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Abstract 
 

Type IV secretion system (T4SS) are versatile nanomachines that enable the efficient transport of 

substrates in bacteria. In general, they are formed from two major membrane embedded subassemblies: 

an outer membrane core complex (OMCC) and an inner membrane complex (IMC). The conjugative T4SS 

encoded by the F plasmid is of particular interest due to its clinical relevance as it facilitates the spread of 

antibiotic resistance amongst bacterial population. Despite its importance, atomic details of the F-T4SS 

structure and protein-protein interactions were rudimentary which in turn precludes thorough 

understanding of how conjugation is orchestrated. Therefore, this thesis aimed to improve knowledge on 

the F-T4SS by studying the structure of the F-OMCC and investigating other proteins the complex may 

interact with.  

After optimising the detergent solubilisation of the F-OMCC expressed from the pED208 F-like plasmid, 

and improving the purification of the complex, a cryo-EM dataset was collected. Using single particle 

analysis, the structure was solved with an overall resolution of 3.3 Å. The F-OMCC is formed from two 

concentric rings which have two distinct symmetries. The outer ring adopts 13-fold symmetry whereas 

the inner ring showed 17-fold symmetry, together they form a 2.1 MDa complex. The atomic models of 

TraB, TraK and TraV were built into the structure, and they revealed a unique stoichiometric arrangement. 

Interestingly, TraV and TraK proteins were found to adopt two different conformations within the outer 

ring. TraV and TraB were found to accommodate the symmetry mismatch by existing in both F-OMCC 

rings, and also appeared to confer flexibility. This makes the F-OMCC a dynamic complex which is likely to 

have important implications in the pilus and T4SS activity during conjugation.  

The interactions between the F-OMCC and other Tra/Trb proteins were also investigated to decipher how 

the concerted dynamics of the pilus may be connected to the complex. A potential interaction between 

F-OMCC and the proteins TraH and TraN was observed by pull-down assays. Furthermore, initial work on 

TraG found that it seems to assemble as a high order oligomer in solution. The results are reminiscent of 

a hexameric protein which may be functionally important. 

Together, the findings of this thesis reveal novel insights into the F-T4SS and its subassemblies. The 

approach used to purify the F-OMCC and study the interactions will act as the basis of future work on the 

F-T4SS and is directly applicable to the other protein complexes within the conjugative nanomachine.   
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Chapter 1: Introduction 
 

1.1 Bacterial secretion is vital for adaptation and survival 

Essential to life is the ability to secrete macromolecules across the cell membrane. This phenomenon is 

particularly vital for bacteria to enable them to adapt to the environment and survive. While some 

molecules may diffuse across the membrane in a passive manner, more complex macromolecules such as 

polypeptides and genetic material are transported across the bacterial membrane using dedicated 

nanomachines termed secretion systems (Costa et al., 2015). These systems are crucial to bacteria and 

are involved in various different processes. Some machines provide physiological support by enabling 

scavenging for nutrients and motility (Green and Mecsas, 2016). Others are used by bacterial pathogens 

to secrete effectors that aid invasion and colonisation by manipulation of the host, and toxins which 

directly intoxicates the target cell. Therefore, these secretion systems have been implicated in an array of 

diseases. Dedicated secretion systems also provide a competitive advantage within an environmental 

niche by secretion of toxins that can kill other microorganisms (Green and Mecsas, 2016). There are 

different types of secretion systems, and their architecture differs depending on whether the substrate 

they translocate crosses across a single or double membrane (Maffei et al., 2017) (Figure 1.1).  

In diderm (Gram-negative) bacteria, secretion is achieved either by one step or by two steps (Maffei et 

al., 2017). The machines involved in the one step secretion, span the entire envelope, and enable the 

transport of the substrate across both the inner and outer membranes from the cytoplasm. This includes 

the Type 1, 3, 4, and 6 secretion systems (T1SS, T3SS, T4SS and T6SS) which transport molecules either to 

the extracellular space or even into host cells. Alternatively, some substrates are delivered across the 

membrane envelope via two separate steps, which firstly requires the delivery of the molecule across the 

inner membrane and to the periplasm by either the Sec or twin-arginine (Tat) secretion systems. From 

here, a trans-envelope apparatus facilitates the second transfer step by delivering the substrate across 

the outer membrane. This consists of the following: Type 2, 5, 7 and 9 secretion systems (T2SS, T5SS, T7SS 

and T9SS). In monoderm (Gram-positive) bacteria, extracellular secretion is achieved by the Sec/Tat 

machineries. Additionally, some Gram-positive microorganisms employ separate secretion apparatuses, 

such as the T7SS which was first characterised in Mycobacterium tuberculosis (Stanley et al., 2003). 

Despite the metabolic burden, several bacteria express numerous secretion systems emphasising the 

evolutionary benefits of being able to secrete substrates.  
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Amongst the 11 currently established types of secretion systems, the T4SSs are particularly versatile. 

Along with being involved in the secretion of toxins and effectors, T4SSs have the unique ability to 

transport DNA across the membrane envelope and into target cells (Costa et al., 2015). This encourages 

bacterial genome plasticity and promotes the emergence and persistence of antibiotic resistance. T4SS 

play a central role in disease. It is worth noting that in this Chapter, the term toxin has been utilised to 

describe potent molecules which harm other bacterial or host cells, while the term effector has been used 

to denote a molecule which can affect host biological processes. Apart from their role in spreading 

antibiotic resistance, as effector translocators, these machineries are also responsible for the cause of a 

range of different disease by pathogenic bacteria such as Legionella pneumonia (Legionella pneumophila), 

Q fever (Coxiella burnetii), whooping cough (Bordetella pertussis) and gastric cancer (Helicobacter pylori) 

(Sgro et al., 2019). Thus, highlighting the importance of studying the T4SSs. Consequently, T4SSs will be 

the focus of this Chapter. 

Figure 1.1: Overview of bacterial secretion systems. Substrates are secreted either by a one step or two step 

process. The Sec and Tat pathways are involved in transporting substrates across the inner membrane (IM) in 

Gram-negative bacteria and across the cytoplasmic membrane in Gram-positive bacteria. The T1SS, T3SS, T4SS 

and T6SS can deliver substrates across both the IM and outer membrane (OM) in one step, with T3SS, T4SS and 

T6SS also injecting molecules into another cell across the host membrane (HM). Alternatively, the T2SS, T5SS, 

T8SS and T9SS secrete substrates from the periplasm to the extracellular matrix. The T7SS is found in 

mycobacteria and molecules are transported across the mycomembrane (MM). 
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1.2 The functional classification of T4SSs 

The T4SS are incredibly versatile machines and are involved in a variety of different functions. They can 

be broadly divided into groups based on their function which gives rise to four major functional classes: 

conjugation, effector translocation, toxin delivery and lastly DNA export and import (Figure 1.2).  

 

1.2.1 Conjugative transfer machines 

Bacterial conjugation describes the phenomenon whereby single stranded DNA (ssDNA) is transferred 

from a donor to a recipient cell in a unidirectional manner. It is one of the major forms of horizontal gene 

transfer (HGT), alongside transduction and transformation via natural competence. While the latter 

depends greatly on the involvement of the recipient cell, conjugation is driven by the donor cell which 

participates in the search and recognition of a suitable recipient cell, followed by the transfer of the ssDNA 

(de la Cruz et al., 2010). It represents the largest functional class of T4SSs, as it is present in almost all 

bacterial species (Gram-negative and Gram-positive), and homologs of two ATPases in the T4SS (VirB4 

and VirD4) have even been identified in some archaeal species (Wagner et al., 2017). These conjugative 

apparatuses are encoded not only on self-transmissible plasmids, but also on integrated conjugative 

Figure 1.2: The functional classes the T4SS can be grouped into. The T4SS are involved in conjugation, toxin 

delivery, uptake and release of DNA, and translocation of effectors. 
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elements (ICE) and conjugative transposon (Frost and Koraimann, 2010). Overall, the conjugative 

elements accumulate virulence determinants and resistance to antibiotics and heavy metals.  

A key feature of the conjugative elements is the expression and assembly of a T4SS. Prominent examples 

of such T4SSs includes those encoded by the conjugative plasmids F, R388 and pKM101. The VirB/D4 

system from Agrobacterium tumefaciens can also be regarded as a conjugative machinery as it is involved 

in the transfer of oncogenic DNA to plant cells. Nonetheless, due to its role in pathogenesis and host-

pathogen contact dependence, it has also been seen grouped with the effector translocation machineries 

(Grohmann et al., 2018).  

The mechanism underpinning conjugation can be described by four general steps. The first requires the 

elaboration of an extracellular filament called the pilus which contacts the recipient cell and retracts to 

bring it close to the donor cell. The second step is mechanistically conserved. It involves the formation of 

the relaxosome which occurs when the relaxase enzyme and accessory factors, collectively known as the 

DNA transfer and replication factor proteins (Dtr), bind to the origin of transfer (oriT) sequence on the 

conjugative plasmid. This results in the nicking of the plasmid and the relaxase binding to the 5’-end of 

the DNA. In the third step, the relaxase bound DNA is recruited by a specialised ATPase called the Type IV 

coupling protein (T4CP) and is shuttled to the membrane embedded T4SS. In the last step, powered by 

the ATPases associated with the T4SS, the ssDNA is transported through the machinery and into the 

recipient cell.  

 

1.2.2 The effector translocation machinery 

The T4SS involved in effector translocation are used by bacteria to deliver effectors directly into the 

cytosol of eukaryotic cells which aid bacterial colonisation and survival inside the host (Alvarez-Martinez 

and Christie, 2009). The bacteria that utilise these T4SSs are medically relevant pathogens. For example, 

Helicobacter pylori (gastric cancer), Legionella pneumophila (Legionnaire’s pneumonia), Bordetella 

pertussis (whooping cough) and Coxiella burnetti (Q fever) (Backert and Meyer, 2006). Described only in 

Gram-negative bacteria, the effector translocation T4SSs lack the Dtr proteins which are involved in the 

DNA processing. Nevertheless, most of them still encode for a T4CP that recruits the cytosolic substrates. 

An exception to this is the PtI T4SS assembled by B. pertussis which lacks a T4CP and instead uses the 

general secretory pathway. Furthermore, as mentioned in section 1.2.1, the A. tumefaciens VirB/D4 

system is sometimes grouped into this functional group which does encode for Dtr proteins. The number 
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of effectors that the T4SS secretes greatly varies. For instance, the Cag T4SS assembled by H. pylori has 

only one identified effector protein whereas the Dot/Icm T4SS encoded by L. pneumophila delivers over 

300 effectors (Isaac and Isberg, 2014, Cover et al., 2020). This results in diversity amongst the effector 

translocation machineries and enables establishment of host specific replicative niches.  

 

1.2.3 The toxin delivery machines which allow interbacterial competition 

Machines that are involved in toxin delivery between bacteria were first discovered in 2015 when it was 

observed that Xanthomonas citri can kill neighbouring bacteria. This function was attributed to the 

encoded T4SS (Souza et al., 2015). In a contact-dependent manner, the X. citri T4SS transports toxic 

effectors into the target prokaryotic cell which includes both Gram-negative and Gram-positive bacteria. 

This results in cellular lysis and thereby, provides the bacteria releasing the toxin a competitive growth 

advantage. A related T4SS has since been identified in Stenotrophomonas maltophila (Bayer-Santos et al., 

2019).  Recently, another T4SS involved in the delivery of toxins has been discovered in Pseudomonas 

putida strain IsoF (Purtschert-Montenegro et al., 2022). The encoded T4SS not only allows P. putida IsoF 

to kill bacterial competitors, but also enables the bacteria to invade existing biofilms and in a T4SS-

dependent manner can protect tomato plants from infection from the plant pathogen, Ralstonia 

solanacearum. 

 

1.2.4 The DNA export and import machines 

While one may consider conjugative T4SSs as export machines, the systems found in this functional class 

are completely contact-independent. There are two main T4SSs that are found in this category: the H. 

pylori ComB system and the Neisseria gonorrhoeae DNA release system (Alvarez-Martinez and Christie, 

2009). The ComB system carries out natural transformation by mediating importing exogenous DNA from 

the extracellular milieu (Hofreuter et al., 2001). It is believed to function independently of the effector 

translocating Cag T4SS (Fischer et al., 2020). The N. gonorrhoeae DNA release system transports ssDNA 

into the extracellular environment, which contributes to the genetic diversity in this species (Grohmann 

et al., 2018). It is encoded on the gonococcal genetic island (GGI) and is considered as a F-like T4SS due to 

similarity between proteins needed for DNA donation (Kohler et al., 2013, Grohmann et al., 2018). 
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1.3 Other T4SS classifications 

Regardless of the functional class a T4SS belongs to, in Gram-negative bacteria, diversity also exists at the 

level of genetic organisation with differences in the number and arrangement of shared homologous 

genes. Therefore, the T4SSs have been broadly grouped into two main classes: type IVA (T4ASS) and type 

IVB (T4BSS) (Christie and Vogel, 2000). The T4ASS represent machines that are made of proteins similar 

in number and composition to the paradigmatic A. tumefaciens VirB/D4 system. The T4ASS is composed 

of 12 proteins and therefore has also been referred to as minimised systems (Costa et al., 2021). This 

includes the T4SS encoded by Xanthomonas citri (X-T4SS) and the conjugative plasmids R388 (T4SSR388) 

and pKM101 (T4SSpKM101). The prototype for the T4BSS is the L. pneumophila Dot/Icm apparatus. Due to 

the complexity imparted by the large number of proteins involved, T4BSS are also referred to as expanded 

systems (Costa et al., 2021).    

Another classification scheme that exists is based originally on the incompatibility of the conjugative 

plasmid that encodes the T4SS thereby, giving rise to three main groups: F-type (IncF), P-type (IncP) and 

IncI (I-type) (Lawley et al., 2003). The P-type T4SS can also be grouped as T4ASS, while the I-type systems 

have been associated with T4BSS (Juhas et al., 2008).   

 

1.4 The minimised T4SS  

 

1.4.1 The VirB/D system of Agrobacterium tumefaciens 

The A. tumefaciens VirB/D system acts as the paradigm for the minimised T4ASS and historically has been 

the most studied T4SS. A. tumefaciens is a plant pathogen that uses the T4SS to transfer oncogenic T-DNA 

into the plant cells causing tumorigenesis and formation of crown gall. The secretion system is encoded 

on the virulence (vir) region of the large 194-kb tumour-inducing (Ti-) plasmid. The translocation 

machinery is formed from a total of 12 proteins, with 11 VirB proteins encoded by the genes virB1 – virB11 

arranged in a single operon and the remaining protein, VirD4 being encoded on a separate virD operon. 

All of these proteins, except for VirB1, are required for infectivity in most plant cells, alongside nine other 

proteins that are expressed on four other operons on the Ti-plasmid, virA, -C, -E and -G (Berger and 

Christie, 1994, Zhu et al., 2000).  

The T4SS is employed to infect the plant cells with a single stranded fragment of the Ti-plasmid, referred 

to as the T-strand, alongside several protein effectors that are needed for pathogenicity. Therefore, 
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despite its archetypal position, the VirB/D T4SS acts as both a conjugative and effector translocating 

apparatus.  Once inside the plant cell cytoplasm, the T-DNA is targeted to the nucleus, guided by VirD2 

and VirE2 proteins which contain a nucleus localisation signal (Howard et al., 1992, Citovsky et al., 1997). 

It is then integrated into the host’s genome via nonhomologous recombination. The expression of the T-

DNA results in the synthesis of opines and plant hormones involved in crown gall tumour formation. 

Opines are small compounds that act as a valuable nutrient source for the bacterium. They have also been 

shown to act as signalling molecules that lead to an increased conjugative transfer frequency of the Ti-

plasmid (Genetello et al., 1977, White and Winans, 2007).   

The expression of the vir genes is transcriptionally activated in response to plant damage. Upon plant cell 

wounding, phenolic compounds are released, which along with low pH levels (5.0 -5.5) and low phosphate 

levels, are detected by the membrane embedded sensor kinase, VirA (Zhu et al., 2000). VirA 

phosphorylates the cytoplasmic response regulator VirG, resulting in the activation of the genes in the vir 

operon by the phosphorylated VirG (Stachel and Zambryski, 1986). This initiates the T-DNA processing, 

the T4SS assembly and culminates in the transport of the substrates into the plant cell. The 

phosphorylated VirG also activates the virA and virG genes which establishes a positive feed-back loop.  

The manner in which the T-DNA is transferred to the plant cell closely resembles interbacterial 

conjugation. The steps broadly involve DNA processing, transfer through the machinery culminating in the 

integration of the DNA into the host’s chromosome. The T-DNA is processed by the DNA transfer and 

replication (Dtr) proteins VirD1 and VirD2. VirD2 is a relaxase and, in the presence of VirD1, nicks the T-

DNA forming the T-strand (Pansegrau et al., 1993, Scheiffele et al., 1995). This reaction is reversible and 

the reverse reaction has been suggested to be important post-transfer for the chromosomal integration 

of the T-DNA (Tinland et al., 1995). The nucleoprotein complex is recruited to the translocation machinery 

by the coupling protein, VirD4, resulting in the transfer of the T-strand to the plant cell. This is supported 

by the attachment of the bacterium to the recipient plant cell which is mediated by the extracellular 

filament called T-pilus (Lai et al., 2000).  Independently to the DNA substrate, the T4SS also delivers VirE2 

into the plant cell and necessary to the export is the molecular chaperone VirE1 (Sundberg et al., 1996, 

Deng et al., 1999). Once inside the cell, VirE2 coats the T-strand and shields it from attack by the host’s 

nucleases. Together with VirD2, VirE2 pilots the DNA substrate to the nucleus for chromosomal 

integration. A third protein that is transported by the VirB/D apparatus is VirF which mediates the 

proteolysis of the VirE2 coating (Magori and Citovsky, 2011, Gelvin, 2012). 
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Diversity also exists within the minimised T4ASS. In the case of A. tumefaciens, the core machinery 

proteins (VirB1 to VirB11 and VirD4) facilitate the transfer on oncogenic DNA to plant cells. However, the 

same canonical set of 12 structural components are utilised by X. citri in bacterial warfare.  

 

1.4.2 The bacterial killing VirB/D system of Xanthomonas citri  

The phytopathogen, X. citri is the causative agent of citrus canker, a disease that has a devastating impact 

on crops and therefore is of global economic importance. The X. citri genome was found to encode a 

T4ASS, on the chromosomal vir locus, which was demonstrated to be involved in the novel role of 

interbacterial antagonism (Alegria et al., 2005, Souza et al., 2015). This system has been termed 

Xanthomonadales-like T4SS (X-T4SS) and homologous loci have been found in several Xanthomonadales 

species (Sgro et al., 2019). A system homologous to X-T4SS was identified on the chromosome of the 

common opportunistic human pathogen, Stenotrophomonas maltophilia which enables killing of bacterial 

cells and appears to modulate apoptosis in human cells. (Nas et al., 2019, Bayer-Santos et al., 2019). It has 

been demonstrated, using time-lapse microscopy, that bacterial killing by X. citri and S. maltophilia occurs 

in T4SS and in a cell-cell contact dependent manner, and also that they can use their T4SS to duel one 

another (Souza et al., 2015, Bayer-Santos et al., 2019). Thus, highlighting the advantage that the T4SS 

confers to the bacteria for interbacterial competition.  

The X-T4SS enables bacterial killing by secreting protein effectors called Xanthomonadales-like T4SS 

effectors (X-Tfes). It was the discovery of these substrates that provided the initial clues into the 

physiological function of the X-T4SS following a yeast two-hybrid assay using the coupling protein, VirD4 

as bait (Alegria et al., 2005). The X. citri 306 genome encodes for 13 potential X-Tfes. A common feature 

in all the X-Tfes is the presence of a conserved C-terminal region that is typically 120 residues called 

Xanthomonas VirD4 interacting protein conserved domain (XVIPCD), which is needed for interaction with 

VirD4 and is absolutely required for the secretion of the effector (Alegria et al., 2005, Souza et al., 2015). 

The XVIPCD is distinguishable by an N-terminal region which has conserved sequence motifs and a 

glutamine-rich C-terminus. It was recently shown that the N-terminus of the XVIPCD from a particular X-

Tfe called XAC2609 adopts an ααβββ fold and this is sufficient for interaction with the VirD4 (Oka et al., 

2022). Furthermore, the C-terminus was found to be important for efficient X-Tfe translocation to the 

target cell, however, the precise role of the glutamine residues in this region remains a mystery. The N-

terminal region of X-Tfes appear to vary in length and architecture and have been predicted to contain 

catalytic domains that are responsible for toxicity of the effector. The domains that have so far been 
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predicted suggest that X-Tfes act as putative peptidoglycan (PG) binding proteins, PG glycohydrolases, 

lytic transglycosylases, PG peptidases or lipases (Souza et al., 2015). To protect from self-intoxication, the 

genes which encode for the X-Tfes are found with upstream genes that encode for the cognate immunity 

protein.   

 

1.4.3 The P-type conjugative plasmids pKM101, RP4 and R388 

A T4ASS has also been found to be encoded by conjugative plasmids R388, RP4 and pKM101 which are 

broad host range plasmids that confer antibiotic resistance. R388 is a 34 kb plasmid which harbours 

resistance to sulfonamide and trimethoprim antibiotics, while pKM101 is a 35 kb plasmid that encodes 

for penicillin resistance (Llosa et al., 1994). Both plasmids have a 15 kb transfer region which encodes for 

the T4SS with the genes being homologous to those from the VirB/D system from the Ti plasmids of A. 

tumefaciens and even maintaining the same genetic organisation. Therefore, while the genes from the 

pKM101 and R388 plasmids are often referred to with the prefix tra and trw respectively, for the rest of 

this Chapter, the VirB/D4 nomenclature will be used. Comparably, RP4 is a 60 kb plasmid which encodes  

resistance for several antibiotics including ampicillin, kanamycin and tetracycline (Pansegrau et al., 1987).   

All conjugative plasmids contain the two regions which the conjugation genes are divided between, this 

consists of the Mating pair formation proteins (Mpf) and DNA transfer and replication proteins (Dtr). The 

Mpf consists of the proteins that form the T4SS with the operon encoding for virB1 – virB11. The 

neighbouring operon to this is the Dtr. The Dtr proteins play an important role in the initial steps of 

conjugation by assembling at the oriT to form the relaxosome. In its most simple form, the Dtr encodes 

for three proteins as represented by the R388 plasmid: a VirD4 like protein, an accessory protein and a 

relaxase/helicase (Christie, 2016).   The Ti plasmids, encode for an additional Dtr accessory protein, VirC1 

which has been demonstrated to promote the nicking activity of the relaxase, VirD2, and also is thought 

to be involved in the recruitment of the relaxosome to the cell pole to coordinate the docking of the 

substrate to the VirB/D4 machinery (Atmakuri et al., 2007, Christie et al., 2014).  

The plasmids also encode specific functional genes. The bacteria conjugative plasmids encode for a 

protein that is involved in entry exclusion (Eex). In the case of pKM101 and R388 this is encoded on the 

eex genes, whereas in RP4 this function is carried out by protein encoded by TrbK. These proteins serve 

to prevent redundant DNA transfer between two donor cells. The non-conjugative Ti plasmid does not 

encode for an Eex protein as such a function is not required. 
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1.4.4 The general architecture of T4ASS 

There has been exciting progress in deciphering the architecture and translocation pathway of T4ASS. 

Central to this progress has been the structural studies which provided an understanding of the 

architecture of the apparatus (Figure 1.3).  

The first insight into the general structure came from a negative stain electron microscopy (NS-EM) 

reconstruction of the R388 T4SS which showed that the machinery within the bacterial cell is formed from 

four subcomplexes: the outer membrane core complex (OMCC) , inner membrane complex (IMC), a stalk 

that bridges the two membrane complexes, and lastly, arches that connect the stalk and the IMC (Low et 

al., 2014). Approximately 8 years later, a high-resolution structure of the R388 apparatus was solved using 

single particle cryo-EM which provided details on the location of the individual VirB proteins (Mace et al., 

2022). While it confirmed the overall structure that was observed with NS-EM, the cryo-EM reconstruction 

revealed a different IMC architecture which will be discussed further on in this Chapter. This 

reconstruction also furthered the findings of previously solved structures of various subunits of the 

machinery which includes studies using X-ray crystallography and electron microscopy.  
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Figure 1.3: The minimal T4SS. (A) The organisation of the genes required for the formation of the VirB/D4 apparatus 

encoded by A. tumefaciens. The 12 VirB/D4 genes required are shown with the genes encoded labelled below the 

arrows and the enzymatic functions listed above. The genes are coloured depending on the complexes the encoded 

protein forms. (B) The barrelled organisation of the apparatus shown by schematic representation and negative 

stain electron microscopy (NS-EM) reconstruction of the R388 encoded machinery (EMD-2567). (C) The linear 

structure of the minimal T4SS shown by cartoon representation, and the cryo-electron tomography (cryo-ET) and 

the cryo-electron microscopy (cryo-EM) of the VirB/D4 apparatus encoded by the plasmid pKM101 (EMD-24100 

and EMD-24098) and R388 (EMD-12707, EMD-12708, EMD-12715) respectively. 
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1.4.4.1 The T-pilus 

Found at the cell surface, conjugative pili are helical, extracellular filaments elaborated by T4SS and are 

composed of repeating pilin subunits. There are two prevailing morphological classes of pili (Bradley, 

1980a). The first is characterized by long and flexible pili which is exemplified by the F-pilus and will be 

discussed further on in this Chapter. The second group consists of pili that are short and rigid, such as the 

T-pilus belonging to the VirB/D4 T4SS. The T-pilus is formed from the major pilin subunit VirB2 and the tip 

protein VirB5 (Lai and Kado, 1998, Aly and Baron, 2007). The VirB2 is a homologue of the major structural 

pilin subunit TraA of the F-pilus. Similar to TraA, it is processed to form the mature pilin (Shirasu and Kado, 

1993). VirB2 is synthesised as a 12.3 kDa pro-pilin and, following cleavage of the signal sequence, forms a 

7.2 kDa mature product. Through two hydrophobic domains, the mature VirB2 is inserted into the inner 

membrane where they form a pool of monomers before being recruited by the T4SS machinery to build 

the pilus. VirB5 has been postulated to be important for T-pilus nucleation and may also facilitate 

attachment to the plant cell receptors (Yuan et al., 2005). A similar role in receptor binding has been 

demonstrated for CagL, a VirB5 homologue in the H. pylori Cag T4SS, where it enables infection of 

mammalian cells by binding to β-integrin on the host cell surface (Backert et al., 2008). The assembly of 

the T-pilus requires most of the same proteins that are needed to form the translocation machinery with 

the exception of the transglycosylase VirB1 which is needed for pilus assembly but not substrate 

translocation, and VirD4 ATPase which is important for substrate transfer but not pilus formation (Berger 

and Christie, 1994, Zupan et al., 2007).  

Two independent studies have reported the structure of the T-pilus (Amro et al., 2023, Kreida et al., 2023). 

The T-pilus is a five start helical filament with an external diameter of approximately 76 Å and a luminal 

diameter of 22 Å. Interestingly, both structures did not provide evidence of cyclic VirB2. This contradicts 

early work using mass spectrometry which proposed that VirB2 undergoes cyclisation before recruitment 

to build the pilus (Eisenbrandt et al., 1999). Furthermore, while the two studies yielded similar structures, 

discrepancies exist in the lipid detected. Density corresponding to a phospholipid moiety was detected 

near the VirB2 subunit. This was identified as phosphatidylglycerol in the structure by Kreida and 

colleagues, while Amro and colleagues found phosphatidylcholine in their structure (Amro et al., 2023, 

Kreida et al., 2023). Interestingly, both studies found positively charged residues extending towards the 

centre of the T-pilus lumen. This contributes to the T-pilus lumen having a positive charge, which raises 

the question of whether the pilus is a conduit for ssDNA transport. Nevertheless, both studies concluded 

that VirB2 and the phospholipid form the T-pilus with stoichiometric ratio of 1:1.  
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1.4.4.2 The outer membrane core complex from T4ASS 

Since it self-assembles into a stable complex, the OMCC from T4SS has been at the forefront of structural 

research. For the T4ASS, the crystal structure of a section of the E. coli pKM101 core complex along with 

the cryo-electron microscope structures of the OMCC belonging to pKM101, X. citri and very recently the 

high-resolution structure of the R388 machinery have provided details of the architecture of the core 

complex (Fronzes et al., 2009, Chandran et al., 2009, Rivera-Calzada et al., 2013, Low et al., 2014, Sgro et 

al., 2018, Mace et al., 2022). The core complex from T4ASS is formed from three proteins: the lipoprotein 

VirB7, VirB9 and VirB10. Initial structural work showed the pKM101 core complex having a barrel-like 

shape, approximately 185 Å in diameter and height and, formed from 14 copies of the three proteins 

(Fronzes et al., 2009). This 14-fold symmetric arrangement was confirmed by subsequently solved core 

complex structures, and the presence of a single symmetry became a characteristic of the T4ASS OMCCs. 

However, recently a high-resolution structure of the R388 T4SS was solved which showed the complex 

containing two different symmetries.   

While VirB7 and VirB9 are contained within the outer membrane, VirB10 is a remarkable protein in that 

it spans both the inner and outer membrane. The importance of the OMCC is highlighted by the 

observation that mutations that affect VirB10 from associating with the VirB9 and VirB7 proteins to form 

the complex abrogates pilus formation and transfer ability (Jakubowski et al., 2009).  This makes the core 

complex indispensable for the functioning of the T4SS. Early insight into the specific location of the OMCC 

proteins came from a limited proteolysis study coupled with imaging of the resulting complex using 

electron microscopy (Fronzes et al., 2009). The structure of the core complex can be divided into two 

layers; the outer layer (O-layer) consists of VirB7 and the C-terminal domains (CTD) of VirB9 and VirB10, 

while the inner layer (I-layer) comprises of the N-terminal domains (NTD) of VirB9 and VirB10. The crystal 

structure of the isolated O-layer revealed that VirB10 forms the interior wall of the complex  surrounded 

by VirB7 and VirB9 (Chandran et al., 2009).  Within the tetradecamer, a central ring is formed by the VirB10 

CTD adopting a two helix bundle, which has been referred to as the antenna region, and is thought to be 

embedded within the outer membrane, and thereby provides a channel across it. This hypothesis is 

supported by the observation that when a FLAG epitope is inserted between the antenna α-helices, the 

tag is exposed extracellularly (Chandran et al., 2009). This chambered architecture of the core complex 

appears to be a common feature along with the central localisation of VirB10 amongst the T4SS OMCCs.   

A similar protein arrangement was observed for the X. citri OMCC with the O-layer being reminiscent of 

the equivalent in the pKM101 T4SS (Figure 1.4) (Fronzes et al., 2009, Sgro et al., 2018). A striking difference 
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in the X. citri OMCC is that the VirB7 lipoprotein is considerably larger compared to its counterpart in the 

conjugative VirB/D4 machinery due to the presence of a C-terminal N0 domain (Souza et al., 2011). N0 

domains are also found on the N-termini of secretins from T2SS and T3SS, as well as being present on the 

lipoprotein DotD from the L. pneumophila Dot/Icm T4SS. Thus, highlighting remarkable structural 

similarities among proteins involved in transport of substrates across the bacterial outer membrane. The 

additional domain adopts a globular fold which extends outward from the central structure.  This 

contributes to the X. citri OMCC having a “flying-saucer” shape as opposed to the barrel-like form of the 

pKM101 and R388 OMCC. The resolution of the X. citri complex also meant that features of the I-layer 

became visible which was not resolved in previous structures. Linkers were observed between the VirB9 

and VirB10 allowing for considerable flexibility among the two layers.  

Recently, a high resolution cryo-EM structure of the R388 T4SS showed that the OMCC consists of two 

symmetries; the O-layer has 14-fold symmetry while the I-layer adopts 16-fold symmetry (Figure 1.4 and 

Figure 1.5) (Mace et al., 2022). This means that there are 16 VirB10 and VirB9 at the I-layer of which 14 

extend to form the O-layer. This leaves two heterodimeric VirB10-VirB9 complexes at the I-layer without 

an obvious connection to the O-layer. While this symmetry mismatch was unexpected since it has not 

been seen in minimised T4ASS OMCCs yet, it is a common characteristic of the core complexes from 

expanded T4SS (Chung et al., 2019, Durie et al., 2020).  
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Figure 1.4: The high-resolution cryo-EM structures of different T4SS outer membrane core complexes 

(OMCC). The cryo-EM map and the asymmetric units are shown for the OMCCs of: R388 (EMD-12707, EMD-

12708, PDB-7O3J, PDB-7O3T), X. citri (EMD-0089, PDB-6gyb), Dot/Icm (EMD-22068, EMD-22069, PDB-7MUD, 

PDB-7MUC), and Cag (EMD-22081, EMD- 20021, PDB-6X6J, PDB-6X6S). O-layer (Outer layer), I-layer (Inner 

layer), OMC (Outer membrane complex), PR (Periplasmic ring). 
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While the OMCC is often considered to be the scaffold for the channel through which substrates through, 

there is increasing evidence which alludes to the OMCC playing a more active role in conjugation. VirB10 

has been reported to be involved in energy sensing and transducing with the protein undergoing a 

structural transition following substrate binding and ATP hydrolysis by the ATPases VirD4 and VirB11 

(Cascales and Christie, 2004a, Cascales et al., 2013). While direct contact of DNA with VirB10 was not 

observed in a formaldehyde (FA) cross-linking assay, VirB10 was required for DNA to establish FA-cross-

linkable contacts with VirB2 and VirB9 (Cascales and Christie, 2004b). This suggests that VirB10 may 

dynamically be involved in coupling the cytoplasmic/inner membrane ATP activity to the gating of the 

transfer machinery at and or proximal to the outer membrane. In line with this mode of action, a G272R 

Figure 1.5: The symmetry of different T4SS outer membrane core complexes (OMCC). The cryo-EM map and 

the symmetry of various components are shown for the OMCCs of: R388 (EMD-12707, EMD-12708, PDB-7O3J, 

PDB-7O3T), X. citri (EMD-0089, PDB-6gyb), Dot/Icm (PDB-7MUC, PDB-7MUD, PDB-7MUE), and Cag (PDB-6X6J, 

PDB-6X6S). O-layer (Outer layer), I-layer (Inner layer), OMC (Outer membrane complex), PR (Periplasmic ring). 

