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ABSTRACT

Bacterial conjugation is a mechanism of horizontal gene transfer that requires the 

intimate association of donor and recipient cells. There are three multiprotein complexes 

which mediate the transfer of plasmid DNA into neighbouring bacteria: a membrane- 

spanning Mpf complex, the cytoplasmic-associated relaxosome and a hexameric 

coupling protein. The link between the Mpf complex and the relaxosome is provided by 

the coupling protein. An interaction between the IncHM plasmid R27 Mpf complex and 

coupling protein has been previously identified through bacterial two-hybrid and 

immunoprecipitation studies. Using these techniques, an interaction was detected 

between the R27 coupling protein TraG and TraJ, an essential conjugative protein that 

was originally classified as a relaxosome component. A module encoding TraG and 

TraJ has been found to be co-inherited in a number of plasmid and chromosomal 

genomes. Homologues of TraG and TraJ from a variety of these genomic sources were 

found to interact. Furthermore, limited homology has been identified between the 

transmembrane and nucleotide binding domains of the SpolllE/FtsK family of DNA 

translocases and TraJ and TraG, respectively. TraJ has been reclassified as an 

accessory protein to the R27 coupling protein TraG.

Site specific mutagenesis and immunofluorescent (IMF) microscopic studies on 

the R27 coupling protein have identified functional domains and cellular localization of 

this conjugative protein. Essential residues of TraG within the nucleotide binding domain 

were determined and the periplasmic domain of the coupling protein was found to 

mediate an interaction with the Mpf protein TrhB. The R27 coupling protein was 

visualized within discrete, membrane-associated foci using IMF microscopy. The number 

and position of these foci were comparable to the fluorescent foci produced by the GFP- 

labeled R27 Mpf complex.
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The R27 proteins EexH and TrhZ have been found to prevent the redundant 

transfer of IncH plasmid into recipient cells harbouring the isogenic or closely-related 

IncH plasmids. The two R27 Entry exclusion proteins EexH and TrhZ were determined 

to localize to the outer and inner membrane, respectively. Mutational analyses of the 

R27 exclusion genes have indicated that a functional exclusion protein is required in the 

donor cell to elicit an exclusion process. In conclusion, this thesis has characterized 

proteins which mediate or inhibit R27 conjugative transfer.
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Chapter 1

General Introduction
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1. Introduction

1.1 Tree of Life

The three domains of life are the Eucarya, the Bacteria and the Archaea (216). 

The method by which these major domains evolved remains a contentious issue with 

three hypotheses proposed to explain the divergence. One proposal suggests that pre- 

eucarya were formed through the acquisition of a cytoskeleton, thus diverging from the 

Bacteria and Archaea (collectively called prokaryotes). Subsequently, phagocytosis of a 

prokaryote by the pre-eucarya resulted in the formation of Eucarya (48, 86). A second 

hypothesis also involves a phagocytic event, but this evolutionary model contends that 

the inclusion of the Archaea within the Bacteria resulted in the formation of a nucleus, 

thereby creating the Eucarya (93). A final hypothesis suggests that from the “ancestral 

chaos” three different cell types, representing the three domains of life, evolved in 

communal fashion as a result of extensive gene sharing. (215). With the ever-increasing 

access to whole genome information of organisms representing each domain of life, a 

solution to determining the root of the phylogenetic relationship may be on the horizon 

(47). Ultimately, tracing the tree of life back to its origin should theoretically identify a 

common ancestral cell type. A major impediment to determining this origin is the 

“blurring” of the phylogenetic lines by horizontal (or lateral) gene transfer (HGT or LGT) 

(47). The influence of HGT on phylogenetic classification has led to a proposal for a 

switch from the Tree of Life to the Synthesis of Life, which accounts for both vertical and 

horizontal genetic inheritance (15).

1.2 Horizontal Gene transfer (HGT)

Within prokaryotes, HGT has been proposed to be so common that this process 

is a major force in the evolution of the Archaea and Bacteria domains (49). A recent 

genomic comparison of uropathogenic Escherichia coli revealed 20-30% variation in

2
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genomic content due to HGT (209). The boundaries between prokaryotic species have 

been classified as “fuzzy”, when compared to eukaryotes, therefore HGT in combination 

with homologueous recombination has been proposed to emulate the role that sexual 

reproduction plays for eukaryotic organisms (70, 113). Bacteria and Archaea reproduce 

by binary fission, a process in which a mother cell separates into two daughter cells with 

faithful segregation of genetic material to each progeny. In comparison to the diploid, 

obligately sexual eukaryotic organisms, gene exchange in prokaryotic organisms is 

extremely limited (113). As a result, the expectation would be generations of clonally 

proliferated cells with any significant genetic differences in these prokaryote organisms 

arising from point mutations, or random insertions or deletions. Early genomic 

investigation into E. coli chromosomes seemed to confirm this expectation (148, 149), 

however, in the 1980’s with the expanded databank of nucleotide sequence information 

becoming available, the true impact of HGT was fully realized. In 2003, Doolitte et. at. 

described a variety of anecdotal HGT examples and posed the question, are these 

cases just the tip of the iceberg with respect to the role that HGT has in evolution? (49). 

Interestingly, an answer to this question has been provided by systematic studies of 

entire genome sequences; phylogenetic anomalies that were found in genomic screens 

were attributed to deletions and biased mutation rates and not HGT (for review see 

(105)).

Whereas the evolutionary role that HGT may have is under debate, the impact of 

HGT on the medical community is indisputable. From a medical perspective, the 

implications of HGT were first realized with the dissemination of antibiotic resistance 

determinants (42). The first recorded case of gene exchange resulting in the 

development of antibiotic resistance was in 1959. Through “infective heredity” genes 

encoding multiple drug resistance were exchanged between Shigella and E.coli (204). In 

addition to multiple drug resistance genes, HGT has also resulted in the transmission of

3
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gene clusters or operons that encode entire biodegradation pathways for xenobiotics (for 

review, see (43)). A third medically relevant HGT event is the transmission of 

pathogenicity islands (PAI). The acquisition of large genomic fragments such as a PAI 

can represent an evolutionary leap when compared to the slow evolutionary result of 

point mutations. The presence of a PAI within the chromosome of a bacterial organism 

is usually the primary difference between non-pathogenic bacteria of the same species 

(82). Pathogenicity islands can range up to 200 kb in size and the G + C content of this 

region is usual markedly different than the nucleotide composition of the host genome 

Other characteristics of PAIs include terminal inverted repeats and mobility genes such 

as transposases or integrases (82).

An interesting field in the study of HGT is the investigation into genetic exchange 

in situ. A number of environmental factors such as pH, moisture content and soil type 

have been cited as influencing the rate of HGT in terrestrial environments (162, 163). In 

addition to the difficulty of determining the influence of environmental factors on genetic 

exchange, an added difficulty in ascertaining the levels of HGT within the environment is 

the presence of non-culturable organisms. In one particular study, the percentage of 

culturable organisms within the terrestrial environment was determined to be <1% (196). 

The presence of numerous viable organisms within the environment which are unable to 

be grown under laboratory conditions makes the study of HGT in situ increasingly 

complex.

One of the most significant hotspots for HGT to occur within nature are biofilms 

(180). Biofilms are highly-populated bacterial communities that are encased in a self

produced matrix that confers resistance to antimicrobials and host defense mechanisms 

(22, 62, 64). The extra-cellular polymeric substance (EPS) that forms a barrier around 

the surface-attached microbial communities is composed of exopolysaccharides, 

proteins and DNA (183, 184). Interestingly, the presence of DNA within these biofilms

4
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not only increases the chance of an HGT event, but the extra-cellular DNA was also 

found to play a structural role in biofilm formation (211). Biofilms are reported to be 

present in more than 60% of infections requiring antibiotic treatment in the developed 

world (36). A further complication associated with these biofilms is that antimicrobial 

treatment with aminoglycosides has been demonstrated to induce the formation of 

biofilms in E.coli and Pseudomonas aeruginosa (91).

HGT has been elegantly demonstrated within biofilms using confocal laser 

scanning microscopy to visualize gene transfer in strains labeled with green fluorescent 

protein (GFP) (64, 89, 219). In a landmark study (65) the presence of conjugative 

plasmids, mobile genetic elements that mediate HGT, within the laboratory E.coli strain 

K-12 were found to enhance biofilm formation (65, 161). These results suggest that 

mobile genetic elements are able to induce a phenotypic change (the formation of a 

biofilm) in host cells, which increases the probability of an HGT event.

There are three mechanisms of HGT; transformation, transduction, and 

conjugation.

1.2.1 Transformation

Natural transformation is the uptake of naked DNA from the extracellular 

environment by competent bacteria (for a review, see (31)). Whereas it is possible to 

induce competence in an organism by electroporation or chemical treatment, natural 

transformation is conferred by bacteria that express a specific set of 20-50 competence 

proteins (193). Currently, there are over 40 bacterial species that are naturally 

transformable (125). The earliest recorded example of HGT was a landmark study in 

which avirulent Streptococcus pneumoniae were transformed by DNA encoding a 

virulence determinant thereby conferring a virulent phenotype to recipient cells; these 

studies enabled the identification of DNA as a bearer of genetic information (12).

5
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The first step in the natural transformation process is the binding of extracellular 

DNA which initiates the transport of foreign DNA across the cellular envelope. The 

majority of competent bacteria are able to bind DNA non-specifica!ly; however two 

exceptions are Haemophilus influenza and Neisseria gonorrhoeae. These two Gram 

negative organisms are only able to take up DNA containing DNA uptake sequences 

(74, 177). The multiprotein complex that mediates the transport of foreign DNA across 

the membranes of the bacterial cell is part of either the type II or type IV secretion 

systems (T2SS or T4SS). A common feature of the majority of Gram negative and Gram 

positive competent bacteria is the requirement for the T2SS and the Type IV pilus (50, 

197). Notably, the only known organisms that encode a T4SS to mediate natural 

transformation are Helicobacter pylori and Campylobacter jejuni (13, 92).

Upon translocation of foreign DNA across the bacterial envelope of Gram 

positive organisms, one strand of the DNA gets degraded and released into the exterior 

milieu (50). A similar process is thought to occur within Gram negative organisms 

however the DNA nuclease which results in a single-strand of foreign DNA entering the 

cytosol has not been identified (50).

The advantage that competence confers to a bacterial organism is currently a 

matter of debate. Natural transformation potentially results in genetic variability within 

competent bacteria which may lead to increased genomic fitness (50). Conversely, the 

uptake of foreign DNA has been proposed as a method employed by bacteria to acquire 

a valuable nutrient source (160). A recent transcriptional study on the operon of H. 

influenzae that encodes for competence proteins has indicated that alteration of H. 

influenzae energy supply signals had a significant impact on the expression of 

competence genes (159). These data support the proposed role of natural 

transformation in the acquisition of nutrients.

6
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1.2.2 Transduction

Transduction is a mechanism of HGT mediated by bacteriophages (or phages). 

Bacteriophages are viral parasites that can exist outside the bacterial cell as a virion, but 

are obligate intracellular parasites that require host cell machinery for replication. During 

replication and packaging within the protein capsid, accidental incorporation of host DNA 

fragments can result in the potential for a gene transfer event (generalized transduction). 

Conversely, a prophage is able to insert within the host genome thereby introducing the 

possibility of incorporating host DNA adjacent to the phage insertion site (specialized 

transduction) (60, 147). There are limitations on the amount of foreign DNA that can be 

packaged into the capsid, however certain phage capsids can contain upwards of 100kb 

of DNA (147). Bacteriophage initiate the infection of a bacterial cell with a specific 

interaction to a receptor structure on the cell surface; the receptor structure is frequently 

a host or plasmid-encoded pilus (76, 132). The specificity of the phage-cell structure 

interaction enables the typing of phage. Phage specificity has also been used as a tool 

by diagnostic laboratories to identify bacterial species within mixed bacterial populations 

(210).

The sheer number of viruses within the environment, in combination with the 

aforementioned virus-encoded HGT mechanism, suggests that these “life forms” have 

played a role in shaping microbial evolution (207). Within the ocean, the population of 

viruses is thought to exceed 1029 (213). A prime example of the impact of viruses on 

bacterial diversity is the drastic phenotypic change elicited by infection of Vibrio cholera 

with the well-characterized filamentous phage CTXtp. The CTX(p genome encodes the 

cholera toxin, which is the causative agent of the diarrhea commonly associated with V. 

cholera infection (132). The V. cholera-encoded type IV bundle forming pilus is the 

receptor to which CTXcp binds, thus initiating the infection (132). The CTXtp virion 

interacts with the TolQRA complex located in the periplasm and inner membrane (90). A

7
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replicative form of the virus, pCTXcp, is formed when a complementary copy is produced 

by host-encoded replication machinery. Although pCTX(p can exist outside the V. 

cholera chromosome, host-encoded integration proteins mediate the integration into a 

specific site in the chromosome in most V. cholera strains (95). The phage enters into a 

lysogenic state upon integration, and virion production is induced with DNA damaging 

agents such as UV light (201). Interestingly, secretion of CTXcp virions does not induce 

cell lysis and also requires host-encoded proteins for export into the exterior milieu. This 

dynamic interplay between bacteria and phage has resulted in the conversion of V. 

cholera into a pathogenic organism that causes morbidity and mortality in developing 

countries (53).

1.2.3 Conjugation

Conjugation was first described as a cell fusion event that enabled the transfer of 

genetic information between donor and recipient cells. These first conjugation 

experiments, performed in 1946 by Joshua Lederberg and Edward Tatum, utilized donor 

and recipient cells containing double mutants in essential nutritional genes (114). 

Successful gene exchange allowed for the selection of transconjugants that had no 

nutrient requirements (114). Conjugation is mediated by transmissible plasmids or by 

integrative and conjugative elements (ICE) which are transmissible by conjugation and 

are chromosomally-associated (24). Conjugative plasmids and plasmid-encoded 

multiprotein complexes that mediate the conjugative event are discussed in greater 

detail in the following sections.

1.3. Plasmids

Mobile genetic elements are pieces of DNA that encode proteins that facilitate 

the genetic transfer between bacterial cells (for review see (60)). There are numerous

8
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examples of mobile DNA elements such as bacteriophages, transposons, integrated 

conjugative elements and plasmids. Plasmids have been discovered in Gram negative 

and Gram positive members of the bacterial domain. Whereas there have been recent 

advances in the study of Gram positive bacterial plasmids (for review see (77)), the 

majority of the research on plasmid biology has been performed on Gram negative 

plasmids. The focus of this thesis will be on Gram negative plasmids, with a specific 

emphasis on the IncH plasmid R27. Plasmids are extra-chromosomal genomes that are 

commonly double stranded and can encode transfer proteins that mediate HGT to 

neighbouring bacteria. Conjugative plasmids range in size from 30 to 300 kb and, a 

common core of genes, the plasmid backbone, is shared among all to ensure plasmid 

survival within the host (195). The plasmid backbone is composed of replication, 

conjugation and partitioning determinants (192, 195). This core set of backbone genes 

encode proteins required for the lifecycle of the conjugative plasmid; the concept of a 

conjugative lifecycle incorporates both vertical and horizontal inheritance in the bacterial 

population (107).

Plasmids have been classified into groups on the basis of incompatibility (Inc). 

Incompatibility is defined as the inability of two related plasmids to co-exist in the same 

host cel in the absence of selective pressurel (144). Incompatibility between two 

plasmids is mediated by shared replication functions (144) and/or partitioning modules 

(11). There are 26 incompatibility groups within Enterobacteriaceae plasmids, ~ 14 

incompatibility groups within Pseudomonad plasmids, and ~18 incompatibility groups 

within Gram positive plasmids (60). Throughout this thesis, references are made to 

Gram negative conjugative plasmids from a number of Inc groups. Therefore, a brief 

description of these plasmid families is included below.

1.3.2 IncFI

9
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The F plasmid is a paradigm for the conjugative transfer of Gram negative 

plasmid (110). As bacterial conjugation was initially identified as a function of the F 

plasmid, study of the IncFI plasmid has been instrumental in identifying the mechanistic 

process of replication and HGT with the conjugative plasmid (59). As the F plasmid is 

only able to replicate in Enterobacteriaceae, the IncF plasmid is considered a narrow 

host-range mobile element (40). The F plasmid is 100 kb in size and this genetic 

element contains a single transfer region 33.3 kb in size, which codes for all essential 

transfer proteins (59). Within the F transfer region 19 of the 40 genes have been 

determined to be required for conjugative transfer.

Studies carried out in the 1970 to 1980’s on the F plasmid were the first to 

identify the role of conjugative pili in this mechanism of HGT (for a review see (214)). 

Conjugative F pili encoded by the F plasmid have been determined to be essential for 

making initial contact with recipient cells and mediating a retraction event that brings the 

donor and recipient cells into close proximity (214).

1.3.3 IncW

Unlike the host range of the IncF plasmid, the IncW plasmids have a broad host 

range and are able to replicate within a number of Gram negative organisms (121). The 

prototypical IncW plasmid is R388. This 33 kb conjugative plasmid contains a small 

transfer region of 14.9 kb, of which a 5.2 kb segment was found to identify the three 

DNA mobilization proteins, TrwA, TrwB and TrwC (18, 121). The R388-encoded proteins 

required for pilus formation have not been characterized, but the three aforementioned 

DNA mobilization proteins have been extensively characterized.

The TrwB protein is the coupling protein of the R388 conjugative apparatus, and 

purification of the cytoplasmic domain of this protein enabled crystallization and

10
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biochemical analyses, which represent significant advancements in the field of plasmid 

biology (see 1.5 Coupling proteins).

TrwC is the nickase-helicase that binds to the R388 origin of transfer (or/'T) and 

TrwA enhances this relaxase activity. Homology between TrwA and DNA binding 

proteins belonging to the Ribbon-Helix-Helix (RHH) family has been recently identified, 

which may suggest a mechanism by which TrwA elicits the relaxase enhancement 

activity (138). Structural information on the N-terminal region of the R388 nickase protein 

has enabled the identification of domains that enable relaxase function (9).

1.3.4 IncPa

The IncP plasmid family has a very broad host range with documented cases of 

transfer between Gram negative and Gram positive organisms, as well as with 

eukaryotic cells (153, 205). The ability of IncP plasmids to mobilize between bacterial 

species has been exploited in the development of vectors (81). In the study of 

conjugation, the prototypical IncPa plasmid is RP4, a 60.1 kbp genetic element 

containing two separate transfer regions (153). The Tra1 and Tra2 regions of RP4 

comprise 15.7 kb of the plasmid and contain 19 genes (118). These two regions encode 

12 proteins essential for pilus formation, a coupling protein, and three relaxosomal 

proteins (118).

Localization studies on the RP4 essential transfer proteins have indicated that 

the T4SS structural proteins localize to an “intermediate” fraction with a density in 

between that of the inner and outer membrane (75). These data suggest that the T4SS  

form a complex which binds the inner and outer membrane together which may be 

instrumental for the delivery of DNA to recipient cells. As in the study of the IncW R388 

plasmid, there has been extensive research on the RP4 coupling protein, TraG, and 

relaxosomal proteins, Tral, TraJ and TraK (169, 171). The biochemical analyses of the
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RP4 relaxase, Tral, and coupling protein, TraG, have determined residues which are 

essential for the mobilization of IncP DNA (14). These mutational studies have been 

instrumental in determining the initial stages of conjugation of self-transmissible 

plasmids.

1.3.5 IncH

IncH plasmids were initially identified in 1972 following an outbreak of 

chloramphenicol-resistant typhoid fever in Mexico (6). The H plasmid family is classified 

into the subgroups IncHI and IncHII. IncHII plasmids are compatible with IncHI plasmids 

and produce pili that are antigenically similar to pili of the IncHI plasmid (20). The IncHI 

family was subsequently subdivided into IncHM, lncHI2 and lncHI3 following studies 

such as restriction digest and Southern hybridization analysis that showed significant 

differences within IncHI plasmids (212). The presence of an RepFIB replicon in IncH11 

plasmids differentiates this plasmid subgroup from lncHI2 plasmids as it causes one-way 

incompatibility with the F plasmid (178). The presence of IncH11 plasmids in Salmonella 

typhi strains conferred chloramphenicol resistance on these pathogenic bacteria. As 

chloramphenicol was the drug of choice to treat S. typhi, the IncH11 plasmid contributed 

to the emergence of typhoid fever epidemics throughout Mexico, India, Thailand and 

Vietnam (179). Moreover, multiple-drug resistant S. typhi strains harbouring IncHM 

plasmids have been isolated in Pakistan (173) and India (172). Within North America, 

drug resistant S. typhi strains have been isolated from travelers returning from South 

Asia (84).

A characteristic of IncHM and lncHI2 plasmids is that optimal conjugative transfer 

occurs between 26 °C and 30 °C, with a significant reduction in transmission frequency 

at 37 °C (189). Conjugative temperature-sensitivity within the IncHI plasmid family is 

mediated at the transcriptional level; transcriptional analysis of the prototypical IncHM
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plasmid R27 indicated that expression of multiple transfer genes is repressed at 37°C (5, 

57, 67, 78).

The complete nucleotide sequence has been determined for the IncHII plasmids 

R27 (180 Kb) and pHCM1 (218 kb), as well as for the lncHI2 plasmid R478 (275 kb) (69, 

155, 176). As expected, the regions of highest similarity between these three IncH 

plasmids are found within the plasmid backbone sequence (69). The R27 plasmid 

encodes two independent partitioning modules that ensure the faithful segregation of the 

IncH plasmid during vegetative replication (111). Analogous to the IncP plasmids, IncH 

plasmids contain two separate transfer regions (Fig. 1-1); functional and mutational 

analysis of the R27 plasmid Tra1 and Tra2 region has identified 20 genes that encode 

essential transfer proteins (108, 109, 164). The R27 plasmid encodes a coupling 

protein, an accessory to the coupling protein, two relaxosomal proteins, and 16 proteins 

that are required for the production of H-pili on the cell surface (108, 109, 164). A recent 

transcriptional study on R27 has revealed that each transfer region contains three 

operons (5).

1.4 T4SS

The Gram negative cellular envelope represents a significant barrier to 

macromolecular export or import. The combination of the inner and outer membrane with 

an intervening peptidoglycan layer necessitates the aggregation of protein complexes to 

circumvent this physical barrier. Gram negative bacteria have evolved multiple secretion 

pathways which can be classified into six groups (for review see (191)). The type IV 

secretion system (T4SS) forms a translocation conduit that enables DNA or protein 

transport into neighbouring bacterial or eukaryotic cells (for recent reviews see (34,

170)). The T4SS can be classified into three'subfamilies: conjugative systems, DNA 

uptake and release systems, and effector translocation systems (29). The components
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Figure 1-1. Circular map of the IncHM plasmid R27 (180 401bp) representing each 

ORF. The outer ORFs are transcribed in counter-clockwise direction and inner ORFs are 

transcribed in a clockwise direction. Adapted from (175).
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of the conjugative system are explained in greater detail in later sections in the 

Introduction. The DNA uptake system relates to the aforementioned natural 

transformation HGT machinery of C. jejuni and H. pylori, which are the only 

characterized competence systems based on a T4S apparatus. A DNA release system 

with homology to the T4SS is the DNA secretory apparatus encoded in the gonococcal 

genetic island (GGI) of N. gonorrhoeae (45). The third subfamily of the T4SS, the system 

enabling the translocation of effector proteins, represents an intrinsic virulence 

mechanism of several bacterial pathogens (23).

1.4.1 T4SS and Pathogenesis

The Ti plasmid of Agrobacterium tumefaciens encodes a T4SS that mediates the 

transfer of T-DNA that elicitis crown gall disease in infected dicotyledonous plants (for 

review see (33)). The A. tumefaciens VirB/D4 T4SS represents the most 

comprehensively studied translocation apparatus with the detection of numerous VirB 

protein interactions enabling significant advances to be made in resolving the 

architecture of the T4SS. In addition to T-DNA secretion, the VirB/D4 T4SS translocates 

VirF, VirE2 and VirD2 into plant cells. The role of VirF in the infective process is 

unknown, however, the VirD2 has been found to covalently bind single-stranded T-DNA 

while VirE2 is a single-stranded DNA binding protein. Transport of the T-DNA-protein 

complex into the plant nucleus results in integration and subsequent expression of 

tumour genes. This inter-kingdom genetic transfer and subsequent expression of the T- 

DNA genome represents a significant tool in the genetic manipulation of plant genomes 

(200).

A T4SS encoded within Bordetella pertussis, the causative agent of the 

respiratory disease whooping cough, mediates the secretion of assembled pertussis 

toxin subunits (subunits S1-S5) into the exterior milieu (23). The B. pertussis secretion
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system is encoded within the Ptl operon, with the ptl genes sharing considerable 

sequence similarity to the virB genes of A. tumefaciens. Whereas, B. pertussis secretes 

the pertussis toxin into the extracellular environment, the intracellular pathogen 

Legionella pneumophila requires the chromosomally-encoded T4SS, the Dot/lcm 

system, for survival within phagocytic cells (198). Direct translocation of the effector 

protein CagA into eukaryotic cell membranes has also been demonstrated with 

Helicobacter pylori (150). This translocation event is mediated by a T4SS structure that 

is encoded within the 40 kb cag pathogenicity island (30). Homologues of T4SS proteins 

have also been discovered within the genomes of Brucella spp. and Bartonella henselae 

(146, 167). Although little is known about the specific T4SS determinants encoded by 

these two pathogens, initial findings suggest that these protein complexes play an 

intrinsic role in bacterial virulence (146, 167).

A recent phylogenetic analysis of numerous plasmid and chromosome-encoded 

T4SS has revealed two significant and surprising findings (58). The ancestors of all 

chromosomally-encoded T4SS were found to be plasmid-encoded T4SS, with little 

evidence of vertical inheritance of this secretion system within chromosomal genomes. 

For example, the virB operon of Brucella is closely-related to the broad-host range 

plasmids isolated from wheat and alfalfa rhizospheres (58). A second finding of the 

phylogenetic study was that effector translocation is a function that has evolved from 

plasmid conjugative systems, a suggestion that contradicts the previously postulated 

evolutionary relationship between DNA and protein export (32). Specifically, the T4SS  

of Brucella and Bartonella are cited as pathogens that have recently acquired the 

genetic information encoding this secretion system (58).
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1.4.1 Mpf

Characterization of the IncP and IncW plasmids has focused primarily on the 

DNA processing proteins required for the conjugative process. Conversely, studies on 

the IncH have focused primarily on the proteins required for the production of exocellular 

pili; these proteins form the mating pair formation (Mpf) complex. As a paradigm for the 

conjugative plasmid, the F plasmid has had a comprehensive analysis of proteins 

required in each stage of the conjugative HGT event. The Mpf system of conjugative 

plasmids encodes a minimum of 10 proteins that form a membrane-spanning apparatus; 

this Mpf complex facilitates the production of sex pili on the cell surface which initiate 

contact with potential recipient bacteria (170). Studies on the F plasmid have indicated 

that contact of pili with recipient cells induces a retraction event that brings donor and 

recipient cells into close proximity (112). This retraction event results in the formation of 

“mating junctions” which are electron-dense regions that have been successfully 

visualized with electron microscopy (51, 166). In addition to making initial contact with 

recipients, sex pili have been proposed to initiate a mating signal that indicates when 

transfer and DNA replication should commence in donor bacteria (112). The nature of 

the signal and the Mpf proteins that transmit the signal to the cytoplasm of the donor 

cells have not been identified.

The composition of the Mpf complex in conjugative plasmids has led to the 

classification of T4SS into three subgroups: The P family, the F/H family and the I family 

(112). The primary difference between the P and F/H-type T4SS is the type of 

conjugative pili produced by each secretion apparatus; whereas F/H-type T4SS encode 

long, flexible pili the P-type T4SS encode short, rigid pili (21). The focus of this thesis will 

be on the F/H T4SS subgroup. The Mpf of the F plasmid is composed of proteins 

required for pilus tip assembly and formation (TraL, -E,-K,-B,-V,-C,-W,-F,-H). In addition 

to these proteins, the N-terminus of TraG is required for pilus assembly and formation
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(59). The C-terminus of TraG, in combination with TraN and TraU, are necessary for 

mating pair stabilization (110).

