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Pathogenic bacteria of animals and plants hapeoteoglycans. Untethered effector proteins are released into
developed an astonishing set of tools that allow them ttee extracellular milieu and reach the host cell by diffusion.
survive in their hosts. These effectors of infection drhe efficiency of delivery is enhanced when the bacterium
virulence factors are often delivered into eukaryotic hosattaches to the host eukaryotic cell (1). Some soluble
cells where they interfere with host cell signalling, therel®ffector proteins interact with a receptor on the surface of the
causing a variety of cellular changes which result in tleeikaryotic cell and become internalised. In other cases, a
disease symptoms in affected host organisms. The effectars-component system is secreted, in which one component,
can be large protein complexes and even DNA, such asipon contact with the host membrane, forms a pore in its
the case of the Ti plasmid @fgrobacterium tumefaciens membrane which allows entry of the second component, the
Effectors are delivered by dedicated bacterial secretiefiector, into the host cell (2).
systems, some of which are evolutionarily related to anci%ut i ¢ fG tive bacteri
bacterial structures such as pili or flagella, or systems geretion systems ol Lram negative bacteria
assembly/secretion of filamentous phage. Because of their outer membrane, Gram negative bacteria

For successful secretion of proteins from pathogeri@ve a more complex task to deliver proteins to eukaryotic
bacteria and their and delivery to the host’s cells, two mdiflls. That may well be the explanation for the variety of
problems had to be solved by bacterial cells: secretion systems used by this group — types | to IV as well
1. Crossing the barriers as the auto-transporter and two-partner secretion systems.

i ) The type IV system can also deliver DNA into host cells. In

Several barriers must be crossed in order for effeciqigition, there are dedicated systems for assembly of several

proteins to exit the bacterial cytoplasm and be dellvered}gbeS of surface appendages (pili and flagella) and systems

the cytoplasm of a host cell. All bacteria have an inner gy assembly/secretion of filamentous bacteriophage.
cytoplasmic membrane and Gram negative bacteria have

second, outer membrane, which must be traversed. Fofhe secretion systems can be as simple as a single protein

delivery into host cells, the host cell membrane(s) presemgto-transporter), or very complex, involving twenty or
the final barrier. more accessory proteins and elaborate surface structures

, i i (type 111, 1V). Some of the systems rely on the sec pathway
2. Selection and targeting of proteins to translocate proteins across the inner membrane and others
Proteins destined for export must be distinguished from ptovide components to mediate secretion through the outer
other bacterial proteins and their fates precisely determinaémbrane, while others translocate proteins through both
in order to fulfil their role in bacterial attack on the host. membranes simultaneously, bypassing the sec pathway

Bacteria have developed not one, but several system&lfggether(Fig. 1).
solve these two requir_ements. The_se systems, which raqg;i)e I system
from very low to very high complexity, have been the focus both b ial b d
of intense research during last dozen years. Sequencing of 1€ TYP€ | system traverses both bacterial membranes an
large number of bacterial genomes has revealed that tif&iFCtly exports proteins from the cytoplasm, bypassing the
secretion systems are ubiquitous and that several systsff@athway(Fig. 1G). It consists of three proteins: an inner
can exist in the same organism. Many of the systems g}gmbrane protein from the family of ABC (ATP-binding
coded by a compact set of genes located on the chromos6 ette& transporters, a perlplasmlg (mner-melmkr)]rane—l
in so-called pathogenicity islands or on dedicated plasmi@&¢ Ori )bproteln,d_ag an Oulterﬁgfr:n _ra;]r_\e tulr)ne -channe
This organisation enables rapid spread of secretion systéms/" the best studied example, &&cherichia colsystem
between organisms by horizontal gene transfer. or secretion .of the toxin haemolysin (HIyA), specificity Qf

. . . . the system is provided by the ABC transporter, which

Protein secretion from Gram positive bacteria interacts with the substrate, while the outer membrane

