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Type-3 secretion systems are sophisticated syringe-like nanomachines present in many animal and plant
Gram-negative pathogens. They are capable of translocating an arsenal of specific bacterial toxins
(effector proteins) from the prokaryotic cytoplasm across the three biological membranes directly
into the eukaryotic cytosol, some of which modulate host cell mechanisms for the benefit of the patho-
gen. They populate a particular biological niche, which is maintained by specific, pathogen-dependent
effectors. In contrast, the needle complex, which is the central component of this specialized protein
delivery machine, is structurally well-conserved. It is a large supramolecular cylindrical structure com-
posed of multiple copies of a relatively small subset of proteins, is embedded in the bacterial
membranes and protrudes from the pathogen’s surface with a needle filament. A central channel tra-
verses the entire needle complex, and serves as a hollow conduit for proteins destined to travel this
secretion pathway. In the past few years, there has been a tremendous increase in an understanding
on both the structural and the mechanistic level. This review will thus focus on new insights of this
remarkable molecular machine.
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1. TYPE-3 SECRETION SYSTEMS ARE COMPLEX
SYSTEMS—FROM STRUCTURE TO MECHANISM
Many animal as well as plant pathogens share the same
principles to infect host cell organisms: they translocate
specific bacterial toxins (collectively called ‘effector
proteins’), which originate from the bacterial cytoplasm
directly into the cytoplasm of a eukaryotic host cell. As a
consequence, translocated effector proteins have the
remarkable capacity to modulate various host-cell path-
ways, including endocytic trafficking, gene expression,
programmed cell death or cytoskeleton dynamics that
induce membrane ruffling and subsequently make the
host accessible to bacterial infection [1,2]. At the
heart of this process stands the type-3 secretion system
(T3SS), a protein-delivery machine, which establishes
intimate contact between the micro-organism and the
eukaryotic host. It is therefore believed that it allows
the safe and unidirectional passage of specific effectors
into the host cell. The destination of many effectors is
the host cell cytoplasm, the host-cell membrane or the
extracellular environment [3,4]. These systems are
widespread among Gram-negative animal pathogens,
such as Yersinia, Pseudomonas, Shigella, enteropatho-
genic and enterohaemorrhagic Escherichia coli (EPEC
and EHEC, respectively), or Salmonella, and the plant
pathogens Erwinia, Ralstonia or Xanthomonas. They
are often essential for the onset of a diversity of diseases
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ranging from diarrhoea, bubonic plague or even fatal
outcomes, to fire blight and bacterial wilt, respectively
[5]. While, in principle, the task of translocating pro-
teins from one compartment to the other has been
solved in nature previously (for example the targeting
and/or secretion of proteins through the Sec- or the
Tat-system), the contextual situation is complicated:
translocation must occur through a number of environ-
ments such as the cytosol, the periplasm and the
extracellular space. Consequently, the function of a
T3SS system is complex in both the specific mechanis-
tic details and the organization of all individual
components involved. For simplicity, in this review,
we will primarily focus on recent insights obtained on
the Salmonella-specific T3SS but will add additional
information from other systems such as Shigella or
Yersinia for comparison. (Homologous components
from various species are listed in table 1.)

2. ACTIVITY OF TYPE-3 SECRETION SYSTEMS
DURING INFECTION

The initiating event for many Gram-negative bacterial
infections is the activity of the T3SS, which mediates
intimate contact between a single bacterium and the
eukaryotic host cell (figure 1la). In Salmonella, this
T3SS is encoded on a specific gene cluster (Salmonella
pathogenicity island (SPI-1); figure 15 and table 1) on
the bacterial chromosome and translocates effectors
during the invasion phase of epithelium cells. The effect-
ors trigger host cellular responses essential for the
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Figure 1. Infection pathway and organization of the T3SS. (a) Salmonella invasion scheme: (1) during the invasion phase
(controlled by the Salmonella pathogenicity island 1, SPI-1), a contact between Salmonella and the host cell activates the
SPI-1-encoded T3SS, which starts to secrete effector proteins that modify the cytoskeleton of the cell. This results in mem-
brane ruffling that facilitates the subsequent uptake of the bacterium and formation of the Salmonella-containing vacuoles
(SCVs) (2). (3) In the proliferation phase (maintained by SPI-2), the bacterium multiplies inside the SCVs before it is finally
released to cause systemic infection (4). (b) Genomic organization of the Salmonella pathogenicity island-1 (SPI-1) and func-
tional grouping of proteins: transcription factors, effectors, needle complex subunits, sorting platform, chaperones, inner

membrane proteins (export apparatus), type-3 specific AT Pase.

