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Abstract

The conjugative plasmid backbone comprises the conserved plasmid survival 

components, consisting of replication, active partitioning and conjugation functions, 

which collectively determine the maintenance and spread of a conjugative plasmid within 

a bacterial community. Replication and partitioning ensure the plasmid molecule is 

transmitted vertically, whereas conjugation transmits the plasmid molecule horizontally. 

The backbone component functions specify overlapping stages of the plasmid life cycle, 

which includes both the vegetative cycle (vertical transmission) and the conjugative cycle 

(horizontal transmission). This thesis uses molecular genetic and cell biology techniques 

to define the conjugation and partitioning systems of the IncHIl plasmid R27 and 

elucidate the key cellular localizations and movements of the plasmid which occur during 

the life cycle, using both R27 and the IncPP plasmid R751.

The complete conjugative transfer system (20 genes) of R27 from Salmonella 

enterica serovar Typhi was functionally characterized using bioinformatics, mutagenesis, 

genetic complementation and an H-pilus assay. Bioinformatic analysis demonstrated that 

the R27 transfer system is a chimera of IncF-like and IncP-like transfer systems. The 

DNA transfer replication functions of R27 are ancestrally related to that of IncP plasmids, 

such as RP4 and R751, whereas the mating pair formation (Mpf)/type IV secretion 

system (T4SS) encoded by R27 contains an equivalent to each of the essential 

components of F-like plasmids.

The /acO/GFP-LacI system was used to visualize both R27 and R751 foci 

residing at the mid- and quarter-cell regions of Escherichia coli. The partitioning 

systems of R27 were shown to responsible for maintaining plasmids in clusters at these 

positions throughout the cell cycle. R27 foci duplicated at either the mid- or quarter-cell
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regions, reflecting the progression of the plasmid vegetative cycle. Comparisons of R751 

during conjugative and non-conjugative conditions identified the key localizations and 

movements associated with the conjugative cycle, including the initiation of conjugative 

transfer in the donor and the establishment of R751 in the recipient. A survey of 

successful mating pairs demonstrated that close physical contact between donor and 

recipient bacteria is required for DNA transfer and that regions of intimate contact can 

occur at any location on the donor or recipient cell membrane. The transferred DNA is 

targeted to the recipient replisome for DNA replication prior to plasmid establishment.

A functional and bioinformatic study of the conjugative system combined with 

the cellular localizations and movements of plasmid DNA during transfer are used to 

develop the concept of the conjugative cycle.
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Chapter 1 

General Introduction
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1 General Introduction

1.1 Gram-Negative Bacterial Plasmids

The bacterial genome consists of the entire genetic composition within a bacterium. 

The chromosome is the main source of genetic information, containing the general 

housekeeping genes essential for growth and division. Mobile DNA elements, such as 

plasmids, insertion sequences, transposons, integron gene cassettes and phages, can 

constitute the remainder of the genome and encode a variety of accessory functions; 

functions that are not essential for bacterial survival but confer a selective advantage 

under certain growth conditions (203). Accessory functions include, but are not limited 

to, resistance mechanisms, virulence traits and metabolic pathways. Mobile elements are 

capable of exchanging accessory genes with the prokaryotic gene pool. Due to their 

mobile nature, they can rapidly provide a host with a novel phenotype and allow the host 

to adapt to a new or changing environment. Mobile elements are therefore seen as a 

mechanism of innovation for bacterial evolution, the power of which is highlighted by the 

rapid and widespread dissemination of antibiotic resistance (198).

Bacterial plasmids are frequently circular molecules of double-stranded DNA that 

exist autonomously from the bacterial chromosome. Conjugative plasmids, which are the 

focus of this thesis, are able to transfer between bacteria and are the most complex 

bacterial plasmids. They are generally quite large, 30-300 kb, and can represent up to 5% 

of the bacterial genome. Plasmids are often classified into incompatibility (Inc) groups, 

where incompatibility is defined as the inability of related plasmids to coexist in the same 

host cell (35, 40, 196). Incompatibilty between two plasmids is determined by shared 

replication (152) and/or partitioning functions (8), which suggests a shared evolutionary 

history. Approximately 28 incompatibility groups in Gram-negative bacteria have been 

recognized (196, 198).

Interestingly, bacterial plasmids have been referred to as organisms, according to 

the strict definition: “a unit of continuous lineage with an individual evolutionary history” 

(39). This comparison creates a new perspective when thinking about the biology of 

conjugative plasmids and means one must consider both the life cycle of the plasmid and

2
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the environment within which the plasmid resides. The life cycle possesses two modes of 

reproduction: one mode is the vertical inheritance from mother to daughter cell, which is 

due to vegetative replication and partitioning functions, and the other is the horizontal 

inheritance which disseminates the plasmid intercellularly, which is due to the 

conjugative functions. Both modes are replicative, as the plasmid is duplicated, therefore 

creating continuous vertical and horizontal lineages. The life cycle of a conjugative 

plasmid therefore contains both vertical and horizontal transmission and is dependent 

upon three principal functions: replication, partitioning and conjugation.

A conjugative plasmid’s environment is the host cell. The host-range of a 

conjugative plasmid can vary significantly from narrow (i.e. IncHIl, IncFI) (128) to 

broad (i.e. IncP, IncW) (74). Gram-negative narrow host-range plasmids are generally 

confined to Enterobacteriaceae or other genus such as Pseudomonas, whereas broad 

host-range plasmids are readily transferred and maintained between Enterobacteriaceae 

and Pseudomonas (74) and in some cases between gram-negative and gram-positive 

bacteria (61, 68, 136). The host-range of a plasmid is dependent upon the interplay of 

replication, partitioning and conjugation functions (73).

The replication, partitioning and conjugative transfer determinants of a 

conjugative plasmid are collectively referred to as the plasmid backbone (201). Although 

these processes were once viewed as separate stages, it is now becoming clear that 

backbone functions are continuous and overlapping phases of the plasmid life cycle (17). 

An understanding of the plasmid backbone functions is therefore required to understand 

the plasmid’s life cycle, which includes both the vegetative cycle (vertical inheritance) 

and the conjugative cycle (horizontal inheritance).

1.2 Plasmid Backbone

The concept of a plasmid backbone was first used to describe the IncP backbone, as 

determined by comparing the genomes of R751 (IncPP) and RP4 (IncPa) (158, 201). As 

replication, partitioning and conjugation functions are required for plasmid survival 

within a bacterial community, they are highly conserved compared to accessory 

functions, such as resistance, properties which are only occasionally required (203).

3
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Therefore closely related plasmids can contain backbone genes that are all closely 

related. However, it should be noted that genetic loci for replication, active partitioning 

and conjugation are modular (i.e. independent genetic units) and are therefore subject to 

genetic exchange between plasmids. For example, IncHIl plasmids contain multiple 

replicons and active partitioning modules (187). Therefore, it should be stated that the 

concept of a plasmid backbone is not the basis of a formal classification scheme, but 

rather collectively identifies the central processes of the conjugative plasmid life cycle. 

A brief overview of replication, active partitioning and conjugation will be given here as, 

they will be referred to throughout the thesis and ultimately linked together to provide a 

comprehensive model of the plasmid life cycle.

1.2.1 Replication

Plasmid replication is the best understood aspect of the plasmid backbone 

functions. Initiation of replication controls plasmid copy number, which is measured as a 

fixed number of plasmid molecules per chromosomal origin (51). Copy number control 

is important for plasmid maintenance because if the number of plasmids vastly increases 

above the copy number then the plasmid may create a metabolic burden for the host, 

whereas if the number of plasmids drops below the copy number then plasmid 

inheritance will be compromised (43). Plasmids from gram-negative bacteria generally 

use a theta replication mechanism, whereas gram-positive plasmids generally use a 

rolling circle replication (RCR) mechanism (43).

Both plasmids used in this thesis, R27 (IncHIl) and R751 (IncPP), employ a 

theta-type mechanism for replication. This type of replication was named theta because 

the replication intermediates resemble the Greek letter 0 (51). The basic theta replicon 

generally does not exceed 3 kb and consists of a replication initiator protein (Rep) and an 

origin of vegetative replication (oriV) that is flanked by several repeated DNA sequences, 

termed iterons (51). Replication is initiated when a critical concentration of Rep proteins 

bind to the iterons, which results in local melting of the oriV, and separation of the DNA 

strands to create a replication bubble. The host-encoded replisome (DNA Pol III 

holoenzyme) is loaded and assembled into the replication bubble for priming and for 

leading and lagging strand DNA synthesis (43). Control of initiation is exerted at two

4
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levels: firstly, the Rep proteins are autoregulated so that the concentration of Rep protein 

is maintained at a relatively constant level. For example, if the concentration of Rep 

proteins is excessive then Rep will bind to the promoter region found near or within the 

iteron sequences and decrease Rep expression, creating a negative feedback loop. If the 

Rep concentration is low then the expression level of Rep is increased due to the reduced 

binding of Rep to the promoter region (51). The second mechanism for initiation control 

is a model referred to as “handcuffing”; the coupling of multiple origins via iteron-bound 

Rep proteins which blocks origin function. This model proposes that as plasmid number 

reaches the appropriate copy number “handcuffing” causes steric hindrance to initiation 

and thereby controls the copy number (29).

It is notable that RCR replication and DNA transfer replication (Dtr), which 

produces the transfer strand intermediate for conjugation, are functionally similar (43, 49, 

106). In each process an initiator protein nicks, or relaxes, the DNA at the origin to 

produce a free 3’OH which serves as a primer for DNA synthesis. Replacement strand 

synthesis is coupled with 5’ to 3’ strand displacement, which results in a single-stranded 

DNA (ssDNA) intermediate. In RCR the ssDNA undergoes complementary strand 

synthesis, whereas in conjugation the ssDNA is first transferred into the recipient prior to 

complementary strand synthesis. The parallels between RCR and Dtr will be discussed in 

more detail within Chapter 4 and Chapter 5 (General Discussion).

1.2.2 Active Partitioning

Random segregation of plasmids at cell division results in a plasmid loss rate of 

2'n per generation, where n is the plasmid copy number (59). For plasmids such as the 

IncQ plasmid R1162, which has a high copy number (10-16) and lacks an active 

partitioning mechanism, plasmid loss due to random segregation at cell division 

(resulting in plasmidless daughter cells) is minimal (rate of ~10‘5 per generation) (13). In 

theory, low-copy number plasmids such as R27 and F (1-2 copies) should have plasmid 

loss rates of 0.25-0.5 per generation. However, plasmid loss rates are 10‘4-10"5 per 

generation for such plasmids, rates which are comparable to that of the chromosome loss 

in E. coli (67). The stability of low copy number plasmids is due to the presence of an 

active partitioning system that segregates plasmid molecules in a non-random fashion at

5

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



cell division. In the past few years great strides have been made in understanding the 

mechanism by which partitioning modules stabilize plasmids. Active partitioning 

modules (2-5 kb) consist of two genes and an adjacent centromere region that act by 

placing plasmids within each daughter cell at division (67). Active partitioning is a key 

aspect of the plasmid life cycle and will be the focus of Chapter 3.

1.2.3 Conjugation

Bacterial conjugation is a special type of DNA replication during which one 

strand of the plasmid molecule is transferred from donor to recipient in the 5’ to 3’ 

direction, while the second strand is retained in the donor (218). The host-encoded 

replisome (DNA PolIII) is responsible for complementary strand synthesis of both the 

transferred and retained DNA strands (100). Horizontal DNA transfer is directed by the 

conjugation apparatus which consists of three multi-protein complexes: the membrane- 

associated mating apparatus (Mpf)/Type IV secretion system (T4SS) and the cytoplasmic 

relaxosome, both which are coupled together by the inner membrane-associated coupling 

protein (218). The Mpf apparatus consists of 11-13 different proteins, the relaxosome 

contains 1-4 different proteins and the coupling protein contains one type of protein.

A working model of conjugation suggests that the Mpf proteins form a 

membrane-associated apparatus that functions in synthesizing and assembling mature 

conjugative pili on the cell surface. The conjugative pilus facilitates the initial contact 

with the recipient cell; a prerequisite for the formation of stable mating pairs (54). For 

the IncF-like Mpf apparatus, the transfer proteins are believed to function in pilus 

extension, pilus retraction, formation of stable mating pairs, and formation of a lumen 

through which plasmid transfer occurs (56). In other model systems, such as the IncP 

system, the exact role of the P-pili remains to be determined, although conjugative pili 

are essential and donors containing IncP plasmids also form stable mating pairs (177).

The exact role of the Mpf proteins remains poorly understood.

The relaxosome is a specific DNA-protein complex that is composed of a relaxase 

and accessory protein(s). Relaxases initiate and terminate conjugation by catalysing site- 

and strand- specific nicking and rejoining reactions at the plasmid encoded nic site within 

the origin of transfer (oriT). Nicking results in a covalent bond between the 5’ end of the

6
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cleaved strand and the relaxase, forming a complex known as the transferred strand (T- 

strand) intermediate. Genetic evidence suggests that the transferring intermediate is 

connected to the mating apparatus via the plasmid encoded coupling protein (26, 77). 

Based on an analysis of the crystal structure of TrwB, the coupling protein from the IncW 

plasmid R388, it has been proposed that coupling proteins may serve as a conduit through 

which the single-stranded DNA transfers (64, 65). The Mpf7T4SS and the coupling 

protein are referred to as the conjugative pore.

At the molecular level, our understanding of relaxosomes and conjugal DNA 

processing is well developed, whereas much remains to be understood about the 

conjugative pore. The conjugative apparatus will be discussed in Chapter 2 and Chapter 

5 (General Discussion).

Although conjugation was first recognized to occur between enteric bacteria, 

conjugation is now known to be a univeral characteristic of both gram-negative and 

gram-positive bacteria where it drives gene flow throughout the eubacterial domain. As 

such, conjugation can be viewed as a powerful mechanism of evolution. Notably, 

conjugation can mediate DNA transfer between distantly-related bacteria (61, 68, 136), 

between bacteria and Saccharomyces cerevisiae (lower eukaiyote) (84) and between 

bacteria and mammalian cells (higher eukaryote) (207). In these studies a limiting factor 

in trans domain DNA transfer was the inability of the incoming DNA to become 

established in the new host. These observations imply that replication and partitioning 

functions can be a barrier for interdomain transfer and highlight the importance of a 

functional plasmid backbone for DNA transfer.

Bacterial pathogens are now known to utilize secretion pathways which are 

ancestrally related to the Mpf apparatus. Genomic comparisons between the IncP 

transfer system and the VirB system of the Ti plasmid (Tumor inducing) of 

Agrobacterium tumefaciens, which injects oncogenic DNA into plant genomes, lead to 

the realization that conjugation-like secretion systems are widespread in the bacterial 

world (116, 118, 208). The components of the conjugative pore are now classified with 

ancestrally-related secretion systems into the T4SS (30, 31).
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1.3 Model Conjugative Plasmids

Listed and briefly described below are five important model conjugative 

plasmids, which have been characterized primarily in Escherichia coli, and will be 

referred to throughout this thesis. Each model system provides valuable insights into 

different aspects of the multi-stage process of conjugation and our understanding of the 

conjugative cycle. Since there appears to be a generally conserved mechanism for 

conjugative transfer in gram-negative bacteria, knowledge from each system can be 

applied to a general model of conjugation. It should be noted that by studying several 

model systems it is also becoming evident that diversity, or variation, of key aspects of 

conjugation exists. This point will be discussed further in Chapter 2 and within Chapter 5 

(General Discussion).

1.3.1 IncF plasmids

F-like plasmids, typified by the F factor, are narrow host-range mobile elements, 

which are generally confined to Enterobacteriaceae (38). Under laboratory conditions, 

transfer of F-like plasmids is very efficient at 37°C and poor at temperatures at or below 

30°C (128). F-like plasmids encode for the resistance to a wide range of antibiotics and 

heavy metals as well as the ability to utilize lactose (90). In addition, certain F-like 

plasmids are important for the pathogenesis of Salmonella typhimurium (pSLT) (99) and 

enteropathogenic E. coli (pB171) (202).

The F factor transfer system, as the first to be described, is a paradigm for 

bacterial conjugation and has provided invaluable insight into the transfer mechanism 

(213). Systematic mutagenesis and complementation analysis of the F factor were used 

to identify essential conjugation genes. Subsequently, F-pilus specific bacteriophages 

were used to identify those conjugation genes which are involved in conjugative pilus 

biosynthesis (90).

The transfer region is now known to be a continous 33 kb region of the F factor, 

which consists of -40 transfer genes and is flanked by the oriT (56). Of the 40 genes, 19 

are essential for transfer under laboratory conditions. These include 12 Mpf genes, two 

mating pair stabilization (Mps) genes, four DNA metabolism genes/regulatory genes and 

a coupling protein gene. In addition, two genes that are not essential for transfer, traS
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and traT, are involved in entry exclusion, a property that prevents donor to donor mating 

(2). Careful analysis of transfer gene mutants provided the foundation for initially 

describing the general stages of conjugation: i) donor pilus identification of a suitable 

recipient, ii) mating pair/aggregate formation, iii) mating pair stabilization, iv) DNA 

transfer and v) disaggregation of mating pairs/aggregates (56).

In a landmark study, Kingsman and Willetts (100) demonstrated that conjugative 

pili were required for triggering DNA transfer and replacement strand synthesis (conjugal 

DNA synthesis). They proposed that after the conjugative pilus contacted a suitable 

recipient, a “mating signal” was propagated through the conjugative pilus and into the 

donor where it initiated conjugal DNA synthesis and transfer. The “mating signal” still 

remains unknown. Furthermore, this work demonstrated that conjugal DNA synthesis 

requires the host replisome (DNA PolIII holoenzyme) and is uncoupled and separate 

from DNA transfer. Therefore, conjugal DNA synthesis does not provide the motive 

force for transfer of DNA into the recipient.

1.3.2 IncP Plasmids

IncP plasmids are of particular interest because of their broad host range, or 

promiscuous nature, and therefore their ability to promote gene dissemination among 

diverse bacterial species (74). IncP plasmids also have the amazing ability to transfer 

very efficiently under a wide range of temperatures (14-37°C) (128). Well-studied 

plasmids belonging to the IncP group include RP4 (RK2), a member of the IncPa group, 

and R751, a member of the IncPp group. RP4 (53 kb) was originally isolated from 

Pseudomonas aeruginosa from a bum patient (158) and R751 (60 kb) was isolated from 

Klebsiella aerogenes (201).

Both RP4 and R751 have been completely sequenced and compared to one 

another (158, 201). IncP plasmids share a conserved backbone of replication, stable 

maintenance and conjugation functions. In addition, the global regulation system, 

controlled by KorA and KorB, which co-ordinates the backbone functions, appears to be 

completely conserved. The main difference between RP4 and R751 was the insertion of 

phenotypic markers and transposons (201). The transfer genes of both plasmids are 

contained within two transfer regions, Tral and Tra2. Tral is 6 kb and contains the oriT,

9
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3 essential relaxosome genes, the coupling protein gene and a Mpf gene, traF, which is 

required for pilus subunit processing. The Tra2 region is 11 kb and contains 10 essential 

Mpf genes (115, 117). The Mpf proteins and coupling protein, which collectively 

constitutes the conjugative pore, of RP4 and R751 are interchangeable (115), whereas the 

DNA processing genes, the relaxosome components, are not interchangeable, indicating 

the specificity of these systems (156).

Although the 11 Mpf components and the coupling protein of RP4 have been 

identified, little is known about their functions, individually or collectively (76). The 

Mpf proteins and the coupling protein are membrane associated and possibly form a 

membrane complex (69). Research from Erich Lanka’s group has provided detailed 

insight into the mechanism by which conjugation is initiated and terminated by 

relaxosomes. Relaxosomes catalyze a site- and strand-specific cleavage at the nic site 

within the oriT contained on double-stranded supercoiled DNA. Cleavage results in a 

covalent bond between the 5’ end of the nic and a tyrosine residue on the relaxase. 

Cleavage likely represents an earlier stage of conjugation (156, 161, 162). Relaxases are 

also capable of cleaving and rejoining single-stranded DNA containing the nic region, 

likely reflecting the termination of a conjugation event (157, 160). An important 

observation from the latter study was that the 5’ bound relaxase molecule was incapable 

of performing a second cleavage reaction, which is required to release the T-strand from 

the replacement strand. The authors therefore concluded that two relaxase molecules 

would be required per conjugation event (157). The relevant details of these experiments 

will be described in the Chapter 5 (General Discussion).

1.3.3 IncW Plasmids

The IncW plasmid R388 is a 33 kb broad-host range plasmid that was originally 

isolated from E. coli (121). Similarly to IncP plasmid, IncW plasmids are capable of 

efficient transfer under a wide range of temperatures (14-37°C) (128). The complete 

transfer region of this plasmid is contained within a 14.9 kb region (19). The conjugative 

apparatus in coded by 11 Mpf, 3 relaxosome genes and a coupling protein gene. 

Although no work has been performed on the Mpf system of R388, important 

information on the relaxosome and coupling protein are available.

10
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Biochemical and genetic analysis of the relaxosome of R388 have demonstrated 

that the general mechanism of strand cleavage is conserved with the relaxosome of IncP 

plasmids. That is, after nicking, a tyrosine residue becomes covalently bound to the 5’ 

end of the transferring strand. One important difference between the proposed 

termination mechanism of IncW and IncP plasmids exists. TrwC, the R388 relaxase, 

contains two pairs of active tyrosine residues, whereas the IncP relaxase, Tral, contains 

only one. TrwC has been shown to cleave at a second nic site when bound to the 5’ end 

of the T-strand (70). This observation implies that only one TrwC molecule is required 

per conjugation event. Substitution mutations of each tyrosine residue are each transfer 

proficient, indicating catalytic redundancy of the double tyrosine motif. The biological 

relevancy of the two tyrosine residues in these conjugative relaxases is therefore unclear. 

Both models, the one and two relaxase molecules per conjugation event, will be 

discussed in detail within Chapter 5 (General Discussion).

Every gram-negative bacterial conjugation system encodes a coupling protein 

(122). Recently, the X-ray crystal structure of the soluble portion of TrwB, the coupling 

protein from the IncW plasmid R388, has been solved. TrwB exists as an integral inner 

membrane homohexamer with a central channel that may serve as the conduit for single 

stranded DNA transfer (65). In addition, the structure of TrwB resembles DNA ring 

helicases and FI ATPases. These observations suggest that coupling proteins utilize the 

energy derived by hydrolysis of ATP to pump single stranded DNA out of the donor and 

into the recipient during transfer (122).

1.3.4 IncQ Plasmids

IncQ plasmids are not conjugative plasmids, but rather are mobilizable plasmids. 

Mobilizable plasmids encode their own relaxosome and provide their own Dtr functions, 

but utilize the conjugative pore encoded by a co-resident plasmid for transfer. IncP, W, 

N and Ti plasmids can mobilize IncQ plasmids very well (171); in contrast the F factor 

mobilizes IncQ plasmids poorly (178), and R27 does not mobilize IncQ plasmids at all 

(personal observation). IncQ plasmids are small (8.6 to 14 kb), have a high copy number 

(10-16) and have an extremely broad host range (171). The only backbone functions 

encoded by IncQ plasmids are the conjugative (relaxosome) and vegetative replication
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functions. The vegetative replication functions include initiation (RepA), helicase 

(RepB) and primase (RepC). The possession of the helicase and primase functions has 

been proposed to promote the broad host range of R1162 by minimizing the dependence 

upon host factors for replication (85, 171).

IncQ plasmids have been useful for studying the initiation and termination of 

transfer. The relaxase of R1162, MobA, contains one tyrosine residue in its active site 

and behaves biochemically as the relaxase of IncP plasmids (15). Genetic and mutational 

analysis of the oriT region has demonstrated that the DNA sequence downstream of the 

nic site is important for cleavage and the region upstream of the nic site is important for 

termination (49). Termination is defined as the rejoining of the 5’ and 3’ ends of the T- 

strand. The region upstream, the termination region, is last to enter the recipient and 

contains an inverted repeat. The inverted repeat possibly forms a loop, or “peg”, 

structure, that is recognized by the relaxosome, for rejoining of the 5’ and 3’ ends to 

terminate transfer (14). The presence of inverted repeats in all characterized oriT regions 

suggests that the termination mechanism may be conserved.

1.3.5 IncHI Plasmids

Plasmid-mediated resistance to chloramphenicol in Salmonella enterica serovar 

Typhi (S. typhi) was first identified in the 1970’s. Strains of S. typhi containing IncHI 1 

plasmids resulted in typhoid fever epidemics throughout Mexico, India, Vietnam and 

Thailand (191). S. typhi has remained endemic in the Indian subcontinent and IncHIl 

plasmids have contributed to the pathogen’s persistence by conferring resistance to 

multiple antibiotics (53, 138, 165, 185, 186). Harnett et al. (79) have recently reported 

that strains of S. typhi, resistant to up to nine antibiotics, were isolated from travelers 

returning to Ontario, Canada from South Asia. Resistance is encoded by IncHI 1 

plasmids and highlights the importance of these plasmids in the emergence of multidrug- 

resistant S. typhi. IncHIl plasmids are a major public health concern and their 

replication, maintenance and transfer systems deserve additional study.

IncHIl plasmids are some of largest plasmids identified in Enterobacteriaceae 

(196). R27, the prototypical IncHIl plasmid, was originally isolated from S. typhi in the 

1960’s. Recently, the complete nucleotide sequence of R27 was determined and

12
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analyzed (187). R27 is 180 kbp and contains 210 open reading frames (ORFs), including 

those that code for the tetracycline-resistance transposon Tn 10 (107). Replication of R27 

is dependent on one of two IncH-specific replicons, RepHIlA or RepHIlB (57, 58). A 

third replicon is responsible for one-way incompatibility with the F factor and has been 

designated RepFIA (58). R27 also contains two unrelated active partitioning modules, 

which are believed to facilitate the faithful segregation of plasmid molecules to daughter 

cells upon host cell division (175). The possession of both multiple replication and 

partitioning modules, so far, appears to be unique to IncHIl plasmids. The conjugative 

transfer genes of R27 are located within two regions of R27 which are separated by 63 kb 

(187).

IncHIl plasmids are characterized by an unusual thermosensitive mode of 

transfer, which occurs between 14-28°C (optimally 22-28°C), but is inhibited at 37°C 

(199). R27 is capable of transferring between Enterobacteria during conjugation

experiments (128). Although the mechanism of thermosensitive transfer remains 

unknown, it has been proposed that IncHIl plasmids are potential vectors in the 

dissemination of antibiotic resistance among pathogenic and indigenous bacteria in water 

and soil environments (128).

One of the objectives of this thesis was to identify all of the conjugative transfer 

and active partitioning genes on R27 using bioinformatic and functional analyses. This 

work, combined with previous analysis of R27 replication (146, 147), would provide 

information on each component of the IncHIl backbone. Furthermore, a detailed 

bioinformatic analysis of the R27 conjugative transfer components should provide insight 

into the evolutionary relationship to other conjugative systems. Such an analysis is 

timely due to the rapidly expanding genomic databases and the advances in bioinformatic 

tools. One important improvement in bioinformatic analysis is PSI-BLAST (Position 

Specific Interative Basic Local Alignment Search Tool) (5), an updated version of 

BLAST (4). PSI-BLAST is more sensitive to weak but biologically relevant protein 

similarities than BLAST and can therefore identify homologies that may have been 

missed in previous bioinformatic analysis of conjugative transfer proteins (30, 56).

13

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



1.4 Bacterial Cell Biology

Due to their small size (1-3 pm), lack of cytoskeletal structures and specialized 

organelles, such as a nucleus, bacteria were once viewed as amorphous bags of 

macromolecules. However, in the past few years, the application of high-resolution cell 

biology methods, such as Green Fluorescent Protein (GFP) and fluorescent microscopy, 

to E. coli and Bacillus subtilis has transformed our view of the bacterial cell significantly. 

Listed below are several important examples. DNA Pol III, and therefore the replisome, 

is localized to specific sub-cellular locations at the mid- and quarter-cell (113). These 

observations were vital in creating a model for bacterial chromosome replication in which 

a stationary replisome extrudes newly replicated DNA towards opposite cell poles (114). 

