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1 | INTRODUCTION

Pathogenic Gram-negative bacteria use various types of pro-
tein secretion systems'* to deliver virulence effector pro-
teins into eukaryotic cells to establish infection. Human
pathogens such as Salmonella spp., Shigella spp., Bur-
kholderia spp., Yersinia pestis, Pseudomonas aeruginosa,
Chlamydia spp.,>"* Vibrio cholerae,” and enteropathogenic
and enterohemorrhagic Escherichia coli® assemble and uti-
lize the type III secretion system (T3SS) to infect their hosts,
causing a variety of infectious diseases such as plague,
typhoid fever, sexually
dysentery.”!! These bacteria that rely on the T3SS to cause
infectious diseases have developed multidrug resistant
strains.'>~'* The T3SS is also used by plant pathogenic bac-
teria such as Pseudomonas syringae,
anacearum, Xanthomonas spp., and Erwinia spp. to
establish diverse plant—bacteria interactions.'>™"”

The structural component of the T3SS is a syringe-like
needle apparatus (Figure 1) that is assembled from over

transmitted diseases and
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Abbreviations: cryo-EM, cryo-electron microscopy; rmsd, root-mean-
square deviation; ssSNMR, solid-state NMR; T3SS, type III secretion
system; TEM, transmission electron microscopy.
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Many Gram-negative bacteria pathogenic to plants and animals deploy the type III
secretion system (T3SS) to inject virulence factors into their hosts. All bacteria that
rely on the T3SS to cause infectious diseases in humans have developed antibiotic
resistance. The T3SS is an attractive target for developing new antibiotics because
it is essential in virulence, and part of its structural component is exposed on the
bacterial surface. The structural component of the T3SS is the needle apparatus,
which is assembled from over 20 different proteins and consists of a base, an extra-
cellular needle, a tip, and a translocon. This review summarizes the current knowl-

edge on the structure and assembly of the needle, tip, and translocon.

bacteria, T3SS needle apparatus, tip complex, translocon, type III secretion system

20 different proteins, forming a base, an extracellular needle,
a tip complex, and a translocon.®'*'®22 The base spans the
bacterial inner and outer membranes whereas the translocon
spans the host cell plasma membrane. Results from biophys-
ical, biochemical and genetic approaches have provided
insights into the architecture and formation of the needle
apparatus.'®**72° This structural framework is conserved
across the T3SS of animal and plant bacterial pathogens.
The proteins that form the T3SS needle apparatus (Figure 1)
are described using the proposed unified nomenclature based
on Sct (for Secretion and cellular z‘ranslocation).7’9’20’22 The
basal body consists of ring-like structures spanning the inner
and outer membranes of bacteria (Figure 1). The inner mem-
brane concentric rings are known as Sct] and SctD. The
outer membrane ring is formed by the secretin SctC. The
export apparatus is located just beneath the basal body and
consists of five membrane proteins SctR, SctS, SctT, SctU,
and SctV. The C-ring lies below the export apparatus, and is
made up of the protein SctQ and the ATPase complex. The
ATPase complex consists of the ATPase SctN, the stator
protein SctL, the stalk protein SctO and the cofactor SctK.
Both the C-ring and the ATPase complex form the sorting
platform of the T3SS for substrate recruitment and secretion.
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formed by SctB and SctE, and the precise stoichiometry and
copy numbers of SctB and SctE in the translocon remains
unclear. The needle apparatus forms a continuous conduit
between the bacterial cytosol and the host cytoplasm, and
this allows the injection of bacterial effector proteins into

The T3SS among bacteria can be divided into the follow-
ing subfamilies (Table 1): (a) the Inv-Mxi-Spa family, which
includes the T3SS of Salmonella spp. (encoded by the Sal-
monella Pathogenicity Island-1, or SPI-1), Shigella and Bur-
kholderia; (b) the Ysc-family, which includes the Ysc
system of Yersinia spp., the Psc system of Pseudomonas
aeruginosa and the Asc system of Aeromonas spp.; (c) the
Ssa-Esc family, which includes the SPI-2 from Salmonella
enteropathogenic  and  enterohemorrhagic
Escherichia coli (EPEC, EHEC); and (d) Hrp-1 and Hrp-2
from plant T3SS, and others like Desulfovibrionales,
and Rhizobiales. In this
review, we highlight the structure and assembly of the nee-
dle, tip, and translocon of the T3SS from the Invi-Mxi-Spa