bacterial pathogenicity [6]; for example, the host cell’s
actin cytoskeleton network is remodelled and membrane
ruffling occurs, which allows the bacteria to be engulfed
into non-phagocytic cells. Shortly after internalization,
Salmonella resides on a membrane-bound compartment
similar to early endosomes. However, these compart-
ments segregate from the prototypical endocytotic
pathway, avoid fusion with degradative compartments

Phil. Trans. R. Soc. B (2012)

[7] and establish an intracellular replicative niche.
The maturation into a replicative environment (SCV,
Salmonella-containing vacuole) requires the activity of
a second T3SS, which is expressed about 3 h post-
infection, encoded on a second pathogenicity island
(SPI-2; figure la) [8,9]. Effector proteins modifying
the microtubule-associated motor proteins dynein and
kinesin furthermore influence the intracellular
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Figure 2. Needle complex structure from (a) Salmonella and (b) Shigella. Fil., needle filament; OM, outer membrane; OR,
outer ring; OMR, outer membrane ring; IM, inner membrane; IR, inner ring; IMR, inner membrane ring; Conn., connector;
Le, leg. Accession code: EMD-1875 (Salmonella), EMD-1617 (Shigella).

positioning of the SCV leading to a highly associated
interaction with the Golgi network and ensure the
proper maintenance of the SCV [10-14]. The consecu-
tive action of both SPI-1 and SPI-2 T3SSs allow
Salmonella not only to invade eukaryotic hosts but also
to modify their cell machinery, such that the bacterium
becomes able to evade the host’s defence mechanism
and to replicate and spread in a protected environment
(see the study of Coburn et al. [1] for a more complete
description of T3SS and corresponding diseases).
During recent years, most of our understanding about
mechanistic insights, including structural information,
was obtained from the SPI-1-encoded T3SS, which
will be the further focus of this review.

3. THE NEEDLE COMPLEX: THE STRUCTURAL
CORE OF TYPE-3 SECRETION SYSTEMS

The core and probably the most prominent structure of
the T3SS (SPI-1) is the needle complex (figure 2), a
‘syringe’-like multi-component system. It was first

Phil. Trans. R. Soc. B (2012)

visualized from Salmonella more than a decade ago
[15], and subsequently also from other bacteria, such
as Shigella [16,17] or EPEC [18]. Overall, the needle
complex is a large (approx. 30 x 80 nm), cylindrical
complex, which in its native environment is embedded
in both the inner (IM) and the outer membrane (OM);
it spans the periplasmic space and protrudes into the
extracellular environment with a needle filament. Its
overall architecture provides a structural framework
for a direct connection of the bacterial and host cell
cytoplasm and delineates the secretion path through
the needle complex. Although the needle complex is
about 3.5 MDa in size, its overall shape is dictated by
only a relatively small subset of proteins [15]. Over
the past few years, we have witnessed a tremendous
insight into the overall architecture obtained by nuclear
magnetic resonance (NMR) and/or X-ray crystallogra-
phy for individual proteins, and electron microscopy
for assembled needle complexes. While the needle
filament is a helical polymer [19,20] of more than
100 individual monomers of a single approximately
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Figure 3. Domain structures of some needle complex proteins. (Summary of T3SS structures solved by X-ray, NMR, EM
listed in table 2.) (a) Ribbon diagrams of domains of needle complex proteins building up the membrane-embedded base:
InvG homologue EscC (X-ray, PDB: 3GR5), PrgK homologue Esc] (X-ray, PDB: 1Y]J7), PrgH (C-terminal, periplasmic
domain, X-ray, PDB: 3GR0), PrgH homologue MxiG (N-terminal, cytoplasmic domain, NMR, PDB: 2XXS). (OM (outer
membrane), IM (inner membrane)). The periplasmic domains are organized into small modules. Domains D1 and D2
were speculated to be conserved ring-building motifs. (b) (Left panel) Crystal packing of PrgK homologue Esc] in a superhelix
covering 24 subunits per turn (yellow). (Right panel) The modelled PrgK ring (yellow) based on the crystal contacts of Esc]
but without helical rise. It displays the same diameters (approx. 180 A) as the smaller ring of the inner ring obtained by select-
ive disassembly of needle complexes. (¢) Ribbon diagrams of domains of the needle filament forming proteins: Prgl from
Salmonella (left) and MxiH in Shigella (right) (both X-ray, PDB 2X9C, 2CA5).