Three MPF proteins have particular interest for the scope of this thesis (Table 1- 

1). A search of the NCBI databank has indicated homology between the C terminus of 

TrhK with the outer membrane pore forming secretin family (109). Secretins are 

stabilized in the outer membrane by small lipoproteins. Within the T3SS, the secretin 

InvG only adopts a oligomeric state in the presence of the lipoprotein InvH (37). TraV  

contains a lipoprotein motif, and an interaction has been demonstrated between TraV  

and TraK (85). Together these proteins represent a conduit for the translocation of 

macromolecules across the final barrier of Gram negative organisms. Homologues of a 

third MPF component, TrhB, have also been demonstrated to have a key role in 

conjugation. This family of bitopic, periplasmic-spanning proteins contain a N terminal 

TM region that is proceeded by a proline rich domain; TrhB from the F plasmid is 

composed of 35% proline residues in the region spanning from 135-183 aa of the protein 

(7). The VirBIO protein of A. tumefaciens has recently been identified as the ATP 

sensor of the Mpf complex (124). Functional ATPases within the VirB/D4 T4SS are 

required for an interaction among VirBIO and a VirB9-VirB7 complex located in the outer 

membrane (27). The VirB9-VirB7 complex has significant homology with the F plasmid 

TrhB-TrhV complex. The secretion of macromolecules across the cellular envelope 

requires ATP hydrolysis to provide energy for a T4SS-mediated HGT event. 

Consequently, well-conserved ATPases have been identified in each genomic source 

encoding a T4SS.

1.4.2 T4SS ATPases

Three ATPases have been found with the VirB/D4 T4SS of A. tumefaciens,

VirB11, VirB4, and VirD4. A homologue of VirB11 ATPase is not encoded within the
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Table 1-1. Summary of conjugative proteins from the Ti plasmid, IncH, IncW, IncP and 

IncF plasmid families.

R27 IncHM F IncFI RP4 IncPa R388 IncW Ti

(aaa) (aa) (aa) (aa) (aa)

TrhB (452) TraB (475) Trbl (463) TrwE (395) VirBIO (377)

TrhK (410) TraK (242) TrbG (297) TrwF (192) VirB9 (293)

TrhV (316) TraV (171) TrbH (160) TrwH (47) VirB7 (55)

TraG (694) TraD (717) TraG (635) TrwB (507) VirD4 (656)

Tral (1011) Tral (1756) Tral (732) TrwC (966) VirD2 (424)

a Denotes the number of amino acids in each protein
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F/H-type T4SS, however the cag pathogenicity island of H. pylori does contain a 

homologue of this protein, HP0525, and structural studies have revealed a 

homohexameric, double-stacked ring configuration (221). The presence of a VirB11 

homologue TrbB in the P-type T4SS represents a significant difference between the P- 

type and F/H-type T4SS (112).

VirB4, a homologue of the TraC and TrhC protein from the F and H plasmid 

respectively, is the only T4SS ATPase with a structure that has not been elucidated.

TraC is predicted to be a peripheral inner membrane protein, and a fusion between GFP 

and TrhC encoded on the IncH R27 plasmid has been a powerful tool in detecting the 

location of potential Mpf complexes (67). Moreover, formation of discrete foci 

representing a TrhC-GFP complex with R27 Mpf proteins was dependent on the 

presence of TrhB, TrhE and TrhL which indicates the numerous protein interactions that 

exist within the T4SS (68). The final group of T4SS ATPases, homologues of VirD4 

from A. tumefaciens, are the coupling proteins that are present in every bacterial 

conjugative system (223).

1.5 Coupling proteins

The coupling protein plays an essential role in nucleoprotein transfer as this 

ATPase links the membrane-associated Mpf with the cytoplasmic-associated 

relaxosomal complex (for a recent review see (73)). Within the coupling protein family 

there is limited sequence similarity (~20-30%) with the most significant similarity present 

at the Walker A and B NTP-binding sequence (78). Sequence information from the 

lncHI2 plasmid R478 identified an H-type relaxosome/coupling group encoding 

relaxosomal protein (Tral), accessory protein (TraJ), and the coupling protein (TraG)

(69). This H-type relaxosome/coupling group module was identified in a number of 

genomic sources including plasmids, integrative conjugative elements (ICE), and
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chromosomes (69); the majority of these sources did not encode homologues of the 

remaining T4S proteins. Phylogenetic analysis of coupling protein homologues encoded 

within this H-type module showed a weak separation between the genomic sources of 

the coupling protein homologues (Fig. 1-2). The phylogeny suggested logical groupings 

of the IncH plasmids (R27 and R478), and Integrative elements (R391 and SXT). 

Similarly, coupling proteins

from the F plasmid and W  plasmid were grouped, as were the ATPases from the Ti 

plasmid and P plasmid (Fig. 1-2). The chromosomally-encoded coupling proteins were 

clustered together with the exception of the coupling protein from Polaromonas JS666, 

however this is consistent with the phylogenetic analysis of the TraJ modules (see 

Chapter 2).

1.5.1 Coupling protein structure and sequence similarities

In 2001, the structure of the cytoplasmic domain of TrwB was solved (72). From 

these structural data, three domains were identified within the R388 coupling protein: an 

all-a domain at the membrane-distal part of the protein, a nucleotide-binding motif 

domain, and a 70 residue N terminal domain that contains two transmembrane regions 

separated by a short periplasmic region (71, 72). TrwB forms a homohexamer, 90 A in 

height and 110 A in diameter. A central channel runs through the hexamer, with a 

diameter of -7 -8  A at the cytoplasmic side (the all-a domain) which enlarges to -2 2  A at 

the membrane-associated end (72).

Functional information about the coupling protein family may be derived from 

the structure and sequence similarities that exist between TrwB and well-characterized 

ATPases. TrwB structural data showed the greatest level of similarity to the structure of 

the a and p subunits of Fr ATPase. Axial movement of the FoF^ATPase complex is
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Figure 1-2. The coupling protein phylogeny. Distances were calculated using Dayhoff 

Matrix model and tree was constructed by neighbour-joining approach. Node values 

correspond to bootstrap values (100 replications). Coupling protein homologues 

encoded by mobile genetic elements and chromosomal sources were aligned using 

ClustalW (Gonnet matrix, gap penalty = 10, extension penalty = 0.2). The phylogenetic 

tree was generated using Mega3 software. The mobile genetic elements-encoding 

coupling protein homologes were R27 (TraG; Gen Bank accession no. NP_058332), 

R478 (TraG; Gen Bank accession no. NP_941281), R388 (TrwB; Gen Bank accession 

no. CAA44852), F (TraD; Gen Bank accession no.BVECAD), Ti (VirD4; Gen Bank 

accession no. NP_059816); RP4 (TraG; Gen Bank accession no.S22999); SXT (TraD; 

Gen Bank accession no. AAL59680 );and R391 (TraD; Gen Bank accession no. 

AAM08004).The chromosmally-encoded Coupling protein homologes were P.aeruginosa 

(TraG; Gen Bank accession no. AAP22560); H. influenzae (1056.35; Gen Bank 

accession no. CAF29043); Yersinia pseudotuberculosis (api27; Gen Bank accession no. 

CAF28501); N. gonorrhoeae (TraD; Gen Bank accession no. AAW83057); and 

Polaromonas JS666  (3865; Gen Bank accession no. EAM39962).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TraG P. aeruginosa

1056.35 H. influenzae

api27 Y. pseudotuberculosis

TraD N. gonorrhoeaa

3865 Polaromonas

TraG R478
49

TraG R27

TraD R391

TraD SXT

TrwB R388

TraD F

VirD4 Ti

TraG RP4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



responsible for the conversion of energy in mitochondria and bacteria (1). Sequence 

similarity has also been observed between coupling proteins and members of the 

SpolllE/FtsK protein family (for review see (52)). The SpolllE protein is encoded by 

Bacillus subtilis and it plays an essential role in chromosome segregation 

during sporulation (217). The FtsK protein of E. coli coordinates chromosome 

segregation with cell division (208). The similarity of coupling proteins to these DNA 

translocases has provided evidence to support a conjugative model in which the 

coupling protein actively exports DNA from the donor cytoplasm.

1.5.2 Nucleotide/ATPase activity

Biochemical analyses of coupling proteins from a number of plasmid families 

have demonstrated that these ATPases are able to bind ATP and single-stranded and 

double-stranded DNA; this DNA binding ability is non-specific (169). A recent study has 

demonstrated that TrwB from the R388 plasmid has DNA-dependent ATPase activity 

(1 &6). This ATPase activity is consistent with coupling protein mutational analyses of 

Walker A and B NTP binding motifs. Site-specific mutations within the NTP-binding 

domains of RP4 (IncP), R388 (IncW), and F (IncF) plasmids abolished conjugative 

transfer (14, 137, 169, 171). Similarly, the A. tumefaciens coupling protein VirD4 

contains essential NTP binding motifs; site-specific mutations within the Walker A 

domain of VirD4 prevented the transfer of T-DNA to T4SS proteins thereby inhibiting 

conjugation (10, 103).

1.5.3 Coupling protein interactions

In order to bring the Mpf and the relaxosome into close proximity, the coupling 

protein must interact with each multiprotein complex. An interaction between the Mpf 

component, TrhB, and the coupling protein, TraG, was recently detected in the IncHM
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plasmid R27 (66). This coupling protein-Mpf interaction between these two T4SS  

proteins was subsequently confirmed in the IncW, IncN and IncX plasmid families (124). 

Interestingly, the interaction between coupling protein and Mpf has been demonstrated 

to be non-specific. The RP4 coupling protein TraG can interact with the Mpf proteins of 

both R388 and Ti plasmids, and this interaction enables the transfer of the mobilizable 

IncQ plasmid, RSF1010 (25, 83). Notably, the RP4 coupling protein was not able to 

facilitate the transfer of the Ti or R388 plasmid implying that any interactions between 

the relaxosomes of these plasmids and the RP4 coupling protein were non-productive 

(25, 83).

Coupling protein-relaxosome interactions have been documented in the IncP, 

IncW and IncF plasmid systems. Within the RP4 conjugative apparatus, the coupling 

protein TraG was shown to interact with the cognate relaxase protein Tral, and a 

relaxase from the mobilizable plasmid pBHR1 (169,185). A coupling protein-relaxase 

interaction was also detected in the IncW system (124). Although, a similar interaction 

has not been detected within the IncF system, the relaxosomal protein TraM was found 

to interact with the coupling protein TraD (46); the C-terminus of TraD was later 

determined to be the domain that was required for the interaction with TraM (17).

1.6 Relaxosome/Accessory Proteins

In addition to the T4SS, conjugative plasmids encode relaxosomal proteins to 

process the plasmid DNA for secretion. With the exception of the relaxase, there is very 

little sequence similarity among relaxosomal proteins encoded by conjugative plasmids. 

The relaxase mediates a site- and strand-specific cleavage and joining reaction at a nic 

site which is contained within the plasmid oriT (origin of transfer). The result of this 

relaxase-mediated reaction is a covalent interaction between a conserved-tyrosine 

residue in the relaxase and the 5’ terminal end of the single-stranded plasmid DNA; a
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host-encoded DNA polymerase III initiates replacement strand synthesis in a rolling- 

circle mechanism (102, 154). Relaxases contain three conserved motifs, and it is the 

single (TraG relaxase, RP4) or double (Tral relaxase,F) paired tyrosine residues located 

within motif I that bind the nic site of their respective oriT regions (112).

Additional relaxosomal proteins, such as TraM or TraK from the F and RP4 

plasmid respectively, are required to assist in improving accessibility or stabilization of 

the relaxase-or/T complex (54, 224). Moreover, additional relaxasomal proteins may be 

instrumental in presenting the nucleoprotein complex to the T4SS via an interaction with 

the coupling protein.

1.7 Plasmid encoded barriers to HGT

Theoretically, uninhibited HGT could cause the infinite expansion of bacterial 

genomes which would inevitably lead to extinction of the species (105, 224). A potential 

explanation of why this uncontrolled genomic growth is not observed within bacteria is 

that prokaryotes have a pervasive bias towards genomic deletion rather than insertion 

(135). An alternate explanation is that there are limitations inherent in the HGT process. 

With transformation, these limitations include an inability to take up the DNA due to the 

absence of DNA uptake sequences on available DNA or a lack of sequence similarity 

between the host genome and foreign DNA thereby preventing integration (for review 

see (193)). A potential limitation to the transduction and conjugation processes is the 

restricted host range of bacteriophages and conjugative elements (193).

In addition to these HGT barriers, two processes are associated with conjugative 

elements which prevent both the redundant transmission and subsequent establishment 

of a mobile element into a recipient harbouring a similar plasmid or conjugative 

transposon. These two processes are incompatibility and entry exclusion. Incompatibility 

has been defined earlier in this Chapter. Entry exclusion is a second conjugative
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element-encoded process that represents a physical barrier to prevent redundant gene 

transfer.

1.7.1 Entry exclusion

Entry exclusion (Eex) is a process encoded by conjugative plasmids and 

integrative chromosomal elements that prevents the redundant transfer of mobile 

elements into recipients carrying isogenic or closely-related elements (143). Eex 

determinants have been described in a number of plasmids and integrative 

chromosomal elements, including RP4 (80, 81), F (59), R388 (121), Ti (119), SXT (130), 

R391 (130), and R144 (88).

Characterization of Eex determinants encoded on these mobile genetic elements 

has revealed two independent groups of Eex proteins. The first group of Eex proteins 

has been found to localize to the inner membrane. The prototypical members of this 

group are TrbK and TraS, encoded by the RP4 and F plasmids, respectively. These Eex 

determinants are not essential for conjugative transfer (59, 81), and mutational analyses 

have indicated that TrbK and TraS interact with a component of the Mpf in donor cells 

(8, 80). The involvement of a Mpf protein in the Eex phenomenon was recently 

confirmed with a study on the Eex proteins of the conjugative elements SXT and R391 

(130). The presence of the Mpf protein TraG, a homologue of the F plasmid stabilization 

protein TraG, in donor cells determined the specificity of the R391 or SXT exclusion 

event (130).

The second group of Eex proteins is exemplified by TraT of the F plasmid (for 

review, see (182). TraT is a lipoprotein that localizes to the outer membrane and has 

been demonstrated to prevent the formation of stable mating aggregates (2). 

Interestingly, the presence of TraT on the cell surface has been shown to confer serum
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resistance to the host cell (136). Due to the location and function of TraT, this F plasmid 

proteins has been labeled a surface exclusion protein.

Eex activity has been observed within IncHI and lncHI2 plasmids (188).

Recipients harbouring IncHM plasmids were able to exclude plasmids of the same IncH 

subgroup, but could only minimally exclude the lncH2 subgroup. The specific mediators 

of this phenotype in the IncH plasmids have not been identified.

1.8 Objectives

Whole genome sequencing has revealed T4SS homologues in a number of 

pathogenic organisms (23). From a medical perspective, a more disturbing finding is that 

T4SSs have an intrinsic role in the virulence of pathogens such as Brucella spp. (146). 

The coupling protein is a central member of the T4SS as it mediates an interaction with 

the relaxosome and Mpf components. With in vivo protein interaction technology, the 

coupling protein of the IncHM plasmid R27 was found to interact with the cognate Mpf 

protein TrhB. A primary objective of this thesis was to utilize similar interaction studies to 

resolve the R27 architecture that surrounds the coupling protein TraG. Functional and 

mutational analyses of the R27 transfer regions have identified the Mpf, relaxosome and 

coupling proteins which permit the mobilization of the IncH plasmid. The three putative 

relaxosome proteins, Tral, TraH and TraJ were screened for an interaction with TraG; an 

in vivo interaction was identified between the R27 coupling protein and TraJ. Further 

characterization of the TraJ-TraG has led to the reclassification of TraJ as a unique 

accessory protein to the IncH coupling protein.

A second objective was to characterize the functional domains of the R27 

coupling protein, TraG, and determine the localization of TraG within the cellular 

membranes. Through mutational analysis, we identified residues within the Walker A 

and B NTP-binding motifs that are essential for R27 conjugation. Similarly, site specific
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mutagenesis was used to determine the TraG domain that interacts with the Mpf protein 

TrhB. A TrhC-GFP fusion has enabled the visualization of R27 Mpf complexes in the 

periphery of the cellular membrane. W e sought to determine if the coupling protein 

associates with membrane in a similar distribution pattern. These localization and 

functional studies have provided evidence which can be used to revise the model for 

conjugative transfer of the IncH plasmid.

A final objective of this thesis was to determine the R27 determinants that confer 

an entry exclusion phenotype to IncH-harbouring cells. An R27 cosmid library 

representing the majority of the R27 genome was used to screen for Eex activity. The 

initial characterization of the R27 Eex proteins included determining the transcriptional 

control of the Eex genes and ascertaining their location within the bacterial cytoplasm or 

membrane. Finally, we sought to determine the specificity of the R27 Eex determinants 

by observing the Eex activity elicited when donor cells contained an R27-related or non

related plasmid. Identification and initial characterization of the R27 Eex proteins 

represents the first stages in discovering the mechanistic details of the Eex process.
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2. An Accessory Protein, TraJ, Associated with the Coupling Protein is
Unique to the H plasmid-Type Conjugative DNA Transfer System

2.1 Introduction

Bacterial conjugation is a mechanism of horizontal gene transfer. The ability of 

prokaryotic organisms to rapidly acquire DNA from surrounding bacteria within the 

environment has both evolutionary and medical implications. Conjugation is the principal 

route for the dissemination of antibiotic resistance determinants (131, 142, 206), and 

recent studies revealed that Gram-negative conjugative pili contribute to biofilm 

formation which can reduce the efficacy of antimicrobial treatment (41, 65). A multi

protein complex called the type IV secretion system (T4SS) enables the production of 

conjugative pili, which facilitate the transfer of plasmid DNA from donor to recipient 

bacteria (for reviews, see references (28, 29,110). The T4SS also plays a direct role in 

substrate transfer.

The presence of a plasmid-encoded T4SS in Salmonella enterica serovar Typhi 

has contributed to a higher incidence of antibiotic-resistant strains and subsequently 

increased the complexity of typhoid fever treatment (199). The incompatibility group HI1 

plasmid (IncHM) R27 is a large (180 kb) self-transmissible plasmid that was originally 

isolated from an S. Typhi strain (176). Using insertional mutagenesis, we have 

determined that the proteins required for R27 transfer are located in two separate 

transfer regions, Tra1 and Tra2 (108, 109). Encoded within these two regions are the 

three multi-protein complexes that are essential for conjugative transfer: the mating pair 

formation (Mpf) complex, the relaxosome, and the coupling protein.

The Mpf apparatus orT4SS of bacterial plasmids is a complex of 12 or 13 

proteins involved in the assembly of the conjugative pilus (59, 75). The pilus structure, 

following successful contact with the recipient cell, retracts into the donor cell thereby 

initiating a conjugative junction between the outer membranes of donor and recipient
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cells (51,166). The relaxosome is a DNA-protein complex containing the relaxase 

protein and accessory proteins (61). In the presence of the accessory relaxosome 

proteins, the relaxase is able to cleave the plasmid DNA at a specific sequence called 

the origin of transfer (or/T), forming a covalent bond with the released single strand of 

DNA, and interacting with the coupling protein. The coupling protein, the final 

requirement for conjugation, is the proposed link between the Mpf and the relaxosome 

(66). The crystal structure of the cytoplasmic domain of TrwB, an IncW R388 coupling 

protein, has been analyzed (72). The hexameric ring structure of TrwB resembles the 

tertiary structure of a number of P-loop ATPases such as the F1 ATPase (72). TrwB has 

since been assigned two putative roles, to couple the Mfp and the relaxosome and also 

to serve as the conduit through which the nucleoprotein travels (218).

The architecture of the Mpf-coupling protein-relaxosome complex has been 

difficult to resolve, due in part to the inability of the transmembrane apparatus to be 

viewed under light or electon microscopy. Interactions between the relaxosome and 

coupling protein have been identified in the IncW, IncP, and IncF plasmid families (46, 

124, 169). The link between the coupling protein and the Mpf has also recently been 

identified; the R27 coupling protein TraG interacts with the Mpf component TrhB at the 

cytoplasmic membrane (66). An interaction between homologues of the these two 

proteins has been identified in the IncW system (124). The multiple interactions 

occurring within the Mpf continue to be elucidated with significant advances occurring 

within the VirB system of Agrobacterium tumefaciens (for review, see reference (33).

Coupling proteins have been shown to have sequence similarity to a family of 

membrane-associated DNA translocases (52). FtsK, a member of the translocase family, 

from Escherichia coli is an ATPase that is essential for coordinating chromosome 

segregation with cell division (208). A second member of this family of proteins, SpolllE, 

is produced by Bacillus subtilis and mediates DNA partitioning during the process of
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sporulation (217). Sequence similarity was found between SpolllE and DNA transfer 

proteins (Tra) from small conjugative plasmids of Gram-positive bacteria (218). This 

similarity was located primarily within the region of SpolllE surrounding the Walker A and 

B boxes, which are essential for nucleoside triphosphate binding and hydrolysis (202). 

Biochemical studies of the coupling protein from the IncP and IncW family have revealed 

that this family of proteins bind ss- and ds-DNA non-specifically and also bind nucleoside 

triphosphates. A recent biochemical analysis of the R388 coupling protein, TrwB, has 

determined that this family of proteins are able to hydrolyze ATP in the presence of DNA 

(186). Mutations within the Walker motifs of coupling proteins from the IncH plasmid R27 

and the IncP plasmid RP4 prevented conjugative transfer (171).

The R27 coupling protein is encoded within the Tra1 region of the IncHM plasmid 

and is one of the nine genes known to be essential for conjugative transfer. Three 

essential genes in the Tra1 region, tral, traH, and traJ were shown not to be involved in 

the production of sex pili, and therefore are not components of the Mpf (108). The Tral 

protein shares homology with the relaxase family of proteins, whereas TraH contains a 

DNA-binding motif and a N terminal coiled-coil domain (108). Although initially labeled as 

a relaxosome component, TraJ contains four predicted transmembrane (TM) regions 

comprising the majority of the 220 amino acid protein. The TM regions indicate a 

membrane-association which is atypical of the relaxosome family of proteins (69). As 

TraJ does not share characteristics with either the relaxosome or Mpf proteins, TraJ was 

originally classified as a relaxosome accessory protein.

TraJ homologues from a variety of genomic sources have been identified (69), 

and an alignment of these homologues indicated that the predicted four TM domains are 

well-conserved among this family of proteins. A set of three genes encoding relaxosomal 

protein (Tral), accessory protein (TraJ), and the coupling protein (TraG) has been 

identified in each of the genomic sources encoding a TraJ homologue (69). With the
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exception of extrachromosomal agents such as R27 and R478, the TraJ-encoding 

genomes did not encode any F/H-type Mpf genes. This suggests that a module of tral-G- 

J genes can be inherited independently from the T4SS components.

The objective of the present study was to identify additional R27-encoded 

interaction partners for TraG that are not essential for conjugative pilus formation. Here 

an interaction that occurs between the coupling protein and the TraJ protein is 

described. To determine the specificity of the TraJ-TraG interaction, coupling proteins 

from the RP4, R388, and F plasmids were screened for their ability to interact with R27- 

encoded TraJ. W e extended this study to determine if the coupling proteins of these 

three plasmids could interact with the R27 Mpf protein, TrhB. Whereas all the coupling 

proteins could interact with R27-encoded TrhB, a heterologous Mpf component, the only 

specific interaction occurred between the cognate coupling protein, TraG, and its R27 

accessory protein TraJ. In addition, TraJ homologues from different genomic sources 

were tested for the ability to interact with cognate and non-cognate coupling proteins. 

Finally, this study identifies sequence similarity between TraJ and the N terminus of the 

DNA translocase FtsK which allowed a revised model for conjugative transfer of the R27 

plasmid to be proposed. The specific interaction with the coupling protein, genetic 

organization and shared homology with DNA translocases suggest that TraJ is a unique 

accessory protein that associates with the R27 coupling protein.
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2.2 Experimental Procedures

2.2.1 Bacterial Strains and Growth Conditions

E. coli strains used in this study are listed in Table 2-1. All strains were grown in 

Luria Bertani (LB) broth (Difco Laboratories, Detroit, Ml) at 37°C with shaking at 200 

RPM unless otherwise stated. Antibiotics used in this study are listed with final 

concentrations of: ampicillin (100 Mg/ml), kanamycin (50 pg/ml), tetracycline (10 pg/ml), 

rifampicin (50 pg/ml), nalidixic acid (20 pg/ml), trimethoprim (25 pg/ml).

2.2.2 DNA Manipulation and Cloning

Standard recombinant DNA methods were used as described previously (165). 

PCR products were amplified with terminal restriction enzymes added within the primer 

sequences (Table 2-2). Amplified DNA was initially cloned into pGEM-T (Promega, 

Madison, Wl) and then digested with appropriate enzymes and subcloned into the 

expression vector pMS119EH/pMS119HE or the adenylate fusion vectors, pKT25 and 

pUT18C. Restriction enzyme endonucleases were used according to the manufacturers 

specifications and digested products resolved on agarose gels.

2.2.3 Protein Expression of Coupling Proteins Homologues

A His6 tag was incorporated into the primer design for coupling protein 

amplification such that each protein contained a C-terminal histidine tag for detection of 

the recombinant proteins. Proteins were resolved on a 10% SDS-PAGE and following 

transfer to nitrocellulose membrane, a primary mouse anti-His6 monoclonal antibody 

(Invitrogen, Carlsberg, CA) and a secondary goat anti-mouse HRP antibody were used 

to probe for protein expression.
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Table 2-1. Bacteria and Plasmids Used in This Study

Bacterial Strain or 
Plasmid

Relevant Genotype, Phenotype, or Characteristic3 Source or 
Reference

E.coli
DH5a

DY330
DY330R
DY330N
BTH101

RG192 
DT1942 

Plasmids
pBAD30

pBAD30-traGFLAG

pMS119EH

pMS119EH-traGHHis

pMS119EH-traGpHis

pMS119HE-traDFHis

pMS119EH-trwBwHis

pKT25
pUT18C

pKT25-zip
pUT18C-zip

pUT18C-trhC

pUT 18C-trhB 
pUT18C-traGrR27

pUT 18C-traG 

pUT 18C-traDF

pUT 18C-trwB 

pUT 18C-traGR4 

pUT 18C-traDR3 

pUT18C-5177p 

pUT 18C-traGR:

pKT25-trhB 
pKT25-traJ R2'

pKT25-traJ

pKT25-36F

R388

R478

supE44 lacU169 (08OlacZAM15) hsdR17 recA1 Invitrogen
endA1gyrA96 thi-1 relA1
W3110 AlacU169 gal-490 Acl857 A(cro-bioA) (35)
Temperature-resistant revertant; R if (108)
Temperature-resistant revertant; Nalr (108)
F cya-99 araD139 ga!E15 ga!K16 rpsL1 {Stf) hsdR2 (101)
mcrA1 mcrB1
ara leu lac (187)
RG192 (Rif) containing pDT1942 (126)

Pbad expression vector; Para; origin of replication, Cmr (7 9 )
2.1 kbp EcoRI/BamHI-digested PCR product in pBAD30; This study 
Cmr
Expression vector; P tac -lac lq; pMB1 origin of replication; (181)
Ampr
2.1 kbp EcoRI/BamHI-digested R27 (IncH) PCR product in This study 
pMS119EH; Ampr
1.9 kbp EcoRI/BamHI-digested RP4 (IncP) PCR product in This study 
pMS119EH; Ampr
2.2 kbp H/ncflll/EcoRI-digested F (IncF) PCR product in This study 
pMS119HE; Ampr
1.5 kbp EcoRI/BamHI-digested R388 (IncW) PCR product in This study 
pMS119EH; Ampr
p15A origin of replication; encodes CyaA1- 224;Kmr (101)
ColE1 origin of replication; encodes CyaA225- 399; Ampr (101)
leucine zipper of GCN1 (BTH positive control); Krrf (101)
leucine zipper of GCN1 (BTH positive control) (101)
2.7 kbp BamH\IKpn\- digested PCR product in pUT 18C; This study 
Ampr
1.4kbp BamHI/Kpnl-digested PCR product in pUT 18C; Ampr (66)
2.1 kbp Psfl/BamHI-digested R27 (IncH) PCR product in This study 
pUT18C; Ampr
1.9 kbp Psfl/BamHI-digested RP4 (IncP) PCR product in This study 
pl)T18C; Ampr
2.2 kbp Psfl/BamHI-digested F (IncF) PCR product in This study 
pUT18C; Ampr
1.5 kbp Psfl/BamHI-digested R388 (IncW) PCR product in This study 
pUT18C;Ampr
2.1 kbp Psfl/BamHI-digested R478 (IncH) PCR product in This study 
pUT18C; Ampr
1.8 kbp Psfl/BamHI-digested R391 (IncJ) PCR product in This study 
pUT18C; Ampr
2.1 kbp Psfl/BamHI-digested Pseudomonas fluorescens This study 
PCR product in pUT18C; Ampr
2.1 kbpPsfl/BamHI-digested R27 (IncH) PCR product in (66) 
pUT18C; Ampr
1.4 kbp BamHI/Kpnl-digested PCR product in pKT25; Kanr This study
660 bp Psfl/BamHI-digested R27 (IncH) PCR product in This study
pKT25; Kanr
662 bp Psfl/BamHI-digested R478 (IncH) PCR product in This study
pKT25; Kanr
644 bp Psfl/BamHI-digested R391 (IncJ) PCR product in This study
pKT25; Kanr
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pKT25-5176Pfl0 732 bp Psfl/BamHI-digested Pseudomonas fluorescens 
PCR product in pKT25; Kan '

This study

pDT1942 derepressed transfer mutant of R27: R27 ::TnlacZ (126)
pDT2989 pDT1942 with mini::Tn10 inserted into traG (108)

pOX38 F plasmid (IncF) ::mini-Tn10, Tcr (7)
pOX38::TraD 411 Kanamycin-resistance cassette insertion in TraD of pOX38 

;Kanr
(128)

pDB126 Essential transfer proteins of RP4 (IncP); Cmr (14)
pDB127 Derivative of pDB126 with a deletion of TraG; Cmr 

IncW plasmid; Knr
(14)

R388 (25)
PSU1456 72 bp insertion in trwB of R388; Tpr ..........(25) _

a Abbreviations: Nalr, nalidixic acid resistance; R if rifampicin resistance; Tcr tetracycline 

resistance; Kmr, kanamycin resistance; Ampr, ampicillin resistance; Strr .streptomycin 

resistance; Cmr, chloramphenicol resistance; Tpr trimethoprim resistance.
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Table 2-2. Primers Used in This Study.

