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Abstract

Bacteria have evolved multiple protein secretion systems to survive and cope with surrounding environmental
stresses. So far, there are seven secretion systems (type I to type VII), which have been identified and demonstrated
the structural and molecular mechanisms. Among them, type three secretion system (T3SS), hallmark of acute
infection, is considered as the most complicated system and can translocate effector proteins directly into host cell
through a needle-like apparatus. Type six secretion system (T6SS) targets both prokaryotic and eukaryotic cells
using a bacteriophage-like structure and plays a role in pathogenesis and bacterial competition. This review is based
on our understanding of comparison of the structure, regulation, function and application between T3SS and T6SS.
Understanding the structural and functional mechanisms, as well as the difference and relationship between these
two secretion systems will help our understanding of bacterial pathogenesis and interspecies interaction.
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Introduction
Secretion systems have been developed by pathogens for the

purpose of survival in host environments, competition, colonization,
and infection. They facilitate the delivery of virulence factors
(exoproteins-effector proteins-toxins) directly into the cytoplasm of
target cells or into the environment [1]. So far considerable progress
has been made towards elucidating the structural and functional
mechanisms of the six secretion system (type I-VI) of gram-negative
bacteria, the unique mycobacteria type VII secretion system. These
systems differ from each other in the context of structure and
functionality. Some toxins are secreted into the environment, whereas
other toxins are secreted directly into the host cell to alter host
physiology or for colonization [1]. In addition, these secreted proteins
can be secreted through the inner and outer membrane in one step,
such as type three secretion system (T3SS), T1SS, Type IV and Type
VI. While, other proteins are secreted into the periplasmic space first
through Sec or Tat pathways (two-step) then excreted to the outer
membrane by T2SS, Type V or Type I and Type IV [2]. In the two-step
secretion mechanism, Sec pathway is the most important export
pathway. It is composed of Sec proteins, SecA (ATPase) and SecYEG.
The other Tat (Twin Arginine Translocation) pathway is made of
TatABC proteins and it is not considered essential as Sec [3,4]. T3SS is
a needle like structure. It injects effector proteins directly into the
cytoplasm of target host cells, to evade immune system and facilitate
bacterial survival or to inhibit cellular function. T3SS is considered the
most complex system among those six. It is present in animal and plant
pathogenic or non-pathogenic symbiotic bacteria [5]. T6SS is one of
the secretion systems recognized recently in 2006 in Pseudomonas
aeruginosa and Vibrio cholerae. It is a one-step secretion system and it

functions as a defense mechanism against other bacteria (antibacterial
activity) in a polymicrobial environment. Type six secretion system
(T6SS) along with type three secretion system (T3SS) are important for
cell-cell interaction and virulence factors. Similarly, T6SS targets
eukaryotic and prokaryotic cells. Its expression is controlled by several
regulatory mechanisms such as pH, quorum sensing, temperature
change, two component regulatory systems, iron, magnesium and
phosphate concentrations.

