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Abstract

DNA-binding proteins such as IHF play a crucial role in bacterial survival. IHF
is involved in many biological processes in E. coli and possibly in other bacteria. It was
hypothesized that another protein, Nlp, belongs to a family of conserved DNA-binding
proteins, and this protein wasshown to be non-essential for cell viability, but highly
conserved among the Enterobacteriaceae. As Nlp appears to play a role in gene
regulation, we wished toidentify all Nlp-regulated genes. nlp was cloned intopBAD18­
Kan generating pMM5, where Nlp expression was under the control of arabinose. Strain
LF20300 was transformed with pMM5 and then lysogenized with the lacZ
transcriptional fusion reporter vector Mu dI to create a library of approximately 10,000
clones. This library was scteened on plates containing either glucoselX-gal or
arabinoselX-gal in order to identify genes whose expression was altered upon production
of Nlp. Two clones, 90-6 and 205-15, were identified which displayed increased f3­
galactosidase expression in the presence of Nlp. Further stumes with these two clones
have shown the insertion of a single Mu dI phage within clone 90-6 and a double
insertion within clone 205-15. Cloning and sequencing of one of the Mu dl insertions of
strain 205-15 hasidentified the yqhG gene as being one of the genes whose expression
may be altered in the presence of Nlp.
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Résumé

Les protéines se liant à l'ADN telles lliF jouent un rôle crucial dans la survie des
bactéries. IHF est impliquée dans de nombreux processus biologiques chez E. coli et
peut-être également chez d'autres bactéries. Nlp, une autre protéine, pourrait également
appartenir à une famille de protéines se liant à l'ADN. Cette protéine n'est pas
essentielle à la survie bactérienne, bien que fortement conservée chez les
Enterobactériaceae. Nlp paraissant jouer un rôle dans la régulation des gènes,
l'identification des gènes régulés par Nlp a été entreprise. Le gène nlp a été cloné dans
pBAD18-Kan générant pMM5, dans lequel l'expression de Nlp était sous contrôle de
l'arabinose. La souche LF20300 a été transformée avec pMM5 puis lysogénisée par le
vecteur Mu dl pour créer une banque de fusiontranscriptionnelle avec. le gène lacZ
d'environ 10.000 clones. Cette banque a été criblée sur un milieu contenant glucoselX­
gal ou arabinoselX-gal pour identifier les gènes dont l'expression était altéré par la
production de Nlp. Deux clones, 90-6 et 205-15, montrant une expression accrue de ~­

galactosidase en présence de Nlp ont été identifiés. Une étude approfondie de ces deux
clones a montré la présence d'une seule insertion de Mu dl dans le clone 90-6 et de deux
insertions dans le clone 205-15. De plus, le clonage et le séquençage d'une des deux
insertions de Mu dl dans la souche 205-15 ont identifié le gène yqhG comme étant un
des gènes dont l'expression pourrait être altérée par la présence de Nlp.

111



•

Acknowledgments

l would like to thank all the people who helped me during the past three years,

during tbis marathon master. .. l especially thank Dr. Michael DuBow for giving me the

chance to conduct research in his lab, Dr. Malcolm Baines for giving me the opportunity

to get a teaching experience, and·all the lab members forfueir support.

A very special thank goes to Kirsty Salmon and Madani Thiam, for their

friendship but also for the incredible help they provided me. l really appreciated

Madani's support throughout my research progression and bis help in the lab when l was

pregnant. Kirsty's encouragement, support and helpful suggestions about my thesis were

also very much appreciated.

Je voudrais surtout remercier mes parents de m'avoir permis d'étudier à des

millers de kilomètres de la maison, malgré la douleur de l'éloignement. Je les remercie

pour leur amour, leur confiance, leur aide inconditionnelle et tous les sacrifices qu'ils ont

faits pour leurs fIlles. Je remercie aussi mes sœurs, pour nos fous rires et tous les bons

moments passés ensembles. Enfin, mille pensées pour les deux personnes qui me

remplissent de bonheur: Omar, choukrane pour tout, mais surtout pour ta patience cette

dernière année; Neyla, ton petit air espiègle est un rayon de soleil. Je vous promets de

vous consacrer plus de temps ...

Je ne pourrais pas nommer toutes les personnes dont l'amitié m'est très chère

(amis ou famille); j'aurais trop peur d'oublier un nom! Ils se reconnaîtront. Merci

d'avoir été si patients lorsque je n'avais pas le temps de donner des nouvelles.

Financial support was provided by fellowships from the Department of

Microbiology and hnmunology (F.c. Harrison Fellowsbip), and Dr. M.S. DuBow.

iv



Preface te the thesis

This thesis was prepared in accordance with the 'Guidelines for Thesis

Preparation' obtained from the Faculty of Graduate Studies and Research, McGill

University, Montreal (QC).

This thesis consists of a general introduction (Chapter 1), a review of literature

(Chapter 2), an experimental chapter (Chaprer 3), and a final conclusion and summary

(Chapter 4). References for all chapters .are listed by citation order at the end of the

thesis.

1 was responsible for· all the research described in Chapter 3 with the exception of

the 13-galàctosidase experiments, for which Igot help from Faiz Ahmad.

v



•

Table of Contents

ACKNOWLEDGMENTS •••••••••••.••••.•.••••••••••••••••.••••••••••••••••••••••••••••••.••.••••••••••••••••••••••••••••.•••••••••••••••••••••IV

PREFACE TO THE TlIESIS •••••••••••••••••••••••••••••••••.••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••.•••••••••••.•••• v

TABLE OF CONTENTS VI

LIST OF·FIGURES AND TABLES vm

CHAPTER 1 GENERAL INTRODUCTION 1

CHAPTER 2 mSTONE-LIKE PROTEINS CONSERVED IN BACTERIA: A REVIEW WITH
AN EMPHASIS ON IHF (INTEGRATION HOST FACTOR) 3

1.1 INTRODUCTION 4
1.1.1 Histone-like proteins ofbacteria 4
1.1.2 Discovery and identification ofthe IHF protein 12
1.1.3 Characteristics of IHF , 15

1.2 EXPRESSION OF !HF 17
1.2.1 Regulation of transcription ofthe ihfA gene 18
1.2.2 Regulation oftranscription ofthe ihfB gene 19

1.3 STRUCTURAL CHARACTERISTICS OF IHF 20
1.3.1 Interaction ofIHF with its specifie binding sites 20

1.3.1.1 IHF consensus sequence 20
1.3.1.2 Importance of the 5' NT-rich region 22

1.3.2 Deformation ofDNA upon IHF binding 23
1.3.3 Model ofthe IHF-DNA complex: the Yang and Nash model 24

1.4 ROLES OF IHF 28
1.4.1 Site-specifie recombination 28
1.4.2 Control of transposition ;., 30
1.4.3 Control ofphage gene expression 32
1.4.4 Control ofbacterialgene expression. 34

1.4.4.1 Coactivation of cr54 promoters 34
1.4.4.2 Regulation of transcription at cr70 promoters 36
1.4.4.3 Regulation of crS promoters 37

1.4.5 Control ofDNA replication 38
1.4.6 Role ofIHF in other processes f 39

1.5 EVOLUTIONARY CONSERVATION OF IHF 41

CHAPTER 3 IDENTIFICATION OF BACTERIAL GENES REGULATED BY TlIE
ESCHERlCHIA COU TRANSPOSABLE PHAGE NER PROTEIN HOMOLOGUE, NLP/SFS 7.52

2.1 INTRODUCTION 53
2.2 MATERIALS AND METHODS 57

2.2.1 Bacterial strains and phage 57
2.2.2 DNA manipulations 57
2.2.3 Plasmid construction 59
2.2.4 Culture Media, Growth Conditions and Antibiotic Selection 61

vi



2.2.5 Transformation and transduction 61
2.2.6 Chloramphenieol Release Assay 62
2.2.7 Assay of fJ-galactosidase activity " ; 62
2.2.8 DNA isolation" 62

2.3 RESULTS 64
2.3.1 Cloning ofnlp into pUC120 and expression of the Nlp protein 64
2.3.2 Cloning ofnlp into the pRAD expression veetor 66
2.3.3 Construction ofa library ofrandom, chromosomal, promotorless, laeZ transcriptional
fusions " 66
2.3.4 Sereening ofthe LF20300/pMM5/Mu dl (amp lac) library 66

2.4 DISCUSSION 71

CHAPTER 4 SUMMARY AND CONCLUSION •••••••••••••••••••••••••••••••.•••••••••••••••••••••••••••••••••••••••••••••• 74

REFERENCE LIST ••••••••••••..•.••.••••••••••••.•.••••••••.•.•.•••••••••••••.•••••.••••••••••••••••••••••••••.•••••••••••••••••••••.•••••••••••••• 76

vu



Table 1.1.

Table 1.2.

Table 1.3

Figure LI

Figure 1.2

Figure 1.3

Figure lA

Figure 1.5

Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Table lA

Figure LlO

Table 2.1

Figure 2.1

Table 2.2

Figure 2.2

Figure2.3

Figure 204

Figure 2.5

List of Figures and Tables

Characteristics of sorne histone-like proteins of E. coli 6

Bacterial IHFot protein homologues 9

Bacteri.al IHF~ protein homologues , Il

Map of the ihfA (A) and ihfB (B) gene chromosomal regions in E. coli (104,105) 14

Schematic model of the IHF dimer [reprinted from (Ill), Copyright 1994, with

permission from Oxford University Press] 16

Characteristics of the IHF consensus sequence 21

Schematic model of an IHF-DNA complex at the H' binding site of the attP site of

bacteriophage À [reprinteded from (129), Copyright 1995, with permission from Academie

Press] 26

Distribution ofIHF binding sites in the attP and attB regions [adapted from (51),

Copyright 1988, with permission from Elsevier Science] 29

Map of the operator region of coliphage Mu (16) 31

Examples of d 4
, a?O, and aS promoter organization (188, 192) 35

Comparison of IHFotamino acid sequences from different bacteria 42

Comparison of IHF~ amino acid sequences from different bacteria 43

Examples ofhomologous histone-like proteins in bacteria 48

Comparison of the amino acid sequence of sorne histone-like proteins of bacteria 50

Nlp homologues 54

Comparison of the amino acid sequence of Nlp homologues 56

List of Escherichia coli strains and plasmids used in this study 58

Construction of the pBAD18-Kan-based plasmid pMM5 and the pUC-based plasmid

pMM6 containing the PCR-amplified nlp gene 60

Expression of the Nlp protein 65

Construction of the lacZ fusion library 67

Results of the liquid ~~galactosidase activity assay performed on the four positive clones

(90-6,94-28,205-15, and 223-32) obtainedfrom the library screening 69

Vlli



Chapter1 General Introduction

1



•

DNA-binding proteins play a crucial role in bacterial physiology and survival. In

this thesis, two DNA-binding proteins were studied. Chapter 2 is a review of the

literature concerning nIF (Integration Host Eactor), a histone-like protein which has

been extensively studied and was shown to be involved in many different biological

processes in the E. coli cell. Interestingly, this protein has homologues in bacteria more

or less related to E. coli suggesting that this important protein has been conserved

throughout evolution.

Chapter 3 (the experimental portion of this thesis) focuses on another protein,

Nlp Œer-!::ike ~rotein), which is hypothesized to belong to a family of conserved DNA­

binding proteins. However, no roles are known yet for this novel protein which appears

to play a role in gene regulation and is conserved among the Enterobacteriaceae. The

goal of the work presented in Chapter 3 was to identify and characterize bacterial genes

regulated by the E. coli Nlp protein. A study of the role of Nlp in E. coli cell growth and

physiology was therefore undertaken using a gene fusion approach to better understand

this putative family of regulatory proteins.
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Chapter 2 Histone..Like Proteins Conservedin

Bacteria: a Review with an Emphasis on IHF (Integration

Host Factor)
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1. 1 Introduction

1.1.1 Histone-like proteins of bacteria

The genome of Escherichia coli is associated with ten to twenty different DNA­

binding proteins, forming what is called the nucleoid (1). These histone-like proteins, or

nucleoid-associated proteins, share severalproperties with eukaryotic histones, which

themselvesare responsible, in higher organisms, for compacting DNA intonucleosomes.

They are smaIl, basic, abundant, DNA-binding proteins and theirprimary structure is

highly conserved (2). However, the bacterial histone-like proteins have not been as weIl

characterized as their eukaryotic counterparts. The idea that there could be histone-like

proteins in· bacteria came from the observation that a bacterial· protein, known as HU

(heat-ynstable nucleoid protein), displayed many sirnilarities with eukaryotic histones.

The HU protein is a small, basic, abundant, DNA-binding protein which is capable of

wrapping DNA, and whose primary structure is highly conserved among bacterial

species (3, 4, 5, 6) (Table 1.1). Several reviews on histone-like proteins have been

published, including reviews by Pettijohn (7), überto, Drlica, et al. (2) and Hayat &

Mancarella (8).

Other DNA-bindingproteins, such as H-NS (histone-like nucleoid §tructuring

protein; also known asprotein HIa) (9, 10, Il), Fis (factor for inversion §timulation)

(12, 13), and !HF (Integration Host factor) (14) were discovered and classified in the

same groupas HU on the basis of their high abundance, low molecular weight, solubility

at low pH, and association with DNA (15) (Table 1.1).

HU is the most abundant DNA-binding protein of E. coli and displays an

extensive amino acid sequence homology with !HF (16). However, although!HF can

replace HU in some processes such as TnlO transposition (17), or open complex

formation at the origin of replication of the E. coli chromosome (18), their binding

properties are very different. Whileseveral HU monomers can bind to a single DNA

fragment in a non-specific manner, only one !HF monomer recognizes a specifie

sequence (19, 20).
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The Fis protein is basic, and although it was identified for its role in site-specifie

DNA recombination reactions, thete is substantial evidence that it also participates in

essential ceU processes such as rRNA and tRNA transcription and chromosomal DNA

replication (13). The neutral H-NS protein has also been classified as a histone-like

protein, since H-NS is thought to bind DNA in a rather non-specific manner (although it

binds preferentiaUy to curved DNA) and to be able to compact it (9, 21, 22).

IHF, HU, and H-NS have been shown to be required for œU growth, and that

elimination of more than one of these proteins results in dramatic effects on bacterial

viability (23). Interestingly, unlike llIF, H-NS, and Fis, HU does not display any

apparent DNA-binding recognition specificity (2, 24). Another important finding is that

IHF, H-NS, and Fis are growth phase regulated, and the abundance of E. coli HlF and

H-NS increase during stationary phase (10, 25, 26, 27, 28) (Table 1.1).

In the case of E. coli Fis, there is a dramatic increase in the protein level when

stationary-phase ceUs are sub-cultured into growth medium, prior to the frrst ceU

division, and a rapid shut off of synthesis when ceUs enter exponential growth (28, 29,

30, 31) (Table 1.1). Thus, it appears that the relative level of the different histone-like

proteins is regulated by environmental changes.