Gram positive bacteria use the sec pathway, the ubiquitéfig@nnel, TolC, is used by several different pairs of inner
bacterial system for secretion of proteins across tA¥mbrane/periplasmic components. The structure of TolC
cytoplasmic membrane. The N-terminally-locatefas been determined recently. Like other outer membrane
hydrophobic sequence that targets proteins to the sec syg¥@#eins, TolC forms a trans-membrahéarrel. Uniquely,
is called a signal or leader sequence and is similar to th@geriplasmic portion forms anbarrel with a tapered end,
found in eukaryotic proteins as a signal for targeting protei&lich effectively closes this large channel in the absence of
into the lumen of the endoplasmic reticulum. substrate. TolC associates with the complex of inner

: mbrane/periplasmic components only after they have
After passage through the single membrane of Gri)ﬂ'? .
positive bacteria, proteins can either diffuse across or att @rﬁmd _the substrate. Because the substrate binds the
to the cell wall, the outer layer of the cell envelop yto_sollcface of the complex, it has been proposed that upon
Members of the latter group carry a special hexapeptide fgding. the ABC transporter conveys a conformational

which directs their covalent linkage to cell walf12nge to the periplasmic component that results in the
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recruitment of TolC (4). Other ABC transporters that worire a large protein family, members of which also serve as
with the TolC are drug efflux pumps that can eliminatihe outer membrane component of type Il secretion systems
substances such as organic solvents or detergents fromati filamentous phage assembly.

bacterial cytoplasm. An interesting feature of type Il systems is a short pilus-like
Type II system structure that spans the periplasm, but normally does not extend
outside the outer membrane. It is too narrow to transport
. ; o b?oteins and too wide to fit into the secretin pore, and is
cholera toxin obvibrio cholerag the major virulence factor anchored in the inner membrane by interaction with the inner
of choler q(Flg. 1B). In plant pathogens such Kiebsiella membrane ATPase component of the system. It has therefore
and Erwiniag, type Il systems secrete cellulases and Oth(? en proposed that this pilus-like structure serves as a piston to

enzymes that degrade the plant cell wall (5). The type - .
system is designed to export the effector proteins %lL#Sh secreted proteins through the secretion pore (6).

substrates from the periplasm through the outer membran&fforts to explain the selectivity of type Il systems have
The effector proteins are transferred to the periplasm via " frustrating. No common sequence motif is found in all
sec pathway. A single type Il system can transport a variéijPstrates, but protein fusion experiments with a few
of seemingly unrelated, fully folded and, in some Cas&{bstrates (exotoxin A, Ce:l5 cellulase and pectate _Iyase)
multimeric proteins. Nonetheless, these systems show cl§4g9est that two non-contiguous but correctly positioned
to absolute preference for their proper cargo relative to otfg@ions are required for secretion. In contrast, in the case of
periplasmic proteins. This might be a reason for thke B subunit of chqlera toxin, the protein in its entirety is
complexity of type Il systems. Depending on the specié@,q_u'red for secretion. These ob_servatlons suggest that
they consist of 12 to 15 proteins that span the cell enveldpgiary structural motifs are recognised by type Il systems.
— a set of approximately 11 inner membrane proteins (ond'#St of the substrates for which structures have been
which is an ATPase), an outer membrane lipoprotein, and%gi€rmined are rich i sheet content, and that may be the
outer membrane channel protein termed a secretin. Secrdfiqéure recognised by the type Il system (6).

The most significant toxin secreted by this system
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Fig. 1. Secretion systems of Gram negative bacteria.
A, During the filamentous phage (Ff) secretion/assembly, the Sec system is required for targeting the coat protein (CRYtp the inn
membrane. The phage-encoded secretion/assembly machinery at the inner membrane further translocates the coat pfotein to the
ssDNA liberated from a cytosolic ssDNA binding protein. In the type Il, protein-secreting type IV and auto-transporter sysfems, th

Sec system of the inner membrane is required for translocation of proteins from cytoplasm to the periplasm.
B. The type Il system has a short periplasmic pilus that is proposed to serve as a piston to push the substrates fraaanthe peripl
through the outer membrane channel into the extracellular milieu.
C. The C-terminal domain of auto-transporter forms an outer membrane channel that mediates secretion of the N-terminal domain.
Once secreted, the N-terminal domain releases itself from the bacterium by auto-proteolysis and then digests the has{ antibodie
(represented as horizontal Y).
D. The type IV systems secrete toxins from the periplasm to the extracellular milieu. In some systems, the type IV pilusycan directl
contact the host cell membrane. The type IV DNA transfer system and the type Ill and type | secretion systems directlg translocat
the substrates or effectors from the bacterial cytoplasm to their final destination, bypassing the periplasmic space.