10 kDa protein (Prgl), the membrane embedded base
is composed of multiple copies of three proteins
(InvG, PrgH and PrgK) [15] (figures 16 and 3a).
From the first three-dimensional reconstructions from
negatively stained [17] and cryo-electron microscopy
images [53] of isolated needle complexes from Shigella
or Salmonella, respectively, it became clear that both
bases are organized into several ring-like structures of
different diameters, suggesting a close evolutionary
relationship between different T3SSs [5,54,55]. More
recently, these reconstructions have been significantly
improved to 5-10A for fully hydrated, vitrified
needle complexes from Salmonella [21] and to 21-
25 A for negatively stained complexes from Shigella
[22] (figure 2). In comparison, the overall shape is
similar; however, differences are seen at all individual
levels. In particular, the highly oligomeric needle com-
plex from Salmonella displays a threefold symmetry in
which 15 subunits of the OM neck ring connect to
24 subunits of the IM ring (figure 2a). Moreover, the
reconstruction from approximately 37 000 individual
particles from vitrified needle complexes revealed an
organization of the cup and socket into individual
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subunits, which probably defines the entry pathway
for substrates, and/or serves as an adaptor to the
inner rod/helical filament, respectively. The image
analysis also showed that the most rigid substructures
are individually resembled by the inner ring/neck and
the OM ring, which are flexibly connected at the con-
striction within the neck. Also, the lower ring, IR2,
displays various conformations or compositional
differences. The needle complex from Shigella was
reconstructed from a selected group of 41 negatively
stained particles. By applying a 12-fold symmetry, indi-
vidual subunits were reported throughout the complex
[22] (figure 2b): For example, the 24 subunits of the
inner ring, which are not equally spaced, or the 12
spokes connecting the socket/cup with the IM ring
clearly demarcate differences to the needle complex
from Salmonella. A direct comparison will be possible
once the Shigella needle complex structure is solved
by cryo-electron microscopy and single particle
reconstruction.

Recently, needle complexes of Salmonella have been
selectively disassembled into stable individual rings:
the OM ring, which is composed of the OM protein
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Table 2. Collection of structures of T3SS proteins. AFM, atomic force microscopy; CBD, chaperone-binding domain; OM,
outer membrane; IM, inner membrane; EM, electron microscopy; n.dep., not deposited.

substructure/
functional characterized structural
component homologues organism methods resolution (A) Reference EMDB/PDB
needle complex needle complex (C3) Salmonella EM (cryo) 9.5-11.7 [21] 1875
needle complex (C12)  Shigella EM (neg. stain) 21-25 [22] 1617
outer ring (C15) Salmonella EM (cryo) 6.7-8.3 [21] 1871/2Y9K
inner ring (C24) Salmonella EM (cryo) 4.7-6.4 [21] 1874/2Y9]
needle filament filament Shigella EM (neg. stain) 16 [23] 1416
filament Salmonella EM (cryo) 19.5 [19] n.dep.
ATDPase ATPase (HrcN) Pseudomonas EM (cryo) 16 [24] 1160
translocon EspB EPEC AFM [25] n.dep.
EspD EPEC AFM [25] n.dep.
PopDCEP : PcrH Pseudomonas  X-ray 1.85 [26] 2XCB
IpaB“EP : IpgC Shigella X-ray 2.15 [27,28] 3GZ1
needle tip LerV Yersinia X-ray 2.17 [29] 1R6F
IpaD Shigella X-ray 2.10 [30] 2JON
BipD Burkholderia  X-ray 2.60 [31] 2IXR
EspA: CesA EPEC X-ray 2.80 [32] 1XOU
needle Prgl Salmonella X-ray 2.45 [20] 2X9C
YscF Yersinia X-ray 1.80 [33] 2P58
MxiH Shigella X-ray 2.10 [34] 2CA5
BsalL Burkholderia NMR [35] 2G0U
PscF Pseudomonas  X-ray 2.00 [36] 2UW]J
OM-—secretin InvG Salmonella EM (cryo) 6.7-8.3 [21] 2Y9K
InvG Salmonella EM (neg. stain) [37] n.dep.
EscC EPEC X-ray 2.05 [38] 3GR5
YscC Yersinia EM (neg. stain) [39] n.dep.
OM-—rpilotin MxiM Shigella X-ray 1.5 [40] 1Y9L
MxiM : secretin Shigella NMR [41] 2]JW1
IM proteins PrgH Salmonella X-ray 2.3 [38] 3GRO
PrgH : PrgK Salmonella EM (cryo) 4.7-6.4 [21] 2Y9J
Esc] EPEC X-ray 1.8 [42] 1Y]7
Esc] EPEC NMR [43] n.dep.
MxiG Shigella NMR [44] 2XXS
export apparatus  InvA Salmonella X-ray 1.5 [45,46] 2X49
SpaS Salmonella X-ray 2.6 [47] 3C01
EscN EPEC X-ray 2.25 [48] 20BM
EscU EPEC X-ray 1.5 [47] 3BZT
YscU Yersinia X-ray 1.3 [49,50] 2JLJ
Spa40 Shigella X-ray 2.0 [51] 2VT1
HrcQ Pseudomonas  X-ray 2.29 [52] 109Y
ATPase EscN EPEC X-ray 1.8 [48] 20BM, 20BL

InvG, and the IM ring, which is constituted by the IM
proteins PrgH and PrgK [21,56].