The nucleoid-associated protein family also includes other proteins such as CbpA

(furved DNA-Qinding Qrotein A) (32), CbpB or Rob (furved DNA-Qinding Qrotein B or

right arm of the replication Qrigin :Qinding protein) (33, 34, 35), DnaA ( DNA-binding

protein /!;) (36, 37, 38), Dps Q2NA-binding Qrotein from ~tarved ceUs) (39,40,41), Hfq

(host factor for phage Q~) (42, 43,44), IciA Qnhibitor of fhromosome initiation A) (45,

46, 47), Lrp (leucine-responsive regulatory Qrotein) (48), StpA .(§uppressor of ta
Qhenotype A) (49), and H protein orribosomal protein S3 (50). Of these proteins, three

(CbpB, DnaA and Lrp) were found to bind to specific DNA sequences while the others

(CbpA, Dps, Hfq, IciA and StpA) do not seem to display any marked sequence

specificity for DNA-binding (24) (Table 1.1).

The roles of llIF have been extensively studied in E. coli, and this histone-like

protein has been shown to be involved in many different processes such as site-specific

recombination, DNA transposition, DNA replication, gene expression and phage

packaging [reviewed in «51, 52, 53, 54)]. This protein hasalso been found in other

5



Table 1.1. Characteristics of sorne histone-like proteins of E. coli.
The complete name of the proteins listed are: HU, heat-unstable nucleoid protein; H-NS, histone-like nucleoid structuring
protein; Fis, factor for inversion stimulation; IHF, integration host factor; CbpA, curved DNA-binding protein A; CbpB, curved
DNA-binding protein B; DnaA, DNA-binding protein A; Dps, DNA-binding protein from starved cells; Hfq, host factor for
phage Qf3; IdA, inhibitor of chromosome initiation A; Lrp, leudne-responsive regulatory protein; StpA, suppressor of td­
phenotype A; and H protein or ribosomal protein S3.
Abbreviations: Ex, exponential phase; S, stationary phase; ES, early stationary phase; LS, late stationary phase; Un,
undetectable; ND, no data.
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Table 1.1 - continued

H protein (28.0) rpsC 120,000 Ex

120,000 S

7

ND Inhibiton of transcription; DNA
replication, DNA topoisomeraseactivity
and DNA-dependent ATP hydrolysis in
vitro

(50,55,56)



bacteria (57, 58, 59 60, 61, 62, 63, 64, 65, 66) (Tables 1.2 and 1.3) and it is of.great

interest to study the evolutionary conservation of this important protein, especially given

the rapid rise in bacterial genome sequences. A study in 1991 showed that genes coding

for the !HF protein are conserved in Gram-negative bacteria (67). Anùno acid

sequences of !HF protein homologues of the Gram-negative bacteria, as weIl as other

bacteria, will be compared to highlight the conserved and non-conserved portions of the

protein.
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Table 1.2. Bacterial IHFa protein homologues.
The accession number in the Entrez Protein database of the National Center for
Biotechnology Information is given for each protein. Homologous proteins and
theu identity percentage to E. coli IHFa were found using BLAST searches at
the National Center for Biotechnology Information website
(www.ncbi.nlm.nih.govl) using the BLOSUM62 matrix (68). Proteins are listed
by identity degree to E. coli IHFa.

Protein nome Accession Length ldentity to Reference
number (amino acMs) E. colilHFa

Escherichia coli IHFa P06984 99 100% (69,70)

Erwinia chrysanthemi IHFa P37982 99 96% (60)

Salmonella typhimurium IHFa P15430 99 96% (57)

Serratia marcescens IHFa P23302 99 94% (67)

Yersinia. pseudotuberculosis IHFa CAB46606 98 88% (71)

Vibrio cholerae IHFa AAF94381 98 86% (72)

Pseudomonas putida IHFa Q52284 100 85% (59)

Pseudomonas aeruginosa IHFa Q51472 100 84% (65)

Xanthomonas campestris IHFa S67817 99 78% Direct submission

Xylella fastidiosa IHFa AAF83553 99 73% (73)

Pasteurella multocida IHFa AAK02712 98 71% (74)

Pasteurella haemolytica IHFa P95516 99 69% (63)

Neisseria meningitidis IHFa AAF41142 100 69% (75)

Haemophilus influenzae IHFa P43723 96 66% (76)

Buchnera species APS IHFa BAB12849 102 64% (77)

Buchnera aphidicola IHFa P57231 102 62% (77)

Mesorhizobium loti IHFa NP_108523 107 50% (78)

Zymomonas mobilis IHFa AAD53893 113 49% Direct submission

Myxococcus xanthus IHFa CAC01236 129 48% (79)

Rhodobacter capsulatus IHFa P30787 100 47% (80,58)

Caulobacter crescentus IHFa AAK23351 100 47% (81)

9



Table 1.2 - continued

Neisseria gonorrhoeae IHFa AAGI0095 104 35% (82)

Rickettsia rickettsii IHFa CAC33712 95 31% Direct submission

Rickettsia typhi IHFa CAC33761 95 31% Direct submission

Rickettsia montanensis IHFa CAC33647 95 30% Direct submission

Rickettsia prowazekii IHFa G71630 95 29% (83)

Chlamydophila pneumoniae IHFa AAD18560 100 26% (84)

Chlamydia trachomatis IHFo: AAC67860 100 26% (84,85)

10



Table 1.3 BacterialllIF~protein homologues.
The accession number in the Entrez Protein databaseof the National Center for
Biotechnology Information is given for each protein. Homologous proteins and
their identity percentage to· E. coli llIF~ were found using BLAST searches at
the National Center for Biotechnology Information website
(www.ncbi.nlm.mh.govD using the BLOSUM62 matrix (68). Proteins are listed
by identity degree to E. coli llIF~.

Protein name
Accession Length ldentity to

Reference
number (amino acids) E. colilHFp

Escherichia coli IHF~ P08756 94 100% (86)

Serratia marcescens IHF~ P23303 94 93% (67)

Erwinia chrysanthemi IHF~ P37983 94 91% (60)

Vibrio cholerae IHF~ AAF95062 92 81% (72)

Pseudomonas aeruginosa IHF~ Q51473 94 73% (65)

Pseudomonas putida IHF~ Q52285 100 73% (59)

Buchnera species APS IHF~ BAR13017 94 68% (77)

Xylellafastidiosa IHF~ AAF85236 126 68% (73)

Pasteurella multocida IHF~ AAK02884 94 65% (74)

Buchnera aphidicola IHFI3 Q44654 93 64% (64)

Pasteurella haemolytica IHF~ P95519 93 64% (63)

Haemophilus influenzae IHF~ P43724 94 57% (76)

Neisseria meningitidis IHFI3 AAF41677 104 56% (75)

Caulobacter crescentus IHFI3 AAK25548 96 52% (81)

Mesorhizobium loti IHFI3 NP_I04360 94 50% (78)

Rhodobacter sphaeroides IHFI3 AAD29258 93 49% (87)

Rhodobacter capsulatus IHFI3 Q06607 95 47% (58)

Agrobacterium tumefaciens IHF~ CACI5177 102 42% (88,89)

Neisseria gonorrhoeae IHFI3 AAG10094 96 36% (66)

Rickettsia rickettsii unknown AAC05204 90 35% Direct submission

Aquifex aeolicus IHFI3 G70486 100 35% (90)

Chlamydia muridarum IHFI3 F81691 100 32% (91)

Chlamydophîla pneumoniae IHFI3 B72080 100 31% (84,91)

11



1.1.2 Discovery and identification of the IHF protein

The IHFprotein was first discovered in a mutant strain of E. coli which was

defective for bacteriophage lambda (À) recombination (92). Integration of À occurs by

site-specific recombination between a unique segment of the viral genome, the phage

attachment site, attP, and a unique region in the E. coli chromosome, the bacterial

attachment site, attB (93). This recombination event requires a phage-encoded protein

called integrase(Int) which carries out the strand exchange reaction. Williams et al.

(92) treated a culture of E. coli with a mutagen and then plated it on tryptone agar. They

found that À was not able to form stable lysogens of one mutant strain even though it

was able to form turbidplaques on this strain. These results indicated that there was an

Integration defect; the responsible host mutation was therefore named hid, for host

integration gefective~ The hid mutation was then located to about 37-38 minutes on the

E. coli genetic map. This mutation did not seem to have any significant effect on cell

growth, sensitivity 10 UV light, burst size following À infection or plaque morphology

with À. Integrative and excisive recombination abilities were tested in both a hid + and a

hid - strain using a test À phage. They were both greatly reduced in the hid - strain

compared to the hid + strain. Mter further studies on integrative recombination in vitro,

it was shown that the hid mutation did not affect int gene expression. As the addition of

extract from a hid + nonlysogen could overcome the defect inhid - extracts, it was stated

that the hid - strains were missing an active host component required for À integrative

recombination. These results confirmed previous studies that showed that the product of

the À int gene (the À-encoded protein integrase)· and an activity present in uninfected E.

coli were required for the Integration of bacteriophage Â into the E. coli chromosome

(94,95,96).

Genetic and biochemical studies of E. coli mutants defective in À site-specifie

recombination showed that these mutants could be classified into two groups depending

on the location of the mutation on the E. coli chromosome: these two classes of

mutations were called himA for host integration mediator A (97) and hip for host

integration Qrotein (98). Extracts from these mutant cells were unable to supplement the

12



Int protein for Â recombination but extracts from himA or hip cells could complement

each other in vitro to allow Int-promoted recombination (98). This E. coli protein

necessary for Â site-specifie recombination was named nIF for Integration Host factor

(14, 99). When trying to purify the bacterial component required for À site-specifie

recombination, Nash and Robertson obtained two bands after gel electrophoresis that co­

migrated with IHF activity (14). These two polypeptide chains were called a and 13.

The a. subunit of nIF is in fact encoded by the himA gene (69, 99) and the 13 subunit by

the hip gene (86, 100).

A new nomenclature for the genes encoding nIF was suggested in 1996 (101) to

remove the confusion over the name of these genes. The ihfA name was substituted for

himA and hid for the gene encoding the nIFa. subunit, and ihjB for himD and hip for the

gene encoding IHF13. In this review, only the new names (ihfA and ihfB) will be used.

The nIFa. chain is a 99 amino acid protein with a moleeular weight of about Il.2

kDa and is encoded by the ihfA gene (69). This gene was identified in 1985 by

Mechulam et al. (70) as they were sequencing the E. coli pheST operon. This operon

codes for the two subunits of phenylalanyl-tRNA synthetase (102). As mentioned

above, the hid mutation (92) as well as the himA mutation (98) were located at about 37­

38 min on the E. coli chromosome and interestingly, the pheST operon was mapped to

38 minutes (70). Indeed, an open reading frame of 297 nucleotides, named prp, was

found a few nucleotides downstream from the pheT gene. A region resembling a rho­

independent transcription tenninator (103) was found 15 nucleotides downstream from

the stop codon of prp. Several facts [pheST and ihfA co-transduction by phage Pl (99),

coîncidence of the molecular weight of nIFa. and the putative prp product (70)]

suggested that the ihfA gene was situated very close to the pheSr operon.

Complementation experiments using an.ihfA mutant and the prp gene showed that prp

corresponded to the ihfA structural gene. (70) (Fig. 1.1).

Concerning the 13 subunit of the nIF protein, it was suggested in 1981 that it was

encoded by the hip gene, now known as the ihjBgene (100). This genewas isolated and

sequenced in 1985 by Flamm and Weisberg using a set of deletion mutants constructed

by exonucleolytie digestion. The nIF13 chain was found to be a 93 amino acid protein

with a molecular weight of about 10.5 kDa (86). The ihjB gene is located near
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Figure 1.1 Map of the ihfA (A) and ihfB (B) gene chromosomal regions in E. coli
(104, 105).
The·arrows represent the promoters (P3, P4 and P) and the vertical black bar, the
transcription terminators (t4 and t). The attenuator is represented between the P3
promoter and the pheS gene in the ihfA region. The thrS gene encodes the
threonyl-tRNA synthetase; infC, the initiation factor :IF3; rplT, the ribosomal
protein L20; pheS and pheT, the two subunits of the phenylalanyl-tRNA
synthetase; and rpsA, the ribosomal protein SI. (*) are putative lliF binding
sites.
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minute 20 on the linkage map (106) and immediately downstream. of the rpsA gene (86)

(Fig. 1.1).

1.1.3 Characteristics of IHF

The two non-identical subunits oflliF, IHFa and IHF~ (14), are both related to a

family of nonspecific DNA-binding proteins, the type II or HU family of DNA-binding

proteins (16). The lliF heterodimer (Fig. 1.2) can bind and bend DNA at specific sites

(107" 108, 109). The lHFa and lliF~ subunits are very similar to each other (30% of

their amino acids are identical), but they are both required in vivo for integrative

recombination and other lliF-dependent processes (97, 106). However, it has been

shown that when either lHFa or IHF~ are present in sufficient quantity, they can bind as

a homodimer specifically to lliF sites and satisfy the in vitro requirement for IHF

heterodimer in Âsite-specific recombination. Since the stability of the lliFa-DNA and

lliFl3-DNA complexes are reduced compared to that of the heterodimer lliF-DNA

complexes, it is unlikely that both homodimers bind ihf sites in vivo, a result in

agreement with previous studies that showed that both chains are required for IHF

function in vivo (110, 111).

As mentioned previously, lliF is homologous to the HU protein, and they share

50-62% identity at the amino acid level. While a defect in either protein is very well

tolerated, cell growth is dramatically impaired when both are deficient(112). These

observations indicate that both protein can substitute for each other, and that they may

functi6n in a similar way (112).
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Figure 1.2 Schematic model of the IHF dimer [reprinted from (111), Copyright 1994,
with permission from Oxford University Press].
Black lines and dotted lines indicate the two subunits of IHF. Bach suburnt
contains three a-helical domains, al, a2, and a3; three anti-parallel ~-sheets, ~1,

~2, and ~3; and a ~-sheeted arm (between ~2 and ~3) protruding from the body
of the protein. The contact point of the IHFa and œF~ proteins is indicated by a
black arrow.
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1.2 Expression of IHF

The cellular abundance of IHF is growth-phase regulated, but it is not affected by

growth conditions such as altered incubation temperature (e.g. 32°C or 42°C instead of

37°C) or growth medium (minimal-glucose salts medium instead of LB broth) (26), The

amount of IHF increases from 0.5-1.0 ng of IHF subunits per Jlg of total protein in

exponentially growing cells t05-6 nglJlg in late-stationary.,phase cells. Cells in

exponential phase contain approximately 8,500 to 17,000 lHF dimers per cell, a number .

that is comparable to the levels of ribosomes and HU protein. Another study showed

that there were approximately 15,000 IHF subunits in the exponentialphase, a number

which increased up to 55,000 in early stationary phase (28) (Table 1.1). This large

number is sUJ"Prising for a site-specifie DNA-binding protein having only a limited

number of specifie sites. However, since small decreases in IHF amount have

significanteffects on several IHF dependent functions, it is possible that the level of IHF

in exponential-phase is not in large excess of the minimum required for occupancy of

physiologically important IHF-binding sites, and that most of the intracellular IHF is not

free. As there are a number of known IHF sites that can only bind a small fraction of all

the IHF present in the cell (even if some others were to be found), Ditto et al. (1994)

suggested that the majority of the IHF proteins could be bound to low-affinity DNA sites

with unknown roles. The release of IHF from these low-affinity binding sites could

promote some of the modifications thatare associated with entry into or transition out of

stationary phase (113, 114). However, since in IHF-deficient strains there is no

important growth defects nor any problem associated with stationary-phase recovery,

growth-phase regulation by IHF, if it exists, may only be subtle, redundant, or both (26).