Three chemotaxis proteins have been found to co-localize to the cell pole, suggesting a 

macromolecular receptor (192). Conjugative pilus synthesis proteins were found to 

randomly localize as clusters in the inner membrane, suggesting they co-localize with 

conjugative pili and/or mating pores (63). In somes cases protein localization patterns are 

dynamic, as demonstrated by the cell division protein MinD, which oscillates from pole 

to pole within seconds (170). The localization patterns for each of these proteins has 

functional relevance and has provided valuable mechanistic insights.

Cell biology techniques adapted for visualizing the localizations and movements 

of DNA in living cells has drastically altered the understanding of DNA segregation in 

prokaryotes. Specific regions of the circular chromosome are now known to have 

specific sub-cellular locations and move in predictable patterns that are synchronized 

with the cell cycle (66, 148, 210). For example, at the beginning of the cell cycle in E. 

coli, the chromosome is positioned so that the origin of vegetative replication (oriC) and 

the terminus are at opposite ends of the cell. As the cell cycle progresses, the oriC and 

terminus each migrate to the mid cell to undergo replication at a centrally located 

replisome. Replication results in the two daughter oriCs moving rapidly towards 

opposite poles, whereas the two termini remain at the mid cell. Cell division at the mid 

cell results in two daughter cells each with the chromosomal oriC and terminus at 

opposite poles (66, 86). In many respects, these types of observations have revitalized 

our view of the bacterial cell so that one should perhaps refer to the study of “Bacterial 

Cell Biology”.
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One of the major cell biology tools used in these studies was GFP, originally 

isolated from the jelly fish Aequorea victoria where it is involved in bioluminescence 

(28). Now a valuable reporter system for the labeling of protein and DNA (204), GFP is 

used to label proteins at either the N- or C-terminal ends and label DNA via a DNA 

binding protein-GFP fusion (described below). GFP fluoresces in live bacteria (and 

eukaryotes) in a non-invasive manner without the addition of substrates (28). Fluorescent 

images of labeled macromolecules within living cells can be captured digitally in real 

time, thus enabling time-lapse experiments to be performed. The enhanced GFP variant 

used in the experiments described above and those experiments in this thesis is 

commonly referred to as S65T, which contains a serine to threonine mutation at residue 

65 (83). GFP absorbs UV light at a wavelength of 488 nm and emits at 512 nm (28).

The method used in this thesis to label bacterial DNA was originally developed to 

visualize chromosome segregation in S. cerevisiae (194). The method was adapted for 

visualizing chromosomes in B. subtilis (210) and E. coli (66) in the laboratories of Drs. 

Richard Losick and Andrew Wright, respectively. The system consists of two parts: i) a 

lacO cassette and ii) an expression vector containing a GFP-LacI fusion. The lacO 

cassette, consisting of 256 tandem repeats of the lactose operator and the kanamycin 

resistance gene flanked by Tn7 inverted repeats, is introduced into the target DNA. 

Expression of GFP-LacI results in GFP-LacI binding to the tandem operators and causes 

the hybrid repressor molecules to cluster as a fluorescent focus. The foci can be 

visualized by fluorescence microscopy and represent the location of the plasmid 

molecules. The accuracy of the localized patterns obtained with this method has been 

verified with fluorescence in situ hybridization (FISH), a highly sensitive DNA labeling 

technique (166).

A major objective of this thesis was to describe the plasmid life cycle, consisting 

of the vegetative cycle (vertical inheritance) and conjugative cycle (horizontal 

inheritance) of the conjugative plasmids R27, an IncHIl plasmid from S. typhi, and R751, 

an IncP|3 plasmid from K. aerogenes, using the GFP-LacIHacO system as a plasmid 

specific reporter system and fluorescent microscopy. Key localizations and movements 

of these plasmids during vegetative growth and during conjugative transfer were
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correlated with the plasmid backbone functions in the context of the host cell. These 

observations are combined to present an overview of the plasmid life cycle.
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Chapter 2

Functional and Mutational Analysis of the Complete Conjugative 

Transfer System of the IncHIl Plasmid R27

Portions of this work have been published in the following manuscripts: 

Lawley, T.D., M.W. Gilmour, J.E. Gunton, D.M. Tracz, and D.E. Taylor. 2003. 

Functional and mutational analysis of conjugative transfer region 2 (Tra2) from the 

IncHIl plasmid R27. J. Bacteriol. 185(2): 581-591.

Lawley, T.D., M.W. Gilmour, J.E. Gunton, L.J. Standeven, and D.E. Taylor. 2002. 

Functional and mutational analysis of conjugative transfer region 1 (Tral) from the 

IncHIl plasmid R27. J. Bacteriol. 184(8):2173-2180
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2 Functional and Mutational Analysis of the Complete 

Conjugative Transfer System of the IncHIl Plasmid R27

2.1 Introduction

Conjugative plasmids belonging to the Incompatibility group HI1 (IncHIl) 

encode for multiple-antibiotic resistance in S. typhi and therefore contribute to the 

persistence of typhoid fever worldwide (53, 165). IncHIl plasmids are low copy number, 

self-transmissible plasmids that have an unusual mode of conjugation which is 

thermosensitive for transfer, with transfer occurring optimally between 22°C and 30°C, 

but which is negligible at 37°C (199). Recent evidence indicates that at least one transfer 

gene, trhC, is not expressed at non-permissive transfer temperatures, suggesting that 

transfer thermosensitivity may be imposed at the transcriptional level (63).

R27, the prototype IncHIl plasmid, was recently sequenced and analysed (187). 

The transfer genes of R27 are contained within two separate regions, designated Tral and 

Tra2. Since mutations in either transfer region abolishes transfer, both transfer regions 

contribute to the R27 conjugative apparatus (175, 187). A preliminary analysis of the 

Tra2 region has indicated that this region codes for Mpf and H-pili synthesis phenotypes. 

Protein homology led us to conclude that the R27 Tra2 region is ancestrally related to the 

transfer region of the F factor (175).

The objective of this work was to characterize both the Tral and Tra2 regions of 

R27 using DNA sequence analysis, mutagenesis, genetic complementation and an H- 

pilus specific phage assay. The ultimate goal was to identify IncHIl conjugal transfer 

genes and to determine any evolutionary relationships to other conjugative transfer 

systems, especially T4SS.

2.2 Experimental Procedures

2.2.1 Bacterial Strains, Growth Conditions and Plasmids

E. coli strains and plasmids used in this study are listed in Table 2-1. E. coli was 

grown at 27°C or 37°C in LB broth (Difco Laboratories, Detroit, Mich.) with shaking or
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Table 2-1. Bacterial strains and plasmids used for Tral and Tra2 study
Strain or R elevant gen otype , ph en otyp e, or
P lasm id_____________________characteristic 's)3__________

C lon ing  or G ene D isrup tion  Prim ers ( 5 ’ to 3 ’) Source or 
reference

co

E. coli
DH5a

DY330
DY330N
DY330R

DTI 942 
RG192
Plasmids
R27
pDT1942
pMS119EH/HE
pBAD24
pBAD30
pGEM

Tral
pAT22

pJEG31

pJEG36

pJEG51

pJEG52

pJEG85

pJEG94

pJEG104

pJEG105

pJEGl 15

pJEG123

pLJS4

pLJS33

pLJS36

pLJS42

supE44 lacU169 (SOlacZMIS) hsdR IJrecA l endAl 
gyrA96 thi-1 relAl
W3110 AlacU169 gal490 Xcl857 A(cro-bioA) 
temperature resistant revertant; Nalr 
temperature resistant revertant; R if

RG192 (R if) with pDT1942 
ara leu lac

IncHIl plasmid, Tcr 
derepressed R27; R27::7hlacZ 
IPTG inducible expression vector; Ampr 
P b a d  expression vector; Amp'
P b a d  expression vector; Ampr 
cloning vector; Ampr

tral cloned into pM Sl 19EH; Ampr 

R27 with CAT in ORF115; Tc'Cm'

ORF122 cloned into pMS119HE; Amp' 

pDT 1942 with CAT in ORF117; TcTCm'Cm' 

pDT1942 with CAT in ORF118; TcTCm'Cm' 

ORF128 cloned into pM Sl 19EH; Amp' 

pDT1942 with CAT in ORF123; TcTCm'Cm' 

pDT1942 with CAT in ORF122; TcTCm'Cm' 

pDT1942 with CAT in ORF125; TcTCm'Cm' 

pDT1942 with CAT in ORF124; TcTCm'Cm' 

ORF124 cloned into pM Sl 19EH; Amp'

ORF123 cloned into pMS119HE; Amp'

ORF117 cloned into pMS119EH; Amp'

ORF119 cloned into pM Sl 19EH; Amp'

ORF127 cloned into pM Sl 19EH; Ampr

FtTATATGGATCCATGAATTTCAGGGCACTCTTC
R.TATATCTGCAGTTAATGGTGATGGTGATGGTGCGCCAGATTCCCGACCTCTTTTAG
FtGATGGTGTGGCGAGTGATAGGAATCAGCATTATTGTCCTACTGTGACGGAAGATCACTTC
RtCGCTCAGAAGCCCTTCTGCATCATCAOGCAGGTATATTTCTTATTCAGGCGTAGCACCAG
F:TATAGGATCCATGTCTAAATCGAAGCTATTAAAG
R:TATAGAATTCTTAATGGTGATGGTGATGGTGTTGTGCCACCTCTGATTTTGAG
FiTGCTTTTACTAGGGATGATGCTTTATCTTATTTATAGTCTCTGTGACGGAAOATCACTTC
RtAGTAGCCTCACTATTTGCAATAACAGATAACCACCGGTCATTATTCAGGCGTAGCACCAG
F:CAGTGCATCTCTGAAAGTAAflTAAAAGCCGCTCGCTCOTTCTGTGACGGAAGATCACTTC
RtTGTCATGGCAAAATTGCCCCACACATTTCAAAGCACCTTTTTATTCAGGCGTAGCACCAG
F:TATATGAATTCAATGGATTACAACATCTATAC
RtTATATGGATCCTTAATGGTGATGGTGATGGTGCGCCTTCTTATTTTCATTCAGCCAG
F;TCACGCGTAATTTACTCGGTAAACTATTACOTACCGAGATCTGTGACGGAAGATCACTTC
RtTCCAAATCCATTACCAAATAGTCGGCGTTGGAGGAGTGGTTTATTCAGGCGTAGCACCAG
FtCTAAATCGAAGCTATTAAAGTCATTGGAGATTTCACGTACCTGTGACGGAAGATCACTTC
RtGCTATCCCTGGGTAAATTCCTCTCAATGTGATTCCGTTCTTTATTCAGGCGTAGCACCAG
FtTTCAACAGCCCTTTCAGGGTCTTTCTAGTAGTCACATTTACTGTGACGGAAGATCACTTC
R:GGTATTAACGTTAATCGACiTCATTTACCOATCTCCTCATGTTATTCAGGCGTAGCACCAG
F:CGCTACAAAAACGATGTCTCTTGGTGCCAATAAAAACTCCCTGTGACGGAAGATCACTTC
RtCCCTGCGGTTATCCGTGCGGCGACTCCACCCACGAATCCCTTATTCAGGCGTAGCACCAG
F:TGAATTCAATGGCTAAAGTCGATCAAACTAAAG
RtTGGATCCTTAATGGTGATGGTGATGGTGATCTAACTCTTCCTGGGAATAC 
F :GGATCCATGTCAG AATCAG AT A AC ATC
R:GAAT1CTTAATGGTGATGGTGATGGTGATAATCCTTCAAGAGCACTTTA 
F :T ATATG AATTC AATGGCTGCGG ATAATTCTOCTC
RtTATATGGATCCTTAATGGTGATGGTGATGGTGCGCCATAAGTTTTTGAAAGTTAG
FtTATATGAATTCAATGACAAAATCAAAAAGAAC
RtTATATGGATCCTTAATGGTGATGGTGATGGTGCGCATGCAATTTCCTTAGATATT
F:TATATGAATTCAATGCGCGCTGATTTCCATGTTTG
RtTATATGGATCCTTAATGGTGATGGTGATGGTGCGCGTTACCTGTGCCACGAAGAC

(176)

(217)

(187)

(75)
(75)
Promega
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pDT1942 derepressedR27; R27::7MacZ; TcrKmr
pDT2956 pDT1942 with mini:;7M0 inserted into traG; TcrKmrCmr
pDT2984 pDT1942 with mini::7>il0 inserted into ORF127; 

TcrKmrCmr
pDT2987 pDT1942 with mini:: JnlO inserted into ORF126; 

TcrKmrCmr
pDT2991 pDT1942 with m ini::7nl0 inserted into ORF128; 

TcrKjmrCmr
pDT2995 pDT1942 with mini::7/il0 inserted into tral; TcTCmrCmr
pMWG137 pDT1942 with mini:: Tn 10 inserted into ORF121; 

TcrKmrCmr
PMWG189 ORF126 cloned into pBAD24; Ampr

pTL138 1.3 kbp OriT Kpn\-SnaB\ fragment into pBAD30; Ampr
pTL139 1.6 kbp OriT SnaB\-Xbal fragment into pBAD30; Ampr
pOriTl.l 794 bp sub-clone of oriT  region from pTL138; not 

mobilized by R27.
pOriT1.2 977 bp sub-clone of oriT  region from pTL138; mobilized 

by R27
pOriT2.1 360 bp sub-clone of oriT region from pOriT1.2; not 

mobilized by R27.
pOriT2.2

Tra2

285 bp sub-clone of oriT region from pOriT1.2; 
mobilized by R27.

pGUNllO pDT1942 with cat inserted into trhA; TcrKanrCmr

pGUN205 trhA cloned into pM Sl 19EH; Ampr

pMWG253 pDT1942 with cat inserted into trhL; TcTCan'Cm1-

pMWG270 trhL cloned into pMSl 19EH; Ampr

pDT2970 pDT1942 with mini-Tn70 inserted into trhE; TcrCmrKanr
PTDL242 trhEcloned into pMSl 19EH; Ampr

pDT2981 pDT1942 with mini-Tn/O inserted into trhK; TcrCmrKanr
pTDL243 trhK cloned into pM Sl 19EH; Ampr

pDOB3 pDT1942 with cat inserted into orf030; TcTCanrCmr

pDT2971 pDT1942 with mini-Tn70 inserted into trhB; TcrCmrKanr
pTDL42 trhB cloned into pM Sl 19EH;Ampr

pMWG263 pDT1942 with cat inserted into orf028; TcrKanrCmr

pMWG264 pDT1942 with cat inserted into orf027; TcrKanrCmr

pMWG265 pDT1942 with cat inserted into trh V; TcTCanrCmr

pMWG296 tr/iFcloned into pM Sl 19EH;Ampr

pGUN141 pDT1942 with cat inserted into trhZ; TcrKanrCmr

F:TATAGGATCCATGACCGATGTAACAATGAATG
R:TATAGAATTCTTAATGGTGATGGTGATGGTGCCGGCGTTTACCAGACAGTTC
F:TATATGAATTCAATGACTCOATTAACGTTAATAC
R:TATATGGATCCTTAATGGTGATGGTGATGGTGCGCGCGCGCATATGCACCTCCTAAAC

F: ATATGGTACCTACGGCTATTATCGGACG 
R: ATATAAGCTTTCAGATCACGATCTCAGC 
F: ATATGGTACCTTGCTGAGATCGTGATCTG 
R: ATATAAGCTTTCTACACACTTAGAACGT 
F: ATATGGTACCTTGCTGAGATCGTGATCTG 
R: ATATAAGCTTAAACCCTGACCTGCTAACG 
F: ATATGGTACCGGTTATTGCTACTTAATGCCGA 
R: ATATAAGCTTATCTGATTCTGACATGTGCG

F:AACTGACATTGAATACTAACOTTOAAAOAOTAAAAACTAATGTGACGOAAGATCACTTC
R:GATATCGCCGAAGGCTCCATCATCGGAACCCGCGTACGCATTATTCAGGCGTAGCACCAG
F:TATAGAATTCAATGGAACTGACATTGAATAC
R: TATAGGATCCTTAATGGTGATGGTGATGGTGCAGAGGAATACCAGCATCCAO 
F: AGTACGAGATACCGCCACATACATATCGCTTTCCATACAGCTOTGACGGAAGATCACTTC 
R:CGCCACAACTACCOAAGTTATAAAGAAATCAAAAATATTATTATTCAGGCGTAGCACCAG 
F: TATAGAATJCAATGACAAGCCAGTACGAGATAC
R: ATATGGATCCTTAATGGTGATGGTGATGGTGAGAATAGAGGTTTCTGATAAATG

(175)
FrTATAGAATTCAATGAAACTTCTCAGCAGGTT
R:TATAGGATCCTTAATGGTGATGGTGATGGTGGTTACCTATTGACGGCGG

(175)
F:TATAGAATTCAATGACTTCAAAAAAGGTTTTTC
R:TATAGGATCCTTAATGGTGATGGTGATGGTGTCTTTTAATCAGGCTTGGGC
F:TAGTTGTCTTTTTGOGTACCAGTTATTACTACCAAACTAACTGTGACOGAAGATCACTTC
RtATCCGCAAGCGTTGGOTCOCTTATAACAATCGTGCTTTTCTTATTCAGGCGTAGCACCAG

(175)
F:ATATGAATTCATGGACATTAAAAAGGCCTC
R:TATAGGATCCTCAGTGATGGTGATGGTGATGTGCGCGGCTTGTCAGGTTTG
F: GAGTGAGTCTGCTGATAGCTTAAATATCGACOCGGCTAAACTGTO ACGGAAGATCACTTC
R:TGTATCCATAGATCACOATAAGAACTGCCAGGCCTGCGACTTATTCAGGCGTAGCACCAG
F: A ACGAAACCTTTAGACGGTGTATTGGCOA A A ATG AA A AGCCTGTG ACGGAAGATCACTTC
R:GCGGTGACCACTGACOGACGGTATACAATCACGOGCiGGGATTATTCAOGCGTAGCACCAG
F: GTTATTTTCAGCGCTCTOGTTGTTGGTTCATCTTCATACCCTGTGACOGAAGATCACTTC
R: OAGAGATCATCACGATTOTTCGTCAOTTCCATAACTTCACTTATTCAOGCGTAGCACCAG
F: TATAGAATTCAATGAACATTAAAAAAGTTATTTTCAG
R: ATATGGATCCTTAATGGTGATGGTGATGGTGGAGTTGTCTCACAATACCG
F:CTGCCAGACTGCAAGTGCTTACCCTTATCGCATTTACACTCTGTGACGOAAGATCACTTC
R:ACATTGAAATTCCGAAAGTTGATCCAGCTTCAGTATTGCTTTATTCAGGCGTAGCACCAG
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pGUN206

pGUN139

pGUN142

pGUN144

pGUN77

pTDL205

pTDL244

pTDL218

pTDL206

pDOB7

pGUN58

pMWG114

pDT2985
pTDL245

pDT2953
pTDL246

pDT2988
pTDL247

pDOBS

pDOB6

trhZ cloned into pM Sl 19EH; Ampr

pDT1942 with fa t inserted into 017; Tc'Kan'Cm'

pDT1942 with cat inserted into 016; Tc'Kan'Cm'

pDT1942 with cat inserted into trhO; Tc'Kan'Cm'

trhO cloned into pMS119EH; Ampr

pDT1942 with cat inserted into htdA; Tc'Kan'Cm'

htdA cloned into pMS119HE; Amp'

pDT1942 with cat inserted into htdF; Tc'Kan'Cm'

pDT1942 with cat inserted into htdK; Tc'Kan'Cm'

pDT1942 with cat inserted into orj009; Tc'Kan'Cm'

pDT1942 with cat inserted into trhP; Tc'Kan'Cm'

trhP cloned into pMS119EH;Amp'

pDT1942 with mini-Tn/0 inserted into trh W\ Tc'Cm'Kan' 
trhW cloned into pM Sl 19EH; Amp'

pDT1942 with mini-Tn/0 inserted into trhU; Tc'Cm'Kan' 
trhU  cloned into pMS119HE; Amp'

pDT1942 with mini-Tn/9 inserted into trhN; Tc'Cm'Kan' 
trhN cloned into pM Sl 19HE; Amp'

pDT1942 with cat inserted into orf004; Tc'Kan'Cm'

pDT 1942 with cat inserted into trhl; Tc'Kan'Cm'

F:ATATGAATTCAATGAAATATATATTGACCG 
R: AT ATGG ATCCTT ATTG AAC AGGGTG ATGGGC
F:GAGTTTCAGCATTTATTCTTACCTTACTTGTGACTGGATOCTGTGACGGAAGATCACTTC
R:CTGAACTCTCAATCAGAAAAGTAACTTTTCCGTCGGTGTAGTTATTCAGGCGTAGCACCAG
F:GAACTGATAATTTTGCCGTTGCTGGCATTTTTAGGTCCATCTGTGACGGAAGATCACTTC
R:ATTCCGTTGACGTAATTTGCAGCAATAGTAATAAATTCATTTATTCAGOCGTAGCACCAO
FtTCCGAGCACGTCCAGACAATTGATCTGACTAATTTTTCAGCTGTGACGGAAGATCACTTC
R:AAGAGATTTCCTGTGGAGAAAACGATCAACTCCTCATCAGTTATTCAGGCGTAGCACCAG
F:ATATGAATTCAATGGCATCCGAGCACGTCCAG
R:ATATGGATCCTTATAATGTGGCCTCTATATTATTATC
F:GCCCCAATTTCATCGCTTAAGTACGACTGGGAGTGGGCTCTGTGACGGAAGATCACTTC
R:GCAGGCGGAATGACCACTTCGATGAGTATTGTATCAATTGTTATTCAGGCGTAGCACCAG
F:TATAAAGCTTATGTTATCACGCAACTCACT
R:TATATCTAGATTAATGGTGATGGTGATGGTGACTTTCATCCTCCAGTTCC
F:TCTTACTCGATCTTTAACGCAAAACCGTCGAAGCCTGACTCTGTGACGGAAGATCACTTC
R:ACAGAAGTGGTTTTAAGAACTTTGCCAGTAAAATCGTACATTATTCAGGCGTAGCACCAG
F:CAATCTGTCGCGATGGCATTCGAAGTAAATCTCGACAAAACTGTGACGGAAGATCACTTC
R:TTCAGTCTCAGTTACAAACGCCGAATTATCAGCAGAGCGATTATTCAOOCGTAOCACCAG
F:GTCGAGTACTCGAAGGAACCGACTATGCGAACCGTTGATACTGTGACGGAAGATCACTTC
R:TTATAGCGGCCAACAGACACCTTCAATGGCAATTCCATCGTTATTCAGGCGTAOCACCAG
F:ACGTGCCAATAAATCTCGGAATCCTGATACTGGTTATGTTTGTGACGGAAGATCACTTC
R:AGCTATGATATTCCCTGACCTTACCGATTTATCCTTCAGATTATTCAGGCGTAGCACCAG
FrTATAGAATTCATGAGAGAATACATACCTAAG
R:TATAGGATCCTTAATGGTGATGGTGATGGTGCGCAAAGATCGCATATGTTTTC 

F:TAT AGAATTCCATGGG ACTC ACGTTTTTGG
R:TATAGGATCCTTAATGGTGATGGTGATGGTGATTCTCCTCTGCCGCGATTT 

F :TATAAAGCTTATGCTGTCGCTCTCGCTG
R:TATATCTAGATTAATGGTGATGGTGATGGTGGTTGGGTATATACCTGACGC

FiTATAAAGCHATGAAACATAGAAAAATAATTTCTTC
RrTATATCTAGATTAATGGTGATGGTGATGGTGATATTTTGGTATTTCCTTACCTG
F:GTTTCAGCTTTAGTTGCAAGTGCGTCTCTGGTAGGGTGTGCCTGTGACGGAAGATCACTTC
R:CAAACCCGGCCAGAGAGTAAGCATTTTTGGCTACAGAATCTTATTCAGGCOTAOCACCAG
F:CAACAGATGAGCAAAGGGTCATCATTGAAAATGCAAATGCCTGTGACGGAAGATCACTTC
R:CGGGTAAATGTGACCATCCCCACTTTGGCATAAGGGAACTTATTCAGGCGTAGCACCAG

(175)

(175)

(175)

“Abbreviations: N af, Nalidixic acid resistance; R if, Rifampicin resistance; Tcr, tetracycline resistance; Kmr, kanamycin resistance; Amp', ampicillin resistance.
b Underlined regions o f  cloning primers designate restriction endonuclease cleavage sites; bold bases designate a His-tag and an engineered stop codon. Underlined regions o f  disruption primers 
designate cat specific bases.



on LB agar plates. Antibiotics were added at the following concentration when 

appropriate: ampicillin 100 pg/ml, tetracycline lOpg/ml, nalidixic acid 50 pg/ml, 

rifampicin 50 pg/ml and chloramphenicol 16 pg/ml. X-Gal (5-bromo-4-chloro-3-indolyl- 

P-D-galactopyranoside) and IPTG (isopropyl-P-D-thiogalactoside) were each used at 50 

pg/ml.

2.2.2 DNA Manipulations

R27 DNA was isolated using either ultracentrifugation in a CsCl-ethidium 

bromide gradient (212) or with the Qiagen Large-Construct Kit (Qiagen Inc., 

Mississauga, Ont.). Expression and cloning vectors were purified using Qiagen Midi- 

preps (Qiagen Inc.). Standard recombinant DNA methods were performed as described 

in Sambrook et al. (176). Restriction endonucleases were used according to the 

manufacturer’s instructions and digested DNA was analysed by agarose gel 

electrophoresis.

2.2.3 Computer Analysis

Laser gene software (DNASTAR Inc., Madison, WI) was used for nucleotide 

sequence analysis. Repeated nucleotide sequences were identified with GeneQuest. The 

predicted protein sequence for each ORF was compared to the GenBank non-redundant 

database using PSI-BLAST. Conserve motifs were identified manually or with 

ScanProsite (http://ca.expasy.org/tools/scnpsite.html) and obtained predictions for 

molecular weight and pi values with Compute pI/Mw (http://ca.expasv.org/tools/pi tool, 

html).

2.2.4 Mutagenesis

Mutants of traG, tral, trhF, trhH and trhG in Tral and trhE, trhK, trhB, trhC, 

trhW, trhU and trhN in Tra2 were created prior to this study using random mini-Tn/0 

mutagenesis (145) as described previously (175). Mini-Tn/0 consists of a 

chloramphenicol resistance cassette flanked by Tn/0 inverted repeats (101). To identify 

the insertion position for each mutant, the region flanking the mini-Tn 10 insertions was 

sequenced using the dideoxy method (Sequenase version 2; United States Biochemical
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Co., Cleveland, Ohio) with primers PNE11 (5’t a t t c t g c c t c c c a g a g c c t ) and PNE12 

(5’t g g t g c g t a a c g g c a a a a g c ). Sequence results were compared to the complete nucleotide 

sequence of R27 (ACCESSION NC_002305). All remaining Tral genes (115, 116, 

traJ, 118, 121, traH, trhR, trhY and trhX) and Tra2 genes (trhA, trhL, or/030, orf028, 

or/027, trhV, trhZ, or/017, or/016, trhO, htdA, htdF, htdK, or/009, trhP, or/004, and trhl) 

were mutated by gene disruption using the E. coli recombination system recently 

described by Yu and colleagues (217). This method utilizes E. coli strain DY330, 

containing a defective lambda prophage that serves to protect and recombine an 

electroporated linear DNA substrate in vivo. Gene disruptions were created by insertion 

of a chloramphenicol-resistance cassette (CAT; cat from mini-TniO) into each of the 

above mentioned ORFs in a sequence-specific fashion. DNA substrates were generated 

through PCR with primers (~60nt) that produced a linear CAT cassette with 40 bp 

terminal arms homologous to the desired target site (Table 2-1). DNA substrates were 

introduced by electroporation into DY330 harboring R27 that was grown according to Yu 

et al. (217). Cells were plated on agar plates containing both tetracycline, to select for 

R27, and chloramphenicol, to select for the desired insertions. To screen presumptive 

colonies, the target gene was PCR amplified (using cloning primers as described below) 

and analyzed with 1% agarose gel electrophoresis. An increase in the size of the ORF by 

-900 bp demonstrated that the CAT cassette had been inserted into the target gene. The 

insertion location of the CAT cassette into traJ was confirmed by sequencing with 

primers GIL86 (5 ’CAGTTATTGGTGCCCTTAAAC) and GIL87 (5 ’GGTATCAACAGGGACACC 

AG), verifying the precision of this method.

