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Abstract
The bacterial injectisome is an essential virulence factor for many Gram-negative pathogens.
Resembling a 50-100 nm long syringe, the injectisome creates a continuous channel between the
bacterial and host cytosols through which the bacterium secretes effector proteins to modulate
host signalling. The aim of the following work is to contribute to the structural characterization
of the injectisome, focusing on proteins involved in its assembly and substrate selection.
The outer membrane pore of the injectisome, termed the secretin, relies on a pilotin protein
for its localization. The X-ray crystallographic structure of the Salmonella enterica SPI-1 pilotin
InvH reveals an α-helical dimer, confirmed to exist in solution through biophysical experiments.
The pilotin-secretin interface, characterized by X-ray crystallography and NMR spectroscopy, is
mutually exclusive with the InvH dimer and results in a 1:1 complex.
The inner membrane pore protein has a vital role in injectisomal secretion hierarchy. The
cryo-EM structure of the IM pore EscV from enteropathogenic Escherichia coli (EPEC)
demonstrates that the protein forms a nonameric ring in solution. Of its four subdomains, two
contribute to ring formation while the remaining two have some rotational freedom.
The cytosolic ATPase complex is essential to separating effector proteins from their cognate
chaperones prior to secretion. The cryo-EM analysis of the EPEC ATPase-stalk complex, EscNEscO, yielded an asymmetric homohexamer structure resembling F1- and V-ATPases. Kinetic
studies show that oligomerization and the presence of the stalk are required for efficient ATP
hydrolysis. The similarity to rotary ATPases supports the hypothesis that the injectisomal
ATPase complex is a rotary motor, with the stalk acting as the rotor. How this rotation
contributes to secretion is yet to be discovered.
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Lay Summary
Antibiotic resistance is a growing health crisis. As bacteria such as Salmonella and pathogenic
E. coli develop resistance to multiple drugs, the infection mortality rate increases. One method to
lower the chances of bacteria developing resistance is to use therapeutics that target their host
interaction, rather than killing the pathogen.
The bacterial injectisome is a promising target for such therapeutics. It functions as a
molecular syringe, through which the pathogen injects harmful proteins into the host cell. To
create a foundation for targeted drug design, we sought to characterize the injectisome structure
at an atomic level. Through the structures of several injectisome components explored in this
thesis, we now have a better understanding of how the system is assembled at a molecular level
and how it functions. With this information, we are better armed to create drugs against the
injectisome, and the harmful pathogens that encode it, in the future.
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1 Introduction
1.1 Secretion in Gram-negative bacteria
The bacterial cell envelope provides a substantial survival benefit in harsh extracellular
environments. Gram-negative bacteria are equipped with two membranes, the inner and outer
membrane (IM and OM), with a peptidoglycan cell wall in the periplasmic space between them1.
The cell wall, made up of a mesh of cross-linked saccharide and peptide chains, gives the
bacterium its shape and prevents turgor pressure-induced rupture of the bacterium in nonisotonic solutions. The OM provides an additional permeability barrier, protecting the cell wall
from antibiotics and lysozyme2.
Despite the benefits of the bacterial envelope, it also presents a significant obstacle for
transport of molecules. Bacteria rely on substrate secretion and import for several functions
including adhesion, niche establishment, and pathogenicity3,4. Further complicating the issue,
diverse types of molecules require cross-membrane transport including peptides, nucleic acids,
lipids, and small molecules. To overcome the barrier posed by the envelope, bacteria have
evolved a series of intricate secretion systems that allow macromolecular transport across
membranes and peptidoglycan.
Several specialized secretion systems are unique to Gram-negative bacteria (Figure 1.1).
Systems such as the type II secretion system (T2SS)5 and type V secretion system (T5SS)6
transport substrates across the OM and rely on an inner membrane translocase, such as the
secretory (SEC) pathway7 or twin-arginine translocase (TAT)8, to secrete cytoplasmic molecules
in a two-step mechanism. Other systems cross the IM, peptidoglycan, OM, and in some cases a
host membrane; these include the type III secretion system (T3SS)/injectisome9, the type IV
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secretion system (T4SS)10, and the type VI secretion system (T6SS)11. As these systems are
important for bacterial survival and virulence, they have been studied extensively through
microbiology and structural biology experiments to provide a foundation for targeted therapeutic
development.

Figure 1.1: Examples of Gram-negative secretion systems. The T1SS, Injectisome, T4SS,
and T6SS have a one step pathway where the substrate is secreted across multiple membranes.
The T2SS and T5SS instead use a two-step pathway, relying on the SEC or TAT systems to
transport the substrate across the inner membrane.

1.2 Type III Secretion System Pathogenesis
1.2.1 The role of the injectisome
Two Gram-negative bacterial nanomachines, the injectisome and the flagellum, represent the
two types of type III secretion systems9,12. Both systems are made up of over 20 different
proteins in varying oligomeric states, forming a complex that passes through the IM, OM, and
peptidoglycan. Many of the cytoplasmic and inner membrane proteins of flagella have T3S
homologues in the injectisome, which serve to secrete the components of the helical hook and
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filament assemblies13. Once assembled, the flagellar T3S machinery ceases to secrete proteins;
the flagellum takes on its role of providing motility through the rotation of the filament.
The injectisome, in contrast to the flagellum, relies on type III secretion for its function of
increasing bacterial pathogenicity9. Resembling a syringe and needle, the injectisome forms a
continuous channel from the bacterial to host cytoplasm through which proteins can pass in a
partially unfolded state. Through this channel, bacteria secrete effector proteins that can alter
host cell signalling to the pathogen’s advantage. The injectisome is an important virulence
machine in many clinically relevant pathogens, including enteropathogenic and
enterohemorrhagic Escherichia coli (EPEC and EHEC respectively), Salmonella enterica,
Shigella flexneri, Pseudomonas aeruginosa, Chlamydia trachomatis, and Yersinia pestis. As
such, several injectisomal proteins have shown promise as targets for vaccine development and
anti-virulence therapeutics14.
The function of the injectisome varies greatly depending on the life cycle, host, environment,
and pathogenicity of the bacterium. It is encoded on pathogenicity islands that have been shared
between species through horizontal gene transfer15. The genes encoded on these islands include
structural proteins and some effectors; other effectors are encoded on separate loci. Effector
proteins rely on cognate chaperones to protect them from degradation and to target them to the
cytosolic machinery of the injectisome16,17. The chaperone is dissociated from the effector prior
to secretion, and the effector is partially unfolded to permit passage through the narrow
injectisome channel. Effectors can target a wide range of host cell machinery depending on the
bacterial species.
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1.2.2 The function of two different injectisomes in Salmonella enterica
Infection by S. enterica broadly causes two different pathologies, depending on whether the
serovar is typhoidal or non-typhoidal. Typhoidal S. enterica serovars, serovar Typhi and
Paratyphi A, B, and C, are the causative agents of typhoid fever and paratyphoid fever
respectively. Both typhoid and paratyphoid fever are life-threatening systemic infections, causing
an estimated 11.9 to 26.9 million cases and 128,000 to 216,500 deaths annually18,19. Other S.
enterica serovars are non-typhoidal and instead cause Salmonellosis, an infection of the gut
leading to diarrhea and fever. Salmonellosis is generally a self-limiting infection with low
mortality, causing 95.1 million cases and 50,771 deaths in 201720. However, non-typhoidal
Salmonella can occasionally invade other tissues, resulting in bacteraemia, meningitis, or other
infections; these invasive cases have a much higher mortality rate, and resulted in 535,000
infections and 77,500 deaths worldwide in 201721. Antibiotic resistance is growing increasingly
common in both types of Salmonella, leading to increased mortality rates18,22,23.
S. enterica encodes two injectisomes on Salmonella pathogenicity islands 1 and 2 (SPI-1 and
SPI-2 respectively)24. Both typhoidal and non-typhoidal S. enterica are invasive pathogens; their
SPI-1 injectisome is involved in initial engulfment by the host cell, while the SPI-2 system
contributes to survival within the host cell (Figure 1.2). After ingestion by a host, S. enterica
adheres to the epithelial cells in the gut and secretes effectors through the SPI-1 system. These
secreted proteins promote actin cytoskeleton arrangement in the host, creating membrane ruffles
that surround the bacterium and eventually lead to phagocytosis24. Multiple host proteins are
targeted to create membrane ruffles. The effector SopB interacts with the small GTPase Rho and
annexin A2 to promote actin rearrangement and accumulation25. The small GTPases Rac1 and
Cdc42 are targeted by effectors SopE and SopE2, further stimulating actin nucleation factors to
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promote membrane ruffling and engulfment26. Effectors SipA and SipC are secreted to promote
actin bunding. Both non-typhoidal and typhoidal S. enterica use these SPI-1 effectors for host
cell invasion with the exception of SopE2, which is a pseudogene in serovar Typhi27.

Figure 1.2: Injectisome-mediated pathogenesis in S. enterica and E. coli. S. enterica (left)
uses the SPI-1 injectisome to promote actin cytoskeleton rearrangement, resulting in
phagocytosis by the host cell. Once inside, it uses the SPI-2 injectisome to proliferate inside the
SCV. EPEC and EHEC (right) use the LEE-encoded injectisome to form attaching and effacing
lesions, adhering to raised pedestals on the host cell.
Once S. enterica has been phagocytosed by the epithelial cell, it begins to form a specialized
compartment called the Salmonella-containing vacuole (SCV)24,28. The SCV has some
characteristics of late endosomes, such as an acidic pH of ~5 and the presence of endosomal
organelle markers. One key step in SCV maturation is the formation of Salmonella-induced
filaments (Sifs), filaments containing lysosomal membrane glycoproteins (lgps) that are attached
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to the SCV29. Sif formation is mediated by SPI-2 effector proteins SifA and SseJ, which work to
induce formation of the filaments and to modify the lipid content respectively24. Interestingly,
the role of Sifs in S. enterica survival is not certain, but they are hypothesized to be involved in
nutrient acquisition28.
In Salmonellosis, the invasion is limited to the gut epithelial cells, with various SPI-2
effectors maintaining the SCV and prolonging host infection24. Non-typhoidal S. enterica that
breach the epithelial cells do not cause systemic infection in the majority of cases27. However, in
enteric fever, serovars Typhi and Paratyphi A, B, and C are adapted to survive within
macrophages and spread to other tissues27. As these serovars are host-restricted to humans, the
details of their infection are less understood and often based on the mouse model of enteric fever,
caused by serovar Typhimurium30. It has been shown that the serovar Typhi SPI-1 injectisome is
required for invasion of non-phagocytic host cells31; however, the bacterium’s survival within
macrophages was uncompromised by disruption of the SPI-2 injectisome32. It is not fully
understood what effectors are essential in enteric fever, as many effectors are pseudogenes or
absent from typhoidal serovars (see Johnson et al for a summary of effector functions in serovars
Typhi and Paratyphi30).
1.2.3 Injectisome-mediated pathogenesis in EPEC and EHEC
Diarrhoeal disease causes an estimated 5.8 million deaths per year in children under the age of
5 worldwide33. EPEC and EHEC are food-borne pathogens that cause diarrhoea; both encode an
injectisome on the locus of enterocyte effacement (LEE), and EHEC additionally encodes shiga
toxin34,35. EPEC primarily colonizes the duodenum, while EHEC mainly targets Peyer’s patches
and the large intestine35. While most cases of diarrhoea are self-limiting, about 5 – 7 % of EHEC
infections progress to life-threatening hemolytic-uremic syndrome36. In cases of moderate to
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severe diarrhoea in children under the age of 24 months, EPEC infection increased the risk of
death more than two-fold37.
As non-invasive enteric pathogens, EPEC and EHEC do not use their injectisome for cell
invasion. Instead, they use it to create attaching and effacing (A/E) lesions in the gut (Figure
1.2). The bacteria adhere to the intestinal epithelial cells and, similarly to S. enterica, use effector
proteins to modulate the host cell cytoskeleton. The actin cytoskeleton is rearranged in such a
way that microvilli are flattened and form a raised pedestal to which the bacteria adhere. When
expressed in non-pathogenic E. coli K-12, the LEE pathogenicity island from EPEC is sufficient
for A/E lesion formation, but the LEE from EHEC is not38,39.
To form the A/E lesion, EPEC first adheres to the host cell using a type IV pilus (T4P)35.
From there, it secretes proteins into the host cell via the LEE-encoded injectisome. A key
effector EPEC translocates is Tir, which is inserted into the host cell membrane40. It acts as a
receptor for intimin, a protein embedded in the bacterial outer membrane. Upon tir and intimin
interaction, a signalling cascade triggers actin cytoskeleton rearrangement and pedestal
formation. This interaction allows EPEC to remain intimately attached to the host cell, which is
thought to give it a competitive advantage against other intestinal bacteria41.
The number of effectors encoded are variable depending on the strain, with approximately 22
in EPEC up to 39 in some strains of EHEC35. There are seven LEE-encoded effectors shared by
EPEC and EHEC: Tir, Map, EspF, EspG, EspH, EspZ, and EspB35. The strains additionally
encode unique effectors outside of the LEE pathogenicity island, termed non-LEE-encoded
effectors, some of which have been shown to be essential for A/E lesion formation42. These
effectors have variable targets and downstream effects in the host cell. For example, the
disruption of tight junctions in the gut has been attributed to EspF, Map, and EspG, though each
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of these effectors has different intracellular targets43. The effector EspZ inhibits host cell
apoptosis and regulates effector translocation to limit cytotoxicity, prolonging the adhesion of
the pathogen to the host44,45. Research is ongoing to fully understand the effects of LEEtranslocated proteins on the host cell and on bacterial survival.
1.2.4 The injectisome as a drug target
As the bacterial injectisome is important to the virulence of many clinically relevant
pathogens, there have been many studies investigating its potential as a therapeutic or vaccine
target. Drugs specifically targeting the injectisome, without unintended targets in the related
flagellum or other systems, can reduce the virulence of a pathogen without decreasing its
fitness14. This quality makes drugs targeting the injectisome have a lower risk of resistance
development, as selective pressure is lower when viability is unaffected.
Several classes of inhibitors have been shown to target components of the injectisome, with
one having been tested in a phase 1 clinical trial46. A review by Lyons et al provides detailed
information on injectisome-targeting drugs14. Several compounds have been shown to target
proteins regulating injectisome expression, while others target its assembly, the extracellular
needle, and the cytosolic ATPase. For example, the antibody MEDI3902 was identified through
phenotypic screening and has been shown to block assembly of the needle tip in Pseudomonas
aeruginosa, protecting from infection in mouse models47,48. This antibody has been shown to be
safe in phase 1 clinical trials, showing promise as a candidate for further development46.
Interestingly, the injectisome itself is being investigated and engineered as a potential delivery
mechanism for drugs with intracellular targets49. Improved structural characterization of the
injectisome in recent years is contributing to targeted therapeutic development, which will
hopefully provide more treatment options for multi-drug resistant infections in the future.
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Many proteins in the injectisome are promising candidates for vaccine development. Proteins
including the needle tip50, translocators51, and the pilotin52 have been shown to provide varying
degrees of immunity to S. enterica and P. aeruginosa in mouse models. An attenuated EHEC
vaccine secreting effectors including Tir resulted in reduced fecal shedding in calves, a
promising result for reduced contamination in agriculture53. We may one day benefit from
vaccines made up of injectisomal structural proteins and effectors.

1.3 Structural characterization of the T3SS
The injectisome has been the subject of structural studies for decades, an undertaking that is
still not complete due to the sheer number of interacting proteins. Individual components have
been characterized by X-ray crystallography and nuclear magnetic resonance (NMR), whereas
holistic information on the system has generally come from negative-stain transmission electron
microscopy (TEM) and cryo-electron tomography (cryo-ET). In the past decade, advances in
cryo-electron microscopy (cryo-EM) technology, particularly in electron microscope detectors
and data processing software, have pushed resolution limits of the technique into near-atomic
resolution permitting ab initio modelling54,55. As single-particle cryo-EM is a technique well
suited to studying large, symmetrical complexes, these advances have been instrumental in a
goldrush of injectisome structures in the past five years. The combination of individual protein
structures since the early 2000s and more recent structures of large, oligomeric T3SS protein
complexes have contributed to a near-complete atomic model of the injectisome (Figure 1.3).
As early as 1998, negative stain TEM of purified SPI-1 injectisomes from S. enterica serovar
Typhimurium (S. Typhimurium) revealed its syringe-like structure56. Since then, the S.
Typhimurium SPI-1 injectisome has been the archetypical system, with most structural

9

Figure 1.3: Structural characterization of the injectisome.
The basal body has the most complete structural characterization. The structures of solved
injectisome components are overlaid on an in situ map of the S. Typhimurium injectisome.

characterization performed on this system. The injectisome can be divided into three sections,
made up of several proteins each: the cytosolic sorting platform, the basal body, and the
extracellular needle9. The sorting platform – the site of effector processing – consists of a
cytosolic ATPase related to Fo/F1 ATPases, six supporting pods each comprising four different
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proteins, and the cytosolic region of the inner membrane pore57. The basal body forms the
cylindrical “syringe” portion of the complex, with several concentric protein rings passing
through the Gram-negative envelope. These protein rings surround the periplasmic export
apparatus and the filamentous rod and needle58. The extracellular portion of the injectisome
consists of the hollow needle (~80 nm long in S. typhimurium56), tip protein, and translocon pore
inserted into the host cell membrane. The following sections will provide detailed descriptions of
the structural characterization of each injectisome subcomplex, using the universal (Sct) rather
than species-specific nomenclature for individual proteins.
1.3.1 The basal body
To create a continuous channel from the bacterial to host cytosol, the injectisome must cross
the Gram-negative IM, peptidoglycan wall, and OM. The primary function of the proteins
comprising the basal body is to cross the bacterial envelope; thus, many of the proteins in this
complex are membrane proteins, making them difficult to purify and characterize. The bulk of
the basal body comes from oligomeric ring proteins: the 24-fold IM rings SctD and SctJ, and the
15-fold OM secretin pore SctC. SctD and SctJ each have a single IM TM and a periplasmic
domain, with SctD also having a small cytosolic N-terminal region59. SctC has three N-terminal
periplasmic domains termed N0, N1, and N3, and a large C-terminal β-barrel domain inserted
into the OM. Early structural characterization by X-ray crystallography and NMR focused on
soluble fragments of these proteins. A specific structural motif called the ring-building motif
(RBM), characterized previously in unrelated oligomeric ring systems, was found to be present
in the periplasmic domains of all three proteins60. Based on computational modelling,
monomeric structures, and previous low-resolution reconstructions of the injectisome61,62,
models were generated for the periplasmic regions of SctC, SctD and SctJ60,63,64. However, the
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models lacked the accuracy of high resolution structures, especially in the case of SctC which
had incorrect C12 stoichiometry applied.
In 2016, the cryo-EM structure of the SPI-1 S. Typhimurium basal body was solved to a
resolution of 4.3 Å for 24-fold SctD-SctJ and 3.6 Å for 15-fold SctC59. Characterization of these
three proteins involved purification of massive oligomeric rings spanning two separate
membranes, a feat that would be extremely difficult to replicate in X-ray crystallography. The
model gleaned from this map provided the first atomic insight into the OM secretin SctC βbarrel, which was the largest β-barrel characterized at the time. SctC formed a double-walled βbarrel made up of 60 strands, with the inner β-barrel kinked towards the centre of the structure to
form a closed gate (Figure 1.4). The gate prevents free diffusion of solutes across the OM before
assembly of the extracellular needle. The shear on the inner β-barrel was 0 – resulting in strands

12

Figure 1.4: Structures of injectisomal (T3SS) and homologous T2SS secretins. Comparison
of near-atomic resolution structures of T2SS Vibrio cholerae GspD, E. Coli GspD, and P.
aeruginosa XcpQ, and injectisomal S. Typhimuruim InvG. Domains are coloured as follows:
membrane-inserting β-lip (gold), amphipathic helical loop (orange), secretin (green), periplasmic
and cap gates (dark green), S domain (magenta), N3 domain (blue), and remaining N domains
(turquoise). Asterisk denotes the position of the amphipathic helical loop. Comparison of secretin
(a) side view, (b) top view, and (c) side view of a single monomer.
perfectly perpendicular to the outer membrane – a property that has only been observed in a
handful of other massive β-barrel structures65. A conserved amphipathic helix was resolved and
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hypothesized to be instrumental in β-barrel assembly machinery (BAM)-independent OM
insertion of the secretin based on mutational studies and its position near the OM inner leaflet59.
In 2019, the structure of the S. Typhimurium needle complex including the basal body and
needle was solved to near-atomic resolution58. It was solved in several stages of assembly; in the
fully assembled state, the secretin OM gate is open to accommodate the needle, resulting in a
straightening of the bent inner β-strands to a position flush with the outer β-barrel. The needle
complex structure has an unusual symmetry mismatch: though the secretin β-barrel and N3
domain have 15-fold symmetry, the N0 and N1 domains instead have 16-fold symmetry. The 16fold symmetry results in an 8-fold symmetric interaction with the 24-fold inner membrane ring
SctD, with two protomers of SctC interacting with three of SctD.
The core periplasmic export apparatus is an α-helical complex nestled inside the inner
membrane rings (Figure 1.5). It is made up of the proteins SctR, SctS, and SctT with a
stoichiometry of R5S4T1; however, the ratio R5S5T1 has also been observed in some cryo-EM 3D
classes58,66. Several cryo-EM reconstructions of this complex have been solved since 2018, two
in the context of the needle complex from S. Typhimurium58 and Shigella flexneri67 and three
flagellar homologues purified from S. Typhimurium66,68, Vibrio mimicus, and Pseudomonas
savastanoi69. These structures revealed that the export apparatus proteins, predicted to be integral
membrane proteins due to their hydrophobicity, were instead localized in the periplasm within
the SctD and SctJ rings. SctR and SctT form a pseudo-hexameric core with four subunits of SctS
decorating the periphery. Each subunit protomer forms one to three α-helical hairpins; SctR
forms two, SctQ forms one, and SctT is a fusion of R and Q and forms three. The subunits are
organized in a pseudo-helical arrangement, creating a narrow channel for substrate passage. A
loop on the IM-facing side constricts the channel in the solved structures, preventing effector
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accommodation even in a partially unfolded state. It is not yet known what causes the export
apparatus to open; it is possible that interaction with inner membrane protein SctV could trigger
a conformational change that would open the channel58. The exterior of the export apparatus is
primarily hydrophilic, interacting with the inside of the SctJ ring; in addition, SctR projects a
loop that interacts electrostatically with the secretin N0 domain58.