The colour key of the proteins is the same as Figure 1.4. 
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mutation in VirB10 was identified to be a gating defect mutation, with VirB10 being locked in an active 

conformation even in an energy-depleted state which conferred leakiness to the channel, with the 

unregulated secretion of VirE2 to the cell surface independently of target cell contact (Banta et al., 2011). 

Using molecular simulations, the conformation of VirB10 caused by the G272R mutation has been shown 

to result in a more rigid complex compared to the wildtype, leading to reduced conformational flexibility 

(Darbari et al., 2020). This may cause the complex to become unresponsive to intracellular signals thereby 

impacting the gating of the channel by VirB10. Together with the inherent flexibility observed within the 

OMCC structure, it suggests that the core complex not only acts as a structural scaffold, but through the 

activity of VirB10, it can undergo structural rearrangement to allow passage of molecules in response to 

substrate engagement and ATP hydrolysis by VirD4 and VirB11.  

 

1.4.4.3 The inner membrane complex (IMC), arch and stalk  

Following on from the OMCC, the second membrane complex which structures the T4SS is the IMC. The 

VirB10 N-terminus extends down from the OMCC and forms part of the IMC along with multiple other 

proteins. This includes VirB3, VirB4 and VirB8. While additional proteins have also been associated with 

the IMC, namely VirB5, VirB6 and the ATPases VirB11 and VirD4, the recent structure of the almost entire 

R388 T4SS shows that the four proteins (VirB5, VirB6, VirB11 and VirD4) form components which are 

distinct from the IMC (Figure 1.6) (Mace et al., 2022). Therefore, in this Chapter, those proteins will be 

discussed separately to the IMC.  

The first structural insight into the complex spanning the inner membrane came from a negative stain 

reconstruction of the R388 T4SS (Low et al., 2014). The IMC was found to be asymmetric with a dimension 

of 255 Å in width and 134 Å in height. A striking feature of this complex was that the AAA+ VirB4 ATPase 

formed two side by side hexameric barrels that extended down into the cytoplasm (Figure 1.3). 

Contradictory to this, the in situ cryo-electron tomography (cryo-ET) structure of the pKM101 T4SS 

showed VirB4 adopting a central hexamer of dimers (Figure 1.3) (Khara et al., 2021). This arrangement 

has been further supported by the high resolution cryo-EM structure of the R388 T4SS which displayed 

six dimers of VirB4 assembling to form a hexamer of dimers (Figure 1.6) (Mace et al., 2022).  This 

oligomeric conformation has also been visualised in the expanded T4SSs (Chetrit et al., 2018, Hu et al., 

2019a, Hu et al., 2019b). However, within the cryo-EM dataset, a few of the 2D classes showed side-views 

that were reminiscent of the double-barrelled architecture observed in the negative stain reconstruction. 

This suggests that a small number of particles existed that had the double-barrelled shape. Therefore, it 
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may be plausible that the two different IMC architectures represent different stages in the assembly of 

the T4SS. 

The cryo-EM R388 T4SS structure also provided the first detailed insight into the protein organisation that 

builds the IMC which is 1.32 MDa in size (Figure 1.6). Overall, the IMC adopts 6-fold symmetry with it 

being formed from 6 protomers. Each protomer consists of one VirB3, two VirB4 and three N-terminal 

portions of VirB8. The major protein component of the complex is VirB4 and is organised as such that one 

subunit in each of the 6 dimers (referred to as VirB4central), forms a central hexamer while the other subunit 

of the dimer protrudes away from the centre (termed VirB4outside) (Figure 1.6). The other two protein 

constituents of the IMC form part of the complex by interacting with one of the VirB4 dimer subunits. 

VirB3, which is a small, two-pass membrane protein, interacts solely with the VirB4central subunit of the 

dimer. Therefore, there are a total of 6 VirB3 proteins in the complete T4SS. On the other hand, VirB8 

associates with the VirB4outside subunit of the dimer via an N-terminal portion which has been called 

VirB8tails. There are 3 copies of the VirB8tails per VirB4outside subunit thus, making a total of 18 VirB8 proteins 

in the entire T4SS.  

While the N-terminus of VirB8 forms part of the IMC, the rest of the protein form the arches at the 

periplasm (Figure 1.6) (Mace et al., 2022). Prior to this structure, the composition and architecture of the 

arches was not known. It is built from hexamers of homotrimeric units of VirB8 that arrange as a ring 

around the stalk with a diameter of 177 Å. The stalk is the central, coned shape structure that connects 

the two membrane spanning complexes of the T4SS. Rising from the inner membrane, the stalk is formed 

from a pentamer of VirB6 units. Mounted on top of the VirB6 base, is a pentamer of VirB5, such that the 

one VirB5 binds between two VirB6 proteins. Based on the structural findings, it has been proposed that 

during pilus biogenesis, 5 VirB2 subunits bind to the 5 VirB6 from the inner membrane. The pilin subunits 

are then levered up to the site of assembly in order to form the pilus, which in turns frees up the binding 

sites on VirB6 for a second cycle of VirB2 binding (Mace et al., 2022). Both the VirB proteins consist 

predominantly of long α-helices which enables the formation of a lengthy stalk, spanning a height of 216 

Å, that bridges the IMC and OMCC.  
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1.4.4.4 The ATPases VirD4 and VirB11 

Alongside VirB4, the ATPases VirD4 and VirB11 form the energy centre which is situated at the base of the 

translocation machinery. However contrary to VirB4 which is stably attached to the T4SS, VirD4 and VirB11 

are more loosely associated. VirD4 is also known as the type IV coupling protein (T4CP) and functions as 

a receptor for DNA and protein substrate binding and, is involved in shuttling them to the translocation 

apparatus. Therefore, VirD4 acts as the connecting protein between the translocating substrates and the 

T4SS. This has been proposed to occur via participation from VirB11 as VirB11 has been observed to 

interact with both VirD4 and VirB4 (Ripoll-Rozada et al., 2013). VirB11, which is often referred to as the 

traffic ATPase, belongs to the AAA+ ATPase family. Unlike VirB4 which is a ubiquitous component of T4SSs, 

VirB11 is not present in all machineries such as the T4SS encoded by the F-plasmid. The VirB11 localises 

to the cytoplasmic face of the inner membrane and has been shown to co-fractionate with both the 

cytosol and inner membrane fraction (Rashkova et al., 1997). This is indicative of VirB11 interacting 

dynamically with the IMC. 

Figure 1.6: The high resolution cryo-EM structure of the R388 T4SS. The structure is formed from four general 

sections: OMCC (Outer membrane core complex), stalk, arches, and IMC (Inner membrane complex).  
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A prevailing controversy in the field surrounding the ATPases is how VirD4 mediates transfer of the bound 

nucleoprotein complex (ssDNA-relaxase) to the membrane embedded machinery. There are currently two 

main models which have been proposed to address this. According to one model, VirD4 engages with the 

nucleoprotein complex and then coordinates with the ATPases VirB11 and VirB4, to process and transport 

the molecule through the T4SS (Figure 1.7). This is supported by the observation that VirB11 has been 

shown to interact with both ATPases and further by the findings of immunoprecipitation assays defining 

the T-DNA translocation pathway (Cascales and Christie, 2004b, Atmakuri et al., 2007, Ripoll-Rozada et 

al., 2013). The pathway through the T4SS was proposed based on the ability of various proteins to form 

formaldehyde cross-links with the T-DNA, and contacts were observed with VirD4 T4CP, the ATPase 

VirB11,  IMC proteins VirB6 and VirB8, the OMC protein VirB9, and lastly, the pilin VirB2. While VirB4 was 

not found to cross-link with the T-DNA, deletion of the ATPase resulted in arrested transfer between 

VirB11 to VirB6/VirB8 (Cascales and Christie, 2004b). Thus, suggesting that VirB11 and VirB4 are actively 

involved in the T-DNA transport. The alternative model suggests that VirD4 recruits the nucleoprotein 

complex and directly guides it to the periplasm, where it enters the T4SS through contact with IMC 

proteins VirB6 and VirB8, and is subsequently transported through the machinery (Larrea et al., 2017). 

This has also been suggested for the expanded Dot/Icm T4SS from L. pneumophila (Meir et al., 2020). 

Given that there is compelling evidence in support of both models, it makes it difficult to distinguish 

between the two. This is further exacerbated by the lack of a structural studies showing an intact T4SS 

structure with either VirD4 or VirB11 bound. Therefore, this remains as one of the most poorly understood 

aspects of the T4SS field.  

While the high resolution structure of the T4SS with the VirD4 ATPase bound remains to be solved, 

structures of VirD4 alone and also components of it associated with the cognate T4SS is available. As a 

T4CP, the VirD4 consists of a N-terminal transmembrane domain which has been implicated in 

establishing contact with the nucleoprotein complex, and a large, cytoplasmic C-terminus (Llosa and 

Alkorta, 2017). The C-terminal region is formed from two distinct domains: a nucleotide binding domain 

(NBD) which comprises of the canonical Walker A and Walker B nucleotide binding motifs involved in ATP 

hydrolysis, and an all-α-domain (AAD). The crystal structure of the functional soluble domain of the VirD4 

from the R388 plasmid showed a globular hexameric assembly (Gomis-Ruth et al., 2001). Each monomer 

consists of two major structural domains which includes a NTD and an AAD. The six protomers come 

together to form a ring which has a central channel with a diameter of approximately 20 Å that narrows 

to 8 Å at the channel entrance. The overall shape resembles that of the F1-ATPase. A similar hexameric 

arrangement has also been observed in the Dot/Icm T4CP with DotL connected to a larger bell-shaped 
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complex (Kwak et al., 2017). A structure of VirD4 cross-linked with the T4SS was probed using negative 

stain electron microscopy. This revealed two dimers of VirD4 integrated between the VirB4 hexamers, 

however, this has been speculated to represent an incompletely assembled apparatus (Redzej et al., 

2017). Unfortunately, VirD4 was absent in the recently solved R388 T4SS structure which hinders 

understanding of how the ATPase interacts with the machinery and suggests that perhaps due to the 

dynamic nature of the protein, cross-linking is required to capture it (Mace et al., 2022). 

Insight into the structure of VirB11 comes from the homolog in B. suis (Hare et al., 2006). The protein was 

found to form a hexameric double stacked ring, and a similar arrangement has also been reported for the 

equivalent protein in the Cag T4SS (Hu et al., 2019b).  

 

 

 

Figure 1.7: A working model for substrate translocation through the VirB/D4 T4SS. This figure illustrates one of the 

prevailing models for substrate transfer through the machinery. This involves the docking of the VirB11 hexamer 

with the VirB4 hexamer. Then, through the involvement of VirD4., the nucleoprotein is shuttled through the 

translocation apparatus. oriT (Origin of tranfer) 
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1.4.4.5 The lytic transglycosylase VirB1 

VirB1 is not a structural component of the T4SS machinery but is involved in lysis of the peptidoglycan 

layer. It is a member of  lytic transglycosylases family of proteins that are lysozyme-like virulence factors 

(Chandran Darbari and Waksman, 2015). VirB1 aids the activity of the T4SS by lysing the peptidoglycan 

which alleviates the structural restraints that are imposed by the polysaccharide layer and thereby, 

enabling the construction of the machinery across the cellular envelope. Prior to its lytic activity, in the 

periplasm, VirB1 is cleaved into two components in A. tumefaciens. This includes the NTD which contains 

the lytic activity and a C-terminal region, VirB1*, that is secreted to the extracellular milieu following 

cleavage, and is proposed to be involved in pilus formation (Baron et al., 1997, Llosa et al., 2000, Zupan 

et al., 2007). Interestingly, in A. tumefaciens, it has been shown that VirB1 is not required for assembly of 

the T4SS but is needed for pilus biogenesis (Berger and Christie, 1994, Zupan et al., 2007). This 

dispensability of VirB1 for channel formation is surprising given that the lysis of the peptidoglycan layer 

should supposedly be necessary for the extension of the T4SS across the two membranes. 

 

1.5 The expanded T4SS 

Compared to the minimised T4SS, the expanded T4SSs are more complex, both in the number of proteins 

involved in structuring the apparatus, and also in terms of the overall architecture. Also known as T4BSS, 

the expanded machineries are composed of the core proteins that are found in the minimised systems, 

but also contain numerous others which are often system specific, which presumably extends functional 

capacity. Key examples of the expanded T4SS includes the L. pneumophila Dot/Icm, H. pylori Cag and the 

T4SS encoded by the F-plasmid. Recently, a strain of P. putida was found to encode for a T4BSS that is 

involved in bacterial killing by translocating toxin effectors into the target cell (Purtschert-Montenegro et 

al., 2022). 

 

1.5.1 The Dot/Icm system of Legionella pneumophila 

Legionella pneumophila is the causative agent of Legionnaires’ disease, a severe form of pneumonia 

(Fraser et al., 1977, McDade et al., 1977). It is a human respiratory pathogen and infects host 

macrophages. A factor that is central to L. pnuemophila’s virulence is the Defective in organelle 

trafficking/Intracellular multiplication (Dot/Icm) T4SS (Figure 1.2) (Marra et al., 1992, Berger and Isberg, 

1993).  The Dot/Icm T4SS is built at the cell poles and enables secretion of effectors into the host cell 
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(Jeong et al., 2017). Over 300 effectors are transported which allows the bacteria to manipulate the host 

cellular processes (Isaac and Isberg, 2014). Firstly, the T4SS and its effectors allows evasion of the host 

immune system and facilitates assembly of a protective shelter called Legionella containing vacuole (LCV) 

(Figure 1.2) (Lockwood et al., 2022). The LCV avoids endocytic maturation processes such as fusion with 

lysosyme and resists acidification (Horwitz, 1983, Horwitz and Maxfield, 1984). The LCV adopts 

endoplasmic reticulum (ER)-like properties and serves as a replicative niche. The importance of the 

machinery is highlighted by the observation that mutants deficient in a functional Dot/Icm T4SS are 

avirulent (Isaac and Isberg, 2014). The Dot/Icm translocated effectors control various stages of infection 

by regulating signal transduction, membrane trafficking and cytoskeleton dynamics.  

Early work on effectors suggested the presence of a translocation signal at the C-terminus (Nagai et al., 

2005). The sequence consists of 20 – 30 amino acid residues that have specific biochemical properties, for 

example small charged residues (Burstein et al., 2009). Alternatively, as observed in a large number of 

effectors, the translocation sequence can also be a glutamate-rich E-block motif (Huang et al., 2011). Some 

substrates have even been identified to contain an internal translocation signal that has been reported to 

contact the adaptor proteins IcmS and IcmW (Cambronne and Roy, 2007, Sutherland et al., 2012). This 

highlights the variations that exist amongst the large repertoire of Dot/Icm effectors.  Despite, the 

increasing number of substrates being discovered, a universal consensus sequence has still not been 

determined (Lockwood et al., 2022). The absence of such a definitive sequence suggests that perhaps for 

different effectors there may be different modes of recruitment and transport through the Dot/Icm 

apparatus.  

The Dot/Icm machinery acts as a paradigm for the T4BSS. The machinery consists of approximately 27 

proteins whose genes are organised mostly on 2 large gene clusters (Figure 1.8) (Voth et al., 2012). 

However, 3 additional proteins affiliated with the Dot/Icm T4SS has been recently identified (Sheedlo et 

al., 2021).  A T4BSS similar to the Dot/Icm machinery is also utilised by the zoonotic pathogen Coxiella 

burnetii, thus highlighting the significance of this apparatus in the virulence of intracellular pathogens 

(Segal and Shuman, 1999, Sexton and Vogel, 2002).   
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1.5.2 The Cag T4SS of Helicobacter pylori 

Helicobacter pylori is a Gram-negative bacterium that colonises the stomach in approximately half of the 

human population. The presence of the bacteria in the stomach is the greatest known risk factor of 

developing gastric cancer. Present in the highly virulent H. pylori strains is the cag pathogenicity island 

(cagPAI) which encodes for the Cag T4SS and the effector protein, CagA (Blaser et al., 1995, Cover, 2016). 

Individuals harbouring H.pylori strains that have the cagPAI have a greater risk of developing cancer 

compared to those who have H.pylori strains lacking this genetic island (Cover, 2016).  It should be noted 

that alongside the Cag T4SS, three additional T4SSs have been described that are assembled by H. pylori 

(Fischer et al., 2020). One such T4SS is the ComB system which facilitates natural transformation and was 

discussed in section 1.2.4.  The remaining two secretion machines are Tfs3 and Tfs4, the function of which 

are presently not well understood (Cover et al., 2020). Nevertheless, the focus of this section will be the 

Figure 1.8: The expanded T4SS. The organisation of the genes involved in the formation of the Dot/Icm and the Cag 

T4SSs. The genes are coloured depending on the complexes the encoded protein forms and follows the same scheme 

as Figure 1.3: yellow (IMC), pink (ATPase), salmon (T4CP ATPase), blue (OMCC), green (pilus related). Homologous 

genes are shown by same colour coding. The cryo-ET structures of the L. pneumophila Dot/Icm T4SS (EMD-7611 and 

EMD-7612) and H. pylori Cag T4SS (EMD-0634 and EMD-0635).  
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Cag T4SS which is the first characterised T4SS in H. pylori and due to its complexity is categorised as a 

T4BSS expanded apparatus.  

The Cag T4SS is chromosomally encoded on the 40 kb cagPAI region. The cagPAI region encompasses 

approximately 27 genes, of which 17 are needed for substrate transfer, one encodes for the oncoprotein 

CagA, and several have unknown function (Figure 1.8) (Cover et al., 2020). Currently, CagA is the only 

known protein to be secreted by the Cag T4SS and is injected into gastric epithelial cells where it elicits 

cancer causing activities. The T4SS causes several cellular changes that are attributed to the activity of 

CagA. Examples include modified cell polarity and cell adhesion, enhanced cell proliferation, increased 

motility of cells and altered cellular shape (Hatakeyama, 2004). The Cag T4SS is also involved in causing 

cellular alterations, which occurs independently of CagA. One such action is the production of a strong 

pro-inflammatory response in gastric cells by encouraging interleukin-8 production through a mechanism 

involving NF-kB and transfer of lipopolysaccharide metabolites such as ADP-glycero-β-D-manno-heptose 

into the target cell (Backert and Naumann, 2010, Cover et al., 2020). Furthermore, it has been 

demonstrated that Cag T4SS is directly involved in the contact-dependent activation of Toll-Like receptor 

9 (TLR-9) which is driven by the transfer of H. pylori DNA which actively engages with the host receptor 

(Varga et al., 2016). Therefore, the Cag T4SS plays a central role in promoting development of gastric 

cancer.  

 

1.5.3 The general architecture of the expanded T4SS 

Despite the complexity and vast number of proteins involved in both the Dot/Icm and Cag T4SS, the overall 

architecture is reminiscent of the minimised VirB/D4 machineries (Figure 1.8). Insight into the structural 

organisation of both these expanded machineries in intact bacterial cells has been revealed using cryo-ET 

(Figure 1.8) (Chang et al., 2018, Chetrit et al., 2018, Ghosal et al., 2019, Hu et al., 2019b). When visualised 

using this approach, the Dot/Icm and Cag T4SSs consists of two membrane spanning complexes (IMC and 

OMCC) which are bridged by a central stalk. Nevertheless, clear differences exist between the two 

expanded T4SS and that of the VirB/D4 T4SS. One specific difference is the absence of a definitive pilus 

associated with the translocation apparatus. Presently, a pilus connected to the Dot/Icm apparatus has 

not been observed which is further supported by bioinformatic analyses of the T4SS failing to identify an 

appropriate pilus gene cluster together with the absence of a pilus in the cryo-ET structures (Bock et al., 

2021). A pilus-like component has been observed on H. pylori cells which are thought to be produced in 

response to contact with the host cell. However, whether this filamentous structure is indeed a pilus 
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elaborated by the Cag T4SS has sparked controversy. A pilin subunit has not been conclusively identified. 

On the other hand, in vivo structural analysis of H. pylori Cag T4SS showed rod-like structures which may 

represent the pilus. However, this was not detected in direct connection with the OMCC (Chang et al., 

2018). Therefore, it is still uncertain whether a pilus is elaborated by the Cag T4SS. 

 

1.5.3.1 The outer membrane core complex 

Initial work surrounding the Dot/Icm and Cag T4SS suggested that the core complexes are made from five 

proteins. The ability to successfully isolate the complexes has allowed analysis of its structure and protein 

composition. This has indicated the intricacy that exists within the core complex architecture. The Cag 

T4SS OMCC is composed of five components: CagY, CagX, CagT, CagM, and Cag3 (Figure 1.4). While CagM 

and Cag3 are specific to the Cag T4SS, CagT, CagX and CagY are homologous to VirB7, VirB9 and VirB10 

respectively. Visualisation of the isolated complex with negative stain electron microscopy showed that 

the OMCC is formed by an inner ring which is connected to an outer ring by spokes (Frick-Cheng et al., 

2016). Complexes formed from a mutant strain lacking cag3 or cagT retained the inner ring but lacked a 

well-formed outer ring, suggesting that these two proteins are located at the periphery. This was 

confirmed for Cag3 by immunogold labelling (Frick-Cheng et al., 2016).  

Similarly, early work looking into the subcellular location of Dot/Icm components indicated the presence 

of a putative five-protein complex (Vincent et al., 2006). This was identified to be DotC, DotD, DotH, DotG 

and DotF. DotF and DotG are inner membrane proteins and join the OMCC in the presence of DotC, DotD 

and DotH which are crucial for formation of the complex (Vincent et al., 2006). DotH is associated with 

the outer membrane through interaction with the two lipoproteins DotC and DotD. The crystal structure 

has been solved for DotD which demonstrated that following a disordered region at the N-terminus, DotD 

adopts a globular fold which resembles the N0 domain that has also been characterised in the X. citri VirB7 

(Nakano et al., 2010, Souza et al., 2011). Furthermore, DotH and DotG are homologs of VirB9 and VirB10 

respectively. Thus, highlighting the remarkable structural conservation that exists amongst the T4SS. 

The high-resolution structures of both core complexes have been recently solved using single particle 

cryo-EM which have been further resolved by addition of extra cryo-EM data (Figure 1.4) (Chung et al., 

2019, Durie et al., 2020, Sheedlo et al., 2020, Sheedlo et al., 2021). The H. pylori core complex can be 

divided into three subsections: an outer membrane cap (OMC), periplasmic ring (PR) and a stalk. A 

symmetry mismatch was found to exist within the core complex with the OMC having 14-fold symmetry 
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and the PR adopting 17-fold symmetry (Figure 1.5) (Chung et al., 2019, Sheedlo et al., 2020). As observed 

in the minimised T4SS OMCCs, the Cag OMC also contains both an O- and I-layer. While all five core 

complex components form the OMC, only CagY and CagX extend downwards to the PR and structure it 

(Figure 1.4). The symmetry mismatch appears to be bridged by CagX whereby 14 rods of helical density 

was seen connecting the OMC and PR in an unsymmetrised cryo-EM map (Sheedlo et al., 2020). Therefore, 

it is thought that a total of 17 CagX proteins exist in the entire structure with all 17 forming the PR via the 

NTD, of which 14 CTDs extend upwards to form part of the OMC. This leaves 3 domains within the PR 

without a clear connection to the OMC which is currently unexplainable. The stalk was visualised at the 

base of the core complex, and the composition of this is yet to be confirmed but is thought to consist of 

CagY.  

The Dot/Icm core complex structure is comparable to the equivalent complex in the Cag T4SS (Durie et 

al., 2020, Sheedlo et al., 2021). A symmetry mismatch also exists in the Dot/Icm complex which can be 

divided into regions which includes a 13-fold symmetric OMC and a PR which has 18-fold symmetry (Figure 

1.5). Strikingly, the Dot/Icm OMC consists of an additional region, a 16-fold symmetric dome, which is 

embedded in the outer membrane (Figure 1.5) (Sheedlo et al., 2021). The overall structure resembles the 

Cag core complex in width (400 Å) but is more compact in terms of the height (164 Å). The dome is 

constructed from the CTD of DotG which is line with the observation that in a DotG deletion background, 

the complex lacks both the dome and the PR (Sheedlo et al., 2020, Sheedlo et al., 2021). This appears to 

be a conserved feature of VirB10 and its counterpart and has been observed in all VirB10 and homologous 

proteins resolved to date. A surprising difference between DotG and VirB10 is that absence of DotG does 

not abrogate formation of a complex (Vogel et al., 1998). Although, in this context, a central channel is 

missing from the core complex which analogous to the T4ASS OMCCs where VirB10 forms the central 

channel by lining the walls of the complex. While it was previously shown that the core complex is formed 

from five proteins, the cryo-EM structure revealed additional components which were formerly unknown 

(Sheedlo et al., 2021). The OMC is formed from the core Dot proteins, DotC, DotD, DotH, DotF and DotG 

along with other proteins (Figure 1.4). This includes DotK and three unrecognized T4BSS related 

components: Dis1, Dis2, and Dis3 which are also referred to as Lpg0657, Lpg0823, and Lpg2847 

respectively. From all those proteins, only DotG, DotF and DotH appears to extend downwards to the PR. 

Here, a short loop belonging to DotG makes contact with a globular portion of DotH in a manner that has 

been reported between CagX/CagY and VirB9/VirB10 (Sgro et al., 2018, Sheedlo et al., 2020). Like in the 

Cag core complex, the VirB9 counterpart, DotH bridges the symmetry mismatch between the OMC and 

the PR. This is facilitated by a total of 18 DotH proteins existing in the entire core complex with all 18 
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forming the PR via their NTDs. Of the 18, 13 DotH CTDs extend upwards to partake in structuring the OMC. 

Remarkably, the remaining 5 DotH domains extend halfway and stretch into the surrounding space. Here, 

the 5 CTDs have been reported to be flexible given that these regions are not static in relation to the OMC 

and PR (Sheedlo et al., 2021). Even though a similar bridging of the symmetries was observed for the Cag 

core complex via CagX, the presence of similar densities corresponding to the remaining 3 domains in the 

intervening space was not observed. Subsequently, it has been hypothesised, that this difference and the 

flexibility that is attributed by it may be how the Dot/Icm machinery secretes such a large array of 

substrates (Sheedlo et al., 2021).  

The cryo-EM structures of the Dot/Icm and Cag core complexes also provide insight into how these core 

complexes are so large. The Cag core complex protein exist at a stoichiometry of 1:1:2:2:5 

(CagY:CagX:CagT:CagM:Cag3) with entire structure consisting of 14 copies of CagY and CagX, 28 copies of 

CagT and CagM and 70 copies of Cag3 (Chung et al., 2019, Sheedlo et al., 2021). Thus, a total of 154 

proteins forms the Cag OMCC. The stoichiometry of the Dot/Icm core complex is 

13:13:13:13:13:18:18:26:32 (DotC:DotK:Dis1:Dis2:Dis3:DotG:DotH:DotD:DotF), meaning that the 

complex is comprised of 159 polypeptides (Sheedlo et al., 2021). Together, this highlights the intricacy 

that exists within the core complexes from the expanded T4SS and helps explain the large size they adopt.  

 

1.5.3.2 The inner membrane complex and the energy centre  

The inner membrane complex (IMC) provides passage of the substrate across the inner membrane. The 

complex also plays an important role in coordinating the transfer as the ATPases associated with the 

machinery are located at or near the inner membrane.  

Cryo-ET coupled with mutational analyses have provided insight into the Cag T4SS IMC and energy centre. 

A preliminary cryo-ET structure showed 4 barrel-like densities protruding into the cytoplasm which were 

proposed to be side-by-side hexamers of the VirD4 homolog CagE, as had been initially reported for the 

R388 T4SS (Low et al., 2014, Chang et al., 2018). Nevertheless, a better resolved structure established that 

the IMC adopts 6-fold symmetry and has a 3-ringed architecture (Hu et al., 2019b). The 3 concentric rings 

have been denoted as the I-, M- and O-ring which have a diameter of approximately 120, 220, 360 Å 

respectively. Several Cag components have been associated with the inner membrane. This includes the 

following: three ATPases (VirB4-like CagE, VirB11-like Cagα and VirD4-like Cagβ), inner membrane 

proteins with VirB homologs (VirB6-like CagW and VirB8-like CagV) and Cag specific inner membrane 
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proteins such as CagF, CagU and CagH (Fischer, 2011). Nevertheless, it remains elusive whether these Cag 

specific inner membrane proteins form part of the core secretion machinery or have other functions.  

To decipher the contribution of certain Cag proteins to the IMC, mutant machineries were visualised by 

cryo-ET (Hu et al., 2019b). This approach provided insight into the involvement and structure of the three 

ATPases. Furthermore, this work was ground-breaking as it was the first time the energy centre was 

visualised for a T4SS where the three ATPases are present and contribute to the structuring of it. The 

VirB4-like CagE assembles as a hexamer of dimers at the cytoplasmic channel entrance. Furthermore, this 

ATPase was found to be integral for the assembly of the cytoplasmic region of the IMC as this was 

completely absent in the ΔCagE mutant. The VirB11-like Cagα appears to form a hexamer that docks at 

the base of the CagE and by establishing direct contacts with it, Cagα forms part of the I-ring. Lastly, the 

deletion mutant of VirD4-like Cagβ resulted in the loss of density for the O-ring as well as parts of the M- 

and I-rings. Considering that it is unlikely that VirD4 constitutes for all that density, it has been suggested 

that other proteins also form part of the IMC and may be stabilised by VirD4. Plausible protein candidates 

that shape the IMC are CagV and CagW, which are counterparts of VirB proteins (Fischer, 2011). 

 Strikingly, in the mutant machineries lacking either one of the three ATPases, the Cag OMCC was still 

present, implying no effect on the assembly or stability of the core complex (Hu et al., 2019b). Together, 

the results support an out-to-in assembly of the Cag T4SS. The OMCC assembles first and acts as the 

foundation for the formation of the inner membrane platform, composed of CagV and CagW. The energy 

centre establishes at the cytoplasmic side of the IMC. This occurs through the sequential recruitment of 

the ATPases, whereby CagE bind first, followed by the docking of Cagα, and in-turn recruitment of Cagβ 

(Hu et al., 2019b). 

Like the Cag T4SS, the IMC belonging to the Dot/Icm machinery is important for recognition and transfer 

of effectors, and also, provides a platform for the docking of the Type IV coupling complex (T4CC). Three 

ATPases are located here which consists of DotO, DotB, and DotL which are homologous to VirB4, VirB1, 

and VirD4 respectively. DotO integrates with the IMC and recruits DotB, which is mostly cytosolic (Sexton 

et al., 2005, Chetrit et al., 2018). Strikingly, DotB shares higher homology with the ATPases PilT and EspE 

from the Type IV pilus system and T2SS respectively, than it does with VirB11 (Prevost and Waksman, 

2018). This alludes to the Dot/Icm apparatus having a mosaic nature and also hints towards an 

evolutionary connection (Christie, 2016).  
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The Dot/Icm inner membrane proteins, DotU and IcmF, have been shown to be important for the polar 

targeting of the secretion system and are thought to provide a stable scaffold on which the T4SS is 

assembled (Ghosal et al., 2019). Moreover, the inner membrane proteins IcmT, IcmV, IcmQ, DotA, Vir8-

like DotI, DotU, DotJ and DotE are required for DotB to be recruited to the cell pole (Chetrit et al., 2018). 

Out of these proteins, DotU and DotI in particular have been found to be required for polar localisation of 

DotO. Together, this suggest a successive assembly of the IMC whereby an IMC subcomplex is initially 

constructed which then provides a platform for the formation of the energy centre.  

Once DotO and DotB have associated with the IMC, they provide important structural features to the 

T4SS. Initially, DotO densities protruding into the cytoplasm were considered to be the ATPase forming 

side-by-side hexamers, in a manner reminiscent to the VirB4 from R388 and CagE from the Cag T4SS  (Low 

et al., 2014, Ghosal et al., 2017, Chang et al., 2018). However, with higher resolution, the DotO was found 

to arrange as a hexamer of dimers at the base of the T4SS apparatus (Chetrit et al., 2018, Park et al., 2020). 

This arrangement of the ATPase is becoming increasing prevalent as it has also been seen for the VirB4-

like CagE, and also recently for VirB4 from both R388 and pKM101 (Hu et al., 2019b, Khara et al., 2021, 

Mace et al., 2022). An additional density was observed below the V shaped DotO which was assigned to 

DotB (Chetrit et al., 2018). DotB associates directly with DotO as a hexamer. Together, DotO and DotB 

shape a cylindrical structure at the cytoplasmic channel entrance of the Dot/Icm T4SS. This docking of 

DotB to DotO is important for effector transfer as it has been shown to cause a conformational change 

that results in the opening of the channel (Park et al., 2020).  

The effectors are delivered to the Dot/Icm machinery by the cytoplasmic VirD4-like ATPase, DotL (Vincent 

et al., 2012). DotL also plays a significant role in recognition of the substrate by forming the T4CC along 

with additional proteins (Lockwood et al., 2022). It appears that the composition of this complex may 

depend on the type of effector being shuttled to the T4SS. One such T4CC displayed the C-terminus of 

DotL contacting a heterodimer composed of the adaptor proteins IcmS and IcmW (IcmSW) (Figure 1.9A) 

(Sutherland et al., 2012). Two additional proteins, DotN and LvgA, were found to be associated with this 

complex resulting in a structure consisting of DotL-DotN-IcmSW-LvgA (Figure 1.9B). Using the hexameric 

structure of the VirD4 from R388 (TrwB) as the template, a hexameric model of the DotL-DotN-IcmSW-

LvgA complex was constructed and referred to as the holocomplex (Kwak et al., 2017, Kim et al., 2020). 