2.2.5 Cloning of Transfer Genes

The primer sequences used for cloning Tral and Tra2 transfer genes are listed in 

Table 2-1. PCR products, which included terminal BamRl and EcoBA (Bamlll and Pstl 

for tral) or Hindlll and Xbal restriction endonuclease sites, were cloned into pGEM-T 

(Promega) and then subcloned into either pMSl 19EH, pMSl 19HE or pBAD24. A His6- 

tag was engineered into the C-terminus of each protein to facilitate the detection of the 

recombinant protein by immunoblot analysis with anti-His6 antibodies in future studies.
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2.2.6 Conjugation Assay

Conjugal transfer of R27 was performed as previously described (199). For 

complementation experiments, E. coli donors (DY330R) which contained the R27 

transfer mutant and an expression vector encoding the appropriate transfer protein were 

mated with recipients (DY330N). To determine the effect of over-expressing transfer 

proteins on the transfer frequency, each transfer protein was expressed in trans within a 

donor containing R27 during conjugation experiments. Transfer frequencies were 

expressed as transconjugants per donor.

2.2.7 Phage Plaque Assays

Hgal RNA bacteriophage was prepared as previously described (126). Phage spot 

tests were performed to determine Hgal infectivity of Tral mutants. A 50 pL sample of 

mid-logarithmic phase cultures was suspended in 8 mL of brain heart infusion (BHI) 

broth (Difco Laboratories, Detroit, Mich.) containing 0.6% agar that was incubated at 

48°C. The suspension was overlayed onto a fresh BHI plate. After solidification of the 

overlay 10 pL of Hgal stock (109 Pfu/mL) was spotted on the overlay. Plates were 

incubated at 27°C overnight and analyzed for zones of clearing in the Hgal-spotted 

regions.

2.2.8 Cloning of Origin of Transfer

Two intergenic regions from the Tral region were considered likely to harbor the 

oriT, a 757 bp region between traH and trhR and a 400 bp region between trhY and trhX. 

Since the oriT is the only element required in cis on a DNA molecule for transfer (106), 

each of these regions was cloned to determine if either could be mobilized by R27. A 1.3 

kbp Kpnl-SnaBl region containing the 757 bp intergenic region was cloned into the Kpnl 

and Smal sites of pBAD30 (75) and a 1.5 kbp Hindlll-Xbal fragment containing the 400 

bp intergenic region was cloned into the same sites ofpBAD30 (Figure 2-3). The 1.3 kbp 

fragment was mobilized by R27 at a frequency of 10'3 transconjugants/donor, whereas 

both the 1.5 kbp Hindlll-Xbal clone and pBAD30 were not mobilized.

To systematically identify the minimal oriT, regions of the 1.3 kbp clone were 

PCR amplified, cloned and tested in mobilization experiments. The strategy is outlined
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in Figure 2-3. Two overlapping regions of the 1.3 kbp fragment were PCR amplified 

using primers which incorporated Kpnl and Hindlll sites to the ends. These products 

were cloned into pBAD30 using the Kpnl and Hindlll sites, resulting in clones of oriT

1.1 (977 bp) and oriT 1.2 (794 bp). The primers for amplifying oriT 1.1 were oritclonel 

and nicprimer3 and the primers for amplifying oriT 1.2 were orit2 and nicprimer5 (Table 

2-1). The oriT 1.2 clone was mobilized by R27, whereas the oriT 1.1 clone and pBAD30 

alone were not mobilized under the same conditions. Two overlapping regions of the of 

the oriT 1.2 clone were subcloned as described above, resulting in clones of oriT 2.1 (360 

bp) and oriT 2.2 (285 bp). The primers for amplifying oriT 2.1 were Trev3000 and 

Trev3002 and the primers for amplifying oriT 2.2 were Trev3001 and Trev3004 (Table 2- 

1). The oriT 2.2 clone was mobilized by R27 at a frequency of 10'3 

transconjugants/donor, whereas the oriT 2.1 clone and pBAD30 alone were not 

mobilized.

2.3 Results 

Transfer 1 Region

2.3.1 Nucleotide Sequence Analysis of Tral Region

The location of the Tral region in R27 was originally identified by using random 

transposon mutagenesis and screening for transfer-deficient mutants (145). The 

completion of the nucleotide sequence of R27 allowed the precise mapping of the 

insertion location of 15 mini-Tn/0 transfer mutants into 5 genes: traG, tral, trhF, trhH 

and trhG (Figure 2-1; Table 2-3 and 2-3) (187). R27 transfer genes have been named, trh 

(mating pair formation), tra (relaxosome or coupling) or htd (H transfer determinant). 

The genetic organization of this region suggests that these genes are contained within 

transfer operons, an organization that is commonly seen in other transfer systems, such as 

those from IncF (56) and IncP plasmids (158, 201). The ends of these putative operons 

were used to define the Tral region as a starting point for this study. Therefore, the Tral 

region was defined as being between the coordinates 98 and 117 kb on R27 and contains 

14 ORFs. The ORFs are organized into three operon units, using the operon structure 

defined by Ermolaeva et al. (50), consisting of 8, 2 and 4 ORFs, which are separated by
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Figure 2-1. Open reading frame (ORF) map of the transfer region 1 o f R27. Red ORFs 

indicate essential Mpf genes, blue ORFs indicate relaxosome genes and the green ORF 

indicates the coupling protein gene. Light grey genes are not essential for conjugative 

transfer. The mating pair formation genes have been designated trh and the relaxosome 

and coupling genes have been designated tra. Black bent arrows represent the insertion 

location of mini-Tn/0 and direction of CAT transcription. White bent arrows represent 

the insertion location of CAT cassette and direction of transcription. oriT indicates a 285 

bp region of Tral that has been cloned and is mobilized by R27. Black horizontal line 

indicates Kpnl-SnaBl fragment used to identify oriT. ORF map corresponds to 

coordinates 98 to 117 kbp and ORF115 to ORF 128 on R27 (187).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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115 116 traJ 118 traG

H-pilus/Mpf gene 

relaxosome component gene 

coupling protein gene
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tral 121 traH trhR trhY trhX trhF trhH trhG

1 kbp

j 'j  non-conjugative transfer gene

0^ CAT cassette insertion/arrow indicates direction of CAT transcription 

mini-Tn/0 insertion/arrow indicates direction of CAT transcription
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Table 2-2. Summary of computer analysis of nucleotide sequence of transfer region 1 from R27
Gene/ Length Mol Motif0 PSI-BLAST results Degree of Accession
ORF1 (aa) Wtb (protein/source/length 

of homolog)
relatedness 
(identical 

residues/range of 
identity=% 

identity)

no. of 
homolog

orfl 15 242 27.9 none Orf8 of B. uniformis 
NBU element (246aa)

46/210=21% AF238367

orfl 16 393 42.9 Type IV protease 
(191-325)

Proteinase IV of V. 
chloraea (616aa)

69/343=20% H82130

traJ 220 25.4 AraC motif (8-48) 
and leucine zipper 

(182-202)

none

orfl 18 367 42.2 none none
traG 694 80.0 Walker A (205-212) 

and B (504-514)
TraG fromR751 

(637aa)
70/539=12%
C-terminus

S22992

tral 1011 113.0 Relaxase and Zinc 
carboxypeptidase 

(588-598)

none

orfl 21 240 27.9 none none
traH 161 19.2 none none
trhR 266 30.3 none none
trhY 170 19.4 none none
trhX 95 11.0 none none
trhF 348 39.6 none TraF from R100 

(247aa)
46/231=19% AAB61943

trhH 470 48.1 none TraH from R100 
(460aa)

108/419=25% BAA78879

trhG 1329 140.9 none TraG from F factor 
(938aa)

121/682=17%
N-terminus

AAC44184

a Gene designation and coordinates as in Sherburne et al. (187). 
b Molecular weight predicted with EditSeq program of Lasergene (DNAStar, Inc.) 
c Conserved Domain Database and ScanProsite (http://ca.expasy.org/tools/scnpsite.html)

http://ca.expasy.org/tools/scnpsite.html
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Table 2-3. Effect of mutations in Tral on R27 conjugation.
R27 mutant* 
in the donor 

strain

Transfer15 
phenotype 
of mutantc

Relative 
conjugation 
frequency of 
R27 mutant

(%)d

Relative 
conjugation 

frequency during 
complementation

(%)e

Relative 
conjugation 

frequency of R27 
with over­

expressed transfer 
proteinf(%)

Plaque with 
Hgalg

115 + 120 N/D N/D . +
116 + 130 N/D N/D +
traJ - 0 24 23 +
118 + 100 N/D N/D +

traG - 0 5 30 +
tral - 0 5 100 +
121 + 14 N/D N/D +
traH - 0 83 97 +

trhR - 0 221 177 -
trhY - 0 0.2 217 -
trhX + 16 N/D N/D +
trhF - 0 0.5 65 -
trhH - 0 0.3 79 -

trhG - 0 136 77 -
a Gene designation according to complete sequence o f  R27 (187) or this study. Donor strain was DY330R.
b Ability o f  mutant to transfer via conjugation. Detectable matings scored as “+” and non-detectable (<10‘8 transconjugants/donor) scored as 
0 CAT cassette introduced into gene by either random transposon mutagenesis or homologous recombination as described in Materials and Methods.
d Transfer frequency o f R27 mutant relative to R27 [(R27 mutant frequency /R27 frequency) x 100%]. Due to the inherent variation o f  R27 transfer frequency, relative frequency was determined using 
the R27 transfer frequency for each experiment. R27 transferred with an average frequency o f  5 x 10"1 transconjugants/donor. Values represent the average values o f  two independent experiments.
' Restoration o f conjugation by complementation in trans using a cloned gene (see Table 1); N/D, not determined. Transconjugants/donor cell after 18 hr liquid mating with recipient DY330N, as 
described in Materials and Methods.
f Designated transfer protein was over-expressed in donor containing R27 during conjugation assay. Relative transfer frequency o f  R27 with transfer protein /  R27 for each experiment. Values 
represent the average value o f  two independent experiments.
8 Ability o f  H-pilus specific RNA bacteriophage to form plaques with E coli harboring designated 

mutant o f  R27 (agar spot test). E. coli containing R27 forms plaques when infected with H-gal.

to
VO



two intergenic regions of 757 and 400 bp. The putative transcriptional units are 

transcribed away from the 757 bp intergenic region (Figure 2-1).

To identify potential transfer genes and to determine any evolutionary relationship 

to other conjugative systems, the predicted protein sequence from each Tral ORF was 

compared against the GenBank database using PSI-BLAST. Only six of the protein 

sequences had significant hits in the database (Table 2-2). ORF115 shares identity with 

ORF8 from the Bacteriodes uniformis mobile element NBU1 (189). ORF116 is 

homologous to a putative proteinase IV from Vibrio cholerae. TraG shares a low identity 

with TraG from the IncPP plasmid R751 (201), but also shares homology to coupling 

proteins from several other conjugative systems, such as IncW and IncF. TrhF, TrhH and 

TrhG share identity with TraF, TraH, and TraG, respectively, from IncF plasmids (7).

To identify conserved sequence motifs, the predicted amino acid sequence from 

each ORF from Tral was compared to the Prosite database. The ORF116 sequence 

contains a motif characteristic of Type IV proteases, which is consistent with the BLAST 

analysis. TraJ contains a helix-tum-helix motif at residues 8-48, which is characteristic 

of transcriptional regulators belonging to the AraC family, and a leucine zipper motif at 

182-202, which is a common dimerization domain. TraG contains a Walker A ATP 

binding motif at position 205-212 (Figure 2-2). An alignment of TraG (IncHIl) with 

TrwB (IncW) and TraG (IncPP) has identified a conserved Walker B ATP binding 

domain at position 504-514 (Figure 2-2), although the importance of this motif has yet to 

be demonstrated (64). Tral, which has previously been shown to contain all three 

relaxase domains (187), contains a Zinc carboxypeptidase motif at position 588-598, 

although the significance of this is unknown.

2.3.2 Tral Gene Disruptions and Identification of Transfer Mutants

To supplement the mini-Tn/0 transfer mutants, and to identify a role for ORFs 

115, 116, traJ, 118, 121, traH, trhR, trhY and trhX in the conjugative transfer of R27, 

gene disruptions of each of these ORFs were systematically created. A CAT cassette 

(chloramphenicol-resistance gene) was inserted within the first 120 bp of the predicted 

start codon of each ORF using the methods of Yu et al (217). Each plasmid mutant was 

then tested for its ability to transfer (Table 2-3). Gene disruptions in traJ, traH, trhR and
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Figure 2-2. Alignment of A) Walker A and B) Walker B boxes from coupling proteins 

from R27 (TraG; accession NP_058332), R388 (TrwB; accession CAA44852), and R751 

(TraG; accession S22992). Numbers represent the number of amino acid residues 

preceding the motif. Motifs were aligned in MegAlign (DNASTAR Inc.) and shaded in 

GeneDoc using conservative mode and 2 levels.

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



A)

Walker A_______
R27 TraG (2 00)  H lffllTG N V G ^ffirili 
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trhY abolished conjugative transfer of R27. A disruption of trhX reduced the conjugation 

frequency of R27 10-fold, whereas disruptions of orfl 15, 116, 118 and 121 had no effect 

on the conjugation frequency. These data, combined with that from the random 

transposon mutagenesis experiments, indicate that nine of the fourteen genes within the 

Tral region are essential for conjugative transfer of R27 (Table 2-3; Figure 2-1).

2.3.3 Genetic Complementation of Tral Transfer-Deficient Mutants

The wild-type gene corresponding to each of the transfer-deficient mutants was 

cloned into the expression vectors pMS119EH, pMS119HE or pBAD24 (Table 2-1). 

Each clone was transformed into the strain containing the appropriate R27 mutant. When 

the wild-type version was expressed in trans, conjugative transfer of R27 was restored for 

each of the nine transfer-deficient mutants (Table 2-3), demonstrating that each of these 

genes is essential for conjugative transfer.

During complementation experiments, the conjugation frequency varied between 

221% (trhR) and 0.2% of wild-type levels (trhY) (Table 2-3). Two explanations for the 

variation could be due to transcriptional polar effects and/or that the over-expressed 

transfer proteins affects wild-type conjugation frequencies. To address these 

possibilities, the complementation frequencies for each mutant were compared to the 

transfer frequency of R27 when the corresponding transfer protein was over-expressed in 

donors during conjugation experiments (Table 2-3). Any difference in the conjugation 

frequency between the complementation and the over-expression experiments may reflect 

polar effects on downstream genes.

Over-expression of either Tral or TraH had no effect on the transfer frequency of 

R27, whereas the tral and trail mutants were complemented to 5% and 83% of wild-type 

levels. This indicates that the tral and traH mutants are partially polar. When either 

TrhR or TrhY were over-expressed the transfer frequency increased to 177% and 152% 

of wild-type levels, respectively. The trhR mutant complemented to 221% of wild-type 

levels, whereas the trhY mutant was complemented to 0.2% of wild-type levels. This 

indicates that the trhY mutant is partially polar. When TraJ, TraG, TrhF, TrhH or TrhG 

were over-expressed individually in donors the transfer frequencies were reduced to 23%, 

30%, 65%, 79% and 77% of wild-type levels, respectively. In the case of both TraJ and
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TrhG, these frequencies were comparable to their respective complementation 

frequencies (Table 2-3). This suggests that the reduced transfer frequency of traJ and 

trhG during complementation experiments is due to the over-expression of these transfer 

proteins and not because of polarity, as would be expected for mutants at the ends of 

transfer operons. Since over-expression of TraG, TrhF or TrhH cannot account for the 

low levels of complementation, these mutants are likely partially polar.

These results suggest that both mini-Tn/0 and CAT cassette insertions resulted in 

partially polar transfer mutants of traG, tral, traH, trhY, trhF and trhH. Nevertheless, 

these mutants allowed for the identification of nine essential transfer genes within the 

Tral region of R27.

2.3.4 Hgal Plaque Assay of R27 Tral Transfer-Deficient Mutants

Hgal is an H-pilus specific bacteriophage that lyses E. coli harbouring R27 to 

form distinctive plaques. Hgal binds uniformly along the shaft of H-pili (126); this 

property of Hgal has been used to document the kinetics of H-pilus assembly (127). An 

Hgal plaque assay was utilized to determine which of the Tral transfer mutants were 

resistant or sensitive to Hgal lysis (Table 2-3). E. coli cells containing transfer mutants 

trhR, trhY, trhF, trhH and trhG were resistant to Hgal, suggesting that these transfer 

genes play a role in H-pili biosynthesis. This is consistent with the roles predicted for 

trhF, trhH and trhG using PSI-BLAST analysis of these genes. Cells containing 

plasmids with mutants of traJ, traG, tral, and traH remained sensitive to Hgal, 

suggesting that their role(s) in conjugation is not related to H-pili biosynthesis. These 

results would be expected for the relaxosome components and the coupling protein, as 

RP4 traG remained sensitive to phage (209).

2.3.5 Identification and Cloning of the R27 Origin of Transfer within Tral

The oriT contains the nic site and is typically located next to the DNA processing 

genes within conjugative systems. It was therefore anticipated that the oriT of R27 

would be present within the Tral region (Figure 2-3). A 757 bp intergenic region 

between orf!22 and orfl23 contains several hallmark features of oriT regions, including:

34

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



Figure 2-3. Origin of transfer. A) Genetic organization of the 1.3 kbp Kpnl-SnaEY 

fragment containing oriT activity. Shown is the location of the 285 bp oriT  between traH 

and trhR. B) Cloning strategy used to identify the 285 bp oriT. PCR primers were used 

to amplify regions and incorporate Kpnl and Hindlll restriction sites that were used to 

clone fragments into the same sites of pBAD30 (See materials and methods for details). 

Horizontal lines represent sub-clones of the 1.3 kbp Kpnl-SnaBl fragment and are aligned 

with above schematic (A). Broken lines represent clones that were mobilized by R27, 

whereas solid lines represent clones that were not mobilized by R27. Round 1 identified 

a 977 bp region that was mobilized by R27 and was designated oriT 1.2. Round 2 

identified a 285 bp region that was mobilized by R27 and was designated oriT 2.2. C) 

Nucleotide analysis of a 285 bp region with oriT activity. Three 8 bp and one 9 bp direct 

repeats were identified and are represented by arrows. No matches to any of the 5 nic site 

families were identified.
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Kpnl SnaBl

1324 bp

traH oriT trhR

B ) clone

^ -------------------------  ° r i T l A  I  Round 1
-> oriT 1.2 J

^  ^  ° riT2A "I Round 2
r.'.z............  oriT 2.2 J«-

C)
 >

GGTTATTGCTACTTAATGCCGATAACGACTCAGGCTTTGAGGTTTTTTTATACGGTTCACATTTC
............. •>  > ------------ 5>

GTTAGCAAGGTCAGGGTTTTTTGATAAAATTCTGGTTAGTTTGGTTAAAAAGTGTTACAAGTAA
 >   >

GGGTAATGGCTGAAAGGTTAGTTTTAAGGTTCAAAGCGGCAGTATTAAAATTCCAAAAGTTAC 
 ►

TTTTCATCCTTCAGAATCCAGACCTTAATTTCATGTAGAAGATTCGTACAATTGTATTGGCGCA
 ►

AGGACAATCCGCACATGTCAGAATCAGAT
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i) being located between diverging ORFs, ii) a high %A+T content (62.5% vs. 52% for 

R27) (not shown), and iii) a number of inverted and direct repeat sequences (not shown).

A 285 bp minimal oriT region was localized within the 757 bp intergenic region 

and was mobilized by R27 at a frequency of 10' transconjugants/donor (Figure 2-3). 

The oriT is located adjacent to trhR and contains three 8 bp direct repeats and one 9bp 

direct repeat. A comparison of the oriT nucleotide sequence to the five nic site families 

(218) revealed no matches. Additional studies are required to precisely identify the nic 

site within this region.

Transfer 2 Region

2.3.6 Nucleotide Sequence Analysis of Tra2 Region

The Tra2 region is 36 kb in length and contains 28 ORFs, four of which code for 

two separate partitioning modules (Chapter 3). All ORFs are transcribed in the same 

direction, with the exception of ORF004 and ORFs 015-018, which appear to constitute 

an operon. Previous analysis indicated that the Tra2 region encodes Mpf proteins that are 

related to Mpf proteins of IncF transfer systems, as determined by Basic Local Alignment 

Search Tool (BLAST) analysis (175). Prior to mutational and functional analysis of the 

Tra2 region, Position Specific Iterated-BLAST (PSI-BLAST) analysis, a more sensitive 

version of BLAST analysis, was performed and protein alignments with each of the 

predicted protein products of the Tra2 region and the findings are described quantitatively 

(Table 2-4). TrhL, E, B, V, C, P, W, U and N are homologous to Mpf proteins from the F 

factor (175), with levels of identity ranging from 20-32% (Table 2-4 and 2-5). The N- 

terminus of TrhW is similar to TrbC of the F factor, suggesting a gene fusion in R27 and 

that the functions of the latter two proteins are coupled in the F factor. TrhP (previously 

named TrhF) is homologous to the signal peptidase I protein family, which includes 

TraF, a transfer peptidase of IncP plasmids (187).

ORF031 is similar to TraK of the F factor and has been named TrhK (Figure 2-5 

and Table 2-5). Interestingly, TrhK also shares a significant level of similarity to the 

HrcC/HrpH secretin family present in the Type III secretion system of organisms such as 

Pseudomonas fluorescens (167). The similarity shared between TrhK-like proteins and 

HrcC-like proteins is present in the C-terminus (Figure 2-5), the defining domain of
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Figure 2-4. Open reading frame (ORF) map of the transfer region 2 o f R27. Red ORFs 

indicate essential Mpf genes. Stippled ORFs indicate genes which regulate R27 transfer 

frequency. Light grey genes are not essential for conjugative transfer. Black ORFs are 

partitioning genes and the Inc region is a 3 kbp intergenic region involved in IncHIl 

plasmid incompatibility (57). The mating pair formation genes have been designated trh. 

Black bent arrows represent the insertion location of mini-Tn/0 and direction of CAT 

transcription. White bent arrows represent the insertion location of CAT cassette and 

direction of transcription. ORF map corresponds to coordinates 0 to 40 kbp and ORF003 

to ORF034 on R27(187).
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Table 2-4. Summary of computer analysis of nucleotide sequence of transfer region 2 from R27
Gene/
ORFa

Length
(aa)

Mol
Wtb

MotiL PSI-BLAST results 
(protein/sourceAength 

of homolog)

Degree of 
relatedness 
(identical 

residues/range of 
identity=% 

identity)

Accession 
no. of 

homolog

trhA 117 12.4 none HtdZ of R478 (126aa) 77/117=65% AAL27017
trhL 105 12.4 none HtdL of R478 (116aa) 76/105=72% AAL27018

TraL of F (103aa) 21/105=20% BAA97945
trhE 261 29.2 none HtdE of R478 (262aa) 194/261=74% AAL27019

TraE of F (188aa) 30/147=20% BAA97946
trhK 410 44.4 none HtdP of R478 (423aa) 337/423=79% AAL27020

TraK of F (242aa) 48/230=21% BAA97947
orf30 146 16.4 none HtdO of R478 (153aa) 60/138=43% AAL27021
trhB 452 48.3 none HtdB of R478 (451aa) 319/452=86% AAD01913

TraB of F (475 aa) 96/391=24% BAA97948
orf28 170 19.0 none HtdV ofR478 (112aa) 39/75=52% AAL27016
orf27 250 28.0 none HtdT of R478 (326aa) 206/250=82% AAD01914
trhV 316 33.8 Lipoprotein motif HtdD of R478 (316aa) 253/316=80% AAD01915

(21aa) TraV of F (171aa) 24/96=24% BAA97952
trhC 893 102.0 Walker A (463- HtdC of R478 (893aa) 748/893=83% AAD01916

470aa) and Walker TraC of F (875aa) 200/899=22% BAA97954
B (722-725)

trhZ 130 14.1 None none
o tf  17 173 19.0 Lipoprotein motif none

(15aa)
orfl6 279 30.8 none none
trhO 315 34.9 none none
htdA 150 16.7 none HtdA of R478 (150aa) 126/149=84% AAB05912
htdF 144 15.8 none HtdF of R478 (141 aa) 71/142=50% AAB37116
htdK 187 20.8 none HtdK of R478 (177aa) 88/167=52% AAB37117
orf9 1406 155.5 none none
trhP 170 19.4 Signal peptidase 1 TraF of RP4 (177aa) 28/124=22% AAA98335
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trhW 502 56.5 none TraW of F (210aa) in 
C-terminus TrbC of F 
(212aa) inN-terminus

49/193=25%
34/146=23%

BAA97956
AAB61940

trhU 335 37.0 none TraU of F (330aa) 104/320=32% AAB61938
trhN 1058 116.7 none TraN of F (602aa) 25/112=22%

27/132=20%
BAA97959

orf4 290 31.1 Lipoprotein motif 
(21aa)

none

trhl 594 67.6 DNA Helicase 
motifs

DNA helicase II of 
Serratia marcescens 

(720aa)

167/640=26% AAC46278

a Gene designation and coordinates as in Sherburne et at. (187). 
b Molecular weight predicted with EditSeq program of Lasergene (DNAStar, Inc.) 
c Conserved Domain Database and ScanProsite (http://ca.expasy.org/tools/scnpsite.html)

http://ca.expasy.org/tools/scnpsite.html
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Table 2-5. Effect of mutations in Tra2 on R27 conjugation.
R27 mutant2 
in the donor 

strain

Transferb 
phenotype 
of mutant0

Relative 
conjugation 

frequency ofdr 
R27 mutant

(%)“

Relative 
conjugation 

frequency during 
complementation

(%)e

Relative 
conjugation 
frequency of 

drR27 with over­
expressed transfer 

proteinf(%)

Plaque with 
Hgal®

trhA - 0 0.2 93 -

trhL - 0 0.7 208 -
trhE - 0 2.2 150 -

trhK - 0 15.9 130 -

orffiO + 55 N/D N/D +
trhB - • 0 14 79 -

orf028 + 10 N/D N/D +
orf027 + 100 N/D N/D +

trhV - 0 0.2 72 -

trhC - 0 90 95 -

trhZ + 0.006 73 23 +
orf017 + 43 N/D N/D +
orf016 + 95 N/D N/D +
trhO + 0.0002 77 83 +
htdAh +++ 600 000 120 90 +++
htdF + 7 N/D N/D +
htdK + 7 N/D N/D +

orf009 + 0.6 N/D N/D +
trhP - 0 131 54 -

trhW - 0 144 88 -

trhU - 0 1.2 90 +/-
trhN - 0 133 82 +/-

orf004 - 34 N/D N/D +
trhl - 76 N/D N/D +

“Gene designation according to complete sequence of R27 (187) or this study. Donor strain was DY330R.
^  b Ability of mutant to transfer via conjugation. Detectable matings scored as “+” and non-detectable (<10's transconjugants/donor) scored as

c CAT cassette introduced into gene by either random transposon mutagenesis or homologous recombination as described in Materials and Methods.
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d Transfer frequency of drR27 mutant relative to drR27 [(drR27 mutant frequency /drR27 frequency) x 100%]. Due to the inherent variation of drR27 transfer 
frequency, relative frequency was determined using the drR27 transfer frequency for each experiment. drR27 transferred with an average frequency of 5 x 10'1 
transconjugants/donor. Values represent the average values of two independent experiments.
e Restoration of conjugation by complementation in trans using a cloned gene (see Table 1); N/D, not determined. Transconjugants/donor cell after 18 hr liquid 
mating with recipient DY330N, as described in Materials and Methods.
f Designated transfer protein was over-expressed in donor containing drR27 during conjugation assay. Relative transfer frequency of drR27 with transfer protein 
/ drR27 for each experiment. Values represent the average value of two independent experiments.
8 Ability of H-pilus specific RNA bacteriophage to form plaques with E coli harboring designated mutant of drR27 (agar spot test). E. coli containing drR27 
forms plaques when infected with H-gal.
h Experiments and mutagenesis on htdA were performed on wild-type R27, which transfers at a frequency of 5 x 10"5 transconjugants/donor. All values in this 
row are relative to wild-type R27.