2 | STRUCTURE OF THE
ASSEMBLED NEEDLES AND NEEDLE

Currently, the atomic structures of the assembled needles
(Figure 2a) are only available for Salmonella and Shigella
needles of the Inv-Mxi-Spa family of T3SS.?"-**33¢ The
atomic structure of the assembled needle for any of the Ysc
family remains unknown. The needle has nanoscale dimen-
sions of ~50 nm long, ~7 nm wide, and a lumen diameter
from 1.5 nm’® to 2.5 nm*”*” Electron microscopy of par-
tially purified needles from P. aeruginosa showed structures
that were 60-80 nm long and 6-8 nm wide.*® The needle is
assembled from the polymerization of many copies of a
small needle protein of about 80 residues, and arranged in a
helical symmetry along the needle axis. The copy numbers
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FIGURE 1 Names of proteins that form the components of the

T3SS needle apparatus using the Sct nomenclature (for secretion and
cellular translocation)

The needle, a cylindrical structure formed by oligomers
of SctF, extends from the bacterial surface to the external
environment (Figure 1). The inner rod protein Sctl is con-
nected to the inner membrane ring of the basal body, and
possibly helps to anchor the needle to the basal body. The
external end of the needle is capped with SctA, the tip pro-
tein, which is thought to form a five-membered ring com-
plex at the tip of the needle. The tip complex serves as a
platform for the assembly of the translocon, which forms a
translocon pore in the host cell membrane. The translocon is

of needle monomers that assemble into needles vary from
~120 copies for Salmonella®® to about 200-300 copies for
Yersinia®® The T3SS needle was first visualized at low reso-
lution by electron microscopy in 1998.*° The atomic-
resolution structures of the Salmonella and Shigella needles
reconstituted from recombinant needle monomers, Prgl and
MxiH, respectively>’>*** were determined by a combina-
tion of solid-state NMR (ssNMR), electron microscopy, and
Rosetta modeling (Figure 2a).?”-3*3°

2.1 | Atomic structures of the T3SS needles

In the assembled Salmonella needle (Figure 2a), each Prgl
monomer forms an a-helical hairpin comprising of an N-
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TABLE 1 Names of the needle, tip, and translocon proteins of the Inv-Mxi-Spa and Ysc family of T3SS
Inv-Mxi-Spa family Ysc family
Salmonella Burkholderia Yersinia P. Aeromonas
Proteins Sct®  (SPI-1)° Shigella  T3SS-3¢ Ysc aeruginosa Psc Asc
Needle SctF Prgl MxiH Bsal YscF PscF AscF
Tip SctA  SipD IpaD BipD LerV PcrV AcrV
Translocon SctE  SipB IpaB BipB YopB PopB AopB
(major)
Translocon SctB  SipC IpaC BipC YopD PopD AopD
(minor)
Sct, for secretion and cellular translocation.
°SPI-1, Salmonella Pathogenicity Island-1 (Salmonella has SPI-1 and SPI-2).
“Burkholderia pseudomallei has three T3SS.
(a) (b) (c) (d)
Prgl MxiH BsalL YscF PscF
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FIGURE 2 Structures of T3SS needle and needle proteins from various bacteria. (a) Atomic structure of the Salmonella needle derived by
solid-state NMR.>’ Groups of Prgl monomer are colored differently (gray, purple, yellow, blue, and pink) for clarity. (b) Structure of Salmonella
Prgl.® Shigella MxiH?® and Burkholderia BsaL.>° (c) Superposition of a Prgl subunit from the ssNMR structure of the Prgl needle from (a) (gray)
and the solution NMR structure of a monomeric Prgl (light orange) from (b). (d) Crystal structures of Yersinia YscF>' and P. aeruginosa PscF.>