The holocomplex assumes an elongated bell-shaped structure with the DotL ATPase membrane-proximal 

and the adaptor proteins membrane-distal. The adaptor proteins participate in the recognition of the 
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effectors. The substrate SidF has been shown to interact with IcmSW, with other effectors such as VpdB, 

binding to LvgA in the holocomplex (Figure 1.9C) (Xu et al., 2017, Kim et al., 2020).  

 

 

Alternatively, a second effector recognition complex has been described which includes DotM. This has 

been suggested for effectors that contain the Glu-rich/E-block motif based on the observation that the 

crystal structure of DotM exhibited regions of positively charged residues which may provide binding sites 

for the negatively charged motifs (Meir et al., 2018). A T4CC formed by DotL, DotM, DotN, IcmSW and two 

additional proteins, DotY and DotZ, was isolated (Meir et al., 2020). The structure for the DotLMNYZ 

complex was solved using cryo-EM (Figure 1.9D). The hetero-pentameric complex was modelled as a 

hexamer with the resulting structure resembling a starfish. Inside the complex, a cavity was detected that 

was outlined by DotM, DotN and DotY. Therefore, effectors that are transported by DotM may enter the 

T4CC by associating with DotM and traversing through the cavity to get to the DotL channel. Thus, there 

appears to be two possible models at present, whereby the substrates are recruited to the T4CC at the 

cytoplasm via interaction with IcmSW, LvgA and/or DotM. These potential modes of effector capture may 

not be mutually exclusive. Furthermore, how the T4CC then facilitates the transfer of the effector to the 

DotL and then the T4SS still remains elusive. Two possible scenarios have been possible: (1) the effectors 

pass through the channel formed by the DotL central channel and is delivered directly to the T4SS, (2) the 

T4CC recruits the effectors which are then transferred to the DotO-DotB complex at the cytoplasmic base 

Figure 1.9: Different structures of the Dot/Icm Type IV Coupling Complex involved in effector recruitment.        

(A) The DotL-IcmSW complex, PDB 5XNB (B) The DotL-IcmSW-LvgA complex, PDB 5X90 (C) The DotL-IcmSW-

LvgA-VpdB complex, PDB 7BWK (D) The DotLMNYZ complex, PDB 6SZ9. 
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of the translocation apparatus (Lockwood et al., 2022). Nonetheless, the exact connection of DotL to the 

core T4SS machinery remains to be addressed.  

 

1.6 The F-type T4SS 

 

The T4SS encoded by the iconic F-plasmid is also classified as an expanded system or T4BSS.  

 

1.6.1 The F plasmid and its role in antibiotic resistance 

Described in 1946, Edward Tatum and Joshua Lederberg first demonstrated conjugation by showing the  

ability of bacteria to transfer DNA in a unidirectional manner (Lederberg and Tatum, 1946). Initially 

referred to as the fertility factor (F-factor), it was soon established that the F-factor is a replicative 

extranuclear structure, and the term plasmid was coined.  

The F plasmid is a large 100-kb conjugative vector found in E. coli. Over 200 different F-like plasmids have 

been sequenced and have been identified from closely related enterobacterial genera including Klebsiella 

and Shigella (Koraimann, 2018). In general, the F and F-like plasmids consist of four functional modules: 

(i) DNA transfer genes, (ii) cargo genes, (iii) a region containing genes involved in replication and stability 

and (iv) leading region (Figure 1.10A). Particularly noteworthy is the cargo region which contains the 

mobile genetic element, such as transposons and ICE, and confers phenotypic traits to the bacteria. The 

genes encoded in this region are called the cargo genes, and they provide survival advantages and 

increases genetic diversity within the bacterial population. Examples of traits that cargo genes found in F 

and F-like plasmids encode for include metal resistance, virulence, protein toxins such as colicin, and 

antibiotic resistance (Koraimann, 2018).  

From a global health perspective and with the rapid dissemination and persistence of antibiotic resistance, 

arguably the most concerning aspect of F and F-like plasmids is the presence of antibiotic resistance genes. 

This is exacerbated by the presence of multiple resistance genes accumulating on the same plasmid, often 

observed in F-like plasmids. This results in multi-drug resistance strains. Furthermore, F-like plasmids are 

present in pathogenic bacteria that are responsible for human diseases such as urinary tract infection and 

typhoid fever. The threat posed by resistant bacteria which harbour F and F-like plasmids is demonstrated 

by the appointment of various enterobacteria as critical priority for the research and development of new 

antibiotics (World Health Organisation, 2017). A prominent example is the global dissemination of 
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carbapenem resistant K. pneumoniae which has been largely attributed to a F-like plasmid (Lee et al., 

2016). Thus, demonstrating the pivotal role of conjugation. Furthermore, resistance of E. coli to the last 

resort antibiotic, colistin, has been reported in clinical isolates (McGann et al., 2016). The F-like plasmid 

conferring the resistance, also contained seven other resistance genes. Therefore, alarmingly, it appears 

that pan-drug resistance is becoming increasingly prevalent. The impact of antibiotic resistance is 

highlighted by an estimated 4.95 million deaths in 2019 attributed to resistant bacteria (Murray et al., 

2022). With this having been predicted to rise to estimates of 10 million deaths per year by 2050 due to 

drug-resistant diseases, antibiotic resistance will not only be detrimental to health worldwide, but it will 

also have a catastrophic effect on the global economy with the devastation being compared to that of the 

2008-2009 financial crisis (World Health Organisation, 2019). This highlights the importance of developing 

new therapeutics in an effort to tackle antibiotic resistance. One such tactic would be to understand new 

components that are essential for conjugation to occur.  
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  1.6.2 The expression of the tra operon 

Necessary for the spread of the antibiotic genes is the F-T4SS, which is encoded on the DNA transfer (Tra) 

region that is approximately 33 kb in size (Figure 1.10A) (Frost and Koraimann, 2010). The genes 

expressing the proteins which form the F-T4SS are organised within the tra operon and expressed under 

the control of one promoter, PY (Figure 1.10B). Upstream of the tra operon is the traJ and traM genes 

which are under the control of independent promoters. TraJ is the key transcriptional activator for the 

Figure 1.10: The F plasmid. (A) Schematic of the F plasmid showing the four functional modules. (B) The genetic 

organisation and expression of the F plasmid encoded T4SS. The genes encoding for the apparatus are shown in 

arrows coloured according to the function the protein is involved in. The small arrows indicate the promoters 

which drive the expression of the genes following the arrow. OMCC (Outer membrane core complex), IMC (Inner 

membrane complex), T4CP (Type IV coupling protein), Mps (Mating pair stabilisation) 
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expression of the tra operon by activating the PY promoter (Figure 1.10B). Following action of TraJ, the 

first protein expressed is TraY which is a regulator and promotes TraM expression. TraM is required for 

DNA processing during the early stages of conjugation. A key regulatory element of TraJ is the FinOP 

repressor system which downregulates TraJ translation. This occurs through the direct binding of FinP to 

the stem loop structures of TraJ mRNA; resulting in the masking of the ribosome binding site (Virolle et 

al., 2020). FinO associates with FinP and protects it from degradation by RNase. Interestingly, in some 

plasmids the FinOP system is disrupted and has been termed the super spreader mutation (Virolle et al., 

2020). A notable example is the F plasmid which contains an IS3 insertion sequence in the finO gene 

resulting in almost undetectable levels of FinP (Cheah and Skurray, 1986, Frost and Koraimann, 2010). This 

naturally occurring mutation results in the F plasmid being derepressed and having increased transfer 

efficiency due to the overexpression of the tra operon, compared to the other F-like plasmids which have 

a functioning FinOP systems such as R100 and R1. The F-like plasmid pED208, which is becoming the model 

system to study components of the conjugative apparatus, is also derepressed. However, due to the 

presence of an additional insertion sequence located within traY, the tra operon is constitutively 

overexpressed resulting in the bacteria having a multi-piliated phenotype (Lu et al., 2002). Therefore, this 

confers the ability to increase expression of the tra operon and presumably assemble more T4SS by 

overriding regulatory mechanisms, exemplified by a more piliated phenotype c. Thus, it isn’t surprising 

that the pED208 encoded F-like T4SS has become the ideal system in which to study conjugation and the 

transfer machinery, especially from a structural standpoint (Costa et al., 2016, Hu et al., 2019a, Amin et 

al., 2021, Liu et al., 2022).    

The expression of the tra operon is also regulated by other factors such as the activation of PY, which is 

silenced by the chromosomally encoded histone-like nucleoid structuring protein (H-NS). This is 

counteracted by TraJ and the host encoded protein ArcA (aerobic respiration control or anoxic redox 

control). Both proteins directly activate PY in a cooperative fashion (Lu et al., 2019). The levels of H-NS 

within the cell varies according to growth with the highest being in the exponential phase and lowest at 

the stationary phase (Virolle et al., 2020). Consequently, this results in the expression of the F-T4SS being 

growth-phase dependent. 
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1.6.3 The protein components of the F-T4SS 

Spanning from traY to traX¸ the tra operon encodes over 30 proteins of which 9 are homologous to the 

protein found in the VirB/D4 system (Figure 1.10B). Based on those that have been characterised, the 

proteins can be categorised into two groups: (i) core T4SS proteins (TraA, -L, -E, -K, -B, -V, -C and -G) which 

form a structural component of the translocation channel and (ii) auxiliary proteins (TraF, -H, -N, -U, -W 

and TrbC, -I) which are exclusive to the F-T4SS and confer characteristics unique to the F conjugative 

apparatus (Lawley et al., 2003). This includes pilus extension and retraction which enables dynamic 

movement of the pilus, and mating pair stabilisation (Mps) which facilitates efficient transfer of DNA. 

Overall, the proteins encoded on the tra operon can be divided into the following structural and functional 

groups: the core T4SS apparatus, pilus dynamics, relaxosome, regulation (described in section 1.6.2), Mps 

and lastly, entry exclusion (Figure 1.11). As shown by the cryo-ET structure, the core apparatus can be 

further split into the following sections: the pilus, OMCC and IMC (Figure 1.11)  (Hu et al., 2019a).  

 

 

Figure 1.11: The F Type IV Secretion System (F-T4SS). A micrograph of an E. coli cell harbouring the pED208 

plasmid leading to the expression of pili on the surface. At the base of the pilus is the F-T4SS. The schematic 

highlights protein localisation within the F-T4SS and the proteins are coloured as in Figure 1.10. The available 

structures have been shown which includes the cryo-electron tomography structure of the T4SS (EMD-9344) and 

the cryo-electron microscopy model of the pilus (PDB: 5LEG). The scale bar is 500 nm. 
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1.6.3.1 The F-pilus 

The conjugative pilus is a hallmark of conjugation and is the extracellular filament which is observed on 

the bacterial cell surface (Figure 1.11). The pilus is used by the donor cell to contact a potential recipient 

cell. Thus, enabling establishment of a mating junction via cell-to-cell contact which is resistant to sodium 

dodecyl sulphate (SDS) and shear forces (Arutyunov and Frost, 2013). It is a highly dynamic filament and 

studies using real-time fluorescence microscopy have shown that the pilus undergoes cycles of extension 

and retraction (Clarke et al., 2008). Strikingly, this seems to occur without an obvious trigger event which, 

coupled with the flexibility of the F-pili, would enable efficient sampling of the surrounding space in efforts 

to contact a potential recipient cell. Once contact is established, the force produced by the retraction of 

the pilus is sufficient to pull the cells towards one another.   

The precise function of the pilus continues to be at the centre of controversy in the field. Alongside the 

role of bringing the donor and recipient cells together, it has been proposed that the F-pilus may act as a 

conduit for the passage of the ssDNA in a manner that is cell-to-cell contact independent. Evidence in 

support of this hypothesis comes from an experiment using fluorescently labelled DNA which showed that 

the DNA could be transferred between cells that are spatially apart (Babic et al., 2008). An explanation for 

this has been that the DNA is transported via the pilus. Nonetheless, this phenomenon was seen in a small 

proportion of the cells analysed which suggests that the main mode of DNA transfer is via the cell-to-cell 

contact between the donor and recipient cells. Furthermore, parallel to its role in conjugation, the F-pilus 

has also been implicated in biofilm formation. E. coli strains harbouring the F-plasmid were found to be 

adept at forming biofilms, however, this ability was lost in the absence of the plasmid (Ghigo, 2001). This 

capability to form biofilms was attributed directly to the F-pilus that is encoded on the plasmid, indicating 

these filaments can act as adhesion factors. Furthering this, a recent study has demonstrated that the 

production of biofilm is greater when the donor and recipient cells are combined compared to when the 

two cells are separated or the recipient cell is absent (Patkowski et al., 2023). This provides a direct 

connection between two roles that involve cell-to-cell contact: conjugation and biofilm formation.  

The F-pilus is composed of mature TraA which polymerises as a helical filament. The maturation of TraA 

involves the pro-pilin being transported to the inner membrane via TraQ (Hospenthal et al., 2017). 

Following cleavage of the leader peptide from the pro-pilin by LepB peptidase, the mature TraA pilin then 

undergoes acetylation by TraX at the N-terminus. During maturation, TraA pilin binds to a phospholipid, 

and this protein-phospholipid complex is then assembled into helical filament to form the pilus 

(Hospenthal et al., 2017). The structure of the pED208 and pOX38 pili have been solved which 
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demonstrated that both pili are almost identical (Costa et al., 2016). The structure of the pED208 pili was 

resolved at a higher resolution of 3.6 Å (Figure 1.11). The pilus is a five-start helical filament with an overall 

dimension of 87 Å in diameter and with an internal lumen diameter of 28 Å. The TraA pilin was found to 

fold into an all α-helical structure, containing three α helices. The TraA is orientated as such within the 

filament that a loop connecting α2 to α3 protrudes inside the lumen of the pilus. Interestingly, this 

particular loop has been hypothesised to be capable of making contact with DNA (Silverman, 1997). 

Within the vicinity of TraA, an additional density was observed which has been attributed to 

phospholipids, specifically phosphatidylglycerol species (Costa et al., 2016). The TraA and 

phosphatidylglycerol interact forming a complex with a stoichiometry of 1:1. The presence of the 

phospholipid units is integral to the pilus. Firstly, it impacts the electrostatic potential of the pilus lumen 

by making it moderately electronegative. Without the phosphatidylglycerol units, the lumen would 

otherwise be overwhelmingly positively charged. The charge within the lumen together with the 

positioning of the loop support the notion that the pilus may also act as a channel for the delivery of the 

ssDNA. Secondly, the phospholipids provide great structural stability to the filament. Using molecular 

dynamics stimulations, it has been demonstrated that in the absence of the phospholipids, the pilus is 

more fragile and succumbs to structural failure upon exposure to pulling forces (Patkowski et al., 2023). 

Other conjugative pili that have been solved are also composed of pilin-phospholipid units that exist with 

a stoichiometry of 1:1, thus highlighting the conservational significance (Zheng et al., 2020, Amro et al., 

2023, Kreida et al., 2023).  

The in situ cryo-ET study of the pED208 encoded F-T4SS has provided insight into the assembly of the pilus 

with several F-encoded structures being reconstructed (Hu et al., 2019a).  In one such structure, called F2-

channel/pilus, the pilus is attached to the outer membrane but does not extend across it. Coupled with 

mutational analyses, it has been suggested that the pilus is built at the outer membrane. This distinguishes 

the F-pilus from the type IV pili and the needle complexes from the T3SS, as the assembly of both are 

nucleated at the inner membrane (Chang et al., 2016, Hu et al., 2017). This observation was surprising as 

it was previously thought that the polymerisation of the pilus commences at the inner membrane platform 

given that this is the location where the pilin pre-processing occurs. In an effort to provide an explanation 

for this, the model that has been proposed by Hu and colleagues suggests that at the inner membrane, 

the TraA assembles to form a thin protofilament (Hu et al., 2017). The protofilament then extends 

upwards through the T4SS machinery by the sequential addition of TraA at the base. As it passes through 

the outer membrane, the protofilament polymerises into a helical arrangement that is associated with 

the mature pilus. Another notable structure that was observed showed the pilus without a T4SS at the 
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base. While this only represented a small percentage of the structures observed (5%), it may correspond 

to pili that are involved in biofilm formation, given that conjugative properties require the presence of the 

T4SS machinery. 

 

1.6.3.2 The F outer membrane core complex   

The cryo-ET reconstruction of the F2-channel/pilus structure provided the first insight into the general 

architecture of the F outer membrane core complex (F-OMCC) (Hu et al., 2019a). Strikingly, the complex 

has 13-fold symmetry and overall dimensions of 250 Å in width and 115 Å in height with the shape 

resembling a “flying-saucer”. This symmetric arrangement for the OMCC has only been observed in the 

Dot/Icm machine so far (Ghosal et al., 2017). While the resolution was not sufficient enough to resolve 

the structural details of individual proteins, an understanding of which proteins comprise the F-OMCC has 

been shaped by protein-protein interaction studies. The F-OMCC is composed from three proteins, TraV, 

TraK and TraB which are homologous to VirB7, VirB9 and VirB10 respectively (Harris et al., 2001). Through 

evidence provided by yeast two-hybrid studies, it has been established that the three Tra proteins form a 

membrane spanning complex, with the lipoprotein TraV predicted to be a membrane anchor (Doran et 

al., 1994). In an interaction similar to that observed in the X. citri OMCC, TraK was found to be the bridging 

protein between TraV and TraB (Sgro et al., 2018). Thus, highlighting remarkable structural conservation 

amongst OMCCs that are implicated in different functions. Nevertheless, a high-resolution structure is 

required to better understand the stoichiometry and interactions between the F-OMCC proteins. This is 

important not only to understand the function of the F-OMCC and how the structure enables it, but also 

to decipher how steps of conjugation proceed and the role of the complex within this. 

 

1.6.3.3 The periplasmic complex 

Aside from the F-OMCC, a second group of interacting proteins have been identified by yeast two-hybrid 

analyses. This interacting group is formed from the proteins TraH, -U, -F, -W, TrbC and the inner 

membrane protein TrbI (Harris and Silverman, 2004). While TraU, -F, -W and TrbC are located in the 

periplasm, TraH is thought to be peripherally associated with the outer membrane (Arutyunov et al., 

2010). For simplicity, this group of proteins will be referred to as the periplasmic group. The proteins TraH, 

-F, -W, -U and TrbC are involved in pilus extension, while TrbI and TraH have been implicated in pilus 

retraction (Moore et al., 1981, Anthony et al., 1999). Within the periplasmic group, TraH was the most 
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connected, thereby suggesting that this protein plays a key role in the function of the group. Members of 

the periplasmic group have been suggested to interact with the F-OMCC (Harris and Silverman, 2004, 

Arutyunov et al., 2010, Koch et al., 2020, Kishida et al., 2022). Since the pilus polymerises at the outer 

membrane and that the periplasmic proteins are involved in pilus associated functions, an interaction 

between members of this group and the F-OMCC may be how pilus extension and retraction are mediated.  

 

1.6.3.4 The inner membrane complex 

The F-OMCC surrounds a cylindrical channel that extends downwards to the inner membrane and 

connects with the IMC which adopts 6-fold symmetry (Hu et al., 2019a). The VirB4 homolog, TraC 

assembles as a dimer of hexamers at the cytoplasmic face of the IMC. Currently, other members of the 

IMC have not been experimentally confirmed, however a likely candidate is TraG. TraG appears to be a 

fusion of VirB6 and VirB8, which are IMC components in the VirB/D4 T4SS. The periplasmic C-terminus of 

TraG is homologous to VirB8 whereas the N-terminus is homologous to VirB6 (Audette et al., 2007). 

Nonetheless, this is yet to be proven and possible contributions of TraG towards structuring the IMC 

remains elusive.  

As seen in the VirB/D4, Dot/Icm and Cag T4SSs, associated with the IMC and at the periplasm, a collar-like 

structure is present. The collar is also hexameric. In the R388 encoded VirB/D4 T4SS, a similar structure 

was constituted by VirB8. Therefore, it may be possible that the equivalent collar in the F-T4SS is formed 

by TraG.  

 

1.6.3.5 TraD and the relaxosome 

In the F-plasmid, TraD is the VirD4-like T4CP. While TraD was absent in the cryo-ET structure of the F-T4SS 

due to its transient nature of interaction with the machinery, all T4CPs share a similar domain 

arrangement (Hu et al., 2019a). Also observed in  TraD, this entails a N-terminal transmembrane domain 

and a large cytoplasmic C-terminus which consists of an AAD and a NBD (Bragagnolo et al., 2020). TraD is 

presumed to arrange as a hexamer, in a similar fashion to the R388 VirD4 (Gomis-Ruth et al., 2001).  

Before involvement of TraD, the DNA is processed by the Dtr proteins which comprise of the relaxase TraI 

and accessory proteins. This complex is also referred to as the relaxosome. The accessory proteins 

modulate activity of the relaxase, and includes the plasmid encoded TraM and TraY, along with another 
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accessory protein called integrated host factor (IHF). The proteins bind at various sites within the oriT, and 

notably, two TraI molecules have been demonstrated to bind either side of the nic site (Ilangovan et al., 

2017, Waksman, 2019). TraI is a bifunctional protein. It functions as both a helicase, to unwind the plasmid 

DNA, and also as a transesterase that catalyses the nicking of the DNA. Modulated by the other Dtr 

proteins, the nicking of the DNA by the transesterase domain of TraI is facilitated by a conserved tyrosine 

residue. Following nicking, TraI remains covalently bound to the 5’ end of the ssDNA. 

The relaxosome is recruited to the T4SS transfer machinery by TraD. This is facilitated by TraD interacting 

with TraM in a highly specific manner (Lu et al., 2008, Wong et al., 2011). The C-terminus of TraM is 

responsible for tetramerisation of the protein. Through its C-terminal tail, TraD interacts with a 

hydrophobic pocket created by 3 out of the 4 TraM protomers (Lu et al., 2008). Surrounding the 

hydrophobic pocket are positively charged residues which interact with the carboxylate groups in TraD. 

Therefore, the contacts between TraM and TraD are governed by both hydrophobic and hydrophilic 

interactions, which is conserved amongst the F-plasmids. Furthermore, this interaction between the two 

proteins was found to be important for efficient conjugation to occur; presumably because it enables 

attachment of the relaxosome to the core T4SS (Bragagnolo et al., 2020). Notably, two regions that serve 

as translocation signals have been identified on TraI which may aid transport of the TraI to the T4SS (Lang 

et al., 2010). However, whether TraD binds to these signal sequences has not yet been shown.  

 

1.6.3.6 Mating pair stabilisation and entry exclusion protein 

Early steps of conjugation involve precautionary measures to ensure efficient DNA transfer. One such step 

is Mps. Mps occurs following pilus retraction and enables stabilisation of the contacts formed between 

the donor and recipient cells. This enables efficient DNA transfer by providing resistance to shear forces 

and harsh reagents such as SDS (Achtman et al., 1978). The two proteins which are important in Mps 

within the donor cells are TraN and TraG which are found located in the outer membrane and inner 

membrane respectively. TraN and TraG have been proposed to interact, which would span across both 

membranes and act as a clamp to secure contact with the recipient cell. Nonetheless, such an interaction 

remains to be proven experimentally. On the recipient cells, Mps is mediated by the outer membrane 

protein A (OmpA). TraN has been shown to interact with cognate OmpA and specificity has been 

attributed to a tip region on TraN (Klimke et al., 2005, Low et al., 2022).  
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Alongside Mps, exclusion proteins act to stop redundant plasmid transfer to a cell which already harbours 

the conjugative elements. The first preventative step to occur is surface exclusion (Sfx), which relies on 

the outer membrane protein TraT (Achtman et al., 1978). If TraT is present on the membrane of the 

recipient cell, mating pair formation is halted, and conjugation is arrested. If Sfx is unsuccessful, and Mps 

occurs, a second exclusion step is depended on to prevent redundant substrate transfer. This is Eex and 

is mediated by the donor cell TraG. This mechanism relies on the expression of TraS by the recipient cell 

which can only occur if it also contains an F-plasmid. TraG has been proposed to recognise the TraS found 

at the inner membrane (Audette et al., 2007). However, how an interaction between two inner membrane 

proteins across two cellular envelopes is achieved has not yet been explained. Strikingly, TraG appears to 

be at the centre of both Mps and Eex steps. The sparsity of structural details available for TraG limits the 

ability to decipher how one protein is involved in various different roles. 

 

1.6.4 The importance of studying the F-T4SS 

With the rapid rise of antibiotic resistance and emergence of multiple resistant pathogenic bacteria, 

attention has been drawn to secretion systems, specifically the T4SS, both as a facilitator for the 

dissemination and as a promising target for the development of therapeutics. Furthermore, unlike 

traditional antibiotic treatments, those targeting bacterial secretion systems, in principle, would be 

selective for pathogenic strains. Thus, maintaining the mammalian bacterial flora. One such area of 

research has focused on discovering and developing conjugation inhibitors. A high-throughput screening 

approach focused on the Brucella suis VirB8, has yielded a small molecule inhibitor that prevents protein 

dimerisation (Smith et al., 2012). A similar inhibitor for the F-T4SS has not yet been established. A 

contributing factor is the lack of understanding regarding the assembly of the F-T4SS and the structural 

details regarding the individual protein components.  

Due to the extensive use of antibiotic and the developing resistance, another treatment strategy that has 

gained renewed interest is phage therapy. As viruses that infect bacteria, bacteriophages provide a 

promising alternative strategy against antibiotic resistant bacteria. Some of these phages use pili 

mediated by the T4SS to attach to the bacteria during infection and therefore, is the first point of entry 

for the virus (Arutyunov and Frost, 2013, Costa et al., 2016). The phages which specifically attach to the 

pilus, also referred to as sex pilus specific phages, pose as exciting, prospective antibacterial agents 

(Spankie et al., 2020). They affect bacteria which contain pili expressing transmissible plasmids, which 

often also harbour antibiotic resistance. Subsequently, infection of these bacteria with bacteriophages 
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may reduce the carriage of such plasmids in the bacterial population. In theory, this will not only result in 

infection of the bacteria carrying such plasmids, but if the bacteria were to become phage resistant, this 

would occur due to the loss of plasmid. Thus, making the bacteria susceptible to antibiotics if the plasmid 

contained resistance genes (Lusiak-Szelachowska et al., 2022). This has been shown to be effective using 

the F-plasmid specific phage MS2 which was found to kill ampicillin resistant E. coli and select for plasmid 

loss (Colom et al., 2019).  As sex pilus specific phages continue to be explored as antibacterial agents, 

broadening understanding of pilus assembly, dynamics, and the involvement of the F-T4SS will be 

invaluable as it may provide ways to shift sensitivity to phage infection. 

 

1.7 Cryo-electron microscopy 

Cryo-EM enables study of large protein complexes at high resolution. Prior to its advancement, X-ray 

crystallography was one of the main techniques employed for structural determination of proteins. While 

X-ray crystallography has been useful in structural biology, there are limitations to the sort of protein that 

is suitable for study by this technique. The protein is needed at high yields and is required to form well 

ordered and well diffracting crystals. This is difficult to achieve for proteins or protein complexes that are 

large, or membrane embedded. For such samples, cryo-EM can be an viable option for structural 

investigation. Within cryo-EM there are two main streams: single particle analysis (SPA) and cryo-electron 

tomography (cryo-ET). Cryo-ET allows for the structural determination of proteins in situ, with the protein 

being studied in thinned areas of the cell. Alternatively, SPA relies on purified protein being vitrified in ice, 

and involves collection of thousands of 2D images of the protein, which is then aligned, averaged and 

refined to reconstruct the 3D object. In this thesis, SPA cryo-EM was used, therefore this will be the focus 

of this section.  

 

1.7.1 The transmission electron microscope and image formation 

 

1.7.1.1 The basic anatomy of the TEM 

Due to their short wavelength (2.25 pm at 300 keV) and strong interaction with biological matter, imaging 

with electrons provides the benefit of achieving high resolution (Orlova and Saibil, 2011). Within the 

transmission electron microscope (TEM), electrons are accelerated from an electron gun, situated at the 
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top of the microscope, down the microscope column. Since electrons interact strongly with matter, to 

prevent undesirable scattering by gas molecules, the column is maintained under high vacuum (Orlova 

and Saibil, 2011). A series of lenses, termed the condenser system, focus the electron beam onto the 

specimen (Figure 1.12A). Upon contact with the specimen, the electrons are scattered. The objective lens 

system refocuses the scattered electrons onto the back focal plane and also provides the primary 

magnification. The image is further magnified by the projector lens system, before the electrons reach the 

detector.  

 

 

Figure 1.12: The transmission electron microscope (TEM) and image formation. (A) A schematic 

representation of an TEM. (B) A schematic of electrons interacting with the specimen. If the electron 

interacts with the atoms in the specimen, it is either elastically scattered whereby its path is altered without 

energy loss, or it is scattered inelastically whereby it deposits energy into the sample. (C) Electrons are 

focussed by electron lenses that are made from large copper wires. (D) A schematic representing the 

spherical aberration suffered by electron lenses.  
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1.7.1.2 The interaction of electrons with the specimen 

Upon interaction with the sample, there are three possible outcomes which determine the path of the 

electron (Figure 1.12B). In the first scenario, the electron does not come into contact with any atoms 

within the specimen, and therefore pass straight through without being scattered (Orlova and Saibil, 

2011). The second and third scenario result from scattering events which change the path of the electron. 

As negatively charged particles, the travelling electrons can be deflected by the electrostatic field of the 

positively charged nuclei of the atoms in the specimen. Of these affected electrons, some are scattered 

elastically whereby their path is altered without loss of energy. However, electrons can also be scattered 

inelastically in which they deposit energy into the sample and cause radiation damage. Roughly 75% of 

electron scattering events are inelastic (Henderson, 1995). The loss of energy due to the inelastic 

scattering of the electron, also causes a change in its wavelength. Consequently, the electron is incorrectly 

focused and contribute only noise. The deflected electrons can be refocused by the lens systems, thereby 

contributing useful signals to the final image.  

 

1.7.1.3 Electron lenses  

Within the TEM, electrons are focused by electron lenses (Franken et al., 2020). These are large coils of 

copper wires, through which a current is passed. This creates an electromagnetic field. As the scattered 

electron passes through the lens, it encounters a force directed at the centre of the lens. This results in 

the spiralling of the electron as it accelerates through the lens, and eventually refocuses the electron onto 

the image plane (Figure 1.12C).  

Due to imperfections, the electron lenses also have defects, namely spherical and chromatic aberrations, 

and astigmatism (Orlova and Saibil, 2011, Franken et al., 2020). Spherical aberration describes the 

situation where electrons that have been scattered at varying spatial frequencies will not all be focused 

on the same image plane. This means that highly scattered electrons compared to those with smaller 

scattering angles, are focused with a sharper angle onto the imaging plane, which results in the over-

focussing of this electrons by the lens (Figure 1.12D). Chromatic aberrations arise due to electrons with 

different wavelengths being focussed onto different focal planes which causes blurring of the image 

(Orlova and Saibil, 2011). Astigmatism in electron lenses is caused by an asymmetric magnetic field in the 

lens which manifests as an oval shaped beam.  The astigmatism is usually corrected prior to imaging by 

changing the microscope setup parameters that can compensate for the astigmatism using stigmator 

coils. 
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1.7.1.4 Detectors 

The detector lies at the bottom of the EM column. The development of direct electron detectors (DEDs) 

has contributed greatly to improving the resolution that is now attainable by cryo-EM (Kühlbrandt, 2014). 

These DEDs improved the quality of the data in two major ways. Firstly, the first readout time enables 

collection of multiple shorter exposures. This allows for correction of beam induced movement, as the 

collected frames can be computationally aligned and averaged (Nogales and Scheres, 2015). Ultimately, 

improving the signal-to-noise ratio and reducing blur. Secondly, the DEDs have a better quantum 

efficiency which enables lower cumulative electron doses to be used. Thus, reducing radiation damage.  

The maximum theoretically achievable resolution is determined by the sampling rate of the detector 

which translates to the magnification used for the data collection and the resulting pixel size. An optimal 

resolution would describe a situation where the number of particles per field-of-view is good, and the 

achievable resolution is high. While higher magnifications mean the images have a finer pixel size, the 

number of particles per field-of-view is compromised. On the other hand, lower magnifications produce 

images with a larger field-of-view, but the pixel size is coarser which limits the resolution. This limit is 

known as the Nyquist frequency; whereby the maximum resolution that can be achieved is twice the pixel 

size of the images at a given magnification (Feathers et al., 2021). This is because highest frequency wave 

that is able to be sampled, completes one full oscillation over two pixels.  

 

1.7.2 Contrast and The Contrast Transfer Function 

 

In biological TEM, there are two major types of contrast: amplitude and phase contrast (Orlova and Saibil, 

2011). Amplitude contrast occurs because specimen atoms which have high atomic numbers, such as 

those stained with heavy metals, will absorb electrons or scatter them at high angles. Therefore, these 

electrons do not contribute to the final image, and consequently, these regions appear darker in the final 

image (Franken et al., 2020). Hence, amplitude contrast is particularly observed in stained biological 

material. Amplitude contrast can also be increased by the removal of inelastically scattered electrons by 

the use of objective lens aperture and energy filter. 

As biological specimens consist of light atoms (C,H,O,N), they do not absorb electrons from the incident 

beam (Orlova and Saibil, 2011). Therefore, very little amplitude contrast is produced. Instead, contrast is 

provided by phase contrast. This is possible because the specimen directly scatters the electrons at varying 
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angles. The electrons scattered at different spatial frequencies experience different phase shifts relative 

to the incident beam. As the electrons are recombined on the image plane, their interference pattern 

governs the final image. At focus, due to the weak scattering of electrons by the sample, there is no 

contrast (Saibil, 2000). To improve the phase contrast, micrographs are collected under-focus or at 

defocus. While this results in greater contrast, this limits high resolution information. Subsequently, 

during cryo-EM data collection, micrographs are collected at a range of defocus values, with some values 

closer to focus.  