Figure 1.5: Schematic of the export apparatus and sorting platform proteins: The export
apparatus is situated on the periplasmic side of the inner membrane, made up of SctRST in a
5:4:1 ratio. SctV creates a pore through the inner membrane. The sorting platform consists of the
ATPase complex (SctLNO) and six supporting pods (SctQK). The pods are anchored to the inner
membrane rings, SctD and SctJ.
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Attached to the export apparatus is the inner rod protein SctI, which secures the needle to the
basal body70. Six molecules of the inner rod SctI bind to the periplasmic face of the export
apparatus, forming a homogenous platform for needle assembly58. SctI forms additional α-helical
hairpins arranged in a pseudo-helix, with the first subunit bound in a groove between SctR and
SctT. At its N-terminus, it forms β-strand complementation interactions with the N1 domain of
secretin SctC. In certain systems, the inner rod protein has been shown to interact with a lytic
transglycosylase; in EPEC, the transglycosylase is called EtgA. EtgA is a small (~17 kDa),
primarily α-helical protein thought to clear the peptidoglycan near the injectisome IM complex,
generating a hole large enough for interaction between the IM rings and the OM secretin71. The
binding between EtgA and SctI has been characterized by ITC, but no structure of the complex
has been solved. Thus, the inner rod serves an important role in assembly through recruitment of
the lytic transglycosylase and later through binding of needle filaments.
In flagellar homologues, the interaction between the export apparatus and the autoprotease
SctU has been structurally characterized. At the IM face, the export apparatus binds to the
autoprotease SctU, a substrate switch protein whose function will be discussed in depth in
section 1.5.1. In structures from flagellar homologues, one copy of SctU was bound to the export
apparatus, forming four helices wrapped around the complex69. The SctU-bound complex is in
the stoichiometry R5S4T1, with one helical hairpin occupying the site sometimes bound by a fifth
subunit of SctS66,69.
The only basal body protein that has not been characterized fully is the inner membrane
protein SctV, which likely interacts with the IM face of the export apparatus. The structure of its
nonameric cytosolic domain has been solved by crystallography in a monomeric form72,73 and
nonameric ring form74. In addition, the cryo-EM structure of the EPEC homologue EscV has
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been solved and is discussed in depth in chapter 4. In brief, SctV has a four-subdomain structure,
of which two subdomains form the primary electrostatic oligomerization interface. It forms a
nine-fold symmetric ring with a 5 nm pore diameter, through which substrates can pass. Despite
the in depth characterization of the cytosolic domain, the only structural characterization of the
SctV transmembrane domain comes from cryo-electron tomography (cryo-ET), revealing an
inner membrane ring with a large pore57. Thus, SctV is the last missing piece of the basal body
structural model and attempts to solve its full-length structure are ongoing.
1.3.2 The cytosolic sorting platform
The cytosolic components of the injectisome sorting platform are mainly involved in
processing substrates prior to secretion (Figure 1.5). A key component is the ATPase SctN,
homologous to Fo/F1 rotary ATPases. SctN interacts with two other homologues of ATPase
complexes: the central stalk SctO and the peripheral stalk or stator SctL75–77. The remining
components, SctQ and SctK, form six pods visualized by cryo-ET that attach the stator SctL to
the cytosolic region of the inner membrane ring SctD57,78,79.
The role of the ATPase is to separate substrates from their bound chaperones to be fed into the
secretion system in a partially unfolded state80. It is homologous to the catalytic domain of F1
ATPases and has been structurally characterized in monomeric form in EPEC, S. Typhimurium,
and S. flexneri81–85. It has three subdomains: the N-terminal oligomerization domain, the catalytic
domain, and the C-terminal stalk-interaction domain. The structure of the ATPase EscN from
EPEC in complex with stalk EscO has been solved by cryo-EM, the results of which are reported
in depth in chapter 486. In brief, EscN forms a homohexameric complex with ATP binding sites
situated at the interface between monomers. The inner stalk EscO is bound in the central “pore”
formed by EscN. The asymmetry of the complex and its similarity to ATP synthase and V-
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ATPases suggests that EscN acts in a similar rotary mechanism, with the stalk EscO acting as the
rotor. The stalk itself has only about half of its residues resolved in the cryo-EM structure.
However, SctO’s structure has been solved prior by crystallography in Chlamydia trachomatis87
and Vibrio parahaemolyticus88, and a homology model of the EPEC variant89 is in agreement
with the portion resolved in cryo-EM. SctO forms a coiled coil domain with its N- and C-termini
bound by the ATPase. Further studies are required to determine how the hypothesized rotation of
SctO results in the dissociation of the chaperone from its bound effector protein.
The role of the ATPase stator SctL is to immobilize the catalytic domains of SctN during
rotary catalysis. SctL is fixed to the injectisome through SctQ90, which is in turn bound by
SctK91, which presumably interacts with the cytosolic region of inner membrane ring SctD.
While there is no structure solved of the injectisomal SctL, the flagellar homologue FliH has
been solved in complex with the ATPase FliI92. This structure comprises the C-terminal half of
SctL. Two anti-parallel molecules of SctL are bound to the ATPase N-terminal oligomerization
domain. SctL is composed of a long α-helix with a globular domain at one end consisting of a
four-strand β-sheet and three α-helices. The β-sheet interacts with one strand from SctN, and the
N-terminal most helix of SctN interacts with both molecules of SctL to form a helical bundle. In
an oligomerized ATPase, this would imply a stoichiometry of N6L12, but such a structure has yet
to be solved.
The cytoplasmic ring SctQ is the largest member of the six pods supporting the ATPase. Its
C-terminal half from S. Typhimurium has been solved in complex with a T4 lysozyme fusion
with a small N-terminal peptide of SctL93. SctQ forms a curved β-sheet with two β-strand
hairpins and two α-helices in loop regions, made up of two intertwining “surface presentation of
antigen” domains. It forms an extensive interface with the short EscL peptide, which consists of
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a lariat containing three short α-helices and a β-strand. The N-terminal half of SctQ has not been
structurally characterized, nor has its interaction partner SctK that connects it to the basal body
through SctD. As the cytosolic sorting platform has proven difficult to purify as a single
complex, or to purify from native expression with the needle complex, it may take time to
structurally characterize the entire substructure at high resolution.
1.3.3 The needle, tip, and translocon
The injectisome needle SctF forms a hollow helical filament through which secreted effectors
pass in a partially unfolded state. The length of the needle varies between species (~80 nm long
in S. typhimurium56), bridging the distance between the bacteria and host cell. The lumen has a
diameter of approximately 1.5 nm, sufficient to closely fit an α -helix94. The end of the needle is
capped by the tip protein SctA. In some species, such as EPEC, the tip is elongated into a long
filament similar to the flagellar filament95,96. The injectisome secretes the components of the
translocon, made up of SctB and SctE, which insert into the host membrane and create a pore
through which effectors can pass. Adherence of the tip protein to the assembled translocon is the
final step in creating a continuous channel from the bacterial cell to the host.
There are numerous structures of the injectisome needle, most of which are monomeric or
cognate chaperone-bound forms solved by X-ray crystallography and NMR97–102. The species
characterized include S. Typhimurium, Shigella flexneri, Yersinia pestis, and Bulkholderia
pseudomallei. Models of the filament structure were calculated based on low resolution cryo-EM
envelopes97,103. The first oligomerized structure came from a needle assembled in vitro solved by
solid state NMR104, and two similar structures followed105,106. However, the most recent
structures from high-resolution cryo-electron microscopy have different helical parameters than
those solved by solid state NMR, resulting in a poor fit between the structures94,107. As the cryo-
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EM structures have similar helical parameters when the filament was assembled in vitro and in
vivo, it is likely the differences stems from the experimental technique used107.
The SctF needle monomer forms an α-helical hairpin with a bend in one of the helices. The
monomers form a symmetrical helical assembly with a turn of 63.34° and a rise of 4.33 Å94. This
assembly forms a lumen in the shape of a right-handed helix, with an inner diameter ranging
from 1.3 nm to 2.0 nm wide. The inner surface of the channel has a prominent positively charged
groove, which arises from conserved C-terminal residues pointing into the lumen. The positively
charged residues form a spiral pattern surrounding the lumen and are hypothesized to contribute
in an active role for substrate secretion94.
The tip protein SctA binds to the end of the oligomerized needle filament, mediating the
interaction with the translocon pore. Its structure has been solved by X-ray crystallography in
Bulkholderia pseudomallei108–110, Shigella flexneri110–112, and S. Typhimurium113, and in one
case, in complex with the needle protein102. The core of the tip protein is a coiled coil domain,
neighboured by three shorter α-helices and a small third domain of mixed α-helical and β-sheet
content. The tip protein has been found to bind bile salts; the presence of bile salts has variable
effects on secretion depending on the species, increasing invasion in S. flexneri and repressing it
in S. Typhimurium102. The bile salt binding interface is a hydrophobic patch on the central coiled
coil, causing a subtle conformational change in helix orientation102,111,113; it is unclear how bile
salt binding here affects secretion, but it may affect the affinity with which the tip binds to the
needle111.
The structure of the tip has also been studied in the context of needle binding. Upon binding
to the needle SctF, the conformation of SctA changed, with a shift in the coiled coil to form a
four-helix bundle with the needle102. As there is no high-resolution cryo-EM structure of the tip
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assembled onto the needle, estimates of the stoichiometry of binding come through indirect
methods. Cheung et al used streptavidin labelling in Shigella flexneri and found that the end of
the needle was bound by four copies of tip SctA along with one copy of a translocon component,
SctE112. Based on cross-linking experiments, they were able to generate a model of the four SctA
copies and fit them into a low-resolution cryo-EM map of the S. flexneri tip complex, with
sufficient space for the fifth SctE to bind. More structural studies are required to model the tip
complex bound to the needle through direct methods.
The translocon is a complex forming a pore through the host cell membrane. It is made up of
the major translocon protein SctE and the minor translocon protein SctB. The complex has
proved difficult to characterize structurally, with only small cognate chaperone-bound
portions114–117 and a soluble coiled coil domain from the major translocon118 solved by X-ray
crystallography. The minor and major translocon proteins are predicted to have one119,120 and
two121 transmembrane helices respectively, and both have a predicted coiled coil region121–123.
The minor translocator also has an amphipathic helix required for insertion into the membrane124,
its structure solved by NMR125. Stoichiometry estimates vary, ranging from E1B4A6 in S. flexneri
(including tip SctA)126, an E8B8 hexadodecamer in P. aeruginosa127, and a 500-700 kDa complex
with 15-20 SctE/SctB subunits in Yersinia enterocolitica128. There is no structure to date of the
membrane-associated form of the translocon pore, but its ~13.5 nm diameter envelope has been
observed through AFM129 and cryo-electron tomography130. The difficulties in purifying this
membrane complex have prevented detailed structural knowledge of the translocon pore.

1.4 Role of pilotins in injectisome assembly
Pilotins are a family of proteins that facilitate assembly of the OM secretin pore. The secretin
protein SctC has a highly conserved, OM-inserted β-barrel domain and a variable number of
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periplasmic N-terminal RBM domains131. At its C-terminus, it has a short motif termed the S
domain that binds to its cognate pilotin protein. The secretin outer membrane pore is conserved
not only between injectisome-expressing species, but also with the T2SS, the type IV pilus
(T4P), and filamentous phage. In contrast with secretin conservation, the pilotins are made up of
a large variety of non-homologous proteins, often with varying secondary and tertiary structures.
This may be the reason why pilotin knockouts have different effects on secretin assembly, as
they have varying mechanisms of action.
All pilotin proteins are small, OM-inserted periplasmic lipoproteins132, shown to use the
localization of lipoproteins (LoL) pathway to reach the OM in Klebsiella oxytoca133. All function
by binding the C-terminal S domain of the secretin, with the exception of secretins from the T4P
that do not have an identified pilotin binding site134–136. Another exception are the self-targeting
secretins, such as HxcQ from P. aeruginosa137; these have no S domain, and instead have a
conserved lipidation signal at their N-terminus for OM localization. Pilotins generally function
by protecting the secretin from degradation, and by either facilitating secretin localization,
assembly, or both. Due to their lack of homology, they have species-specific names. Pilotins are
thought to work by one of two general mechanisms: either they form a ternary complex with the
secretin and LolA (a LoL pathway protein that binds the lipidated N-terminus) and co-migrate to
the OM, or they are first inserted into the OM and use a long N-terminal linker to bind the
secretin near the IM. The pilotin is thought to dissociate after secretin assembly in injectisonal
systems, but there is evidence that it may remain associated in the T2SS138,139. A detailed
discussion and diagram of these two mechanisms can be found in chapter 2.
The pilotin from S. Typhimurium, InvH, is essential for the OM localization of the secretin
protein140,141. Knockout of InvH results in mis-targeting of SctC to the IM, and in lower levels of
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SctC. In this system, SctC is able to auto-oligomerize in the absence of the pilotin; this results in
SctC forming pores in the IM, permeabilizing the bacterium. This phenotype is shared by the
well-studied T2SS pilotin PulS from Klebsiella oxytoca142 and the injectisome pilotin YscW
from Y. enterocolitica143, where YscW also increased the yield of SctC oligomers. In species
where the pilotin is essential to secretin assembly, pilotin knockout can result in a completely
monomeric secretin population. Most injectisome pilotins do not fall into this category; the
pilotins PilF135 and PilW144 from T4P examples of pilotins essential for secretin assembly, with
PilF also important for OM localization. The large diversity of pilotins suggests that there may
be differences in secretin targeting unique to each system.

1.5 Secretion hierarchy
The selection of specific proteins for secretion through the injectisome is a tightly regulated
process. Part of the assembly process, specifically assembly of the inner rod, needle, and
translocon, are dependent on secretion; thus, these substrates must be secreted prior to effectors.
Secreted proteins are divided into early (needle and inner rod SctF and SctI), middle (tip SctA,
translocon proteins SctE and SctB), and late substrates (effectors). There are two substrate
switches responsible for transitioning through the three groups. After the needle reaches a
specific length, the ruler protein SctP and autoprotease SctU trigger the switch to secreting the
tip and translocon proteins. The gatekeeper protein SctW is involved in the switch from middle
to late effectors once the translocon pore has been assembled.
1.5.1 Regulation of needle length
The needle is oligomerized to a specific length before secretion specificity is switched to
middle substrates. One of the proteins key to the switch is the inner membrane autoprotease
SctU, which interacts with the export apparatus69. Autoproteolysis of the SctU cytoplasmic loop
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is required for the switch to middle substrate secretion145–151; while it is unclear how the
proteolysis is triggered, it is thought to be through interaction with needle length regulator SctP.
Knockout of SctP, also called the ruler, results in the formation of abnormally long needles152–
155

. There are two main hypotheses for how the length of the needle is controlled: the molecular

ruler model156, and the timer model70.
The molecular ruler model states that the physical length of SctP dictates the length of the
needle. Early experiments demonstrate that the length of the region in between the SctP Nterminal and C-terminal domains is directly proportional to needle length156. It is thought that the
N-terminus of SctP is secreted, and its C-terminal domain interacts with autoprotease SctU; once
the needle is oligomerized to the length of SctP, an interaction with the SctP N-terminus signals
the autoproteolysis of SctU. However, as one molecule of SctP is sufficient to control needle
length, this model relies on concurrent secretion of the ruler and needle through the narrow
injectisome channel157.
The timer model posits a key role for the inner rod SctI in controlling needle length. It is
derived from the observation that overexpression of the needle SctF results in longer needles,
while overexpression of inner rod SctI results in shorter needles; both mutants remain
functional70. From this data, it was proposed that needle oligomerization continues until the inner
rod is fully assembled, anchoring the needle and triggering the switch to middle substrates. In
this model, the role of the ruler SctP is less clear; however, there is evidence that the inner rod
does not assemble in the absence of SctP158. The timer model is supported by mathematical
modelling, which generated a similar distribution of needle lengths as found in wild-type and
SctI overexpression Salmonella strains159. However, a recent paper suggests that the ruler model
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is more consistent with the data, proposing that overexpression of needle or inner rod affects
needle length through secretion substrate competition160.
Further studies are needed to clarify whether needle length is controlled by a ruler, a timer, or
a combination of the two models. In addition, there is little data on how the autoproteolysis of
SctU changes the affinity from early to middle substrates; structural data of substrate-bound
complexes could clarify this mechanism.
1.5.2 Switch to late substrates
The gatekeeper protein SctW is responsible for the switch from secreting translocators to
effectors (middle to late substrates). Knockout of SctW abolishes secretion of translocon
proteins, instead over-secreting effectors138,161. SctW has been shown to bind IM pore SctV in
EPEC, increasing the affinity of SctV for middle chaperone-substrate complex CesAB/EspA and
decreasing its affinity for late complex CesT/Tir162. In the absence of SctW, SctV had high
affinity for late chaperones, indicating it may facilitate a conformational change in SctV. Thus,
the gatekeeper likely facilitates a conformational change in SctV to promote middle chaperone
binding.
The signal for switching from middle to late effectors is not certain. The switch has been
proposed to be triggered by calcium ion concentration, pH, or by physical contact of the needle
tip and translocon with the host cell163–166. It is unclear how this signal is transmitted to the
injectisome base; potentially, it is through conformational changes in the needle and inner rod.
Structural studies on the needle complex at various stages of substrate export, or on the IM pore
in complex with the gatekeeper, will improve our understanding of signalling in the injectisome.
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1.6 Energetics of secretion
The mechanism by which the injectisome harnesses energy for secretion has proven elusive.
Chaperone effector complexes are targeted to the cytosolic sorting platform. From there, the
effector must be partially unfolded and fed through the inner membrane pore to be secreted. It is
not clear how the effector is unfolded, or how it passes unidirectionally through the injectisome
channel. However, there have been many microbiology and biochemical studies on the topic that
provide insight into key proteins involved in the process.
Upon the discovery of the injectisome ATPase SctN in 1994, it was thought to be the source
of energy for secretion167. Knockout of the ATPase in Y. enterocolitica abolished secretion of the
effector Yop, and decreased secretion of YopD and YopE. However, this was not the complete
story; in 2005, it was discovered that the injectisome relied on proton motive force, as treatment
with the protonophore carbonyl cyanidem-chloro-phenylhydrazone (CCCP) inhibited
secretion168. The same was true for the related flagellum168–171, and most of the studies
concerning the role of proton motive force on T3S have been done on flagellar homologues. The
ATPase was found to have a different primary role: to separate chaperone-effector complexes
through ATP hydrolysis prior to secretion80,172,173.
It soon became clear that the role of the ATPase in injectisome enegetics was not simple.
Flagella knockouts of ATPase and stator SctN/SctL still allowed for a small amount of flagella to
be assembled, leaving bacterial weakly motile171,174. It was then posited that one of the inner
membrane export apparatus proteins, SctV, contains the proton translocation channel, as certain
mutations in this protein prevented PMF-driven secretion175,176. Interestingly, the ATPase seems
to be intimately associated with this process. While SctN/SctL knockouts require both a pH and
potential difference gradient to function, wild-type flagella only require a potential difference
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gradient175. In addition, SctV alone is able to translocate both sodium ions and protons, but the
presence of the ATPase switches the flagella to only use proton motive force and makes the
process less sensitive to environmental Na+ and pH conditions177. The ATPase stalk protein SctO
also has an important role to play. The presence of SctN/SctL are required for SctV/SctO
interaction in vivo, which has been shown to be important for flagellar motility178. To complicate
things further, a recent study using inverted inner membrane vesicles found that ATP hydrolysis
by SctN in the absence of proton motive force was enough to assemble the flagellar hook179.
From this data, it is clear that secretion is powered by proton motive force through cooperation
of the ATPase and the inner membrane pore. The caveat to this conclusion is that all of these
studies were performed on flagella; it is possible that the results would be different when testing
the same mutations in the injectisome.
There is still much that is not understood about the mechanics of secretion. It is not known
how the energy from proton motive force is coupled to protein unfolding and export, or how
ATP hydrolysis can dissociate the effector from its cognate chaperone. One suggestion is that a
conformational change occurs in the IM pore SctV in response to changes in local pH during
proton translocation; this conformational change results in the cytoplasmic ring retracting
towards the IM, which could push effectors towards the injectisome pore with proper timing of
binding and release180. Another paper suggests that the rotation of the ATPase could facilitate a
mechanism by which the effector is “screwed” into the helical lumen of the needle, rotating
through its entire length181. Structural snapshots of the injectisome cytosolic proteins at various
stages of secretion, combined with biophysical and microbiology assays, will be required to fully
unravel how these proteins work to secrete effectors.
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1.7 Thesis objectives
With the ongoing struggle against antibiotic resistant pathogens, the field is constantly in
search of novel therapeutic targets. Drugs targeting bacterial virulence rather than survival are
especially lucrative, as the selective pressure for the development of resistance is lower182. The
injectisome’s importance for virulence, multiple protein targets, and extracellular presence make
it a good target for vaccine and drug development14. Understanding the assembly and function of
the system is key to targeting it from a therapeutic perspective. As a massive nanomachine, the
injectisome is also fascinating in terms of its energetics and several stable interactions with
mismatched stoichiometry between its numerous protein rings. Structural studies therefore
improve our understanding of how this massive protein assembly comes together, while also
contributing to antimicrobial development. The main topics of this thesis cover proteins involved
in injectisome assembly, effector sorting, and energetics.
Chapter 2 details the structural characterization of the binding interface between the pilotin
InvH and the secretin InvG from S. Typhimurium. The crystal structure of apo InvH at 1.2 Å
resolution forms an entwined dimer that also exists in solution. The hydrophobic binding
interface between InvH and the InvG S domain is probed through both NMR- and X-ray
crystallography-derived structures and confirmed through isothermal titration calorimetry (ITC)
studies on mutants. The binding interface with InvG is mutually exclusive through steric clashes
with the InvH dimerization interface. Size-exclusion coupled multi-angle light scattering and the
ITC-calculated stoichiometry confirms that InvH forms a 1:1 complex with InvG. The
nanomolar affinity of InvG for InvH supports the hypothesis that the pilotin InvH forms a dimer
that is dissociated upon contact with the secretin. Though the structure of InvH is distinct from
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previously characterized pilotins, the binding interface with InvG has some similarity to other
systems such as a key pilotin-binding aromatic residue present on the S domain.
Chapter 3 compares the cryo-EM derived structure of the IM pore EscV cytosolic domain
(EscVC) from EPEC to previous crystal structures. EscVC formed a double-stacked nonameric
ring with D9 symmetry, its structure solved through subtraction of one ring at C9 symmetry to
4.7 Å resolution. Through homology modelling, the resolution was sufficient for model building.
EscVC has four subdomains and a portion of the linker to the transmembrane region is resolved.
Similar to previously characterized homologues, the interface between EscVC subunits is
primarily electrostatic and mediated through subdomains 1 and 3. The resolved portion of the
linker nestles into a groove on the adjacent protomer, contributing to the oligomerization
interface. Mapping the chaperone-binding interface from flagellar homologue FlhA onto the
structure reveals that a subtle conformational change between subdomains 2 and 4 to a more
open state would be required to accommodate binding. EscVC represents the first structure of an
oligomerized IM pore cytosolic domain in the solution state.
Chapter 4 describes the near-atomic resolution cryo-EM structure of the ATPase-stalk
complex EscN-EscO from the EPEC injectisome. EscN forms a catalytically active
homohexamer with structural similarity to the catalytic domains of F1- and V-ATPases. Whereas
the F1- and V- systems have three catalytic subunits alternating with three non-catalytic subunits,
EscN has six active subunits. The cryo-EM structure captures EscN in an asymmetrical ADPAlF3-inhibited state, with four out of six active sites bound to nucleotide. The coiled coil stalk
EscO is bound in a tilted orientation inside the EscN pore, with a similar interface as observed in
the F1/F0 γ-subunit and the V-ATPase D subunit. Both EscN oligomerization and the presence of
EscO increase the rate of ATP hydrolysis. The similarities to previously characterized rotary
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ATPases and its asymmetrical conformation suggest that EscN also undergoes rotary catalysis,
with EscO acting as the rotor. A rotary catalytic mechanism may contribute to coupling the
proton motive force with substrate secretion through interaction with the IM pore EscV.
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2 Characterization of the pilotin-secretin complex from the
Salmonella enterica type III secretion system using hybrid
structural methods
2.1 Introduction
The pathogenicity of many clinically-relevant Gram-negative bacteria relies on a virulence
nanomachine termed the type III secretion system (T3SS), or injectisome183. In the manner of a
syringe, this multi-membrane spanning proteinaceous assembly allows passage of virulence
effector proteins from the bacterial cytosol directly through a hollow needle filament and poreforming tip into the cytosol of its infected host. The secreted bacterial effector proteins serve to
target and manipulate host cell processes, resulting in various pathogenic effects. As such, the
T3SS is essential to the virulence of important clinical and community pathogens including
Salmonella enterica, Pseudomonas aeruginosa, and Bordetella pertussis. Whereas the effectors
that are translocated vary greatly in nature and function based on each species’ life cycle and
niche, the T3SS injectisome apparatus itself is well conserved. In Salmonellosis, which is the
infection of the gut by non-typhoidal S. enterica, invasion of host cells is carried out by an
injectisome encoded on the Salmonella pathogenicity island 1 (SPI-1)184. Survival within
Salmonella-containing vacuoles is then ensured by a second T3SS encoded on SPI-2184. As the
discovery of novel antibiotic targets lags severely behind the rise in antibiotic resistant
pathogens, including Salmonella and other pathogenic Enterobacteriaceae185, understanding the
mechanics behind the injectisome is vital to target it for the development of new anti-virulence
therapeutics.
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The ~ 3 megadalton injectisome is composed of over 20 different proteins, many creating
concentric rings of repeating units that pass through the inner and outer bacterial membranes183.
It has three main subcomplexes: the cytosolic sorting platform with roles in substrate selection
and in energizing secretion186–188; the basal body, which passes through the inner membrane,
peptidoglycan wall, and outer membrane189; and the hollow needle and translocon pore, which
create a channel directly into the host cell190. Assembly of such a complex system is no mean
feat, and ever-evolving models have been proposed to explain observations collected from the
prototypical T3SS, Salmonella enterica, as well as from a range of other Gram-negative bacteria
(recently reviewed in Deng W et al183). Experiments are ongoing to test these models and more
accurately describe the assembly modes for individual components of the T3SS.
The assembly of the outer membrane (OM) secretin pore of the injectisome basal body occurs
by a highly regulated mechanism that, although generally conserved, differs between species in
the details of its OM targeting steps191. The T3SS secretin is a single multi-domain polypeptide
that oligomerizes at the OM into a massive (~ 1 MDa), gated, double-walled β-barrel with 15
subunits and 60 β-strands189,192–194. It is a member of the broadly conserved OM secretin family
with significant sequence and structural conservation amongst other distinct bacterial secretion
systems, including the type II secretion system (T2SS), the type IV pilus system (T4PS), and the
filamentous phage extrusion channel195. Secretin monomers are transported into the periplasm by
the general SEC secretion system and upon oligomerization undergo BAM-independent insertion
into the outer membrane196. In most cases, this process is mediated by a cognate T3SS-specific
chaperone protein known as a pilotin. Pilotins are small lipoproteins anchored to the inner leaflet
of the OM via the localization of lipoproteins (Lol) pathway; they serve to localize or assemble
the outer membrane pore while protecting it from degradation197,198. The pilotins from the T2SS
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and the injectisome bind a ~ 50 residue C-terminal region of their cognate secretins. These
regions form a helix-loop-helix structure called the S domain199. In most cases, pilotin knockouts
disrupt subsequent injectisome function through a range of effects including mis-targeting of the
secretin to the inner membrane (Salmonella) or entirely preventing assembly200–202.
Despite their similar functions, pilotins are a highly diverse family of proteins. Most share
little sequence identity, with differing predicted secondary structures. Of the T3SS pilotins, the
two known crystallographic structures are both β-sheet containing proteins: P. aeruginosa ExsB
forms a β-sandwich fold203, whereas Shigella flexneri MxiM is a cracked β-barrel protein with a
deep hydrophobic cavity capable of binding either lipids or the secretin S domain204,205. The
T2SS pilotins GspS, OutS, and PulS are on the other hand compact proteins made up of four αhelices206–209, whereas AspS and EspS contain a mixture of α-helices and β-sheets191,194,202. The
T4PS pilotins are different still, forming much larger bundles of tetratricopeptide repeats and
lacking an identified secretin binding site210–212. The complexes of three pilotins, T3SS MxiM,
T2SS OutS, and T2SS AspS, with their respective secretin S domains (MxiD, OutX, and AspX)
have been characterized at the atomic level194,205–207. Despite their differing architecture, all bind
their corresponding secretin S domain via a hydrophobic interface lined with aromatic residues.
Historically, the prototypical Salmonella SPI-1 injectisome has been the most well-studied
T3SS. However, the SPI-1 pilotin InvH had not been structurally characterized prior to this
study. Predicted to be primarily α-helical, it shares no sequence identity with other structurally
characterized pilotins. InvH is required for OM targeting, but not oligomerization of the
Salmonella secretin InvG200,201. Knockout of invH results in InvG pore formation in the IM,
reducing invasion efficiency of Salmonella by 70-80 % in C57BL/6 mice213. As such, it is an
essential player in Salmonella virulence and, given its periplasmic localization, a relatively
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accessible and novel antivirulence target. Here, we present structures of the pilotin InvH, with
and without the bound InvG S domain, determined by X-ray crystallography and NMR
spectroscopy. Along with complementary biochemical experiments, these data show that InvH
forms a homodimer in the absence of InvG, yet a 1:1 heterodimer when complexed with the S
domain. InvH is the first pilotin to exhibit homodimer formation in solution, which suggests an
alternative mechanism of secretin assembly to those proposed previously for the monomeric βbarrel fold pilotins such as MxiM205.