Structure
The structure of T3SS consists of a basal body, needle and

translocon. There are several proteins which form or assist in forming
the structure of the machinery, including PscC, PscN, PscF, PscP, PcrV,
PopD, PopB [6]. The basal body is a ring-shaped body that consists of
inner membrane (PscJ-lipoprotein) and outer membrane (PscC
compounds). PscN is controlled by PscL and is thought to be an
ATPase that fuels the system [7]. The needle is 60 nm to 100 nm in
length, assembled by polymerization of PscF protein. Additionally,
PscP protein determines and controls needle length [8]. It is believed
that the needle plays a role in sensing host cell to activate T3SS [9]. A
translocon/injectisome in T3SS is responsible for transporting effector
proteins from the needle to the host cytoplasm [10]. PcrV hydrophilic
protein is required for translocator assembly [11]. Permeabilization
pore forming proteins PopD and PopB are hydrophobic translocator
proteins, which function in host cells under acidic conditions (PH). Yet
until this day, researchers are debating on the exact mechanism
controlling needle length dimensions, and substrate switching.
Bergeron et al and his group suggested a mechanism for sensing of
needle length in T3SS through the ruler protein [12]. Ruler proteins
are associated with the secretion of effector proteins in T3SS at early
stages. Deletions of this protein results in aberrant needle length, and
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the formation of multiple hooks in the flagellum. Studies on YscP ruler
protein of Shigella T3SS revealed a conserved two domain structure. A
length-sensing (LS) domain at the N terminal in charge of needle
length, and a substrate-switching (SS) domain at the C terminal
responsible for substrate switching through assembling T3SS structure
and toxin secretion. Bergeron et al. reported that PscP ruler protein of
Pseudomonas aeruginosa consists of a ball-and-chain structure
revealing a disturbed LS and SS domain. Furthermore, they reported a
crystal structure for the autoprotease PscU associated with LS domain.
In addition, they demonstrated the structure of SS domain, and
proposed that it is anchored to the tip of the needle due to its high
stabilization. They hypothesized that the growth strength of the needle
exerted on the SS domain leads to the detachment of the N-terminal
anchor form the autoprotease. Thus, this mechanism allows for sensing
of needle length by the ruler protein.

As for T6SS, there are three locus, H1-, H2-, and H3-T6SS. T6SS
structure consists of a phage like tail with several subcomplex that
secrete toxins into host cell/ bacteria in one step manner. T6SS harbors
a gene cluster, which contain 13 genes essential for function, and
encode proteins that form the system’s structure. These proteins are
named from TssA to TssM. Immunity proteins are encoded close to
antibacterial effectors in T6S gene clusters to protect the secreting cell
from its own toxins. TssJ, TssL, and TssM subunits make up the
membrane anchoring complex, where the lipoprotein TssJ is anchored
to the outer membrane. TssM is anchored in the inner membrane and
have a c terminal region that interacts with TssJ. TssL is anchored in
the inner membrane through a transmembrane helix, and interacts
with TssM. The inner tube on T6SS is composed of Hcp, which is a
protein related to gp19 in phage T4 [13]. The sheath is composed of
contractile two proteins, TssB and TssC, which assemble in the
cytoplasm to form tubular structures. VgrG a trimeric protein works
on stacking Hcp hexamers and assembly of TssBC sheath. It also shares
a similar structure with gp27/gp5 that form the tail spike in T4. PAAR-
repeat-containing proteins bind to VgrG protein. They particularly
bind to the end of VrgG to form a sharp tip of Hcp-VgrG. Lastly, TssE
protein forms the base structure of T6SS, and function as a platform
for the bacteriophage like structure. It shares a homology with gp25 in
T4, and is needed for the assembly of TssBC [14]. Moreover, TssAFGK
proteins are suggested to form essential core components of the base
[15]. For energy, a cytoplasmic AAA+ ATPase protein (ClpV) recycles
the machinery after contraction by stimulating the disassembly of
TssBC [16,17]. In addition, it can prevent and stop the polymerisation
of the sheath structure. The whole mechanism of function in short
consists of extension or assembly, contraction, and disassembly of the
TssBC sheath. Some data suggest that T6S is only active efficiently on
aggressive competitors with T6SS machinery. Tordello et al. were able
to utilize type six secretion system sheaths as nanoparticles for antigen
display [18]. T6SS sheaths are composed VipA and VipB proteins,
which are associated with ClpV. The group implemented these
heterodimers A and B to produce immunogenic compound that can be
used for vaccine delivery. Vibrio cholerae sheaths VipA and VipB fused
with antigens were purified and prepared for immunization. They
reported that enhanced immune response was observed against IgG in
contrast to soluble antigens. Furthermore, serum bactericidal assay was
implemented and confirmed the efficiency of antibodies against VipA
\VipB. This application demonstrated the ability of T6SS sheaths to
integrate various proteins in one nanoparticle, that can be transmitted
on one antigen presenting cell (Figure 1).

