 s, using an exposure time of 100 ms for sfGFP fluorescence and 5 ms for

phase contrast using MetaMorph software (Molecular Devices). sfGFP

and phase-contrast channels were adjusted and merged using ImageJ.

Bacterial growth competition assay. Growth competition assays were
performed using S. Typhimurium and its hns derivative as an attacker and
E. coli K-12 W3110 and S. Typhimurium strains bearing the pUA66-rrnB
plasmid (68) as prey, as described previously (9, 10). Briefly, cells were
grown in LB medium at 37°C to an OD600 of 1, adjusted to an OD600 of
0.5, and mixed at a 4:1 ratio (attacker/prey). Then, 25 �l of the mixture
was spotted in triplicate onto prewarmed dry agar plates and incubated
overnight at 30°C. Bacterial spots were cut out, and cells were resuspended
in 1 ml of LB medium. Triplicates (150 �l each) were transferred into wells
of a black 96-well plate (Greiner), and the optical density at 600 nm and
fluorescence (excitation, 485 nm; emission, 530 nm) were measured
with a Tecan Infinite M200 microplate reader (nine measurements per
mixture per tested combination). The relative fluorescence was ex-
pressed as the intensity of fluorescence divided by the absorbance at
600 nm after the value of a blank, nonfluorescent sample (the attacker
alone) was subtracted. The experiments were done in triplicate with
identical results, and the results of a representative experiment are
reported. For enumeration of viable prey cells, the bacterial suspen-
sions recovered from the spots were serially diluted and spotted on
selective kanamycin plates.

Protein separation, transfer, and immunodetection. SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE), Western blotting, and immunode-
tection were performed using Bio-Rad material and standard procedures.
Proteins were immunodetected using anti-GFP monoclonal antibody
(Roche) and anti-Pal antibodies from our laboratory collection (69) and
secondary antibodies coupled to alkaline phosphatase and revealed using
5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium chlo-
ride.

RESULTS

H-NS silences the expression of the two divergent T6SS gene
operons. cDNA microarray comparisons of S. enterica Typhimu-
rium wild-type (WT) and hns strains identified regions of the
genome silenced by H-NS (57). Among these regions, the expres-
sion of the T6SS genes encoded within Salmonella pathogenicity
island 6 (SPI-6) increased 1.9- to 10.1-fold in hns mutant cells
(Fig. 1D). Silencing by H-NS is generally caused by direct binding
of this protein on target A/T-rich sequences. Using genome-wide
ChIP-on-chip analysis for systematically testing H-NS binding on
the S. Typhimurium genome, Lucchini et al. (56) and Navarre et
al. (57) reported a 1.5- to 6-fold increase of H-NS binding to the
T6SS locus (Fig. 1B and C).

To confirm these data, we first tested whether an hns mutation
impacted the expression of the two divergent operons encoding
the T6SS in strain S. Typhimurium LT2. Strain LT2 was used in
this study as it carries an rpoS gene starting with a rare UUG start
codon that results in decreased RpoS activity and avirulence (70,
71) and counteracts the lethal effect of the hns mutation (57).
Hence, LT2 tolerates hns mutations, but such mutants exhibit a
reduced growth rate (57). Expression of the two operons was
tested using chromosomal transcriptional fusions in which the
�-galactosidase gene was inserted on the chromosome at the T6SS
locus in place of the STM0271 or STM0272 (clpV) gene. Addi-
tional lacZ fusions were created within the downstream gene
operon (STM0272-STM0289) in place of the STM0277 (tae4) and
STM0285 (tssM) genes. �-Galactosidase activity measurements
showed that the expression of the two operons, as well as that of
the two internal reporter fusions, was detected at very low levels (4
to 7 Miller units) in Luria broth (Fig. 2, open bars) independently
of the growth phase (data not shown). Similar measurements in
minimal Eagle’s or M63 medium also demonstrated that the S.
Typhimurium SPI-6 T6SS loci are expressed at similar levels (data
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not shown). When the hns mutation was transduced into these
reporter strains, the activity of the four reporter fusions increased
to reach 200 to 300 Miller units (Fig. 2, dotted bars). These results
demonstrate that H-NS silences the expression of both T6SS gene
operons in S. Typhimurium.

Identification of transcriptional �1 sites. In a recent study,
Kröger and colleagues used a genome-wide approach to system-
atically sequence mRNAs with the goal of identifying �1 tran-
scriptional sites on the S. Typhimurium chromosome (47). The
observation that no �1 transcriptional sites were identified in the

SPI-6 T6SS locus suggested that T6SS mRNAs are not produced in
vitro (47). We used 5= RACE assays to define the �1 transcrip-
tional sites of STM0271 and clpV, the first genes of the two diver-
gent T6SS operons, using mRNAs purified from S. Typhimurium
WT and hns cells. In agreement with the results published by
Kröger et al. (47) and with the reporter fusions, we did not obtain
PCR products from WT total mRNA extracts, but PCR products
were amplified from hns mutant mRNA extracts. Sequencing of
these PCR products indicated �1 sites (Fig. 3). Potential �10 and
�35 boxes can be readily identified at appropriate positions with
respect to these �1 sites (Fig. 3A and B).

Binding of H-NS on the T6SS locus. In silico analyses using
Virtual Footprint software (72) predict the existence of a large
number of putative H-NS binding sites within the S. Typhimu-
rium T6SS locus, distributed in the promoter region or within
coding sequences. To test whether H-NS binds to the T6SS locus
in vitro, we selected five DNA fragments that bear putative H-NS
binding sites (Fig. 1B, fragments 1 to 5), including a fragment
encompassing the divergent promoter (fragment 2) and a control
fragment within the clpV gene for which no H-NS binding site is
predicted (Fig. 1B, fragment 6). The six fragments were radiola-
beled and subjected to electrophoretic mobility shift assays using
purified E. coli H-NS (which shares 98% similarity and identical
DNA-binding sites with the S. Typhimurium H-NS protein). Fig-
ure 4 shows that fragments 1 to 5 were retarded in the presence of
increasing amounts of H-NS. Fragment 6 was not retarded in the
presence of up to 300 nM H-NS. Image analyses of the shifts esti-
mated that H-NS binds to fragments 1 to 5 with apparent Kds of 50
to 75 nM. We conclude that H-NS specifically binds on different
regions of the S. Typhimurium SPI-6 T6SS locus.

FIG 2 H-NS represses the expression of the type VI secretion gene operons.
The activities of chromosomal reporter fusions of STM0271, STM0272 (clpV),
STM0277 (tae4), and STM0285 (tssM) to the lacZ reporter gene were measured
in the WT Salmonella enterica Typhimurium LT2 (open bars) and its hns
isogenic mutant (dotted bars). The �-galactosidase activities are the average of
27 measurements.

FIG 3 Identification of the promoters of the two divergent operons. (A) Sequence of the STM0271-STM0272 (clpV) intergenic region. The �1 transcriptional
start sites identified by 5= RACE and the corresponding �10 and �35 boxes are indicated in bold letters (roman letters, promoter for STM0272 [clpV]; italics,
promoter for STM0271). The translational start sites are indicated for the two genes. The regions protected by H-NS in the DNase footprint (Fig. 5) are indicated
by solid lines while extensions of these protected regions are indicated by dotted lines. DNase hyperactivity sites are indicated by asterisks. The sequence is
numbered identically to the DNase footprint (relative to the clpV �1 transcriptional start site). (B) Sequence alignment of the clpV and STM0271 promoters with
the E. coli �70-RNA polymerase binding consensus. Bases identical to the consensus are shaded in gray.
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H-NS binds to and spreads on the T6SS divergent promoter.
To gain further insights into H-NS binding on the divergent pro-
moter region, we performed DNase I protection assays. The anal-
ysis of the DNase I footprint shown in Fig. 5A demonstrates that
H-NS binds to four regions within the fragment: �32 to �50,
�100 to �110, �126 to �136, and �156 to �164 (positions
relative to the clpV �1 transcriptional site) (Fig. 3A and 5A, solid
lines). We also noticed a number of DNase hyperactive sites (Fig.
3A and 5A, asterisks). DNase hyperactive sites reflect local distor-
tion of the DNA structure, induced by H-NS binding in adjacent
regions, that might affect binding of transcriptional regulators or
of the RNA polymerase (Pol) (54). Interestingly, these sites are
gathered within the �32 to �18 region, suggesting that distortion
of the extended RNA polymerase binding site might contribute to
H-NS silencing of the SPI-6 T6SS promoter. H-NS binding is also
clearly observable when the densities of the bands from the DNase
I footprint are plotted as a function of H-NS concentration (Fig.
5B). DNase footprints also suggest H-NS cooperativity as higher
H-NS concentrations led to the extension of the protected region
to adjacent zones downstream and upstream (Fig. 3A and 5A,
dotted lines). The degree of protection by H-NS at positions �107
(high affinity) and �147 (low affinity) was quantified (Fig. 5C).
H-NS binds with an estimated apparent dissociation constant
(Kd) of 30 nM at position �107 while the Kd at position �147 is
estimated at 350 nM. This observation suggests that H-NS spreads
from an initial, high-affinity binding site used as a nucleation
center to occupy an extensive DNA region. These characteris-
tics of H-NS have already been studied in detail in previous
work and have been proposed to be responsible for gene silenc-
ing (54, 65, 73).

Derepression of S. Typhimurium T6SS gene expression leads
to assembly of dynamic T6SS sheath structures. Once expressed,
the T6SS genes encode proteins that form a membrane complex
anchoring a dynamic cytoplasmic structure (21, 24). This tubular
structure is structurally and functionally related to the sheaths of
contractile bacteriophages and undergoes cycles of extension and
contraction (21, 26, 34). This dynamic can be followed by time-
lapsefluorescencemicroscopybyfusingthesuperfoldergreenfluo-
rescent protein (sfGFP) to the C terminus of one of the T6SS’s
sheath components, TssB (9, 21, 35, 36, 74). The sfgfp gene was

introduced on the S. Typhimurium chromosome, in frame with
the tssB coding sequence. In agreement with the results of the
reporter fusion assays, the TssB-sfGFP fusion protein was not de-
tectable by Western blot analyses (Fig. 6A), and the total cell
fluorescence was very low (Fig. 6B and C). When the hns mutation
was introduced, a significant level of TssB-sfGFP was detected by
immunoblotting with anti-GFP antibody (Fig. 6A). The homoge-
neity of the population was assessed by flow cytometry. Figure 6B
shows that although the LT2 tssB-sfgfp cells present fluorescence
signal similar to that of WT LT2 cells, nearly 90% of the hns tssB-
sfgfp population displays a high level of fluorescence. Expression
of tssB-sfgfp in hns cells was accompanied by the observation of
fluorescent intracellular tubular structures in �60% of the cells
(Fig. 6D). Time-lapse fluorescence microscopy recordings
showed that these structures were dynamic, oscillating between
extended and contracted conformations, with dynamic behav-
iors similar to those observed in V. cholerae, Pseudomonas aerugi-
nosa, and enteroaggregative E. coli (Fig. 6E) (9, 21, 35, 36, 74). It is
worth noting that S. Typhimurium cells presented a behavior sim-
ilar to that observed in P. aeruginosa cells: an attacked sibling cell
responded by triggering the assembly of a T6SS at the vicinity of
the attack (Fig. 6E, blue arrowheads indicate response to contrac-
tion of the T6SS in the attacker cells indicated by red arrowheads)
(35, 74, 75).

Derepression of the S. Typhimurium T6SS genes induces in-
terbacterial intoxication. The T6SS has been shown to provide a
fitness advantage to P. aeruginosa, Burkholderia thailandensis, V.
cholerae, Serratia marcescens, Citrobacter rodentium, and entero-
aggregative E. coli in mixed cultures due to its antibacterial activity
(5–10, 15). The effectors delivered by these machineries target the
peptidoglycan layer of the target prey cell (18, 42) or have phos-
pholipase or DNase activity (45, 76–79). To prevent self-intoxica-
tion, these toxin proteins are produced in combination with a
specific cognate immunity protein that protects the donor cell. In
S. Typhimurium, the STM0277 gene, named tae4, encodes a mu-
ramidase and is located upstream of tai4 (STM0278), which en-
codes the cognate immunity protein (Fig. 1A) (42–44). This ob-
servation suggests that the S. Typhimurium T6SS might target
bacteria. We therefore asked whether the T6SS provides a growth
advantage to S. Typhimurium in mixed cultures. We first tested

FIG 4 H-NS binds to several regions on the type VI secretion gene cluster. Electrophoretic mobility shift assays using radiolabeled DNA fragments correspond-
ing to regions of the T6SS gene cluster (numbered 1 to 6) (Fig. 1B; see also Table S2 in the supplemental material). Fragment 6 corresponds to a negative control
(no H-NS binding site predicted). Radiolabeled fragments were mixed with increasing concentrations of purified Escherichia coli H-NS (0, 5, 7.5, 10, 20, 50, 75,
100, and 300 nM).
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the interspecies competition using an E. coli K-12 strain (W3110,
a strain devoid of T6SS genes) as prey. Since WT E. coli and S.
Typhimurium hns cells have different growth behaviors, an E. coli
hns mutant strain was used in these experiments in order to have
comparable generation times. As shown in Fig. 7A, the S. Typhi-
murium WT strain had no impact on E. coli growth. However,
derepression of the SPI-6 T6SS by introduction of the hns muta-
tion in S. Typhimurium caused E. coli cells to die. The intoxication
of E. coli by S. Typhimurium hns cells is due to the SPI-6 T6SS as S.
Typhimurium hns cells carrying a deletion of the upstream
(�STM0271-STM0266) or downstream (�STM0272-STM0289)
T6SS gene operon had no impact on E. coli growth (Fig. 7A). We
further tested intraspecies activity. Here, again, although the WT
S. Typhimurium strain had no impact on its own growth, the S.
Typhimurium hns strain presented antibacterial activity against
its parental, wild-type strain (Fig. 7B). This activity was dependent
on the SPI-6 T6SS as an hns strain with a deletion of the down-
stream or upstream operon had no intoxication activity. It is
worth noting that the WT prey cells are not protected, suggesting
that the T6SS gene operon in these cells is not expressed at all, even
during the attack. Interestingly, T6SS-disabled S. Typhimurium

hns prey cells have different behaviors: while cells deleted of the
upstream operon were resistant to hns attacker cells, cells deleted
of the downstream operon were intoxicated (Fig. 7B). The latter
result suggests that immunity genes to T6SS-delivered effectors
are encoded within the downstream operon and is consistent with
the presence of tai4 and rhsI (the genes encoding the immunities
to Tae4 and Rhs, respectively) in this operon.

DISCUSSION

In this study, we provide evidence that expression of the S. Typhi-
murium SPI-6 T6SS gene cluster is silenced by the nucleoid-struc-
turing protein H-NS. H-NS binds to different regions of the clus-
ter on high-affinity sites and then spreads onto adjacent regions to
silence the expression of these genes. Once derepressed, the T6SS
genes are produced and assemble a functionally active machine
that is used to intoxicate competing bacteria.