2.2 Methods
2.2.1 Expression and Purification of InvH and InvG
The genes encoding InvH and InvG from Salmonella enterica serovar Typhimurium were
cloned into individual pET28a vectors. The constructs used were N-terminally His6-tagged
InvH27-147, His6-tagged InvH70-147, His6-tagged InvH84-147, and His10-tagged InvG520-562, all cloned
into the pET28a expression vector. All constructs were purified separately following the same
basic protocol. E. coli BL21 (λDE3) transformed with pET28a expressing the desired construct
was cultivated in 1L of auto-induction media. Cultures were grown for 3.5 hours at 37°C,
followed by 18 hours overnight at 22°C. Cells were harvested by centrifugation at 6,200 ×g for
20 minutes. The pellet was resuspended in lysis buffer (20 mM HEPES pH 7.5, 500 mM NaCl,
15 mM imidazole, one protease inhibitor mixture tablet by Roche per 100 mL) in a volume of 4
mL per gram of cell pellet. The suspension was lysed in two passes through an Avestin cell
homogenizer. Insoluble material was pelleted by centrifugation at 40,000 × g for 30 minutes at
4°C. The supernatant was filtered using a 20 μm syringe filter and loaded onto a 1 mL HisTrap
HP Ni Sepharose column (GE Life Sciences) at 0.5 mL/minute. The column was washed with 40
× column volume (CV) of buffer A (20 mM HEPES pH 7.5, 500 mM NaCl) with 50 mM
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imidazole, followed by 10 × CV of buffer A with 75 mM imidazole and then 10 × CV with 100
mM imidazole. InvH was eluted in buffer A with 250 mM imidazole, whereas InvG520-562
required 1M imidazole. Fractions were pooled and dialyzed into buffer A with a 3.5 kDa MWCO
membrane (Repligen), and the N-terminal His-tag was cleaved overnight at 4 °C with 1:1000
molar ratio of bovine α-thrombin (HTI). The sample was passed over a 1 mL HisTrap HP
column once more to remove the tag and any uncleaved protein. The protein was injected onto a
Superdex 75 10/300 GL size exclusion column (GE Life Sciences) equilibrated in 20 mM
HEPES pH 7.5, 500 mM NaCl, and pure fractions were pooled and concentrated using a 3 kDa
MWCO Amicon Ultra centrifugal filter (Millipore Sigma).
For crystallization of InvH70-147, the protocol was modified as follows. The cell lysate was
extracted in 1% DM for one hour at 4°C with gentle rotation prior to centrifugation to pellet
insoluble material. All subsequent buffers were supplemented with 0.016% DDM. In the case of
InvH84-147 co-crystallization with the InvG543-558 peptide (purchased at >95% purity from
Biomatik), no detergent was added in this purification. Prior to size exclusion, InvG543-558 was
incubated with InvH84-147 in a 1:1 molar ratio. The sample was injected on a Superdex 75
Increase 10/300 GL size exclusion column (GE Life Sciences), and the peak containing both
InvH and InvG was pooled and concentrated using a 3 kDa MWCO Amicon Ultra centrifugal
filter (Millipore Sigma). For SAXS experiments, the final size exclusion buffer was modified to
20 mM HEPES pH 7.5, 150 mM NaCl.
For NMR spectroscopy experiments, isotopically labelled InvH70-147 and InvG520-562 were each
expressed in 1 L of M9 minimal media supplemented with 1 gm/L 15NH4Cl and 3 gm/L 13C6glucose. The purification was performed following the general protocol, except that the final size
exclusion step was done in 20 mM MOPS pH 6.5, 150 mM NaCl.
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2.2.2 Crystallization of InvH70-147
Crystallization conditions were screened using the commercial screens Classics, JCSG+, and
PACT (Qiagen) in sitting drop and microbatch plates. An initial microbatch hit from Classics G3
was optimized using grid screening and additives. For best crystal formation, purified InvH70-147
(20 mM HEPES pH 7.5, 500 mM NaCl, 0.016% DDM) at 20 mg/mL was mixed 1:1 (1 μL drop
size) with precipitant solution (100 mM sodium acetate pH 4.6, 80 mM CdCl2, 20% PEG 300,
400 mM NaCl) in a microbatch plate coated with paraffin oil. Plates were set up at 30°C, and
large crystals formed overnight. Crystals were soaked in a cryo-protectant solution made up of a
1:1 mixture of InvH70-147 buffer and 100 mM sodium acetate pH 4.6, 80 mM CdCl2, 45% PEG
300 for 10 seconds prior to freezing in liquid nitrogen. For phasing, crystals were soaked in 10
μL of mercury (II) acetate solution (4.2 mM mercury acetate, 50 mM sodium acetate pH 4.6,
20% PEG 300) for 10 minutes, then back soaked in the cryo-protectant.
InvH crystallized in the P1 space group, with unit cell dimensions a = 25.4 Å, b = 53.2 Å, c =
56.9 Å, α = 107.4°, β = 97.2 °, and γ = 96.1 °; four copies of InvH (two dimers) were present in
each unit cell. A 1.2 Å native dataset and a 1.4 Å phasing dataset (using a mercury-soaked
crystal) were collected on the MX-ID and MX-BM beamlines respectively at the Canadian Light
Source (Saskatoon, Canada). The phasing dataset was collected at the Hg2+ L-III peak, at a
wavelength of 1.006 Å (f’ = -12.61, f’’ = 10.62). 28 mercury atoms were placed, 7 per NCS
group. X-ray datasets were processed with XDS214 and merged with Aimless215.
SAD-phasing was performed on the mercury-soaked crystal dataset using Phenix Autosol216.
Phenix Autobuild was used to build an initial structure, which was then refined into the higherresolution native InvH70-147 dataset using Phenix refine216. Refinement was completed iteratively
using Phenix refine, Refmac, and Coot215–218, with anisotropic B-factors refined throughout the
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entire model and alternative conformations modelled for several residues. The model
encompasses residues 71-147 on two chains and residues 72-147 on the remaining two chains.
Cadmium ions were modelled into any highly electron-dense regions with anomalous signal, and
their occupancies were refined in Phenix refine. Final cadmium occupancies were highest in the
inter-dimer cadmium chloride cluster (~ 80-99%), with lower occupancies in some peripherally
bound cadmium ions (~ 30-70%). Several large densities peripheral to cadmium ions (but
lacking anomalous signal) were refined as chloride ions, while one sodium ion was modelled
into density coordinated by aspartate and glutamine; chloride and sodium occupancies were also
refined in Phenix refine. All waters were refined at 100% occupancy. Final data statistics are
shown in Table 2.1.
Structural figures were generated using PyMOL219, Chimera220, and ChimeraX221.
2.2.3 Co-Crystallization of InvH84-147 and InvG543-558
The purified InvH84-147/InvG543-558 complex (20 mM HEPES pH 7.5, 500 mM NaCl) at 4
mg/mL was mixed 1:1 (1 μL drop size) with precipitant solution (100 mM sodium acetate pH
4.0, 0.5 M LiSO4, 8.3% PEG 6000) in a hanging drop well with 500 µL of reservoir solution at
18°C. Large (> 100 µm long) hexagonal bipyramidal crystals formed within one week. Crystals
were soaked 10 seconds in a cryo-protectant solution made up of 80 % mother liquor and 20 %
glycerol prior to freezing.
Data were collected at the Advanced Light Source (Berkeley Center for Structural Biology)
on the 5.0.2 beamline. The best crystals diffracted to 2.0 Å resolution, in the P 65 2 2 space group
with unit cell dimensions a = 36.3 Å, b = 36.3 Å, c = 221.6 Å, α = 90 °, β = 90 °, and γ = 120 °.
There is one InvH-InvG complex present in the asymmetric unit. The data were processed using
Dials222 and merged with Aimless215.
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The data was phased by molecular replacement in Phaser215,223, using a starting model from
residues 90-146 of the InvH dimer chain B. Phenix Autobuild was used to build an initial
structure216. Refinement was completed iteratively using Phenix refine, Refmac, and Coot215–218.
TLS parameters were refined in Refmac, with one TLS group encompassing InvH84-147 and a
second encompassing InvG543-558. Occupancies of sulfate ions were refined using Phenix refine,
whereas waters were modelled with 100% occupancy. Final data statistics are shown in Table
2.1.
2.2.4 Nuclear Magnetic Resonance Spectroscopy
NMR spectra were recorded on Bruker Avance III 500 MHz or 850 MHz spectrometers.
Experiments were done at 25°C with 0.5 mM labelled protein in 20 mM MOPS pH 6.5, 150 mM
NaCl, 0.2 mM TCEP-HCl, and 10% D2O. In the first set of experiments, 13C/15N InvH27-147 was
incubated with a 25% molar excess of unlabelled InvG520-562. The inverse case had 13C/15N
InvG520-562 incubated with 25% molar excess of unlabelled InvH. The following spectra were
collected using TopSpin (Bruker) for each sample: 15N-HSQC, HNCO, HNCACB, CBCACO,
HN(ca)CO, HCCH-TOCSY, HCC(co)NH-TOCSY, 13C-HSQC, HBHA(cbcaco)NH,
hbCBcgcdHD, hbCBcgcdceHE, HBCBcgcCH, 13C/15N-NOESY-HSQC, and 13C/15N-filterededited NOESY-HSQC. The NOESY mixing times were 100 msec, while the filtered-edited
NOESY mixing times were 150 msec.
Data were visualized using TopSpin (Bruker), processed with NMRpipe224 and analyzed
using NMRFAM-SPARKY225. Assignments of signals from backbone 1H, 13C, and 15N nuclei
were automatically generated by PINE226 and manually verified. Signals from sidechain nuclei
were assigned with the help of simulated data from PACSY227. The remaining chemical shifts
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were manually assigned using the collected spectra. Secondary structure and RCI-S2 analyses
based on chemical shifts was performed using Talos-N228.
Structure calculation was performed in CYANA229. Assigned chemical shifts, dihedral angle
restraints generated by Talos-N, and unassigned peaks from 13C/15N-NOESY HSQC spectra
were used with Cyana’s automated NOESY assignment and structure calculation algorithms. The
two molecules, InvH70-147 and InvG520-562, were attached by their C- and N- termini respectively
during structure calculation by a 20-residue “ghost” linker. The ghost residues were required for
structural calculations of the heterodimeric complex using CYANA, but did not provide any
restraints to bias the positioning of the two constituent proteins. Histidine sidechains were
modelled in their protonated imidazolium cation state. All X-Pro bonds were constrained to the
trans conformation by chemical shift criteria230. Eight cycles of automated NOESY assignment
and structure calculation were performed, generating 100 models at each cycle using simulated
annealing with 10,000 torsion angle dynamics steps. The best 20 models from the final cycle
were aligned and their coordinates saved in the final ensemble.
2.2.5 Size-exclusion coupled Multi-angle Light Scattering
The oligomerization states of wild-type and mutant forms of InvH27-147 and InvH70-147, and
mutants were analyzed with a MiniDawn static light scattering unit (WYATT Technology)
proceeded by a Superdex 75 10/300 GL column (GE Life Sciences). The Superdex 75 column
was equilibrated in 20 mM HEPES pH 7.5, 500 mM NaCl, and 100 μL of protein was injected at
at 5 mg/mL with a flow rate of 0.2 mL/min. In the case of the InvH-InvG complex, the proteins
were mixed in a 1:1 molar ratio and injected onto a Superdex 75 Increase 10/300 GL column
(GE Life Sciences). The peak containing both InvH and InvG (assayed by SDS-PAGE) was
injected onto the Superdex 75 column preceeding the static light scattering unit at 5 mg/mL
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(calculated using A280 and the extinction coefficient of a 1:1 InvH:InvG complex). The ASTRA
software suite (WYATT Technology) was used to calculate the molecular masses of the protein
particles based on their light scattering at each UV peak.
2.2.6 Small Angle X-Ray Scattering
Experiments were performed using an in-house BioSAXS 2000 (Rigaku). InvH27-147 and
InvH70-147 were injected onto a Superdex 75 10/300 GL column (GE Life Sciences) equilibrated
in 20 mM HEPES pH 7.5, 150 mM NaCl, and the most concentrated fraction of each protein was
diluted as follows: InvH27-147 at 9.0, 4.5 , 2.3, and 1.3 mg/mL and InvH70-147 at 16.0, 8.0, 4.0, 2.0,
and 1.0 mg/mL (concentration derived from A280 measurements from a Nanodrop 2000
(ThermoFisher Scientific) and predicted molar absorptivities). Scans were collected at 6°C at a
wavelength of 1.54 Å with a q range from 0 to 0.639 Å-1. A blank scan using the size exclusion
buffer was performed prior to each sample measurement as a control, and a standard of silver
behenate was collected with an exposure time of 60 seconds for calibration. Six frames were
collected per sample, with an exposure time of 10 minutes per frame.
Initial data processing was performed in SAXSLab 3.0 (Rigaku). Scattering intensities were
averaged over the six collected frames, and the blank scan was subtracted from the averaged
curve. Porod volume and molecular weight estimates (MWVc, MWDAM) were calculated using
the Automated Analysis Pipeline. Subsequent analysis was performed using the ATSAS software
package. Primus was used for data analysis, merging, and Guinier analysis. Gnom was used to
generate P(r) functions and to calculate radius of gyration. Dammif was used to compare
envelopes generated at various protein concentrations. The most consistent envelopes were
generated for InvH70-147 from merging the 2 mg/mL and 16 mg/mL datasets, and for InvH27-147
from merging the 4.5 mg/mL and 9 mg/mL datasets. Dammin was used to generate 10 final
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envelopes for each dataset, and Damaver and Damfilt were used to create averaged and filtered
envelopes respectively. Crysol was used to generate a predicted SAXS curve from the InvH
homodimer crystal structure.
2.2.7 Isothermal Titration Calorimetry
ITC measurements were performed using a Microcal iTC200 (Malvern). Protein samples
were dialyzed overnight into 2 L of 20 mM HEPES pH 7.5, 500 mM NaCl. In all experiments,
InvH27-147 was titrated into InvG520-562; mutant variants were always tested against wild-type
binding partner. The InvH mutants probed were L123A, I133A and I133R, and InvG was
mutated to W549A, Y550A, and Y553A. The concentrations of protein varied based on affinity.
Lower affinity binding experiments (InvH I133R, InvG W549A and Y553A) were performed at
100 μM InvH and 1 mM InvG, while higher affinity experiments (InvH I133A, InvG V550A,
InvG R551A) were performed at 30 μM InvH and 300 μM InvG. In the case of InvH L123A
titrated into wild-type InvG, InvH was at 20 μM concentration while InvG was at 200 μM. In all
experiments, a volume of 200 μL InvG520-562 was titrated with twenty 2 μL injections of InvH27147

at 25°C. The heat of dilution of the titrant was corrected for by subtracting a control (twenty 2

μL injections of titrant into buffer). The heats of interaction were integrated, and the resulting
data were fit to a one binding site model using the Origin-7 software (OriginLab Corporation) to
obtain a binding stoichiometry n, equilibrium dissociation constant Kd, binding enthalpy ΔH,
and binding entropy ΔS.

2.3 Results
2.3.1 Crystallized InvH forms a homodimer
To gain a better understanding of the broad diversity in pilotin structures, we sought to
crystallize heterologously expressed InvH. Secondary structure analysis by Phyre2 for InvH
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predicted an α-helical C-terminal domain, joined by a long (~ 50 residue) disordered linker
region to the signature (L-A/S-G/A-C) N-terminal lipobox231. Guided by the secondary structure
predictions, we focused crystallization trials on two high-yielding soluble constructs: InvH27-147,
lacking the lipobox sequence, and InvH70-147, truncated past the predicted linker region (Figure
2.1a). InvH27-147 was soluble but failed to crystallize, likely due to the disordered linker region.
However, using a microbatch approach under oil, InvH70-147 formed large plate-like crystals.
Single-wavelength anomalous diffraction (SAD) phasing with mercury acetate-soaked crystals
was successful, and the final native dataset was refined at 1.15 Å resolution (Figure 2.1b, Table
2.1).
The asymmetric unit consists of four InvH70-147 molecules (Figure A.1a), forming two
homodimers (Figure 2.1c-d). No significant differences in backbone architecture were noted
between the four protein molecules or between the two dimers, with pairwise Cα RMSDs of ~
0.2 Å. The homodimer architecture is compact, made up of three long α-helices per subunit.
Helix 1 is kinked, and its two halves termed α1a and α1b. Helix α1a (residues 73 to 88) interacts
solely with the opposing protomer, burying a hydrophobic surface made up of Phe99, Phe119,
Leu123, Ile133, and Leu137 (Figures 2.1a, e). Following the turn after α1a, α1b (90-101) and α2
(111-124) form a wide α-helical hairpin. The 10-residue linker between α1b and α2 also contains
a small four-residue α-helix. A long loop separates α2 from α3 (133-146), and α3 interacts with
α1b, α2, and the opposing protomer’s α1a primarily through its N-terminal residues. Helix α1a
resembles a domain swap between the protomers; however, due to the short linker length
between α1a and α1b, it is unlikely that α1a could bind the same interface in monomeric InvH. In
addition to the hydrophobic surface bound by α1a described above, the ~ 1200 Å2 dimer
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interface (calculated by PDBePISA232) involves polar interactions between the respective loops
connecting α2 to α3 (Figure A.1b).

Figure 2.1: Crystal structure of the InvH70-147 homodimer. (a) Illustration of the observed
secondary structure of InvH, with the N-terminal linker (uncrystallized) predicted to be
disordered by the Phyre2 server231. (b) A sample 1.2 Å resolution 2Fo-Fc electron density map
contoured at 1.5 σ, shown for residues 115-126. (c) A topology schematic illustrating the
contacts helix 1a makes with the opposite protomer. (d) 90-degree views of the InvH70-147
homodimer, with the protomers coloured in magenta and turquoise. (e) Surface depiction of one
protomer from the InvH70-147 dimer with high lipophilic potential (calculated my pyMLP233)
coloured in orange. Interacting residues along the interface are detailed on the left. Spheres
indicate positions of cadmium (yellow) and chloride (green) ions, detailed in next panel. (f)
Cluster of electron-rich cadmiums (yellow) and chlorides (green) centred between Cys85 on each
protomer. The van der Waals radii are illustrated as transparent spheres 234.
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Table 2.1: InvH X-ray crystallography data collection, refinement and validation statistics

Data Collection
Wavelength (Å)
Resolution range (Å)
Space group
Unit cell parameters (Å)
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/σI
Wilson B-factor (Å2)
Rmerge
Rmeas
Rpim
CC1/2
CC*
Refinement
Reflections used in
refinement
Reflections used for Rfree
Rwork/Rfree
CCwork/CCfree (%)
Number of non-hydrogen
atoms
macromolecules
ligands
solvent
Protein residues
RMS(bonds, Å2)
RMS(angles, °)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor (Å2)
macromolecules
ligands
solvent
Number of TLS groups

InvH70-147

InvH70-147 Hg2+ Soaked

InvH84-147/InvG543-558

0.98
44.33 - 1.20 (1.24 - 1.20)
P1
a=25.5 b=53.2 c=56.9
α=107.7° β=97.2° γ=96.0°
325986
82540
3.9 (3.9)
94.5 (91.2)
11.1 (2.0)
7.7
0.083 (0.765)
0.097 (0.886)
0.049 (0.446)
0.998 (0.681)
0.999 (0.900)

1.01
44.28 - 1.37 (1.42 - 1.37)
P1
a=25.4 b=53.2 c=56.9
α=107.4° β=97.2° γ=96.1°
418857
36439
11.5 (9.4)
61.6 (4.7)
27.7 (1.8)
12.1
0.061 (0.948)
0.063 (1.002)
0.019 (0.315)
0.999 (0.713)
1.000 (0.912)

1.00
31.45 - 1.85 (1.92 – 1.85)
P 65 2 2
a = 36.3 = 36.3 c = 221.6
α = β = 90° γ = 120°
135602
8226
16.5 (17.1)
99.5 (99.8)
16.8 (2.5)
41.4
0.069 (0.885)
0.071 (0.912)
0.018 (0.218)
1.000 (0.908)
1.000 (0.976)

82540

8225

4111
13.2 / 16.8
96.8 / 95.4

420
21.8 / 24.7
90.6 / 91.4

3048

708

2605
38
405
306
0.016
1.86
99.7
0.3
0.0
0.3
1.9
17.0
14.8
21.0
31.0
None

629
10
69
74
0.019
1.88
100.0
0.0
0.0
0.0
0.8
48.3
46.3
59.8
64.9
2
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Several highly electron-dense species are observed at protein-protein contacts in the InvH
crystal. We initially predicted the densities were cadmium ions, as the crystallization solution
included 80 mM cadmium chloride (CdCl2). Creating an anomalous difference map revealed
several high-intensity peaks (>5 σ), each bordered by two non-anomalous electron dense species
(Figure A.1c). Based on this pattern, it is most likely that the anomalous scatterers are cadmiums,
neighboured by two chlorides. Although several cadmium chloride groups are present throughout
the asymmetric unit, the most notable is a cluster of three bridging the dimerization interface.
These cadmiums are coordinated primarily by Cys85 from each protomer, but also contact
Lys89, Thr91, and Lys92 (Figure 2.1f). One cadmium is localized at the kink between helices
α1a and α1b by coordination with Gln90 and Glu93 (Figure A.1d). Crystal contacts between
Asp111 and Glu113 are also bridged by cadmium. To determine whether purified InvH binds
ions at the discussed coordination sites, we performed inductively coupled plasma mass
spectrometry (ICP-MS) on purified InvH samples. No significant metal species were found out
of the elements tested (cadmium, copper, manganese, nickel, lead, and zinc; data not shown).
Therefore, the CdCl2 was found to aid InvH crystal formation, but is not likely to represent a
physiologically relevant bound species.
2.3.2 InvH forms the crystallographically-observed homodimer in solution
No previously characterized pilotins have been shown to form a homodimer in solution. Thus,
size-exclusion coupled multi-angle light scattering (SEC-MALS) experiments were performed to
investigate the oligomerization states of InvH27-147 and InvH70-147 in solution. The molecular
masses observed for both constructs approximately corresponded to those of the homodimer,
with a small additional monomer population present for InvH27-147 (Figure 2.2a).
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To further characterize InvH in solution, in house small-angle X-ray scattering (SAXS) was
performed on the same two constructs (Figure A.2a-c). Consistent with the SEC-MALS result,
SAXS analysis of both constructs resulted in calculated molecular masses indicative of
homodimers (Table A.1). The SAXS data could be fit to obtain consistent envelopes for both
InvH70-147 and InvH27-147, and averages for each construct were generated from ten envelopes
(Figure 2.2b). In the case of InvH70-147, the size and shape of the envelope broadly matched the
shape of the crystallized dimer, though the SAXS envelope is slightly wider and flatter (Figure
2.2b). Using the software Crysol to generate a simulated SAXS curve from the InvH dimer
structure resulted in a relatively poor fit to the experimental SAXS data (Chi2 = 17.5; we
attribute to dynamic motion as discussed further below; Figure A.2d). In the case of the InvH27147

construct, which includes the predicted disordered linker region, fitting of the SAXS data

produced an envelope with additional scattering density extending from both poles of the InvH70147

structure (Figure 2.2b). These poles correspond to the locations of the N-termini of the

InvH70-147 crystal structure where the linker residues would be joined. Collectively, the SECMALS and SAXS data confirm the formation of an InvH homodimer in solution, with the SAXS
data additionally supporting the position of the InvH27-147 N-terminal linker region.
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Figure 2.2: Evidence for InvH homodimer formation in solution. (a) SEC-MALS traces of
InvH27-147 (blue) and InvH70-147 (red), with concentration (left Y axis) estimated based on A280
and the molar absorptivities of each construct. Horizontal lines beneath each peak correspond to
the calculated molecular weights, plotted on the secondary Y axis (right). In each case, the
estimated molecular mass of the predominant population is consistent with that of a homodimer
(molecular masses of monomeric InvH27-147 and InvH70-147 are 14 kDa and 9 kDa, respectively).
(b) Comparison of the surface representation of the InvH70-147 homodimer with envelopes
generated from SAXS data. The crystal surface represents the solvent-excluded surface as
calculated by ChimeraX, using a probe radius of 1.4 Å, approximating a water molecule221. The
outer (grey) mesh of each SAXS model represents the average of ten envelopes, while the inner
(coloured) envelope is a filtered average (cut-off at the mean envelope volume). (c) Stick
representation of residues chosen to be mutated for InvH dimerization assays. (d) Overlayed S75
size-exclusion traces of InvH84-147 and three InvH27-147 mutants, with concentration calculated
based on extinction coefficients of each. Predominant peaks (*) had their molecular masses
confirmed by SEC-MALS (Figure A.2d). The marked peaks of InvH84-147 and InvH27-147 mutant
C85A are dimeric, whereas those of the F84A and I133A mutants are monomeric. Note that the
molecular mass of dimeric InvH84-147 is similar to that of monomeric InvH27-147.