Phase contrast is also provided by the spherical aberration of the objective lens (Franken et al., 2020). 

Electrons which approach the lens away from the optical axis are bent more strongly. This adds another 

phase shift to the scattered electron waves. Therefore, phase contrast is provided by the combination of 

defocus and spherical aberration (Saibil, 2000). Taking this into account, the modulation of a recombined 

image can be described by the contrast transfer function (CTF). The CTF is an oscillating sine function 

which represents the contrast transfer as a function of spatial frequency. At some spatial frequencies, the 

contrast is zero representing loss of information. This is displayed as black Thon rings on the Fourier 

Transform of the micrograph (Figure 1.13A). The rings oscillate between positive and negative contrast 

(Figure 1.13B). To circumvent the loss of information at zero, data is collected over a range of defocus 

values. Each defocus value has its own zero crossing, and therefore, missing information can be obtained 

by averaging multiple micrographs with different defocus values (Figure 1.13C) (Franken et al., 2020). 

Another characteristic of CTF is that it is a diminishing function, owing to chromatic aberrations of the EM 

lenses. Furthermore, as a consequence of temporal and spatial incoherence by the electron beam, there 

is a dampening of the CTF at high spatial frequency. 

  

 

 

 

 

 



67 
 

 

1.7.3 Cryo-EM sample preparation 

A key step in the workflow for structural determination by SPA cryo-EM is the sample and grid preparation. 

In general, the vitrification process is carried out via the following steps: the sample is applied to the grid, 

filter paper is used to blot away excess solution in order to create a thin aqueous layer, and then the 

sample is plunge frozen in liquid ethane. The plunge freezing is done rapidly to avoid formation of 

crystalline ice, and thereby, preserving the sample in amorphous ice (Dubochet et al., 1988).  

Cryo-EM grids are generally composed of copper or gold, as these materials are able to conduct away 

extra charge that may deposit during imaging and are typically coated with perforated carbon film with 

holes in which the sample is frozen. As the grids tend to be hydrophobic, in order to ensure even 

distribution of the sample across the grid, the grids are glow-discharged. Glow discharging involves 

Figure 1.13: The Contrast Transfer Function (CTF). (A) A representative power spectrum showing Thon rings. The 

oscillations of the CTF can be seen represented by the regions of high amplitude (white) and the zeros (black).  (B) 

A 2D example of CTF as a function of spatial frequency. (C) To recover loss of information at the zero crossings, 

imaging is performed at ranging defocus values. The CTF in pink represents an image at high defocus, the CTF in 

purple describes an image at low defocus (closest to focus) and the CTF in grey represents a defocus value between 

the two. 
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ionising a chamber filled with gas, and the glow discharge in the air adds a negative charge onto the carbon 

layer of the grid.  

As different protein samples will have different optimal freezing conditions, the vitrification process often 

needs optimising. The ice thickness needs to be thick enough that it encompasses the proteins, but thin 

enough that it doesn’t cause excessive beam interference. For example, larger protein complexes will tend 

to require thicker ice than smaller complexes. The ice thickness can be optimised by testing different 

freezing conditions such as blot time and blot force.   

 

1.7.4 Overview of cryo-EM single particle analysis data processing   

 

1.7.4.1 Pre-processing 

Once the vitrification of the sample in ice has been optimised, a large dataset is collected at high 

magnification in the form of movies, if the microscope was equipped with a DED. The multiple frames 

within the movie are first aligned and averaged through a process called motion correction. Motion 

correction works by tracking the movement of the particles through the movie frames of each exposure, 

aligning the frames with one another and then averaging them to obtain a single micrograph. This corrects 

for beam induced motion and subsequently minimises blur (Nogales and Scheres, 2015). 

Following on from motion correction, the next step of pre-processing involves estimation of the defocus 

by fitting the CTF to the Thon rings of each micrograph. This not only enables computational correction of 

the CTF but also provides the opportunity to remove micrographs of poor quality from the dataset.  

 

1.7.4.2 Particle picking, extraction and 2D classifications 

From the pre-processed micrographs, individual particles need to be picked and extracted to build a 3D 

structure. During particle picking, the exact coordinates of individual particles within a micrograph are 

found and this can be done manually or in automated approaches, with the latter commonly favoured 

due to the large number of micrographs present in cryo-EM datasets. Once picked, the particles are 

extracted from the micrographs to create a particle stack.  

Owing to the low signal-to-noise ratio which hinders proper assessment of the particles, the particle stack 

is subjected to 2D classification (Sigworth, 2016). Here, the particles are aligned relative to one-another 



69 
 

and then grouped depending on apparent similarities. As such, each 2D class is an average of many similar 

particles which, therefore, improves the overall signal. These 2D class averages can provide a great deal 

of information regarding the sample, including basic features such as dimensions, different 

conformations, and sometimes even secondary structure elements. They can also give an impression on 

structural heterogeneity or existence of orientation bias.  

2D classification also provides a way to curate the particle stack. Bad quality particles or ‘junk’, consisting 

of denatured or aggregated particles, carbon edges or background noise, are sorted into a separate group 

from the better quality particles. The particles contained within the bad 2D classes can be removed from 

the particle stack. Several rounds of 2D classification are performed to refine the particle stack. 

 

1.7.4.3 Generating 3D reconstructions from 2D images 

In TEM, micrographs are 2D projections of 3D objects. A key concept by which structures are solved in EM 

is the “projection-slice theorem”. This theorem describes that in reciprocal space, the Fourier transform 

of each of these 2D projections relates to a different slice through the Fourier transform of the 3D object. 

These projections overlap through a “common line” (Figure 1.14) (Van Heel, 1987). The 3D object can 

therefore be reconstructed by using the “common line” to deduce orientations of the projections relative 

to each other.  

In order to determine the relative orientations between particles, a method known as projection mapping 

is often employed by cryo-EM softwares (Nogales and Scheres, 2015, Penczek, 2010). Specifically, 

projections of a 3D reference structure in multiple orientations are generated, and then the individual 

particles are compared and aligned to these reference projections (Figure 1.15A, B). Thus, giving an insight 

into the orientation of the particles. The quality of the reference structure can be improved by back 

calculating it. Furthermore, alignment of 2D projections with the reference is performed in an iterative 

manner which improves the alignment accuracy and should mean that it converges with the true structure 

of the particle being investigated. The 3D reference for the refinement can either be imported using a 

similar structure previously solved or can be determined de novo from the dataset using ab initio methods 

(Nogales and Scheres, 2015). After the orientations of the particles in the dataset are aligned, each particle 

is back projected into the 3D reconstruction. 
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Figure 1.14: Schematic illustrating the basics of how the structure of a 3D object is solved.  



71 
 

 

1.7.4.4 Post-processing, structure refinement and validation 

Having obtained a 3D reconstruction, this cryo-EM map can be further refined. This involves restoring 

contrast on the map which occurs due to loss of contrast at higher resolution and amplitude decay which 

is resolution dependent. This resolution dependence can be described by the B-factor (Rosenthal and 

Henderson, 2003). This value can be estimated from the Fourier representation of the reconstructed 

volume. In a process termed sharpening, the inverse B-factor can be applied to the map to improve 

contrast and amplify high resolution features, usually along with a weighting factor (figure-of-merit) to 

avoid enhancing noise (Rosenthal and Henderson, 2003). Once the model is built, to achieve an atomic 

structure that matches the experimental map to the greatest degree, further refinement can be 

performed (Beckers et al., 2021). This is done so using an energy function that boosts the model-to-map 

correlation while also maintaining the realistic features of the map which includes bond length and angles.  

The validation of EM maps is important to avoid model bias and the over-fitting of data. This is assessed 

by dividing the dataset randomly into two, and they are refined independently (Beckers et al., 2021). The 

resulting 3D reconstructions are then compared. In the “gold standard” approach, the Fourier Shell 

Figure 1.15: Schematic illustrating projection mapping during 3D reconstruction. (A) A 3D reference model 

is used to generate reference 2D projections in different orientations. (B) The experimental particles are 

compared to the reference 2D projections to determine their orientations. 
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Correlation (FSC) between the two half maps is calculated for varying spatial frequencies. The resolution 

of a structure is classically reported as the number at the FSC value of 0.143.  

 

1.7.5 The suitability of single particle cryo-EM to solving the structure of the F-OMCC 

In the recent years, cryo-EM has undergone spectacular progress and the significant advancement in 

electron detectors and imaging software has led to a ‘resolution revolution’(Kühlbrandt, 2014). The 

technique allows for structural determination of an extremely vast range of protein sizes; ranging from 

below 100 kDa proteins, as exemplified by the 3.2 Å structure of the 52 kDa streptavidin protein, to entire 

protein machineries as highlighted by the structure of the R388 encoded T4SS at near atomic resolution 

(Fan et al., 2019, Mace et al., 2022).  

This technique is particularly advantageous for studying membrane proteins compared to the other 

leading structural determination techniques such as nuclear magnetic resonance (NMR) and X-ray 

crystallography. Firstly, ordered crystals are not required which is often hard to produce with membrane 

proteins and especially biocomplexes, such as the F-OMCC, which are composed of several proteins and 

therefore, are not readily amenable to crystallisation. Also, an important advantage is that in cryo-EM the 

protein sample is imaged in vitreous ice whereby they are preserved in a hydrated, near-native state in 

solution. This removes the requirement for tightly packed crystals and also often means that large protein 

concentrations are not needed which can be hard to achieve with membrane proteins. 

The success of cryo-EM in deciphering the structure of complexes is demonstrated by the various 

structures of the outer membrane core complex that have been solved from the T4SS alone. This includes 

the OMCC belonging to pKM101, R388, the Cag machinery from H. pylori and the Dot/Icm apparatus from 

L. pneumophila (Low et al., 2014, Chaptal et al., 2017, Sheedlo et al., 2021, Chandran et al., 2009, Fronzes 

et al., 2009, Durie et al., 2020, Sheedlo et al., 2020, Chung et al., 2019, Sgro et al., 2018). While the in situ 

analyses of these T4SSs by cryo-ET have been invaluable in providing the overall architecture, the high 

resolution details have only emerged from single particle cryo-EM.  
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1.8 Aims of this project 

The overall aim of this project is to investigate the biochemistry and structure of protein complexes from 

the F-T4SS. Specifically, this will involve:  

• Solving the structure of the F-OMCC which will show the architecture and symmetry of the 

complex and will provide insight into how the F-OMCC fits in with the rest of the F-T4SS, especially 

in terms of the pilus. Steps towards this will firstly require optimisation of purification since it is a 

membrane embedded complex (Chapter 3), followed by structural determination by single 

particle cryo-EM (Chapter 4). 

• Exploring possible interactions between the F-OMCC and other proteins encoded on the tra 

region to broaden understanding of how the T4SS functions using pull-down assays (Chapter 5) 

• Investigation into the structure of TraG and whether it interacts with TraN using purification 

methods and pull-down assays (Chapter 6).  
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Chapter 2: Materials and methods 

 

2.1 Chemicals and Bacterial strains 

 

2.1.1 Water 

Unless stated, all the reagents and solutions used in this study were prepared in ultrapure deionised MiliQ 

water. 

 

2.1.2 Growth media and media additives 

Lysogeny broth (LB) (Miller) solution and LB-agar (Miller) plates was prepared from powdered stocks from 

Thermo Scientific and Millipore respectively. The solutions were made as per manufacturer's instructions 

and were autoclaved prior to use. The media supplements have been listed in Table 2.1, which were 

dissolved in the solvent listed, filter sterilised using a 0.2 µm filter and stored at either 4 °C for short term 

use or at -20 °C for long-term storage.  

 

Table 2.1: The media additives that were used in this study 

 Media additive  Solvent Concentration of 

stock  

Concentration of 

working  

 Ampicillin ddH2O 100 mg ml-1 100 µg ml-1 

Antibiotic Carbenicillin ddH2O 100 mg ml-1 100 µg ml-1 

 Spectinomycin ddH2O 100 mg ml-1 100 µg ml-1 

 L-Arabinose ddH2O 20 % (w/v) 0.2 % (w/v) 

Inducer Anhydrotetracycline Ethanol 2 mg ml-1 200 μg l-1 

 Isopropyl ß-D-1-

thiogalactopyranoside (IPTG) 

ddH2O 1 M 2 mM 

Other X-Gal DMSO 100 mg ml-1 100 µg ml-1 
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2.1.3 Bacteria strains and plasmids 

The bacterial strains and plasmids used in this study are provided in Table 2.2 and Table 2.3 respectively 

with the relevant properties and source listed.  

 

Table 2.2: The E. coli strains used in this study 

E. coli strain Properties Source/ Reference 

JE2571 Harbours the F-like plasmid pED208 encoding the F-T4SS (Bradley, 1980b) 

Top10 Strain used for cloning and protein expression. 

F− mcrA Δ(mrr-hsdRMS-mcrBC) φ80dlacZΔM15 

ΔlacX74 recA1 araD139 Δ(ara-leu) 

ThermoFisher 

BL21 (DE3) A T7 expression strain.  

F– ompT gal dcm lon hsdSB(rB–mB–) λ(DE3 [lacI lacUV5- 

T7p07 ind1 sam7 nin5]) [malB+]K-12(λS) 

Filloux Lab 

 

Table 2.3: The plasmids that was used in this study 

Plasmid  Properties Source/ Reference 

pED208 Wild type conjugative plasmid which is a 

transfer derepressed mutant of the IncFV 

plasmid 

(Lu et al., 2002) 

pBAD24 A high-copy cloning vector which is ampicillin 

resistant (ApR) and provides controllable 

protein expression by altering arabinose 

concentration 

Life Technologies 

(Guzman et al., 
1995) 
 

pASK3C A high copy cloning vector, spectinomycin 

resistant (SmR), anhydrotetracycline inducible 

tet promoter 

Life Technologies 

pTAMAHISTEV Expression vector, ApR, IPTG inducible T7 

promoter, allows N-terminal tagging of 

proteins with hexahistidine tag and includes 

TamA signal peptide  

(Moynie et al., 

2019) 
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pBAD_TraK_TraBStrep_TraV The traK – traV fragment of pED208 cloned 

into pBAD such that it includes a C-terminal 

Strep-II tag on traB 

Laboratory 

collection 

pBAD_TraGStrep The traG gene of pED208 cloned into pBAD 

with a C-terminal Strep-II tag  

This study  

pBAD_TraK_TraBStrep_TraV_TraHHis The traK – traV fragment of pED208 and the 

traH gene cloned into pBAD such that it 

includes a C-terminal Strep-II tag on traB and 

C-terminal hexahistidine tag on traH 

Postgraduate 

student Hayley 

Jackson for this 

study 

pBAD_TraK_TraBStrep_TraV_TraFHis The traK – traV fragment of pED208 and the 

traH gene cloned into pBAD such that it 

includes a C-terminal Strep-II tag on traB and 

C-terminal hexahistidine tag on traF 

Postgraduate 

student Hayley 

Jackson for this 

study 

pASK_TraWHis The traW gene of pED208 cloned into pASK 

with C-terminal hexahistidine tag  

This study 

pASK_TraWHis_TrbC The traW and trbC gene of pED208 cloned 

into pASK with C-terminal hexahistidine tag 

on traW 

This study 

pASK_TrbCHis The trbC gene of pED208 cloned into pASK 

with C-terminal hexahistidine tag 

This study 

pASK_TrbI-TraG_TraNHis The trbI – traG fragment of pED208 cloned 

into pASK with C-terminal 10 x histidine tag 

on traN 

This study 

pBAD_TrbI-TraG_TraHHis The trbI – traG fragment of pED208 cloned 

into pBAD with C-terminal 10 x His-tag on 

traH  

Postgraduate 

student Ambre 

Bexter for this 

study 

pBAD_TrbI-TraG_TraHStrep The trbI – traG fragment of pED208 cloned 

into pBAD with C-terminal Strep-II tag on 

traH 

Postgraduate 

student Ambre 

Bexter for this 

study 
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pTAMAHISTEV_TraN The traN fragment of pED208 cloned into 

pTAMAHISTEV 

This study 

 

Schematic of the operon structure of the following plasmids pBAD_TraK_TraBStrep_TraV, pBAD_TraGStrep, 

pBAD_TraK_TraBStrep_TraV_TraHHis, pASK_TraWHis, pASK_TraWHis_TrbC, pASK_TrbCHis, pASK_TrbI-

TraG_TraNHis, pTAMAHISTEV_TraN are shown in Figure 3.1B, 6.1C and Appendix figures A.3C, A.5C and 

A.6C respectively.  

 

2.1.4 Preparation of chemically competent E. coli 

To prepare chemically competent E. coli strains for the transformation, an overnight culture of the 

appropriate cells were sub-cultured by adding 1 ml to 100 ml LB. The cells were left to grow till OD600 of 

0.5 – 0.6 at 37 °C. The culture was chilled immediately on ice for 30 min and then centrifuged at 4500 rpm, 

10 min at 4 °C. The cells were resuspended in 5 ml of pre-chilled 100 mM MgCl2 and then incubated on 

ice for 90 min. The cells were pelleted by centrifugation at 4500 rpm, 4 °C for 10 min. The pellet was 

resuspended in 1.6 ml of pre-chilled 100 mM CaCl2 containing 15% (w/v) glycerol and then aliquoted into 

50 µl samples and subsequently flash frozen in liquid nitrogen. The chemically competent cells were 

stored at -80 °C. 

 

2.2 Molecular Biology techniques 

 

2.2.1 Isolation of plasmid DNA 

Plasmids were isolated using the QIAprep® Spin Miniprep Kit (Qiagen) and as per manufacturer’s 

instructions. The DNA was eluted in autoclaved double distilled water (ddH2O) and the concentration was 

measured using a Nanodrop™ spectrophotometer.  

2.2.2 Transformation of chemically competent E. coli  

For transformation of competent TOP10 or BL21 (DE3) cells with plasmid, 50 – 100 ng of plasmid DNA was 

added to 50 µl of competent cells on ice. The cells were incubated on ice for 30 min, and then heat-

shocked at 42 °C for 45 sec and followed by a 5 min recovery on ice. Then, 700 µl LB was added to the 
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mixture and left at 37 °C with gentle agitation. The cells were plated onto agar plates supplemented with 

the appropriate antibiotics and left to grow at 37 °C overnight.  

 

2.2.3 Agarose gel electrophoresis  

Agarose gel electrophoresis was used to separate DNA fragments based on their size. The gels were 

prepared by dissolving agarose in boiling 1X TAE (Tris, acetate, EDTA) buffer to obtain a 0.8 % (w/v) gel. 

For DNA visualisation, SYBR™ Safe DNA gel stain (ThermoFisher) was added from a 10, 000 X stock.  

The samples were prepared for gel electrophoresis by adding 6X loading dye (0.25% bromophenol blue, 

0.25% xylene cyanol FF, 30% glycerol). The agarose gel was submerged in tanks filled with 1X TAE. To allow 

determination of the size and concentrations of the DNA bands, GeneRuler™ 1kb DNA ladder 

(ThermoFisher) was used as the molecular marker. The gels were allowed to run for 50 min at 100 V. DNA 

was visualised using a BioRad Gel Doc 2000 transilluminator. DNA fragments were excised and purified 

from the agarose gel using QIAquick® Gel Extraction Kit (Qiagen) and eluted in autoclaved ddH2O.  

 

2.2.4 Polymerase chain reaction (PCR) 

DNA fragments were amplified by polymerase chain reaction (PCR) using CloneAmp HiFi Polymerase 

(Takara). The typical thermocycling conditions are listed in Table 2.4. The annealing temperature was 

determined as the lowest melting temperature of the two primers, minus 5 °C. The reaction mix was set-

up according to the manufacturer's instructions and in 1X CloneAmp HiFi PCR premix and using the 

primers detailed in Table 2.5.  

 

Table 2.4: The thermocycling conditions for the PCR reaction 

Thermocycling Step Temperature (°C) Time (sec) Cycles 

Initial denaturation 98 240  1 

Denaturation 98 10   

Annealing Tm - 5°C 10  30 

Extension 72 10/ kb   

Final extension 72 240 1 
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2.2.5 Oligonucleotide primers 

The primers that were used in this study are listed in Table 2.5. Newly obtained lyophilized primers were 

resuspended in ddH2O to achieve a final concentration of 100 µM. The primers were stored at -20 °C. 

 Table 2.5: The primers used for the PCR reaction 

Construct  Primer name  Primer Sequence (5’ – 3’) 

All constructs using 

pASK as vector 

pASK_fw 

 

GCAGCGCATCACCATCACCATCACTGAGCTTGA

CCTGTGAAGTGAAAAATGG 

 pASK_rev 

 

TTGCCCTCGTTATCTAGATTTTTGTCGAAC 

 

pASK_TraWHis TraW_His_fw 

 

AGATAACGAGGGCAAATGAAAAAAGGGCTGCT

GACACT 

 

 TraW_His_rev 

 

TCAGTGATGGTGATGGTGATGCGCTGCTGGCTT

CACCTCCGGCG 

 

pASK_TrbCHis TrbC_His_fw 

 

AGATAACGAGGGCAAATGAAACGCGTACTGAT

ATCGCTG 

 

 TrbC_His_rev 

 

TCAGTGATGGTGATGGTGATGCGCTGCTTGCAC

CTCCCCACGCAG 

 

pASK_TraWHis_TrbC TraW_His_TrbC_fw 

 

GCAGCGCATCACCATCACCATCACTGAGTCACA

GGGAGAAAAACGATGAAAC  

 

 TraW_His_TrbC_rev 

 

CTTCACAGGTCAAGCTCATTGCACCTCCCCACG 

 

 TraW_His_TrbC_vector_f

w 

 

GCTTGACCTGTGAAGTGAAAAATGGCGCACATT

G 

 

pBAD_TraK_TraBStrep

_TraV_TraHHis/TraFHis 

pBAD_TraH_F_FOMC_fw GCAGCGCATCACCATCACCATCACTGAGTACCC

GGGGATCCTCTA  
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 pBAD_TraH_F_FOMC_rev TTAATTTACCCTGGCCGGAAGAAC 

 TraH_FOMC_fw TTCCGGCCAGGGTAAATTAACGCTCAGGGACAA

CAATAATG 

 TraH_FOMC_rev TCAGTGATGGTGATGGTGATGCGCTGCATTCAC

CCTGCTGAACTGGTA 

 TraF_FOMC_fw TTCCGGCCAGGGTAAATTAAATGCAGGAGAAC

GCGC 

 TraF_FOMC_rev TCAGTGATGGTGATGGTGATGCGCTGCGTAGTC

AGGTGCAAAGTGGGTAAG 

pBAD_TrbI-

TraG_TraHStrep 

TraH_streptag_fw TGGAGCCACCCGCAGTTCGAAAAGTGATATGGC

CGTTGATACGATTTACAC 

 TrbI_reverse TTGGTCAGTGGTCATGGTGAATTC 

 TrbI_forward ATGACCACTGACCAAAAACTTACCCCTG 

 TraH_streptag_rev TCACTTTTCGAACTGCGGGTGGCTCCAACCGCC

GCTGCCAGAA 

pTAMAHISTEV_TraN pTAMAHISTEV_fw GGATCCGAATTCGAGCTCCG 

 pTAMAHISTEV_rev CATGGCGCCCTGAAAATACAG 

 TraN_fw TATTTTCAGGGCGCCATGAATGACCAGTTTAATC

AGGGCATG 

 TraN_rev GAGCTCGAATTCGGATCCTCATGGCGCGTTCTC

CTG 

pBAD_TraGStrep pBAD_G_fw GCAGCGGGTTCTGGCAGCGGCGGTTGGAGCCA

CCCGCAGTTCGAAAAGTGAGTACCCGGGGATCC

TCTAG 

 Pbad_G_rev GGTGAATTCCTCCTGCTAGC 

 pTraG_Strep_fw TAGCAGGAGGAATTCACCATGGCCGTTGATACG

ATTTACAC 

 pTraG_Strep_rev TCACTTTTCGAACTGCGGGTGGCTCCAACCGCC

GCTGCCAGAACCCGCTGCCACCATTATCACCGA

TCCAATCAT 
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pASK_TrbI-

TraG_TraNHis 

TrbI_fw AGATAACGAGGGCAAATGACCACTGACCAAAA

ACTTACCCCTGC  

 TraN_his_rev TCAGTGGTGATGATGGTGGTGATGGTGATGAT

GACCGCCGCTGCCAGAACCTGGCGCGTTCTCCT

GCATT   

 TraN_his_fw GGTTCTGGCAGCGGCGGTCATCATCACCATCAC

CACCATCATCACCACTGAGCCGGAGGTGAAGCC

ATGAGATGTATTGCCGGTGC 

 TraG_rev CTTCACAGGTCAAGCCTACACCATTATCACCGAT

CCAATCA 

 

2.2.6 In-Fusion cloning  

All the constructs in this study were made using the In-Fusion cloning technique (Takara). This relies on 

the homologous recombination of PCR generated overlapping complementary regions, which are at least 

15 base pairs (bp) in length, at the ends of the insert and vector. The primers were designed such that 

they would include a complementary region at the 5’ end and also linearise the vector. To fuse the vector 

and insert, the fragments were combined at a 1:2 molar ratio (vector: insert). The reaction mix was bought 

up to 8 µl if needed using ddH2O and 2 µl of 10X In-Fusion Reaction Mix was added. The reaction was 

allowed to proceed at 50 °C for 15 min. The mixture was transformed into chemically competent TOP10 

cells and plated onto agar plates supplemented with the appropriate antibiotics.  

2.2.7 Checking for insert and sequencing 

Following In-Fusion, colonies were grown overnight, and the plasmid was isolated. To probe if it contained 

the expected insert, PCR was performed. Plasmids which appeared to be positive, were sequenced using 

GATC at Eurofins Supreme Sanger Sequencing using the primers listed in Table 2.6. 

 

Table 2.6: The primers provided for sequencing 

Primer name Primer Sequence (5’ – 3’) Targets 

pBAD_ara GACGCTTTTTATCGCAACTC araBAD promoter 

S1  TACCACTCCCTATCAGTGATAGAG  Reads into Tet promoter on pASK vector 
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S4 TCTGATGGGCGGAGGAAGAATGAC traK 

S5 AGCTGCGTCTCACTGGCAAAGTTC traB 

S8 ACGTCCGCAGGTGTAAACACAAAC traV 

S18 GAAGCGCAGCACTGCAAGAAGATG End of traN 

S19 CTGGACACCGCCATTCTGTATC Middle of traF  

S22 CCCATTCTCTCATGGATTGTG End of traH 

S25 GTGAATATGATACGCAACAGACAC End of traG 

 

2.3 Protein Biochemistry  

 

2.3.1 Expression test  

Prior to carrying out purification trial, for new constructs, an expression test was carried out to assess if 

the tagged protein is being expressed. Overnight cultures from transformants colonies were used to 

inoculate 50 ml LB such that a starting OD600 of 0.1 is achieved. The cells were left to grow at 37 °C at 180 

rpm. When the cells reached OD600 of 0.6, a 1 ml ‘before induction’ sample was taken and the expression 

was induced with anhydrotetracycline or L-arabinose or IPTG for pASK, pBAD and pTAMAHISTEV 

respectively. The cultures were left to grow overnight at 18 °C at 180 rpm. A 1 ml ‘after induction’ sample 

was taken. Both the before and after cell samples were pelleted at 7000 x g for 5 min and then 

resuspended into 100 µl fresh LB for analysis.  

2.3.2 Protein analysis by SDS-PAGE  

Protein samples were prepared for sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) by adding 2X Laemmli sample buffer (ThermoFisher Scientific) and heating at 100 °C for 5 minutes. 

The 10-20% SDS-PAGE gel (ThermoFisher Scientific) was submerged in the tank filled with 1X Tris-glycine 

buffer running buffer made from 10X stock (144g Glycine, 30.5g Tris, 10g SDS to make 1L). To allow 

visualisation of protein molecular weight, 5 μl Colour Prestained Protein Standard, Broad range (NEB) was 

run alongside the sample as a molecular marker. The gels were allowed to run for 50 min at 180 V. Protein 

was detected using ReadyBlue™ protein gel stain (Merck).   
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2.3.3 Western blot 

The presence of Strep- or His-tagged proteins in the cell lysates or purification samples was verified by 

performing a Western blot. The antibodies used in this study have been listed in Table 2.7. Proteins were 

transferred from the SDS-PAGE gel to nitrocellulose membranes at 0.4 A, 250 V, 50 W for 1 hr. The 

membranes were blocked for an hour in blocking buffer [5% (w/v) milk powder (Sigma) in 1 x TBS-T (50 

mM Tris pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween20] and then incubated with the primary antibody in 1 x 

TBS-T supplemented with 1% (w/v) milk powder for 1 hr at room temperature or overnight at 4 °C. The 

membranes were then washed four times for 5 mins each with 1 x TBS-T, and then incubated with the 

anti-mouse secondary antibody for 1 hr in 1 x TBS-T supplemented with 1% (w/v) milk powder. The 

membranes were washed again four times for 5 mins each with 1 x TBS-T. For immunodetection, the 

membrane was incubated with the chemiluminescent substrate SuperSignal™ West Pico substrate 

(ThermoFisher Scientific) for 5 min prior to imaging with BioRad ChemiDoc XRS+. 

 

Table 2.7: The antibodies used for Western blotting in this study 

Antibody Host Serum Dilution Source 

anti-StrepII Mouse Monoclonal 1:10000 Sigma Aldrich 

anti-His6 Mouse Monoclonal  1:5000 Sigma Aldrich 

anti-mouse Rabbit Polyclonal  1:5000 Sigma Aldrich  

 

2.3.4 Purification of the F-OMCC 

TOP10 cells were transformed with pBAD_TraK_TraBStrep_TraV construct. Protein expression was induced 

with 0.2% (w/v) L-arabinose when the bacterial culture reached OD600 = 0.6, and the culture was left to 

grow overnight at 18 °C whilst shaking at 180 rpm. The cells were harvested at 7000 x g, 20 mins at 4 °C. 

All the steps of purification were carried out at 4 °C. The bacterial cells were resuspended in lysis buffer 

[50 mM Tris-HCl pH 7.5, 200 mM NaCl, 1 mM EDTA, 0.2 mg ml-1 lysozyme, 1 cOmplete protease inhibitor 

cocktail tablet (Roche)] and lysed by sonication on/off for 2 mins at 60 Amp. The cellular debris was 

removed by centrifugation at 35000 x g, 20 mins and the resulting supernatant was used to isolate the 

membrane by ultracentrifugation at 120,000 x g, 60 mins. The F-OMCC was extracted and stabilised from 

the membrane by mechanical homogenising using the solubilisation buffer [50 mM Tris-HCl pH 7.5, 300 

mM NaCl, 1 mM EDTA, 1% (w/v) n-dodecyl-β-D-maltoside (DDM, Anatrace) and 0.8% 
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Lauryldimethylamine-N-Oxide (LDAO, Anatrace)]. The solution was left solubilising with gentle agitation 

for 60 mins. The insoluble material was removed by centrifugation at 100,000 x g for 40 mins. The 

supernatant was loaded onto a 1ml StrepTrapTM HP (StrepTrap) column (GE Healthcare) which had been 

equilibrated in equilibration buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl and 0.23% w/v LDAO) and eluted 

in the same buffer supplemented with 10 mM D-desthiobiotin (IBA). Fractions which contained the 

complex were pooled and concentrated using a centrifugal concentrator with 100K MWCO (Merck 

Millipore). The sample was then further purified by loading onto a Superose 6 GL 10/300 column (GE 

Healthcare) equilibrated with equilibration buffer. The proteins were analysed by SDS-PAGE and 

Coomassie blue staining. The fractions from the shoulder peak on the gel filtration were pooled and 

concentrated using 100K MWCO (Millipore) to be further analysed by electron microscopy.  

 

2.3.5 Detergent screen for solubilisation of F-OMCC and TraN  

To probe which detergent was best at solubilising the F-OMCC from the bacterial membranes, a detergent 

screen was carried out. The steps to isolate the membranes were the same as above. At the solubilisation 

stage, different detergents were used at 5 x CMC to test efficiency of extraction, as listed in Table 2.8, in 

a base buffer composed of 50 mM Tris-HCl pH 7.5, 300 mM NaCl, 1 mM EDTA. The membranes were 

mechanically homogenised, and the solution was left solubilising with gentle agitation for 60 mins at 4 °C. 

Before the insoluble material was pelleted, a sample was taken of the ‘total protein’ or also referred to as 

‘membrane homogenised’. Following centrifugation at 100,000 x g for 40 mins, a sample was taken of the 

supernatant termed ‘solubilised protein’. A western blot was carried out as described in section 2.3.3. The 

same screen was used to assess which detergent was best at solubilising TraN.  

Table 2.8: The detergents used for the screen 

Detergent  CMC [% (w/v)] 5 X CMC [% (w/v)] Source  

Digitonin 0.0021 0.0105 Anatrace 

Glycol-Diosgenin (GDN) 0.0021 0.0105 Anatrace 

n-Dodecyl β-D-Maltoside (DDM) 0.0087 0.0435 Anatrace 

Lauryldimethylamine-N-oxide (LDAO) 0.023 0.115 Anatrace 

Cymal-5 0.12 0.6 Anatrace 

Chaps 0.49 2.45 Anatrace 
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Decyl Maltose Neopentyl Glycol (DMNG) 0.0034 0.017 Anatrace 

n-dodecylphosphocholine (Choline) 0.047 0.235 Anatrace 

n-Octyl-β-D-Glucoside (OBG) 0.53 2.65 MyBioSource  

 

2.3.6 Pulldown assays of TraW, TrbC with F-OMCC 

TOP10 cells were co-transformed with the plasmids pASK_TraWHis_TrbC and pBAD_TraK_TraBStrep_TraV, 

and plated onto agar plates containing both carbenicillin and spectinomycin. Protein expression was 

induced when the bacterial culture reached OD600 = 0.6 by addition of 0.2% (w/v) L-arabinose and 200 ug 

L-1 anhydrotetracycline. The culture was left to grow overnight at 18 °C whilst shaking at 180 rpm. The 

culture was harvested, and membranes were isolated as mentioned in section 2.3.4 but with the absence 

of EDTA in the buffers. The membranes were solubilised by mechanical homogenisation using the same 

solubilisation buffer as the F-OMCC purification but using 0.6% (w/v) Cymal-5 instead of DDM and LDAO. 

