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ABSTRACT 

Erwinia chrysanthemi causes soft-rot disease in crop plants by secreting large 

amounts of extracellular plant cell wall degrading enzymes. Pectate lyases, enzymes that 

depolymerize pectinaceous cementing material of plant cell wall, play a predominant role 

in causing the maceration and destruction of plant tissue. Degradation of pectin, a 

polymer of a-l,4-linked D-galacturonic acid (GalUA), results in the formation of 

monomers and multimers of GalUA residues. Bacterial uptake of pectin degradation 

products provides inducers for the synthesis of higher levels of pectate lyases and 

therefore important for disease initiation and progression. Transport of the GalUA 

monomer is mediated by the exuT gene product. Mutants in exuT have been observed to 

have a significantly lower capability to macerate potato tuber tissue than the wild type 

parent. The focus of this research was to characterize the mechanism of regulation of the 

exuT geuQ expression to better understand its role in the vimlence potential ofE. 

chrysanthemi. Preliminary genetic analyses have indicated the role of a repressor protein 

encoded by the exuR gene in the regulation of exuT. An exuR mutant was therefore 

constructed to study its role in the regulation of ^xwr expression. Northem blot analysis 

indicated that the exuR mutation resulted in constitutive transcription of the exuT gene. A 

detailed profile of exwr transcription was obtained both in vivo and in planta using an 

exuT-luciferase reporter gene fusion. In vivo, exuT-lux expression was inducible in wild 

type cells but constitutive in the exuR mutant indicating the loss of a repressor function. 

In planta, exuT-lux expression was markedly higher in the exuR mutant compared to the 

parental strain. [̂ "̂ CjGalUA uptake ability was also deregulated and constitutive in the 

exuR mutant. These results strongly suggest that ExuR is the major regulatory protein 

negatively controlling exuT expression. Furthermore, the ExuR protein was over-

expressed, purified and used in electrophoretic mobility shift assays with the exuT 5' 

upstream region. Purified ExuR was capable of specifically interacting with the exuT 5' 

upstream region. This is important evidence for the direct role of ExuR in the regulation 

of exwr transcription. The present study provides a better understanding of the 

coordinated regulation ofexuTdind virulence gene expression in E. chrysanthemi EC 16. 
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CHAPTER I 

INTRODUCTION 

Microbe-Plant Interactions 

Interactions between microbes and plants, both beneficial and harmful, has had a 

tremendous impact on human civilization. Ever since the emergence of organized 

agriculture, several plant diseases have been identified and numerous epidemics have 

occurred, leading to food shortage and in extreme cases resulted in famines (i.e., Irish 

potato famine in 1840, Victoria blight of oats and southem com leaf blight) (Agrios, 

1988). The practice of monoculture crops, where closely related plant species are grown 

over wdde geographical areas, provides a great opportunity for the evolution of 

increasingly vimlent pathogenic forms. The recent widespread use of genetically 

modified (GM) crops only magnifies the problem of facilitating the evolution of more 

vimlent phytopathogens. Although the number of plant disease outbreaks have been 

significantly reduced due to advances in the field of microbe-plant interactions, the ever 

increasing global population and modem agricultural practices involving GM crops pose 

challenging problems for the future. Therefore, a thorough understanding of the nature of 

microbe-plant interactions is a great necessity in this new millennium. 

Microbe-plant interactions can also be beneficial and contribute towards increased 

agricultural productivity. In symbiotic relationships such as rhizobial-plant and 

mycorrizal-plant interactions, the microorganism contributes novel biosynthetic 

capability that the plant lacks or assists the plant with enhanced nutrient absorption 

(Jackson and Taylor, 1996). The plant in return provides for the metabolic needs of the 

symbiotic microbial partner. Additional benefits of a symbiotic relationship include 

increased disease protection for the plant due to changes in the rhizosphere microflora 

(Jackson and Taylor, 1996). Further understanding of these beneficial interactions is 

therefore necessary to improve agricultural productivity. 

In addition to the above mentioned practical advantages of studying microbe-plant 

interactions, there are important fimdamental contributions towards the understanding of 

both plant and microbial physiology and to the generation of useful tools and techniques. 



The following are some specific examples to illustrate the contributions of studies in 

microbe-plant interactions towards fimdamental advances in microbial and plant biology: 

1. Insights into plant signaling processes has been provided by studies of disease 

resistance genes and rhizobial nod factors (Long, 1996), 

2. Analysis of several fungal and bacterial toxins offer important clues in plant 

metabolic processes (Walton, 1996), 

3. Pathogen survival strategies involve the modulation of host gene expression and 

therefore, elucidate novel regulatory mechanisms of plant gene expression 

(Gianinazzi-Pearson, 1996), 

4. Investigation of mechanisms of pathogenesis lead to the discovery of a novel bacterial 

secretion system that is highly conserved among Gram negative bacteria (Salmond 

and Reeves, 1993), 

5. The clustering of bacterial vimlence genes forming the so called "Pathogenicity 

Islands" illustrate the phenomenon of horizontal gene transfer and add to our 

knowledge of the evolutionary relationships among bacterial pathogens (Barinaga, 

1996), 

6. Quorum sensing, an important attribute of bacterial pathogenesis, represents a novel 

mechanism of bacterial communication (Salmond et al., 1995), 

7. The elucidation of complex signal transduction pathways similar in nature to higher 

eukaryotes (Gianinazzi-Pearson, 1996) 

8. Agrobacterium-rnQdiated gene transfer, a valuable technique that is widely used in 

plant molecular biology, is a classic contribution of studying microbe-plant 

interactions. In microbiology, there is a striking improvement in the techniques for 

bacterial mutagenesis and identification of plant-inducible genes. 

It is therefore obvious that the field of microbe-plant interactions has tremendous 

applications and represents a principal discipline in biological research. 



Bacterial-Plant Interactions 

Bacterial-Plant interactions can be mutually beneficial in which bacteria enter into 

symbioses with higher plants as illustrated by nitrogen-fixing associations of bacterial 

genera Rhizobium and Frankia with plants in the families Rosaceae and Leguminosae. 

Altematively, pathogenesis can also resuh from bacterial-plant interactions. Both Gram 

positive and Gram negative bacterial pathogens are known to cause disease in a wide 

variety of plants inducing a broad range of symptoms in the host. Information on the 

Gram positive bacterial pathogens (ex., Streptomyces, Corynebacterium) is limited 

perhaps, due to the lack of well-developed tools required for laboratory study. On the 

other hand, a wealth of information is available on the Gram negative bacterial pathogens 

that are wide spread and cause significant economic loss. Many of these Gram negative 

bacteria are amenable to genetic manipulations and some are closely related to 

Escherichia coli. There is a great deal of diversity in terms of the life style (facultative or 

obligate) and mode of attack of the Gram negative bacterial pathogens (Alfano and 

CoUmer, 1996). The tumor forming Agrobacteria do not kill plant cells directly but 

genetically engineer the host to synthesize amino acid derivatives that only the bacteria 

can metabolize. The most widespread and destmctive losses are caused by Gram-

negative rod-shaped bacteria of the genera Erwinia, Pseudomonas and Xanthomonas that 

specialize in colonizing the apoplast and are necrogenic, causing death of plant cells 

(Alfano and CoUmer, 1996). The necrogenic aggressiveness of these pathogens varies 

and can be grouped under two categories called biotrophs or necrotrophs. The biotrophic 

pathogens characteristically multiply in host tissues for some period before causing any 

necrosis (ex., E. amylovora, E. stewartii, P. syringae pathovars, and X campestris 

pathovars). The hypersensitive response (HR), a rapid localized collapse of the host 

tissue at the site of infection to prevent the spread of the pathogen, is elicited by the 

biotrophic pathogens during incompatible (no-disease) interactions with plants. The 

necrotrophic pathogens employ the "bmte-force strategy" and cause rapid killing of the 

plant tissue (ex., E. chrysanthemi and E. carotovora). These necrotrophs do not display 

any host specificity and infect a wide range of plants. 



The important characteristics of Gram negative bacterial pathogens are: 

1. Apoplast colonizers: the necrogenic pathogens (biotrophs and necrotrophs) that cause 

large-scale destmction, colonize the plant apoplast, the anteroom for the nutritive 

riches. These bacteria lead their life up against the plant cell wall and therefore, have 

developed elaborate artillery to breach cell wall and modulate host metabolism to 

cause nutrient leakage (Alfano and CoUmer, 1996). 

2. Quorum and "mob-attack strategy": the development of a large pathogen population 

is a requirement for the elicitation of disease symptoms. Several Gram negative 

bacterial pathogens (both plant and animal) are now knovm to use cell-cell signaling 

for "quorum sensing"-regulation of vimlence gene expression (ex., E. carotovora, E. 

stewartii, V. cholerae ) (Salmond et al., 1995). 

3. Hrp (hypersensitive response and pathogenesis) system: characteristic of biotrophic 

pathogens that display a great deal of host specificity. The Hrp system encodes 

functions of a secretion system (the type III secretion system), highly conserved 

among Gram negative human and plant pathogens, and factors that trigger HR in 

nonhosts (van Gijsegem et al., 1993). The avr (avirulence) gene products are directly 

injected into the plant cells by the type III secretion system and are recognized by the 

host R (resistance) proteins leading to incompatible interactions (gene for gene 

hypothesis) (Flor, 1956; Keen, 1990). The Avr proteins are also thought to modulate 

host metabolism to promote nutrient leakage. 