Primer Name Sequence (5’-3’)a Predicted 
Product Size (bp)

traG-FLAG-f TATATCTAGAATGACAAAATCAAAAAGAACCAAC 2109
traG-FLAG-r TAT AAAGCTTTT ACTT GT CAT CGTCGTCCTT GT AGT CAT GCAATTT CCTT AGAT ATTT ATTT 2109

traG-His-R27-f TATATGAATTCAATGACAAAATCAAAAAGAAC 2103
traG-His-R27-r TAT ATGGAT CCTTAAT GGT GATGGT GAT GGT GCGCAT GCAATTTCCTTAGATATT 2103
traG-His-RP4-f TATAGAATTCAATGAAGAAACCCGAAACAACGCCGTG 1926
traG-His-RP4-r T AT AGGAT CCT CAAT GGT GAT GGT GAT GGT GTAT CGT GAT CCCCTCCCCTT C 1926

traD-His-F-f T AT AGAATT CAAT GAGTTTT AACGCAAAGGAT AT GAC 2172
traD-His-F-r T ATAAAGCTTT CAAT GGT GAT GGT GAT GGT GGAAAT CAT CTCCCGGCT CAAC 2172
trwB-His-W-f T AT AGAATT CAAT GCAT CCAGACGAT CAAAG 1542
trwB-His-W-r TAT AGGATCCT CAAT GGT GAT GGT GAT GGT GGATAGTCCCCT CAACAAAGGC 1542

trhC-18C-f TAT AGGAT CCT AGAT CAGCT AACGT CTATAAT AAAG 2682
trhC-18C-r AAGGT ACCCAGGCAGCT GATTT GCT CGCAAC 2682
trhB-18C-f TATAGGATCCAGACATTAAAAAGGCCTGGGAAAATAAAAC 1359
trhB-18C-r TATAGGTACCGCGCGGCTTGTCAGGTTTGTAG 1359

traG-18C-R27-f TATACTGCAG G AC AAAAT C AAAAAG AAC CAAC 2085
traG-18C-R27-r TAT AGGAT CCT CAAT GCAATTTCCTT AGAT 2085
traG-18C-RP4-f TATAGGATCCCAAGAACCGAAACAACGCCGTG 1908
traG-18C-RP4-r TATAGGTACCCGTATCGTGATCCCCTCCCCTTC 1908

traD-18C-F-f TAT AGGAT CCCAGTTTT AACGCAAAGGAT AT G 2154
traD-18C-F-r T AT AGGT ACCCGG AAAT CAT CTCCCGGCT CAAC 2154
trwB-18C-W-f T AT ACTGCAGGCAT CCAGACGAT CAAAGAAAG 1524
trwB-18C-W-r TATAGGATCCTTAGATAGTCCCCTCAACAAAGGC 1524

trhB-25K-f TATAGGATCCCCGACATTAAAAAGGCCTGGGAAAATAAAAC 1359
trhB-25K-r TATAGGTACCGCGCGGCTTGTCAGGTTTGTAG 1359

traJ-R27-25K-f T AT ACT GCAGGCGCT GCGGAT AATT CT GCT CGT G 663
traJ-R27-25K-r T ATAGGAT CCT CACAT AAGTTTTT GAAAGTT AG AC 663
traJ-R478-25K-f TATACTGCAGGCGCTGCGGATAATACAAGCAG 663
traJ-R478-25K-r TATAGGAT CCT CACAT G AGTTTTT GAAAGTT AG AC 663
36-R391-25K-f T AT ACT GCAGGCTTT GGCAT GAGC AAGC AT AAG 645
36-R391-25K-r TATAGG ATCCTC ATAT CTT CTTCTG C AAGT GAC 645

5176-P.fto.-25K-f T AT ACT GCAGGCGCGACTT CCGCCC AGAAC ACG 732
5176-P. flo.-25K-r T ATAGGATCCT CAG AGAT ATTT CTT AAAT GT ACTT GC 732
traG-R478-18C-f T AT ACT GCAGGT CAGATTCGAAGAGGACTAAC 2085
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traG-R478-18C-r T ATAGGAT CCT CAAT GC AACTT C CTTAG AAATTT A 
traD-R391- 18C-f TATACTGCAGGAAAGAAAACGCATACGAAATGC 
traD-R391-18C-r TATACTGCAGGAAAGAAAACGCATACGAAATGC 
5177-P.flo.-18C-f TATATCTAGAGGCCGAGCATGCAATGGAGTCCAAG 
5177-P.flo.-18C-r TATAGGTACCTCACCCCACCTGATCCAGATCGAAG

a Underlined sequences denote restriction enzyme cleavage sites.

2085
1821
1821
2106
2106



2.2.4 Conjugation Assay

Liquid mating: Complementation experiments with R27 were performed as 

described previously (108, 189). Briefly, E. coli strain DY330R containing either wild type 

R27 plasmid or an R27 plasmid containing a mini:Tn10 insertion located within the 

coupling protein gene, traG, (pDT2989) was grown at 28°C. DY330N recipient cells were 

also grown at 28°C. The traG mutation in R27 was complemented by transforming donor 

cells with either pMS119EH or pMS119HE encoding coupling proteins from the F, RP4, 

R388 and R27 plasmid. Upon reaching an OD600 of 0.5-0.7, donor cells containing the 

pMS119EH/HE expression vector were induced for 1 hour with IPTG (isopropyl-(3-D- 

thiogalactoside) at a final concentration of 0.4 mM. The transmission frequency into 

DY330N cells of pDT2989 was measured as transconjugants per donor. Donor and 

recipient cells were incubated for 16 hours at 28°C.

Complementation experiments with the F plasmid were performed as described 

above with the exception of the temperature of conjugal transfer. Instead donor and 

recipient cells were grown at 37°C, and mating experiments were incubated at 37°C for 

16 hours.

Solid mating: Conjugative transfer of RP4 and R388 plasmids were performed as 

described previously (21). Briefly, donor cells (DY330R + RP4 or R388) were mixed with 

recipient cells (DY330N) and plated on pre-warmed LB plates for 1 hour at 37°C. Cells 

were harvested with LB broth and brought up to a volume of 3 mL. Complementation of 

coupling protein mutations in R388 and RP4 were performed as described above.

2.2.5 Bacterial Two-Hybrid (BTH)

Each conjugative transfer protein of interest was fused to the catalytic domain of 

adenylate cyclase from Bordetella pertusis via cloning into the BTH vectors, pKT25 and
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pUT18C. Plasmids encoding fused proteins were co-transformed into competent 

BTH101 cells and plated on LB plates with X-Gal (5-bromo-4-chloro-3-indolyl-p-d- 

galactopyranoside) at a final concentration of 100 ug ml'1, and for selection the plates 

contained ampicillin and kanamycin. Cultures were grown at 30°C for 40-48 hours or 

until the colonies expressing the leucine zipper positive control became dark blue in 

colour due to the degradation of the chromogenic substrate X-Gal. For each interaction, 

two colonies were streaked on to the above media and grown at 30°C for 16 hours.

These colonies were used to inoculate a 20 mL volume of LB with ampicillin and 

kanamycin selection and grown at 30°C for 16 hours at 250 RPM. The (3-galactosidase 

activity of each culture was measured using the Miller assay as described previously 

(134). Negative values of p-galactosidase activity were represented as 0 Miller units.

2.2.6 Immunoprecipitation

Immunoprecipitation of R27 transfer proteins was performed as described 

previously (66). DH5a cells containing plasmids pUT18C-TraJ, pUT18C-TrhB or 

pUT18C-TrhC were all co-transformed with pBAD30-TraGFLAG for the interaction studies. 

Cells were induced at mid-log growth phase (OD6oo 0.5-0.7) with 0.4 mM IPTG and 0.2%  

arabinose for 1 hour prior to cell lysis. After the cleared lysate was separated on 10% 

SDS-PAGE, proteins were transferred to nitrocellulose and probed with the anti

adenylate cyclase monoclonal antibody, 3D1 (List laboratories). This monoclonal 

antibody is specific for the distal portion of the adenylate cyclase catalytic domain (amino 

acids 377-399) (117).

2.2.7 Phylogenetic analysis

The sequences of TraJ and protein homologues were aligned using ClustalW 

(Gonnet matrix, gap penalty=10, extension penalty=0.2) (194). A phylogenetic tree was
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constructed using a p-distance model from the neighbor-joining algorithm of MEGA3 

(104). To test the statistical significance of the tree, 100 bootstrap samples were 

generated from the TraJ alignment data. The bootstrap values were similar when a 

complete deletion or pairwise deletion method was utilized.

A second tree was generated from a ClustalW alignment of full-length and 

truncated TraJ homologues from mobile genetic elements and chromosomal sources, 

respectively. The N terminal 30 amino acids (aa) were removed from chromosomally- 

encoded TraJ homologues found in Haemophilus somnus (ZP_00123133),

Xanthomonas axonopodis pv. citri (NP_642577), Pseudomonas fluorescens 

(ZP_00087889), Burkholderia fungorum (ZP_00030777), Pseudomonas aeruginosa 

(AAN62289), Yersinia pseudotuberculosis ( CAF28502), and Erwinia carotovora 

(YP_048677.1). For the alignment, full-length TraJ homologues were utilized from the 

plasmid-encoded sources R478 (CAE51739), R27 (NP_058330), R391(AAM08039), 

pCAR1 (NP_758667), Rts1 (NP_640164). Full length TraJ homologues were also used 

from the conjugative transposon SXT (AAL59721) and the Polaromonas sp. JS666 

(ZP_00363614, where the Polaromonas sp. JS666 coding sequence PJS6w01001858 

has been reannotated from the NCBI entry to include 29 additional codons and an 

alternate start codon). The ClustalW alignment of these sequences was used to 

generate a phylogenetic tree using the same parameters as described above.

2.2.8 Web-based computer programs

PSI-Blast (http://www.ncbi.nlm.nih.gov/BI_AST/); ScanProsite 

(http://au.expasy.org/tools/scanprosite/); TMHMM 

(http://www.cbs.dtu.dk/services/TMHMM-2.0/); ClustalW

(http://www.ebi.ac.uk/clustalw/);and EMBOSS pairwise local alignment (Blosum40 

matrix, gap penalt =10, extension penalty=0.5; http://ebi.ac.uk/emboss/align/) were used.
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2.3 Results

2.3.1 In vivo Detection of the R27 TraG and TraJ Interaction

We have previously used the bacterial two-hybrid (BTH) system to screen for 

interactions between the R27 coupling protein, TraG, and a number of R27 Mpf proteins 

(66). In this study, we screened for interactions between the coupling protein and 

transfer proteins that were not essential for the production of IncH pili (108). The R27 

relaxosomal genes fra/, traH, and the sole remaining Tral-encoded non-MPF gene traJ, 

encoding a putative membrane-associated transfer protein, were each cloned into the 

pUT 18C BTH vector. The R27 coupling protein gene traG was cloned in the appropriate 

reading frame of the pKT25 plasmid and the resulting gene product, TraGAC25,was a 

fusion between the 78 KDa coupling protein and the C terminal 25 kDa region of the 

adenylate cyclase catalytic domain. Screening for pairwise interactions using the BTH 

system did not detect interaction between the R27 coupling protein and the R27 

relaxase Tral or the relaxosome component TraH. However, co-transformation of R27 

TraJAci8 with TraGAC25 allowed for functional complementation of the B. pertussis 

adenylate cyclase domains. The adenylate cyclase activity was initially monitored by 

plating transformed BTH101 cells onto media containing X-Gal. More than 99% of the 

colonies containing TraJAd8 with TraGAC25 were blue within 48 hours of plating. The BTH 

positive control (vectors containing leucine zippers) showed similar blue colonies, 

whereas the BTH101 cells containing empty BTH vectors were white. A standard Miller 

assay was used to quantify P-galactosidase activity (Figure 2-1). The in vivo interaction 

between TraJ and TraG was found to produce higher levels of p-galactosidase activity 

than the activity produced by the interaction of the BTH positive control (leucine zipper) 

(Figure 2 -1 ).
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Figure 2-1. In vivo bacterial two-hybrid interactions between the R27 coupling protein, 

TraG, and R27 transfer proteins TraJ and TrhB. Conjugative proteins were fused with 

adenylate cyclase domains and co-produced in BTH101. The BTH controls are BTH101 

cells containing pUT18C and pKT25 (negative control), and pUT18C-leucine zipper with 

pKT25-leucine zipper (positive control). Liquid cultures of transformed BTH101 cells 

were analyzed for (3-galactosidase activity using a Miller assay (134). A representative 

experiment is shown.
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The R27 coupling protein TraG and R27-encoded TraJ, both contain multiple, 

well-conserved predicted TM domains (69, 73). To ensure that this interaction was not a 

non-specific interaction of membrane-associated proteins caused by over-expression of 

R27 transfer proteins, the R27 virB4 homologue trhC was cloned into the BTH vector 

pUT18C. The VirB4-family of proteins are well-characterized, inner-membrane 

associated ATPases (for review, see reference (100). When TraGAc25 was co

transformed with TrhC Aci8 into BTH 101 and plated on media containing X-Gal, >99% of 

the colonies were white after 48 hours of incubation. The inability of TrhC to interact with 

TraG implies that the productive TraG-TraJ interaction is not simply due to predicted co

localization of transfer proteins at the cytoplasmic membrane.

2.3.2 Immunoprecipitation of a TraG and TraJ complex

To confirm the interaction between the R27 coupling protein and accessory 

protein, TraJ, we purified R27 tagged-protein complexes using an immunoprecipitation 

technique. The C terminus of TraG was fused with a FLAG tag, an octopeptide of Asp- 

Tyr-Lys-Asp-Asp-Asp-Asp-Lys. In the presence of sepharose beads labeled with anti- 

FLAG antibody, the TraJACi8 construct was precipitated by TraGFlAG (Figure 2-2A). The 

monoclonal antibody 3D1, which recognizes an epitope in the 18 kDa adenylate cyclase 

fragment of B. pertussis, detected precipitated TraJ ACi8 in the presence of 

TraGFLAG(117). The labeled-sepharose beads were unable to precipitate TraJ ACie when 

TraGFLAG was omitted from the immunoprecipitation experiment (Figure 2-2A). This 

ensured that the R27 accessory protein, TraJ, was not bound non-specifically by a 

component of the immunoprecipitation reaction. The precipitation of a TraG-TraJ 

complex confirmed the BTH data in which the R27 coupling protein interacted with the 

non-Mpf protein, TraJ. To ensure that the TraG and TraJ interaction is not due to over

expression, the VirB4 homologue from R27, TrhCAC18, was included in an

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2-2. Co-immunoprecipitation of an IncH R27 TraJ-TraG complex .

A) The cellular lysates of DH5 a cells expressing TraJAcis and TraGpLAG were mixed with 

M2 anti-FLAG affinity gel beads, washed, and resolved with 10% SDS-PAGE. After 

transfer to nitrocellulose, the samples were probed with the anti-adenylate cyclase 

monoclonal antibody 3D1. As a control for non-specific precipitation of TraJAci8, a 

cellular lysate containing only TraJACis protein was mixed with M2 anti-FLAG affinity gel 

beads and resolved as described above.

B) TrhCAC25 and TraGFLAlG were co-expressed in DH5a and the cellular lysate (CL) was 

resolved by 10% SDS-PAGE, transferred to a nitrocellulose membrane and probed with 

monoclonal antibody 3D1. The cell lysate was then incubated with M2 anti-FLAG affinity 

gel beads and resolved, as above, to obtain an immunoprecipitate sample (IP).
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immunoprecipitation experiment with TraGFys,G. The BTH study had indicated that these 

two R27 predicted membrane-associated proteins did not interact (see above). Although 

the TrhCAci8 was soluble and detectable in the conditions prior to immunoprecipitation 

(Figure 2-2B, cleared lysate), TraGFLAG was unable to precipitate TrhCAci8 (Figure 2-2B, 

immunoprecipitation). Furthermore, the inability of the R27 coupling protein to interact 

with TrhCACi8 confirms that the interaction of TraJACis and TraGFLAG is not due to non

specific interaction between the 18KDa adenylate cyclase domain and TraGFLAG.

2.3.3 Coupling Proteins Determine the Specificity of Interactions with T4SS and 

Relaxosome/Accessory Components.

Recent studies on the coupling proteins and VirBIO homologues from the IncW 

R388 plasmid, IncN plasmid pKM101, and IncX plasmid R6K, demonstrated that each 

coupling protein was able to interact with cognate and heterologous VirBIO proteins 

(124). To expand upon this study, the coupling proteins from the conjugative plasmids 

R27 (IncH), RP4 (IncP), F (IncF), and R388 (IncW), were cloned into the pUT18C vector 

from the BTH system. When each coupling protein was co-transformed into BTH101 

cells in the presence of R27 Mpf component TrhBAC2 5 , the in vivo interaction data 

showed that successful interactions were obtained between each coupling protein and 

the R27 VirBIO-homologue, TrhB (Figure 2-3A). The strength of the interactions 

between the coupling proteins and TrhB were similar in activity to the levels produced by 

a leucine zipper interaction which represented the BTH positive control. The interaction 

between TraGRP4 and TrhB showed p-galactosidase activities that consistently were 

greater than the levels produced by the interaction between non-cognate TraDF and 

TrwBw with TrhB. However, the high levels of p-galactosidase activity produced by the 

interaction of each non-cognate coupling protein with TrhB was remarkable given the 

lower levels of overall homology shared between members of the coupling protein
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Figure 2-3. Bacterial-two hybrid interaction data demonstrating the diversity and 

specificity of protein interactions associated with R27 relaxosome protein, TraJ, the R27 

Mpf protein, TrhB, and the coupling proteins from IncH (R27), IncF (F plasmid), IncP 

(RP4) and IncW (R388) plasmids. The BTH plasmid, pKT25, was used to construct IncH 

R27-adenylate cyclase fusion proteins, TraJAc25H and TrhBAc25H ■ The coupling protein 

homologs were cloned into pUT18C, resulting in the expression of TraGACi8H, TraD ACi8F, 

TraG AC18P and TrwBACisW Protein interaction was determined by assaying for the (3- 

galactosidase activity produced by co-expression of A) TraJAc25H or B) TrhBAC25H with 

TraGACi8H, TraD ACi8F, T raG ACisPand TrwBACisW • The BTH controls are BTH101 cells 

containing pUT18C and pKT25 (negative control), and pUT18C-leucine zipper with 

pKT25-leucine zipper (positive control). A representative experiment is shown.
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family. The coupling proteins from the RP4, R388 and F plasmids had similar levels of 

sequence similarity with TraGR27: TraGRP419.6% identity over alignment length of 749, 

TraDF 19.5% identity over alignment length of 845, and TrwBR388 20.1% identity over 

alignment length of 750.

As the interface between coupling protein and Mpf is proposed to occur at the 

cytoplasmic membrane, an interaction was sought between the putative membrane- 

associated accessory protein TraJ and the non-cognate coupling proteins TraGRP4,

TraDF, and TrwBR388. These BTH studies should indicate if the lack of specificity in the 

coupling protein-Mpf interaction extended to the interaction between the coupling protein 

and TraJ. Notably, the only in vivo interaction that was detected using the BTH 

technology was a strong interaction between the R27 coupling protein and the R27 TraJ 

protein (Figure 2-3B). The coupling proteins from the RP4, R388, and F plasmids were 

unable to interact with the TraJ protein, as the p-galactosidase measurements for these 

interactions gave only background p-galactosidase levels.

Using insertional mutagenesis studies on the transfer region 1 (Tra1) of R27,

TraJ was determined to be essential for conjugation (108). As the three non-cognate 

coupling proteins, TraGRP4, TraDF, and TrwBR388 could not interact with TraJ in a BTH 

screen, it appears likely that these three non-cognate coupling proteins would not be 

functionally interchangeable with the R27 coupling protein T raG R27. Conversely, these 

heterologous coupling proteins may be able to interact with the R27 relaxosome 

components TraH orTral, or to bind the single-stranded R27 DNA directly. As these 

coupling proteins can interact with the R27 Mpf structure, a successful interaction with 

the relaxosome may be sufficient to enable complementation of R27 containing a traG 

mutation. DY330R cells containing R27 harbouring a mini-TnfO insertion in traG were 

transformed with the expression vector pMS119EH/HE expressing C-terminal His 

tagged TraGR27, TraGRP4, TraDF, and TrwBR388. Immunoblot analysis confirmed
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expression of each coupling protein (Figure 2-4). The coupling protein from R27,

TraGR27, was the only protein that restored conjugative transfer of the R27 traG mutant 

(Table 2-3). RP4, R388, and F plasmids harboring coupling protein mutations, were 

successfully complemented by the pMS119EH/HE vectors expressing their cognate 

coupling proteins (Table 2-3). The complementation levels did not reach wild type 

transfer frequency in each case, which may be due to interference in protein interactions 

caused by the C terminal histidine tag (169).

These results suggest that the TraJ accessory protein is specific for the H-type 

coupling protein and although non-cognate coupling proteins are able to interact with the 

H-type T4SS, the heterologous coupling proteins could not complement R27 harbouring 

a mutation in the coupling protein. The diversity of coupling protein interaction with the 

T4SS and the specificity of the coupling protein accessory protein and relaxosome 

interaction has been schematically represented in Figure 2-5.

2.3.4 Functional Co-Inheritance of TraJ and TraG Homologues.

Recent sequence and bioinformatic analyses of the lncHI2 plasmid R478 

revealed that an H-type relaxosome/coupling group consisting of tral, traG, and traJ 

homologues is present in a number of genomic sources (69). This H-type group has 

been located in genomes that do not encode any well-conserved H-type Mpf 

components, indicating that tral-traG-traJ comprise a module that was inherited 

independently from T4SS genes. Phylogenetic analysis of TraJ homologues encoded 

within this co-inherited module has revealed three families of TraJ proteins (Figure 2-6). 

Notably, there is a clear separation on the phylogenetic tree between the TraJ 

homologues encoded on chromosomes (Family 1) and the homologues encoded on 

plasmids and the conjugative transposon SXT (Family 2 and 3). The single exception to 

this is the TraJ homologue,
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Figure 2-4. Expression profile of coupling proteins from the R27, RP4, R388 and F 

plasmids from the IncH, IncP, IncW and IncF families, respectively. DY330R cells 

harbouring the R27 plasmid containing a transposon insertion in the traG gene, 

pDT2989, were co-transformed with pMS119EH encoding the coupling proteins from the 

aforementioned plasmid families. The cellular lysates of the IPTG induced, co

transformed cells were resolved by 10% SDS-PAGE and transferred to a nitrocellulose 

membrane. The C-terminal His-tagged TraGR27(78 kDa), TrwBR388 (56 kDa), TraDF(82 

kDa), TraGRP4 (70 kDa) proteins were detected by monoclonal anti-His antibody.
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Table 2-3. Conjugation results from complementation experiments of coupling protein 

mutations with cognate and non-cognate coupling proteins.

Expression Vector 
Containing Coupling 

Proteins b

Transfer Frequency3

Complementation of R27 
traG Mutation0

Complementation of 
Cognate Coupling Protein 

Mutationsd
traGR27 2.3x1 O'2 (5%) NA
traGRP4 <1x1 O'7 1.7x1 O'2 (6%)
traDF <1x1 O'7 2.2x1 O'2 (3%)
trwBR388 <1x1 O'7 2.0x1 O'1 (30%)

a Transfer frequency expressed as transconjugants per donor. The experiment was 

repeated in two independent experiments. NA, not applicable.

b Expression vector, pMS119EH, was transformed into cells containing respective donor 

plasmids, which were then induced for 1 hour at a IPTG concentration of 0.4 mM.

0 Mutations were introduced into traG using CAT cassette insertional mutagenesis, 

deletions or site-specific mutagenesis as described in Materials and Methods. The 

average transfer frequency of R27 is 4.4x1 O'1, and a traG mutation showed no 

detectable levels of conjugation (<1X1 O'7).

d The average transfer frequency of RP4 is 2.8 X 10'1, F is 7.4x1 O'1, and R388 is 

6.6x1 O'1, and mutations of the coupling protein genes from each respective plasmid 

resulted in no detectable levels of conjugation (<1x10"7).
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Figure 2-5. Summary of protein interactions between VirB10-homolog TrhB (red), 

coupling proteins (blue), relaxosome proteins (green), and the coupling protein 

accessory protein (purple). Lower-case letters indicate incompatibility group. Solid and 

dotted arrows indicate interactions identified in this study and previously described 

interactions(46, 124, 171), respectively.
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Figure 2-6. The TraJ protein phylogeny. The bootstrap support values of the 

phylogenetic tree are from the p-distance neighbor-joining method. Boxed sequences 

denote the genes used in BTH studies. Accession Nos. R478 (CAE51739), R27 

(NP_058330), SXT (AAL59721), R391 (AAM08039), pCAR1 (NP_758667), Rts1 

(NP_640164), Polaromonas sp. JS666 (ZP_00363614, *note: the Polaromonas sp. 

JS666 coding sequence PJS6w01001858 has been reannotated from the NCBI entry to 

include 29 more codons and an alternate start codon), Haemophilus somnus 

(ZP_00123133), Xanthomonas axonopodis pv. citri (NP_642577), Pseudomonas 

fluorescens (ZP_00087889), Burkholderia fungorum (ZP_00030777), Pseudomonas 

aeruginosa (AAN62289), Yersinia pseudotuberculosis ( CAF28502), and Erwinia 

carotovora (YP_048677.1).
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PJS6w01001858, encoded from Polaromonas sp. JS666. The Polaromonas TraJ- 

homologue is grouped within Family 2, with the IncH plasmids, R27, and R478. The 

NCBI database reference for Polaromonas (NZ_AAFQ01000004) simply describes the 

molecular type as genomic DNA. Furthermore, all of the TraJ-homologues encoded from 

a chromosomal source have an additional approximately 30 aa at the N terminus of the 

protein. The only chromosomal-encoded TraJ homologue that does not contain this N 

terminal addition is from Polaromonas sp. JS666. A phylogenetic tree was generated in 

which the N-terminal 30 aa domain was removed from each chromosomal-encoded TraJ 

homologue, and there was no difference observed in the protein grouping.