The sample was left solubilising for 1 hr at 4 °C, followed by ultracentrifugation at 100,000 x g for 40 mins 

to pellet insoluble material. The supernatant was either loaded onto a 1 ml HisTrapTM HP column (HisTrap) 

(Cytiva), a 1 ml StrepTrap column or a double pulldown was performed. Both columns were equilibrated 

and washed with wash buffer [50 mM Tris-HCl pH 7.5, 300 mM NaCl and 0.12% (w/v) Cymal-5]. For the 

HisTrap purification, elution was done via a gradient using buffer B [50 mM Tris-HCl pH 7.5, 300 mM NaCl 

and 0.12% (w/v) Cymal-5, 500 mM imidazole]. For the StrepTrap purification, elution was carried out with 

the wash buffer supplemented with 10 mM desthiobiotin. The samples were analysed by SDS-PAGE, 

Coomassie staining and western blot.  

For the double pull-down, the sample was loaded onto the 1 ml HisTrap column that was equilibrated and 

washed with wash buffer. The column was further washed with wash buffer supplemented with 10 % 

(v/v) buffer B. Before elution, the 1 ml StrepTrap column, which had been equilibrated in wash buffer, 

was attached directly below the HisTrap column. The sample bound to the HisTrap was eluted in one step 

with 90% (v/v) buffer B into the attached StrepTrap column. The HisTrap column was then unattached. 

The Strep column was washed with wash buffer and then eluted with the same buffer supplemented with 

10 mM desthiobiotin. The samples were analysed by SDS-PAGE, Coomassie staining and western blot.  

 



86 
 

2.3.7 Pulldown assay of TraN with F-OMCC 

The interaction of TraN with the F-OMCC was investigated using two different plasmids expressing TraN: 

pTAMAHISTEV_TraN and pASK_TrbI-TraG_TraNHis. For pASK_TrbI-TraG_TraNHis pull-down with 

pBAD_TraK_TraBStrep_TraV, TOP10 cells were co-transformed with both plasmids as explained in section 

2.3.6. The cells were grown, harvested, membranes generated, solubilised and the pull-down was 

performed with either a 1 ml HisTrap column or a 1 ml StrepTrap column, as described in section 2.3.6 

except with 50 mM HEPES pH 7.5 as opposed to Tris-HCl.  

For the pull-down assay of pTAMAHISTEV_TraN with pBAD_TraK_TraBStrep_TraV, the two plasmids were 

incompatible and could not co-transform the same competent cells with them. Therefore, different 

compentent cells were transformed with the plasmids, whereby BL21 (DE3) cells were transformed with 

pTAMAHISTEV_TraN and TOP10 cells were transformed with pBAD_TraK_TraBStrep_TraV. The competent 

cells were grown separately and F-OMCC expression was induced as mentioned above. TraN expression 

was induced by addition of 2 mM IPTG when cultures reached OD600 = 0.6. The cultures were left to grown 

overnight at 18 °C whilst shaking at 180 rpm and harvested separately the following day as previously 

mentioned.  The TraN and F-OMCC cell pellets were lysed together using lysis buffer II (50 mM HEPES pH 

7.5, 200 mM NaCl, 0.2 mg ml-1 lysozyme, protease inhibitor tablet) and by mechanical lysis using a cell 

disruptor with two rounds of disruption at 25 kpsi. From here onwards, the pull-down protocol followed 

in the same manner as described in section 2.3.6. The samples were analysed by SDS-PAGE, Coomassie 

staining and western blot.2.3.8 Purification of TraH and periplasmic protein complex 

Purification of TraH along with other members of the periplasmic protein complex was done using the 

plasmids pBAD_TrbI-TraG_TraHHis and pBAD_TrbI-TraG_TraHStrep. Separate TOP10 cells were transformed 

with each of the plasmids, grown, harvested as mentioned in section 2.3.4.  

The membranes for the pBAD_TrbI-TraG_TraHStrep purification were generated as mentioned in section 

2.3.4. The membranes were solubilised by mechanical homogenisation using solubilisation buffer II [50 

mM HEPES pH 7.5, 200 mM NaCl, 0.6% (w/v) Cymal-5], and the solution was left solubilising for 1 hr at 4 

°C. The insoluble material was pelleted by ultracentrifugation at 100,000 x g for 40 mins at 4 °C. The 

supernatant was loaded onto a 1 ml StrepTrap column which had been equilibrated in wash buffer II [50 

mM HEPES pH 7.5, 200 mM NaCl, 0.12% (w/v) Cymal-5]. The column was washed with wash buffer II and 

then eluted using the same buffer supplemented with 10 mM desthiobiotin. The fractions containing TraH 

were pooled and concentrated using a 10K MWCO (Millipore) before being injected onto a Superdex 200 
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10/300 GL column (GE Healthcare) which had been equilibrated with buffer wash buffer II. The samples 

were analysed by SDS-PAGE, Coomassie staining and western blot. 

For the pBAD_TrbI-TraG_TraHHis purification, the harvested cell pellet was resuspended in lysis buffer II 

[50 mM HEPES pH 7.5, 400 mM NaCl, 1 cOmplete protease inhibitor cocktail tablet (Roche), 0.2 mg ml-1 

lysozyme]. The membranes were generated and solubilised as mentioned in section 2.3.4 but using 

solubilisation buffer III [50 mM HEPES pH 7.5, 300 mM NaCl, 0.7% (w/v) DDM). The insoluble material was 

pelleted by ultracentrifugation at 100,000 x g for 40 mins at 4 °C. The supernatant was loaded onto a 5 ml 

HisTrap column which had been equilibrated in wash buffer III [50 mM HEPES pH 7.5, 300 mM NaCl, 0.03% 

(w/v) DDM]. The column was washed in the wash buffer III and then further washed with the wash buffer 

with 10 % (v/v) buffer C [50 mM HEPES pH 7.5, 300 mM NaCl, 0.03% (w/v) DDM, 500 mM Imdiazole]. The 

protein was eluted in one step with 100% (v/v) buffer C. The protein sample was dialysed overnight at 4 

°C in wash buffer III using D-TubeTM Dialyzer Midi, MWCO 6-8 kDa. For further purification, the sample 

was injected onto a Superdex 200 10/300 GL column (GE Healthcare) which had been equilibrated with 

buffer wash buffer III. The samples were analysed by SDS-PAGE, Coomassie staining and western blot. 

 

2.3.9 TraG purification 

The pBAD_TraGStrep plasmid was used for the purification of TraG. TOP10 cells were transformed with the 

plasmid and grown, harvested and membranes generated as described in section 2.3.4 but with the 

exception that the cells were mechanically lysed by cell disruptor with two rounds of disruption at 25 kpsi. 

The membranes were solubilised in a similar manner but with solubilisation buffer III which contained 

either 0.7% (w/v) DDM or 1% (w/v) Octyl Glucose Neopentyl Glycol (OGNG)]. The StrepTrap purification 

was performed as mentioned in section 2.3.4 but with wash buffer III [50 mM HEPES pH 7.5, 300 mM 

NaCl, 0.03% (w/v) DDM or 0.15% (w/v) OGNG], and the elution with wash buffer III supplemented with 

2.5 mM desthiobiotin. The fractions containing TraG were pooled, concentrated with 30K MWCO 

(Millipore), and then further purified by gel filtration. For the samples solubilised with DDM or DMNG, the 

sample was injected on a Superdex 200 10/300 GL column equilibrated with wash buffer III. For the 

samples solubilised with OGNG, the sample was injected on a Superose 6 GL 10/300 column equilibrated 

with wash buffer III. The fractions were analysed by SDS-PAGE, Coomassie staining and by electron 

microscopy.  
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For chemical cross-linking with disuccinimidyl suberate (DSS), a trial was carried out to determine the 

appropriate DSS concentration to cross-link TraG. The TraG sample following affinity purification as 

described above using the detergent OGNG, was concentrated to 0.2 mg ml-1 using a centrifugal 

concentration with 30K MWCO (Millipore). For the trial, the following final concentration of DSS (10 mM, 

Thermo Fisher Scientific) in DMSO was added to TraG: 0.4 mM, 0.8 mM, and 1.6 mM. The samples were 

left incubating for 1 hr at RT followed by quenching of the reaction upon addition of 50 mM Tris-HCl pH 

7.5. The cross-linked TraG was analysed by SDS-PAGE. To assess the different oligomeric states that were 

present following cross-linking, the purification of TraG was carried out as mentioned above with OGNG, 

but before the sample was cross-linked before it was injected onto the gel filtration column. DSS was 

added at a final concentration of 2mM to 0.2 mg ml-1 of TraG and the reaction was left to proceed for 1 hr 

at RT before being quenched. The sample was injected on to a Superose 6 GL 10/300 column equilibrated 

with wash buffer III with 0.15 % (w/v) OGNG. The fractions were analysed by SDS-PAGE, Coomassie 

staining and by electron microscopy. 

 

2.3.10 Pulldown assay of TraG with TraN 

The plasmids pBAD_TraGstrep and pTAMAHISTEV_TraN were used to perform a pulldown assay for TraG 

and TraN. TOP10 cells were transformed with pBAD_TraGstrep, grown, and harvested as described in 

section 2.3.4. BL21 (DE3) cells were transformed with pTAMAHISTEV_TraN, grown, and harvested as 

mentioned in section 2.3.7. The cell pellets for TraG and TraN were combined and lysed together as 

mentioned in section 2.3.7. The cellular debris was pelleted by centrifugation at 35000 x g, 20 mins. The 

supernatant was used to isolate the membrane by ultracentrifugation at 120,000 x g, 60 mins. The 

membranes were solubilised in solubilisation buffer III with 0.6% (w/v) Cymal-5 instead of the DDM, and 

then left to solubilise and further ultracentrifuged as described in section 2.3.4. The supernatant was 

loaded onto a 1 ml HisTrap column or 1 ml StrepTrap column both equilibrated with wash buffer III except 

with 0.12% (w/v) Cymal-5 instead of DDM/DMNG/OGNG. Both columns were washed with buffer III 

containing 0.12% (w/v) Cymal-5. For the HisTrap elution, a one step elution was performed with 100% 

Buffer C except with 0.12% Cymal-5 instead of DDM. For the StrepTrap elution, wash buffer III with 0.12% 

(w/v) Cymal-5 supplemented with 2.5 mM desthiobiotin was used.   
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2.4 Electron microscopy procedures  

 

2.4.1 Electron microscopy sample preparation 

 

2.4.1.1 Negative staining of samples 

Negative stain grids were prepared by applying 10 μl of protein sample onto glow discharged Copper 300 

mesh grids with a continuous carbon film (Agar Scientific). After 2 mins of incubation, the sample was 

blotted off and then washed twice with 10 µl of dH2O. The sample was then stained with 2% (w/v) uranyl 

acetate. After 1 min incubation, the stain was blotted off and grid was allowed to dry before imaging. The 

negative stained grids were screened on a FEI Technai12 Spirit transmission electron microscope. 

 

2.4.1.2 Optimising cryo-EM grid type for F-OMCC 

To optimise vitrification conditions for F-OMCC, three grids were tested: Ultrathin carbon lacey 300 mesh 

(Agar Scientific), C-FlatTM (Protochips), Quantifoil R2/2 on 300 mesh copper with 2 nm ultrathin carbon 

film (Agar Scientific). For freezing, 4 µl of the sample at approximately 0.04 mg ml-1 was deposited onto 

the glow discharged grids and left for a minute before being blotted with blot force 1 and blotting time of 

3 secs, before being plunge frozen in liquid ethane using a Vitrobot Mark IV (FEI) operating at 4 °C with 

95% humidity. The grids were screened using the FEI Tecnai12 Spirit transmission electron microscope. 

 

2.4.1.3 Cryo-EM grid preparation for the F-OMCC structure 

For cryo-EM, 4 µl of the F-OMCC sample at 0.1 mg ml-1, was applied onto glow discharged Ultrathin carbon 

lacey 300 mesh (Agar Scientific). The sample was left on the grid for 1 min before being blotted with blot 

time of 2.4 – 2.8 secs. The grids were vitrified by plunge freezing using a Leica automatic plunge freezer 

EM GP2 operating under 85% relative humidity at 4 °C. The grids were screened to ensure adequate 

sample concentration and ice thickness on a Jeol 2100 plus electron microscope. 

 

2.4.2 Electron microscopy imaging 
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2.4.2.1 Negative stain data collection 

To generate an initial negative stain model of the F-OMCC, a dataset was collected on the FEI CM200 

microscope operating at a voltage of 200 kV and equipped with a TVIPS camera. A total of 200 micrographs 

were collected at defocus values 2.5 and 3.0 μm.  

 

2.4.2.2 F-OMCC Diamond dataset  

A dataset was collected, for the complex purified in DDM and GDN. It was collected at the eBIC facility at 

Diamond Light Source using the FEI Titan Krios operating at a voltage of 300 kV and equipped with a K2 

Summit detector (Gatan) with a nominal pixel of 1.048 Å/pixel. A total of 4406 movies were collected 

using the EPU software for automated collection. The total exposure time was 9 secs and accumulating a 

total dose of 57.96 e-/Å2 over 40 frames per image. The nominal defocus range was approximately -1.5 

to -4 μm. 

 

2.4.2.3 F-OMCC cryo-EM data collection for high resolution structure 

The F-OMCC cryo-EM dataset was collected at LonCEM (London Consortium EM, Francis Crick Institute) 

using a FEI Titan Krios operating at 300 kV and equipped with Gatan K3 detector. A total of 11588 movies 

were recorded automatically using the EPU software (FEI) with the detector in counting mode with a 

nominal pixel side of 1.08 Å. The total exposure time was over 3.9 secs and accumulating a total dose of 

50 e-/Å2 over 38 frames per image, corresponding to a dose rate of 15 e-/px/s. The nominal defocus range 

was approximately −0.7 to −3.0 µm 

2.4.3 Data processing for F-OMCC 

 

2.4.3.1 Negative stain model  

The images were processed using RELION 3.1 whereby 868 particles were manually picked and used to 

generate representative 2D class averages (Zivanov et al., 2018). These classes acted as templates for 

automated particle picking, using which, 40871 particles were auto-picked. Several round of 2D class 

averaging was performed to filter out bad particles and leaving only the good classes which included a 

total of 25300 particles. These particles were subjected to 3D classification with C13 symmetry imposed. 
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2.4.3.2 Initial cryo-EM model from the Diamond dataset 

The 4406 movies that were collected were dose-weighted and then aligned using MotionCor2 

implemented in Relion 3.141 (Zheng et al., 2017, Zivanov et al., 2018). The contrast transfer function (CTF) 

values were then calculated using CTFFIND4 built within Relion 3.141 (Rohou and Grigorieff, 2015). Image 

processing was carried out using Relion 3.141 and cryoSPARC (Punjani et al., 2017, Zivanov et al., 2018). 

Using Relion 3.141, a total of 240,713 particles were auto-picked. The particles were extracted and 

exported into cryoSPARC to enable 2D class averaging in both programmes. After several rounds of 2D 

class averaging to filter out bad particles, a stack of approximately 6440 (Relion 3.141) and 58175 

(cryoSPARC) particles were kept. Upon visual inspection, the 2D class averages generated using cryoSPARC 

appeared more defined and therefore these particles were used to build an ab initio model with C13 

symmetry imposed. This model was used as the basis for 3D refinement using only seven 2D class averages 

containing approximately 36300 particles with a lowpass filter of 30 Å. The map was sharpened by 

applying a B-factor to improve the overall features.  

2.4.3.3 High-resolution cryo-EM image processing and reconstruction  

All image processing was performed using CryoSparc40 (v3.1.0), unless otherwise stated (Punjani et al., 

2017). Patch motion correction was used to sum and align the movie stacks and CTF was estimated using 

the patch CTF estimation function.  Following an initial screen to check for good Thon rings and optimal 

ice thickness, a total of 10,911 micrographs remained in the dataset. Altogether, 3506 particles were 

manually picked and then classified to obtain 2D class averages as references for automated particle 

picking for the entire dataset. A total of 1,445,958 particles were auto-picked and extracted with a box 

size of 480 x 480 pixels. Following several rounds of 2D classification to filter out bad particles, a stack of 

298,235 particles was obtained which showed define OMCCOR features. The OMCCIR features were 

enhanced after further round of 2D classification which resulted in a set of 74,956 particles. Upon visual 

inspection, it appeared that two symmetries existed within the complex with C13 for the OMCCOR and 17 

for the OMCCIR. Ab-initio maps were created and the stack of particles showing OMCCOR features were 

subjected to 3D homogenous refinement with C13 symmetry applied and a solvent mask of 5 pixels 

extension and 6 pixels of drop off which covered the OMCCOR. In a similar manner, the stack of particles 

representing the OMCCIR were subjected to 3D homogenous refinement but with C17 symmetry applied 

and a solvent mask of 5 pixels extension and drop off of 6 pixels covering OMCCIR. At the same time, 

95,177 particles were used to create an unsymmetrised map which confirmed the presence of C13 and 

C17 symmetries in the complex. A B factor of -74, -93 and -304 were applied to the OMCCIR, OMCCOR, and 
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the OMCC C1 map improving the local resolution to 3.3 Å, 3.4 Å and 5.7 Å as estimated by the gold 

standard FSC at a 0.143 threshold (Figure 2.1). Relion 3.141 was used to estimate the local resolution for 

the OMCCIR and OMCCOR maps (Zivanov et al., 2018). The statistics for data collection and processing are 

included in Table 2.9. 

Table 2.9: The statistics for data collection, processing and model refinement 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 OMCCOR OMCCIR OMCC C1 

Microscope  Titan Krios Titan Krios Titan Krios 

Detector K3 K3 K3 

Voltage (kV) 300 300 300 

Electron exposure (e-/ Å2) 50 50 50 

Pixel size (Å/pix) 1.08 1.08 1.08 

Defocus range (µm) -0.7 to -3.0 -0.7 to -3.0 -0.7 to -3.0 

Initial particle number 1,445,958 1,445,958 1,445,958 

Final particle number  298,235 74,966 95,117 

Symmetry applied C13 C17 C1 

FSC threshold 0.143 0.143 0.143 

Map resolution 3.4 3.3 5.7 

Map B factor -93 -74 -304 

EMDB code EMD-12963 EMD-12962 EMD-13231 

Model refinement     

Model vs data CC (mask) 0.72 0.75 N/A 

Clash score 13.73 13.82  

MolProbity score 2.18 2.25  

Bonds length rmsd (Å) 0.007 0.005  

Bond angle rmsd (°) 1.136 1.033  

Poor rotamers (%) 0 0  

Ramachandran     

Favoured (%) 90.7 88.03 N/A 

Allowed (%) 9.3 11.97  

PDB code EMD-12963 EMD-12962  
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2.4.3.4 Model building and refinement  

The model building was carried out by collaborator Dr Aravindan Ilangovan at Queen Mary University of 

London. The model was built using Coot by initially identifying the asymmetric unit (ASU) in both the 

OMCCOR and OMCCIR maps (Emsley et al., 2010). This was then copied to occupy the other densities. The 

model refinement was performed in Phenix (Adams et al., 2010). 

 

2.4.3.4 Structure analysis and visualisation 

The visualisation of the cryo-EM maps and the atomic models was done using the following programmes: 

Chimera, ChimeraX and PyMol (Pettersen et al., 2004, Schrodinger, 2015, Goddard et al., 2018).  

 

  

Figure 2.1: The resolution estimation of the F-OMCC maps. The overall resolution of the OMCCOR, OMCCIR and, 

OMCCC1 using the Fourier Shell Correlation (FSC) = 0.143 criteria.  
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Chapter 3: The expression, optimisation of the F outer membrane core complex 

purification and cryo-EM dataset collection 

 

3.1 Introduction 

 

As introduced in Chapter 1, T4SS are remarkable machineries which are involved in a plethora of different 

functions. While structural differences exist amongst the T4SS, the general architecture is shared. Overall, 

they are formed from two membrane spanning subassemblies, an inner membrane complex (IMC) and an 

outer membrane core complex (OMCC), which are connected by a periplasmic channel (Figure 1.6). The 

OMCC are important subassemblies as they allow the passage of the substrate across the outer 

membrane. While in the expanded systems, the OMCC structures can have subunit complexity, in its 

minimal form, all OMCCs consists of the three proteins VirB10, VirB9 and VirB7 or their homologues 

(Figure 1.4). While there has been significant progress in terms of structural details for the other OMCCs, 

the complex from the F-T4SS has remained enigmatic. 

 

3.1.1 The F outer membrane complex (F-OMCC) 

The F-OMCC is formed from the three proteins TraB, TraK and TraV which share homology to VirB10, VirB9 

and VirB7 respectively (Figure 3.1A). Evidence that the three proteins form a membrane spanning complex 

comes from a yeast two-hybrid study where it was observed that TraV and TraB bind to different segments 

of TraK suggesting that TraK acts as the bridging protein (Harris et al., 2001). A similar interaction has been 

characterised in other OMCCs like that belonging to X. citri, indicating remarkable conservation amongst 

the framework of OMCCs despite the apparatus being involved in different functions (Sgro et al., 2018). 

Since TraV is a lipoprotein, it was speculated that this membrane spanning complex was anchored to the 

outer membrane via TraV (Doran et al., 1994). The only structural insight into the F-OMCC comes from an 

in situ study of the whole conjugative apparatus using cryo-ET. Here, the complex was shown to adopt 13-

fold symmetry and was connected to an IMC with 6-fold symmetry via a stalk. The symmetry of the F-

OMCC was surprising as it hasn’t been commonly seen in other conjugative T4SS OMCCs, and so far, has 

only been characterised in the complex belonging to the infectious Dot/Icm machinery. However, due to 

the low resolution of the complex, how the three Tra proteins arrange to form the F-OMCC was still 

unknown. This was further exacerbated by the lack of high confidence predicted models. As this work was 
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performed prior to the success of AlphaFold, due to lack of extensive sequence similarity to the 

homologous proteins from the other T4SS systems and the unique details of the individual proteins, 

structure prediction programmes were unable to provide a robust predicted model for the entire proteins. 

Moreover, while regions of TraK and TraB could be predicted with high confidence due to conserved folds 

using Phyre 2, TraV could not be predicted at all due to lack of a suitable template (Figure 3.2) (Kelley et 

al., 2015). This, therefore, supports the requirement of a high-resolution structure of the F-OMCC, which 

by cryo-electron microscopy (cryo-EM) can currently only be obtained using single particle analysis.  

 

 

 

 

 

 

Figure 3.1: The F plasmid outer membrane core complex. (A) The three proteins which construct the F-OMCC 

along with their domains and boundaries: TraV (purple), TraB (blue), TraK (green). The cross hatching 

corresponds to the membrane spanning region. SP (Signal peptide) (B) The diagram of the operon structure of 

the plasmid used to express the F-OMCC under the arabinose promoter. 
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3.2 Aims of this study 

 

The aim of this Chapter was to optimise the F-OMCC sample preparation so that it is suitable for structural 

studies by single particle cryo-EM. Firstly, a test was carried out to confirm expression of the complex 

followed by a detergent screen to assess the ability of different detergents to extract the F-OMCC from 

the membrane, to maximises protein concentration. Depending on the results of the detergent screens, 

the detergents which appeared to be the most effective at solubilising the complex was used for 

purification trials to probe their efficiency in stabilising the complex. The sample was visualised by 

negative stain to assess homogeneity and concentration before being optimised for cryo-EM vitrification.  

 

 

 

Figure 3.2: The Phyre 2 predicted model of TraK and TraB. The model predicted for TraK represents 32% of the 

protein and the region is denoted by the orange box. It was modelled with 95.8% confidence. The TraB predicted 

model represents 42% and was modelled with 99.9% confidence. The TraV predicted model is not included 

because a suitable template was not found to model the structure resulting in a low confidence score.   
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3.3 Results 

 

3.3.1 The expression and detergent screening of F-OMCC  

The pBAD_TraK_TraBStrep_TraV construct was engineered such that it encodes for a C-terminally Strep-II 

tagged TraB (Figure 3.1B). The expression of the complex was confirmed by western blot and using anti-

Strep antibodies to probe for presence of TraB. The western blot approach was used as the basis for 

developing a detergent screen to assess the ability of different detergents to extract the complex from 

the bacterial membrane (Figure 3.3). The detergent screen was performed alongside my postgraduate 

student Jemma Betts. The solubilised protein was compared to the total protein, and it was found that 

the following detergents were the most effective at extracting the complex than others: Cymal-5, 

combination of DDM and digitonin, and combination of DDM and GDN (synthetic digitonin).  

 

3.3.2 The preliminary cryo-EM structure of the F-OMCC purified with DDM and GDN  

 

3.3.2.1 The purification of the F-OMCC indicates that the complex elutes as a shoulder 

peak to the void peak in the gel filtration 

Based on the results of the detergent screen, the detergent combination of DDM and GDN was chosen. 

The decision to use synthetic digitonin (GDN) was made to avoid batch-to-batch variations that exists with 

naturally occurring digitonin and because GDN is more water soluble with a lower critical micelle 

Figure 3.3: The detergent extraction of the F-OMCC. (A) A western blot assessing the ability of different 

detergents to solubilise F-OMCC from the membrane using TraB as proxy. TP (total protein), SP (soluble protein) 
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concentration (18 µM). The F-OMCC was extracted using the combination of detergents and then purified 

by two methods of chromatography. Firstly, the complex was subjected to affinity purification using a 

StrepTrap column (Figure 3.4A). A small elution peak was observed which upon analysis by SDS-PAGE 

appeared to contain the three proteins: TraB (49 kDa), TraK (24 kDa), and TraV (19 kDa) (Figure 3.4B). The 

fractions containing the proteins forming the F-OMCC were pooled, concentrated, and further purified by 

gel filtration. A sharp void peak was observed just after 8 ml with a shoulder peak (Figure 3.4C). The 

corresponding SDS-PAGE gel indicated that majority of the complex was present in the void, but a 

proportion was also present in the shoulder (Figure 3.4D).  

Figure 3.4: The purification of F-OMCC. (A) The StrepTrap elution profile of F-OMCC with the fractions marked. 

(B) The SDS-PAGE gel corresponding to the affinity purification. (C) The gel filtration of the F-OMCC which shows 

a large void peak with an accompanying shoulder. The fractions have been marked. (D) The SDS-PAGE gel 

corresponding to the gel filtration. FT (Flow-through), W (Wash), BC (Before concentrating), AC (After 

concentrating) 
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Upon visualisation of the complex from both peaks by negative stain, it showed that the F-OMCC in the 

void peak was aggregated (Figure 3.5). However, the particles in the shoulder were disperse and displayed 

clear symmetric rings.  

 

3.3.2.2 Negative stain model of the F-OMCC 

Negative electron microscopy was used as a sample quality control to ensure protein stability, 

concentration, homogeneity, and distribution. Initial screening found that particles from the shoulder 

peak fractions could be concentrated and then diluted as needed for grid preparation without causing 

protein degradation or complex dissociation or even, detrimental aggregation. This was valuable since the 

low absorbance of the shoulder peak meant that without the ability to concentrate the fractions, the 

particle number would be too little for cryo-EM.  Since, the particles in the shoulder showed clear 

complexes, a small dataset containing 200 micrographs was collected on the FEI CM200 microscope 

operating at a voltage of 200 kV and equipped with a TVIPS camera. The dataset was processed using 

Relion 3.1 (Zivanov et al., 2018) as mentioned in section 2.4.3.1 where the 2D class averages clearly 

showed particles with 13-fold symmetry (Figure 3.6). Furthermore, various orientations of the complex 

Figure 3.5: The negative stain electron microscopy of the F-OMCC from the gel filtration fractions. The complex 

in the void appears aggregated as exemplified by the red box. However, the F-OMCC in the shoulder appears 

more disperse and clear ring like structures can be seen, like the particle boxed in white.  
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could be seen in the 2D class averages which highlighted that the complex did not suffer from preferential 

orientation. Approximately 25000 particles were subjected to C13 symmetry to obtain an initial model 

(Figure 3.6). The symmetry and dimensions were in line with that previously seen by cryo-ET highlighting 

that the three proteins which were expressed recombinantly are coming together to form the complex as 

seen in the in vivo analysis (Hu et al., 2019a).  

 

3.3.2.3 The F-OMCC appears to prefer carbon support to adsorb across the ice 

As the particles appeared adequate under negative stain, the sample was taken to cryo-EM for 

high resolution structure determination. One of the key optimisations that was required for F-

OMCC was to encourage adsorption across the ice (Figure 3.7A). Initially C-Flat grids were used, 

however, there was poor distribution across the holes. Moreover, the particles were found 

concentrated around the edges of the holes indicating preferential binding to the carbon support 

(Figure 3.7B). Alternatively, lacey grids with an ultrathin continuous carbon support were trialled 

which resulted in a good distribution of particles across the ice with a drastic improvement in 

Figure 3.6: The negative stain initial model of F-OMCC. Three representative 2D class averages showing 

characteristic views along with the initial 3D model of the complex purified with DDM and GDN. 
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concentration (Figure 3.7B).  Finally, various freezing conditions were tested on the Vitrobot with 

varying blot times to achieve optimal ice thickness.  

Figure 3.7: The F-OMCC appears to prefer carbon. (A) A schematic showing the difference between the Ultrathin 

lacey and C-Flat grid, and the distribution of particles when applied to the grids. (B) Representative micrographs 

which show that on the lacey grid, the particles (boxed in white) are well dispersed across the ice, whereas on 

the C-Flat grid, the particles are populated around the carbon edge.  
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3.3.2.4 Preliminary Cryo-EM structure of F-OMCC 

Once the vitrification of the sample into ice on ultrathin lacey grids had been optimised, a dataset was 

collected at the eBIC facility at Diamond Light Source using the FEI Titan Krios transmission electron 

microscope operating at 300 kV and equipped with a K2 Summit detector (Gatan). The EPU software (FEI) 

allowed for automated collection resulting in the compilation of 4406 movies. Within Relion 3.1, the 

movies were firstly dose-weighted and then aligned using MotionCor2, and then the contrast transfer 

function (CTF) values were estimated using CTFFIND4 (Zivanov et al., 2018, Zheng et al., 2017, Rohou and 

Grigorieff, 2015). Using Relion, a total of 240,713 particles were auto-picked. At this point, image 

processing was done simultaneously on two different software packages: Relion and cryoSPARC (Punjani 

et al., 2017). After several rounds of 2D class averaging, the bad particles were filtered out and a set of 

approximately 64420 (RELION 3.1) and 58175 (cryoSPARC) particles belonging to the good classes were 

kept (Figure 3.8). Since the class averages appeared more defined in cryoSPARC, a 3D sharpened map was 

reconstructed from approximately 36000 particles using an ab initio model (Figure 3.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: The comparison of the 2D class averages obtained from the two different processing software.  
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The structure can be described as a ‘flying saucer’ with 13 lateral pods. As previously indicated by the 2D 

class averages from the negative stain dataset, the complex appears to be formed from two rings. While 

the outer ring showed clear C13 symmetry, the inner ring could not be resolved adequately to give insight 

into its symmetric arrangement and appeared to introduce heterogeneity in the dataset. While the overall 

resolution of the structure was not high enough to build an atomic structure, it gave insight into the 

general architecture of the complex and some secondary structure definition could be observed. The F-

OMCC has dimensions of approximately 260 Å in diameter and 165 Å in height, which can be divided into 

an outer and inner layer. The outer layer can be further separated into two segments: a cap and the main 

body. Unfortunately, details of the cap were occluded by a detergent shell. The structural details into how 

the proteins fit into this structure and interact was hindered due to the resolution. Overall, high resolution 

structure determination was limited by suboptimal ice thickness, inherent heterogeneity within the two 

rings and free detergent micelles. Together, this resulted in the loss of many particles during the 

processing.  

Figure 3.9: The preliminary Cryo-EM structure of F-OMCC. The representative views of the complex, purified 

with DDM and GDN, are shown with the representative 2D class averages. The F-OMCC shows two concentric 

rings with 13-fold symmetry. It appears that the complex is formed from two chambers: an outer and inner layer.  
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3.3.3 Purification of F-OMCC with LDAO which resulted in high resolution cryo-EM data 

collection 

 

3.3.3.1 Purification of F-OMCC with LDAO   

One of the main drawbacks of the purification with DDM and GDN is the great presence of free detergent 

micelles. This not only causes electron scattering but also produced background noise and intense signal 

at the 2D class average stage which meant many particles had to be discarded. Moreover, DDM has been 

reported to form relatively large micelles (Mw 65–70 kDa) and a large detergent belt around the protein 

which was observed around the cap of the F-OMCC (Figure 3.9) (Slotboom et al., 2008, Chaptal et al., 

2017). This could be because DDM has a large head group, which is also true for GDN, and together may 

form a large detergent shell around the transmembrane cap region of the F-OMCC.   

Subsequently, efforts were made to improve the purification of F-OMCC by use of other detergents and 

changing buffer conditions to investigate if the complex could be eluted as a peak separate to the void 

during the gel filtration. Based on the detergent screen, Cymal-5 was identified to be effective in 

solubilising the F-OMCC, however during the purifications, there were issues with reproducibility when 

that detergent was used. While LDAO was not effective at solubilising the complex independently, the 

combination of LDAO and DDM was tried since it has been proven to be successful in solubilising the X. 

citri OMCC (Sgro et al., 2018). Furthermore, the detergent screen highlighted that although some 

detergents alone were ineffective at extracting the complex from the membrane, when combined, they 

proved to be successful, as indicated by DDM and GDN. For the purification using LDAO, DDM was only 

combined for the solubilisation step. The subsequent buffers used for the purification steps only 

contained LDAO, in an effort to buffer exchange and remove the DDM micelles.  