The most important requirement of the apoplast colonizing Gram negative 

bacterial pathogens is to be able to deal with the plant cell wall. Therefore, these bacteria 

have evolved the ability to synthesize and secrete enzymes that depolymerize various 

components of the plant cell wall (ex., pectinases, cellulases and proteases) (Bateman and 

Basham, 1976). As the necrotrophic pathogens rapidly kill plant tissue, plant cell wall 

depolymerization is relatively a more prominent phenomenon in necrotrophs compared to 

biotrophic pathogens. Consequently, the plant cell wall degrading arsenal is extensively 

developed in necrotrophic pathogens making them ideal model system to study the 

depolymerization of plant cell wall, the cmcial event leading to disease development. 



Plant Apoplast 

All plant cells are separated by cell walls and the term apoplast refers to the 

continuous system of cell walls and intercellular air spaces in plant tissues. The 

apoplastic volume of plant tissue can be determined by comparing the uptake of Un

labeled water and C-labeled mannitol. Mannitol is a non-permeating sugar alcohol that 

equilibrates with free space but can not enter the cells. Water, on the other hand, freely 

penetrates both the cells and the cell walls. Measurements of this type usually show that 

5 to 20% of the plant tissue volume is occupied by cell walls (Taiz and Zieger, 1991). 

It is important to consider the physiology associated with apoplast to better 

understand the strategies employed by Gram negative bacterial pathogens. The apoplast 

is an open lattice of polysaccharides and represents the major pathway for solute 

movement to carry nutrients from source to sink. For example, the movement of sugars 

in source leaves from the photosynthesizing cells in the mesophyll to the veins is at least 

partly apoplastic. The exit of sucrose from mesophyll cells into the apoplast is controlled 

by the level of certain substances, such as potassium. A high level of potassium in the 

apoplast of the sugar beet source leaves increases the rate at which sucrose enters the 

apoplast. Therefore, phytopathogens can alter the availability of sugars in the apoplast by 

disturbing the ion concentrations. For example, the XR [K"̂  efflux/H^ influx exchange 

response] causes alkalization of apoplast and has been shown to foster both sucrose 

leakage from plant cells and bacterial multiplication. 

The apoplast is also involved in environmental stress responses such as stomatal 

closure during water deficit conditions. A reduction in the solute content of the guard 

cells, caused by the hormone abscisic acid (ABA), results in water loss and decreased 

turgor, leading to stomatal closing. The movement of ABA from its site of synthesis, the 

mesophyll cells, to the guard cells occurs via the apoplast and depends on the changes in 

pH gradients associated with dehydration. Therefore, the plant apoplast is not a passive 

stmcture but is actively and elegantly employed in the movement of nutrients and 

regulatory molecules in response to critical environmental conditions. Furthermore, the 

apoplast is rich in nutrients and can be conveniently modified by an invading microbial 

specialist to cause nutrient leakage and make critical changes in the host physiology. 



Structure of Plant Cell Wall 

Young plant cells in the meristematic tissue are connected by thin primary cell 

walls that can be loosened or stretched to allow subsequent cell elongation. After cell 

elongation ceases, the cell wall generally is thickened to varying degrees either by 

secretion of additional macromolecules into the primary wall, or more usually, by 

forming a secondary cell wall composed of several layers. In addition to the primary and 

secondary cell walls there is a third layer called the middle lamella, that runs between the 

cell walls of adjacent cells and plays an important role in "cementing" the plant cells to 

strengthen the integrity of tissues (Fig. 1.1). 

The major macromolecular component of all plant cell walls is cellulose, a linear 

polymer of glucose linked together by p (l->4) glycosidic bonds (Fig. 1.2). Cellulose 

provides the tensile strength of the wall and is linked to a matrix containing two other 

types of polysaccharides, hemicellulose and pectin, and also a group of hydroxyproline -

rich fibrous glycoproteins. Hemicelluloses are highly branched polysaccharides with a 

backbone of about 50 (3 (1^4) sugars of a single type. Hemicelluloses are linked by 

hydrogen bonds to the surface of cellulose microfibrils. The branches help bind the 

microfibrils to each other and to other matrix components, particularly the pectins. The 

backbone of hemicellulose is similar to that of cellulose, but there are multiple branches 

of xylose, galactose and fiicose residues (Darnell et al., 1990) (Fig. 1.2). 

Pectin is a heteropolysaccharide with a backbone consisting of a (1-^4) D-

galacturonate residues, with a high percentage (40-65%) of methylesterification on the 

carboxyl group, and some rhamnose molecules. Pectins are often cross-linked to 

hemicelluloses, thus participating in forming a complex network of all the principal wall 

components (Fig. 1.2). The middle lamella that acts as an intercellular cementing 

material is particularly abundant in pectin. Therefore, pectin is a critical component of 

the plant cell wall and its degradation causes cell wall dismption and tissue 

disintegration. 
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Fig. 1.1 Pectin is the intercellular cementing material that holds the plant cells together 
to maintain tissue integrity. 
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Fig. 1.2 Molecular stmcture of the primary cell wall illustrating the interconnections 
between the major polymers. Pectin forms the backbone, interconnecting the cellulose 
microfibrils and the hemicellulose. 
(Illustration from Molecular Cell Biology 2nd ed. by Darnell, Lodish and Baltimore) 



Consequently, Gram negative phytopathogens target the plant cell wall pectin and have 

evolved elaborate systems to degrade and utilize pectin for cellular metabolism. 

Erwinia chrysanthemi: A Model Phytopathogen to Study the Apoplast Colonizers 

E. chrysanthemi is a Gram negative necrotrophic phytopathogen with a wide host 

range mainly causing soft-rot disease in important crop plants (Perombelon and Kelman, 

1980). It belongs to Enterobacteriaceae and is therefore a close relative ofE. coli. 

Accordingly, the physiology and genetics ofE. chrysanthemi is well studied and it is 

amenable to genetic manipulations (Chatterjee and Brown, 1980; Chatterjee et al., 1985). 

Interestingly, there is a great diversity within the genus Erwinia and the various 

species are popular model systems to study diverse aspects of bacterial-plant interactions: 

for example E. amylovora to study necrogenic response and non-host resistance, E. 

stewartii to study extracellular polysaccharide (EPS) production and plant wilting (Barras 

et al., 1994). E. chrysanthemi and E. carotovora are examples of necrotrophic pathogens 

and therefore serve as ideal model systems to study the critical aspect of pathogenesis of 

the apoplast colonizers — the ability to breach the plant cell wall. The rest of the 

discussion is focused on the details of the vimlence mechanisms ofE. chrysanthemi. 

Pectinases are the Major Vimlence Factors 

In E. chrysanthemi, the search for important vimlence factors has repeatedly 

pointed towards the bacterium's ability to synthesize and secrete large amounts of several 

different cell wall degrading enzymes. Among these different wall-degrading enzymes, 

pectate lyases have been identified as particularly important for E. chrysanthemi to 

macerate plant tissue (CoUmer and Keen, 1986). More evidence for the role of pectic 

enzymes in pathogenesis comes from the general inability of other cell wall degrading 

enzymes (ex., cellulases) to cause disease symptoms. However, pathogenesis is certainly 

multifactorial and other factors such as iron acquisition and motility are found to be 

important for complete vimlence (Neema et al., 1993; Beaulieu and van Gijsegem, 1990). 

Furthermore, several novel loci of unknown function have been identified from screens 

for reduced vimlence mutants (Beaulieu and van Gijsegem, 1990). Although pectinases 



are now believed to be the major vimlence factors, their precise contribution towards the 

vimlence potential remains unclear. The following are some of the significant 

observations regarding the role of pectin degrading enzymes in the pathogenesis ofE. 

chrysanthemi. 

i. Pectate lyases (Pels) purified from E. chrysanthemi culture fluids can macerate and 

kill the parenchymatous tissues of dicot plants (Basham and Bateman, 1975). 

ii. Conjugational cotranasfer of the capacity for extracellular production of Pels and 

maceration ability in E. chrysanthemi was the seminal report that provided the first 

meaningful genetic evidence for the necessity of Pels in soft-rot pathogenesis 

(Chatterjee and Starr, 1977). 

iii. Expression of Pels in E. coli strains has confirmed that individual Pel isozymes are 

sufficient to cause maceration. An E. coli expression vector clone producing high 

levels of j ^ . chrysanthemi PelC is equivalent to E. chrysanthemi in its ability to 

macerate, and a similar clone producing high levels of PelE is substantially more 

vimlent than E. chrysanthemi (CoUmer et al., 1985; Keen et al., 1984). 

Many observations have also revealed that several components of the wild-type 

pectic enzyme system are not absolutely essential for pathogenicity. For example, PelB" 

or PelC derivatives ofE. chrysanthemi CUCPB 1237 are still able to cause disease 

(Roeder and CoUmer, 1985; CoUmer and Keen, 1986). However, it is very important to 

realize that the assays used in these experiments enable the bacteria to avoid a variety of 

adverse ecological factors to which they would require tolerance for pathogenicity in 

nature. Hence, the tme contribution of individual pe/s can be best realized by exploring 

pectolytic-mutant phenotypes in other hosts or ecological niches (CoUmer and Keen, 

1986). 