ChIP-on-chip genome-wide studies on the S. Typhimurium
chromosome showed that H-NS binds to several regions, includ-
ing the horizontally acquired SPI-6 pathogenicity island (56, 57).
This island comprises a gene cluster encoding a type VI secretion
system consisting of two divergent operons (39, 40). Using elec-

FIG 5 H-NS DNase footprint of the divergent T6SS promoter. (A) DNase footprint. DNase accessibility to a radiolabeled DNA fragment corresponding to the
divergent promoter of the T6SS gene cluster (from �173 to �100 relative to the �1 transcriptional site of STM0272) in the presence of increasing concentrations
of purified Escherichia coli H-NS protein (5, 10, 25, 50, 100, 125, 250, 500, and 1,000 nM). The Maxam-Gilbert (G�A) chemical degradation is shown on the left.
The protected regions are indicated on the right by solid bars. Extensions of the primary protected region due to H-NS cooperativity are indicated with dotted
lines (the orientation of the arrows indicates the orientation of H-NS polymerization). Regions of DNase I hyperactivity are indicated by asterisks. (B) Line
representation of the protection pattern of H-NS (gray, free DNA; orange, H-NS at 25 nM; black, H-NS at 125 nM). The densities of the DNase footprint bands
(indicated in arbitrary units) are plotted as a migration (from the top to bottom of the DNase footprint). (C) Quantification of H-NS binding at positions �107
and �147. The intensities (band intensity at the indicated H-NS concentration relative to the band intensity in the free DNA fragment) are plotted as a function
of the H-NS concentration (in nM). The dissociation constants (Kds) were calculated as indicated in Materials and Methods.
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trophoretic mobility shift assays, we confirmed that the purified
H-NS protein directly binds to the T6SS genes, including the in-
teroperon region carrying the two divergent promoters. H-NS
binding is accompanied by silencing of T6SS gene expression, as
shown with chromosomal reporter fusions positioned on differ-
ent locations within the gene cluster. H-NS-dependent silencing
of the T6SS genes was suggested from the microarrays data (56)
and more recently by the observation that no �1 transcriptional
site was identified in the SPI-6 T6SS region using sequencing of
total mRNA of the wild-type strain (47). Indeed, using 5= RACE
on total RNA isolated from the WT strain, we were unable to
amplify a PCR product corresponding to the SPI-6 T6SS region;
however, when 5= RACE was performed on total RNA isolated
from LT2 hns cells, we identified two transcriptional sites, up-
stream of the clpV and STM0271 genes, the two first genes of the

divergent operons. The corresponding �10 and �35 boxes can be
readily identified. DNase footprinting on the clpV promoter fur-
ther showed that H-NS binds to different regions, including the
�35 box, and then spreads on downstream and upstream frag-
ments. This observation is consistent with the two-step mecha-
nism of H-NS silencing in which H-NS first binds to high-affinity
sites that nucleate cooperative binding, leading to H-NS poly-
merization onto adjacent DNA regions (54, 55, 65, 73). H-NS-
dependent silencing of the S. Typhimurium T6SS gene cluster is
not an isolated case as previous studies showed that the Acineto-
bacter baumannii, Pseudomonas aeruginosa HSI-2 and HSI-3,
Pseudomonas Putida, and Vibrio parahaemolyticus T6SS gene clus-
ters as well as the Edwardsiella tarda T6SS evpP-evpO genes are
repressed by H-NS-like proteins (80–84).

Recently, Mulder et al. noted that the SPI-6 T6SS gene region

FIG 6 Derepression of the S. Typhimurium SPI-6 T6SS leads to assembly of the secretion apparatus. (A) Western blot analyses of S. Typhimurium WT and hns
cells engineered to produce the TssB-sfGFP from the original locus. Total cell extracts from 2 � 108 cells were analyzed by SDS-PAGE. The TssB-sfGFP and the
control Pal protein were immunodetected using anti-GFP (upper panel) and anti-Pal (lower panel) antibodies. The two proteins are indicated, as well as
the molecular mass markers (at left; kDa). (B) Flow cytometry analyses of WT cells, WT cells carrying the chromosomal tssB-sfgfp fusion, and hns cells carrying
the chromosomal tssB-sfgfp fusion. The number of cells (n) is plotted against the fluorescence level (AU, arbitrary units). Peaks reflect populations with different
fluorescence levels. The number of individual cells in each population is proportional to the surface area of the corresponding peak and is indicated on the right
of the peak (ratio to the total population). (C and D) Fluorescence microscopy analyses of S. Typhimurium WT and hns cells producing the TssB-sfGFP fusion
protein (GFP channel). Scale bar, 10 �m. (E) Fluorescence microscopy time-lapse recordings of S. Typhimurium hns cells producing TssB-sfGFP (one image
taken every 15 s, merged differential interference contrast and GFP channels). The arrowheads point the extension (blue) and contraction (red) of the T6SS
sheath-like structures. For better visualization, the bacterial limits are outlined in black. Scale bar, 2 �m.
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comprises genes encoding the T6SS core components that share
synteny with the genes of the Burkholderia mallei T6SS-3 gene
cluster (41); however, in S. Typhimurium, these core genes are
separated by genes acquired more recently, named noncore clus-
ters 1 to 4 (cluster 1, STM0275-STM0278; cluster 2, STM0283-
STM0284; cluster 3, STM0286-STM0288; cluster 4, STM0290-
STM0298) (Fig. 1A) (41). These regions correspond to DNA
fragments that do not encode T6SS core components but, rather,
accessory components and/or effector/immunity pairs. Indeed,
the ChIP-on-chip data (Fig. 1B) showed that H-NS preferentially
binds to these regions, and our EMSAs (Fig. 4) demonstrated that
H-NS binds to these regions with high affinity.

Interestingly, although the SPI-6 T6SS gene cluster is silenced
in vitro, transcriptional profiling, reporter fusion, real-time PCR,
and Western blot studies showed that its expression increased in
the late stages of macrophage infection (41, 46, 48). Indeed, SPI-6
T6SS mutant strains present defects in intracellular replication
and systemic dissemination in mice (41, 46). All of these studies
point out that a functional SPI-6 T6SS is expressed during in vivo
infection and further suggest that H-NS silencing should be coun-
teracted under these conditions. Derepression of H-NS-silenced
genes, known as countersilencing, can occur by competition with
sequence-specific DNA binding regulators or by disruption of
H-NS nucleoprotein filaments by DNA bending (53, 85). A num-
ber of transcriptional activators, including PhoP, SlyA, and LeuO,
have been shown to antagonize H-NS silencing in E. coli and S.
Typhimurium (86–91). However, deletion of phoP or slyA had
only a minor effect on the expression of the SPI-6 T6SS genes (41,
92). The roles of LeuO and SinR, a transcriptional regulator en-
coded within the SPI-6 pathogenicity island, in countersilencing
the expression of the SPI-6 T6SS gene cluster need to be tested.

We observed that derepression of the SPI-6 T6SS gene cluster
in hns mutant cells induces assembly and function of the secretion
machine and causes intoxication of E. coli prey cells. As previously
shown for P. aeruginosa, V. cholerae, and enteroaggregative E. coli
(9, 35, 74, 75), T6SS activity in S. Typhimurium cells induces
higher T6SS activities in neighboring cells, a phenomenon re-
ferred to as dueling (Fig. 6E). This dueling appears only if the
attacked cell is a sibling with the hns mutation as intraspecies
competition showed that WT prey cells are efficiently killed. This
further suggests that the attack is not sufficient to induce T6SS
assembly but, rather, that a functional T6SS requires both proper
transcriptional expression and sensing of the attack coupled to
posttranslational activation. A mechanism of posttranslational ac-
tivation, named the threonine phosphorylation pathway (TPP),
has been described in P. aeruginosa and Agrobacterium tumefa-
ciens. It requires sensing and signaling of the attack by the
TagQRST proteins, leading to the PpkA-dependent phosphoryla-
tion of a forkhead-associated protein (FHA) or of the TssL T6SS
core component and, ultimately, to the activation of the late stages
of T6SS assembly (93–97). However, no homologue subunits
to the TagQRST-PpkA-PppA-FHA threonine phosphorylation
pathway are encoded within the S. Typhimurium SPI-6 T6SS gene
cluster, suggesting that the mechanism of sensing and posttrans-
lational activation is different from that described in P. aeruginosa
or A. tumefaciens. As shown in Fig. 7, we observed that S. Typhi-
murium hns cells have antibacterial activity on S. Typhimurium
WT prey cells but had no effect on the isogenic hns mutant cells.
These data are consistent with the H-NS-mediated silencing
of tai4 (STM0278), a gene encoding an immunity protein to the
peptidoglycan hydrolase tae4 (STM0277) in the WT background.
In the absence of activation of the T6SS in prey cells, the action of

FIG 7 Derepression of the S. Typhimurium T6SS confers a growth advantage in inter- and intraspecific competitions. Data are from interspecific (A) and
intraspecific (B) growth competition assays. The indicated attacker and gfp� prey strains were mixed, spotted onto LB agar plates, and incubated for 14 h.
Recovered mixtures were analyzed for total relative fluorescence (expressed in arbitrary units [A.U.]). The recovered prey cells were numbered on selective plates,
and values are reported in the lower graphs (each symbol represents values from three independent assays, and the average is indicated by a horizontal bar). WT,
wild type; hns, �hns strains; dw, deletion of the SPI-6 T6SS downstream operon, �STM0272-STM0289; up, deletion of the SPI-6 T6SS upstream operon,
�STM0271-STM0266).
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Tae4 delivered by attackers cannot be counteracted. The activa-
tion of the gene cluster (and particularly of Tae4) during the late
stages of infection might also explain the previous observation
that tai4 mutant cells display significant replication defects (41).
Here, again, the absence of the immunity protein upon activation
of the T6SS gene cluster may cause self-intoxication and decreased
replication behavior. Although we cannot rule out that the S. Ty-
phimurium SPI-6 T6SS has a role in pathogenesis, these data
clearly show that this gene cluster confers antibacterial properties
to S. Typhimurium. However, our antibacterial competition ex-
periments also showed that the expression of the S. Typhimurium
T6SS genes is not activated when WT cells are in contact with
competing bacteria (Fig. 7). This and the data demonstrating ac-
tivation of these genes during infection (41, 46, 48) strongly sug-
gest that the antibacterial activity of the S. Typhimurium T6SS is
important when Salmonella is in contact with eukaryotic cells. A
similar situation may exist for the P. aeruginosa HSI-1, V. cholerae,
and A. tumefaciens T6SSs, which are activated during infection
and have antibacterial activity (78, 98, 99). Indeed, a very recent
study suggested that the V. cholerae T6SS-dependent antibacterial
activity influences the indigenous microbiota in the host (99).
What can be the role of specifically activating the SPI-6 T6SS-
dependent antibacterial activity during infection? One may hy-
pothesize that it may help S. Typhimurium to clear its niche, either
in the early stage of infection by competing with the gut flora or
after phagocytosis by clearing the Salmonella-containing vacuole
(SCV); however, the SCV usually contains a clonal population of
bacteria, issued from a single bacterium (100). Additionally, acti-
vating the T6SS might help to synchronize or homogenize the S.
Typhimurium kin population at a specific stage of infection as
cells for which the SPI-6 T6SS has not been activated would be
eliminated. H-NS derepression of the T6SS genes might therefore
fine-tune the infection process by discarding disabled cells of the
progeny. It would be interesting to perform in vivo experiments in
mice or macrophages in which WT S. Typhimurium cells are chal-
lenged with T6SS- or Tai4-deficient bacteria. This will help us
better understand the role of the T6SS in shaping bacterial com-
munities during infection.
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Abstract

The Type VI secretion system (T6SS) is a versatile machine that delivers toxins into either eukaryotic or bacterial cells. At a
molecular level, the T6SS is composed of a membrane complex that anchors a long cytoplasmic tubular structure to the cell
envelope. This structure is thought to resemble the tail of contractile bacteriophages. It is composed of the Hcp protein that
assembles into hexameric rings stacked onto each other to form a tube similar to the phage tail tube. This tube is proposed
to be wrapped by a structure called the sheath, composed of two proteins, TssB and TssC. It has been shown using
fluorescence microscopy that the TssB and TssC proteins assemble into a tubular structure that cycles between long and
short conformations suggesting that, similarly to the bacteriophage sheath, the T6SS sheath undergoes elongation and
contraction events. The TssB and TssC proteins have been shown to interact and a specific a-helix of TssB is required for this
interaction. Here, we confirm that the TssB and TssC proteins interact in enteroaggregative E. coli. We further show that this
interaction requires the N-terminal region of TssC and the conserved a-helix of TssB. Using site-directed mutagenesis
coupled to phenotypic analyses, we demonstrate that an hydrophobic motif located in the N-terminal region of this helix is
required for interaction with TssC, sheath assembly and T6SS function.
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Introduction

The Type VI secretion system (T6SS) is a widely distributed

secretion system in proteobacteria [1–3]. Initially identified as a

system allowing Vibrio cholerae to resist predation by amoeba, recent

data have demonstrated that it allows virulence towards eukaryotic

host cells and/or competition towards neighbouring bacteria [4–

13]. Among the effector domains delivered into eukaryotic host

cells, the best characterized is the C-terminal domain of the VgrG

protein of V. cholerae, that cross-links G-actin hence abrogating

cytoskeleton rearrangements and dynamics [14–16]. T6SS effec-

tors delivered into bacterial cells have been shown to bear

peptidoglycan hydrolysis or phospholipase activities [6,17–24]. At

a molecular level, the T6SS is composed of a membrane complex

comprising four essential components, the TssL and TssM inner

membrane proteins, the TssK cytoplasmic protein and the TssJ

outer membrane lipoprotein [25–33]. This membrane complex

serves as anchor for a cytoplasmic tubular structure that is

structurally and functionally similar to the tails of contractile

bacteriophages [34–37]. This tubular structure is composed of at

least 5 components that share similarities with bacteriophage

subunits. The tails of contractile bacteriophages are composed of

an internal tube that polymerizes onto a baseplate composed of six

wedges and of the hub complex – or cell-puncturing device

[38,39]. This internal tube is wrapped by a sheath structure that

contracts upon attachment allowing to propel the internal tube

towards the host cell [39]. The Hcp protein shares its fold with

that of gpV, the tail tube protein of bacteriophage l [40,41]

whereas the VgrG protein assemble into a homotrimeric structure

resembling the trimeric gp27-gp5 hub complex of bacteriophage

T4 [14,35,42,43]. TssE is structurally similar to gp25, a

component of the baseplate wedges [1,44]. Finally, TssB and

TssC assemble into tubular structures with cogwheel patterns

resembling the bacteriophage contractile sheath [45,46]. Indeed,

cryo-electron tomography analyses showed that this structure

exists either in an extended and thin conformation or in a short

but wider conformation [47,48]. Fluorescence microscopy exper-

iments further showed that these tubular structures are dynamic

and oscillate between long and short conformations before being

disassembled [13,47–49]. This mechanism is reminiscent of the

bacteriophage sheath, which undergoes a contraction event when

the viral particle attaches on host cell. Based on the homologies

between the bacteriophage tail and several T6SS components, it is

thought that the cytoplasmic tubular structure is composed of an

PLOS ONE | www.plosone.org 1 November 2013 | Volume 8 | Issue 11 | e81074



internal tube formed of hexamers of the Hcp protein stacked onto

each other and wrapped by the TssB and TssC subunits that

assemble into a sheath. Upon contact with a target cell, the sheath

will contract, propelling the Hcp tube terminated by the VgrG

protein towards the target cell [34–36]. It has been recently shown

that contraction of the T6SS sheath coincides with the lysis of the

target bacterial cell [13]. Finally, sheath disassembly is catalysed by

ClpV, a specialized ATPase associated with the T6SS [45,47–50].

ClpV interacts with an a-helix of TssC after contraction and is

thought to either recycle the TssB and TssC proteins for a new

round of assembly or target both proteins to degradation [48,51].

The interaction between the TssB and TssC subunits has been

demonstrated in several microorganisms including Francisella

tularensis, Vibrio cholerae, Burkholderia cenocepacia, Yersinia pseudotubercu-

losis, Salmonella enterica Typhimurium, and Pseudomonas aeruginosa

[45,46,52–54]. The N-terminal 212 amino-acids of TssC are

required for the TssB-TssC interaction in B. cenocepacia and in P.

aeruginosa [46,54] while an a-helix located between residues 100–

130 of TssB are necessary in F. tularensis, V. cholerae and P. aeruginosa

[52,55]. Here, we confirm the interaction between the TssB and

TssC proteins encoded by the sci-1 T6SS gene cluster of

enteroaggregative Escherichia coli (EAEC) and that the N-terminal

region of TssC and the a-helix of TssB are required for the

interaction. Finally, we dissect the role of a-helix residues and

demonstrate that an hydrophobic side of the helix located in its N-

terminal region is necessary for the TssB-TssC interaction, sheath

assembly and T6SS function.