The F-OMCC was initially purified using a StrepTrap column and then injected onto a gel filtration column 

for further purification (Figure 3.10). The same trend was observed as seen in Figure 3.4C with DDM and 

GDN, whereby there is a prominent void peak followed by a shoulder peak which upon SDS-PAGE analysis 

contained the three proteins TraB, TraK and TraV. The identity of the three proteins in the bands were 

confirmed by liquid chromatography with tandem mass spectrometry (LC-MS/MS) at University of St 

Andrew. Initial analysis by negative stain alluded to the absence of a large detergent belt and the 2D class 

averages looked well defined. 
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3.3.3.2 Collection of the high resolution Cryo-EM dataset of F-OMCC 

The sample purified with LDAO was vitrified in ice using lacey grid with ultrathin continuous carbon film. 

To improve reproducibility in ice thickness across grid holes and between grid preparations, the Leica 

automatic plunge freezer EM GP2 was used to plunge freeze the complex due to technical issues with the 

in-house Vitrobot. The grids with optimal ice thickness and protein concentration were used for a high-

resolution data acquisition at LonCEM (London Consortium EM, Francis Crick Institute) on the Titan Krios 

(FEI) operating at 300 kV and equipped with a K3 detector (Gatan). A total of 11588 movies were acquired 

Figure 3.10: The purification of the complex with LDAO. (A) The gel filtration of the complex purified with LDAO, 

and the fractions have been indicated. (B) The SDS-PAGE gel corresponding to the gel filtration profile. (C) A 

representative micrograph of the sample from the shoulder peak. The scale bar is set at 100 nm. BC (Before 

concentrating), AC (After concentrating) 
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with 38 frames per image/movie with a pixel size of 1.08 Å. Full details of the data collection are provided 

in section 2.4.3.2 along with the full statistics being listed in Table 2.9.  

 

3.3.3.3 Image processing of the high resolution Cryo-EM dataset of F-OMCC 

The dataset was processed using cryoSPARC and the workflow is shown in Figure 3.11. The movies were 

firstly aligned and summed using patch motion correction, and then, the CTF was estimated. The resulting 

micrographs were screened for good Thon rings and ideal ice thickness and the remaining micrographs, 

approximately 11000, were further processed. Approximately 3500 particles were manually picked, and 

the resulting representative 2D class averages were used for automated particle picking of a small dataset 

to establish optimal auto-picking parameters to reduce picking of unwanted particles along and within 

the borders of the grids, and ensure all genuine particles were picked. Then, automated particle picking 

was carried out for the entire dataset leading to a collection of approximately 1,450,000 particles which 

yielded well-resolved 2D class averages displaying different orientations of the complex. Interestingly, 

upon closer visual inspection, the 2D class averages representing the top/bottom view indicated the 

presence of two different symmetries existing within the complex: the outer ring adopting 13-fold 

symmetry (OMCCOR) and the central inner ring having 17-fold symmetry (OMCCIR). 

 Due to the heterogeneity this introduces to the dataset, the two rings were processed and refined 

separately by masking the two regions and generating high resolution maps corresponding to the C13 and 

C17 rings. After rounds of 2D class averaging to filter bad particles, a set of approximately 298000 particles 

displayed defined OMCCOR features and upon further rounds of 2D classification, a stack of roughly 75000 

particles showed clear OMCCIR features. For the OMCCOR, an ab initio map was created and all the OMCCOR 

particles were used for 3D homogenous refinement with C13 symmetry imposed and a mask containing 

the outer ring section. Similarly, the OMCCIR particles were subjected to the same homogenous 

refinement but with C17 imposed and a mask encompassing the inner ring segment. Following application 

of a B factor to the two maps, the overall of resolution of the OMCCOR and OMCCIR was 3.3 Å and 3.4 Å 

respectively. Simultaneously, to confirm the two symmetries genuinely existed, a C1 map was generated 

from approximately 95000 particles which upon B factor application had a resolution of 5.4 Å (Figure 3.12).  

The model building and refinement into the density maps was performed by collaborator Dr Aravindan 

Illangovan. Briefly, the model building commenced by identifying the asymmetric unit (ASU) in both the 

OMCCOR and OMCCIR maps.  
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Figure 3.11: The Cryo-EM processing workflow that was used to generate the high-resolution maps for the 

OMCC
OR 

and OMCC
IR

. The mask is shown in yellow. 
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 Figure 3.12: The Cryo-EM processing workflow that was used to generate the C1 map for symmetry analysis. 
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3.4 Discussion 

 

This Chapter outlined the expression, purification trials and electron microscopy analyses of the F-OMCC. 

The complex was purified using two different detergent combinations, DDM and GDN, and LDAO with 

DDM supplemented to aid with solubilisation. At the gel filtration stage, the complex was observed to 

elute predominately in the void peak but was also present in the shoulder peak where it appeared 

dispersed. Using the sample from the shoulder fractions, a negative stain and cryo-EM model were 

constructed for the purification with DDM and GDN. For the sample in LDAO, a high resolution dataset 

was collected.  

 

3.4.1 The preliminary models show a complex with 13-fold symmetry 

The negative stain model and initial cryo-EM reconstruction of the complex purified with DDM and GDN 

gave insight into the structure of the conjugative F-OMCC which can be described as having a ‘flying 

saucer’ shape with 13-fold symmetry formed from two concentric rings (Figure 3.6 and 3.9). The symmetry 

and the overall shape observed is in agreement with the in situ structure (Hu et al., 2019a).  

The cryo-EM reconstruction also showed a chambered architecture, splitting the structure into an outer 

and inner layer. This arrangement has been observed in all T4SS OMCCs solved to date, but the function 

it confers remains unknown. While it was not clear in the negative stain model, from the cryo-EM structure 

is appears that outer layer can be further divided into a cap region and the main body. It is plausible that 

the cap is one of the main ways in which the F-OMCC is associated with the outer membrane based on 

the observations from previously solved OMCCs, such as that from X. citri and more recently in the R388 

structure (Sgro et al., 2018, Mace et al., 2022). This is further supported by the 3D cryo-EM structure which 

displays twisted cylindrical features at the cap which are characteristic of α helices (Figure 3.9). The cap is 

likely to be formed from TraB based on knowledge from previous structures where it is found to be 

occupied by VirB10 and its homologues. This is supported by the TraB predicted model which shows a 

two-bundle helix (Figure 3.2). Similarly, the bottom of the I-layer shows secondary structural features 

which based on previous structures of OMCCs, is likely to be occupied by the N-terminal domain of TraK. 

This is reinforced by the Phyre prediction of TraK which shows a conserved β-sandwich (Figure 3.2). 

Nevertheless, the resolution of the dataset collected with DDM and GDN was limited by heterogeneity 

observed in the sample as represented by blurring in 2D class averages, suboptimal ice thickness and free 
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detergent micelles. This was improved in the purification of the complex with LDAO which resulted in the 

collection of a high resolution dataset, and with the structure detailed in Chapter 4.  

 

3.4.2 The detergent LDAO appeared to be more suitable for cryo-EM studies than DDM and GDN 

The cryo-EM 2D class averages obtained from the dataset with LDAO compared to the one obtained with 

DDM and GDN, appeared to show finer details (Figure 3.11). This was more clearly observed at the cap 

region of the F-OMCC in the 2D class averages representing the side view. For the DDM and GDN dataset, 

the cap seemed to be encompassed by a detergent shell thereby manifesting as a bulky density in both 

the 2D class average and in the 3D reconstruction where this detergent density could not be removed. On 

the contrary, the 2D class averages for the LDAO dataset displayed a finer cap region. A plausible 

explanation for this could be related to the detergent micelle size of the detergents. Both DDM and GDN 

have larger micelle size compared to LDAO with DDM micelle being 72 kDa and GDN being slightly higher 

(Timmins et al., 1988, Chae et al., 2012). The micelle size of LDAO is less than 20 kDa which means that 

the small diameter of the micelle covers a smaller proportion of the transmembrane region of the complex 

compared to the detergents with a larger micelle size (Timmins et al., 1988). A similar phenomenon was 

also observed in the electron microscopy of the N-type ATPase rotor ring from Burkholderia pseudomallei 

(Schulz et al., 2017). In addition, the 2D class averages in LDAO showed greater details. The density of 

LDAO is similar to amorphous ice compared to the other surfactants which would have improved contrast 

between the complex and the background allowing for better alignment at the image processing stage 

(Schulz et al., 2017). Altogether, the use of LDAO may have improved the cryo-EM sample preparation 

thereby aiding the collection of a larger dataset compared to the one collected with DDM and GDN and 

allowing for the clear observation that a symmetry mismatch exists in the complex.  

 

3.4.3 The 2D class averages from the high resolution dataset show a symmetry mismatch existing 

in the F-OMCC 

During image processing of the high resolution cryo-EM dataset, it became clear upon visual inspection 

that the two concentric rings adopt two different symmetries. The outer ring (OMCCOR) shows 13-fold 

symmetry while the inner ring (OMCCIR) adopts 17-fold symmetry. While this will be further explored in 

Chapter 4, briefly, the presence of this symmetry mismatch was surprising as there was no indication of 

it in the in situ analysis (Hu et al., 2019a). In addition, the presence of the two symmetries meant that to 



111 
 

optimise the resolution, the two rings had to be further processed separately at the 3D classification step 

in a similar manner to the processing required for the Dot/Icm OMCC (Durie et al., 2020, Sheedlo et al., 

2021). 
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Chapter 4: The structure of the F-OMCC 
 

4.1 Introduction 

 

The F-OMCC is a subassembly in the F-T4SS and is found spanning the outer membrane. It is formed by 

three proteins: TraK, TraV and TraB.  The complex is required for conjugation to proceed. Despite the 

importance of the F-OMCC, structural data has been sparse. Insight into the overall dimension was 

provided by a cryo-ET reconstruction which also showed the F-OMCC adopting 13-fold symmetry (Hu et 

al., 2019a). However, this did not further knowledge on how the three proteins form the substructure and 

information on the architecture remained elusive. To decipher these details, the structure of the F-OMCC 

was solved using single particle cryo-EM. 

In Chapter 3, the experimental work which led to the 3D structure of the F-OMCC has been described. The 

three proteins which form the complex encoded by the IncFV plasmid pED208 were overexpressed 

recombinantly. The complex was extracted from the bacterial membrane and then, purified by affinity 

chromatography followed by gel filtration. The homogeneity and integrity of the sample was confirmed 

by negative stain EM. The complex was vitrified in ice using lacey grids with an ultrathin continuous carbon 

support. A cryo-EM dataset was collected and approximately 1.45 million particles produced 2D class 

averages with various orientations of the complex. Interestingly, upon close visual inspection, it became 

increasingly clear that the complex was formed from two rings with two different symmetries. Based on 

this symmetry mismatch, the two rings were masked from an initial low-resolution map, resulting in two 

high-resolution maps corresponding to OMCCOR and OMCCIR.  

 

4.2 The aim of this study 

 

The aim of this Chapter was to describe the 3D structure of the F-OMCC that was obtained by single 

particle cryo-EM analysis.  
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4.3 Results 

 

4.3.1 The overall architecture of the complex 

The F-OMCC structure was solved at an overall resolution of 3.3 Å resolution. The complex is formed from 

two concentric rings which have two distinct symmetries. The outer ring, which spans the periphery of 

the complex, has 13-fold symmetry while the inner ring adopts 17-fold symmetry (Figure 4.1A). Together, 

they form a 2.1 MDa complex with overall dimensions of 115 Å in height and 268 Å in diameter. As 

suggested by preliminary work highlighted in section 3.3.2.4, the complex has a hollow centre with a 

chambered architecture. The conical inner chamber (I-chamber) is outlined by the I-layer and the outer 

chamber (O-chamber) is outlined by the O-layer (Figure 4.1B). Both are primarily defined by TraB which 

forms the interior walls of the complex.  The O-chamber has an internal diameter of 110 Å which then 

tapers off to form a membrane embedded exit channel with a diameter of 50 Å. This makes the exit 

channel too narrow to accommodate the 87 Å external diameter of the pilus (Costa et al., 2016). 

Subsequently, it is likely that the structure represents the complex in the closed state.  

Ultimately, the complex is formed from 69 polypeptide chains. The 17 chains of TraB span the inner ring 

of which 13 were observed to traverse down and form part of the outer ring. There are 26 polypeptide 

chains of TraK and TraV each. While the TraK remains at the outer ring, 17 out of the 26 TraV chains extend 

into the inner ring. Together, this creates an intricate connection between the two rings. 
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Figure 4.1: The structure of the F-OMCC. (A) Overview of the side and top view of the complex in surface 

representation with each protein coloured in their respective colours. The complex is made from two concentric 

rings with two distinct symmetries (B) The cut-away side view model of the F-OMCC showing structural features.   
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4.3.2 The F-OMCC asymmetric unit  

Due to the symmetry mismatch, the F-OMCC has two asymmetric units. The asymmetric unit for the outer 

ring (ASUOR) were built from the models of TraK1, TraK2, the C-terminal domain (CTD) of TraV1 (TraV1CTD), 

TraV2CTD and TraBCTD (177-186) (Figure 4.2). Alternatively, the models of TraBCTD and TraVNTD fitted into the 

asymmetric unit for the inner ring (ASUIR). The models were built by firstly identifying the single 

asymmetric unit in both the OMCCOR and OMCCIR maps and building into the density. With regards to the 

inner ring, the conserved antiparallel helices of TraBCTD were used as a guide and were manually positioned 

in the density. Following this, the remainder of the TraBCTD and TraVNTD was built manually by assigning 

bulky side chains first. With regards to the outer ring, the TraK model was built using the X. citri VirB9 

structure as a template (Sgro et al., 2018). As with the TraV in the inner ring, the TraVCTD was built by 

assigning bulky side chains first and the rest of the polypeptide was then completed by identifying the 

connecting sequence between the bulky residues.   

 

 

 

 

 

 

 

 

 

4.3.2.1 The ASUIR 

The ASUIR is largely built from TraBCTD (Figure 4.3A). The structure of TraBCTD is made from 17 β strands and 

3 α helices, with 16 β strands forming a β barrel at the core. This β-barrel connects two antiparallel α 

helices (α1, α2) which forms the exit channel. No electron density was observed between the amino acid 

residues 328 to 358 for TraBCTD connecting the two α helices. A third α helix (α3) is present at the C-

terminal end. This structure of TraBCTD is highly conserved amongst homologues of TraB. Thus, making it 

an important structural feature. The N-terminal domain of TraV, consisting of the amino acid residues 17 

Figure 4.2: The asymmetric units (ASU). The F-OMCC shown in surface representation with the ASUs coloured. 

The F-OMCC ASUs consists of five proteins namely: TraB, TraK1, TraK2, TraV1 and TraV2.  
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to 54, also forms a part of the ASUIR and includes a single helix, α1. The TraVNTD lies laterally along the TraB 

in such a manner that an interaction is mediated by 6 of the 17 β strands of TraBCTD.  

The inner ring appears to be stabilised by a network of contacts between adjacent ASUs (Figure 4.3B). A 

single ASUIR interacts with four other neighbouring units both in the anticlockwise and clockwise direction. 

The central reference ASUIR, numbered 0, makes contact with the ASUIR +1 and +2 in the clockwise 

direction and ASUIR -1 and -2 in the opposite direction. The OMCCIR is secured by extensive inter ASU 

contacts consisting of hydrogen bonds, salt bridges and hydrophobic interactions. One interaction which 

is noteworthy is between the TraVNTD chains where they engage in the formation of inter di-sulphide 

bonds. One TraVNTD forms two di-sulphide linkages with its neighbouring ASU. Cys27 on ASUIR 0 interacts 

with Cys35 on ASUIR +1, while Cys35 on ASUIR 0 participates in contact with Cys27 on ASUIR -1. This 

extensive interchain di-sulphide bonds between adjacent TraVNTD chains creates a mesh over the TraBCTD 

and thereby further supports the inner ring structure. These cysteine residues are only conserved in TraV 

homologues from the F-T4SS family, indicating a feature unique to these machineries. Another important 

cysteine residue is Cys18 which is lipidated, as shown for TraV homologues across the T4SSs (Fernandez 

et al., 1996, McClain et al., 2020). This cysteine is situated as such that it is in an ideal position to aid 

insertion and stabilisation of the exit channel. One distinct stabilising interaction is between the main 

chain oxygen of Cys18 on TraV with Tyr366 of TraBCTD, which occurs across the ASUs. For example, the 

TraVNTD located in ASUIR 0 interacts with the TraBCTD in ASUIR +2. Therefore, this highlights the interlinked 

network of contacts at the inner ring which contributes to the stability F-OMCC.   
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Figure 4.3: The asymmetric unit spanning the inner ring (ASUIR). (A) The ribbon representation of the 

polypeptides forming the ASUIR with the secondary structural features labelled. The inner ring is formed by 

TraVNTD (magenta) and TraBCTD (blue). (B) Side view of five ASUIR highlighting the network of interactions that 

occur at the inner ring. This includes an interaction between TraB Tyr366 and TraV Cys18 (inset left) and contacts 

between the TraVNTD chains by formation of di-sulphide bonds between Cys27 and Cys35 (inset, right). 
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4.3.2.2 The ASUOR 

The ASUOR consists of all five polypeptide chains, namely: TraK1, TraK2, TraV1CTD, TraV2CTD and TraBCTD (177-

186) (Figure 4.4A). A large proportion of the ASUOR is structured by TraK which consists of two globular 

domains. The two TraK molecules adopt two different configurations within the ASUOR. For TraK2, the NTD 

and CTD are connected by a short linker, thereby placing the two domains close-by. However, for TraK1, 

the NTD and CTD are further apart and bridged by a long linker. The TraKNTD is made from nine β strands 

(β1 – β9) divided between two sheets, adopting a β sandwich fold. The TraKCTD is comprised of six β strands 

(β10 – β15) and two α helices (α1 and α2). However, for TraK1CTD, the α1 has been melted to form the 

long linker. The two CTDs of TraK are related by P2 symmetry. In the crevice formed between the two 

TraKCTDs, two anti-parallel TraVCTD chains lie across supporting the structural arrangement of the two TraKs. 

The TraVCTD is made from four β strands. Therefore, TraV1CTD and TraV2CTD form two continuous β-sheets 

that creates a belt around the OMCCOR and stabilises it. A short linker sequence, formed by amino acid 

residues 69 to 80, assigned to TraV1 acts as one of the main connections between the outer and inner 

rings of the F-OMCC. However, no electron density was observed for two regions of TraV (residues 55 – 

68 and 81 – 156). TraBCTD also forms a part of the ASUOR, where a short stretch of sequence (residues 177 

– 186) folds into a β-strand. Positioned by the TraKNTD, this TraB fragment acts as one the connections 

between the two F-OMCC rings.  

The outer ring is stabilised by a network of contacts between the ASUs (Figure 4.4B). Each ASUOR contacts 

another ASU either side. The central ASUOR, termed 0, interacts with the ASUOR +1 and with ASUOR -1. 

These contacts are reinforced by extensive interactions occurring between the units. Interactions 

between the TraV short linker (residues 69 - 80) and TraK1CTD was noted which occurs via salt bridge 

formation between Glu74 on TraV and Arg230 of TraK1, and by hydrogen bonding between TraV Ser71 

and TraK1 Gln184. The stability of the OMCCOR is further enforced by hydrogen bonding and hydrophobic 

interaction between the TraVCTD. This includes hydrogen bonding between Asn180 and Trp192 and 

hydrophobic contacts between Asn180 and Arg162 (Figure 4.4B). 
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Figure 4.4: The asymmetric unit spanning the outer ring (ASUOR). (A) The ribbon representation of the polypeptides 

that form the ASUOR. The outer ring is formed from: TraK1 (green), TraK2 (yellow), TraV1CTD (purple), TraV2CTD (orange) 

and TraBCTD (177-186) (blue). The secondary structural features are labelled. (B) Three ASUOR showing contacts between 

the units and particular focus on the protein-protein interactions. Interactions between the TraV short linker 

(residues 60 - 80) and TraK1CTD was observed which occurs via salt bridge formation between Glu74 and Arg230, but 

also by hydrogen bonding between Ser71 and Gln184 (inset top left). Interactions between the TraV chains further 

stabilise the outer ring which includes hydrogen bonding between Asn180 and Trp192 and hydrophobic contacts 

between Asn180 and Arg162 (inset bottom left). 
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4.3.3 The symmetry mismatch is accommodated by TraV and TraB which allows flexible contacts 

between the two F-OMCC rings 

The C13:C17 mismatch within the F-OMCC is accommodated by TraB and TraV which traverses across 

both the outer and inner ring. While exact linkages could not be resolved due to regions of the 

polypeptides being untraceable, the structure does provide interesting insight into how the symmetry 

mismatch is enabled. TraB is the major constituent of OMCCIR where 17 chains structure the ring.  From 

the 17 chains, 13 are seen to form a short β-strand (residues 177 – 186) in the inner wall of the outer ring 

formed by the TraKNTD (Figure 4.5A). Interestingly, it appears that the 13 TraB β-strands associates with 

the NTD from TraK1 rather than the TraK2 in the assembled OMCCOR. This indicates that the TraB β-strand 

contacts one TraKNTD monomer preferentially or with a higher affinity than the second, and results in a 

periodic organisation. Nonetheless, the remaining four TraB polypeptides were not traceable in the outer 

ring. In the assembled F-OMCC, 26 copies of TraV form a part of the outer ring via their CTD by lying within 

the space created by the two TraKCTD. From here, NTDs associated with TraV extend into the inner ring 

and bind along the TraB β-barrel domains. While majority of the linker which connects the TraV in the 

OMCCIR to that in the OMCCOR was not traceable, a short sequence (residues 69 - 80) was found to 

associate with TraK1CTD. This TraV69-80 sequence is positioned such that it is proximal to the TraVNTD. In the 

structure, only 13 TraV69-80 sequences were visualised and each of these extended from the TraV1CTD, 

which shapes the top portion of the TraV belt at the outer ring (Figure 4.5B). Therefore, this suggests that 

13 of the 17 TraV sites at the inner ring are from TraV1. Nevertheless, this resulted in 4 TraVNTD polypeptide 

chains in OMCCIR without an obvious connection to OMCCOR. The 13 TraV69-80  associated with TraV2 could 

not be detected in the structure and therefore it could be plausible that the remaining 4 TraVNTD  is 

contributed by TraV2.  

The TraB and TraV also facilitate flexible contacts between the two F-OMCC rings. To confirm the 

symmetry mismatch within the complex, a C1 map was generated without application of any symmetry. 

The unsymmetrised map showed clear C13 and C17 symmetry for the outer and inner rings respectively 

(Figure 4.6). When the atomic model of OMCCIR and OMCCOR was docked into the C1 map, most parts of 

the model fit in well apart from radial segments at the interface of the two rings where there was lack of 

density. This occurs at two locations in the complex, at the I- and O-layer. At the I-layer, the two F-OMCC 

rings are bridged by a proline rich linker (residues 187- 194) which connects the TraB β1 and β2 helices. 

In the C1 map, a continuous density can be seen corresponding to the proline rich linker for a few of the 

protomers, however, most of the linker connections is missing. This absence in density indicates that some 
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degree of flexibility is likely to exist between the outer and inner ring and appears to be mediated by this 

I-layer linker. Another region where signs of flexibility was observed is at the O-layer where a flexible 

sequence of 14 amino acids (residues 55 – 68) between TraV α1 and TraV69-80 joins the OMCCIR to the 

OMCCOR. The density corresponding to this sequence was absent in the C1 map indicating the presence 

of flexibility. This flexibility also extends to the TraV α1 helix. In the C1 map, some of the protomers 

appeared to exhibit varying degrees of electron density attributing to the α1, suggesting potential 

rotational movement between the two rings. Together, this highlights that flexibility exists within the 

complex and it is controlled at two independent locations.  

 

 

 

Figure 4.5: The symmetry mismatch is accommodated by TraB and TraV. (A) In the complete OMCCOR, 13 

TraB177-186 (blue) contact the N-terminal domain (NTD) from TraK1 (green) as opposed to TraK2 (yellow). (B) A 

short TraV sequence (TraV69-80) was found associated with TraV1CTD (light purple) which is positioned proximal to 

TraVNTD and acts as the connection between the two rings. Therefore, 13 of the 17 TraVNTD (magenta) are formed 

from TraV1 which leave 4 polypeptides without an obvious link to the outer ring (TraVNTD*, dark purple). 
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Figure 4.6: TraB and TraV facilitate flexible contacts between the F-OMCC rings. The C1 map generated confirms 

the C13:C17 symmetry. Flexibility was observed at two prominent areas of the complex which includes the O- 

and I-layer. The horizontal slice through the C1 map at the O-layer indicates the flexible contacts observed 

between the TraV169-80 linker and TraV α1 helix at the outer and inner rings respectively which is highlighted by 

the associated insets. The horizontal slice through the C1 map at the I-layer indicates the flexible connections 

between TraB β1 and β2 located the outer and inner rings respectively which is further shown in the insets. The 

arrows denote varying levels of electron density. This figure has been reproduced from (Amin et al., 2021).  



123 
 

4.4 Discussion  

 

The structure of the conjugative outer membrane core complex encoded by the InFV plasmid pED208 was 

solved. The atomic model of the complete F-OMCC is made up from TraB, TraK and TraV which are 

homologues of VirB10, VirB9 and VirB7 respectively. A symmetry mismatch existed within the complex, 

and it provides interesting insight into how the complex may be involved in conjugation. 

 

4.4.1 Comparison of the F-OMCC with the other OMCCs 

The C13:C17 symmetry mismatch between the rings of the complex was surprising. This was not alluded 

to in the cryo-ET structure which is likely to be due to the low resolution of the map along with the 

application of C13 symmetry during the reconstruction (Hu et al., 2019a). Nevertheless, the existence of 

variable symmetries within a OMCC is not uncommon. It has been observed in the core complexes of the 

T4SSs involved in protein translocation, namely the L. pneumophila Dot/Icm core complex with C13:C18 

symmetries and the H. pylori Cag OMCC which has C14:C17 symmetry (Figure 1.5) (Chung et al., 2019, 

Durie et al., 2020, Sheedlo et al., 2020, Sheedlo et al., 2021). At the time this study was carried out, the F-

OMCC was the first conjugative T4SS OMCC to adopt two different symmetries. However, since then, the 

core complex encoded by the conjugative R388 plasmid, was found to also contain a symmetry mismatch 

(Figure 1.5) (Mace et al., 2022). Although, the number of solved T4SS core complexes that show variable 

symmetries is growing increasingly higher, there are still some which show a homogenous symmetry such 

as the equivalent complex in the X. citri minimised VirB/D4 machinery (Sgro et al., 2018). This highlights 

the great diversity that exists within the core complexes of T4SSs. The reasoning for the existence of a 

symmetry mismatch and what it attributes functionally is still unclear. However, it has been suggested 

that it create somewhat of a ratcheting effect which aids the transport of the substrate in a unidirectional 

manner through the central pore (Sheedlo et al., 2022). Furthermore, this phenomenon is not restricted 

to the T4SSs, but has also been reported in several other bacterial secretion systems including T2SS, T3SS,  

T6SS, the flagellar motor and the F1F0-ATPase (Worrall et al., 2016, Dix et al., 2018, Chernyatina and Low, 

2019, Sobti et al., 2020, Takekawa et al., 2021). Therefore, the existence of symmetry mismatch within 

these diverse machineries implies that it must be of significance.  

At the structural level, the arrangement of TraB and TraK is reminiscent of their counterparts from other 

T4SS (Figure 4.7). TraB forms the interior wall and spans across the entirety of the complex. At the inner 
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ring, the TraBCTD moulds the exit channel and at the outer ring, a short β strand (residues 177 – 186) 

engages in contact with a TraKNTD monomer. This organisation of TraB is conserved amongst its 

counterparts and has been seen in all T4SS core complexes solved to date (Figure 4.7A). In addition, the 

fold of TraB at the exit channel appears to be conserved with all the solved TraB counterparts also 

displaying a β barrel structure with two antiparallel α helices (Skurray et al., 1974, Chandran et al., 2009, 

Sgro et al., 2018, Chung et al., 2019, Durie et al., 2020, Sheedlo et al., 2020, Sheedlo et al., 2021, Mace et 

al., 2022). This highlights a structural conservation amongst the T4SS core complexes.  

The presence of density corresponding to TraB at the inner wall of the OMCC I-layer contacting TraK was 

not unexpected since it has been previously alluded to and appears to be conserved. Also, an interaction 

between TraB and TraK has been reported in previously solved T4SS core complexes. However, there 

seems to be two prevailing ways in which this contact is mediated by TraB with the fold the protein adopts 

at this location differing. For F-OMCC, along with the Dot/Icm T4SS OMCC, TraB and its Dot/Icm 

homologue DotG, interact with the cognate TraKNTD/DotHNTD via a β-strand (Durie et al., 2020, Sheedlo et 

al., 2021). However, in the core complex structures from X. citri and the R388 plasmid, this interaction 

occurs via an α helix of VirB10/TrwE (Sgro et al., 2018, Mace et al., 2022). Whether this detail bears any 

significance is yet to be unravelled. Also, the interaction between TraB and TraK was previously observed 

by yeast two-hybrid studies which demonstrated that only the TraB segment incorporating the β1 residues 

is capable of associating with the β4 of TraK (Harris et al., 2001).  

There is also structural conservation within TraK, with the NTD globular structure of TraK being highly 

conserved. It shares the highest degree of structural homology with its homologues from pKM101 

(TraOCTD) and X. citri (VirB9NTD) (Figure 4.7B) (Chandran et al., 2009, Sgro et al., 2018). Despite similarities 

with other T4SSs, F-OMCC also displayed unique features. The presence of two TraK molecules per ASUOR 

which adopts two different arrangements is novel. Furthermore, the structure of TraV seems to be unique 

and does not bear any structural homology with any of the solved OMCC proteins. Thus, supporting the 

inability to predict the TraV structure in Chapter 3.  

Together, the arrangement of proteins within the F-OMCC contributes to a remarkable stoichiometry that 

is unique. TraB, TraK and TraV are related with a stoichiometry of 1:1.5:1.5 respectively with a total protein 

number of 17:26:26 shaping the entire 2.1 MDa complex. While this can be considered to be unusual, the 

stoichiometry can be justified by the symmetry mismatch between the OMCCIR and OMCCOR. At the inner 

ring, 1:1 ratio of TraB and TraV exists per ASU to form the C17 ring, whereas, at the outer ring, a ratio of 

1:2:2 or TraB, TraK and TraV is present per ASU to shape the C13 ring.  
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4.4.2 The F-OMCC is a dynamic complex 

The symmetry mismatch within the F-OMCC is accommodated by TraB and TraV which span across both 

the outer and inner rings. Out of the 17 TraB, 13 extend down to the OMCCOR where it makes contact with 

TraK1NTD. This leaves 4 TraBCTD proteins at the inner ring without an obvious connection to the outer ring. 

It could be plausible that these 4 TraB interacts with TraK2NTD but occurs through a weaker association 

and could explain why it could not be captured by the cryo-EM structure. This notion is supported by the 

work carried out by Liu and colleagues where stronger densities for TraB176-186 were observed with TraK1 

than with TraK2 (Liu et al., 2022). This, together with the fact that the interaction between TraB β1 and 

Figure 4.7: Comparing TraB and TraK with homologues from pKM101 and X. citri. (A) Comparison of TraK 

(yellow) with X. citri VirB9 (orange), and TraB (blue) with X. citri VirB10 (purple). (B) Comparison of TraK (yellow) 

with VirB9 encoded by pKM101 (red), and TraB (blue) with pKM101 VirB10 (pink).  
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TraK β4 is mediated solely by the main chain interactions, could suggest that these weak contacts may 

facilitate movement of the proteins. This is reinforced by signs of flexibility at the O-layer, where all but a 

few TraB protomers lacked a continuous density corresponding to the proline rich linker that connects 

the β1 and β2 strands. This indicates that the proteins experience variable levels of flexibility with the lack 

of density possibly being attributed to movement at the O-layer, specifically translational movement along 

the OMCCOR, or by a “sliding” mechanism that alters the protein register to allow the rotational movement 

of the F-OMCC.  

It is perhaps not surprising that one of the key proteins that mediates the symmetry mismatch and governs 

the flexibility within the complex is TraB since its counterpart in the VirB/D system, VirB10, has been 

reported to be a dynamic modulator of pilus assembly and substrate secretion. VirB10 and its homologues 

span across both the outer and inner membrane and is central to the T4SS machinery. For VirB10, it has 

been shown that it acts as a sensor protein to coordinate the conformational change from pilus biogenesis 

to substrate secretion (Jakubowski et al., 2009, Darbari et al., 2020). Therefore, it is plausible that TraB 

may also be involved in a similar role, by relaying signals that result in structural rearrangement causing 

the opening of the exit channel formed by the TraB α helices, potentially due to movement of the loops 

connecting TraB α1 and α2, and thus, allowing conjugation to proceed.  

Another bridging protein between the two rings is TraV. A flexible stretch of sequence (residues 55 – 68) 

connects the TraV α1 in the inner ring with the TraV1CTD linker in the outer ring. This radial connection 

provides flexibility at the I-layer. Furthermore, the TraV protomers also exhibit variable degrees of 

electron density corresponding to the α1 helix, which is indicative of rotational movement.  TraV is a 

particularly interesting protein as it plays a central role in scaffolding and stabilising the complex by 

creating a large mesh over the TraB helices at the inner ring and forming a continuous belt across the 

TraKCTD at the outer ring. Vital to the formation of the mesh, and therefore the integrity of the F-OMCC, is 

the network of di-sulphide bonds formed between Cys27 and Cys35. These cysteine residues are 

important for the efficient localisation of TraV to the outer membrane (Harris and Silverman, 2002). TraV 

has also been postulated to be involved in forming an interaction platform with other Tra/Trb proteins to 

the F-OMCC, namely the proteins TraH, TraF, TraU,TraW, TrbC and TrbI (Arutyunov et al., 2010, Koch et 

al., 2020). In accordance with this, a recent model for the F-T4SS assembly and dynamics, has proposed 

that TraF, TraH, and TraW interact with the F-OMCC to orchestrate structural rearrangements (Kishida et 

al., 2022). Therefore, it could be plausible that the presence of these additional proteins may aid the 
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stabilisation of the regions of TraV that could not be assigned a sequence, and further supports the notion 

that the F-OMCC is a dynamic complex.  

