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ABSTRACT

The complete DNA sequence of R27 has been compiled and analyzed. The 

180,36lbp plasmid contains 210 open reading frames, 70 o f which have been previously 

identified or contain significant homology to other plasmid or prokaryotic open reading 

frames. Two transfer regions separated by over 64kb are observed, with the gene order 

and individual genes in transfer region 2 (Tra2) displaying significant homology to the F 

plasmid transfer region

The frequency of transfer and ability to form mating aggregates, using isogenic S. 

typhimnrium LPS mutant recipients and donors, were assessed for the IncHIl plasmids 

R27 and pDT2454, and the IncHI2 plasmid R478. It was observed that only a specific 

truncation of the outer core, by mutation of the rfaF LPS biosynthesis gene, increased 

conjugal transfer. Stabilization and initiation of conjugal transfer is, in most cases, 

negatively affected by LPS truncation.

The major component of the R27 conjugal pilus was identified as a 7.6kDa 

peptide, likely generated by the trhA gene. Although visualized in a cell-free 

radiolabeled expression system, the trhA gene product is resistant to denaturation and 

protein staining in SDS-PAGE analysis. No mutations of the trhA gene in R27 through 

antibiotic cassette insertion were obtained. It is possible that insertion events in trhA 

destabilize R27 by an unknown mechanism.

The gene responsible for entry exclusion in R27 has been identified. R27 transfer 

has been shown to significantly decrease into recipient cells containing ORF018, 

encoding a 14.1 kDa protein. The protein contains no significant homology to entry
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exclusion proteins of other systems, although it does contain a strong N-terminal 

transmembrane sequence theoretically sequestering it to the bacterial membrane.

R27 contains a large number of elements in common with the F plasmid family, 

although it encodes a pilin with strong similarity to the IncP plasmids, a separation of the 

transfer regions similar to the IncP plasmids, and an entry exclusion gene which shows 

no homology to either system. These results demonstrate the apparent hybrid nature of 

R27, with its current state appearing to be the result of genetic exchanges between 

ancestors of many different plasmid systems forming the unique Inc HI 1 system observed 

today.

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



ACKNOWLEDGMENTS

I would like to thank Dr Fred Blattner, Erik Grotbeck, Debra Rose and 

Valerie Burland for generation of the complete R27 sequence (University of Wisconsin) 

in Section V. Trevor Lawley for transposon analysis, and Matt Gilmour for their 

contributions to the sections entitled Transposable elements and Temperature sensitive 

conjugation respectively, included in Section V. Michelle Rooker for aid in DNA 

preparation and purification of R27 used in Section V and sequence assembly of the Tra2 

region initiated by Dr. Peter Newnham, presented in Section IV. MALDITOF 

spectroscopy was performed by the Department of Chemistry, University of Alberta.

The R27 sequence was generated as part of the Bacterial Pathogen Genome 

Initiative, funded by NIH grant # AI44387. Other work was funded by the Medical 

Research Council o f Canada. I acknowledge support from the Faculty o f Medicine 75th 

Anniversary Award, 1994-95 and the Province of Alberta Graduate Student Fellowship 

1995-96.

My thanks to Dr Diane Taylor for her support, guidance and understanding 

throughout this project and Dr John Elliott and Dr Laura Frost for their part in the 

supervision of my doctoral thesis. As well, Dr Ken Whelan, for teaching me of the art of 

molecular biology as much as he did the science and Michelle Rooker for her aid 

throughout the years.

The completion of this work is a testament to the support I received from friends 

and family. My father, Richard Sherburne, for his encouragement and constant support 

throughout the difficult times, without his strength and example none of what I have

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



accomplished would be possible. I am indebted to my mother Eileen, brother 

Christopher, and sister Jeanette who were always a source of laughter and joy. Roy 

Thomas, who has stood by me, as much literally as figuratively, through my life and put 

up with as much from me as any other. Finally to Joan Munro, my wife to be, who has 

weathered the worst of the storm that is a doctorate, and still stands strong.

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



TABLE OF CONTENTS

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



Chapter I Introduction 1

1. Plasmids I

2. Plasmid incompatibility 1

3. The conjugation process 4

4. Conjugative pili 6

5. Conjugation system relationships 7

6. Entry exclusion 12

7. Bacterial lipopolysaccharide 13

8. LPS in conjugation 17

9. IncH plasmids 19

Chapter II Materials and Methods 24

1. Antibiotics and media 24

2. Bacterial strains and plasmids 24

3. Conjugation and assay of transfer ability 27

4. Determination of bacterial mating aggregation 27

5. Agarose gel electrophoresis 28

6. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) 29

7. High resolution SDS-PAGE 30

8. Pilus purification 30

9. Plasmid purification 30

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



10. Transformation of bacterial cells using CaCk 32

11. Transformation of bacterial cells by high-voltage electroporation 33

12. Restriction endonuclease digestion 34

13. DNA ligation 35

14. Polymerase chain reaction 36

15. DNA sequencing 3 8

16. Cell free protein expression 38

17. Immunoblotting procedures 33

18. DNA transfer to nitrocellulose membranes 40

19. DNA probe labeling 41

20. Sequential scanning of amino acid reading frames encoded within

the Tra2 region 41

21. Bacteriophage isolation 42

22. Bacteriophage assay 42

23. Radio labeling of phage 43

24. Bacteriophage Hgal concentration 44

25. Screening of pili-deficient mutants 44

26. Construction of histidine tagged TrhA protein 45

27. Procedure for generation of trhA mutants 46

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



28. Procedure for generation of trhA mutants within R27 using linear 

fragment recombination 47

29. Procedure for generation of transfer mutants using vector based 

recombination 48

30. Procedure for selection of trhA recombinants by lethal gene

induction 49

31. Generation of the complete sequence of R27 49

32. Annotation 50

33. Cloning of ORFsO15-018 51

34. Mutation of ORF018 52

Chapter III LPS Effect on Recipient Ability 54

1. Effect of LPS inner core mutations on recipient ability of S. 

typhimurium 54

2. Effect of PEA on transfer efficiency 56

3. Transfer from LPS mutant S. typhimurium donors to wild-type S. 

typhimurium recipients 58

4. Determination of aggregate formation by S. typhimurium LPS

mutants 58

5. Conclusions 59

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



Chapter IV R27 Conjugal Pilin 65

1. Physical assay of purified pilin 65

2. Scanning for the pilin gene using amino acid content 68

3. Assay of pilin production through phage adhesion 69

4. Identification of the pilin gene through sequence analysis 72

5. Labeling of TrhA 76

6. Attempts to generate mutations in trhA 84

7. Vector-based recombination studies 90

8. Conclusions 95

Chapter V Complete DNA Sequence andAnalysis of R27 98

1. General properties of the R27 plasmid sequence 98

2. Transposable elements 112

3. Replication-regions 113

4. Transfer regions 1 and 2 114

5. Temperature sensitive conjugation 122

6. Conclusions 124

Chapter VI Entry Exclusion of R27 127

I . Isolation o f entry exclusion phenotype 127

2 Analysis of the Xbal-D fragment 130

3. Cloning of ORFs 015-018 130

4. Conclusions 135

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



Chapter VII Concluding Remarks 137

References 141

Appendix Code for sequential scanning of input amino acids for specific 

amino acid content 165

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



LIST OF TABLES

Table 0-1 Antibiotics used in this study. 24

Table II-2 Bacterial strains used in this study 25

Table H-3 Plasmids used in tlift study 26

Table H-3 Oligonucleotide primers used in this study 37

Table ID-1. Conjugative transfer of IncH plasmids to S. typhimurium

SL1027 derivatives in liquid medium 55

Table EH-2. Conjugative transfer of IncH plasmids to S. typhimurium

SL1027 derivatives on solid medium. 57

Table HI-3. Mating specific aggregation between LPS mutant recipients and

S. typhimurium SL1027 60

Table IV-l Plaque formation, pilin expression and phage adhesion of

trans fer deficient R27 71

Table IV-2 Frequency of transfer, and rate of sequence specific

recombination in three E. coli strains. 92

Table V-l Previously characterized ORFs (termed Tra, Trh, and Htd) and

R27 ORFs that have significant homology to other prokaryotic ORFs 101

Table VI-1 Transfer frequency of R27 into E. coli RG192-2 recipients

carrying R27 cosmids. 128

Table VI-2 Transfer frequency of the IncHI2 plasmid TP116 into recipients

carrying the XbaD fragment of R27. 129

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



Table VT-3 Transfer of pDT2454 into recipients containing cloned genes 

from the XbaD region.

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



LIST OF FIGURES

Figure 1-1 Relationships between Type IV secretion systems 9

Figure 1-2 LPS core of S. typhimurium 15

Figure 1-3 Circular representation of the IncHIl plasmid R27 20

Figure IV-l Silver staining of purifiedR27 pilin 66

Figure IV-2 MALDI-TOF mass spectrometry of pilin. 67

Figure IV-3 Adhesion of radiolabeled phage to cells containing transfer-

deficient pDT1942. 70

Figure IV-4 Comparison of the transfer region of the F plasmid and the R27

Tra2 region. 74

Figure IV-5 Alignment of ORF034 to the IncP pilin precursor, TrbC and IncF

TraA. 77

Figure IV-6 Hydropathy profile of ORF34 as compared to the pilin precursor

genes o f the IncP plasmids. 79

Figure IV-7 Truncation of the R27 ORF034 and the pilin precursor, TrbC, of

the IncPa plasmid RP4 81

Figure IV-8 Cell free expression of cloned trhA 83

Figure IV-9 Sequence specific recombination attempted in R27. 85

Figure IV-10 Determination of sequence specific recombination using mini-

Tn/0 disrupted trhC 88

Figure IV-l 1 Screening of transfer deficient colonies obtained from

recombination of a vector based disrupted trhC gene. 93

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



Figure V-l Circular representation of the IncHIl plasmid R27 99

Figure V-2 ORFsofR27. 108

Figure V-3 Graphical representation of the G+C% of the R27 plasmid 110

Figure V-4 Alignment of the Tral homologue of R27 (ORF120) and those of

other plasmids 117

Figure V-5 Alignment of TrhF homologues and ORF008 (TrhF) 120

Figure V-6 Alignment of the TlpA DNA Binding Domain 125

Figure VI-1 Structure of the Xbal-D fragment of R27. 131

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



ABBREVIATIONS

ATP adenosine triphosphate

BHI brain heart infusion

BSA bovine serum albumin

dATP deoxyadenine triphosphate

dCTP deoxycytosine triphosphate

dGTP deoxyguanosine triphosphate

dNTP deoxynucleoside triphosphate

dTTP deoxythymidine triphosphate

DNA deoxyribonucleic acid

DTT dithiothreitol

EDTA ethylene-diaminetetra-acetic acid

IPTG isopropylthiogalactoside

LB Luria broth

PB phosphate buffer

PCR polymerase chain reaction

PEA o-phosphorylethanolamine

PEG polyethelyne glycol

RNA ribonucleic acid

TAE Tris-acetate EDTA

TBS Tris buffered saline

UV ultra violet

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



1

Chapter I Introduction

1. Plasmids

Bacterial plasmids were initially identified as extra-chromosomal genetic 

elements in the early 1960s (94). Building on previous observations of the “fertility 

factor”, small, circular, double-stranded DNA molecules were shown to transfer from a 

host bacterium to a recipient cell, (47). Capitalizing on the mobilization o f portions of 

the chromosome by F plasmid integration, mapping of the E. coli chromosome was 

initiated and thus advanced our knowledge to such an extent that E. coli is the organism 

of choice for most molecular biological applications.

Plasmids have been found throughout the bacterial world and nearly all bacterial 

genera have been shown to harbour them (32). The first instance of plasmid-mediated 

antibiotic resistance was observed in Japan with Shigella in 1957 (4). Initially plasmids 

were found to encode a number of metabolic functions benefiting the host cell. Since 

then the study of plasmids has increased dramatically as more plasmids are discovered to 

be involved in antibiotic resistance transfer between pathogenic bacteria (168).

2. Plasmid incompatibility

It was found that in the absence o f selective pressure, related plasmids were 

unable to be stably maintained in the same bacterial host (reviewed in 28, 57). This 

effect, termed incompatibility, was exploited to classify plasmids, with those unable to 

stably coexist classified as members of the same incompatibility group. The diversity of 

plasmids is remarkable, with over 25 different incompatibility groups identified to date in
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Enterobacteriaceae alone (28, reviewed in 147). A further 13 incompatibility groups 

have been observed in the Pseudomonas family of bacteria (147). Observation and 

analysis o f incompatibility led to a greater understanding of plasmid maintenance, and 

the plasmid-encoded machinery involved. Two causes of incompatibility were identified 

within plasmids. The first arises from the plasmid ensuring that daughter cells contain 

the plasmid following bacterial replication (partitioning), and the second arises from the 

plasmid ensuring that it is efficiently replicated with as little metabolic burden on the host 

cell as possible (replication) (104). Plasmid incompatibility arises as a side effect of 

related partitioning or replication systems interfering with each other’s normal action 

(reviewed in 104).

Bacterial plasmid replication is generally controlled by plasmid-encoded 

components initiating the replication event at a site-specific origin (ori) (73). The 

plasmid relies heavily on the host cell for DNA replication functions, in contrast 

replication initiation and therefore plasmid copy number are tightly regulated by plasmid 

genes. Based upon the method of regulation of replication initiation (103), plasmid 

replication control can be classified into one of two systems.

The first method, a negative feedback control system, relies on regulation of 

initiation events through production of a negative regulator. Examples include the ColEl 

plasmids (RSF1030, pBR322, pMBl) and the IncFII plasmids (Rl, NRl, R6-5) (73). In 

the ColEl system replication is initiated by a 700bp RNA primer (RNAH), which 

hybridizes immediately upstream of the origin o f replication. Hybridization of RNAH to 

the DNA near the origin is dependant on proper secondary structure being formed within 

the RNA molecule and subsequent specific cleavage by RNaseH. Control of plasmid
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replication occurs through the production of the RNAI molecule, a I08bp antisense RNA 

to RNAII, which binds to the 5’ region of RNAH, disrupting its secondary structure and 

preventing replication initiation (159). The plasmid-encoded protein Rom (RNA I 

modulator) is observed to increase the stability o f the RNAIrRNAII complexes 100 fold 

(158). Plasmid replication, and therefore plasmid copy number, is controlled by a 

combination of the ratio of RNAI to RNAII, the rate of synthesis of RNAI, RNAI 

stability in the bacterial host, and the stability of the RNAIrRNAII complex (73).

A second method of replication control is based upon binding of a replication 

initiation protein to a series of oligonucleotide repeats, called iterons (73,103). It is 

believed that the iterons serve to titrate the initiation protein, effectively sequestering it 

and preventing initiation of plasmid replication (73). The binding of the replication 

protein to iterons flanking the replication gene can also act as an auto-regulator, 

preventing transcription of the gene (25, 73,101). Deletion of iterons is found to increase 

plasmid copy number, whereas increasing the number of iterons in a plasmid decreases 

copy number (160). Though consistent with the titration of the replication initiator 

protein by iterons, increasing concentrations of the replication protein supplied in trans 

does not increase copy number of the plasmid (160).

A second observed property of initiator proteins, ie. that they can couple iterons 

by forming a bridge between them, formed the basis for a second model of iteron based 

control, in which steric hinderance of coupled iterons reduces initiation events (103). 

Recent observations of the PI plasmid system and its replication protein, Rep A, have 

demonstrated that plasmid replication clears the repA promoter o f bound RepA, allowing
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repA gene transcription (97). It is proposed that replication-induced transcription is 

necessary to ensure RepA availability after the replication event (97).

3. The conjugation process

Many plasmids are able to actively transfer their DNA from one bacterial cell to 

another, a process termed conjugation. Acting as a relatively efficient means of genetic 

exchange in a population of cells, bacterial conjugation is of major evolutionary, 

ecological and medical importance. Although spontaneous mutations within the bacterial 

cell can result in antibiotic resistance, the rate of multiple antibiotic resistance in a 

bacterial cell has been estimated to be I O'16 events per cell (168). In contrast the transfer 

rate of conjugative plasmids can reach frequencies of 10*' transconjugants per organism 

(168). Therefore not only are plasmids able to confer antibiotic resistance in bacteria, 

more importantly conjugative plasmids are able to mediate horizontal transfer of various 

factors, including multiple-antibiotic resistance in a population of cells (168).

Conjugation in bacteria carrying the F factor has been separated into five distinct 

stages; (I) pilus binding to a receptor, (II) formation of wall-to-wall contact, (III) 

aggregate stabilization, (IV) DNA transfer, and (V) aggregate disassociation (3). There is 

no evidence o f the existence of pilin in Gram-positive bacteria with cell to cell contact 

mediated in some genera by plasmid-encoded aggregation factors (39). Almost no 

homology is observed between the transfer genes of the Gram-positive and Gram- 

negative plasmid systems. Therefore there is no indication that the stages for conjugation 

are similar between the systems.
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Following attachment of the pilus to a recipient cell and cell contact being made, 

the mating aggregate is stabilized. In the F plasmid system the process is mediated by 

plasmid-encoded, membrane bound genes, TraG and TraN (8). Recent evidence indicates 

that recognition of the recipient cell is mediated by these two genes (8). Therefore, in the 

F-system, the pilus acts as a non-specific adhesion factor, mediating the close association 

necessary for TraG and TraN to recognize an acceptable recipient cell and initiate 

aggregate stabilization (8).

Once contact is made and the aggregate stabilized, the plasmid DNA undergoes 

processing and replication resulting in a single strand o f DNA being transferred from the 

donor to the recipient cell. A single sequence-specific nick is made in the plasmid 

mediated by plasmid-encoded proteins. The strand is then displaced into the recipient 

cell in a 5’ to 3’ direction using the replicative machinery of the host cells, termed DCDS 

(Donor Conjugative DNA Synthesis) (171). A number of proteins are encoded within the 

stretch of DNA which initially enters the recipient cell (the leading strand). These genes, 

which show little homology among plasmid systems, encode proteins aiding the 

establishment of the plasmid in the recipient strand such as the F plasmid ssb, a single­

stranded DNA-binding protein (75). An excellent example of a leading strand gene is the 

ardA anti-restriction locus. Found in the IncB, FV, II, K, and N plasmids, ardA is found 

to alleviate typel DNA restriction preventing plasmid restriction upon entering the 

recipient cell (36).

The organization of the genes responsible for the mobilization o f the plasmid 

during conjugation can lead to a broad categorization of Gram-negative plasmid systems. 

In the majority o f plasmid conjugation systems the genes responsible for both pilus
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assembly/mating stabilization and conjugal mobilization are found in a contiguous stretch 

of genes named the transfer region. Other plasmids, such as the IncP, and Ti plasmids, 

have two separate and distinct transfer regions within the plasmid, termed Tral and Tra2. 

Tral represents the region in which conjugal transfer of the plasmid is initiated (oriT), 

containing genes required for conjugal DNA processing and the leading strand genes.

Tra2 contains the genes necessary forpilin biogenesis and mating aggregate stabilization 

(111).

4. Conjugative pili

Cell to cell contact is required for conjugal transfer (33), yet the pilus plays an 

initial role in bringing the cells together and is necessary for efficient DNA transfer to the 

recipient cell (9). The F pilus, the best studied of the plasmid-encoded pili, is formed by 

a helical array of subunits, or pilin. The helix contains five subunits per turn generating a 

mature pilus of 8nm diameter (2nm inner core) ranging from 1 to 20pm in length (112). 

The major roles o f the pilus are in the recognition of recipient cells and the ability to bind 

to various receptors in the outer membrane. After attachment to the recipient cell, the 

pilus is thought to depolymerize, bringing the two cells into cell to cell contact leading to 

the establishment of the mating bridge (29). Although there is some evidence for transfer 

of DNA through the pilus in the absence of close contact (61, 109), the majority of the 

evidence supports the necessity for cell to cell contact in conjugal transfer (173). Once 

contact is established the fully polymerized pilus is not necessary, as addition of SDS at 

concentrations that dissociate the pilus does not inhibit DNA transfer once the cells are 

joined as a mating aggregate (2).
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In the F system the pilin protein is produced as 120 amino acids, inserted in the 

membrane by a pilin specific chaperone, TraQ, and processed by the host leader 

peptidase to 70 amino acids (93). Following acetylation the pilin subunits are stored in 

the inner membrane as a large pool, until assembled through the action of the pilin 

assembly genes (8,95). A total of 15 of the 23 genes found in the F transfer region have 

been identified as being involved in the processing and polymerization of the pilus (49), 

an observation consistent with other plasmid systems (111, 124, 156). It is a measure of 

the necessity of the pilus in the efficient transfer of the plasmid that it has survived the 

evolutionary pressure towards a more efficient, pilus-ffee transfer system.

The pilin products of the IncP plasmids are closely related to the TrbC gene of the 

Agrobacterium tumefaciens Ti plasmid and the VirB2 genes in the Ti plasmid virulence 

region. Recently it has been observed that the pilin product of these plasmids undergo a 

number of processing events, leading to the eventual cyclization of the peptide rendering 

it N-terminally blocked for amino acid analysis by Edman degradation (40, 59). A host- 

encoded C-terminal truncation of residues is observed in the IncP and Ti plasmid pilin 

proteins (59). These related pilin proteins undergo further processing, with the removal 

of four C-terminal amino acids by the plasmid encoded TraF protease, followed by 

cyclization of the peptide (40).

5. Conjugation system relationships

Recent studies have identified homology between the conjugal transfer system of 

the Ti plasmid (trb) and the icmldot regions of Legionella pneumophila responsible for 

human macrophage killing and intracellular growth of the bacteria. Both systems are
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able to mobilize the plasmid RSF1010 (164), an IncQ plasmid encoding the genes 

necessary for conjugative DNA mobilization but not for conjugal-pair formation. 

Mobilization of RSF1010 is an effective measure of the presence of conjugal-formation 

genes in the donor cell (135). The icmldot genes are not normally involved in DNA 

transfer from one cell to another, instead they play a role in transfer of inhibitor 

macromolecules from L. pneumophila into macrophages to subvert the endocytic 

pathway (164). Therefore it appears that the conjugal DNA processing genes present in 

RSF1010 are able to utilize the icmldot protein transfer system to transfer plasmid DNA, 

implicating the systems as arising from a common ancestor. Further evidence of 

common ancestry among these virulence regions and conjugation systems has been 

reported in the Incl plasmid R64 and Colb-P9 (Figure I-l A). The complete sequence of 

the transfer region has been compiled, and 10 genes necessary for conjugal transfer of the 

plasmid have been shown to have significant homology to L. pneumophila icm/dot genes 

(76).

There also appears to be a relationship among the Ti plasmid trb and vir genes, 

the icmldot region of L. pneumophila, a second secretion system in L. pneumophila 

required for intracellular growth (Ivh), Bordetella pertussis pertussis toxin (ptl) and the 

Helicobacter pylori cag pathogenicity island (Figure I-IB)(136). These systems have the 

ability to transport proteins out of bacteria, and are considered to belong to the type IV 

secretion system (41, 136). Recent comparisons between the virB system of Ti plasmids 

and the trb system of RP4 has identified a single gene, the trblofRPA  and virBlO of the 

Ti plasmids, com m on among all type IV secretion systems (84,136).
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Figure 1-1 Relationships between Type IV secretion systems

Schematic comparison of type IV secretion systems and plasmid conjugal DNA transport 

systems.

(A) Comparison of the icmldot (intracellular multiplication/defective for organelle 

trafficking) region of Legionella pneumophila, needed for macrophage killing and 

intracellular multiplication, and the conjugation related proteins of the Incl plasmid colb- 

P9 (137).