The pectinolytic machinery ofE. chrysanthemi is quite extensive (Fig. 1.3) and 

subject to complex regulatory controls (Hugouvieux-Cotte-Pattat et al., 1996). This 

underscores the importance of pectin degradation for the pathogenic potential ofE. 

chrysanthemi. Pectinases can be classified according to their preferential substrate, 

pectin or polygalacturonate (PGA), and their reaction mechanisms (p-elimination or 
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Fig. 1.3 Pectinolytic machinery of £". c/7ry5a«̂ /ze/?7/. The various enzymes of 
pectinolysis (indicated in bold) and their active sites of localization are illustrated. 
Intracellular pectinolytic pathways leading to the formation of the inducer molecules 
(DKI, DKII and KDG) and cellular carbon source are also shown. The two well-
characterized transport systems for pectin degradation products and their integration with 
intracellular pectinolysis are indicated. 
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hydrolysis). Endo-pectinases cut the polymer at random sites within the chain to give a 

mixture of oligomers, while exo-pectinases attack the reducing end of the polymer and 

produce only dimers. Oligogalacturonate lyase (Ogl) and PelW, the 

exopolygalacturonate lyase, are examples of enzymes that act on pectic oligomers 

(Barras et al., 1994). The following are some of the interesting aspects of the pectin 

degrading enzymes: 

i. characterized by varied activities (ex., methyl esterase, acetyl esterase, pectate lyase, 

polygalacturonase and oligogalacturonase) and redundancy (for example, at least five 

major pectate lyases in E. chrysanthemi 3937). 

ii. the majority of these enzymes are secreted into the extracellular medium. However, 

pectin degradation activity is also membrane bound (ex., PemB, pectin methyl 

esterase), periplasmic (ex., PelX, PehX, polygalacturonases) and intracellular (ex., 

Ogl and PelW) (Fig. 1.3). 

iii. the presence of a new set of pectate lyases was recognized from experiments that 

inactivated all five major ^e/ genes in E. chrysanthemi (Ried and CoUmer, 1988). 

These are plant-inducible and called secondary pectate lyases because of their low 

activity in synthetic medium (Kelemu and CoUmer, 1993). 

iv. pectin degrading enzymes and few other cell wall degrading enzymes (ex., CelZ, 

cellulase) are synthesized with a signal sequence that is cleaved during transfer across 

the inner membrane by the general Sec machinery. They are then exported across the 

outer membrane by the specific Out system. The out locus consists of about 15 genes 

whose products exhibit homology with secretory proteins of other Gram negative 

bacteria and form a type II secretion machinery (Salmond, 1994). 

V. synthesis and secretion of Pels is co-regulated and the different isozymes are 

differentially regulated by the major regulatory proteins (Hugouvieux-Cotte-Pattat et 

al., 1996). 

Intracellular Pectin Catabolism 

The activity of various isozymes of pectate lyases that degrade pectate, a polymer 

of a-1-4 linked galacturonic acid (GalUA), generates GalUA dimers and multimers with 

11 



varying degrees of polymerization (Preston et al., 1992). The products of extracellular 

pectate degradation are transported into the bacterial cell where they undergo intracellular 

catabolism to generate inducer molecules for the expression of higher levels of pectate 

lyases and other cell wall degrading enzymes. There are two separate but converging 

pathways of intracellular pectin catabolism (Fig. 1.3). The GalUA transport and 

degradation pathway constitutes an operon thought to be under the control of a negative 

regulatory protein ExuR. The DKI pathway, all the way down to the formation of 

pymvate is shown to be under the control of the KdgR repressor protein (Hugouvieux-

Cotte-Pattat et al., 1996). 

Regulation of Pectinase Genes 

The presence of pectin degradation products is the main signal required for 

induction of the expression of all the genes of pectinolysis. The repressor encoded by the 

kdgR gene is responsible for this regulation (Fig. 1.4). In vitro and experiments have 

shown that the KdgR protein acts by specific interaction with a 17bp motif that is highly 

conserved in the regulatory regions of the different pectinolysis genes. Moreover, the 

presence of 2-keto-3-deoxy gluconate (KDG), a product of intracellular pectin 

catabolism, is the inducer molecule that prevents the binding of the KdgR repressor to its 

operators (Nasser et al., 1994). 

Expression of pectinase genes also responds to several environmental cues such 

as temperature, nitrogen starvation, osmolarity, oxygen limitation, catabolic repression, 

presence of plant extracts, growth phase and iron concentration (Hugouvieux-Cotte-Pattat 

et al., 1992). Additional regulatory loci such as pecS-pecM, pecT, pir, expI-expR and crp 

have been identified (Fig. 1.4). The pecS-pecM locus controls the synthesis of 

pectinases, some Out proteins, the cellulase EGZ and the production of a blue pigment. 

According to the results of sub-cellular fractionation studies, a transmembrane sensor 

fiinction and a cytoplasmic regulator role were assigned to PecM and PecS, respectively 

12 



pectin 
derivatives 

plant! 
i>henolics??; signal??? 

transport 
systems, 

ExuRjregulon 

\ 

* A <.*^>^<r-'v K' 

I PecM 

KdgR • 
(active) 

> KdgR 
(inactive) 

PecS Stationary 
PecT phase 

99? 

CTnkrtowri plant Quoaim 

Fig. 1.4 Complex regulatory networks controlling the expression of the pectate lyase 
genes in E. chrysanthemi. pel gene expression is sensitive to a variety of environmental 
stimuli including pectin and its degradation products. KdgR is the major regulator of pel 
gene expression that responds to the presence of pectin degradation products. The role of 
transport systems for pectin derivatives and the ExuR regulon (GalUA transport and 
intracellular catabolism) in the induction of pel genes is indicated. It is important to note 
that these regulatory networks also interact with each other thereby adding additional 
layers of complexity (ex., interaction between the CRP and the quomm sensing 
networks). 
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(Reverchon et al , 1994). The peer gene product encodes a protein of the LysR family 

that represses the expression of some pel genes (Surgey et al., 1996). In addition to these 

negative regulators, the E. chrysanthemi CRP has been identified to activate transcription 

of the pectinase genes and of genes of the intracellular part of the pectin degradation 

pathway (Reverchon et al., 1997). Recently, the expI-expR quorum-sensmg system has 

been identified in which exp/directs the synthesis of two N-acyl-homoserine lactone 

(HL) signal molecules and ExpR fiinctions as an activator of pel gene expression in the 

presence of HL (Nasser et. al., 1998). Interestingly, the various regulatory systems 

described above interact with the expI-expR system and therefore, the regulation of 

pectinase synthesis in soft rot Erwinia appears to be a complex network of multiple cross-

acting regulatory elements (Reverchon et. al., 1998). 

It can be inferred from the above discussion that the products of extracellular and 

periplasmic pectin degradation (monomers, dimers and multimers of GalUA) should be 

transported across the inner membrane and into the bacterial cytoplasm. These molecules 

in turn undergo intracellular catabolism to generate inducers for the expression of high 

levels of pectate lyases. Therefore, uptake of pectate degradation products is required for 

the induction of vimlence factors and represents an important event in the initial stages of 

the plant-bacterial interaction leading to the initiation and progression of disease. 

Transport of Pectin Degradation Products 

As mentioned earlier, the uptake of pectin derivatives is an important step for the 

induction of vimlence gene expression in E. chrysanthemi. However, unfortunately, this 

also happens to be the least understood step in the soft-rot pathogenesis. To date three 

transport systems are known to exist in E. chrysanthemi and they are: kdgT, involved in 

the uptake of DK I, DKII and KDG; exuT, involved in the uptake of GalUA monomer, 

and the digalacturonate transport system. 

kdgT 

The kdgT transport system is responsible for the uptake of ketodeoxyuronates 

(DK I, DK II and KDG). It can also mediate the entry of glucuronate (GulUA), although 
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with low affinity. The E. chrysanthemi 3937 strain can grow on DK I or DK II as the 

sole carbon source but not on KDG perhaps due to its inability to induce kdgT 

transcription (Condemine and Robert-Baudouy, 1987). The KDG transport system has 

been cloned in vivo in E. chrysanthemi B374 and 3937 through complementation ofanE. 

coli kdgT mutation using a RP4 derivative plasmid (van Gijsegem and Toussaint, 1983). 

KdgT mutants grow more slowly on polygalacturonate and the induction ratio of pectate 

lyase synthesis by polygalacturonate decreased in such mutants (Condemine and Robert-

Baudouy, 1987). However, these observations as well as the importance of kdgT in 

pathogenesis are difficult to explain since the extracellular/periplasmic formation of 

ketodeoxyuronates has not been described. 

(GalUA)2 transport 

Digalactuonic acid is the major product of extracellular pectin catabolism. The 

uptake system for the dimer molecule has been described in E. chrysanthemi EC 16 (San 

Francisco et al., 1996). This transport system has been shown to be specific for the 

(GalUA)2 molecule and does not contain any affinity for the monomer as shown by the 

competition experiments. (GalUA)2 uptake could be induced by GalUA, (GalUA)2, or a 

mixture of pectin and polygalacturonate. Uptake seems to be subject to catabolite 

repression since glucose-grown cells had negligible uptake activity. This transport 

system can be argued to be important for pathogenesis as (GalUA)2 is the major product 

of extracellular pectin degradation. The gene(s) responsible for this transport system 

awaits cloning and fiirther characterization. 

GalUA transport 

The E. chrysanthemi exuT gene encodes an active transport system that can 

mediate the uptake of GalUA and GulUA (Hugouvieux-Cotte-Pattat et al., 1983; San 

Francisco and Keenan, 1993). exuT expression is induced by GalUA but not by GulUA. 

Consequently, E. chrysanthemi wild-type strains can not use GulUA as a sole carbon for 

growth because of this lack of induction. Uptake of GalUA was found to be induced by 

GalUA, (GalUA)2, or a mixture of pectin and polygalacturonate. In addition, cells 
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isolated from macerated potato tuber also showed increased levels of uptake activity 

compared with the glycerol-grown cells (San Francisco and Keenan, 1993). GalUA 

transport is also subject to glucose repression that could be relieved by 5mM cAMP. 