To ascertain if an interaction between the coupling protein and accessory protein 

was a common feature within this module of tral-G-J genes, we selected representative 

TraJ homologues from each of the three Families. Four TraJ homologues encoded on 

R27 (Family 2), R478 (Family 2), R391 (Family 3), and the Pseudomonas fluorescens 

chromosomal DNA (Family 1) were cloned into the BTH vector pKT25. The coupling 

protein homologues encoded on each genomic source were subsequently cloned into 

the BTH vector, pUT18C. The in vivo interaction data clearly demonstrate that the 

cognate TraJ-TraG interaction from each distinct genomic source is conserved (Figure 

2-7). The diversity of this TraJ-TraG interaction was characterized by using the BTH 

technology to determine if non-cognate TraJ homologues would interact with each 

coupling protein homologue. As expected, the highly related IncH plasmids, R27 and 

R478 (Family 2), encoded TraJ homologues which were interchangeable in interactions 

with their coupling proteins (Figure 2-7). The R391 plasmid-encoded TraJ (Family 3) and 

TraG homologues were not able to interact with the respective proteins from the three 

other genomic sources. Intriguingly, the coupling protein homologue from the P. 

fluorescens genome showed a strong interaction with TraJ from R27 (Family 2). In 

contrast, there was no evidence of
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Figure 2-7. Bacterial two-hybrid data demonstrating the conservation of the interaction 

between TraJ and TraG homologs. The traJ homologous genes from R27, R478, R391 

and Pseudomonas fluorescens (Pfl) were cloned into the BTH plasmids pKT25. The 

traG homologous genes from the same genomic sources were cloned into pUT18C and 

co-transformed into BTH 101 in a pairwise combination with each pKT25-TraJ construct. 

The BTH controls are BTH101 cells containing pUT18C and pKT25 (negative control), 

and pUT18C-leucine zipper with pKT25-leucine zipper (positive control). Liquid cultures 

of BTH 101 containing the BTH vectors were analyzed for p-galactosidase activity using 

a Miller assay (134). A representative experiment is shown.
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an interaction with the opposite configuration, in which TraG from R27 was tested with 

the P. fluorescens TraJ homologue (Family 1).

2.4 Discussion

The Type IV secretion system (T4SS) can be classified into three subfamilies: 

the effector translocation system, the DNA uptake and release system, and the 

conjugative system (29). The conjugative system is often encoded on self-transmissible 

plasmids residing in Gram-negative and Gram-positive bacteria. Determining the 

architecture of plasmid-encoded T4SS has been the focus of recent studies on 

incompatibility group F, W, P, and H plasmids. A bacterial-two hybrid (BTH) screen 

using the T4SS proteins of the IncHH plasmid R27 revealed an interaction between the 

coupling protein, TraG, and mating pair formation (Mpf) complex protein, TrhB (66).

Here, we extend the investigation to resolve the conjugative architecture surrounding the 

R27 coupling protein. BTH in vivo technology was used to detect interactions between 

the R27 coupling protein and three essential transfer proteins, TraJ, TraH, and Tral, 

which are not involved in conjugative pili formation. An in vivo interaction was detected 

between TraG and TraJ, and subsequently confirmed using an immunoprecipitation 

technique. The characterization of the Tra1 region of R27 determined that TraJ is 

essential for IncH plasmid transfer but as TraJ is not required for pili formation, it was 

initially identified as a relaxosome protein (108). Subsequent analysis of TraJ has 

revealed four predicted TM domains that are well-conserved among the numerous TraJ 

homologues, indicating a membrane-association that is dissimilar to the cytoplasmic- 

associated relaxosome proteins. Furthermore, the discovery that TraJ is able to interact 

with the membrane-associated R27 coupling protein has led to the re-classification of 

TraJ as a coupling protein-accessory protein.
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The requirement of an accessory protein by a coupling protein has to our 

knowledge not been reported previously. A corresponding accessory protein, containing 

multiple TM domains is not present in the well-characterized conjugative plasmids F,

RP4, or R388. The Mpf of the IncH and IncF plasmids are related and have recently 

been grouped as F-type (110); the presence of an accessory protein encoded by the 

IncH plasmid R27 represents a distinct separation between these two systems. 

Furthermore, our BTH screen revealed that the coupling proteins encoded by the F,

RP4, and R388 plasmids were not able to interact with the R27 accessory protein, TraJ, 

indicating that coupling protein-accessory protein interaction is highly specific.

A direct interaction between the relaxase, a relaxosome component found in all 

self-transmissible plasmids, and the coupling protein has been demonstrated with RP4 

and R388 plasmids from the incompatibility group P and W  plasmid families, respectively 

(124, 169). Conversely, the coupling protein from the F plasmid, TraD, has only been 

found to interact with relaxosomal component TraM (46). An interaction between TraD 

and the F plasmid relaxase, Tral, has not been detected although attempts have been 

made to find this interaction (L.S. Frost, personal communication). A potential deficiency 

of the BTH system is the steric interference that may be caused by the fusion of the 

Bordetella pertussis adenylate cyclase domains to the proteins under study. Therefore, 

additional interaction techniques are required to confirm the lack of an interaction 

between R27-encoded TraG and Tral, prior to concluding that the R27 plasmid is more 

F-like than P-like with respect to the coupling protein-relaxosome interaction.

Complementation of conjugative plasmids containing coupling protein mutations 

by non-cognate coupling proteins has indicated that the Mpf-coupling protein interaction 

is non-specific (25, 83, 124). TraG, encoded on the IncP RP4 plasmid, has been found 

to functionally interact with the T4SS of the Ti plasmid in the mobilization of the IncQ 

plasmid RSF1010 (83). Furthermore, the RP4 coupling protein can interact with the

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IncW R388 Mpf proteins to facilitate the mobilization of RSF1010 (25). In both studies, 

however, TraG was unable to mobilize the Ti plasmid or R388 plasmid, implying that the 

coupling protein was unable to interact with non-cognate relaxosomal proteins. In a 

recent study, the coupling proteins from the IncW, IncN, and IncX families were 

discovered to interact with cognate and heterologous Mpf proteins (124). Notably, the 

specificity within the conjugative system was determined to exist between the coupling 

protein and the relaxosome; the coupling protein from the IncN plasmid, pKM101, could 

not interact with the R388 relaxosome component TrwA (124).

We have expanded these studies to include the RP4, R388, F, and H plasmids. 

TrhB is an R27 Mpf protein and a well-conserved VirBIO homologue. W e determined 

through BTH analysis that this Mpf protein could interact with the coupling proteins from 

the RP4, R388, F, and H plasmids. The strength of the interactions between non

cognate coupling proteins and TrhB, as determined by a Miller assay showed similar 

levels but the interaction between TrhB and TraGRP4 consistently yielded Miller units in 

excess of the BTH positive control. The strength of the interaction may not be surprising 

given the ability of the RP4 coupling protein to interact with the Mpf proteins of the Ti and 

R388 plasmids. The interaction between TraGRP4 with such a diverse array of Mpf 

systems may represent an additional tool that facilitates the transmission and 

maintenance of the IncP plasmid in a broad host range of bacteria (153).

A module consisting of three genes, tral-traG-traJ, has been found to be present 

in a number of genomic sources, including a conjugative transposon, plasmids, and 

chromosomes (Fig. 2-8A) (69). A phylogenetic analysis of TraJ homologues revealed a 

clear separation of those accessory proteins encoded on the conjugative transposon 

(SXT) and plasmids (R27, R478, R391, pCAR1, Rts1), and proteins encoded on the 

chromosomes (Polaromonas sp. JS666, Haemophilus somnus, Xanthomonas 

axonopodis pv. citri, Pseudomonas fluorescens, Burkholderia fungorum, Pseudomonas
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Figure 2-8. A) Genetic organization of the traJ and traG homologous sequences from 

five plasmids (R27, R478, R391, pCAR1, Rts1), one conjugative transposon (SXT), and 

eight chromosomes (Polaromonas sp. JS666, Haemophilus somnus, Xanthomonas 

axonopodis pv. citri, Pseudomonas fluorescens, Burkholderia fungorum, Pseudomonas 

aeruginosa, Yersinia pseudotuberculosis and Erwinia carotovora). The traJ and traG 

homologous sequences are shown as green and blue arrows, respectively. The source 

of the genes is shown on the left with the gene prefix in parentheses (example: the R27 

gene ‘G ’ corresponds to ‘traG’) .

B) Schematic representation of the homology shared by R27-encoded TraG and TraJ 

proteins with an FtsK DNA translocase, Schewanella oneidensis MR-1 (NP_717901). 

Arrows indicate the region of FtsK to which the R27 transfer proteins share the greatest 

level homology. The level of this homology is represented as a percent identity with the 

alignment length represented in parentheses, as determine by EMBOSS pairwise local 

alignment. TM regions are indicated by hatched regions as predicted by TMHMM. The 

yellow boxes indicate Walker A boxes as determined by ScanProsite; the white boxes 

indicate putative Walker B boxes predicted by similarity to the Walker B motif (R/K-X(7- 

8)-h(4)-D) (201).
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aeruginosa, Yersinia pseudotuberculosis, and Erwinia carotovora). The major exception 

to this phylogenetic separation is the TraJ homologue encoded on Polaromonas. All of 

the chromosomally-encoded TraJ homologues, except the TraJ encoded on 

Polaromonas, were grouped into Family 1 of the phylogenetic tree. The TraJ homologue 

from Polaromonas was grouped in Family 2 with the IncH plasmids R27 and R478. In 

addition, with the exception of Polaromonas all of the TraJ homologues encoded on 

chromosomes were larger than the homologues encoded on the plasmids or conjugative 

transposon. Sequence alignments revealed an N terminal 30 amino acid region that was 

present on the TraJ homologues from the chromosome genomic sources.

Another significant difference between Polaromonas and six of the seven 

chromosomes under study was the presence of an open reading frame (ORF) between 

the traG and traJ homologues (Fig. 2-8A). H. somnus also contained an ORF between 

the two homologueous genes. Together, there is evidence to suggest that the tral-traG- 

traJ module present in the Polaromonas species phylogenetic analysis indicates that the 

genomic source of this module may be a plasmid, although this was not indicated in the 

initial draft assembly of the Polaromonas genome.

Notably, we observed that a genomic source containing an R27 traJ homologue 

always contained a traG homologue in close proximity (<1.5 kb).This co-inheritance 

yielded proteins that retained the ability to interact; BTH analysis revealed a strong 

interaction between the cognate homologues of TraG and TraJ encoded in R27, R478, 

R391, and Pseudomonas fluorescens. These genomic sources represented the three 

families of TraJ homologues, as determined by phylogenetic analysis. Once again, the 

accessory protein-coupling protein interaction was found to be specific as only the TraJ 

and TraG homologues encoded on the IncH plasmids R27 and R478 (Family 1) were 

able to be exchanged and retain the ability to interact. The homologueous proteins from 

R391 (Family 2) did not demonstrate any interaction with non-cognate coupling or
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accessory proteins. The coupling protein homologue from P. fluorescens (Family 1) was 

able to interact with TraJ from R27, however this interaction was not reproducible in the 

opposite orientation (TraG from R27 and TraJ homologue from P. fluorescens). The 

finding that a reproducible, non-cognate interaction between TraG and TraJ homologues 

was limited to genomes within the same family confirms the specificity of the coupling 

protein-accessory protein interaction.

An analysis of genomes containing the module of tral-G-J genes revealed that 

there was extensive variability in the distance between the tral and traG genes, ranging 

from overlapping sequences on the pCAR1 plasmid genome, to a separation of 68.8 kbp 

on the Xantham axonopodis pv. citri chromosomal genome (69). Conversely, the IncH 

plasmid R27 had the maximum distance separating the traG and traJ genes, and this 

was at a distance of only 1095 bp. The genetic proximity and orientation of traG and traJ 

genes are shown in Figure 2-8A. Notably, traG is upstream of the traJ gene in each of 

the genomic sources. .

During the search of the NCBI databanks for homologues of TraJ from IncH 

R27, we identified that TraJ shares sequence similarity with the FtsK/SpolllE family of 

proteins. IncHM R27 TraJ has limited sequence similarity to the N terminus of SpolllE 

(NP_345365) from Streptococcus pneumoniae (27% identity over 110 aa, and 20.1%  

identity over an alignment length of 249 aa). The N termini of these DNA translocases 

contain between four or five TM domains; this membrane-associated region has been 

demonstrated to be involved in targeting SpolllE and FtsK to the site of cell division (16, 

174, 203). Notably, the TraJ protein also contains four well-conserved TM domains, and 

the accessory protein is essential for the conjugative transfer of R27 (69, 108).

The sequence and structural similarity of coupling proteins to FtsK/SpolllE- 

type proteins has been well-documented (52). The sequence similarity is strongest in the 

Walker motifs located in the C terminal regions of these ATPases. An alignment of
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R27-encoded TraJ and TraG to FtsK (NP_717901) of Shewanella oneidensis illustrates 

the domains to which the conjugative transfer proteins share sequence similarity (TraJ: 

21.4% identity over an alignment length of 243 aa; TraG: 21.1% identity over an 

alignment length of 913 aa) (Figure 2-8B).

Co-inheritence of traG and traJ sequences has been observed in numerous 

chromosomal, plasmid and other mobile genetic elements (17) and this gene ‘pair’ 

encodes for conjugative transfer proteins that function together as indicated by the 

interaction data presented in this study. We propose the domains comprising TraG and 

TraJ together resemble the domain architecture of the FtsK/SpolllE DNA translocase 

proteins. The arrangement of features in these translocases includes five N-terminal TM 

domains followed by Walker A and B NTP-binding motifs. Similarly, the TraJ peptide is 

comprised almost entirely of four conserved TM domains and TraG contains two N- 

terminal TM domains as well as the remainder of the DNA translocase domains, 

including the Walker A/B motifs. It is thereby possible that members of the FtsK/SpolllE 

family embody the Rosetta Stone protein sequence (129) for the now separately- 

encoded TraG and TraJ and this observation enables the prediction of the functional 

roles of these proteins during plasmid transfer. The coupling-accessory protein complex 

encoded by R27 may form a stable DNA translocase that mediates the transfer of DNA 

into the secretory conduit of the Mpf. As TraJ homologues are not found in other well- 

characterized incompatibility groups such as IncF or IncP, coupling proteins can 

seemingly accomplish both membrane localization and DNA translocation in the 

absence of the TraJ-like accessory protein; each member of the coupling protein family 

has two TM domains that are sufficient for localization to the cytoplasmic membrane, 

and the structural and functional similarities between TraG and DNA translocases has 

been established (218). Furthermore, the majority of conjugative DNA transfer systems
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do not encode a TraJ homologue, however, in genetic elements producing both TraG 

and TraJ, the accessory protein may provide additional functions other than membrane 

localization and stabilization. Among R27-encoded TraJ and the numerous TraJ 

homologues, two positively-charged residues (typically containing Lys and Arg) between 

the second and third TM domains have been observed (17), and it may be possible that 

this accessory protein is involved in translocation of the single-stranded DNA 

intermediate through the cytoplasmic membrane.
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Chapter 3

Subcellular Localization and Functional Domains of the 

Coupling Protein, TraG, from R27

Portions of this chapter have been published as:

Gunton, J. E., Gilmour, M.W., Alonso, G. and Taylor, D.E. (2005) Subcellular localization 
and functional domains of the coupling protein, TraG, from Incompatibility H1 plasmid. 
Microbiology, 151(11): 3549-3561

RT-PCR analysis was performed by Dr. G. Alonso.
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3. Subcellular localization and functional domains of the coupling protein,
TraG, from Incompatibility H1 plasmid R27

3.1 Introduction

Horizontal gene transfer enables the rapid dissemination of genetic material between 

prokaryotic organisms. The primary mechanism of this genetic exchange is conjugation 

(29) and the proteins that are essential for conjugative transfer are encoded on plasmids 

or conjugative transposons. The successful transfer of plasmid DNA from donor to 

recipient cell is due to the assembly of protein complexes within the cytoplasm, 

periplasm, cytoplasmic-membrane, and outer-membrane of the donor cells. The 

cytoplasmic relaxosome is a nucleo-protein complex composed of plasmid DNA and 

plasmid-encoded proteins, and is responsible for DNA processing prior to transfer of 

plasmid DNA to the membrane-associated type IV secretion system (T4SS) (106, 152). 

The T4SS, also referred to as the mating pair formation complex (Mpf), is comprised of 

12-15 membrane-associated proteins which span the inner and outer membrane of the 

donor cell (75, 110). A multimeric protein, the coupling protein, is responsible for 

bridging the relaxosome and Mpf complexes thereby facilitating the conjugative transfer 

of plasmid DNA (66, 122, 124).

Coupling proteins are polytopic inner membrane proteins containing two 

transmembrane regions near the amino (N) terminus. The N and carboxy (C) terminal 

regions of the proteins are located within the cytoplasm and a periplasmic region 

separates the two transmembrane domains (39, 72, 103, 116, 151, 169). The three 

dimensional structure of the cytoplasmic domain of TrwB, a coupling protein encoded on 

the incompatibility (Inc) group W  plasmid R388, revealed a hexameric, spherical particle 

with a central channel that ranges in diameter from 7-8 A at the cytoplasmic side to 22 A 

at the membrane end (72). Biochemical analysis of coupling proteins from R388, RP4 

(IncPa) and F (IncFI) plasmids have revealed that this family of proteins are able to bind
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in a non-specific fashion to DNA (94, 137, 169). In addition, coupling proteins have 

conserved motifs such as the Walker-type nucleoside triphosphate (NTP) binding 

domains. Recent analysis on TrwB has revealed that this coupling protein is a DNA- 

dependent ATPase (186). Mutational analyses of the Walker motifs of TraG, the 

coupling protein from RP4, indicated that the Lys and Asp residues, at positions 187 and 

449 of RP4, were essential for conjugation of the IncP plasmid (14).

The most recent advance in the study of coupling proteins has been the identification of 

the Mpf component to which the coupling protein binds. The coupling proteins TraG and 

TrwB from the R27 and R388 plasmids were both independently determined to interact 

with the VirB10-like proteins, TrhB and TrwE, respectively (66, 124). In the Ti plasmid of 

Agrobacterium tumefaciens, VirBIO is a well-conserved T4S component and it has been 

recently proposed to be the ATP energy sensor of the T4SS (28).

The cellular location of the coupling protein has only been demonstrated in A. 

tumefaciens. VirD4 was found to associate with the poles of A. tumefaciens, and this 

polar localization was determined to occur in the absence of other essential conjugation 

proteins (103). Subsequent localization experiments with A. tumefaciens revealed that a 

T4S protein, VirB6, co-localized with VirD4 at the poles of the cell (96, 99). In contrast, a 

GFP fusion to the T4S protein, TrhC, from R27 revealed that this VirB4 homologue was 

found at random positions around the periphery of the cell (67). The fluorescent foci 

formed when TrhC was labeled with GFP resulted in membrane-associated protein 

complexes that required a number of R27 T4S proteins (68).

Our goal was to characterize the coupling protein TraG from the IncHU resistance 

plasmid R27, originally isolated from Salmonella enterica serovarTyphi (108, 176). The 

IncHI plasmids are unique in that conjugative transfer is optimal at 30°C while at 37°C  

transfer is significantly reduced (189). Reverse transcriptase-polymerase chain reaction 

demonstrated that traG expression is reduced at 37 °C, as compared with 30°C. Site-
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specific mutagenesis within traG demonstrated that well-conserved residues in the NTP- 

binding Walker regions are essential for R27 conjugation. In addition, bacterial two- 

hybrid and immunoprecipitation interaction data determined that substitutions in the four 

periplasmic-spanning residues of TraG prevented an interaction with the VirBIO 

homologue, TrhB. Notably, these periplasmic substitutions did not completely abolish 

conjugative transfer of the R27 plasmid. Finally, immunofluorescence microscopy 

demonstrate TraG formed fluorescent foci at random positions in the membrane of 

Escherichia coli. This localization is in contrast to the VirD4 polar localization in A. 

tumefaciens, The position and number of foci formed by TraG are similar to the 

distribution of TrhC within the cell.

3.2 Experimental Procedures

3.2.1 Bacterial strains, growth conditions and plasmids.

Escherichia coli strains used in this study are listed in Table 3-1. All strains were grown 

in Luria Bertani (LB) broth (Difco Laboratories, Detroit, Mich.) at 37 °C with shaking at 

200 RPM unless otherwise stated. Antibiotics used in this study are listed with final 

concentrations: ampicillin (100 pg ml"1), kanamycin (50 pg ml"1), tetracycline (10 pg ml'1), 

rifampicin (50 pg ml"1), nalidixic acid (20 pg ml"1), and trimethoprim (25 pg ml"1).
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Table 3-1. Bacteria and plasmids used in this study.

Bacterial strain or 
plasmid

Relevant genotype, phenotype, or characteristic1 Source or 
reference

E. coli
DH5a supE44 lacU169 (Q80lacZAM15) hsdR17 recA1 

endA1gyrA96 thi-1 relA1
Invitrogen

XL1-Blue recA1 endA1gyrA96 thi-1hsdR17 supE44 relA1 lac [F' 
proAB lacPZAM15Tn10]

Stratagene

DY330 W3110 AlacU169 gal-490 Acl857 A(cro-bioA) (35)
DY330R Temperature-resistant revertant; Rif (108)
DY330N Temperature-resistant revertant; Naf (108)
BTH101 F ~cya-99 araD139 galE15 galK16 rpsL1 (S tf) hsdR2 

mcrA1 mcrB1
(101)

RG192 ara leu lac (187)
DT1942 RG192 (Rif) with pDT1942 (126)

Plasmids
pMS119EH Expression vector; Ptac-laclq; pMB1 origin of replication; 

Ampr
(181)

pJEG217 traG, 2.1 kb EcoRI/BamHI-digested R27 (IncH) PCR product 
in pMS119EH; Ampr

This study

pJEG217-G210D pJEG217 with G210D substitution; Ampr 
pJEG217 with K211R substitution; Ampr

This study
pJEG217- K211R This study

pJEG217-AGK pJEG217 with AGK (residues 210-211 aa) deletion; Ampr 
pJEG217 with D510S substitution; Ampr 
pJEG217 with E511K substitution; Ampr

This study
pJEG217-D510S This study
pJEG217-E511K This study
pJEG217-ADE pJEG217 with ADE (residues 510-511 aa) deletion; Ampr This study

pMWG385 pJEG217 with residues FRSD substituted for SSSS at 
positions 40-43 aa; Ampr

This study

pKT25 p15A origin of replication; encodes CyaAi—224;Kmr (101)
pUT18C ColE1 origin of replication; encodes CyaA225- 399; Ampr (101)

pKT25-zip leucine zipper of GCN1 (BTH positive control); Kmr (101)
pUT 18C-zip leucine zipper of GCN1 (BTH positive control) (101)

pUT 18C-trhB 1.4 kb Psfl/BamHI-digested R27 (IncH) PCR product in 
pUT18C; Ampr

(66)

pKT25-traG 2.1 kb BamHI/Kpnl-digested PCR product in pKT25; Kanr (66)
pKT25-traG:S4 2.1 kb BamHI/Kpnl-digested PCR product in pKT25 with 

residues FRSD substituted for SSSS at positions 40-43 aa ; 
Kanr

This study

pMS119EH-trhBFLAG 1.4 kb EcoRI/BamHI-digested PCR product in pMS119EH; 
Ampr

(66)

pDT1942 derepressed transfer mutant of R27: R27 ::TnlacZ (126)
pDT3152 pDT1942 with a trimethoprim resistance dihydrofolate 

reductase gene (dhfrllc) inserted into traG\ Tpr
This study

Abbreviations: Nalr, nalidixic acid resistance, Rif, rifampicin resistance, Tcr, tetracycline 
resistance, Kmr, kanamycin resistance, Ampr, ampicillin resistance, Strr, streptomycin 
resistance, Cmr, chloramphenicol resistance.
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3.2.2 RNA extraction.

A flask containing 100 ml of LB was inoculated from an overnight culture of E. coli 

harboring either wild type R27 or de-repressed R27 (drR27) grown at either 30 °C 

or 37 °C (126). The 100 ml culture was grown at the same temperature as the overnight 

culture and the cells were harvested when the culture reached an OD60o of 0.3. Total 

bacterial RNA was purified using the RNeasy Midi Kit (Qiagen), in accordance with the 

manufacturer’s directions. To ensure that the RNA was devoid of contaminating DNA, 

the preparation was treated with Turbo DNase (Ambion). The RNA was precipitated with 

ethanol and dissolved in diethyl pyrocarbonate-treated water. RNA levels were 

quantified using an Ultraspec 4000 spectrophotometer (Pharmacia).

3.2.3 Reverse transcriptase-Polymerase chain reaction (RT-PCR)

For RT-PCR amplification of traG transcripts, 2 pg of total RNA was used as template. 

RNA was retrotranscribed into cDNA utilizing the SuperScriptll RT (Invitrogen) with the 

random hexamers included in the kit. A 1/10 dilution of each retrotranscription was 

subjected to PCR using the primer pairs specific for the two adjacent genes (Table 3-2). 

A negative control containing no template and a negative control with total RNA that had 

not been retrotranscribed were included in each PCR reaction. A positive control of R27 

template DNA was prepared for each primer pair and PCR reactions generated products 

of predicted sizes. The E. coli pfkA housekeeping gene, which encodes 

phosphofructokinase, was included as a positive control for the bacterial transcripts. 

Amplified products were resolved on a 1 % agarose gel stained with ethidium bromide. 

RT-PCR amplifications were performed at least twice with total RNA preparations 

obtained from a minimum of three independent extractions. Similar results were obtained 

in all experiments.
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Table 3-2. Primers used for RT-PCR analysis of the transcriptional profile and mutational analyses of the traG gene of R27

Primer ID Primer Name Sequence (5,-3’)t Predicted 
Product 
Size (bp)

1-8 tral-traG-f AATAGGGGTGTGCCGTTTTAC 523
tral-traG-r TGCCACCATGCTCCACCAA

1-9 traG 118- 2-f TCCTGCCATTCGGTAAACTTCA 405
traG 118- 2-r CGCATAATAACTT CT CTGGGT CAA

Control pfkA-f GTGGCGGTACGTTCCTCGGTTCT 762
pfkA-r TTTTTCGCGCAGTCCAGCCAGTC

TraG:Tpr traG-GH163-f GGGCAATAACGCCATCTTTGCTGTTGACCGGCGGGCACCCTTCGCTGCTG
CCCAAGGTTG 237

traG-Gil164-r ACGACCCTGTGCGAGTAAGTTTATCATTGAATTGTTTATGGTGCACTCAACC
GTGACTTC

TraG:G210D traG-Gun46-f CGTCGGTACCGMTAAAACGGTAC 2085
V traG-Gun47-r GTACCGTTTTAKCGGTACCGACG

TraG:K211R traG-Gun44-f CGGTACCGGTABAACGGTACTTC 2085
traG-Gun45-r GAAGTACCGTTVTACCGGTACCG

TraG:AGK traG-Gun54-f CCTCATTACCGGAAACGTCGGTACCGTACTTCAGCGCTTACTGAGCATC 2085
traG-Gun55-r GATGCTCAGTAAGCGCTGAAGTACGGTACCGACGTTTCCGGTAATGAGG

TraG:D510S traG-Gun48-f GT ATTTT CGT CAVCGAAGCACAC 2085
traG-Gun49-r GTGTGCTTCGBAGACGAAAATAC

TraG:E511K traG-Gun50-f GTATTTT CGT CGACMAAGCACACT C 2085
traG-Gun51-r GAGTGTGCTTKGTCGACGAAAATAC

TraG:ADE traG-Gun52-f GAATCAGTATTTTCGTCGCACACTCTGCCATAAAC 2085
traG-Gun53-r GTTT ATG G CAG AGT G T G CG ACG AAAATACT GATT C

TraG:S4 traG-GH169-f CGTCATAATGCTGGTTATGGGCTCTAGTTCATCTGGGGTGAATATTGCCCC 2085
traG-Gi!170-r G G G G CAAT ATT CAC C C CAG AT G AACT AG AG CC CATAACCAG C ATTATG ACG

fModified nucleotides (B,K,M,V) were incorporated into primer sequences to generate pJEG217 substitutions. These modifications 
correspond to mixtures of nucleotides, where B=T+C+G, K=T+G, M=A+C, V=A+C+G. Sequencing reactions confirmed the single 
nucleotide which was used for the substitution reaction.
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3.2.4 Site-directed mutagenesis of Walker A and B motifs of TraG.