Several InvH residues were mutated to probe whether the crystallographic interface reflects
the dimer conformation in solution. The mutants were tested within the context of the InvH27-147
construct. Phe84 and Ile133 were individually mutated to alanine based on their interactions with
the opposite protomer. In addition, Cys85 was chosen because of its coordination with cadmium
in the crystal (Figure 2.2c). Each of these InvH27-147 mutants were purified on a Superdex 75 size
exclusion column, and the predominant elution peak collected and assayed by SEC-MALS. The
I133A mutant had the strongest effect, shifting most of the InvH population to the monomeric
state (Figure 2.2d, Figure A.3a). The F84A mutation was deleterious to dimerization, with both
monomeric and, to a lesser extent, dimeric species detected. Both mutants had minor highmolecular mass populations, attributed to aggregation. The C85A mutant also eluted as a
homodimer peak, confirming that cadmium coordination was not important for self-association
outside of the crystal condition (Figure 2.2d, Figure A.3a). Unexpectedly, an additional construct
investigated in this series of experiments, InvH84-147, was still predominantly a homodimer
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despite truncation of the protomer-bridging helix α1a. These data suggest that residues 70-83 are
not essential for dimerization, whereas Phe84 and Ile133 have a role in dimer formation.
2.3.3 NMR spectroscopic studies on the InvH-InvG complex reveal ordered and dynamic
regions
The importance of InvH in injectisome assembly is hypothesized to lie in its ability to bind
the secretin InvG and guide it to the outer membrane in a monomeric state, preventing premature
oligomerization at the inner membrane. To probe the binding mechanics of InvH and the InvG S
domain, NMR spectroscopy was used to characterize the two proteins separated and in complex.
An N-terminally His-tagged InvG520-562 construct was chosen based on the cryo-EM structure of
assembled InvG189. This fragment encompasses the entirety of the pilotin-binding S domain
helix-loop-helix motif.
The InvG520-562 construct was shown previously to bind to InvH27-147 with high affinity189. As
a step towards its structural characterization, the binding and oligomerization state of InvG520-562
with InvH27-147 and InvH70-147 was analyzed using SEC-MALS. Both InvH constructs formed a
complex with InvG with a molecular mass corresponding to that of a 1:1 heterodimer (Figure
A.3b). This result indicated that the InvH homodimers, which would otherwise form under these
conditions, were disrupted upon addition of the InvG S domain.
Strikingly, both 15N-labelled InvH constructs yielded unassignable 15N-HSQC spectra with
only a small number of broad, overlapping 1HN-15N signals (Figure 2.3a, Figure A.4a). Although
uniformly broad signals were expected for dimeric proteins in this size range, such poor-quality
spectra indicated that InvH27-147 and InvH70-147 were undergoing conformational exchange on a
msec-sec timescale that lead to severe signal broadening235,236. The exchange could be between
the monomer and homodimer states or within the predominant homodimeric state.
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Figure 2.3: NMR spectroscopic data of InvH70-147 and InvG520-562. (a) The 15N-HSQC spectrum
of 15N-InvH70-147 has broad overlapping signals indicative of conformational exchange
broadening. (b) Addition of a 1.2 molar excess of unlabelled InvG520-562 resulted in a high quality
15
N-HSQC spectrum with well-dispersed signals for InvH70-147. Negative peaks (green) in (a) and
(b) are aliased signals from arginine sidechains. (c) The 15N-HSQC spectrum of 15N-InvG520-562
has well-dispersed signals but a narrow 1HN chemical shift range, indicative of disorder. (d) The
15
N-HSQC spectrum of 15N-InvG520-562 in complex with a 1.2 molar excess of unlabelled InvH70147
is also well-dispersed and indicative of an ordered conformation. Assignments for the latter
two spectra are provided in Figure A.4c-d. The chemical shift-derived helical secondary structure
predictions (bars, left axis) and RCI-S2 values (lines, right axis) are plotted for (d) InvH70-147 and
(e) InvG520-562 in the presence of their unlabelled partner.
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In contrast to its NMR spectroscopic features when separated, isotopically labeled InvH70-147
yielded high quality 15N-HSQC spectra with sharp dispersed signals when combined with its
unlabelled InvG520-562 partner (Figure 2.3b). Thus InvH70-147 formed a stable, well-ordered
complex with InvG520-562 that was amenable for further NMR spectroscopic characterization. The
15

N-HSQC spectrum from InvH27-147 also showed increased dispersion upon binding InvG520-

562 (Figure A.4a-b). Furthermore, additional amides not present in the InvH70-147 complex have
1

NH chemical shifts in the narrow range of 8.0 - 8.5 ppm. Consistent with sequence-based

predictions231,237,238, these chemical shifts indicate that the InvH linker is conformationally
disordered239. However, its high molecular mass, the presence of additional signals from the
linker residues, and possible exchange broadening still precluded detailed analysis of InvH27-147.
The 15N-HSQC spectrum of 15N-labelled InvG520-562 contained sharp signals with limited 1HN
dispersion (Figure 2.3c). This is diagnostic of a conformationally disordered polypeptide239.
Upon addition of unlabelled InvH70-147, many well-dispersed 1HN-15N signals were observed in
its 15N-HSQC spectrum (Figure 2.3d). Thus, InvG520-562 also adopted an ordered conformation
when bound to its cognate pilotin.
Using standard heteronuclear correlation experiments, the 1H, 13C and 15N signals from both
protein components of the InvH70-147/InvG520-562 complex were assigned (Figure A.4c-d). Using
these chemical shifts, the secondary structure and mainchain dynamics of the two proteins were
predicted with Talos-N228. The latter were reflected by the random coil index squared order
parameter (RCI-S2), with decreasing values corresponding to increasing conformational
flexibility240. Similar to the X-ray crystallographic homodimer, InvH70-147 residues 109-124 (α2)
and 133-145 (α3) are also helical when bound to InvG520-562 (Figures 2.1a and 2.3e). However,
whereas the crystallized homodimer has two helices α1a and α1b (residues 73-88 and 90-101
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respectively), the heterodimer in solution has one extended helix spanning residues 83-101 and
residues 70-82 are disordered. The NMR-based predicted secondary structure of InvH-bound
InvG520-562 also diverged from the observed helix-loop-helix motif in the near-atomic resolution
cryo-EM structure of the assembled secretin pore189 (Figure 2.3f). In contrast to the latter, only
residues 543-555 have α-helical character, corresponding to the C-terminal helix of the S domain
helix-loop-helix motif. The remainder of the protein fragment is disordered, perhaps not
surprising in the absence of the β-barrel domain against which the S domain is intimately packed
in the assembled secretin189.
2.3.4 Structural studies of the InvH-InvG complex by NMR spectroscopy and X-ray
crystallography
The structure of InvH with the InvG S domain was characterized with both NMR
spectroscopy and X-ray crystallography. Using an extensive set of NOE-derived distance and
chemical shift-derived dihedral angle restraints, the structural ensemble of InvH70-147-InvG520-562
was determined (Table 2.2). Of particular importance, filtered-edited NOESY spectra were used
to identify interproton NOEs between labeled and unlabeled members of the heterodimer.
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Table 2.2: InvH-InvG NMR spectroscopy data collection and refinement statistics
NMR Distance and Dihedral Restraints
Distance restraints
Total nuclear Overhauser effect

1,670

Intraresidue

466

Sequential (|i − j| = 1)

553

Medium range (|i − j| < 4)

378

Long range (|i − j| > 5)

359

Dihedral angle restraints
Φ

336

Ψ

336

Hydrogen bond restrains

62

Structure Statistics
Violations (mean ± SD)
Distance restraints (Å)

0.013 ± 0.001

Dihedral angle restraints (°)

0.97 ± 0.07

Max. distance restraint violation (Å)

0.014

Max. dihedral angle violation (°)

1.05

Ramachandran plot (%)
Most favored

79.0

Additionally allowed

20.7

Generously allowed

0.4

Disallowed

0.0

Pairwise root-mean-square deviations (mean ± SD, Å)
Backbone atoms

0.25 ± 0.07

Heavy atoms

0.8 ± 0.1

Pairwise root-mean-square deviation calculated among the
20 refined structures for residues 85–145, 544–555.
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The structural ensemble revealed that residues 543-556 of the InvG S domain fold as a single
-helix (Figure 2.4a-b), whereas the remaining residues are conformationally disordered. The
InvG helix binds along the InvH hydrophobic cleft that also forms most of its homodimerization
interface observed by X-ray crystallography. Most notably, part of InvH helix α1a is displaced
from the hydrophobic binding pocket by InvG and becomes disordered in solution in the absence
of any stabilizing interface. Although skewed slightly (Cα RMSD of ~ 1.6 Å over 56 residues),
the overall architecture of the remaining InvH helices α1b through α3 is similar to that observed
crystallographically for the InvH70-147 homodimer (Figure 2.1d and 2.4a). However, helix α1b is
elongated and thus renamed as helix α1 (residues 84-101 rather than 90-101). These results are
consistent with helical propensities and mainchain RCI-S2 values from initial chemical shift
analyses (Figure 2.3e-f).
Residues 525-537 of oligomerized InvG form a helix in the cryo-EM structure of the
assembled secretin pore189, where they pack against the adjacent InvG protomer β-barrel. In
contrast, these residues are disordered in the 1:1 InvH70-147-InvG520-562 complex and do not
interact with InvH. This result is in line with previous data showing that S domains are
disordered in the absence of pilotin binding, and likely only fully ordered upon final secretin
assembly189,241,242. Based on such insights from NMR spectroscopy, crystallization trials were
undertaken with a synthetic peptide of InvG543-558 bound to InvH84-147. These species lacked
disordered residues, including 70-82 of InvH that would otherwise form part of helix α1a in the
homodimer.
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Figure 2.4: Structural characterization of the InvH-InvG binding interface. (a,b) Cartoon
representation and superimposed 20-member structural ensemble of InvH70-147-InvG520-562
determined by NMR spectroscopy (InvH magenta; InvG tan; disordered regions omitted). (c)
Cartoon representation of InvH84-147-InvG543-558 determined by X-ray crystallography. InvH is
coloured magenta and InvG is coloured tan. (d) Overlay of the InvH84-147-InvG543-558 heterodimer
on the InvH70-147 homodimer (turquoise and grey, with α1a’ red). (e) Zoomed view of the overlay
from part (e), demonstrating the close alignment between InvH helix α1a Phe84 (red) and InvG
Tyr553 (tan). (f) Surface representation of the hydrophobic cleft on InvH70-147 from the NMR-
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derived structure (hydrophobic regions coloured bright orange), with bound InvG (residues 543556, tan cartoon). Interacting residues of InvG are portrayed as sticks. (g) Summary of binding
data from ITC experiments performed on InvH27-147 and InvG520-562 mutants. The Kd value of
each mutant with its wild-type binding partner is plotted on a logarithmic y axis. Each point
represents the Kd value calculated from one experiment, with bars and vertical blue lines
marking the average and standard deviation respectively. The horizontal red line marks the
previously characterized Kd (40 nM) for the two wild-type proteins189.

The InvH84-147-InvG543-558 complex readily crystallized in hanging drop vapour diffusion,
forming elongated hexagonal bipyramids. The crystals diffracted to 2.0 Å resolution, and the
structure was solved by molecular replacement using a model from the InvH homodimer (Table
1). The resulting structure (Figure 2.4c) aligns well with the InvH70-147-InvG520-562 ensemble
(Supplemental Figure A.4c).
In the InvH84-147-InvG543-558 heterodimer, the conformation of residues 90-147 is very similar
to that observed in the InvH homodimer, with a Cα RMSD of 0.43 Å over 49 residues (chain A)
(Figure 2.4c-d). As in the NMR-derived structural ensemble of InvH70-147-InvG520-562, helix α1b
is elongated to residue 84, and renamed α1 (Figure A.5a). Similarly, the InvG S domain helix
(residues 544-555) takes the corresponding place of helix α1a’ from the other protomer of the
homodimer structure (Figure 2.4d). At a more detailed level, overlaying the crystal structures of
the InvH70-147 homodimer with the InvH84-147-InvG543-558 heterodimer reveals differences in the
interface of InvH with its partner protomer versus with InvG. The InvG helix is bound at a
slightly different angle, causing its N-terminus to be about 3 Å further from the interface (Figure
2.4d). However, the C-terminus of the InvG helix aligns closely with InvH helix α1a’. Notably,
InvG residues Val552 and Tyr553 are well aligned with InvH residues Ile83’ and Phe84’
respectively, at the start of α1a’ (Cα distances of 0.8 and 0.7 Å respectively) (Figure 2.4e).
Tyr553 is embedded in the same hydrophobic cleft as Phe84 in the homodimer, surrounded by
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InvH residues Phe119, Leu123, Ser132, and Ile133. The common interface for InvH selfassociation and InvG-binding provides a simple structural explanation for the mutually exclusive
formation of the InvH-InvH homodimer versus the InvH-InvG heterodimer.
2.3.5 Aromatic and small hydrophobic residues contribute to InvH-InvG binding
InvG and InvH bind through primarily hydrophobic interfaces on both proteins (Figure 2.4f).
The InvG helix lies anti-parallel to InvH helix α1, and interacts mainly with helix α1, α2, and the
N-terminal half of α3. Two aromatic residues on InvG, Trp549 and Tyr553, are embedded in the
binding interface and interact with InvH residues Ala95, Phe98, Glue112, Met116, Leu123,
Ser132, Ile133, and Leu137 (Figure 2.4f, Figure A.5b-d). Tyr553 also forms a hydrogen bond
between its phenolic hydroxyl and the backbone carbonyl of Leu131 (Figure 2.4e). Other InvG
hydrophobic residues also line the interface, including Leu546, Val550, Val552, and Leu 554.
The opposite solvent-exposed face of the amphipathic InvG helix is made up of polar and
charged residues, some of which may be positioned close enough to also contribute to binding.
The importance of these residues for heterodimer formation was tested via mutagenesis.
Specifically, Leu123 and Ile133 from the InvH hydrophobic groove were chosen for mutation to
alanines and, in the case of Ile133, also to an arginine. The binding interface of the InvG helix is
lined primarily with aromatic and hydrophobic sidechains, and thus Trp549, Val550, and
Tyr553, were also chosen for mutation to alanine. One charged residue near the interface,
Arg551, was mutated to an alanine. ITC experiments were conducted on each of these constructs
to assay their binding affinity to their partner wild-type protein (Figure 2.4g, Figure A.5e-f).
Our previous ITC studies revealed that the binding interaction between wild-type InvH27-147
and InvG520-562 occurs in a 1:1 ratio, with a high affinity Kd value of 40 nM189. As InvG binding
also involves dissociation of the InvH homodimer, the heats measured by ITC and the fit Kd
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values reflect the contributions of both steps. Of the mutants assayed (Supplemental Table S2),
the greatest decrease in binding affinity was from the InvH I133R mutant, with a 2000-fold
increase in Kd value relative to the wild-type protein (Figure 2.4g, Figure A.5e-f). This decreased
affinity is expected, as the mutation was intentionally deleterious and placed a positively charged
residue along the hydrophobic interface. The I133A and L123A mutations had more modest
effects, causing 10-fold and 5-fold increased Kd values respectively. As noted above, the I133A
substitution also strongly destabilized InvH homodimer formation (Figure 2.2d, Figure A.3a).
From the InvG520-562 residues, the W549A mutation had the largest impact, increasing the Kd
value by over 2000-fold. Following this, mutation of Tyr553 to Ala reduced affinity 200-fold,
whereas substitutions of Val550 or of Arg551 had the smallest changes, causing modest 10-fold
increases in Kd. Collectively, this mutational analysis is consistent with the description of the
InvH-InvG interface derived from the structural ensemble of InvH70-147-InvG520-562 and the
crystal structure of InvH84-147-InvG543-558.

2.4 Discussion
Pilotins are a surprisingly diverse family of proteins, despite their common role in OM
targeting of the highly conserved secretin pore. Secretin localization mechanisms have
previously been proposed based on structures of individual pilotin-secretin complexes. However,
it appears that no single mechanism can account for the range of distinct tertiary folds exhibited
by the pilotins. The structural characterization of InvH provides insights into the first α-helical
T3SS pilotin. Notably, InvH has the distinguishing ability to form a stable homodimer in
solution. From these data, we can build upon our existing pilotin knowledge to highlight
essential functional elements shared between species and systems.
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In terms of secondary structure, InvH most resembles the α-helical T2SS pilotins OutS, PulS,
and GspS206–209. Nevertheless, it does not share any sequence identity, nor does it align
structurally with these proteins. InvH adopts a superficially similar helical hairpin fold to OutS
and PulS, but the positions of its N- and C-termini are inversed (Figure 2.5a). Any similarities
are likely a product of convergent evolution, considering these proteins all bind a short
amphipathic α-helix. In addition, InvH is ultimately a three-helix protein when bound to the
InvG S domain (due to α1a unfolding), whereas OutS and PulS each have four α-helices. The
other characterized pilotins are markedly different from InvH, with primarily β-sheet secondary
structure in the case of AspS, EspS, ExsB, and MxiM, and with type IV pilotins folding into
tetratricopeptide repeats.
The binding interfaces between pilotins and their cognate secretin S domains are consistently
hydrophobic among different species in type II and type III secretion systems (Figure 2.5b). The
S domain forms a helix-loop-helix motif on the assembled secretin189,192,193, with the C-terminal
of the two helices contributing the majority of the pilotin-binding surface in the cases of MxiD,
OutD, and GspD194,205–207. Our NMR-derived structural ensemble of the InvH70-147/InvG520-562
complex shows the same trend, with the N-terminal of the two S domain helices disordered and
no intermolecular NOEs detectable to indicate any persistent interactions with InvH.
Furthermore, all structurally characterized C-terminal S domain helices are amphipathic, and
able to form an extensive hydrophobic interface with their pilotin binding partner194,205–207 to
mediate high affinity binding with with Kd values of less than 100 nM189,194,205,242. All are lined
to some extent with aromatic residues. In the case of AspS, interaction with GspD is abolished
by the S domain mutation F639A, which parallels the near-loss in InvH-InvG binding affinity
with the W549A substitution194.
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Figure 2.5: Structural comparison of InvH with other pilotins and secretin interfaces. (a)
Cartoon representation of InvH and OutS (coloured rainbow, blue to red from N- to C-terminus)
with the bound S domain helix of InvG and OutD, respectively (grey). (b) Surface representation
of hydrophobic cleft (hydrophobic surface orange; hydrophilic blue; calculated by pyMLP237)
used for S domain (cyan) binding among four characterized pilotins. S domain helix shown in
cyan. (c) Lipophilicity surface of the InvG β-barrel cryo-EM structure with its bound S domain
represented as a rainbow tube, with stick views of Trp549 and Tyr553. The S domain from the
InvH-InvG crystal structure is overlaid in cyan.

In cryo-EM structures of oligomerized secretin pores, the S domain acts as a molecular
“clamp”. This helix-loop-helix motif packs against the β-barrel of the n+2 adjacent protomer, an
interdigitation believed critical to the hallmark stability of secretin pores189,192,193. The 15-fold
packing of the S domain with the InvG β-barrel is mainly hydrophobic (Figure 2.5c), but the
residues involved differ compared to the interaction with pilotin InvH. Where the aromatic
residues Trp549 and Tyr553 of InvG are intimately bound to InvH, they form peripheral
interactions against the InvG β-barrel in the assembled pore (Figure A.6b). The main interface in
oligomerized InvG involves the smaller hydrophobic valines and leucines, with some
contribution from polar and charged residues such as Arg551. These differences in binding
interfaces may facilitate transfer of the C-terminal S domain helix from the chaperone InvHbound state to its interface against the InvG β-barrel.
The homodimerization interface of InvH observed crystallographically and supported by
biophysical assays distinguishes it from previously-characterized pilotins. Though in vivo
experiments are required to confirm the importance of the InvH homodimer on Salmonella
enterica injectisome assembly, its structure hints at a potential function. Dimerization may
protect the extensive hydrophobic surface that InvH otherwise uses to bind the InvG S domain.
The presence of larger aggregate peaks in size exclusion chromatography in some dimerizationdeficient mutants supports a stabilizing role for the homodimer (Figure 2.2d). Similar binding-
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site protecting mechanisms can be observed in other known pilotins. In the absence of the T2SS
secretin GspD S domain, the β-sheet of pilotin AspS curves to occlude many hydrophobic side
chains that would otherwise be exposed to an aqueous environment (Figure A.6a)194,202. In the
case of T3SS pilotin MxiM, the protein crystallized with a lipid bound in its central solvent
occluded hydrophobic channel. This interaction led to the hypothesis that it can bind its own
lipidated N-terminus and protect the secretin binding site until it encounters its partner
MxiD204,205. A Parabulkholderia pilotin was shown to be similar to MxiM, with the one key
addition of an N-terminal helix that occludes the hydrophobic cavity for S domain binding from
solvent243. Exceptions to this observation are found in the structures of GspS, OutS, and PulS,
which have an exposed hydrophobic pocket, albeit a smaller one than what would be exposed on
an InvH monomer206–209.
Our biophysical data highlight the dynamic nature of the InvH dimer in solution. While the
generated SAXS envelope and molecular weight calculations of InvH70-147 in solution correspond
to the size of the crystallized dimer, the Crysol-generated SAXS curve of the InvH70-147 dimer
does not fit well to the data (Figure 2.2b, Figure A.2d). It is possible that the discrepancy arises
from dynamicity in the InvH dimer that is not reflected in the crystallized state. Further support
for the plasticity of the InvH dimer is seen in the severe exchange broadening of 1HN-15N signals
in the 15N-HSQC spectra of InvH27-147 and InvH70-147 (Figure 2.3a, Figure A.4a). This broadening
is diagnostic of conformational changes, with resulting differences in chemical shifts, occurring
on the msec-sec time scale. Regardless of the exact nature, the flexibility of the InvH dimer
may be important for its ability to dissociate and accommodate the InvG S domain.
Comparison of the structures of the InvH homodimer and InvH-InvG heterodimers provides
clues towards how the InvG S domain could preclude InvH self-association. At the simplest
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level, the homo- and heterodimer are mutually exclusive to a steric competition for the same
binding interface of InvH. In more detail, residues 73-88 form helix α1a in the homodimer due to
interactions with the opposing protomer. In contrast, residues 70-82 are dynamic in the
heterodimer with a stable helix α1 beginning from residue 83. However, truncated InvH84-147 can
still form a primarily dimeric population, with a shift towards monomers upon mutation of Phe84
to alanine in InvH27-147. These data indicate Phe84 forms central interactions in the homodimer
while residues 70-83 contribute to a minor extent (Figure 2.2d, Figure A.3a). We know from the
ITC data that Trp549 is important for high affinity binding to InvH (Figure A.5e); it is therefore
likely that Trp549 is able to displace the lower-affinity InvH residues 70-83 from the
hydrophobic cleft. InvG Tyr553 can then take the place of InvH Phe84, while also forming an
additional hydrogen bond with the Leu131 carbonyl (Figure 2.4e). Collectively, these
interactions may lead to a higher propensity for InvH to bind InvG versus binding itself.