(B) Comparison o f homologous genes observed throughout the Agrobacterium 

tumefaciens Ti plasmids vir region, the lvh secretion system of L. pneumophila, the 

pertusis toxin export system (ptl) of Bordetella pertussis, the tra conjugative system of 

the IncN plasmid pKMlOl and the tra conjugative system of the IncW plasmid R388 

(136).
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Both the TrbI and VirBlO proteins are necessary for conjugal transfer of DNA to 

the recipient bacterium in the RP4 trb system and to the host plant in the Ti virB system 

(14,60). It is believed that virB 10 plays a role in assembling the mating pore complex, a 

necessary stage in the transfer of DNA across the membrane. The role of trb I  

homologues in other type IV secretion systems is unknown. The presence of a 

virBIO/trbl homologue in all type IV secretion systems does not necessarily indicate 

similar function across all systems. In the Ti system VirBlO anchors other VirB proteins, 

including the VirB7 and VirB9 proteins, two proteins without homologues in the RP4 trb, 

or other type IV secretion systems (84). Therefore exact duplication of function for trbl 

is unlikely.

In addition to appearing to be related to type IV secretion systems, a strong 

relationship is observed between the Ti and IncP conjugal transfer systems (5, 82). Most 

of the predicted proteins encoded within the Tral and Tra2 regions of the Ti plasmid 

showed 30-50% amino acid identity to the IncPa prototype plasmid RP4 (5). 

Furthermore, the conjugal transfer genes of the Ti plasmids showed significant homology 

to the vir (virulence) genes located elsewhere in the Ti plasmid. The vir genes, 

responsible for the transfer of plasmid DNA into host plants, are required for the inter­

kingdom transfer of genetic information (174). The similarity in the systems, although 

possibly indicating a common ancestor, may be indicative of the limited options available 

in transport of macromolecules. In effect, the transport o f DNA from a Gram-negative 

donor to recipient requires the transfer of extremely large molecules (DNA) across 4 

surface barriers which is a complex process.
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6. Entry exclusion.

The presence of a plasmid in a recipient cell limits the establishment of a related 

incoming plasmid (80). This phenomenon has been found to be determined by two 

separate processes: reduced stability of the plasmid in the recipient (incompatibility) and 

the inhibition of the incoming plasmid from entering the cell (entry exclusion) (105). 

Plasmids that exhibit entry exclusion usually belong to the same incompatibility group 

but not all plasmids within an incompatibility group display the same degree of entry 

exclusion (58).

The entry exclusion system of the F and F-like plasmids is the best studied (42).

It consists of a two protein system encoded by the traS and traT genes (8). The TraT 

protein, present in the outer membrane of the bacterial host, inhibits mating pair 

stabilization, but does not affect pilus binding. The TraS protein, present in the inner 

membrane, blocks a plasmid-specific signal necessary for initiation of DNA synthesis 

and transport (8). There is evidence that a two protein entry exclusion system exists in 

the Incl plasmid R64, though both proteins appear to be transcribed as a single gene, with 

the two proteins resulting from an inframe reinitiation of translation (51).

There are also systems in which entry exclusion is mediated by a single gene 

product, usually localized to the inner membrane. These include the eex gene of the IncN 

plasmid pKMlOl (118), the trbK gene of the IncP plasmid RP4 (58) and the trbK gene of 

the Ti plasmids (84). The genes all encode small peptides of approximately 6-8kDa, 

containing a predicted N-terminal transmembrane helix, although only the TrbK protein 

of RP4 has been localized to the cytoplasmic membrane (58, 84, 118). There is little to no 

homology among the entry exclusion genes of these plasmids, with considerable

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



13

sequence divergence observed between plasmid families, even though function is 

conserved (83). With most entry exclusion genes, the presence of the gene is not 

necessary for plasmid transfer (8,58,118), but likely plays a role in stability of the 

plasmid in the environment. There is evidence that the entry exclusion gene of the F- 

mobilizable plasmid ColEl, mbeD, is necessary for transfer, suggesting it is a multi­

functional protein (175).

7. Bacterial lipopolysaccharide.

Gram-negative bacteria contain a double membrane separated by a thin layer of 

peptidoglycan. The outer membrane is asymmetric with the inner monolayer composed 

primarily of glycerophospholipids and the outer monolayer composed primarily of 

lipopolysaccharide (LPS) (as reviewed inl21). The LPS has been implicated as an 

important barrier to large (>650Da) hydrophobic molecules, with the outer membrane 

permeability to these molecules shown to be 1-2% that of the simple phospholipid 

bilayers (117). LPS, in combination with the outer phospholipid monolayer, forms a gel 

phase bilayer, separated by a relatively large fluid space, with LPS molecules forming 

tightly packed carbohydrate chains observed to be more dense than even phospholipid 

bilayers (143).

Divalent cations are found to be important in stability and outer membrane 

permeability and are localized to the inner core, proximal to the membrane monolayer, 

the 3-deoxy-D-manno-octulosonic acid (KDO) subunits present in both E. coli and 

Salmonella enterica sv. Typhimurium {Salmonella typhimurium) LPS, and the phosphate 

substitutions on the initial heptose sugars (Figure 1-2) (143). Recent evidence suggests
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that cations play a role in negative-charge neutralization, allowing tighter packing of the 

LPS molecules, rather than cross-linking of the individual LPS molecules (143).

The structural features of bacterial lipopolysaccharide are well established 

(120) with an excellent understanding o f the genetic and molecular mechanisms for its 

biosynthesis in E.coli and S. typhimurium (62). Bacterial LPS consists of a lipid A 

“anchor” to the outer membrane, a short core oligosaccharide which is in turn divided 

into an inner and outer core, and the O-polysaccharide. LPS is variable, with variation 

mostly observed in the O-polysaccharide which is highly polymorphic (108).

Lipid A, the hydrophobic portion of LPS, forms the outer leaflet of the outer 

membrane and is responsible for the observed endotoxic properties of the LPS (120). A 

minimal LPS structure has been observed in the laboratory, consisting of the lipid A 

molecule glycosylated with two BCDO residues. The lipid A, formed independently of the 

core oligosaccharide, is necessary for formation of a viable membrane, allowing mutation 

and study of the individual LPS genes responsible for the biosynthesis of the LPS 

structure distal to the minimal core (62).

The inner core is essential in establishing the barrier functions of the outer core 

membrane (62). There is a limited variation observed in the core structures between E. 

coli and S. typhimurium, likely representing its importance in membrane stability. 

Phosphate substitution of the inner core heptose residues is found to be essential for 

membrane stability and proper bacterial growth (62,120). Loss of either the 

phospholipid derivatives or the heptose moiety is responsible for the “deep rough” 

phenotype, with strains showing increased phopholipid-protein ratio, a 50% reduction in 

OmpA, increased membrane phosphatidylethanolamine content, and increased colonic
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Figure 1-2 LPS core of S. typhimurium

The LPS core of S. typhimurium illustrating core mutations and location of LPS 

truncation (121,167). The abbreviations GlcNAc, Glc, Hep, P, and KDO stand for N- 

acetyl-D-glucosamine, D-glucose, D-galactose, L-D-glycero-D-mannoheptose, phosphate, 

and 2-deoxy-D-manno-octulosonic acid respectively.
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acid production (113,133). The “deep-rough” mutants are observed to be supersensitive 

to hydrophobic compounds, with a “leaky” outer membrane resulting in significant 

leakage of the periplasmic enzymes into the surrounding medium (113).

The O-polysaccharide side chain acts as a protective layer in Gram-negative 

bacteria and is the first element of the bacterial cell to interact with the environment, in 

turn encouraging antigenic variation in the O-side chain (62). This is generated by the 

diversity of the individual sugar components, order, length and even sugar linkages (122). 

Loss of this repeating polysaccharide chain due to mutation in the biosynthetic genes, 

termed “rough” mutants, results in a characteristic colony morphology. Increasing 

membrane permeability with LPS truncation has been found to actually increase adhesion 

of E. coli 0157:H7 adhesion to epithelial cells, indicating that the full length LPS may 

actually mask adhesion factors on the bacterial cell surface (15). It is likely that the role 

of LPS as a protective barrier, with an intact full length O-polysaccharide, is of greater 

benefit to the bacteria superceding any interference in surface protein interactions arising 

from full length O-polysaccharide.

8. LPS in conjugation.

Efforts to identify components on the recipient cell which interact with the pilus 

have implicated lipopolysaccharide (LPS) and membrane protein components of the 

recipient bacteria (2). An OmpA outer membrane protein mutant has been shown to be a 

defective recipient for the IncF plasmid transfer in liquid medium but not for R100 or F 

donors in plate matings (9). Rough mutant recipient strains, arising from mutations in 

genes responsible for LPS outer core synthesis, were more proficient as recipients than
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smooth recipients with O polysaccharide. Plasmids from incompatibility groups FI, FII, 

M, J, and 1(5 demonstrated higher frequencies of conjugation with rough than with 

smooth strains, whereas no difference was noted with plasmids o f the incompatibility 

groups T, L, P, N and W. Reduced fertility of smooth strains is believed to occur as a 

result of the O polysaccharide of LPS shielding the recipient from contact with the pilus 

ultimately reducing the frequency of mating aggregate stabilization (130). The LPS 

aKDO is essential for bacterial growth. Mutations affecting the inner core of S. 

typhimurium LPS are usually poor recipients for IncF and other plasmids (130).

Recent findings by Anthony et.al. (9) have shown that the initial heptose (HepI) is 

essential for transfer o f certain IncF plasmids, and the presence o f extracellular O- 

phosphorylethanolamine (PEA) interferes with mating. Within the LPS inner core, the 

initial heptose substituted with pyrophosphatidylethanolamine (PPEA) arises from the 

transfer o f PEA from phosphatidylethanolamine to phosphate-substituted heptose (HepI- 

P), producing HepI-PPEA. Following LPS translocation to the outer membrane, TolC, an 

outer membrane protein, is thought to remove PEA from HepI-PPEA, giving rise to 

Hepl-P (133). The removal of PEA by TolC is inefficient, producing heterogeneity in the 

cellular LPS. To better illustrate the heterogeneity o f the molecule, the initial phosphate 

moiety in substituted heptose residues will be designated (P)PEA. Studies of various F- 

like plasmids (9) have shown that the (P)PEA substituent plays an integral role in 

efficient transfer of some plasmids. Yet the role of (P)PEA in mating is poorly 

understood, because o f other physiological changes accompanying (P)PEA loss.
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9. IncH plasmids

Originally identified as responsible for chloramphenicol resistance in Salmonella 

typhi isolated from an outbreak o f typhoid fever in Mexico in 1972 (7), the 

incompatibility group H (IncH) plasmids have been frequently associated with antibiotic 

resistance in S. typhi (152). The plasmids of the IncH family were unusual in their 

transfer properties, with optimum transfer occurring between 26°C to 30°C and 

undetectable transfer at physiological temperatures of 37°C (154). IncH plasmids are 

large, with members of the group ranging in size from I60kb to 260kb in size (147).

The plasmids belonging to the IncH family were identified by DNA hybridization 

as belonging to two subgroups, IncHi and IncH2 (141), later classified as subgroups of 

IncHI plasmids: IncHIl, IncHI2 and IncHI3 (170). Plasmids of the IncHIl group are 

distinguishable from IncHI2 and IncHI3 due to their incompatibility with F plasmids 

(142), mediated by a RepFIA replicon homologue (132). Plasmids isolated from 

Klebsiella aerogenes, specifying H pili but compatible with previously identified H 

plasmids, were placed into a separate group, designated IncHH (21). Incompatible with 

one another, the two IncH groups are observed to have very little DNA homology, 

although a high degree of homology exists among the plasmids within the subgroups 

(170).

Using restriction endonuclease mapping, identification of regions within R27 

responsible for conjugal transfer (151), citrate utilization (149), tetracycline resistance 

(150), and incompatibility (53) was possible (Figure 1-3).

The copy number of R27 within the host cell has been found to be low, 

approximately one to two copies per chromosomal equivalent (147). Although of
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Figure 1-3 Circular representation of the IncHIl plasmid R27

A circular represention of the R27 plasmid with the transfer regions (Tral and 

Tra2), replication (RepHIl A and RepHIlB), incompatibility (IncHIl), tetracycline 

resistance (TetBl), citrate utilization (Cit) and IncF-like replicon (RepFIA-like) regions 

identified. The plasmid has been mapped with the restriction endonucleases Sail, Apal 

and Xbal (53).
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relatively low copy number, the plasmids are stably maintained throughout successive 

generations, indicative of a rigorous partitioning copy-number control mechanism (104). 

R27 contains two distinct replicons, RepHIA and RepHIB, responsible for the efficient 

replication of the plasmid (25,101). Both utilize an iteron method of replication control, 

in which the replication proteins (RepHIA-RepA and RepHIB-RepA) bind to specific 

sequences upstream and downstream of the rep A genes, acting as negative self-regulators 

(25,101). Binding of the RepHIB-RepA protein not only initiates transcription of its 

gene, it has also been shown to be involved in formation of the initiation complex 223bp 

upstream of the repA gene (25).

The two R27 replicons contain significant sequence and organizational similarity 

to one another, yet the RepHIA and RepHIB replicons operate independent of one 

another (25). Compatibility of the replicons arises from differences in the iteron binding 

sequences flanking the replication genes, with RepA from the RepHIA unable to bind, 

and therefore unable to affect the RepHIB replicon, and vice versa (25). Neither RepHIA 

nor RepHIB exhibit incompatibility with the parent plasmid when cloned separately. 

Interference in the functioning of one replicon does not disrupt the normal replication of 

the plasmid, as replication of the plasmid is then performed by the second replicon (52). 

Only when the function o f both replicons, RepHIA and RepHIB, is suppressed 

simultaneously, due to the presence of these replicons exogenous to the core plasmid, is 

incompatibility observed (52).

The IncH plasmids, with the exception o f the IncHI3 plasmid MIP233, encode 

thick flexible conjugative pili (20). The degree o f piliation of IncH plasmid hosts is 

relatively low, ranging from one to two pili per cell for the IncHH plasmid pHH 1508a to
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less than one pili per 1000 cells with the IncHIl plasmid R27 (90,147). The R27 

derivative, pDT2454, in which a Tn7 insertion into the htdA (H-transfer determinant) 

gene resulted in 1000-fold increase in conjugation frequency, also results in constitutive 

expression of H-pilus (169). A similar phenotype was observed with the TnlacZ 

derivative of R27, pDT1942 (91). Producing one to two pili per cell, the R27 derivatives 

pDT2454 and pDTl942, enabled analysis of the R27 pilus.

Utilizing the H-pilus specific bacteriophage Hgal (91), both the kinetics and 

assembly of the H-pilus were examined (90). Biosynthesis of the H-pilus is extremely 

slow in comparison to other conjugal pili, requiring 15 minutes for maturation compared 

to 30 seconds required for the F plasmid conjugative pilus (90, 106). It was also 

observed that the pilin subunits are assembled at the base of the pilus, rather than by 

extrusion of the subunits from the pilus tip. Furthermore the mature pilus was stable at 

temperatures non-permissive for conjugation (37°C) although mating aggregate 

formation was inhibited at 37°C (90).

Purification of the R27 pilus resulted in the identification of a single 3.2kDa 

peptide by SDS PAGE separation (99). The pilin subunits were resistant to both N- 

terminal amino acid degradation and proteolytic digestion. Although small in 

comparison to other conjugal pilin proteins in other plasmid families, no other protein 

was identified within a purified pilin preparation using high-resolution SDS PAGE 

analysis and both Coomassie Blue, and silver staining protocols (99). Random mini- 

TtiIO transposon mutagenesis of pDT1942, generating transfer-deficient plasmids, 

allowed identification of genes necessary for pilus biosynthesis, but no mutant was 

isolated in which pilin subunit synthesis was disrupted (99). Although unsuccessful in
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identifying the gene responsible for synthesis o f the pilin subunits, these mutants have 

been very useful in analysis of the transfer regions.
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Chapter II Materials and Methods

1. Antibiotics and media

Media used for growth of bacteria was the following: Brain Heart Infusion (BHI) 

(Difco laboratories, Detroit, MI), Luria Broth (Difco), and Penassay Broth (Difco). For 

solid media, agar was added prior to autoclave sterilization to a final concentration of 

1.6% (w/v). Antibiotics were used at the concentrations listed in Table II-1.

Table II-1 Antibiotics used in this study.

Antibiotic Concentration (pg/ml)

Carbenicillin (Cb) 100

Chloramphenicol (Cm) 20

Kanamycin (Km) 50“

Naladixic Acid (Nal) 100

Rifampicin (Rif) 100

Streptomycin (Str) 100

Tetracycline (Tc) 20

1 This is the final concentration ofkanamycin base in the medium. Purified kanamycin 

contains only 80% of the active component, kanamycin base.

2. Bacterial strains and plasmids.

Bacterial strains and plasmids used in this study are listed in Table H-2 and Table 

H-3 respectively. All strains were stored at -80°C in 20% glycerol in BHI
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Table H-2 Bacterial strains used in this study

Strain Genotype or description Reference or Source

Salmonella tyhphimurium

SL1027 metA22 trpCl Hl-bH2-e,n,x (cured of Fels 2) 

fla66 rpsL\2Q .ry/404 metE551

(172)

SA2205 rfaL446 StrR, SL1027 parent K. Sanderson3

SL1905 rfaJ404l StrR, SL1027 parent (146)

SA2206 rfaI1417 StrR, SL1027 parent K.. Sanderson3

SL1060 rfaH48l StrR, SL1027 parent (145)

SL1183 rfaF546 StrR, SL1027 parent (166)

SL733 rfaK933 StrR, LT2 parent K. Sanderson3

SL3600 rfaD657 StrR, SL1027 parent (81)

SL1102 

Escherichia coli

rfaE543 StrR, SL1027 parent (123)

J53-1 pro met NalR (10)

RG192-2 ara lea lac' Rif** (148)

JE2571-1 leu thrfla pil str Rif** (19)

DT1801 lacZM15 F'lacP proA F. Rentier-Delrueb

SMR121 recB2\ r e c t t l  sbcB 15 sbcC S. Rosenberg0

SMR130 C600-RecD1009 S. Rosenberg0

DH10Bd F  mcrA A(mrr-hsd RMS-mcrBC) GibcoBRL,

cP80DlacZ Am 15 AlacXlA deoR recAl endAl 

araD 139 A (ara, leu)1691 galU galK X~ rpsL 

hupG

Burlington, Ont.

a Salmonella Genetic Stock Center, University o f Calgary. 

b Laboratoire central de Genie genetique, Universite de liege, Belgium 

c University o f Alberta, Department of Biochemistry 

d The lab strain also specifies a low-level resistance to Nal (20|xg/ml)
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Table 0-3  Plasmids used in this study

Plasmid Resistance
Marker

Use Reference or 
source

R27 Tc IncHH Prototype (150)

pDT2454 Tc Mutant of R27, derepressed for transfer (169)

R478 Cm Km Tc IncHI2 Prototype (154)

pDT1233 Tc Cb Cosmid subclone o f R27 Sall-FE (99)

pDT1942 Tc Km Mutant of R27, derepressed for transfer (91)

pGEM-T Cb PCR cloning vector Promega

pZERO-2 Km ccdB based cloning vector Invitrogen

pUCll9 Cb Cloning vector (162)

pOK12 Km Cloning vector (161)
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broth. Strains retrieved from cold storage were revived at 37°C overnight by growth on 

solid medium containing antibiotics selective for the strain, if appropriate.

3. Conjugation and assay of transfer ability.

Donor and recipient cells were grown to late log phase in Penassay broth for assay 

of LPS effect on transfer and in BHI broth for all other conjugation experiments. An 

inoculum of 50pl of late log phase donor and recipient cells were mixed and cells 

allowed to mate overnight at 28°C in 20ml of BHI broth. Following mating, the numbers 

o f total recipient cells and transconjugants were determined by serial dilution of the cell 

suspension in 0.05M PB and plating the dilutions on appropriate selective medium. Solid 

surface matings were performed using equal numbers of late log phase cells (50pl) mixed 

and spread evenly on BHI agar (1.6%), with cells scraped off following overnight 

incubation at 28°C using 1ml of 0.05M PB.

Mating efficiency in the presence of 0.1 M PEA (Sigma Chemical Company, St. 

Louis, MO) was determined by preincubating donor cells for 2 hours with 0.1M PEA and 

allowing the donor and recipient cells to mate on BHI agar containing 0.1 M PEA. 

Following overnight incubation at 28°C, cells were suspended in 0.05M PB, serially 

diluted and plated on appropriate selective media to determine transfer efficiency.

4. Determination of bacterial mating aggregation.

Donor cultures were grown for two hours at 27°C in BHI broth, lOjil were then 

removed using a wide-bore pipette tip and placed on the inside surface of a sterile plastic 

petri dish. The plate was inverted and lOpl of recipient culture grown for two hours at
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27°C was added to the hanging drop using a wide-bore pipette tip. The hanging drop 

suspension was placed over a small volume o f water, to limit droplet evaporation, and 

incubated for 30 minutes at 27°C. As a control 20pl of the two hour donor culture was 

incubated by the same hanging drop method.

A 200-mesh electron microscope copper grid (Fisher Scientific, 12-624-103), 

freshly coated with Formvar, was placed on the underside of the hanging drop and left at 

room temperature for one minute. The grid was carefully removed, edge blotted with 

Whatman #1 filter paper, and negatively stained with 1% phosphotungstic acid (w/v) 

(pH7.0) (Sigma) for 1 second.

Aggregate formation was assayed as a percentage of all cells observed using the 

Philips Model 410 transmission electron microscope, at an accelerating potential of 

80kV. Cell wall contact was considered aggregation and adjacent cells were carefully 

scrutinized at varying magnifications to differentiate random bacterial arrangements from 

aggregates. Aggregation due to mating was assessed by comparison of the percentage of 

aggregates observed between plasmid-free E. coli J53-1 and the appropriate LPS mutant 

recipient, to the aggregation observed between E. coli J53-1 (pDT2454) and appropriate 

LPS mutant recipient. LPS specific alteration of mating aggregation was determined by 

comparison of the percentage of aggregation observed with LPS mutant recipients and 

wild-type donors to LPS mutant donors and wild-type recipients.

5. Agarose gel electrophoresis

DNA fragments were separated using standard agarose (Promega, Madison, WI) 

at concentrations ranging from 0.6%-1.5% w/v. Electrophoresis was performed at 5-10 

V/cm for various time periods with TAE running buffer (0.04M Tris, 0.04M acetic acid,
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l.OmM EDTA, pH 8.3) and loading buffer (0.05% bromophenol blue, 0.05% xylene 

cyanol FF, 8% w/v sucrose). DNA present in the gels was visualized by immersion of 

the gel in 5pg/ml ethidium bromide in water for 20-30 minutes, followed by illumination 

with a UV transilluminator (260nm).

6. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Polyacrylamide gels containing 1% of the denaturant sodium dodecyl sulfate 

(SDS) were prepared as described by Laemmli (78). Polyacrylamide concentrations 

varied from 10-15% using a 40% acrylamide solution (19:1) with 1% ammonium 

persulfate as catalyst. A stacking gel of 4% acrylamide was layered above the actual 

separating gel for increased band resolution. A voltage of approximately 8 V/cm was 

applied to the gel until the dye front had passed the interface between the stacking and 

resolving gels, at which time the voltage was increased to approximately 15 V/cm for the 

duration of the run.

After electrophoresis, gels were immersed in Coomassie Blue stain (40% 

methanol, 10% acetic acid, 0.2% Coomassie Brilliant Blue R250) for at least 4 hours.

Gels were destained by washing in 30% methanol with 10% acetic acid until the required 

contrast was achieved. Alternatively silver staining of the proteins was used (128). After 

overnight fixation in 40% ethanol and 5% acetic acid, the gels were washed 3 times in 

Milli-Q water for 10 minutes. The gels were then incubated in 0.1% AgNC>3 (w/v) for 30 

minutes at room temperature. They were then washed a further 3 times in Milli-Q water 

and developed by immersion in 2.5% Na2C0 3  with 0.02% formaldehyde until bands were 

visible. Further development was prevented by addition of 1% acetic acid.
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7. High resolution SDS-PAGE.

To resolve the small pilin polypeptide, high resolution polyacrylamide gel 

electrophoresis were used according to the method ofShagger and vonJagow (138) in 

which three separate polyacrylamide layers were used. A 5% acrylamide stacking gel 

was separated from a 16.5% separating gel by a 10% acrylamide spacer. In addition 

separate cathode (0.1M Tris, 0.1M Tricine, 0.1% SDS, pH 8.25) and anode (0.2M Tris, 

pH8.9) buffers were used during electrophoresis, however the voltage used was identical 

to that used in normal SDS-PAGE analysis.