Results

TssB interacts with the N-terminal domain of TssC
The TssB and TssC proteins assemble into a sheath structure

that has been proposed to wrap an internal tube constituted of

stacked Hcp hexamers. The interaction between these two

proteins has been demonstrated in a number of bacterial strains

including V. cholerae, S. enterica Typhimurium, Y. pseudotuberculosis, F.

tularensis, P. aeruginosa and B. cenocepacia [44,45,51–53]. In

agreement with these previous studies, we showed that TssB1

(accession numbers: EC042_4524; YP_006098801) and TssC1

(accession numbers: EC042_4525; YP_006098802), two proteins

encoded within the sci-1 T6SS gene cluster in enteroaggregative E.

coli interact in a bacterial two-hybrid assay (Fig. 1A). We also

observed that TssB1 and TssC1 oligomerize, as TssB1/TssB1 and

TssC1/TssC1 combinations activated the expression of the

reporter gene (Fig. 1A). Regarding TssC proteins, it has been

shown in P. aeruginosa and B. cenocepacia that the N-terminal

fragment comprising the first 212 amino-acids were sufficient for

the interaction with TssB [46,54]. HHPred and Phyre domain

analyses of TssC1 suggested that it is composed of two domains,

including an N-terminal region of 384 amino-acids (residues 1–

384) and a C-terminal region of 130 amino-acids (residues 385–

514). We generated constructions to test the interaction between

TssB1 and the N-terminal (1-384) or C-terminal (385–514)

domains of TssC1. As shown in Fig. 1B, the N-terminal region

of TssC1 was sufficient to interact with TssB1. Interestingly, we

also noted that both the N- and C-terminal domains oligomerizes.

However, no interaction between the N-terminal and C-terminal

domains of TssC1 was detected (Fig. 1B).

An a-helix of TssB is required for T6SS function, TssC
interaction but not for self-interaction
In Francisella, an a-helix of the TssB homologue IglA, located

between residues 103 and 122, has been shown to be essential for

the function of the FPI-encoded T6SS [52]. Yeast two-hybrid

experiments further demonstrated that this region is required for

efficient interaction with IglB, the F. tularensis homologue of TssC

[52]. The mode of recognition between IglA and IglB has been

shown to be conserved as the interactions between the P. aeruginosa

HSI-3, Y. pseudotuberculosis, V. cholerae and uropathogenic E. coli

TssB and TssC proteins require this a-helix [52,55]. Our results

show that this is indeed conserved in EAEC, as deletion of the

helix residues located between residues E104 and L131 of TssB1

abolishes the ability of the Sci-1 T6SS to release the Hcp1 protein

(Fig. 2A) and to interact with TssC1 (Fig. 2B). However, bacterial

two-hybrid experiments showed that deletion of this a-helix has no
impact on TssB oligomerization (Fig. 2B).

The hydrophobic face of the a-helix is required for TssC
interaction and assembly of the sheath-like structure
The sequence of the a-helix of the EAEC TssB1 protein

facilitating its interaction with TssC1 is shown in Fig. 3A.

Interestingly, a projection of this a-helix (Fig. 3B, 3C and 3D)

showed that the N-terminal region presents an amphipathic

character as it comprises both a hydrophobic side (Val-106, Ile-

110, Leu-113 and Leu-117) and a polar/charged side (Glu-104,

Gln-105, Arg-108, Gln-109, Arg-112, Arg-120). Finally, one face

of the C-terminal region of the helix is rich in leucine residues

(Leu-122, Leu-123, Leu-126, Leu-130) resembling a leucine-zipper

motif (Fig. 3B, 3C and 3D). To better understand the mode of

binding between the TssB and TssC proteins, we engineered

TssB1 variants in which the hydrophobic, polar/charged and

leucine motifs were substituted by tryptophan residues (the

residues targeted in this study are highlighted in colour in

Fig. 3A-D). Tryptophan-scanning mutagenesis is usually used to

test interactions between a-helices as tryptophan residues do not

disrupt formation of a-helices but induces a steric hindrance

abolishing protein-protein contacts [56,57]. Mutations within the

leucine-rich motif (L123W-L130W, called LL) had no effect on

Sci-1 T6SS function and on TssB1-TssC1 interaction as shown by

Hcp release (Fig. 3E) and two-hybrid (Fig. 3F) assays. Interestingly,

while substitution of the polar/charged motif (R108W-R112W,

called RR) had no effect on TssB1-TssC1 interaction, the function

of the T6SS was abrogated, suggesting that these mutations may

affect interactions with other partners or proper folding of TssB1.

Finally, mutations within the hydrophobic motif (V106W-I110W-

L117W) abolished both the release of Hcp and the interaction with

TssC1 (Fig. 3E and 3F). We further dissected the effect of the

hydrophobic motifs by generating double and single substitutions

(Fig. 4). All the double substitutions within the hydrophobic

faceabrogated T6SS function and TssB1-TssC1 interaction.

Regarding the single substitutions, mutation of Val-106 had no

effect while mutations of Ile-110 and Leu-117 abolished T6SS

function (Fig. 4A) by decreasing TssB1 binding to TssC1 (Fig. 4B).

It is worth noting that all the TssB1 variants used in this study

accumulated at levels comparable to the wild-type TssB1 protein

(data not shown).

Finally, we wondered whether disruption of the TssB-TssC

interaction impacts sheath assembly. Fluorescence microscopy

approaches have recently been developed to follow the assembly of

TssBC sheath structures by fusing TssB to the superfolder Green

Fluorescent Protein (sf-GFP) [13,33,47–50]. In DtssB1 cells

producing TssB1-sfGFP, the fusion protein assembles into tubular

structures that undergo cycles of assembly, contraction and

disassembly (Fig. 5A). These structures are not visible in DtssBC1
cells (Fig. 5A), in agreement with the fact that these tubular

structures are composed of both TssB and TssC proteins [45,46].

However, when the overall fluorescence levels of DtssB1 or

DtssBC1 cells producing TssB1-sfGFP were measured, we observed

Assembly of the T6SS Sheath
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that DtssBC1 cells displayed 6–8% of fluorescence compared to

DtssB1 cells, suggesting that TssB1-sfGFP is less stable in absence

of TssC1. When TssB1-sfGFP variants bearing single substitutions

within the polar/charged or leucine-rich motif were produced in

DtssB1 cells, dynamic structures oscillating between extended and

contracted conformations were observed, indicating a functional

T6SS (Fig. 5B). By contrast, mutations of the Ile-110 or Leu-117

residue led to a diffuse fluorescence in the cell body without any

identifiable tubular structures, demonstrating that disruption of the

TssB-TssC interaction prevents formation of T6SS sheaths

(Fig. 5B).

Discussion

The portion of the T6SS related to the bacteriophage tail is

composed of an internal tube comprising hexameric rings of Hcp

stacked onto each other and wrapped into a structure formed by

the TssB and TssC components. The assembly of this structure

oscillates between elongated and contracted conformations and is

thought to be similar to the mechanism of action of bacteriophage

contractile sheaths. It has been therefore proposed that confor-

mational changes in the TssB and TssC proteins induce a large

modification in this structure leading to its contraction and

allowing propelling of the internal tube towards the exterior

[34,35,43,45,46]. The internal tube is tipped by the VgrG protein

that acts as a cell-puncturing device to perforate the host cell

membrane allowing delivery of effector domains or proteins

[34,36,37]. In this work, we focussed our attention on the TssB1

and TssC1 proteins encoded within the sci-1 gene cluster of

enteroaggregative E. coli.

Using bacterial two-hybrid experiments, we showed that (i)

TssB1 interacts with itself, (ii) TssC1 interacts with itself, and (iii)

TssB1 and TssC1 interact. The self-interaction of the TssB and

TssC components is in agreement with the formation of long

structures that should comprise hundreds of TssB and TssC

molecules. We also showed that the N-terminal region of TssC1

and the C-terminal region of TssC1 self-interact. However, we did

not detect interaction between the N-terminal and C-terminal

regions of TssC1, suggesting that TssC1 oligomeric complex

formation is driven by N-terminal/N-terminal and C-terminal/C-

terminal interactions. We also showed that the N-terminal domain

of TssC1 is sufficient for its interaction with TssB1. The TssB-

TssC interaction was previously demonstrated in numerous studies

Figure 1. TssB1 interacts with the N-terminal domain of TssC1. BTH101 reporter cells carrying pairs of plasmids producing the indicated T6SS
proteins or domains (B, TssB1; C, TssC1; CNt, N-terminal domain of TssC1; CCt, C-terminal domain of TssC1) fused to the T18 or T25 domain of the
Bordetella adenylate cyclase were spotted on X-Gal indicator LB agar plates. Controls include T18 and T25 fusions to TolB and Pal, two proteins that
interact but unrelated to the T6SS.
doi:10.1371/journal.pone.0081074.g001

Figure 2. The a-helix located between residues 104 and 130 of TssB1 is required for T6SS function and interaction with TssC1. (A)
Hcp release assay. HcpFLAG release was assessed by separating whole cells (C) and culture supernatant (SN) fractions from 26109 wild-type (WT),
DtssB1 (DtssB) cells or DtssB1 cells producing TssB1 (tssB+) or TssB1 deleted of the a-helix 104-130 (tssBDhel). Proteins were separated by 12.5%-
acrylamide SDS-PAGE and Hcp was immunodetected using anti-FLAG monoclonal antibody (lower panel). The periplasmic TolB protein
(immunodetected using an anti-TolB polyclonal antibodies, upper panel) was used as a marker to verify that no lysis occured. (B) Bacterial two-hybrid
assay. BTH101 reporter cells carrying pairs of plasmids producing the indicated T6SS proteins (B, TssB1; BDhel, TssB1 deleted of the a-helix; C1, TssC1)
fused to the T18 or T25 domain of the Bordetella adenylate cyclase were spotted on X-Gal indicator LB agar plates.
doi:10.1371/journal.pone.0081074.g002
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[45,46,52–54] and the requirement of the N-terminal domain of

TssC for the interaction was evidenced in B. cenocepacia and P.

aeruginosa [46,54]. The interaction between TssB and TssC has

been shown to stabilize both proteins [45,46,52,55]. Interestingly,

our fluorescence microscopy experiments showed that the level of

fluorescence of DtssB1C1 cells producing TssB1-sfGFP is 6–8% of

the fluorescence in DtssB1 cells, confirming that TssB-sfGFP is

stabilized by the presence of TssC.

The TssB1 protein of EAEC is composed of 165 amino-acids.

Secondary structure predictions showed that it contains an a-helix

between residues Pro-103 and Leu-131. This a-helix has been

previously shown to be essential for T6SS function and TssB-TssC

interaction in F. tularensis and V. cholerae [52,55]. Interestingly, the

authors of this study also showed that this a-helix is essential for

TssB-TssC interaction in several microorganisms including V.

cholerae, Y. pseudotuberculosis, S. enterica Typhimurium, uropathogenic

E. coli and P. aeruginosa, suggesting that the mode of binding of

TssB to TssC is conserved [52]. We obtained similar results in

enteroaggregative E. coli: deletion of this conserved a-helix causes

disruption of the TssB1-TssC1 interaction and abolishes T6SS

function as shown by Hcp release assay. When projected on a

helical wheel, we observed that this a-helix has a strong

amphipathic character in its N-terminal region. Indeed, one face

of the helix is essentially constituted of hydrophobic residues (Val,

Leu, Ile) while the opposite face is composed of polar or positively

charged residues (Arg, Gln). The charge partition in the C-

terminal region of the helix is better balanced but we observed a

leucine-rich face, on the same side that the polar/charged motif.

Using site-directed mutagenesis, we substituted residues within

each of these motifs. Our analyses highlighted the importance of

the N-terminal hydrophobic motif. Mutation of the three Val-106,

Ile-110 and Leu-117 residues showed that this motif is required for

TssB1-TssC1 interaction, sheath assembly and T6SS function.

Single and double substitutions further showed that the Ile-110

and Leu-117 residues have a more important contribution within

this motif. Our results also indicated that substitution of the

arginine-rich motif within the conserved a-helix does not prevent

formation of the TssB1-TssC1 complex (Fig. 3F); however, the

T6SS is not functional as shown by Hcp release assay (Fig. 3E).

This suggests that mutation of this motif may disrupt interaction of

TssB1 with additional partners, yet to be identified, or that it

prevents proper folding of TssB1. Indeed, fluorescence microscopy

experiments showed that mutation of these two arginine residues

abolishes sheath assembly (data not shown). However, single

substitutions had no effect on sheath assembly and on T6SS

function. Interestingly, while preparing this manuscript, Bröms et

al. published a study where they showed that a hydrophobic motif

located in the same region of the V. cholerae TssB a-helix is required

Figure 3. The hydrophobic motif of the TssB1 a-helix is required for T6SS function and interaction with TssC1. Amino-acid sequence
(A) and helical wheel projection (B) of the TssB1 a-helix (from residue Pro-103 to residue Leu-131). The different motifs described in this study are
highlighted in different colours: blue, N-terminal hydrophobic; red, polar/charged; green, leucine-rich. The residues of these motifs mutagenized in
this study are underlined (A) or striped (B). Top-view (C) and side-view (D) projections of the TssB1 a-helix. The targeted residues are colored as in
panel (A). Top- and side-views have been modelled using PyMOL v0.99. (E) Hcp release assay. HcpFLAG release was assessed by separating whole cells
(C) and culture supernatant (SN) fractions from 26109 DtssB1 cells producing TssB1 (tssB+) or TssB1 bearing substitutions within the hydrophobic
(tssBVIL), the polar/charged (tssBRR) or the leucin-rich (tssBLL) motif. Proteins were separated by 12.5%-acrylamide SDS-PAGE and Hcp and TolB were
immunodetected using anti-FLAG monoclonal (lower panel) and anti-TolB polyclonal (upper panel) antibodies. (F) Bacterial two-hybrid assay. BTH101
reporter cells producing the T25 domain of the Bordetella adenylate cyclase fused to TssC1 (T25-C) and the T18 domain fused to TssB1 (T18-B) or
TssB1 variants bearing substitutions within the hydrophobic (T18-BVIL), the polar/charged (T18-BRR) or the leucin-rich (T18-BLL) motif were spotted on
X-Gal indicator LB agar plates.
doi:10.1371/journal.pone.0081074.g003
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for proper interaction with TssC [55]. The results from this study

and from the work described here showed that identical TssB

motifs are required to functionally interact with TssC in V. cholerae

and EAEC. We therefore hypothesize that the mode of binding of

TssB to TssC is similar in T6SSs. However, Lossi et al. noted that

the TssB and TssC proteins encoded by the P. aeruginosa HSI-1

T6SS gene cluster interact but are not able to interact with

homologues encoded by a second T6SS gene cluster present on

the chromosome [46]. One can hypothesize that the hydrophobic

motif of the a-helix is the primary determinant for formation of the

TssB-TssC complex but that additional determinants might

control the proper and specific assembly of the sheath when

several T6SS are produced at the same time. Further studies are

required to better understand how TssB proteins identify their

cognate partners.

Experimental Procedures

Bacterial strains, media and chemicals
Escherichia coli DH5a (New England Biolabs) was used for

cloning procedures, BTH101 [58] for bacterial two-hybrid assays.

Hcp release and fluorescence microscopy have been performed

into the enteroaggregative E. coli strain 17-2. With the exception of

the bacterial two-hybrid assay (at 30uC), cells were grown in Luria

broth (LB) at 37uC. Plasmids were maintained by addition of

ampicillin (100 mg/mL), chloramphenicol (40 mg/mL) or kana-

mycin (50 mg/mL). Gene expression was induced by 0.5 mM

isopropyl-b-thio-galactoside (IPTG) or 0.01% arabinose. For the

Hcp release assay, expression of the sci-1 gene cluster was induced

by addition of the iron chelator 2,29-dipyridyl (125 mM final

concentration) 30 minutes prior harvesting the cells [59]. For

fluorescence microscopy experiments, cells were grown in minimal

M9 medium supplemented with casaminoacids, glucose 0.4% and

10% of LB.