Figure 1: Structural organization of T3SS and T6SS in gram-
negative bacteria.

Function and Applications
In case of T3SS, four effector proteins are secreted by T3SS in

Pseudomonas aeruginosa, ExoS, ExoT, ExoY and ExoU. ExoS and T
possess GTPase activating protein (GAP) activity and ADP-ribosyl
transferase activity. ExoY is an adenylate cyclase and together with
ExoS, ExoT they share a cytolytic activity and inhibit phagocytosis.
ExoY also affects intracellular cAMP levels and cytoskeleton
reorganization. Moreover, they are capable of disrupting endothelial
cell junction by cell rounding to modify the cytoskeleton. Additionally,
ExoS can inhibit DNA synthesis, cell to cell adhesion, and interact with
T cells and monocytes resulting in T cell apoptosis. On the other hand,
ExoT inhibits cell migration, and delay wound healing. Lastly, ExoU
causes rapid necrotic cell death, and attacks neutrophils to increase the
susceptibility of host immune system for secondary infections [19].
Studies indicated that T3SS alone without the secretion of effector
proteins can actually trigger activation of caspase-1 by the
inflammasome via NLRC4 to cause cell death.

On the other hand, H1-T6SS secret six effector proteins that are
responsible for bacterial competition. HSI-I also demonstrated a huge
role in chronic infections in rat models of chronic respiratory
infections, and in chronically cystic fibrosis patients. Studies have also
demonstrated that T6S is capable of attacking eukaryotic cells. Whilst,
H2- and H3-T6SS play a double role by interacting with prokaryotic
and eukaryotic cells. Deletion mutants were able to show attenuated
H2-T6SS in mouse infections, and H3-T6SS displayed upregulation of
gene clusters in the presence of epithelial cells. H2 interacts with
bacteria in the environment by phospholipase D (PLD) PldA.
Whereas, H3-T6SS-dependent PldB interacts with eukaryotic cells.
These two effector proteins have also shown to degrade membrane
phospholipids in Pseudomonas aeruginosa leading to its antibacterial
activity, and promoting internalization into epithelial cells in humans.
Furthermore, data from recent studies demonstrated that PldA and
PldB activate PI3K-AKT signaling pathway to aid in invasion of
epithelial cells. Effector proteins have been identified through
bioinformatics, genetic and proteomics. First one to be identified was
the cell wall targeting enzyme Tae (peptidoglycan amidase) as well as a
Tge (peptidoglycan glycoside hydrolase). Another effector is Tle with
proposed lipase/esterase activity. There are other effector proteins,
which have not been identified yet, and others that have been
identified, though their specific action is still unknown. Toxins are
released into the target cell by the contraction of the sheath-like
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structure that spikes towards the cell. Furthermore, studies indicated
that T6SS effectors can actually be translocated in two ways. They can
be integrated with structural components and they are called
specialised effectors. Or, they can interact with one of the essential
components and these are called cargo effectors. In a recent study on
type VI, Rogers et al. discovered that a protease LonA regulates biofilm
formation, motility, virulence, and the type VI secretion system in
Vibrio cholera. Proteases aid bacteria with adapting to environmental
modifications, and protein degradation. Prokaryotic Lon plays a role in
the degradation of foreign proteins, regulation of particular proteins,
biofilm formation, motility, and virulence. A LonA mutant displayed
increases swarming motility, alterations in cAMP levels, and biofilm
formation in Vibrio cholera. Moreover, a whole genome expression
demonstrated an increase in genes, which contribute to type VI
secretion system when compared to wild type. Likewise, LonA mutant
showed increased type VI efficiency, and deficient colonization in mice
[20]. This result indicates the significance of LonA in the regulation of
type VI system and virulence.

