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In Gram-negative bacteria, secretion of toxins ensure the survival of the bacterium. Such toxins are secreted by
sophisticated multiprotein systems. The most conserved part in some of these secretion systems are components,
called secretins, which form the outer membrane ring in these systems. Recent structural studies shed some light
on the oligomeric organization of secretins. However, the mechanisms by which these proteins are targeted to
the outer membrane and assemble there into ring structures are still not fully understood. This review discusses

the various species-specific targeting and assembly pathways that are taken by secretins in order to form their

functional oligomers.

1. Secretion systems in bacteria

Constant sensing of the environment is critical for prokaryotes
survival. One of the many mechanisms developed by bacteria to secrete
molecules to their environment is via secretory systems. Bacteria have
nine known types of secretion systems that are involved in transport
and secretion of substrates through their outer membrane (Green and
Mecsas, 2016; Kubori, 2016). The substrates of these secretion systems
vary depending on the organism and the secretion system.

Among the secretion systems of bacteria, the type II, III and IV
systems are involved in pathogenic pathways. These systems secrete
toxins either into the exoplasm (Type II, T2SS) or directly into the cy-
toplasm of the host cells (Type III, IV pilli; T3SS, T4P) (Alvarez-
Martinez and Christie, 2009; Galan and Wolf-Watz, 2006; Johnson
et al., 2006; Korotkov et al., 2012). The secretion systems consist of a
massive complex spanning both the inner and outer membranes. In all
three secretion systems (T2SS, T3SS and T4P), the outer membrane
complex is conserved and composed of proteins called secretins
(Disconzi et al., 2014; Korotkov et al., 2011). Secretins form homo-
oligomeric gated pores in the outer membrane with copy number that
varies from 12 to 15 depending on the species. For example, the T2SS
secretin, PulD from klebsiella oxytosa forms a channel consisting of 12
subunits whereas T3SS secretin from Salmonella typhimurium exists in
the outer membrane as a 15-mer structure (Berry et al., 2012; Chami
et al., 2005; Schraidt and Marlovits, 2011). This review will discuss the
current knowledge on the targeting and assembly pathways that lead to
the integration of these proteins into the outer membrane.

2. Type II secretion system

Gram-negative bacteria use the type II secretion system to secrete
molecules like hydrolases, toxins, or lipases to the exoplasm (Korotkov
et al., 2012). The secreted proteins include hydrolytic enzymes such as
pullulanase and other toxins such as cholera toxin, which are involved
in the pathogenic pathway of the bacterium (d’Enfert et al., 1989;
Sandkvist et al., 1997). The cholera toxin secreted by Vibrio cholera and
the enterotoxin secreted by enterotoxigenic E. coli (ETEC) are the most
studied of these systems (Dunstan et al., 2013; Korotkov et al., 2009).
The secretary apparatus is composed of four parts: the outer membrane
gated channel, the inner membrane complex, an ATPase, and a pseu-
dopilus (Johnson et al., 2006). The pseudopili are related to the family
of the flagellar/pillus system, which is also driven by ATPases
(Sauvonnet et al., 2000). Type II secretory systems translocate fully
folded proteins across the outer membrane through a gated channel
composed of homooligomeric secretins (Johnson et al., 2006; Kubori,
2016). The type II secretion is a two-step process (Campos et al., 2013).
First, the substrate protein has to be translocated from the cytoplasm to
the periplasm with the help of the Sec or Tat systems. Accordingly, the
secreted protein must have a signal sequence that is recognized by one
of these systems (Korotkov et al., 2012). The secreted protein is either
already in the folded form in the periplasm or is folded there before
secretion. Finally, the folded protein is secreted across the outer
membrane.

Another system that contains secretins and is related to T2SS is the
type IV pilus (T4P) system. These appendages are dynamic filaments
that are rapidly polymerized and depolymerized from a pool of pilin
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subunits. Cycles of pilus extension, binding and retraction enable T4P
to perform a phenomenally diverse array of functions, including
twitching motility, DNA uptake, and microcolony formation (Craig
et al., 2019).