Strain construction
Construction of the DtssB1 and DtssBC1 mutant strains. The

tssB1 gene was deleted into the enteroaggregative E. coli 17-2 strain

using a modified one-step inactivation procedure [60] as

previously described [25] using plasmid pKOBEG [61]. PCR

products to be elctroporated were obtained using oligonucleotides

DEL-4524-5/DW (59-GGAGGCATCTGCGGTGATGGAACCCCT-

GAGATGCAGGTTTCACAGGAGAGAGCCTGTGTAGGCTG-

GAGCTGCTTCG) and DEL-4524-3/DW (59-

TTCTTTTCTTTCTGTACAGACATCAGCATTTTCTCTCG-

TAATCCGTTAAACATATGAATATCCTCCTTAGTTCC) car-

rying 50- nucleotide extensions homologous to regions adjacent to

tssB1 (in italics). Kanamycin resistant clones were selected and

verified by colony-PCR. The kanamycin cassette was then excised

using plasmid pCP20 [60]. The deletion of tssB1 was confirmed by

colony-PCR. Construction of the DtssBC1 strain was done

identically, using oligonucleotides DEL-4524-5/DW and DEL-

4525-3/DW (59-GCCCCGTCTTCCCATAATGGGCGA-

TAAATCTTCATTTCCCGACACCTGCCCATATGAA-

TATCCTCCTTAGTTCC).

Plasmid construction
Polymerase Chain Reactions (PCR) were performed using a

Biometra thermocycler using Pfu Turbo DNA polymerase (Agilent

Technology). Restriction enzymes were purchased from NewEng-

land Biolabs and used according to the manufacturer’s instruc-

tions. Custom oligonucleotides were synthesized by Sigma Aldrich.

Enteroaggregative E. coli 17-2 chromosomal DNA was used as a

template for all PCRs. E. coli strain DH5a was used for cloning

procedures. All the plasmids have been constructed by restriction-

Figure 4. Mutagenesis study of the hydrophobic motif of the TssB1 a-helix. (A) Hcp release assay. HcpFLAG release was assessed by
separating whole cells (C) and culture supernatant (SN) fractions from 26109 DtssB1 cells producing TssB1 (tssB+) or TssB1 bearing double or single
substitutions within the hydrophobic motif (tssBVI, V106W-I110W; tssBIL, I110W-L117W; tssBVL, V106W-L117W; tssBV, V106W; tssBI, I110W; tssBL, L117W).
Proteins were separated by 12.5%-acrylamide SDS-PAGE and Hcp and TolB were immunodetected using anti-FLAG monoclonal (lower panel) and
anti-TolB polyclonal (upper panel) antibodies. (B) Bacterial two-hybrid assay. BTH101 reporter cells producing the T25 domain of the Bordetella

adenylate cyclase fused to TssC1 (T25-C) and the T18 domain fused to TssB1 (T18-B) or TssB1 variants bearing substitutions within the hydrophobic
motif (T18-BVI, V106W-I110W; T18-BIL, I110W-L117W; T18-BVL, V106W-L117W; T18-BV, V106W; T18-BI, I110W; T18-BL, L117W) were spotted on X-Gal
indicator LB agar plates.
doi:10.1371/journal.pone.0081074.g004
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free cloning [62] as previously described [27]. Briefly, genes of

interest were amplified with oligonucleotides introducing exten-

sions annealing to the target vector. The double-stranded product

of the first PCR has then been used as oligonucleotides for a

second PCR using the target vector as template. Constructions of

the bacterial two-hybrid vectors encoding TssB1 and TssC1 fusion

proteins and of the pBAD33-TssB1-VSVG and pBAD-TssB1-

sfGFP plasmids have been previously described [33]. Bacterial

two-hybrid vectors encoding T18 and T25-TssCNt fusions were

constructed by insertion of a premature stop codon into T18-TssC

and T25-TssC by site directed mutagenesis using oligonucleotides

59- GAACCGGGATTATGCCTGCTTCTTCTCTTAAGC-

TAACTCCGCCCAGAAACCGGCG and

CGCCGGTTTCTGGGCGGAGTTAGCTTAAGAGAA-

GAAGCAGGCATAATCCCGGTTC (stop codon underlined).

Bacterial two-hybrid vectors encoding T18- and T25-TssCCt

fusions were obtained by restriction-free cloning using oligonucle-

otides CGCCACTGCAGGGATTATAAAGATGACGATGA-

CAAGGCTAACTCCGCCCAGAAACCGGCG and

CGAGGTCGACGGTATCGATAAGCTTGATATC-

GAATTCTAGTTACGCTTTTGCCTTCGGCATCTGC-

GAAACCAGTG (for T18) and GGCGGGCTGCAGATTA-

TAAAGATGACGATGACAAGGCTAACTCCGCCCA-

GAAACCGGCG and

CGAGGTCGACGGTATCGATAAGCTTGATATC-

GAATTCTAGTTACGCTTTTGCCTTCGGCATCTGC-

GAAACCAGTG (for T25). Substitutions have been introduced

by quick change site-directed mutagenesis using complementary

pairs of oligonucleotides (listed in Table S1). All constructs have

been verified by restriction analyses and DNA sequencing

(Eurofins, MWG).

Bacterial Two-Hybrid Assay
The adenylate cyclase-based bacterial two- hybrid technique

[58] was used as previously published [63]. Briefly, pairs of

proteins to be tested were fused to the isolated T18 and T25

catalytic domains of the Bordetella adenylate cyclase. After

transformation of the two plasmids producing the fusion proteins

into the reporter BTH101 strain, plates were incubated at 30uC

for 48 hours. Three independent colonies for each transformation

were inoculated into 600 ml of LB medium supplemented with

ampicillin, kanamycin and IPTG (0.5 mM). After overnight

growth at 30uC. 10 ml of each culture were dropped onto

MacConkey and LB supplemented with Bromo-Chloro-Indolyl-

Galactopyrannoside (X-Gal) plates and incubated for 16 hours at

30 uC. The experiments were done at least in triplicate and a

representative result on LB-X-Gal plate is shown.

Hcp release assay
The presence of Hcp in culture supernatants has been tested as

previously described [25]. Briefly, 26109 cells producing FLAG

epitope-tagged Hcp were harvested and collected by centrifuga-

tion at 2,0006g for 5 min. The supernatant fraction was then

subjected to a second low-speed centrifugation and then at

16,0006g for 15 min. The supernatant was then filtered on sterile

polyester membranes with a pore size of 0.2 mm (membrex 25

PET, membraPure GmbH) before precipitation with trichloroa-

cetic acid (TCA, 15% final concentration). Cells and precipitated

supernatants were then resuspended in loading buffer and

analyzed by SDS-PAGE and immunoblotting with the anti-FLAG

antibody. As control for lysis, Western blot were immunostained

with antibodies raised against the periplasmic TolB protein.

Fluorescence microscopy and image treatment
Fluorescence microscopy experiments to follow T6SS sheath

assembly have been performed as previously described [13,33].

Briefly, bacterial cells carrying plasmid pBAD33-TssB1–sfGFP

(encoding the TssB1 protein fused to a C-terminal superfolder

Green Fluorescent Protein, [33]) or derivatives were grown

overnight in LB medium and then diluted to an OD600 nm

,0.05 into M9 minimal medium supplemented with glycerol,

casamino acids, chloramphenicol and 10% of LB. When the

OD600 nm reached ,1.0, cells were harvested and washed in

phosphate buffered saline (PBS), resuspended in PBS to an

OD600 nm,50, and spotted on a thin pad of 1.5% agarose in PBS,

covered with a cover slip and incubated for one hour at 37uC prior

to microscopy acquisition. For each experiment, ten independent

Figure 5. The hydrophobic motif of the TssB1 a-helix is
required for T6SS sheath assembly. Time-lapse fluorescence
microscopy recordings showing sheath dynamics in DtssBC1 (DtssB1-
DtssC1) or DtssB1 cells producing TssB1-sfGFP (TssB1) (A) or TssB1-sfGFP
bearing the indicated substitutions (B). Individual images were taken
every 30 sec. Assembly and contraction events are indicated by the
white open triangles. Scale bars are 2 mm.
doi:10.1371/journal.pone.0081074.g005
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fields were manually defined with a motorized stage (Prior

Scientific) and stored (X, Y, Z, PFS-offset) in a custom automation

system designed for time-lapse experiments. Fluorescence and

phase contrast micrographs were captured every 30 sec. using an

automated and inverted epifluorescence TE2000-E-PFS (Nikon,

France) microscope equipped with Perfect Focus System (PFS).

PFS automatically maintains focus so that the point of interest

within a specimen is always kept in sharp focus at all times despite

mechanical or thermal perturbations. Images were recorded with a

CoolSNAP HQ 2 (Roper Scientific, Roper Scientific SARL,

France) and a 1006/1.4 DLL objective. Excitation light was

emitted by a 120 W metal halide light. The sfGFP images were

recorded by using the ET-GFP filter set (Chroma 49002) using an

exposure time of 100–200 ms. Phase contrast and fluorescence

were adjusted and merged using ImageJ 1.46j (http://rsb.info.nih.

gov/ij/). Fluorescence levels have been measured using a TECAN

microplate reader as previously published [11,64].

Miscellaneous
Proteins resuspended in loading buffer were subjected to sodium

dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis

(PAGE). For detection by immunostaining, proteins were trans-

ferred onto nitrocellulose membranes, and immunoblots were

probed with primary antibodies, and goat secondary antibodies

coupled to alkaline phosphatase, and developed in alkaline buffer

in presence of 5-bromo-4-chloro-3-indolylphosphate (BCIP) and

nitroblue tetrazolium (NBT). The anti-TolB polyclonal antibodies

are from our laboratory collection while the anti-FLAG mono-

clonal antibody (clone M2, Sigma-Aldrich) and alkaline phospha-

tase-conjugated goat anti-rabbit and anti-mouse antibodies (Milli-

pore) have been purchased as indicated.

Supporting Information

Table S1 Oligonucleotides used for site-directed muta-

genesis.
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The Type VI secretion system (T6SS) delivers protein effectors to diverse cell types including prokaryotic
and eukaryotic cells, therefore it participates in inter-bacterial competition and pathogenesis. The T6SS
is constituted of an envelope-spanning complex anchoring a cytoplasmic tubular edifice. This tubular
structure is evolutionarily, functionally and structurally related to the tail of contractile phages. It is
composed of an inner tube tipped by a spike complex, and engulfed within a sheath-like structure.
This structure assembles onto a platform called “baseplate” that is connected to the membrane sub-
complex. The T6SS functions as a nano-crossbow: upon contraction of the sheath, the inner tube is pro-
pelled towards the target cell, allowing effector delivery. This review focuses on the architecture and
biogenesis of this fascinating secretion machine, highlighting recent advances regarding the assembly
of the membrane or tail complexes. This article is part of a Special Issue entitled: Protein trafficking
and secretion in bacteria. Guest Editors: Anastassios Economou and Ross Dalbey.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

As emphasized in this Special Issue, a number of specialized protein
targeting and secretionmechanisms are dedicated to transport proteins
or other macromolecules to specific compartments of the bacterial cell
or to the externalmilieu. Thesemechanisms are not only critical for bac-
teria to ensure the proper localization and positioning of key processes,
but are essential to efficiently induce pathogenesis or colonize an eco-
logical niche. For a bacterium, colonizing a new niche means not only

adapting its fitness but also to entering into competition with other
organisms participating in this niche; however, the gain and loss
ratio should be strictly controlled as an ecological niche is also effi-
cient when microorganisms coordinate their behaviors. The Type
VI secretion system (T6SS) recently emerged as one of the key
players in the control of these niches, as the activity of the T6SS
might affect prokaryotic cells, simply or highly organized eukaryot-
ic cells. The T6SS delivery mechanism of effector proteins requires a
complex apparatus that assembles into the cytoplasm and extends
through the bacterial envelope. It is broadly distributed among
Gram-negative bacteria but almost exclusively confined to the α-,
β- and γ-proteobacteria subgroups with an over-representation
in the γ [1,2]. T6SS components are generally encoded within
large clusters of genes and in most instances, the expression of
these gene clusters is tightly controlled at the transcriptional,
post-transcriptional and/or post-translational levels.

This review summarizes the current knowledge on the structural or-
ganization of this secretion apparatus. We refer the readers to excellent
recent reviews describing the regulation of T6SS genes, the function, the
biological significance and the effector proteins delivered by this appa-
ratus [3–8].
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2. Overall architecture of the Type VI secretion system

2.1. Core components and accessory subunits (Fig. 1)

The number of genes encoded within T6SS clusters varies from 16
genes in the evp and hsi-2 gene clusters from Edwarsiella tarda and
Pseudomonas aeruginosa to 38 genes in Serratia marcescens [9,10]. In silico

analysis of the T6SS gene clusters along with a systematic mutagenesis
approach coupled to phenotypic assays performed in E. tarda, Vibrio
cholerae and Agrobacterium tumefaciens demonstrated that a minimal
set of 13 genes is required to assemble a functional T6SS [2,11–13]. The
13 genes encode the minimal components to assemble a functional
T6SS and are called core components. Fig. 1 summarizes the 13 T6SS essen-
tial genes. In silico phylogenetic and genomic organization studies classi-
fied these genes in two categories [2]. Four genes, tssJ, tssK, tssL and tssM,
co-occur in most clusters. With the exception of TssK that locates in the
cytoplasm, TssJ, TssL and TssM fractionate with the membranes. The lo-
calization of these proteins and the topology of the innermembrane com-
ponents are depicted in Fig. 1. Similarly, the other nine genes co-occur,
with a number of smaller blocks that bear high co-occurrence such as
tssB–tssC–hcp and tssE–tssF–tssG. Although the function of a number of
these genes has not been clearly defined yet, the similarities between
the Hcp, VgrG and TssE proteins and three subunits associated with the
bacteriophage tails (bacteriophage T4 gp19, gp27–gp5 and gp25 respec-
tively) suggest that these nine proteins, or a subset of them, assemble a
tail-like structure. These phylogenetic data have been supported by bio-
chemical, protein–protein interaction and structural studies. These 13
core components are therefore thought to form two distinct subassem-
blies: a membrane complex that anchors a structure related to the tail
of contractile bacteriophages to the cell envelope. The architecture, as-
sembly and function of these two sub-assemblies are detailed below.

Aside from these core components, T6SS gene clusters usually en-
code accessory subunits. Although the function ofmost of these proteins
remains to be determined, these accessory subunits segregate into (at
least) three categories: (i) components required for the proper assem-
bly of the secretion apparatus (see the example of the TagL protein
below); (ii) regulatory subunits acting transcriptionally or post-
translationally to control the expression or the activity of the T6SS;
and (iii) genuine T6SS substrates and immunities [5,14,15]. In order to
ease the comprehension of T6SSs among different organisms, a nomen-
clature has emerged recently in which the core components are called
Tss (Type six secretion), whereas the accessory subunits are refereed
as Tag (Type six associated gene) [16]. However, due to history of the

field, a number of vernacular names are commonly used such as Hcp,
VgrG, ClpV or VipA (TssB) and VipB (TssC).

2.2. General structure of the Type VI secretion system

The seminal article published by Basler and coauthors in 2012 gave
anunprecedented viewon the general structure of the Type VI secretion
system [17]. Using cryo-tomography, the authors showed that the T6SS
is composed of a cytoplasmic cylinder anchored to the cell envelope via
two subcomplexes (Fig. 2A and B). Interestingly, the structure appears
to exist in a second – shorter and larger – conformation [17]. The two
conformations shown by electron microscopy are consistent with the
observation that the TssB and TssCproteins assemble a tubular structure
that undergoes stages of extension and contraction (see below) [17].
These results suggested that, similar to the contractile phages, the
T6SS may use a contractile mechanism for effector secretion. Therefore,
the T6SS is generally depicted as an inverted phage-like tail anchored to
the cell envelope through its membrane-associated complex. A sche-
matic representation of the T6SS is shown in Fig. 2C.