Overall, the flexibility observed within the F-OMCC appears to be controlled at two independent locations 

(O-layer and I-layer) at the specific regions where the two rings are connected. This suggests that the site 

of symmetry mismatch provides regions of mobility between OMCCOR and OMCCIR. Furthermore, given 

that the structure represents the complex in the closed state, the flexibility provides insight into how the 

complex may undergo structural rearrangements during pilus extension and retraction, and ultimately 

into how DNA transfer occurs during conjugation. 

 

4.4.3 Future perspective 

The F-OMCC seems to represent a hybrid of the complexes from the minimised and expanded T4SS. Like 

the equivalent complex from the minimised T4SS, the F-OMCC is composed from three proteins, but 

reminiscent of the expanded systems, it shows an intricate network of interactions which occurs across 

two distinct symmetries in an elaborate manner. Given that compared to the expanded T4SS core 

complexes, the F-OMCC is compositionally simpler, it makes it a suitable tool for future investigations into 

the biological basis and significance of symmetry mismatch. Furthermore, the flexibility observed within 

the complex provides exciting new insight into the dynamics of pilus extension and retraction, and how 

conjugation proceeds. Thereby, this work paves the way for future investigations into deciphering the 

mechanistic details of how DNA transfer occurs. One such avenue that would be interesting to explore is 

if the F-OMCC interacts with other Tra/Trb proteins to mediate the pilus biomechanics, as this will give a 

more insight into the detailed steps that occur for conjugation to proceed. From a broader medical 

perspective, the F-OMCC structure could set the stage for the development of therapeutics such as small 

inhibitor compounds to hinder the proliferation of antibiotic resistance.  
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Chapter 5: Investigation into the interactions of F-OMCC and other Tra/Trb 

proteins 

 

5.1 Introduction 

 

Along with the three proteins that form the F-OMCC, another interaction group of proteins has been 

identified by yeast two-hybrid studies (Harris and Silverman, 2004). The group consists of the periplasmic 

proteins TraF, -H, -U, -W, TrbC and the inner membrane protein TrbI and hereinafter will be referred to as 

the periplasmic complex (Figure 5.1). Collectively these proteins act in the assembly and retraction of the 

pilus and are unique to the F and F-like T4SS. There have been several lines of evidence that suggest that 

members of this second interaction group may engage with the F-OMCC. The first evidence for a potential 

interaction came from a yeast two-hybrid assay which detected an interaction between TraH and TraB 

(Harris and Silverman, 2004). This alludes to a potential interaction occurring between the periplasmic 

complex and the F-OMCC mediated by TraH. Furthermore, a recent bacterial two-hybrid study 

demonstrated a network of interactions occurring between various proteins in the periplasmic complex 

with the F-OMCC proteins in such a manner that all three core complex proteins were participants (Figure 

5.1). This is plausible given the central role of the core complex within the conjugative apparatus and as a 

scaffold for the pilus to extend through. This is supported by the high-resolution structure described in 

Chapter 4. There were regions in TraV that could not be assigned a sequence due to inherent flexibility. 

These regions may be stabilised in the presence of the potential interactions that have been hypothesised. 

If the members of the periplasmic complex did indeed interact with the F-OMCC, it could provide exciting 

insight into how the pilus action is coordinated with the core structural machinery during conjugation. 
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5.1.1 TraW and TrbC 

Two proteins that have been suggested to interact with the F-OMCC are TraW and TrbC. TraW plays a role 

in pilus extension as demonstrated by Anthony et al using the M13K07 transducing phage assay where 

mutations in TraW prevented pilus outgrowth but did not affect pilus tip formation (Anthony et al., 1999). 

A previous study using electron microscopy showed that F traW546 amber mutant resulted in abrogated 

pilus formation (Maneewannakul et al., 1992). This highlights the importance of TraW within T4SS 

function and conjugation. Resembling TraW, TrbC localises to the periplasm and is involved in pilus 

function (Maneewannakul et al., 1991). In some F plasmid systems, these two proteins are expressed as 

a single polypeptide with TrbC being fused to the N-terminus of TraW (Lawley et al., 2003). The two 

proteins were found to form a dimeric complex in solution, and this interaction was functionally relevant 

as it was required for conjugation to occur (Shala-Lawrence et al., 2018). Together, this indicates the two 

proteins have cooperative function. TraW and TrbC were suggested to interact with the F-OMCC by 

bacterial two-hybrid assay which showed that TrbC interacts with TraK and TraV. The TraV and TrbC 

interaction was further shown in vitro as they co-purified together (Koch et al., 2020). A similar interaction 

was characterised between the TraW and F-OMCC from the N. gonorrhea T4SS (Koch et al., 2020). As the 

Figure 5.1: A schematic highlighting the interactions observed between the E. coli F plasmid encoded Tra/Trb 

proteins. The thick arrows denote the interactions that were identified from a yeast two-hybrid study (Harris 

and Silverman, 2004). This group of proteins are referred to as the periplasmic complex. The asterisk represents 

an interaction that was seen with low positive hits. The dashed arrows indicate the interactions that were noted 

from a bacteria two-hybrid assay (Koch et al., 2020). The proteins with a capital letter have the prefix Tra whereas 

those with lower case letters have the prefix Trb.  
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two proteins was independently expressed in previous studies, it will be interesting to explore how this 

interaction occurs in the context of the TraW-TrbC dimer and the F-OMCC, and if a larger interacting group 

of proteins can be isolated.  

 

5.1.2 TraH and TraF 

TraH and TraF are involved in pilus extension (Anthony et al., 1999). While TraF is found in the periplasm, 

TraH is thought to be peripherally associated with the outer membrane (Arutyunov et al., 2010). Among 

the proteins that form the periplasmic complex, TraH is particularly notable due to the results from the 

yeast two-hybrid studies suggesting a high number of interacting partners (Harris and Silverman, 2004).  

As a result, TraH was positioned at the centre of the interaction network that forms the periplasmic 

complex and was directly linked to TraF, TraU and TrbI (Figure 5.1). The C-terminal region of TraH contains 

a coiled coil domain which has been speculated to aid oligomerisation and facilitate interaction with TraF 

(Lawley et al., 2003). Yeast two-hybrid analyses also showed that the interaction with TraW and TrbI was 

localized to the C-terminal portion of TraH whereas the N-terminal segment of the protein was associated 

with TrbI (Harris and Silverman, 2004). Through bacterial two-hybrid analyses, TraF was found to interact 

with TrbC, TraW and members of the F-OMCC, specifically TraK and TraB (Koch et al., 2020). A putative 

interaction between TraH and TraB has been observed by yeast two-hybrid experiments (Harris and 

Silverman, 2004). Furthermore, a recent model based on deletion mutant analyses has proposed that 

TraH, TraF and TraW binds to the F-OMCC and thereby inducing a conformational transition to a T4SS 

adept for pilus biogenesis upon target cell contact (Kishida et al., 2022). Nevertheless, this interaction 

between TraH/TraF with the core complex remains to be confirmed and studied by in vitro techniques 

such as pull-down and co-purification.  

 

5.1.3 TraN  

TraN does not form part of the periplasmic complex but may interact with the core complex. TraN is an 

integral outer membrane protein and is thought to have 20 transmembrane domains (Klimke et al., 2005). 

It is a key protein in Mps which allows the donor and recipient cells to mate more successfully by 

protecting against shear forces and addition of harsh chemicals (Achtman et al., 1978, Manning et al., 

1981). The mating aggregates are formed as a result of TraN in the donor cell recognising the cognate 

outer membrane protein (Omp) receptor in the recipient cell in a plasmid specific manner (Skurray et al., 
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1974, Klimke and Frost, 1998). In the prototypical F plasmid, the receptor is OmpA and the specificity was 

mapped to the region of TraN formed from amino acid residue 164 to 333 (Skurray et al., 1974, Manoil 

and Rosenbusch, 1982, Klimke and Frost, 1998). The determinant of specificity was further narrowed 

down to the tip region of TraN, with structurally close tips recognising the same outer membrane receptor 

in the recipient cell (Low et al., 2022). The C-terminus of TraN is cysteine rich and is important for TraN 

function (Klimke et al., 2005).  

In terms of interactions, along with the cognate Omp receptor, TraN has been suggested to interact with 

the inner membrane protein TraG, and potentially TraU. However, the latter two interactions are yet to 

be confirmed experimentally. Aside from these interactions, a model presented by the Christie lab 

proposed that TraN, together with TrbC and TraU, is recruited to the F-OMCC to form an active pilus 

assembly factory that controls the dynamic extension and retraction of the filament (Kishida et al., 2022). 

Given the cellular location of TraN, such an interaction with the F-OMCC may be possible, however, this 

remains to be verified.  

 

5.2 Aim of this study 

 

This Chapter aimed to investigate the interaction of the F-OMCC with other Tra/TrbI proteins namely 

TraW, TrbC, TraH and TraN. Pull-down assays were employed to explore if the proteins interact coupled 

with SDS-PAGE and western blot. Simultaneously to this, efforts were made to isolate the periplasmic 

complex using affinity purification and gel filtration.  
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5.3 Results 

 

5.3.1 The TraW and TrbC interaction with F-OMCC could not be confirmed confidently 

To investigate the interaction of TraW and TrbC with F-OMCC, three constructs were engineered: 

pASK_TraWHis, pASK_TrbCHis and pASK_TraWHis_TrbC. The hexahistidine tags were added at the C-

terminus due to the presence of a signal peptide at the N-terminus (Teufel et al., 2022) (Figure 5.2). The 

pASK_TraWHis_TrbC was designed such that the TraW would be tagged. The rationale behind this is that 

it has been demonstrated that TrbC exists in a mixture of oligomeric states in solution, however, in 

complex with TraW, the protein is stabilised in a TraW-TrbC dimer (Shala-Lawrence et al., 2018). 

Therefore, by tagging TraW, this dimer of TraW-TrbC would be purified and tested for interaction with the 

F-OMCC. The plasmids expressing the individual proteins were constructed to allow for pull-down assays 

of the individual proteins with the F-OMCC.  

As the two plasmids are compatible, the pASK_TraWHis_TrbC and the pBAD_TraK_TraBStrep_TraV were co-

transformed into the same TOP10 cells, and then, plated onto agar plates enriched with both 

spectinomycin and carbenicillin (Figure 5.3). The pull-down was performed in this manner to ensure the 

proteins were within the same bacterial membranes. Therefore, if an interaction occurs this should not 

be disrupted by the detergent shell during extraction from the membranes. The cells were grown, lysed 

and membranes solubilised as described in section 2.3.6. Two independent pull-downs were performed 

using either the StrepTrap column where the F-OMCC is used as the bait or by HisTrap column where the 

TraW is immobilised on the column (Figure 5.3). At this point, it is necessary to highlight that at the time 

this work was carried out, the ability to confirm presence of TrbC was limited. Hence, only the involvement 

of TraW could be accurately investigated when using the pASK_TraWHis_TrbC plasmid and therefore, will 

be commented on. 
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Figure 5.2: The bioinformatic analyses of TraW and TrbC. (A) The predicted domains of TraW and TrbC which 

indicate a signal peptide (SP) at the N-terminus. (B) The AlphaFold2 predicted structures of the two proteins 

coloured according to the pIDDT confidence. (C) The diagram of the operon structure of the plasmids used to 

express the two proteins under the anhydrotetracycline (tet) promoter.  
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Regarding the StrepTrap assisted pulldown, an elution peak was observed upon addition of desthiobiotin 

(Figure 5.4A). The fractions were visualised by SDS-PAGE gel which showed the characteristic three bands 

corresponding to the F-OMCC (Figure 5.4B). The estimated molecular weight of TraW is 24 kDa which is 

similar to the size of TraK and could be masked by the band. As a result, based on the SDS-PAGE gel alone, 

it was difficult to decipher whether TraW had co-eluted with the F-OMCC. The His-tag assisted pull-down 

showed a prominent peak with an accompanying shoulder peak in the elution upon addition of 

approximately 400 mM imidazole (Figure 5.4C). The fractions corresponding to the peak were analysed 

by SDS-PAGE (Figure 5.4D). The gel showed immense banding, indicating that the hexahistidine tag was 

not effective in purifying the protein. To investigate if the F-OMCC and TraW were co-eluting in the elution 

peaks, western blots were carried out using anti-Strep and anti-His antibodies (Figure 5.5). The anti-His 

western blot, confirmed the presence of TraW in the elution peak of the HisTrap pull-down by the 

presence of a band at above 26 kDa. It appears TraW was predominately being eluted in the shoulder of 

the elution peak corresponding to fraction 23. The western blots showed that TraW did not co-elute with 

the F-OMCC as indicated by the absence of a band for the elution fraction 9 of the StrepTrap pulldown. It 

should be noted that the faint bands observed is due to a technical error during the process.  Instead, 

Figure 5.3: An overall schematic of the two independent pulldowns performed for TraW/TrbC and F-OMCC. 

TOP10 competent cells were transformed with both plasmids.   
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TraW appears to have just passed through the column as demonstrated by the prominent band in the 

StrepTrap flowthrough (FT) fraction and the rest was subsequently washed off. 

On the contrary, the anti-Strep western blot indicated that the F-OMCC was co-eluting with TraW as 

shown by the TraB band in the HisTrap elution fractions 19 and 23. As a control, the ability of F-OMCC to 

bind to the HisTrap was probed. This showed that independently, F-OMCC does not bind to the Ni 

Sepharose and is lost in the flowthrough (Figure 5.6). Thus, if F-OMCC is eluting in the HisTrap fraction it 

is probably occurring through association with another protein.  

 

 

Figure 5.4: The pulldown of TraW/TrbC with the F-OMCC. (A) The StrepTrap elution profile for the pull-down with 

the fractions marked. (B) The SDS-PAGE gel for the StrepTrap pull-down. (C) The HisTrap elution profile for the pull-

down with the fractions marked. The 100% buffer B represents 500 mM imidazole. (D) The SDS-PAGE gel for the 

HisTrap pull-down. CL (Clear lysate), SN (Supernatant), MH (Membrane homogenised), FT (Flow-through), W (Wash)  
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Figure 5.5: The western blot for the pull-down. The anti-His western blot displaying the presence of TraW in the 

HisTrap elutions. TraW, however, was not co-purifying in the StrepTrap fractions. The anti-Strep western blot 

showing the presence of TraB and therefore the F-OMCC. TraB was co-eluting in the HisTrap elution fractions. CL 

(Clear lysate), SN (Supernatant), MH (Membrane homogenised), FT (Flow-through), W (Wash) 

Figure 5.6: Investigating whether the F-OMCC binds to the HisTrap column. This control shows that the F-OMCC 

does not bind to the F-OMCC and is lost in the flowthrough (FT) and wash (W) steps. The western blot was 

performed with anti-Strep antibodies. CL (Clear lysate), SN (Supernatant), MH (Membrane homogenised) 



137 
 

The results of the pull-down indicated that a potential interaction was occurring between TraW and F-

OMCC but could only be isolated by HisTrap and was lost when a StrepTrap was performed. A possible 

explanation could be that the interaction between TraW and the F-OMCC is not 1:1 and there might be 

fewer TraW to F-OMCC per interacting complex. Therefore, the TraW may need to be concentrated on 

the HisTrap column to enrich this interaction before isolating it. However, the HisTrap elution fractions 

were comparable to the load fraction on the SDS-PAGE gel, highlighting the lack of purification from 

contaminating proteins. Consequently, to purify the sample and to confirm that an interaction was 

occurring between TraW and F-OMCC, a double pull-down was carried out.  

The double pull-down was set up as described in section 2.3.6 and such that the proteins would elute 

directly from the HisTrap column into the StrepTrap column (Figure 5.7). The HisTrap profile showed a 

small peak when 500 mM imidazole was added in a one-step elution (Figure 5.8A). This peak is the 

flowthrough since it was due to the protein which passed through the attached StrepTrap column without 

binding. The StrepTrap elution profile contained a small trailing peak (Figure 5.8B). The fractions from this 

double pulldown were analysed by both SDS-PAGE and western blotting. The SDS-PAGE gel showed the 

three F-OMCC bands in the StrepTrap elution fractions (Figure 5.8C). The anti-His and anti-Strep blots 

showed that the elution fractions contained the F-OMCC but not TraW (Figure 5.8D). The majority of TraW 

appears to have eluted in the flowthrough fraction 35, meaning that it elutes from the HisTrap column 

but did not bind the StrepTrap column. Surprisingly, a proportion of F-OMCC appears to have also eluted 

in the flowthrough indicated by the faint band in fraction 35 in the anti-Strep blot. While this may suggest 

an interaction, the SDS-PAGE analysis of fraction 35 indicates the presence of contaminating proteins by 

the immense banding. Therefore, this makes it difficult to decipher whether an interaction is occurring or 

if the two components were coincidentally present in fraction 35 along with a range of other 

contaminating proteins.  

 

 

 

 

 

 



138 
 

  

 

 

 

 

 

 

 

 

 

 

Figure 5.7: An overall schematic of the double pulldown performed for TraW/TrbC and F-OMCC. TOP10 

competent cells were transformed with both plasmids.   
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Currently, it is too premature to conclude whether TraW is or isn’t interacting with the F-OMCC given the 

mixed results. Nevertheless, the results described here is preliminary and further work is required to firstly 

check for TrbC expression in this plasmid and to probe whether throughout the pull-down assays, the TrbC 

was forming a complex with TraW.  

 

5.3.2 TraH, TraF and the periplasmic complex 

Another group of proteins that have been demonstrated to interact are those that are involved in pilus 

assembly and retraction. Central to this group of interactions is TraH.  

Figure 5.8: The double pull-down of TraW and TrbC with F-OMCC. (A) The HisTrap profile with the fractions 

marked. The Fraction 35 is actually the flow-through of the column since the StrepTrap column was attached 

directly below. (B) The StrepTrap elution profile with the fractions marked. (C) The SDS-PAGE gel for the double 

pull-down. (D) The western blot for the double pull-down showing that TraW and the F-OMCC did not co-elute. 

CL (Clear lysate), MH (Membrane homogenised), FT (Flow-through), W (Wash) 
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5.3.2.1 TraH may interact with F-OMCC 

As TraH has been suggested to localise to the outer membrane, based on its location it was investigated 

whether TraH may interact with F-OMCC. An interaction between TraH and TraB has been observed by 

yeast two-hybrid studies (Harris and Silverman, 2004). Therefore, to establish if such an interaction was 

occurring and could be isolated in vitro, a construct was engineered alongside my postgraduate student 

Hayley Jackson. Here, TraH was cloned into the pBAD_TraK_TraBStrep_TraV plasmid downstream of the 

traV gene, forming the construct pBAD_TraK_TraBStrep_TraV_TraHHis (Figure 5.9).  The TraH was tagged 

with a hexahistidine tag at the C-terminus due to SignalP-6.0 predicting a N-terminal signal peptide (Figure 

5.9) (Teufel et al., 2022). The pulldown was carried out alongside my undergraduate student Matthew 

Tang using TraH as the bait and performing the experiment on a HisTrap column as described in section 

2.3.6. The elution profile showed a small peak at approximately 100 mM imidazole concentration (Figure 

5.10A). The fractions were analysed by western blotting (Figure 5.10B). The estimated molecular weight 

of TraH is 48 kDa. Both TraH and the F-OMCC, as indicated by TraB, were expressed. The presence of the 

faint bands in the elution fractions 16 and 19 in both the anti-His and anti-Strep western blots may imply 

that TraH interacts with the F-OMCC. Nevertheless, due to the low intensity of the bands, it cannot 

unequivocally be concluded that an interaction is occurring. Furthermore, there appears to be issues with 

the expressed TraH. A significant proportion of the protein is being lost in the wash and coupled with the 

low intensity of the elution peak; it indicates that TraH is binding weakly to the column. Therefore, the 

tagging of TraH required optimising.  

A similar approach was taken to investigate whether TraF interacts with F-OMCC as this had been alluded 

to by bacterial two hybrid studies (Harris and Silverman, 2004). Together with Hayley Jackson, TraF with 

a C-terminal hexahistidine tag was cloned into the plasmid expressing the F-OMCC, yielding a construct 

termed pBAD_TraK_TraBStrep_TraV_TraFHis. The HisTrap assisted pulldown was performed as described in 

section 2.3.6 alongside my undergraduate student Ambre Bexter. The elution profile and the 

accompanying western blot demonstrated issues with TraF expression and a lack of binding to the HisTrap 

column. Therefore, insight into TraF interactions with F-OMCC was limited by the expression and 

accessibility of the hexahistidine tag. 
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Figure 5.9: The TraH bioinformatic analyses. (A) The AlphaFold2 predicted model of TraH. (B) The domain 

prediction of TraH which shows that there is a N-terminal signal peptide. (C) The diagram of the operon structure 

of the plasmid used to express TraH along with the F-OMCC.  

Figure 5.10: The TraH and F-OMCC pull-down. (A) The HisTrap elution of TraH and F-OMCC with the fractions 

marked. The 100% (v/v) buffer B correspond to 500 mM imidazole. (B) The western blot, done alongside Matthew 

Tang, for the pull-down where a faint band for TraH and TraB is observed in the elution fraction. AS (After 

sonication), MH (Membrane homogenised), FT (Flow-through), W (Wash)  
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5.3.2.2 The periplasmic complex 

As TraH is involved in a myriad of interactions with other Tra/TrbI proteins to the form the periplasmic 

complex, it was speculated whether the expression of TraH could be improved in the presence of these 

proteins. One such significant interaction of TraH is with the inner membrane protein TrbI, whereby in a 

trbI background, a 40-fold reduction was observed in the level of TraH (Harris and Silverman, 2004). In the 

Neisseria gonorrhoeae T4SS, TraG was required for TraH to localise to the outer membrane (Koch et al., 

2020). Furthermore, the interaction group described by Harris and Silverman may be indicative of a 

periplasmic complex that forms prior to interaction with F-OMCC (Harris and Silverman, 2004) . Therefore, 

to address this, a construct was engineered containing the trbI to traG stretch of the Tra operon. Efforts 

to clone this into a pASK vector which would enable co-transformation with the F-OMCC was hindered by 

issues with cloning. However, with assistance from Ambre Bexter, a postgraduate student in the 

laboratory, that stretch of the operon was cloned into a pBAD vector. This plasmid encodes the following 

genes: TrbI, TraW, TraU, TrbC, TraN, TraF, TrbB, TraH and TraG. To better the specificity of the His-tag 

during the purification, the hexahistidine tag at the C-terminus of TraH was extended to 10 histidines. A 

GSGSGG linker was introduced between the protein and the tag to improve accessibility, and to avoid 

issues with binding of the protein to the HisTrap column as seen in Figure 5.10.  

The protein was expressed, and a purification was carried out as described in section 2.3.8 to test for 

improvement in TraH levels and binding to the affinity column, before pull-down experiments with F-

OMCC were performed. The sample was first purified by HisTrap and a prominent elution peak was 

observed. The sample was further purified by gel filtration using a Superdex 200 GL 10/300 column. The 

profile showed multiple peaks (Figure 5.11A). The SDS-PAGE gel showed that the peaks contained various 

proteins, however, it was difficult to accurately identify the TraH band (Figure 5.11B). The anti-His western 

blot indicated that TraH was present in all the gel filtration peaks (Figure 5.11C). The full-length protein 

predominately eluted earlier in the run. The peaks formed towards the end of the run appear to mainly 

contain N-terminal degraded fragments of TraH. The sample within the peaks were visualised by negative 

stain electron microscopy. The sample from fraction 23 appeared interesting and showed ring like 

structures with an approximate diameter of 90 Å (Figure 5.12). Nevertheless, the purification of TraH 

and/or accompanying periplasmic complex was not conclusive which hindered interaction studies with F-

OMCC. The purification was not improved when the His-tag was replaced by the more specific Strep-II tag 
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by my postgraduate student Ambre Bexter. Therefore, the expression and isolation of TraH requires 

optimising. 

Figure 5.11: The purification of the periplasmic complex. (A) The gel filtration profile with a Superdex200 10/300 

column. The fractions have been marked. (B) The corresponding SDS-PAGE gel. (C) The anti-His western blot for 

the purification displaying that TraH is present throughout the gel filtration run.  
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5.3.3 Investigating the TraN interaction with F-OMCC 

To test for an interaction between TraN and F-OMCC, an expression construct was engineered. To aid the 

cloning and determine where the affinity tag should be placed, AlphaFold2 was employed to generate a 

predicted model of TraN and SignalP6.0 was used to predict the presence of a N-terminal signal peptide 

(Figure 5.13A) (Jumper et al., 2021, Teufel et al., 2022). A pASK vector was built containing the trbI to traG 

stretch of the Tra operon with the TraN tagged with 10 histidines at the C-terminus and a flexible GSGSGG 

linker separating the protein from the tag (Figure 5.13B).  

 

 

 

 

Figure 5.12: The representative negative stain micrograph of fraction 23 from the gel filtration. Ring like and 

triangular particles were commonly observed (white box). The scale bar represents 100 nm. 
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The pASK_TrbI-TraG_TraNHis plasmid and the pBAD_TraK_TraBStrep_TraV were co-transformed into the 

same TOP10 cells and expressed as described in section 2.3.7 (Figure 5.14). The pull-down was performed 

using the StrepTrap column with F-OMCC as the bait (Figure 5.14 and 5.15A). The elution peak was 

analysed by SDS-PAGE and western blot. The SDS-PAGE gel showed the characteristic three bands 

corresponding to the F-OMCC and a faint band was visible just below the 72 kDa molecular ladder marker 

(Figure 5.15B) This is likely to be TraN as it has an estimated molecular weight of 66 kDa and a band around 

the same molecular weight was observed in the anti-His western blot (Figure 5.15C). The TraN and F-

OMCC appeared to co-elute together as both proteins were present in the elution fractions, implying that 

they may be interacting. The same result was observed when the pull-down was repeated with a HisTrap 

Figure 5.13: The TraN bioinformatic analyses. (A) The AlphaFold2 predicted structure of TraN that has been 

coloured by pIDDT confidence. (B) The diagram of the operon structure of the plasmids used to express TraN in 

this study. The uppercase letters represent genes which encode for proteins that have the prefix Tra, whereas the 

lowercase letters denote those with the prefix Trb. 



146 
 

column and using TraN as bait. Together, the two independent pull-down experiments are suggestive of 

an interaction occurring. However, the low concentration of TraN in the eluent, as highlighted by the faint 

band in the SDS-PAGE gel, prevented further structural analyses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: An overall schematic of the StrepTrap assisted pulldown of TraN with F-OMCC in the background 

of other Tra/Trb proteins. TOP10 competent cells were transformed with both plasmids.   The blue hexagons the 

represent the F-OMCC. 
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To increase the concentration, TraN was cloned into the pTAMAHISTEV vector which encodes for a TamA 

signal peptide followed by six histidines; thereby facilitating the N-terminal tagging of TraN and ensuring 

that TraN is directed to the outer membrane (Moynie et al., 2019). This approach was adopted as it has 

been demonstrated to be effective in expressing the K. pneumoniae pKpQIL TraN and enabled successful 

pull-down with OmpK36 (Low et al., 2022). The pTAMAHISTEV_TraN plasmid was transformed into BL21 

competent cells and the plasmid expressing the F-OMCC was transformed into TOP10 cells, as both 

plasmids could not be co-transformed due to incompatibility. At the stage of lysis, the cell culture resulting 

from both plasmids were combined and processed together as mentioned in section 2.3.7 (Figure 5.16). 

To probe for an interaction, a pull-down was performed using a StrepTrap column together with my 

undergraduate student Michael Garger (Figure 5.17A).  The elution peak was analysed by SDS-PAGE gel, 

Figure 5.15: The TraN and F-OMCC pull-down in the background of other Tra/Trb proteins. (A) The StrepTrap 

elution profile of TraN and F-OMCC in the background of proteins present within the TrbI to TraG stretch of the 

Tra operon. (B) The SDS-PAGE gel for the pull-down showing the three F-OMCC bands and a potential TraN band. 

(C) An anti-His and anti-Strep western blot showing TraN and F-OMCC co-eluting. CL (Clear lysate), MH 

(Membrane homogenised), FT (Flow-through), W (Wash) 
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however, a band around the 72 kDa molecular band could not be seen (Figure 5.17B). It should be noted 

that the profile appeared staggered due to technical issues, however, an overall peak can still be observed. 

To confirm the lack of TraN in the eluent, a western blot was performed (Figure 5.17C). The anti-His blot 

showed that TraN was lost in the flowthrough and not present in the eluent. This alludes to the absence 

of an interaction occurring between the F-OMCC and TraN. 

 

 

 

 

 

Figure 5.16: An overall schematic of the pulldown of TraN with F-OMCC. BL21 was transformed with the plasmid 

encoding traN, while TOP10 cells were transformed with the plasmid encoding the F-OMCC. The proteins were 

expressed independently. The cell lysates were combined, and a pull-down was carried out using a StrepTrap 

column. The blue hexagons the represent F-OMCC. 
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Figure 5.17: The pull-down of TraN with F-OMCC. (A) The elution profile for the StrepTrap pull-down of TraN and 

F-OMCC. The fractions have been marked. (B) The SDS-PAGE gel for the pull-down. (C) The corresponding western 

blot showing that TraN and F-OMCC did not co-elute.  CL (Clear lysate), MH (Membrane homogenised), FT (Flow-

through), W (Wash)    
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5.4 Discussion 

 

5.4.1 An interaction between TraW and F-OMCC could not be unequivocally concluded 

The results of the individual pull-downs and the double pull-down make it difficult to understand whether 

a genuine interaction is forming between TraW and F-OMCC. The two components were co-eluting in the 

HisTrap elution fractions, but this could be questioned considering the impurity of the eluent as 

highlighted by the corresponding SDS-PAGE gel (Figure 5.4D). While a direct interaction has not been 

recorded between TraW and F-OMCC from the F-T4SS, an interaction was observed between the TraW 

and TraV from N. gonorrhea T4SS (Koch et al., 2020). This interaction was suggested by a bacterial two-

hybrid study and then further confirmed by pull-down. Moreover, it has been suggested in a recent model 

that TraW together with TraH and TraF bind to the F-OMCC to orchestrate a structural change in the F-

OMCC that is needed for pilus production and DNA transfer, but this remains to be proven (Kishida et al., 

2022).  

An aspect which remains to be explored is whether an interaction between TraW and F-OMCC is facilitated 

via TrbC. While this might contradict the model proposed by Kishida et al., 2022, the association between 

TrbC and TraV has previously been recorded (Koch et al., 2020). Thus, the presence of TrbC might be 

required to isolate a definitive interaction. This supports the requirement for probing whether TrbC is 

present in the pull-down assays and if it is forming a dimer as expected with TraW.  

 

5.4.2 A possible interaction between TraH and F-OMCC may be occurring 

Faint bands in the elution corresponding to TraB and TraH were observed in the anti-His and anti-Strep 

western blots respectively in the preliminary pull-down that was performed between TraH and F-OMCC 

(Figure 5.10). While this could allude to an interaction occurring between the two components, it is too 

premature to make any conclusions given the low concentration of both TraH and F-OMCC present in the 

elution fraction. Furthermore, the pull-down should be repeated but using TraB as bait to probe if the two 

components were still co-eluting. Nevertheless, the possibility of an interaction occurring is supported by 

evidence from a T4SS systems where TraH and a component of the OMCC are expressed as a single 

polypeptide. Recently, a novel T4SS that has been shown to support pathogenesis of E. coli associated 

with Crohn’s disease, was found to encode for an outer membrane core complex protein denoted TraBH 

(Elhenawy et al., 2021). TraBH appears to be a fusion of the N-terminus and C-terminus of TraB and TraH 
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respectively and is an essential component of the core machinery. So far, this has not been observed in 

any other F or F-like T4SS but does provide compelling evidence that an interaction between the two 

components is plausible.  

Another aspect which still remains to be explored is whether an undeniable interaction between TraH and 

the F-OMCC may have been observed in the presence of the other Tra/Trb proteins. As mentioned in 

section 5.1.2, TraH has many interacting partners, which together are proposed to form a second 

interaction group referred to as the periplasmic complex in this study. Therefore, TraH may require the 

presence of the other proteins to effectively interact with the F-OMCC. 

 

5.4.3 A potential interaction may be occurring between TraN and the F-OMCC in the background 

of other Tra/Trb proteins.  

Insight into a potential interaction between the F-OMCC and TraN was observed by both StrepTrap and 

HisTrap assisted pull-down. The results from the StrepTrap pulldown are particularly convincing given that 

purifications via a Strep-II tag are more specific compared to the His-tag which can be promiscuous. A 

faint band was observed in the SDS-PAGE gel which is likely to be TraN as supported by the western blot. 

This is in line with a proposed model whereby TraN is recruited to the F-OMCC, in the presence of the 

other F specific factors (Kishida et al., 2022). Furthermore, an interaction between TraN and TraV had 

been suggested but was not followed up (Lawley et al., 2003). A gel filtration would have been interesting 

to validate if this potential interaction is occurring. This was limited by the low concentration of TraN 

which would have been diluted if subjected to further purification.  