The exuT gene has been cloned from E. chrysanthemi B374 and EC 16 strains by 

complementation ofE. coli and E. chrysanthemi exuT mutations (van Gijsegem and 

Toussaint, 1983; Freeman and San Francisco, 1994). The nucleotide sequence of the E. 

chrysanthemi EC 16 exuT gene has been determined and the corresponding open reading 

frame (ORF) encodes a 345-amino acids polypeptide with a calculated mass of 37,825 Da 

(Haseloff et al., 1998). This polypeptide is predicted to be an integral membrane protein 

based on its high unpolar amino acid content and hydropathic profile. Localization 

studies with the labeled polypeptide in the T7-RNA polymerase system also suggest that 

ExuT is a membrane protein. This evidence is fiirther supported by the observation of 

hybrid ExuT-PhoA proteins in the bacterial cytoplasmic membrane following 

immunoblot analysis (Haseloff et al., 1998). 

An E. chrysanthemi EC 16 exuT mutant was constmcted by marker exchange 

mutagenesis and analyzed for its ability to macerate potato tuber tissue. The results 

indicate that the maceration ability of the exuT mutant was both delayed and significantly 

reduced compared with the wild-type strain (Haseloff et al., 1998). Additional evidence 

for the importance of GalUA metabolism comes from the studies aimed towards the 

identification of host-inducible genes relevant for the pathogenesis ofE. chrysanthemi 

3937. One of the mutants characterized was defective in GalUA utilization (Beaulieu and 

van Gijsegem, 1990). These studies indicate that GalUA is an important carbon source 

for the invading bacterium and the ability to transport and utilize this sugar can be a 

selective advantage for pectinolytic Erwinia strains. The present study is focused on 

understanding the regulatory mechanism underlying the expression of this important 

transport system. 

Regulation ofexuT Expression 

The GalUA transport and intracellular catabolism constitute an operon and 

thought to be under the control of a negative regulatory protein ExuR. This information 
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is mainly based on studies of a similar system in E. coli that has been extensively 

investigated and on the genetic analysis in E. chrysanthemi 3937 (Hugouvieux-Cotte-

Pattat and Robert-Baudouy, 1987; Nemoz et al., 1976; Portalier et al., 1980). 

Information on the regulation ofexuT expression in E. chrysanthemi is therefore limited 

and fragmentary. 

As a first step towards the understanding of the regulation ofexuT, the influence 

of carbon substrates used for growth on the activity of GalUA uptake was studied 

(Hugouvieux-Cotte-Pattat et al.,. 1983; San Francisco and Keenan, 1993). The results 

clearly demonstrate that GalUA uptake is an inducible system and perhaps under the 

control of a repressor protein. The possible role ofexuR. in the regulation ofexuT 

expression has been demonstrated by genetic studies in E. chrysanthemi 3937 using Mu-

lac insertions (Hugouvieux-Cotte-Pattat and Robert-Boudouy, 1987). The ExuT protein 

of wild-type E. chrysanthemi 3937 can also transport glucuronic acid (GulUA), an isomer 

of GalUA, but cannot use glucuronic acid as a sole carbon source for growth since this 

compound was unable to induce exwr expression (Hugouvieux-Cotte-Pattat et al., 1983). 

Spontaneous mutants capable of fermenting GulUA were isolated based on their ability to 

grow on medium containing GulUA as a sole carbon source. This phenotype was 

attributed to the loss of a repressor function leading to the constitutive expression of the 

transport system. This regulator was named ExuR by analogy to the corresponding gene 

ofE. coli (Nemoz et al., 1976; Portalier et al., 1980; Hugouvieux-Cotte-Pattat and 

Robert-Boudouy, 1987). Furthermore, Mu-lac insertions leading to constitutive uptake 

of [l^C]-GulUA were isolated and the mutations were assigned to the regulator ofexuT 

expression (Hugouvieux-Cotte-Pattat and Robert-Boudouy, 1987). These studies 

represent only indirect evidence for the role of exuR in the regulation ofexuT. In view of 

the importance of GalUA transport and metabolism in the pathogenicity ofE. 

chrysanthemi (BeauUeu and van Gijsegem, 1990; Haseloff et al., 1998), the focus of this 

research was to substantiate the mechanism of the regulation ofexuT. 
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Specific Goals of Research 

My dissertation research should provide insights into the mechanism of induction 

of the GalUA transport process that is important for the vimlence potential ofE. 

chrysanthemi. These studies will also resolve the precise manner in which the GalUA 

transport is coordinately regulated with the vimlence gene expression during the process 

of disease initiation and progression. The specific objectives of this research are: 

I. Constmction and characterization of an exuR mutant ofE. chrysanthemi EC 16. 

a. Constmction and confirmation of a targeted mutation in the exuR gene. 

b. Constmction and confirmation of exuT-luciferase operon fusions in the exuR and wild 

type backgrounds to study exuT expression in vivo and in planta. 

c. Compare the levels of exwr transcripts and galacturonate uptake in the exuR mutant 

and wild-type strains. 

II. Molecular characterization of the exuT-ExuK interaction. 

a. Mapping the transcription start site of exwrmRNA. 

b. Over-expression and purification of ExuR. 

c. In vitro binding ability of ExuR to the 5' upstream sequence ofexuT. 
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CHAPTER II 

MATERIALS AND METHODS 

Bacterial Strains. Plasmids and Crrowth Conditions 

Plasmids and strains ofE. chrysanthemi and E. coli with their genotypes and 

sources used in this sttidy are listed in Table 2.1. E. chrysanthemi strains were grown at 

28^0 and E. coli at 370C. Luria-Bertani medium (LB) or M-9 salts medium 

supplemented with appropriate sources of carbon (0.2% glycerol [uninducing] or GalUA 

[inducing]) were used as described by Miller (1972). Growth rates were quantified by 

measuring absorbance at 600 nm using the Beckman DU530 specti-ophotometer. 

Ampicillin (50 |ig/ml), kanamycin (50 |Xg/ml), tetracyclin (10 ^ig/ml), streptomycin (25 

pg/ml) and gentamycin (15 pg/ml) were used in growth media as noted. 

General DNA Manipulations 

Plasmid DNA isolations were carried out using Qiagen columns (Qiagen Inc.). 

Standard procedures were followed for agarose gel electrophoresis, DNA restriction 

digestion, ligation, DNA and northem blot hybridization (Sambrook et al, 1989). E. 

chrysanthemi strains were routinely transformed by electroporation using a BRL Cell 

Porator, Voltage booster, and micro-electroporation chambers (330 pF; 4 kW; 12.4 

kV/cm). 

Marker-Exchange Mutagenesis of the exuR Gene 

The 1.2 kb npt cassette encoding resistance to kanamycin from pUM24 (Ried and 

CoUmer, 1987) was ligated into the Pstl site of the exuR gene resulting in the dismption 

of the exuR open reading frame. The exuR::npt fragment was cloned into the low-copy 

plasmid pRK415 to obtain pTTUlOl. E. chrysanthemi EC 16 was then transformed with 

pTTUlOl and marker exchange recombinants were obtained after growth in low-

phosphate medium as described (Roeder and CoUmer, 1985). The resultant recombinants 

were confirmed by Southem blot hybridizations using npt and exuR specific probes. 
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Constmction of exuT-lux Operon Fusion Strains 

Integration of the exuT-lux operon fiision into the E. chrysanthemi EC 16 

chromosome was performed essentially as described by Shen et al., (1992). The 5' 

upstream region of exuT gene (487 base pairs upstream of the ATG start codon) was 

cloned into the Tnl-lux carrier plasmid pHSK728 and transformed into an E. 

chrysanthemi EC 16 strain containing the helper plasmid pMON7181, which includes the 

Tn7 transposase fiinctions. Single colonies containing both the plasmids (ApVSmWmO 

were transferred to 5 ml of LB medium containing no antibiotics and grovm for 18 hours 

at 30^0 with shaking. After four successive transfers into fresh media, the cells were 

plated onto LB containing streptomycin and incubated 36 hours at 30^0. The resulting 

colonies were then replicated onto LB containing gentamycin or ampicillin to screen for 

the loss of both plasmids. Cells resistant to only streptomycin were retained for 

measurement of luciferase expression from Tn7::exuT-lux ftjsion system. This method 

was used to constmct exuT-lux operon fiisions in wild-type and exuR backgrounds. 

These strains were confirmed for the integration of the Tnl::exuT-lux fiision into the 

chromosome by Southem blot hybridization using luciferase specific probe. 

Measurement of Bioluminescence in exuT-luxP\B Fusion Strains 

Light production from E. chrysanthemi strains containing a single chromosomal 

copy of the exuT-lux operon fusion was quantified using a single photon detector 

Beckman model 6500 scintillation counter. The assays used to measure light production 

from cells grown on glycerol (uninduced) or GalUA (induced) were conducted as 

described below. Bacteria were grown shaken at 30^0 and absorbance was measured at 

regular intervals at 600 nm to monitor growth. At appropriate time intervals, 100 pi 

aliquots of cells were transferred into standard scintillation vials, 10 pi of the substrate n-

decanal, was added and light production was measured for 30 sees. Expression of the 

exuT-lux constmcts in E. chrysanthemi EC 16 was followed in planta by the measurement 

of light production when the bacteria were inoculated into potato tuber tissue. Cubes 

(approximately 1 cm in diameter and thickness) were cut from potato tubers and 3 mm 
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deep wells were made using a cork borer and placed in scintillation vials. The wells were 

inoculated with 10^ bacterial cells and lightly capped vials incubated in a humid 

environment. Light production was measured periodically for 30 sees after the addition 

of 10 pi of the n-decanal substrate onto the cap of the scintillation vial. All the 

experiments were repeated three times. 

GalUA Transport Assay 

Measurements of GalUA uptake were carried out by using the radio-labeled 

analog, [l^cjGalUA (0.58 mCi/mmol; Sigma Chemical Co.) at a final concentration of 

0.1 mM. Assays were performed on cells grown under inducing and non-inducing 

conditions as described previously (San Francisco and Keenan, 1993). 