As IHF is a stable protein, changes in its abundance are due to modifications in relative

rates of transcription or translation, but not due to protein degradation (26). In fact, the

increase in the level of IHF in the entry to stationary phase is in part due to an increase

in ihfA and ihfB transcription and not to increased mRNA stability (105).
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1.2.1 Regulation of transcription of the ihfA gene

Transcription of the different parts of the pheST-ihfA operon was elucidated

thanks to the technique of gene fusions (104). Expression of the ihfA gene is

accomplished in two different ways It can be expressed from a polycistronic transcript

initiating at the P3 promoter, located upstream of the pheS gene, as weIl as from a

monocistronic transcript initiating at P4, locàted within pheT (Fig. 1.1). Indeed, most

ihfA transcription originates from the P4 promoter (75%), as approximately80% of the

transcripts originating from P3 terminate at the attenuator (located in the leader mRNA

region between the P3 promoter and the pheS gene). However, cotranscription between

pheST and ihfA can occur (shown by in vitro transcription and SI nuclease mapping

techniques) since there is only one transcription terminator (t4) located downstream

from ihfA. The level of transcription at the P3 and P4 promoters is negatively controlled

by the ihfA product alone or associated with another molecule (104). Interestingly, a

putative lliF binding sequence (115), flanked by a 12 base direct repeat, is present

between the -35 and -10 regions of P4 and two (one on each DNA strand) overlapping

the -35 region of the P3 promoter. These observations seem to indicate· that both

promoters controlling the transcription of ihfA can be negatively controlled by IHF (104,

105) (Fig. 1.1). The P3 and P4 promoters arealso under SOS control and previous work

indicated that ihfA transcription is derepressed in a lexA-deficient strain (100).

However, no sequence homologous to the LexA consensus binding site was found in the

P3 and P4 promoter region, whereas àll other genes known to be under SOS control a.U

contain a LexA binding site (104). Moreover, the signal molecule ppGpp also plays a

major role in the growth-phase variation of activity at the ihfA P4 promoter It affects

this promoter indirectly via RpoS (105).

ln summary, transcription of the ihfA gene appears to be controUed by two

different mechanisms. The first one is a classical operator-repressor type mechanism,

involving the ihfA product, ppGpp, RpoS, and the SOS network, though it is not clear

how the SOS network is involved in ihfA transcription control. The second mechanism

controlling the expression of ihfA, which acts independently from the frrst one, is a

mechanism of attenuation control. Thanks to this second mechanism, a link may be
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established between the intraceHular concentration of IHFa and the functional state of

the translational machinery (104, 105).

1.2.2 Regulation of transcription of the ihfS gene

Thanks to primer extension and SI analyses, the transcription start site of ihfB

was identified (105). The ihfB promoter, like the ihfA promoter, exhibited a reduced

growth-phase response in the absence of RpoS, but the effect was observed to be weaker

than at the ihfA promoter. The ihfB promoter is in fact controlled by both ppGpp and

RpoS, acting independently. Transcription from the ihfB promoter is negatively

regulated by IHF, like the ihfA gene. In fact, two putative IHF binding-sites are present

in the ihfB promoter region: one overlapping the ihfB promoter and one directly

upstream (105) (Fig. 1.1).

It is of interest to note that within the IHF-binding sites in the ihfA and ihfB

promoter regions, the IHF-recognition sequence differs by one or two nucleotides from

the consensus sequence (115). These sites were shown to display a ten-fold lower

binding affinity to IHF, which can result from the deviation from the consensus and also,

as previously shown (116), from the sequence context of the binding sites. Since these

sites display low binding affinity to IHF, it was hypothesized that autoregulation can

only take place when sufficient levels of IHF accumulate in the cell (10S).
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1.3 Structural characteristics of IHF

1.3.1 Interaction of IHF with its specifie binding sites

1.3.1.1 IHF consensus sequence

In 1981, Nash and Robertson first demonstrated that purified lliF eould bind DNA (14)

and in 1984, lliF was shown to be a specifie DNA-binding protein which reeognized a

DNA-binding site of approximately 30 to 35 bp long (115). Binding of lliF to nucleic

acids requires neither cofactors nor additional proteins. Craig and Nash (115) initially

established the lliF consensus sequence thanks to nucleotide sequence comparison and

methylation patterns of different lliF binding sites. The final consensus sequence

recognized by lliF has been identified principaUy by protection assays and

elecrophoretic mobility shift assays (EM5As). Protection from attack by hydroxyl

radicals has provided the most precise estimate of the size of an lliF site, typicaUy 25­

35bp (20), (117, 118). This consensus site is now widely accepted as WATCAANNNN

TTR (W =dA or dT, R =dG or dC and N =any nucleotide) (51) (Fig. 1.3). The four

central nucleotides are designated by the letter N since comparison of known lliF

sequences have not shovvn nucleotide preferences within this region (116). Interestingly,

the !HF binding site is asymmetric, a property which is thought to be important for lliF­

DNA complex formation (119).

lliF binds tounique sites with an affinity of 1-25 nM (120, 121, 122, 123).

When lliF binds its target sites, it does so with a specficity ratio of roughly 1,000 to

10,000 for its naturaltargets vs. nonspecific nucleic acids (122, 123). In addition, in the

few cases where it has been examined, cooperativity between lliF sites is weak or

undetectable (120, 124).

When lliFbinds to DNA, it induces a bend in the DNA molecute(W7). Using

EMSA techniques suchas circular permutation analysis (125) and phasing (126), as weU

as electron microscopy (127), it has been determined that lliF introduces a very

substantial distortion of the double helix (109),. Although there is no definitive basis for
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Figure 1.3 Characteristics of the IHF consensus sequence.
The holded WATCAA and TTR parts of the consensus are helieved to contact
the lliFa and IHF~ suhunits, respectively (128). The circled letter (W) is
thought to he the centre of the IHF-induced hend (129).
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quantitating the parameters of the distortion, studiesemploying most methods agree that,

if IHF were to induce a hinge-like bend, the bend angle would be 1400 or greater (108,

109, 127, 130, 131). This would convert the shape of the DNA from something

approximating a straight Hne to something resembHng a hairpin. Interestingly, lliF has

little or no effect on the overall topology of the DNA. This has been deduced from the

very sinrilar affinity of lliF for sites on supercoiled and nonsupercoiled templates (122).

In addition, IHF does not seem to rely on hydrogen bond donors and acceptors of the

base pairs to ensure DNA-binding specificity, as is normally the case (132), but instead

appears to rely on indirect readout (133).

1.3.1.2 Importance of the 5' AIT-rich region

The consensus sequence is not the only element involved in lliF binding to

DNA: the sequences adjacent to the consensus site also play a raIe (134). Their

importance was demonstrated by mutational analyses (107, 135, 136) and by protection

assays showing that a large region of DNA was protected from nuclease attack upon !HF

binding (115, 137). Interestingly,!HF binding sites are usually found in AIT-rich

regions .(137) and a computer analysis of 27 lliF binding sites found the presence of an

expanded consensus sequence which includes an AIT-rich region upstream of the core

consensus element (116) (Fig. 1.3). However, if the core consensus and the 5'-AlT-rich

region are important for lliF binding, these two elements are not always simultaneously

present, as shown by the study of the H' and Hl sites in the attP region. The core

consensus sequence alone is sufficient for IHF binding to the Hl site, but both elements

are required for binding of lliF to the H' site (138). In fact, !HF binding is enhanced

when a mn of adenines or an A-tract is positioned in the 5' region of the consensus

sequence. Moreover,!HF appears to bend more DNA at AIT-rich sites than when

associated with sites lacking i1. Thus, the 5' domain of the lliF binding site appears to

be very important for the binding and bending of DNA by this protein and the DNA may

be bent differently when an AIT-rich element is present at the 5' end of the consensus

sequence (139). Indeed, it was recently shown that the 5' region contributes significantly

to the structure of IHF-DNA nucleoprotein complexes but Httle to their affinity or their

22



•

function (133). The idea that the regions flanking the consensus sequence are important

in the binding of IHF is supported by the fact that sorne binding sites, which show a

perfect match with the consensus, are bound only weakly by IHF while sorne sites

showing a weak core consensus can be very good IHF sites (107, 117, 136, 137). It has

been suggested that the AIT-rich region might increase the flexibility or the bending

ability of the DNA in the IHF binding site region, thus providing a local conformation

more favorable to IHF recognition, or that it might also be important to position IHF in a

unique orientation (135, 138). Sun et al. (131) demonstrated that IHF contacts the

adenines on the3'-side of the AT-rich region and thereby induces DNA bending into the

minor groove in proximity. This bending may, in turn, stabilize the interaction. Upon

nIFbinding, structural perturbations, such as DNA unwinding, occur in the vicinity of

the IHF contact region but there is no strand separation. (131). The DNA bend induced

by lliF binding is more or less symmetrical and the center of the bend is located near the

W residue of the consensus sequence (129) (Fig. 1.3).

In summary, IHF binding sites are approximately 25 to 35 bp long and can be

divided into at least two domains: a degenerate 5' domain which is typically AIT-rich,

and a conserved 3' domain containing the consensus sequence WATCAANNNNTTR

(Fig. 1.3). Furthermore, local DNA conformation influences the affinity of nIF binding

and bending, thereby providing one mechanism to regulate nIF activity. This

modulation may be very important since the consensus sequence of the nIF site is

degenerate (140).

1.3.2 Deformation of DNA upon IHF binding

Goodman and Nash (141), working with bacteriophage lambda, suggested that

the role of IHF is only to bend DNA into a functional conformation. They postulated

that binding of IHF to its site helps bring different parts of the lambda DNA

recombination site attP closer together, and helps the interaction of other components of

the "intasome" (the complex formed by Int, nIF and the DNA) (141). Other studies also

led to the hypothesis that IHF only acts as an architectural element. For example, when
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lliF binding sites are replaced with stably bent kinetoplast DNA or binding sites for

other proteins which bend DNA, site-specificrecombination occurs independently of

lliF (141, 142, 143, 144). Furthermore, the nonspecific DNA-binding protein HU can

substitute both in vitro and in vivo for lliF to perform excisive recombination of a

plasmid containing the prophage att sites (HU is only moderately effective at replacing

lliF), but is not able to perform integration between the attP and attB sites (143). This

result confirms the hypothesis that lliF functions primarily as an architectural element

and that deformation of DNA is a crucial function of lliF (143).

IHF is able to bend DNA even when it binds in a non-specifie manner. This

property was shown when mutations were created in the lliF site of attL (one of the two

attachment sites involved in A excisive recombination). The cooperativity between Int

and !HF was retained and stable "intasomes" were created on the mutated attL. In

addition, lliF mutants defective in specifie binding are still able to bend DNA (145).

However, when flexible sequences (single-stranded DNA) replace the lliF-induced

DNA bending, bacteriophage A site-specifie recombination is enhanced in the absence of

lliF but the replacement is not perfect. This result suggests that lliF may have

additional functions other than simply deforming DNA (146).

1.3.3 Model of the IHF-DNA complex: the Yang and Nash model

Yang and Nash have established that only one lliF moleeule binds to one lliF

binding site, although this small protein protects a large region of DNA (20). They also

suggested that lliF contacts and recognizes DNA via the minor groove, which is unusual

for sequence-specifie DNA-binding proteins. A member of the HMG-I family of

ehromosomal nonhistone proteins, the cr protein, and the oetanucleotide factor of the

specific protein-DNA complex that govems immediate early gene expression of herpes

simplex virus, are two possible eukaryotic relatives of lliF since they also appear to

contact DNA in the minor groove (147, 148). However, they do not appear to be

strueturally related to the HUIIHF family as shown by amino acid sequence comparisons

(20). A model for the interaction of lliF and its DNA target was described after
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extensive footprint analysis of the three lliF-DNA complexes that are formed at the

attachment site of À and crystal structure analysis of the HU protein from Bacillus

stearothermophilusdetermined by Tanaka et al. (149). It was suggested that the HU

protein structure could be taken as a reasonable approximation for the IHF structure

since there is important similarity in amino acid sequence between the two proteins (20).

In this model, the two anti-parallel j3-sheet arms of lliF encircle the DNA by binding in

the minor groove aUwo sites. A DNA bend is then introduced through interaction of the

body of the lliF molecule with sequences flanking the DNA occupied by the arms (20)

(Fig. 104). Photocrosslinking experiments of lliF-DNA complexes supported the Yang

and Nash mode! and also indicated that both lliF subunits contact the DNA target (150).

The presence of close interactions between the lliFa subunit and the 3' end of the

WATCAA portion of the consensus nIFbinding site, and between the nIFj3 subunit and

the TTR part was suggested by Lee et al. (128) (Fig. lA). Their studies, as weH as other

genetic studies (121, 151) are consistent with the structural model of Yang and Nash

(20). Furthermore, it has been suggested that the strongest interactions between nIF and

the DNA may lie within the WATCAR and TTR elements of the consensus sequence

where lliF interacts closely with theminor groove of the DNA (123).