2.3. Caught in the act: the Type VI secretion in action

Phages of the Myoviridae family use a contractile mechanism, in
which a sheath assembled around an inner tube contracts to propel
the tube towards the bacterial target cell. In the case of the T6SS, fusion
of the VipA/TssB protein to the green fluorescent protein (GFP) provid-
ed evidence that this protein polymerizes to assemble a dynamic struc-
ture that undergoes elongation and contraction events [17]. Based on
these results and on the structural similarities between bacteriophage
and T6SS components, the current model proposes that the mode of
action of the T6SS could be divided into three main steps (Fig. 3):
(i) assembly: a phage-like tail-like structure, comprising the baseplate,
the tube and the sheath, is first assembled onto a membrane complex
(Fig. 3a–c); (ii) substrate delivery: contraction of the sheath-like struc-
ture then propels the inner tube composed of polymerized Hcp tipped
by the VgrG protein towards the target cell to deliver toxin effectors
(Fig. 3d) and (iii) disassembly: the AAA + ClpV ATPase is recruited to
the contracted sheath (Fig. 3e) to recycle sheath components (Fig. 3f).
Similar to bacteriophages, the contraction of the T6SS sheath-like struc-
ture should lead to effector's delivery in a one-step mechanism, as
sheath contraction correlates with target cell lysis [18,19]. Recently,
the T6SS activity was followed by time-lapse fluorescence microscopy
in a mixed bacterial population [18–21]. Taken together, these

Fig. 1. Type VI secretion gene organization. Theminimal set of T6SS genes required for the assembly of a functional T6SS is shown. Genes are partitioned as genes involved in the assembly
of themembrane complex (tssJ, tssK, tssL and tssM) or of the tail complex (tssA, tssB, tssC, hcp, tssE, tssF, tssG, clpV and vgrG). Geneswith conserved transcriptional orientation are connected,
the percentage value indicating the conservation frequency (adapted from [2]). The localization of the products of these genes is indicated (cyto, cytoplasm; IM, inner membrane; OM,
outer membrane). For membrane proteins, the location of the transmembrane segments (as defined by topology studies) is also shown. For T6SS subunits implicated in the assembly
of the tail complex, the localization in the tail structure is also indicated (using the phage nomenclature: tube, sheath and baseplate). Questionmarks indicate genes for which no function
and localization has been inferred based on experimental or phylogenetic evidence (but are thought to be part of the phage tail-related complex based on gene organization conservation).
The clpV gene, although not related to any phage protein, is classified in the tail complex based on its interaction with the TssBC proteins and its role in the disassembly of the contracted
TssBC sheath.
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approaches provide a valuable piece of evidence on how the T6SS func-
tions during interbacterial competition. However, when and for which
purpose the T6SS is assembled is different depending of the bacterium
and therefore results in different comportmental behaviors. V. cholerae
V52 assembles the T6SS constitutively, even in isolated bacteria [17]. In
enteroaggregative E. coli (EAEC) cells assemble this sheath-like structure
when in contactwith different types of bacterial cells, including siblings,
T6SS− or T6SS+ bacteria [18]. By contrast, Leroux et al. and Basler et al.
demonstrated that P. aeruginosa does not display anarchic T6SS activity,
but rather responds, or counterattacks, to the activity of a T6SS in a
neighboring cell [19–21]. The bacterial cell therefore senses the attack
and hence triggers the assembly and/or the contraction of its own
T6SS, a phenomenon known as “dueling” [20]. This behavior is not only
important to quickly respond to an attack but also to sense the danger
created by T6SS+ competitors and to specifically target these cells [19].
This is consistent with the surprising observation that P. aeruginosa
only kills efficiently T6SS+ competitors, while V. cholerae V52 and EAEC
also kill T6SS− cells [17–21]. These results also demonstrated that the
T6SS is a contact-dependent mechanism, which requires sensing of
neighboring bacteria and activation of a specific signaling pathway.

Indeed, Basler et al. showed that both dueling between sister cells and
prey selection require the TagQRST–PpkA–PppA–FHA phosphorylation-
dependent regulatory pathway [19]. Briefly, the envelope-associated
TagQRST regulatory system controls the activity of the PpkA kinase
[22,23]. The PpkA kinase then phosphorylates the FHA protein,
which, in turn, activates the T6SS. The activity of PpkA is antago-
nized by the PppA phosphatase that dephosphorylates FHA, there-
fore inactivating the T6SS [15,24]. In the absence of the T6SS post-
translational regulation, P. aeruginosa is unable to select its prey
and therefore kills them very inefficiently [19]. This observation
is consistent with the idea that a T6SS apparatus must be assem-
bled to a precise location to deliver toxins into a specific target
cell. As the TagQRST–PpkA–PppA–FHA is only present in a limited
number of bacterial species encoding T6SSs, it is likely that bacteria
have developed different regulatory systems to fine-tune T6SS ac-
tivity [6]. It is also worth to note that T6SS+ cells do not only re-
spond to T6SS-dependent attacks but trigger activity of the
secretion machine in response to a broader variety of cell envelope
stresses such as the action of antibiotics or conjugative plasmid
transfer [25].

Fig. 2. Overview of the T6SS. (A) Electron cryo-tomograph of Vibrio cholerae cells producing the T6SS. The arrow points the long cytoplasmic tubular structure corresponding to the T6SS
sheath. A magnification of the upper part of the tomograph is shown in panel B, emphasizing the presence of distinct complexes (green, tail sheath; purple, putative baseplate; yellow,
putative membrane complex). Panels A and B are reprinted from [17] with permissions. (C) Schematic representation of the T6SS based on the electron cryo-tomographs and on genetic,
biochemical, microscopy and structural data (IM, inner membrane; PG, peptidoglycan layer; OM, outer membrane). Scale bar is 50 nm.

Fig. 3.Mechanism of action of the T6SS. The different stages of the assembly and mode of action of the T6SS are depicted. The biogenesis of the macromolecular complex (a, b, c) can be
divided into two steps: the assembly of themembrane and baseplate complexes at the site of secretion (a) is followed by the elongation of the cytoplasmic tubular structure built by Hcp
hexamers (black rectangles) stacking on each other coupled to the polymerization of the TssBC sheath (blue rectangles) (b, c). Once in contact with a prey cell, the T6SS sheath contracts
hence propulsing the internal tube towards the target prey cell to deliver effector proteins (d). An α-helix from TssC protruding from the contracted sheath recruits the ClpV ATPase
(e) that dis-assembles and recycles the TssBC sheath proteins (f).
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3. The T6SS membrane-anchoring complex

In most T6SSs, the membrane complex is composed of three
membrane-associated subunits: TssL, TssM and TssJ. The localization
and topology of these proteins have been defined, and the crystal struc-
tures of TssJ and of the cytoplasmic domain of TssL have been reported
(Fig. 4). In enteroaggregative E. coli (EAEC) and in several other bacteria,
an additional component, called TagL, associates with the three above-
mentioned proteins [14].

The first membrane-associated T6SS protein to be identified was
TssJ. TssJ is an outer membrane protein that bears a typical lipobox
sorting motif. The mature TssJ protein is tethered to the outer mem-
brane by the acylation of the N-terminal cysteine residue and protrudes
into the periplasm (Fig. 4A) [26]. TssJ multimerizes in vivo but its
oligomeric state has not been defined [27]. In vitro, the purified protein
behaves as a monomer [27,28]. The crystal structures of the EAEC (PDB
ID: 3RX9), S. marcescens (PDB ID: 4A1R) and P. aeruginosa (PDB ID:
3ZHN) TssJ proteins have been solved [27–29]. The three structures

Fig. 4. The T6SS membrane complex. (A) Localization, topology and structures of T6SS membrane complex subunits. Shown are the TssJ outer membrane lipoprotein, the TssL, TssM and
TagL innermembrane components and the TssK cytoplasmic protein. The high resolution structures of TssJ (from EAEC, PDB IDs: 3RX9) and of the cytoplasmic domain of TssL (fromEAEC,
PDB IDs: 3U66), as well as the model of the peptidoglycan-binding domain of TagL, based on the Pal structure (PDB IDs: 1OAP), are shown. The low resolution structure of the
homotrimeric TssK complex obtained by SAXS is also shown. (B) Interaction network among T6SS membrane complex subunits. Proteins are schematized by dotted circles; homo and
heterotypic interactions are indicated by arrows. The T6SS tail proteins in interaction with TssK are also indicated (PG, peptidoglycan; peri, periplasmic domain).
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are roughly identical and share a characteristic globular transthyretin
fold, composed of two 4-stranded β-sheets facing each other to form a
β-sandwich (Fig. 4A). However, comparison of the three structures
highlights differences in the protruding loop connecting β6 and β7
[29]. By contrast, two large loops, that connect β1 and β2 and β5 and
β6, have similar sizes and conformations in the three crystal structures,
suggesting that they may have important and conserved functions. In-
deed, Felisberto-Rodrigues et al. showed that the β1–β2-connecting
loop mediates TssJ binding to TssM (Fig. 4B) [28]. However, the β1–β2
loop is variable in terms of sequence among the TssJ orthologs. It has
been therefore hypothesized that this loop could act as a specificity de-
terminant for the interaction between cognate TssJ and TssM subunits
[28]. This specificity might be essential to avoid cross-interactions be-
tween non-cognate proteins when several T6SSs are encoded within
the same genome. TssM is anchored to the inner membrane by three
trans-membrane helices located in the N-terminal third of the protein.
The bulk of the protein, ~800 amino-acids, resides in the periplasm
(Fig. 4A) [30]. This periplasmic portion is composed of a large α-
helical region followed by a C-terminal all-β-sheet domain. This β-
domain is responsible for contacting the TssJ lipoprotein (Fig. 4B). Bio-
physical studies demonstrated that the TssJ–TssM complex displays a
1:1 stoichiometry with a binding affinity in the micromolar range [28].
The inner-membrane-associated N-terminal region of TssM self-
interacts, as shown by two-hybrid studies [11,30]. Although the TssM
oligomeric state is not yet known, it is hypothesized that TssM
multimers form a channel crossing the inner membrane and
extending into the periplasm. If this is the case, one may ask how this
complexmanageswith the cell wall andwhether dedicated peptidogly-
can hydrolases are required to locally degrade the peptidoglycan for the
proper assembly of this large structure. Aside from its self-interaction,
the N-terminal TssM region mediates contacts with TssL (see below;
[30]). The TssM transmembrane helices 2 and 3 delimit a cytoplasmic
loop of ~300 amino-acids. In a subset of TssM proteins, the cytoplasmic
loop bears aWalker A-type ATP binding pocket. However, the relevance
of this motif is not clear andmight be adapted to specific requirements:
while the TssM Walker motif is not necessary for the function of the
T6SS in E. tarda, the A. tumefaciens TssM protein has the ability to bind
and hydrolyze ATP [11,30,31]. Further studies demonstrated that the
TssM ATP binding and hydrolysis activity is important for the function
of the A. tumefaciens T6SS by modulating the structural conformation
of TssM and the recruitment of Hcp to the TssM–TssL complex [31].

It is worth to note that the T6SS-associated TssM proteins share se-
quence, localization and topology similarities with IcmF, a component
of the Legionella pneumophila and Coxiella burnetii Type IVb secretion
systems (T4bSS) [1,9]. Interestingly, the T4bSS IcmF protein forms a het-
erodimeric complex with DotU/IcmH, a subunit that shares similarities
with TssL [1,32]. In the T4bSS, the IcmF/IcmH complex and the IcmF
ATP binding site are required for the stabilization of the secretion
apparatus [32,33].

TssL spans the inner membrane once, with a transmembrane seg-
ment located close to the C-terminus, leaving the bulk of the protein
into the cytoplasm (Fig. 4A) [30,34]. Based on this unusual topology,
TssL is classified as a C-tail anchored protein, and its proper insertion
into the membrane requires the YidC protein and the DnaK chaperone
([34]; see the review of Castanie-Cornet in this thematic issue [35]).
Although the TssL cytoplasmic domain is monomeric in solution, two-
hybrid experiments showed that it dimerizes, albeit with low efficiency.
However, the dimer of the full-length TssL protein resists SDS-PAGE,
suggesting that the trans-membrane domain has the ability to stabilize
dimer formation [36]. The three-dimensional structures of the EAEC
(PDB ID: 3U66) and Francisella novicida (PDB ID: 4ACL) TssL cytoplasmic
domains have been reported [36,37]. TssL is constituted of two three-
helix bundles, the second bundle being composed of shorter helices,
yielding a global structure resembling that of a hook (Fig. 4A). The
surface-exposed cavity delimitated by the two helix bundles is enriched
in negatively charged residues that are conserved among TssL proteins,

suggesting that this cleft might be a binding site for partners [37]. In-
deed, these residues are critiques as substitutions of these amino-acids
in the Francisella tularensis TssL protein hamper T6SS function [38]. As
described above, TssL interacts with and stabilizes TssM [30,38]. Al-
though the role of the conserved TssL residues in mediating contacts
with TssM has not been addressed, substitution of these amino-acids
induces TssM degradation [38].

In several T6SS, the TssL protein carries an additional C-terminal,
periplasmic domain that shares similarities with the OmpA/Pal/MotB-
family peptidoglycan-binding motif [30,39]. However, when this
domain is missing, the T6SS gene cluster encodes a supplemental pro-
tein, usually TagL, that substitutes for peptidoglycan binding [14,39].
TagL is an inner membrane protein with three transmembrane
segments, delimiting a central cytoplasmic loop and a C-terminal peri-
plasmic domain with a functional peptidoglycan-binding motif
(Fig. 4A) [14]. Mutations that abolish peptidoglycan binding affect
T6SS-dependent Hcp release suggesting that anchorage to the cell wall
is a requisite for the proper function of the apparatus. Using pull-
down experiments, Aschtgen et al. precipitated a complex constituted
of TagL, TssL, TssM and TssJ. Further pull-down experiments using
detergent-solubilized cell extracts from tssL, tssM or tssJ cells demon-
strated that TagL directly contacts TssL (Fig. 4B) [14]. Therefore, TagL
acts as an anchor that ties the secretion apparatus to the cell wall.

Based on these results, theminimal T6SSmembrane anchoring com-
plex is composed of the TssL, TssM and TssJ proteins. TssM acts as a con-
nector between the TssL inner membrane protein and the TssJ outer
membrane tethered lipoprotein. The complex is stabilized through cell
wall binding mediated by either the TssL or TagL component. A number
of questions remain to be answered, such as (i) which is the additional
component that spans the outermembrane or is the outermembrane of
the attacker cell punctured by VgrG during sheath contraction? (2) Is
the TssM periplasmic domain used as a conduit to guide the propelled
Hcp tube through the periplasm? And (3) do peptidoglycan hydrolases
locally degrade the cell wall for the proper assembly of this trans-
envelope complex?

4. The T6SS tail complex

One of the most singular features of the T6SS is that it is the first ex-
ample of a macromolecular complex of the bacterial envelope that
shares a common evolutionary origin with the phage injection appara-
tus. This is supported by structural and/or bioinformatics data for four
different subunits (Hcp, VgrG, TssC and TssE) and by the recent work
of Basler et al. [17]. Using a combination of fluorescence microscopy
and electron cryo-tomography the authors demonstrated that the
TssB and TssC subunits of V. cholerae assemble a dynamic structure in
the cytoplasm of the cell, near-perpendicular to the membrane, which
is structurally and functionally related to the tail sheath of contractile
bacteriophages (Fig. 2A) [17]. A wealth of data now support the conclu-
sion that the T6SS comprises a contractile tail-like structure composed
of essential elements: inner tube, sheath and baseplate.