Primer Extension Analysis 

Total RNA was isolated from GalUA-induced E. chrysanthemi EC 16 cells. The 

primer 5'CATGTTAAATATCTCTCCGAG 3' that binds to the region overiapping ATG 

was used for the extension reaction. RNA (100 pg) was annealed to 10 c.p.m. of P end-

labeled ologonucleotide in annealing buffer (lOmM Tris-HCl pH 8, lOOmM KCl, ImM 

EDTA pH 8) for 1.5 hrs at 42°C in a 10 pi volume. 20 pi of reverse transcriptase 

synthesis mix (to obtain a final concentration of 50mM Tris-HCl pH 8.3, lOmM MgCl2, 

40 mM KCl, 20 U AMV reverse transcriptase [Takara]) was added to the 10 pi annealing 

mix. The extension reaction was continued for 1 hr at 42°C. Reaction products were 

then ethanol precipitated and resuspended in 3 pi of RNase. After 15 minutes incubation 

at 37°C, 5 pi of loading dye (promega primer extension kit) was added. The sample was 

electrophoresed on a denaturing polyacrylamide (8%) gel along with the sequencing 

reactions. 

Expression and Purification of ExuR 

The open reading frame encoding ExuR was amplified using PCR primers 5'-

GCGCCATATGGCACTGACAGAATCG-3' and 5'-

CCGGAAGCTTTCAGAGCTTGCCGTTGGT-3' containing unique restriction sites, so 
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that the resulting amplified product contained an Ndel site at the ATG initiation codon 

and the HindWl site after the transcriptional terminator. The 786 bp amplified Nde\-

HindlW fragment was then subcloned into the pET28b vector (Novagen). In the resulting 

plasmid pTTU104, the exuR gene is fused at its 5' end with 6 histidine codons and under 

the control of the strong Tllac promoter. ExuR over-production was performed in the E. 

coli strain BL21 containing the gene for T7 RNA polymerase under the control of the 

/ac^FJ promoter. The£. co//BL21(XDE3) ceUs containing pTTU 104 were grown 

shaken at 37^0 in LB/ampicillin medium to an optical density of 0.6 at 600 nm, induced 

with 1 mM isopropylp-D-thiogalactopyranoside (IPTG) and grown for an additional 2.5 

hours. Under these conditions, 25% of the total cellular protein was ExuR (as determined 

from SDS-PAGE and densitometry analysis) but formed inclusion bodies. Attempts to 

lower the formation of inclusion bodies such as reducing growth temperatures from 37^C 

to 30^0, decreased IPTG concentrations down to 0.3 mM and shorter induction periods 

did not increase the soluble levels of ExuR. Cells overproducing ExuR were suspended 

in binding buffer (20 mM Tris-HCl pH 7.9, 500 mM NaCl, 5 mM Imidazole) and 

dismpted by three passages through French pressure cell (AMINCO). Inclusion bodies 

were obtained after the removal of cell debris and soluble proteins by centrifiigation at 

20,000 X g at 4^0 for 15 min. The pellet containing the inclusion bodies was washed 

twice in binding buffer to remove contaminating soluble proteins and subsequently 

dissolved in binding buffer containing 6 M guanidine hydrochloride. This protein extract 

was subjected to nickel affinity chromatography under denaturing conditions and purified 

protein was obtained in the elution buffer (20 mM Tris-HCl pH 7.9, 500 mM NaCl, 300 

mM Imidazole) containing 6 M guanidine hydrochloride. The denatured protein was 

dialyzed with three changes of the elution buffer containing 4 M guanidine 

hydrochloride, followed by 2 M and finally in the absence of guanidine hydrochloride to 

gradually remove the denaturant. Protein renaturation was facilitated by titration of the 

protein with dilute NaOH. Purity of the protein was determined by SDS-PAGE. 
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DNA Mobility Shift Assays 

The 534 bp 5' upstream region of exuT was obtained from pTTU103 after 

digestion with Hindlll and Xbal restriction enzymes. This fragment was end-labeled 

with [a^2p]dCTP using the Klenow fragment of DNA polymerase. The labeled 

fragment was subjected to polyacrylamide gel electrophoresis and gel-purified using 

QIAEX extraction kit. The binding reaction contained: 3x10^ cpm DNA probe 

(approximately 30 fmol of DNA), 7.5 mM Tris-HCl pH 7.4, 0.5 mM EDTA, 5 mM KCl, 

2.5% glycerol, 0.5 mM DTT, 4 pg acetylated BSA, 1 pg poly (dl-dC)-(dl-dC) 

(Pharmacia LKB) (Ausubel et al., 1987). Competition experiments were performed by 

using 200-fold molar excess of unlabeled target DNA. After a 30-min incubation at 

30^0, reaction mixtures were separated on a 5% polyacrylamide gel and electrophoresed 

for 2 hours at 30 mA. Gels were then dried and exposed to FUJI RX X-ray film at -80^0 

for 12 hours. 
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Table 2.1. Bacterial strains and plasmids. 

Strain Genotype Source/reference 

Escherichia coli 

DH5a 

BL21(XDE3) 

Erwinia 

chrysanthemi 

EC16 

SF1602 

SF1603 

SF1604 

Plasmids 

pRK415 

pHSK729 

pMON7181 

pUM24 

pGEX-2TK 

pET28b 

pTTUl 

pTTUlOl 

pTTU102 

pTTU103 

pET28(R) 

pGEX-2TK(R) 

F-F80d/acZ(AM15)A(/acZYA-argR) U169 deoK reck endW 

/wfl?R17(rK-,mK^ 

hsdSgal (^Itg857 indl sam7 ninS lacUV5-T7 genel) 

wild-type 

E. chrysanthemi EC 16 exuRv.karf 

E. chrysanthemi EC 16 Tva{^m^.:exuT-luxKB 

SF1602 with lnl{?>m^::exuT-liaAB 

Tet*", broad host-range cloning plasmid 

Ap'"/Sm'' Tn7-/MxAB transcriptional fusion vector 

Gm*" helper plasmid with genes for Tn7 transposition function 

pUC4K with nptl-sacB-sacK cartridge 

kan^ expression vector with Tllac promoter 

Ap*", expression vector with Tllac promoter 

3.36 kb EcoKV fragment from EC16 in pUC19 

pRK415 containing 1.8 kb Kpnl-BamUl fragment of exuR from 

pTTUl interrupted with nptl (kavP) marker on a 1.2 kb Pstl 

fragment from pUM24 

487-bp Kpnl-Smal fragment from pTTU-1 containing exuTS' 

region subcloned into pHSK729 

534-bp Taq\-Hind[\\ fragment containing exuTS' region 

subcloned into pUC19 

pET28 with 786 bp Ndel-Hindlll fragment containing the 

complete exuR coding region 

pGEX-2TK with 786 bp Ndel-Hindlll fragment containing the 

complete exuR coding region 

Gibco-BRL, 

Gathiersburg, MD 

Novagen 

A. K. Chaterjee 

This study 

This study 

This study 

Keener at. 1988 

Shen etal., 1992 

Barry, 1988 

Ried and Collmer, 1987 

Novagen 

Novagen 

Haseloff e/a/.. 1998 

This study 

This study 

This study 

This study 

This study 
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CHAPTER III 

RESULTS 

Construcfion and Confirmation of an E. chrysanthemi EC 16 exuR Mutant 

A 3.4 kb EcoKSI genomic fragment was isolated from E. chrysanthemi EC 16 

capable of complementing an exuT mutaXion in E. chrysanthemi B374 (Freeman and San 

Francisco, 1994). Nucleotide sequencing and subsequent analysis of this fragment 

revealed the presence of two major open reading frames (ORFs), one of which was 

identified as the exuT gene with 83% identity to the deduced amino acid sequence of the 

exuT gene ofE. coli (Haseloff et al., 1998). The deduced amino acid sequence of the 

second ORF indicated the presence of a polypeptide with a hydrophilic profile containing 

aN-terminal helix-tum-helix motif characteristic of the GntR family of transcriptional 

regulators (Freeman, 1996; Hay don and Guest, 1991). This ORF is 777 bp long and 

predicted to encode a protein of 259 amino acids with a calculated molecular mass of 

31 kDa. A homology search of the protein data bases using the deduced amino acid 

sequence revealed a strong homology with the E. coli ExuR (76% identity), UxuR (48% 

identity), and FarR (37% identity) regulatory proteins suggesting that 0RF2 is the exuR 

gene of £•. chrysanthemi EC 16 (Altschul et al., 1997). 

The potential role of exuR in the regulation of exuT gene expression was initially 

studied only by genetic analysis in E. chrysanthemi 3937 (Hugouvieux-Cotte-Pattat et al., 

1983). Cloning of the exuR gene from E. chrysanthemi was therefore, important for 

targeted mutagenesis to demonstrate directly, the role of ExuR in the expression ofexuT. 

Marker exchange mutagenesis is an elegant method for the targeted mutagenesis of 

gene(s) in E. chrysanthemi and was first reported by Roeder and Collmer (1985). This 

technique has been successfiiUy utilized for the mutagenesis of all the major pectate lyase 

genes and several other important genes in E. chrysanthemi (Ried and Collmer, 1988; 

Roeder and Collmer, 1985). The exuR gene was dismpted in vitro with the kanamycin 

resistance gene {npt I) and exchanged with the ftinctional chromosomal copy by 

homologous recombination. The resultant mutation was confirmed by Southem blot 

analysis using the npt I and exuR probes (Fig. 3.1). 
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Fig.. 3.1 Confirmation of exuR marker-exchange mutagenesis. 
£coRV-digested genomic DNA from the wild-type and putative exuR mutant (lanes 1 and 
2 respectively) were separated on a 0.8% agarose gel and probed with exuR (panel A) or 
npt-1 (panel B) gene. 