8. Pilus purification.

Purified conjugative pili were prepared from E. coli JE2571-1 (pDT1942) using 

previously identified methods (99) and analyzed by high-resolution SDS-PAGE. 

Coomassie blue stain was used for gross assay of purity of the preparations and silver 

staining for visualization of the purified pilin.

9. Plasmid purification

Large scale DNA purification was performed using a modification of the 

Bimboim and Doly protocol (16). An overnight culture (500 ml) of overnight broth 

growth of the E. coli, containing the plasmid of interest, was centrifuged at 5,000RPM 

(Beckman JA-14 rotor, 4,000xg) for 5 minutes. Excess broth was removed, and the 

bacteria were carefully suspended in 20ml of solution 1 (40mM Tris, 2.5mM EDTA, 10% 

glucose, pH 8.0), with special attention given to prevent premature lysis of the cells and

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



31

shearing of the DNA. Following, 40ml of solution 2 ( 0.2N NaOH, 1% SDS) was added 

and then mixed by careful inversion until clearing occurred. The sample was mixed with 

30ml of solution 3 (3M sodium acetate, pH 5.0) and allowed to stand in ice water for a 

minimum of 45 minutes. The resulting precipitate was removed by centrifugation at 

IO.OOORPM (JA-14 rotor, 15,000xg) for 20 minutes, and the supernatant mixed with an 

equal volume of isopropanol and incubated at -20°C for a minimum of 45 minutes. The 

solution was then centrifuged at 10,000RPM (JA-14 rotor, I5,000xg) for 10 minutes, the 

resulting pellet was then dried, and dissolved in 4ml of TE buffer (ImM EDTA, 10 mM 

Tris, pH 7.5) containing 20pg/ml DNAase free RNAase, and 5.2g of CsCli dissolved into 

it. After transfer to a Beckman Quick-Seal centrifuge tube (Beckman Instruments Inc, 

Palo Alto, CA), 40pl of lOmg/ml ethidium bromide solution was added. The tubes were 

then centrifuged in a Beckman TL-100 ultracentrifuge for 18-24 hours at 80,000 RPM 

(TLA 100.2 rotor, 227,000xg)

Medium scale plasmid DNA preparations were performed by a modified version 

of the large scale DNA purifications, using 20ml overnight broth culture of the bacteria 

containing the plasmid. The volumes of the solution were proportional to the volume of 

the cells: 400pl of solution 1,800pl o f solution 2, and 600pl of solution 3. Following 

addition of solution 3 and incubation in ice-water for 45 minutes, 0.7ml of supernatant 

was removed, 0.8ml of isopropanol added and incubated for a further 45 minutes a t ' 

20°C. The solution was centrifuged at 14,000 RPM (Eppendorf centrifuge 5414C, 

10,000xg) for 20 minutes, the resulting pellet dried and dissolved in 400pl o f solution 4 

(50mM Tris, pH8.0,0.1M sodium acetate). Two volumes of ethanol were added, the 

solution incubated at '20°C for 30 minutes and DNA precipitated by centrifugation at

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



32

14,000RPM (Eppendorf centrifuge 5415C, 10,000xg) for 10 minutes. The resulting 

pellet was redissolved in 200pl o f TE buffer and Ipi of DNAase free RNAase added.

Small scale DNA preparations were used for PCR screening of colonies to 

identify the presence of correct insertions in recombinant vectors. Procedures were 

similar to those used in medium scale preparations, except the bacteria were suspended in 

150|il o f solutionl, cells lysed by addition of 300pl of solution 2 followed by 225pl of 

solution 3. Following centrifugation the pellet was dissolved in 450pl of solution 4, and 

the DNA ethanol precipitated.

10. Transformation of bacterial cells using CaCI2.

Plasmid DNA and ligation mixtures were transformed into cells by the method of 

Cohen et al (27). A lOOpl aliquot of E. coli DH10B culture grown in BHI broth 

overnight, was inoculated into 20ml of BHI broth in a 40ml flask, which was incubated at 

37°C with constant shaking for 3 hours. The culture was aseptically transferred to a 

sterile 50ml centrifuge tube, and centrifuged at 5,000RPM (JA-20 rotor, 3,000xg) for 10 

minutes. The cells were then resuspended in 10ml of ice-cold 50mM CaCl2 , stored at 

4°C overnight and pelleted by centrifugation at 5,000RPM (JA-20 rotor, 3,000xg) for 5 

minutes. The supernatant was decanted and the cells resuspended in 2ml of ice-cold 

50mMCaCl2. Using a sterile pipette 100pl of the cellular suspension was added to 

approximately 50ng of DNA, mixed carefully and incubated at 0°C for 30 minutes. The 

suspension was then subjected to a heat shock at 42°C for 90 seconds, chilled in an ice 

bath for 2 minutes and 800pl of BHI broth added. Cells were incubated at 37°C for a
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minimum of 1 hour before plating on media containing appropriate antibiotic(s) to select 

for the presence of the plasmid within the cells.

11. Transformation of bacterial cells by high-voltage electroporation

Transformation of E. coli cells was performed using the method of Dower and 

Miller, with high-voltage applied to the prepared cells allowing entry of exogenous DNA 

(37). Electro-competent cells were prepared by inoculating 20ml of LB broth with lOOpl 

of overnight culture and then incubated at 37°C with constant shaking. The cells were 

transferred to a sterile centrifuge tube and pelleted by centrifugation at 5,000RPM (JA-20 

rotor, 3,000xg) for 5 minutes. Cells were washed 3 times in ice-cold sterile Milli-Q 

water, followed by one wash in ice-cold sterile 10% glycerol in Milli-Q water. Following 

the final pelleting the cells were resuspended in 2ml ice-cold 10% glycerol in Milli-Q 

water.

DNA solutions used for electroporation require very low concentrations of salt 

and therefore must be de-salted, though conditions varied depending on the DNA 

concentration within the sample. Addition of two volumes of room temperature ethanol 

to the DNA sample, brief incubation at -20°C and centrifugation at 14,000RPM 

(Eppendorf centrifuge 5415C, I0,000xg) for 10 minutes was usually sufficient. The 

DNA could be further de-salted if necessary following centrifugation by careful washing 

of the intact pellet with 70% ethanol at room temperature. The DNA pellet was then 

dissolved in lOpI of sterile Milli-Q water.

A volume of 40pi o f the bacterial cells, prepared as described above, was mixed 

with lOpl o f DNA, incubated at 0°C for 1 minute and placed in a chilled Biorad
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GenePulser cuvette (Cat# 165-2086). The cuvette was inserted into the Biorad 

GenePulser and subjected to electroporation using 2.4 Volts potential, 200 Ohms 

resistance and 25pFd capacitance. After electroporation 1ml of LB broth was added, the 

mixture was incubated for I hour at 37°C and plated on appropriate antibiotic medium 

for selection of the plasmid.

12. Restriction endonuclease digestion

Restriction endonucleases were obtained from two sources (Life Technologies, 

Rockville, MD; New England Biolabs, Canada). Digestions were carried out according 

to specifications supplied by the manufacturers using the restriction buffers supplied with 

the enzymes. Restricted DNA was analyzed by agarose gel electrophoresis.

When possible, multiple restriction digestions were performed using compatible 

buffers. If compatible buffers were not available following restriction digestion with one 

enzyme, the enzyme was heat inactivated by incubation for 10 minutes at 65°C, then 

precipitated in 2 volumes of ice-cold ethanol. The DNA was dissolved in water, a 

compatible buffer added and then restricted using the second enzyme.

Individual bands were isolated and purified after gel electrophoresis, allowing 

only a brief exposure to the UV light source to minimize DNA damage. The bands of 

interest were cut from the agarose gel, finely diced, placed in a Spin-X centrifuge filter 

(Coming Inc., Coming, NY) and centrifuged at 14,000RPM (Eppendorf Centrifuge 

5415C, I0,000xg) for 20 minutes to separate the liquid and DNA from the agarose. To 

the resulting liquid 2 volumes of ethanol were added. The ethanol mixture was stored at
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-20°C for 30 minutes and the DNA pelleted by centrifugation at 14,000RPM (Eppendorf 

centrifuge 5415C, I0,000xg) for 10 minutes.

13. DNA ligation

DNA restriction fragments with compatible ends were ligated by reaction with T4 

DNA ligase (Life Technologies, Rockville, MD) overnight at room temperature using the 

manufacturer’s recommendations for buffer conditions (50mM Tris, lOmM MgCL, ImM 

DTT, ImM ATP, 5% PEG-8000, pH 7.5). Total volume was kept to 20pl and 1-2 units 

of T4 DNA ligase used for each reaction.

For those reactions requiring blunt ends for ligation using DNA containing 5’ or 

3’ overhangs, Klenow fragment was used to generate blunt ends. The DNA fragment 

was suspended in water with lOpl o f 10X Klenow buffer (IOmM Tris, 5mM MgCb, 

7.5mM DTT, pH 7.5), Ipl 0.1M DTT, 0.5pl BSA, 2pl dNTP mix (1.25mM dATP, dGTP, 

dCTP, dTTP), Ipl lOmM ATP and the total volume brought to lOOpI with sterile Milli-Q 

water. To this mixture Ipl of DNA polymerase I (Klenow fragment) (Life Technologies, 

Rockville, MD) and Ipl of T4 Kinase (Life Technologies, Rockville, MD) was added and 

the tube containing the reaction incubated at 37°C for 1 hour. After incubation I pi of 

0.5M EDTA was added to stop the reaction and the enzymes digested by addition of lOpl 

of 1 mg/ml Proteinase K and lOpl 1% SDS, then incubated at 42°C for 1 hour. Protein 

was removed by phenol-chloroform extraction and DNA precipitated by addition of 2 

volumes of ethanol. The tube was placed at -20°C for 30 minutes and the DNA pelleted 

by centrifugation at 14,000RPM (Eppendorf centrifuge 5415C, I0,000xg) for 10 minutes. 

Ligation conditions were similar to those used in 5’ and 3’ overhang ligations except 3 pi
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of T4 ligase was used and incubated at 4°C for 6 hours, followed by 16°C for 16 hours 

and then 22°C and 2 hours.

14. Polymerase chain reaction

The polymerase chain reaction was used for amplification of fragments for both 

analysis o f recombinant vectors and for generation of specific linear fragments from 

larger constructs for cloning. Template DNA was either purified (for cloning) or 

prepared using the small scale plasmid preparation (for recombinant vector analysis). 

Primers used in this study are listed in Table II-4 .

Approximately IpM o f each primer was added to approximately 0.1 pg of 

template DNA containing 2pl of lOmM dNTP mixture, 5pi of 10X PCR buffer 

(50mMKCl, lOOmM Tris-HCl, 1.5mM MgCl2, pH 8.3), l.5pl ofMgCl2, l.Spl ofTaq 

DNA polymerase (Life Technologies, Rockville, MD). The reaction mixture was 

brought to a total volume of 50pl with sterile distilled water. Samples were transferred to 

the Perkin-Elmer 9600 thermocycler or the BioRad GeneCycler and amplification 

performed for 35 cycles with the following parameters: 94°C, 40 sec; 50°C, 30 sec;

72°C, 45 sec.

The pGEM-T vector system (Promega Corporation, Madison, WI) was used for 

cloning o f those PCR fragments generated by Taq polymerase PCR, not incorporating 

unique restriction sites within the primers. In such cases the PCR product was separated 

and purified by agarose gel electrophoresis and the product ligated with the pGEM-T 

vector using usual 5’ and 3’ overhang ligation conditions. The fidelity of the resulting
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Table II-4 Oligonucleotide primers used in this study

Primer Sequence*
name__________________________________________________________________

CRAIG 1 AGGCTCTGGGAGGCAG 
CRAIG2 CATGCCGTCTGTGATGG 
CRAIG3 TTCCGATGATGGACGCTTC 
CRAIG4 ATGATTTTACCCGGCGCACC 
CRAIG5 CGCTTTTGCATTTTTGAAGTCC 
CRAIGlOb GAATTCAAATCAACACGGAG 
CRAIGllb CCCCCTCATTGTTATTGTTC
CRAIG 15 C GC GGATCC AT GG AACT G AC ATT G AAT ACT AAC GTT 
CRAIG 16 TTCCAAGTCATTGGCTGCAGTTCACAGAGGAATACCAGCATCCA 

GGAA

CRAIG 19 CCGGAATT C AAT GG AACT G AC ATT G AAT AC 
CRAIG20 CGGGATCCGTCAATGGTGATGGTGATGGTGAGCCAGAGGAATA 

CCAGCATCCAG

CRAIG34 CCACACCCCCCTTGGTTGGTTCTTG
CRAIG35 GTTTCAAGCCTGCCGATGTG
CRAIG36 TGCACGCTTTACCGTTCG
CRAIG37 GACTGATGTGACTGTGG
CRAIG38 TACCGGCACAGTTCGTTTTCCTG
CRAIG39 TCGGTCATGCTGCAAC
CRAIG31 CAGGATCCCAACCCTAGATTCATGTACACCTG
CRAIG33 GCTGAAGCACAGAAAACCG
CRAIG40 CCCAAGCTTGGGATCAGAAATCAGTAGCCCAG
CRAIG41a CGGGATCCGCGAGTAACCAGACATCAG
CRAIG52 AAAAATTCACCCTGCCCC
CRAIG60 CCCAAGCTTCACTCACAAAAATTACCCC
CRAIG61 CGCGGATCCCCTAAAAATGCCAGCAAC
CRAIG62 CCCAAGCTT AAAAATTCACCCTGCCCC
CRAIG63 CGCGGATCCTTGCTGACATCAACTTCAACC
CRAIG64 CCCAAGCTTCGAGATGGACTCACATTGCC
CRAIG65 CGCGGATCCGTCTACGCATTACCAAGTCC
CRAIG72 CCGGAAHCATGAGAGGCTCGCATCACCAT

* Restriction sites incorporated in the oligonucleotide primers are underlined

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



38

clone was ensured by DNA sequencing of the insert using primers specific to upstream 

(M13For) and downstream (M13Rev) o f the insertion.

Those PCR amplified products with unique restriction sites available for cloning 

were amplified using the PJu DNA polymerase (Stratagene) for increased fidelity of the 

final product. Buffer and reaction conditions were used as recommended by the 

manufacturer.

15. DNA sequencing

DNA sequencing was performed using the ThermoSequenase, radiolabeled 

terminator, cycle sequencing kit (Amersham), with 33P labeled nucleotides. Sequenced 

products were visualized using a 40% urea PAGE gel running at 135W. Glycerol 

tolerant buffer at a final concentration of 0.8X to IX (Per litre: 21.6g Tris base, 7.2g 

Taurine, 4g EDTA) was used to compensate for the high glycerol content o f the pre­

diluted enzyme.

16. Cell free protein expression

Expression of polypeptides from cloned DNA fragments in a cell free background 

was performed using the Promega E. coli T7 S30 extract system for circular DNA, a 

coupled transcription/translation system, using 35S methionine for labeling. 5pi of CsCh 

purified recombinant vector DNA (approximately 4pg) was added to 5 pi o f the amino 

acid mixture (without methionine), containing 20pl of S30 premix, 15pl o f T7 S30 

extract and 3pl of 35S methionine. The mixture was gently mixed and incubated at 37°C
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for 1.5 hours. The reaction was stopped by immersion in an ice bath and the reaction 

contents separated by SDS-PAGE analysis. The subsequent gel was dried, under 

vacuum, at 65°C for 4 hours and exposed to Kodak X-ray film (X-OmatAR) overnight at 

room temperature to visualize the polypeptides.

17. Immunoblotting procedures.

Proteins separated by SDS-PAGE were electrophoretically transferred to 

nitrocellulose filter using a tank electroblotting device (BioRad laboratories, Hercules, 

CA) for 6 hours at 27V (25mM phosphate buffer, pH7.4). The membrane was then 

transferred to a small dish and washed for 1 hour by slight shaking in PBS-Tween 

(25mM PBS, 0.0005% Tween-20, pH7.4) with 10% skim milk powder (milk) and then 

rinsed twice in PBS-Tween (10% milk). A 1:2000 dilution of the primary antibody in 

40ml PBS-Tween (5% milk) was added and incubated with slight shaking, at room 

temperature, for one hour. After draining, the membrane was rinsed twice in PBS-Tween 

(5% milk) and washed twice for 10 minutes in PBS-Tween (5% milk). To the membrane 

40ml of a 1:5000 dilution of horseradish peroxidase-labelled secondary antibody, in PBS- 

Tween (5% milk), was added to the membrane and incubated at room temperature for 15 

minutes. The antibody solution was then drained and washed twice for 10 minutes in 

PBS-Tween (5% milk). The membrane was transferred to a new dish, immersed in ECL 

mixture (Enhanced Chemiluminescence, Amersham Life Science: 1.5ml ECL Solutionl,

1.5ml ECL Solution2,3ml water) and left to sit for one minute. Excess fluid was 

drained, the membrane wrapped in Saran Wrap, exposed to Kodak X-Omat Blue film for 

20 seconds to two minutes, and the film developed.
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18. DNA transfer to nitrocellulose membranes

Following agarose gel electrophoresis of DNA fragments, the gel was transferred 

to a glass baking dish and extraneous areas of the gel cut away. A small nick was placed 

at the lower left comer for later orientation of the gel. The DNA was denatured by 

soaking of the gel in 1.5M NaCl and 0.5M NaOH for 45 minutes, washed briefly in 

deionized water and the pH neutralized by incubation in 1M Tris (pH7.4) with 1.5M 

NaCl twice for 30 minutes. The gel was drained and then centered on a piece of 

Whatman 3MM paper wrapped about a glass plate support. The wrapped support was 

then placed over a glass dish and the dish filled with transfer buffer (1.5M NaCl, 0.15M 

Sodium Citrate) such that the ends of the 3MM paper were immersed. A piece of 

nitrocellulose filter was cut to the exact size of the gel, moistened briefly in deionized 

water and immersed in transfer buffer for five minutes. The filter was then placed over 

the agarose gel, all air bubbles carefully removed and the gel completely surrounded, but 

not covered, with Saran Wrap. Two pieces of 3MM paper were wet in 2X SSC buffer 

(0.3M NaCl, 0.03M sodium citrate, pH7.0) and placed over the nitrocellulose membrane. 

A 10cm stack of paper towels was then placed over the gel/membrane/3MM paper, 

weighted down by approximately 500g and left overnight.

The following day the stack was disassembled, the nitrocellulose filter removed 

and carefully washed for five minutes in 6X SSC buffer (0.9M NaCl, 0.09M sodium 

citrate, pH7.0). The membrane was then air-dried and the DNA fixed to the membrane 

by baking under vacuum for one hour at 80°C.
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19. DNA probe labeling.

Probes were constructed by PCR with appropriate primers and template DNA, 

generating linear DNA specific to the sequence to be probed. The PCR product was 

purified by agarose gel electrophoresis, precipitated and dissolved in deionized water.

An aliquot of approximately 25ng was removed, denatured in boiling water for five 

minutes and cooled on ice. To the cooled DNA, 2pl of nucleotide solution (0.5mM 

dATP, dTTP, dGTP) and 5pi of 10X Klenow buffer was added, and the total volume 

brought to 50pl with deionized water. As a radioactive label, l-2pl of 32P dCTP was 

added, immediately followed by addition of Ipl of DNA polymerase I. The mixture was 

incubated for one hour at 37°C and the DNA precipitated by addition of 3pi of sodium 

acetate (3M, pH5.0) and lOOpl of ice-cold ethanol, then incubated for 30 minutes at '20C. 

The DNA was pelleted by centrifugation for 10 minutes at 14,000 RPM (Eppendorf 

Centrifuge 5415C, I0,000xg), dried, and re-dissolved in 20pl ofTE buffer. A 2pl sample 

was removed and radioactivity assessed in the Wallac 1414 Liquid Scintillation Counter 

using 10ml of CytoScint (ICN Pharmaceuticals, Costa Mesa, CA) liquid scintillation 

cocktail.

20. Sequential scanning of amino acid reading frames encoded within the Tra2 

region.

Using the Borland V4.5 programming language (Borland International, Scotts 

Valley, CA), a computer program was constructed in which formatted amino acid 

sequence was input, the amino acid composition within a 25 amino acid frame calculated, 

compared to previously determined values and the frame shifted downstream by one
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amino acid. This procedure was repeated until all input amino acids were sequentially 

scanned.

21. Bacteriophage isolation

Bacteriophage preparations of Hgal were obtained by inoculating 20 ml of BHI 

broth with 50pl of 6 hour culture of E. coli J53-1 (pDTl942) and addition of 50|a.l of 

Hgal stock (6.4x108 pfu/ml). The suspension was incubated overnight at 28°C, vortexed 

briefly and centrifuged at 5,000RPM (JA-20 rotor, 3,000xg) for 10 minutes. The 

supernatant was decanted, 0.5ml of chloroform added and the phage suspension stored at 

4°C.

22. Bacteriophage assay.

A bacteriophage assay was performed as described previously (128). A volume 

of 50|il of E. coli J53-1 (pDT1942), grown at 28°C for 6 hours in BHI broth, was added 

to 8ml of molten BHI broth containing 0.8% agar equilibrated to 45°C. The bacterial 

suspension was carefully mixed, spread onto a BHI agar plate and allowed to solidify at 

room temperature. After solidification lOpl o f phage suspension was spotted onto the 

plate and the plate incubated overnight at 28°C. Plates were examined for zones of 

clearing at the point o f phage spotting.

Assay of the plaque forming units present within a sample was determined by 

addition of lOOpl of serial dilution of the bacteriophage sample to E. coli J53-1 

(pDT!942), grown for 6 hours at 28°C, in 8ml of molten BHI broth containing 0.8% agar 

equilibrated to 45°C. The phage mixture was carefully spread onto a BHI agar plate and
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incubated overnight at 28°C. Individual plaques were counted, and the total number of 

plaque forming units per ml (pfii/ml) determined.

23. Radiolabeiing of phage

As a method o f identifying successful pilin expression within transfer-deficient 

mutants o f R27, the H-pilus specific bacteriophage Hgal was radiolabeled, purified and 

then used for screening of previously generated mutants (99). Labeled bacteriophage 

were generated by incorporation of a radioactive label by growth on defined media 

containing 35S methionine.

Labeling media was prepared as follows: 100ml of M9 minimal media (128) 

containing 200pl MgS0 4  (1M), 20pl CaCb (1M), I ml proline (5mg/ml), I ml thiamine 

(l.5mg/ml), 1ml threonine (5mg/ml), 1ml arginine (l.5mg/ml) and either 1.6g (base) or 

0.8g (soft overlay) agar. The medium was sterilized by autoclaving and 1ml glucose 

(20% w/v) and 50pl of 1,000 Ci/mM 35S methionine were added (NEN Life Science 

Products, Boston, MA). A volume of 25ml of 1.6% agar was poured into a sterile petri 

dish and allowed to solidify. Following solidification, lOOpl o f a 6 hour culture E. coli 

J53-1 (pDT1942), grown at 28°C, was added to 4ml of molten supplemented M9 medium 

containing 0.8% agar equilibrated to 45°C. Immediately, 50jil phage stock (6.4x107 

pfti/ml) and 5pl 35S methionine was added, carefully mixed and poured on to the 

solidified agar base. The plate was then sealed with parafilm and incubated at 28°C.

After an 18 hour incubation, 1ml o f LB medium was placed on the overlay at 

room temperature for 5 minutes and then the cells were carefully scraped off the plate. 

The resulting suspension was lysed at room temperature by treatment for 20 minutes in a
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Bransonic 220 sonicating water bath (Tetrochem laboratories Ltd., Edmonton, Canada) at 

room temperature and LB medium added to bring the total volume to 5 ml. The 

bacteriophage suspension was purified as described in the next section.