4. THE INNER MEMBRANE PROTEIN RING

The IM ring is composed of two IM proteins (PrgH/
PrgK) and represents the largest ring visualized within
the needle complex [56]. The first structure of the base
complex proteins reported came from NMR exper-
iments of a truncated form of Esc] (PrgK homologue),
in which a two-domain structure with a flexible linker
was described [43]. Subsequently, a triple mutant of
the PrgK-homologue Esc] was crystallized, confirming
the two-domain structure [42] (figure 3a). Based
on the crystal packing, in which 24 monomers arranged
in a superhelix in the crystal lattice covered one full heli-
cal turn (figure 3b), it was speculated that Esc]/PrgK

Phil. Trans. R. Soc. B (2012)

on its own is able to form a ring accommodating 24
monomers, which then also would represent the initial
platform for needle complex assembly. As such, a
model would predict the formation of an Esc]/PrgK-
ring sometime during the assembly process. It will be
interesting to see whether such rings can be isolated in
future. The dimensions of the proposed modelled ring,
however, are smaller than the largest IM dimensions
measured from electron microscopy images from side
views of isolated complexes, suggesting an additional
role of the second protein (PrgH). Recently, it has
been possible to obtain an end-on view of IM rings by
selective disassembly of previously assembled and iso-
lated needle complexes [21,56]. From this analysis, it
became clear that the IM ring is organized into two
concentric rings with different diameters (figure 35):
the smaller ring matches the proposed and modelled
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Esc] ring [42]. This suggests that PrgH and PrgK indivi-
dually form the two concentric rings, and that the PrgK
ring is shielded by embracement of a larger (PrgH) ring
together with the lower neck OM on top of IR1. This
architecture is also consistent with data obtained by
mass spectrometry in which the accessibility of chemical
derivatization of PrgK was measured in a mutant com-
plex lacking the OM protein ring InvG [42,56].
Similar to the PrgK ring, the larger PrgH ring clearly
shows 24 equally spaced individual subunits [56,57].
The accessibility for chemical derivatization and also
nano-gold labelling established that the larger inner
ring consists of PrgH monomers [56].

Both PrgH and PrgK display a predicted single
alpha-helical transmembrane domain (TM); however,
only PrgK harbours a prototypical signal sequence at
its N-terminus that is cleaved after membrane insertion.
As a consequence, the two proteins are topologically
inverted with respect to each other, as has been exper-
imentally shown by specific nano-gold labelling of
isolated needle complexes [56]. While the transmem-
brane domain in PrgH separates the protein into two
parts of similar size, PrgK is mainly organized as a
large N-terminal domain followed by the TM- and
a short C-terminal domain. Taken together, the C-
terminal domain of PrgH and the N-terminal domain
of PrgK are localized periplasmically, and the N-terminal
domain of PrgH and C-terminal domain of PrgK face
the bacterial cytoplasm. Within the needle complex,
the periplasmically associated IM ring has been referred
to as IR1, but the cytoplasmically associated domain as
IR2 (figure 2a). Recently, the C-terminal domain of
PrgH residing in IR1 has been solved to atomic resol-
ution [38]. This domain is organized into a modular
arrangement of a repeated pattern (apBaf (D2-
domain)), similar to what has been observed in Esc].
It has been hypothesized that this motif is responsible
for ring formation (figure 3a). In fact, PrgH contains
two D2 domains; however, in contrast to Esc], it
does not crystallize in a helical or ring-like arrangement.
Within the cytoplasmic ring IR2, about 140 amino
acids of the N-terminal domain of PrgH and 30
amino acids of the C-terminal tail of PrgK are present.
The N-terminal PrgH domain is predicted to fold
into a forkhead-associated domain (FHA), which was
confirmed recently by solving the structure of its
homologue from Shigella by NMR [44] (figure 3a).
The FHA domains are known to bind to phospho-
threonine peptides in cell-signalling molecules [58]. In
the context of T3SS, this would feed an attractive
hypothesis for phosphorylation-dependent regulation
or modulation of effector protein translocation. How-
ever, the putative phosphate-binding pocket neither
aligns with the FHA domain nor does it bind phospho-
threonine [44]. It is therefore unclear whether this
domain plays a regulatory role in using a different
unknown mechanism.

