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Abstract

Many pathogenic Gram-negative bacteria utilize type Il secretion systems (T3SS) to alter the
normal functions of target cells. Shigella flexneri uses its T3SS to invade human intestinal cells to
cause bacillary dysentery (shigellosis) which is responsible for over one million deaths per year.
The Shigella type 111 secretion apparatus (T3SA) is comprised of a basal body spanning both
bacterial membranes and an exposed oligomeric needle. Host altering effectors are secreted
through this energized unidirectional conduit to promote bacterial invasion. The active needle tip
complex of S. flexneri is composed of a tip protein, IpaD, and two pore-forming translocators,
IpaB and IpaC. While the atomic structure of IpaD has been elucidated and studied, structural data
on the hydrophobic translocators from the T3SS family remain elusive. We present here the
crystal structures of a protease-stable fragment identified within the N-terminal regions of IpaB
from S. flexneri and SipB from Salmonella enterica serovar Typhimurium determined at 2.1 A and
2.8 A limiting resolution, respectively. These newly identified domains are comprised of extended
length (114 A in 1paB and 71 A in SipB) coiled-coil motifs that display a high degree of structural
homology to one another despite the fact that they share only 21% sequence identity. Further
structural comparisons also reveal substantial similarity to the coiled-coil regions of pore-forming
proteins from other Gram-negative pathogens, notably colicin la. This suggests that these
mechanistically-separate and functionally-distinct membrane-targeting proteins may have
diverged from a common ancestor during the course of pathogen-specific evolutionary events.
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975295). Diffraction data and refinement statistics for all crystals discussed here are provided in Table 1.
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Shigella and Salmonella spp. are leading causes of gastroenteritis and severe diarrhea. Of the
1.1 million deaths that are caused by Shigella each year, nearly two thirds are children under
five years of age 1. Salmonella enterica serovar Typhimurium is the leading cause of
hospitalization and death due to food-borne gastroenteritis in the U.S. The pathogenesis of
these enterics involves the invasion of epithelial cells of the gastrointestinal tract, which
requires the use of a type 1l secretion system (T3SS).

The T3SS is a common virulence factor among Gram-negative pathogens. It is used to
deliver bacterial effector proteins to the membrane and cytoplasm of target cells where they
subvert normal cellular functions for the benefit of the pathogen 2 3. Much research has
been focused on the diverse activities of the effector proteins injected into the target
cytoplasm via the T3SS. Likewise, the type 111 secretion apparatus (T3SA) of S. flexneri and
S. Typhimurium have been extensively studied with respect to structure, function, and
assembly. The T3SA resembles a molecular needle and syringe and it serves as a
nanomachine that ultimately forms a unidirectional, energized conduit from the bacterial
cytoplasm to the host cell membrane. In toto, the T3SA injectisome is comprised of a bulb
within the bacterial cytoplasm, a basal body that localizes to the inner and outer membranes
of the pathogen 4, and an external needle that creates a hollow channel extending from the
base, formed by the polymerization of a single needle protein (MxiH in Shigella and Prgl in
Salmonella) °. The needle has an inner diameter of 2.5-3.0 nm and extends 40-80 nm, or just
beyond the lipopolysaccharide layer of the bacterial outer membrane .

At the outermost tip of the T3SA needle resides the hydrophilic translocator or ‘needle tip
protein’, IpaD in Shigella spp. and SipD in Salmonella spp., which is required for proper
control of type 111 secretion ’. The needle tip proteins form a putative pentamer at the
exposed end of the needle where they serve as environmental sensors for controlling the
delivery of T3SA secretion substrates &. In the presence of certain small molecules in the
extracellular milieu, IpaD undergoes a conformational change that promotes the
mobilization of IpaB, hereafter described as the first translocator protein due to its initial
presence at the needle tip complex prior to the second translocator IpaC, to a position at the
end of the needle distal to where IpaD is anchored % 1011, Though apparently less
pronounced, SipD also undergoes a conformational change upon binding small

molecules 12 13; however, it is not known whether this serves as a trigger for mobilization of
SipB to the Salmonella needle tip. In Shigella, newly exposed IpaB detects host cell contact
via host membrane components that induce recruitment of IpaC, the second and final
translocator protein, to the bacterial surface where it works in concert with IpaB to form a
pore in the host cell membrane 4. This allows subsequently secreted effector proteins to
pass through the unidirectional conduit and into the target cell membrane. As is the case in
all T3SSs, the tip protein and both translocators are essential to bacterial pathogenesis 1°.