E. The type IV DNA/protein complex transfer system translocates the donor DNA-protein complex to the nucleus of the hdist plant ce
F. The type lll system provides the machinery for complete journey from the cytoplasm of the bacterium to the cytoplmmﬁﬁmedmponenl

of the type Il system which traverse the bacterial envelope form a compact supramolecular structure called the needle complex.

G. The type | system for protein secretion belongs to the family of the ABC transporters. The inner membrane componeftrihepsaifstrate
while the outer membrane channel is less specific and can pair with the inner membrane components of the ABC drug sfflux systej
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Type III system bacterial cell, it delivers Ti plasmid DNA to plant cells.

A battery of toxins of human enteropathogens, such Q&S SYStém is extremely promiscuous, targeting many
Yersiniae Salmonellaeand enteropathogeniEscherichia Plant Species and even yeast.
coli, use this system to carry out the invasion of hostProteins of the trans-envelope complex, pilus and all
intestinal epithelial cellgFig. 1F). A Type Ill system is also accessory proteins required for transfer and targeting of T-
used byPseudomonas syringad other plant pathogensDNA into the host nucleus are coded by the Ti plasmid. To
to deliver a set of proteins, called avirulence proteingjtiate transfer, a Ti plasmid-encoded protein cuts one strand
which induce apoptosis in the host cells (7). The type Rf T-DNA and covalently associates with it. This is followed
system is the most complex bacterial protein secretibyt unwinding and transfer of the one strand of the DNA and
system. Its main characteristic is its ability to translocaliee single-strand DNA-binding protein VirE2 into the host
the substrates, independently of the sec system, direéiyoplasm. A nuclear localisation signal in VirE2 directs the
from bacterial cytoplasm into the cytoplasm of the hoBfNA to the nucleus, where it inserts into the chromosome.
eukaryotic cell. This system therefore spans thrdéere, the expression of a battery of T-DNA genes induces
membranes: inner and outer of the bacterium and the ¢@pplastic growth of the affected tissue. The assembly of the
membrane of the host. The Type Il system is structurafyport complex and pilus as well as the export of T-DNA has
complex, forming a remarkable structure that resemble§een a subject of intense research efforts.
syringe and is named the needle complex (8). The needlg animal pathogens, the other major subgroup of type
complex is related (by appearance and sequence homolagy}ecretion systems serves to transfer a large group of
to the basal body of an ancient bacterial structure, Wffector proteins across the bacterial envelope and host
flagellum — 9 of more than 20 proteins of the type Idell membrane, such as CagA ldélicobacter pylorj a
systems are conserved among different subtypes #&ughan pathogen that causes gastritis. Interestingly, this
flagella. A conserved membrane-associated cytosodigbtype IV system uses the sec pathway to transport the
protein with a consensus ATP-binding motif, and related goteins across the inner membrane, and a complex with
the catalytic subunits of bacterigjf-ATPases is a part of a short pilus-like structure for delivery of the effector
the complex and might provide the energy for export.  proteins into the host cell (12). The simplest type IV