5. THE OUTER MEMBRANE PROTEIN RING AND
THE NECK

Members of the OM protein belong to the secretin
family [59]. This family is characterized by proteins
forming higher ordered ring-like structures in the
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OM of Gram-negative bacteria, where they are
required for the assembly of the T3SS and the T2SS
[60,61] or extrusion of filamentous phages type IV
[62—64]. Secretins are multi-domain proteins that
are disposed in a cylindrical arrangement with an
open end on both sides. In T3SS, secretins not only
form the OM rings but also the neck, which reaches
far into the periplasm and docks directly onto IR1
[38,56]. This structure consists of multiple copies of
the protein InvG showing 15 subunits [21]. For the
Shigella needle complex, 12 subunits have been
suggested as the most likely configuration [22], and
12—-14 for other secretins [60,64—67]. This could
indicate that the secretin family has evolved into a
ring-forming protein family that is able to adopt differ-
ent symmetries, probably to optimize their function in
the respective systems. It should, however, be noted,
that different techniques have been used to measure
the number of subunits in the past, and it would be
worthwhile to revisit the question of oligomericity
within the secretin family using a more systematic
and comparable analysis.

The only atomic structure of type-3 secretin (InvG)
available is from the first two domains of the
homologue EscC [38] (figure 3a). In addition, the
structure of three domains of GspD, a secretin present
in the type-2 secretion system has also been reported
recently [68]. Despite the lack of sequence identity,
the N-terminal domain of EscC shows structural simi-
larity to the first domain (D1) of Esc]/PrgK with a
BapBPBa-fold, and as such has been speculated to be a
conserved ring-forming motif [38]. However, the D1
domain is also present in systems that do not form
higher oligomeric rings, such as phage systems that
bind peptidoglycan or in eukaryotic RNA and DNA
KH domains [69,70]. This indicates that this
domain has been functionally exploited by other sys-
tems. It is therefore still under debate whether the
structural motif present is sufficient and/or necessary
to form ring-like structures.

6. THE EXTRACELLULAR COMPONENTS:

THE NEEDLE FILAMENT, THE TIP AND THE
TRANSLOCON

The most prominent extracellular component of the
T3SS is the needle filament [17,71-73], which pro-
trudes from the bacterial OM and consequently
establishes an extracellular ‘secretion tunnel’ to the
host cell. The helical needle is built up of more than
100 copies [74] of a small protein (Prgl/YscF/MxiH
(Salmonellal Yersinial Shigella) <10 kDa). Native needles
have a typical length varying from 30 to 70 nm and an
outer diameter of about 10—13 nm [20,23,75]. Assem-
bly of the needle filament requires first the transport to
and then the polymerization of individual monomers at
the distal end of the complex. While the transport
requires the activity of the T3-specific ATPase (InvC),
which presumably unfolds Prgl monomers like other
T3-substrates [76], the polymerization itself is ATP-
independent and occurs in two distinct steps: nucleation
and elongation [77]. During this process, needle sub-
units have to be refolded [20]. The helical parameters
of the assembled needle vary from 5.6 subunits per
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turn in Shugella [23] to 6.3 in Salmonella [19]. The length
of the growing needle filament is under the control
of another component (Inv] (Salmonella), Spa32
(Shigella), or YscP (Yersinia)) [72,75,78—-80]; however,
the precise mechanism of needle length control is
under debate [81]. A recently published structure of
truncated Prgl showed that the soluble monomer com-
prises a helical core and flexible termini (Aspll-—
Thr18 and GIn61-Asn78) [20]. Starting from Gly19
to the C-terminus, Prgl adopts an a-helical hairpin
conformation (as shown by X-ray -crystallographys;
figure 3¢) which, according to the NMR studies, is
further extended from Aspll to Thr18. Additionally,
both structures indicate that the C-terminus of the
unpolymerized protein is a-helical but changes its con-
formation into two extended strands upon assembly.
The MxiH (Shigella) monomer adopts a similar fold
[34] (figure 3c¢), and revealed two long a-helices, con-
nected by a Pro-Ser-Asn-Pro turn. The first helix can
further be divided into a head and a tail region. NMR
and mutational studies showed that this turn together
with the head region are involved in the MxiH interaction
with the tip protein IpaD [34,82]. By positioning the
crystal structure of a monomeric MxiH into a previously
generated electron microscopy density map, a model
was generated in which the N-terminal helix of MxiH
is facing the inner channel of the filament, while the
C-terminal one is suspected to be involved in its
assembly [23,34].