■£-
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Figure 2-5. Alignment of Type IV secretion system secretin-like proteins of the TrhK 

family with the HrcC Type III secretion system secretins and the PulD Type II secretion 

system secretin. Represented below the alignment are the (3-Domain and S-Domain from 

PulD. The P-Domain encompasses the transmembrane regions which are embedded into 

the outer membrane and the S-Domain interacts with the lipoprotein. Alignment was 

performed with ClustalW using the BLOSUM scoring matrix and shading was performed 

using GeneDoc in Conservative mode with shading to 4 levels. Proteins in order they are 

listed in alignment: TraK of F factor (GenBank Accession No. AAC44189), TraK of 

R391 (AAM08021), TraK of Rtsl (BAB93771), HtdP of R478 (AAL27020), TrhK of 

R27 (AAD54050), TraK of pED208 (AAM90706), TraK of pNLl (AAD03962), TraK of 

SXT (AAL59718), HrcC of Pantoea stewartii (AAG01463), HrcC of Erwinia amylovora 

(AAB49179), HrcC of Erwinia chrysanthemi (AAC31975), HrcC of Pectobacterium 

carotovorum (AAK97280), HrcC of Pseudomonas syringae (AAC05014), RscC of 

Pseudomonas fluorescens (AAK81929) and PulD of Klebsiella oxytoca (PI 5644).
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Figure 2-6. Alignments of the processed pilin subunits from IncHI (R27 and R478) and 

IncP (R751 and RP4) transfer systems. The protein sequences of the pilin subunits have 

the leader sequences removed and the cleavage site shown (gray arrow). The protein 

sequences of the IncP pilin subunits are missing the 27 C-terminal residues, which are 

cleaved by an unknown peptidase (black arrow #1) and site of cleavage by the TraF 

peptidase is shown (black arrow #2). Alignments were performed in ClustalW and 

shaded in GeneDoc using conservative mode and three levels. Accessions numbers are 

TrhA (accession no. AAD54053), HtdZ (AAL27017), TrbC R751 (NP_044241) and 

TrbC RP4 (AAA26429).
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secretin proteins (151). The alignment between TrhK-like proteins, HrpH-like proteins 

and PulD (prototypical secretin) suggests that TrhK-like proteins contain the p-domain, 

predicted to form the outer membrane ring, and the S-domain, which interacts with a 

lipoprotein (Figure 2-5) (72).

Besides sharing similarity to IncF plasmid Mpf proteins, the Tra2 Mpf proteins 

are similar to the Mpf proteins from the IncFII2 plasmid R478 from Serratia marcescens 

(Accession No. AF030442) (155), pNLl from Novosphingobium aromaticivorans 

(NC_002033) (174), the IncJ element R391 from Providencia rettgeri (AY090559) (20), 

the IncT plasmid Rtsl from Proteus vulgaris (NC 003905) (144) and the SXT element 

from Vibrio cholerae (AY055428) (12) (data not shown).

The presence of nine Mpf proteins in the Tra2 and three Mpf proteins in the Tral 

region (108) which are homologous to Mpf proteins from the F factor means that R27 

contains an equivalent to each of the essential Mpf proteins from the F factor (56), with 

the exception of the pilin subunit. Given the presence of trhP, whose gene product is 

homologous to the pilin processing protein TraF from IncP plasmids (47), the putative 

core regions of TrhA of R27 and HtdZ of R478 (IncHI2) was aligned with the core region 

of TrbC, the pilin of RP4 and R751, to identify conserved regions (Figure 2-6). The core 

region of TrbC is processed with the removal of the N-terminal 37 residues by the host- 

encoded LepB and the removal of the C-terminal 27 residues by an unknown host 

peptidase (47). This remaining 82 aa peptide, which contains the four residues to be 

removed by TraF, was aligned with the processed form of TrhA and HtdZ (leader 

peptide, predicted by SignalP, has been removed) using ClustalW. This alignment 

identified 15% identity and 34% similarity between all these proteins. Within the 

conserved regions are several residues which are highly conserved between TrbC and 

several of its homologs, including VirB2 from the Ti plasmid (48), particularly in the 

region which is cleaved by the transfer peptidase (Figure 2-6).

To identify conserved sequence motifs, the predicted protein sequence of each of 

the Tra2 ORFs was compared to both the Conserved Domain database and the Prosite 

database (Table 2-4). A lipoprotein motif was detected in TrhV, which is characteristic 

of the TraV protein family (81). Lipoprotein motifs were also found in ORF017 and 004. 

TrhC contains Walker A and Walker B motifs, suggesting that this protein binds ATP
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and possibly energizes some aspect of conjugation. TrhP contains signal peptidase 1 

motif, consistent with the PSI-BLAST analysis. Trhl contains DNA helicase II motifs, 

which is consistent with the PSI-BLAST analysis.

2.3.7 Tra2 Gene Disruptions and Identification of Transfer Mutants

Seven mini-Tn/0 transfer mutants have been identified within the Tra2 region 

(trhE, K, B, C, W, U and N) (175). To identify a role in transfer for the remaining 

seventeen Tra2 genes (entire Tra2 excluding four partitioning genes), gene disruptions of 

each of these ORFs in R27 were systematically created, as previously described for the 

Tral region (108). Each mutant was then tested for its ability to transfer (Table 2-5). 

Gene disruptions of trhA, L, V, and P  abolished conjugative transfer of R27. Disruptions 

of trhO and trhZ reduced transfer to 0.0002% and 0.006% of the transfer frequency of 

R27, respectively, whereas the disruption of most of the remaining genes had a minimal 

effect on transfer. Since mutations were made in drR27 (wild-type R27 with TnlacZ 

inserted into htdA), a CAT cassette was inserted into htdA within wild-type R27 to see if 

a different disruption of this gene (CAT 1 kb vs. TnlacZ 8.7 kb) had the same effect on 

transfer. An insertional disruption of htdA by CAT increased the transfer frequency of 

R27 by 6 000-fold, as did the insertion by TnlacZ (212). These data, combined with that 

from the random transposon mutagenesis experiments, indicate that 11 genes within the 

Tra2 region are essential for conjugative transfer. In addition, trhO and trhZ play a role 

in conjugative transfer by enhancing the transfer frequency of drR27, whereas htdA 

represses the transfer frequency of wild-type R27.

2.3.8 Genetic Complementation of Tra2 Transfer-Deficient Mutants

The wild-type gene corresponding to each of the transfer-deficient mutants was 

cloned into the expression vector pMSl 19EH (or HE) (Table 2-1). In addition, genes for 

trhO, trhZ and htdA were cloned in order to test for an effect on the corresponding 

mutants. Each clone was transformed into E. coli containing the appropriate drR27 

transfer mutant. When the wild-type version of each transfer gene was expressed in trans 

with each of the transfer mutants, conjugative transfer was restored to varying degrees for 

each of the eleven transfer mutants (Table 2-5), demonstrating that each of these genes is
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essential for conjugative transfer. When trhZ and trhO were expressed in trans within 

donors containing corresponding mutants, the transfer frequency was restored to R27 

levels, indicating that these gene products have a positive effect on transfer. When htdA 

was expressed in donors with R27 (wild-type R27 within CAT inserted into htdA), the 

transfer frequency was reduced to wild-type R27 levels, indicating the htdA has a 

negative effect on the transfer frequency.

During the complementation experiments, the conjugation frequency varied 

between 144% (trhW) and 0.2% (trhV) of the transfer frequency of drR27. The variation 

could be due to polar transcriptional effects because of the CAT insertions and/or that the 

overexpressed transfer proteins reduce the conjugation frequencies. To address these 

possibilities, the complementation frequencies for each mutant were compared to the 

transfer frequency of drR27 when the corresponding transfer protein was over-expressed 

in donors during conjugation experiments (Table 2-5). Any difference in the conjugation 

frequency between the complementation and the over-expression experiments will reflect 

polar effects on downstream genes. Over-expression of transfer proteins had a minimal 

effect on transfer frequencies, especially for trhL and trhV, which had the lowest 

complementation frequencies. This suggests that both mini-Tn/0 and CAT insertions 

resulted in partially polar transfer mutants of several genes. This observation has 

previously been noted for the Tral transfer genes (108). Nevertheless, this approach 

allows for the identification of essential transfer genes.

2.3.9 Hgal Plaque Assay of Tra2 Transfer-Deficient Mutants

Each Tra2 mutant was tested using an Hgal plaque assay to determine which 

mutants were resistant or sensitive to Hgal lysis (Table 2-5). E. coli cells containing 

transfer mutants trhA, L, E, K, B, V, C, Z, P, and W were resistant to Hgal. Hgal 

sensitivity was restored for each of these mutants when each mutant was complemented 

with the wild-type gene (data not shown). These observations suggest that these transfer 

genes are involved in H-pili biosynthesis. The ability of the trhZ mutant to resist Hgal is 

interesting since this mutant is capable of transferring at very low levels, suggesting that 

R27 is capable of transferring at a low frequency in the absence of H-pili. E. coli 

containing R27 containing mutations in transfer genes trhU and trhN  were capable of
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forming plaques, although they were notably smaller and not as clear as R27 plaques. 

Disruption of htdA in wild-type R27 resulted in plaques which were larger than those 

produced by wild-type R27; this is attributed to the increase in H-pilus production by 

donors (212). E. coli cells containing an insertional disruption of orf030, 028, 027, trhO, 

orf017, 016, htdF, htdK, orf009, 004 and trhl were all capable of forming plaques, 

suggesting that these genes are not essential for H-pilus biosynthesis.

2.4 Discussion

The conjugative transfer genes of R27 are contained within two separate transfer 

regions, designated Tral and Tra2, which are separated by 63 kbp. Each region 

contributes to the conjugative transfer function of R27, since mutations in either region 

abolishes transfer. Tral contains the oriT and 9 essential transfer genes encoding a 

coupling protein, relaxosome proteins and Mpf proteins (108). Tra2 contains 11 Mpf 

genes that are essential for conjugative transfer. The 20 essential transfer genes identified 

within both the Tral and Tra2 likely represent the entire conjugative transfer apparatus 

encoded by R27, since our comparison to IncF and IncP conjugative transfer systems has 

identified an equivalent to each essential transfer component present in these systems 

(Figure 2-7).

The major component of the relaxosome is Tral. The relaxase motifs of Tral 

align best with relaxases from the IncP family, including the presence of only one 

catalytic tyrosine residue (187). Besides the three relaxase motifs, no homology exists 

between Tral and any of the known relaxases, including the IncP specified relaxases 

(Table 2-2). It therefore appears that Tral is distantly related to previously characterized 

relaxases. Relaxase families have been assigned based on the presence or absence of a 

helicase domain in their C-terminal region that is responsible for the DNA unwinding 

activity during conjugative transfer. Relaxases from the IncF/TncW plasmid groups 

contain a helicase motif, although these motifs and functions are absent in relaxases from 

the IncP plasmid group (24). Tral from R27 does not contain a helicase domain 

suggesting that Tral is from the IncP relaxase lineage; this is consistent with the 

alignment of the relaxase motifs. From our analysis, the best candidates for relaxosome
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Figure 2-7. Comparison of the complete F, R27 and RP4 conjugative transfer regions 

(some regulatory genes excluded). Essential transfer genes are presented with 

color/pattern, with the same color/pattern representing homologous gene products, while 

non-essential transfer genes are white. The Mpf genes are solid in color and the coupling 

protein, relaxosome components and regulatory genes are patterned. Light gray genes 

represent gene products with no shared homology. Thin lines above the R27 map 

indicate homologs to the IncF system, while thick lines represent homologs to the IncP 

system. Lipo=lipoprotein motif; Red box=Walker A motif; Green box=origin o f transfer; 

Upper case gene names=Tra; Lower case gene names=Trb (F and RP4) or Trh (R27). 

Double slash indicates non-contiguous regions. Arrow representing ORFs are 

proportional to the length of the ORFs.
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accessory components are encoded by traJ and traH. Both are essential for transfer, but 

not for H-pilus synthesis, consistent with the characteristics of relaxosome accessory 

proteins.

The coupling protein of R27, TraG, shares only a low level of identity with 

characterized coupling proteins. The conserved regions are predominantly at or around 

the Walker A and Walker B motifs, indicating the functional importance of these motifs. 

It therefore appears that the coupling protein from IncHIl plasmids is distantly related to 

known coupling proteins.

A 285bp region between traH and trhR was cloned and mobilized by R27. This 

region is present within a 757 bp intergenic region that contains hallmark features of 

oriTs. The nucleotide sequence of the 285bp oriT was compared to the five nic site 

families (218) and no matches were found. Precise identification of the nic site of R27 

would allow one to determine if it is distantly related to one of the five nic site families, 

or defines its own family.

There are 5 Mpf genes within the Tral region and all are transcribed in the same 

direction and away from the oriT. The trhR and trhY genes code for proteins which share 

no homology to any component of known conjugative systems. These genes may 

represent T4SS components that are unique to IncHIl plasmids. Alternatively, since 

genes that regulate conjugative transfer are generally present around the oriT and are the 

least well-conserved components of transfer systems (218), these ORFs may play a role 

in regulating conjugative transfer. Consistent with the latter idea, over-expression of 

TrhR and TrhY increased the transfer frequency of R27 (Table 2-3).

Three remaining Tral Mpf genes, trhF, trhH and trhG, (trh designates R27 Mpf 

genes) specify proteins that are homologous to the TraF, TraG, and TraH transfer 

proteins from IncF plasmids. In the IncF system, these proteins are required for Mpf/F- 

pilus synthesis, with TraG also being important for stabilizing mating pairs during 

conjugation (7, 54, 56).

Of the 11 Mpf proteins encoded within the Tra2 region, 9 are homologous to Mpf 

proteins of the IncF transfer system. Of these, TrhL, E, K, B, V, C and W are essential 

for conjugative pilus biosynthesis; the same function assigned to their F factor Mpf 

counterparts (56). TrhU and TrhN are not essential for H-pilus biosynthesis, but do
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appear to play an auxiliary role in H-pilus assembly. Based on their homology and 

shared mutant phenotypes with trail (142) and traN (133) of the F factor, it is proposed 

that TrhU and TrhN also play a role in DNA transfer and mating pair stabilization, 

respectively. Including the 3 Mpf genes from Tral, R27 contains an equivalent to 12 of 

the 13 essential F factor Mpf proteins, with the exception of the pilin subunit, illustrating 

that the IncH Mpf/T4SS secretion system shares a common ancestry with that of the IncF 

system. Although these proteins are responsible for conjugal piliation and subsequent 

DNA transfer, the exact roles of these proteins, collectively and individually, remain 

unknown. TrhC, a putative ATPase, was recently shown to form membrane-associated 

complexes and complex formation was dependent on the presence of TrhB, E and L (63). 

This suggests that these proteins form a multi-protein complex that may function in H- 

pilus synthesis or R27 transfer, or both.

A novel observation is that TrhK and TraK-like homologs share similarity with 

secretins. Secretins are outer membrane pores that are found in Type II and Type III 

secretion systems and allow passage of macromolecules across the outer membranes. 

Secretins form high molecular weight multimers (119) and preliminary results suggest 

that TrhK does as well (Lawley and Taylor, unpublished results). Secretins consist of 

two domains, a non-conserved N-terminal specificity domain and a conserved C-terminal 

domain, which defines the secretin family (72, 151). The C-terminal domain contains the 

p-domain, which inserts into the outer membrane, and a S-domain, which interacts with a 

stabilizing lipoprotein (72). Both the P and S-domains appear to be conserved in TrhK. 

TraK of the F factor was recently shown to be present in the outer membrane of donor 

cells and the C-terminal region interacts with TraV, a transfer lipoprotein (81). The 

presence of secretins in T4SS secretion systems would suggest a mechanism by which 

DNA and pili could transverse the outer membrane of donors.

The two remaining Tra2 encoded Mpf proteins, TrhA and TrhP, are homologous 

to the pilin (TrbC) and peptidase (TraF) of the IncP transfer system. Although the 

similarity between the pilin subunits is weak, the presence of the peptidase implies a 

maturation process for the H-pilin which is analogous to that observed for the P-pilus. 

This observation points to a common ancestry for IncH and IncP pilus subunit 

processing, but further work is required to demonstrate H-pilus subunit cyclization.

55

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



The presented analysis of the Tral and Tra2 regions indicates that the transfer 

components of R27 share a common ancestry with the IncP and IncF systems (Figure 2- 

7) (108). The relaxosome, pilin and transfer peptidase appear to share a common lineage 

with IncP plasmids, whereas the Mpf/T4SS is of the IncF lineage (Figure 2-7). There is 

no evidence of gene redundancy in any of these transfer systems. If the chimeric nature 

of these transfer systems did occur through DNA recombination between plasmids, the 

recombinant genomes subsequently underwent loss of redundant DNA resulting in the 

current transfer systems. The separation of the Tral and Tra2 by 63 kb and the mosaic 

organization of the transfer genes may be a remnant of such a recombination/DNA loss 

event. The transfer systems (trb and vir) of the Ti plasmid are also believed to have 

evolved by a similar method (3, 52). These observations imply a modular nature for the 

various transfer system components (Dtr, Mpf and coupling protein). Indeed, chimeric 

transfer systems consisting of Dtr (IncQ), coupling protein (IncP) and Mpf (Ti) functions 

constructed in vivo from different conjugative plasmid systems have been shown to be 

fully functional for conjugative transfer (77). Therefore, plasmids, especially larger 

plasmids, appear to evolve conjugative transfer systems by acquiring and combining 

transfer components from other conjugative transfer systems.
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Chapter 3

Characterization of the Double Partitioning Modules of R27: 

Correlating Plasmid Stability with Plasmid Localization

A version of this work has been submitted for publication:

Lawley, T.D. and D.E. Taylor. 2003. Characterization of the double partitioning modules 

of R27: correlating plasmid stability with plasmid localization. J. Bacteriol. 185(10): 

3060-3067.
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3 Characterization of the Double Partitioning Modules of 

R27: Correlating Plasmid Stability with Plasmid 

Localization

3.1 Introduction

Partitioning modules are found on many low-copy number plasmids and facilitate 

the faithful segregation of bacterial plasmids to daughter cells at cell division. 

Partitioning modules consist of a centromere region adjacent to two coregulated genes 

that encode for an ATPase and a centromere specific DNA binding protein (67). Gerdes 

et al. (60) have proposed the existence of two partitioning family modules based on the 

type of ATPase encoded. Type I modules encode for Walker-type ATPases and are 

exemplified by ParA/SopA systems encoded by PI and F, respectively. Type II modules 

encode for actin-type ATPases and are exemplified by ParM of R l. Partitioning protein 

homo logs are also involved in chromosome segregation in B. subtilis (91) and 

Caulobacter crescentus (139).

DNA binding partitioning proteins are typified by ParB/SopB of Pl/F and ParR of 

R l, and bind to repeated DNA sequences within the centromere region. The ParB and 

ParR-centromere complex are referred to as the partitioning complex and mediate the 

pairing of plasmid molecules (46, 96). Binding of ParR to the centromere region also 

serves to regulate the expression of parM-parR as the promoter is within the centromere 

region (93). Binding of ParB to the centromere region of PI, found downstream of the 

parA-parB operon, results in ParB spreading into the surrounding sequences and 

promotes silencing of this DNA (173). The partitioning complex is localized to mid- 

(and quarter-) cell positions of E. coli and after duplication these complexes move rapidly 

to the quarter-cell positions, the mid-cell of the next generation (66, 148). It is not known 

what maintains the partitioning complex at the mid- and quarter-cell positions, however, 

it has been proposed that a host-encoded factor may be involved (67, 86).

The partitioning ATPases are cytoplasmic proteins whose ATPase activity is 

essential for partitioning (42, 94, 206). The ParA/SopA proteins are also involved in 

autoregulation of the partitioning operons (42). The ATPases interact with their cognate
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DNA binding proteins (94, 169), suggesting that ATP hydrolysis may be linked to 

movement of the partitioning complex from the mid- to quarter-cell positions. Recently, 

it has been shown that ParM of R1 forms actin-like fdaments with ATP-dependent 

polymerization properties. It has been proposed that polymerization of ParM into 

filaments begins at the partitioning complex and provides the necessary motive force to 

actively push the partitioning complexes from the mid- to quarter-cell positions (141).

IncHIl plasmids frequently encode multiple antibiotic-resistance in S. typhi (92, 

138, 165). R27, the prototypical IncHIl plasmid, is a large conjugative plasmid which 

encodes resistance to tetracycline and possesses a mosaic genetic organization of 

backbone components (i.e. conjugation, replication and partitioning), suggesting a 

complex evolutionary history (107, 187). For example, the conjugative transfer system 

of R27 is a chimera of IncF and IncP-like systems (108, 109). Replication is determined 

by one of two replicons RepHIlA or RepHIlB (57, 58), maintaining a copy number of 1- 

2 copies per chromosomal origin (197). A third non-functional IncFIA replicon is also 

present on R27 and is responsible for one-way incompatibility with the F factor (58). 

Sequence analysis has identified two partitioning modules within the Transfer region 2 of 

R27 (187). The goal of this study was to determine, using genetic analysis and a GFP- 

LacI probe, how each partitioning module contributes to the stability of R27 and to study 

unstable partitioning mutants that have cellular localizations that are distinct from that of 

wild-type R27.

3.2 Experimental Procedures

3.2.1 Bacterial Strains and Plasmids

The following E. coli strains were used: DY330Rts (W3110 A/acU169 ga/490 

XcI857 A cro-bioA) (217), DY330R and DY330N (rifampicin and nalidixic-acid resistant 

temperature sensitive revertants of DY330ts) (110) and DH5a (supE44 lacXJ169 

(80lacZM15) hsdR17 recAl endAl gyrA96 thi-1 relAl) (176). The following plasmids 

with relevant characteristics were used: R27 (IncHIl, tetracycline resistant) (187), pSG25 

(cassette delivery vector, kanamycinr, ampicillin1) (66), pSG20 (GFP-LacI expression 

vector, arabinose inducible promoter, ampicillin1) (66), pJP124 (Tn7 transposase vector,
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chloramphenicol; gift from Dr. Nancy Craig), pOU82 (unstable test vector, ampicillin1) 

gift from Dr. Michael Yarmolinsky) (59). The chloramphenicol acetyl transferase (CAT) 

and trimethoprim (Tp) resistance cassettes for insertional mutagenesis were amplified 

from pNK20 (101) and R751 (201), repectively.

3.2.2 Growth Conditions

All E. coli strains were grown in LB medium (Difco Laboratories) or MOPS 

minimal medium (MOPS buffer with 20 amino acids and 0.4% glucose or 0.4% 

glycerol)(66). During the construction of R27 parRy.Tp when trimethoprim resistance 

was utilized, strains were grown with Mueller Hinton medium. When necessary the 

following antibiotics were added to the growth medium: ampicillin (Ap, lOOpg/ml), 

kanamycin (Km, 50pg/ml), tetracycline (Tc, lOpg/ml), chloramphenicol (Cm, 16pg/ml) 

and trimethroprim (Tp, 50pg/ml). The growth temperature was 30°C for routine 

procedures. For microscopy, cells from overnight cultures were diluted 1/20 and grown 

at room-temperature to mid-log phase prior to induction of GFP-LacI. GFP-LacI was 

induced by adding 0.2% arabinose to the growth medium. Expression was then repressed 

after 30-40 minutes by adding 0.4% glucose to the medium and continuing growth for an 

additional 30 minutes.

3.2.3 Nucleotide Sequence and Statistical Analysis

Laser gene software (DNASTAR Inc., Madison, WI) was used for nucleotide 

sequence analysis. Repeated nucleotide sequences were identified with GeneQuest. The 

predicted protein sequence for each ORF was compared to the GenBank non-redundant 

database using PSI-BLAST. Statistical analysis was performed with the SigmaStat 

software package (Jandel Scientific).

3.2.4 Cloning of Pari and Par2

The Pari and Par2 regions were amplified from R27 DNA using Pfx high fidelity 

DNA polymerase (Gibco) using primers parl-f (5’ ATATGGATCCCGTTTTAAGTTACTGGT 

TACC), parl-r (5’ATATGGATCCCACTTCTAGGCCCCAATC), par2-f (5 ’ATATGGATCCTACT 

ACCGGATGAAAGTCATC) and par2-r (5’ATATGGATCCGTGATAACATTCAGTCAGCC).
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Primers incorporated BamUl sites into each end of the amplified DNA. Pari and Par2 

regions were digested with BamYLl and cloned into the BamHl site of pOU82 (59), to 

create pParl and pPar2, respectively.

3.2.5 Construction ofparB  andparR  Mutants

The parB and parR genes in Pari and Par2 modules of R27, respectively, were 

mutated by inserting a CAT or Tp cassette using the E. coli recombination system (217). 

DNA substrates were generated through PCR with primers (~60nt) that produced a linear 

CAT or Tp cassette with 40 bp terminal arms homologous to the desired target site. 

Primers to create DNA templates to disrupt parB with CAT were trev204 

(5 ’ACTGAAGTAATCCATCGCTCCGGGCTTCAAGGCCTGAAAGCTGTGACGGAAGATC ACTTC) 

and trev205 (5’GCCTCAAGCTTCCGCCCATTGTGTAATGTAAAAATTTCTTTATTCAG 

GCGTAGCACCAG), to disrupt parR with CAT were trev206 (5 ’ACATCGTGGCGAGCAGATT 

TCTCTAATAAGATCTGCAATCCTGTGACGGAAGATCACTTC) and trev207 (5 ’CATTAATAAA 

ACTAGATAACTCGGGGAAGAGATTATTTAGTTATTCAGGCGT AGCACCAG), to disrupt parR 

with Tp were trev535 (5’ACATCGTGGCGAGCAGATTTCTCTAATAAGATCTGCAATCTTCGCT 

GCTGCCCAAGGTG) and trev536 (5’CATTAATAAAACTAGATAACTCGGGGAAGAGATTATTT 

AGGTGCACTCAACCGTGAATTC). DNA substrates were introduced by electroporation 

into DY330Rts harboring R27 that was grown according to Yu et al. (217). Cells were 

plated on agar plates containing both tetracycline, to select for R27, and chloramphenicol 

or trimethoprim, to select for the desired insertions. To screen presumptive colonies, the 

target gene was PCR amplified and analyzed with 1% agarose gel electrophoresis. An 

increase in the size of the ORF by 700 bp (Tp) or 900 bp (CAT) demonstrated that the 

resistance cassette had been inserted into the target gene of R27.

3.2.6 Pulsed-Field Gel Electrophoresis

Preparation of agarose-embedded E. coli and restriction endonuclease digestion as 

well as electrophoresis and image processing are described elsewhere (200), except that 

Noil was used to digest the DNA.
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3.2.7 Stability Assay

DH5a containing the test plasmid (each of which contained either the entire P- 

galactosidase gene or a fragment encoding for the P-galactosidase a fragment) was grown 

overnight in LB broth with selection at 37°C and shaken at 200 rpm. Overnight cells 

were diluted 1/100 000 into fresh LB broth without antibiotics and grown as described 

above. Aliquots were removed at the times indicated on the graphs (Figure 3-2), serially 

diluted and plated on nutrient plates containing X-Gal (5-bromo-4-chloro-3-indolyl-P-D- 

galactopyranoside) at 50pg/ml. Blue plasmid containing colonies and white plasmid-less 

colonies were counted and the percentage of plasmid-containing cells was plotted against 

time. Each experiment was done twice and the average values plotted.

3.2.8 H21::lacO Construction

To produce a R27.:lacO construct that was stable and mating proficient, pSG25 

was first transformed into E. coli strain Stbl-2 and then R27 was mated into these cells 

using the methods previously described (199). Once the presence of both plasmids was 

confirmed using plasmid isolation procedures, electroporation was used to introduce 

pJP124 into the strain. pJP124 contains the Tn7 transposase genes cloned into pACYC 

and promotes random transposition of Tn7 into conjugating plasmids (216). Cells 

containing all three plasmids were collected from agar plates in 1 ml of PBS and 0.1 ml 

of this cell suspension was used to inoculate 10 ml of fresh LB + Ap, Tp, and Cm. Cells 

were grown to mid-exponential phase and were used as donors for mating. Transposition 

of the cassette into R27 was achieved by mating R27 to DY330R and selecting with 

tetracycline, for R27, and kanamycin, for the cassette. To ensure the cassette did not 

transpose into transfer genes, transconjugants were pooled and mated into DY330N 

[pSG20] (cells containing pSG20 express GFP-LacI). Several colonies were then 

individually screened to ensure stability and mating efficiency, one of which was used for 

further analysis. Within this construct, the cassette was found to be inserted into an 

intergenic region between genes orfl&3 and 184, as determined by sequencing the region 

flanking Tn7 with primer NLC95 (5’ATAATCCTTAAAAACTCCATTTCCACCCCT) (216).
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3.2.9 Microscopy and Photography

For microscopy experiments, cells were grown as indicated and for time-lapse 

experiments cells were grown in LB broth. A 1 ml aliquot of the sample was collected, 

pelleted and resuspended in 20-50 pi of MOPS medium. A lpl sample was added to a 

MOPS medium/1.5% agarose slab on a microscope slide. A cover slip was added and the 

edges sealed with vacuum grease. For mating experiments the samples contained a 5:1 

donor to recipient ratio. Fluorescence microscopy was performed using a Leica DMRE 

microscope equipped with a CDD camera (Cooke SensiCam) and a standard FITC filter 

set (Chroma). Samples were illuminated with a UV (Leica HB100) source and images 

collected and processed using SensiControl 4.0 and PhotoPaint (Corel). Quantitative 

measurements (i.e. number of foci, foci location and cell size) were performed as 

described (66).