Figure 2.6: Potential secretin assembly mechanisms. In mechanism 1, the C-terminal S
domain (tan) of InvG (blue) is free to bind to InvH (magenta, turquoise) once translocated to the
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periplasm by the SEC transporter. This dissociates one member of the InvH homodimer, creating
a pilotin-secretin-LolA complex that is transported to the outer membrane. There, LolA (green)
interacts with LolB (red) to insert the InvH lipidated N-terminus (yellow) into the outer
membrane, which brings InvG close enough to auto-oligomerize and perform BAM-independent
insertion. In mechanism 2, InvH has already reached the OM via the Lol pathway before
encountering InvG. InvH is on a long linker (~ 22 nm), which enables it to contact translocated
InvG and form the InvH-InvG complex. InvG, now tethered to the outer membrane by InvH, is
free to auto-oligomerize and insert once its local concentration is high enough.
Based on key similarities between pilotins noted above, we can begin to build a more
generalized mechanism of pilotin-mediated secretin assembly (Figure 2.6). Collin et al were able
to capture an R43L mutant of LolA R43L trapped in complex with the Klebsiella pilotin PulS,
indicating that LolA is likely involved in shuttling the pilotin to the OM197. Given that all pilotins
share a conserved N-terminal lipobox motif, it is expected that they also utilize the Lol pathway
for their localization in a similar manner. Pilotins are required for either the OM localization
and/or assembly of the secretin pore, depending on the species198. In the pilotins characterized to
date, this relies on a hydrophobic interaction interface with the S domain, or on a
tetratricopeptide repeat-mediated interaction. It has been suggested in the Klebsiella system that
the secretin PulD traverses the peptidoglycan wall in a monomeric state, as PulD lacking the S
domain cannot “hitchhike” with full-length PulD to reach the outer membrane197. It is unclear
how the presence of the pilotin prevents insertion into the IM, as some species of secretins are
capable of oligomerizing within minutes of synthesis in vitro and have high affinity for
lipids244,245. One model suggests that the LolA-bound pilotin binds the C-terminal secretin S
domain immediately after translocation by the SEC system, and the heterotrimeric complex is
localized to the OM together (Figure 2.6). However, no LolA-pilotin-secretin complex has yet
been isolated, indicating this may be a very short-lived state or does not form at all197. An
alternative mechanism involves the pilotin being anchored to the OM prior to secretin binding
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and utilizing its long N-terminal linker region to reach the secretin as it is translocated into the
periplasm197. The InvH linker (from residues 16-72), would be approximately 22 nm long,
assuming a disordered peptide length of ~ 4 Å246. With the distance between the inner and outer
membranes spanning ~ 32 nm in Salmonella enterica tomography247, this would allow InvH to
extend further than half the distance from the outer to inner membrane. From there, InvH could
contact the disordered C-terminal InvG S domain during SEC translocation, in turn preventing
premature inner membrane insertion. Once the secretin has reached the OM, it undergoes
assembly facilitated by multiple ring building motifs189 and subsequent BAM-independent
membrane insertion196, the latter perhaps facilitated by a localized bilayer perturbance the
presence of multiple lipidated pilotins would presumably instill189.
It is unclear whether pilotins in general remain associated to the secretin after assembly. There
is little evidence for InvH remaining associated with InvG after assembly; attempts to isolate the
InvH-InvG complex have been unsuccessful200. In cryo-electron tomography of the Shigella
T3SS, faint density surrounding the S domain may be attributed to the pilotin MxiM189,248. Such
density, however, is not present in tomography of the Salmonella injectisome247. In contrast,
there is direct evidence of type II pilotins binding assembled secretins. Type II secretion
complexes including the Klebsiella pneumoniae pilotin and secretin, PulS and PulD, have been
co-purified from recombinant expression249. The cryo-EM structure of Escherichia coli
O78:H11 (ETEC) pilotin AspS in complex with oligomerized secretin GspD reveals that AspS
can remain bound to the C-terminal helix of the S domain, preventing it from forming the clamp
like n+2 interactions with the secretin β-barrel as observed for the apo secretin form in this Type
II (Figure A.6c)192–194,250,251 and other Type III secretins189. Although a structural feature
apparently important for stability of the outer membrane pore, Yin et al suggest that the pilotin
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itself may have a role in stabilizing the secretin due to interactions between AspS and the
adjacent GspD protomer, at least in the ETEC T2SS GspD 194. However, as the C-terminal helix
of the InvG S domain is much more intimately associated with the β-barrel of InvG and with the
neighboring S domain helix (interface surface area ~840 Å2 over S domain residues 543-558)
than in GspD, it is unlikely that InvH would remain bound after assembly (interface surface area
~720 Å2 with InvG543-558). Further in vivo experiments and biochemical work can help to clarify
the differences among the diverse pilotin mechanisms of action.
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3 Cryo-EM structure of the EscV cytosolic domain nonamer
3.1 Introduction
The bacterial type III secretion system (T3SS) is divided into two types: the injectisome and
the flagella, both multi-megadalton nanomachines9. Whereas the assembled flagellum grants
motility to the bacteria, the injectisome instead functions as a “molecular syringe”. The latter
complex forms a continuous channel through the Gram-negative envelope and host plasma
membrane, allowing the bacterium to secrete effector proteins directly into the host cytosol.
Effector proteins then modulate host cell signalling to benefit the pathogen. For example,
effectors are used in enteropathogenic Escherichia coli (EPEC) to form attaching and effacing
lesions in the gut35. Many clinically relevant pathogens including EPEC and enterohemorrhagic
E. coli (EHEC)35, Salmonella enterica252, Shigella flexneri253, Pseudomonas aeruginosa254, and
Bordetella pertussis255 rely on injectisome expression for their virulence.
The injectisome is made up of several functional units resembling a syringe, which enable it
to cross three membrane barriers simultaneously. The cytosolic sorting platform consists of an
ATPase related to FoF1 ATPases and six homomeric but asymmetrical pods. Effectors are
stabilized by cognate chaperones and targeted to the sorting platform; there, they are separated
from the chaperone and partially unfolded to fit through the 1.5 to 2.5 nm inner channel of the
secretion system9,61,86,256,257. The sorting platform is docked to the basal body, a structural
subdomain that forms a scaffold through the Gram-negative inner and outer membranes59. Three
proteins form concentric oligomeric rings, and the periplasmic export apparatus creates a gated
channel for effector proteins58,66,68. In addition, evidence suggests the inner membrane (IM) pore
protein, part of the export apparatus, contains a proton channel involved in PMF-driven
secretion168,175,177. Several of the sorting platform and basal body proteins are conserved in the
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flagellum, notably the inner membrane rings, export apparatus, and the cytosolic ATPase9. The
extracellular portion of the injectisome is the needle, made up of a hollow helical filament that
anchors into the basal body257. The translocon pore is secreted through the needle and punctures
the host plasma membrane, allowing the needle to adhere to the host130. The functional domains
of the injectisome coalesce to create a continuous channel from the bacterium to the host.
A vital step in injectisome assembly and function is substrate selection and secretion, which is
mediated primarily by the inner membrane pore protein162,258. This homononameric assembly,
termed EscV in the EPEC injectisome and FlhA in its flagellar homologue, is made up of a
soluble cytosolic domain and a seven or eight transmembrane (TM) helix integral membrane
domain180. The cytosolic domain functions to select effectors for secretion; it has been shown to
be vital to switching from middle (translocator) to late (effectors) substrates in the EPEC
injectisome162, and its binding site to effector-chaperone complexes has been characterized in
flagellar FlhA258. The cytosolic domain of both the injectisome and flagella counterparts has
been characterized by crystallography72–74,258–262, with MxiA from the Shigella flexneri
injectisome forming a nonameric ring architecture in the crystal74 that agrees with dimensions
from in situ studies78. The transmembrane region of the IM pore, characterized in Salmonella
injectisome InvA by sub-tomogram averaging57,79, forms a pore through the inner membrane
through which secreted effectors enter the T3SS. Interestingly, Minamino et al suggest that the
transmembrane region of FlhA forms a proton channel, implicating the IM pore in the coupling
of energy from proton motive force to secretion175,177. Knockout of EscV has a detrimental effect
on secretion and prevents formation of host pedestals by EPEC263,264.
We present the single-particle cryo-electron microscopy structure of the cytosolic domain of
EscV (EscVC) at 4.7 Å resolution, allowing model building based on homologous structures
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from injectisomes and flagella. EscVC formed two stacked nonameric rings in solution, with the
membrane face forming the interaction interface between the two rings. The overall structure of
the cytosolic domain is similar to homologous crystal structures, with subdomains (SD) SD3 and
SD4 the most conserved. The interfaces between the EscVC protomers are held together mainly
through electrostatic interactions, and the assembled ring forms a large electropositive interface
presented towards the inner membrane. The EscVC model provides structural insight into the
oligomerized cytosolic ring in solution.

3.2 Methods
3.2.1 Purification of EscVC
DNA encoding EscV residues 338-675 was amplified from EPEC genomic DNA
(Escherichia coli O127:H6 E2348/69) and cloned into pET28a with a thrombin-cleavable Nterminal 6His tag. The vector was transformed into E. coli BL21 (λDE3, Sigma), and the
transformed bacteria were used to inoculate a starter culture in 2xYT media. Starter culture (50
mL) was used to inoculate 1 L ZYP-5052 auto-induction media; the culture was grown with
shaking at 200 rpm for 4 hours at 37 °C followed by 16 hours at 22 °C for expression. Cells were
pelleted at 6,200 ×g for 20 minutes and resuspended in 4 mL lysis buffer per gram of bacterial
pellet (20 mM HEPES pH 7.5, 500 mM NaCl, 0.5 mM TCEP-HCl, 5 % (v/v) glycerol, 15 mM
imidazole, EDTA-free protease inhibitor tablet (Roche)). Cells were lysed by two passes through
an EmulsiFlex-C5 homogenizer (Avestin), and insoluble material was pelletted by centrifugation
at 40,000 ×g for 30 minutes. The supernatant was filtered and allowed to flow over 1 mL
HisPur™ Ni-NTA Resin (Thermo Scientific) by gravity. The resin was washed with high salt
buffer (20 mM HEPES pH 7.5, 500 mM NaCl, 0.5 mM TCEP-HCl, 5 % (v/v) glycerol) with the
following imidazole concentrations: 40 × CV 50 mM imidazole, 10 × CV 75 mM imidazole, 10
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× CV 100 mM imidazole. Protein was eluted in the same buffer containing 300 mM imidazole.
Protein-containing fractions were pooled and the thrombin tag was cleaved by addition of 1:1000
molar ratio bovine alpha-thrombin (Haematologic Technologies Incorporated) at 4 °C overnight.
During thrombin cleavage, the protein was dialyzed into size exclusion buffer (20 mM HEPES
pH 7.5, 150 mM NaCl, 0.5 mM TCEP-HCl, 5 % (v/v) glycerol). The following day, the protein
was concentrated using a stirred cell (Amicon) with a 100 kDa MWCO membrane. Protein was
injected onto a superose 6 10/300 GL size-exclusion column (GE Life Sciences), and protein
eluting in a peak at about 14 mL was pooled for subsequent grid preparation. Prior to applying
sample to cryo-EM grids, the protein was desalted into a lower glycerol buffer (20 mM HEPES
pH 7.5, 150 mM NaCl, 0.5 mM TCEP-HCl, 1.5 % (v/v) glycerol) using a PD-10 gravity column
(GE Healthcare) and concentrated to 1.5 mg/mL using an Amicon Ultra centrifugal filter 100
kDa MWCO (EMD Millipore).
3.2.2 Preparation of negative-stain TEM grids
Purified EscVC nonamers at 400 nM concentration was applied to glow-discharged 400 mesh
copper TEM grids coated with a carbon film (CF400-CU, Electron Microscopy Sciences). The
protein sample (3 µL) was applied to the grid for 30 seconds, followed by two 30 second washes
in water and two 30 second stains in 2% uranyl acetate solution. Negative stain TEM images
were taken using a 200 kV FEI Tecnai G2 TEM on an FEI Eagle 4k CCD camera.
3.2.3 Cryo-EM data collection
Purified EscVC (3 µL) at 1.5 mg/mL in cryo-EM buffer (20 mM HEPES pH 7.5, 150 mM
NaCl, 0.5 mM TCEP-HCl, 1.5 % (v/v) glycerol) was applied to a glow-discharged Quantifoil
grid (Copper, 300 mesh, R 2/2). Using a Vitrobot Mark 4 (FEI) at 100% humidity, the sample
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was immediately blotted with a blot force of -5 and a time of 1.5 seconds and plunge-frozen in
liquid ethane.
Cryo-EM data collection was performed on a 300 kV Titan Krios (FEI) equipped with a
Falcon 3 detector (FEI) at the HRMEM facility at the University of British Columbia. Using
EPU collection software (ThermoFisher Scientific), 2037 movies were collected at 96,000 ×
magnification with a pixel size of 0.852 Å/pix. The exposure time was 60 seconds with a total
dose of 60 electrons per Å2. With 38 frames per movie, each frame had an exposure time of 1.52
seconds and a dose of 1.47 electrons per Å2. Movies were collected at a defocus range of -1 to -4
µm.
3.2.4 Cryo-EM Map reconstruction and model-building
The 2037 collected movies were motion corrected in Relion3 using MotionCor2, and the
contrast transfer function was calculated for each micrograph using CTFFind4.1265–267.
Approximately 1000 particles were picked manually and 2D averaged in Relion3 to create
templates; the templates were used to auto-pick particles from all micrographs, yielding 137,341
particles in total. 2D averaging was used to remove poor particle picks, and 127,583 particles
were used to generate an ab initio model. The particles were refined by repeated rounds of 2D
and 3D classification, finally yielding a 5.1 Å D9 structure in Relion3’s 3D auto-refine using
14,908 particles. After per-particle CTF refinement, particle polishing, and post-processing, the
resolution of the D9 reconstuction was 4.6 Å.
To obtain a C9 reconstruction, 127,583 particles were used to generate a C1 map that was
subsequently subtracted to a single ring in Relion3. Further rounds of 2D and 3D classification,
and subtraction using a tighter mask, improved the resolution of the C9 ring to 5.3 Å with 83,566
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particles. After correcting beam tilt, refining per-particle CTF, and post-processing, the final
resolution was 4.7 Å.
Homology models of EscVC were generated using Phyre2231 from crystal structures of MxiA
(4A5P74), InvA (2X4973 and 3LW972) and FlhA (3A5I262, 3MIX259, 3MYD260). Each subdomain
of the models was rigid body fit into the cryo-EM density in Chimera220. The aligned homology
models were then combined to create the best agreement with the experimental density using
RosettaCM with C9 symmetry268. Following this, Rosetta was used for C9 symmetric refinement
of the best RosettaCM model into the density269. Refinement was performed iteratively using
Coot, Phenix real space refine, and Rosetta218,269,270.
Figures were generated using PyMOL, Chimera, and ChimeraX219–221. Electrostatic potential
surface was calculated using APBS271, and lipophilicity potential surface was calculated using
PyMLP233.

3.3 Results
3.3.1 EscVC forms a nonameric ring in solution
To determine the structure of cytosolic EscV in solution, a construct of the cytosolic domain
EscVC (encompassing residues 338-675) was recombinantly expressed in E. coli BL21. In high
salt buffers, EscVC eluted from a size exclusion column at a volume expected for a monomer
(data not shown); however, at a salt concentration of 150 mM, the primary population of EscVC
eluted at a volume indicating a large, monodisperse complex (Figure B.1a). When analyzed by
negative stain transmission electron microscopy, clear ~15 nm rings were visible (Figure B.1b).
This size was consistent with what was expected based on the crystal structure of the S. flexneri
homologue MxiA, crystallized as a nonameric ring74. Quantifoil cryo-EM grids were prepared
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with protein from the primary size exclusion peak, and 2037 micrographs were collected using a
Titan Krios with a Falcon 3 detector (Figure B.1c).

Figure 3.1: Map and model of EscVC. (a) 4.6 Å reconstruction of the D9 symmetry stacked
EscVC rings. (b) 4.7 Å reconstruction of a single C9 ring obtained through particle subtraction.
(c) Sample electron density from (b). (d) View of model from transmembrane face and 90 degree
rotation.
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Table 3.1: EscVC cryo-EM data collection, refinement and validation statistics
EscVC C9

EscVC D9

96000
300
60
1.47
-1 to -4
0.852
C9
127583
83566
4.7
0.143

96000
300
60
1.47
-1 to -4
0.852
D9
127583
14908
4.6
0.143

Data collection and processing
Magnification
Voltage (kV)
Total dose (e–/Å2)
Dose per frame (e–/Å2)
Defocus range (μm)
Pixel size (Å)
Symmetry imposed
Initial number of particles
Final number of particles
Map resolution (Å)
FSC threshold
Refinement
Initial model used (PDB code)
Model resolution (Å)
FSC threshold
Model resolution range (Å)
Map sharpening B factor (Å2)
Model composition
Non-hydrogen atoms
Protein residues
Ligands
B factors (Å2)
Protein
Ligand
R.m.s. deviations
Bond lengths (Å)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

3A5I, 3MYD, 2X49,
3MIX, 4A5P, 3LW9
4.7
0.143
-235.7
23985
2988
0
101.4
N/A
0.024
2.52
1.75
5.72
0.0
93.26
5.59
1.15
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A preliminary reconstruction at 4.6 Å resolution was calculated from 14,908 particles, after
several rounds of 2D and 3D classification in Relion3 (Figure B.1d-e). EscVC formed two
stacked nonameric rings in solution with D9 symmetry (Figure 3.1a). The rings stacked head-tohead along the interface abutting the inner membrane; this stacking is likely an artefact of
purifying the cytosolic construct, as the presence of the transmembrane domain in full-length
EscV would block this interface. Despite the D9 symmetry of the reconstruction, 2D averaging
made it clear that one ring was the most stable, while the second ring was sometimes missing or
incomplete (Figure B.1d). To improve the resolution, particle subtraction was performed in
Relion 3 to generate particles with a single ring. While the FSC-calculated resolution did not
improve, local side-chain details became much more pronounced (Figure 3.1b). The final C9
reconstruction was generated from 83,566 particles, subtracted to a single ring, which yielded a
resolution of 4.7 Å (Figure B.1f). The EscVC ring has a diameter of 14 and 17 nm at its
narrowest and widest points respectively, with an inner pore diameter of 5 nm. The height of a
single ring is about 5.5 nm.
At the map resolution of 4.7 Å, ab initio modelling was not feasible (Figure 3.1c); to build a
model, homology models were generated in Phyre2231 from injectisome homologues MxiA74 and
InvA72,73, and from several species of flagellar FlhA259,260,262. Rosetta comparative modelling
was used to combine features best fitting the density from each model, and for subsequent
refinement268,269. The final model has a good fit to the density and good geometry (Figure 3.1d,
Table 1). As in homologous structures, the EscVC monomer is made up of four subdomains
(Figure 3.2a). The best resolved regions are located towards the centre of the ring, with
subdomains SD3 and SD4 modelled into the highest resolution density and SD1 in the lowest
resolution region (Figure B.2a-b). The model encompasses residues 344-675, with linker
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residues 344-352 nestled into a groove along the adjacent protomer (Figure 3.2b).

Figure 3.2: Atomic details of the EscVC model. (a) View of an EscVC monomer, with
subdomains 1 through 4 coloured (red, pink, purple, blue respectively) and labelled. (b) Stick
representation of the EscV linker (orange), nestled into a groove on the adjacent protomer (light
blue). Oxygens and nitrogens are coloured red and blue respectively, both on the linker and on
nearby residues. (c) Electrostatic potential surface view, generated by APBS, of the
transmembrane face of EscVC. A distinct electropositive ring (blue) is visible on this face. (d)
Electrostatic surface of the EscVC protomer interface, with complementary electrostatics on each
of the two faces (left and right).
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To determine the nature of the interactions EscVC exhibits between protomers and with other
interacting proteins, electrostatic potential analysis was performed using APBS. EscVC has many
charged surface residues and is primarily electronegative around the outside of the ring.
However, it has strong electropositive character along the inside of the pore, and in a discrete
circle on the face presented towards the transmembrane region (Figure 3.2c). The intermolecular
interfaces between protomers in the EscVC ring show complementary electrostatic regions
(Figure 3.2d). As in Shigella homologue MxiA74, the majority of the ~1000 Å2 interacting
interface (calculated by PDBePISA) comes from SD1 and SD3.
3.3.2 EscVC shares similarities with injectisomal and flagellar inner membrane pores
The EscVC monomer shares the same four-subdomain architecture as injectisome homologues
MxiA74 and InvA72,73, and flagella homologue FlhA258–262. SD3 is the most structurally
conserved, with Cα RMSDs of ~ 1.1 Å2 when compared to eight homologous structures (Figure
3.3a, Table 2.2). SD1 is similar but has differences in peripheral regions, with Cα RMSDs of ~
1.8 Å2. SD2 and SD4 have the poorest structural conservation but are better convserved between
EscV and injectisome homologues than in flagella.
FlhA has been shown previously to take on either an open, semi-closed, or closed
conformation, with the protein alternating between these states in molecular dynamics
simulations261. EscVC takes on a closed conformation, similar to other injectisome crystal
structures. Overlaying SD3 of EscVC with an open or semi-closed form of FlhA from Salmonella
enterica shows a stark difference in the orientation of SD2, with a much larger opening in open
FlhA261. However, the difference between EscVC and closed homologous structures (MxiA and
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Figure 3.3: Comparison of EscVC with other characterized homologues. (a) Alignment of
EscVC monomer (grey) with six homology models (MxiA 4A5P, InvA 2X49 3LW9, FlhA 3A5I
3MYD 3MIX), aligned individually on each subdomain and coloured based on the distance
between homologous residues (0 Å black; > 8 Å yellow; PyMOL script ColorByRMSD). SD1
and SD2 have the most variable regions. (b) Overlay of EscVC monomer (grey) with InvA (left;
2X49; coloured by subdomains in red, pink, purple, blue sequentially) and FlhA (right; 3A5I;
same colouration as InvA), demonstrating the slightly more closed conformation of InvA and the
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more open conformation of FlhA. (c) EscVC (coloured by subdomain as InvA in (b)) aligned
onto the crystallized nonameric MxiA ring (green; 4A5P). MxiA is rotated slightly towards the
outside of the ring relative to EscVC. (d) Overlay of EscVC map (threshold 0.017) with in situ
InvA density (threshold 1.4). (e) Mapped conserved residues from MxiA mutations. Green
residues affect MxiA oligomerization, while orange residues line the inner pore and affect
secretion. (f) Overlay of chaperone-bound FlhA complexes (FliT-FliD-FlhA orange, 6CH2; FliSFliC-FlhA, green, 6CH3) aligned on SD1 and SD2 of EscVC. EscVC is represented as a
hydrophobic surface (hydrophilic teal; hydrophobic tan; calculated by pyMLP). The chaperones
bind into the hydrophobic cleft between SD2 and SD4, but clash with EscVC, indicating a
conformational change would be required for binding of a similarly shaped EPEC chaperone.

InvA) is more subtle, with EscVC having a slightly larger distance between SD2 and SD4 (Figure
3.3a). EscVC takes on a closed conformation, albeit slightly less compact than in other closed
homologues.
To determine whether EscVC can alternate between closed and open forms, a molecular
dynamics simulation was run on the monomer. Unlike previous simulations on FlhA261, EscVC
maintained a closed form, indicated by a distance ranging from 23 to 33 Å between the SD2 and
SD4 centres of mass (Figure B.2d). The subdomains do show flexibility, deviating from the 29.5
Å distance observed between them in the cryo-EM structure, but not opening completely to a 40
to 45 Å distance as in FlhA261. The FlhA G368C mutant forces the protein into a closed form,
possibly by limiting its flexibility261; interestingly, this glycine is not conserved with injectisome
homologues (Figure B.3), suggesting that these proteins have evolved to naturally take on a
closed conformation.
The only other EscV homologue to be characterized to high resolution in nonameric form is
MxiA from the Shigella flexneri injectisome74. The EscVC ring is overall similar in size and
architecture to MxiA, with a Cα RMSDs of 4.2 over 2162 residues (Figure 3.3c). There are
differences in the orientations of the subdomains relative to one another (as described above),
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causing the overall RMSD to decrease. In addition, MxiA is tilted further towards the outside of
the ring than EscV. Notably, the crystal packing of MxiA rings does not share the same head-tohead interface as in stacked EscVC but are instead packed head-to-tail.
Several cryo-electron tomography structures of injectisomes have been published with high
detail on the IM pore region57,78,79,256. The dimensions of the ring in all species are similar, with a
diameter of about 15 nm and a pore size of 5 nm. The highest resolution tomogram, from the
Salmonella enterica injectisome57, shares the same C9 symmetry in its IM pore InvA as in
EscVC. The model of EscVC agrees well with the InvA density, indicating that its architecture in
solution is similar to what has been observed in situ (Figure 3.3d).