3. Type III secretion system

The type III secretion system (T3SS) secretes toxins directly into the
cytoplasm of the host cells (Galan and Wolf-Watz, 2006). Bacteria that
use T3SS for their pathogenicity include Salmonella, Shigella, Yersinia,
Pseudomonas and Enteropathogenic E. coli (EPEC) (Cornelis, 2010;
Galan and Wolf-Watz, 2006; Login et al., 2010; Marlovits and Stebbins,
2010). The system is adapted to secrete either a specific protein in the
case of T3SS of Salmonella or a multitude of toxins like in EPEC. The
secreted proteins are either in their folded or unfolded state (Radics
et al., 2014). T3SS is also known as injectisome or needle complex and
is composed of three regions. One is the basal body consisting of se-
cretins, which form the outer membrane ring, and of an inner mem-
brane platform. The second region is a needle like filament extending
across the two membranes until the plasma membrane of the host, and
the third element harbours the cytoplasmic components (Marlovits
et al., 2006, 2004; Schraidt and Marlovits, 2011). The best studied
among the type III systems is the injectisome of Salmonella typhimurium
SPI-1 (Salmonella Pathogenicity Island 1) (Kuhlen et al., 2018; Marlovits
et al., 2004; Ochman et al., 1996; Schraidt and Marlovits, 2011). In-
terestingly, this bacterium has an additional needle complex expressed
exclusively from the SPI-2 (Salmonella Pathogenicity Island 2). Activa-
tion of the genes in SPI-2 is induced upon engulfment of the bacterium
by phagocytes and is essential for survival and replication of the bac-
terium inside these cells (Ochman et al., 1996; Rappl et al., 2003; Shea
et al., 1996).

The factors involved in the recognition and transport of the ‘secre-
tion ready protein’ to the needle apparatus are still less explored. The
basal body of the needle complex has two consecutive inner membrane
rings made of two proteins in a 24-mer stoichiometry (Worrall et al.,
2016). In contrast, the secretins of this system have a 15-mer stoi-
chiometry (Schraidt and Marlovits, 2011; Worrall et al., 2016). Recent
studies reported that the three proteins in the export apparatus form a
pseudo-hexamer in the import competent state (Kuhlen et al., 2018).
The export apparatus provides the platform onto which the poly-
merisation of the helical filament is initiated (Hu et al., 2018; Kuhlen
et al., 2018). The needle is hollow allowing the vectorial movement of
secreted proteins (Demers et al., 2014; Roversi et al., 2006). The tip of
the needle apparatus is involved in sensing the contact with host cells
upon which the translocon initiates the pore formation in the host cell
membrane (Goure et al., 2005, 2004; Rosqvist et al., 1994).
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4. Secretins in the outer membrane

The common feature among the outer membrane structures in the
aforementioned secretion systems are the secretins, which form
homooligomeric rings in the outer membrane consisting of 12-15 co-
pies (Berry et al., 2012; Chami et al., 2005; Schraidt and Marlovits,
2011). PulD (T2SS, Klebsiella oxytoca), GspD (T2SS, Vibrio cholera),
PilQ (T4P, Neisseria meningitides), and MxiD (T3SS, Shigella flexneri)
show a 12-fold symmetry, PilQ (T4P, Pseudomonas aeroginosa) has a 14-
fold symmetry, whereas InvG (T3SS, Salmonella typhimurium) exhibits a
15-fold symmetry (Berry et al., 2012; Chami et al., 2005; Hodgkinson
et al.,, 2009; Koo et al., 2016; Reichow et al., 2010; Schraidt and
Marlovits, 2011). Secretins oligomers are highly stable and they are
usually resistant against detergents, higher temperatures, and dena-
turing agent (Hardie et al., 1996; Linderoth et al., 1996; Nouwen et al.,
2000).