3.3 Results

3.3.1 Nucleotide Sequence Analysis of Pari and Par2

Two partitioning modules were identified within the conjugative transfer region 2 

(Tra2) of R27 which are separated by 2.7 kb and transcribed in the same direction (Figure 

3-1) (109, 187). Partitioning module 1 (Pari) contains two genes, arranged in a putative 

operon, whose gene products are similar to ParA/SopA and ParB/SopB protein families 

exemplified by PI and the F factor (60). ParAR2 7  (417aa) shares 20% identity with 

SopAf and contains a WalkerA ATPase motif (GTGGKS). P a rB ^  (335aa) shares 27% 

identity with ParBP| . Upstream of par A are putative -10 (tagaat) and -35 (aataca) 

sequences; 240bp upstream of the par A translation start codon are 26 direct repeats of 34 

bp (cccCctTAaTcGcCAg—ccATGG-gg-a-c-g; upper case conserved, lower case 

majority, dash non-conserved). These repeats likely serve as the centromere region and 

have been designated par S.

The partitioning module 2 (Par2) contains two genes, arranged in a putative 

operon, whose gene products are homologous to ParM and ParR of R1 (60). ParMR2 7  

(344aa) is 33% identical to ParMRi and contains the actin-like ATPase motifs 

characteristic of these proteins (60). ParRR2 7  contains no detectable similarity to ParRRi.
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Figure 3-1. Genetic organization of Pari and Par2 modules of R27. Blue ORFs are par A 

and parM  which encode ATPases belonging to the Walker and actin-type ATPase 

families, respectively. Green ORFs encode centromere-binding proteins. The region 

shown indicates the region cloned for stability assay. Black arrows indicate positions of 

direct repeats and raised arrows indicate putative promoters. GenBank Accession 

number is AF250878.

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



65

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



ParR-like proteins maintain few conserved residues and vary in size and were proposed 

to be functionally analogous based on genetic localization (60). Upstream of parM  are 

putative -10 (tataaa) and -35 (ttgacc) sequences. The promoter region is flanked by two 

sets of 6 bp direct repeats (dri:GtTtaa and d^AaAaCA), such that dri is present 7 times 

upstream of the promoter and dr2 is present 5 times downstream. These repeats likely 

represent the centromere region and have been designated parC.

3.3.2 Stability of Pari and Par2 Clones and R27 parB and parR Mutants

To determine if both partitioning modules are functional Pari and Par2 were 

cloned into pOU82, creating pParl and pPar2. pOU82 is an unstable R1 derivative used 

for stability assays and is lac so the frequency of plasmid loss can be monitored using X- 

Gal, where plasmid containing colonies are blue and plasmidless colonies are white (59). 

Stabilization of pOU82 by either Pari or Par2 would therefore demonstrate that the 

partitioning module is functional. Clones pParl and pPar2 and pOU82 alone were grown 

overnight in DH5a with selection then diluted 1/100 000 in fresh LB broth without 

selection and grown for 24 hours. Samples were taken every 6 hours, serially diluted and 

then plated on X-Gal containing LB plates. The frequency of plasmid stability was then 

plotted versus time (generation time was 40 minutes) (Figure 3-2A). After 24 hours, 

pParl was present in 100% of the cells and pPar2 was present in 90% of the cells, 

whereas pOU82 was present in 40% of the cells. These results suggest that both Pari and 

Par2 are functional partitioning modules. In addition, Pari stabilized pOU82 more 

efficiently than Par2.

To test the ability of Pari and Par2 in stabilizing R27, insertional mutations of 

parB (pari-) and parR (par2-) were created in drR27, a derepressed derivative of R27 

containing TnlacZ inserted into htdA (212). Stability assays were performed as described 

above except that stability was tested over 48 hours (Figure 3-2B). After 48 hours 

without selection, R27 was present in 100% of the cells. In the same period of time, the 

parB::CAT mutants were present in 45% of the cells and the parR::C AT  mutants were 

present in 88% of the cells. These results suggest that both Pari (parB::CAT) and Par2 

(parR::CAT) are involved in stabilizing R27 and that the contribution of Pari towards 

R27 stability is greater than that of Par2.
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Figure 3-2. Verification that Pari and Par2 from plasmid R27 are functional partitioning 

modules. Partitioning stability assay for: A) Pari and Par2 cloned into the unstable test 

vector pOU82. Symbol for pParl is ▲, pPar2 is ■, and pOU82 is • . B) Stability assay 

for drR27 (A), drR27parB-(parl-) (•)  and drR27parR-(par2-) (■). Strains were grown 

in E. coli at 37°C in LB without selection. See Text for details.
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3.3.3 Double Partitioning Mutant of R27

A double-partitioning mutant of R27 was created by inserting a trimethoprim- 

resistance cassette into parR of the R27 parB::CAT mutant. Several mutants were 

isolated but were unable to be transferred by conjugation from DY330Rts into DH5a in 

order to perform the stability assay. Using resistance markers to monitor the presence of 

R27 in DY330 cells, it was found that the double-partitioning mutants were 100% stable 

after 24 hours (data not shown). E. coli cells containing the double-partitioning mutants 

formed plaques when infected with Hgal, an H pili specific phage (108) and mobilized a 

cloned oriT (108), suggesting that the conjugation apparatus of R27 parB::CAT parR::Tp 

was functional. Since mutations in either parB or parR did not affect plasmid transfer 

ability, neither of these gene products is essential for conjugation (data not shown). 

Given the above observations, it was hypothesized that the double-partitioning mutant of 

R27 may have integrated into the chromosome.

To determine if R27 parB::CAT parR::Tp was present in the extra-chromosomal 

form or was inserted into the chromosome, pulsed-field gel electrophoresis was 

performed on the DNA of the E. coli strains in which the double Par- mutation had been 

created. Figure 3-3 shows a pulsed-field gel banding pattern of DNA from DY330R 

(lane 1), the host strain, DY330R[R27 parB::CAT] (lane 2) and DY330R[R27 

parB::CAT parR::Tp] (lane 3) digested with the restriction endonuclease Notl. Both lane 

2 and 3, representing R27-containing strains, contain a common band that is not present 

in lane 1, the host strain, and is therefore specific to R27 (arrow 1). Lane 3, representing 

the double mutant, contains a band not present in either of the other lanes (arrow 2) and a 

decrease in a band size (arrow 3). These two differences in the banding patterns would 

be expected if R27 parB::CAT parR::Tp did insert into the chromsome thereby creating a 

banding pattern different from DY330R (lane 1) and DY330R[R27 /?arR::CAT](lane 2). 

These results suggest that creating a double-partitioning mutant of R27 resulted in R27 

inserting into the chromosome, preventing conjugation of R27 DNA out of the donor. 

Since DY330R is recA+ and both E. coli and R27 are known to contain several insertion 

sequences (i.e. ISi, IS2, IS30) (187) it is possible that R27 parB::CAT parR::Tp 

integrated into the chromosome via homologous recombination, where it would be stably 

maintained.
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Figure 3-3. Pulsed-field gel electrophoresis to illustrate the banding patterns of Notl 

digested DNA from DY330R (lane 1), DY330R[R27 parB::CAT] (lane 2) and 

DY330R[R27 parB ::CAT parR::Tp], The left lane is a A, ladder of 48.5 kb increments. 

Arrow to right indicate 1) R27 specific band, 2) R27-chromosome specific band and 3) 

decrease in chromosomal band size due to R27 insertion into chromosome.
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3.3.4 Localization of R27::lacO in E. coli

The lacO/GFP-LacI system was used to visualize the cellular location of 

R27::lacO and R2.7v.lacO Par- in live E. coli expressing GFP-LacI. Expression of GFP- 

LacI (encoded by pSG20) resulted in GFP-LacI binding to the tandem operators and 

caused the hybrid repressor molecules to cluster as a fluorescent focus that was visualized 

by fluorescence microscopy and represents the location of the plasmid molecule (66). 

Fluorescence images were collected of asynchronous cells and the cell length, number of 

foci per cell and position of focus were determined for each cell. To compare plasmid 

localization under different growth rates each of the three lacO-containing, R27 plasmids 

were visualized when cells were grown in LB (fast growth) and MOPS (slow growth) 

minimal media. These results are summarized in Figures 3-4 and 3-5. When E. coli 

expressing GFP-LacI and containing R27 v.lacO was grown in LB and MOPS >99% of 

the cells contained GFP foci. Cells grown in LB cells containing R2.7v.lacO had 1 focus 

(1.2%), 2 foci (26.3%), 3 foci (42.4%), 4 foci (25.3%) or 5 foci (3.9%) (Figure 3-5). 

When grown in MOPS cells containing R27v.lacO had 1 focus (44.4%), 2 foci (43.6%) or 

3 foci (12%). These results demonstrate that R27 localization is remarkably symmetric 

within live E. coli. Localization results of R27::lacO Par- are given below.

3.3.5 Time-Lapse Observations of R27:\lacO Foci Duplication

Figure 3-6 shows representative experiments that demonstrate the kinetics of R27 

focus duplication in E. coli growing on a nutrient agarose surface. In the cells with one 

focus, the focus duplicated at the mid-cell and the two foci moved apart rapidly, within 5 

minutes, to the quarter-cell positions. In cells containing two foci, one focus duplicated 

at the quarter-cell position and subsequently one focus remained at the quarter-cell region 

while the second focus moved to the mid cell region. In three foci cells, the mid cell 

focus duplicated and the resulting foci then moved to either side of the division plane. 

Since the focus patterns before and after focus duplication and movement resemble the 

localization patterns of asynchronous E. coli populations, these observations likely 

represent the progression of the plasmid vegetative-cycle, where plasmid foci can 

duplicate at either the mid or quarter-cell positions.
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Figure 3-4. Representative micrographs of the localization of R27 (a-d) and R27 

partitioning mutants (parB and parR) (e-h) in live E. coli. a) 1 focus at mid cell, b) 2 foci 

at quarter cells, c) 3 foci at mid and quarter cells, d) 4 foci at mid and quarter cells, e) 1 

focus at pole, f) 2 asymmetric foci at mid and quarter cell, g) and h) scattered GFP signal. 

Images e-h are representative of both partitioning mutants.
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Figure 3-5. Summary of R27 and R27 partitioning mutants parB-lparl- and parR-/par2- 

localization in E. coli grown in MOPS (slow growth) and LB (fast growth) media. Cells 

types represent number and location of GFP foci. Values are given as a percentage of the 

total number of cells analysed for each plasmid type under each growth condition. 

Sample sizes are included. Boxed values highlight 1) the localization patterns for cells 

containing 1 and 2 foci from partitioning mutants whose foci positions are statistically 

different than wtR27, 2) the diffuse patterns seen in cells containing partitioning mutants 

but not wtR27 and 3) the high percentage of cells without a GFP signal, indicating 

plasmidless cells.
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Figure 3-6. Time-lapse fluorescence microscopy of R27 plasmid foci duplicating at 

either the mid or quarter cell positions of E. coli. Time image was collected is indicated 

in the top left hand comer. Left (vertical) time-lapse series depicts one focus duplicating 

at the mid-cell region, center time-lapse series depicts a focus duplicating at the quarter­

cell region and the right time-lapse series depicts a focus duplicating at the mid-cell 

region.
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3.3.6 Localization of R27 Partitioning Mutants in E. coli

When E. coli expressing GFP-LacI containing the R27::lacO parB ::CAT mutant 

was grown in LB and MOPS, 93.9 and 91.4% of the cells contained GFP signals 

(discrete foci or scattered pattern), respectively. Of the LB grown cells 37.5% contained 

a scattered GFP pattern that was clearly distinguishable from discrete foci and not seen in 

cells containing wild-type R27 (Figure 3-4 and 3-5). Scattered patterns occupied the 

entire cell and were dynamic when viewed in real time, resulting in images that gave a 

smeared appearance. None of the MOPS grown cells contained scattered patterns. Cells 

containing parB ::CAT and grown in LB which displayed discrete foci contained 1 focus 

(4.2%), 2 foci (14.7%), 3 foci (21.8%), 4 foci (9.6%), 5 foci (3.7%) or 6 foci (2.4%). 

Cells containing parB ::CAT and grown in MOPS contained 1 focus (26.2%), 2 foci 

(40%), 3 foci (19.1%) or 4 foci (6%).

When E. coli expressing GFP-LacI containing the K21::lacOparR::CAT mutant 

(parR::CAT) was grown in LB and MOPS, 95 and 97.4% of the cells contained GFP 

signals (discrete foci or scattered pattern). Of the LB grown cells 14.5% contained a 

scattered GFP pattern that was clearly distinguishable from discrete foci (Figure 3-5). 

None of the MOPS grown cells contained scattered patterns. Cells containing 

parR ::CAT and grown in LB contained 1 focus (2.6%), 2 foci (24.8%), 3 foci (33.6%), 4 

foci (19.1%) or 5 foci (1.0%). Cells containing parR::CAT and grown in MOPS 

contained 1 focus (23.8%), 2 foci (47.0%), 3 foci (23.8%) or 4 foci (3.5%).

3.3.7 Statistical Analysis of R27 Localization

The localization patterns of the R27 partitioning mutants contained both scattered 

patterns, which were not seen with R27, and discrete foci. To determine if there is a 

significant difference in discrete focus localization patterns between R27 and either of the 

partitioning mutants, statistical analysis of the localization data of the one focus and two 

foci cells grown in MOPS and LB was performed. For the 2 foci data the focus positions 

were averaged to create a data set that represents the midpoint between the foci. Initially 

a t-test was used to compare the median values, but some of the data sets either did not fit 

a normal distribution (parB::CET 1 focus MOPS and LB and 2 foci MOPS and LB) or 

contained standard deviations (parR:: CAT 2 foci LB) which were not equal to the wild-
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type data set. Therefore the non-parametric Mann-Whitney test (critical value set at a = 

0.05) was performed to compare the mutant data sets to those of the wild-type R27 

locations. Figure 3-5 summarizes the statistical analysis.

The Mann-Whitney test indicated that there is a statistically significant difference 

between the localiztion patterns of cells containing R27 parB ::CAT with 1 focus grown 

in MOPS (P=<0.001), the averaged 2 foci cells grown in MOPS (P=0.015), the one focus 

cells grown in LB (P=0.006) and the average of 2 foci cells grown in LB (P=<0.001) and 

the R27 grown under the corresponding conditions. Significant differences between the 

localization pattern of the R27 parR::CAT mutant 1 focus cells grown in LB (P=0.004) 

and the average of 2 foci cells grown in LB (P=0.006) and the R27 grown under the 

corresponding conditions. There is no significant difference between the localization 

patterns of the R27 parR ::CAT mutant 1 focus cells grown in MOPS (P=0.817) and 2 

focus cells grown in LB (P=0.417) and R27 grown under the corresponding conditions.

3.4 Discussion

In this work it was demonstrated that R27 contains two independent, functional 

partitioning modules, Pari and Par2, which belong to the type I and type II partitioning 

families, respectively (60). In both the cloning stability test and the mutational stability 

tests Pari was shown to be the major stability determinant whereas Par2 contributes to 

stability in a minor, yet significant, manner. Each of the R27 Par- mutants is therefore 

referred to as being partitioning impaired, as they each maintain some stabilizing 

abilities. The inability of a double Par- of R27 to exist in the extra-chromosomal form 

illustrates the extreme instability of such a mutant and attests to the importance of the 

partitioning modules to the maintenance and backbone of IncHIl plasmids. The 

redundant partitioning modules provide extra stability to R27, as both partitioning 

modules contribute to the stability of R27, and likely play a key role in the persistence of 

IncHIl plasmids within S. typhi (92, 138, 165). The only other plasmid known to contain 

a double-partitioning module is pB 171, a 90 kb virulence plasmid from enteropathogenic 

E. coli (45).
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The cellular location of R27::lacO was visualized with a GFP-LacI probe within 

live E. coli. R27 foci were located at the mid- and quarter-cell locations. Cells grown in 

MOPS (slow growth) predominantly contained 1, 2, or 3 foci whereas cells grown in LB 

(fast growth) predominantly contained 2, 3 or 4 foci, suggesting that the number of foci 

per cell is related to the growth rate and the cell-cycle. Several larger plasmids, including 

F, PI, R l, RP4 and R751 are also known to be localized to the mid- and quarter-cell 

positions (66, 95, 110, 148, 166) and each focus consists of multiple plasmid molecules 

(67, 166). Time-lapse experiments demonstrated that plasmid foci duplicate at either the 

mid- or quarter-cell positions. These observations imply that the progression of the R27 

plasmid vegetative cycle starts with one focus duplicating at the mid cell and the resulting 

2 foci moving to the quarter-cell positions. Subsequently, a focus at the quarter-cell 

position duplicates and one focus moves to the mid-cell while the other remains at the 

quarter-cell position, creating a cell with a mid-cell focus and two quarter-cell foci. In 

three foci cells, it appears as though the mid-cell focus duplicated and then both foci were 

positioned on either side of the division plane. These movements and localizations result 

in complete stability of R27, as R27 was not lost from any cells in a long-term stability 

assay.

Based on the work on other model partitioning systems (F, PI and Rl), it is 

presumed that the positioning of R27 foci at the mid- and quarter-cell regions is 

determined by both ParB and ParR, bound to the centromere, interacting with an 

unknown host factor. Likewise, the motive force which moves R27 foci between mid- 

and quarter-cell positions might be determined by the polymerization of ParM (141) and 

possibly ParA into actin-like filaments, with the partitioning complex serving as the 

nucleation point. Such a model would imply that the actions of both partitioning modules 

are coordinated such that the timing of partitioning and the interacting host factor would 

be similar. This is interesting as Type I and II partitioning families are believed to have 

different evolution histories (60), yet appear to stabilize plasmids using a similar 

mechanism.

The presence of two partitioning modules with different stability contributions 

gave a unique opportunity to correlate plasmid localization with plasmid stability, where 

R27 is completely stable, R27 par2-/parR- is moderately stable and R27 par 1-1 parB- is
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unstable. From these analyses two types of partitioning-impaired localization patterns 

were recognized that are distinct from R27 localization and are therefore indicative of 

plasmid instability: i) mis-localized discrete plasmid foci and ii) scattered plasmid 

patterns. When partitioning mutants formed discrete foci, the localization patterns of the 

both Par- plasmids in one or two foci cells grown in LB differed significantly with those 

of R27, whereas only the localization pattern of the parB-fPax\ plasmid in one and two 

foci cells grown in MOPS differed significantly with the R27. Due to the nature of the 

partitioning mutants, it is expected that one cause of plasmid instability resulted from a 

reduced ability of the R27 partitioning complex to become tethered to the mid- and 

quarter-cell positions. The tethering deficiency of Pari and Par2 mutants could explain 

both the instability and the mislocalizated focal patterns observed for Pari and Par2 

mutants. It is interesting that the localization patterns of the parR-fPar2 mutant grown in 

MOPS did not differ significantly from that of R27. This suggests that the Pari module 

alone is sufficient to stabilize R27 at slower growth rates, but not at faster growth rates.

A large percentage of the Par- cells grown in LB, but not R27 cells, contained 

scattered GFP signals suggesting that the plasmids were randomly dispersed throughout 

the cytoplasm. The partitioning mutants were expected to be impaired in plasmid pairing 

which could reduce the formation of plasmid clusters (discrete foci), resulting in 

instability. Therefore the scattered patterns may represent individual plasmid molecules. 

The fact that the scattered pattern was absent from partitioning mutants grown in MOPS 

suggests that the pairing impairment would be suppressed at a slower growth rate. The 

pronounced instability of the partitioning-impaired plasmids at faster growth rates, that is 

mis-localized plasmid foci and scattered patterns, is likely a direct result of the increased 

replication as reflected by multi fork replication. As a result the number of plasmids per 

cell would increase and the carrying capacity of only one of the R27 partitioning modules 

would have surpassed, resulting in randomly dispersed individual and clustered plasmid 

molecules.
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Chapter 4

Bacterial Conjugative Transfer: Visualization of Successful Mating 

Pairs and Plasmid Establishment in live Escherichia coli

A version of this work have been published in the following manuscript:

Lawley, T.D., G.S. Gordon, A. Wright, and D.E. Taylor. 2002. Bacterial Conjugative 

Transfer: Visualization of Successful Mating Pairs and Plasmid Establishment in live 

Escherichia coli. Mol. Microbiol. 44:947-956.
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4 Bacterial Conjugative Transfer: Visualization of Successful 

Mating Pairs and Plasmid Establishment in live Escherichia 

coli

4.1 Introduction

The life cycle of a conjugative plasmid contains three phases -  replication, 

partitioning, and conjugation. In the past these processes have been compartmentalized 

into distinct stages, however, it is becoming apparent that these functions are continuous 

processes that overlap throughout the cell cycle (17). Fluorescence microscopy methods 

have made it possible to demonstrate that plasmid molecules reside at defined positions 

within the bacterial cell, located at the mid-cell and quarter-cell regions (66, 95, 148,

166). The fact that the host replisome and plasmid-encoded partitioning proteins are 

located at similar positions (114) suggests a physical association between plasmid 

replication and partitioning. These processes and the associated plasmid movements are 

referred to as the vegetative cycle, as discussed in Chapter 3. A component of the IncP 

plasmid group partitioning apparatus, KorB (centromere binding protein), also serves as a 

regulator of plasmid replication and conjugation, highlighting the presence of molecular 

control circuits that coordinate the plasmid backbone functions and thereby link the 

plasmid vegetative cycle to the conjugative cycle (16, 17).

Plasmid replication occurs every generation and ensures that the plasmid copy 

number is maintained within each bacterial cell. Vegetative replication is initiated at the 

origin of replication (oriV) usually by the plasmid-encoded replication initiator protein 

and is carried out by the host-encoded replisome (43). Active partitioning ensures that 

each daughter cell receives plasmid molecules during cell division. Partitioning is 

performed by the plasmid-encoded partitioning system, which generally consists of two 

proteins and a centromere region (60, 140). Conjugation is a special type of DNA 

replication in which one strand of the replicated plasmid molecule is retained in the donor 

cell while the second strand is transferred to the recipient cell in the 5’ to 3’ direction 

(218). Bacterial conjugation allows plasmid molecules to transfer horizontally 

throughout a bacterial community. Horizontal transfer is mediated by a specialized
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plasmid-encoded protein complex called the conjugative apparatus and relies on several 

host-encoded factors, including the replisome (100).

Recently, Grahn and colleagues (69) identified the cellular locations for each of the 

11 Mpf/T4SS proteins from the IncPa alpha plasmid RP4. All but one of these proteins 

was found to be localized to the outer membrane. The Mpf proteins were also found in 

an intermediate membrane fraction between the inner and outer membrane and it has 

been proposed that this fraction is responsible for the formation of conjugative junctions 

observed between stable mating pair aggregates (177). Conjugative junctions are the 

most likely regions where the proposed conjugative pore would mediate T-strand transfer 

through the donor and recipient membranes, although this has yet to be demonstrated 

equivocally. Despite much work, the precise roles and interactions between the Mpf 

proteins remain poorly understood.

A working model of conjugation has been proposed, which is based primarily on 

the characterization of individual transfer proteins (218). Such a model is speculative 

concerning the localizations and movements of the transferring DNA and does not take 

into account the other key aspects of the plasmid lifecycle — vegetative replication and 

active partitioning. The objective of this present work was to document the localization 

and movements of the IncPp plasmid R751 during conjugation using the ZacO/GFP-LacI 

system. Comparisons of R751 during conjugation to R751 under non-conjugative 

conditions has identified key localizations and movements associated with plasmid 

establishment in the transconjugant. An analysis of successful mating pairs has identified 

regions of direct contact where plasmid DNA is transferred from donor to recipient cells. 

These experiments were initially performed with R27 but analysis was hampered due to 

the low frequency of transfer under the conditions used. R751 was found to be the ideal 

model system for this approach and has provided an unprecedented visualization of 

conjugation.
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4.2 Experimental Procedures

4.2.1 Bacterial Strains and Plasmids

The following E. coli strains were used: Stbl2 (F- mrcA recAX endAl Ion

gyrA96 thi supEAA relAl X-; Life Technologies), DY330 (W3110 A/acU169 ga/490 

LcI857 A cro-bioA) (217), DY330R (temperature resistant revertant of DY330, 

rifampicinr) and DY330N (temperature resistant revertant of DY330, nalidixic acid1). 

The following plasmids with relevant characteristics were used: R751 (IncPp, 

trimethoprim1) (201), pSG25 (lacO cassette delivery vector, kanamycinr, ampicillin1) 

(66), pSG20 (GFP-LacI expression vector, arabinose inducible promoter, ampicillin1) 

(66) and pJP124 (Tn7 transposase vector, chloramphenicol1) gift from Dr. Nancy Craig).

4.2.2 Growth Conditions

All E. coli strains were grown in LB (Difco Laboratories) medium or MOPS 

minimal medium (MOPS buffer with 20 amino acids and 0.4% glucose or 0.4% glycerol) 

(66). During the construction of R751::/ac<9 when trimethoprim resistance was utilized, 

strains were grown with Mueller Hinton medium. When necessary the following 

antibiotics were added to the growth medium: ampicillin (Ap) (100p,g/ml), kanamycin 

(Km) (50|ig/ml), tetracycline (Tc) (lOpg/ml), chloramphenicol (Cm) (16pg/ml) and 

trimethroprim (Tp) (lOpg/ml). The growth temperature was 30°C for routine procedures. 

For microscopy, cells from overnight cultures were diluted 1/20 and grown at room- 

temperature to mid-log phase prior to induction of GFP-LacI. GFP-LacI was induced by 

adding 0.2% arabinose to the growth medium. Expression was then repressed after 30-40 

minutes by adding 0.4% glucose to the medium and continuing growth for an additional 

30 minutes. For membrane labeling FM 4-64 (Molecular Probes) was added to the 

medium at the same time as induction at a final concentration of 2pg/ml. Control 

experiments illustrated that FM 4-64 stained cells could not cross-contaminate non­

labeled cells during mating experiments on nutrient agarose slabs. Mating on microscope 

slides is described in Microscopy and Photography section (4.2.5).
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4.2.3 W15\::lacO Construction

To produce a R75l::lacO construct that was stable and mating proficient, pSG25 

was first transformed into E. coli strain Stbl-2 and then R751 was mated into these cells 

using the methods previously described (76). Once the presence of both plasmids was 

confirmed using plasmid isolation procedures, electroporation was used to introduce 

pJP124 into the strain. pJP124 contains the Tn7 transposase genes cloned into pACYC 

that promotes random transposition of Tn7 into conjugating plasmids (216). Cells 

containing all three plasmids were collected from agar plates in 1 ml of PBS and 0.1 ml 

of this cell suspension was used to inoculate 10 ml of fresh LB + Ap, Tp, and Cm. Cells 

were grown to mid-exponential phase and were used as donors for mating. Transposition 

of the lacO cassette into R751 was achieved by mating R751 to DY330R and selecting 

with trimethoprim, for R751, and kanamycin, for the lacO cassette. To ensure the lacO 

cassette did not transpose into transfer genes, transconjugants were pooled and mated into 

DY330N [pSG20] (cells containing pSG20 express GFP-LacI). Several colonies were 

then individually screened to ensure wild-type mating efficiency, one of which was used 

for further analysis. Within this construct, the lacO cassette was found to be inserted into 

an intergenic region between genes qacE and tniC, as determined by sequencing the 

region flanking Tn7 with primer NLC95 (5 ’ATAATCCTTAAAAACTCCATTTCCACCCCT) 

(216).