(e) Sequence alignment of T3SS needle proteins that have been structurally characterized shown with well-structured helices (solid wavy lines),
regions with partial helices (dashed wavy lines), ordered loops (solid lines), and random coil regions (dashed lines). Amino acid residues are colored
based on sequence identity (boxed solid red) or sequence conservation (red letters)

terminal helix (residues 9-35), a turn at the PxxP motif, and
a C-terminal helix (residues 42-80).>” The o-hairpin is
flanked by flexible regions at the N- and C-termini. To
assemble the needle, 11 monomers are arranged in a right-
handed helical symmetry per turn around the lumen of the
needle. The N-terminal helix forms the outside wall of the

needle, positioning the flexible N-terminal eight residues on
the outer surface of the needle. The C-terminal helix is
located inside the needle, forming the wall of the lumen.?’
The ssNMR-derived structure (Figure 2a) is the current
atomic model of the needle’’*** and has since been
confirmed,*" and further refined by cryo-EM.> 36 There are
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major differences between the current ssNMR structure of
the needle from earlier models derived by crystallography
and electron microscopy.””* In earlier models,>>* the
N-terminal helix is positioned inside the needle, forming the
wall of the lumen; with the C-terminal helix positioned on
the outside surface of the needle. Likewise, in the current

3343 in needle

model,?’ there are no p-strands** or p-hairpin
monomers as had been proposed earlier. A cryo-EM density
on the surface of the Shigella needle was assigned to a
B-hairpin (Q51-Q64) at the C-terminal region of MxiH.*?
The current model reassigned this density to a short o helix

at the N-terminal residues P6-D9 of MxiH.>’

2.2 | Structures of Prgl, MxiH, and BsaL
needle monomers

The atomic structures of needle proteins have also been
determined in their monomeric forms (Figure 2b) for the
Inv-Mxi-Spa family. The needle proteins Burkholderia
BsaL,* Salmonella Prgl*® and Shigella MxiH?® can be ren-
dered monomeric by deletion of their C-terminal five resi-
dues, allowing structural determination by solution NMR*
or crystallography.?’ The C-terminal deletions, however, are
nonfunctional® as they are incapable of assembling needles
in vivo. A full length Prgl double mutant V65A/V67A is
functional and monomeric below 0.3 mM concentration, all-
owing the determination of the crystal structure of Prgl.**

The structure of monomeric Prgl*®** and MxiH*
(Figure 2b) consists of a-helical hairpins similar to the
o-helical hairpins of the PrgI*’ and MxiH needles derived by
ssNMR.*> The structure of the central portion of the
a-helical hairpin comprising of shorter segments of helices
flanking the PxxP motif is similar to the structure of the Prgl
or MxiH monomer determined by solution NMR or by crys-
tallography and the structure of a subunit in the assembled
Prgl or MxiH needle. The solution NMR structure of mono-
meric PrgI*®**? can be superimposed with a subunit of the
ssNMR-derived structure of the Prgl needle’” with a Ca
rmsd of 1.8 A for residues 23-36 and 41-59 (Figure 2c).
The crystal structure of monomeric Prgl superimposes with
a Carmsd of 1.3 A for residues 19-34 and 41-58. Likewise,
the crystal structure of monomeric MxiH* can be sup-
erimposed with a subunit of the ssNMR-derived structure of
the MxiH needle®® with Ca rmsd of 1.0 A for resi-
dues 26-57.

The NMR structure of monomeric BsaL*° also shows an
a-helical hairpin for residues (Figure 2b), flanked by flexible
regions. Based on the structures of the Prgl and MxiH
needles®”* and monomers,zg’zg’42 the flexible N- and C-
terminal regions of BsalL are expected to assume a more
ordered o-helical structures upon assembly into the BsalL
needle. Despite having similar structural folds, the needle
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proteins MxiH, Prgl and Bsal have different electrostatic
surfaces.”® In Prgl, the negatively charged surface is mostly
located on the “side” of the a-helical hairpin and runs almost
the entire length of the N-terminal helix, whereas for Bsal

and MxiH, the negative charged surface is mostly located at
the interface between the two helices.