The binding specificity of lliF seems to be due, at least in part, to the C-terminal

a3 helix of the nIFa subunit, since deletion of this region suppresses aH IHF specificity

(119). The a3 helix of lliF may not directly interact with the DNA but it may act

indirectly by stabilizing the structure of the DNA-binding domain and thus ensure the

specificity of the binding reaction (119). Zulianello et al. proposed that the lliFa a3

helix could interact directly with the IHFj3.arm and thus stabilize its structure, or interact

withthe turn between the a2 helix and the 131 sheet of lliFj3, thus stabilizingthe IHFa

atm. At [rrst, theC-terminal parts of IHFa and IHFj3 were thought to be responsible for

the binding specificity of IHF since they are more extended than those of the two

identical subunits of HU. However, deletions of these regions showed that the modified

IHF protein still bound DNA in a very specifie way. On the other hand, the C-terminal

a3 helix of the lliFj3 .subunit does not affect the specificity of the binding. but rather its
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Figure 1.4 Schematic model of an IHF-DNA complex at the H' binding site of the attP
site of bacteriophage Â [reprinteded from (129), Copyright 1995, with permission
from Academie Press].
The model was established ou the basis of different studies (13, 149, 151). The
arms of the two subunits extend from (3-sheets into the minor groove, the flanks
consist of the first (3-sheets and the third C-terminal a-helices, and bodies
comprise the frrst two N-terminal a-helices. The arm of the IHFa subunit
(shaded) and the flank of thelliF~ subunit (blank) contact closely the 5' ATCAA
part and the TT 3' part of the consensus lliF binding site, respectively (circled
letters on right). The flank of the lliFa. subunit is believed to enhance binding
affinity by contacting a distal A/T-rich region (circled letters on left) (129).
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affinity, suggesting a possible role for that last a helix of IHF~ in the stability of the

IHF-DNA complex. It was also shown that the tum between ~-sheets 1 and 2 of lliF~,

particularly the Arg-46 residue which is conserved in all IHF~ proteins known so far

except for Neisseria gonorrhoeae, may interact with the TTR segment of the consensus

sequence and might contribute to the bending of the DNA. In fact, this arginine residue

may even be involved in the recognition of the TTR element, since arginine side chains

are known, for different proteins, to interact with the minor groove of specifie DNA

sequences. However, even if the TTR element is important, specifie IHF-DNA

complexes can still form in the absence of this element, but with decreased affinity.

Surprisingly, the four N nucleotides located between the WATCAA and the TTR

elements of the consensus, which are not conserved between the different IHF sites,

seem to be important for the IHF-DNA complex formation as deletion of these

nucleotides prevents the formation of specifie complexes. They may indeed be involved

in interactions with the IHF protein, rnediated by the phosphates since there are no

nucleotide preferences in this region (119), or perhaps are only required for spacing

purposes.

The co-crystal structure of IHF bound to one of its natural binding sites (H' site

of phage À) was established by Rice et al. in 1996 (130) and the stoichiornetry of the

cornplex and the orientation of the IHF protein on the DNA agree with solution studies

previously performed (20, 128, 150). The study by Rice et al. (130) demonstrated that

the DNA is bent by 1800 into a virtual U-tum and confrrmed that the arms encircle the

DNA and only interact with the minor groove. In order to bend DNA, !HF positions its

positively charged body on the inside of the bend to counteract the symmetric repulsion

of the phosphate backbone charges and inserts a hydrophobie residue between base pairs

into each of the two kinks it creates (130, 152). The crystal structure was obtained by

Rice et al. with a DNA rnolecule containing a single niek,positioned in one of the two

kinks that !HF generates upon binding, rather than a cornpletely intact duplex. The

structure obtained with the nicked DNA could therefore differ from the global solution

structure with intact DNA. However, it was shown using fluorescence resonanceenergy

transfer (FRET) that the global structure was hardly changed, although sorne subtle

changes could be distinguished (153).
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1.4 Roles of IHF

1.4.1 Site-specifie recombination

As previously discussed, the !HF protein was originally discovered for its

essential role in site-specific À DNA recombination into the bacterial chromosome both

in vivo (92, 94, 97, 98) and in vitro (95). For reviews on integrationand excision of

bacteriophage À, see the articles written by Nash (154) and Weisberg and Landy (155).

Integrative recombination by phage À occurs between a 250-bp site on the phage

chromosome (attP) and a 25-bp site on the bacterial chromosome (attB) (Fig. 1.5), and

leads to the formation of a prophage delimited by two attachment sites, attL and attR.

The attP and attB sites share a 15-bp homologous common core where the crossover

event occurs (Fig. 1.5). In both sites, this common core is flanked by two arm sequences

which are not identical. At attP, threeIHF binding sites, caUed Hl, H2, and H', are

located in the arm sequences, while attB does not contain any (115) (Fig. 1.5).

Interaction of IHF with aU three binding sites in attP is required for integrative

recombination since disruption of any of them decreases the integrative recombination

event (120). The common core is also found in the two attachment sites created from

the integrative recombination, attL and attR. Both the phage-encoded integrase protein,

Int, as weU as the bacterial protein IHF are required in this process. Excision of the

prophage is also possible by recombination between these two sites to regenerate attP

and attB, using Int,]}IF, and another phage-encoded protein, Xis (154, 155, 156).

However, while Int is responsible for performing the strand exchange by nicking

and ligating the DNA (96), IHF seems to functioll only as an accessory protein. This

was suggested by experiments showing that, in vitro, a mutant Int protein alone is able to

promote integrative recombination, although at a much reduced efficiency (157, 158).

However, studies also showed that llIF can prom.ote the specifie binding of the Int

protein to the core region of attP and thereby promote recombination(115, 159).

Conceming À excisive recombination, IHF is required. However, in vitro, high

28



Figure 1.5 Distribution of HIF binding sites in the attP and attB regions [adapted from
(51), Copyright 1988, with permission from Elsevier Science].
Squares represent the HIF sites: two, Hl and H2, are in the left arm oUhe phage
genome and the third one, H', is in the right arm. The·Int sites are represented in
circles:P1 and P2 in the left arm; P'I, P'2, and P'} in therightarm; B, B', C, and
C' in the common core of attB and attP, respectively. There is also a Xis site (X)
on the left arm. The region of crossover is indicated by a large cross (51).
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lliF concentrations inhibit this process. On the other hand, h~gher concentrations of IHF

are required for integration than for excision. As the concentration of lliF in the E. coli

cell increases during entry into stationary phase, it is possible that lliF is important in

the control of the phage life cycle: the level of lliF would prevent a premature excision

at a time when conditions are not favorable for a suceessful phage burst (25).

Interestingly, lliF has also been thought to be involved in site-specifie

reeombination of eoliphage <1>80 and Salmonella typhimurium phage P22 (160). Indeed,

similarities were found in the location and orientation of the lliF binding sites in the

attachment sites of eoliphages À and <1>80 and P22 suggesting a similar role for lliF in the

mechanism of site-specific recombination in ail three phages (160). However, a recent

in vivo study showed that llIF was not required for site-specific recombination of

bacteriophage P22 (161).

1.4.2 Control of transposition

lliF is known to be required for coliphage Mu transposition in vitro: it reduces

the negative supercoiling of the Mu donor molecule to the minimallevel required for

transposition to occur (162, 163). An IHF binding site is present in the Mu left end

intergenic region, located between the repressor binding sites 01 and 02. This site

stimulates the rate of strand transfer 100-fold andtherefore functions as an enhancer-like

element (16, 163, 164) (Fig. 1.6). lliF is believed to act at this transpositional erihancer

and stimulate the Mu strand-transfer reaction by inducing a sharp bend at this site (162,

163, 165).

lliF also acts as an architectural catalyst in the modulation of Tn1OIlSl0

transposition (166, 167). The Tn10 transposon is composed of two IS10 insertion

elements flanking a DNA segment which consists of a gene involved in tetracycline

resistance. An IHF binding site is present near the outside end of Tn10. It was recently

shown that lliF first promotes transpososome assembly (a complex formed by the

binding of transposase to both transposon ends) and is then ejected from it. In a second
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Figure 1.6 Map of the operator region of coliphage Mu (16).
01, 02, and 03 are the repressor binding sites. Transcription of the early genes
(the first of which is ner) of Mu initiates at the earlypromoter PE• Pc promotes
transcription of the repressor gene, c. An !HF binding site is located in the
intergenic region between sites 01 and 02.
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reaction, lliF rebinds TnlO and alters transpososome conformation to allow the

subsequent steps of transposition to occur (166, 167).

IHF was also thought to be involved in insertion element ISl transposition since

it had been shown to bind specificaUy to a site on each end of this transposable element

(107, 137). However, according to Shiga et al. (1999), a recent unpublished study

suggests that IHF is not required for this process to occur; instead, another histone-like

protein, H-NS, appears to be responsible (168). IHF is also thought to be involved in the

excision process of the genetic elemente14, anon-essential component of 14.4kb of the

E. coli K12 chromosome (169), however further studies are required.

1.4.3 Control of phage gene expression

lliF indirectlyregulates the synthesis of two phage-encoded proteins involved in

the lysogenic pathway of bacteriophage Â: fut, necessary for Â site-specifie

recombination, and the cIrepressor which shuts off expression of lytic functions (170,

171). ln vivo, this regulation seems to be accomplished via the translational control of

another phage protein, ÂcIl, probably by binding to a duplex region of RNA (171, 172).

However, in vitro studies suggested that IHF stimulates the expression of the cIl gene at

the transcriptionallevel, possibly by acting as an anti-terminator (173, 174). IHF isalso

known to be directly involved in stimulation of the phage lambda PL promoter by

enhancing promoter recognition by the RNA polymerase protein (175, 176). This Â PL

promoter is responsible for the expression of at least 14 genes, including the N gene

required for the Â lytic cycle and the cm gene involved in the lysogenic cycle (175,

177). IHF recognizes two sites upstream from the PL promoter, induces DNA bending

upon binding and appears to contact the aC-terminal domain of RNA polymerase

(aCTD) (175, 176, 178). Moreover, the DNA bend induced by !HF brings into

proximity the aCTD and the UP element, a distal element located upstream from the

promoter, thereby allowing the establishment of close contacts between them and

increasing theaffinity of RNA polymerase to the PL promoter region (179).
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nIF is also involved in the transcriptional activation of sorne coliphage Mu

genes. This protein modulates transcription differentially from promoters PE and Pc:

while stimulating transcription from PE, it weakens the Pc promoter thereby favoring the

lytic cycle (164, 180). Moreover, like the Â, PL promoter, activation of PE by IHF is

dependent on the presence of the aCTD of the a subunit of RNA polymerase (181).

Binding of IHF to the IHF binding site located between operator sites a 1 and 02 was

shown to be responsible both in vitro and in vivo for the activation of early transcription

in the absence of the c repressor (182). In fact, in the IHF binding region, two IHF

consensus sequences named ihfa and ihjb are present. These two sequences are partially

overlapping and in opposite orientation (136, 183). However,IHF shows a strong

preference for ihjb, primarily because of the bent structure of the flanking DNA in the

Mu regulatory region and indeed, ihjb is the only site active in stimulation of

transcription from both promoters (136). The differential regulation of PE and Pc by IHF

bound to the same site might be accomplished by the different nature of the IHF-DNA

complexes it can produce. Activation of transcription at the PE promoter only requires a

weak IHF-DNA complex and may not be mediated by DNA bending but, presumably,

by protein-protein interactions between IHF and RNA polymerase (136). On the other

hand, activation of transcription at the Pc promoter requires a strong IHF-DNA complex

and in this case, conformational changes induced by IHF seems to be crucial (136). It

was further shown that by binding to its binding site in the Mu operator region, IHF

plays a dual role in the early transcription of coliphage Mu. In the presence of the

phage-encoded c repressor, IHF enhances rep:ression of early transcription in vivo by

stimulating repressor binding to the 01 and 02 operators, due to the formation of a

stable nucleoprotein complex with the early operator PE (184, 185). However, when

repressor is absent, IHF activates early transcription leading to the lyric cycle (182).

Furthermore, IHFs role appears to beprimarily architectural by building a stable

repression complex in cooperation with the Mu repressor c: IHF stabilizes the

interactions between Mu repressor and the early operator (182). Additionally, IHF is

able to counteract the H~NS mediated repression of the PE promoter both in vivo and in

vitro by interfering with the formation of a stable H-NSIDNA complex (181). The exact

mechanism allowing this alleviation of H-NS repression by IHF is not weIl understood
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(181), but seems to be crucial for the lytic development .of bacteriophage Mu. The

phage cannot become lytic in the presence of H-NS and the absence of IHF (180, 181).

1.4.4 Control of bacterial gene expression

Statistical analyses and two-dimensional gel electrophoresis suggested that the E.

coli chromosome contains approximately 80 to 100 putative ll-IF binding sites (116, 186)

suggesting a role for this protein in gene regulation in E. coli. Indeed, several studies

suggested that ll-IF interacted with many sites on the bacterial chromosome and was

directly involved in the regulation of expression of many genes in E. coli [reviewed in

(51,52,53,54); see also (187)].

1.4.4.1 Coactivation of cf4 promoters

IHF consensus sequences are located around -40 to -50 bp from the start of

transcription in about half of the known nitrogen-regulated (J'54 promoters, but does not

directly stimulate transcription from these promoters (188). Instead, nIF appears to

bring into proximity to the promoter region an activator, bound to the upstream activator

site (VAS) (Fig. 1.7). IHF binding sites are normally located between the VAS and the

RNA polymerase recognition sequence (Fig. 1.7) and can therefore coactivate

transcription by bringing the activator and the ~4_RNA polymerase together by the

formation of a loop. The activator is therefore brought into close proximity to the RNA

polymerase and interactions can occur between them (53, 188, 189, 190). IHF can also

enhance the binding of the activator tothe DNA (191), the binding of the ~4_RNA

polymerase to the promoter (190), and it may stimulate the interaction between the

activator and the RNA polymerase (53). Furthermore, ll-IF can coactivate transcription

thanks to direct contacts it can form with the RNA polymerase or with the activator itself

(53). Further experiments have shown that transcription initiation requires a promoter

with high affinity for ~4-RNA polymerase, as weIl as a bend in the DNA, intrinsic or

induced by ll-IF, located between the enhancer and the promoter in the case of linear
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Figure 1.7 Examples of d 4
, cr

70
, and crS promoter organization (188, 192).

The organization of promoters hycA, nifE, narG, and ompF was adapted from
(188).
Symbols: c::::J IHF binding site; ~ activator binding site (upstrearn
activator site; VAS); IIIIIIIIIIIIIII repressor binding site.
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DNA. However, when the DNA is supercoiled, transcription initiation only requires one

of these characteristics, but not both (144, 189, 193).

Examples of <f4 promoters coactivated by lliF include glnAp2 and glnHp2 in E.

coli and Salmonella typhimurium, and the nif promoters (nifE, E, LA, H, J and U) in

Klebsiella pneumoniae and in many nitrogen-fixing organisms classified in the "purple

bacteria" phylum (53, 144, 194, 195, 196, 197) (Fig. 1.7). Other examples of promoters

coactivated by lliF include the hycA and hypA promoters of the formate hydrogenase

system of E. coli (198) (Fig. 1.7), the pspA promoter (phage shock protein operon of E.

coli) (191,199,200), and the Pu promoter of the upper operon (involved in theoxidative

transfomation of toluene/xylenes to the corresponding benzoate/toluates) of the

Pseudomonas putida TOL plasmid (201).

Interestingly, the !HF protein may not only coactivate transcription from <f4
promoters by helping in the formation of an active complex but it may also inhibit non

specifie activation by heterologuous regulators due to a distortion of the DNA structure

(200,202).