While the atomic structures of several T3SA needle 16: 17: 18 19: 20 and tip proteins & 12 21
have been determined, solving the structures of the translocators has met with little success.
This is due in part to the apolar physical nature of these membrane-penetrating proteins.
Lack of success in this area continues to hamper developing the full mechanistic
understanding of the T3SA and the role of type Il secretion in causing highly debilitating
disease. Because the tip protein (IpaD) and the first hydrophobic translocator protein (IpaB)
are surface exposed prior to pathogen invasion and control type 111 secretion, they represent
attractive targets for the development of prophylactic therapeutics. Thus, any information
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derived from their structure-function relationships would provide the foundation for subunit
vaccines toward the prevention of shigellosis and salmonellosis. While the use of live,
attenuated Shigella strains as viable vaccine candidates has met with little success 22,
preliminary data indicate that IpaB is indeed a protective antigen. Identification of distinct
structural domains within the surface-exposed translocator would be expected to provide
clues to discrete regions that are responsible for this protein’s protective capacity. In this
study, we present the structure for the N-terminal region of IpaB and its homolog SipB.
From these structures, a common structural theme appears to be emerging as the T3SA of
Shigella and Salmonella is built up from the needle into the maturing tip complex and
possibly into the formation of a translocon pore. We also examine the potential relationship
of this structural theme to that of certain bacterial toxins, especially the pore forming toxins
within the colicin family.

Identification of a Soluble N-terminal Region within the T3SS First
Translocators IpaB and SipB

Given the limited structural information for the T3SS translocators and the instability of full
length IpaB in the absence of its cognate chaperone IpgC 23 24: 2526 \we sought to identify
a soluble fragment of the translocator that would be more amenable to crystallographic
analysis (see Supplementary Material). Both IpaB and SipB contain a conserved central
hydrophaobic region that is predicted to form a single a-helical transmembrane

hairpin 24: 2527, 28 |t has also been shown that the region C-terminal to the hydrophobic
domain contains membrane-binding properties 23: 25, Thus, it seemed likely that removal of
this entire C-terminal region might yield a soluble, stable translocator fragment.

When purified, recombinant translocator/chaperone complexes were subjected to limited
subtilisin digestion, yielding protease resistant translocator fragments for both the 1paB/IpgC
and SipB/SicA complexes (SFig. 1a, b). Following separation by SDS-PAGE, the resulting
fragments were characterized by LC-MS/MS analysis of their respective tryptic peptides 2°.
One such fragment corresponded to residues 28-226 of S. flexneri IpaB (S3-103-4 in SFig.
1a), while a similarly sized fragment was also observed for S. Typhimurium SipB (S4-103-4
in SFig. 1b). The fact that both fragments were derived from a closely overlapping area of
distinct proteins supports our hypothesis that a largely stable and otherwise soluble domain
is a conserved structural feature within the N-terminal region of these translocators. Indeed,
recombinant forms of both 1paB28-226 and SipB30-237 were readily expressed in the absence
of chaperone, and were found to be monodisperse in minimal buffers (as judged by both
analytical gel-filtration chromatography and dynamic light scattering) even at concentrations
greater than 5 mg/ml protein.

Crystal Structures of the IpaB and SipB Fragments Reveal a Structurally-
conserved Intramolecular Coiled-Coil