Site-specific mutagenesis of the R27 coupling protein was performed as described 

previously (68). Briefly, the template for the site-directed mutagenesis experiments was 

pJEG217 (pMS119EH-TraGHis6) Complementary pairs of oligonucleotides were 

designed to mutate the Walker A region and Walker B region of the traG gene (Table 3- 

2). Similarly, primer pairs were used to mutate the periplasmic region (5'

ATGGGCl I ICGTTCAGATGGGGTG) oftraG, where the underlined region indicates 

the nucleotides that were substituted (Table 3-2). Pfu Turbo polymerase (Stratagene) 

was used in a thermocycling reaction with the Walker A or Walker B complementary 

primers. The parental DNA template of wild type traG gene was digested with Dpnl 

(Invitrogen). Newly synthesized DNA containing mutations within the Walker A or B 

motifs was transformed into XL1-Blue E. coli ultracompetent cells (Stratagene) for re

circularization and propagation. The pJEG217 constructs containing Walker A or B 

mutations were sequenced within the appropriate motifs, and restriction digestion was 

used to confirm the size of the traG constructs. Immunoblot analysis was used to ensure 

that the mutations within the TraG His6 constructs did not affect the stability or expression 

of the coupling protein. A monoclonal anti-His antibody (Invitrogen) was used to probe 

the nitrocellulose membrane after transfer from resolving the whole cell lysate by10 % 

SDS-PAGE. For detection purposes, a secondary rabbit anti-mouse antibody conjugated 

to horseradish peroxidase (HRP) was used.

3.2.5 Insertional mutagenesis of traG on drR27

A gene disruption in traG was created using the £. coli recombination system, as 

described previously (108, 222). A trimethoprim resistant dihydrofolate reductase 

cassette, dhfrllc, was inserted into traG of R27. A linear DNA construct was created 

using PCR primers that amplified dhfrllc and also contained ~ 40 base pairs (bp) 

terminal arms homologueous to traG at positions 528-563 and 1545-1585 (Table 3-2).
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Presumptive traG mutants were screened using PCR to detect a 237 bp size increase in 

traG.

3.2.6 Conjugation

Complementation experiments with R27 were performed as described previously (108, 

189). Briefly, DY330R cells containing drR27 plasmid or an R27 plasmid containing a 

mutation within the coupling protein gene, traG, were grown at 28°C. DY330N recipient 

cells were also grown at 28 °C. pDT3152, an R27 plasmid containing a traG mutation, 

was complemented by transforming donor cells with pJEG217 or variants. Upon 

reaching an OD600 of 0.5-0.7, donor cells containing the complementation constructs 

were induced for 1 hour with isopropyl-p-D-thiogalactoside (IPTG) at a final 

concentration of 0.4 mM. Donor and recipient cells were incubated for 16 hours at 28°C. 

Transconjugants and donors were then plated on selective media after serial dilutions. 

The transmission frequency was expressed as transconjugants per donor.

3.2.7 Immunofluorescence (IMF) microscopy.

E. coli cells containing pJEG217 were processed for immunofluorescence microscopy 

according to Kumar et at. (103). Briefly, E. coli cells were grown at 30°Cr unless stated 

otherwise, to an OD60o of 0.5-0.7, then treated for 1 hour with IPTG at a final 

concentration of 0.4 mM. After washing with phosphate buffered saline (PBS), cells were 

fixed with 4% paraformaldehyde for 1 hour on ice. The cells were washed three times 

with PBS and resuspended in 300 pi of 25 mM Tris-HCI, 1.8 % glucose, and 10 mM 

EDTA pH 8.0. The resuspension was mixed for 10 minutes on ice with lysozyme at a 

final concentration of 2 mg ml'1. 50 pi of the treated cells were spotted onto wells of poly- 

L-lysine coated slides and allowed to adhere for 15 minutes at room temperature.

Excess liquid was aspirated from the slides, and the dry slides were washed 10 times 

with PBS before the addition of 2 % bovine serum albumin (BSA) blocking solution.

Slides were incubated with BSA at 37°C for 30 minutes, prior to the addition of mouse
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anti-His antibodies (Invitrogen). Slides were incubated at 4°C overnight. After washing 

10 times with PBS, the slides were incubated with goat anti-mouse antibody conjugated 

to Alexa Fluor 488 for 1 hour at room temperature. After further washing with PBS, the 

slides were mounted with an antifade mounting media (p-phenyldiamine in 40%  

glycerol). Images were collected with a Leica DMI 6000 B microscope equipped with a 

Hamamatsu Orca ER camera. Image analysis was performed using OpenLab 4.0.2 

software.

3.2.8 Bacterial Two-Hybrid System

The conjugative proteins were fused to the catalytic domain of adenylate cyclase from 

Bordetella pertussis via cloning into the BTH vectors, pKT25 and pUT18C (101).

Plasmids encoding fused proteins were co-transformed into competent BTH101 cells 

and plated on LB plates with ampicillin, kanamycin and X-Gal (5-bromo-4-chloro-3- 

indolyl-(3-d-galactopyranoside) at final concentrations of 100 ug ml'1. Cultures were 

grown at 30°C for 40-48 hours or until the colonies expressing the leucine zipper-positive 

control became dark blue in color due to the degradation of the chromogenic substrate 

X-Gal. For each interaction, two colonies were streaked on to the above media and 

grown at 30°C for 16 hours. These colonies were used to inoculate a 20 ml volume of LB 

with ampicillin and kanamycin selection and grown at 30°C for 16 hours at 250 RPM.

The p-galactosidase activity of each culture was measured using the Miller assay as 

described previously (134).

3.2.9 Immunoprecipitation

Immunoprecipitation was performed as described previously with minor modifications 

(66). Briefly, DH5a cells containing pKT25-TraG or pKT25-TraG:S4 were co

transformed with pMS119EH-TrhBFLAG- Cells were induced at mid-log growth phase 

(OD600 0.5-0.7) with 0.4 mM IPTG for one hour before lysis. Harvested cells were 

resuspended in 1 mL of lysis buffer (PBS pH 7 .4 ,150  mM NaCI, 1% NP-40, 7.15%
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sucrose, lysozyme 0.2 mg/ml, 1X anti-protease cocktail (Complete; Boerhinger 

Mannheim)) freeze-thawed three times and sonicated for three minutes (30 second 

pulses, 10 second breaks, Fisher 300 sonicator). The cell lysates were mixed with 40 pi 

of ANTI-FLAG M2-agarose affinity gel (Sigma). The affinity gel was pre-blocked with 5% 

(wt/vol) BSA for 16 hours. The cellular lysates and affinity gel were rotated at 4 °C for 16 

hours. The gel was then washed three times with 1 ml of lysis buffer. Proteins were 

eluted from the gel by boiling in LSB buffer + DTT and resolved on a 10% SDS-PAGE 

gel, transferred to nitrocellulose and blocked with 10% (w/v) milk, 0.1% Tween 20 in 

PBS. A primary antibody of anti-adenylate cyclase (rabbit serum #L24023, specific for 

the catalytic domain (D. Ladant)) was applied to the nitrocellulose, washed, and a 

secondary antibody (anti-rabbit HRP, Sigma) was applied for one hour.

3.2.10 Web-based computer programs

PSI-Blast (http://www.ncbi.nlm.nih.gov/BLAST/); ClustalW (Gonnet matrix, gap penalty 

= 10, extension penalty = 0.2; http://www.ebi.ac.uk/clustalw/) and TMHMM  

(http://www.cbs.dtu.dk/services/TMHMM-2.0/) were used.

3.3 Results

3.3.1 Temperature-dependent transcription of traG

TraG is encoded in the Tra1 region of R27 which contains genes coding for five Mpf 

proteins, two relaxosome proteins, a coupling protein accessory protein, and the 

coupling protein (108). The origin of transfer (or/'T) is also located in the Tra1 region of 

R27 and the or/T separates Tra1 into divergently transcribed genes. A single operon in 

Tra1, the H operon, encodes the following genes: traH, ORF121, tral, traG, ORF118, 

traJ, ORF116 and ORF115 (Alonso, G. and Taylor, D.E., submitted for publication). To 

determine the effect of temperature on the expression of the H operon, reverse- 

transcriptase PCR (RT-PCR) was performed. Total RNA was extracted from cells
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harboring R27 and drR27 at both 30°C and 37°C. For RT-PCR, primers were selected 

that would amplify traG and the adjacent genes in the H operon, tral and ORF118 (Table 

3-2, Fig. 3-1 a). For each reaction, DNA template controls were included to confirm the 

accuracy of the primer sets, 1-8 and 1-9. When reverse transcriptase was excluded 

from the RT-PCR, there was no evidence of H operon transcript amplification with the 1- 

8 primer set. The total RNA preparation did not contain DNA that was detected with the 

1-8 primer set; trace amounts of DNA contamination, however, within the 1-9 primers 

may be responsible for the faint band present in traG - 1 1 8  lane b.The E. coli 

housekeeping protein phosphofructokinase (pfk) was selected as an internal control for 

the RT-PCR temperature analysis. Primers specific for the pfkA gene were included in 

the RT-PCR analysis (Fig. 3-1 a).

The amplification of RNA from both tral-traG and fraG-ORF118 was markedly different 

when an RNA template was extracted from cells grown at 30°C or 37°C (Fig. 3-1 b). The 

RT-PCR is only a semi-quantitative technique, however the difference in the transcript 

levels indicates that the effect of temperature on conjugation results from regulation at 

the transcriptional level. The 1-8 and 1-9 primer sets indicate that there is transcriptional 

activity of the H operon at both 30°C and 37°C. The transcript levels of pfkA, the RT- 

PCR control, were similar when the template was RNA extracted from cells grown at 

30°C or 37°C (Fig. 3-1 b).

3.3.2 Generation of NTP-binding motif mutations in traG

W e have previously cloned traG into the expression vector pMS119EH, with a His6 tag 

on the 3’ end of the gene, to form the construct pJEG217 (Table 3-1). The His-tagged 

coupling protein contains a Walker A motif (GxxGxGKS/T) and a Walker B motif 

(hhhhDE; where h is a hydrophobic residue) commencing at amino acid positions 205 

and 506, respectively (Fig. 3-2a, b)(168). The Walker motifs are
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Figure 3-1. (a) RT-PCR analysis of the co-transcription of R27 traG gene with the 

adjacent genes, tral and ORF 118. For each primer set, three lanes are shown a) RT- 

PCR using an RNA template isolated from cell harboring R27 grown at 30°C, b) 

Negative control of the same RNA template with no reverse transcriptase, and c) 

Positive control of a DNA template from cells containing R27. The pfK corresponds to 

phosphofructose kinase which is an internal control, (b) Characterization of the 

transcriptional profile of R27 traG gene using RT-PCR with RNA from cells harboring a) 

W T R27 grown at 30°C, b) W T R27 grown at 37°C, c) derepressed R27 grown at 30°C, 

and d) derepressed R27 grown at 37°C. The pfk control represents RT-PCR of RNA 

extracted in the above conditions, demonstrating the presence of equivalent levels of 

RNA in each sample.
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involved with NTP-binding and hydrolysis, and these motifs represent the region with the 

highest level of sequence similarity among coupling proteins (Fig. 3-2a, b)(168). Site- 

specific mutagenesis was performed on the Walker A and Walker B motifs of pJEG217, 

and the resultant plasmid constructs were transformed into DY330R cells harboring 

pDT3152 (drR27 with a traG mutation). The residues that were substituted 

for the well-conserved Gly and Lys residues (GK) of Walker A and the Asp and Glu 

residues (DE) of Walker B, were selected using a matrix designed for creating “safe 

substitutions” that minimized protein instability (Fig. 3-2c) (19). Within the Walker A 

region, the small, non polar Gly was substituted with the negatively charged, polar Asp 

(G210D). The positively charged, polar Lys was replaced with the large, positively 

charged Arg residue (K211R). A complete deletion of the Walker A subregion Gly-Lys 

(AGK) was also created in pJEG217. Within the Walker B region, the Asp residue with 

an acidic side chain was substituted with the small, non polar Ser (D510S). The 

negatively charged, polar Glu residue was replaced with positively charged, polar Lys 

(E511K). Finally, the Walker B subregion (ADE) was deleted from pJEG217.

3.3.3 Mutations in the NTP-binding motifs of TraG inhibit plasmid transfer 

To determine the effect of the Walker A or B mutations on the functionality of the R27 

coupling protein, a traG mutation was created in the drR27 plasmid. The drR27 construct 

was named pDT3152 (Table 3-1). Insertion of a trimethoprim resistance cassette into the 

5 ’ region of traG abolished the conjugative ability of drR27 (Table 3-3). In the 

characterization of the Tra1 region of R27, a mini::TnfO cassette had been randomly 

inserted into 3’ end of traG creating the drR27 construct pDT2956 (108). A recent study 

on the Walker A and B motifs of TrhC from R27, however, revealed that a miniiTnfO 

insertion in the 3’ end of trhC downstream of the Walker A motif, may have allowed the 

production of a TrhC peptide containing a wild-type Walker A region
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Figure 3-2. (a) Alignment of Walker A and (b) Walker B boxes from coupling proteins 

from R27 (TraG; Gen Bank accession no. NP_058332), R388 (TrwB; Gen Bank 

accession no. CAA44852), F (TraD; Gen Bank accession no.BVECAD) and RP4 (TraG; 

Gen Bank accession no.S22999). The numbers indicate the amino acids preceding the 

Walker A and B boxes. Motifs were aligned using ClustalW and shaded in GeneDoc 

using the conservation mode at level two. Asterisks indicate the conserved residues 

selected for substitution mutagenesis, (c) Schematic representation of the TraG protein 

from R27, where the cross-hatched boxes indicate transmembrane regions and the 

Walker A and Walker B regions have been expanded. Arrows point to the amino acids 

that were selected for the site-specific mutagenesis studies.
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Table 3-3. Complementation of pDT3152 with pJEG217 or Walker A or B mutant 

derivatives of pJEG217.

Walker Mutation1 pJEG217 mutations* Transmission frequency5
None Wild Type 1.3X1 O'4

Vector alone <1 X10'7
A G210D <1 X10'7

K211R <1 X10'7
Deletion of GK <1 X1CT7

B D510S <1 xio-7
E511K <1 XIO'7

t h e  Mutations correspond to the conserved residues of the Walker A (GK) and Walker

B (DE) motifs of TraG.

t h e  pMS119EH vectors expressing wild type or mutated TraG protein were transformed 

into DY330R cells containing an R27 traG mutant (pDT3152). Transformants were 

assayed for the ability to transfer to DY330N recipient cells.

transm ission frequency expressed as transconjugants per donor. Values represent the 

average frequency of two independent experiments.
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(68). To eliminate the possibility of production of partial peptides of TraG containing 

Walker motifs from pDT2956, we created the traG mutant pDT3152, which contains a 

trimethoprim resistant dihydrofolate reductase cassette situated ~ 60 bp upstream of the 

Walker A encoding region. The functionality of the TraG constructs containing Walker A 

or B mutations was determined using a standard conjugative transfer complementation 

experiment. DY330R cells containing pDT3152 were transformed with pJEG217 and its 

mutant derivatives, and the conjugative ability of the R27 traG mutant was determined. 

The plasmid pJEG217 containing wild-type (WT) Walker A and B motifs was able to 

complement pDT3152, albeit at a frequency of 1.3 X IO -4 transconjugants/donor. This 

frequency was decreased by three logs compared to drR27 transfer (~ 10'1 

transconjugants/donor). The lower level of complementation could be due to polar 

effects of the insertional mutagenesis in traG on the H operon (108). There was no 

complementation of pDT3152 with the six TraG Walker A or B mutants within the 

detection limits of the conjugation assay, <1 X10'7 transconjugants per donor (Table 3-

3). These data suggest that the NTP binding motifs are essential for the conjugative 

transfer of R27. These findings are consistent with results obtained in Walker A and B 

mutagenic studies on the coupling protein, TraG, from RP4 (14), and Walker A 

mutations in the A. tumefaciens coupling protein VirD4 (103).

3.3.4. Production and stability of TraG HiS6 containing mutations within the Walker 

A and B regions.

The inability of pJEG217 containing Walker A or B mutations to complement pDT3152 

could be a result of a mutation causing instability in the mutant coupling protein. To 

ensure that the substitutions and deletions within the Walker A or B motifs of the R27 

coupling protein did not affect protein expression or stability, the steady state levels of 

W T and mutant proteins were compared by semiquantitative immunoblot analyses.

When equivalent amounts of protein were loaded in SDS-PAG and transferred to a
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nitrocellulose membrane, an anti-His antibody revealed similar levels of protein 

expression for four pJEG217 mutants, G210D, AGK, D510S, and E511K (Fig. 3-3). 

Degradation products were detected in the cell extract of cells harboring pJEG217, 

however, three mutants AGK, D510S, and E511K appeared to contain significantly 

higher levels of degradation products. Although the expression levels of these three 

pJEG217 variants were similar to W T pJEG217, the mutations may have slightly altered 

the stability of the coupling protein. There was a partial reduction in the amount of 

coupling protein detected in the cell extract of DY330R containing pDT3152 and 

pJEG217 with a K211R mutation (Fig. 3-3). Notably, the deletion of the Asp and Glu 

residues (ADE) of the Walker B region of TraG in pJEG217, created an unstable protein 

as there was no detectable levels of protein in the immunoblot (Fig. 3-3).

3.3.5. The TraG periplasmic residues are essential for an interaction with TrhB 

Using the bacterial two-hydrid (BTH) technique we have recently demonstrated that the 

coupling protein, TraG, of R27 interacts with its cognate Mpf component TrhB (66). N 

and C terminal truncations of TrhB revealed that the first 220 amino acids were sufficient 

to interact with TraG. To identify the domain of TraG that enables this coupling protein- 

Mpf interaction, we employed the BTH technique. As the majority of TrhB (418 of 452 

aa; 93 %) is predicted to be within the periplasm of the cell, we investigated the role of 

TraG’s periplasmic-associated residues in the TraG-TrhB interaction. Computational 

analysis of TraG by TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0/) predicted 

that only four residues, two of which are charged, Phe-Arg+-Ser-Asp', separate the two 

transmembrane domains of the R27 coupling protein. Through site-specific 

mutagenesis we replaced the Phe, Arg and Asp residues with the small, polar Ser 

residue, thereby creating a TraG protein with a periplasmic spanning domain of Ser-Ser- 

Ser-Ser (Fig. 3-4). This triple Ser mutation was
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Figure 3-3. Production and stability of pJEG217 (TraGmse) and pJEG217 constructs 

containing mutations within the Walker A or Walker B regions, expressed from DY330R  

harbouring pDT3152 (drR27 with a traG mutation). A mouse anti-His antibody was used 

in the immunoblot to detect the TraG coupling proteins after induction with IPTG. The 

lanes indicate amino acid substitutions and deletions of the W T sequence from Walker A 

(GK) and Walker B (DE) boxes. Approximately equal amounts of total protein were 

loaded from each cell lysate, as the amount of sample used was equalized based on 

optical density measurements of sample cultures prior to processing the lysate. 

Coomassie staining of SDS-PAG used to resolve W T and substituted coupling proteins, 

confirmed equal protein amounts were loaded in each lane.
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Figure 3-4. The N terminus of the coupling proteins from R27 (TraG; GenBank 

accession no. NP_058332), R388 (TrwB; GenBank accession no. CAA44852), F (TraD; 

GenBank accession no.BVECAD) and RP4 (TraG; GenBank accession no.S22999). The 

predicted topology of the coupling proteins is indicated by solid lines (cytoplasmic) and 

dotted lines (periplasmic). Residues that are predicted to be in the periplasm are in bold. 

The transmembrane regions are shown as cylinders and were predicted using the 

TMHMM program. Asterisks indicate the residues of TraG that were substituted.
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made in traG cloned in the BTH vector, pKT25, thus creating the construct pKT25- 

traG: S4.

Co-transformation of the BTH vectors pUT18C-frf7B and pKT25-fraG in BTH101 

resulted in functional complementation of the 18KDa and 25KDa domains of the 

Bordetella pertussis adenylate cyclase protein. Adenylate cyclase activity resulted in the 

conversion of ATP to cAMP which activates the expression of catabolite genes such as 

lacZ encoding p-galactosidase (101). Within 48 hours, >99 % BTH101 cells containing 

pUT18C-trhB and pKT25-fraG were blue, when spread on LB plates containing the 

chromogenic substrate X-gal (5-bromo-4-chloro-3-indolyl-p-d-galactopyranoside).

BTH101 cells containing pUT18C-fr/7B and pKT25-fraG:S4 were >90 % white, with a 

small number of cells showing faint blue centres. The p-galactosidase activity of the 

faint blue colonies were assayed using the Miller assay (134). The BTH positive control 

(leucine zipper) and negative control (empty vectors) as well as BTH101 cells containing 

vectors encoding W T TraG and TrhB were also included in the Miller assay. Whereas 

the TraG-TrhB interaction showed levels similar to the BTH positive control, the 

TraG:S4-TrhB interaction did not exceed the negative control levels of the BTH empty 

vectors (Fig. 3-5). These data suggest that the periplasmic-spanning residues, FRSD, of 

the coupling protein TraG are involved in the interaction with the Mpf protein, TrhB.

To confirm that the TraG:S4 mutation did not interfere with the stability or expression of 

the coupling protein, we assayed the pKT25-fraG:S4 for the ability to interact with 

pUT18C-fraJ. The TraJ protein is an essential protein for R27 transfer and it has recently 

been characterized and was found to be an accessory protein to the coupling protein of 

the R27 plasmid ((108), Gunton, J. and Taylor, D.E. Submitted for publication)). Using 

the BTH system, we documented an interaction between TraG and TraJ from R27. This 

interaction enabled us to determine the stability and functionality of
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the TraG:S4 construct. The BTH data indicated that both the W T TraG and TraG:S4 

were able to interact with TraJ; BTH101 cells co-transformed with pUT18C-fraJ and 

pKT25-fraG:S4, or pUT18C-fraJand pKT25-fraG were >99 % blue. These data suggest 

that the domain through which TraG interacts with TraJ is not shared with the 

periplasmic domain required for the interaction with TrhB.

To verify the in vivo BTH data in which substitutions in the periplasmic domain of TraG  

abrogated an interaction with TrhB, we attempted to precipitate a complex of epitope- 

tagged TrhB and TraG:S4. Whereas TrhB containing a C terminal FLAG epitope (Asp- 

Tyr-Lys-Asp-Asp- Asp-Asp-Lys) precipitated TraGAc, the anti-adenylate cyclase antibody 

did not detect TraG:S4 ac precipitated by TrhBFLAG (Fig. 3-6). This biochemical analysis 

confirms that the periplasmic residues of the R27 coupling protein are essential for a 

successful interaction with the Mpf protein TrhB.

To determine if the substitution of Phe-Arg-Ser-Asp to Ser-Ser-Ser-Ser within the 

periplasmic region of TraG was functional for conjugative transfer, a complementation 

experiment was conducted. The four Ser periplasmic substitution was made in 

pJEG217, thus creating the vector pMWG385 which encoded TraG :S4HiS6- DY330R cells 

harboring drR27 containing a traG mutation (pDT3152) were transformed with 

pMWG385. Immunoblot analysis of pMWG385 in pDT3152 with the anti-His antibody 

showed TraG:S4 expression levels similar to the expression of W T TraG from pJEG217 

in pDT3152 (data not shown). Interestingly, the TraG:S4 construct was able to 

complement an R27 traG mutant, albeit at lower levels than a W T TraG supplied in trans 

(Table 3-4).

3.3.6 The R27 coupling protein forms membrane-associated fluorescent foci

A GFP fusion to the R27 Mpf protein TrhC revealed that in the presence of R27 

conjugative proteins, fluorescent foci randomly localized at the periphery of the cell (67, 

68). These TrhC-dependent foci are
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Figure 3-6. Co-immunoprecipitation of TraG and not a TraG:S4 construct by the R27 

Mpf protein, TrhB. Cellular lysates of DH5a cells expressing TraGAc and TrhBFLAG, and 

TraG:S4Ac and TrhBFLAG were mixed with M2 anti-FLAG affinity gel beads, washed, and 

resolved with 10% SDS-PAGE. After transfer to nitrocellulose, proteins precipitated by 

the TrhB protein were probed with an anti-adenylate cyclase polyclonal antibody. The 

immunoprecipitate (IP) and cleared lysate (CL) of cells expressing TraGAC and TrhBFLAG, 

or TraG:S4AC and TrhBFLAG are shown, with arrows indicating the wild type and 

periplasmic-substituted R27 coupling protein.
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Table 3-4. Complementation of pDT3152 with pJEG217 and a TraG:S4 construct, 

pMWG385 for conjugation.

R27 plasmid TraG pMS119EHf Transmission frequency*
pDT 1942 n/a 5.8X 10'1
PDT3152 Vector alone <1X1 O'7
PDT3152 Wild type 1.8X1 O'3
PDT3152 TraG:S4 3.5X1 O'4

fThe pMS119EH vectors expressing wild type or mutated TraG protein were transformed 

into DY330R cells containing an R27 traG mutant (pDT3152). Transformants were 

assayed for the ability to transfer to DY330N recipient cells.

^Transmission frequency expressed as transconjugants per donor. Values represent the 

average frequency of two independent experiments.
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proposed to represent aggregates of R27 proteins at discrete positions within the cell 

membrane. Further characterization of these foci indicated that foci formation was 

temperature dependent; at 37°C TrhC-GFP containing cells were confluent green in 

color whereas at 30°C, in the presence of additional R27 proteins, discrete foci were 

visible (67).

To determine if TraG localized to the same position as these Mpf complexes, we utilized 

immunofluorescence (IMF) microscopy to probe for the location of TraGmse proteins. 

Interestingly, the IMF studies revealed that DY330R cells harboring pJEG217 had 

fluorescent foci at the cell membrane, resembling the foci formed by TrhC-GFP. 

Furthermore, unlike TrhC, these discrete foci were present both at 30°C and 37°C, and 

were found in both the presence and absence of any other drR27 proteins (Fig. 3-7). 

When TrhC-GFP was expressed from the expression vector, pMS119EH, foci could not 

be formed at 30 °C or 37 °C in the absence of drR27 proteins (67).

To determine the cellular position of the TraG foci, each cell was divided into six equal 

domains, with the first and sixth domain representing the polar positions of the cell. The 

second and fifth domain represented the quarter cell position and the third and fourth 

domain were combined to represent the mid-cell region. The polar, quarter and mid-cell 

positions each formed one-third of the entire cell length. In each condition tested, at 

30°C and 37°C, and in the presence and absence of any other drR27 proteins, foci were 

found in the poles, quarter and mid cell positions (Table 3-5). The distribution of the foci 

was slightly more in the polar position (ranging from 34-36 % of foci at this position), and 

quarter-cell position (range of 35-38%) as compared to the mid-cell position (range of 

27-29%). The average number of foci per cell in DY330R cells containing only pJEG217 

was 5.9 and 5.3 at 30°C and 37°C, respectively. In the presence of pDT3152 and 

pJEG217, DY330R cells contained 5.6 foci at both 30°C and 37°C (Table 3-5).
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Figure 3-7. Subcellular localization of TraGHiS6 from R27. The location of TraG was 

determined by immunofluorescence microscopy. The fluorescent foci were observed in 

DH5a harboring (a) pJEG217 at 30°C and (b) pJEG217 at 37°C. E. coli containing 

pDT3152, a traG mutant, showed similar foci when transformed with pJEG217 and 

grown at (c) 30°C and (d) 37°C. Arrows indicate foci on the periphery of the cell.
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Table 3-5. Immunofluorescence data representing the effect of temperature and 

additional R27 proteins on the subcellular localization of pJEG217, TraGHiS6-

Temperature

(°C)

Plasmids 

(no. of cells)+

Percentage of foci at the cell position: 

Polar Quarter-cell Mid-cell Foci/cell 

(no. of foci)

30

pJEG217 alone 

(101)

34 38 28 5.9 (589)i§

pJEG217 + 

pDT3152 

(104)

36 35 29 5.6 (578)§

37

pJEG217 alone 

(106)

34 37 29 5.3 (561)*'*

pJEG217 + 

pDT3152 

(98)

35 38 27 5.6 (548)*

fThe plasmids correspond to the vectors present within the DY330R cells and the no. of

cells indicates total cells counted for that condition.