1.4.4.2 Regulation of transcription at 0
70 promoters

As previously seen, lliF is a negative repressor of its own synthesis by acting at

the ihfA and ihfB (570 promoters (104, 105) (Fig. 1.1). However, from DNA microarray

experiments, lliF appears to be invoived (either directly or indirectly) in the expression

of numerousgenes expressed from (570 promoters (187).

InterestingIy, it was shown that where lliF is an activator of transcription at (570

promoters, it does not interact directly with RNA polymerase to activate initiation. On

the contrary, lliF has only an architectural role consisting of bending the DNA to allow

the interaction between a region of DNA upstream from the lliF binding site and RNA

polymerase (203). The lliF protein has been shown to be invoived in positive regulation

of expression of the isoleucine and valine (nv) enzymes from the ilvBN and ilvGMEDA

operons, possibly by decreasing transcriptional pausing and termination (204, 205, 206).

lliF aiso positively regulates the pst operon (genes coding for the inducible inorganic

phosphate transport system) by binding weakly to a site Iocated immediately
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downstream from the promoter, and as a consequence, indirectly controls the expression

of phoA (alkaline phosphatase gene) since they both belong to the PHO regulon (207).

!HF also stimulates expression of the xyl genes (205), the group 2 capsule gene clusters

(K antigens) (208), the nitrate reductase narGHJl operon (209, 210) (Fig. 1.7), the

biodegradative threonine deaminase tdc operon (211), the L-cysteine biosynthesis

cysJIH operon (212), the conjugal transfer operon (tm) (213), and the pifCAB operon

(involved in inhibition of phage T7 growth) (51, 214) of the plasmid F, to name a few.

However, !HF can also exert an inhibitory effect on cr70 promoters, and repressor

effects have been observed in cr70 promoters with lliF-binding sites, although the

mechanisms are still unknown. Still, many !HF effects appear to be direct with no other

regulatory protein involved (214), (215). For example, !HF was found to inhibit

transcription of the ompB operon, coding for the OmpR and EnvZ regulatory proteins of

ompF and ompC, by directly binding in the -10 and -35 region of the major promoter

(216). Expression of the two outer membrane porin proteins OmpF and OmpC are also

inhibited by!HF as a consequence of its negative effect on ompB expression. However,

the ompF gene is also repressed indirectly by modulation of the activity of the regulator

protein OmpR by !HF (217) (Fig. 1.7). Expression of ompC is also repressed through

conformational changes in the DNA induced by IHF (215). In E. coli, !HF was shown

to repress a Chlamydomonas chloroplast promoter, PA, presumably by binding to a site

overlapping the promoter along with the binding of other proteins upstream from the

promoter(218).

1.4.4.3 Regulation of cl promoters

IHF was shown to participate in stationary-phase-induced expression of the osmY

gene, coding for a periplasmicprotein, and the dps gene, coding for a non-specifie

DNA-binding protein from starved cells important for defence against hydrogen

peroxide (219, 220). In the case of the osmY gene, IHF seems to help in establishing crS

(dg orstationary phase cr factor) selectivity at the osmY promoter. In fact, !HF inhibits

transcription initiation at the osmY promoter along with regulatory proteins CRP and

Lrp, but the repression is much stronger with cr7o_RNA polymerase than with crS_RNA
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polymerase (192, 219) (Fig. 1.7). As for dps gene regulation, expression from this gene

in stationary phase is activated by lHF which binds upstream of the dpspromoter along

with the transcriptional activator üxyR (220).

1.4.5 Control of DNA replication

IHF was shown to be involved in DNA replication in 1986 with the study of

plasmid pSC101 replication in vitro (221). An IHF binding site was found in the

essential replication region of the plasmid and located betweenthe replication initiator

proteins DnaA and RepA binding sites. IHFs role in DNA replication was hypothesized

to be structural by allowing the formation of a replication complex (221, 222). IHF aIso

enhances the binding of DnaA to orir of plasmid R6K in vitro (223) and the IHF­

induced bend was shown to be crucial in initiation of replication of pKL1, a small

cryptic plasmid of E. coli (224). For replication of these three plasmids, pSC101, R6K,

and pKL1, IHF enhances the binding of DnaA and a plasmid-encoded initiator protein

(RepA for pSC101 and pKL1, and 1t protein for R6K) at distant sites cooperatively (223,

224).

The same role for !HF was also suggested in the case of E. coli oriC, where it is

also·thought to be a component of the multiprotein complex which forms at the origin of

replication and seems to be important in the stabilization of the open complex at the

replication origin (225, 226). In the case of E. coli chromosome replication, IHF seems

to be a crucial part in the cell cycle initiation timing mechanism (227): lHF-induced

bending enhanced a redistributiQn of the DnaA protein at oriCfrom stronger to weaker

sites and thereby reduced the DnaA level required to unwind oriC and trigger initiation

of DNA replication (227).
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1.4.6 Role of IHF in other processes

IHF has also been shown to be involved Ina variety of other processes in the cell.

For example, IHF is involved in phage À and lambdoid phage 21 packaging (127, 228):

IHF is thought to facilitate binding of the.terminase protein to phage 21 DNA (228) and

enhance terminase binding and cos site cutting via modification of À DNA structure

(127). IHF is also known to be directly involved in plasmid Pl partitioning since it

forms the partition complex, along with the ParB. protein, at the centromere-like parS

site (229, 230, 231). Moreover, IHF may be involved in F and Rl0a conjugal plasmids

transfer since their transfer is reduced in ihfA and ihfB mutants (213, 232). Three

putative IHF binding sites were also found near oriT of R100, where the nick initiating

the transfer of single-stranded DNA appears (51, 233). Furthermore, IHF may also be

involved in phase variation expression of flagellin (234) and type-l fimbriae (235)

through site-specific DNA inversion processes.

Finally, lliF was found to bind to a site located between two inverted conserved

repetitive ~xtragenic nalindromic sequences (REP) in E. coli (236) forming a RIP

(repetitive !HF-binding nalindromic) element (237), also labelled RIB (reiterative ihf

Qacterial interspersed mosaic elements) (238). These REP sequences, alsocalled PU

(.Qalindromic ynits), are dispersed throughout the genome of E.coli and could account

for about 1% of the chromosome (236, 239). There are often associated with other

repetitive. elements forming .about 500 clusters in the E. coli chromosome termed BIME

(Qacterial interspersed mosaic ~lements) (240). The RIF elements are a subclass of

BIME, called BIME-l (241). Approximately 70 to 100 RIP elements of about 100 bp

long were found in the E. coli chromosome (237, 238). The role of these RIP elements

is still unknown. It has been suggested that IHF may stabilize the formation of a DNA

gyrase-REP complex (242) or that it may enhance cooperative binding of DNA gyrase to

two adjacent REP sequences (237). The higher-order DNA structure created by!HF and

DNA gyrase binding may also help maintain negative supercoiling and influence

transcription of adjacent genes (237, 242).
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After reviewing its known roles in E. coU, it is clear that !HF is a pleiotropic

protein with involvement in many different systems and mechanisms in the ceIl. Its

participation is also important in the eycle of "genetic free agents" (51) like phages,

transposons and plasmids, since it is involved in the processes of recombination,

replieation, partitioning and transfer (51). However,!HF is a1ways an accessory factor

whiehmodulates many processes in the eeU more or less markedly, as its effects may be

more subtle like in promoter activation or more pronounced like in À site-specifie

recombination. The !HF protein has been extensively studied in E. coU, but homologous

proteins have also been found in related bacteria and have also been named IHF. .

Comparing their amino acid sequence could be a method to understand how this protein

was conserved through evolution and to give insight into the importance of this protein

in bacteria.
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1.5 Evolutionary conservation of IHF

Many studies have suggested that the nIF protein is present in bacteria otherthan

E. coli and that it is relatively conserved. In 1991, Haluzi et al. compared the ihfA and

ihfB genes of Serratia marcescens to the nIF genes of E. coli (67). They showed that

both genes had a very similar sequence and that they were located downstreaIIl from the

same genes as in E. coli (pheT for ihfA and rpsA for ihfB). However, the sequences

foUowing both genes were highly divergent. The protein sequences of these genes were

aiso highly conserved: the nIFa and nIF~ subunits of S. marcescens only had five and

six amino acids different, respectively, from the E. coli subunits and eight of these

changes were conservative substitutions (Fig. 1.8 and 1.9). They also showed that the

ihfA and ihfB genes (sequences unknown) of Aeromonas proteolytica, like for S.

marcescens, could substitute for the E. coli genes in various assays. They hypothesized

that the nIF genes were probably evolutionary conserved in Gram-negative bacteria

(67). Other ihf genes were found indifferent bacteria with the same chromosomal

localization as in E. coli. The ihfA gene of Salmonella typhimurium (57), Erwinia

chrysanthemi (60), Pasteurella haemolytica (63), and Buchnefa aphidicola (77) were all

found downstream of the pheT gene or a gene with a similar sequence to the E. coli pheT

gene, with the exception of Rhodobacter capsulatus ihfA gene (80). As weIl, the ihfB

gene of N. gonorrhoeae (66), P. haemolytica (63), E. chrysanthemi (60), and B.

aphidicola (64) were found downstream of the rpsA gene. Moreover, other llIF proteins

displayed similar characteristics as E. coli lHF. For example, N. gonorrhoeae IHF

displays a similar primary structure, similar binding characteristics and seems to be

functionally similar to E. coli llIF (66). However, both ihfA and ihfB mRNA levels

dedine when cells enter stationary phase unlike in E. coli where they increase, and the

regulatory mechanism for transcription of the N. gonorrhoeae ihf genes is different from

that in E. coli (66). Interestingly, transcription fromP. haemolytica ihfA is also different

from the one in E. coli, since the potential prOIrloter region was not localized to the same

location (63). Therefore, it appears that, as suggested by Hill et al. (66), regulation of

llIF expression may not be very weIl conserved in Gram-negative bacteria.
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Figure 1.8 Comparison of IHFa amino acid sequences from different bacteria.
Amino acid sequences were obtained from the Entrez Protein database of the
National Center for Biotechnology Information withthe acecssionuumbers listed
in Table 1.2. Multiple alignments were generated by ClustalW 1.75 (243) and
elaborated with Boxshade 3.21 (244). Amino acid sequences are aligned
undemeath the secondary structure prediction established by Riec et al. (130).
lliFa amino acid sequences from the following organisms were analyzed: E. coli
(Eco), E. chrysanthemi (Ech), S. typhimurium· (Sty), S. marcescens (Sma), y.
pseudotuberculosis (Yps), V. cholerae (Vch), P. putida (ppu), P. aeruginosa
(pae), X. campestris (Xca), x. Iastidiosa (Xfa), P. multocida. (Pmu), P.
haemolytica (pha), N. meningitidis (Nme), H. influenzae (Hin), Buchnera species
strain APS (Buc), B. aphidicola (Bap), M. loti (MIo), Z. mobiUs (Zmo), M.
xanthus (Mxa), R. capsulatus (Rea), C. crescentus (Ccr), N. gonorrhoeae (Ngo),
R. rickettsii (Rri), R. typhi (Rty), R. montanensis (Rmo), R. prowazekii (Rpr), C.
pneumoniae (Cpn), C. trachomatis (Ctr); for references, see Table 1.2. To
improve the homology score, gaps (-) were added in the sequence by the
ClustalW program. A black font indicates that the amino acid residues are
identical for 90% of the sequences aligned, while a grey font indicates
conservative substitutions.
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Figure 1.9 Comparison of IHF~ amino acid sequences from different bacteria.
Amino acid sequences were obtained from the EntrezProtein database of the
National Center for Biotechnology Information with the accession numbers listed
in Table 1.3. Multiple alignments weregenerated by ClustalW 1.75 (243) and
elaborated with Boxshade 3.21 (244). Amino acid sequences are aligned
undemeath the secondary structure prediction established by Rice et al. (130).
lliF~ amino acid sequences from the following organisms were analyzed: E. coli
(Eco), S. marcescens (Sma), E. chrysanthemi (Ech), V. cholerae (Vch), P.
aeruginosa (Pae), P. putida(Ppu), Buchnera species strain APS (Buc), X.
fastidiOsa (Xfa), P. multocida (Pmu), B. aphidicola (Bap), P. haemolytica (pha),
H. influenzae (Hin), N. meningitidis (Nme), C. crescentus (Ccr), M. loti (Mio), R.
spaeroides (Rsp), R. capsulatus (Rea), A. tumefaciens (Atu), N. gonorrhoeae
(Ngo), R. rickettsii(Rri), A. aeoUcus (Aae), C. muridarum (Crou), C.
pneumoniae (Cpn); for references, see Table 1.3. To improve the homology
score, gaps (-) were added in the sequence by the ClustalW program. A black
font indicates that the amino acid residuesare identical for 90% of the sequences
aligned, while a grey font indicates conservative substitutions.
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However, the most striking fact is that IHF roles in other baeteria appear tobe

similar to that observed in E. coli. This was suggested by the loealization of its binding

sites and the cellular processes (site-specifie reeombination, transposition, gene

expression) in whieh it was shown to play a role (62, 80, 190, 194, 201, 212, 245, 246,

247,248,249,250,251,252,253,254,255,256,257,258,259,260,261).

The amino acid sequences of the different IHF proteins analysed thus far were

compared, and they appear to be relatively weIl conserved (Tables 1.2 and 1.3; Figs. 1.8

and 1.9). Of the 27E. coli IHFa homologues, 15 are more than 62% identical to E.. coli

lliFa at the amino acid level (Table 1.2). These 15 IHFa polypeptides are found in

bacteria belonging to the gamma-subdivision of Proteobaeteria, like E. coli, except for

N. meningitidis which is in the beta-subdivision. The remaining IHFa homologues are

found in bacteria of the alpha-, beta- and delta-subdivisions of the Proteobacteria order,

and of the Chlamydiales order with the least identical protein being 26% identical at the

amino acid level to E. coli lliFa. Of the 22 E. coli lliF~ homologues, Il are more than

57% identieal to E. coli lliFa at the amino acid level (Table 1.3) and they are al1 found

in bacteria belonging to the gamma-subdivision of Proteobaeteria. The other IHF~

homologues are found in baeteria of the alpha- and beta-subdivisions of the

Proteobacteria order, and of the Aquifieales and Chlamydiales orders with the least

identieal protein being 31% identieal at the amino acid level to E. coli IHF~. It appears

from these two tables that the majority of IHF polypeptides analysed thus far are found

in theProteobacteria, except for the IHF~ protein of A. aeolicus, whieh belongs •• to .the

Aquificales, a lineage of thermophilie bacteria whieh may have been one of the earliest

divergences in the eubacterial tree (262), and for the lliFa proteins of C. pneumoniae

and C. trachomatis and the lliF~ proteins of C. pneumoniae and C. muridarum, whieh

are allobligate intraeellular eubacteria belonging to the Chlamydiales order (84).