The T3SS needle filament ends distally in the so-
called tip complex formed by multiple copies of an
adaptor protein SipD (Salmonella) [83—86], and is
involved in regulating the secretion process as well as
positioning onto the translocation pore in the host cell
membrane [87-91]. The structure of SipD has been
solved recently [28,92] and shown to be predominantly
a-helical, and can be divided into three structurally
distinct domains: the N-terminal self-chaperoning
domain-1 that impedes the interaction and comprises
two «a helices, the central domain-2 that adopts a
coiled-coil structure with two helices (47 and 52 amino
acids in length), linked to domain-3 showing a mixed o/
B-structure. The latter two domains mediate binding of
SipD to Prgl, as demonstrated by isothermic titration
calorimetry [28]. To better understand the interaction
of needle filament monomers (Prgl) and tip proteins
(SipD), the structure of SipD fused to Prgl was solved.
Subsequently, a pentameric tip-complex was modelled
in stlico, which could represent the configuration that
interacts with the bacterially deployed translocon proteins
that presumably form a pore-like structure for the passage
of T3 effectors through the eukaryotic host cell mem-
brane. Tip (SipD) and translocon (SipB, SipC) are
essential for the intimate contact between bacteria and
host cells and have been speculated to play an important
role in host-sensing and activation of late T3 effector
protein secretion [83,84,93,94]. However, the underlying
mechanistic details are still to be uncovered.

7. THE BLUEPRINT OF THE NEEDLE

COMPLEX TO SUB-NANOMETRE RESOLUTION
A big step forward in the understanding of the archi-
tecture of the needle complex came from the first
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electron microscopy reconstruction of isolated needle
complexes a few years ago [22,53]. At low resolution
(17 and 25 A, respectively), the organization of the
base in a series of rings could be depicted, new struc-
tural elements, such as the inner rod, the socket and
the cup were identified for the first time [53]. How-
ever, profound differences, such as the ‘spokes’ in
the Shigella needle complex, which are not present in
complexes of Salmonella were described [22]. At this
low resolution, conformational changes have been
recognized as they occur during the assembly from
the base to the fully assembled needle complex [53].
This indicates that the underlying building blocks
(PrgH, PrgK, InvG) must be organized in a way that
guarantees stability to maintain a structural scaffold,
and sufficient flexibility as required during assembly
at the same time. However, subsequent attempts to
‘dock’ the previously obtained atomic structures from
the individual proteins into the context of the needle
complex allowed at best a rough positioning
[22,38,56,95]. As a result, a series of incompatible
models with ambiguous placement of protein domains
was reported. Most recently, the structure of the
needle complex from Salmonella has been solved to
sub-nanometre resolution by cryo-electron microscopy
and single-particle analysis [21]. At such a resolu-
tion (5-10A), fine details, such as alpha helices,
became visible and precise docking could be perfor-
med. As indicated from the analysis of oligomericity
of the individual rings, which showed 15 subunits
of the outer ring/neck and 24 subunits of the inner
ring it was suggested that the entire needle complex
displays an overall three-fold symmetry. This would
imply that a local symmetry mismatch exists, in
which five of the OR/neck subunits are positioned
over eight IR1 subunits. In fact, a threefold symmetry
of entire needle complexes (figure 2a) could be ele-
gantly demonstrated by a change in the observation
angle of complexes [21]: as the preferential side-
view orientation of the particles on the electron
microscopy grid precludes a thorough symmetry
analysis, the particle orientation was changed to
end-on views by modulating the protonation state of
polyhistidine tags introduced in PrgH.
Symmetrization over the asymmetric unit within the
individual rings allowed the resolution in these regions
to be increased further (figure 4a). Subsequent docking
revealed the precise organization of individual proteins
within and between the individual rings in the context of
the needle complex: the periplasmic IR1 is composed
of the two individual concentric rings established by
C-terminal PrgH (larger ring) and N-terminal PrgK
domains (smaller ring), both of which harbour 24
monomers within each ring (figure 4b,c). On top of
IR1 the ‘lower neck’ associates; this is composed of
15 monomers of the N-terminal domain of InvG
(figure 4d). The close interaction between these two
rings was further independently confirmed by cross-
linking and mass spectrometry experiments as well as
by mutational analysis [56,95]. Interestingly, the last
30 amino acids in PrgH are not structured in a crystal,
indicating that the C-terminal tail confers some flexi-
bility [38]. Such flexibility might in fact be necessary
during the assembly, in which the neck undergoes
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Figure 4. The structure of the needle complex at subnanometre resolution and docking of individual proteins. (a) Three-

dimensional surface view of the Salmonella’s needle complex.

As different symmetries are present in the IR1 (24-fold) and

OM/neck region (15-fold), symmetrization led to higher resolutions. (b) InvG (orange), PrgH (blue) and PrgK (yellow)
were independently docked into the three-dimensional cryo-electron microscopy map of the needle complex as rigid bodies

guided by their domain structure and secondary elements.