*ln the comparison of foci/cell of pJEG217 alone at 30°C versus pJEG217 alone at 37°C, 

the P-value is 0.001. A two sample, two-tailed T test was performed to determine P- 

value. A P-value of <0.05 indicates that a value is statistically significant.

§With the comparison of the foci/cell of pJEG217 alone versus pJEG217 and pDT3152 at 

30°C the P-value is 0.028.

‘With pJEG217 alone versus pJEG217 and pDT3152 at 37°C the P-value is 0.078
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3.4 Discussion

Bacterial conjugation is a primary mechanism for horizontal gene transfer. The role of 

the coupling protein in conjugation had been originally proposed as merely a required 

connection between the membrane-associated Mpf proteins and the cytosolic 

relaxosome complex (26). The resolution of the hexameric, pore-forming structure of the 

coupling protein TrwB, in conjunction with the presence of well-conserved NTP-binding 

motifs in the coupling protein family suggests that coupling proteins may play a more 

complex role in conjugation (72). The recently proposed “shoot and pump” model 

suggests that the coupling protein secretes the relaxase into the conduit created by the 

T4SS and subsequently threads the DNA portion of the substrate through a channel that 

is formed by the hexameric coupling protein (122). Furthermore, the A. tumefaciens 

coupling protein, VirD4, has been found to require functional NTP binding motifs for 

bridging the inner and outer subassemblies of W B /D 4 T4SS (28). Clearly, the coupling 

protein plays a vital role in the transfer of plasmid DNA from donor to recipient cells.

In our characterization of the transfer regions of the IncHI plasmid R27 we determined 

that the coupling protein, TraG, is essential for conjugative transfer (108). In this study, 

we further characterized the coupling protein encoded on the R27 plasmid. A unique 

feature of the IncHI plasmids is that conjugative transfer of this family of plasmids is 

significantly reduced at 37°C (189). Electron microscopic analysis of cells harboring R27 

plasmid grown at 37°C revealed an absence of H-pili on the cell surface (127). As pili 

are required to bring the donor and recipient cells into close proximity, the lack of pili 

explains the inhibition of transfer at 37°C. Transcriptional analysis of the Mpf gene, trhC, 

indicated that transcription was inhibited at 37°C, thus explaining the lack of H-pili 

observed during the electron microscopy studies (67). The transcription analysis of traG, 

and the adjacent tral and ORF118 genes, at both 30 °C and 37 °C revealed a decrease 

in the transcript levels at 37°C, as compared to the RNA levels present at 30°C.
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Whereas traG is encoded in the Tra1 region, trhC is encoded within the Tra2 region of 

R27. The decreased transcript levels of an operon in Tra1 encoding non-Mpf proteins, 

would indicate a global temperature regulator is controlling R27 conjugation genes in the 

Tra1 and Tra2 region. A recent analysis of the effect of temperature on R27 transcription 

has revealed that H-NS and HhaA proteins have an inhibitory effect on the transcription 

of a number of Tra1 and Tra2 genes at 33°C (57). A comprehensive analysis of the 

temperature regulation of each R27 transfer gene has been recently completed (Alonso, 

G. and Taylor, D.E., submitted for publication).

The C terminus of the coupling family, including the Walker-type NTP-binding domains, 

share weak similarity to the DNA translocases FtsK and SpolllE from E. coli and Bacillus 

anthracis, respectively (52). The SpolllE protein has DNA-dependent ATP hydrolysis 

activity that is used to pump DNA during sporulation (16). The R388 coupling protein 

also has DNA-dependent ATP hydrolysis activity, and the Walker motifs of R388, RP4 

and F plasmid have been demonstrated to be involved in conjugation (137, 169, 186). 

Mutational analyses of the Walker A and B motifs of the RP4 coupling protein, TraG, 

revealed that only two mutations completely abolished RP4 transfer: K187T in Walker A, 

and D449N in Walker B (14). NTP-binding studies further determined that the K187T 

mutation rendered the coupling protein unable to bind ATP (171). Mutational analysis of 

the A. tumefaciens coupling protein, VirD4, demonstrated the importance of the Walker 

A motif (103). VirD4 mutants containing the substitutions, G151S and K152T, were 

defective in the transfer of both DNA and VirE2 to plant cells. Furthermore, using a 

transfer DNA immunoprecipitation (TrIP) technique, the VirD4 K152T mutant was found 

to prevent substrate transfer to the A .tumefaciens T4SS proteins VirB6 and VirB8 (10). 

We have expanded the mutational studies of the Walker A and Walker B motifs of the 

coupling protein family. Substitution of the Gly and Lys residues of the Walker A motif 

and Asp and Glu residues of the Walker B motifs abolished the capacity of the R27
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coupling protein to restore conjugative ability in a complementation assay. A deletion of 

the Walker A Gly and Lys residues, at positions 210 and 211, had the same effect on the 

transmission of the R27 plasmid. These results are not unexpected as alignment of 

coupling protein homologues indicated that the Gly-Lys and Asp-Glu residues of the 

Walker A and B motifs, respectively, are found in the majority of coupling proteins (Fig. 

3-2). Notably, the R388 coupling protein TrwB has been identified as a DNA-dependent 

ATPase (186). The discovery that a coupling protein is able to hydrolyze ATP 

substantiates the finding that key, well-conserved residues in the Walker A and B 

regions are necessary for conjugative transfer.

The recent discovery that coupling proteins are able to interact with the VirBIO family of 

proteins suggests a mechanism by which plasmid DNA moves from the cytoplasm to the 

membrane-associated T4SS (66,124). A more detailed contact pathway has been 

proposed by tracking the movement of plasmid DNA in A. tumefaciens using the TrIP 

technique; the T-DNA transfer intermediate interacts with the coupling protein VirD4 

initially, and subsequently contacts VirB11, VirB4, VirB6,VirB8, VirB2, and VirB9 (28). 

Using non-polar virB mutations, the pathway of the T-DNA substrate has been expanded

to propose that VirBIO interacts with the T-DNA after the substrate’s interaction with
\

VirB6 and VirB8 (28). The R27 Mpf protein TrhB, a VirBIO homologue, is likely bitopic 

with the majority of the protein extending into the periplasm. TrhB has only 11 residues 

preceding the single transmembrane domain, as predicted by computational analysis 

with TMHMM. A 220 aa N terminal peptide of TrhB (452 aa) retained the ability to 

interact with the R27 coupling protein TrhB (66). Interestingly, a shorter N terminal 

peptide of TrhB, 133 aa in length, was not able to bind TraG but was able to interact with 

full-length TrhB. TrhB contains a proline rich (17.9%) region between amino acids 135- 

173; such a proline rich region is a common feature of VirBIO homologues (66). We had 

postulated that the proline-rich region of TrhB may be involved in the interaction with the
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coupling protein, TraG (66). Within the R27 coupling protein, there are only four 

residues, Phe-Arg-Ser-Asp, that are predicted to be associated with the periplasm. The 

bacterial two hybrid interaction (BTH) screen revealed that a substitution of these 

residues with four Ser residues was sufficient to abolish a TrhB-TraG interaction. The 

essential role of periplasmic-associated residues in the interaction with TrhB was verified 

using a co-immunoprecipitation experiment in which an epitope-tagged TrhB was 

capable of precipitating only W T TraG and not a TraG:S4 construct. Surprisingly, when 

this coupling protein containing the periplasmic substitutions, TraG:S4, was supplied in 

trans in a complementation assay with an R27 traG mutant, the TraG:S4 construct was 

able to restore conjugative ability. The complementation level, however, was almost one 

log lower than the transfer levels of an R27 traG mutant complemented with W T TraG. 

The ability of the TraG:S4 construct to complement a traG mutation could be explained 

by the coupling protein interacting with multiple points in the T4SS apparatus, and not 

solely with TrhB. The BTH and co-immunoprecipitation techniques identify only binary 

interactions, which is considerably different than the interactions that may occur with the 

coupling protein and a full complement of R27 T4S proteins.

The Phe-Arg-Ser-Asp residues of TraG do not represent a common motif within the 

periplasmic regions of the coupling proteins from the RP4, R388 and F plasmids (Fig. 3-

4). Furthermore, there is significant variability in the number of residues separating the 

hallmark transmembrane regions of the coupling protein; TraD had the largest number of 

periplasmic-associated residues with 62 aa and TraG of R27 had the smallest number 

with only 4 aa separating the transmembrane regions. One common feature of the 

coupling protein family is the interchangeability of the coupling proteins between non

cognate T4SS (25, 83). This has been further demonstrated using BTH technology in 

which the R388 VirBIO homologue, TrwE, was found to interact with non-cognate 

coupling proteins from the IncN plasmid pKM101 and IncX plasmid R6K (124). The R27
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VirBIO homologue, TrhB, has also been found to interact with non-cognate coupling 

proteins encoded on the F, RP4, and R388 plasmids (Gunton, J. and Taylor, D.E. 

submitted for publication). The BTH and immunoprecipitation data obtained with the R27 

TraG:S4 construct suggest that the periplasmic region is essential for the interaction with 

TrhB. A shared feature of the VirBIO homologues is the proline-rich region in the amino 

terminus. This structural feature may be interacting in a non-specific fashion, with the 

periplasmic residues of the coupling protein thus allowing for the observed 

interchangeability of coupling proteins between heterologous T4SS.

Immunofluorescence (IMF) microscopy was used to determine that R27 TraG^se 

protein forms multiple fluorescent foci within the periphery of the cell. Similar foci were 

observed when GFP was fused to the C terminus of the R27 Mpf protein, TrhC (Gilmour 

et al., 2001). Notably, DY330R cells containing TraG His6 or TrhC-GFP formed the same 

number of foci in the cellular membrane; there was an average of five to six foci in cells 

containing the R27 coupling protein or TrhC. With both TraG and TrhC, foci were found 

throughout the cell periphery with a moderate bias towards the quarter and polar 

positions of the cell (67). The position of R27 protein-dependent foci in the cell is 

strikingly different than the position of the R27 plasmid DNA; GFP-labeled R27 plasmid 

DNA localized to discrete positions at the mid and quarter cell position (67, 111).

Electron microscopy revealed that the H-pilus, product of the R27 T4SS, can assemble 

and extend from random positions on the cell membrane and is not limited to this mid or 

quarter cell position (67).

As R27 conjugation is influenced by temperature, TraG-dependent foci formation was 

investigated in cells grown at 37°C. Although foci were found at both 30°C and 37°C 

there was a statistically significant decrease in the number of foci formed when cells 

expressing TraG alone were grown at 37°C instead of at 30°C, a temperature that is 

permissive for R27 conjugative transfer (P-value=0.001). Furthermore, there was a
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significant change in the number of foci at 30°C, when cells expressing TraG also 

harbored the R27 plasmid (P-value=0.028). These data suggest that in the absence of 

essential R27 proteins, the number of TraG-associated foci per cell is slightly higher at 

30°C, as compared to the foci number formed at 37°C; temperature may be involved in 

more than simply transcriptional control of the R27 genome. Additionally, in the presence 

of R27 proteins, the number of TraG foci decreases when compared to cells expressing 

TraG alone. As expected, this decrease is not significantly different in the presence and 

absence of pDT3152 at 37°C, as at this elevated temperature, transcription of the 

majority of R27 genes is significantly reduced (67), Alonso, G. and Taylor, D.E., 

submitted for publication).

The ability of a coupling protein to localize to discrete positions within the cell, in the 

absence of other T4S proteins, is not a unique phenomenon. The A. tumefaciens 

coupling protein, VirD4, localized to the poles of the cell, independent of other Vir 

proteins or a T4S apparatus (103). The A. tumefaciens T4S protein VirB6 also localizes 

to the poles, however like TrhC from the R27 plasmid, this localization is dependent on 

the presence of a subset of conjugative proteins, VirB7-VirB11 (99). This dependence of 

VirB6 positioning on Ti plasmid-encoded VirB proteins, however, has not been 

demonstrated in a recent study, suggesting that additional work is required to resolve the 

architecture and temporal assembly of the Vir T4SS (96).

The TraG periplasmic-spanning residues and well-conserved residues in the Walker- 

type ATP-binding domains have been shown to be involved in the functionality of the 

R27 coupling protein. Moreover, the independent cellular localization of foci formed by 

the coupling protein is similar in position and number to potential T4S complexes 

encoded by the R27 plasmid. These data support a model of conjugation in which the 

coupling protein localizes to the periphery of the cell and associates with the T4S protein
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TrhB with periplasmic-spanning residues, thus enabling plasmid DNA to traverse the 

donor cell envelope.
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Chapter 4

Entry exclusion in the IncHU plasmid R27 is mediated 

by TrhZ and EexH

Portions of this chapter have been submitted to Journal of Bacteriology as: 

Gunton, J. E., Ussher, J. E. R, Wetsch, N.M., Alonso, G., and Taylor, D.E. (2005). Entry 

exclusion in the IncHU plasmid R27 is mediated by TrhZ and EexH.

RT-PCR analysis was performed by Dr. G. Alonso.
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4. Entry exclusion in the IncHH plasmid R27 is mediated by TrhZ and EexH

4.1 Introduction

Horizontal DNA transfer enables the rapid dissemination of genetic information 

with evolutionary and medical implications. Bacterial conjugation is a mechanism of 

horizontal gene transfer requiring cell-cell contact (214). An early study of 

extrachromosomal inheritance in bacteria revealed that the conjugation frequency of F+ 

strains decreased significantly when the recipient was an F+ strain when compared to 

the conjugal mating frequencies when F- strain were the mating recipients (115). This 

conjugative inefficiency is due to two processes, entry exclusion and plasmid 

incompatibility (143). Plasmid incompatibility is defined as the inability of two co-resident 

plasmids to be stably inherited in the absence of selective pressures (144), in contrast 

entry exclusion inhibits the initial entry of DNA from donor cells harbouring isogenic or 

closely related plasmids (143).

Entry exclusion (Eex) activity has been described in conjugative elements from a 

diverse array of incompatibility families including IncP (80, 81), IncW (121), IncF (2, 4), 

IncN (157), Incl (87, 88) and recently, IncJ (130). Notably, each conjugative element 

proficient in Eex activity can be grouped into two Eex classes: those plasmids that 

encode one Eex polypeptide and those plasmids that encode two independent 

polypeptides which confer Eex to recipient cells when mated with donors harbouring 

related plasmids. RP4 is a well-studied member of the first Eex class of plasmids, as the 

IncPa plasmid encodes the lipoprotein TrbK, which is the only necessary determinant 

responsible for the Eex phenotype in this broad-host range plasmid (81). Cellular 

localization studies of cells harbouring the RP4 plasmid revealed that TrbK is 

predominantly associated with the inner membrane of the cell envelope; the mechanism 

by which TrbK elicits an Eex phenotype in recipient cells has been proposed to be due to
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an interaction with the mating apparatus in donor cells containing a RP4-related plasmid 

(80).

The most intensively studied member of the second Eex class of plasmids in 

which two exclusion polypeptides elicit an Eex phenotype is the F plasmid. Similar to the 

TrbK protein of RP4, the F plasmid Eex protein TraS has been localized to the inner 

membrane of F plasmid-containing cells (3); Moreover, there is evidence to suggest that 

a similar interaction occurs between TraS and TraG, the stabilization protein of the F 

plasmid mating apparatus (59). The F plasmid also encodes the lipoprotein TraT, a 

second independent exclusion protein, which localizes to the outer membrane of the cell 

and prevents stable mating pair formation (156, 182).

Previous studies on the IncHI plasmid family has identified an Eex activity 

mediated by the IncHU plasmid pRG1251, however the specific protein(s) encoding for 

this event were not identified (188). Conjugative plasmids of the IncHU family were 

originally isolated in Salmonella enterica serovarTyphi, the causative agent of typhoid 

fever. These mobile genetic elements were found to encode multiple drug resistance 

determinants, thereby increasing the difficulty in treating the bacteria-induced fever (55, 

155). A unique feature of the IncHI plasmids is the temperature-sensitive feature of their 

transfer; optimal conjugation of IncHI plasmids occurs at 30°C, with reduced conjugation 

rates at 37°C (189). Recent transcriptional studies of genes essential for the transfer of 

the prototypical IncHU plasmid R27, indicate that the temperature-control is mediated at 

a transcriptional level (67).

The objective of this work was to identify the R27 determinants that mediate Eex 

activity in the IncH plasmid family. A screen of a cosmid library containing the majority of 

the R27 plasmid sequence revealed that the Z operon, located in the Tra2 region of R27r 

was able to confer an R27 Eex phenotype to recipient cells. Subsequent subcloning of 

the Z  operon identified the R27 exclusion proteins as TrhZ and EexH (previously named
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Orf016). RT-PCR analyses of the Z operon indicated that transcription of the R27 

exclusion proteins is repressed at 37°C, a temperature which was non-permissive for 

R27 conjugation. The specificity of the exclusion action elicited by TrhZ and EexH on 

R27-related and non-related plasmids was determined using an exclusion assay.

Bacterial fractionation studies revealed the cellular location of the R27 exclusion proteins 

TrhZ and EexH within the inner and outer membrane, respectively. A possible 

mechanism for Eex in R27 is discussed.

4.2 Experimental Procedures 

4.2.1 Bacterial strains, growth conditions, and plasmids

Escherichia coli strains and plasmids used in this study are listed in Table 1. E. coli 

strains were grown at 30 °C (DY330R) or 37 °C (RG-11) in Luria Bertani (LB) broth 

(Difco Laboratories, Detroit, Mich.) with shaking or on LB agar plates. Antibiotics used in 

this study are listed with final concentrations: ampicillin (100 pg ml'1), kanamycin, (50 pg 

ml'1), streptomycin (100 pg ml'1), rifampicin (20 pg ml'1), chloramphenicol (16 pg ml'1), 

tetracycline (10 pg ml'1), trimethoprim (12.5 pg ml'1), potassium tellurite (15 pg ml'1).

4.2.2 Reverse transcriptase PCR (RT-PCR)

RT-PCR of the Z operon was performed as described previously using the 

primers listed in Table 4-2 (78).

4.2.3 Entry Exclusion (EEX) Studies

All EEX matings (with the exception of those involving DY330R containing IncPoc 

conjugative plasmid RP4 as a donor strain) were initiated from overnight cultures that
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Table 4-1. Bacterial Strains and Plasmids used in this study

Bacterial strain or 
plasmid

Relevant genotype, phenotype, or characteristic1 Source or 
reference

E. coli
DH5a supE44 lacU169 (<P80lacZAM15) hsdR17 recA1 endA1gyrA96 Invitrogen

XL1-Blue
thi-1 relA1
recA1 endA1gyrA96 thi-1hsdR17 supE44 relA1 lac [F’ proAB Stratagene

DY330
lacPZAM15Tn10\
W3110 AlacU169 gal-490 Acl857 A(cro-bioA) (35)

DY330R Temperature-resistant revertant; Rif (Lawley et al.,

RG11 K-12 derivative; S tf
2002) 

This study
J53-1 pro met; Nalr (Bachman, 1972)

Plasmids
R27 Inc H11; Tcr (Taylor & Levine,

pDT1942 Derepressed R27; R27::Tn/acZ
1980) 

(Waters et al.,

pAS252-2-3 Inc HI2; Cmr
1992) 

This study
pH H1508a Inc HIT, Ter Tpr Stf (Bradley et al.,

PRG1251 Inc HI1; Cmr
1982)
(188)

RP4 Inc P; Kmr (Haase et al.,

R478 Inc HI2; Cmr
1995) 

(Giimour et al.,

F Inc F; Kmr
2004)

(Frost et al.,1994)
PMS119EH/HE Expression vector;Ptao-laclq; pMB1 origin of replication; Ampr (Strack et al.,

TrhO-EH 948bp PCR product with EcoRI and BamHI cut sites in 
pMS119EH; Ampr
840bp PCR product with Hind III and BamHI cut sites in 
pMS119HE; Ampr
522bp PCR product with EcoRI and BamHI cut sites in 
pMS119EH; Ampr
837bp PCR product with EcoRI and BamHI cut sites in 
pMS119EH; Ampr
3147bp PCR product with EcoRI and BamHI cut sites in 
pMS119EH; Ampr
858bp PCR product with Hind III and BamHI cut sites in

1992) 
This study

EexH-HE This study

017-EH This study

TrhZ-EH This study

TrhO-TrhZ-EH This study

EexHHis-HE This study

TrhZHis-EH
pMS119HE; Ampr
855bp PCR product with EcoRI and BamHI cut sites in 
pMS119EH; Ampr 
pDT1942 with cat in TrhO

This study

pJEG144 This study
pJEG142 pDT1942 with cat in EexH This Study
pJEG139 pDT1942 with cat in orf017 This study
PJEG141 pDT1942 with cat in TrhZ This study

Abbreviations: Nalr, nalidixic acid resistance, Rif, rifampicin resistance, Tcr, tetracycline 
resistance, Kmr, kanamycin resistance, Ampr, ampicillin resistance, Stf, streptomycin 
resistance, Cmr, chloramphenicol resistance, Tpr trimethoprim resistance.
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Table 4-2. Primers used in this study to clone the genes of the Eex operon and for transcriptional analysis of the Eex operon.

Primer ID Primer Name Sequence(5’-3 ’) ‘
Predicted Product 

Size (bp)
TrhO-GUN13 
TrhO-GUN14 
EexH-GUN15 
EexH-GUN16 

orf 017-GUN17  
orf 017-GUN18 
TrhZ -GUN19 
TrhZ -GUN20

EexHHis-GUN188

TrhZHis-JRU13

orf 017 
TrhZ 

orf 016 
orf 017-orf 016 
orf 016-TrhO  
orf 016-TrhO

PfkA

PfkA

F: TGAATTCAATGGCATCCGAGCACGTCCAG
R: TGGAT CCTTATAAT GTGG CCTCT AT ATT ATT AT C
F: TAAGCTTATGCTTAAATTAGAACTG
R: TGGAT CCTTAAT CATTTT CAGT CCT CATAGT CG
F: T G AATT CAAT GATTAG AGTTT C AG C
R: T G GAT CCTTAT GATT G CT CCTTTT G C AAAAATT C
F: T G AATT CAAT G AAAT ATATATT G ACCG
R: TGGATCCTTATTGAACAGGGTGATGGGC
R: TATAGGATCCT CAAT GGTGATGGT GAT G GTG AT CATTTT CAGT
CCTC ATAGTCG
R.TATAGGATCCTCAATGGTGATGGTGATGGTGTTGAACAGGGT
GATGGGC
F: AGGCACTGATGTCTGGTTACTC  
R CAACCGCTGCTGCATTACTGTC  
F: ACGGAATGTGGCTTGTTGATGG  
R: TGACGAATAGGTGCAACGACTCC  
F: TTG CCCATCCGATTACACAGAC  
R: CGACCATCAACAAGCCACATTC

F: GTGGCGGTACGTTCCTCGGTTCT

948TrhO-EH 

EexH-HE 

orf 017-EH  

TrhZ -EH

EexHms-HE

TrhZHis-EH 

2-19 (RT-PCR)

2-20 (RT-PCR)

2-21 (RT-PCR)

Control (RT- 
PCR)
____________________________________ R: TTTTTCGCGCAGTCCAGCCAGTC________________________________________________

* Restriction endonuclease sites are underlined.were sub-cultured (1/20 dilution) and donor and recipient strains grown until the mid 
log growth phase (A550 = 0.4-0.6). All recipient strains were induced with 0.4 mM isopropyl-p-D-thiogalactoside (IPTG) for one hour.

840

522

837

858

695

930

662

762



were sub-cultured (1/20 dilution) and donor and recipient strains grown until the mid-log 

growth phase (A550 = 0.4-0.6).After IPTG induction, 0.1 mL of donor cells were mixed in 

1.5 mL eppendorf tubes with 0.4 mL of recipient cells and 0.5 mL of LB media. The 

eppendorf tubes were inverted multiple times and then left to incubate for 16 hours at 30 

°C. Following incubation serial dilutions were set up for each mating (undiluted to 10'6 

dilution) in phosphate buffer saline (PBS) solution and plated on LB agar plates with the 

appropriate antibiotic selection. Eex indices (El) were determined by dividing the 

transfer frequency of donor plasmids into plasmid-free recipients by the transfer 

frequency of the donor cells into recipients containing the plasmid of interest.

For the EEX studies involving DY330R containing IncPoc conjugative plasmid

RP4 as the donor, overnight cultures were sub-cultured (1/20 dilution) and grown at 37
\

°C until strains reached mid-log growth phase (A550 = 0.48). From here, all recipient 

strains were induced with 0.4 mM IPTG. After IPTG induction, 0.5 mL of donor and 

recipient cells each were added and spread across an LB agar plate without antibiotic 

selection. Plates were incubated for 3 hours at 37 °C to allow for bacterial conjugation. 

After 3 hours incubation, 1mL of PBS solution was spread on individual agar plates.

After spreading the PBS solution, plates were tilted and remaining solution was collected 

into a 1.5mL eppendorf tube. The cells were harvested two more times and the collected 

cells, the undiluted sample, were adjusted to a volume of 3 mL. Serial dilutions were set 

up for each mating (undiluted to 10"6 dilution) and plated on LB agar plates with the 

appropriate antibiotic selection and incubated at 37 °C for 16 hours before enumeration. 

El levels were determined as described above.

4.2.4 DNA Manipulations and Mutagenesis

IncHU plasmid R27 DNA was isolated and purified with a Qiagen (Mississauga, 

Ont.) Large-Construct Kit. Expression and cloning vectors were isolated and purified 

using either the Qiagen Midi-prep kit (Qiagen Inc.) or the Qiagen Spin Mini-prep kit
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(Qiagen Inc.). Standard recombinant DNA methods were carried out as described by 

Sambrook et al. (165). Restriction endonucleases were used according to the 

manufacturer’s instructions, and digested DNA was analyzed by agarose gel 

electrophoresis.

Procedures for generation of drR27 mutants trhZ, trhO, orf017, eexH, and orf004 

are described in further detail in (109).

4.2.5 Bacterial Fractionation

The bacterial cell fractionation procedure was based on a previous study by 

Gauthier et.al. (63). Briefly, DH5a cells harbouring either TrhZHjS EH or EexHHiS HE were 

grown overnight in LB media at 37°C with shaking at 200 RPM. The culture was 

subcultured 1/20 in 20 ml of LB media and grown for 3 hours in the conditions described 

above; upon reaching mid-log growth conditions (OD600 0.5-0.6) the cultures were 

induced with 0.42 mM IPTG for 1 hour. Cells were harvested, washed in phosphate- 

buffered saline and re-suspended in 1 ml of sonication buffer (10 mM Tris [pH 7.0]) with 

1X complete protease inhibitor cocktail (Boehringer-Mannheim, Mannheim, Germany). 

Lysozyme was added to a final concentration of 10 pg/ml, and cells were incubated at 

4°C for 30 minutes. The periplasmic fraction was collected after centrifugation of the 

lysozyme-treated cells (at 8,000 X g for 10 minutes). The pellet was resuspended in 1 ml 

of sonication buffer and sonicated for 3 minutes (30 second pulses, 10 second breaks, 

Fisher Sonicator 300). Unlysed cells were collected by centrifugation at 16,000 X g for 2 

minutes, and the supernatant containing the cytoplasmic and membrane fractions was 

centrifuged at 100,000 X g for 1 hour (Optima Max-E Ultracentrifuge, TLA 120.2 rotor,

350,000 X g). The supernatant representing the cytoplasmic fraction was collected and 

the membrane pellet was washed with sonication buffer. The pellet was resuspended in 

0.5 ml of sonication buffer with 0.5% A/-laurylsarcosine, which selectively solubilizes the 

inner membrane, and the resuspension was rotated at room temperature for 30 minutes
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before centrifugation (100,000 X g for 1 hour). The supernatant representing the 

cytoplasmic fraction was collected and the pellet was washed with sonication buffer with 

0.5%  A/-laurylsarcosine. The pellet was resuspended in 0.5 ml of sonication buffer with 

0.5%  A/-laurylsarcosine and 0.1% sodium dodecyl sulfate (SDS). This resuspension 

represented the outer membrane fraction. The antibodies that were used to ensure 

appropriate separation of fractions were anti-DnaK (Stressgen,Victoria, BC), anti-SecY 

(Minotech, Crete, Greece), and anti-OmpA (158).