2.3 | Structures of YscF and PscF

The atomic structures of the assembled needles or the mono-
meric forms of the Ysc family, like the Yersinia YscF and
the P. aeruginosa PscF, have not been determined. How-
ever, crystal structures are available for YscF>' and PscF>?
in complex with their chaperones—YscG and YscE for
and PscG and PscE for P.
respectively (Figure 2d). (In contrast, there are no known

Yersinia; aeruginosa—
chaperones for the needle proteins of the Inv-Mxi-Spa
family). For YscF, only the C-terminal half of YscF, from
residues 50-87, is visible in the crystal structure of the
YscF-YscE-YscG complex (Figure 2D).>' YscF (residues
50-87) forms an a-helical hairpin with helix 1 (residues
50-63) and helix 2 (residues 67-87) connected by a five-
residue loop (residues 64—68). Results of mutations show
that YscF residues 27-30 are important for docking of the
tip protein LcrV, while residues 64, 80, and 75 are primarily
important for interacting with other YscF monomers.** For
PscF, only about a third of PscF—comprising of residue
55-85 at its C-terminus (Figure 2d)—is visible in the crystal
structure of the PscF-PscE-PscG complex.*® Residues 55-67
form an extended coil and residues 68—85 form an amphipathic
25 A a-helix (Figure 2d). Residues in the extended coil inter-
act with the needle chaperone PscG, whereas residues in the
a-helix are required for polymerization of the needle.*”

These are currently the only available structures of YscF
and PscF (Figure 2d), which have only been determined
when bound to their chaperones. These atomic structures of
YscF and PscF are different from the a-helical hairpin struc-
tures of Prgl and MxiH in monomeric forms and in the
assembled Prgl and MxiH needles (Figure 2e). These results
suggest that the structures of YscF and PscF are different
when bound to their chaperones, and when bound to other
needle monomers in their respective assembled needles. The
dearth of biophysical and structural data for monomeric
YscF and PscF suggest challenges and difficulties in purify-
ing and stabilizing YscF and PscF when separated from their
chaperones. Because of this difficulty, we do not expect the
atomic structures of YscF or PscF to be forthcoming in the
near future. The structures of the YscF and PscF needles and
monomers would have to be deduced from analogy with the
Prgl and MxiH needles and monomers.
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3 | THE TIP PROTEINS

The tip protein forms a complex that caps the distal end of
the needle.**~*” The tip protein complex serves as a platform
for the assembly of the translocon pore.*® Crystal structures
are available for the tip proteins SipD,**° IpaD®' and
BipD’"3? of the Inv-Mxi-Spa family; and for LerV of the
Ysc family (Figure 3). A common structural feature of all tip
proteins is the long central coiled-coil motif (Figure 3). A
major difference among tip proteins is the presence of the tip
protein chaperone proteins for the Ysc family, whereas the
Inv-Mxi-Spa family of tip proteins does not have
chaperones.

In Salmonella and Shigella, the tip protein also functions
as an environmental sensor by binding bile salts,49’50’53*56
which controls the release of the translocon proteins. The tip
protein complex is therefore hypothesized to exist in two
states—first, a closed state, that prevents the egress of the
translocon proteins from the needle; and second, an open
state, which occurs upon contact of bacteria with the host
eukaryotic cells where the translocon proteins exit the needle
to form the translocon on the host cell membrane, and com-
plete the assembly of the needle apparatus (Figure 4). Other
small molecule scaffolds have since been identified that can
bind to the tip proteins.’”->®

3.1 | Structure of SipD, IpaD, and BipD

For the Inv-Mxi-Spa family of tip proteins, the crystal struc-
tures of Salmonella SipD,49’50 Shigella IpaD,5 ! and Bur-
kholderia BipD®'? show close structural homology
(Figure 3). The Caa RMSD of SipD is 1.3 A with IpaD and
2.2 A with BipD, whereas IpaD and BipD show a Ca rmsd

SipD 0o IpaD

mixed 4 Coiled-coil
a/p
domain mixed
al/B
domain (!
- (
(e
Y
o N-terminal
9 o4 9 O-helical
‘é)%‘aﬂ hairpin
}\)\
« = 1‘
N38 ™ Jecase c322 %q2

of 1.6 A. SipD, IpaD, and BipD share three common struc-
tural features — an N-terminal a-helical hairpin, a long cen-
tral coiled-coil, and a mixed o/pf domain (Figure 3). The
N-terminal region forms an o-helical hairpin that packs at
one end of the long central coiled-coil, forming a four-helix
bundle. The other end of the coil-coil leads to the mixed o/f
domain, which in SipD, consists of three short a-helices and
five antiparallel B-strands. Two o-helices of the mixed o/f
domain also pack against the central coiled-coil region for-
ming a four-helix bundle at the other end of the coiled-coil.
There are structural differences among these tip proteins,
notably, the N-terminal hairpin of BipD is much longer