The C-terminus of secretins is conserved across different secretion
systems and has a high tendency to form membrane-embedded p-sheets
(Genin and Boucher, 1994). Some secretins have a domain at their C-
terminus called S domain, which is required for the interaction with
their corresponding specific assembly factor, a lipoprotein called pilo-
tins (Daefler et al., 1997; Koo et al., 2012). The most variable part of
secretins is their N-terminal domain that is proposed to have a system-
and specie-specific role rather than a universal function (Korotkov
et al., 2006; Login et al., 2010; Reichow et al., 2010). The assembled
secretin forms a gated pore in the outer membrane, which is open only
for the translocation of proteins through the channel (Disconzi et al.,
2014; Radics et al., 2014).

5. Structural studies on secretins

Cryo-EM (Cryogenic electron microscopy) and other structural stu-
dies have recently revealed remarkable insights into the structure of
secretins (Hu et al., 2018; Korotkov et al., 2013, 2009; Spreter et al.,
2009; Van der Meeren et al., 2013; Worrall et al., 2016; Yan et al.,
2017). Cryo-EM of the Salmonella T3SS secretin, InvG revealed an un-
expected double walled [-barrel architecture (Worrall et al., 2016).
This study showed that each monomer of the secretin core has nine -
strands. The outer barrel consists of 60 anti-parallel B-strands with each
monomer contributing four strands (number 1, 3, 8, and 9) to the outer
barrel. The inner barrel is also made up of 60 (-strands where each
monomer contributes four B-strands (number 4, 5, 6, and 7). B-strands
four and five are parallel to the membrane while strands six and seven
are kinked and are perpendicular to the membrane. These four strands
from each monomer form together the periplasmic gate. This reported
secretin structure suggests that InvG is the first known protein with
strands parallel to the membrane and with massive double-walled f-
barrel architecture (Fig. 1).

Another very intriguing structural feature of the secretin oligomer is

Fig. 1. Secretins structures. Comparison of
type II secretion system secretin GspD in Vibrio
cholerae (PDB accession number 5WQ8, Left)
and the Salmonella typhimurium SPI-1 type IIT
secretion injectisome secretin InvG (PDB ac-
cession number 6DV3, Right) complexes. The
domain annotations of both secretins is colour

S-Domain  coded for better comparison.

N,domain
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the observation that only small part of this massive structure is inserted
into the membrane. Most of the protein is actually in the periplasm. The
‘lip’ of the complex consists of 60 3-strands with four strands from each
monomer in the case of InvG (Hu et al., 2018; Worrall et al., 2016). In
some secretin structures, as in the case of GspD (V. cholera), a cap gate
has been observed which is formed by 30 f-strands, with each
monomer contributing two -strands (Yan et al., 2017). The “secretin
lip” is proximal to a highly amphipathic helical loop, which is struc-
turally highly conserved. Mutation in this region interferes with
membrane association of the secretin (Disconzi et al., 2014; Guilvout
et al., 2011; Hu et al., 2018). The highly conserved nature of this part
suggests a similar function across different secretion systems.

Structurally, the S domain of secretins has a helices, which protrude
outside the barrel. The highly hydrophobic interface is critical for the
stability of the fully assembled barrel, as any mutations in this region
disrupt the stability of the oligomer (Fig. 1) (Guilvout et al., 2011).

The only common feature in the N-terminal region among all se-
cretins, is the ring-binding motif (RBM) that is reported to initiate oli-
gomerisation. The RBM motif has a characteristic structure with p-a-f-
B-a motif (Yan et al., 2017). The oligomerization initiation leads to a
membrane associated intermediate “prepore” that precedes the secretin
assembly (Guilvout et al., 2017, 2014; Huysmans et al., 2015, 2013).
This oligomerization in the N3 domain initiates the further interactions
between adjacent protomers. Thus, S domain along with the N3 domain
are the necessary factors required for the membrane insertion of the
secretins. The rest of the N-terminal domain is variable, protrudes into
the periplasm, and is proposed to serve a system-specific function
(Hospenthal et al., 2017; Koo et al., 2012; Spreter et al., 2009; Tarry
et al., 2011; Yan et al., 2017).