4.2.6 Electron Microscopy

Transmission electon microscopy (TEM) was performed as described previously by 

(127). Briefly, transconjugant colonies were applied to freshly prepared Formvar-coated 

copper grids by briefly touching the grids to isolated colonies. The samples were stained 

with the addition of of 1% phosphotungstic acid staining solution pH 7.0, with excess 

stain blotted away with filter paper. Grids were examined with a Philips model 410 

transmission electron microscope.

4.2.7 Web-based computer programs

PSI-Blast (http://www.ncbi.nlm.nih.gov/BI_AST/); ClustalW (Gonnet matrix, gap penalty = 

10, extension penalty = 0.2; http://www.ebi.ac.uk/clustalw/); TMPred 

(http://www.ch.embnet.org/software/TMPRED_form.html); ScanProsite 

(http://ca.expasy.org/tools/scanprosite/); EMBOSS pairwise local alignment (Blosum40 

matrix, gap penalty = 10, extension penalty = 0.5; http://ebi.ac.uk/emboss/align/); and 

SignalP (http://www.cbs.dtu.dk/services/SignalP/) were used.

4.3 Results

4.3.1 EexH and TrhZ mediate entry exclusion activity of the R27 plasmid.
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A plasmid-encoded Eex phenomenon has been observed within the 

incompatibility H plasmid family (188). To identify the specific mediators of the exclusion 

event encoded by the IncHU plasmid R27, a cosmid library of the large conjugative 

plasmid (140) was screened for IncH exclusion activity (Table 4-3). The exclusion 

activity is reported as an exclusion index (El) which is defined as the frequency of 

transfer of R27 to a plasmid-free recipient divided by the frequency of transfer of R27 to 

a recipient of interest; therefore a high El indicates inhibition of R27 conjugative transfer. 

In the screen of the R27 cosmid bank for Eex activity, the highest El level (El = 201) was 

recorded when donor cells harbouring R27 were mated with recipient cells containing 

the cosmid pJEG801 (Table 4-3). The pJEG801 cosmid encodes the R27 coordinates 

4.1-41.8 kb. This region of R27 contains the transfer region 2 (Tra2) that is located from 

coordinates 2.1-38.0 kb (109). Notably, lower El levels of 28 and 16 were recorded 

when R27 was mated into recipients cells containing the cosmids pJEG800 and 

pJEG803, respectively; these two cosmids also encode regions of the R27 Tra2 

sequence (Table 4-3).

The single cosmid encoding regions of R27 Tra1, pDT1693, demonstrated 

background levels of El (El=0.8). A region of Tra1 extending from orf 115 to trhX was 

unable to be screened for R27 Eex activity. The presence of the origin of transfer (or/7) 

within Tra1 resulted in an inability to clone a region of the R27 Tra1 sequence (109,

140). To identify the individual genes encoding the R27 Eex phenotype the cosmid clone 

encoding the smallest region of the Tra2 region which demonstrated exclusion activity 

was further characterized. The clone pJEG800 contains the R27 sequence 

corresponding to the coordinates 4.1-28.0 Kb; the R27 genes located in this region 

extend from orf4 to orf23. Within this region, four contiguous genes comprise the Z 

operon; fr/?O,orf016, orf017 and trhZ are flanked by the double partitioning determinants 

of R27 (111). Notably, the Z operon is present in all three R27 cosmid clones (pDT800,
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Table 4-3. R27 Cosmid library screen for entry exclusion activity.

Cosmid 

clone*

Coordinates* Restriction

enzyme5

Tra Region 

encoded*

T ransfer 

Frequency11

EEX index *

No insert - - - 1.9X1 O'4 1

PJEG800 4.1-28.0 Xba I Tra2 6.8X1 O'6 28

PJEG801 4.1-41.8 Xba\ Tra2 0.9X1 O'6 210

PJEG802 41.8-51.3 Xba\ - 3.2X1 O'4 0.6

PDT1693 111.4-155.6 Sa/I Tra1 2.5X1 O'4 0.8

pDT 1602 144.1-173.6 Sail - 3.9X1 O’4 0.5

PJEG803 164.4-28.0 Xba\ Tra2 1.2X1 O'5 16

* Cosmids were constructed using pHC79 and pUCD5 and electroporated into RG192-2 
cells.
* The R27 map coordinates of the sequence contained within the cosmid library. The 
coordinates are from the R27 GenBank sequence (NC_002305).
5 Restriction endonuclease used to generate the R27 fragments.
‘ The presence of sequence encoding partial Tra1 regions (98.1-117.3) orTra2 regions 
(2.1-38.0) within the cosmid clones are indicated.
 ̂Transfer frequency is listed as transconjugants per donor. The transfer frequency 

represents the average frequency from at least two independent experiments.
* EEX index is calculated by dividing the transfer frequency of cells harbouring an empty 
cosmid with the transfer frequency of cosmid clones containing R27 fragments.
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pDT801 and pDT803) that showed Eex activity. To ascertain the potential role this 

operon may play in IncH Eex, the region encoding trhO-trhZ was cloned into the IPTG- 

inducible expression vector pMS119HE (Figure 4-1). When trhO-trhZwas expressed in 

recipient cells and mated with donors harbouring the R27 plasmid, El levels of 3001 

were observed. Sub-cloning of the individual genes and screening for R27 Eex activity 

resulted in the identification of TrhZ and orf016 as R27 exclusion proteins (Figure 4-1). 

Due to the discovery of an Eex function mediated by orf016,1 changed the nomenclature 

of this R27 gene to eexH  (entry exclusion IncH).

Interestingly, there was a significant difference in the R27 El levels mediated by 

eexH and trhZ. Whereas the entire region of trhO-trhZ and trhZ were able to exclude the 

R27 plasmid at an El of ~ 3000, the eexH  gene and the trhO-otlOM  region conferred a 

higher R27 El of >10,000 (Figure 4-1). These data indicate the IncH plasmid R27 

encodes two functional Eex proteins which inhibit the redundant conjugative transfer of 

this genetic element.

4.3.2 Temperature-dependent transcription of Z operon

A hallmark feature of the IncHI plasmids is optimal conjugative transfer at 25- 

30°C with reduced transfer ability at 37°C (189). To determine the effect of temperature 

on the transcription of the R27 exclusion genes trhZ and eex/-/, RT-PCR analysis of the 

Z operon was performed. Total RNA was extracted from cells harbouring wild-type (WT) 

R27 or drR27 at 30°C and 37°C. Primers were designed to amplify adjacent genes in the 

Z operon transcript (Table 4-2, Figure 4-2a). For each reaction, control DNA was used 

to ensure accurate amplification by the primers 2-19, 2-20, and 2-21 (Figure 4-2b). In the 

absence of reverse transcriptase there was no evidence of contamination by the 

primers, however when the polymerase was present there was amplification of the Z 

operon transcript (Figure 4-2b).
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Figure 4-1. Open reading frame map of the Tra2 region of R27, with an enlarged map of 

the operon encoding the entry exclusion proteins TrhZ and EexH of R27. Gray orfs 

indicate genes required for the conjugative transfer of R27 and the black orfs indicate 

genes that are not essential for transfer. White orfs indicate the partitioning genes of the 

R27 that encode stability determinants. The black bent arrow represents a proposed 

promoter region upstream of the TrhO-TrhZ operon.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



parA  
Inc Region ParB

pa rM
parR

w
w

IrhE trhB trhV trhC  
trhL 30 27

trhA trhK 28

trhZ eexH htdA 9
17 trhO htdF

htdK

trhP trhLI trhN 4 trhl 
trhW

parA parB trhO parM  ' parR

EEX Index

3001...................................... .. .. trhZ - trhO
13852 r.:...:.- .......:........:............... J  017-trh O

5 i  i trhO
17483 eexH

3 017
2998 1 !i IrhZ

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

129



130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-2. (A) Operon map of the trhO-016-eexH-trhZ R27 genes where arrows 

indicate the region amplified by the RT-PCR primers 2-19, 2-20 and 2-21. (B) 

Confirmation of the trhO-trhZ operon structure by RT-PCR analysis of the co

transcription of R27 genes trhO-016-eexH-trhZ. For each primer set, three lanes are 

shown a) RT-PCR using an RNA template isolated from cell harboring R27 grown at 

30°C, b) negative control of the same RNA template with no reverse transcriptase, and 

c) positive control of a DNA template from cells containing R27. (C) Characterization of 

the transcriptional profile of R27 trhO-trhZ operon using RT-PCR with RNA from cells 

harboring a) W T R27 grown at 30°C, b) W T R27 grown at 37°C, c) derepressed R27 

grown at 30°C, and d) derepressed R27 grown at 37°C. The pfK corresponds to 

phosphofructose kinase which is an internal control.
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When the primers 2-19, 2-20, and 2-21 were added to RNA extracted at 30°C 

and 37°C from cells harbouring drR27 or W T R27, lower amplification of the Z operon 

transcript was observed at 37 °C than at 30°C (Figure 4-2c). RT-PCR is only a semi- 

quantitative technique but there was a significant difference in the Z operon transcript 

levels at 30°C and 37°C, with the former being greater than the latter. The 2-20 primer 

set amplifying orf017-eexH showed the greatest difference in amplification levels, with 

no detectable product present when the RNA template was extracted from cells grown at 

37°C harbouring W T R27 or drR27 (Figure 4-2c). As a control to ensure that the levels of 

RNA template used for the RT-PCR reactions were equivalent, the E.coli housekeeping 

gene pfkA, encoding phosphofructokinase, was amplified (Figure 4-2c). There was no 

difference in the level of pfkA amplification of RNA extracted from cells grown at 30°C 

and 37°C harbouring W T R27 or drR27.

4.3.3 Effect of R27 entry exclusion proteins on the transfer of related and non

related conjugative plasmids

The specificity of the Eex activity mediated by TrhZ and-EexH was determined by 

mating recipient cells expressing the R27 Eex proteins with donor cells harbouring R27- 

related and non-related plasmids. The IncHU R27 had been found to elicit an El of 3001 

when mixed with recipient cells expressing the Eex protein TrhZ (Figure 4-1). Similarly, 

when donor cells contained the closely-related IncHH plasmid pRG1251, the TrhZ- 

encoding recipients were able to exclude the donors to an El of 1781 (Table 4-4). When 

the donor cells harboured the lncHI2 plasmids pAS252-2-3 and R478, the El levels 

decreased to 640 and 526, respectively. The El levels decreased further to 207 when 

donor cells containing the IncHU plasmid pHH1508a were mixed with recipient cells 

expressing TrhZ. Non-related IncP RP4 plasmid and IncF F plasmid were only slightly
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inhibited in conjugation with recipient cells encoding TrhZ, as the El levels were 10 and 

19 respectively (Table 4-4).

When EexH was included in the Eex assay, the trend observed with TrhZ of 

decreasing El levels corresponding to increasing donor plasmid diversity was not 

present. Whereas donor cells containing the R27 IncHH plasmid elicited El levels of 

17483 when mixed with recipient cells expressing EexH, the El levels were markedly 

lower at 461 when the donor cells harboured closely-related IncHH plasmid pRG1251. 

The EexH mediated El levels associated with the lncHI2 plasmids pAS252-2-3 and 

R478 were decreased further at 209 and 95. Surprisingly, the most distantly related IncH 

mobile element in this study, the IncHH plasmid pHH1508a, obtained the second highest 

El of 1353, when mixed with EexH containing cells. The two plasmids not related to the 

IncH family, the RP4 and the F plasmid, were both conjugally inhibited by EexH to 

varying levels; the F plasmid registered an El of 353 and RP4 elicited an El of only 39 

(Table 4-4).

4.3.4 Localization of TrhZ and EexH in the bacterial cell

In order to determine the cellular location of the R27 Eex proteins TrhZ and 

EexH, a bacterial fractionation experiment was performed. The bacterial cells were 

fractionated into cytoplasmic, inner membrane, periplasmic, and outer membrane 

fractions by lysozymal treatment, sonication, ultracentrifugation and selective solubility 

with the detergent sarkosyl. The fractionation method used in this study exploits the 

differential lipid composition of the inner and outer membranes to separate the bacterial 

cell envelope; solubilization of the inner membrane with sarkosyl has been shown to be 

an effective means of separating the membranes of E. coli (56, 63, 141).

Characterization of plasmid-encoded Eex proteins has revealed that this family of 

proteins commonly contains signal sequences and hydrophobic domains implying
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Table 4-4. Specificity of the Entry Exclusion process mediated by TrhZ and EexH.

Donor strain containing:* Exclusion Indices* when recipients8 harbour:

Plasmid Incompatibility
Group

pMS119EH TrhZ-
PMS119EH

EexH- 
pMS119HE

drR27 IncHH 5 3001 17483

pRG1251 IncHH 8 1781 461

pAS252-2-3 lncHI2 4 640 209

R478 lncHI2 2 526 95

pHH 1508a IncHU 1 207 1353

F pro lac:: Tn5 IncF 1 19 353

RP4 IncP 1 10 39

f E.coli DY330R serve as the donor strain
* EEX index is calculated by dividing the transfer frequency of cells harbouring an empty 
cosmid with the transfer frequency of cosmid clones containing R27 fragments.
§ E.coli RG11 serve as the recipient strain
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Table 4-5. Summary of entry and surface exclusion genes from Gram-negative plasmids

Plasmid 
(Inc group) Gene

Protein
Size
(aa)

Transfer phenotype 
of exclusion mutantf Motifs*

(aa)
Hydrophobicity

region§(aa)
Signal sequence11 

(aa cut site) Reference

R27 (HI) trhZ 130 + None 3-19 Yes
(18-19) This study

R27 (HI)

F factor 
(FI)

F factor 
(FI)

RP4 (Pa)

eexH

traT

traS

trbK

279

244

173*

69

+

+

+

+

None

Lipoprotein
(12-22)

None

Lipoprotein
(13-23)

4-23

7-29, 
139-156 
34-53, 

63-79, 108-131

6-22

Yes
(23-24)

Yes
(26-27)

No

Yes
(22-23)

This study 

(59) 

(59) 

(80)

Ti trbK 75 + None 5-24 Yes
(20-21) (119)

R391 (J) eexR 143 + None 12-28, 41-59, 
74-100 Yes (27-28) (130)

SXT eexS 143 + None 12-30, 41-59, 
83-103 Yes (27-28) (130)

pKM101
(N)

R388(W)

eex

eex

75

76

N/A

N/A

Lipoprotein
(5-15)

Lipoprotein
(7-17)

4-24

None

Yes
(14-15)

Yes
(18-19)

(157)

(121)

R 144(1) excA 220 N/A None 24-45, 59-76 No (87)

R144 (I) excB 147 N/A None None No (87)

ColE1 mbeD 77 N/A None None No (220)

+Ability of mutant to transfer via conjugation to recipient cells. Detectable matings marked as “+". N/A corresponds to not available in the literature. 
* Conserved domain database (http://www.ncbi.nlm.nih.gov) and ScanProsite (http://ca.expasy.org/tools/scanprosite/).
§TMPred (http://www.ch.embnet.org/software/TMPRED_form.html)
’ SignalP (http://www.cbs.dtu.dk/services/SignalP/)
‘The traS sequence has been extended to encode an additional 72 bp or 24 aa (Accession number P09129)

OJUl

http://www.ncbi.nlm.nih.gov
http://ca.expasy.org/tools/scanprosite/
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membrane-association (Table 4-5). The bacterial fractionation data of R27-encoded Eex 

proteins determined that EexHHiS predominantly localized to the outer membrane of the 

cell (Figure 4-3A). Small amounts of EexHHiS were detected in the inner membrane 

fraction with no detectable protein in the cytoplasmic or periplasmic fractions.

Conversely, TrhZHiS was found primarily in the inner membrane fraction with trace 

amounts of protein in the outer membrane fraction (Figure 4-3B).

The cytoplasmic and periplasmic fractions had no detectable levels of TrhZHiS- These 

data suggest that the R27 Eex proteins function in different regions of the bacterial cell 

envelope. As a control for the appropriate fractionation of the bacterial cell components, 

the isolated fractions were probed with anti-DnaK, anti-SecY and anti-OmpA antibodies 

(Fig. 4-3C). DnaK is a cytoplasmic heat shock protein (Hsp) that is involved in \  DNA 

replication (120). The Hsp protein was detected in the cytoplasmic fraction with trace 

amounts in the soluble periplasmic fraction (Fig. 4-3C). The SecY protein is a member of 

the inner membrane-associated Sec system that translocates proteins out of the cytosol 

(for review see reference (139); SecY was found predominantly in the inner membrane 

fraction, with trace amounts of protein in the periplasmic fraction (Fig. 4-3C). The OmpA 

protein is a porin-like integral membrane protein found in the outer membrane of many 

Gram-negative organisms(44). The 35 KDa OmpA was detected in the inner and outer 

membrane fractions, with a small amount detected in the cytoplasmic fraction. A 62 KDa 

band, OmpA*, detected by the rabbit anti-OmpA serum, was present only in the outer 

membrane fraction. The OmpA localization result was identical to the distribution of this 

outer membrane protein in fractionation experiment of a recent study on Eex in IncJ 

integrative elements (130).
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Figure 4-3. TrhZ and EexH localize to the inner and outer membrane, respectively. 

Bacteria were fractionated into cytoplasm (C), inner membrane (IM), periplasm (P), and 

outer membrane (OM) fractions with an equal percentage of each fraction volume 

loaded on SDS-PAG and transferred to a nitrocellulose membrane. (A and B) Immuno 

blots were probed with anti-His monoclonal antibody. (C) Immunoblots were probed with 

anti-DnaK monoclonal antibody, anti-SecY and anti-OmpA antisera to ensure 

appropriate separation of fractions. The OmpA* corresponds to a ~60 KDa protein 

detected by the anti-OmpA antisera in the outer membrane (130).
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4.3.5 Do the R27 entry exclusion proteins interact with themselves?

We next sought to determine the mechanistic process of the R27-encoded Eex 

phenomenon. A possible mechanism of R27-encoded exclusion could be the interaction 

of the entry exclusion proteins in the donor and recipient cells; consequently, the donor 

cell and the recipient cell would each have to possess the Eex proteins to observe the 

exclusion phenotype. Functional and mutational analyses of the Tra2 region of R27 

determined that the R27 Eex genes trhZ and eexH were not essential for the conjugative 

transfer of the IncHM plasmid (109). Cells harbouring drR27 plasmids with insertional 

mutations in the Eex genes were mixed with recipient cells containing an empty 

pMS119EH, or pMS119EH/HE expressing TrhZ or EexH. As an experimental control, 

donor drR27 with mutations in another gene encoded in the Z operon, orf017, and a 

gene in the proximal region of Tra2, orf004, were included in this study.

When donor cells harbouring drR27 plasmid with mutations in the orf004 or 

orf017 were mated with recipient cells expressing TrhZ, the resulting El levels of 5525 

and 2013 respectively were similar to the El of 3001 obtained with W T drR27 (Table 4- 

6). Conversely, when the donor cells contained the drR27 mutant eexH, the El level 

decreased to 125. Notably, only background levels of El were observed when the donor 

cell harboured the drR27 mutant trhZ (Table 4-6). These data suggest that when the 

donor plasmid drR27 lacks the TrhZ protein, the IncH plasmid is not inhibited in 

conjugation with recipient cells expressing the R27 exclusion protein TrhZ; these Eex 

data support the possibility of a direct (or indirect) interaction of R27 Eex proteins which 

determines the efficacy of the Eex process. When the study was repeated with recipient 

cells expressing EexH, the Eex assay was only possible with donor cells harbouring the 

drR27 mutant trhZ. Again, a significant decrease in El to background levels was 

observed (from 17483 to 8) when the R27 donor plasmid had an insertional mutation in 

the trhZ gene (Table 4-6). Unfortunately, when donor cells containing drR27 mutants
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Table 4-6. Entry exclusion by TrhZ and EexH require that donor cells contain R27 
exclusion protein for exclusion activity.

Eex Indices* when donor strain DY330R harbours:

Plasmid in 

recipient cells * drR27

drR27 with mutations in:

orf004 eexH orf017 trhZ

Vector alone 5 5 5 3 2

TrhZ-EH 3001 5525 126 2013 5

EexH-HE 17483 N/A§ N/A§ N/A§ 8

* E.coli RG11 served as the recipient cell.
* El is calculated by dividing the transfer frequency of cells harbouring an empty cosmid 
with the transfer frequency of cosmid clones containing R27 fragments.
§ N/A corresponds to “not available” as the transconjugant colonies had a clumped 
morphology which made enumeration impossible.
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orf004, eexH, and orf017 were mated with recipient cells expressing EexH, the dilution 

plating required for the conjugation assay resulted in massive clumping of the 

transconjugant cells on the LB plates. The presence of EexH in the recipient cells 

consistently resulted in this cell morphology when mated with the three aforementioned 

drR27 mutants, even after repeated mating attempts. Electron microscopic analysis of 

transconjugant cells harbouring R27 mutants orf 004 and trhZ revealed heavily 

negatively-stained regions on cell surfaces (Figure 4-4 B,C). The transconjugants cells 

harbouring the R27 mutant orf 017 and a vector expressing TrhZ showed an elongated 

phenotype which was not observed when TrhZ was absent from the RG11 cells (Figure 

4-4D and 4-5D). As TrhZ was determined to be an outer membrane, the presence of this 

entry exclusion protein on the cell surface appears to cause phenotypic changes in 

transconjugants with certain R27 mutants.

4.4 Discussion

Within large bacterial populations prokaryotic genomes are in a continuous state 

of flux due to a massive reservoir of DNA upon which to draw. The acquisition of foreign 

DNA via horizontal gene transfer rarely results in the insertion and stable maintenance of 

genes within a new host over multiple generations. Furthermore, mobile genetic 

elements-encode barriers that inhibit the initial entry of DNA into recipient cells (193). 

The entry exclusion process inhibits the transfer of conjugative elements into recipient 

cells harbouring isogenic or closely-related mobile elements (143). In addition to 

preventing the unnecessary energy expenditure of redundant conjugative transfer, entry 

exclusion determinants have been found to confer serum resistance on host cells (136) 

and have been proposed to break apart mating pairs releasing transconjugant cells to 

act as new donor cells (193).
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Figure 4-4. Elector) microscopic images of RG11 transconjugant cells expressing the 

entry exclusion protein TrhZ from pMS119HE. The R G 11 TrhZ-HE cells were mated with 

DY330R cells containing (A) drR27 and the drR27 mutants (B) ORF 004, (C) trhZ, and 

(D) ORF 017.
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Figure 4-5. Electon microscopic images of RG11 transconjugant cells containing (A) 

drR27 and the drR27 mutants (B) ORF 004, (C) trhZ, and (D) ORF 017.
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Here we describe two proteins that mediate entry exclusion within the 

prototypical IncHI plasmid R27. Although entry exclusion was initially documented within 

the IncHI family in 1977 (188), a cosmid screen of R27 has revealed that the entry 

exclusion (Eex) phenotype was conferred by TrhZ and EexH encoded within the Z 

operon located in the Tra2 region of this conjugative plasmid. The R27 cosmid library 

bank contained the majority of the R27 plasmid, however the presence of an oriT 

sequence within the Tra1 region resulted in difficulties with cloning adjacent regions 

(108, 140). The cosmid library did not include 10 orfs located within this section of the 

Tra1 region, of which six orfs have been assigned a functional role in conjugation (108).

In the existing literature on Eex, no gene mediating Eex that was encoded outside of the 

defined transfer region has been reported (4, 81, 87 ,121 , 157). Nevertheless, we cannot 

exclude the possibility that one or more of the Tra1 orfs 115, 116, 118, or 121 may be 

involved in entry exclusion function of R27.

The functional and mutational characterization of the Tra2 region of R27 revealed 

that trhZ and eexH  are not essential for the conjugative transfer of the IncH11 plasmid 

(108). The non-essential nature of the R27 Eex proteins in conjugation is consistent with 

the Eex determinants that have been characterized (Table 4-5). A motif that has been 

associated with Eex determinants is the lipoprotein motif; neither EexH nor TrhZ contain 

this motif (Table 4-5) Notably, mutational analysis of the TrbK lipoprotein motif has 

identified that such a functional lipoprotein motif is not required for the Eex activity of the 

RP4 protein (80). The Eex proteins of the R27 plasmid both contain a transmembrane 

domain as part of a predicted signal sequencE. The majority of Eex determinants 

contain transmembrane domains and localization studies of the IncP and IncF Eex 

components have confirmed an association with the cellular envelope (Table 4-5)(2, 80, 

97). Bacterial fractionation studies on the EexH and TrhZ proteins of R27 indicated that 

the TrhZ protein primarily associates with the inner membrane, whereas EexH was
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predominantly located in the outer membrane. The well-characterized TraT protein from 

the F plasmid was also identified as an outer membrane protein (2); the surface exposed 

TraT has been proposed to prevent the formation of mating aggregates. The TraT 

protein has been termed a surface exclusion protein. Although EexH mediates exclusion 

in the R27 plasmid and was localized to the outer membrane, we have employed the 

nomenclature proposed by Novick et al. in which all exclusion proteins are termed entry 

exclusion proteins (145).

Recent transcriptional studies on the R27 plasmid have determined that at 33- 

37°C (57), a temperature that is non-permissive for conjugative transfer of IncHI 

plasmids (189), there is global repression of essential transfer genes. This global 

repression can be mediated by plasmid or host-encoded Hha or H-NS (57). 

Transcriptional analysis of the Z operon, encoding the R27 entry exclusion proteins, 

revealed that the global repression induced by elevated temperatures reduced the 

expression of the Tra2 operon. The Z operon is flanked by the double partitioning 

modules of R27 and is transcribed in the opposite direction from the remaining two Tra2 

operons. It is noteworthy that the Z operon, encoding proteins non-essential for the 

conjugative transfer of R27, appears to be regulated by the same mechanism as the 

operons encoding essential R27 transfer proteins.

An Eex assay was established to determine the levels of exclusion mediated by 

recipient cells expressing R27-encoded TrhZ or EexH, when mated with donor cells 

harbouring R27-related and non-related plasmids. It would be expected that a donor cell 

containing a closely-related IncH plasmid would elicit a high El when mixed with 

recipient cells expressing the R27 exclusion proteins; conversely, donor cells harbouring 

non-related plasmids such as IncP or IncF plasmids could mate with the aforementioned 

recipient cells with minimal inhibition, thereby registering a low El level. When recipient 

cells expressing TrhZ were mated with donor cells harbouring R27-related and non-
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related plasmids, there was a direct correlation between the increase in evolutionary 

distance from the R27 plasmid and the decrease in El levels. Conversely, this trend was 

not apparent with the EexH protein. Surprisingly, when the donor cells harbouring the 

lncHI2 plasmid R478 were mated with recipient cells expressing EexH the El levels of 95 

were significantly lower than the El level of 353 elicited by the F Factor a non-related 

IncFI plasmid.

A search of the NCBI database for homologues of the TrhZ and EexH identified 

orf016 and orf018 from the lncHI2 plasmid R478 (Figure 4-6). Whereas TrhZ is closely 

related to the orf016 from R478 (80.5% identity over an alignment length of 128 

residues), EexH'has only limited sequence similarity to the R478 orf018 (40.6% identity 

over an alignment length of 281). Moreover, the sequence similarity between EexH and 

018 is lower in the C terminal region of the proteins (32.1% identity over an alignment 

length of 100 residues). The C terminal region of Eex proteins have been demonstrated 

to be the domain that determines the specificity of entry exclusion (80, 130). The limited 

sequence similarity in the C terminal region between EexH and orf018 from R27 and 

R478 respectively, may explain the inability of the EexH plasmid to exclude R478 during 

Eex activity assays.