Multiple alignments of the available sequences for aIl !HF proteins identified

were generated by the ClustalW 1.75 program (243) and elaborated with Boxshade 3.21

(244)(Figs. 1.8 and 1.9). This eomparison of IHF protein sequences in different

baeteria shows that 17 amino acids for IHFa and 16 for IHF~ are eonserved in all

proteins known so far. Most of the conserved amino acid residues are not identieal in all

proteins but have similar physieo-ehemieal properties and appear to be conservative
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changes.. Indeed, only four amino acids are identical in allnIFa proteins and two in

nIF~ proteins. The conserved amino acids may indicate positions where an important

evolutionary constraint was applied in order to maintain !HF structure and functions.

The arm regions of E. coli IHFa and nIF~ are believed to he involved in the binding of

IHF in the minor groove of the DNA (20) and interestingly, four residues are conserved

in thearm region of aUIHFa proteins known and seven out of the 18 residues

constituting the arm region are conserved in 90% of the proteins (Fig. 1.8). The arm

region of E coli nIFa is also thought to contact the 5'-ATCAA element of the nIF

consensus sequence (129). It can he hypothesized that the nIF binding domains in

bacterial species studied may have a high degree of similarity to the E. coli !HF

consensus sequence since this was shown for the N. gonorrhoeae pilE promoter (257)

and since E. coli nIF was shown to substitute for the C. crescentus, R. spaeroides, and

S. typhimurium nIF proteins in different studies (246, 252, 261). In the case of IHF~,

three residues are conserved in aU IHF~ proteins and half of the residues of the arm are

conserved in 90% of the proteins (Fig. 1.9). The nIFa a3 helix, which is thought to be

important for the binding specificity of nIF (119), also contains three conserved amino

acids in aU IHFa proteins studied (Fig. 1.8). This a3 helix and the nIFa ~1 sheet,

which is very weU conserved (Fig. 1.8), are thought to contact the distal A/T-rich

element present upstream of the nIF consensus sequence (129). In the nIF~ a3 helix,

which has been proposed to be important for the. stability of the nIF-DNA complex and

for the binding affinity of IHF (119), three aminoacid residues are conserved in all

proteins studied except N. gonorrhoeae nIF~ for Q84~ [glutamine (Q) amino acid

residue number 84 of the ••~ subunit] and R. rickettsii nIF~ for P86~ and W87~(Fig.

1.9). This a3 helix and the IHF~ ~1 sheet, which is very weU conserved (Fig. 1.9), are

thought to contact the TT-3' element of the E. coli nIF consensus sequence (119, 129).

The E. coli R46~ residue is also thought to be involved in the TT-3' element recognition

(119) and it is present in aU.IHF~ subunit studied with the exception of N. gonorrhoeae

nIF~ protein (Fig. 1.9). The N-termini of al and a3 helices of nIF~ are very weU

conserved in almost aU nIF~ proteins known so far (Fig. 1.9). Indeed, they have been

proposed to interact with DNA via the formation of hydrogen bonds, and mutations in
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these regions interfered with DNA-binding (130). However, these regions are not as

weU conserved in llIFa proteins, though the same importance was suggested for them in

DNA-binding (130) (Fig. 1.8). Moreover, Rice et al. (130) showed that two prolines are

intercalated between DNA base pairs upon binding of lliF to the DNA, P65a and P6413

(130). While P65a is conserved in almost all lliFa proteins (except for the lliFa

proteins of the Rickettsia group), P6413 is unchanged in aU llIFl3 subunits (Figs. 1.8 and

1.9). Several amino acidresidues(S47a,R63a, R60a, K66a, P61a, 173a, 171a, R4213,

E4413, R4613) were suggested to be directly involved in DNA-binding thanks to hydrogen

bonding or hydrophobie contacts (128, 130). These amino acidresidues tend to be

conserved in all proteins studied, suggesting their important role in lHF binding and

function (Figs. 1.8 and 1.9). It is interesting to note that the C-terminal ends of both

IHFa and llIFl3, which were shown to be unessential for the recognition of the ihf site

and for the bending of DNA (119), are not weIl conserved in the different IHF proteins

studied (Figs. 1.8 and 1.9).

lHF has also been implicated in cellular processes in numerous other bacteria

however, their ihf genes have not yet been sequenced. E. coli lliF was shown to play a

role in gene regulation [for example via in vitro transcription-translation

experiments(194)] in Azotobacter vinelandii and Rhodospirillum rubrum (194),

Rhizobium meliloti and R. leguminosarum (61, 263), Shigella flexneri (264),

Bradyrhizobium japonicum (194, 263, 265), Thiobacillus ferrooxidans (194, 263),

Herbaspirillum seropedicae (266, 267), and Bacillus megaterium (268). There are also

many bacteria for which only the ihfA or ihjB gene is known. While sequencing of the

entire genome may provide the sequence of the other gene, it is also possible that some

bacteria have homodimer IHF proteins (a2 or 132). Of the bacteria studied known to

encode for either llIFa or llIFl3, but not both (Tables 1.2 and 1.3), R. prowazekii, C.

trachomatis, R. sphaeroides,A. aeolicus, and C. muridarum genomes have been

completely sequenced and they only contain one gene homologous to either of the two

subunits .of lliF. It can therefore be hypothesizedthat these bacteria may have

homodimer IHF proteins. It is also possible that the second subunit is less similar to the

corresponding subunits in other bacteria and was not found by homology searches.

46



Interestingly, if lliFa and lliF~ are related to eachother, they are actually more

related to the HU proteins at the amino acid level (Table 1.4). It has been suggested by

Drlica and Rouviere-Yaniv (16) that IHFa, lliF~, and a primitive HU protein may have

descended from a common ancestor, and that this primitive HU may have diverged

giving rise to HUa and HU~, which are more identical to one another (70%) than to

lliFa (36% and 32%, respectively) and IHF~ (34% and 35%, respectively) (Table 1.4).

The structure of the lliF and HU proteins are also well conserved, such that the structure

of the HU protein of B. stearothermophilus (149) was used by Yang and Nash to

establish the [Ifst predicted model of lliF structure (20) which appeared to be correct

following crystal structure studies (130, 152, 153). Both E. coli lliF subunits also

display a high degree of homology withhistone-like proteins (HLP) and DNA-binding

protein type II (DBPII) from other bacteria as exemplified in Table 1.4 with

Sinorhizobium meliloti HLP and Clostridium pasteurianum DBPII. Moreover, sorne

DNA-binding proteins able to bend DNA upon binding were found which are neither

strict !HF nor HU analogues; examples of these include transcription factor 1 (TF1)

from Bacillus subtilis phage SPOl (16,269) and the Hbb protein of Borrelia burgdorferi

(270) (Table 1.4). When the amino acid sequence of these proteins are compared (Fig.

1.10), it appears that there are many conservedamino acids and that these proteins

belong to the same family of DNA-binding proteins. Moreover, most of the conserved

amino acids are located in structurally important regions of the proteins when the lliFa

structural motifs are taken as an approximation of the structure of the other proteins (Fig.

1.10).

The histone-like lliF protein was shown to be involved in many different

biologieal processes in the E. coli cell. The presence of similar proteins in other

bacteria, more or less related to E. coli, suggests that this important protein was

conserved throughout evolution and eonserved many structural characteristics. Even if

the roles of IHF in other bacteria are not yet known, evidence suggests that they may be

very similar to the ones played in E. coli. The important similarity between the site­

specifie DNA-binding lliF protein, the nonspeeific DNA-binding HU protein, and many

other DNA-binding proteins like Hbb and SPOl TF1, as well as the idea that lliF and
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Table 1.4 Examples of homologous histone-like proteins in bacteria.
The accession number in the Entrez Protein database of the National Center for
Biotechnology Information is given for each protein. Homologous proteins and
their identity percentage to E. coli lliFa and lliF~ were found using BLAST
searches at the National Center for Biotechnology Information website
(www.ncbi.nlm.nih.gov/) using the BLOSUM62 matrix (68).
HLP: histone-like protein; DBPII: DNA-binding protein II; TF1: transcription
factor 1; Hbb: Hu and !HF homologue.

Protein name
Accession Length ldentity to E. coli

Reference
number (amino acids) lHFa lHFfJ

Escherichia coli IHFa P06984 99 100% 32% (69,70)

Escherichia coli IHFp P08756 94 32% 100% (86)

Escherichia coli HUa AAC76974 90 36% 34% (271)

Escherichia coli HUp AAC73543 90 32% 35% (271)

Bacillus stearothermophilus HU 2106156A 90 42% 39% (272)

Sinorhizobium meliloti HLP AAF05301 90 42% 35% (273)

Clostridium pasteurianum DBPII 101l218A 91 40% 39% (274)

Borrelia burgdoiferi Hbb AAB41461 108 35% 30% (275)

Bacillus subtilis phage SPOI TF1 P04445 99 25% 27% (276)
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HU subunits may have arisen from a single ancestor protein (16), support the idea that

there is an IHFIHU family of DNA-binding proteins with a crucial role in gene

regulation and many other proœsses in the bacterial œil and perhaps, like in eukaryotes,

in compacting DNA into a higher order structure.
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Figure 1.10 Comparison of the amino add sequence of some histone-like proteins of
bacteria.
Amino add sequences were ùbtained from the Entrez Protein database of the
National Center for Biotechnology Information with the accession numbers listed
in Table 1.4. Multiple alignments were generated by ClustalW 1.75 (243) and
elaborated with Boxshade 3.21 (244). Amino add sequences arealigned
undemeath the secondary structure prediction established by Rice et al. (130) for
IHFa.. Amino acid sequences from the following proteins were analyzed: E. coli
(Eco) IHFa., lliF~, HUa. and HU~, B. stearothennophilus (Bst) HU, B. subtilis
phage SPOl (Spa) TF1, B. burgdorjeri (Bbu) Hbb, S. meliloti (Sme) histone-like
protein, and C. pasteurianum (Cpa) DNA-binding protein type il; for references,
see Table 1.4. To improve the homology score, gaps (-) were added in the .
sequence by the ClustalW program. A black font indicates that the amino acid
residues are identical for 90% of the sequences aligned, while a grey font
indicates conservative substitutions.
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The IHF protein, frrst shown to be crucial for À site-specific recombination (92),

has also been shown to be involved in numerous fundamental proœsses in bacteria such

as gene expression and DNA replication [reviewed in (51, 52, 53, 54)] and is now

known to be present in many bacteria with very conserved structure and functions as

explained in the preceding chapter. Moreover, lliF·· belongs to a family of proteins

sharing sirnilar characteristics and participating in essential œIl processes, the histone­

like proteins. Many families of regulatory proteins are crucial for bacterial growth and

have been more or less weIl-charaterized. The NerlNlplTMF farnily is anovel farniIy of

evolutionary conserved DNA-binding proteins comprising the Ner proteins of

bacteriophages Mu and D108 (277, 278, 279), the novel Ner-like 12rotein (Nlp) of E. coli

(280) and the HlV-l rATA element modulatory factor (TMF) of humans (281). No

roles .are known yet for the Nlp protein which appears to play a role in gene regulation

and identification of bacterial genes regulated by E. coli Nlp was the goal of the work

presented in fuis thesis.
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Chapter 3 Identification of Bacterial Genes

Regulated by the Escherichia coli Transposable Phage

Ner Protein Homologue, Nlp/Sfs.7
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2. 1 Introduction

The nlp gene was discovered while Choi et al. were attempting to isolate a

putative guanylate cyclase gene (cyg) from the Escherichia coli chromosome using

complementation of a crp*l/cya- mutant (strain MK200l) to stimulate maltose

fermentation (280). The crp*l gene encodes for an altered cAMP receptor protein

(CRP*) (282). This CRP* protein is still functional in the expression of mostsugar

fermentation genes, such as lac, ara and man, in the absence of cAMP (282). However,

it does not fully activate the expression of the mal gene in the absence of cAMP. As it

was shown that cGMP could be substituted for cAMP as an effector of CRP*, the idea

arose that this crp*l/cya- strain could be used to isolate the putative guanylate cyc1ase

gene (cyg). Indeed, the cyg gene was not found. However several other genes were

found to be able to stimulate maltose fermentation. One of these novel genes mapped to

69.3 minutes on the E. coli chromosome and was named nlp (Ner-like 12rotein) (280),

due to the high level of identity of the protein it encoded to the Ner proteins of

bacteriophages Mu and D108 (respectively 65% and 59% identity) (Table 2.1). This

gene was also named sls7 (for ~ugar fermentation ,§timulation gene number 1) because of

its ability to stimulate fermentation of maltose (283). The Nlp protein is composed of 92

amino acid residues, and has a predicted molecular weight of 10.4 kDa. Furthermore,

studies on the amino acid sequence of this protein have suggested the presence of a

putative DNA"binding domain located between amino acids 51 and 69 (280). Thus, the

strong homology between Nlp, the Ner proteins of transposable coliphages Mu and

DI08, as weU as TMF (IATA element modulatory factor) in humans, has further

supported the hypothesis of a NerlNlplTMF family of evolutionary conserved DNA­

binding proteins (281, 284) (Table 2.1; Fig. 2.1). More recently, other proteins

homologous to Nlp have been found in Photorhabdus luminescens, PIn, Neisseria

meningitidis, Nlp, Pasteurella multocida, Ner, pathogenic E. coli strain 0157:H7,

probable DNA-binding protein, and Haemophilus influenzae, Nlp (Table 2.1). Multiple

alignment of the available sequences for all Nlp homologous proteins identified shows

that nine amino acids are conserved in aU proteins (Fig. 2.1). Most of the conserved
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Table 2.1 Nlp homologues.
The accession number in the Entrez Protein database of the National Center for
Biotechnology Information is given for each protein. Homologous proteins and
their identity percentage to E. coli Nlp were found using BLAST searches at the
National Center for Biotechnology Information website (www.ncbLnlm.nih.gov/)
using the BLOSUM62 matrix (68).

Protein name Accession Length ldentity to References
number (amino acids) E. coliNlp

Escherichia coli Nlp P18837 92 100% (280)

Photorhabdus luminescens Pln AAF22961 70 68% Direct submission

MuNer AAF01082 75 65% (277)

D108 Ner P06903 73 59% (278,279)

Neisseria meningitidis Nlp CAB85106 87 55% (285)

Pasteurella multocida Ner AAK02502 69 46% (74)

Haemophilus influenzae Nlp AAC23124 89 41% (76)

E. coli (ü157:R7l probable DBP BAB130n 82 42% (286)

Ruman TMF; aa 764-848 A47212 85 16% (281)
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amino acid residues are not identical in all proteins but have similar physico-chemical

properties and appear to be conservative changes. Indeed, only one amino acid is

identical in all proteins. However, 33 amino acids are conserved in 80% of the proteins

and it cau be suggested that these amino acids may be important for thisfamily ofDNA­

binding proteins function. The putative DNA-binding domain is also very weil

conserved in all Nlp homologues except for the TMF protein (Fig. 2.1). This important

amino acid conservation could indicate the importance. of this family of proteins for

regulation of gene expression.