6. Proposed substrate secretion model

The fully assembled secretin is usually in its closed state where the
periplasmic gate (" 15 A) would restrict the pore for secretion of sub-
strates (Hu et al., 2018; Worrall et al., 2016). Some substrates like the
cholera toxin require a bigger pore size. In the case of T3SS, the sub-
strate pushes through the flexible N3 domains to enter the pore’s lumen.
The push from the extending pseudopilus opens the periplasmic gate
along with the cap gate (Yan et al., 2017). These conformational
changes lead to free passage of the substrate into the cytosol of the host,
thus initiating the infection.

The current hypothesis for the secretion of substrates via T2SS is the
‘Piston model’. According to this model, the contact of secretins with
the protein to be secreted promotes the activity of the ATPase, which
leads to retraction of the pseudopilli, thereby leading to the secretion of
the protein (Hobbs and Mattick, 1993; Sauvonnet et al., 2000). The
contact of the secretion-ready protein with the secretins initiates a
structural change thereby converting the closed conformation of se-
cretin to an open one allowing secretion of the substrate (Korotkov
et al., 2011; Reichow et al., 2010).

7. Secretins and their pilotins

It has been widely reported that several secretins have their own
dedicated auxiliary protein, called pilotins (Koo et al., 2012). Pilotins
are lipoproteins, which have a conserved motif that binds to lipids. The
transport of pilotin via the Lol pathway potentially guides also the
transport of the corresponding secretin from the inner to the outer
membrane (Collin et al., 2011; Daefler et al., 1997; Nickerson et al.,
2011). Pilotins from T2SS, identified so far, mostly belong to the PulS-
OutS family of proteins. Such pilotins bind directly to the secretin via
the S domain in the C-terminus of the latter. Structure analysis of the S-
domain of PulD indicated that the domain is natively disordered
(Nickerson et al., 2011; Worrall et al., 2016). Upon binding of the pi-
lotin PulS to PulD, the S domain folds into a helical structure (Gu et al.,
2012; Okon et al., 2008). The combined complex (PulS-PulD) is then
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transported to the outer membrane (Nickerson et al., 2011; Tosi et al.,
2011). A well-structured a helix in the S-domain was captured along
with its pilotin in the crystal structure of OutS (Gu et al., 2012). Ex-
periments have shown that OutS proteins (homologues to PulS pro-
teins) can be exchanged between different T2SSs but secretin and the
substrates were not replaceable (Hardie et al., 1996; Possot and
Pugsley, 1997; Pugsley, 1996).

A second family of pilotins, called ApsS (Alternate secretin pathway
subunit S) was recently identified by a hidden Markov model analysis of
the Vibrio secretins like GspD. The crystal structure of ApsS indicated no
structural similarity between this lipoprotein and other known pilotins
of T2SS. Nevertheless, studies on this lipoprotein suggested that it
functions as pilotin and binds to the S-domain of Vibrio type secretins.
These findings indicate a species specificity in pilotin-secretin interac-
tions to accommodate a species-specific secretion of substrates
(Dunstan et al., 2013).

8. General aspects of targeting and assembly of secretins in the
outer membrane

The mechanism by which the complete secretins oligomer assemble
in the outer membrane is still an enigma. The outer membrane secretins
are synthesised in the cytoplasm and stabilized there by cytosolic fac-
tors (Bos et al., 2007; Ferbitz et al., 2004). The SecB chaperone ferries
the protein to the Sec translocon (Bechtluft et al., 2010a, b; de Keyzer
et al., 2003). Next, the energy obtained by hydrolysis of ATP by the
ATPase SecA drives the transport of the newly synthesized secretin
across the inner membrane and into the periplasm (de Keyzer et al.,
2003; Zimmer et al., 2008). In the periplasm, the secretins are stabilized
by the periplasmic chaperones SurA, Skp or by other factors (Patel
et al., 2009; Sklar et al., 2007; Volokhina et al., 2011). The transport of
the secretins from the periplasm to the outer membrane can follow four
different pathways: Lol-dependent, BAM-dependent, unassisted one, or
an accessory protein assisted process (Fig. 2). In the following sections,
we discuss the various pathways by which secretins are targeted to and
assembled into the outer membrane.