(¢) Fifteen monomers of InvG and 24 of PrgH/PrgK were

docked into the lower neck ring and IR1, respectively. PrgH and PrgK are organized as concentric rings with different diam-
eters. (d) A slice through the needle complex (side view) with docked atomic structures shows the organization of all three
proteins—InvG, PrgH and PrgK—within the needle complex. Tube-like densities, which most probably correspond to the
TM helices of PrgH and PrgK, connect IR1 with IR2 and define the localization of the inner membrane bilayer. Accession
code: EMD-1874 and PDB 2Y9] (IR1), EMD-1871 and PDB 2Y9K (OM neck), EMD-1875 (needle complex)

large conformational changes by moving outwards in
order to accommodate the inner rod [53]. Moreover,
the C-terminal tail of PrgH, is required for the stability
of the complex, as removing the last four amino acids
causes the complex to be less stable [56]. Removal of
six amino acids already led to strains that are not able
to secrete effectors [95], most probably because of the
lack of formation of complexes.

While overall IR1 appears rather rigid in needle
complexes, the cytoplasmic IR2 is very flexible. It is
possible that this flexibility might occur because of a
rather loose transmembrane connection to IR1 in solu-
bilized complexes and is decreased when present in its
native membrane environment. A subsequent pre-
requisite for a precise docking of the N-terminal
PrgH FHA domain, modelled based on the recently
solved PrgH homologue MxiG from Shigella [44],
within the IR2 of the Salmonella needle complex
would, however, require an improved map of that par-
ticular region, which eventually could be obtained, for
example, by increasing the rigidity of this region.

Electron microscopic analysis also revealed a likely
configuration of the socket and the cup in individual
subunits. This structure has been associated with a
group of highly conserved membrane proteins
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(SpaP, SpaQ, SpaR, SpaS, InvA in the case of Salmon-
ella) [96], which have been collectively called the
‘export apparatus’. These proteins have been shown
to play an essential role during the assembly into
functional needle complexes. Although cytoplasmic
domains of InvA [45,46] and SpaS [47] have been
solved crystallographically, additional information
about stoichiometry and localization of the indivi-
dual export apparatus proteins is required to define
precisely their organization within the needle complex.

8. ASSEMBLY OF THE INJECTISOME

Assembly of the approximately 3.5 MDa needle com-
plex is a highly regulated and coordinated process.
Currently, two models have been put forward that
originate from studies in the Yersinia and Salmonella
systems: the outside-in and the inside-out model,
respectively [96,97]. Both models are characterized
by two phases: the early phase (ring formation) is inde-
pendent of the functional activity of the type-3 specific
ATPase, YscN (Yersinia) and InvC (Salmonella),
whereas the successful completion of the subsequent
phase (inner rod/filament formation) depends on the
ATPase activity.



Review. The blueprint of the type-3 injectisome A. Kosarewicz et al.

1149

(@) YscR
YscS YscN
zsca YscK
Ne S YscF
Vsl YscD ﬁ P YscV Yscl 5:25 Y:E]
om £
11
P T
: - )
- -
0 @ ® @ ® ©®
()
InvA InvC
SpaP PrgH SpaO
SpaQ PreK OrgA Prg]J
SpaR InvG InvG OrgB Prgl
SpaS
.= | =
Q e & &
PrgH - -

@ @ PrgK @

@ ®
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OM, outer membrane; P, periplasm; IM, inner membrane.

In the outside-in model (Yersinia) (figure 5a)
[97,98], the formation of the needle complex is
initiated by the formation of the secretin ring (YscC)
in the OM. Subsequently, the IM protein YscD
(PrgH homologue and larger ring of the IM ring)
associates with the secretin ring. In parallel, the
essential export apparatus proteins YscR, YscS, YscT,
YscU and YscV, which are believed later to recognize
export substrates [99], oligomerize independently.
Together, these two substructures recruit YscJ (PrgK
homologue) monomers, presumably by sequential
attachment to form the smaller IM ring. The ATPase
(YscN) and the C ring (YscK, YscL, YscQ) complex
assemble synchronously on the cytoplasmic side of
the needle complex. In this model, the export appar-
atus proteins must somehow diffuse laterally into the
larger IM ring to integrate to the central part of
the needle complex. It is, however, also possible that
such an integration could be directly performed co-
translationally, which then requires a precise targeting
of export apparatus translating ribosomes to the needle
complex. In order to finalize the assembly, the ATPase
activity is required for the transport of substrates, such
as the needle filament and needle-tip proteins.