It has been shown that nlp is highly expressed as a monocistronic transcript of

about 300 nucleotides when ceils exit stationary phase (287), but is non-essential for cell

viability under laboratory conditions (284). The IOle ofNlp in the ceil, therefore, is not

understood, however, this protein is nonetheless highly conserved among the

Enterobacteriaceae, as shown by Southem blot analysis (284). This fact strongly

suggests that the nlp gene may encode a protein which is functionally important for

regulation of gene expression.

The goal of the work presented in this thesis was to identify and characterize

bacterial genes regulated by the E. coli Nlp protein. A study of the IOle of Nlp in E. coli

cell growth and physiology was therefore undertaken to better understand this putative

family of regulatory proteins. As the phage and human homologues of Nlp appear to

play a IOle in gene regulation, a search for E. coli genes which may he positively or

negatively regulated by Nlp was undertaken, using a gene fusion approach.
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Figure 2.1 Comparison of the amino acid sequence of Nlp homologues.
Amino acid sequences were obtained from the Entrez Protein database of the
National Center for Biorechnology Information with the accession numbers listed
in Table 2.1. Multiple alignments were generated by ClustalW 1.75 (243) and
elaborated with Boxshade 3.21 (244). Amino acid sequences of the following
proteins were analyzed: E. coli (Eco) Nlp, P. luminescens (Plu) PIn, Mu Ner,
D1n8 Ner, N. meningitidis (Nme) Nlp, P. multocida (pmu) Ner, H. .influenzae
(Hin) Ner, E. coli [ü157:H7] probable DNA-binding protein (DBP), amino acids
number 764 to 848 of human TMF protein; for reference, sec Table V. To
improve the homology score, gaps (-) were added in the sequence by the
ClustalW program. A black font indicates that the amino acid residues are
identical for 80% of the sequences aligned, while a grey font· indicates .
conservative substitutions.
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2.2 Mater/ais and Methods

2.2.1 Bacterial strains and phage

AIl bacteria and phages used in this study are listed in Table 2.2.

2.2.2 DNA manipulations

All restriction endonucleases were purchased from Pharmacia Canada fuc., New

England Biolabs, Amersham International or Gibco-Bethesda Research Laboratories

fuc. (Gibco BRL). Restriction endonuclease digestions of DNA were performed at 37°C

(unless otherwise recommended) in the digestion buffer provided by the manufacturer

for 1-4 hours using 3 units of enzyme per f.!g of DNA. To remove the 5' -phosphate

following a· restriction digestion, where necessary, calf intestine alkaline phosphatase

(Gibco BRL) was used prior to ligation.

For isolation, DNA fragments larger than 1 kbp for cloning were subjected to

electrophoresis through 0.75% agarose gels in IX TAE buffer (40 mM Trizma base; 20

mM Acetic acid; 2 mM EDTA; pH 8.1) and then eluted from the agarose using the

GeneClean II Kit (Bio101) according to the manufacturer's instructions. DNA

fragments smaller than 1 kbp were isolated from 5% polyacrylamide gels in IX TBE

buffer (89 mM Trizma base; 89 mM Borie acid; 2 mM EDTA; pH 8.3) (288) using the

"crush and soak" method of Maxam and Gilbert (289).

Ligations were performed using T4 DNA ligase (Gibco BRL) with an insert to

vector DNA ratio of 3:1. Ligation mixtures were incubated overnight at 15°C followed

by heat-inactivation for 20 minutes at 65°C. Ligated products were transformed directly

into cells using the RbCl procedure (290) or dialyzed on Milipore disks before being

used for electroporation of competent cells (see below).

Amplification of the nlp gene by the Polymerase Chain Reaction (PCR) was

accomplished using the synthetic oligonucleotide primers .MM3 (5'-CCCGAATTCG
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Table 2.2 List of Escherichia coli strains and plasrnids used in this study.

Name Characteristics References

E. coli strai-n.s

40 F IlproAB-lac rpsL trp8am thi (291)

DH5a supE44 hsdR17 recAl endAl gyrAl (290)
thi-l relAl

JM109 recAl supE44 endAl hsdRl7 gyrA96 (292)
relAl thi ll(lac-proAB)

LF20300 E. coli 40 nlp::luxAB, tel (293)

Man03 ll(gpt-proAB-argF-lac)Xlll rpsL [Mu (294)
dI(lac, amp)] (Mucts62)

90-6 LF20300/Mu dl eontaining a putative This study
Nlp responsive gene

205-15 LF20300/Mu dI eontaining a putative This study
Nlp responsive gene

Plasmids

pNLP1.7 AmpR E. coli nlp (1.7 kb PstI- (284)
HindIll), (Ptac) PlO eontaining veetor

pCR®2.1 KanR, AmpR, (Plac) PlO TA cloning Invitrogen me.
veetor

pUC120 AmpR (Plac) PlO cloning veetor (295)

pBAD18-Kan KanRcloning veetor, PBAD promoter, (296)
araC

pBAD18-Cm CmRcloning vector, PBAD promoter, (296)
araC

pMM4 pCR®2.lInlp This study

pMM5 pBAD18-Kan/nlp This study

pMM6 pUC120lnlp This study
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ACTAACTTAAGGAGTGAGG-3') and MM4 (5'-CCCTGCAGCGAATAATCGTCT

GAGAGCTGGC-3') purchased from Gibco BRL. Amplification of nlp was carried out

using 80 pg of pNLP1.7, IX PCR buffer (50 mM Tris-HCl pH 8.0; 25mM KCl; l

/lg/mLBSA), 2 mM MgCh, 400 /lM ofeach dNTP, 0.5 pmol of each primer and 2.5

units of Taq polymerase (Promega). The PCR mixture was overlaid with mineral oH and

cycled in an Ml Research PTClOO temperature cycler (Ml Research Inc.) programmed

to carry out a first denaturation step of 3 min at 95°C followed by 30 cycles of 1.5 min at

94°C, 1.5 min at 55°C and 45 sec at 72°C followed by a final elongation step of 10 min

at 72°C.

Double-stranded DNA sequencing of the PCR-amplified nlp gene in pMM4 was

performed using the Sequenase version 2.0 kit (United States Biochemical Corp.) and

universal primers as recommended by the manufacturer.

2.2.3 Plasmid construction

AU plasmids used and constructed in this study are listed in Table 2.2.

Cloning of the nlp gene, from the transcription start to the end of the first

transcriptional terminator loop, was accomplished by frrst specifically amplifying the

gene sequence from pNLP1.7 (284) using PCR (Fig. 2.2). The primers used, MM3 and

MM4, created unique EcoRI and PstI sites at the 5'and 3' ends of the amplified

fragment. The EcoRI-PstI amplified fragment was then ligated into the cloning vector

pCR®2.1 (Invitrogen, Inc) generating the plasmid pMM4. Sequencing of the nlp gene

was performed as described above inorder to ensure there were no errors due to the

amplification procedure. The nlp gene was then excised from pMM4 using an EcoRI­

PstI double digestion and subcloned into pBADl8-Kan (296) and pUC120 (295)

creating pMM5 and pMM6, respectively(Fig. 2.2).
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Figure 2.2 Construction of the pBAD18-Kan-based plasmid pMM5 and the pUC­
based plasmid pMM6 containing the PCR-amplified nlp gene.
The nlp gene was frrst PCR-amplified from plasmid pNLP1.7 (284) using Taq
DNA polymerase (promega) and primers MM3 and MM4. The resulting
fragment was then cloned into the T-vector pCR®2.1 (Invitrogen Inc.) generating
pMM4. The nlp gene from pMM4 was subcloned into the plasmid vector
pBAD18-Kan, generating pMM5. This plasmid places the .nlp gene under the
control of the ara PBAD promoter. The nlp gene was also subcloned into the
plasmid vector pUC120 (295), under the control of the Plac promoter, generating
plasmid pMM6.
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2.2.4 Culture Media, Growth Conditions and Antibiotic Selection

Bacteria were grown at 37°C, or 32°C where indicated. Bacteria were routinely

grown in Luria-Bertani (LB) broth (297) and on LB plates containing 1.5% (w/v) agar.

Superbroth (298) and TCMG [1 % (w/v) tfypticase peptone, pancreatic digest of

casein; 0.25% (w/v) NaCI; 10 mM MgS04-7H20; (299)] plates containing 0.85% (w/v)

agar were also used. D-glucose (glc) and L-arabinose (ara) were used at final

concentrations of 0.2% (w/v) , X-gal (5-bromo-4-chloro-3-indolyl-~-D-galacto­

pyranoside) at 40 Ilg/mL and IPTG (isopropyl·~-D-thiogalactopyranoside)at 2 mM.

The following antibiotics were used at the indicated final concentrations:

ampicillin (amp), 50 Ilg/mL (in liquid culture) or 100 Ilg/mL (in agar plates); kanamycin

(kan), 50 !-tg/mL; streptomycin (strep), 100 Ilg/mL; tetracycline (tet), 10 Ilg/mL (in

liquid culture) or 20 Ilg/mL (in agar plates); chloramphenicol (cm), 50 ·1lg/mL unless

otherwise indicated.

2.2.5 Transformation and transduction

Transformations of E. coli were carried out using the rubidium chloride

procedure (290) or the calcium chloride method (288) or by electro-transformation (300)

using the Bio-Rad Pulse Controller and Gene Pulser apparatus (Bio-Rad Laboratories).

Cells were then incubated in 1 mL of LB at 32°C or 37°C for 1 hour with shaking to

improve the recovery of transformants before being plated onto LB plates containing the

appropriate antibiotics and incubated 16-18 hours at 37°C.

Transduction with bacteriophage Mu dl (amp lac) to construct lacZ fusions to

chromosomal genes was done as described by Casadaban and Cohen (294).
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2.2.6 ChloramphenicOI Release Assay

Expression of Nlp from the PCR-amplified nlp gene from pMM6 was visualized

using the chloramphenicol release procedure of Neidhardt et al. (301).

2.2.7 Assay of ~-galactosidaseactivity

l3-galactosidase assays were performed as described by Miller (297) using the

chloroform-sodium dodecyl sulfate celllysis procedure. Cells were grown for 36 hours

on TCMG plates containing ampicillin, tetracycline, and kanamycin or chloramphenicol

and contained either glucose, arabinose or no sugar. Cells were scraped from the plates,

suspended in 3 mL of liquid TCMG andgrown to an A600 of 0.4 to 0.6. The assay was

then performed as described by Miller.

2.2.8 DNA isolation

Small scale plasmid DNA preparations were performed using the alkaline lysis

procedure of Sambrook et al. (302).

Large scale plasmid DNA preparations were performed from IL LB cultures.

Plasmids were amplified at a cell density of 4X108 cells/mL by treatrnent with 75 Ilg/rnL

Cm for 16 hours at 32°C. Extraction of DNA was done using the cleared lysate

technique of Clewell and Helinski (303) followed by ultracentrifugation in cesium

chloride/ethidium bromide gradients (288).

Isolation of chromosomal DNA from Nlp-responsive clones was done as follows:

10 mL overnight cultures were subjected to centrifugation for ten minutes at 5,000 rpm,

4°C. Pelleted cells were resuspended in 1.4 mL 10X TE (100 mM Tris-HCI, pH 7.5, 10

mM EDTA, pH 8.0). Sodium dodecyl sulfate (20% w/v) and RNaseA (1 mg/mL in 10

mM Tris-HCI, pH 7.6) were added to final concentrations of 0.53% (w/v) and 0.21

mg/mL respectively. The mixture was then incubated for two hours at 37°C. Mter the
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addition of pronase (20 mg/mL in 10 mM Tris-HCI, pH 7.6) to a final concentration of

1.9 mg/mL, the incubation at 37°C was resumed for two hours. The DNA was purified

by two phenol extractions (one volume of phenol added; sample mixed by inversion and

centrifugation for ten.minutes at 5,000 rpm, 25°C) followed by two ether extractions.

The DNA was then precipitated in two volumes of 100% ethanol and slowly mixed until

the precipitated DNA became visible. The DNA was immediately isolated with a

micropipette, air dried at 65°C and resuspended in 200 JlL IX TE.
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2.3 Results

2.3.1 Cloning of nlp into pUC120 and expression of the Nlp protein

Plasmid pNLP1.7 contains the nlp gene in a 1.7 kb Pstl-HindID chromosomal

region of E. coli cloned into pKK.223-3 (284) (Fig. 2.2). Portions of other genes are also

present in pNLP1.7. The end of the ispB gene, encoding an enzyme involved in the

synthesis of isoprenoid quinones (these quinones are essential components of the

respiratory chain of E. coli) (304, 305), and the end of murA (also called murZ), a gene

coding for an enzyme which catalyzes the frrst committed step of peptidoglycan

biosynthesis (306). These two regions may encode polypeptides which could possibly

confuse this study. Therefore, the nlp gene was amplified from the transcription start to

the end of the first loop involved in transcriptional control, by the polymerase chain

reaction method (PCR). The two oligoilUcleotide primers used for the PCR,MM3 and

MM4, were designed to create an EcoRI site at the S'-end and a PstI site at the3'-end of

the amplified fragment (Fig. 2.2).

Following PCR, the amplified fragment was ligated into the cloning vector,

pCR®2.1 (Invitrogen Inc), generating pMM4 (Fig. 2.2). The cloned nlp gene in pMM4

was sequenced to verify that no mutation had occurred during the PCR amplification.

Using an EcoRIlPstI double digestion, the nlp gene was isolated from pMM4 and then

subcloned into pUC120 digested with the same restriction enzymesgenerating plasmid

pMM6. This directional cloning allowed for the nlp gene to be placed under the control

of the Plac promoter in pUC120.

In order to verify that the Nlp protein could effectively be produced from the

PCR-amplified nlp gene, the chloramphenicol release assay of Neidhardt et al. (301)

was performed (Fig. 2.3). Protein synthesis was induced using 2 mM IPTG and labelled

with eSS]-methionine (51 f.lCilmL; Atnersham) for 40 minutes (lanes 1, 2 and 3) or 60

minutes (lanes 4, 5 and 6). Figure 2.3 shows that in addition to polypeptides encoded by

strain JM109 containing the pUC120 plasmid (lanes 1 and 4), the Nlp protein, with an
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Figure 2.3 Expression of the Nlp protein.
SDS-polyacrylamide gel electrophoretic analysis of the gene products produced
by a chloramphenicol release assay (see Materials and Methods) of a JMI09
strain containing pUC120 (lanes 1 and 4), pNLP1.7 (lanes 2 and 5) or pMM6
(lanes 3 and 6) induced with 2mM IPTG and labelled with eSS]-methionine
(Amersham) for 40 (tanes 1,2 and 3) or 60 (lanes 4, 5 and 6) min. M: marker in
kDa [molecular weight (range 3.0-43.0 Da) protein standards from Gibco BRL].
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apparent molecular weight of 10.4 kDa, was over-expressed only when the strain

contains pNLP1.7 (lanes 2 and 5) or pMM6 (lanes 3 and 6) at both 40 and 60 minutes

after post-induction. The Nlp protein was therefore expressed from pMM6.