3.4 Discussion
EscV is a vital protein in the EPEC injectisome IM pore complex, acting as a substrate
selection checkpoint, proton channel, and inner membrane pore. The cryo-EM map and model
provide insight into EscVC ring formation in solution, permitting direct comparison with related
injectisomal and flagellar homologue structures solved by X-ray crystallography.
The EscVC ring relies primarily on electrostatic interactions for its assembly. Electrostatic
surface potential analysis reveals complementary charges between interacting protomers, similar
to those observed previously in the Salmonella flagella FlhAC dimer262 and Shigella injectisome
MxiA ring74. In addition, the ring relies on low salt conditions for stability in solution, a trait
noted previously in FlhA258. The cryo-EM map resolution was sufficient to model a portion of
the linker, which nestles into a groove on the adjacent subunit fueled by mainly polar
interactions. The intimate position of the linker with the proceeding protomer supports its
importance for oligomerization, which has previously been observed in the structure of FlhAC262.
Conserved residues from SD3 of MxiA that have been shown to be important for
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oligomerization74 map to the oligomerization interface and to the binding pocket of the linker
region (Figure 3.3d, Figure B.3). In addition, three positively charged residues that affect
secretion in MxiA74 are conserved and map to the inner pore, as in S. flexneri. It is unclear why
the presence of a positive charge inside the pore is important for secretion. EscVC shares many
similarities with injectisomal and flagellar homologues in its ring formation properties.
The binding site between FlhAC and two chaperone-effector complexes, FliS-FliC and FliTFliD, has been characterized by NMR spectroscopy and X-ray crystallography258. Aligning the
ternary complexes to the assembled EscVC ring demonstrates that the conserved hydrophobic
pocket on EscVC could also accommodate chaperone binding (Figure 3.3f). However, there are
some steric clashes. The FliC (flagellin) complex clashes with SD2, while the FliD (filament
cap) complex clashed with SD4. The open conformation of FlhA has been proposed to switch
specificity of the IM pore from early (hook) to late (flagellin and tip) substrates261; in agreement
with this model, EscVC would require a more open conformation to accommodate these late
chaperone-substrate complexes. The injectisomal equivalent of flagellin and the cap are the
middle substrates, the tip/filament and translocon. The specificity switch in EscVC is governed
by the gatekeepers SepD and SepL, which have been shown to increase the affinity of EscVC for
middle rather than late chaperone complexes162. It is possible that the gatekeepers mediate the
open conformation of EscVC, allowing binding of the middle chaperone-substrate complexes.
Previous studies on FlhA have outlined its importance in PMF-dependent secretion and its
potential role as a proton channel175,177. Erhardt et al found that a protonation mimicking mutant,
D158N (D148 in EscV; Figure B.3), on a conserved cytosolic loop of FlhATM caused a
conformational change in the protein, which they attribute to a physiological secretion
mechanism fueled by local pH180. Interestingly, the transmembrane face of EscVC has a notably
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electropositive surface (with a large contribution from conserved R374), which could play a role
in this mechanism. Deprotonated, negatively charged D148 could form a favourable interaction
with the electropositive face of EscVC; protonation of this residue due to high local pH would be
less favourable and could result in a conformational change of EscV. Further studies into the
affect of pH on EscV conformation would improve our understanding of how energy from
proton motive force is coupled to secretion.
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4 Cryo-EM structure of the homohexameric T3SS ATPase-central
stalk complex reveals rotary ATPase-like asymmetry
4.1 Introduction
Rotary ATPases are a biologically important and well-conserved protein family, fuelling vital
life processes from archaea to humans. One of the earliest examples of molecular machines, their
well-studied mechanism of ATP binding and hydrolysis fuels conformational changes to
generate torque. The related F- and V- ATPases are composed of a soluble catalytic complex that
can synthesize or hydrolyze ATP (F1/V1), which is coupled to a transmembrane proton (or
sodium) channel (Fo/Vo). These motors have opposite roles depending on their cellular context:
F-ATPases use membrane potential to rotate the Fo complex and synthesize ATP at the coupled
F1 domain, while V-ATPases use energy derived from ATP hydrolysis to pump protons across
the membrane and acidify intracellular compartments such as vacuoles.
The broad F1/V1-ATPase family – with characteristic Rossmann fold, Walker A and B motifs,
and hexameric stoichiometry – also encompasses distant relatives including ATPases associated
with the bacterial injectisome and flagellum272. These two proteinaceous assemblies, involved in
virulence and motility, use an evolutionarily related type III secretion system (T3SS; referred to
here as fT3SS (flagellar) and vT3SS (virulence injectisome)) to secrete self-assembly and hostcell manipulating substrates. The T3SS ATPase homologues are made distinct by their
homohexameric construction, a presumed ancestral precursor to the heterohexameric rotary
F1/V1-ATPases. Homology of the type III secretion (T3S) ATPases to the catalytic F1/V1
subunits was first predicted based on sequence comparison273,274, and subsequently demonstrated
with monomeric structures of the fT3SS ATPase FliI (PDB: 2DPY275) and the enteropathogenic
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E. coli (EPEC) vT3SS ATPase EscN (2OBL, 2OBM)276. Further evolutionary similarities were
found in soluble accessory components of the F1/V1- ATPases, with sequence and structural
homology demonstrated for the peripheral277,278 and central279–283 stalks. Accessory subunits
form the foundation of ATPase function: the central stalk acts as a rotor and couples the F1/V1
and Fo/Vo complexes, while the peripheral stalks act as stators to prevent rotation of the catalytic
subunits. The evolutionary relationship and conserved elements of this core complex raise the
intriguing possibility that T3S may utilize a related torque-generating motor in bacterial
secretion.
The injectisome is a highly complex nanomachine that secretes specific bacterial effector
proteins directly into the cytoplasm of infected host cells, a process which allows subsequent
subversion of cell signalling to the pathogen’s advantage. The injectisome is essential to the
virulence of a broad range of pathogens, including EPEC/EHEC, Salmonella, Shigella,
Pseudomonas, Yersinia, Chlamydia, and Bordetella: causative agents of food poisoning,
dysentery, nosocomial infections, plague, sexually transmitted infections, and whooping cough.
Although the T3S-delivered effectors vary amongst the different pathogens, the secretion
apparatus itself is well conserved and thus of interest as a multivalent target of anti-virulence
therapeutics and vaccines.
The injectisome must overcome the significant hurdles of passaging effectors through the
inner and outer membranes of the Gram-negative envelope, the intervening cell-wall
peptidoglycan mesh, the extracellular space (~90 nm in EPEC), and the host cell membrane. The
major structural scaffold of the injectisome is the basal body, comprising concentric, highlyoligomerized membrane-spanning protein rings that pass through the Gram-negative envelope.
The attached extracellular needle terminates with a translocon pore-forming complex that
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punctures the host cell membrane, creating a continuous channel from pathogen to host. This
assembly results in the characteristic syringe-like appearance, with a wide cylindrical body
adjoining a hollow needle of ~20 Å inner diameter through which effector proteins can pass in a
semi-folded state (for a T3SS review, see Deng et al.284). Substrate selection occurs in the
cytoplasm and inner membrane, mediated by the export gate sub-complex (EscRSTUV in EPEC,
and FliPQR, FlhB, FlhA in flagella) and the cytoplasmic ATPase complex (ATPase EscN,
peripheral stalk EscL, and central stalk EscO; flagellar FliI, FliH and FliJ respectively).
Together, these components must presumably work to select, prepare, and secrete effector
proteins though the injectisome.
The T3SS has co-opted an early ancestor of F1/V1- ATPases for its distinct, customized
action. The energy for secretion was historically proposed to solely derive from the T3S
ATPase285, but was subsequently shown in fT3S to depend on proton motif force (PMF)286,287,
mediated in part by the partnering export gate component FlhA (homologue of EPEC
EscV)288,289. The ATPase has been proposed to specifically enhance PMF-induced secretion
efficiency289, as well as to play a role in effector targeting, release from chaperones, and
unfolding prior to secretion290–293. Most T3S effectors rely on protective chaperones to deliver
them in a partially-unfolded state to the cytosolic complex294 and it has been demonstrated that
the vT3SS ATPase can dissociate T3S effector cargo from its cognate chaperone291–293. It is
hypothesized that the partially-unfolded effector (including structural elements as large as single
helices295) is subsequently passaged into the adjacent export gate protein pore (EscV in EPEC)
and funnelled into the hollow T3SS needle for secretion.
Although predicted to function as a hexamer by analogy to the rotary ATPases, all structures
to date of T3SS ATPase orthologues275,276,278,296–298 have been monomeric, resulting in a poor
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understanding of the precise atomic details of oligomerization and cooperative catalytic function
in these homohexameric variants. Similarly, little is known about the ATPase-central stalk
interaction and how that relates to its role in T3S. To address these questions, we have
determined here the cryo-EM structure of a homohexameric T3S ATPase EscN in complex with
its central stalk protein EscO. The 3.3 Å resolution is sufficient to trace conformational
differences, model amino acid sidechains, and observe bound ligands and metal ions.
Remarkably, EscN’s asymmetric hexamer reveals similarity to the rotary ATPases that extends
beyond the monomer, despite not sharing their heterohexameric construction. The different
catalytic states observed in its active sites and relative disposition of the central stalk are in close
agreement with previous structures of various assembled F1 and V1 heterohexameric ATPases,
showing conservation of the necessary conformational elements required for a rotary ATPase
mechanism. This resulting structural evidence for EscN/EscO torque generation brings us closer
to unravelling the mechanism of ATPase action in T3S substrate selection and energetics.

4.2 Methods
4.2.1 Expression and purfication of EscN29-446 and EscO1-125
The genes for EscN and EscO were cloned from EPEC genomic DNA (Escherichia coli
O127:H6 E2348/69)299 into individual pET28a vectors, each with a thrombin-cleavable Nterminal 6His tag. The first 28 residues were omitted from EscN, as this improved expression
and stability; EscO was expressed as a full-length protein. The vectors pET28EscN-6NHis and
pET28EscO-6NHis were transformed separately into E. coli BL21 (λDE3, Sigma) and expressed in
2L and 0.5L ZYP-5052 auto-induction media respectively (grown at 37 °C for 3.5 hours
followed by 22 °C for 16 hours). Cells were harvested by centrifugation at 6,200 ×g for 20
minutes, yielding approximately 25g pET28EscN-6NHis-transformed cells and 7g pET28EscO-6NHis-
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transformed cells. Pellets were resuspended in lysis buffer (20 mM HEPES pH 7.5, 500 mM
NaCl, 5% glycerol, 0.5 mM TCEP-HCl, 15 mM imidazole, EDTA-free protease inhibitor tablet
(Roche)) at a ratio of 4 mL buffer to 1 g cell pellet. The cells were lysed by two passes through
an EmulsiFlex-C5 homogenizer (Avestin), and insoluble material from the lysate was removed
by centrifugation at 40,000 ×g for 30 minutes. The lysate was filtered and passed over a 5mL
HisTrap HP (GE Healthcare) in the case of EscN, and over a 1mL HisTrap HP (GE Healthcare)
for EscO. The columns were washed with 20 CV of 50 mM imidazole wash buffer (20 mM
HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 0.5 mM TCEP-HCl, 50 mM imidazole), followed
by 5 CV of 75 mM imidazole wash buffer and 5 CV 100 mM imidazole wash buffer; protein was
eluted in 300 mM imidazole buffer. To remove the His-tag, the proteins were desalted into
EscN-EscO buffer (20 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 0.5 mM TCEP-HCl)
and incubated with bovine alpha-thrombin (Haematologic Technologies Incorporated) at 4 °C
overnight at a molar ratio of 1:1000. Imidazole stock was added to the proteins to a final
concentration of 15 mM, and the proteins were passed once more over a HisTrap HP (GE
Healthcare) column to remove any uncleaved sample. The proteins were once again desalted into
EscN-EscO buffer using a PD-10 desalting column (GE Healthcare), and concentrated with
Amicon Ultra centrifugal filters (EMD Millipore) to a final concentration of ~25 mg/mL for
EscN29-446 and ~5 mg/mL for EscO1-125. Mutants of EscN29-446 and EscO1-125 were made using the
QuikChange mutagenesis kit (Strategene), and purified using the same protocol.
4.2.2 Glycerol gradient centrifugation of EscN-EscO complex
EscN29-446 and EscO1-125 were incubated together at 4 °C for a minimum of 8 hours at 5.0
mg/mL and 0.8 mg/mL respectively (1:2 molar ratio EscO:EscN, 3-fold excess EscO from the
expected 1:6 stoichiometry) in EscN-EscO buffer containing aluminium fluoride ATP hydrolysis
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transition state analogue (EscN-EscO-ADP-AlF3: 20 mM HEPES pH 7.5, 500 mM NaCl, 5%
glycerol, 0.5 mM TCEP-HCl, 1 mM ADP, 3 mM MgCl2, 6.25 mM KF, 1.25 mM AlCl3). A 1025% glycerol gradient was made with EscN-EscO-ADP-AlF3 buffer using a Gradient Station
(BioComp Instruments), and allowed to cool for 30 minutes at 4 °C. The EscN-EscO mixture
(200µL) was added to the top of the gradient and centrifuged at 367,600 ×g at 4 °C for 5 hours in
a SW 55 Ti rotor (Beckman Coulter). The gradient was fractionated into 14 fractions using the
Piston Gradient Fractionator (BioComp Instruments), and protein was visualized with the Triax
UV detector (BioComp Instruments) and by SDS-PAGE. Fractions containing the assembled
protein complex (approximately halfway down the gradient) were combined and desalted into
cryo-EM buffer (20 mM HEPES pH 7.5, 500 mM NaCl, 2% glycerol, 0.5 mM TCEP-HCl). The
desalted protein complex was concentrated to ~2 mg/mL in Amicon Ultra centrifugal filters
(EMD Millipore).
For analytical gradient centrifugation runs, the same protocol was used but with EscN at 2.0
mg/mL, and EscO at 0.7 mg/mL.
4.2.3 Cryo-EM reconstruction of the EscN-EscO complex
Aliquots of 3 μl sample of the EscN-EscO complex were applied to glow-discharged (60s on
carbon side) Quantifoil grids (Copper, 300 mesh, R1.2/1.3). The grids were blotted for 3 s at
100% humidity and plunge-frozen into liquid ethane using a Vitrobot Mark IV. Grids were
imaged on a 300 kV Titan Krios cryo-electron microscope equipped with Gatan K2 Summit
direct electron detector. Images were taken on the K2 camera in dose-fractionation mode at a
calibrated magnification of 49020, corresponding to 1.02 Å per physical pixel (0.51 Å per superresolution pixel). The dose rate on the specimen was set to be 9.61 electrons per Å2 per s and
total exposure time was 6 s, resulting in a total dose of 57.67 electrons per Å2. With dose
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fractionation set at 0.2 s per frame, each movie series contained 30 frames and each frame
received a dose of 1.92 electrons per Å2. Fully automated data collection was carried out using
SerialEM with a nominal defocus range set from −1.2 to −2.5 μm300.
A total of 2645 movies were collected at super resolution (0.51 Å/pixel). Initial processing
was carried out in Relion3 301 using MotionCor2 302 to bin (1.02 Å per pixel after binning) and
align the 30 frames, and sum to a single micrograph with dose filtering; and CTFFIND4 to
determine the contrast transfer functions303. Using Relion3, ~600,000 particles were
automatically picked, reference-free 2D classification was performed and ~198,000 particles
were kept in the good class averages. An ab-initio model was generated in cryoSPARC v2304.
Relion3 was used for 3D classification without imposing any symmetry, which generated one
good 3D map out of four with ~110,000 particles. Within this good class, a second round of 3D
classification was done in Relion3 that generated two distinct classes (class 1 with ~58,000
particles and 2 with ~55,000). 3D auto-refinements for classes 1 and 2 were subsequently done
in Relion3 followed by CTF refinement and Bayesian Polishing305. Semi-automated postprocessing of the refined maps, including automated soft masking, modulation transfer function
and B-factor sharpening, were performed in Relion3 and yielded the final maps. Fourier Shell
Correlation at a criteria of 0.143 reported a 3.34 Å resolution for class 1 map and a 3.29 Å
resolution for class 2 map,, both using gold-standard refinement procedures and high-resolution
noise substitution to correct soft-mask effects306.
4.2.4 Model-building into cryo-EM maps
To build EscN29-446 into the class 1 reconstruction (3.34 Å resolution), an initial model based
on the crystal structure of EscN103-446 (2OBM)276 was used in combination with a Phyre2307
homology model of the N-terminal domain (residues 29-102) from flagellar homologue FliI

89

(5B0O)278. These models were first rigid-body fit into the map using Chimera308, then refined
with phenix.real_space_refine309. Iterations of manual refinement using Coot310 were followed
by runs of phenix.real_space_refine and phenix.refine. Ligands were fit into the active sites and
key interactions were linked using phenix.link_edits.
The model of EscN29-446 from the class 1 map was then refined into the class 2 map (3.29 Å
resolution, with density of ~60 residues from EscO1-125) using phenix.real_space_refine. Two
poly-alanine helices were then fit into the density of EscO using Coot, with their directionalities
clearly visible based on the orientation of residue Cβs. The side chain density, especially for the
regions extending into the EscN hexamer, was of sufficient quality to allow confident sequence
assignment for residues 0 (remaining post cleavage affinity tag residue ordered) - 30 on helix 1
and 92 - 122 on helix 2.
Structural figures were made using PyMOL311 and Chimera308, and the ABPS plugin312 for
electrostatic surface representation.
4.2.5 EnzChek ATPase activity assays
Steady-state EscN ATPase activity was assayed using the EnzChek phosphate assay kit
(Thermo Scientific). EscN29-446 and EscO1-125 (and mutants thereof) were incubated overnight in
EscN-EscO buffer at a 1:1 molar ratio (25 µM each) at 4 °C to induce complex formation. The
EscN-EscO incubation was performed in the presence of ADP-AlF3 (1 mM ADP, 3 mM MgCl2,
6.25 mM KF, 1.25 mM ALCl3) to improve EscN29-446 hexamerization unless otherwise specified;
due to the inhibitory nature of ADP-AlF3 combined with its requirement for complex
stabilization, it was diluted out of the enzyme mixture immediately prior to the beginning of the
assay (50× diluted in the final reaction mixture). All assays were performed at 37 °C at 3 mM
ATP with 500 nM EscN (following EnzChek protocol), in 24 µL reactions in 384 well plates
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(Corning 3540), using a Synergy H4 Microplate Reader (BioTek Instruments). Absorption reads
at 360 nm were taken at 10 second intervals, and a linear portion over a one minute timespan was
used to calculate relative steady-state reaction rate.

4.3 Results
4.3.1 Cryo-EM analysis of the EscN-EscO complex
Various constructs of EPEC EscN were screened for expression and purification, with the aim
of isolating a stable oligomer for structural characterization. The most stable construct, EscN29446

, was predominantly monomeric but readily formed oligomers in the presence of the transition

state analogue Mg2+ADP-AlF3, according to size exclusion chromatography, glycerol gradient
centrifugation, and negative stain EM (Figure C.1). The catalytic activity of monomeric EscN
was barely detectable at the 500 nM enzyme concentration used in our assay; however, preincubation with Mg2+ADP-AlF3 (but omission from the reaction) resulted in a substantial
increase in enzymatic activity, supporting the formation of functional oligomers (Figure C.2a–b).
Full-length EPEC EscO was purified separately and found to further enhance EscN
oligomerization and ATPase activity (Figure C.2). Studies have shown the V-ATPase central
stalk protects A3B3 heterohexamers against ATP-induced dissociation313 and the fT3SS
orthologue stabilizes the FliI ATPase complex279. Thus, the increased activity observed here may
be due to similar stabilization of the EscN homohexamer. To isolate the complex, EscO was
incubated in stoichiometric excess with EscN in the presence of Mg2+ADP-AlF3, with both cosedimenting in a glycerol gradient. The complex formed visible rings (~10 nm diameter) in
negative-stain TEM and cryo-EM (Figure C.1c, Figure C.3a).
The EscN-EscO complex was subjected to single-particle cryo-EM, with 3D classification
resulting in two primary classes that refined to high resolution (Figure C.3). Class 1 (58,066

91

particles, 3.34 Å) reveals a homohexameric EscN pore lacking visible EscO density (Figure
4.1a–b, Figure C.3c–f), while class 2 (55,259 particles, 3.29 Å) looks similar but with additional
α-helical density for approximately half of a single EscO molecule resolved (Figure 4.1d–e,
Figure C.3h–l, Figure C.4). Six copies of EscN were modelled into the class 1 reconstruction
(EscN alone) guided by prior crystal structures of monomeric EscN and flagellar homologue FliI
(PDBs 2OBM and 5B0O276,278 Figure 4.2b). For clarity, we refer to the six chains of EscN as NA
through NF. The final refined model spans residues 35-446 for all chains, excepting unresolved
loop 323-329 on chain NF (Figure 4.2a, c). The EscN model remained similar when refined into
the class 2 map (Cα RMSD of ~0.5 Å over 2130 residues), with unfilled density from two
associated anti-parallel helices attributed to EscO. The quality of the side chain density was
sufficient for sequence assignment of EscO residues 0 (from affinity tag) to 30 and 91 to 122 out
of a total of 125 residues (Figure 4.1e, Figure C.3i). The assigned EscO register fits well in the
observed side chain densities (EMRinger314 score for the EscO coordinates alone of 2.55), and
agrees with prior experimental data280. In four of the six EscN inter-subunit active sites, the
Mg2+ADP-AlF3 transition state analogue was clearly visible (Figure 4.1c, 4.2c); the resolution
was insufficient to differentiate between AlF3 and AlF4, so AlF3 was used as the more abundant
species at pH 7.5315. The final overall models fit well to the EM data (with EMRinger scores of
3.5 and 3.4 for class 1 and 2) and good stereochemical indicators (Table 1).
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Table 4.1: EscN-EscO cryo-EM data collection, refinement and validation statistics

Data collection and processing
Magnification
Voltage (kV)
Total dose (e–/Å2)
Dose per frame (e–/Å2)
Defocus range (μm)
Pixel size (super resolution) (Å)
Symmetry imposed
Initial number of particles
Final number of particles
Map resolution (Å)
FSC threshold
Refinement
Initial model used (PDB code)
Model resolution (Å)
FSC threshold
Map sharpening B factor (Å2)
Model composition
Non-hydrogen atoms
Protein residues
Ligands
B factors (Å2)
Protein
Ligand
R.m.s. deviations
Bond lengths (Å)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

Class 1
(EMDB-9390)
(PDB 6NJO)

Class 2
(EMDB-9391)
(PDB 6NJP)

49020
300
57.67
1.92
-1.2 to -2.5
1.02
C1
376000
58000
3.34
0.143

49020
300
57.67
1.92
-1.2 to -2.5
1.02
C1
376000
55000
3.29
0.143

2OBM, 5B0O
3.34
0.143
-98.5

3.29
0.143
-80.3

19090
18942
128

19606
19458
128

55.8
24.3

55.3
26.8

0.0100
1.45

0.0089
1.40

1.78
5.91
0.49

1.77
6.23
0.67

92.90
7.10
0.00

93.55
6.45
0.00
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Figure 4.1: Cryo-EM density and resolution. Cryo-EM maps, coloured by subunit, of the (a)
class one reconstruction comprising the EscN hexamer (without visible EscO density) at 3.34 Å
resolution, and of the (d) class two reconstruction of the EscN-EscO complex at 3.29 Å
resolution. Representative density is shown for (b) class one (EscN chain C residues 238–258
and 290–311) contoured at 6  and (e) class two (EscO residues 1–19 and 103–122) contoured at
4 . (c) Sample density of the class two catalytic site ligands ADP, AlF3 (grey and cyan), and
Mg2+ (green), contoured at 4 . Ligand coordination is represented with dotted lines, while the
curved lines demarcate the reaction mechanism.

4.3.2 EscN forms an asymmetric oligomer conserved with F1/V1-ATPases
Each EscN monomer displays three sub-domains: the N-terminal oligomerization domain
(residues 1-102), a cluster of curved β-sheets; the ATPase domain (103-372), made up of a
central Rossmann fold with seven parallel β-strands flanked by four α-helices on one side and
three on the other; and the C-terminal domain (373-446), made up of four helices lining the
central pore (Figure 4.2a). Comparison to the monomeric EscN103-446 crystal structure lacking the
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N-terminal domain276 reveals the most prominent structural difference at the conserved Cterminal domain, where the helices are kinked away from the ATPase domain (Figure 4.2b). This
difference likely stems from the helix-interrupting Val393Pro mutation, a screened functional
mutant316 required for crystallization in the earlier study.

Figure 4.2: EscN structure. (a) Cartoon representation of the EscN chain D monomer from the
class one cryo-EM model, shown from two views and coloured with -helices in blue, -sheets
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in teal, and loops in grey. b) Overlay of EscN chain D (blue) with EscN103-446 crystal structure
(pink, PDB 2OBM) and homology model from FliI (PDB 5B0O) N-terminal domain (green),
highlighting a highly similar structure save for differences in the C-terminal domain due to the
Val393Pro mutation in 2OBM (shown in orange). (c) Overview of hexameric EscN class one
model from top and side views, with modelled ADP (orange), Mg2+ (green), and aluminium
fluoride (grey and cyan) shown as spheres.