4.1. The T6SS tail tube

The T6SS inner tube is constituted of theHcp protein, a structural ho-
mologue of phage tail tube proteins. In vitro, Hcp proteins spontaneous-
ly assemble into a ~100 Å wide donut-shaped hexameric ring with an
internal diameter of ~40 Å [40]. Five structures of Hcp proteins have
been reported to date: Hcp1 (PDB ID: 1Y12) and Hcp3 (PDB ID: 3HE1)
from P. aeruginosa, EvpC from E. tarda (PDB ID: 3EAA), Hcp1 from
EAEC (PDB ID: 4HKH) and Hcp from Yersinia pestis (PDB ID: 3V4H)
(Fig. 5A) [40–43]. The Hcp tertiary structure is very similar to that of
gpV, the bacteriophage λ tail tube protein [44]. Although bacteriophage
λ is not a contractile phage, this former observation strongly supports
the initial postulate that polymerized Hcp proteins form the inner
tube of the T6SS (Fig. 5A). Indeed, using electron microscopy, Leiman
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et al. showed that hexamers of P. aeruginosa Hcp3 assemble tubular
structures in vitro [45]. Additionally, Hcp hexamers stack on each
other to form tubeswithin the crystal lattice. This propensity to form tu-
bules has been used to produce artificial nano-tubes of determined
length, by engineering disulphide bridges at the hexamers' interfaces
(Fig. 5A) [46]. In vivo, Hcp hexamers accumulate in the cytoplasm and
the culture supernatant [40,42,47] and stack on each other in a head-
to-tail manner [47]. These data suggest that Hcp assembles a channel-
like structure extending in the cytoplasm. However, the Hcp tube is
probably not stable by itself, as biophysical studies showed that the
affinity between hexamers is rather low, approximately 7 μM [43].
Thismeans that in vivo, Hcp tube formation needs to be stabilized, prob-
ably by the polymerization of the sheath. Hcp tube formation is critical
for T6SS function as introduction of bulky residues at the interface of
the hexamers disrupts interaction between hexamers in vitro, and
prevents Hcp tube formation and T6SS function in vivo [43,47].

It is worth to note that the internal diameter of the Hcp hexamer is
sufficient to accommodate a small folded protein or unfolded/partly
folded protein [40]. In support to this hypothesis, two putative effectors,
E. tarda EvpP and A. tumefaciens Atu4347 were shown to interact with
Hcp [11,13]. More precisely, recent data demonstrated that the
P. aeruginosa Tse2 anti-bacterial effector binds to and occludes the Hcp
hexamer, providing the first evidence that the Hcp tube might be used
as a cargo to deliver effectors into target cells [48].

Interestingly, while Hcp hexamers stack head-to-tail in wild-type
cells, they interact in head-to-head, tail-to-tail and head-to-tail in the ab-
sence of T6SS components, suggesting that a subset of these components
control the proper assembly of Hcp tubes [47]. During bacteriophage
morphogenesis, tail tube/sheath assembly is dictated by a structure
called the baseplate. Although the bacteriophage T4 baseplate is consti-
tuted of a large number of different subunits, Leiman and Shneider sug-
gested that the minimal contractile bacteriophage baseplates comprise
essential components, such as the gp25, gp6, gp53 (or gp7), gp27 and

gp5 subunits [49]. In the T6SS, two proteins, TssE andVgrG, exhibit struc-
tural and functional similarities to gp25 and to the gp27–gp5 complex
respectively [45,50,51]. Consistent with bacteriophage tail biogenesis,
the VgrG protein was shown to be required for the proper polymeriza-
tion of Hcp hexamers, whereas the TssB and TssC subunits were shown
to be dispensable, suggesting that the T6SS sheath uses the tube as a
template during assembly [47]. Although the general mechanism of
tube formation seems conserved between bacteriophages and T6SSs
(requirement for a baseplate-like nucleation platform, a tube serving as
a template for sheath polymerization), the constituting proteins have
different properties: the Hcp hexamers are extremely stable but form
weak tubular edifices while phage tube proteins remain monomeric in
solution but assemble stable tubular structures [44–46].

4.2. The T6SS tail sheath

In the bacteriophage T4 tail, the inner tube is engulfed within the
contractile sheath made of gp18 subunits. In the T6SS, two proteins,
TssB and TssC, assemble the sheath (Fig. 5A). The tssB and tssC genes
co-occur in all T6SS gene clusters (Fig. 1) and the corresponding
proteins interact and stabilize each other (Fig. 5B) [13,52–58]. The
regions required for the TssB–TssC interaction have been mapped: the
N-terminus of TssC is essential to contact TssB [56–58]while the hydro-
phobic face of a conserved α-helix in the central region of TssB is in-
volved in the interaction (Fig. 5B) [54,58,59].

The purified TssB and TssC proteins spontaneously form tubular
structures observable by electron microscopy that share remarkable
structural similarities with the bacteriophage sheath (Fig. 5A). Image
reconstruction of the particles showed that TssB and TssC assemble pre-
dominantly into 12-symmetry structures that exhibit cogwheel-like
cross sections, with 12 protruding paddles (Fig. 5A) [17,53,57]. Cross-
sections present external and internal diameters of ~300 Å and ~110
Å respectively [17,53,57]. Although no structural data is available yet

Fig. 5. The T6SS tail complex. (A) Localization, organization and structures of T6SS tail proteins. Shown are the Hcp hexamers that stack on each other to form the internal tube and the
TssBC contractile sheath-like structure, assembled on the baseplated complex constituted of TssE, the VgrG–PAAR complex and probably unknown additional subunits. Electron micro-
graphs of the artificial Hcp tube and of the TssBC sheath (cross-section in lower panel) are reprinted from [46,57], respectively,with permissions (scale bars are 10 nm). The high resolution
structures of Hcp (from EAEC, PDB IDs: 4HKH), of the C-terminal domain of TssB (from EAEC, PDB IDs: 4PS2), of the VgrG–PAARpuncturing complex (from E. coliO6: VgrG, PDB IDs: 2P57;
PAAR, PDB IDs: 4JIW) as well as themodel of the TssE protein, based on the structure of the phage T4 gp25 component (PDB IDs: 4HRZ), are shown. (B) Interaction network among T6SS
tail subunits. Proteins are schematized by dotted circles; homo and heterotypic interactions are indicated by arrows. Specific domain or fragments involved in the interactions are depicted
(Nter, N-terminal domain). The TssK protein, that connects both membrane and tail complexes, is shown.
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for TssB and TssC, bioinformatic analysis of these proteins revealed that
the C-terminal 150 amino-acid region of TssC resembles the domain IV
of phage sheath proteins [49]. It is worth noting that in the bacterio-
phage T4 tail, this domain was proposed to connect sheath subunits
by an arm-exchange mechanism [49]. One may hypothesize that the
C-terminus of TssC plays a role comparable to that of gp18 in maintain-
ing T6SS sheath integrity during contraction. If this is the case, the “arm”

polypeptide remains to be identified in TssC. Consistent with the role of
gp18 domain IV, the deletion of the C-terminal domain of TssC has no
effect on the interaction with TssB but abolishes the formation of
TssBC tubules, suggesting that this domain is critical for polymerization
into tubules [57]. The structure of the C-terminal region of TssB was re-
cently obtained (PDB ID: 4PS2), providing information on the α-helix
that contacts TssC (Douzi et al., unpublished) (Fig. 5A). However, this
three-helix bundle has no homology with any portion of the region of
gp18 for which the structure is known [60].

The TssB and TssC proteins co-fractionate with cytoplasmic proteins
[53,54,56]. However, a large amount of TssB and TssC can be found asso-
ciatedwith themembrane fraction [56,61], consistentwith the observa-
tion that TssB and TssC form high molecular-weight complexes that
likely co-sediment with the membrane without being really associated
with it.

In 2012, using electron cryo-tomography, Basler et al. reported that a
cytoplasmic tubular structure can be observed in vivo in T6SS-producing
V. cholerae cells (see Fig. 2) [17]. Kapitein et al. confirmed that these
structures correspond to T6SS sheaths using immunogold labeling of
TssB [62]. These structures were observed in two different conforma-
tions that likely correspond to the extended and contracted states. In
the contracted state, the tubular structure is hollow and its dimensions
are similar to that observed in purified TssBC complexes. In the extend-
ed state, the structure is thinner and an extra-density is observed inside
the tubule, suggesting that the central lumen is filled, probably by the
inner Hcp tube [17]. The molecular mechanism controlling the passage
from the extended to the contracted state has yet to be uncovered but,
on the basis of the contractile mechanism of Myoviridae, it likely in-
volves structural transitions within and between the TssBC proteins,
which must therefore exist in different conformations. As noted above,
the TssBC tubules in the contracted conformation have sizes and diam-
eters that match those of the purified T6SS sheaths, suggesting that the
TssBC complexes that spontaneously assemble in vitro represent
contracted sheaths. Beside the C-terminal fragment of TssB, no structur-
al information is available for the TssBC complex either in the extended
or contracted state, probably because of the propensity of these proteins
to assemble large tubular structures incompatiblewith crystallization or
NMR studies.

As described above, time-lapse fluorescence microscopy showed
that TssBC tubules exhibit a highly dynamic behavior. They first assem-
ble an initial foci close to themembrane, which extends to form a tubu-
lar structure that spans the cell length or width in several tens of
seconds. The tubes then contract to yield a foci that is disassembled
[17,18,20,21,62]. A full cycle can be divided into three steps: exten-
sion/assembly, contraction and disassembly (Fig. 3). Kapitein et al.
noted that after disassembly, new tubules form at the original position
or at alternative sites [62]. Although the significance of this observation
is not yet known, it is also interesting to note that, once contracted, the
TssBC sheaths usually rotate and became obliquely oriented compared
to the membrane [17].

Biochemical studies demonstrated that the TssBC proteins interact
with the component of the tube, Hcp (Fig. 5B) [13,47]. It is noteworthy
that the internal diameter of the TssBC complexes (~110 Å) is sufficient
to accommodate the Hcp tubule (external diameter of ~100 Å) [17,53,
57,63]. One may hypothesize that the zones of contact between the
T6SS tail and sheath are located at the outside of the Hcp doughnut
and inside the TssBC tubular structure. Interestingly, Jobichen et al.
noted that a zone constituted of charged residues, located outward the
Hcp hexamer is essential for Hcp release [42]. In the absence of Hcp,

TssBC tubules do not form as the TssB–GFP fusion proteins present a dif-
fuse pattern [47,62]. However, Kapitein et al. showed that, in hcp cells,
TssBC spontaneously assemble contracted sheaths that are rapidly dis-
sociated by ClpV [62]. Similar results were obtained in the tssE, tssM or
tssK mutant cells, demonstrating that these three subunits are also re-
quired for polymerization of the sheath [17,47,62,64]. Regarding Hcp,
it was shown that disruption of the inner tube structure by the insertion
of bulky residues at the Hcp hexamer's interface also prevents sheath
polymerization, suggesting that Hcp tube formation precedes sheath as-
sembly [47]. What do these data tell us about the assembly of the tail
tube/sheath? First, TssBC are not required for proper assembly of Hcp
tubules in the head-to-tail conformation. Second, Hcp tube formation
is required for assembly of the sheath. Based on these observations,
we may hypothesize that assembly of the tube precedes sheath poly-
merization, or more likely that the assembly of these two structures is
coordinated. In the latter case, (i) the insertion of an Hcp hexamer in
the growing structure may immediately precede the incorporation of
TssBC complexes or (ii) TssBC–Hcp pre-assembled complexes might
be progressively incorporated. Although the coordinated assembly is
more likely, cryo-tomography did not reveal assembly intermediates,
i.e., filled sheaths of different lengths [17].

By analogywith themode of action of contractile phages, it has been
proposed that contraction of the TssBC structure propels the Hcp tube
toward the cell exterior or directly into a target cell. If this holds to be
true, it means that the Hcp hexamers will be in contact with the sheath
only when the sheath is in the extended state. This is consistent with
(i) mass spectrometry data showing that purified T6SS sheaths (i.e., in
the contracted state) do not contain Hcp proteins, and (ii) that
contracted TssBC sheaths are hollow compared to the extended TssBC
sheaths that are filled (probably by the inner Hcp tube) as shown in
electron cryo-tomographs [17]. Therefore, the TssBC–Hcp interactions
observed by bacterial two-hybrid or pull-down experiments [13,47] po-
tentially represent TssBC subunits in the extended state conformation.

4.3. Questions of length and of termination

In bacteriophages, the length of the tail is strictly controlled, usually
by a tape measure protein that functions as a molecular ruler [65]. No
homologue to the tape measure protein is encoded within T6SS gene
clusters, suggesting that either the length of the T6SS tail is not regulat-
ed or that it involves a distinct mechanism. However, the observation
that the T6SS sheaths assemble structures of different lengths support
the postulate that the lengths of T6SS tails are not controlled [17,62].
More importantly, it is not yet known how the T6SS tail is terminated.
Because it connects the tail tube and the sheath at the distal end, the
bacteriophage tail terminator protein is a requisite for the propelling
of the inner tube during sheath contraction [49,65]. In the absence of
such a component, the force generated during contraction of the sheath
could not be transferred to the tail tube. Nevertheless, if the require-
ment of a functionally similar subunit for the T6SS is not a matter of
debate, the protein(s) that plays this role has not been identified yet.

4.4. The putative baseplate

During phagemorphogenesis, the tail tube and sheath assemble on a
platform called the baseplate [49]. Interestingly, the V. cholerae electron
cryo-tomographs published by Basler et al. showed the existence of a
flared bell-like density connecting the T6SS tail to the membrane
(Fig. 2B) [17]. During tail contraction, the phage baseplate undergoes a
large structural transition [66–68]. Interestingly, the bell-shape density
observed in Vibrio cells is also subjected to a large conformational mod-
ification upon sheath contraction [17]. According to the definition given
by Leiman and Shneider, the minimal baseplate (i.e., the minimal set of
subunits required for the proper assembly and the controlled contrac-
tion of tail-like structures) would be constituted of the central hub –

the (gp273–gp53) complex – and three wedge proteins: gp6, gp25 and
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probably gp53 (or gp7) [49]. As detailed below, VgrG andTssE, two T6SS
core components are homologous to the central hub and gp25 respec-
tively [1,45]. Furthermore, VgrG is required for the proper assembly of
the Hcp tube [47] while TssE is required for polymerization of the
TssBC sheath [17,18,62]. These results support the idea that T6SS tail
biogenesis is dictated by an assembly platform functionally similar to
the bacteriophage baseplate. However, the T6SS homologues of gp6
and gp53 (or gp7), if they exist, have not yet been identified.

The VgrG protein is homologous to the cell-puncturing device, or
spike, of bacteriophage T4. The central hub of T4 is comprised of a dou-
ble trimer (gp273–gp53) that is featured by a β-prism spike and a three-
fold to six-fold symmetry adaptor domain that connects to the inner
tube. The crystal structure of the N-terminal fragment of VgrG from
the uropathogenic E. coli CFT073 strain was solved (PDB ID: 2P57) and
compared to that of the (gp273–gp53) complex (Fig. 5A) [45]. The global
fold of the VgrGN-terminal is very similar to that of gp27 alongwith the
N-terminal, OB, and region of gp5, with the exception of the lysozyme
domain carried by gp5. The crystal structure of the C-terminal domain
of the E. coli O157 VgrG protein was recently reported (PDB ID: 3WIT),
and as expected, displays a three-stranded β-helical fold [69]. Thus,
the vgrG gene is a fusion of the gp27 and gp5 genes. By analogy with
the phage tail structure and its assembly pathway, the Hcp tube is
thought to assemble onto the VgrG trimer and to propel it towards
the target cell as a result of TssBC contraction. The needle-shaped
β-helical domain of VgrG will help to penetrate the target cell. This
model is supported by the observations that (1) Hcp and VgrG exhibit
a codependency for their release in culture supernatants [11,50],
(2) Hcp and VgrG interact [13] and (3) VgrG is required for the proper
assembly of the Hcp tube [47]. Based on these results, it is likely that
VgrG acts as a baseplate subunit in T6SS. It isworth to add that a number
of VgrG proteins carry C-terminal extensions located downstream the
β-prism. Because these extensions may function as effector domains,
these VgrGs have been named “specialized VgrGs” [50,70]. Ma et al.
demonstrated that these additional domains are delivered inside target
cells [71], suggesting that, similarly to its phage counterpart, VgrG acts
as a spike. More recently, it was shown that an additional protein, called
PAAR, usually encoded within T6SS or vgrG gene operons, forms a con-
ical structure that caps the extremity of VgrG, sharpening the tip of the
spike (PDB IDs: 4JIV and 4JIW) [72]. Here again, this result is consistent
with the observation that a number of bacteriophage spikes are decorat-
ed with an unknown protein that also sharpens the extremity [73].
PAAR is therefore secreted in a VgrG-dependentmanner and it was fur-
ther proposed that PAARmay be used as a connector betweenVgrG and
protein effectors [72]. This suggestion is supported by the observation
that a number of PAAR proteins are fused to putative effector domains
[72]. However, the function of PAAR is probably more complex as it is
required for the release of Hcp in the culture supernatant, which reflects
the assembly and function of the T6SS, and it has been therefore sug-
gested that PAAR might be required to nucleate VgrG folding [72].