24. Bacteriophage Hgal concentration.

Purification of the bacteriophage Hgal was based upon the methods of 

Sambrook et al. (128). DNase I and RNase were added to the 5ml phage suspension to a 

final concentration of lpg/ml. The enzymes were allowed to digest their substrates for 

30 minutes at room temperature. Then 2.9g of NaCl was carefully dissolved in the 

suspension which was incubated at 0°C for I hour. The contents were transferred to 

microfiige tubes and centrifuged at 14,000RPM (Eppendorf centrifuge 5415C, I0,000xg) 

for 10 minutes at 4°C. To the supernatant 0.5g of PEG was dissolved in the supernatant 

and then cooled to 0°C for I hour. Bacteriophage were pelleted by centrifugation at 

14,000RPM (Eppendorf centrifuge 5415C, l,000xg) for 10 minutes, the supernatant 

removed, and the remaining fluid carefully drained. Final titre o f the purified 

bacteriophage was determined to be 6xl09 pfu/ml with a measured radioactivity of 

7.3x106 cpm/ml.

25. Screening of pilin-deficient mutants.

Cells containing transfer-deficient R27 mutants were grown overnight at 28°C 

and lOOpl of culture was either used directly or first lysed using the 

dismembranator/probe sonicator (Fisher Scientific) set at 60% power, 3 times for one 

minute. The Bio-Dot microfiltration apparatus (Bio-Rad laboratories, Richmond, CA)
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was used for transfer of the cells to a nitrocellulose membrane (0.45pm, Micron 

Separations Inc, Westborough, MA). The membrane was clamped between the gaskets 

and the 96 well sample template, lOOpl of culture or lysate were added to individual 

wells and allowed to filter through the membrane by gravity only. Wells not containing 

samples were covered with parafilm to create a seal for later steps requiring vacuum. The 

wells were washed with lOOpl TBS (20mM Tris, 500mM NaCl, pH7.5) containing 

0.05% Tween 20 using gravity only, followed by a second wash of lOOpl using vacuum 

to speed the process.

Once dry, the nitrocellulose filter was removed and washed for 5 minutes on a 

rotary shaker with 0.05% Tween 20 in TBS, followed by blocking of the membrane by 

incubation overnight at room temperature in 1% BSA in TBS with slight shaking. The 

membrane was then washed with 0.05% BSA-TBS, and incubated overnight in 20mL

0.05% BSA-TBS containing 150pl of radiolabeled phage. The membrane was then 

washed three times for 15 minutes in 0.05% BSA-TBS, followed by two washes in TBS. 

The membrane was wrapped in Saran wrap and exposed to Kodak X-ray film (X-Omat 

AR) at room temperature until an appropriate exposure was obtained (approximately 36 

hours).

26. Construction of histidine tagged TrhA protein.

A series of 6 histidine residues (6xHis) was used to tag the TrhA protein at the N- 

and C- terminal ends o f the protein. C-terminal 6xHis additions were generated using 

primers constructed such that 3 sets of the DNA sequence “CATCAC” encoding two 

histidine residues,were generated on the “+” reading strand, followed by a ‘TGA” stop
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codon (CRAIG19 and CRAIG20), using the cosmid pDT1233 as template. The unique 

restriction sites £coRI and 5am HI were incorporated into the upstream and downstream 

primers respectively for use in directional cloning of the amplified DNA into the 

expression vector pMSl 19.

Addition of a N-terminal histidine label was performed by either of two methods. 

A N-terminal 6xHis label was incorporated using constructed PCR primers similar to that 

done with the C-terminal tags (CRAIG72 and CRAIG73) with an “ATG” methionine 

start codon encoded into the upstream primer, followed by 3 sets of the “CATCAC” 

nucleotides. The resulting PCR product was cloned into the expression vector pMSl 19.

A second method of N-terminal histidine-labeling utilized the expression plasmid 

pBTlT-T<)>, a modified version of the prokaryotic expression vector pT7-7. pBTlT-T<|> 

contains, amongst other features, a T7 gene 10 <|)10 promoter, 6xHis tag and a T7 

transcription terminator. Primers specific to the trhA gene were constructed, 

incorporating a unique upstream BamHl and a downstream Pstl restriction site into the 

PCR product for directional cloning into the pBTlT-T(J), resulting in a proper fusion 

protein.

27. Procedure for generation of trhA mutants

The complete trhA gene and flanking sequence was amplified by PCR and cloned 

into pGEM-T generating the plasmid pCS15. The primers used for the PCR reaction 

were specific to approximately 400bp upstream and downstream (nt 37197-38463)of the 

trhA gene (MIC49 and MIC50).
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Using a unique EcoKV restriction site located 156 nucleotides (nt37882) 

downstream of the “ATG” start o f the trhA gene, two separate insertion-mutants were 

generated by blunt-end ligation. The TnJ kanamycin-resistance (KmR) cassette was 

excised from the cloning vector pUC4-KDCX (12) by restriction with the Smal enzyme. 

The fragment was agarose gel purified and blunt-end ligated into the unique EcoRV site 

within the cloned trhA gene in pCS15. A second mutant was generated by insertion of a 

Campylobacter coli chloramphenicol cassette (CmR) excised from pUOA20 using Hincn. 

and blunt-end ligated into the unique EcoKV restriction site within pCSl5. The resulting 

plasmids were transformed into E. coli DH10B and plated on BHI agar selecting for the 

pCS15 plasmid (CbR) and the presence of the inserted cassette (KmR or CmR). Correct 

insertion of the cassettes was determined by PCR using primers flanking the EcoRV site 

(CRAIG3 and CRAIG4) and by sequencing using the flanking primers.

As a positive control for the following recombination experiments, 3.9kb HindRl 

fragment carrying the mini-Tn/0 insertion was excised and agarose gel purified from the 

pDT1942 transfer-deficient mutant, pDT2955 (99). The position of this mutation has 

previously been identified as being within the trhC gene and the mutant has a transfer- 

deficient phenotype. The purified fragment was then cloned into the unique //mdlll site 

within the multiple cloning site of pUCl 19, generating the plasmid pCS21.

28. Procedure for generation of trhA mutants within R27 using linear fragment 

recombination.

As labeling and therefore effective purification of the TrhA protein was 

unsuccessful, mutation of the trhA gene within R27 by recombination, to prove the role
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of trhA in pilus biogenesis, was attempted. Linear fragments of the Km or Cm cassette 

disrupted trhA gene were generated using primers specific to approximately 400 bp 

upstream and downstream of the trhA gene (MIC49 and MIC50)( nt 37197-38463), the 

trhA gene proper (CRAIGlOb and CRAIGl lb)(37658-38044) or primers bracketing the 

EcoRV cassette insertion site by approximately 100 nucleotides (CRAIG4 and 

CRAIG5)(37833-37994).

The linear PCR fragments were purified by agarose gel electrophoresis and 

introduced by electroporation into E. coli TGI (R27), E. coli SMR130 (R27) and E. coli 

RG192-2 (R27). After incubation at 37°C for 1 hour in 1ml BHI broth, the cells were 

plated on BHI agar containing antibiotics to select for the presence of R27 (Tc) and the 

disrupting cassette (Cm or Km). As a positive control the 3.9kb Hindlll fragment was 

excised from pCS21, agarose gel purified and introduced by electroporation into the three 

strains.

29. Procedure for generation of transfer mutants using vector based recombination.

Two linear fragments were generated by PCR of the disrupted trhA gene using 

two sets o f primers. One set was specific for the boundaries o f the trhA gene 

(CRAIGlOb and CRAIGl lb) and one set specific to 400bp upstream and downstream of 

the gene (MIC49 and MIC50). The fragments were then ligated into pGEM-T. As a 

positive control the 3.9kb HindSI fragment of pCS21 was excised by endonuclease 

digestion and blunt-end ligated into the insertion site of pGEM.

These recombinant plasmids were introduced by electroporation into E. coli 

SMR130 (R27), incubated for 1 hour at 37°C in 1ml BHI broth and the cells were mated
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with 50|il of mid-log recipient, E. coli J53-1 in 20ml of BHI broth, overnight at 28°C.

The presence of the disrupted trh gene in the recipient was selected by growth on BHI 

agar plates containing antibiotics to select for the presence of R27 and the recombined 

cassette within the recipient cells.

30. Procedure for selection of trhA recombinants by lethal gene induction.

As linear and vector based recombination mutation of the trhA gene did not 

generate site-specific insertion of the disrupting cassette, selection of trhA recombinants 

by utilizing the presence of the lethal ccdB gene within the pZERO cloning vector was 

attempted. Copies of the PCR generated trhA genes containing the Cm cassette 

disruption were cloned into the unique 5ml site found downstream of the ccdB gene. The 

3.9kb pCS21 Hindm  fragment containing mini-Tn/0 was excised using HindHl, purified, 

blunt-ends were generated and the fragment cloned into the 5mI site within pZERO-T.

These constructs were introduced by electroporation into E. coli RR1. Cells were 

incubated for 1 hour at 37°C in 1ml BHI broth and mated with 50(il o f mid-log E. coli 

J53-1 which were incubated overnight at 27°C. The mating mixture was plated on BHI 

agar plates containing CmTcNal to select for the presence of the disrupted trhA gene in 

the recipient and 50mM IPTG to induce the ccdB gene if present within the recipient cell.

31. Generation of the complete sequence of R27.

Plasmid DNA was isolated from Escherichia coli (J53-1) by alkaline lysis and 

purified by cesium chloride density gradient centrifugation. DNA was prepared for 

library construction by nebulization, end-repair and size fractionation (92). Recovered
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DNA fragments were ligated into M13Janus (23). Library subclones were picked as 

plaques, from which template DNAs were prepared and then sequenced by Prism Dye- 

terminator Cycle Sequencing chemistry and analyzed on ABI377 automated sequencers 

in the laboratory of Dr. F. Blattner, University o f Wisconsin (17). The annotated 

sequence is deposited in GenBank, Accession number AF250878.

32. Annotation

Sequence assembly and identification of open reading frames (ORFs) was 

performed as described previously (24). Further identification of the ORF start sites was 

based on ribosomal binding site (RBS) matches upstream of potential starts. In the 

absence of strong RBS prior to putative start sites, codon usage data was utilized to 

identify likely starts.

Searches of the protein databases for amino acid similarities were performed 

using DeCypher II system (TimeLogic Inc.) to assign known functions or suggest 

functions for new ORFs (17). Further analysis of the ORFs was performed using BLAST 

sequence analysis tools (6) with subsequent comparison of ORFs showing significant 

homology (greater than 10‘3 significance) performed using a Lipman-Pearson algorithm 

(114). Significant similarity was defined as at least 30% identity observed over 60% of 

the ORF, though those ORFs showing lower than 30% identity over greater than 60% of 

the protein were also included. ORFs are labelled ORF001 to ORF210.

G+C content was calculated using the Windows program from the GCG Software 

Suite Version 9.1 (Genetics Computer Group, Inc.) with the following parameters: 

window of 1000 nucleotides with a 100 nucleotide shift.
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Prediction of transmembrane helices was completed using the TMPred internet- 

based program (www.ch.embnet.org/software/TMPRED_form.html).

Analysis of ORF158 and comparison to Tip A was done using the C0ILS2 

program (http://www.ch.embnet.org/software/COILS_form.html) (88) (28 residue 

window, MDITK sequence profile, weighting on) and PARCOIL 

(http://nightingale.lcs.mit.edu/cgi-bin/score) (13).

33. Cloning of ORFs015-018

Primers incorporating restriction endonuclease sites specific to upstream (//zVzdlll) 

and downstream (BamHl) of ORF015 (CRAIG60+61), ORF016 (CRAIG40+41a), 

ORF017 (CRAIG62+63) and ORF018 (CRAIG64+65) were constructed. Using the A22 

cosmid, containing the cloned XbaD fragment o f R27, the individual genes were PCR 

amplified using Pfu polymerase. The linear fragments were agarose gel purified, 

digested with BamHl and HindUL restriction endonucleases and ligated into pZERO-2.

The four ORFs (ORF015-018) were cloned as a single unit using primers 

incorporating restriction endonuclease sites upstream (BamHl) (CRAIG31) and 

downstream (HindUI) (CRAIG65) o f the putative transcripition start of ORF018. The 

restriction sites were reversed so as to allow directional cloning into the pZERO vector 

opposite to the vectors internal Piac promoter. The genes were PCR amplified using the 

A22 cosmid as template with Pfu polymerase. The resulting fragment was agarose gel 

purified, endonuclease digested with BamHl and HindUI, and ligated into pZERO, 

generating a clone of the four ORFs, without its native transcription promoter site, under 

the control o f P|ac. Using the primers CRAIG60 and CRAIG65 with the A22 cosmid as
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template, the four ORFS (ORF015-018) were PCR amplified, endonuclease digested 

(BamHl, BT/ndlll) and ligated into pZERO, resulting in the four ORFs being under the 

control o f the Piac promoter of the vector.

34. Mutation of ORF018

ORF018 contains a single Nsil restriction site, used for creation of an insertion- 

mutant o f the gene. Unfortunately the pZERO vector, in which the ORF was originally 

cloned, contains two separate Nsil sites upstream of the BamHl and HindLQ. sites used in 

the original cloning. Therefore it was necessary to transfer the ORF to a vector which 

does not contain a Nsil restriction site (pUCl 19).

ORF018 was PCR amplified using the CRAIG64+65 primers with the A22 

cosmid as template, digested with BamHl and HindUI endonuclease, agarose gel purified 

and ligated into the unique BamHI///mdIII site within pUCl 19. The resulting construct 

was transformed by electroporation into E. coli DH10B, and colonies containing 

recombinant plasmids were selected. A single colony was chosen, and PCR screened for 

the presence of ORF018 using the CRAIG64 and CRAIG65 primers. This plasmid was 

then purified, and digested with the Nsil endonuclease.

A linear CmR cassette was generated using primers (CRAIG36+37) internal to the 

mini-Tn/0 transposon, amplifying a 780nt fragment (nt238-1038) containing the CmR 

gene. This was then blunt-end ligated into the unique Nsil site present within the 

pUCl 19 cloned ORF018. The plasmid was transformed into E. coli DH10B and 

transposon insertions selected by growth on BHI agar containing Cb and Cm. A 1.4kb
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fragment was then released by digestion with BamHl and //i/idlll endonucleases and 

cloned into the unique BamHl and / /m d in  sites present in pZERO.

Sequence-specific recombination between the disrupted ORF018 and R27 was 

performed as detailed previously.
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Chanter in LPS Effect on Recipient Ability*

As LPS truncation affected the frequency of conjugation in some plasmid 

systems, the effects of LPS truncation on the conjugation of the IncHIl plasmids was 

assessed. Isogenic S. typhimurium containing mutations within the LPS biosynthetic 

genes provided a range of well-defined LPS truncations which were available for study. 

As it was possible to use the LPS truncated mutants as both donor and recipient, the role 

of LPS in the process of conjugation was further elucidated. Observing the change in 

aggregation of mating mixtures using selected LPS truncated mutants as either donor or 

recipient was possible and further enhanced our understanding of the role of LPS in 

IncHIl plasmid conjugation.

1. Effect of LPS inner core mutations on recipient ability of S. typhimurium.

Conjugation experiments in liquid medium were carried out with the IncHIl 

plasmids R27, its transfer-derepressed derivative pDT2454, and the IncHI2 plasmid 

R478; using E. coli J53-1 as the donor. Isogenic LPS mutants of S. typhimurium SL1027 

were used as recipients and transfer frequency determined. The transfer frequencies of 

these plasmids were reduced to the limit of detection (less than 10'8 transconjugants per 

recipient cell) in the S. typhimurium recipients with rfaD and rfaE mutations (Table III- 

1). In contrast, mutation of the inner core by rfaF increased transfer frequency, relative 

to wild-type, for the R27, pDT2454, and R478 plasmids. Complementation of the rfaF 

mutation by introducing, by electroporation, a plasmid carrying the wild-type rfaF gene, 

pKZl 100 (140), reduced transfer frequency to the observed wild-type levels.
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Table LH-1. Conjugative transfer of IncH plasmids to S. typhimurium SL1027 

derivatives in liquid medium

Strain

Transfer frequency at 27°Ca

Partial
Phenotype IncHI

R27 PDT2454

IncHI2
(R478)

SL1027 Wild-type <1 x 10'8 3.4 x lO* 6.3 x lO*

SA2205 rfaL <1 x 10‘8 3.6 x 10-6 1.6 x 10’6

SL733 rfaK <1 x 10‘8 3.7 x 10'6 2.2 x I0‘6

SA1905 rfaJ <1 x I O'8 7.5 x 10'6 9.8 x 10'6

SA2206 rfal <1 x 10‘8 4.3 x I O’6 2.0 x 10'6

SL1060 rfaH <1 x 10‘8 3.5 x 10'7 7.7 x 10’6

SL1183 rfaF 2.6 x I O'6 5.5 x 10-4 4.0 x I O'3

SL1102 rfaE <1 x 10‘8 <1 x 10‘8 <1 x 10‘8

SL3600 rfaD <1 x 10‘8 <1 x 10'8 8.2 x 10‘7

a Transconjugants per recipient cell and average of three experiments. Determined by an 

18 hour mating in Penassay broth (see Materials and Methods)
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The rfal, rfaJ, rfaL, and rfaK mutations, resulting in truncation of the outer core, 

LPS had little effect on recipient ability. The rfaH mutation, believed to be a positive 

regulator required for expression of several enzymes including those responsible for 

addition of galactose (Gal) from UDP-Gal to Gal-deficient LPS cores (133), had no 

obvious effect on H plasmid transfer.

The transfer frequency of the plasmid to the recipient was assessed for matings on 

solid medium (Table ID-2). Differences in transfer frequencies, compared to wild-type 

levels, correspond to those observed with matings in liquid medium. Complementation 

of the rfaF mutation with pKZl 10, reduced transfer to the observed wild-type levels on 

solid medium, as was observed with liquid matings.

2. Effect of PEA on transfer efficiency.

The addition of exogenous PEA to matings is known to significantly decrease 

transfer frequency for the F plasmids (9), however its method of action is poorly 

understood. The effect of PEA addition on the recipient ability of rfaF mutant recipients 

was assessed. Mating between E.coli J53-1 (pDT2454) and wild-type S.typhimurium in 

the presence of 0.1 M PEA resulted in a decrease from l.l  x Iff6 to 6.8 x 10'8 

transconjugants per recipient cell, whereas rfaF mutant recipient transfer frequency 

decreased from 1.4 x 10‘3 to 1.8 x 10'7.
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Table HI-2. Conjugative transfer of IncH plasmids to S. typhimurium SL1027 

derivatives on solid medium.

Strain Partial
genotype

Transfer frequency at 27°Ca

IncHIl
(R27)

IncHIl
(pDT2454)

IncH2
(R478)

SL1027 Wild-type 1.5 x 10 7 1.1 x 10 8.4 x I O'3

SA2205 rfaL <1 x 10‘8 <1 x 10'8 5.3 x 10'5

SL733 rfaK <1 x 10'8 2.0 x 10‘7 2.2 x I O'3

SL1183 rfaF 3.6 x 10'5 1.4 x 10‘3 4.8 x I O'3

SL1102 rfaE <1 x 10'8 <1 x 10‘8 <1 x 10'8

“Transconjugants per recipient cell and average of three experiments. Determined 

by an 18 hour mating on BHI agar plates (see Materials and Methods). All transfer 

frequencies within the triplicate assays were within the same log.
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3. Transfer from LPS mutant S. typhimurium donors to wild-type S.typhimurium 

recipients.

Previous experiments failed to identify if changes in transfer frequency due to 

LPS mutation was specific to the recipient phenotype. Therefore the frequency of 

transfer from S. typhimurium SL1183 (pDT2454) to S. typhimurium SL1027 was 

determined. Transfer from rfaF mutant donors to wild-type recipients was observed to be 

1.4 x 10'3, compared with 3.0 x 10'3 transconjugants per recipient as observed in transfer 

from wild-type donors to rfaF mutant recipients. In the context of 2-log increases or 

decreases in transfer frequency observed between rfaF mutant recipients and wild-type 

recipients, this change is not considered significant. Transfer using rfaK, rfaL, rfaH and 

rfaE mutant strains as donors to S. typhimurium SL1027 resulted in transfer frequencies 

nearly identical to that observed in plasmid transfer to LPS mutant recipients

4. Determination of aggregate formation by S. typhimurium LPS mutants.

Formation of wall-to-wall contact, visualized as bacterial aggregates, is an 

important step in the conjugal transfer of plasmids. Changes in the outer membrane 

structure, such as truncation of the LPS, may lead to a change in the affinity o f the cells 

for each other. Therefore assessment of the bacterial aggregation, both in a mating 

mixture and in a pure culture may lead to a better understanding of the role of LPS in 

conjugation.

Transmission electron microscopy was used to determine aggregate formation 

between a donor culture of S. typhimurium SL1027 (pDT2454) and four S. typhimurium 

recipients: SL1027 (wild-type), SL1183 (rfaF), SL1022 (rfaE) and SL1905 (rfaJ). The
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was also determined. In turn the percentage of cells observed to be within aggregates 

was compared to the cells in pure culture and to that observed in matings between the 

LPS mutant bacteria containing pDT2454 and S. typhimurium SL1027 recipient. The 

results are presented in Table EH-3. Changes in aggregation between LPS truncated 

donors to wild-type recipients, and wild-type donors to LPS truncated recipients were 

only considered as relevant to this study.

5. Conclusions

Alteration of the surface structures caused by mutations leading to LPS truncation 

results in changes in transfer frequency of R27, pDT2454 and R478 to a S. typhimurium 

SL1027 recipient. Changes in transfer frequency of IncHI plasmids into LPS mutant 

recipients do not correspond to observations made in the IncF and IncP systems 

(9,130), which may be due to donor and recipient interactions specific for the 

incompatibility group. Therefore the proteins involved in the 

initial steps in conjugation may not be conserved throughout the different plasmid 

systems.

Mutations in the LPS biosynthetic pathway which leave intact a minimal inner 

core structure, such as the rfaF mutation in S. typhimurium, appears to allow transfer of 

the IncHI plasmids at higher frequencies. Approximately 100 fold greater transfer 

frequency was observed in an rfaF mutant recipient compared to wild-type. Other 

mutations in the LPS biosynthetic pathway decreased (rfaD, rfaE) or had little effect 

(rfaL, rfaK, rfaJ, rfal, rfaH) on transfer frequency. This finding indicates that the LPS
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Table HI-3. Mating specific aggregation between LPS mutant recipients and

S. typhimurium SL1027

Partial
genotype

Observed Aggregation3 
(number of cells counted)

Change in 
aggregation 
specific to 

recipient LPS
Recipient

aloneb
To mutant6 From mutantd

wild-type6 43 +/-3 49 +1-2 n/a‘ n/a ‘

rfaE 37 +1-2% 52 +1-2 36 +1-2 +16

rfaF 62 +1-2 68 +1-2 56 +1-2 +12

rfaJ 60 +1-2 65 +1-2 55 +1-2 +10

a Aggregation, expressed as a percentage of all cells in an aggregate within the counted 

population of cells. Margin of error based upon sample size and within at a 95% 

confidence level.

b Aggregation observed in negative control containing recipient only. 

c Between wild-type S. typhimurium SL1027 (pDT2454) donor and LPS mutant recipient 

d Between LPS mutant strains carrying pDT2454, acting as donors, and wild-type S. 

typhimurium SL1027 recipients.

6 Mating between S. typhimurium SL1027 (pDT2454) and S. typhimurium SL1027 (Rif11) 

f As both recipient and donor were of the same phenotype (SL1027) there is no 

orientation of the transfer with respect to recipient.
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oligosaccharide, outer core or inner core may interfere with one of the steps prior to, or 

during, H-plasmid transfer. Complementation of the rfaF phenotype with a wild-type 

gene indicates that the increase in transfer frequency is strictly due to the LPS phenotype.

The rfaD and rfaE mutant recipients are completely heptose deficient, and this 

clearly interfered with recipient ability for the IncH plasmids tested. The rfaD and rfaE 

mutations are responsible for heptose synthesis and attachment to the nascent inner core, 

and these mutations result in LPS truncation following the 3-deoxy-D-manno-octulosonic 

acid residue. Of these inner core mutations resulting in heptose-deficient cores, only 

rfaD mutant recipients displayed any detectable transfer. S. typhimurium strains with the 

rfaD mutation have been observed previously to be somewhat leaky (133, 140). 