The EscN hexameric structure shows marked asymmetry, with a prominent cleft between
chains NA and NF (Figure 4.2c, 4.3a). This hexameric arrangement has not been captured in the
previous crystal structures275,276,278,296–298, nor accurately predicted from subsequent
modelling275,276,278,296,297. Comparison to published catalytic heterohexamers of the F1- and V1ATPases reveals a remarkable degree of conservation in asymmetric subunit orientation (Figure
C.5), despite their composition of alternating catalytic () and inert () subunits.
Superposition of the EscN hexamer with the bovine F1-ATPase bound to transition state
analogue ADP-AlF3 (PDB 1E1R315; ~28 % sequence identity with F1, NB Cα RMSD ~1.5 Å
over 314 residues) or the E. hirae V1-ATPase in complex with AMP-PNP (PDB 3VR6317; ~26 %
sequence identity with V1A, NB Cα RMSD ~1.3 Å over 311 residues) highlights the conserved
variation in inter-subunit packing from open to tightly bound (Figure C.5). The functional
significance of EscN’s asymmetry is discussed below.
To probe where the key asymmetry-inducing conformational changes occur, careful
comparison of each EscN subunit was undertaken. The N-terminal domain is largely static
between subunits (Figure C.6, Figure C.7b), with approximate C6 symmetry around the pore axis
(Figure C.7a). Aligning each EscN chain by the N-terminal domain highlights a key pivot point
between the N- and ATPase domains, with the ATPase and C-terminal domains essentially
moving as a rigid body from subunit to subunit (Figure C.6, Figure C.7b). Subunit NF, the most
dynamic monomer with the least resolved density, is tilted back nearly 30 degrees relative to the
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most inward angled subunit ND, indicating impressive motion at this pivot point (Figure C.6a,
Figure C.7b).
4.3.3 The EscO coiled coil interacts at the EscN C-terminal domain
EscO is the proposed EPEC homologue of the fT3SS central stalk protein FliJ280, which in
turn is homologous to the central stalk proteins of the rotary ATPases279,280,283. Consistently, the
resolved region here (EscO residues 1-30 and 92-122) forms a coiled coil similar in nature to the
coiled coil region of the F1-ATPase γ-subunit (1E1R)315 and the V1-ATPase D subunit
(3VR6)317, as well as to the isolated structures of T3SS central stalks FliJ (3AJW)279, CdsO
(3K29)281, and YscO (4MH6)282; the typical coiled coil amphipathic side-chain packing is
evident and supports our EscO structural model (Figure 4.3d, Figure C.4). Extending the
structural and functional similarity to the rotary ATPases, both the N- and C-termini of the EscO
coiled coil are observed to penetrate the EscN C-terminal pore opening (Figure 4.3c, Figure C.4).
In contrast to the F1- and V1- ATPase complexes where the central stalk subunit extends ~70 Å
into the catalytic core, EscO only penetrates ~30 Å, preventing interaction with all but the Cterminal domains (Figure 4.3c). Previous studies on F1-ATPase stalks have shown that truncation
of the N-terminal 50 residues318 or C-terminal 36 residues319 in the γ-subunit from thermophilic
Bacillus only resulted in an approximate 50 % decrease in torque generation. A 36-residue Cterminal γ-subunit truncation brings the end of the F1 rotor a similar distance into the pore as
EscO, suggesting that while the increased pore entry distance by the central stalk improves
torque, it is not essential for function. Isolated structures of other T3SS EscO homologues have a
C-terminal helix more similar in length to the F1- and V1- ATPase components, making EscO an
outlier (Figure C.4). Counterintuitively, two studies
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Figure 4.3: Overview of EscN-EscO complex. (a) Sphere-representation of the EscN-EscO
complex (class 2), coloured by subunit and shown from an angled view and side view to
highlight the cleft (located between the light and dark green subunits). The EscO stalk (orange)
tilts towards the cleft. (b) Top-view of EscN-EscO complex, with negatively-charged glutamates
shown in red lining the pore, compared with the APBS-calculated electrostatic surface
demonstrating the complementary charges of EscN (red, white, blue) and EscO (pink, white,
light blue). (c) Stick depiction of EscO insertion into the EscN pore, where it penetrates ~ 30 Å;
the F1 γ subunit (PDB 1H8E) is overlaid in white, demonstrating its longer ~70 Å extension into
the F1 ATPase pore. EscN Glu401 lining the pore is represented as yellow spheres. (d) EscO
coloured by hydrophobicity, with hydrophobic residues coloured yellow and hydrophilic
residues coloured teal; hydrophobic residues line the coiled coil interface, characteristic of this
motif.
have demonstrated that the Salmonella EscO homologue InvI can be tagged with an N-terminal
fluorescent protein (GFP) without impacting secretion320,321. Given the proximity of the EscO Nterminus to the EscN hexamer cleft opening, it is plausible that the fluorescent tag (even with a
relatively short linker) could reside outside of the hexamer pore where it would not impede
function. Alternatively, a C-terminally GFP-tagged construct of the V-ATPase central stalk
homologue Vma8p was shown to be incorporated into functional V-ATPase complexes,
suggesting that GFP can be accommodated within the central cavity without disrupting
function322.
The EscN-EscO complex structure is sufficiently resolved to characterize the binding
interface between stalk and ATPase. The two resolved helices of EscO are bound in a semicircle
formed by the same EscN helix-loop region (residues Leu395–Glu401) from chains NA through
NE, which congregate along one half of the pore due to EscN’s tilt; this region in chain NF, the
most loosely packed chain, is directly opposite the bound EscO and poorly ordered (Figure 4.3b,
Figure C.8a–b). EscN creates a cradle of negative charge provided predominantly by clustered
Glu401 from chains NA through NE (conserved in injectisome orthologues (Figure C.9) and
structurally conserved with the F1 β-subunit DELSEED motif), situated on the apex of the pore-
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proximal loop (Figure 4.3b). In our model, EscO presents many electropositively-charged lysines
and arginines near the EscN pore entrance; specifically, Glu401 in chains A-C are positioned to
interact directly with EscO Lys110 and Lys114 (Figure 4.4b, Figure C.8c). In support, mutations
of either EscN Glu401 to alanine or simultaneously mutated EscO Lys110 and Lys114 to
glutamate abrogated the ability of EscO to form a stable complex with EscN as measured by cosedimentation during glycerol gradient centrifugation (Figure C.2c–e). The EscO double lysine
mutant resulted in a ~50 % decrease in catalytic rate, nearing that of EscN without EscO (Figure
C.2a–b). Interestingly, Glu401Ala negatively affected the EscN ATPase rate both in the presence
and absence of EscO, suggesting a cooperative role of the C-terminal domain (discussed below).
In contrast, simultaneous mutation of conserved EscO Arg12 and Arg15 to glutamates (which
interact with Glu401 on chain E, Figure 4.4b) had no significant effect on either complex
formation or catalytic activity compared to wild-type EscN-EscO (Figure C.2a–b,d–e), indicating
that their position is less important for the EscO-EscN interaction and function. In addition to
these electrostatic interactions, conserved residues Leu396 and Ile399 (Figure C.9) contribute to
a hydrophobic collar below the Glu401 ring. These residues form close interactions with
hydrophobic residues on EscO (Figure C.8d), and may have a similar rotation-facilitating role as
in F1-ATPases, where the homologous region was termed a molecular bearing323.
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Figure 4.4: Characterized EscN/EscO mutants. Side-chain views of previously studied EscN
mutants (shown in orange) mapped to the model, as well as EscN mutants (grey) and EscO
mutants (yellow) characterized in this paper. The central view of the T and T’ interface provides
context for the location of each site, with detailed stick views denoting sidechain locations in the
(a) chaperone binding site (b) EscN-EscO interaction interface, (c) active site, and (d)
hydrophobic oligomerization interface.

4.3.4 Active site architecture and implications for catalysis
The resolution of our EscN reconstructions has permitted detailed modelling of the active
sites, including bound substrates and conserved active site waters (Figure 4.1c, 4.4c–d, Figure
C.10) that reveal strong parallels with the F1- and V1- ATPase active site architectures. The EscN
active site location at the subunit interface and key motifs are conserved with the latter, including
the P-loop (residues 179-185), catalytic glutamate (Glu206), and arginine finger (Arg366)
(Figure 4.4c, Figure C.9). Clear density is observed for the transition state analogue Mg2+ADPAlF3 in four of the six active sites, with the most detailed density observed for the chain NB
active site at the interface with chain NA. EscN’s ADP nucleotide is stabilized in the binding
pocket by an aromatic stacking interaction with Phe355 (conserved in F1-ATPases (bovine
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βTyr345)315 and V1-ATPases (E. hirae αPhe425))317, which accesses the site through a turn
flanked by conserved His354 and Pro356. However, EscN lacks a large loop found in F1ATPases (bovine β419-427) and a similarly placed bulky phenylalanine in V1-ATPases (E. hirae
αPhe506) that stabilize the nucleotide ribose moiety. A looser nucleotide interface could
contribute to EscN’s observed nucleotide-dependent oligomerization, and may relate to the
recycling of the T3S ATPase complex, which has been shown to be in dynamic exchange
between a membrane associated hexameric assembly and a cytoplasmic hetero-trimeric complex
with the peripheral stalk component324. The P-loop stabilizes the α- and β-phosphates; multiple
backbone amides point towards the β-phosphate, with conserved Gly182 facilitating the required
tight loop conformation. Further, the planar AlF3 aligns well with the position of the γ-phosphate
(or analogues) in several bovine F1 βTP sites (PDB 1E1R315, 1H8E325) and in the E. hirae V1ATPase (3VR6) (Figure 4.5c–d). Coordination is by three conserved, electropositive residues
with similar conformations amongst homologues: Lys183 from the P-loop, Arg207, and the
arginine finger Arg366 from the preceding chain, essential for oligomerization (Figure 4.5c–d).
The catalytic magnesium ion is coordinated by the side chain hydroxyl of Ser184 (homologous
to the conserved P-loop threonine in F1 and V1-ATPases), one fluoride from AlF3, and one βphosphate oxygen. In ATP synthase, the remaining hexadentate coordination comes from three
water molecules; variable B-factor sharpening here reveals additional density peaks around the
magnesium ion, consistent with the coordinating waters that we have modelled (Figure 4.5c–d,
Figure C.10), see below. Density for more active site waters is also observed at positions
conserved with the F1 active site, notably the key water bridging the catalytic Glu206 and the
AlF3 (Figure 4.5c–d, Figure C.10). Our data is in keeping with the classic catalytic ATPase
mechanism, where Glu206 activates the catalytic water for nucleophilic attack on the ATP γ-

102

phosphate, while the Mg2+ and γ-phosphate-coordinating residues (Lys183, Arg207, and
Arg366) draw electron density from the phosphorous atom to render it a more attractive
electrophile (Figure 4.1c).
The assembled EscN-EscO structure determined here allows atomic level understanding of its
similarities to and customized differences with the F1/V1-ATPases. Foremost, the different
conformational states at each EscN active site mirror what has been observed in EscN’s rotary
relatives. Although EscN’s homohexameric complex distinguishes it from the alternating
inactive (α/B) and active (β/A) subunits of F1 and V1, clear conformational parallels are present.
Historically, the three catalytic states in F1 are termed the empty state (βE), the ATP bound state
(βTP) and the ADP bound state (βDP) based on the first structure with identifiable bound
substrates323. V1 has analogous sites, described as wide-open (AW) and narrowly closed (AN and
AN’)326. The empty site (βE or AW) allows nucleotide exchange and transitions to the first
nucleotide-bound site upon ATP binding (βTP or AN), where the inter-subunit distance is tighter
and the C-terminal domain (lever domain) moves from open to closed327. From there, the
subunits show subtle active site repositioning as they shift to the proceeding βDP or AN’ state,
thought to reflect the ATP hydrolysis-competent conformation317,328. The cycling between these
sites has been shown to generate torque in F1 and V1-ATPases.
We observe a series of conformational changes between EscN’s subunits and active sites
consistent with the observed catalytic states of F1/V1-ATPases (Figure C.7c–d). Based on the
EscN active site features and supported by similarities to the F1/V1-ATPase active sites discussed
below, we will refer to the active site states as E (empty; equivalent to the F1 βE and V1 AW
states), E’ (F1 αTP, V1 BN), T (analogous to ATP bound state; F1 βTP, V1 AN), T’ (F1 αDP, V1 BN’),
D (analogous to ADP bound state; F1 βDP, V1 AN’) and D’ (F1 αE, V1 BW) (Figure 4.5a). The
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EscN E state subunit is tilted furthest back from the pore and is the least well resolved,
superposing with the F1 βE and V1 AW states (2.3 Å and 1.5 Å Cα RMSD respectively; Figure
C.7c–d) and displaying no clear density for bound substrates. Moving clockwise, the EscN E’
active site is positioned at the solvent-exposed cleft and is unoccupied by substrate,
corresponding to the inactive F1 αTP and V1 BN sites (between the catalytically active empty and
nucleotide-bound states). The E’ state subunit conformation and active site accessibility is well
placed for ATP binding, which would trigger the associated conformational changes. The
subsequent four EscN sites show the tightest subunit interfaces, with prominent densities for
ADP, Mg2+, and AlF3 (Figure 4.5a); we propose these sites represent the progression from ATP
binding, through hydrolysis, and eventually to the ADP-bound state. The interface area at each
site gradually increases from the T site through the D’ site, indicating a gradual tightening
through the catalytic cycle. In both the F1 and V1 structures, the transitions from the βTP/AN to
βDP/AN’ states are characterized by a tighter subunit interface and accompanying shift of the
catalytically critical arginine finger located on the neighbouring subunit; this arginine is thought
to be involved in stabilizing the transiently formed penta-coordinated state of the γ-phosphate329.
Comparison of the EscN active sites with bound substrates reveals a similar pattern, with the
distance between Arg366 guanidinium carbon and the aluminium atom of AlF3 decreasing by
~0.5 Å between the T and D active sites (Figure 4.5b). At this resolution, we observe the active
site Mg2+ to have pentadentate coordination with two water molecule ligands compared to the
more typical hexadentate coordination that is observed in the F1 and V1 structures; this is
consistent with the only published T3SS ATPase with a defined active site Mg2+ coordination (S.
flexneri Spa4784-430 PDB 5YBI298). In EscN’s T site, the Mg2+ coordination shows clear trigonal
bipyramidal geometry, with the water positions incrementally shifting to
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Figure 4.5: EscN catalysis. (a) Top-view of EscN homohexamer without EscO compared to F1
(1E1R) and V1 (3VR6) heterohexamers, with subunit names labelled along the periphery;
nucleotides are shown as orange spheres. (b) Comparison of the EscN inter-site distances for all
four nucleotide bound sites, with C distances between Ser184 and Arg366 progressively
decreasing from 11.9, 11.2, 11.1, and 10.8 Å through sites T to D’. Overlay of EscN (subunits
coloured as in (A)), F1-ATPase (coloured tan, 1E1R), and V1-ATPase (coloured brown, 3VR6) (c) T,
βTP, and AN sites and (d) D, βDP, and AN’ sites, demonstrating the similarities in side chain
residues and water positions. Blue density is carved around Mg2+ and waters from a class 2 map
(B-factor sharpened by a factor of -150 and contoured at 10 ), showing the broad density that
encompasses the coordinating waters. (e) Possible rotational catalysis mechanism of EscN and
EscO, with the central arrow representing the direction of EscO’s tilt.

adopt a square pyramidal geometry in the D site (Figure C.10). Combining these details, we
hypothesize that the T site (Figure 4.5c), having the loosest interface, houses freshly-bound ATP;
the D site (Figure 4.5d), showing the most similarity to the βDP/AN’ sites, represents the catalytic
conformation328. Sites T’ and D’, unique to homohexameric rotary ATPases, represent
accordingly the intermediate transitions between binding, hydrolysis, and ADP and/or phosphate
release (Figure 4.5e).

4.4 Discussion
The structure of the EscN homohexamer in complex with substrate analogue and inner stalk
EscO represents a significant advance over previously available structures of monomeric
orthologues275,276,278,296–298, which lacked the varied conformational states observed here and the
interface with the inner stalk. The remarkable conservation of sequential active site states from
F1/V1-ATPase heterohexamers provides direct atomic evidence of a related torque-generating
catalytic cycle. A role for rotation of the fT3SS central stalk FliJ in flagellar assembly has been
previously hypothesized but not directly shown, and remained a conundrum given the
homohexameric nature. The vT3SS EscO stalk characterized here has been shown to

106

complement the fT3SS homologue FliJ in vivo, upregulaing ATPase activity of the fT3SS FliI
and partially rescuing motility of a fliJ deletion mutant280. FliJ, in turn, has been shown to bind
and upregulate a V1-ATPase catalytic A3B3 heterohexamer, and can be rotated in an imperfect
manner (likely a result of its lower affinity binding)283. We propose that the EscN-EscO atomic
structures presented here are therefore generally representative of the flagellar and virulence T3S
ATPase variants, and directly support a role of torque generation and subsequent rotation of the
central stalk in the process of T3SS.
In the F1- and V1- ATPases, the C-terminal helical lever domain is important for torque
generation. ATP binding, hydrolysis, and release serve to induce conformational changes within
this domain that provide the force to rotate the central stalk327, with hydrolysis of three ATP
molecules resulting in one full rotation. The structure presented here shows that EscN can adopt
similar C-terminal domain conformations; the lever is closed in nucleotide-bound sites T through
D’, and open in nucleotide-free sites E and E’. Large-scale conformational changes occur upon
nucleotide binding (E’ to T; closing toward the pore) and release (D’ to E; opening away from
the pore), fuelled by movement between EscN’s N-terminal and ATPase domains (Figure C.6a,
8b). These alternating conformations create a rippling dynamic as the subunits undulate in and
out during ATP hydrolysis. By analogy to the F1/V1-ATPases, this could be translated into torque
on the EscO stalk delivered by the C-terminal helical domain. As EscN’s subunits are pushed
towards and away from the pore during a rotary cycle, the electronegative pockets we observe
formed by successive Glu401s would circle around one half of the pore (Figure 4.3b); residues
along the EscO stalk, particularly Lys110 and Lys114 (the former conserved with vT3SS central
stalks280), likely follow these glutamates via complimentary electrostatics, causing it to rotate
(Figure C.8c). Simultaneously, hydrophobic interactions from the Leu396 and Ile399 molecular
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bearing323 help to secure EscO within the pore while permitting smooth rotation (Figure C.8d).
We hypothesize this interaction efficiently translates the torque from EscN’s conformational
changes into a rotational force on EscO. Our structural data provides the foundation to probe
other customized differences that may be unique to the homohexameric T3SS catalytic cycle
compared to the well-studied F- and V-type ATPases. The presence of six (presumably active)
catalytic sites suggests EscN is less efficient than the latter, requiring hydrolysis of six molecules
of ATP rather than three for a full 360° rotation. Future biophysical experiments will be needed
to clarify how much torque is generated per ATP, and to identify if and where energy is being
lost in this presumably more primitive homohexameric motor.
The precise role(s) played by the ATPase in assembly and function of the T3S injectisome
and flagellum remain poorly understood. At the heart of both nanomachines, the conserved T3SS
export apparatus consists of a membrane embedded export apparatus (EscRSTUV or FliPQR,
FlhB, and FlhA respectively) and the cytoplasmic ATPase complex. T3S requires both ATP
hydrolysis and the movement of protons across the cytoplasmic membrane by the export gate for
efficient secretion290,330. PMF is the prominent energy source, with disruption by the proton
ionophore CCCP inhibiting secretion287. The export gate EscV (flagellar FlhA) is composed of a
nonameric cytoplasmic domain and a structurally uncharacterized transmembrane region
proposed to be a potential proton channel and function as a proton/protein antiporter331. Export
gate FlhA has been shown to be capable of translocating protons and sodium ions331 and supports
secretion even in the absence of the ATPase in certain mutant backgrounds332. The ATPase,
however, improves the efficiency of this process, with interaction of the ATPase complex
required to fully activate the export gate289. These studies point to a PMF-dependent cooperative
mechanism for T3S energetics involving both the export gate and the ATPase complex.
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In keeping, direct interactions between the ATPase complex and export gate have been
documented. Data from both the vT3SS333 and the fT3SS289 suggests the central stalk protein
directly interacts with the major export gate protein EscV/FlhA334, which could draw the
ATPase-central stalk complex within interacting distance of the gate. Specifically, the central
stalk FliJ in complex with ATPase FliI and peripheral stalk FliH interact with FlhA through
conserved Phe72 and Leu76335, while mutants mapping to the same region of P. aeruginosa
central stalk PscO upregulated secretion via a suggested interaction with the export gate PcrD333.
For both, it was hypothesized that the interaction increased the efficiency of substrate secretion
by modulating the efficiency with which the T3SS uses the PMF. The region implicated in the
interaction of the central stalk and export gate is not resolved in our structure, although FliJ
residues Phe72 and Leu76 are conserved in EscO (Tyr51 and Leu55, Figure C.4). Assuming a
continuous coiled coil motif in keeping with the characteristic primary sequence, these residues
would be positioned approximately at the apex of the EscO structure, ideal for interaction with
the export gate. Such an interaction could allow EscO to affect the conformational state of EscV,
or to facilitate passage of substrates from EscN to EscV. Remarkably, recent experiments have
shown that the ATPase is capable of energizing secretion even in the absence of bulk PMF336;
based on this observation, it was proposed that the ATPase complex may itself be involved in the
generation of a local proton gradient that is used by the export gate. Our structure of the EscNEscO complex and its extensive structural homology with the F1/V1- ATPases (which can fuel
outward pumping of protons) supports such a hypothesis. These similarities raise the intriguing
possibility that elements of the export gate might function in a manner similar to the Fo/Vo
components, acting as a channel through which protons are pumped across the inner membrane.
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A further role of the T3S ATPase in substrate targeting and unfolding has been suggested
from prior work. Most T3S effector substrates are localized to the T3S apparatus in a partially
unwound state, a result of complex formation with specialized chaperones294. Studies have
demonstrated that some of these chaperone-effector complexes can both bind to the T3S ATPase
and be dissociated and unfolded in an ATP dependent manner291–293 (typically mediated by the
chaperone whether alone296,337 or in complex with effector337,338, although interaction of the
effector signal-sequence with the ATPase has also been demonstrated339,340). Published
mutations mapping to the EscN C-terminal domain in our structures here have suggested an
important role in substrate recognition276,291,296,341. Specifically, Allison et al. identified mutants
in a conserved region of the C-terminal helical domain of S. Typhimurium SPI-2 T3S ATPase
SsaN that abrogated interaction with the multicargo chaperone SrcA296 (Figure 4.4a, 4.6c). Our
structures of the EscN hexamer and its varying catalytic states provides a potential structural
basis by which ATP hydrolysis induced effector-chaperone dissociation can be achieved. As
discussed above, we observe a significant degree of conformational change in the C-terminal
domain throughout the catalytic cycle detailed by our structure and we propose that these,
especially the transition to the empty (E, E’) states, will disrupt chaperone binding to the effector
and/or ATPase C-terminal domain. In the case of EPEC CesAB-EspA, Chen et al.338 found that
it bound only to oligomerized EscN (with deletion of EscN’s N-terminal oligomerization domain
abrogating the interaction), suggesting some chaperones may selectively bind subunit
conformations only adopted in the assembled state. The function of the central stalk in this is not
clear; interactions of specific chaperones and central stalk homologues have been
demonstrated342,343, and Allison et al. identified the SrcA binding site based on its structural
similarity to the globular portion of the F1-ATPase central stalk γ-subunit296 (absent in the
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coiled-coil structure of EscO and other T3S homologues; Figure C.4). For the studies with
vT3SS ATPase homologues demonstrating chaperone-effector dissociation291–293 the central stalk
component was not included, suggesting the ATP hydrolysis induced conformational changes
alone are sufficient. Stabilization of the hexamer by the central stalk could potentiate this or,
given the proposed role in activation of the export gate discussed above, the central stalk could
facilitate communication between the ATPase and export gate upon effector release (Figure
4.6b). Indeed, some chaperone-effector complexes have been shown to bind both the ATPase
and the export gate including vT3SS CesAB (chaperone)-EspA (EPEC filament)338,344 and fT3SS
FliT (chaperone)-FliD (flagellar filament cap)341,345 suggesting a cooperative role in chaperone
recruitment, targeting and secretion regulation (Figure 4.6). FliT-FliD in particular has been
shown to bind to monomeric fT3SS ATPase FliI in the presence of peripheral stalk FliH, a
complex hypothesized to facilitate escort of the effector to the export gate341. In keeping with
this, a recent study has demonstrated that fT3SS ATPase subunits are in a continual state of
exchange between membrane associated and cytoplasmic complexes324. As discussed above, the
looser inter-subunit active site packing and shallower central stalk binding of the EscN-EscO
complex compared with F/V-ATPases could allow for readier subunit dissociation to facilitate
this exchange. Finally, we note that the structures of both CesAB-EspA and FliT-FliD complexes
have coiled-coil structures with similar characteristics to the central stalk components (PDBs
1XOU346 and 6CH2345, Figure C.4) and it is plausible that some chaperones may interact with the
ATPase in a manner related to the observed EscO interaction here, potentially providing an
additional path for subsequent targeting to the export gate. The latter possibility is intriguing
given the breadth of apparatus and effector substrates requiring passage in the various T3SS
species.
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Figure 4.6: Function of EscN-EscO in the injectisome. (a) Overview of EscN and EscV
location in the context of the T3SS nanomachine (based on in situ tomography of the Salmonella
injectisome, EMDB 8544). (b) Putative binding sites of type III chaperone-substrate complexes,
based on previous studies on SrcA/SsaN and CesA/EspA/EscV. Each binding site brings the
cargo into the lumen between EscN and EscV. The unresolved region of EscO is represented by
a dotted line. (c) Schematic of proteins present in the cytoplasmic subcomplex. It has been
hypothesized that the entire ATPase complex may rise towards the inner membrane to interact
with the export gate.