Despite the encouraging physical properties and the apparent stability of IpaB28-226  initial
crystallization screening was unsuccessful. However, subsequent adventitious proteolytic
degradation within the N-terminal region of IpaB28-226 was observed, which yielded a
readily crystallizable core consisting of residues 74-224 (see Supplementary material). The
structure of S. flexneri IpaB’4224 was solved by MAD using a platinum derivatized crystal
exposed to synchrotron X-rays at two wavelengths corresponding to Pt peak and remote
energies (Table 1), and the final structure was refined to 2.1 A limiting resolution in space
group P2;. The final model consists of two complete polypeptides (SFig. 2a) that are
comprised of residues 74-224 (Fig. 1).
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Similarly, the structure of S. Typhimurium SipB82-226 was solved by MAD using crystals of
Seleno-L-Methionine-labeled protein exposed to synchrotron X-rays at two wavelengths
corresponding to Se peak and remote energies (see Supplementary material). The final
model was refined to a 2.8 A limiting resolution in the space group P2;212 and consisted of
four polypeptides (SFig. 2b). While high-quality model/map correlation was observed for
residues 82-122, 126-174 and 182-226 (Fig. 2), the electron density map corresponding to
solvent exposed loop regions (i.e. residues 123-125 and 175-181) was too weak to model
accurately. Interestingly, two of the four SipB polypeptides in the asymmetric unit exhibit
different conformations within the 20 N-terminal residues of helix a1 (SFig. 2c). This region
is characterized by a high degree of conformational flexibility and culminates in a 16.8 A
shift as measured from the carbonyl of Gly83 within chains A and B. Such intrinsic
flexibility is apparently absent from the IpaB crystal structure.

Both 1paB’4-224 and SipB82-226 are almost entirely o-helical and are comprised of three anti-
parallel helices compressed into an intramolecular coiled-coil tertiary structure (Figs. 1 and
2). It is interesting to note that previous structure-function analysis of IpaB and SipB
predicted that the N-terminal regions of both IpaB (110-170) and SipB (180-216) would
contain a coiled-coil domain 2% 30: 31: however, the predicted region is much smaller, and
covers only a portion of the entire tertiary structure that is reported here. Remarkably, the
latter part of the second and third helices of each structure (residues 104-224 and 126-226
for IpaB and SipB, respectively) display very strong structural identity with one another.
Overall 93 of 94 Ca positions superimpose within 5.0 A with an RMSD of 1.42 A (Fig. 3a),
indicating that this coiled-coil is a conserved feature of these T3SS translocators. This
occurs despite the fact that IpaB shares relatively low sequence identity (21%) to the
corresponding residues 1-240 of SipB (Fig. 3b).

Conservation of the Intramolecular Coiled-coil Motif within Type Three
Secretion Proteins

The small protein monomers that comprise the T3SA needle of diverse organisms
themselves consist of a helix-turn-helix motif that is essentially a short intramolecular
coiled-coil 16: 17:18: 19,20 These monomers self-assemble into a superhelical bundle that
forms the hollow, yet extended T3SA needle characteristic of these various pathogens 16
Similarly, a longer intramolecular coiled-coil is a highly conserved feature among the T3SA
needle tip proteins from several families of pathogens 32, where it appears to constitute a
centralized structural scaffold. The fact that IpaD’s presence at the T3SA needle tip is also
required for stable maintenance of IpaB following its initial recruitment 11 suggests that
these two proteins are likely to physically interact within the context of the T3SA needle
assembly. Conceivably this could be accomplished most readily through a nearly parallel
alignment of the tip protein and translocator coiled-coils in a manner similar to what has
been previously described for the T3SA needle protein monomers 8. In this regard, it is
likely significant that the coiled-coil domains of IpaB and SipB (residues 104-224 and
126-226, respectively) share a high degree of structural identity with the central coiled-coil
region of their respective tip proteins, IpaD (RMSD of 2.47 A over 101/121 Co atoms
within 5.0 A) and SipD (RMSD of 2.39 A over 88/94 Co atoms within 5.0 A) (SFig. 3a, b).

The structural homology shared between the needle monomers, tip proteins, and the N-
terminal translocator fragments presented here further underscores the general importance of
intramolecular coiled-coils as structural scaffolds within T3S proteins 33. While much work
clearly remains to be done (particularly in terms of the remaining regions of IpaB and SipB),
these initial structures provide an attractive starting point for understanding the mechanism
of matured translocon formation. We believe that the increasing lengths of the coiled-coil
structures in MxiH/Prgl, IpaD/SipD and the extreme length of the coiled-coils presented
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here (114 A in Shigella and 71 A in Salmonella) may allow the putative pore-forming
hydrophobic domain of the first membrane-penetrating translocators to properly oligomerize
above the IpaD/SipD-based tip complex. In this position, the assembled translocator
multimer can sense host contact via interactions with lipids. Such an interaction would be
responsible for concomitant recruitment of the second translocator, IpaC, to the T3SA
needle tip, and thus facilitate needle insertion into the host cell membrane 4. It is interesting
to note, then, that IpaC is also predicted to contain a coiled-coil 33 34; by analogy, this
domain might interact directly with the coiled-coil region indentified here within the first
translocator, IpaB. Once the mature tip complex (IpaD-IpaB-1paC in Shigella, SipD-SipB-
SipC in Salmonella) has thus been assembled, full-scale translocation of effectors can then
commence, which signals the beginning of T3SS-dependent cellular invasion.