3. bacterium after
contact with host cell

2. bacterium
at 37°C

1. bacterium in
the environment

translocon —

tip complex —

~ T needle

bacterium

FIGURE 4 Cartoon depicting the stages in the assembly of the
needle, tip and translocon. Increased temperature signals the assembly
of the needle apparatus up to the tip complex. The translocon is
assembled last, upon contact of bacteria with host cell

LerV

Coiled-coil

al2
N-terminal
~ globular
") domain

FIGURE 3 Crystal structures of the tip proteins SipD, IpaD, BipD of the Inv-Mxi-Spa family, and LerV of the Ysc family of T3SS tip
proteins, colored by their protein domains as follows: mixed o/ff domain (green), coiled-coil (cyan), and N-terminal a-helical hairpin or globular

domain (pink)
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compared to that of SipD and IpaD, and the orientation of
the N-terminal hairpins of SipD and IpaD with respect to the
central coiled-coil differs by 18°.

3.2 | Structure of LerV

For the Ysc family of tip proteins, the only available atomic
structure is that of Yersinia LcrV (Figure 3).5%%% Similar to
the structures of the tip proteins above, LcrV contains a long
central coiled-coil consisting of two antiparallel a-helices
(formed by helix o7 and ®l12). A major difference among
the tip proteins is that instead of an a-helical hairpin seen in
SipD, IpaD, or BipD (Figure 3), the N-terminal region of
LrcV (residues 25-147) folds into a globular domain. The
LerV N-terminal globular domain consists of two antiparal-
lel pB-strands and six a-helices, and this domain packs at one
end of the long central coiled-coil. The other end of the
coiled-coil is connected to a second globular domain con-
sisting of a mixture of four short a-helices and four antipar-
allel p-strands, similar to the mixed o/ domain of SipD,
IpaD, and BipD. Thus, the structure of LcrV resembles a
dumbbell with two globular domains on either side of a cen-
tral coiled-coil (Figure 2b). The atomic structure of the other
member of the Ysc family, the Pseudomonas PcrV tip pro-
tein is currently unknown. PcrV shares 38% sequence iden-
tity (and 66% sequence similarity) with LerV; it is expected
to assume a similar structure.

Another major difference among the tip proteins is the
presence of tip chaperone proteins for LcrV and PerV
whereas SipD, IpaD, and BipD are not known to have any
chaperone proteins. LerG®!? is the tip chaperone protein of
LerV, and PerG® is the tip chaperone protein of PerV.
LerG® and PerG® are small, partially folded proteins. They
lack tertiary structures, however, they consist of partially
formed alpha helices. The atomic structure of the LcrV-LerG
or PcrV-PerG complex remains unknown.

4 | THE TIP COMPLEX

At the distal end of the needle sits a tip complex, formed by
several subunits of the tip protein. The Yersinia tip complex,
formed by an estimated three to five copies of LerVe® was
first visualized by electron microscopy.*’ Crosslinking data
showed a direct association of LcrV with the needle protein
YscF.®” The N-terminal globular domain of LcrV is
predicted to form the base of the tip complex, while the cen-
tral globular domain forms the head.**® Others reported
that four copies of PcrV or LerV can oligomerize in solution
to form doughnut-like structures with an internal diameter of
3—-4 nm.®® In Shigella, a tip complex of IpaD forms at the tip
of the MxiH needle.*”*® The Shigella tip complex is esti-
mated to be formed by five copies of IpaD at the needle

B oos-WiLey L=

tip.>"""° Likewise, the Salmonella tip complex is estimated
to be formed by pentameric SipD at the needle tip.** The tip
protein interacts with the needle protein, in order to assemble
the tip complex. The IpaD N-terminal a-hairpin’' and the
MxiH residues N43, P44, L47, Q51, and Y50*7%7! are
important for the IpaD-MxiH interaction. Likewise, in Sal-
monella, the SipD coiled-coil region near its N-terminal hair-
pin interacts with the needle protein PrgI.72’73 Fitting the
crystal structure of IpaD into electron density maps gener-
ated three-dimensional models of the Shigella tip
complc:x.zé"74