Mutations in the rfaD gene cause a defect in the epimerization of ADP-L-glycero-D- 

mannoheptose to ADP-L-glycero-L-mannoheptose, which is normally transferred to the 

inner core by the rfaC gene product. The rfaD mutation causes a buildup of ADP-l- 

glycero-D-mannoheptose, which has been observed occasionally to be incorrectly 

incorporated into the inner core. The incorporated ADP-l-glycero-D-mannoheptose 

allows continued core synthesis and leads to a heterogeneous population of LPS 

molecules, which contains some full-length LPS molecules (129). Therefore, the 

observed increase in the transfer frequency of the IncHI2 plasmid R478 into rfaD mutant 

recipients, compared to rfaE mutant recipients, may be a result o f the leaky nature of the 

rfaD mutation.

Increased aggregation was observed in mating mixtures o f all mutants tested, 

compared to that observed in wild-type donor alone (43%), indicating a plasmid specific 

interaction between the donor and recipient cells, increasing aggregation within the
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mating mixture. Aggregation increased in suspensions of LPS-mutant recipients alone, 

compared to that observed in wild-type recipient suspensions, indicates an increased 

affinity for LPS mutants to aggregate. Aggregation consistently increased with the 

introduction of donor cells harboring pDT2454.

In a conjugation mixture recipients with truncated LPS have a greater affinity to 

form aggregates compared to donor cells with identical LPS truncation. These results 

indicate that there is a recipient factor that is uncovered due to LPS truncation. As 

mentioned previously, conjugation can be separated into five stages. It is likely that the 

truncation of the LPS leads to increased plasmid-encoded pilus binding, leading to a 

greater percentage of wall-to-wall contact in the cells. Increased pilus binding could 

likely be the result of the unmasking of a cryptic receptor on the recipient in LPS 

truncated mutants. As increased aggregation does not necessarily lead to increased 

transfer frequency, it is clear that even though LPS mutation is of benefit in the first two 

steps of the conjugation process, with the exception of rfaF mutant cells, it interferes with 

later steps.

The effect of PEA addition on cellular physiology is poorly understood, but its 

effect on transfer of F plasmids well characterized (9). Addition of PEA to the medium 

may lead to increased presence of HepI-(P)PEA in the inner core. This may be caused by 

inhibition of inefficient cleavage of the HepI-(P)PEA by membrane bound TolC, via a 

shift in the kinetic equilibrium by the relatively large PEA concentration in the medium.

Reciprocal transfer of pDT2454 from LPS mutant S. typhimurium donors to wild- 

type S. typhimurium recipients showed no significant variation from that observed in 

wild-type hosts donating to LPS mutant recipients. Therefore changes in mating
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efficiency due to LPS mutation are not dependant on truncation of the recipient LPS, but 

on truncation occurring on either the donor or recipient. The LPS does not affect the 

recipient ability o f the cells; although it does result in increased plasmid initiated 

aggregation. This observation indicates that increase in transfer frequencies is not the 

result of increased receptor availability.

It is notable that only the rfaF mutant recipients displayed increased transfer 

frequency compared to wild-type cells. In turn the rfaF mutant recipient was decreased 

100 fold more by addition of PEA than the observed decrease in transfer observed in 

conjugations with wild-type donors and recipients. Yet mating-specific aggregation of 

rfaF mutant recipients is consistent with that observed in other strains with truncated 

inner and outer LPS cores. It therefore appears that the (P)PEA moiety, uncovered by the 

rfaF mutation is highly related to transfer efficiency. The exact relationship of 

aggregation to transfer frequency is unknown, with even lower transfer rates due to LPS 

mutation possible in the absence of increased aggregation.

Micellar membrane fractions containing homogeneous HepI-(P)PEA LPS have 

been shown to have a decreased binding to divalent cations compared to similar 

preparations o f wild-type membranes (133). Therefore, the (P)PEA substituent appears 

to mask the charge of the phosphate group. The masking of the overall outer membrane 

charge by increased PEA presence in the LPS may be responsible for the decreased 

transfer frequencies observed in the presence of 0.1 M PEA. It is possible that plasmid 

transfer benefits from a charge interaction between Hepl-P and components present in 

either the donor or recipient cell. In turn, the masking of the phosphate’s charge through
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increased HepI-PPEA content in the membrane may be detrimental to efficient plasmid 

transfer.

Molecular modeling of the S. typhimurium LPS by Katowsky et. al. (72) is 

consistent with the results of our transfer experiments. Two o f their conclusions are of 

particular relevance to our study. (I) The LPS core is a rigid structure, perpendicular to 

the outer membrane, with the 0  polysaccharide at a 90° angle to the core, and is believed 

to form a felt-like network over the cell surface. (II) The phosphate group on the HepI is 

always exposed to the media.

The felt-like network formed by LPS containing O polysaccharide does not 

appear to physically interfere with the efficient transfer of the IncH plasmid, as truncation 

of the LPS prior to the O polysaccharide has little effect on H plasmid transfer. This 

study has shown the importance of the HepI(P)PEA residue and effects of altered 

phosphorylation of the HepI residue due to increased PEA in the media, while molecular 

modeling demonstrates that this group will always be exposed and may possibly interact 

with the partner cell. Complete removal of the HepI, and therefore removal of the Hepl- 

(P)PEA via the rfaD and rfaE mutations, may decrease transfer due to absence of this 

(P)PEA moiety. Regardless of the exact affect of PEA on substitution of HepI-(P)PEA, 

PEA hinders IncH plasmid transfer, indicating that the charge o f the HepI substitution is 

involved in transfer.
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Chapter IV R27 Conjugal Pilin

Using sequence analysis and data obtained from matrix assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry, the pilin subunit 

was found to be encoded by ORF034 of R27, which was denoted as trhA. The presence 

of a homologue to a peptidase found in the IncP plasmids in R27, allowed a greater 

understanding of the potential processing of the R27 pilin. Using sequence specific 

recombination, mutation of the trhA gene in R27 was attempted. Using a 

chloramphenicol disrupted 3.9kb fragment of the trhC gene as a positive control, 

mutation of the trhC gene in R27 was possible through sequence specific recombination. 

R27 plasmids with mutations in the trhA gene were not isolated using identical methods.

1. Physical assay of purified pilin.

H-specific pilin was purified from the pil", fla' host E. coli JE2571-1 (pDT!942) 

by previously described methods. The resulting product was assayed by high resolution 

SDS PAGE and visualized using silver or Coomassie blue staining. Silver staining 

produced a single band, 3.2kDa in size whereas bands were not visible following 

Coomassie blue staining (Figure IV-l). These results are identical to those obtained in 

previous H-pili purifications (99).

The purified pilus sample was then assayed by MALDI-TOF (165), performed in 

the Department o f Chemistry at the University of Alberta. Two peaks were observed, a 

major peak at 7,234Da with a minor 3,630Da peak (Figure IV-2).
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Figure IV-1 Silver staining of purifiedR27 pilin

Pili purified from E. coli JE2571-1 (pDT2454) were purified as previously described, 

SDS PAGE separated and silver stained as described in Materials and Methods. Marker 

sizes are listed in kDa 

Lane A Final purified pilin

Lane B Concentrated pilin, prior to purification by repeated Ammonium sulphate 

precipitation.

Lane C Loading buffer, negative control.
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Figure IV-2 MALDI-TOF mass spectrometry of pilin.

Pili were purified from E. coli JE2571-1 (pDT2454) and purified as previously described. 

The purified preparation, displaying a single 3.2kDa band following SDS PAGE silver- 

staining, was assayed by MALDI-TOF spectrometry. Mass/charge (m/z) is listed in 

Daltons.
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Though the presence of a double-charged protein is common in mass 

spectrometry (appearing as a peak at half the original protein’s weight), the peak is 13Da 

lighter than would be expected if it was doubly charged. Only a 3.2kDa band is 

visualized in SDS PAGE, likely the 3630Da peak observed in MALDI spectroscopy of 

the purified pilin sample. Therefore the major constituent of the purified pilin sample is 

not separated or visualized in SDS PAGE analysis, even using 6M Urea as a denaturant.

2. Scanning for the pilin gene using amino acid content.

Over 30,000bp of DNA sequence was compiled (126) encompassing the complete 

Tra2 region of the plasmid R27, sequence flanking the

Tra2 region, and the SalI-G fragment (previously identified as being involved in pilin 

expression through miniTnlO mutagenesis). This DNA sequence was then translated into 

the corresponding 6 frames of amino acid sequence (3 forward, 3 backward) and 

compiled as a string of over 180,000 single letters, representing each amino acid and a 

stop codon. This was then used as input for the program constructed for sequential 

scanning and assay of amino acid content using a frame size of 25 and the previously 

determined amino acid composition of the purified pilin (2xAsx, 2xThr, 4-5xSer, 2xGLx, 

lxGly, 2xAla, 2xVal, lxlle, 2xLeu, 2xLys) (99).

Various stringencies were used, allowing for some error in the DNA sequence or 

possible errors in the amino acid content of the purified pilin. No frame of encoded amino 

acids was identified in the sequence resembling the amino acid content of the purified 

pilin. Purification of H-specific pilin was only successful in identifying the size of the 

pilus subunits. N-terminal sequencing of the purified pilin was unsuccessful (99) and the
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extremely low production of R27 pili and its derepressed derivative pDT1942, prevented 

the use of C-terminal or mass spectrometric amino acid sequencing. Even the use of the 

previously determined amino-acid content o f the purified pilin proved ineffective in 

identification of the pilin gene through sequence analysis, therefore attention was turned 

to mutation of the pilin gene by random transposon mutagenesis.

3. Assay of pilin production through phage adhesion

To identify genes involved in pilus synthesis and to derive a new screening assay 

for detecting pilin-deficient mutants, 45 transfer deficient mutants, previously generated 

by mini-Tn/0 insertion (99), were tested by phage adhesion assay. E. coli J53-1 was 

used as a host for each of the 45 transfer-deficient mutants tested for the ability of the H- 

pilus specific bacteriophage Hgal, with a 35S labeled methionine incorporated, to adhere. 

Of the 45 transfer-deficient mutants tested, 37 were positive in the phage adhesion test 

and 8 were observed to interfere with absorption of Hgal bacteriophage using a crude 

phage preparation. These 8 E.coli J53-1 strains containing plasmid mutants were then 

retested using purified radiolabeled Hgal bacteriophage. Of these only two mutant- 

containing E.coli strains were identified as unable to absorb the bacteriophage. The 

plasmids, designated pDT2972 and pDT2973 (Figure IV-3), had been previously 

identified as having insertions in the trhB and trhC genes respectively.

Previous typing of the 45 transfer-deficient mutants of R27 had identified only 11 

which allowed formation of plaques on addition o f the Hgal bacteriophage, even though 

43 of the 45 were competent for radiolabeled-phage adhesion (Table IV-1). Yet the 

bacteriophage are clearly H-pilus specific. Although the bacteriophage are able to adhere

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



70

•  -  •  Tf ' $  •  ■

12 15 20 21 46 41 R27 1942
. %

*
C’

Figure IV-3 Adhesion of radiolabeled phage to cells containing transfer-deficient 

pDT1942.

E. coli RG192-2 was adhered to a nitrocellulose filter and incubated with concentrated, 

radiolabeled Hgal bacteriophage. After washing the filter was exposed to Xray film for 

36 hours. The numbers correspond to transfer-deficient mutants, I (pDT2953) to 45 

(pDT2997) ofthe derepressed for transfer derivative o f R27, pDT1942 generated 

previously (100). Only transfer-deficient mutant 20 (pDT2972) and 21 (pDT2973) 

prevented binding of radiolabeled phage. Results were consistent throughout four 

binding assays.

1 3 4
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Table IV-1 Plaque formation, pilin expression and phage adhesion of transfer deficient 

R27

Gene Insertion Plasmida,b Plaque
Formation3

Pilin
Expression0

Phage
Adhesion*1

trhB pDT2970 - + +

pDT 2972 - +/- -

pDT 2985 - + +

trhC pDT 2955 +/- +

pDT 2957 - + +

pDT 2958 - + +

pDT 2959 - + +

pDT 2962 - + +

pDT 2969 +/- + +

pDT 2973 - +/- -

pDT 2978 - + +

pDT 2990 - + +

a Newnham, 1995(99) 

b Rooker et al, 1999(126)

c Pilin expression was established by observation of antibody labeling of a 3.2kDa band 

following SDS PAGE separation of whole cell protein. Antibodies were raised in 

Rabbits inoculated with purified pilin. 

d This study
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to cells carrying mutant R27, when tested using radiolabeled phage adhesion, they are 

unable to sustain a lytic infection, thereby implicating the transfer apparatus of R27 as an 

integral part of the infectious process o f Hgal. Of note was the observation that pDT2973 

(#20) and pDT2972 (#21) specify weak pilin expression as determined by SDS-PAGE 

immunoassay (Table IV-1). Although located in genes involved in pilus assembly, these 

specific insertion events have apparently disrupted pilin expression in an unknown 

manner. Other mini-Tn/0 insertions within the trhB (pDT2970, 2985) and trhC 

(pDT2955,2957,2962,2979) genes prevented lytic bacteriophage infection, but did not 

affect pilin expression or phage adhesion.

Previous analysis of transfer-deficient R27 mutants utilized antibodies generated 

in rabbits inoculated with purified pilin (99). These antibodies appeared to recognize a 

3.2kDa band in SDS PAGE separation of whole cell protein preparations. Yet there is a 

correspondence between the transfer-deficient plasmids pDT2972 and pDT2973, which 

produced low amounts of this 3.2kDa protein and also did not allow Hgal bacteriophage 

adhesion. This effect is not directly due to the insertion ofthe mini-Tn/0 transposon into 

the trhB and trhC genes, as other mutants of these genes express the 3.2kDa band. 

Although the 3.2kDa band appears to be a minor component of the pilin sample it is 

likely associated with pilin expression in R27 as phage adhesion indicates.

4. Identification of the pilin gene through sequence analysis

Sequence analysis in conjunction with transposon mutagenesis (99) identified two 

regions responsible for conjugative transfer of the plasmid, transfer region I (Tral) and 

transfer region 2 (Tra2). Sequence similarity to the IncF plasmid group clearly identified
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Tra2 as being responsible for pilin synthesis and mating pair formation (see below). 

Therefore the Tra2 region was the primary focus in the search for the pilin gene.

There is a strong similarity in the gene order between the transfer regions of the 

IncF family of plasmids (with notable exceptions outlined later) and the Tra2 region of 

R27 (Figure IV-4). As the Tra2 region has a similar order to that seen in the F system, 

initial attention was turned to ORF034, the first gene in the Tra2 region and designated as 

trhA (see later), as the most likely candidate for the pilin gene in R27 (126).

ORF034, encoding a protein of I88a.a., is similar in size to the pilin genes of 

related systems: 121 a.a. encoded by the IncF pilin gene traA and 145 a.a. encoded by 

the IncP pilin gene trbC. Even though the Tra2 region of R27 shows stronger similarity, 

on an individual gene basis and overall organization to the IncF plasmid group, ORF034 

shows stronger similarity to the IncP pilin TrbC, 19.4% amino acid identity over 93 

amino acids, compared to 20.5% over only 38 amino acids for the IncF pilin TraA 

(Figure IV-5). In addition ORF034 contains a predicted N-terminal leader peptidase 

cleavage site at amino acid 43 (102) and a nearly identical hydropathicity profile to the 

IncP plasmid family pilin: TrbC of the IncPa plasmid RP4 and the IncPP plasmid R751 

(Figure IV-6).

Taking into consideration the N-terminal signal peptidase cleavage sites in 

ORF034 and TrbC o f RP4 and the C-terminal processing TrbC is known to undergo (40), 

the resulting peptides are extremely similar. Of particular note is the presence of the four 

C-terminal amino acids (amino acids 114-117) of ORF034. Within the IncP plasmid 

RP4, the plasmid-encoded protease TraF (40), cleaves the four C-terminal amino acids 

from TrbC (amino acids 119-122) after host-encoded proteolysis. ORF034 appears to be
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Figure IV-4 Comparison of the transfer region of the F plasmid and the R27 Tra2 

region.

The mating pair formation and pilus synthesis genes o f the F plasmid aligned with the 

Tra2 region of R27. The Tra2 of R27 is disrupted by a 20kb insertion between trhC and 

the traF homologue, as indicated by the slashes. There appears to be further homology to 

the F transfer genes in the Tral region of R27 as indicated by the inclusion of trhH. 

ORF128 contains motifs consistent with the F plasmid traG gene.
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truncated compared to TrbC, with no obvious C-terminal motifs for recognition by host- 

encoded proteases. Nevertheless there does exist a TraF homologue (ORF008, see later) 

in R27. Removal o f the four C-terminal amino acids in ORF034, as observed in RP4, 

would result in a protein of 7.22kDa, which coincides with the observed mass of the 

purified pilin (Figure IV-7), as determined by MALDI time-of-flight spectroscopy.

Based on these results the gene corresponding to ORF034 was named trhA and is the 

likely candidate for the pilin gene within R27.

The putative N-terminal cleavage product o f the trhA gene (amino acids 1-42) 

would result in a peptide of 4.7kDa. This is markedly larger in size than the 3.6kDa 

pilin-associated peptide observed in MALDI spectroscopy and the 3.2kDa band observed 

in SDS PAGE analysis of purified pilin.

5. Labelling of TrhA

Primers specific to upstream and downstream regions of the trhA gene were 

constructed (MIC32 and MIC33), the trhA gene was amplified and cloned into the 

pGEM-T cloning vector. The plasmid was then used as the template for the Promega 

cell-free coupled transcription/translation system, incorporating 35S methionine label.

The trhA gene product was expressed, separated by SDS-PAGE and visualized by 

exposure of the gel to X-Ray film (Figure IV-8). Although clearly expressed in the cell 

free system, over expression within E. coli did not render a band corresponding to either 

the full sized product of 12.4kDa or the N-terminally processed protein of 7.2kDa 

follwing Coomassie staining.

Previous attempts to stain purified pilin, clearly visible by electron microscopy, 

resulted in the staining of a single 3.2 kDa band, which MALDI-TOF spectrometry had
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Figure IV-5 Alignment of ORF034 to the IncP pilin precursor, TrbC and IncF 

TraA.

An alignment of the putative pilin precursor of R27 (ORF034) to the pilin precursors 

(TrbC) ofthe IncPa plasmid RP4 (RP4_TrbC) and/or IncPP plasmid R751 (R75l_TrbC).

PanelA: An alignment using the algorhythm of Lipman and Pearson (FASTA) (85). 

PanelB: Clustal alignment of the RP4 TrbC (Ser37-GIyl 14) following N-terminal signal 

peptidase, host encoded C-terminal peptidase and TraF modification (Figure IV-7)(40) 

and ORF034 (Lys29-Lysl 17) following predicted N-signal peptidase cleavage
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A. Lipman and Pearson alignment of ORF34 and pilin genes.

v30________ v40_______vSO_________ v60__________ v70_______ v80_______ v90
ORF34 LFIL - LVLANCS FAYAGSDDGAFG - DIW - AYMS EALTGAPG KIIACGMLFSVAYFGWKPNLGLA

:F:L L.L:. : :.:.:G:: : W : :.:::TG: : .II: : :V FG :
RP4_TrbC FFVLALALSAHPAMASEGTGGSLPYESWLTNLRNSVTGPVAFALSIIGIWAGGVLIFGGELNAFFRT

"30 "40 "50 "60 "70 "80
vlOO vllO

ORF34 LV - S ALMMLVMANGEKIIS S FLD AG
L: .L:M S :F :: G

RP4_TrbC LIFLVLVMALLVGAQNVMSTFFGRG
"90 "100 "110

v30________v40_______ vSO_______ v60__________ v70_______ v80_______ v90
ORF34 LFILLVLANCSFAYAGSDDGAFGDIW-AYMSEALTGAPG- - -KI IACGMLFSVAYFGWKPNLGLA

L : :L: :: :FA .G:::: : W : :.:::TG: : .II: : : : FG .: :
R751_TrbC LAFFLLAPQHAFASEGTGGSLPYESWLTNLRNSVTGPVAFALSIIGIWAGGILIFGGELNGFLRT 

"30 "40 "50 "60 "70 "80
____________________ vlOO______vllO
ORF34 L V - S ALMMLVMANGEKI ISS FLO AG

L: .L:M S:F:: G
R751_TrbC LIFIVLVMGLLVGAQNMMSTFFGRG 

"90 "100 "110

______ v60________v70________v80________v90
ORF34 WAYMSEALTGAPGKIIACGMLFS VAYFGWKPNLGLAL

W. ::E.L.GA ::: .: F :A F :::. :::::
IncF_TraA WWLAEVLVGAVMYMMTKNVKF-LAGFAIISVFIAVGM 

"80 "90 "100 "110

B. Clustal Alignment of RP4 TrbC and ORF034 of R27, post processing.

ORF34 LFILLVLANCSFAYAGSDDGAFGDIWAYMSEALTGAPG------KI IACGMLFSVAYFG - 53
«.#•#» * * . . . * *  ; : t t j . * * . t . * * *

RP4 TrbC FFVLALALSAHPAMASEGTGGSLPYESWLTNLRNSVTGPVAFALSIIGIWAGGVLIFGG 60

ORF34 WKPNLGLAL VS ALMMLVMANGEKI ISSFLDA 85
: : .  : : .  . * : *  *

RP4 TrbC ELNAFFRTLIFLVLVMALLVGAQNVMSTFFGR 92
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Figure IV-6 Hydropathy profile of ORF34 as compared to the pilin precursor genes

of the IncP plasmids.

The calculated hydropathy of ORF034 of R27, TrbC of the IncPa. plasmid RP4 and TrbC 

ofthe IncPp plasmid R751, based on a Kyte and Doolittle scale (77) (Window=9). 

Computation was performed using the ProtScale Web-based software 

(http://www.expasy.ch/cgi-bin/protscale.pl). Comparison of the hydropathy profile of 

ORF034 to random peptides, or other pilin proteins (IncF, IncW, Ti) displayed no 

similarity in profiles.
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Figure IV-7 Truncation of the R27 ORF034 and the pilin precursor, TrbC, of the

IncPa plasmid RP4

Depiction of the hypothesized truncation o f ORF034 (TrhA) of R27 and the observed 

cleavage of the IncPa plasmid RP4 (40). Peptide fragments cleaved by host encoded N- 

or C-terminal peptidases are identified by dark shading, with the C-terminal cleavage 

event due to the action of the RP4 plasmid encoded protein TraF (59) shown in light 

grey. A hypothetical C-terminal cleavage by the R27 encoded TrhF protein is also 

shaded in light grey. No C-terminal cleavage by host peptidases is believed to be 

required in R27. ORF34 has a post-processing predicted mass of 72l7Da compared to 

the predicted mass of 8135Da for the processed RP4 TrbC.
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R27 ORF034

vlO v20 v3 0 v40 v50

v60 v70 v80 v90 vlOO
GDIWAYMSEALTGAPGKIIACGMLFSVAYFGWKPNLGLALVSALMMLVM
_________ vllO
ANGEKIISSFLDA&lBE

RP4 TrbC

vlO

v60

v20

v70

v30

v80

v40 v50
ISEGTGGSLPYESW

v90 vlOO
LTNLRNSVTGPVAFALS11GIWAGGVLIFGGELNAFFRTLIFLVLVMAL

vllO vl20 vl30 v!40
LVGAQNVMSTFFGRG
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Figure IV-8 Cell free expression of cloned trhA.

The cloned trhA gene in the pGEM-T vector, expressed in a cell-free coupled 

transcription/translation system, incorporating 35S label. The 12.4kDa band in LaneB 

represents the unprocessed trhA gene product. Molecular weights listed as kDa.

Lane A: pGEM-T vector without insert.