In the inside-out model (Salmonella) (figure 5b)
[96], assembly nucleates with the export apparatus,
which is intimately associated with the needle complex
and is composed of a set of conserved membrane
proteins (InvA, SpaP, SpaQ, SpaR and SpaS) [96].
In particular, in this model the assembly is initiated
first by the formation of a nucleation complex of the
two export apparatus proteins Spal®> and SpaR. Sub-
sequently, the other two export apparatus proteins
SpaQ and SpaS bind to the nucleation complex.
Then, multiple copies of the IM proteins PrgH and
PrgK as well as the OM protein InvG organize as

Phil. Trans. R. Soc. B (2012)

rings laterally in their respective membrane to form
the base of the needle complex. Interestingly, for-
mation into a base-like structure lacking the export
apparatus proteins has been shown to be possible
[96], suggesting that the underlying ring-forming
building blocks have the capability to establish a
membrane-embedded complex. The lack of export
apparatus proteins yielded complexes devoid of the
socket/cup substructure with an overall decreased
stability. In addition, the assembly stalls at a base-
like complex, demonstrating that the export apparatus
proteins are responsible for both the stability of the
complex and the assembly into functional needle com-
plexes. Wild-type bases are then traversed by an inner
rod (Prg]) and extended with an extracellular helical
needle filament (Prgl) to build up a 25-30 A wide con-
duit for protein transport into a later assembly phase
[53]. The transport of Prg] and Prgl monomers is depen-
dent upon and intimately connected to the ATPase
activity of InvC [100]. Completion of Prg] and Prgl
transport and incorporation into the needle complex cor-
relates with both large conformational changes observed
in the base [53] and with a change in the substrate speci-
ficity from secreting the structural proteins (Prgl and
Prg]) to the translocon and effector proteins.

9. SUBSTRATE SECRETION—TIMING,
REGULATION AND MECHANISMS

Substrate secretion is a highly orchestrated process in
T3SSs. It occurs at various stages during the lifetime
of the system, and substrates are secreted in a sequen-
tial order. We therefore refer to ‘early’ (inner rod/
filament), ‘mid’ (translocases) and ‘late’ (effectors)
substrates (figure 6). In Salmonella, the early substrates
are the structural sub-component proteins Prg] and
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Prgl, which form the inner rod and the helical filament
structure of the needle complex. In order to establish a
physical connection for protein translocation from the
bacterial to the eukaryotic cytoplasm, the mid-
substrates, SipD, SipB and SipC, are transported.
They constitute the needle tip and a pore-like translo-
con which is embedded in the eukaryotic host cell
membrane [101]. This guarantees that late substrates
(effectors) are safely translocated directly from the
bacterial to the eukaryotic cytoplasm through a
number of hostile environments (inner and outer
bacterial membrane, periplasmic and extracellular
space, host cell membrane). While the recognition of
being a type-3 substrate is not fully understood in
detail, many substrates, require the coexistence with
a cognate chaperone. In Salmonella, for example, the
effector protein SptP harbours an N-terminal
domain of approximately 160 amino acids, which
binds the acidic chaperone SicP with nanomolar affi-
nities. Recent studies have shown that a high
molecular weight complex of the cytoplasmic proteins
SpaO/OrgA/OrgB forms independently of the pres-
ence of needle complexes [96]. This complex
appears to serve as a binding platform for substrates
destined to be translocated via the needle complex,
as chaperone—effector complexes bind via the chaper-
one to this platform. SpaO/OrgA/OrgB also functions
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as a sorting platform probably through different affi-
nities of various chaperone—effector complexes and
thus determines the order of secreted effectors. As
only effector proteins but not chaperones are secreted,
the latter are released through the activity of the
ATPase (InvC). From in wvitro assays, it has been
shown that ATP binding and ATP hydrolysis are not
only required to dissociate chaperones from effectors
but also to further unfold the effector proteins as
they can only be secreted in an at least partially
unfolded state. The proton motive force has been
implied in substrate transport of T3SSs [102]; the
precise mechanism, however, remains elusive [103].

10. CONCLUSIONS

T3SSs are one of the most exciting discoveries over the
past couple of years in the field of bacterial pathogen-
esis. Their efficient and conserved central role in the
physical interaction of many pathogenic bacteria and
their hosts opens up the possibility for therapeutic
intervention. A prerequisite, however, is a detailed
knowledge about mechanistic and structural details.
The complex nature of the multi-component system
which assembles into supramolecular structures
requires an integrated analytical approach. While con-
ventional structural technologies (X-ray and NMR)
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were highly successful in obtaining atomic details of
individual components of the system, cryo-electron
microscopy allowed us to bring these pieces together
and draw the blueprint of the core component at
high precision. Although a few grey areas are still to
be explored, the T3SS and the blueprint of the
needle complex may already be used to develop
novel strategies to prevent bacterial infections.
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