S | THE TRANSLOCON

The final step in the assembly of the T3SS needle apparatus
is the formation of the translocon pore on the host cell mem-
brane (Figure 5a), which then allows the injection of effector
proteins directly into the host cytoplasm. The translocon
pore is assembled by two hydrophobic membrane proteins—
the minor translocon protein and the major translocon pro-
teins, designated based on the relative sizes of these proteins
to each other.”’*® Each pair of major and minor translocon
proteins share a common chaperone, for example, the Shi-
gella IpaB and IpaC translocon proteins share the same
chaperone, IpgC. The major translocon proteins are
predicted to contain two transmembrane helices, whereas the
minor translocon proteins are predicted to contain one trans-
membrane helix (Figure 5b). These proteins are predicted to
contain intrinsically
regions.®*®* Currently, the only known atomic structures of
the translocon proteins are the crystal structures of the N-
terminal ectodomains of the major translocon proteins Shi-
gella TpaB and Salmonella SipB,” which form three helix
bundles; and that of Aeromonas AopB’® in complex with its
chaperone (Figure 5c). The structure of the translocon at
atomic resolution is currently unknown. The highest-
resolution image of a T3SS translocon to date is the structure
of the Salmonella translocon in a membrane environment
(Figure 5a)*® obtained by cryo-electron tomography at
nanoscale resolution. The atomic structure for any minor
translocon protein is currently unknown. The dearth of
atomic-level structural data on the translocon reflects the
experimental challenges posed by these membrane proteins.

coiled-coils®!  and disordered

5.1 | The minor translocon proteins

Several functional domains have been identified or predicted
for IpaC (Figure 5b), the Shigella minor translocon protein.
The N-terminal region (residues 1-116) contains the secre-
tion signal and the binding sites for the IpaC chaperone,
IpgC, and the Shigella major translocon protein, IpaB. IpaB
competes with IpaC for binding IpgC. Residues 50-80 are



DEY Er AL.

= | WILEY-§9 S

( a) Host Host

translocon

translocon

Mﬁcom plex
= needle S

tip-complex
- needle

20 nm

cross section diagonal view

IpaC LI:I_IT_I—lm:l
20 50 60 117 319 345 363
SipC
120 200 293 320 409
YopD | ] T
127 149 248 277 306
PopD I v N 15|
107 147 295
IpaB [T ey 0
15 4551 72 110 170 313 333 399 419 514 580
SipB H 1 [rm]
80 100 180 216 320 353 409 427 593

Y()pB L ]  WWW  WWW [ 7w ||
104 131 168 188 228 250 342 386 401

POpB [ [ [ Twm TAWWW WAWW [Tml |
B0 114 170 201 232 258 370 390

AopB CT_WAWAT TT—wm — Tam] ]
68 104 130 159 206 221 262 347

Transmembrane domain

Coiled-coil

I Secretion signal

[1 Chaperone binding region

[ Amphipathic a helix

===x Hydrophobic partner interaction region

IpaB SipB
i
‘Y v‘: 2
e “'\ i\ %
L a V4
[ th9
N23
c224 ¢, ] -
6 Y \-, L
t\‘ “‘\q ) tﬂ’
L] Ht" 5
0 e 3
09 0% "N82
) @ [ 4 ‘ﬁ
:x > [ “\
ﬂ‘: 2%
o Cc226
»’\’
| *
[
FIGURE 5 (a) Structure of the Salmonella translocon cryo-

148

electron tomography (images were from Park et al.”® and used with

permission). (b) Domain maps of the minor and major translocon
proteins. (c) Crystal structures of the major translocon proteins IpaB

and SipB N-terminal domains;’> and AopB”®

important for the invasion function of IpaC.®* The trans-
membrane region was identified to reside in the middle of
the protein, residues 117-169.%° This 53-residue region was
predicted to contain one transmembrane domain,85
reported to be involved in self-association by yeast two-
hybrid.*® The C-terminus (residues 319-345) is predicted to
form into a coiled-coil.*” The C-terminal region is responsi-
ble for self-oligomerization.®>*® In addition to its structural
role in the assembly of the translocon, IpaC also functions as

and was

an effector. The C-terminal region of IpaC is important for

its role as an effector, and is involved in cytoskeletal
rearrangements and actin polymerization,®”-3%-%