Construction and Confirmation of exuT-lux Fusions 

Transcriptional gene fiision represents a powerful tool to study the regulation of a 

gene of interest. Luciferase (lux) particularly serves as an excellent reporter to study 

gene expression in bacteria, because it is a highly sensitive, easily assayable system and 

can be monitored without destmction of the host tissue. 

In E. chrysanthemi EC 16 an elegant system has been devised to transfer a single 

copy of the promoter-luciferase gene fiision into the chromosome. This is especially 

important as it precludes the problem of repressor titration due to large copy number of 

the cis element. The procedure involves cloning of the promoter/operator region of the 

gene of interest upstream to the promoter less lux operon. This gene ftision along with 

the streptomycin-resistance gene is flanked by the Tn7 insertional sequences. As the 

transposase fimction is provided on a helper plasmid, the gene fusion and the 

streptomycin-resistance marker integrate into the single Tn7 att site present on the 

chromosome. This luciferase gene fusion system has been successfully used to study the 

regulation of pelE gene expression in E. chrysanthemi EC 16 (Gold et al., 1992). 
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The detailed procedure used to constmct exuT-lux fiisions is described in 

Materials and Methods. exuT-lux gene fiisions were constmcted in both the wild-type 

and exuR backgrounds to sttidy the role of ExuR in the expression ofexuT. The resultant 

strains were confirmed for the presence exuT-lux fusion on the chromosome by Southem 

blot analysis using luciferase gene as a probe (Fig. 3.2). 

1 2 

genomic 
DNA 

pT-lux 
plasmid 

7 8 9 10 11 12 

genomic 
DNA 

('£^,'';sc-'3p'j;y''t ><.*4*.̂ ^*-« ^>*^# 

Fig.. 3.2 Confirmation of the integration of a single copy of exuT-lux fusion into the E. 
chrysanthemi chromosome. Samples of cellular lysate were separated on an agarose gel 
and probed with the luciferase gene. Lanel, E. coli containing the pT-lux plamid; 2-12 
different colonies containing the putative integration. Only #12 contains an exuT-lux 
integration on the chromosome. 
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Northem blot Analysis of g^i/J Transcripts in Wild-Type and exuR Sta-ains 

Measurement of GalUA uptake revealed that it is an inducible phenotype, i.e., low 

basal levels of uptake activity in the absence of inducer and higher levels in the presence 

of inducer molecules such as pectin and/or its degradation products (Hugouvieux-Cotte-

Pattat et al., 1983; San Francisco and Keenan, 1993). These observations imply that 

GalUA uptake is under negative regulation and involves at least one repressor protein. In 

order to demonstrate that the regulation is at the level of transcription, ejcw^mRNA levels 

were monitored in the wild-type strain in the presence or absence of GalUA (inducer). 

Northem blot analysis indicated that there are no detectable levels ofexuTmRNA in 

glycerol-grovm cells, but high levels of ejcwJ transcripts were present in the presence of 

GalUA (Fig. 3.3). Therefore, exuTmRNA is inducible and its expression is subject to 

regulation at the transcriptional level. Furthermore, these studies also indicated that exuT 

mRNA was monocistronic representing an independent transcriptional unit. 

A B 

:23S ^ ^ ^ j ^ . ' M ^ H - -^ 2 ^ 

exuT 

16$ 

exUT 

16S 

Fig.. 3.3 Analysis of ejcwrtranscription by northem blot hybridization. 
Total RNA isolated from E. chrysanthemi wild-type (panel A) or exuR mutant (panel B) 
grown on M9 salts medium with 0.2% glycerol (uninduced, lane 1) or GalUA (induced, 
lane 2) was separated on a 1.2% formaldehyde gel. The 1.1 kb Kpnl fragment ofexuT 
gene was used to prepare the radio-labeled probe. 

The role of the exuR gene product on transcription of the exuT gene was studied 

by northem blot analysis of total RNA samples from the exuR strain. It was observed 
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that high levels of exwr transcripts were made in the exuR mutant independent of the 

presence or absence of GalUA (Fig. 3.3). Therefore, it can be inferred that the exuR 

mutation resulted in the loss of repression of exwr transcription and that ExuR is perhaps 

the repressor protein that negatively regulates ejcwr transcription. 

Expression of exuT-lux Fusion in Wild-Type and exuR Strains 

Operon (transcription) fusions of exuT-lux were constmcted in wild-type and 

exuR strains using the Tn7-lux system (Shen et al., 1992). Since northem blot analysis 

indicated that exuT expression is controlled at the transcriptional level, a detailed profile 

of ejcwr regulation was obtained both and in planta using exuT-lux fiisions. Inducible 

transcription of exuT was confirmed by monitoring bioluminescence of the wild-type 

exuT-lux strain in the presence or absence of inducer (GalUA) (Fig. 3,4). Glycerol-grown 

cells (uninduced) had basal levels of exuT-lux activity and reached a maximal value of 

5.3x10^ cpm after 10 hours. Luciferase activity of GalUA-grown cells increased rapidly 

and attained levels approximately 2.5 times the basal values observed with uninduced 

cultures. Inducible luciferase activity declined to basal levels upon cultures reaching 

stationary phase. This represents the profile of inducible transcription and supports the 

data obtained from northem blot analysis. Growth rates of both the glycerol- and 

GalUA-grovm cells were comparable and therefore, the observed high levels of luciferase 

activity can be attributed to the induction of transcription at the exwr promoter/operator 

sequence. 

In order to understand the role of exuR in exwr transcription, exuT-lux activity 

was measured in the exuR strain under inducible and non-inducible conditions (Fig. 3.4). 

Bioluminescence of the uninduced exuR mutant increased rapidly and reached levels 

comparable to the induced wild-type cultures. The peak value was only slightly higher 

than the wild-type cells grown in GalUA and exuT-lux expression remained high even in 

stationary phase cultures. These results clearly indicate that the transcription of 
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Fig. 3.4 In vivo luciferase activity of the wild-type and exuR strains containing the exuT-
lux operon fusions. Circles denote the wild type strain and squares represent the exuR 
mutant. Open and solid symbols represent the data obtained from cultures grown in M9 
sahs with 0.2% glycerol (uninduced) and 0.2% GalUA (induced), respectively. Values 
represent the average (+/- standard error) of two independent experiments. 
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exuT is deregulated in the exuR strain and supports the data obtained from transcript 

analysis. 

Interestingly, luciferase activity of the induced exuR mutant showed a rather 

unexpected profile (Fig. 3.4). There was a distinct "lag phase" before light production 

reached levels comparable to the induced wild-type. This profile was reproducible and 

perhaps points towards a complex regulation underlying the expression of an important 

transport system. 

cAMP receptor protein (CRP) is the major activator of pectinolysis genes and 

represents an important global regulator closely linked to pathogenesis in 

E. chrysanthemi (Reverchon et al., 1997). CRP-mediated glucose repression of exuT-lux 

expression was therefore studied to better understand the coordinated regulation of 

vimlence gene expression. The presence of glucose in the growth medium along with 

GalUA resulted in low repressed levels of luciferase activity in wild-type cells (Fig. 3.5). 

On the other hand, exuT-lux expression was considerably (about 2.5-fold) higher in cells 

grovm under inducing conditions (i.e., GalUA plus glycerol). The phenomenon of 

glucose repression was also observed in the exuR mutant indicating that ExuR does not 

play a major role in glucose-mediated repression of exwr transcription. 

One of the advantages of luciferase as a reporter gene especially in pathogenic 

bacteria is that the expression of gene of interest can be followed during disease initiation 

and progression without destroying the host tissue. Previous studies of exuT-lux 

expression during potato tuber infections have indicated that the expression of the GalUA 

transporter is induced much before the onset of first symptoms of maceration (Yen and 

San Francisco, unpublished). This is an important observation as it underscores the 

relevance of the transport systems of pectin degradation products in the induction of 

vimlence factors culminating in pathogenesis. 

The relevance of exuR during potato tuber infections was studied by monitoring 

exuT-lux expression in wild-type and exuR strains. Two observations were critical: 

firstly, the exuR mutation resulted in an earlier onset of maceration symptoms compared 
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Fig. 3.5 Glucose-repression of exuT-lux activity. Bacteria were grown in glycerol (open 
circles) or glycerol/GalUA (closed circles) or glucose/GalUA (closed squares) and 
luciferase activity was measured at different time points. 
Panel A: wild type; Panel B: exuR mutant. Values at each time point are an average of 
three replicates. 
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to the wild-type; secondly, luciferase activity in the exuR strain increased rapidly and 

reached higher levels (approximately 1.5 fold) than the wild-type stt-ain (Fig. 3.6). 

However, it is not known if these higher levels of expression are due to increased 

bacterial numbers or higher exuT expression per se. In conclusion, the exuR mutation 

does result in a small but distinct difference in the rate of maceration that can be 

correlated with higher levels of exwr expression. 
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Fig.. 3.6 In planta expression of the exuT-lux ftision. Bacteria were grown in cubes of 
potato tuber and luciferase activity was measured at various time points. Circles: wild-
type; Squares: exuR mutant. Values at each time point represent an average (+/- standard 
error) often replicate treatments. 

GalUA Uptake Studies in Wild-Type and exuR Stt-ain 

It has been demonsttated so far that ejcwr expression is regulated at the 

transcriptional level and that exuR appears to be the major repressor of exwl transcription. 