8.1. Lol-dependent membrane integration

It is anticipated that for secretins with known pilotin partners (like
PulD and its pilotin PulS), the pilotin transport via the Lol pathway
guides the secretin monomers from the periplasm to the outer mem-
brane (Fig. 2a)(Collin et al., 2011; Daefler et al., 1997; Nickerson et al.,
2011). The Lol pathway which is essential for sorting of lipoproteins,
involves in E. coli the five proteins, Lol A-E, three compose the inner
membrane receptor complex LolCDE, while the other two are the
periplasmic LolA and outer membrane element LolB (Tokuda and
Matsuyama, 2004). LolCDE, which harbours an ATP binding cassette
transporter (ABC transporter), initiates the transfer of the outer mem-
brane lipoprotein (pilotin) from the inner membrane to the periplasmic
chaperone LolA. Next, LolA binds the lipoprotein in a 1:1 ratio and
transfers the substrate to the outer membrane receptor LolB. The
transfer of substrate from LolA to LolB is facilitated by the higher af-
finity of LolB to substrates (Matsuyama et al., 1995; Tokuda and
Matsuyama, 2004; Yokota et al., 1999).

In the case of PulD, the pilotin PulS assists the initial assembly
process of the secretin by the transport of the monomer units to the
outer membrane. After the transfer, the secretin monomers form a pre-
pore in a process that is independent of PulS (Daefler et al., 1997; Gu
et al., 2012; Guilvout et al., 2006, 2011; Huysmans et al., 2013;
Nouwen et al., 2000). The pre-pore then inserts into the membrane in a
manner that was suggested to be unassisted (Guilvout et al., 2017). The
only critical region of the protein identified so far for formation of the
prepore is the N3 domain, which is just upstream to the secretin barrel
domain (Huysmans et al., 2013). Without their respective pilotins, such
secretins tend to be mistargeted to the inner membrane where they
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Fig. 2. Mechanism of secretins targeting to the
OoM OM. The secretin monomers is translated in the
cytosol and enters the periplasm via the SEC
translocon. In the periplasm, secretins can
follow various species-specific pathways. The
various assembly processes are: (a) Secretin
monomers bound to their specific pilotin and
use the Lol pathway for transport to the outer
membrane. (b) Secretin monomers can be li-
poproteins themselves and use the Lol pathway
for transport to the outer membrane. (c)
Secretin monomers require accessory proteins
IM for either localization and/or assembly in the
outer membrane. (d) Secretin monomers are
integrated into the outer membrane via the
BAM machinery.

Periplasm

Cytosol

@ Cytoplasmic factors

oligomerize thereby inducing a phage shock response (Burghout et al.,
2004; Crago and Koronakis, 1998; Guilvout et al., 2006). Similarly, PilQ
from Pseudomonas aeruginosa is targeted to the inner membrane in the
absence of its pilotin PilF. Moreover, a mutation in PilF, which affects
its lipidation site, results in the assembly of the secretin PilQ in both the
inner and the outer membrane (Koo et al., 2008).

Even though the majority of secretins have been identified to have
specific lipoprotein to help with their localization, there are also se-
cretins, which were identified to be lipoproteins by themselves. The
HxcQ secretin from P. aeruginosa is an example of a protein that can
target itself to the outer membrane with the help of the Lol pathway,
without assistance of any pilotin (Fig. 2b) (Viarre et al., 2009).

8.2. Accessory proteins-assisted integration and/or assembly

Another class of secretins can assemble without help from other
factors but require accessory proteins to facilitate their targeting to the
outer membrane. The absence of such accessory proteins cause reduc-
tion in the amounts of the corresponding secretins. For example, the
ability of the GspD secretin from Vibrio to form multimers is reduced by
the absence of the accessory protein GspA (Strozen et al., 2011). Si-
milarly, the multimerization of the secretin ExeD from A. hydrophilia
was severely affected upon mutating the accessory protein exeA/B (Ast
et al., 2002). An even more complex example is provided by the secretin
MxiD. This secretin from S. fexneri requires for optimal assembly not
only the pilotin MxiM but also its accessory protein MxiJ. (Schuch and
Maurelli, 2001) (Fig. 2c).