For the Ysc family, YopD is the minor translocon protein
in Yersinia, and it is predicted to contain a transmembrane
domain.”’ The chaperone-binding regions of YopD are in
the N-terminal (residues 53—149) and the C-terminal regions
(residues 278-292).°" The C-terminal region consists of a
predicted coiled-coil (residues 248-277)°% and an amphi-
pathic a-helix (residues 278-292), which is required for self-
oligomerization and interaction with the tip protein Lerv.>
The atomic structure of the amphipathic a-helix was deter-
mined by NMR.” The of YopD in
P. aeruginosa, PopD, including the major translocon protein
(PopB) has been reported to exist as molten globules.®**>

equivalent

5.2 | The major translocon proteins

Results of secondary predictions, structural studies, deletions
and point mutations have contributed toward our current
understanding of the various structural and functional
domains of the major translocon protein (Figure 5b).°**” For
Shigella IpaB,

chaperone-binding regions (residues 15-45 and 51-72);"%%
100
and

its N-terminal domain consists of the

and predicted coiled-coil region (residues 110— 170)
amphipathica-helical region (residues 240-280).°® Residues
227-236 and 297-306 of IpaB are required for pore forma-
tion.”” The crystal structure of the N-terminal domain of
IpaB (residues 74-224)"> shows three antiparallel a-helices
folded into a coiled-coil structure (Figure Sc), and is struc-
turally homologous (with Coa rmsd of 1.4 A) to the crystal
structure of the IpaB homolog in Salmonella, SipB (residues
82-226).”° In the middle of IpaB are two predicted trans-
membrane domains (residues 313-333 and 399-419),'% one
of which, overlaps with the reported IpaC-binding region
(residues 367—-458) identified by yeast two-hybrid and trun-

cations.®® A long coiled-coil region (residues 514—580) was

100

predicted at the C-terminus of IpaB ™ and deletions of short

three to nine residues in this region showed decreased asso-
ciation of IpaB with the needle.'®

Currently, the only available atomic structure for a trans-
locon protein that includes the transmembrane regions, is
that of the crystal structure of Aeromonas hydrophilia major
translocon protein AopB in complex with its chaperone
AcrH (Figure 5¢).”® Residues 40-264 of the 347-residue
AopB formed a complex with AcrH without requiring any
membrane mimics. The protein—protein interactions of AcrH
with the transmembrane helices of AopB allowed formation
of the AopB-AcrH complex in solution. The atomic structure
for any of the major or minor translocon proteins in a mem-
brane environment remains unknown.
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5.3 | Translocon-tip interaction

For Shigella, the tip protein IpaD is needed for the insertion
of translocon IpaB and IpaC into the target cell
membrane.””'*'" 1% Antibodies targeted to the surface-
exposed N-terminal region of IpaD reduce the ability of Shi-
gella to insert IpaB and IpaC into erythrocyte membranes and
form pores,® blocking bacterial entry into epithelial cells.
IpaB is localized at the needle tip via interaction with
IpaD.”*'%* On binding to IpaD, the predicted coiled-coil (resi-
dues 167-177) region of IpaB remains exposed, as they are
easily accessible to IpaB antibodies.”” The stoichiometry of
the IpaB—IpaD interaction is 1:4.°"7° The role of bile salts in
recruiting IpaB at the needle tip was proposed.'® Bile salts
(deoxycholate, chenodeoxycholate, and taurodeoxycholate)
are required for the localization of IpaB at the needle tip in
presence of IpaD. Bile salts bind to IpaD where the N-
terminal domain meets the central coiled-coil region, and
induce conformational changes in other regions.”® The con-
formational changes in IpaD in presence of bile salts regulate
its binding to IpaB.>*> The distal domain of IpaD moves fur-
ther away from the C-terminus in presence of deoxycholate'®
to accommodate IpaB N-terminal region (residues 11-226).
IpaB residues 11-27 are important for binding to IpaD.'*