Lane B: trhA cloned into the MCS of pGEM-t 

LaneC: No vector.
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identified as a minor component o f in the sample o f purified H pilus. Therefore attempts 

at labeling the TrhA protein were made, as an alternate method of pilin visualization.

Both a N- and C-terminal histidine hexamer (6xHis) labeled TrhA proteins were 

constructed. Neither o f the labeled proteins were observed following expression in whole 

cells by Coomassie blue or silver staining, or by Western blot analysis using anti-6xHis 

antibodies. The constructs encoded proteins of the appropriate size (l3kDa) which were 

visible in a cell free expression system containing 35S methionine label. Therefore the 

protein constructs were expressible and intact in the whole cell system but not visualized 

by SDS PAGE separation.

6. Attempts to generate mutations in trhA.

The trhA gene cloned into the MCS of the pGEM-T vector, pCS19, was disrupted 

by insertion of either a Km resistance cassette, or a Cm resistance cassette by ligation into 

the unique EcoRV restriction site within the trhA gene. These two plasmids, containing 

disrupted trhA genes, were then used in attempts to generate trhA mutants within R27 

utilizing sequence specific recombination.

Linear fragments o f the disrupted trhA gene, generated by PCR and the 3.9kb 

HindRl fragment from pCS2l containing a CmR disrupted trhC gene, were introduced 

into E.coli SMR121 (R27) by electroporation (Figure 1V-9). E. coli SMR121 is hyper­

recombinant due to mutations in recBC, increasing the recombination rate within the host 

compared to other host cells. The strain also carries mutations in the sbcB and sbcC 

genes increasing the stability o f linear DNA within the host. The use o f linear DNA for 

mutation of chromosomal mutants has been documented previously in Acinetobacter,
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Figure IV-9 Sequence specific recombination attempted in R27.

A diagramatic representation of sequence specific recombination between linear 

fragments (Panel A) (Section 11-28), fragments cloned into the MCS of pZERO-2 

disrupting the lethal ccdB gene (Panel B) (Section H-29) and fragments cloned 

downstream of the ccdB gene (Panel C) (Section 11-30). Fragments cloned downstream 

of the ccdB gene allow induction of the lethal gene, eliminating single recombination 

events or erroneous presence of the pZERO construct in assumed recombination, which 

occur when using a vector based template for recombination. Detection of successful 

sequence specific recombination is listed next to each construct. The positive control, 

mini-Tn70 disrupted 3.9kb trhC fragment (CmR) is included as the last entry in each 

panel and represents the positive control
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therefore we believed that E. coli SMR121 could be used to obtain site-specific insertion 

mutants of R27 (74).

Though no CmR or KmR colonies were observed following introduction of the 

linear fragments of the disrupted trhA genes, CmR colonies were formed by the 

introduction of the 3.9kb CmR HindUl fragment from pCS21. The colonies were selected 

and the ability o f R27 to initiate conjugative transfer was assayed. Of 16 colonies 

selected nine were transfer-deficient, with seven able to successfully transfer to a 

recipient host. Of those able to initiate conjugative transfer, none carried the CmR to the 

recipient following conjugation.
n

A single colony of the transfer-deficient Cm hosts was selected and the R27 

plasmid purified by the medium-scale plasmid preparation in 20ml of LB broth 

containing 20pg/ml Cm. The resulting DNA preparation was digested overnight with 

Xbal restriction endonuclease, the endonuclease inactivated, and the resulting DNA 

fragments ligated into the unique Xbal site within pOK12. The recombinant plasmid was 

then introduced into E. coli DH5a by electroporation and grown on BHI agar plates 

containing Cb and Cm to select for the presence of the vector and the Cm resistant insert 

respectively.

A single colony was selected and the plasmid isolated by CsCL plasmid 

purification. The plasmid was digested with various restriction endonucleases, 

transferred to a nitrocellulose membrane, and probed with a mini-Tn/0 specific 32P- 

labeled DNA probe generated using mini-Tn/0 specific primers (CRAIGI+CRAIG2) 

(Figure IV-10). The binding of the mini-Tn/0 specific probe corresponds to an insertion
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Figure IV-10 Determination of sequence specific recombination using mini-Tn/0

disrupted trhC

Hybridization of a 32P labeled mini-Tn/0 specific probe to the Xbal fragment cloned 

from the transfer deficient mutant of R27 derived from recombination with a vector based 

mini-Tn/0 disrupted trhC fragment. The arrow corresponds to the site of recombination 

of the disrupted trhC, as indicated by the hybridization. The observed hybridization 

pattern indicates that the CmR disrupted trhC fragment specifically recombined within 

the R27 based trhC gene. DNA markers are listed in kb.

Lane A: Xbal digestion

Lane B: Sail Xbal digestion

Lane C: Sail digestion

Lane D: £coRI Sail digestion

Lane E: £coRI

Lane F: EcoRl Xbal
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within the 1.7kb Xbal EcoRI fragment, with an identical restriction profile to that 

observed with the Tra‘ #3 from which pCS21 was derived (Figure IV-10).

Therefore sequence specific recombination between the linear fragments of DNA 

did occur. Using primers upstream and downstream of the mini-Tn/0 insertion 

(CRAIG34+35, CRAIG36+37, CRAIG38+39) linear fragments with 900,400, and 200nt 

of trhC specific sequence flanking the mini-TnlO insertion, were generated from pCS2l. 

These fragments were then introduced by electroporation into E.coli SMR121 (R27) and 

CmR colonies, in which the R27 plasmids were transfer-deficient, could be produced with 

as little as 200bp of sequence flanking the mini-Tn/0 insertion in trhC.

7. Vector-based recombination studies.

The disrupted trhA fragments resulting in 600, 150, and 25 bp of trhA specific 

sequence flanking a Cm-resistance cassette were ligated into the insertion site of the 

pGEM-T PCR cloning vector (Figure IV-9). The plasmids were then introduced into 

E.coli SMR130 (R27) and conjugated overnight with E.coli J53-1. The following day the 

cell suspension was plated on BHI agar containing CmTcRif selecting for the presence of 

the R27 plasmid in the recipient with the Cm resistance cassette. Although CmRTcRNalR 

colonies were generated all the colonies tested (>60) were also CbR. This indicates that 

transfer o f the CmR cassette due to recombination into the R27 plasmid prior to, or 

during, conjugation had not occurred. Alternatively the disrupted trhA gene, along with 

significant amounts of the pGEM-T plasmid (including the CbR) had recombined into 

R27 prior to, or during, conjugation.
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As a positive control the 3.9kb HindUL fragment from pCS21 was blunt-end 

ligated into the insertion site o f pGEM-T. As a method o f quantitating recombination 

events as a function of conjugation of R27, the constructs were introduced by 

electroporation into the hyper-recombinant strain E. coli SMR130 (R27), the Rec+ strain 

E. coli TGI (R27) and the Rec' strain E. coli RG192-2 (R27). These were then 

conjugated overnight with E. coli J53-1. Rates of conjugative transfer of R27 to the 

recipient and the percentage of those plasmids carrying the CmR were calculated and are 

presented in Table IV-2. Of the CmRTcRNalR colonies, 60 were tested for Cb resistance 

and all found to be sensitive indicating no abnormal transfer o f the vector during 

conjugation. A sample of 16 colonies were tested for transfer ability and all were 

observed to be transfer deficient and all carried the mini-Tn/0 sequence as shown by 

PCR screening using the miniTn/0 specific primers CRAIG1 and CRAIG2 (Figure IV- 

1 1 ).

As recombination events with vector-based disrupted trhA genes resulted in carry­

over of the pGEM-T vector, or significant quantities of vector DNA, an alternative 

method of vector-based recombination was used. The pZERO system utilizes the lethal 

ccdB gene, derived from the ccd (control of cell death) locus in the F plasmid, under the 

control of a Lac promoter. The pZERO-2 vector contains the ccdB gene, incorporating a 

MCS site near the 5’ end of the gene. Insertions within the MCS result in disruption of 

the Lac promoter controlled ccdB gene therefore preventing expression of the ccdB gene 

and leading to a selection method for recombinant plasmids. As the ccdB gene is under 

the control of the P|ac promoter maintenance of the native vector is possible in a Laclq 

background.
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Table IV-2 Frequency of transfer, and rate of sequence specific recombination in three 

E. coli strains.

Colony Forming Units

SM130 TGI RG192

Nal 8.7x107 2.lx l07 1.3xl02

TcNal 1.5xl04 3.5xl04 3.7xl05

Tc Nal Cm l.3xl02 21 0x10°

Transfer Frequency 1.7x1 O’2 U x lO '1 2.8x1 O'3

Frequency o f transfer with CmR 1.5x1 O'7 1.0x1 O'8 0

Efficiency o f  Recombination 8.8XIQ-6 5.8x1 O'8 n/a

a Determined following overnight conjugation at 28°C
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Figure IV -l1 Screening of transfer-deficient colonies obtained from recombination 

of a vector-based disrupted trhC gene.

Using the primers CRAIG1 and CRAIG2, specific for a 300kb fragment of mini-Tn/0,

16 transfer deficient colonies were screened (Lanes 1-16) with a plasmid free E. coli J53- 

l as a negative control (Lane 17) and CsCh purified mini-Tn/0 plasmid (Lane 18). 

Molecular weight markers are listed in bp. All colonies tested generated a 300bp 

amplified fragment, though colonies 6,13, and 14 also amplified anomalously and were 

not used in further analysis.
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The three linear fragments of the Cm resistance cassette disrupted trhA genes 

generated for linear fragment recombination, and the 3.9kb / /z / id in  fragment of pCS21, 

were blunt-end ligated into the unique Stul site of pZERO-2 (Figure IV-9). Insertion of 

the fragments into the Stul site, located downstream of the terminus of the ccdB gene, 

resulted in a recombinant plasmid with an intact and P|ac inducible ccdB gene. These 

constructs, were then introduced by electroporation into E.coli DTI801 (R27), a Rec+ 

host which also contains a chromosomally encoded Laclq gene. These cells were then 

immediately mated with E. coli RG192-2. Transconjugants carrying CmR due to 

sequence-specific recombination with the disrupted trhA gene, or the 3.9kb pCS2l 

HindUl fragment were selected for growth on BHI agar containing CmRifTc and O.lmM 

IPTG. The presence of IPTG in the selection of the transconjugants should ensure that 

any recipient cells containing vector DNA are killed by the induction of the ccdB gene.

No colonies resulted from mating with disrupted trhA fragments while the 3.9kb 

pCS2l //zVidHI positive control generated many colonies. Of the CmR colonies tested, all 

were transfer-deficient. All the colonies tested also contained the mini-Tn/0 transposon 

as assayed by PCR screening. This clearly indicates that any sequence-specific 

recombination event within the trhA gene present in R27 resulted in the plasmid being 

unable to transfer or being destabilized once transferred regardless of selective pressure 

due to antibiotic presence. The disrupted trhA constructs were stable in the multi-copy 

vector pGEM-T as in pCS!6 and pCS!7, and therefore it is unlikely that the antibiotic 

cassette disrupted trhA genes are lethal to the cells.

To rule out the possibility of promoters internal to the antibiotic resistance 

cassettes causing aberrant transcription of genes downstream o f trhA, the orientation of
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the Cm and Km resistance cassette disruption was determined. Using the CRAIG5 

primer, specific to 90nt upstream the EcoRV restriction site within trhA, the exact 

orientation of the cassettes was determined. It was found that the Cm resistance cassette 

was oriented in the direction of transcription of the Tra2 genes, whereas the Km 

resistance cassette was oriented opposite to the Tra2 transcript. Therefore the lack of 

insertions within the trhA gene, in R27, is unlikely to be caused by alteration of the 

transcription of downstream genes.

8. Conclusions.

It therefore appears that the trhA gene product encodes a protein which following 

post-transcriptional modification, corresponds to the 7.2kDa peptide observed in MALDI 

spectrophotometry of purified pilus. Furthermore both the purified pilus, and the 

expressed trhA gene product were not visible using SDS PAGE separation. The trhA 

gene product is SDS PAGE separable in cell free extracts, but whole cell expression, 

even in the presence of denaturants, is not visualized in SDS PAGE gels. The creation of 

N- or C-terminal 6xHis fusion proteins did not aid in the visualization of the trhA gene 

product with SDS PAGE analysis.

These observations with the trhA gene product correspond with the analysis of the 

purified pilus from JE2571-1 (pDT1942). MALDI spectroscopy identified two 

components to the purified pilus, a 3.6kDa fragment which is visualized in SDS PAGE 

separations o f purified pilin. The second component, a 7.2kDa peptide, is almost exactly 

the size of the peptide that would result from N-terminal signal peptidase and a C- 

terminai cleavage hypothetically mediated by TrhF. SDS PAGE separation of purified
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pilus resulted in only a single 3.2kDa band, and enzymatic degradation of the purified pili 

was unsuccessful (99). Furthermore the amino acid analysis of the purified pilin 

provided ratios which do not coincide with any known gene product in the Tra2 region, 

nor does it match with the observed amino acids in ORF034/TrhA. It is possible that the 

previously derived amino acid analysis of the purified pilin was in err, or represents a 

protein product not encoded within the Tra2 region.

Attempts to mutate the trhA gene were unsuccessful, though the cause is unknown 

as insertional mutation of the isolated trhA gene is not harmful to the host cell.

Generation of mutations by recombination between CmR disrupted trhC (pCS21) and 

R27 was relatively efficient and specific for the gene. It is clear that disruption of the 

trhA within R27 is either lethal to the cell or destabilizing to the plasmid as mutation of 

other transfer genes within R27 was successful. In addition, a large number o f transfer- 

deficient mutants have been isolated using random transposon mutagenesis, of which 

none have been observed to occur within the trhA gene further indicating that transposon 

disruption of the gene is disruptive to the plasmid or host.

These results explain previous studies and analysis of R27 pilus. Both the pilin 

subunits and purified pilus appear to form strong aggregates, which are not visualized in 

SDS PAGE analysis. Therefore the previous identification of a 3.2kDa band as the pilin 

subunit appears to be incorrect. Instead a 7.2kDa peptide, possibly originating from a bl­

and C-terminally cleaved trhA gene product, is the pilin subunit, though it does not 

appear to be circularized as is observed in the RP4 pilin. Circularization was identified in 

the IncP and Ti plasmids by a decrease of molecular mass by 18Da, a single water 

molecule, as determined by MALDI compared to calculated molecular mass o f the
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processed protein (40). Yet in R27 there is an observed increase in the molecular mass of 

purified pilin as determined by MALDI (7234Da) compared to the calculated pilin mass 

following processing (7217Da). It is possible that the pilin undergoes further 

modification, complicating interpetation of the MALDI data.

This 7.2kDa peptide is the major component of purified pilus. The previously 

identified SDS PAGE visible 3.2kDa peptide does appear to be pilus related as previous 

Western blot analysis of transfer-deficient R27 using antibodies raised against purified 

pili correspond to bacteriophage Hgal adhesion studies. As the 3.2kDa fragment does not 

correspond to the size of the N-terminal portion of TrhA following N-terminal 

processing, it is possible that this 3.2kDa peptide, a minor component of the mature pilus, 

is an immunogenic tip protein, perhaps involved in recognition of, and binding to, other 

cells. Alternatively it is possible that circularization o f the processed pilin subunit 

decreasing its cross-section when traveling through an acrylamide gel, in combination 

with the high acidity of the peptide, leads to increased running speeds of the pilin through 

a SDS PAGE gel. Therefore it is possible that the 3.2kDa SDS PAGE band, and the 

7.2kDa peptide observed in MALDI spectrometry are the same peptide.
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Chapter V Complete DNA Sequence and Analysis of R27*

The entire IncHIl plasmid R27 was sequenced, and assembled. Analysis of the 

sequence obtained, allowed identification of the general structure of the plasmid, and 

allowed comparison of the two transfer regions of R27 to other plasmid systems. It was 

also possible to extrapolate from sequence data to propose a number of possible 

mechanisms involved in the temperature-sensitive conjugation of R27.

1. General properties of the R27 plasmid sequence

The IncHIl plasmid R27 contains 180,461 bp (Figure V-l) which correspond to 

210 ORFs initiated by 186 putative ATG, 4 TTG, and 20 GTG start codons. Table V-l 

lists the exact position and size of the previously identified ORFs and those ORFs from 

this study that show similarity to protein sequences available in the public databases. For 

the latter, the percentage of amino acid identity between the R27 ORF and the 

prospective homologue is also included. Excluded from this table are the 140 ORFs 

(66.7%) that do not demonstrate similarity to any known ORFs. A linear map of R27 

indicating functional organization is shown in Figure V-2 with all ORFs labeled. The 

putative ORFs account for 84.4% of the total plasmid, leaving 28,098 bp of intergenic 

regions. No ORFs directly related to pathogenesis were identified.

The calculated G+C content of R27 is 45.8%, compared with 50-53% for S. typhi 

(64), the usual host for this plasmid, and 50.8% for E. coli (17). Within R27, regions of 

notably different G+C content can be identified (Figure V-3). A peak located at 26,300 

bp indicates the high G+C content corresponding to repeats involved in plasmid

* A version of this work has been published as: Sherburne CK, Lawley TD, Gilmour MW, Blattner FR, 
Burland V, Grotbeck E, Rose DJ, Taylor DE. 2000 The complete DNA sequence and analysis of R27, a 
large IncHI plasmid from Salmonella typhi that is temperature sensitive for transfer. Nucleic Acids Res. 
2000 May 15;28(10):2177-2186
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Figure V-l Circular representation of the IncHIl plasmid R27

A circular represention of the R27 plasmid with the replication and mating stabilization, 

conjugal transfer, transposon and insertion elements, drug resistance, and citrate 

utilization regions identified.
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Table V-l Previously characterized ORFs (termed Tra, Trh, and Htd) and R27 ORFs 
that have significant homology to other prokaryotic ORFs.

ORF Coding
region

Start
codon

Leng
tha

Homology
or

Designation
b

Identity %/ 
Range0

Referen
ce

GI
accessio

n# d

003 2116-3900 ATG 594 T rh l (126)
005 4982-8158 ATG 1058 TrhN (126)
006 8181-9128 ATG 315 TrhU (126)
007 9378-10886 ATG 502 TrhW (126)
008 10873-11385 ATG 170 TrhF (126)/thi 

s paper
010 16077-16640 ATG 187 HtdK.

'lncHI2
plasmid
R478.

100%/79 K. F. 
Whelan 
et al, 
unpublis 
hed

1695863

011 16637-17071 ATG 144 HtdF.
IncHI2
plasmid
R478.

100%/132 K. F. 
Whelan 
et al, 
unpublis 
hed

1695862

012 17061-17513 ATG 150 HtdA (169)
013 18079-18756 ATG 225 Orfb.

IncHI2
plasmid
R478.

58.2%/l 10 K. F. 
Whelan 
et al, 
unpublis 
hed

1695866

014 18800-19834 ATG 344 StbA.
IncHI2
plasmid
R478.

79.9%/344 K. F. 
Whelan 
et al, 
unpublis 
hed

1695865

019 23081-24088 ATG 335 ParB.
Prophage/pl 
asmid PI.

27.9%/3l5 (1) 129631

020 24085-25338 ATG 417 ParA.
Prophage/pl 
asmid PI.

25.2%/260 (I) 129629

024 28465-31146 ATG 893 TrhC (126),

* predicted number of amino acids of R27 ORF
b previously identified R27 ORFs are in bold, while those R27 ORFs being analyzed for the first time have 
homologues listed as well as the source organism or genetic element of the homologue 
c the number of amino acids in a contiguous stretch from which the identity is calculated 
d if ORF is previously uncharacterized then accession number for the homologous ORF is listed
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(11)
025 31155-32105 ATG 316 TrhV (126)
027 32115-32867 ATG 250 HtdT.

IncHI2
plasmid
R478.

75.0%/92 (110) 4104003

029 33494-34852 ATG 452 TrhB (126)
032 36519-37304 ATG 261 TrhE (126)
033 37316-37633 ATG 105 TrhL (126)
034 37685-38038 ATG 117 TrhA (126)
036 39480-40355 ATG 291 RepHIA (53)
041 44007-44780 ATG 257 DNA

adenine
methylase.
Escherichia
coli.

31.7%/257 (22) 118682

043 46612-48288 ATG 558 Restriction
methylase.
Serratia
marcescens.

70.4%/558 D. T. 
Page et
al,
unpublis
hed.

1809268

046 51035-52186 ATG 383 Transposase 
for insertion 
sequence 
element 
isJO.

100%/383 (30) 2851554

050 54356-55237 ATG 293 RepHIB (52)
073 73125-73301 ATG 58 Unknown.

Myxococcas
xanthus

56.7%/30 (127) 2105134

076 74086-75294 ATG 402 Transposase
(insertion
sequence
IS/0).
Escherichia
coli.

99.0%/402 (18) 2126090

077 75660-76865 ATG 401 Sodium/glut
amate
symport
carrier
protein.
Haemophilu
s influenzae.

55.3%/395 (44) 1169972

078 77309-77629 ATG 106 Hypothetica 
113.0 kDa 
protein in

24.8%/103 Y.
Kobayas 
hi et al,

1731086
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glnQ-ansR
intergenic
region.
Bacillus
subtilis.

unpublis
hed.

081 78680-79306 ATG 208 Tetracycline
repressor
protein
TetR.
Escherichia
coli.

100%/208 R.A. 
Griep et 
al,
unpublis
hed.

3435310

082 79385-80590 ATG 401 Transposon 
Tn/0 TetA 
protein. 
Escherichia 
coli.

99.8%/40l (65) 43701

083 80703-81371 ATG 222 Transposon
Tn/0TetC
protein.
Escherichia
coli.

99.5%/197 (134) 135616

084 81384-81800 ATG 138 Transposon 
Tn/0 TetD 
protein. 
Escherichia 
coli.

99.8%/138 (134) 135617

085 81810-83018 ATG 402 Transposase
(insertion
sequence
IS/0) -
Escherichia
coli.

100%/402 (18) 2126090

088 84215-84523 ATG 102 L0009.
Escherichia
coli.

46.9%/49 (115) 3414877

094 86785-87078 ATG 97 Transposase

Escherichia
coli.

99%/97 (38) 2104506

095 86997-87272 GTG 91 InsA protein

Escherichia
coli.

97.8%/9l (107) 76271

096 87426-88376 ATG 316 Mg-
transport 
system I.

98.3%/300 (31) 421131
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Escherichia
coli.

097 88746-89027 ATG 93 Hypothetica 
127.9 kDa 
protein in 
uvrd-cora 
intergenic 
region. 
Escherichia 
coli.

100%/93 (31) 267496

101 91263-91478 ATG 71 stm gene 
product. 
Escherichia 
coli.

72.7%/44 (56) 42375

111 96195-96431 ATG 78 Hypothetica 
1 protein. 
Escherichia 
coli
0157:H7.

35.2%/69 (24) 3822199

119 101815-
103899

ATG 694 TraG This
paper

120 103899-
106934

ATG 1011 Tral This
paper

126 110834- 
111880

ATG 348 Pilus
assembly
and
synthesis
protein.
Sphingomon
as
aromaticivo
rans.

24. l%/212 (124) 3378366

127 111870-
113285

ATG 471 TrhH
protein
precursor.
Escherichia
coli.

22.9%/445 (43) 464925

130 118193-
118708

GTG 211 BfpH.
Escherichia
coli.

34.9%/126 M.S.
Donnen
berg,
unpublis
hed.

1122409

131 118856-
119605

ATG 249 Thiokdisulfi
de
interchange
protein

35.3%/218 (139) 729372
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DsbC
precursor.
Erwinia
chrysanthe
mi.

135 121245-
122054

ATG 269 Outer
membrane
protein.
Coxiella
burnetii.

22.2%/262 (63) 477583

136 122106-
123314

ATG 402 MucB
protein.
Salmonella
typhimuriu
m

46.9%/398 R.M. 
Hall et. 
al.,
unpublis
hed.

127507

137 123349-
123783

ATG 144 MucA
protein.
Salmonella
typhimuriu
m.

47.6%/l41 (U6) 127504

141 128983-
129204

ATG 73 Edolysin. 
Bacteriopha 
ge A511.