Some secretins are reported to be able to localize to the OM in an
unassisted manner. However, in the absence of their accessory proteins,
the monomeric secretins cannot oligomerise. A prominent example is
PilQ from N. meningitis, which accumulates as monomers in the OM in
the absence of the accessory protein PilW and cannot support activity of
T4P (Carbonnelle et al., 2005). Along the same line, BfpB secretin from
E. coli T4P cannot form multimers in the absence of its accessory pro-
tein, BfpG (Bose and Taylor, 2005). Furthermore, the T4P secretin TcpC
from V. cholerae is mutually stabilizing its accessory protein TcpQ. The
absence of either one results in degradation of the other partner and
additionally a defective T4P assembly (Balasingham et al., 2007;
Carbonnelle et al., 2006, 2005; Drake et al., 1997) (Fig. 2c).

8.3. BAM-dependent membrane integration

Membrane assembly of 3-barrel outer membrane proteins by the p-
barrel assembly machinery (BAM complex) has been extensively stu-
died in the last years. The BAM complex in E. coli consists of a central -
barrel protein, BamA which harbours five periplasmic polypeptide

associated transport (POTRA) domains and is associated with four li-
poproteins BamB-E (de Keyzer et al., 2003; Hagan et al., 2011; Paetzel,
2014; Voulhoux et al., 2003; Wu et al., 2005). The most conserved
components of the complex among all Gram-negative bacteria are
BamA and BamD, both are essential for cell viability (Malinverni et al.,
2006; Webb et al., 2012; Wu et al., 2005). Structural studies on the
BAM complex revealed that the substrate B-barrel proteins are released
laterally into the membrane via the substrate exit part of the BamA
barrel (Hagan et al., 2011; Han et al., 2016; Zeth, 2015).

The type IV secretin PilQ from N. meningitis was reported to as-
semble in a BAM-dependent manner (Voulhoux et al., 2003) (Fig. 2d).
In contrast, PilQ from P. aerogenosa appears to use the Lol pathway for
membrane targeting (Koo et al., 2008). In addition, even though these
two PilQ secretins perform similar functions, their sequence homology
is rather low. Thus, this variability suggest that PilQ’s follow species-
specific assembly pathways.

9. Concluding remarks

Secretins are homo-oligomeric proteins present in type II, III se-
cretion systems and type IV pili. The assembly of the secretin in the OM
is a species-specific process. Structural studies on the assembled se-
cretin oligomer have revealed remarkable similarities between secretins
from different secretion systems and species. Moreover, it has become
apparent that the transfer of DNA via the T4P systems contributes to
increase of drug resistant bacterial strains. In addition, since the ab-
sence of secretins oligomer in the outer membrane disrupts completely
the secretion system, these components are potential drug targets.

Localization and/or assembly studies have demonstrated that most
secretins require pilotins or accessory proteins to guide them towards
their final destination and for their correct conformation. These pro-
teins bind to the secretin protein aiding not only in the transport but
also prevent the premature formation of oligomers at the inner mem-
brane. Additionally, it has been shown that only in very rare cases the
accessory proteins are interchangeable among different secretion sys-
tems. The species and system specificity seem to be a trait evolved to
cope with the variety of the substrates present in the different systems
and to assure infection of other species.

Despite the recent progress in our understanding of secretins bio-
genesis, many questions are still open. For example: (i) How do the
individual components communicate with each other to promote as-
sembly? (ii) Are the assembly process of the outer and inner membrane
components coordinated? or (iii) Do interactions of secretins with other
components of the secretion systems occur only after assembly of the
separate units? Future studies will shed light into these fascinating
processes.
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