In addition to VgrG, the TssE protein is also a component of the T6SS
baseplate. TssE shares a high degree of similarity with gp25, a compo-
nent of the baseplate wedges of bacteriophage T4 [1,9,45,51]. The
three-dimensional structure of TssE is not yet determined. However,
the degree of conservation between TssE and gp25 orthologs is suffi-
cient to build a model based on the structure of the bacteriophage T4
gp25 protein (PDB ID: 4HRZ; Browning, Shneider and Leiman, unpub-
lished) (Fig. 5A). In the bacteriophage T4 tail, gp25 is thought to initiate
the polymerization of the sheath by an arm-exchange mechanism with
the first row of gp18 subunits [49]. Even though the role of TssE in T6SS
biogenesis remains unknown, a similar function is in agreement
with the observations that (1) TssE is a cytoplasmic protein that
co-precipitates with the TssBC complex in V. cholerae [17,51] and
(2) T6SS sheaths do not form in tssE cells [17,18,62].

Although no similarities were found with bacteriophage proteins in
this case, the TssK has been proposed to be a component of the T6SS
baseplate. TssK is a cytoplasmic subunit that oligomerizes to form a

three-armed structure with an overall pyramidal shape (Fig. 4A) [64].
TssK was shown to co-precipitate with TssBC sheaths [17] through
direct interactionwith TssC (Figs. 4B and 5B) [64]. Fluorescencemicros-
copy experiments further showed that TssK is required for sheath poly-
merization [64]. Interestingly, TssK also interacts with the cytoplasmic
domain of the TssL inner membrane protein [64]. This is consistent
with the conserved genomic organization between the tssK and genes
coding for themembrane complex (Fig. 1) [2]. Although further studies
are necessary to understand the exact role of TssK, it has been proposed
that this subunit connects the T6SS tail to the TssJLM membrane com-
plex (Figs. 4B and 5B).

Upon bacteriophage landing onto host cells, the attachment of thefi-
bers induces a switch in the baseplate conformation thatwill ultimately
trigger sheath contraction [67,74]. One may therefore hypothesize that
a signal should be transmitted to the putative T6SS baseplate to initiate
TssBC contraction [63]. Several T6SS have been shown to be activated by
the TagQRST–PppA–PpkA–FHA phosphorylation-dependent pathway
and therefore it is conceivable that this post-translational activating
pathway leads to a structural modification of the T6SS baseplate or to
membrane component(s) that are linked to it. However, the observa-
tion that most T6SS are devoid of this phosphorylation pathway raises
the question whether additional mechanisms to sense and signal the
contact with target cells exist.

4.5. Disassembly of the T6SS contracted sheath

Since thediscovery of the T6SS, the energization of the system for se-
cretion was a matter of debate. ClpV, one of the T6SS core components,
belongs to the Hsp100/Clp family of AAA+ ATPase proteins. Hsp100/Clp
proteins are oligomeric ring-like machines that bind ATP via the con-
served AAA domain and convert the energy of ATP hydrolysis into a
protein-unfolding activity. The ATPase activity of ClpV has been demon-
strated to be required for Type VI secretion in several organisms, includ-
ing P. aeruginosa, E. tarda, and V. cholerae [11,40,53]. Hence, prior to the
demonstration that the TssBC sub-complex functions as a phage
contractile sheath, it was hypothesized that the ClpV specialized ATPase
energized either the assembly of the T6SS or substrate secretion.
However, Zheng and Mekalanos, and Basler et al. demonstrated that
V. cholerae clpVmutant cells conserve ~10% of T6SS activity, demonstrat-
ing that ClpV does not power assembly or secretion but rather improve
the efficiency of the apparatus [12,17]. However, in a breakthrough
work, Bönemann et al. showed that ClpV interacts directly with TssB
and TssC and demonstrated that ClpV disassembles TssBC tubules
in vitro in an ATP-fuelled manner [53]. In addition, the same authors re-
ported that the specificity of ClpV for TssBC is conferred by its N-terminal
domain and can be transferred to the housekeeping ClpA ATPase by
swapping their respective N-terminal domains. Using a TssB–GFP fusion,
Basler et al. showed that in the absence of ClpV the TssBC complex is not
dynamic anymore and that the TssB localization is similar to that ob-
served in contracted TssBC structures [17]. Moreover Basler and
Mekalanos used a combination of TssB–GFP and ClpV–mCherry fusions
to demonstrate that prior to TssBC contraction, ClpV is evenly distributed
in the cytosol, whereas contraction of the sheath leads to immediate co-
localization of ClpV–mCherry with the contracted sheath (Figs. 3d, e, f
and 6) [20]. Once the TssBC complex is disassembled, TssB and ClpV no
longer co-localize to a single focus. These data were later confirmed by
immunogold labeling of ClpV, demonstrating that ClpV proteins decorate
contracted sheaths [62]. These results strongly support the idea that ClpV
is essential for the dynamics of TssBC tubules, recycling the TssB and TssC
subunits after sheath contraction. Kapitein et al. provided further evi-
dence that in addition to recycling the pool of TssBC subunits by
disassembling contracted TssBC tubules, ClpV also prevents formation
of aberrant, aggregated, TssBC tubules in the cytoplasm [62]. Themolec-
ular bases bywhich ClpV specifically recognizes contracted sheaths came
from thework of Pietrosiuk et al. [75]. The authors determined that ClpV
binds with weak affinity (~40 μM) to a discrete fragment on TssC
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corresponding to its N-terminal α-helix. The crystal structures of the
V. cholerae and EAEC N-terminal ClpV domain alone or complexed to
the TssC peptide are available (PDB IDs: 3ZRI/4HH5 for ClpV alone and
PDB IDs: 3ZRJ/4HH6 for the complexes) ([75], Douzi et al., unpublished).
The ClpV protein possesses an additional N-terminalα-helix, namedα0,
compared to other members of the Hsp100 family. The TssC α-helix
binds to an hydrophobic groove located between the two first
α-helices of ClpV, α0 and α1 (Fig. 6), providing the explanation why
TssC is not a substrate for housekeeping Clp proteins [75]. Although
this has not been formally demonstrated, the current model suggests
that the TssC N-terminal α-helix is buried within the extended sheath
but protrudes from the contracted sheath, allowing ClpV recruitment
and activity (Fig. 6). The question whether the disassembled TssB and
TssC subunits are recycled and integrated into a new cycle of assembly/
contraction or are degraded remains to be clearly answered.

5. Closing remarks and prospects

Over the last few years, the T6SS became a highly exciting area of re-
search, each week providing its batch of novelty. Breakthrough studies
have shaken the field, including the discovery that T6SSs are involved
in interbacterial competition or that the T6SS is structurally and
functionally similar to contractile bacteriophage tails. However, while
current efforts concentrate on the nature of the effectors delivered by
thismachine and on the secretionmechanisms, important questions re-
garding the overall architecture and the biogenesis of the T6SS remain
to be answered. Providing structural information on the complete
T6SS (or sub-complexes), such as those obtained for the Type III or
Type IV apparatus will supply an unprecedented view of this machine.
Identifying the T6SS baseplate components is also an exciting challenge
thatwill pave theway to a better understanding of themolecularmech-
anism triggering sheath contraction. Finally, how the attacker cells
sense the prey and position and activate the T6SS remains to be exper-
imentally addressed.
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Chapter 16

Fusion Reporter Approaches to Monitoring Transmembrane 
Helix Interactions in Bacterial Membranes

Laureen Logger, Abdelrahim Zoued, and Eric Cascales

Abstract

In transenvelope multiprotein machines such as bacterial secretion systems, protein–protein interactions not 
only occur between soluble domains but might also be mediated by helix–helix contacts in the inner mem-
brane. Here we describe genetic assays commonly used to test interactions between transmembrane α-helices 
in their native membrane environment. These assays are based on the reconstitution of dimeric regulators 
allowing the control of expression of reporter genes. We provide detailed protocols for the TOXCAT and 
GALLEX assays used to monitor homotypic and heterotypic transmembrane helix–helix interactions.

Key words Membrane protein, Protein-protein interaction, Transmembrane segment, Helix–helix 
interaction, One-hybrid, Two-hybrid, cI repressor, TOXCAT, GALLEX

1 Introduction

The proper assembly of multiprotein complexes such as bacterial 
secretion systems requires specific interactions between the differ-
ent subunits. While most of the interactions involve contacts 
between soluble domains of these subunits, the transmembrane 
helices (TMHs) of inner membrane proteins are also key players in 
membrane protein complex formation. For examples, the Type II 
secretion (T2SS)-associated GspC, GspL, and GspM proteins inter-
act with each other via their TMHs [1]. A similar situation has been 
evidenced for the Type VI secretion system (T6SS) TssLM complex 
[2–4]. The TMH could be involved in homotypic interaction, i.e., 
participate in the formation of dimers such as the Type IV secretion 
(T4SS) and T6SS-associated VirB10 and TssL inner membrane 
proteins [4, 5] or in heterotypic interactions with other subunits 
[1–3]. Monitoring interactions between TMHs is not an easy task 
because mutations within or swapping of the TMH could interfere 
with the conformation of the soluble domains and  therefore may 
indirectly affect protein–protein interactions. Thus, genetic one- or 
two-hybrid approaches based on fusion to transcriptional  
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reporters, such as the λcI repressor, TOXCAT, GALLEX, and 
Bacterial Adenylate Cyclase-Based Two-Hybrid (BACTH) assays, 
have been developed. While cI-repressor and TOXCAT can only be 
used for testing homotypic interactions, the GALLEX and BACTH 
approaches can also be used to monitor interactions between differ-
ent TMHs. This chapter provides protocols to monitor homotypic 
and heterotypic transmembrane helix–helix interactions using 
TOXCAT and GALLEX. We refer the reader to excellent reviews 
summarizing the forces exerted to catalyze TMH folding and inser-
tion, as well as the different methods to analyze TMH interactions 
in bacteria [6, 7].

Methods of testing the homodimerization of TMHs, such as the λ cI 
repressor and TOXCAT assays, are based on the one-hybrid reporter 
fusion approach.

The cI transcriptional regulator represses the expression of 
early promoters of the bacteriophage λ genome. Repression only 
occurs when cI dimerizes, a behavior conferred by the C-terminal 
domain. The λcI repressor assay is therefore based on the reconsti-
tution of a dimeric λcI repressor by two interacting fragments [8–10]. 
The construct consists of a fusion between the monomeric 
N-terminal DNA-binding domain of λcI (called cI’) with the TMH 
(Fig. 1a). TMH-mediated cI’ dimerization induces binding of cI 
to its operator sequence, allowing repression of phage λ early 
genes, hence conferring protection against superinfection by phage 
λ (Fig. 1a). The cI repressor assay has been successfully used to 
demonstrate that the T2SS XcpR and T4SS VirB4 and VirB11 
proteins oligomerize [11–13].

The TOXCAT assay is based on the characteristics of the 
Vibrio cholerae ToxR regulator: a strict dimerization-dependent 
transcriptional activator consisting of an N-terminal helix-turn-
helix DNA- binding domain and a C-terminal dimerization 
domain. The construct consists of a fusion in which the TMH is 
inserted between the monomeric ToxR DNA-binding domain 
and the MalE periplasmic protein (Fig. 1b). By supporting growth 
on maltose- minimal media, MalE makes it possible to verify that 
the TMH is properly inserted. TMH-mediated ToxR dimeriza-
tion induces binding of ToxR on its operator sequence, allowing 
transcription of a reporter gene. In the initial ToxR system, the 
reporter gene is lacZ [14], while the TOXCAT assay uses the cat 
gene [15] (Fig. 1b). Hence, dimerization of the TMH could then 
be assessed by measuring the β-galactosidase and chloramphenicol 
acetyltransferase (resistance to chloramphenicol) activities [16]. 
The TOXCAT assay has been successfully used to provide evi-
dence that the TMH of the T4SS VirB10 subunit oligomerizes 
[5]. Further improvements of the ToxR and TOXCAT assays have 
been published [17–19].

1.1 Monitoring TMH 

Homotypic 

Interactions
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Methods of testing the heterodimerization of TMHs, such as the 
GALLEX and BACTH assays, are based on the two-hybrid 
reporter fusion approach.

The GALLEX assay is based on the reconstitution of a dimeric 
LexA transcriptional repressor by two interacting TMHs. The con-
struct consists of a fusion in which each TMH is inserted between 
the monomeric LexA N-terminal DNA-binding domain and the 
MalE periplasmic protein. The elegant improvement is that one of 
the two TMHs is fused to the wild-type LexA N-terminal 
domain (LexAWT), whereas the second TMH is fused to a LexA 
N-terminal domain variant bearing a mutation in the DNA-binding 
motif (LexA408), allowing recognition of a different operator 
sequence (op408). Formation of helix heterodimers induces binding 
of LexA/LexA408 on a dual operator sequence (opWT/op408), allow-
ing repression of a reporter gene [20–22] (Fig. 2a).

The BACTH assay is based on the reconstitution of the adenyl-
ate cyclase activity conferred by the T18 and T25 domains of the 
Bordetella pertussis Cya protein [23–25] (Fig. 2b). Widely  

1.2 Monitoring TMH 

Heterotypic 

Interactions

Fig. 1 Schematic representation of the assays for monitoring TMH homotypic interactions. (a) cI repressor 

assay. The TMH of interest (orange) is fused to the cI DNA-binding domain (green). Reconstitution of the cI 

dimer results in the repression of early phage λ genes (blue). Repression of phage λ genes confers protection 

against phage λ infection. (b) ToxR and TOXCAT assays. The TMH of interest (orange) is fused between the 

Vibrio cholerae ToxR DNA-binding domain (red) and the MalE protein (blue). Reconstitution of the ToxR dimer 

results in the expression of the reporter genes (blue, lacZ for the ToxR assay, cat for the TOXCAT assay)

Protein-Protein Interaction in the Membrane
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used for testing interactions between soluble domains or proteins in 
multiprotein complexes such as the divisome or secretion systems 
[26–34], it has only rarely been used for the study of transmem-
brane helix–helix interactions [35–37]. A detailed protocol for the 
bacterial two-hybrid assay is described in Chapter 13. In this chap-
ter, we provide protocols for the TOXCAT and GALLEX assays.

2 Material

 1. pcckan vector [15] (see Note 1).

 2. Escherichia coli NT326 or MM39 bacterial strains [15] (see 
Note 2).

 3. Lysogeny broth (LB) medium: Dissolve 10 g tryptone, 5 g 
yeast extracts, and 10 g NaCl in 1 L distilled water. Autoclave 
for 15 min at 121 °C. For LB agar plates, add 15 g bacto-agar 
prior to autoclaving.