29.8%/57 (87) 2493918

144 130558-
131853

ATG 431 Citrate-
proton
symport
protein
CitA.
Escherichia
coli.

99.3%/431 (131) 116479

145 131908-
133047

ATG 379 Citrate
utilization
protein
CitB.
Escherichia
coli.

99.2%/379 (131) 141324

146 133034-
134437

ATG 467 Hypothetica 
1 protein. 
Rhodobacte 
r
capsulatus.

35.3%/464 063) 3128345

147 134535-
135461

ATG 308 Nitrogen
assimilation
control
protein
NAC.

32.6%/305 (98) 2495386
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Escherichia
coli.

148 135926-
137332

ATG 468 Putative
transposase
y4bf.
Rhizobium
sp.
NGR234.

47.1%/425 (46) 2497379

153 140402-
140917

ATG 171 ParB
protein.
Escherichia
coli.

39.2%/l50 (55) 129520

154 141140-
142567

ATG 475 Restriction
methylase
EcoRII.
Escherichia
coli.

66.0%/447 (144) 127448

156 142891-
144210

ATG 439 Unknown.
Sphingomon
as
aromaticivo
rans.

22.4%/331 (124) 3378329

157 144128-
144427

ATG 99 Conserved
hypothetical
protein.
Borrelia
burgdorferi.

34.8%/65 (45) 2688062

158 144482-
145702

ATG 406 TlpA.
Salmonella
typhimuriu
m.

21.9%/370 (68) 321935

164 148225-
148629

ATG 134 DNA- 
binding 
protein PI­
NS.
Escherichia
coli.

63.2%/l34 (119) 123441

177 155773-
156276

ATG 167 Hypothetica 
I protein A- 
167
(insertion
sequence
IS/).
Escherichia
coli.

93.4%/167 (107) 76274

178 156195- GTG 91 InsA 98.9%/9l (107) 76271
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156470 protein.
Escherichia
coli.

179 156848-
157603

ATG 251 RepE
IncFIA

94.8%/249 (53)

180 158185-
158688

ATG 167 Putative
protein.
Insertion
sequence
IS/

98.6%/167 (71) 149061

181 158607-
158891

GTG 94 InsA.
Escherichia
coli.

100%/51 (89) 294461

182 159190-
159375

ATG 61 Hha protein. 
Escherichia 
coli.

46.7 %/60 D.
Roberts 
et al, 
unpub lis 
hed.

1773143

195 166661-
167566

GTG 301 Insertion
element IS2
hypothetical
34.4 kDa
protein.
Escherichia
coli.

99.7%/301 (125) 140808

197 167524-
167889

ATG 121 Insertion
element IS2
hypothetical
13.4 kDa
protein.
Escherichia
coli.

100%/121 (125) 140806
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Figure V-2 ORFsofR27.

Linear representation of R27, showing all ORFs, their orientation and with color coding 

by functional groups. The upper rectangles are ORFs transcribed from right to left and 

the lower rectangles are transcribed left to right. Color coding of functional groups is as 

follows: yellow, Tn and IS elements; black, replication and stability; red, drug resistance; 

blue, citrate utilization; magenta, conjugal transfer. The GenBank entry of ORFs were 

assigned unique identifiers in the form Rxxxx. This figure was created using GeneScene 

(DNASTAR).
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Figure V-3 Graphical representation of the G+C% of the R27 plasmid

G+C profile o f the complete DNA sequence of R27. Of note are the peaks at 26,300bp 

and 133,000bp representing the incompatibility regions (IncHIl) and citrate utilization 

genes respectively. The troughs observed at 76,300bp and 82,900bp represent the 

insertion points of the transposon Tn/0. The figure was plotted using data generated 

from the GCG program Window
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incompatibly (see below). A pair of troughs in the range of 76,300-82,900 bp correspond 

to the transposon Tn 10. The intergenic region between ORF077 and 078, and the 5’ end 

of ORF083 (tetC) are responsible for these two troughs in Figure V-3 (29.9, and 31.4 

%G+C respectively), possibly representing the composition of the original source of the 

transposon. The peak at 132,400-133,900 bp corresponds to the genes encoding citrate 

utilization proteins (citA, citB) and a gene whose product shows significant similarity to 

a hypothetical Rhodobacter capsulatum protein.

2. Transposable elements

R27 contains five insertion sequence elements and one transposon, Tn/0. In 

addition, ORF148 shows 47.1% identity to a putative transposase from the large 

Rhizobium sp. plasmid pNGR234 (46). Three copies of IS/ (designated a-c) are present. 

IS/a is located approximately 13 kbp from the Tral region on the putative lagging strand. 

One of the coding regions within IS/a (i nsB) has accumulated several nonsense 

mutations. As this would result in premature termination of the protein, this copy of IS/ 

is probably inactive. IS/b and IS/c are found on either side of a DNA segment containing 

both ORF179 and the repeat sequences that flank ORF179, which displays 94.8% 

similarity to the F plasmid replication protein E (132).

Two other intact elements, ISJ0 and IS2, share 100% and 99% identity 

respectively with previously reported counterparts. Both appear to encode full-length 

transposases and are predicted to be active. All the IS elements are oriented in the same 

direction in R27 with respect to their transposases although the significance o f this is 

unknown.
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The tetracycline resistance determinant of R27 is encoded within the full TnlO 

transposon by the tetACD genes and is controlled by the Tet repressor (ORFs 082-084, 

and ORF081 respectively) (79). Both the tetracycline determinants in Tn/0 and the 

transposases (ORFs 076 and 085) are well conserved with respect to their counterparts in 

E. coli, although transposase activity has not been demonstrated within R27.

3. Replication regions

R27 contains two IncHIl-specific replicons and a partial IncFLA replicon (52,99), 

with copy number control dependent on an iteron-binding mechanism, in which the 

replication initiation protein binds to repeated oligonucleotide sequences in the origin.

The two IncHIl-specific replication determinants are both able to support active 

replication of the plasmid and both operate independently of one another (101). Each 

replicon independently specifies incompatibility (101), where incompatibility is defined 

as the inability of two related plasmids to replicate in the same host cell. The one-way 

incompatibility with IncF plasmids is due to ORF179, the R27 replication initiator 

protein RepE. R27 contains multiple replicons which could give it a competitive 

advantage over plasmids with only a single replicon and thus increase its host range 

within the Enterobacteriaceae.

The specific IncHI replicons, Rep HI 1A and RepHIlB, are similar in their overall 

organization, but the amino acid sequences of their replication initiation proteins are only 

34.9% similar (101). The two Rep HI proteins are comparable in size (292 aa and 294 aa 

respectively) and organization of flanking replication protein binding sites: 4 direct repeat 

sequences upstream and 3 downstream for RepHIA, and 4 upstream and 4 downstream
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for RepHIB. The repeats surrounding the gene for RepHIA have been shown to act as 

iterons for the RepHIA protein (99). The same mechanism is presumed to occur between 

the RepHIB protein and eight surrounding repeats. The independence of the two 

replicons in incompatibility is believed to be due to differences in the repeats. The repeat 

sequences of RepHIA and RepHIB are: “5 ’ - AAAAGCTTT GnAT GAAT G-3 ’ ” and “5’- 

ATCCACTATACCGGGTA-3’”, respectively. Both replicons contain recognition 

sequences for DNA adenine methylases (GATC) (54) upstream of the Rep genes, and in 

both cases the recognition sequence is embedded in a 7 nucleotide repeat (AGGATCAA).

4. Transfer regions 1 and 2

The Tral region of R27 encodes proteins required for DNA translocation across 

the membrane during conjugation as well as initial replication events after the plasmid 

has entered the recipient cell. This is an energy-dependent process in which R27 utilizes 

host DNA replication machinery and Tral encoded proteins. The limits of the Tral 

region were identified by transposon mutagenesis (99). A major element of the Tral 

region is the origin of transfer (oriT) from which transfer is initiated by nicking, 

unwinding, and replication of the leading strand (171). A potential oriT is present 

between ORF122-123 (a 758 bp untranslated region). Within this region are a series of 

four 33bp inverted repeats, with two potential transcription initiator sequences oriented in 

opposite directions near the repeats, a common pattern for oriT sequences (171).

Although there are no significant database homologies in the region surrounding 

oriT, the R27 Tral region has clear organizational similarities to both the IncP and IncW 

plasmid transfer regions. On the lagging strand (the last genes to enter in conjugation) of
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the IncP and IncW plasmids are genes encoding for a relaxase/nickase {tral and trwC, 

respectively) and a coupling protein (traG and trwB) (86). The relaxase/nickase protein 

introduces a site specific single-stranded nick in oriT, with the coupling protein 

stabilizing the complex and possibly aiding in the recruitment of the cellular DNA 

replication machinery. Plasmid DNA transfer is thought to utilize the host DNA 

replication machinery to drive the single-stranded replication product across the 

membranes into the recipient cell, where it is circularized, and the complementary strand 

synthesized by host encoded proteins (86).

A pattern of motifs has been reported in the class of related anchoring/coupling 

proteins of which TrwB of R388, TraD of R100, VirD4 of Ti, and TraG of RP4 are 

members (11, 86). All of these proteins contain N-terminal transmembrane segments 

followed by one or more ATP binding domains (86). BLAST analysis of ORFl 19 

identified low similarity (BLAST score 0.78) to the TrwB protein of the IncW plasmid 

R388. The deduced amino acid sequence of ORFl 19 contains two predicted 

transmembrane segments spanning residues 22-40 and 46-64, with an ATP/GTP binding 

motif “A” spanning residues 205-212. The location of this ORF near oriT, its 

requirement for transfer, as indicated by transposon mutagenesis (99), and the presence of 

the transmembrane segments followed by the NTP binding domain lead us to propose 

that ORFl 19 is an anchoring/coupling protein, and to name it TraG following the IncP 

nomenclature.

Immediately following TraG in the IncP system is Tral, the protein responsible 

for the nicking and cleavage of the double-stranded DNA at oriT  (11). A number of 

studies have identified a catalytic tyrosine residue in the nicking enzymes found in
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different families of plasmids (11, 86). Llosa et. al. have identified three regions present 

in all the proteins mediating nicking and initiation of DNA transfer: I) an active tyrosine 

residue, II) the residue sequence of “H(nX)S”, followed by HI) “H(10X)HXHXXXXN” 

(86). In ORFl20 we have found regions in the N-terminus corresponding to each of the 

three essential motifs for nicking proteins (Figure V-4). We have named the gene for 

ORF120 tral based on the three motifs identified in nicking enzymes and the necessity 

of this ORF for transfer indicated by transposon mutagenesis (99). Tral is more closely 

related to the nicking enzymes of the IncP system since it does not contain an identifiable 

C-terminal helicase-specific motif (11) seen in IncW TrwC and IncF Tral.

ORF 126 shows similarity (24.1% over 212 amino acids) to a Sphingomonas 

aromaticivorans pilus synthesis and assembly protein and is necessary for transfer (99). 

ORF127 has 22.9% identity over the entire length compared to TraH of IncF. traG and 

traH of the F plasmid are thought to encode proteins involved in pilus assembly and 

aggregate stabilization in the F system (11). The similarity between ORF 127 and IncF 

TraH, and the necessity of ORF 127 for transfer, based on transposon mutagenesis (99), 

led us to designate it TrhH. This ORF was not called “Tra” because this designation is 

reserved for only the DNA processing proteins of Tral, whereas all proteins responsible 

for mating pair formation and pilus assembly will be named “Trh”. Adjacent to trhH is 

ORF128, which was also identified as necessary for transfer by transposon mutagenesis 

(99). This ORF encodes a protein o f 1329aa predicted to have 8 strong transmembrane 

helices. These characteristics are similar to that o f TraG of the IncF plasmids, encoded 

immediately downstream of traH (49). We did not expect to encounter pilus assembly 

proteins (ORF126, TrhH and ORF128) within the DNA processing region of R27.
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MOTIF 1 MOTIF 2 MOTIF 3
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Figure V-4 Alignment of the Tral homologue of R27 (ORFl 20) and those of other 
plasmids

Alignment of the Tral (ORF120) with nickase/relaxase proteins from other conjugative 

plasmids (IncW R388, IncP RP4, Incl R64, Ti, and IncHIl R27). Amino acid residues 

that follow the guidelines of the nickase/relaxase distinguishing motifs, as set out in the 

discussions, are highlighted.
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The transfer region 2 (Tra2), previously characterized by Rooker et al (126), 

contains the genes responsible for mating pair formation and pilus biosynthesis. 

Nomenclature of the Tra2 region was established previously (126), with gene names 

following the F plasmid transfer system to which the R27 Tra2 region shows the greatest 

similarity in regards to gene organization. Several ORFs within the Tra2 region which 

show extremely high similarity to the H transfer determinants (Htd) identified in the 

Serratia marcescens IncHI2 plasmid R478 (110). The organization of four R27 genes 

(trhB, htdT, trhV, and trhQ  is similar to that of the R478 htd homologues. Though Page 

et al were unable to identify two separate transfer regions in R478 via transposon 

mutagenesis, we find that the Tra2-equivalent regions of the two IncHI plasmids are 

related (110).

The Tra2 region is interrupted by partitioning and stability genes, leaving the 

trhWUN transfer genes separately located from the rest o f the Tra2 genes that encode 

transfer proteins. In other prototypical transfer systems the trh WUN homologues are 

contiguous with the other transfer related genes. The 3127bp segment interrupting Tra2 

is found between the trhC and par A genes. This region has also been shown to be 

responsible for IncH incompatibility (53). A DNA segment containing five 31 bp direct 

repeats (27541-27786) is sufficient for incompatibility (53). Another twenty-one 50 

nucleotide repeats (25597-26746), each containing an identical 31 bp direct repeat is 

located downstream. When subcloned, the five 31 bp repeats are sufficient for some 

level o f incompatibility (53). These repeats, along with the three adjacent partitioning 

system homologues (ORF014,019, and 020), constitute a partitioning module that
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ensures each daughter cells receives R27, which has a very low copy number, during 

division of the host cell. ORF014 is very similar to the StbA protein of plasmid R478 

(Table V-l) and also StbA encoded on the enteropathogenic E. coli EAF plasmid (38% 

identity over 324 amino acids) (157). ORF019 and 020 are similar to the ParA and ParB 

partitioning proteins of the E. coli prophage/plasmid PI. During PI partitioning ParB 

interacts with direct repeats (parS) forming a nucleoprotein structure (1, 34), which is 

functionally equivalent to a plasmid centromere (34). The role of ParA during 

partitioning of PI is less clear, but it is known to regulate its own expression (48). 

Interruption of the Tra2 region by the partitioning region indicates that R27 could have 

undergone an intramolecular rearrangement during its evolution.

The IncP plasmid RP4 has been found to encode a sequence specific peptidase, 

TraF, that cleaves the pre-pilin subunit TrbC at the carboxy terminus (59). This activity 

is required for pili processing. The peptidase activity is attributed to the catalytic 

domains I and II, whereas domain III is believed to play a role in the conformation of the 

mature protein. Comparison of ORF008 and the traF gene product from RP4 shows 

conservation of catalytic domains II and HI, along with an N-terminal transmembrane 

segment, potentially anchoring the protein to the membrane (Figure V-5). In particular, 

the catalytic lysine (lys-89 in TraF and lys-73 in ORF008) of domain II is conserved. 

These similarities have prompted us to term ORF008 as TrhF. Nevertheless in domain I 

the catalytic serine residue (ser-37) found in peptidases of the IncP and Ti 

systems is replaced by a tyrosine (tyr-17) in TrhF. The predicted transmembrane helical 

domain of TrhF spans residues 17 to 35 (data not shown), effectively burying the domain 

I-equivalent region of TrhF in the cytoplasmic face o f the inner membrane. This would
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Figure V-5. Alignment of TraF homologues and ORF008 (TrhF)

PELEUP comparison of the TraF homologues identifying a conserved motif between the 

proposed TrhF and other genes related to the TraF protein of the IncPa plasmid RP4 (11, 

86). The illustrated sequences are from R27 (TrhF_R27), the IncPa plasmid RP4 

(TraF_PAlph), the IncPP plasmid R751 (TraF_PBeta), the Agrobacterium tumefaciens 

octopine-type Ti plasmid (TraF_OctTi), the A. tumefaciens nopaline-type Ti plasmid 

(TraF_NopTi), and ORF2 from the Vir2 region of the Ti plasmid (Orf2_TiVir). Catalytic 

residues described in the text are denoted above the alignment with an asterisk. Catalytic 

domains I, II, and IE as described by Haase and Lanka (59), are denoted above the 

alignment with a line. Shading is according to agreement between aligned proteins, with 

variation of dark and light corresponding to level o f correspondance.
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itself prevent catalytic function, if  any indeed remained after the serine substitution to 

tyrosine. If domains H and HI of TrhF alone are sufficient for activity is not yet clear. 

Haase and Lanka found that when the catalytic ser-37 of RP4 domain I is replaced by an 

alanine, this cloned traF construct is able to partially complement a traF mutant (59). 

Like the homologues in the Agrobacteriim tumefaciens Ti conjugative transfer region, 

the TraF protein in the IncP system is required for C-terminal processing of the pilin 

subunits leading to synthesis of the mature pili, thus the R27 homologue may also have 

an important role in pilin maturation.

The pilin subunit of R27 is most likely to be ORF034 (TrhA). This is encoded by 

the first gene in the Tra2 operon and has a deduced post-cleavage size similar to TraA, 

the F pilin subunit (7.6kDA for TrhA compared to 7.2kDa for TraA) (49). TrhA shows 

19.4% identity over 93 of its 121 amino acids to TrbC, the RP4 pilin (50). Peptidase 

cleavage sites are predicted to be present in TrhA similar to those found in TrbC.

5. Temperature sensitive conjugation

A process that resembles bacterial conjugation and is permissive at low 

temperature is the T-DNA transfer system of the A. tumefaciens (26, 50), where crown 

gall tumor formation in the recipient plant is induced at 19°C, but not above 29°C (176). 

Studies on T-DNA transfer show that thermosensitivity is a property o f the T-DNA 

transfer proteins, in which elevated temperatures result in repression of T-DNA transfer 

gene expression and instability of at least one essential transfer protein (59, 70). In 

addition, conjugal transfer of the Ti plasmid is also thermosensitive (155).
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Transfer of IncHIl plasmids, including R27, is also temperature sensitive and is 

inhibited at 37°C and above (154). Transfer of R27 is dependent on the temperature in 

which the donor cells have been grown prior to mating. (154). There are several possible 

underlying mechanism(s) of thermosensitivity, including transfer gene mRNA instability, 

transfer protein or pilus instability, the loss of requisite protein:protein or protein:DNA 

interactions, or differential binding of repressor protein(s) through a range of 

temperatures leading to transfer gene repression.

Several observations support these hypotheses. Firstly, Maher et.al. found that 

donor cultures grown exclusively at 37°C are non-piliated, but when 27°C cultures are 

switched to 37°C for one hour H-pili are retained (90). This implies that there is either 

repression of transfer gene expression or transfer gene mRNA instability at 37°C, rather 

than instability o f H-pili structure. This is further supported by the observation that when 

cultures grown at 37°C are switched to 27°C, pili are not observed until three hours have 

elapsed (90). A three hour regeneration period might be necessary to transcribe transfer 

genes, translate transfer mRNA into protein, and assemble a functional transfer protein 

complex and pilus. Support for a second hypothesis is from the following data: when 

mating cultures are shifted to 37°C for 30 min, aggregation of donor and recipient cells 

no longer occurs (90). Also, when a mating culture is briefly exposed to high 

temperature (i.e. a one minute pulse at 37°C) there is a reduction in transfer frequency

(99). This rapid response to temperature suggests inactivation of preformed transfer 

elements, possibly pili or other transfer proteins involved in cell-cell contact.

Sequence analysis of R27 has identified ORFs whose homologues are involved in 

thermorepressed expression in other systems. Homologues of the temperature-regulated
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DNA-binding proteins TlpA and H-NS have been discovered in the R27 sequence. The 

TlpA protein encoded on the S. typhimurium virulence plasmid is a thermosensing 

repressor (69). The carboxy terminus of TlpA forms coiled coils, while deletion of the 

amino terminal residues 31 to 43 prevent DNA binding (68). ORF158 show 21.9% 

amino acid identity over 370 amino acids, and distinguishable similarity to the TlpA 

DNA-binding domain (Figure V-6A). Both ORFl58 and TlpA show very similar 

profiles from coiled-coil prediction algorithms (Figure V-6B) (13,96). The TlpA and FI­

NS proteins both bind DNA at low temperature and permit expression at higher 

temperatures, the opposite of the thermosensitivity seen in R27. Additional studies are 

required to determine the roles played by TlpA and H-NS homologues in R27, including 

their potential influence on transfer. As in other recently sequenced plasmids (1 ,22), we 

observed a mosaic-like structure in the R27 conjugative plasmid.

6. Conclusions.

The current state of the R27 plasmid appears to have arisen from a series of 

insertion events, both small and large in nature. Though containing two separate transfer 

regions, similar to the IncP plasmids, the individual genes in both the Tral and Tra2 

regions display considerably more homology to the genes of the single transfer region in 

the F plasmid family. The separation of the transfer regions in R27 (over 70kb) is greater 

than that observed in the IncP plasmids (111), though not at all uncommon in the Ti 

plasmids o f ,4. tumefaciens. (35,67). Furthermore there are a number of genes observed 

in the Tral region (ORF0126, trhH, ORF128, ORF130) which appear to be involved in 

pilus synthesis and assembly, functions normaily associated with the Tra2 region.
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Figure V-6 Alignment of the TlpA DNA Binding Domain

(A) Amino acid alignment o f the TlpA DNA-binding domain (69), underlined, with 

surrounding sequences, and the proposed equivalent in ORFl58.

(B) The COILS2 output for ORFl 58 and TlpA indicating the probability (P) of distinct 

regions of each protein having a coiled-coil conformation. ORFl 58 and TlpA also have 

similar outputs using the PARCOEL program (13) (data not shown).
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A simple insertion event in the far history of R27, dividing the single transfer 

region into the two transfer regions, does not account for the present plasmid 

organization. The orientation of the pilus synthesis and assembly genes observed in the 

Tral region are opposite in orientation to the Tra2 genes. Therefore if the R27 plasmid is 

an ancient ancestor o f the F plasmid family, as individual protein homology seems to 

indicate, there have been not only a series of insertions in the plasmid, but internal 

inversions of the transfer region(s) as well.

The number of insertion elements found in R27 identifies a possible mechanism 

for the evolution of the R27 plasmid, particularly the presence of the Tn/0 transposon, 

conferring the observed TcR to the plasmid. The partially assembled S. typhi CT18 

genome sequence, recently released through the world wide web 

(http://www.sanger.ac.uk/Projects/S_typhi/) has identified a 2l8kb multidrug resistance 

plasmid pCHMl. Comparison between R27 and the single “contig” representing 

pCHMl, identified only 3836bp of DNA within R27 (0.8%) that does not show near 

DNA homology to pCHMl. The sequence disparity is confined to six regions within 

R27, of which four appear to be related to transposon or insertion element activity. This 

clearly outlines the importance of insertion elements and transposons in the evolution of 

large plasmids, even for plasmids so clearly related as pCHMl and R27 appear to be and 

serves as a reminder of the potent combination transposons and conjugative plasmids 

represent in pathogenic bacteria.
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Chapter VI Entry Exclusion of R27

Entry exclusion proteins mediate the exclusion of similar plasmids from entry into 

cells containing a pre-existing plasmid. Screening a previously constructed cosmid 

library of R27 for the entry exclusion phenotype, it was possible to identify the genes as 

being contained on a single 22kb Xbal fragment. Sequence analysis and cloning of the 

genes contained within the fragment allowed identification of a single ORF, ORF018, as 

responsible for entry exclusion in R27.