4.2.4 Construction of R751: \lacO Transfer Mutants

To construct a R7 5 \::lacO transfer mutant, the method of Yu et al. (217) was used 

to insert a CAT cassette (chloramphenicol resistance gene from mini-TniO; 25) into the 

tral, the relaxase gene which is essential for transfer. The primers Trev5004 

(5 ’ AACTACATCACCGACGCCCAAAGCAAAGACCACCGGCTCTGTGACGGAAGATC ACTTC)

and Trev5005 (5 ’ACCTCCGTGATGGGTCCTGGATGGAACCGGCTTCGCATTATTCAG 

GCGTAGCACCAG) were used to amplify the CAT cassette and add 40 bp to each end that 

are homologous to 75 bp from the start codon of tral. This product was introduced by 

electroporation into DY330 harboring R751 v.lacO and cells were selected on LB 

containing Cm and Kan. Potential mutant plasmids were isolated and the primers 

Trev5000 (5’TATAGAATTCAATGATCGCCAAGCACGTGC) and Trev5001 ( 5 ’TATAGGATCCT
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CAGTGATGGTGATGGTGATGTCTACTCCTTCCTTCGACG) were used to amplify the tral 

gene. An increase in size of 900 bp indicated that the CAT cassette was inserted into the 

tral gene.

4.2.5 Microscopy and Photography

For microscopy experiments, cells were grown as indicated. One ml aliquots of 

samples were collected, pelleted and resuspended in 20-50 pi of MOPS medium. A lpl 

sample was added to a MOPS medium/1.5% agarose slab on a microscope slide. A cover 

slip was added and the edges sealed with vacuum grease. For mating experiments the 

samples contained a 5:1 donor to recipient ratio.

Fluorescence microscopy was performed using a Leica DMRE microscope 

equipped with a CCD camera (Cooke SensiCam) and a standard FITC filter set 

(Chroma). Samples were illuminated with a UV (Leica HB100) source and images 

collected and processed using SensiControl 4.0 and PhotoPaint (Corel). Time-lapse 

microscopy was performed on a Zeiss LSM510 laser scanning microscope equipped with 

a CDD camera. For dual labeling experiments, samples were excited with an Argon laser 

(488nm; GFP) and HeNel (543nm; FM 4-64) and visualized with a LP505nm (GFP) and 

LP650nm (FM 4-64) filters. Images were collected with Zeiss Software (Version 2.5) 

and processed with PhotoPaint (Corel). Quantitative measurements (i.e. number of foci, 

foci location and cell size) were performed as described (66).

4.3 Results

4.3.1 Localization of R75I in E. coli

The intracellular localization of R751 in E. coli was investigated using the lacO 

/GFP-LacI system. A lacO cassette, consisting of 256 tandem repeats of the lactose 

operator and the kanamycin resistance gene flanked by Tn7 inverted repeats, was 

introduced into R751 by random transposition (See Experimental Procedures). 

Expression of GFP-LacI (encoded by pSG20) resulted in GFP-LacI binding to the tandem 

operators and caused the hybrid repressor molecules to cluster as a fluorescent focus that
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was visualized by fluorescence microscopy and represented the location of the plasmid 

molecule (66).

Fluorescence images were collected of asynchronous cell populations that were 

grown either in LB media or MOPS minimal medium, resulting in different growth rates. 

The cell length, the number of foci per cell and the position of each focus was determined 

for each cell. Under either growth condition >99% of the cells contained discrete GFP 

foci when viewed by fluorescence microscopy, whereas controls of E. coli (R751,pSG20) 

and E. coli (pSG20), which expresses GFP-Lacf, displayed a uniform green fluorescence 

(Figure 4-1 A[i]). When E. coli containing R751 ..lacO was grown in LB medium, -97% 

of the cells contained either 2 (35.5%), 3 (37%), or 4 (24.3%) foci (Figure 4-1 A [iii-v], 

4-2 d-f). To test the effect of decreased growth rate on R751:: lacO foci localization and 

distribution, cells were grown in MOPS minimal medium. Under these conditions 98.5% 

of the cells contained either 1 (30%), 2 (53.4%), or 3 (15.1%) foci (Figure 4-1 A[ii-iv], 4- 

2 A a-c).

To identify the intracellular localization of R751, the positions of the foci were 

plotted against cell length (Figure 4-2 a-f). When cells contained one or two foci, these 

foci were located at the mid-cell position or quarter-cell positions, respectively. When 

cells contained three foci, these were located at the 1/4, 1/2 and 3/4 positions. In cells 

with four foci, foci were located at the 1/5, 2/5, 3/5, and 4/5 cellular positions. Therefore 

R751 plasmid molecules reside at or close to the mid- and quarter-cell regions of E. coli. 

Figure 4-2 a-f also illustrates that the number of foci increases with cell length. Cells 

grown in MOPS minimal medium preferentially contained 1, 2, or 3 foci, with average 

cell lengths of 0.9, 1.2, and 1.4 microns, respectively (Figure 4-2 a-c). Cells grown in LB 

medium preferentially contained 2, 3, or 4 foci, with average cell lengths of 1.2, 1.4 and 

1.8 microns, respectively (Figure 4-2 d-f). Regardless of whether the cells were grown in 

MOPS or LB, cells with two or three foci averaged the same cell length, illustrating the 

strong correlation between cell length and number of foci.

Since the localizations and movements of R751 during conjugation are of interest, 

the subcellular location of R751:: lacO in E. coli was determined when in the presence of 

recipient cells. This was to test if the localization patterns of R751 changed while the 

host cells were mating. DY330R (R751:: lacO, pSG20) [donor] expressing GFP-LacI
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Figure 4-1. Intracellular localization of R751::/acO in E. coli donor (A) and 

transconjugant (B) cells expressing GFP-LacI. GFP-LacI was expressed from cells 

containing pSG20 with 0.2% arabinose induction for 30-45 minutes. Donors (A) and 

transconjugants (B) were grown in 2ug/ml of FM 4-64, which stains the membranes red 

(see Experimental Procedures). (A) Fluorescence micrographs show representative donor 

cell types; control cells E. coli DY330R (R751, pSG20) (i); (A, ii-v) donor cells 

containing: one focus located at the mid-cell (ii); two foci located at the quarter cell 

positions (iii); three foci located at the mid and quarter-cell (iv); four foci located at the 

1/5, 2/5, 3/5 and 4/5 cellular positions (v). In B, donors cells (DY330N+R751 v.lacO) 

were mated with recipient cells (DY330N+pSG20) expressing GFP-LacI and stained with 

2pg/ml FM 4-64. (B) Combined fluorescence/DIC micrographs show representative

transconjugant cells within mating aggregates containing one focus located at the quarter­

cell and one focus located at the mid-cell (i); two foci symmetrically located (ii); two foci 

asymmetrically located (iii); three foci located at the cell-quarters and mid-cell (iv); and 

four foci located at the 1/5, 2/5, 3/5 and 4/5 cellular locations (v).
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Figure 4-2. Localization of R751: :lacO as a function of cell length in donor cells (a-f), 

30 minute (g-i) and 120 minute (j-n) transconjugant cells. The distance of GFP foci was 

measured from one cell pole, (a-f) R751::/acO localization in donor cells expressing 

GFP-LacI grown in MOPS medium (a-c; n=410) with one, two and three foci per cell, 

respectively, and in donor cells expressing GFP-LacI grown in LB (d-f; n=349) with two, 

three and four foci per cell, respectively. In 2g-i and 2j-n, donor cells containing 

R751::/<acO were mated with recipients expressing GFP-LacI. (g-i; n=215) The 

localization patterns of R751 v.lacO in transconjugants at 30 minutes after the start of 

mating illustrating (g) one focus located at either the mid or quarter cell regions, (h) two 

foci patterned symmetrically about the mid cell, (i) two foci patterned asymmetrically, 

(j-n; n=376) The localization patterns of R751 wlacO in transconjugants at 120 minutes 

after the start of mating illustrating (j) one focus located at either the mid or quarter cell 

regions, (k) two foci patterned symmetrically about the mid cell, (1) two foci patterned 

asymmetrically, (m) three foci located at the mid and quarter cell positions, and (n) four 

foci located at the 1/5, 2/5, 3/5, and 4/5 positions.
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and DY330N [recipient] were grown as described above, mixed together in equal 

proportions, and placed on a nutrient agarose slab at room temperature. Under these 

conditions, -20% of the donor cells transfer R751:: lacO to recipients after 60 minutes of 

mating, as determined by conjugation experiments. When viewed with fluorescence 

microscopy R751:: lacO was visualized only in donor cells. Fluorescent images were 

collected of mating aggregates (filling the entire field of view with phase contrast) after 

30 and 60 minutes and the positions of plasmid foci in donor cells were plotted against 

cell length. R751:: lacO was found to localize to the quarter- and mid-cell positions in 

donors (data not shown). These GFP foci patterns are indistinguishable from those in 

Figure 4-2 d-f.

4.3.2 Establishment of R751:: lacO in Recipient (Transconjugant) After

Conjugative Transfer

It was reasoned that the /acO/GFP-LacI system could be used to detect the 

localization of R751:: lacO as it enters the recipient, forming the transconjugant, and then 

afterwards during the subsequent events which enable the plasmid to become established 

in the new host. This is based on the observations that: 1) GFP-LacI expression in the 

absence of the lacO cassette resulted in uniform fluorescence of the bacterial cytoplasm 

and 2) GFP-LacI expression in the presence of the lacO cassette results in discrete GFP 

foci representing the plasmid molecule. Therefore, by expressing GFP-LacI in the 

recipient and mating with a donor containing R751:: lacO, the progression of conjugation 

can be monitored by differentiating between recipients and transconjugants. It should be 

noted that the conjugative plasmid enters the recipient as a single strand, and since LacI 

binds to double stranded lacO, it was expected that R751 v.lacO would be observed 

shortly after complementary strand synthesis in the transconjugant cell. Complementary 

strand synthesis has been proposed to occur concurrently with DNA entry (218).

Donor [DY330R (R751:: lacO)\ and recipient [DY330N (pSG20)] expressing 

GFP-LacI were mixed together and placed on a nutrient slab and fluorescence 

microscopy was used to collect images of mating aggregates every 15 minutes. Discrete 

GFP foci appeared in recipients in a time-dependent manner (Figure 4-3), whereas no 

GFP foci appeared when wild-type R751 was used in donors or in recipients expressing
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Figure 4-3. Fluorescence and phase-contrast micrographs of mating aggregates 

demonstrate the utility of lacO/GFP-LacI system in differentiating between donors, 

recipients and transconjugants. Donors (DY330R+R75 XwlacO) were mated with 

recipients (DY330N+pSG20) expressing GFP-LacI on agarose nutrient slabs and images 

collected every 15 minutes. Time-lapse microscopy illustrates the appearance of GFP 

foci in recipients, representing transfer of R751 v.lacO from donor to recipients and 

converting them to transconjugants, within a one-hour time interval. Recipients are 

uniformly fluorescent cells and transconjugants contain GFP foci on fluorescent 

micrographs. The corresponding phase-contrast micrographs illustrate that recipients and 

transconjugants are surrounded by non-fluorescent donor cells. Within a one-hour period 

approximately 25% of the recipients are converted to transconjugants.
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GFP-LacI alone (data not shown). The first GFP foci were observed approximately 15 

minutes after donors and recipients were mixed together. After 90 minutes, 

approximately 25% of the recipients contained at least one GFP focus. Transconjugants 

appeared predominantly in mating aggregates, rarely in regions where cell concentrations 

were low and never when donors and recipients were not in direct contact with each 

other. To confirm that the appearance of GFP foci represents a conjugation event, a 

tral::CAT transfer-deficient mutant of R751:: lacO was used in matings. The R751 

tral::CAT mutant failed to transfer during routine conjugation assays and no GFP foci 

appeared in recipients during the microscopic conjugation assay (data not shown).

To investigate the later stages of conjugation and establishment of R751 in 

transconjugant cells, the localization and distribution of R751:: lacO in transconjugants 

was determined at 30 and 120 minutes after the start of conjugation. At 30 minutes and 

120 minutes after mating was initiated 7% and 23% of the recipient cells in mating 

aggregates respectively contained GFP foci.

Fluorescent images were collected of mating aggregates and the cell length, the 

number of foci and position of foci were determined for each transconjugant. After 30 

minutes of lacO mating, transconjugants (30 minute transconjugants) contained either 

one (88%) or two (12%) foci (Figure 4-1 B[i-iii], 2g-i). At 120 minutes after mating was 

initiated, transconjugants (120 minute transconjugants) contained one (46.8%), two 

(32.4%), three (15.2%), or four (5.6%) foci (Figure 4-1 B[i-v], 2j-n). To determine the 

localization of R751 in transconjugants, the position of the foci was plotted against cell 

length (Figure 4-2 g-n). When transconjugants contained one focus it was located at 

either the mid-cell or quarter-cell position, independent of cell length (Figure 4-2 g and j). 

When two foci were present in the transconjugants they were located either 

symmetrically about the middle of the cell (Figure 4-2 h and k) or asymmetrically with 

one at mid-cell and the other at the quarter-cell position (Figure 4-2 i and 1). At 120 

minutes, the pattern seen in transconjugants containing 3 or 4 foci was similar to that seen 

in donor cells (Figure 4-2 m and n).

In order to better define the localization pattern of the two asymmetric foci in 

transconjugants, a comparison was made to both donors and transconjugants with two 

symmetrically positioned foci. When donors contained two foci, the positions were
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located at an average of 29% and 68% (LB) or 30% and 70% (MOPS) of the cell length 

as measured from one pole. The average midpoint between foci was therefore 48% (LB) 

and 50%, resulting in the symmetrically positioned foci (Figure 4-2 b and d). When 30 

minute and 120 minute transconjugants contained two symmetric foci, the positions were 

located at an average of 34% and 66% (30’) or 30% and 70% (120’) of the cell length 

from one cell pole. The average midpoint between foci was therefore 50% (30’) and 50% 

(120’) (Figure 4-2 h and k). When 30 minute and 120 minute transconjugants contained 

two asymmetrically positioned foci, their positions were located at an average of 24% 

and 50% (30’) or 28% and 54% (120’) of the cell length from one cell pole. The average 

midpoint between foci is 37% (30’) and 41% (120’), resulting in the asymmetric 

localization patterns observed in Figure 4-2 i and 1.

4.3.3 Time-lapse Observations of Plasmid Appearance and Duplication in

Recipient Cells.

Figure 4-4 shows the kinetics of appearance of fluorescent foci in recipient cells 

following mixing of donor (R751:: lacO) and recipient (GFP-Lacf) on an agarose surface. 

In the two examples shown, single fluorescent foci had formed just 18 minutes (left 

panels) and 22 minutes (right panels) after mixing donor and recipient. Foci were 

consistently seen to appear either at the mid-cell (left panels) or the quarter-cell positions 

(right panels). The resulting patterns resemble the quarter- or mid-cell localization 

patterns seen in transconjugants with one focus (Figure 4-2 g and j).

Following the appearance of single foci in recipient cells, these were seen to 

duplicate yielding two foci one of which migrated slowly away from the other as shown 

in Figure 4-5. In the examples shown, duplication occurred either at the cell quarter 

position (upper panels) or the cell center (lower panels). In the former case one of the 

two foci moved from the quarter position to the cell center while in the latter it moved 

from the cell center to the quarter position. The resulting asymmetric patterns resemble 

those shown in Figures 4-2 (i and 1).
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Figure 4-4. Time-lapse fluorescence microscopy of mating aggregates where donors are 

transferring R751 v.lacO to recipients expressing GFP-LacI. Mating aggregates were 

placed on a nutrient agarose slab and images were taken every two minutes. The time 

shown started at the beginning of mating. Conjugative transfer o f R751 v.lacO to 

recipients results in a rapid clustering of GFP-LacI to the lacO cassette within a matter of 

minutes. The left (vertical) time-lapse series shows R751 v.lacO targeted to mid-cell 

region of recipients after transfer and the right time-lapse series shows R751 v.lacO 

targeted to quarter-cell region of recipients after transfer
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Figure 4-5. Time-lapse fluorescence microscopy of duplicating, but not actively 

partitioning, foci in transconjugants. Mating aggregates were placed on a nutrient 

agarose slab and images were taken every two to four minutes. Time was started at the 

beginning of mating and is indicated by minutes in the top left comer.
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4.3.4 Spatial Relationship between Donor and Transconjugant during Conjugative

Transfer.

In order to investigate the locations of conjugative junctions between donor and 

recipient cells and therefore the route by which DNA is transferred, images were 

collected of successful mating pairs that consisted of only one donor (R751:: lacO) that 

was in direct contact with a transconjugant cell(s) (expressing GFP-LacI) shortly after 

conjugative transfer. This approach is particularly attractive since donor and recipients 

are easily distinguishable, and new transconjugants are easily identified. Preliminary 

time-lapse experiments demonstrated that E. coli remained stationary on the nutrient 

agarose slab for periods of time exceeding the 20 minute window used to observe 

successful mating pairs. In addition, the slight elongation of cells during the 20 minute 

period did not appear to alter the spatial relationship between cells (estimated generation 

time of 120 minutes by direct observation and cell counts).

Donor (R751:: lacO) and recipient (GFP-LacI) were placed on an agarose slab. 

Samples were scanned for isolated successful mating pairs and images were collected for 

up to 35 minutes after the start of conjugation. Since under these conditions no 

transconjugants were observed within the first 15 minutes of mating, such 

transconjugants would have contained R751 for no more than 20 minutes. In addition, 

only transconjugants with one focus were chosen for analysis. These criteria ensured that 

transconjugants were young and therefore the region of contact between donor and 

transconjugant cells contained the conjugative junction and therefore the mating pore.

Images of 35 successful mating pairs were collected and categorized according to 

the spatial relationship between the donor and transconjugant cells (Figure 4-6). Twenty- 

seven mating pairs were found to be aligned parallel to each other with the lateral walls in 

direct contact, four mating pairs were aligned perpendicular to each other with the cell 

pole of the transconjugant in direct contact with the lateral wall of the donor, and three 

mating pairs were aligned perpendicular so that the cell pole of the donor was in direct 

contact with the lateral wall of the transconjugant. No successful mating pairs were 

visualized that were aligned with pole against pole.

Within the regions of contact no obvious gaps were identified. The lengths of the 

contact regions were measured for each of the three categories. The average length for
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Figure 4-6. Combined fluorescence/DIC micrographs of mating pairs. Regions of direct 

contact between donors and transconjugants represent locations of mating pore through 

which DNA is transferred. Recipients were expressing GFP-LacI and grown in 2pg/ml 

FM 4-64 prior to mating with donors on nutrient agarose slab. Representative mating 

pairs of an unsuccessful mating pair (a) and successful mating pairs that are aligned with 

the lateral wall of donor and transconjugants in direct contact (b) with pole of donor in 

direct contact with the lateral wall of transconjugants (c) and with lateral wall of donor in 

direct contact with pole of transconjugants (d).
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the contact regions were 1.19 pm ±0.37 when cells were aligned lateral wall to lateral 

wall, 0.43 jxm ± 0.03 when the lateral wall of the donor was aligned to the pole of 

transconjugants and 0.44 pm ± 0.03 when the pole of the donor was aligned to the lateral 

wall of the transconjugant.

4.4 Discussion

In this work a GFP-LacI fluorescent probe was used to examine conjugal DNA 

transfer in E. coli, mediated by the IncPp plasmid R751. Using this approach it was 

found that R751 is localized as discrete foci either at mid-cell or quarter-cell positions in 

E. coli donors, reinforcing the notion that plasmids reside at specific subcellular sites (66, 

95, 148, 166). The increase in plasmid foci likely represents a progression through the 

cell-cycle, as the number of foci is strongly correlated with cell length. Recently, 

Pogliano et al. used the GFP-LacI system to determine that the IncPa plasmid, RK2, was 

localized in E. coli in the same manner as R751. Using time-lapse microscopy it was 

demonstrated that RK2 foci duplicate at the cell center and migrate rapidly to the quarter­

cell positions, illustrating the relationship between the foci locations (166).

R751 is maintained at the mid- and quarter-cell positions by the partitioning 

proteins IncC and KorB (125); KorB localizes to the mid- and quarter-cell regions of E. 

coli (16). KorB is also known to bind to 11 sites on the R751 genome and regulates 

several operons, including those controlling replication and conjugation functions (201). 

The bacterial replication machinery is a stationary multi-protein complex that also resides 

at the mid- and quarter-cell positions (114). The placement of R751 at the same locations 

as the replication machinery would allow plasmid molecules access to the vegetative 

replication process. Therefore, the key components that control both vertical and 

horizontal transmission of R751 are located at the same intracellular regions.

It is also known that the relaxosome is maintained at a nicked/unnicked 

equilibrium in vivo — even in the absence of conjugation (32). Taken together, these 

observations imply that the relaxosome is maintained at the mid-cell or quarter-cell 

positions in E. coli until a proposed “mating signal” (100) is targeted to these regions. 

This would result in unwinding of the plasmid molecule, with subsequent production of 

the transfer intermediate, which would then be targeted to the Mpf apparatus, via
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interaction between the relaxase and the coupling protein, for transfer to the recipient 

cell. Whether or not the transferring plasmid molecule is maintained at these positions 

remains to be determined.

The appearance of R751 DNA in recipient cells during mating was visualized 

using donor cells containing R751:: lacO and recipient cells expressing the GFP-LacI 

fusion. Distinct, single fluorescent foci, indicative of DNA transfer, appeared in the 

recipient cells in as little as 18 minutes after mixing donor and recipient (Figure 4-4). 

The transferred DNA was not randomly distributed throughout the recipient cells but 

rather was localized either at the cell center or the quarter position in the cell.

It should be noted that the plasmid is transferred from the donor as a single-stranded 

DNA molecule that is converted to double-stranded DNA as it enters the recipient (218). 

Since GFP-LacI recognizes only double-stranded DNA, no conclusions can be made 

about the site of DNA entry or where it is initially duplicated in the recipient cell. 

However, it is probable that the GFP foci first observed represent transferred plasmid 

DNA immediately after complementary strand synthesis. Thus, it is likely that the 

positioning of newly synthesized double-stranded plasmids at the mid-cell or quarter-cell 

positions reflects their rapid entry into vegetative replication. One possibility is that sites 

of entry are random and that replication complexes form at these sites and then move to 

specific sites in the cell. Alternatively, the incoming DNA may be rapidly targeted to 

established replication factories, which have been demonstrated to occupy positions 

located at the cell mid- or quarter-cell positions (114).

An important question raised by these observations is how the single-stranded 

plasmid molecule is targeted to either the mid- or quarter-cell positions prior to becoming 

double stranded? Although there is little data to explain how this happens, two 

possibilities could be envisioned. First, the incoming DNA could diffuse rapidly to either 

the mid- or quarter-cell positions. An alternative and more attractive model would be 

that the single-stranded DNA may be guided to these locations as a nucleoprotein 

complex. An obvious candidate would be the relaxosome complex. The relaxosome is 

known to exist in the donor, however, it has yet to be demonstrated to exist in the 

recipient. Another candidate would be a nucleoprotein complex comprised of the IncP 

encoded primase, TraC, and the T-strand. TraC is transferred to the recipient via the
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conjugative apparatus and is believed to instigate complementary strand synthesis by 

generating primers that initiate lagging strand synthesis (172).

Shortly (10 to 12 minutes) after their appearance in recipient cells, individual foci 

were seen to duplicate, producing two foci, which migrated slowly apart resulting in an 

asymmetric localization pattern that is characteristic of partitioning deficient plasmids 

(95, 148). This is most likely due to the initial absence of the plasmid-encoded partition 

machinery in the recipient cell. The observation that the majority of foci in 

transconjugants are symmetrically positioned, 120 minutes after Mpf, suggests that the 

partition machinery is fully established by this time.

A central premise of conjugative transfer is that donor and recipient are in close 

physical contact, although there is evidence that direct contact in not essential (80). In 

order to address this issue with living cells, the unique ability of the GFP-LacI technique 

to identify individual mating pairs was exploited, allowing for the distance between 

donor and recipient cells to be monitored. In these studies transconjugants were only 

observed when in direct contact with donor cells, thus supporting the notion that intimate 

contact between mating pairs is a prerequisite for DNA transfer. The regions of intimate 

contact between donors and recipients most likely contain the same type of conjugative 

junctions that were observed between E. coli donors and recipients with electron 

microscopy (44, 177).

It was also noted that the connections between mating cells occur at various 

positions along the pole or lateral walls of both donor and recipient cells. RP4-encoded 

conjugative junctions were also located at any membrane surface between fixed donor 

and recipient cells (177). This implies that mating pores can be formed at virtually any 

point in the cell membrane of donors and DNA can be transferred into any available 

location along the recipient membrane. Such a view is consistent with recent 

observations that proteins involved in DNA transfer, encoded by plasmids RP4 (IncPa) 

and R27 (IncHIl), are localized non-specifically throughout the length of the cell 

membrane (63, 69). A likely model is that each donor cell contains several mating pores, 

all of which are potentially viable, but only one becomes active when it successfully 

docks with a recipient cell, an essentially random event.

108

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



Chapter 5 

General Discussion

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



5 General Discussion
This thesis has focused on two aspects of conjugation in gram-negative bacteria: 1) 

the conjugative apparatus of the IncHIl plasmid R27 and 2) the movements and 

localizations of R27 and R751 (IncPp) during both the vegetative cycle and conjugative 

cycle.

In Chapter 2, the essential components of the complete conjugative transfer system 

of the IncHIl plasmid R27 were identified. Functional and computer analysis 

categorized the transfer system into T4SS/Mpf components, relaxosome components, the 

coupling protein or putative regulatory components. As only the F ((IncF) (56) and 

references within), RP4 (IncPa) (76) and R64 (Incll) (105) transfer systems have been 

characterized in this manner, this work establishes R27 as a model conjugative system 

and provides a foundation for more in depth studies on the R27 transfer system.

In Chapters 3 and 4, a method to label plasmid molecules with GFP was used to 

visualize plasmid molecules. Conjugative plasmids reside in clusters at specific regions 

of the donor cell due to the active partitioning apparatus. During conjugative transfer 

single-stranded DNA (ssDNA) appears to be able to exit any membrane region of the 

donor cell and enter the recipient at any membrane region through regions of intimate 

contact between donor and recipient cells. The transferred ssDNA is targeted to the host 

replisome for replication. These experiments mark the first time both mating pairs and 

plasmid DNA have been visualized during conjugative transfer.

This discussion will initially cover each of these aspects of conjugation separately in 

the sections: 5.1) T4SS which will discuss the T4SS components, evolution, ecology and 

mechanism of the H/F-like Mpf/T4SS and 5.2) Plasmid Behaviour which discusses the 

DNA processing reactions in the context of the route(s) by which the transferring DNA 

strand takes during transfer from donor to recipient during conjugation. Both of these 

topics will be combined to refine the model of conjugative transfer, which will be used to 

define key steps in the conjugative cycle in gram-negative bacteria using cell biology.

110

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



5.1 T4SS

5.1.1 Mpf System of R27 and F Define a T4SS Subfamily

T4SS were once viewed as highly conserved molecular machines. However, with 

the accumulation of genome sequences and the careful analysis o f several model T4SS, it 

has become apparent that there exist at least three different T4SS subfamilies: F-like, P- 

like and I-like (31, 109, lll)(Figure 5-1). The comparison of the complete transfer 

system of R27 to other systems illustrates that the T4SS of R27 and F each contain the 

same essential components, therefore defining the H/F-T4SS subfamily, which also 

includes the T4SS from IncT (Rtsl), IncJ (R391), IncHI2 (R478) and pNLl plasmids and 

the SXT element (Figure 5-1) (111). The essential components of the H/F-T4SS differs 

in significant ways from P-like systems such as those encoded by IncP, IncW and IncN 

plasmids and the VirB T4SS of the Ti plasmid (Figure 5-1) (111). These differences 

translate into different pilus structures which correlate with differences in mating 

efficiencies of these transfer systems in liquid and on solid media. The differences 

between H/F- and P-like T4SS suggest a specialization which may be related to the 

ecological nature of these transfer systems. In addition, the comparison of the T4SS also 

allowed for the identification of the conserved components of both H/F-like and P-like 

T4SS, which will be used to define the core components of the conjugative pore. A 

discussion of each of these observations will follow the overview of the essential H/F- 

like T4SS components presented below.