In summary, we present the atomic details of an assembled T3SS ATPase in complex with its
central stalk protein. The structure provides a molecular foundation for the differential rotational
states of the homohexamer, for chaperone/substrate recognition, and for subsequent ATPasedriven secretion initiation. In turn, we can begin to probe deeper into the underlying biophysics
of T3SS ATPase torque generation and rotational mechanism and how this ancient protein
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family has been preserved through its cooperation with the T3SS in widespread bacterial
pathogenicity.
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5 Conclusion
5.1 Summary
The complete structural characterization of the injectisome is a real possibility in the near
future. With the feasible resolution of cryo-EM improving in steady increments each year, the
biggest limitation lies in our ability to purify a stable, homogeneous complex for single-particle
analysis. The structures and biochemical experiments described in this thesis were designed to
characterize binding interfaces between injectisomal proteins and within oligomeric assemblies,
making use of structural techniques best suited for each case. In doing so, we have gained
understanding of how several of these proteins interact, information that can contribute to the
development of targeted therapeutics in the future.
The assemblies characterized in this work come from two subdomains of the injectisome: the
basal body and the sorting platform. The pilotin InvH works to localize the OM secretin pore by
interacting through its hydrophobic groove with an amphipathic helix on the InvG S domain. In
its apo form, InvH forms a homodimer along the same interface, perhaps protecting the
hydrophobic surface prior to InvG binding. At the sorting platform, the cytosolic domain of the
IM pore EscV forms a nonameric ring held together through electrostatic interactions. Based on
chaperone binding sites in the flagellar homologue FlhA, EscV would likely undergo a
conformational change to accommodate a chaperone interaction. At the base of the system, EscN
forms a homohexameric rotary ATPase complex. Hydrolysis of ATP likely results in the rotation
of the coiled coil stalk EscO, but how this process dissociates chaperones from their effectors is
unclear. The following sections will summarize the conclusions from each paper and focus on
identifying future directions for each of these projects.
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5.2 The pilotin InvH
InvH forms a helical bundle distinct from other characterized pilotin structures. In its apo state
in vitro, it forms a primarily dimeric population where the helix of one protomer covers the
hydrophobic cleft of its binding partner. This hydrophobic patch is also the binding interface
with the InvG S domain, resulting in the dimer dissociating upon secretin binding. The InvHInvG interface is lined with many hydrophobic residues and a key InvG tryptophan, mutation of
which decreased binding affinity nearly 2000-fold. The C-terminal helix of the S domain
interacts with InvH, whereas the remainder of the helix-loop-helix motif remains disordered until
secretin assembly is complete.
No other pilotin has been shown to form a dimer in solution. As InvH binds InvG in a
monomeric state, it is unclear what function the dimerization serves. One hypothesis is that it
simply protects the extensive hydrophobic surface from solvent exposure. A similar mechanism
occurs in the S. flexneri pilotin MxiM, which binds to its cognate secretin through a deep
hydrophobic cleft. The crystallized MxiM had a molecule of lipid bound in this cleft, leading to
the proposed mechanism wherein MxiM binds its own lipidated N-terminus until it interacts with
the secretin MxiD347,348. This proposed mechanism posits that MxiM forms a heterotrimer with
the secretin and the localization of lipoproteins pathway LolA. LolB would then insert MxiM
into the OM, and MxiD would undergo BAM-independent OM insertion. However, as the
pilotin-secretin-LolA complex has not been observed, there is another possible mechanism for
secretin localization: the pilotin may be inserted into the OM prior to secretin binding, using its
long N-terminal linker to interact with the S domain as the secretin passes through the SEC
translocon133. The latter proposal provides another possible explanation for the dimerization of
InvH. As the secretin forms a 15-mer pore (possibly with 16 subunits in its periplasmic rings58),
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an increased local concentration of InvH through dimerization would facilitate bringing 15 InvG
protomers together. With the diversity of pilotin structures and linker lengths, it is possible that
both mechanisms may exist in different species.
Several microbiology experiments could clarify the InvH-InvG localization mechanism in
vivo. To identify whether the dimerization interface is physiologically important, secretion
studies can be performed in S. Typhimurium on InvH knockouts complemented with
dimerization-deficient mutants. Similar studies can be performed on the InvG binding mutants,
identified in vitro through ITC experiments, to confirm the importance of these residues on
injectisome assembly. Experiments with the LoL pathway can be performed to determine
whether InvH forms a complex with InvG and LolA, supporting the co-localization hypothesis.
The LolA R43L mutant prevents insertion of the lipoprotein into the membrane, and was used to
study how the T2SS pilotin PulS localizes secretin PulD133. Affinity purification of
complemented His-LolA-R43L in S. Typhimurium followed by immunoblotting for InvH and
InvG would clarify what complex is transported by LolA, and separation of the IM and OM
through gradient centrifugation would probe localization. To test the hypothesis that InvH is
localized to the OM before secretin binding, mutations on the linker region of InvH would be
informative. If shortening the linker results in progressively less efficient InvG localization, it
could indicate that the probability of InvH reaching InvG across the periplasm is decreasing.
However, if InvH is co-localized with InvG to the OM, the linker length need only be sufficient
to bridge the gap between the OM and S domain and gradually shortening it should have less of
an effect on assembly. A strong microbiological analysis of InvH and InvG is still required to
determine the exact mechanism by which the secretin pore is assembled in Salmonella.
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5.3 The inner membrane pore EscV
The IM-pore protein is a multi-functional mystery, and the only basal body protein yet to be
characterized completely. It has roles in chaperone binding, substrate hierarchy, and potentially
as a proton pore through the IM162,175,177,349, and has been proposed to be responsible for coupling
the energy from proton motive force to substrate export180. The cryo-EM structure of the EPEC
EscV cytosolic domain (EscVC) demonstrates that EscVC forms a nonameric ring in solution.
The oligomerization interface is primarily electrostatic, similar to what has been observed in
crystallized S. flexneri homologue MxiA, and only relies on two of its four subdomains. The
remaining two subdomains are in a closed state, with the only open state structure observed in
flagellar homologue FlhA350.
EscVC has many proposed binding partners that have yet to be probed and structurally
characterized. It has been shown to interact with the gatekeeper proteins SepL and SepD, which
lowers its affinity for late chaperone complex CesT/Tir while increasing affinity for middle
chaperone complex CesAB/EspA162. The only structure of the IM pore in complex with
chaperones comes from flagellar FlhA in a monomeric state. Performing cryo-EM analysis on
EscVC in complex with SepL-SepD and in complex with middle or late chaperones would permit
analysis of conformational changes that alter its substrate specificity, providing insight into how
secretion hierarchy is controlled. Residues important to EscVC oligomerization and protein
interaction could be identified through biophysical techniques such as ITC and SEC-MALS, then
probed in vivo through secretion assays with EPEC EscV mutants. These experiments would
provide a much deeper understanding of how the IM pore is involved in substrate selection.
The transmembrane region of the IM pore has yet to be structurally characterized. The fulllength construct of the IM pore is difficult to purify in any species, including EscV, which is not
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surprising as it is predicted to have seven or eight transmembrane helices and form a nonamer180.
The attempts I made to purify it had yield too low even for single-particle cryo-EM analysis, and
the protein was unstable and prone to aggregation. Optimization of its purification, both
recombinantly and from native expression, are ongoing in the lab. The structure of the EscV
transmembrane region, especially in complex with the export apparatus, would be extremely
informative. It could reveal whether there is indeed a proton channel in this protein175,177,
clarifying its role in the coupling of proton motive force to secretion. The interaction with the
export apparatus could provide insight into how the closed pore in characterized structures58,66–68
could be opened to accommodate effectors. Analysis of any interaction between the
transmembrane and cytosolic domain at various pHs, even at low resolution, would determine
whether the cytosolic domain indeed moves closer to the transmembrane region as a result of
local proton concentration180. As the protein is difficult to work with, these experiments will take
some time to fulfil; once completed, they will provide a wealth of information on how
injectisome secretion is energized.

5.4 The ATPase complex
The EPEC ATPase EscN forms a homohexameric, asymmetrical ring complex with EscO
bound in its pore. This architecture confirmed the homology of the sequence and monomeric
structures to F1- and V-ATPases, taking on different conformations at each of its six
interprotomer nucleotide binding sites. Based on this similarity, it is likely that EscN undergoes
rotary catalysis, with coiled coil EscO acting as the rotor. The chaperone binding site in the S.
Typhimurium SPI-2 system maps to an interface near EscO82, suggesting that the effector could
interact with the stalk to mediate its separation from the chaperone. As previous experiments on
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flagella have shown that the ATPase complex has a role in PMF-mediated secretion177–179, it is
possible that the stalk couples ATP hydrolysis to proton transport as in rotary ATPases.
Previously studied rotary ATPases have been characterized extensively through biophysical
experiments. To confirm whether EscN works to rotate EscO, some assays of this nature would
be helpful. The simplest assay involves affixing EscN to a substrate, such as mica, and using
labelled EscO to identify whether rotation occurs during ATP hydrolysis. This labelling can be
done by linking fluorescent actin to the predicted apex of EscO through streptavidin, followed by
fluorescence microscopy351. Such an experiment would confirm that rotation occurs, while also
probing its speed and direction. More sophisticated experiments can be performed using highspeed imaging, such as atomic force microscopy352, total internal reflection dark‐field
illumination using a gold colloidal bead probe353, or single-photon counting of light scattering
intensities using a gold nanorod probe354. These experiments would provide much more detailed
information on the thermodynamic steps of ATP hydrolysis and the angle of rotation produced
per hydrolysis event, but require specialized equipment. Biophysical analysis of the injectisome
ATPase complex would provide interesting information on how this homohexameric system
functions in contrast to heterohexameric F1- and V-ATPases.
Information on the proteins anchoring the injectisome ATPase in the cytosol is lacking. EscN
is held in place by six pods made up of peripheral stalk SctL, cytoplasmic ring SctQ, and
possibly ATPase cofactor SctK90,91. The best resolution of the cytosolic complex comes from
sub-tomogram averaging57,79, as the entire subregion has failed to remain associated with
purified needle complexes analyzed by cryo-EM58,61. The most direct way to characterize this
complex would be by single-particle cryo-EM, either through a gentler purification of native
needle complexes, heterologous co-expression of the desired components, or recombinant
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expression and purification of each separate component to reconstitute the complex in vitro. As
the sorting platform is associated with the IM ring SctD, which itself requires interaction with the
export apparatus for stability, it may be difficult to purify the entire complex in the absence of
the basal body. However, even the SctL-EscN-EscO complex would be informative to observe
how the peripheral stalk stabilizes the EscN catalytic domains, which would be realistically
attainable as the monomeric SctL-SctN complex has been characterized in flagella92.
Interactions between the ATPase and chaperone-effector complexes have not been structurally
characterized. Using either a catalytic mutant or inhibited form of the EscN-EscO complex, it
may be possible to create a stable assembly with the chaperone for single-particle analysis. A
molecular snapshot of this interaction could reveal how the ATPase separates the effector prior
to secretion. As the cytosolic domain of IM pore EscV also interacts with chaperones, it would
be interesting to also add EscVC to the ATPase-chaperone complex. It is possible that both
EscVC and EscN would bind the chaperone-effector complex simultaneously, or that one of them
would have the higher affinity of the two. As the stalk has been shown to interact with the IM
pore in flagella355, it could bridge the two proteins and interact with both EscN and EscVC. I
have attempted to combine the EscN-EscO complex with purified EscV, which resulted in the
previously stable assemblies precipitating despite identical buffer conditions; this result is
promising, suggesting that the proteins do interact. Structural analysis of this system, including
addition of various chaperone-effector complexes, would provide valuable insight into how the
ATPase and IM pore cooperate to prepare effectors for secretion.

5.5 Closing Remarks
The goal of this body of work was to further our understanding of the injectisome using
structural methods. Through characterization of InvH, we have uncovered a novel pilotin fold
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with a homodimeric stoichiometry, adding to the possible mechanisms pilotins may use to
assemble the secretin pore. Work on the IM pore EscV has confirmed that the protein’s cytosolic
domain forms a nonameric ring in solution, with a conformation suggesting that opening of two
subdomains is required to accommodate chaperone-effector binding. The cryo-EM structure of
the ATPase-stalk complex supports a rotational catalytic mechanism similar to F1- and VATPases, with interesting implications in secretin energization and substrate selection.
The results from this thesis provide a strong base for future projects in the lab. While the next
steps for the InvH project are mainly microbiology experiments, there remains much to be
understood about the structure of the cytosolic sorting platform. The purification protocols of
EscVC and the EscN-EscO complex are a foundation for cryo-EM characterization of cocomplexes with chaperones and effectors. Such structures would provide many clues to how
substrates are selected, including any conformational changes involved in EscVC. A key
direction to be explored is the co-structure of EscVC and the ATPase complex, which could
clarify the mystery of how proton motive force and ATP hydrolysis are coupled to secretion.
Uncovering the mechanisms involved in substrate selection and secretion energization will
contribute not only to our understanding of type III secretion, but to the functions behind all
bacterial nanomachines.
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Figure A.1: Details of the InvH70-147 crystal structure. (a) Unit cell of the InvH crystal, shown
as a blue box. Two homodimers related by non-crystallographic symmetry fill the unit cell. (b)
Interaction interface between the 2-3 loop on each protomer (oxygens red, nitrogens blue),
sustained mainly by hydrogen bonds (dashed lines). (c) Anomalous difference map (green),
contoured at 5 σ, showing three clear densities for three cadmiums. Each is neighboured by two
large densities attributed to chlorides (blue 2Fo-Fc map, 2 σ). (d) Location of cadmiums (yellow
spheres) and chlorides (green spheres).
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Figure A.2: Overview of SAXS data. (a, b) Relative scattering intensity (on log axis) vs q plot
and P(r) vs r for several concentrations of (a) InvH70-147 and (b) InvH27-147. (c) Guinier plots of
InvH70-147 (merged 2 and 16 mg/mL curves) and InvH27-147 (merged 4.5 and 9 mg/mL curves).
(d) Experimental SAXS data (relative scattering intensity on log axis vs q) of InvH70-147 (blue,
merged concentrations 2 and 16 mg/mL) and InvH27-147 (purple, merged concentrations 4.5 and 9
mg/mL). Overlaid is a simulated SAXS curve of the InvH70-147 crystal dimer generated by Crysol
(orange, Chi2 = 17.5).
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Figure A.3: SEC-MALS data on InvH mutants and the InvH-InvG complex. (a)
Chromatograms of SEC-MALS experiments with InvH84-147 and with InvH27-147 dimerization
interface mutants. The UV absorbance was normalized based on the molar absorptivity of each
mutant and plotted as concentration. The calculated molar masses are plotted as horizontal lines
under each peak, using the secondary Y axis. The expected molecular mass for an InvH27-147
monomer is 14 kDa whereas that of a dimer is 28 kDa. An InvH84-147 dimer is expected to be 16
kDa. The SEC-MALS elution profile of wild-type InvH27-147 is shown in grey. (b) SEC-MALS
data of InvH70-147 (red) and InvH27-147 (blue) in complex with InvG520-562. The proteins were
mixed in a 1:1 molar ratio and the complex purified prior to analysis by SEC-MALS. They each
eluted with the molar mass expected for a 1:1 heterodimeric complex.
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Figure A.4: NMR spectra of the InvH-InvG complex. (a) The 15N-HSQC spectrum of 15NInvH27-147, showing broad peaks likely due to conformational exchange. (b) The 15N-HSQC
spectrum of 15N-InvH27-147 after addition of unlabelled InvG520-562 in a 1:1 molar ratio, showing
improved quality and dispersion. Signals, not present in the corresponding spectrum of the
InvH70-147 complex (Figure 3b), are attributed to the linker residues. Consistent with the
predicted conformational disorder of the linker, these signals have 1HN chemical shifts within a
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relatively narrow window of approximately 8.0 - 8.5 ppm. (c) The assigned 15N-HSQC spectrum
of 13C/15N-InvH70-147 in complex with 1.2 molar excess of unlabelled InvG520-562. (d) The
assigned 15N-HSQC spectrum of 13C/15N-InvG520-562 in complex with 1.2 molar excess of
unlabelled InvH70-147. In all spectra, negative peaks (green) are aliased signals from arginine
sidechains.
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Figure A.5: Details of the InvH-InvG binding interface. (a) Overlay of the InvH70-147-InvG520562
complex (NMR; grey; disordered residues omitted) with that of InvH84-147-InvG543-558 (X-ray;
InvH magenta; InvG tan). (b) Line representation of the 20 superimposed member structural
ensemble of InvH70-147-InvG520-562 determined by NMR spectroscopy. Highlighted are the
important binding residues Leu123 and Ile133 from InvH, and Trp549, V550, and Tyr553 from
InvG. (c) View of interacting residues in one member of the InvH70-147-InvG520-562 ensemble
(InvH magenta, InvG tan). (d) Similar view as (b) of the interacting residues from the InvH84-147InvG543-558 complex. ITC data of (e) wild-type InvG520-562 titrated into InvH27-147 L123A and of
(f) InvG520-562 W549A titrated into wild-type InvH27-147.
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Figure A.6: Comparison of the InvH-InvG heterodimer with other structurally characterized
pilotins and secretins. (a) Examples of pilotins (turquoise) protecting their hydrophobic S
domain binding interface, with the S domain shown in green and the protecting residues coloured
red. The lipid bound in the hydrophobic cavity of MxiM is illustrated in yellow. (b) Binding
interface of the InvG544-558 S domain helix (tan) with InvH (left, magenta) and with the
assembled secretin β-barrel (right, blue). (c) The cryo-EM structure of AspS (turquoise; left)
bound to assembled secretin GspD (grey), highlighting the pilotin-sequestered C-terminal S
domain (green) helix. The right panel compares the cryo-EM structure of the assembled InvG
secretin (grey, S domain green) with a hypothetical positioning of the InvH84-147-InvG543-558
heterodimer (magenta and tan respectively) if it were bound to the assembled secretin.
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Table A.1: SAXS radius of gyration and molecular weight estimates for InvH
InvH70-147
Sample
Concentration
(mg/mL)
1.0
2.0
4.0
8.0
16.0
Mean

RgGuinier
(Å)

RgP(r)
(Å)

MWPorod
(kDa)

MWVc
(kDa)

MWDAM
(kDa)

19.5
20.5
20.4
21.4

19.8
20.9
20.9
22.2

19.5
17.7
15.8
17.8

14.2
16.6
16.3
20.0

7.5*
18.8
16.9
19.1

Mean
MW
(kDa)
16.9
17.2
16.1
18.9

22.1
20.8

22.6
21.3

18.4
17.8

20.3
17.5

19.7
18.3

19.4
17.7

MWPorod
(kDa)

MWVc
(kDa)

MWDAM
(kDa)

31.4
31.1
32.6
33.6

28.8
28.9
31.7
33.3

35.1
32.8
36.9
38.8

Mean
MW
(kDa)
31.8
30.9
33.7
35.2

33.1
32.4

32.4
31.0

35.7
35.9

33.7
33.1

InvH27-147
Sample
Concentration
(mg/mL)
1.1
2.3
4.5
9.0

RgGuinier
(Å)
31.1
29.7
30.1
30.6

RgP(r)
(Å)
28.5
31.8
30.6
33.4

15.0
30.8
33.3
Mean
30.4
31.5
*Outlier value not included in mean calculations

Table A.2: ITC-calculated binding affinities, enthalpies and entropies for InvH-InvG binding
mutants
Mutant
L123A
I133A
I133R
W549A
V550A
R551A
Y553A

N (sites ± SD)

Kd (µM ± SD)

1.1 ± 0.1
1.28 ± 0.03
1.4 ± 0.1
0.77 ± 0.06
1.05 ± 0.01
1.15 ± 0.01
0.93 ± 0.05

0.23 ± 0.04
0.35 ± 0.01
220 ± 50
70 ± 40
0.38 ± 0.04
0.4 ± 0.1
7±1

ΔH (kcal/mol
± SD)
-13.1 ± 0.3
-13.7 ± 0.1
-8 ± 2
-4 ± 2
-15.1 ± 0.2
-12.9 ± 1
-7.8 ± 0.3

ΔS (cal/mol/° ± SD)
-14 ± 1
-16.4 ± 0.4
-8 ± 6
6±7
-21 ± 1
-14 ± 4
-3 ± 1
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Figure B.1: Cryo-EM data collection and refinement of EscVC. (a) Size exclusion
chromatogram of EscVC, with a primarily oligomeric population (estimated by elution volume
off of a superpose 6 column). (b) Negative stain and (c) cryo-EM micrographs of EscVC, with
clear ~15 nm rings. (d) 2D classification of EscVC from Relion3. Some particles lack the stacked
ring, visible when comparing the top right and bottom right classes. FSC curves of (e) the D9
and (f) the C9 EscVC reconstructions.
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Figure B.2: EscVC surface and conformation. (a) Local resolution estimation by Relion3 of the
EscVC C9 reconstruction. (b) Overlay of the local resolution map with an EscVC monomer,
highlighting the lower resolution of SD2 and SD4. (c) hydrophobic surface of EscVC, with no
large hydrophobic pockets but conservation of the hydrophobic chaperone binding interface
identified in FlhA. (d) Distance between the centre of mass of SD2 and SD4 throughout a 1.6 µs
molecular dynamics simulation. The same distance measured in the cryo-EM structure is denoted
with an orange line.
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Figure B.3: Multiple sequence alignment. Alignment was created using PSI-Coffee and
Espript3. Full-length EscV is aligned with two injectisome homologues (Shigella flexneri MxiA
and Salmonella enterica InvA) and three flagellar homologues (FlhA from Bacillus subtilis,
Salmonella enterica, and Helicobacter pylori). All homologues are structurally characterized and
were used for model building. Conserved residues from SD3 marked with an asterisk have been
shown to be important for MxiA oligomerization, while those marked with a pound sign line the
pore and contribute to secretion. Conserved glycine from SD1 in FlhA is marked with an
ampersand; note the lack of conservation with injectisome homologues.
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Appendix C: Chapter 4 Supplementary Information

Figure C.1: EscN-EscO complex purification. (a) Size-exclusion UV chromatogram of the
EscN-EscO complex using a Superose 6 10/300 column (GE Healthcare), with EscN-EscO
predominantly in an oligomeric population. 500 µL of EscN (10 mg/mL) EscO (1 mg/mL) mixture
were injected. (b) Negative-stain micrographs of the EscN-EscO complex with clear ~10 nm
rings. (c) UV chromatogram and (d) SDS-PAGE of 10-25% glycerol gradient purification, showing
EscO co-sedimenting with EscN in a large oligomeric population at high purity. A 200 µL mixture
of EscN (2.0 mg/mL) and EscO (0.7 mg/mL) were loaded onto the gradient.
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Figure C.2: Kinetics and glycerol gradient analysis. Steady-state kinetic analysis of EscN-EscO
rate assayed by EnzChek phosphate detection assay, shown as a (a) bar graph of steady-state
slope taken over a linear section of one minute (error bars show standard deviation from n=4
slopes), and (b) A360 time-course showing EnzChek product formation over time. Both plots are
averaged from four replicates. (c,d) Glycerol gradient UV chromatograms of EscN-EscO
complex, showing monomeric vs oligomerized populations for various mutants. A 200 µL
mixture of EscN (2.0 mg/mL) and/or EscO (0.7 mg/mL) were loaded onto the gradient. (e) Gels
of glycerol gradient purifications, highlighting the oligomerization incompetence of EscN L145R
and EscN lacking ADPAlF3, and the destabilization of the EscN-EscO interface in EscN E401A and
EscO K110E/K114E.
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Figure C.3: Cryo-EM imaging and reconstruction of the EscN/EscO complex. (a)
Representative micrograph. (b) Selected reference-free 2D class averages. (c) The top and (d)
the side view of the class 1 reconstruction. (e) The side and (f) side-slab view of the class 1
reconstruction colored according to local resolution (blue – 3.2 Å, cyan – 3.8 Å, green – 4.4 Å,
yellow – 5.0 Å, red – 5.6 Å). (g) FSC curve of the class 1 reconstruction using gold-standard
refinement calculated from unmasked half maps and masked with the correction of soft
masking effect. (h) The top and (i) the side view of the class 2 reconstruction. (j) The side and
(k) side-slab view of the class 2 reconstruction colored according to local resolution as in (e) and
(f). (l) FSC curve of the class 2 reconstruction as in (g).
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Figure C.4: EscO structural analysis. Comparison of EscO coiled coil secondary structure with
characterized vT3SS homologues CdsO (PDB 3K29) and YscO (4MH6), fT3SS FliJ (3AJW), F1 γsubunit (1H8E), V1 D subunit (3VR6), and chaperone-effector complexes CesAB/EspA (1XOU)
and FliT-FliD (6CH2). A ring of positively charged residues, mirroring those found in EscO to be
positioned at the EscN insertion interface, are shown in blue; hydrophobic residues facilitating
the coiled coil are coloured yellow. The unresolved region of EscO is demarcated with a dotted
line, and the approximate location of export gate interacting residues Tyr51 and Leu55 is shown
in a blue circle.
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Figure C.5: Asymmetry of the EscN homohexamer. Comparison of quaternary structure of
(a) EscN-EscO complex, (b) F-type ATPase β3α3γ complex (1H8E), and (c) V-type ATPase A3B3D
complex (3VR6), showing the front view (left) with a prominent cleft in each structure versus
comparatively tight packing in the rear view (right).
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Figure C.6: Differences in conformation between EscN chains. (a) Alignment of EscN chains
NA through NE on chain NF, along the N-terminal domain (left) and the ATPase domain (right),
coloured yellow in areas of high displacement between compared residues. (b) Heat maps of
C displacement between residues when overlaying all combinations of EscN chains, aligned by
the N-terminal domain (top) and ATPase domain (bottom). Locations of key motifs are labelled,
with the catalytic glutamate highlighted with an asterisk.
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Figure C.7: EscN homohexamer formation and comparison with F- and V-ATPases. (a)
Bottom view of the EscN class 1 N-terminal domains, highlighting their near-C6 symmetry. (b)
Side view of EscN chains overlayed by their N-terminal domains, illustrating the strong tilt
towards the pore by chain ND (the D state) as compared to chain NF (the E’ state). (c) and (d)
Heat maps of overall RMSDs comparing all ATPase catalytic conformations of EscN with those
from F1-ATPase (left, 1E1R) and V1-ATPase (right, 3VR6).
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Figure C.8: EscO interaction interface with EscN. (a) Class 2 density of the EscN-EscO
complex, demonstrating the relatively lower signal from chain NF (the E’ state), indicating
higher dynamicity. (b) Binding pocket of EscO in between EscN chains NF and NA. (c) Interaction
between EscN Glu401 from chains NA, NB, and NC with EscO Lys110 and Lys114, an important
interface for EscN-EscO complex formation and catalytic activity. (d) Hydrophobic ring of
Leu395, Leu396, and Ile399 formed by EscN, which interacts with hydrophobic residues on EscO
to stabilize it in the pore.
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Figure C.9: Sequence alignment of EscN homologues. Sequence alignment by PSI-coffee of
EscN with vT3SS homologues SsaN, Spa47, and InvC, fT3SS FliI, F1 β catalytic subunit, V1 A
catalytic subunit, and Rho transcription termination factor.
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Figure C.10: Differences in magnesium ion coordination between the four ligand-bound
active sites. The coordination moves from a trigonal bipyramidal geometry in (a) site T, with
the waters migrating to reflect the expected octahedral geometry (with one water not
resolved) in (b) site T’, (c) site D, and (d) site D’.
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