Regulation
Regulation of T3SS involves intrinsic and extrinsic regulation. It

consists of different levels, transcriptional, post-transcriptional, and
post-translational. The expression of effector protein is regulated by the
major transcriptional activator ExsA in response to environmental
signals [21]. These signals include direct contact with host cell, and low
calcium. ExsA belongs to the AraC-family of DNA-binding proteins
and it activates the transcription of T3SS through direct binding to
promoters. Upon binding to the promoter, ExsA can facilitates
transcription by enhancing RNA polymerase recruitment. A protein-
protein interaction network ExsCED, regulates ExsA at the post-
translational level. ExsC binds with ExsE in a 2:1 ratio and ExsD binds
to ExsA [22,23]. Under inducing conditions, ExsE is secreted from
T3SS and ExsC binds with ExsD in a 2:2 ratio. Thus, this binding with
ExsD release ExsA and it can activate T3SS gene transcription.
Extrinsic regulators are global regulators and include cAMP/Vfr,
RsmAFYZ system, MucA/AlgU/AlgZR, and GacSA/RetS/LadS
signaling cascade. T3SS gene expression have also been likened to
quorum sensing. Recently, Marsden et al. discovered that virulence
factor regulator (Vfr) can regulate expression of the Pseudomonas
aeruginosa type III secretion system, by directly activating exsA
transcription [24]. Vfr is a cAMP-dependent DNA-binding protein. It
functions as a global regulator of virulence gene expression in
Pseudomonas aeruginosa. In addition, it regulates type IV pili and type
III secretion system. Marsden et al and colleagues reported that Vfr
mutant displayed altered bistability, and analysed Vfr ability to
regulated the transcription of the master regulator ExsA. They
concluded that Vfr is capable of directly activating exsA transcription
through a second promoter (PexsA) upstream of exsA PexsA promoter.
This takes place upon the binding of Vfr to PexsA promoter probe,
which was visualized by electrophoretic mobility shift assays.
Furthermore, Vfr consensus-binding site was demonstrated by DNase I
foot printing.

T6SS exhibits a complicated regulatory pathway in order to cope
with surrounding stress in the unfavourable environment. Studies on
the regulation of T6S showed that Gac/Rsm signalling is engaged in
the activation of the system upon cell damage. RetS/LadS/GacS
pathway regulates the expression of H1-T6SS in acute and chronic
infections of Pseudomonas aeruginosa [25]. Regulation of T6SS is also
associated with quorum sensing [26], iron uptake regulator [27], δ54-

dependent activators [28], and a threonine phosphorylation pathway
(TPP) in response to surface growth of the organism [29].
Interestingly, T3SS and T6SS can be switched by the sensor RetS via C-
di-GMP signalling [30].

Conclusion and Future Prospects
Bacteria delivers a series of effector proteins via different secretion

systems to provide a fitness advantage in survival and competing for
resources. Over the past few years, advances in structural and
molecular biology have considerably improved our understanding of
bacterial T3SS and T6SS and have led to the emergence of new drug-
design efforts. We can use the central regulator of each system, like
exsA-master regulator of T3SS; core component of secretion system,
like ClpV in T6SS; both regulators of these two secretion systems, like
quorum sensing, iron uptake regulator.

Researchers are continuously trying to find new antimicrobial
therapeutic targets against these secretion systems. For instance, they
have targeted effector proteins, structure components, transcription
pathways, regulatory genes, as well as inhibition of their assembly and
action. Yet, there is still more about these systems to be understood
when it comes to characterization regulatory genes, studying the
interactions in gene network, and integral function of effector proteins
interaction. Even though we have made great progress on these two
secretion systems, there are many questions still unanswered. For
example, what detailed environmental signals specifically trigger
different secretion system? And how? Which regulatory networks
influence T3SS/T6SS expression? What kind of regulators and signals
are responsible for the activation of T3SS/T6SS regulatory system?
Answering these questions still need some years and such detailed
insight are needed to reveal new potential drug targets and to identify
new directions for the development of novel anti-virulence
compounds.
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