Although a number of Eex determinants have been identified in a wide array of 

incompatibility groups, little is known about the mechanism by which the Eex proteins 

confer the exclusion phenotype to host cells. Studies on the TraS protein of the F 

plasmid, and Eex determinants from the conjugative elements SXT and R391 have 

revealed that these inner membrane proteins interact with the well-conserved mating 

pair formation protein TraG (8,130). The TrbK protein from RP4 was also proposed to 

interact with a component of the mating pair formation complex (80). TrbK and the 

R391/SXT-encoded Eex proteins were not required in the donor cell to elicit an Eex 

event. Conversely, when donor cells containing an R27 trhZ mutant were mated with
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Figure 4-6. Alignment of the R27 entry exclusion protein (A) TrhZ (GenBank accession 

no. NP_058232.1) with R478 protein orf 016 (GenBank accession no. CAE51546.1) and 

(B) R27 protein EexH (GenBank accession no. NP_058230.1) with the R478 protein orf 

018 (GenBank accession no. CAE51548.1). Sequences were aligned using ClustalW 

and shaded in GeneDoc using the conservation mode at level two. Arrows indicate the 

predicted signal sequence cleavage site using SignalP.
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donors expressing TrhZ, there was minimal exclusion activity (El=5) as the mating 

frequency was equivalent to that obtained with the R27 trhZ mutant mated with 

recipients containing empty vector (El=2). Similar results were obtained when the trhZ 

mutant was utilized as a donor plasmid with recipient cells expressing EexH (El=8). 

Further evidence to support the interaction between R27 Eex proteins is that the R27 

eexH  mutant was only minimally excluded from recipients expressing TrhZ (El=126). 

These putative Eex interactions between R27 proteins may explain the major 

discrepancy in the El levels elicited by TrhZ and EexH. When the entire Z operon was 

expressed from pMS119EH, El levels of 2998 were obtained, similar to the El level 

observed with donors expressing TrhZ alone (El=3001). However, when the trhZ gene 

was excluded from the operon, the El levels drastically increased to 13852, which is 

closer to the El levels elicited by EexH alone (El=17483). In future studies it is 

necessary to determine if the inner membrane-associated TrhZ regulates the 

expression, or perhaps localization, of EexH in the outer membrane when the two R27 

Eex proteins are co-expressed.

Together, these data permit speculation on the mechanism involved in R27 entry 

exclusion. A successful interaction between the outer and inner membrane Eex 

components results in the exclusion of the incoming plasmid. A potential problem is that 

this model requires the inner membrane proteins of donor and recipient cells to interact. 

A similar problem exists with the proposed interaction between the inner membrane Eex 

and TraG proteins of the F and R391/SXT conjugative elements. The composition and 

architecture of the type IV secretion system (T4SS) remains elusive; there is increasing 

evidence that the conjugative pore enables proteins within the inner membrane to 

interact through translocation of certain conjugative proteins between mating cells (8).

An alternative possibility is that the appressed donor and recipient membranes allow 

their respective inner membranes proteins to come into close proximity as there is
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evidence that an intermediate fraction representing both cytoplasmic and outer 

membrane components is formed by the T4SS (75, 166).
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5. Discussion

5.1 Bacterial Conjugation

Charles Darwin proposed the tree or coral of life to describe the history of all 

living and extinct organisms (38). Bifurcation of a branch of the tree represents a split 

and independent evolution of two species. Horizontal gene transfer (HGT) is a process 

that enables genetic exchange between independently evolved species (for a review see 

(70)). The result of this lateral exchange is the potential to turn the structured 

evolutionary tree into a tangled web (15).

Bacterial conjugation is a mechanism of HGT that is encoded by conjugative 

elements such as plasmids and integrative chromosomal elements. The bacterial 

envelope represents a formidable barrier for the entry or export of macromolecules. The 

majority of mobile genetic elements that are proficient at conjugative transfer encode a 

multiprotein complex, the type IV secretion system (T4SS), which spans the double 

membrane structure of Gram negative bacteria (34). Mobilizable plasmids such as the 

InQ plasmid RSF1010 do not encode a T4SS however these genetic elements are able 

to utilize the T4SS encoded by other self-transmissible plasmid families such as IncP 

plasmid, to facilitate lateral gene transfer (83).

Sequencing and mutational analysis of the IncHH plasmid, R27, has revealed 

that this Gram negative plasmid encodes a T4SS within two transfer regions, Tra1 and 

Tra2 (108, 109, 176). This thesis has characterized two Tra1-encoded proteins, TraJ 

and TraG, which are essential for R27 conjugative transfer, and thus these proteins have 

been termed “mediators” of R27 HGT (Chapter 2). A search of the R27 plasmid for 

proteins that inhibit IncH redundant transfer identified the Tra2-encoded proteins EexH 

and TrhZ; as these proteins prevent conjugative transfer they have been termed 

“inhibitors” of R27 HGT (Chapter 4).
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The analysis of the mediators and inhibitors of an R27 HGT event will be 

described separately in sections 5.2 and 5.3, respectively.

5.2 Mediators of R27 HGT

Complete genomic sequence information is available for the IncHH plasmids 

R27 and pHCM1, as well as the lncHI2 plasmid R478 (69, 155,176). The region of 

similarity among these IncHI plasmids encompasses the plasmid backbone 

determinants that encode replication, partitioning and conjugation functions. There were 

no genes within this minimal core that appeared to encode accessory functions such as 

resistance to antimicrobial agents (69). A closer examination of the conjugative genes of 

IncHI plasmids revealed that these large conjugative plasmids are a hybrid of genes that 

share homology with a variety of Inc groups. The IncH T4SS can be grouped with the 

IncF T4SS as significant homology exists within the proteins that are necessary for 

assembly of conjugative pili (112). Unlike the T4SS of the Ti plasmid or IncP plasmid, 

the F/H-type T4SS do not encode a third ATPase, VirB11. Conversely, the IncH 

relaxase protein which forms a covalent bond with the DNA substrate has greater 

similarity to the IncP relaxase than the relaxase encoded by the IncF plasmids. A final 

example of the hybrid nature of the IncH T4SS is the absence of the R27 accessory 

protein TraJ within the IncP, IncF or IncW plasmid families. TraJ homologues were 

identified in a number of H-type conjugative elements such as SXT and R391 (69).

An interaction has recently been identified between the R27 coupling protein 

TraG and a component of the T4SS, TrhB (66). The primary objective of this thesis was 

to extend the coupling protein interaction study by identifying interactions that may occur 

between TraG and the R27 relaxosome proteins. The bacterial two hybrid and 

immunoprecipitation techniques revealed that TraG could interact with TraJ (Chapter 2). 

Mutational analyses of the Tra1 region of R27 revealed that traJ encoded a protein that
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is essential for conjugative transfer of the R27 plasmid, but is not necessary for 

formation of conjugative pili on the cell surface (108). Our initial characterization of 

these data classified TraJ as a relaxosomal component (108). Further research, 

however, has indicated that TraJ is an accessory protein to the R27 coupling protein 

TraG (Chapter 2). One line of evidence that suggests that TraJ is not a relaxosome 

protein is the structural architecture of this R27 protein. The presence of multiple 

putative transmembrane domains within TraJ (69) is atypical of relaxosomal proteins 

which are normally associated with the cytoplasmic environment (124).

A second indication that TraJ is an accessory protein to the coupling protein was 

revealed upon a search of the NCBI databanks. Every genome containing a TraJ 

homologue also encodes a member of the coupling protein family (69). Moreover, the 

TraJ and TraG homologues are located within 1.5 kb of each another. Homologues of 

TraJ and TraG encoded within plasmid and chromosomal genomes were found to 

interact which suggests that this module of TraJ and TraG is evolutionarily related with 

respect to function (Chapter 2). Further evidence of the functional relatedness of TraJ 

and TraG is that TraJ shares sequence similarity with an N terminal, multiple 

transmembrane domain present in a family of DNA translocases, FtsK/SpolllE (Chapter 

2). Sequence similarity has previously been documented between Spoil IE and the 

coupling protein family (52); this sequence similarity is greatest in the NTP-binding 

domains located in the C terminal regions of these ATPases.

The shared similarity to a large DNA translocase family of proteins, in 

combination with the conserved interaction that exists between homologues of TraG and 

TraJ and the shared functional role in mediating R27 HGT, suggests that TraG and TraJ 

may have been fused together as a Rosetta stone protein sequence (129)(Chapter 2). 

According to the Rosetta Stone model, the progenitor of the IncH proteins TraG and 

TraJ would have been a single polypeptide similar to the FtsK/SpolllE DNA translocase
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family. An interesting observation is that within each genome encoding this TraJ-TraG 

module, the genetic organization is that traG is upstream of traJ (Figure 2-8). The R27 

proteins TraJ and TraG share homology with the N and C terminal domains of the 

FtsK/SpolllE translocases, respectively (Chapter 2). There are two possible 

explanations for why the coupling protein is encoded upstream of the accessory protein. 

The first explanation is that a simple genetic rearrangement has occurred in the 

ancestral gene encoding for this fused polypeptide. While a second explanation is that 

the fused polypeptide had an atypical domain organization for an ATPase with 

transmembrane domains at both the N and C terminus.

The most pressing question regarding the proposed role of TraJ as an accessory 

to the R27 coupling protein is why this accessory protein is not a common feature of all 

members of the coupling protein family. Within the well-characterized coupling proteins 

of the IncF, and IncP plasmids, two transmembrane regions are sufficient for membrane 

localization and pore formation (169). A possible explanation is that in addition to the 

role as a stability factor for the coupling protein at the inner membrane, TraJ may play a 

role in delivering the single stranded DNA substrate to the hexameric pore of the 

coupling protein. One current model for conjugation, referred to as the “shoot and 

pump” model, involves the translocation of a relaxase bound to the processed DNA 

through the T4SS (122, 123). The second step of the model is that the coupling protein 

actively pumps the DNA across the conduit (122,123). The TraJ-protein family contain 

two well-conserved, positively-charged residues between the second and third 

transmembrane domain (69). The cytoplasmic-association and close proximity to the 

coupling protein pore may facilitate the binding of processed DNA by these residues.

A schematic representation of the R27-encoded protein interactions identified in 

this thesis is presented in Figure 5-1. The positively-charged residues of TraJ have
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Figure 5-1. A schematic representation of the interactions occurring between R27- 

encoded proteins studied in this thesis. The structural domains of the hexameric 

coupling protein TraG (dark blue) are indicated. The periplasmic interaction domain 

between TrhB (orange) and TraG is shown. The interaction between TrhB and TrhK 

(light blue) has not been demonstrated within the R27 Mpf, however there is evidence of 

such an interaction in related T4SS (see text). The two well conserved positively charge 

residues in TraJ (green) at the inner-membrane-cytoplasm interface are shown.
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been represented. The TraJ domain that interacts with the coupling proteins has not yet 

been determined. Site-specific mutagenesis of the TraG periplasmic residues, flanked by 

transmembrane domains, was not sufficient to inhibit an interaction with TraJ suggesting 

that the TraJ-TraG interaction does not occur in the periplasmic space (Chapter 3). The 

periplasmic residues of the R27 coupling protein TraG have been found to be necessary 

for an interaction with the Mpf protein TrhB. Bacterial two hybrid analysis indicated that 

the coupling proteins from the IncP, IncW and IncF plasmids are also able to interact 

with the periplasmic-spanning TrhB protein. Notably, none of these non-cognate 

coupling proteins could complement a R27 traG mutant suggesting that these coupling 

proteins could not associate with the R27 relaxosome. Bacterial two hybrid analysis also 

revealed that non-cognate coupling proteins could not interact with the R27 TraJ protein 

(Chapter 3). If TraJ is involved in presenting the DNA to the conjugative pore, the 

inability to interact with TraJ may partially explain the inability of non-cognate coupling 

proteins to complement a R27 traG mutant.

Secretins are multimeric proteins that localize to the outer membrane and form 

pores enabling the secretion of macromolecules (190). An outer membrane pore has 

not been identified in the T4SS, however, the C terminal region of the R27 T4S protein 

TrhK (TraK from F plasmid) shares sequence similarity with secretins from the T2SS and 

T3SS (109). Figure 5-1 depicts the interaction between conjugative core proteins TrhB 

and TrhK. This is based on studies of the VirB/D4 T4SS of the Ti plasmid, which have 

presented immunoprecipitation data in which homologues of TrhB and TrhK, VirBIO and 

VirB9, respectively, form a complex in the presence of a functional coupling protein. 

Mutagenesis of the Ti plasmid coupling protein VirD4 prevented this association which 

led to the proposal that the periplasmic spanning-VirBIO protein is an ATP energy 

sensor (27).

f
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The ATPase VirB4 of the A. tumefaciens VirB/D4 T4SS has recently been 

predicted to form a homohexamer and act as a inner membrane docking site during 

conjugation (133). The proposed hexameric configuration was based on sequence 

similarity to the prototypical R388 coupling protein TrwB. This conjugative model 

predicts that VirB4 binds to the hexameric VirB11 at the entrance to the conjugative pore 

and undergoes a conformational change in the presence of VirD4 such that VirD4 now 

docks with VirB11 (133). There are two major difficulties in incorporating the Ti 

conjugative model with the predicted R27 conjugative apparatus. The primary issue is 

that the H-type T4SS differs from the VirB/D4 T4SS in that it does not encode a VirB11 

homologue. Secondly, bacterial two hybrid analysis and immunoprecipitation techniques 

demonstrate that the R27 coupling protein does not interact with the R27 VirB4 

homologue TrhC (Chapter 2). As this interaction is central to the Ti conjugative model, it 

is likely that the conjugative mechanisms occurring at the inner membrane-cytoplasm 

interface are different for these two conjugative plasmids.

Characterization of the R27 T4S protein TrhC, a homologue of the ATPase 

VirB4, has indicated that GFP tagged-TrhC forms foci in the periphery of the cell 

membrane. This localization is dependent on the presence of essential Mpf proteins 

suggesting that these foci represent R27 Mpf complexes (67). Further studies indicated 

that conserved residues in the Walker A and B NTP binding motifs are not essential for 

the formation of foci but are essential for pilus formation and R27 conjugative transfer 

(68). These data suggest that ATP binding and hydrolysis by TrhC is not essential for 

assembly of Mpf complexes, however, ATPase activity is required for conjugative 

transfer following Mpf formation.

Immunofluorescent microscopic studies of the R27 coupling protein indicate that 

TraG also forms foci in the cell periphery (Chapter 3). Notably, the random distribution 

of coupling protein foci, and the average number of foci found per cell (~5-6) were similar
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to the results obtained from analysis of foci formed by the R27 Mpf complexes. A major 

difference between the foci formed by TraG and TrhC was that foci could be formed by 

the R27 coupling protein in the absence of other T4S proteins. Therefore the R27 

coupling protein could be a docking site onto which the Mpf complex is assembled. An 

R27 traG mutant expressing TrhC-GFP, however, was still able to form fluorescent foci 

in the cell periphery indicating that Mpf complex formation occurs in the absence of the 

coupling protein (68). Together these results indicate that the R27 Mpf complex and 

coupling protein independently associate at discrete positions in the cellular membrane.

It may be possible that a host-encoded protein is the docking site for the R27 

conjugative proteins. The Mpf and coupling protein encoded by the Ti plasmid VirB/D4 

T4SS also independently associate with a discrete cellular location, the pole of the host 

cell (99,103). These Ti plasmid studies have not yet identified the membrane 

associated-protein or structure to which the T4S proteins bind.

5.2.1 Future Studies on the R27 Conjugative Apparatus

The “shoot and pump” model of conjugation proposes that the coupling protein 

has an active role in the secretion of the DNA substrate through the conjugative pore 

(122). Site-specific mutagenesis of the R27 coupling protein TraG has identified 

residues within the Walker A and B NTP-binding motifs that are essential for conjugative 

transfer of the IncH plasmid. Studies using mutagenesis of the periplasmic-spanning 

domain of TraG were instrumental in identifying the domain of the R27 coupling protein 

that interacts with the Mpf complex. Clearly, this technique is an effective tool in defining 

an R27 conjugative model. There are numerous R27 proteins with residues that are 

candidates for mutational analysis including the two well-conserved, positively charged 

residues of the R27 accessory protein TraJ. If a mutation within this region of TraJ
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inhibits conjugative transfer, DNA-binding studies with R27 DNA and non-specific DNA 

would be the next logical experiment to perform with TraJ.

A second candidate for mutational analysis is a well-conserved glutamine 

residue in TraG that is located distal to the Walker B motif (Figure 5-2). Structural 

predictions of the VirB4 ATPase from A. tumefaciens indicate that this glutamine residue 

(Q539 in TraGR27) is structurally proximal to residues within the Walker A and B motifs 

that have been identified as essential for ATP binding (133). This glutamine residue 

may play a similar role in ATP hydrolysis as the Q loop motif of the ATP-binding cassette 

(ABC) transporters (98). Structural changes in the Q loop are essential for the hydrolytic 

activity of the ATPase; glutamine is the catalytic residue of the Q loop motif (98).

Mutation of the R27 coupling protein TraG periplasmic domain, which created the 

construct TraG:S4, prevented the association of the coupling protein with the Mpf 

protein, TrhB (Chapter 3). Interestingly, the TraG:S4 construct was still able to 

complement an R27 traG mutant, albeit with less than W T transfer frequency. As 

TraG:S4 is not able to interact with TrhB, the R27 coupling protein must interact with 

more than one component of the Mpf complex (Chapter 3). Future studies should 

include screening R27 Mpf proteins which putatively associate with the inner membrane 

for the ability to interact with the coupling protein.

Finally, the sequence similarity that exists between TrhK-like proteins and the 

secretins of the T2SS and T3SS may indicate that the T4SS does contain a member of 

the secretin family of proteins. A conjugative pore must contain a structure in the outer 

membrane that would mediate translocation. Attempts at isolating multimeric TrhK have 

to date been unsuccessful, even in the presence of additional conjugative proteins such 

as the lipoprotein TrhV. Purification and visualization of TrhK would represent a 

significant advancement in the study of conjugative plasmid biology. A renewed effort in 

isolating this SDS-resistant, multimeric structure may be a valuable enterprise.

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



164

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5-2. Alignment of the Walker B motifs from coupling proteins from R27 (TraG; 

Gen Bank accession no. NP_058332), R478 (TraG; Gen Bank accession no.CAE5173). 

R391 (TraD; Gen Bank accession no. AAM08004), SXT (TraD; Gen Bank accession no. 

AAL59680), Ti (VirD4; Gen Bank accession no. NP_059816), R388 (TrwB; Gen Bank 

accession no. CAA44852), F (TraD; Gen Bank accession no.BVECAD), and RP4 (TraG; 

Gen Bank accession no.S22999). The numbers indicate the amino acids preceding the 

Walker B region. Sequences were aligned using ClustalW and shaded in GeneDoc 

using the conservation mode at level two. The Walker B motif of the coupling proteins is 

indicated (hhhhDE; where h is a hydrophobic residue (168)) Asterisks indicate the 

conserved glutamine residue which is a candidate for substitution mutagenesis.
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5.3 Inhibitors of R27 HGT

Entry exclusion (Eex) prevents the redundant transfer of conjugative elements 

into recipients harbouring isogenic or closely-related mobile genetic elements (143). 

Exclusion activity has been documented in a number of conjugative plasmids, and 

recently in the integrative and conjugative chromosomal elements (ICEs) SXT and R39 

(130). In 1977, Eex activity was documented in IncHI and lncH2 plasmids, however the 

specific mediators of this exclusion event were not identified (188). An R27 cosmid 

library representing the majority of the IncHM plasmid was screened for the Eex ability. 

Three cosmids encoding the Tra2 region of R27 were determined to prevented the entry 

of the IncH plasmid, and sub-cloning of these cosmids identified that the R27 Eex 

activity was mediated by the Z operon. The Z operon contains four contiguous genes: 

trhO, ORF 016, ORF 017, and trhZ. When each gene was expressed in recipient cells 

and mated with donors harbouring the R27 plasmid, ORF016 and TrhZ reduced entry of 

the IncH plasmid. Accordingly, ORF016 was assigned the name EexH (Entry exclusion

IncH).

A search of the NCBI databank for homologues of TrhZ and EexH revealed only 

ORF016 and ORF018, respectively, in the lncHI2 plasmid R478. These homology 

results are not unexpected as the conjugative transfer regions of R27 and R478 are well- 

conserved (69). However, there is very little sequence similarity among the other entry 

exclusion proteins encoded by conjugative elements from different incompatibility 

groups. The diversity of the entry exclusion proteins likely represents the specificity of 

the exclusion event; as the entry exclusion process prevents the redundant conjugative 

transfer of only related plasmids.

Transcriptional analysis of the Z operon revealed significantly repressed 

expression at 37 °C, a temperature that is non-permissive for the conjugative transfer of 

IncHH plasmids (Chapter 4). Temperature-dependent transcription has been
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demonstrated for a number of R27 transfer genes, including traG which encodes the 

R27 coupling protein (Chapter 2) (5, 57). Mutational analysis of the R27 Tra2 region 

determined that TrhZ and EexH are not essential for the conjugative transfer of the 

IncHH plasmid (109), and thus is therefore notable that transcription of the Z operon is 

also regulated in temperature-dependent manner. A logical explanation for this 

regulation is that expression of the IncHH Eex proteins is not necessary at 37 °C, as the 

large conjugative plasmids are unable to transfer at elevated temperatures (189).

Mutational analysis of the R27 Tra2 region revealed that a trhZ mutant had 

interesting phenotypic properties (109). H-gal is an H-pilus specific bacteriophage that 

induces lysis in host cells harbouring the R27 plasmid (126). Although the R27 trhZ 

mutant was proficient for conjugative transfer, cells harbouring this plasmid were 

resistant to H-gal infection (109). A similar result was observed with the IncP entry 

exclusion protein, TrbK. While propagation of bacteriophage required TrbK, conjugative 

transfer of the RP4 plasmid did not (81). Electron microscopy revealed that the IncP 

phage PRD1 were able to adsorb to the surface of cells harbouring a trbK mutant, 

however TrbK was required for subsequent entry of the phage into the cell (81). The 

inability of phage DNA to enter into cells in the absence of these entry exclusion proteins 

may provide insight into the mechanism of action of these exclusion determinants.

Bacterial fractionation studies on the R27 exclusion proteins revealed that TrhZ 

localizes to the inner membrane and EexH localizes predominantly to the outer 

membrane (Chapter 4). These results are similar to the localization of the two exclusion 

proteins encoded by the F plasmid; TraS localizes to the inner membrane whereas TraT 

functions in the outer membrane (3). Although the IncF and IncH plasmids encode two 

Eex proteins, the majority of the characterized conjugative elements encode only one 

Eex protein (Chapter 4). Moreover, available localization data from this class of
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conjugative elements indicate that the solitary Eex protein localize to the inner 

membrane (80, 130).

Eex studies on the IncP plasmid and ICEs SXT and R391 have determined that 

donor cells do not require a functional Eex protein to elicit exclusion from recipients 

harbouring isogenic conjugative elements (80, 130). Conversely, the R27 exclusion 

protein TrhZ is required in donor cells to mediate an exclusion event with recipients 

expressing either TrhZ or EexH. Minimal exclusion levels were observed when donor 

cells harbouring R27 eexH  were mated with recipient cells expressing TrhZ (Figure 5-3). 

Although EexH and TrhZ can mediate entry exclusion independently in recipient cells, 

the Eex mutational studies indicate a dynamic interplay between the R27 exclusion 

proteins. These mutational studies also may explain the significant discrepancy in the 

exclusion indices (El) levels elicited by TrhZ and EexH; the TrhZ and the entire Z operon 

mediate an El level of ~3000 whereas EexH and TrhO-ORF017 elicit an El of >10,000. 

These data suggest that the presence of TrhZ localized to the inner membrane 

represses the extreme El levels exhibited by EexH found in the outer membrane.

The mechanistic details of the entry exclusion event have not yet been 

determined. Characterization of the F plasmid surface exclusion protein TraT has 

revealed that this outer membrane-associated protein destabilizes mating aggregates 

(2). There are now three studies on the inner-membrane associated exclusion proteins 

from IncF, IncP, and ICEs that have demonstrated an interaction with Mpf proteins of the 

donor cell (8, 80, 130). How this interaction translates into an exclusion event is not 

clear. An analogy between the action of inner membrane Eex proteins and the T4 phage 

protein Imm has been suggested (130). This inner membrane protein is involved in 

phage superinfection exclusion by binding a virion protein.
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Figure 5-3. A schematic representation of Entry exclusion (Eex) activity mediated by 

the R27 proteins, TrhZ and EexH. Six mating-pair scenarios are illustrated with the Eex 

outcome indicated adjacent to the donor and recipient cells. The donor cells harbour 

either W T R27 plasmid, or R27 containing a mutation in eexH  (R27 .eexH) or trhZ 

(!RTIArhZ). TrhZ is indicated as green boxes, whereas EexH is represented by blue 

circles, in the inner and outer membrane, respectively.
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5.3.1 Future Studies on R27 Eex proteins.

A study of entry exclusion activity of the IncHH plasmid R27 showed that 

exclusion is mediated by TrhZ and EexH which are encoded within the Tra2 region of 

this conjugative element. The R27 cosmid library which was used to identify the 

exclusion proteins did not contain ~10 kb of the Tra1 region. Within this Tra1 region 

there are four ORFs (115, 116, 118 and 121) that are not required for conjugative 

transfer and have no identifiable homologues, both of which are characteristics of the 

entry exclusion family of proteins. These four genes should be screened for Eex activity 

to ensure that the R27 Eex activity is encoded exclusively within the Z operon. Based 

on existing Eex research in other plasmids, it seems unlikely that R27 encodes more 

than two Eex proteins.

A second way to ensure that the R27 Eex activity is mediated exclusively by TrhZ 

and EexH would be to generate an R27 plasmid with mutations in both trhZ and eexH. If 

a recipient cell harbouring this R27 double mutant is unable to exclude W T R27 in donor 

cells, this would provide further evidence that all the R27 exclusion proteins have been 

identified.

Surprisingly, recipient cells expressing EexH were found to minimally exclude the 

lncHI2 plasmid R478. This finding provides a perfect opportunity to detect R27 proteins 

that may interact with the outer membrane-associated EexH protein. A prime candidate 

would be the stabilization protein TrhG, which was proposed to interact with the ICE 

exclusion protein (130). If the R478 homologue trhG is able to complement a R27 trhG 

mutant, a complementation assay could be performed using recipient cells expressing 

EexH. As EexH does not appear to interact with components of the R478 conjugative 

apparatus, the R27 mutant complemented by R478 proteins should not be excluded 

when the EexH-interacting protein is screened. This assay was used effectively in the 

characterization of the ICE exclusion proteins (130).
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A fascinating interplay seems to exist between TrhZ and EexH, with TrhZ 

exhibiting a dominant negative effect over EexH. Expression of just TrhZ and EexH 

within recipient cells would determine if the TrhZ repressive effect is mediated directly. 

EexH localization studies in the presence of TrhZ may indicate if the presence of the 

R27 inner membrane Eex protein affects the targeting of EexH to the outer membrane. 

Finally, a co-immunoprecipitation experiment may confirm that these proteins interact 

directly which would explain the dynamic exclusion process of the R27 plasmid.

In summary, the work presented in this thesis advances our understanding of the 

conjugative proteins encoded by the IncH plasmid R27 that mediate or inhibit the 

exchange of DNA in mating aggregates. An interaction between the R27 coupling 

protein and an accessory protein may represent evidence that these proteins are 

descendants of a DNA translocase of the FtsK/SpolllE family. Furthermore, essential 

domains within the R27 coupling protein that facilitate ATP binding and/or hydrolysis, 

and an interaction with the Mpf complex have been identified through site-specific 

mutagenesis. The location of the R27 coupling protein within the cell was determined 

through immunofluorescent microscopic studies. The association of this hexameric 

protein with random positions in the cell periphery resembled the distribution of R27 Mpf 

complexes. The R27 determinants that prevent the redundant transfer of IncHI plasmids 

have been identified and initially characterized. A mechanistic process for the exclusion 

event has yet to be determined, however studies on the R27 Eex genes trhZ and eexH  

should be instrumental in furthering our knowledge of the exclusion phenomenon.
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