The IpaB/SipB Coiled-coil Domain is Related to Those of Pore-Forming

Colicins

Despite their limited sequence conservation, the coiled-coil regions of IpaB (residues
104-224) and SipB (residues 126-226) share a high level of structural identity with one
another. Furthermore, these intramolecular coiled-coils are reminiscent of the centralized
helical scaffold within T3SA needle tip proteins. Together, these observations raised
questions as to whether this structurally-conserved region of the T3SS first translocators
might also be evolutionarily related to other proteins. To this end, the refined first
translocator coiled-coils (comprised of 1paB104-224 and SipB126-226) were used to search for
structurally-related motifs within other proteins via the DALI server 3% with the top 10
unique hits listed in Table 2. Whereas two significant similarities were detected between the
translocator coiled-coils and distinct bacterial proteins involved in flagellum biogenesis
(which itself is a variant of the T3SS), six additional of the highest-scoring matches were
intriguingly derived from proteins involved in membrane targeting and/or insertion/pore-
formation events 36 37:38:39 |n particular, colicin E3 (IpaB, Z-score = 9.7, RMSD of 2.03
A over 118/121 Co atoms; SipB, Z-score = 8.0, RMSD of 1.19 A over 92/94 Co. atoms) and
colicin la (IpaB, Z-score = 10.2, RMSD of 1.73 A over 121/121 Ca atoms; SipB, Z-score =
10.1, RMSD of 1.21 A over 93/94 Ca atoms) were among the highest scoring matches
emanating from this search (Fig. 4a, b). Both of these colicins contain extended-length
coiled-coil motifs (160 A for colicin la and 100 A for colicin E3) within their receptor
domains 39. In all of these cases, the coiled-coil domains are responsible for spanning long
distances with the purpose of mediating a contact dependent function, notably obtaining
access to or transversing a membrane barrier 36: 37:38:40_ At 3 fundamental level, this
appears to be directly in line with a critical function already ascribed to T3SS first
translocator proteins.

Colicins comprise a diverse series of bacteriocidal toxins produced by certain strains of
Escherichia coli that exert their various activities targeting other E. coli cells through an
array of distinct mechanisms, such as formation of transmembrane, voltage-gated pores,
DNA and/or RNA cleavage through a potent intrinsic nuclease activity and even cell wall
degradation 38 39 41 Despite the significant differences in their precise bacteriocidal
activities, the initial movement of colicins across the target bacterial cell membrane systems
appears to be accomplished by a largely similar mechanism, regardless of the method of
killing, involving interaction with outer membrane (OM) receptor proteins 38 41, For colicin
la, which possesses a region that was structurally among the most similar to the coiled-coil
region of both IpaB and SipB within the DALI search (Table 2), recognition of an OM
receptor by a region at one end of its long coiled-coil allows a translocation domain to
promote access of the protein to the periplasmic space of the target bacterium 37: 41 42,
While still anchored to the outer membrane receptor, the coiled-coil of colicin la allows the
protein to span the periplasmic space to promote the insertion of a hydrophobic domain into
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the bacterial inner (cytoplasmic) membrane where it ultimately forms an ion channel.
Considering their structural homology to members of the colicin family, we can thus begin
to make larger-scale proposals relevant to T3SS first translocator function. In this regard, it
seems very likely that the extended N-terminal coiled-coil domains of IpaB and SipB serve a
similar role in both anchoring the first hydrophobic translocators to the IpaD/SipD-based
T3SA needle tip complex and placing their respective hydrophobic domains in an extended
position where recognition of and penetration into a target host cell plasma membrane can
occur. This would not only maintain 1paB/SipB as a stable component of the maturing T3SA
needle tip complex, but also ensure that the unidirectional, energized conduit remains
contiguous.