2.1 Monitoring TMH 

Homotypic Interactions: 

The TOXCAT Assay

Fig. 2 Schematic representation of assays for monitoring TMH heterotypic interactions. (a) GALLEX assay. The 

first TMH of interest (orange) is fused between the wild-type LexA DNA-binding domain (WT LexA) and MalE, 

whereas the second TMH (blue) is fused between the LexA408 variant (LexA 408) and MalE. Reconstitution of 

the LexAWT/LexA408 dimer results in the repression of the reporter gene (blue). (b) BACTH assays. The first TMH 

of interest (orange) is fused to the T18 domain of the B. pertussis adenylate cyclase, whereas the second TMH 

(blue) is fused to the T25 of adenylate cyclase. Reconstitution of the T18/T25 adenylate cyclase results in the 

production of cyclic adenosine monophosphate (cAMP). Binding of cAMP to the catabolite activator protein 

(CAP) induces the expression of the reporter gene (blue)

Laureen Logger et al.
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 4. M9-maltose medium: Dissolve 0.6 g Na2HPO4·12H2O, 0.3 g 
KH2PO4·H2O, 50 mg NaCl, 100 mg NH4Cl, and 1.5 g bacto- 
agar in 90 mL distilled water. Autoclave. Add 100 mg casa-
mino acids, 400 mg maltose, 25 mg MgSO4·7H2O, and 1 mg 
CaCl2.

 5. Ampicillin stock solution (250×): 25 mg/mL ampicillin. 
Dissolve 250 mg ampicillin in 10 mL distilled water. Filter to 
sterilize. Store at 4 °C.

 6. Chloramphenicol stock solution: Dissolve 90 mg chloram-
phenicol in 1 mL absolute ethanol. Store at −20 °C.

 7. 2.5 mM chloramphenicol solution: Dissolve 8.1 mg chloram-
phenicol in 10 mL ethanol.

 8. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electropho-
resis (PAGE) loading buffer: 60 mM Tris–HCl, pH 6.8, 2% 
SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% bromophe-
nol blue.

 9. Lysis buffer: 25 mM Tris–HCl, 2 mM EDTA, pH 8.0. Dissolve 
303 mg Tris(hydroxymethyl) aminomethane and 58 mg ethyl-
enediaminetetraacetic acid (EDTA, disodium salt) in 100 mL 
sterile distilled water. Adjust pH to 8.0.

 10. Reaction buffer: 100 mM Tris–HCl, pH 7.8, 0.1 mM acetyl- 
CoA, 0.4 mg/mL 5,5’-dithiobis-(2 nitrobenzoic acid) (dTNB). 
Dissolve 121 mg Tris, 0.81 mg acetyl-CoA, and 4 mg dTNB in 
10 mL sterile distilled water. Adjust pH to 7.8 with HCl.

 11. 10 mm filter paper disk.

 12. 96-well microplates.

 13. Anti-maltose-binding protein (MBP) antibodies for MalE 
immunodetection.

 14. Incubator.

 15. Spectrophotometer.

 16. Benchtop centrifuge.

 17. Water bath at 96 °C.

 18. Mini-gel caster system and SDS-PAGE apparatus.

 19. Protein blotting apparatus.

 20. Sonifier.

 21. Microplate reader.

 1. pALM148 and pBML100 vectors [20].

 2. E. coli NT326 or MM39 bacterial cells [15] (see Note 2).

 3. E. coli SU202 bacterial strain [20, 38] (see Note 3).

 4. LB medium: see Subheading 2.1.

 5. M9-maltose medium: see Subheading 2.1.

2.2 Monitoring TMH 

Heterotypic 

Interactions: 

The GALLEX Assay
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 6. Ampicillin stock solution (250×): see Subheading 2.1.

 7. Tetracyclin stock solution (1000×): 12 mg/mL tetracyclin. 
Dissolve 120 mg tetracyclin in 10 mL ethanol. Filter to steril-
ize. Store at 4 °C.

 8. Isopropyl-β-D-thiogalactopyranoside (IPTG) stock solution 
(500×). 0.1 M IPTG. Dissolve 238 mg IPTG in 10 mL sterile 
distilled water. Filter to sterilize. Store at 4 °C.

 9. X-Gal stock solution (1000×): 40 mg/mL X-Gal. Dissolve 
40 mg 5-Bromo-4-chloro-3-indolyl β-D-galactopyranoside 
(X-Gal) in 1 mL dimethylformamide. Prepare fresh and do not 
store.

 10. 0.1% SDS: Dissolve 50 mg SDS in 50 mL distilled water.

 11. Chloroform.

 12. Ortho-nitrophenyl-β-D-galactopyranoside (ONPG) stock 
solution. 4 mg/mL ONPG: Dissolve 20 mg ONPG in 5 mL 
buffer Z.

 13. SDS-PAGE loading buffer: 60 mM Tris–HCl, pH 6.8, 2% 
SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% bromophe-
nol blue.

 14. Buffer Z: Dissolve 2.15 g Na2HPO4·12 H2O, 0.29 g 
Na2HPO4·H2O, 75 mg KCl, and 25 mg MgSO4·7H2O in 100 
mL distilled water. Adjust pH to 7.0. Add 270 μL 
β-mercaptoethanol. Prepare fresh and do not store.

 15. Anti-MBP antibodies for MalE immunodetection.

 16. 96-well microplates.

 17. Incubator.

 18. Spectrophotometer.

 19. Benchtop centrifuge.

 20. Water bath at 96 °C.

 21. Mini-gel caster system and SDS-PAGE apparatus.

 22. Protein blotting apparatus.

 23. Microplate reader.

3 Methods

 1. Clone the DNA fragment corresponding to the TMH to be stud-
ied into the pcckan vector to yield a plasmid producing the ToxR’-
TMH-MalE fusion protein. Before testing the homodimerization 
of the TMH, verify that your fusion protein is properly produced 
(steps 3–8) and inserted in the inner membrane (steps 9 and 
10). The dimerization of the TMH is then assessed by the disk 
diffusion assay (steps 11–16) and quantified by measuring the 
chloramphenicol acetyltransferase activity (steps 17–26).

3.1 Monitoring TMH 

Homotypic 

Interactions: 

The TOXCAT Assay
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 2. Transform the empty pcckan vector and your pcckan construct 
into NT326 or MM39 E. coli competent cells. Select on LB- 
ampicillin plates (see Note 1).

 3. Pick a single colony of each transformation and grow cells in 20 
mL LB medium supplemented with ampicillin (100 μg/mL) 
until an optical density at 600 nm (OD600) of 0.8 is reached.

 4. Harvest 2 mL of cells by centrifugation at 4000 × g for 5 min.

 5. Discard supernatants and resuspend cell pellets into 20 μL 
SDS-PAGE loading buffer.

 6. Boil samples for 10 min at 96 °C.

 7. Separate proteins by SDS-PAGE and transfer onto nitrocellu-
lose membrane using your favorite protocol.

 8. Use western blotting to immunodetect your fusion protein 
using commercial anti-MalE (anti-MBP) antibodies.

 9. Streak 20 μL of the bacterial culture obtained at step 3 in 
Subheading 3.1 onto M9-maltose medium.

 10. After incubation for 48 h at 37 °C, verify that your strain grew 
on M9-maltose medium.

 11. Drop a 10 mm filter paper disk in center of LB-ampicillin plate 
(see Note 4).

 12. Add 60 μL chloramphenicol stock solution (90 mg/mL) on 
filter paper disk.

 13. Incubate LB plates with chloramphenicol disks for 6 h at 37 °C.

 14. Remove disk.

 15. Spread 2 mL of the culture obtained at step 3 in Subheading 
3.1 on the LB-ampicillin plate to make a lawn. Eliminate excess 
culture.

 16. After incubation for 16 h at 37 °C, measure the halo of chlor-
amphenicol sensitivity (see Note 5).

 17. Centrifuge 3 mL of the culture obtained at step 3 in Subheading 
3.1 at 4000 × g for 5 min (in triplicate).

 18. Discard supernatant and resuspend cell pellets in 500 μL lysis 
buffer. Vortex.

 19. Lyse cells by sonication using a sonifier.

 20. Clear lysate by centrifugation at 10,000 × g for 15 min.

 21. In a 96-well microplate, mix 15 μL of the cleared lysate with 
220 μL reaction buffer.

 22. Measure absorbance at 412 nm (A412) (see Note 6) and at 
550 nm (A550; cell debris) every 20 s for 4 min using a micro-
plate reader.

 23. Inject 15 μL 2.5 mM chloramphenicol in each well.

Protein-Protein Interaction in the Membrane
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 24. Measure absorbance at 412 nm (see Note 6) and at 550 nm 
(cell debris) every 20 s for 10 min using a microplate reader.

 25. Divide each A412 value by the corresponding A550 value and 
plot these values against time.

 26. Calculate the chloramphenicol acetyltransferase activity based 
on the slope in the linear part of the curve (initial rate).

 1. Clone the DNA fragment corresponding to the first TMH to 
be studied (TMH1) into the pBLM100 vector to yield a 
pBR322 derivative plasmid producing the LexAWT’-TMH1- 
MalE fusion protein. Clone the DNA fragment corresponding 
to the second TMH to be studied (TMH2) into the pALM148 
vector to yield a pACYC184 derivative plasmid producing the 
LexA408’-TMH2-MalE fusion protein. Before testing the het-
erodimerization of the TMH, verify that your fusion protein is 
properly produced (steps 3–8) and inserted in the inner mem-
brane (steps 9 and 10). The dimerization of the TMH is then 
assessed on LB-X-Gal plates (steps 11–14) and quantitated by 
measuring the β-galactosidase activity (steps 15–22).

 2. Transform the empty pBLM100 and pALM148 vectors as well 
as the pBLM100-TMH1 and pALM148-TMH2 constructs 
into NT326 or MM39 E. coli competent cells. Select on LB 
plates supplemented with ampicillin (pBLM100 derivatives) or 
tetracyclin (pALM148 derivatives).

 3. Pick a single colony of each transformation and grow cells in 
3 mL LB medium supplemented with IPTG and ampicillin or 
tetracyclin until an OD600 of 0.8 is reached.

 4. Harvest 2 mL of cells by centrifugation at 4000 × g for 5 min.

 5. Discard supernatants and resuspend cell pellets into 20 μL of 
SDS-PAGE loading buffer.

 6. Boil samples for 10 min at 96 °C.

 7. Separate proteins by SDS-PAGE and transfer onto nitrocellu-
lose membrane using your favorite protocol.

 8. Use western blotting to immunodetect your fusion protein 
using commercial anti-MalE (anti-MBP) antibodies.

 9. Streak 20 μL of the bacterial culture obtained at step 3 in 
Subheading 3.2 onto M9-maltose medium.

 10. After incubation for 48 h at 37 °C, verify that your strain grew 
on M9-maltose medium.

 11. Cotransform pBLM100 and pBLM100-TMH1 vectors in 
combination with pALM148 and pALM148-TMH2 vectors 
into SU202 E. coli competent cells (see Note 7). Select on LB 
plates supplemented with ampicillin and tetracyclin.

3.2 Monitoring TMH 

Heterotypic 
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 12. Pick a single colony of each transformation and grow cells in 
3 mL LB medium supplemented with IPTG, ampicillin, and 
tetracyclin until an OD600 of 0.8 is reached.

 13. Drop 15 μL of the bacterial culture obtained at step 12 in 
Subheading 3.2 onto LB plates supplemented with IPTG, 
ampicillin, tetracyclin, and X-Gal.

 14. After 6, 14, and 24 h of incubation at 37 °C, observe the col-
oration of the spots. White spots correspond to strains with no 
β-galactosidase activity (i.e., interaction between the two 
TMHs), whereas blue spots correspond to strains with 
β-galactosidase activity (i.e., no interaction between the two 
TMHs) (see Note 8).

 15. Mix 200 μL of the bacterial culture obtained at step 12 in 
Subheading 3.2 with 800 μL of buffer Z into a 1.5 mL 
Eppendorf tube. Vortex.

 16. Add one drop of 0.1% SDS and two drops of chloroform to 
lyse cells. Vortex for 10 s.

 17. In a 96-well microplate, mix 50 μL of the cleared lysate with 
150 μL buffer Z.

 18. Measure the absorbance at 420 nm (absorption wavelength of 
ortho-nitrophenol, the product of degradation of ONPG) and 
at 550 nm (A550; cell debris) every 30 s for 2 min using a 
microplate reader.

 19. Inject 40 μL ONPG solution in each well.

 20. Measure the absorbance at 420 nm and at 550 nm every 30 s 
for 20 min using a microplate reader.

 21. Divide each A420 value by the corresponding A550 value and 
plot these values against time.

 22. Calculate the β-galactosidase activity based on the slope in the 
linear part of the curve (initial rate).

4 Notes

 1. pcckan is a vector comprising the sequence corresponding to 
the ToxR N-terminal domain and that corresponding to MalE 
separated by a multiple cloning site allowing insertion of the 
sequence corresponding to the TMH of interest. Positive and 
negative controls have been developed by Russ and Engelman 
corresponding to the wild-type and mutated TMH of the gly-
cophorin A, respectively [15].

 2. NT326 and MM39 strains do not produce the MBP and 
therefore could be used as reporters to verify the proper inser-
tion of the ToxR’-TMH-MalE and LexA-TMH-MalE fusions.
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 3. Strain SU202 is a reporter for the GALLEX assay. It has a 
chromosomally integrated fragment corresponding to a hybrid 
operator sequence (opWT/op408) controlling the expression of 
the lacZ reporter gene. Transformed SU202 cells are not stable 
and therefore transformations should be made fresh and colo-
nies should not be stored at 4°C.

 4. Use three LB-ampicillin plates per strain to be tested.

 5. The diameter of the halo reflects the ability of the strain to resist 
chloramphenicol and therefore is directly and inversely linked 
to the expression of the cat gene that is induced by TMH 
dimerization. If the TMH dimerizes, the expression level of cat 
will be high and, hence, the diameter of the halo small.

 6. The reaction catalyzed by the chloramphenicol acetyltransfer-
ase consists in the acetylation of the chloramphenicol and the 
release of free coenzyme A. Coenzyme A then reacts with the 
5,5’-dithiobis-(2-nitrobenzoic acid), resulting in an increase of 
the absorbance at 412 nm.

 7. You should obtain the combinations pBLM100 + pALM148, 
pBLM100 + pALM148-TMH2, pBLM100-TMH1 + 
pALM148, and pBLM100-TMH1 + pALM148-TMH2.

 8. MacConkey/maltose could be used as reporter medium 
instead of LB-X-Gal plates. If MacConkey/maltose plates are 
used, the coloration of the spots differs: yellow spots corre-
spond to strains with no β-galactosidase activity (i.e., interac-
tion between the two TMHs), whereas red spots correspond 
to strains with β-galactosidase activity (i.e., no interaction 
between the two TMHs).
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The Type VI secretion membrane complex:

the central role of TssM for assembly and for baseplate

recruitment

In the environment, bacteria live in communities. These microbial communities harbour

unique and interesting features. Inside these communities, bacteria have distinct behaviours

and are able to coordinate their efforts, to develop symbiosis or antagonistic interactions.

Particularly, bacteria compete with each other to acquire nutrients, to colonize or to expand

their niche. Predator bacteria deploy various systems to recognize and destroy prey cells.

One of the most efficient mechanisms is the type VI secretion system (T6SS). This multipro-

tein apparatus resembles a nano-crossbow that delivers a needle loaded with toxins directly

into target cells when in contact with the prey. The needle is built on a platform that is

anchored to the membrane complex. The membrane complex is inserted in the cell envelope

and is composed of three proteins: TssJ, TssM and TssL.

During my thesis, I was specifically interested in the TssM subunit, which was poorly

characterized. I defined its topology, participated to the structural characterization of its

periplasmic domain and further showed that TssM bears a cytoplasmic GTPase-like do-

main that interacts with the assembly platform. Interestingly, GTPase proteins switch and

regulate various cellular processes, suggesting that TssM might control the activity of the

platform. In addition, I identified a fragment of the TssM protein that lies outside of the

cell. Because it is the only extracellular portion of the T6SS, we hypothesized that TssM

might coordinate prey sensing to T6SS assembly and more specifically that this region might

be involved in sensing the prey. I further investigated the role of these two regions of TssM

with the goal to provide a model for signal transmission. Finally, I have participated to

the characterization of TssK, a component of the platform that directly interacts with the

cytoplasmic domain of TssM and hence docks the platform to the membrane complex.