5.1.2 H/F-Like T4SS Components

The essential components of the H/F-like T4SS are defined as those Mpf proteins 

that are essential for conjugation, as determined by mutagenesis and complementation 

experiments of both R27 and the F factor (56, 108, 109, 111). Results obtained from 

investigations into individual transfer proteins from both the R27 and the F factor T4SS 

are combined to create transfer protein families in this overview, as it is likely that 

homologs are functionally equivalent and contribute to the T4SS in a similar manner. 

Figure 5-2 is a representative model of the H/F conjugative pore based on the available 

information from investigations into the R27 and the F factor transfer proteins. Based on 

work on the F factor, these proteins are organized according to three proposed functions:
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Figure 5-1. Comparison of H/F-like T4SS with each other and with P- and I-like T4SS. 

Transfer genes are presented with color/pattern, with the same color/pattern representing 

homologous gene products (See Table 5-1), while non-essential transfer genes are white. 

Light gray genes represent transfer gene products with no shared homology to other 

T4SS subfamilies. Lipo=lipoprotein motif; Red box=Walker A motif; Upper case gene 

names=Tra; Lower case gene names=Trb (F, pNLl and RP4) or Trh (R27). Double slash 

indicates non-contiguous regions. The gene sizes are relative to each other. Maps were 

produced using the indicated GenBank accession number: F-NC002483; pED208- 

AY046069; R27-NC002305; Rtsl-NC_003905; pNLl-NC_002033; R391- AY090559; 

SXT-AY055428; RP4-NC001621; R64-AB027308. See text for details and references.
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Figure 5-2. A representation of the H/F-like T4SS transfer apparatus. The pilus is shown 

as assembled with TraA (pilin) subunits extending from the inner membrane through a 

putative secretin-like outer membrane pore formed by TraK. TraK is anchored by TraV 

and interacts with TraB in the inner membrane. TraB interacts with the coupling protein 

creating a continuous pore from the cytoplasm thru the cell envelope to the extra-cellular 

environment. Inner membrane proteins TraL and TraE are shown interacting with TraC 

at the pilus base, where it may drive pilus assembly in an energy-dependent manner. 

TraC also interacts with TraB. The mating pair formation (Mpf) proteins include TraG 

and TraN which aid in mating pair stabilization (Mps). TraF,H,U,W and TrbC, which 

together with TraN are specific to H/F-like systems and might have a role in pilus 

retraction, pore formation and mating pair stabilization.
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Table 5-1. Summary of conserved H/F-like T4SS components. Shaded components indicate homology to P-like T4SS.
R27a IncF IncP Incl Size Cellular Motifs8 Proposed Function Interacting Interaction
T4SS

Protein
Homolog Homologd homologd Range6

(aa)
Location(s)f partners in F and 

P-like T4SS''
reference

TrliA TraA TrbC VirB2 TraX 112-128 IM. F Pilin 1 ra .\|, TraQr 81
TrliL TraL FrbD YirB3 93-105 IM TrhCii 62
Trlil-: ’1 ral- TrbJ-VirB? 130-261 IM P frhC’i, 62
I rhK TraK TrbG YirB9 TraN 299-410 P OM Secretin Pore TraB|. TraY, 80
TrbB TraB TrbI VirBlO T ra(.) 429-475 IM P ( ’oilcii-coil Pore I raK;. TrhC’n.. 

coupling proteiii;i
61. SO

TrhV TraY TrbIT-YirB7 Tral 171-316 OM Lipoprotein Pore TraK- SO
TrhC TraC TrbF. VirlU TraC 799-893 IM ATPasc Secretion TrhBu- TrhF.:,. 

Trlil,,
62

TrliG TraC i TrbI, YirB6 912-1329 IM P Mating pair 
stabilization

TraSi ' : 7

TrliP1’ -’in : TraF 150-368 IM peptidase Transfer peptidase
TrhWc TraWc 210-502 p TrbC

TrbC TrbB 203-254 p TraW
TrhU TraU 330-358 p DNA transfer
TrhN TraN 602-1230 OM cysteine rich Mating pair 

stabilization Adhesin
TrhF TraF 257-363 p Disulfide

Isomerase
Disulfide bond 

formation
TrhH TraH 453-501 OM Coiled-coil

Orfl30 Orfl69 169-265 IM Lysozyme transglycosalase
OrfD27 TrbB 230-298 p Disulfide

Isomerase
Disulfide bond 

formation

On

’ Nomenclature according to the that designated in Chapter 2.
b R27, R tsl, R391, SXT and pN Ll systems each contain a peptidase with the peptidase o f  pN Ll containing an N-terminal fusion to TrbI, suggesting a coupled function. F and pED208 do not 
contain peptidases.
c R27, R tsl, R391, SXT systems TrbC is fused to the N-terminus o f  TraW, suggesting a coupled function, whereas they are separate proteins in F and pED208. 
d Homology deduced based on similarity identified with PSI-BLAST analysis or functional analogy.
' Range is determined by comparing homologs in R27, F, pED208, R tsl, R391, SXT and pN L l. 
f Inner membrane (IM), periplasm (P), outer membrane (OM) and extracellular (E).
8 Motifs identified with ScanProsite (http://ca.expasy.org/tools/scanprosite/), CDD (http://www.ncbi.nlm.nih.gov/BLAST/) or Coils (http://www.ch.embnet.org/software/COILS_form.html). 
b Transfer system in which interaction identified is indicated with subscript.

http://ca.expasy.org/tools/scanprosite/
http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ch.embnet.org/software/COILS_form.html


1) pilin and pilin processing, 2) pilus tip formation and pilus extension and 3) mating pair 

stabilization (56). Other conserved but non-essential components of H/F-like T4SS are 

TrbB, a putative thioredoxin homologue, and Orfl69, a lytic transglycosalase (Figure 5-1 

and 5-2 and Table 5-1). It should be noted that each of the R27 T4SS genes has been 

named after the F counterpart except that R27 genes were named trh instead of tra. For 

historical reasons each protein family described below has been named Tra, reflecting the 

F factor as the progenitor system. Where needed the plasmid origin of the transfer 

protein will be indicated with a subscript (i.e. TrhCn would indicate TrhC from IncH 

plasmids).

5.1.2.1 H/F-Like T4SS Propilin Processing

The propilin subunits from H/F-like T4SS range in size from 112-128 aa (Table 

5-1). The pilin subunit is poorly conserved among T4SS, for example the pilin subunit of 

the R27 shares more similarity with the IncP pilin than with the IncF pilin (109). All 

propilin subunits contain a long leader sequence that is either known or predicted to be 

cleaved by the host leader peptidase, LepB, to produce a peptide of 68-78aa (129, 130). 

After removal of the signal sequence, the F pilin subunit is oriented such that both the isl­

and C-terminus are positioned into the periplasm (82, 131). Indeed, all pilin subunits of 

the H/F-T4SS, characterized and uncharacterized, contain two hydrophobic regions that 

could serve as transmembrane regions. Pilin subunits typically undergo an additional 

processing reaction, which, so far, have been identified as acetylation in F-like pilins (F, 

R l, R100-1, pED208) (132) or cyclization in P-like pilins (RP4 and Ti) (47).

Each system within the H/F-like T4SS contains a known or putative pilin- 

processing protein that is either an acetylase (F, pED208) or peptidase (R27, Rtsl, R391, 

SXT and pNLl). F pilin acetylase, TraX, acetylates the N-terminus of F pilin after it is 

inserted into the inner membrane (132). By analogy to P-like propilin processing (48), 

the propilin subunits of R27, Rtsl, R391, SXT and pNLl are likely cleaved at the C- 

terminus and possibly cyclized by the transfer peptidase, although this has yet to be 

demonstrated. Pilin insertion into the membrane and the subsequent maturation are the 

first steps in pilus production. Assembly of conjugative pili on the bacterial surface is
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determined by the remainder of the T4SS (except the C-terminal region of TraG and 

TraN and TraU proteins). F pilin subunits are stored as a pool in the inner membrane 

prior to assembly on the cell surface (143). Pili are assembled by addition of pilin 

subunits to the base of the pilus, as demonstrated for H-pili of R27 (127). In response to 

contacting a suitable recipient, it is likely that pilus retraction proceeds in reverse to 

extension, in an energy independent manner, so that the pilin subunits would be returned 

to the inner membrane pool and possibly serve as part of the conjugative pore.

The lack of sequence conservation in pilin sequence could be due to: i) rapid 

evolution of the pilin subunits in response to strong selective forces of extra-cellular 

factors such as phage and receptors on recipients and/or ii) lateral gene transfer of F-like 

(acetylase) and P-like (peptidase) propilin and processing genes between T4SS 

subfamilies.

5.1.2.2 H/F-Like T4SS Pilus Assembly

R27 and F mutants in traL, E, K, B, V, C, W, F, H, and the N-terminus of traG 

(only performed in F) generate broadly similar phenotypes, which include the inability to 

assemble pili and transfer DNA (56, 108, 109). Using a sensitive M13K07 phage (binds 

to the pilus tip) transducing assay, Anthony et al. (7) identified two F factor mutant 

subgroups: a) those mutations which prevent pilus tip formation on the cell surface (traL, 

E, K, C, G) and b) those that allow tip formation but block pilus extension (traB, V, W, F, 

H). These observations imply that pilus production follows two steps: the formation of 

the pilus tip on the cell surface followed by extension of the tip to form an extended pilus. 

This provided the first example in any T4SS of a differentiation of roles for Mpf proteins 

and serves as a basis of identifying the roles, individually and collectively, of the T4SS 

components. The H/F-like T4SS components will be organized according to these results 

(Table 5-1).

5.1.2.2.1 Pilus Tip Formation
The M l3 F-pilus bacteriophage binds specifically to the pilus tip and not to the

pilus sides (7, 179). Based on these observations, it has been proposed that the long
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flexible conjugative pili encoded by the F factor contain a tip receptor or an epitope that 

is distinct from the shaft or sides of the pilus (131). The tip may be composed of a 

protein other than the pilin subunit. Alternatively, the distinctive epitope at the tip of the 

may be due to a differently exposed surface of the pilin subunit at the curvature of the tip. 

Regardless, the differential binding of the M l3 phage to the tip was exploited in 

determining which transfer proteins were required to progress pilus assembly so that only 

the pilus tip is exposed on the donor’s surface (7, 179) (Table 5-1).

TraL Members of the TraL family range in size from 93-105 amino acids (aa) and 

are homologous to TrbDp (103 aa) and VirB3ij (108 aa) (188). TraL is predicted 

to localize to the inner membrane, as is TrbDP (69). TrhLn of the R27 was shown 

to be essential for the formation of TrhCn complexes, indicating either a direct or 

indirect interaction between TrhLH and TrhCn (63).

TraE TraE family members range in size from 130-261 aa and are homologous to 

TrbJp (258 aa) and VirB5ri (220 aa) (56). They are predicted to be located in the 

inner membrane, as has been shown for TrbJp (RP4)(69). TrhEn of R27 was 

shown to be essential for the formation of TrhCn complexes (63).

TraK The TraK family of proteins range in size from 299-410 aa and are 

homologous to TrbGp (297 aa), VirB9ii (293 aa) and TraNi (327 aa). TraK-like 

proteins are predicted to be located in the periplasm and outer membrane (56, 81). 

This protein family shares similarity to secretin proteins (Figure 2-5), specifically 

the FlrcC subgroup as exemplified by Pseudomonas syringae. TraK proteins are 

conserved in both the p-domain and S-domain of the prototypical secretin PulD of 

Klebsiella oxytoca. The P-domain is present in all secretins and is proposed to be 

embedded within the outer membrane to form the typical ring structure of 

secretins. The S-domain is a region of 60 aa that binds to a lipoprotein which 

serves as a periplasmic chaperone (72). The presence of a secretin within T4SS 

suggests a mechanism by which both pilus and DNA could transverse the outer 

membrane. The C-terminus of TraKp has been shown to interact with TraVp, a
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lipoprotein, and the N-terminus of TraKF interacts with TraBp, an inner membrane 

protein (81). The TraB-TraK-TraVF complex likely forms an envelope spanning 

structure similar to that of VirB10-VirB9-VirB7 from the Ti plasmid T4SS (10).

TraC Members of the TraC family of proteins range in size from 799-893 aa and 

are homologous to TrbEp (852 aa), VirBTn (788 aa) and TraUi (1014 aa). TraC 

proteins are predicted to have a peripheral inner membrane localization (63, 180). 

All members of this protein family contain both Walker A and Walker B motifs, 

suggesting they energize conjugation, possibly pilus assembly (27), although the 

importance of these motifs has yet to be demonstrated. Using TrhC-GFP fusions, 

TrhCn of R27 was shown to form complexes, possibly containing other transfer 

proteins in the inner membrane. The formation of TrhC-GFP complexes was 

dependent on the presence of TrhBH, Eh and Lh, suggesting either a direct or 

indirect interaction between these proteins (63).

TraG TraG proteins range in size from 913-1329 aa. The N-terminus is 

homologous with TrbLp (528 aa) and VirB6ii (295 aa), both of which are also 

predicted to contain multiple transmembrane regions and are essential for pilus 

biosynthesis (W. Klimke and L.S. Frost, unpublished observations), whereas the 

C-terminus appears to be specific to the H/F T4SS (see below). TraG proteins 

have two roles in conjugation — the N-terminus is involved in pilus tip formation 

and pilus assembly and the C-terminus is involved in mating pair stabilization 

(55) (see below). The N-terminal 500-600 aa is proposed to be localized in the 

inner membrane and contains 6-8 transmembrane regions, whereas the remaining 

C-terminal region is predicted to be located within the periplasmic space.

5.1.2.2.2 Pilus Extension
IncH and F plasmids (as well as IncJ and T plasmids) specify long flexible

conjugative pili ranging in size between 2 and 20 pm (23), about 1 to 10 times longer

than a typical laboratory grown E. coli cell. Listed below are 5 transfer proteins which
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are required to extend the pilus from the cell surface, the stage preceeding tip formation 

(7) (Table 5-1).

TraB Members of the TraB protein family range in size from 429-475 aa and are 

homologous to Trblp (463 aa), VirBlO-n ( 377 aa) and TraOi (429 aa) within their 

C-terminal regions. The N-terminal regions contain coiled-coiled domains, which 

are probably involved in multimerization, and a proline rich domain, which 

suggests an extended structure (7, 62). TraB proteins are predicted to contain an 

N-terminal anchor with the bulk of the protein located within the periplasm. 

TrhBn of R27 was recently shown to interact with itself and the coupling protein 

TraGn (62). Therefore the coupling protein “couples” TraB of the T4SS to the 

relaxosome.

TraF The TraF protein family ranges in size from 257-363 aa and are unique to 

the H/F-T4SS. These proteins share similarity to the thioredoxin superfamily, 

characterized by the C-X-X-C motif and a thioredoxin fold (B. Hazes, 

unpublished data). Since TraF is localized to the periplasmic space these proteins 

likely play a role in thiol redox chemistry within the periplasm, possibly involving 

disulfide bond formation or isomerization. It is interesting to note that several 

T4SS components localized to the periplasm contain multiple cysteine residues

(102). In addition, it has been proposed that members of this protein superfamily 

act as chaperones (33). In light of these observations, perhaps TraF proteins are 

key to the disulfide bond chemistry of H/F-like T4SS.

TraH TraH proteins range in size from 453-501 aa and are unique to the H/F-like 

T4SS subfamily. Members of the TraH protein family are localized to the 

periplasm/outer membrane (134) and contain C-terminal coiled-coil domains, 

suggesting the formation of higher order structures, either with other TraH 

molecules or other components of the T4SS.
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TraW-TrbC Members of the TraW protein family range in size from 210-502 aa 

and are unique to the H/F-like T4SS subfamily. TraW and TrbC are two separate 

proteins in F, pED208 and pNLl, whereas TrbC is fused to the N-terminus of 

TraW proteins from R27, Rtsl, R391 and SXT. The fusion of TrbC to TraW may 

suggest that the functions of these proteins are coupled. Both proteins are 

proposed to be located in the periplasmic space.

TraY TraV-like proteins range in size from 171-316 aa. Although TraV proteins 

share no similarity to TrbHp (160 aa), VirB7xj (55 aa) or Trail (272 aa) they are 

functional analogs based on their lipoprotein nature. In addition, TraVF has been 

shown to interact with TraKF, the putative secretin, and VirB7xi is known to 

interact with VirB9xi (11). TraV proteins likely stabilize the secretin structure 

within the outer membrane.

5.1.2.3 H/F-Like T4SS Mating Pair Stabilization

Mating pair stabilization (Mps) is a unique feature of H/F-like T4SS and is 

believed to be at least partially responsible for facilitating DNA transfer in liquid 

environments (55, 103). Mps occurs after both initial contact between donor and 

recipient and conjugal DNA synthesis and before DNA transfer, for which Mps is 

required (100). The gene products responsible for Mps will be discussed individually.

TraG The C-terminus of TraG is involved in mating pair stabilization. This 

region is predicted to be located within the periplasmic space and has been 

proposed to interact with TraN to stabilize mating pairs. A second C-terminal 

product TraGF, which is believed to be a cleavage product of the full-length 

protein, has been detected in the periplasm (55). TraGF is involved in entry 

exclusion, a process by which DNA synthesis and transport from the donor cell is 

blocked by TraSF in the inner membrane of the recipient cell. TraGF function in 

this regard is plasmid specific for TraSF and this specificity maps to the C- 

terminal domain of TraGF (L.S. Frost, unpublished observation).
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TraN TraN-like proteins are 602-1230 aa long and are unique to H/F-like T4SS. 

This family of proteins is referred to as “adhesins” as they are present in the outer 

membranes of donors and interact directly with recipient cells to stabilize the 

mating pairs prior to DNA transfer (103). The N- and C-termini of TraN proteins 

are highly conserved whereas the central region displays extensive divergence. 

The central variable region of TraNF has been shown to interact with LPS and 

OmpA of recipients (103). This interaction, however, is not universal since the 

closely related TraNRioo does not interact with the same targets. It has been 

proposed that TraN proteins interact with other yet unidentified T4SS components

(103).

TraU Members of the TraU protein family range in size from 330-358 aa and 

are unique to the H/F-like T4SS subfamily. TraU is a periplasmic protein which 

is essential for DNA transfer but not for formation of conjugative pili (109), as 

20% of donors containing F trail mutations produced F-pili. TraU is therefore 

proposed to be involved in DNA transfer and may play a secondary role in pilus 

assembly (109, 142). The latter observation implies that TraU might have a role 

in mating pair stabilization since mutations in trail, G and N  have the same 

phenotype, that ability to produce pili but not transfer DNA.

5.1.3 Relationships beween H/F and P T4SS

The T4SS subfamilies share a common core of components, reflecting their 

common evolutionary origin, yet each subfamily contains distinct components that 

indicate divergent evolution. Based on protein similarity, the common core components 

shared between H/F-like and P-like, the best understood T4SS subfamilies, include (F/P): 

TraC/TrbE (ATPase), TraB/TrbI, TraE/TrbJ, TraL/TrbD, TraK/TrbG (secretin) and 

TraG(N-term.)/TrbL. Additional core components can be assigned based on functional 

analogies: TraV/TrbH (lipoprotein) and TraA/TrbC (pilin subunits and the associated 

processing proteins) (Figure 5-1 and Table 5-1). The non-conserved, and therefore 

defining components, are a subset of Mpf proteins which are unique to each subfamily.
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H/F-like T4SS contain TraW, U, N, TraG (C-term.), F, H and TrbC, which are not 

present in P-like T4SS, whereas the P-like T4SS contain TrbB (ATPase) and TrbF, which 

are not present in H/F-like T4SS (Figure 5-1 and Table 5-1). It is likely that the 

differences in the essential components represent the specialization of conjugation 

abilities, likely mediated by the differences in conjugative pilus structure and the mating 

pair stabilization proteins TraG and TraN.

It has been long been recognized that there are two types of conjugative pili, long 

flexible pili and short rigid pili (22). It is now evident that long flexible pili are encoded 

by plasmids with H/F-like T4SS (IncH, F, T, J), whereas short rigid pili are encoded by 

plasmids with P-like T4SS (IncP, N, W, I). It is noteworthy that in addition to the short 

rigid conjugative pili, Incl plasmids code for non-conjugative Type IV pili (104). The 

long flexible pili produced by H/F-like T4SS measure 2-20 pm and have a diameter of 8 

nm with a central lumen measuring 2 nm. H and F-pili are frequently seen attached to 

cells and appear flexible in electron micrographs. In contrast, short rigid pili specified by 

P-like T4SS are seldom seen attached to donors. P-like pili measure 8-12 nm in diameter 

(47). The differences in pilus structure are unlikely to be dictated by differences in pilin 

processing, such as acetylation or cyclization, since acetylases and transfer peptidases can 

be present in both H/F-like and P-like T4SS.

Long flexible pili facilitate mating in liquid and on solid media with 

approximately equal efficiencies, whereas short rigid pili result in a surface-preferred 

mating phenotype (21, 22). Long flexible pili likely allow mating pairs to stabilize within 

the liquid milieu, therefore facilitating mating in a liquid medium. F-pili are capable of 

retraction (153, 154, 163), possibly in a manner reminiscent of Type IV pili encoded by 

Type II secretion systems (137, 190). Retraction is proposed to occur in response to a 

“mating signal” received from the pilus tip once it contacts a suitable recipient. In 

addition, the non-conserved Mpf proteins are likely responsible for the differences in 

mating capabilities. For example, TraN and TraG proteins of the H/F-like T4SS have 

been implicated in mating pair stabilization, perhaps enhancing mating in liquid by 

stabilizing the mating pair(s) against the shearing forces of the fluid environment.

The above observations are consistent with those made from ecologically-based 

studies on conjugative plasmid transfer. H/F-like T4SS are usually present on mobile
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elements in enteric bacteria, which are likely to encounter both the mammalian digestive 

tract and raw sewage. These environments are generally nutrient rich and comprise both 

solids and liquids (205). Plasmids containing H/F-like T4SS have been shown to transfer 

in the human digestive tract (6), and are found to transfer more efficiently in aquatic 

environments than those containing P-like T4SS (112). In contrast, P-like T4SS are 

generally associated with soil organisms, such as Pseudomonas spp. and Agrobacterium 

spp., and have been shown to transfer efficiently in nutrient-limiting soil environments, 

whereas plasmids containing H/F-like T4SS were unable to transfer under identical 

conditions (168). It is therefore possible that the differences in the Mpf systems (H/F vs 

P T4SS) could reflect the difference in the ecological niche of the transfer systems.

Other conjugative elements which contain H/F-like T4SS include, besides R27 

and the F factor (E. coli) (56), pED208 (IncFV; S. typhi) (124), Rtsl (IncT; Proteus 

vulgaris) (144), R391 (IncJ; Providencia rettgeri) (20) SXT ( Vibrio cholerae){\2) and 

pNLl (Novosphingomonas aromaticivorans) (174) (Figure 5-1). Neiserria gonorrhoeae 

contains an H/F-like T4SS which is not used for conjugation, but rather for the secretion 

of DNA (78). Notably, no H/F-like T4SS have been reported that secrete virulence 

factors and no H/F-like T4SS, to date, have been shown to secrete proteins (172), 

although it would be extremely difficult to detect transfer of a small number of proteins.

Conjugative elements which contain P-like T4SS include RP4 (IncPa; 

Pseudomonas aeruginosa) (158), R751 (IncP(3; Klebsiella) (201), pKMlOl (IncN; S. 

typhimurium) (215) and R388 (IncW; Accession No. X81123) (see (31)). In many 

respects, P-like T4SS appear to be capable of transferring/secreting/taking up a broader 

repertoire of molecules. For example, IncP and Incl plasmids are also know to transfer 

TraC and Sog, DNA primases respectively, from donor to recipient (172). As noted 

above, H. pylori utilizes a subset of the P-like T4SS for DNA uptake (88). Many 

pathogens use P-like T4SS to secrete virulence factors into hosts as proteins or 

nucleoprotein complexes, such as the T-DNA of the Ti plasmid (220), CagA of H. pylori 

(9, 183, 193) and pertussis toxin of Bordetella pertussis (36, 211). It is noteworthy that 

conjugative plasmids containing the P-like T4SS are broad host-range (IncP, W and 

N)(73). In addition to the differences in pilus structure between H/F and P-like T4SS, the
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ability of P-like T4SS to secrete both DNA and protein to a broader range of cells may 

also suggest another fundamental difference between these T4SS families.

5.1.4 The Core of the Conjugative Pore

The nature of the conjugative pore is a question central to conjugation, as well as 

to the biology of T4SS, and we have only recently begun to understand how single­

stranded DNA can transverse the membrane of donor cells. At the inner face of the pore 

are coupling proteins, which are present in all conjugative transfer systems (122). This 

information is reviewed here. Coupling proteins are inner membrane proteins that are 

known to couple, or recruit, the cytoplasmic relaxosome to the membrane-associated 

T4SS/Mpf (26, 77). More recently, direct interactions between relaxase and coupling 

proteins has been demonstrated (182, 195). The crystal structure of TrwB, the coupling 

protein of the IncW plasmid R388, has been determined (65). TrwB contains a large 

hexahomomeric spherical cytoplasmic domain, resembling DNA ring helicases and Fl- 

ATPases in structure (64). The protein forms a central channel that crosses the inner 

membrane and measures 2 nm in width, which could easily accommodate a single strand 

of DNA (1 nm). Llosa et al. (122) have recently proposed that the coupling protein uses 

ATP hydrolysis to energize the “pumping” of DNA through the coupling protein channel.

Recently, the coupling protein of R27, TraGH, has been shown to interact with the 

N-terminus of TrhBH, a member of the TraB family (62). TrhBH was also shown to form 

multimers, possibly forming a ring structure which could extend the pore of the coupling 

protein into the periplasmic space (62). TraBF of the F factor was recently shown to 

interact with TraKF, which in turn interacts with TraVF, a stabilizing lipoprotein (81). 

Using PSI-BLAST it was found that the TraK family of proteins share homology to 

secretins (Figure 2-5), which are known to form outer membrane rings that allow the 

passage of macromolecules (150, 151). A TraK secretin structure could extend the 

conjugative pore from TraB through the outer membrane, although this needs to be 

demonstrated experimentally.

Consistent with the idea that TraB, K and V form the core of the pore which 

transfers DNA, expression of VirB3, 4, 7, 8, 9 and 10 in A. tumefaciens recipients 

increased the efficiency of RSF1010 transfer (18). This suggests that the presence of
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these proteins within recipients aids the transferring DNA in reaching the cytoplasm. 

Since all of these VirB proteins, except VirB8, have a homolog/analog in H/F-like T4SS, 

including the core of the putative pore (TraB, K and V; Table 5-1), it is likely that the 

pore extends from the donor outer membrane to the recipient cytoplasm. Consistent with 

this proposal, homologs of VirB7-10 have been shown to be responsible for DNA uptake 

by Helicobacter pylori (88), illustrating that these proteins likely represent the minimal 

membrane-spanning pore for DNA transfer.

Although these observations suggest a mechanism by which DNA can transverse 

the donor envelope (Figure 5-2), the mechanism by which the DNA transverses the 

recipient envelope to gain access to the cytoplasm remains a key question. It is possible 

that TraB, K, V (or VirB7-10) proteins are transferred into the recipient and form a 

conjugative pore in the recipient that interacts directly with the donor pore, such that the 

putative secretins of donor and recipient form a complex. This would create a continuous 

conduit from the donor to recipient cytoplasm. Alternatively, DNA could transfer 

through the pilus, which is situated within the conjugative pore, and the pilus could 

penetrate the recipient envelope and deposit the DNA directly within the recipient 

cytoplasm. The later idea is conceivable in light of the finding by Jin and He (97, 98), 

who visualized protein secretion from the tip of Type III secretion system pili. This 

observation implies that the pilus can serve as a conduit for macromolecular trafficking. 

It is therefore conceivable that DNA, possibly as a nucleoprotein complex, could also be 

transferred through the conjugative pilus.