1. Isolation of entry exclusion phenotype.

In the search for the gene(s) responsible for entry exclusion in R27, the transfer 

frequency of R27 from host E. coli J53-1 (R27) to an E. coli RG192-2 recipient 

containing various R27 fragments was assessed. A set of previously constructed Sail

(100) and Xbal cosmids(Table VI-l), chosen so as to represent the majority of R27, were 

introduced into E. coli RG192-2 by electroporation. Frequency o f transfer of R27 into 

each recipient was then determined after overnight matings. Selection of transconjugants 

was performed using antibiotics to select for the recipient host (Rif*) and incoming 

plasmid (TcR), so as to limit the effect of plasmid incompatibility or destabilizing of the 

incoming R27 plasmid by factors contained within the cosmid clone.

Those recipients containing cloned Xbal-D fragments consistently displayed 

decreased transfer efficiency of R27. The effect of these cosmid clones on the transfer of 

the IncHI2 plasmid, TP116, was tested (Table VI-2). Previous studies (153) had 

observed a 10-fold reduction in transfer frequency o f IncHI2 plasmids into IncHIl 

containing recipients. A similar reduction was observed with the three cosmid clones
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Table VI-1 Transfer frequency of R27 into E. coli RG192-2 recipients carrying R27

cosmids.

Cosmid4 Fragments contained Transfer Frequency6

RG 192-2 None 1.9x10^

pRG1241 IncHIl0 2.1 xlO"6

A15 Xbal-G 3.2 xlO"1

A22 Xbal-D 6.8 xlO"6

A24 Xbal-D+F 0.9x1 O'6

A3 5 Xbal-E+D 1.2 x l0‘5

DTI 602 Sa/I-C+G+T 3.9 xlO-*

DTI 693 Sa/I-B+M+O+R+Q+P 2.5x1 O'4

a Cosmids are contained in E. coli RG192-2 host.

b Transfer frequency calculated as number of transconjugants per recipient after 

overnight conjugation at 28°C in BHI broth. Transconjugants were selected using 

antibiotics specific to the incoming plasmid (TcR) and recipient cell (Rif*) 

c Recipient cells contain the entire IncHIl plasmid
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Table VI-2 Transfer frequency of the IncHI2 plasmid TP116 into recipients carrying the 

XbaD fragment of R27.

Recipient1 Transfer Frequency1*

RG 192-2 1.8x1 O’4

RG 192-2 (R27) 3.2 xlO'5

RG192-2 (A22) 5.9 xlO'5

RG 192-2 (A24) 3.9 xlO'5

RG 192-2 (A3 5) 7.2 xlO'5

a Recipient strain E. coli RG192-2. Fragments present in the cosmid clones are listed in 

Table V-l.

b Transfer frequency calculated as number of transconjugants per recipient following 

overnight conjugation at 28°C in BHI broth. Transconjugants were selected for using 

antibiotics specific to the incoming plasmid (CmR) and recipient cell (Rif*)
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containing the R27 Xbal-D fragment. Therefore the reduction of transfer frequency of 

R27 into recipients was caused by a gene product or element present in the Xbal-D 

fragment.

2. Analysis of the Xbal-D fragment

As the whole of the Xbal-D fragment had been sequenced prior to the acquisition 

of the complete DNA sequence of R27 (126), analysis of the genes located within it was 

possible (Figure VI-1). Most ORFs encoded within the region contained 

significant homology to genes not found to be related to those involved in entry exclusion 

in other plasmid systems(Figure VI-1). The homologues to the IncHI2 H-transfer 

determinants (htdA, htdF, htdK) have been observed to be necessary for transfer using 

transposon mutagenesis (K.F. Whelan, unpublished), a feature not generally associated 

with entry exclusion genes.

Of the five ORFs displaying no homology to known proteins, four were clustered 

between the stbA and par A  homologues (ORF015-018) with the fifth truncated by the 

Xbal-D restriction site. The putative start codons for these four ORFs overlapped with 

upstream genes (0,9, and 3 nucleotides respectively) with a strong -10 and -35 

transcription initiation upstream of ORF015 (nt 19,995-20,029). Therefore the search for 

the entry exclusion gene was initiated with these four genes.

3. Cloning of ORFs 015-018

The four ORFs were cloned both individually and as a group both under the 

control of the putative promoter contained upstream of ORF015 and under the control of
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Figure VI-1 Structure of the Aifral-D fragment of R27.

The genes contained within the Xbal-D fragment of R27, responsible for the entry 

exclusion phenotype. The direct repeats responsible for incompatibility are identified, 

along with the homologues to each ORF. ORF009 is truncated by the Xbal site. All 

ORFs except for ORF015-018 display significant homology to proteins unrelated to entry 

exclusion and the corresponding gene names are listed. ORF015-018 display no 

homology to any known proteins.
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the pZERO-2 P|ac promoter. The transfer frequency of R27 from E. coli RG192-2 

(pDT2454) into E. coli DH10B containing these cloned genes was determined and is 

presented in Table VI-3.

ORF015-017 had no detectable effect on entry of R27 into the cells, even under 

IPTG induced expression from the P|ac promoter. Transfer of R27 into recipients 

containing either cloned ORFO18, or the four genes (ORFO15-018) cloned sequentially 

under the control of the pZERO-2 P|ac promoter decreased transfer by a factor of 103.

Even with repression of the P|ac promoter by addition of 50mM glucose in the nutrient 

rich BHI broth, transfer frequency was not reduced, though transfer 

frequency of R27 did return to normal with the two constructs (ORFO 18, 015-018 P|ac) in 

an E. coli DT1801 host, which constitutively produces the lac repressor protein Laclq.

The DNA fragment containing ORF015-018 cloned into pZERO-2 opposite of the 

vectors Piac promoter, including the putative RNA transcription site, reduced transfer of 

R27 into the host to 6.7x10*5, similar to the transfer frequency of R27 into recipients 

containing the cosmid A24.

In order to clarify the role of ORFO 18 in entry exclusion, a Nsil site within 

ORFO 18, unique to the ORF and in the vector pUCl 19, was exploited to generate an 

insertion mutant of the gene. Transfer of pDT2454 to E. coli DH10B recipients carrying 

the disrupted ORFO 18 gene was observed to occur at rates similar to that observed in the 

transfer o f the plasmid into a recipient containing no IncHIl plasmid.

Exploiting previous results with sequence specific recombination disrupting genes 

within R27, the CmR cassette disrupted ORFO 18 present in pZERO was introduced into
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Table VI-3 Transfer of pDT2454 into recipients containing cloned genes from the XbaD 

region.

Transfer Frequency3

Recipient 50mM Glucose6 LB 0.05mM IPTGC

ORFO 15 3.4 xlO'3 2.3 xlO'3 2.1xl0'J

ORFO 16 4.7 xlO"3 3.4 xlO'3 4.1 xlO'3

ORFO 17 1.16 xlO'3 5.8 xlO'3 3.1 xlO'3

ORFO 18 2.0 xlO-6 <1 xlO'8 <1 xlO'8

ORFO 15-018 Phc 4.7x1 O'6 <1 xlO"8 <1 xlO'8

ORF015-018 Native 5.3 xlO'5 4.3 xlO'5

A24 cosmid 7.9 xlO'5 6.7 xlO*5

a Transfer frequency calculated as number of transconjugants per recipient following an 

eight hour conjugation at 28°C in BHI broth. Transconjugants were selected for using 

antibiotics specific to the incoming plasmid (TcR) and recipient cell (Rif**) 

b Recipient cells were pre-grown and conjugations performed in BHI broth containing 

50mM glucose.

c Recipient cells were pre-grown and conjugations performed in LB broth containing

0.05mM BPTG.
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E. coli TGI (R27) by electroporation and the resulting strain immediately mated with E. 

coli J53-1. TcRCmR colonies were selected, all o f which were Kms, indicating that the 

CmR had been transferred as part of R27. Sequence specific recombination was 

ascertained by PCR screening of the plasmid using primers upstream (CRAIG52) and 

downstream (CRAIG33) of the disrupted ORF018. Transfer frequency o f pDT2454 into 

E. coli J53-1 host containing R27 with ORFO 18 disrupted was found to be 1.4x1 O'2 

compared to a transfer frequency of 5.7xl0'2 for transfer of pDT2454 into E. coli TGI 

with no plasmid.

4. Conclusions

The transfer frequency of R27 is markedly decreased by the presence of ORFO 18 

and is dependent on the expression of the gene. Therefore it is clear that the reduction in 

transfer of R27 to recipients is due to the peptide produced by ORFO 18. It is possible that 

the reduction in transfer arises from destabilization of the nascent R27 strand arriving in 

the recipient due to the ORFO 18 RNA transcript. This is unlikely as even minor 

transcription of the gene, as observed with cloned ORFO 18 in the recipient cell, with the 

vectors P|ac promoter repressed by addition of 50mM glucose, still reduces the transfer 

frequency of R27. Due to the transitory nature of RNA in the bacterial cell it is unlikely 

that the few copies of RNA in the bacterial cell resulting from ORFO 18 expression would 

be sufficient to reduce the transfer frequency to that observed.

Therefore the entry exclusion effect in R27 appears to be due to the action of the 

ORF108 gene product, acting as a single element. The protein product, at a size of 

14.1kDa is significantly larger than the other previously observed gene products from
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single element entry exclusion systems. The ORF does not show any homology to entry 

exclusion genes o f other systems, although like the entry exclusion proteins from the Ti, 

IncN, and IncP plasmids, R27 contains a predicted N-terminal trans-membrane sequence 

in the initial N-terminal portion of the protein (amino acids 3-19) (66). There is no 

established nomenclature for entry exclusion genes in other systems, with gene naming 

following according to gene order or order of discovery rather than function. As ORFO 18 

falls into what appears to be an insert between partitioning genes in the Tra2 region, gene 

order and order o f discovery is not a viable scheme for naming of the gene.
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Chapter VII Concluding Remarks

Comparison of mating specific aggregation to transfer frequency in LPS mutant 

recipients and donors allows a better understanding of the transfer process. Truncation of 

bacterial LPS appears to play a role in the stabilization of the mating aggregates, as 

opposed to increased conjugal transfer arising from increased pilus binding.

Furthermore, increased stabilization of the mating aggregate is not dependent upon 

exposing of recipient proteins, rather it may result from the removal of one layer of O- 

polysaccharide, either on the recipient or the donor.

Molecular modeling of the LPS provides an explanation as to why truncation of 

the LPS can lead to increased conjugal DNA transfer. The O-polysaccharide presents a 

very dense barrier decreasing bacterial permeability (72, 143), and can actually interfere 

with E. coli adhesion to epithelial cells (15). It is perhaps not at all surprising that the 0 - 

polysaccharide can also interfere with the formation of mating aggregates necessary for 

efficient transfer of R27 or interaction of membrane bound transfer proteins with 

recipient cells. Yet truncation of the inner core, or alteration of the charge within the LPS 

core through addition of PEA can decrease transfer frequency of R27, although the 

mechanism of action is unknown. It is likely that LPS truncation affecting changes in the 

outer membrane or outer membrane proteins plays a role in the conjugation process, 

complicating attempts to identify LPS contribution to mating efficiency.

The use of LPS mutant recipients with donors containing mutations in the R27 

transfer genes may further elucidate the role o f transfer proteins in conjugation. In future 

studies it will be interesting to determine if the TrhN and ORF128 proteins in R27,

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



138

homologues of the TraN and TraG proteins of the F system, play as important a role in 

the specificity and stabilization of the mating aggregates in the IncH plasmids as they do 

in the F plasmid system and if  they are affected by LPS truncation (8).

The entry exclusion phenotype was localized to a I4kb cosmid-cloned fragment 

of R27 and further delineated to the activity of a single gene, ORF018. ORF018 is found 

in a stretch of four contiguous genes appearing to be under the control o f a single 

transcriptional initiator upstream of ORFO 15, all of which display no significant 

homology to previously identified genes. The surface exclusion gene of R27 has no 

homology to previously identified entry exclusion genes from other plasmid systems, 

though it does contain a strong N-terminal transmembrane segment similar to single­

protein entry exclusion systems found in other plasmids.

Previous amino acid analysis of purified pili appears to have been complicated by 

the inability to visualize the true pilin subunit in SDS PAGE separations. The possibility 

exists that the 3.2kDa band visible in SDS PAGE separation represents the 7.2kDa 

peptide observed in MALDI analysis of purified pilin, with the erroneous transfer 

through the gel arising from a combination of charge and altered protein cross section due 

to circularization of the peptide. Alternatively the SDS PAGE visualized 3.2kDa band is 

a minor component of purified pili, perhaps representing a tip adhesin. Yet it is clear that 

the 3.2kDa protein visualized in SDS PAGE separation is associated with pilin 

production, as phage adhesion correlates with the disappearance o f this 3.2kDa band as 

assessed by Western blots (99). The cloned trhA gene does produce an appropriately 

sized protein as visualized using a cell-free expression system, though no band is 

observed with SDS PAGE separations of whole cells carrying the cloned gene. It
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therefore appears that the TrhA protein forms tight protein aggregates, resistant to 

denaturation and staining.

Mutagenesis of the trhA gene met with limited success. It was possible to 

generate insertion-mutants of vector-cloned trhA, yet site-specific recombination of the 

disrupted gene into R27 was unsuccessful. Therefore it appears that disruption of trhA in 

R27, the lead gene in the Tra2 region, interferes with plasmid stability. It is unlikely that 

this is due to interruption of transcription of downstream genes as antibiotic resistance 

cassette insertions into trhA, oriented in opposite directions, were unable to undergo site- 

specific recombination into R27. Yet the methodology used for recombinational 

mutation was successful for other transfer genes and the gene responsible for entry 

exclusion, proving to be an effective tool in mutational analysis of R27.

It is interesting to note that lack of bacteriophage Hgal replication does not 

indicate lack of adhesion to the bacteria. All evidence is that Hgal is pilus specific for 

adhesion with previous studies utilizing this feature to good effect (90, 91). It appears 

that Hgal also requires an extended pilus for infection. The bacteriophage is able to 

adhere to cells containing R27 plasmids which have mutations in genes displaying 

significant homology to the pilin processing and assembly genes of the IncF system 

(126), however it is unable to initiate a lytic infection (99). It is likely that the extended 

pilus is required for RNA transfer from the bacteriophage to the host cell.

Genetic analysis of R27, allowing gene naming and proposal of gene function 

based upon homologies to other systems, has given some insight into the relationship of 

the IncH plasmids to other plasmid families. Nearly half (10 of 21) of the transfer genes 

identified to date show significant homology to transfer genes of the IncF plasmid. Of
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the genes showing homology to the F plasmid transfer genes, most are contained in the 

Tra2 region. In contrast most of the genes found within the Tral region contain no 

significant homology to previously identified genes in any plasmid systems. Amino acid 

motifs within the genes found in the Tral region, in combination with their necessity for 

transfer, have allowed some assignment of function to the genes.

Even though there are two transfer regions within the IncH plasmid, the plasmid 

does not appear to be related to the two transfer system IncP or Ti plasmids. The lack of 

a trbl or a virBlO homologue, found amongst all type IV secretion systems, suggests that 

the transfer system of R27 is not closely related to type IV secretion systems. The strong 

homologies observed among the transfer genes of the IncH and F plasmid systems, along 

with the remnant of a F replicon does indicate that either the IncH plasmid diverged from 

the F plasmid family, or exchanged significant amounts of DNA with an F like plasmid in 

the distant past. The separation of the two transfer regions in R27 is likely due to a series 

of insertion events in the plasmid, with the possibility of complete loss of the original 

conjugal DNA processing genes, replaced with the Tral region as it is found today.
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Appendix:Code for sequential scanning of input amino acids for specific amino acid 

content

1 #include <stdio.h>
2 finclude <iostream.h>
3 ffinclude <fstream.h>
4 #include <string.h>
5 #include <conio.h>
6 #include <math.h>
7 #include <io.h>
8 #include <alloc.h>
9 #include <fcntl.h>
10 #include <process.h>
11 #include <sys\stat.h>
12
13 const size=20000;
14
15 /* variables */
16 char firstread[size]; /* initial array input read into memory */
17 char buffer(size];
18 char test_seq ;/* invoking the variable so as to be able to point to
it. */
19 char* test_seqpoi ; /* pointer to actual sequence in the memory,
20 will be the basis for all other maniuplations */
21 const int frame =25 ; /* size of the reading frame to be assayed
22 char file-name(20] ; /* name of the sequence file */
23 int pos ; /* position marker for incrementing through the test-
seg string
24 int handle,bytes,counter;
25 char temp_string[frame];
26
27 int acid-want[20]; /* acids input wanted
28 int acid-count [20]; /* acids counted in a given frame
29 int nearness ; /* integer representing the closeness of a given temp
string's
30 acid count to the acid want */
31 int close_pos [600] ; /* an array of pointers to the start of a frame
of a
32 pre-determined closeness */
33 int file_open=0; /* 0 if not opened, 1 if succesful open */
34
35
36 void read frame(char*,int,int);
37 int acid_assay(char[frame], int[20]);
38 float acid evaluate (int[20],int[20]);
39 void get acids();
40 void initialization() ;
41 void read_file();
42 void buffer_enter0;
43
44
45
46
47
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48
49
50 void main()
51 {printf("Please enter file name of output");
52 scanf("%s",file_name);
53 FILE "stream;
54 handle=open(file name,0_CREAT | 0_TEXT,S_IREAD \ S_IWRITE) ;
55 stream=fdopen(handle, ”w");
56 read_file()
57 buffer_enter();
58 fprintf(stream,"test_seqpoi=%s \n",test_seqpoi);
59
60 
61 
62
63 /* now the sequence has been read, and is residing at the address
test_seqpoi
64 waiting to be accessed */
66 get_acids() ; /* input wanted acids */
67 clrscrO;
68
69 /* loop for frame reading */
70 /* for (pos=l; pos<60; pos++) */
71 for (pos=0; pos<((strlen(test_seqpoi)-frame)); pos++)
72 {
73 initialization 0;
74 read_frame(test_seqpoi,pos,frame);
75 /"printf ("frame %s \n", temp_string); */
76 acid_assay(temp_string,acid_count);
77 nearness=acid_evaluate(acid_count,acid_want);
78 if(pos%1000 ==0)
79 {printf("position %d reached. \n",pos);
80 }
81 int nn;
82 if (neamess<14)
83 { close_pos(nn) = test_seq+pos;
84 fprintf(stream,"frame is %s ", temp_string);
85 fprintf(stream,"position=%d ",pos);
86 fprintf(stream,"nearness=%d \n",nearness);
87 printf("frame is %s ", temp_string);
88 printf("position=-%d ",pos);
89 printf ("nearness=%d \n",nearness) ,-
90 nn++;
91 } ;
92 }
93
94 }
95
96
97 void read file{}
98 { printf("please enter the file name in the current working
directory: ");
99 scanf("%20s", file_name);
100
101 if ((handle =open(file_name, 0_RD0NLY | 0_BINARY, S_IWRITE | S_IREAD)) ==-1)
102  {
103 printf("Error Opening File\n");
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104 file_open=0;
105 exit(1);
106 }
107
108 if ((bytes = read(handle, firstread, size)) ==-1)
109 {
110 printf("Read Failed.\n") ;
111 file_open=0;
112 exit(1);
113 }
114 else {
115 printf("Read: %d bytes read.\n", bytes);
116 file_open=l;
117 }
118 }
119
120 void buffer_enter()
121 {
122 counter =0;
123 int n ;
124 for(n=0;n<strlen(firstread);n++)
125 {if (firstread[n] ! = ' ' &&. firstread[n] ! = '\r'&& firstread[n] ! = '\n')
126 {
127 buffer[counter]=firstread[n];
128 counter++;
129 }
130 } ;
131 test_seqpoi=new char [(strlen(buffer)) +1] ;
132
133 test_seqpoi=buffer;
134 }
135
136
137
138 int acid_assay(char* temp_string, int acid_count[20])
139 { char acid;
140 int count;
141 for (count=0; count <= frame; count++)
142 { acid=*(temp_string+count);
143 switch (acid)
144 { case 'A.' :
145 acid_count[0] = acid_count[0]+1;
146 break;
147 case 'R':
148 acid_count[1] = acid_count[1]+1;
149 break;
150 case 'N':
151 acid_count[2] = acid_count[2]+1;
152 break;
153 case :
154 acid_count[2] = acid_count[2]+1;
155 break;
156 case 'C':
157 acid_count[4] = acid_coxmt[4]+1;
158 break;
159 case 'E' :
160 acid_count(5] = acid count[5]+1;
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161 break;
162 case 'Q' :
163 acid_count[6] = acid_count[5]+1;
164 break;
165 case 'G' :
166 acid _count[7] = acid_count[7]+1;
167 break;
168 case 'H' :
169 acid_count[8] = acid_count [8]+1;
170 break;
171 case 111 :
172 acid_count[9]  = acid_count [ 9 ] +1;
173 break;
174 case 1L 1:
175 ac id_count[10] = ac id_count[10]+1;
176 break;
177 case ’K ’:
178 acid_count [11] = acid_count[11]+1;
179 break;
180 case 'M1:
181 acid_count [12] = acid_count[12]+1;
182 break;
183 case 'F':
184 acid_count[13] = acid_count[13]+1;
185 break;
186 case 'P':
187 acid_count[14] = acid_count[14]+1;
188 break;
189 case ’S':
190 acid_count[15] = acid_count[15]+1;
191 break;
192 case ’T':
193 acid_count[16] = acid_count[16]+1;
194 break;
195 case ’W ’:
196 acid_count[17] = acid_count[17]+1;
197 break;
198 case ’ Y 1:
199 acid_count[18] = acid_count[18]+1;
200 break;
201 case ’V':
202 acid_count[19] = acid-count[19]+1;
203 break;
204 } ;
205 };
206 return *acid_count;
207 }
208
209 void initialization{)
210 int i;
211 for (i=0; i<=20; i++)
212 { acid_count[i] = 0;
213 };
214 }
215
216 void read_frame (char* test_seqpoi, int entering_pos, int frame)
217 { int n = 0 ;
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218
219
220  
2 2 1  
222
223
224
225

int posn=entering_pos; 
for (posn; posn<(entering_pos+frame); posn++)

{ temp_string[n] = * (test_seqpoi + posn); 
n++ ;};

void get_acids() 
{

226 cout « "Please ensure you enter a
227 cout << " \nA? "
228 cout << " \nR? "
229 cout << " \nN+D?
230 cout << " \nC? "
231 cout << " \nE+Q?
232 cout << " \nG? "
233 cout << " \nH? "
234 cout << " \nl? "
235 cout << " \nL? "
236 cout << " \nK? "
237 cout << " \nM? "
238 cout << " \nF? "
239 cout << " \nP? "
240 cout << " \nS? "
241 cout << " \nT? "
242 cout << " \nW? "
243 cout << " \n Y ?  "
244 cout << " \ n V ? "
245
246
247
248
249
250
251
252
253
254
255
256 
acid
257
258
259
260 
261 
262 
*/
263
264
265

value in each catagory, even if 0. \n"; 
scanf("%d",&acid_want[0]) 
scanf("%d",&acid_want[1]) 
scanf (11 %d", &acid_want [2]) 
scanf("%d",&acid_want[4]) 
scanf("%d",&acid_want[5]) 
scanf("%d",&acid_want[7]) 
scanf("%d",&acid_want[8]) 
scanf("%d",&acid_want[9]) 
scanf("%d",&acid_want[10]); 
scanf("%d",&acid_want[11; 
scanf("%d",&acid_want[12]) 
scanf("%d",&acid_want[13]) 
scanf("%d",&acid_want[14]) 
scanf("%d",&acid_want[15]) 
scanf("%d",&acid_want[16]) 
scanf("%d",&acid_want[17]) 
scanf("%d",&acid_want[18]) 
scanf("%d",&acid want[191)

float acid_evaluate(int* acid_count,int* acid_want)
{ int temp,counter,internal_nearness,tester; 

internal_nearness=0; 
temp = 0 ;
for(counter=0; counter <20; counter++)

{ /* printf ("%d-"racid_count[counter])
printf(I"%d=",acid_want[counter]); 
tester = abs(acid_count[counter]- 

want[counter]);
printf ("%d", tester);*/
temp = abs(acid_count[counter]-acid_want[counter]);

intemal_nearness = temp+intemal_neamess ;
/* printf (" intemal_neamess=%d" , internal_neamess) ;

} ;
return internal nearness;
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