The needle complex has morphological features vesybsystem is that for secretion of the pertusis toxin of
similar to those of the flagellar basal body and hooRordatella pertusigagent of whooping cough), which is
filament. It is a large supramolecular structure, 77 nm $ecreted into the extracellular milieu and binds directly to
length, with a 30 nm base and 8.5 nm wide tip. Two séggeptors on the surface of the cell (13).
of ring-like structures match the location of the inner ar§ her secretion systems
outer membrane. Above the outer membrane rings, a L-ti i )
nm long hollow needle protrudes into the surroundings”A Very simple system suffices to export some effector
Type Il systems carry out two types of secretion: that 8foteins of pathogenic bacterigig. 1C). Most such
the components for the assembly of the needle compfiiectors are proteases that cut and inactivate the host
itself and that of the proteins to be exported from tH¥Oteins that participate in an immune response against
bacterium. The latter group consists of translocatotg8vading bacteria, such as immunoglobulin IgA (14).
which form the pore in the eukaryotic cell membrane, arldrese bacterial effector proteins are transported by either
effector proteins, which are translocated into the hodi€ auto-transporter or the two-partner secretion system,
presumably through the pore (9). Like type Il system@Oth of which also use theec pathway. The auto-
type Il systems secrete a number of diverse substraté@nsporter system, the simplest, is an escape artist: the
and the question is how the system distinguishes prog8gctor and the outer membrane channel are the same
substrates from resident cytosolic proteins. There ard'@t€in. It is believed that the channel portion of the
few possible mechanisms for selection of substrates: ff@tein (C-terminal) first inserts into the outer membrane,
5  untranslated region of mMRNA, two regions within ththen the sub;trate (N-terminal) dom'am passes_through the
N-terminal 15 and 100 amino acids, or specific cytosolf'@nnel portion, and an autocatalytic proteolytic cleavage
chaperonins that enable recognition. The most likef§'eéases the N-terminal domain into the medium. A
scenario is that the mechanism of selection depends on3f@ilar strategy is employed by the two-partner secretion

stage at which the protein is required and the fate of ¥St€m, except that the substrate and the outer membrane
protein (10). channel are coded by two separate but adjacent genes in

an operon, rather than by a single gene (15).

Type IV system .
This system encompasses at least two related systgr#samentous phage assembly

(Fig. 1D,E). One of these translocates DNA-protein_F”amentOUS phage are long filaments_, composed of a
complexes into the cytoplasm of a wide variety giingle-stranded DNA genome wrapped ina tub{-} formed
recipient cells, which can be other bacteria, fungi by thousands of subunits of the major coat protein, pVIII.
plants (11Fig. 1E). Another system translocates protein&h® ends of the tubes are asymmetric, made of two
directly into the cytoplasm of eukaryotic cells. A fewdifférent pairs of minor coat proteins. One pair (pVIl and
simpler variants, however, secrete effector proteins iftbX) acts as the initiator and the other (plll and pVl) as
the extracellular milieFig. 1D). These systems havetérminator of assembly/secretion (16,17). Filamentous

conserved set of 10 different core components that forrR22g€ do not lyse the bacterial cell but are secreted
trans-envelope complex. through a phage-encoded secretion system that consists of

two inner membrane proteins and one outer membrane

rprotein of the secretin familgFig. 1A). The major coat
otein spans the inner membrane prior to assembly and,

ith the help of the inner membrane components of the

The T-DNA transfer system &. tumefacienss related
to conjugation systems in other Gram negative bacte
However, instead of mediating DNA transfer to another
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assembly machinery, it associates with the DNA as the

phage filament is secreted. The phage secretin (plV) has
served as a prototype for secretin structure and function. It
is a large gated channel that is closed when substrate is
absent (18,19). Future research will focus on direct

observation of the substrate-assembly complex

interactions and detailed architecture of the assembly
machinery.

Several years ago it was discovered that the cholera
toxin genes are encoded by a filamentous phagébob
cholerag ctx®, which mediates horizontal transfer of
itself and the cholera toxin genes. Curiously, the genome
of this phage does not encode a plV secretin, but rather
borrows the secretin of thé. cholearaetype Il system,
which secretes phage-encoded cholera toxin (20).

Future directions

Although there is a lot of information about the
components of various secretion systems, many questions
remain. Secretion mechanisms have been deduced mostly
from indirect evidence and need confirmation. The basis
for secretion of diverse substrates in a defined temporal
order also remains to be elucidated. A deeper
understanding of the mechanism of secretion and of the
interaction of secretion systems with their substrates will
be invaluable in designing specific inhibitors, which in
turn will help to combat bacterial diseases.
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