It is important to correlate these observations with the activity of the GalUA 
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transport permease. [̂ "̂ CJGalUA assays were performed to demonstrate the role of exuR 

in GalUA uptake in E. chrysanthemi EC 16. [̂ "̂ CJGalUA uptake activity remained at 

basal levels in uninduced wild-type cells but increased approximately two-fold in the 

presence of GalUA (induced) (Fig. 3.7). These results are consistent with previous 

reports indicating inducible GalUA uptake activity in wild-type E. chrysanthemi EC 16. 

In the exuR mutant, [ I^^JQ^IUA uptake activity was constitutively high under both 

inducing and non-inducing conditions (Fig. 3.7). These results indicate that GalUA 

uptake activity is deregulated in the exuR mutant indicating the loss of a repressor 

fimction. 

0.5 1 2.5 

time (min) 

Fig.. 3.7 Uptake of ['"̂ ClGalUA of the wild-type and exuR mutant. Circles and squares 
denote the wild-type and the exuR mutant respectively. The cultures were grown in M9 
salts with 0.2% glycerol (uninduced) or 0.2% GalUA (induced) and denoted in the graph 
by open and closed symbols, respectively. The data points are average (+/- standard 
error) of three independent experiments. 

Overexpression and Purification of ExuR 

Results described so far provide considerable evidence that exuR acts as a 

repressor conttoUing the expression ofexuT The next step was to determine if exuR 
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regulates exwrexpression directly by interacting with exuTS' upstream region or 

indirectly through additional regulatory proteins. In order to accomplish this objective, 

overexpression and purification of ExuR was initiated. Attempts to overexpress the 

ExuR protein using expression vectors such as the pT7 series (Tabor and Richardson, 

1985), pKK223-3 (Brosius and Holy, 1984) and pCAL-n (Stoflco-Hahn et al., 1992) were 

unsuccessfiil. 

Additionally, ExuR overexpression was also attempted using pGEX-2TK vector 

(Stratagene) as a fusion protein with Glutathione S-transferase (GST). The GST-ExuR 

fiision protein was successfully produced in E. coli BL21 cells at higher levels reaching 

up to 25% of the total cellular protein (Fig. 3.8). However, most of the overexpressed 

protein formed inclusion bodies. Altemative expression systems were therefore explored 

to obtain large amounts of soluble ExuR protein. 

MW 
kDa 1 2 3 4 1 2 3 

66-

45. 

34.7-

24-

Fig.. 3.8 Overexpression and purification of GST-ExuR. 
Protein samples were separated on a 10% denaturing SDS-polyacrylamide gel and bands 
were visualized after staining with Coomassie blue. 
Panel A: lanel, molecular weight standards, lane 2, 3, total cellular extracts of BL21 
(pGEX-R) uninduced and induced, respectively, lane 4, soluble fraction of the induced 
extracts of BL21 (pGEX-R). 
Panel B: lane 1, molecular weight standards, lane 2, purified GST-ExuR protein after 
glutathione affinity chromatography of the induced BL21 (pGEX-R) soluble extracts, 
lane 2, ExuR protein after the removal of the GST fusion followed by glutathione affinity 
chromatography. 
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High levels of expression (approximately 30% of total cellular protein) were 

obtained when ExuR was expressed as a fusion protein with N-terminal (His)6 tag using 

pET28b vector system (Novagen) (Fig. 3.9). The pET series of vectors are powerfiil 

system developed for cloning and expression of recombinant proteins in E. coli. Target 

genes are cloned in pET plasmids under control of the strong bacteriophage T7 

transcription and translation signals. Expression is induced by providing a source of 

inducible T7 RNA polymerase in the host cell. The expression plasmid was constmcted 

by PCR amplification of the 777 bp exuR ORF and cloning in frame with the (His)6tag. 

This fusion protein offers a simple one step purification procedure using a commercially 

available nickel-affinity column (Novagen). The high level expression of (His)6-ExuR 

lead to its sequestration in denatured insoluble protein aggregates caUed inclusion bodies. 

A general belief is that the formation of inclusion bodies is largely due to high 

levels of protein expression. Therefore, efforts were directed towards lowering the levels 

of protein expression by various means such as: sub-optimal growth temperature (30°C), 

lower concentrations of inducer (IPTG) or shorter times of induction. These methods 

certainly reduced the levels of (His)6-ExuR synthesis but did not improve the soluble 

levels of overexpressed protein. Altematively, inclusion bodies can be solubilized using 

chaotropic agents such as urea or guanidine hydrochloride (GdnCl) and purified under 

denaturing conditions by nickel affinity chromatography. Renaturation of the purified 

protein can be achieved by the removal of the denaturant by either dialysis or dilution. 

The efficiency of renaturation depends on the competition between correct folding and 

aggregation. To slow down the aggregation process refolding is usually performed at low 

concentrations, in a range of 10-100 pg/ml. Furthermore, renaturation conditions should 

be carefiiUy optimized regarding external parameters, such as temperature, pH or ionic 

strength. Even in an optimized system, however, the yield of renaturation may be 

relatively low, necessitating large volumes for preparation of large quantities of the 

native protein (Lilie et al., 1998; Rudolph and Lilie, 1996). 

The overexpressed (His)6-ExuR was purified under denaturing conditions after 

solubilization of the inclusion bodies with 8M GdnCl (Fig. 3.9). Parameters for 
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optimized renaturation of (His)6-ExuR were extensively explored: pH range, different 

temperatures, protein concentration and step wise or one step dialysis. All these attempts 

were unsuccessfiil and resulted in high levels of aggregation of the purified protein. The 

presence of low molecular weight compounds in the renaturation buffer, in certain cases, 

has a tt-emendous effect on the yield of renaturation (Lilie et al., 1998). A popular 

additive is L-arginine, which, at a concentration of 0.5 M markedly reduced the 

aggregation during renaturation. The mechanism by which L-arginine supports 

renaturation is unknovm. Perhaps the guanidine side group of L-arginine improves 

solubilization of protein intermediates in a manner comparable to low concentrations of 

chaotrops. The resultant (His)6-ExuR remained soluble and used for all fiirther 

experiments. 
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Fig.. 3.9 Overproduction and purification of the (His)6-ExuR protein. 
Protein samples were separated on a 10% denaturing SDS-polyacrylamide gel and bands 
were visualized after staining with Coomassie blue. 
Lane 4, molecular weight standards, lane 1, 2, total cellular extracts of IPTG induced 
BL21 (pET2S) and BL21 (pET28-R) respectively, lane 3 BL21 (pET28, purified (His)6-
ExuR protein after nickel affinity chromatography of the guanidine hydrochloride-
solubilized inclusion bodies from the induced BL21 (pET28-R) total cellular extracts. 
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Binding of ExuR to the ^vt^r Operator Site 

Based on the exuT-lux transcriptional fiision sttidies (Fig. 3.4) the 534 bp 

fragment containing 456 bp upstream of ATG start codon of exuT was chosen to study its 

interaction with ExuR. The ability of purified ExuR to bind to the ejcwr promoter-

containing DNA fragment was tested by the electrophoretic mobility shift assay (Ausubel 

et al., 1987). When the labeled 534 bp exuT 5' upstream fragment was incubated with 

ExuR, a protein-DNA complex with reduced mobility was observed (Fig. 3.10). 

Specificity of the protein-DNA interaction was studied in competition assays with labeled 

and unlabeled target DNA. Addition of a 200-fold molar excess of unlabeled exuT 

operator DNA completely abolished the formation of a labeled ExuR-DNA complex.. 

These results indicate that ExuR interacts with the exwr promoter region in a specific 

manner. 

protein/DNA 
complex 

-^ free probe 

Fig.. 3.10 Interaction of the purified ExuR protein with the exwr promoter region. 
Samples were separated on a 5% non-denaturing polyacrylamide gel and visualized after 
autoradiography- Lane 1, free probe, lanes 2 - 4, labeled exwr promoter DNA incubated 
with 5, 10, or 20 ng of purified ExuR, lane 5, labeled exwl promoter DNA incubated with 
20 ng of purified ExuR and 200-fold molar excess of the unlabeled promoter DNA. 
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Identification of the gjct<r Transcription Start Site 

The transcriptional start site for exuT was determined to be at a guanosine residue 

located 254 nucleotides upstream from the translational start site. Potential -35 

(TCAACT) and -10 (AATTAT) sequences of a^° promoter were also identified. The 

relatively large stretch of 5' untranslated region perhaps points towards a complex 

network of regulation underlying the expression of an important transport system. 

A C G T 

Fig.. 3.11 Primer extension analysis of exuTmRNA. 
Lane 1, product of the primer extension reaction performed with total RNA from GalUA 
induced EC 16 culture; lanes ACGT, sequencing reactions performed with the same 
primer used for the extension reaction. The sequence near the start site is indicated on 
the right and the asterisk indicates the guanosine residue at which the ttanscription was 
initiated. 

A strong homology with the consensus binding sequence for the cAMP-CRP 

complex was found between -48 and -29 region (5* TTT TGTGATAT CA CTCAAC 
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TTT 3') relative to the transcriptional start site (Haseloff et al , 1998). The functional 

significance of this binding site was studied using exuT-lux reporter gene fusion (Fig. 

3.5). Data obtained from the present and previous studies clearly indicate that ExuR is 

the major regulator of exwr expression. The potential role of other regulatory proteins 

could not be identified at least from the present studies. However, a strong KdgR binding 

site is present overlapping the cAMP-CRP binding site and extends from -62 to -50 

region (5' -[AAT-A-AAA-T]A[A-T-G-GTT-T-T]-3'; consensus KdgR box: 5' -[AAT-

G/A-AAA-C/T]N[N-T/C-G/T-GTT-C/T-A]-3') relative to the tt-anscriptional start site 

(Haseloff et al., 1998). KdgR is the major repressor of extracellular and intracellular 

pectinolysis genes and responds to pectin and its degradation products (Fig. 1.4). It is 

interesting to note that the binding sites for KdgR and CRP proteins also overlap in the 5' 

upstream region of ^ g r gene and occur at similar region relative to the transcription start 

site between -70 and -28) (Nasser et al., 1997). 