The pTAMAHISTEV cloning strategy did improve TraN expression, but a possible interaction with the F-

OMCC was lost. A possible explanation for this may be that for an interaction to occur, the other Tra/Trb 

proteins are required. This has been implied in the model suggested by Kishida and colleagues where 

TraW, TraH and TraF, which were termed Class I proteins, localise to the F-OMCC first. This then creates 

a platform for the recruitment of TraN, TraU and TrbC to regulate pilus assembly (Kishida et al., 2022). 

Consequently, it may be the case that the Class I proteins are required in order for TraN to interact with 

the F-OMCC explaining why a possible interaction was observed when the pull-down was performed with 

the pASK_TrbI-TraG_TraNHis plasmid and not when solely TraN was expressed using the 

pTAMAHISTEV_TraN plasmid. Another possible reasoning for the lack of interaction could be the 

experimental set-up. A potential technical issue may be that the TraN and F-OMCC were expressed in two 
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different cell cultures and hence, encompassed within different membranes. This may mean that when 

detergent solubilisation is carried out, an interaction is hindered by the detergent micelles shielding TraN 

and F-OMCC independently. This is particularly likely if the interaction was to occur through the 

membrane associated regions of the proteins. The technique employed for this pull-down was 

reminiscent of that used to successfully isolate the K. pneumoniae pKpQIL encoded TraN with the cognate 

OmpK36 which showed that combining detergent solubilised protein components can still result in the 

successful formation of a complex. (Low et al., 2022). Nonetheless, it is noteworthy that this specific 

interaction occurred via the extracellularly exposed segments of TraN. Thus, it is unlikely to be bound by 

detergent micelles (Low et al., 2022). Therefore, perhaps the detergent shielding of TraN and F-OMCC 

could have resulted in the lack of a possible interaction.  

If an interaction is indeed occurring between TraN and the F-OMCC, it raises the question of how TraN 

partakes in both the regulation of the pilus by localising to the F-OMCC but and in Mps where it interacts 

with cognate Omp receptor. A scenario that has been implied is that TraN’s function in pilus assembly 

may be antecedent to its role in Mps (Kishida et al., 2022). However, the direct role of TraN in pilus 

biogenesis and dynamics still remains enigmatic especially given that conjugation still occurs in a ΔtraN 

background albeit at a low level and coupled with the fact that the direct involvement of TraN in a pilus 

function is a recent proposition.  

 

5.4.4 Future perspectives 

The work described in this Chapter provides insight into potential interactions that may be occurring 

between other Tra/Trb proteins and the F-OMCC. Preliminary experiments have been discussed which 

upon further work could enable the isolation of a large complex of interacting proteins. Future work could 

include improving expression and purification of certain proteins, such as TraH. This can be done by 

exploring other expression vectors or changing the position of the affinity tag such that it still enables 

effective localisation of the protein. Furthermore, raising antibodies against specific Trb/Tra proteins 

which are presumably involved in various interaction networks with other will be valuable to ensure their 

presence throughout the experiments. For example, antibodies against TrbC will be useful for exploring 

whether the protein is being expressed by the plasmid pASK_TraWHis_TrbC and, if it is present in the pull-

down. Overall, exploring interactions within the F-T4SS and particularly those occurring with the F-OMCC 

is important as it will improve understanding of how these proteins are synergistically involved in 

conjugation.  
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Chapter 6: The trifunctional, inner membrane protein TraG 

 

6.1 Introduction 

 

TraG is one of the largest proteins encoded in the tra region with a molecular weight of 102.5 kDa (Frost 

et al., 1994). The protein consists of an N-terminal inner membrane region, which is thought to potentially 

traverse the membrane three to five times by hydropathy plot analysis, and a large periplasmic CTD which 

can be proteolytically cleaved (Figure 6.1A and B) (Firth and Skurray, 1992, Frost et al., 1994). The NTD is 

needed for pilus assembly and is considered to be the VirB6 counterpart in the F-T4SS (Audette et al., 

2007, Frost et al., 1994, Moore et al., 1981). The periplasmic CTD is homologous to VirB8 and is involved 

in both Mps, and Eex (Manning et al., 1981, Audette et al., 2007). Therefore, TraG is a remarkable protein 

which is a fusion of VirB6 and VirB8.  

 

6.1.1 The trifunctional role of TraG 

TraG has been shown to be important for three various steps of conjugation. Firstly, it is involved in Mps 

through action with TraN. Secondly, TraG has also been implicated in  entry exclusion alongside TraS to 

prevent redundant conjugative transfer between two F+ cells (Audette et al., 2007). Lastly, it has been 

suggested to play a role in pilus assembly which may be due to the protein being a fusion of the inner 

membrane components VirB6 and VirB8 (Frost et al., 1994, Bragagnolo et al., 2020). Therefore, TraG is 

likely to form part of the core conjugative apparatus.  

For entry exclusion, TraG in the donor cell was found to recognise TraS in the inner membrane of the  

recipient cell in a plasmid-specific manner (Audette et al., 2007). There have been several propositions to 

explain how two inner membrane proteins may interact given the vast cellular space that would need to 

be traversed. A common scenario that has been proposed is that TraG may be translocated to the recipient 

cell to then interact with TraS which subsequently prevents the transfer of DNA between equivalent 

donors (Marrero and Waldor, 2005, Audette et al., 2007). However, given that TraG is likely to form a part 

of the core conjugative apparatus, like VirB6 and VirB8, and thereby involved in a network of interactions, 

it is difficult to envision how such a crucial protein embedded in the membrane could be transported 

across to the recipient cell.  
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The CTD of TraG was also found to be important in Mps along with TraN which enables the donor cell to 

mate more successfully in liquid media and also withstand shear forces or the addition of harsh agents 

such as SDS (Manning et al., 1981). It was previously hypothesised that the CTD is proteolytically cleaved 

to produce a periplasmic 458 amino acid product (TraG*) which is then involved in Mps (Firth and Skurray, 

1992, Klimke and Frost, 1998). However, it was later shown that in order for Mps to occur, full-length TraG 

is required and that TraG* alone is not sufficient (Audette et al., 2007). Some have even speculated that 

TraG may interact directly with TraN but, direct evidence for this has not yet been provided (Klimke and 

Frost, 1998).  

 

6.1.2 The current understanding regarding the oligomeric state of TraG  

There has been uncertainty regarding the oligomeric state of TraG. This is further complicated by TraG 

being a fusion of VirB6 and VirB8 which have both been shown to have different symmetrical 

arrangements. Several VirB8 structures have been solved from numerous species which have shown 

varying oligomeric states in solution. The VirB8 from A. tumefaciens, Brucella suis and Rickettsia typhi 

were found to be dimers (Terradot et al., 2005, Bailey et al., 2006, Gillespie et al., 2015). The VirB8 

counterpart from pKM101, TraE was found to form a hexamer when isolated, and when in complex with 

the VirB6 homolog TraD. More recently, the structure from R388, showed VirB8 forming a hexamer of 

homotrimers (Mace et al., 2022). This indicates the great diversity that appears to exist in the organisation 

of VirB8 and homologs in these systems. On the other hand, VirB6 was shown to assemble as a pentamer 

and the individual subunits were found to interact extensively (Mace et al., 2022). Therefore, it is difficult 

to predict the oligomerisation of TraG and this can be addressed using structural analyses.  

In section 5.3.2.2, when a pull-down of the periplasmic complex with tagged TraH was attempted, ring-

like particles were clearly seen in the negative stain micrographs. It was suspected whether these could 

be TraG since similar structures were seen for the hexameric TraE from pKM101 (Casu et al., 2018). 

However, this would require isolation of the protein to confirm that the ring like particles are indeed TraG.  

 

6.2 The aim of this Chapter 

 

The goal for the work described in this Chapter was to obtain a TraG sample which would be amenable 

for single particle cryo-EM to enable high resolution structure determination but will also enable pull-
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down assays to investigate whether TraG interacts with TraN. Firstly, a construct was engineered to 

express full-length TraG. The TraG was then solubilised from the bacterial membrane and purified by 

affinity purification and gel filtration. The elution profile from the gel filtration gave insight into the 

oligomeric state of TraG. Alongside this, pull-down assays was performed to investigate if TraG and TraN 

interact since both proteins are involved in Mps. 
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6.3 Results 

 

6.3.1 Preliminary work suggests that TraG forms high oligomeric structures 

A pBAD construct was cloned whereby TraG was tagged with a Strep-II tag at the C-terminus since the N-

terminus has been shown to contain transmembrane domains and is structured which was supported by 

the AlphaFold2 predicted structure (Figure 6.1A,B) (Jumper et al., 2021, Hallgren et al., 2022). To increase 

accessibility of the tag and avoid steric hindrance, a flexible GSGSGG linker was introduced between the 

protein and the tag (Figure 6.1C).  

 

The TraG was expressed as mentioned in section 2.3.9 and a trial purification was performed using DDM. 

The protein was first purified by affinity purification using a StrepTrap column and eluted with 

desthiobiotin.  In the elution profile, a small peak was observed which upon analysis by SDS-PAGE 

appeared to contain a protein at approximately 100 kDa indicated by the prominent band. This is likely to 

be TraG which has a predicted molecular weight of 102 kDa (Figure 6.2A, B).  This band was confirmed to 

be TraG by western blot using anti-Strep antibodies (Figure 6.2C). The blot also showed that the other 

contaminating bands at a lower molecular weight are TraG degradation from the N-terminal region. The 

fractions containing TraG were pooled, concentrated, and then injected onto a Superdex 200 increase 

10/300 column for further purification by gel filtration (Figure 6.3A). The profile showed several peaks 

Figure 6.1: The bioinformatic analyses of TraG. (A) The AlphaFold predicted structure of TraG that is coloured 

according to the plDDT confidence (Jumper et al., 2021). (B) TraG with the predicted transmembrane domains 

displayed as striped boxes. The domains were predicted using DeepTMHMM (Hallgren et al., 2022). (C) The 

diagram of the operon structure of the plasmid used to express TraG with a C-terminal Strep-II tag and under the 

arabinose promoter. The protein and tag were separated by a GSGSGG linker.  
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which were investigated by SDS-PAGE (Figure 6.3B). The peak at around 10 ml was shown to contain TraG 

by the band at approximately 100 kDa (fraction 21). However, it appears that this TraG peak is associated 

with the void peak which is expected at just after 8 ml. This is likely due to the size of the protein being 

large and at the top-end of the protein fractionation power of the Superdex200 column which is 10 kDa 

to 600 kDa (Cytiva handbook). Using the standard curve calculated for this column in the lab, the protein 

migrates with a molecular weight of roughly 570 kDa which would correspond to a high oligomeric state 

of TraG, potentially a hexamer. The fraction 21 corresponding to the TraG peak was concentrated and 

visualised by negative stain EM (Figure 6.3C). The micrograph showed small white specks of protein 

amongst which ring-like structures could be seen.  

Figure 6.2 The affinity purification of TraG with DDM. (A) The elution profile of the StrepTrap purification showing 

a peak with the fractions marked. (B) The corresponding SDS-PAGE gel which shows that the elution peak contains 

TraG as indicated by the band at approximately 100 kDa. (C) An anti-strep western blot showing that the band at 

100 kDa in the elution peak is due to TraG. FT (Flow-through), W (Wash) 
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It was apparent from the DDM purification and the negative stain micrograph that concentration of TraG 

needed to be improved for further analysis, such as cryo-EM. The purification was repeated with the 

detergent OGNG which was found to be better at extracting the TraG homologue from the pKM101 T4SS, 

TraE (VirB8), from the bacterial membrane (Casu et al., 2018). The elution profile from the affinity 

purification and the corresponding SDS-PAGE gel showed a remarkable improvement in concentration of 

TraG, as illustrated by the increase in absorbance values and band intensity respectively (Figure 6.4A, B). 

Figure 6.3 The gel filtration of TraG with DDM. (A) The gel filtration profile of TraG using the Superdex200 

column with fractions marked. (B) The corresponding SDS-PAGE gel (C) The lower magnification and higher 

magnification micrographs of the concentrated sample from fraction 21 in the gel filtration, with scale bars 

representing 100 nm and 50 nm respectively. Ring like structure were observed like those boxed in white. AC 

(After concentrating), FT (Flow-through), BC (Before concentrating) 
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The fractions corresponding to TraG were pooled, concentrated, and further purified by gel filtration. To 

allow for better separation of the TraG peak from the void, a Superose 6 increase 10/300 column was 

used (Figure 6.4C). Unfortunately, the run was limited by issues with the UV lamp. Nevertheless, the 

profile shows numerous peaks with the most prominent peak (peak 1) eluting at approximately 11 ml and 

subsequent peaks eluting at approximately 14 ml (peak 2), 15 ml (peak 3) and 16.5 ml (peak 4). SDS-PAGE 

analysis showed that peak 1, 2 and 3 contained TraG and peak 4 may also consist of TraG but due to low 

concentration could not be detected by Coomassie staining (Figure 6.4D). This indicates that TraG exists 

in a mixture of oligomeric states in solution. Preliminary insight into the molecular weight of the TraG in 

the various peaks was probed using a standard curve for the Superose 6 column in the lab. Based on this, 

the TraG in peak 1 appears to migrate with a molecular weight of roughly 1 MDa. The protein in peak 2,3 

and 4 migrates with size of roughly 570 kDa, 400 kDa and 150 kDa respectively which would suggest TraG 

migrating close to a hexamer, tetramer and dimer/monomer. 

Figure 6.4: The purification of TraG with OGNG. (A) The affinity purification of TraG with the fractions marked. 

(B) The SDS-PAGE gel corresponding to the affinity purification. (C) The gel filtration profile of TraG using the 

Superose 6 10/300 column. The fractions have been indicated with the prominent peaks numbered. (D) The SDS-

PAGE gel corresponding to the gel filtration run. FT (Flowthrough), W (wash) 
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As the TraG in peak 2 was migrating close to a hexamer, an oligomeric order which has been observed in 

other T4SSs, the sample within this peak was concentrated and visualised by negative stain EM (Figure 

6.5).  Small particles were observed which when magnified, appeared to be ring-like structures which were 

homogenous, disperse and abundant. The average diameter of the particles is 0.9 nm. A larger but rarer 

structure was also observed which has a diameter of 18 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Negative stain micrograph of fraction 31 from peak 2 from the gel filtration run. A representative 

micrograph of concentrated fraction 31 showing small particles. The magnified section on the top left highlights 

a large particle that was present. The magnified section on the bottom left indicates the small ring like particles 

that were commonly seen. The scale bar represents 100 nm and 50 nm for the magnified images. 
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6.3.2 Cross-linking of TraG  

To investigate whether the larger structure was indeed TraG that was unstable and thereby dissociating 

into the plentiful smaller ring like particles, cross-linking was carried out. This technique proved to be 

effective with TraE from pKM101 T4SS. This should also improve the gel filtration profile by producing a 

prominent peak corresponding to the cross-linked TraG. A cross-linking assay was carried using 

disuccinimidyl suberate (DSS) which showed high molecular weight banding on the SDS-PAGE gel (Figure 

6.6A). The reaction was carried out as indicated in (Casu et al., 2018). For the purification, 2 mM DSS was 

used since the TraG was still predominately monomeric when 1.6 mM of DSS was used (Figure 6.6A). The 

DSS was combined with TraG following affinity purification and concentration. After 1 hr at room 

temperature with DSS, precipitation was observed which was pelleted. The sample was further purified 

by gel filtration using the Superose6 increase 10/300 column (Figure 6.6B). The profile showed a large 

void peak at just after 8 ml. The corresponding SDS-PAGE gel shows an intense staining at the wells of the 

gel for the void fractions 21 and 22 which could be due to protein being aggregated and unable to pass 

through the gel matrix (Figure 6.6C). A similar staining is also observed in the well labelled pellet which is 

a sample from the precipitation following cross-linking which is likely to be aggregated TraG. Nevertheless, 

compared to the AC sample, it appears that most of the monomeric TraG in the load was cross-linked, 

suggesting that the 2 mM of DSS is effective. The sample from the void peak was visualised by negative 

stain EM, however, the sample appeared aggregated. Therefore, the cross-linking of TraG still requires 

optimising.  
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6.3.3 Investigating whether TraG interacts with TraN 

Since both TraG and TraN have been proposed to be involved in the early steps of conjugation by 

facilitating the mating pair stabilisation, a pull-down assay was carried out to investigate whether the two 

proteins interact. For this, the pTAMAHISTEV_TraN construct was used which was shown in section 5.3.3 

to enable expression of His-tagged TraN. Since both the TraG and TraN construct have the same antibiotic 

resistance cassette, it prevents co-transformation. Thus, both constructs were expressed and harvested 

separately and then combined during the lysis step and the procedure is detailed in section 2.3.10 (Figure 

6.7). Two independent pull-downs were performed, one using a HisTrap and immobilising TraN and the 

second using StrepTrap column and therefore immobilising TraG. The StrepTrap profile showed a 

Figure 6.6: The cross-linking of TraG with DSS. (A) A cross-linking assay to determine optimal DSS concentration 

to effectively cross-link TraG. Various high molecular weight bands were observed following cross-linking 

indicating oligomers of TraG. (B) The gel filtration profile of cross-linked TraG using the Superose 6 10/300 

column and with the fractions indicated. (C) The SDS-PAGE gel for the gel filtration profile.  AC (After 

concentrated) 
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prominent elution peak (Figure 6.8A). For the HisTrap pull-down, elution was carried with 100% (v/v) 

buffer B which would correlate to 500 mM imidazole as this was a preliminary experiment to check if both 

TraG and TraN are eluting together, as supposed to trying to obtain pure samples (Figure 6.8B). An elution 

peak was observed. Both pull-downs were initially analysed by SDS-PAGE analysis but due to multiple 

bands existing in the elution fractions, it was difficult to accurately assess if both TraG and TraN were co-

eluting. Therefore, a western blot was carried out and fractions from both pull-downs were probed by 

both anti-His and anti-Strep antibodies (Figure 6.8C). It appears that TraN and TraG do not interact as they 

are not co-eluting together. The elution fractions 15 and 16 from the HisTrap pull-down contains TraN as 

indicated by the band around 60 kDa in the anti-His blot. However, TraG is not present in the same 

fractions as highlighted by the absence of a band at around 100 kDa in the anti-Strep blot. Similarly, the 

StrepTrap elution fractions 13 and 14 contains TraG but not TraN. This is further supported by the 

observation that in the StrepTrap pull-down, TraN is being lost in the flow-through as indicated by the 

blot at approximately 60 kDa in the lane labelled FT in the anti-His western blot. This suggests the lack of 

an interaction between the two proteins, at least, in this experimental set-up.  

 

 

 

 

 

Figure 6.7: An overall schematic of the pull-down of TraN and TraG. The plasmids were co-transformed into 

different competent cells and expressed independently. The cell lysates were combined, and two independent 

pull-downs was carried out using either a StrepTrap or Histrap column. The purple inverted trapezoid represents 

TraN and the yellow circle represents TraG.  
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Figure 6.8: Pull-down to probe if TraG and TraN interact. (A) The elution profile of StrepTrap assisted pull-down 

of TraN with TraG. (B) The elution profile for HisTrap assisted pull-down of TraG with TraN. The 100% (v/v) buffer 

B corresponds to 500 mM imdiazole (C) An anti-His and anti-Strep western blot for the pull-down assays showing 

that TraG and TraN did not interact. MH (Membrane homogenised), FT (Flowthrough), W (Wash) 
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6.4 Discussion 

 

In this Chapter, the recombinant expression of TraG was carried out and preliminary purifications were 

described. The TraG appears to assemble as a high order oligomer, potentially a hexamer. A pull-down 

was also performed with TraG and TraN, however, the results suggest that the two proteins do not 

strongly interact.  

 

6.4.1 TraG appears to assemble as a hexamer 

The gel filtration profile displayed in figure 6.3A and 6.4C indicates that TraG assembles as a high order 

oligomer and based on the elution volume of the peak, is suggestive of a hexameric protein. This 

oligomeric arrangement has also been seen in the pKM101 homolog, TraE and more recently in the R388 

structure where VirB8 assembled as a homotrimer of hexamers (Casu et al., 2018, Mace et al., 2022). 

Here, the VirB8 was shown to form the periplasmic arches with the N-terminal alpha-helical structure 

forming part of the IMC, termed VirB8tails, and interacting with VirB4 (Mace et al., 2022). A similar 

periplasmic arch-like structure was also observed on the cryo-ET structure of the F-T4SS where it was 

labelled as ‘collar’ and displayed an overall hexameric structure (Hu et al., 2019a). The approximate 

diameter of this collar is 180 nm which would coincide with the size of the larger but rarer structures that 

were observed in Figure 6.5. Based on this, it is tempting to wonder whether the collar structure is formed 

by the hexameric TraG, possibly through its C-terminal portion. The oligomeric state of TraG will need to 

be further validated by other biochemical techniques such as SEC-MALS or by reconstruction of the high-

resolution 3D structure. A fascinating aspect of TraG is that it is a fusion between VirB8 and VirB6. These 

two proteins have been shown to have different symmetrical arrangements in the context of the whole 

R388 machinery and therefore it will be interesting to study whether TraG accommodates this by 

tolerating a symmetry mismatch within the structure. Currently, it is too premature, to draw such 

conclusions based on the negative stain micrographs but this can be addressed by future cryo-EM work.   

If indeed TraG is forming a high order oligomer, it poses the conundrum of how it is involved in Eex by 

recognition of cognate TraS in the recipient cell. A recurring model that has been proposed is that TraS 

recognition by TraG occurs via translocation of the protein into the recipient cell. Given that the NTD of 

TraG is homologous to VirB6, which is a crucial component needed for the transfer of DNA, and that the 

CTD is homologous to VirB8 and likely to be hexameric as indicated by the results in this Chapter, it is very 



166 
 

plausible that TraG forms an integral part of the core secretion channel. In this instance, it does not seem 

probable that such an important protein embedded within the machinery could be unattached and 

transferred to the recipient cell. Another theory that has been put forward is that a part of TraG is exposed 

to the periplasm of the recipient cell following mating bridge formation (Marrero and Waldor, 2005). 

Using a series of TraG chimeras, the region of TraG needed for recognition of TraS was identified to be the 

middle area of the protein. This was further proposed to be between aa 610 – 673 as this is the region 

where sequence dissimilarity is observed in the TraG from other F and F-like plasmids and has been 

proposed to infer specificity (Audette et al., 2007). These amino acids residues in the TraG AlphaFold 

model reside in the long stretch of unstructured region which was predicted with poor confidence (Figure 

6.1A). This may be the part of the structure which facilitates Eex, however, whether it could be positioned 

in such a way that it is exposed to the TraS located in the inner membrane of the recipient cell seems 

doubtful. Nevertheless, a high-resolution structure of TraG would certainly help clarify how this region is 

incorporated within the oligomeric structure and will shed light on how the protein participates in Eex.  

An inherent issue with TraG sample is that it appears to be unstable and could be dissociating, as indicated 

by Figure 6.4C and 6.4D. A plausible explanation could be that for proper stabilisation of TraG other Tra 

proteins are required. A likely candidate is the ATPase TraC which may interact with TraG as seen in the 

R388 structure whereby VirB8tails interacts with the outer VirB4 with two out of the three homotrimeric 

subunits making extensive contact with the ATPase (Mace et al., 2022). This is also supported by the 

observation that the periplasmic collar was no longer seen in the ΔtraC mutant cells (Hu et al., 2019a). 

This suggests that perhaps TraC is required for stabilisation and proper hexameric arrangement of TraG. 

Moreover, VirB8 from A. tumefaciens has been suggested to interact with other components of the T4SS 

machinery (Das and Xie, 2000). This alludes to a web of interactions occurring amongst proteins which 

may be important for overall stability.  

Furthermore, while cross-linking did not appear to be effective and resulted in the precipitation of the 

protein and elution of it in the void of the gel filtration run, this may be due to the experimental set-up 

rather than due to the cross-linker. In the future, it may be worth repeating the cross-linking but 

performing it at 4 °C as described for the core export apparatus from the T3SS (Kuhlen et al., 2018). 
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6.4.2 TraG and TraN did not interact  

Both a StrepTrap and HisTrap assisted pulldown did not show an interaction occurring between the Strep-

II tagged TraG and the hexahistidine tagged TraN. It was previously assumed that such an interaction could 

not be isolated due to a small number of interacting protein partners occurring in a mating pair. However, 

this hurdle should be overcome by over-expressing both proteins and thereby hypothetically allowing for 

an increase in interacting pairs. While the presence of detergents may have obstructed interactions 

between various Tra proteins in section 5.3.3, this is unlikely given that the region of TraG which is thought 

to interact with TraN is periplasmic and not membrane bound. Therefore, it should be free of any 

detergent shell (Lawley et al., 2003).  

It may be the case that TraG and TraN do not interact directly or that the interaction is transient. It was 

proposed by Frankel and colleagues that interaction of TraN with its cognate Omp receptor may relay a 

signal to the core machinery which then increases efficiency of plasmid transfer (Low et al., 2022). A 

suitable protein which could play a role in receiving this signal could be TraG which while being involved 

in Mps is also likely to form a core structural aspect of the conjugative apparatus. How the signal is 

communicated was not alluded to, but perhaps could occur in a transient manner or through another 

protein. This may explain why to date, an interaction between TraG and TraN has not been demonstrated 

in mating cells by cross-linking, immunoprecipitation and/or bacterial two hybrid assays. The outcome of 

the pull-down described in this Chapter is furthermore in line with this. The periplasmic protein TraU has 

been suggested to be a putative Mps protein and while individually it was not required for pilus synthesis, 

it is involved in this function along with the periplasmic complex (Moore et al., 1990, Harris and Silverman, 

2004). The possibility of an interaction between TraU and TraG was being explored by Frost and 

colleagues, however, has not yet been proven (Audette et al., 2007). Similarly, while an interaction 

between TraN and TraU has been speculated, this still remains to be demonstrated (Bragagnolo et al., 

2020).  

Another aspect which needs to be considered is how Eex with TraS occurs despite no sustained interaction 

occurring between TraG with TraN. In one of the models described in section 6.4.1, it was suggested that 

TraG may recognise the cognate TraS following establishment of the mating pair bridge (Marrero and 

Waldor, 2005). This was further elaborated by the hypothesis that through interaction with TraN, TraG 

can protrude through the mating pore and across the outer membrane of the recipient cell where it will 

then be in the vicinity of TraS (Marrero and Waldor, 2005). Given the lack of interaction observed in the 

pull-down described in this Chapter between TraN and TraG, it poses the question of how TraG recognises 



168 
 

TraS and therefore, this may occur in a different manner to what has been proposed. Furthermore, from 

the structure of the pKpQIL TraN and OmpK36, it showed that one TraN molecule extended into one 

subunit of the trimeric porin in such a way that its uncertain whether another polypeptide could also fit 

through (Low et al., 2022). Together, this suggests that the role of TraG in Mps and in Eex is likely to occur 

in another way to what has been hypothesised and makes TraG an interesting protein to further study.  

 

6.4.3 Future perspectives    

The results described in this Chapter could act as the basis for future structural work on TraG using cryo-

EM and elucidating its oligomeric state. Following optimisation of the TraG sample, it will be amenable to 

structural determination. The 3D structure will be invaluable to understand how TraG is a fusion of two 

core VirB proteins but also to understand how one protein can carry out numerous functions.  
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Chapter 7: Conclusions 
 

Within this thesis, various biochemical approaches and structural studies were carried out to further 

understand the mechanism underpinning bacterial conjugation. In particular, the following ideas were 

explored: 

• Optimise purification of the F-OMCC such that it is amenable to structural studies using single 

particle cryo-EM 

 

• Determine the structure of the F-OMCC to better understand its architecture 

 

• Investigate if other Tra/Trb proteins interact with the F-OMCC 

 

• Examine the structure of TraG to gain insight into its oligomeric state 

 

7.1 The overview of the findings 

In this thesis, the cryo-EM structure of the F-OMCC, formed by the three proteins TraK, TraV and TraB, 

was solved and described. The structure was solved at an overall resolution of 3.3 Å. The F-OMCC is 

formed from two concentric rings with two distinct symmetries; the outer ring has 13-fold symmetry while 

the inner ring adopts 17-fold symmetry. Together, the two rings form a complex with overall dimensions 

of 268 Å in diameter and 115 Å in height. The architecture of the F-OMCC was found to be intricate with 

a total of 69 polypeptides involved: 17 TraBs, 26 TraVs and 26 TraKs. The 17 copies of TraB span the inner 

ring, of which 13 extends down to shape the outer ring. All 26 TraK polypeptides shape the outer ring 

together with TraV. However, out of the 26 TraV chains, 17 traverse up to form part of the inner ring. 

Together, this forms a sophisticated and intertwining network of contacts between the proteins which 

contribute to the stability of the F-OMCC.  

The symmetry mismatch within the complex is accommodated by TraB and TraV which span across both 

rings. However, direct linkages between the two rings could not be resolved due to those regions of the 

proteins being untraceable. A contributing factor is that these specific areas showed signs of flexibility. 

Thus, making the F-OMCC a dynamic complex. Two such regions were observed; one is at the O-layer and 

the second at the I-layer. At the O-layer, all but a few TraB protomers were without a continuous density 

that connects the outer ring β1 to the β2 strand at the inner ring.  This lack of density was credited to 
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movement at the O-layer. Interestingly, the exit channel, which is shaped by TraB helices, has a diameter 

of 50 Å. This makes it too narrow to accommodate the mature pilus. Subsequently, it is likely that the 

structure represents the complex in the closed state. The observation that TraB facilitates the symmetry 

mismatch and mediates flexibility at the O-layer may explain how the F-OMCC undergoes structural 

changes which results in the opening of the exit channel. Hence, allowing conjugation to proceed. It will 

be interesting to investigate signals which mediates the movement of F-OMCC and how this is linked to 

the pilus, given that the outer membrane is where the pilus is presumably polymerised. A likely candidate 

that is involved in this signalling is the ATPases, and so it will be curious to explore the interplay within the 

F-OMCC, in particular TraB, with the ATPases. An understanding of how the movement of the F-OMCC is 

linked to the pilus will not only be intriguing mechanistically but may be useful in development of other 

therapeutics to complement antibiotics, such as bacteriophages. Given that for some bacteriophages the 

pilus is a point of entry, knowledge on how the pilus is extended will be vital and may be exploited to 

prolong pilus exposure to the virus.  

 Similarly, movement was observed at the I-layer where TraV protomers exhibit variable degrees of 

electron density related to the α1 helix connecting the outer and inner ring.  The F-OMCC is the only OMCC 

solved to date that has TraV traversing a symmetry mismatch. In the other OMCCs, the symmetry 

mismatch is facilitated by VirB9 and its homologues, alongside VirB10. This prominent role of TraV may 

be important for the F-T4SS and may impart functional specificity. Furthermore, TraV has been suggested 

to form an interaction hub for the other Tra/Trb proteins to the F-OMCC (Arutyunov et al., 2010, Koch et 

al., 2020). Regions of TraV could not be assigned a sequence and furthermore, from a total of 26 

polypeptides, 9 TraVNTD were absent in the cryo-EM structure. Hence, it is tempting to speculate whether 

these areas may participate in interaction with other F-T4SS proteins, and whether the presence of these 

proteins may stabilise regions of TraV. Such an interaction will be exciting as it will be F-T4SS specific and 

will provide insight into how the F-OMCC fits in with the rest of the T4SS and may also explain how the 

dynamics of the complex is coordinated. 

Efforts were made to explore potential interactions between the F-OMCC and other Tra/Trb proteins 

which have been previously suggested in literature (Harris and Silverman, 2004, Koch et al., 2020). One 

such contact that was explored was between TraH and the F-OMCC. A potential interaction was observed 

between the proteins. However, the low concentration of the TraH prevented a thorough investigation. 

Subsequently, this remains to be confirmed. Another interaction which was proposed in this thesis was 

between TraN and the F-OMCC. The proteins co-eluted in both HisTrap and StrepTrap assisted pull-downs, 
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which indicates that a potential interaction is occurring. Interestingly, this was only observed when the 

pull-down was performed with the TraN being expressed on a vector encoding the trbI – traG stretch of 

the tra operon and co-expressed with the F-OMCC. The co-elution was no longer seen when the TraN and 

the F-OMCC were independently expressed. This suggests that perhaps the interaction between TraN and 

F-OMCC occurs via other Tra/Trb proteins. Nonetheless, currently it cannot be ruled out whether the 

results being observed is due to the proteins or due to the experimental set-up. Future work will focus on 

clarifying this.  

Lastly, the inner membrane protein TraG was studied to gain insight into the oligomeric state it adopts. 

Based on the gel filtration profile and the corresponding negative stain electron micrographs, the TraG 

appears to form a high order oligomer, likely a hexamer. While this will require further work and 

confirmation using other biochemical techniques, it provides the first insight into the structure of TraG. A 

prominent issue with the TraG sample was lack of stability, with the protein dissociating. This may be 

improved by addition of stabilising compounds such as glycerol or optimising the cross-linking approach. 

Furthermore, a preliminary pull-down was unable to isolate an interaction between TraG and TraN. Since 

contact between the two proteins has been the prevailing mechanism to explain how Mps occurs, this 

provides an interesting scenario which needs to be further elaborated experimentally. 

 

7.2 Future Outlook 

The structure of the F-OMCC and investigation into the potential interactions that may occur between the 

complex and other proteins, has opened the door to exciting mechanistic insight underpinning 

conjugation. Symmetry mismatch has often been observed in the core complexes of T4SSs, but the 

significance of it still remains elusive. Given that the F-OMCC is compositionally smaller than the OMCCs 

from the expanded T4SS, it provides a great tool to study the biological basis of the symmetry mismatch. 

The details on the purification of the membrane complex together with the preliminary work on 

interaction studies will act as the foundation for future studies. Together, the findings of this thesis paves 

the way for future studies on the F-T4SS to broaden understanding of how the dynamic nature of the F-

OMCC facilitates the transfer of DNA from one bacterium to another. From a medical standpoint, this will 

enable structure led design and development of inhibitors, in an effort to disrupt the nanomachine and 

prevent the spread of antibiotic resistance.  
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