The structures of the first translocator N-terminal fragments presented here cover
approximately 25% of these proteins’ sequence. However, they do not provide direct
information on the C-terminal half of these proteins, which contribute to their critical pore-
forming structures 27 28, The Fold and Function Assignment Server (FFAS) utilizes
comparisons between sequences of interest and proteins of known function to then make
structural predictions for the sequences of interest 43. When we used FFAS to query the
PDB with sequences that correspond to the putative a-helical hairpin regions, the most
conserved section of the first translocators within the Inv-Mxi-Spa family (SFig. 4),
spanning residues 310-370 of IpaB 2% 30 and residues 320-380 of SipB 232425 3 region
within the pore-forming domain of colicin la (residues 579-611) was identified. The pore-
forming domain of colicin la is comprised of its C-terminal 176 residues, and consists of 10
a-helices arranged in a bundle-type structure (SFig. 5) that is highly similar to other colicin
pore-forming domains 37: 40, Perhaps most significantly, the precise region identified by
FFAS also corresponds to the hydrophabic helical hairpin that is responsible for anchoring
the colicin pore within the host lipid bilayer 3°. Thus, while the structural identity between
the IpaB and SipB coiled-coils and members of the colicin family is clear, bioinformatic
tools suggest that there may be even further relationships between these two groups of
proteins.

Conclusions and Future Directions

S. flexneri and S. Typhimurium use the T3SS to promote entry into both macrophages and
epithelial cells 44. Through the investigation of the Shigella T3SA we have been able to
demonstrate that the mature needle tip complex is assembled in a stepwise manner. Initially,
IpaD localizes to the needle tip where it controls secretion and represents completion of the
assembly of the nascent T3SA needle tip complex 4°. Interaction of IpaD with
environmental small molecules such as host bile salts results in recruitment of IpaB to the
needle tip, representing a maturation of the tip complex into a form that detects host cell
contact 19, Finally, IpaB interacts with liposomes, preferentially those containing cholesterol
and sphingomyelin, which mimic the host cell membrane. This ultimately leads to the
recruitment of IpaC to the distal end of the needle complex 14. Yet despite this substantial
level of mechanistic detail, our understanding of this process at a molecular level has been
hampered by the lack of structural information on the translocators, IpaB and IpaC.

In the past, approaches based around biochemical characterization of gene deleted strains
and comparative analysis of operon structures have proven instrumental in the identification
of novel T3SSs from diverse gram-negative bacteria. Yet despite their many similarities at a
functional level, analyses based upon sequence conservation alone have not played as
significant a role in fostering understanding of various T3SSs - particularly for the Inv-Mxi-
Spa T3SS family that is shared between Shigella, Salmonella, and Burkholderia spp. Within
this context, the IpaB and SipB translocators of the Inv-Mxi-Spa T3SS family possess a
relatively low level of sequence conservation within their N-terminal 240 residues (SFig. 4);
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however, as we have shown here, there exists a telling level of structural identity within this
region, but one that required a biochemical mapping approach to identify. Thus, even though
regions of these T3SS components may be diverging rapidly at the sequence level, it seems
that there is strong selective pressure to maintain the coiled-coil structure within the N-
terminal region of the first translocators. Intriguingly, this level of structural conservation
appears to be shared between T3SS first translocators and members of the colicin family that
likewise appear to have related membrane targeting and/or penetrating functions 3. At a
fundamental level, this “shared structure, but low sequence homology” relationship appears
to suggest an unexpected functional link between T3SSs and bacteriocins. However, the
possibility that it may have even broader implications for creating and understanding
phylogenies among secreted bacterial proteins is hard to ignore.