Results from NMR'%*!%7 showed that the IpaD mixed
o/p domain with the nearby coiled-coil interacts with the N-
terminal domain of IpaB (residues 9-226). Similar results
were obtained for the interaction of the Salmonella SipD tip
protein and the SipB translocon protein.’®*!°® A model of
IpaB-IpaD interaction based on electron microscopy sug-
gests a IpaB:IpaD stoichiometry of 1:4 at the needle tip.>*
Initially, five copies IpaD form a tip complex at the tip of
the needle tip, and upon signal to assemble the translocon,
one of the subunits of IpaD is displaced by IpaB.**

The Yersinia minor (YopD) and major (YopB) translocon
proteins interact with the tip protein LerV,' which forms a
platform for the assembly of the translocon.®® YopD inter-
acts with LerV,”® and YopB interacts with the N-terminal
domain of LerV and inserts into the host cell membrane.®®
In P. aeruginosa, the C-terminal region of PopD interacts
with the N-terminal globular domain of PcrV, and this inter-
action is required for controlling the secretion of effector
proteins.'®

5.4 | Assembly of the translocon on
membranes

Animal pathogens containing the T3SS form pores in eryth-
rocyte membranes and liposomes. The Shigella translocon
proteins IpaB and IpaC form pores on membranes estimated
at 25 A diameter.”” Results from cryo-electron tomography
reveal that the Salmonella SipB/SipC translocon spanning
the host membrane has a thickness of 8.1 nm and a pore
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diameter of 13.5 nm (Figure Sa).48 In Salmonella, SipB
interacts with SipC through the SipC C-terminal region
(340-409) to form pores within host cells.'' SipB form tri-
mers and hexamers on phospholipid vesicles through its
N-terminal coiled-coil regions.''' The Yersinia translocon
proteins YopB and YopD form pores in the host cell mem-
branes estimated to be 1.6-2.3 nm diameter.”® The stoichi-
ometry of YopD:YopB in the pore complex was estimated
to be 2.4:1."? Others have estimated the Y. enterocolitica
pore complex (from native gel) to contain YopB-YopD olig-
omers of 600 kDa, which is equivalent to 15-20 YopB-
YopD monomers.'"* YopD is present as decamers and
dimers in the pore complex.

PopB and PopD formed pores on erythrocyte mem-
branes, estimated to be at 2.8-3.5 nm in diameter based on
osmoprotection.''* Pores formed by recombinant PopB and
PopD on liposomes were visualized by TEM,”® and showed
ring-like structures with inner diameter of 4 nm and outer
diameter of 8 nm. PopB or PopD formed pores on liposomes
individually, or after mixing in equimolar amounts, indicat-
ing that both proteins oligomerize into ring-like structures
on membranes.”® Others have observed PopB and PopD
pores with 3.4-6.1 nm diameter,''> and PopD forming into
hexameric structures while PopB assembles into 6—12 sub-
units on membranes.''® When both PopB and PopD were
added together, eight subunits each of PopB and PopD asso-
ciated and formed into a 16-subunit complex on mem-
branes.''® Acidic pH changes the protonation of PopD
residues 63-81, making this segment more hydrophobic,
and together with the predicted transmembrane segment
(residues 119-137), assists PopD in the formation of the
translocon pore.117 Recently, it has been observed that the
PopB-PopD translocon remains attached to the host cell
membrane even after bacterium has left the site of
contact.'"®

6 | CONCLUSIONS

There has been much progress in understanding the atomic
structures of the needle, tip, and translocon proteins since
the visualization of the needle apparatus over two decades
ago. The atomic structures of the needle and the tip proteins
are known. However major challenges remain regarding the
atomic structures of the translocon proteins, partly, because
they are membrane proteins. Crystal structures are available
for soluble parts of the major translocon proteins; however,
the atomic structures for any of the minor translocon pro-
teins remain unknown. A major motivation in understanding
the T3SS is because of its essential role in virulence. The
needle, tip, and translocon are exposed on the bacterial sur-
face, making them attractive targets for developing new anti-
infectives. Structural results have identified binding sites and
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hotspots in the tip and translocon proteins for binding small
molecules that could potentially disrupt the assembly of the
needle apparatus. Major challenges remain in turning these

small molecules into inhibitors of type III secretion to com-

bat the growing threat of antibiotic resistance in many bacte-

rial pathogens.
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