5.2 Plasmid Behaviour

5.2.1 Vegetative Cycle vs. Conjugative Cycle

In the past few years prokaryotic biologists have utilized cell biology techniques 

in addressing key questions concerning fundamental processes in bacteria, such as cell 

division and DNA segregation. The results have transformed our view of the bacterial 

cell to a highly organized and dynamic organism. Bacterial low-copy number (1-2 copies 

per oriC), narrow host-range plasmids (F, PI, R l, R27) and moderate-copy number (6-8 

copies per oriC), broad-host range plasmids (RK2, R751) reside at well-defined positions
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located at the mid and quarter-cell positions of E. coli throughout the cell-cycle (Chapter 

3 and 4) (66, 95, 148, 166). The partitioning apparatus pairs plasmid molecules, forming 

plasmid clusters, and maintains plasmid clusters at the mid- and quarter-cell positions 

(67). An increase in plasmid clusters results from cluster duplication at the mid- and 

quarter-cell regions and subsequent movement of clusters towards opposite directions in 

the cell, reflecting a progression of the cell cycle. Plasmids likely replicate within the 

clusters, as the host replication machinery is present as a fixed assembly at these same 

intracellular regions (114), and plasmid cluster movement is directed by the partitioning 

apparatus (148). Paired plasmids are aligned by the centromere binding protein which 

determines the orientation for partitioning by ATPase polymerization, ensuring faithful 

division of the cluster molecules (96). These localizations and movements are 

determined by the replication and partitioning functions and are sufficient to stabilize 

plasmids and are therefore central to the vegetative cycle.

The localization patterns of high copy number plasmids without partitioning 

functions has also been investigated. The IncQ plasmid R1162 (T.D. Lawley and D.E. 

Taylor, unpublished observations) (copy number 10-16) and a pUC-derived plasmid 

(166) (copy number ~70) were both visualized with the GFP-LacI//nc<9 system. Both 

plasmids gave diffuse and discrete focus patterns, similar to that seen with R27 

partitoning impaired plasmids (Chapter 3). The diffuse patterns likely represent 

individual plasmids randomly dispersed throughout the cytoplasm, whereas the discrete 

foci likely represent plasmid clusters. As neither of these plasmids contains partitioning 

functions, the clustering of plasmids may be a replication related phenomenon similar to 

the “handcuffing” mechanism proposed for PI (29).

The linkage of the plasmid vegetative cycle to the bacterial cell cycle is not yet 

clearly understood, however, both cycles are related because the number of plasmids and 

plasmid foci per cell are linked to the cell growth rate. In contrast to the initiation of 

chromosome replication and segregation, which is highly coordinated with the cell cycle, 

the initiation of plasmid replication and segregation occurs randomly throughout the cell 

cycle (67, 87, 149). Plasmid replication and partitioning are essential for plasmid 

survival, whereas conjugation provides bacteria with tremendous adaptability by driving 

gene flow not only between prokaryotes, but also between prokaryotes and eukaryotes
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(84, 207, 220). Although plasmid replication, partitioning and conjugation are each 

functionally independent of each other, these functions must be coordinated, such that 

each contributes to the successful maintenance and spread of a plasmid within a bacterial 

community. This is best understood in IncP plasmids, where the partitioning protein 

KorB (ParB/SopB partitioning homolog) also serves as a transcriptional regulator of 

replication and conjugation and therefore links the backbone functions to create a 

complex molecular circuitry (17). Since the partitioning protein equivalent, ParB, of R27 

(Chapter 3) and F (Andrew Wright, personal communication) are not involved in plasmid 

conjugation and replication, it is not likely that such a complex molecular circuitry exists 

in IncHIl and IncF plasmids, as seen in IncP plasmids.

The conjugative cycle, which is a deviation of plasmid molecules from the

vegetative cycle, is when plasmid molecules undergo DNA transfer replication resulting 

in single-stranded plasmid DNA, or T-strand. The T-strand leaves the cytoplasm of the 

donor and passes through the cell envelopes of both donor and recipient bacteria, via the 

conjugative pore, prior to becoming established within the recipient, where the plasmid 

molecule re-enters the vegetative cycle. The application of cell biology techniques to 

plasmid biology has allowed for visualization of the localizations and movements of 

plasmids in E. coli during the cell cycle and during conjugation. These observations will 

be correlated with conjugal DNA processing, the conjugative pore and the host

replication machinery during conjugation, in order to present an overview of the

conjugative cycle from the perspective of the transferring plasmid molecule.

5.2.2 Relaxosomes and the Initiation of Transfer

DNA relaxases are responsible for both the initation and termination (see below) 

of conjugation. Well characterized relaxases from gram-negative bacteria are those 

encoded by F (Tral), RP4 (Tral), R1162 (MobA) and R388 (TrwC) (106). These 

enzymes contain three conserved domains within the N-terminal region (106, 159). 

Domain I of IncP, IncQ and IncHIl relaxases contains conserved tyrosine residues, which 

serves as the catalytic center for the DNA cleavage-rejoining reaction, whereas Domain I 

of the relaxase molecules encoded by R388 and F contains two conserved tyrosine 

resisdues. Domain II is involved in binding DNA in the oriT and domain III is proposed
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to form part of the catalytic center along with domain I (159). Relaxases together with 

accessory proteins, which can be plasmid or host encoded, form stable nucleoprotein 

complexes at the oriT, which are referred to as relaxosomes (162).

Relaxosomes catalyze a site- and strand- specific DNA cleavage at the nick site 

(nic) within the oriT. Cleavage results in a covalent link between the 5’ end of the DNA 

molecule and the conserved tyrosine residue within domain I on the relaxase. For TrwC 

of R388 only one of the conserved tyrosine residues can serve this function. The 3’ end 

of the nic site is sequestered by the relaxosome, in an unknown manner, to maintain the 

superhelical nature of the plasmid molecule. In response to an unknown “mating signal” 

nicking and subsequent unwinding of the relaxosome complex creates the transfer 

intermediate, the T-strand, and results in a free 3’ OH upstream of the nic site. 

Continuous extension of the 3’ OH by the host replisome (162) by a rolling circle 

replication mechanism replaces the T-strand (49). Although it has only been shown that 

IncF and Incll plasmids transfer with 5’ to 3’ polarity, this is likely a general feature of 

bacterial conjugation in gram-negative bacteria (106).

For gram-negative relaxases three families have been described: 1) P-like 

relaxases (IncP, IncHI, IncT, IncJ), 2) Q-like relaxases (IncQ) and 3) F-like relaxases 

(IncF, IncW, IncN). Q- and F-like relaxases contain C-terminal domains that have a 

DNA replication-associated function that is essential for conjugation, whereas such 

domains are missing from P-like relaxases. The C-terminus of MobA of R1162 (IncQ) 

contains primase functions that are required for mobilization (85). The primase is 

proposed to initiate complementary strand synthesis o f the T-strand in the recipient and 

likely facilitates the broad-host range of IncQ plasmids (85). F-like relaxases, Tral of F 

(IncFI) (25, 135) and TrwC of R388 (IncW) (71, 123), contain DNA helicase functions in 

their C-terminal region. These DNA helicases possess 5’ to 3’ DNA unwinding activity 

that produces the single-stranded T-strand for transfer (25, 71, 123, 135). Presumably, 

for plasmids which encode for relaxases without the DNA primases and DNA helicase, 

priming and unwinding are performed by a host-encoded factor.

The number of relaxase molecules per donor for F Tral (1) and R388 TrwC (F. de 

la Cruz, personal communication), F-like relaxases, is estimated at 800 and 1 000, 

respectively. RP4 Tral, a P-like relaxase, is estimated to be present at 5-10 molecules per
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donor cell (E. Lanka, personal communication) but there are no numerical estimates 

available for the Q-like relaxase MobA (R. Meyer, personal communication). These 

estimates indicate that there are enough relaxase molecules for every plasmid to contain a 

relaxosome. For donors containing F and R388 there would be a large pool of free 

relaxase molecules. As plasmids containing relaxosomes are maintained in the 

supercoiled form, the presence of relaxosomes apparently does not affect replication and 

partitioning. Interestingly, GFP fusions to the C-terminus of the F-like relaxase TrwC of 

R388 and the P-like relaxase Tral of R27 resulted in little to no detectable signal, 

although both were functional for transfer (T.D. Lawley, unpublished observation). 

Relaxosomes exist in a nicked/un-nicked equilibrium within donor cells, such that 

plasmid isolation and subsequent release of the relaxosome with detergents results in a 

subpopulation of the plasmid molecules in the open circular form, whereas the remainder 

are supercoiled (32). Therefore, as plasmid molecules are undergoing vegetative 

replication and partitioning (i.e. the vegetative cycle), each plasmid molecule exists as a 

relaxosome in anticipation of a proposed “mating signal” which would trigger a transfer 

event, initiating the conjugative cycle.

When R751 r.lacO localization in donor cells was visualized with a GFP-LacI 

probe during conjugation, no deviation of plasmid foci from the characteristic mid- and 

quarter-cell positions was observed. This would suggest that entire plasmid foci do not 

move to the conjugative pore, but I was not convinced that this method was sensitive 

enough to detect subtle movements of a focus to the pore or to detect individual 

molecules migrating to the pore. Interestingly, R27 partitioning mutants and R1162, each 

of which were randomly located throughout the donor cytoplasm, were each transferred, 

implying that the transferring plasmid DNA is not confined to mid- and quarter-cell 

positions. These observations suggest that if the “mating signal” targets the relaxosome, 

then the signal must be such that it can reach throughout the cytoplasm. In addition, this 

observation would suggest that the transferring plasmid may migrate to the pore for 

transfer. Since traD\. (F factor coupling protein) mutants were impaired in conjugal DNA 

synthesis (replacement strand synthesis in the donor), this may suggest that the coupling 

protein is important in DNA unwinding and rolling circle replicaiton (100). Perhaps 

conjugal DNA synthesis occurs in the vicinity of the coupling protein and the conjugative
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pore. This would be consistent with the transferring plasmid, or region of the transferring 

plasmid, moving to the conjugative pore during transfer.

5.2.3 Relaxosomes and the Termination of Transfer

Termination of conjugative transfer occurs when the relaxase bound 5’ end of the 

T-strand is rejoined to the 3’ end to create a covalently-closed DNA molecule. Therefore 

the reconstituted oriT needs to be cleaved to release the T-strand from the replacement 

strand in the donor. Rejoining/termination is likely performed by the 5’ bound relaxase, 

as relaxases can catalyze the rejoining reaction. Two important and related questions 

remain to be answered: 1) Does the relaxase pilot the T-strand into the recipient during 

transfer? and 2) Does the 5’ linked relaxase cleave the reconstituted oriT or is cleavage 

performed by a second relaxase? Figures 5-3, 5-4 and 5-5 represent three potential 

models for DNA transfer and termination at the conjugative pore. The three models 

differ in the localization and number of relaxosomes needed for a complete transfer event 

and will be used to discuss these two questions. These models are based on my 

interpretation of previously proposed transfer and termination mechanisms, which have 

been considered in the context of the bacterial cell.

Model 1, which is consistent with the model proposed by Richard Meyer (164), 

predicts that the relaxase transfers through the conjugative pore (Figure 5-3). After 

rolling circle replication replaces the T-strand, a second round of replication begins and 

the reconstituted oriT is also passed through the pore. The relaxase in the recipient 

cleaves the reconstitutes oriT and rejoins the 5’ and 3’ ends of the T-strand. The 5’ end 

of the replacement strand is then withdrawn into the donor. This model has two major 

flaws. First, although TrwC, which contains two active tyrosine residues, is capable of a 

second cleavage reaction while covalently bound to the 5’ end of the T-strand, the RP4 

relaxase, Tral, and the R1162 relaxase, MobA, which each only contain one tyrosine 

residue, are not capable of cleaving while covalently bound to the 5’ end of the T-strand. 

Therefore, the cleavage of the reconstituted oriT cannot be performed by the transferred 

relaxase and a second transferred relaxase would be required for cleavage. Second, the 

free 5’ end of the replacement strand, which would be at least partially replaced by RCR 

would need to be rejoined to the 3’ end of the replacement strand, which would also need
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Figure 5-3. Model 1 for DNA transfer and termination of conjugation in gram-negative 

bacteria. The model illustrates a transferring plasmid containing a relaxosome located in 

the vicinity of the conjugative pore in the donor cell. The conjugative pore is within the 

conjugative junction between donor and recipient cells, represented by tightly appressed 

outer membranes between the donor and recipient inner membranes. Initial captions 

represent the relaxosome cleaving the nic site and subsequent initiation of T-strand 

unwinding. Unwinding of the T-strand in the 5’ to 3’ direction is coupled to RCR to 

replace the T-strand. Model 1, which is consistent with the model proposed by Richard 

Meyer (164), shows the relaxase transferring through the conjugative pore. After RCR 

replaces the T-strand, a second round of replication begins and the reconstituted oriT also 

passes through the pore. The relaxase would cleave the reconstituted oriT and rejoin the 

5’ and 3’ ends of the T-strand. The 5’ end of the replacement strand is then withdrawn 

into the donor.
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Figure 5-4. Model 2 for DNA transfer and termination of conjugation in gram-negative 

bacteria. The model illustrates a transferring plasmid containing a relaxosome located in 

the vicinity of the conjugative pore in the donor cell. The conjugative pore is within the 

conjugative junction between donor and recipient cells, represented by tightly appressed 

outer membranes between the donor and recipient inner membranes. Initial captions 

represent the relaxosome cleaving the nic site and subsequent initiation of T-strand 

unwinding. Unwinding of the T-strand in the 5’ to 3’ direction is coupled to RCR to 

replace the T-strand. Model 2, which is consistent with the model proposed by Willetts 

and Wilkins (214), shows the T-strand looping through the conjugative pore while the 

relaxosome remains in the donor. The reconstituted oriT is cleaved by the relaxase and 

the plasmid is recircularized prior to transfer into the recipient.
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Figure 5-5. Model 3 for DNA transfer and termination of conjugation in gram-negative 

bacteria. The model illustrates a transferring plasmid containing a relaxosome located in 

the vicinity of the conjugative pore in the donor cell. The conjugative pore is within the 

conjugative junction between donor and recipient cells, represented by tightly appressed 

outer membranes between the donor and recipient inner membranes. Initial captions 

represent the relaxosome cleaving the nic site and subsequent initiation of T-strand 

unwinding. Unwinding of the T-strand in the 5’ to 3’ direction is coupled to RCR to 

replace the T-strand. Model 3, which is consistent with the two-step model proposed by 

Fernando de la Cruz (122), shows the relaxase transferring through the conjugative pore. 

A second relaxosome would cleave the reconstituted oriT within the donor, releasing the 

T-strand 3’ end. The T-strand 3’ end then transfers into the recipient and is rejoined to 

the T-strand 5’ end by the relaxase, terminating transfer.
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to be cleaved. A second relaxosome in the donor would be required to fulfill these 

reactions. Therefore, model 1 does not account for the second cleavage in the donor or 

the rejoining of the replacement strand, which would be especially critical for the 

maintenance of low-copy number plasmids in the donor.

Model 2, which is consistent with the model proposed by Willetts and Wilkins 

(214), predicts that the T-strand would loop through the conjugative pore, while the 

relaxosome remains in the donor (Figure 5-4). The reconstituted oriT is cleaved by the 

relaxase and the plasmid is recircularized prior to transfer into the recipient. Although 

not predicted by this model, a second relaxosome would be required to cleave the 

reconstituted oriT prior to rejoining the ends of the T-strand, for reasons discussed in 

Model 1. A concern with this model is that the looping of the single-stranded DNA 

would promote interactions between different regions of the T-strand within the pore. 

Given that the conduit of the coupling protein TrwB measures only 2 nm in diameter, two 

strands of DNA may fit into the pore (ssDNA ~ 1 nm in width), however they would be 

extremely close to each other. In addition, as no single-stranded DNA binding proteins 

are thought to be essential for transfer, these regions are predicted to be naked single­

stranded DNA. The distant between donor and recipient inner membranes, and therefore 

the distance that the T-strand transfers between cytoplasms, is approximately 25 nm. 

This means that two -75 bp of regions of the T-strand would be in close proximity or in 

contact within the conjugative pore. Therefore there are topological concerns to this 

model, as the combination of inverted repeats and interactions between regions of 

homology on the T-strand would likely result in clogging of the pore.

Model 3, which is consistent with the two-step model proposed by Fernando de la 

Cruz (122), predicts that the relaxase is transferred through the conjugative pore (Figure 

5-5). A second relaxosome, possibly from the free relaxosome pool in the donor, cleaves 

the reconstituted oriT within the donor, releasing the T-strand 3’ end. The T-strand 3’ 

end is then transferred into the recipient and is rejoined to the T-strand 5’ end by the 

transferred relaxase, terminating transfer. All aspects of this model are consistent with 

what is known of T-strand transfer and relaxosomes, except that there is no evidence for 

relaxase transfer in conjugative systems. Demonstrating relaxase transfer will be 

especially difficult, as only one relaxase would be transferred per conjugation event.
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Supporting the notion of relaxase transport into the recipient, VirD2, a relaxase homolog 

of the VirB transport system, pilots oncogenic DNA from A. tumefaciens into plant cells 

(89).

Due to the above considerations, Model 3 is the most appropriate one at this time 

for predicting the transfer of DNA and termination of conjugation. To verify this model, 

relaxase transfer into the recipient must be demonstrated, as well as the identification of 

the use of two relaxase molecules per conjugation event.

5.2.4 Conjugative Junctions and the Site of Transfer

Conjugative junctions are regions of tightly appressed membranes between donor 

and recipient cells which appear to contain the conjugative pore. The application of cell 

biology techniques, specifically the combination of the GFP-LacI probe and the 

membrane stain FM4-64, allowed the differentiation of donor, recipients and 

transconjugants. This novel approach enabled the first visualization of successful, 

individual mating pairs, as defined as a donor and transconjugant shortly after transfer. A 

survey of successful mating pairs demonstrated that close physical contact between donor 

and recipient bacteria is required for DNA transfer. In addition, regions of intimate 

contact representing conjugative junctions can occur at any location on the donor or 

recipient cell membrane. This observation demonstrates that the conjugative pore can be 

located at any region of the donor membrane, which is consistent with the location of 

Mpf/T4SS proteins (63, 69). Although it is not known how the DNA transverses the 

recipient membrane, these observations imply that the DNA entry point can be at any 

region of the recipient.

5.2.5 Establishment of Transferred Strand

Establishment of the transferred plasmid in the recipient requires the termination 

of transfer, producing a circular DNA molecule, and complementary strand synthesis. 

Complementary strand synthesis has been proposed to occur concurrently with transfer 

into the recipient cell, as this would minimize the exposure of the single-stranded DNA to 

irreparable breaks (218). Complementary strand synthesis occurs by lagging strand 

synthesis and therefore requires DNA primase, either host- or plasmid-encoded, as well
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as the host replication machinery (106). IncP, Incl and IncQ plasmids encode their own 

primases, whereas it is presumed that the host-encoded primase primes lagging strand 

synthesis for plasmids which do not encode their own. Lagging strand synthesis is 

dependent on the host replisome, which is located at a fixed position at either the mid- or 

quarter-cell positions.

Monitoring the establishment of R751 with the GFP-LacI probe provided a 

unique opportunity to correlate known biochemical reactions (priming and replication) 

with cellular location. The transferred DNA is positioned at the characteristic mid- or 

quarter-cell position after being converted to a double-stranded molecule in the recipient 

cell. The maximum distance between the mating pore and the host-replisome is ~0.5 pm 

(cell pole to quarter-cell position of 2 pm cell), which is estimated to be about 1.5 kb of 

DNA. It is possible that as the single-stranded DNA is entering the recipient, the DNA 

could also be in contact with the host replisome. Therefore, it would be physically 

possible for DNA entry and complementary strand synthesis to be coupled. Initial 

duplication of plasmids often results in an asymmetric distribution of plasmid foci, which 

is indicative of partitioning-deficient plasmids. Symmetric localization (either at the 

center or at 1/4 and 3/4 cell lengths) occurs only after a significant lag, presumably 

reflecting the time required to synthesize the plasmid-encoded partitioning proteins. At 

this time the plasmid is partitioning-proficient and has re-entered the vegetative cycle. 

The conjugative cycle would therefore be complete.

5.3 The Conjugative Cycle

The conjugative cycle (Figure 5-6) presented here applies to both narrow and 

broad host-range conjugative plasmids that are partitioning proficient, such as those from 

the IncHIl, IncP, IncF and IncW plasmid groups, transferring between E. coli donor and 

recipient cells. Such plasmids within E. coli encode for a partitioning apparatus, 

relaxosomes, conjugative pores, and conjugative pili, which distinguish donor from 

recipient cells in Figure 5-6. During vegetative growth, plasmids reside at the mid- and 

quarter- cell regions of donor cells, ensuring their vertical transmission. The role of the 

partitioning apparatus appears to position the plasmids near the replisome to provide
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Figure 5-6. Model representing the conjugative cycle of a gram-negative bacterial 

plasmid transferring between E. coli donor and recipient bacteria. See text for details.
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plasmids with continous access to replication, undoubtably the most important aspect of 

the plasmid life cycle. This part of the plasmid life cycle is referred to as the vegetative 

cycle.

Conjugative pores appear to be present randomly within the donor cell envelope 

and all are potentially viable. For example, donor cells containing RP4 possess 25 

conjugative pores (41) which is 3-4-fold more in number than the plasmid molecules 

under laboratory growth conditions. As bacteria may encounter each other in a variety of 

spatial relationships, the presence of multiple, randomly dispersed pores increases the 

likelihood of a conjugative pore interacting with a recipient. Upon contact of the 

conjugative pilus with a suitable recipient, a proposed “mating signal” triggers unwinding 

of the T-strand, resulting in the production of the T-strand, and conjugal DNA synthesis, 

replacing the T-strand. This event would be the initial stage of the conjugative cycle. 

Initial contact between pili and recipient cells is subsequently followed by the formation 

of mating pairs/aggregates. The region of intimate contact between a donor and a 

recipient cell is the conjugative junction. Since conjugative junctions are 200 nm long 

(177), it is likely that multiple conjugative pores could fit within one junction. This is 

assuming that the width of the conjugative pore is comparable to the size of known 

secretins (20-30 nm). Transfer systems containing the H/F-like T4SS encode mating pair 

stabilization proteins, which facilitate the stability of mating pairs in liquid environments. 

Mating pair stabilization functions are not encoded by P-like T4SS.

The model shown in Figure 5-6 predicts relaxase transfer into the recipient. 

Although the relaxase interacts with the coupling protein, it is not known if relaxase 

transfer occurs. The relaxase could guide the single-stranded DNA into the recipient, 

serving as a “pilot” protein. Single-stranded DNA (1 nm) could potentially fit through 

the coupling protein pore (2 nm) and the central lumen of the pilus (2 nm), however if the 

relaxase is to fit through the pore the relaxase must be 2 nm or less in diameter. Given 

the structural similarities between the coupling protein and DNA ring helicases, it has 

been proposed that the coupling protein uses ATP hydrolysis to energize the pumping of 

single-stranded DNA into the recipient (122). The reconstituted oriT needs to be cleaved 

to release the T-strand from the replacement strand. An attractive explanation is that the 

reconstituted oriT is cleaved by a second relaxosome within the donor. Cleavage by the
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second relaxosome would replace the transferred relaxosome, re-establishing the 

superhelical nature of the plasmid. Release of the 3’ end of the T-strand by the second 

cleavage event would facilitate the formation of a “peg” structure via an inverted repeat 

located, immediately upstream of the nic site, the last region to enter the recipient. The 

inverted repeat is recognized by the relaxase, which rejoins the 5’ and 3’ ends of the T- 

strand and terminates transfer.

As the single-stranded DNA is entering the recipient, possibly even before 

termination, it is likely targeted to the host replisome to begin complementary strand 

synthesis. Double-stranded DNA is expected to enter into vegetative replication and 

begin expressing important establishment proteins, such as the partitioning proteins. This 

will result in the formation of the partitioning apparatus. At this time the plasmid 

molecules are partitioning proficient, marking the end of the conjugative cycle. 

Expression of transfer proteins results in the creation of the conjugative apparatus, which 

results in disaggregation of mating pairs/aggregates.

5.4 Conclusions and Future Directions

The most interesting questions in bacterial conjugation revolve around the T4SS 

apparatus. The fact that T4SS are central to the virulence of several bacterial pathogens 

means that general mechanisms/themes discovered from different T4SS model systems 

may be combined for a fuller understanding of the biology of T4SS. Paramount to such 

an approach is a comprehensive phylogenetic analysis of the individual components from 

the T4SS subfamilies. Cao and Saier (27) have recently performed such an analysis on 

the P/VirB T4SS subfamily. A phylogenetic analysis of the H/F T4SS subfamily is the 

logical next step and will lend credence to the T4SS subfamily proposal. Verification of 

the conserved T4SS components and the non-conserved subfamily components with a 

phylogenetic analysis will provide a foundation for studying the T4SS core and the 

specializated functions of each T4SS subfamily.

Perhaps we now have a route through which macromolecules could transverse the 

donor envelope using T4SS (i.e. the conjugative pore). However, much work remains to 

be done to before a clear understanding of the structure and function of the T4SS
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apparatus is available and an appreciation of how DNA enters the recipient. Structural 

determination of key transfer proteins will undoubtedly provide valuable insight into the 

nature of T4SS apparatus, which cannot be taken from comparisons of transfer proteins to 

databases. For example, the crystal structure of the coupling protein TrwB identified 

structural homologies to DNA ring helicases and therefore a mechanism by which single­

stranded DNA could be actively pumped through the conjugative pore. As more 

structural studies are performed, it will be of interest to know if the ring structure theme 

is ubiquitous to the T4SS components.

The determination of the structure of the putative T4SS secretin will be necessary 

to confirm the bioinformatic observation described in this thesis (Figure 2-5). Secretins 

from Type II (34, 151, 181) and Type III (37) secretion systems and the filamentous 

phage fl (120) have been purified in their multimeric form. Secretin multimers are 

resistant to 4% sodium dodecyl sulfate at temperatures up to 65°C and this property has 

been exploited during the purification of secretins in the multimeric form. When viewed 

with transmission electron microscopy and negative staining secretins appear as ring 

structures with a central channel. Therefore, well-established purification and diagnostic 

methods exist for secretins, which can easily be applied to TrhK and TraK-like proteins. 

The confirmation of a T4SS secretin will certainly be exciting, as a conjugative secretin 

would allow the passage of both the conjugative pilus and the T-strand across the donor 

outer membrane. The next logical question would be: do they pass through the secretin 

individually or together (i.e. T-strand through the pilus)?

One of the objectives of this thesis was to visually document conjugative transfer. 

The /acO/GFP-LacI system has proved to be very usefiil in documenting the stages of 

conjugation during which the transferring plasmid is in the double-stranded form. These 

observations, along with the visualization of individual mating pairs, allowed for 

speculation on the route by which the single-stranded DNA transfers. Therefore, there is 

still much more to be seen during conjugation, but it will not be with the lacOIGFP-LacI 

method as I believe I have exausted this method in this context. Direct visualization of 

the single-stranded plasmid during transfer should be the next goal. Fortunately, there 

are sensitive and imagitive methods being developed to visualize macromolecules in 

living cells in real-time (184, 219). Application of such methods to bacterial conjugation
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would require their adaptation for the labeling of the relaxase or the T-strand with 

fluorescent probes. Innovative fluorescence microscopy technologies combined with a 

plasmid biologist’s creativity could lead to breakthroughs in visualizing the entire 

conjugative cycle in real-time.

Under laboratory conditions the conjugative cycle occurs at a high frequency and 

takes only minutes. This is known because bacterial conjugation has been well studied 

under controlled, simple environments. Conjugative transfer in Nature deserves more 

investigation, as an understanding of transfer in the natural setting is required if one were 

to attempt to intervene with conjugation and reduce the spread of antibiotic resistance. 

Indeed, it does happen quite often in Nature, as gauged by the rapid and widespread 

occurrence of antibiotic resistance via conjugative plasmids (198). Important antibiotic 

resistance plasmids have been sequenced and comparisons between plasmid genomes 

have demonstrated that successful plasmids, as defined by their prevalence, have 

conserved backbone components. As noted in the Introduction, R751 and RP4 are IncP 

plasmids which contain a completely conserved backbone. As an even more profound 

example, both R27 (180 kb), which was isolated from S. typhi in 1961, and pHCMl (220 

kb), which was isolated from S. typhi in 1993, share a backbone that is 99% identical at 

the DNA level (165). The difference is 50 kb inserted at two locations of pHCMl which 

encode for resistance to first line antibiotics. Because of examples like these and the 

concept of the plasmid life cycle, I believe that the success of IncHIl and IncP plasmids, 

and conjugative plasmids in general, has been dictated by their collective backbone 

components.
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