Summary and Conclusions 

Adaptability is one of the defining features of bacteria. Indeed, adaptation maybe 

more pronounced in facultative pathogenic bacteria that need to recognize the presence of 

a potential host to initiate a new cascade of gene expression and tune their metabolism 

towards pathogenesis. Perception of environmental changes in terms of nutritive sources, 

temperature, oxygen etc is central to bacterial adaptability. Customarily, this fiinction is 

attributed to the bacterial two component regulatory systems involving a membrane 

sensor that transduces the signal through a cytoplasmic regulatory protein (Goudreau and 

Stock, 1998). However, bacterial membrane transporters are also well qualified to be 

categorized as signal perception devices that dkectiy initiate changes in metabolism 

leading to alterations in gene expression. It is therefore conceivable, that tiie expression 

of certain transport systems are integrated with vimlence gene expression in pathogenic 

bacteria. The GalUA tt-ansport permease encoded by the exuT gene of Erwinia 

chrysanthemi is an example of such a ttansport system. GalUA produced from the 

degradation of plant cell wall pectin by the basal levels of bacterial pectin degrading 

enzymes, when transported into the bacterial cytoplasm, initiates the metabolic pathway 
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that generates the inducer molecules for the enhanced expression of vimlence factors. In 

other words, the GalUA trasporter plays a cmcial role in the bacterial adaptation from 

saprophytic to pathogenic mode of life in the presence of a suitable host. This implies 

that the expression of exuT gene should be integrated with the intracellular metabolism 

and the induction of vimlence genes. The research presented in this dissertation was 

aimed towards understanding the molecular mechanism of the regulation of exw^gene 

expression in E. chrysanthemi EC 16. 

In E. chrysanthemi, the transport and utilization of GalUA involves three operons: 

exwr (transport), uxaCA and uxaB (intracellular catabolism) (Hugouvieux-Cotte-Pattat 

and Robert-Baudouy, 1987). These operons are negatively and independently controlled 

by the repressor ExuR and constitute the ExuR regulon (Hugouvieux-Cotte-Pattat and 

Robert-Baudouy, 1987). Identification of this regulatory locus in E. chrysanthemi was 

facilitated by the extensive genetic analysis of a similar system in E. coli (Mata-Gilsinger 

et al., 1983; Nemoz et al., 1976; Portalier et al., 1980). The regulatory role of ExuR was 

demonstrated in E. coli by the isolation and analysis of p-galactosidase reporter gene 

fusions, operator constitutive mutations, repressor titration experiments and temperature 

sensitive mutations (Mata-Gilsinger et al., 1983; Portalier et al., 1980). The isolation of 

Mudlac fiisions with the stmctural genes ofE. chrysanthemi ExuR regulon provided only 

indirect evidence for the regulation of the ejcwr expression (Hugouvieux-Cotte-Pattat and 

Robert-Baudouy, 1987). In view of the importance of the GalUA transport system in the 

vimlence potential ofE. chrysanthemi (Beaulieu and van Gijsegem, 1990; Haseloff et al., 

1998), the present study was directed towards a better understanding of the regulation of 

the exuT gene and the integration of its expression with pathogenesis. The cloning of the 

exuT and exuR genes from E. chrysanthemi EC 16 (Freeman and San Francisco, 1994), 

was exploited to obtain direct evidence and gain insights into the molecular mechanism 

of the regulation of the GalUA transport system. 

In order to obtain direct evidence for the regulatory role of ExuR in the expression 

ofexuT, an insertional mutation was targeted into the exuR gene using the marker 

exchange mutagenesis strategy (Roeder and Collmer, 1985). The role of exuR mutation 

was then studied by comparing ejcwr expression in the wild-type and mutant strains. 
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Northem blot analysis provided the first molecular evidence for the inducible 

transcription of the exuT gene (Fig. 3.3). These results confirm that the exuT expression 

is regulated at the transcriptional level and represents an independent transcriptional unit. 

Isolation of operator mutations affecting only ejcwr expression (Hugouvieux-Cotte-Pattat 

and Robert-Baudouy, 1987) supports the conclusion that the exuT mRNA is produced as 

a monocistronic message and is therefore independently regulated. In fact, repressor 

tittation studies in E. coli also revealed that ExuR has variable affinities for the exuT, 

uxaB and uxaCA operators (Mata-Gilsinger et al., 1983). ejcwJtranscription was 

derepressed and constitutive in the exuR mutant providing direct evidence for the 

regulatory role of ExuR in exwr transcription (Fig. 3.3). 

Single copy operon fusions wdth the luciferase gene and exuTS' upstream 

sequence were used to obtain a detailed profile of e;cwr expression in relation to the 

different phases of bacterial growth curve and, most importantly, during pathogenesis. A 

2.5-fold induction of exuT-lux activity was observed in the wild-type in the presence of 

GalUA (Fig. 3.4). Highest levels of expression were observed during the mid-log phase 

and rapidly declined to basal levels before the onset of stationary phase. In the uninduced 

exuR mutant, luciferase expression was constitutive and remained at high levels even 

during the stationary phase (Fig. 3.4). The exuT-lux expression profile of the exuR 

mutant in the presence of GalUA was rather unusual with a distinct "lag phase" before 

reaching higher levels comparable to the induced wild-type. It is tantalizing that such a 

lag phase was not observed when similar experiments were performed with an exuT-lux 

constmct that carried a deletion of the first 150 bp of the 5' upstteam region. This 150 bp 

region carries a binding site for the CRP protein and perhaps for other regulatory 

protein(s) (Haseloff et al., 1998). It can therefore be hypothesized that large amounts of 

GalUA inside the cell leads to decreased cAMP levels by an unknown mechanism and 

thereby a loss of CRP-mediated activation of exwr expression. This hypothesis explains 

both the observed "lag phase" and the rapid decline of exuT-lux activity in induced wild-

type cells (Fig. 3.4). Preliminary attempts to overcome the "lag phase" using 

extracellularly added cAMP were not successful. Nevertheless, additional studies are 

required before discarding this hypothesis. Altematively, it is possible that large amounts 
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of GalUA or its metabolite in the cell induces an unknown repressor that inhibits 

transcription ofexuT. This is however, purely speculative and remains to be tested. 

Transport of GalUA was previously shown to be subject to glucose-mediated 

inducer exclusion (San Francisco and Keenan, 1993). Moreover, a CRP binding site was 

also identified in the 5' upstream sequence of the exuT gene (Haseloff et al., 1998). 

Luciferase expression driven by the exuT pvomoter was also subject to glucose-mediated 

catabolite repression (Fig. 3.5). Interestingly, CRP is also the major activator of 

pectinolysis genes illusttating the coordinated regulation of the exuT and vimlence gene 

expression (Reverchon et al., 1997). 

The transcriptional deregulation of ê cwJ expression, caused by the inactivation of 

exuR, was also directly correlated to the GalUA uptake phenotype (Fig. 3.7). GalUA 

uptake was deregulated and constitutive in the exuR mutant compared to the inducible 

phenotype of the wild-type strain. Additionally, a small increase in plant tissue 

destmction was observed in the exuR mutant when compared to the parent strain. 

The results so far provide unequivocal evidence that ExuR is a repressor and 

negatively regulates the transcription of e;cwrgene. The majority of the regulatory 

proteins fimction by recognizing and binding a specific sequences in the upstream region 

of the target gene. Such a binding either facilitates (activates) or hinders (represses) the 

activity of the RNA polymerase holoenzyme. It was therefore important to demonstrate 

the ability of ExuR to specifically interact with the 5' exwr upstream sequence. As a first 

step towards this objective, attempts were made to overexpress and purify large amounts 

of the ExuR protein. In order to simplify the purification process, ExuR was 

overexpressed as a fiision protein with an N-terminal fusion of GST (29 kDa) or (His)6. 

Although the fiision proteins were produced at high levels (approximately 25% of the 

total cellular protein), the majority of it formed insoluble aggregates called inclusion 

bodies. Surprisingly, fiision wdth the relatively large (29 kDa) soluble GST protein did 

not prevent the formation of inclusion bodies. It is generally believed that higher levels 

of expression are the primary reason for the formation of inclusion bodies. Therefore, 

efforts were directed towards reducing the expression levels of the ExuR fusion protein. 
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In spite of the reduced levels of expression, there was no improvement in the levels of 

soluble protein. 

Altematively, inclusion bodies can be solubilized with chaottopic agents such as 

urea or guanidine hydrochloride and purified under denaturing conditions. The purified 

protein can then be refolded to active form after removal of the chaotropic agent through 

dialysis. The (His)6 -ExuR was purified under denaturing conditions using nickel affinity 

chromatography. The subsequent step of refolding (dialysis to remove the chaotroph) 

required the standardization of several parameters such as temperature, pH and protein 

concentration. Invariably, protein aggregation was observed at the end of dialysis v^th 

the recovery of very low levels of soluble protein. The protein aggregate was solubilized 

by titration with NaOH and the resultant solubilized protein was used in electrophoretic 

mobility shift assays (EMSA) with the 534 bp exuT 5' upstream sequence. EMSA results 

indicated that the solubilized protein was able to specifically interact with the 

promoter/operator region of the exuT gene (Fig. 3.10). 

In conclusion, the results presented here provide direct molecular evidence for the 

role of ExuR as a repressor protein that negatively regulates ejcwr expression by 

specifically interacting with its 5' upstream region. 
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