Because of the essential role of first translocators in type 111 secretion, the data presented
here represent an important step forward which will allow detailed mechanistic dissection of
the delivery of effectors to host cells. As importantly, because IpaB, and presumably SipB,
is surface exposed prior to host cell contact, they represent potentially valuable targets for
vaccine development. Since current vaccines against these pathogens are serotype specific,
the development of IpaB and SipB (or defined regions thereof) into subunit-based vaccines
could provide highly sought after heterologous protection among various serovars. As a
result, the structures presented here provide valuable information on not only the mechanism
of the first translocator’s role in T3SS-related disease, but may also suggest a plausible and
attractive route to prevention of these diseases in the first place.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Crystal Structure of IpaB74-224 at 2.1 A Resolution

A, Crystal structure of S. flexneri IpaB (residues 74-224) shown in cartoon ribbon format
surrounded by surface representation (colored purple). Two copies of each polypeptide are
found within the asymmetric unit (single copy shown for clarity). B, Crystal structure rotated
180° about the long axis, colored blue (N-terminus) to red (C-terminus). C, Representative
model-to-map correlation for IpaB”4224; 2F-F. weighted electron density (contoured at 2.0
o) is drawn as a blue cage around a region of the coiled-coil. Representations of all
structures were generated using PyMol 46,
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Fig. 2. Crystal Structure of SipBSZ-226 at 2.8 A Resolution

A, Crystal structure of S. Typhimurium SipB (residues 82-226) shown in cartoon ribbon
format surrounded by surface representation (colored cyan). The electron density map
corresponding to solvent exposed loop regions (i.e. residues 123-125 and 175-181) was too
weak to model accurately. The start and end of each missing loop region is labeled in panel
B. Four copies of SipB are found within the asymmetric unit (single copy shown for clarity).
B, Crystal structure rotated 180° about the long axis; colored blue (N-terminus) to red (C-
terminus). C, Representative model-to-map correlation for SipB82-226; 2F -F.. weighted
electron density (contoured at 1.5 o) is drawn as a blue cage around a region of the coiled-
coil. Representations of all structures were generated using PyMol 46.
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Fig. 3. Structural Superposition of Translocator Coiled-coils

A, Ribbon diagram of a structural alignment of the coiled-coils from IpaB (residues 120-224,
purple) and SipB (residues 126-226, cyan) with an RMSD of 1.42 A over 93/94 Co atoms
within 5.0 A, rotated 180° about the long axis. Although the overall topology of both
structures is similar, there are differences within the N-terminal region spanning the first
helix (a1) and turn as well as the length of the second helix (a2). Such differences within the
N-terminus of the structures reported here could be reflective of the apparent instability of
the chaperone binding domains (CBD) in the absence of their cognate chaperones. B,
Limited structure-based sequence alignment of type 111 secretion first translocators (residues
1-240) colored according to residue conservation (cyan=absolute and purple=similar) as
judged by the BLOSUM®62 matrix. Alignment was generated using ClustalW and rendered
with ESPRIPT. Numbers above the sequences correspond to S. flexneri IpaB. Secondary
structure elements of IpaB and SipB are shown above and below the alignment, respectively.
Representations of all structures were generated using PyMol 46. Three-dimensional
structures were superimposed using the Local-Global Alignment method (LGA) 47
Sequence alignments were carried out using CLUSTALW 48 and aligned with secondary
structure elements using ESPRIPT 49,
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5A

3 ‘gig
b/ o
Fig. 4. Translocator Coiled-coils Share Structural Homology with Pore-forming Proteins
A, Ribbon diagram of IpaB (residues 104-224, purple) and SipB (residues 126-226, cyan)
superimposed upon E. coli Colicin E3 (colored grey; PDB code= 1JCH) with an RMSD of
2.03 A over 118/121 Ca atoms for IpaB and an RMSD of 1.19 A over 92/94 Ca atoms for
SipB. Crystal structures are rotated 180° about their long axis. B, Ribbon diagram of IpaB
(residues 104-224, purple) and SipB (residues 126-226, cyan) superimposed over E. coli
Colicin la (colored grey; PDB code= 1CIl) with an RMSD of 1.73 A over 121/121 Ca atoms
for IpaB and an RMSD of 1.21 A over 93/94 Ca atoms for SipB. Crystal structures are
rotated 180° about their long axis. The DALI server was used to query available structures
within the PDB for structural homology 3°. Representations of all structures were generated

using PyMol 46, Three-dimensional structures were superimposed using the Local-Global
Alignment method (LGA) 47.
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