2.3.2 Cloning of nlp into the pBAD expression vector

In order to study the role of nlp in the E. coli cell, the nlp gene was cloned into an

ara pBAD expression vectorallowing for the tight regulation of transcription of nlp

(294). Using an EcoRIlPstI double digestion, the nlp gene was isolated from pMM4 and

subcloned into pBAD18-Kan digested with the same restriction enzymes generating

plasmid pMM5 (Fig. 2.2). This directional cloning allowed the nlp gene to be placed

under the control of the PBAD promoter.

2.3.3 Construction of a library of random, chromosomal,

promotorless, laeZ transcriptional fusions

The expression vector pMM5 was transformed into the IJ.pro-lacIZYA E. coli 40

strain LF20300, in wmch the nlp gene' had been disrupted by a luxAB::tetR insertion

(293) (Fig. 2.4). The resulting strain LF20300/ pMM5 was then lysogenized using a Mu

dl lysate obtained from E. coli strain Mal103 (294). As the Mu dl bacteriophage

contained a promoterless lacZ reporter gene, the activity of any exogenous promoter

after wmch Mu dl was inserted could be monitored by levels of [3-galactosidase

expressed from the lacZ gene (Fig. 2.4). A library of 10,000 clones was screened.

2.3.4 Screening of the LF20300/pMM5/Mu dl (amp lac) library

The library was screened on minimal medium (TCMG) containing either 0.2%

glucose (no Nlp protein produced) or 0.2% arabinose (Nlp produced) as well as X-gal.

Due to the X-gal indicator, clones producing the [3-galactosidase enzyme were blue,
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Figure 2.4 Construction of the laeZ fusionlibrary.
A laeZ fusion library was constructed by transfbrmîng E. eoli strain LF20300
(nlp::luxAB, tetR) (291) with the pBAD18-Kan vector (294) containing the nlp
gene (pMIVI5). The resultant strain was lysogenized with Mu dI (laeZYA, ampR)
(292), and lysogens were screened for ~-galactosidase expression on media
containing either 0.2% arabinose or 0.2% glucose.
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while clones producing no ~-galactosidase were white. Therefore, clones were screened

for a change in colour between the two media, as this colour change indicated a change

in the expression of the lacZ gene from the exogenous promoter, depending on the

expression of Nlp. After an initial screening, 9S% of the clones were eliminated. Of the

remaining SOO clones, 4S0 appeared to have gene expression repressed in the presence

of arabinose, while SO were. induced (Le. changed from white to blue in the presence of

arabinose). After three further subcloning and rescreening procedures, only 17 clones

were kept: for nme of them, the ~-galactosidase expression was higher in the presence of

arabinose than with glucose, and for the other eight, it was the opposite. In order to

eliminate the arabinose- and glucose-responsive clones, these 17 clones were then

transformed with pBAD18-Cm which is a plasmid of the same incompatibility group

(307) as pMMS (they both have the same origin of replication, pBR322 ori), using the

calcium chloride transformation procedure as previously described. The transformed

batteria were then plated on plates containing chloramphenicol, but not kanamycin, to

select clones that retained pBADI8-Cm and lost the nlp-containing plasmid pMMS. The

17 positive clones, now containingpBADl8-Cm and not pMMS, were re-screened on

plates containing X-gal and either 0.2% (w/v) glucose or 0.2% (w/v) arabinose. Sugar­

responsive clones presenting a different color on the two media were eliminated. Only

four clones were retained: clones 90-6 and 20S,-15, induced in the presence of arabinose

(changed from white on glucose to blue on arabinoase), and clones 94-28 and 223-32,

repressed in the presence of arabinose (changed from blue on glucose to white on

arabinose). In these four clones, Mu dl is inserted downstream form a promoter

regulated by Nlp which is produced from pMMS only in the presence of arabinose.

~-galactosidase activity assays were performed as previously described with

these four clones (containing pMMS) to confmn the effect of glucose and arabinose on

the level of ~-galactosidaseexpression from the promotorless reporter lacZ gene. (Fig.

2.S). No significant difference in expression of lacZ was noticeable for clones 94-28

and 223-32 with pMMS or pBADI8-Kan and with glucose, arabinose or no sugar. The

~-galactosidase activity from clone 94-28 was different depending on the sugar in the

medium, but these differences were the same when this clone contained pMMS or

pBADI8-Kan. Clone 94-28 is therefore sugar-responsive and should have been
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Figure 2.5 Results of the liquid ~-galactosidase activity assay performed on the four
positive clones (90-6, 94-28, 205-15, and 223-32) obtained from the library
screening.
The assay was done on clones containingeither the pBAD vector alone
(pBAD18-Kan), obtained by plasmid replacement from the corresponding
pBAD18"'Cm strains, or the pBAD vector with the nlp gene (PMM5). The clones
were grown on glucose (Glu), arabinose (Ara) or with no additional sugar (NS).
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.eliminated when re-screended on glucose or arabinose-containing medium after plasmid

replacement with pBADI8-Cm.. In the case of clone 223-32, the expression from the

lacZ gene was very low with pMM5 but identical in the three different conditions and

undetectable with pBADI8-Kan. This clone containing pMM5 should not have been

retained on the four screenings performed on glucose and arabinose. This clone may not

have been isolated correctly and was possibly a mixture of severa! clones, explaining the

change in color seen depending on the sugar present. Moreover, the difference in colour

between clones on different conditions were evaluated with human eyes and errors of

judgement could have occurred.In these two clones, 94-28 and 223-32, the gene in

whichthe Mu dl phage was inserted was not regulated by Nlp since the· activity of the .

promoter was independent from the expression of Nlp. For both 90-6 and 205-15

clones, the /3- galactosidase activity was high in the presence of arabinose, but weak in

the presence of glucose or with no sugar added to the medium with plasmid pMM5.

However, lacZ expression was not detectable in clone 90-6 with pBADI8-Kan, in the

three different conditions or lowin clone 205-15 with pBADI8-Kan (more than 7 fold

decrease). These results confirm that in clones 90-6 and 205-15, the expression of a

gene was.induced by Nlp. Therefore, the genes in which the Mu dl phage was inserted

in both 90-6 and 205-15 clones need to be sequenced and studied further to characterlze

their role in the E. coli cell and the physiologica! importance of the regulation by Nlp.
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2.4 Discussion

The nlp gene, discovered by Choi et al. whenattempting to isolate a putative

guanylate cyclase gene (0'g) using complementation of a crp*lI0'a- mutant (strain

MK2001) to stimulate maltose fermentation (280), was shown to code for a protein, Nlp

ilier-like :g.rotein), which is homologous the Ner proteins of bacteriophages Mu and

DI08 (respectively 65% and 59% identity) and hypothesized to belong to a family of

conserved DNA-binding proteins. This gene was also named sfs7 (for ~ugar

fermentation ~timulation gene number 1) because of its ability to stimulate fermentation

of maltose (283). However, no role other than stimulation of maltose fermentation is

known yet for this novel protein. The presence of a putative DNA-binding domain

located between amino acids 51 and 69 (280) suggests a role for Nlp in gene regulation.

Moreover, the strong homology between Nlp, the Ner proteins of transposable

coliphages Mu and D108, as weU as TMF (IATA element modulatory factor) in

humans, has supported the hypothesis of a NerlNlplTMF familyof evolutionary

conservedDNA-binding proteins (281,284). More recently, other proteins homologous

to Nlp have been found in Photorhabdus luminescens, PIn, Neisseria meningitidis, Nlp,

Pasteurella multocida, Ner, pathogenic E. coli strain ü157:H7, probable DNA-binding

protein, and Haemophilus influenzae, Ner. The putative DNA-binding domain is also

very well conserved in aU Nlp homologues except for the TMF protein. This important

amino acid conservation could indicate the importance of this family of proteins for

regulation of gene expression.

To better understand this putative family of regulatory proteins, and more

specifically, to identify and characterize bacterial genes regulated by the E. coli Nlp

protein, a study of the role of Nlp in E. coli ceU growth and physiology was therefore

initiated. As the phage and human homologues of Nlp appear to play a role in gene

regulation, a search for E. coli geneswhich may be positively or negatively regulated by

Nlp was undertaken, using a gene fusion approach. The nlp gene was frrst amplified by

thePCR reaction, cloned into plasmid pUC120 resulting in plasmid pMM6, and

expression of the Nlp protein from this construction was confirmed by the
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chloramphenicol release assayof Neidhardt et al. (301). nlp was then cloned into a

pBAD expression vector allowing for the tight regulation of transcription of nlp from the

PBAD promoter in vectot pMM5 (294). The LF20300/pMM51Mu dl (amp lac) library of

random, chromosomal, promotorless, lacZ transcriptional fusions was then constructed

in E. coli 40 strain LF20300, in which the nlp gene had been disrupted by a luxAB::tel

insertion (293). As the Mu dl bacteriophage contained a promoterless lacZ reporter

gene (294), the activity of any exogenous promoter after which Mu dl was inserted

could be monitored by levels of ~-galactosidaseexpressed from the lacZ gene library.

The library was screened on minimal medium containing either 0.2% glucose (no Nlp

protein produced) or 0.2% arabinose (Nlp produced) as weil as X-gal. Due to the

presence of the X-gal indicator, clones producing the ~-galactosidase enzyme were blue

while clones producing no ~-galactosidase were white. Therefore, clones were screened

for a change in colour between the two media: thiscolour change indicated a change in

the expression of the lacZ gene from the exogenous promoter, depending on the

expression of Nlp. Out of 17 clones found to have a different ~-galactosidase expression

depending on the presence or absence of Nlp, 13 were found to respond to the change of

sugar and not to Nlp. These sugar responsive clones were eliminated and ~­

galactosidase activity assays were performed on the four remaining clones to confirm

the effect of glucose and arabinose on the level of ~-galactosidaseexpression from the

promotorless reporter lacZ gene. Finally, only two clones were retained, clones 90-6

and 205-15, in which expression of an E. coli gene was clearly induced in the presence

of Nlp.

The present study has enabled us to identify two genes which are activated by

Nlp, however, their identity has notyet been determined. not ailowed to determine the

role of Nlp. Therefore, further studies are needed in order to identify and characterize

these two genes induced by Nlp. However, it can already be suggested that Nlp does not

act on as broad a range of genes as !HF does since only two clones where found ta be

responding ta a change in Nlp expression. Following this study, a Southem Blot

analysis using a radiolabeled lacZ probe was performed using genomic DNA isolated

from the two Nlp-responsive clones in arder to determine the number of Mu dl

insertions in each strain (308). The results of this study showed that Mu dl had inserted
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once in the chromosome of clone 90-6, but twice in clone 205-15. The genomic DNA

spanning the Mu dI right-end in one of the Mu dl fusions in clone 201-15 was cloned

and sequenced and the results suggested that Mu dI may have inserted witbin the yqhG

gene (308). Expression from the gene yqhG of E. coli may therefore be induced by Nlp.

As of now, Httle is known about the gene yqhG of E. coli and no function has been

determined yet for the encoded protein. However, since two Mu dlvectors lysogenized

clone 205-15, it is not clear whether this gene is regulated by Nlp or if it is the other one

in which Mu dl inserted or if it is both. One way to determine tbis would be to frrst

clone and sequence the second Mu dl insertion site and then the effect of Nlp should be

studied on both genes separately, perhaps by creating individual lacZ fusions in a

genetically clean background strain. In addition, the gene whose expression seems to be

regulated by Nlp in clone 90-6 still needs to be determined.

Although the role of Nlp has not yet been elucidated, the potential regulation by

Nlp on the promoter for yqhG and the other two putative genes may give insight into

how Nlp functions. If it is confrrmed that Nlp induces the expression of yqhG (and the

two other genes which still need to be sequenced), the mechanism by wbich Nlp

regulates expression from these genes can be studied by various protein-DNA

interaction studies including electrophoretic mobility shift assays and footprint analyses

(e.g. DnaseI, hydroxy-radical and/or copper phenanthroline). Another approach to study

the difference of protein expression in the presence and in the absence of Nlp is the use

of bidimensional electrophoresis of protein extracts from E. coli and other

Enterobacteriaceae as well as through the use of microarray technology.
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While the histone-like ffiF protein is known to be involved in many different

biological processes in the E. coli ceIl, no role is yet known for E. coli Nlp, a novel

protein wruch appears to play a role in gene regulation. However, both proteins share

several characteristics. For example, both proteins have known (!HF) or predicted (Nlp)

helix-turn-helix domains, and both proteins also have homologues in other bacteria more

or less related to E. coli or its phages.

The goal of the work presented in .this thesis was to identify and characterize

bacterial genes regulated by the E. coli Nlp protein and therein understand better this

putative NerlNlplTMF family of evolutionary conserved DNA-binding proteins. As the

phage and human homologues of Nlp appear to play a role in gene regulation, a search

for E. coli genes which may be positively or negatively regulated by Nlp was

undertaken, using a gene fusion approach.

During this study, two clones were identified which displayed differential

expression in the presence and in the absence of Nlp. Recent work, still in progress,

recently determined, using Southern Blot analyses, that one of the clones (90-6)

contained a single gene potentiaIly regulated by Nlp, and that the .second clone (205-15)

had two putative Mu dl insertions leading to the prediction that two different promoters

could be potentiaHy Nlp-regulated.

Following cloning and sequencing, one of the two genes disrupted by the Mu dl

insertion in clone 205-15 was identified as yqhG, for which nothing is yet known.

Further studies are now required to confmn and elucidate a possible regulation of the

expression of yqhG, as weIl as thatof th~ other two putative Nlp-regulated genes. This

will involve the cloning and sequencing of the remaining two genes identified in this

thesis. Further studies will also be needed to characterize the binding pattern of Nlp and

to determine if a consensus sequence is recognized , which amino acid residues contact

the DNA, and what kind ofDNA conformational changes the binding of Nlp creates.

If Nlp is confirmed to regulate the expression of one or aH three of these genes,

the function of these genes and the mechanism of their regulation by Nlp may help us

understand the role of Nlp in E. côli ceIl growthand physiology. In addition,

information concerning the putative NerlNlplTMF family may also be gained and help

us to understand better the members of this unique family of DNA-binding proteins.
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